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ABSTRACT:With the increase in users’ demand, the wireless communication systems are expected to operate by considering microwave
and millimeter wave signals under higher power intensity by means of multichannel propagation. Therefore, the nonlinear (NL) effect
becomes a major challenge to maintain the communication system performance. To deal with such an undesirable effect, the microwave
amplifier (MA) NL characterization requires a relevant modelling technique. The intermodulation distortion (IMD) constitutes one of the
basic approaches for MA NL analyses. The IMD of the MA two-tone (TT) response in weakly NL behavior is modelled and measured in
this paper. The modelling method is empirically derived from the Volterra series coefficients of the MA input-output characteristic from
a single-tone (ST) test. Themth-order IM amplitudes of MA NL TT response are formulated as a function of the ST odd harmonics. The
efficiency of the IM(m) models is experimentally validated with TT measurements of Gallium Nitride MAs around 2.4GHz and 24GHz
carrier frequencies. The behavior of the IMD3 and IMD5 of weakly NL (WNL) models around 2.4GHz is in good agreement with the
TT input amplitude measured from−25 to−5 dBm. The IMD3WNLmodel around 24GHz is also well-correlated to measurement with
input amplitude range from−20 to−3 dBm. In the future, the developed NL model can be exploited for assessing the MA impact on the
microwave system communication performance.

1. INTRODUCTION

To meet the constant increase of users’ demand, the 5G and
6G wireless communication systems are expected to inte-

grate complex electronic functions and to operate with higher
speed data. Thanks to the increase of integration density and
operation frequency channel saturation, the electromagnetic in-
terference (EMI) is among the open research problems listed
by the visioners to limit the performance of future wireless sys-
tems [1].
Relevant technical solutions dedicated to the EMI analyses

and characterizations must be developed with respect to the de-
sign and fabrication technology progress in order to minimize
imperfections of the communication systems.
Therefore, nowadays, analysis of EMI effect in radio fre-

quency (RF) and microwave amplifiers (MAs) becomes a hot
topic of design, fabrication, and test researchers for the commu-
nication system characterization [2–4]. Different EMI analysis
approaches forwarding prediction [3] and analysis techniques
to studyMA nonlinear (NL) effects for wireless transceivers [4]
were proposed in the literature. A competitive study about the
NL characterization is an open challenge for all RF/microwave
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andmillimeter (mm)wave design, fabrication, and test research
engineers.
In fact, the EMI and MA NL studies have usually been de-

veloped by means of the intermodulation (IM) analysis [5–10].
The NL analysis building block consists in the input-output
power characterization by means of the two-tone (TT) test-
ing [5–8]. The TT test has been recently exploited for the EMI
characterization of Gallium Nitride (GaN) MAs [7, 8]. As the
NL test is time costly and does not enable fundamental under-
standing of the MA behavior, a relevant modelling is neces-
sary [9, 11].
The IM distortion (IMD) caused by active microwave com-

ponent NL effects constitutes one of the main parameters to
be assessed to predict the communication system performance.
There are several approaches to assessing the IMDs related
to the communication signal distortions. Traditionally, the
IMDs can be analyzed by using the Volterra series representa-
tion [12, 13], state-space approach [14], symbolic model [15],
and efficient parameter sensitivity computation [16]. The phe-
nomena of EMI-induced distortion were modelled with NL ef-
fect for feedback MA [17]. However, the IM modelling with
consideration of harmonics of higher than third-order remains
a challenging task.
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For this reason, the present paper develops the IM analyti-
cal models by means of the MA TT response. The modelling
principle consists in formulating the IM as a function of the
Volterra series NL coefficients, which are determined from the
single-tone (ST) test. As challenging active components are
used as solutions for current microwave andmm-wave systems,
and two different GaNMAs are designed and prototyped as de-
vices under tests (DUTs). The experimental investigation of
this work was carried out at microwave and mm-wave frequen-
cies, f01 = 2.4GHz and f02 = 24GHz, which are investigated,
respectively.
The core innovation of the present work is to develop a prac-

