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Abstract. The trend towards increasing the energy efficiency of transmitters used in radio
and telecommunications systems focuses the attention of equipment developers on finding
optimal solutions when transitioning from linear power amplifiers (PAs) to amplifiers operating
in switching mode. It is shown in the paper that signal distortion level along with high energy
efficiency must be considered as an important parameter of PA. Reasons of signal distortions
in class E switched-mode PA used in polar architecture transmitters are given. It is shown that
most sufficient distortion is caused by phase shift of the load current, which results from the
nonlinear change of transistors’ output capacitance when amplifying signals with a non-constant
envelope. The results of calculations of the error vector magnitude when using multilevel
spectrally efficient modulation types, in particular quadrature amplitude modulation (QAM)
and amplitude-phase shift keying (APSK), are presented. The results confirmed that for class E
PA the most sufficient type of distortion is phase distortion. The results of analytical model are
confirmed by simulation. It is shown that for 16-QAM at bit error rate = 10~*, the energy loss is
0.5 dB, while for 16-APSK its value increases to 2.2 dB. The results presented in the paper can
be used in the development of signal predistortion methods for switching class E PAs, ensuring
a reduction in signal distortions.

Keywords: switched-mode power amplifier, envelope amplifier, class E, AM/AM, AM/PM, EVM

Citation: Pham H.D., Sorotsky V.A., Treimut N.A. Signal distortion in polar architecture
transmitters using class E RF power amplifiers. Computing, Telecommunications and Control,
2026, Vol. 19, No. 1, Pp. 38—45. DOI: 10.18721/JCSTCS.19104

© Pham H.D., Sorotsky V.A., Treimut N.A., 2026. Published by Peter the Great St. Petersburg Polytechnic University


https://orcid.org/0009-0004-1628-1772

4 Circuits and Systems for Receiving, Transmitting and Signal Processing

Hay4dHasa cTaTbs —(D@
DOI: https://doi.org/10.18721/]JCSTCS.19104 & T
YOK 621.37

HEJIMHEUHbIE UCKAXKEHUA CUTHAJIOB
B YCUJIUTENIAX MOWHOCTMU KNTACCA E, MPUMEHAEMbIX
B TPAHCMUTTEPAX C NMOJIAPHOU APXUTEKTYPOM

X ®am = © , B.A. Copoukut, H.A. Tpetimym

CaHkT-MNeTepbyprcknii NoAnUTEXHUYECKUA yHUBEepcuTeT MNeTpa Benunkoro,
CaHkT-NeTepbypr, Poccuitickaa Pepepauma

