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Sensor-on-CMOS Dielectric Characterization Using  
Temperature Modulation 
Jun-Chau Chien and Ali M. Niknejad 

Department of Electrical Engineering and Computer Science, University of California, Berkeley, CA 

 
Abstract — In this paper, on-chip temperature modulation is 

applied in a CMOS-based dielectric sensor for the determination 
of sample temperature coefficients in a microfluidic setting. 
System uncertainties are taken into account by a multi-step 
calibration with the use of on-chip metal-based switched-
capacitors. Using de-ionized water as reference, the temperature 
coefficients of saline and methanol-water mixture are extracted 
at 17.5 GHz with temperature spanning from 32 ~ 37 ºC. 

Index Terms — dielectric relaxation, permittivity, 
temperature modulation, CMOS, injection-locked oscillators, 
microfluidics. 

I.  INTRODUCTION 

Dielectric characterization of aqueous solutions at 
microwave frequencies shows great potential for rapid 
chemical and biological sensing [1-3]. As dielectric relaxation 
exhibits dispersion spanning over a broad frequency range, 
wideband measurements are inevitable, mandating a versatile 
instrumentation, i.e. the network analyzer, with frequency 
sweeping capability. On the other hand, it is desirable to lower 
both the system complexity and the form factor in practical 
applications including food monitoring and point-of-care 
diagnostics. Consequently, there exists a direct trade-off 
between the precision of material classification and the 
instrument size. A good example is the issue of classification 
ambiguity if measurements are carried out only at a spot 
frequency, as shown in Fig. 1(a). To avoid such coincidence 
problem (two material-under-test (MUT) exhibits same 
permittivity at one particular frequency), the number of 
sampling frequencies must be larger than two. 

As the thermal energy of the molecular system plays a 
crucial role in the dielectric relaxation for polar solutions, we 
are motivated to explore the feasibility of utilizing the 
temperature dependency of polarization to facilitate the 
material classification. The idea is to quantify the temperature 
coefficient of the material permittivity to expand signal 
dimensions, as depicted in Fig. 1(b).  

Recently, our group has demonstrated a highly sensitive 
capacitor sensor implemented in CMOS technology for 
glucose and protein sensing [4-5]. With the combination of 
microfluidics, such heterogeneous integration offers an 
excellent platform for rapid chemical and biological sensing. 
Previously, the measurements are all performed with regulated 
chip temperature. In this work, the same sensor chip is utilized 
to study the effect of temperature modulation on dielectric 
characterization. As sensing is performed directly on the 

CMOS chip, calibration is essential and is discussed with the 
aid of system model. 

II. SENSOR ARCHITECTURE 

Fig. 2 shows the sensor architecture for microwave 
dielectric characterization [6]. Two oscillators (ILO1 and 
ILO2), embedded with coplanar electrode capacitive sensors, 
are injection-locked to the quadrature outputs of an on-chip 
signal source (QVCO). As the frequencies of both ILOs 
remain locked, the modulation of the sensing capacitors is 
transduced into phase shift at the outputs, which can be 
detected with a mixer-based phase detector. Benefiting from 
the nature of interferometry, such an architecture offers 
substantial phase noise rejection against the signal source, 
thereby improving the sensitivity to sub-aF resolution, 
ultimately limited by the residual frequency noise of each 
sensing ILO [7]. The phase difference presented to the mixer 
can be derived as [6]: 

∆� = �� − ��																																																																										 
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where Q1-2, (Iosc/Iinj)1-2, and ωosc1-2 represent the tank-Q, the 
inverse of the injection strength, and the oscillation 
frequencies, respectively. It is worth mentioning that two ILOs 
are necessary in order to match both ILO paths for optimum 
noise rejection. 

 To relax the dynamic range requirement, feedback is 
applied around the sensor by compensating the sample-
induced capacitance change with an on-chip varactor [5]. In 
such a feedback-around-sensor architecture, the dielectric 
signal can be read out directly from the Vctrl of the loop filter. 
The measurement can be referred as the frequency shift of the 

 

Fig. 1. (a) Coincidence problem in material characterization at spot 
frequency. (b) Dielectric classification utilizing temperature 
dependency. 
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sensing oscillator if the gain (KVCO, MHz/V) and the center 
frequency (fosc) are measured before closing the loop:  

∆�

��
= ∆����� ∙

����

����
.																																			(2) 

To perform fluidic experiments, a microfluidic chip is 
fabricated in PDMS with two U-shaped fluidic channels 
(width = 50 μm, height = 100 μm), each covering one sensing 
electrode. To interface with the CMOS die, the PDMS is first 
bonded onto a glass holder and placed manually onto a PCB 
under a microscope. 
   Temperature modulation is performed through on-chip 
heating and off-chip water-cooling with a dedicated fluidic 
channel running across the chip surface (Fig. 3). By 
controlling the flow rate in the cooling channel, the chip 
temperature can be modulated through the change in the 
convective heat transfer coefficient, thereby eliminate the need 
for a temperature chamber. In this work, gravitational flow is 
used instead of a mechanical pump to avoid any pulsatile flow. 
The flow rate is controlled by either elevating the outlet of the 
cooling channel or by lowering the position of the water 
reservoir. Chip temperature is measured using an on-chip 
diode sensor (Fig. 3). Though the absolute VBE is sensitive to 
both the biasing current and the process spread, the 
temperature coefficient maintains relatively constant at -2 
mV/ºC according to the circuit simulation based on the model 
provided by the foundry. The power delivered to the loaded 
sample (estimated volume ~ 200 pL) by the oscillator sensor is 
less than 0.8 mW (0.7-V amplitude across a 300-Ω load) and 
hence microwave heating has negligible impact on the actual 
chip temperature. 

III. CALIBRATION PROCEDURE 

A multi-step calibration is necessary in the proposed sensor-
on-CMOS dielectric characterization using temperature 
modulation. To understand the procedure, an equation is 
derived to model the sensor output as a function of 
temperature according to eq. (1): 

								����(∆�) = 

�� ∙ ������,�(∆�) − �� ∙ ������,�(∆�) + ��(∆�),													(3) 
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Here Ki models the transducer gain of each sensing oscillator 
and its value is dependent on the polarization and the 
dielectric loss of the material as well as the injection strength. 
V0(ΔT) captures the temperature dependency of the on-chip 
circuitry, and is quantified by measuring the unloaded sensor, 
i.e. the air. Note that the sensing capacitors are not only 
related to both the permittivity of the MUT but also the 
effective sensing area, which is determined by the coverage of 
the electrode by the fluidic channel. To capture such an effect, 
the sensing capacitors are expressed with a scaled factor, Ai: 

������,�(∆�) = �� ∙ ��,�(∆�), � = 1	��	2.											(5) 

In (5), εr,i represents the real part of the material permittivity. 
The uncertainty of the sensing area is due to the variation of 
fluidic channel geometry and the misalignment between the 
fluidic channels and the sensing electrodes. With (5), (3) can 
be expressed in the form of temperature coefficient: 

�����
��

−
���
��

= ������ − ������.																						(6) 

Here χ1 and χ2 are the temperature coefficients (%/ºC) of the 
material permittivity. According to (6), the sensor output is 
nulled out with temperature modulation if A1 matches 
perfectly with A2. Such a property is highly desirable in sensor 
design as the temperature drift is completely rejected. On the 
contrary, we take advantage of such mismatch for temperature 
dependency study in this work. 

 

Fig. 2. (a) Sensor block diagram. (b) On-chip switched-capacitor.  

Fig. 3. Microfluidic setup, water-cooling control, die photo, and on-
chip temperature sensor/heaters. 

 

Fig. 4. Calibration procedure. 



  Fig. 4 details the calibration procedure. First, the KVCO is 
characterized for each material. Next, Ki are quantified using 
on-chip switched-capacitors embedded within each ILO (Fig. 
2(b)). Such switched-capacitors are implemented using metal 
interconnection and serves as temperature-insensitive on-chip 
references. Ki is then calibrated to some fixed value for each 
material by adjusting the injection strength using an on-chip 
current DAC. Afterward, de-ionized water, which serves as 
reference material for the quantification of the effective 
sensing area, is injected into both channels. Temperature 
modulation is then applied and the sensor output is monitored. 
Finally, the entire procedure is repeated for the unknown 
material (MUT) and its temperature coefficient is calculated.  

IV. MEASUREMENTS 

Fig. 5 shows the measured time-domain waveforms when 
temperature modulation is applied. Correlation between diode 
VBE and the sensor output is clearly observed. Such a 
demonstration is performed at 17-GHz sensing channel while 
the two electrodes are both immersed with identical saline 
solutions (used for contact lens cleansing). The thermal time 
constant is approximately 10 sec and is different for 
temperature rising and falling. This is because the temperature 
modulation is achieved by changing the thermal convection, 
not the ambient temperature. The sensor output has a filtering 
bandwidth of 10 Hz.  

By sampling the measured waveforms after the temperature 
reaches steady state, frequency-shift versus temperature 
change are plotted. Fig. 6 shows the results from measuring (1) 
air, (2) de-ionized water, (3) saline, and (4) methanol-water 
mixture prepared by mixing 10 mL of methanol and 40 mL of 
water solutions (16.5 w/w%). In Fig. 6, several conclusions 
can be made. First, the measured frequency shift due to sensor 
electronics alone exhibits linear and positive temperature 
dependency. On the other hand, the measured frequency shift 

when both C1 and C2 are immersed in pure water exhibits not 
only 2nd-order but also negative temperature dependency. 
Such a result matches the trend of the previous investigations 
by [8] and [9] where the interpolated function of the Debye 
relaxation model versus temperature is plotted in the inset of 
Fig. 6. Next, saline also exhibits 2nd-order temperature 
dependency but exhibiting substantial difference compared to 
water, justifying that the salinity of solution can indeed change 
the temperature coefficient of the medium. Finally, it is found 
that the inclusion of methanol increases the temperature 
coefficient significantly. However, 2nd-order dependency for 
such a mixture cannot be observed due to limited temperature 
modulation range (~ 5 ºC). This is because these experiments 
are carried out with the medium also in their flowing states, 
thereby reducing the efficacy of the cooling. Keeping the 
mixture flowing is necessary as it is found that the property of 
the methanol mixture changes over time when not in flow, 
even if the temperature is locked through temperature 
regulation. This could possibly due to methanol vaporizing 
faster at an elevated chip temperature above 32 ºC. In addition 
to methanol, both isopropyl alcohol and ethanol exhibits 
similar property change if the measurement is performed at 
zero flow rate. Note that such an issue has not been addressed 
in other sensor-on-CMOS literatures [10-12]. All the 
measured curves are fitted with 2nd-order polynomials and the 
extracted temperature coefficients are tabulated in Fig. 6. 
After correcting for the temperature effect due to CMOS 
electronics, the temperature coefficients of saline and 
methanol-water are extracted as 1.189 and 1.314 %/ºC at 32 
ºC, respectively, when reference to that of pure water (1.017 

 

Fig. 5. Measured time-domain waveforms: (a) VBE and (b) Vout. 

 

Fig. 6. Measured frequency shift vs. temperature change when both 
C1 and C2 are loaded with the same medium. 



%/ºC) .  The exact measurement frequency is between 17.4 ~ 
17.5 GHz. 

With two sensing capacitors, additional measurements can 
be performed for any combination of two mediums by 
alternating them between the two fluidic channels. The results 
are plotted in Fig. 7. With these additional measurements, the 
effective sensing area (Ai in eq. (6)) for each sensing capacitor 
can be extracted separately. 

V. CONCLUSION 

In this work, temperature modulation is proposed to expand 
the signal dimensions and hence the accuracy of the material 
classification using microwave dielectric spectroscopy. A 
calibration procedure is presented for sensor-on-CMOS 
temperature characterization. Measurements from pure water 
exhibit non-linear temperature coefficients at 17.5 GHz, 
matching the trend with previous work. The concept of 
temperature modulation is supported by measured differences 
in temperature coefficients between water, saline, and 
methanol-water mixture. 
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Abstract  —  Using a coplanar waveguide with a series gap in 
conjunction with dielectrophoresis trapping, consecutive S-
parameter measurements between 0.5 and 20 GHz were quickly 

performed with and without a Jurkat cell trapped to compensate 
for a relatively noisy and drifting background. This allowed the 
small cytoplasm capacitance, on the order of 10 fF, to be reliably 

extracted. The extracted cytoplasm capacitance is within a factor 
of 2 of the previously reported value by using a shunt trap but is 
believed to be more accurate. The present technique can 

complement previously developed microwave and RF techniques 
in characterizing the capacitances and resistances of plasma and 
membrane for complete characterization of the electrical 

properties of a simple cell. 
Index Terms — Biological cells, biosensors, microwave 

measurements, sensitivity. 

I.  INTRODUCTION 

For detection of biological cells, electrical detection can be 

faster, more compact, and less destructive than traditional 

chemical or optical detection [1]. However, although 

broadband electrical detection with single-cell sensitivity has 

been demonstrated [2], [3], it remains challenging mainly due 

to low signal-to-noise ratio. This paper differs from [2] by 

using electrical instead of mechanical trapping to allow quick 

release of a trapped cell and comparison with the background 

signal. This paper differs from [3] by using a series instead of 

shunt trap to boost the sensitivity to a single cell, especially to 

its cytoplasm capacitance. These differences led to statistically 

meaningful signals for distinguishing a single live Jurkat cell 

from a dead one as described in the following.  

II. TEST SETUP AND PROTOCOL 

 Fig. 1(a) shows that the present test setup is based on a 

homemade microwave probe station on top of an inverted 

fluorescent microscope similar to that of [3]. The device under 

test (DUT) comprises a gold coplanar waveguide (CPW) 

intersected at a right angle by a poly-dimethyl-siloxane 

(PDMS) microfluidic channel. Fig. 1(b) shows that, different 

from [3], the center electrode of the CPW is tapered to a 10 

μm  10 μm series gap for single-cell dielectrophoresis (DEP) 

trapping as shown in greater detail in Fig. 1(c).  Similar to [3], 

the CPW is patterned in 2-μm-thick gold on top of 635-μm-

thick quartz. The CPW is 1-cm long with the widths of center 

electrode, electrode spacing, and ground electrodes being 40 

μm, 10 μm and 100 μm, respectively. The PDMS cover is 5-

mm wide and 4-mm high. The microfluidic channel molded 

into the underside of PDMS is 150-μm wide and 50-μm high. 

The DUT was tested from 0.5 to 20 GHz by using an 

Agilent Technologies 5230A precision network analyzer and a 

pair of Cascade Microtech ACP40 GSG probes. DEP signal at 

10 MHz and 4.4 V peak-to-peak generated by an Agilent 

8116A function generator was coupled to the microwave 

signal through an Agilent 11612A bias network. Although the 

series gap in the center electrode and the shunt gap between 

the center and ground electrodes were both 10-μm wide, the 

electric field gradient in the series gap was significantly 

enhanced by the taper. As simulated by using Ansys HFSS, 

the maximum filed gradient in the series and shunt gaps were 

approximately 1.3  1012 V/m2 and 0.4  1012 V/m2, 

respectively. Thus, a cell could be preferentially trapped and 

released in the series gap by turning the DEP signal on and 

off. This allowed consecutive S-parameter measurements to be 

made quickly with and without a cell and the difference 

recorded as shown in the following section. 

For proof of concept, Jurkat T­lymphocytes human cells 

were used due to their large diameter (~10 μm), non-adherent 

nature, and simple structure. Live cells were prepared 

 
 

(a) 

 

 
 

                          (b)                                                  (c) 

 

Fig. 1. (a) DUT on top of an inverted microcope. (b) Details of 

DUT with a coplanar series gap. Vertical lines beside the gap 

delineate a transparent microfluidic channel. (c) Greater details of the 

gap with a Jurkat T­lymphocytes human cell trapped. 
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according to the same protocol as in [3] and re-suspended in a 

8.5% sucrose solution at a concentration of 3  106 cells/ml. 

Dead cells were similarly prepared except an extra heating 

step of 120 °C for 6 min. Suspensions of live or dead cells 

were injected into the microfluidic channel at a rate of 0.1 

μl/min using a FUSION 400 syringe pump. 

III. RESULTS AND DISCUSSION 

Fig. 2 compares the measured differences in return loss |S11| 

and insertion loss |S21|, respectively, of a Jurkat cell. To 

illustrate the repeatability of the measurement, the 

measurement was repeated six times on three live cells and 

three dead cells. It can be seen that, although the differences in 

return and insertion losses are as small as 0.01 dB, they are 

nevertheless significant between live and dead cells especially 

in the insertion loss. While the difference in the return loss 

appears to increase linearly with increasing frequency, the 

relatively flat difference in the insertion loss suggests that the 

detection can be much easier and faster by sampling only a 

few fixed frequencies instead of sweeping through all 

frequencies. This is opposite to that of [3] in which cells were 

trapped in shunt configuration, so that the difference in the 

return loss is greater than the difference in the insertion loss. 

For the present series trap configuration, the measured 

difference in the insertion loss is mainly due to the difference 

in capacitive (as opposed to resistive) coupling across the 

series gap. Fig. 3 shows an equivalent circuit of a coupling 

capacitance CC connected in series with three sets of 

transmission lines under sucrose, PDMS and air with 

characteristic impedances ZF, ZP, Z0 and electrical length θF, 

θP and θ0, respectively. The transmission line losses are 

lumped into two frequency-dependent resistors, whose linear 

dispersion was verified by using Ansys HFSS. Using the 

equivalent circuit with parameter values listed in Table I, 

coupling capacitances of 14.8 pF, 14.9 pF and 15.3 pF for a 

live cell, a dead cell and without any cell, were found to best 

fit the measured data as shown in Fig. 4(a) where the average 

of data from three different cells are plotted. Better fit at the 

low-frequency end can be obtained by adding a resistance in 

parallel to the coupling capacitance as in [4], but the overall 

difference is not significant. 

To further validate the equivalent-circuit model, Fig. 4(b) 

compares the measured and simulated insertion and return 

losses with the microfluidic channel empty or filled with the 

sucrose solution. For the empty channel, CC = 1.8 pF, ZF = 62 

Ω, and θF = 0.13° at 1 GHz, while all other parameters were 

the same as that listed in Table I. Note that unlike Fig. 4(a), 

the much larger scale of Fig. 4(b) does not allow the 

difference with and without a cell to be shown. 

 
(a) 

 
(b) 

 

Fig. 2. Measured differences in (a) return loss |S11| and (b) 

insertion loss |S21| of a Jurkat cell with measurements repeated six 

times on three live cells (solid curves) and three dead cells (dashed 

curves).  

 

 

TABLE I 

EQUIVALENT-CIRCUIT PARAMETER VALUES 

Subcircuit Parameter Symbol 
Jurkat Cell Sucr-

ose Live Dead 

Gap Coupling Capacitance CC (fF) 14.8 14.9 15.3 

CPW under 

Fluid 

Char. Impedance ZF (Ω) 20 

Length @ 1 GHz θF (°) 0.37 

CPW under 

PDMS 

Char. Impedance ZP (Ω) 31 

Length @ 1 GHz θP (°) 4.9 

CPW under 

Air 

Char. Impedance Z0 (Ω) 62 

Length @ 1 GHz θ0 (°) 5.6 

Loss Freq.-dep. Resistor R0 (Ω) 0.71 10−9 f 

 

 
 

Fig. 3. Equivalent circuit of a capacitor CC coupling three sets of 

transmission lines under sucrose (ZF, θF), PDMS (ZP, θP) and air (Z0, 

θ0) respectively with losses lumped into two frequency-dependent 

resistors R0. 

 



For the present frequency range of 0.5−20 GHz, the 

membrane capacitance is largely bypassed so that coupling 

capacitance with a cell trapped can be attributed mainly to the 

cytoplasm capacitance [4]. The presently extracted cytoplasm 

capacitance is approximately half of the previously reported 

value of 29 fF [4]. However, as the present series trap is more 

sensitive to cytoplasm capacitance whereas the previous shunt 

trap is more sensitive to cytoplasm resistance, it is believed 

that the present cytoplasm capacitance value is more accurate 

than the previously reported value. In any case, giving the 

difficulty in measuring capacitances on the order of 10 fF, it is 

interesting to observe that the two different methods agree 

within a factor of 2. Additionally, using the shunt trap, the 

difference in cytoplasm capacitances of live and dead cells are 

indistinguishable, whereas the present series trap appears to be 

capable of detecting subtle differences in cytoplasm 

capacitance on the order of 0.1 fF. The fact that CC, LIVE < CC, 

DEAD < CC, SUCROSE is consistent with the lower permittivity of 

cytoplasm (~67) compare to that of the 8.5% sucrose solution 

(~82) [5]. As a cell dies, its membrane becomes more 

permeable to sucrose so that the cytoplasm permittivity 

approaches that of sucrose. 

IV. CONCLUSION 

The dielectric property of a cell is dominated by that of its 

membrane at radio frequencies, but that of its plasma at 

microwave frequencies [6]. The present microwave technique 

with a series trap was found useful for extracting the 

cytoplasm capacitance, which could complement the previous 

developed microwave technique with a shunt trap [4] for 

extracting the cytoplasm resistance, and the previously 

developed RF technique [7] for extracting the membrane 

resistance and capacitance. Together they could help 

completely characterize the electrical properties of a cell at the 

most basic level. 
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Fig. 4. Measured (solid curves) vs. simulated (dashed curves) (a) 

difference in insertion loss for a live or dead Jurkat cell, and (b) 

insertion and return losses with the microfluidic channel empty or 

filled with sucrose soltion. 
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Abstract  —  RF communication with implantable medical 

devices (IMD) such as a pacemaker experience unique challenges 
due to the operating conditions within a human body.  This 
includes added body losses caused by the different tissue 
compositions where material properties range from εr=58 
(muscle) to εr=5.58 (fat).  In order to achieve maximum 
throughput for a 402MHz RF signal, it is important to have 
minimum mismatch losses between the RF front end of a device 
and the embedded antenna.  This paper presents a method to 
optimize the matching with various tissues using load pull 
analysis with a prototype implantable medical device as an 
example. By using automated impedance tuners, an optimum 
impedance point was found, improving the mismatch loss by as 
much as 3dB compared to a design with no consideration given to 
tissue variation. 

Index Terms — Biomedical telemetry, implantable biomedical 
device, load pull, impedance measurement, impedance matching, 
implantable antenna. 

I.  INTRODUCTION 

Wireless communications have been enormously beneficial 
for implantable medical devices in the way of improved 
patient care.  Implantable devices with RF communications, in 
particular, offer a number of advantages over their 
predecessors which communicated over an inductive link [1].  
During an operation, they allow for the device to be implanted 
while the basestation resides outside the sterile field of the 
patient.  This removes the need for an inductive wand which 
would need to be sterilized and placed close to the implant.  
Thus, patient safety is improved while at the same time 
reducing the complexity of the surgical procedure for the 
physician.  During follow up clinic visits, RF communications 
allow for less invasive examinations.  The inductive wand 
which would normally be placed in direct contact with the 
patient is replaced with the RF basestation which can be 
placed at a distance where it is out of the notice of the patient.  
One of the most important benefits of RF communication is in 
the area of remote care.  Setting up a remote basestation at a 
patient’s home enables nightly device checks without patient 
involvement.  One such remote care system is the 
Merlin@Home system [2] from St. Jude Medical.  Using this 
system, certain parameters such as device diagnostics, 
programming, and patient activity can be monitored from the 
physician’s office while being transparent to the patient. 

Many wireless implantable medical devices operate at the 
Medical Implant Communications System (MICS) frequency 
band of 402-405MHz.  Implantable antennas at this frequency 
are electrically small and therefore usually do not have a 50 

ohm characteristic impedance.  As the antenna impedance 
deviates from 50 ohms, it is strongly influenced by the 
surrounding tissue that the device is implanted in.  The 
surrounding tissue can detune the antenna’s resonance 
frequency causing the antenna to drift from its natural 
impedance [3].  This is true even for an implantable device 
with an antenna embedded in insulating material [4] so that 
the antenna is not in direct contact with the tissue.  A device 
such as a pacemaker may operate in different tissue 
compositions depending upon location and depth of the 
implant.  Fig. 1 shows some typical implant locations beneath 
various tissue layers.   

 
 

 
 

Fig. 1. Typical tissue layers in which an implantable cardiac 
device operates with common implant pocket locations pointed out. 

 
The deeper implants reside in the muscle layer or at the 

muscle/ fat interface while the shallower implants reside just 
below the skin or in the fat layer.  Table 1 shows the dielectric 
properties of some common tissue types [5].  Since dielectric 
constants (εr) can vary greatly from tissue to tissue, the 
corresponding antenna impedances within the different tissue 
layers will also experience large variation.   

 
TABLE I 

DIELECTRIC PARAMETERS OF DIFFERENT BODY  
TISSUE AT 402MHZ 

Tissue  εr σ (S/m) 
Fat 5.58 0.04 
Skin 47 0.69 
Muscle 58 0.8 
Blood 64 1.35 
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The choice of implant pocket location and depth is based 
upon physician preference and cannot be controlled; therefore, 
it is advantageous to design a matching network that can 
minimize the losses regardless of where the implant is located 
[6], [7].  Since many implantable devices already have severe 
power limitations, additional mismatch losses which degrade 
overall RF performance must be avoided.  One way to 
accomplish this is to use an automated load pull system [8] to 
simulate the antenna impedance embedded in different tissue 
and then find the optimum match to the implant’s RF front 
end.  To demonstrate this, a prototype implantable 
cardioverter defibrillator (ICD) is tested.  The ICD uses a loop 
antenna embedded into the header and a MicroSemi ZL70102 
RF transceiver [9].  The loop antenna was designed to operate 
in the 402-405MHz range with a simulated characteristic 
impedance of 47+j106 ohms in a ½ muscle-equivalent 
phantom (εr=30, σ =0.55). 

II. IN VIVO ANTENNA IMPEDANCE MEASUREMENTS 

While simulations with tissue phantoms or human body 
models serve as an essential first step towards establishing the 
antenna characteristics [10], in vivo testing is necessary to 
either verify the simulated characteristics or adjust them to fit 
realistic conditions. 

In order to determine realistic implanted antenna 
impedances, an in vivo measurement needs to be performed 
using antenna prototypes in an ICD device [7], [11].  The 
antenna was embedded within an insulating epoxy (εr=3, 
δ=0.033) header which is common for ICD’s and pacemakers 
as the headers also house the lead connectors.  A semi-rigid 
cable was used to connect the antenna through the device 
housing to a Keysight E5071C vector network analyzer where 
impedance at 402MHz was measured.  A picture of the 
prototype is shown in Fig. 2.   

 

 
 

Fig. 2. Prototype implantable cardioverter defibrillator (ICD) 
device with embedded antenna used for in vivo study. 

The prototypes were implanted at the locations indicated in 
Fig. 1.  Each device was measured in all four tissue pockets 

and the S11 data was recorded.  For this testing, 18 prototype 
devices were used during two different in vivo studies to 
generate 36 impedance points per tissue pocket.  Results of the 
impedance measurements are shown in Fig. 3 with each 
pocket shown in a different color.  Pocket 1 lies in the subcutis 
layer directly beneath the skin, between skin and fat.  Pocket 2 
lies completely in the fat later.  Pocket 3 lies just above the 
muscle at the boundary between fat and muscle.  Pocket 4 is 
the deepest implant, being completely within muscle tissue. 

 

 
 

Fig. 3. Results of in-vivo studies with ICD devices. 

  The data shows that the empirically measured impedances 
had higher reactance when compared to the simulated antenna 
impedance.  This is to be expected as the simulations were run 
in a uniform phantom material with a single dielectric 
constant.  In reality, an implant pocket can be composed of 
more than one tissue type including fluid or blood which can 
easily account for the reactance shift.  The results also show 
an impedance variation depending upon the type of tissue that 
the antenna was in contact with.  The devices implanted along 
or inside the muscle layer displayed significantly higher 
resistance and reactance than the devices implanted in the fat 
layer or directly beneath the skin.  Based on the measured 
data, the antenna resistance can vary from 36 to 140 while the 
reactance can range anywhere from 158 to 276.  Since the RF 
transceiver was designed to be matched to a single impedance, 
any amount of variation from varying tissue pockets can 
create significant mismatch.  In order to properly optimize the 
matching network thereby decreasing mismatch loss, a load 
pull analysis can be run using the constellation of realistic 
antenna impedances from tissue measurements. 

III. LOAD PULL MEASUREMENTS 

For the preliminary design of the matching network, lumped 
components were selected based on Agilent ADS simulations 
of the RF layout using the published transceiver impedance 
and a simulated antenna impedance of 47+j106 ohms.  A load 
pull measurement was run using the test setup shown in Fig. 4.  
In this setup, the ICD device was used as the signal source and 



DUT.  The header of the device including the embedded 
antenna were removed and replaced with an interface board to 
connect the device’s internal RF front end to external test 
instrumentation.  This allows the load pull system to 
determine the real input impedance of the front end which 
includes the Microsemi ZL70102 transceiver, the PCB as well 
as any flexes and connectors used to route the RF signal to the 
antenna.  In this occasion, a Maury automated impedance 
tuner was connected to the DUT to simulate the impedance of 
the antenna implanted in different tissues.  A power 
measurement at the output of the tuner can then be made to 
determine the output power at each impedance point measured 
from the in vivo study.  The DUT was programmed to output 
a 402MHz CW signal.  To measure the signal coming out of 
the tuner, a Keysight power meter was used.  The Maury 
Automated Tuner System software [12] performed the load 
pull procedure including the de-embedding of the interface 
board.   

 

 
 

Fig. 4. Diagram of the load pull test setup.  Shown are the 
implantable device (with interface board in place of header/antenna) 
serving as both signal source and DUT, a Keysight E3631A DC 
Power Supply, a Maury MT981A Automated Tuner, a Keysight 
E4419B Power Meter with Power Sensor, and the Maury Automated 
Tuner System Software v.5.0. 

The tuner can generate a wide range of impedance points by 
mechanically moving a reflective probe along a slabline.  The 
probe moving along the slabline changes the phase while the 
probe moving towards the slabline affects the magnitude.  For 
this test, the tuner was programmed to move to every point in 
the constellation of tissue impedances.  Since the initial DUT 
impedance match usually does not fall within that 
constellation on the first design run, other programmed 
impedance points were also selected with 0.2Γ uniform 
spacing within the same quadrant of the Smith Chart.  All the 
programmed impedances (displayed as crosses) along with the 
results are shown in Fig. 5.  The square at the center of the 
contour circles represents the impedance that generated the 
highest output power and therefore, the current impedance 
match of the DUT.  The circles are Pout contours at steps of 
0.5dB. 

 

 
 

Fig. 5. Initial load pull where RF front end is not matched to real 
impedances. 

A few observations can be made from this first load pull 
measurement.  Although the target matching impedance for 
this prototype was 47+j106 ohms, the actual DUT impedance 
turned out to be 80+j32 ohms.  There are a number of reasons 
for this discrepancy.  There can be inaccuracies in the 
published RF transceiver input impedance, components such 
as flexes or connector pins may not be accounted for in the 
simulations, and there may be other parasitics in the layout 
that were not included in the simulation.  A second 
observation is that as the contours get closer to the targeted 
tissue impedances, the spacing between the contours 
decreases.  This means for a relatively small change in 
impedance or implant tissue, there is a corresponding large 
change in loss, making it important to match the DUT to a 
point in the constellation that minimizes the loss at the outer 
impedances.   

Knowing the DUT’s impedance match from Fig. 5, a 
change to the matching network can be made to shift the 
DUT’s match closer to the tissue impedances.  A 2nd load pull 
measurement was made yielding a better match between the 
DUT and the tissue.  Although some of the tissue impedances 
showed low mismatch (<0.5dB), the farthest impedances 
showed large loss (>5dB).  It was clear from this data that a 
further optimization step could be taken to get minimum 
mismatch loss across all tissue impedances.  Even though the 
DUT could be matched to any of the tissue impedance points, 
the Pout contour circles showed that the difference between 
the two farthest impedance points is potentially 6dB.  Thus, 
careful consideration must be given to minimize the loss even 
at the worst case impedances at the edge of the constellation.   
Since the load pull software is programmed to measure all the 
tissue impedances and then generates the contours based on 
this data, the optimum match occurs when the farthest 
impedance points are able to be covered by the smallest 
possible contour circle.  With this in mind, a final optimization 



was made to the matching network and a 3rd load pull 
measurement was made.  The results are shown in Fig. 6.  The 
final DUT match location (blue) and contour circles are shown 
along with the DUT match after the 2nd load pull run (red).  

