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Abstract—nowadays, accurately characterizing linearity of
power amplifier (PA) becomes difficult in system-on-chip (SoCs)
solutions because the PA input is not accessible. This paper
introduces a methodology to characterize AM-AM/AM-PM
distortion on 802.11a OFDM packets without knowing input
signals or synchronizing device under test (DUT) Xtal to
reference clock of equipment. Reference samples for AM-
AM/AM-PM calculation are derived from captured samples with
channel response added for cancellation. Frequency and timing
offset are compensated on captured samples. Measured AM-
AM/AM-PM results are correlated to EVM of the DUT.

L INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM) has
become the most popular modulation scheme in wideband
digital communications systems, such as WiFi and LTE, due to
its simple implementation of channel equalization. However,
summation of multiple subcarriers results in a high crest factor,
which requires a highly linear RF power amplifier (PA). To
operate at a more linear region, the PA needs to be biased
closer to a class-A type and back off more from its saturation
region. This bias results in low efficiency and short battery
time for handheld devices. An alternative is to use linearization
techniques, such as digital pre-distortion (DPD) to correct
nonlinearity of the PA. To characterize this nonlinearity,
amplitude and phase distortion can be measured with respect to
the input amplitude, or AM-AM and AM-PM distortion.

For an external PA, a CW power sweep with a network
analyzer can measure AM-AM and AM-PM distortion [1], but
this method would not capture dynamic behavior of the circuit
when envelope-modulated signals are applied. To characterize
a PA with non-constant envelope signals, a training signal at
RF frequency can be injected by a vector signal generator
(VSG) at the PA input, and 1Q samples can be captured by a
vector signal analyzer (VSA) at the PA output. By simply
overlapping and normalizing input and output time domain 1Q
samples, AM-AM and AM-PM curves can be calculated [2].
The captured samples can still suffer from frequency-selective
channel response or inter-symbol interference from baseband
antialiasing filter, as well as carrier frequency error (CFO) of
local oscillators (LO) and symbol timing offset (STO) of
sample clocks between VSG and VSA. These effects can be
eliminated if we can synchronize reference clocks between
VSG and VSA, and compare the captured samples at the PA
input and output [3][4]. However, this technique does not work
for a PA integrated into a transmitter in SoCs solutions. SoCs
usually have no access to PA input and cannot either provide a

978-1-4799-4423-1/14/$31.00 ©2014 IEEE
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Figure 1: AM-AM/AM-PM analysis block diagram
reference clock to equipment or lock to an external clock.

In this paper, a method is proposed to measure PA
nonlinearity with OFDM signals that does not require
knowledge of transmitting signals in advance. It is extremely
helpful for checking effectiveness of the DPD and for
measuring packets with real data payload. Block diagram in
Fig. 1 shows samples collected by equipment going through
demodulation process for OFDM packets. The reference time
domain samples can be obtained by running inverse fast
Fourier transform (IFFT) on demodulated frequency domain
symbols. Frequency-selective channel response can be
cancelled by reversing the applied equalization on the
reference samples.

CFO and STO can also be resolved by phase and timing
tracking in part of the OFDM demodulator. As a result, the
time domain samples at the PA output can be adjusted to
remove these impairments. By comparing the recovered
reference samples and the adjusted captured samples, AM-AM
and AM-PM distortion can be calculated. However, the
distortion also creates spectral regrowth. Receiver baseband
antialiasing filter in the demodulator results in loss of
information due to its rejection of leakage power in adjacent
channels. This paper proposes to remove the receiver baseband
filter to preserve information in time domain. Sampling clock
of two or three times symbol clock can be used for better CFO
and STO estimation accuracy. The paper is organized as
follows: Section II models the OFDM signals to derive AM-
AM/AM-PM distortion, section III discusses the recovery of
reference samples, section IV explains the adjustment of
capture samples and section V provides the measurement setup
and results.
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II.  OFDM SIGNAL MODLE TO CHARACTERIZE AM-
AM/AM-PM DISTORTION

OFDM signals can be expressed as IFFTs of data
symbols, a; ; where / is the OFDM symbol time index and £ is
the subcarrier frequency index. Preceded by a guard interval,
T, to avoid ISI, the complex baseband symbols can be written
as shown in equation (1), per reference[5].

Sk (Tl) =Qqrk ejZH(%)(nT_TH_lTS) (1)

where T and T, denote sampling time and OFDM symbol time,
respectively, and N denotes the FFT size. After the digital-to-
analog converter (DAC), the spectrum of the OFDM signals is
shaped by the transmitter baseband filter with impulse
response, A(t). The filtered complex baseband symbols become

ik
s(t) = Z hi(©)ay - ejzn(W)(t_Tg_lTs_n) u(t— 1T —75)

0<t<T;
else

ue) =’ @

This signal is up-converted to RF frequency by the LO.
Assume £, is the LO frequency, the RF signal of the /" OFDM
symbol at input of the PA can be written as

N

2

T,(t) = Re | ef2m/ct . Z sie@®) | = A(®) - cos@rf.t + (1))

N
k==7

3)

The nonlinearity of the PA distorts T, (t) to T, (¢):

N/2
Ty(0) = Re [ et N 50
k=—N/2

= A’(A(t)) ‘- cos (21'rfct + (]_’)’(A(t))) )

A’(A(t)) and ¢’(A(1)) are the desired AM-AM and AM-PM
functions. They can also be derived from the equivalent
baseband signals of the /* OFDM e su(®) and

a2 /25wt where s/ are the distorted baseband symbols.

The PA output signal is then down-converted and sampled
by the equipment, with LO running at a different frequency and
captured with analog-to-digital converters (ADCs) clocking at
different rates. With CFO of 4f and STO of {=(T"-7)/T, the
captured complex baseband symbols can be derived as shown
in equation (5), per reference[6].

Vz,k(n) = (ejznAf"(HoT)(Zsz Slz,k(n(l + 5))) (5)

To accurately characterize power amplifier performance,
impairments which are not related to the power amplifier needs
to be removed from the captured I1Q data. Using the proposed
technique, one can obtain 574 from y;4 and calculate the AM-
AM and AM-PM curves from ¥,;”, s, (t) and 53/, 5", (6)

III. THE REFERENCE SAMPLES RECOVERY

The idea to recover the reference samples from the captured
samples relies on a standard OFDM demodulator. IEEE
802.11a signal contains 16us preamble. The first 8us is a short
training field (STF). This period is used for delay adjustment,
coarse CFO, and coarse STO adjustment. The second 8us
period, called long training field (LTF), is used for fine CFO
correction and channel estimation. A one-tap equalizer is used
for OFDM signal to equalize channel response of transmitter
baseband filter.

The 4us period after LTF is called SIG field. This field is
interleaved and convolutional-coded. By decoding this field
after FFT, code rate and packet length can be obtained. This
information is needed to recover the input samples. Fig. 2
shows the correction steps on STF, LTF, and SIG fields.

Blue path in Fig. 3 shows the flow to recover reference
samples in payload. After the SIG field, there are payload
symbols; each symbol is 4pus long with 52 active subcarriers.
Subcarriers numbered —-21, -7, +7 and +21 are pilot
subcarriers. Pilot-based synchronization is used in this paper.
Known BPSK data in the pilot subcarriers can be used to
perform residual CFO and STO correction. If FFT window
drift is small enough not to create ISI, and if STO is small
enough not to cause inter-carrier interference (ICI), equation
(5) can be simplified to the following equation for # inside the
FFT window.

Yi(n) = (ejznAfn(HOT)S’z,k(n(l + O)

_ K
(e]2ﬂn(Af(1+()T+N()) s'Le() (6)

The phase error on pilot subcarriers can be expressed
as @ = 2mn(Af(1 + T + %(). CFO and STO can be obtained by

d©®/0on and 0@/0dk, respectively. The CFO can be corrected
by rotating the time domain samples, and the STO can be
corrected by fractional delay filtering in each OFDM symbol.
By running FFT on time domain samples, frequency domain
data (a';;) can be recovered. Assuming the bit error rate (BER)
is 0%, the original data a,, can be fully restored by subcarrier
demodulation mapping. The phase and amplitude error caused
by PA nonlinearity is removed by this process. This method
requires 0% BER for proper reference sample recovery. If the
BER is not 0%, lower modulation index can be chosen to lower
the SNR requirement.
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To reconstruct the filtered baseband samples Y/, , s, (n),
the channel response estimated in the LTF is applied to the
recovered frequency domain symbols, which is later converted
to time domain samples with IFFT.

IV. THE CAPTURE SAMPLES ADJUSTEMENT

With gain compression and phase distortion from the PA,
the signal power can expand as wide as the 2nd adjacent
channel. A conventional method is capturing at least three
times the signal bandwidth for 5th order distortion to preserve
all information in time domain. Since the proposed
demodulator is running on the symbol clock frequency, the
comparison between the capture samples and reference
samples can be done only at the same frequency. For example,
in 20MHz bandwidth mode, the symbol is clocked at 20MHz.
Thus a down-sampler is required to down-sample the captured
data to 20MHz. However, the rejection of the expanded data
bandwidth further distorts the time domain signal.

To circumvent this issue, the antialiasing filter before
down-sampler needs to be widened to capture the expanded
analog signals. In this paper, 1Q digitizer sampling clock is set
to three times the symbol clock for CFO and STO estimation
accuracy. After the coarse CFO and STO adjustment, the
captured data is down-sampled by a factor of 3 before going to
the OFDM demodulator, as shown in Fig. 2. It is noted that the
antialiasing filter is completely removed to avoid cutting off
the expanded spectrum, which is why we cannot directly use
signal constellations in the state-of-the-art VSA to measure
AM-AM/AM-PM distortion.
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Figure 4: Subsampling eventually capture the peak if packet is long and
random.

Since the down-sampling is done without the baseband
antialiasing filter, the leakage power from spectrum regrowth
creates aliasing in the frequency domain. However, AM-AM
and AM-PM curves are meant to measure the amplitude and
phase information statistically in the time domain. Such
aliasing would not affect the measurement accuracy. As shown
in Fig. 4, performing subsampling on the signal which is higher
than the Nyquist rate misses some samples, especially the peak.
However, subsampling eventually captures the peaks, which 3x
sampling speed would have captured, as long as the packet is
long and random.

After down-sampling, the red path in Fig. 3 shows the flow
to adjust the captured samples on payload data. Since the pilot-
based CFO and STO estimation are done in section III, they
can be used to adjust residue frequency and timing errors in the
time domain samples. This process converts measured samples
of y1xto s7x We can obtain the adjusted time domain samples
of ¥3%/,5'(n) to compare with the recovered reference time

domain samples of ¥”2, . s,(m) for AM-AM/AM-PM
calculation.

V. MEASUREMENT SETUP AND RESULTS

DUT in this paper is an integrated PA SoC solution with
DPD enabled. Equipment used to capture IQ data is a spectrum
analyzer. 1Q digitizer function in the spectrum analyzer is used
to capture IQ data at RF frequency. IQ data is processed by
MATLAB for demodulation, CFO and STO recovery, and
AMAM/AMPM analysis.

A. Vector signal generator as DUT

This test uses an Agilent VSG as DUT. VSG and spectrum
analyzer are not synchronized, and VSG sends a 0dBm
802.11g signal with pseudorandom payload data. After
correcting frequency and timing on capture IQ data and
recovering reference data by a demodulation-modulation
process, we can scatter plot the input and output 1Q data. Sixth-
order polynomial regression is applied to get averaged AM-
AM/AM-PM, which is demonstrated as red curve in Fig. 5.
Result shows flat AM-AM and AM-PM. At the low-power
region, the AM-PM data shows wider spread. It is because
when amplitude is small, a slight amplitude change is
misinterpreted as phase change.

B. Residue AMAM/AMPM analysis with proper DPD

The second test demonstrates the capability of this method
on analyzing PA nonlinearity after DPD, with real packet



transmission and without knowledge of input data. Fig. 6
shows the normalized AM-AM/AM-PM in magnitude. Fig. 7
shows the AM-AM/AM-PM versus output power. EVM of this
signal is —33dB. The result clearly shows the AM-AM is not
fully compensated. The maximum residue AM-AM is around
—0.5dB, and the maximum residue AM-PM is around —0.5deg.
Because there are only a few data points at high power, the
polynomial regression does not fit properly at the end of the
averaged AMPM curve.

C. Residue AMAM/AMPM analysis with improper DPD

In this test, we intentionally applied an offset on DPD
compensation. Fig. 8 shows 1.5deg degradation on maximum
AMPM. The EVM of this signal is —26.56dB. Incorrect DPD
compensation results in higher residue AM-PM, thus degrading
EVM performance.

VI. CONCLUSION

This paper has proposed a methodology to measure AM-
AM/AM-PM curves of integrated PA nonlinearity on SoCs,
using any equipment capable of sampling IQ data. The
proposed method does not require a training sequence or clock
synchronization. It may find applications in debugging packets
or adaptive DPD calibration. Data processing of this work
utilizes a standard OFDM demodulator with baseband
antialiasing filter removed. Since most hardware already exists
in receivers of today’s SoCs, the proposed method can be
easily adopted on-chip to characterize PA nonlinearity in real-
time for adaptive DPD calibration.
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Nonlinear System Behavioral Modeling Using Reduced Transmitter
Observation Receiver Bandwidth
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Abstract — A new approach for modeling wideband power
amplifiers (PAs) using a reduced transmitter observation
receiver (TOR) bandwidth is proposed. The general sampling
theorem (GST) was used to lower the bandwidth requirement of
the TOR. This approach highlighted that linearization should be
carried out prior to the application of GST; two digital
predistortion approaches using reduced TOR bandwidth were
used for this purpose. Measurements were conducted using a
250-W Doherty PA driven with a 20 MHz WCDMA input signal.
Good agreement between the modeled and the measured output
spectrum was found across 100 MHz when the TOR bandwidth
was reduced as low as 27.65 MHz.

Index Terms — Behavioral Modeling, Complexity Reduction,
Volterra series, Wideband Power Amplifier.

1. INTRODUCTION

Traditionally, radio frequency (RF) building blocks have
been designed and optimized separately before integrating
them in a radio system. Unfortunately, their performances
often vary noticeably when operating as part of a system. To
minimize the performance degradation, generally inter-stage
networks are added and the building block parameters are
adjusted so that the overall system’s figures of merit are
optimized. This step is increasingly vital given the current
design trend towards RF systems with a high level of
integration. However, given the high level of complexity
involved, the analysis and optimization of an RF system can
no longer be conducted on the test bench. These tasks are
accomplished more efficiently using computer aided design
(CAD) tools through which optimum performance is more
likely to be achieved. This requires a priori modeling of the
behavior of the building blocks to accurately predict their
responses when part of the system. The power amplifier (PA)
is a critical block in an RF system as it dominates the sources
of nonlinearity and power consumption. CAD analysis of the
PA effects on overall system performance can be completed
by replacing the PA with its schematic along with the
transistor’s compact model or with its behavioral model.
Compact models tend to be very computationally demanding
and inaccurate in predicting the behavior of the PA when
driven with wideband modulated signals. For fast and accurate
system level analysis, behavioral models are more suitable
since they can accurately reproduce the output of the PA under
specific conditions. Behavioral models can be constructed to
mimic the behavior of an RF integrated circuit (RFIC) PA
based on its schematic, or on a real PA demonstrator.

Low Pass Equivalent (LPE) Volterra series [1] is a general
framework for predicting the dynamic nonlinear behavior of a
PA. Identification of the LPE Volterra series kernels is carried
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Fig. 2. Signal representation of a nonlinear PA with an exact DPD

out using samples of the input and output envelopes collected
when the PA under test is stimulated with a realistic
modulated signal. Modeling a PA demonstrator driven with a
broadband signal, in order to analyze the performance of the
system (efficiency and linearity), can be very challenging.
Vector signal analyzers (VSA) are used to emulate the
transmitter observation receiver (TOR) which captures the PA
output signal. However, as bandwidth requirements for future
radio systems increase, VSA will fall short. It calls for the
development of new approaches to constructing accurate LPE
Volterra series behavioral models for wideband PAs using a
VSA or a TOR with reduced bandwidth.

In this paper, a new approach is introduced to enable the
application of the generalized sampling theorem (GST) [2] for
the construction of a behavioral model using a VSA or a TOR
with reduced bandwidth. This approach highlighted the fact
that linearization should be carried out prior to the application
of the GST. The proposed approach can be used for any
building block in a radio system that exhibits nonlinearities.
Section II details the proposed approach and its theoretical
roots. Section III provides measurement results for validation.
Conclusions will be given in Section IV. Note that, both the
VSA and the TOR will be generically referred to hereafter as
TOR.

II. PROPOSED APPROACH

Traditionally, to construct a PA behavioral model, the PA is
first driven with a modulated signal while a TOR is used to
capture the output signal. Then, an LPE Volterra series
behavioral model is identified to describe the input to output
relationship. This model can then be used with CAD tools to
predict both the response of the PA and its impact on overall
system performance. To illustrate, Fig. 1 shows a typical
nonlinear PA driven with a 20 MHz input signal. Since the PA
is a nonlinear system, its output signal has a bandwidth that is



TABLEI
NMSE AND PSDE BETWEEN THE MODELED AND THE MEASURED OUTPUT SPECTRUM

Output Captured Without DPD 'W/ DPD with Reduced TOR| W/ Band-limited W/ Modified DPD with
Bandwidth Bandwidth DPD Reduced TOR Bandwidth
(MHz) NMSE PSDE NMSE PSDE NMSE PSDE NMSE PSDE
27.65 -31.3 -39.9 -39.5 -48.1 -30.4 -39.0 -43.8 -52.6
36.86 -353 -43.8 -40.8 -49.5 -33.8 -42.4 -44.1 -52.9
55.30 -44.5 -53.3 -43.5 -52.2 -42.4 -51.1 -43.5 -52.3
92.16 -45.3 -54.0 -43.2 -52.0 -43.2 -52.0 -43.2 -52.0

Time and frequency
domain errors

(8) Compare modeled and
measured output spectrums

(1) Initialization
(pre-defined DPD function)

(2) Generate predistorted
signal

(7) Generate output

(3) Capture reduced
bandwicdth output signal spectrum

(4) Identify DPD function

(5) Output
pectrum regrowth

Linearized PA

Non-linearized PA

(6) Construct PA
behavioral model

Fig. 3. Behavioral model identification approach

typically 5 times that of the input signal (i.e., 100 MHz).
Therefore, in order to construct the corresponding LPE
Volterra series model, the TOR is required to have a
bandwidth equal to at least 100 MHz. This requirement is
more stringent when deploying wider bandwidth signals. For
example, to accurately model the PA when using advanced-
LTE (where the modulation bandwidth can reach 100 MHz), a
TOR with a bandwidth equal to at least 500 MHz would be
required. Not only would this result in a frequency dispersive
receiver across the signal bandwidth, the cost and power
consumption of the TOR would be excessive and not feasible
for certain applications.

A. General Sampling Theorem

The GST [2] proposed a solution for capturing the output
signal of a nonlinear system (e.g., PA), with a receiver that has
a bandwidth less than the output signal bandwidth. The GST
stipulates that for an arbitrary function f{?), with no required
limit on the bandwidth of its output signal, if a one-to-one
mapping function g(#) can be found such that g(f(z)) is band
limited, then f{#) can be fully recovered by sampling at the
points #,=nTj as in:

= sin[wo(t—niz_)] |
1= Sl o (1)

The GST can be explained using Fig. 2, where the PA and
the exact digital predistortion (DPD; i.e., the PA inverse)
correspond to the functions f{?) and g(?) in (1), respectively. In

this case, it is clear that the output signal bandwidth is
compressed back to 20 MHz from 100 MHz. Therefore, a
TOR with a bandwidth less than 100 MHz can accurately
recover the output signal using (1), and consequently enables
the identification of an LPE Volterra series behavioral model.

B.  Behavioral Modeling Approach Using the
Generalized Sampling Theorem

In previous works, results of the GST have been used
incorrectly; it was claimed the DPD could be identified using
the GST. However, to correctly apply the GST, a priori
knowledge of the DPD function is required as given by (1)
and explained in [2]. Often, the GST has been confused with
under-sampling where a TOR with reduced bandwidth was
applied to capture the output of the PA without a priori
identification of the function g(.) (i.e., the DPD). In this paper,
the DPD is identified first using a TOR with reduced
bandwidth which enables the application of the GST. This is
illustrated in Fig. 3. Two DPD schemes were used in this
paper, namely the band-limited Volterra series [3] and a
reduced TOR bandwidth LPE Volterra series pruned using G-
functionals [4].

The band-limited Volterra series [3] guarantees the
linearization and modeling of the PA output signal within the
observed bandwidth. Authors in [3] introduced a band-limiting
function to control the bandwidth expansion when the input
signal passes each nonlinear Volterra series operator.
Conversely, using a DPD with a reduced TOR bandwidth
allowed linearization within and outside the observed band by
using a pre-defined nonlinear function to enable estimation of
the spectrum regrowth outside of the TOR bandwidth. In other
words, the DPD with reduced TOR bandwidth proved that a
fraction of the PA output signal was sufficient to linearize all
of the spectrum regrowth of the PA’s output signal. An LPE
Volterra series pruned with G-Functionals [4] was used as the
DPD engine with reduced TOR bandwidth which was further
modified by applying the band-limited functions introduced in
[3] when identifying the behavioral model (step 7 in Fig. 3).
This enabled the application of the GST after linearizing the
PA using the DPD with reduced TOR bandwidth.

III. MEASUREMENT RESULTS

A 250 W LDMOS Doherty PA was used as the device
under test. The PA was driven with a 20 MHz 4C WCDMA
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Fig. 5. Power spectrum density comparison between the measured
and modeled output spectrums without using DPD and when using
DPD with reduced TOR bandwidth of 27.65 MHz

input signal into compression resulting in an output signal
with a bandwidth of about 92.16 MHz. An N9030A PXA
signal analyzer was used to capture the output signal with the
analysis bandwidth set to 27.65, 36.86, 55.30, and 92.16 MHz.
The TOR bandwidth was first set to 92.16 MHz to prove the
validity of the LPE Volterra series model in predicting the
output spectrum. It is clear from Table I that the normalized
mean square error (NMSE) and the power spectrum density
error (PSDE) showed excellent modeling capability. Fig. 4
also demonstrates good agreement between the modeled and
measured output spectrum. However, as the TOR bandwidth
decreased, the modeling of the PA response became
inaccurate and the modeled spectrum was far from the actual
spectrum, especially outside of the observed band. For
example, Table I shows an NMSE of -31 dB and a PSDE of -
40 dB when the TOR bandwidth was set to 27.65 MHz. This
phenomenon is even more apparent in Figs. 5 and 6, where the
modeled output spectrum fails to mimic the measured output
spectrum outside of the observed band. This proves that the
GST cannot be applied unless the DPD is first identified. To
support this assertion, the application of (1) will guarantee an
accurate recovery of the output spectrum shown hereafter.
When applying the band-limited Volterra series DPD, no
enhancements in the NMSE or PSDE were observed. In fact,
the band-limited Volterra series only guaranteed modeling
within the observed band. This is more apparent from Figs. 5
and 6, where the dashed red lines show empty spectrums
outside of the TOR bandwidth. Again, the GST cannot be
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Fig. 6. Power spectrum density comparison between the measured
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applied because full linearization of the PA was not achieved
(i.e., the PA did not converge to the configuration in Fig. 2).

Conversely, when applying the proposed approach of Fig. 3,
and using the DPD with reduced TOR bandwidth, the NMSE
and PSDE were considerably enhanced and approached the
case where the TOR bandwidth was set to 92.16 MHz, as
given in Table I. This was more pronounced when the band-
limited Volterra function was applied during the identification
of the behavioral model (Step 7 of Fig. 3). Indeed, Table I
shows an NMSE of about -44 dB and a PSDE of -53 dB when
the TOR bandwidth was set to only 27.65 MHz. Figs. 5 and 6
show that the proposed DPD allowed the application of the
GST to recover the output spectrum even outside of the
observed band. This was possible due to the initial
identification of the function g(.).

IV. CONCLUSION

A new approach to enable the application of the GST when
predicting the wideband output spectrum of a nonlinear PA
using a TOR with reduced bandwidth has been presented. A
DPD with reduced TOR bandwidth was first applied to
compress the output spectrum of the PA. Good agreement was
observed between the modeled and measured output
spectrums of the PA across a 100 MHz bandwidth when the
TOR bandwidth was set as low as 27.65 MHz.
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Abstract — Baseband injection is a technique that can
provide a cost-effective linearizing solution that can be combined
with supply modulation techniques such as envelope tracking
(ET), to minimize AM/AM distortion and potentially simplify the
DSP linearization requirement and associated cost. Recently [8],
a new approach for computing the baseband injection stimulus,
formulated in the envelope domain, was introduced. The concept
was originally demonstrated using a 10W Cree GaN-on-SiC
HFET device. In this work its robustness with respect to
alternative device technology is investigated using 25W Nitronex
NPTB00025 GaN-on-SiC HEMT depletion-mode and a 10W,
high-voltage LD-MOS, enhancement-mode devices. Its
effectiveness in dealing with AM/AM distortion is confirmed.

Index Terms — Distortion, Modulation, Multi-tone, Power
amplifiers, signal.

I. INTRODUCTION

Active devices and amplifiers used in the wireless
communication industry exhibit non-linear behavior, leading
to distortion and reduced linearity [1]-[2]. Typically the
power amplifier (PA) is designed targeting the RF power and
efficiency specifications while Digital Signal Pre-distortion
(DSP) addresses the linearity requirement. However, because
of the relatively high power consumption of DSP systems in
small-cell architectures, this architecture may be viable in
future systems where the trend is increasing modulation
bandwidths coupled with the scaling back of RF output power.
Baseband injection is a technique that could provide a cost-
effective aid by minimizing power amplifier AM/AM
distortion, thus simplifying DSP linearization requirement,
complexity [3]-[7] and hence power consumption. It can also
be combined with supply modulation techniques such as
envelope tracking (ET). Recently, a baseband linearization
formulation, generalized in the envelope domain, was
demonstrated [8]. The beauty of the approach lies in its
scalability to different modulated excitations and applicability
to different device technologies. It is the latter that is studied
in this paper.

II. BASEBAND SIGNAL FORMULATION

Consider the behavior of a non-linear power transistor
subjected to a modulated RF carrier stimulus at its input.

978-1-4799-4423-1/14/$31.00 ©2014 IEEE
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Vl,rf (t) = 2

where Vlrrf(t) is the input carrier voltage envelope and w is
the RF carrier frequency.

The RF output carrier current response of the device is given
as follows:

(€]
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Assuming that the transistor is a memory-less non-linear
system the envelope transfer characteristic can be modeled as
follows:

- ~ 2n ~
L, (t) = ¥iso a2n+1|V1,rf(t)| Virr(@). (3)

where o, represents the linear gain of the system, a3 quantifies
the level of third order intermodulation distortion, as quantifies
the level of fifth order intermodulation distortion, and so on, up
to the desired maximum order m.

In [8], an envelope formulation for the output baseband
voltage envelope signal V, 1,;,(t) was introduced, as follows:

- _ 2
Vapb(t) = ZZ=1 Bap| Vi (O] . ®

where f,, are the even order voltage component scaling
coefficients and ¢ specifies the selected maximum range;
bandwidth. The motivation for using this formulation lies in
the fact that only cancelling odd-order intermodulation terms
will be added to the RF output current envelope response.
Hence, only the coefficients in (3) will be modified such that

Aons1lner = f(ﬁz'ﬁzp e Bapy o BZq)' (5)

Optimizing baseband linearization requires the determination
of the coefficients S, that set ay,41|n=1 = 0, independent of
signal complexity and device technology.

IIT. MEASUREMENT SYSTEM

In this paper we will confine analysis to addressing systems
with intermodulation distortion up to fifth order (m=2). The
baseband linearization range will now be restricted to forth
order (q=2), hence equating to determining the values of f3,
and B, that can simultaneously set @3 = 0 and a5 = 0. This
was performed using the measurements system shown in Fig.



1, a fully vector-error corrected modulated LSNA-based
measurement system integrated with both RF fundamental and
harmonic load-pull and baseband signal injection.

All the measurements are calibrated to the device package
plane using a custom built 50 Q TRL test fixture. The
calibration extended over a wide bandwidth, precisely SOMHz
baseband bandwidth and 100MHz RF bandwidth for each of
the first three harmonics. A modulated 3-tone excitation
centered at 2 GHz, with 2MHz tone spacing and PAPR of
4.77dB was used with fundamental and all harmonic

frequencies terminated into a passive 50Q load environment.

Dasepana
Signal
|Engineering

| Intelligent |
Control

Fig. 1. Baseband waveform engineering and modulated RF
measurement system

IV. TECHNOLOGY NONLINEAR BEHAVIOUR

Two device technologies were investigated; a 25W
Nitronex NPTB00025 GaN-on-SiC HFET depletion-mode
device, and a 10W, high-voltage LD-MOS, enhancement-
mode device. The Nitronex device was biased at a drain
voltage of +28V and a gate voltage of -1.3V, and the LDMOS
device was biased at +32V drain voltage and +2.8V gate
voltage targeting class AB operation on both devices and
giving a quiescent current of 12% of Ipgy.. They were then
both driven into 2.4dB compression, with the output
terminated into passive 50 Ohms. The LDMOS device giving
a peak envelope power (PEP) of approximately 33dBm and
the 25W GaN-on-SiC HFET device, a peak envelope power
PEP of 40dBm. Reference conditions were established with
baseband output voltage set to zero (reference baseband short
circuit state) and are shown in Fig. 2 and 3. Results indicate a
non-well behaved AM/PM (green curve) distortion in the 10W
LDMOS device and 7™ order distortion. A well behaved
AM/PM (green curve) distortion in the 25W GaN-on-SiC
HFET with only 5" order distortion present.
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Fig. 2 25W GaN-on-SiC HFET Device: Measured reference
baseband short circuit state. (a) Dynamic transfer characteristic and
(b) Power Spectra.
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Fig. 3. LDMOS device: Measured reference baseband short circuit
state. (a) Dynamic transfer characteristic and (b) Power Spectra.

V. LINEARIZATION RESULTS ANALYSIS

The optimized baseband injection signal was determined by
adjusting the values of B, and B, in order to simultaneously



minimize a3 and as. The results achieved are shown in Fig. 2
to 5. In the case of the 25W GaN-on-SiC HFET the results
clearly show that this device was successfully linearized with
respect to AM/AM. This is shown by the red (AM/AM) and
blue (model defined by f, andf3,) curve on the dynamic
transfer characteristic of Fig.4a, a considerable agreement.
The green curve on the same figure, show the strong presence
but a very well behaved AP/PM distortion. A result similar to
that previously reported on the 10W GaN-on SiC HFET
device [8]. However, in this case only modest overall linearity
improvement of 13.62dBc in IM3 with the IMS5 2.56dBc from
the noise-floor were achieved. We believe that this level of
AM/PM distortion, insensitive to baseband injection, observed
in this device explains this limited overall improvement in
linearity.

In the case of the 10W LDMOS, elimination of the AM/AM
distortion was not completely possible. Hence, only an
improvement of 10dBc was achieved in IM3 and none on IM5
on this device. This is because this device exhibited a non-
well behaved AM/PM distortion, shown by the green curve on
the dynamic transfer characteristics of Fig. 3a and 5a. Also a
strong presence of the 7™, order term, shown in Fig.3b and 5b
respectively. These cannot be addressed using only two B,
even order voltage component scaling coefficients (meant for
3" and 5™ order term) nor AM/AM distortion canceller.
However, the model defined by the coefficients and the
AM/AM curve in these figures all agree, confirming AM/AM
distortion mitigation effectiveness.
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Fig. 4 25W GaN-on-SiC HFET Device: Measured linear state. (a)
Dynamic transfer characteristic and (b) Power Spectra.
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Fig. 5. LDMOS device: Measured linear state. (a) Dynamic transfer
characteristic and (b) Power Spectra.

VI. CONCLUSION

The robustness with respect to device technology of an
envelope domain formulation which describes the baseband
injection signal required to minimize the AM/AM distortion
has been investigated. In both device technology investigated
the formulation was able to minimize AM/AM distortion,
hence confirming it would be a useful tool to use in
conjunction with DSP. However, the need to use a more
complex signal for higher than 5™ order distortion was shown.
Also, as expected, baseband injection has no impact on
AM/PM distortion.

Importantly, this experiment confirmed [8] AM/AM efficacy,
in the presence of severe AM/PM distortion.

New work on [8] is now planned to cost effectively suppress
AM/AM, AM/PM distortions and also improve device
efficiency.
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Abstract—This paper presents an alternative approach to
improving the vector measurement accuracy, especially near the
edge of the Smith Chart, of load-pull measurement systems.
Improved measurement accuracy, after vector calibration, is
achieved by exploiting the load-pull capability during
calibration to minimize the impact of measurement errors on
the raw data of the calibration standards before it is utilized in
the traditionally implemented LRL/TRL calibration algorithm.
This approach eliminates the need to utilize complex
optimization algorithms post calibration. The proposed method
has been tested and applied to actual measurement data.

Index Terms—Load-pull system, TRL calibration, NMSE.

I. INTRODUCTION

Waveform engineering measurement systems consist of a
vector measurement component, Large Signal Vector Network
analyzer (LSNA), integrated with source/load-pull capability
[1], as shown in fig. 1. The LSNA measurement component is
typically either sampler based or Vector Network Analyzed
(VNA) based, having a minimum of four channels. The
source/load-pull component can be either passive, mechanical
tuners, or active, employing phase locked RF sources. Its main
purpose is to vary, or engineer, the source and load impedance
environment presented to the device during large signal
operation.

To achieve accurate measurements the LSNA must be
vector error corrected using an error model [1-3]. Vector
calibration, determination of the error model coefficients,
involves the measurement of a set of calibration standards.
The measurement systems accuracy during this process will,
unfortunately, limit the quality of the determined error
coefficients; hence the accuracy of all subsequent error
corrected s-parameter measurements. Previous investigations
have shown that this affect is most noticeable when performing
large signal measurements with source/load impedances near
the edge of the Smith Chart [4-6].

In [4] it was shown that this measurement inaccuracy could
be reduced by post processing a set of load-pull measurements,
performed when the Device Under Test (DUT) was a thru or a
line, to modify the error model coefficients using a global
optimization approach.

In this paper an alternative, more systematic, approach is
presented. In this case the load-pull capability of the
measurements system is exploited during the Line-Reflect-Line
(LRL)/Thru-Reflect-Line (TRL) calibration process to
minimize the uncertainties in determining the raw, un-
corrected s-parameters, of the thru and line standards.

978-1-4799-4423-1/14/$31.00 ©2014 IEEE

Determination of the calibration error model can thus still be
undertaken using the standard, un-modified, LRL/TRL
calibration algorithm. It will be shown that the error model
coefficients determined in this case provide accurate error
corrected s-parameter measurements, even at the edge of the
Smith Chart.

4-Channel Receiver

o to|f

a1_r:=|w b1_r:=|w bZ_ra aZ_raw
— -—
I - —] I a1_corr | az_corr I - —] I
DUT
b1_corr | bZ_corr

Fig. 1. A generic Two Port LSNA RF architecture with integrated
active load-pull.

II. LSNA CALIBRATION AND VERIFICATION

The LSNA error model has two elements [1-3], see (1).
One is identical to that used to vector correct VNA system’s 7-
term error model (e (f), Bi2(f), ¥.2(f) and 6;5(f) and it ensures
that the system can perform vector corrected ratio, s-parameter,
measurements. The other component, K(f), scales all the
measurements to allow for the measurement of power flow and
phase aligns the harmonics to allow for the measurement of
waveforms.

The coefficients of the 7-term error model are determined
from a set of un-corrected s-parameters, measured on a set of
calibration standards. In this case, we will use the Line-
Reflect-Line (LRL)/Thru-Reflect-Line (TRL) calibration
procedure. It is the determination of these error coefficients
that is the focus of this paper.

a (f) 1 B.(f) 0 0 Aoraw

by (f) =K(f) r1(f) 6:(f) 0 0 boraw

a(f) 0 0 ar,(f) B ()] |%3raw

b, (f) 0 0 0 Y2(f) 62 ()1 1V3Raw
Eq. (1

The process of calibration consists of connecting the thru and
the line standards between port 1 and port 2 and measuring the
raw, un-corrected two-port s-parameters, for each frequency
on a defined frequency grid. The calibration process is
completed by measuring the, raw, un-corrected one-port s-
parameters of an unknown reflect standard, or identical



standards, connected to port 1 and port 2. Typically this reflect
standard is an Open or Short.

This procedure provides just sufficient measurements to
determine the 7-term error model coefficients, the reflection
coefficient of the wunknown reflect standard and the
transmission coefficient of the line standard. The accuracy of
the determined error model coefficients is, therefore, directly
related to the accuracy of the measured wun-corrected s-
parameters.

Typically a verification process is used to investigate the
quality of the corrected s-parameters determined after vector
correcting raw measurement data. In this case the active load-
pull systems was used to perform this investigation. The
corrected s-parameters of the thru and line standards were
measured into different load impedance for one of the
frequencies in the measurement grid. A typical set of load
impedances used is shown in fig 2.

4-Channel Receiver

>
S
P -

Line OR
Thry <

TRIPEXER

Fig. 2. The calibration accuracy is verified by measuring the thru and
line calibration standards under different load conditions. Note that
during calibration the load is set to the nominal reference value (50
ohms).

Irrespective of the load impedance the measured corrected s-
parameters of the thru or line should be invariant. Hence, for
example, the ratio 20log(b,/a;) should be invariant and equal to
zero. Figures 3 and 4 show, as contours, the results achieved
on the thru and line standards respectively. They indicate a
variation of around 0.06 dB, which results from inaccuracies in
the determined error model coefficients. This error, increasing
for load impedances near the edge of the Smith Chart.

(b)

Gain 20log(b,/a;) variations observed on the corrected s-

Fig. 3.
parameters obtained from measuring (a) the Line and (b) the thru while

varying the load impedance.
calibration procedure.

After performing a standard TRL

In previous work [4] such load-pull measurements were used
to modify the error model coefficients using a global
optimization approach aimed a minimizing this variation.

III. MODIFIED CALIBRATION

In this paper an alternative, more systematic, approach is used
to improve the accuracy of the determined error coefficients.
In this case the load-pull measurements are used directly
during calibration. The aim is to use the increased number of
measurements performed on the thru and line standards to pre-
process the data; minimize the impact of measurement
uncertainties, random error, during determination of their un-
correct s-parameters before executing the standard
LRM/TRM calibration algorithm. Fig 4 shows the proposed
calibration procedure.

Measure reflection using load pull system

AV4

Measure Thru at N points using load pull system —
determine s-parameters

A V.4

Measure Line at N points using load pull system —

determine s-§arameters

Pass data for processing — TRL Calibration Maths

7

Apply error terms in measurements

SZ

System calibrated

Fig. 4. Procedure for new calibration method.

The key steps are as follows:-

1. Replace the two measurements (forward and reverse)
for determining the un-correct s-parameters of the
thru and line with multiple measurements at different
load impedances (target the complete coverage of the
Smith Chart)

2. Utilize a least squares minimization technique to
process the thru and line multiple measurements (raw
data without any correction) to determination a more
accurate measure of their, raw, un-corrected s-
parameters respectively.

3. These thru and line un-corrected s-parameters along
with the reflection standard measurements can be
used directly, without modification, by the standard
LRM/TRM calibration algorithm to obtain 7-term
error model coefficients.

This process can be repeated for all frequencies required in the
measurement grid or just at selected frequencies where the
need for unproved accuracy is essential. At the other
frequencies the un-corrected s-parameters determined from
the forward and reverse measurements can be used as normal.



IV. EXPERIMENTAL VALIDATION

Consider first the validity and accuracy of determining of the
un-corrected s-parameters of the thru and line standards using
multiple measurements at different load impedances. Since
the device under test is invariant during these measurements
they can all be described by the following equation;

i RAW s RAW i
0 — 1 12 a, Eq (2)
i RAW RAW j :
b; s s a,
21 2

The raw s-parameters can be computed using the least squares
fitting technique. @ Key to providing a more accurate
calibration is the requirement of determined raw un-corrected
s-parameters to model accurately the measured variation of the

raw by, waves to variations in the measured raw d,, waves

over the whole Smith Chart. This is successfully
demonstrated in fig. 4.
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Fig. 4. Comparison between measured and modeled, using the

determined raw s-parameters, of the values of (a) bé and (b) b3i . In
this case the DUT is the Thru.

The quality of this fitting process can be quantified by
computing the normalized mean square error (NMSE) for both
by 3 waves [7].

_ e

NMSEys = == Eq. (3)
0,3

This was investigated as a function of the number of load
impedance points used and the area of the Smith Chart
covered. It was observed, see fig. 5 that the accuracy

improved if higher reflection coefficient load impedances
were used, in fact values greater than unity can be used in the
case of an active load-pull system. Also, as shown in fig. 5,
greater than 40 points were required to minimize the impact of
measurement uncertainties, random error, on the computed,
raw un-corrected s-parameters.
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Reflection Coefficient
Fig 5. Sensitivity of the calculated NMSE to the maximum reflection
coefficient of load-pull points

V. SYSTEM VERIFICATION

The ability of the 7-term error model coefficients computed
using the more accurate raw, un-corrected s-parameters, of
the thru and the line to provide more accurate measurements is
demonstrated using the previously discussed verification
approach. The results obtained in this case are shown in fig.
6, contours of gain variation computed as a function of load
impedance from the corrected s-parameters.
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Fig. 6. Gain 20log(b,/a;) variations observed on the corrected s-
parameters obtained from measuring (a) the Line and (b) the thru
while varying the load impedance. After performing a enhanced TRL
calibration procedure.

In this case only a variation of around 0.006 dB, an order of
magnitude improvement, is observed. This accuracy is
maintained up to the edge of the Smith Chart. This is also
highlighted in figures 7 and 8. The higher point numbers
correspond to higher reflection coefficient magnitudes.
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It is important to recognize that in this case this is not a “true”
verification procedure since the measurements used for
verification were also utilized during calibration.

An alternative approach is to compute the consistency of the
measured raw, un-corrected s-parameter data of the thru and
line standards for use in the LRL/TRL calibration algorithm.
This can be quantified by the following figure of merit X,
computed from the un-corrected s-parameter data of the thru
and line standards;

X=Tw Tra) Eq.(4)
Since the error model states that the un-corrected s-parameter
data of the thru and line must satisfy the following
mathematical description;

[Trm] = [TallT7](T5] Eq.(5)

[Tom] = [TAllTL1[T] Eq.(6)
It can be shown that the Det(X) should be equal to one.

X11X22 — X12X51 = 1 Eq.(7)
For the un-corrected s-parameter data obtained from the
forward/reverse measured Det(X)= 1.00227+0.021431 while
for those obtained from the multiple load-pull measurements
Det(X)= 1.00014-0.00405i.  The calibration validity is
improved because we are now using higher quality raw data

[8].
VII.  CONCLUSION

An alternative, systematic, approach for enhancing the
calibration accuracy of LSNA (and VNA) systems exploiting
load-pull has been developed and demonstrated. Since this
approach is based on the pre-processing of multiple

measurements it does not require any modification of the
LRM/TRM calibration algorithm.

An order of magnitude improvement in the quality of the
corrected s-parameters was demonstrated. This improvement
can be quantified directly during calibration using a figure of
merit which measures the consistency of the measured raw,
un-corrected s-parameter data of the thru and line standards
to satisfy a mathematical constraint implicit in the LRL/TRL
algorithm.
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Abstract — This article presents a new method for verification
of the residual errors of calibrated two-port vector network
analyzers based on a special time-domain technique. The method
requires two devices under test including a high-precision air
line. Calibration residual errors are extracted from a distance-
frequency system model and special estimation algorithm based
on the quasi-optimal unscented Kalman filter. Experimental
studies were conducted in coaxial measurement environments
and at the wafer level. Suitable applications of the proposed
verification method are discussed.

Index Terms — S-parameters, vector network analyzer (VNA),
verification, residual error-box, unscented Kalman filter (UKF).