tical methodology that bridges two different techniques ded-
icated to the MA characterization. The proposed modelling
method extracts, from empirical rapid ST measurements, the
Volterra series-based nonlinear coefficients of the polynomial
relationship between input and output voltages. Then, these
coefficients will be utilized to predict analytically IMD3 and
IMD5 of the MA TT test. The method provides a faster path-
way for device characterization compared to starting directly
with complex TT tests. The effectiveness of this ST-to-TT pre-
diction is not merely a theoretical approach. For this reason, it
is rigorously validated through measurements on two distinct
GaN amplifiers at f01 (microwave) and f02 (millimeter-wave),
demonstrating its applicability across frequency bands relevant
to modern communications.
To do this, the paper is organized into seven sections:

• Section 2 focuses on the general theory of the modelling
of high-order (more than 2nd order) IMs corresponding to
the different NL zone effects undesirably generated by a
MA.

• Section 3 describes the experimental setup based on the ST
and TT automatic testing for the MA NL characterization,
enabling the measurement of IMDs.

• Section 4 investigates on the validity of the developed IM3
and IM5 model with a GaN MA DUT1 dedicated to oper-
ate at microwave frequency f01.

• Section 5 focuses on the experimental validation of IM3
and IMD3 induced by GaN MA DUT2, which operates at
mm-wave frequency f02.

• Section 6 discusses the potential applications of the pro-
posed IM model of MA NL, notably for the 5G and 6G
communication system EMI effect minimization.

• Last, Section 7 is the paper’s conclusion.

2. THEORY OF MICROWAVE AMPLIFIER INTERMOD-
ULATION MODELLING
This section presents the modelling theory of MA IM investi-
gated in this work.

2.1. Methodology of Amplifier Modelling Methodology for
Communication System Application
First and foremost, we have adopted the method of a developed
modelling process, which can be organized in eight successive
steps illustrated in the flowchart of Fig. 1.

FIGURE 1. Flowchart illustrating the developed modelling process
method and application.

The main contribution to the present modelling method con-
cerns:

• The empirical coefficient extraction-obtaining
kn = {1, 3, 5, ...} directly from measured ST harmonics;

• The predictive formulation-deriving explicit IM3/IM5 ex-
pressions for TT inputs before actual TT tests;

• The MA NL modelling application relevance directly ad-
dressing EMI in multi-carrier systems as demonstrated
later in Subsection 6.3. This model will be useful for the
development of a practical predictive tool.

To do this, the NL zones of the MA analysis are defined in
the next subsection.

2.2. Definition on the Nonlinear (NL) Zones of Microwave Am-
plifier (MA) Single Tone (ST) Response
First of all, let us consider the ST synoptic diagram of MA de-
picted in Fig. 2 interacting with a harmonic input signal vin
having power Pin to generate an output vout having power de-
noted by Pout. The developed NL modelling is based on the
characterization of Pout versus Pin by using the ST harmonic
input:

vin(t) = A cos(ω0t) (1)
specified by amplitude A and operating frequency
f0 = ω0/(2π). The MA is supposed to operate in the
linear, weakly NL (WNL) and strongly NL (SNL) regimes,
which can be associated with the power levels denoted by QL,
QWNL, and QSNL, respectively:
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FIGURE 2. MA input and output spectra illustrating the ST method.

• (i) For 0 < A ≤ QL, the MA exhibits a linear behaviour
with the gain:

g =
Pout

Pin
, (2)

and the fundamental output voltage is denoted by:

vout(t) = Aout cos(ω0t), (3)

with the amplitude:

Aout = k1A. (4)

• (ii) For QL < A ≤ QWNL, the MA output voltage is ex-
pressed in a polynomial WNL model with consideration
of harmonics.

• (iii) For QWNL < A ≤ QSNL, the MA output voltage starts
reaching the saturation level:

Aout(f0) = Vsat. (5)

Therefore, the output power can be assumed equal to:

Pout(f0) = Psat. (6)

The amplitudes of ST MA NL response harmonics are de-
fined in the next subsection.