 

 
 
Fig. 6. Final results of 3rd load pull run.  The final DUT matched 
impedance is shown as a square.  The DUT match after the 2nd run is 
also shown as a circle. 

The results show that the DUT impedance match is now at a 
more preferred location of 51+j220 ohms.  From Fig.6, the 
minimum contour size was found to be the 3dB circle which 
leads to a maximum mismatch loss of 3dB or less at all the 
tissue variances.  For this ICD device, the matching network 
has now been optimized.  Using this process, we are able to 
ensure minimal mismatch loss across different tissue types 
found in implant pockets.   

IV. CONCLUSION 

For an implantable medical device where there are inherent 
challenges to achieving good wireless communication, it is 
critical to eliminate extra losses created by tissue mismatches.  
A method to optimize impedance matching between an 
implantable antenna and the RF front end using load pull 
testing has been presented.  Using an implantable cardioverter 
defibrillator as an example, we show that the load pull 
analysis can help accurately match the impedance of the RF 
front end to empirically measured antenna impedances.  
Furthermore, using the Pout contours as a guide, the match 
can be fine-tuned to give the lowest possible mismatch loss 
across the entire range of tissues that the embedded antenna 
may encounter.  This approach is very valuable in scenarios 
where the tissue composition of the implant pocket can vary. 
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Abstract— This paper describes microwave characterization
of coplanar waveguide (CPW) lines formed by ink-jet printed
technology on flexible polyethylene terephthalate (PET) sub-
strates. The reel-to-reel printing process uses inkjet printing as
a precursor for 2µm copper plating, which allows significantly
lowered resistances as compared to traditional inks. A multiline
TRL calibration technique has been used to characterize the
propagation constant and reflection coefficient of the CPW lines.
With the aid of four sets of measurements at two identical
labs, it is shown that the fabricated samples have contact
repeatability, permitting redundant multiline calibrations

Index Terms— Ink-jet printed CPW, flexible substrates, mul-
tiline calibration

I. INTRODUCTION

Fabrication of microwave devices by use of ink-jet printing
technology is an emerging and rapidly growing field. Ink-jet
printed microwave circuits using flexible substrates present
a number of significant advantages, including mechanical
flexibility and the capability to conform to non-planar ge-
ometries. This approach presents an additive manufacturing
approach for mass production that is cost-effective, low loss,
and has rapid printing times. Recent research has led to the
development of various components such as radio frequency
identification (RFID) tags [1], antennas [2], [3], and coplanar
waveguides (CPW) [4] by use of ink-jet printing on flexible
substrates, for example Kapton [5].

Polyethylene terephthalate (PET) is another widely used
flexible substrate that is being explored for microwave circuit
design. K. Hettak et al. reported CPW on flexible PET with
an attenuation of 0.6 dB / mm at 40 GHz [6]. Menicanin et al.
have reported inkjet printed CPW meander inductors based
on PET substrate [7], [8]. In order to fully realize the promise
of flexible, ink-jet-printed RF and microwave applications,
there is a need for robust metrology to characterize circuits
fabricated by use of such techniques. Furthermore, and
perhaps just as important, reliable measurements are needed
to characterize the material components, such as substrates
and inks. Very recently, several attempts have been made
to measure the electrical properties of inkjet printed CPW
meander sprial inductors [8] and graphene patterns on PET
based substrate [9]. However, the development of metrology
to characterize the ink properties on PET-based substrates is
still in the early stages of development. Hence, in this paper,
we perform calibrated microwave measurements of ink-jet-
printed CPW lines on a PET substrate as a first step toward

(a)

(b)

Fig. 1. (a) CPW dimensions (b) Photograph of fabricated CPW
lines.

developing a broadly-applicable test platform for evaluation
of flexible, ink-jet-printed microwave circuits as well as their
constituent materials. The multiline TRL calibration is well-
established and provides a well-understood foundation for
this test platform. Additionally, TRL enables the extraction of
transmission line properties via the calibration [10]. Section
II describes the fabrication process of the CPW lines along
with their dimensions. Measurement details and discussion of
the results are presented in Sections III and IV, respectively.

II. FABRICATION OF CPW LINES

A. Fabrication

The fabrication process was carried out using a commer-
cial process with Inkjetflex [11]. The process uses ink-jet
printing as a precursor on which copper is electroplated.
This overcomes the low resistance issues that commonly
occur with traditional and nano-particle inks used in ink-
jet processes. In this work, the copper is plated to be
approximately 2 µm thick. The process uses reel-to-reel
printing in which a circuit of almost any length can be
fabricated. We used a clear PET substrate for our work due
to its much lower cost compared to other flexible circuits
such as polymide and Kapton, good chemical resistance to
acids and solvents and ability to withstand higher operating
temperature than other thermoplastics. The fabrication was
performed at 360 dots per inch in a single printing pass.

978-1-4673-9247-1/15/$31.00 ©2015 IEEE



The prototyping for the circuit was performed using a sheet
resistance of 30 mΩ/mm2.

B. Line Geometry

Figure 1(a) depicts a sketch of a CPW line with (Wc)
1.983 mm, gap width (g) 0.13 mm, ground conductor width
(Wg) 1.983 mm, substrate thickness 125 µm and copper
thickness 2 µm. The line lengths were determined based on
the approach [12]. To enable a multiline TRL calibration, six
CPW lines have been fabricated with lengths 14.97, 18.42,
23.57, 35.78, 61.60, and 97.93 mm. Additionally, a CPW
Short circuit has been fabricated for use as a reflect standard
in the mulitline TRL calibration.

Finally, a mismatch (or Beatty) CPW device has been
fabricated on the same substrate as the standards for use as a
verification device. A photograph of fabricated 50Ω ink-jet
printed CPW lines appears in Fig. 1(b).

Fig. 3. Measurement set up for CPW lines.

III. MEASUREMENT AND PARAMETER EXTRACTION

The CPW lines have been measured using a commercial
on-wafer probe station, a vector network analyzer (VNA),
and ground-signal-ground contact probes (1.0 mm pitch).
During measurements, the PET substrate has been supported
by a 0.5 cm-thick porous, dielectric. The power level of
VNA has been set to -17.0 dBm. The raw complex scattering
parameters have been measured for each device from 10
MHz to 20 GHz. We adopted a multiline Thru-Reflect-
Line calibration [6] technique to characterize the propagation
constant and reflect reflection coefficient of the CPW lines.
In order to test the repeatability of the results, all standards
have been measured before and after the measurement of
the verification DUT, thus yielding two sets of calibration
coefficients. Additionally, four sets of measurements have
been carried out at two separate laboratories on nominally
identical sets of devices from the same ink-jet-printed batch
in order to further confirm repeatability of the results. Figure
3 depicts a photograph of a measurement set-up. Similar
measurement setups have been used at both the Institute
of Electronics Systems, Warsaw, Poland and the National
Institute of Standards and Technology (NIST), Boulder.

IV. RESULTS

We utilized a calibration-DUT measurement-calibration
approach to examine the repeatability of the CPW lines.
In order to simplify the procedure, we adopted a first-tier
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Fig. 4. (a) Comparison of attenuation constant from four sets of
measurements (b)Difference of calibration coefficients from pre-
calibration and post calibration of all standards from 4 sets of
measurements.

calibration that included the VNA switch terms. After the
pre-calibration is complete, the mismatch CPW devices have
been measured. To verify the repeatability of the fabricated
prototypes, we performed four sets of measurements; each
with a pre and post calibration. Figure 2 depicts the compar-
ison of DUT S-parameters from the measurements. It can be
seen that the four sets of measurements agree quite well with
each other, confirming the repeatability of the measurements.
However, as can be observed, there is a small difference in
the phase of S11 which might be due to inconsistent probe po-
sitioning during the measurement or can be attributed to the
damage of link after repeated contacts from the probe. The
calibration comparison technique [13], [14] has been used
to evaluate repeatability of results. This technique evaluates
the worst-case deviations of the measured S-parameters of
passive devices for an examined calibration with respect to
a benchmark calibration. Deviations are treated as |Si j−Si j′ |
for ij ∈ 11, 12, 21, 22, where Si j′ is the S-parameter measured
by the first (or pre) calibration to be tested, and Si j is the
S-parameter measured by the second (or post) calibration.
At each frequency, the deviation is calculated for all four
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S-parameters and the largest deviation is determined, as
shown in Fig. 4(a). The worst-case difference is quite small,
indicating high repeatability of calibration results. Finally,
we were able to extract the propagation constant from the
multiline TRL which will be further used to extract the
other material properties such as characteristic impedance,
line capacitance and load resistance in our future work.
Fig. 4(b) shows plot for the attenuation constant from four
measurements. As expected, it can be seen that loss increases
with frequency.

V. CONCLUSIONS
This paper presents characterization of CPW lines on flex-

ible PET substrate. Using a multiline calibration technique,
we were able to extract the propagation constant for the ink-
jet printed CPW devices, which may be used to extract the
complete set of material properties of the devices in the
future. The demonstrated calibration comparison indicated
high repeatability of the calibrated measurements. Addi-
tionally, a nominally identical set of devices was measured
multiple times in a separate lab, demonstrating repeatability
of both the DUT measurements and the fabrication process.
Results indicated a high level of agreement between the
calibrated S parameters of a mismatch verification device.
Together, these results demonstrate a viable test platform for
characterization of ink-jet printed microwave circuits as well
as the constituent materials.
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Abstract  — This paper presents a new method for the 

determination of the complex permittivity of thin sheet dielectric 
materials that are flexible and elastic.  Instead of the traditional 
method to install a doughnut shape sample in the transverse 
plane used in transmission line methods, most widely used 
methods for broadband permittivity measurements, a thin sheet 
sample is installed onto the outer conductor of the coaxial 
transmission line. The proposed method has much large 
sensitivity compared to the traditional one and is a broadband 
technique useful for thin sheet materials. Measurement results 
and comparison with other approaches agree very well, 
particularly at high frequency range. 

Index Terms — Dielectric materials, complex permittivity, 
reflection and transmission characteristics, transmission line 
methods, NRW method. 

I.  INTRODUCTION 

Measurements of material properties in RF and microwave 
frequency regions have been getting more important, 
especially in the research fields, such as material science, 
microwave circuit design, absorber development, biological 
research, etc., as the frequency of the applications goes up to 
sub-millimeter wave range and the areas of the applications 
are being wider. Dielectric measurement is important because 
it can provide the electrical or magnetic characteristics of the 
materials, which proved useful in many research and 
development fields. The most widely used techniques in the 
microwave region are: cavity resonators, free space, open-
ended coaxial probe, and transmission-line [1]–[4]. Among 
these techniques transmission-line techniques are the simplest 
methods for electromagnetic characterization in wideband 
frequencies for the growing number of wideband applications 
of various RF and microwave materials. 

For the transmission/reflection method (TR), the measuring 
holder is made up of a section of coaxial line or rectangular 
wave guide filled with the sample to be characterized. One of 
the traditional ways to insert the sheet dielectric samples into 
the holder is to install the doughnut type samples in the 
transverse plane of the transmission line. For the thin, flexible 
sheet, it is very hard to maintain the sample in the transverse 
plane, right angle to the holder axis, and sometimes supporters 

usually made of Styrofoam are used to keep the sample in the 
transverse plane. In that case there arise gaps between the 
sample and the supporters, causing measurement uncertainties. 
Very often, for the thin sheet samples, there are air gaps at the 
inner and outer conductors. The gaps are major sources of the 
measurement uncertainties, particularly the gap at the inner 
conductor. So methods to compensate the effect of the gaps 
have been developed and used [5]. 

 
 
 
 
 
 
 

Fig. 1.   A traditional way to install the sample in the coaxial 
transmission line. 

II. FORMULATION 

 
When the thickness, t, of the sheet is around 100 um, the 

interaction of the material with the electric field, in 7-mm 
coaxial line supporting TEM mode, is as follows.  

 E୲୰ୟୢ ൌ ln ቀ ଻ଷ.଴ସቁ  (1)                                     ݐ 

. 

 

 
 
 
 
Fig. 2.   The proposed installation method of the sample in the 
coaxial transmission line. 

 

Sample

SampleSupport

978-1-4673-9247-1/15/$31.00 ©2015 IEEE



As can be seen it is very small and it is very hard to measure 
the material characteristics accurately, particularly when 
thickness becomes very thin. To overcome these problems a 
new way to insert the sample in the coaxial line is proposed as 
in Fig. 2 

The interaction of the sample with the electric field, 
assuming the sample loaded transmission line supports TEM 
or Quasi-TEM (TM00) mode, can be expressed as (2). 

 E୮୰୭୮ ൌ ln ቀ ଻଻ିଶ ୲ቁ  (2)                                     ܮ 

In (2) L is the length of the sample in the longitudinal 
direction. When L is close to 100 mm, available when using 
100 mm coaxial air line as the holder, the ratio of the two 
interactions is around 34, which means we have much higher 
sensitivity to measure the material characteristics. 

As can be seen in Fig. 2, if the air region and the sample 
region are switched, the sample region becomes the air gap in 
the outer conductor and we can apply the air gap correction 
formula [5] to get the permittivity of the sample, assuming the 
transmission line supports TEM mode as mentioned above 

 ୪୬ ሺౘ౗ሻౣא ൌ ୪୬ ሺ ౘౘష౪ሻא౩ ൅ ୪୬ ሺౘష౪౗ ሻא౗౟౨                                       (3) 

In (3), a is the radius of the inner conductor and b the radius 
of the outer conductor, א୫, ,ୱא ୟ୧୰א  are the complex relative 
permittivity of the measurement, the sample, and the air, 
respectively. As can be expected there might be a gap between 
the sample and the outer conductor, but a small gap there does 
give very small effect to the measurement results, particularly 
for the low permittivity materials. 

To check the validity of the assumption the propagation 
constant in the air region is calculated and the electric field 
distribution of the TM00 mode is shown in Fig. 3 with אୱ=4 at 
10 GHz. The thickness of the sample is 0.11 mm. As can be 
seen the field distribution resembles the 1/ρ behavior in the 
sample and air regions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.   Field distribution of TM00 mode in the sample and air 
regions. 

The exact propagation constant in the sample loaded section 
of the coaxial transmission line can be calculated using the 
characteristic equation for the propagation constant, derived 
by applying the boundary condition between the regions. For 
the preliminary calculation an approximate formula is derived 
assuming the thickness of the sample is very small using the 
small argument approximation and the multiplication theorem 
for the Bessel functions as follows. 

 hଶ ൎ ቀ భא౩ିଵቁ୩బమሺ౪ౘሻ୪୬ቀౘ౗ቁାቀ భא౩ିଵቁ౪ౘሺଵା୩బమౘమ మ ୪୬ቀౘ౗ቁା୩బమ൬౗మర ିౘమర ൰ሻ                        (4) 

In (4) h is the propagation constant in ρ direction in the air 
region and γTM଴଴ଶ ൌ k଴ଶ െ hଶ , and k0 is the propagation 
constant in free space. The calculated propagation constant 
using (4) agrees very well with the calculated one for TEM 
mode when the sample changes the capacitance of the empty 
transmission line.  

III. EXPERIMENTS 

As a preliminary measurement we measured the 
permittivity of a paper, being used in printers and copy 
machines, using the proposed method. We used a 100 mm 7-
mm air line as the holder and the length of the sample sheet is 
95.2 mm, and the thickness 0.11 mm. In Fig. 4, the magnitude 
and phase of the transmission coefficients Sଶଵ,ୱୟ୫୮୪ୣ/Sଶଵ,୦୭୪ୢୣ୰ 
are shown and we can see the large phase change due to the 
sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.  The magnitude and phase of the ratio of the transmission 
coefficients with sample and without sample.  
 
In Fig. 5, the measured permittivity results of the paper 

sample sheet are shown from 50 MHz to 18 GHz. As we used ε୰ ൌ ε୰,Rୣ ൅ jε୰,I୫  convention, the imaginary parts are 
negative. The legend ‘Gap corr’ represents the results obtained 
by applying the gap correction formula in (3) to the measured 
permittivity using The Nicolson–Ross–Weir (NRW) 
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procedure [6], [7]. The measured raw data were fitted to a 
model developed in NIST [8] to get the measured permittivity. 
The legend ‘Phase fit’ represents the results obtained by 
adjusting the real part of the permittivity of the sample and 
thus the propagation constant, using (4), and correspondingly 
fitting the calculated phase shift to the measured phase change 
shown in Fig. 4. As we just used the phase information, only 
real parts are obtained and agree well with the results from 
other methods, particularly at high frequency range as 
expected. The legend ‘Ch. Eq.’ represents the results obtained 
by adjusting the complex permittivity of the sample and thus 
the complex propagation constant obtained by solving the 
characteristic equation and correspondingly fitting the 
calculated phase shift and attenuation to the measured phase 
change and attenuation shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 5.  The measurement results of the permittivity of the paper sheet.

  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 6.  Archimedean spiral to model the roll made by the paper 

sheet. 

And the legend ‘Roll’ represents the results obtained by 
making the paper sheet sample into a roll and installing it by 
the traditional way and using the NRW procedure for the 
measured scattering parameters. The width is 10.365 mm and 
the length of the sheet used to make the roll is 268.1 mm, and 
the thickness is 0.11 mm. The volume ratio of the sample is 
calculated to be 0.9443 using the measured dimensions and 
the data of the 3 mm 7-mm air line used as the holder for the 
roll. 

Fig. 6 shows the roll shape modeled by an Archimedean 
spiral, and the multi-layer model, 17 layers of the paper of 
0.11 mm thickness and having a constant air gap between 
layers, shown in Fig. 7 was used to get the volume ratio taking 
into consideration of the electric field distribution of TEM 
mode, i.e. 1/ρ dependence. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  Multi-layer model used for the roll. 
 
As a validation of the proposed methods, comparisons of 

the results of the proposed methods with the capacitance 
method, usually used in the low frequency range, and the 
resonator method at several discrete high frequencies have 
been carried out. The measurement results of the complex 
relative permittivity of the paper sheet are shown in Fig. 8 and 
Table 1, respectively obtained using a commercial material 
analyzer (HP 4291A RF IMPEDANCE/MATERIAL ANALYZER 
with HP 16453A DIELECTRIC MATERIAL TEST FIXTURE) and 
four split post dielectric resonators with commercial software.  

In Fig. 8, the measurement results for the Teflon plate of 
0.750 mm thickness used as the load in the fixture 
compensation are also shown as a reference. As can be seen 
by the results noted by legends of ‘LP’ and ‘HP’, the 
permittivity varies as the pressure adjustment of the fixture 
electrode. And we observed some variations in the 
measurement results using the resonator technique as the 
condition of the sample surface’s contact to the resonator 
surface as well. 

 
 
 

-4

-3

-2

-1

0

1

2

3

4

-4 -3 -2 -1 0 1 2 3 4

Archimes Spiral

Inner Conductor

Outer conductor

-4

-3

-2

-1

0

1

2

3

4

-4 -3 -2 -1 0 1 2 3 4

Multi-layer sample

-0.7

-0.5

-0.3

-0.1

0.1

0.3

0.5

0

0.5

1

1.5

2

2.5

3

50 5050 10050 15050

Im
ag

. p
ar

t 

R
ea

l p
ar

t

Freq. (MHz)

Measured permittivity

Gap corr (Re)

Roll (Re)

Phase fit (Re)

Ch. Eq. (Re)

Gap corr (Im)

Roll (Im)

Ch. Eq. (Im)



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Fig. 8.  Measurement results using a commercial material analyzer. 
 

Table 1 Measurement results using split post dielectric 
resonators 

 
Freq. 
(GHz) 

Relative permittivity     
 εr - jεi 

εr εi 
1.891  2.800  0.393  

3.094  2.772  0.397  

9.925  2.495  0.232  

15.570  2.406  0.167  

 
As Fig. 5, Fig. 8, and Table 1 show, the measurement 

results agree well with each other. However the proposed 
methods give some differences in the low frequency range as 
expected and the results from the resonators show higher 
values in both the real and imaginary parts than others. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.  Comparison of the results obtained using the approximate 

equation and the characteristic equation. 

In Fig. 9 the measurement results using the approximate 
equation (4) and the characteristic equation for the 
propagation constant of the two-layer dielectric, composed of 
the air and sample, in the coaxial fixture as shown in Fig. 2 are 
presented. The results agree very well except the imaginary 
part in the low frequency range. So the results from the 
approximate equation can be used as initial values for the 
solution of the characteristic equation. The measured loss of 
the empty coaxial fixture was modeled as the skin effect loss, 
proportional to ඥFGH୸ , and the complex propagation constant, 
k0, of the empty fixture was used for (4) and the characteristic 
equation. 

For more accurate measurements, tools for cutting and 
installing the samples will be improved. And the complex 
propagation constant could be measured by using two samples 
of different lengths.  

IV. CONCLUSION 

Very broadband methods, using the coaxial transmission 
and reflection technique, for measuring the complex 
permittivity of thin flexible sheets are proposed. They are 
validated by comparisons to the results using other techniques, 
capacitance method and resonator method. They are expected 
to be useful particularly in the high frequency range.  

The preparation of the sample for the methods is very easy, 
just rectangular strips, no hole-cutting, no deposition of the 
electrical contacts, etc. 

 For more accurate measurements, accurate root finding 
routine for the characteristic equation and more accurate 
reference data of the air are to be provided.  
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Abstract  —  This paper presents a powerful new method 
that generates a frequency-scalable nonlinear simulation 
model from single-frequency large-signal transistor X-
parameter data. The method is based on a novel orthogonal 
identification (direct extraction) of current source and charge 
source contributions to the spectrally rich port currents 
under large-signal conditions. Explicit decomposition 
formulae, applied entirely in the frequency domain, are 
derived in terms of sensitivity functions at pairs of large-
signal operating points related to one-another by time-
reversal transformation. The method is applied and validated 
with respect to data from a measurement-based model of a 
pHEMT transistor. It is demonstrated that the scalable 
model can predict the nonlinear performance of the 
transistor over several orders of magnitude in frequency, all 
from X-parameters at a single fundamental frequency. 
   Index Terms  —  device modeling, behavioral modeling, 
X-parameters, nonlinear vector network analyzers, large-
signal microwave measurements, transistor modeling, time-
reversal, frequency scaling, direct extraction. 

I. INTRODUCTION 

Within the last decade, native frequency-domain 
nonlinear behavioral models, based on large-signal 
measurements, have become more and more capable as 
commercial large-signal microwave instruments (e.g., 
nonlinear vector network analyzers - NVNA) have 
become more widely available.  Models such as 
X-parameters1 [1, 2] and the Cardiff model [3] provide an 
accurate measurement-based nonlinear behavioral model 
of the DUT, enabling nonlinear circuit and system design 
from knowledge only of the behavior of the constituent 
nonlinear functional blocks. These approaches have been 
used to characterize and model transistors, power 
amplifiers, microwave MMICs, mixers [2], and even 
design oscillators [4]. 

A frequently-cited limitation of such behavioral 
approaches, however, is that the model must be used 
under the same conditions as the measurements used to 
construct (extract) it. This means one can only simulate a 
design using the behavioral transistor model within the 

1 “X-parameters” is a trademark of Keysight Technologies, Inc. 

range of frequencies at which data exists.  Interpolation 
between measured data can be used, but this requires a 
great deal of independent measurements over the 
frequency range of interest, sampled densely enough for 
accurate results for any possible application. This process 
can be quite time-consuming and can generate gigabytes 
of data. For some designs, the application frequency, and 
therefore the frequency at which the model is required to 
operate, is greater than what is possible to measure on the 
available instruments. In general, the inability of the 
models to extrapolate, or preferably predict performance 
beyond the accessible measurements, has limited their 
perceived benefits and slowed their adoption. 

Recently [5], however, it was demonstrated that X-
parameter transistor models could be enhanced to provide 
performance predictions for devices of substantially 
different sizes from the DUT used to extract the model. 
This was accomplished by deriving rigorous geometrical 
scaling rules to transform X-parameters from 
measurements of a device of one size into those 
corresponding to devices of a continuous range of 
geometrical dimensions. 

 This paper extends the notion of scalability of 
X-parameter models to the frequency dimension. This 
means X-parameters measured by exciting a transistor 
with large signal periodic stimuli at a single fundamental 
frequency can be used to predict the broad-band nonlinear 
performance of the transistor over a very wide, continuous 
range of frequencies, often by a factor of 100 or more, and 
well beyond the limitation of the measurement hardware.  

Combining geometrical scalability with the present 
frequency-scalable methodology reported here, provides 
powerful predictive design capabilities similar to those of 
“compact” time-domain transistor models, but with the 
accuracy of the underlying fully calibrated NVNA large-
signal X-parameter measurements. 

The present work extends the initial work of [6] both 
fundamentally and practically. It can be considered a 
rigorous large-signal generalization of the seminal “direct 
extraction” work of the mid-1980s where the 
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methodologies to construct broad-band small-signal 
models from single-frequency CW S-parameter data were 
first developed [7,8]. The present work overcomes 
limitations of previous attempts to separate nonlinear 
currents and charges from single-fundamental-frequency 
large-signal stimuli, and reduces exactly to the standard 
results in the small-signal limit.  

II PREVIOUS WORK 

(a) Small-Signal case 
At a fixed DC operating point, FET transistor small-

signal S-parameter measurements can be de-embedded 
through parasitic elements and then converted to intrinsic 
admittance representation (Y-parameters) [7-9]. Over the 
wide range of frequencies from the inverse thermal and 
trap emission time constants (typically in the kilohertz 
range), up to a large fraction of the cutoff frequency 
(typically many tens of GHz or more), the measured 
intrinsic admittance matrix decomposes (approximately) 
into a sum of a real conductance matrix with frequency 
independent elements, and an imaginary part with 
elements depending linearly on frequency. That is, the 
contributions from the resistive and reactive device can be 
separated, at nearly any CW frequency in this range, by 
taking the real and imaginary parts, respectively, of the 
measured, de-embedded, intrinsic Y-parameters. The 
accuracy of the resulting broad-band model simulation 
performance is then fully determined by these linear 
circuit element values and their arrangement in the 
equivalent circuit topology. Data at one frequency predicts 
performance over a wide range of frequencies.  

(b) Large-Signal case 
Unfortunately, the contributions to the complex port 

current spectra produced by a nonlinear component of two 
or more ports, under large-signal excitations, cannot 
generally be separated by taking real and imaginary parts. 
The problem of separating contributions from two-port 
FET current and charges sources directly from large-signal 
measurements was first examined in [10]. With an 
intrinsic device model assumed to be a parallel 
combination of current and charge sources, the authors 
showed separating the I and Q contributions required 
engineering multiple trajectories (a minimum of three) 
going through each specified point in Vgs-Vds space. The 
authors were able to prescribe excitations at multiple 
frequencies, designed in simulation, to approximately 
achieve the multiple trajectories. This is a cumbersome 
and non-automatable procedure, and did not provide a 
general solution. 

An elegant and general solution to the direct large-
signal extraction for the special case of a one-port 

nonlinear device (e.g. diode) was given in [11]. This made 
use of the even and odd symmetry of the Fourier 
transform of a single function of voltage (the current 
source) and the time-derivative of a second function of 
voltage (the charge source), respectively. This method 
does not apply directly to two or more ports as required 
for transistors, however. 

 The work of [12] extended the approach of [11] to two 
ports by constraining the output impedance into which the 
device was presented.  In this case, the v1 and v2 voltage 
excitations were forced to be always 180 degrees out of 
phase.  The waveforms then have the requisite even-odd 
symmetry to apply the technique of [11].  Harmonic load 
control was still necessary to constrain the waveforms. 

III NEW APPROACH 

This work proposes a new, direct path from single-
frequency transistor X-parameters to a frequency-scalable 
nonlinear simulation model valid over a wide frequency 
range. Fundamental, new relationships are derived that 
decompose “admittance-space X-parameters”, denoted 
here by “XY-parameters”, into independent contributions 
from capacitances and current sources at a single 
fundamental frequency. Unique identification is 
established by simple algebraic relationships combining 
XY-parameters from forward and time-reversed 
periodically varying large-signal operating points 
(LSOPs). The resulting frequency-independent terms can 
be recombined with explicit, distinct frequency-dependent 
scaling rules to predict the DUT performance at (nearly) 
any frequency of practical interest. A simplified diagram 
illustrating the flow is shown in Fig. 1. 

(a) Time-Reversal 
We derive the formalism by considering, at first, an 
intrinsic FET assumed to be represented by the standard 
parallel combinations of lumped nonlinear voltage-
controlled current sources (VCCS) and voltage-controlled 
charge sources (or nonlinear capacitances). This is the 

Fig. 1: Simplified scalable model relationship 
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familiar quasi-static approximation that is valid up to 
frequencies approaching the cutoff frequency of the 
transistor.  It should be noted, however, that the scalable 
model formalism presented here applies, to a useful 
extent, even to devices where additional dynamical 
variables (e.g., junction temperature and trap states) 
generally contribute to the transistor performance. In 
particular, the methodology and scalable behavioral model 
developed in this work are valid for frequencies between 
the inverse thermal and trap emission time constants and a 
large fraction of the transistor cutoff frequency. This is 
validated in Section IV. 
  The quasi-static equations for the port intrinsic currents 
are given by (1). 
(1) 

( ) ( )1 2 1 2( ) v ( ), v ( ) v ( ), v ( )VCCS
p p p

dI t I t t Q t t
dt

= +

   Here VCCS
pI  and pQ  are the presently unknown

nonlinear static functions of the controlling voltages at 
each port, p,  (p = 1, 2, or gate, drain).  
  A key observation is that the contributions to the port 
currents from the current source and charge source in (1)
transform differently from one another under time-
reversal. Time reversal in this context means a 
replacement t t→−  in the arguments of all functions and
operators in (1). This induces a transformation of all 
voltage excitations according to (2). 

(2) ( ) ( ) ( )
q

tr
q qv t v t v t→ = −   

   But because of the additional presence of the time-
derivative operator applied to the charge function in (1), 
the form of the equation changes according to the 
following transformation property under time-reversal, 
where the superscript “(tr)” means time-reversed signal. 
(3) 

( ) ( )1 2 1 2

( ) ( )

v ( ), v ( ) v ( ), v ( )

tr
p p

VCCS tr tr tr tr
p p

I t I t

dI t t Q t t
dt

= −

= −

   That is, under time-reversal, the contribution from the 
charge enters with an opposite sign compared to the 
forward direction (compare to equation (1)).  

(b) Admittance-space X-parameters 
  We now consider the case where the large-signal 
equations (1) are linearized around a particular 
periodically time-varying excitation at each port, taking 
voltages (currents) as the independent (dependent) 
variables, respectively. The port current spectra, and the 
first order response to additional small sinusoidal voltage 

excitations at each port, can be written according to (4). 
The formalism is completely equivalent to that of 
X-parameters [2], but now in I-V space.  