I. INTRODUCTION

Vector network analyzer (VNA) measurement uncertainties
depend on several factors, including the type of calibration
method and the accuracy of the calibration standards used.
Estimation of calibration residual errors ensures measurement
accuracy of the calibrated system. Conventional methods for
measurement of residual errors require standards with known
frequency characteristics (e.g. [1]-[5]). An alternative
approach for reflection measurements was described in [6].
The residual error model of a one-port VNA consists of three
unknown components. Therefore, verification of such a VNA
nominally requires at least three independent measurement
conditions (devices). The alternative algorithm described in
[6] calculates three residual errors from the reflection
coefficient of a single device under test (DUT), such as an air
line, terminated with a short.

The residual error model of a two-port non-leaky VNA
consists of ten unknown components. In this article, we extend
the algorithm from [6] to the two-port VNA. Ten residual
errors are calculated from six measurements of two DUTs:
two reflection coefficients of the first DUT (e.g. an air line
terminated with a short) measured on both ports of the VNA,
and the full S-parameter matrix of the second DUT (e.g. an air
line) connected to both VNA ports.

II. SYSTEM ERROR MODEL AND OBSERVED SIGNALS

We denote the residual directivity as D, the residual source
match as S, the residual reflection tracking as R, the residual
load match as L, and the residual transmission tracking as 7.
Indexes F (Forward: from port 1 to port 2) and R (Reverse:

978-1-4799-4423-1/14/$31.00 ©2014 IEEE

from port 2 to port 1) will be used to indicate the measurement
direction. Fig. 1 shows a calibrated two-port VNA and
corresponding error-boxes when performing measurements in
both the forward and reverse directions.

Calibrated VNA

DUT 1 >
Forward Direction

Rr :

| Port 1 Port 2 |

Residual Error-box Residual Error-box

Residual Error-box Residual Error-box

<+
T Reverse Direction 1
R DUT 1

Fig. 1. The model of a two-port calibrated measurement system.

We described the calibration residual error model of the
VNA in the time domain as a set of ten networks, so-called
“reflectors”. Each reflector has known distance (time delay)
and unknown frequency characteristics. We denote the length
of the air line as / and the propagation velocity constant of the
air line as y. Fig. 2 shows the set of samples for 4 (reference
values 4;, A,, A3) and B (reference values B;, B,, B;) reflectors
in the distance-frequency plane.

Fig. 2.  Distance-frequency model of the measurement system.

In Fig. 2, f; is the start frequency, while f; and f; are other
reference frequencies, Af is the frequency step between
samples, /, the distance of 4 from the reference plane of VNA,
Ip the distance of B, and Al is the distance step between
reflectors depending on the length of the air line. The value of
Af was chosen to provide a phase step of 2z for double Al.



For this example, the VNA signal M at a particular
frequency point ®; can be described as the sum of two
components:

M, =4, -exp(—y,-1,)+B, exp(-v,-1,). (1)

We wused cubic splines to interpolate the frequency
characteristics of the reflectors and to calculate 4; and B,. The
number of reference frequency points N for each reflector
depends on the frequency range and the frequency step Af. So,
the vector of the residual directivity consists of N unknown
complex constants:

D=[D, D, D,|. 2)

Similarly, S, R, L and T in both the forward and reverse
directions can be defined. The total number of unknown
variables is 10-N. Estimates of the unknown variables can be
made from measurements of the verification DUTs. By
processing the VNA measurements, the estimate of D
improves sequentially for each i=1,2,.. (®;, ®,,..). The
following equation defines the system state vector:

x=[D! sl Rl L. T' D} s, R} L, T/
x(k)=x(k-1). (3)

Equation (3) is valid for true values of the error terms, but
estimates of these values vary with the arrival of new
measurements. Final estimates of the residual parameters are
obtained once measurements are processed from all
frequencies.

On the £-th step, dependence of observations z on the state
vector x can be written as:

z(k)=h[x,k]+n(k). @)

The observed signals are related to the state vector by the
complex nonlinear expression h[x,k]. Sampling measurement
inaccuracies are represented by the vector of noise n(k). The
measured signal can be determined using a flow-graph
analysis. The first DUT is an air line terminated with a short.
The short has a reflection parameter I's. The second DUT is an
air line connected to both VNA ports with response
d=exp(—y:[). For simplicity, we will omit the index k in the
equations that follow. The reflection coefficient of the first
DUT measured on the first VNA port is:

=D, +R,- (8 T)+S,-R.-(8°-Ty)*. (5

Sr can be derived from the product of Sy and Ry for known
Rp. The S-parameters of the second DUT in the forward
direction:

S,,=D,+L,R,-&. (6)
Sy =T, 8+L,-S, T, 8. (7)

The second term of (7) is usually close to 0.

The parameters y and / of the transmission line and of the
reflection coefficient of the short (I's) must be known and
should not affect the estimate of residual factors. Expressions
for the reverse direction for I';, S;, and S, can be obtained
from (5)-(7) replacing the index F by R. The observed signal
is h[X,k]:[rl F2 S“ S21 SIZ Szz]T. Then, the first DUT is
measured on the second VNA port; calculations are processed
in the same way.

III. ALGORITHM

The algorithm for estimating the frequency characteristics
of ten reflectors was developed using the Markov theory of the
nonlinear filtering [8], [9]. The algorithm is based on the
unscented transformation [10], and is also known as UKF
(Unscented Kalman Filter) [11].

The UKF algorithm involves a definition of the initial
conditions to evaluate the status of x(0), as well as the
covariance matrix of the estimate error V(0), based on a
priori information. Prior to iteration, the R and T coordinates
of the state vector should be set to 1, and the rest to 0.
Dispersions of all initial estimates can be set to 0.1%. The
covariance matrix is diagonal. A number of operations are
performed sequentially for each measurement, i.e. in a
sequence for each k/=1,2,..

The first step includes the calculation of a set of “sigma-
points” in the state space. The next step is forecasting of
average values of the state and observation vectors (marked
further by the superscript “—). Forecasted values of “sigma-
points” and their corresponding observations are calculated
from the state equations (3) and observation equations (4)-(7).
Weighted summation is used to produce final forecast values
of the state vector, the observation vector and the covariance
matrices. The final stage of filtration includes calculation of
the gain ratio, estimation and the covariance matrix of
estimation errors. The filter gain ratio is:

K(k) =V, (k)-[V, (O], ®)

where V, is the covariance matrix of observations, Vy, is the
cross-covariance matrix of x and z. Both are calculated using
the “sigma-point”. The k-th estimate depends on the £-th count
of incoming signal z(k) and is determined by:

X(k) =X (k) + K(k)-[z(k) - 2" (k)] . (€))

The covariance matrix of estimation errors required for
calculations on the following (k+1)-th step is:

V, (k)= V (k)= K(k)-V, (k) K" (k) . (10)

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Experimental studies of the algorithm were performed
verifying the measurement accuracy of the VNA calibrated
using a full two-port Short-Open-Load-Thru method.
Experiments were conducted in a 3.5 mm connector coaxial



waveguide environment over a frequency range from 10 MHz
to 32 GHz (in 10 MHz steps). Measurements were performed
with an Agilent E8364B VNA with IFBW=1 kHz and output
power of Pout=-15 dBm. Verification DUT1 and DUT2 were
combined from the 9.5 mm long offset short and a 75 mm
long air line (Af=2 GHz), Fig 1. The system was calibrated
using coaxial calibration kit model 85052D from Agilent
Technologies [12]. The frequency responses of the DUTs are
shown in Fig. 3 and Fig. 4.

T, [dB]

0 8 16 24 32 0 8 16 24 32
Frequency [GHz] Frequency [GHz]

Fig. 3. The measured reflection coefficients of a coaxial line
terminated with the short at VNA port 1 (left) and port 2 (right).

----szz[dB;;

o 8 16 24 32 0 8 16 24 32

Frequency [GHz] Frequency [GHz]

Fig. 4. The measured S-paremeters of a coaxial line connected to
both VNA ports.

Transformation into the time domain was performed using
fast Fourier transform (F™'{e} operator). Results, shown in
Fig. 5, reveal several local reflectors. The frequency
parameters of the reflections contain information about
residual errors of the VNA.
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Fig. 5. Time domain diagram of DUT1 and DUT2.

The algorithm was applied to process the verification
measurements. Results are given in Fig. 6 to Fig8. The

estimates of the residuals were obtained from 3200 frequency
samples and are within the factory specification limits.

Fig. 6-8 also show estimated calibration residual errors of
the experimental system measured by the conventional ripple-
test method. Residual directivity D and source match S were
measured using a verification line terminated with a mismatch
load (VSWR 2.0) and a short, respectively. The three-point
method used for processing the measured results yielded
amplitude values only.
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Fig. 6.  Amplitude of the residual source match (S) and the residual

load match (L) in forward (left) and reverse (right) directions. Resuts

of conventional ripple-test (solid line) are obtained from

measurements of a verification line terminated with a short.
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Fig. 7. Comparison of the amplitude (blue lines) and the phase
(green lines) of estimates of the residual directivity D (dotted lines)
and the reflection coefficient of the 85052D load match (solid lines).
The reflection coefficient of the load was shifted in phase by 7.
Results of a conventional ripple-test (brown solid line) were obtanied
from measurement of a verification line terminated with a
mismatched load.
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Fig. 8.  Amplitude (left axis) and phase (right axis) of the residual
reflection (R) and transmission (7) tracking in forward (left figure)
and in reverse (right figure) directions.



It is important to note that the residual directivity D affects
the estimate of S when measured using the ripple test. As the
magnitude of D is relatively small, its impact is usually
negligible. However, as shown in Fig. 6, such is not the case
for the experimental system. More accurate estimation of the
residual source match S from the ripple test requires additional
data processing methods, such as are presented in [6]. Results
for the residual directivity D calculated by the proposed
method and by a conventional ripple test are in good
agreement (Fig. 7).

The reflection coefficient of the 85052D load match
corrected by precision two-port Thru-Reflect-Line calibration
is shown in Fig 7. It is in close agreement with the estimated
D in both amplitude and phase. It is important to note that the
reflection coefficient of the 85052D load was assumed to be
zero for the SOLT calibration step. The reflection and
transmission tracking are correlated.

Finally, the proposed algorithm was evaluated for wafer-
level applications up to 110 GHz. The experimental setup
included an Agilent PNA 110 GHz VNA, a manual probe
station PM8 and 110 GHz ACP-L GSG wafer probes from
Cascade Microtech. The system was calibrated using the two-
port multiline TRL method from [13] and a custom calibration
substrate of coplanar waveguide (CPW) design. The substrate
also included offset short verification elements. A qualitative
verification was performed of the method using the 8.25 mm
long CPW line (frequency steps of Af=8 GHz) and the offset
short. Fig. 9 shows the amplitude of the residual directivity
(D), residual source match (S), and residual load match (L)
calculated for the forward measurement direction.
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Fig. 9. Results of the qualitative verification of the proposed
method at the wafer-level.

V. CONCLUSION

In this paper we presented an algorithm for estimation of
complex residual errors of a calibrated two-port VNA
requiring only two verification elements. The algorithm
significantly reduces both the measurement time and the cost
of the verification procedure. Experimental results proved
suitability of the new method for application in coaxial and
wafer-level environment. Further improvements to the
estimation accuracy can be achieved through use of a
verification line and termination with fully known electrical
characteristics.

The method measures complex residual errors of a
calibrated VNA. Therefore, it can also be considered as an
additional error correction step, for instance for the
enhancement of the S-parameter measurement accuracy of a
calibrated system.
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Design of Two-port Verification Devices for Reflection
Measurement in Waveguide Vector Network Analyzers at

Millimeter and Sub-millimeter Wave Frequencies
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Abstract —Confidence of vector network analyzer
(VNA) measurement can be established by
verification process of measurements. The design role
of waveguide verification devices has been developed
for use at millimeter and sub-millimeter wave
frequencies, up to 1.1 THz. Other research groups
have also been studied the two port mismatch device
for VNA system verification [1-3]. This paper
describes design role of verification devices, and then
both theoretical estimation and simulation results of
verification device characteristics is explained.
Furthermore, the measurement results of verification
devices are shown in the WM-1651 (WR-6, 110 GHz -
170 GHz) frequency band.

Index terms — \rification, Waveguide vector
network analyzer, Reflection characteristics, Aperture
dimensions, Flat frequency response of reflection
characteristics

l. Introduction

In the millimeter-wave and sub-millimeter-wave
frequency regions, science, electronic applications and
instruments has accelerated in recent years, and operation
frequency in the commercial waveguide vector network
analyzers (VNA) reaches now up to 1100 GHz
Therefore this occasion provides improving the
measurement accuracy of VNA, and then importance of
the system level verification and verification device are
increased. The national metrology institutes (NMIs) are

challenging to develop an S-parameter national
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. ¢ @
(\(' : ( € [ p L
€~
€
€ ( A €

Fig. 1 Photographs of two-port mismaich waveguide
section and TRL lines.
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measurement system and standards [4-8]. However,
waveguide verification kits are only readily available for
frequencies up to 110 GHz [9-10]. In the commercial
verification kits, four specific devices, i.e. two different
attenuators, a straight section of waveguide, a stepped
impedance waveguide, with known characteristics are provided
for system level verification for calibrated VNA. Further
commercial verification device, i.e. two port mismatch
waveguide, has already been available for reflection
characteristic measurements [1]. However, in the case of
verification using above verification devices, magnitude of
reflection coefficient has frequency dependence and reduction
of reflection characteristics is produced at the both frequency
band-edges.

In this paper, we proposed the two-port mismatch
standard based on design rule of waveguide aperture
dimensions, then electromagnetic theoretical calculation
and subsequently simulation were applied to calculate the
reflection characteristics and estimate the uncertainty of
device characteristics propagated from dimensional
measurement results. Furthermore, we show the
measurement results for four verification devices with
different return loss, i.e. -6 dB, -10 dB, -20 dB and -30 dB,
shown in Fig. 1. Finally, we discuss the VNA
measurement  results  comparing to  designed
characteristics and dimensionally-derived reflection
characteristics.

Aperture width Aperture height Line thickness
a b t

I
‘1’ A 4 ‘1’ \ 4 \l’ v

Reflection Attenuation Phase
Characteristics constant constant
atinterface
r a p

A 4
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Fig. 2 Design concept of two-port verification device for
return loss measurements
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Fig. 3 Design process flow of two-port verification device for return loss measurements

Table 1 Dimensional design of aperture size and
thickness for return loss verification device (Unit: mm)

Return loss a b t
-30dB 1.669 0.803 0.525
-20dB 1.709 0.758 0.514
-10dB 1.938 0.619 0.444

-6 dB 2.255 0.499 0.414
A4 line 1.651 0.8255 0.728

1. Verification device for waveguide VNA at
millimeter wave and above

In a coaxial line system, several accuracy verification
methods of VNA measurement have been investigated
by using an air line as a precision reference standard. The
conventional ripple testing method can provide one of
solution of system verification as benchmarking system
conditions, however it cannot be considered as a good
candidate for a practical application. Furthermore, in the
waveguide VNA system over 110 GHz (up to 1.1 THz)
technical skill and knowledge for waveguide connection
and VNA system are required for verification operation
and understanding the result of wverification. Other
solution of verification method for a VNA measurement
system is usage of verification devices. However, no
commercial verification device is derived. For
transmission  characteristics, system accuracy s
commonly tested by fixed attenuators or variable
attenuator, even if operation frequency is over 110 GHz

[7]. However, the precision reflection devices are
required for reflection characteristic measurement in
VNA. In the coaxial line system, mismatch terminations
are designed and established by the different values of
resistance. However, it is difficult to design and adjust the
reflection characteristics by the resistance value over 110
GHz. Then, two-port mismatch lines have been proposed.
Over 110 GHz (perhaps terahertz frequency), reflection
characteristics strongly depends on frequency, then, it is
difficult to design the high reflection characteristics (high
return loss) at the both edge of frequency band [1]. We
propose the design concept of two-port mismatch devices
as verification device with frequency-independent return
loss by controlling the three parameters, i.e. thickness of
line, and width and height of aperture (Fig. 2).

. Design concept of two-port mismatch standard
with flat frequency response

Design process of two-port mismatch verification
device is shown in Fig. 3. The initial dimensions of
aperture and thickness are providing scattering
parameters (S-parameter) of quarter wave length line at
the mid frequency of the waveguide band, i.e. 140 GHz
in the WM-1651 waveguide band. The return loss value
is, first, set a preferred value for verification of reflection
characteristics. Then, waveguide aperture height, b, is
reduced to adjust the target value of return loss. Next, by
changing values of the both aperture width, a, and line
thickness, t, frequency dependence of return loss can be
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Fig. 4 Results of electromagnetic theoretical analysis for two-port verification devices with return loss of (a) -6 dB, (b)
-10 dB, (c) -20 dB and (d) -30 dB for WM-1651 (WR-6) waveguide VNA measurement system.

Table 2 Dimensional measurement results of aperture size and thickness for return loss verification device (Unit: mm)

Return loss a U(a) b U(b) t u(t)
-30dB 1.6758 0.0025 0.8088 0.0032 0.5285 0.0025
-20dB 1.7150 0.0017 0.7642 0.0032 0.5175 0.0025
-10dB 1.9448 0.0034 0.6245 0.0055 0.4460 0.0024

-6 dB 2.2609 0.0023 0.5043 0.0036 04218 0.0025

extinguished. If flatness of frequency dependence is over
5 % entire operation frequency range, value of b is
re-adjusted, then values of a and t are also changed.
Calculated values of dimensional parameters are listed in
Table 1. Four different values of return loss, i.e. -6dB, -10
dB, -20 dB and -30 dB, were designed. From the table,
the flat rectangular-like shape, i.e. aperture with wider
width and thinner height, provides high return loss
characteristics.

Figures 4 show return loss calculation results of
electromagnetic theoretical analysis. The return loss,
derived from S; of S-parameter, was estimated from the
aperture size and line thickness of the WM-1651
rectangular waveguide when it was connected in
accordance with IEEE standards. The S-parameter was
derived from a series expansion of the field in
eigen-modes [8]. This method takes into account the
influence of evanescent fields and power transmission
due to higher order modes. Computer simulation
software (Ansoft HFSS) was then used to validate the

mathematical analysis results. Return values were
distributed within +5% of target value at all frequencies
(110 GHz to 170 GHz).

Iv. Dimensional measurement and Simulation of
two-port mismatch device characteristics

Two-port mismatch lines as verification devices
was designed to fit the newly designed waveguide
flanges [11, 12] and fabricated on a CNC milling
machine for flange interfaces. Before estimations and
measurements of device characteristics, aperture
dimensions were measured by dimensional measurement
system based on three-dimensional coordinate measuring
machine (3DCMM) [8]. To establish repeatability this
measurement was made 5 times by setting and removing
the lines as a device under test on the 3DCMM stage.
Reproducibility error of the measurement was less than
0.5 um with a standard uncertainty of 0.23 um. Therefore
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Fig. 5 Measurement results of two-port verification devices for return loss of (a) -6 dB, (b) -10 dB, (c) -20 dB and (d) -30
dB for WM-1651 (WR-6) waveguide VNA measurement system. Read broken line indicates designed characteristics.
The dimensionally-derived return loss values and its uncertainty limits (k=2) are shown by blue solid and dotted lines,
respectively. Then, Black solid and broken lines indicate measured values and its uncertainty limits (k=2) by VNA.

Table 3 Dimensional deviation of measured values form
designed values for return loss verification device (Unit:

mm)

Return loss a b t
-30dB 0.0071 0.0055 0.0034
-20dB 0.0062 0.0064 0.0037
-10dB 0.0066 0.0052 0.0021

-6 dB 0.0058 0.0056 0.0078

the systematic standard uncertainty due to the 3DCMM
error and the uncertainty of the block gauge reference
was approximately 0.45 um. The resulting expanded
uncertainty (k=2, 95% level of confidence) contribution
from the measurement system was approximately 1.0 um
for small aperture waveguide. Dimensional measurement
results are summarized in Table 2 together with
measurement uncertainty. The measurements for the
aperture width at varying positions along the aperture
height for the aperture height at varying positions along
the aperture width are made at varying depths (line
thicknesses). The uncertainty listed in Table 2 contains
the both systematic uncertainty and non-uniformity of
aperture dimensions.

This uncertainty estimation of return loss, derived
from Sy, reflects dimensional parameters listed in Table 2.

Reflection characteristics [lin.]

=flfo

Fig. 6 Effect of width dimension difference from
aperture width of test-port waveguides on the reflection
characteristics with frequency dependence.

The uncertainty of permittivity was calculated at the
standard laboratory air condition (temperature of 23 °C +
1 °C, relative humidity of 50% =+ 10%, atmospheric
pressure of 1013.25 hPa+100 hPa). The S-parameters and
their associated uncertainties were estimated from a series
expansion of the field in eigenmodes [11] by a Monte
Carlo simulation involving 100,000 trials. This
uncertainty evaluation does not include misalignment
uncertainty contributions due to misalignment which
effect measurement reproducibility and can be treated as
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Fig. 8 Comparison results between electrical

measurements and dimensionally-derived calculation for
return loss of (a) -6 dB, (b) -10 dB, (c) -20 dB and (d) -30

dB for WM-1651 (WR-6) waveguide.

deviations in the actual VNA measurements.

Real and imaginary values of reflection characteristics,
derived from S;;, for four mismatch lines with their
associated uncertainties are shown in Fig. 5 together with
designed characteristics. Estimated return loss values of
verification devices providing -6 dB and -10 dB return
loss are lower than designed value near lower edge of

band frequency in the WM-1651 waveguide. This is
because measured values of verification devices of
aperture width and thickness are several um larger than
designed values (Table 3). For high return loss device,
reflection characteristics are much more sensitive to
dimensions, a (Fig. 6) and t.

V. System verification for vector network analyzer
A. Measurement system set-up

Using two-port verification device achieves system
verification for a VNA from Agilent Technologies and
a WR-6 (WM-1651) frequency extension module from
Oleson Microwave Laboratory Inc. (OML). All results
presented in this paper have been taken with IF
bandwidth 10 Hz and averaging factor 1. The clamps
and air floating stage on the connection table shown in
Fig. 7 are used to connect verification devices quickly
rather than the usual connection scheme of waveguides
using four screws. Using the clamp, tightening one
screw produces easily managed mating force on the
flange plane. This way reduces measurement time and
obtains a repeatable result in VNA measurements.

B. Experimental results

First, VNA was calibrated by Thru-Reflect-Line
(TRL) calibration. TRL line standard has been
dimensionally calibrated and its associated uncertainty
has been estimated by the Monte Carlo simulation [8].
Measurement uncertainty of waveguide VNA in the
WM-1651 waveguide has already been calculated by
uncertainty propagation from line standard and
systematic uncertainty evaluation, i.e. linearity and
noise floor, etc. [14].

The 10 disconnection/reconnection was made the
measurement of four verification devices. Systematic
stability was as well as less than 90 dB during
measurement for approximately 30 minutes. The
complex reflection coefficients representing aperture
dimensions and line thickness of verification devices
were obtained. Averaged values of return loss of
verification devices are plotted together with its
associated uncertainty in Fig. 5.

To verify the both VNA measurement and
verification device characteristics, we compared two
different values from VNA measurement and
dimensionally-derived calculation results of return loss.
Figs. 8 show the both values, A, and equivalency U(A),
I.e. uncertainty of difference A [15], in the comparison

of return loss measurement results. The differences A
between both values of return loss were almost less than
equivalency U(A)for all verification device, however, A is
larger than equivalency U(A) at some of measured
frequency points. Our uncertainty calculation slightly
underestimated the actual error in the measurement at



some frequency points, due to movement of cable
between frequency extender modules to VNA.

VI. Summary

This paper has presented design of two-port
mismatch device as verification device providing
frequency-independent return loss for VNA measurement.
The return loss derived from S-parameter of two-port
mismatch devices was estimated by the Monte Carlo
simulations and electromagnetic simulations using
dimensional measurement results. Then, VNA
measurement capability was verified by the comparison
between the both results of simulation and VNA
measurement of verification devices. The measurement
results of return loss were slightly larger than
dimensional-derived values. This might be caused by
excess reflection  characteristics coming  from
misalignment and center offset of aperture at the mated
interface of waveguide and systematic error, i.e. cabling
between VNA and extenders, etc..
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Abstract — It is difficult to evaluate four-port on-chip CMOS
devices in the millimeter-wave (MMW) band using four-port
vector network analyzer. To obtain the differential-mode
characteristics, we proposed the technique of evaluating four-
port networks as two-port networks using on-chip baluns, and
applied the technique to the evaluation of differential
transmission lines in the MMW band. As a result, it was shown
that the propagation constant of the differential mode obtained
by this technique was in the good agreement with one obtained
by the EM simulation at the frequency band from 47 GHz to 110
GHz. By using this technique, it is expected that on-chip CMOS
differential devices in the MMW band can be evaluated more
easily.

Index Terms —Differential transmission line, millimeter-wave,
on-chip balun, S-parameters, two-port measurement.

1. INTRODUCTION

Differential topology has many advantages such as better
gain, second-order linearity, superior spurious response
performance, and noise immunity [1]. Therefore, it is used to
improve the performances of millimeter-wave (MMW)
integrated circuits [2]. To design differential circuits, the
characteristics of differential devices are required. They are
usually characterized with four-port scattering parameters (S-
parameters) which are obtained by measuring device under
tests (DUTs) as four-port networks shown in Fig. 1(a). The
four-port S-parameters are measured by four-port vector
network analyzer (VNA). However, it is difficult to measure
four-port S-parameters in the MMW band because the
measurement systems and calibration are more complicated
[3]. In the past, the method of characterizing differential
networks using two-port VNA was proposed [4]. However,
this method is not suitable for on-chip CMOS devices in the
MMW band because 50Q terminations used in the method are
not accurate in the MMW band.

Four-port S-parameters can be converted to mixed-mode S-
parameters [5]. The pure differential mode is the main
characteristics of differential devices. Therefore, it is
important to know the pure differential-mode characteristics.
To obtain them without measuring four-port S-parameters,
off-chip baluns are used [6]. However, connecting of off-chip
buluns to a chip with high accuracy is difficult in the MMW
band. Therefore, we propose the technique of evaluating on-
chip CMOS differential devices as two-port networks with on-
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(b) two-port network

Fig. 1.  Networks of test structures for a four-port device as (a) a
four-port network and as (b) a two-port network with on-chip baluns.
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Fig.2.  Cross-section of a differential transmission line used for the
estimation of the impact of the amplitude and phase imbalances of
baluns.

chip baluns shown in Fig. 1(b) in the MMW band. In this
paper, we consider a differential transmission line as a
differential device because it is the important and simple
device. In the following sections, the technique using two-port
network with baluns for the evaluation is called “two-port
technique”, and the technique using four-port network is
called “four-port technique”.

II. PROCEDURE OF TWO-PORT TECHNIQUE AND IMPACT OF
AMPLITUDE AND PHASE IMBALANCES OF BALUNS

The pure differential-mode characteristics are derived from
the S-parameters of two-port networks with baluns. Baluns
convert a four-port network to a two-port network.
Furthermore, ideal baluns convert the four-port S-parameters
to the differential-mode S-parameters [5]. Therefore, the
differential-mode S-parameters of the DUT can be obtained by
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de-embedding them from the S-parameters of the test
structures including baluns [7]. As a result, we can evaluate
the differential-mode S-parameters of four-port devices using
same procedure as two-port device evaluation.

Next, we consider the errors caused in the measurement
results of the differential-mode S-parameters when baluns
have the amplitude and phase imbalances in the balanced port
signals. To clarify the impact of the imbalances to the
differential-mode propagation constant of a differential
transmission line in the MMW band, the differential-mode S-
parameters including the errors were calculated using a
transmission line of which characteristics are known a priori.
The structure of the transmission line is shown in Fig. 2.
Moreover, the S-parameters of a balun which has the
amplitude imbalance A and phase imbalance 6is assumed as
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The S-parameters of the test structures including baluns were
derived from the expression (1) and the S-parameters of the
differential transmission lines of which lengths were 0, 1, 2
and 3 mm at 100 GHz. The amplitude imbalance A was
changed to -3, 0 and +3dB. The phase imbalance & was
changed from -30 to 30°. The propagation constant of the
differential transmission line was derived by multiline thru-
reflect-line method [8] using the S-parameters of those test
structures. Figure 3 shows the attenuation constant and phase
constant as a function of the phase imbalance changing the
amplitude imbalance. The solid line shows the differential-
mode propagation constant calculated from the four-port S-
parameters of the transmission line only. As shown in Fig. 3,
although the amplitude and phase imbalances affect the
propagation constant, if the absolute value of the phase
imbalance can be made below 5° with the amplitude
imbalance of +3dB, the attenuation constant and phase
constant become below about 0.1dB/mm and 1°/mm at 100
GHz, respectively. Therefore, the differential-mode
propagation constant can be evaluated correctly by making
baluns with low imbalances at the MMW band.

III. COMPARISONS USING MEASUREMENT RESULTS

To verify the two-port technique at the MMW band, it is
compared with the four-port technique and the EM simulation.
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We fabricated the test structures using the 40nm CMOS
process. The microscopy images of the test structures are
shown in Fig. 4. The structure of the on-chip balun is shown in
Fig. 5. Transformer balun with one-turn windings were used.
Figure 6 shows the EM simulation results of the magnitude
and phase of S;; and S;3;. The EM simulator is Agilent
Technologies Momentum. As shown in Fig. 6, the amplitude
and phase imbalances were 0.85dB and 3.7° at 110 GHz,

Metal 4
H  Metal 3
" Metal 2
Metal 1

Fig. 7.  Structure of the differential transmission line used for
measurements.

respectively. The structure of the differential transmission line
is shown in Fig. 7. A top metal layer was used for signal lines
and lower four metal layers were used for ground lines. Figure
8 shows the differential-mode and common-mode propagation
constants of the differential transmission lines obtained by the
four-port technique up to 65 GHz. The upper frequency was
limited by the four-port VNA. The four-port VNA was
calibrated by a short-open-load-thru (SOLT) probe-tip
reference calibration. To derive the propagation constant from
the measured four-port S-parameters, the multimode TRL
technique [7] was used. Figure 9 shows the propagation
constant obtained by the two-port technique up to 110GHz.
The two-port VNA was calibrated by a line-reflect-reflect-
match (LRRM) probe-tip reference calibration. To derive the
propagation constant from the measured two-port S-
parameters, the multiline TRL method [8] was used. The
propagation constant cannot be evaluated in the frequency
range from DC to about 47 GHz because the baluns cut the
signals in the lower frequency. The comparison of the
propagation constants obtained by two-port and four-port
techniques and the EM simulation are shown in Fig. 10. As
shown in Fig. 10, the differential-mode propagation constant
obtained by two-port technique is in the good agreement with
one obtained by the EM simulation. From these result, it is
considered that the differential-mode propagation constant of
the transmission line could be obtained correctly by the two-
port technique with on-chip baluns from 47 to 110 GHz.

IV. CONCLUSION

The technique to evaluate four-port networks as two-port
networks using on-chip baluns for the MMW band for on-chip
CMOS differential devices was proposed and it applied to
differential transmission lines. As a result, it was shown that
the propagation constant of the differential mode obtained by
two-port measurements was in the good agreement with one
obtained by the EM simulation at the frequency band from 47
to 110 GHz. By using this technique, it is expected that on-
chip CMOS differential devices in the MMW band can be
evaluated more easily.
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Abstract — The paper describes first results of pioneering
research in the field of calibration standards for the
measurement of extreme impedances. It is a necessary step for
the measurement of extreme impedances since the method has
been developed. The proposed calibration standards are based on
coaxial microwave connector APC-7 and were extensively
analyzed in CST Microwave Studio at the frequency range from
0.1 GHz to 18 GHz. Some of the analyzed structures seem to be
promising for measurements of tiny very high impedance
structures like carbon nanotubes or atto-farad varactors.

Index Terms — Calibration standard, CST Microwave Studio,
microwave measurement, APC-7, impedance measurement.

1. INTRODUCTION

Extreme impedances are often mentioned in connection
with the RF and microwave measurement of nanoscale
devices [1]-[3] — carbon nanotubes and nanowires — since their
DC resistance is of the order of kQ. According to [3] a single
walled carbon nanotube has the resistance per unit of length
approximately 6 kQ/um. At present, the measurement of
extreme impedances with common measurement equipment in
RF and microwave technique is seriously a great challenge
due to the significant impedance mismatch.

A simple method for measurement of extreme
impedances has been introduced in [4]. This method
substantially increases sensitivity and accuracy of the
measurement since it can suppress the influence of the noise
and the instability of a vector network analyzer (VNA).
Afterwards, this method was extended to directly measure the
impedance [5]. Authors proposed a suitable error model and
a calibration process for real measurements. The process
needs at least three full known calibration standards. The basic
problems of these calibrations and measurements were
mentioned in [6]. These are the absence of well-defined
calibration standards and low mounting reproducibility
of standards and a device under test (DUT).

The main purpose of this paper is to discover the basic
problems and to present the first simulated results of the
design of precise calibration standards for measurement of
extremely high impedances. The closed coaxial structure
compatible with APC-7 connectors was chosen for future
realizations of these standards to eliminate any radiation
problems and to get good mounting reproducibility. The
studied structures were analyzed using CST Microwave
Studio electromagnetic simulator at the frequency band up to
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18 GHz. Calibration standards with different values in the
impedance range from 25 kQ to infinite were simulated.

II. METHODOLOGY

The values of calibration standards were chosen similarly
to [6] — two resistors and OPEN. Since calibration standards
have values of the order of kQ a special attention must be paid
on the setting of the electromagnetic simulator to get
an appropriate accuracy of the frequency solver in CST. For
instance, to distinguish the value 100 kQ from the OPEN
the accuracy of the order of 10 is needed at least, see Fig. 1.

Z,(Q) Z (kQ) r )
50 5 0.980198
50 10 0.990050
50 25 0.996008
50 50 0.998002
50 100 0.999000
50 OPEN 0.9999....
/C>1
/ 100 kQ 8'2
/ 5kQ _\ OPEN g,
_ / N\ o2
y — .02
0.1 10/ 1000 100000 Py
// -0.6
-0.8
-1
Z (Q)

Fig. 1. Illustration of extreme high
corresponding reflection coefficient I'

impedance area and

Calibration standards were simulated in CST Microwave
Studio as a close form structures. Frequency solver,
tetrahedral mesh and adaptive mesh refinement were used. In
order to ensure the desired accuracy the criterion S-parameter
(delta S) was adjusted to the value 1-10™. It means that the
difference between two or more last s-parameter calculations
has to be smaller than the adjusted value to stop refining the
mesh density.



Loss free materials except resistive parts were considered
in all simulations because of simplicity. Then the behavior
of the calibration standard for different configurations can be
more easily determined since it is clear that the changes
in properties are not caused by losses in metals and dielectrics.

Well known demand on an identical electromagnetic field
distribution around the calibration standards and DUT was
taken into account. The requirements for a simple
technological fabrication and good mechanical properties were
supposed. Therefore, the fused silica as a dielectric and
a carrier for CrNi resistive material and DUT respectively was
considered. Fused silica has low permittivity 3.8 [7], high
homogeneity and good mechanical and chemical properties
compatible with CrNi thin layer technology.

The connector APC-7 was chosen due to its good
mechanical properties and its suitable dimensions.
The connector can be easily disassembled and some new parts
can be added to create a new calibration standard. This
minimizes requirements for calibration standard fabrication.
The connector dimensions, however, result in relatively low
upper frequency of application. It was not considered as
a serious problem in this study.

III. SIMULATED STRUCTURES

Different mechanical arrangements of resistive calibration
standards on the glass carrier placed in 7 mm air coaxial line
were analyzed.

A. Standard with glass disk

The first idea was to use a glass substrate in the shape of
a disk placed inside the 7 mm air coaxial line, see Fig. 2. The
disk carries a resistive strip creating the calibration standard.
Behind the disk there is only the outer conductor of APC-7
connector as a cylindrical waveguide below the cutoff. Fig. 2
depicts the real appearance of calibration standard. Further, for
simulation purposes the structures were drawn “inversely”. It
means that the prefect electric conductor (PEC) was used as
a background material in contrast to the structure from Fig. 2

PEC

Resistive strip:
R =100 kQ

Waveguide
below the
cutoff

Glass disk:

thickness = 1 mm
£ =38

Fig. 2. Real appearance of the calibration standard.

Glass disk:
thickness = 1 mm
£ =238

Resistive strip:
<~ R=100kQ
Waveguide :
below the
cutoff

'\“.
Reference plane  * ,?

Fig. 3. Simulated structure (“inversely” drawn) with 1 mm thick
glass disk, resistive strip and cylindrical waveguide below the
cutoff in CST Microwave studio.

where vacuum was used. Therefore, only dielectrics, metallic
strips and resistive strips are depicted in following figures.
Fig. 3 shows simulated structure which is identical to the
structure in Fig. 2. The resistive material with the resistance
10 kQ/o and length 2 mm was simulated as infinitely thin
layer and was placed on the glass substrate between inner and
outer conductor of coaxial line. This technology was
considered since it was supposed to be achievable. The value
of a calibration standard depends on the width of the resistive
strip. The waveguide below the cutoff was used to eliminate
any problems with radiation mentioned above. The
s-parameter Sy, of the structure is depicted in Fig. 4.

0.9996
0.9994
0.9992

0.999

[S11] ()

0.9988
0.9986]

0.9984

0O 2 4 6 8 10 12 14 16 18
Frequency (GHz)

Swp Max
18 GHz

Per Div

Fig. 4. S-parameter S;; of the 100 kQ calibration standard with 1
mm thick glass disk.



This structure suffers from high fringing capacity at the
reference plane of the resistive strip. This high fringing
capacity causes the electromagnetic field to avoid the resistive
strip since there is a parallel combination of a resistor and
a capacitor. The higher fringing capacity is the smaller
difference in reflection coefficients between two calibration
standards with different resistive value can be achieved. The
problem is more serious at higher frequencies and for thicker
glass disk. Calibration standards with the same configuration
but different value of resistor were considered in order to
illustrate the fringing capacity problem, see Fig. 5.

1 0.25
Per Div 0.1 GHz
0.999
0.998 \ Fig. 7. Sy, of the fringing capacity of the structure in Fig. 6 at the

T ~ Smaller reference plane.

= -4 [S(1,1

= 0997 |Stgnd2rd_100k difference . .

%) S 1501.1) between Subsequently, the resistive strips were placed at the end
0.99% Standard_50k calibraton ~ ofthe glass coaxial line and additional metallic parts
0.995 Se1s(1,1)] standards simulated as infinitely thin perfect conductors were added

Standard_25k

0.994
0 2 4 6 8 10 12 14 16 18

Frequency (GHz)

Resistive strip

Fig. 5. |Sy;| dependence of three calibration standards with identical 100 kQ

structure but with different value of resistor — 25 kQ, 50 kQ and
100 kQ.

B. Standard with glass coaxial line
50 Q air

To suppress the above mentioned problems a new concept of
coaxial line

calibration standard was proposed, see Fig. 6. This structure
uses a glass coaxial line terminated with the cylindrical
waveguide below the cutoff and sufficiently suppresses
undesirable fringing capacity, see Fig 7. In order to determine

the fringing capacity at the end of the glass line the air coaxial 1 mm long glass
line was not used. coaxial line
(Wg =1 mm) \
Waveguide below ' Ref. plane

the cutoff

Reference plane 0.996
Y 0.9958
[ 0.9956
< 09954
i 0.9952
0.995
Glass coaxial line: 0.9948
zomasess o
=i21mr.n out 0 2 4 6 8 10 12 14 16 18
Frequency (GHz)
Fig. 6. Simple structure composed of a 50 Q glass coaxial line and Fig. 8. Four-strip 25 kQ calibration standard with 1 mm long glass
cylindrical waveguide bellow the cutoff for determining the coaxial line and its frequency dependence of |S;].

fringing capacity.



because of technological reasons. Fig. 8 shows the new
structure and its properties.

Sharp frequency dependence is evident from achieved
results. A deep analysis clarified the effect. There are two
reasons for these properties. Firstly, for short glass coaxial
lines a capacity coupling between the inner conductor of the
air coaxial line and the resistive strips causes a sharp decrease
of reflection coefficient |S;;| below 3 GHz. Secondly, multiple
reflections at both ends of the glass coaxial line cause
frequency dependence at higher frequencies. In Fig. 9 there
are depicted s-parameters for different lengths of the glass
coaxial line.

If a very short length of the glass line is considered (0.2
mm) a strong capacity coupling can be observed, see Figs. 10a
and 10b. Figures show two simulations for different
frequencies. It is apparent that the electric field distribution
along the resistive strip changes significantly with frequency.
Effectively only small part of resistive strip is connected to the
circuit, therefore the effective value of resistor is smaller
which results in a smaller reflection coefficient. The problem
is surprisingly significant even at relatively low frequencies.
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Fig. 9. |S11] of the 25 k€ calibration standard for different lengths Wg
of glass coaxial line (0.2 + 15 mm).

In order to suppress the parasitic coupling the glass coaxial
length must be longer. In Figs. 10c and 10d there are depicted
simulations at the same frequencies but the length of the glass
coaxial line is 4 mm. It is clearly seen that the frequency
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Fig. 10. The effect of capacity coupling between inner conductor of air coaxial line and resistive strip — 0.2 mm long glass
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dependence of the electric field distribution along the resistive
strip is now significantly reduced.

A Dbit strange increase of reflection coefficient around 14
GHz in Fig. 8 and ripple traces in Fig. 9 corresponding to
longer glass line lengths can be explained by multiple
reflections and possible presence of higher order modes since
the glass substrate has permittivity 3.8. The cutoff frequency
of the first waveguide mode in glass coaxial line is around 11
GHz, therefore the higher order mode(s) can propagate in the
structure above that frequency. The ripples, however, do not
represent any serious problem. They can be eliminated by the
measurement method itself if the reference impedance, see [5],
[6], is realized similarly like the calibration standards.

C. Simulation in glass coaxial line structure

As it was explained above the influence of multiple
reflections can be eliminated. Therefore, calibration standards
can be simulated without air coaxial line. This makes possible
to shift the reference plane to the location of resistive strips
where their behavior can be directly analyzed.

Two realization versions of coaxial standards depicted in
Fig. 11 were studied. The left one consists of four symmetrical
radial resistive strips, the right one is created by the only one
radial resistive strip. Simulated results of the frequency

A
Ref. plane

Resistive
strips

Ref. plane
50 Q glass
coaxial line
Fig. 11. One-strip and four-strip calibration standards composed of

50 Q glass coaxial line, resistive material and cylindrical waveguide
bellow the cutoff.

dependence of reflection coefficients are depicted in Fig. 12.
The four resistive strip standard shows smooth trace of the
reflection coefficient decreasing with frequency. On the other
hand a completely different behavior of the one-strip
calibration standard can be seen. The reason results from
a higher order mode. The one-strip non-symmetrical
configuration can better excite the higher order mode
compared to the four-strip configuration. It can be clearly seen
that reflection coefficients of both standards smoothly
decrease with frequency. It should be emphasized that the
standards are supposed to be pure resistive elements. The
reason why the reflection coefficients are still frequency

dependent remains in this moment unclear and will need more
effort to be understood.

0.9965
0.996
0.9955 :
— Higher order
= 09% modes
& 09945
-4-1S(1,1
0.994 Isténda?rld_ZSkjstrip
0.9935 | &Is(1.l
standard_25k_4strip
0.993

0 2 4 6 8 10 12 14 16 18
Frequency (GHz)

Fig. 12. Comparison of one- and four-strip configurations of final
structure with 50 Q glass coaxial line and waveguide bellow the
cutoff — 25 kQ standards.

IV. CONCLUSION

Different mechanical arrangements were analyzed to map
basic problems connected with the design of calibration
standards for the measurement of very high impedances
compatible with APC-7 connectors at frequencies up to 18
GHz. CST Microwave studio frequency solver was applied for
all simulations. The fused silica was supposed as a dielectric
carrier of the resistive calibration standards or a DUT.

One- or four-strip calibration standards placed at the end of
the coaxial line with fused silica dielectric seem to be
promising for the calibration and measurement up to about 10
GHz. The one-strip calibration standards can be potentially
used for measurements of very tiny high impedance nanoscale
elements. This configuration is more practical from the
measurement point of view since the DUT can be placed
instead of resistive strip and the impedance of the DUT can be
directly measured. The four resistive elements standards can
be potentially used for measurement of very low capacitance
varactors. The DUT position is supposed to be on the inner
conductor of the glass coaxial line and four bonding wires
replace four resistive calibration strips maintaining the
symmetry.

