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Abstract. Today, the anywhere, anyhow and anytime appli-
cation scenarios of 5G system force designer to challenge on 
electromagnetic interference (EMI) requirements. Despite the 
technological progress, relevant test techniques are necessary 
to minimize the future communication system EMI risk. In this 
paper, the EMI characterization from nonlinearity (NLT) of 
5G system Gallium Nitride (GaN) power amplifier (PA) is 
studied. Firstly, the PA NLT is evaluated by 1-dB/3-dB/6-dB 
compression point and 3rd-order intermodulation distortion 
(IMD3). Then, a measurement platform is built based on vec-
tor signal generator and EMI receiver including digital mod-
ulation system. According to the adjacent channel leakage ra-
tio (ACLR), error vector magnitude (EVM) and signal-to-
noise ratio (SNR), the EMI characteristics of 3.5-GHz carrier 
signals modulated by 16-Quadrature Amplitude Modulation 
(16-QAM) distorted by the GaN PA NLT are discussed. Due 
to the GaN PA 3rd order intermodulation (IM3) product, the 
SNR degrades from 34.8 dB to 14.6 dB when the input signal 
power increases from –10 dBm to 6 dBm. The EMI effect is 
confirmed by significant signal distortion observed with  
16-QAM constellation diagram. Research work is currently 
ongoing for extending the EMI test technique for 6G commu-
nication system. 

Keywords 
EMI impact, nonlinear characterization, 5G 
communication, 16-QAM, signal distortion, signal-to-
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1. Introduction 
The today vision on wireless communication system 

evolves toward the spreading of 6G technologies [1]. How-
ever, the electromagnetic compatibility (EMC) design re-
searchers have to overcome significant open problems be-
fore the maturity of 6G wireless transceiver (TxRx) [1]. 
Among the emphasized problems, appropriate solution must 
be developed against EMC and EMI challenges [2–4]. Re-
markable EMC analyses of wireless systems were reported 

by estimation the signal-to-noise ratio [5], [6]. It was found 
that the nonlinear (NL) effects of TxRx active components 
as power amplifiers (PAs) constitute one of the main causes 
of radio frequency interference (RFI) [7–9]. For example, 
the out of band signal interference was detected due to am-
plitude-modulation effect [8]. An NL model of EMI-induced 
distortion phenomena was suggested with a circuit consti-
tuted by feedback CMOS operational amplifiers [9], [10]. 
The effect of high-power EMI from switching amplifier op-
erating with digital modulated signal was investigated [11].  

To deal with unintentional RFI issues in the communi-
cation systems, some tentative approaches notably intended 
to the EMI reduction were proposed by exploring spread 
spectrum technique [13] and pseudorandomized carrier fre-
quency modulation [14]. A predictive approach of the im-
pact of magnetic components was introduced for EMI sup-
pression on the PA baseband [15]. Behind the EMI reduction 
approach, the mechanism can be understood more deeply 
with the consideration of NL distortions, in particular, of 
modulated signals [16]. A design methodology of low-dis-
tortion component was introduced [17]. However, the EMI 
effect was performed notably with analysis, modelling, com-
putation and estimations of high-frequency harmonics dis-
tortion from transmitter (Tx) amplifier [18–22]. An innova-
tive approach of intermodulation distortion (IMD) 
estimation is developed with RF component nonlinearities 
(NLTs) [23]. An analysis and design of third-order inter-
modulation (IM3) of a receiver (Rx) function is proposed [24]. 

However, due to real-world complexity and modeling 
limitations, there is a need for more innovative characteriza-
tion methods for nonlinear analysis. For this reason, more 
innovative characteristic approach for NL analysis is neces-
sary for example by taking into account the interaction be-
tween component and system [25]. So far, the EMI-induced 
distortion remains a hot topic in the RF and communication 
engineering [26]. Therefore, the EMC design researchers are 
constantly looking for relevant prediction methods of EMI 
effects cause by the amplifier NLT [27]. An EMI virtual test-
ing of electronic devices was developed according to the 
EMC requirements [28]. Despite the accomplished experi-
mental techniques [29], further improvement of EMC pre-
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compliance testing’s notably to the 5G and 6G TxRx com-
ponents is ongoing.  

The main contributions of the present research work 
are: 

• EMI characterization of a self-developed microwave 
gallium nitride (GaN) power amplifier NLT. 

• The developed test methodology includes P1dB and 
IMD3 evaluation using 16-QAM communication 
signals. The power amplifier IMD3 is characterized by 
a dual-frequency test system [30], [31]. 