(4)

'

( )
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− +
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=

⎡ ⎤+ Δ + Δ⎣ ⎦∑
  The following relationships can be derived between the 
Fourier coefficients of the partial derivatives of the model 
constitutive relations, VCCS

pI  and pQ  ,  and the computed
XY(S) terms  extracted from the forward LSOP and the 
corresponding XY(S-tr) terms from the same system but in 
the time-reversed condition. Key results are shown in (5), 
where “*” indicates complex conjugation: 

(5) 
( )
, ; , ' ,q;k k' 0 ,q;k k'
S

p k q k p pXY G jk Cω− −= +

,q;k k' ,q;k k'

( ) * *
, ; , ' 0p p

S tr
p k q kXY G jk Cω

− −

− = +
   In (5), , ;p q kG and , ;p q kC are the complex-valued Fourier 
coefficients of the partial derivatives of the terminal 
current source and charge source constitutive relations (1), 
respectively, at the periodically time-varying LSOP of the 
DUT in the forward state, given by (6).    
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At any one frequency, 0ω  , it is impossible to separate C 
and G terms from forward (or reverse) XY(S) terms (with 
the same indices) alone, but the relationship of these terms 
at corresponding forward and time-reversed LSOPs 
enables their identification. These relations are given in 
(7). 
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The results (7) show that each required spectral coefficient 
of the derivatives of the constitutive relations depends 
only on the forward and time-reversed XY(S) coefficients 
with distinct differences, k-k’, of their two harmonic 
indices k and k’. This means a large number of 
independently computed XY(S) terms, when combined in 
(7), should produce the same values for G and C terms. 
This is a testable prediction that is validated in Section IV. 
   We note that in the small-signal limit, we have 

(8) 
( ) ( )
, ; ', ' , ; ', ' , ' 0 , ' and  ( )S S tr

p k p k p k p k p p k kXY XY Y kω δ− →

   In (8) Y is the standard complex-valued frequency-
dependent small-signal admittance matrix defined at the 
DC operating point reached in the limit of small applied 
RF signal. The limiting expressions (8), when used in (7) 
reduce, therefore, to the well-established results [7,8], that 
the real and imaginary parts of the small-signal admittance 
separate conductances from capacitances at (nearly) any 
frequency. 
   We can now subtract the contribution of the charge 
(capacitance) contributions at the measurement frequency, 

0ω  , from the total port current, to obtain a frequency 
independent expression for the contribution to the port 
current spectra from the VCCS. This is shown in (9). That 
is, the RHS of (9), evaluated at the reference frequency, 
provides the port spectra from the VCCS at the (intrinsic) 
terminals at all frequencies. Here 1,1( )j VP e φ= . 

(9)
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The first term on the RHS of (4) can then be written in a 
frequency-scalable form given by (10).   

(10) ( ) '
, , , ; ,

', ' N

N
F VCCS k

p k p k p p k k p k
p k

XY I j C k V Pω −
′ ′ ′ ′−

=−

′= + ∑
   Finally, the frequency scalable model equations can then 
be written  by substituting (10), (9), and (5) (but this time 
at the simulation frequency, ω ), and a similar expression 
for XY(T), into (4). That is, the frequency-scaling rules for 
the XY(S) (and XY(T) parameters, not shown) are given by 
(5) but at the simulation frequency,ω . 

IV. EXPERIMENTAL VALIDATION AND RESULTS

(A) Procedure 
A 2x50 μm GaAs pHEMT was characterized using the 
Keysight NVNA – based active-source injection system 
reported in [13,14]. The primary purpose of the 
experimental and numerical work is to systematically 
validate the new formalism for predicting performance at 
new frequencies from data at a single frequency. Since the 
theory developed in Section III applies to the intrinsic 
device, we choose a procedure for validation of intrinsic 
scaling first, and then expand the validation to the full 
transistor by adding the effects of a parasitic network.  

To facilitate the validation at the intrinsic device level, 
we choose to convert the raw transistor measured 
waveform data into a measurement-based dynamic 
nonlinear (DynaFET)  simulation model [13,14]. 
DynaFET has a specific parasitic topology that can be 
removed to access the intrinsic device directly. The 
DynaFET model incorporates multiple sources of intrinsic 
device frequency dependence and memory effects, 
including dynamic self-heating and trapping phenomena. 
It was extensively validated for broad-band linear and 
large-signal behavior, and is valid for this device from DC 
to 50 GHz. The DynaFET model, therefore, is an accurate 
and convenient surrogate for the raw data.  Single-
frequency X-parameters, first at the intrinsic level, and 
then for the full device, are computed using the W2305 X-
parameter generator in ADS.  

(B) VALIDATION AT THE INTRINSIC MODEL LEVEL 

The single-frequency intrinsic X-parameters are brought 
into the simulator to be processed and converted into the 
Ip,k and Cp,p’;k parameters of the new scalable model. In the 
first step, the X-parameter model is stimulated with 
simultaneous voltage-source excitations at input and 
output ports, at different magnitudes and relative phases, 
at the single fundamental frequency of 1 GHz. Each of 
these large signal conditions establishes a forward-time 
LSOP for the intrinsic device. For each case, the 
simulation is repeated for the same set of voltage 
waveforms but with all phases conjugate to those of the 
forward excitations. This is the method to achieve an exact 
periodically varying time-reversed LSOP corresponding to 
each of the forward conditions. From each pair of 
corresponding forward and time-reversed LSOPs, the XY 
parameters are computed by SSM analysis. Next, the G 
and C terms are computed according to (7). 



Fig. 2: Comparison of baseline DynaFET model (red), 
single-frequency X-parameter model (black), and new 
scalable intrinsic model (blue) at the reference frequency of 
1 GHz. 

Fig. 3: Comparison of scalable intrinsic model prediction 
(blue), independently simulated DynaFET model (red), and 
the single-frequency X-parameter  model (black), at 10 GHz. 

Fig. 4: Comparison of scalable intrinsic model prediction 
(blue) and independently simulated DynaFET (red), at 50 
GHz. 
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   The first quantitative test of the theory of Section III is 
the validation of the claimed (practical) equality of 

, ';p p kC  values computed from (7) , across all independent 
( )
, '; ', ''
S

p k p kXY  and  ( )
, '; ', ''
S tr

p k p kXY −  terms for which ' ''k k k= − . 
Results are shown for selected C values in Table 1. 

TABLE 1: C
P,P’,K VALUE CONSISTENCY FROM DIFFERENT 

COMBINATIONS OF XY(S) and XY(S-tr)  TERMS

Terms Order of 
magnitude 

Largest deviation 
absolute 

[fF] 
relative 

Dominant C1,1;k 100 fF 0.243 0.22% 
Other C1,1;k 0.1fF (max) 0.245 88% 

Dominant C1,2;k 10 fF 0.017 0.24% 
Other C1,2;k 0.1 fF (max) 0.017 28% 

Dominant C2,1;k 50 fF 0.437 0.83% 
Other C2,1;k 0.05 fF (max) 0.162 73% 

Dominant C2,2;k 20 fF 0.018 0.08% 
Other C2,2;k 0.5 fF (max) 0.055 24% 

Relative deviations of less than 1% are obtained for all 
significant (dominant) C values. Larger relative deviations 
occur only for C values that are orders of magnitude 
smaller than the dominant terms.  

The Cp,p’,k terms are stored in a new model datafile, 
along with the computed Ip,k values at the single reference 
frequency of 1 GHz. The scaling equations (9) and (10) 
are applied to create the scaled intrinsic model. 

Figure 2 shows a three-way comparison among the new 
scalable intrinsic model, the single-frequency X-parameter 
model from which the scalable model was generated, and 
the intrinsic DynaFET model that gave rise to the 
X-parameters, at the reference frequency of 1 GHz. The 

agreement is nearly perfect, as expected, at this frequency. 
Next, the scalable intrinsic behavioral model predictions 

are validated at a frequency of 10 GHz – an order of 
magnitude faster than the X-parameter data used as the 
basis of its creation. Results are shown in Fig. 3. The 
agreement between the new scaled behavioral model 
(blue) and the independent simulation of the DynaFET 
intrinsic model (red) is also superb. The inability of the 1 
GHz X-parameter model (black) to predict the 10 GHz 
performance is shown to highlight its limited predictive 
capability. In Figures 4 and 5, the validation of the new 
scalable intrinsic model is extended up to the very high 
frequency of 50 GHz, and down to the relatively low 
frequency of 100 MHz, respectively, with similar degrees 
of validity. At very low frequencies, the scaled behavioral 
model performance degrades. This is seen in Fig. 6 for the 
case of 50 kHz. This is because the thermal and trapping 
dynamics of the FET, as represented by the detailed 
DynaFET compact model, are becoming “active” (causing 
looping of the red trace). The behavioral model cannot 



Fig. 7 Comparison of new complete scalable model 
prediction (blue) vs DynaFET (red) at 30 GHz 
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Fig. 6: Comparison of scaled intrinsic model prediction 
(blue) vs DynaFET (red) at 50 kHz. At very low 
frequencies, where the junction temperature and trap states 
are being modulated by the electrical signal, the scaled 
model shows a degraded accuracy. 

Fig. 8 Comparison of new complete scalable model 
prediction (blue) vs DynaFET (red) at 100 kHz. 
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Fig. 5: New scalable intrinsic model prediction (blue) and 
independently simulated DynaFET (red) at 100 MHz.

account for the time-variation of these variables as 
modulated by the very low-frequency excitations. This 
proves the scaling theory from single-frequency 
X-parameters, and also indicates where it breaks down.  

( C ) DEALING WITH PARASITIC ELEMENTS 

The intrinsic validation presented in (B) used the fact 
that the LSOPs at the reference and the desired 
frequencies were easily specified to be precisely the same. 
Frequency-dependendent losses and phase rotations 
through the parasitic network make a direct comparison of 
LSOPs at the different frequencies more difficult than the 
intrinsic case. As a first step, the following procedure is 
adopted. Shells of negative parasitic elements in an 
“inverted” parasitic network [5] are applied to the full 
(extrinsic) DynaFET model. A similar process to (B) is 
applied to generate a scalable intrinsic model, but now 
over a dense set of excitations sampling the entire set of 
possible operating conditions.  The parasitic network, in 

this case taken from DynaFET but  otherwise  easily 
obtained from independent transistor S-parameter 
measurements using conventional methods [9], is added 
back around the resulting scalable intrinsic model to create 
the complete behavioral model. 

Now the predictions of the complete model can be 
simulated and compared to the DynaFET performance as 
reference. Typical results are presented in Figs. 7 and 8, 
showing predictions for scaling to higher and lower 
frequencies, respectively. The predictions of the complete 
new scalable behavioral model, based on only 1 GHz X-
parameter data, show good agreement with the baseline 
measurement-based DynaFET model performance over a 
frequency range of several orders of magnitude.  

The accuracy of the full model scaling is not quite as 
excellent as that of the intrinsic model scaling. This is 
attributed to interpolation errors between the 
corresponding intrinsic LSOPs at the reference and scaled 
frequencies. We expect improvements by denser sampling 
during the XY-parameter generation process and/or by 
adding model sensitivity terms with their own frequency 
scaling rules based on (5).  This work is in progress. 



V. CONCLUSION 

A new theory and method of creating a frequency-
scalable behavioral model from X-parameter data at a 
single fundamental frequency has been presented and 
verified using a measurement-based model of a GaAs 
pHEMT device. The method is based on the time-reversal 
transformation properties of the intrinsic large-signal 
equations, and the resulting relationships between the 
linearized XY-parameters (admittance space X-
parameters) and the partial derivatives of the current and 
charge constitutive relations of the device. The method 
and resulting new scalable transistor behavioral model 
provide accurate predictions of large-signal transistor 
performance over a very wide and continuous range of 
frequencies, despite the fact that the model was 
constructed from data at only one applied fundamental 
frequency. It is a rigorous large-signal generalization of 
direct extraction methods for frequency-scalable linear 
models from single-frequency S-parameters, to which the 
new formalism reduces in the small-signal limit. The 
prototype new scalable behavioral model and model 
generator were implemented in Keysight ADS.  

The X-parameter data used in this work were computed 
from a measurement-based (DynaFET) model to prove the 
theory, validate each step of the new methodology, and 
evaluate the new scalable model. In practice, we fully 
expect the same degree of predictable frequency 
scalability to be achieved starting directly from measured 
single-frequency transistor X-parameters. This validation 
work is now in progress.  
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Abstract — This paper presents an alg
simultaneous linearization and cancellation
harmonics of broadband power amplifiers (PA
relies on a joint system identification of the nonl
effects and group delay of both the main
cancellation channels using a recently reported c
The filter-less cancellation of the modulated har
the method of predistortion and feedforw
synchronized PA linearization relies sol
predistortion. Experimental verification with 
yields a reduction of 31 dB of the third harmoni
the main channel.  Simultaneously the lineariza
dB NMSE and 49.5 and 50 dBc ACPR at 
frequency. 

Index Terms — Harmonic cancellation, P
digital predistortion, cubic spline, concurrent m

I.  INTRODUCTION 

Growing demand for higher data ra
development of ultra-wideband and multiband
the separation between two bands becomes 
of the lower band signal start to interfere 
band’s signal. In order to suppress the interfe
concurrent multi-band transmission system, 
using bulky and lossy switchable filter ba
practice. However, digitally-controlled feed-fo
cancellation is emerging as an alternative sol
the frequency programing flexibility this fil
brings to multi-band transmission system.  

Active harmonic cancellation uses an upper
send a cancelling signal which is in opposite-p
shift) to the modulated RF harmonics ge
broadband nonlinear power amplifier (PA) 
band signal. The system requires thu
characterization of the modulated harmonics [
to the upper band channel’s group delay, 
dispersion, a frequency-selective correction fo
shift and time delay must be applied to the can
that it exactly cancels the harmonics at the cou
the PA.  In a previous report [1] this three-fo
the cancelling signal was performed manually
joint PA distortion modelling and compensat
developed to ensure that the cancellation is au

The remainder of this paper is organized as
II explains the principle of the digitally 
forward harmonic cancellation. Section II
measurement test bed that is used as a proo
demonstrating the filter-less cancellation of

ward Cancellation of Modulated
1, Patrick Roblin1, Meenakshi Rawat2, and Chen
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n of modulated 
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n and harmonic 
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old adaptation of 
y. In this work, a 
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s follows. Section 

supported feed-
II describes the 
of of concept for 
f the modulated 

third harmonic signal generated by
IV presents the results obtained to v

II. AUTOMATIC CANCELLAT

A. Feed-forward harmonic cancella

Figure 1 shows the feedforwa
scheme. In the phase of concept
channel is only used to send a can
with the signal in the lower band 
output of the PA contains the am
and different orders of harmoni
nonlinearity. As indicated in Sectio
180 degree out of phase from one 
which is meant to be cancelled. Th
should be cancelled at the combin
summed up with its 180 degree 
negative version of the p-th harm
based on the behavioral model of 
harmonic. To achieve effective c
features are required: (1) the accura
(2) the accurate modelling and com
distortion and delays in the can
channel. 

Fig. 1. Digital feed forward harmonic

The first key point can be guar
modelling tools such as memory 
moderately nonlinear PA [1]. On
accurate modelling and compens
channel’s distortion remains a hurd
cancellation’s application in 
transmission system. Given the di
upper band channel, the cancellin
distorted to compensate for those d
the modulated harmonic at the PA 
model of the distortions and delay 
proper compensation. Previous 
forward harmonic cancellation sch
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validate the theory. 
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practical time-variant 
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ng signal needs to be pre-
distortions to exactly cancel 
output. Therefore, accurate 
is also required to achieve 
digitally supported feed-
eme [1] adopted a manual 
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adjustment of the cancelling signal’s ampli
time delay based on a trial-and-error met
presents a faster and more accurate 
predistortion algorithm to enable the autom
cancellation of the p-th harmonic of PA. 

B. System Identification 

Fig. 2. System identification scheme. 

To conduct the system identification, i.e
needed modelling parameters of the two chan
signal x1 and x2 are transmitted simultaneou
two channels. As shown in Fig. 2, the purple 
through the PA channel is for PA channel id
the red signal RFharm sent through the cancelli
frequency band of the p-th harmonic is used f
channel identification. A generalized behavior
to represent the multi-harmonic output of the P
channel, as follows:  

y1,p = G1,p,m  x1(n − m) 2 ⋅ x1
p(n − m

m=0

M −1

In (1), y1,p  is the output of the system at th
p-th harmonic.  is the input of th
band with memory delay term . M is the
Memory delay terms are included in the mod
the frequency dependence of the PA n
wideband communication system [2]. G1,p,m(|x
gain functions of each delay channel, which 
the envelope squares of the signal in th
channel. These gain functions can be impleme
forms such as memory polynomials and spli
the higher order nonlinearity caused by the 
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harmonics for cancellation purpose as wel
intermodulation terms for in-band lineari
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driven in strong saturation, a similar model ca
will be discussed next. 
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Fig. 3. Predistortion and harmonic ca

The negative version of the mod
the PA output to cancel its p-th harm
of the second key point mentioned 
has to be pre-distorted in order
cancelling-channel’s distortion a
predistortion (DPD) is used to ful
called predistorter is added in the 
DAC to predistort the cancelling sig

The parameters of the predistor
method of indirect learning [3]
predistorter is an inverse model of th

signal in the cancelling 
quency band as the p-th 
ignals will overlap after the 
uncorrelated enables us to 
domain to identify the 

the two channels. Second, 
xtends over a p-th time the 
de varying within a certain 
n signal should have a 
equency band that the p-th 
s and exhibits peaks with 
onic of the PA.  

y, the received signal is as 

] −⋅

−⋅

1

2

)(

)(

  with  @

p mnx

mnx

pω

              (2) 

delled PA p-th harmonic 
onent y2,1 is the modelled 
elling channel. G1,p,m(|x1(n-
ich the modelling of p-th 
-m)|2) is the gain function 

delay of the cancelling 
method, the gain functions 
accurate representation, we 

ses to represent the gain 
fidelity of the model can be 
elled signal y2 with the 

ancellation scheme. 

delled y1,p should be sent to 
monic, but in consideration 
in section II A, this signal 

r to compensate for the 
and delay. Thus digital 
lfill this purpose. A block 
digital domain before the 

gnal y1,p.  
rter are calculated by the 
]. For this method, the 
he channel, as in (3): 



 [ ]−

=

⋅−=
1

0
1,2

2
1,2

)(
,1,22 ()( 

M

m

i
m nymnyGx

G(i)
2,1,m(|y2,1(n-m)|2) is the gain function of th

or namely the predistorter. This gain fu
calculated from y2,1 obtained from the du
identification. Then we predistort the cancellin
substituting  –y1,p for y2,1 in (3) while using th
of the predistorter G(i)

2,1,m(|y1,p(n-m)|2) just ext

[ ]−

=

−−⋅−=
1

0
,1

2

,1
)(
,1,22 (()( 

M

m
pp

i
m nymnyGz

z2, as shown in Fig. 3, is the predistorted c
which will yield the desired –y1,p signal at th
experiencing all the distortions and delay fro
channel. We use the same predistortion pr
desired fundamental signal at the same time 
band intermodulation caused by the PA. 

III. MEASUREMENT SETUP 
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IV. RESULT AND DISCUSSION 
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Table I summarized the measu
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Enhanced PHD Model Extraction by Improving
Harmonic Response Superposition During Extraction
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Abstract—A Poly-Harmonic Distortion (PHD) model
extraction procedure is proposed to improve the model
accuracy for unmatched, broadband RF transistors by
minimizing multi-harmonic signal reflections within the
measurement system. As a result, the fictitious need for
higher-order models is avoided by minimizing the order
of the nonlinear measurement system used to extract the
model. Under strongly nonlinear conditions the accuracy
of the PHD model is improved by 5dB, in terms of
Normalized Mean-Squared Error (NMSE), averaging less
than 1% time-domain output power error.

Keywords—Poly-Harmonic Distortion, X-Parameter, Be-
havioural Model, Nonlinear Vector Network Analyzer.

I. INTRODUCTION

AVERAGE efficiency enhancement PA design
techniques, such as Doherty and Envelope

Tracking (ET), are too complex to design us-
ing empirical design techniques, hence they must
be implemented inside a Computer-Aided-Design
(CAD) tool. CAD tools are essential for achieving
multi-objective design trade-offs between power-
efficiency, linearity, and RF bandwidth. However,
nonlinear circuit simulation is inherently limited by
the accuracy of nonlinear transistor models.

Previous circuit models typically focusses on
improving characterization accuracy by using
measurement de-embedding[1], model component
decomposition[2], and dynamic-range maximiza-
tion. Alternatively, publications in large-signal
behavioural modelling focus heavily on model
formulation[3][4], increasing the model nonlinear
order and memory length to improve model accu-
racy. While both of these methods improve over-
all prediction accuracy, little work combines the
knowledge of nonlinear characterization and mod-
elling to improve the model extraction procedure.

X-Parameters is a registered trademark of Keysight Technologies

This paper uses the PHD model to predict the
device response under a highly nonlinear Large-
Signal Operating Condition (LSOP). Rather than
implement a high-order behavioural model, greater
emphasis is placed on enhancing the existing model
extraction conditions, thereby maximizing the utility
of a simple model formulation. It is demonstrated
that eliminating mismatch reduces system feedback,
reducing the complexity of the model formulation
that is needed to predict a highly-nonlinear system.

II. IMPACT OF MISMATCH ON PHD MODEL

The formulation of the PHD model in (1-2)[5]
relies heavily on the harmonic superposition princi-
ple, the separability of the model kernels (XS

ik,jl and
XT

ik,jl) with respect to input port and harmonic. This
simple model formulation ensures that the hardware
requirements are minimized by utilizing a rotating
harmonic signal source, as shown in Fig. 1. As the
DUT becomes strongly nonlinear, the model inputs
(ajl) are no longer separable, hence a high-order
model must be used, and dedicated signal sources
are required on all ports and harmonics in Fig. 1.

Unfortunately, during model extraction the non-
linear order of the DUT is artificially increased
by mismatch in the measurement system. Fig. 2
demonstrates that a nonlinear DUT will emit multi-
harmonic, multi-port power-waves, shown in red.
When the measurement system is mismatched (at
any port/harmonic), the output power-waves are re-
flected back into the DUT as non-zero input power-
waves, shown in blue. Therefore, in a mismatched
system, the model formulation 1 implies that the
inputs (ajl) cannot be applied individually without
simultaneously applying all other model inputs.

978-1-4673-9247-1/15/$31.00 ©2015 IEEE



Bik = XF
ik(LSOP )

+
∑

(jl)6=(11)

XS
ik,jlajl

+
∑

(jl)6=(11)

XT
ik,jla

∗
jl (1)

LSOP = (V10, V20, |A11|, |A21|) (2)

DUT

Dedicated 
Signal Source

Rotating Model
Extraction Source

0f0
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2f0

3f0

nf0 nf0

Fig. 1. Hybrid Active/Passive Load-Pull System Overview

Fig. 2. The Multi-Harmonic MIMO System
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Fig. 3. Nonlinear Sensitivity of the DUT to |A21| at a fixed |A11|

III. PRE-MODEL CHARACTERIZATION

The hybrid load-pull system, shown in Fig. 1,
can use passive multi-harmonic impedance tuners to
provide good matching, while active signal injection
provides multi-harmonic power sweeps to extract

the coefficients of the model. Although a nonlinear
DUT multi-harmonic input and output impedance
will vary during extraction, a well-matched LSOP
greatly reduces the average feedback over the mea-
surement space. As a result the following procedure
is proposed for extracting the most accurate PHD
model by optimizing the test-bench to achieve the
best model under the “strongest nonlinear LSOP”:

1) Select the DC bias point (class of operation).
2) Conjugate match the DUT at all

ports/harmonics using passive multi-
harmonic impedance tuners.

3) Perform a large-signal power-sweep of |A11|,
|A21|, and ∠A21 to determine the “strongest
nonlinear LSOP”, shown in Fig. 3

4) Re-tune the multi-harmonic passive
impedance tuners to maximize the output
power-waves (bik,∀ik 6= 11) so that
harmonic power dissipation is maximized.

The LSOP is optimized for model extraction,
not a specific design condition, and the resulting
model will cover a portion of the measurement space
that is often used to design high-efficiency PAs. If
additional load-impedance coverage is desirable, a
look-up table (LUT) model can be constructed by
sweeping A11 and A21, and all other LSOPs are as-
sumed to have a lower nonliner order. All harmonic
source/load impedance matching conditions are typ-
ically predicted by the model coefficients, however
strongly nonlinear conditions can add another Ajl

condition to the LSOP definition in (2). Extracting
the PHD model under the conditions described will
ensure that the system inputs better reflect the model
inputs, therefore a A21-dependent PHD model will
be more accurate than a Load-dependent (Γ21) LUT.

IV. MODEL EXTRACTION AND VALIDATION

A Cree CGH60060D 60W bare-die transistor
compact circuit model operating at 2 GHz over 3-
harmonics is the chosen nonlinear system for this
study. Although this procedure has been performed
on a measurement test-bench, the bare-die transistor
simulation allows us to synthesize an irrefutable
strongly nonlinear operating condition at the intrin-
sic transistor reference plane. The PHD model is
extracted and all Γ12 measurements made during
model extraction (using a ajl phase sweep) are
shown in Fig. 4b. The points in the center demon-
strate that the Γ12 response does not deviate from the



LSOP when extraction signals are applied at other
ports/harmonics(a12 = 0 for all measurements).
Furthermore, the shape of the Γ12 response when a12
is applied represents a low-order elliptical response,
well within the assumptions of the PHD model
formulation in (1-2). Alternatively, the exact same
LSOP was reproduced using a Z1j = 50Ω (source)
termination impedance, as shown in Fig. 4a. In
Fig. 4a, the Γ12 response changes when extraction
signals are applied at other ports/harmonics, and the
response to a12 appears to be more distorted than
the shape in Fig. 4b. Each model has been validated
using a phase-sweep (fixed-amplitude) stimulus, se-
quentially applied at each port/harmonic, and the
accuracy improvement of the Enhanced PHD model
is shown in in Table I in terms of Normalized Mean
Squared Error (NMSE) for each output power-wave.
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Fig. 4. PHD Model Extraction Measurement Coverage of Γ12

TABLE I. MODEL EXTRACTION VALIDATION

NMSE [dB] Existing PHD Model Enhanced PHD Model

IDS 0f0 -20.3 -25.5

P
O
U
T

1f0 -23.4 -28.3
2f0 -7.38 -10.0
3f0 -18.0 -23.0

TABLE II. INDEPENDENT MODEL VALIDATION

NMSE [dB] Enhanced PHD Model

Fr
eq

ue
nc

y IDS 0f0 -24.5

P
O
U
T

1f0 -21.7
2f0 -2.25
3f0 -18.7

Ti
m

e

P
O
U
T

nf0, n > 0 -20.6

Although the model validation in Table I provides
an indication of relative model performance, it does
not accurately approximate the final application of
the model inside a nonlinear circuit. Therefore, an

independent model validation is used to verify the
harmonic superposition assumption by sweeping all
harmonic input signals simultaneously, using ded-
icated signal-sources in the measurement system
shown in Fig. 1. This validation is presented in
Table II in terms of the frequency-domain NMSE at
each harmonic, and the RF time-domain NMSE. The
time-domain error represents a “weighted average”
of the multi-harmonic frequency-domain compo-
nents. Although the prediction error of the second
harmonic is quite large, it’s power is significantly
lower than other harmonics and does not contribute
to the time-domain error. Overall, the differences be-
tween Table I and Table II demonstrates that another
3−7dB could be achieved if harmonic cross-mixing
terms were included in the model formulation.

V. CONCLUSION

This paper presented a method for extracting
the best PHD model with enhanced accuracy by
conjugate matching all harmonics of each port using
multi-harmonic passive impedance tuners. By conju-
gate matching the source impedance, the NMSE of
the DC drain current and fundamental output power
were each improved by 5dB. Furthermore, a rigor-
ous independent validation methodology evaluated
the PHD model harmonic superposition assump-
tion, suggesting that the output-power prediction
degrades by 6dB when all harmonic impedances
vary simultaneously from the LSOP, as is intended
in a PA design application . The Enhanced PHD
model achieves less than 1% average time-domain
error at a strongly nonlinear LSOP.
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Abstract  —  Time- and phase-coherent swept network 

analyzer measurements are increasingly important for 
everything from harmonic waveform reconstruction needs in 
power amplifier analysis to transient pulse response problems in 
radar and phased array applications and generic memory effect 
analysis in device characterization.  Classically, there have been 
several solutions to these problems but these have often been slow 
or have required sometimes complicated reference-generation 
schemes to enable phase recovery.  By employing a wide-IF 
digitizer in a sampling receiver along with a somewhat novel 
triggering/marking scheme, it is possible to perform synchronous 
complex measurements during a frequency or power sweep at 
10s of μs/point sweep rates.  This configuration is demonstrated 
with a waveform reconstruction experiment and with sensitive 
swept transient DUT measurements delineating thermal response 
differences of more than 1.5 dB and 15 degrees on a fast sweep 
timescale.  

Index Terms — nonlinear characterization, vector network 
analyzer, transient response, millimeter wave. 

I.  INTRODUCTION 

Performance and modeling demands have increased the 
need for coherent (with that meaning having multiple levels) 
quasi-linear network analyzer measurements of a variety of 
devices at both microwave and mm-wave frequency ranges.  
In one context, this coherence refers to the ability to retain 
phase information on a given quantity during the sweep when 
simple ratioing may be difficult (e.g., harmonic and 
intermodulation measurements).  The calibration of the phase 
information has been covered extensively elsewhere (e.g., [1]-
[6]) and that is not the subject of this work.  Rather, how can 
one easily maintain repeatable phase information at all on 
these kinds of quantities during a fast sweep?  Existing 
techniques include the use of a nonlinear generator of some 
kind in the reference path of a VNA (e.g., [7]-[8]), certain 
higher-order statistical methods (e.g., [9]), the use of a pilot 
signal generator (e.g., a waveform generator feeding a 
reference path or feeding the main detection path at an offset 
frequency) among others.  While these approaches can work 
well, they often require added hardware, can reduce 
measurement throughput and can have their own signal-to-
noise issues (particularly for higher-order nonlinearities) that 
may limit measurement capabilities.  Internal synchronization 
approaches (e.g., [10]) can offer a simpler approach to this 
problem and a similar method will be followed here although 
with a sampling front-end. 

A second problem is that of more global time coherence 
where a DUT state variable (e.g., bias or a control signal) or 
the phase of a modulating signal must be aligned both with the 

sweep and with the acquisition.  As modulation bandwidths 
increase, these timing requirements are sometimes not far 
from basic phase timing needs.  While various triggering 
solutions exist for this class of concerns, speed and the ability 
to handle rapid transitions have sometimes been issues.  
Monitoring transients on sweeps of this kind is of some 
interest in analyzing thermal and trapping responses and 
synchronizing the modulation, state variables, and the 
measurement can be important. 

In the present work, the use of a wideband and a deep-
memory digitizer to address both problem types is explored.  
Of particular interest is when the source and/or receiver are 
sweeping (in terms of frequency and/or power) and somewhat 
detailed information about the synthesizer behavior is needed 
in order to establish both phase and time coherence.  The use 
of a time record to keep phase information coherent is, of 
course, the basis of time domain measurements in general.  
The description here is more centered on how the time record 
measurements are marked with synthesizer information and 
synthesizer synchronization is used to align the phase 
information in the time record without the use of another 
reference signal but maintaining timing between all of the 
relevant variables.  Such a structure enables somewhat simpler 
and faster measurements covering a variety of categories. 

The measurement structure will be presented in section II 
showing the sweep control process, synchronization and data 
marking aspects.  An initial example in section III of harmonic 
waveform reconstruction will be used to confirm the behavior 
and motivate the discussion.  In section IV, it is shown that 
sensitive DUT transients can be captured with this approach 
that can possibly be missed or misinterpreted with a more 
traditional sweep/synchronization protocol. 

II. MEASUREMENT STRUCTURE 

As the measurements of interest here, and the proposed 
protocol, have much to do with transient swept measurements 
and details of timing and synchronization, this section will be 
devoted to a number of aspects of triggering and timing 
control.  A very basic, high-level measurement structure is 
shown in Fig. 1.  A device will be stimulated at some starting 
time, often with some modulated signal, and the device turned 
on (or sent to an active state) at some related time, and the 
measurements recorded relative to those timing events.  
Nothing is new at this point.  The next level of detail is shown 
in Fig. 2. 
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Some important aspects: 
- The ADCs for all channels are recording continuous time 

records during a sweep (of frequency or power).  Having 
multiple gigabytes of memory allows relatively long sweep 
processes. 

- The ‘sweep control’ in Fig. 2 moves the sources, LO (and 
ADC clock) to their appropriate locations over time and 
knows when they are in position.  The sweep control engine 
places time-coherent marks in the live ADC data streams so 
that data is now phase-aligned with the source hardware.  
Phase resets of the signal sources create absolute starting 
points for the timing. 