There are still some problems which have not been
sufficiently clarified namely the weak frequency dependence
of pure resistive calibration standard. The authors believe to
be well on the way to explain it in near future. Verification of
final simulations on an independent electromagnetic simulator
HFSS and final realization of the standards using an accessible
technology are future tasks, too.
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Abstract — We characterize and provide uncertainties for a
noninsertable, directional device over a frequency range of 90 to
100 GHz using the NIST Microwave Uncertainty Framework in
conjunction with a commercial vector network analyzer. Our
device consists of a chain of components, including a coaxial-to-
waveguide adapter, a waveguide band-pass filter, a waveguide
low-noise amplifier, a waveguide isolator, and a waveguide taper.
With the aforementioned directional components, the well-
known adapter removal technique is not adequate on its own for
characterizing our device. In this paper, we describe and
implement our method, and propagate the uncertainties from the
two required calibrations to the characterized device.

Index Terms —  Characterize,
noninsertable, rectangular waveguide,
network analyzer.

coaxial, directional,
uncertainty, vector

I. INTRODUCTION

Noninsertable devices, such as adapters with the same-sex
or different-size coaxial connectors, and microwave probes
with one port typically coaxial or rectangular waveguide and
the other coplanar waveguide, are commonly encountered in
high-frequency applications. Characterizing these devices
poses a challenge since they cannot be characterized by use of
a single vector network analyzer (VNA) calibration. Several
methods [1-5], including the well-known adapter-removal
technique [6], have been developed over the years for
characterizing noninsertable adapters and probes. However,
none of them are adequate on their own when the
noninsertable device transmits power in one direction only,
such as an isolator or amplifier. In this case, if the device is
comprised of a noninsertable adapter connected to an
insertable directional component, the adapter can be
characterized by use of the adapter removal technique or one
of its variants, the insertable directional component can be
characterized using a single VNA calibration, and then the
overall device may be characterized by cascading the two
resultant S-parameter matrices.

Here, we implement this multi-step approach utilizing the
NIST  Uncertainty Framework [7-9] to propagate
uncertainties. The Framework is based on a covariance-matrix
description that enables us to capture all of the S-parameter
measurement uncertainties and statistical correlations between
them [10]. By identifying and modeling the physical error
mechanisms in the calibration standards, we can determine the
statistical correlations between uncertainties at different

U.S. Government work not protected by U.S. copyright

frequencies. These covariance-based uncertainties can then be
propagated into the uncertainties of the S-parameters of the
noninsertable, directional device. This is particularly valuable
when transforming from the frequency domain to the time
domain.

In the following sections, we describe our measurement
methodology and error mechanisms, and present our results.

II. METHODOLOGY

Our device under test consisted of a chain of components,
including a 1 mm coaxial-to-WR-10 waveguide adapter, a
WR-8 waveguide band-pass filter (BPF), a WR-8 waveguide
low-noise amplifier, a WR-8 waveguide isolator, and a WR-8-
to-WR-10 waveguide taper, as shown in Figure 1. This device
will be used in conjunction with a characterized photodiode
and sampling oscilloscope [11] to calibrate a down-converter.

Because our device is comprised of a noninsertable adapter
connected to additional components, two of which are
directional, we first characterize the adapter by use of a
technique that determines the S-parameters of the adapter from
two one-tier calibrations [7]. The first calibration is performed
at a reference plane to the left of the adapter (in our case, WR-
10 rectangular waveguide) with the adapter connected to port
2, and the second calibration is performed at a reference plane
to the right of the adapter (in our case, 1 mm coax) with the
adapter connected to port 1, as illustrated in Figure 1. The first
estimate for the adapter S-parameters comes from the
difference of the left calibration’s port 1 error box (port 1
VNA terms only) and the right calibration’s port 1 error box
(port 1 VNA terms and adapter). The second estimate for the
adapter S-parameters comes from the difference of the left
calibration’s port 2 error box (adapter and port 1 VNA terms)
and the right calibration’s port 2 error box (port 2 VNA terms
only). The two estimates are then averaged.

During the left calibration (in WR-10 rectangular
waveguide), we also measure our device chain without the
adapter. Using the WR-10 calibration, we can characterize this
portion of our device. Then, once the adapter is characterized
using the two calibrations, we characterize the overall device
by cascading the two resultant S-parameter matrices.

Our WR-10 calibration kit consisted of a flush short, a thru
connection, and three delay lines of differing lengths. Using
these measurements, along with their respective definitions
(i.e., lengths, widths, etc.) and associated uncertainties, listed



in Table I, we calibrated the VNA utilizing the NIST
Microwave Uncertainty Framework, which resulted in a set of
calibration coefficients along with uncertainties. The
Uncertainty Framework [7-9] was employed to construct
models for the calibration standards, and was used for
propagating the uncertainties to the calibrated DUTs in
conjunction with the calibration engine, StatistiCAL™ [12—
13], which accommodates most coaxial, waveguide, and on-
wafer standards. For our WR-10 calibration, we assumed the
thru and flush short to be ideal, while the delay lines were
modeled using closed-form expressions for waveguides with
finite metal conductivity [14].

Our 1 mm coaxial calibration kit consisted of four offset
shorts of differing lengths, an open, a load, and a thru
connection. The offset short standards were modeled using
closed-form expressions for coaxial lines with finite metal
conductivity [15]. Table II lists the offset lengths and
associated uncertainties for the short standards, and Table III
lists the other sources of uncertainty. Our values and
distributions of the uncertainties come from a variety of
sources, including previous publications [15], manufacturers’
specifications, and an IEEE standard [16]. We assumed the
thru to be ideal, while the load and open models were derived
from DC measurements and an offset-short calibration above
20 GHz. The model for the load standard consisted of a
rational function, while the model for the open was comprised
of a short transmission line terminated with a capacitor. Both
models were fit to measured data using a nonlinear least
squares procedure [17]. Uncertainties for the load and open
models were estimated from the uncertainties in the
measurements from which they were derived.

III. RESULTS

Utilizing the NIST Microwave Uncertainty Framework, we
were able to characterize our noninsertable, directional device
and provide uncertainties that have been propagated through
from both calibrations. Figure 2 plots the magnitudes of the
calibrated S-parameters of the device over the measured
frequency range of 90 to 100 GHz. As expected, the values of
the S,; transmission terms are very low, while the values of Si,
are as high as 15.32 dB due to port 2 being on the input side of
the amplifier and isolator. Although the amplifier is specified
to have a gain of approximately 22 dB, the loss of the other
components lowers the overall gain of the device. The values
of Sy, taper off at the lower and higher frequencies due to the
bandpass filter, which has a center frequency of 94 GHz.
Likewise, the reflection terms on port 2 (S),) are very high at
the lower and higher frequencies because of the filter.

Figures 3 and 4 display the magnitudes and 95 %
confidence intervals of S}, and S,,, respectively, from 93 to 96
GHz. Over the entire frequency range, the mean confidence
intervals are = 0.038 dB for S}, and + 0.599 dB for S»,. The
physical error mechanisms that contribute most to the overall
uncertainties are those of the WR-10 line lengths.

TABLE I
PHYSICAL ERROR MECHANISMS FOR THE WR-10 STANDARDS

Mechanism (units) Value + Uncertainty

(Distribution)

Thru Length (mm)
Line 1 Length (mm)
Line 2 Length (mm)
Line 3 Length (mm)
Width (mm)
Height (mm)
Metal Resistivity Relative to Cu

0.000 £ 0.005 (Rectangular)

2.105 £ 0.005 (Rectangular)

3.157 £ 0.005 (Rectangular)

4.209 £ 0.005 (Rectangular)

2.540 £ 0.005 (Rectangular)

1.270 + 0.005 (Rectangular)
2 + 1 (Rectangular)

TABLE II
LENGTHS AND UNCERTAINTIES OF 1 MM OFFSET SHORT STANDARDS

Female Connector Male Connector
Length (mm) + Uncert.  Length (mm) = Uncert.

Offset Short
Designation

(Distribution) (Distribution)
Short 1 1.2869 + 0.008 (Rect.) 1.2883 £ 0.008 (Rect.)
Short 2 1.8119 +0.008 (Rect.) 1.8133 +0.008 (Rect.)
Short 3 2.4369 +0.008 (Rect.) 2.4383 +0.008 (Rect.)
Short 4 2.9869 +0.008 (Rect.) 2.9883 +0.008 (Rect.)

TABLE III
PHYSICAL ERROR MECHANISMS FOR THE 1MM OFFSET SHORTS

Value + Uncertainty

Mechanism (units) (Distribution)

Inner Conductor Diameter (mm)
Outer Conductor Diameter (mm)
Pin Diameter (mm)

Pin Length (mm)

Metal Conductivity (S/m)

0.434 £ 0.003 (Rectangular)
1.000 £ 0.005 (Rectangular)
0.250 + 0.005 (Rectangular)
0.005 £ 0.005 (Rectangular)
7.3x10° + 1.7x10°

(Rectangular)
Relative Dielectric Constant 1 + 0 (Rectangular)
Dielectric Loss Tangent 0 + 0 (Rectangular)
VNA
Port 1 Port 2
WR-10 1 mm

<«

DEVICE

OO

Taper  Isolator Amplifier BPF Adapter

Fig. 1. Measurement set-up for characterizing a noninsertable
directional device that consists of a 1 mm coaxial-to-WR-10
waveguide adapter, a WR-8 waveguide band-pass filter, a WR-8
waveguide low-noise amplifier, a WR-8 waveguide isolator, and a
WR-8-to-WR-10 waveguide taper.
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Fig. 2. Magnitudes of the scattering parameters for the
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Fig. 3. Magnitude of S;, for the device along with 95 %
confidence intervals.
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Fig. 4. Magnitude of Sy, for the device along with 95 %
confidence intervals.

IV. CONCLUSION

We have characterized and provided uncertainties for a
noninsertable, directional device from 90 to 100 GHz by use
of the NIST Microwave Uncertainty Framework. Although
other sources of uncertainty may be included in a final
uncertainty analysis, we believe these minor additions will not
significantly increase the overall uncertainty.
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Abstract — We present a method for estimating the probe-
dependent residual errors of wafer-level TRL calibration. The
method does not require additional measurement steps. It was
verified experimentally for four industry standard RF probe
types. The proposed method can be used, e.g., for confident
cross-laboratory data sharing and comparison.

Index Terms — S-parameters on-wafer calibration, wafer-
level measurements, calibration residual errors, RF probes.

I. INTRODUCTION

Estimation of calibration residual errors is a crucial step in
any cross-laboratory comparison of measurement data and
system precision. Traditionally, the efforts in analyzing
accuracy of the RF calibration and, more general, traceability
of measurements have been focusing on calibration methods
and standards inaccuracies. In this work, we show that RF
probes also contribute to calibration residual errors. Therefore,
the type of the wafer probes should be taken into account
when sharing and analyzing the measurement data obtained
from different setups. We present a simple method for
estimation of this probe-type-dependent residual errors for
'TRL calibration performed with a given set of calibration
standards.

The coupling of RF probes into adjacent resonant structures
during the calibration at relatively low frequencies was
identified already in the early 90s [1]. Much later, similar
effects were reported at mm-wave frequencies [2]. However,
methods for measurement and analysis of the probe-dependent
calibration residual errors are still underway, as the nature of
these effects is still not completely understood. Different
phenomena can contribute to these errors, such as coupling
between probes, radiation losses as well as possible
propagation of higher-order modes in the probe-substrate
environment. The impact of the probe-dependent calibration
residual errors on the measurement accuracy increases with
frequency. That is why estimation of these errors becomes
essential especially when dealing with mm-wave data.

We selected the TRL calibration method as the analysis tool
because of the following reasons:

1) It requires only information about the physical length of
lines and a rough estimate for the phase of the reflection
coefficient of the reflect standard. All these parameters do
not depend on the design of the RF probe-tip.

! Thru-Reflect-Line
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2) The TRL self-calibration step determines the propagation
constant 7y of the line standard [3].

The next chapter describes the main steps of the proposed
method. The experimental results and an example for
application of the method are given in the chapters III and IV.
The conclusions discuss possibilities for further improvement
of the proposed method.

II. MEASUREMENT METHOD
A. Measurement of the Self-Calibration Parameters

The systematic measurement errors of a two-port double-
reflectometer VNA can be described by the seven-term error
model given by Fig. 1, where m; denote the wave quantities
measured by an ideal i—th VNA receiver; [A] and [B] are the
2x2 matrices of error terms; a; and by are the wave quantities
at the k—th port of the DUT, and [Tx]| is the T -parameter
matrix of the DUT [4]. Self-calibration algorithms can be used
to calculate [A] and [B] from measurement data of partly-
known calibration standards, such as the line and the reflect
for the TRL method. The propagation constant y of the line
and the reflection coefficient » of the reflect are extracted by
the TRL self-calibration step from the redundancy in the
measured data [5]. We use this TRL feature to determine y and
r of a specific calibration substrate in combination with
different RF probes. Thereby, we can quantify the impact of
RF probe design on the measurement results.

1 BN LN
[A] 1
Q) gﬂ “«— <~ | DuT
o . | M
- BI' 2
0y ohw <

Mz mg
Fig. 1. The seven-term systematic error model of a two-port
double reflectometer VNA.

Calculation of the propagation constant vy of the line is
performed according to the following procedure. The
relationship between the actual and measured T'-parameters of
the DUT is given by:

[Mx] = [A|[Tx][B] ™", (1

where [Mx] is the measurement matrix:
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Prime and double-prime m; stand for results measured in
forward and reverse direction, respectively. For the first (thru)
standard, we have:

[Tx1] = [é (1)], and therefore: [M;] = [4][B]™!. (3)

The robust TRL solution from [6] proposes to derive [M]
for the second (line) and the third (reflect) standards as:
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Consequently, for the second (line) standard the (1) gives:
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where:
Sx2,21
tr = Sxo,12mex and ty = —=—. (6)
max

Sx212and Sxs 91 are the actual S-parameters of the line.
Finally, the propagation constant y of the line is extracted
from:

t

T
max

Y= ln( )/ZL’ (7)

where [;, denotes the physical length of the line. ¢, can be
calculated from the measurement matrices [M;] and [M})

_ B, B
t= 55 - b ®)

By = trace[My)[Mi]) ™Y, B = trace[M3][My] ™ . (9)

using

The right solution for the root in (8) can be taken from a
rough estimate of the phase of Sx2 12. In a similar way, the
reflection coefficient r of the reflect is extracted from
manipulation of matrices [M;], [M3], and [M3] [6].

B. Calculation of Residual Errors

The propagation constant  of the line and the reflection
coefficient » of the reflect are properties of a specific
calibration substrate. Thus, possible variations of v and r
when measured by different RF probes (i.e. on the reference

and the test system configurations) can be attributed to the

probe-dependent residual errors. We assume that all probes

are of the same pitch and that the possible small difference of
the phase of r can be neglected for simplification reasons.

Here, we propose to calculate these errors of the TRL

algorithm as follows:

1) Extract line yggr and rppyr from data measured on the
reference system configuration.

2) Extract line yrggr and rppgr from measurement of the
same standards on the test system configuration.

3) Calculate TRL error terms set [A]rgst, [B]resT for the
test system using extracted vy pgr and repgr.

4) Calculate TRL error terms set [A|lrgsT—rer
[BlresT-rEr for the test system using yrgr and rrep.

5) Calculate error bounds ASxvypsr_pwr for 3) and 4)
using the calibration comparison method from [7].

Often, the reference and the test setups are located in
different laboratories. In such cases, the proposed method can
be used for calculation of the cross-laboratory measurement
error budgets increasing confidence of data sharing:

1) Perform calibration TRLggr on the reference setup.
Extract yrgr and rgp .

2) Obtain reference data DUTggr from the raw data
DUTRAW,REF corrected by TRLREF

3) Perform calibration TRLrgst on the test setup.

4) Obtain test data DUTrgst from raw data DUTgraw tEsT Of
the identical DUT measured on the test setup and
corrected by TRLggk.

5) Calculate TRLtgst.rer from the raw data of TRLrgsr,
Yrer and rppF.

6) Calculate ASxvi por_ ngp ffoOm TRL pst rer and TR ygst
using the calibration comparison

7) Calculate error bounds for each S-parameter of the DUT
from ASxvypor_ npes DUTrer and DUTrgsr.

III. EXPERIMENTAL RESULTS
A. Measurement Setup

The experimental setup included an Agilent PNA 110 GHz
VNA, a manual wafer probe station PMS8 and the calibration
substrate ISS model 104-783A from Cascade Microtech. The
calibration substrate was positioned on a thick ceramic holder
to suppress possible propagation of higher-order modes. The
uncalibrated S-parameters were obtained in a sequence for the
same ISS using four different RF probe types of the same
pitch: Infinity Probe (setup ‘I’), ACP (setup ‘A’), both from
Cascade Microtech, Picoprobe (setup ‘P’) from GGB
Industries, and Allstron (setup ‘AL’) (Fig.2, TableI). We
used proprietary Matlab scripts for extraction and calibration
algorithms and the Verify program from NIST (Boulder, CO,
USA) for calibration comparison.

The 150 ym and 1750 pm long CPW lines were used as
thru and line, respectively, and the short as the reflect for
extraction of v, r and for the TRL calibration step. The
calibration reference impedance was set to the characteristic
impedance of the line and the reference plane was kept at the



center of the thru. The proposed calculation algorithm does
not require the conversion of the reference impedance to 50 Q
and the transformation of the reference plane.

The chosen combination of the thru and the line lengths
results in TRL singularities below 5 GHz and around 40 GHz
and 82 GHz. This is why we selected the frequency band from
5 GHz to 35 GHz for verifying the proposed method.

Fig. 2.  Probe tips of (from left to right) Infinity Probe, ACP,
Picoprobe, and Allstron used for the experiment.

B. Extraction Results

First, we calculated the drift of the experimental system
from two measurement series obtained for the setup ‘A’
within approximately two hours. These results define the
bottom line of the comparison including instability of the
VNA as well as the contact repeatability errors.

Next, we extracted the propagation constant v of the
ISS 104-783A CPW line and the reflection coefficient r of the
reflect (short) from measurement data obtained for each
configuration of the test system (Table I). Significant variation
of the extracted v and r can be observed starting from 10 GHz

(Fig 3).
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Fig.3. Attenuation constant vy , ay, ap , and aar of the
experimental CPW line (a) and the reflection coefficients r4 71, rp,
and r 4, (b) of the short on ISS 104-783A measured by ACP, Infinity
Probe, Picoprobe, and Allstron probes, respectively. Measurement
reference plane is at the center of the thru.

The propagation constant ; and the reflection coefficient r;
extracted from the experimental configuration ‘I’ are closest to
the expected trend in the frequency band of interest. Thus, we
decided to use «; and r; for the reference yrer and rreF.

TABLEI

CALIBRATION CONFIGURATIONS

Test Calibration Ref. Calibration
Setup Data v, T Data v, r
1. “A” ACP Y(A) T(A) ACP Yy, T
2.°P” Picoprobe | ~(py, r(py | Picoprobe | vy, 71y
3. Infinity Yy T N/A N/A
4. “AL” Allstron | y(aLy, r(ary| Allstron | vy, rr)

Now, we calculated the reference [A]ggr and [B]ggr from
the configuration ‘I’ and the test [A]rgsT, [BlrrsT from
configurations ‘A’, ‘P’, and ‘AL’ and the maximum bound
ASxy, ;. ASxyy_,, and ASxy,, , respectively. Fig. 4, a
presents the maximum error bound for all S-parameter of
ASxy for three setups and the sum of the contact
repeatability error and the system drift within two hours. S-
parameter measurement errors ASxy are larger than the drift
and the contact repeatability errors. Therefore, they should be
included into the overall measurement confidence interval.
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= ° g
@ =
w
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Frequency (GHz) Frequency (GHz)
a) b)
Fig. 4. Maximum error bounds ASxy,_,, ASxy,_, and

ASxy,, , for the system configuration ‘A’, ‘P’, and ‘AL’ (a) and
magnitude of S2; of the experimental 3450 pm long CPW line on
ISS 104-783A (b) measured on the system configuration ‘A’ (red
solid line) and ‘I’ (blue solid line). The added maximum error bounds
‘plus” and ‘minus’ were calculated from ASs;, , for the
configuration ‘A’ (red dotted line) and configuration ‘I’ (blue dotted
line). ASxy rapidly increase below 5 GHz and above 35 GHz due
to the TRL calculation singularity for the phase of the thru and the
line standards used.

IV. APPLICATION FOR DUT

As discussed above, the electrical characteristics of the ISS
CPW lines are insensitive to the type and the design of RF
probes. Therefore, we used the 3450 pm long CPW line to
demonstrate the application of the proposed method. The S
of the DUT obtained for system configurations ‘A’ and ‘I’ are
given in Fig. 4, b (solid red and solid blue lines, respectively).
The confidence interval for the cross-comparison of the setup
‘A’ and ‘I” was calculated from the ASy;, , (dotted red and




blue lines, respectively). System drift and the contact
repeatability errors are excluded from error bounds. The DUT
data for both system configurations are within the confidence
interval, as expected. Note, that we excluded drift and the
contact repeatability errors from this experimental data to
simplify the comparison. Therefore, it is a conservative
estimate.

Finally, we calculate the maximum and minimum worst-
case  cross-estimates for all four setups as:
ASM[N = min(ASXij ) and ASMAX = maa:(ASXYFj )
Fig. 5 shows the application of ASyrn and ASyax for
comparing the magnitude of Ss; of the experimental CPW line
and the magnitude of S7; of the experimental short measured
on four setups.
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Fig. 5. Magnitude of Sz of the experimental 3450 pm long CPW
line (top) and the magnitude of Si: of the experimental short
(bottom) on ISS 104-783A measured on the four system
configurations. The chosen combination of the thru and the line
lengths results in TRL singularities below 5 GHz and around 40 GHz
and 82 GHz.

V. CONCLUSIONS

In this work, we present a simple method for estimating the
probe-dependent residual errors of the wafer-level TRL
calibration. The method does not require any reference
standards (except the calibration standards themselves) or
additional measurements. Instead, it utilizes the self-
calibration step of the TRL algorithm and the calibration

comparison technique. Thus, it is easy to be implemented into
the conventional wafer-level device characterization
workflow, especially for confident cross-laboratory
measurement comparison and data sharing.

The experiment was carried out for three RF probe types
and for the robust TRL solution. Capabilities of the method
were demonstrated for the frequency range from 5 GHz to
35 GHz. We expect that the reliability of the proposed method
can be improved and the valid frequency range can be
extended by implementing the multiline solution, similar to
the one used by the multiline TRL from [8].
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Abstract—With upcoming trends of multiband, broadband and
ultrawideband transmitters, there is a need for understanding
and representing nonlinear transmitter behavior at system level
at frequencies other than transmitter frequency, which might fall
within the working range of ultra wideband power amplifier (PA)
or other PAs. This paper presents characterization setup, data
time-alignment technique and modeling scheme to model second
harmonic at the output of PA. The method can easily be extended
to higher harmonics. The modeling performance is reported in
terms of time domain as well as frequency domain validation.
Normalized mean square error is used as quantitative measure
of performance.

Index Terms—Dual Band, modelling, harmonics, power am-
plifiers, polynomials.

I. INTRODUCTION

Recently, frequency spectrum has been refered to as con-
sumable resource due to increasing number of users and
applications. Therefore, there is a strong motivation towards
broadband and ultra wideband communication schemes as well
as circuit designs [1]. Such innovation on system level requires
accurate representation of the measurement system in the
simulation environment. Behavioral modeling is a simple and
popular method where digital models extracted from actual
measurement data can be used in a system level simulation.

There is a rich literature on power amplifier (PA) / Trans-
mitter (Tx) behavioral modeling while considering frequency
band under operation [2]-[3]. As an advancement over single-
band case, behavioral modeling considering concurrent opera-
tion of dual-band [4]-[5] and tri-band [6] PA has been studied
and reported with application. However, such models represent
nonlinearity within the frequency band of transmitted signals
and generation of harmonics due to PA nonlinearity has not
been studied. This work focuses on characterization scheme,
time alignment method and behavioral modeling of harmonics
generated by PA to accurately represent such harmonics in
system level simulations. An example case of second harmonic
is demonstrated in this paper.

The remainder of this paper is organized as follows. Section
IT explains the measurement setup capable of capturing PA
output at fundamental as well harmonic frequency. Section
IIT describes time alignment scheme for second harmonic and
the harmonic memory polynomial (HMP)model for behavioral
modeling of captured data. Section IV reports the modeling
performance of proposed models in terms of normalized mean
squared error (NMSE) as well graphical evaluation in terms of
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Fig. 1. Measurement setup to capture harmonic and fundamental.

time domain, frequency domain, voltage variation plots with
respect to input signal.

II. MEASUREMENT SETUP FOR HARMONIC AND
FUNDAMENTAL SIGNAL CAPTURING

Measurement setup used for behavioral modeling of PA at
fundamental and harmonic frequencies is shown in Fig.1. The
input data is stored in the pre-allocated FPGA memories using
MATLAB and Quartus Softwares. The data is modulated, IF
and RF frequency upconverted and transmitted via one of the
channels available in TSW30SH84 dual-channel transmitter
from Texas Instruments. The data from Arria-V (GT series)
FPGA can be sent to TSW30SH84 board at the sampling rate
of 307.2 MHz. The DAC in the transmit path is programmed
with a sampling frequency of 1228.8 MHz i.e. with an inter-
polation factor of 4. The signal is upconverted using TRF3705
quadrature modulator within TSW30SH84 board and sent to
the ultrawideband 1W PA (ZX60-14012L from Minicircuits).
Output of the PA is downconverted and demodulated using
500 MHz bandwidth TSW1266 receiver board from Texas
Instruments with sampling rate of 614.4 MHz. A reference
clock (Ref. clk) as shown in Fig 1 is used for synchronization
between the receiver and transmitter boards. The signal is
down-converted, digitized and stored in the FPGA memory.

PA is driven with 10 MHz WCDMA signal with peak to
average power ratio of 9.5 dB at 988.4 MHz (950 MHz + 38.4
IF shift). Receiver board accepts RF in the frequency range
of 1880MHz-2390MHz, therefore PA output at fundamental
frequency is directed to receiver range using broadband mixer
7x05-42MH from minicircuits. LO for mixer is also synchro-
nized with the receiver and transmitter LOs. Second harmonic
signal is captured directly at receiver. A switch is used at
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receiver to select harmonic or fundamental frequency signal.

III. HARMONIC CHARACTERIZATION AND MODELLING

A. Time alignment between input and output signals

Fig.2 shows spectrum of captured second harmonic signal
and spectrum of transmitted input signal. It can be observed
that the bandwidth of the harmonic signal is almost twice
to that of the original signal.Moreover, Fig.3 shows the plot
of second harmonic vs. input signal. Harmonic signal shows
expansion when we increase input signal strength. Figure also
shows that when we plot 22 with respect to input signal in
logarithmic graph, harmonic signal plot is actually parallel to
22 plot for most of the linear range. However, at higher power
higher order terms also becomes effective. Therefore, second
harmonic is linearly proportional to x2 for considerable signal
range and we can use it as reference signal for time alignment.

Time delay alignment is done using frequency domain
cross-correlation technique given in [7]. For p!* harmonic,
the cross-correlation of ¥ and %, can be denoted as the
convolution of two complex signals. In frequency domain, the
cross-correlation of the two signals is given by

F(@)" - (F(gp)) (D

where F denotes the fourier transform. As Z? is linearly
proportional to ¥, for most of the range, (1) can be re-written

F(@P xy,) =

NMSE (dB)

Nonlinearity Order

Fig. 4. NMSE curves with respect to nonlinearity order and memory depth.

as:

F(aP *y,) = G-F(aP)* - (F(aP)ed@rmHe0)  (2)
where G is the gain, 7 and ¢ are the time delay and
phase rotation of y, with respect to reference signal z”.When
arg(F(aP xy,)) is plotted with respect to frequency, 7 is the
slope of linear curve and ¢ is the intercept of the curve with
y-axis [7]. The cross-correlation given by (2) is maximum
when (277 + ¢ = 0), therefore time adjusted harmonic signal
should be given by
oatj = ype IETTH) (3)
For, second harmonic, time is aligned by maximizing the
frequency domain cross-corrleation between z? and second
harmonic of PA output.

B. Harmonic polynomial modelling

PA model for fundamental inband modelling using memory
polynomial is given by

ki M,

Yo (n) = ZZamﬁj-w(n—me(n—m)V 4)
0

7=0m1=

where x is the complex baseband input signal at instance 'n’
and a,, ; are the coefficients of the model and M represents
memory depth. However signal at p! harmonic is theoretically
proportional to zP with higher power terms of x, therefore a
harmonic memory polynomial can be obtained with following
modification:

kp M,
Yo (1) = D3 by a? (n—my) |z (n —my)[(5)
1=0 mp:0

Let us define the following vector notations representing N
samples of the input signal:

[z(n),...,z (N +n)] (6)
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Using these vector notations, (2) can be written as
Gpw = IO (10)

The coefficients by, ; can be calculated using the least squares
(LS) solution. In this paper LS has been implemented accord-
ing to the singular value decomposition (SVD) method.

IV. IN-BAND AND OUT-OF-BAND MODELING
PERFORMANCES

The proposed models are evaluated in terms of normalized
mean squared error (NMSE) defined as:

=L 2
>0 le()]
= ymeas. (D]

where L is length of data, e is error between measured output
Ymeas. and modeled output for any data sample /.

Fig. 4 shows effect of different memory lengths on model
NMSE performance. No marked improvement is observed by
increasing memory depth beyond M = 1 and nonlinearity
order beyond k, = 6, which are chosen as model parameters.

Fig.5 shows power spectrum density of proposed model and
measured second harmonic. It can be observed that proposed
model is able to model within the harmonic signal band,
however it does not model measurement noise and therefore
modeled and measured signals have difference in noise floor.
Fig. 6 shows time domain validation and its expanded version
around peak power shown in Fig. 7. The model is able to
estimate even fast variations at peak. Fig. 8 shows harmonic
signal voltage vs. input signal voltage. From Figs. 5 and 8,
it can be seen that model is able to provide good modeling
for high power data, where most of the harmonic signal lies,
however for small input signals, noise is prevalent where
model does not follow noisy measurement.

NMSE = (11)



V. CONCLUSION

Paper proposes the characterization and behavioral model-
ing scheme for the harmonics generating from power amplifier.
As an example case, second harmonic at the PA output is stud-
ied. The captuted harmonic is time aligned using frequency
domain time alignment technique. Based on the characteristics
of captured signal as compared to the fundamental signal, a
harmonic memory polynomial model is proposed to model
the time aligned output harmonic signal. Model performance
is validated in time and frequency domain as compared to
measured data and it is reported that model is able to imitate
the harmonic output signal for most of the signal range.
Model performance diverts only near noise levels, where
measurement noise interference is excessive. The model can
be used in system level simulations to study the effect and
interference of the harmonic with other signals.
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Abstract — Active harmonic loadpull measurements
investigation for a 1-mm AlGaN/GaN HEMT power transistor at
X-Band frequencies are in this paper reported. The paper
highlights the transistor performances in terms of maximum
PAE, Poyt and Gain achieved at 8.7 GHz together with the
application of a systematic source-/load-pull measurement
procedure including wafer-mapping capability.

The measurements were carried out using an active harmonic
loadpull test system with four control loops. In particular,
fundamental and second harmonic “loads” as well as second
harmonic “source” terminations have been properly varied and
optimized. The 1-mm GaN power device delivered very high
efficiency of DE=71.2% and PAE=66.1%, together with high
Pour and power gain of 35 dBm (3.2 W) and 115 dB,
respectively.

Index Terms — Active, efficiency, harmonic, loadpull, tuning.

[. INTRODUCTION

Nowadays more and more high-efficiency power amplifiers
(PAs) are needed in order to save energy and to reduce costs
e.g. for cooling systems. As the load and the source
impedances seen by the transistor at harmonic frequencies
significantly affect the overall performance in terms of output
power, gain and efficiency [1-2] these impedances have to be
valuated to be delivered by the matching networks. The PA
designer needs to know the optimum terminations in order to
achieve the best efficiency with low trade-off in output power
and gain [2]. Furthermore the right source and load
terminations obtained through loadpull measurements lead to
accurate nonlinear models [3] which are then used in the
simulation environments. Other than the optimum
fundamental terminations, the optimum magnitudes of the
higher harmonic reflection coefficients are typically near to
unity with different phases depending on the PA classes, e.g.
class-J [2], class-F or inverse class-F [4-5]. With passive tuner
setups these high reflection conditions equal to unity cannot
be set due to losses introduced by the various components
such as couplers, diplexers, cables and probes. This issue
becomes more pronounced when increasing the frequency,
e.g. X-band frequencies. Therefore, special care needs to be
taken during the high frequency measurement calibration and
activity in order to avoid stability issues, to allow proper
measurements with improved accuracy as well as for an
improved overall power transistor performance. Because of
the requirement for high gain and power-efficiency at X-band
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frequencies typically used for space applications as satellite or
radar communication systems, the accurate measurement
activity has to be accompanied with a highly performed
technology. For this reason, the development of active
harmonic loadpull measurement systems capable of presenting
highly reflective fundamental and harmonic terminations at
both the transistor input and output side [6-7] together with a
systematic measurement procedure [8] needs to be
accompanied with the continuous development of GaN
technology capable of providing high performance at high
frequency [9-10].

In this paper an in-house IAF AlGaN/GaN HEMT power
transistors with gate length of 250 nm and gate width of 1 mm
[9-10] together with a systematic source-/load pull
measurement procedure has been investigated in order to
achieve and deliver very high power-added-efficiency at
X-band frequencies [11-12].

II. MODIFIED TEST SYSTEM

Figure 1 shows a simplified block diagram of the
commercially available Anteverta MT2000 active harmonic
loadpull system [6, 13]. The test system covers the frequency
range 0.5 - 26.1 GHz and can handle 100 W of CW RF power
at 2 GHz of fundamental frequency with the built-in test-set
couplers and even more in pulsed mode. This power range can
be extended by using external couplers when measuring for
example packaged high-power devices. The test system
supports up to four loops. One of these loops is needed for the
input signal at fundamental frequency (1xf0) and a second one
for the tuning of the output load at 1xf0. The two remaining
loops can be used to control the 2™ (2xf0) and 3™ (3xf0)
harmonic loads at the output or both 2™ harmonics at input
and output.

The MT2000 external control software [13] option together
with IAF in-house software allows automated wafer mappings
combined with any loadpull configuration. RF- power
amplifiers are needed for the fundamental frequency input
signal and for each load which has to be tuned or set to a
defined value. Diplexers or triplexers are needed in order to
combine two or three harmonics to be fed into the DUT
(device-under-test) ports, respectively. In order to supply
sufficient RF-power to the DUT, the loop amplifiers have to
deliver significantly more power than the DUT itself. Even at
the input of the DUT the available power delivered from the
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fundamental loop amplifier can be critical when measuring
devices without matching networks at high frequency, e.g.
X-band frequencies. As an example, for the 1 mm GaN power
transistor used in this experiment, an input reflection
magnitude of 0.94 leads to a mismatch loss of 9.3 dB.
Therefore, these losses need to be compensated by the loop
amplifier. Due to these aspects, the attenuation of the “high
power paths” which again include probes, cables, directional
couplers, diplexers, and/or triplexers and bias-tees has to be
minimized. For this reason, cable lengths of both input and
output were reduced by placing the external couplers as near
as possible to the wafer probes. The use of external couplers
as near as possible to the wafer probes also improve the
calibration accuracy as well as reduce stability considerations.

[II. MEASUREMENTS

The following measurements have been conducted by using
two loops in the input (fundamental and second harmonic
source) and two loops in the output (fundamental and second
harmonic load) following a systematic measurement
procedure in order to optimize the power transistor
performance. The measurements have been conducted on the
IAF 1 mm (8x125 pm) AlGaN/GaN power HEMT in CW
(continuous wave) mode at 87 GHz of fundamental
frequency, Vps=30 V of drain bias voltage and an quiescent
bias setting of I4;=10 mA.

e Fundamental Tuning

In the first step, only fundamental impedance 1xf0 was
swept (area shown in the Smith chart of Fig. 2) in order to find
the region for optimum device efficiency. In this case the 2xf0
source and load loops were set to the passive system
impedance, meaning that the DUT is terminated with the
impedance defined by the test setup hardware without
injecting any loops signal, therefore 50 Q. As shown in Fig. 2,
the 1xf0 loadpull is combined with an input power sweep as
PAE depends also on input power [2]. Despite the higher

Simplified block diagram of the commercially available Anteverta MT2000 mixed-
signal active harmonic loadpull system [6, 13].

harmonics are not optimized high PAE up to 59.7% is already
achieved while delivering an high output power of 36.1 dBm
(4.1 W) and a power gain of 13 dB (related to the Z; y,=13.0+
j28.0 Q as given by the blue cross in the Smith chart). The
maximum output power of the 1 mm AlGaN/GaN HEMT
device at another load reflection point (Z; pg=19.5+ j20.4 Q -
red cross) is 37.3 dBm (5.4 W) where lower PAE of 48.2 % is
delivered with power gain decreased to 8.6 dB.
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Fig. 2.  Fundamental loadpull (inset) as well as PAE and Gp as a
function of Pgyt. Blue markers: load reflection of PAEmax. Red
markers: load reflection of Poyrmax.

e Second Harmonic Load Tuning

After optimizing the 1xf0 load where keeping the higher
terminations to 50 Q, the second step is to conduct a 2xf0
loadpull sweep while the 1xf0 load is set to the
Z; =13.0+ j28.0 Q (optimum PAE) previously obtained. The
2xf0) source termination is still set to the passive 50 Q
impedance. At harmonic frequencies, reflection magnitudes
near to unity deliver the best efficiencies since no energy lost
occurs. This means that the only phase sweep with constant
magnitude equal to one is now sufficient. Such 2xf0 load has
been swept all around the I'=1 edge of the Smith chart and a
successive fine phase variation was set, as shown in the
zoomed Smith chart of Fig. 3.



The power performances related to those loads are also
reported in Fig. 3 where PAE and gain are function of the
power sweep as well as the 2xf0 loadpull. In this case higher
performance is obtained as compared to the one where only
the 1xf0 load was optimized. Here the maximum PAE yields
61.3%, Pout=36.2 dBm (4.1W), and an associated power gain
Gp = 13.2 dB, proving the importance of the proper setting of
the 2xf0 load.
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Fig. 3. Second harmonic loadpull (inset) as well as PAE and Gp as
a function of Pgyr. Blue markers: load reflection of PAEmax. Red
markers: load reflection of Poyrmax.

e Fundamental Retuning

After optimizing the 2xf0 load while maintaining a constant
optimum 1xf0 load achieved in step 1, a re-optimization of the
fundamental load is needed. This is due to the fact that in non-
linear power transistors, the harmonic contents are directly
related to the fundamental one; therefore, being the
superposition principle not valid, the variation of the 2xf0
load would inevitable vary the optimum impedance at 1x{0.
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Fig. 4. Fundamental loadpull retuning (inset) as well as PAE and
Gp as a function of Pgyr. Blue markers: load reflection of PAEmax.
Red markers: load reflection of Poyrmax.

Therefore the 1xf0 load impedance is retuned in a small
area around the optimum value found during the previous 1xf0
load sweep where the optimum PAE value is found at

Zr=10.8+j28.5 Q with higher PAE value equal to 63.4% as
illustrated in Fig. 4.

e Second Harmonic Input Tuning
Once the impedances have been optimized in the transistor
output side, an optimization of the input impedance is also
necessary in order to achieve the best overall output
performance. In this case a 2xf0 source-pull is conducted
while the 1xf0 and 2xf0 loads are set to the optimum PAE
previously achieved. Fig. 5 shows the Smith chart segment
where the 2xf0 source impedance has been swept and the

associated output performance.
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Fig. 5. Second harmonic sourcepull (inset) as well as PAE and Gp
as a function of Poyr. Blue markers: load reflection of PAEmax. Red
markers: load reflection of Poyrmax.

Here, by source-pulling the 2x{0, even better performance is
achieved as compared to the only output terminations
optimization where in this case: PAE=65.3%, Poyr=35.4 dBm
(3.5 W) and Gp=10.9 dB. After optimizing the source 2xf0 a
fundamental loadpull is again needed, as shown in Fig. 6.
Final optimum performance shows very high efficiency of
DE=71.2% (not displayed) and PAE=66.1% while delivering
high Poyr=35 dBm (3.2 W) and Gp=11.5 dB.
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Fig. 6 Final power sweeps and fundamental impedances sweep at
optimum 2xf0 source impedance. Blue trace: load set to PAEmax
Red trace: load set to Poyrmax.



IV. WAFER MAPPING

The measurement procedure with the optimum impedances
and results so far described, have been carried out on a few
on-wafer devices. These optimum impedances are then set and
used together with an IAF in-house software for the complete
wafer-mapping at (in this case) X-band frequencies. Thanks to
the wafer mapping measurement capability, the devices of the
whole wafer can be measured in a fully automated approach.
This means that at the fixed frequency, bias condition and
optimum source and load terminations previously achieved,
automated power sweep can be conducted on the full wafer
and yield investigation with respect to maximum gain and
power-efficiency can be conducted in a very time efficient
process.

The distribution of the most important parameters are
shown in Fig. 7 where the devices deliver the same output
power and gain of > 35 dBm and > 12dB with an average
PAE of 65%.
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Fig. 7. PAE, Pout, Gp and Pin_available as a function of
Pin_delivered traces of several wafer cells in one plot - performance
variation.

V. CONCLUSIONS

This paper has shown the measurement results of a 1 mm
power HEMT in AlIGaN/GaN technology delivering very high
power-efficiency at X-band frequencies. By using an active
harmonic loadpull system capable of performing accurate
measurements at X-band frequencies together with a
systematic measurement procedure for the DUT matching
optimization, optimum fundamental and second harmonic
output- as well as second harmonic source- terminations have
been found which deliver valuable information for the design
of high-efficiency RF-power amplifiers at 8.7 GHz. The step
by step procedure shows the influence of the single
impedances on the transistor performance and from here final
tuning around the known optimum areas can be done with
simultaneous load/source pull of several loops successfully.
The optimization of the second harmonic terminations seen by
the 1-mm GaN power transistor both at input and output

increases the PAE by approximately 6% from 59.7% to 66.1%
where also the 2xf0 load and source terminations were
optimized.

The paper highlights the high performance of the IAF 1 mm
AlGaN/GaN power transistor at X-band frequencies together
with a systematic load/source pull measurement procedure for
which four RF power loops have been properly varied and
optimized for high power-efficiency PAs.
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Abstract — We present a correction technique for arbitrary
waveform generators that utilize time-interleaved digital-to-
analog converters. By correcting non-ideal responses of the
digital-to-analog converters, the overall signal quality of the
source can be improved. To verify this technique, the
improvement in a  64-quadrature-amplitude-modulated
waveform with a bandwidth of 1.25 GHz was evaluated. The
error vector magnitude of the source was improved from 7.8 %
to 0.7% with the proposed corrections.

Index Terms — Millimeter-wave wireless communications,
modulated signal, signal generator, wireless systems.

I. INTRODUCTION

Signal sources are needed to study and implement wireless
communications in the millimeter-wave regime. Sources
based on arbitrary waveform generators and frequency
converters have recently been reported [1],[2]. For signal
generation at intermediate frequencies (IFs), high-speed
arbitrary waveform generators (AWGQG) directly generate
waveforms by utilizing time-interleaved digital-to-analog
converters (DACs) [3]. This time-interleaving technique is
adopted to overcome the sampling-rate limitation of the
individual DACs [4],[5]. With accurate switching between
outputs from the two DACs, the final waveform has a
sampling rate equivalent to twice that of the individual
sampling rate of each DAC. As illustrated below, the DAC
outputs add below the Nyquist rate while cancelling out the
image signal above the Nyquist rate.

However, because the bandwidth of signals with millimeter-
wave carrier frequencies (roughly 10 % of the -carrier
frequency) may occupy several gigahertz, obtaining a flat
frequency response with the self-calibration processes that are
provided by the equipment’s manufacturer is very difficult.
Additionally, any amplitude or timing imbalance between the
DAC:s associated with time interleaving creates errors both at
the in-band and the image-band signals. In particular, the in-
band error is critical to the error vector magnitude (EVM) of
measured communication signals.

