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Experimental overview of linearity metrics
using complex modulated signals

JOSÉ SILVA DOS SANTOS1, JULIEN ALLEMAN1, TIBAULT REVEYRAND2, PIERRE MEDREL2,
CHRISTOPHE CHANG3, RAPHAËL SOMMET1, JEAN-MICHEL NÉBUS2, MICHEL PRIGENT1,
JEAN-CHRISTOPHE NALLATAMBY1

This paper presents an experimental overview of linearity metrics using setups based on a PNA-X and a Vector Signal
Analyzer (VSA) to evaluate key performance indicators of a transistor, such as Noise Power Ratio (NPR) and Error Vector
Magnitude (EVM), under Unequally Spaced Multi-Tone (USMT) and various Quadrature Amplitude Modulation (QAM)
signals. The purpose of this study is to verify the feasibility 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 8x50 µm gate GaN
transistor from UMS Foundry, operating on-wafer at 29 GHz.

I. 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 com-
munications. The exponential growth in the volume of data
transmitted by these systems has necessitated the develop-
ment of increasingly sophisticated 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 efficiency/linearity performances at a given operat-
ing 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 insuf-
ficient for a thorough analysis of the device’s non-linear
behavior [1–3]. These conventional tests do not adequately
permit a substantial examination of the device’s response
to complex modulation signals, which more accurately rep-
resent real-world operational conditions. The phenomenon
can be explained in two ways. Firstly, signals with a sin-
gle carrier do not provide sufficient data to characterize
transistors with regard to features such as NPR and EVM,
which creates a challenge in evaluating a model for wire-
less applications [2]. Secondly, these signals do not possess
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an envelope shape similar to that of modulated digital
signals [4].

Similarly, a CW signal does not allow precise identifica-
tion of the distortions caused by memory effects, because
the transistor characteristics change according to the fre-
quencies of the signal envelope and the spacing between
the signal carriers [5]. One solution is to use a two-tone
signal; however, this type of signal cannot measure mem-
ory effects caused by intermodulation products (IM) [6, 7].
Therefore, an IM distortion signal is included with the two-
tone signal to determine the most suitable input signal for
minimizing memory effects [6]. Another proposed solu-
tion is to characterize memory effects using W-CDMA,
CDMA2000, and an eight-tone signal [8].

Given the conditions for equivalence between Error
Vector Magnitude (EVM) and Noise Power Ratio (NPR)
metrics, [9], an innovative measurement bench based on
the PNA-X was developed [10–12].

A simplified multi-frequency signal, designated as
Unequally-Spaced Multi-Tones (USMT) [3, 11, 13], 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 inter-
modulation tones will overlap with injected carriers, such
that C/I metric is not affected by the choice of the phases
of the tones. As already reported, one of the major ben-
efit is that it considerably smaller number of carriers is
necessary, simplifying the study of harmonics and inter-
modulation products. A notable benefit of this signal is its
PAPR insensitivity to the phase of each carrier [11].
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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) [11, 14]. Therefore, the number
of carriers in the USMT signal should be set based on the
complex modulation selected for comparison purposes in
order to make the PAPR and, subsequently, the CCDF as
close as possible to those present in the desired complex
modulation [14].

The use of the PNA-X to characterize the non-linearity
of electronic devices is attracting increasing interest. Some
of the research carried out includes using the Spectrum
Analyzer option to measure the USMT signals described
above, which allows the measurement of carriers and inter-
modulation products separately [15]. Alternatively, the
PNA-X can be employed as a receiver. Employing a fre-
quency domain analysis and executing frequency-swept
narrowband relative measurements enables the assessment
of linearity figures of merit such as ACPR and EVM when
complex modulated signals like LTE (Long Term Evolu-
tion)/OFDM (Orthogonal frequency-division multiplexing)
are applied to the device [7, 16, 17]. It is also possible to
characterize devices with multiple ports [18, 19].

The PNA-X can be integrated with a VSG to form
a Vector Component Analyzer (VCA), which facilitates
enhanced synchronization between the input signal and the
output signal analyzed by the PNA-X [7].

The purpose of this study is to compare the linear-
ity measurements of the transistors in non-linear region
performed with the USMT signals on the PNA-X-based
measurement bench with those made with the Quadrature
Amplitude Modulation (QAM) signals using an alterna-
tive configuration, which uses a vector signal analyzer
(VSA). Measurements were made on a 50 Ω pre-matched
transistor. The center frequency is 29 GHz.

II. DESCRIPTION OF MEASUREMENT
BENCHES BASED ON PNA-X AND VSA

A) PNA-X-based measurement bench
A measurement setup using a PNA-X has been devel-
oped to characterize the linearity of a device under test
(DUT) with a USMT signal, which is well suited for high-
power signal measurements and nonlinear device charac-
terization [20, 21]. The specific model used is a four-port
Keysight PNA-X 5245B [22], which includes the Spec-
trum 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 calibration is applied to determine the
power of each wave in the device reference plane.