- The external triggering process (to the DUT, to sweep 
control, to acquisition control and to modulation control (if 
needed)) could all have different latencies (marked as τ1, τ2, τ3 
and τ4 in the figure).  Characterizing these latencies can be 
important in maintaining overall time alignment. 

- It is the data marking coherence with the sources along 
with triggering coherence that is somewhat novel. 

 

 
Fig. 1. A very high-level block diagram of the measurement is 
shown here.  For this measurement there is a global measurement 
trigger and then point-by-point synchronization control. 

- The timing related to the modulation process can be 
important in the transient measurements to be discussed in this 
paper as that timing (along with that of the trigger to the DUT) 
often play a large role in thermal evolution of the DUT. 

- The time scales for the trigger and synch events vary 
widely depending on the application.  For the present 
hardware, the fastest time between per point synch events is 
on the order of 10 μs.  The minimum time resolution of the 
data record and marking is 2.5 ns but the acquisition rate can 
go as slow as 10 MHz.  Depending on the number of 
frequency/power points in the sweep, the global start trigger 
rate (for the whole sweep) can be as fast as a few ms although 
this is typically much slower when the measurement is one of 
thermal/trap transient analysis.  The upper limit on the length 
of sweep is set only by memory and is typically 100s to 1000s 
of frequency/power points. 

- A sampling front-end allows harmonic sweeps without 
synchronization and this will be exploited in some 
measurements.  This will be used in concert with non-
harmonic acquisition and marking. 

 

 
Fig. 2. A lower level block diagram is depicted here.  At the point 
synchronization level, phase resets of the synthesizers along with 
coherent marking of the data stream are important.  The d symbols 
represent data corresponding to a sweep point and the ‘*’s represent 
(usually not useful) data occurring between sweep points. 

III. HARMONIC RECONSTRUCTION EXAMPLE 

As a means of validation, the harmonic reconstruction of a 
DUT waveform is a possible vehicle.  The data can be 
acquired in two well-known ways for comparison: 

 
- In a single (non-swept, sampler-based) measurement 

where the harmonics (through 5th for this example) 
downconvert into the receiver into the harmonics of the IF 
(using harmonics of the LO).  The base IF used in this case 
will be 30 MHz with the DUT output harmonic signatures 
appearing at 30, 60, 90, 120 and 150 MHz.   

 
- Using a swept LO with the continuous acquisition process 

discussed and a fixed IF (100 MHz in this case).  The 
harmonic responses in the IF system are not analyzed in this 
case and the measurement relies on the repeatable phase 
relationship of the LO and ADC clock during the various 
receiver positions. 

 
For both measurements, a harmonic phase calibration is 

required to correct for receiver phase variation as usual but the 
difference is in the reprogramming of the receiver LO between 
measurements.  Classically, a level of ratioing was normally 
employed to remove phase scrambling in that process.  The 
intent here is to show that through continuous acquisition and 
enough internal synchronization, that the same result can be 
achieved as with a single measurement.  Schematically, the 
two measurements are illustrated in Fig. 3. 
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The two reconstructed waveforms for a 20 GHz input 
stimulus (so harmonics to 100 GHz are used) are shown in 
Fig. 4.  Harmonic phase calibration errors are common to both 
extractions so that does not enter into the comparison.  This is 
more a measure of distortions introduced by the sweep process 
in the continuous acquisition case.  The maximum difference 
on the time waveform reconstruction is about 5% at the peaks. 

 

 
Fig. 3. The two measurement protocols for the experiment of this 
section (in receiver IF space) are shown here.  On the left, harmonics 
of a single LO are used to convert DUT harmonics to harmonics of 
the system IF.  On the right, in continuous acquisition mode, the 
receiver is sequentially programmed to the harmonic locations. 

 
Fig. 4. The reconstructed DUT output waveforms using the 
continuous acquisition approach and a standard, swept receiver 
approach are plotted here to show approximate equivalency. 

Perhaps more useful are the differences in terms of the 
complex harmonic amplitudes.  These ranged were <0.2 
dB/<3.5 degrees through the 3rd harmonic (<0.55 dB/ <10 
degrees through the 5th).  This provides some level of 
validation of the swept approach and perhaps allows the 
methods to be used in concert. 

IV. MEASUREMENTS 

A primary measurement of interest for this continuous 
acquisition method is that of start-up transient interrogation 
where a sweep (of some variable) accompanies the start 
process (e.g., [11]-[12]).  If that start process also involves the 
beginning of some modulation envelope and DUT state, the 
complexities increase even on a scalar level.  In this case, 
however, phase evolution is also important as it may be for 
any number of modeling, phased array, and radar application.  

The first measurement will be a pulsed power sweep at 60 
GHz of a moderate power amplifier and the primary parameter 

of interest is AM/PM of a modulation sideband (i.e., phase 
deviation versus power) starting from a cold state.  This 
particular DUT must be pulsed, in this case with a 1 ms period 
and a 20 μs width.  On every pulse from start, a different 
power is to be applied ranging from -25 dBm to 0 dBm in a 
total of 35 steps (i.e., 35 pulses).  Because the thermal 
evolution from start is of interest, it is important that the 
power change by the determined amount on every pulse and 
that no pulses be skipped. 

A classical approach would be to start the pulse generator 
and DUT running at initial trigger and start the measurements 
at the same time but allow the measurement sweep to proceed 
asynchronously.  In this ‘standard’ method, typically multiple 
pulses would hit the DUT at each of the given power steps 
(although in some configurations, it could go the other way 
where the DUT never would actually see every power step but 
then acquisition would be incomplete).   

The results comparing the continuous approach of this paper 
with the standard classical approach are plotted in Fig. 5.  The 
x-axis in this plot is listed in time but equivalently converts to 
input power with the maximum value of 0 dBm.  The linear 
value of the phase shift through the DUT at this frequency was 
about -90 degrees.  In the continuous method, one sees less 
than a few degrees of AM/PM up until the 33rd pulse/step 
where a sharp increase occurs.  With the standard approach, 
more AM/PM is noted at lower power levels with a softer 
transition when the higher levels are reached.  It is believed 
that this is due to accumulated thermal load on the DUT from 
multiple pulses (average 4) at each of the power levels.  This 
thermal history propagates into the AM/PM plot and may 
misrepresent the DUT behavior under its intended operating 
conditions.  From single-shot measurements at the 30th pulse, 
it was believed that the AM/PM should be less than 2 degrees 
which does not agree with the standard method. 

 

 
Fig. 5. AM/PM measurements of a sideband from cold start of a 
60 GHz DUT are shown here for the proposed continuous acquisition 
and for the standard classical approach.  The X-axis corresponds to 
time (up to 35 ms) or input power (up to 0 dBm). 

A second measurement case is that of a frequency sweep 
from 6 to 20 GHz (31 points) of a power amplifier where 
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output power and harmonic phase are of interest.  In this case, 
the envelope is not classically pulsed but only has ~ 15 dB 
attenuation during quasi-off-states.  The frequency is to 
change between each on-state from the cold start event.  The 
objective again is that each frequency propagates to the DUT 
during precisely one on-state.  The power out response using 
the continuous acquisition method of this paper and the 
standard approach is plotted in Fig. 6.  At the lower 
frequencies (immediately after the cold start), there is only 
~0.1 dB difference between the two methods but this increases 
to over 2 dB by the last frequency.  In the standard method, 
the DUT sees each frequency for 3-4 on-states so it is again 
believed that the thermal load through the measurement 
accumulates and reduces the gain and output power of the 
device below what occurs with the intended protocol.  The 
DUT temperature at the end of the measurement was ~2C 
higher with the standard vs. the continuous method (both 
starting from the same cold point) which would tend to 
support the hypothesis.  If the DUT was left running for 
several minutes prior to the measurement, the traces overlaid. 

 

 
Fig. 6. The power output responses of a thermally sensitive device 
using the continuous acquisition method of this paper and a standard 
method (where there is little coordination between the modulation 
and sweep timing) are shown here.  Both measurements were 
triggered from a cold start. 

The 2nd harmonic phase difference (between the two 
methods) is plotted in Fig. 7 and also shows an evolution from 
near 0 difference at the earlier points and now over 15 degrees 
at the highest frequency.  The same thermal load mechanism 
would seem to explain this result.  Again, this particularly 
measurement is exploring both synchronization on a basic 
harmonic phase level but timing coherence of the sweep and 
DUT excitation as well. 

V. CONCLUSION 

While phase/time-coherent swept VNA measurements have 
been possible for many years, some hardware and 
configuration simplification is possible by managing 
triggering, synchronization and the live data stream from the 
measuring receiver.  This type of measurement, and 
simplification of it, has been shown to be apparently useful in 

measurements such as swept transient analysis of timing-
sensitive devices and subsystems. 

 
Fig. 7. The difference in phase delays measured using the 
continuous acquisition and standard methods for the DUT of Fig. 6 is 
plotted here. 
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Hurdles to On-Wafer Harmonic Measurements 
Kathleen Muhonen 

Qorvo, Greensboro, NC 
 
Abstract  —  With the ever increasing need for spectrum the 

mobile phones, specifications are tougher for spurious emissions.  
Harmonics can fall into bands that are used for other services so 
prior evaluation of those harmonics is critical in product 
development.  An on-wafer harmonic bench is used for fast 
evaluation of material and designs without having to build a final 
product to predict what the harmonic performance will be.  
Harmonic measurements are not new; but high power (4 watts), 
on-wafer harmonic measurements present hurdles that have not 
been solved.  Low passive intermodulation (PIM) components, 
probe selection, connector selection and bench configuration all 
play into building a measurement system with low enough system 
noise to be able to evaluate the state-of-the-art technologies for 
mobile applications. 

Index Terms — Harmonics, low PIM, on-wafer measurements, 
passive intermodulation, probes. 

I.  INTRODUCTION 

With the advent of LTE, mobile phones now have more 
frequency bands and functionality which has put more 
capability into user’s hands.  The added bands have created 
tougher specs for spurious emission to ensure functionality is 
not hindered by distortion from various parts of the phone.  A 
good example of this is in the 900MHz cellular band.  Both 
the 2nd harmonic at 1.8GHz and the 3rd harmonic at 2.7GHz 
fall into other bands that may be used in the same phone.  
Specifications on these harmonics levels for antenna switches 
have become more challenging in the last few years. 

New specifications tend to drive the need for better 
measurement capabilities.  For the antenna switch in a mobile 
phone, it is important to have very low harmonics.  For IC 
manufacturers of those chips, it is advantageous to be able to 
evaluate different material for harmonic generation before a 
product is designed.  This has produced a need for on-wafer 
harmonic measurements as a part of technology assessment in 
this type of application. 

Measuring harmonics is not new.  Measuring harmonics at 4 
watts of power on-wafer, however, pose tougher set of 
problems.  In addition, advances in semiconductor material 
has also posed a need for a measurement system that has 
incredibly low system noise floors in order to be able to 
determine the harmonic generation from the material and not 
the measurement system.  This paper outlines the many 
hurdles to developing a high-power, low noise floor, on-wafer 
measurement system.  The paper is organized as follows.  
Section II highlights changes made to the bench configuration 
to lower the system noise floor.  Section III discusses what 
passive intermodulation distortion (PIM) is and why it is 
important when measuring harmonics.  The last section looks 

at many RF probes available and how they too will affect the 
system noise floor.  Probe and pad wear-out is also discussed. 

II. BENCH CONFIGURATION 

When measuring harmonics it is well known that the 
spectrum analyzer input cannot be over-driven because the 
internal detector will generate harmonics.  Even if proper care 
is taken to attenuate the signal to proper levels, any 
attenuation in the spectrum analyzer path will subtract directly 
off the noise floor.  Figure 1 shows critical changes made to a 
harmonics bench to remove attenuation in the spectrum 
analyzer path and how these greatly improve the system noise 
floor.  The lower block diagram in figure 1 shows the “old” 
set-up.  Here the fundamental was attenuated with a 20dB 
coupler and various attenuators after the coupler.  Note that 
the 3dB pads in the fundamental path are there to help present 
50 ohms to the device under test (DUT) interface.  This 
configuration degraded the system noise floor by about 32dB 
(four 3dB pads and one 20dB coupler).  The upper block 
diagram is the “new” set-up which shows how almost all of 
this attenuation was taken out of the spectrum analyzer path to 
improve it by 28dB.  The new set-up used a diplexer to 
remove the fundamental signal. Thus allowing for virtually no 
attenuation at the harmonic frequencies but only at the 
fundamental frequency.  Two 3 dB pads had to remain next to 
the DUT to maintain a 50 ohm environment.   

 
Fig. 1. Harmonics bench block diagram with and without changes 
to improve PIM. 

In addition to the diplexer, the bias tees were found to 
generate passive harmonics.  The bias tee on the input was 
moved between two rejection filters so that one filter could 
attenuate harmonics caused by the bias tee.  The output bias 
tee was moved after the diplexer so it was out of the spectrum 
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analyzer path.  Several other components were changed as 
well due to PIM generation.  Low PIM components are 
described in the next section. 

III. LOW PIM COMPONENTS 

Intermodulation distortion, IMD, is a well understood 
concept.  Passive intermodulation distortion (PIM) also has 
been a common problem in satellite communication for many 
years.  Just recently PIM has been a concern for mobile 
applications because of multiple bands, higher power levels 
and sensitive front ends.  PIM is specified with a two-tone test 
(f1 and f2) in order to measure the level of the mixing 
products in-band (2f2-f1 and at 2f1-f2) [1].  The topic here is 
harmonic distortion.  There is no theoretical development here 
between the relationship of harmonics and PIM, but in general 
low PIM components will have better harmonic performance 
than those that are not designed for low PIM. 

One of the main causes for PIM are material that have 
hysteresis like nickel and stainless steel.  Any material that is 
ferromagnetic will exhibit hysteresis.  Dirty connectors also 
cause passive harmonics and connectors with poor center 
conductor contacts [2].  Thus connector and cable construction 
is very important as well as constantly cleaning connectors.  
N-type connectors are preferred because they have a larger 
mating interface and have repeatable connections if the proper 
torque wrench and mating techniques are used.  Copper is 
preferred over nickel and stainless steel but white bronze is a 
better choice since it doesn’t oxidize and stands up to 
temperature fluctuations[3].  To mitigate PIM further, almost 
all connectors were changed to torquable N-type connectors.  
New bias tees were ordered with N-type connectors.  
Components were all measured individually on the bench to 
see if the system noise floor degraded upon comparison.   

Figure 2 shows initial improvements on the system noise 
floor with the above mentioned changes.  Spectrum analyzer  

 

Fig. 2. Improvements made in the system noise floor  

settings also affect the noise floor.  It is best to use the lowest 
resolution bandwidth and video bandwidth possible to make 
the needed measurements.  Figure 2 is an example of the 
second harmonic on a thru structure on SOI material. 

Although the circulator in the “new” block diagram is made 
of magnetic material and causes hysteresis, it is located behind 
two rejection filters.  Each filter offers about -100dB of 
rejection above 900MHz.  The third harmonic was not 
degraded at all with the insertion of the circulator.  The second 
harmonic did change slightly as shown in Figure 3 but this 
most likely due to measurement variations from probing.  

 
Fig. 3. Circulator harmonics are rejected by two filters on the 
input side of the DUT. 

IV. PROBES 

Not all connectors could be changed to N-type because of 
the RF probes needed in the system.  3.5mm cables interface 
to the RF probes on the bench.  Probe composition was 
investigated especially because many RF probes are made of a 
nickel alloy, and nickel degrades the harmonic performance.  
Six types of probes are shown here and each has been 
measured several times to ensure repeatability.  The probes 
investigated have different metal compositions and different 
footprints.  Composition was probably a leading factor, but 
footprint also made a difference in the harmonics. 

Figure 4 shows the second harmonic measurement over 
power on aluminum pads of very short SOI thru.  It is seen 
that at high power, Probe 1 performs very close to the bullet in 
which there are no probes in the measurement.  Here the bullet 
was a simple female-to-female adapter so the two 3.5mm 
cables could be connected and the probes bypassed.  Figure 5 
shows the third harmonic where clearly Probe 1 has the best 
harmonic performance.  The trends from Figures 4 and 5 are 
fairly the same.  Care was taken that all the measurements 
were done at the same temperature and that the thru was not 
over probed. 

Setup Name Color RBW VBW Noise level 2nds Noise level 3rds
dBm dBm

Old Cyan 100kHz 20kHz -85 -82
New - 1 Red 100kHz 20kHz -108 -105
New - 2 Blue 100Hz 100Hz -115 -115
New - 3 Magenta 10Hz 1Hz -128 -125



Fig. 4. Measurement of the 2nd harmonic of 
various RF probes  

All the probes in this study are ground-sign
probes.  The thrus that were used can acco
100um or 150um pitch probes.  Only Probe
150um pitch and the remainder were 100um
shows a photo of each probe tip and its mate
provided by each vendor. 

Fig. 5. Measurement of the 3rd harmonic of 
various RF probes. 

Of the probes used, Probe 1, 2, 5 and 
footprint than the other two (3 and 4).  The 
the size of the signal or ground contact are
Probe 1 has the best harmonic performance po
fact it is made out of Beryllium Copper inste
that its footprint is larger than that of 3 and 4
larger footprint but it is made out of nickel a
causing some of the harmonic degradation

 

an SOI thru with 

nal-ground, GSG, 
ommodate either 
es 5 and 6 were 

m pitch.  Figure 6 
erial construction 

 

an SOI thru with 

6 have a larger 
footprint here is 

ea with the pad.  
ossibly due to the 
ead of nickel and 
4.  Probe 2 has a 
and this could be 
n.  Interestingly, 

Probe 3 does quite well despite bein
has a small footprint.  It was noted
dug deeper into the aluminum pa
possibly breaking through any oxid
than the other probes in the study.  P
of beryllium copper, did not have
Finally Probes 5 and 6 were des
respectively.  They also have the 
their larger footprint, they did not 
probe 3, and they are made of nicke
for the degradation in performan
summarized in Table 1.  

 

Fig. 6. Probe images showing pitch a

Table 1:  Probe Specifications and

 
Another problem with the probe

contact) is wear.  The only probe
Probe 3.  Although the specificati
250,000 contacts on Aluminum pa
much quicker.  It is estimated that t
for less than 2000 contacts.  Ev
degrade, these probes are still good 

One of the procedures on this be
verification each morning the benc
verification was done on a go

Probe 1 Prob

Probe 4 Pro150μm100μm

100μm100μm

Nickel alloBeryllium Copper

Beryllium Copper Nickel Alloy

Probe Composition Footprint

1 Be-Cu Large

2 Ni Large

3 Ni Small

4 Be-Cu Small

5 Ni Large

6 Ni Large

ng made out of nickel and it 
d that this particular probe 
ads than the other probes, 
de layer on the pads better 
Probe 1, although made out 
e a heavy footprint like 3.  
igned for 5 and 10 watts 
larger footprint.  Despite 
dig deep into the pad like 

el which is the likely reason 
nce.  This information is 

 

and material construction. 

d Harmonic Performance 

 

es (and the pads that they 
e investigated long term is 
on say it is good for over 

ads, the harmonics degrade 
these probes are only good 

ven though the harmonics 
for S-parameters. 

ench is to perform a system 
ch is in use.  Originally the 
ld thru from a ceramic 

be 2 Probe 3

obe 5 Probe 6

100μm

150μm
oy Nickel alloy

Nickel alloy

Power
Harmonic 

Performance

30W 1st

15W 4th

5W 2nd

? 3rd

5W 6th

10W 5th



calibration substrate.  Over time, the thrus wo
and even with brand new probes, the h
degraded.  It is estimated that the thru coul
more than 10 to 15 times before its h
permanently degraded.  Seeing that the cera
very expensive, the system verify is now d
wafer that has many thru structures available
SOI thru can only be probed on average 1
before its harmonics degrade. 

Figures 7 and 8 show similar trends 
substrate.  This is shown here for completen
the SOI thru is now used for system verificatio

Fig. 7. Measurement of the 2nd harmonic of a 
substrate with various RF probes. 

Fig. 8. Measurement of the 2nd harmonic of a 
substrate with various RF probes. 

ould start to wear 
harmonics were 
ld not be probed 
harmonics were 
amic substrate is 
done on an SOI 
e on it.  Even an 
10 times as well 

on the ceramic 
ness even though 
on. 

 

thru on a ceramic 

 

thru on a ceramic 

Lastly, probes specifically desig
high current were also evaluated. 
larger footprint like Probe 1.  It is 
larger contact area, the material 
performance.  It is important to ha
and the absence of nickel in the m
probes. 

V. CONCLUSI

Improving the system harmonics 
bench has posed many hurdles.  R
these hurdles include: 

• Use of N-type connectors is
center conductor mating surf
when all RF probes connecto

• Elimination of all materials
nickel, stainless steel or any f

• Diplexers are used instead of
analyzer path so attenuation 
floor of the spectrum analyze

• Probe material is importan
avoided if possible.  It can 
heavy enough to cut thru any

• Probe footprint is better if it i
area is important to minimiz
desirable for compact layouts

• Probe wear will increase th
system. 

• Pad wear of the thrus for sy
problem.  A thru will only b
less than 10 times.  Use of
substrate is costly. 

Improvement of the harmonic be
New components are always b
development for low PIM, howe
attention as of yet.  It is hoped tha
can research other probe solutions f
one. 
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(a) 
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Fig.1. (a) Measurement set-up. The VST RF channels are 
connected to the RF PA I/O, while baseband channels are 
connected to the sensing board and the PM input. (b) Picture of 
the set-up. 
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Abstract  — This paper presents a compact set-up to perform 

automated measurements of RF PAs under envelope-tracking 
(ET) operation. In addition to RF signal generation and 
acquisition, it allows calibrated measurements of the baseband 
voltage and current at the supply terminal with up to 40 MHz 
bandwidth, enabling instantaneous efficiency measurements. The 
presented set-up is used to extract two different shaping tables, 
and to test ET operation with a 5 MHz WCDMA and a 20 MHz 
LTE signals at 838 MHz. The used devices are an InGaP/Silicon 
RF power amplifier (PA) from Skyworks and a high voltage 
extra fast complementary bipolar (XFCB) power modulator 
(PM) from Analog Devices. 

 
Index Terms — Envelope-tracking, Power amplifiers, 

Efficiency measurements, Supply modulation. 

I. INTRODUCTION 

The last generations of wireless communications are 
requesting better energy saving, and therefore much effort is 
dedicated to improve the efficiency of the transmitter. 
Consequently, new PA architectures such as Doherty [1], out-
phasing [2] and various supply-modulated PA architectures 
[3] have been proposed. Among these, the envelope-tracking 
(ET) technique consists of modulating the PA supply voltage 
so that it follows the RF waveform envelope amplitude, with 
the aim of keeping the PA at its maximum efficiency [4]-[5]. 
ET requires a supply modulator (SM), also called power 
modulator (PM), that is fast enough to follow the RF 
envelope, while efficiently providing the current requested by 
the PA [6]. In order to correctly adapt the drain voltage to the 
envelope of the RF PA input, PA gain and efficiency curves 
should be acquired at different RF power levels and supply 
voltages [7]. Then, a shaping table is implemented to define a 
relationship between the PM output waveform and the PA 
input envelope. In particular, through the shaping table, the 
PA operation can be optimized with respect to linearity, 
efficiency, or a combination of both, depending on the 
application. In order to achieve best efficiency, the PA is often 
driven into compression, generating nonlinear distortion. 
Moreover, the presence of supply modulation increases the 
level of nonlinear and memory effects. To maximize the 
linearity-efficiency trade-off, digital pre-distortion (DPD) 

techniques should be used to linearize the ET PA [8]. These 
techniques often consist of system-level approaches that may 
not account for a complete PA-PM characterization, 
moreover, their application range may be limited, as they are 
often based on local optimization. An alternative approach 
consists of identifying and designing general behavioral 
models [9]. In this way, the electrical behavior of the 
components and their mutual interactions can be 
mathematically described, and eventually used for 
linearization enhancements [10]. However, such methods 
usually require extensive large-signal characterization, 
especially if accounting the voltage and current at the supply 
node [11]. In this work, we propose a flexible set-up to 
perform automated ET PA measurements. Despite its extreme 
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compactness with respect to alternative comm
the proposed set-up features voltage and c
sensing at the supply node between the PA a
instantaneous PAE evaluations. Moreov
generating user-defined signals, making
implementation of standard DPD algorithms a
behavioral modeling approaches. Section
document describes the measurement set-up
section three addresses the measured results. 

II. MEASUREMENT SET-UP 

The principal instrument of the set-up is th
Transceiver (VST) NI PXIe-5645, equipped 
modulation bandwidth RF channels and
modulation bandwidth baseband channels. Th
chassis supplies an internally generated 10 MH
independent buffer on the backplane, used to
the modules. The VST instrument combines
generator (VSG) and a vector signal analy
FPGA-based real-time signal processing, w
user to define, via software, the instrument c
work, the baseband FPGA-based hardware c
customized in order to generate dynamic sig
PM and acquire the voltage and current flo
drain supply node. To sense the current, a 
board has been designed, following the appro
measurement set-up is shown in Fig. 1. 

A. VST Baseband Channels Specifications 

The VST baseband output channels ca
voltage up to 0.5V peak-peak on a 50 Ohm
ended configuration, and a DC voltage betwe
The VST baseband input channels, DC-coup
up to 2V peak-peak signals. To optimize the
36 different amplitude ranges from 32mV t
can be configured (several ranges resolution
Table I). The baseband generation and acq
rates are fixed to the internal VST sample cloc
with 16 bit resolution.  

B. Calibrated Sensing At The Supply Termina

The schematic of the sensing board inserted
and the PM is reported in Fig. 2. By acquirin

TABLE I 
BASEBAND  INPUT RANGES RESOLUTIO

 
Range (Vpkpk) I Channel (µV) Q Cha

0.032 27 
0.1 31 
0.5 77 
1 158 

1.5 238 
2 293 

 

Fig. 2. The sensing board schema
the source terminal while PA drain 
terminal. R and S correspond to the
VST baseband channels while V and
and current measured at the calibratio

mercial solutions, 
urrent calibrated 

and PM, enabling 
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he Vector Signal 
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capability. In this 
control has been 
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oach in [12]. The 

an generate AC 
m load in single-
en -1V and +1V. 

pled, can acquire 
e dynamic range, 
to 2V peak-peak 
n are reported in 
quisition sample 
ck (120 MS/sec), 

l 

d between the PA 
ng the voltages at 

the terminals of a 1 Ohm power 
retrieve the voltage and the curren
and the PM. To limit the current 
divider composed by 1kOhm resist
divider applies a 1/21 ratio on the m
bias-tee is used, AC and DC com
possibly leading to lower precision 
large dynamics. In this sense, we t
resolution of the baseband VST 
setting input channel range to 0.4V
measurable voltage at the supply no
a resolution of 3.4mV, which w
characterize PAs for mobile applic
(SOL) relative calibration procedu
multi-tone signal designed to cover
The calibration Error Coefficients M
as: 

 

 
where R and S are the voltages m
and V and I are the voltage and th
plane (Fig. 2). Since SOL pro
equations, an additional absolute ca
to solve the system of equations 
coefficients. Thus, a multi-tone ref
beforehand on a 50 Ohm t
measurements are acquired while
applied at the DUT side of the bo
terminated with 50 Ohm. It should 
baseband input channels show an in
not compensated by the SOL calib
been characterized for ten DC value
Then, it is compensated by 
measurements. The voltage drop 
taken into account by acquiri
measurements.  

ON  
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79 
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300
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alibration step is performed 
and obtain the calibration 
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e the same multi-tone is 
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ing two additional DC 

(1) 



 

Fig. 3. IsoGain shaping table extraction. The blue curve links 
the selected points to keep a 20dB power gain over the RF power 
level. Measured results. 

 

Fig. 4. OptiPAE shaping table extraction. The blue curve links 
the selected points to keep the maximum PAE over the RF power 
level. Measured results. 

 

Fig. 5. Comparison between the 20 dB IsoGain (red) and the 
OptiPAE (blue) extracted shaping tables. 

C. Software Applications 

A set of software applications has been developed to exploit 
the hardware capabilities. Specifically, a shaping table 
extraction software and a characterization bench for the PA-
PM system have been developed. Furthermore, an ET-DPD 
reference application by National Instruments has been 
updated and tailored to the custom hardware configuration. 
The shaping table extraction is obtained through nested 
sweeps of measurements for which a continuous wave (CW) 
on the RF input and constant voltage on the PA supply 
terminal are applied. Then, the user can automatically extract 
and save constant gain (IsoGain) or optimized PAE (OptiPAE) 
shaping tables. The characterization bench application allows 
driving the PA and the PM with continuous wave (CW), 
modulated, or other user-defined identification signals, as well 
as voltage, power, and modulation frequency sweeps. The ET 
DPD reference application allows operating the PA under ET 
and visualizing RF input/output waveforms, supply 
voltage/current waveforms, as well as the instantaneous PAE. 
The AM-AM/AM-PM characteristics, the normalized mean 
square error (NMSE), and the adjacent channel power ratio 
(ACPR) can be evaluated. The RF and baseband paths 
reciprocal delay is estimated and compensated by minimizing 
the standard deviation of the AM-PM characteristics. 

III. EXPERIMENTAL RESULTS 

A multi-mode and multi-band PA evaluation board from 

Skyworks (SKY77621-51) and a PM evaluation board from 
Analog Devices (ADA4870) have been used in ET 
configuration with the described set-up. This specific PA 
evaluation board is not tailored for ET operation, but the drain 
capacitors have been removed in order to support supply 
modulation. The PM features high slew rate and bandwidth, 
making it a good choice to deliver a dynamic voltage and test 
the PA under ET operation. Two shaping tables have been 
extracted: a 20-dB IsoGain shaping table (Fig. 3) and an 
OptiPAE shaping table (Fig. 4). The shaping tables are 
obtained by sweeping the input power levels, and applying a 
moving average to remove discontinuities. Then, 
measurements are linearly interpolated on 200 RF power 
levels. The 20-dB IsoGain and the OptiPAE shaping tables are 
shown in Fig. 5. A comparison of the instantaneous gain 
obtained with the two shaping tables is shown in Fig. 6, while 
the measured instantaneous PAE is shown in Fig. 7. In Fig. 8, 
baseband voltage and current measured at the supply node for 
the LTE standard are also shown. A 5 MHz WCDMA signal 
and a 20 MHz LTE signal have been measured. The OptiPAE 
determines a 23dB average gain, higher than the 22dB average 
gain given by the 20-dB IsoGain shaping table. However, in 
case of the OptiPAE table, the gain shows larger variations 
versus input power, thus higher nonlinear distortion will be 
produced. It can be noted that the curves extracted with the 
WCDMA signal show less dispersion with respect to the ones 
extracted with the LTE signal. Since no DPD has been 
implemented in this case, this is mainly a consequence of the 
higher modulation bandwidth of the LTE with respect to the 
WCDMA. The average PAE measured with OptiPAE shaping 
table shows an increase of 0.9% for the WCDMA and 1.5% 
for the LTE, as a consequence of the higher instantaneous 
PAE reached at large RF input signal. These results show that, 
for this PA, the drain voltage is impacting the PAE not more 
than 10% at large RF input signal, as illustrated in Fig. 4. 

IV. CONCLUSION 

An innovative and compact set-up for the automated 
characterization of ET PAs has been presented. Apart from the 
standard features, the set-up can acquire the calibrated 
dynamic voltage and current at the supply node between the 
PA and the PM. This is achieved by including a resistive 
sensing board and customizing the high-resolution baseband 



 
(a) 

 
(b) 

Fig. 7. Measured instantaneous PAE comparison using the 20-
dB IsoGain (red) and the OptiPAE (dashed blue) shaping tables. 
(a) WCDMA, 5 MHz - IsoGain average PAE: 12%, OptiPAE 
average PAE: 12.9%; (b) LTE, 20 MHz - IsoGain average PAE: 
10%, OptiPAE average PAE: 11.4%. 

 
(a) 

 

 (b) 

Fig. 6. Measured instantaneous gain comparison using the 20-
dB IsoGain (red) and the OptiPAE (blue) shaping tables. (a) 
WCDMA, 5 MHz; (b) LTE, 20 MHz. 