• The EMI characterization technique is linked qualita-
tively and quantitatively through the qualitative and 
quantitative links established between the power am-
plifier's IMD3 and the error vector magnitude (EVM). 

The paper is organized in three main sections. Sec-
tion 2 describes the device under test (DUT) which is a GaN 
high PA (HPA) and the NL characterization test plan. The 
single-carrier NL test including the PA gain, 1dB compres-
sion point (P1dB), 3dB compression point (P3dB), 6dB 
compression point (P6dB) efficiency and IMD3 characteri-
zation is explored. Section 3 investigates on the EMI exper-
imental analysis due to the PA NLT based on EVM and sig-
nal-to-noise ratio (SNR) of 5G communication multi-band 
adjacent channels with 16-QAM signals. Then, Section 4 is 
the final conclusion. 

2. Single-Carrier NL Test Characteri-
zation of GaN HPA DUT  
After the PA DUT and employed instruments descrip-

tion, the performed characterization is carried-out at the test 
frequency f0 = 3.5 GHz with stored corresponding data re-
sults available in [42] and examined in the present section. 

2.1 Description of GaN PA DUT and Used 
Instruments 
The present subsection defines the specifications of the 

DUT consisted of Gallium Arsenide (GaAs) driver and GaN 
main amplifiers explored for the NL and EMI characteriza-
tion with 5G communication signals. The perspective view 
and schematic diagram of the GaN HPA DUT are shown in 
Fig. 1(a) and (b), respectively.  

 
(a)                                                     (b) 

Fig. 1. (a) Photograph and (b) schematic diagram of the GaN 
HPA DUT. 

 

Description Parameter Value 
Size Length×Width×Heigth (70 ×60 ×40) mm  

Gate DC bias 
(quiescent current) 

Power +9 V/330 mA 
Dynamic currents 0.4 A–0.6 A 

Drain DC bias 
(quiescent current) 

Power +30 V/670 mA 
Dynamic currents 1.2 A–1.8 A 

Small-signal gain typical value Gsmall 42 dB 
Power gain typical value Glarge 32 dB 
Saturated output power Pout,sat @ Pin = 10 dBm 41 dBm 

Maximum allowed input power Pin,A 14 dBm 
Input/output connectors SMA 3.5 mm (F) 

Bandwidth - 2–6 GHz 

Tab. 1. Specifications of the GAN PA DUT. 

For the present research work, the PA DUT: 

• Was fabricated by using a 250 nm GaN High-electron-
mobility transistor (HEMT) in monolithic microwave 
integrated circuit (MMIC) process; 

• Was packaged and implemented in hybrid microstrip 
board on Rogers4350B substrate as photographed in 
Fig. 1(a); 

• Is a typical broadband high PA chip having 
3.88 mm × 3.49 mm × 0.1 mm physical size that is 
grounded through a metal via hole on the back; 

• Is a two-stage amplification lumped circuit with sche-
matic diagram depicted in Fig. 1(b); 

• Is supplied by VD1 from the drain power port through 
the voltage conversion circuit which protects to gener-
ate the gate voltage VG1, for the first stage block con-
stituted by GaAs PA circuit; 

• Is supplied by VD2 from the drain power port of the 
second stage and through the protection circuit to gen-
erate the gate voltage of the GaN PA circuit;  

• And both GaAS and GaN PA circuits are designed with 
protection circuits, and there is no requirement for the 
power-up timing of the drain of both during power-up. 
The microwave HPA implemented in GaN technology 

was designed and manufactured in order to operate with 
specifications indicated in Tab. 1. 

The DUT operates as a broadband HPA within a mi-
crowave frequency band. 

The DUT is essentially specified by its direct current 
(DC) bias, dynamic currents, small-signal gain, power gain, 
saturated output power and maximum allowed input power. 
The specifications of instruments employed during the test 
are defined in the following subsection. 

2.2 Instrument Test Specifications 
The experiment purpose is the PA NLT assessment by 

means of RF output measurement with a spectrometer. The 
measured NLT result is recorded synchronously in order to 
determine the PA input-output characteristics and to calcu-
late the PA gain. The test was performed by adjusting the 
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vector signal generator (VSG) parameters to change the PA 
RF input. The considered instruments used for the GaN HPA 
test under investigation includes a VSG, attenuator, spec-
trometer and several coaxial cables with adapter whose spec-
ifications are described as follows: 

• The VSG model used in the test is E8267D Agilent ref-
erence which can generate signals from 250 kHz to 
44 GHz and supports both analog and IQ modulation.  