The USMT signal is generated using a vector signal gen-
erator (VSG) (Rohde & Schwarz SMW200A [23, 24]).
This signal is amplified using a driver amplifier [25]. This
versatile device offers the capability to generate a range

of waveforms, including quadrature amplitude modulations
(QAM) modulation schemes and user-defined signals such
as the USMT. Figure 1 illustrates the PNA-X-based mea-
surement bench developed to characterize the DUT using
the USMT signal.
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Fig. 1. PNA-X-based measurement bench for characterizing devices using
USMT (Unequally Spaced Multi-Tones) signals

B) VSA-based measurement bench
A measurement bench was employed to characterize the
DUT for various types of QAM. It is based on a VSG and a
vector signal analyzer (VSA). Figure 2 illustrates the mea-
surement bench developed to characterize the DUT using
modulated signals.
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Fig. 2. VSA-based measurement bench for characterizing devices using QAM
modulated signals

The bench consists of three main components: a vec-
tor signal generator (VSG), a driver amplifier, and a vector
signal analyzer (VSA). Note that there are two 20 dB atten-
uators, 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.

As illustrated in Figure 2, the VSA is configured with
a single receiver, making it suitable for characterizing 50
Ω matched DUTs. This differs from the on-probe mea-
surement bench, for which a distinct power calibration
methodology has been outlined [10, 26, 27].
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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 the measurements 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 broadband Solid-state Power Amplifier (SSPA),
which provides 55 dB gain, operating in the 26–40 GHz
frequency range.

The Rohde & Schwarz FSW50 vector signal ana-
lyzer [28, 29] is employed for the demodulation and
measurement of output signals. Moreover, the spectrum
analyzer option facilitates the measurement of frequencies
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 [30, 31].

III. DESCRIPTION OF THE SIGNALS

A) Unequally Spaced Multitone (USMT) and
Quadrature Amplitude Modulation (QAM)
signals
In order to characterize the devices in the measurement
bench depicted in Figure 1, the USMT signals with four,
six and eight frequencies, shown in Table 1, were applied
to the devices.

Table 1. The USMT signal frequencies utilized in the PNA-X-based
measurement 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

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

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

3 shows, these complex-modulated signals have the same
bandwidth as the USMT-8 signal, 2.129 MHz.
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Fig. 3. Bandwidth of modulated signals compared to USMT-8 signal spectrum

B) Statistical properties of the signals
In order to examine the statistical properties of complex
modulated signals, it is necessary to consider a number
of factors, including the baseband excursion of the signal,
the probability density functions (PDF) of the I(t), Q(t),
and envelope signals, and the complementary cumulative
distribution function (CCDF). This latter factor allows the
relationship between the maximum instantaneous power
and the average power to be determined (peak-to-average
power ratio (PAPR)).

Figure 4 illustrates the baseband signal excursion in
IQ plane for the USMT-8 and 1024-QAM signal [32].
For the 1024-QAM signal, the constellation symbols are
represented by the red crosses.
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Fig. 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.

As illustrated in Figure 5a, the probability density func-
tion (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 sig-
nals with six and eight carriers exhibit a Gaussian shape,
while the signal with four carriers displays slight variations.
As for the signal with 1024-QAM modulation, the PDF
exhibits lower values for amplitude exceeding 1.5 above
the mean value and less than 1.5 below the mean value.



4 JOSÉ SILVA DOS SANTOS ET AL .

−3 −2 −1 0 1 2 3
Amplitude

0.0

0.1

0.2

0.3

0.4

0.5
D

en
si

ty

PDF

I(t) (USMT-4)

I(t) (USMT-6)

I(t) (USMT-8)

I(t) (1024-QAM)

(a)

0 2 4 6 8 10
PAPR (dB)

0.001

0.01

0.1

1

10

100

C
C

D
F

(%
)

CCDF

USMT-4

USMT-6

USMT-8

1024-QAM

(b)

Fig. 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 sig-
nals

A thorough examination of the CCDF of the 1024-QAM
, USMT-4, USMT-6, and USMT-8 signals reveals a PAPR
of approximately 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 Figure 5b.
The PAPR for other QAM modulations, such as 64-QAM
and 256-QAM, are nearly equivalent to that of the 1024-
QAM signal. The USMT-8 signal, therefore, 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.

