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Abstract. The work considers an analysis of nonlinear distortions in a class G power amplifier
and an analysis of an envelope tracking power amplifier with a proposed combined envelope
amplifier scheme for LTE cellular base stations. Both considered envelope amplifier schemes
feature an additional shaping function to compensate for the AM-AM conversion of the power
amplifier, as well as DPD correction for the AM-PM conversion of the amplifier. The analysis
results showed that switching between 18 supply voltage levels in the class G power amplifier
allows achieving an ACPR characteristic of the output LTE signal at an acceptable level of
—50 dBc. Simulation has proved that a standard predistortion technique based on LUT or a
Volterra series can be applied to a class G power amplifier at N = 18. The number of supply
voltage levels can be reduced to N = 10 using the proposed combined scheme or by applying
additional voltage supply filtration of the envelope amplifier.
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AnHoramusi. B paboTe mokazaH aHaqiu3 HEJIMHEWHBIX UCKAaXEHUU YCUTUTENsT MOUIHOCTHU
kiacca G M yCUJIUTENsI MOIIIHOCTU C HEINPEepbIBHBIM OTCJEXMBaHUEM Orubarolieil Ha OCHOBE
MpeITOXEHHO KOMOMHUPOBAHHOW CXeMbl YCUJIMTENST Oruodarolieit Ajisi 0a30BbIX CTaHIIUIA CO-
TOBOI cBsA3U ctaHaapTa LTE. O6e paccMOTpeHHbIE CXEMbI YCUIUTEE orudarolieit UMetoT 10-
MOJIHUTEJIbHYIO (hOPMUPYIOLIYI0 PYHKIUIO 1S KoMIieHcauu AM-AM KOHBepCUU YCUITUTEIS
MoutHocTH, a Takke DPD koppekunio AM-®M koHuBepcum ycunutens. Pe3yabraTel aHaim3a
MOKa3ajau, 4TOo KOMMYTAlUsl MeX1y 18 ypoBHSIMU HAIpsDKEHUs MUTAHUSI B YCUJIMTENE MOII-
Hoctu kjacca G mosBossieTcss moayduTh xapakrtepuctuky ACPR BeixogHoro LTE-curnana
Ha momyctuMmoM ypoBHe —50 nbH. MonennpoBaHrueM 10Ka3aHO, YTO K YCUJIUTETI0 MOUIHOCTHU
kinacca G BO3MOXHO MPUMEHUTh CTAHAAPTHYIO METOAMKY mpenbicKaxeHuidi Ha ocHoBe LUT
wu psanoB Bonwsreppa mpu N = 18. KonnuectBo ypoBHE BO3MOXHO YMEHbBIIUTD, UCTIONB3YS
MPEUIOKEHHYI0O KOMOMHUPOBAHHYIO CXEMY YCUIIUTENsT orubatoieit 1o 10 wim mpuMeHUThb 10-
MOJHUTENbHYIO (PUIBTPALIMIO BEIXOMHOTO CUTHAIA YCUTUTENST OTM0OaoIei.

KiioueBble ciioBa: ycuiuTe b MOIIHOCTU Kiacca G, HeanHeliHble uckaxeHus, KITI, DPD, LTE

Jlna murupoBanus: Leontiev E.V. Analyses of a class G power amplifier with controlled nonlinear
distortion for LTE-signal // Computing, Telecom-munications and Control. 2026. T. 19, No 1.
C. 57—64. DOI: 10.18721/JCSTCS.19106

Introduction

The widespread use of orthogonal frequency-division multiplexing (OFDM) signals with a high
peak-to-average power ratio (PAPR) requires an improvement in radio frequency power amplifier
(RFPA) schemes. Designing 4G base stations using OFDM technology requires high-efficiency LTE
signal transmission. An envelope tracking power amplifier (ETPA) is a relevant solution to this problem
in multiband applications.

An ETPA includes an envelope amplifier (EA) module (Fig. 1). The EA input (Uin o) Teceives
an envelope detector signal with a maximum voltage 3.3 or 5 V. The EA output (UOut ony) Provides
a variable supply voltage with a maximum value (e.g., 28 V) and the current required by the RFPA.
Therefore, EA efficiency determines overall efficiency of the ETPA in many applications. Numerous
studies [1—4] are devoted to improvements in the EA efficiency. An ETPA has maximum efficiency
when the RFPA has a continuous supply voltage variation, as show in Fig. 3, a. Today, hybrid envelope
amplifier (HEA) schemes, combining the pulse and linear parts (Fig. 2), are widely used. However,
due to the presence of inductance (Lth) and other reactive elements, HEA efficiency is limited to
75—85% [4—7]. There are various modifications of HEA schemes [4], that can solve this problem, but
improving HEA efficiency remains a relevant challenge.

