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Comparison of Sampler and VNA based Large Signal Measurement
Systems (LSNA) Under CW and Pulsed Operation
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Abstract — Here we present a comparison of the Large
Signal Measurements provided by both a VNA based and a
sampler based LSNA system. In this study, in order to achieve a
robust and reliable relative phase calibration a dual frequency
phase differential method was used. Significantly this work
compares measurements performed under both CW and pulse
mode operation. Very similar RF I-V waveforms are achieved in
both cases, verifying that both architectures can provide
comparable measurements not only in CW but also under pulsed
operation. The test device was a GaN on silicon carbide HFET.

Index Terms — Waveform Engineering, fully active harmonic
load-pull, power amplifiers.

I. INTRODUCTION

It has previously been shown that measuring and
manipulating the harmonic behavior of transistors can lead to
better circuit designs and enable improvements in process
understanding [1]. As these “Waveform Engineering”
techniques come into common use the expectations of LSNA
measurement accuracy continue to rise, and as the advantages
of gathering data during pulsed operation become recognized
then the need for a robust and accurate method of LSNA
phase calibration and verification under pulsed operation
becomes more pressing. Here we demonstrate the accurate
measurement of RF I-V waveforms under pulsed conditions
by comparing those achieved using both a Vector Network
Analyzer based system [2], and a sampler based system [3].

The highly stable performance of modern DDS synthesizers
allows relative phase calibration and verification using two
tones, by a dual frequency phase differential method [2]. A
fundamental (fy) signal and a signal at each harmonic in turn
(f,) are fed through the measurement path, and the measured
phase relationship can be directly compared with that reported
by an oscilloscope or other phase meter attached to the output
[2]. In this investigation a Tektronix DSA8200 with 80E09
sampling heads is used as the phase standard, and an Agilent
8487A sensor is used as the power standard.

Measurements are made on wafer, to avoid possible de-
embedding errors. The device used was a Win Semiconductor
Corp. 10 x 125um GaN HFET on a silicon carbide substrate,
the drain bias voltage was set at 18V, which avoids stressing
the device and consequent aging effects or failure.

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

II. THE MEASUREMENT SYSTEMS

Two Large Signal (LSNA) system architectures are
compared in this study. The VNA based architecture uses a
Rohde & Schwarz ZVA 67 analyzer, while the sampler based
architecture uses a VID SWAP-X402 based system. The
external modulator set ups for pulsing (RF and DC drain bias)
are essentially the same for both systems. High speed RF
switches modulate the RF while a high side FET switch
modulates the drain DC bias [3]. In both cases the RF and
drain bias can be independently switched between pulse and
CW, enabling three different measurement conditions without
making any changes to the sampling regime, therefore any
measured changes can safely be ascribed to the device under
test. The drain bias current is measured using a high side
series resistor, monitored by a LT2940 IC driving an Agilent
U2531A high speed ADC, an arrangement which can measure
true DC and pulsed currents, allowing precise calibration
against resistive standards. Placing the sense element before
the switch removes the large common mode signal and greatly
improves settling time (2us typical). The timing of the DC
sample can be adjusted to ensure it is taken at a representative
time in the pulse.

The main difference between these LSNA systems is the
method of measuring the RF waveforms. The time domain
based VID SWAP assembles a continuous record from a
number of samples [4], while the frequency domain based
ZVA takes a complete record in a single pulse. In order to
shorten the sampling period to fit within the specified RF
pulse length the ZVA measurement bandwidth must be
increased, with a consequent impact on the dynamic range,
however much of the lost performance can be recovered by
averaging a large number of measurements, at the expense of
speed. For a 10us pulse the bandwidth must be more than
200KHz, compared to the 100Hz or even 10Hz which could
be used for CW operation. It is important for optimum
accuracy that calibration is performed at the bandwidth to be
used for the measurements. The VTD method lends itself well
to pulse operation, a sampling window as narrow as 0.5us can
be positioned anywhere in the pulse, allowing pulse profiling
if required [5].



The ZVA system was built around a Cascade Summit
12000 probe station, whereas the VTD uses a Signatone
station, Cascade Z probes were used on both.

II1. PHASE CALIBRATION

Phase calibration and verification was carried out on both
systems using a dual frequency phase differential method.
This approach involves combining an f;, reference with a
harmonic signal, f,, and passing it through the LSNA
measurement path [2] into the sampling oscilloscope. In this
way the relative phase of the two signals can be measured by
both the LSNA and the sampling oscilloscope. When
measuring on wafer it is not possible to attach the oscilloscope
directly at the measurement plane, so any dispersion in the
output half of the measurement path must be corrected, this is
simply done with routine passive network measurements.

OSCILLOSCOPE

ON WAFER
[ THROUGHLmNE ————

at b1 b2 a2

MULTIPLEXER

MEASUREMENT RECEIVER

Fn SOURCE Fo SOURCE
SYNTH. SYNTH.

Fig. 1  The dual signal phase calibration setup.

IV. MEASUREMENTS

Initially to compare the systems a set of load-pull
measurements was taken on both, in this case those consistent
with performing basic device analysis. The fundamental and
harmonic load impedance was varied along the real axis of the
Smith chart on each system, both in pulse and CW. The
second and third harmonic output loads were held at the same
reflection coefficient as the fundamental, over the range -0.5
to +0.5 in 0.1 steps, permitting the plotting of “fan diagrams”
of the load-lines as well as examination of the waveforms. The
higher harmonics were passively terminated in 50 Ohms, as
were the input impedances

In figure 2 we can see the fan diagrams for the device
measured in CW mode on the two systems, which are in close
agreement. Since different RF measurement couplers and
multiplexers were used on the two systems the variation in the
nominal harmonic loads result in slight differences in the
higher harmonic waves, giving the impression that the
loadlines approach the vertical axis more closely when
measured with the ZVA.
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Fig.2  Dynamic loadlines measured in CW on both systems

It can be seen from fig. 4, which compares the output
waveforms from both systems in CW at 50 Ohms, that this is
not due to the fundamental wave. The waveforms are aligned
by the f, input voltage phase, showing good consistency
between systems. Fig 4 also compares the sampling
oscilloscope  waveform with the measured waves,
demonstrating that accurate relative phase calibration has been
achieved with both systems.
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Fig.3  Dynamic loadlines measured in pulse on both systems

In fig. 3 we see the loadlines measured in pulse operation,
once again there is good agreement, with only small
differences in the harmonic loops, as shown in fig. 5. There is
a small improvement in the device performance under pulse
operation, which is seen in both sets of measurements.
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Abstract—In this paper a new method to achieve a dense
frequency grid in synchronous phase measurements is presented.
This technique is suitable to use with instruments that employ a
mixer-based internal architecture.

Contrary to other works, the grid density is not being enhanced
through the increase of the comb-generator (CG) output tone
density, nor through the use of successive multi-sine waveforms.
The technique proposed uses the same reference signals for
any band measurable by the instrument. Besides, the power of
each CG output tone is also kept at a high level. The tradeoff
is the requirement for wide-band receivers, which are already
commonly present in modern instrumentation.

Multi-sine phase measurements performed with a nonlinear
vector network analyzer (NVNA) will be compared with results
obtained using the new technique (and performed by commercial
mixer-based receivers). The comparisons will be used to validate
the suggested method.

Index Terms—nonlinear measurements, phase measurements,
multi-sine measurements, comb-generator.

I. INTRODUCTION

In order to achieve high dynamic range measurements,
mixer-based instruments are nowadays the work-horse of the
test and measurement industry.

However, mixer-based instruments suffer from a fundamen-
tal downside, since they do not measure the entire spectrum
at the same time (they split the whole spectrum into pieces)
the phase information of each frequency of interest will not
be correlated with the surrounding ones.

The basic way to phase correlate these measurements
is by the use of a phase reference artifact, traditionally
a comb-generator (CG). This artifact will produce a comb
of frequency tones equally spaced by a specific reference
frequency. Additionally through the careful characterization
of the CG, it may also serve as a calibration standard, as
described in [1]. The calibration step is a fundamental one
to achieve traceability between measurements performed at
different sites.

Nowadays, commercially available CGs allow the user to
define a frequency grid as low as 625 kHz, for measurements
up to 67 GHz [2], [3]. However, the power of each tone at
the output of the phase reference artifact (CG), is already very
low. This limits the lowest frequency spacing achievable.

A denser frequency grid, with a frequency spacing below
100 kHz is very important for a variety of applications, such as
the measurement of multi-sine waveforms used to mimic the
stimulus effects of modulated signals for characterization and
verification purposes, [4]. Moreover, in the characterization
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of mixed-signal devices a dense frequency grid is also a
fundamental key point to obtain reliable and broader models.

The traditional method to achieve a denser frequency grid
is to reduce the frequency of the fundamental reference
frequency (which dictates the tone separation at the output
of the CG) by a division factor (Ngy). However, with the
increment of Ny;, the power of each tone at the CG output
will be reduced, following the expression:

Power Drop(dB) = 2010g1o(Naiy) (D

To effectively achieve a denser frequency grid it is manda-
tory to be able to maintain the CG output power, while doing
SO.

In order to accomplish this goal, several contributions have
already been made during the last few years. One approach
is to concentrate the output power of the CG around the
frequencies of interest, this work was initialized with [5] and
has evolved to become what was presented in [6] and in [7].

This kind of approaches focus its research on the artifact
itself. While this has some advantages, because it keeps the
measurement complexity at low levels, it is not suitable for a
broader usage. Since the CG configuration has to be changed
when the measurement definitions change, there is no guaranty
that the phase characteristic at the output of the CG will remain
the same. Thus, traceable measurements cannot be assured.

Another approaches are based on the generation of different
phase reference signals, such as multi-sines [8], that may
or may not be up-converted. Then, a superposition of tones
is used to keep the continuous relation over frequency, [9].
Nevertheless, these techniques require additional hardware to
be performed, they may need to use high speed arbitrary wave-
form generators (AWGs) or vector signal generators (VSGs).
Moreover, with these techniques the phase characteristics of
the reference signal cannot once more be easily guaranteed.
Therefore, traceability is once again hard to ensure.

The main goal of this work is to develop a method that can
increase the frequency grid density (diminish the frequency
grid spacing). This is to be accomplished, while maintaining
the same reference signals, no matter what is the spectrum
band of interest (therefore, maintaining the configuration of
the phase reference artifact), and without reducing the power
of each reference tone. For this purpose, investigation focus
will be given to another element of the measurement apparatus,
the instrument receiver.
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Fig. 1. Example of the assumptions made relatively to the position of the
phase reference frequency tones position.

Contrary to other works published so far, our focus will not
be in trying to develop new phase reference artifacts or archi-
tectures or even configurations. Instead, we will explore the
advantages of modern wide-bandwidth instrument receivers.
Taking into account this characteristic, a new method will be
developed to compute the phase of each tone across frequency
for a denser grid.

This paper is organized as follows: in the next section
some assumptions and requirements will be made, so that the
presented method may function properly. Next a description
of the method itself and a description of the phase reference
signals will be made. After, multi-sine phase measurements
will be presented to validate the proposed method. Finally,
some conclusions will be written.

II. THE NEW METHOD

Modern mixer-based instruments, like the nonlinear vector
network analyzer (NVNA) and other multi-port vector network
analyzers (VNASs) or instrument receivers have wide instan-
taneous bandwidths, in the order of tens of MHz [10]-[12].
Due to advances in the design of analog-to-digital converters
(ADCs) an high sampling rate (in the order of hundreds of
MSPS) is now achievable. At the same time, an high number
of resolution bits can be kept, which is a key factor to achieve
high dynamic range.

The method presented in this work will try exploit this char-
acteristic in order to enhance the measurement frequency grid
density. For that purpose some assumptions and requirements
need to be fulfilled.

First of all, it is assumed that there is available a reference
signal producing an equally spaced frequency grid with a
coarse step frequency (feouse)- This coarse grid will from
now on be referred as coarse frequency grid (CFG). It will
also be assumed that additional reference tones exist at an
offset frequency (fine) of the previously mentioned CFG (at
the upper and lower side of the CFG). An example of these
assumptions is depicted in Fig. 1.

The first requirement is that the instantaneous bandwidth
of the instrument receiver has to be larger than fiouse, Which

means that the internal ADC of the receiver has to have a
sampling rate higher than 2 X fcoarse-
Furthermore, fg,. must follow:

fcoarse
.f fine — Ndiv (2)
where Ngy, is a positive integer. Ng, corresponds to the
division factor by which the CFG will be reduced. Therefore,
the objective is to create an equally spaced frequency grid with
a step frequency of fne. This denser frequency grid will from
now on be mentioned as fine frequency grid (FFG).

A. Description

The biggest challenge to perform phase related measure-
ments with mixer-based receivers is to get rid of the local
oscillator (LO) phase impairments from measure to measure.
The traditional method employed in this situation uses a
reference comb signal that needs to be followed in order to
cancel the mentioned LO impairment. However, in order for
that to stand true, the reference signal must present a frequency
tone at the same frequency of the tone that is required to be
measured from the RF input.

In the proposed case this is not valid, therefore a different
procedure must be used.

To accomplish that, it will be considered that the frequency
to be measured, corresponding to fyaned 1S @ tone between
i feoarse and (i + 1) feourse> and it is a multiple of fg,e, so that
the following stands true:

fwanted = ifcoarse + kfﬁne (3)

with k being an integer value that can vary from 0 to Ny, — 1.
This means that fy.neq 1S a frequency present on the FFG.

Then, taking into account the two reference signals de-
scribed previously, the following phase definitions can be
considered:

e Oy — phase of the signal to be measured in a frequency
point corresponding to fyaned, at the input of the receiver.

o 0; couse — phase of the coarse reference signal in a
frequency point corresponding to 7 feoarse, at the input of
the receiver.

o 0 fine (uppery — Pphase of the fine (modulated) reference
signal in a frequency point corresponding to i feoarse + ffines
at the input of the receiver.

e 00 — phase of the LO.

Considering ideal down-converters, the following 6’ defini-

tions can be established as the phases read by the receivers
and therefore affected by the down-conversion process:

Oy = O + bro 4)
6‘; coarse 0 coarse + OL0 &)
; fine (upper) — 91 fine (upper) + 9LO (6)

Since, in an opposite way to the traditional method, a
reference tone is not available at the frequency fyaned, the



purpose of this work is to find a way to compute it using the
phase information presented before. For that, the following
phase quantity needs to be determined:

GREF eq — 01 coarse T k eﬁne (7)

where Orgr ¢q is the equivalent phase quantity of a reference
signal at the frequency fuwanted-

Using Ogrereq, the phase of the input wanted signal in
relation to a known reference, or by other words, the corrected
phase value can be computed directly as:

alN corrected — alN - HREF eq (8)

For simplification of our explanation, fyaneq Will be limited
to the first half of the considered frequency interval, so that
k< div factor

— 2 .

Taking this into account the phase, fge, of the low fre-
quency modulation signal (fine), can be computed as follows:

’ ’
91‘ fine (upper) — 91‘ coarse en fine (upper) — 91 coarse — Oﬁne (9)

We are now at half-way to be able to compute g g, for
that purpose, the following relation can be used:
{N - 9/ - glN - 62 coarse (10)

7 coarse

Now, by using (9) together with (10), the corrected input
phase quantity can be finally computed as:

(QIN - 91 coarse) —k oﬁne = 91N - OREF eq — OIN corrected (11)

As can be noticed from (11), there is a drawback with the
presented method. Since the computed value of 64, needs
to be multiplied by the position index k, the phase error
associated with the determination of g, will be amplified.
The worst case scenario will be for tone frequencies right in
the middle of the interval defined by & feoarse and (i + 1) feoarses
where the k value is larger. Furthermore, for higher division
factors the value of £ will also reach higher values, thus the
measured phase error will increase with the increase of Ng;y.

B. Reference signal(s)

In this work two reference signals were used to generate
the tones at the required frequencies.

The first was a traditional CG signal with a repetition rate
equal to fiouse, it Will be mentioned as the coarse CG. The
second is an amplitude modulation of the first signal with
the a square signal of frequency fhne, this reference signal
will be mentioned as the modulated CG. The conceptual
representation of both signals is shown in Fig. 2.

An AWG was used to generate these reference signals, in
this case a Tektronix AWG70002A. In Fig. 3 the spectral
power at some frequencies of interest is compared with the
power of the traditional CG output. It has to be referred that
in the implemented measurement setup, all the three signals
had the same peak-to-peak voltage excursion, which in this
case was 500 mV.

(ARNNANARANANIN
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modulated CG

()
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Fig. 2. Conceptual output of both phase reference signals. Coarse frequency
of 80 MHz and fine (modulation) frequency of 10 MHz, division factor of 8.
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Fig. 3. Measured spectra of the signals used as CG’s outputs. These signals
were generated using an AWG and have 500 mVpp each.

It is worth to mention that the use of two signals was
employed only for simplification reasons. A single reference
signal with all the necessary tones could be used instead, but
the time and effort required to its design would have to be
expended. For example, using the work developed in [7] the
single wanted signal may be achieved, with the additional
benefit of being a signal with only two levels (which means
it can be generated by a logic gate).

III. OBTAINED RESULTS

An absolute characterization of any of the used CGs was
not available, and performing such a characterization is a time-
consuming and demanding task, as explained in [1]. Thus, a
relative comparison was used instead to validate the proposed
method. In order to validate the proposed approach the phases
of two different multi-sines were measured using the new
technique, and compared against measurements performed
using the traditional approach in a NVNA (Keysight PNA-X
N5242A). For all the measurements the Keysight U9391C
CG [3] was used as a relative phase reference standard.

To implement the new method a National Instruments (NI)
PXI system was used together with three NI 5792R Flex RIO
receivers. This system was chosen due to its high flexibility,
which is a crucial factor in our work. The equivalent IF
bandwidth used in each of the PXI system receivers was 1 kHz
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Fig. 4. Block diagram of the measurement setup employed during the phase
measurements using the new method.

Fig. 5. Photo of the measurement setup.

and 100 averages were performed. While, in the NVNA the IF
bandwidth was set to 20 Hz and were also used 100 averages
(note that the NVNA was the golden reference in the results
presented next).

A block diagram of the measurement setup employed to
perform the new technique is shown in Fig. 4. In Fig. 5 a
photo of the entire measurement setup is also included.

The characteristics of the two multi-sines to be measured
were as follows: the first was a 16-tone, starting at 800 MHz
and with a tone spacing of 2.5 MHz. The second was a 64-
tone, starting also at 800 MHz and with a tone spacing of
625 kHz. Both multi-sines were generated with random phases
for each tone and using the same AWG that was used for the
reference signals.

The coarse reference frequency was fixed in both cases to
80 MHz. This means that in the first case a division factor
of 32 was required to achieve an equivalent fine frequency
spacing of 2.5 MHz. In the second case a division factor of
128 was required and a fine frequency spacing of 625 kHz
was achieved.

The phase error over the frequency band of interest for each
case is presented in Fig. 6.

In the first case, with a division factor of 32, the error
obtained was between +0.5°. Which revealed a good result,
for an already relatively high division factor. Consecutive
measurements have revealed similar phase error results.

In the second case, with a division factor of 128, the phase
error increased to 42°, but it was still within acceptable
values. Especially considering that the division factor (128)

0.5
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(o)
g q
S 0
|
[0]
(2]
& —0.25f
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(a) 2500 kHz — Ng, = 32
1.5
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810 840

Fig. 6. Measured phase error of the proposed method relatively to the
reference measurement performed in a NVNA. Results for two different
multi-sines, between 800 MHz and 840 MHz, with different frequency spacing
achieved by different division factors (Ngiy).

is already very high. Once again, consecutive measurements
have revealed similar results.

As shown the measured phase error stood at acceptable
values even for large division factor values which proves the
validity and the applicability of the developed method.

It should be mentioned that the minimum fg,. of 625 kHz
was limited by the commercial CG used for comparison. Since
a direct comparison was required for validity of the method,
lower fgne values could not be tested. Furthermore, the value
of feoarse Was chosen so that an high division factor would be
employed. Finally, the multi-sines start and stop frequencies
were chosen so that half of an entire coarse interval (between
i feoarse and (i+1) feoarse) had been covered and thus the effects
of error amplification were noted from the best case point up
to the worst case point.

IV. CONCLUSION

In this paper a new method to achieve phase referenced
measurements across frequency for mixer-based receivers has
been presented. The proposed method allows to keep the power
of each tone of the phase reference signal(s), when the grid is
made thinner, contrary to what happens with other approaches.



The tradeoffs of this new presented method are: 1) a
requirement for wide-bandwidth receivers in the instrument
to be used and 2) a linear increase of the phase error with the
decrease of the frequency grid spacing. Nevertheless, it can be
a valid solution to enable sub 100 kHz frequency grid phase
measurements.

Besides, in this work the method was described and success-
fully validated by real measurements. However, calibration of
the measurement apparatus still need some additional work
before this method can be broadly used by the community.
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Calibrating Broadband Vector Receivers
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Abstract—We propose a compact and low-cost waveform
source that can be used to calibrate the magnitude and phase
response of vector receivers over a bandwidth as large as a
few gigahertz. The generator consists of a broadband comb
generator followed by a filter and amplifier. As a demonstration,
we constructed and calibrated a source suitable for calibrating
vector signal analyzers operating between 43 GHz and 46.5
GHz. We then used the source to characterize the response of
a commercially available vector signal analyzer. We compared
the result with calibrations performed with a general-purpose
source.

Index Terms—Calibration, comb generator, oscilloscope, vector
signal analyzer, vector signal generator.

I. INTRODUCTION

ROADBAND vector receivers are used to characterize

signals that are modulated in phase as well as amplitude
such as quadrature amplitude modulation (QAM). A simpli-
fied schematic of a vector signal analyzer (VSA, a type of
vector receiver) is shown in Fig. 1. The VSA consists of an
optional bandpass filter, a downconverter and an analog-to-
digital converter. These components cause linear and nonlinear
distortion in the signal measurement as demonstrated in, e.g.,
[1] and [2]. Assuming the instrument is operated in a linear
voltage regime, linear distortion dominates the measurement
and can be quite significant [1], [2]. If the distortion can be
characterized, then digital processing can be used in the VSA
to compensate/calibrate the measurement system.

VSA calibration at microwave frequencies is often accom-
plished by internal calibration routines, however at millimeter-
wave frequencies, calibration can be more of an issue. In
this work we propose and demonstrate a compact, low-cost
waveform generator that can be used to calibrate the response
of vector receivers operating in the millimeter-wave frequency
regime.

A modulated signal source can be used to calibrate a
VSA by assuming that the response of the source is ideal.
However, modulated sources can exhibit significant phase
errors that increase with modulation bandwidth, as in eg., [3]-
[6]. Alternatively the source can be calibrated by use of a
sampling oscilloscope and then used to calibrate the vector re-
ceiver [5]. However, most currently available general-purpose
modulated sources are based on arbitrary waveform generators

U.S. Government work not protected by U.S. copyright
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Fig. 1. Simplified schematic of a typical vector signal analayzer consisting
of an optional bandpass filter (BF), a downconverter (mixer) and an analog-
to-digital converter (ADC). The output of the ADC is digitally processed to
form, for example, a constellation diagram or a plot of magnitude and phase
verses frequency.

and frequency converters. These are typically large, expensive,
and susceptible to temperature changes and mechanical shock,
making them impractical for field applications such as self-
calibration of a VSA.

Comb generators are often used for calibrating large-signal
network analyzers (LSNAs). Since they can be based on a va-
riety of nonlinear circuits, they are relatively simple, compact,
and inexpensive, but are not as versatile as arbitrary waveform
generator-based multisine sources. Some comb generators are
based on step-recovery diodes and are sensitive to changes in
drive power [7], [8] and temperature [9]. Recently, more stable
comb generators have been demonstrated, e.g. [8], [10]. These
generators produce impulse-like periodic pulses with a broad
spectrum.

Because the energy in a train of impulse-like pulses is
localized in a very short time interval, the power P} in the
kth tone of the comb is quite low for a given peak voltage
Vp. For example, if the pulse repetition frequency is fp and
the pulse is approximated as rectangular with duration A, Py
is given by

2
V2f2 A/2
p, = L 21k fot)dt
% 200 /_A/2cos(7r fot)

(Vo fold)?
- 50 ©
so that P, < —81 dBm for typical parameters V,, = 0.1
V, fo = 10 MHz, and A = 20 ps. The noise background
of a typical VSA is on the order of -100 dBm or more,
giving only a 20 dB dynamic range without averaging. (A
dynamic range on the order of 40 dB is required to obtain
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Fig. 2. Schematic drawing of the portable millimeter-wave comb generator
and system used to characterize its output with known accuracy. Ports labeled
Ch. 1, 2, and trigger refer to connections to a calibrated sampling oscilloscope
that is used to calibrate the output of the generator, measured on channel
3. Channels 1 and 2 measure sine waves that are used by the NIST TBC
algorithm [13] to correct the oscilloscope timebase. Once calibrated, the comb
generator’s output can be used to calibrate the linear response of a VSA.

error vector magnitude measurements that are accurate at the
~ 1% level.) If the pulse duration could be increased, by use
of band limiting and/or dispersive elements, while keeping the
peak voltage fixed, the power in each tone would be increased,
thus improving the signal-to-noise ratio when characterizing a
vector receiver. Such an approach was hinted at in [10] and [5].
A source that was designed for a similar application over the
100 MHz to 2 GHz band was described in [11]. In this work
we demonstrate a comb-generator-based source, with band-
limiting filter, operating between 43 GHz and 46.5 GHz. With
this source, other bands up to 67 GHz are realizable.

II. CoOMB GENERATOR SYSTEM FOR MILLIMETER-WAVE
APPLICATIONS

Our comb-generator system and the apparatus used to
characterize its output are shown schematically in Fig. 2.
We use commercially available components everywhere in
the system. The box labeled “Comb” is a comb generator
that is similar to that described in [8] but has been modified
to have higher bandwidth and a 1.85 mm coaxial output
connector. The output of the comb generator is filtered and
temporally broadened by a 43 GHz to 46.5 GHz bandpass
filter. Amplification and further filtering are provided by a
20 dB gain amplifier. An optional variable attenuator can be
included for studying behavior of the vector receiver under test
with respect to the signal power. The isolator is included to
make the system source mismatch small and relatively constant
when the reflection of the attenuator changes.

Different operating frequency ranges can be chosen by use
of different filter/amplifier combinations. The highest useful
frequency of our system, 67 GHz, is determined by the band-
width and coaxial connector of the commercially available
comb generator. Higher signal-to-noise ratios can be achieved
by higher amplification and/or choosing a narrower bandwidth
or a more dispersive filter, such as an all-pass filter [11].
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Fig. 3. Measured comb generator waveform.
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Fig. 4. Frequency domain view of comb generator waveform.

III. CALIBRATION OF THE COMB GENERATOR SYSTEM

Calibration of the comb generator system is performed
with a calibrated sampling oscilloscope [12] and by using
procedures similar to those described in [3], [7], [13]. The
system in Fig. 2 and our measurement procedures utilize the
publicly available NIST timebase correction algorithm [13],
[14]. The signal generator produces sine waves with frequency
fr on the order of 10 GHz used for timebase distortion
correction and as the reference for the trigger. The prescaler
(=N block) produces a fast transition that triggers the comb
generator, which is measured on channel 3 simultaneously
with the sinusoid measurements on channels 1 and 2. Because
all of the samplers in the oscilloscope are activated by the
same trigger pulse, the timing errors in all the channels in the
oscilloscope are nearly identical [14]. The timebase correction
algorithm fits the sinusoids measured on channels 1 and 2 and
estimates the timing error in their measurement. This estimate
is then used to correct the timing error in the measurement of
the comb generator.

Portions of a waveform with repetition frequency fy = 10
MHz are shown in Fig 3. It is important to measure a full
period of the waveform because temporally windowing will



cause errors if energy is present away from the main pulse, as
is the case in our comb generator system (as shown in Fig. 3).
In our case, this extra pulse causes ripple in the spectrum with
period of 20 MHz and approximately 0.4 dB peak-to-peak
magnitude variation (not resolved in Fig. 4) and 0.3 degree
peak-to-peak phase variation.

A typical single waveform measurement is timebase cor-
rected by use of the sequential timebase correction algorithm
described in [13]. To facilitate further processing steps that use
discrete Fourier transforms, the timebase corrected waveform
is interpolated onto an evenly spaced temporal grid over
an epoch equal to the period of the comb, that is, 1/fo.
Measurements of the comb are time consuming and subject
to temperature drift. The drift error is efficiently corrected
by first Fourier transforming the data and then using the
phase-alignment algorithm of [15]. After drift correction, the
waveforms are transformed back to the time domain and
averaged. In our measurements the rms noise of a single
waveform is approximately 1 mV and is reduced to 0.1 mV
by averaging 100 measurements. Finally, the averaged mea-
surements are corrected for the response of the oscilloscope
and impedance mismatch, as described in [16], to obtain the
response of the comb generator. Note that, while the samplers
are calibrated by electro-optic sampling techniques through a
National Metrology Institute, all other steps described above
may be implemented by users.

IV. CALIBRATION OF A VSA AND COMPARISON WITH
RESULTS OBTAINED WITH OTHER SOURCES

We used our comb generator system to calibrate the re-
sponse of a commercially available VSA over a bandwidth
of 120 MHz centered at 45 GHz. For comparison, we also
synthesized two different multisines with 10 MHz tone spacing
centered at 45 GHz [4]. These multisines were calibrated
with the oscilloscope in the same way as with the comb
generator system and had peak voltages that were comparable
to that of the comb generator system. The first multisine had a
(nominally) constant phase with respect to frequency and the
second had Schroeder phase [17] characteristic.

The VSA was configured to acquire an integer number of
cycles of the comb [18]. The input range was set about 4
dB below saturation. Multiple measurements of all signals
were acquired, aligned using the technique of [15] and then
averaged. Measurements of the comb generator system were
aligned to a constant phase of zero.

Results of the measurements are shown in Fig. 5. The
phase of the VSA measurements were compared to those
measured by the calibrated oscilloscope. Agreement in the
characterization of the VSA’s phase error indicates that the
portable comb system is performing on par with the rack
of equipment that constitutes the AWG-based source. To
quantify this, we used a paired t-test [19] to compare the
mean measured phase ¢ys(fj) = (pc(f;) + ¢s(fj))/2 of the
two multisine signals with the comb phase ¢comn(f;). The
difference d; = ¢yis(fj) — deomb(f;) averaged over the 13
frequencies is d = 3 x 107 and its standard deviation is
s7 = 0.042. The test statistic E/sa = 7.5 x 10~* produces

A Constant phase ¢

X Schroeder phase ¢
O Comb phase ¢,y

Phase error (deg.)
o
|

I 2
| 6 5 8
'2 1 1 1 1 I 1 I I 1 I 1 1 1 1 I I I 1 1
44.92 44.96 45 45.04 45.08
Frequency (GHz)
Fig. 5. Difference between phase measured with oscilloscope and phase

measured with VSA based on measurements with the comb (o) and multisines
with fixed phase (A) and Schroeder phase ().

a p-value of 0.999. Therefore, based on the data, we find
no significant difference between the multisine- and comb
generator-based calibrations.

V. CONCLUSION

We presented a straightforward measurement technique for
calibrating vector signal analyzers at millimeter-wave frequen-
cies by use of a calibrated comb generator. The method
uses off-the-shelf parts and is portable, allowing users to
conduct these calibrations in their own labs, without use
of cumbersome, expensive AWG-based sources. The results
presented here demonstrate that our prototype millimeter-wave
comb generator can be used for calibrating VSAs without a
significant degradation in the calibration of the phase response.
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Abstract—We propose a verification device to validate the
calibration of a nonlinear vector measurement instruments such
as Nonlinear Vector Network Analyzer (NVNA). The verification
device is a two-port device that has two operating modes, namely
linear and nonlinear. The designed circuit’s response is almost
insensitive to small harmonic mismatches of the instrument ports
(IT| < 0.1). Since neither an amplifier nor a circulator is used, the
traceability procedure of the device to Electro-Optical Sampling
(EOS) is less complicated compared to earlier prototypes.

Index Terms—Verification device, Network analyzer, NVNA,
LSNA, Verification of calibration, Traceability.

I. INTRODUCTION

Our objective is to develop a nonlinear verification device
to confirm the quality of the calibration of a Nonlinear Vector
Network Analyzer (NVNA) in the same way that a linear veri-
fication device is used to verify the calibration of a linear VNA
[1]. The basic differences between the linear and nonlinear
calibration are explained in [2]. Calibration of an NVNA re-
quires absolute vector voltage and therefore Radio Frequency
(RF) power and phase standards are needed in addition to the
traditional impedance and transmission standards. Harmonic
comb generators are commonly used as the "phase standard".
Although our main goal is to design a reference device to
validate the calibration in NVNA measurement system, the
verification device can also be used to verify the calibration
of a Large Signal Network Analyzer (LSNA) as well. The
LSNA and NVNA are respectively based on the sampler-based
methodology and the mixer-based methodology [3] to convert
the RF bandwidth to the IF bandwidth.

The verification device should allow the user to verify both
the linear and the nonlinear calibrations of the NVNA with
a single-connection of the device to the NVNA. The user
measures the device on the NVNA and by comparing the
measurement results with the traceable data delivered with the
verification device, the user can evaluate the calibration of the
instrument. The verification device should have the following
properties:

1) It should be a two-port device;

2) It should operate in two modes: linear and nonlinear;

3) In the linear mode, the linear calibration of the NVNA

can be verified;

4) In the nonlinear mode, the aim is to verify the power

and phase calibrations of the NVNA;
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5) In the nonlinear mode, the fundamental frequency is 2
GHz and the number of harmonics is five;
6) The behaviour of the device in the nonlinear mode
should be insensitive to small load harmonic mismatches
of the instrument (|T'] < 0.1).
The last property is essential since mismatch characteristics of
instruments are different even when comparing two NVNAs
from the same manufacturer.

So far, related research has been limited to a verification
device working only in the nonlinear mode. The first attempt
was presented in [4]. In [5], a method was proposed based
on manipulating the behavioral model of the device to predict
the output signal as a function of the load impedance. If the
measured signal is different from the predicted signal then
this indicates a poor calibration of the NVNA. The method
did not work very well, because the device was not insensitive
enough to harmonic load mismatches. In [6] and [7], nonlinear
verification devices are described that use an amplifier as
the nonlinear block. To make the circuit insensitive to the
output mismatch in [6] and [7], the waves going in and out
are controlled by a feedback system, so the circuit behaviour
remains the same and the waves remain almost the same
(independent of the load and source mismatches). Although
the results are good, the circuit’s traceability procedure is
complicated.

In our design of verification device, we have avoided the
use of an amplifier in the nonlinear block and the use of a
circulator or amplifier in the Mismatch Compensation Block
(MCB) in order to make the traceability of the device to
Electro-Optical Sampling (EOS) [8] as simple and accurate
as possible. Instead we have used diodes in the nonlinear
block to generate harmonics and coupled lines in the MCB
to equalise the amplitudes of the harmonics and to make the
circuit less sensitive to mismatch at the output. Our main focus
was on the effect of load mismatch as in [6] and [7]. We found
that source mismatch, unlike load mismatch, does not have a
great impact on the performance of the verification device.
We tried to design the device to be applicable in linear mode
as well as in nonlinear mode. The diodes are placed in such
a configuration that, when the diodes are reverse biased, the
device becomes passive and can be used as linear verification
device without any physical replacement. In Section II, we
describe the design approach adopted, and then in Section III,



the measurement setup and results are explained.

II. VERIFICATION DEVICE DESIGN

Fig la shows the schematic of the proposed verification
device. The nonlinear block generates the fundamental and
harmonics power. The objective of the Mismatch Compensator
Block (MCB) is to reduce the sensitivity of the verification
device to output mismatches.

The nonlinear block is an IC that consists of four diodes
in limiter configuration (Fig la). These diodes are capable
of handling high drive levels without degrading frequency
performance [9]. The IC can be readily integrated into mi-
crowave design. One of the features of this IC compared
to its counterpart in [6], [7] and [10] is that it just acts
as a transmission line if it is reversed biased and the input
excitation is smaller than —20 dBm. Single-layer capacitors
are used as bypass capacitor in the biasing configuration of
the IC.

The MCB consists of two cascaded coupled lines. By using
two-stage coupled lines and using the isolated ports of the
coupled lines, an isolator and a high-pass filter function are
achieved. By connecting the nonlinear block to the MCB, the
harmonics have a similar power level as the fundamental,
so the uncertainty of their measurement will be smaller.
Moreover, the fundamental frequency signal that has the
dominant power at the output of IC (point M in Fig la)
sees a large mismatch due to high pass filter characteristics
of the MCB, thus the reflected wave will drive the diodes
into more nonlinear condition and harmonics will be more
powerful. A high-quality RF PCB material was used for the
MCB to facilitate comparison with the simulation results.
The substrate properties are as follows: relative dielectric
constant=9.8, substrate thickness =1.27 mm, top cladding =
17.5 um.

The simulation is conducted in ADS 2014. The purpose of
the simulation is to find out the effect of the MCB design on
the insensitivity level. We do not know the pattern or statistic
variation of the port impedances of NVNA instrument to an-
other NVNA instrument. Therefore, in Monte Carlo analysis,
the impedance at each harmonic frequency is independently
and randomly with an “uniform distribution” changed in the
circle ( |T'] < 0.1).

The reduced load sensitivity comes at the price of lower
output power e.g., the MCB insertion loss is 50 dB at 2 GHz
and 10 dB at 10 GHz. The output power starts to decrease
above 12 GHz (Fig 1b) so we do not advise to use the device
above 10 GHz. To better quantify the effect of the MCB, a
“Figure of Merit” (FOM) is defined.

The FOM expression based on the waves for R different
load conditions at ng},, harmonic is defined as follows [6]:

=

R _
1 3 IB2(nw, T;) — B2(nw)|?
FOM = | == _

R B2 (o) 2

x 100 (1)

[ [ 2GHz [ 4GHz [ 6 GHz | 8 GHz [ 10 GHz |
Without MCB 0.51 6.51 7.18 18.18 16.97
With MCB 0.32 0.83 0.76 1.24 1.04
(a) Only the output impedances are varying
[ [ 2GHz [ 4GHz [ 6 GHz | 8 GHz [ 10 GHz |
Without MCB 2.16 9.27 7.99 26.62 24.46
With MCB 1.80 4.09 1.93 33.24 7.04

(b) Input and output impedances are varying

Table I: Calculated FOM of the proposed design

T',. corresponds to Ry, load condition and ny, harmonic. The
B2 waves are first phase aligned based on Equation (2). The
new B2 are calculated as follows [6]:

(B2(nw,T,) = /B2(nw,T.)—n/Al(w,T,) (2)
B2(nw,T,)| = [B2(nw,T,)|

In simulation, the 50 € load are known so the B2(nw) is the
situation with 50 2 load in simulation. In measurement, we
choose B2(nw) as

_ 1 E
B2(nw) = = g B2(nw,T')) 3)
r=1

The smaller the measured FOM is in these measurements,
the more insensitive the device is towards load and source
impedances. The calculated FOM using Equation (1) is shown
in Table Ia. To show the influence of the mismatch compen-
sator block, the FOM is shown for the case without mismatch
compensator block as well.

To understand more about the mismatch effect of the
instruments’ ports, the source mismatch is considered in Monte
Carlo analysis in simulation. Considering whether only load
impedance is changing or load and source impedances are
changing has an impact on the FOM that is shown in Table
Ib. When both load and source impedances are changing the
FOM at 8 GHz increases dramatically. By changing the load
and source impedances in this design, there are plenty of
possible situations that result in resonant frequencies. Those
frequencies that undergo such behavior will have FOM’s
performance decrement. Moreover, we conclude that the MCB
has not a significant effect on source mismatch unlike the load
mismatch, because source mismatch changes the delivered
power to the IC. Since the nonlinear behavior of the IC
is completely input power dependent, the variation of input
power changes fundamentally the behavior of the IC. By using
only a simple passive component such as MCB, controlling the
delivered power is not possible. Therefore, using a MCB again
in the input will not increase the performance.

III. EXPERIMENTAL RESULTS

The realized circuit is shown in Fig 2. The measurement of
the nonlinear verification device was done by an NVNA. The
same device can be used to verify calibration in LSNA as well.
The nonlinear verification device was measured with an input
RF power of -20 dBm (linear mode) and 10 dBm (nonlinear
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(a) Simplified block diagram consisting of a nonlinear
block to generate a train of harmonics and another block
to improve the performance of the total circuit with
respect to output mismatch

(b) (Red) The power spectrum at point N in
Fig la when the point M is short circuited to
the point N. . (Blue) The power spectrum at
point N in Fig la when the MCB is placed

(c) S-Parameters magnitudes versus frequency of
one stage coupled-lines of MCB

between the point M and N

Figure 1: Proposed verification device design

mode). We used the measurement setup that is shown in Fig 3.
This configuration allows to change the load after calibration
from 50 2 to any desired value.

