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ABSTRACT: The active component nonlinear (NL) effect causes undesirable RF and microwave system electromagnetic interference
(EMI) problems which penalizes the communication system performance by signal distortion. Therefore, a relevant NL component
measurement method is needed to predict the transceiver system EMI effect. However, the NL measurement characterization of RF
and microwave active devices remains a fastidious and time cost task. An innovative NL test bench automatized by LabVIEW®control
interface is featured in this research work. The design technique of the NL test methodology is described. The developed automatic test
bench is tested with a microwave power amplifier (PA) operating at 2.4 GHz based on double-frequency (DF) method. The experimental
test setup including the LabVIEW®test control parametrization and data acquisition is described. The test bench effectiveness was
assessed by the third-order intermodulation (IMD3) PA measurement with DF method. The theoretically calculated and measured IMD3
amplitudes based on DF input signal are in very good correlation. Thanks to its advantages in terms of simplicity, flexibility, and time
cost, the innovative NL automatic test bench is very useful for transceiver system EMI analyses.

1. INTRODUCTION

he future mobile communication system intends to operate

by respecting electromagnetic interference (EMI) compli-
ances by meeting 6G technology requirements [1]. Different
technical challenges are expected with the critical saturation of
operating frequency bands in addition to the electronic equip-
ment density [1-3]. Furthermore, due to the design complex-
ity and environment electromagnetic (EM) pollution, the 5G
Internet-of-Things (IoT) [2] and 6G [3] system designers must
overcome the EM compatibility (EMC) challenges. The sus-
ceptibility of electronic communication systems to interact with
complex EM environment becomes critical and requires rele-
vant EMC investigation [4, 5]. For 6G transceiver (TxRx), the
EMC and EMI design [3] constitutes a real breakthrough for
communication system industries.

Research works on EMI investigation related to microwave
systems and components are still going on to minimize the dras-
tic effect on communication quality. For example, the use of
high-power transmitter (Tx) [6] increases the risk of broad-
band communication EMI over sensitive electronic devices due
to nonlinear (NL) effect [7]. In addition to intense EM radi-
ation, the electronic communication performance may suffer
from NL signal distortion [8, 9]. All these factors require rele-
vant EMI analysis methods for both receiver (Rx) and Tx sys-
tems [10—13]. Moreover, more and more attention of EMC de-
sign researchers has been paid to RF/microwave NL character-
ization topic [14—16]. The NL microwave circuit characteriza-
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tion gains more and more importance [17-24]. Multi-tone sig-
nal tests are particularly useful for TxRx communication sys-
tem EMI assessment due to NL circuit characterization [25].
Some analysis methods [26—30] for more general circuits such
as the widely used harmonic balance [26] and Volterra series
analysis ones [27,28] to solve weak NL circuits have been
developed to solve different NL circuits. A large number of
parasitic responses, including desensitization, blocking, spu-
rious response, high-order intermodulation (IM), cross modu-
lation, and other complex NL effects have been identified for
power amplifiers (PAs) under the common excitation of a vari-
ety of EMI signals [31, 32]. Nonlinearity (NLT) affects the nor-
mal operation of the receiving system by performance degra-
dation [33, 34]. Therefore, accurate NL characteristic measure-
ment of microwave devices as PA [5, 7, 11-13] is needed to deal
with EMI undesirable effects.

To analyze the EMI effect from communication modulated
signal distortion caused by IM, double-frequency (DF) test
method was approved as the most efficient one [11, 24,32, 35—
37]. DF method consists in injecting two or more controllable
harmonic signals into the NL device under test (DUT) [36].
The analysis and processing of DF measurement results enable
the assessment of NL characteristics as third-order IM distor-
tion (IMD3). Nevertheless, DF experimental tests are partic-
ularly fastidious and time-consuming for RF/microwave mea-
surement engineers [11,24,32,35-37]. A relevant method en-
abling the control of measurement instrument and also acquir-
ing the NL characteristics of the power DUT is still needed.
A collect method must integrate the measurement data repre-
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senting the input and output signal parameters. In this way, the
present research work contributes originally to the development
of DF test bench enabling the evaluation of the TxRx EMI from
cross modulation.

