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Advances in
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Enable Better
Millimeter-Wave
Device
Characterization
and Modeling

Marco Spiritoe and Jon Martens

Introduction
he discussion of millimeter-wave (mm-wave)
applications above 110 GHz has been ubiqui-
tous in recent years (e.g., [1], [2], [3], [4], and [5]),
and measurements targeting the modeling of
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frequency range have also received attention, as these
are central to the design and validation processes (e.g.,
[6], [7], [8], [9], [10], [11], and [12]). In the past decade, the
community has gone from coarse measurements with
rather wide uncertainty bounds and relatively simple
device models to structures that may be converging
in completeness and complexity (if maybe not uncer-
tainty) to those seen at lower frequencies. While the
importance of the measurement core to validation and
assessment is clear, that link to model development
can be more nuanced, as simulations, low-frequency
measurements, and other data play an increasingly im-
portant role. It can be argued that, at higher mm-wave
frequencies, there is perhaps added importance to RF
measurement data, due to an increase in the number of
relevant mechanisms (e.g., parasitics that vary rapidly
with frequency as well as frequency-dependent lineari-
ty terms) and their variability. These RF measurements
must be acquired in a frequency range where power
generation is difficult (i.e., the terahertz gap) and the
receiver noise floors are elevated. In this article, we
review the evolution of key measurement techniques
and test benches that are required for device character-
ization (small-signal and first-order nonlinear regions)
and model validation in the mm-wave bands above
110 GHz.

Many aspects of mm-wave measurement have been
addressed in recent years, including 1) criticalities in
on-wafer calibration (e.g., [13] and [14]), 2) the develop-
ment of newer probe and interface structures for mea-
surements (e.g., [15] and [16]), 3) mm-wave S-parameter
measurements (e.g., [17]), 4) power measurements (e.g.,
[18]), 5) load pull (e.g., [19]), and many other topics.
In most of these cases, there has been evidence of
improvements in uncertainties and the understanding
of sensitivities and mechanisms. Perhaps discussed
less often thus far are key aspects of instrumentation
for modeling and validation, particularly as there is
movement to less-than-linear types of characteriza-
tion, namely,

e Absolute stimulus power delivered to the device
under test and its accuracy: This is not just to
ensure linearity (in the case of small-signal
measurements) or the desire for a specific level
of device under test (DUT) nonlinearity but also
to manage the signal-to-noise levels, as the noise
floor may be limited at higher frequencies. The
harmonic and spurious content of this signal
may also be relevant, as is the dependence on
the power level.

Receiver characteristics: Obviously, the measure-
ment noise floor is very relevant to the signal-

to-noise ratio (SNR) calculations. In addition, the
linearity of the measuring receivers is of interest
as stimulus (and the DUT output) levels increase.
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Perhaps more importantly, key questions are how
all these measurement attributes affect models that
may be extracted or performance that has to be veri-
fied and how these effects trend as one goes higher into
the mm-wave spectrum. These hardware and system-
centric attributes can vary significantly with different
setup architectures. Thus, grand general conclusions
may not be possible. Nevertheless, their trends and ten-
dencies must be assessed for accurate and high-fidelity
high-frequency measurements. One place to start is
with a generalized network analysis-based test bench
that could be used for mm-wave model development,
as shown in Figure 1.

The generic diagram in Figure 1 applies to some of
the commonly used broadband/mm-wave structures
that include a base (microwave) vector network ana-
lyzer (VNA) and external modules that include mul-
tiplied source paths and harmonic converters. Many
different external module designs exist (e.g., [20]), and
only one such exemplary block diagram is shown in
Figure 1. The source multiplication adds some stress
on the power level control and spectral purity, while
the harmonic conversion can complicate the receiver
linearity and noise performance relative to those attri-
butes at lower frequencies. But what impact will issues
such as these have on measurements and, specifically,
on extracted device models? It may help motivate the
need to study such effects by considering a relatively
simple example.