= phamduc2511997@gmail.com

AnHoTammaA. TeHIeHIMS K MOBBIIICHUIO SHEPTreTUYeCKOi 3((HEKTUBHOCTU TPAHCMUTTEPOB,
MIPUMEHSIEMBIX B CUCTEMaX PaaudoCBsI3U U TeJEKOMMYHUKaLUi, (hOKyCUpyeT BHUMaHuUe pa3pa-
OOTYMKOB ammapaTypbl Ha TTOMCKE ONTUMAJIbHBIX PEIICHUI TIPU MEepPexoe OT MCIOJIb30BaHUS
JIMTHEWHBIX YCWIMTENIe MOIIHOCTU K YCUJIUTENSIM, pabOTaloOmUM B KITIOUeBOM pexume. B pa-
00Te MmoKa3aHo, YTO IIPU 3TOM HEOOXOAMMO HE TOJBKO OLIEHMBATh JOCTUTAEMBIi BHIUTPHIII I10
KII[I, HO 1 yYUTHIBaTh YBEIMYCHHNE YPOBHS HEJIMHEHHBIX MCKaXXeHWI curHajmoB. PaccMmorpe-
Hbl MEXaHU3MBbl, TIPUBOMISIINE K MOSBICHUIO MCKAXEHUI CUTHAJIOB B YCHJIMTEISIX MOIIHOCTHU
knacca E, mpuMeHsieMbIX B TpaHCMUTTEpax ¢ MOJSPHOUN apxuTektypoii. [TokazaHo, 4to mpu
YCWICHWM CUTHAJIOB ¢ M3MEHSIOIIecsT ornbaronieil Hanbojee 3aMeTHOE BIMSIHUE Ha MCKaXe-
HUE CUTHAJIOB OKa3bIBaeT Mapa3UTHBIN (ha30BbIil CABUT TOKa B HATrpPy3Ke YCWJIMTENS] MOIIHO-
CTH, OOYCITOBIICHHBIIT M3MEHEHNEM BBIXOTHOU eMKOCTHU TpaH3UCTOpa. [IpuBeaecHBI pe3yabTaThl
pacyeToB aMIIATYIBI BEKTOPHOM OMIMOKM IPU UCITOJb30BAaHUU MHOTOYPOBHEBBIX CIICKTPAIh-
HO 3¢ (GEKTUBHBIX BUAOB MOIYJISLIMY, B YaCTHOCTU KBaApaTypHOI aMIUIMTYIHOU MOOYJISIIUMN U
aAMIUIUTYIHO-()a30BOI MOLYJISILIMM, KOTOPbIE TONTBEPAUIN, YTO (ha30Bble UCKAXKEHUST OKa3bl-
BalOT TIpeBajMpylolllee BAUSHUE Ha YXyIIIEHUEe CBOMCTB CUTHAJIOB. DTOT BBIBOJ MOITBEPKIa-
€TCsI pe3y/IbTaTaMy pacyeTa BEpOSITHOCTH OMTOBOM omnbku. [TokazaHo, uro mig 16-QAM npu
BER = 10~* sHepretnueckuii mpourpsiin coctasisiet 0,5 n1b, a st 16-APSK ero 3HaueHue
yBenuumBaeTcst 10 2,2 n1b. IIpencTaBieHHBIE B paboTe pe3yJbTaThl MOTYT OBITH MCIIOJIb30Ba-
HBI TIpY pa3padbOTKe METOMOB MPEeAbICKaXKEHUII CUTHAJIOB B KIIOUEBBIX YCUIUTEISIX MOIIHOCTU
kJacca E, obecrieunBaronnx CHUKeHUE UCKAXKEHUI CUTHAIOB.

KimoueBsbie cioBa: KITII0OUEeBO yCHJIMTENh MOIIHOCTU, YCUIIUTENb oTudaroeii, kiace E, AM/
AM, AM/PM, aMnuTyna BEKTOPHON OIIMOKU
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Introduction

Today the most important tasks for telecommunication and radio systems engineers are data rate
and energy efficiency improvement. However, it is challenging to fulfill both of these tasks. To pro-
vide data rate improvement, signals with different quadrature amplitude modulation (QAM) types are
widely used [1, 6, 13]. These types of signals could be characterized by relatively big constellation size
and high spectral efficiency compared to simple analog modulation or manipulation. Despite positive
qualities, such signals could be characterized with high dynamic ranges, and high distortion sensitiv-
ity. As a result, relatively small nonlinearities in power amplifier (PA) transfer characteristics could
cause severe rise in error vector magnitude (EVM) in the transmitter, as well as in bit error rate (BER).
These circumstances have led to a significant increase in the requirements for the linearity of PAs.

The use of signals with complicated types of modulation, in addition to increasing the PA linearity,
requires its efficiency rising. The main problem here is that amplifying signals with a high peak to
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average power ratios using linear mode PAs usually decreases the efficiency to 25—30% [2, 3] and this
level sufficiently can be increased only by using a switched-mode PA, for example, class E mode [4,
5]. At the same time, it must be remembered that switched-mode PAs are fundamentally nonlinear
and its use may be accompanied by an increase in signal distortion.