There are EA schemes based on pulse-width modulated DC-DC power converters with an effi-
ciency of over 90%. In such schemes, the high clock frequency of the pulse-width modulator makes
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it difficult to use these EA for signals with a bandwidth of over several tens of MHz. It is possible to
reduce the clock frequency of this EA scheme by moving from continuous supply voltage variation
(Fig. 2, a) towards discrete supply voltage switching (Fig. 2, b). An RFPA with discrete supply voltage
switching is called a class G RFPA [8—11]. The disadvantage of class G RFPA is that the gain vs input
power dependence has points of discontinuity. The presence of these points necessitates the use of
non-standard digital pre-distortion (DPD) techniques.

Also, discrete supply voltage switching can be used to improve HEA efficiency. A supply voltage
waveform for this scheme is shown in Fig. 2, c. The proposed scheme is called the combined envelope
amplifier (CEA) and have better efficiency than HEA. An EA efficiency in a class G RFPA is 97%
[11], and the HEA efficiency is only 60%. If the CEA switches the supply voltage discretely with a
probability of 7/8 and continuously tracks the envelope with a probability of 1/8 using the HEA, then
the total efficiency of such a CEA will be equal to 7/8:97% + 1/8:60% = 92.4%. With a probability of
15/16, the total CEA efficiency is 94.7%, which is only 2.3% lower than the class G RFPA efficiency.
Therefore, the use of discrete supply voltages switching in the HEA can increase efficiency from 60%
to 94.7%. This purpose of this study is to analyze the CEA and the class G EA to determine the opti-
mal parameters for achieving minimal distortion of an LTE signal.

Analysis and synthesis of the EA for the class G RFPA or CEA involves finding the number of
discrete supply voltages and their value, as well as the levels of Uin env at which the discrete supply
voltages will switch. For example, the EA development for the class G RFPA in [11] showed that five
discrete supply voltages are enough for achieving maximum efficiency. However, the analysis and
synthesis of the EA for the class G RFPA can be considered in terms of nonlinear distortions rather
that the efficiency of the class G RFPA and CEA. Adjacent channel power ratio (ACPR) is a useful
RFPA characteristic showing the impact of nonlinear distortion on output signal. In this work, ACPR
characteristic is used as a nonlinear RFPA distortion indicator. According to the 3GPP standard, the
permissible ACPR level for an LTE signal should not exceed —50 dBc.
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Thus, the article presents an analysis of two schemes: the EA for the class G RFPA and CEA.
The schemes were analyzed using an LTE signal with a bandwidth of 20 MHz in the E-TM 3.1 test
configuration. The work uses a nonlinear model of the main RFPA operating in the 700—1000 MHz
frequency range, with a saturated power of 44.5 dBm at 28 V supply voltage; its measurement results
are given in [10]. The analysis results show how the nonlinear distortions of the output LTE signal
(reflected in ACPR) change under different configurations of these EA schemes.

Results

ACPR is influenced by several factors, such as AM-AM and AM-PM conversions, inertial effects
of passive components etc. AM-AM and AM-PM conversions play a key role in increasing the non-
linear distortion level. It is possible to correct AM-AM conversion in an ETPA by using the shaping
function module [12]. The shaping function compares U_ with U, . The gain coefficient B
(Fig. 2) of an operational amplifier can be used as the shaping function in the HEA. Let us consider
the operation principles of the shaping function using the ETPA model in CAD VSS and Microwave
Office as an example (Fig. 4).

Fig. 4 shows the gain vs input power function at different supply voltages (dotted lines) for the
nonlinear RFPA model. An increase in supply voltage leads to an increase in gain, resulting in AM-
AM conversion in the ETPA. The shaping function should change supply voltage in such a way that
the gain compression compensates for this gain increase. The gain vs input power function for the
ETPA with the shaping function is shown in Fig. 4 (solid line). However, the shaping function cannot
correct AM-PM conversion in the ETPA (Fig. 5). The standard DPD technic, using a look-up table
(LUT) or Volterra series, can correct AM-PM conversion. Fig. 6 shows the power spectral density
(PSD) of output signal with and without DPD (Fig. 6), which corrects only the AM-PM conversion
in the ETPA with the shaping function. The use of DPD has improved ACPR by 13 dB from —42 dBc
to —55 dBc. For cellular base stations, according to the 3GPP specification, the allowed ACPR level is
—50 dBc. The shaping function for the class G RFPA defines a strict relationship between the supply
voltage and the reference voltages of the comparators, which determines the moment of supply voltage
switching, according to Uin v Furthermore, this article assumes that at a certain supply voltage, the
comparator reference voltage level will be calculated automatically, according to the shaping function.
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The class G RFPA model switches the nonlinear models of the main RFPA in CAD VSS. Each non-
linear model has a certain supply voltage from 6.5 V to 28 V, as shown in [10, 11]. Initially, the number
of the nonlinear models is 55, the step between supply voltage is from 0.125 to 1 V, depending on the
probability density function of LTE signal, which allowed to obtain ACPR of the output signal of
—55 dBc. Each nonlinear model is analyzed using the APLAC harmonic balance method, which is
more suitable for extremely nonlinear circuits analysis. Furthermore, the class G RFPA is analyzed
with a different number of supply voltage levels (N) from 55 to 10. Using CAD LabVIEW [13], op-
timal supply voltage levels at which ACPR is minimal have been determined. The CEA analysis is
similar to the class G RFPA analysis, with N reduced within the range of 6.5—12.2 V. The remaining
maximum number of levels is between 12.2 and 28 V, simulating HEA.