• The E4447A Agilent spectrometer presents up to 
80 MHz analysis bandwidth, +/–0.19 dB absolute am-
plitude accuracy, –168 dBm Displayed Average Noise 
Level (DANL), –118 dBc/Hz phase noise at 10 kHz 
bias, and 81 dBW-Code Division Multiple Access 
(CDMA) ACLR dynamic range, it supports measure-
ments of complex RF and microwave signals from 3 Hz 
to 42.98 GHz. 

• And the 2.92TS20-20-40 attenuator was used with  
20-dB attenuation, DC to 40 GHz frequency range and 
a 20 W power rating. 

In on-state, the PA is fed by two different DC power 
supplies (PSs) with 9-VDC for the Gallium Arsenide (GaAs) 
driver amplifier and 30-VDC. The first voltage source refer-
enced by E3648A Agilent DC 50-W PS provides DC power 
up to voltage-current (5 V, 9 A) and (20 V, 2.5 A). The other 
source referenced by Agilent E3632A DC PS, rated at 
120 W, provides a maximum output of voltage-current 
(15 V, 7 A) and (30 V, 4 A). 

2.3 PA NL Experimental Setup 
The experimentation was performed by paying atten-

tion on the attenuation and loss affecting the measured PA 
output signal power. 

Before the test, the vector network analyzer (VNA) 
was connected to the attenuator used to avoid its saturation 
through coaxial lines. The measurement of PA input and out-
put signal powers takes into account the coaxial line loss at 
both ends and the output attenuation. The block diagram 
dedicated to the attenuation measurement of the considered 
attenuator and PA RF coaxial line loss is shown in Fig. 2(a). 
The attenuator connected to the long and short cables speci-
fied within different input power ranges as addressed in 
Tab. 2 has a slight difference in attenuation at different input 
powers. 

In order to ensure the overall test accuracy, the induced 
losses are removed after the final test. The block diagram of 
the GaN PA input-output NL test is drawn in Fig. 2(b). The 
single-carrier signal NL test experimental setup is illustrated 
by the view of Fig. 2(c). 
 

Input power (dBm) –30 to –12 –10 to –2 0 to 8 10 
Long coaxial cable 

(dB) 0.97 0.96 0.96 1 

Attenuator + short 
coaxial cable (dB) 19.88 19.87 19.86 19.87 

Tab. 2. Specifications of employed coaxial cables and 
attenuator. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. (a) Attenuation measurement diagram including 
interconnection coaxial lines, (b) test block diagram and 
(c) test setup of PA input-output power. 

The NL characteristics obtained from the measured PA 
input-output data are examined in the next subsection. 

2.4 Discussion on PA RF Input-Output 
Results 
The RF characteristics of the power amplifier were 

tested within the passband (2–6 GHz) and spanning 40 MHz 
by injecting signals with powers ranging from –30 dBm to 
10 dBm into the PA and measuring them at 2 dBm intervals.  

The first step in wireless single-carrier testing focuses 
on evaluating the Input-Output characteristics of the PA 
shown in Fig. 3(a) over the passband range. 

When the input signal power Pin is varied from 
Pin,min = –30 dBm ≤ Pin ≤ –10 dBm, the PA operates in the 
linear region. However, for Pin > –10 dBm, the PA input and 
output characteristic slope becomes been less than 1. The 
behavior indicates when from Pin > –10 dBm, the DUT GaN 
PA operates in the NL amplification area. Figure 3(b) shows 
the PA gain and Figure 3(c) shows efficiency with the input-
output power characteristic. 
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(a) 

 
(b) 

 
(c) 

Fig. 3. (a) PA input-output characteristic, (b) plot of gain and 
(c) efficiency versus output power. 

In this case, the efficiency is defined by the ratio of the 
PA output RF to DC power. The efficiency of a power ampli-
fier indicates how efficiently it converts energy from DC to 
RF. From Fig. 3, the linear gain of the power amplifier is 
45.5 dB, the saturation power reaches 40.5 dBm, and the sat-
uration efficiency reaches 26.9% when the operating fre-
quency is f0 = 3.5 GHz because this frequency belongs to 5G 
communication in China. We would like to underline that 
5 GHz response shown in Fig. 3 looks far away from {2, 3, 
3.5, 4, 6} GHz because globally of parasitic effects related to 
the interface mismatching and also the electrical interconnect 
probable resonance frequencies. During the test at a certain 
frequency, as the input power continues to change, the drain 
current will also change, by waiting for the DC PS E3632A 
display to stabilize, and record the drain current values. 

