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Abstract
This paper presents an experimental overview of linearitymetrics using setups based on a PNA-
X and a vector signal analyzer to evaluate key performance indicators of a transistor, such as
noise power ratio and error vectormagnitude, under unequally spacedmulti-tone (USMT) and
various quadrature amplitudemodulation signals.The purpose of this study is to verify the fea-
sibility of characterizing the linearity of transistors and RF power amplifiers on a PNA-X-based
measurement bench by exploiting the statistical properties of the previously developed USMT
signal, which allows NPR measurement in a single pass. The measurements were performed
on an 8 × 50 𝜇 m gate GaN transistor from UMS Foundry,operating on-wafer at 29 GHz.

Introduction

The advent of communication systems has profoundly impacted the way we communicate.
These systems are now ubiquitous, embedded in a multitude of applications, including mobile
telephony, television, and satellite communications. The exponential growth in the volume of
data transmitted by these systems has necessitated the development of increasingly sophisti-
cated modulation techniques, resulting in signals with greater amplitude variations and higher
transmitter energy consumption.

Transistors are indispensable devices of radio-frequency (RF) power amplifiers, accounting
for a large portion of the consumed energy. It is therefore imperative to optimize their effi-
ciency/linearity performances at a given operating point. Given the increasing complexity of
the applied signal, standard characterization tests-such as those using continuous wave (CW)
or two-tone test signals-are insufficient for a thorough analysis of the device’s non-linear behav-
ior [1–3]. These conventional tests do not adequately permit a substantial examination of the
device’s response to complex modulation signals, which more accurately represent real-world
operational conditions. The phenomenon can be explained in two ways. Firstly, signals with a
single carrier do not provide sufficient data to characterize transistors with regard to features
such as error vector magnitude (EVM) and noise power ratio (NPR), which creates a challenge
in evaluating a model for wireless applications [2]. Secondly, these signals do not possess an
envelope shape similar to that of modulated digital signals [4].

EVM measurements are of significant importance because this metric aggregates the impact
of all potential impairments in a system, such as thermal noise, phase noise, IQ imbalance, and
nonlinearities, into a single value. This value is directly linked to constellation distortion and
system error performance. Furthermore, it is a standardized demodulation-based metric that
is required by 3GPP New Radio (NR) Base Station (BS) specifications. This metric is employed
for the purpose of design compliance and optimization [5–7].

In this context, the NPR is a relevant metric because it emulates realistic multicarrier sig-
nals and quantifies the tendency of nonlinear and broadband components to create distortion
and intermodulation products that fill a notched channel. Furthermore, under certain condi-
tions (e.g., when the excitation is dense or noise-like, as with multicarrier or OFDM signals),
it is possible to estimate the EVM value using the NPR without needing symbol timing or
synchronization [8–10].

Given the conditions for equivalence between EVM and NPR metrics, [11], an innovative
measurement bench based on the PNA-X was developed [12–14].

A simplifiedmulti-frequency signal, designated as unequally spacedmulti-tones (USMT) [3,
13, 15], was employed for the purpose of characterizing the linearity of the device under test
(DUT). The USMT signal is designed to closely match the statistical properties-such as proba-
bility density function (PDF) and peak-to-average power ratio (PAPR)-of complex applicative
signals, ensuring it accurately represents real-world operating conditions. The key point in this
test signal lies in the fact that no intermodulation tones will overlap with injected carriers, such
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that C/I metric is not affected by the choice of the phases of the
tones. As already reported, one of the major benefit is that it con-
siderably smaller number of carriers is necessary, simplifying the
study of harmonics and intermodulation products. A notable ben-
efit of this signal is its PAPR insensitivity to the phase of each
carrier [13].

The number of carriers in the signal (N) is directly related to the
PAPR of the signal by the relationship PAPR(dB) ≈ 10 log(N) [13,
16]. Therefore, the number of carriers in the USMT signal should
be set based on the complex modulation selected for compari-
son purposes in order to make the PAPR and, subsequently, the
CCDF as close as possible to those present in the desired complex
modulation [16].

The use of the PNA-X to characterize the non-linearity of elec-
tronic devices is attracting increasing interest. Some of the research
carried out includes using the Spectrum Analyzer option to mea-
sure the USMT signals described above, which allows the mea-
surement of carriers and intermodulation products separately [17].
Alternatively, the PNA-X can be employed as a receiver. Employing
a frequency domain analysis and executing frequency-swept nar-
rowband relativemeasurements enables the assessment of linearity
figures of merit such as ACPR and EVM when complex modu-
lated signals like LTE (long-term evolution)/OFDM (orthogonal
frequency-divisionmultiplexing) are applied to the device [18–20].
It is also possible to characterize devices with multiple ports
[21, 22].