IV. EXPERIMENTAL RESULTS

As illustrated in Section II, the VSA-based measurement
bench is dedicated to 50 Ω matched device. Consequently,
it is not feasible to obtain separate measurements of inci-
dent and reflected power. This limitation also extends to

spectrum and EVM measurements. Considering these fac-
tors, it is essential to ensure that all characterized devices
are matched to the system impedance, typically 50 Ω.

The selected device is a UMS GH-15 pre-matched tran-
sistor at 50 Ω at both the input and output. The total gate
width is 8 x 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 Figure 6.

Fig. 6. Detail of the UMS GH-15 pre-matched transistor

The measurements conducted on the PNA-X-based
measurement bench (Figure 1) are presented in Figures 7a,
8a, 7b, 8b 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 II. In this
measurement bench, certain types of modulation 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) (Figure 3).

A) Power performances comparision
Figure 7a illustrates the power added efficiency (PAE) as
a function of input power. It can be observed that the dif-
ference in PAE value is not particularly pronounced when
the various types of digital modulation are applied to the
device. The PAEs measured using the QAM modulated sig-
nals show a discrepancy of almost two percentage 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 consider-
ation. The Figure 7b 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
significant consequence of the asymmetric nature of the
trap capture and emission processes. [33]. Thereafter, it
increases rapidly.
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(a)

(b)

Fig. 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

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

Figure 8b illustrates the comparison of the gain of
the transistor characterized with the USMT signals on
a PNA-X-based bench with that of the transistors char-
acterized on the VSA-based bench with different QAM-
modulated signals. The measurements demonstrate a max-
imum discrepancy of approximately 0.5 dB, which is
negligible.

B) Noise Power Ratio (NPR)
The Vector Network Analyzer is employed to measure the
spectrum of the USMT signals, whereby the power of each
tone and each intermodulation product is assessed sepa-
rately. This is due to the fact that the latter do not overlap
with each other or with the tones. Given the fact that inter-
modulation tones and signal tones do not share the same
frequency grid, the measured C/I metric and EVM obey
the same definition of non-correlation between signal and

(a)

(b)

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

noise [9]. 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 GHz to
29.0073 GHz with a resolution of 250 Hz.

Figures 9 and 10 illustrate the spectrum of input and out-
put USMT-8 signals for an input power of Pin = −1 dBm
and Pin = 9 dBm, respectively.
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Fig. 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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Fig. 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

Fig. 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)

It can be observed that the intermodulation products in
the output 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 intermodulation products of the output
signal have a power of approximately -28 dBm in compar-
ison 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 ampli-
fier. The C/I ratio for the input signal is approximately
60 dB, indicating that the intermodulation products gen-
erated 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 determining 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 Figure 11, which also depicts
the NPR of the 64-QAM and 1024-QAM signals calculated

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

The Noise Power Ratio can be related with the Error
Vector Magnitude measured using the Equation 1 presented
in [34], 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)

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

Modulation format V
64-QAM 1.527

1024-QAM 1.678

C) Error Vector Magnitude (EVM)
At last, EVM was measured using the VSA for 64-QAM
and 1024-QAM signals. To accomplish this, the output sig-
nal measured by the VSA was decoded, and the symbols
received were compared with the ideal symbols for each
modulation.

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

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

The EVM of the transistors measured on the PNA-X-
based bench was calculated from the NPR using the
Equation 2 presented in [9].

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
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that the EVM of transistor measured with the USMT-8
is greater than those measured with the QAM-modulated
signals.

This discrepancy can be attributed to the greater com-
plexity 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 sat-
uration. 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 signifi-
cant discrepancies for the USMT and QAM modulation
signals when Pout < 14 dBm. This discrepancy can be
attributed to the precision of the EVM measurement con-
ducted on the VSA-based bench. As the receiver does not
measure the input signal, the effects of the generator and
bench are included in the measured EVM result [7]

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

V. CONCLUSION

The power measurements for the pre-matched devices
yielded satisfactory results, with consistent outcomes
observed across tests. Transistor measurements using
USMT signals on PNA-X-based benches also demon-
strated satisfactory results for EVM measurements.

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 for
USMT signals is directly proportional to the logarithm of
the number of tones. Therefore, the use of a USMT-4 sig-
nal 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 equiv-
alent 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 comparison to QAM modulation signals.
The figures of merit measured 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
nonlinearity 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 intermod-
ulation products and between the IMs and the frequencies
of the signal [35]. Its statistical properties 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 con-
junction with the load-pull method. To this end, the PNA-X
would be used as a VSA, with the complex modulated
signals and the USMT signals [17].

ACKNOWLEDGMENT

The authors greatly appreciate and acknowledge the Direc-
tion Générale de l’Armement and the CNRS for funding
under GREAT Project.

COMPETING INTERESTS

The authors report no conflict of interest.