The present paper is divided into five sections as follows:

* First, Section 2 explains the methodological investigation
on the automatic test bench of microwave NL active de-
vices. The basic theoretical approach is reminded in order
to highlight the DF method fundamental functionality.

 Section 3 explains the emulation of the different mod-
ules developed to control the innovative automatic NL de-
vice test bench. The schematic diagrams representing the
different input and output interfaces designed with Lab-
VIEW®yvirtual measurement instrument platform are de-
scribed.

+ Section 4 focuses on the testability study of the innova-
tive NL characterization automatic platform. As proof of
concept (POC), NL characterization uses a Gallium Ni-
tride (GaN) PA as DUT elaborated by DF method. The
NL experimentation will explore the IMD3 measurement
test versus input signal frequency and power.

» Section 5 discusses the innovative automatic test bench
with different cases of DF input parametrization. The two
cases of same and different amplitude inputs are consid-
ered. The main advantages of the developed test bench
are also described.

* Last, Section 6 provides the final conclusion.

2. MICROWAVE DEVICE NL AUTOMATIC TEST
METHODOLOGY

The present section introduces the theoretical methodology of
the innovative automatic test bench intended for the microwave
device NL characterization.

2.1. Single-Frequency Harmonic Theoretical Analysis of Two-
Port NL System Response

Figure 1 represents the two-port block diagram of NL network
transfer function. If the network is memoryless, the output can
be expressed as a power series of the ¢-time dependent input
signal v; [13,25,37]:

Vo(t) = Z kv (1) (1)
m=1
where n is theoretically equal to infinity.
v Two-port v
i NL network °
O O
FIGURE 1. Two-port NL network.
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By assuming single tone input v;(t) = A cos(wopt) of carrier
fo = wo/(2m), for linear networks k; = 0 if i > 1, the weak
NL network as the case of the present study is limited to low
order harmonics with n = 3. Therefore, after linearization,
Equation (1) becomes:

Vo(t) 22 Voo+Vo1 cos(wot)+Voz cos(2wot )+Vo3 cos(3wot) (2)

where the harmonic amplitudes are defined by:

Fg A2

VoO = 22
k3 A3
Voo =k A+ 34
3

A2 3)

V02 = 9
| 3k A3

Vo3 - 4

For the case of DF harmonic input, we have IMD3 expressed
in the following subsection.

2.2. Theory on NL IMD3 Component with DF Harmonic Input
Method

For a basic understanding of the DF method, a theoretical ap-
proach is reminded in this subsection. Accordingly, let us con-
sider the case of two-tone (TT) excitation harmonic signal:

v;(t) = Aq cos(wit) + Ag cos(wat) 4

under condition:

w
<< fo= 22

Afiz = fa— fil = o

©)

|wa — wi]
2

After substituting Equation (4) into Equation (1) for n = 3, the
NL output expression in the working frequency band around f;
and f5 can be rewritten as:

kQ(A% + Ag)/Q + klAl cos(wlt)
+ klAQ COS(WQt)
+ kA1 Ay [COS((UQ — wl)t] + k‘3A1/4

Q

Uo(t) ©)

[3(A] + 243) cos(wit)] + k3 Az /4

[3(A3 + 247) cos(wat)] + 3ks Ay Az /4
[Al cos(2w1 — U.}2>t + Ao COS(2W2 — wl)t]

For the case where A; = Ay = A, the previous NL output
expression can be rewritten as:

k2A2 +k1A [cos(wlt) +COS(W2t)]+

'Uo(t) ~ k2A2 [cos(w1 7W2)t] (7)
+ A(ky +9k3 A% /4) [cos(w t) +cos(wat )]+

3ks A/A [cos((2wa — w1 )t +cos((2w1 —ws)t)]
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From the above analysis, it can be seen that when the excitation
signal is a DF excitation signal, the output of the NL network
generates a series of combined frequency components in addi-
tion to the fundamental wave and DC components, namely:

®)
where m, n = { — 1,0, 1,2}, and the m + n sum is the or-
der of the combined frequency w;, . Whether it is a weak NL
circuit or a strong NL circuit, when the input of the circuit is
coupled with the excitation signal, a series of combined fre-
quency components of the excitation signal frequency will be
generated at the output end, which is the basis for judging the
NL circuit. The PA contains a semiconductor device with NL
characteristics, such as triode, and when these devices work in
the NL region or saturation region, the output voltage will show
limiting characteristics, so that the circuit composed of these
devices will produce NLT. Therefore, when a DF signal is in-
put, due to the existence of NLT, in addition to the fundamental
wave, the output of the PA also generates a series of frequency
combination components [13,37], which are the interference
components in the output response of the PA.