In well-known publications devoted to the analysis of class E PA characteristics, the authors limit
themselves to considering the case of a constant voltage in the transistor supply circuit [4, 5, 7, §].
The main attention in these works is paid to providing the conditions necessary to eliminate switching
losses, for example, switching the transistor at zero voltage at the drain-source terminals (zero voltage
switching, ZVS) and zero current in the drain circuit (zero voltage derivative switching, ZVDS). At
the same time, it is obvious that the ZVS and ZVDS conditions can only be implemented at a fixed
frequency and are extremely sensitive to changes in load and supply voltage: any deviations from the
nominal values change the dynamics of the output capacitance charging process, leading not only
to an increase in switching power losses, but also to the appearance of amplitude changes which are
linear distortions for PA. Moreover, if we consider that the output capacitance of the transistor does
not remain constant when the drain voltage changes, as is commonly assumed in well-known class E
models, but changes according to a nonlinear law [9], then it is appropriate to assume the appearance
of phase distortions of the signals.

The purpose of this work is to study the effect of the nonlinear dependence of the output capac-
itance of a transistor on the voltage at the drain-source terminals on the distortion of signals with a
non-constant envelope in a polar architecture transmitter.

Signal distortion estimation when assuming nonlinear output capacitance in class E PA

It is well-known that in order to amplify signals with a non-constant envelope using a switched-
mode PA, the transmitter must be designed in accordance with the polar architecture (Fig. 1). In the
RF channel, the amplitude-limited phase-modulated high-frequency signal S (#) of the original RF
signal S(?), and the envelope channel provides amplification of signal’s envelope Senv(t), which then
enters the power supply chain of the class E PA.

During this work we will assume that the envelope amplifier (EA) does not introduce distortions
into the signal and distortions are caused only by the properties of the class E PA. The equivalent cir-
cuit of PA, taking into account the specifics of its operation as part of a polar architecture transmitter,
is shown in Fig. 2. It has fundamental differences from the well-known class E PA models [4, 5]. As
noted above, the voltage in the drain circuit of the transistor is not constant and its behavior can be
taken into account using the voltage source Vd /(). With this in mind, the output capacitance of the
transistor (the capacitance of the forming contour) is also not fixed and can increase or decrease in
accordance with the law of voltage change V', (¢) [9].

The estimation of nonlinear distortions in the class E PA was carried out in two steps. On the first
one, according to the diagram in Fig. 2, the voltage Vd /() was changed and the amplitude and phase
of the current in the load were fixed. During this measurement, the phase of the load current at the
peak point — when the voltage Vd /(1) reaches the maximum value of Vd 7 max and the PA operates in
soft switching mode with ZVS and ZVDS conditions — was taken as the initial one. A low-pass filter
was used as the load, the parameters of which were determined from the condition for ensuring the
frequency overlap coefficient Kf = j;nax/fmin ~ 1.6 [11]. The evaluation showed that with a decrease in
voltage in the range from 1.0 Vd  max 10 0.1 Vd 7 mae L€ output capacitance of the transistor increases
by 3.9 times.

The amplitude (AM/AM) and amplitude-phase (AM/PM) characteristics of the PA depend on the
relative voltage Vddmax are shown in Figs. 3, 4.

As follows from the analysis of these dependencies, the most noticeable effect of the nonlinearity
of the transistor capacitance in a class E PA in a transmitter with a polar architecture is on the
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Fig. 3. AM/AM characteristic

amplitude-phase response, leading to a noticeable additional phase shift, which, with the indicated
change in the output capacitance of the transistor Cmax/ Cmin = 3.9, reaches 20 degrees.

At the second stage of the research, the EVM was estimated using simulation modeling. During
modelling signals with QAM and amplitude-phase shift keying (APSK) were used. These results are
shown in Table 1. Here, for comparison, the EVM values, calculated analytically using AM/AM (Fig. 3)
and AM/PM (Fig. 4) characteristics are presented.