R E F E R E N C E S

[1] V. Camarchia, V. Teppati, S. Corbellini, and M. Pirola,
“Microwave Measurements Part II Non-linear Measure-
ments,” IEEE Instrumentation & Measurement Magazine,
vol. 10, no. 3, pp. 34–39, Jun. 2007. [Online]. Available:
https://ieeexplore.ieee.org/document/4284255/

[2] V. Teppati, A. Ferrero, V. Camarchia, A. Neri, and M. Pirola,
“Microwave measurements - Part III: Advanced non-linear mea-
surements,” IEEE Instrumentation & Measurement Magazine,
vol. 11, no. 6, pp. 17–22, Dec. 2008. [Online]. Available:
https://ieeexplore.ieee.org/document/4694153/

[3] S. Farsi, P. Draxler, H. Gheidi, B. K. J. C. Nauwelaers,
P. Asbeck, and D. Schreurs, “Characterization of Intermodulation
and Memory Effects Using Offset Multisine Excitation,” IEEE
Transactions on Microwave Theory and Techniques, vol. 62,
no. 3, pp. 645–657, Mar. 2014. [Online]. Available: https:
//ieeexplore.ieee.org/document/6730722/

[4] J. Su, J. Cai, X. Zheng, and L. Sun, “A Fast
Two-Tone Active Load-Pull Algorithm for Assessing the
Non-linearity of RF Devices,” Chinese Journal of Elec-
tronics, vol. 31, no. 1, pp. 25–32, 2022, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1049/cje.2020.00.060. [Online].
Available: https://onlinelibrary.wiley.com/doi/abs/10.1049/cje.2020.
00.060

[5] W. Bosch and G. Gatti, “Measurement and simulation of
memory effects in predistortion linearizers,” IEEE Transactions
on Microwave Theory and Techniques, vol. 37, no. 12, pp.
1885–1890, Dec. 1989. [Online]. Available: https://ieeexplore.ieee.
org/document/44098/

[6] J. Vuolevi, T. Rahkonen, and J. Manninen, “Measurement technique
for characterizing memory effects in RF power amplifiers,” IEEE
Transactions on Microwave Theory and Techniques, vol. 49,
no. 8, pp. 1383–1389, Aug. 2001. [Online]. Available: https:
//ieeexplore.ieee.org/document/939917/

[7] J. Verspecht, A. Stav, T. Nielsen, and S. Kusano, “The Vector
Component Analyzer: A New Way to Characterize Distortions
of Modulated Signals in High-Frequency Active Devices,” IEEE
Microwave Magazine, vol. 23, no. 12, pp. 86–96, Dec. 2022.
[Online]. Available: https://ieeexplore.ieee.org/document/9933960/

https://ieeexplore.ieee.org/document/4284255/
https://ieeexplore.ieee.org/document/4694153/
https://ieeexplore.ieee.org/document/6730722/
https://ieeexplore.ieee.org/document/6730722/
https://onlinelibrary.wiley.com/doi/abs/10.1049/cje.2020.00.060
https://onlinelibrary.wiley.com/doi/abs/10.1049/cje.2020.00.060
https://ieeexplore.ieee.org/document/44098/
https://ieeexplore.ieee.org/document/44098/
https://ieeexplore.ieee.org/document/939917/
https://ieeexplore.ieee.org/document/939917/
https://ieeexplore.ieee.org/document/9933960/


8 JOSÉ SILVA DOS SANTOS ET AL .

[8] S. Boumaiza and F. Ghannouchi, “An accurate complex behavior
test bed suitable for 3G power amplifiers characterization,” in
2002 IEEE MTT-S International Microwave Symposium Digest
(Cat. No.02CH37278), vol. 3, Jun. 2002, pp. 2241–2244 vol.3,
iSSN: 0149-645X. [Online]. Available: https://ieeexplore.ieee.org/
document/1012319/

[9] J. B. Sombrin, “On the formal identity of EVM and NPR
measurement methods: Conditions for identity of error vector
magnitude and noise power ratio,” in 2011 41st European
Microwave Conference, Oct. 2011, pp. 337–340. [Online].
Available: https://ieeexplore.ieee.org/document/6101738

[10] J. A. Silva dos Santos, T. Reveyrand, F. Gaillard, P. Medrel,
J.-M. Nebus, M. Prigent, J.-C. Nallatamby, and C. Chang, “A
novel fast calibration method for NVNAs based linearity setup,” in
2023 International Workshop on Integrated Nonlinear Microwave
and Millimetre-Wave Circuits (INMMIC), Nov. 2023, pp. 1–4,
iSSN: 2689-5498. [Online]. Available: https://ieeexplore.ieee.org/
document/10321796