Wmn = MW + Nws

2.3. Synoptic Diagram Description of NL Test

The developed NL test bench of PA as DUT operates accord-
ing to the synoptic diagram is depicted by Fig. 2. During the
test, the PA is fed through the constituting field effect transis-
tor (FET) gate and gain by two DC power supplies denoted by
DC-PS; and DC-PS,, respectively.

Gate electrode l ! Drain

FIGURE 2. Synoptic diagram of developed PA NL test bench.

The interface implemented on the personal computer (PC)
to control the NL test constitutes the innovative module of the
test bench. The PC interface systematically drives the VSG
and spectrum analyzer (SA) through an attenuator (Att) in order
to save the input and output signals automatically. The vector
signal generator (VSG) provides the input signals inputted to
the PA. The original design of automatic control is described in
the following section.

3. DESCRIPTION OF THE INNOVATIVE LAB-
VIEW®INTERFACE BASED AUTOMATIC TEST BENCH
FOR NL MICROWAVE DEVICES

The design method of the control panel interfacing and driv-
ing the innovative automatic NL test bench is developed in this
section.
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3.1. General Description

The DF automatic test model used in this paper is aimed to test
the different interval frequencies of the TT signal at a single fre-
quency point (such as 2.4 GHz or 2.5 GHz). The VSG provides
directly the tri-tone signals. The interface control driving the
tri-frequency NL test system developed in this paper is based
on the idea of LabVIEW virtual instrument or graphic program.
The host PC serves for design and development. The complete
test system is composed of standard measurement and control
bus, hoping to have good scalability, ease of use, maintainabil-
ity, reliability, and security. According to the above require-
ments, the main functions of the LabVIEW interface are:

+ Automatic system initialization/calibration;
* Generation of DF graph;
+ Recording, display, and storage of test data;

+ Based on the scalability of the DF automatic test system,
the DF automatic test system can be extended to be used
for multi-frequency test.

The developed original test bench enables technical support for
studying the NL effect influence of transceiver multi-carrier on
power devices and systems in complex EM environments.

3.2. Instrument Control Module

The control of the NL test instrument introduced in Fig. 2 by the
controlling computer is realized based on standard commands
for programmable instruments (SCPI).

The PC emulates and compiles each function module of the
NL test bench operation in series. Then, the designed driver in-
terface of the NL test bench completes the overall command of
the system work by sending and receiving operating signal data
to each module. The VSG providing the input signals and SA
dedicated to visualize the measured signal spectra are selected
as test instruments. During the test, they communicate to the PC
by GPIB acquisition card and USB data line, respectively. In
the system initialization stage, the PC controls the VSG and SA
for frequency setting, power setting, and other operations, as in-
dicated in the schematics displayed by Fig. 3(a) and Fig. 4(b),
respectively. Considering practicality and esthetics, a graph-
ical interface is designed on the front panel of LabVIEW for
both VSG and SA control. The executable front panel of the
automatic NL test bench is schematized in Fig. 4.

Behind the previous interface, specific commands are also
designed for reading and saving data module as described in
the following subsection.

3.3. Read and Save Data Module

After connection of the DUT as illustrated by the synoptic de-
picted by Fig. 2, the NL measurement operates when the instru-
ments VSG, SA, and driver PC constituting the test bench are
running and activated in ON-mode. The LabVIEW schematic
diagram shown in Fig. 5(a) represents the graphic program for
parametrizing the latency corresponding to the time duration
to stabilize and visualize the measured signals. The NL test
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FIGURE 3. LabVIEW schematic diagrams for (a) VSG and (b) SA control.