Consider the task of extracting the capacitance val-
ues (i.e, Cy and Cyy) of a modern CMOS technology
(i.e, with a minimum length below 40 nm) capable of
reaching transit frequencies above 300 GHz, which can
be computed using

_ gW’
Fr= 27(cgs + Cga)” @

Since large values of g,, in excess of 2,000 #S/um can be
achieved by using modern CMOS technologies, we can
directly see that maximum transit frequencies in excess
of 300 GHz can be reached when the above-mentioned
capacitance levels are on the order of few femtofarads.

The characterization of such extreme impedances
poses a well-known challenge due to the desensitiza-
tion of reflection coefficient (I')to impedance (Z) [or I'
to admittance (Y)] transformations. This effect can be
seen for the resistive component in Figure 2(a), where,
as the reflection coefficient magnitude approaches
unity, the transformation to the impedance domain
(i.e., resistance) approaches an extremely low slope,
resulting in a large expansion of the sensitivity to
noise in the I' measurement. Similarly, when consid-
ering a nearly ideal reactive component [Figure 2(b)],
we can observe that at low (or high) capacitance
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values, the slope of the reflection phase also becomes
progressively lower. Thus, for the small capacitances
of the devices of interest for this example, relatively
small errors or high noise levels in the S-parameter
measurement could result in large extracted capaci-
tance errors.

It is useful to note that the mm-wave extender archi-
tecture of Figure 1 tends to have increases in trace noise
and uncertainties relative to those of the base (micro-
wave) VNA. This is a result of the different spectral
purity levels, reduced available power, and increased
noise figure and conversion losses of the downconvert-
ers, with different impacts across different mm-wave

bands. On average, this results in increased measure-
ment noise, which can cause larger uncertainties in the
device parameter to be extracted, due to compression in
the transformation, as noted above. As an example, the
trace noise characterization of a VNA-based test bench is
carried out in the fundamental frequency band (i.e., 1-67
GHz) and in the WR6 (110-170-GHz) and WR3 (220-330-
GHz) mm-wave bands; i.e., the test bench noise is then
propagated to the measurement of an ideal 5-fF capaci-
tor, employing an ideal calibration, where no residuals
are present. The result of this analysis, which is indica-
tive only of the noise expansion and will vary with
the VNA and the extender, power level, intermediate
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Figure 1. A generalized vector network analyzer (VNA)-based mm-wave test-bench, employing upconverter modules to
extend the main (VNA) unit frequency range. LO: local oscillator; IF: intermediate frequency.
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frequency (IF) bandwidth, and so on, is presented in Fig-
ure 3. Although the levels are not large, they do increase
by nearly 10x over the 10-300-GHz frequency range.

To understand some of the mechanisms that lead to
this “uncertainty” expansion, one can look at the source
multiplication process. While multiplication almost
always increases the phase noise (e.g,, [18]) of an RF signal,
the power transfer slope of multiplication can sometimes
be very large. This results in amplitude noise genera-
tion as well (when not operated in saturation). This slope
generally increases with the operating frequency, as the
multiplier input frequency is often confined to be below
~20 GHz for practical reasons. Example plots of this con-
version profile appear in Figure 4 for modules used in
several waveguide bands. While one could always oper-
ate in the saturated part of this curve, this region may
preclude effective power control (as will be seen), which
is important for many measurement scenarios of interest
in device characterization.

The higher waveguide bands are obtained by higher
multiplication orders, providing an RF-to-mm-wave
“gain” (decibel-milliwatts to decibel-milliwatts), with
the maximum derivative going from 6.5 up to 49 in this
set of curves. This translates to an increased fluctua-
tion of both the amplitude and the phase of the upcon-
verted wave.

Moreover, given the nonlinear nature of the multi-
plication architecture, the conversion tends not to be
very flat with the frequency, even within a band. The
net power flatness across the
frequency tends to be much
worse than that of the input

fundamental signal unless 0

instantaneous power control accuracy and net spec-
tral purity.

The instantaneous source power accuracy plays
an important role in device and circuit characteriza-
tion since it may trigger (when not properly imple-
mented) both dynamic range loss and first-order (and
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Figure 3. The trace noise from a VNA in the fundamental
band of 1-67 GHz and in mm-wave bands via extenders
(WR6 and WR3) is measured and propagated through to
the computation of a capacitance based on S-parameter data,
using VNA tools [21]. This analysis is done for an ideal
5-fF capacitor with an ideal calibration and simply shows
the effect of trace noise levels.