To address these issues, and to create a method to
accurately calibrate AWGs that incorporate time interleaving,
a two-stage correction process is proposed here. Passing
waveforms through a digital de-multiplexer allows us to
correct for DAC imbalance. This is followed by a system
response correction to account for the nonideal frequency
response of the DACs. By applying these corrections in

U.S. Government work not protected by U.S. copyright

predistortion, the AWG can generate high-quality wideband
signals, as intended.

II. TIME-INTERLEAVED SIGNAL GENERATION

The time-interleaving technique is now utilized in state-of-
the-art measurement equipment with sampling frequencies
higher than 20 Giga-samples-per-second (Gsps) [3]. Figure 1
shows a block diagram of the time-interleaving architecture of
these arbitrary waveform generators.

For a transmitted signal x(z) the stored waveform,
consisting of L digital samples, is defined as follows:

L
x[m]= x(mT,) = Y. (x(0)8(t — mT,)), ey

m=1

where x[m] is the discrete version of x(f) sampled at a period
of T. This signal will be uploaded to the AWG. To perform
interleaving, x[m] is alternately split into separate paths, one
for each DAC. The DACs each have an identical sampling
period of 2 T, , creating waveforms x[2k+1] and x[2k],
which all have the Nyquist frequency of one half of x[m]’s.

Because DACs use a zero-order hold circuit to store and
dispense electric charges with a sampling period of T, the
Fourier transform of the first DAC may be expressed as
follows

DAC#1

n@
I M) [
- g
xi2k+1] |
121 é; y =20
2.8(t—2kT) 512
— k=0
DAC #2
i o)
? (0
x(2k] |
L/2-1
3 .8(t=2kT, -dT)
— k=0

Fig. 1.  Operation of time interleaving where the stored x[m] is
split and fed into separate DACs, one of which has a timing offset of
dT to cancel images at the even-numbered Nyquist zones.
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where X(w) is the Fourier transform of the continuous signal
x(f) with the angular frequency of @, and H,(@) is the
Fourier transform of the DAC’s impulse response function
hy(t).

For the second DAC, which generates the alternate samples,
the sampling clock is supplied with a delay of 7. Therefore,
its Fourier transform Y, (@) would have identical X(a)but it
has its own impulse response with 180 degree phase rotation
in every zone (that is, the frequency range between adjacent
Nyquist frequencies). In this way, image signals created in the
second zone are, ideally, cancelled, where

- $ w02 i

n=—oo K

€)

The Nyquist zone is defined as the frequency range between
neighboring integer-multiple frequencies of the Nyquist
frequency. Thus, because the sampling rate of the individual
DAC is 10 Gsps, we define the first zone as the frequency
range between 0 to 5 GHz (with zone number n = 1).

At the output of each path, signals are summed, to generate
Y (a)), in which the overall frequency response is expressed by
the common response ( H,(@)) and the imbalance response

(H,pp(@)):
Y(a)=Y,(@)+ Y, (@)

- i X(w_(”;_l)”][Hl(a))in(w)](+:noddj
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In (4), images in zones with a negative sign (where 7 is even)
are cancelled out, resulting in the ideal Fourier transform of
the original x(#) sampled at a period of 7 .

In the implementation of the overall system, which is shown
in Fig. 1, there are non-idealities such as timing errors and
gain mismatches between time-interleaved paths caused by
imperfect manufacturing processes. Even a small amount of
mismatch adversely affects image cancellation and the signal-
to-noise ratio.

II1. IDENTIFICATION OF NONIDEALITIES

To identify and correct DAC nonidealities, we conducted
measurements with a commercially available AWG with time-
interleaved DACs. The test signal was generated with a
sampling rate of 20 Gsps at a center frequency of 4 GHz,
representing a 64-QAM modulated signal. The signal had a

data rate of 1 Gsps, with an occupied bandwidth of
approximately 1.25 GHz. The signal from the AWG was
captured with a high-speed sampling oscilloscope and the data
were post-processed with an accurate time-base distortion
correction algorithm [6],[7].

For the first step of the procedure, the frequency response of
each path was identified by separately uploading the time-
interleaved waveforms one at a time, while the other DAC
was given all zeros. The two measured signals, when
combined, represent the composite response of the ideal
X(w) and the impulse responses of the individual paths,
H,(w)and H,(®):

V(@) 0 = % (0)+ ¥

=3 X[ b T:) jHI( o)+ N, (5)

n=—oo

- 6
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where N, is the total random noise across the bandwidth B
from various noise sources such as thermal noise and
quantization noise [8].

The n™ zone frequency response of the k" DAC path within
the signal bandwidth B may be given as follows:

Hk (0)) " — Yk( )n —zone

X(a)—(n_l) J
TS

Figure 2 shows the first- and second-zone spectral response
of the signal from the AWG with a combined sampling
frequency of 20 Gsps (blue, solid line), measured after passing
through a low-pass filter with a cut-off frequency of 7 GHz. In
the figure, the residual image signal in the second zone (5 to
10 GHz) is quite significant because of the imbalance, despite
the AWG’s built-in calibration process. By taking the
difference of (5) and (6), the in-band (n = 1) and image-band
(n = 2) residual error with noise can be observed and is shown
in Figure 2 as well (red, dotted line). In this particular case, we
assume that the spectral components from DAC #1 have
sufficient signal-to-noise ratio within the bandwidth of the
signal, and, thus, the responses in the first two zones may be
identified.

To obtain the imbalance information in the frequency
domain, the spectral components of DAC #1 and DAC #2 are
compared within a bandwidth of B for the first two zones,
where, again, a high signal-to-noise ratio is assumed:

lo-w,|<B/2. (7)

Hyp(@)r .y, =22O719) 10 ] <B)2. (8)
Hl(w_na)s)

Figure 3(a) shows the identified magnitude response
|H imb(a))| over the signal bandwidth within the first two zones.
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Fig. 2.  Measured response (solid line) of a 1 Gsps 64-QAM signal
generated with an AWG sampling frequency of 20 Gsps and the
residual error due to DAC imbalance (dotted line).

This residual error corresponds to the cancellation path that is
not exactly 180° over the band of interest. Additionally, Figure

3(b) shows the common frequency response |H1(a))| of the

overall system over the same frequency range, which can be
identified by (8). We see that the system obviously has highly
frequency-dependent non-idealities.

To correct these non-idealities, a pre-filter that compensates
for the in-band imbalance in the first zone (below the Nyquist
frequency of DAC #2) is applied to the DAC #2 waveform.
This filter is placed at the output of DAC #2, and has the
inverse response of (8) over the desired bandwidth. In a
similar manner, a pre-filter that has the inverse response of
H,(w), the common frequency response from (7), is applied
to the sum of the DAC outputs. Figure 4 shows the final block
diagram. This figure shows the pre-filtering blocks for the
common- and imbalance- response corrections.

The correction performance was evaluated with the EVM
metric, which was 1.8 %, compared to 8.9 % without the
correction. Furthermore, the value could be improved to a
nominal value of 0.7 % when the correction method was
incorporated with an iterative pre-distortion technique to
remove additional excitation-dependent, nonlinear distortion
[1].

An uncertainty analysis based on the NIST Microwave
Uncertainty Framework [9, 10] included more than 640 error
mechanisms. This analysis included a wide array of
parameters from the pin depth of the calibration standards, to
effects of cable bend, to optical parameters for the electro-
optic sampling system used to calibrate the sampling
oscilloscope. This analysis found an overall mean error in the
EVM of approximately 1.0 % + 0.3%, with measurement
repeatability being the largest source of error.

IV. CONCLUSION

We presented a correction method for use in generating
multi-gigabit-per-second signals with AWGs that include
time-interleaved DACs. With this method, we first identify
and pre-filter the imbalance between DAC paths. We then
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Fig. 3. Identified magnitude responses over the signal bandwidth

within the first two zones: (a) Imbalance response (b) Common
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Fig. 4.  Correction of frequency-dependent non-idealities by pre-

filters to correct the imbalance- and common-frequency responses.

identify and pre-filter the linear response of the system. With
this proposed method, we improved the EVM from 8.9 % to
1.8 % for a 1 Gsps, 64-QAM modulated signal with a 4 GHz
carrier frequency. This could be further improved to ~1.0 %
by iteratively correcting complex frequency coefficients to
compensate for both linear and nonlinear distortion.
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Abstract —In the past, devices that require true-mode
differential drive (+-180 degree) or true-mode 1Q drive (0 and 9
degree) have been difficult to measure at RF and microwave
frequencies. At microwave frequencies, baluns and 90 degree
hybrids have poor performance, and are very difficult to use in
on-wafer test. True-mode VNAs have allowed non-linear
measurements of compression, but require input and output
frequencies to be the same. To date, no method has been
presented that can allow measurements of differential harmonics,
differential mixers, or 1Q mixers without the use of baluns or
hybrids at high frequency, or with high accuracy. This paper
presents a new method that provides fully corrected
measurements for all these cases, over swept frequency or swept
power, or swept phase without the use of baluns. It is suitable for
on-wafer applications and extensible to mm-wave frequencies.

Index Terms — Differential, 1Q, Mixer, Modulator, Non-
linear, Harmonics.

I. INTRODUCTION

Differential design and 1Q modulation have in the past been
limited to low-frequency devices. But with the increase in
microwave and mm-wave use of complex RF integrated
circuits, these low-frequency design techniques have moved
into RF, microwave and even mm-wave frequencies.

Differential, or balanced, devices do not use a single coax
port but rather use a pair of ports at the input and output. The
output signal is the difference (in a voltage sense) of the pair
of output ports. The mathematics for differential devices,
expressed as mixed-mode S-parameters, has been fully
developed [1], and many modern VNAs can make true-mode
as well as mixed-mode measurements[2,3]. While many
devices don’t show any difference in measured results using
either single-ended or true-mode stimulus [4], some devices
require that the input drive to the device also be fully
differential, and behavior of the device, especially non-linear
behavior, may be quite different if between differential drive
and single-ended drive; the implications of true-mode drive on
amplifiers has been the subject of several papers[5-7].

However, all of the previous work has only been applied to
amplifiers, and only to ratio measurements (gain and match).
No work has been published on making balanced
measurements of power (in most case, power is not
mentioned, or output power is inferred from the source power
setting and the gain). Thus no measurement of other amplifier
characteristics such as harmonics has been described to date.
In this paper, we describe the required mathematical
corrections needed to create a true-mode or 1Q RF drive, and
describe a measurement system that can create a true-mode or
IQ drive at one frequency and measure the output (including
single-ended, differential or 1Q) at a multitude of other output

978-1-4799-4423-1/14/$31.00 ©2014 IEEE

frequencies, as well as demonstrate correction methods for
measuring differential and 1Q power.

Il. SYSTEM DESCRIPTION

In the past, devices that require true-mode differential drive
(+-180 degree) or true-mode 1Q drive (0 and 90 degree) have
been difficult to measure at RF and microwave frequencies.
At low frequency the differential or 1Q drive can be created
using programmable arbitrary-waveform generators, and
measurements made using oscilloscopes with differential
probes.

For RF and Microwave systems, a VNA with dual sources
has been used in the past to create true-mode signals, but all
implementations require that the device measurement be done
at only the frequencies of the sources. Presumably this
limitation is needed because the source control requires a
measurement of the source signal to obtain the relative
amplitude and phase of the drive signal. Figure 1 shows such
a VNA system, but in our case, the system has been modified
to allow re-tuning the receivers to any of a set of arbitrary
frequencies after the sources have been aligned to the proper
amplitude and phase.

In the case of measuring balanced harmonics at the output,
the receiver LO is tuned first to the receiver the fundamental
frequency, which is iterated until the proper amplitude and
phase is measured on the al and a3 receivers. Then, holding
the sources constant, the LO is immediately switched other the
desired harmonic frequencies, and the power and relative
phase of signals applied to all eight receivers is recorded. This
data acquisition method ensures than the sources do not drift
during the acquisition of the harmonic signals.
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Figure 1: Dual Source VNA used to measure power and harmonics
of a differential amplifier
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Figure 2: Balanced Mixer Measurement

A similar block diagram is used for measuring balanced
mixers, but in this case an external source is used as the Local
Oscillator (LO), unless of course the mixer, more properly
called a frequency converter, has an embedded LO. Figure 2
illustrations the connection diagram for a differential mixer.
Finally, for an 1Q mixer, several configurations can be
utilized. An example configuration is show in Figure 3.

In this type of mixer, key measurements are measuring the
desired output (RF), the image signal, the LO feed through,
and adjusting the | and Q magnitude and phase offset, as well
as DC offsets at the | and Q inputs, to minimize the image
signal and LO feed through. Performing these tests when |
and Q signals are in the RF or Microwave range have been
extremely difficult in the past.

Dual
Source

VNA
® @ 9 |

% Sum RF
Output
} LO _

Figure 3: 1Q mixer test setup

I1l. ERROR CORRECTION

Error correction is needed for both the stimulus and
response portions of the measurement. In the stimulus case,
the match of the DUT can interact with the source match from
the VNA to distort the amplitude and phase the actual applied
to the DUT. Correction of the measurement of the ratio of the
input signals can found from equation 1.

a  (a,ERF +h,ESF —a,ESF -EDF) ETF, 0

a, - (aSM ERF, +b,,,ESF, —a,, ESF, - EDFS) ERF,

Error correction for the output signals also requires
mismatch correction as well as magnitude and phase response
correction. The error correction for each receiver is computed
from equation 2.

b
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Differential power measurements can be computed from
(3) where N represents the signal desired, e.g., N=1 is
fundamental, N=2 is second harmonic.

(bZ,N - b4,N)

P —
¢ 27

©)

0

IV. MEASUREMENT RESULTS

Two important questions arise as to the measurement
method:
1) How well does the stimulus create a representation of
the desired differential or 1Q signal
2) How well does the response measure the differential
output
That is, are the stability of the source and the error
correction methods sufficient to give meaningful results and
how might those results be verified.

Figure 4 shows the result of measuring the harmonics of a
single ended amplifier. Also shown is the same amplifier
driving a 180 degree hybrid. This represents what one would
see from a single-ended to balanced amplifier. In such a case,
the harmonic content should be nearly the same (except for the
difference in loss of the hybrid between the fundamental and
harmonic frequency). Clearly the results measuring as shown
in equation 3, corrected by equation 2 demonstrate very good
correlation.

These tests validate that the differential power
measurement of the harmonic match expectations, but the
DUT was not a true differential amplifier as a hybrid was used
at the output to give a differential harmonic with known
power. So, another test of a true-differential amplifier was
performed finding differential output power and differential
output harmonics.



Figure 4:Comparing Earmonics Single-Ended and through a
Differential Balun

Figure 5 shows a photo of the amplifier used in the test.
Figure 6 shows the resulting differential output power and
differential gain. While the amplifier was driven with a true-
mode drive, it is not very sensitive to small phase errors of the
source.

Figure 5: True Differential Amplifier used for Harmonic Test
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Figure 6: Balanced Output Power and Balanced Harmonics

A similar test is shown in Figure 7, but this time for a
balanced frequency-converter as shown in Figure 2.

However other devices, such as 1Q mixers, are very
sensitive to phase offsets and measurement results will vary
dramatically for even slight errors in phase and power. The

Tr 2 2ndHarm LogM 5.000dB/ -50.0dB

-25.00

Stop 1.50000 GHz

Figure 7: Harmonic Measurement of a Balance Mixer

next set of experiments validated the phase accuracy of the
source-setting algorithm while performing frequency offset
measurements of an 1Q mixer.

1Q converter designs often use a 90 degree hybrid on the
fixed-frequency LO port as shown in Figure 3. We use the
hybrid to help validate the quality of the phase setting of the
sources for the 1Q mixer test. First, the 4-port S-parameters of
the 90 degree hybrid were measured and the ratio of S31 to
S21 was found to determine the 1Q response; in this case the
phase error was 91.5 degrees and the amplitude error was
about 0.5 dB. Next, the Hybrid was used to validate the phase
setting of the sources. The frequency of the two input signals
were swept across a wide band and applied the 0 and 90
degrees input, with +90 and -90 degree offsets. The output
was routed to the B-receiver and the power measured. Figure
8 shows the results of measuring the hybrid. When the
sources are set to 0 and 90 degrees, a maximum is seen; when
the sources are set to 0 and -90 degrees, a minimum is seen.
This demonstrates good source phase control.
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Figure 8: Measurement of output power of a 90 degree hybrid
with +90 and -90 drives.



Finally, figure 7 shows the results of 3 measurements of a
device as in figure 3: Several measurement scenarios were
performed to establish the characteristics of the 1Q mixer. For
these devices, image rejection is a key specification, and the
image rejection depends upon getting good balance between
the 1 and Q paths. Often the individual mixers are not
identical, and so the skew, or phase difference, of the 1Q path
is first determined mid-band to allow a fixed 1Q offset. The
amplitude balance is also important to achieve good image
rejection. To determine the phase amplitude skew, and then
measure the image rejection, the following 3 steps are
performed:

1) Set the 1/Q source to 90 degrees and sweep the 1Q
power offset, while monitoring the image and RF
signal. Then record the value of offset that gives the
lowest image

2) Set the amplitude offset as in 1) and then sweep the 1Q
phase to find the minimum image; then record the
phase offset

3) Set the 1Q amplitude and phase as in 1 and 2 above and
sweep the frequency of the input while maintaining
constant 1Q phase.

Figure 9 shows the results of each of the 3 steps for the 1Q
converter from Figure 3.
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Figure 9: 1Q converter Image Reject measurements
Once the proper skew is found for the 1Q inputs, other
characteristics of the converter can be measured such as
conversion loss (or output power), LO feedthrough (leakage),
RF isolation, and spurious or harmonic outputs. Figure 10
shows some sample measurements: Output Power, LO
feedthrough, and RF Isolation. Figure 10 shows these output
signals for another mixer. This represents a very complicated
measurement process, which is:
1) Set the input power and initial phase of the | and Q
ports, at the first frequency point.
2) Measure the Match of the DUT on the IQ ports, and
compute the incident power
3) Compute and offset amplitude and phase to achieve the
desired 1Q signals
4) Re-set the 1Q sources and re-measure the result.
Continue iterating the settings until the desired 1Q
response is achieved.

5) Change the receiver to measure all the desired output
frequencies including LO output, RF isolation, Image
frequency and desired Output frequency.

6) Repeat for each frequency point.
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Figure 10: Measurements of LO Feedthrough, Isolation, and Power

V. CONCLUSION

The measurement system presented shows the ability to
make differential harmonic and 1Q mixer measurements. This
is the first time such measurement have been demonstrated in
the RF and Microwave range, with fully corrected results.
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Abstract

In this paper, we focus on the calibration on VSA, which consists three parts: 1. realization on the peroidic
continuity of baseband waves of finite-length digital modulated signals ; 2. fundamental error setting techniques
based on error symbols design ; 3. technique of full error symbol frame, which assures that each symbol is present
in the measurement on equal probability. This technique will alleviate the negative effects of stochastic symbol
sequences on metrology measurement, and unify the measurement model and mathematical model. Our
experiements have shown that this metrology method and system can : 1. continuously adjust the values of digital
modulated errors in a large range, and set the expected digital modulated error parameters; 2. exhibit strong
consistency of the measured value and calculated value for such digital-modulated parameters as EVM; 3. show
good repeatability on the values of digital modulated parameters, 4. be widely applied to almost all digital
modulation schemes, such as 256QAM or higher rank modulation scheme.

Keywords: Calibration, VSA, EVM, Waveform, Generator

1.INTRODUCTION

Vector modulation signal is very important in modern communication, broadcasting and navigation systems. Digital
modulation error parameters include EVM (Error Vector Magnitude) and so on [1]. Vector signal analyzer (VSA) is the
instrument to measure EVM and so on. VSA needs effective calibration, however, a problem can be perceived in present
calibration of VSA in the aspect of digital modulation error: the lack of error settings. When calibrating VSA, the vector
modulation signal generator generates standardized modulated signals with little modulation error. For LTE-TDD
wireless communication standards, maximum limit of EVM for 64QAM modulation is 8% [2]. If a VSA’s range to
measure 64QAM EvmRms is 0~9%, it’s inadequate to calibrate VSA only near the point “EvmRms=0", which is just
like only using a 1mm gauge block to calibrate a ruler whose range is 100mm. Researchers have pointed out this problem
[3~5].

2. TECHNICAL SOLUTIONS

2.1 Periodical Continuity of Finite-Length Digital Modulated Baseband Waveforms

Based on the current hardware infrastructure of vector modulated signal generator (SG), we can design a finite
IQ baseband waveform, and introduce the baseband part from SG. Then SG periodically extends this baseband
waveform to persistently modulate the carriers and get the RF modulated signals.

The unfiltered symbol value sequence and the time-domain pulse response wave of truncated finite-length
baseband filter should convolve in the time domain, to form the 1Q baseband wave of finite time. However, this
baseband waveform is subject to some drawbacks without special processing. The first and the last values of the

978-1-4799-4423-1/14/$31.00 ©2014 IEEE
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baseband waveform are not equal to each other, i.e. the periodical waveforms extended by the SG are not
continuous at the periodical connection. Such a discontinuity will bring additional errors to the signals, as shown in
Fig. 1.

Wawe connection of 64QAM
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Fig 1. The periodical continuity of finite-length 16QAM wave after baseband filtering
From Fig. 1, we can see that EVM value is much larger with obvious error pulses at the periodical connection,

which is due to the discontinuity of the baseband waveforms. Apparently, such a waveform is not qualified as the
standard calibrating signals for VSA.

EVM vs symbols, 64QAM
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Fig. 2 —~EVM corresponding to each symbol due to discontinuity of baseband waveforms

The signals can be applied to the metrology of digital modulated error parameters only when the discontinuity is
solved, and we can address this problem by a variety of methods.

A. Constructing symbol sequences (CSS). As is known to all, the time domain convolution is equivalent to the

frequency domain filtering. If the truncated length of time domain pulse of the baseband filter is L symbols,

then the constructed symbol sequences will have symmetrical first-L and last-L symbols, just as shown in



Fig. 3.

S1~S|_ Symbols S|_~S1

Fig. 3 Construction of 1Q symbol sequence

B. FFT and IFFT algorithm. According to the baseband wave sampling rate and symbol rate, we conduct zero
inserting and filling for the unfiltered 1Q symbol sequence and pulse response wave of the baseband filter, so
that the time-domain sampling interval of these two waves is equal with the same sampling points N. After
sampling, the resulting two sequences are processed by fast fourier transform (FFT) to get the new N-point
sequences Xk1 and Xk2. Inner product is performed on Xk1 and Xk2 to get a N-point sequence Yk, which
is then processed by inverse FFT to reach a time-domain wave sequence S. The sequence S is the baseband
wave value sequence with the property of periodical continuity.

The methods of A and B are effective and independent to each other. By adopting either method, we
show the periodical continuity effect in Fig. 4.
EVM vs symbols, 64QAM
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Fig. 4 The EVM of each symbol from the 64QAM baseband signal processed by periodical
continuity technique

2.2 Fundamental Digital Modulated Error Settings Based on Error Symbol Design

For the digital modulated error settings, we design the error symbols according to the standard symbol
sequences. Generally, we suppose the symbol Si is mapping into point A in the IQ domain, and according to the
classical communication theory, there exists an area called decision zone of symbol Sk, in which we choose
multiple points except A for Ski, Sk...SkL. In this way, we can define and calculate such digital modulated error
parameters as EVM by geometric relationship [6].

The geometric pattern of coordinate points Al. A2...AL in the IQ domain can be various, such as triangle,
polygon, hexagon, etc. In this paper, we adopt one pattern called axial-symmetrical equilateral triangle, as shown in
Fig. 5.



\4

O |
Fig. 5 axial-symmetrical equilateral triangle design in IQ domain

The point A in Fig. 5 correspond to a standard symbol, and we suppose the complex coordinates of A is I+jQ,
the magnitude and phase angle of vector OA is MA and 6,4, respectively. Then the points A, A,, Az in A’s decision
area have the vector coordinate as (1) to (3):

OA =M, (1-y)exp(j6,)

OA, = OA ++/3yM , exp J(é&—%} )

OA, =0A +/3yM, exp j(@ﬁ%) ©)

We can call y in (1)~(3) as the radius of equilateral triangle. Suppose the complex coordinate of A is 1, then we
have

OA =1-7 (4)
OA, =1+~ +J‘/_7(5)
on 1.7 _ Y3
OA =147~ [T (6)

According to the symmetry, the reference constellation point A’ should be on the elongation of OA, and by mean
square method:

OA'=M, ={1+7* @
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MagErrRms and EvmRms are calculated in vector by definition:

MagErr, =|M, —|OA| i=123
3
> MagErr’
i=1
MagErrRms = 3 x100% (19
N
evmi:‘@—O—A" i=12,3 (13)

(14)

The equations (8) to (14) have shown the relationship of the modulated error parameter and the equilateral
triangle radius y. In the practical applications, we are given such parameter value as EvmRms, and the
corresponding y. The relationship function is given as

y=f (EvamS) (15)

This function can be solved by the method of analytical inverse function, or by some highly accurate numerical
method such as inserting.

2.3 Full Error Symbol Frame Technique
The technique guarantees that each error symbol will appear with equal probability, which will alleviate the
negative effects of stochastic symbol sequences on metrology measurement, and unify the measurement model and



mathematical model.
1. Frame construction. List the complex sequence for the standard symbol of digital modulation scheme as S;
Sov Ss...Sk...Sk. For each symbol Sy, design the L error symbols Syi+ Sko...Sk. by the method given in
section 2.2. In this way, we get the full error symbol frame, and call it FrameE, just as showed in Table 1.
Table 1: A complete error symbol frame: FrameE

Sll S21 S31 Skl SKl
S12 S22 S32 Sk2 SKZ
SlL S2L S3L SkL SKL

2. Frame combination. Combine multiple full error symbol frame FrameE to a new symbol matrix FrameM
according to the length of our testing sequences. Reconstruct the FrameM into a complex single-row
sequence, and randomly arrange the positions of its elements to form a symbol frame S¢rame.

3. Wave construction. By the method of periodical continuity in section 2.1, we generate the periodically
continuous baseband wave WBsrame based on Sgrame. In this way, each symbol from FrameE will be
present equally in the symbol sequence of WB+rame.

4. VSA setting. Suppose that the wave WB#ame corresponds to a sequence of P symbols, then we set the
symbol analyzing length of under-testing VSA as multiples of P, and in this way, the side effects of the
stochastic symbols on metrological testing are reduced, and guarantee the unify of the testing mechanism
and mathematical model of digital modulated error setting.

Based on the above techniques and the hardware infrastructure of VSA, we have constructed the metrology
system for the digital modulated error parameters based on periodical continuity. If the calculated value and
measured value match well, and the measured values show good repeatability and reliability, this system can then
be used as transfer standards or metrology standards.

3.SIMULATED AND MEASURED RESULTS

Building the experimental testing system based on the above techniques, we have generated digital modulated
signals with set errors. Then these signals are tested by VSA as inputs, and some results are shown in Fig. 6~ Fig.
12.
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Fig. 7 The relationship of the expected EvmRms for 16QAM and our testing results. The upper figure shows
MagErrRms; the middle figure shows the differences of measured and calculated MagErrRms, in terms of
measurement error; the lower figure shows the standard deviation of the testing results with a value reading interval
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with a value reading interval of 0.1 second.
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Fig. 9 Vector diagram of digital modulated signals with set standard errors, demodulated by VSA for 256QAM.
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Fig. 10 The relationship of the equilateral triangle radius y and our testing results in the error setting model for
256QAM. The upper figure shows EvmRms; the middle figure shows the differences of measured and calculated
EvmRms, in terms of measurement error; the lower figure shows the standard deviation of the testing results with a
value reading interval of 0.1 second.
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Fig. 11 The relationship of the equilateral triangle radius y and our testing results in the error setting model for
256QAM. The upper figure shows MagErrRms; the middle figure shows the differences of measured and
calculated MagErrRms, in terms of measurement error; the lower figure shows the standard deviation of the testing
results with a value reading interval of 0.1 second.
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Fig. 12 The relationship of the equilateral triangle radius y and our testing results in the error setting model for
256QAM. The upper figure shows PhaseErrRms; the middle figure shows the differences of measured and
calculated PhaseErrRms, in terms of measurement error; the lower figure shows the standard deviation of the
testing results with a value reading interval of 0.1 second.

4.CONCLUSIONS

The techniques in this paper realized the continuous adjustability of digital modulated error setting values in a
large range, and gave the settings of expected error parameters, which solves the problems expressed in the
introduction. Performance of the metrology standard include: the consistency of the measured value and calculated
value for such digital-modulated parameters as EVM, and the repeatability on the values of digital modulated
parameters. The standard deviations of EvmRms and MagErrRms have achieved the level of 10™ %, while the
standard deviation of PhaseErrRms has also reduced to a degree of 10™. This metrology method and system for
digital modulated error parameters is applicable to almost all known digital modulation scheme, such as 256QAM
or higher rank modulation scheme.
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Abstract — At present, thermoelectric technique is a popular
method to setup national RF power standards. From the
measurement, the Lab’s temperature stability has strong affected
the thermopile’s output voltage. In this paper, the reason of the
influence to calorimeter’s measurement from Lab’s temperature
change is analyzed. We use the Average Temperature Block (ATB)
to eliminate the affection. The measurement results of before and
after ATB used is presented.

Index Terms — Calorimeter, thermoelectric, microwave power,
Average Temperature Block.

I. INTRODUCTION

At present, calorimeter is the common technique to build
national RF power standards among the NMIs. The thermistor
mount calibrated in calorimeter is the most accurate and stable
transfer standard than other instruments. Use RF power
terminator in calorimeter is another choice when thermistor
mount is not available.

Thermopile is commonly used in calorimeters to monitor
the dissipated RF power in the calorimeter but not be DC
substituted by power meter. Thermopile is a device inserting
between the DUT and thermal reference, it can convert the
temperature deviation of its two sides to voltage.

Because the temperature deviation between DUT and
reference is only about hundreds micro-degrees, most
thermopile output is less than 1 milli-volt. To improve the
signal noise ratio, the calorimeter is put in temperature
controlled equipment, such as constant temperature water bath
which its stability can reach 800 micro-degrees per day. The
Lab’s temperature stability should be better than 1 degree per
day.

Even so, the short term rapid changes of temperature in
laboratory less than one degree Celsius, but still have big
influence to the thermopile output.

The calorimeter of NIM (National Institute of Metrology) is

put into a commercial temperature controlled water bath tank.
From fig.1, the laboratory temperature waved in 24 hours is
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less than 0.8 degree Celsius. Its change comes from the air
condition’s temperature adjustment.

From fig.2, the thermopile output of calorimeter affected by
Lab’s wave is about 5% of the input RF power to the
calorimeter that will result in about 0.5%-2% deviation of the
effective efficiency of the thermistor mount. So, the room’s
temperature change will affect the repeatability of the
measurement and large the uncertainty of the final results.

Lab Termporstie

Tima (Hour)

Fig. 1. Laboratory temperature change during 24 hours
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Fig. 2. Thermopile output of a WR-15 microcalorimeter
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We tried to adjust the parameters of the Bath settings (such
as cooling power, proportional band), but it was not enhance
of the results obviously. We also sealed all the cables (DC
cables, RF cables) and connectors outside of the calorimeter
with cotton and foam, the big ripples still exist.



II. ANALYSIS AND RESOLUTION

In order to decrease the influence of the ambient
temperature to the thermopile, we analyzed the thermal
conduction paths of the system. Because the leads connecting
the thermopile and nano-voltmeter are directly influenced by
the Lab temperature change, it should be the most sensitive
section of the system. Fig.3 is the equivalent circuit of the
thermopile’s thermal path. Ity and Itr are the heat sources,
representing the DUT and reference respectively. In theory,
Itr is zero because it is the thermal reference. r; and r, are the
thermal resistances between thermopile and DUT, dummy
respectively. r; and r, are the lead’s thermal resistances
between thermopile and nano-voltmeter. The nano-voltmeter
is a thermal source which obviously changed by the ambient
temperature, so the thermopile output is added a noise signal
as fig.1 shown.

Thermepike

A B

Gr\ 1l 2

IIM 13 o

Nano Voltmeter

Fig.3. Equivalent Circuit of the calorimeter’s thermal path
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Because part of the leads connecting thermopile and digital
voltage meter is put in the temperature controlled tank, the
other part is exposed at outside of tank; room’s temperature
wave will directly affect thermopile by leads. That result in
the output of thermopile unstable, equivalent circuit of the
calorimeter’s thermal path is shown as fig.3.

Fig.4. the Equivalent Circuit of the Average Temperature Block

To eliminate the influence from leads, we insert a copper
block (Average Temperature Block) connect to the thermopile
leads to average the temperature wave, shown as fig. 5. The
Average Temperature Block was tightly attached to reference
plate of calorimeter. The principle of the thermal conduction
is shown as fig. 4. I, is the thermal noise from Lab, C, and C,
are two Average Temperature Blocks, then R; | and C, form a
low-pass-filter which filtering the thermal noise. Ry, and C,
form another low-pass-filter which has the similar function.

Fig.5 is a picture of a calorimeter with Average
Temperature Block.

, { DUT
Dummy -

Thermopile | Average

~ Temperature
Block

i

Fig. 5. WR22 (33-50GHz) calorimeter

IV. MEASUREMENT AND RESULTS

Fig.6 shows the thermopile output of calorimeter when
added the average temperature Block. The stability of the
curve is obviously improved. The repeatability of effective
efficiency of the thermistor mount is about 0.2%-0.3%, which
is much better than before.

0.882

08815

0.881

08808 j e

[ 1T N Ve Ve
! [ I

0.879
08 1 16 2 25 3 35 4

Tirme (hours)
Fig. 6. Thermopile output of the calorimeter added the Average
Temperature Block
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Abstract—This paper describes some further investigations into
the connection repeatability for waveguide devices in the
WM-250 (WR-01) waveguide size over the recommended
frequency range of 750 GHz to 1.1 THz. This work follows
previous work on this subject that was presented at the 82"
ARFTG conference in November 2013. As with the earlier
investigation, three devices have been investigated — an offset
short-circuit, a flush short-circuit, and a near-matched load.
These devices can be used as calibration standards for Vector
Network Analyzers (VNAs), and so can be found in VNA
calibration kits. On this occasion, the aperture of each device
was inverted (i.e. rotated through 180°) between the repeated
disconnection and re-connection of the device to the VNA test
port. This provides an experimental evaluation of the effect of
the imperfect position of the device’s flange alignment pins and
holes. As before, the repeatability of the measurements is
assessed using statistical techniques, in terms of the experimental
standard deviation in both the real and imaginary components of
the complex-valued linear reflection coefficient. The results
obtained during this investigation are compared with the results
obtained from the previous investigation (where flange inversion
was not included as part of the disconnection and re-connection
procedure for the devices).

Index  Terms—Measurement repeatability, Measurement
standards, VNA calibration, Submillimeter-wave measurements,
Measurement uncertainty

1. INTRODUCTION

Vector Network Analyzers (VNAs) that can operate at
high millimeter-wave and submillimeter-wave frequencies
(i.e. 110 GHz to 1.1 THz) are now readily available as
commercial systems. These VNAs use rectangular metallic
waveguide as the test ports [1]. The dimensions of the
waveguide apertures are very small at these frequencies —
e.g. the nominal aperture dimensions for WM-250 waveguide
(which operates from 750 GHz to 1.1 THz) is
250 um X 125 pm [2]. Accurate alignment of the waveguide
becomes critical at these frequencies in order to achieve
electrical measurements that have an acceptable degree of
reliability and repeatability. The inevitable misalignment of
the waveguide (due to the imperfect waveguide
flange/interface) induces both random and systematic errors
into the electrical measurements. For example, random errors
will be caused by the dimensional tolerances on the flange
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alignment mechanisms (i.e. the diameters of the dowel pins
and holes). These dimensional tolerances will give rise to a
lack of repeatability in the measurements. Systematic errors
will be caused by the imperfect position, on the flange face, of
the flange alignment mechanisms (i.e. the dowel pins and
holes). These systematic errors will be present in all
connections that are made for a given device and will typically
be of a similar size (when connected to the same VNA test
port).

An earlier connection repeatability exercise in WM-250
waveguide (reported in [3]), concentrated on assessing the
random errors caused primarily by the dimensional tolerances
on the flange alignment mechanisms (i.e. the diameters of the
dowel pins and holes). The earlier investigation did not
consider the systematic errors caused by imperfect location of
these flange alignment mechanisms. The connection
repeatability exercise reported in this paper extends the work
presented in [3] by considering both the random and the
systematic errors affecting the waveguide measurements that
are caused by flange alignment imperfections. This is
achieved by including connections of the waveguide devices
during the repeatability exercise where the flange is inverted
before being reconnected to the VNA test port. By inverting
the waveguide flange, the imperfect position of the alignment
pins and holes will, in principle, cause a systematic change in
the electrical measurements made by the VNA. This
systematic change will be present in the repeatability data sets
along with the random changes caused by the tolerances on
the diameters of the alignment pins and holes.

As with the previous repeatability exercise [3], the
exercise presented here uses selected devices in the WM-250
(WR-01) waveguide size, operating from 750 GHz to 1.1 THz.
These were the same devices that were used for the previous
investigation — an offset short-circuit, a ‘flush’ short-circuit
(i.e. a short-circuit containing no offset), and a low-reflecting
(i.e. ‘near-matched’) load. Similar statistical analysis
techniques to those used in the previous exercise are used here
to enable meaningful comparisons to be made between the
two repeatability exercises. Figure 1 shows a photograph of
one of the flanges used during the investigation. The holes
and pins used to align the flange are indicated in the
photograph.



Flange alignment

Waveguide
aperture

<Y W

alignment pins

Figure 1: One of the waveguide flanges used during the
connection repeatability exercise. The rectangular waveguide
aperture is 250 pum x 125 um — barely visible to the naked eye

2. METHOD
2.1 Experimental Set-up

The VNA system used for the investigation comprised an
Agilent Technologies PNA-X VNA connected to WM-250
waveguide extender heads, manufactured by Virginia Diodes,
Inc (VDI). This is the same system and set-up that was used
for the previous repeatability investigation [3]. However, on
this occasion, the extender head was arranged so that the
waveguide test port pointed vertically upwards. This
arrangement was chosen to minimize any effect due to gravity
on the alignment of the waveguide flanges. As with the
previous investigation, the power used to measure each
Device Under Test (DUT) was around —35 dBm (0.3 pW) and
the VNA’s IF bandwidth was set to 30 Hz with no numerical
averaging. This VNA system, shown in Figure 2, is situated
in the Roger Pollard High Frequency Measurements
Laboratory (this being a temperature-controlled laboratory) at
the School of Electronic and Electrical Engineering,
University of Leeds, UK. (Note: the vertical test port
arrangement that was used for this investigation is not shown
in this Figure.)

The VNA system was calibrated using a one-port ‘three-
known-loads’ calibration technique. The ‘known loads’
(i.e. calibration standards) were an offset short-circuit, a
‘flush’ short-circuit and ‘near-matched’ load (from the VNA
calibration kit). These same three standards were used
subsequently as the DUTs for the repeatability investigation,
these being the same DUTs that were used in [3].

For each flange connection orientation (i.e. either
inverted or non-inverted), the complex-valued linear reflection
coefficient of each DUT was measured 12 times,
disconnecting and re-connecting the DUT between each
re-measurement.  This produced a set of 12 separate

determinations of reflection coefficient for each DUT in each
of the two orientations. Therefore, a total of 24 dis-connect /
reconnect measurements were made for each of the three
DUTs. All measurements were made from 750 GHz to

1.1 THz at regular intervals of 1.75 GHz across the band.

Figure 2: The 750 GHz to 1.1 THz VNA system used for the
measurements

2.2 Data Analysis

The analysis uses calculations of the experimental
standard deviation (as used previously in [3]) as the measure
of variability in the observed values due to flange connection
repeatability. This computation is applied separately to both
the real and imaginary components of the complex-valued
linear reflection coefficient. We avoid performing the
analysis using the magnitude and phase components of the
reflection coefficient due to problems with such calculations
that have been described in [4].

Let /" be the complex-valued linear reflection coefficient
written in terms of its real, I, and imaginary, [;, components
as follows (with j2 =-1):

r=1Igtjh ey

For n repeated determinations of [, the arithmetic mean of I
is given by:

= 1
I = n =1 17 R; 2

and the experimental variance is given by:
1 j—
SZ(FRi) = a1 Z:l(rRk - I)? (3)

The experimental standard deviation, s(I,), is equal to the
positive square root of s2(I; R)-



Similarly, the arithmetic mean of [; is given by:
L= 23h. 0, @
and the experimental variance is given by:

s2(h,) = ﬁ

The experimental standard deviation, s(I7,), is equal to the
positive square root of s2 1)-

i, — T? )

For each DUT at each frequency, values of s(Ig,) and s(1},)
are calculated for the following three situations:

(i) Using the 12 repeat measurements of the flange when
connected in the non-inverted orientation. We use a
superscript N to indicate this ‘Non-inverted’ situation —
ie. I}’ for the real component, and I;¥ for the
imaginary component;

(i) Using the 12 repeat measurements of the flange when
connected in the inverted orientation. We use a
superscript I to indicate this ‘Inverted’ situation — i.e.
I} for the real component, and I}} for the imaginary
component;

(iii) Using all 24 repeated measurements of the flange
connected in both inverted and non-inverted
orientations. We use a superscript IN to indicate this
‘Inverted and Non-inverted’ situation —i.e. I{" for the
real component, and I;'" for the imaginary component.

Since the experimental standard deviation is an unbiased
statistical estimator, the calculated values of the experimental
standard deviations for each real and imaginary component
can be compared meaningfully with each other, independent
of sample size, to see if the distributions for the three
situations are consistent. So, we can compare the calculated
values of the experimental standard deviations in the real
component, s(I)), s(I%,) and s(Ix"), and, we can compare
the calculated values of the experimental standard deviations
for the imaginary component s(I3"), s(I;}) and s (I;").

3. RESULTS

The results for each device — offset short-circuit, flush
short-circuit and near-matched load — are presented as a pair
of graphs showing:

@) The calculated values of experimental standard
deviations in the real component, s(FR ), s(Iif R;)
and s(Iz)), as a function of frequency. Also
shown are the experimental standard deviations

obtained during the repeatability assessment in
2013 (from [3]).

(i1) The calculated values of experimental standard
deviations for the imaginary component, s(I",?’ ),
s(I;})) and s(I;"), as a function of frequency.
Also shown are the experimental standard
deviations obtained during the repeatability
assessment in 2013 (from [3]).

Figures 3 and 4 show the results for the offset short-circuit;
Figures 5 and 6 show the results for the flush short-circuit; and
Figures 7 and 8 show the results for the near-matched load.
Note that the vertical axes’ sensitivies (i.e. scales) on these
pairs of graphs differ: a full scale of 0.4 is used for the offset
short-circuit graphs; a full scale of 0.2 is used for the flush
short-circuit graphs; and, a full scale of 0.1 is used for the
near-matched load graphs.
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Figure 3: S(I"RAi’), S(I"Rli) and S(I"}{?’) for the offset short-
circuit. Also shown are the results from 2013
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Figure 4: S(I"/l_v), S(I",f) and s(l}i”)for the offset short-circuit.
Also shown are the results from 2013
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Figure 5: S(I"RA{), S(FRIi) and S(I'}{IN) for the flush short-circuit.
Also shown are the results from 2013
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Figure 6: s(I}Y), s(I;}) and s(I;™") for the flush short-circuit.
Also shown are the results from 2013
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Figure 7: S(I"RAi'), S(FRIi) and S(I",{iN) for the near-matched
load. Also shown are the results from 2013
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Figure 8: S([}?’), S(I'}f) and S(I}fN)for the near-matched
load. Also shown are the results from 2013

4. DISCUSSION
4.1 Offset short-circuit

By examining Figures 3 and 4, it is clear that, for both
real and imaginary components, the experimental standard
deviations for each flange connection orientation — i.e. non-
inverted and inverted — are of a similar size (i.e. typically
<0.10 across the band). These standard deviation values are
also of a similar size to the values obtained during the
repeatability exercise in 2013. This indicates that the amount
of connection variability in the two flange orientations is of
similar size. This is to be expected, since we should only be
observing variability due to the dimensional tolerances of the
diameters of the flange alignment pins and holes.