Signal Generators

% j Wait Time 0 State Free De|ay 0.00s File Name Path 3 (= Spectrum Analyzer

Frequency (100 kHz) % j
:r') 100000 :Vavefcrm Diagram Plot /] Trace Name (1: Trace 1)

a
- T 1 1
Reference Frequency (0 Hz) 0.0017 E !) race

3’-) 0 0.0016- Trace Type (0: Clear Write)
i 9 Clear Write 0

Offset Frequency (0 Hz) 0'0015';
Q 0 0.0014_; :}Start Frequency
'Power Reference (0 dBm) 0.00135 v
9 o 0.0012-5 ; Stop Frequency
E P
Power Offset (0 dB) 000113 Manual Resolution BandWidth
go .é 0001 # 3000000
Attenuator Auto Mode ['I':Enab\e]-‘%T 0'0009-; Input Impedance (0: 50 ohms)
= % 0.0008-~ L] 9 50 0
[} Enable £ :
J < 00007 Reference Level (10 dBm)
"Attenuation Level (115 dB) 0.0006-; Q 10
wjis 0.0005- Reference Level Offset (0 d)
Frequency Spacing (10 kHz) 9 0
410000 0.0004
Start Power 0.0003 Q:V;ase Count (100)
1 b 0.0002 Manual Video BandWidth
Cut-off Power D.OOO'I*; 9 3000000
1dBm 0_: .
R S A i R I A R N A A R A A S L Scale / Division (10 dB)
Step Size 0 1E+8 2E+8 3E+8 4E+8 S5E+8 6E+8 7E+8 BE+8 9E+8 1E+9 1.1E+91.2E+91.3E+91.4E+91.5E+91.6E+91.7E+91.8E+91.9E+9 2E+9 f) =
1dBm L] Frequency/Hz L] :
f@j\ Open ' B end |
FIGURE 4. LabVIEW interface of the developed NL test bed.
achievement must be fulfilled by data reading/saving. The con- * Action 3: The LabVIEW driver reads and saves the oper-
figuration module dedicated to that task is highlighted by the ation data representing the input and output power versus
LabVIEW schematic diagram as displayed in Fig. 5(b), respec- frequency and the test sample sequences.

tively. The main operation objective during the test is to auto-
matically measure the input and output communication signal
spectra by paying attention to the signal amplitudes or power at
the specific test frequencies.
During the test process, the main actions are: The practical operability of the developed NL automatic test
bench is approved in the following section.

* Action 4: Afterwards, all the data is directly saved as a
CSV file according to the input and output signal ampli-
tudes which are represented by powers versus frequencies.

» Action 1: The PC interface controls the used instruments.

Action 2 The NL. meas ... . 4 POC OF GAN PA DESCRIPTION AND SINGLE-
. : urement result visualization is
achieved after consideration of specific delay to set the FREQUENCY NL CHARACTERIZATION

measured signal spectra. The delay must correspond to As POC of the automatic test bench, the NL measurement re-
a period of time to wait for the signal to stabilize. sults of the active microwave device represented by a PA with
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the previously designed test bed are examined in the present
section.

4.1. Choice of the POC Test Frequency Band

As POC of the performed experimental operation test, the
working frequency band was the ISM standard frequency band
which refers to most popular worldwide wireless communi-
cation. The considered standard frequency band centered by
fo = 2.4GHz is largely used in household and commercial
fields, for example, with Bluetooth®technology. To guarantee
the data communication quality in this working frequency band,
it is interesting to analyze the EMI related to the microwave
active component NLT. Therefore, a stronger anti-interference
ability must be ensured during the design phase of electronic
products. The GaN PA DUT investigated in the present section
is designed and implemented in our laboratory. The considered
GaN PA has nominal gain Gain(fy) = 38 dB and is susceptible
to operation in the frequency band between 2 GHz and 6 GHz
locally. Fig. 6 represents a photograph of the PA DUT.
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FIGURE 6. Photograph of the PA DUT.

The experimental setup of the automatic NL test bench with
the PA DUT is described in the following subsection.

4.2. Description of Experimental Setup

The suitable instruments necessary for the experimental setup
proposed in the diagram shown in Fig. 2 were chosen to set
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the NL test bed. The used principal equipment includes Ag-
ilent E8267D VSG, GaN PA as DUT, with attenuation value
of 20 dB Att referenced by 2.92TS20-20-40, Agilent E4447A
spectrometer, Agilent E3632A DC PS;, Agilent E3648A DC
PS5, and several coaxial lines and adapters. Table 1 indicates
the technical specifications of each instrument employed dur-
ing the NL test measurement.