2.5 IMD3 Characterization Test Results with 
Two-Tone Signal 
The VSG operation mode was configured to provide 

with two-tone input signal with carriers f1 and f2. During the 

NL test, the VSG output was linearly increased from 
Pin,min = –20 dBm ≤ Pin ≤ Pin,max = 10 dBm until the IMD3 
was observed by the spectrometer. In this study case, the ex-
pected theoretical and measured spectral power frequencies 
indicated in Tab. 3 was recorded by using spectrometer 
marker. The HPA measured IMD3 from the test data is dis-
played in Fig. 4(a).  

The IMD3 distortion is defined by the difference be-
tween the fundamental components, f1 and f2, and the IM3 
components, 2f1 – f2 and 2f2 – f1. By increasing the PA input 
power from Pin,min during the experimentation, the NL region 
appears. The IMD3 increases with the rate greater than the 
fundamental component rate increase. 

Thus, it can be seen from Fig. 4(a) that IMD3 decreases 
as the power of the input signal gradually increases. Espe-
cially in the nonlinear region, IMD3 remains low, which  
is mainly due to the fact that the IM3 component increases 
 

Type Parameter Theory Measurement 

Fundamental |f1 – f0| 5 MHz 5.19 MHz 
|f2 – f0| 5 MHz 5.06 MHz 

IMD3 |(2f1 – f2) – f0| 15 MHz 15.19 MHz 
|(2f2 – f1) – f0| 15 MHz 15.04 MHz 

Tab. 3. Calculated vs measured fundamental & harmonic 
frequencies. 

 
(a) 

 
(b) 

Fig. 4. (a) IMD3 and (b) NL characteristics vs Pin. 
 

Designation Parameter Measured value 
Linear gain G 45.5 dB 

Power saturation Psat 40.5 dBm 
Saturation power η 26.9% 

1-dB compression point P1dB 34.6 dBm 
3-dB compression point P3dB 37.9 dBm 
6-dB compression point P6dB 40.1 dBm 
3rd order intercept point  (IP3, OP3) (5 dBm, 49.78 dBm) 

Tab. 4. NL characteristics of the GaN PA DUT. 
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faster in this region. However, when the PA enters the satu-
rated operating region, due to the clipping effect, some of 
the cross-modulation products are weakened, and the IMD3 
can pick up. The NL characteristics are plotted by Fig. 4(b). 

After analysis of this experimental result, the linear 
gain G = dB(Pout/Pin), saturation power Psat, saturation effi-
ciency η, P1dB, P3dB, P6dB and the 3rd order intercept point 
(IP3) of GaN HPA are quantified. The DUT empirical NL 
characteristics are addressed by Tab. 4. More importantly, 
the main parameter susceptible to play on the Tx EMI is the 
third-order cross-modulation rejection which is evaluated 
below IMD3min = 24.5 dB in the NL region. It is keen to 
quantify the 5G TxRx communication performance degra-
dation due to the unwanted EMI caused by the GaN PA NL 
effect. 

3. EMI Impact Due to the GaN HPA 
NLT on the 5G TxRx Communica-
tion 
The GaN HPA NLT impact on the performance of 5G 

communication performance is investigated in this section. 
The EMI characteristic is assessed via ACLR, EVM and 
SNR with respect to the 3GPP EMC compliance standard 
using 16-QAM communication signal having carrier fre-
quency f0 with stored data results available in [42]. 

3.1 Test Instrument and EMI Platform Test 
Description 
The experimental study revealing the EMI due to the 

GaN HPA NLT is examined in this section by using VSG 
and signal analyzer (SA) instrument. The EMI characteriza-
tion under investigation is based on the use of Qingling 
Technology QL6711 vector signal (VS) TxRx analyzer pho-
tographed in Fig. 5(a). Carrier single wave signals with 
a center frequency of 3.5 GHz, power of –10 dBm~8 dBm, 
and code rate of 1 Msps were generated using the 
MSG2000A, respectively, and demodulated by Signal Ana-
lyzer after 16-QAM modulation, and then the demodulated 
signal parameters were analyzed. The TxRx VSA was mon-
itored by MSG2000A carrier signal compilation, Figure 5(b) 
shows the compiler software interface. As shown in 
Fig. 5(b), the signal compilation software can display a se-
ries of information such as constellation diagram, eye dia-
gram, power spectrum in terms of EVM of the demodulated 
signal. 