Non-Linear mode

After the calibration we put loads consisting of [0, 6, 10,
16, 20] dB attenuator plus short/ open/ load standards to
provide a range of different loads to the DUT. The averaging
number in NVNA was 100 and the IF bandwidth was 30
Hz for each measurement. The FOM corresponding to those
measurements that have |I'| < 0.1 is shown in Table II. The
higher values correspond to higher frequencies, where the
isolation of the nonlinear devices is lower. By increasing the
mismatch (specially |T'| > 0.3) at the output of the DUT, the
FOM increases (Fig 4).

In [10], the performance over the bandwidth of interest with
condition of |I'| < 0.2 is reported as quadratic mean of the
FOM as 1.5%. If the bandwidth is considered From 2 GHz to
8 GHz, our FOM is 2.1% that is acceptable compared to its
amplifier-based counterpart [10].

Figure 2: Physical realization of the proposed design

Linear mode

We used the same measurement setup like in Fig 3 with
the fixed load as 50 ). In order to make the device work in
the linear mode as explained in Section II, the device should

Figure 3: Measurement setup to change the load after calibra-
tion from 502 to any desired value. (the simplified diagram
of NVNA is from [3])

[ [2GHz [ 4GHz | 6GHz | 8 GHz | 10 GHz |

Simulation
(With MCB) 0.32 0.83 0.76 1.24 1.04
Measurement 1.2 3.2 2.4 2.3 12.8

Table II: FOM comparison between measurements and simu-
lations

be reverse-biased with 2 V and the excitation should be -20
dBm. We have to be sure that harmonics are not generated by
these specifics.

To check the linear mode performance, the circuit is reverse-
biased and excited with two values of -10 dBm and -20 dBm.
The output is measured and showed in Fig 5. When the device
is excited with -20 dBm and -10 dBm, the difference between
the fundamental and the harmonics respectively is about 30 dB
and 20 dB. Since the device excited by -20 dBm operates in
the linear mode, the verification device can be used as linear
verification device as well.
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Figure 5: Power spectrum of the output is shown to evaluate
the performance of the device in linear mode. (blue) input
power is -10 dBm (red) input power is -20 dBm

IV. CONCLUSIONS

In this work, a verification device to check nonlinear vec-
torial calibrations and linear calibration has been built and
tested. The device has two modes. When the device is biased
in the desired operating point, it acts in nonlinear mode.
The device mode is linear when the device is reverse biased
and the excitation signal is small signal. By operating the
device in small-signal and reverse biasing the nonlinear block,
the linear calibration can be verified. The nonlinear mode is
performed by doing a large signal excitation. The input power
level should be about 10 dBm to drive the nonlinear block
into nonlinear behavior. The output harmonics have similar
power level as the fundamental. so the uncertainty of their
measurement will be close.

All measurements are frequency-based measurements. No
impedance mismatch corrections have been applied to the
results. The achieved average Figure of Merit (FOM) over
frequency of the output wave is 2.1% (if the FOM correspond-
ing to10 GHz is considered then the average FOM would be
4.3%) with minimum value of 1.2%. The device is insensitive
to |T'| < 0.1 mismatch. The device becomes more mismatch
sensitive above 10 GHz even when |I'| < 0.1. The design is

not using any amplifier or circulator or any vague system that
would make the traceability less certain and more complicated.
The price of not using amplifier or usual isolator is “a device
without traceability procedure complexity” that was our goal.
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Abstract — A novel method is proposed for the calibration of
channel mismatch in a time-interleaved real-time digital
oscilloscope (RTDO). A simple simultaneous equation is derived
from the Fourier transform of the time-interleaved signals. Thus,
it only requires a transfer function of time-interleaved ADCs
(TIADCs), while most of previous works have employed
additional filters. A measurement method for the transfer
function of a commercial RTDO is also proposed. The accuracy
of the calibration method is determined by the noise produced
after the interleaving process. To validate the proposed method,
we measure two-tone signals using a commercial RTDO. The
calibrated results clearly show signals at spurious frequencies are
substantially reduced.

Index Terms — Oscilloscope, channel mismatch, calibration,
time interleaved, TIADC.

I. INTRODUCTION

Impairments  of  time-interleaved  analog-to-digital
converters (TIADCs) include gain, sampling time, and offset
mismatch terms [1]. Correction methods for the errors of
TIADCs have been extensively discussed in the literature [2-
4]. At higher frequencies, the defects in components, such as
sample and hold (S/H) circuits and pre-amplifiers (or
attenuators) are critical since fabricating identical components
is extremely difficult. In addition, the system responses of
these RF components vary as a function of frequency.

Thus, to comprehensively calibrate the systematic errors in
time-interleaved real-time digital oscilloscopes (RTDO), a
novel calibration method is required for handling frequency-
dependent channel mismatch terms.

Recently lots of research has been reported for the
calibration of the frequency response mismatch [5-8]. Most of
these works are concerned with calibrating the channel
mismatch by applying FIR type filters on each channel. As a
result, the accuracy of the calibration is greatly dependent on
the design of the filter. In [6], the calibration is performed in
the frequency domain. The method separates the frequency
regions depending on the number of channel, and determines
the multiplying coefficients. As the number of channels
increases, the complexity of the formula is drastically
increased.

In this paper, we have derived a simple simultaneous
equation for the time-interleaved signals in the frequency
domain. Thus, the input and the output signals of the RTDO
can be represented as a matrix form with a transfer function of
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the scope, and the measured signal can be easily calibrated by
the inverse of the matrix. Also we have developed a novel
calibration procedure for the commercial RTDO, and the
proposed method and procedure have been validated.

II. CALIBRATION METHOD

The basic diagram of an RTDO employing TIADCs is
shown in Fig. 1(a). The input signal is divided into M channels
and amplified (or sometimes attenuated). Each signal passes
through an S/H circuit, and then an ADC converts the analog
signal to a digital signal. This process can be equivalently
represented as a sum of transfer functions Hy(f) and DC offsets
as shown in Fig. 1(b).

To calibrate the transfer functions H(f), the measured data
should be separated according to the channel as shown in Fig.
2. The output of the TIADC system y(¢) is a convolution of the
input signal x(7) and the transfer function /(f):

y(0) = (x*h)(2) M

To separate data sets for each channel, we first define a
uniform time mesh 7 :

f=[t,t, -, t,] eR™ ¢, =4 +iT,ie{2, 3, - ,N} (2)

, where T is a sampling time interval. On this time mesh the
sampled, discrete, output of the TIADC system is a vector
7 e RY . The i" entry of this output vector is given by:

lil=y() = ﬁx(li —1)h(t,),iefl, 2, -, N}. 3)

We next subsample the output into M vectors that each contain
data of a single channel or ADC. The vector y, represents the

data collected by the & channel. The ¥, vector will have (N/M)

entries, j, e R*/*"' and the i component is given as:
Y lil=yl(-DM +k], iefl, 2, -+, N/ M}. (4)

The Fourier transform of y, is:

Y, (/) =ﬁ > X = (- T )



The sampling time interval of the separated data set y(¢) is
increased from 7; to MT,. Thus the under-sampled signal
produces an aliasing M times with ¢”™" rotation vectors [5,
6].
Eq. (5) is graphically represented in Fig. 3 for M=4 and 4=1.
Fig. 3(a) shows the spectrum of the signal X(f)H,(f), which is
produced when the signal is fully sampled. The signal is
assumed band-limited (BW < F/2, F=1/T), thus the hashed
triangle refers to the image frequency spectrum. Generally,
TIADCs perform under-sampling, and aliasing is produced. If
we consider the signal spectrum as four parts (iFy/M < f <
(H1)FJ/M: =0, ---, M-1), each spectrum can be represented as
Fig. 3(b) — (e). The signal spectrum (m=0) is the same as the
fully sampled signal spectrum as shown in Fig. 3(a), and the
aliasing spectra (m=1, 2, 3) are rotated by ™ since the
response is channel 1 (or £=1). Thus the total spectrum (or
under-sampled spectrum) through channel 1 is the sum of Fig.
3(b) to Fig. 3(e), and can be represented as:

g - . F, F ot
Yl(.f)=A14[(X<f)Hl<f)+X(f L, (e
X(f-2 }S‘)H1 (f-2 AF4 )e”z“ﬁ + (6).

F; N ﬂ —jZﬂlﬁ
X(f—3M)Hl(f 3M)e ]

Eq. (6) can be formulated in a more general matrix form as:

=2 wfo)\i _LR f/zrrv\/ifm)l\i/
{ Y,(f) } . Hy(f)e ! Hy(f M )e g X(f)
Poe— : : : )
M k-1 5 k-1
DL e e | =

Finally, the calibration of the channel mismatch in an RTDO
can be regarded as a linear algebra problem. The input signal
X(f) can be reconstructed from the transfer function H(f) and
the measured data set Y(f) using (7).

M| y(n)
u

(@

¥(n)

(b)

Fig. 1. Block diagram of RTDO with TIADCs structure (a) actual system (b)
equivalent block diagram.
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Fig. 2. Separated data set depending on each channel. Four channels (AM/=4) is
assumed. (a) raw measurement (b) yo(?) (c) y1().
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Fig. 3. Frequency spectrum (a) X(HH,(f), (b)Yi(f) where 0</<F,/M, (c) Yi(f)
where F/M<f<FJ2, (d) Yi(f) where F,/2<f<3F/M, (e) Yi(f) where
3F/M<f<F,. Here, M is chosen to be 4 for our example.

III. SIMULATIONS

The proposed calibration method is confirmed using a
simulation. Here, we choose the number of channels to be 4,
with transfer functions H;(f) shown in Fig. 4. As the frequency
is changed from DC to F/2, the magnitudes of H,(f) are varied
linearly from 1t0 0.9, 1t0 0.8, 1to 0.5, and 1 to 1.1, and the
phases are varied linearly from 0 to 0.3, 0 to -0.1, 0 to -0.3,
and 0 to 0.15, respectively. The measured signal y(f) is
calculated using a Fourier transform coefficient as follows:

Y ()= ﬁlHk (ONX(f)|cos(27 fi +arg (X (f))+arg(H(f))) (8)
/=0

Then, y(f) is obtained by an interleaving process (product of
pulse trains like Fig. 2 from y(¢) ~ y3(¢). Fig. 5(a) shows the



frequency spectrum of the input signal X(f), the output signal
Y(f) through TIADCs, and the calibrated output signal. Y(f) is
greatly distorted due to the largely different transfer function
among channels. However, the difference between the
calibrated signal and the input signal is only -250 dB (see Fig.
5 (b) without noise). This indicates the proposed method can
be used to reconstruct the input signal with negligible error.
The error produced by the limitations of floating point
numbers on a computer is all that remains. In addition, the
proposed method does not require any information about the
input signal except for the band limited condition.

Next, the effect of noise on the calibration is simulated. A
random Gaussian noise of -75 dB is added before and after the
time interleaving process. The output signals are also obtained
using (5), and are then calibrated by applying the proposed
method. The difference between the input and calibrated
signals are shown in Fig. 5(b). The result of ‘before
interleaving’ shows the same result as the absence of noise,
while ‘after interleaving’ is increased to about -75 dB. Fig. 5(b)
indicates that the noise produced after time-interleaving
process is not calibrated out by the proposed method, as
expected.
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Fig. 4. Transfer function H(f) used in the simulation
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Fig. 5. Simulation results (a) frequency spectrum of input, output, and
calibrated signals (b) difference between input and calibrated signals.

IV. MEASUREMENTS

The proposed method is confirmed by measurements using
a commercial RTDO. Fig. 6 shows the flow chart of the
proposed measurement procedure. The measurement method
for the transfer function of the RTDO is explained in
subsection A, and the measured result is discussed in
subsection B. The number of ADCs (or channels) is found by
applying DC voltages to the RTDO. The different DC offset
values produce M spurious signals at frequency spacing of
nF /M frequency where n=0, ---, M-1 [4]. In this measurement,
32 spurious peaks are observed on the frequency spectrum,
which means 32 ADCs are used in the RTDO.

A. Measurement of transfer function H(f)

The proposed method requires the transfer function H(f) of
the RTDO to be known in order to fully calibrate the
measurement result. The measurement of absolute H(f) is
quite involved. It requires prior knowledge of the source, and
careful consideration of the impedance mismatch between the
source and the RTDO. In this paper, relative H(f) is used to
focus on the confirmation of the proposed method, and can be
obtained by using a CW source and normalization of mean
values:

H, (f)= ’i%m(_(j{)) e«f(m(_f')—a? ) ©)

, where the over-line “ denotes the mean value over the M
ADCs. However, most commercial RTDOs start making
measurements with a random ADC during its sampling
sequence. It means that sequences of H,(f;) and H,(f)
typically do not align with each other by using only the CW
source since the starting point of ADCs is changed every
measurement. Thus an additional CW source is



simultaneously used as a reference to properly assign H(f) to
its corresponding ADC. The measured signal y,(f) can be
represented as

V@) =4, (f)cosr ft+4, (1))

A, 6O, 1+, () offset, +nt) )
, where n(¢) is a random noise. If we assume n(7) is a normal
distribution with zero mean, each parameter A,(f), @.(f),
Au(frep)s Oulfrep), and offset,, can be estimated using a least-
square fitting. The sequences at different frequencies are
aligned by comparing the reference parameters A4,(f,.,) and
Ou(frer). The reference frequency should be carefully chosen
not to occur at a spurious frequency that is produced due to the
channel mismatch [5]. The measurement is performed
multiple times, and the averaged H(f) is shown in Fig. 7. The
measured RTDO consists of 4 banks of 8 ADCS, and each
channel has similar frequency characteristics, and unique
offset values. As the frequency is increased, the channel
mismatch is increased. This clearly shows the channel
mismatch should be dealt with as a function of frequency in
the calibration of the RTDO.

B. Calibration of channel mismatch

After measuring the relative transfer function H(f), we
apply two-tone signals (1.656 GHz and 3.007 GHz) to the
RTDO as shown in Fig. 8(a). Many spurious signals are
observed due to the channel mismatch. The spectra of the
input signal and the spurious signals are about -40 dB and -80
dB, respectively. As a result, spurious free dynamic range
(SFDR) is about 40 dB when the DC component is excluded.
Fig. 8(b) shows the calibrated result using our proposed
method. The offset values are first subtracted from the
measurement, and then the calibrated result is obtained by
solving (7). This shows that most spurious signals are
removed from the measurement, and SFDR is increased by
about 20 dB. Some spurious signals are still observed near the
noise floor due to the non-linearity of the RTDO and
harmonics of the source. Some of the spurious signals may be
removed by applying the non-linearity terms in eq. (7).

Determine # of ADC

Estimate and normalize parameters

LD D 0561 A ) — LD D)

Compare H,,(f,,,) and find shifting sequence i

[H] (f;ef) Hz(f;e/) e HM(f;ef)]previous meas. < |
[1~Ii(fr‘ef) HM(fref) Hl(fref) e Hi-l ref)]cuxrent meas. 3

Match sequence H,, (f) ;
L) s D) = T - ) H () - Hia (D]

Calibration
channel mismatch

Construct and invert matrix using (7)
(Y,,(f) and H,(f) is known)

Fig. 6. Flow chart of the measurement procedure
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Fig. 7. TIADCs channel mismatch (a) relative magnitude difference, (b)
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Fig. 8. Measurement result (a) before calibration (b) after calibration

V. CONCLUSIONS

In this paper, we explained our method for calibrating
channel mismatches in time-interleaving ADCs. Our proposed
method can be more effectively applied when the channel
mismatch terms vary as a function of frequency. To confirm
our proposed method, we performed simple simulations where
the RTDO had 4 different channels. Here, the output signal
was strongly distorted, whereas the calibrated output signal
was identical to the input signal except for additional noise
due to the interleaving process. Finally, we measured a signal
using a commercial RTDO, and calibrated it. Only small
spurious signals remained due to non-linearities in the RTDO.
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Abstract—An alternative is proposed for the line pairing
process that underspans the multi-line Thru-Reflect-Load (M-
TRL) calibration. The tensor decomposition based method shows
a potential to further improve the calibration accuracy.

I. INTRODUCTION

The multiline TRL (MTRL) calibration is one of the most
accurate and widely used calibration methods for the mea-
surement of S-parameters [2]. As a consequence, there is an
extensive literature available on the subject, see for example
[2], [4], [5], [6], [7]. The core concept of MTRL boils down to
the fundamental knowledge that any section of an infinite, ho-
mogeneous transmission line can be perfectly described by its
characteristic impedance, Z,. (w), its propagation factor v (w),
and its physical length [y. When the reference impedance used
to define the waves is set to match the characteristic impedance
of the line, the associated .S matrix becomes an antidiagonal
matrix with elements e~

Unfortunately, the behavior of a practical transmission line
does not fully match this idealized situation. The transition
between the coaxial field pattern in a probe or a cable and
the reference standard line perturbes the wave propagation,
hereby destroying the theoretic relation described above. To
get around this problem, the elegant solution proposed by
MTRL conceptually considers lines of different lengths to
consist of a launcher section at both ends and a homogenous
part in the middle of the line. If now more than one line
of different length is measured, the difference in behavior
between the lines is caused by a homogeneous, nearly ideal
line section alone [2].

To practically remove the effect of the launcher, the state of
the art methods pick an arbitrary reference line [2], [4], [5],
[6], [7]. The response of the homogeneous ideal line section
is then obtained as the product of the cascade 7' matrix of
the line and the inverse 7" matrix of the reference line. This
procedure is repeated N — 1 times if /N line standards are
available.

Extensions to the original work cover the (sometimes te-
dious) selection of the propagation constant of the line [6],
the modeling of the propagation constant over the frequency
[6], or the estimation of the compensation coefficients [5]. To
our knowledge, the fundamental step that consists in taking
the lines in a pair-wise arrangement was never questioned up
to now. This is peculiar in the sense that the selected reference
line will appear in every line pair, therefore its influence on
the result is expected to be emphasized w.r.t. the other lines.

In this paper, we propose to process the T-matrices of all
the reference lines simultaneously rather than pair-wise. This
avoids the selection of a reference line completely. Additionaly
it circumvents the sometimes tedious inversion of the cascade

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

matrix and imposes the equality of the laucher response over
all lines simultaneously and by construction.

II. THE LINE CALIBRATION WORKBENCH

For the convenience of the reader, the assumptions used for
the measurements and the definitions are summarized below.

A. The measurement setup

Consider a non-ideal, repeatable, linear time-invariant 2-port
Vector Network Analyzer (VNA). The instrument measures
a set of NV transmission lines of different, known length
l; that share the same transmission line parameters (same
geometry apart from their length [;, same material properites,
same connection type). The N transmission lines share access
networks X and Y. They are described by their cascade wave
matrix Ty (w) and Ty (w) € C?*2. The cascade matrix of
line ¢ is obtained as

le‘ (w) =X (w) Eli (w) Y (UJ)

where E;; is a diagonal matrix as below

eV (@)l 0
E;, = { 0 ev(u))li]

B. Measured quantities and their uncertainty

In the M-TRL calibration, the measurement of the lines is
the main part of the calibration procedure. The cascade matrix
measured by the VNA is considered to be equal to the cascade
matrix T, of each line. Because the lines are identical except
for their length up to the non-idealities of the VNA, it is safe
to assume that the measured cascade matrix can be written as:

Tm,', = Xm,j, EmiYmI = Tli + 1\11717

where a suffix ,, denotes a measured quantity. This statement
holds under the equality of the geometry of the lines, un-
der mild assumptions for the measurement noise on the S-
parameters, and for a sufficiently high signal-to-noise ratio.
Then, the measurement noise on the T matrix can be assumed
to be additive, circular normal distributed and independent
over the frequency. For the model errors that account for the
non-idealities in the behavior of the line, a similar assumption
is used and its influence is also contained in Ny, .



C. A tensor formalism top process all lines simultaneously

To avoid the selection of a reference line, we propose to
stack the measured T matrices at each frequency in a 3-
dimensional tensor. When N reference lines are used in the
calibration, this object contains /N planes of 2 x 2 T parameter
entries. Such a tensor can be decomposed in a number of
elementary, rank 1 basis elements [1]. Put in a nutshell, this
decomposition is a generalization of the well-known singular
value decomposition to higher dimensional matrices. The CPD
decomposition method is now well established in the linear
algebra community, and there are different methods/algorithms
to compute it. Software that allows to use the algorithm in the
Matlab environment is freely available on the web [1]. For
each separate line, the obtained decomposition yields a matrix
triplet as follows

T, ~ XEB¥

Note that a single pair of matrices X and Y is obtained for
all the lines simultaneously. The matrices are calculated during
the simulataneous decomposition of the lines performed by
CPD. This result is clearly different from the classical appo-
rach of paired lines, where a different set of matrices X, Y is
obtained for each line pair. The question now arises whether or
not this will lead to different values for the propagation factor
~ of the line(s) and the calibration coefficients of MTRL.

III. COMPARING CPD AND LINE PAIRING
A. The considered line set

To compare both approaches we consider a set of microstrip
lines whose response is simulated in Keysight Momentum.
The simulator parameters are set to have a maximum accuracy
for all lines. A simulation is considered here to allow for a
measurement noise free context that allows to compare the
accuracy of the methods rather than their noise sensitivity.

The substrate parameters are selected as follows: the di-
electric material has a relative permittivity ¢, = 3.55, a
loss tangent tand = 0.0022, and a height h = 1.524 mm.
The copper conductors have a thickness ¢ = 35 pum, and a
conductivity ¢ = 5.8E7. The transmission line geometry is
defined by a width W = 3.4 mm. The eight lines have the
randomly selected length [ of 21.9, 42.6, 78.8, 99.1, 111.5,
121.2, 144.7, and 167.1 mm. The lines are simulated in a
frequency range starting at 500 MHz and ending at 5 GHz
with a frequency resolution of 50 MHz. The results proposed
here are obtained at the lowest frequency of 500 MHz.

B. Comparing the propagation constants ~y

The results obtained by CPD are compared to the classical
pairing method. The shortest line is selected as a reference
line for the pairing method. For the CPD case, the ratio of
the propagation factors li obtained from E;is displayed, as
CPD does not need to evaluate this ratio. Results are displayed
in figures 1 and 2 for the absolute value of the real and
imaginary part of . Note the close match that is obtained
between both approaches. This clearly shows that CPD is
indeed decomposing the set of matrices as is predicted by
the theory.
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Figure 1. Real part of the propagation constant for the line pairs. (Classical
in black, CPD in gray)
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Figure 2. Imaginary part of the propagation constant for the line pairs.
(Classical in black, CPD in gray)

Note also that the CPD method produces two distinct values
for propagation factors while the classical approach produces
two equal values. This is perfectly normal, as the symmetry
between the eigenvalues is not imposed for CPD while it
is imposed for the classical approach. This freedom is an
advantage for CPD, as it is then used by CPD to include the
small non-symmetric imperfections in the construction of the
line. Imposing a symmetry that is not perfectly obeyed as in
the classical method can lead to the appearance of a small
bias term, both in the propagation factors and the estimated
eigenvectors in X and Y. This bias is to appear in the final
calibration too.

To show that both methods do indeed extract the properties
of the line, the effective permittivity and the loss tangent
are calculated using the ~ values as obtained before. The
mean value and the standard deviation over the line pairs is
summarized in table I. Their agreement for the two alternatives
is extremely good and complies with the expectation. The
comparison to the values obtained from the data sheet of
the material for the loss tangent and from the data sheet and
the linecalc utility of ADS for the effective permittivity show
underestimation of roughly 3% for the relative permittivity and
25% for the loss tangent. The latter difference is somewhat
higher than expected and deserves further attention. Note
however that the value in the table is obtained at 2.5 GHz,
while the test frequency is only 0.5 GHz.



[ [ CPD class | data sheet + ADS |
T 2.6892 | 2.6893 2.75
oc 0.001 0.001
tan d 0.001700 | 0.001696 | 0.0022 @2.5 GHz
Ctan s 0.00002 0.00002
Table T

MEAN 7 FOR THE LINE PAIRS AND THEIR STANDARD DEVIATION
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Figure 3. Real part of ratio; . (dashed line = classical, full grey line near
the top = CPD)

C. Comparing the calibration coefficients

The situation for the eigenvectors is different, as N — 1
sets of eigenvectors are estimated for IV lines in the classical
method while one single set is obtained form CPD. Remember
that the ratio of the elements of these eigenvectors convey the
calibration information that is used in the seminal TRL papers
[3]. We label this quantity as ratio; for the i*" line pair.

The ratio; obtained by CPD and the pairing method are
compared next. The real and the imaginary part of that ratio for
the two eigenvectors is shown in the figures 3, 4, 5, and 6. Note
that all the ratios do indeed vary significantly for the classical
method, while the CPD method obtains a constant value by
construction. A preliminary study of the quantification of
this variation on the accuracy of the final calibration tends
to indicate that this variation is indeed significant. For the
imaginary part of the ratios, one could argue that taking the
mean value of the individual ratio’s over the line pairs will
result in a result that is similar to CPD. However, for the real
part this is no longer true. For ratio;, the real part obtained
by CPD is significantly larger (close to the top of the figure)
while for ratios the CPD value is smaller (close to the bottom
of the plot). This points towards the presence of a (small) bias,
as was expected and explained above.

IV. CONCLUSION

An alternative approach is proposed for the line pairing
procedure that is at the basis of the multiline TRL method.
The method decomposes the T-matrices of the lines simu-
lataneously using a numerical procedure that was orignally
designed for tensor decomposition. The method is illustrated
to retrieve accurately the propagation factor of the lines and
one set of eigenvectors for all matrices simultaneously. As
these eigenvectors are used in the calibration to determine the
calibration coefficients, an increased accuracy for the overall
calibration is expected.

Figure 4. Imaginary part of ratio; . (dashed line = classical, full grey line
= CPD)
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Abstract — This paper presents a detailed analysis of
uncertainty matrices (i.e. measurement covariance matrices)
associated with multiple complex-valued microwave scattering
(S-) parameter measurements. The analysis is based on forming
combinations of (2 x 2) sub-matrices from selected elements in
the uncertainty matrix and using these sub-matrices to define
uncertainty ellipses in two-dimensional measurement planes.
These uncertainty ellipses can be used to assess the quality,
accuracy and validity of the measurements. A simple example is
given using measurements made on a waveguide mismatched line
section at frequencies from 75 GHz to 110 GHz. The analysis is
also useful when multiple S-parameter measurements are used as
input quantities for measurement models used to determine other
measurement quantities (i.e. as output quantities).

Index terms — S-parameters, uncertainty of measurement,
uncertainty matrices, measurement covariance matrices,
multivariate measurands.

I. INTRODUCTION

Since the publication, in 1993, of the ISO “Guide to the
Expression of Uncertainty in Measurement” (GUM) [1], much
work has been undertaken, in many areas of science and
technology, to implement the general techniques outlined in
the GUM.! In the area of high-frequency electromagnetic
metrology, a key issue with implementing the techniques
given in the GUM has been that many of the measurands that
are encountered are complex-valued quantities, i.e. the
measurand has both a Magnitude and Phase, or, equivalently,
a Real and Imaginary component.

A procedure for dealing with the uncertainty in a complex-
valued measurand has been described in [3, 4], where the
uncertainties in the Real and Imaginary components of the
measurand were analysed in terms of a (2 x 2) covariance
matrix. The examples given in [3, 4] were of S-parameter
measurements that occur in microwave metrology. The
matrix formulation that was used enabled the correlation
between the uncertainties in the Real and Imaginary
components of the complex-valued measurand to be included
in the overall expression of uncertainty. This led to the use of

! Since 1993, there have been several minor revisions/updates to the
GUM. The most recent edition was published in 2008 [2]. This
edition can be downloaded from
www.bipm.org/en/publications/guides.
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the correlation coefficient to describe the interrelationship
between the two components of the measurand.

More recently, the procedures outlined in the GUM [1, 2]
have been extended to deal with measurement situations
where there are multiple output quantities (i.e. where there is
more than one measurand) [5]. This extended procedure
enables the interactions between all the measurands to be
taken into account when establishing the uncertainty in the
multiple output quantities. Correlation coefficients can be
established between suitable pairs of output quantities selected
from the complete set of output quantities. This leads to a
correlation matrix which has the same number of elements as
the uncertainty matrix. The elements in the correlation matrix
are the correlation coefficients that describe all possible
correlations between pairs of output quantities.

This paper applies the techniques given in [5] to the
situation where there are multiple complex-valued output
quantities. The techniques given in [3, 4] that accounted for
the interactions between the Real and Imaginary components
of an individual complex-valued S-parameter are extended to
take account of interactions between the components of all the
complex-valued S-parameters.  This includes interactions
between components of different S-parameters — i.e. the
interaction between a component of one S-parameter and a
component of a different S-parameter. For example, the
interaction between the real (or imaginary) component of Sy,
and the real (or imaginary) component of, say, S,;, and so on.

Accounting for interactions between different S-parameters
can be important especially in situations when the behavior of
one S-parameter is physically related to the behavior of other
S-parameters.  For example, a measurement device that
contains a significant mismatch will generate both an increase
in reflection and a decrease in transmission, compared to the
matched condition. The relationship between the amount of
energy reflected and the amount of energy transmitted is
governed by the law of conservation of energy — i.e. energy
that is reflected cannot at the same time be transmitted, so, in
this situation, there is clearly a strong physical relationship
between reflection and transmission. For an n-port device
(where n > 1) containing significant mismatch, there is
expected to be correlation between the reflection coefficients,
Si, (i = 1, ., h) and the transmission coefficients,
Si(i=1,..,mj=1,...n;i=j).
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In general, for measurements of multi-port devices, there
may be many possible combinations of pairs of components of
different S-parameters. However, in this paper, the
investigation is restriced to measurements of two-port devices,
as this is sufficient to illustrate the necessary concepts.? A
simple example is given showing measurements made on a
mismatched waveguide line in the WR-10 waveguide size,
developed by OML, Inc. As mentioned above, the mismatch
in this device should give rise to significant interactions
between the reflection and transmission coefficients. This is
investigated in terms of the interactions between the various
combinations of the components of these complex-valued
coefficients.

Il. CONCEPT

The S-parameters for a two-port device can be represented
using the following scattering matrix:

5= s ) g

The uncertainty for each of the four complex-valued
S-parameters in (1) can be represented by a (2 x 2) uncertainty
matrix®. For example, the uncertainty matrix for Sy, is:

( uZ(SuR)

u(511R' 5111)>
u(S11p S11¢)

2
uZ(Slll) @
where the sub-subscripts R and | are used to indicate the Real
and Imaginary components, respectively, of an S-parameter,
Sij (i=1,2;j=1,2). This matrix represents the uncertainties
in the Real and Imaginary components of S;q, including the
interaction between these components, using the off-diagonal
element u(Sy1,, S11,), Or, equivalently u(Syq,, S11g). Similar
(2 x 2) matrices are used to represent the uncertainties in, and
interactions between, the Real and Imaginary components of
S,1, S12 and So,.

In addition, other uncertainty terms are needed to represent
interactions between components of different S-parameters.
This results in an (8 x 8) uncertainty matrix being used to
represent all the uncertainty information for the four
S-parameter measurements of a two-port device, where the
off-diagonal elements are used to represent all the interactions
between the components of these four S-parameters. The
elements of this (8 x 8) uncertainty matrix are listed in
Table 1.

The shaded regions in Table 1 indicate the four (2 x 2) sub-
matrices that represent the uncertainty associated with each of

2 It is relatively straight-forward to extend these concepts to devices
with more than two ports.

% The term “uncertainty matrix” is as used in [6]. The same type of
matrix is referred to as a “measurement covariance matrix” in [5].

the four S-parameters, independent of any interactions
between other S-parameters.

Without loss of generality, this investigation is further
restricted to consider measurement of two-port devices that
exhibit both reciprocity (i.e. S,y = S;5) and symmetry
(S11 = S2), as this will simplify the analysis but will still be
sufficient to illustrate the necessary concepts.® Under these
conditions, only the S-parameters, S;; and S,;, need to be
considered. The (8 x 8) uncertainty matrix described in
Table1 can therefore be reduced to include only terms
involving uncertainty in S;; (Real and Imaginary), or S,; (Real
and Imaginary), or a combination of both S;; and S,; (Real and
Imaginary). The (8 x 8) uncertainty matrix therefore reduces

to the following (4 x 4) uncertainty matrix:
u? (511R) u(511Rr5111) u(SlerSZIR) u(snRrSzh)
u(S11,, S115) u?(S11,) u(S11, S215)  U(S11p S21,) 3
\u(521Rr511R) u(521R,5111) u2(521R) u(521R,521I)
u(S21p S115)  UCS21p511)  u(Sz1,S21,)  uA(Sz1)

This reduction process results in six sub-matrices
representing the interactions between the Real and Imaginary
components of S;; and S,;. Two of these sub-matrices are the
usual uncertainty matrices for S;; and Sy, — i.e. the S;; sub-
matrix:

u?(s
< (S11g) 4

u(sllR'5111)>
u(51111511R)

u2 (511[)

relates to the Real and Imaginary components of S;; and
describes the uncertainty associated with a measurement
coordinate (Sy14,S11,) in the Sy two-dimensional complex
plane.
Similarly, the S,; sub-matrix:
u?(s
< (S215) 5)

u’(leR' SZl[))
u(5211,521R)

uz (521[)

relates to the Real and Imaginary components of S,; and
describes the uncertainty associated with a measurement
coordinate (521R.521I) in the S,; two-dimensional complex
plane.

However, the other four sub-matrices are uncertainty
matrices that represent the uncertainties in, and interactions
between, a component of one S-parameter and a component of
a different S-parameter. For example, for the Real component
of Sy; and the Real component of Sy;, the sub-matrix:

4 Again, it is relatively straight-forward to extend these concepts to
devices that are either non-reciprocal, non-symmetric, or both.



Table 1: Elements of the (8 x 8) uncertainty matrix associated with the S-parameter matrix in (1)

Sy, S, Sp S,
Real Imag Real Imag Real Imag Real Imag
S11 | Real u2(511R) u(SierSnl) u(511R:521R) u(511R'5211) u(511R:512R) u(511R:5121) u(st'SzzR) u(511R'5221)
Imag | w(Si1,, S115) uz(Slll) U(S11,S21,) | U(S11,S21) | U(S11pS12) | ©(S11,S12) | ©(S11p S22,) | ©(S11p S22,)
Sy | Real | u(Sy1,,S11,) | U(S215,S11,) u?(Sz1,) U(S21,521,) | U210 S12) | U(S215 S12)) | U(S215 S225) | U(S210 S22,)
Imag | u(Sz1p, S11) | U(S21,811) | u(S21p S215) u2(5211) U(S21p, S12) | U(S21pS12,) | U(S21, S225) | (S21p S22))
Sz | Real | u(Sia,,S11,) | U(S125S11,) | U(S1250S21) | U(S1245S21,) u?(S12,) U(S125512,) | U(S120 S225) | U(S12 S22,)
Imag | u(Si2;,S11) | U(S12pS11) | U(S12p S21) | u(S12,S21) | U121 S125) uz(Slzl) U(S12), S22) | U(S12,)S22,)
Sz | Real | u(Sypp,S11p) | U(S225,S11,) | U(S2250 S215) | U(S2255S21,) | U(S225, S125) | U(S22, S12,) uZ(SZZR) U(S225,S22,)
Imag | u(Szz;,S115) | U(S22, S11,) | U(S22, S215) | U(S22,,S21,) | U(Sa22, S12) | U(S224S12,) | u(S22,S22,) uz(szzl)
<u2(5““) u(sil“'sm“)) (6) I11. EXAMPLE
u(521R:511R) u (521R)

describes the uncertainty associated with a measurement
coordinate (Sy15,S21,) in a two-dimensional plane with the
Real component of S;; as one axis and the Real component of
S,; as the other axis. This is not a conventional S-parameter.
Instead, it is a two-dimensional quantity based on a
combination of two components coming from two different
complex-valued S-parameters.

In the same way, for the Real component of S;; and the
Imaginary component of Sy, the sub-matrix:

< u? (511R)

u(511R» 5211)>
u(SZh, 511R)

uz(SZh) @)
describes the uncertainty associated with a measurement
coordinate (Syy,,S,1,) in a two-dimensional plane with the
Real component of S;; as one axis and the Imaginary
component of S,; as the other axis.

For the Imaginary component of S;; and the Real
component of S,;, the sub-matrix:

2
< u (5111) ®)

u(5111»521k)>
u(521R: 5111)

u? (521R)

describes the uncertainty associated with a measurement
coordinate (Syq,,S,1,) in a two-dimensional plane with the
Imaginary component of S;; as one axis and the Real
component of S,; as the other axis.

Finally, for the Imaginary component of S;; and the
Imaginary component of Sy, the sub-matrix:

< u? (5111)

u(5111»5211)>
u(521p511[)

9)
u2(5211)
describes the uncertainty associated with a measurement
coordinate (S;y,,S,1,) in a two-dimensional plane with the

Imaginary component of Sy; as one axis and the Imaginary
component of S,; as the other axis.

To illustrate the above concepts, measurements were made
on a mismatched waveguide component designed and
developed by OML, Inc. The waveguide size for this device
is WR-10 and so measurements were made at frequencies
from 75 GHz to 110 GHz. These measurements are used to
present the data shown in Figures 1 to 3.

Figure 1 shows the magnitudes of S;; and S,;. These are the
conventional S-parameters for such a device. The magnitudes
of these S-parameters show the characteristic undulation in
response due to interacting mismatches inside the device.
Maximum reflection (and minimum transmission) occurs at
approximately 78 GHz, 87 GHz, 95 GHz and 104 GHz.
Minimum reflection (and maximum transmission) occurs at
approximately 75 GHz, 83 GHz, 91 GHz, 100 GHz and
109 GHz. As mentioned previously, the strong relationship
between the behavior of the reflection and the transmission is
due to energy conservation — i.e. signal that is reflected cannot
be transmitted, and vice versa.

The strong relationship, shown in Figure 1, between the
value of S;; and Sy; at any given frequency can be investigated
further by examining the behavior of combinations of
components of both S;; and S,; — these combinations are
shown in Figures 2 and 3. In Figure 2, the magnitude of the
VECtors (Sy14, S215) and (S14,, S24,) are plotted as a function of
frequency, and in Figure 3, the magnitude of the vectors
(S11g: S21;) and (Syq;, Sq1,) are plotted as a function of
frequency. The choice of which vector to plot on which of
these graphs is not important — however, the choice made here
does indicate a strong relationship between combinations of
the components of S;; and Sy.. (In principle, the magnitudes
of all six voltage ratios could be plotted on the same graph,
but having this amount of data displayed on the same graph
might make it difficult to interpret.)

At each frequency, in Figures 1, 2 and 3, the uncertainty in
the six vectors, (Siip, Si1)) (Sa1pr S21,)y (S11pr S21g)s
(S11gr S21,)s (S11p0 S215) @nd (Syq,, S21,), €an be represented by
the (2 x 2) uncertainty matrices shown in (4) to (9),
respectively.
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IVV. UNCERTAINTY ELLIPSES

If S = (x,y)T denotes a variable point in the measurement
plane®, § = (%,7)T denotes the measured value of the
two-dimensional vector-valued measurand at a particular

s(M))

frequency and
2s
V= (S_(x_) .
s@x)  s°0)

denotes the uncertainty matrix (covariance matrix) associated
with the measured value, then the following equation
represents an ellipse that bounds a region of uncertainty in the
measurement plane associated with the measured value

(10)

S-S -35) = k? (11)
where k is a “coverage factor” [2].°

It has been shown elsewhere [7] that the elements of a
(2 x 2) covariance matrix can be used to construct an ellipse in
a two-dimensional plane used to depict a two-dimensional
vector measurand. For an (2 x 2) uncertainty matrix, this
ellipse represents a region of uncertainty associated with the
measured value of the two-dimensional measurand.

On this occasion, the measurement procedure for the
WR-10 mismatch waveguide line included making a series of
12 replicate measurements of the device, in order to assess the
repeatability of the measurements. These replicate
measurements were used to establish the elements in the
uncertainty matrices described in (4) to (9).” This procedure
was applied at each measurement frequency. In addition,
uncertainty ellipses were constructed using these uncertainty
matrices, (4) to (9), for each of the six two-dimensional
vectors described in the previous section. Sets of six ellipses
were generated at each measurement frequency. As an
example, the six ellipses that were produced at 75 GHz are
shown in Figures 4 to 6. In all these Figures, a large coverage
(i.e. multiplying) factor, k, has been used (k = 500) to enable
the ellipses to be seen easily. The red dashed circle in each of
the plots is the “unit circle” centred on the origin of the plane.