[11] V. Gillet, M. Bouslama, J.-P. Teyssier, M. Prigent, J.-C. Nal-
latamby, and R. Quéré, “An Unequally Spaced Multi-Tone
Load–Pull Characterization Technique for Simultaneous Linearity
and Efficiency Assessment of RF Power Devices,” IEEE Trans-
actions on Microwave Theory and Techniques, vol. 67, no. 7,
pp. 2505–2513, Jul. 2019, conference Name: IEEE Transac-
tions on Microwave Theory and Techniques. [Online]. Available:
https://ieeexplore.ieee.org/document/8737755

[12] V. Gillet, J.-P. Teyssier, A. Al Hajjar, A. Gasmi, C. E.
Kacou, M. Prigent, and R. Quéré, “Millimeter-wave power
amplifier linearity characterization using Unequally Spaced Multi-
Tone stimulus,” in 2020 IEEE/MTT-S International Microwave
Symposium (IMS), Aug. 2020, pp. 755–758, iSSN: 2576-7216.
[Online]. Available: https://ieeexplore.ieee.org/document/9224079

[13] S. Laurent, J. P. Teyssier, R. Quere, J. Sombrin, and M. Prigent,
“Linearity characterization of RF circuits through an unequally
spaced multi-tone signal,” in 2016 88th ARFTG Microwave
Measurement Conference (ARFTG), Dec. 2016, pp. 1–4. [Online].
Available: https://ieeexplore.ieee.org/document/7839729

[14] G. P. Gibiino, A. M. Angelotti, A. Santarelli, F. Filicori, and
P. A. Traverso, “Multitone Multiharmonic Scattering Parameters for
the Characterization of Nonlinear Networks,” IEEE Transactions
on Instrumentation and Measurement, vol. 70, pp. 1–12, 2021.
[Online]. Available: https://ieeexplore.ieee.org/document/9224673/

[15] V. Gillet, J.-P. Teyssier, T. Reveyrand, S. Laurent, M. Prigent,
and R. Quéré, “A fully calibrated NVNA set-up for linearity
characterization of RF power devices using Unequally Spaced
Multi-Tone signal through IM3 & IM5 measurements,” in 2018 91st
ARFTG Microwave Measurement Conference (ARFTG), Jun. 2018,
pp. 1–4. [Online]. Available: https://ieeexplore.ieee.org/document/
8423834

[16] T. Niubó-Alemán, Y. Hahn, P. Roblin, J.-P. Teyssier, J. A. Reynoso-
Hernández, V. Chen, and S. Rajan, “Calibrated Digital Predistortion
Using a Vector Network Analyzer as the Receiver,” in 2019 93rd
ARFTG Microwave Measurement Conference (ARFTG), Jun. 2019,
pp. 1–4. [Online]. Available: https://ieeexplore.ieee.org/document/
8739180/

[17] G. P. Gibiino, A. M. Angelotti, A. Santarelli, and P. A. Traverso,
“Error vector magnitude measurement for power amplifiers under
wideband load impedance mismatch: System-level analysis and
VNA-based implementation,” Measurement, vol. 187, p. 110254,
Jan. 2022. [Online]. Available: https://linkinghub.elsevier.com/
retrieve/pii/S0263224121011581

[18] C. Schulze, M. Mengozzi, G. P. Gibiino, A. M. Angelotti, C. Florian,
A. Santarelli, W. Heinrich, and O. Bengtsson, “A VNA-Based
Wideband Measurement System for Large-Signal Characterization

of Multiport Circuits,” IEEE Transactions on Microwave Theory
and Techniques, vol. 72, no. 1, pp. 638–647, Jan. 2024. [Online].
Available: https://ieeexplore.ieee.org/document/10294310/

[19] T. Niubó-Alemán, C. Liang, Y. Hahn, J. A. Reynoso-Hernández,
J.-P. Teyssier, and P. Roblin, “Time-Domain Characterization
and Linearization of a Dual-Input Power Amplifier Using a
Vector Network Analyzer as the Receiver,” IEEE Transactions
on Microwave Theory and Techniques, vol. 69, no. 4, pp. 2386–
2398, Apr. 2021. [Online]. Available: https://ieeexplore.ieee.org/
document/9351777/

[20] D. Barataud, C. Arnaud, B. Thibaud, M. Campovecchio, J.-
M. Nebus, and J. Villotte, “Measurements of time-domain
voltage/current waveforms at RF and microwave frequencies based
on the use of a vector network analyzer for the characterization
of nonlinear devices-application to high-efficiency power amplifiers
and frequency-multipliers optimization,” IEEE Transactions on
Instrumentation and Measurement, vol. 47, no. 5, pp. 1259–
1264, Oct. 1998, conference Name: IEEE Transactions on
Instrumentation and Measurement. [Online]. Available: https:
//ieeexplore.ieee.org/abstract/document/746594