TABLE 1. Specifications of employed instruments for the automatic
NL test bed.

Designation References Specification
PC ThinkPad Equipped Windows 10 OS
and with LabVIEW 20

VSG Agilent E8267D 250kHz-44 GHz

SA Agilent E4447A 3Hz-42.98 GHz
DC PS Agilent E3648A 0-8V,5A/0-20V,2.5A
Agilent E3632A 0-15V,5A/0-30V, 4 A

Attenuator | 2.92TS20-20-40 20dB

A photograph of the overall test bed including all the em-
ployed instruments and the LabVIEW control interface PC is
displayed by Fig. 7. To validate the operability of the NL au-
tomatic test bed, several experiments with single and double
tone signals with the PA DUT were performed. To do this, the
following steps were followed:

* First, check the instruments installation and connection.

* Then, the delay time must take into account some mea-
surement test factors such as the instruments’ reaction
speed generally between 3 and 5 seconds.

+ After the waiting time, the file name and save path are
configured, and click Start collection,

* Finally, after completing collection, click Stop button to
complete a test.

The NL test results with single carrier frequency is discussed in
the following subsection.

4.3. PA Power Series Coefficient Extraction from Single Carrier
Frequency NL Test

To carry out the single tone signal experimentation, the VSG
output was adjusted in the front panel of LabVIEW as seen in
Fig. 5 to fo-carrier frequency and the input signal amplitude
P;,, = 0dBm. The SA screenshot representing the PA out-
put signal spectrum obtained through the automatic NL test bed
with single carrier input signal fj is viewed in Fig. 8. The vi-
sualized output with 5-GHz center frequency and 6-GHz span
takes into account the SA protection 20-dB attenuator.

One can observe the NL effect witnessed by the apparition
of fundamental frequency f; and the corresponding two har-
monics in this spectral plot. Table 2 indicates the values of
these spectral rays of output power frequency position and level
Pout(fo, 2f0, 3f0)-

In fact, the PA NL coefficients were extracted from single
frequency spectrum plotted by Fig. 9 by means of fundamental
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and harmonic output magnitudes V, ,,, = {1,2, 3} defined in
Equation (2). By denoting Ry = 50 €2 the SA input impedance
and associated voltage magnitudes are calculated from relation-
ship:

‘/077” _ \/1OP01Lf,d§)(mf0)R0 (9)
with Ry = 50 2. It should be underlined that because of the SA
frequency band limitation, it is more convenient to consider Vo
to determine ko. The NLT coefficients of the DUT PA can be
determined by inverting the amplitudes of harmonic by means
of Equation (3):

k’ _ 3Vvol - Vo3
T34
2V,
k= =5 (10)
4V03
ks = 34

Further DF NL characterization from the developed automatic
test bed is explored in the following sections.

5. ANALYSES OF IMD3 MEASUREMENT VERSUS
FREQUENCY, INPUT AND OUTPUT POWER AMPLI-
TUDES

The automatic results of IMD3 NL test are characterized in this
section based on the previously described POC. The character-
ization test enables the segregation of zones of weak and strong
NL regions versus the input signal power level. Two different
categories of test were performed with fixed and variable am-
plitudes of harmonic components v; and vy constituting input
signal v;.

5.1. PA Output Spectral Characterization with DF Experimenta-
tion

To validate the DF operability of the original NL test bed, fur-
ther experimentation was performed. During the DF test, the in-
put test signal power was gradually and automatically increased
from Pj;, min = —20dBm to Py, max = 10dBm at an interval
of AP;, = 2dBm, and the frequency interval of the TT signal
was fixed to A f1o = 10 MHz. The obtained result data is read
through the automatic control interface. The PA input signal
is extracted to subtract the long coaxial line loss of the VSG.
The PA RF output signal power is the attenuation value of the
measured peak power superimposed short coaxial line and the
attenuator.

The cartographies of output signal spectra obtained through
NL testing with DF input signals with frequencies f; =
2.395 GHz and f, = 2.405 GHz are shown in Fig. 9.