® The use of a superscript “T” here indicates the transpose of a vector.
® Note that in equation (11), superscript “-1” indicates the inverse of
a matrix.

" These uncertainty matrices therefore do not contain information
concerning all uncertainty contributions to these measurements.
However, these matrices are considered sufficient to demonstrate the
concepts described in this paper.
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V. DISCUSSION

The uncertainty ellipses shown in Figures 4 to 6 provide a
visual representation of the interactions between the
components of the measured S-parameters. Figure 4 relates
directly to S;; and S,;, respectively, whereas Figures 5 and 6
show the interactions between a component of Sy, (either Real
or Imaginary) and a component of S,; (either Real or
Imaginary).

These uncertainty ellipses can be used to assess the quality
of the measurement results in terms of accuracy -
i.e. relatively large ellipses suggest relatively poor
measurement quality, and vice versa. The uncertainty ellipses
can also be used to verify measurements by comparison with
other sets of measurement data (see, for example, [8]). A
detailed and rigorous verification procedure for multiple
S-parameter measurement data is beyond the scope of this
paper, and so this will form the subject of a subsequent paper.

V1. CONCLUSION

A procedure has been presented for the detailed analysis of
the uncertainty associated with measurements of multiple
complex-valued S-parameters. The procedure follows
recommendations, outlined in Supplement 2 to the GUM [5],
for the treatment of uncertainty for any number of output
quantities (i.e. measurands). The procedure quantifies the
uncertainty for each individual S-parameter using a (2 x 2)
uncertainty matrix (i.e. a measurement covariance matrix).
Additional (2 x 2) matrices are then used to quantify the
interactions between components of different S-parameters.



All these (2 x 2) uncertainty matrices are effectively sub-
matrices drawn from a ‘parent’ uncertainty matrix which
contains all uncertainty information for the multiple
S-parameter measurements. For a two-port device, this parent
matrix is a fully populated (8 x 8) uncertainty matrix — more
generally, for an n-port device, the parent matrix will be a
(2n? x 2n?) uncertainty matrix.

For a reciprocal, symmetric, two-port device (as presented
in this paper), six ellipses are needed, at each measurement
frequency, to describe all the interactions between the
uncertainty components for the two S-parameters, Sy; and Sy;.
For a non-reciprocal, non-symmetric, two-port device, a total
of 28 ellipses would be needed to describe all interactions
between the uncertainty components for all the four
S-parameters, Si1, S,1, S12 and Sp,.

The analysis presented in this paper can also be applied to
the situation where measurements of multiple S-parameters
are used as inputs to the determination of other subsequent
measurement quantities.  The use of fully populated
(2n? x 2n?) uncertainty matrices for measurements of n-port
devices enables the effects due to all interactions between the
components of the S-parameters to be taken into account, in
terms of their effects on these subsequent measurement
quantities.
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Complex LO waveforms for wideband systems: some frequency-
converter measurement implications
J. Martens
Anritsu Company, 490 Jarvis Drive, Morgan Hill, CA 95037 US

Abstract — Systems containing frequency-conversion stages
using complex Local Oscillator (LO) waveforms, sometimes
under the heading of compressive sampling, have been proposed
for general wideband communications, 5G applications (large-
scale MIMO), signal intelligence and for other purposes. The
characterization of the converters used in those applications can
be critical for link budgets but those measurements can be
complicated by the LO spectral distribution. Aside from the
expected waveform dependence of linearity, image response
complications and converter operating state questions can lead to
multiple dB (or even 10s of dB) variations in the more small-
signal-esque  conversion efficiency and noise power
measurements when taking into account only average or peak
power.

Index Terms — mixer measurement, frequency converter,
compressive sampling, mixer noise figure.

I. INTRODUCTION

In recent years, there has been work on a number of
communications and receiver systems where non-traditional
LO waveforms are instrumental. One type of system (e.g.,
[1]-[4]) uses a sub-sampling receiver for widely dispersed, but
individually narrowband, frequency swaths. A receiver using
a number of pseudo-random LOs can compress the signal
space into a relatively small baseband bandwidth that can be
digitized efficiently and then the information decoded in post-
processing using knowledge of the LO waveforms (often
called ‘compressive sampling’ techniques). A different type
of system (e.g., [5]-[6]) may instead want to make more
efficient use of RF bandwidth by taking multiple baseband
signals and using varied LOs to transfer that information to a
bandlimited RF zone. The receiver in that system uses similar
LO structures to recover the various baseband signals.

Similar to both types of systems is the use of a complex LO
waveform. Because the details of those waveforms are critical
to information control, certain common frequency converter
structures could become problematic: strong limiting LO
paths, wave sharpening LO structures, etc. As a result,
passive mixers are often discussed in the context of these
systems (e.g., [1]). At any rate, the measurement of these
frequency converters also raises some questions:

- How much is conversion efficiency a function of
waveform details?

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

- Noise figure definitions can be problematic even for
simple converters (e.g., [7]) so what is appropriate here?
How will the more complex image situation affect the noise
measurements?

From power amplifier work, it would be expected that
dependencies will be present. While a complete analysis
would seem to require a fairly sophisticated nonlinear model,
there is some desire to explore basic component measurements
in this domain if, for no other reason, to get an estimate of link
budgets (e.g., [1]). This paper will then start to look at some
of these measurement questions, semi-heuristically,
particularly for conversion efficiency and noise figure/noise
power. The spectral flow-through for a simple class of
frequency converters will be examined, both for multisine
(e.g., [8]) and more elaborate pseudo-random LO waveforms,
to elucidate hardware and analysis points. Measurements at
microwave and millimeter-wave frequencies will serve to help
explore these behaviors.

II. SYSTEM STRUCTURES AND THE IMPLICATIONS

A simplified diagram of a complex-LO-based system is
shown in Fig. 1. In one incarnation, the input represents band-
limited signals somewhere in a wide RF bandwidth (but
perhaps not known where). With a series of properly encoded
LO waveforms [1], these band-limited input signals are
converted to a baseband signal that can be decoded after
digitization. In this situation, the input signal is sent to each
converter and the multitude of output waveforms are used to
recover the information in post-processing.

While many LO waveforms are possible, commonly used
ones (e.g., [4]) are fast-period digital signals as might be
realized by using different taps from a fast shift register (see
Fig. 2). The spectrum of the LO is thus DC-centered but with
a very wide comb-line extent. Certain other variations (for
wideband systems centered in different parts of the spectrum)
use upconverted variations of that type of digital waveform.
For our purposes here, a pseudo-random sequence
(upconverted or not) may serve as a useful proxy to explore
some dependencies. As a starting point in some of the
measurements, multisine signals (e.g., [8]-[9]) will be used as
proxies to look at some mechanisms as they often have been



used to replace more complex signals in other situations. It
should be emphasized that many aspects of characterization
(particularly linearity) will be local to a particular LO
waveform so generalizations will be approached cautiously.

In another variation, the input may be a series of different
communications signals at baseband and the output becomes a
spectrally efficient combination of those signals at RF that can
be recovered later. In this case, each separate baseband signal
may be applied to a different converter for transmission.

Either way, the behavior of the individual converters needs
to be characterized in terms of the usual conversion
efficiencies, noise figure and linearity for purposes of
assessing link budgets and other system variables.
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Fig. 1. A simplified conversion scheme characteristic of the
wideband compressing systems discussed in this paper is shown here.
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Fig. 2. An example pair of LO waveforms are illustrated here that
may be used in the applications discussed.

As would be expected, spurious generation with a complex
LO is generous and highly amplitude-dependent. It is not
within the scope of this paper to analyze this process but, for
purposes of illustration, a two-sine LO (spacing 90 MHz) was
used at various levels on a passive mixer. A single tone was

delivered to the RF port at 0 dBm. The resulting IF spectrum
is plotted in Fig. 3 where the primary responses are at 910
MHz and 1 GHz IF frequency. These primary conversion
levels change by only about 3 dB over the +3 to +15 dBm (per
sinusoid) LO power range but the various comb-like products
change by 30 dB or more in places.

IF output spectrum vs. LO multisine power

—+—3dBm —® 5dBm

—+—10dBm -~ 15dBm
20 -

-30

-40

Output power (dBm)
-

SRR
ax
L TR
A m
STt

.

e ooosewSs=a--X
F Tt

50 -

b
=
=

g T

60 - 1

SeEEE s
St
[T

3
zanee
SN

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.
Output frequency (GHz)

Fig. 3. The spur generation capability as a function of LO drive in
a two-sine LO scenario is shown here for a passive doubly-balanced
mixer. The RF applied was a single sinusoid.

As in traditional multisine measurements, the phase
alignment plays a strong role in linearity. A two-tone IMD
measurement (two tones applied to the RF port with 3 MHz
spacing) was performed on a W-band converter with both a
single-tone LO and with a three-tone LO and the phase
alignment of the latter group was varied. An IMD product
was computed by averaging all of the 3" order (from the RF
perspective) components due to the various LOs and the
results are plotted in Fig. 4 (aside: this is an ad hoc definition).
For the multisine LO (spacing of 1.7 MHz to give some level
of relative prime-ness), the various individual 3™ order
intermodulation products (IM3) varied by about 3 dB
(amongst themselves) but the general product levels were
higher and the slope more elevated with aligned phase. The
slope change was not expected and is under further study.

Intermodulation vs. LO distribution, 110 GHz
-60 -
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IM3 average product (dBm)
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— = 3-sine LO; aligned phase

-110 T T
-20 -15 -10 -5 0 5 10
Input power (dBm)

Fig. 4. The average 3™ order intermodulation product is plotted
here for a converter with different LO configurations. With the
multisine LO, phase alignment played a role.



In this last measurement and the next one, the description of
the signal configuration has a high potential for lack of clarity.
The distribution is shown in Fig. 5.
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Fig. 5.  The signal distribution for the measurements of Figs. 4 and
6 is shown here. There are many locations of IM products at the
output and an average of those values was used for the multisine case
and the dominant value was used for the pseudo-random case.

To explore this further, consider an IM3 measurement
where the LO is one of two pseudo-random waveforms (each
similar to that illustrated in Fig. 2). To coincide with a
shifted, but reasonably wideband system, the baseband
waveform was upconverted to 60 GHz and band-limited to 1
GHz. While this may not satisfy a wide variety of
applications, it will perhaps help illustrate behaviors. The two
baseband waveforms had the same average power and the
same peak time domain amplitude but differed in bit period so
the power spectral distributions were quite different. Two
tones were input to the RF with 100 MHz spacing and the
upper 3" order product is plotted in Fig. 6.
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Fig. 6.  The upper IM3 product (in dBm terms) is plotted here for a
converter excited on the input port by two tones (100 MHz spacing)
and on the LO by one of two upconverted pseudo-random
waveforms. As expected, the IM response is heavily dependent on
the LO waveform details.

III. CONVERSION EFFICIENCY

While not as waveform-specific as a linearity measurement,
it would not be surprising if conversion efficiency/gain had
some dependence on the LO details. Even ignoring localized
starvation questions, the fraction of time that the mixer
diodes/transistors/switches are in the conducting state will be
dependent on multisine phase composition or pseudo-random
sequence configuration. When LO amplitude variations are
added in, desense responses will be likely except in the
weakest of drive scenarios.

Consider first a simple measurement of converter output
power in a power sweep (of the input sinusoid, not the LO)
where the input frequency was at 40 GHz. A single tone LO
was used first and generated the solid blue curve in Fig. 7.
Two different three-tone LOs were then used with the same
average power as the single tone and with different internal
phase relationships (set 2 being close to aligned but not
perfectly due to some hardware limitations). A substantial
conversion efficiency variance was apparent.

Conversion vs. LO configuration
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Fig. 7. The converted output power as a function of RF drive and

LO configuration is plotted here.

Next, the average LO power was corrected for the
difference in fractional on-time of the mixer diodes when
using the two different 3-tone LO waveforms. While this is an
extremely coarse procedure and ignores many waveform
nuances, the conversion levels are now closer as shown in Fig.
8. Also, the degree of convergence is likely to be dependent
on the mixer/converter technology being employed (this was
performed using simple GaAs Schottky-based mixers).



Conversion vs. LO configuration
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Fig. 8. The same measurement as in Fig. 7 is illustrated here
except the three-tone LO power levels were corrected for the on-state
timing differences for those waveforms.

With a pseudo-random LO and a sinusoidal input, conversion
was measured using an integration bandwidth of 100 kHz and
plotted versus input power for three different LO waveforms
(see Fig. 9). The peak time domain amplitudes were the same
as were peak spectral power levels but the register lengths and
the bit periods were not (the latter ranging from about 2 ns
down to about 500 ps). The output power levels are similar
but the details of the LO power distribution functions had an
impact. The fractional on-times were equivalent in these cases
so some of the effects in Fig. 7 do not apply. Not surprisingly,
the compression points are quite dependent on the waveform.
In this case, the longer periods A and B lead to a near-
starvation state for this particular mixer and hence reduced
conversion and compression point.

Power sweep conversion for pseudo-random LOs
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Fig. 9. Conversion behavior for a mixer with a pseudo-random LO

is shown here versus RF input power.

I'V. NOISE FIGURE AND/OR NOISE POWER

As discussed in [7] and in many other places, the traditional
noise figure definitions, both in terms of the standards and
since they are based on ratios of signal-to-noise ratios, are
potentially problematic for frequency converters. An
ambiguity arises on which image contributions should be
counted as ‘signals’ since that interpretation can be

application-dependent. In the complex LO case, the situation
is even worse since it may not even be known, a priori, how
many image bands are of interest. For the purposes of this
work, we will rely on noise power in a defined bandwidth.
While this is somewhat arbitrary, it is definable and can be
easily converted to a noise temperature.

In terms of practical noise contributions, consider first a
two-tone LO and a downconverter application. If the LO
spacing is relatively large (relative to the IF and the
measurement bandwidth), there are at least 4 bandwidth
sections at the input adding noise power as suggested by Fig.
10. These will all be at least partially correlated (depending
on the LO signal relationships). As the spacing drops,
however, these response areas can start to overlap thus
changing the correlation.
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Fig. 10. An example mixer noise band relationship is shown here
for the complex LO case.

While this may be a slightly odd physical example, it acts
here as a simpler surrogate for the potentially complicated
relationship between these noise sidebands for a pseudo-
random LO. To explore the effect in this basic two-tone LO
setting, the output noise power in a 10 kHz bandwidth was
measured for a variety of LO tone spacings (termed LO
spectral density in the plots) and the results are shown in Fig.
11. Very little happens in this case until the spacing gets on
the order of and below the measurement bandwidth. As might
be suspected from Fig. 3, there are in practice quite a few
more contributing noise sidebands than suggested by Fig. 7
but for the mixer and LO levels used in the measurement of
Fig. 11, these other responses were down at least 20 dB. In
the Fig. 11 measurements, substituting LO generators with
10+ dB phase noise differences (at similar offsets) and
different spur profiles did not change the results. Also the
measured conversion efficiency did not change, beyond
repeatability limits, between the various LO configurations.
An uncertainty analysis of this measurement is in process.



Output noise power vs. LO spectral density
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Fig. 11. The output noise power versus LO density (multisine

spacing) is shown here plotted against output (IF) frequency for one
example system.

Moving to a more elaborate pseudo-random LO
configuration, three configurations with different bit period
waveforms were studied. The output spectra are quite varied
although, again, the LO peak spectral powers and time domain
peak amplitudes were the same. The measured noise powers
are shown in Fig. 12. Although the sequence lengths are
different, the more important change was that the bit periods
shrank consecutively through the series from about 2 ns down
to about 500 ps. The baseband signals were upconverted to 60
GHz with a 2 GHz filtered LO bandwidth. Because the
spectral densities were so different, the number of contributing
sidebands was also different. Since the output frequency was
on the same order as the comb spacing of the LO, there was
also varying overlap and hence correlation differences. Not
surprisingly, there are large differences in measured noise
power.
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Fig. 11. The measured noise powers for a converter using three

different pseudo-random LO waveforms are plotted here. While
peak levels were the same, spectral distributions and implied
sideband correlation levels differed.

V. CONCLUSION

Complex-LO-based systems offer advantages for a number
of applications but they do place stress on the ability to
characterize frequency converting subsystems. While it is
perhaps obvious that linearity measurements will likely be

LO-waveform-specific, conversion efficiency and noise
measurements also show large dependencies even taking into
account certain LO power characteristics. Some of the
mechanisms discussed here may help with characterization
processes and in better understanding where measurement
generalizations are possible.
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Abstract — Multiple-input-multiple-output (MIMO) antenna
will play a key role in the development of fifth generation (5G)
wireless mobile communication systems due to their
performance-enhancement capability in multipath environment.
Antenna radiation efficiency is an important parameter for
MIMO antenna system. In this paper, we present a comparison
of MIMO antenna efficiency measurements performed in
Anechoic Chamber (AC) and Reverberation Chamber (RC) at
the UK National Physical Laboratory. Two commercial available
directional dual polarized full LTE band MIMO antennas were
measured both in AC and RC between 1 GHz and 3 GHz.

Index Terms — Multiple-Input-Multiple-Output, Radiation
Pattern, Antenna Gain, Antenna Radiation Efficiency, Anechoic
Chamber, Reverberation Chamber.

I. INTRODUCTION

Over the past two decades the market for modern wireless
communication systems has grown rapidly in response to
consumer demand. The use of multiple-input-multiple-output
(MIMO) antennas, coupled with modulation formats, such as
Orthogonal Frequency Division Multiple Access (OFDMA)
can provide both increased channel capacity and protection
against multi-path fading. This has been exploited and has
encouraged, in recent years, extensive research activities in the
application of MIMO technologies for these wireless systems,
due to their rich scattering nature that provides improved
spectral efficiencies and increased network capacity.

To date, MIMO technologies have been embedded in the
fourth generation (4G) wireless communication systems such
as 3GPP Long-Term-Evolution (LTE), WiMAX and Wi-Fi
[1]. Furthermore, massive MIMO communication is an
exciting area of fifth generation (5G) wireless research and it
is envisaged that it becomes one of the major drivers for new
radio access technologies in 5G [2].

In early literature on MIMO, the antenna elements were
assumed isotropic and lossless [3]-[4]. However, in practice,
they are often required to be compact for mobile
communications where antenna characteristic such as antenna
radiation pattern, antenna efficiency, correlation and mutual
coupling cannot be omitted [5]-[6]. These are particularly
important factors for the development of the 5G wireless
communication systems as they promise to have seamless
connectivity, which need to be further evolved beyond the
current state of the art in order to accommodate a wide variety
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of issues and challenges. Therefore, system developers,
manufacturers, and researchers need a good understanding of
the real radiation characteristics from such devices in order to
inform design and deployment choices.

Antenna radiation efficiency is one of the most important
antenna parameter [7] as it would have significant effect on
communications performance, reliability and efficiency of the
system. It takes into account losses at the input terminals and
within the structure of the antenna [8]. There are particular
challenges in assessing the radiation efficiency of MIMO
antennas as it has been demonstrated that both diversity gain
and MIMO capacity depend upon the number of antennas,
signal-to-noise ratio (SNR) and radiation efficiency on a
complex way [9]. It should be noted that MIMO antenna
radiation efficiency decreases by small array spacing where
the reduction of efficiency reduces the channel capacity [10].
This will further pose additional difficulty and challenge for
characterizing the antenna radiation efficiency of massive
MIMO antenna.

The fundamental operating principles of anechoic chamber
(AC) and reverberation chamber (RC) are different for
antenna radiation efficiency measurements. AC is an ideal
radio frequency free space environment, whereas RC is an
over-moded reflecting environment providing statistically
homogeneous and isotropic fields within its working volume.
Antenna radiation efficiency measurements in AC are often
affected by critical problems regarding measurement
repeatability which is strongly dependent on the measurement
configuration and the identification of the most sensitive parts
of the antenna under test (AUT). Also an accurate reference
gain antenna is required if antenna substitution method is
employed for the AUT gain measurement. On the other hand,
RC tests do not require accurate AUT positioning but require
an accurate reference efficiency antenna.

There is limited number of literatures [11]-[12] presenting
work relating to charactering MIMO antennas and comparing
between AC and RC. Nevertheless, the main focus in [11]-
[12] is on the characterization of the maximum-ratio-
combining diversity gain and the ergodic MIMO capacity of
MIMO antennas. The relevant AC diversity evaluations
require measurement of embedded far-field functions and
embedded radiation efficiencies at every antenna port. But
considering the time consuming radiation pattern



measurements in AC, the authors have assumed symmetric
property of the MIMO antenna and only perform embedded
far-field functions and embedded radiation efficiencies at one
port. In this paper, we present a study into comparing the
measured results obtained in AC and RC for two different
directional dual polarized full LTE band MIMO antennas. The
work aims to evaluate the antenna radiation efficiency at every
antenna ports as well as the antenna radiation efficiency when
the ports are combined using a combiner.

The paper is organized as follows: Section Il presents the
formula used for the radiation efficiency evaluation in AC and
RC. Section Il presents the details of measurement facilities
and experimental setups for the radiation efficiency
measurements of the MIMO antennas. Section IV shows a
comparison between the radiation efficiency measurement
results obtained from AC and RC. Finally, conclusions are
drawn in Section V.

Il. THEORY

The following presents the formula used for the radiation
efficiency evaluation in AC and RC, respectively.

A. Radiation Efficiency using anechoic chamber

For AC, antenna radiation efficiency can be calculated
using the antenna’s gain and directivity. The directivity is a
measure of the concentration of the radiation in a desired
direction (8,, @,) and the gain is the directivity including the
losses up to the antenna output. These are defined as [13]:

1= G(6y,00)/D (6o, D). 1)
D (8o, Do) = Fnor (6o, (Do)/FNorA,,- )
FNorAv = ﬁ ff4,n FNOT(Q' ®) aq. (3)

where Fy,. (0o, Do) is the normalized radiation intensity for
direction (6y,@,) , and Fyor,, is the average value of
normalized radiation intensity over 4m space.

B. Radiation Efficiency using reverberation chamber

For RC, antenna radiation efficiency can be calculated using
the following formula [14]:

Naut = Faur- Frer-NRer (4)
<|521AUT|2>

Fiyr = 5

T (1_|<SZZAUT)|2)(1_|(522AUT)|2) ( )

(1_|(522REF)|2)(1_|(511REF)|2)

2
(IS21rerl")

Frer = (6)

where # represents the efficiency value. AUT and REF are
for the antenna under test and the reference antenna,
respectively.

I1l. EXPERIMENTAL SETUP

All the radiation efficiency measurements were performed
in the NPL AC and RC facilities. Two different commercially
available directional dual polarized full LTE band two-port
MIMO antennas were measured, namely, Laird PAS69278
and Poynting XPOL-A0002. An ETS-Lindgren 3117 double-
ridged waveguide horn antenna was used as the Tx antenna in
both AC and RC. The following presents the experimental
setup for the radiation efficiency measurement in AC and RC,
respectively. To assess the MIMO AUT as a single-port AUT
a power combiner Mini-Circuits ZN2PD2-50-S+ was used. A
four-port Rohde & Schwarz ZVB8 VNA was used with output
power of 0 dBm.

A. Anechoic Chamber

The anechoic chamber has a dimension of 7m X 6.2m X
6.2m and has two low permittivity mounts, for the
transmitting (Tx) and receiving (Rx) antennas (see Figs. 1(a)
and 1(b), respectively). The roll-over-azimuth positioner
system receiving end enables the three-dimensional (3D)
radiation pattern of the Rx AUT located at the centre of
rotation to be acquired over a spherical surface with a Tx
probe antenna located at a fixed distance oriented transversely
to the spherical surface with a particular polarization angle
where vertical polarization (VP) and horizontal polarization
(HP) are often been chosen.

Fig. 1. NPL AC setup: (a) Transmitting tower with Tx ETS 3117
double-ridge horn antenna; (b) Receiving roll-over-azimuth
positioner tower with the Laird PAS69278 MIMO AUT.

The distance between the Tx antenna and the Rx AUT was
2.8m and the height of the antennas above the chamber
ground was 3.058 m. Both the VP and HP radiation pattern
measurements were performed with an angular resolution of
5° in the roll and azimuth spherical axes. An ETS-Lindgren
3117 double-ridged waveguide horn antenna was used as the
reference gain antenna.



B. Reverberation Chamber

The NPL RC has dimensions 6.5 m x<5.85m >3.5 m with
spangle-galvanized mild stainless-steel walls and aluminium
inner door skins (see Fig. 2). Three circular metallic plates are
horizontally fixed to the vertical rotation paddle axis, which
supports various rectangular aluminium tuner blades. An ETS-
Lindgren 3117 double-ridged waveguide horn antenna was
used as the reference efficiency antenna. Note that the
stationary S-parameters was acquired for each of 1000 paddle
steps (i.e. the paddle rotates a one-thousandth of a complete
revolution).

Fig. 2. NPL RC setup for antenna radiation efficiency
measurement.

IVV. MEASUREMENT RESULTS

As shown in Figs. 3 and 4, the measurement results
obtained in AC and RC are compared for the Laird PAS69278
and Poynting XPOL-AQ0002, respectively.
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Fig. 3.  Antenna radiation efficiency comparison between AC and
RC for Poynting XPOL-A0002 AUT.
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Fig. 4.  Antenna radiation efficiency comparison between AC and
RC for Laird PAS69278 AUT.

One notes that the legend text ‘Total” means that the two-
port are combined into one-port to connect to VNA (i.e. Port 1
at the VNA was connected to Tx and Port 2 at the VNA was
connected to the combined port (using combiner) at RXx)
whereas ‘Channel One’ and ‘Channel Two’ means that the
two ports of the MIMO AUT are each connected to a port at
VNA (i.e. Port 1 at the VNA was connected to Tx and Ports 2
and 3 at the VNA was connected to the two ports at Rx).

One observes from the above that the comparisons show
reasonable agreements between AC and RC. Nevertheless,
one notes that the antenna radiation efficiency is different at
every antenna port as well as when the ports are combined.

V. CONCLUSION

In this paper, we have presented a study into comparing the
MIMO antenna efficiency measured results obtained in AC
and RC for two different directional dual polarized two-port
full LTE band MIMO antennas between 1 GHz and 3 GHz.
We have demonstrated that the antenna radiation efficiency is
different at every antenna ports as well as when the ports are
combined. Considering that massive MIMO communication is
envisaged to become one of the major drivers for new radio
access technologies in 5G, one needs to further research on
novel cost-effective measurement techniques to fully
characterize its radiation efficiency.
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Automated Wideband Test System, Measurement Uncertainty, and
Design of On-chip Six-Port Reflectometers for 5G Applications
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Abstract—This paper introduces an automated wideband test
system, measurement uncertainty, and designs of on-chip six-
port reflectometers (SPRs) that can be used for 5G applications.
The trial frequency bands of 5G technology research and
development (R&D) include 15 GHz, 28 GHz, and 38 GHz.
Reflection measurements at these high frequencies are an
essential part of 5G R&D. A six-port reflectometer (SPR) can be
used for the embedded reflection measurements. However, the
complexity of its calibration makes measurements challenging.
Performing multiple measurements at wideband frequencies is
even more challenging. An automated test system of on-chip
SPRs in this paper can alleviate this problem. The details of the
automated test system are introduced. Automated measurements
were performed from 12 GHz to 18 GHz, including 15 GHz. The
discussion of the measurement uncertainty is included. The
design, layout, and simulation results of a 28-GHz SPR are also
presented.

Index Terms — Reflectometry, Built-in self-test, Automatic
testing, Six-port reflectometer, embedded IC testing

I. INTRODUCTION

The 5th generation of mobile wireless networks can provide
benefits such as increasing data rates and capacity. The 5G
technology may offer better solutions to overcome the
obstacles of the previous generations [1]. Multiple frequency
bandwidths for 5G technology are under investigation, which
include high frequency bands such as 15 GHz, 28 GHz, and
38 GHz [2],[3].

Refection coefficient measurements at these high
frequencies are an essential part of 5G research and
development (R&D). On-wafer radio frequency (RF) tests at
these high frequencies can be performed not only for the R&D
effort but also for the production of the RF integrated circuits
(ICs). In order to reduce test costs of ICs, reflection coefficient
measurement circuits can be embedded into a chip.
Embedding the circuits can provide on-chip reflection
coefficient measurement information. However, traditional
vector network analyzer (VNA) method involves many RF
hardware components, and the circuit size tends to become too
large for an embedded purpose. An alternative method of
reflection coefficient measurements, a six-port reflectometer
(SPR), can be used for embedded applications because a SPR
involves less circuit components [4]-[6]. However, the
calibration method of a SPR is more complex than a
traditional 2-term error correction. Also, test procedures of a
SPR tend to be more complicated.

SPR measurements may involve multiple steps of adjusting
calibration loads, and the corresponding measured results are
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Fig. 1. A simplified block diagram of an automated wideband test system of
an on-chip six-port reflectometer.

processed to determine the reflection coefficients of a device-
under-test (DUT). If calibration load adjustments and test
equipment controls are carried out manually, complex test
procedures may result in significant measurement inaccuracy
for on-wafer tests and measurements. Moreover, it becomes
even more challenging in repeating test procedures at
wideband multiple frequencies. Therefore, an automation of
SPR tests such as an automated wideband test system
introduced in this paper is essential to alleviate the problem.
This automated test system can reduce measurement errors
caused by manual adjustments and controls, and it is suitable,
particularly, for testing on-chip SPRs at wideband multiple
frequencies. The details of the automated test system using an
on-chip SPR are presented. The wideband measurements were
performed from 12 GHz to 18 GHz, which include 15 GHz
that is one of the 5G trial frequency bands. The discussion and
statistical analysis of the measurement uncertainties at these
wideband multiple frequencies were presented. Moreover, the
design, layout, and simulation results of a SPR at 28 GHz
which is also one of the 5G trial frequency bands are followed.

II. AUTOMATED WIDEBAND TEST SYSTEM OF ON-CHIP SPRS
FOR EMBEDDED TESTING

A simplified block diagram of the automated test system of
an on-chip SPR is shown in Fig 1. The test system consists of
a SPR IC, a microcontroller unit (MCU), an analog-to-digital
converter (ADC) unit, amplifiers, variable RF power source
components, and an impedance matching tuner.

Modern MCUs include an internal ADC and amplifier units.
However, these units are drawn separately in Fig. 1 to
emphasize the necessity of the circuit elements and the
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operation of the test system. The amplifiers connected to the
input nodes of the ADC unit can increase sensitivity of the RF
power measurements. The converted digital data of the ADC
unit is transmitted to the MCU. The MCU controls variable
RF power source components and an impedance matching
tuner. The variable RF power source components include a
local programmable oscillator and a variable attenuator [7].
The MCU also controls an impedance matching tuner to
provide proper load impedances for calibrations and
measurements. The MCU can generate digital or analog
control signals for an impedance matching tuner.

The bias circuit block in Fig. 1 includes bias circuits or
power management ICs that can provide multiple levels of
supply voltages because the required supply voltage levels for
a MCU and the other SPR components can be different. The
bias circuit block also includes design techniques which
isolate the digital supply voltage of a MCU in order to reduce
unwanted supply noise.

III. DESIGN AND CALIBRATION OF ON-CHIP SPRS

An SPR design that is suitable for on-chip applications
includes a power divider, a phase shifter, and power detectors.
The on-chip SPR was demonstrated in a F20 GaAs process by
Widemann [8]. Power detector components were designed
using diodes. Another on-chip SPR with a similar structure
was designed and fabricated by Lee [9]. This on-chip SPR was
used as a DUT for tests and measurements in this paper. A
simplified block diagram of the on-chip SPR is shown in Fig.
2. The power detectors were designed using diode connected
bipolar junction transistors (BJTs). The on-chip SPR, depicted
in Fig. 3, was fabricated in a 130nm BiCMOS process. A
resistive divider is used for a power divider component. Two
inductors and one capacitor are used for a phase shifter
component. Differential amplitude detectors are used, which
can also work as single-ended detectors with proper
configurations [10]. The tested operating frequency was 20
GHz. The size of the chip is 1.25 mm x 1.00 mm including RF
and DC PADs, and test circuits.

The SPR calibration procedures start with detector
characterizations. Next, an initial value estimation of wil, w2,
Z, and R can be processed. There are various methods of
finding these initial values in the literature [11],[12]. The
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Fig. 4. A photograph of the automated wideband test system of an on-chip
SPR.

calibration method utilizes minimum five unknown loads with
a constant magnitude of reflection coefficients and well-
distributed phases [13]. Next, a six- to four-port reduction is
processed to decrease the number of required coefficients of
the SPR. Then, an error-box transformation is performed for
mapping of the reflection coefficient from W plane to I” plane.
Important variables of the SPR calibration, a, b and c, can be
found using three known loads and by solving three linear
equations.

IV. AUTOMATED WIDEBAND MEASUREMENT PROCEDURES OF
AN ON-CHIP SPR

A simplified block diagram of the automated measurement
system for an on-chip SPR is shown in Fig 3. A vector
network analyzer (VNA) is employed as variable RF power
source equipment. An automated tuner system (ATS) is
utilized as an impedance matching tuner. National Instrument
data acquisition (NI DAQ) and custom built quad-amplifier
units are used as ADC and amplifier units, respectively. A
custom PC application software controls the devices and
equipment through USB and GPIB interfaces. The control
software is developed using C and MATLAB languages [14].
The control software communicates with the VNA and ATS
using NI-488.2 standard and SCPI commands. The control
software enables successful multiple loops of the automated
measurements in multiple frequencies if the devices and
equipment are properly configured. Fig.4 shows the
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configuration of the test system. The on-chip SPR as a DUT is
placed on the chuck of the probe station.

The automated measurement procedures start with
characterizing the impedance tuner at multiple desired
frequencies using the VNA [15]. It is recommended to find
minimum loads with a constant magnitude, well distributed
phases, and open and short loads. Various test load
impedances can be created by changing the motor positions of
the ATS. The motor positions for the load impedances for the
calibration and measurements are found and recorded to the
memory storage of a PC. Then, the in-situ power detectors are
carried out in case pre-characterized data is not given. The in-
situ detector characterizations are processed by recording
detector output voltages at swept RF source power levels from
low to high at multiple frequencies. Finally, the recorded
output levels are processed for post calibrations and
optimizations to determine reflection coefficients and display
them on Smith chart.

V. WIDEBAND MEASUREMENTS INCLUDING 15 GHZ AND
MEASUREMENT UNCERTAINTIES

The accuracy of the on-wafer RF measurements depends on
many factors including maintaining signal integrity between
the die and RF probes. If significant mechanical vibrations are
present, then additional electrical noise and inaccuracies of
on-chip measurements can be introduced. Therefore, it is
preferred to use an electrically tunable impedance unit instead
of a motorized impedance tuner unit for an on-chip SPR test.
However, a motorized impedance tuner was used in this paper,
and good verification results of the test system were obtained
even in a challenging case. The automation of the test system
made the on-chip SPR measurements at wideband multiple
frequencies possible. The automated SPR measurements were
carried out from 12 GHz to 18 GHz with 1-GHz steps. Fig. 5
shows the 12-GHz SPR measurement results which are the
overlapped measurement results of a matched load and five
sets of loads with the same magnitude and 30-degree phase
steps by the VNA and SPR in Smith chart. Likewise, the 15-
GHz and 18-GHz SPR measurement results are shown in Fig.
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6 and Fig. 7. Good agreements are shown in the reflection
coefficient measurements between the VNA and the SPR for
12-GHz, 15-GHz, and 18-GHz cases. The limitation of the
measurement results at high frequencies can be introduced by
the test equipment. For instance, in this test setup, the highest
operating frequency of the impedance matching tuner by
specifications is 18 GHz. It can be seen that the measured area
of the 18-GHz case in Smith chart has become smaller than
the area of the 12-GHz case. It is because the impedance
matching tuner introduces more loss as the test frequencies
become higher. Some of the sample impedances with
significant errors that were introduced during the tuner
characterization or measurements were not included.
Measurement errors can be introduced by many factors
including characterization errors of the impedance tuner and
detectors, and mechanical vibrations and shocks. As it is
shown in Fig. 6, the 15-GHz reflection measurement results
are successfully demonstrated, where the frequency band is
one of the 5G frequency bands. Although they were not shown,
authors would like to take a note that the measurement results
for other frequencies such as 13 GHz, 14GHz, 15 GHz, and so
forth, show good agreements similar to 12-GHz an 18-GHz
results.
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Measurement uncertainties between VNA and SPR
measurements were presented by the calculation of the relative
distance and angle between samples as shown in Fig. 8. Let us
say that zv and zs are the reflection coefficients from VNA
and SPR measurements, respectively. The relative distance
can be obtained by taking absolute value of subtracting the
refection coefficients.

Error magnitude = |zg — Zy]|

The relative phase referenced by the reflection coefficient of
a VNA can be obtained by the subtraction of taking angles of
the reflection coefficients.

Error phase = 2z5— 21zy

The graph at the top of Fig. 8 describes the magnitude errors
in a log scale between the VNA and SPR measurements for 12
GHz, 15 GHz, and 18 GHz. The 12 samples with the same
magnitude are grouped, which varies from 0 to 330° with 30°
steps. Five groups with different magnitudes at three test
frequencies were presented.

The relative magnitudes of the 15-GHz SPR results are
drawn as dark color lines and cross markers. The relative
magnitudes of the 12-GHz and 18-GHz SPRs are drawn as
gray and lighter gray color lines, and downward- and upward-
pointing triangles, respectively. The error magnitudes are
small and less than —30 dB except the samples with the
magnitude of 0.625. The error magnitudes describe the
tendency that they get slightly worse as the magnitude of the
samples becomes bigger.

The relative phases of the 15-GHz SPR results are shown at
the bottom of the Fig 8. The error phases are about less than
+6° for 12-GHz, 15-GHz, and 18-GHz SPRs. The error phases
tend to get smaller as the magnitude of the reflection
coefficients becomes bigger. These results in error magnitudes
and phases do not imply a general tendency for SPR

Error magnitude (dB)
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Fig. 9. Statistical analysis of the error magnitudes and error phases of the 12-
GHz, 15-GHz, and 18-GHz SPR measurements.

Fig. 10.
process.

measurements since measurement accuracy of SPRs can vary
by many factors.

The statistical analysis of the error magnitudes and phases is
presented in Fig. 9. The average values of the error
magnitudes are shown at the top of Fig. 9. They increase
gradually as the frequencies becomes higher. The root mean
square (RMS) values of error phases are shown at the bottom
of the Fig. 9 They show the gradual decrease of the error
phases.

VI. DESIGN OF THE 28-GHz SPR FOR 5G APPLICATIONS

The 28-GHz frequency band [16] is also one of the 5G trial
bands that is used by companies including SAMSUNG
electronics. The 28-GHz SPR is designed in a 130-nm
BiCMOS process. The screenshot of the layout of the 28-GHz
SPR is shown in Fig. 10. The 28-GHz SPR is implemented
using a RF power divider, phase shifters, and RF power
detectors. The restive divider is used as a power divider.
Single on-chip inductor is used as a phase shift component.
The single ended and differential power detectors are designed
using BJT transistors. P-N junctions of the BJT transistors are
used as RF diodes. The two internal bias voltages of the RF
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Fig. 11. Overlapped simulations at 28 GHz with selected test points.

power detectors are supplied by an on-chip bias circuit. The
chip area including PADs is 695 um x 570 pm.

The simulation results at 28 GHz are shown in Fig. 11. The
swept magnitudes of the sample loads are from 0.2 to 0.8 with
0.2 steps. The swept phases are from 0 to 330° with 30° steps.
The successful simulations are carried out, and the results
shows good agreements. However, there are a few slight
mismatches by SPR simulations. The minor errors result from
many factors including methods of detector characterizations,
SPR calibration parameters, and circuit simulation parameters
[17]-[19].

VII. CONCLUSION

The automated wideband test system of an on-chip SPR for
5G applications was presented with successful measurement
results (12 GHz ~ 18 GHz) including 15 GHz. The 28-GHz
SPR circuit was introduced with the layout and simulations.
The automated test system can be applied to various on-chip
SPRs such as 38-GHz SPRs with proper considerations of
specifications. The further SPR R&D is planned for the
miniaturization and automation of the SPR system.
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Rectangular-Waveguide Impedance

Dylan F. Williams, Jeff Jargon, Uwe Arz and Paul Hale

Abstract—We discuss the role of the wave impedance in power
and temporal measurements and present an approach for
accurately estimating the complex wave impedance of the TE,,
mode in lossy rectangular waveguide from propagation-constant
measurements.

Index Terms—Calibration, rectangular waveguide,
uncertainty analysis, vector network analyzer, wave impedance.

I. INTRODUCTION

HE wave impedance of a TE or TM mode in a lossless

hollow rectangular waveguide is defined as the ratio of the
electric to magnetic field carried by the forward propagating
mode in the guide. When the dominant TE;, mode is the only
propagating mode in rectangular waveguide, its wave
impedance plays a role similar to that of the characteristic
impedance in quasi-TEM guides. In this paper, we will
estimate the wave impedance of the TE;; mode in a lossy
rectangular waveguide from measurements of the propagation
constant and discuss the role that impedance plays in power
and temporal measurements.