2.3. Intermodulation Nonlinear Response of Microwave Ampli-
fier under Single Tone Excitation
If the MA is memoryless, by taking real coefficients kn with
indices n = 1, 2, 3, ..., the corresponding output voltage can be
expressed as the Volterra power series of the t-time dependent
input signal:

vout(t) =

∞∑
n=0

knv
n
in(t). (7)

As highlighted in Fig. 1, the nth-order harmonic amplitude de-
pends on the input one containing NL zone delimited by Q1,
Q3, Q5, .... By trigonometric linearization, this output signal
with an ST input can be rewritten as:

vout(t) =

∞∑
n=0

Aout(nf0) · cos(nω0t). (8)

In the WNL operation zone, the output amplitude including
nth (n ≥ 3) odd harmonic of the fundamental frequency f0,
which is derived from (7), is generally formulated as:

Aout(f0) ≈ k1A+

n∑
m=1

k2m+1

22m

(
2m+ 1

m

)
A2m+1. (9)

We calculated the amplitudes by considering harmonics up to
n = 7. First, the output voltage amplitude at the fundamental
frequency f0 can be written as:

Aout(f0) ≈ A

(
k1 +

3k3A
2

4
+

5k5A
4

8
+

35k7A
6

64

)
. (10)

The coefficients kn for n = {1, 3, 5, 7} can be determined
from the measured output spectrum by using (10) and MAT-
LAB fitting optimization. Then, the high-order harmonics at
3f0, 5f0, and 7f0 are expressed by, respectively:

Aout(3f0) ≈
A3

4

(
k3 +

5k5A
2

4
+

21k7A
5

16

)
, (11)

Aout(5f0) ≈
A5

16

(
k5 +

7k7A
7

16

)
, (12)

Aout(7f0) ≈
k7A

7

64
. (13)

The harmonic amplitude of MA NL response with TT excita-
tion was derived from the ST ones. The obtained analytical
responses are discussed in the next subsection.

2.4. Nonlinear Response of Microwave Amplifier under Two-
Tone Excitation
The synoptic diagram of theNL test with TT input voltage vin is
illustrated in Fig. 3. The TT NL test consists in measuring IMm

withm = {3, 5}, which is generated by combined fundamental
frequency components f1 and f2. By assuming f1 < f2 and:

∆f = f2 − f1 ≪ f0, (14)

the two-tone components of vin are expressed as:

v1,2(t) = A cos(ω1,2t), (15)

with the amplitude A and angular frequency ω1,2 = 2πf1,2. To
investigate the NL effect analytically, the TT input signal:

vin(f1, f2) = v1(f1) + v2(f2), (16)

can be expressed as:

vin(t) = A [cos(ω1t) + cos(ω2t)] . (17)

In this case, the fundamental output amplitude at f0, which is
established from (8) in function of NL coefficients km, is ap-
proximated as:

Aout(f1) ≈
A√
2

(
k1 +

9k3A
2

4
+

25k5A
4

4
+

1225k7A
6

64

)
.

(18)
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FIGURE 3. MA input and output spectra illustrating the TT method.

FIGURE 4. Synoptic diagram illustrating the ST and TT NL test setups of the GaN MA DUTs.

The IM3 and IM5 amplitudes at the harmonic frequencies
fIM3 = {2f1−f2, 2f2−f1} and fIM5 = {3f1−2f2, 3f2−2f1}
can be approximated as:

IM3(2f2 − f1) ≈
A3

4
√
2

(
3k3 +

25k5A
2

2
+

735k7A
4

16

)
, (19)

IM5(3f2 − 2f1) ≈
A5

8
√
2

(
5k5 +

245k7A
2

8

)
. (20)

The experimental validation of the developed IM amplitude
equations will be discussed in the following section.

3. DESCRIPTION OF AMPLIFIER IM3 AND IM5 EX-
PERIMENTAL SETUP
The present section is dedicated to the description of the ex-
perimental setup of the MA IM3 and IM5 measurements in the
microwave andmm-wave frequencies. Then, the specifications
of the test instruments are also discussed.