[21] P. Blockley, D. Gunyan, and J. Scott, “Mixer-based, vector-
corrected, vector signal/network analyzer offering 300kHz-20GHz
bandwidth and traceable phase response,” in IEEE MTT-S
International Microwave Symposium Digest, 2005., Jun. 2005,
pp. 1497–1500, iSSN: 0149-645X. [Online]. Available: https:
//ieeexplore.ieee.org/document/1516977

[22] Keysight Technologies, “VNA Series Network Analyzers Help,”
Feb. 2024. [Online]. Available: https://helpfiles.keysight.com/csg/
N52xxB/help.htm

[23] Rohde & Schwarz, “R&S®SMW200A Vector Sig-
nal Generator,” Tech. Rep. [Online]. Avail-
able: https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/
cl_brochures_and_datasheets/product_brochure/3606_8037_12/SMW200A_
bro_en_3606-8037-12_v0900.pdf

[24] ——, “R&S®SMW200A Vector Signal Generator -
Specifications,” Tech. Rep., 2024. [Online]. Avail-
able: https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/
cl_brochures_and_datasheets/specifications/3606_8037_22/SMW200A_
specs_en_3606-8037-22_v2600.pdf

[25] RF-LAMBDA, “Solid State Power Amplifier - RFLUPA27G32GA,”
Tech. Rep., Mar. 2021. [Online]. Available: https://www.rflambda.
com/pdf/poweramplifier/RFLUPA27G32GA.pdf

[26] T. Reveyrand, “Unknown Thru Calibration Algorithm Short-
Open-Load-Reciprocal (SOLR),” in 2018 International Workshop
on Integrated Nonlinear Microwave and Millimetrewave Circuits
(INMMIC 2018),, Brive-la-Gaillarde, France, Jul. 2018. [Online].
Available: https://hal.science/hal-02191744

[27] T. Reveyrand, S. Hernandez, S. Mons, and E. Ngoya, “SOLT and
SOLR calibration methods using a single multiport “thru” standard
connection,” in 2020 95th ARFTG Microwave Measurement
Conference (ARFTG). Los Angeles, CA, USA: IEEE, Aug. 2020,
pp. 1–4. [Online]. Available: https://ieeexplore.ieee.org/document/
9241365/

[28] Rohde & Schwarz, “R&S®FSW Signal and Spec-
trum Analyzer,” Tech. Rep. [Online]. Avail-
able: https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/
cl_brochures_and_datasheets/product_brochure/5215_6749_12/FSW_
bro_en_5215-6749-12_v1600.pdf

[29] ——, “R&S®FSW Signal and Spectrum Analyzer
- Specifications,” Tech. Rep., 2024. [Online]. Avail-
able: https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/
cl_brochures_and_datasheets/specifications/5215_6749_22/FSW_specs_
en_5215-6749-22_v1400.pdf

https://ieeexplore.ieee.org/document/1012319/
https://ieeexplore.ieee.org/document/1012319/
https://ieeexplore.ieee.org/document/6101738
https://ieeexplore.ieee.org/document/10321796
https://ieeexplore.ieee.org/document/10321796
https://ieeexplore.ieee.org/document/8737755
https://ieeexplore.ieee.org/document/9224079
https://ieeexplore.ieee.org/document/7839729
https://ieeexplore.ieee.org/document/9224673/
https://ieeexplore.ieee.org/document/8423834
https://ieeexplore.ieee.org/document/8423834
https://ieeexplore.ieee.org/document/8739180/
https://ieeexplore.ieee.org/document/8739180/
https://linkinghub.elsevier.com/retrieve/pii/S0263224121011581
https://linkinghub.elsevier.com/retrieve/pii/S0263224121011581
https://ieeexplore.ieee.org/document/10294310/
https://ieeexplore.ieee.org/document/9351777/
https://ieeexplore.ieee.org/document/9351777/
https://ieeexplore.ieee.org/abstract/document/746594
https://ieeexplore.ieee.org/abstract/document/746594
https://ieeexplore.ieee.org/document/1516977
https://ieeexplore.ieee.org/document/1516977
https://helpfiles.keysight.com/csg/N52xxB/help.htm
https://helpfiles.keysight.com/csg/N52xxB/help.htm
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/product_brochure/3606_8037_12/SMW200A_bro_en_3606-8037-12_v0900.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/product_brochure/3606_8037_12/SMW200A_bro_en_3606-8037-12_v0900.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/product_brochure/3606_8037_12/SMW200A_bro_en_3606-8037-12_v0900.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/specifications/3606_8037_22/SMW200A_specs_en_3606-8037-22_v2600.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/specifications/3606_8037_22/SMW200A_specs_en_3606-8037-22_v2600.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/specifications/3606_8037_22/SMW200A_specs_en_3606-8037-22_v2600.pdf
https://www.rflambda.com/pdf/poweramplifier/RFLUPA27G32GA.pdf
https://www.rflambda.com/pdf/poweramplifier/RFLUPA27G32GA.pdf
https://hal.science/hal-02191744
https://ieeexplore.ieee.org/document/9241365/
https://ieeexplore.ieee.org/document/9241365/
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/product_brochure/5215_6749_12/FSW_bro_en_5215-6749-12_v1600.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/product_brochure/5215_6749_12/FSW_bro_en_5215-6749-12_v1600.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/product_brochure/5215_6749_12/FSW_bro_en_5215-6749-12_v1600.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/specifications/5215_6749_22/FSW_specs_en_5215-6749-22_v1400.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/specifications/5215_6749_22/FSW_specs_en_5215-6749-22_v1400.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_brochures_and_datasheets/specifications/5215_6749_22/FSW_specs_en_5215-6749-22_v1400.pdf