Rectangular-waveguide vector-network-analyzer (VNA)
calibrations are designed to measure ratios of the complex
amplitudes of forward and backward TEjy modes (“traveling
waves” in the nomenclature of [1]) supported by the guides.
Most often, these calibrations do not impedance transform the
measured scattering parameters to a common constant real
reference impedance, as is most often done in on-wafer and
coaxial calibrations, but rather implicitly set the reference
impedance of these calibrations to the wave impedance (i.e.,
characteristic impedance) of the TE;q mode. This can be easily
verified by noting that most rectangular-waveguide
calibrations are based on setting the reflection coefficients of a
waveguide section or sliding load to zero.

While the wave impedance reflects the relationship between
the electric and magnetic fields of the propagating modes
supported in hollow rectangular waveguides, most VNA
calibrations do not determine that wave impedance at all. Until
recently, these calibrations have been focused on controlling
reflections and maximizing power flow, tasks for which the
wave impedance is not required.

However, accurately measuring power in rectangular
waveguides requires a knowledge of the phase of the wave
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impedance [1]. This is because the integral of the Poynting
vector over the guide cross section cannot be evaluated
without knowing the phase relationships between the electric
and magnetic fields there.

Characterizing communications signals in rectangular metal
waveguides requires determining not just power flow and
reflection coefficients, but also the temporal characteristics of
the signal in the guides. For example, we can now
manufacture small electro-optic probes with sufficient
sensitivity to directly measure the temporal voltage of a
modulated signal in a rectangular wave [2] and on-going work
promises to develop direct electric-field measurements in
rectangular waveguide based on quantum rubidium or cesium
standards [3;4].

However, in rectangular waveguide, we cannot identify a
single “signal” in the guide, as the magnitude of the wave
impedance of the guide varies with frequency, leading to
differences in the temporal electric-field and magnetic-field
waveforms. For the TE;; mode, for example, the electric field
is very large and the magnetic field very small just above
cutoff, but as the frequency increases, the electric field falls
and magnetic field rises.

In this paper we will develop a practical expression for
determining the wave impedance of the TE;, mode in lossy
rectangular waveguides from measurements of the
propagation constant of the mode, which is easily measured by
the thru-reflect-line (TRL) calibration. We will then present
recommendations for how to apply the wave impedance in
rectangular-waveguide metrology.

Il. LOSSLESS RECTANGULAR WAVEGUIDE

The modal fields of the dominant TEy; in lossless
rectangular waveguide are given by equation 3.107 in [5] as

h, =cos(ﬂxj
a

1
hx:jﬂzﬂsin(ﬂxj:j'gsin(ﬂxJ @
ca a k. a
e,=—2, tﬁz’Zsin(z(jz—Zh stin(z(j ,

where a is the width of the waveguide, b is the height of the

waveguide, k. = n/a, B = \/k& — kZ is the propagation factor
of the lossless mode, Z, = (Ko/B) Zfree-space IS the wave
impedance of the TE;, mode, and k; = ®/C and Zsee.space =
JHo/€o are the wave number and impedance of free space,

respectively. The factor e ~/A# describes the evolution of these
lossless modes in the direction of propagation z.
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I1l. Lossy RECTANGULAR WAVEGUIDE

Estimating metal loss at microwave frequencies is usually
quite difficult. One of the most effective strategies for
estimating the characteristic impedance of lossy printed
transmission lines is to use direct measurements of the
propagation constant derived from the TRL calibration to
estimate the loss of the lines, and then to use these
measurements to estimate the characteristic impedance of the
lossy lines. In this section we will outline a similar procedure
for lossy rectangular waveguide. This will require applying the
general waveguide circuit theory of [1], and some of the
results of [6], which treats the temporal behavior of the
theory’s equivalent voltages and currents.

A. Voltage and current description

To apply the general waveguide circuit theory of [1;6], we
start by defining a voltage v and current i that mimic the
power and temporal behavior of the electric and magnetic
fields in the guide. This simplifies the application of the circuit
theory of [1] to the problem. As we will see shortly, there is no
loss of generality in doing this.

While a number of definitions for the voltage v and current i
are possible, we must keep in mind that different definitions
only scale the impedance by a constant frequency-independent
factor. We will use a causal power-voltage definition and
define the voltage v as the integral of the electric field in the
middle of the guide (i.e. integrating over the path at x = a/2
from y = 0 to y = b). The power-voltage characteristic
impedance Z, of the lossless mode is then given by

2 2
ZOZ\VOL _ szﬁ(ﬁ/kzc) LP @)
P, iab(B/k)z, a

where vy = jbZy, i— is the voltage obtained by integrating the

modal electric field in the middle of the guide at x = a/2 from
2
y=0toy=b, andp,= iab (kﬁ) Z, is the integral of the

Poynting vector over the guide. Note that Z, is a scaled
version of the wave impedance Z,. We will call Z, the
characteristic impedance of the lossless guide both to maintain
consistency with the nomenclature of [1;6], but also to
distinguish it from the wave impedance.

Alternatively, we could set v, equal to e, at some point in the
guide (e.g., its center), in which case the voltage would be
equal to the total electric field at the center of the guide. These
expressions only differ by a fixed frequency-independent
constant from the power-current, voltage-current and wave
impedances, and do not imply any loss of generality.

B. Separating longitudinal and transverse currents

Our goal here is to develop formulas for estimating the
characteristic impedance Z of the lossy guide from
measurements of the propagation constant y. We can now
apply equations (33)-(36) in [1] for the capacitance C,
inductance L, conductance G, and resistance R per unit length
of the rectangular waveguide. This will allow us to separate
the impacts of the longitudinal and transverse currents in the
guide on the loss and characteristic impedance. They are

1 . :
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where the integrals are performed over the cross section of the
guide, iy is defined by Voig*=py, e = &' —je and u= p' —
ju'. These expressions ensure that the common relationships
in (37) and (38) of [1] between the propagation constant vy, the
characteristic impedance Z, and the per-unit-length parameters
R, L, C,and G hold. That is, that y = /(R + jwL)(G + jwC)
and Z = /(R + jwL)/(G + jwC).

The expressions in (3) simplify in quasi-TEM lines since e,
and h, can be ignored there. In this case, only h; contributes to
the currents in the metal, and adds to R and L. When there is
no dielectric loss, C becomes constant and G is zero, allowing
Z to be accurately estimated from measurements of the
propagation constant with Z = y/jwC [7;8].

However, in rectangular waveguides, h, cannot be
neglected. The magnetic field h, not only contributes to C, but
currents in the metal due to h, add to G, complicating the
problem of determining the characteristic impedance of the
guide from measurements of y. Nevertheless, we can integrate
the expressions in (3) and develop an approximation for Z in
terms of the measured propagation constant .

The integral of €’ |e.|? and of u'|h,|? in the expression for
C and integral of u'|h.|? in the expression for L in (3) can be
easily evaluated from the fields in (1). The principal
contributions to R and G in (3) are from the electric fields in
the metal that arise from the currents at the surfaces of metal
walls of the rectangular waveguide. When the skin-depth
approximation is valid, we can write the current in the metal
walls as J = (J/8)e™®, where & is the skin depth and the
surface current density Js is equal to 7 x h at the surface of
the metal, where 7 is the unit vector normal to the metal
surface [5]. We can also approximate the imaginary part of the
dielectric constant of the metal as "' = o/w, where o is the
conductivity of the metal. These relations allow the integrals
of £"]e|? in the expressions for R and G to be evaluated from
the magnetic field of the lossless guide given in (1).

From these approximations, we obtain

_ 1 (1+]j . iy
G+ joC= ————(a+2b)+ jorab—
j ZVOZ(OYS( )+ jeym ij

L'B (t;a+ ja),uba),

(4)

R+ jolL= —
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where the imaginary part of the term 1+j in (4) accounts for
the stored magnetic energy in the metal. From (4) we now
have
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where the capacitance C, and the inductance L, of the lossless
guide are given by

L ﬁ
"7 2] (6)
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We can now write the propagation constant y and
characteristic impedance Z of the dominant mode of the
rectangular waveguide as

7=y (R+ jolL)(G + joC)
~ @+ )R+ joly)(@+ )G + jeC,)

()

and
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C. Approximation for characteristic impedance

Now we can use measurements of the propagation constant y
to approximate R/mL, and G/wC,, and then estimate Z. From
(8) we see that both the resistive and conductive losses add to
the total loss, which gives the approximation

. . R . G
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We can now estimate the characteristic impedance Z of the
lossy guide in terms of the dimensions of the guide, the easily
calculated characteristic impedance Z, of the lossless mode,
and the easily measured propagation constant y = a + jgB of
the lossy mode with

z-z,|1+1I| R _GC
2 oL, oC,

a+2b k?

a 2
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The formula y = jk./.¢ can be useful in this context. It
relates the propagation constant to the effective relative
dielectric constant g defined in [1] and is often used by VNA
calibration software to represent the propagation constant y.

(11

1—

D. Approximation for the wave impedance

Recognizing that the characteristic impedance Z is just a
scaled version of the wave impedance Z,,, we also have

a+2b k?

a 2
- g — ke

Bl 1
a p
where Z;, osstess 1S the wave impedance of a lossless section of
guide with the same dimensions.

1= 12
2~z (12)

hlossless

IV. DISCUSSION

As a general rule, most frequency-point-by-frequency-point
rectangular-waveguide circuit designs can be accomplished
with the traditional TE, scattering parameters determined by
VNA calibration algorithms that leave the reference-
impedance of rectangular-waveguide calibrations set to the
wave impedance of the guide. It would be very disruptive to
try to change this industry-wide practice.

Nevertheless, the wave impedance is required for accurate
power and temporal waveform measurements in rectangular
waveguide [6]. For example, the cross-term in equation (49) of
[1] relating the power to wave amplitudes cannot be evaluated
without knowing the phase of the characteristic impedance of
the guide. Equations (11) and (12) above allow the importance
of this term to be evaluated directly.

Figure 1 plots the wave impedance Z;, of the TE;o mode in a
lossless rectangular waveguide as a function of the frequency f
normalized by the cutoff frequency f.. Clearly the wave
impedance varies rapidly near the cutoff frequency and the
temporal electric-field and magnetic-field of waveforms with
energy concentrated at these frequencies will differ
considerably. Figure 2 compares the extreme case of the
normalized electric and magnetic fields of five zero-phase
tones with energy equally distributed between 1.05 f. and 1.35
f.. Here, the electric and magnetic field waveforms are quite
different, as we would expect, given the rise of the wave
impedance Z, near f..

However, most rectangular waveguide is only used between
1.25 f. and 1.9 f.. As a result, the variation of the wave
impedance over the band is smaller, making differences in the
temporal electric and magnetic-field waveforms difficult to
detect. The figure of merit q = (Z,(f)-Zn(f2))/ Zn(0.5*(f;+ 1)),
where f; and f, are the lower and upper edges of the signal, is a
convenient metric for estimating the relative differences in the
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Fig. 1. The characteristic impedance of a uniform section of
lossless rectangular waveguide.

electric-field and magnetic-field of waveforms with a
relatively small fractional bandwidth. In our extreme example,
this ratio was approximately 1, whereas g is only about 0.05
for a modulated signal with a 10 % bandwidth located near the
center of the waveguide band. Thus we would expect that in
many practical instances, the differences between the electric-
field and magnetic-field waveforms will be small as well.

Nevertheless, even these small differences may be
important in precision metrology. In some cases, it may even
be important to estimate and correct for the shift of the
impedance of the TE;, mode due to waveguide losses.

Here again, the wave impedance or characteristic
impedance can be estimated from (11) and (12). Then the
normalizing voltage vq or current iy in the theories of [1;6] can
be set so that v and i correspond to the desired electric and
magnetic field quantities of interest. Now v and i can be
calculated from equations (55-56) of [1] with Z. set to the
characteristic impedance of the guide, which is directly
proportional to the wave impedance Z,. If loss is included,
(64) of [1] should be applied to transitions to other media.
This will correctly relate the powers and temporal behavior v
and i to the electric-field and magnetic-field waveforms of the
TE,o modes supported by the guides.

The theories of [1;6] can also be used to set the reference
impedance of measured scattering parameters in the
rectangular-waveguide sections to a constant real value. This
can be useful when using software packages based on fixed,
real and frequency-independent reference impedances.
However, care should be taken in these situations to clearly
communicate that a reference-impedance transformation was
applied to the measurements, and to clearly specify the value
of the resulting reference impedance in the rectangular-
waveguide sections.
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Fig. 2. Normalized electric and magnetic fields of a set of five
zero-phase tones with equal power in a uniform section of lossless
rectangular waveguide.
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(sub)-mmWave frequencies
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Abstract — In this contribution we present a frequency
scalable approach to achieve an accurate power control for
levelled s-parameters and large signal characterization of devices
working at millimeter and sub-millimeter waves. The method is
based on a software-aided control loop that mimics the behavior
of an automatic level control system, allowing to dynamically
adjust the power delivered to the DUT at every frequency. The
proposed hardware configuration employs only the VNA mm-
wave extender modules, bypassing the need of expensive add-on
test-sets.

Measurement results are provided in WR-10, WR-05 and WR-
03 waveguide bands to show the applicability of the method at
different frequencies and different hardware setups (i.e., VNA
extender modules from different vendors). The power control at
the system ports and the capabilities of the proposed setup for
power controlled S-parameters and large signal measurements
are reported.

Index Terms — mm-wave characterization, vector network
analyzer (VNA), S-parameters, large signal characterization.

I. INTRODUCTION

SiGe bipolar technology is continuously increasing the
device maximum operating frequencies, in terms of fr and
fmax, currently approaching 0.5 THz [1]. In this framework,
large emphasis is placed on demonstrating the capabilities of
SiGe in real life application, aiming at large volume markets.
In order to foster the technology improvements, there is an
increased need for accurate small and large signal
characterization test-benches which could support device
model validation together with technology optimization.

When considering measurements at mm-wave and submm-
wave, one of the limitations is the measurement dynamic
range reduction. As frequency increases the power available
decreases while the noise floor, which is set by the
measurement instruments, remains ideally constant, bringing
to a reduction of the dynamic range. In standard VNA
configurations, the maximization of the dynamic range (for a
given power level) is achieved by means of the automatic
level control (ALC). The ALC dynamically adjusts the power
available from the source by sampling the test channel in a
feedback loop, resulting in an output of the source transmitter
essentially constant, thus maximizing the measurement
dynamic range. When measuring at frequencies higher than 75
GHz, mm-wave extenders are employed, excluding the ALC
from the measurement loop and disallowing power level
control. As shown in Fig 1, available power at the extender
ports can present large fluctuations in standard setups, which

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

would cause a (potential) loss of dynamic range as high as 10
dB, when the power is backed off from maximum drive.
Furthermore, when the source power is not controllable,
ensuring a small signal stimulus to a DUT (active device)
during s-parameters measurement becomes problematic.

In this paper we present a hardware and calibration
procedure to achieve a frequency scalable method for absolute
power control and measurement in small signal and large
signal measurements. The presented method, based on a
software based loop, allows refined control of the power
presented at the DUT in the entire frequency band covered by
the VNA extender.
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Fig. 1.  Output power versus frequency of a mm-wave extender
module in the WR-03 range, at different value of external
attenuation.

The control of the available power enables the possibility
for power controlled s-parameter measurements as well as
large signal characterization of devices at every frequency
covered by the VNA extenders. In this work, measurement
data are presented in the WR-10, WR-05 and WR-03
waveguide bands.

II. SYSTEM ARCHITECTURE

Fig 2 shows the schematic representation of the proposed
test-bench. In this setup, the test-set is equipped with two
VNA extender modules, allowing full two-port calibrated s-



parameters. Currently, modules for different waveguide
bandwidths are commercially available, covering an overall
frequency range from 50 GHz to 1.1 THz [2], and the
designed setup is suitable for all the possible waveguide
bandwidths. The generation of the RF and LO signals
providing the feed to the mm-wave extenders is performed
using the internal sources of the VNA, when using a two-
source analyzer.

—

IF R2

Reference planes for ON-
wafer measurement

Fig. 2. Simplified schematic for the proposed measurement setup.

The acquisition of the coupled waves is performed using the
VNA receivers. The values of the scattered waves are then
sampled and sent to an external controlling PC, where all the
computation is performed. In addition to the previous
components, not shown in the schematic, a power meter is
needed to perform the absolute power calibration, as it will be
discussed in following sections. In this setup a calorimeter
based power meter has been used, allowing power
measurement from 75 GHz to 1.1 THz [2]. Finally, for on-
wafer DUT measurements, wafer probes need to be used.

III. THE PROPOSED METHOD

In order to properly control the power, the knowledge of the
absolute power at the reference port, together with the chain
gain/losses of the mm-wave extender modules are required.
Once these parameters are known, the software aided-solution
could mimic the behavior of a closed-loop control system.

The proposed calibration procedure that allows the refined
power control at the input of the DUT requires four steps.
First, a conventional off-wafer two-port calibration (i.e., TRL
[3] or LRM [4]) is performed at the mm-wave modules
waveguide sections. Then a power calibration, as described in
[5], is performed at the waveguide port in order to have a
complete knowledge of the absolute power at the output of the
module. The power calibration is performed by connecting the
power meter at the port 1 calibration reference plane, as set
from the off-wafer calibration. After the power measurement
is performed, a link between absolute power and the waves
measured at the VNA receiver is created by means of an
additional error term [5].

Once the power at the waveguide reference planes can be
correctly measured, a last OFF-wafer step must be performed
in order to characterize the relation between the RF source
power, set in the VNA, and the power available at waveguide
Port-1 and Port-2. This step is the so-called “power leveling”.
During power leveling, a large number of frequency sweeps is
performed, varying the VNA RF source power level while
measuring the related output power at the waveguide port and
the reflection coefficient I' at both Port-1 and Port-2, which
are connected to a 500hm termination. Hence, the power
available at the same reference planes, at each frequency, can
be computed as:

PinPort=1,Po‘rt=2 (1)
2
(1 - |FPort:1,Port:2 | )

P‘“’Port:l,Port:z |f

The result, as depicted in Fig. 3, is a look-up table, showing
the power available at the specified port as a function of both
the source power provided by the VNA, P, and the
frequency. Once the power leveling is performed, the system
is able to compute the source power level that must be set in
the PNA in order to have the desired power available at Port-1
and Port-2, for all the frequencies of interest.
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Fig. 3.  Power leveling results for Portl of the proposed setup, in

the WR-3 waveguide band. The plot depicts the value of the output
power at the port of the extender module as a function of the source
power provided by the VNA and the frequency.

In order to move the calibration reference plane to the probe
tips, a further calibration step is needed, consisting in the de-
embedding of the wafer probes. This de-embedding procedure
can be performed on alumina based impedance standard
substrate (ISS) or on a calibration kit manufactured on fused-
silica substrate as described in [6], using standard two-port de-
embedding procedures.



IV. EXPERIMENTAL RESULTS
A. Power Control

After the setup is properly calibrated and the power leveling
is performed, it is possible to accurately control the power at
the output of the extenders, or at the probe tips if an on-wafer
configuration is selected.

Controlled power available vs. frequency
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Fig. 4. Power available at Portl of the proposed setup versus

frequency in the WR-10, WR-5 and WR-3 waveguide bands, after
power leveling. The plot shows the measured output power for
different values of power set from the user, versus frequency.

In Fig. 4 values of power available at the waveguide ports
of the mm-wave extenders are shown for the three considered
frequency ranges after the power leveling is applied. The
accuracy in power control depends on the frequency range and
on the hardware implementation of the up-conversion chain,
which depends on the manufacturer. For the considered
configuration, the largest spread in control level is obtained in
the WR-5 frequency range, where the power control can only
be set with a £0.75dB error. Note, that the read out in the
absolute power provides an accurate value independent of the
uncertainty in the set power.

B. Stability

In order to showcase the performance of the proposed setup
in terms of measurement stability, repeated measurements
have been performed in a limited time period over the
different waveguide bands, and the results have been used to
extract the stability of the measurements in terms of standard
deviation, versus frequency.

First, 100 consecutive measurements have been performed
in the entire frequency range. Then, another measurement has
been performed after 10 minutes, in which the system has
been turned off. In Fig. 5 the variation of the mean value of
the available power, normalized to the available power at
thermal regime, is shown versus time. For all the considered
waveguide bands, the result highlights an RC time constant
behavior, which can be associated to a thermal transient. The

average available power thus vary from an initial value,
measured when the system is in a “cold state”, to a regime
value when the thermal transient is completed. When the RF
and LO signals are switched off for a sufficiently long time
period, the system returns to its initial state.

Thermal transient versus time
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Fig. 5. Average available power, normalized to the regime value,
measured at port-1 of the designed setup, for WR-10, WRS and WR-
3 waveguide bands, for the same power set from the user equal to -30
dBm, over 100 consecutive measurements.

As shown in Fig. 5, the characteristics of the thermal
transient, in terms of time constant and power variation, are
strongly dependent on the considered module, being frequency
and manufacturer dependent.

Power control stability at WR5

28,5 at regime
] ,'\\ - - - - before regime
-29,0+ o
’é -29,5'.
m
S -30,04
> ]
o -30,5-.
-31,0
-31,51 !
135 150 165 180 195 210 225
frequency (GHz)
Fig. 6.  Stability of the power control in the WR-5 waveguide

band. The dashed lines represent the stability boundaries defined
using the standard deviation extracted from the 100 measurements
considered in Fig.5. The solid lines define the stability boundaries
using the standard deviation extracted from measurements when
thermal stability is reached.



This thermal transient has to be taken into account when
defining the stability of the measurement setup. In fact, the
measurement repeatability strongly depends on the region of
the transient in which the specific measurement is performed.
In order to define the impact of the thermal drift on the
stability performances, first the standard deviation versus
frequency has been extracted from the 100 repeated
measurements shown in Fig. 5. Then the same procedure has
been performed only considering measurements obtained at
the thermal regime. The results are showcased in Fig. 6, where
the stability boundaries defined using the two different
standard deviations are sketched for the WR-5 waveguide
band. This plot shows a drastic improvement in terms of
stability when performing measurements at thermal regime,
with the average value of standard deviation varying from 2
dB to 0.03 dB.

C. Large signal capabilities

The procedure described in section III allows the refined
control of the available power at both ports of the
measurement setup. When the power measurement and control
capabilities are enabled, large signal measurements can be
also performed.
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Fig. 5. Gain vs. power delivered to the load measured for a Norden
Millimeter N09-2412 amplifier at 90 GHz

In order to showcase the capabilities of the system for large
signal measurements, a Norden Millimeter N09-2412
amplifier has been measured in the frequency range from 75 to
110 GHz, for an input power range from -40 to -10 dBm. Fig.
5 shows the results in terms of power gain versus power
delivered to the load obtained at 90 GHz.

V. CONCLUSIONS

In this work a novel method to achieve power control for s-
parameters and large signal characterization for mm-wave and
sub-mm-wave devices has been presented. The method aims
to maximize the measurement dynamic range in setups in

which mm-wave extender modules are used, allowing a
refined control of the power available at the DUT. The system
architecture has been described, together with all the
calibration steps required for achieving the power level
control.

Measurement results have been shown highlighting the
power level control capabilities at the mm-wave extender
ports in the WR-10, WR-5 and WR-3 waveguide bandwidths.
A study has also been performed in order to showcase the
stability performances of the proposed setup and their
dependence on the system thermal state. Finally the capability
of the designed setup for large signal measurements in the
WR-10 frequency range has been demonstrated.

ACKNOWLEDGMENTS

This research work is supported by the CATRENE — CT209
— RF2THZ SiSOC project and the European Union’s Seventh
Programme for research No 316755.

REFERENCES

[1] B. Heinemann, R. Barth, D. Bolze, J. Drews, G. G. Fischer, A.
Fox, O. Fursenko, T. Grabolla, U. Haak, D. Knoll, R. Kurps, M.
Lisker, S. Marschmeyer, H. Rucker, D. Schmidt, J. Schmidt, M.
A. Schubert, B. Tillack, C. Wipf, D. Wolansky, Y. Yamamoto,
“SiGe HBT technology with fT/fmax of 300GHz/500GHz and
2.0 ps CML gate delay”, Electron Devices Meeting (IEDM),
2010 IEEE International , vol. 30, no. 5, pp 1-4, 6-8 Dec. 2010

[2] Virginia Diodes [Online], available: www.vadiodes.com

[3] G. F. Engen and C. A. Hoer, “Thru-reflect-line: An improved
technique for calibrating the dual 6-port automatic network
analyzer”, IEEE Trans. Microw. Theory Tech., vol. MTT-27, no.
12, pp. 987-993, Dec. 1979

[4] H. J. Eul, B. Schiek, "Thru-Match-Reflect: One Result of a
Rigorous Theory for De-Embedding and Network Analyzer
Calibration," Microwave Conference, 1988. 18th European
vol., no., pp.909,914, 12-15 Sept. 1988

[5] A. Ferrero, U. Pisani, “An Improved Calibration Technique for
On-Wafer Large Signal Transistor Characterization”, [EEE
Trans. Instrum. Meas., vol. IM-47, pp.260-364, Apr. 1993

[6] M. Spirito, G. Gentile, A. Akhnoukh, "Multimode analysis of
transmission lines and substrates for (sub)mm-wave
calibration," 82nd ARFTG Conf. Dig., vol., no., pp.1,6, 18-21
Nov. 2013



Full-Wave Electromagnetic Modeling
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Abstract—We present a new distributed parasitic equiva-
lent circuit model to accurately reproduce the frequency re-
sponse of electromagnetic field couplings within the structure
of submillimeter-wave high electron mobility transistors in the
millimeter-wave and terahertz bands. To construct the proposed
circuit model, we develop a multi-step parameter extraction
algorithm, and demonstrate its accuracy through comprehensive
comparisons between full-wave simulated, measured and modeled
frequency responses of the presented test patterns up to 750 GHz.

Index Terms—HEMT, distributed parasitic equivalent circuit
model, electromagnetic coupling, parameter extraction.

I. INTRODUCTION

Through aggressive scaling of channel length to deep
sub-micron dimensions, high electron mobility transistors
(HEMTs) with cutoff frequencies in the terahertz (THz) regime
can now be realized [1]. Consequently, new challenges emerge
in terms of device characterization and subsequent integration
into high frequency electronic circuitry. From the standpoint
of a circuit designer, compact transistor models with wideband
accuracy is a very critical tool for minimizing the number of
design iterations for microwave monolithic integrated circuits
(MMICs). In particular, the effect of geometry- and material-
dependent parasitic couplings, as a result of electromagnetic
(EM) field interactions within the device structure, becomes
increasingly more pronounced compared to intrinsic device
behavior, as new transistor technologies with smaller feature
sizes are introduced. Accordingly, availability of small-signal
equivalent circuits that account for intrinsic and extrinsic
device characteristics concurrently becomes indispensable for
realizing high performance sub-mmW MMICs.

In conventional HEMT equivalent circuits, parasitic cou-
pling is modeled using lumped resistive and reactive elements.
However, as the frequency of application is raised into sub-
mmW band, the physical device dimensions become compa-
rable to the operation wavelength. As such, it becomes imper-
ative to model the device electrodes as distributed elements in
order to maintain the modeling accuracy in the THz band.

Over the past decade, distributed parasitic equivalent circuit
extraction of HEMTs has been focused on optimization of
equivalent circuit parameters to fit the experimental data [2].
The main drawback of parameter extraction from a single
S-parameter measurement is that there exist more unknowns
than the number of equations provided by the measured data.
Perhaps more importantly, the accuracy of pure optimization-
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Fig. 1: Distributed parasitic equivalent circuit model of HEMT-
for submillimeter-wavelengths.

driven methods is dependent heavily on the quality of the start-
ing parameter values (i.e., initial guesses). Here, we present an
alternative multi-step approach that relies on several full-wave
electromagnetic simulations of the device layout. As such,
the ill-conditioned parameter-fitting problem of measurement
based equivalent circuit extraction is circumvented.

In order capture for the wave propagation effects along the
device electrodes at THz frequencies, a distributed parasitic
equivalent circuit model is proposed here. Based on this
distributed parasitic circuit model, we develop a systematic
parameter extraction algorithm to determine the lumped and
distributed circuit components. The accuracy of this new
methodology is validated through comparisons between sim-
ulated and measured frequency responses, as well as the
computed response of the circuit model for 10-750GHz band.

II. PARASITIC EQUIVALENT CIRCUIT MODELING BY
FULL-WAVE EM SIMULATIONS

A. Distributed Parasitic Equivalent Circuit for THz HEMTs

To extend the validity of lumped-element device models to
THz regime, we propose the distributed parasitic equivalent
circuit model of HEMT shown in Fig. 1. Lumped-element
equivalent circuit ignores distributed behavior of gate and drain
electrodes, and the capacitive/inductive coupling between them
in THz range. Hence, gate, drain, and source electrodes need
to be modeled as a coupled three-line structure [3].
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The parameter extraction algorithm proposed here relies on
partitioning the parasitic equivalent circuit of Fig. 1 into six
strategically-chosen sub-circuits. Corresponding to each sub-
circuit is a modified device layout, as depicted in Fig. 2. In
the first step, only the contact pads of the HEMT are kept to
quantify the electric field coupling, and the dielectric leakage
through the substrate. In the second step, a symmetric double
gate configuration is used to inspect the behavior of gate
electrode characteristic impedance Zygg, attenuation constant
g, and effective dielectric constant egpp_gg. Likewise, Step
IIT is designed to evaluate the distributed parameters of the
drain electrode. In the fourth step, a short-circuited device
configuration without drain drain electrode is employed to
extract the source electrode resistance Rpg and inductance
Lgs. In the fifth step, the drain electrode is introduced to
observe the effect of gate-to-drain mutual inductance Lyigp
and the consequent inductive feedback. In the sixth and
final step, overall topography of HEMT is simulated with-
out any modification to identify the fringing inter-electrode
capacitance-conductance pairs of (Cggp, GEGD)> (CEGSD-

GgGsp)» and (Cgpsp. GEDSD)-
III. VERIFICATION OF DISTRIBUTED CIRCUIT MODEL

To demonstrate the accuracy of the proposed algorithm,
representative device structures and the respective test patterns
are first are simulated using a commercial full-wave FEM
solver (HFSS v15 [4]). In addition, the suggested test struc-
tures are fabricated by depositing single-layer metal on a semi-
insulating GaAs substrate. The S-parameter measurements are
taken using a non-contact probe setup [5] over the mmW and
sub-mmW frequency range of 90-500 GHz.
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Fig. 3: Comparison of predicted, measured, and modeled S-

parameters for open test pattern. (a) Reflection coefficient SQPEN.

(b) Transmission coefficient SQPE

Plotted in Figs. 3(a) and 3(b) are the comparison of sim-
ulated, measured, and modeled S-parameters for open test
pattern in Step VI of parasitic extraction. The S-parameters
acquired from full-wave EM simulation show close agreement
with the measured data over a very wide frequency bandwidth.
More importantly, the computed S-parameters based on the
proposed distributed equivalent circuit in Fig. 1 can accurately
reconstruct the frequency response of EM field couplings over
the mmW and sub-mmW bands. However, the traditional
lumped-element model [6] fails to capture attenuation and
propagation delay across device terminals in sub-mmW region.

IV. CONCLUSION

We developed a new distributed-element parasitic equivalent
circuit model for sub-micron gate-length HEMTs that can
accurately reproduce the frequency response of EM field
couplings in the THz band. To do so, we employed a novel
multi-step distributed parasitic model extraction algorithm.
The accuracy of the suggested extraction methodology was
demonstrated through comparisons between simulated, mea-
sured, and modeled frequency responses of the proposed test
fixtures up to 750 GHz. The proposed distributed model and
the previously studied lumped model have been extracted con-
currently to clearly demonstrate the shortcomings of lumped-
element HEMT equivalnet circuits at sub-mmW frequencies.
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Abstract — This paper presents an automatized on-wafer
time-domain active load-pull set-up specifically developed for the
characterization of High Power GaN High-Electron Mobility
Transistors (HEMTs). This set-up is associated to a specific
methodology for the design of Doherty Power Amplifier (DPA).
This methodology has been applied to a GaN technology
transistor: from the on-wafer measured Time-Domain
Waveforms (TDW) acquisition, all data required for the design
of a Doherty power amplifier are directly extracted. Designers
have the direct knowledge of the optimal characteristics of high
power transistors along the output back-off (OBO) at
fundamental frequency and also the maximum obtainable
operating bandwidth of the final desired Doherty PA.

Index Terms — Time-Domain microwave measurements, GaN
HEMTSs, Doherty, High Efficiency, MMIC power amplifiers.

I. INTRODUCTION

GaN HEMTs are now mature for the design of High Power
Added Efficiency (PAE) microwave DPA over large back-off
ranges. In order to design MMIC amplifiers, specific on-wafer
microwave time-domain characterization is required. From
input and output time-domain voltages and currents, the main
parameters required for the design of DPA are automatically
extracted for optimum PAE versus OBO. To reach the optimal
characteristics of these high power transistors along the OBO,
active load-pull capabilities are required to synthesize the
optimal impedance loads path at fundamental frequency (fp).

The next section presents a brief reminder of the basic
principles of operation of a Doherty amplifier. The third
section describes the automatized on-wafer time-domain
active load-pull set-up specifically developed for the
characterization of High Power GaN HEMTs. The last section
summarizes the methodology to determine, from on-wafer
time-domain measurements, all the required characteristics to
directly design a DPA.

II. PRINCIPLE OF OPERATION OF DOHERTY POWER AMPLIFIERS

The theory about the Doherty power amplifier is well
documented today [1], [2], [3], [4]. Fig. 1 shows a simplified
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block diagram of a two-stage Doherty and its associated usual
PAE characteristic versus output power leading to the
definition of the OBO region.
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Fig. 1. Block diagram of a DPA and associated typical PAE
characteristic versus Output Power defining OBO region.

(1) is the expression of the PAE performance of the DPA
(PAEppa). It can be written as a function of PAE and
dissipated power (P4iss) of each transistor (Carrier (PAE,,
Pyiss_c) and peaking (PAE;, Pyiss _p))-

Pdiss ¢x PAEC"'Pdiss,pXPAEp
PAEpp, =

Paiss_ ctPdiss_p (1)

(1) clearly shows that in a DPA, at low level, when the
peaking transistor is OFF, Py;e , = 0 and PAE,p, = PAE..In
the other hand, at high level, the two transistors are involved
in the PAE performance of the DPA and may provide a high
PAE It is then of prime importance to individually
characterize the PAE performance versus output power for
different load resistances (Rjoaq) as shown in Fig. 2.
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Fig. 2. PAE characteristic versus Output Power, with Rj,,q as
parameter.



Conventional non-linear equivalent electrical drain port
model (Fig. 3a) of the HEMT transistor, at fy becomes the one
represented in Fig. 3b along the envelope of OBO at PAE;,«
defining the Doherty region (OBO) described in Fig. 1.

In Fig. 3b, Vout mx is the amplitude of the output voltage of
the peak transistor at f; along the envelope of PAE, .« This
amplitude remains constant for the entire operating Doherty
region and is then independent of the OBO point. C,; is the
equivalent output capacitance of'the transistor.

1B ond 1By
L 0 —0
3 3b

Fig 3.  Conventional equivalent electrical models of HEMT drain
port (Fig. 3a) and along the envelope of PAE max (Fig. 3b).

The value of C,y is constant along the Doherty region ([0-
10] dB OBO range), over a large frequency bandwidth [3—
12 GHz]. Therefore, the value of C,, is independent of the
operating class of the transistor. Rj,,q is the optimal load
impedance to reach an optimal operation mode of the
transistor in the Doherty architecture. Its value varies from
Rloadimin (@Pout max) to Rloadimax (@OBO max). Rloadfmin and
Ricad max are fully dependent on the operating class and the
OBO. The output time constant t,,; = Cyyr X Rjpaq along the
envelope of OBO at PAE,,«x characterizes a given technology
and a given operating class of the transistor regardless its gate
development. So, the limitation of frequency bandwidth is
given by Toye max at OBOpax. Note also that the design should
take into account the ratio between R,,,4 and 50Q.

The on-wafer time-domain load-pull measurement set-up
specifically developed allows the automatic extraction of all
the aforementioned defined characteristics for transistor in the
1GHz to 7GHz fundamental frequency range.

III. MEASUREMENT SYSTEM DESCRIPTION
A. On-wafer time-domain measurement system

A fully calibrated 4-channel time-domain measurement set-
up has been developed for the measurement of TDW at both
ports of on-wafer Device Under Test (DUT) driven by large
Continuous Wave (CW) radiofrequency (RF) signal. Fig. 4
presents a block diagram of this measurement set-up built with
a Track and Hold Amplifier (THA) based receiver [5]
associated with 4 high dynamic range ADCs (12 bits).

DSO

ik
b,, OnWafer
DUT

CH3 CH4

CH1 CH2

THA Based Receiver
with
High dynamic ADC

High precision
Clock Generator

High sampling rate Time-Domain
measurement system

\ Activeloop @ f, /

Fig 4. Block diagram of the on-wafer time-domain measurement

set-up.

It achieves an equivalent high sampling rate (1.17 TS/s in
this work) thanks to Coherent Time Interleaved Sampling
(CTIS) technique [6] in order to accurately characterize DUT
driven by repetitive modulated or CW RF large signal. This
excitation signal is linearly amplified. 20 dB wideband
couplers enable to simultaneously capture the raw voltage
waves. The raw acquired data are then processed thanks to the
calibration coefficients to obtain corrected incident and
reflected voltage waves at both ports of the on-wafer DUT.

It should be noted that R;y,q can reach high values. Thus, the
measurement set-up contains an active loop [7] working at f;
to synthesize high load reflection coefficient close to 1.

B. On-Wafer Time-Domain Calibration procedure

The first step of the on-wafer calibration procedure consists
in a Short Open Load Thru relative error correction in order to
compute the error coefficients (8L, 81, v}, o, BL, 8L, 1) of (2)
for all the spectral frequencies (index i=1, ... N) of interest.
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For the absolute calibration allowing the determination of
the K' complex coefficient, a through connection is made
between the two ports as shown in Fig. 5. Because no on-
wafer magnitude and phase reference standards are available,
the principle of reciprocity [8], defined by (3) is applied.
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Fig. 5. Measurement setup configuration for Absolute Calibration.

A classical Short Open Load calibration is performed at the
mg plane with the probes connected to a Thru line and the
generator of Fig. 4 connected to mg plane. It results in the
determination of the coefficients (AL, i, vi). Then, using the
configuration of Fig. 5, the synchronizer of a ZVA Vector
Network Analyzer is utilized as a harmonic phase generator.
This signal is measured with a calibrated oscilloscope based
on the CTIS principle [6]. The measured signal becomes the
phase and amplitude references for absolute calibration and
allows the determination of L' and then K' phasors.

IV. EXTRACTION OF TRANSISTOR CHARACTERISTICS FOR DPA
FROM MEASUREMENTS RESULTSS

The proposed Doherty oriented characterization
methodology is applied to an 8x125um unit-cell transistor of a
0.25um AlGaN/GaN technology. f is equal to 3.9 GHz. The
load impedances are tuned to optimize the output
voltage/current waveforms of the transistor to reach the
optimal PAE performances for different output powers
corresponding to a 0dB to 6dB OBO range.

Fig. 6 presents the measured PAE characteristic versus
output power, for optimal load impedances when the transistor
is working in deep class AB operating mode (Vgsq=3.48V -
Visq=30V - I4q=12mA):

Cr
:: E _ o6 |A
w as
K5
w |
20 —
10 =i —t 'rload(fo)_f(oB, ) N
0 Z,aa(fo)oso=0as =56.5+j53.5 Q']
12 17 22 27 32 37\ Zicada(fo)oso=14 =59.5+j68.5 Q
Pout (dBm) Zoad(fo)oso=2as =42.5+j81.5 Q
——0B0=0dB ——0B0=1dB ——0B0=2dB Zioad(fo)opo=4as =29.5+j88.5 Q
——0B0=4dB ——0B0=6dB -=~ PAEmax Z,oad(fa)owﬁj%j Q
Fig. 6. Measured PAE characteristics versus output power for

optimal load impedances with OBO as parameter.

Fig. 7 presents the measured associated TDW at both port
of the GaN HEMT for each previous power characteristics of
Fig. 6 at all maximum PAE values (A, B, C, D, E points):
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Fig. 7. Measured time-domain waveforms at both port of the GaN
HEMT at A, B, C, D, E points of Fig, 6.