3.1. Description of the MA NL Characterization Experimental
Setup
To perform the NL characterization of the considered DUT
GaN MAs, both IM3 and IM5 were measured. Doing this, an

automatic test setup enabling to sweep automatically both am-
plitude A and harmonic input signal operating with frequency
f0 of input signals was developed as illustrated by the synoptic
diagram displayed in Fig. 4. The measurement results from the
ST and TT test around f0 enable obtaining the expected GaN
MA NL characteristics.
Both the ST and TT tests were carried out with the automatic

LabVIEW-based test bench developed in [7, 8] by usingAgilent
E8267D vector signal generator (VSG) and Agilent E4447A
spectrum analyzer (SA) as illustrated in Fig. 3. It is worth not-
ing that the attenuation and loss can be assessed from the output
signal of the DUTs.
The employed instruments for NL characterization of the

GaN MAs are specified in the next subsection.

3.2. Specifications of the Employed Instruments during the NL
Test

The performances of the instruments play a key role in per-
forming a relevant test of the MA IM3 and IM5. One em-
phasizes that each instrument has R0 = 50Ω port character-
istic impedance. Table 1 indicates the technical specifications
of each instrument employed during the MA NL test measure-
ment.
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TABLE 1. Specifications of employed instruments for the ST and TT NL tests of GaN MAs.

Designation References Specification
PC ThinkPad Equipped with Windows 10 OS and LabVIEW 20
VSG Agilent E8267D 250 kHz–44GHz
SA Agilent E4447A 3Hz–42.98GHz

DC PS
Agilent E3648A PS1 (0–8V, 5A/0-20V, 2.5A)
Agilent E3632A PS2 (0–15V, 5A/0–30V, 4A)

Attenuator 2.92TS20-20-40 20 dB

(a)

(b)

FIGURE 5. Photos of (a) packaging and (b) MMIC GaN MA DUT1 dedicated to operate @ f01 = 2.4GHz.

During the experimental tests, the considered GaN MA
DUTs were fed by the Agilent E3632A as the gate power sup-
ply (PS1) and the Agilent E3648A as the drain power supply
(PS2).

3.3. Justification of the NL DUTs Choice
The choice of the two DUTs investigated in the present research
work was strategic to demonstrate the robustness and general
applicability of the developed modeling method. The main fre-
quency specifications of the tested MAs are:

• DUT1 (f01 = 2.4GHz): This DUT represents a com-
mon microwave frequency with a relatively narrowband
design. It serves as a baseline validation under typical con-
ditions.

• DUT2 (f02 = 24GHz/6–30GHz band): This DUT rep-
resents a millimetre-wave frequency with a wideband de-
sign. It presents a more challenging environment with po-
tential for greater dispersion.

By successfully applying our model to amplifiers with different
center frequencies and different bandwidth characteristics, we
provide strong evidence that the methodology is not limited to
a specific device type but is a general technique for GaN am-
plifier NL characterization across relevant RF and millimeter-
wave bands.
The obtained test results are explored in the following sub-

sections.

4. IM3 AND IM5MODEL VALIDATIONWITH GALLIUM
NITRIDE AMPLIFIER DUT1
The results confirming the relevance of the IM3 and IM5 mod-
els with GaN MA DUT1 prototype are investigated in this sec-
tion.

4.1. Single Tone (ST) Test and Characterization Results of Gal-
lium Nitride (GaN) Microwave Amplifier under Study
The photos of packaging and MMIC GaN MA DUT1 expected
to be characterized at f01 = 2.4GHz are presented in Fig. 5(a)
and Fig. 5(b), respectively. The technological characteristics
of considered DUT1 are indicated in Table 2. This DUT was
designed to operate under a nominal gain g(f01) = 38 dB in
the frequency band 2–6GHz.

TABLE 2. Characteristics of DUT1.