This software’s analysis enables to monitor the modu-
lation/demodulation experiments with 16-QAM 5G commu-
nication signals with respect to 3GPP standard. The synoptic 
of the EMI experimentation test setup is illustrated by 
Fig. 6(a). The QL6711 VS provides different output signals 
with carrier frequencies f0 and amplitude from minimum  
–10 dBm to maximum 6 dBm injected to the HPA. In this 
case, the input signal is injected to the QL6711 SA modula-
tion module from its RF input port. Then, the EMI results 
correspond to the modulated EVM and ACPR spectrum of 

the input and output signals recorded after 16-QAM modu-
lation. The overview of the performed EMI characterization 
platform is photographed in Fig. 6(b). The EMI test opera-
tion mode with respect to 5G communication is described as: 

• After compiling the configuration file from the 
MSG2000A carrier signal, it was imported into the SA 
software, and the modulation mode was set to 16-QAM 
to test the communication before and after the system 
was connected to the PA. 

• The initial signal power is –10 dBm, the step is 2 dBm, 
and the cut-off power is 8 dBm. Set the SA to observe 
the information such as signal type, resolution band-
width, span width, reference level, etc.  

• Then, in the final process, observe the changes of the 
SA constellation diagram, spectrum, etc., and obtain 
the experimented data. 

Figure 7 shows the ACLR monitored by the experi-
mental platform. Figures 7(a) and (b) show the ACLR at the 
input of –10 dBm and 0 dBm signals, respectively, and it can 
be seen that the power of the latter's neighboring channel is 
significantly higher than that of the former, which is pre-
cisely due to the nonlinearity of the PA. 

 
(a) 

 
(b) 

Fig. 5. (a) QL6711 TxRx VSA; (b) Screenshot of JiuJin vector 
signal analysis digital demodulation. 

 
(a) 
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(b) 

Fig. 6. (a) Synoptic diagram with respect to 3GPP EMC com-
pliance standard and (b) photo of 5G communication 
EMI test platform. 

 
(a) 

 
(b) 

Fig. 7. ACLR with f0-carrier 16-QAM modulation communi-
cation signal with (a) Pin = –10 dBm and 
(b) Pin = 0 dBm. 

3.2 EMI Influence on Tx Power 
The EMI experiment includes the GaN HPA NLT ef-

fect on the 16-QAM communication quality of 5G TxRx. 
The PA NLT influence on the communication system Tx 
power was measured by using FSW85 SA to modulate and 
demodulate the single-carrier signal with center frequency f0 
and 1-Msps bit rate. The 16-QAM test Tx power is shown in 
Fig. 8. 

From Fig. 8, it can be seen that the communication sys-
tem Tx power exhibits characteristics that match the ampli-
fier nonlinearities derived in Sec. 2.5 (Fig. 4(b)). The 
Loaded Amplifier Mode (LAM) operates from –10 dBm, the 
signal starts to be amplified by the NL and transmits a signal 
power greater than that of the Direct Connection Mode 
(DCM) at Pin < 0 dBm, while the PA reaches saturation at 
Pin = 4 dBm. 

3.3 EMI Impact on 5G TxRx Communication 
ACLR 
In this case of study, a single-carrier signal f0, input 

power of –10 dBm~8 dBm, and code rate of 1-Msps was 

generated using the MSG2000A. The ACLR performance of 
the tested signal plotted in Fig. 9(a) was observed by the SA 
after 16-QAM modulation without and with PA DUT, 
demonstrating the signal leakage below and above the neigh-
boring channels on both sides of the main channel. Table 5 
shows the total carrier and neighboring channel power of 
TxRx communication under 16-QAM modulation after 
DCM and with PA by considering different Pin. 

 
Fig. 8. Tx power with 16-QAM modulation. 

 
(a) 

 
(b) 

 
(c) 

Fig. 9. (a) ACLR 16-QAM modulation @ f0, and spectrum of 
(b) DCM and (c) LAM. 
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Modulation Input (dBm) DCM (dBm) LAM (dBm) 

Total carrier 

–10 15.78 18.38 
–4 7.25 11.31 
2 1.22 7.17 
6 5.99 6.74 

Neighborhood 

–10 69.71 67.53 
–4 65.68 51.89 
2 59.01 42.09 
6 23.17 30.46 

Tab. 5. Carrier and neighbor power (in dBm) in 16-QAM 
modulation TxRx communication with f0-carrier. 