It can be clearly observed that, in accordance with the
theory, Vout mx remains constant for the entire operating
Doherty region. Table 1 summarizes, for the GH25 GaN
HEMT transistor working in deep class AB and C, the values
of the measured optimal R;,,, and C,,, represented in the
equivalent model of Fig. 3.

TABLE 1
EXTRACTED R;,,4 AND C,,,; OFFIG.3 FOR 2 CLASSES
OBO (dB) Deep Class AB Class C
Rload (Q) Cout (pF) Rload (Q) Cout (pF)
0 107 0.39 99 0.43
1 144 0.39 147 0.42
2 199 0.39 202 0.42
4 295 0.42 289 0.42
6 501 0.42 510 0.42

From these TDW, all the required data for the design of a
DPA, including the possible maximum operating bandwidth,
can be deduced as show in Table 2. Applying Bode and Fano
theory [9], the maximum reachable bandwidth is limited by
the highest time constant T,y mx that characterizes the
technology for a given OBO. For instance, if the designer
wants to work with an optimized equal ripple Chebyshev
matching circuit leading to a maximum Al},,q = 0.2 around
[Load opt In order to reach a PAE higher than 90% of PAE
for the maximum OBO, the maximum theoretically attainable
actual bandwidth, depending on a finite number (n) of lossless
matching elements, will vary from 0.9GHz (n=2) to 1.5GHz
(n=00) for the GaN HEMT technology measured in this work.



TABLE 1I
EXAMPLE OF CALCULATED DPA CHARACTERISTICS

7=3.9GHz Class B Class C
Amplitude Vout max@PAEmMax 64 V 63V
Rioad min @ OBO =0dB 107 Q 99 Q)
Rioad max @ OBO =6dB 501 Q 510 Q
Cout 0.4 pF 0.4 pF
Tout max @ OBO =6dB 208.5 ps 204 ps
Operatlng banf:iwuj,lth (.Chebyshev ~09GHz | ~0.9 GHz
matching circuit with n=2)
PAE» @ OBO 6dB (90% PAEmax) 60% 71%

V. CONCLUSION

This paper described the fully calibrated, automatized,
Doherty oriented, on-wafer time-domain active load-pull set-
up specifically developed for the characterization of High
Power Gan HEMTs. From the on-wafer measured TDW
acquisition along the OBO at f;, it has been shown that all data
required for the design of a DPA using 25pum GaN technology
are directly extracted. This set-up is then a helpful tool for
designers to easily determine the maximum obtainable
operating bandwidth of'the final desired Doherty PA.
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Abstract — We developed physical models of commercially-
available 2.4 mm and 3.5 mm coaxial calibration kits for vector
network analyzers. These models support multiline thru-reflect-
line (TRL) and open-short-load-thru (OSLT) calibrations, and
include error mechanisms in each of the standards’ constituent
parameters that can be utilized in the NIST Microwave
Uncertainty Framework to propagate uncertainties. For both
connector sizes, we calibrated a network analyzer using the two
calibration methods, and compared measurements and
uncertainties made on a number of verification devices. In both
cases, we showed that the two calibrations agree to within their
respective uncertainties.

Index Terms — calibration, coaxial, physical
uncertainty, vector network analyzer, verification.

models,

1. INTRODUCTION

The multiline, thru-reflect-line (TRL) calibration [1] is
perhaps the most fundamental and accurate vector network
analyzer (VNA) calibration for coaxial circuits. Multiline TRL
calibrations measure the propagation constant of the line
standards so that the characteristic impedance can be
transformed to a selected reference impedance, and offer high
bandwidth and accuracy through the use of multiple
transmission line standards. However, a set of coaxial lines,
some relatively long, is required to obtain a wide-band
measurement. Coaxial airlines also require considerable care
to ensure good connections without damaging the standards.
Furthermore, a set of lines can be costly, and measurements
are time-consuming.

Other types of VNA calibrations make use of compact,
lumped-element standards; the most common being open-
short-load-thru  (OSLT) and line-reflect-match (LRM)
methods [2]. They provide calibration procedures that are
easier to perform, oftentimes at the cost of lower accuracy.

In this paper, we utilize the NIST Microwave Uncertainty
Framework [3-6] to develop physical models of commercially
available 2.4 mm and 3.5 mm multiline TRL and OSLT
coaxial calibrations kits. The NIST Microwave Uncertainty
Framework utilizes parallel sensitivity and Monte-Carlo
analyses, and enables us to capture and propagate the
significant S-parameter measurement uncertainties and
statistical correlations between them [7]. By identifying and
modeling the physical error mechanisms in the calibration
standards, we can determine the statistical correlations
between both the scattering parameters at a single frequency

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

and uncertainties at different frequencies. These uncertainties
can then be propagated to the measurements of the devices
under test. In the following sections, we describe our
methodology in further detail, and compare measurements and
uncertainties made on a number of verification devices.

I. 3.5 MM COAXIAL CALIBRATIONS

For the 3.5 mm coaxial devices, we began by modeling the
multiline TRL calibration standards (a thru connection, an
offset short, and six airlines of varying lengths) for purposes
of determining uncertainties. Table I lists the line lengths and
associated uncertainties for the multiline TRL standards, and
Table II lists the other sources of uncertainty for the standards.
Our values and distributions of the uncertainties come from a
variety of sources, including manufacturers’ specifications and
an IEEE standard [8].

The NIST Microwave Uncertainty Framework was
employed to construct models for the calibration standards.
The airline and offset-short standards were modeled with
closed-form expressions for coaxial lines of finite metal
conductivity [9]. The framework was also wused for
automatically propagating the uncertainties to the calibrated
verification devices in conjunction with the calibration engine,
StatistiCAL™ [10, 11], which utilizes a “mix-and-match”
philosophy to VNA calibrations.

Next, the OSLT standards were modeled with the values
and uncertainties listed in Tables II and III. We compared our
physical models of the open and short to the polynomial
models specified by the manufacturer [12], as shown in
Figures 1-4. Figures 1 and 3 plot the magnitudes of the
reflection coefficients as a function of frequency, while
Figures 2 and 4 plot the differences in phase with respect to
those of the physical models. Additionally, we compared our
physical models to measurements of the standards using the
multiline TRL calibration, the results of which are also
displayed in Figures 1-4. We see that our physical models
closely match the polynomial models, and the uncertainty
bounds of our physical models, depicted by the dotted curves,
span the majority of the measured values. We modeled the
load standard as a simple 50 Ohm resistor after observing that
the magnitudes of the measured reflection coefficients for both
the male and female connectors were less than -40 dB at most
frequencies, as displayed in Figure 5.



Table I. Lengths and uncertainties of the 3.5 mm TRL
standards.

Line Designation Length (mm) = Uncertainty

(Distribution)

Thru 0.000 + 0.009 (Rectangular)
AL3527 16.154 + 0.009 (Rectangular)
AL3530 37.504 + 0.009 (Rectangular)

MMC225 22.500 + 0.009 (Rectangular)
MMC244 24.400 + 0.009 (Rectangular)
MMC250 25.000 + 0.009 (Rectangular)
MMC300 30.000 + 0.009 (Rectangular)
Offset Shorts 9.520 + 0.009 (Rectangular)

Table II. Physical error mechanisms of the 3.5 mm standards.

Mechanism (units) Value £ Uncertainty

(Distribution)

Inner Cond. Diameter (mm)
Outer Cond. Diameter (mm)
Pin Diameter (mm)

1.5199 + 0.002 (Rectangular)
3.5+ 0.002 (Rectangular)
0.927 + 0.008 (Rectangular)

Pin Depth (mm) 0.0153 +0.0153 (Rectangular)

Metal Conductivity (S/m) 7.9x10° + 4x10° (Rectangular)
Relative Dielectric Constant 1£0
Dielectric Loss Tangent 0+0

Table III. Physical error mechanisms of the 3.5 mm OSLT
standards.

Mechanism (units) Value + Uncertainty
(Distribution)
Open Offset Length (mm) 9.51 +0.05 (Rectangular)
Open Metal Conductivity (S/m) 5x10° + 4x10° (Rectangular)
Open Conductance (1/Q) 0+0
Open Capacitance (pF) 0+0
Short Offset Length (mm) 9.52 +0.05 (Rectangular)
Short Metal Conductivity (S/m) 6x10° + 5x10° (Rectangular)
Short Resistance (£2) 0+0
Short Inductance (nH) 0+0
Load Resistance (Q) 50.0+0.1
Load Inductance (nH) 0+0

Once the multiline TRL and OSLT calibration standards
were defined, we used both sets of standards to calibrate the
measurements of verification devices for comparison
purposes. Figures 6-9 show calibrated S-parameters and

corresponding 95 % confidence bounds calculated from the
sensitivity analysis performed in the NIST Uncertainty
Framework for a 20 dB attenuator, a 40 dB attenuator, and a
Beatty line. Additionally, the figures show results obtained
with MultiCal™ [13], the original implementation of multiline
TRL that does not provide uncertainty bounds. Dotted curves
in the figures correspond to confidence bounds determined in
the Uncertainty Framework.

In each of the figures, the measurements calibrated with
both implementations of multiline TRL agree very well, while
the  OSLT-calibrated measurements and  associated
uncertainties are visibly noisier. For the 20 dB and 40 dB
attenuators, the mean confidence intervals for |S,| are
approximately + 0.025 dB for multiline TRL and + 0.022 dB
for OSLT. For the Beatty line, the mean confidence intervals
for |S, | are approximately + 0.027 dB for multiline TRL and +
0.097 dB for OSLT, while the mean upper confidence
intervals for |S, | are +0.117 dB for multiline TRL and +0.547
dB for OSLT.
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Fig. 1. Comparing the physical and polynomial models to the
two TRL-calibrated measurements of the magnitudes of the
3.5 mm short standard’s reflection coefficients.
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Fig. 2. Comparing the physical and polynomial models to the
two TRL-calibrated measurements of the phases of the 3.5
mm short standard’s reflection coefficients.
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II1. 2.4 MM COAXIAL CALIBRATIONS

For the 2.4 mm coaxial devices, we employed a similar
strategy. Once again, we began by modeling the multiline
TRL calibration standards, which consisted of a thru
connection, an offset short, and three airlines of varying
lengths. Table IV lists the line lengths and associated
uncertainties for the multiline TRL standards, and Table V
lists the other sources of uncertainty for the standards.

The NIST Microwave Uncertainty Framework was again
employed to construct models for the calibration standards and
propagate the uncertainties to the calibrated verification
devices.

Next, the OSLT standards were modeled with the values
and uncertainties listed in Tables V and VI. We compared our
physical models of the offset open and short to the polynomial
models specified by the manufacturer [12], as shown in
Figures 10-13. Figures 10 and 12 plot the magnitudes of the
reflection coefficients as a function of frequency, while
Figures 11 and 13 plot the differences in phase with respect to
those of the physical models. Additionally, we compared our
physical models to measurements of the standards using the
multiline TRL calibration, the results of which are also
displayed in Figures 10-13. And similar to the 3.5 mm coaxial
case, our physical models closely match the polynomial
models, and the uncertainty bounds of our models, depicted by
the dotted curves, span the majority of the measured values.
This time, however, rather than modeling the load standard as
a simple 50 Ohm resistor, we defined our load using the
measured reflection coefficients from the multiline TRL
calibration since the load was only specified to be 50 Ohms at
frequencies less than 4 GHz. Figure 14 plots the magnitudes
of the reflection coefficients. The values are clearly greater
than -40 dB at most frequencies. Furthermore, we found it
difficult to develop a simple physical model that accurately
matched the measured results.

Table IV. Lengths and uncertainties of the 2.4 mm TRL
standards.

Line Designation Length (mm) = Uncertainty

(Distribution)

Thru 0.000 + 0.005 (Rectangular)
AL1S 14.996 + 0.005 (Rectangular)
AL17 17.496 + 0.005 (Rectangular)
AL30 29.992 + 0.005 (Rectangular)

Offset Shorts 0.000 + 0.005 (Rectangular)

Table V. Physical error mechanisms of the 2.4 mm standards.

Mechanism (units) Value + Uncertainty

(Distribution)

1.0423 £ 0.004 (Rectangular)
2.4 £0.005 (Rectangular)
0.511 + 0.005 (Rectangular)

Inner Cond. Diameter (mm)
Outer Cond. Diameter (mm)
Pin Diameter (mm)

Pin Depth (mm) 0.0065 £ 0.0065 (Rectangular)
Metal Conductivity (S/m) 6x10° + 5x10° (Rectangular)
Relative Dielectric Constant 1+0

Dielectric Loss Tangent 0+0

Table VI. Physical error mechanisms of the 2.4 mm OSLT
standards.

Mechanism (units) Value + Uncertainty

(Distribution)
Open Offset Length (mm) 6.75 = 0.02 (Rectangular)
Open Metal Conductivity (S/m) 5%10° + 4x10° (Rectangular)
Open Conductance (1/Q2) 0+0
Open Capacitance (pF) 0+0
Short Offset Length (mm) 6.75 + 0.02 (Rectangular)
Short Metal Conductivity (S/m) 6x10° + 5x10° (Rectangular)
Short Resistance (Q) 0+0
Short Inductance (nH) 0£0

Once the multiline TRL and OSLT calibration standards
were defined, we used both calibrations to measure a set of
verification devices for comparison purposes. Figures 15-19
show calibrated S-parameters and corresponding 95 %
confidence bounds calculated in the NIST Uncertainty
Framework for an offset short, a load, and an airline.
Additionally, the figures show results using MultiCal™.
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In each of the figures, we compared the calibrated
measurements using both implementations of multiline TRL
and found that they agree very well. For the airline, the mean
confidence intervals for |S, | are approximately + 0.030 dB for
multiline TRL and + 0.015 dB for OSLT, and the mean
confidence intervals for Arg{S,,} are approximately + 0.381°
for multiline TRL and + 0.402° for OSLT. For the load, the
mean upper confidence intervals for |S, | are +3.51 dB for
multiline TRL and +3.82 dB for OSLT. For the offset short,
the mean confidence intervals for |S, | are approximately +
0.050 dB for multiline TRL and + 0.025 dB for OSLT, and the
mean confidence intervals for Arg{S, } are approximately =+
0.521° for multiline TRL and + 1.790° for OSLT.
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Fig. 15. Comparing measurements and 95% confidence
intervals of the magnitudes of the airline’s transmission
coefficients with 2.4 mm TRL and OSLT calibrations.
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Fig. 16. Comparing measurements and 95% confidence
intervals of the phases of the airline’s transmission
coefficients with 2.4 mm TRL and OSLT calibrations.
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Fig. 17. Comparing measurements and 95% confidence

intervals of the load’s reflection coefficients with 2.4 mm
multiline TRL and OSLT calibrations.
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Fig. 18. Comparing measurements and 95% confidence
intervals of the magnitudes of the short’s reflection
coefficients with 2.4 mm TRL and OSLT calibrations.
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Fig. 19. Comparing measurements and 95% confidence
intervals of the phases of the short’s reflection coefficients
with 2.4 mm TRL and OSLT calibrations.

IV. CONCLUSIONS

We have developed physical models of 2.4 mm and 3.5 mm
coaxial calibration kits for vector network analyzers that
support multiline TRL and OSLT calibrations within the NIST
Microwave Uncertainty Framework. In both cases, the
verification devices measured with the two calibration
approaches agree to within their respective uncertainties.
Although other sources of uncertainty may be included in a
final uncertainty analysis, we believe these minor additions
will not significantly affect the overall uncertainties.
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Transient Temperature Measurement of Microwave Devices
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SUMMARY
Introduction

Decreased feature sizes with today’s advanced microwave devices has led to increased
functionality and decreasing chip sizes. Not only higher power density but also localized hotspots
have become a significant concern for transistor performance and long term reliability. Arrhenius’s
law in chemical reaction dominates the reliability of highly doped semiconductors designed for
higher switching speeds. With higher integration, the device features are significantly small such as
a 100 nm line width line for a transistor gate electrode. As the dimensions decrease, the thermal
time constant decreases simultaneously. Hence, it is major challenge to detect and measure hotspot
temperatures.

Transient thermoreflectance thermal imaging

We have developed thermoreflectance thermal imaging equipment and commercialized imaging
systems using an industrial grade CCD imager, an optical microscope, and a LED illumination
module. Fig. 1 shows the pictures of the equipment and Fig. 2 shows the schematic diagram of
component connections for the equipment. Thermoreflectance uses a light reflection change with
changing temperature at the material’s surface. This occurs because the surface property is slightly
modified by thermal expansion of the crystal as the temperature changes, hence the refraction index
is changed resulting in a change in the reflection intensity. The thermoreflectance technique is a
non-contact and non-destructive method and typically uses visible wavelength illumination.
Therefore, the spatial resolution is in the submicron range. Our equipment has the electronic
circuity to precisely lock-in the signals for LED illumination, provide the timing to capture an
image, and applies a pulse modulated bias to the device under test. A proportional constant of
reflectivity change by changing temperature is usually very small, being in the order of 10, so
image averaging is important to reduce measurement error. To obtain a transient series of images,
we use a time-shift technique for a repeating device bias. The timing delay of for obtaining an
image relative to the device excitation is precisely controlled, as shown in Fig. 3. A time series of
thermal images can be captured by continuously shifting this delay. To calibrate temperature
automatically, the reflection intensity is measured at both the on and off portions of the device bias

978-1-4799-8887-7/15/$31.00 ©2015 IEEE
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cycle, and the difference noted. This eliminates the impact of background temperature change. As a
result, this method enables 100 nsec time resolution with a 200-300 nm spatial resolution.

Measurement setup

Before obtaining an image, the optical surface property for the thermoreflectance coefficient Cy,
must be taken. The device under test (DUT) is placed on the thermal chuck, which is a small
thermally controlled stage. By knowing the temperature of the device, thermoreflectance images by
changing the stage temperature can be used to calculate the thermoreflectance coefficient. Since the
reflectance is a function of the illumination wavelength, the coefficient is wavelength specific. For
gold, a common semiconductor material, green light (530 nm) illumination results in 3x10™ [1/K]
for Cy. A very thin passivation coating is usually not a problem since it is nearly transparent, so that
the illumination light is reflected by the underlying gold surface.

Sample measurement

A transient thermal imaging example for a Heterojunction Bipolar Transistor (HBT) and a High
Electron Mobility Transistor (HEMT) are shown below.

Fig. 4 (a) shows the optical image of the HBT device with no bias. The horizontal short and
thin line is the base electrode and is the area of interest. Fig. 4 (b)-(f) show the time series of
thermal images after a 3V, 20 mA step bias is applied. We used 530 nm (green) light illumination
for this device. In a very short time, less than 10 usec, the hotspot is isolated from the surrounding
features. The heat then diffuses to surrounding areas along the high thermal conductivity material,
in this case the gold trace. As seen in Fig. 5 (b), the time response to the 100 usec step input shows
the higher temperature at the base electrode and the slightly lower temperature at the lower side pad.
The temperature profile for the base area smoothly increases up to about 40 psec and is slightly
modified afterward. This is the time range for which thermal diffusion has a larger effect resulting
in a slowing down of the temperature rise at the hotspot. To investigate a smaller time scale, a 1
usec step pulse is applied to the same device, see Fig. 6. Since the blue dots represent the area
influenced by the heat diffusion from the hotspot, even after powering off, the temperature still
increases slightly because the heat received from the hotspot is exceeds the rate of cooling down at
that location.

Fig. 7 shows an example of a HEMT device. Fig. 7 (a) shows the optical image with a 20x
objective magnification and (b) shows the thermal image at 1 msec after an applied step bias 8 V,
70 mA with 530 nm LED illumination. The thermal time constant of the chip alone is in the range
of 1 msec, therefore this temperature is nearly at equilibrium. The peak temperature is observed at
the drain (center finger). The two very thin gate fingers have 250 nm line widths, slightly thinner
than the diffraction limit determined by the illumination wavelength. Nevertheless we can observe
the heating at the gate as shown in Fig. 8. In future work we will demonstrate a sophisticated
method to determine the temperature signature for 100 nm linewidths.
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Figure 1: Picture of the system a) microscope setup and b) signal inter-lock and processing unit.
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Figure 3: Timing diagram for an example of transient thermoreflectance measurement.
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Figure 4: (a) Optical image of a HBT, (b)-(f) Thermal images in time series of the device.

‘ (a) 20x CCD Image, 530nm (b) 100ps Thermal Transient
45 —/—Lower
SHY Base
& ,«&
2 el
t g 25 A *
Q.
- 5 20 1
£ 15 1
%10 b
S s
08 e
0 50 100 150 200 250 300
Time (ps)

Figure 5: (a) Zoom up the junction area and (b) Temperature response profile
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(a)  Thermal response for 1 ps pulse (b) Thermal response zoom-in
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Figure 6: HBT time responses to 1 usec step pulse input (a) is full scale, (b) is zoom-in.

(a) 20X CCD Image (b) Thermal Image

Figure 7: HEMT device. (a) shows the optical image and (b) shows the thermal image
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(a) CCD Image (b) Thermal and CCD at Gate

Figure 8: Zoom up image at the Gate (250 nm width). (a) shows optical image and (b) shows
overlay of optical image and thermal image.
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Abstract — As the spectrum utilization in modern
mobile communication systems increases steadily,
noise created by passive intermodulation becomes
more likely. Thus passive intermodulation
measurements are an obligatory part in the
production of components for mobile communication
infrastructure. However, these measurements are
time-consuming and also costly. This paper describes
a measurement system that reduces testing time by
combination of S-Parameter and PIM measurements
as well as automatic connecting of the device under
test (DUT) to the test port.

Index Terms — Passive intermodulation, PIM, PIM
distortion measurement, quick-lock connector, rotary
joint, switch.

1. INTRODUCTION

Passive intermodulation is an obstacle in
mobile communication systems for a long time
already. To understand the effect of PIM on a
mobile communication system it is good to have a
look at the most simplified case where two
sinusoidal carriers with the frequencies f; and f, are
transmitted over a single path. In case the
transmission path is not linear, intermodulation
products with the following frequencies will be
generated:

fim = [kqfy £ kof5]

k, and k, are natural numbers and k; + k, is the
order of the intermodulation product. If we assume
the two carriers are both in the downlink band of
LTE2.6 mobile communication standard and have
the frequencies 2.62 GHz and 2.69 GHz the
spectrum on the transmission path will look like
this:

Fig. 1. Schematic representation of intermodulation
products

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

In this case an intermodulation product will
appear in the uplink band of LTE 2.6. Here it is of
the 3rd order. It creates an additional interference
which will degrade the signal to noise ratio and thus
cause a drop in the channel capacity. As this noise
can’t be filtered it must be ensured that as little PIM
as possible is created. This can only be achieved by
designing highly linear components for the
transmission path.

The well-known causes for nonlinearities in
passive components are inappropriate materials and
poor RF contacts. The first point can be avoided
easily. To ensure proper contact usually causes
more problems. A more detailed description of
passive intermodulation and the causes for it can be
found in [1].

II. SYSTEM FOR AUTOMATIC MEASUREMENT OF S-
PARAMETERS AND PIM

Fig. 2. Schematic representation of the measurement
system in both switching states

Fig. 2 shows the principle structure of the
measurement system. The DUT (1), in this case an
antenna, is fixed in a jig and the RF ports are
contacted automatically by quick-lock connectors



(2). A test cable (3) follows which is connected to a
rotary joint (4) for torque relief. The rotary joint is
connected to a low PIM switch (5) which can
automatically switch between a network analyzer
and a PIM analyzer.

In the following sections the components will
be described in detail.

III. QUICK-LOCK CONNECTORS FOR AUTOMATIC
CONNECTION OF THE DUT USING THE NEW 4.3-10
CONNECTOR INTERFACE

The standard connector interface currently used
in mobile communication applications is still the 7-
16 type. For this connector the proper RF contact is
ensured by a high axial contact force created by a
massive coupling nut. This is a disadvantage if
quick-lock connectors with good PIM performance
are required. If the quick-lock connector would be
just pressed on the counterpart, the necessary force
to achieve an RF contact with low intermodulation
level, typically several thousand netwons, would in
many cases damage the DUT. Alternatively, the
automatic tightening of a coupling nut could be
applied but it would need a quite complicated
design. Preferably, the quick-lock connector would
have excellent PIM performance even if pressed on
with a rather low force (e.g. 80 N). The solution for
that is the newly developed 4.3-10 interface which
will most likely replace the 7-16 interface in many
applications.
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Fig 3. 4.3-10 connector interface in unmated and mated
condition

Fig. 3 shows the connector interface drawing of
4.3-10. In contrary to other RF connectors the 4.3-
10 connector has no axial RF contact on the outer
conductor but a radial contact bushing instead. A
mechanical stop (mechanical reference plane) is

provided outside the RF region. The outer
conductor contact bushing will provide a constant
contact force completely independent of the axial
force applied to the mechanical stop. This results in
an excellent PIM performance in case of a press-on
quick-lock connector. Also, when used with a
coupling nut the 4.3-10-connector ensures good
PIM even if it is tightened with a torque below the
nominal coupling torque. This reduces costs for
trouble shooting at mobile communication base
station sites. Besides size and weight reduction
compared to the 7-16 type these were the main
reasons to develop the 4.3-10-connector interface.

A complete quick-lock connector is displayed in
Fig. 4. It has 4.3-10 connectors on both ends. The
left side will be connected to the DUT, the right
side will be connected to the test port using a cable.
The middle part can be fixed in a wall plate that
will be moved towards the DUT. It contains spring
elements that allow for an axial, transversal and
angular alignment of the connector and thus will
compensate position tolerances of the DUT and the
test fixture.
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Fig 4. Quick-lock connector with automatic
compensation of position tolerances

With this type of connector repeatable VSWR
measurements as well as PIM measurements with
residual intermodulation of typical -170 dBc at 2 x
20 W are achieved.

IV. TORSION-RELIEF OF MEASUREMENT CABLES
USING LOW INTERMODULATION ROTARY JOINTS

The flexing cycles of test port cables are always
an issue when PIM measurements are done. In case
of testing high volumes of mobile communication
products such as antennas or diplexers several
hundreds of flexing cycles per day are common and
the costs for replacement of worn-out cables are
significant.
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Fig. 6. Equivalent circuit of the rotary joint

In order to increase the service life of the
testing cables a strain- and torsion-relieve is
provided in our measurement system using low
intermodulation rotary joints. Fig. 5 shows the
design based on 7-16 connectors and Fig. 6 an
equivalent circuit of the structure. It contains a slide
bearing to make the rotor moveable against the
stator without galvanic contact. The inner
conductors of the fixed and the rotating part are
coupled by an open ended coaxial line (choke) with
the impedance Z ., of approx. 4 Q and a length [, of
one quarter wavelength of the band center
frequency. The fringing capacitance of the open end
is represented by C; in the equivalent circuit. The
outer conductors are also coupled by a choke. It has
a characteristic impedance Z,of approx. 2 Q and a

length [, that also equals one quarter wavelength at
the band center frequency. It is followed by a high-
impedance section with an impedance Z_; of 30 Q
and a length l.;. The change in the characteristic
impedance from 2 Q to 30 Q behaves similar to an
open end of a coaxial line which cannot be realized
at this position. In Fig. 5 the 30 Q line is
represented by the small cavity following the outer
conductor choke. The equivalent circuit in Fig. 6
shows another capacitance C, between the outer
conductor choke and the 30 Q line. It represents the
slide bearing of the rotary joint.

A design with only inner and outer conductor
chokes would have one reflection minimum and
could not cover a sufficiently wide frequency range
for the intended application. For that reason a
broadband transformation has been added. It is
represented by the two line sections beside the
chokes with a characteristic impedance of approx.
54 Q and again a length l; of a quarter wavelength
at the band center frequency. This broadband
transformation creates two more reflection minima
and increases the bandwidth significantly.

VSWR s11 s21 a8
12 —— = 0 1S

—""'_“"“"\J Y 6900000 MHz
¢ -0.1 1.07 VSWR

1.18

1.16

1.14

1.12

1.1

1.08

|

|

1
\
|
|
|

2 s1
1|02

-

-

2.6900 GHz
1.01 VSWR

s21
690.0000 MHz
-0.03d8

4 821
7 26900 GHz

-0.04 dB

1.06

1.04 | \ /- \ 08
1.02 \/ \\/ \\y 0.9

Start: 500.0000 MHz

o ——

Stop: 3.0000 GHz

Fig. 7. Measurement results of the non-contacting rotary
joint

Fig. 7 shows the measured return loss and
insertion loss of the structure. The VSWR exhibits
the three reflection minima mentioned above. With
a frequency range from 0.69 GHz to 2.69 GHz the
rotary joint covers all today’s mobile
communication standards with a VSWR better than
1.10. As the whole design is realized without
sliding contacts the intermodulation values of this
structure are in the range of the system value of the
PIM test bench, even during rotation. Furthermore,
as no grinding occurs between metallic surfaces, no
metal particles are created that could degrade the
intermodulation performance over the lifetime.
Thus, in contrary to a solution with sliding contacts
the PIM values will remain stable with increasing
number of rotations.



V. RF SWITCH WITH LOW INTERMODULATION

For a measurement system combining a vector
network analyzer and an intermodulation test
bench, a two way switch (DPDT) is necessary. This
switch has to provide excellent repeatability of
return and insertion loss in order to maintain the
calibration for the S-Parameter measurements.
Also, excellent PIM performance is required for the
intermodulation  measurements.  Commercially
available switches all have galvanic contacts for the
switching elements und thus they have the risk that
the PIM values suffer from metal particles with
increasing number of switching cycles. For that
reason we use a switch with capacitive couplings
for this measurement system.
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Fig. 8. 3D-view and sectional drawings of the low PIM
switch

Fig. 8 illustrates the design of the RF part of
the low PIM switch. On top it has a lever that will
be moved by an electric drive which is not
displayed here. The lever sits on an axis that drives
a plastic rotor. The rotor carries the switching
knifes. The knives can float in the rotor along the
direction of the axle. Both ends of the switching
knife are positioned in the inner conductor fork of a
coaxial line leading to one of the 7-16 connectors.
The fit is very narrow so knife and fork touch each
other. To avoid a galvanic contact both parts are
coated with a special insulating paint. The close fit
together with the dielectric coating results in a quite
high capacitance allowing for a lower frequency
limit of less than 690 MHz. The narrow fit is also
needed for a good repeatability of the S-parameters.
As fork and knife touch each other friction occurs
between them. But since the particles created are
only of dielectric material, no PIM is caused.
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Fig. 9. VSWR and insertion loss in connected position
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Fig. 9 and 10 show the S-parameter
measurement results of the switch. The VSWR is
below 1.2 and the insertion loss better than 0.1 dB
in the frequency range from 0.69 GHz to 2.69 GHz.
Thus it can be used for all today’s common mobile
communication standards. The isolation is better 60
dB which is necessary to protect the frontend of the
VNA when the PIM analyzer is active. The
repeatability of S11 after several switching cycles is
well below 50 dB so a calibration applied to the
measurement system will be maintained.
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Fig. 11. PIM test results of the switch at LTE2.6 before
and after half a million switching cycles

In Fig. 11 the PIM test results before and after the
long term durability test are shown. The same
carrier frequencies as displayed in Fig. 1 have been
used. The test has been done with an RF power of
20 W per carrier. The results before and after the
test are almost equal at approx. -170 dBc and thus
in the region of the residual system level of the PIM
test bench.

VI. CONCLUSION

A measurement system has been presented that
can  measure  S-parameters and  passive
intermodulation without disconnecting the DUT.
Capacitive coupling has been used for the rotary
joint and the switch to avoid intermodulation
caused by sliding contacts. It could be demonstrated
that the intermodulation performance is stable over
at least half a million measuring cycles.
Furthermore, the DUT is connected by quick-lock
connectors which can be driven automatically. With
the proposed measurement system a significant
time- and cost-saving is possible compared to
setups with separated intermodulation and S-
parameter measurement.
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Abstract — This paper introduces a methodology for the design
and verification of the set of microstrip structures necessary to
implement the line, offset-open, offset-short (LZZ) calibration
technique in the small-signal characterization of devices mounted
in coaxial-to-microstrip test fixtures. The usefulness of the LZZ
calibration in such application is verified by comparing the S-
parameters of a GaN-HEMT packaged transistor corrected using
the LZZ with those corrected using the thru-reflect-line (TRL)
calibration technique.

Index Terms — LZZ calibration technique, ABCD-parameters,
microstrip calibration structures, test fixtures.

[. INTRODUCTION

At microwave frequencies, the use of a calibrated vector
network analyzer (VNA) is mandatory to characterize the
linear behavior of a device under test (DUT). A number of
VNA calibration techniques have been proposed in the
literature. Among them, the most commonly used calibration
techniques are the thru-reflect-line (TRL) [1], thru-reflect-
match (TRM) [2] and thru-reflect-reflect-match (TRRM) [3].

TRL is considered as a reference calibration technique. It
allows referring the DUT S-parameters to the measuring
system impedance (Z,) as long as the characteristic impedance
of the line is known [4]. In the TRL, the main issue is that
multiple lines of different length are required [5] to obtain a
wide measurement bandwidth. Thus, the measurement ports
have to be moved several times in order to accommodate
structures of different size, which reduces the measurement
repeatability.

TRM [2] replaces the line used in the TRL by a symmetrical
load (match) of known impedance in order to achieve a
broadband calibration. Meanwhile, the TRRM [3] is a
variation of TRM, where only one known load is used. In
general, TRM and TRRM involve the use of at least one load
which has to be known over a wide frequency bandwidth.
Thus, to accurately calibrate the VNA using the TRM and
TRRM procedures, the use of either high technology to
fabricate loads of known impedance [6] or the use of complex
procedures to estimate it [3], [7] are required.

The recently introduced line, offset-open, offset-short (LZZ)
calibration technique [8] uses as standards: a transmission line,
a pair of offset-open circuits and a pair of offset-short circuits
(Fig. 1). Unlike TRM and TRRM, in the LZZ calibration the
use of a precisely characterized load is not required.
Moreover, since the LZZ calibration does not use multiple
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transmission lines for calculating the error calibration terms, it
may be implemented using fixed spacing structures, which is
an advantage over the TRL calibration technique.

The LZZ calibration technique was introduced in [8] as a
reliable method for correcting the S-parameters of on-wafer
devices using coplanar waveguide calibration structures. In
this paper, a methodology for the design and verification of the
set of microstrip calibration structures necessary for
implementing the LZZ calibration in the S-parameter
measurement of devices mounted in coaxial-to-microstrip test
fixtures is introduced.

This paper is organized as follows. Section II presents an
overview of the LZZ calibration procedure. In section III, the
methodology for the design and verification of the LZZ
microstrip calibration structures is described. Section IV
shows experimental results of the implementation of the LZZ
in the measurement of devices mounted in test fixtures.
Finally, the conclusions are presented in section V.
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Fig. 1. LZZ calibration elements: a) one transmission line, b) a pair of offset-
open circuits and c¢) a pair of offset-short circuits.

II. OVERVIEW OF THE LZZ CALIBRATION PROCEDURE

The LZZ calibration procedure uses the 8-term error model
and the ABCD parameters to represent the VNA and the
calibration standards. When using the 8-term error model, a
two-port VNA measures the matrix product

My, =T, Tp T, (1

where T, and Ty are matrices modeling the errors in ports

one and two of the VNA. M, and T, are matrices



representing the measured and the actual behavior of a DUT,
respectively.

According to [9], the ABCD parameters matrix of a uniform
transmission line having length /z, propagation constant y and
characteristic impedance Zr may be diagonalized and
expressed as'

T, =T,T,T,, )

where T, and T, are defined as

T z, -1
= 3
Z 1 Zgl ( )
and
A 0
T, = , 4
" {0 M} @

with 4, =€’ ' Then, by combining (1) and (2), the ABCD
parameters representation of the structure shown in Fig.1a may
be expressed as

M, =T, T, T, =ILT,T,, ©)
where
A, B A, B,
TX:TATZ:{ * X}DX N (6)
Cy Dy _CX 1
and
A B 4, B,
TY=T;TB{ ! Y}sz A @)
¢ Dy |G, 1

Note from (2) that, when a zero-length thru (/z=0) is used in
the LZZ calibration instead of a transmission line, T; becomes
the identity matrix (TL =I=TZT2). In such a condition, the
expressions shown in (5)-(7) cannot be formed since the
matrix T, is not uniquely defined (it is difficult to define the

impedance of a zero-length thru). This problem arises at
frequencies where the electrical length of the transmission line
is a multiple of 180° (A, ==*1).

Then, by solving (6) and (7) for T, and T, respectively,

and substituting the resulting expressions in (1), the actual
ABCD parameters of the DUT may be expressed as

T, =T,T{M,T;T, . ®)

Thus, in order to determine T,,, the seven terms Z , E,

CTX , A_Y , B_y , CTY and D, D,, have to be determined using the

! In the LZZ the characteristic impedance, length and propagation constant of
the line have to be known prior to the calibration.

measurement of the set of calibration elements shown in Fig.1.
According to the LZZ procedure described in [8], four of the

seven terms, 4, , B, ,C, and D, D, , may be determined using
the measurement of the transmission line, provided that the
termsA_X/C_X, B_X and CTX are known.

In the LZZ calibration [8], the values of 4, /C, and B,

are determined using the measurement of the two pairs of
offset reflecting loads shown in Fig.1b-c along with the
measurement of the transmission line. In the LZZ, open-
circuited transmission lines of length lop and short-circuited
transmission lines of length /s are used as offset-open and
offset-short circuits (Fig.1b-c). The LZZ calibration requires
that the offset-open and offset-short circuits be equally shifted,

i.e. A, =e™ have to be identical to 4, =¢"” . The value of

CT( may be determined using the measurement of any of the

symmetrical reflecting loads”.

In summary, in order to design a set of calibration structures
for implementing the LZZ calibration technique there are two
important issues that have to be considered: 1) to design two
equally shifted pairs of offset reflecting loads and 2) to design
a transmission line of electrical length less than 180° at the
highest frequency of interest.

III. DESIGN AND VERIFICATION OF LZZ CALIBRATION
STRUCTURES

A. Design of the LZZ Calibration Structures

A microstrip transmission line and two pairs of offset
reflecting loads were fabricated on a substrate RO4003C
(£,=3.55, H=0.814mm) provided by Rogers Corporation.
Before the fabrication, the S-parameters of the structures
shown in Fig. 2 were simulated using an electromagnetic
simulator (ADS Momentum) in the frequency range of 0.1-6.0
GHz.

An 8 mm length transmission line of characteristic
impedance Z;= 50 Q and electrical length of 100° at 6 GHz,
shown in Fig. 2a, represents the transmission line of the LZZ
calibration technique. Symmetrical short-circuited (Fig.2b)
and symmetrical open-circuited (Fig.2¢) transmission lines of
1 mm length represent the offset reflecting loads of the LZZ
calibration. The length of the open-circuited line was
iteratively increased from 1 mm until the difference between
the simulated phase shifts of the offset-open circuits ( 4,,) and

offset-short circuits (4, ) was close to zero at 6 GHz. The aim

of this adjustment is to compensate in the open-circuited line
the phase shift caused by the via-holes used in the short-
circuited line. Symmetrical open-circuited 1.15 mm length
transmission lines were used as the offset-open.

2 . = . .
Alternatively, C, may be determined using the measurement of an

additional one port load of impedance close to Z, (LZZM procedure) [10].



As a measure of the correlation between the simulated 4,,
and A, its phases £4, and £, were used. The values of
ZA,,and £, were calculated as

24, =(<1,,)/2 o)

and
Ly, =(4T, -180°) /2, (10)
where I’ and T, are the reflection coefficients of the

offset-open and offset-short circuits obtained from the
simulated S-parameters of the structures shown in Fig. 2b-c.

<¢\ S ?\

N N ﬁ\
a)\\ / B \/ 0

Fig.2. Simulated structures: a) line, b) offset-open circuit and c) offset-short
circuit.

B. Verification of the LZZ Calibration Structures

The fabricated microstrip structures were embedded in
transmission lines of length /,, =28 mm and characteristic
impedance Z;=50 Q. Microstrip-to-SMA female connectors

were placed at the end of each structure. Fig. 3a shows the
fabricated structures.

b)

Fig.3. a) LZZ microstrip calibration structures embedded in transmission
lines and b) test fixture for characterizing a packaged GaN-HEMT transistor.

In order to verify that the value of the phase shifts of the
fabricated offset-open circuits and offset-short circuits are
close to each other, measurements of the fabricated reflecting
loads were performed using a N5242A PNA-X calibrated at
the coaxial reference plane”.

The measurement of an auxiliary transmission line (referred
to as Trp) of length 2-/,. was used to estimate the values of

Z2,, and ZA,, from the S-parameters measurements of the

3 A calibrated VNA was used only for verification of the offset loads. The
LZZ calibration does not require the use of a calibrated VNA; it may be
implemented in either one-tier or two-tier calibrations.

fabricated offset-open circuits and offset-short circuits, as
presented next.