Description Characteristics
Technology 250-nm MMIC
Reference INPA-0108-P40A
Drive PA IPA-0206B
Substrate Rogers 4350B

Electrical interconnect Gold Wire Bonding

To carry out the DUT1 ST test, the VSG was adjusted from
the LabVIEW front panel to automatically vary Pin from −35
to 0 dBm.
The following subsection discusses the test results illustrat-

ing the Pout vs Pin power transfer characterization.
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(a)

(b)

FIGURE 6. Ideal, measured, and modelled (a) power (Pout-Pin),
and (b) voltage amplitude (Aout-Ain) characteristics of the GaN MA
DUT1.

4.2. Pin-Pout Power Characterization of the Tested MA
The WNL behavior (WNLB) is illustrated by the Pout-Pin

transfer characteristic power and Aout-Ain amplitude charac-
teristics displayed in Fig. 5(a). Knowing from (2), the output
power of linear MA can be ideally determined by:

Pout,ideal = g × Pin. (21)

Emphatically, the “Ideal”, measured (“Meas.”), and modelled
characteristics are plotted in black solid, red solid, and green
dashed curves in Fig. 6(a), respectively.
Assuming that the SA and DUT1 are well matched, the in-

put and output voltage magnitudes at test frequency f0 can be
calculated from the relationship: Ain(f0) =

√
10

Pin, dBm(f0)+30

10 R0

Aout(f0) =

√
10

Pout, dBm(f0)+30

10 R0

. (22)

The output amplitudes of voltage modeled with the Volterra
series expressed in (1) fit verywell with themeasured ones plot-
ted in Fig. 6(b).
The comparison of modelled and experimental results of

IM3/IMD3 and IM5/IMD5 from the DUT1 is examined in the
following subsection.

4.3. Comparison betweenModeled andMeasured IM3 AND IM5
Results of DUT1

In this case, IM3 and IM5 were modelled in the WNL zone
delimited by P (QL) = −25 dBm and P (QWNL) = −5 dBm.
The MA NL coefficients were extracted by the MATLAB least
mean square optimization procedure for Aout according to
Equation (4). Table 3 shows the extracted MA NL coefficients
ki approximated up to the 7th-order harmonic.

TABLE 3. NL model coefficients of MA DUT1.

Coefficients k1 k3 k5 k7

Value 147 −751 −141 −25

By taking f1 = 2.399GHz and f2 = 2.401GHz, the DUT1
TT test with the automatic test bench described in [7, 8] was per-
formed by varying simultaneously the input amplitudes A1 =
A2 = A from −35 to 0 dBm.
With the extracted coefficients ki, the values of IM3(2f1 −

f2 = 2.397GHz) = IM3(2f2 − f1 = 2.403GHz) and
IM5(3f1−2f2 = 2.395GHz) = IM5(3f2−2f1 = 2.405GHz)
were calculated for P (QL) < Pin ≤ P (QWNL) by using (11)
and (12). The obtained characteristics of the IM3 and IM5
(solid curves) are in a very good agreement with measured
ones (dashed curves) by fixing the SA noise floor to −65 dBm
(Fig. 7(a)). It is worth denote that in the consideredWNL range,
the IM3 and IM5 characteristics increase proportionally to 3Pin

or 5Pin slope when Pin increases. The difference between the
modelled and measured values of max(|IM3model− IM3meas|) <
3 dB and max(|IM5model − IM5meas|) < 5 dB is assessed. The
discrepancies between the computed model and experimenta-
tion can be explained by the GaN MAmemory effect and mea-
surement system errors. Furthermore, the calculated character-
istics IMD3dB = Pout,dB − IM3dB and IMD5dB = Pout,dB −
IM5dB of the DUT1 are displayed in Fig. 7(b) in comparison
with those measured. Typical IMD variation, which decreases
when Pin increases, is observed in the WNL range.
The NL characterization of another MA represented by

DUT2 is explored in the next section.