 

 

Fig. 8. Voltages (top) and currents (bottom) measured at the 
PA supply node. Comparison between the 20 dB IsoGain (red) 
and the OptiPAE (blue) shaping tables using the same LTE 20 
MHz test signal. 

acquisition channels of the VST instrument. The set-up 
operability has been shown by extracting two shaping tables 
and performing linearity and efficiency measurements for a 
given PA-PM system, using both WCDMA and LTE signals.  
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Abstract  —  Metrological traceability is required for testing and 

spurious emission management. Even if above 110 GHz frequency, 
metrological traceability is universally important, however the 
system set-up and calibration method are as important as the 
metrology standards due to high cost and low stability / 
reproducibility for the measurement system and standards as 
compared to those in the microwave frequency range. In recent 
years, operation frequency of commercial vector network 
analyzers (VNA) reaches currently up to 1.6 THz.  

Key priorities for improvement of VNA measurement accuracy 
are waveguide interface performance, operation conditions, 
hardware set-up, calibration standards and methods. Then, 
measurement traceability and uncertainty, further verification 
process, including measurement comparison, are absolutely 
necessary for quality of measurements.  

The presentation introduces all key priority together with latest 
research achievements, then gives recommendation for accurate 
VNA measurement in Terahertz. 

Index Terms — Ceramics, coaxial resonators, delay filters, 
delay-lines, power amplifiers. 

I.  INTRODUCTION 

In recent years higher frequency signals have been used not 
only in radio astronomy but also in such industrial applications 
as telecommunications. There the use of millimeter-wave 
electronic applications and instruments has accelerated in 
recent years, and commercial vector network analyzers are now 
operating up to 1.6 THz [1].  

Therefore the national metrology institutes (NMIs) are 
making effort to develop an S-parameter national measurement 
system and standards due to establishing the precise 
measurement at frequencies above 110 GHz. The connection 
repeatability of waveguide flanges and stability of 

measurement system, etc. are serious issues in the accurate 
measurement at the millimeter wave and terahertz frequencies.  

Details of priorities for improvement of VNA measurement 
accuracy are as follows; 

 
1) Waveguide Flange: Connection repeatability, 
2) Operation conditions: Connection clump (tool), 

Connection torque, Air floating connection plat form,  
3) Hardware set-up: System noise, Cable effect on phase 

measurements, linearity evaluation, 
4) Calibration standards and  methods: Thru-Reflect-Line 

and offset shorts, Oversized and undersized waveguide 
aperture, 

5) Metrological traceability 
6) Uncertainty analysis 
7) Verification and Measurement comparison 

 
This paper discusses the issued mentioned above for 

improving measurement accuracy in vector network analyzer at 
Terahertz frequency. The issues are basically separated two 
categories of hardware and software. Regarding above issues, 
1) to 3) are relating to hardware, others mention software, i.e. 
analysis. The paper presents the research achievements in 
typical case of a waveguide VNA measurements system at 
Terahertz frequency.  

   

Fig. 1 (a) Claw flanges and (b) mated flanges   Fig. 2 Schematic view of claw flange 
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II. WAVEGUIDE FLANGE: CONNECTION REPEATABILITY 

Photographs of WM-250 waveguide with the newly designed 
claw flanges are shown in Fig. 1. The design of flange [2] has 
a precise machined flange outer diameter and claws inner 
diameter is established by claws themselves (Fig. 1). The 1.565 
mm diameter pins and 1.570 mm holes, fitted to the precision 
UG-387 / IEEE P1785 [3] flanges design, are used to make 
angular alignment. The two holes can provide a precise 
alignment compared to the precision UG-387 and IEEE P1785 
flanges. Precision claws achieve a precise alignment in the 
direction of height, width and rotational direction of aperture 
(Fig. 2).  

It is available to perform the TRL calibration of VNA with 
claw waveguide flanges. The precision dowel holes can be used 
to provide angular alignment of the "Line" standard shim in 
TRL calibration. Claws are sufficiently centering the standard 
shim on the waveguide apertures. For the evaluation of the 
capability of connection repeatability, a set of waveguide 
sections with the claw waveguide flanges was designed in the 

Fig. 3 Measurement system with connection platform

 

Fig. 4 Complex connection repeatability for S11 at 
interface 

(a) 

(b) 

(c) 

Fig. 5 Measurement results of phase characteristics 
of S12 and S12 for MW-250 waveguide thru 
connection (after measurement of applox. 25 mm-
long line) (N=6). (a) Cable-A, (b) Cable-B and (b) 
Cable-C. 



WM-250 and fabricated on a CNC milling machine for flange 
interfaces and an electroforming for a waveguide aperture 
section.  

III. OPERATION CONDITIONS 

The S-parameter measurement was made by using a PNA 
Vector Network Analyzer from Keysight Technologies (former 
Agilent Technologies) and a WR-1.0 (WM-250) frequency 
extension modules from Virginia Diode Inc. (VDI), and Oleson 
Microwave WM-864 frequency extension modules. In this 
study, the VNA was first calibrated by TRL calibration for two 
port measurements before which repeated S-parameter 
measurements were performed. The system repeatability 
(system noise floor) was evaluated; the noise floor 
characteristics were much worse at both edges of the WM-250 
band due to lower output power and lack of sensor dynamic 
range at both band edges. The clamps and air floating stage on 
the connection stage shown in Fig. 3 are used to connect 
verification devices quickly rather than the usual connection 
scheme of waveguides using four screws [4, 5]. Using the 
clamp, tightening one screw produces easily managed mating 
force on the flange plane. This way reduces measurement time 
and obtains a repeatable result in VNA measurements. 

The complex repeatability of reflection coefficients 
representing mated interface characteristics of conventional 
flanges, fitted to UG-387, and claw flange were drawn in Fig. 
4. Ten independent reconnection and disconnection cycles were 
made at position of the interface under test. The obtained 
complex reflection coefficient traces indicate a capability of the 
flange connection repeatability. The figure shows that the 
repeatability of claw flange is less than -45 dB in the WM-250 
frequency band. However, the value of connection repeatability 
reaches -15 dB at 850 GHz for a conventional flange fitted to 
UG-387.  

IV. HARDWARE SET-UP 

Due to investigation a cable flexure influences in VNA 
measurement, MW-250 waveguide straight line (L=25.4 mm) 
have been measured. 6 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. Movement distance was at least 50 
mm. After measurement of straight line, port-2 module went 
back to initial position to make a direct through connection. 
After obtaining full two port scattering parameter, the phase 
characteristics of S21 and S12 of each measurement were 
calculated. Figure 5 shows results of phase difference between 
S21 and S12 for through connection measurements, respectively. 
In the results, deviation of six traces indicates the measurement 
repeatability from cable flexure influence [6].  

Figure 5(a) shows the repeatability of through measurements 
can be estimated and distribution of phase is up to a maximum 
of 40 degrees in the six independent measurements. Over 900 
GHz, phase value of S21 is approximately +20 degrees to +40 
degrees, however, S12 phase is -20 degrees to -40 degrees. 
Entire frequency range and movement range, S12 phase change 
is definitely at the opposite end of the scale from S21 phase 
change.  

Figure 5(b) shows the repeatability of long straight line 
measurements can be estimated and distribution of phase is 
from 10 degrees to 20 degrees in the six independent 
measurements. In addition, phase difference of S21 and S12 was 
20 degrees variation in the six independent measurements. This 
means that movement of frequency extension module provides 
the both phase change and phase offset in the S21 and S12 
measurement. S12 phase change is definitely at the opposite end 
of the scale from S21 phase change. 

Figure 5(c) shows the repeatability of long straight line 
measurements can be estimated and distribution of phase is 
from 45 degrees to 90 degrees in the six independent 
measurements. In addition, phase difference of S21 and S12 was 
20 degrees variation in the six independent measurements. This 
means that movement of frequency extension module provides 
the both phase change and phase offset in the S21 and S12 
measurement. S12 phase change is definitely at the same end of 
the scale from S21 phase change. 

Cable flexure influence in reflection phase measurement, S22, 
was also investigated, however no change of phase 
measurement results of Sii are observed when flush short 
termination was measured. This means the movement of 
frequency extension modules are providing cable flexure, and 
then making an impact on only transmission, Sij, phase 
measurements.  

Table 1 Deviation and its expanded uncertainty of waveguide aperture size of offset shorts from test-port (Unit: m)

Offset length of 
offset short 
terminations 

Small aperture Standard aperture 

a U(a) b U(b) A U(a) b U(b)

365 mm -12.3 1.7  -11.5 1.8 -3.7 2.3  -2.1  2.2 

1000 mm -12.0 1.8  -11.7 1.7 -4.1 2.3  -1.6  2.1 

1291 mm -11.9 1.8  -11.5 1.8 -3.1 2.4  -1.0  1.8 



Frequency expansion in the modules are typically established 
by frequency multipliers and harmonic mixers and using RF 
and LO signals from VNA. In the case of WM-250 modules, 
submillimeter wave signal are generated by multiplying RF and 
LO signals, then IF signals are obtained by harmonic mixing 
using multiplied LO signals. At first, characteristics of all 
component, mixers and 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 S21 and S12 of direct thru 
connection just after calibration. If the modules are moved, it is 
experience changes in flexure conditions of LO cable 
depending on moving module to different position after 
calibration. This thus produces the change of phase of LO 
signals in the cables. Then phase change at submillimeter wave 
frequency is magnified by multiplying signal in the module.  

V. CALIBRATION STANDARDS AND  METHODS 

A. Thru-Reflect-Line calibration Major Subsections 

Waveguide transmission lines known as thru-reflect-line 
(TRL) ‘Line’ standards are usually used as S-parameter 
measurement standards in VNA applications. In the sub-
millimeter wave frequency band the connection repeatability of 
waveguide flanges becomes a serious issue for accurate 
measurement and calibration. Waveguide "Line" standards 
were developed to fit the new flange design and as above, the 
apertures of the “Line” standards were accurately centered by 
the use of a coupling ring. The “Line” standard fitted in this 
way made possible accurate TRL calibrations and accurate 
VNA measurements in the sub-millimeter wave frequency band. 
The length of the “Line” standard was chosen so that it 
typically provides a 90 degree phase change with respect to the 
through connection at the waveguide mid-band frequency (925 
GHz in WM-250 band) [7]. However, quarter wave length 
around 1.0 THz is very thin, i.e. approximately 100 m. It is 
user’s concern about stability and robustness for electrical 
properties of TRL lines standards.  

In the use of different concept of TRL calibration scheme, 
two line standards in the  “3λ/4” TRL scheme are chosen to give 
phase changes between 180 degrees and 360 degrees. In 
particular case, a longer line is used for the lower frequency 
band of the waveguide band and a shorter line covers at the 
higher frequency band. Both two line standards can be longer 
than the quarter-wave length line used with conventional TRL 
scheme. This means that the lines  are more robust 
mechanically than the /4 length line. Thus, Connection 
repeatability of Sij of line standard is much better for thick lines 
compared to /4 length line. It is recommended that 
improvements to the mechanical measurement technique and 
machining process, and then use of thick TRL line standards 
will make larger contribution to the improving VNA 
measurements uncertainty at terahertz frequency bands.  

 

B. Offset Short Calibration Major Subsections 

Alternative solution for accurate calibration is use of offset 
short terminations were formed by combination of waveguide 
standard line and flush short termination. Three different length 
lines were used for forming the three different offset short 

 

Fig. 6 Monte Carlo calculation results of reflection 
coefficients at 330 GHz for offset short terminations 
with 1.291 mm offset length. Blue open square 
indicates reflection coefficients of offset short with 
standard aperture waveguide. Red open circular 
indicates reflection coefficients of offset short with 
small aperture.  

 

 

Fig. 7 Results of experimental standard deviation, 2�, 
(i.e. repeatability) for a series of 10 repeat 
reconnection/disconnection measurements for offset 
short terminations with three different length in the 
WM-864 waveguide frequency band. Blue symbols 
indicate results of offset short terminations with 
standard aperture size, and red symbols means 
results of offset short terminations with small 
aperture size.  



terminations. Then, standard aperture fitted with WM-864 and 
oversized/undersized aperture fitted with waveguide for test-
port were prepared as the offset lines. Table 1 shows the 
dimensional difference between the both waveguide apertures 
of test-port and standard lines. Lines with standard aperture 
have almost the same aperture size of test-port. However, lines 
have undersized aperture size of test-port.  

The reflection characteristics of offset short were estimated 
from the dimensional measurements: width, height, corner radii 
and line length of the WM-864 rectangular waveguide when 
connected to test-port waveguide which aperture size measured 
above. The reflection characteristics and their associated 
uncertainties were estimated from a series expansion of the 
field in eigenmodes by a Monte Carlo simulation involving 
100,000 trials. Figure 6 shows real and imaginary plot of 
reflection characteristics for offset short with offset length of 
1.291 mm and two different aperture size together with their 
mean values at 330 GHz. In the figure the calculated results of 
reflection coefficient are different each other due to the 
different reflection characteristics cause from aperture size 
difference. The expanded uncertainty of reflection 
characteristics of all offset short terminations are plotted in Fig. 
3.The offset short terminations with standard aperture have 
larger than those with small aperture. This is because the 
dimensional measurement uncertainties, U(a) and U(b), of 
offset short with standard aperture are greater than those with 
small aperture in the dimensional measurements. The expanded 
uncertainty of the offset short terminations ranges from 0.005 
to 0.017.  

The dominant effect of VNA measurement accuracy at the 
sub-millimeter wave frequency was usually the connection 
repeatability of reflection characteristics at the connection 
interface. The repeatability of connections was evaluated using 
a PNA Vector Network Analyzer from Agilent Technologies 
and a WR-3 (WM-864) frequency extension module from 
Oleson Microwave Laboratory Co. (OML). All results in this 
paper were obtained with an IF bandwidth of 100 Hz and a point 
averaging factor of 16. For these evaluations the VNA was first 
calibrated by TRL calibration for two port measurements before 
which repeated reflection characteristic measurements were 
performed.  

Ten independent disconnect and reconnect cycles were made 
at the interface of offset short terminations with 0.365 mm, 
1.000 mm and 1.291 mm of offset length. For comparison the 
evaluations were made using flush short and waveguide lines 
with two different size of apertures. The standard deviation of 
each set of reflection coefficients, represents the connection 
repeatability performance at the test port flange interface. 
Repeatability test results  are shown in figure 7. For a series of 
n repeat disconnect/reconnect measurements of S11, the 
experimental standard deviation of the mean was given by 

       

 
n

Ss
Ss k )(

)( 11
11       (1) 

where 








n

k
kk SS

n
Ss

1

2

111111 )1(
1)(   (2) 








  


n

k

n

k
kk

SjS
n

SjSS
1

Im11
1

Re11Im11Re1111
1.  (3) 

where S11Re and S11Im are the real and imaginary parts of S11, 
respectively. 

The capability of connection repeatability for the reflection 
measurement was evaluated by measurements. The 
repeatability results shown in figure 7 indicate that the new 
concept design of standard terminations provides the better 
capability of connection repeatability compared to use of 
standard size aperture in the offset short terminations. Here, the 
value of repeatability is less than 0.005 for short terminations 
with small apertures. As a result of this, the terminations with 
small size aperture provide better connection repeatability than 
that with standard size aperture [8]. 

 

(a) 

 

(b) 

Fig. 8 Dimensional measurement systems (a) 3-
dimensional coordinated measuring machine 
(3DCMM), (b) Laser displacement meter system 
(LDMS) 



VI. METROLOGICAL TRACEABILITY 

Traceability to international standards (SI) was established 
via mechanical dimensional measurements of a standard 
quarter wavelength “Line.” For aperture dimensional 
measurements, Keyence LT9010M laser displacement meter 
(LDMS) was used with a specialized stage to adjust the incident 
angle of the laser beam (Fig. 8) at standard conditions (23 ºC) 
of the electrical calibration laboratory. The laser beam entered 
the “Line” aperture at approximately 45 degrees. The aperture 
wall surface was scanned by moving the sample stage. 
Dimensional measurements were traced back to the SI base unit 
of length via reference gauge blocks with temperature 

corrections from 20 ºC to 23 ºC using the linear thermal 
expansion coefficient of steel. The resulting 3-dimensional data 
array included aperture dimensions, corner radii, center 
position of aperture and center position as determined by outer 
circumference of flange.  

The systematic uncertainty (k = 2) of our dimensional 
measurements was approximately 0.75 m including the 
uncertainty value of the gauge block. The uncertainty of 
reproducibility for aperture dimensions was 0.65 m (k = 2). 
The resulting expanded uncertainty (k=2) contribution from the 
measurement system was approximately 2.0 m for the small 
aperture waveguide. The dimensional variations of the 
individual aperture width and height values were added to the 
overall expanded measurement uncertainty. Measurements of 
width dimensions were made at varying positions along the 
height and depth. The expanded uncertainty of aperture 
measurements of Line is 11.3 m for width dimension, and 16.5 
m for height dimension.  

The differences between the aperture center and flange center 
were obtained [9]. The aperture displacement of H-plane and 
E-plane directions were calculated by the differences of the 
center positions between aperture and flange. In VNA 
measurements the center offsets of both test ports and “Line” 
provide H-plane and E-plane displacements at the waveguide 
interfaces. Such displacements at a mated interface produce 
reflections that diminish VNA measurement accuracy. H-plane 
displacement between Port-1 and Port-2 is 4.9 m. The 
resulting E-plane displacement is 4.7 m when direct thru 
connection. 

VII. VNA MEASUREMENT UNCERTAINTY 

A VNA measurement uncertainty can be estimated from 
dimensional measurement uncertainties via the S-parameter 
calculation for the “Line” standard [4, 9, 10]. Connection 
repeatability and, to some extent, reflection characteristics at 
the interfaces for the “Through” connection can contribute to 
increased measurement uncertainty [4, 9, 10].  

The uncertainty was determined by reflection characteristics 
of line standard and interface for both “Line” and “Thru” 
connections in the TRL calibration scheme. A major source of 
uncertainty of the S11 measurement was the uncertainty (0.068) 
of S11 of Line.  Uncertainty of S21 was determined by almost S21 
repeatability of the “Thru” connection. S21 values of the “Line” 
characteristic do not affect measurement uncertainty in the self-
calibration scheme.  

Other uncertainty contributions were linearity, 
approximately 0.01dB/dB, and noise floor, approximately 60 
dB, in the frequency range from 800 GHz to 1.05 THz.  

The 3D plots in Fig. 9 show the dependence of expanded 
uncertainty of S11 on the operating frequency and the 
characteristics of the device under test for VNA measurement 
calibrated by TRL calibration scheme with double standard 
lines.  

 

(a) 

 

(b) 

Fig. 9 example results of VNA measurement 
uncertainty analysis 

 



VIII. VERIFICATION AND MEASUREMENT COMPARISON 

Two-port mismatch lines as verification devices was 
designed to fit the claw waveguide flanges, WM-864, and 
fabricated on a CNC milling machine for flange interfaces. 
Before estimations and measurements of device characteristics, 
aperture dimensions were measured by dimensional 
measurement system used for TRL line standard [9, 10] and 
following S-parameters and their associated uncertainties were 
estimated from a series expansion of the field in eigenmodes 
[11] by a Monte Carlo simulation involving 100,000 trials.  

The 10 disconnection/reconnection was made the 
measurement of four verification devices. Real and imaginary 
values of reflection characteristics, derived from measured and 
calculated S11, for three mismatch lines with their associated 
uncertainties are shown in Fig. 10 together with designed 
characteristics.  

To verify the both VNA measurement and verification device 
characteristics, we compared two different values from VNA 
measurement and dimensionally-derived calculation results of 
return loss. We estimated the both values, , and equivalency 
U(), i.e. uncertainty of difference, , in the comparison of 
return loss measurement results. The differences  between 
both values of return loss were almost less than equivalency 
U()for all verification device, however,  is larger than 
equivalency U() at some of measured frequency points. Δ and 
U(Δ) are expressed as follows 

 
= |S11_meas – S11_mech| ,    (6) 
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where S11_meas and S11_mech are the values obtained from 
VNA measurements and dimensional characterization, 
respectively, and u(S11_meas) and u(S11_mech) are the standard 
uncertainties in these S11 values.  

In the case of RL measurements at low to medium RL, i.e. 
-10 dB (0.03) and -20 dB (0.10), dimensional values and 
measured value obtained from VNA were agree with each other. 
However, at the high RL, -30 dB (0.33), dimensional 
characterization was equivalent to VNA measurement results at 
lower frequency edge. This is because the dimensional 
characterization process do not take into account aperture offset 
and misalignment effects. Thus, for a high reflective device 
having narrow aperture, reflection characteristics at interface 
might be sensitive to misalignment.  

IX. RECOMMENDATIONS 

Waveguide VNA with external frequency extension modules 
can operate up to 1.6 THz frequency.  However, researchers and 
engineers are making effort to ensure a precision S-parameter 
measurement system including both hardware and 
measurement techniques above 110 GHz. This paper 

 

(a) 

 

(b) 

 

(c) 

Fig. 10 Results of VNA measurement and 
mechanically-derived analysis for return loss of (a) -
10dB, (b) -20 dB, and (c) -30 dB in the WM864 
waveguide frequency band. 



recommends to improve measurement accuracy (uncertainty 
and stability, etc.) in VNA at Terahertz frequency. The use of   
precision flange providing excellent connection repeatability at 
interface and user friendly measurement tools, i.e. clamps and 
connection support platform, producing stability of 
measurement system for the establishment of accurate 
measurement hardware system at the millimeter wave and 
terahertz frequencies.  Then, choosing suitable calibration 
standard and method, and following verification process is also 
key for accurate VNA measurement. Finally, traceability and 
uncertainty analysis archives a high quality calibration and 
measurement system.  

X. CONCLUSION 

This paper proposes flange, calibration standards, 
verification standards, user friendly waveguide connection 
clump, VNA measurement hardware system with cabling 
effects, and calibration with metrological traceability. These 
study archives improvement for accuracy of waveguide VNA 
measurements above 110 GHz. 
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Abstract  —  In this article vector network analyzer (VNA) 
calibration schemes suitable for traceable scattering parameter 
measurements in rectangular waveguides at millimeter-wave and 

submillimeter-wave frequencies are compared with well-
established techniques being used at lower frequencies. 
Comparison measurements were performed in the frequency 

band 33 GHz – 50 GHz. 
Index Terms — Vector network analyzer, Calibration method, 

millimeter wave. 

I.  INTRODUCTION 

The aim of this work is to compare the conventional VNA 

calibration schemes used at lower frequency bands with ones 

recently proposed for millimeter-wave and submillimeter-

wave frequencies by measurements in the band 33 – 50 GHz. 

In contrast to conventional calibrations, using of three-quarter-

wavelength or longer calibration lines at millimeter-wave and 

submillimeter-wave bands is preferable because of better 

mechanical robustness of the lines and better connection 

repeatability [1, 2, 3]. One of the most serious factors causing 

degradation of calibration accuracy at high frequencies is 

flange misalignment. This problem can be minimized by using 

calibration standards which do not suffer from these errors 

such as radiating waveguides and flush shorts [1, 4]. 

Therefore, apart from traditional calibration standards, longer 

air lines and radiating open-ended waveguides were used as 

calibration standards. Several one-port and two-port devices 

were measured using different calibration techniques and the 

results were compared. 

II. MEASUREMENT SETUP 

A VNA type Agilent PNA series E8364B with 2.4 mm 

flexible test port cables and 2.4 mm to waveguide adapters 

with Maury Microwave Precision WR22 Flange (MPF22) was 

used with a Maury Microwave calibration kit model J7007H, 

including a precision 2.4 mm shim. The calibration kit 

includes further two precision waveguide loads and one flush 

short. Two precision shims of the nominal length of 2 mm and 

4.4 mm were at disposal. 

A. Devices under test 

For the comparison the following devices were used: 

 8.8 mm offset short 

 matched waveguide load 

 6.8 mm airline 

 direct connection of waveguide test ports (methods not 

using Thru as fully known calibration standard) 

 20 dB attenuator  

 mismatched load (realized by 2.4 mm attenuator with 

2.4 mm to WR22 adapter) 

B. Calibration methods 

A set of following calibrations were performed: 

 TRL (this calibration was chosen to serve as a reference) 

o Thru – direct connection of the flanges MPF22, 

defines the reference plane 

o Reflect – flush short from the calibration kit 

o Line – precision λ/4 shim, length 2.4 mm 

 SSLL  

o Short – flush short 

o offset Short – 2.4 mm shim + flush short 

o precision waveguide Load 

o offset Load – 2.4 mm shim + the above load 

 

Following calibrations use schemes suitable for mm-wave and 

sub mm-wave frequencies: 

 TRL2 (calibration using two roughly ¾-λ lines, as only 

one line cannot cover the whole frequency band) 

o Thru and Reflect – identical to TRL 

o Line – two lines of the length roughly ¾-λ, i.e., 

2 mm + 4.4 mm shims and 2 mm + 2.4 mm + 

4.4 mm shims, respectively 

 LRL  

o 1st Line –2 mm + 4.4 mm shims 

o Reflect – see TRL 

o 2nd Line – 2 mm + 2.4 mm + 4.4 mm shims 

 SSM (optionally SSMT for 2 ports) 

o Short and offset Short – see SSLL 

o Matched standard – radiating open, i.e. open 

flange MPF22 of the adapter 2.4 mm to WR22 

o Thru – see TRL 

 TRM  

o Thru and Reflect – see TRL 

o Matched standard – see SSM 

 SSMU (this type of calibration was tested because the 

Unknown thru method was expected to be able to 
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remove the errors associated with misalignment of the 

flanges of the Thru standard) 

o Short and offset Short – see SSLL 

o Matched standard – see SSM 

o Unknown thru – direct connection of the flanges 

MPF22 

 

For VNA calibrations and corrections of measurements we 

used standard firmware procedures excluding the TRM 

method and SSMU (Unknown thru) method. 

III. OPEN-ENDED WAVEGUIDE REFLECTION STANDARD 

Some of the calibration schemes proposed for mm-wave 

and sub-mm wave frequency bands use an open-ended 

waveguide as an impedance standard. Sufficient accuracy of 

the standard characterization is very important. As mentioned 

above, two 2.4 mm to waveguide WR22 adapters (model 

J236A3) with Maury Microwave Precision WR22 Flange 

(MPF22) were used as radiating open standards. At first we 

considered to use infinite flange model calculated by [5] for 

characterization of the standard but we found out by 

measurement that this approximation is not adequate for the 

real flange. Second way we used is based on more detailed 

simulation of the open waveguide with the flange and the third 

way consists in measurement using the VNA. Reflection 

coefficient magnitude measurement and simulation results for 

several MPF22 flange configurations can be seen in Fig. 1. 

Details of the flange model are depicted in Fig. 2. Nominal 

dimensions presented in [6] were used for the simulation. 

Characterization of the flange was performed using full-wave 

electromagnetic field simulator using FDTD method, 

measurements were performed utilizing the TRL calibration 

with flanges aimed against 10 cm long foam pyramidal 

absorbers. As the magnitude representation does not yield full 

information about the accuracy of characterizing of the open-

ended waveguide standards, deviations of measured and 

simulated (complex valued) reflection coefficient values are 

plotted in Fig. 3. 

Open flanges with two pins, i.e. normal configuration, were 

chosen to be used as calibration standard for measurements 

described in this paper. Other configurations were used only 

for evaluation of the accuracy of the simulation. Difference of 

measured reflection coefficient of the flange with two pins and 

data modelled for infinite flange is also shown in Fig. 3. This 

characterization of the standard was optionally used for one of 

the tested calibration schemes. 

Further, repeatability of the reflection coefficient of the 

open waveguide standards was investigated. Standard 

deviation in the order of 0.003 was observed for repeated 

measurements and calibrations. Changes in order of 0.001 or 

smaller were observed when the absorber placed in front of 

the waveguide flange was removed and the waveguide was 

left to radiate just into the laboratory. Differences in (complex 

valued) reflection coefficient between two MPF22 flanges 

were found to be not greater than 0.005. 

 

Fig. 1. Comparison of reflection coefficient measurements and 

simulations of the radiating open waveguide. 

 

Fig. 2. MPF22 flange model version 1 with two alignment pins, this 

configuration was used for reported VNA calibrations. 

 

Fig. 3. Deviations of the measured and simulated reflection coeffi-

cient values for the radiating Maury Microwave Precision WR22 

Flange (MPF22). 

 

 

Finally, it can be concluded that the agreement between 

electromagnetic simulation (flange with nominal dimensions) 



and measurement can be considered as quite good, yet not 

sufficient for accurate characterization of the measurement 

standard. For the above described simulations the mesh of 

approximately 17 points per (the shortest used) wavelength 

was used but increasing of number of points did not improve 

the results. Also the sensitivity for some dimensional changes 

due to tolerances specified for the flange MPF22 was 

investigated but the changes in the reflection coefficient were 

insignificant.  

However, the flange used with waveguides operating at 

millimeter-wave and submillimeter-wave frequencies [7] is 

usually the same despite the fact that the width and height 

dimensions of a WM-250 waveguide operating at 1000 GHz 

are ten times smaller than those of a WM-2540 waveguide 

operating at 100 GHz. Thus, for higher frequency bands better 

accuracy of the electromagnetic simulation can be expected 

because the “troublesome” structures (alignment holes, pins, 

threaded holes etc.) are electrically further from the 

waveguide aperture. 

IV. EXPERIMENTAL RESULTS 

Measurement results obtained using calibration schemes 

being of interest are presented in following graphs. Details of 

tested devices and calibration methods and standards used are 

described above. Results are presented in graphs either 

together with the results obtained by the reference method or 

as the difference/ratio of the tested and reference data. In the 

legend of the graphs the abbreviations referring to calibration 

methods/schemes are amended by indexes specifying 

definition of the calibration standards (only when it is 

relevant). The meaning of used indexes is as follows: no index 

– definition of the standard supplied by the manufacturer, m – 

standard characterized by measurement (usually using TRL 

method), s – standard characterized by simulation, si – 

standard (radiating waveguide) approximated by infinite open 

flange model. For example, meaning of the SSmMsU is as 

follows: two-port calibration using Short – offset Short – 

Matched load – Unknown thru calibration scheme with Short 

characterized by manufacturer’s definition (as ideal), offset 

Short characterized by measurement and Matched load 

realized by open-ended waveguide characterized by 

electromagnetic simulation. 

 

Fig. 4. Differences of reflection coefficient measurements of matched 

load at port 1 and port 2 for three calibration schemes  

Fig. 5. Results of the measurement of the matched waveguide load 

reflection coefficient, differences of the measured and reference data 

(TRL) are plotted  

 

Fig. 6. Results of the measurement of the matched waveguide load 

reflection coefficient, differences of the measured and reference 

(TRL) data are plotted  

 



Fig. 7. Results of the measurement of the offset short reflection 

coefficient magnitude  

 

Fig. 8. Results of the measurement of the offset short reflection 

coefficient phase, differences of the measured and reference (TRL) 

data are plotted  

 

Fig. 9. Results of the measurement of the offset short reflection 

coefficient magnitude  

 

Fig. 10. Results of the measurement of the offset short reflection 

coefficient phase, differences of the measured and reference (TRL) 

data are plotted 

 

Fig. 11. Results of the measurement of the mismatched load 

reflection coefficient, differences of the measured and reference 

(TRL) data are plotted  

 

Fig. 12. Results of the measurement of the mismatched load 

reflection coefficient  

 



Fig. 13. Results of the measurement of the mismatched load 

reflection coefficient, differences of the measured and reference 

(TRL) data are plotted  

 

Fig. 14. Results of the measurement of the 6.8 mm air line reflection 

coefficient, differences of the measured and reference (TRL) data 

are plotted  

 

Fig. 15. Results of the measurement of the 6.8 mm airline reflection 

coefficient, differences of the measured and reference (TRL) data 

are plotted  

 

Fig. 16. Results of the measurement of the 6.8 mm airline trans-

mission coefficient magnitude  

 

Note that the results for the TRM calibration scheme are 

based on one set of measurements and were obtained by 

computation for individual standard definitions. 