Saturated Region Response
(Example for WR6)

caution is exercised. Exam-
ple flatness plots for WR3 are
provided in Figure 5. This 0
unleveled flatness variation
can result in trace noise varia-
tion with the frequency, as the -20
SNR will also be changing.
The following sections look
at source and receiver charac-
teristics in more detail to get
a better picture of how hard-
ware details can affect mea-
surements and subsequent
model extractions.

Pmmwave (dBm)
A
o

60

Source Characteristics
In this section, we review the

—WR2
——WR3
WR5
——WR6
——WR10

source characteristics in VNA-
centric mm-wave test benches
employed in small- and large-
signal device and circuit char-
acterization. The focus is on
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0 5 10
Prf (dBm)

Figure 4. Power transfer curves of source multiplication chains for several commonly used
mm-wave extenders. Note the slope variations when not saturated, where Prf is the input
RF power to the modules, and Pmmuwave is the frequency-multiplied output RF power.
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higher-order) nonlinear effects, such as amplitude mod-
ulation (AM)/AM and AM/PM (e.g., [23]).

Consider a small-signal measurement for a device
where the drive power may need to be low to ensure
linearity (e.g., the classical rule of thumb of a 30-dB
backoff from 1-dB compression). As an example, the
power-versus-frequency fluctuation of the WR3 mod-
ule in Figure 5 (the red trace) would result in a loss
of 11 dB of measurement dynamic range between the
upper and lower parts of the band.

When a less conservative power level is used, ie.,
the device is being driven close to the onset of nonlin-
ear effects, there is a risk of inducing AM/AM distor-
tion, transferring the nonlinear frequency tracking
source characteristics to the device/circuit metrics
under evaluation.

—25
-30 ]
35| —6-dB variation
€ _40. ™ Py W.ith no Attenuation.
%, —+ P,, With 20-dB Attenuation
LL‘>° —45F -
50y
55! —11-dB Variation
—-60 ‘ ‘ s ‘ ‘
220 240 260 280 300 320

Frequency (GHz)

Figure 5. The power available (Pav) variation from a
frequency extender operating in the WR3 band. Without
power control, this variation can map through to SNR
variation.

This effect can be seen in Figure 6(b), where the
Sxn response, measured with no power attenuation
(the dashed red line), shows AM/AM distortion in the
response. When the actual power level can be accu-
rately known and the instantaneous power controlled,
the frequency tracking nonlinearity can be removed,
and the proper device response can be extracted [the
solid trace in Figure 6(b)]. This also allows minimizing
the SNR variation across the characterization band, on
the (simplifying) assumption of a constant noise floor
versus frequency.

A central point to the power control of the signal
source is the leveling loop, which consists of some
detection method within a given location in the block
diagram in Figure 7, a comparison and integration
block (loop amp), and a modulation block (for control-
ling the power).

mm-Wave direct detection has improved consider-
ably in recent years (e.g., [24], [25], and [26]), leading to
lower noise floors (minimum detectable signals), higher
breakdown levels, and greater “linear” ranges. Still,
the available control range of the direct detectors may
be limited to ~30-40 dB, which may not be adequate
for some applications (such as the small-signal device
measurement discussed in the previous section).

Another approach, the heterodyne detection
scheme (e.g., [23] and [27]), often converting to frequen-
cies in the tens to hundreds of megahertz, can offer a
very low-noise bandwidth. This can bring the mini-
mum detectable signal at mm-wave frequencies to the
-100-dBm range or lower with a highly linear response
curve, assuming the downconverters used are linear.
Such an approach exacerbates practical challenges in
implementing the leveling loop. An extra (heterodyne)
receiver is possible but results in an expensive solu-
tion and is often not compatible with the conventional
VNAs used in mm-wave test benches. Using the test
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A B
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Figure 6. (1) Power available difference between leveled (black symbols) and unleveled (red symbols) case, after the
multiplication path and (b) S,; of the considered D-band power amplifier from [22] measured in normal (no source power
control) system operation (dashed line) and with a 30-dBm controlled P,, (solid line).
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bench’s own receivers is con-
venient but gets complicated
when measuring harmonics
or other conversion products,
unless multiple local oscilla-
tors (LOs) are available, as the
receiver for leveling may not
be tuned to the same place as

