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Abstract— We describe the system-level calibration of a vector
signal analyzer operating at 28 GHz, including the determination
of uncertainties in the magnitude and phase of measurements of a
traceably characterized calibration waveform. We then apply the
IEEE 1765-2022 measurement comparison approach to evaluate
the uncertainty in error vector magnitude of the vector signal
analyzer using an equivalent-time sampling oscilloscope with
traceable calibration as the reference receiver. An additional
measurement of the modulated waveform is made for comparison
using a large-signal network analyzer operating on an arbitrary
frequency grid, with good agreement to the sampling oscilloscope
and vector signal analyzer in amplitude, phase, and error vector
magnitude.

Index Terms—error vector magnitude; measurement

uncertainty; vector signal analyzer; wireless system.

[. INTRODUCTION

EEE-1765-2022 “Recommended Practice for Estimating the

Uncertainty in Error Vector Magnitude of Measured
Digitally Modulated Signals for Wireless Communications” [1]
provides several methods to assess the contribution of a user’s
receiver hardware and calibration to a measurement-based
estimate of error vector magnitude (EVM) by comparison to
EVM derived from a reference system. These methods require
that the user first correct receiver impairments in a calibration
step. The comparison then allows the user to assess the
remaining receiver errors that were not corrected by the
calibration and measurement process. Comparing nominal
(computed) values of EVM and associated uncertainties allows
the user to validate measurements and uncertainty analyses with
respect to those made by a reference laboratory.

In this paper, we describe an implementation of the IEEE-
1765-2022 Section 7.3: “Baseline EVM comparison of two
receivers” measurement comparison with a vector signal
analyzer (VSA) as the user receiver and an equivalent-time
sampling oscilloscope as the reference receiver. A two-step
process is illustrated (see Fig. 1) in which the user receiver is
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first independently calibrated and then, in step 2, is brought to
a reference laboratory to perform one of the [IEEE-1765-2022
measurement comparisons. In our demonstration, one
instrument, the sampling oscilloscope, is used to fulfill the roles
of both the calibration- and reference receiver.

The sampling oscilloscope is an instrument of choice for
traceable measurement of mmWave modulated waveforms due
to its short traceability path with tractable uncertainty elements
[2][3]. Specifically, the sampling oscilloscope’s architecture
enables the transfer of phase calibration from a calibrated
photodiode, that itself has been calibrated using an electro-optic
sampling system (EOS) [4]. However, the sampling
oscilloscope requires a repetitive waveform, a precise hardware
triggering arrangement, and additional sinusoidal reference
waveforms for correction of the sampling oscilloscope’s
internal timebase [5]. Whereas previous studies have
recognized the sampling oscilloscope’s utility for evaluating
EVM as a reference instrument in the metrology-laboratory
environment [6][7], the VSA is the tool of choice for practical
and accurate measurement of waveforms from a variety of
sources.

Calibration of vector receivers for step 1 is commonly carried
out at the system level, although proprietary subsystem-level
methods are also used by instrument manufacturers. For such
system-level receiver calibrations, calibration coefficients
correspond to the difference in the user-receiver measurement
of a calibration waveform from those measured by a
“calibration receiver” (a receiver that may be traceably
calibrated to fundamental physical parameters). The magnitude
and phase differences form the calibration coefficients, which
provide an estimate the internal response of the user’s receiver.
These calibration coefficients are then applied to future
measurements of, for example, the IEEE-1765 Reference
Waveforms.

There are two common approaches to system-level VSA
calibration described in the literature. In one technique, a
characterized pulse or comb generator forms creates a periodic
waveform and serves as a phase transfer standard [8][9][10].
The comb generator is a wideband signal source which can be
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traceably characterized in amplitude and phase [11] using an
equivalent-time sampling oscilloscope. In [8], the broadband
pulse from a comb generator is passed through a bandpass filter
to produce a repetitive, band-limited calibration waveform. In
recent research on real-time oscilloscopes [12], the electronic
pulse generator is substituted by a photodiode, which has been
directly characterized using an electro-optic sampling (EOS)
technique [13].