5. IM3 AND IMD3 MODEL VALIDATION WITH GAL-
LIUM NITRIDE AMPLIFIER DUT2 @ f02 = 24GHz
This section discusses the validation of the developed IMmodel
in millimeter higher frequencies with another GaN MA DUT2.

5.1. MA DUT2 Prototype
The photos of the fabricated and tested GaN MA DUT2 pro-
totype are shown in Fig. 8. It is dedicated to operate around
f02 = 24GHz.
The characteristics of tested DUT2 are addressed in Table 4.

TABLE 4. Characteristics of DUT2.

Description Characteristics
Technology MMIC 150 nm
Reference NC116139C-2128P10
Substrate RO4350C

Electrical interconnect Gold Wire Bonding
Output WR28 waveguide

The MA is intended to operate with gain g(f02) = 44 dB
in the frequency range 6GHz–30GHz. The ST test results are
discussed in the next subsection.

5.2. ST Characterization Test Results of MA DUT2
In the case, DUT2 operates at f02 = 24GHz with ideal gain
g(f02) = 27.7 dB. The obtained ST test results are plotted in
Fig. 9. One can emphasize that the ST was performed by grad-
ually increasing Pin from Pin,min = −20 dBm to Pin,max =
10 dBmwith 1 dBm step. Fig. 9(a) and Fig. 9(b) show the ideal,
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(a) (b)

FIGURE 7. Modelled and measured (a) intermodulation product power (IM3, IM5) in dBm and (b) relative intermodulation distortion (IMD3, IMD5)
in dBc of DUT1.

(a)

(b)

FIGURE 8. Photos of (a) packaging and (b) MMIC GaN MA DUT2 dedicated to operate @ f02 = 24GHz.

measured, andmodelledPout-Pin power and voltage amplitude
characteristics.
The diagram illustrates the WNLB in the Pin range delim-

ited between P (QL) = −20 dBm and P (QWNL) = −3 dBm.
Again, the DUT2 NL coefficients were extracted by the MAT-
LAB optimization procedure in theWNL regime. The obtained
coefficients limited to the 7th-order harmonic are given in Ta-
ble 5.

TABLE 5. NL model coefficients of MA DUT2.

Coefficients k1 k3 k5 k7

Value 149 −1221 4345 −4979

Figure 9(a) compares the Pout-Pin power ST characteris-
tic, illustrating that the calculated output power plotted in red
dashed curve is in very good agreement with experimental re-
sults plotted in cyan solid curve.
The obtained GaN MA IM3 and IMD3 validation results are

discussed in the next subsection.

5.3. Comparison between Modeled and Measured Results of
DUT2

During the TT input signals of DUT2, the amplitudes ofPin(f1)
and Pin(f2) were automatically and gradually increased from
Pin,min = −20 dBm to Pin,max = 10 dBm with 1 dBm step.

The TT output spectrumwithin the frequency band [23.95GHz,
24.05GHz] is displayed in Fig. 10.
The extracted IM3 and IMD3 were displayed in Fig. 11(a)

and Fig. 11(b), respectively. Consequently, the measured (cyan
solid curve) and modelled (red dashed curve) characteristics
of IM3(2f1 − f2 = 23.985 GHz) = IM3(2f2 − f1 =
24.015GHz), which are defined by (9), are plotted in Fig. 11(a)
for the input fundamentals fixed to f1 = 23.995GHz and
f2 = 24.005GHz with the same amplitudes A1 = A2 = A.
In this case, we obtain max(|IM3model − IM3meas|) < 5 dB. The
IM3 increases by about 20 dB when Pin increases to 5 dB. The
DUT2 IMD3 was calculated as IMD3 = Pout− IM3 by adjust-
ing the VSG modulation mode to have the TT signal. The re-
sults highlight that the IMD3 varies from about 17 dB to 55 dB
for DUT2 (Fig. 11(b)).
The potential applications of the developed IMmodel are dis-

cussed in the next section.