c ] Reference

omparison

Integration
Block

Power
Detector

the target signal. Despite the
latter limitation, this is one

Modulation

of the solutions employed in
modern VNA-centric
wave benches. Sensitivities
and uncertainties due to the
detection effects of such a method tend to be relatively
constant (in decibel terms) versus the power until the
levels become very low.

In recent years, the comparison block section of the
leveling loop has been shifting from analog to digital
implementations, often allowing the use of digital cor-
rection performed as a factory calibration to achieve
a constant source power level across the frequency.
When considering the case of mm-wave test benches,
the use of different modules, often from different
vendors, makes factory calibration approaches more
complicated. Moreover, given the thermal drift of the
nonlinear multiplier, open-loop approaches are often
not accurate enough, suggesting that module-specific
calibrations for the closed-loop structure may be
very useful.

After the detection and integration blocks within
the loop, the gain/attenuation modulation block is the
next step to realize the power control. A local mm-wave
leveling loop is a possibility, and there have been recent
advances in mm-wave variable-gain elements (e.g., [28]);
however, as of this writing, the range and speed for a
given level of insertion loss may still be limited.

Another approach is to use premultiplier modu-
lation, as alluded to in the introduction. This task
becomes more challenging as the multiplier transfer
curves become steeper (see Figure 4), as the sensitivity
to the control input obviously increases. If the slope is
high and the loop response is not fast enough, instan-
taneous variations in power at 300 GHz could be on the
order of multiple decibels (e.g., [23]), which could affect
the linearity state of the DUT. As might be expected,
the power accuracy uncertainty caused by this effect
tends to be larger (in decibel terms) at lower power lev-
els. When a premultiplier modulation is employed, a
further aspect that needs to be considered is the spec-
tral purity of the multiplied signal.

This spectral purity question is accentuated by the
frequency multiplication process used in the extender

mm-

modules. Given the nonlinear nature of the multipli-
cation process, a number of harmonically related and

April 2025
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Figure 7. A simplified leveling loop. DAC: digital-to-analog converter.

other spurious signals will be present in the frequency
band covered by the extender module, as schematically
depicted in Figure 8.

When premultiplier modulation is employed, the
changes in the drive level of the various stages of the
multiplier result in a different level of harmonic sup-
pression, which might lead to a drive stimulus very
distant from an ideal continuous-wave (CW) excitation.
In [29], a metric to identify the potential onset of these
unwanted effects was found by comparing the spectral
power (i.e,, measured from the VNA receiver) and the
total averaged power (i.e., measured from a broadband
detector). This approach can help identify the power
range; see Figure 9, where the premultiplier modula-
tion can still provide a “quasi-CW” stimulus.

The plot of Figure 9 suggests how much the char-
acteristics of the delivered power can change based on
the synthesis and leveling implementation details, even
when some of the gross SNR-varying behaviors and
instantaneous accuracy questions have been resolved.

Receiver Characteristics

While many receiver technologies exist, the bulk of
mm-wave test-bench receivers, as of this writing, use
harmonic converters. This is often for reasons of the
achievable LO noise performance over the needed

> 20 dBc in
Saturation

Power (dBm)

(N-1) fre N fre

- Desired Harmonic (Solid)
- Neighbor Harmonics (Long Dash-Dot)
- Nonharmonically Related Tones (Short Dash)

(N+1) fzr Frequency

Figure 8. The output spectral content of a mm-wave
extender.
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bandwidth, LO distribution complexity reasons, com-
patibility with current VNAs, and so on. The harmonic
converter choice has implications for the receiver design
in terms of spurious signal control, noise effects, and
overall receiver linearity. From a practical system engi-
neering perspective, the LO being transmitted around
may be on the scale of tens of gigahertz for many of the
test benches derived from commercial equipment.