Let 'y, R=op,sh, be the reflection coefficient of any of
the fabricated offset reflecting loads measured at the coaxial
reference plane, and I',, the reflection coefficient of the offset
reflecting load at the calibration reference plane (Fig. 4). The
values of £A, and ZA, were calculated by comparing the
insertion phase of the structure of the line Ttr measured at the
coaxial plane (LSZTIF ) with the phase of T'% as

24, =T -28) /2 (11)
and
Lhy, = (415 -180°- 2831} /2 (12)

Fig. 5 shows the phase offset of the designed open-circuited
and short-circuited transmission lines calculated from EM
simulations using (9)-(10) and those calculated from
measurements using (11)-(12). In both cases, high correlation
is observed between the phases of the offset-open and offset-
shorts circuits.
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Fig.4. Structures used for the verification of the phase shift of the offset
reflecting loads: a) a thru connection b) offset reflecting load.

The value of the propagation constant and characteristic
impedance of the transmission line used in the LZZ calibration
were determined using two transmission lines of different
lengths, using the procedures reported in [11] and [12],
respectively’. The electrical length of the line used in the LZZ
was calculated as 98.7° at 6.0 GHz using the imaginary part of
y and the mechanical length of the line.

IV. IMPLEMENTATION OF THE LZZ CALIBRATION USING
MICROSTRIP CALIBRATION STRUCTURES

The LZZ calibration procedure was implemented by using
the fabricated set of microstrip calibration structures shown in
Fig. 3a. The TRL calibration was implemented by using a pair
of offset-short circuits and the transmission line used in the
LZZ calibration along with an additional thru structure, i.e.
transmission line Trr. Measurements of the TRL and LZZ
calibration structures were performed by using an uncalibrated
N5242A PNA-X in the frequency range of 1-6 GHz.

4 - . . .

A second transmission line was only used for determining the line
propagation constant and characteristic impedance. It is not used in the
implementation of the LZZ calibration procedure.
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Fig.6. Si1 and Sy, parameters of an FET transistor (Vps= 28 V; Vgs=-2.8 V)
corrected using the LZZ and the TRL methods: a) magnitude and b) phase.

A packaged GaN-HEMT transistor (CGH40010 from Cree)
was used as DUT; it was mounted in the coaxial-to-microstrip
test fixture shown in Fig. 3b. To demonstrate the usefulness of
the LZZ, the DUT S-parameters corrected using the LZZ were
compared with those corrected using the TRL. Fig.6 and Fig.7
show the S-parameters of the transistor (Vps=28 V; Vgs=-2.8

V) corrected using the TRL and LZZ methods. A high
correlation between the S-parameters data corrected using
these two calibration techniques is observed.

V. CONCLUSION

A methodology for the design and verification of the
microstrip calibration structures necessary to implement the
LZZ calibration technique was introduced in this paper. There
are two important points to be considered in the design of the
LZZ calibration structures. First, the phase shifts of the offset
reflecting loads have to be as close as possible to each other.
Second, the electrical length of the transmission line has to be
less than 180° over the frequency bandwidth of interest.
Results obtained using the designed calibration structures
verify the usefulness of the LZZ calibration technique in the
measurement of devices mounted in test fixtures.
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Fig.7. Si2 and S;; parameters of an FET transistor (Vps= 28 V; Vgs=-2.8 V)
corrected using the LZZ and the TRL methods: a) magnitude and b) phase.
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Abstract—This paper presents a measurement technique for
de-embedding the noise figure of all sorts of differential amplifiers
having arbitrary common-mode rejection. It is based on the
measurement of the correlation of the noise waves at the output
ports of the differential amplifier. It makes use of a hybrid coupler
and takes into account the phase and amplitude imbalances of
the latter. Measurement results of a radio-frequency low-noise
amplifier demonstrate the validity of this general technique.

Index Terms—Differential amplifier, noise figure measurement,
noise correlation, four-port Network Analyzer

I. INTRODUCTION

Differential circuits are increasingly designed for radio-
frequency and other high-frequency applications, taking ad-
vantage of their immunity against common-mode noise and
interference. While the small-signal behavior of these circuits
can be easily characterized using 4-port Network Analyzers
[1], it is more difficult to determine their noise performances.
The noise figure measurement of differential circuits is a
challenging subject, particularly due to the correlation of
output noises. In literature, authors of [2] have dealt with
the subject by connecting 180° hybrid couplers at the input
and output ports of a differential amplifier. This technique is
interesting as measurements can be done in a single-ended
configuration using classical 2-port equipment. However, this
de-embedding method assumes a simplified model of the cou-
pler, with symmetrical losses and ideal 180° phase difference
between the output ports. With this simplified coupler model,
only differential-mode signals are propagated so the effect of
common-mode signals are not taken into account. In [3], a
more accurate procedure to de-embed the noise performance
of differential amplifiers is proposed. It takes into account
the phase imbalances or asymmetrical amplitude responses
of the couplers. This technique is however valid only for
specific differential amplifiers: balanced amplifiers and fully-
differential amplifiers.

This paper proposes a general technique to de-embed the noise
figure of all sorts of differential amplifiers having arbitrary
common-mode rejection. It is based on the measurement of
the correlation of the noise waves at the output ports of the
differential amplifier. It makes use of a 180° hybrid coupler
and takes into account the phase and amplitude imbalances of
the latter.

The relation between differential noise and correlation of

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

output noise waves is briefly presented in section II. The
de-embedding technique is developed in section III. The test
setup and measurement results are dealt with in section IV
and concluding remarks are given in section V.

II. THEORY

An analytical expression of the differential noise figure of a
4-port device is given in [4]. This expression is derived from
the noise-wave formalism [5], shown in Fig. 1, and the mixed-
mode S-parameters described in [1]. The expression of the
noise figure is valid for a system where the sources and the
loads are reflectionless (I'; = 0).

The differential noise figure given in [4] is:

by = JELBE -2
i 2kToAf (|Saaz1]? + |Sac21]?)

where Sg421 and Sg.21 are the mixed-mode gains which can
be calculated from the classical S-parameters [1]. The term
KToAf (|de21 12 + |Sae21 |2) is the output noise power of the
differential mode due to the two input sources. These two
sources have both an available noise power of k7oA f and are
uncorrelated. |b3|? and |b4|? are the output noise powers at port
3 and 4 respectively. The term b3 - b represents the correlation
between the output noise waves. It is the only term that cannot
be measured using commercially-available equipment.

G C3

a, I,y ay bl g a, s
[Sourcel }—-== -
8.0, T, | et | oo T
[Source? |-—2= |
LNy L
(% A

Fig. 1. Noise wave formalism for a 4-port circuit, where a; is incident noise
wave at port i, b; is the outgoing noise wave and c; is the internal noise
wave. The input ports are connected to 2 sources with generator wave a; and
reflection coefficient of I';.

The aim of this work is to develop a technique that measures
the exact correlation of the noise waves at the output ports.
And based on this measured correlation, the differential noise
figure is thereby determined.



III. DE-EMBEDDING TECHNIQUE

The technique consists of connecting a 180° hybrid coupler
to the output ports of the differential amplifier. The noise wave
at the output of a non-ideal 0/180° hybrid coupler connected
to a differential amplifier, as shown in Fig. 2, is given by:

bout = S31 b3 + S32 by + c3 ()

where S3; and Sy; represent the singled-ended scattering
parameters of the coupler. b3 and by are the noise waves
at the outputs of the differential amplifier. c3 is the noise
wave generated by the hybrid coupler at its output port. This
equation is valid for a system where the components (amplifier
and coupler) are considered to be reflectionless. In our study,
only components having high input and output return losses
are used in order to verify the previous equation. The more
general case for components having low return losses will be
developed in future work.

180° hybrid
coupler

Source
Load
00T, o

O 1@ [ ], ST,
@T lefereptlal b | O @] Dout ]
@—4’ Amplifier —

® ® 2

Fig. 2. Configuration 1: The output ports 3 and 4 of the amplifier are
connected respectively to the input ports 1 and 2 of the coupler

The output noise power is calculated from (2) by:

‘boutP = bout . b:ut
= |Sa1|?[b3]? + [ Ss2|*[bal?
+ 2Re (531 : S§2 m) + |C3|2 )

where W is the noise power generated by the coupler at its
output port 3. This noise power can be calculated by Bosma’s
theorem [6] which states that the noise wave correlation
matrix of a passive multiport can be derived directly from
the scattering matrix as follows:

Cy = kT(I — SST) 4

where k is Boltzmann’s constant and T is the physical
temperature in kelvin. In the case of the hybrid coupler which
is a passive 3-port, |c3|2 is given by:

le3|? = KToAf(1 = (1931 % + [Ssaf* + [S33%)) (5

As the coupler is considered to have a high output return
loss, |S33|? is negligible compared to the transmission param-
eters.

The aim of the work is to determine Re(bs - b}) the real
part of correlation term.
Let v = 2Re (S31 - S5, b3 - b}), v is calculated from (3) and
(5).

o = [bout|> — [S31]?[bs|? — |Ss2|*[ba]?

— (1= (|S51]> + [S32]?)) KToAf (6)

It depends on the scattering parameters and on the output
noise powers |b3|? and |by4|? which can all be measured with
a network analyzer. o can be expressed in terms of the
correlation term as follows:

2?)%6 (531 . S;z b3 . bZ) = 2%6(531 . S§2)§Re(b3 . bZ)

a depends on both the real part and the imaginary part of
the correlation term. As the real and imaginary parts are 2
unknown terms, another equation is necessary.

This equation is found by using another configuration. The
output ports 3 and 4 of the amplifier are connected respectively
to the input ports 2 and 1 of the coupler, as shown in Fig. 3.

180° hybrid

Source
coupler Load

50Q, T,
e O @ b [ 500, T,
@l Differential Ve ®| Pout
@ @ %@

Fig. 3. Configuration 2: The output ports 3 and 4 of the amplifier are
connected respectively to the input ports 1 and 2 of the coupler

In this configuration, the output noise wave is given by:
byt = S31 ba + Sz2 b3 + c3 8)

The output noise power is given by:

DL |? = |S511?[bal? + | S32|*[bs]?
-+ 25}%6 (Sgl . S§2 b3 . bZ) -+ |63|2 (9)

Let o/ = 2Re (S32 - S5, b3 - b}), o is calculated from (9)
and (5).

@ = [bout[* — |S31[*[ba]? — |Ss2|?[ba]?

— (1= (193" +[852*) kToAf
As a, o’ depends on the the noise powers and scattering
parameters which can be easily measured using commercially-

available network analyzers. o/ can be expressed in terms of
the correlation term as:

2Re (S32 - S5, bs - b)) = 2Re(Ss2 - Sa1)Re(bs - bF)
— 23m(S32 - S3;)Im(bs - b})
= 2Re(S31 - S3)Re(bs - b})
+23m(S31 - S3)Im(bs - b)
(11)

The real part of the correlation is determined from (7) and

(11):

(10)

a+ o
43%6(531 . S§2)
The differential noise figure is then calculated using (1) and
(12).
The equations and procedure have been successfully verified
by circuit simulations in Keysight’s Advanced Design System.

Re(by 07) = (12)



IV. MEASUREMENT SETUP AND EXPERIMENTAL RESULTS
A. Measurement procedure

This new method is tested on a Rohde&Schwarz radio-
frequency differential low noise amplifier (LNA). It has a dif-
ferential gain of at least 10dB and a common-mode rejection
of at most 3dB in the frequency range of SOMHz to 500 MHz,
as shown in Fig. 4. A low common-mode rejection is chosen
in order to demonstrate that the technique works for arbitrary
CMRR. The amplifier has differential 100€2 input and output
impedances. The input and output return losses are of at least
15dB. The 4 ports are interfaced with 502 SMA connectors
which allow measurements with standard 50€2 equipment.
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Fig. 4. Mixed-mode gains measured using a Rohde&Schwarz ZVA24
Network Analyzer

1) Noise power measurement at the output ports of the
differential amplifier: Two 50€) sources of a Rohde&Schwarz
4-port Network Analyzer at a noise temperature of Ty = 290K
are connected to the input ports of the amplifier. The output
noise powers are measured using 2 receivers of the network
analyzer, as shown in Fig. 5. Two low-noise pre-amplifiers
of Kuhne FElectronic are used to improve the accuracy of the
measurements. The measurement uncertainty depends signifi-
cantly on the noise figure of the receivers [7]. The receivers
of the network analyzer have a noise figure of around 40dB.
This high noise figure tends to mask the noises generated by
the amplifier. The effective noise figure of the receivers are
therefore reduced by about 25dB as the pre-amplifiers have
a gain of 25dB and a noise figure of 4dB. The uncertainty
in the noise power measurements is consequently decreased.
After a noise calibration has been performed on the VNA, the
output noise powers are measured using the RMS detectors of
the receivers. The noise powers measured at the output ports
3 and 4 of the differential LNA are shown in Fig. 4.

2) Noise power measurement for configuration 1: A 180°
hybrid coupler is then connected to the differential amplifier
according to the configuration 1, where the output ports 3&4 of
the amplifier are connected respectively to the input ports 1&2
of the coupler. The block diagram of the setup is shown in Fig.
6. A photograph of the measurement setup is also presented
in Fig. 7.
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Fig. 7. Photograph of the measurement setup

A UMCC 180°/3dB hybrid coupler is used. Its insertion
losses, gain and phase imbalances are characterized using the
ZVA24 Network analyzer. These characteristics are shown in
Fig. 8. The input and output return losses and the isolation
are of at least 20dB.The input ports of the 3-port system
(amplifier + coupler) are terminated by two 50€2 sources and
the noise power at the output of the system is measured with
the Network analyzer. As explained previously, a pre-amplifier
is used to guarantee the accuracy of the measurements.

3) Noise power measurement for configuration 2: The last
step of the measurement procedure consists of connecting the
hybrid coupler according to configuration 2. The output ports
3 and 4 of the amplifier are connected respectively to the input
ports 2 and 1 of the coupler, as shown in Fig. 9. The noise
power at its output port 3 is measured with the analyzer.

The output noise powers and the S-parameters of the coupler
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Fig. 9. Measurement setup for configuration2

measured during these steps are used to determine the real
part of the correlation of the output noise waves using (12).
The real part of the correlation, Fig. 10, is injected in (1) for
the calculation of the differential noise figure. The differential
noise figure is compared to the noise figure obtained with
technique [2].

B. Evaluation of measurement results

A differential noise figure of 3.9 to 4.5dB is measured in the
frequency bandwidth of 100 to 500 MHz, as shown in Fig. 10.
For completeness, the differential noise of the LNA is also de-
embedded using two 180° hybrid couplers and a measurement
procedure proposed in [2]. A differential noise figure of 3.3 to
4 dB is obtained. The noise figures given by both techniques
are of the same order of magnitude. There are somehow
some differences which are partly caused by the measurement
uncertainties which depend on multiple factors such as the
noise figure of the receivers and the small-signal characteristics
of the amplifier and the couplers. However, the main reason for
such deviations comes from the simplifications made in [2].
Indeed, in [2], the couplers are assumed to have symmetrical
paths as their phase and amplitude imbalances are neglected. It
has been demonstrated in [3] that neglecting these imbalances
bring some errors. Our de-embedding methodology does not
yield these errors as the dissymmetry of the coupler is taken
into account.
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Fig. 10. Comparison between the three different methods

V. CONCLUSION

A de-embedding technique for the noise figure of differ-
ential amplifiers is proposed. It is based on the measurement
of the correlation of the noise waves at the output ports of
the amplifier. This approach uses a 180° hybrid coupler at
the output ports of the differential amplifier. A de-embedding
methodology that considers the non-ideal characteristics of the
coupler is described. Measurements of a differential low-noise
amplifier using a 4-port Network Analyzer have proved the
validity of our new method. Future research can be oriented
toward improving this theoretical study, by considering differ-
ential amplifiers with arbitrary (non-100€2) input and output
impedances.
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Abstract — This article presents an adaptive method for
antenna reflection and transmission parameters measurements
using a calibrated vector network analyzer without an anechoic
chamber. The method is based on a special distance-frequency
system model simulating signals of local reflectors. Antenna
parameters are extracted from measurement results by using a
special estimation algorithm based on the least mean squares
method. Experiment was performed and verified the proposed
method. Software implemented this method is developed.

Index Terms — S-parameters, vector network analyzer
(VNA), antenna measurements, least mean squares (LMS)
algorithm.

I. INTRODUCTION

For wireless communication devices the number of which is
continuously increasing the key element is an antenna. Its
characteristics define the quality of the whole device.

Useful information of the antenna under test (AUT) can be
realized either in indoor or outdoor ranges [1]. Indoor range
consists in an anechoic chamber with one reference antenna
and the AUT. An anechoic chamber with precision
metrological parameters is difficult and so expensive to build.
But there are some problems in outdoor range also. The
outdoor range is sensitive to reflections.

This work introduces an adaptive estimation algorithm that
could allow to refuse expensive operation with anechoic
chamber, along with eliminating spurious local reflections in
outdoor range.

II. SYSTEM MODEL AND OBSERVED SIGNALS

The main antenna measurement unit is a precision PC-
driven vector network analyzer (VNA). PC-driven VNAs
increase productivity and lower costs for test, control, and
design applications. The VNA consists of transmitting and
receiving systems. Let, AUT is connected to first port of the
calibrated VNA, and reference antenna is connected to second
port of the calibrated VNA (Fig. 1). Forward direction is
enough to get information about the reflection and
transmission parameters. Cables must be used to connect the
antennas to the VNA.

The model of outdoor instrumentation system contains
several terms. These terms describe the basic and additional
signals. The additional signals arise because there are
reflections. Reflected signals arise from local objects such as

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

external metallic elements of the VNA, reference antenna and
so on. These signals are separated in the time domain. Note
that multiple reflections are possible. The characteristics of
signals are individually unknown.

For this model, the measured signal of z can be described as
the sum of four components, for example:

z=B+A4+4,+n, )

where B is the basic signal; 4, and 4, are the two additional
signals; and n is additive noise. Frequency characteristic of B
is equal to the antenna reflection (for S;; measurements) or
transmission (for S,; measurements) parameters. The
additional signals distort the measured S-parameters. The
measurements are processed to obtain the required estimates
of B.

Ref.
/ Antenna

A
Port 2 !
Calibrated
VNA g
Forward
direction :
Port1 i
cable v

-------- reflected ' local

transmitted o AUT reflector
Fig. 1. Representation of the antenna measurement system. Solid

lines indicate transmitted signals. Dotted lines indicate reflected
signals.

We describe the antenna measurement system in the time
domain as a set of three signals (for this example). The system
may be expanded to more regular signals. Each signal has
known distance (time delay) and unknown frequency
characteristics. Fig.2 shows the set of samples for B
(reference values By, B,, B3, B4) and all 4 (reference values 4,
A, Az, Ay) signals in the distance-frequency plane. A similar
model is also used for VNA verification [2-6], and navigation
signal generator calibration [7]. The components of z can be
separated using Fourier analysis.



In Fig. 2, f] is the start frequency, while f;, f; and f; are other
reference frequencies, Af is the frequency step between
samples, /p is the distance of B from the reference plane of
VNA, [, is the distance of 4, and /, is the distance of A, from
the reference plane of VNA.

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

The reference calibration plane is located on the end of the
cable. The value of Iz is equal to O for reflection
measurements; and / is close to distance between antennas for
transmission measurements. The values of [, and [, are
determined by propagation distance between AUT and local
reflectors, including the VNA

Sampling function is used to interpolate the frequency
characteristics of the signals and to calculate B*, and all 4%
(measurement frequency point is f*). Fig.3 shows the
interpolation procedure.

reference
samples

signal frequency
characteristic

cee

interpolation
functions \

\

_________
- AN

requency

Fig. 3. Set of reference samples and interpolation functions.

The number of reference frequency points N for each signal
depends on the frequency range and the frequency step Af. So,
the vector of B consists of N unknown complex constants:

B=[B, B, .. B,|, )

the vector of A; consists of N unknown complex constants:

A= [An 4, AI,N]T > (3)

Similarly, A, can be defined. Note that the model of
measurement system may be expanded to more additional
signals. The system state vector of x consists of all unknown
parameters of B and 4. Coordinates of the state vector are not

changed when the VNA measurement samples received. In
this model the system state vector is constant:

x=[B" Al A T (4)

The total number of unknown variables is (K+1)-N, where K
is the number of additional signals. Estimates of the unknown
variables can be made from measurements. On the k-th step,
dependence of observations z = [z z? ... z® ..]" on the state
vector x coordinates can be written as:

Z(k) :B(k) exp(_jzﬂ.f(k) lB/C)+
2
+2Ai(k) exp(—j2z f* L/c)+ MOE 4

i=1

where /% is the current frequency; ¢ = 3-10° m/s. An accurate
estimates of /; and /, is not required because complex 4. The
frequency step between measurements [f‘k”) - fk)] is less than
Af. To obtain an accurate solution, the value of Af'was selected
as:

A =c/Al, (6)

where Al is average of the distances differences.

III. ALGORITHM

The algorithm for estimating the frequency characteristics
of basic and additional signals was developed using the least
mean squares method.

The observed signals are interrelated by complex linear
expression with the vectors x from (4). A result can write in a
general form:

z=C-x+n, @)

where n is the vector of measurement noise, and C is a
interpolation matrix. The matrix C is formed on sampling
function and known distances:

C=[W, W W, ], (8)

where the number of rows of W matrices is equal to the total
number of measurements; the number of columns of W is
equal to N. The element of W matrices on the k-th row and
i-th column is:

W(k,i) — sinc[(f(k) _ﬁ)/éf] exp(—jzﬂ'f(k) Z/C) s (9)

where /% is the measurement frequencies; f; is the reference
frequencies; Af is the frequency step between reference
samples; [ = Iz for Wp; [ = [, for W, etc.

The solution of the equation (7) for the vector x with the
least mean squares (LMS) method is:

g=(c".c)" "z, (10)

where H is the operator of Hermitian transpose.



Estimates of the frequency characteristics of each signal
must be obtained using the estimates of x and the same type of
interpolation.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Qualitative experimental studies of the algorithm were
performed. The experimental setup included Planar 304/1
VNA [8]. The system was calibrated using the full two-port
Short-Open-Load-Adapter method. Studies were conducted in
coaxial waveguide with 3.5mm connector coaxial
environment, for the frequency range from 10 MHz to 3.2
GHz (in frequency steps of 10 MHz). The intermediate
frequency filter band was configured at 100 Hz, with a signal
level of -10 dBm.

Fig. 4 demonstrates the measurement setup. The distance
between the antennas is 0.7 m. The length of the cable is 0.6 m
for first and second ports of the VNA. The VNA size is 0.25
by 0.4 m. Note, for qualitative studies we used two identical
8.5 cm long antennas. The antennas are available with the
frequency band 850/900 MHz.

Fig. 4.

Photo of the measurement setup.

The measurements were taken for forward directions.
Inverse Fourier transformation was performed. The results are
shown in Fig. 5 and Fig. 6.

Amplitude [dB]
5

R .

'
(=]
o

Distance [m]

Fig. 5. Reflection time domain diagrams. Solid line is for band
pass mode. Dotted line is for low pass mode with Nuttall window.

The residual directivity of the VNA is less than -50 dB
(close to distance point of 0 m in Fig. 5). The basic (B) and
four additional (4) signals can be identified in the time domain
diagrams.

Amplitude [dB]

Distance [m]

Fig. 6. Transmission time domain diagrams. Solid line is for band
pass mode. Dotted line is for low pass mode with Nuttall window.

As show in Fig. 5, the estimates of distances are equal to
lb=0m;;,=17m;L,=34m; 5=48 m; and [, = 6.4 m. As
show in Fig. 6, the estimates of distances are equal to
Ip=09m;/,=18m;,=32m;/5=4.5m; and /,=6.2 m.

The algorithm of (10) was applied to process the
measurements in the frequency domain. The frequency step
between reference samples was Af = 200 MHz. Processing of
the reflection and transmission measurements are separately
performed by using the corresponding estimates of distances.
In the frequency range, the total number of complex unknowns
is 85 (N =17) for each type of measurement.

The results of the algorithm were complex estimates of the
partial signals. The estimates were obtained from all 320
frequency points. The minimum mean square error at each
point was the criterion for obtaining estimates. Results are
given in Fig. 7-10.

In Fig. 7 we compare the estimated and the measured
reflection coefficients of the AUT. Fig. 8 shows the frequency
characteristics of the additional signals.

2

Amplitude [dB]
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(B)
30 . \ \
0.8 1.6 2.4 32

Frequency [GHz]

Fig. 7. Comparison of the estimated reflection coefficient (solid
line) and the measured reflection coefficient of the AUT (dotted line).

The ripples of the measured reflection are reduced after the
adaptive method. An increase of estimates at the edges of the
frequency range is due to the type of interpolation. The
minimum value of the estimated reflection coefficient is
located at a frequency of 870 MHz.

In the following, we compare the estimated and the
measured transmission parameters (Fig. 9). Fig. 10 shows the
amplitudes of the additional signals.
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Fig. 8. The estimated signals of local reflectors for reflection
measurements.
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Fig. 9. Comparison of the estimated transmission parameter (solid
line) and the measured transmission parameter (dotted line).
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Fig. 10. The estimated signals of local reflectors for transmission
measurements.

The ripples of the measured transmission are reduced after
the adaptive method. The maximum value of the estimated
transmission parameter is -20.98 dB. This value is located at a
frequency of 920 MHz. For these conditions, the free-space
loss is 28.63 dB.

The algorithm makes a joint estimation of the basic and
additional signals (or additional signal is removed from the
antenna frequency parameters measurements). The noises are
also smoothed. The ripples are reduced after the new method.
The reference antenna and the AUT can be raised above the
table that can improve the accuracy.

The measurements can be performed in an arbitrary
frequency band. In this case, the developed algorithm can also
use and the estimates can be obtained for this band [2, 9].

V. CONCLUSION

Summarizing this work, a new adaptive method was
introduced and verified for antenna parameters measurements
with local reflections. The method is based on the least mean
squares algorithm. The algorithm significantly reduces both
the measurement time and the cost of the measurement
procedure. Experiment demonstrated suitability of the new
method for antenna parameters measurements. Relative to the
other algorithm, software using the least mean square
algorithm is much simpler to develop. There is no need for an
anechoic chamber. Model of measurement system may be
expanded to more reflected signals. Consequently, this new
method can be of a special interest for cost-effective antenna-
range instrumentation.
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Abstract— In this work a modern measurement method has
been utilized in order to characterize nonlinear behavior of bulk
acoustic wave (BAW) solidly mounted resonators (SMR). Unlike
typical nonlinearity characterization methods, the method which
was employed here not only records amplitudes, but also the
phase of generated harmonics. Furthermore, the relations
between the harmonics of different order are given. The
modeling approach being used is the poly harmonic distortion
(PHD) modeling approach, realized by the measurement of X-
Parameters. For that purpose it was necessary to extend a
nonlinear vector network analyzer (NVNA) by external
components in order to enable high power measurements.
Afterwards, several optimization steps were required to perform
phase calibration. This difficulty arose due to the high power
incident tones and steep resonator impedance curves on the one
hand and the limited power provided by the phase calibration
standard on the other hand.

Index Terms—Nonlinear Vector Network Analyzer (NVNA),
nonlinear characterization, X-parameters, Bulk Acoustic Wave

(BAW)

[. INTRODUCTION

Next generation RF frontends will more often make use of
multiplexing techniques like carrier aggregation. As an
important step towards a 5G standard, such approaches lead to
higher data rates by simultaneously using several frequency
bands for data transfer. Accordingly, RF frontends become
more complex and at the same time the requirements on the
linearity increase. Therefore, the demand for accurate
modeling procedures enabling precise RF simulations is
rising. One of the key components in mobile frontends is the
RF filter unit within duplexers and multiplexers which is
commonly implemented in acoustic filter technology. The
simulation model of the RF filter has to be capable of
describing not only the in-band but also the out-of-band
behavior. Existing linear models quickly reach their limits and
nonlinear models become necessary, because they take effects
like intermodulation distortion (IMD) or the generation of
harmonic frequencies into account. A behavioral model based
on the poly harmonic distortion (PHD) principle can be
created as a possible modeling approach.

In this work bulk acoustic wave (BAW) solidly mounted
resonators (SMR) are investigated. For the PHD modeling
approach, information about the relation of amplitudes and
phases of linear spectral components and higher order
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harmonics dependent on the stimulating signal needs to be
acquired. A measurement setup containing a nonlinear vector
network analyzer (NVNA), which can measure the needed
characteristics of passive one port resonators in BAW
technology, is introduced in II. Possible optimization steps are
shown in III and obtained measurement results are presented
in IV. A conclusion is given in V.

II. MEASUREMENT SETUP

The PHD modeling procedure is a behavioral model based
upon the harmonic superposition principle. This principle
states that a device under test (DUT), which is stimulated to
nonlinear state by an incident tone (IT), relates additional
inserted small signals at harmonic frequencies (called ET:
extraction tone, 20 dB below IT, frequency f'= nf;,.) linear to
the output spectrum [1]. In practice, this can be used to
characterize the response of the DUT to a harmonic input
spectrum. This enables the experimenter to determine a set of
various equations at different operating points which can
describe the linear and nonlinear behavior of the DUT. To
obtain this information a measurement setup is needed which
has the ability to stimulate a DUT with both the IT and ET and
can characterize magnitude and phase of the input and output
spectrum.

The implemented measurement setup is based on the
NVNA (Keysight PNA-X) and a measurement setup extension
[2,3] which was originally designed for active DUTs like
power amplifiers. The NVNA has to be modified as is shown
in the following simplified figure (Fig. 1) in order to provide
the required power levels for the characterization of the BAW
resonator’s nonlinearities. Therefore,
internal sources on the back panel of the NVNA are attached,
combined (C1) and amplified. After amplification, incoming
and reflected waves need to be separated using the directional
couplers C2 and C3. In order to avoid overdrive effects and
not exceeding the maximum input power of the receivers R1
and A [3], it is necessary to reduce the power levels with
attenuators in front of the receivers. The stimulating signal can
be detected at receiver R1 and the reflected wave coming from

connections of the

the DUT is measured at receiver A.
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Fig. 1. Measurement setup for the characterization of the one port
resonators consisting of the NVNA (Keysight PNA-X) and external
circuitry.

Before the measurements can be taken, four different
calibration steps have to be performed. These are vector
calibration, receiver amplitude calibration, phase calibration
and the calibration of the source power. Phase calibration is
done by using a comb generator (Keysight U9393F) on
receiver B and one on the calibration plane. The comb
generator on receiver B is retained in the setup during
measurement. With these calibration steps the NVNA is
capable of measuring absolute power levels and the phase
relations between harmonics of first and higher order. The
calibrations are performed at the calibration plane. Further
extension of the measurement setup with adapters or wires on
the DUT’s PCB needs to be considered additionally.

III. OPTIMIZATION

BAW resonators are typically specified for power levels up to
30 dBm. As a trade-off between sufficient power levels and
prevention of overdriving the receivers R1 and A, a value of
30 dB has been chosen for the attenuators in Fig. 1.
Additionally, proper phase
characterization of phase

frequencies requires an optimized measurement setup due to a
low output power of the comb generators. Minimal and typical
output power P, for a frequency spacing of Af = 10 MHz
between measured points of the used comb generators is
shown in Fig. 2 [4]. The minimal specified output power level
is Py = -95 dBm and the typical value is P, = -77 dBm for a
considered frequency range of 1.5 GHz to 8 GHz. Actual

calibration for a reliable

relation between harmonic

output power dependent on frequency spacing Af can be
calculated with (1) for the mentioned frequency range [3].

= — Minimal
— Typical

Output power Pou (dBm)

0 5 10 15

20 % 30
frequency f (GHz)

Fig. 2. Output power characteristic of comb generator Keysight
U9393F [4].

Pow =—=77dBm+201log (Lj Q)
10MHz

A frequency spacing of Af' = 4 MHz results in an output
power of P, = -85 dBm and seems to be a good trade-off
between output power of the comb generator and distance of
measurement points to achieve a reasonable graphical
resolution. A smaller Af is even more desirable since BAW
resonators have steep admittance curves and BAW filters have
steep filter curves. But this would further decrease Py.

The specified noise floor level of the receivers is typically
-128 dBm for an IFBW of 10 Hz [3]. To decrease the noise
floor level by 3 dB, IFBW has to be reduced to 5 Hz. This
doubles the necessary time to calibrate and measure.
Generally, for phase measurement and calibration, input
power level of the receiver A has to be at least 20 dB and
ideally between 30 dB and 40 dB above the noise floor level
[3]. Because of the attenuation of the directional coupler C3 of
10 dB and the following 30 dB attenuator in front of the
receiver A, the power level of the signal arriving at receiver A
is -125 dBm and does not meet the requirement. A solution is
to remove the attenuator in front of receiver A during the
phase calibration. This increases the power level of the comb
generator which reaches receiver A to -95 dBm. In the first
step electrical behavior of the attenuator is characterized.
Then, phase calibration is performed without the attenuator.
Afterwards, the attenuator can be added back to the
measurement setup and its influence on the phase calibration
is mathematically considered.

In a nutshell, a combination of the optimization steps lead
to a comb generator power level at receiver A of 36 dB above
noise level during phase calibration. Thus, reproducible
characterization of phase relations between first and higher
order harmonics is possible.



IV. MEASUREMENT RESULTS

In order to obtain only the characteristics of the BAW
resonator, the delay of the PCB and the connectors were
considered and removed by a RF design environment with the
help of X-Parameter simulation [5]. Fig. 3 and Fig. 4 present
the magnitude and phase of S5, an exemplary parameter of
the X-parameter data set, measured by using the optimized
measurement setup.
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These diagrams show the magnitude and phase
characteristics of parameter Sj;;; over the frequency range
from 5,85 GHz to 6,45 GHz. The indices p, q of parameter
Spqmn Stand for port and number of the measured harmonic and
m,n for port and number of the stimulating harmonic (ET).
Therefore, Sj311 is the characteristic of the third harmonic

generated by stimulation with an ET at fundamental frequency
fine- The measured magnitudes show similar curve forms. It
seems that the distance between the Sj;;; curves increases
proportionally to the increase of the incident power Paj;. The
measured phases drop between 6 GHz and 6.4 GHz about
1000 degree. Strong influence of noise can be detected in the
measurements with a low power level IT of Px;; = 7 dBm.
Further measurement results are discussed in a publication [6].

V. CONCLUSION

A central issue was to find a condition of sufficient
frequency-resolution because of the steep resonator
characteristic and enabling the phase calibration despite
limited output power of the phase references. Additionally,
requirements of high power measurement had to be
considered. For the reproducible characterization of amplitude
and phase without undue influence of noise,
optimizations were elaborated. The attenuators were adjusted
to find the optimum between sufficient signal level from the
phase references during phase calibration and the prevention
of overdriving the receivers R1 and A. IFBW was lowered in

several

order to reduce the noise floor levels of the receivers. The
distance between the measuring frequency points (frequency-
resolution) was enlarged to increase the output power levels of
the phase references. Additionally, the attenuator in front of
receiver A could be removed during phase calibration. Its
influence on the phase calibration was considered by
providing the scattering parameters of the attenuator to the
NVNA which can use them for a mathematical correction.

The measurement results show that despite all the
challenges it is possible to characterize BAW resonators by X-
Parameters. The additional information provided by the X-
Parameters can be used to improve filter and multiplexer
design in their nonlinear behavior [6].
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Abstract—In this paper, the effective efficiency of the
thermistor mount was evaluated by three WR-22 (33-50 GHz)
rectangular waveguide microcalorimeters. Three sets of
microcalorimeter were made from the same design drawing. The
only difference among them was some key parts (thermal
conductive plate and heat isolation section) coming from different
manufactures. The relative deviation of measurement results of
each microcalorimeter was within one percent. However, the
evaluated effective efficiencies of same DUT were highly
inconsistent for different microcalorimeters in some frequency
points. The preliminary conclusion was that manufacturing
process of microcalorimeter would be likely to affect the effective
efficiency evaluation of the thermistor mount, and some necessary
improvement works have been planned in near future.

Index  Terms—microcalorimeter,
thermistor mount, effective efficiency.

power measurement,

I. INTRODUCTION

Microcalorimeters are used as the national primary standards
for microwave and millimeter-wave power in many National
Metrology Institutes (NMIs) [1][2]. A series of rectangular
waveguide microcalorimeters, such as WR-28, WR-22, WR-15,
WR-10, were developed by the National Institute of Metrology
(NIM) of China, enhancing Chinese radio frequency power
measurement capability up to 110 GHz[3]. And the WR-22 (33
to 50 GHz) rectangular waveguide microcalorimeter was taken
part into international key comparison in 2012[4].

In order to further study for reducing the uncertainty, an
additional couple of WR-22 rectangular waveguide
microcalorimeters were manufactured in 2014, according to the
previous design drawing.

For the comparison among the WR-22 microcalorimeters,
the experiments were performed base on the same
commercially thermistor mount (Hughes 45774H-1100), using
the three WR-22 rectangular waveguide microcalorimeters
respectively. However, the measurement results were highly
inconsistent in some frequency points. In this paper, the
experimental results from evaluation and validation will be
discussed and presented.

This work was supported by National Science and Technology Supportting
Program “Wireless Communication Power Measurement Standard and
Traceability Technology Research” (2014BAK02B02).
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Il. MEASUREMENT METHODOLOGIES

The microcalorimeter is used to measure the effective
efficiency of the thermistor mount. The effective efficiency is
the ratio of the change in direct current (DC) power (or DC
substitution power) to the absorbed millimeter-wave power.
Any thermistor mount mentioned in this paper is a commercial
thermistor sensor or “mount” and will be referred to as a device
under test (DUT)[5].
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Fig. 1. Schematic diagram of the WR-22 (33 to 50 GHz)
microcalorimeter at NIM

Side-arm
Power Mount

As introduced in [5], the effective efficiency at each
frequency of interest can be calculated by the equation

V.
1-(-2)?
(Vl) (1)
77e = g e V = gnun
72_(72)2
el Vl

Where e is the effective efficiency of the thermistor mount,
g is the correction factor of the microcalorimeter, the V; and e;
are the output voltages of the power meter and thermopile with
only the DC applied to the mount, and V, and e; are the same
voltages with both the RF and DC applied. The #un is described
as uncorrected effective efficiency, which can be directly
measured by microcalorimeter’s calibration mode.

As discussed in [2][10], the g in eq. (1) can be measured and
evaluated using the flat short or back-to back method[6].

g=1+cs=1+cﬁ @

prf
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Here, c is the constant that describes the relative sensitivity of
the thermopile voltage to heat dissipated at calorimeter
transmission line, p; is the absorbed millimeterwave power in
the microcalorimeter, and pys is the power absorbed by the DUT.
The detailed derivation of eq. (1) can be obtained in [5].

The main uncertainty source of the effective efficiency is
coming from correction factor g, it contributes about 70 percent
or more of the total uncertainty.

I1l. MEASUREMENT RESULTS

In this paper, three microcalorimeters were fabricated to
evaluate the Hughes thermistor mount 45772H-1100, and they
were made according to an identical plan. The only difference
between them was manufacture error of thermal conductive
plate and heat isolation section, as shown in Fig. 1. The first one,
labeled as Corel, was produced at Xi’an. The remaining two,
labeled as Core2 and Core3, were manufactured by one
company at Chengdu together. In order to maintain consistency
of experiment condition, the relative humidity and temperature
in the lab were controlled within a certain range of £=10% and
X1 degrees, and the three microcalorimeters were alternately
used for experiment.

Firstly, the uncorrected effective 7y in eq. (1) was obtained
using microcalorimeter’s calibration mode. In order to verify
repeatability, each microcalorimeter was taken to measure the
same thermistor mount three times.
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Fig. 2. The uncorrected effective efficiency sy among the
three microcalorimeters. The Corel 1# indicates the first time
measure with the Corel. The Corel 2# indicates the second
time measure with the Corel.

Finally, the correction factor of the microcalorimeter g was
acquired by the flat short model, and the effective efficiency of
the thermistor mount 7. was evaluated by eq. (1).
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Fig. 5. The scattering parameter |Sz| of thermal conductive
plate and heat isolation section among the three
microcalorimeters.



Table 1. The parameter comparison among the three
microcalorimeters at 35GHz.

microcalorimeter Nun g e [Sa1]
Corel 0.9333 | 1.0032 | 0.9509 | 0.9855
Core2 0.8211 | 0.9937 | 0.8159 | 0.9910
Core3 0.7925 | 1.0053 | 0.7935 | 0.9924

From above experiments, there are no great differences
results between Core2 and Core3. However, the experiment
results clearly demonstrates that the differences between Corel
and the remaining two cores were unacceptable. We have
attempted to find out the reason, and some preliminary
conclusion is that the manufacturing process may affect the
results. In the near step, the thermistor mount will be replaced
as another one to verify the phenomenon, and the more detailed
experimental data could be obtained, such as the physical size
of the key parts (thermal conductive plate and heat isolation
section), more sampling points over a range of frequencies
(34.5GHz to 35.5GHz) , and so on.