From the analysis of the results presented in table 1, we can conclude that the difference between
the results of the EVM values obtained on the basis of analytical calculations and by simulation mod-
eling does not exceed 1%. Considering that the analytical approach is much simpler to implement, it

can be recommended as an estimation of the upper boundary of the EVM value.
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Fig. 5. Constellation diagrams of the PA output signal using different constellation sizes
Table 1

EVM for different modulation types

Modulation Analytic model, % Simulation, %
16-QAM 6.77 6.54
64-QAM 8.56 7.89
256-QAM 9.58 8.66
16-APSK 8.15 8.13
64-APSK 8.44 8.67

The impact of nonlinear distortion introduced by the class E PA on the constellation diagram can
be evaluated from the positions of the received signal points for 16-QAM and 64-QAM modulated
signals. These effects are clearly illustrated in the constellation diagrams presented in Fig. 5, which
allow direct visual assessment of the scattering and displacement of the constellation points caused by
the amplifier’s nonlinear behavior.

Analyzing the relative contribution of amplitude and phase distortions in class E PA to the EVM
value, it should be noted that the influence of the second type of distortion is much more noticeable.
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Fig. 7. BER performance of 16-QAM and 16-APSK

This, in particular, can be seen from a comparison of the dependencies in Figs. 3 and 4. A more de-
tailed analysis showed that if it were possible to exclude a parasitic phase shift of the PA output current
due to a change in the transistor capacitance, then in this case the EVM would be much smaller and
amounted 1.82%. This result is in good agreement with diagrams of constellations shown in Fig. 6
corresponding to 16-QAM in the presence and absence of phase distortions.

Let us evaluate the effect of distortion in Class E PA on the probability of BER depending on the
ratio of bit energy to spectral noise density using 16-QAM and 16-APSK signals as examples. The
BER performance is evaluted in a channel with additive white Gaussian noise in the presence and
absence of nonlinear distortions in the PA (Fig. 7).

From the analysis of the diagrams in Fig. 7, it can be seen that at BER = 104, the distortions
introduced by the class E PA in the case of signals with 16-QAM lead to an energy loss of 0.5 dB, and
with 16-APSK, the loss increases to 2.2 dB. The stronger sensitivity of APSK signals to nonlinear dis-
tortions is due to the fundamental structure differences of their constellation’s geometry [12], as well
as the fact that phase distortions have stronger effect than amplitude ones in class E PA.

Conclusion

Summarizing the results obtained in this paper, we note the following:
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1. It is shown that when applying amplifiers operating in switching mode, it is necessary not only
to evaluate the efficiency gain achieved in this case, but also to take into account the increase in the
level of nonlinear signal distortions.

2. One of the main reasons for the increase in the level of nonlinear distortions in the case of
class E PA in a transmitter with a polar architecture is the appearance of a parasitic phase shift of the
load current caused by a change in the output capacitance of the transistor when amplifying signals
with a non-constant envelope. In particular, it is shown that for the GaN transistor used in the study,
the change in the output capacitance of the device can reach 3.9 times, and the parasitic phase shift
caused by this effect reaches 20 degrees.

3. Evaluation of the EVM in class E PA based on analytical approach, as well as using simulation
modeling, showed that both methods provide approximately the same accuracy, moreover, difference
in the EVM value does not exceed 1%. Needless to say, the analytical method is characterized by sig-
nificantly less labor intensity.

4. When assessing the relative contribution of amplitude and phase distortions to the EVM value,
it was found that the second type of distortion is predominant in class E PA. Therefore, in the case of
signals with 16-QAM, the presence of amplitude distortion leads to an EVM value of 1.82%, and in
the case of simultaneous action of both types of distortion, EVM = 6.77%.

5. The results of evaluating the effect of signal distortion in class E PA on the probability of bit
error showed that at BER = 10~ in the case of signals with 16-QAM energy loss is 1.5 dB, and when
using 16-APSK signals, the loss increases to 2.2 dB.
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