Receiver IFs also vary greatly, but many are in the
range of tens to hundreds of megahertz, with some
upward pressure on the high end to support modu-
lated measurements with ever-increasing communica-
tions channel widths. As this article is more concerned
with model development and since current implemen-
tations using modulated signals in conventional mm-
wave extenders tend to be more specialized, we do not
focus on the very wide- and high-IF scenarios here.

In any measurement system looking at distortion
products and device linearity parameters, the linear-
ity of the measuring receiver itself can be important.
While a common strategy is to use variable receiver
attenuation, the available SNR could be limited, par-
ticularly for distortion product measurements. Such a
limitation could then hinder model development in the
area of low-level nonlinearities. Maximizing the lin-
earity of the receiver is obviously as desirable as cost
and complexity permit, and many authors have com-
mented on basic receiver technologies that may help
in this aspect (e.g., [30] and [31]). Certainly, front-end
amplifier characteristics come to mind first.

To explore some dependencies, linearity mea-
surement examples may help. While many receiver
linearity metrics are used, a more nuanced desense
measurement (where the effect of some other variable

Power Deviation (mW)
o o o
~ o o

o
N

90 o
% 100405
Frequency (GHz)

—_16—12 -8
Extender Power Output (dBm)

110-20

Figure 9. The difference between the fundamental power and integrated power for an
example mm-wave extender for various output levels. As the spurious content changes
with the drive level, the difference between these two power quantities changes as well [29].
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tone on the compression characteristics of the main
signal is studied) may be useful. The other variable sig-
nal may be one of the spurious tones discussed in the
previous section or may be a part of some more com-
plex signaling arrangement. Desense is, of course, not
a new concept, as lower-frequency receivers have been
characterized with such a metric for many years [31];
however, the dependencies can be more nuanced in a
mm-wave harmonic converter. Here, we interpret the
term loosely in terms of the relative signal amplitudes.
Consider a mm-wave WR6 system excited by two stim-
ulus signals with independent amplitudes. In certain
multitoned variants of this test (which can be useful
in identifying a variety of nonlinear mechanisms and
dependencies [32]), phase control between the stimulus
sources is also very important in determining the net
stimulus waveform to the receiver under test.

One set of data for an example system is presented
in Figure 10, operating at 170 GHz using a harmonic
converter. This system, at least in terms of its own com-
pression, appears to have reasonable linearity (0.1-dB
compression at 10 dBm).

One can observe a change in the onset and rate of
compression with different interferer/spurious levels,
as might be expected and may be another reason to
monitor test conditions and the spurious signal content
discussed previously. There is often a dependence on
the interferer spectral content, as the peak RF ampli-
tude statistics can vary. If there is a nonlinear contribu-
tion from the receiver IF system, that dependence on
the interferer/spurious signal can become much more
complicated, as mix products may land in the IF band-
width. At the highest signal power levels, a second
nonlinear mechanism is visible for this system (this
one centered in the IF section),
which adds some additional
uncertainty.

While the receiver archi-
tecture plays a large role in
behavior, the LO waveform
supplied to the module can
also be important. The phase
noise content of the LO will
often affect the noise floor and
trace noise attributes, but the
base LO harmonic content can
also affect the conversion effi-
ciency and linearity (e.g., [33]
and [34]). As an experiment,
the LO waveform is modified
(but the average power and
frequency are not changed) to
study linearity changes. In this
case, the phase of an injected
third-harmonic signal (fixed
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amplitude) is adjusted to obtain maximally and mini-
mally linear behavior (as measured with the desense
metric). The differences between the two desense
responses are shown in Figure 11. The largest differ-
ences are, unsurprisingly perhaps, at the highest sig-
nal and interferer amplitudes. Interestingly, there is a
small negative dip (at low interferer levels) that could
be described as gain expansion. It is believed that this is
due to the peak signal power itself overcoming a small
LO starvation effect at this particular frequency. This
type of effect would be less likely to be visible on a mod-
ule with a heavily compressed
LO amplifier chain, but it does
point to the possibility of the
drive waveform details affect-
ing the overall linearity.