The PNA-X can be integrated with a VSG to form a Vector
Component Analyzer (VCA), which facilitates enhanced synchro-
nization between the input signal and the output signal analyzed
by the PNA-X [18].

The purpose of this study is to compare the linearity mea-
surements of the transistors in non-linear region performed with
the USMT signals on the PNA-X-based measurement bench with
thosemadewith the quadrature amplitudemodulation (QAM) sig-
nals using an alternative configuration, which uses a vector signal
analyzer (VSA). Measurements were made on a 50 𝜔 pre-matched
transistor. The center frequency is 29 GHz.

Description of measurement benches based on PNA-X and
VSA

PNA-X-basedmeasurement bench

A measurement setup using a PNA-X has been developed to char-
acterize the linearity of a device under test (DUT) with a USMT
signal, which is well suited for high-power signal measurements
and nonlinear device characterization [23, 24]. The specific model
used is a four-port Keysight PNA-X 5245B [25], which includes the
Spectrum Analyzer option that allows for the measurement of all
signal frequencies and intermodulation products separately.

Couplers are used to extract both incident and reflected waves
at the DUT’s input and output. A Short-Open-Load-Reciprocal
(SOLR) on-probes VNA calibration with an additional power cali-
bration is applied to determine the power of eachwave in the device
reference plane.

The USMT signal is generated using a vector signal genera-
tor (VSG) (Rohde & Schwarz SMW200A [26, 27]). This signal is
amplified using a driver amplifier [28]. This versatile device offers
the capability to generate a range of waveforms, including QAMs
modulation schemes and user-defined signals such as the USMT.
Fig. 1 illustrates the PNA-X-based measurement bench developed
to characterize the DUT using the USMT signal.

VSA-basedmeasurement bench

A measurement bench was employed to characterize the DUT for
various types of QAM. It is based on a VSG and a VSA. Fig. 2 illus-
trates the measurement bench developed to characterize the DUT
using modulated signals.

The bench consists of three main components: a vector sig-
nal generator (VSG), a driver amplifier, and a VSA. Note that
there are two 20 dB attenuators, one at the output of the VSG
and one at the input of the VSA. These attenuators ensure that
the VSG, the driver amplifier and the VSA operate in the linear
region over the entire power range and optimize their dynamic
range.

Figure 1. PNA-X-based measurement bench for characterizing devices using USMT (unequally spaced multi-tones) signals.
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Figure 2. VSA-based measurement bench for characterizing devices using QAM modulated signals.

Table 1. The USMT signal frequencies utilized in the PNA-X-based measure-
ment bench.

Frequencies

f1(GHz) 29.003

f2(GHz) 29.003201

f3(GHz) 29.003403

f4(GHz) 29.003609

f5(GHz) 29.003827

f6(GHz) 29.004081

f7(GHz) 29.004443

f8(GHz) 29.005129

As illustrated in Fig. 2, the VSA is configured with a sin-
gle receiver, making it suitable for characterizing 50 𝜔 matched
DUTs. This differs from the on-probe measurement bench, for
which a distinct power calibration methodology has been outlined
[12, 29, 30].

It is crucial to highlight that the automatic level control (ALC)
circuitry of both the vector signal generator and the analyzer
remains unaltered between the power calibration and themeasure-
ments of the DUT input and output.

In order to achieve a distortion-free 18 dBm input power with
a noise level greater than 50 dBc, it is necessary to employ a broad-
band Solid-state Power Amplifier (SSPA), which provides 55 dB
gain, operating in the 26-40 GHz frequency range.

The Rohde & Schwarz FSW50 VSA [31, 32] is employed for the
demodulation and measurement of output signals. Moreover, the
spectrum analyzer option facilitates the measurement of frequen-
cies and the analysis of intermodulation products associated with
the USMT signal.

In order to quantify the signal power, a Rohde & Schwarz NRP-
Z85 power sensor is used [33, 34].

1 = 29.003 8 = 29.005129

Figure 3. Bandwidth of modulated signals compared to USMT-8 signal spectrum.