6. ANALYSES AND POTENTIAL APPLICATIONS
OF THE DEVELOPED IM3 AND IM5 MODELS OF
MICROWAVE AMPLIFIER NONLINEARITY

After brief comments on the GaN MA NL characteristics, the
potential applications of the developed IM modelling are item-
ized in this section.
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(a)

(b)

FIGURE 9. Comparison of ideal, measured, and modelled (a) Pout-Pin power transfer and (b) voltage amplitude characteristic of GaN MA DUT2.

FIGURE 10. MA output spectrum with Pin = 15 dBm.

(a)
(b)

FIGURE 11. Measured and modelled (a) IM3 and (b) IMD3 characteristics of DUT2.

6.1. Remark and Comment on the Modelled Microwave Ampli-
fier Intermodulation Distortion
Further interpretation and analyses of the previous measure-
ment results and the proposed IM models are commented on
in this subsection. The following remark can be emphasized
from the obtained modeled and experimental results of the un-
derstudied MAs:

• The modelled IMD3 characteristics are in good agreement
with theory, but in practice, they can only be close to mea-
surement due to factors such as signal source and attenua-
tion;

• From the calculated and measured IM3 characteristics
plotted in Fig. 8(a) and Fig. 11(a), one finds that there are
some discrepancies between them, which can be attributed
to the experimental inaccuracies;

• AsPin increases gradually, the DUT1 MAenters theWNL
region. Based on the behavioural plot of Fig. 8(b), the IM3

and IM5 characteristics’ increase rate is greater than the
fundamental component one;

• Moreover, as Pin increases gradually, the IMD3 gradually
decreases when Pout ≈ 40.5 dBm. Therefore, the IMD3
of MA are greater than 50 dBc if Pin < −20 dBm;

• The measured values of the DUT IMD3 and IMD5 charac-
teristics meet the industrial design requirements and cor-
respond to weak NL distortion.

6.2. Comparative Study of the Present Work and Existing Ones
The developedmethod of NL active device modelling and char-
acterization presents certain advantages, notably to facilitate
the design process and minimization of EMI in the Tx-Rx com-
munication system. Compared to the existing ones in the lit-
erature [7, 8], the main advantages are the fact that the pro-
posed modelling methodology enables taking into account the
IM modelling and experimental analyses. The notable advan-
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tages of the study are the ability of the developed model to help
microwave and millimeter wave design engineers in the future.
The carried-out study permits the prediction of the performance
of 5G and 6G Tx-Rx communication system in function of the
NL device.

6.3. Discussion on Potential Applications of the Developed Mi-
crowave Amplifier Intermodulation Model
To avoid the communication quality degradation of RF, mi-
crowave, and mm-wave communication systems, the devel-
oped NL IM model of GaN MA can constitute a particularly
interesting solution. The following items explain the usefulness
of the developed model for MA and communication system de-
signers and manufacturers:

• During the design of microwave active circuits, the NL
model can be used to minimize the unintentional effect on
the communication performance.

• It helps as well to choose the adequate active components,
such as MA constituting the Tx-Rx or front-end chain.

• To reduce the unintentional EMI risk in the multichannel
Tx-Rx communication system.

• Then, such a developed model of DUT IMD3 and IMD5
meets industrial design requirements and corresponds to
weak NL distortion.

7. CONCLUSION
Based on the fundamental mathematical theory of limited ex-
pansion and by considering a positive integer m = 1, 2, 3, ...,
an efficient NL modelling ofmth-order IM associated with MA
was presented. The developed models were analytically de-
veloped based on the Volterra series expression of the output
voltage versus the input one. The Volterra series coefficients
were empirically determined from the ST test of MA prototyp-
ing. Then, the IM(m) powers and their interference with the
fundamental frequencies of the TT test were formulated.
The IM(m) NL model validity was verified with GaN MA

DUTs at two different frequencies 2.4GHz and 24GHz. The
obtained results confirm the possibility to analyze the IM(m)
with the TT experimental in the weak NL zone.
The extension of the developed model by taking into account

the GaNMAmemory effect [18, 19] and also with the three- or
multi-tone tests is currently in progress.
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