However, Figures 3 and 4 also show that the
experimental standard deviations obtained when the data from
both flange orientations are analyzed together, are

significantly larger (i.e. increasing to around 0.15 for the real
component, and to around 0.35 for the imaginary component)
than the standard deviations for each separate flange
orientation — either non-inverted or inverted. This indicates
that there is a significant systematic difference between the
average values of the real and imaginary components of the
repeatability data for each orientation. It is expected that such
a systematic difference is caused by the imperfect positioning
of the flange alignment pins and holes, and so the waveguide
apertures of the DUT and the VNA test port will be
misaligned by different amounts, depending on the orientation
used for the connection of the DUT.

We can further examine this effect by calculating the
averages (i.e. arithmetic means) of the repeated connections
for each flange orientation — non-inverted and inverted. The
arithmetic means for the real component of the repeated non-
inverted and inverted flange connections ([}¥and T,

1100



respectively) are shown in Figure 9. Similarly, the arithmetic
means for the imaginary component of the repeated non-
inverted and inverted flange connections (¥ and I},
respectively) are shown in Figure 10.

Figure 9 shows differences of up to 0.30 between the
mean real components of the linear reflection coefficient for
the two flange orientations, and Figure 10 shows differences
of up to 0.66 between the mean imaginary components of the
linear reflection coefficient for the two flange orientations.
These are very large differences, especially when compared to
the observed experimental standard deviations for the
repeatability of each flange orientation (which are typically
<0.10, for both real and imaginary components, across the
band).

4.2 Flush short-circuit

By examining Figures 5 and 6, it is clear that the
experimental standard deviations for the imaginary component
are significantly larger than the experimental standard
deviations for the real component. This is consistent with the
behavior observed during the repeatability exercise in 2013.
In addition, the experimental standard deviations for inverted
flange connection are larger than the experimental standard
deviations for the non-inverted flange connection orientation.
It is not clear why this should be, particularly as the flush
short-circuit device is essentially just a flat sheet of metal and
does not contain a waveguide aperture.

As with the offset short-circuit, we can calculate the
arithmetic means for the real and imaginary components of the
repeated non-inverted and inverted flange connections
(I and I}, and I}N and I}/, respectively). These are shown in
Figures 11 and 12, respectively.

4.3 Near-matched load

By examining Figures 7 and 8, it is clear that the
experimental standard deviations for both the real and
imaginary component are of similar size (i.e. all values are
less than 0.05). This is consistent with the behavior observed
during the repeatability exercise in 2013. There is no clear
difference between the experimental standard deviations for
inverted flange connection and the non-inverted.

As with the offset and flush short-circuits, we can
calculate the arithmetic means for the real and imaginary
components of the repeated non-inverted and inverted flange
connections (I¥ and I}, and I}" and I}/, respectively). These
are shown in Figures 13 and 14, respectively. These Figures
show that there is no significant difference between the mean
real and the mean imaginary components of the linear
reflection coefficient for the two flange orientations.
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5. SUMMARY OBSERVATIONS

We can further summarize the information for each
device by recording the average observed standard deviation
for each of the two flange orientations — inverted and non-
inverted — for both real and imaginary components, shown in
Figures 3 to 8, and compare these values with the average
difference of the arithmetic means of the repeated connections
for each flange orientation (shown in Figures 9 to 14), i.e. the
average of (Y — I}}), and, the average of (I}N — I}'). These
summary values are shown in Table I (a), (b) and (c) for the
offset short-circuit, flush short-circuit and near-matched load,
respectively.

Table I (a) shows that, for both real and imaginary
components, the average difference between the inverted and
non-inverted connections for the offset short-circuit is much
greater than the average standard deviations for both inverted
and non-inverted connections. This suggests that, on this
occasion, the errors due to the positional accuracy of the
waveguide alignment pins and holes have a much greater
impact on the electrical measurements compared with the
errors due to the tolerance on the diameters of these alignment
pins and holes.

Table I (b) shows that, for both real and imaginary
components, the average difference between the inverted and
non-inverted connections for the flush short-circuit is of a
similar size to the average standard deviations for both the
inverted and non-inverted connections. This suggests that, on
this occasion, the errors due to the positional accuracy of the
waveguide alignment pins and holes have a similar impact on
the electrical measurements compared with the errors due to
the tolerance on the diameters of these alignment pins and
holes.

Table I (c) shows that, for both real and imaginary
components, the average difference between the inverted and
non-inverted connections for the near-matched load is
significantly less than the average standard deviations for both
the inverted and non-inverted connections. This suggests that,
on this occasion, the errors due to the positional accuracy of
the waveguide alignment pins and holes have less impact on
the electrical measurements compared with the errors due to
the tolerance on the diameters of these alignment pins and
holes.

The information in Table I shows that dimensional errors
in the waveguide flange alignment mechanisms generally have
a different impact on the electrical measurements dependent
on the type of device being measured. The indications are that
high reflecting devices are more likely to be affected by the
errors due to the positional accuracy of the waveguide
alignment pins and holes; low reflecting devices are more
likely to be affected by errors due to the tolerance on the
diameters of these alignment pins and holes.



TABLEI
AVERAGE STANDARD DEVIATIONS, AND, AVERAGE DIFFERENCE
BETWEEN MEANS OF INVERTED AND NON-INVERTED

CONNECTIONS
(a) Offset short-circuit
Component Average standard Average difference between
deviation inverted and non-inverted
Non-inverted | Inverted connections
Real 0.020 0.013 0.187
Imaginary 0.059 0.038 0.380

(b) Flush short-circuit

Component Average standard Average difference between
deviation inverted and non-inverted
Non-inverted | Inverted connections
Real 0.012 0.021 0.023
Imaginary 0.047 0.088 0.090

(c) Near-matched load

Component Average standard Average difference between
deviation inverted and non-inverted
Non-inverted | Inverted connections
Real 0.008 0.009 0.003
Imaginary 0.018 0.023 0.003

6. CONCLUSIONS

This paper has presented results from a waveguide flange
repeatability exercise in the WM-250 waveguide size at
frequencies from 750 GHz to 1.1 THz. Three devices have
been studied: an offset short-circuit; a flush short-circuit; and,
a near-matched load. The primary focus with this
repeatability exercise has been to evaluate the effect due to
changing the orientation of the DUT’s flange (i.e. by inverting
the flange) between multiple disconnects and reconnects of the
DUT. This is in contrast to the previous repeatability exercise
[3] where this type of flange inversion was deliberately not
included as part of the assessment procedure.

The results from the exercise have been analyzed by
observing the variability in both the real and imaginary
components of the complex-valued linear reflection
coefficient. For both components, the results have been
summarized in terms of observed experimental standard
deviations. The analysis of the results has shown that, in
general, it is important to take into account errors due to both
the positional accuracy of the waveguide alignment pins and
holes, and, the dimensional tolerances of the diameters of
these pins and holes. The type of device being measured
(e.g. whether it is high-reflecting or low-reflecting) can also
have an impact on the size of the errors in the electrical
measurements due to the imperfections in the flange alignment
mechanisms.

These considerations need to be taken into account when
evaluating the uncertainty in measurements made in this
waveguide size, and similar waveguide sizes, used at these
submillimeter-wave frequencies.
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Abstract— An improved partially filled waveguide based
technique for the simultaneous measurement of complex
permittivity and permeability of thin dielectric-magnetic and
metamaterial samples is presented. The proposed approach
requires placing a test specimen longitudinally at the centre of a
rectangular waveguide cross section for the measurement of
scattering coefficient in the specified frequency band. The
constitutive properties of the specimen are determined in terms
of the measured scattering coefficients using the newly derived
expressions, which are based on the solution of the corresponding
transcendental equation. The proposed approach is validated by
measuring the permittivity and permeability of few standard
samples, and comparing the results with the data available in
literature. The overall procedure is non-iterative, which makes it
quite versatile, and envisages the possibility of even online
monitoring of certain parameters.

Index Terms — Constitutive properties, dielectric and magnetic
properties, dielectric measurements, rectangular waveguides.

I. INTRODUCTION

The determination of permittivity and permeability of
materials is an important aspect for the design and fabrication
of a number of microwave devices and circuits. It has got
immense applications in all fields of science and engineering
such as the microwave material processing, bioengineering
and the concrete industry [1]. The electromagnetic
characterization of various type of conventional and artificial
dielectrics e.g. metamaterials, becomes quite important for
applications such as in the radome design, the radar cross
section (RCS) reduction, the microwave imaging etc. The
electromagnetic characterization of materials using the
waveguide technique has certain advantages as compared to
other technique such as ease of sample preparation, wide band
measurement etc. The conventional waveguide technique,
however, requires its cross section to be completely filled with
the test specimen [2-3], which becomes difficult under certain
situations.

An alternative approach to overcome the afore-mentioned
problems is by filling only partially the cross section of the
waveguide [4-5]. The proposed method employs this
approach by inserting the test sample longitudinally across the
slot in the waveguide, and thereby measuring the reflection
and transmission data to compute the propagation constant of
the specimen. The constitutive properties of the test specimen
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are then obtained in terms of the measured propagation
constant by solving the simplified wave equation using the
transverse resonance technique [5]. The proposed approach is
validated using the measurement of material properties of
standard samples, and comparing the results with other
methods available in the literature.

Il. THEORY OF THE PROPOSED TECHNIQUE

The basic configuration of the proposed approach is shown
in Fig.1, which consists of a rectangular waveguide having a
slot at the center. The test specimen having length ‘I’ and
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(ed)2 d (ed)/2
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Figure La

Fig.1. (a) Schematic of the partially filled waveguide (PFWG)
structure (b) Cross section of the PFWG setup

thickness ‘d’ is placed at the centre of the waveguide in
order to make the structure symmetrical. The wave
propagation in the case of partially filled waveguide
arrangement shown in Fig. 1 can be assumed to be of TE-to-x
and TM-to-x type usually known as hybrid modes consisting
of the LSE, mode characterized by E,=0, and the LSM, mode
characterized by H,=0 [6]. The governing equations which
relate the effective constitutive properties with the measured
scattering coefficients in case of partially filled waveguide
structures may be summarized as follows:
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where, T is the local transmission coefficients, Kk, is the free
space wave number, d is the sample thickness, y is the
propagation constant, ke and k., are the x-directed wave
numbers in the air and material region, respectively, and ‘n’ is
the refractive index of the test sample. The S;; and S,; in the
above equations represent the measured reflection and
transmission coefficients, respectively at the sample interface.

I11. EXPERIMENTAL SETUP AND VALIDATION

Fig. 2. Experimental arrangement for the E.M characterization

For validating the proposed approach, the scattering
coefficients of few standard samples was carried out in the ‘X’
band using the experimental setup as shown in Fig. 2 using the
calibrated VNA. The permittivity and the loss tangent values
were calculated using the proposed technique, and the data
were compared with other reference method [4] as shown in
Fig. 3.
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Fig.3. Comparison of the real permittivity and loss tangent of
teflon using proposed approach and other reference method [4]
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Fig.5. Measured real permeability and loss tangent of carbonyl-iron
epoxy composite

It can be clearly observed from the Fig. 3 that our proposed
technique agrees quite well with the other method. After
validating the proposed approach, a dielectric-magnetic
composite sample (carbonyl iron-40%+epoxy-60%) was
fabricated and characterized using our proposed technique.
The retrieved results for permittivity, permeability and their
loss tangent values are shown in Fig.4 and Fig.5, respectively.

IV. E.M SIMULATION OF THE METAMATERIAL STRUCTURE IN A
PARTIALLY FILLED WAVEGUIDE

b,

Fig. 6 a. Unit cell of the structure b. Meta material structure
placed inside partially Filled Waveguide

In this section, our main aim is to verify the proposed
approach for the metamaterials structure. For this purpose, we
have used the standard SRR and the wire structures as a unit
cell as shown in Fig. 6(a). The dimensions of the unit cell are
b;=2.5 mm, b,=2.2 mm, bs= 1.5 mm, w=g=0.3 mm, which is
designed on the FR4 substrate (e=4.4, loss tangent of 0.02)
having thickness of 0.25 mm. The conductors are made of
copper having thickness of 17 um and electrical conductivity
of 6=5.8X10" s/m. The copper strip of width t,= 0.20 mm is
printed at the opposite side of the FR-4 substrate. In order to
simulate the structure in the partially filled X band waveguide,
we have taken (8 X 4 unit cell) which are effectively placed
inside the centre of the partially filled rectangular waveguide
having dimensions 1;=40mm,l,=40mm and 1=20mm as shown
in Fig. 6 (b).

The CST microwave Studio [7] is employed to simulate the
‘S’ parameters of the structure in the specified frequency
band. The Simulated ‘S’ parameters and the retrieved
permittivity and permeability of the structure over the

Material
Under
Test(MM)



frequency region of 8.2-12.4 GHz are shown in the Fig. 7 and
Fig.8 respectively.

Reflection/ Transmission
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Fig.7. Simulated reflection and transmission coefficients of the
metamaterial structure
Fig. 7 shows the reflection and transmission coefficients of
the structure, where a dip of Sy, can be observed at 9.7 GHz
which indicates the presence of the negative index band.
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Fig. 8.Retrieved (a) complex permittivity (b) complex permeability
of the metamaterial structure using proposed technique
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Fig.9. Retrieved complex impedance of the metamaterial

structure using proposed technique

The retrieved sign of permittivity in Fig. 8 at the position of
dip shows the anti-resonance, and the trends of permeability
shows the resonance, which also conforms to the wave
propagation in a passive medium. The retrieved value for the
impedance is shown in Fig. 9, where the imaginary part of
impedance having negative sign explains the negative index
of refraction.

V. CONCLUSION

A retrieval method has been proposed for extracting the
permittivity and permeability of the conventional samples as
well as the metamaterials using the partially filled waveguide.
The proposed method is specially suited for thin smaples, and
the the test specimen is not required to fill the complete
aperature of the waveguide. The proposed approach has been
validated using few standard samples, and the data have been
compared with other reference methods. In this paper, our
main concern was to measure the constitutive parameters of
samples in the X band, but the overall method can be
conveniently employed for other frequency regions in order to
obtain the dielectric and magnetic properties of various types
of materials.
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Abstract — This paper describes some investigations, made
using electromagnetic modeling, into the uncertainty for a
cross-guide verification standard of transmission loss for
waveguide Vector Network Analyzers (VNASs) operating at
millimeter-wave frequencies. The cross-guide is calculable and
can be made traceable to the International System of units (SI)
via precision dimensional measurements of the waveguide
aperture and flange. The measurement errors due to dimensional
tolerances of the cross-guide line (including waveguide aperture
height, width, corner radii and waveguide line length) and the
mechanical discontinuity between the cross-guide and the VNA
test ports (including the connection angle) can be predicted from
electromagnetic theory. The measurement uncertainty due to
these errors can be calculated according to the Law of
Propagation of Uncertainty. The paper describes these details,
and compares experimental results, obtained using a VNA
operating in the 140 GHz to 220 GHz band, with simulated
values evaluated by electromagnetic modeling software.

Index Terms — Uncertainty, Traceability, Cross-guide,
Transmission loss measurements, Verification standard,
Electromagnetic modeling, Millimeter-wave measurements.

I. INTRODUCTION

In recent years, there has been a significant increase in the
availability of millimeter-wave rectangular waveguide Vector
Network Analyzers (VNASs). With this increase comes a need
for verifying the performance of these VNAs at these
operational frequencies. Traditionally, this has been done in
waveguide at lower frequencies using VNA waveguide
verification Kkits containing devices such as sections of
precision waveguide (with close to zero reflection and
transmission loss) and sections of reduced-height waveguide
(with significant reflection and transmission loss). However,
to further reduce the height of such waveguide becomes
difficult to manufacture, and ensuring the accuracy is
mechanically challenging in the extreme at high millimeter-
wave frequencies. At the present time, NMIs do not provide
attenuation standards at frequencies above 110 GHz, and the
transmission loss is still not traceable to the SI. During 2013, a
new form of ‘calculable’ device was introduced as a candidate
for primary standards applications. This verification standard
is simply a section of precision waveguide that is connected so
that the waveguide aperture is at right-angles to the usual
connection orientation of the waveguide. A diagram
illustrating this connection strategy for the waveguide
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apertures is shown in Fig. 1. We call this type of device a
‘cross-guide’ standard [1]-[3].

;

Fig. 1 Diagram to illustrate a section of cross-guide inserted between
two conventionally-oriented waveguides [1] [3]

The performance of a cross-guide device as a verification
standard is calculated from its waveguide aperture and flange
sizes. Hence, it can be made traceable to the Sl via precision
dimensional measurements. This paper analyzes the impact
on the measurement performance of the cross-guide device
due to the imperfection in the interface between the cross-
guide and the VNA test ports, including the tolerance of the
aperture height and width, corner radii, line length and
connection angle. These measurement errors are predicted
from electromagnetic theory according to the values suggested
in the IEEE std 1785.1-2012 standard [4], using
electromagnetic simulation software — in particular, CST
Microwave Studio [5]. The measurement uncertainty due to
these errors is calculated according to the Law of Propagation
of Uncertainty [6].

This paper presents experimental results obtained for a
cross-guide line in the WR-05 waveguide size at frequencies
from 140 GHz to 220 GHz, this being the conventional
operating band for this waveguide size. These results are
compared with the electrical performance predicted using
electromagnetic modeling software.

I1. DIMENSIONAL MEASUREMENTS ON CROSS-GUIDE

Traceability for S-parameter measurements is established
via precision dimensional measurements of the waveguide
aperture and flange. The measurements of the cross-guide



waveguide aperture size, e.g. width and height, are made using
a coordinate measuring machine (CMM) with a 0.3 mm
diameter ball tip micro-stylus. This process is used to
characterize WR-05 line standards [7] [8]. The length of the
cross-guide is measured by micrometer. The connection angle
between the cross-guide and the VNA test ports is estimated
based on the flange design. The nominal values for the
aperture width and height are 1.295 mm and 0.647 5 mm. The
measured values can be summarized in terms of the maximum
observed deviation from the nominal dimensions of the cross-
guide. The summary values are shown in TABLE I.

TABLEI
DIMENSIONAL MEASUREMENTS FOR CROSS-GUIDES

Cross-guide Max
. . Results L
Dimension Deviation
Width, 1.295 mm 13.8 pm
Height, & 0.6475 mm 3.5 um
Length, / 1.478 mm 5 pum
Angle, ® 90° 0.4°

I1l. ELECTROMAGNETIC SIMULATION OF CROSS-GUIDE

The electromagnetic characteristics of the cross-guide as a
verification standard are calculated from its waveguide
aperture and flange sizes. Hence, it can be traceable to the SI
via precision dimensional measurements. These dimensions
are: aperture height, width and corner radii, line length, and
the mechanical discontinuity between the cross-guide and the
VNA test ports due to the connection angle. For a cross-
connected waveguide, the width and corner radii of the
aperture are assumed to have no significant influence for
transmission loss measurements and so are not included in the
simulation. The other dimensions will affect the
electromagnetic measurements. The summary tolerance values
of the cross-guide are shown in TABLE Il. In TABLE I,
tolerances of height are suggested in the IEEE std 1785.1-
2012 standard, tolerances of length are due to the likely
dimensional measurements errors, and tolerances of angle are
derived from the specification for a standard UG-387
waveguide flange.

TABLE I
TOLERANCES OF CROSS-GUIDE DIMENSIONS
Par. Tolerance in simulation
b +26pum | £6.5um +13 um +26 um
/ +1lpm | +2pum | £3pum | £4um | £5um
) +0.2° +0.4° +0.6° +0.8° +1.0°

The transmission loss errors of cross-guide due to these
dimensional errors are calculated from electromagnetic theory,

using electromagnetic simulation software — in particular, CST
Microwave Studio.

In Fig. 2, errors due to the tolerances of the cross-guide
aperture height are shown, and values at selected frequencies
are summarized in TABLE IIl. In Fig. 3, errors due to the
tolerances of the cross-guide line length are shown, and values
at selected frequencies are summarized in TABLE IV. In Fig.
4, errors due to the tolerances of the angle of connection are
shown, and values at selected frequencies are summarized in
TABLE V. From these simulation results, it can be seen that
the influence on the transmission loss of the cross-guide due to
the aperture height tolerance is the most significant, and the
influence due to angle tolerance is the second most significant.

The influence due to length errors is much smaller than the
influences due to height and angle tolerance. The simulation
results also show that the effect on the achieved transmission
loss due to a positive error within the tolerance interval is
larger than the influence due to a negative error within the
tolerance interval (assuming the positive and negative errors
are of the same magnitude).
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Fig. 2 Loss errors due to height tolerances

TABLE Il
LOSS ERRORS DUE TO HEIGHT TOLERANCES AT SELECTED
FREQUENCIES

Freq. | s21 AS21 (dB)

(GH2) | (@B) o m [+6.5 um | 13 um | +26 um
140 | 5761 | 117 2.71 440 | 569
160 | 5043 | o041 112 216 | 448
180 | 43.02 | 0.49 1.22 241 | 482
200 | 3462 | o051 131 262 | 529
220 | 2405 | o067 1.66 331 | 6.39
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Fig. 3 Loss errors due to length tolerances

TABLE IV
LOSS ERRORS DUE TO LENGTH TOLERANCES AT SELECTED
FREQUENCIES

AS21 (dB)

Freq. S21
(GHz) (dB)

+1lpm |[F2um| =3 um|+4 pm|E5um
140 57.61 0.89 0.69 0.97 0.75 0.79
160 50.43 0.10 0.06 0.17 0.13 0.16
180 43.02 0.04 0.07 0.10 0.11 0.14
200 34.62 0.03 0.04 0.08 0.09 0.11
220 24.05 0.02 0.06 0.04 0.08 0.09
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Fig. 4 Loss errors due to angle tolerances

IV. UNCERTAINTY ESTIMATES

In order to specify the performance of the cross-guide as a
transmission loss verification standard, uncertainty budgets
are constructed showing the likely size of uncertainty
contributions due to errors derived from cross-guide aperture,
flange and line length tolerances. The approach used to

establish the uncertainty in the measurements follows the
procedures given in [6]. For a cross-guide transmission loss
verification standard, the three uncertainty components are:

(1 Worst-case errors due to height tolerance;

(i) Worst-case errors due to angle tolerance;

(iii) Worst-case errors due to length tolerance.

If A0 is the worst-case errors due to the aperture height
tolerance, the equivalent standard uncertainty, 2/(A¢), can be
established using :

wu(Ab) = % €))
[}

If A® is the worst-case errors due to angle, the equivalent

standard uncertainty, 2/(A®), can be established using :

(pp) = qu’ @)

If A/ is the worst-case errors due to length, the equivalent
standard uncertainty, 2/(A/), can be established using :

w(A) = AL (3)

NE}

Equation (1), (2) and (3) are used to determine the overall
uncertainty for transmission loss measurements, expressed in
dB. The combined standard uncertainty for transmission loss
measurements, 2/(4), is given by:

w (A) = \/(zz (Aé))j + (u (A¢))3 + (u (A/))g 4)
Therefore, the expanded uncertainty, /{.), is given by:
0(A4) = 2 x (A 5)

TABLEV
LOSS ERRORS DUE TO ANGLE TOLERANCES AT SELECTED
FREQUENCIES

Freq.| S21 A S21 (dB)
GHZ| ©@B) 027 [+04° |+o6° |+08° | +10°
140 |5761| 099 | o068 | 494 | 2678 | 5.39

160 |50.43] 0.36 0.18 0.15 0.18 0.14
180 |43.02] 0.29 0.25 0.56 1.08 1.65
200 134.62] 0.23 0.09 0.11 0.18 0.15
220 ]124.05] 0.03 0.10 0.24 0.44 0.67

In practice, the calculation of uncertainty is performed at
each frequency. For selected frequencies across the band, this
leads to the values of uncertainty shown in TABLE VI.

In TABLE VI, the height tolerance is chosen to be +6.5 pm
from TABLE I, which is the tolerance for Grade 0.5 (-34 dB
reflection coefficient) waveguide given in [4] and is slightly
larger than the maximum observed deviation for the height of
the cross-guide given in TABLE I. The length tolerance is
chosen to be £3 um from TABLE I, which is the estimated



measurement uncertainty of the micrometer used to measure
the length of the cross-guide line and is within the
manufacturing tolerance for length given in TABLE I. The
angle tolerance is chosen to be +0.4° from TABLE Il based
on the waveguide flange design.

A2, the last column in TABLE VI, is given by:

ADwl = Mea.pw — Hod .vw (6)

where, #e«. 2.0 IS the measured attenuation of the cross-
guide in dB (see Section V) and /o« 2.+ is the corresponding
modeled value.

TABLE VI
LOSS ERRORS AND EXPANDED UNCERTAINTIES DUE TO CROSS-
GUIDE TOLERANCES AT SELECTED FREQUENCIES

A S21 (dB)

Freq. S21

(GHz) | (dB) Ao=| Ar = Ae= “ ALt

65 um| 3um | 04° (£4=2) -

140 57.61 2.71 0.97 0.68 3.42 1.78
160 50.43 1.12 0.17 0.18 1.32 0.09
180 43.02 1.22 0.10 0.25 1.44 0.65
200 34.62 1.31 0.08 0.09 1.52 0.91
220 24.05 1.66 0.04 0.10 1.92 -0.01

V. COMPARISON OF MEASURED AND MODELED VALUES

A measurement was made on one candidate cross-guide line
using NPL’s Primary Impedance Measurement System
(PIMMS) [9]. A millimeter-wave VNA was configured with
WR-05 waveguide test ports. These test ports were established
as reference planes by performing a ‘Thru-Reflect-Line’ (TRL)
calibration using: two “¥-wave” lines (as the Line standard); a
flush short-circuit connected, in turn, to both test ports (as the
Reflect standard); and, joining the test ports together (as the
Thru standard) [10] [11]. A relatively short waveguide line, of
approximate length of 1.478 mm, was connected as the cross-
guide line to the VNA test port reference planes, as shown in
Fig. 5.

Fig. 6 show plots of the measured transmission magnitude,
as a function of frequency, for the cross-guide line. Also
shown in Fig. 6 are the values predicted by the
electromagnetic model. The uncertainty intervals for the
modeled values can be used to verify the measured values —i.e.
the measured values are verified when they fall within the
range of values established by the uncertainty intervals for the
modeled values.

Fig.5 Transmission loss measurement of a cross-guide verification
standard
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Fig.6 Transmission loss measurement results and modeled values
along with the expanded uncertainty for cross-guide as verification
standard

V1. CONCLUSION

This paper has presented an analysis of the uncertainties in a
cross-guide verification line used as a standard of attenuation.
The analysis used electromagnetic modeling to predict the
effect due to tolerances in the dimensions of the cross-guide
line and the subsequent impact on the electromagnetic
behavior of the line. These model-based uncertainties have
been used subsequently to verify a VNA by comparing
measurements of a cross-guide line with these modeled values,
with uncertainties. By using a range of different cross-guide
lengths, the performance of a VNA can be verified over a
wide range of operating conditions. This is analogous to the
use of commercial coaxial verification kits to verify VNAs
that operate at frequencies below 110 GHz.
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Abstract — On-wafer probing accuracy limitations affect
measurement repeatability for potentially unstable circuits. Here
we present a 2x25 pm pHEMT cascode cell on 2 mil GaAs
substrate measured from 0.045-110 GHz. The S-parameter
measurements carried out for the same device using two different
on-wafer measurement systems, one PNA based (Sys-1) and the
other a 8510XF VNA (Sys-2), differed by up to 2 dB in gain
above 50 GHz. Measurements were performed using a Cascade
Microtech probe station after applying on-wafer LRRM
calibration on WINCAL XE using the same set of standards.
Sys-1 used Cascade infinity probes; Sys-2 Cascade ACP probes.
A maximum difference in measured gain of 1.1 dB at 85 GHz was
observed with variation in probe position. As |S22| for the
cascode configuration is > 1, measured gain is highly sensitive to
the output termination. The extra pad metallization due to
differing probe position was modeled as a negative shunt
capacitance (-5 fF), effectively de-embedding the extra pad
capacitance.

Index Terms — Cascode, MMIC, On-wafer, Probe, S-
parameters, Ultra-broadband

I. INTRODUCTION

Monolithic Microwave Integrated Circuit (MMIC) cascode
pHEMTsS are widely used in design of mixers, travelling wave
amplifiers, etc., for ultra-broadband applications. For accurate
cascode circuit design it is imperative the designer has either a
model or measured S-parameters across the full active range.
Previous work investigated EM based [1] and bias dependent
[2] cascode models up to 40 GHz and indicated a need for
measurement validation for frequencies well above this.
Shinghal et al., [3] suggest that the simulations based on the
foundry model for FETs and EM based models for
interconnects may not agree with the measured S-parameters
for a cascode cell across the whole frequency range. Thus,
measured cascode data is required for characterization of high
frequency small signal performance. The aim of this work is
to highlight the criticalities of making on-wafer S-parameter
measurements of a cascode cell where S5, > 1.

II. CASCODE CELL

Cascode is a series connection of Common-Source FET
(CSFET) and Common-Gate FET (CGFET) that exhibits
ultra-broadband high gain and better reverse isolation than the
common-source FET. The 2x25 pm cascode cell was
fabricated on the PP-10 process of WIN Semiconductors Ltd.,

978-1-4799-4423-1/14/$31.00 ©2014 IEEE

Taiwan [4]. Fig. 1 shows a schematic of the 2x25 um cascode
cell and Fig. 3 the fabricated circuit.

Vds2

. [—/ vdst Vs2 §|FET_2
Vg1
g l o

FET_1

Vdd

© Cap

< R_Stab
>

Fig. 1 Schematic of a FET cascode cell

III. S-PARAMETER MEASUREMENT CASES & OBSERVATIONS

The S-parameters of the 2x25 pm cascode cell biased at
Vq=3.5V, Vg for 14=3.17 mA and V,=0 V were measured
on-wafer from 0.045-110 GHz at -15 dBm on the following
two systems:

i. Sys-1: Agilent PNA based system and Cascade Microtech

probe station with infinity probes [5] and,

ii. Sys-2: Agilent 8510XF VNA and Cascade Microtech

probe station with ACP probes.

LRRM calibration [6] was applied using WINCAL XE with
the same on-wafer calibration standards on both systems. It
was observed that the gain, S,; of the cascode was 2.0 dB
lower above 50 GHz on Sys-2 than Sys-1. In order to rule out
discrepancies due to a faulty device, the maximum available
gain was analyzed that showed agreement between the
measured data from the two systems (Fig. 2).

Maximum Avaialable Gain (dB)

T e e

0 10 20 30 40 50 60 70 80 90 100 110
freq, GHz

Fig. 2 Maximum Available Gain (MAG) in dB of 2x25 pm cascode
cell measured on Sys-1(blue with circles) and Sys-2 (red line).



Two cases were formed as possible explanations for the
discrepancy observed:

A. Probe Position

The effect of variation in probe landing position on
measured S-parameters was analyzed. As shown in Fig. 3, the
cascode cell was probed once by landing the probe on the
Outer Edge (OE), ensuring good contact, and later up to the
Inner Edge (IE) of the input/output pads on Sys-2. It was
observed that the difference in gain reduced to 1.1 dB (max) at
85 GHz for the measurements on the two systems (Fig. 4).
Fig. 5 shows input and output return loss for measurements on
Sys-1, Sys-2 with probe landed on OE and Sys-2 with probe
landed on IE. It can be seen that [S;;| is almost the same for
the three measurement variations while [S,;| varies and is
sensitive to output termination that alters due to change in
probe placement. Measurements with variation in probe
position on Sys-1 are envisaged to be performed during future
experimental work. [S,| > 1 is a feature of the cascode
configuration due to the CGFET present on the output [7]. A
resonance is observed at 105 GHz in the input/output return
loss measurements done on Sys-2. This is a residue from the
calibration, observed in the calibration verification plot and
can be ignored.

(a) (b)

Fig. 3 Fabricated 2x25 um cascode probed at (a) inner edge and (b)
outer edge of the input/output pads using ACP probes.

1 Sys ;\1
AN

Gain (dB)

IE: Inner Edge
OE: Outer Edge
-2 A

\ T
0 10 20 30 40 50 60 70 80 90 100 110
Freq (GHz)

Fig. 4 Measured gain for cascode on Sys-1, Sys-2 Probe at Inner
Edge (IE) and Sys-2 Probe at Outer Edge (OE).
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Fig. 5 Measured input and output return loss on Sys-1, Sys-2 Probes
at IE and Sys-2 Probes at OE for the cascode.

B. Pad Capacitance De-embedding

Section A showed that probing the cascode cell up to the
inner edge of the input/output pads on Sys-2 did not account
for the full difference in S-parameters measured on the two
systems. To account for the remaining difference, a negative
shunt capacitance (-5 fF) was added on the output of the S-
parameters of the device measured on Sys-2 with probes on
the inner edge (Fig. 6) and simulated on Agilent Advanced
Design System (ADS) [8]. This effectively de-embeds the
extra pad capacitance located at the back of the probe. The
size of the pads is 40 pm’.

TS .

L arm

& :\mi C=5.01 Term4
2250 Ohm o T _| | Num=2

= S2P Z=50 Ohm

Fig. 6 Simulation setup in ADS of S-parameters measured on Sys-2
with negative shunt capacitance.

Electromagnetic (EM) simulation using ADS Momentum
for the GSG probe landing pad structure resulted in an
equivalent capacitance value of 16 fF. Considering a probe
skate difference of up to one-third the pad length, this de-
embedding value seems reasonable.

It was observed that the difference in gain reduced to < 0.5
dB up to 105 GHz (Fig. 7). Also, agreement between |S,l
improved as shown in Fig. 8. Addition of the negative shunt
capacitance on the output of the measured S-parameters better
matches the equivalent impedance that the device sees at the
output port, implying that the output impedance seen by the
device is a function of probe position.
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Fig. 7 Gain measured on Sys-1 and simulation of Sys-2

measurement, with device probed at Inner Edge (IE) of pad and shunt
C (-5 fF) added.

lip_RL X
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4

Input and Output Return Loss

Fig. 8 Input/output return loss measured on Sys-1 and simulation of
Sys-2 measurement with device probed at inner edge of pad and
shunt C (-5 {F).

IV. CONCLUSION

Small signal S-parameter measurements carried out in a
frequency range of 0.045-110 GHz for a 2x25 pm GaAs
pHEMT cascode cell on two test set-ups exhibited difference
in performance above 50 GHz. To understand the difference in
measurements, the device was probed at the inner and outer
edge of the input/output pads and it was observed that the
probe landing position could lead to a change in the output
impedance seen by a device thus, changing its millimeter
wave performance. Thus, accurate steps for repeatable
measurements should be identified and adhered to, especially
for circuits where |Sy,| > 1.
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Characterizing Calibration Standards Using
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Abstract— This paper introduces methods to characterize
coaxial calibration standards using one airline as transfer
standard. The methods discussed lend themselves to computer
optimization techniques to arrive at optimal polynomial
coefficients and S-parameter model representations of calibration
standards. The calibration standards characterized and data
presented were from a random sample of K (2.92 mm), V (1.85
mm) and W (1.00 mm) Vector Network Analyzer calibration kits
manufactured over the past decade. The focus of this paper is
Open, Short and Load (OSL) characterization but can be
expanded to other 1-port calibration standards or kits such as
multiple offset shorts (or opens) as examples. Electrical
performance comparison of characterized fixed terminations to
sliding terminations is also presented.

Index Terms— Vector network analysis, calibration and
measurement, characterized standards, traceability to national
standards, measurement uncertainty.

I. INTRODUCTION

Manufacturers of Open-Short-Load (OSL) coaxial
calibration kits typically provide derived empirical
models for calibration standards available as electronic files.
Empirical models are commonly in the form of frequency
dependent polynomial functions (given as polynomial
coefficients) or data based S-Parameter (.slp) files. Often, a
‘common’ set of calibration coefficients are assigned to a
calibration kit requiring each standard to have tight
mechanical tolerances. In this situation, residual port
characteristics following Vector Network Analyzer calibration
are not always optimal since the model parameters usually do
not perfectly match the calibration standards true electrical
behavior over their frequency bandwidth. Another approach is
to create a ‘unique’ set of calibration coefficients for each
calibration standard manufactured. Calibration standards with
unique calibration coefficients can give optimal residual port
characteristics following a calibration eliminating the need for
extremely tight mechanical part tolerances. On the other hand,
effort is required to create a unique set of calibration
coefficients for each standard manufactured. Data-based
models have increased resolution and can better represent the
actual electrical response of calibration standards. The process
of acquiring data-based models typically involves making

978-1-4799-4423-1/14/$31.00 ©2014 IEEE

measurements of the standard. This process may require a
high degree of operator skill and is usually time consuming.

Various methods to estimate the parameters for the models
have been discussed [1, 2] although arrived at by different
means. The method discussed in this paper of estimating
polynomial calibration coefficients and data based models is
achieved by iteratively applying a residual error computation
and reducing the residual error vector magnitude. Use of this
method produces a unique set of calibration coefficients and
data based model for each standard with optimal residual port
characteristics of a calibrated Vector Network Analyzer.
Further, this method is extremely broadband and lends itself to
computer optimization.

II. BACKGROUND: SOURCE MATCH RESIDUAL ERROR
MEASUREMENT

To extract the Source Match residual error, a Source Match
ripple measurement technique is performed by connecting a
long airline and an offset short to the calibrated reference
plane of the VNA in Fig 1.

YNA

Calibrated

Reference l Offsat
Plane v Airline ~ Short

gl -
g

Fos | |V

Fig. 1. Source Match ripple measurement technique

The length of the airline will cause the Offset short vector to
spin around the corrected Source Match vector. The corrected
Source Match is often called residual Source Match. These
vectors add in the complex plan as shown in Fig. 2
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Fig. 2. Source Match vector addition in the complex plane

Since the residual Source Match vector I, 1S non-zero, a
ripple pattern is produced as shown in the top trace in Fig. 3.
The Reflection coefficient I' is the vector sum of I, and the
ideal reflection coefficient of an airline terminated in an offset
short I'gg. I' is computed using the Eqn. 1 below:

I' = (Tp-ed)/[etteps(I'y-ed)] [1]

ed, eps and et are the Directivity, Source Match and tracking
coefficients respectively. These coefficients are functions of
the measured calibration standards and their models. I, is the
measured reflection coefficient of the airline and offset short
combination shown in Fig. 1.

III. ERROR VECTOR REDUCTION METHOD

To evaluate the residual Source Match, the collection of data
contained in approximately one cycle (each defined as the k™
interval) is evaluated using a least squares circle fit algorithm
[3]. The process of optimizing residual Source Match is to
reduce the magnitude of the unwanted I, error vector. This
is accomplished by iteratively adjusting the capacitance
correction function C(f) of the Open standard model in Eqn. 2
for each k™ interval. This optimization process has the effect
of reducing each I'y, 'y, ... interval function to an equation of
a line as visually shown in Fig 3.

Since the capacitance correction function is usually a slow
moving function of frequency, the C(f) value obtained from
the k™ interval can be used as a seed value for the k™ -1
interval to speed up optimization. Once the capacitance
correction data points are found in each interval, a function is
fitted to the data — usually a 3rd order polynomial function.
From this function, the capacitance coefficients are extracted
and, as a direct result of reducing the I, error vector, an
accurate model for the Open standard is derived. To prevent
‘lumping-in’ effects of the Short model into the Open model
during the I, error vector reduction method, an
electromagnetic model for the short standard is created using

[4] with knowledge of its measured mechanical and known
material properties. To prevent the system of equations from
being underdetermined, Li,q(f) in Eqn. 3 is derived prior to
implementing the I, error vector reduction method.

T2 T
I with no optimized intervals -+ LN N

NN \/\/\ f\/\

I with opt|m|znd I, interval i

AVAVAVAVAVA A

[ 'witn optimized I, interval i

/ \\f/ \/\/ﬁ\/ A\VAY

Frequency ——

Fig. 3. Error Vector Reduction for I', and I'y; intervals in the
Frequency Domain

J2(B(HL + atan(e(f)C(f)Zo))

1—‘open(f) =¢ [2]
Taon(F) = _e-jZ(B(DL + atan(o(f)L;,4(£)/Z0)) -
Where:  B(f) = o(H)sqrt(E)/c

¢=2.9979 x 10"8 m/s, & = 1.00065

o(f) = 2nf

j=sqrt(-1)

C(f) is the Open Standard capacitance correction function

Ling(f) is the Short Standard inductance correction function

The K™ intervals can either be non-overlapping, discrete
optimization bands for the case where polynomial functions
are derived as shown in Fig. 3 or the interval can be a moving
point-by-point window where high point density is required
for .s1p model data. In either case, the 1* and K™ intervals do
not allow evaluation of the residual at the frequency band
edges and extrapolation of the model data is required. The
open standard capacitance model functions were derived by
minimizing the residual Source match error vector of ten,
randomly chosen 3654D-1 (V) and 3652A-1 (K) and 3656C
(W) calibration kits. The corrected Source Match data was
averaged for each kit type and calibration standard gender as
shown in Figs. 4-6.
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Fig. 4. Corrected Source Match vs. Frequency vs. gender and
model type. K (2.92 mm) connector type.
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Fig. 5. Corrected Source Match vs. Frequency vs. gender and
model type. V (1.85 mm) connector type.
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Fig. 6. Corrected Source Match vs. Frequency vs. gender and
model type. W (1.00 mm) connector type.

IV. BROADBAND TERMINATION MODEL

The Directivity ripple measurement technique is
performed similarly to the Source Match ripple technique but
instead of connecting an offset short to the end of the airline,
an offset termination is used. Assuming a perfect airline, the
residual Directivity vector Iy is the result of the termination

model (I'y) not fitting the actual electrical response of the
measured termination standard (I'y,). As with the I, vector,
the I',y vector is also unwanted. To reduce the residual
Directivity vector I',g, a broadband termination model that
better describes the electrical performance of the termination
is needed.

An improved broadband termination model was recently
introduced [5] and is an extension of the lumped element on-
wafer model [6] and the lumped load transmission line model
[7]. This model better approximates the physical geometry of
28K(F)50B, 28V(F)S0D and 28W(F)50 series coaxial
broadband terminations where a short length of coaxial
transmission line extends from the connector interface to the
load element. These broadband ‘beadless’ terminations are
constructed as described in [8-10] and shown in Fig. 7. The
‘beadless’  structure  facilitates  ultra-low  reflection
characteristics and allows a relatively simple load model to be
used. Even though these terminations have low reflection
characteristics on their own, manufacturing tolerances are
present and produce unwanted variability in electrical
performance. The electrical model for the coaxial terminations
is shown in Fig. 8.

QOuter Conductor

« “~

Fig. 7. Cross-sectional view of broadband coaxial termination.
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Fig. 8 Electrical model of broadband coaxial termination.



The process to reduce the residual Directivity vector I'¢4 is
similar to that of reducing I, with the exception that now
there are more optimization parameters to solve for. Like Iy,
vector reduction described earlier, I'.y vector reduction directly
leads to extraction of the termination model parameters.
Forming a finite solution set and choosing the best solution for
the model is the goal. Since the system is underdetermined and
has an infinite solution set, imposing constraints on model
parameters is necessary to reduce the solution set and
computation time.

Some of these constraints are set by the physical attributes
of the termination. For example, the coaxial transmission line
length L(f) is approximated by the length from the
terminations connector interface to the load element transition
and its range of optimization values is predetermined. Another
range defined is for the constant model parameter R. The thin
film load termination substrate has a manufactured tolerance
of 50 Q +/- 0.1 Q and exhibits a broadband electrical response
to the model. At high frequencies where sensitivity is high,
shunt capacitance C(f) and inductance Lt(f) are emphasized.
These and other strategies are used to set model parameter
ranges and reduced solution set for the termination model.
Table 1 lists termination model parameter ranges for each
connector type. The Lt and C entries on the load model are not
very independent and the cross-coupling affects the values.