A second class of technique makes use of modulated or
multisine signals to calibrate vector receivers. Here, a
modulated waveform is split by a power divider and measured
simultaneously using a sampling oscilloscope and a VSA
[14][15]. Sources of uncertainty include amplitude calibration,
oscilloscope timebase distortion, and impedance mismatch. In
some experiments, impairments are deliberately introduced into
signals to provide a range of EVM values [16]. The IEEE-1765-
2022 standard extends this technique by providing a library of
Reference Waveforms with various classes of impairments [1].
A detailed overview on traceable measurement of modulated
waveforms may be found in [18]. A recent study [19] uses a
calibrated large-signal network analyzer (LSNA) to measure a
modulated waveform transmitted from a signal generator to a
receiver, and to verify the receiver’s EVM estimates.

For the calibration of vector receivers intended to measure
EVM of modulated waveforms, we preferred the multisine-
based approach, because repetitive multisine waveforms can
more easily be tailored to emulate the statistical properties of
our modulated waveforms of interest. Specifically, the peak-to-
average power ratio (PAPR) of pulse waveforms is significantly
higher than that of the typical modulated waveform.

Our work differs from other multisine-based VSA and EVM
calibration efforts [14][15][16], wherein EVM was calculated
using the VSA’s internal software, and the received waveform
was not calibrated separately prior to EVM calculation. In
contrast we treat the receiver calibration and EVM calculation
as separate steps: first, the received waveform is calibrated in
the frequency domain based on the VSA’s impulse response
and impedance mismatch, then the EVM is calculated
independently of the VSA’s internal software. EVM calculation
and its accompanying steps (demodulation, matched-filtering,
and equalization) are carried out using the IEEE-1765
algorithm. Meanwhile, receiver calibration is carried out
independently of EVM, on the basis of linear corrections
applied to the received signal in the frequency domain.
Furthermore, we extend the work of [15] and [16] by applying
a sequential technique for sampling-oscilloscope timebase
corrections, which enables the direct measurement of
arbitrarily-long waveforms using the sampling oscilloscope
[17] — a necessary step to performing mmWave measurements.
Notably, the key technical advances which enable the
calibration described herein are the traceable calibration of the
sampling oscilloscope [2][3][4][5][6][7], and the ability to
extend sampling oscilloscope corrections to waveforms of
arbitrary length [17], which together allow for the traceable
measurement of communications signals directly at mmWave
frequencies.

In Section II, we demonstrate the calibration technique on a
VSA operating near 28 GHz. In Section III, we present results
from a measurement-based estimate of EVM from a 64-QAM
waveform, similar to the Reference Waveforms specified in
IEEE-1765-2022. Uncertainties in amplitude, phase, and
impedance mismatch are incorporated into the final EVM
estimate. The uncalibrated VSA-derived EVM has a mean
value over multiple repeat measurements of 3.22%, while the
reference measurement has a mean value of 0.64%. After
calibration, the VSA waveform measurement shows a reduction
of 2.59% EVM to a mean value of 0.65%. As expected, this
agrees well with the value from the reference receiver because
the same sampling oscilloscope was used as both the calibration
and reference receiver. These results were compared using the
calibration-comparison methodology described in IEEE-1765-
2022 Section 7.6, and the calibrated VSA measurements were
found to agree with the reference-receiver measurements. As an
additional demonstration of the technique, the test waveform
was measured using an LSNA that had been calibrated in phase
using the sampling oscilloscope calibration receiver. The
measured EVM value of 0.67% in from the LSNA was also
found to agree with the reference-receiver measurement using
the calibration-comparison method of [1].

The VSA user receiver used in this demonstration was a
Agilent N9030 PXA Signal Analyzer. This analyzer uses a
heterodyne receiver architecture, wherein the incoming RF
signal is optionally filtered and amplified, then downconverted
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Fig. 1: Illustration of a system-level calibration procedure in an IEEE-1765
Measurement Comparison. Step (1), the calibration waveform is applied to the
calibration receiver. Step (2), the same calibration waveform is applied to the
user receiver at the same reference plane. In step (3), a reference receiver
(generally different from the calibration receiver) measures a communications
waveform. In step (4), the user receiver measures the same communications
waveform at the same reference plane, and the two measurements are
compared. Calibrations performed at the reference plane include S-parameter,
power, and phase standards. The reference plane may be different between the
calibration and reference laboratories.
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Fig. 2: Photographs of measurement setup. In (a), the instruments are configured for user-receiver (VSA) measurement, with the modulated signal output
connected to the VSA input. The upconverter board, shown in (b), provides two independent 28 GHz modulated outputs, and one 12 GHz sine wave used for
oscilloscope timebase correction.
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Fig. 3: Block diagram of measurement setup, shown with the reference recei

ver (sampling oscilloscope) attached. During user-receiver (VSA)

measurements, the sampling scope is removed from the system, and the VSA attached to LSNA port 3.