INTERNATIONAL JOURNAL OF MICROWAVE AND WIRELESS TECHNOLOGIES 9

[30] ——, “R&S®NRP Power Meter Family - Datasheet,” Tech. Rep.
[Online]. Available: https://www.testequipmenthq.com/datasheets/
Rohde-Schwarz-NRP-Z81-Datasheet.pdf

[31] ——, “Operating Manual R&S NRP-Z81/-Z85/-Z86,” Tech. Rep.
[Online]. Available: https://scdn.rohde-schwarz.com/ur/pws/dl_
downloads/pdm/cl_manuals/user_manual/1172_9530_01/NRP-Z81_
Z85_Z86_Manual_en_09.pdf

[32] Erkin Cubukcu, “Root Raised Cosine Filters & Pulse
Shaping in Communication Systems,” Tech. Rep., May
2012. [Online]. Available: https://ntrs.nasa.gov/api/citations/
20120008631/downloads/20120008631.pdf

[33] M. Bouslama, V. Gillet, C. Chang, J.-C. Nallatamby, R. Sommet,
M. Prigent, R. Queré, and B. Lambert, “Dynamic Performance
and Characterization of Traps Using Different Measurements
Techniques for the New AlGaN/GaN HEMT of 0.15- μ m
Ultrashort Gate Length,” IEEE Transactions on Microwave Theory
and Techniques, vol. 67, no. 7, pp. 2475–2482, Jul. 2019, conference
Name: IEEE Transactions on Microwave Theory and Techniques.
[Online]. Available: https://ieeexplore.ieee.org/document/8691694/
?arnumber=8691694

[34] P. Medrel, T. Reveyrand, A. Martin, P. Bouysse, J.-M. Nébus,
and J. Sombrin, “Time domain envelope characterization of
power amplifiers for linear and high efficiency design solutions,”
in WAMICON 2013, Apr. 2013, pp. 1–6. [Online]. Available:
https://ieeexplore.ieee.org/document/6572774

[35] J. P. Teyssier, J. Sombrin, R. Quéré, S. Laurent, and F. Gizard,
“A test set-up for the analysis of multi-tone intermodulation in
microwave devices,” in 84th ARFTG Microwave Measurement
Conference, Dec. 2014, pp. 1–3. [Online]. Available: https:
//ieeexplore.ieee.org/document/7013408

José Anderson Silva dos Santos received his
Engineer Degree in Electrical Engineering in
2020 from from the Federal Institute of Edu-
cation, Science and Technology of Paraiba in
João Pessoa, Brazil. He is currently pursuing a
PhD in Engineering and Information Sciences
at XLIM Laboratory – University of Limoges,
France. His research interests encompass RF
microelectronics, instrumentation, data process-
ing, digital communications, and microwaves.

The thesis aims to characterize and model HEMT transistors using an
innovative method for measuring linearity.

Julien Alleman received his Engineer Degree
in Electrical Engineering from ENSEEIHT,
Toulouse, France in 2022. He is currently pur-
suing a Ph.D. degree in microwave characteriza-
tion and artificial intelligence at XLim Labora-
tory, University of Limoges, France. His current
research focuses on developing neural archi-
tectures for quickly identifying optimal perfor-
mance of GaN HEMT transistors.

Tibault Reveyrand received the Ph.D. degree
from the University of Limoges, Limoges,
France, in 2002. From 2002 to 2004, he was
a Post-Doctoral Scientist with CNES (French
Space Agency), Toulouse, France. Since 2005,
he has been a CNRS Engineer with the XLIM
Institute, University of Limoges. From 2013 to
2016, he was a Visiting Researcher with the
University of Colorado, Boulder, CO, USA. His
current research interests include the character-

ization and modeling of RF and microwave nonlinear components and
devices. Dr. Reveyrand was a Technical Program Review Committee
(TPRC) member and has been a Reviewer for many IEEE journals. He
was a recipient of the 2002 European GaAs Best Paper Award.