From the PA input and output characteristics, it can be 
seen that the amplifier enters the NL region at Pin =  
–10 dBm, at which time the IM3 component has already ap-
peared, and as the input signal rises, the gain gradually de-
creases, the suppression of the IM3 component becomes 
weaker, and the communication signal begins to show dete-
rioration phenomena. From the comparative analysis of 
Fig. 9(b) and Fig. 9(c), it can be seen that the LAM has a sig-
nificant deterioration in the ACLR at various input powers 
compared to the DCM. It can literally be emphasized that the 
LAM no longer meets the communication standard when 
Pin > –3 dBm. Figure 9(c) shows the signal spectrum at dif-
ferent input powers. In the DCM, when Pin ≤ 4 dBm, the 
neighbor-channel suppression ratio is large. Nevertheless, 
when Pin ≥ 6 dBm, the neighbor-channel suppression ratio 
decreases sharply. In the LAM, the neighboring channel 
power starts to show an increase at the beginning –10 dBm. 

Hence, as Pin rises, the neighboring channel power 
rises with it, and when Pin > 0 dBm, the total power of the 
carrier rises very slowly, while the neighboring channel 
power rises faster. This phenomenon shows that the PA NLT 
will reduce the 5G TxRx communication ACLR. 

3.4 Analysis of EVM and SNR 
The signal modulation accuracy reflects the 5G com-

munication system overall performance, which integrates 
the effects of I/Q imbalance, NL distortion, phase noise, flat-
ness and other factors on the signal quality. In the modula-
tion accuracy test, the EVM deterioration degree of a single-
carrier signal by a PA is measured. A single-carrier signal f0, 
a power ranging from –10 dBm to 8 dBm, and a code rate of 
1 Msps is generated and demodulated by the SA.  

The EVM and SNR performance of the test signal cor-
responding to third-order cross-modulation suppression is 
given in Tab. 6. As shown in Fig. 10(a), in DCM, the EVM 
increases with the increase of input signal power. When the 
input signal is lower than 6 dBm, the EVM is below the limit 
of 3GPP communication standard (3GPP TS 2023), whereas 
when the input signal is larger than 6 dBm, the EVM ex-
ceeds the limit of 3GPP communication standard (3GPP TS 
2023) [35] and rises sharply due to the influence of noise 
such as the NLT of the VSG. 

The EVM in LAM mode is significantly higher than 
DCM due to the gradual weakening of the PA IMD3 perfor-
mance. The amplifier gradually goes into saturation when 
the input signal is equal to 0 dBm, at which point IMD3 
 

Pin(dBm) IMD3 (dBc) EVMLAM (%) SNRLAM (dB) 
–10 24.57 1.65 34.18 
–8 22.34 2.78 30.27 
–6 20.57 4.95 25.60 
–4 18.68 6.82 22.86 
–2 17.03 9.38 20.07 
0 15.59 12.58 17.52 
2 16.2 15.07 15.43 
4 19.26 16.79 14.43 

Tab. 6. EVM and SNR with 16-QAM modulation. 

 
(a) 

 
(b) 

Fig. 10. Experimented 16-QAM modulation: (a) EVM and (b) SNR 
versus Pin. 

reaches 15.59 dBc and EVM approaches the standard limit 
of 12.5%. This indicates that the signal quality deteriorates 
significantly, with large phase and amplitude errors, leading 
to more difficult symbol differentiation during demodula-
tion and a significant increase in the bit-error-ratio (BER), 
which seriously affects the communication performance. 
When the input signal is higher than 0 dBm, the amplifier 
operates in the saturation region, and at this time, although 
the IMD3 is elevated due to the clipping effect, it introduces 
additional harmonic distortion and loss of dynamic range, 
and therefore the EVM is still rising. 

By denoting PAPR the peak-to-average power ratio of 
the test signal after modulation, the SNR versus EVM is 
given by (1) [33]: 

 dB 10
rms

100SNR 20log .
EVM

 
=  

 
 (1) 

In the GaN HPA NLT EMI experiment on 5G TxRx 
communication quality, the effect of the PA on the transmis-
sion power of the communication system was measured by 
modulating and demodulating single carrier signal f0 using 
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FSW85 SA. The signal-to-noise performance of the test sig-
nals is shown in Tab. 6. As can be seen in Fig. 10(b), in the 
DCM, the SNR decreases with the increase of the input sig-
nal power. When the input signal is less than or equal to 
2 dBm, the SNR of 16-QAM modulation is about 40 dB, ac-
cording to the approximate equation of BER (2) [33]: 

 linearSNR3BER erfc
2 10

 
≈ ⋅   

 
 (2) 

where erfc(x) is complementary error function, SNRlinear is 
a linear representation of SNRdB. At this time, the corre-
sponding BER is almost 0, and the communication quality is 
excellent. When the input signal is greater than 2 dBm, the 
signal-to-noise ratio drops dramatically. 