Description of the signals

Unequally spacedmultitone (USMT) and quadrature amplitude
modulation (QAM) signals

In order to characterize the devices in the measurement bench
depicted in Fig. 1, the USMT signals with four, six and eight
frequencies, shown in Table 1, were applied to the devices.

The USMT signals were generated with a local oscillator at
28.993 GHz. The initial tone is then shifted 10 MHz to the
right of the local oscillator frequency. Third-order intermod-
ulation products are observed within the frequency range of
29.000800–29.007300 GHz. Measurements were conducted with a
resolution bandwidth of 250 Hz.

For the VSA-based measurement bench, QAM-modulated sig-
nals were applied to the devices. These signals are confined within
the same bandwidth as the USMT-8 signal. A raised cosine root fil-
ter with a roll-off of 0.35 is employed due to its capacity to mitigate
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(a) (b)

Figure 4. Baseband signal excursion in the IQ plane: (a) USMT-8 signal, (b) 1024-QAM signal. The constellation of the 1024-QAM is depicted in red.

inter-symbol interference. In a homodyne configuration, the local
oscillator frequency is 29.004064 GHz, which corresponds to the
mid-band frequency. It is important to note that, as Fig. 3 shows,
these complex-modulated signals have the same bandwidth as the
USMT-8 signal, 2.129 MHz.

Statistical properties of the signals

In order to examine the statistical properties of complexmodulated
signals, it is necessary to consider a number of factors, including
the baseband excursion of the signal, the probability density func-
tions (PDF) of the I(t), Q(t), and envelope signals, and the com-
plementary cumulative distribution function (CCDF). This latter
factor allows the relationship between themaximum instantaneous
power and the average power to be determined PAPR).

Fig. 4 illustrates the baseband signal excursion in IQ plane for
theUSMT-8 and 1024-QAMsignal [35]. For the 1024-QAMsignal,
the constellation symbols are represented by the red crosses.

As illustrated in Fig. 5(a), the probability density function
(PDF) of the I(t) signals with various modulated signals. The
signals chosen are 1024-QAM, USMT-4, USMT-6 and USMT-
8. A comparison of the PDFs of the USMT signals reveals a
high degree of similarity. The signals with six and eight carri-
ers exhibit a Gaussian shape, while the signal with four carri-
ers displays slight variations. As for the signal with 1024-QAM
modulation, the PDF exhibits lower values for amplitude exceed-
ing 1.5 above the mean value and less than 1.5 below the mean
value.

A thorough examination of the CCDF of the 1024-QAM,
USMT-4, USMT-6, andUSMT-8 signals reveals a PAPR of approx-
imately 6 dB for the 1024-QAM signal, 6.5 dB for the USMT-4
signal, 7.7 dB for the USMT-6 signal, and 8.5 dB for the USMT-8
signal as shown in Fig. 5(b). The PAPR for other QAM mod-
ulations, such as 64-QAM and 256-QAM, are nearly equivalent
to that of the 1024-QAM signal. The USMT-8 signal, there-
fore, among those presented, is the one with the highest PAPR,
indicating a higher level of non-linear distortion of the output
signal.

A comparison of the properties of each signal allows for an
evaluation of whether the signals place the devices in analogous
conditions of non-linearity, that is, whether they exhibit a similar
shape.

(a)

(b)

Figure 5. Statistical properties of the 1024-QAM, USMT-4, USMT-6, and USMT-8
signals: (a) PDF of I and Q signals, (b) CCDF of the I and Q signals.

Experimental results

As illustrated in Section “Description of measurement benches
based on PNA-X and VSA,” the VSA-based measurement bench is
dedicated to 50 𝜔 matched device. Consequently, it is not feasible
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Figure 6. Detail of the UMS GH-15 pre-matched transistor.

Figure 7. (a) Power-added efficiency (PAE) and (b) DC drain current ID as a function
of the average input power Pin for different digital modulations.

to obtain separate measurements of incident and reflected power.
This limitation also extends to spectrum and EVM measurements.
Considering these factors, it is essential to ensure that all char-
acterized devices are matched to the system impedance, typically
50 𝜔.

The selected device is a UMS GH-15 pre-matched transistor
at 50 𝜔 at both the input and output. The total gate width is 8 ×
50 𝜇m. The transistor is matched to a bias point of 150 mA/mm
drain current and a drain voltage of 20 V. The photograph of the
transistor is depicted in Fig. 6.

Figure 8. (a) Output power Pout and (b) gain in dB as a function of the average
input power Pin for different digital modulations.