As the misalignment of waveguide flanges can influence 

scattering parameters of the direct connection of measurement 

ports, a method called „unknown thru“ was chosen for testing. 

As the simplest way, measurement of an ideal direct 

connection of test ports was performed. Measurement results 

presented in Figs. 20 and 21 include results for LRL method 

as well because it is the second method being tested which 

does not use an ideal Thru as fully known calibration standard. 

 

Fig. 17. Results of the measurement of the 6.8 mm air line trans-

mission coefficient magnitude 

 

 



Fig. 18. Results of the measurement of the 20 dB attenuator trans-

mission coefficient magnitude, differences of the measured and 

reference (TRL) data are plotted  

 

Fig. 19. Results of the measurement of the 20 dB attenuator trans-

mission coefficient magnitude, differences of the measured and 

reference (TRL) data are plotted  

 

Fig. 20. Results of the measurement of ideal Thru transmission 

coefficient magnitude  

 

Fig. 21. Results of the measurement of ideal Thru reflection 

coefficient magnitude  

 

Fig. 22. Results of the measurement of the 20 dB attenuator 

transmission coefficient, differences of the measured and reference 

(TRL) data are plotted 

 

Note that the results for the SSMU calibration scheme are 

based on one set of VNA measurements and were obtained by 

computation for individual standard definitions. 

V. DISCUSSION OF THE RESULTS 

A. TRL calibration scheme 

A conventional TRL calibration scheme with a λ/4 line 

length was expected to give the most accurate results and was 

chosen to serve as a reference. Acceptable quality of 

performed TRL calibration can be documented by the quite 

small differences of low-reflective load measurements at both 

ports of the VNA (see Fig. 4) and no significant ripple visible 

on the offset short magnitude trace (see Fig. 9). However, it 

can be seen that the performance of the measurement system 

is affected by random errors, likely predominantly originated 

in cable flexure. 

B. SSLL calibration scheme 

This calibration was performed using the manufacturer’s 

definition of the calibration standards. 



In the plot of the |S11| measurement of the offset short (Fig. 

7), significant ripple can be seen. From the ripple, the residual 

test port match value of 0.018 can be roughly estimated [8], 

mainly originating in imperfect offset short calibration 

standard definition. Systematic errors in low-reflection device 

measurement visible in Fig. 5 were found to be repeatable and 

perhaps could be caused by the imperfect definition of the 

offset load. 

C. TRL2 calibration scheme 

As mentioned above, two roughly ¾λ lines were used as 

calibration standards for this calibration scheme. The first line 

of the length of 6.4 mm was used as a standard at frequencies 

from 39 GHz to 48 GHz (transmission coefficient phase from 

-221° to -308°). The second line of the length of 8.8 mm was 

used as standard at frequencies from 33 GHz to 39 GHz 

(transmission coefficient phase from -210° to -304°) and from 

48 GHz to 50 GHz (transmission coefficient phase from -424° 

to -449°). The Thru standard was used for reference plane 

setting. As can be seen in Fig. 4, the differences of low-

reflective load measurements at both ports of the VNA are 

notably greater in comparison with conventional TRL 

calibration scheme. Most likely it is caused by the worse 

uniformity of the calibration lines put together from several 

shims. The results of measurement of the matched load and 

6.8 mm line can be seen in Figs. 5 and 14, respectively. The 

deviation from the reference TRL calibration is in both cases 

better than 0.0025.  

D. LRL calibration scheme 

The combination of 2 mm and 4.4 mm shims was used as 

the shorter line, and the combination of 2 mm, 2.4 mm and 

4.4 mm shims was used as the longer line, i.e. difference of 

both lengths is roughly λ/4. A Reflect standard (flush short) 

was presumed to be more suitable for the reference plane 

setting and only this option of the calibration was tested. As 

can be seen in Fig. 4, the differences of low-reflective load 

measurements at both ports of the VNA are somewhat greater 

in comparison with conventional TRL calibration scheme. The 

results of measurement of the matched load and 6.8 mm line 

can be seen in Figs. 5 and 14, respectively. The deviation from 

the reference TRL calibration is in both cases notably greater 

in comparison with the previous calibration scheme TRL2. 

Notably larger deviations were observed also in transmission 

measurements (see Figs. 16 and 18). The deviations can be 

partly explained by the random errors due to cable flexure and 

probably also by the fact that the measurement of reflection 

standard was used for reference plane definition. 

E. SSM/SSMT calibration scheme 

In these calibration schemes, the radiating open ended 

waveguide serves as the impedance standard, which does not 

suffer from misalignment of waveguide flanges. For the 

radiating open, two definitions were used; first one obtained 

by measurement using TRL method (SSMm/SSMmT) and 

second one obtained by electromagnetic simulation 

(SSMs/SSMsT). At the plot of the reflection coefficient 

magnitude measurement of the offset short (Fig. 9), significant 

magnitude ripple can be seen. For SSMm the trace is very 

similar to SSLL, which is due to imperfect definition of the 

offset short supplied by manufacturer of the calibration kit. 

For SSMs both residual test port match and residual directivity 

are increasing due to imperfect definition of the impedance 

standard.  

F. TRM calibration scheme 

In this calibration scheme, radiating open ended waveguide 

serves as the impedance standard as well. For the radiating 

open, three definitions were used here; first one obtained by 

measurement using TRL method (TRMm), second one 

obtained by electromagnetic simulation of the MPF22 flange 

(TRMs) and the third one obtained by modelling, whereas the 

real flange is approximated by the infinite flange model 

(TRMsi). From the measurement results it can be concluded 

that the maximum errors due to imperfect definition of the 

radiating open standard are a bit larger for SSM/SSMT 

calibration scheme in comparison with TRM calibration 

scheme for both reflection and transmission measurements. 

G. SSMU calibration scheme 

The unknown thru method was expected to be able to 

remove errors due to waveguide flange misalignment by direct 

connection of test ports. This scheme was tested only for two-

port devices. For one-port devices, the characteristics 

correspond to SSM scheme here. The sensitivity of the 

transmission measurement accuracy on the definition of the 

reflection standards is especially noticeable. Results for three 

definitions of calibration standards can be seen in Fig. 20 to 

Fig. 22. For example, difference between traces marked 

SSmMmU and SSMmU is due to the change of the length of the 

offset short standard definition by approximately 12 μm which 

corresponds to the change of the offset short reflection 

coefficient phase of 1.2° at 50 GHz. For example, in [3] it can 

be found that the standard deviation of the (complex valued) 

reflection coefficient of the offset short in the frequency band 

750 GHz – 1100 GHz is approximately 0.1 which could 

generate significant errors for this calibration scheme. 

Considerable improvement can be expected by using of the 

method described in [4] that utilizes flush short, two offset 

shorts with unspecified but different phases and open-ended 

waveguide for one-port calibration.  

VI. CONCLUSION 

The purpose of this work was to gain knowledge applicable 

in the common European research programme aimed at VNA 

calibration methods for millimeter and submillimeter waves, 

on basis of experimental measurement in the frequency band 

33 GHz to 50 GHz. 



A set of measurements designated for the comparison of the 

conventional calibration schemes and calibration schemes 

suitable for frequencies above 100 GHz were performed. It is 

obvious that the accuracy of the used measurement system 

was negatively affected by random errors, most likely arising 

from the effect of cable flexure. However, the measurement 

results enable to compare some specific features of the 

calibration schemes of interest. The main observations for the 

frequency band 33 GHz – 50 GHz are as follows. 

The ¾-λ TRL calibration results shows best agreement with 

the reference ¼-λ TRL calibration results, second best is the 

LRL calibration results. The calibrations using radiating opens 

(as calculable standards) show worst results caused by 

insufficiently accurate characterization of the open waveguide 

with real flange by the electromagnetic field simulator. 

Provided the same accuracy of characterization of the open 

waveguide standard the TRM calibration gives slightly more 

accurate results than SSMT.  

The main conclusions regarding expected calibration 

performance at mm- and submm-wave frequencies can be 

formulated as follows. The ¾-λ TRL calibrations are expected 

to perform well and should be suitable as reference 

calibrations. LRL calibrations can perform quite well but they 

exhibit a bit worse performance than the previous ones. SSLL 

calibrations can be used but are less suitable as reference 

calibrations. Calibrations with radiating opens were found as 

the worst ones in frequency band 33 GHz to 50 GHz. 

However, it might be expected that with increasing frequency 

the accuracy of the simulation of the radiating open 

waveguide with flange could increase to a certain extent while 

the accuracy of the TRL calibration will decrease due to 

flange misalignment. Thus, it seems to be possible that the 

calibration schemes with radiating open waveguide, especially 

TRM, could outperform the other ones at higher frequency 

bands. 
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Abstract  —  In this contribution we present a custom test-

bench capable of delivering multi-path mm-wave signals with 
amplitude and phase control to an on-wafer environment. The 
setup employs direct IQ up-conversion in the 7.5GHz to 10GHz 

band, with high resolution DACs to modulate both amplitude 
and phases of n coherent LO signals. Signal amplification 
followed by frequency multiplication generates mm-wave signals 

in the 30 to 40GHz range. An amplitude pre-distortion technique, 
to level the IQ mixer output power versus phase angle, and a 
calibration technique are developed to achieve accurate 

amplitude and phase control between the signals at the wafer 
probe-tip level. 

 
Index Terms — IQ modulation, phase coherent, calibration, 

mm-wave. 

I.  INTRODUCTION 

In present mm-wave applications such as phased arrays and 

MIMO, there is a growing need (at characterization and 

testing level) to generate signals having accurate and 

independent phase/amplitude control relative to a common 

reference.  

The generation of high frequency signals with known and 

constant relative phases has always been a challenge due to 

the increased sensitivity to mechanical tolerances as frequency 

increases, i.e., passive hybrid imbalances are in the order of 

±10, and matched phase cables are difficult to realize and 

expensive. 

In addition, most phase locking loops (type I) used in 

commercial synthesizers only permit frequency-control, and 

do not provide phase adjustability of the signal in the loop. As 

an example, if two analog synthesizers are locked to the same 

crystal reference, two error mechanisms occur causing the 

relative phase to diverge: 

1) short term and long term drift effects (caused by the 

mismatch in the phase discriminators of the two synthesizers), 

resulting in different time constants of the two PLLs, and 

different leakage currents, respectively. 

2) the switching instant of the frac-N is asynchronous with 

the RF signal, as a result, after  frequency division the phases 

can potentially end up in a different quadrants. 

More advanced solutions that require dedicated hardware to 

track signal phases are only embedded in expensive network 

analyzers [1].  

In this contribution we will present an IQ up-conversion 

system, similar to the one presented in [2][3], capable of 

aligning and controlling both phase and amplitudes of mm-

wave signals. The paper is structured as follows, first a 

description of the hardware setup is given, then the calibration 

procedure is described and benchmarked via circuit level 

simulations, finally the experimental data are presented and 

discussed. 

II. HARDWARE SETUP 

In order to generate the multiple (the proposed setup 

employs four paths) phase coherent mm-wave signals, the 

output of a single frequency source is split into four paths 

using a Wilkinson power divider. These signals provide the 

necessary LO drive to operate the IQ modulators, which 

provide independent amplitude modulation and phase steering 

capabilities in each path. The 20dB isolation provided by the 

Wilkinson power divider is sufficient to avoid pulling between 

the modulators. The LO signals are amplitude modulated and 

phase steered using programmable 12-bit digital to analog 

converters (DACs) that set the (static) voltages on the in-phase 

(I) and quadrature (Q) ports of the modulators, as shown in 

Fig.  1. Interface amplifiers ensure adequate drive to the X4 

multipliers that generate the required mm-wave signals in the 

target 30-40GHz band. 

The entire assembly of active and passive components is 

mounted on a 6mm thick aluminum plate, which provides 

mechanical stability, and acts  like a heat sink for the active 

components (see Fig.2).  
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Fig.  1: Simplified block scheme of the proposed setup. 
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Fig.  2: Hardware implementation of the proposed setup detailing the 

LO distribution to IQ mixers (left) and the thermal shielding through 

aluminum foils (right). 

The RF coaxial cables are then clamped in place, and 

covered in isolation foil to minimize temperature fluctuations 

which would lead to phase variations ( Fig.  2 inset). 

III. CALIBRATION 

The calibration procedure is required to convert the I and Q 

information into phase values at the defined reference plane, 

and to absorb the mismatches between the various components 

of the setup (i.e., mixers, amplifiers and cables). 

As a first step the individual modulators have to be 

characterized and DC compensated for their zero-offset, to 

minimize LO leakage (see Fig.  3).  

 

Fig.  3: Reduction of the LO to RF leakage as a results of the IQ 
minimization procedure. 

The minimization I and Q voltages represent the effective 

center around which the high frequency phasor rotates, in a 

polar representation. 

In order to preserve a constant amplitude versus steering 

angle (i.e., constant radius of the rotating I/Q phasor), the 

modulator input is pre-distorted. The I and Q voltage settings 

are modified a priori to achieve independent amplitude and 

phase control. 

The pre-distorted amplitude variation is less than 0.1 dB in the 

required quadrant (0 to 90) as seen from Fig.  4. Note, that 

due to the x4 multiplication, linearization of the modulator in 

a single quadrant is sufficient to achieve orthogonal phase and 

amplitude control over 360 in the mm-wave band.  

 

Fig.  4: Amplitude response of the modulators: (left) before pre-

distortion, after the multi-setup pre-distortion procedure.  

To compensate the mismatches arising from the different 

lengths and losses present in the various signal paths (probes 

included), an on-wafer power-combing calibration procedure 

was developed using a symmetric combiner. The fully 

symmetric CPW T-junction prototypes were designed and 

simulated using a 2.5D fullwave EM software (i.e., Keysight 

MoMentum), and then integrated in a fused silica wafer, see 

Fig.  5.   

a) 

Port 1

Port 2

Combined 
output

b)  

Fig.  5: Fully symmetric CW T-junction: (left) layout view, (right) 

fabricated fused silica wafer with aluminum metallization layer. 

A. Validation of calibration procedure 

In order to validate the calibration procedure a simulation 

environment was created Keysight’s Advanced Design System 

(ADS) software.  

The circuit schematic is shown in Fig.  6. A numerical 

optimizer is used to find the I and Q voltages of mixer 2 to 

achieve a minimization at the combined output while mixer 1 

is kept constant. In order to account for a realistic system, 

imbalances (extracted from classical data-sheet performance) 

where added on the following parameters: minimization point 

of the mixers, phase delay on the LO drive, port mismatch at 

the combiner and divider ports and finite isolation of the 

combiners. 

The combiner used in the simulation environment, as well 

as the one from experimental setup is a simple T-junction, 

which provide no path isolation and presents a frequency 

independent match of close to -9dB. This results in a small 

change of load impedance seen by the two IQ mixers from the 

calibration phase to the measurement phase, when the driving 

paths are separated (i.e., isolated). 



 

Fig.  6: Block diagram of the experimental setup. Error models 
accounting for the components (i.e., phase shifter, combiner and T-
junction) non idealities are included, in an ADS simulation test-
bench. 

The results of the simulated calibration procedure, and the 

effective phase offset achieved when the mixer are used in 

isolated paths are shown in Fig.  7. 

 

Fig.  7: Simulated output voltages of each IQ modulator, when their 
outputs are combined with the T-junction in the calibration phase 
(dashed), and measurement phase (solid with symbols).  

As can be seen by the figure the 180 phase offset is 

preserved when moving from the combined case (dashed) to 

the isolated one (solid with symbols). The phase imbalance 

achieved is less than 0.5. 

IV. EXPERIMENTAL RESULTS 

In order to achieve multiple equi-amplitude, controllable 

phase coherent signals a round robin procedure is 

implemented, where one path is assigned as reference. The 

amplitude and phase of the other paths are subsequently (one 

variable path at a time) aligned to it by monitoring their 

combined output power with the reference. In the T-junction 

two paths are connected to the modulators (i.e., reference and 

modulator under test) and the third arm of the junction is 

connected to the spectrum analyzer. The calibration procedure 

described in section III monitors the output power for 

sequentially varied DC values on the IQ ports of the variable 

path. The 180 difference is found by identifying the output 

cancellation point and mapping the entire curve to 360 as 

shown in Fig.  8. 

  

Fig.  8: Power combined output of the T-junction versus phase angle 

of the variable modulator. The inset is a zoom-in around the 

cancellation point. 

After calibration, the the I and Q bias voltages on the 

modulators can be programmed to set the desired signal 

phases with respect to the reference. 

The developed measurement system was calibrated, and 

then two modulators were set at opposite phases to gauge the 

stability of the set-up over time. Data compiled over a 10-hour 

measurement are shown in Fig.  9. 

  

Fig.  9: Measurement setup stability computed for a time interval of 

10 hours at the cancellation point, i.e., 180
 o

 described in terms of: 

output power (left), and computed phase (right). 

The amplitude error observed over 10 hours is 2dB, which 

translates to a small 0.3 relative phase drift when referenced 

against measurement results from Fig. 8. 

V. CONCLUSIONS 

In this paper we presented a simple measurement-setup that 

provides amplitude and phase controlled mm-wave signals to 

an on-wafer environment. The hardware of the system is 

centered around IQ modulators controlled by precision DACs. 

The leakage minimization procedure, pre-distortion and 

calibration procedure that achieves equi-amplitude phase 

controllable outputs have been discussed and validated by 

means of circuit level simulations. Experimental results show 

that the implemented system achieves a phase stability better 
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then ±0.3 in a measurement frame of 10 hours in a ±1 C 

temperature controlled lab. 
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Abstract — In this paper, the impact of knowing the impedance of 
the lines used in the TRL calibration (Z) on the load-pull (LP) 
characterization of power transistors is assessed. Relevant 
parameters, such as input impedance (ZIN), load impedance (ZLD) 
and large-signal gain are considered. By using the ABCD-
parameters matrix formalism in the calibration of the LP 
measurement setup, closed form expressions for evaluating the 
impact of knowing Z on the calculation of these parameters are 
presented. It is demonstrated that knowing Z is of paramount 
importance in the calculation of ZIN and ZLD. Regarding the gain, 
it is demonstrated that while the voltage and current gains do not 
depend on the knowledge of Z, the gain expressed as the ratio of 
the transmitted to incident waves does.  

Index Terms— Load-pull, TRL calibration, power transistors, 
characteristic impedance, ABCD-parameters. 

I. INTRODUCTION 

The objective of the characterization of power devices using a 
load-pull (LP) system is the evaluation of its performance under 
different loading conditions in order to determine the load 
under which its optimal performance may be obtained [1]. 
Nevertheless, elements of the measurement setup such as 
cables, adapters, couplers or test fixtures, introduce errors in the 
measurement of the impedances and large-signal behavior at 
the device’s plane. Thus, to accurately characterize a device 
under test (DUT), the measurement setup has to be calibrated.  

The calibration of a LP measurement setup, such as the one 
depicted in Fig.1, is divided into two parts: 1) a relative 
calibration, in which ratios of parameters of interest (e.g., 
voltages and currents or incident and scattered waves) may be 
determined, and 2) a power calibration, in which the power 
levels at the DUT ports are determined.  

The relative calibration may be carried out by using 
conventional vector network analyzer calibration techniques 
(Fig. 2) such as the thru-reflect-line (TRL) [2]-[3] or the thru-
reflect-match (TRM) [4]. The power calibration, on the other 
hand, may be carried out by using a power meter (PM) 
connected at the calibration plane [2], [5]. When the DUT is 
mounted in a microstrip test fixture or is contacted using 
coplanar probes, a PM cannot be connected at such a plane. In 
those cases the power calibration is carried out by connecting a 
PM at a coaxial plane located far from the calibration plane 
(Fig. 3) and using a procedure to determine the power at the 
calibration plane [6].  

In order to be characterized, packaged power transistors are 
accommodated in transmission lines, whose characteristic 
impedance depends on the transistor’s power capabilities; the 

higher the power capabilities, the lower the line’s impedance. 

In this order, the test fixtures used to mount those devices utilize 
wideband impedance transformers [7]-[8] to adapt low 
impedance lines to 50 Ω lines. As a consequence, the 

impedance value of the lines used as calibration elements in a 
TRL calibration (Z) vary according to the transistor’s power 

capabilities. 

 
Fig.1. Measurement setup of a real-time load-pull system (neither driver 
amplifier nor networks for DUT biasing are depicted). 

Previously published works [7]-[8] have reported that in 
order to refer the TRL calibration to the measuring system 
impedance (Z0), in both S-parameters and LP measurements, it 
is necessary to know the value of Z. However, to the best of the 
authors’ knowledge, a rigorous analysis explaining the 
significance of accurately knowing Z in the LP characterization 
of power transistors has not yet been reported. In this paper, by 
using the ABCD-parameters matrix formalism in the calibration 
of a LP setup, closed form expressions to assess the impact of 
knowing the value of Z on the LP characterization of power 
transistors are presented for the first time.  

II. LOAD-PULL SETUP CALIBRATION  

In order to analyze the calibration of the LP setup depicted in 
Fig. 1, we use the structures shown in Fig. 2 and Fig.3 [5]. The 
calibration procedure described in this section uses the ABCD-
parameters formalism for representing the measurements in the 
vector receiver (VR) and the power meter depicted in Fig. 2 and 
Fig. 3. Hence, the analysis is developed in terms of voltages and 
currents. 

A. Relative calibration 

The voltages and currents at the VR ports, U
kv  and U

ki ; 1,2,k �
which are defined as a function of the waves measured in the 
VR (Fig.2) as 

0 01 1
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,           (1) 
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Fig.2. Relative calibration: a) Measurement setup configuration and b) model 
for the setup (networks for DUT biasing are not depicted). 
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may be related to the voltages and currents at the DUT ports, kv  
and ki , as follows 
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 �� � � �
BT .  (4) 

In (3)-(4), AT and BT  are matrices representing the networks 
connecting the DUT ports to the VR ports, as shown in Fig. 2b. 
According to the theory presented in the appendix, these 
matrices may be expressed as 
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1 11
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AT = ,          (5) 

1 1 1
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D
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� �
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 �
 �

� � 
 �� �
BT = ,                  (6) 

where the term Z represents the impedance of the lines used as 
standard in a TRL calibration. As presented in the appendix, the 
seven terms ,XA XB , XC , YA , ,YB YC and X YD D are determined 
by using only information provided by the measurement of the 
TRL calibration structures. 

Then, by substituting (5) in (3) and (6) in (4), and developing 
the resultant expressions, one has 
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              � � � �2 2 21U U
Y Y Y Yi D C A v B i� �� 
 � 
 �� � ,              (10) 

where X X X XA B C� � 
 . From (7)-(10), the impedance at the 
input of the DUT and the load impedance at the DUT plane 
defined as 1 1INZ v i� and 2 2LDZ v i� 
 , may be expressed as 
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where ;U U U
k k kZ v i� 1,2k � . Meanwhile, the DUT’s voltage gain 

and current gain, defined as 2 1VG v v� and 2 1,IG i i� 
 may 
be expressed as 
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where 1U U
k kY Z� , 2 1

U U U
VG V V� and 2 1

U U U
IG I I� . The 

commonly used definition for gain in terms of transmitted and 
incident waves 2 1DG b a� , can be determined as 
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.      (15) 

It may be noted from (11)-(12) that for determining ZIN and ZLD 
the knowledge of Z is mandatory. Regarding the gain, 
according to (13)-(14) the voltage and current gains do not 
depend on the knowledge of Z. On the other hand, the gain in 
terms of incident and transmitted waves GD depends on Z 
through its own dependence on ZIN and ZLD. 

It is worth noting that the power gain GP, defined as 
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� �
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� �

2 2Re 1 / Re
,
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L D L D

P V I
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Z Z
G G G

Z Z
� �              (16) 

depends on Z through its dependence on Re(ZIN) and Re(ZLD). 

B. Power calibration: problem statement 
Thus far, expressions to determine the impedance at the input 

of a DUT, its gain and the load impedance at the DUT plane 
have been derived. Nonetheless, in LP an important concern is 
to specify the power levels at the input and output of the DUT.  
In this order, by analyzing the structure shown in Fig. 2b, the 
power at the input and output of a DUT may be expressed as 

� �2
1 Re 1/IN INP v Z� ,                           (17) 

   � �2
2 Re 1/OUT LDP v Z� ,                         (18) 

with 1v and 2v defined as 
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 .         (20)  

From (17)-(20), it is noted that for determining PIN and POUT 
it is mandatory to know |DX| and |DY|.  These terms may be 
calculated by using the measurement setup configuration 
shown in Fig.3, as described next. 

 

  

Fig.3. Power calibration: a) Setup configuration, b) measurement of coaxial 
loads and c) measurement of power meter. 

C. Determination of |DX| and |DY| 

The procedure for determining |DX| and |DY| consists of: 1) to 
make a thru connection at the calibration plane, 2) to connect 
three loads of known impedance at a coaxial plane and 3) to 
connect a PM at that coaxial plane [5], as shown in Fig. 3a.  

According to the structure shown in Fig. 3b, the voltages and 
currents at the calibration plane, v1 and i1, may be related to the 
voltages and currents at the coaxial plane, vC and iC, as 
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CT ,                            (21) 

with TC defined as 
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C
C
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D
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CT = .                           (22) 

 Then, by substituting (22) in (21) and developing the 
resultant expression, the following equation may be derived 

, ,C C C C C IN C IN CA Z B C Z Z Z� 
 � ,             (23) 

where Z1N,C=V1/I1 is the input impedance at the calibration 
plane when a load of impedance ZC=vC/iC is connected at the 
coaxial plane; Z1N,C may be calculated from (11). By 
connecting three loads of known impedance (open, short, 
match) at the coaxial plane and using (23), a linear system of 
equations may be formed; the terms CA , CB  and CC are 
calculated by solving the resultant system of equations. 

Once CA , CB  and CC  are known, let now analyze the 
connection of a PM at the coaxial plane. First, the impedance 
of the PM, ZPM, is calculated as 

   � � � �, ,PM IN PM C C C IN PMZ Z B A C Z� 
 
 .           (24) 

Then, from the analysis of the structure shown in Fig. 3c, using 
(21)-(22), the following expression may be derived 

� �1 C C PM C PMv D A Z B v� � ,  (25) 

where vPM represents the voltage at the PM. Now, let 
PPM=|vPM|2 Re(YPM), with YPM=1/ZPM, be the power measured 
in the PM. From (25) one can derive the following expression  

� �
222

1 ReC C C PM PM PMv D A B Z P Y� � .         (26) 

The term |DC|2 is calculated by assuming that the network 
represented by the matrix TC is reciprocal [6] (the determinant 
of TC equals the unity) as 2

CD =1 C C CA B C
 . 

Since a thru connection at the calibration plane is considered, 
v1=v2, by solving (19) and (20) for |DX| and |DY|, and 
substituting (26) in the resultant expressions one has 
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.   (28) 

Note that the dependence of |DX|2 and |DY|2 on Z in (27)-(28) is 
not only through the factor |Z|2, but also through the dependence 
of CA , CB and CC  on ZIN,C for three different coaxial loads and 
through the dependence of |DC|2 on CA , CB and CC . Hence, 
deriving an expression for calculating PIN and POUT from (17)-
(20) as an explicit function of Z may result in a lengthy 
mathematical formulation, which is not addressed in this paper.  

III. EXPERIMENTAL RESULTS 

A real-time LP measurement setup was implemented by using 
as a vector receiver the Agilent PNA-X N5245A, having this 
instrument external access to the receivers. As variable load 
impedance, a MPT-1808 tuner from Focus Microwaves was 
used. The DUT, a CGH40045 power transistor from Cree, was 
mounted in a test fixture comprising wideband impedance 
transformers that adapt 10 Ω transmission lines to 50 Ω 

transmission lines (Maury Microwave MT964C2-10).  
The measurement setup was calibrated at 3 GHz using the 

procedure presented in section II and the output power LP 
contours of the DUT (VDS=20V; VGS=-2.5V) were measured. 
In order to demonstrate in a simple manner the importance of 
knowing the line’s impedance on the LP characterization of the 

DUT, the actual value of Z was assumed to be real and identical 
to 10 Ω. Fig. 4 shows the output power LP contours calculated 
by using the actual value of Z (10 Ω) in the calibration 
procedure along with the contours calculated using three 
erroneous values of Z. It may be observed that knowing Z is 
very important in the calculation of the load impedance; an 

a) 

b) c) 



 

error in the knowledge of Z represents a proportional error in 
the calculation of ZLD. In this order, the optimum impedance 
(Zopt) is underestimated or overestimated, depending on the 
error in the value of Z. This parameter is very important in the 
design of power amplifiers (PAs); calculating erroneously the 
value of Zopt will result in suboptimum behavior of the 
transistor in a PA. 

  

  

Fig.4. Contours of constant output power of a CGH40045 power transistor 
(VDS=20 V, VGS=-2.5 V) using a) Z=5 Ω, b) Z=10 Ω, c) Z=20 Ω, d) Z=50 Ω 

in the calibration procedure. 
Then, we fixed the load impedance at Zopt=2.49-j 4.18 Ω and 

the input impedance was measured. Fig. 5 shows the input 
impedance calculated by using the actual value of Z in the 
calibration procedure along with the input impedance 
calculated using three erroneous values of Z. It can be observed 
that, as expressed in (11), the calculated value of ZIN varies 
proportionally with the value used for Z in the calibration 
procedure. ZIN is of paramount importance in the design of PAs 
since it provides PA designers with the information necessary 
to appropriately design the input matching networks of a PA. 

 
Fig. 5. Input impedance of the DUT calculated using different values of Z in 
the calibration. The load impedance was fixed at ZLD=Zopt. 

Finally, the impact of an error in the knowledge of Z in the 
calculation of the large-signal gain was investigated. Since the 
calculation of the voltage gain and the current gain is not 

dependent on Z, the gain expressed as the ratio of the 
transmitted to the incident waves GD was considered. 

 

Fig. 6. Gain of the DUT calculated using different values of Z in the calibration: 
a) magnitude and b) phase. The load impedance was fixed at ZLD=Zopt. 

As presented in section II.A, the calculation of GD depends 
on Z through its dependence on ZIN and ZLD. Nevertheless, as 
predicted in (15), GD does not vary proportionally with Z as in 
the case of ZIN and ZLD. Fig. 6 shows the magnitude and phase 
of GD calculated using different values of Z in the calibration 
procedure. It may be observed that (for this particular example) 
the calculation of |GD| does not vary significantly when the 
value of Z is varied. Even if the value of Z is considered as 1 Ω 

or as 50 Ω, the calculation of |GD| varies less than 10% from the 
|GD| calculated using the actual value of Z. The calculation of 
the phase of GD, on the other hand, is greatly affected by errors 
in the knowledge of the Z. 

IV. CONCLUSIONS 

In this paper the impact of knowing the characteristic 
impedance of the lines used in the TRL calibration on the LP 
characterization of power transistors was analytically and 
experimentally shown. It was demonstrated that errors in the 
knowledge of the line’s impedance has a negative impact on the 
determination of some important parameters of the LP 
characterization of power transistors. 
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APPENDIX 
The seven terms necessary for the relative calibration of a LP 
measurement setup may be determined by using this TRL 
procedure. The ABCD-parameters are used to represent the VR 
measurements and the structures shown in Fig.10. Unlike the 
previously published TRL procedure using ABCD-parameters 
[3], this TRL allows determining the seven calibration terms 
without knowledge of line’s impedance (Z). This feature allows 
expressing some parameters of the LP characterization of a 
DUT as explicit functions of Z in section II of this paper. 

 
Fig.10. TRL structures a) thru, b) line and c) symmetrical reflecting load. The 
measurements of the structures are carried out by using the VR ports. 

In this TRL, the ABCD-parameters matrix of a transmission 
line of length li, propagation constant � , and characteristic 
impedance Z is expressed as in [4] as 

-1
Li Z λi ZT = T T T ,                     (A1) 

where 

1 1
Z Z
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ZT ,                (A2) 
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λiT                            (A3) 

li
i e �� 
� , i=1,2. Thus, the equivalent ABCD-parameters matrix 

of the structures shown in Fig.10a-b may be expressed as 
�i A Li B X λi YM = T T T T T T  ,                (A4) 

with XT  and YT defined as follows 
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Y Z BT = T T .       (A6)       

The seven terms to be determined are: XA , XB , XC , YA , YB , YC
and X YD D . According to the procedure reported in [3], 
expressions for four of these terms ( YA , YB , YC and X YD D ) are 
derived by using the measurement of a transmission line 
provided that /X XA C , XB , XC and � are known. 