Similar to the performance of EVM, the SNR of LAM 
is lower than that of DCM; however, unlike the stable SNR 
level of DCM, the SNR of LAM mode shows a gradual de-
crease as the nonlinearity of the power amplifier increases. 
When IMD3 is 15.59 dBc, the SNR is 17.52 dB, and accord-
ing to (2), the corresponding BER is 1.55×10–4, at which 
time the performance of the communication link is de-
graded, and data transmission errors occur frequently. 

3.5 Constellation Diagram Analysis 
The EMI impact on the 5G communication was as-

sessed by comparing the constellation I-Q diagram of the 
TxRx system in DCM and LAM. The measured constella-
tion diagrams under 16-QAM communication for input 
powers Pin = {–10, –4, 0, 4, 6} dBm are revealed in Figs. 11. 
In DCM mode, the constellation points are exactly located 
near the symbol mapping points at Pin = {–10, –4, 0, 
4} dBm, which indicates that the signal is stable in ampli-
tude and phase, and less affected by noise and interference, 
and the modulation and demodulation process is accurate. 
Similar to the performance in the previous section, in LAM 
mode, when the input signal is 0 dBm, at which time the 
IMD3 is 15.59 dBc, the constellation diagram disperses sig-
nificantly and begins to overshoot from square to round, 
which is due to amplitude compression and phase distortion 
caused by the nonlinear distortion, thus distorting the con-
stellation diagram. In addition, DCM and LAM mode  
64-QAM modulation EMI constellation diagram at Pin = 

{–10, –4, 0, 4, 6} dBm are plotted in Fig. 12. It can be clearly 
seen that the dispersion of the constellation diagrams of  
64-QAM is more sensitive to the amplifier nonlinearity. 
Therefore, as the distortion increases, the constellation 
points are no longer concentrated on their respective square 
grids, but are distributed more randomly and tend to be 
circular. This indicates that it will be accompanied by higher 
BER and poorer communication performance. 

3.6 Summary Expansion and Discussion of 
EMI Characterization Performance 
Compared to Existing Literature 
In response to the above results, we make the following 

summaries and extensions. 

QAM is a modulation method that uses both amplitude 
and phase to represent digital information. Nonlinearity of 
power amplifiers can cause distortion in both the amplitude 
and phase of signals simultaneously. This joint distortion of 
amplitude and phase can seriously affect the demodulation 
of signals at the receiving end. The receiving end needs to 
judge the transmitted digital information according to the 
amplitude and phase of the received signal. However, due to 
the distortion caused by the nonlinearity of the power ampli-
fier, the receiving end may not be able to accurately identify 
the position of the signal points, resulting in an increase in 
the bit error rate. 

Not only does the nonlinearity of the power amplifier 
increase the bit error rate, but it also reduces the quality of 
the QAM signal, manifested as a decrease in the signal-to-
noise ratio and closure of the eye diagram. For example, 
when observing the eye diagram of a QAM signal, due to the 
influence of the nonlinearity of the power amplifier, the 
opening degree of the eye diagram will become smaller or 
even completely closed, which means that the margin for de-
modulation at the receiving end is reduced and bit errors are 
more likely to occur. 

In addition, the nonlinearity of the power amplifier also 
affects the spectral efficiency of the QAM system. The 
QAM system achieves high spectral efficiency by transmit-
ting more signal points within a limited bandwidth. How-
ever, the distortion caused by the nonlinearity of the power  

 

Ref. Communication system EMI type PA characteristic Parameters discussed Method of implementation 

[34] LTE NL PA - EVM, ACLR and PAPR Measurements and 
simulations 

[35] Digital modulation system 
(DMS) 64-QAM NL PA - Constellation diagram and 

BER Simulations 

[36] Digital modulation system 
(DMS) QPSK 

Low- and high-power 
continuous EM wave - EVM and constellation 

diagram Measurement 

[37] Cognitive Radio Networks NL PA - SNR and ACI Simulations 

[38] Terrestrial trunked radio Intentional EMI - BER Measurement 

[39] Multi-tone simultaneous wireless 
information and power transfer NL PA - Symbol-error-rate Simulations 

This 
work 

Digital modulation system 
(DMS) 16-QAM NL GaN PA Self-developed/GaN 

/2 GHz–6 GHz 
EVM, ACLR, SNR and 
Constellation diagram Measurement 

Tab. 7. Performance comparison of TxRx communication EMI tests. 
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          (a)                                                         (b)                                                         (c)                                                           (d) 

 
          (e)                                                         (f)                                                         (g)                                                           (h) 

 
      (i)                                                         (j) 

Fig. 11. Signal constellation diagram under 16-QAM modulation: in DCM: Pin = {(a) –10, (c) –4, (e) 0, (g) 4, (i) 6} dBm and  
LAM Pin = {(b) –10, (d) –4, (f) 0, (h) 4, (j) 6} dBm. 