Pierre Medrel received the Ph.D. degree in elec-
tronics from the University of Limoges, France,
in 2014. From 2014 to 2015, he was a postdoc-
toral Scientist at the IMS laboratory, Bordeaux,
France. He is now an associate professor with the
XLIM institute, Limoges. His main field of inter-
est is high-efficiency microwave PA architectures
and non-linear devices characterization.

Christophe Chang received the Ph.D. degree,
under the Joint Doctoral Degree Program, from
the XLIM Laboratory, University of Limoges,
Limoges, France, and Thales Airborne Sys-
tems, Trappes, France.,In 2004, he joined the
XLIM Laboratory, University of Limoges, as a
Post-Doctoral Researcher. He was involved in
the characterization and the nonlinear modeling
of the UMS GaInP/GaAs bipolar transistor. In
2005, he joined UMS SAS, where he is currently

a Senior Modeling Engineer supporting the development of AsGa-based
pHEMT power technologies such as PPH25X and PPH15X (technol-
ogy support, characterization, and modeling). Since 2007, he has been
involved in the support of the development of UMS GaN based technolo-
gies (characterization and nonlinear model building). He has participated
in the development and the qualification of the 0.25- µm GH25 technol-
ogy. Since 2014, he has been involved in the 0.15- µm GH15 technology
development.

Raphaël Sommet received the French aggre-
gation degree in applied physics and the
Ph.D. degree from the University of Limoges,
Limoges, France, in 1991 and 1996, respec-
tively.,Since 1997, he has been a Permanent
Researcher at XLIM, Institut de Recherche,
Unités Mixtes de Recherche Centre National de
la Recherche Scientifique 6172, Faculté des Sci-
ences et Techniques, Université de Limoges, in
the C2S2 team “Nonlinear Microwave Circuits

and Subsystems.” His research interests concern heterojunction-bipolar-
transistor device simulation, 3-D thermal finite element simulation, model
order reduction, microwave circuit simulation, and generally the coupling
of all physics-based simulation with circuit simulation.

https://www.testequipmenthq.com/datasheets/Rohde-Schwarz-NRP-Z81-Datasheet.pdf
https://www.testequipmenthq.com/datasheets/Rohde-Schwarz-NRP-Z81-Datasheet.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_manuals/user_manual/1172_9530_01/NRP-Z81_Z85_Z86_Manual_en_09.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_manuals/user_manual/1172_9530_01/NRP-Z81_Z85_Z86_Manual_en_09.pdf
https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/pdm/cl_manuals/user_manual/1172_9530_01/NRP-Z81_Z85_Z86_Manual_en_09.pdf
https://ntrs.nasa.gov/api/citations/20120008631/downloads/20120008631.pdf
https://ntrs.nasa.gov/api/citations/20120008631/downloads/20120008631.pdf
https://ieeexplore.ieee.org/document/8691694/?arnumber=8691694
https://ieeexplore.ieee.org/document/8691694/?arnumber=8691694
https://ieeexplore.ieee.org/document/6572774
https://ieeexplore.ieee.org/document/7013408
https://ieeexplore.ieee.org/document/7013408


10 JOSÉ SILVA DOS SANTOS ET AL .

Jean-Michel Nébus received the Ph.D. degree
in electronics from the University of Limo-
ges, Limoges, France, in 1988.,He is cur-
rently a Professor with the XLIM Labora-
tory, CNRS—University of Limoges. His main
research interest is nonlinear microwave device
characterization and design.

Michel Prigent is currently an emeritus a Pro-
fessor with the University of Limoges, Limo-
ges, France. He is also involved in characteri-
zation and modeling of nonlinear active com-
ponents (FET, PHEMT, HBT, etc.) with a par-
ticular emphasis on low-frequency noise mea-
surement and modeling for use in monolithic
microwave integrated circuit (MMIC) CAD. He
is also involved in the development of a test
bench for linearity characterization of nonlinear

components and devices. His current research interests include the design
of microwave and millimeter-wave oscillator circuits.

Jean-Christophe Nallatamby received the Ph.D.
degree in electronics from the University of
Limoges, Limoges, France, in 1992.,He is cur-
rently a Professor with the University of Limo-
ges. His current research interests include the
microwave, low-frequency noise characteriza-
tion and modeling of high-speed semiconduc-
tor devices, characterization of charge-trapping
effects in GaN HEMTs, and understanding its
physical behavior using TCAD based device

simulation.