The terms /X XA C  and XB and � are determined by 
combining the measurements of the two structures shown in 
Fig.10a-b. Let calculate -1

21 2 1M = M M  using (A4)-(A6) as 

11 12

21 22

m m
m m
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21 X λ XM = T T T

� 11m m11



11�� 11

�m m

m m
,            (A7) 

with 1
2 1


�λ λ λT T T . Then, by developing (A7) and equating term 
by term the resulting expression, using (A3) and (A5), the 
following expressions are obtained 
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� 	
. (A9) 

The appropriate root in (A8) may be determined by using the 
criterion Re(Re( ) / )X X XB A C� .  

Finally, XC may be calculated by using a pair of reflecting 
loads (Fig.10c) as [4] 

 � �1 2/X Y XC A C� �� � � ,                   (A11) 
where  

� � � �1 1 1 /m m
R X R X XZ B Z A C� � 
 
 ,            (A12) 

           � � � �2 2 21 /m m
Y R R Y YC Z Z B A� � 
 
 .            (A13) 

In (A12)-(A13), 1
m
RZ  and 2

m
RZ  represent the impedances at the 

input of ports one and two of the VR (Fig.2a) when a pair of 
loads of impedance ZR are connected at the calibration reference 
plane. Y XA C�  and /Y YB A  may be determined by using the 
measurement of a transmission line, as presented in [3]-[4]. 
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II. EM MODELLING OF THE STANDARDS 

In order to accurately extract the frequency response of the 
standards, a precise measurement of the dimension was 
performed using a Dektak 8 profilometer with a few 
nanometer of vertical resolution together with an optical 
analysis with a reference scale.  

The standards composing a Cascade Microtech ISS model 
101-190C were then drown and simulated in a 2.5D fullwave 
EM environment (i.e., Keysight Momentum), as shown in Fig.  
1. As was mentioned in [8], the short and open standard are 
fundamentally determined by their inductive and capacitive 
behavior, respectively, as also included in the simple 
polynomial fitting approach provided by the manufacturer of 
commercial kits. Nevertheless, the absence of the (small) 
conductive losses makes the models inaccurate and often 
leading to non-physical s-parameters, i.e., reflective standard 
providing ||>1. 

The largest difference between the model provided by the 
manufacturer and the EM simulated one is observed on the 
load standard, see Fig.  2. Here is clearly seen that the pure 
inductive model of the load is inaccurate, since the large 
capacitive loading provided by the contacting metal stripes is 
neglected, or under estimated when included as a negative 
inductance [4].  

.

.

-

.

freq (1 GHz to 40 GHz)

40.9 Ohm 61.1 Ohm

Standard model
EM model

 

Fig.  2: Zoom-in of Smith chart presenting the standard model from 
the kit manufacturer and the EM extracted model for the load 
resistor. 

A. Experimental benchmarking of commercial standards 

In order to evaluate the impact of the new standard 
definitions (derived from the EM simulations) various one-
port measurements were performed. 

When analyzing data from the open termination, while no 
information of the accuracy can be derived, being the SOL a 
fully known calibration, it is evident from Fig.  3 that only a 
definition of the standard including losses (right), avoids the 
generation of non-physical s-parameter data (left). 

The improved accuracy achieved when using EM 
simulations for the standards definition can be better 
quantified using a worst case bound metric. Here, two 

calibration were performed on the same set of measurements 
using the classical models (std.) and the proposed ones (EM). 

  

Fig.  3: Measurement versus model of the open standard: (left) 
employing standard model definitions, (right) employing EM 
extracted model definition for the calibration.  

After, three raw measurements where performed on 
different samples of a 220um 50 Ohm line, with port two left 
open and the two calibration terms where applied to the same 
data. All the data acquisition, generation of the calibration 
terms, and data correction was performed using Cascade 
Microetch Wincal XE ver. 4.5 [9]. 

In order to compare the different calibrations, the method of 
[10] has been adapted to a one port-calibration , defining an 
error metric (for the standard and the EM calibration) as: 

ܤܥܹ  ൌ maxห ଵܵଵ,௡
ᇱ െ ଵܵଵห  (1) 

Where S11 is the s-parameter associated to the reference data 
(i.e., simulation of the open-ended thru line), and S′11,n is the 
nth s-parameter measured with  ݊ ∈ ሾ1,2,3ሿ. 

 

Fig.  4: Worst case error bound (WCB) as computed from equation 1, 
among three calibrated measurement employing the standard models 
(○) and the EM derived models (+). 

Fig.  4 indicates how the WCB for the calibration using EM 
simulated standards is well below the value achieved by the 
conventional standard definitions. 

III. MEASUREMENT BASED SIMULATION ENVIRONMENT 

When considering two-port s-parameter measurements we 
can opt for different calibration algorithms, which impose 
diverse  requirements on the standard’s knowledge. In order to 
evaluate the differences in uncertainty and accuracy, with the 
constraints of on-wafer calibration, we need to propagate the 
errors caused by probe misplacement through the various 
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Calibration/Verification Standards for Measurement of Extremely 

High Impedances 

Martin Haase, Karel Hoffmann 

Czech Technical University in Prague, Prague, Czech Republic 

 
Abstract  —  The paper concerns the design of 

calibration/verification standards suitable for a system developed 
to be capable of measuring extreme impedances. Values of 
standard impedances cover the range from 5 kΩ to approx. 
200 kΩ. The paper focuses on selecting a structure compatible 
with an APC-7 connector and its optimization taking into 
account also the presence of higher order modes and technology 
demands. CST Microwave Studio (CST) is used for simulations. 
S-parameters of the final structure are verified by means of an 
independent 3D simulator ANSYS HFSS (HFSS). 

Index Terms — CST, High impedances, HFSS, Higher order 
modes, Measurement standards, Microwave connectors, 
Resistors, Scanning microwave microscopy, Thin film devices. 

I. INTRODUCTION 

Extreme impedances are often discussed in relation to 

nanoscale devices [1] – carbon nanotubes and nanowires. As 

their DC resistance is of the order of kΩ, broadband RF 

characterization, with common 50 Ω vector network analyzers 

(VNAs), remains a great challenge due to significant 

impedance mismatch [2]-[3]. This reality results in worse 

VNA stability and poor accuracy (high measurement 

uncertainty). The measurements are practically insensitive to 

variations of the measured impedance since the reflection 

coefficient varies in the area of extreme impedances at the 

order of 10
-2

 and less which is comparable or even smaller 

value in comparison to VNA measurement uncertainty, see for 

instance [4]. Another area related to the measurement of 

extreme impedances is scanning near-field microwave 

microscopy [5]. This technique, used for local characterization 

of materials, employs a microwave microscope consisted of 

a near-field probe associated to common microwave 

measurement instruments. Near-field probes exhibit 

impedances in the range of tens or hundreds of kΩ. 

A method which substantially improves the measurement 

uncertainty of the VNA and enables measuring the 

extreme impedances by VNA has been developed and 

published in [6] and [7]. A calibration process requiring 

at least three fully known calibration standards was also 

proposed. It was recommended to use standards located in the 

area of extreme impedances to fully utilize the ability of the 

developed method.  

The first verification measurements of the recommended 

concept based on SMD resistors [8] were not satisfactory due 

to low mounting repeatability and absence of well-defined 

standards. Therefore, a preliminary design of calibration 

standards combining the microwave coaxial connector APC-7 

and a fused silica coaxial line, serving as a carrier for resistive 

strips, was proposed in [9]. APC-7 connectors were chosen 

with respect to their well-defined reference plane and high 

mounting repeatability. The authors analyzed different 

configurations of calibration standards with extremely high 

impedances in a frequency band up to 18 GHz to determine 

basic problems connected with the design. Subsequently, two 

extremely high impedance structures, see Fig. 1, and their 

potential applications have been proposed. 
In this paper, in contrast to [9], the concept of 

calibration/verification standards was changed in terms of the 

reference plane position due to the complexity of the resistive 

strip behaviour and the presence of higher order modes. More 

detailed explanation is given in the following chapter. 

The main objective of this paper is to introduce a final, 

optimized concept of well-defined calibration/verification 

standards based on APC-7 connector components. The S-

parameters of the final structure achieved by CST simulations 

are compared with results obtained by the independent 

electromagnetic simulator HFSS in order to verify the 

correctness of the computed results. 

II. STRUCTURE OPTIMIZATION 

The design of the standards was optimized to satisfy the 

following requirements: First, the structure of the standards 

has to be suitable for the calibration and subsequent 

verification and measurement at the reference plane of the 

APC-7 connector (7 mm coaxial line); Second, standards with 

extremely high impedances in the range from 5 kΩ to approx. 

200 kΩ and Open are required; Third, to minimize the 

technological demands on fabrication, the structure of the 

 

Fig. 1.  Final structure from [9] 
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standards should utilize individual parts of the APC-7 

connector extremely effectively. 

A. Mechanical optimization 

The structure of the standards was designed so that the inner 

conductor and inner contact of the APC-7 connector could be 

used. The part of the inner conductor including the thread 

behind the bead is being removed, as shown in Fig. 2. The 

support bead of the standards was designed to be similar to the 

support bead of the APC-7 connector but with a different 

dielectric fused silica (FS) with εr = 3.8 and without an inner 

ring. FS was chosen due to mechanical, electrical and 

technological reasons [9]. The diameter of the inner conductor 

of the FS coaxial line din in the new bead was adjusted to 

1.5 mm whereas the outer diameter dout was adjusted in the 

beginning to 7 mm, see Fig. 3. The FS line should be fixed in 

a new, gold-plated brass ring by a sufficiently conductive 

glue, and as well as the inner conductor should be fixed in the 

FS line. The length of the air coaxial line (la = 4.7 mm, see 

Fig. 3) is equal to the length of the inner conductor in the 

APC-7 connector with the diameter d1 = 3 mm, see Fig. 2. 

Taking into account these mechanical constraints, the only 

parts to be optimized are the length of the FS coaxial line lg, 

the resistive strips, the metal parts and the length of the air 

waveguide below the cut-off formed by the cylindrical part of 

the APC-7 connector with an inner diameter dw = 7 mm, 

see Fig. 3.  

B. CST simulations 

 In [9] the standards were comprised of resistive strips 

themselves and their pure resistive behaviour was expected 

due to their dimensions and presupposed TEM field 

distribution at the reference plane. But detailed simulations 

revealed frequency-dependent properties of the strips and 

presence of higher order modes. Therefore, the original 

assumption of pure resistive behaviour of resistive strips had 

to be abandoned and the reference plane was moved to the 

plane of APC-7 connector (7 mm air coaxial line), see Fig. 3. 

The current concept of standards comprising resistive strips, 

FS coaxial line, and air coaxial line is correct since they are 

described by computed S-parameters and not by values of 

an ideal resistor. The condition of TEM mode presence at the 

reference plane must be naturally fulfilled. 

The simulated standards featured one to four resistive strips. 

Fig. 3 shows two such configurations. The available Cr-Ni 

resistive material, provided by a thin film technology, enables 

the maximum resistance approx. 1 kΩ/□. The technology 

limits the minimum width of the resistive strips to 5 µm and 

the Cr-Ni material limits the number of resistive strips as they 

are connected in parallel. Other aspects to be optimized, 

in terms of fringing capacitnace, are the length of the resistive 

strips and the shape and dimensions of the metal parts 

connecting the resistive strips to the inner and the outer 

conductor of the FS coaxial line. The necessary length lw of 

the air waveguide below the cut-off was also properly 

determined so as not to influence the computed S-parameters. 

Corresponding length lw must be at least 12 mm. 

The two-strip symmetrical structure was chosen as 

a compromise between the available technology and 

acceptable symmetry. Some symmetrical configuration was 

required due to the presence of higher order modes in 

unsymmetrical structures, see [9]. Further, a different shape of 

the metal part, which connects the resistive strips to the outer 

conductor of the FS coaxial line, was chosen to ensure 

a satisfactory electric connection, see Fig. 4. 

Symmetrical arrangements of resistive strips do not excite 

higher order modes in the analyzed structure, see [9]. 

However, some discrepancies in symmetry must be considered 

with respect to fabrication dimension uncertainties, see Fig. 4. 

 

Fig. 2.  Support bead and inner conductor of APC-7 connector. 
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Fig. 3.  Examples of simulated structures: two-strip and three-strip 
configurations. 
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Discrepancies were analyzed for symmetrical standards with 

two, three and four resistive strips. The simulations showed 

that even a symmetrical structure with a small discrepancy in 

symmetry can excite higher order modes in the FS coaxial 

line. The two-strip structure excites a higher order mode TE11 

in the FS coaxial line making a resonance of the analyzed 

structure at 15.66 GHz, see Fig. 5. This TE11 mode starts to 

propagate in the FS coaxial line from a frequency of 11.5 GHz 

due to its higher permittivity. The resonant frequency relates 

to the length of the FS coaxial line. The shorter the length, the 

higher the resonant frequency. Therefore, the length lg was 

adjusted to 2.8 mm as a reasonable trade-off between resonant 

frequency, strong capacitive coupling, which was observed in 

[9] for very short FS coaxial lines, and robustness. 

Fig. 4 shows the electric field distribution at the reference 

plane of the standard at the resonant frequency of 15.66 GHz 

where the TEM mode is strongly affected by the presence of 

the TE11 mode despite the fact that the air coaxial line forms 

a waveguide below the cut-off for this mode.  

Nevertheless, it is possible to determine the maximum 

applicable frequency for the standard when la = 4.7 mm. At 

frequencies below 15 GHz the amplitude of TE11 mode is only 

10
-5

 with respect to TEM mode amplitude. To ensure TEM 

mode only in the reference plane, the upper applicable 

frequency was limited to 14 GHz. 

C. Final structure 

Taking into account all of the aforementioned demands, the 

two-strip standards with 2 mm-long resistive strips were 

chosen for the final realization, see Fig. 6. The strips make it 

possible to create standards with a range of resistance from 

5 kΩ to 200 kΩ in the dependence on the width of the strip. 

Since the resistive strips are 2 mm long, the contact metal 

parts are far enough apart to minimize the fringing 

capacitance. The inner diameter dr of the metal ring of the new 

support bead was adjusted to 6.8 mm, and the length lr was set 

to 3 mm due to technological reasons, see Fig. 6. The structure 

without resistive strips forms the standard Open. 

In order to verify the results achieved in CST, the standards 

were analyzed in the independent, electromagnetic simulator 

HFSS. It can be clearly seen that both computed S-parameters 

are in good correspondence below 14 GHz, see Fig. 7, as an 

example of the 5 kΩ standard. The difference in magnitude is 

to the order of 10
-5

. The difference in phase increases with the 

frequency and is to the order of 10
-4

 radians. Nevertheless, at 

frequencies where higher order modes exist at the reference 

plane, the results are significantly different. It seems that each 

simulator works differently with higher order modes. 

Fig. 7.  A comparison of simulated S-parameter |S11| of the final 
5 kΩ standard with discrepancy in symmetry (∆X = ∆Y = 50 µm) 
using both simulators CST and HFSS. 

 

 

Fig. 8.  An example of manufactured FS coaxial line with two 
deposited resistive strips each of the value approx. 20 kΩ  and 
metallic parts. 
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A fabricated sample of the FS coaxial line with deposited 

resistive strips and metal parts is shown in Fig. 8 and 

some samples of new support beads with fixed inner 

conductor of APC-7 connector are depicted in Fig. 9. 

Ablebond 84-1LMINB1 die attach adhesive was used as the 

conductive glue.  

Fig. 10 shows a disassembled sexless APC-7 adaptor 

(Rosenberger 02KR107-P0AS3) which enable to utilize two 

manufactured support beads and thus create two calibration 

standards each at the end of the adaptor.  

III. CONCLUSION 

Well-defined calibration/verification standards, applicable 

up to 14 GHz, were developed. A comparison of results 

obtained by CST and HFSS showed a good correspondence 

between both simulators in a working frequency range limited 

by the TE11 mode. At least three different standards must be 

used for calibration, another as reference impedance, see [6] 

and [8], and the remaining enable verification measurements. 

Standards are suitable for verification of the concept of high 

impedance calibration/verification standards for extreme 

impedance measurement. Experimental verification of 

standards and the whole concept is expected in the near future.  

Authors realize that the current position of the reference 

plane does not enable to measure high impedance DUT. 

Nevertheless, the test fixture, compatible with manufactured 

standards, which enables to measure such DUT is being 

manufactured and will be used for experimental verification. 
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Abstract  — A broadband S-parameter measurement system 
for extreme impedance measurements is proposed and analyzed 
in terms of its accuracy. Measurement speed and system 
resolution at extreme impedance values is comparable to that of a 
conventional Vector Network Analyzer performance achieved for 
50 Ω device measurements. A dedicated one-port calibration 
method is modeled in a circuit simulator environment and 
implemented for the proposed system. Compared to the 0.05 % 
measurement resolution in extreme impedance measurements 
using a state-of-art 50 Ω VNA, an almost fifty times lower 
0.001 % resolution is achieved with the proposed VNA system 
utilizing an interferometric principle, with active compensation 
of reflected waves.  

 
Index Terms — Extreme impedance, S-parameter, VNA, 

interferometric principle, active compensation, SMM. 

I.  INTRODUCTION 

The number of applications and devices demanding a 
broadband instrument for extreme impedance measurements is 
rapidly growing, with the diversity of such devices ranging 
from nanoscale devices to high power amplifiers. They all 
share a similar metrological need, namely the availability of a 
broadband instrument with high measurement resolution at 
extreme impedance values. Conventional vector network 
analyzers (VNAs) lack the measurement resolution required 
for accurate characterization and modeling of devices with 
large mismatch in impedance with respect to the system 
reference impedance, i.e., 50 Ω. A major problem of such 
extreme impedance measurements is the large signal reflected 
back into the system, which causes significant degradation of 
measurement resolution and accuracy compared to the 50Ω 
cases. 

This problem can be solved by applying interferometric 
techniques traditionally used in optical metrology in designing 
new microwave VNA systems. Such systems exploit an 
interferometric principle to cancel the large reflected signal 
and achieve system-level noise reduction. In [1], one of the 
first VNA systems relying on interferometric principles for 
extreme impedance measurements is proposed. The system 
realizes interferometry-based signal cancellation employing a 
4-port hybrid coupler. However, the accuracy achieved with a 
hybrid coupler is limited by the non-perfect quadrature of the 

output signals, also resulting in bandwidth limitations. In [2], a 
mechanical impedance tuner with a power divider is employed 
to realize interferometric signal cancellation. However, this 
approach is limited in speed and repeatability when frequency 
sweeps are required.  

The first attempt to realize signal cancellation employing 
active signal injection was proposed in [3]. In figure 1 a 
simplified block diagram of the measurement system is 
shown. The interferometric principle relies on injecting a 
continuous waveform (CW) signal in the direction of the 
reflected signal from the device under test (DUT). The 
objective of the injection signal is to cancel the reflected wave 
as if a matched device is measured. This results in significant 
instrument noise reduction at extreme impedance values. The 
superiority of the measurement system lies in its truly 
broadband and high speed measurement capability combined 
with the highest measurement resolution over the complete 
range of impedance values of interest, ranging from mΩ up to 
MΩ values. 

Figure 1. A system-level simplified block diagram of the 
measurement system based on the active signal injection principle.

 
In this contribution we present a simulation method to 

evaluate the measurement resolution over the entire imped-
ance range of the proposed system with active compensation 
of reflected waves. A system-level model is designed to 
simulate the instrument performance. Furthermore, noise 
evaluation techniques are proposed and compared to the 
classically known methods. Measurement resolution of the 
proposed system is compared to the state-of-art S-parameter 
measurement system designed for matched device 
measurements. 
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II. MEASUREMENT SYSTEM 

The proposed measurement system incorporates a 
conventional VNA together with external signal injection 
hardware to realize interferometry-based signal cancellation. 
In figure 1, the VNA is modeled with a dual bi-directional 
coupler to allow measurement of the forward ‘a’ and reverse 
‘b’ waves. Phase coherence between the a-wave and the 
injected wave Vinj is necessary for metrology grade measure-
ments. This phase coherence is realized by splitting of the a-
wave into two separate signals using a power divider. The first 
the signal is fed back into the VNA and serves as the 
measurement signal. The second signal is amplified and used 
as the oscillator (LO) signal to drive the quadrature (IQ) 
mixer. The in-phase and quadrature-phase ports are sourced 
with DC signals generated with high precision 16 bit DACs 
and are used to steer the phase and vary the amplitude of the 
LO signal. The generated signal is injected into the VNA with 
a high-directivity coupler. The measurement reference plane is 
set at the output port of the coupler. 

A. Calibration method 

The one-port calibration of the measurement system is 
partly based on the widely used SOL (Short-Open-Load) 
method. The proposed system is modelled with three error-
terms consisting of systems directivity, source match and 
reflection tracking terms. 

The injection signal Vinj is switched off during the first three 
calibration measurements. The SOL method relies on three 
calibration devices with known electrical properties Γi, 
resulting in three independent measurements Γmeas(i) with three 
unknown error-terms, which are determined using the 
following system: 
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Here, the error-terms ݁଴଴, ݁ଵଵ, and ݁ଵ଴݁଴ଵ present 
directivity, source match, and reflection tracking of the 
calibrated VNA. The reflection coefficient Γ at calibration 
reference plane (ref. in fig. 1) can then be calculated using 
equation (2): 
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Then, a highly mismatched device ΓHI with accurate 
knowledge of its electrical properties serves as the fourth 
calibration device. The fourth calibration measurement is 
completed with the injection hardware turned ‘on’ and 
facilitates transfer of instruments’ high sensitivity (achieved 
for matched devices) to mismatched devices with extreme 
impedance values. The injected signal is controlled such as if 

the matched 50-Ω calibration device used for initial SOL 
calibration is measured. The amplitude and phase of Vinj  is set 
such as to match the calibrated Γ of high impedance device to 
the Γ of a matched 50-Ω device. The following criterion is set 
in the optimization algorithm:  0.0005 ൑  |Γହ଴Ω െ  ΓHI|                          (3) 

with:  
Γ50Ω  50Ω device calibrated Γ using E-terms from initial SOL 

calibration. 
ΓHI High impedance device calibrated Γ using E-terms from initial 

SOL calibration and   injection signal turned-on. 
 

With optimized amplitude and phase values of Vinj, a highly 
mismatched measurement with superior sensitivity is possible. 
The calibrated Γ is furthermore used to calculate the device 
impedance using equation (4).  ܼ ൌ  ܼுூ  ቀଵି |୻|ଵା |୻|ቁ                                  (4) 

with ZHI the impedance value of the high impedance device 
used during VNA calibration. 

III. MEASUREMENT SYSTEM MODELING 

The system-level model designed in Keysight’s Advanced 
Design System (ADS) software is shown in figure 2. The 
model is designed for evaluation of measurement resolution of 
the system at extreme impedance values. An ideal 
reflectometer is added in the system-level model. The 
reflectometer is built using an ideal bi-directional coupler and 
allows measurements of individual forward and reflected 
waves. It can be seen as an ideal one-port VNA. To replicate 
linear operation of a one-port VNA in the model, the three 
calibrated error-terms are used. A two-port network 
comprising of calibrated error-terms is included into the 
system-level model. The method allows for exact mapping of 
VNA operation in the model. The ideal reflectometer is 
positioned before the two-port network having one-port VNA 
error-terms. This method results in exact linear functional 
behavior between a- and b-waves of the model, as present in 
the VNA. To realize interferometry-based signal cancellation, 
a high-directivity coupler is used to inject a signal to optimize 
the reflected wave.  

Figure 2. Block diagram of measurement system model designed in 
Keysight’s Advanced Design System (ADS) software.  



B. Modelling of system-level noise 

VNA noise is classified into two groups: thermal noise and 
trace noise. The dominant source of noise considerably 
depends on the electrical properties of the devices. The origin 
of each noise source is assessed by calculating the sensitivity 
coefficients of the reflection coefficient and each error-term of 
the VNA. For a typical one-port calibration of a VNA, the 
following approximations hold: ݁଴଴, ݁ଵଵ ൎ 0 and ݁ଵ଴݁଴ଵ ൎ 1. 
The sensitivity coefficient values can then be derived via: ப୻ப௘బబ ൎ െ1 ,      

ப୻ப௘భభ ൎ െΓ୫ୣୟୱଶ  ,      ப୻ப௘భబ௘బభ ൎ െΓ୫ୣୟୱ        (5) 

The measurement noise for matched devices with reflection 
coefficient linear magnitude value smaller than 0.05 is set by 
the noise floor of the VNA. From equation (5) it is clear that 
in this case the noise floor originates from the directivity 
e00 term, and that the influence of the reflection tracking e11 
and source-match e10e01 terms is negligible. The noise floor 
uncertainty unf is calculated as standard deviation from a series 
of measurements with a matched 50-Ω device [4]. For highly 
mismatched devices with reflection coefficient linear 
magnitude value greater than 0.1, instrument trace noise 
uncertainty utn adds significantly to the total measurement 
noise. Instrument trace noise for high reflection devices is 
calculated as the standard deviation from a series of measure-
ments with a high-reflection short device termination [4]. The 
trace noise result is strongly correlated with reflection tracking 
and source match terms. For simplicity, the evaluated trace 
noise uncertainty is assigned only to reflection tracking e10e01 
term. 

                                        ݁଴଴ ൌ  ݁଴଴ᇱ ൅ ୬୤ ݁ଵ଴݁଴ଵݑ  ൌ  ݁ଵ଴ᇱ ݁଴ଵᇱ ൅  ୲୬                   (6)ݑ 

Figure 3. Measurement resolution assessment results of 
conventional VNA optimized for 50-Ω devices (PNA5225A) at 
8 GHz determined with Monte Carlo simulations with the proposed 
model (line) and with actual measurements (circles). Measurement 
resolution assessment results of the proposed VNA (PNA5242A) for 
extreme impedance measurements determined at 8 GHz with 
experimental measurements (◊). 

IV. EXPERIMENTAL APPROACH & RESULTS 

A series of experiments are conducted to study the stability 
and measurement resolution of a conventional and the 
proposed VNA for extreme impedance measurements. 

In the first experiment the stability of the conventional 
VNA without injection hardware is evaluated at 50-Ω 
impedance and highly mismatched impedance values. An 
Agilent PNA of type 5225A is used during experimental 
measurements. The two noise sources used in equation (6) are 
calculated through long-term stability measurement with 
2.4 mm mechanical 50-Ω and flush-short standards. The two 
measurement results are then used in the proposed model and 
measurement resolution is simulated over the entire 
impedance dynamic range. A second series of measurements 
is conducted with 2.4 mm standards to experimentally 
determine the measurement resolution at a range of different 
impedance values. The results are shown in figure 3. 

In the second experiment measurement resolution of the 
proposed measurement system for extreme impedance 
measurements is determined for three different impedance 
values. An Agilent PNAX of type 5343N is used for 
experimental measurements.  

V. DISCUSSION AND CONCLUSIONS 
Simulation results based on Monte Carlo simulations with 

the proposed model show strong agreement with 
experimentally determined values, see figure 3. The model is 
validated for a VNA system without injection hardware. The 
proposed model shows much smaller resolution uncertainty 
for 50-Ω measurement resistance. This is caused by the almost 
zero reflection occurring with 50-Ω resistance measurement 
and leading to much smaller uncertainty contribution.  
Measurement results with the proposed VNA system are 
compared with that of a conventional VNA system. Both 
systems show similar measurement sensitivity for 50-Ω 
resistance measurements. The proposed system is also 
evaluated for high resistance measurements and almost fifty 
times better sensitivity is achieved. 
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Uncertainty Analysis in Coplanar Waveguide with Unscented 
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Abstract  —  In this paper results of uncertainty analysis of 

coplanar waveguides (CPWs) parameters are shown in the 
presence of ambiguities in line geometry and material properties. 
Calculations are performed with unscented transformation (UT). 
Error bounds calculated with UT are compared with the results 
of Monte-Carlo simulation. 

Index Terms — Coplanar waveguide, uncertainty, standard 
deviation, unscented transformation, Monte-Carlo simulation. 

I.  INTRODUCTION 

Uncertainties in coplanar waveguide in presence of 
ambiguities in dimensions of cross sectional elements and 
material of CPW were analyzed in paper [1]. CPW parameters 
calculation was performed based on a model introduced in [2]. 
Statistical investigation was carried out with Monte-Carlo 
method. 

In the paper UT-calculated statistical characteristics of 
equivalent-circuit parameters CPW (R, L, C and G) were 
compared with ones calculated by Monte-Carlo simulation 
that is more precise. The characteristics could be used for 
determination of VNA residual parameters accuracies that 
were defined by adaptive verification algorithm from [3]. 

In this article for the analysis of CPW parameters 
uncertainties it is shown that in Gaussian approximation the 
UT algorithm allows to achieve results similar to ones those 
were received in multiple statistical tests. Comparison of 
required computing costs was also made. 

II. UNSCENTED TRANSFORMATION 

UT algorithm was received by the authors of [4]. 
The whole point is that to receive statistical characteristics 

of a random variable y related to random variable x through 
nonlinear function 

 ( )f=y x , (1) 

special (limited) sigma-points set is used. It is assumed that x 
is described with mean mx and covariance matrix Vx. The 
mean and covariance matrix of y are found with a weighted 
average algorithm and sigma points set: 

 ( ) ( ); ;  ;m VUT UT= =y x x y x xm m V V m V , (2) 

where UT● – transformation operator. Note, Monte-Carlo 
simulation uses a set of x that can have an arbitrary statistic. 
UT algorithm description in details and its advantages against 

linearization method are shown in paper [5]. In the study the x 
vector consists of the wg; w; s; t; k; εr; tanδ, to be shown in 
next chapter. The y vector consists of R, L, C, G, Z0 and γ. 
Calculation formulas were taken from [2]. Z0 and γ values are 
determined by known relations thru R, L, C and G [6]. 

III. CPWS PARAMETERS 

CPW cross section with designations of required 
dimensions is shown in Fig. 1. 

 

Fig. 1. CPW cross section. 

Distributed equivalent-circuit model of CPW is given in 
Fig. 2 [2]. All elements are defined per length unit (m). 

 

Fig. 2. The equivalent-circuit model of the CPW. 

Parameters calculation is performed with quasi-TEM model 
approach [2]. Data from Table I are used for calculation. 

 
TABLE I 

CPWS PARAMETERS AND UNCERTAINTIES 
 

Parameter CPW № 1 CPW № 2 half-width of 
pdf interval 

RMSE 

wg 
w 
s 
t 
k 
εr 

tanδ 

260 µm 
61 µm 
45 µm 
5 µm 

34.5 MS/m 
12.9 

0.0001 

200 µm 
40 µm 
5 µm 

1.5 µm 
30 MS/m 

12.9 
0.0001 

2 µm 
2 µm 
2 µm 

0.2 µm 
1 MS/m 

0.2 
5·10-5 

1.15 µm 
1.15 µm 
1.15 µm 
0.115µm 
0.6MS/m 

0.115 
2.9·10-5 
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Initial data for Table I were accepted from [1] (CPW № 1) 
and from [2] (CPW № 2). Root-mean-square error (RMSE) is 
equal half-width of probability distribution function interval 
divided by square root of 3. Uncertainties of dimensions and 
parameters of materials are caused by errors of manufacturing 
or measurements. 

Data of line from [2] are used to check the algorithm from 
[2] for calculating electrical parameters of the line. 

The aim of the modeling is to propagate uncertainties of 
fabricating the line into uncertainties of R, L, C and G 
parameters. In Monte-Carlo simulation, uniform distribution is 
used for every initial data (see 4-th column, Table I). In UT 
algorithm, Gaussian distribution with zero mean (see 5-th 
column, Table I) is utilized. It is supposed that components of 
initial vector are uncorrelated. 