The distribution of the final
LO spurious content can be
related to the input content
and could be changed if the LO
chain was significantly over-
driven. The mechanisms can
become quite complex, includ-
ing spectral component recon-
versions, frequency-dependent
compression of drive amplifi-

Normalized Response (dB)

ers, and so on. As an example,
the compression of a 330-GHz
receiver is assessed for a nomi-
nal LO drive level along with
two higher LO power levels
that would assuredly heavily
compress the LO chain, and
the results are given in Fig-

delivered levels.

ure 12. In the nominal case,
the response is relatively flat
(within repeatability), indicat-
ing no significant compres-

—
a
/

Signal Power (dBm)

Model Extraction Implications and Examples
In the previous sections, characteristics of the power
and spectral content of the source as well as the receiver
(non)linearities have been explored at higher frequen-
cies. It has been pointed out how specific measurement
parameters can be affected by these performance attri-
butes, but the effect on the final processed data may be
more complicated. Some examples may help illustrate
common trends observed in practice.

Consider a purely small-signal measurement
where the DUT is well out of compression. One source

B Interferer Power (dBm)

15 D

Figure 10. Desense data for an exemplary VNA + frequency extender system, where the
interferer (potentially a spurious signal) is in band but of independent amplitude. The
coupling is asymmetric, and the axis labels are based on the input levels rather than the

sion in this power range. The .
other response curves show % 14
a nonclassical compression g 0.54
shape that would induce added o
uncertainties. The highest LO £ 04
level even shows a conversion 8 05,
shift at the lowest RF levels. §_
The general observa- 8 14
tion from this section, aside 'I_1 5]
from the measuring receiver 10
having finite linearity that 5 15
must be balanced against the 10
required SNR, is that the LO 0 5
signal content at the convert- Interferer Power (dBm) 579 Signal Power (dBm)

ing element and even at the
premultiplied input can affect
that linearity.
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Figure 11. The difference in the desense response as the input LO waveform in the
measuring receiver is changed.
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behavior (as discussed above) may include the pres-
ence of elevated harmonic content. Depending on the
circumstances (and the DUT passband behavior), these
harmonics can reconvert to the fundamental band
in the instrument receiver, resulting in apparently
elevated trace noise. An elevated second-harmonic
(mixing with the fundamental to generate a differ-
ently phased fundamental) is one example but is less
likely to happen with banded mm-wave structures.
A combination of 2/3 and 4/3 harmonics (relative to
the desired frequency) is one that might be possible,
as would be other fractional combinations dependent
on the source multiplication structure. An example
of such a trace noise distribution is in Figure 13 for
a nominal drive harmonic level as well as one for
elevated fractional harmonics at the upper end of the
band (around -10 dBc) created via a hardware modi-
fication. The trace noise increases by about a factor of
two in decibel terms, but, for an example Y-parameter
conversion, the scatter in the imaginary part increases

0.2

—— Nominal LO - - - 3-dB Overdrive — - - 5-dB Overdrive

-10 =5 0
Port Power (dBm)

Figure 12. The effect of significant LO chain distortion on
receiver compression for an exemplary 330-GHz system.
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by nearly an order of magnitude (in linear terms). This
is partly a side effect of decibel representations and
the nature of the transform, but it does illustrate a not
uncommon situation.

The magnitude of this effect relative to other uncer-
tainty mechanisms is an important aspect to consider,
even given the fact that the relative noise source contri-
bution to the overall uncertainty tends to vary across
the frequency bands.

To illustrate the latter, consider the example of on-
wafer device transconductance (g,,) characterization
where the device parameter is extracted in the range
from 1 to 325 GHz. Note, the g, value used in the
following figures is normalized to its dc value (g,,0)
for simplicity.

For this discussion, we consider and propagate over
a realistic systematic test bench response, resulting in
the following contributions: the VNA receiver noise/
distortion, the probe misplacement variation, and the
residual error arising from an on-wafer calibration.
The calculations are not meant to represent the best
possible, or even optimized, uncertainties but, rather,
some typical values that could be obtained in practice.