to a single baseband channel, which is filtered and measured by
an analog-to-digital converter. Within the PXA unit, the
Keysight 89601B software records data from the receiver for
display on the instrument’s screen. The 89601B software
provides “Save Trace” function to save frequency-domain
receiver data (complex Fourier coefficients) in Matlab (.mat)
format for further analysis. We automate this function on our
analyzer to allow 200 repeat VSA measurements to be collected
in approximately 4 minutes. The VSA is not triggered by the
incoming RF signal — instead, the 200 acquisitions are collected
consecutively, and are time aligned in post processing.
Different VSAs may require different procedures for saving
waveform data, but the requirement for this calibration
technique is that the data be saved as Fourier (complex)
coefficients covering the bandwidth of interest.

While we demonstrate the method with a relatively
narrowband VSA (160 MHz bandwidth), the method is

applicable to many user-receiver types including real-time or
equivalent-time sampling oscilloscopes or other waveform
recorders.

II. CALIBRATION OF THE USER RECEIVER

In the IEEE-1765 measurement comparison, the user
receiver is first calibrated at the user’s lab by measuring its
frequency-dependent impedance mismatch and impulse
response using transfer standards such as a calibrated
modulated-signal source (phase), calibrated power sensor
(magnitude), and vector network analyzer (impedance). This
process is illustrated in Fig. 1. We demonstrate this procedure
by use of a modulated-signal source (which we term the
“calibration source”) that generates a waveform (the
“calibration waveform™). The calibration waveform that is
emitted from the source has been characterized in phase,
magnitude, and impedance mismatch by a calibration receiver



with a characterized impulse response and reflection
coefficient. This calibration source is then used as a transfer
standard to calibrate the user receiver. Photographs of the
calibration source, reference receiver, and user receiver are
shown in Fig. 2, and a block diagram of the system including
28 GHz upconverter is shown in Fig. 3. In our setup, an
arbitrary waveform generator (AWG) generates baseband
signals and a 6 GHz LO signal. This LO is multiplied to 24
GHz, and combined with 4 GHz IF waveforms to produce 28
GHZ modulated waveforms, which can be connected to the user
receiver (as shown in Fig. 2), or the reference receiver (as
shown in Fig. 3). The upconverter also provides a 12 GHz
output to the oscilloscope, which is used for timebase correction
as described in [5]. Modulated signal measurements using the
LSNA are described later in Section III.C, but the LSNA was
present in the system at all times, as illustrated in Fig. 3. This
choice was made to minimize changes in the setup between
reference-receiver and LSNA measurements, as well as to allow
impedance mismatch measurement of the user receiver. Note
that it is possible to perform all parts of this calibration except
the LSNA measurements described in Section III.C without
inserting an LSNA into the modulated signal path.

In order to be an effective transfer standard, the source has
been designed to provide a stable and repeatable output signal
to within a desired uncertainty limit. The isolator placed at the
source’s output reduces the impact of changes in load
impedance on the source’s output signal (for example, if
changes in load impedance affected the operation of the power
amplifier). The upconverter portion of the source is attached to
an optical breadboard to provide physical and thermal stability.
Finally, many repeat oscilloscope measurements taken over a
long time duration serve to capture any remaining noise or drift
in the source, and allow us to account for these uncertainty
elements in our overall uncertainty analysis.

A. Generation of the Calibration Waveform

The calibration waveform to be used should span at least the
intended frequency range of the application of interest. When
the calibration waveform is significantly wider in bandwidth
than the modulated signal of interest, it is possible to
characterize intermodulation and other out-of-band effects.
Note that the calibration described herein does not correct for
nonlinear properties of the receiver. Therefore, it is important
to keep the receiver within its linear operating range during the
waveform measurements. In order to do this, we adjust the
signal power level and VSA gain to ensure that the applied
signal amplitude is within the linear range of the VSA’s
digitizer. The calibration waveform must be periodic and use
approximately the same frequency step as the waveform to be
measured. The calibration waveform needs not transmit actual
data and multisine signals [20][21][22] are often used.