IV. MODELING RESULTS 

The modeling was carried out over frequency range from  
10 MHz up to 100 GHz (37 points). Figs 3-8 show obtained 
results. Mean values achieved by different methods coincide 
with high fidelity. To compare dispersion maximum 
uncertainty is analyzed (tube error). For Monte-Carlo 
simulation this is a sample with maximum deviation from 
mean, and while for UT method the 3σ value (99 % 
probability level) is applied, where σ is a root-mean-square 
deviation calculated as (2). 

Statistical tests number in Monte-Carlo simulation is 
labeled as M. When modeling M = 10, 100 and 1000. Fig. 3 
shows mean and maximum error of total linear resistance for 
CPW № 2. 

 

 

Fig. 3. CPW № 2 total line resistance R as a function of frequency 
with error tube (up figure), and maximum errors of the resistance ΔR 
for unscented transformation (value of 3σ) and Monte-Carlo 
simulation with M = 10, 100, 1000 (bottom figure). 

Mean resistance values shown at top of Fig. 3 coincide with 
calculated data from [2] (see Fig. 4 in [2]). When Monte-Carlo 
simulation is used and statistical tests number is increased the 
maximum deviation of resistance (the estimate of maximum 
error) comes to 3σ value. 

Fig. 4 shows mean and maximum error of total line 
inductance for CPW № 2. 

 

 

Fig. 4. CPW № 2 total line inductance L as a function of frequency 
with error tube (up figure), and maximum errors of the inductance ΔL 
for unscented transformation (value of 3σ) and Monte-Carlo 
simulation with M = 10, 100, 1000 (bottom figure). 

Mean inductance values shown at top of Fig. 4 coincide 
with calculated data from [2] (see Fig. 5 in [2]). With 
increasing M the ΔL values tend to 3σ from UT method. 

Next, consider in detail the parameters of the CPW line № 
1. Fig. 5 shows mean and maximum error of total linear 
resistance for CPW № 1. 

At low frequency range resistance is about 100 Ohm/m. In 
this case maximum uncertainty is equal to 10 Ohm/m (10 %). 
When frequency is increased the resistance grows up to 1000 
Ohm/m and maximum uncertainty becomes 60 Ohm/m (6 %). 

Fig. 6 shows mean and maximum error of total line 
inductance for CPW № 1. 

Inductance and its maximum uncertainty have minor 
changes up to high frequencies. Ratio of maximum 
uncertainty to mean of inductance is equal to 10-15 %. Value 
of linear capacitance is not changed with frequency and is 
equal to 170.8 pF/m. Maximum uncertainty values are not 
changed over frequency also. The computed value of 3σ is 
equal to 5.1 pF/m (3 %). For Monte-Carlo simulation we have 
the following values: 3.1 pF/m (if M = 10); 3.5 pF/m (if         
M = 100); 4.1 pF/m (if M = 1000). It is evidence that 
dispersion of maximum uncertainty estimate at M = 10 is so 
much more than at M = 1000. In this paper in all of the figures 



(for all of the values) we took into account only one of 
realizations (sample value). Conductance G linearly increases 
from 10-6 S/m to 10-2 S/m with increasing frequency from     
10 MHz up to 100 GHz. Maximum relative uncertainty is not 
changed with frequency and equal to 50 %. 

 

 

Fig. 5. CPW № 1 total line resistance R as a function of frequency 
with error tube (up figure), and maximum errors of the resistance ΔR 
for unscented transformation (value of 3σ) and Monte-Carlo 
simulation with M = 10, 100, 1000 (bottom figure). 

 

 

Fig. 6. CPW № 1 total line inductance L as a function of frequency 
with error tube (up figure), and maximum errors of the inductance ΔL 
for unscented transformation (value of 3σ) and Monte-Carlo 
simulation with M = 10, 100, 1000 (bottom figure). 

Developed software allows to calculate uncertainties Z0 and 
γ. Fig. 7 demonstrates real and imaginary parts of mean value 
and maximum error of the characteristic impedance Z0 for 
CPW № 1. 

 

 

Fig. 7. The properties of the CPW № 1 characteristic impedance 
calculated with model from [2]. 

Fig. 8 demonstrates real and imaginary parts of mean value 
(up figure) and maximum error (bottom figure) of the 
propagation constant γ for CPW № 1. 

 

Δγ
/|
γ|
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Fig. 8. The properties of the CPW № 1 propogation constant 
calculated with model from [2]. 



Impedance uncertainty ΔZ is about 1 Ohm (2 %) in the 
frequency range above 100 MHz and increases up to 5 Ohm  
(5 %) at frequencies which are lower than 100 MHz. Relative 
uncertainty of determination the propagation constant Δγ/|γ| is 
lower than 1.5 % in the frequency range above 100 MHz and 
increases to 4.5 % when frequency is reduced to 10 MHz. 
Thus, we get total uncertainties that were mentioned above if 
the actual line parameters are selected from Table I. 

V. CONCLUSION 

In the paper the results of uncertainty calculation of CPW 
electrical parameters in presence of deviations from nominal 
structure’s parameters were considered. The calculations were 
performed with UT method and Monte-Carlo simulation. 

When the number statistical tests M in Monte-Carlo 
simulation is increased, the maximum error approximates to 
3σ value achieved with UT method. 

To find accuracy estimates of VNA residual parameters, 
which were achieved by adaptive verification algorithm [3], it 
will be better to use the largest of all values that is 3σ. The 
computations show significant uncertainties, therefore it is 
recommended to take measurements the line parameters more 
precisely than the data from Table I. 

Quantity of sigma points which are needed to perform UT 
algorithm is defined by the 2n+1 value, where n is a 
dimension of initial vector. In the study n = 7 and quantity of 
sigma points is 15. 

The calculation time was 0.73 s when UT algorithm was 
implemented; 0.48 s at M = 10, 4.8 s at M = 100 and 48 s at   
M = 1000 when Monte-Carlo simulation was used. 

Note that increasing M leads to rising of probability to 
achieve the maximum error at simulation as evidenced by the 
results. 

However even at M = 1000 the maximum error that 
achieved by UT method is more than maximum error by 
Monte-Carlo simulation. Meanwhile the calculation time for 
UT method is drastically lower. 
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Abstract  —  In the paper results of algorithms’ comparison 

which are utilized for determination of vector network analyzer 
(VNA) residual parameters are described. Separation of 
parameters in time domain is the basis for the algorithms. The 
algorithms based on unscented Kalman filter, least mean square 
technique and conventional time domain filtering are reviewed. 
Experimental results are achieved in coplanar waveguide 
environment in frequency range up to 70 GHz using two 
precision lines with different lengths. 

Index Terms — Vector network analyzer, residual errors, time 
domain gating, unscented Kalman filter, least mean squares 
algorithm. 

I.  INTRODUCTION 

Calibration comparison method revealed in [1] is 
considered as the general method for evaluation of VNA 
residual errors. Meanwhile few approaches exist based on 
time-domain technique for residual parameters separating [2]. 
For the first time in paper [3], a method of joint assessment for 
the parameters determination of a calibrated one-port 
instrument with unscented Kalman filter (UKF) was unveiled. 
Then, UKF method application for two-port VNA verification 
procedure was discussed in paper [4]. In those investigations a 
precision line was used as verification standard. During 
verification test, the line is connected between VNA 
measurement ports as well as consistently to each of them 
with a short (or open) termination. For on-wafer verification 
special adaptive algorithm was developed [5]. Adaptation was 
caused the lack of a priori verification standards information. 
Verification with UKF algorithm has employed cubic splines 
for interpolation of residual parameters. In paper [6] a linear 
algorithm with a sampling function (sinc function) 
interpolation was considered. It allowed to implement least 
mean square technique for residual parameters evaluation. 
Besides sampling function interpolation, an algorithm that 
used segments of parabolas was developed. 

In this paper comparative analysis of different techniques 
based on method of joint assessment for residual parameters 
determination is demonstrated. Furthermore the parameters 
values are compared with the ones those were obtained with 
conventional time-domain filtering using a gating. The 
comparison of residual parameters' estimates at low level (by 
the example directivity) and at high level (by the example 
reflection tracking) was done. Calculation times with different 
algorithms are shown. As a comparison base the UKF 
algorithm was used. 

II. SYSTEM MODEL AND WINDOWING FUNCTIONS 

Fig. 1 shows the model of measurement system when 
verification line is connected between VNA ports. 

 

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

VNA residual parameters: D – directivity, M – match,  
T – transmission tracking, R – reflection tracking. Measured 
reflection coefficient in Fig. 1 is defined by two components: 
D and M. Partial parameters D and M are separated in time-
domain at the expense of signal propagation in the line. When 
line terminated with short or open is used, measured reflection 
coefficient is defined by three separated parameters: D, T·R 
and M. Comparative analysis was carried out by the example 
of directivity D and tracking T·R in forward direction. 

Experimental studies were performed in coplanar 
waveguide environment. Frequency range was up to 70 GHz 
(286 points). Wafer material was gallium arsenide [7]. 
Calibration technique was multiline TRL [8]. For verification 
procedure two lines with 19.7 mm (L19) length and 6.562 mm 
(L6) length were applied. Fig. 2 shows time domain diagram 
and windowing functions for parameters separation to be 
discussed when line L19 was used. 

The windowing functions are defined as: 

 ( ) [ ]( ) ( ) 2RECTW r sign r c w sign r c w= − + − − − ; (1) 

 ( ) ( )
( )

2

2

1exp
2 2

GAUSS

r c
W r

w

⎡ ⎤−
= − ⋅⎢ ⎥

⋅⎢ ⎥⎣ ⎦
; (2) 

 ( ) 2
1

1
PULSE mW r

r c
w

=
−⎛ ⎞+ ⎜ ⎟

⎝ ⎠

, (3) 

where r – distance, c – window center on distance axis, w – 
window width parameter. Depending on filtered residual 
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parameter the corresponding values for center and width must 
be inserted into (1)-(3) formulas. Position of center is defined 
as a residual parameter position on time axis that depends on 
line length. For example c = 0 when directivity filtering is 
made, and с = 2L (Fig. 2) if match filtering is needed, where L 
– the line length. Width parameter w is equal to L, L/6 and L/2 
for rectangular, Gaussian and pulse windows respectively. In 
formula (3) the m defines a pulse form and is equal to 5. 

 

Fig. 2. The time domain diagram (L19). 

Fig. 3 displays the time-domain diagram when line L6 was 
used. 

 

Fig. 3. The time domain diagram (L6). 

Time domain diagrams (Fig. 2 and Fig. 3) are received by 
computing the inverse Fourier transform of the reflection 
coefficient measurements while verification line was 
connected to both ports of VNA. At the diagrams the residual 
directivity (distance about 0) and residual match (distance 
about 2L) responses are observed. It is evident that time 
domain separation by using line L19 is well defined, the 
residual parameters are localized and do not overlap. It is 
more difficult to separate (or remove) one of two responses 
without significant distortions by using line L6. To minimize 
the distortions one should optimize windows parameters or 
change a form of windowing function. In the article three 
windowing functions (formulas from (1) to (3)) used for 
residual parameters separation are considered. 

III. EXPERIMENTAL RESULTS 

Results of comparing for residual parameters which were 
obtained using different algorithms are presented in Figs. 4-7. 
Fig. 4 shows comparison of residual directivity estimates for 
port 1 in case line L19 is connected to both ports of VNA. 
There are estimates received by UKF algorithm, least mean 
square method with sampling function interpolation (termed 
as sinc) and also with segments of parabolas (termed as LMS) 
as well as estimates derived by conventional time domain 
filtering using different windowing functions. At the bottom in 
Fig. 4 differences of the estimates are shown, and there 
estimates by UKF algorithm are used as reference. 

 

 

Fig. 4. Comparison of residual directivity estimates D1 (top figure) 
and differences with respect to estimate by UKF (bottom figure). L19 
was used as verification line. 

Residual directivity amplitude does not exceed 
minus 35 dB. Estimates derived by different methods coincide 
between themselves with high precision. Graphs at the bottom 
of Fig. 4 show that difference of estimates does not exceed 
minus 50 dB over frequency range. 

Fig. 5 demonstrates comparison of residual reflection 
tracking estimates for port 1 when open-circuit line L19 is 
connected to port 1 of VNA. Influence of inaccurate definition 
of the line with open stub is not excluded to facilitate 
visualization. 

Residual reflection tracking estimates that were achieved 
using UKF and LMS algorithms coincide between themselves 
with high precision. Difference of estimates from other 
algorithms is significant larger and essentially increases to the 
edges of frequency range. It is caused by interpolation (for 
sinc) and Gibbs phenomenon (for conventional time domain 
filtering). 



 

 

Fig. 5. Comparison of residual reflection tracking estimates T1·R1 
(top figure) and differences with respect to estimate by UKF (bottom 
figure). L19 was used as verification line. 

Fig. 6 shows comparison of residual directivity estimates for 
port 1 in case line L6 is connected between VNA ports. 

 

 

Fig. 6. Comparison of residual directivity estimates D1 (top figure) 
and differences with respect to estimate by UKF (bottom figure). L6 
was used as verification line. 

Residual directivity magnitude increases from about minus 
60 dB to minus 40 dB with frequency increasing. Features of 
residual directivity one could find in detail using UKF and 

LMS algorithms and conventional time domain filtering with 
rectangular window. 

Fig. 7 displays comparison of residual reflection tracking 
estimates for port 1 when open-circuit line L6 is used. 

Residual reflection tracking estimates shown at Fig. 7 are 
fully similar to the estimates that are derived with using the 
L19 line (see Fig. 5 and comments). 

 

 

Fig. 7. Comparison of residual reflection tracking estimates T1·R1 
(top figure) and differences with respect to estimate by UKF (bottom 
figure). L6 was used as verification line. 

Previously performed experimental studies and modeling 
showed that UKF algorithm is more precise, so UKF results 
were accepted as a reference. However UKF algorithm 
requires essential computational resources. Calculation (or 
simulation) time for different algorithms is 132 s for UKF; 
approximately 0.37 s and 0.28 s for the least mean square 
algorithms (sinc functions and segments of parabolas 
respectively); and about 0.22 s for time-domain filtering 
(calculation of window and Fourier transform). It should be 
noted that calculation time of the algorithms base on least 
mean square technique could be reduced at the expense of use 
the previously defined interpolating matrix. 

As one may have noticed, residual directivity estimates D1 
obtained with two lines are a bit different. Fig. 8 demonstrates 
the differences (D1,L19 – D1,L6) for three calibration techniques 
of VNA: 1) all of lines from calibration wafer are used in 
calibration procedure; 2) L6 is not used in calibration; 3) L19 
is not used in calibration. 

Shown in Fig. 8 results could be explained in the following 
manner. Multiline TRL calibration technique defines an 
averaged reference (characteristic) impedance of all the lines 
arranged at the wafer. Impedance of certain line may 
negligibly deviate from the reference. As a result, the residual 



directivity value is derived together with reflection from line 
D1,L19=D1+ΓL19 and D1,L6=D1+ΓL6. Difference of directivity 
estimates is equal to difference of line’s reflection coefficients 
and practically is not depend on calibration technique. 
Thereby verification with different lines allows to explore the 
quality of verification standards. The challenge is an object for 
further detailed study. 

 

Fig. 8. Differences of residual directivity estimates D1 for two 
verification lines L19 and L6 with different length. 

IV. CONCLUSION 

A brief description of developed algorithms of joint 
assessment for residual parameters determination of a 
calibrated VNA is described. According to experiment’s 
results a number of conclusions could be done. Estimates from 
conventional algorithm have essential distortions that are 
increased towards the edges of frequency range. Estimates of 
low level residual parameters with using conventional time 
domain filtering are an acceptable accurate. Rectangular 
windowing function could be used. Accuracy for high level 
estimates is low for any of windowing functions when 
conventional time domain filtering is used. In terms of 
calculation time and fidelity of output data the least mean 
square algorithm with segments of parabolas interpolation is 
an optimal. Accuracy of the algorithm is commensurable to 
the method based on UKF for both low and high level 
estimates. Meanwhile computation time of least mean square 
algorithm is significantly lower than for UKF. 
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Abstract— The paper proposes new fabrication 

process for an Impedance Standard Substrate (ISS) for 
on-wafer measurements at microwave and millimeter-
wave frequencies. Screen printing technology has 
provided coplanar waveguides (CPW) lines with low 
transmission loss and high precision contact 
repeatability at millimeter-wave frequency up to 110 
GHz. The paper demonstrate capability of the screen 
printed CPW as an ISS for on-wafer measurements. 
Standard lines with seven different lengths were 
designed and fabricated by screen printing technology. 
In the paper, Multiline ThruReflect-Line (TRL) 
calibration was performed by using ISSs fabricated by 
both screen printing and conventional pleated 
technologies. Regarding calibration capability validation, 
contact repeatability performance was first tested, then, 
verification devices were measured. According to 
comparison results, results obtained by calibration of 
screen printing ISS are almost the same as results 
measured based on conventional ISS tech. 

 
Index terms— Screen printing; On-wafer 

measurements; Impedance standard substrate; 
Scattering parameters; Verification Substrate 
 

I. INTRODUCTION 
 
In recent years, the device electronics at 

millimeter-wave frequency is demanded in the 
telecommunication area. For telecommunication 
device technology, applications require not only 
performance but also light weight with ultra-slim. In 
addition, cost efficiency is important factor to 
familiarize the product to the public.  Currently set of 
conductor plating, photolithography patterning and 
etching processes are commonly used in the traditional 
passive device fabrication and packaging. The 
fabrication is, thus, basically complex and expensive 
process. In addition, the process have to spend much 
time and produces waste fluid by the end of 
fabrication process. Recent interest in the electronic 
applications is driven by not only the low cost and 
environmental friendly, furthermore substrate material 

flexibility is demanded [1]-[5] from the mobile 
telecommunication and healthcare areas. 

The paper proposes new fabrication process, 
screen printing technology, for an Impedance Standard 
Substrate (ISS) for on-wafer measurements at 
microwave and millimeter-wave frequencies. Our 
screen printing technology has provided coplanar 
waveguides (CPW) lines with low transmission loss 
and high precision contact repeatability at millimeter-
wave frequency up to 110 GHz [6]. CPW as a standard 
transmission line producing the characteristic 
impedance of 50 ohms is fabricated on a thin Almina 
substrate by a screen printing technology. Screen 
printed transmission lines provides good insertion 
losses of 0.17 dB/mm at 60 GHz and 0.30 dB/mm at 
110 GHz [6]. For contact reproducibility as important 
performance in the calibration and measurement 
process for on-wafer devices, printed conductors 
achieved excellent reproducibility (N=10), i.e. less 
than 0.1 degrees for phase in short circuits[6]. 

The paper also demonstrate capability of the 
screen printed CPW as an ISS for on-wafer 
measurements. Standard lines with seven different 
lengths were designed and fabricated by screen 
printing technology. In the paper, Multiline Thru-
Reflect-Line (TRL) calibration was performed by 
using ISSs fabricated by both screen printing and 
conventional pleated technologies. Regarding 
calibration capability validation, contact repeatability 
performance was first tested, then, verification devices, 
i.e. “Keysight Verification Substrate (KVS)” were 
measured. In the paper, eight types of verification 
device were measured in order to comparison between 
both ISSs for certifying a calibration and measurement 
capability using screen printed ISS.  

 
II. COMPARISON DEVICES 

 
The above comparison used eight types of planar 

devices as follows; 
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i) Thru Line; 
ii) High reflects, i.e. Open and Short; 
iii) Low reflect, i.e. Matched load; 
iv) 30dB Attenuator; 
v) Mismatch line; 
vi) Two series resistors;  
 
Each verification standards were measured by two 

different calibration conditions, i.e. commercial ISS 
and screen printed ISS.  

 
III. MEASUREMENTS AND UNCERTAINTY 

 
A Keysight Technologies (formerly Agilent 

Technologies) N5250A based on E8361A vector 
network analyzer and 1.0 mm frequency extension 
modules with mm-Wave controller were used to 
measure the Scattering parameter of CPW lines in the 
range from 10 MHz to 110 GHz. 1.0 mm coaxial 
probes, Cascade MicroTech Infinity SP-I110-A-GSG-
06 with 150 μm pitch of Ground to Signal to Ground, 
were used.  

In this study, multiline TRL calibration was done 
on Cascade Microtech 101-190C ISS and screen 
printed ISS at the probe tips. In the case of calibration 
at probe tip using ISS, “thru” line, L=220 m, is used 
as “flush thru”. Then, verification standards were 
measured under the each calibration by 6 times. 

On the uncertainty evaluation, dimensions of 
CPW on the ISSs were measured and characterize the 
line impedances. The difference between system 
impedance, i.e. 50 ohms, and ISS’s impedance over 
several GHz provides to the calibration uncertainty. In 
addition, contact repeatability, presented by Ref. [6], 
was also taken into account to the calibration and 
measurement uncertainty. 

Finally, the two types of measurement results for 
the verification devices were compared. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

IV. COMPARISON 
 
In graphs of following results, red and blue lines 
indicate results obtained by printed ISS and 
commercial ISS. 
 

A. Thru line 

 
Fig. 1 Amplitude of S21 of Thru line 

 
Fig. 2 Phase of S21 of Thru line 
 

Regarding transmission line, the both amplitude and 
phase characteristics are almost agree with each other 
within uncertainty. However, phase characteristics at 
high frequency region are different due to difference 
of electrical measured lengths of thru line standard 
between commercial and printed ISSs.   

 
B. High reflects (Short) 

 
Fig. 3 Amplitude of S11 of short device 



 

 
Fig. 4 Phase of S11 of short device 
 

Regarding high reflective, the both amplitude and 
phase characteristics are agree with each other within 
uncertainty.  Below 67 GHz, large uncertainty was 
provided from dimensional un-uniformity of “Line” 
standards in calibration and system noise 
characteristics of VNA. 
 

C. Low reflect (Matched load) 

 
Fig. 5 Amplitude of S11 of Matched load 
device 
 

Regarding low reflective, the amplitude characteristic 
is agree with each other within uncertainty.  At low 
frequency, the difference is coming from dimensional 
un-uniformity of “Thru” and “Line” standards 
providing mismatch error in VNA measurements. 
 
 
 
 
 
 
 
 
 
 
 

D. 30dB Attenuator 

 
Fig. 6 Normalized Amplitude of S21 of 30dB 
attenuator, normalized by S21 of commercial 
ISS 

 
Regarding low reflective, the amplitude characteristic 
is agree with each other within uncertainty. Below 67 
GHz, large uncertainty was provided from system 
noise characteristics of VNA. 
 

E. Mismatch line 

 
Fig. 7 Amplitude of S21 of Mismatch line 
 

 
Fig. 8 Phase of S21 of Mismatch line 

 
Regarding mismatched transmission line, the both 
amplitude and phase characteristics are not agree with 
each other within uncertainty. This was because from 
dimensional un-uniformity of “Thru” and “Line” 



standards, on printed ISS, providing mismatch error in 
VNA measurements.  And “Thru” line’s offset loss is 
different between commercial and printed ISSs. 
 

F. 25 ohms series resistors 

 
Fig. 9 Amplitude of S11 of 25 ohms series 
resistor 
 

 
 
Fig. 10 Amplitude of S21 of 25 ohms series 
resistor 
 

Regarding series resistor, amplitude of S11 is agree 
with each other within uncertainty. However, S21 
characteristics is not equivalent with each other. This 
is similar result obtained from mismatch transmission 
line. 
 

VII. SUMMARY 
 

This paper has demonstrated a capability of 
transmission lines fabricated by printed electronics to 
use for calibration standards. According to comparison 
between commercial ISS and printed ISS, almost 
characteristics of verification devices is agreed within 
uncertainty. However, for transmission device having 
mismatch element, transmission characteristics 
obtained by printed ISS are not equivalent to those 
obtained by commercial ISS. This might be “Thru” 

and “Line” standard imperfection from dimensional 
un-uniformity and error of dimension of the lines.  

However, improvement of fabrication precision 
by using different screen printing technology, i.e. 
offset screen printing etc., will be provide accurate ISS.  
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Abstract  —  Self-heating affects the RF performance of power 

transistors and must therefore be characterized for accurate 
device modeling.  This paper presents an active loadpull (ALP) 
testbed which performs continuous wave measurements with the 
LSNA for arbitrary loads and substrate temperatures while 
jointly measuring the device die temperatures with an infrared 
sensor.  Measurements are performed for a 15 W GaN HEMTs 
for 15, 25, 35 and 45 C substrate temperatures.  The thermal 
resistance is extracted from the dissipated power and 
temperature data for fundamental loads spanning the entire 
Smith Chart.  The quasi linear relation between the dissipated 
power and the device temperature increase measured for all 
loads verifies that a physical temperature is measured. The 
expected correlation between the dissipated power, output power 
and device temperature is also evidenced.  This ALP testbed 
provides thus a wealth of joint loadpull, thermal and loadline 
data which should facilitate the extraction of an electrothermal 
device model directly from large-signal RF measurements. 
 

Index Terms — HEMT, LSNA, self-heating. 

I.  INTRODUCTION 

 
AlGaN/GaN HEMTs are known for their ability to handle 

high power density while exhibiting high efficiency and high 
reliability [1].  This makes them highly attractive for the 
design of power amplifiers [2]. However the modeling of 
HEMTs remains challenging due to memory effects such as 
self-heating and trapping which affects the IV characteristics 
(IV knee walk-out) and induce temporary degradations  in  the 
RF performance [5].  The activity of these memory effects are 
determined not only by the dc-bias conditions, but also the 
output RF load conditions, and the output power levels 
associated with the RF signals [3]. One of the major memory 
effects affecting the GaN HEMT is self-heating [4] in which 
the power dissipated (𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) increases the temperature device 
(𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑) via the thermal resistance (𝑅𝑅𝑡𝑡ℎ).  Self-heating is a 
relatively slow memory effect [5] such that under wideband 
modulated RF excitations such as LTE, the transistor 
operation remains mostly isothermal. Thus characterizing 
HEMTs for isothermal operation at different die temperatures 
is required for accurate non-linear device modelling. 

This paper presents an active loadpull (ALP) testbed which 
performs continuous wave measurements with the LSNA for 
arbitrary output RF loads while simultaneously measuring the 
device die temperature.  Measurements for various substrate 
temperatures can then be performed.  This allows in turns to 
extract from the data base, the isothermal response for 
different load conditions.  Isothermal large-signal response 

could alternately be acquired using pulsed RF operation.  
However traps do not have time to charge during pulsed-RF 
operation and their contribution to the CW RF operation is 
unrealistically  preempted.  On the other hand having access to 
the device and substrate temperatures permits ones to extract 
isothermal data which fully account for the trap activity under 
CW RF operation.  Further the thermal resistance can be 
extracted since the dissipated power is provided by the RF 
large signal measurements. 

In this paper active loadpull measurements are performed 
for a 15 W GaN HEMTs for 15, 25, 35 and 45 °C substrate 
temperatures.  The thermal resistance is extracted from the 
dissipated power and temperature data for fundamental loads 
spanning the entire Smith Chart.  Since thermal equilibrium 
takes time to establish, the time between measurements must 
be carefully selected.  In this work a delay of 1 min is found to 
yield an acceptable dispersion in the thermal data but longer 
time could be used. The accuracy of the thermal resistance 
extracted can then be verified for all output loads selected in 
the Smith Chart. The expected correlation between the 
dissipated power, output power and device temperature during 
the loadpull is also investigated to evaluate the consistency of 
the thermal data acquired. 

II. MOTIVATION: SELF-HEATING IN DEVICE MODELLING 

It has been demonstrated for low power devices that the IV 
and charge characteristics in a nonlinear device model can be 
directly extracted from large-signal measurements [6,7].   One 
approach to extract the nonlinear model with memory effects 
from Artificial Neural Networks (ANN) was reported in [6] 
for the case of the parasitic bipolar transistor in SOS-
MOSFETs.  However for power GaN HEMTs the intrinsic 
drain current (𝐼𝐼𝐷𝐷) is not only a function of the gate-source 
voltage (𝑉𝑉𝐺𝐺𝐺𝐺), the drain-source voltage (𝑉𝑉𝐷𝐷𝐷𝐷) but also the 
device temperature (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑).  The motivation for this 
experimental work is to now use an ANN to extract a 
nonlinear model from large-signal measurements while 
accounting for self-heating. 

III. EXPERIMENTAL TESTBED  

The experimental setup is shown in Fig. 1.  The GaN power 
device used to do the measurement is the CGH27015F of the 
CREE Inc. The active loadpull measurements are performed 
using two RF sources placed at the input and output 
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Fig. 2.  T_sub and T_dev Measurements. 

Fig. 3. Comparison of measured and calculated ∆T. 

respectively.  The fundamental frequency of the input RF 
source (MG3692A) and the output RF source (ESG4438C) 
used for the active load pull is set to 2 GHz.  The second and 
third harmonic impedances at the triplexer output are selected 
from embedding simulations to approximate an intrinsic short 
that approaches the operating condition of class B at the 
device current source reference planes. The substrate 
temperature is partially controlled with the chuck plate 
temperature.  The substrate and device temperature 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 and 
𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 were measured on the transistor heat sink and the 
transistor die surface respectively.  The incident and reflected 
waves are acquired with an LSNA using two directional 
couplers (RT0812H). 

IV. EXPERIMENTAL RESULTS  

 When the RF power is applied to the device, the dissipated 
power 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and the temperature difference (∆𝑇𝑇 = 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 −
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠) increase accordingly [5].  The variation of the device 
temperature 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 with the substrate temperature 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 for 
different chuck temperatures is shown in Fig. 2. 

From the 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and ∆𝑇𝑇 data, the device thermal resistance 
𝑅𝑅𝑡𝑡ℎ is extracted for different chuck plate temperatures and the 
results obtained are summarized in Table I.  The comparison 
between the measurement and the model is shown in Fig. 3 

when the chuck plate temperatures is 35 °C. The correlation 
between the  𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and ∆𝑇𝑇 is quasi linear as shown in Fig. 3. 
This linear relationship is thus well  represented by: 

 ∆𝑇𝑇 = 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑅𝑅𝑡𝑡ℎ𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (1) 

However for 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 below 10 W a departure from the linear 
relation is observed which requires further investigations. 

 
 TABLE I 

𝑅𝑅𝑡𝑡ℎEXTRACTED  
Chuck Temperature (°C) 𝑅𝑅𝑡𝑡ℎ (°C/W) 

15 1.5596 
25 1.5209 
35 1.5305 

The dissipated power 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and the device temperature 
increase ∆𝑇𝑇 varies with the load output impedances.  The 
device temperature increase ∆𝑇𝑇 predicted by the model from 
𝑅𝑅𝑡𝑡ℎ 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is compared to the measured ∆𝑇𝑇  in Fig. 4 as a 
function of the loadpull impedances.  

The correlation between the dissipated power  𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑~∆𝑇𝑇/
𝑅𝑅𝑡𝑡ℎ  and the output power in the loadpull provides additional 
valuable insights to evaluate the consistency of the thermal 
data acquired. Fig. 5 shows the output power (𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜) contours 
in green and the dissipated power  𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  contours in purple.  
Along a given constant output power (𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜) level the 
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Fig. 1. ALP setup used for the RF and thermal measurements. 
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Fig. 4.  Loadpull comparison of measured and calculated ∆T. 

Fig. 5.  Pout loadpull contour (green), Pdiss loadpull contour 
(purple) and trajectory of  Pout for the maximum and minimum 
dissipated power Pdiss. 

dissipated power  𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 will vary according to purple contour 
shown in Fig. 5.  The blue trajectory gives the output load 
where 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and ∆𝑇𝑇 are minimal and the red trajectory where 
𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and ∆𝑇𝑇 are maximal.   

V. CONCLUSION 

The quasi linear relation between the dissipated power and 
the device temperature increase measured for all loads verifies 
that a physical temperature is measured. The expected 
correlation between the dissipated power, output power and 
device temperature is also evidenced.  This ALP testbed 
provides thus a wealth of joint loadpull, thermal and loadline 
data which should facilitate the extraction of an electrothermal 
device model directly from large-signal RF measurements. 
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