IVV. DISCUSSION

In this paper, three sets of the WR-22 (33 to 50 GHz)
microcalorimeters were used to evaluate the effective
efficiency of the sole thermistor mount. They are exactly the
same, except of the manufacture error of thermal conductive
plate and heat isolation section. However, the evaluated
effective efficiencies weren't completely consistent among the
three microcalorimeters in some frequency points. Some
preliminary results for evaluating microcalorimeter were
reported, and quantitative relation between manufacturing
process and effective efficiency of the thermistor mount will be
study in the near future.
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Abstract —  Microstrip open end (Open) applied as a
calibration standard in frequency band up to 26 GHz was
analyzed using CST Microwave Studio (CST). Arlon CuClad 233
with thickness 0.508mm was used for simulations. Different
lengths of the microstrip lines in front of the Open were
considered. Significant influence of the radiated field and the
length of the microstrip line on the reflection coefficient
magnitude of the standard in the order 0.01 was discovered.
Physical explanation of the phenomenon is given.

Index Terms — Calibration standards, electromagnetic
radiation, measurement, microwave propagation, offset reflects.

1. INTRODUCTION

A lot of different calibration techniques for precise s-
parameter measurements using vector network analyzers
(VNA) have been developed in recent four decades. Some of
them need full knowledge of parameters of calibration
standards [1], another have differently limited demands on
calibration standards [2], [3], [4] using somehow simplified
the error model with some terms neglected. Some of
calibration methods use open end as a calibration standard.
Namely on planar lines like the microstrip line it is very
advantageous due to technology simplicity. It is even possible
to use three Opens in a different reference planes for reflection
calibration. It is a well known fact that Open radiates. A
launcher connecting a coaxial line of the VNA port and a
microstrip line also radiates. Studies of this problem and
certain recommendation suppressing the influence of the
launcher radiation can be found in [5] and [6]. Radiation of the
launcher also means that it can also work as a receiving
antenna. To the best knowledge of the authors, any interaction
of the Open radiation and the launcher working as a receiving
antenna has not been analyzed yet. The purpose of this paper
is to present first qualitative results of such an analysis
performed on CST simulator. The launcher as a receiving
antenna was substituted in this analysis by the waveguide port
in CST for simplicity.

II. SIMULATIONS

50Q microstrip line designed on common Arlon CuClad
233 0.508mm thick substrate was used for all simulations, see
Fig. 1.

Open radiation has only moderate effect on properties of the
standard. Therefore it is very important to properly set the

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

Fig. 1.  Studied structure of the calibration standard Open.

Fig. 2. Two port structure used for the port settings.



simulator so that it was possible to distinguish the searched
phenomenon from uncertainties of the simulator itself.

In the first step properties of the waveguide port in CST
were tested. Fig. 2 shows the applied structure. The length of
the microstrip line was set to 10mm, the width of the
waveguide port was 21 times the width of the microstrip and
its height was 20 times the thickness of the substrate.
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Fig. 3. Reflections of the structure of Fig. 2 with respect to As

settings in CST.

Fig. 3 shows traces of the input reflection coefficient with
respect to As settings of CST. Reflection coefficient -55dB of
the cascade corresponding to -61dB reflection coefficient of
the individual port was considered as sufficient with respect to
studied problem.

The structure shown in Fig. 1 was analyzed in a box with
perfect matched layer boundary condition on its surface, see
Fig. 4.

Fig. 4.

Boundaries of the analyzed volume.
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Fig. 5. Frequency dependence of reflection coefficient of Open.

Dimensions of the box were set so that their further increase
had an effect less than 0.001 in magnitude of the simulated
reflection coefficient.

The length of the microstrip in the analyzed structure was
varied at the beginning from Imm up to 30mm. The
waveguide port was set to work with only quasi TEM mode.
Corresponding simulated reflection coefficients are displayed
in Fig. 5. It can be seen that starting from the length of Imm
of the microstrip the reflection coefficient monotonously
decreases with increasing frequency. It is natural and
expectable because of increasing radiation of the Open.
However, for longer microstrips some strange wave
disturbances of the traces with amplitude about 0.01 can be
observed. Periods of this waves decrease with increasing
length of the microstrip. Physical explanation of the
phenomenon is problematic. Therefore further simulations for
20mm long microstrip with a metal short at the end (Short)
were performed, see Fig. 6 and Fig. 7.

Fig. 6.

Structure with short at the end of the microstrip.



Open, Short - 20mm microstrip
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Fig. 7.  Reflection coefficients of Open and Short for 20mm long
microstrip.

It can be seen that the wave character of the trace is
practically negligible for the Short. It guided us to an
assumption that the wave character of the Open trace has
something common with radiation of the Open as radiation of
the Short was found out very small. Therefore animations of
space distribution of electrical intensity in the studied structure
with 20mm long microstrip were simulated for better
understanding to the effect, see Fig. 8 and Fig. 9. A complex
field distribution was obtained with two basic observable
components. One corresponds to the expectable standing wave
of the quasi TEM mode on the microstrip. The second one
corresponds to a space wave radiated from the Open.

Significant facts can be observed on these two figures.

e The space wave reaches the waveguide port.

e  The wavelength of the quasi TEM mode and the
space wave are different. The electrical length
between the end of microstrip and the waveguide
port is about 2A, for quasi TEM wave and about
1%4 A, for the space wave.

The field space distributions indicated that both the space
wave and quasi TEM mode may interfere in the waveguide
port. In some frequencies they are in phase and in some
frequencies they are out of phase. The in phase case results in
a greater amplitude of the resultant reflected wave entering the
waveguide port yielding a greater reflection coefficient and
vice versa for the out of phase case. However, three interfering
minima on frequencies 4.8GHz, 14GHz and 20.4GHz
displayed in Fig. 7 do not correspond to the difference of
electrical length 2 A, and 1% A, Simulations in AWR
Microwave Office proved only one minimum in the frequency
band up to 26 GHz. Therefore interference of quasi TEM
mode and radiated wave from Open as nature of wave traces
in Fig. 5 and 7 is not physically provable. It probably results
from rather unclear properties of the waveguide port set to
work only with quasi TEM mode with respect to the incident
radiated wave.

To get physically robust explanation of the phenomenon
simulations were repeated for structures with 20mm and
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Fig. 8.  Space wave in the moment when the standing wave equals
to zero, f=20GHz.
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60mm long microstrip line with the waveguide port set to
work also with higher order modes. The obtained reflection
coefficients for individual modes are in fact conversion
transmission coefficients between the exciting quasi TEM
mode and modes entering the port after reflection or radiation
from the Open. These coefficients were renormalized to 502
and added including their phase shifts. It approximates
properties of a launcher converting received modes into TEM
mode in the coaxial line. Fig. 10 and 11 display reflection
coefficient for quasi TEM mode and sum of quasi TEM mode
and renormalized the 1% and 2™ higher order mode. Both
figures confirm the interference effect of quasi TEM mode
and the higher order modes. The influence of the radiated field
can change the reflection coefficient of the standard at the
waveguide port of more than 0.05 in amplitude.

Standard calibration methods wusing microstrip Open
calibration standards suppose quasi TEM mode in the
reference plane. Simulations proved that it is not true in the
distance of several wave-lengths from the Open what
corresponds to current experimental arrangements. Even



60mm distance from the microstrip Open is not enough far to
insure only quasi TEM mode propagation on the microstrip. It
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Fig. 10. Reflection coefficients of 20mm long microstrip line with
Open. Quasi TEM mode and quasi TEM mode plus two higher order
modes considered.
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Fig. 11. Reflection coefficients of 60mm long microstrip line with
Open. Quasi TEM mode and quasi TEM mode plus two higher order
modes considered.

may result in increase of calibration measurement uncertainty
in case of the waveguide port in the order of several units of
107 in amplitude. In a real case with a real launcher the effect
will depend also on radiation properties of the launcher.

III. CONCLUSION

Microstrip Open calibration standard was analyzed in
frequency band up to 26 GHz using CST microwave Studio
simulator. A current launcher was replaced in the analysis for
simplicity by the waveguide port as a partially receiving
antenna. A new interference phenomenon resulting from the
radiation of the Open and resulting in disturbances of

frequency dependence of reflection coefficient of the standard
was observed. Qualitative physical explanation of the
disturbances was given. The effect may occur in current
microstrip measurement test fixture arrangements. Further
analysis including a real launcher making possible to get
quantitative results is under way.

ACKNOWLEDGEMENT

This work was funded through the European Metrology
Research Programme (EMRP) Project SIB62 'Metrology for
New Electrical Measurement Quantities in High-frequency
Circuits'. The EMRP is jointly funded by the EMRP
participating countries within EURAMET and the European
Union.

The authors would like also to express their thanks to V.
Sokol (CST) and O. Moravek (CTU Prague) for their valuable
comments and advices.

REFERENCES

[1] Rehnmark S., “On the Calibration Process of Automatic
Network Analyzer System,” IEEE Trans. on MTT, Vol. 22, No.
4, Apr. 1974, pp. 457-458.

[2] Ferrero A., Pisani U., “Two-Port Network Analyzer Calibration
Using an Unknown “Thru“,” IEEE Microwave and Guided
Wave Letters, Vol. 2, No.12, Dec. 1992, pp. 505-507.

[3] Eul H. J., Schiek B., “A Generalized Theory and New
Calibration Procedures for Network Analyzer Self-Calibration, ”
IEEE Trans. on MTT, Vol. 39, No. 4, Apr. 1991, pp. 724-731.

[4] Engen G., Hoer C., ““Thru-Reflect-Line”-An Improved
Technique for Calibrating the Dual Six-Port Automatic Network
Analyzer,” IEEE Trans. on MTT, Vol. 27, No.12, Dec. 1979, pp.
987-993.

[5] K. Hoffmann and J. Raboch. “Hidden problems in precise
calibration on microstrip II explanation and solution,” In:
Microwave Measurement Symposium (ARFTG), 2011 78th
ARFTG. Dec. 2011, pp. 1-5.

[6] O. Moravek, K. Hoffmann, M. Polivka, and L. Jelinek, “Precise
Measurement Using Coaxial-to-Microstrip Transition Through
Radiation Suppression,” IEEE Trans. on MTT, Vol. 61, No. 8,
Aug. 2013, pp. 2956-2965.



Consideration of Error Model with Cable Flexure Influences
on Waveguide Vector Network Analyzers

at submillimeter-wave frequency

Masahiro Horibe", Ryoko Kishikawa", Yuto Kato" and Yuta Tsukahara?
YNational Metrology Institute of Japan, National Institute of Advanced Industrial Science and Technology,
? Junkosha Inc.
D1-1-1 Umezono, Tsukuba Ibaraki, 305-8563, J apan, 2 961-20 Fukuda, Kasama, Ibaraki, 309-1603, Japan

Abstract —In microwave and millimeter wave frequency
region, systematic error terms, i.e. directivity, matching and
tracking, in vector network Analyzer (VNA) can be cor-
rected by a calibration process. However, it is difficult to cor-
rect the other random error terms, i.e. connection repeatabil-
ity and flexure influences of cables attached to test ports, etc..
In the waveguide VNA using frequency extension modules,
fortunately, it is unnecessary to consider cable flexure influ-
ences of test ports in the measurement uncertainty due to no
test port cables being used. However, LO and RF cables mak-
ing connection from frequency extension modules to micro-
wave VNA have a large impact on the uncertainty in the
transmission phase measurements. This paper proposes and
demonstrates an evaluation technique of cable flexure influ-
ences of RFand LO cables in the millimeter and submillime-
ter wave VNA using frequency extension modules. Then,
new VVNA error model considering the LO and RF cable flex-
ure influences are discussed.

Index terms — Cable flexure influences, Waveguide VNA,
LO signal cable, RF signal cable, Transmission characteris-
tics, Phase measurements

L Introduction

The use of electronic applications and instruments at

Phase difference,S,,-S,, (degrees)

220 240 260 230 300 320
Frequency (GHz)

Fig. 1 A discrepancy between the phase measurement

results of S12 and S12 for MW-864 waveguide straight line
(Length is applox. 100 mm).
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millimeter- and sub-millimeter-wave frequencies has de-
manded in recent years and commercial waveguide vector
network analyzers (VNA) are now widely used. Further-
more, operation frequency reaches up to 1100 GHz. The
national metrology institutes (NMIs) are mainly develop-
ing S-parameter national standards and measurement sys-
tems with uncertainty analysis [4-8]. Many research
groups have already proposed new and modified designs
of waveguide flanges to improve connection repeatability
[9-12] as a major source of measurement uncertainty in
waveguide VNA measurements at submillimeter wave
frequency. New flange designs have already developed to
improve connection repeatability to less than -50 dB of
standard deviation at 330 GHz and -34 dB at 1 THz [13].
In the uncertainty analysis evaluation in waveguide VNA
at submillimeter frequency, published papers have already
discussed connection repeatability, system performance,
noise and linearity, and uncertainty from calibration stand-
ards. However, a discrepancy between the phase measure-
ment results of S;> and Sy, can be found in passive device
measurements by VNA with frequency extension mod-
ules (Fig. 1). Unfortunately, the issue have not been taken
into account to the uncertainty analysis in waveguide
VNA measurements.

In this paper, evaluation methods of flexure influences

LAirfloating stage

Al g =

Fig. 2 Measurement system constructed by WR-3 fre-
quency extension modules and air floating stage.
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of LO and RF cables is demonstrated in VNA measure-
ment in the WM-864 waveguide frequency band. We then
discuss new VNA error model taking in to account cable
flexure influences of LO and RF cables.

IL Measurement System

Measurement system were constructed by a PNA Vec-
tor Network Analyzer from Keysight Technologies and
WR-3 (WM-864) frequency extension modules from Ole-
son Microwave Inc. (OML) (Fig.2 and 3). All results pre-
sented in this paper have been taken with IF bandwidth
100 Hz. One frequency extension module is connected to
VNA by two 3.5 mm coaxial cables, JUNFLON® MWX
Cable Assembly, used as LO and RF cables and two IF ca-
bles. Power level and frequency range of LO and RF sig-
nals are approximately 10 dBm at the cable end and 10
GHz to 20 GHz, respectively.

For these evaluations the VNA was first calibrated by
TRL calibration. The advantage in our measurement sys-
tem is the connection platform “air floating stage” as
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Fig. 5 Measurement results of phase difference between
S12 and Si2 for MW-864 waveguide straight line (Length
is applox. 100 mm) (N=6). (a) Through connection and
(b) straight line. Six measurements were made.
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Fig. 6 Results of phase measurement, Sz, of flash short
device.

shown in Fig. 2. Since frequency extension modules are
generally heavy and hard to handle making precise align-
ments difficult, our connection platform eliminates the dis-
torting effect of gravity force on the extension module by
orienting them vertically. Precision waveguide flange [13]
and connection clump are also used in the measurement
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system. As the clamp is tightened with a torque wrench the
test port aperture and a device under test (DUT) aperture
are mated under no gravity force so that the connection re-
peatability is dramatically improved [3]. Furthermore,
clamp and air floating stage provide quick connection ra-
ther than the usual screw connection. It is possibly estab-
lish at least 60 disconnection/reconnection cycles for 1
hour in the measurement system. This is benefit to make
stable measurements.

111 Measurements Results of Transmission Phase

Due to investigation a cable flexure influences in VNA
measurement, MW-864 waveguide straight line (L=100
mm) have been measured. Six independent through/line
cycle were made just after VNA calibration. Frequency
extension module for port-1 side was fixed and module of
port-2 was only moved for the line measurement (Fig.4).
Movement distance was at least 120 mm. After measure-
ment of straight line, port-2 module went back to initial po-
sition to make a direct through connection.

After obtaining full two port scattering parameter, the
phase difference between S;; and Si» of each measurement
were calculated. Figure 5 shows results of phase difference
between Sy; and Sy, for line and through measurements, re-
spectively. In the results, deviation of six traces indicates
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Fig. 8 Schematic views of evaluation for cable flexure
influence (no disconnection/reconnection cycle).(a) ini-
tial position (40 mm), (b) right end position(80 mm) and
(c) left end position(0 mm).

the measurement repeatability from cable flexure influ-
ence.

Figure 5(a) shows the repeatability of through measure-
ments can be estimated and distribution of phase is up to a
maximum of 6 degrees in the six independent measure-
ments. In addition, phase difference of S; and S is almost
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independent of operation frequency. This means that posi-
tional repeatability of frequency extension module pro-
vides phase offset in the Sy and Si, measurement.

Figure 5(b) shows the repeatability of long straight line
measurements can be estimated and distribution of phase
is from 7 degrees to 17 degrees in the six independent

(b)
Fig. 9 Evaluation results of cable flexure influence for through connection (no disconnection/reconnection cycle). (a)
Sz1 and (b) Sio. Vertical axis indicate position of frequency extension module and horizontal axis means operation

frequency. Color means phase measurement results. Measurement value of phase at the initial position (40 mm) is

typically zero.

measurements. In addition, phase difference of S>; and Si»
was 5 degrees variation in the six independent measure-
ments. This means that movement of frequency extension
module provides the both phase change and phase offset
in the S;; and Sj» measurement.



Cable flexure influence in reflection phase measure-
ment, Sy, was also investigated for flush short device. 20
measurands of Sy phase were drawn in Fig. 6. In this case,
movement distance of port-2 module was 120 mm. How-
ever, phase measurements are stable in the measurement
operations even if frequency extension module was moved
over a long distance, i.e. 120 mm.

Thus, movement of frequency extension modules are
providing cable flexure, and then making an impact on
only transmission, S, phase measurements.

IV.  Understanding Cable Flexure Influence in
waveguide VNA

Simplified block diagram of frequency extension mod-
ules, OML VO3VNA-T/R module [13], are shown in Figs.
7. Frequency expansion in the modules are typically estab-
lished by frequency multipliers and harmonic mixers and
using RF and LO signals from VNA. In the case of WR-3
modules, submillimeter wave signal are generated by mul-
tiplying RF and LO signals by 18 times, then IF signals are
obtained by harmonic mixing using multiplied LO signals.
At first, characteristics of all component, mixers and
RF/LO cables, etc., in the VNA system can be corrected
by a calibration. Thus, measured value of phase is zero
with no frequency dependence for Sy; and Sy of direct thru
connection just after calibration.

If the modules are moved, it is experience changes in
flexure conditions of RF/LO cable depending on moving
module to different position after calibration. This thus
produces the change of phase of RF and LO signals in the
cables. Then phase change at submillimeter wave fre-
quency is magnified by multiplying signal in the module.

In the measurement, S;; characteristics of DUT is ana-
lyzed by dividing “IF testA” signal by “IF refl” signal;

RFIt _ IF_testA

S, = = 1),

" RFIr IF refl M
RF2t IF testB

822 = = — (2)
RF2r  IF ref2

Then, S; characteristics of DUT can be obtained by di-
viding “IF testB” signal by “IF refl” signal. IF signals of
“IF testA”, “IF testB” and “IF refl” are generated by
mixing RF1t, RF2t and RF1r signals, respectively. In this
case, all three signal, RF1t, RF2t and RF1r, are initially
generated by RF1 signals. Then, there is no cable flexure
influence in the RF cables. (If phase characteristics is
changed in the RF cables, change of phase characteristics
of all three signals at submillimeter wave frequency is no
difference.);
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Fig. 10 Schematic views of evaluation for LO cable flex-
ure influence at microwave frequency.

RF2t IF refB
2 = =0 ®).
RFIr IF refl
Then, Sy, is also analyzed by
RF1t IF refA
S12 = = — (4)
RF2r IF ref2

In the case of LO signals, “IF_refl” and “IF _testA” sig-
nals are originally generated by mixing by LO1 signal, but
“IF testB” is obtained by mixing by LO2 signal. Thus,
“IF_testB” signals have different phase information due to
different phase behavior between LO1 and LO2 cables. As
the results, Si; phase characteristics is still stable (no influ-
ence of cable flexure) even if module movement due to use
of same LO signal to obtain two IF signals, “IF testA” and
“IF refl”. However, Sy1 phases characteristics is affected
by influence of cable flexure due to use of different LO
signals to obtain two IF signals, “IF testB” and “IF refl”.
At the same time, S, phase is also affected by cable flexure,
then, Sy; and Sy» is not same in the phase measurement of
thru connection;

IF refA IF refB
S, #S,,, = # —= 5).
IF ref2  IF refl
V. Evaluation of Cable Flexure Influence
A Cable Flexure Influence for waveguide VNA

Figures 8 show evaluation configuration for cable flex-
ure influence for waveguide VNA. VNA calibration was
performed by Thru-Reflect-Line (TRL) method at 40 mm
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Fig. 11 Evaluation results of cable flexure influence at microwave frequency. (a) port-1 LO cable and (b) port-2 LO ca-
bles.

first measurement was done, frequency extension modules
was moved to right hand side and measured the S,; and Si»
phase characteristics by 10 mm step. After measurement

as the initial position, in this study. Thru connection was
made at the final calibration process, then Sy; and S, phase
characteristics was measured without disconnection. After
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Fig. 12 waveguide VNA error model (a) Forward transmission, Su and Sz1, and (b) Revers transmission, Sz and Si2.

at 80 mm position, the modules went back to initial posi-
tion by 10 mm and measured phase at each position. Then,
modules was moved to 0 mm position and went back to
initial position. Furthermore, same cycle was performed.
(40 mm (initial position) —80 mm —40 mm —0 mm
—40 mm —80 mm —40 mm —0 mm —40 mm).

Figures 9 show evaluation results of cable flexure influ-
ence for waveguide VNA measurement. For the both Sy
and Sp,, values of phase measured at 0 mm are dramati-
cally changed from those at initial position (40 mm). Over
300 GHz, phase value of Sy, is approximately +5 degrees,
however, Si» phase is -5 degrees. Entire frequency range
and movement range, S, phase change is definitely at the
opposite end of the scale from S;; phase change.

B. Cable Flexure Influence for LO signal

Due to investigation a relationship between cable flex-
ure and change of measured phase in waveguide VNA, ca-
ble phase change was evaluated under the system de-
scribed in figure 10. Tow cables were connected to VNA
test port and other ends were terminated by 3.5 mm coaxial
short circuits. After calibration for each cable end by 1 port

open-short-load calibration, Si; and Sy phase characteris-
tics were measured. Then cables were moved and meas-
ured phase at each position under the same procedure in
the above subsection.

Figure 11s show measurement results of phase change
(for one way) of two LO cables. Plotted data was normal-
ized by the phase values measured at the initial position.
For port-1 LO cable, cable flexure contributes little to
phase change in the coaxial cable, i.e. phase change from
0.0 degrees to 0.15 degrees entire movement range and op-
eration frequency range. However, at the port-2 side, phase
was changed from -0.26 degrees to 0.14 degrees by cable
flexure. Phase change of LO cable at port-2 side was af-
fected by cable flexure.

As the result of this evaluation, phase changes of the LO
cables are typically 0.2 degrees ~ +0.3 degrees. Thus,
phase difference is possibly £3.6 degrees ~ £5.4 degrees
due to 18 multiplying rate in WR-3 frequency extension
modules we used. This estimation is agreed to the phase
change in the waveguide VNA shown in Fig. 9.

In addition, phase difference of port-2 LO cable is much
large at 0 mm compared to phase measured at the initial
position. This positional behavior of phase change is the
same as that in the waveguide VNA shown in Fig. 9.



VL Waveguide VNA Error Model

As the results of above evaluation and analysis, LO ca-
ble flexure have an impact on Sy; and Si» phase measure-
ments in the waveguide VNA. (There is no impact to Sy
and Sy, measurements.) We can, thus, propose the calibra-
tion error model of waveguide VNA shown in Fig. 12. In
figure 12, 7, 4, 14 (i=1,2) indicate VNA calibration error
terms, F1; and F2; indicate flange connection repeatability,
then Cay and Caj, means cable flexure errors and just
make an impact to phase measurands of S, and Sy» . The
phase change of forward and reverse from cable flexure
errors are antiphase relationship, i.e. A@(S12) = -A0(Sa1),
in the waveguide VNA. Thus, uncertainty element coming
from cable flexure influence must be added to total uncer-
tainty of Sy and Sy».

VIL Summary

This paper has investigated the influence of cable flex-
ure on transmission phase measurements in waveguide
VNA. The cable flexure has an impact to phase change in
the coaxial cable used for LO cable to connect to frequency
extension modules. Phase change was typically £0.2 de-
grees ~ £0.3 degrees, as the results, phase change was ap-
proximately 5 degrees at submillimeter wave frequency.
The both results was agreed with each other due to taking
into account multiplying rate of frequency extension mod-
ules. And phase change depending on the measurement
positions was also agreed with cable flexure.

It is worth noting that, to the best of the authors’
knowledge, this is the first time that a cable flexure influ-
ence on waveguide VNA measurement uncertainty has
been demonstrated in a quantitative way. This type of eval-
uation provides very valuable underpinning measurement
quality assurance not only for calibration method, but also
for hardware optimization, which are fundamental to es-
tablishing accurate measurements made at submillimeter
wave frequencies in waveguide VNA.
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Abstract — This paper describes some investigations, made
using coaxial launch connectors and microwave probes, into the
scattering parameters (S-parameters) measurements for a high-
speed Printed Circuit Boards (PCBs) by using Vector Network
Analyzers (VNAs) operating at microwave frequency up to
50GHz. The grounded Coplanar Waveguide (GCPW)
transmission line with Electromagnetic Band Gap (EBG) in
ground planes as one reference standard for S-parameters of the
general high-speed PCBs, of which characteristic impedance is 50
ohm, is predicted and analyzed from electromagnetic theory. The
paper describes the impedance standard in detail and compares
experimental results, obtained using a VNA operating in the
10MHz to S0GHz band, with values predicted by electromagnetic
modeling software. The measurement is implemented after using
Multiline Thru-Reflect-Line (Multi-TRL) algorithm by Wincal
XE4.5. The impedance mismatch is analyzed by Time-domain
Reflection (TDR) method.

Index Terms — S-parameters, High-speed PCBs, GCPW,
EBG, Multi-TRL, TDR.

I. INTRODUCTION

Due to the rapid growth in the use of internet and mobile
communications, the high-speed transmission capacity
requirements have been increasing at a high rate. As a result of
this, the high-speed Printed Circuit Boards (PCBs) have
seen significant advances as high-speed interconnects for 10
Gb/s even higher speed signals in the modern communication
systems, especial for the next generation mobile
communications, like 5G techniques.

The grounded coplanar waveguides (GCPW) is regarded as
one of the best transmission line structure for the Signal
Integrity (SI) and electromagnetic radiation, as the
interconnect for the transportation of 10 Gb/s or faster
electrical signals on digital high-speed PCBs and in high-
speed connectors. ™! The microwave properties, including
impedance match, reflection coefficient, transmission loss,
and etc., must be considered when the GCPW is used at
microwave frequency up to S0GHz. [3104]

In order to minimize the discontinuity, impedance control is
facilitated by controlling the spacing and width of the ground
traces on either sides of the signal trace without changing the
width of the signal trace or its height above the ground plane
which are constrained. In the meantime, the Electromagnetic
Band Gap (EBG) is implemented using the array hole in the

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

ground planes, in order to suppress dispersive loss, the
resonances, and other higher modes. P16l

This paper presents a complete analysis for the new design
GCPW with EBG in the ground plane. The new structure is as
the one reference standard for the general high-speed PCBs, of
which characteristic impedance is 50 ohm. The scattering
parameters (S-parameters) for the new standard is predicted
from electromagnetic theory by electromagnetic modeling
software and measured using a VNA operating in the 10MHz
to 50GHz band. The measurement is implemented after using
Multiline Thru-Reflect-Line (Multi-TRL) algorithm by
Wincal XE4.5. In the meantime, the impedance mismatch is
analyzed by Time-domain Reflection (TDR) method.

II. REFERENCE IMPEDANCE STANDARDS FOR HIGH-SPEED PCBS

The new GCPW with EBG is used as the reference
impedance standard for S-parameters at microwave frequency
up to 50GHz, which is near to 50ohm. The simulation for
structure is shown in Fig.1, and the fabrication sample is
shown in Fig.2. The especial EBG is implemented using the
two arrays holes both in the ground planes, in order to
suppress dispersive loss, the resonances, and other higher

S WS S
Fig.1 The GCPW transmission line as reference impedance
standard for high-speed PCBs

Fig.2 The sample for GCPW transmission line as reference
impedance standard for high-speed PCBs



This standard GCPW transmission line should be the Fig.8. From measurement results, the true values are measured
match characteristic, of which return loss is near to -40dB, with probes.
shown in Fig.3. Additionally, the insertion loss is less than -
0.6dB, shown in Fig.4. The length is 853mil for GCPW
transmission line in the simulation.
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Fig.3 The return loss of GCPW transmission line as reference
impedance standards for high-speed PCBs

Fig.6 The measurement setup with microwave GSG probes
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Fig.7 The return loss measurement results for two different length
1. MEASUREMENT VERIFICATIONS GCPW lines with adaptors and probes

Insertion Loss: Line1=864.96mil,Line4=39.37mil

The S-parameters of this new standard are measured using 0

VNA with 50GHz end launch connectors and microwave GSG '
probes, operating in the 10MHz to 50GHz frequency band.
The measurement setups are shown in Fig.5 and Fig.6. The -0
measurement is implemented after using Multi-TRL algorithm @
by WinCal XE 4.5. The Multi-TRL calibration kits include = 20
five different length lines and the shortest line uses as the 5
through line. The reference plane is on the center of the 530 : »
through line. In the calibration kit, also include two reflection < — Line1-adaptor
standards, are open and short. Additionally, one matched load 40l —L?ne1-probe
as impedance reference kit is used in the lower frequency band. — Line4-adaptor
The calibration kit is shown in Fig2. - Lin|e4-probg : :
The different length lines with adaptors and probes are '5'00 10 20 30 40 50
measured after calibration as the same setup. All the results, Frequency (GHz)
including return loss and insertion loss, are shown in Fig.7 and Fig.8 The insertion loss measurement results for two different

length GCPW lines with adaptors and probes



IV. ANALYSIS AND OBSERVATIONS

From the results, the measured S-parameters of the GCPW
with commercial probes are much ideal than with commercial
50GHz end launch connectors due to the probe’s matches are
better than the adaptors’. There is the obvious mismatch for
the connection between the GCPW transmission line and
50GHz end launch connectors. The mismatch is still different
within the different transmission line.

The impedance mismatch is analyzed by using Keysight
Signal Integrity (SI) tool, Physical Layer Test System (PLTS)
software as TDR. As shown in Fig.9, the 50 GHz end launch
connectors and the high-speed PCBs are relatively good in
terms of coaxial connectors repeatability and characteristics
impedance variation, with less than 0.2 ohm difference for
four end launch connectors and less than 0.5 ohm variation for
the characteristics impedance of four line standards. However,
there is a big mismatch from the coaxial plane to the GCPW
transmission line, with worst value peaking to almost 58 ohm,
which was introduced by a significant inductive effect.
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Fig.9 TDR analysis for impedance mismatch of GCPW with
50GHz end launch connectors

V. CONCLUSION

This paper has presented the new GCPW impedance
standards for S-parameters measurement of the high-speed
PCBs transmission media. The GCPW impedance standard is
predicted by electromagnetic theory. The comparison for S-
parameters of the GCPW transmission line shows the better
matches of commercial probes than commercial 50GHz end
launch connectors. The mismatch for 50GHz end launch
connectors can be analyzed by TDR techniques. This is
analogous to the use of commercial probe to measure high-
speed PCBs that operate at frequencies up to 110 GHz, and
there is a need to design and fabricate special adaptors with
customized end launch to improve the mismatch.
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A simplified calibration procedure for on-wafer power levelled S-
parameter measurements at mm-wave
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Abstract — In this paper, we present a simplified calibration
procedure to obtain on-wafer power levelled s-parameters when
employing VNA extender modules. The approach presented
removes the required calibration at the module interface (i.e.,
waveguide), by assuming symmetry in the tracking terms of the
error coefficient and only requiring an on-wafer calibration and
the knowledge of the two port s-parameters of the wafer probe.

The calibration procedure with its mathematical
approximation is then validated and compared to a conventional
absolute power calibration using an equivalent model of the VNA
front-end realized in a circuit simulator environment.

The calibration technique is then implemented in a WR10
system employing OML inc. modules. The experimental results,
demonstrating an error lower than 0.5dB in the entire waveguide
band, are reported.

1. INTRODUCTION

Millimeter-wave (mm-wave) on-wafer measurements are
becoming increasingly more common in high frequency
laboratories due to wide availability of VNA extenders. Such
network analyzer add-ons are today available from various
vendors and allow to characterize components, devices and
building blocks operating in the entire millimeter and sub-
millimeter waveguide bands.

The various VNA extenders available in commerce share
all the basic approach of covering higher frequency bands by
multiplying the RF and LO signals provided by the network
analyzer. Due to the absence of an amplitude level control
(ALC) within the extenders, the power available from the
source can vary significantly within the waveguide band [1].

Fig. 1 shows the power fluctuation within the WR10 band
due to the non-idealities present in the multiplication chain of
the VNA extender. As can be noticed from the plot, variation
up to 9dB can be seen, leading to an incorrect signal amplitude
when measurement are performed on active device for model
extraction.

Note, that if the minimum value of Fig. 1 (i.e., 85.5GHz) is
set as the correct stimulus level for the DUT, the excess power
at other frequencies can violate the small-signal requirement
condition, necessary for model extraction. On other hand, if
the maximum value (i.e., 75GHz) is set as the correct level,
then a loss of dynamic range is experienced for the other
frequencies.

The above considerations justify the need of power
calibration to provide a software-based amplitude level
control.
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Fig. 1: Calibrated output power versus frequency of a mm-wave
extender module in the WR-10 range, at different value of external
attenuation.

The control of the available power enables to minimize the
power fluctuation in s-parameter measurement at every
frequency covered by VNA extenders.

In this contribution we describe the hardware setup
employed by the test-bench, present the simplified calibration
algorithm, which is validated by means of circuit level
simulations and conclude with the measurement data
comparing the proposed and a conventional power calibration
in the frequency range from 75 to 110 GHz.

II. SYSTEM ARCHITECTURE

Fig. 2 presents the simplified block scheme of the proposed
test-bench. In this setup, the test-set is provided by two VNA
extender modules, to enable full two-port calibrated s-
parameters. The generation of the RF signals providing the
feed to the mm-wave extenders is performed using the internal
source of the VNA, while the LO signals needed for the down-
conversion of the scattered waves, are provided using an
external low phase noise signal generator with sub-Hz
resolution for highly accurate IF frequency control. The
acquisition of the coupled waves is performed using the
internal VNA mixers and receivers. To achieve absolute
power control a power meter is employed during the
calibration process. In this setup a dry calorimeter power
meter (PMS5) from VDI [2] has been used.
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Fig. 2: Simplified schematic for the proposed measurement setup.

To provide the signal to the on-wafer environment Infinity
probes from Cascade Microtech are considered in the
simulation environment.

III. THE PROPOSED METHOD

Power calibration in an on-wafer environment was first
presented in [3] employing a secondary calibration plane and
de-embedding process to shift the reference plane of the
power measurement at the probe tips. A similar concept can
be employed in frequency extended VNA test-benches, and
was presented in [1] and is summarized in Fig. 3.
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Fig. 3: Reference plane for s-parameter calibration at the module
interface (A), plane for the power calibration (P), calibration plane
for the on-wafer measurements (B).

The calibration at reference plane A (see Fig. 3) is required
to account for the power meter input reflection coefficient and
to provide the first-tier calibration to extract network A and B.

When the network A is known from vendor data or from a
previous two-tier calibration and the calibration at plane A is
unfeasible (i.e., no waveguide calibration kit), the simplified
approach proposed here can be employed.

The simplified approach is based on the following
procedure:

- symmetry in the two terms composing the tracking

error term [4], can be imposed,

- the input port error box, composed of the conventional
three terms is spilt in 4 term by applying a square root
and phase control on the transmission term (see
Appendix),

- the calibration reference plane is shifted from B (actual
cal plane) to A employing ABCD matrix de-
embedding,

- the |110|2 of [3] is then achieved at plane A,

- the final term required for the absolute power
knowledge at plane B is then achieved by embedding
the |I;o|* with the s-parameters of the probe.

IV. METHOD ANALYSIS

In order to validate the proposed approach a simplified
model of the VNA front-end was implemented in Keysight
ADS, see Fig. 4. All the mathematical framework to compute
the error coefficient required for a one port calibration were
defined in the ADS data display.

DUT cal
plane

Power meter
cal plane

Attenuator Attenuator

Idut

PORT1 TLIN TLIN
1 ' 1
I N

CouplerDual Att#1 |

I

Fig. 4: ADS schematic representing the VNA RF front end,
incorporating the coupler, non-ideal transmission lines and different
delays, a variable attenuator and the two-port data element
representing a W-band infinity probe.

The various components of Fig. 4 (i.e., transmission lines,
attenuators, couplers) are introduced with a VSWR higher
than one, and asymmetries are introduced in the amplitude and
phase of the a and b signal paths.

The results obtained by the simplified procedure described
in the previous section is then compared with the exact power
input to the DUT (computed using a voltage and current probe
in the simulation environment, see Fig. 4). We observe no
loss of accuracy, even when the losses of the attenuator At #1
component are increased from 0 to 10dB, see Fig. 5.
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Fig. 5: Comparison of power input in the DUT (i.e., load of 250hm)
for different level of the A#z #I settings (0-10dB). Where the
continuous line is the proposed method, and the black dots is the
exact power computed by the current and voltage probe.



V. EXPERIMENTAL RESULTS

The proposed method was implemented in a WR10 test-
bench employing an Agilent PNA and OML inc., VNA
extender. The simplified method was compared with the
accurate method, where a first calibration at reference plane A
was performed, the results are shown in Fig. 6.
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Fig. 6: Absolute power measured at wafer tip, applying error
correction based on the conventional method (i.e., using TRL cal at
plane A) shown in blue, and the proposed simplified method, shown
in red, for different controlled power levels.

VI. CONCLUSIONS

In this contribution we presented a simplified method to
obtain power levelled s-parameters on-wafer in mm-wave test
benches employing VNA extenders. The simplified method
does not require a TRL calibration at the module interface
(i.e., waveguide) and achieves an error of less than 0.5dB in a
practical setup within the entire WR10 band.

APPENDIX

The simplified method is based on the following procedure:
1. The input error box is split in the 2 by 2 s-parameter matrix shown

below:
E _( Ed, \/i10i01>
t = —
o vV tolo1 Esy

2. The error box at plane A is obtained by the de-embedding the
probe contribution:

Atermx = Aterm * (AProbe)_1
Eterm, = ABCDtoS(Aterm,,)

3. The [L;o|* is shifted from plane A to B using the probe data and the
terms from the error box at plane A:

2
|521Probe|

|110planeB|2 = |110planeA|2 * 7
|1 - ESPla‘ﬂé’A * SllProbel
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Repeatability Performance of Non-Contact Probes
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Abstract—We present the repeatability performance of an
automated non-contact probe system for on-wafer device and in-
tegrated circuit characterization in the 500-750 GHz band. Unlike
conventional contact-probe systems, a computer controlled z-y
translation stage is employed to realize a completely automated
non-contact probe setup. Thanks to this simplicity, far superior
repeatability performance can be achieved with great ease. We
present the repeatability study specifically for the 500-750 GHz
band utilizing a precision servo system with 1 micron translation
accuracy. At 625 GHz, our setup achieves 2.2° deviation in phase
and 4.4% deviation in magnitude for 25 successive measurements
spanning over 1.5 hours. This fully computerized non-contact
probe system also facilitates intermittent re-calibrations that are
normally needed for reliable sub-mmW measurements.

I. INTRODUCTION

Aggresively scaled contact probes attached to waveguide
outputs of frequency multiplier modules are currently the
standard for mmW and sub-mmW on-wafer measurements.
However, these probes are typically rather fragile, particularly
in the higher sub-mmW frequency bands, requiring a precise
control of the contact force between the probe tip and test
wafer. Thus, manual operation of such probes often result in
poor repeatability and fast deterioration of the probe tips [1].
Even for automated systems, the usual wear and tear of the
contact probes may lead to repeatability problems in large-
scale wafer measurements (e.g. over 10000 contacts).

To address the current challenges associated with the scaling
requirements of the contact-based test probes, we recently
developed a cost-effective non-contact device characterization
approach for wafer-scale testing that eliminates the wear/tear
and automation issues associated with contact probes in [2].
This novel approach is based on radiative coupling of stan-
dard network analyzer test ports onto the coplanar waveg-
uide (CPW) environment of typical monolithic THz devices,
through the use of planar on-chip antennas integrated with the
device under test.