To illustrate the calibration method, we used a 101-tone
multisine signal as the calibration waveform for a mmWave-
band VSA having a 160 MHz measurement bandwidth. While
this VSA was not able to measure an IEEE-1765 Reference
Waveform (which are typically 1 GHz bandwidth), the
procedure illustrated here is identical, and the waveform we
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Fig. 4. (a) Frequency-domain and (b) time-domain plots of calibration
waveform (101-tone) and 64-QAM modulated communications waveform.
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used to derive the calibration coefficients for the user receiver to be used in an
IEEE-1765 Measurement Comparison. Error bars indicate 95% confidence
bounds based on uncertainty propagation and Monte-Carlo analysis.
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selected was identical in modulation format and filter properties
to the IEEE-1765 waveform but was produced at a lower
sampling rate and with fewer symbols.

The multisine calibration waveform had a center frequency
of 28 GHz, and a tone spacing of 1.5625 MHz, corresponding
to a 640 ns envelope for the entire waveform. The main
passband of the communication signal to be tested had a
133 MHz bandwidth (see the solid line in Fig. 4 (a)), and the
calibration waveform was designed to with a 156.25 MHz
bandwidth (dashed line in Fig. 4 (a)), in order to exceed the
communication-signal bandwidth by 17% while still remaining
within the maximum bandwidth of the VSA under test.

An important metric of interest for our calibration waveform
is its PAPR, which measures the ratio of the peak power of the
waveform versus its average power. The PAPR can be
calculated from a signal’s time-domain amplitude y by:
maX(y2)>

PAPRdB = 10 . 10g10 (TZ (1)
y

Waveforms comprising sharp pulses typically have a high
PAPR — much higher than those of communication waveforms.
Such high-PAPR signals present a challenge for calibration for
two reasons: first, they concentrate most of their signal power
into a very short portion of the waveform’s overall duration, and
second, they produce wider swings of voltage on the signal
generation and receiver hardware, increasing the potential for
significant nonlinear effects. The cumulative effect of these
factors is that high-PAPR waveforms can have a lower signal-
to-noise and distortion (SINAD) ratio, resulting in increased
uncertainties on the calibration.

The 101-tone multisine signal used in this demonstration was
generated with a Schroeder relative phase relationship [23] and
had a PAPR of 5.6 dB. For comparison, the PAPR of an ideal
pulse, bandpass filtered to a 156.25 MHz bandwidth around 28
GHz is 23.0 dB. The PAPR of a QAM waveform depends on
the exact arrangement of the QAM symbols within the
waveform. The 64-QAM modulated signal used for EVM

calculations in this study had a PAPR of 8.0 dB, but a test of
similar 64-QAM signals with random sequences of 64 symbols
showed a range of PAPRs between 6.5 dB and 10.2 dB. For
random selections of 16-QAM and 4-QAM waveforms, we find
the PAPR ranges to be 6.1 dB — 9.6 dB, and 5.2 dB — 7.0 dB,
respectively. Bearing in mind these PAPR ranges for different
types of communication signals, the Schroeder waveform
presents an adequate and familiar starting point as a calibration
waveform.

We note that the calibration proposed herein is not capable
of accounting for nonlinear effects such as intermodulation
distortion, because the technique operates on an assumption of
linear behavior in the receiver hardware. Because we do not
calibrate out nonlinear effects in the receiver, we attempt to
minimize them by operating the receiver with sufficiently low
input power and gain as to present clipping or saturation of the
internal hardware. In the case that the receiver’s nonlinearities
make it sensitive to small differences in PAPR, we caution that
the receiver’s configuration should first be adjusted before
attempting this calibration. For this reason, we do not require
that the PAPR of the calibration and communications signals
match exactly. Rather, the important characteristics of our
calibration waveform are that it contains spectral content which
at least covers the bandwidth of the communication signal(s) of
interest, that all frequency components have relatively the same
amplitude, and that the duration of the calibration waveform
matches that of the communication signal(s) of interest.
Whereas the Schroeder waveform meets these requirements,
the use of calibration and communication waveforms with
tailored PAPR levels is an area for future study.

Both the calibration and communications waveforms are
illustrated in Fig. 4. In cases where the calibration waveform
has a different frequency grid from the communication signal,
interpolation will be required to calculate the required
calibration coefficients for the user receiver, which may
introduce additional uncertainties.