It is worth to emphasize from the spectrum mapped in
Fig. 9(a) that there is a small signal around f for the DF signal.
The unexpected effect is caused by the impurity of the VSG out-
put. The observed additional signal interferes with other signals
to produce cross-modulation components. It can be seen from
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FIGURE 7. Measurement setup photograph including the LabVIEW control interface.

TABLE 2. Theoretical and experimental single-tone output comparison.

Parameters Name Theory Measurement
fo 2.4 2.40014
Frequency (GHz) 2 fo 4.8 4.8001
3fo 7.2 7.20012
Poui(fo) | Gaings + Pin(fo) = 37.95 37.31
Output power (dBm) Pout(2f0) N/A* 11.61
Pout(3f0) 16.6
A 7.07 6.99
Voltage magnitude (mV) Vol 538 >18.8
Vo2 N/A* 26.9
Vo3 47.8

*N/A: Not applicable

Fig. 10(b) that at the same frequency, the gain of the fundamen-
tal wave and the output power of each component decrease with
the increase of the input power.

5.2. GaN PA IMD3 Analysis Versus Input Power

During the present case of study, the VSG synthesizes TT sig-
nals with frequency interval A fio = 10MHz. Then, the in-
put signal powers P,,+(2f1 — f2) and P,y (2f2 — f1) were
increased linearly from Pj, min = —20dBm to Py max =
10 dBm. The IM3 component power was recorded, and the cor-
responding characteristic representing IMD3 vs P, is plotted
in the left side of Fig. 10. Because of attenuation, the mea-
sured |[IMD3] is slightly different from the theoretical calcu-
lation. When the input signal P;,, = 4 dBm, the IM3 power
reaches the maximum value. The third-order cross modulation
distortion is the difference between the fundamental compo-
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nent and the cross-modulation component. As the input sig-
nal amplitude increases, the PA must operate in the NL region.
Therefore, the third-order cross modulation increasing speed is
greater than that of the fundamental component, and |[IMD3|
decreases. However, |IMD3| increases when the input signal
is large, mainly because the cross-modulation component de-
creases.

5.3. PA NL Analysis Versus Carrier Frequency Interval

The characteristic plots of IMD3| versus P, at different inter-
val frequencies A f1o ={ 100kHz, 1 MHz, 10 MHz, 80 MHz}
is shown in Fig. 11(a). It can be seen that [IMD3| at different
interval frequencies can basically meet the requirements while
the output power is the same. An interval frequency increase
will result in a decrease of [IMD3|. Theoretically, as long as
the conditions of equal amplitude and opposite phase are met,

Www.jpier.org
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[IMD3| can be completely eliminated. However, in the actual
experiment, there will be some third-order crossover distortion,
because the amplitude cannot be exactly equal, and the phase is
completely opposite. Therefore, with the increase of the TT
signal interval frequency, the phase shift value of the signal
changes. The phase shift value change leads to the reduction
of the third-order crossover rejection. As the TT signal fre-
quency interval becomes larger (from 100 kHz to 80 MHz), the
suppression of [IMD3| decreases. This is because the frequency
interval between the two branches of [IMD3| increases.
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Due to the uneven frequency response of the instrument,
it is more difficult for the two branches of third-order cross
modulation distortion to meet the cancellation condition at the
same time, resulting in the decrease of third-order cross modu-
lation suppression degree. The characteristic plot of third-order
cross-modulation rejection and frequency interval is shown in
Fig. 11(b). When P;;,, = —10dBm, the frequency interval is
changed to obtain the signal output response. [IMD3| is calcu-
lated. When the frequency interval is varied between 8 MHz
and 80 MHz, |IMD3| appears around degradation and asymme-
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try, and on behalf of the PA from interval frequency 8§ MHz,
memory effects begin to emerge. Based on memory effect anal-
ysis, when the input is assumed as DF signal, the PA output sig-
nal can be expressed in the function of two-carrier frequency
interval. The PA output signal fundamental wave and each har-
monic will also change accordingly. Therefore, the PA charac-
teristic curve will also change, resulting in the phenomenon of
upper and lower sideband imbalance, which produces a mem-
ory effect which (i) refers to the phenomenon that the NL DUT
characteristics change with time. Meanwhile, the DUT current
state is affected by its previous time [16, 19-21], (ii) reflects
the phenomenon that under the PA same input power, and the
gain, delay and other characteristics change at different times;
(iil) memory effect is caused by the system internal components
generally divided into three categories:

* Electrical memory effect: Inherent property of capaci-
tance and inductance in the working circuit. Here, elec-
trical memory effect is the main source of memory effect
of PA.
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* Electrothermal memory effect: Among them, the electric
heating memory effect is related to the PA heat dissipation
performance, and this effect can be avoided by achieving
good heat dissipation.