Termination
Range 28K(F)S0A 28V(F)50C 28W(F)50
L [m] min./max. 0.0/3.8e-3 0.0/2.4e-3 0.0/2.4e-3
C[pF] min./max.| -5.0e-3/5.0e-3 |-3.6e-3/3.6e-3| -3.6e-3/3.6e-3
Lt [nH] min./max.| -5.0e-3/5.0e-3 [-3.0e-3/3.0e-3| -3.0e-3/3.0e-3
R [Q] min./max. 49.9/50.1 49.9/50.1 49.9/50.1

Table 1. Broadband Termination Model Parameter Ranges

Load model parameters were derived by minimizing the
residual Directivity error vector using fixed terminations in
ten, randomly chosen 3654D-1 (V) and 3652A-1 (K) and
3656C (W) calibration kits. For each kit type and calibration
standard gender, the Directivity data was averaged. Models for
the reflect standards were set to their default values during the
reduction process. Directivity data using un-modeled (I'; = 0)
and modeled (I'y # 0) fixed loads are plotted against sliding
load data. See Figs. 9-19. On average, the achieved corrected
Directivity using the Polynomial modeled termination is
similar to the sliding termination, whereas corrected
Directivity using the data modeled termination is significantly
improved.

0.015
= —Sliding Load
l:; 0.010
E ——Fixed Load
S 0.005 (rt=0)
5 Fixed Load
0.000 (rt#0)

0 10 20 30 40
Frequency [GHz]

Fig. 9. Corrected Directivity vs. Frequency vs. Termination,
Female K (2.92 mm), Fixed Load Point-by-Point model and
Sliding Load.
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Fig. 10. Corrected Directivity vs. Frequency vs. Termination,
Female K (2.92 mm), Fixed Load Polynomial model and
Sliding Load.
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Fig. 11. Corrected Directivity vs. Frequency vs. Termination,
Male K (2.92 mm), Fixed Load Point-by-Point model and
Sliding Load.
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Fig. 13. Corrected Directivity vs. Frequency vs. Termination,
Female V (1.85 mm), Fixed Load Point-by-Point model and

Sliding Load.
0.020
E 0.015 —+—Sliding Load
=
S 0.010 —#-Fixed Load
* (rt=0)
& 0.005 —+—Fixed Load
| (rt=0)
0.000
0 10 20 30 40 50 60 70
Frequency [GHz]

Fig. 14. Corrected Directivity vs. Frequency vs. Termination,
Female V (1.85 mm), Fixed Load Polynomial model and
Sliding Load.

0.020
£ 0.015 b —sliding Load
z
= 0.010 —Fixed Load
8 (Ft=0)
3 0.005

——Fixed Load
0.000 (rtz0)
0 10 20 30 40 50 60 /0
Frequency [GHz]

Fig. 15. Corrected Directivity vs. Frequency vs. Termination,

Male V (1.85
Sliding Load.

mm), Fixed Load Point-by-Point model and
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Fig. 16. Corrected Directivity vs. Frequency vs. Termination,

Male V (1.85 mm), Fixed Load Polynomial model and Sliding
Load.
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Fig. 17. Corrected Directivity vs. Frequency vs. Termination,

Female W (1.

00 mm), Fixed Load Point-by-Point model.
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Fig. 17. Corrected Directivity vs. Frequency vs. Termination,
Female W (1.00 mm), Fixed Load Polynomial model.
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Fig. 18. Corrected Directivity vs. Frequency vs. Termination,
Male W (1.00 mm), Fixed Load Point-by-Point model.
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Fig. 19. Corrected Directivity vs. Frequency vs. Termination,
Male W (1.00 mm), Fixed Load Polynomial model.

V. ERROR VECTOR COUPLING

Although the corrected Source Match and Directivity
Ripple measurements attempt to separate the I, and [',y error
vectors from one another, the presence of non-zero error

vectors can have a small influence on the vector reduction
process and the model data. This is referred to as Error Vector
Coupling. For example, termination model parameters were
derived by reduction of the corrected Directivity error vector
I'.q. These termination model parameters are then applied to
the equation set used to reduce the ', error vector and arrive
at model parameters for the Open standard. Now, suppose the
termination model parameters are set to zero forcing I'y = 0.
This change in the termination model will have a negative
impact on corrected Source Match. On the other hand, if an
unmodeled termination (i.e. Iy = 0) was applied to the
equation set used to reduce the I, error vector arriving at
model parameters for the Open standard, corrected Source
Match would also be negatively impacted as the complex
termination model is applied.

Source Match Coupling is the change in corrected Source
Match with and without the termination model function
applied as expressed in Eqn. 5. Conversely, Directivity
Coupling is the change in corrected Directivity with and
without the Open and Short standard model functions applied
as expressed in Eqn. 6. Plots for Source Match and Directivity
Coupling are shown in Figs. 20-25

ACSM=abs[CSM(T'#0)-CSM(I'=0)] [5]

ACD=abs[CD(C(f)#0,Lina()7#0)-CD(C(H)=0,Lina(H=0)]  [6]
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Fig. 20. Source Match Coupling vs. Frequency vs. gender, K
(2.92 mm)



0.020
__ 0015
£
3 0.010 —Male
(]
<1 JRE—

0.005 Female

0.000 w

0 10 20 30 40
Frequency [GHz]
Fig. 21. Directivity Coupling vs. Frequency vs. gender, K
(2.92 mm)
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Fig. 22. Source Match Coupling vs. Frequency vs. gender, V
(1.85 mm)
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Fig. 23. Directivity Coupling vs. Frequency vs. gender, V
(1.85 mm)
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Fig. 24. Source Match Coupling vs. Frequency vs. gender, W
(1.00 mm)

0.040
__0.030
=
= 0.020 —Male
(=}
< 0.010 AN, —Female
0 10 20 30 40 50 60 70
Frequency [GHz]

Fig. 25. Directivity Coupling vs. Frequency vs. gender, K
(1.00 mm)

From Figs 20-25, Directivity Coupling only has a small
influence with the applied reflect standard correction models.
Source Match Coupling has a relatively large influence with
the applied termination standard correction model. This gives
an indication the termination standard model parameters
should be derived before the open standard model since
Directivity is weakly influenced by the applied reflect
standard correction models. It is assumed the Source Match
impact on the termination is a lot greater since it has a
multiplicative impact on the measurement as shown in the
denominator term in Eqn. 1. The Directivity impact on Source
Match is a lot less since it is mainly additive and small relative
to the Source Match measurement itself.

VI. CORRECTED SOURCE MATCH AND DIRECTIVITY
UNCERTAINTY

The process of reducing the corrected Source Match and
Directivity error vectors required an assumption: The airline
used for the ripple measurement was assumed to be perfect
and its ideal transmission characteristics transferred to the
models representing the Termination and Open standards
though error vector reduction. These airlines used are

reference impedance standards and their mechanical



dimensions are measured using gages whose mechanical
transfer standards are traceable to national standards. Through
traceable mechanical measurements, the computed impedance
and reflection characteristics are known. Based on nominal
mechanical part measurements, SWR and corresponding
Return Loss of the airlines used are given in table 2. As
corrected Source Match and Directivity values approach that
of the reflection characteristics of the airline, the worst case
uncertainty can be as high as 6 dB. The increased uncertainty
is a consequence of the error vector reduction process.

Connector Type Airline SWR Airline Return Loss (lin)
K (2.92 mm) 1.002 1.00E-03
V (1.85 mm) 1.004 1.78E-03
W (1.00 mm) 1.006 3.16E-03

Table 2. Nominal Measured Airline SWR and Return Loss

The precision airlines used in this paper were “beaded”
types. These precision airlines have their center conductors
supported using a bead at the end of the airline assembly
ensuring good concentricity, known pin gap spacing when
mated and repeatable connection accuracy [11]. Unsupported,
or bead-less airlines can be used although it is recommended
to use dielectric rings [12] to ensure a known spacing between
mating center conductors.

VII. CONCLUSION

Through the process of corrected Source Match and
Directivity measurements commonly used to check the quality
or measurement uncertainty of a calibration, polynomial and
.slp data models for 1-port calibration standards can be
derived by reducing unwanted residual error vectors. Based on
very low residual levels obtained, high quality OSL
calibrations with low uncertainty can be achieved using
empirically derived models. It has been shown corrected
Directivity using modeled Terminations, on average, meets or
exceeds that of Sliding Loads. The concept of Error Vector
Coupling was introduced which describes the change in
Source Match with applied termination standard model and
the change in Directivity with applied reflect standard models.
The strong impact to Source Match from the applied
termination model indicates the termination model should be
derived before reflect standard models.
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Abstract — Extensive results are presented validating a
recently enhanced large signal FET model, DynaFET, applied to
an advanced 6x75um periphery, 0.5um gate-length GaN HFET
transistor, manufactured by RFMD. Excellent results are
achieved for DC (including leakage current), S-parameters
versus frequency and temperature, harmonic and
intermodulation distortion, as well as load-pull figures of merit,
over a very wide range of bias conditions, complex loads, powers,
and frequencies. The DynaFET model features detailed dynamic
trapping and de-trapping mechanisms for gate and drain lag,
and dynamic self-heating. The multi-variate constitutive relations
are represented by artificial neural networks (ANNs) trained
from large-signal waveform data obtained using an active source
injection NVNA-based characterization procedure. The new
model is compared with two empirical models, each
independently extracted from pulsed I-V data from different
quiescent bias points and tuned for specific applications. The
DynaFET model is demonstrated to have a much better fit than
each of the individually tuned models, even at the tuned
conditions. The new global model is sufficiently accurate over the
entire operating range of the device that no tuning of model
parameters is required for different operating points or amplifier
classes of operation. The model runs in transient, harmonic
balance, envelope, and all other simulation modes.

Index Terms — Semiconductor device modeling, GaN,
Compact models, power transistors, Microwave FETs, Neural
networks, Nonlinear Vector Network Analyzer.

|. INTRODUCTION

GaN semiconductor technology has been developing very
rapidly over the past few years. More and more foundries
around the world are providing this technology for a very wide
range of applications. GaN technology offers power densities
(e.g. 7W/mm at microwave frequencies) much higher than
GaAs, for example. Applications include high-power high-
efficiency amplifiers (e.g. Doherty), efficient power
generation (e.g. envelope tracking), radar, and more. GaN is
pushing into the mm-wave region as well, and will eventually
be widely available for generic circuit and MMIC design.

An accurate nonlinear transistor model (compact model) is a
key requirement for efficient, flexible, first-pass PA and
MMIC design in GaN technology. The wide range of GaN
processes for various applications from low MHz to mm-
wave, means the model should be very generic and flexible.
The GaN FET model validated extensively in this work was
introduced in [1]. The model is an extension and
generalization of the approach first presented in [2] that had,
until recently, been validated only for GaAs transistors. The
modeling flow includes an enhanced, natively compiled (in
Agilent ADS) dynamical model with trapping and self-heating

978-1-4799-4423-1/14/$31.00 ©2014 IEEE

effects, a new nonlinear device characterization system based
on an NVNA with automated and adaptive active injection
excitations incident simultaneously at input and output ports
(synthetic load-dependence), and an enhanced ANN training
procedure.

The present work reports extensive and detailed DynaFET
nonlinear model validation results for a wide range of DC,
small-signal, and large-signal performance conditions,
including  harmonics, load-pull, and intermodulation
characteristics measured on an advanced GaN HFET device
from RFMD. It also compares the global DynaFET model to
two locally extracted empirical models based on pulsed IV
data, each model tuned for optimal performance at distinct
operating conditions. This treatment is the first to compare
models constructed from large-signal CW data with those
based instead on more conventional pulsed I-V data.

The characterization and hardware configuration is
summarized in Section Il. The model and its key features are
summarized in section Ill. The training of the model from the
waveform data is described in Section IV. Extensive
validation results for the new modeling flow are presented in
section V(A). Comparisons to independently extracted (to
pulsed 1-V data) empirical models is presented in section
V(B). A discussion of the results, with implications, is
provided in section V1. A Conclusions section ends the paper.

I1. DEVICE CHARACTERIZATION

N5242A PNA-XINVNA

__| Synchronized
Bias Supplies

Fig. 1: Typical hardware configuration for active source injection
characterization. The wafer chuck is temperature controlled.
Power amplifiers boost the signal from the two internal NVNA
sources. The NVNA synchronizes the bias supplies.

The hardware configuration is shown in Fig.l. An
automated, adaptive, large-signal data acquisition software
application was implemented on top of the NVNA nonlinear
measurement system [6]. This data acquisition system controls
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Fig. 2: Data domain in Id-Vd space of the 6x75um GaN
transistor. DC I-V data (red), Id(t) vs Vd(t) from single-tone CW
data versus power at 3.5GHz at quiescent point QVd=48V,
Qld=10mA into 50 ohms (green), and the complete set of Id(t) vs
Vd(t) data (blue) from the active source injection measurements
used to identify the global model.

the incident waveform excitations at both device ports,
enforces device compliances for such quantities as the

instantaneous ~ gate-drain  voltage, V., (t) related to

breakdown - and enables large-signal coverage of the entire
operating space of the device. The extent of this data is shown
in blue in Fig. 2. The waveform data covers the entire region
of device operation, to about 20W/mm instantaneous power,
well beyond the limit of about 5W/mm for the DC
measurements shown in red. These waveforms capture the
transistor response at 1-10 nanosecond timescales,
considerably faster than the 100-1000 nanosecond scales
associated with typical pulsed bias windows.

The set of waveform data, blue in Fig. 2, does not reach up
to the knee of the DC I-V curves. This is evidence of “drain-
lag”, or localized knee walk-out, typically seen in GaN HFET
devices. Both the shape and position of the observed knee
depend on the dynamical large-signal condition of the device
operation. The DynaFET model provides a unique dynamical
mechanism to account for this phenomenon.

I1l. MODEL TOPOLOGY AND FEATURES

The intrinsic model equivalent circuit topology is given in
Fig. 3. The trapping and de-trapping circuits are based on [3]
but the nonlinear coupling of the trap states and other state
variables to the drain current generator is modeled by much
more comprehensive functional relationships using artificial
neural networks (ANNS) [1], [2].

Fig. 3. Dynamic model intrinsic equivalent circuit, showing the
electrical (top), thermal (middle), trapping circuits & average
circuits (bottom).

The default measurement and training scheme [1] is
modified from that of [2]. In the present approach, NVNA
waveforms are measured at 100MHz, under large-signal active
injection stimuli applied simultaneously at the input and
output ports. For each waveform, trap state values, junction
temperature, and other state variable values are computed. The
result of the training, for example, is the explicit nonlinear
dependence of Ids on the instantaneous intrinsic terminal
voltages, V_(t), V,(t), junction temperature, T,(t) , trap

states, ¢ (t) and ¢,(t) , and auxiliary dynamical variables

[1]. The new model adds more functionals of the intrinsic
voltage waveforms to create additional dynamical variables,
beyond those reported in [2].

IV. MODEL IDENTIFICATION FROM WAVEFORM DATA

The objective of the training procedure is to identify the
functions Ip, Qp, lg, and Qg in Fig. 3 from the ensemble of
DC, S-parameter, and large-signal data. The NVNA captures
large-signal waveforms, calibrated to the device planes. For
characterization and model generation, the nonlinear
measurements are taken at several input power levels from
small-signal to large signal, up to and often beyond 10dB of
compression, at a single fundamental frequency, typically
around 100MHz, for several different power levels at the
output port using a second synthesizer at various relative
phases compared to the signal on the input port. An adaptive
algorithm automatically and adaptively controls both incident
signals, and their relative phase, and the DC biases. These
measurements are repeated at one or more ambient
temperatures. DC and single-frequency (in the GHz range) S-
parameter data, at two temperatures, are also taken collected.
The lower frequency waveform measurement simplifies the



training compared to [2] where displacement current effects
had to be simultaneously accounted for. Relative phase control
of the large injected signals is critical to cover the full
operating range while preventing the device from entering
dangerous operating regions (e.g. breakdown). There is no
need for an iterative convergence to effective complex loads
on a grid; all that is necessary is a complete coverage of the
device operating space. The ANNSs are trained on the scattered
multi-variate data — one of the major advantages of neural
networks [5].

V. RESULTS

(A) Comparison to measured data

The device chosen for the model extraction and verification
is an on-wafer, 6x75um (450um total) gate-width, 0.5um gate-
length GaN HFET, utilizing RFMD’s GaN2C process. This
technology is optimized for high linearity applications such as
PMR and CATV in the 500MHz - 4GHz range. The
transistor technology has a power density up to 4W/mm with a
breakdown voltage over 300V [7].

DC validation results are shown in Fig. 4, in this case
representing the device behavior at 55°C. A key feature of the
model is the detailed and accurate simulation of the nonlinear
gate leakage current, as well as its turn-on characteristics.
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Fig. 4: Drain current (top) and gate current (bottom) versus bias
at an ambient temperature of 55°C. Modeled (blue) and
measured (red).

Broad-band S-parameter simulations, from 0.1GHz to
10.9GHz, are validated by independent measurements at many
bias points. Examples are shown in Fig. 5. The model is
generated from data only at 100MHz (large-signal), and
1.9GHz (S-parameters), yet the validation proves the model

predicts very accurate broad-band S-parameters over all the
device active operating range.
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Fig. 5: S-parameters simulated from 0.1GHz — 10.9GHz (blue
lines) at bias points of Vd=48Vand Id=12mA (red symbols),
and 28V, 3.9mA (black symbols). The model was generated
from data at only 100MHz and 1.9GHz.
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Fig. 6: Gain compression (upper left), bias current (lower left),
power added efficiency (upper right), and fundamental and first
two harmonics versus input power (lower right), modeled (blue)
and measured (red). Freq=1GHz, V=48V, 1d=20mA, Source &
Load=50Q.

A comparison of the model large-signal predictions with
respect to measured gain compression, bias current, power
added efficiency (PAE) and harmonic distortion is presented
in Fig. 6. The model agrees to a very high level (9dB) of
compression and does a very good job modeling the detailed
shape of the compression and harmonic distortion curves.
Similar accuracy was observed at other operating points and
other fundamental frequencies.

Two-tone intermodulation simulations and validation data
are presented in Fig. 7. Fig. 8 compares simulated and
measured load-pull data for both delivered power and power
added efficiency.

(B) Comparison to locally extracted empirical models
The local models used in the subsequent comparison are

based on the well-known EEHEMT model [8] extended to
include dynamic self-heating and localized knee walkout
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Fig. 7: Two-tone intermodulation distortion (upper sidebands)
versus input power per tone for f1=3.5 GHz and f2=3.505GHz,
for Vd=48V, Id=10mA. Simulation (blue) & measurements (red).
The noise floor of the measurements is about -80dBm.

based on extraction to pulsed IV data, as reported in [9]. In
particular, localized knee walk out is modeled by changing the
empirical expression of [8] for the drain current, in order to fit
the shape and position of the knee of pulsed IV data. Since
this is a static approach, the model is essentially parameterized
by the particular quiescent point (initial condition) of the
pulsed 1V measurements. Even with the addition of dynamic
self-heating and localized knee walkout however, such models
do not have sufficiently detailed dynamic trapping and de-
trapping mechanisms to simultaneously predict DC, pulsed,
and large-signal CW performance. Typically, for high-power
circuit design, pulsed 1V data are used to characterize the
device over a large region of current and voltage. However,
pulsed I-V data depend very sensitively on the quiescent point
chosen for the initial condition [3], [9]. Typically, the initial
condition of the pulse is associated with the quiescent bias of
the subsequent application. This means the resulting extracted
model must have some a priori knowledge of its later
application, a significant restriction on its transportability.

For this work, the empirical models were extracted from
two sets of pulsed I-V data, one starting from quiescent point
[QVgs=-1V, QVds=28V] and the other from [QVgs=-
QVds=48V]. The data was acquired using an AMCAD PIV
system, with pulse-widths of 650 ns. The pulsed I-V
characteristics for each case are shown in Fig. 9. The devices
used for these models are 6x370um, and the resulting models
are then scaled down to 6x75um for comparison to the
DynaFET model. It should be noted that the nearly 1/5 scaling
of the empirical models is beyond the normally recommended
model scaling range. Uncertainties in the parasitic element

Power Delivered [dBm] PAE (%)

Pdel conts_forSmanChi
Poel_corts farSmimen

o e (027110 1
Maximum Power Delivered, dBm Maximum Power-Addad Eﬂldnrlt.-y W

| |
Measured O [ Measure ele

Fig. 8: Contours of measured (red) and modeled (blue) power
delivered to the load and power added efficiency, at Vd=28V,
1d=10mA, Pin=17dBm, at 1GHz. Contours in 1dB & 5% steps,
respectively.
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Fig. 9: Pulsed I-V characteristics from two different quiescent
bias points [QVgs=-1, QVds = 28V] (red) and [QVgs=-1V ,
QVds=48V] (blue) used to extract and tune the empirical models
[9] used for comparison to DynaFET. The curves correspond to
(pulsed) gate voltages from Vgs = -2.5V to 1V, with 0.25V step.

scaling rules are accounted for, approximately, by correcting
fixed capacitance values on the GS, GD, and DS branches of
the equivalent circuit, until the gain from the models matched
the measurements of the 6x75um device.

The parameter values of the empirical models are extracted
to match a variety of performance conditions corresponding to
the quiescent bias point of the pulsed I-V characteristics, as
well as load-pull data around optimum PAE with the device
biased at the quiescent point. The resulting local models,
referred to as the RF28V and RF48V empirical models, for
simplicity, are provided to designers who select between them
based on the particular design application in mind.

The measured and simulated DC I-V curves for DynaFET
and one of the local models is shown in Fig. 10. Both models
fit well in the saturated region of operation, most important for
large-signal RF operation. The DynaFET model also fits
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1] 10 20 30 40 70
Fig. 10: DC IV curves measured (red) & S|mulated (blue) for
DynaFET (top) & localized RF28V model (bottom). The
discrepancy at the knee of the curves for the RF28V DC
simulation demonstrates the inherent limitation of static
localized knee walkout models: they can fit some RF large-
signal characteristics and pulsed IV curves, but not also the
measured DC characteristics with a single set of parameters.




nearly perfectly to the actual DC measured knee voltage,
which is quite different from the effective knee voltage under
either pulsed IV or CW large-signal stimulus. The discrepancy
of the RF28V model in the knee area is due to the inherent
compromise of the static modeling of knee walkout, which
was tuned to the pulsed IV data, and therefore cannot also fit
the true DC characteristics.

Measured and modeled large-signal performance is
compared among the three models in Figs. 11 and 12. In Fig.
11, the models are compared with data at 48V, corresponding
to the conditions under which the RF48V model was tuned,
where the impedance was selected for optimum large-signal
performance. In Fig. 12, comparisons are shown for the bias
condition for which the RF28V model was tuned, but this time
using a 50 ohm termination that was not the same as that used
for tuning either of the empirical models. It can be concluded
that the DynaFET model fits as well or better, over all tested
conditions, than the empirical models, even when comparing

Transducer Power Gain

T T T T T T T : . : i
o s LIEH = O = ° £ E s
Pout {dBm) Pout (dEm)

Transducer Power Gain PAE

= 0w o=®omE a R : = @ o=
PFout (dBm} Pout (dBm)

Transducer Power Gain PAE

Fig. 11 Gain versus power and power added efficiency at
optimum load at 1GHz measured (red symbols) versus
simulation (blue lines) for DynaFET (top row), RF28V model
(middle row) and RF48V model (bottom row). The measured
quiescent bias conditions for this test corresponds to
1d=10mA,Vds=48.

at the specific regions of performance around which the local
models were tuned. This conclusion holds also for harmonic
and intermodulation distortion comparisons.
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Fig. 12 Gain versus power and power added efficiency into 50
ohms at 3.5 GHz measured (red symbols) versus simulation (blue
lines) for DynaFET (top row), RF28V model (middle row) and
RF48V model (bottom row). The measured quiescent bias

conditions for this test corresponds to 1d=20mA,Vds=28V

V1. DISCUSSION

Parameter value tuning can enable simpler models to be
used to achieve reasonable fits to performance data. However,
depending on the sophistication of the empirical models, the
range of validity of the resulting model is restricted to the
environment around which its parameter values are optimized.
This can mean extensive searching in the characterization
space for optimal performance, prior to model extraction, and
then independent optimization to these subsets of data. It also
means providing multiple parameter sets, or multiple “bins,”
for models of the same device that don’t agree with one
another.

The advantage of the new DynaFET characterization and
modeling flow is that it results in a single, global model, based
on automatically characterized data. This means the optimal
device performance region, which can vary greatly according
to bias, frequency, and load, can be determined in simulation,
rather than on the bench. This is only possible if the model is
sufficiently general and accurate over the entire accessible
range of device operation, where the DC, high-frequency, and
large-signal RF responses can all be predicted from the same
model.

The DynaFET model uses the large-signal waveforms, as
well as DC and S-parameter data, to separate dynamical
mechanisms of trapping, de-trapping, and self-heating. The



model then re-combines the independently identified
mechanisms into a predictive nonlinear simulation model of
the conventional “compact” time-domain form, unlike that of,
for example, an X-parameter model [4] that is restricted to the
frequency or envelope domains. That is, the DynaFET
compact model works in all modes of simulation (e.g.
transient (TA), harmonic balance (HB), circuit envelope (CE),
AC, SP, and more. The ANN-based constitutive relations can
model the very general and detailed nonlinear coupling of the
trap states and other dynamical variable without additional
simplifications, such as assuming the traps modulate the
pinch-off voltage, as postulated in [3]. Additionally, the
ANNs’ straightforward mathematical form doesn’t impact
convergence, where empirical models typically trade off
complexity for convergence. The DynaFET model includes
fully two-dimensional nonlinear intrinsic device capacitances,
providing more accuracy for high-frequency simulation than
the one-dimensional simplifications of [3]. It is scalable with
geometry in the same way as conventional empirical compact
transistor models and has an external thermal node for mutual
thermal coupling of multiple devices and/or coupling to the
local thermal environment.

CONCLUSIONS

An enhanced large-signal dynamic FET model — DynaFET -
with self-heating and detailed trapping effects, has been
identified using an active source injection large-signal NVNA
waveform characterization application, and extensively
validated experimentally on an advanced microwave GaN
transistor manufactured by RFMD. The DynaFET model has
also been compared to two extractions of an established
empirical model tuned for applications at specific quiescent
bias points. The model has been systematically identified from
large-signal waveform data obtained from automatically
controlled NVNA active-source injection large-signal
measurements, as well as single frequency S-parameter and
DC data. The model is natively implemented in a commercial
nonlinear circuit simulator (Agilent ADS). The DynaFET
model predicts the DC, broad-band, linear and high power
nonlinear behavior of the DUT, including harmonic and
intermodulation distortion and load-pull performance over the
full active range of device operation. Even for the range
around the localized empirical model extractions, the global
DynaFET model achieves comparable or better performance
than the empirical models. This demonstrates that DynaFET
presents a single, global model that can predict the range of
device performance indicative of the technology, without the
need for any tuning of empirical model parameters. This
should simplify the foundry process design kits, and offer
designers both more confidence and also more degrees of
design freedom with the GaN technology.

Extensive independent  large  and  small-signal
measurements, not used in the model fitting, were used to
validate the model. The model incorporates frequency

dispersion, very accurately accounts for leakage current,
distortion effects from small-signal conditions to very large
levels of compression at low and high frequencies, accounts
for “knee walkout,” and other large-signal dynamical effects
common to GaN FETs. This paper presented the detailed
results from an advance microwave GaN semiconductor
process manufactured by RFMD. The model has been
similarly validated for a range of other GaN and GaAs
devices, with quite different characteristics, from several
different manufacturers, with similar results. The modeling
flow is therefore expected to be of great utility for accurate
and general nonlinear modeling of GaN and GaAs transistors.
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Abstract — This paper presents a cost effective, digital, PXI-
based active load-pull tuner architecture. This allows for
significant reduction in test time, without compromising
measurement quality or control. We will demonstrate for the
first time, ability to compensate for the non-linear behavior of
the loop amplifier within the active loop, thus moving from a
proof of concept architecture to one that is applicable to real-
world applications. The calibration process required for accurate
reflection coefficient setting is presented, as well as analysis of the
long-term reflection coefficient stability. It is shown how the RF
bandwidth of the architecture can be increased through the use
of up/down convertors directly in the feedback loop, with testing
completed at 17GHz. A direct comparison in measurement time
between passive, active open-loop and the digital architecture is
also presented, showing the digital tuner as much as 14 times
faster than a passive tuner for a fixed power impedance grid,
using the same measurement receiver and setup.

Index Terms — Load-Pull, Active Load-Pull, Non-linear
measurements, non-linear modeling, behavioral modeling, power
amplifiers.

1. INTRODUCTION

Traditionally, load-pull, has been achieved using passive
tuners [1], indeed such tuners are still dominant in the market,
and have become an integral part of semiconductor device test
process from initial device understanding through to final
application in design or modeling. Limitations of passive
tuners are well documented, most notably issues with
presenting very high reflects, vibrations, physical size etc.
These do not however, prevent the large-scale use of such
tuners. By far the largest issue faced by the industry is
measurement throughput, as changing impedance state is a
mechanical operation, it is inevitably slow.

The solution presented in this paper is an active load-pull
architecture; whereby emulation of load impedance is
achieved by injecting an amplified signal of specific
magnitude and phase into the output of the DUT. Such
systems are not without issue, and this has hindered their
application to date. Active systems can be configured as “open
loop” or “closed loop” architecture. In a “closed loop” system,;
first presented by Bava [2], the injected signal is a modified
version (direct function) of the DUT output signal. This
ensures that the emulated load impedance (matching circuit) is
independent of drive level, however this architecture is prone
to oscillations. Most modern commercial solutions are
therefore “open loop” systems, first introduced by Takayama
[3], in which the injected signal is generated independently.
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This avoids the oscillation problems, however in order to
maintain constant load impedance under changing drive
conditions, a number of magnitude and phase adjustments of
the injected signal are required. This results in a potentially
slow, iterative process to maintain the target reflection
coefficient. In addition, such systems are typically packaged
as full measurement systems including state of the art test and
measurement equipment, making them very expensive.

The solution presented overcomes the aforementioned
issues, firstly; the digital tuner is a self contained PXI module,
which can be used as a drop-in replacement for a passive
tuner. This means that the rest of the load-pull test bench can
remain unchanged, leading to a cost effective solution. Based
on the patented envelope load-pull technique, first presented
in [4], the ‘quasi’ closed loop nature of this active load-pull
architecture maintains all of the benefits of the closed-loop
load-pull in terms of speed - no iterations are required to set or
maintain an impedance. However, inherent stability issues are
avoided, as the feedback loop is no longer closed at the RF
frequency of operation, in addition the use of an FPGA
directly in the loop allows limits to be set preventing
uncontrolled power ramping.

II. DIGITAL LOAD-PULL TUNER DESCRIPTION

The system containing the digital tuner is shown in Figure
1, and is the schematic illustrated in Figure 2.

Digital Tuner

VNA RF Test-Set

Figure 1. Digital Tuner within a PXI based Measurement System

The output port of the DUT is fed via a circulator through an
attenuation stage to a PXI based transceiver card, which
includes the down convertor module, an FPGA module and an
up convertor module.



b,
E Down-convertor
a, | Q
Control
e FPGA
I Q
Up-convertor

Figure 2. Digital Tuner Schematic

The signal is down-converted to I and Q signals that fully
represent the signal at the device output. These I and Q signals
are then processed based on the reflection coefficient set by
the user to give a modified version I’ and Q’. If the required
reflection coefficient set by the user is represented by x+jy,
then the required transfer function is the transfer function
shown in (1).

Fxy) =T +jQ" = xI-yQ) +j(xQ +yl) (D)

This formulation will ensure a drive-level independent
emulated load, quantified by the user defined values of x and
y. Conversion to RF frequency to provide the output-injected
signal is achieved using the up-convertor module of the
transceiver card.

Note that the up and down conversion process share a
common local oscillator (LO) thus relaxing the requirement
for the drive signal of the device and the active loop to be
phase locked. This also means that there is no drift in phase
over time — a problem inherent in most open-loop
architectures.

The digital tuner also benefits from the ability to present
constant load impedance over a wide bandwidth. Although not
the topic of this paper, initial tests have shown that a constant
load-impedance can be maintained and controlled for a signal
spanning 10MHz, note here that latency in the loop leads to a
requirement for a repetitive signal envelope. Further work is
underway that should extended this to the full 100MHz
instantaneous bandwidth of the FPGA.

III. LooP CALIBRATION AND EFFECT OF NON-LINEAR ELEMENTS

The first step in the calibration process is to define a linear
error flow model for the load-pull loop as shown in Figure 3.
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Figure 3. Error Flow Model of the Digital Tuner

Where T'g is the system impedance (defined with zero gain
set) ['r is the feedback due to the limited isolation of the loop,
Tpown is the transfer function of the down-convertor and Typ
is the transfer function of the up-convertor and I'sgr is the set
impedance. From the error model it is clear that the set
impedance, given by a, divided by b, is governed by (2) —

ap _ I'serTpownTup +T 2
== o @)
by 1-Tr(TserTpownTup)

We now introduce a new variable I'copr, Which is the corrected
value sent to I'gp to correct a given impedance setting to give

3)

C'corrTpownTuP

)+ 3

r =
MEAS (1—FF(FCORRTDOWNTUP)
Combining the effect of the down-conversion and up-
conversion yields a new variable; the gain of the loop (G).

G is therefore given by (4)

G=TpownTup “4)
Giving (5), which can be re-written as (6) —

Tvias = To + TreasTcorr(TG) + Teorr(G(1 = ToTp)
(5)

Trvipas = A+ B(Typaslcorr) + C(Tcorr) — (6)

Where —
A=T, @
B =T:G ®)
C=GA—-Tlp (9

Only 3 independent measurements are required to fully
characterise the loop. In reality more measurements are
conducted to provide redundancy and improve overall
accuracy (typically 100). The calibration process is extremely
fast (around 20 seconds), a significant advantage over a
passive tuner.

Figure 4 shows the target and achieved reflection
coefficients for a grid of 50 load impedances where the
maximum error is less than 1.3%.

[0 Actual Load|
120 = 20 ohms| | x Target Load

T
04 06 08 1.0 12 14 16
% Error in Convergence

Figure 4. Achieved calibration accuracy



Once the linear calibration is complete, the user-defined
impedance is maintained until the system amplifier becomes
non-linear. To overcome this undesired variation in set
impedance, an algorithm has been written allowing the user to
set a tolerance for load convergence. As soon as the amplifier
begins to compress and the load fails to converge the value of
G is updated from the last measurement taken using the
relationship shown in (10).

I'meas—To
= 10
CcorrR(CF(TpmEAS—T0)+1) (10)

IV. LONG TERM REFLECTION COEFFICIENT STABILITY —
REMOVING THE VECTOR RECEIVER

There are two main reasons why the long-term stability of
the presented reflection coefficient is important. Firstly even if
measuring the impedance, we would like to be consistently
setting the desired impedance grids as the measurements are
run; secondly and more importantly as the architecture is
framed as a passive load tuner replacement, there may well be
a requirement for the VNA to be used for calibration then
removed from the system. In this case it is necessary that there
is no drift in the set impedance over the measurement time (as
we will no longer measure the presented impedance). Clearly
for this to be an option, the non-linearity of the loop power
amplifier needs to be compensated within the FPGA, rather
than on the fly (on the product roadmap).

Figure 5 shows the stability of a set reflection coefficient
over a 24-hour period, with measurements taken every hour.
As shown by the data, the digital tuner presents very
consistent impedance over the 24 hours, with variation in
magnitude and phase of 0.0089 and 1.2 degrees respectively.
The final test was to define a grid of 100 load points; this grid
is then run every hour for 24 hours. The results are shown in
Figure 6, with target impedance is shown by a blue square
with measured points shown by red X’s. It can be seen from
the data that excellent agreement is maintained throughout the
duration of the sweep.
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Figure 5. Stability of a set reflection coefficient over a 24 hour
period
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Figure 6. Stability of a measured impedance grid over a 24-hour
period

V. FREQUENCY EXTENSION

One potential limitation of the digital tuner presented thus
far is the current upper operating frequency of the transceiver
module, which is limited from 200MHz to 4.4GHz [5]. This
becomes an issue for higher frequency applications which
place higher requirements on fundamental frequencies, for
example military applications. It would also limit the use of
the tuner at harmonic frequencies for many of the traditional
communications bands. In order to overcome this issue, the
architecture of the load-pull loop was modified to as shown in
Figure 7.

17 GHz 30Ky

B Down.convertor - - Down-convertor
1 Q
Control
g FPGA
r Q
IGM ‘ 3 GHe
Up-convertor Up-convertor

PXI Transceiver Card

Figure 7. Modified Architecture including up/down convertor

In Figure 7, a further up/down convertor was employed
within the loop, in this case allowing us to extend the
operational frequency to 17GHz with a 1GHz bandwidth [6].
The calibration process is identical to the one presented in
Section III since the properties of the up/down convertor are
captured by the same error terms.

Testing showed the same accuracy and speed could be
obtained with the new high frequency of operation, extending
its functionality to a variety of applications.

VI. SYSTEM COMPARISONS

For the system comparisons; an identical vector receiver
measurement system and measurement condition was used, all



controlled through the same software interface, with only the
load-pull tuner architecture changing in each case. In all cases
the measurement system was based around a Rohde and
Schwarz ZVA-67 with control software from Mesuro Limited.
The measurement IF bandwidth of the VNA was set to 100Hz.
The system was calibrated for power, allowing power
contours to be plotted. Note that DC bias and measurement
can also be added to the system, however this is omitted for
the basic speed test. The target grid used is shown in figure 8.
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Figure 8. Test grid for speed comparisons

The resulting speed of each of the load-pull architectures is
shown in Table 1; note that this test was created for a single
drive level and just impedance was swept in each case.

Sweep Plan (S) Per point (S) | Relative to passive
Passive LP 278.70 2.79 -
Active LP 40.69 0.41 -85.41%
Digital LP 18.52 0.19 -93.4%

Table 1. Comparison of load-pull time Impedance Only

This was perhaps a little hard on the passive system, which
is faster when it comes to swept power measurements, as once
the load is set it is maintained over drive. However if we
repeat the analysis for a 25dB power sweep with 1dB step for
50-point load-pull grid, the reduction in measurement time is
still significant, see Table 2.

Sweep Plan (Mins) | Per point (S) Relative to passive
Passive LP 12 0.576 -
Active LP 8.0 0.384 -33.33%
Digital LP 3.95 0.19 -67%

Table 2. Comparison of load-pull time with sweep plan

The final step in the comparison was to compare the
measured load-pull contours to ensure that the quality of the
measurements is not affected by the speed. For this test the
DUT was a 10W GaN packaged part running at 28V. The
contours of output power for the passive architecture and the
digital tuner at 1 dB compression point is shown in figure 9.
As shown excellent agreement is obtained.
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Figure 9. Comparison of 1dB compression contours of power

VII. CONCLUSIONS

A new cost effective, digital, PXI based active load-pull
tuner architecture has been presented; it has been shown that
the architecture allows for significant reduction in test time,
without compromising measurement quality or control. It has
been shown that the digital tuner can be scaled to higher
operating frequencies allowing for high frequency and
harmonic application. The long-term stability of the
architecture has been investigated with, showing excellent
repeatability over a 24-hour period. Direct comparisons of the
architecture were presented showing that the new digital tuner
is as much as 14 times faster compared to incumbent
technologies.
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Abstract — In this paper, the moisture content for cement
based materials having different water to cement (w/c)
ratios is measured using the microwave free space
technique. The overall process is non-destructive and
employs the time-domain measurement data. The
measurement system consists of a vector network analyzer,
a wide-band lens horn antenna, cement based material of
having different water to cement (w/c) ratio and associated
microwave components. The main focus here is to
determine the permittivity, the effective conductivity and
the thickness of test specimens under the situation, where
only reflection measurements can be carried out due to the
restricted access of the object from the other side. It is
observed that the effective conductivity is directly
proportional with the moisture content or the w/c ratios of
these test samples.

Index Terms — NDT,
determination, water to cement ratio measurement.

Microwave moisture

1. INTRODUCTION

In the present scenario, most of the commonly used
building materials are cement based. It is desired to inspect the
quality, especially the strength of buildings on a regular basis
for safety purpose. A number of techniques have been
proposed in past to monitor conditions of the cement based
buildings. These methods can be broadly categorized as the
destructive and the non-destructive techniques. It is preferable
to monitor the buildings or structures using a non-destructive
approach so that they do not get damaged during the
monitoring process. The non-destructive technique is also
advantageous because no special sample preparation is
required for the testing. It is mainly due to these advantages
that the microwave non-destructive testing (NDT) is being
used here for monitoring various concrete structures [1]-[3].
The microwave time domain method has recently been
employed to determine the real part of complex permittivity of
various samples [4]. However, it is equally important to
determine the imaginary part of the complex permittivity in
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order to find the moisture content or the w/c ratios of cement
based samples.

In this paper, both the real and imaginary parts of the
complex permittivity of test specimens are measured using the
proposed microwave free-space time domain approach. The
thickness of the specimen is also determined during the
process, which is advantageous under situations where the test
sample or object cannot be accessed from the other side. It is
observed that the imaginary part of the complex permittivity
can be directly related with the moisture content, which helps
in monitoring the quality, stability and aging of cement based
structures. It may be mentioned here that various components
of the structure such as the metal bar, air crack or porosity, can
also be estimated using this procedure due to their difference
in permittivity values and loss factors.

I1. BASIC PROCEDURE

The complex permittivity of material under test (MUT) is
usually determined in the RF and microwave frequency range
using the reflection and transmission coefficients data
measured in the spectral domain. In the proposed method,
only the reflection coefficient of test sample measured using
the vector network analyser (VNA) is employed to estimate
the complex permittivity of various structures. The measured
reflection coefficient in the spectral domain is converted into
time domain using the inverse FFT algorithm, which is
observed on the time domain reflectometer (TDR) of the
VNA. The proposed method utilizes the time domain reflected
signal to calculate the dielectric constant, the thickness and the
electrical conductivity various cement based samples. In order
to accomplish this, a series of measurements have been carried
out as shown in Fig. 1 and Fig. 2. In the first case, when a
metal plate is placed in front of the sample, the EM wave is
completely reflected from the metal surface. Thus only one
high peak is observed on the TDR screen, which is
approximately equal to the power available at that surface as
denoted by P, in Fig. 1. In second case, when the metal plate



is removed from the front side of the test sample, two peaks
have been observed on TDR screen as shown in Fig. 2. The
first peak here is due to the impedance mismatch between the
air and front side of the MUT represented by P, while the
second peak is due to the impedance mismatch between the
back side of MUT and air represented by P,.

Metal plate at AA’
Thin metal plate

TDR signal display

Pﬂ
Antenna VNA
=5 |

P TOR signal display

A~

>/ NV VVVV

AAA

Fig. 2. Measurement System Configuration (second case)

These peaks shown in Figs. 1 and 2 are directly measurable,
and can be observed on the TDR screen. The next task is to
relate these reflection coefficient peaks with the desired
parameters viz. the relative permittivity, the electrical
conductivity, and the thickness of test samples. The
relationship between the incident power (Py) and the reflected
power (P;).can be given as follows

— (1

where, I' is defined as the local reflection coefficient of the
test sample, which can be determined in terms of measured
powers P, and P;. The relative dielectric constant and the
thickness of test samples can be determined as follows.

2
(1+|r|j
£ = )
1-|T|
d= cAT

_2\/Z

c=3x10%m/sec, AT=t,—t is the time

©)

where,

difference between two peaks of reflection coefficient shown
in Fig. 2. In order to calculate the effective conductivity of test
samples, the following relationship between the incident
power (Py) and the reflected power from the second TDR peak
(P,) is utilized

P, =|T|" (1-|T[)* P, e 4)

where, ¢ is the attenuation constant. The propagation constant
¥ and attenuation constant are defined as follows [5].

Y=o+ jB=jouo +joe) )

o= B 1+(£] -1 (6)

In limiting case, when (ijﬁo.l, (6) can be simplified for
e
the non-magnetic medium to obtain the following relationship

20c\/;

My

(M

o=

where, 7, is the free space intrinsic wave impedance.