B. Predistortion of the Calibration Waveform

Due to hardware nonidealities in the calibration source, the
calibration signal will differ from the designed calibration
waveform [1]. For example, the phase relationships of the
waveform emitted from the calibration source may be different
from those of the designed waveform, leading to a different
PAPR than expected. To account for these nonidealities, the
calibration waveform first predistorted, using the traceable
calibration receiver to provide feedback to the predistortion
process [6].

Our predistortion approach is an iterative process where a
signal is generated by the AWG, measured by the calibrated
oscilloscope, and compared to the ideal waveform. For an ideal
waveform with frequency-domain complex coefficients given
by X, we generate an initial waveform file for the signal source
with X, = X, then measure the output of the source using the
sampling oscilloscope. The calibrated output of the sampling
oscilloscope is expressed as Y. Then, the predistorted signal to
apply to the AWG is calculated by:
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and if additional predistortion iterations are desired, the revised

AWG waveform is calculated as:
PreD

Xpreb = ’;n X.
We use a qualitative metric to decide when to halt the
predistortion process: when the difference between XF7¢P and
XFreD is smaller than the noise in Y, the process is deemed
satisfactory. In the experiment presented herein, the QAM and
Schroeder waveforms were each predistorted for 9 iterations.

In the example here, a traceably calibrated equivalent-time
sampling oscilloscope [24] was used as a calibration receiver to
measure the predistorted calibration signal. The result of the
calibration receiver measurement of the calibration waveform,
called the calibrated signal, is stored in a calibration
measurement file.

Impedance mismatch between a signal source and receiver
can distort the amplitude and phase of the signal entering the
receiver, resulting in inaccurate measurements. Therefore,
impedance-mismatch correction is carried out as part of the
calibration process. The importance of mismatch correction at
mmWave frequencies is illustrated by the measurements of the
reflection parameter S;; in Fig. 5, where we see significant
changes in impedance over the bandwidth of interest.
Uncertainties in impedance measurements are propagated to the
calibration- and user-receiver measurements. A typical example
of the mismatch terms and corresponding uncertainties
calculated with the NIST Microwave Uncertainty Framework
[25] is shown in Fig. 5.

For each waveform, 30 repeat measurements were performed
with the sampling oscilloscope, and 200 repeat measurements
were performed with the VSA. The oscilloscope measurements
require approximately 10 minutes per acquisition (5 hours for
30 repeats), while the VSA measurements take less than 2
seconds to complete (4 minutes of data collection for 200 repeat
measurements). The number of repeat measurements for the
sampling oscilloscope was chosen based on past experience
with the measurement system, and the number of VSA
acquisitions was chosen to provide a reasonable data collection
time. Repeat measurements were performed in a temperature-
controlled lab environment, and the bending of the test-port
cable when moved between the sampling oscilloscope and user-
receiver was included as a source of measurement uncertainty.
To correct for drift and time delay through transmission lines,
measurement results were time aligned to each other [26]. Next,
the time-aligned results were combined by averaging, and
uncertainties based on the variance between repeat
measurements were propagated along with measurement
uncertainties such as those resulting from impedance mismatch,
cable bending, and the oscilloscope impulse response. The
phase error corresponding to the difference between the ideal
Schroeder relative phases and the measured relative phases
made with the calibration receiver are shown by the solid line
in Fig. 6. Here we see a residual phase error of approximately
+1°, with a 95% confidence interval of approximately 1°. The

error bars correspond to the modeled errors in the VNA
calibration standards, oscilloscope measurements, and bending
of the coaxial cable that carried the 28 GHz modulated
waveform to the oscilloscope and to the VSA.

C. User-Receiver Measurement of the Calibration Signal

After measuring the predistorted calibration signal with the
calibration receiver, the calibration signal source is connected
to the user receiver. During this step, it is important to connect
the user receiver at the same reference plane where calibration
receiver measurements were taken, as shown in Fig. 1, or de-
embed any additional adapters or cables in post-processing. It
is also important to configure the VSA for a low-distortion
measurement across the bandwidth of interest. For example, the
configuration for a VSA should eliminate or minimize spectral
leakage [27]. Additionally, the VSA gain and amplitude range
should be selected to achieve the highest dynamic range before
clipping or ADC overflow occurs. Depending on the particular
VSA hardware, a number of configuration settings are
available: preamplifiers, preselector filters, attenuation, and
other options may be possible. The VSA calibration is valid
only for a particular set of hardware and software configuration
settings.