 
          (a)                                                         (b)                                                         (c)                                                           (d) 

 
          (e)                                                         (f)                                                         (g)                                                           (h) 

 
      (i)                                                         (j) 

Fig. 12. Signal constellation diagram under 64-QAM modulation in DCM Pin={(a) –10, (c) –4, (e) 0, (g) 4, (i) 6} dBm and  
LAM Pin={(b) –10, (d) –4, (f) 0, (h) 4, (j) 6} dBm. 

 
amplifier reduces the distinguishability between signal 
points, requiring more guard intervals and error correction 
coding, thereby reducing the actual spectral efficiency. For 
example, in a 64-QAM system with a theoretical spectral ef-
ficiency of up to 6 bits/Hz, due to the influence of the non-
linearity of the power amplifier, the actual spectral effi-
ciency may only be 4–5 bits/Hz. 

The EMI characterization tests developed offer consid-
erable advantages to the EMC engineer over the existing 
work presented in [34–39]. Table 7 shows a quantitative 

comparison of the performance of EMI testing techniques. 
The performance of the NL effect of the TxRx element was 
evaluated based on the type of communication system, the 
type of EMI, the manufacturing process or characteristics of 
the amplifier, the system parameters discussed, and the study 
methodology. 

In the context of wideband GaN amplifiers developed 
in-house, which are widely used in 5G communications, a 
testbed is constructed and the impact of the proposed GaN 
amplifiers on the system under digitally modulated 16-QAM 
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is discussed, and the performances of EVM, ACLR, SNR, 
and constellation diagrams are analyzed. Compared to the 
listed literature, the paper has significant advantages in 
terms of background practical urgency, self-development of 
broadband GaN amplifiers, parameter diversity, and sim-
plicity of operation in higher-order modulation modes. 

4. Conclusion 
An experimental technique on EMI impact assessment 

of TxRx active components on 5G communication is inves-
tigated. The tested DUT is represented by a GaN HPA spec-
ified by 45 dB linear gain at operating frequency f0. The NL 
characteristics of the HPA were elaborated from single- and 
double-carrier tests. The turning point of the PA input-out-
put curve @ f0 occurs at Pin = –10 dBm. The P1dB compres-
sion point is approximately at an input signal level of  
–9 dBm. Within the PA tolerance range, the maximum 
output power is 40.5 dBm. The IMD3 was quantified by 
a dual-tone input signal at carrier-frequencies f1 and f2, 
MATLAB was employed to process specific data. 

With 5G communication signal operating frequency @ f0 
with 16-QAM, we state the following conclusion: 

• In DCM: The EVM of various channels (signals) fluc-
tuates within a small range. The internal demodulation 
reference signal shows optimized EVM and SNR. The 
SNR peak in the downstream channel reaches 39.6 dB. 
The communication quality is good in DCM. The 
points on the constellation diagram are accurately lo-
cated near the symbol mapping points. 

• In LAM: When the PA operates in the linear region, 
the EVM and SNR fluctuate smoothly. However, when 
the PA operates in the NL region and the IMD3 com-
ponents becomes significant, the EVM of the signal 
gradually increases at a fast rate, and the SNR de-
creases linearly. Eventually, SNR drops below 20 dB, 
indicating a substantial presence of noise and interfer-
ence in the communication channel. The points on the 
constellation diagram are affected, spreading, shifting, 
or deforming. The relative distance between the points 
and the symbol mapping points increases, leading to 
larger phase errors and rapid degradation in communi-
cation quality. 

The developed test technique will be applicable to the 
next step of higher order M-QAM modulation in order to 
easily split the effect of GaN amplifiers on different modu-
lation modes under the same platform and will be further 
discussed as an example in 5G multicarrier communication 
scenarios, useful for RFI analysis of 6G future communica-
tion systems. In the continuation of the present study, the 
EMI reduction for NL RF components will be added to the 
multipath channel interference based on the use of negative 
group delay method [40], [41]. 
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