The measurements conducted on the PNA-X-based measure-
ment bench (Fig. 1) are presented in Figs. 7(a), 8(a), 7(b), 8(b),
and 12. These measurements are indicated by the orange, blue and
green lines (USMT-4, USMT-6 and USMT-8).

The aforementioned measurements are then compared with
those carried out on the VSA-based measurement bench, which
was presented in detail in Section “Description of measurement
benches based on PNA-X and VSA.” In this measurement bench,
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Figure 9. Spectrum of USMT-8 input and output signals for Pin = −1 dBm and RBW resolution of 250 Hz: (a) input signal spectrum, (b) output signal spectrum.
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Figure 10. Spectrum of USMT-8 input and output signals for Pin = 9 dBm and RBW resolution of 250 Hz: (a) input signal spectrum, (b) output signal spectrum.

certain types ofmodulation have been applied, as the 64-QAM, and
1024-QAM modulations, with a bandwidth equivalent to that of
the USMT-8 signal (2.129 MHz) (Fig. 3).

Power performances comparison

Fig. 7(a) illustrates the power added efficiency (PAE) as a function
of input power. It can be observed that the difference in PAE value
is not particularly pronounced when the various types of digital
modulation are applied to the device. The PAEs measured using
theQAMmodulated signals show a discrepancy of almost two per-
centage points when compared to the measurements made using
USMT signals at Pin = 15 dBm.

The desired drain bias current for characterizing the device
under test on the PNA-X-based measurement bench and the VSA-
based bench is approximately 150 mA/mm, which corresponds to
60 mA in the device under consideration. Fig. 7(b) depicts the
drain current as a function of output power.

It is noteworthy that an increase in output power results
in a local decrease in drain current for the output power
below Pout = 18 dBm. This phenomenon can be attributed
to trap effects observed in the AlGaN/GaN device. The
observed decrease in current with increasing power is a sig-
nificant consequence of the asymmetric nature of the trap
capture and emission processes. [36]. Thereafter, it increases
rapidly.

With regard to the average value of output power Fig. 8(a), the
discrepancy between the values obtained for the various types of
modulation is not particularly noteworthy.

Fig. 8(b) illustrates the comparison of the gain of the tran-
sistor characterized with the USMT signals on a PNA-X-based
bench with that of the transistors characterized on the VSA-based
bench with different QAM-modulated signals. The measurements
demonstrate a maximum discrepancy of approximately 0.5 dB,
which is negligible.

Noise power ratio (NPR)

The Vector Network Analyzer is employed to measure the spec-
trum of the USMT signals, whereby the power of each tone and
each intermodulation product is assessed separately. This is due to
the fact that the latter do not overlap with each other or with the
tones. Given the fact that intermodulation tones and signal tones
do not share the same frequency grid, themeasured C/Imetric and
EVM obey the same definition of non-correlation between signal
and noise [11]. One can derive the EVM from this C/I measure-
ment, provided that IM5 are negligible. The measurements were
conducted over a frequency range of 29.0008–29.0073 GHz with a
resolution of 250 Hz.

Figs. 9 and 10 illustrate the spectrum of input and output
USMT-8 signals for an input power of Pin = −1 dBm and
Pin = 9 dBm, respectively.
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Figure 11. NPR (noise power ratio) as a function of the average input power Pin for
a transistor characterized in a PNA-X-based measurement bench and a VSA-based
measurement bench (RBW = 250 Hz).

Figure 12. EVM (Error Vector Magnitude) as a function of the average input power
Pin for different digital modulations.

It can be observed that the intermodulation products in the out-
put signal spectrum for Pin = −1 dBm exhibit a relatively low
power compared to the tones, which suggests that the transistor is
operating within the linear region. For Pin = 9 dBm, the intermod-
ulation products of the output signal have a power of approximately
−28 dBm in comparison to the power of approximately 11 dBm
of the tones, which suggests that the transistor is operating in the
non-linear region. The presence of intermodulation products in
the input signal can be observed for Pin = 9 dBm due to the
non-linearity of the VSG generator and driver amplifier. The C/I
ratio for the input signal is approximately 60 dB, indicating that
the intermodulation products generated by the VSG generator do
not impact the behavior of the transistor.