Measurements from the user receiver are also corrected for
impedance mismatch between the user receiver (here the VSA)
and the calibration source, determined with VNA
measurements of both instruments (see Fig. 5). Additionally,
the user-receiver measurements of the calibration waveform are
time aligned to allow comparison of the phase measurements
between the user receiver and the calibration receiver.

Many commercial receivers offer some form of “self-
calibration” or “alignment” procedure wherein the instrument
calibrates itself based on certain internal references. In our
experiments, we performed this self-calibration procedure
once, and then measured all waveforms (calibration and QAM
test waveform) within 8 hours. For the purpose of this
discussion, we consider this self-calibration process a part of
the manufacturer-recommended application of the of
instrument, but not a “calibration” in itself. Because this is
purely an internal adjustment without reference to external
calibration mechanisms, we term this an ‘“uncalibrated”
measurement. Any automated features of the instrument, such
as automatic self-calibration or gain control, were disabled
during this experiment to prevent unanticipated changes in the
instrument’s state.

D.Calculation of Calibration Coefficients

Calibration coefficients that will be applied to subsequent
measurements made with the VSA are calculated from the
differences between calibration measurement (x93 on the
calibration receiver and measurements taken by the user
receiver of the same calibration signal. Such differences can be
seen in Fig. 6, which shows the phase error for the user-receiver
measurement. The calibration coefficients may be calculated
from complex Fourier coefficients as:

Acorrectian - xcal data/xuser receilver measurement (2)



Future measurements taken by the user receiver are corrected
by these calibration coefficients in post processing to arrive at
a calibrated user-receiver measurement result:

calibrated

x = yuncalibrated 4

correction (3)

Uncertainties are propagated into the calibration coefficients
as described above.

E. Calculation of Uncertainties

In the preceding plots of receiver measurements (Fig. 6 and
Fig. 7), 95% confidence intervals were plotted along with the
calibrated calibration-receiver measurements and the calibrated
user-receiver measurements. These confidence intervals
capture uncertainties associated with impedance measurements
of the source, the user receiver, and the calibration receiver,
including uncertainties in the calibration standards used.
Additionally, uncertainties in the phase calibration are included,
which incorporate oscilloscope measurements and oscilloscope
calibration via an EOS-calibrated photodiode. Finally, the
variances associated with the 200 repeat measurements of the
user receiver and the 30 repeat measurements from calibration
receiver are accounted for in these uncertainty values.

At each step in the calibration, the NIST Microwave
Uncertainty Framework was used to propagate uncertainties.
For this, a Monte-Carlo method is used to estimate the
combined effect of multiple sources of uncertainty, which are
propagated through the calibration. This numerical approach
evaluates the uncertainty through nonlinear transformation, and
accurately treats independent or interdependent sources of
uncertainty. The sources of uncertainty considered include
mechanical dimensions of the impedance calibration standards,
calibration of the power sensor, and elements of the sampling
oscilloscope calibration by means of the photodiode and
electro-optical system [4]. Because the source, calibration
receiver, reference receiver, and user receiver all have unique,
frequency-dependent impedance, the reflection coefficient of
each (receiver input and source output) is measured separately
and taken into account during the calibration. Additionally,
when measurements are averaged together, information on the
statistical distribution of the measurements is retained for
uncertainty estimation. More information on the automated
propagation of uncertainties for microwave measurements can
be found in [28][29].

III. TEEE-1765 MEASUREMENT COMPARISON

In the IEEE-1765-2022 measurement comparison methods
described in [1], the reference laboratory measures and
predistorts one of the IEEE-1765 Reference Waveforms. As
discussed there, the resulting predistorted “Test Waveform” is
not identical to the Reference Waveform due to residual
distortion from the source and reference receiver [6]. The user-
receiver measurement of the Test Waveform is calibrated in
post processing for magnitude, phase, and impedance with the
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calibration coefficients derived in Section II and user-derived
uncertainties are applied. The calibrated user-receiver
waveform is then compared to the reference receiver’s
measurement of the Test Waveform, which has its own
uncertainty analysis. We use the calibration-comparison
process, described in [1] Section 7.6 to compare measurements
from the calibrated VSA with the reference-receiver
measurements. The measurement comparison process is
discussed in this section.