» Semiconductor device notch effect [22—24]: It is related to
the design and manufacturing process of the PA, and it is
the characteristic of the PA itself. Mature manufacturing
process can avoid this problem.

6. DF NL TEST WITH TT-INPUT SAME AND DIFFER-
ENT AMPLITUDES

In this case, TT input signals with carrier frequencies f; =
2.3995 GHz and f> = 2.4005 GHz are injected into the PA. The
input amplitude influence on PA NLT is discussed by using the
developed DF method test bed in this section.

6.1. DF NL Test Results with Different Amplitude

Indeed, Table 3 summarizes the value of the IMD. Fig. 12
displays the PA output spectrum with non-equal-amplitude
DF input signal (P;,(f1) = 0dBm, P,,(f2) = —10dBm).
When Pzn(fl) = OdBm, Pin,min(fQ) = =20 dBl’Il, and
Pipomaz(f2) = 0dBm, P,y and |[IMD3| vary in function of
P,,,(f2) as illustrated by Fig. 13(a) and Fig. 13(b), respectively.
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FIGURE 12. Output signal spectrum from DF NL test with different fo
input (Pln(fl) = 0dBm, P;, (f2) =-10 dBm).

TABLE 3. Comparison of calculated and measured IMD3 frequency
values.

IMD3 Theory Measurement
2fifa | 2398.5MHz | 2398.505 MHz
2faf1 | 2401.5MHz | 2401.505 MHz

With the increase of P;,, ( f2), the output amplitude difference
at the fundamental frequency becomes larger, because the com-
ponents in the PA have a certain range of frequency response
characteristics. The IMD3 theoretical model is based on Equa-
tion (6) based on PA output spectrum from single frequency
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FIGURE 13. Comparison of tested and calculated (a) Poy: and (b)
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spectrum plotted by Fig. 8. Fig. 13 confirms the good agree-
ment between the measured and calculated IMD3. kq and k3
corresponding to different input powers were determined from
the TT input signal amplitudes. The theoretical amplitudes cor-
responding to f1, f2, f3, and f; can be calculated. Fig. 13(a)
compares the results from actual test amplitudes. It can be
found that when P;,, (f2) is less than —6 dBm, the difference be-
tween the calculated value and measured value does not exceed
2dB, and the calculated and measured results are consistent
with Equation (2) and highlight the PA weak NL stage. When
P;,,(f2) is more than —6 dBm, the difference between the cal-
culated value and measured value gradually increases, and the
gain of the power amplifier begins to compress. Fig. 13(b) com-
pares the calculated value of IMD3 with the measured value.
When P;,, < —16 dBm, the calculated value of P,,+(2f> — f1)
is different from the measured value, because when the signal is
very small, the error of the third-order intermodulation compo-
nent read on the spectrum analyzer is large. With the increase
of P;,,(f2), the accurate value of the third-order intermodula-
tion component can be obtained, and the calculated value of
P,.+(2f2 — f1) is consistent with the measured value.
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(b) strong (Pin(f1) = 0dBm, Pi,(f2) =
sponses.