It should be noted that for a resolution of 250 Hz for RBW, the
effect of spectral dispersion is negligible, thereby allowing for the
measurement of power at each frequency individually.This enables
the calculation of the NPR of the output signal, thus determin-
ing the ratio between the power of the tones and the power of the
intermodulation products. The NPR of the USMT-4, USMT-6 and
USMT-8 signals are illustrated in Fig. 11, which also depicts the
NPR of the 64-QAM and 1024-QAM signals calculated from the

Table 2. Peak-to-mean ratios for different QAM modulations

Modulation format V

64-QAM 1.527

1024-QAM 1.678

EVM measurements performed in the VSA-based measurement
bench, as depicted in Fig. 12.

The NPR can be related with the EVM measured using
the Equation 1 presented in [37], where V is the voltage peak-to-
main ratio of the ideal constellation. This value depends on the
modulation, as shown in Table 2.

NPR = 40 − 20 × log(EVM × V). (1)

Error vector magnitude (EVM)

At last, EVM was measured using the VSA for 64-QAM and 1024-
QAM signals. To accomplish this, the output signal measured by
the VSA was decoded, and the symbols received were compared
with the ideal symbols for each modulation.

Fig. 12 illustrates the EVM for the various digital modulations
and provides a comparative analysis with the EVMof the transistor,
as measured on the PNA-X-based measurement bench.

The EVM of the transistors measured on the PNA-X-based
benchwas calculated from theNPRusing the Equation 2 presented
in [11].

NPR = 40 − 20 × log(EVM). (2)

A comparison between the EVM values of the USMT-8 signals
calculated from the NPR measured on the PNA-X using equation
2 and the EVM values obtained through VSA measurements for
QAM-modulated signals indicates that the EVMof transistormea-
sured with the USMT-8 is greater than those measured with the
QAM-modulated signals.

This discrepancy can be attributed to the greater complexity of
the USMT-8 signals in comparison to signals that employ QAM
modulation. The PAPR of the USMT-8 signal is higher than that of
QAM modulations, which suggests that the output signal is more
susceptible to saturation. The EVM measured with the USMT-4
and 1024-QAM signals are quite similar, which is understandable
due to the similar PAPR.

The EVM and, consequently, the NPR exhibit significant dis-
crepancies for the USMT and QAM modulation signals when
Pout < 14 dBm. This discrepancy can be attributed to the pre-
cision of the EVM measurement conducted on the VSA-based
bench. As the receiver does notmeasure the input signal, the effects
of the generator and bench are included in the measured EVM
result [18]

Fig. 12 reveals another noteworthy detail: the EVM values for
the QAM modulations up to approximately Pout = 16 dBm
are remarkably similar. This phenomenon can be attributed to the
analogous dynamics exhibited by these modulations.

Conclusion

The power measurements for the pre-matched devices yielded sat-
isfactory results, with consistent outcomes observed across tests.
Transistor measurements using USMT signals on PNA-X-based
benches also demonstrated satisfactory results for EVM measure-
ments.
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A comprehensive examination of the PDF and CCDF revealed
that, while the USMT-8 signal displays Gaussian characteristics,
the QAM modulations do not. Furthermore, the PAPR and CCDF
of signals using QAM modulation differ significantly from those
obtained when applying a USMT-8 signal having a greater PAPR
than the 1024-QAM signal. It has been demonstrated that the
PAPR forUSMT signals is directly proportional to the logarithm of
the number of tones. Therefore, the use of a USMT-4 signal results
in a PAPR and CCDF that are more comparable to those observed
with a 1024-QAM signal. Indeed, the EVM measured with a 1024-
QAM signal is nearly equivalent to the EVM obtained with a
USMT-4 signal, yet it differs from that obtained with a USMT-8
signal. Despite this, the measured NPR is different between the
USMT-4 and 1024-QAM signals due to the form factor.

One potential approach involves the utilization of OFDM-type
signals, which possess a Gaussian PDF and a higher PAPR in com-
parison toQAMmodulation signals.Thefigures ofmeritmeasured
using this signal can then be compared with measurements made
using a USMT signal with eight or more carriers.

The USMT signals enable the assessment of device nonlin-
earity without the necessity of demodulation. The non-uniform
frequency spacing allows for the evaluation of nonlinear figures of
merit through the measurement of the signal spectrum, as there
is no overlap between intermodulation products and between the
IMs and the frequencies of the signal [38]. Its statistical proper-
ties make it a viable alternative to the use of a complex modulated
signal.

Another perspective is the characterization of non-linearity
through the use of mismatched transistors in conjunction with the
load-pull method. To this end, the PNA-Xwould be used as a VSA,
with the complex modulated signals and the USMT signals [20].
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