A. The Measurement Comparison Waveforms

The Test Waveform in our example is a 64-QAM modulated
signal containing all 64 QAM symbols arranged in a random
order. The signal is generated with a symbol rate of 100
MSymbol/s, and filtered through a root-raised cosine filter with
a rolloff (beta) factor of 0.35. The bandwidth of this QAM
signal is approximately 133 MHz, and it has a PAPR of 8.0 dB.
The signal is generated at an IF frequency of 4.0 GHz using an
AWG with a sampling rate of 60 GHz. The IF signal is
combined with a 24 GHz LO to produce a QAM waveform at
28 GHz.

As mentioned in the introduction, the same receiver hardware
was used for both the calibration and reference receivers, and
the same signal-generation hardware was used in both steps.
Thus, the calibrated VSA could not be expected to provide an
EVM lower than that of the calibration receiver (the sampling
oscilloscope). The “calibration” (Fig 1, steps 1 and 2) and
“reference” (Fig 1, steps 2 and 3) phases are differentiated by
the type of waveform measured: a multisine for the VSA
calibration procedure (with complex calibration coefficients as
output), and a 64-QAM modulated waveform for the
measurement comparison procedure (with EVM as output).

User-receiver measurements were corrected in post
processing with the calibration coefficients derived in the
previous section. The corrected user- and reference-receiver
measurements of phase error are plotted in Fig. 7.

Plotted error bars represent 95% uncertainty bounds based on
uncertainties in impedance-match-corrected measurements.
Components of uncertainty for each receiver were derived from
S-parameter (mechanical), power, and phase calibrations, as
well as cable bending and repeat measurements. Uncertainties
were applied in the NIST Microwave Uncertainty Framework,
maintaining correlations between components of uncertainty.
Note that the error bars for both the sampling oscilloscope and
VSA measurements are similar in magnitude. This is because
the dominant uncertainty mechanism for these measurements
corresponds to the phase reference (an equivalent-time
sampling oscilloscope calibrated by comparison to electro-optic
sampling system measurements of a photodiode [24]. This
phase calibration was used in both measurements.

B. EVM Comparison

Values of EVM were derived from measurements of the 64-
QAM communications Test Waveform, using the IEEE-1765
Baseline EVM Algorithm detailed in [1]. For each
measurement, an EVM distribution was calculated using a
Monte-Carlo approach as detailed in the next subsection.
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Fig. 11. EVM distribution for LSNA measurement of the QAM Test
Waveform

The EVM for the reference receiver measurement of the
predistorted 64-QAM waveform is plotted in Fig. 8. The mean
value is 0.61%. The “nominal” EVM value plotted in Fig. 8 is
an estimate of the EVM exclusive of the uncertainty
mechanisms. The nominal EVM estimate falls below the mean
of the Monte-Carlo EVM distribution, because distortion
introduced due to non-idealities of the reference receiver are
incorporated and minimized during the predistortion process.
Thus, the nominal value of EVM derived from the reference
receiver underestimates the “true” EVM of the waveform [1],
[6]. Once the measurement uncertainties in the reference
receiver are properly accounted for, including the systematic
errors introduced by the VNA calibration standards and other
systematic effects, the mean estimated value of EVM lies at the
center of the Monte Carlo distribution of errors. Note that
measurements of the predistorted waveform with receivers that
did not perform the predistortion will not exhibit this effect.
That is, the nominal and mean EVM values will be closer to
each other, as seen by the VSA measurements.

In Fig. 9, the EVM distribution is plotted for measurement
from the uncalibrated user receiver, where only the “front
panel” VSA calibration has been applied. The mean value of
EVM for this case is 3.22%. For this plot, only uncertainties due
to repeat measurements are considered, as uncertainty in
amplitude, phase, and impedance mismatch are not introduced
until the calibration step. As a result, the width of the 95%
confidence interval is small (<0.01%) as compared that of the
reference-receiver measurements (0.08%). Additionally, we see
that the nominal and Monte-Carlo estimated values are in close
agreement, as discussed above.

When the calibration coefficients derived in Section II are
applied to the VSA measurements, the mean estimated EVM is
reduced to 0.636%, as shown in Fig. 10. The width of the
uncertainty distribution for this case is increased as compared
to that of Fig. 9 due to incorporation of uncertainties during the
receiver calibration.

IEEE-1765-2022 utilizes a calibration-comparison error
metric (E,,) to compare the user-receiver measurements with



those from the reference receiver. Given an EVM estimated
from the user-receiver (x), EVM estimated from the reference-
receiver (X), and expanded uncertainties from the user- and
reference-receivers (U, and U,ef), the error metric Ej is
calculated by

x—X
E, = ——. 3)

Ulzab + Ufef

When |E,| < 1, the measurements are deemed adequately
comparable. This function and the |E,| <1 criterion are
specified in the ISO/IEC 17043 as the recommended method
for evaluating agreement between two quantities [30].