For this, we consider an active device realized in
a state-of-the-art CMOS technology, presenting f;/fmax
capability well above 300 GHz. The instrument noise/
distortion can be propagated across the various fre-
quency bands, as previously discussed and shown in
Figure 3, employing uncertainty propagation tools as
VNA tools [21].

The instrument noise is propagated to the two-
port S-parameters of the DUT, and then the device
metric g, is computed and plotted in Figure 14(a). The
same parameter is in Figure 14(b), renormalized on a
frequency-by-frequency basis to better visualize the
(small) impact of the noise contribution on the parame-
ter uncertainty. The scale of this effect is fairly small on
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100

Figure 13. (a) The possible effect of elevated source harmonics (and remixing) on an S-parameter measurement
(normalized |S;;|) and (b) an extracted Y-parameter (Im (Y;)) for the measurement of a short circuit.
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the S-parameters themselves, but this is a case where
the data processing further reduced the effect.

Probe placement uncertainty has been considered
extensively (e.g., [35] and [36]) and has been shown to
be a critical factor in on-wafer mm-wave characteriza-
tion. To analyze its relative weight in the proposed
example, probe placement effects are extracted using
Monte Carlo perturbations on the 2D electromagnetic
(EM) models of the devices employed in the calibra-
tion process. A through-reflect-line (TRL) calibration
(e.g., [37] and the references therein) on a fused silica
substrate is considered, and the various EM models of
devices (through, reflect, and line) are simulated using
the port position (i.e,, representing the probe landing
position) as a parameter. The computations are per-
formed by varying the position over circles centered on
the nominal probe position, while the equivalent probe
pitch (distance to the ground references ports) is kept
constant [see the inset in Figure 15(a)].

The parametric model is then employed in a cir-
cuit simulation environment (i.e., Keysight ADS) to
perform a Monte Carlo analysis. The port position is
the perturbation, and is defined by a Gaussian ran-
dom variable with a standard deviation of 2.5 yum. The
results of this analysis are provided for the device g,
in Figure 15(b). The increase in sensitivity with fre-
quency is obvious and has been commented on in the
literature [35].

Finally, to include the uncertainty generated from
the calibration artifacts themselves, we employ an
approach similar to the one presented in [38], where
EM simulations (i.e., using Keysight Momentum) are
used to predict the quality of the calibration procedure
given typical standard nonidealities. The materials and
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dimensions of the thin-film layers are considered as
the potential variables.

To compute the calibration residuals, a TRL calibra-
tion kit is mapped in a circuit simulator environment
(i.e., Keysight ADS) by employing the model from [39]
to map the response of the grounded coplanar wave-
guide lines. The model is based on spectral-domain
variational approaches and provides an analytical
expression for the impedance and the effective permit-
tivity of grounded coplanar waveguides. Such a line
topology is often integrated in integrated circuit tech-
nology for device characterization [40], [41].

The following parameters are then perturbed in a
Monte Carlo simulation based on Gaussian distribu-
tions about the nominal values:

e Height of dielectric: o = +2.5%; nominal value:

8 uym

e Permittivity of dielectric: o = £ 5%; nominal value:
4.1 yum

e Thickness of thin-film line: o = + 5%; nominal
value: 2 ym

e Conductivity of thin-film line: o = £ 1%; nominal
value: 2.9 107 S/m.

It is important to emphasize that this is not
intended to be a “complete” definition of the residual
calibration uncertainty but, rather, to establish a rea-
sonable bound to help with assessing relative overall
uncertainty contributions. The impact of the calibra-
tion residual errors is then mapped onto the g,, of the
device in Figure 16. Interestingly, the impact on g,, is
greater at lower frequencies even though the absolute
S-parameter uncertainties are lower there. This is a
result of the nonlinear transformation to g,, (based on
Y-parameters) as the input, and the output reflections
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Figure 14. (1) The normalized transconductance (normalized to its value at 1 GHz, i.e., gm,) is used to present the (small)
contributions of trace noise and instrument distortion in image. (b) A zoomed-in view using a further renormalization of the

mean value at every frequency point.
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Figure 15. The effect of probe placement, where the probe center contact is randomly placed in a (a) circular region for (b) each

calibration step and the net effect computed.
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Figure 16. The uncertainty in the measured (normalized)
g caused by calibration residuals (Monte Carlo simulation
of material and dimensional properties of on-wafer
calibration standards).

from the device are closer to the unity magnitude at
low frequency (i.e., higher than 0.98 in magnitude)
and decrease at higher frequencies (i.e., close to 0.5 in
the WR3 band).