In this summary, we describe the operation of the semi-
automated non-contact probe setup and present its repeatability
performance for the WR 1.5 band.

II. AUTOMATED NON-CONTACT PROBES

Non-contact probes testing of on-wafer active and passive
devices as well as integrated circuits can be realized with
the aid of an external quasi-optical sub-system finely tuned
to couple the incident energy onto specially designed planar
antennas integrated onto the test chip. That is, the incident
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Fig. 1. Photograph of the non-contact probe setup prototype

beam launched from the horn antenna attached to a THz
VNA extender module is coupled onto a planar antenna using
a hemispherical lens focused on the antenna. A typical test
device connected to CPW transmission line is excited with
the aid of the planar antenna integrated onto the same CPW
environment. The signal reflected from the device arrives back
by the incident antenna which subsequently re-radiates the
reflected energy back to the horn antenna of Port 1 of the
VNA enabling reflection S-parameter measurements (S1; and
S22). Part of the incident signal transmitted through the test
device arrives at a secondary antenna (on the output port of
the CPW environment), which is subsequently coupled to the
second VNA port, enabling transmission measurements (S12,
S21). The prototype of the non-contact measurement setup is
shown in Fig. 1 and a detailed description of the non-contact

Fig. 2. Custom-made wafer handler for non-contact measurement setup. The
handler can either be attached to an automated 2-axis precision controller or
to manual micromanipulators for precise non-contact measurements
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probe setup as well as calibration procedure can be found in
[2].

Non-contact characterization of on-wafer devices is simply
performed by placing the respective test structure over the
fixed quasi-optical beam spots on the hemispherical lens. As
such, only the position of the test wafer is adjusted with the
aid of a microscope to collect the calibration and measurement
data, whereas the quasi-optical alignment of the system is kept
unchanged. In order to implement this process in a completely
automated manner, we fabricated a custom wafer handler as
shown in Fig. 2. This handler is attached to a 2-axis microma-
nipulator z-y stage. As such, the non-contact test-bed can be
conveniently automated. Full automation is also possible by
employing a straightforward pattern recognitions software in
conjunction with software-controlled, commercially-available
servos. Based on the above setup, below we investigate the
repeatability of the non-contact test bed operated with servo-
controlled manipulators and demonstrate the performance of
fully-automated, on-wafer sub-mmW measurements for the
first time.

III. REPEATABILITY PERFORMANCE OF NON-CONTACT
PROBES

Here, we first focus on identifying and quantifying the main
sources of non-repeatable errors in the non-contact probing
process. The instrument drift is the other source of measure-
ment error. Due to temperature sensitivity of the electronic
components used in multipliers and mixers in VNA frequency
extenders, they exhibit varying degrees of magnitude and
phase drift over time, mainly due to fluctuations in the environ-
ment. For our current 2-port configuration in the WR 1.5 band,
12% of magnitude drift and £ 10° phase drift over 1 hour
time span is specified according to the manufacturer (Virginia
Diodes Inc.). In addition, it is expected that the virtual probe
tip placement under the beam spot will be slightly different for
each of the calibration, as well as test device measurements.

(a)

Standards Phase Dev Umag/
(deg) Hmag
(%)

Short(ref) 2.1992 1.96

Short+18um  1.0813 0.87

Short+36um  0.6053 0.74

Short+54um  0.5936 2.79

Short+72um  2.0388 4.41
(b)

Fig. 4. 1-port repeatability of semi-automatic non-contact probe test bed in
WR 1.5: (a) Smith Chart scatter plot of re-measured standards (b) Midband
(625 GHz) phase and magnitude deviations tabulated for each standard.

The placement under the optimal beam spot location relies on
the precision of the alignment of the virtual probe tip under
the microscope. Manipulating precision is another limitation
to this placement. Typically, manual placement of the virtual
probe tip under the marked beam spot better than 1 micron
is not possible in both of the manipulation axes. However,
this precision can be significantly improved using a software-
controlled automated test-bed.

We performed the following experimental procedure similar
to the one presented in [3] to study the I-port repeatability
of our non-contact probe system: After an initial on-wafer
calibration, the calibration feature set, which consists of 5
offset short CPW lines and a through standard, was measured
25 times over a time span of 1.5 hours in typical laboratory
conditions. The Smith Chart representation of the collected 25
measurements is shown in Fig. 4(a) as a scatter plot. As seen
in Fig. 4(b), the worst case phase deviation in the midband
(625 GHz) is about 2.2° and the magnitude deviation is 4.4%.
According to manufacturer specifications, 1-port stability of
the frequency extenders is expected to be 5 times better
than the 2-port configuration. As seen in this experiment, the
measured repeatability of the non-contact probes is indeed
very close to the instrument limitations. Considering this is
the combined effect two factors discussed above, non-contact
probes show excellent repeatability with this semi-automated



setup. In a fully automated test-bed, repeatability is expected to
further improve compared to semi-automatic version presented
here.

IV. CONCLUSION

An initial study of the 1-port repeatability performance of
non-contact probes in the 500-750 GHz band is presented.
Measured repeatability performance was shown to be close
to instrument drift, demonstrating the effectiveness and ease
of use of the non-contact probes. Due to relatively simple
and quasi-optical nature of this new approach, the non-contact
probe system is cost-effective and free from fragility and
wear/tear issues of traditional contact-based probes. More
importantly, the non-contact setup can be easily automated
to enable large-scale wafer-level multi-port characterization
of on-chip devices and ICs in the mmW and sub-mmW
frequencies.
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Abstract — In this work, an impedance renormalization
technique dedicated for single-element de-embedding algorithm
is proposed. By performing impedance modulation using CMOS
transistors, reflection measurements with both ideal shorts and
opens are generated from the measured two-port S-parameters.
Such measurements with known terminations are further utilized
for finding the solution to the test fixture and the characteristic
impedance of the on-chip transmission line. As a single structure
is sufficient, considerable savings in silicon area and improved
accuracy due to reduced number of probing is achievable.
Experimental results up to 65 GHz have validated the proposed
single-element approach.

Index Terms — electronic calibration, de-embedding, thru-
reflect-line, TRL, CMOS, impedance modulation, T-matrix.

1. INTRODUCTION

On-wafer S-parameter calibration suffers from increasing
error due to probe re-positioning as measurement frequency
enters millimeter-wave and sub-THz [1]. For example, a probe
skating difference of 5 um results in 3.6° phase shift at 300
GHz on silicon. In addition, contact resistance, in particular
when interfacing aluminum pads on CMOS, suffers from
considerable variation [2]. In [3], we propose a CMOS-based
single-element de-embedding technique aiming to minimize
accuracy degradation caused by the probing uncertainty. The
idea is to utilize the versatility and reciprocity of CMOS
transistors to solve for the unknowns of the test fixture error
boxes, often consisting of pads and interconnection leads,
through impedance modulation. More importantly, such an
algorithm makes no approximation in the modeling and hence
TRL level of accuracy is preserved. However, the results are
being normalized to the transmission-line (t-line)
characteristic impedance (Z;) inserted in the calibration
structure; therefore, it is essential to renormalize the
measurement impedance to some known value such as 50 Q.

In TRL, such impedance renormalization is achieved
through a two-tier calibration by referencing the unknown line
impedance to a known one from another set of TRL lines
fabricated on non-dispersive substrates such as GaAs [4]-[5].
Such calibration comparison method estimates the line
impedance by modeling the contact pad with single shunt
admittance in the equivalent circuit model.

In this work, we present an impedance renormalization
technique applied to the proposed single-element electronic
de-embedding by self-referencing using on-chip terminations.
We will first review the concept and the mathematical details
of the electronic de-embedding algorithm in [3]. Next, we will
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Fig. 1. (a) General concept of the single-element electronic calibration.
(b) Implemented impedance network.

discuss how the renormalization is achieved followed by ex-
perimental results.

II. SINGLE-ELEMENT ELECTRONIC DE-EMBEDDING

Fig. 1 illustrates the motivation and the concept of the
proposed technique where the problem has been tailored for
de-embedding in order to preserve the clarity of the equations
and to arrive at fair comparison to on-wafer TRL. In this
problem, the test fixtures to be de-embedded are the two
probing pads plus the interconnections (Sx and Sy). To solve
for the unknowns, we perform S-parameter measurement on a
single calibration structure, which comprises three NMOS
transistors and a t-line with known length but unknown
propagation constant (y) (Fig. 1(b)). The impedance of each
device can be modulated through individual gate bias. The
goal is to find the exact solutions for four unknowns (eq, e,
eg1 = eyo, and y) without any prior impedance information.

A. Reflection Measurements with Known Termination

The first step in the algorithm is to convert the measured
[S]h«2 into one-port reflection measurements (/) with known
termination. To achieve this, two [S],«, measurements,
differing only in the impedance state of one of the shunt
NMOS transistors, are collected. As shown in Fig. 2(a), these
measured [S]h«, are described using 7T-matrices:

Ty = Ty Ty, T2, Ty, TiT,, D
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Fig. 2. Derived reflection measurements when modulating (a) and (b) Y3; (c) and (d) Y3. (e)(f) Reflection measurements at different Z,.
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where T, and Ty represents the test fixtures on both sides, Ty,
and Ty, are the T-matrices of the modulated impedance from
M, and Ty,, Ty;, and T; are the T-matrices of M,, M5, and the
inserted t-line, respectively. Multiplying 7., with the inverse
of Ty, we arrive at

_ -1 _
Ty = Tz (Ta) ™ = T Ty (Ty,) ()™ 3
Note that the 7-matrix of shunt admittance exhibits the

following property:

-1 AYZyr—1 =1
TYl(TYz) =Ty,-y, =Tay = bx +T 1 1 ]. 4)

where b, is the identity matrix. Consequently, (3) can be
grouped as

, AYZor—1 -1
R A e N T P RN ©)
By expanding (5), the following equality is derived:
21 22 11

Here m;; and m;, are the elements in the 7, and xi;, x12, X21,
and xy, are the elements in 7. Note that the left side of (6) is
equivalent to the reflection coefficient (/') with an ideal short
terminating Y), i.e. the position of modulation. In short, a
measurement with known termination is extracted without any
knowledge of the actual Y;, which formulates the core of the
proposed algorithm. Finally, by reversing 7., and 7, and
repeating (3) — (6), I, the reflection coefficient of the test
fixture loaded with t-line and Z, in parallel with Y; (now C,),
is also derived (Fig. 2(b)). The same procedure is applied
when modulating Y5 (Fig. 2(c) and (d)).

B. Shared Termination

From Fig. 2(b) and 2(d), it is observed that /,,; and I, both
shares Z,; in other words, both measurements are loaded with
identical termination. This leads to the merging of /7,,; and 77
by first inverting the expressions for each measurement to
isolate the common term /7 and then equating the two. Such a
single expression is free of the unknown 77 but relates all the
unknowns of interest and therefore is considered as a useful
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Fig. 3. (a) Series impedance. (b) [S]y«» when modulation Z,. (c)
Reflection measurements with open termination. (d) Equivalent circuit
models of M| in its on (left) and off (right) states.

measurement in the solution finding. It is worth mentioning
that this is the same technique in LRRM [6].

Lastly, the same procedure is repeated with a different value
of Z, (Fig. 2(e) and 2(f)). This leads to the collection of
another pair of reflection coefficients (/7,3 and I},4), which is
then merged through sharing of the termination, 77 .

C. Equation Solving

With a total of six reflection measurements, we arrive at the
following four nonlinear equations:

XZ(l - W) - xy(rml - rmZW) _Z(rmz - rmlw) +

I lmay(1—w) =0 @)

xz2(1 —w) — xy(Inz — Ipaw) — 2(Gpg — Lusw) +
Ina3lmay(1—w) =0 (®)
x+z—Ig—Iy=0 )
x+zw—1I; —IH,yw=0 (10)

where x = €00, VY = €11, Z = €p0€11 — €01€10 (= Ar) and w = e'zyl.
Combining (7) — (10) leads to a 5™-order polynomial equation;
the solutions can be found using so/ve in Matlab.
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III. IMPEDANCE RENORMALIZATION

Up to this point, the extracted S, is normalized to the Z; of

the on-chip t-line. To solve for unknown Z,, we take
advantage of the shunt switches (M, and M5) in the m-network,
which will serve as an on-chip calibration standard.

From section II.A, we have shown how reflection measure-
ment terminated with an ideal short can be derived mathe-
matically. On the other hand, network duality tells us that
reflection measurements terminated with an ideal open can
also be extracted in a similar way. To see this, we notice that
the T-matrix of any arbitrary series impedance Z reference to
Yy is described by (Fig. 3(a))

TZ - IZXZ +—

zy, [ an

Applying the procedure of (1) — (3) with two measured [S],.;
differing only in Z, (T3 and T,y in Fig. 3(b)) leads to the
following expression similar to (5):

1 AZYO -1
(Tona(Ta) ™ = L) TeTys = TeTyy - —2 | (12)
The following equality is derived after some algebra:
11+ %15 mq,’
11, 12, - _ 12,. (13)
X21' t+ X2 myq

. -1
Here my,” and my,’ are the elements in 7,4(73)" and x1°, X127,

Xx21°, and xp,’ are the elements of T, Ty;. Note that the left side
of (13) is now equivalent to the reflection coefficient (I7,;)
with an open termination. As Sy is known, Iy is found:

€00 — Io1
Iy, =7F7——7—F—

=5 (14)

—elor

The procedure is repeated twice with M, turned on and off,
leading to two expressions of the normalized admittance at
different biasing:

Zy | .
Yon = Z_ +jwZyCy, (14)
1

Yoff = jwZyC,. (15)

Here Z, represents the on-state impedance of M, and C; and
C, model the corresponding capacitance loading.

Before moving on, let’s study Z; in regard to its physical
location and geometry. Fig. 4 shows the layout and the cross-
section of the m-network. It is observed that the modulation of

Fig. 5. Calibration structure micrograph.
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impedance occurs within the transistor channel having a value
on the order of tens of nm in deep sub-micron CMOS. Such
fine length allows us to approximate Z; with a frequency
independent resistance as the phase shift is negligible even at
sub-THz frequencies. By modeling Z;, with a constant
resistance R; whose value can be measured at DC, Z; is found
assuming C, = Cy:

Zy=Ry- (yon _.VOff)- (16)

IV. DESIGN

Fig. 5 shows the micrograph of the de-embedding structure
fabricated in 65-nm CMOS. Microstrip t-lines with 6-pm
signal width at M9 on top of a ground plane constructed with a
mesh of M1 and M2 is implemented to sustain single-mode
propagation. The length of the inserted t-line is 360 um,
equivalent to 45° phase shift at 50 GHz. The schematic of the
n-network is shown in Fig. 1(c). To minimize the impact of
the capacitive loading, both the NMOS gates and bodies are
floated with 20 kQ poly-resistors and undoped silicon,
respectively. A 44-fF MOM capacitor (C,) is used to lower the
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series impedance (Z;) when M, is completely off to keep 2
higher than -12 dB above 10 GHz.

V. EXPERIMENTAL RESULTS

First, SLOT calibration is performed at the probe tips using
ISS from Cascade Microtech with R&S ZVA-67 VNA. The
output power at VNA ports is kept below -10 dBm to avoid
measurement error induced by transistor non-linearity. Fig. 6
compares the extracted S, with TRL, validating our single-
element approach. Different reflection coefficients derived in
the algorithm are plotted in Fig. 7. Each of them shows the
expected behavior.

Fig. 8(a) shows the DC equivalent circuit of the de-
embedding structure in the measurement setup taking into
account the wiring resistance R, — Rps. The network can be
further simplified to five unknowns by ensuring the current
returns from the same port. These unknown resistances are
found through different combination of impedance states in
M. In order to maintain consistent R,; and Ry, a customed
switching network is soldered on a PCB (Fig. 8(b)).

Fig. 9 shows the calculated Z, and the equivalent t-line
circuit elements, exhibiting the expected frequency de-
pendency. Comparing to TRL calibration comparison method,
our single-element approach captures the increase of the line
conductance (G,..1) surprisingly well but suffers from higher
error in the line resistance (Rp.1). The accuracy could be
limited by the deviation of C; and C, at different transistor
biasing. Such effect is still under investigation.

VI. CONCLUSION

A CMOS-based electronic calibration technique is
presented requiring only a single calibration structure. The
technique uses CMOS transistors as impedance modulators to
generate reflection measurements with known termination.
TRL comparable accuracy is achieved in the experiments up
to 65 GHz. In addition, a self-reference impedance
renormalization approach is introduced by taking advantage of
the fine channel length offered by deep sub-micron CMOS for
modeling simplification. Such an approach shows great
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Fig. 9. Extracted Z, and the t-line circuit parameters with TRL and
the proposed electronic calibration (ECAL).

potential in eliminating the probing error and is therefore
beneficial for high frequency measurements. Optimization is
applicable to further enhance the accuracy.
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Abstract — This paper introduces a recently constructed V-
band and an under development W-band waveguide
microcalorimeters that will serve as primary power standards in
KRISS. The design scheme of the V- and W-band
microcalorimeters is briefly presented, and their basic
performance was checked. We propose a thermoelectric
reference standard that will cover V- and W- bands. We also
propose an in-house V-band source signal module for high RF
power and low signal impurity output.

thermistor,
standards,

Index Terms — Calorimetry,
electromagnetic  measurements,
measurement uncertainty.

waveguide,
measurement

. INTRODUCTION

We have developed coaxial microcalorimeters that will
become power standards up to 50 GHz [1, 2, 3] and have
studied on the V- and W-band waveguide microcalorimeters
and power standard calibration systems for up to 110 GHz [4].
In Korea, the communication industry already demonstrated
5G trial communications in 2013, and the government has
plans to rollout a trial 5G service by 2017 and provide a
commercial 5G service by 2020 [5]. To support the future
demand on the millimeter-wave power standards service in
Korea, KRISS has developed V- and W-band waveguide
power standard calibration system. However, the transfer
standards of the calibration system are traceable to a foreign
national metrology institute, and it provides the service for a
limited number of frequencies. We have sought to make our
own microcalorimeters to replace the transfer standards with
KRISS traceable ones. We will discuss the key components of
V- and W-band waveguide microcalorimeters in detail.

I1. DESIGN AND IMPLEMENTATION
A. Basic concept and structure of microcalorimeters

We developed three coaxial, Type-N, 3.5-mm, and 2.4-mm,
microcalorimeters [1, 2, 3]. They have a dry-type triple metal
shield thermostat, twin adiabatic lines, and a thin film
thermopile module. Our basic concept was not changed,
however we modified the structure of the microcalorimeter.
Fig. 1 shows the structure of the V- and W-band waveguide

978-1-4799-8887-7/15/$31.00 ©2015 IEEE

microcalorimeters. We adopted an upright design for the core
parts of the microcalorimeters to lessen torque from the
attached reference standards. Fig. 2 shows the adiabatic lines,
thermopile module, and reference standards of the V-band
waveguide microcalorimeter. The adiabatic line has an
electroformed thin wall that confines the heat from the
reference standard. The thermopile module and the dry-type
thermostat of the V-band microcalorimeter have the same
basic structure as those of the 35 mm coaxial
microcalorimeter at KRISS [1].

Fig. 1. Basic structure of the V- and W-band waveguide
microcalorimeters at KRISS.

B. Reference standards

Conventionally many national metrology institutes (NMIs)
adopt thermistor mounts as their reference standards for
microcalorimeters. Thermistor mounts are applicable to the
RF-DC power substitution method for effective efficiency
evaluation, and they have very good linearity [6]. However,
V- and W-band thermistor mounts are no longer available in
the market. As latecomers on V- and W-band power standards
research, it has been very hard for us to get appropriate



reference standards. For the last 5 years, we have bought a
small number of thermistor mounts in the used market around
the World. To make a breakthrough, we started to develop
thermoelectric-type waveguide reference standards in 2013,
and Physikalisch-Technischen Bundesanstalt (PTB), Germany,
presented some research result on a thermoelectric-type W-
band waveguide reference standard [7]. To make the reference
standard, we adopted a core part of 1.0 mm coaxial
thermoelectric power sensor, Rohde & Schwarz NRP-Z58
thermal power sensor, and a V-band (or W-band) waveguide
to coaxial adapter, Flann Microwave 25373-WF or 27373-WF
waveguide to 1 mm coaxial end launch adapter.

microcalorimeter

Source module

PID controller

Reference standard

Thermopile module

Adiabatic line

(b)

Fig. 2. The V-band waveguide microcalorimeter. (a) With a source
module and a PID controller. (b) Core parts of the microcalorimeter.

(@) (b)

Fig. 3. Reference standards for a microcalorimeter. (a) Conventional
reference standards (V-band thermistor mounts). (b) Thermoelectric-
type reference standard (V- and W-band).

C. Signal source module

Microcalorimeter thermostat

«—Thermopile module

Source |Pr
module

Reference
standards
/| (Thermistor mount)

Waveguide =

Vi, Ve Psub

Nano- —  Type-IV
voltmeter power meter
Fig. 4. Measurement system of the V-band waveguide

microcalorimeter.

Fig. 4 shows the measurement setup of the V-band
waveguide microcalorimeter. To perform a low uncertainty
measurement, we should have to transmit an appropriate
amount of RF power to the reference standard, substituted
power Psub, in the microcalorimeter. We usually apply Psub =
10 mW for the coaxial microcalorimeters.

Usually, the signal source modules in millimeter-wave
adopt a frequency multiplier, and their RF outputs are limited
[8-9]. Fig. 5 shows the structure of an in-house V-band signal
source  module for the KRISS V-band waveguide
microcalorimeter. We doubled the frequency of a signal
generator, Keysight E8257D PSG, to get a high power and
low signal impurity RF output.

Motorized
attenuator

|

Isolator
Amplifier

Filter

Frequency
doubler

Fig. 5. The structure of the in-house V-band signal source module
(KRISS-V) for the microcalorimeter.



In Fig. 6, we compared the RF output of the in-house V-band
signal source module (blue dot) with an OML S15MS-AG
frequency extension module (red dot).
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Fig. 6. The RF power output of the in-house V-band signal source
module (KRISS-V) for the microcalorimeter.

1. PRELIMINARY MEASUREMENT

Fig. 7 shows the preliminary measured data of the V-band
waveguide microcalorimeter with the V-band thermistor
mounts shown in Fig. 3(a) and the OML S15MS-AG signal
source module. The voltage output of the thermopile module
(red) is approximately 60% of the output of the KRISS type-N
coaxial microcalorimeter [10]. A thermistor mount saver, one-
inch V-band waveguide section, that increases heat volume
and the limited RF power output of the signal source module,
results in that reduction of the thermopile output. We will tune
the level of the signal source module to apply uniform Psubon
the reference standards.
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Fig. 7. Measured data of the microcalorimeter system for 50, 60, 70,
and 75 GHz. Voltage outputs of the type-1V power meter (blue) and
thermopile module (red).

IV. CONCLUSION

A V-band waveguide microcalorimeter has been developed
and its preliminary performance has been evaluated to
establish a KRISS traceable RF power standard. As a further
work we will optimize an adiabatic structure for the
transmission line that connects the signal source module and
the waveguide microcalorimeter for the minimum thermal
fluctuation.
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A 500 MHz Portable Evaluation Platform for Digital Pre-Distortion
and Envelope Tracking Power Amplifiers
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Abstract — Efficiency and linearity are important design
criteria for power amplifier (PA) designers. These two
constraints usually contradict each other in the realm of PAs.
However, with many recent efforts, various architectures such as
envelope tracking, when used in conjunction with digital pre-
distortion, allow the system to achieve both efficiency and
linearity simultaneously. Many of the available evaluation
platform/testbeds today are limited in bandwidth to ~200 MHz.
This limits the bandwidth of the supported signal to ~40 MHz.
As talk of future 5G LTE systems call for signal bandwidths of
greater than 100 MHz, the need for an evaluation platform with
500 MHz is crucial. In this work, a 500 MHz bandwidth
evaluation platform for DPD development and envelope tracking
design will be presented.

Index Terms — Power amplifier, envelope
bandwidth, digital pre-distortion, portability, testbed.

tracking,

1. INTRODUCTION

The increasing demand for higher data rates and larger
signal bandwidth, while maintaining signal integrity, has led
to the use of high spectral efficiency signals with non-constant
envelope and high peak-to-average power ratio (PAPR). In
conventional fixed bias power amplifiers (PAs), the maximum
efficiency occurs at saturation, with a single-tone signal. As
the PA operates at power levels away from saturation, the
efficiency degrades. This creates a challenge in the presence
of high PAPR signals (such as OFDM), where the average
power is well below saturation.

Various techniques have been explored to increase the
efficiency of power amplifiers for high PAPR signals [1]
while maintaining adequate linearity. One technique with
much recent interest is the envelope tracking (ET) [2]. The
drain voltage of the RF PA is varied dynamically to track the
envelope of the signal, providing the appropriate DC supply
signal and keeping the RF transistor operating continuously at
saturation region where the efficiency is highest. As a result,
no extra DC power is consumed, resulting in a dramatic
increase in PA average efficiency in the presence of high
PAPR signals.

The platform development of the ET PA is very important
because the ETPA transmitter architecture is different from
the conventional transmitter. Fig. 1 shows block diagrams of
(a) conventional transmitter and (b) ETPA transmitter. In Fig.
1(a), the baseband data is converted to the modulated RF
signal through DAC and up-converter. The bandwidth of the
forward (TX) path, including the DAC and up-converter, is
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Fig. 1 Simplified block diagram of (a) conventional PA
platform and (b) ETPA platform

the same as the signal bandwidth of the modulated signal. In
Fig. 1(b), in contrast to the conventional transmitter, the ETPA
transmitter requires an additional envelope signal to be
generated. In the conventional transmitter, digital pre-
distortion (DPD) is assumed absent. Under the ETPA
transmitter, in order to simultaneously achieve high efficiency
and high linearity, digital pre-distortion is used. In order to
cancel out or pre-distort the input signal to the ETPA, a much
wider bandwidth in the forward TX path is needed. The
typical rule of thumb is to use five times to signal bandwidth
in order to pre-distort the 3™ and 5™ order IMDs. For DPD to
be possible, a feedback RX path is also needed. Despite the
added complexity introduced to the transmitter as a result of
using envelope tracking, the various attributes, such as high
efficiency and carrier frequency independence, make the
technique a worthwhile effort. The amount of savings one can
potentially achieve from higher efficiency, lower DC power
consumption, and less thermal management accessories can
offset the added cost of an extra DAC and feedback path.
Such reasons have motivated the research in ETPA
development and hence, it is important to establish the ETPA
platform for designing, testing, and optimizing.
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Several evaluation platforms for the ETPA have been
proposed. In [3], Keysight Technologies, formerly Agilent
Technologies, introduced a solution using vector signal
generator, arbitrary waveform generator and vector signal
analyzer. However, complicated time-alignment mechanism
between RF and envelope paths is required since each signal is
generated from two separate signal generators. The maximum
bandwidth of the RF signal generation instrument is 160 MHz,
where is equivalent to a RF signal with only 32 MHz
bandwidth. In [4], Rohde & Schwarz provided a 160 MHz
solution, where only vector signal generator and vector signal
analyzer are used. The solution provides a real-time DPD
function without downloading data to a PC. However, the use
of multiple instruments is relatively large and heavy for
demonstration. National Instruments has also provided a
solution with 200 MHz of bandwidth, supporting a 40 MHz
signal, in a single PXI-E chassis. Each of these solutions is
viable solution for today’s market where 40 MHz is desired.
However, for future market development, such as SG LTE, the
community has expressed interest in developing solutions for
signals with >100 MHz of bandwidth.

In this work, a 500 MHz DPD and ET platform, named
BentoBox 3.0, is proposed for supporting signals with
bandwidth of 100 MHz. Signal generation, up-/down-
conversion and DPD analysis functions are integrated into the
“AWG & MaXPAL™” box and an RF pre-drivers, drivers,
and ETPA (RF PA and envelope modulator) are
accommodated into the “RF Line Up” box. The maximum
bandwidth of the forward TX path and the feedback RX path
is 500 MHz. Additionally, real-time DPD functionalities have
been implemented into the signal processing and can be
toggled off and on to see the improvements.

II. HARDWARE DESIGN OF ETPA PLATFORM

The block diagram is depicted in Fig. 2. The first layer is
the “AWG & MaXPAL™” that consists of the signal
generation and pre-distortion, as well as the up- and down-
conversion for the forward and feedback path respectively.
The second layer is the “RF Line Up”, which consists of the
RF drivers and envelope tracking power amplifier (RFPA in
conjunction with the envelope modulator/amplifier). The first
layer supports upconversion from 750 MHz to 2.5 GHz.
Other functions of the “AWG & MaXPAL™ layer include
time alignments of both the reference/feedback and the
envelope/RF, as well as envelope shaping specifically for ET
operation. However, the RF Line Up essentially houses the
ETPA, the DUT, and the necessary RF drivers to drive the
ETPA. In this setup, we will be looking at the 2.14 GHz RF
Line (LTE Band 1). The BentoBox 3.0 is designed to be a
rackmount unit (19” wide x 14.5” depth). The “AWG &
MaXPAL™ is 2U in height (3”) and the “RF Line Up” is 3U
(4.5”) in height, limited by the heatsink height.

Fig. 3 (a) shows the circuit schematic of the RF PA tuned to
the frequency of 2.14 GHz. A commercial GaN FET is used
for the demonstration with peak output power of 30W at 48V
and the peak efficiency of 65% under single-tone excitation.
The small signal gain is 14 dB. For the envelope tracking
operation, bias capacitors at the drain of the PA were removed
to allow for envelope modulation to occur. A series RC
snubber was placed at the drain of the PA. The output
matching network was modified to achieve higher PAE under
the envelope tracking operation.

The envelope amplifier (EA), sometimes called envelope
modulator, developed in this work uses the architecture shown
in Fig. 3 (b). A wideband, high-speed linear stage is coupled
with a high efficiency low bandwidth switcher stage through a
hysteretic feedback path. The switcher stage provides the bulk
of the low frequency power while the linear stage provides the
remaining signal components. The linear stage consists of a
folded-cascode input stage and Class AB output stage. Linear
stage current is sensed by a current mirror and used to control
the switcher stage via an anti-shoot through driver path. The
design was integrated in a BCD high voltage CMOS process
that co-integrates low voltage 0.18um devices with high
voltage (30V) FET devices. The design targets a SW average
output power ET system with peak drain voltages of up to
30V and peak envelope powers up to 35W. This modulator
has nearly double to voltage of recently published integrated
micro-basestation EAs [3]. These features allow the EA to
couple with high voltage, high efficiency GaN and LDMOS
RF PAs.
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Fig. 4 (a) shows the block diagram of the up-converter. The
up-converter has an image rejection configuration in order to
reduce the need or the requirements of the RF band-pass filter.
To realize the configuration, the single-end IF signal is split to
two signals with 90-degree phase difference and each signal is
split to two signals with 180-degree phase difference. Finally,
these four signals with different phases are up-converted at the
quadrature modulator, resulting in higher image rejection. Fig.
4 (b) shows the block diagram of the down-converter, where
RF signal is converted to an IF signal at 250 MHz. The
undesired high frequency components of the IF signal are
filtered by two low-pass filters in order to prevent the aliasing
of the ADC on this feedback path. To maintain sufficient
SNR and maximum ADC resolution, a baseband amplifier is
inserted between two filters to keep the output voltage swing
high enough.

Fig. 5 (a) shows the measured RF output power over
frequency of the up-converter when the frequency at the IF IN
port is swept. The quadrature phase splitter is configured to
be the low side injection (the LO frequency is lower than the
frequency at the RF OUT port). The LO frequency is 1.75
GHz and the IF input power is 8 dBm. The output power is
almost flat in the range from 1.8 GHz to 2.25 GHz. More than
20 dBc image-rejection ratio is obtained in the range from 1.7
GHz to 2.25 GHz.

Fig. 5 (b) shows the measured conversion gain over
frequency when only the LO frequency is swept. The blue
diamond symbols are the results when the RF is 1 GHz and
the LO frequency is varied from 1 GHz to 1.5 GHz (upper
local). The red square symbols are the results when the RF is
2 GHz and the LO frequency is varied from 1.5 GHz to 2 GHz
(lower local). The RF input power is -22 dBm. The roll-off
of the conversion gain at the 500 MHz is approximately 2 dB.

III. DSP ALGORITHMS OF ETPA PLATFORM

The forward path for digital pre-distortion (DPD) was coded
in VHDL for implementation in FPGA hardware. The DPD
accepts complex inputs split into real and imaginary parts with
each input as 16-bit signed number. The DPD outputs a 16-bit
unsigned envelope and a 16-bit signed pre-distorted digitally
up-converted IF signal. The DPD has a latency (time between
valid input and valid output) of 50 clock cycles and can
generate an output on every clock. Fig. 6 shows the diagram
for FPGA implementation.



RF Output Power (dBm)
)
o

-30 = =0=Desired
-
40 Image
LO Leakage

12 14 16 18 2 22 24
Frequency at RF OUT (GHz)

(a)

24

22

20

18

16 ~~fRF=1GHz
“-fRF=2GHz

Conversion Gain (dB)

14

0 0.1 0.2 0.3 0.4 0.5
Frequency at IF OUT (GHz)

(®)

Fig. 5 (a) RF output power vs frequency of up-converter and (b)
conversion gain vs frequency of down-converter.

The input converter uses a CORDIC core to convert
complex data to polar form. The pre-distorter comprises the
amplitude and phase correction.  Amplitude distortion
correction maps the input amplitude to its distorted value.
Phase correction maps the input amplitude to the phase delta.
The delta output is then added to the input phase to come up
with the corrected phase. Interpolation is used to work within
the constraints of memory resources. The output converter
comprises two parts — envelope shaping or detroughing and
digital IF upconverting. The envelope shaping gives the
designer a tradeoff knob for efficiency and linearity by
choosing different trajectories and relationships between the
true envelope of the RF signal and the actual drain supplied by
the modulator. Delays are added to the envelope signal to
ensure that the envelope path and the RF path arrive at the
drain of the RFPA at the same time for best performance. In
this design, IF generation was chosen to mitigate the
complexities added from IQ imbalances and impairments. To
maximize use of the Nyquist bandwidth, digital up-conversion

is performance such that the IF output centers at one-fourth of
the clock rate.

The feedback path is composed of the feedback converter,
aligner, and predistortion engine. The reference signal is a
capture of the input baseband signal. The feedback signal is
the RF-downconverted output of the PA fed back in to the
FPGA and then down-converted to baseband. The feedback
converter is broken down into three separate modules — a
down-converter, a low pass filter, and a complex to polar
converter. The delay between the two signals is determined to
align the signals in the reference/feedback alignment block. A
second time alignment calculation is performed, specific to
envelope tracking. This alignment calculates the envelope/IF
time delay to determine how well the two paths are aligned at
the drain of the RFPA. The linearizer engine performs the
analysis and calculations to determine the necessary
modifications to achieve a linear RFPA output.

A 100 MHz 16-QAM signal with 6.6 dB PAPR was
generated and analyzed in MATLAB for its linearity on a
straight-through measurement. Fig. 7 illustrates the AMAM,
AMPM, and spectrum of the 100 MHz signal generated from
the “AWG & MaXPAL™” layer. Results demonstrated a
linear behavior. Additionally a decent amount of spread was
observed.  This is due to the fundamental frequency
dependence response of the filters, DAC sinc response, and
other system components when operating over such a wide
bandwidth. The frequency response variation can be
compensated for with a system calibration/equalization.

IV. DEMONSTRATIONS

Fig. 8 shows the BentoBox 3.0 with the assembled “AWG
& MaXPAL™" layer (bottom) and assembled “RF Line Up”
layer (top). There are two outputs: fully modulated RF signal
at 2.14 GHz for the RF path and the envelope signal for the
envelope modulator. The third main SMA connector is the RF
feedback signal. To configuration the up- and down-
conversion LO, the user uses a GUI interface to specify the
desired RF frequency and the computer programs the LOs
associated to it. The USB connection under “FPGA Program”
allows the user to program a new FPGA source file. The
“FPGA Control” ethernet connection allows the user to
interface with the FPGA to send/retrieve signals, as well as
control other components such as DAC gain, envelope floor,
etc. Additionally, the platform operates like envelope tracking
“adaptor”, allowing one to stream-in a real-time signal from
the outside world via the “analog streaming input”. The signal
needs to be an IF signal with 1V pk-pk centered at 250 MHz.
A10 MHz reference is used to lock the clock of the FPGA to
the signal source. Connections at “IF sample” allows the user
to tap the signal before the up-conversion and after the
feedback down-conversion.
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Fig. 7 AMAM, AMPM, and spectrum of the captured 100 MHz 16-
QAM signal from the Kansei ADC, as analyzed in MATLAB.

In the “RF Line Up” layer, the top three SMA connections
are the main signals. “RF Input” drives the RF driver.
“Envelope Input” drives the envelope modulator. “RF
Output” is the output of the PA after an isolator. To measure
the input and output power of the ETPA for efficiency
measurement, “PA Input Sample” and “PA Output Sample”
allows the user to tap the input to the RFPA and the output of
the RFPA respectively. To ensure the safety operation of
these depletion-mode GaN power amplifiers, a push button
PSU sequencer is used to ensure that the proper gate voltage is
applied prior to supplying the drain voltage. DC power
consumption for efficiency measurements is made by
measuring the DC voltage and current by a supply circuit
break on the front panel.

Fig. 8 BentoBox 3.0 “RF Line UP” assembly on the top and "AWG
& MaXPAL™" assembly on the bottom.

Using the pre-distortion implemented in the FPGA,
measurements under envelope tracking was performed with a
5 MHz 6.6 dB PAPR WCDMA signal. The envelope
modulator was the MaXEA1.0 and the RFPA was a
commercially available RF3931 PA retuned for ET operation.
The RF output before and after DPD was captured and plots
were generated in MATLAB. Fig. 9 illustrates the measured
AM-AM, AM-PM and spectrum of the ETPA under test. The
measured average ETPA efficiency of this particular setup
was 43%, with efficiency split of 73% for the envelope
modulator and 59% for the RFPA. The output power of the
WCDMA signal was 4.2 W with 10 dB of RFPA gain.

To demonstrate the bandwidth capability of the evaluation
platform, digital predistortion, which imposes this bandwidth
requirement, was applied to various constant drain power
amplifiers. Fig. 10 illustrates the measured AM-AM, AM-PM
and spectrum of the constant drain power amplifier under the
excitation of an 60 MHz 16-QAM LTE signal. The system
also lends itself to mm-wave testing with a simple direct



AM-AM AM-PM
Measured Output Voltage vs. Measured Output Phase Shift vs.
Input Voltage Normalized Input Voltage Normalized

Spectrum
Output of ETPA

Before
MaXPAL™

Before MaXPAL™

NRMSE: 22.82%

After
MaXPAL™

Fig. 9 Measured AM-AM, AM-PM, and spectrum before DPD and after DPD under envelope tracking at 2.14 GHz
with a 5 MHz WCDMA downlink signal.

Before DPD After DPD

s requency 21 x

Pout ~28 dBm

ACPRY: .20 glic

i ACPR1: -45 gl
| / ——— )

Fig.

10 Measured AM-AM, AM-PM, and spectrum before DPD and after DPD under constant drain
at 2.14 GHz with an 60 MHz 16-QAM LTE signal

With MaXPAL™
8 MHz 8-ary PSK - 5 MHz QPSK

3 MHz

3 MHz
16-ary —

— 8-ary
PSK

3 MHz
5 MHz Notch  Notch 2 MHz Notch

Cesfler 30 000 GHe

Span

Fig. 11 Measured spectrum before DPD (left) and after DPD (right) under constant drain at 30 GHz with an 30 MHz
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up/down-conversion addition. DPD sees the entire system
as a black box and hence is not susceptible to carrier
frequency changes, similar to ET. Fig. 11 shows the spectral
results of using the platform with an additional L-band to Ka-
band converter on a constant drain power amplifier with and
without DPD. The signal is a 30 MHz multi-carrier signal
with different modulation, bandwidths, and center notches.

V. CONCLUSION

A portable evaluation platform for digital pre-distortion and
envelope tracking has been developed. Using image-rejection
up-converter and digital compensation algorithm, a 100 MHz
modulated signal was generated and its straight-through
linearity was shown. Measurements under envelope tracking
operation were performed using the MaX1.0 modulator with a
5 MHz WCDMA signal. To demonstrate the wide bandwidth
capability of the platform, linearity under constant drain with
an 60 MHz signal were measured. Additionally, carrier
frequency flexible to support other systems was demonstrated
using direct up-/down-conversion to 30 GHz using a multi-
carrier 30 MHz signal. The proposed platform is useful for
future wideband and high efficiency PAs, both envelope
tracking and constant drain.
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