As noted above, because the same sampling oscilloscope was
used as calibration and reference receiver, the best agreement
that can be obtained is when the VSA-measured EVM agrees
with the reference-receiver-measured EVM. This is confirmed
by calculation of the error metric, E,, where |E,| = 0.30 for
comparison between the user-receiver (calibrated VSA) and the
reference-receiver. In contrast, the error metric for the
uncalibrated VSA relative to the reference-receiver
measurement is where |E,| = 30.95. The agreement between
the reference and user receiver values of EVM both illustrates
the utility of the IEEE-1765 measurement comparison approach
and confirms the improvement provided by calibration of the
VSA.

C. Comparison to LSNA Measurement

To provide an additional example of the IEEE-1765
measurement-comparison approach, a calibrated large-signal
network analyzer (LSNA) was used to measure the same 64-
QAM Test Waveform that was measured by the user receiver
(VSA) and reference receiver (sampling oscilloscope). The
LSNA was calibrated for impedance mismatch, magnitude, and
phase using the techniques described in [31][32].

In the LSNA measurement setup, the modulated-signal
source replaces the LSNA’s internal source, and the Test
Waveform is sent through the instrument’s directional couplers
before emerging from the front-panel test ports. This enables
simultaneous measurement of the forward (“a”) and reflected
(“b”) waves from the LSNA’s test ports and obviates the need
for a separate impedance mismatch measurement of the user
receiver. A second RF channel from the signal source is used to
provide a phase reference to the LSNA, allowing for phase-
coherent measurements as the receivers of the LSNA step from
frequency to frequency. We extend the work of [19] in two
ways. First, the LSNA’s phase measurements are calibrated by
measuring a multisine waveform on the LSNA and on a
calibrated sampling oscilloscope, enabling full measurement
traceability in terms of magnitude, phase, and power. Second,
EVM is calculated using the open-source IEEE-1765 algorithm,
with measurement uncertainties propagated through the NIST
Microwave Uncertainty Framework. This enables the full
physical models of the uncertainty mechanisms, and their
associated correlations, to be propagated fully into the reported
EVM values. In Fig. 7, the phase measurement of the LSNA is
plotted alongside measurements from the reference- and user

receivers.

EVM results for the LSNA measurement of the Test
Waveform are plotted in Fig. 11. The LSNA’s EVM result of
0.67%, with a confidence interval of 0.053%, was found to
agree with the reference receiver’s result with |E,| = 0.61 from
equation (3). Whereas the distribution of the LSNA’s EVM
values does agree with those of the reference and user receivers,
we note that it is higher than that of the user receiver (VSA).
This is believed to be due to multiplexing between the LSNA’s
measurement receivers, which occurs under some
configurations of the instrument when individual IF receivers
are shared between multiple receive channels, incurring a time
delay between measurement of the signal and phase reference —
future work involves mitigating this phase noise by changing
the LSNA configuration.

IV. CONCLUSIONS

The IEEE-1765-2022 standard describes several techniques
for the estimation of errors introduced by measurement
hardware in EVM derived from the measurement of modulated
waveforms. In the IEEE-1765 measurement comparison
techniques, waveform measurements from a user’s receiver are
compared to measurements of the same waveform using a
calibrated reference receiver. Calibration of the user’s receiver
is necessary to provide uncertainty information in EVM results.
We illustrated this approach with a system-level calibration for
a mmWave VSA, which enabled the propagation of
measurement uncertainties from transfer standards to the final
EVM estimate. Our results demonstrated a significant and
quantifiable improvement in the VSA’s measurement of EVM
after the application of complex-valued calibration coefficients.

Whereas the calibrations described herein were for an
instrument of relatively low bandwidth (160 MHz),
contemporary VSA instruments are capable of measurements
with more than 1 GHz bandwidth at frequencies above 100
GHz. The techniques described herein are limited mainly by the
traceable calibration of the sampling oscilloscope, which is
limited to 110 GHz at present [4]. Contemporary developments
in S-parameter measurement to above 1 THz [33], and electro-
optic phase references above 110 GHz [34] will be enabling
technologies for VSA calibrations between 100 GHz and 1
THz.
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