—5dBm) PA output re-

6.2. DF NL Test Results with Same Frequency Intervals

As shown in Fig. 14, as P;,,(f2) increases, the PA behaves from
weak to strong NLT which is manifested by the IMD3 reduc-
tion. When reaching the strong NL region, the PA responses
include the IMDS5 and higher-order IMD. Different rays can
be identified from fundamental frequencies by linear combi-
nation. Since the DF signal and its interference components
are theoretically symmetrical, the overall NL responses can be
predicted by analyzing the data on the left side of the funda-
mental rays. It is foreseeable that with the input signal fre-
quency increase, more linear combinations will appear. It im-
plies that more interference components will also be generated.
In more general analysis, even multiple interference compo-
nents can be superposed at one frequency point. Thus, it can
be emphasized that in a complex EM environment, the influ-
ence of multi-carrier input on the PA fundamental frequency
is significant. As shown in Fig. 14, as P;,,(f2) increases, the
PA behaves from weak to strong NLT which is manifested by
the IMD3 reduction. When reaching the strong NL region, the
PA responses include the IMDS and higher-order IMD. The dif-
ferent rays can be identified from fundamental frequencies by
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TABLE 4. The difference between 2 f1 — f2 calculation results and measurements results.

Pin(f2)/dBm | IMD3 calculation results/dBc | IMD3 measurement results/dBc
—18 38.17 34.96
—14 32.56 3243
-8 25.14 26.37
—4 18.95 22.18
0 16.24 20.08

TABLE 5. Advantages of developed RF/microwave NL test method compared to existing ones.

Reference Method Contribution Time cost Operation Amplitude non equal
1] Automatic DF . Dl'T test and ide.ntify i DF N
measurement technique intermodulation
Multi-carrier Obtain multi-carrier .
[21] . Y . - Multi-frequency N
amplitude phase test phases
Load pulling .
[22] Evaluate performance - Multi-frequency N
measurement technology
Tri-fi
[23] r1' reduenicy - Tri-frequency N
signal test Anal ffect
Non-equal amplitude fatyze Memory ellects
[24] . - DF Y
TT signal test
Automatic
. ] Analyze NLT and . Extend to
This paper Double-multi-frequency 5 minutes . Y
memory effects Multi-frequency
test system

linear combination. Since the DF signal and its interference
components are theoretically symmetrical, the overall NL re-
sponses can be predicted by analyzing the data on the left side
of the fundamental rays. It is foreseeable that with the input
signal frequency increase, more linear combinations will ap-
pear. It implies that more interference components will also be
generated. In more general analysis, even multiple interference
components can superpose at one frequency point.

Thus, it can be emphasized that in a complex EM environ-
ment, the influence of multi-carrier input on the PA fundamen-
tal frequency is significant.

6.3. Advantages of the Developed NL Test Bench

A state of the art on the comparison between the proposed work
and other NL test research works of RF/microwave devices and
systems is reported in this subsection. As shown in Table 4,
the developed automatic test bench presents notable benefits.
The automatic testing method is easy to operate and more user-
friendly than manual testing. It can be emphasized that the auto-
matic test system has advantages of cheap time cost, simple op-
eration, possibility to consider different multi-tine amplitudes,
and strong expansibility to higher order IMD characterization.
It can also be used for multi-carrier testing. Compared with
the traditional manual test [11,21-24], the innovative system
automatically injects signals to the tested part through the in-
strument control, saves and analyzes the output response data,
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improves the test efficiency, and enhances the stability. It can
be used to analyze the impact of non-equal amplitude signals
and memory effects on the system. In addition, the test bench
can be potentially used for multi-carrier signal EMI analyses.
The experimental results state the feasibility to use it for 5G
and even future 6G active components, devices and communi-
cation systems.

7. CONCLUSION

An innovative automatic test bench of NL microwave device is
developed based on the design of LabVIEW control interface.
The automatic NL test bench integrates original multifunction
interface as instrument control, data display, storage, and data
processing. The effectiveness of the test bench is approved by a
POC showing NL measurements of GaN PA operating around
carrier frequency fy.

The test results of DF TT signals with same and different
amplitudes have important reference value for evaluating the
EMI and environmental adaptability of the active component
DUT. The GaN PA NL characteristics were quickly reported.
The measured data can be exploited as well for setting subse-
quent NL modeling of RF/microwave components, devices and
communication systems.

Compared to the existing NL measurement tech-
niques [11,19-22], the developed automatic test bench
presents an outstanding efficiency. Indeed, the EMI analysis
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from the developed automatic test bench with respect to the
multi-frequency operation signals enables the evaluation of
the communication quality with multi-carrier modulation in
function of active component NLT.

In the future research, the systematic research of analyzing
and measuring and solving the EMI induced NL characteristics
of RF/microwave system as in 5G and 6G will be investigated.
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