III. MEASUREMENT SETUP

The actual measurement system shown in Fig.5 consists of
a horn antenna with dielectric lens from Q-par Angus Ltd, the
metallic plate and the vector network analyzer. The wide band
horn antenna with the dielectric lens has bandwidth over 1 to
18 GHz. It is used in order to have high directivity and low
beam width. The measurement is carried out over wide
frequency range from 1 to 15 GHz. The typical gain of the
antenna is 11.6 dB and beam width is 43 degree at the central
frequency of 8 GHz. It is assumed here that the size of test
sample is sufficiently large as compared to the antenna’s
aperture. The sample is kept in the far field region so that the
TEM wave can be assumed to be incident normally over the



test sample. The summary of employed cement based samples (B8 e Trceichon e Fataiilvis Sl Uiy Fdp ]
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The values of incident and reflected powers along with
respective time difference in peaks for test specimens are
shown in Table II. The results of relative permittivity,
effective conductivity and the thickness of cement based test
samples are shown in Table III. In order to validate this
scheme, some standard samples have first been measured, and
the results are compared with the data available in literature as
shown in Table IV

TABLE II. MEASURED INCIDENT AND REFLECTED POWERS FOR

DIFFERENT TEST SAMPLES.

Sample | Py(dB) | P,(dB) | P,(dB) | AT (ns)
Teflon | -27.776 | -41.864 | -42.622 0.2500
PVC | 26296 | -38.465 | -41.491 0.2625
PMMC | -27.470 | -39.777 | -42.518 0.2563
SS4 26.857 | -34.307 | -50.982 1.0969
SS6 26.728 | -33.888 | -58.710 1.0975
C5 26379 | -32.987 | -54.110 13125

TABLE III. MEASURED PERMITTIVITY, CONDUCTIVITY AND
THICKNESS OF CEMENT BASED SAMPLES

Test | Permittivity Width Conductivity
Sample E, d (cm) o (S/m)
SS4 6.116 6.65 0.1697
SS6 6.564 6.43 0.2796
C5 7.587 7.15 0.2234

TABLE IV. MEASURED PERMITTIVITY, CONDUCTIVITY AND
THICKNESS OF STANDARD SAMPLES

Sample Teflon PVC PMMA
e Standard [6] 2.10 2.57 2.34
" Calculated 222 2.73 2.69
(o Standard [6] 0.0065 0.0319 0.0826
(S/m) | Calculated 0.0075 0.0530 0.0473
d Actual 2.50 2.50 2.50
(cm) | Calculated 2.51 2.38 2.34

IV. CONCLUSION

In this work, the dielectric constant, the effective
conductivity and the thickness of various concrete and mortar
samples having different compositions as well as different
water to cement ratio have been measured using the microwave
non-destructive testing procedure. It has been observed that by
increasing the w/c ratio, the effective dielectric conductivity of
the sample usually increases. The technique would be applied
in future to study some actual building structures.
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Abstract—Errors due to inevitable cable flexure are one of the
major error and uncertainty sources in high-precision S-
parameter measurements. Recently developed two-port
electronic calibration units allow for determination and
correction of these errors. A method is presented where such a
unit is applied to de-embed cable flexure errors in S-parameter
measurements. In a series of steps, the effects of the cable as well
as from the electronic calibration unit itself are determined and
subsequently corrected for. First results show that using this
method, cable flexure errors can be decreased with a factor of 5
to 10, with the most significant gain at the higher frequencies.

Index Terms — S-parameters, cable errors, VNA, PNA, cable
flexure, impedance, de-embedding, measurement techniques, RF.

I. INTRODUCTION

The accuracy of vector network analysers (VNAs) is
continuously increasing, driven by high-demanding applica-
tions in for example aerospace and semiconductor device
industries. Industrial measurements of S-parameters are now
approaching uncertainties so far only achievable by national
metrology institutes (NMIs). With the improved uncertainties
in S-parameter measurements, effects that previously were
relatively small are now becoming more important.

One of these effects is errors due to flexing of the cable
connecting the device under test (DUT) to the VNA. They
presently have become a dominant uncertainty source in high-
precision transmission measurements. Recent published work
has focused on characterization and subsequent minimization
of such errors [1-2]. While this work has been successful in
significantly improving uncertainties in S-parameter measure-
ments, still a non-negligible effect of cable flexure remains.

In this paper, a method is proposed for de-embedding cable
flexing errors in S-parameter measurements. The method
exploits a two-port electronic calibration unit, but traceability
in the measurements is still realized via coaxial reference
standards. After a description of the proposed method, the first
experimental results exploiting the method are presented and
discussed.

This work was funded through the European Metrology Research Program
(EMRP) Project SIB62 ‘Metrology for New Electrical Measurement
Quantities in High-frequency Circuits’ and the Dutch Ministry of Economic
Affairs. The EMRP is jointly funded by the EMRP participating countries
within EURAMET and the European Union.
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II. PROPOSED ANALYSIS METHOD

The S-parameter measurement system for two-port devices
used in this study consists of a two-port VNA (PNA 5225A
Metrology grade) and a pair of 1.85 mm high-precision
flexible test-port cables. The cable connected to Port-1 of the
VNA is kept in a fixed position and is not moved during the
measurements. The cable connected to Port-2 is moved in
order to enable the calibration and device under test
measurements. Both test-port cables are terminated with high-
precision test-port adapters.

The proposed method utilizes a two-port electronic
calibration unit (ECU) as integral part of the S-parameter
measurement system as shown in Figure 1. One port (port B)
of the ECU is connected to the movable flexible cable of the
VNA and the other port (port A) of the ECU serves as the new
test-port of the VNA.

The concept on the new method relies on the possibility of
realizing an automated one-port calibration after each
movement of the cable without the need of disconnecting the
device under test. Through this one-port calibration any
discrepancy due to flexing of the test-port cable is detected
and subsequently can also be corrected for. The method
assesses the error through reflection coefficient measurements,
and hence can also be used to correct one-port reflection
coefficient measurements.

VNA
Ooodo
oogo
oogo
PORT 1 PORT 2
fixed
KEae
Ref, Ref,

Figure 1. Schematic diagram of the new S-parameter measurement
system including an electronic calibration unit to de-embed errors
due to flexing of the cable connected to Port-2 of the VNA. Ref; and
Ref;indicate the reference planes in the measurements (see text).



Port-2 of the VNA, including an ECU in the measurement
path, is calibrated through a three-tier calibration process.
Each step uses a short-open-load (SOL) based calibration
method [3] at a different reference plane to characterize error-
terms for individual parts of the measurement system. Figure 2
shows a graph of the signal flow of VNA Port-2.

Ref, Ref,
Plane Plane
VNA + Cable ECU
1 1 ®
a > T >
Y A “\ Y A T
€00 e1 \ Ew(AB1) En(AB1 3
\ [
b < < - < 2
€10€o1 I E1oEoi(AB1)
I-raw

Figure 2. Signal flow graph of Port-2 of the S-parameter measure-
ment system, having an electronic calibration unit (ECU) as

integral part of the system. The active switches inside the ECU are
omitted for clarity.

The calibration process starts with positioning the Port-2
cable at the starting position. Subsequently, waiting time is
included in the process to allow for the cable to stabilize.
Before connecting the ECU, a set of SOL-based calibration
measurements I, (raw) are performed at the test-port
connector of the flexible cable. This serves as the first
reference plane Ref; in the three-tier calibration process, see
figures 1 and 2. Using available reference data I, for each of

the three calibration devices used in the SOL calibration, the
three error-terms VNA, related to the VNA and the test-port

cable are calculated at the starting position using the following
equation:

I T, -T(raw) =T, |e, I (raw)
1 T, -I,(raw) =T, || e, |=|T,(raw) 1)
1 I, - I (raw) -T1,|| A I, (raw)

€€ = €y "€ -A

Here, the error terms eyy, e;; and eqgeqy; represent
directivity, source match, and reflection tracking of the
calibrated VNA respectively and T,

corrrepl  denotes  the

reflection coefficient seen at reference plane Ref), the test-port
connector of a calibrated VNA.

Having calibrated the system up to the Ref reference plane,
port B of the ECU is connected to the test-port connector. A
second set of measurements is performed by measuring the
three internal impedance states I'g(12,3) associated to port B
of the ECU, as shown in Figure 2. Using previously calculated
error-terms VNA, of the VNA, calibrated data for each
impedance state is determined using:

me(i) — €y
€€, te,- (F

Lot () =
e () =¢y)

2

This calibrated data serves as reference for each state in the
following » measurements and is used to recalibrate the VNA
VNA, up to reference plane Ref; after each movement of the
test-port cable.

The ECU is part of the measurement system and port A is
the new reference plane Ref, of the VNA, see Figure 2. A
third and final set of SOL-based calibration measurements are
performed at the reference plane Ref,. These measurements
are used to determine error-terms related to the port A and
port B through-state of the ECU and are needed to propagate
measurement results from reference plane Ref; to Ref,. The

ECU error-terms ECU(AB) are -calculated using the
following equation:

L rn-r O =T E,4B)| | T, .1
1L n.r Q@ -Li|E B)|\=T, .. (2) 3)
L nr .G& -n Al D)

E,E, (ABl) = E, (AB1)- E, (AB1) - Al

Here, the error terms E,(4AB1), E,,(ABl) and E E, (ABl)
are calculated. The error-terms represent the directivity,
source match, and reflection tracking of the through state
between port A and port B of the ECU. The SOL
measurements performed at reference plane Ref, are first

corrected using equation 2, resulting in I, ,.r (m) . This de-

embeds the errors up to reference plane Ref; from the
measurement data and this data serves as input for equation 3.

In the following device under test calibration, the cable
flexure error is assessed by recalibrating the VNA up to
reference plane Ref;. The recalibration is performed by
measurement of the ECU internal port B impedance states.
The reference data of these states is determined earlier using
equation 2. With the new set of VNA error-terms VNA,, the
measurement system is calibrated up to reference plane Ref;.
The same set of ECU error-terms ECUy(AB) is then used to
transfer the measurement results from reference plane Ref; to
Ref, using the following equation:

Fcarr,refl (7) - EOO (A4B1)
E10Eo1(AB) + Ey1(AB1) - [Tyopr rer1(J) — Ego(ABD)

rcorr,rgf’z )=

“



III. EXPERIMENTAL APPROACH

A series of experiments are conducted to study stability of
individual parts of the measurement system used for the
proposed method outlined above, see Figure 1. First the VNA
stability is investigated, followed by a study of the stability of
the ECU impedance states as calibration devices.

The stability of the VNA is investigated using a set of
mechanical SOL devices as reference (see Figure 3a). Each
SOL device is connected directly at Port-2 of the VNA and
subsequently  reflection coefficient measurements are
performed every 15 minutes for a full day, resulting in 96
measurements for each device. The error-terms of the VNA
are calculated using this data, resulting in 96 sets of VNA
error-terms. The standard deviation for each VNA error-term
serves as a figure of merit for assessment of VNA stability.
These error-terms include 3-day drift, noise, and non-linearity
effects, resulting in a worst-case stability analysis of the VNA.

In the second experiment the VNA stability is investigated
using the different ECU impedance states as calibration
devices for SOL-based calibration of the VNA. Port B of the
ECU is connected directly to Port-2 of the VNA (see Figure
3b), and the three ECU impedance states seen from Port B of
ECU are used as calibration devices, whereas Port A is
terminated with a high-reflect short device. The three ECU
impedance states are measured, together with the through state
between Port A and Port B of the ECU. So, four ECU states
are measured, again with 15 minutes interval during a full day,
resulting in 96 measurements for each impedance state. Again,
the error terms of the system are calculated, resulting in 96
sets of worst-case error terms, that now not only include VNA
imperfections but also ECU imperfections, such as impedance
state stability, switch stability, noise, and non-linearity effects.

Finally, the applicability of the new proposed method is
studied using the setup depicted in Figure 3c. For the actual
measurement of cable flexure effects up to 50 GHz, a high-
precision flexible coaxial cable with 1.85 mm male connector
was selected. The cable is moved between two predefined
ends, 80 mm apart, using a special-purpose horizontal
translation stage [2]. After reaching the outer end, the

movement in opposite direction is initiated. In this way, two
sets of data are obtained, one for each movement direction. In
addition, after each movement, three port B impedance states
of the ECU are measured together with through (AB) state.
Port A of the ECU is terminated with a high reflect short
device. Reflection coefficient measurements are performed
with fifteen minutes delay between the movements. A total of
18 sets of measurements are performed at each measurement
position.

IV. MEASUREMENT RESULTS AND DISCUSSION

The first two experiments give results for the VNA error-
term stability, measured using mechanical SOL devices and
ECU impedance states as calibration devices. The three error-
terms of the VNA Port-2 are determined up to an identical
reference plane in both experiments. In Figure 4 the standard
deviation of VNA EjEy-term is depicted for both
experiments. Each standard deviation value is determined
from a set of 96 measurement values. The (red) data points are
results corrected using mechanical SOL calibration devices.
The (blue) data points are results corrected using ECU
impedance states as SOL calibration devices. The other two
error-terms, Eyy and E;;, are similar for both experiments such
as the transmission/tracking term shown in Figure 4.

From the data in Figure 4 it can be seen that the standard

deviations of the two first experiments essentially are equal.
Only for the real part the second experiment, with the ECU,
shows a slightly larger noise in the measurements in the
frequency range from 25 GHz to 41 GHz. We thus can
conclude that over the time scale needed to perform the
measurements, the ECU Port B impedance states hardly add
any noise and/or instabilities to the VNA measurements.
The following presents the experimental results conducted to
investigate the stability of measured reflection coefficient via
the through state, between Port A and B, of the ECU. The
investigation focuses on studying the impact of an active
device such as the ECU on S-parameter measurement and is
investigated as described in experiment 2.

VNA VNA VNA
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Figure 3. Measurement system used for the three subsequent stages of the experiment (a — ¢, from left to right).
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Figure 4. Measurement results for the VNA E;Eq-term. The
standard deviation for real (top graph) and imaginary (bottom
graph) component of E;4E,;. The (red) data points are results for
EEy; determined using mechanical SOL standards at VNA test-
port. The (blue) data points are results for E,E,; determined using
three ECU impedance standards at VNA test-port.

In Figure 5 the standard deviation of calibrated reflection
coefficient of high-reflect short device is depicted for
experiments 2 and 3. Each standard deviation value is
determined from a set of 96 measurement values. The (black)
data points are results corrected using ECU impedance states
as SOL calibration devices without using the flexible cable,
see experiment 2 details. In this experiment the reflection
coefficient is determined up to Port B of the ECU. The (blue)
data points are results corrected up to Port A of the ECU using
classical SOL calibration performed once at the start of the
experiment 3, using mechanical calibration devices. The (red)
data are results corrected also up to Port A of the ECU as
proposed in the new method. For data in (blue) and (red),
measurement results from same experiment 3 are used as
input.
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Figure 5. Measurement results for a high-reflect short termination,
showing the standard deviation for magnitude (top) and phase
(bottom). The (blue) data points are data corrected according to
the classical SOL calibration using mechanical standards at the
start of the measurements. The (red) line is data corrected
according to the proposed method. The (black) line is data
corrected using ECU based calibration method without using the
flexible cable.

From the data in Figure 5 two main conclusions can be
drawn. First of all, the proposed method for de-embedding
cable flexure noise and errors using an ECU unit gives a
largely improved standard deviation in the measurement data,
both for magnitude and phase, with respect to the conventional
method using just SOL calibration with mechanical calibration
devices at the start of the measurements. Secondly, the
standard deviation in the measurements using a cable that is
achieved with the new method using the ECU is close to
(magnitude) or even essentially equal to (phase) the standard
deviation achieved for the ‘bare” VNA and ECU itself. This
indicates that the new method is quite effective in reducing
cable flexure noise in VN A measurements.



This finding is confirmed in the final experiment where a
high-reflect short device connected to port B of the ECU is
measured for two cable positions (see Figure 3c). Figure 6
shows the measured magnitude and phase error between the
two measurements positions, 80 mm apart. The (blue) data
points are data achieved as in a traditional SOL calibration
performed at the beginning of the measurements using
mechanical calibration devices. The (red) line gives the data
after re-calibrating the VNA according to the proposed
method, described in the previous section.

It can be seen that the results achieved with the new method
have a significantly reduced error that is approaching the
standard deviation levels shown in Figure 5. In other words:
the new method seems to be able to correct for cable flexure
errors to almost within the noise.
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Figure 6. Measurement results for a high-reflect short termination.
The magnitude and phase difference between two measurement
positions (80 mm apart) is plotted for a high precision 1.85 mm
flexible cable tested up to 50 GHz. The (blue) data points are
uncorrected data; the (led) line is data corrected according to the
proposed method.

V. DISCUSSION & CONCLUSIONS

We have evaluated the possibility of improving the noise
and errors in S-parameter measurements by use of an
electronic calibration unit (ECU). The measurement results
show a significant improvement comparing the results of the
proposed method with respect to those using only a standard
SOL calibration with mechanical reference standards. In
general, the noise in S-parameter measurements caused by
cable flexure is reduced to almost the level of the VNA itself.
A factor of 5 to 10 reduction in size of the cable flexing error
is achieved.

There are some limitations of the new method. For example,
the stability does decrease when propagating calibration
results via the through state (ports A and B) of the ECU. Also,
it is not possible to distinct cable errors from errors arising
from the electronic calibration unit. Hence, the stability of this
unit becomes an important remaining source of uncertainty
after de-embedding of the cable flexure errors. The results
presented in this paper already show a quite good stability of
the ECU. This likely will further improve with continuous
development and performance enhancement, so it may be
expected that the next generation of electronic calibration
units will become a permanent part of S-parameter
measurement systems.

The current method is tested on a one-port device, but it
should also be applicable to transmission measurements as
well. Therefore, in our future work, this method will also be
extended to correction of cable flexure errors in transmission
measurements.
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Abstract — A novel broadband non-resonant Thru-Line (TL)
technique is proposed for the extraction of substrate complex
permittivity, while the influence of the end-launch connectors is
fully suppressed. The main difference to the traditional TRL
techniques is that only two calibration standards are needed and
the length difference between Thru and Line is much larger than
a quarter of a wavelength at the central frequency of the band.
The larger effective line length increases sensitivity to the
substrate losses, and allows accurate measurement at lower
frequencies. The technique uses the measured propagation
constant in a 3D EM field simulator for the complex permittivity
extraction. This TL technique has been verified experimentally
for microstrip and grounded coplanar waveguide transmission
lines using RO4350B substrate in the frequency range 45 MHz —
26 GHz. A ring resonator coupled to microstrip line was used as
the verification DUT.

Index Terms — Calibration, complex permittivity, EM
simulator, propagation constant, TRL, two-tier calibration.

I. INTRODUCTION

Over the last decade many papers have been published on
the extraction of substrate complex permittivity using various
techniques. Two of the most commonly used techniques are
the permittivity extraction using a weakly coupled resonator
that is printed on PCB [1], [2], or a rectangular closed
resonator made from PCB exploiting the volumetric modes
[3].

A common drawback of the above mentioned techniques is
the influence of the probes that are used for the coupling to the
resonator [4]. They either influence the accuracy of the
dielectric loss estimation or they limit the usable frequency
range. Therefore we focus in this paper on the TRL-like
techniques that allow a full correction of the probes [5], [6]. In
contrast to the resonator techniques, a transmission line
approach provides output data evenly distributed across the
whole frequency range (not just at the discrete points of the
resonances).

It has been shown in [7] that the propagation constant of a
transmission line can be determined by solving the eigenvalue
problem. Then the propagation constant can be used for the
complex permittivity extraction as has been shown in [8] for
waveguide in X-band. In other work, wideband extraction has
been applied to a low-loss CPW line in the frequency range 1 -
110 GHz [9]. The related error analysis has been performed in
[10].

We show in this paper that the TL technique can be used to
extract properties over a wide frequency range and that an
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Fig. 1. 8-term error model.

electromagnetic (EM) field simulator can form part of an
efficient extraction algorithm that requires just a few full-wave
EM simulations.

II. THRU-LINE CALIBRATION TECHNIQUE

The Thru-Line technique uses the 8-term error model that is
depicted at Fig. 1. In the following sections we assume that
the VNA is pre-calibrated using an OSML calibration kit.
Thus the error model corresponds just to the test fixture
including the connectors. The goal is first to derive the
propagation constant of the transmission line based on
measured S-parameters, then to use this propagation constant
for the extraction of complex permittivity using the 3D EM
field simulator.

A. Propagation constant

The measured S-parameters in the forward direction are
expressed as follows

S _ elOS21€32
21M T

(M

2
1- 811511 - 622522 —€ 1S21622S12 + 611S1 1622S22

elOSlleOI (1 — 822522) + 610S21622S12601
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1-¢,S8,, —€,S,, —€,5,6,5, +€,5,,€,5,

Assuming that the error model is symmetrical and
reciprocal, which means S]]:SQQ, Sg]:SIZ, €pp=€33, €11=€2 and
ejp=eg;=e3;;=ey;, the equations for the transmission and
reflection coefficient are further simplified
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The measured S-parameters for the Thru calibration
standard (S;;=0, S,;=1) can be written as

2
€o .
Sor = -2’ (%)
—€
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_ 10611 _
Sir=¢pt —o? €0 T 517615 (6)

and the measured S-parameters for the Line calibration
standard (S;,=0, S,;= e'VL) can be written as
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SllL - eOO + l_ez 6727L - eOO + SZlLelle > (8)
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where y is the propagation constant of the transmission line
and L is the physical length difference between the Thru and
Line standards. By substitution of ¢, from (6) to (8) we get

e—;/l_ _ SHL _S]]T +S21Tell ) (9)
S8
Then by further substitutions of e” from (9) to (7) and e,,’
from (5) to (7) we get a quadratic equation for ey,

GIZISZIT Ay tey (52217 _S221L +A121)+Sz1r Ay, =0, (10)

where A;=S;;;-S;;7. Then by solving this equation and
substitution of the roots for e¢;; back to (9) we can write the
final equation for the term including the transmission line
propagation constant, which depends only on the measured
S-parameters

e’?L — SZIL 1+ 2A]21

S 2 '
A Szzlr - S221L - Alzl * \/(Szzu - SZZIT + Alzl) - 4S21LA12]
(1)

Since we get two roots of the equation (10) the resulting
transmission coefficient " has two solutions too. However
the selection of the right root is easy thanks to the first-tier
OSML calibration. We know that the transmission line is a
passive 2-port network and therefore the absolute value of its
transmission coefficient must be below one.

The transmission coefficient ¢”" is calculated in (11) just
from the subset of S-parameters that represent the forward
direction. However the coefficient ¢’ can be calculated from
the S-parameters of the reverse direction too. Since the test-
fixture is not perfectly symmetrical the transmission
coefficients will be different and slightly rippled. This ripple

can be minimized by using the average value of those two
coefficients for the complex permittivity extraction procedure.

The transmission coefficient e’ could alternatively be
calculated from the full set of measured S-parameters
considering a general asymmetrical error model as described
in [7] and [8]. The two eigenvalues can be expressed as
follows

M M (0 MY+ an A
Ay = .

. (12)

where
-1

M" =M [M' ], (13)

where M" and M" are measured cascade matrices of Line and
Thru respectively. They are calculated from measured
S-parameters using the conversion formula

M = Lj{slizsél —iSli]Séz S]ilj. (14)
S ) 1

Finally the transmission coefficient can be written as

RN PR
e _2{,11”%], (15)

where L is the length difference between Line and Thru and y
is the propagation constant of the transmission line.

B. DUT S-parameters

In order to get DUT S-parameters an additional Reflect
calibration standard would be required for the full VNA
calibration [11]. Nevertheless it has been shown in [12] that
the error terms can be obtained using just two lines with a
different length in the case of the symmetrical error model.
We use a similar approach and thus the terms can be estimated
as follows

S =S
e“ — 111 17 , (16)

S,,e7t =8,

e =S, —Syreys (17)
en=S(1-¢,)=

ey =[S (1-&, )| exp(Larg (S, (1-¢,)))-

where S\, and S,,, are measured S-parameters of the Thru and
Line respectively. The S-parameters of the DUT can be
calculated using the matrix equation for cascaded t-parameters

T=T,'T,T,", (19)

(18)

where T is the cascade matrix of the DUT, Ty is the matrix of
the measured t-parameters, and Tx, Ty are matrices of the



symmetrical error model that are calculated from the error
terms

1(1 —e 1(1 —e
T, :—( , j, T, :—[ , j (20)
€0\ €0 €0~ € €0\ G0~ %o

Finally the DUT S-parameters are converted from the
cascade T matrix

SDUT _ i(tzl Ity _tIZIZI]. (21)

tl 1 1 Z‘12

Please note that in contrast to [12] the TL technique does
not require knowledge of the line characteristic impedance.
The propagation constant results automatically from the self-
calibrating process given by the equation (11).

C. Bandwidth, singularities

If the length difference between the Line and Thru
measurements corresponds to a multiple of a half-wavelength
then the difference between the reflection coefficients, A, is
equal to zero for an ideal loss-free transmission line. This is a
problem for the TRL technique that practically limits the
relative bandwidth to an 8:1 ratio. This limitation does not
apply when extracting the transmission line coefficient e
using the TL technique. It can be shown that

S

Jim e =g (22)
1" Sour

Therefore the solution doesn’t suffer from the singularities
and the curve of e is smooth across a wide frequency range.

III. EXTRACTION OF COMPLEX PERMITTIVITY

Extraction of the complex permittivity is performed using
the workflow described by the flowchart in Fig. 2, in which
the EM simulation plays a central role. In the first step we
calculate e’* from the measured data using (4). Since the
material properties are defined in the EM simulator as a table
the discrete frequency points where the phase of e is + 90
deg are determined. They correspond to multiples of the
quarter-wavelength length difference between Thru and Line.
In the third step the initial table for the real part of the relative
permittivity &, and the loss tangent tg 6 is created based on the
material property values from a datasheet. Then we perform
two EM simulations (we used CST MICROWAVE STUDIO
[13]) of the transmission line, first using the initial complex
permittivity, and then again for slightly different values of
dielectric constant and loss tangent in order to calculate how
sensitive S,; is to those properties. In the next step the tabular
material properties are corrected in the sense of inverse
gradient that is estimated by the differences in the previous
step. Finally the EM simulation is performed with the
corrected table values. The loop is terminated as soon as the
error between the measured and simulated S,;, parameter is

( Load measured S-parameters )

y

| Calculate e~ 7- |

)

| Select freq. points where arg(e~"% ) =+ 90 deg |

l

| Create initial table of &,(f) and tg 6§ (f) |

)
—>{  Caleulate d|Sy]/d tg § and d(arg(S21))/d &, |
I

| Correction of table for &, (f) and tgd (f) |

!

| Calculate S,; in EM simulator |

S22l — eV < &M

arg(S;,) —arg(e ") < &P

Fig. 2. Flowchart for the complex permittivity extraction.

smaller than the required accuracy &y and & for the magnitude
and phase respectively.

It is important that the transmission line model used in the
3D EM field simulator accurately takes into account the
effects of the manufacturing process. Therefore we considered
the so called etch-factor, which describes the chamfer angle of
the trapezoidal metal strip cross-section that is used instead of
the rectangular shape, and the over-etching effect that makes
strips narrower and gaps wider. The surface roughness of the
metallization as well as the effect of nickel/gold plating are
also considered.

IV. EXPERIMENTAL RESULTS

The extraction procedure described above was applied to a
microstrip and grounded coplanar waveguide (CPWGQG) line
with a length difference between Thru and Line of Z = 50 mm.
The four transmission lines were manufactured on RO4350B
substrate together with a parallel-coupled ring resonator,
which is used as a verification DUT. The manufactured set-up
is shown in Fig. 3. The substrate thickness is 0.508 mm and
the microstrip line width is 1.08 mm. The CPWG has a gap of
0.25 mm and a strip width of 0.707 mm. The vias of the



Fig. 3. Manufactured sample on RO4350B. From the top: CPWG
Thru, CPWG Line, parallel-coupled ring resonator DUT, microstrip
Line, microstrip Thru.
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Fig. 4. Dielectric constant and loss tangent.

CPWG had a diameter of 0.3 mm and placed every 1 mm
along the line. The copper metallization (43 pm thickness)
was plated with nickel/gold layers (4 pm and 0.09 pm
thickness respectively). The etch factor was calculated from
microscopic measurements of the microstrip line dimensions
to have an average value of 62 degrees. The over-etching was
measured to be 33 um on average. Southwest Microwave
SWMI 1092-02A5 end-launch connectors have been used for
the connection to a ZVA 67 Rohde & Schwarz vector network
analyzer.

The extraction algorithm converged in just three iterations,
yielding the dielectric constant and the loss tangent shown in
Fig. 4. The complex permittivity extracted using the
microstrip line was subsequently used in the EM simulator to
calculate the response of the ring resonator. The resulting
S-parameters are compared to measurement in Fig. 5. The
measured S-parameters have been estimated by using the
symmetrical error model as described above. There is an
excellent agreement between simulated and measured S5; in
terms of resonance positions and the insertion loss. The largest

S21 [dB]

24.2902 GHz
-5.47 dB
6 F----- -124.2837 GHz

: -6.48 dB

0 5 10 15 20 25 30
Frequency [GHz]
== == Measurement

Simulation

Fig. 5. Comparison of the simulation and measurement for the
microstrip ring resonator.

difference between measured and simulated resonance
positions is marked in Fig. 5. The magnitude at the resonances
is slightly different, indicating that the coupling to the ring
resonator seems to have been overestimated by the simulation.

We believe that the reason of the reduced coupling between
the microstrip line and the ring resonator can be explained by
the anisotropic permittivity as described in [2]. The microstrip
line that is used for the extraction corresponds to vertical
permittivity, while the coupling between the microstrip and
the ring resonator is rather related to the horizontal
permittivity, which is slightly smaller than the vertical one for
the RO4350 substrate [2].

The difference between the loss tangent calculated using the
microstrip line and grounded coplanar waveguide deserves
further research. We suspect that the reason for such a big
discrepancy might be the underestimated losses at the sharp
edges of the metallization in the 3D EM model.

A comprehensive uncertainty analysis was beyond the
scope of this short paper, but this would form an important
part of future work. The influence on the extracted results of
differences in the dielectric properties of different batches of
substrate, as well as differences in the etching and plating
processes, should be taken into account.

V. CONCLUSION

We have shown that an EM field simulator can be
accurately calibrated in terms of the substrate complex
permittivity using a TL technique, and verified the extraction
process using the ring resonator as an independent DUT. The
advantage of this method is that we need only two
transmission line samples. In addition, the data processing is
easy and straightforward. On the other hand an OSML pre-
calibration of the VNA is required. Since the assumption of
the error model symmetry is not fully satisfied, DUT S-
parameters accuracy could be further improved if a multiline
TRL calibration technique were used.
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HFTools - An open source python package for
microwave engineering
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Abstract—This paper presents HFTools an open source python
package for microwave engineering. The focus of the development
of the package at this time is fundamental tools, e.g. file 1O,
dataset object, array object, and multiport object. The basic
HFTools package contains tools for reading data files in several
common formats, e.g. touchstone, mdif, and citi. The package
also contains tools for conversion of multi-port parameters. The
paper presents the capabilities of the package by a series of short
examples.

I. INTRODUCTION

When analyzing measurement data it is inevitable that you
need to use a computer to plot results, compute new results
from measurements, or convert results into another form e.g.
by converting between file formats.

If you choose to use matlab, excel or mathematica you will
also need other toolkits that support microwave problems. If
they exist they tend to have expensive license fees, especially
if you are not part of an academic institute.

To simplify future collaboration we have decided to improve
on the scientific python stack commonly known as scipy [1] by
developing a new library, HFTools [2], of routines that support
common microwave file formats, classes for multi-ports, and
simplified plotting. A description of some of the python tools
already available to the microwave engineer was given in [3]

There are other toolkits available one noteable example is
scikit-rf [4] which contains quite a lot of useful functionality
described in part in [5]. The HFTools is at this time more
focused on the fundamental datatypes, e.g. array objects and
dataset objects. We hope that once the development of our
fundamental datatypes stabilizes we can increase collaboration
between the projects.

We hope open source projects like these [2], [4] will
promote sharing of ideas and that they will become another
means of disseminating research results not just in papers but
also in software tools that the user can adapt to their own
problems.

II. EXAMPLES

In this section we will give a number of examples to show
what the hftools package can do at this time. The examples
are given as they would be typed in an interactive python
environment. User input is shown >>>, output is shown in
italics. All examples assume that the following imports have
been made

978-1-4799-4423-1/14/$31.00 ©2014 IEEE

import numpy as np

import hftools.plotting as hfplot

import matplotlib.pyplot as plt

from hftools.file_formats import read_data

from hftools.dataset import hfarray, DimSweep,
DimRep

from hftools.networks.multiports import SArray,
ZArray, YArray

np.set_printoptions (precision=3, threshold=5)

A. Example 1. numpy array

The first example will briefly describe the standard numpy
array object. A numpy array is an n-dimensional array where
every element is of the same type, e.g. float or complex
number. The standard array can have up to 32 dimensions. Op-
erations on the array object is usually performed elementwise.
Adding to arrays requires the dimensions to match in size. A
dimension that is of length 1 in array a can be broadcasted
over the same dimension in array b with length n.

Examples:

>>> np.array ([1])
array([2, 3, 4])
>>> np.array ([[10],
[2011)
12, 13],
22, 23]])

+ np.array([1l, 2, 3])

+ np.array([[1l, 2, 311)
array ([[11,

(21,

If the number of dimensions don’t match the smaller array
gets new dimensions of length 1 added:

>>> np.array ([[10],
[2011)

12, 13],

22, 23]1])

+ np.array([1l, 2, 3])
array ([[11,

(21,

B. Example 2. hftools hfarray

The hftools package contains a modified array that is
extended by having named dimension instead of anonymous
dimensions. This enables automatic matching of dimensions
when broadcasting.

>>> a = hfarray([1l., 2.1,
dims=(DimSweep ("Vds", 2),)) +
hfarray([1l, 2, 31,
dims=(DimSweep ("Vgs", 3),))
>>> a
hfarray([[11., 12., 13.],
[21., 22., 23.]])

>>> a.info



(DimSweep (’Vds’,
DimSweep (' Vgs’,

shape=(2,)),
shape=(2,)))

The drawback is more verbose code when defining arrays,
this is usually not a big problem when most arrays are created
by reading data from disk. The DimSweep object is used to
name dimensions it also contains properties that about the unit
or data associated with the dimenasion.

>>> fi = DimSweep ("freq", 3)

>>> fi.data

array ([0, 1, 2])

>>> fj = DimSweep ("freq", [le9, 2e9, 3e9],

unit="Hz")
>>> fj.unit
rHz’
>>> fj.data

array ([1.000e+09, 2.000e+09, 3.000e+09])

C. Example 3. hftools read_data

The hftools package can read a number of file formats. The
file io functions return a DataBlock object that contains all
data in the file. Variable names in the files are normalized
such that a number of spellings of frequency is transformed
into freq, units are also detected. Matrix indices are usually
named i, and j.

>>> d = read_data("transistor.s2p")
>>> d
Blockname: transistor.sZp

sweep vars:

freq [Hz] <101> min: 1.0 GHz max: 50.0 GHz
i [] <2> min: 0.0 max: 1.0
bi [] <2> min: 0.0 max: 1.0
FILEINDEX [] <1> min: 0.0 max: 0.0
Dependent vars:

S [] <101x2x2>

z0 [Ohm] <>

Vds [V] <>

Id [A] <>

Ig [A] <>

Vgs [V] <>

FILENAME [] <>

#S-parameters at first frequency

>>> d.S[0]

hfarray ([[ 9.926e-01-0.0537,
[-2.460e+00+0.1197,

1.109e-03+0.0087],
6.223e-01-0.037 ]1])

#Matrix elements can also be accessed by

>>> d.S11[0]

hfarray ([ 0.993-0.0533, 0.990-0.0787,
0.985-0.1043, ..., —-0.240-0.7287,
-0.243-0.7093, -0.256-0.6947])

#The unit of the variable can be accessed

>>> d.z0.unit

/Ohm’

>>> d.freqg.unit

/HZ/

>>> d.S.unit

None

D. Example 4. Plotting

HFTools extends matplotlib (a python plotting library) [6]
to simplify plotting. The first dimension of the variable to be

plotted is used as x-axis and is automatically extracted and
used. By importing hftools.plotting some extensions
to matplotlib are available e.g. the default when plotting a
complex variable is to plot in the complex plane, or by
giving a projection argument to the subplot command we
can choose a function to apply before plotting (e.g. db,
mag, deg, groupdelay, real, imag ...). The xlabel_fmt or
ylabel_fmt commands can be used to set the axis labels.
Use an empty pair of brackets ([]) as a place holder for where
the unit should be placed in the label, if possible the x-values
will be scaled by an appropriate si-prefix, see Fig. 1 where
the x-axis data is scaled to GHz.

>>> d = read_data("transistor.s2p")
>>> plt.subplot (111, projection="db")
>>> plt.plot (d.S11)

>>> plt.plot (d.S22)

>>> hfplot.ylabel fmt ("Sii []")

Sii [dB]

0 10 20 30 40 50
Frequency [GHz]

Fig. 1. Example 4. Transistor S-parameters

E. Example 5. Network conversions

It is also possible to convert an hfarray to a network object,
the network object can be easily converted between forms.
Below we can see how to convert S-parameters into Z- and
Y-parameters, Fig. 2.

>>> d = read_data("transistor.s2p")

>>> d.S = SArray(d.S)

>>> d.Z = ZArray (d.S)

>>> d.Z.unit = "Ohm"

>>> d.Y = YArray(d.S)

>>> d.Y.unit = "S"

>>> plt.subplot (211, projection="real")

>>> plt.plot (d.Z11)

>>> hfplt.ylabel_fmt ("real (Z11)
>>> plt.subplot (212,
>>> plt.plot (d.Y11)
>>> hfplt.ylabel_fmt ("real (Y11)

(rm

projection="real")

(rm




Id [mA]

real(Z11) [Ohm]

0 5 10 15 20
Vds [V]

Fig. 3. Example 6. IV-Curve

real(Y11l) [mS]

‘ ‘ If the data was taken on a hypercube grid we can reshape
10 Fzr‘;quency [ng] 40 50 the data. By plotting VDS_SET vs. VGS_SET each other we
can see that the bias points are not on a rectangular grid, Fig 4.

Fig. 2. Example 5. Transistor Z-parameters >>> axl = subplot (211, projection="real")

>>> axl.plot (dGaN.VDS_SET, dGaN.VGS_SET, "b.")
>>> axl.axis (xmin=-0.5, xmax=21, ymin=-5, ymax=1)
>>> axl.set_xlabel_ fmt ("Vds []")

. >>> 1. 1 1_f "V "
F. Example 6. Bias sweep axl.set_ylabel _fmt ("Vgs [1")

We have a dataset containing measured S-parameters at

. . . 1 T T T
different bias points. ol 1
>>> dGaN = read_data("data/GaN_data.hdf5") 2 ol LA i
>>> dGaN &l
Blockname: None 4| : i i H H i

-5 L L L L
sweep vars: 0 5 10 15 20
INDEX1 [] <310> min: 0.0 max: 309.0 Vds [V]
freq [Hz] <201> min: 100.0 MHz max: 40.0 GHz
i [] <2> min: 0.0 max: 1.0 Fig. 4. Example 6. Non-rectangular Vgs-Vds grid
J [] <2> min: 0.0 max: 1.0
Dependent vars: We can remove the extra points not on the hypercube grid
Date [1 <310> by filtering the dataset, see Fig. 5 for the resulting grid.
DS [] <310>
IGS [] <310> >>> dGaN_sub = dGaN.filter ((dGaN.VGS_SET<=0.) &
Index ] <310> (dGaN.VGS_SET>=-4.0) )
MeasType [] <310> >>> axl = subplot (211, projection="real")
s [1 <201x310x2x2> >>> axl.plot (dGaN_sub.VDS_SET, dGaN_sub.VGS_SET,
VDS [] <310> "H.m)
VDS_SET [] <310> >>> axl.set_xlabel_fmt ("vds []1")
VGS [] <310> >>> axl.set_ylabel_fmt ("Vgs []")
VGS_SET [] <310> >>> axl.axis (xmin=-0.5, xmax=21, ymin=-5, ymax=1)
z0 [Ohm] <310>

As we can see from the information of the dataset object
above the different bias points are indexed by the the INDEX1
variable and not by VGS_SET, and VDS_SET that contained
the settings used on the bias supply at each bias point.

Vgs [V]
b h b bs o

In order to plot an IV-curve we need to extract data for
constant Vgs this can be done by looping and indexing the £ £ = -
data, Fig. 3. vds [V]

N
o

>>> dGaN
>>> axl = subplot (211, projection="real")
>>> for vgs in sorted(set (dGaN.VGS_SET)) :

axl.plot (dGaN.VDS[dGaN.VGS_SET==vgs], Now we can reshape the dataset and get the data indexed
dGaN.IDS[dGaN.VGS_SET==vgs], "b") by VGS_SET and VDS_SET

>>> axl.axis (xmin=0, ymin=0)

>>> axl.set_xlabel_ fmt ("Vds []")

>>> axl.set_ylabel fmt ("Id []") >>> dGaN_cube = dGaN_sub.hyper (["VGS_SET",
- - "VDS_SET"],

"INDEX1")

Fig. 5. Example 6. Rectangular Vgs-Vds grid




>>> dGaN_cube

Blockname: None

sweep vars:

VGS_SET [V] <17> min: -4.0V max: 0.0 V
VDS_SET [V] <18> min: 0.0 VvV max: 20.0 V
freq [Hz] <201> min: 100.0 MHz max: 40.0 GHz
i [] <2> min: 0.0 max: 1.0

J [] <2> min: 0.0 max: 1.0
Dependent vars:

Date [] <17x18>

IDS [A] <17x18>

IGS [A] <17x18>

Index [] <17x18>

MeasType [] <17x18>

S [] <201x17x18x2x2>

VDS [V] <17x18>

VGS [V] <17x18>

z0 [Ohm] <17x18>

As we can see now we have index variables VGS_SET and
VDS_SET instead of the INDEX1 variable we had before. The
S-parameter array now has 5 indices: frequency, VGS_SET,
VDS_SET, i, and j.

With the data in a hypercube format we can more easily do
the I'V-plot.

>>> axl = subplot (211,
>>> axl.plot (dGaN_cube.IDS.T,
>>> axl.axis (xmin=0, ymin=0)
>>> axl.set_xlabel_fmt ("Vds
>>> axl.set_ylabel_fmt ("Id

projection="real")
llbll) ,.

[rm
[rm

Id [mA]

0 5 10 15 20
Vds [V]

Fig. 6. Example 7. Simplified plot of I-V curve

III. CONCLUSION

We have presented a new open source toolkit for simplifying
processing of microwave measurement data. There are other
toolkits using python available e.g. scikit-rf [4], [7], [8]. We
have focused on more low level tools, e.g. an improved array
type. It is hoped we can collaborate more in the future to
provide a more comprehensive toolkit.

By releasing this code as open source we want to promote
the future sharing of research results in the form of source
codes.
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Microwave Substrate Loss Tangent Extraction from Coplanar
Waveguide Measurements up to 125 GHz
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Abstract— We present a semi-numerical method to extract
the loss tangent of a low-loss microwave substrate material
from on-wafer scattering-parameter measurements of coplanar
waveguides of different lengths. We demonstrate the method
using test structures built on a SiO, wafer for frequencies up to
125 GHz.

I. INTRODUCTION

In this paper we propose a method for determining the loss
tangent of low-loss dielectric substrates in a wide frequency
range from coplanar waveguide (CPW) measurements. The
method applies a combination of analytic CPW models to
extract the loss tangent of the substrate material from the CPW
propagation constant, which is derived from uncorrected S-
parameter measurements of different line lengths.

When characterizing the permittivity of dielectric materials
several resonator measurement methods like the cylindrical
cavity resonator, the dielectric post resonator or the split-post
resonator are commonly used. Typical of all traditional res-
onator methods is a very limited frequency range. In contrast
to resonator measurement methods, where samples of the bulk
dielectric material are used, transmission-line based methods
require the fabrication of test structures on the substrate one
wishes to examine.

The new approach we present in this paper builds on the
methods introduced in [1] and [2] and allows for the wideband
extraction of the imaginary part of the complex permittivity
for low-loss microwave substrates from CPW measurements.

The method presented in [1] extracts both the relative per-
mittivity and the loss tangent from broadband measurements of
the propagation constant v with the aid of the quasi-static CPW
model of [3]. For low-loss substrates, however, the method of
[1] is quite limited, as will be shown in Section II. In [2], the
extraction of the real part of the complex permittivity is greatly
enhanced when using the CPW model of [4], which extends
the quasi-static model of [3] and accounts for all relevant
effects from conductor loss to high-frequency dispersion.