The relative contribution of the different error
sources can be then compared at 30, 165, and 300 GHz
(representative points in the frequency range used),
as in Table 1. The weighting shifts dramatically to the
probe placement at high frequencies, where a fixed
placement error is much larger in wavelength terms. At
low frequencies, the sensitivities of the postprocessing
calculation accentuate the importance of the calibra-
tion residuals. Instrumentation trace noise/distortion
is not a large contributor in this example, but its effect
increases with the frequency. This comparison is not
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TABLE 1. The relative contribution of the different

error sources compared at 30, 165, and 300 GHz.

Relative contribution 30 GHz 165 GHz 300 GHz
Calibration residual (%) 99.06  8.35 0.62
VNA noise (%) 0.005 0.3 0.55
Probe placement error (%) 0.935 91.35 98.83

meant to indicate what the relative weights will always
be but more to show a way to calculate an estimate and
some not uncommon trends with frequency.

Characterization Example

A final example is a first-order nonlinear charac-
terization of a device (e.g., AM/AM or gain com-
pression), and suppose that the stimulus harmonic
content is not very high. If the harmonics were high,
then the DUT state could interact with the drive sig-
nal in yet an additional way, and the analysis would
be more complicated. The instantaneous power accu-
racy and its time dynamics could now be relevant
since the absolute drive level is a part of the result
description. Receiver linearity could also play a role
depending on the absolute levels involved and the
ability to buffer the receiver. The results of a Monte
Carlo calculation based on experimental instrumen-
tation and DUT characteristics are displayed in Fig-
ure 17. The random variables include a spread of the
actual incident power to the DUT (based on values
and mechanisms discussed previously) and a prac-
tical spread in the receiver linearity. The baseline
response is shown as a thick trace. Even though the
power uncertainties are much larger at lower levels
(2x in decibel terms), the impact is much larger at
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Figure 17. (a) and (b) Monte Carlo calculations showing the effect of power uncertainty and (b) receiver compression
uncertainty. The baseline DUT response is shown as a thick trace.

higher powers, due to the DUT sensitivity. Also, the
bias of the results is shifted to the more-compression
side. Such a bias is common with nonlinear pro-
cesses (e.g., [42]). Figure 17(b) brings in the effect of
receiver compression when buffering/padding is not
possible, and one can see the expected expansion
at higher output levels. There is a bias to increased
compression, and it may be expected, but the spread
increases in both directions, as a changing DUT
match interacts with the receiver in this case. While
this shape change is far from universal, it does indi-
cate one possibility where the DUT-instrumentation
interaction causes a more nuanced behavior.

Again, the magnitude of these distortions relative
to the increasing weight of more conventional uncer-
tainty terms (calibration residuals, repeatability, and
so on) should be assessed, and some of the effects seen
in Figure 17 can be mitigated by better power control/
calibration and better receiver linearity (perhaps from
the receiver signal level or LO changes). For gain com-
pression and related measurements, there is the added
complication of absolute power inaccuracies being rele-
vant (at what decibel-milliwatt power 1-dB compression
happens), which has its own uncertainty framework.
This topic has been well covered in the nonlinear char-
acterization space (e.g., [43]), but it plays a role even in
simple first-order measurements such as this one.

Summary

With the increasing importance of mm-wave device
modeling and characterization, some instrumentation
details can play a role, including drive signal purity
and power accuracy as well as receiver linearity. In
addition to the dependence on the specific hardware
being used, the importance of the instrumentation

April 2025

details will vary with frequency and with how the
final data are being used, as has been illustrated with
some simple examples. Having a current knowledge of
instrumentbehaviors can help in interpreting extracted
model/device parameters and their sensitivities.
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