In the following sections we investigate the performance of
the methods of [1] and [2] when applied to fused silica, de-
scribe the new loss tangent extraction procedure, and compare
the results against different resonator measurements.

II. TEST STRUCTURES AND RESULTS FROM [1]

The extraction of material properties in the methods of [1]
and [2] relies on the accuracy of the two different CPW models
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Fig. 1. Relative permittivity of fused silica substrate measured with
the methods of [1] and [2].

[3] and [4], which both need the parameters of the CPW cross-
section as input. The input quantities of the CPW model of [3]
are the width of the ground planes w,, the center conductor
width w, the width s of the slot between center line and ground
planes, the relative permittivity ¢,, the dielectric loss tangent
of the substrate tand, the thickness ¢ and the conductivity x
of the metal layer, respectively. In the CPW model of [4], also
the substrate height hg is considered.

The CPW test structures were built in three different cross-
sections according to Table I. The cross-section dimensions
were measured with an optical multi-sensor coordinate mea-
suring machine at PTB. The chips corresponding to these
geometries were fabricated on the same SiO, wafer, and are
labeled ‘chip 11°, ‘chip 22, and ‘chip 23’ in the following.

Parameter Unit chip 11 chip 22 chip 23
w pm 87.8 105 119.1
s pm 9.2 11 12.1
Wy pm 436 521 591
t pm 0.5 0.5 0.5
hs pm 584.8 584.8 584.8
K MS/m 35 35 35
tan§ - 22-107% 2.2.107* 22.107*
TABLE I

Parameters of CPW test structures on fused silica substrate.
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Fig. 2. Loss tangent of fused silica substrate measured with the
method of [1] and with different resonator techniques at NPL.

We used the multiline TRL algorithm described in [5] to
determine « from uncorrected S-parameter measurements of
CPW lines of different lengths. The 4 available line lengths
varied between 1030 pym and 13300 pm. All on-wafer mea-
surements were performed on a ceramic chuck.

Figure 1 shows the relative permittivity extracted by the
methods of [1] and [2] for the three available cross sections.
Up to intermediate frequencies of about 50 GHz the two meth-
ods give similar results. For higher frequencies, the method of
[2] is superior due to the better CPW model of [4].

While for low-loss substrates, the method of [1] can be
used in a limited frequency range for determining the relative
permittivity for the given cross sections, the extracted loss
tangent, however, is wrong by several orders of magnitude.
This is shown in Fig. 2. For verification purposes, we included
measurements performed at the National Physical Laboratory
(NPL) at 10 GHz with a split-post dielectric resonator and at
39.5 GHz using an open resonator. The uncertainties are given
with a coverage factor k=2.

As stated in [1], the method is only recommended for
medium-loss substrates such as e.g. AF45, it is not meant to be
used for low-loss substrates. Furthermore, an accurate deter-
mination of the CPW conductors’ conductivity is mandatory
for obtaining reasonable estimates of the loss tangent.

III. NEW MEASUREMENT PROCEDURE

Figure 2 demonstrates that using a constant value for the
conductivity s of the CPW lines does not lead to satisfactory
results. Instead, a frequency-dependent conductivity value is
required, which better describes the relationship between trans-
verse and longitudinal losses in the coplanar waveguide.

To address this problem, we employ a new procedure to
determine a quantity we name equivalent conductivity, which
is determined from the measured CPW propagation constant.
The procedure, which is described in detail in [6], only needs

an accurate estimate of the loss tangent at low frequencies,
together with the CPW cross-section dimensions and the
measured CPW propagation constant.

One advantage of this approach is that it does not need
any information about the metal conductivity x, besides a
generous estimate of the minimum and maximum values
Kmins Kmax- This is replaced by the loss tangent estimate
at low frequencies. The most important input quantity, the
CPW propagation constant, is determined by measurement,
and contains all the relevant physical effects.

As described in [6], the equivalent conductivity is ex-
tracted from a numerical inversion of the CPW model of
[3]. Even though this inversion cannot capture all relevant
effects because of the limitations of the CPW model of [3],
we still expect it to provide us with reasonable results up to
intermediate frequencies. In [6], this technique is applied to
GaAs and Al,O3 substrates.

Figure 3 shows the equivalent conductivity for the fused
silica substrate used in this study. Fig. 3 also contains the
DC value of the conductivity, which was determined from
resistance measurements of the CPW conductors of different
lengths. From a physical point of view, we would expect the
effective metal conductivity to decrease with frequency. The
equivalent conductivity curves of Fig. 3 vary around a mean
value of roughly 32 MS/m, which is lower than the measured
DC value. The differences between the results for the three
different cross-sections are small.

55
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Fig. 3. Equivalent conductivity for SiO, substrate.

As an intermediate step, we determine the relative permittiv-
ity €, of the substrate material used for the CPW fabrication.
To this end, we employ the method described in [2], which
makes use of the more advanced CPW model introduced in
[4]. Since the method of [4] requires an estimate of the loss
tangent, we use the low-frequency value given in Tab. I.

In addition to the method of [4], we now apply
the frequency-dependent equivalent conductivity value (see
Fig. 3). However, the differences in the extracted relative
permittivity are negligibly small compared to the case when
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Fig. 4. Measured loss tangent for SiO, substrate.

the DC conductivity value is applied.

To finally extract the loss tangent, we also use the more
advanced CPW model of [4] together with the equivalent
conductivity determined in the first step and the relative
permittivity from the intermediate step. Our new procedure
applies a one-dimensional minimization to the scalar error
function defined by the square of the difference between
measured and modeled values of the normalized conductance
per unit length.

The conductance per unit length is normalized by the ca-
pacitance per unit length multiplied by the angular frequency.
The algorithm we use is based on golden section search
and parabolic interpolation in a given interval for the loss
tangent tand. In our investigations, we used the interval
107® < tané < 10~!. The minimization is performed for
each frequency point individually.

IV. MEASUREMENT RESULTS AND VERIFICATION

Figure 4 shows the loss tangent tan ¢ extracted using the
new measurement procedure over a frequency range from 0.1
to 125 GHz together with the resonator measurements per-
formed at NPL, which we already discussed in Fig. 2. The S-
parameter measurements of the CPW lines of different lengths
were performed with an Anritsu VectorStar vector network
analyzer. The total processing time for the 506 frequency
points was below 1 minute on an average desktop PC. We
did not encounter any convergence problems in our study.

In comparison to Fig. 2, the new approach demonstrates
a significant progress compared to the method of [1]. Even
though there is a dependence on the CPW geometry, the results
from the three chips still fall within the uncertainties stated
in the NPL measurements up to 39.5 GHz. Since we do not
have independent loss tangent measurements with sufficient
accuracy above 39.5 GHz, we cannot state the correctness of
our higher-frequency results with absolute certainty.

V. CONCLUSION

We investigated a new broadband method to extract the
loss tangent of low-loss dielectric substrates from on-wafer S-
parameter measurements of coplanar waveguides of different
lengths. The method uses a combination of both the quasi-
TEM CPW model of [3] and the more advanced model of [4].
It consists of three steps, which subsequently determine esti-
mates for the metal conductivity <(f), the relative permittivity
ex(f), and, finally, the loss tangent tan §(f).

We applied the method successfully to a fused silica sub-
strate and verified the results independently with resonator
measurements.
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Abstract — An alternate method for solid state noise diode
calibration is explored as an application of a noise parameter-
based measurement method. A microwave noise diode is
characterized over 4-18 GHz using the noise parameters of a
commercial noise measurement system, and the results are
compared to those provided by the manufacturer. The excess
noise ratio (ENR) obtained across the measurement band has a
mean difference of 0.102 dB with a worse case of 0.195 dB. This
represents a mean error of 0.7% in the ENR over the band. The
mean difference in effective noise temperature is 206 K which
corresponds to a mean error of 2.4% over the measurement
band. These results suggest that the noise parameter-based
measurement method can be used for commercial laboratory
grade calibrations of noise diodes.

Index Terms — Excess noise ratio, microwave noise diode,
radiometer, noise, noise parameters, noise receiver, noise source
calibration, noise temperature, noise temperature measurement,
solid state noise diode, thermal noise.

I. INTRODUCTION

Noise diodes calibrated from reference standards with
traceable history to national standards laboratories such as the
National Institute of Standards and Technology (NIST),
Boulder, CO, are an integral part of noise measurement
systems utilizing commercial instrumentation. NIST and
other national laboratories have traditionally used custom
designed radiometers with isolators to accurately measure
thermal noise temperature and calibrate microwave noise
sources [1]-[3]. In recent years, many new measurement and
calibration techniques have been developed at national
laboratories while not exclusively using traditional
radiometers [4]-[6]. However, calibration and certification by
such national laboratories can be expensive if only
commercial laboratory grade calibrations are needed. It is
desired to explore an alternate method for commercial
laboratory grade noise diode calibration that is less expensive
but with minimal and acceptable reduction in accuracy. This
work investigates the first step in establishing this alternate
method through the characterization of a microwave noise
source using commercial instrumentation.

II. MEASUREMENT METHOD AND SET-UP

A noise parameter-based noise temperature measurement
method utilizing commercial instrumentation to determine the
effective noise temperature of a one-port DUT as illustrated in
Fig. 1 is used in this work to characterize a microwave noise
diode device under test (DUT) with measurement method
details further described below and in [7]. (In fact, another
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Fig. 1  One-port noise parameter-based measurement system with

tuner and noise diode standard for noise receiver calibration.

noise parameter-based noise temperature measurement method
for calibration has been reported in [8], but results were only
presented for low excess noise ratio (ENR) noise sources
around 2 GHz.)

The noise receiver of Fig. 1 consists of a remote receiver
module with a low noise amplifier path, down converter, and a
noise figure meter. Before a DUT is measured, the noise
receiver is calibrated. Calibration includes the characterization
of the noise receiver (i.e. determination of the receiver noise
parameters Fin rec, Ioptrecs Rnrec, KsBGo, and I'rec.) using a tuner
and noise diode standard as part of a commercial noise
parameter measurement system as in Fig. 1 and described in
[7]. After calibration, the detected noise power, Ny, at the
power meter can be written as

Ny =Kg B -G (Ty) - [Ty + T C)] W) (1)

where kg and B are respectively Boltzmann’s constant and the
noise measurement bandwidth with the receiver gain, G (I'x),
given in terms of the receiver matched gain, G, and source
mismatch factor, My(I'x), as

Grec(rx)zGO‘Ms(FX) (2)
with
-0y [
Ms<rx)=L|2 : 3)
|1_FrecFX|

By substituting DUT for X in (1) and solving for Tpyr, the
available vector noise temperature T,\D/UT can be expressed as

-|—V _ NDUT
PUT = kaBG, - M (Tpur)
B 0 s\ DUT

- Trec (FDUT ) (K) (4)



where Npyr and T'pyr are respectively the measured system
noise power with the DUT connected to the receiver of Fig. 1
and the measured DUT reflection coefficient. These values
are measured by the noise parameter measurement system
when a DUT is connected to the receiver and a noise
measurement is performed. The last term of (4) represents the
noise temperature of the receiver when connected to the DUT
and is a function of the receiver noise parameters with noise
temperature calculated from noise figure as in [7].
The  uncertainty of this method for noise temperature
measurement of hot loads is 3.2% [9].

III. MEASUREMENT RESULTS

A coaxial solid state microwave noise diode was connected
as a DUT to the receiver of Fig. 1 for noise characterization.
This DUT diode was a different noise diode than the one that
was used for system calibration. Additionally, the reflection
coefficient of the DUT was measured using a vector network
analyzer. All measurements were made in the frequency range
from 4-18 GHz with steps of 1 GHz.

The magnitude of the reflection coefficient of the DUT is
plotted in Fig. 2. This measured data is used to convert the
measured available noise temperature of the DUT to an
effective noise temperature that can be properly compared to
the noise temperature which is calculated from the ENR
provided by the manufacturer.

In Fig. 3, the measured and manufacturer effective noise
temperatures of the DUT are compared. Error bars are placed
around the manufacturer mean values to reflect the
uncertainties in the noise temperatures. These noise
temperature uncertainties are calculated from the +0.2 dB
ENR uncertainty provided by the manufacturer. Fig. 4 shows
the magnitude of the difference between the measured and
manufacturer effective noise temperature for the DUT. In most
instances, the measured data tracks the manufacturer data
reasonably well, and in all but one case, the measured data
falls within the margin of error. The worst-case disagreement
was found to be only 6.6% at 6 GHz. The largest absolute
difference of 612 K occurred at 6 GHz. This data point
appears to be an outlier, especially relative to adjacent
frequencies and could truly represent a worst-case scenario
due to an error in the reported manufacturer’s mean ENR in
conjunction with a bad measured data point associated with
the underlying receiver noise parameters. Nevertheless, the
mean difference over the measurement band was 206 K.

In Fig. 5, the measured and manufacturer ENR of the DUT
are compared. Error bars also are included in the plot and are
placed around the manufacturer values to reflect +0.2 dB ENR
uncertainty provided by the manufacturer. The measured data
generally tracks the manufacturer data and never falls outside
the provided margins. The worst-case disagreement was
found to be only 1.3% at 7 GHz.

Fig. 6 shows the magnitude of the difference between the
measured and manufacturer ENR for the DUT. The largest
absolute difference of 0.195 dB occurred at 7 GHz, and 80%
of the data points had an absolute difference of less than 0.15
dB between measured and manufacturer ENR. Additionally,
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Fig.2  Plot of the magnitude of the reflection coefficient |['s| of a
solid state noise diode DUT versus frequency.
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effective noise temperature with respect to the manufacturer data for
a solid state noise diode DUT.

the mean difference from the manufacturer’s data across the
measurement band was 0.102 dB.

Finally, plots of the percent error in measured DUT effective
noise temperature and ENR with respect to the manufacturer
data are presented in Fig. 7. The ENR percent error versus
frequency is generally steady and caps out at 1.3% with a mean
of 0.7%. In contrast, the effective noise temperature percent
error versus frequency is quite erratic with a maximum of 6.6%
error. However, 93.3% of the effective noise temperature data
points (all but one data point) have an error that is below 5.0%.
This results in a mean effective noise temperature error of
2.4%.

IV. CONCLUSION

A microwave solid state noise diode was characterized
using commercial instrumentation. A mean difference of
0.102 dB (0.195 dB maximum) in ENR was obtained across
the band with a corresponding 0.7% mean error. A mean error
of 24% (206 K mean difference) in effective noise
temperature was measured across the band. These results
suggest that the noise parameter-based measurement method
employed would be acceptable for commercial laboratory
grade calibrations of microwave solid state noise diodes since
a 0.2 dB ENR uncertainty is generally specified by
commercial manufacturers [10].
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Abstract—A novel CPW-Fed reconfigurable circular polarization
microstrip antenna is presented. Two PIN diodes are attached to
achieve polarization diversity. By switching the diodes ON or
OFF, the proposed antenna can be operated either RHCP (Right
Hand Circular Polarization) mode or LHCP (Left Hand Circular
Polarization) mode. The experimental result shows that the
proposed antenna has a circular polarization bandwidth (AR <
3dB) of about 415MHz at the center frequency of 2.4GHz for
both RHCP and LHCP mode. Measured results show good
agreement with simulated ones.

Keywords-CPW-Fed, Circular Polarization, Microstrip Antenna,
PIN diode, Reconfigurable.

l. Introduction

Microstrip antennas with reconfigurable polarization can
realize frequency reuse, which expands the capability of
communication systems and is meaningful in an epoch of
frequency shortage. Polarization diversity antennas can also
alleviate the harmful influence caused by multipath effects,
which has been used in modern wireless communication
systems [1].

In general a polarization reconfigurable antenna can be
designed to switch between different linear polarizations, two
circular polarizations (right hand and left hand circular
polarization) and any number of elliptical polarizations (with
different axial ratios and tilt angles). In most investigations the
point refers to the switch between RHCP and LHCP in a
desired frequency [3, 4]. In some papers, antenna could switch
to linear polarization in addition of RHCP and LHCP too [5-
8]. In some cases the polarization is switched between vertical
and horizontal linear polarization [9,10].

There are some switches like MEMS (Micro
electromechanical switch), PIN diodes and Varactors which
are used to produce reconfiguration property. MEMS have
some advantages such as lower resistance and parasitic
capacitance, low insertion loss, high isolation in off state and
small size. Although all of these advantages, PIN diodes are
used in most cases because of low cost, fast switching
capability, high power bearing and lower threshold voltage
[11-12].

In this paper a novel CPW-Fed microstrip antenna which
uses two PIN diodes to switch between RHCP and LHCP, is
introduced. This antenna is designed to work in center
frequency of 2.4 GHz which is applicable in WLAN system.

Il.  Antenna Configuration

Fig. 1 shows the geometry of the proposed Antenna, which
consists of a rectangular ground plane with dimension of L
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Fig. 1. Geometry of the proposed antenna.

and W and a square slot in the center of ground. Four inverted-
L-shape grounded strips around the corners, and an inverse
vertical T-shape strip between two upper inverted-L-shape
strips are embedded in the square slot.

The proposed antenna is designed on an FR4 substrate with
a loss tangent of 0.02, permittivity of 4.4, and a thickness of
1mm. The antenna is fed by a 50- ohm CPW having a single
strip of width Wy =5mm and two identical gaps of width
0g=0.4mm. The single strip of the CPW is protruded into the
slot by a length of Wy Wy Wg and Wy, Two parameters, We,
and g are adjusted to produce 50 Q impedance for feeding of
the antenna. Other parameters of feeding strip such as Wp, Wi,
Wi, and the width of them are embedded and adjusted for
impedance matching and resonance bandwidth improvement.

The CP operation of the proposed antenna is chiefly related
to the four grounded inverted-L strips inserted around the
corners of the square slot.

The dimensions of proposed antenna in Fig. 1 are listed in
Table I.

In Fig. 1 the path of current in upper strips can be controlled
by use of two PIN diodes. To feed PIN diodes by DC supply
two stubs with dimension of 1x1.5 mm are used. Each stub
has one 100pF capacitor in one side and other side is
connected to PIN diode. To make diodes ON we can use these
stubs for giving positive DC voltage to diodes [13].

When diode is in the OFF-state, it works like a small
capacitor which can be considered as an open circuit. When
diode is in ON-state it works like a small resistance. In an
ideal state this resistance can be considered as a short circuit.

CEECS Dept., Florida Atlantic University
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TABLE I. Dimensions of the proposed antenna (unit: mm)

Parameter

Ly L, L L4 Ls
dimension 9 11 125 7.5 23
Parameter Le L, S, S, Dy
dimension 55 4 1 2 14
Parameter

D, Ds Wi, Wr, Wis
dimension 35 7 5 8 5
Parameter Wi Li Les L g
dimension 7 33 16.5 1 0.4

Fi g. 2. Switching structure of the antenna including diodes and capacitors.

PIN diodes used in the proposed antenna are BAR64-02W
diodes. According to datasheet of this diode, in ON-state it has
2.1Q resistance and in OFF-state it equals to 0.17pF
capacitance. The switching structure of the proposed antenna
is demonstrated in Fig. 2.

I11. Experimental Results and Discussion

In each step of the design procedure, the full-wave analyses
of the proposed antenna were performed using Ansoft HFSS
(ver.13). For simulation of the diodes in on state we model
them by a resistance of 2.1Q2. We also model the diodes in off
state with a capacitance of 0.17pF.

The proposed antenna with dimensions in Table | has been
fabricated on an FR4 substrate with a loss tangent of 0.02,
permittivity of 4.4, rectangular dimensions of 75x70mm, and
thickness of 1mm. The photograph of fabricated antenna is
shown in Fig. 3. An Agilent E8363C vector network analyzer
has been used to measure antenna parameters.

In Fig. 4 the measurement and simulated results of S;; in
RHCP and LHCP state are shown. The antenna has an
impedance bandwidth ( S;; < -10dB) of 935MHz
(1.995~2.930GHz) at RHCP mode, an impedance bandwidth
(511<-10) of 965MHz (1.935~2.960 GHz) at LHCP mode.

Fig. 3. Photograph of the fabricated antenna.
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Fig. 4. Simulated and measured reflection coefficient of the antenna for RHCP
and LHCP.
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Fig. 5. Measured and simulated AR for (a) RHCP and (b) LHCP.

Embedding inverted-L-shape grounded strips at the upper
corner of square slots make the CP polarization possible. This
strips are separated by two PIN diodes. When D1 is ON and
D2 is OFF, the polarization of the antenna will be RHCP and



When D2 is ON and D1 is OFF, the polarization of the
antenna will be LHCP. So by making the diodes ON or OFF
different polarization will be obtained.

The simulated and measured Axial Ratio (AR) results in
RHCP and LHCP states is shown in Fig. 5. As it is seen, the
AR for RHCP and LHCP states is the same and in frequency
range of 2.180~2.595, the AR is lower than -3dB. In this
bandwidth, it can be considered a circular polarization for
proposed antenna.

The L-shape strips at the lower corners are for AR
improvement and increasing of the antenna bandwidth. Center
frequency of AR are affected by length of L6. This length is
chosen to have minimum axial ratio at frequency of 2.4 GHz .
As we can see in Fig. 6, by increasing the length L6 the axial
ratio bandwidth shifts to lower frequencies.

—e—16=4.5

——L6=5.5

. . ) . . |===16=6.5

12 21 2.2 23 2.4 25 2.6 2.7 2.8
Frequency [GHz]

Fig. 6. Simulated AR values for different values of L6.

The inversed T-shape strip embedded between upper L-
shape strips will increase the gain of the antenna and make it
smoother in the bandwidth. The simulated results for the gain
of the proposed antenna in RHCP and LHCP state are shown
in Fig.7. In this figure the measured results of the gain in
LHCP state is shown too.
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Fig. 7. Measured and simulated results for antenna gain in RHCP and LHCP.

The gain of proposed antenna is upper than 2dB in the
desired bandwidth and in center frequency 2.4 GHz it is
3.2dB. In Fig. 7, it can be seen that as the operation frequency
increases, the antenna gain is increased too. The antenna gain
in the AR bandwidth in the best mood is 3.6 dB. The gain of
the antenna has a direct relationship with the length of the
antenna. Fig. 8, shows the gain of the antenna for different
values of L. Increasing the length of the antenna will increase

the gain of the antenna and it has a negligible effect on the AR
and return loss. In Fig. 9 the radiation pattern of the proposed
antenna is demonstrated.
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Fig. 8. Gain of the proposed antenna for various values of L.
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Fig. 9. Radiation pattern of antenna: (a) RHCP antenna; (b) LHCP antenna.

V. Conclusion

A novel polarization reconfigurable antenna has been
presented. The antenna is simple to design and fabricate and
exploits PIN diode switches to deliver reconfigurable
capability. This antenna uses four inverted-L grounded strips
for the excitation of two orthogonal resonant modes for CP
radiation. Measured results have good agreement with
simulated ones. The proposed antenna is suitable for
Bluetooth/WLAN (2400- 2484 MHz) frequencies.
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Correlation Analysis between a VNA-based Passive Load Pull
System and an Oscilloscope-based Active Load Pull System: A Case
Study
Z. Moknhti, P. Tasker and J. Lees
Centre of High Frequency Engineering, Cardiff University, UK

Abstract — This paper presents a case study of performance
comparison between a passive load pull system that uses a vector
network analyzer (VNA) as its receiver, and an active load pull
system that uses a sampling oscilloscope. The objective of the
comparison was to enable parallel research activities between
two sites. The two systems are independently used to measure
the same device under test, a packaged high-voltage laterally
diffused metal oxide semiconductor (HVLDMOS) device at a
fundamental frequency of 900M Hz and under the same bias and
drive settings. A simulation of the device performance is also
performed using Agilent ADS to accompany the measurement
results and to verify the accuracy of the device model. Results
show that both load pull systems are well correlated within two
times the measurement uncertainty and that the device model
gives a good performance prediction. A further investigation is
performed by manipulating the harmonic loads using the active
load pull system to demonstrate its advantages over the passive
system in discovering the true capability of the device under test
in terms of drain efficiency.

Index Terms — Harmonic terminations, load pull systems,
power amplifiers, wavefor m measur ements.

I. INTRODUCTION

A load pull system used to characterize the device behavior
under different load conditions and is a critical resource in the
design process of power amplifiers. It does so by presenting a
specific load in any location on the Smith chart to the output
of the device under test (DUT). Similarly a source pull system
presents a specific impedance on the Smith chart to the input
side of the device, for example to enable a matching condition.
There are two ways to implement a load pull system
architecture, namely through a passive method or active. A
passive load pull system uses a passive impedance tuner at the
output of the DUT to change the load conditions. This method
in general has a lower setup cost compared to the active
system, but due to the limitations of the tuner it is amost
impossible to present a load along the perimeter of the Smith
chart [1].

An active load pull system on the other hand uses signal
generators to inject signals back into the device output
emulating the reflected waves. Therefore it does not have the
limitation of going to the edge of the Smith chart, and in fact it
can also be used to present a load outside the Smith chart if
needed such as the case demonstrated in [2].

A receiver is used in a load pull system to measure the
incident and reflected waves at both ports of the DUT. This
receiver can be a vector network analyzer (VNA) or a time-
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domain acquisition equipment such as a sampling
oscilloscope. A calibration step is performed to transfer the
reference plane from the receiver ports to the device plane.
The information about the absolute power of the DUT is
determined by including a receiver power calibration step in
the calibration sequence. The path from the DUT to the
receiver is considered as the caibrated path and it may
exclude other paths and components in the overall system
such as the bias tee path, driver amplifiers, and power
combiners.

[1. LOAD PULL SYSTEM ARCHITECTURES & MEASUREMENT
SETTINGS

A. Passive load pull system

The passive load pull system discussed in this paper uses a
vector network analyzer (VNA) a receiver together with
passive source and load tuners from Maury. To characterize a
packaged device under test that typically has low output
impedances, a test fixture with a 7:1 impedance transformer is
used. This effectively scales down the Smith chart reducing
the original coverage area, but at the same time enables a
much lower impedance to be presented to the DUT.

VNA
;@ Passive & | Passive | | Counler
P Tuner | r\ /1 Tuner | L=0UPle
vV
ret e
with 7-to-1

impedance
transformer

Fig. 1. Passiveload pull system with aVVNA asreceiver.

A thru-reflect-line (TRL) calibration using a customized
calibration kit is performed to shift the reference plane to the
DUT package plane. This system also has an impedance tuner
located on the source side of the DUT to perform source pull
and enabling a source matching procedure. The measurement
uncertainty of this system is +/-0.125 dB for power and 2%-
point for drain efficiency.



B. Active load pull system

The active load pull system discussed in this paper is the
system used in Cardiff University Centre of High Frequency
Engineering, UK. It consists of a Tektronix sampling
oscilloscope as its receiver, a signa generator at its input side,
and three signal generators at the output side of the DUT to
emulate the reflected waves up to the third harmonic. A
triplexer is used to combine the output of these three signal
generators and their power amplifiers. Circulators are used to
isolate the output signal of the DUT from the injected signals
that come from the three signal generators.

Receiver

b1 al a2 b2
DUT
I
|
Coupler Coupler = bC
Circulator
AuTpiirS Cuculalor NEN
[V Amplifiers
Source
Load pull signal generalorg__ " |
Fig.2. Active harmonic load pull system with a sampling

oscilloscope as receiver.

A different test fixture is used for this system and it does not
contain any impedance transformers. A short-open-load-thru
(SOLT) calibration is performed to shift the reference plane to
the device package.

C. Device & Measurement Settings

The device under test used in this paper is a 10W high-
voltage laterally diffused metal oxide semiconductor
(HVLDMOS) devicein apackaged form. Thedrain voltageis
set to 48V, which is the maximum drain bias condition under
normal operations. The device is set to a classAB bias
condition with the gate biased such that the quiescent current
is at about 5% of maximum drain current. The input signal is
a continuous wave at 900MHz. When characterizing the
output power and drain efficiency, the device is driven into
3dB compression.

The measurement procedures are setup to achieve two
objectives: to obtain load pull contours of drain efficiency and
output power, and to obtain a gain compression plot by
performing a power sweep at the optimum load for output
power.

In parallel, a simulation is also performed in Agilent ADS
using the device model where the same setup conditions above
are emulated.

[11. MEASUREMENT STEPS & RESULTS
A. Measurements using passive load pull system.

Initially the device is measured using the passive load pull
system according to the setups previously discussed. Thiswill
yield the optimum load location on the Smith chart for
maximum power and drain efficiency, as well as the
maximum power and efficiency that can be achieved.

In order to replicate the exact same impedance environment
a the active load pull system later on, the harmonic
impedances that the device sees needs to be characterized.
There are two stages of impedances after the device package
plane that need to be characterized: the customized test fixture
with a 7:1 impedance transformer, and the Maury tuners. For
the tuners, a standalone VNA is used to measure the
impedances looking into each tuner when the optimum
fundamental load is found. As for the test fixture, a thru, a
reflect, and a line standard of the customized calibration kit
are measured with a VNA. This information is then used to
construct the s2p files of the test fixture in ADS. Finally the
s2p files of the test fixture and tuners are cascaded together to
produce a known impedance combination of fundamental and
harmonic loads that can be reproduced using the active load
pull system in Cardiff. Fig. 3 shows the combination of these
impedances. For a good data comparison, the load location as
recorded by the passive load pull system is aso plotted to
verify the characterization process.
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Fig. 3. The resulting impedance combination that the device sees

at the fundamenta frequency of 900MHz (red), second harmonic
(blue) and third harmonic (purple), as measured by the VNA in the
passive load pull system. The black dot shows the fundamental load
as read by the user interface which shows a dlightly different value as
measured by the VNA.

B. Measurements using active load pull system

With the information about the device settings and the
impedance combination that the device sees is known, the
active load pull system in Cardiff University is used to
reproduce the same settings. The active load pull system does
not have a source pull capability so the input power is
gradually increased to overcome the mismatch loss. Table |
shows the comparison in performance between the two load



pull systems in measuring the same HVLDMOS device. The
simulation results are included as reference. The drain
efficiency results from the Cardiff active load pull system is
about 5 percentage-points lower than the passive load pull
results. The differences in output power and in gain although
less obvious are dill greater than the two times the
uncertainty. Another observation that can be made is that the
simulation results, although yield higher numbers, are well
correlated with the results from the passive load pull results.

TABLEI
PERFORMANCE COMPARISON AT THE OPTIMUM LOADS SET
BY THE PASSIVE LP SYSTEM

Passive LP Active LP  Simulation
Output power (dBm) 40.2 39.5 40.4
Drain efficiency (%) 60.2 55.5 64.4
Gain (dB) 22.9 22.0 23.2
Input power (dBm) 17.3 17.5 17.3

C. Independent Search for Optimum Load Using the Active
Load Pull System

The differences in the results between the two load pull
systems can be investigated by running an independent search
for optimum loads using the active load pull system in Cardiff
University. By fixing the second and third harmonic loads
according to those found from the passive tuners, the
fundamental load is swept around the target load to generate
the output power and drain efficiency contours using the
active load pull system and to locate the optimum loads for
maximum output power and drain efficiency. Fig.4 shows the
outcome of this exercise.

Max Power Max Efiiciency
.~ ADS (403 dBmy N
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/ / \ - (65.0%)
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f AT N \ /.(67.1%) ALS

Passive LP \ \ ! (73.6%)

‘-‘ (40.2 dBm) \ | o

Aclive LP | l
(39.7 dBm) '

_ PasslveLP(reference m ADS Simulation

Max Pout 40.2 dBm 39.7dBm 40.9 dBm
ZL for Max Pout 26.6 +j34.0 23.0+j431 28.4 +j37.9
Max Efficiency 67.1% 65.0% 73.6%
ZL for Max Efficiency 15.0 +j39.0 16.8 +j46.0 16.3 +j44.9

Fig. 4. Comparison of optimum load (Z,)locations for maximum
output power (Poyt) and drain efficiency as well their values, when
searched independently by sweeping the fundamental load. The
harmonic loads are fixed according to those of the passive tuners.

The difference in drain efficiency between the two load pull
systems is now about 2%, and the residual difference could be
attributed to the uncertainty of the harmonic load locations.

The maximum output power between the two load pull
systems are also within two times the uncertainty. The
simulated drain efficiency is now 73.6%, 6.5%-point higher
than the measured drain efficiency from the load pull contour
using the passive system. This difference could also be
attributed to the uncertainty of the harmonic load terminations,
as well as possible limitations in the model accuracy.

IV. MANIPULATING THE HARMONIC LOADS

The main advantage of using an active load pull system is
the ability to set the harmonic loads and potentially
uncovering the true device performance. To demonstrate the
significance of this advantage, the harmonic loads are swept
around the Smith chart one at a time and the change in drain
efficiency is monitored. This exercise is not performed to
engineer any specific high-efficiency mode (e.g. Class-F, class
FY), rather it is a quick verification on the device package
plane to get a preliminary results of drain efficiency
improvements. Fig. 5 shows the trend in drain efficiency as
the second and third harmonic loads are swept around the
Smith chart. A fina drain efficiency number of 72% is
achievable from this exercise. It is worth noting that with a
proper engineering of class-F mode of operation, a drain
efficiency of 75% is achievable with this device.

Sweep 2nd
harmonic load

Sweep 3
harmonic load

Jr/ Eﬂ’lc ency 66% Efficiency = 72.2%

Fig.5. The effect of sweeping the second and third harmonic loads
to uncover the true performance of the device. An increase of 7%-
point was observed.

To further verify the effect of harmonic load terminations,
the same fundamental and harmonic load combinations are
then simulated in ADS. Table Il shows that the measured
results are well correlated with the simulation results for this
device at these settings.

V. CONCLUSION

A correlation analysis of a VNA-based passive load pull
system and an oscilloscope-based active load pull system has
been presented. Both systems produce results that are within
two times of the measurement uncertainty. The active load
pull system does provide an added advantage in discovering



the DUT’s true performance by means of manipulating the
harmonic loads. In this example an increase of 7%-point was
observed after sweeping the second and third harmonic loads.

Another advantage of an active load pull system is that,
with proper de-embedding of the device package it has the
capability to engineer certain current and voltage waveforms
at the device current generator plane, enabling the analysis of
ahighly efficient mode of operation.

This analysis was done to enable parallel research activities
between two locations, and the positive outcome of the
analysis provide a high amount of confidence level of the
results obtained from harmonic load manipulations where the
featureis not available on the passive load pull system.

TABLEII
EFFECTS OF HARMONIC LOAD MANIPULATIONS
Active LP Simulation
Output power (dBm) 395 39.6
Drain efficiency (%) 72.2 74.5
Gain (dB) 25.2 25.4
Input power (dBm) 14.3 14.3
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Abstract — This paper presents a new method for the
determination of the reflection and transmission characteristics
of dielectric materials that are the parameters for the calculation
of the complex permittivity using the Nicolson—Ross—Weir
(NRW) method. In transmission line methods, most widely used
methods for broadband permittivity measurements, the NRW
method gives a stability problem for low-loss dielectric materials
near the thickness resonance frequencies. The proposed method
successfully removes the problem using a relationship between
the reflection and transmission characteristics. The proposed
method is a new iterative transmission/reflection method
applicable to permittivity measurements using arbitrary sample
lengths in wide-band frequencies.

Index Terms — Dielectric materials, complex permittivity,
reflection and transmission characteristics, transmission line
methods, NRW method.

I. INTRODUCTION

Measurements of material properties in RF and microwave
frequency regions have been getting more important,
especially in the research fields, such as material science,
microwave circuit design, absorber development, biological
research, etc., as the frequency of the applications goes up to
sub-millimeter wave range and the areas of the applications
are being wider. Dielectric measurement is important because
it can provide the electrical or magnetic characteristics of the
materials, which proved useful in many research and
development fields. The most widely used techniques in the
microwave region are: cavity resonators, free space, open-
ended coaxial probe, and transmission-line [1]-[4]. Among
these techniques transmission-line techniques are the simplest
methods for electromagnetic characterization in wideband
frequencies for the growing number of wideband applications
of various RF and microwave materials.

For the transmission/reflection method (TR), the measuring
holder is made up of a section of coaxial line or rectangular
wave guide filled with the sample to be characterized. The
sample electromagnetic parameters are deduced from the
scattering parameters defined at the sample planes. The
Nicolson—Ross—Weir (NRW) procedure [5], [6] is the most
commonly used method for performing this calculation. This
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method has the advantage of being non-iterative and
applicable to coaxial line and rectangular waveguide holders.
However, it is well known that this method diverges for low-
loss materials at frequencies corresponding to integer
multiples of one half wavelength in the sample. To eliminate
these instabilities an iterative procedure applicable to
permittivity measurements [7] was proposed and a simplified
version of the well-known Nicolson—Ross—Weir (NRW)
method applicable for dielectric materials was also proposed

[8].

II. FORMULATION

A When a sample is inserted inside a measurement holder
(transmission line) as shown in Fig. 1 we can formulate the
following equations which are applicable for the coaxial line
holder (TEM mode) and the rectangular waveguide holder
with TE10 mode [7]:

d
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Sample plane

Fig. 1. A sample in the transmission line.
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, where S;; and S,, are the reflection and transmission
scattering parameters; I' and T are the reflection coefficient at
the sample plane, when the sample length is infinite, and the
transmission coefficient; y,, Z, and y, Z represent respectively,
the propagation constants and the impedances of the empty
and filled holders; A, and A, are the free-space wavelength and
the cutoff wavelength, which becomes infinite for TEM mode;
d is the sample length; €. and p,. and are the relative
permittivity and permeability of the sample; ¢, ,. and ¢y, are
the speed of the light in vacuum and in the air respectively.

The NRW method uses (9) ~ (11) to calculate the reflection
and transmission characteristics from the measured scattering
parameters. From them the permittivity and permeability of
the sample can be obtained.

_sh-sh+

K= ©9)
r=K+vk?—1 (10)
T = S11+S21-T (11)

1-(S11+S21)T

From (3) we can get the propagation constant in the sample
from the reflection characteristics and by putting it into (4) we
get the following equation. This can be a constraint equation
to be used in the iterative method.

-r
T = exp (—Yoy 1 @) (12)

In the proposed method the initial values for the reflection
and transmission characteristics are from the initial step of the
NRW method and with them an iterative OLS (Ordinary Least
Squares) procedure is carried out using (1), (2), and (12) for
the reflection and transmission characteristics of a dielectric
material ( pr =1). To fully use the measured scattering
parameters four equations for the scattering parameters and
(12) are used in the procedure.

Baker-Jarvis et al. [7] proposed an iterative procedure to
bypass the inaccuracy peaks applicable to dielectric materials.
The permittivity is calculated numerically using (3)—(6) and

T (1-T?)
S0+ BS1 =15 +B

I (1-T?)
1-I2T72

(13)

Compared to the iterative procedure the proposed method
does not need to adjust a parameter depending on the
properties of the dielectric material under test, so it is more
versatile.

As for the case of the coaxial transmission line with a low
loss the characteristic impedance and propagation constant are
given respectively by [9]

Z= ZO,vac,pec ~acJ::: = ZO,pec * O, (14)
y=a+jp = jkac (15)

, Where a, = m, k = ko yacVerhy, and A is the
transverse wavenumber due to a loss in the transmission
line (Quasi-TEM mode), . and p,. are the relative
permittivity and permeability of the medium of the
transmission line, and kqy,c is the wavenumber in

vacuum. So the reflection coefficient I' of the sample for
the TM (Quasi-TEM) mode is

Y_Yo

— Z-Zy _ E_a — Y_Yosr/sr,air (16)

Z+Z, X+Y_9 Y+Yo&r/Erair
€ Eair

r

, Where

Zy = Zo,vac,pec Oeo = ZO,air,pec-“cOr

8r,air

Yo = ]ko,air Ao = ]ko,vacx/ €r,air%co-

In (14) ~ (16) subscript ‘pec’ is used to represent the perfect
conductor of the transmission line, subscripts ‘vac’ and ‘air’
represent the medium of the transmission line, vacuum and air,
respectively, and subscript ‘0’ to represent the symbols for the
air medium.

From (14) and (15) we get

Z-y= ZO,vac,peclJ-r jKo,vac of

= ZO,air,pecP—r jKo,air of (17)
ZO,vac,pec .
Y= T My ]kO,vac 0(3
Zo ai .
= % Hr ]ko,air 0(3 (18)

Putting (18) into (4) gives

1-Tm
14Ty

T =exp (_] kO,air a% Hr d) (19)
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In (19) the reflection coefficient I}, = % and the
0,air,pec

reference impedance of the VNA, usually 50 Q, is set to

. Z-Z .
Zo air,pec- If Iy is set to =2 (19) can be written as
A, Z+Z,

T = exp (Yo (““ay)? tr ™ d). (20)

14T
The propagation constant is also expressed from (16) as
14T . . .
Y ="Yo Ser ﬁ So it seems that for the magnetic material
r,air 17—

(e, = 1) coaxial transmission line (jig) can be used even when
it has a loss.

As for the case of the low-loss waveguide transmission line

made of a non-magnetic metal, the characteristic impedance
and the propagation constant are respectively given by

_k [ _jwn _ w
g = o =l 1 @)
Ffiop [ ) 1ran(lp?
a= lf)uop \/: wef f (22)
. ./1—( </p?
f 2
B = an /1 —_ ( C/f) VSI'IJ'I‘/CVaC
f 2
=2nf [1-— ( C/f) JeR 23)

, where fc is the cutoff frequency given by

-1t _ 1 _ g JCrair i i

f. = rwe v fovac = = feair e and b is the height
and w, is the effective width of the waveguide aperture and p
is the resistivity of the conductor. If we set the reflection
coefficient as

ZTE—ZTE air
[rg = ————, (24)
ZTE+ZTE air

transmission characteristics can be expressed by

1-TI'rg
1+I'TE

—jw 1-T
T = exp( wio |\ 1TTE 4
ZTE,air 14T'TE

) = exp (=Yo Hr d) (25
, which is the same as (12).

So for the TE mode waveguide transmission line (12) can
be used even for the lossy waveguide. However for the low-
loss coaxial transmission line with o(C/ g, = 1, as can be seen

from (20), (12) can be also used with a small error.

III. EXPERIMENTS

To show the validity of the proposed method a dielectric
sample of 5.18 mm length was measured using a P-band
waveguide holder from 12.4 GHz to 18 GHz. Fig. 2 shows the
results, reflection and transmission characteristics and the
permittivity/permeability using the NRW method and the
proposed one. And a dielectric sample of 6.677 mm length
was measured using a 30 mm long 7-mm air line from 50

MHz to 18 GHz. Fig. 3 shows the results, reflection and
transmission characteristics.

) I

20log |71 —G
M T
3 —G (Proposed)
= —T (Proposed)
o 4
= -5
©
[=
6
= 20 Io[g A
-7 \l\

-8

-9 T T T T 1
12400 13200 14000 14800 15600 16400 17200 18000

Freq. (MHz)
(a)
12
~
—Eps_r —Eps_i
10 —=Mu_r —Mu_i
—Eps_r (Proposed) ——Eps_i (Proposed)
8 Mu_r (Proposed) Mu_i (Proposed)
]
T 6
3
x
c
s
4
=

L

2 . . . . )
12400 13200 14000 14800 15600 16400 17200 18000
Freq. (MHz,

(b)

Fig. 2.

transmission. (b) Permittivity and permeability.

Results of the proposed method. (a) Reflection and

20log | 71

SRS I

[ i i i i
E 1 1 1 1
= i i i i i
= —10 fpommmm g s T T s ---4-- e
]
s : : : .
T 15 - e : : &
| 20log |1 ! i i
e e e e e R (TG T ICTe S i
! i Ti (Proposed) i
BT B AR KA o B B
730 ! 1 L 1 1
50 630 2050 4950 7850 10750 13650 16550
Frequency (MHz)
Fig. 3.  Results of the proposed method for coaxial transmission
line.




IV. CONCLUSION

For the determination of the reflection and transmission
characteristics of dielectric materials we proposed a new
method that, using a relationship between the reflection and
transmission characteristics, successfully removes the stability
problem for low-loss dielectric materials near the thickness
resonance  frequencies. It is a new iterative
transmission/reflection method applicable to permittivity
measurements using arbitrary sample lengths in wide-band
frequencies.

As the frequency goes up, most materials are dielectric and
the sample thickness can be integer multiples of one half
wavelength in the sample. So the proposed method is expected
to be useful.
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