The saturation power of the class G RFPA is 44.5 dBm; therefore, the minimum ACPR is achieved
at an average power of 32.8 dBm when the output power is below saturation power by the PAPR value
(11.7 dB for the LTE signal). In Fig. 7, ACPR degrade at powers below 33 dBm due to the nonlinear
behavior of the main RFPA at a power supply voltage of 6.5V, since it operates in class AB and has an
individual type of AM-AM and AM-PM conversions, which are not taken into account by the shaping
function and DPD. At N = 18, the ACPR of the output signal is equal to the acceptable value of —50 dBc.

The findings do not prove that the EA output voltage (U ) can be improved by RFPA supply

out env

voltage filtration [14, 15]. Of course, if a low-pass filter with a cutoff frequency equal to the signal
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bandwidth is applied, it is possible to achieve an optimal /N less than 18. However, the use of filtering
leads to the dependence of ACPR on signal bandwidth. Therefore, N = 18 is the optimal value for
multiband applications where signal bandwidth varies.

Conclusion

This analysis has shown that the class G RFPA with the shaping function and a standard DPD
based on LUT can provide an ACPR of —50 dBc at N = 18. The standard DPD technique, based on
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a LUT or Volterra series, can be applied to the class G RFPA without the shaping function. In this
case, the number of supply voltage levels required to achieve an ACPR of —50 dBc will be different.
Moreover, the use of an additional filter can improve linearity for a fixed signal bandwidth. The pre-
vious work showed that five supply voltage levels are sufficient to achieve maximum efficiency in the
class G RFPA. These five levels must be formed using highly efficient DC-DC pulse converters so that
the total system efficiency remains at a high level. Therefore, it is enough to develop an 18-level class
G RFPA with five DC-DC pulse converters, and to form the remaining 13 supply voltage levels using
linear voltage converters. Also, the class G RFPA analysis showed that 10 of 18 supply voltage levels
are in the voltage range from 6.5 to 12.2 V. An ETPA with the CEA can provide an ACPR of —50 dBc
at N = 10. Therefore, CEA design is a challenging task, as it helps reduce the number of supply voltage
levels by almost half.

Nomenclature

* OFDM - Orthogonal Frequency-Division Multiplexing;

* PAPR — Peak-to-Average Power Ratio;

* ETPA — Envelope Tracking Power Amplifier;

 EA — Envelope Amplifier;

+ HEA — Hybrid Envelope Amplifier;

 DPD — Digital Pre-Distortion;

* CEA — Combined Envelope Amplifier;

+ ACPR — Adjacent Channel Power Ratio;

* LUT — Look-Up Table;

* PSD — Power Spectral Density.

REFERENCES

1. Anderson D.R., Cantrell W.H. High-efficiency high-level modulator for use in dynamic envelope
tracking CDMA RF power amplifiers. 2001 IEEE MTT-S International Microwave Symposium Digest (Cat.
No.0ICH37157), 2001, Vol. 3, Pp. 1509—1512. DOI: 10.1109/MWSYM.2001.967189

2. Huang H., Bao J., Zhang L. A MASH-controlled multilevel power converter for high-efficiency RF
transmitters. JEEE Transactions on Power Electronics, 2011, Vol. 26, No. 4, Pp. 1205—1214. DOI: 10.1109/
TPEL.2010.2073721

3. Cheshire A., Flaten P., Popovi¢ Z., Maksimovi¢ D. High-frequency flying capacitor four-level drain sup-
ply modulator. 2025 IEEE Applied Power Electronics Conference and Exposition (APEC), 2025, Pp. 682—688.
DOI: 10.1109/APEC48143.2025.10977523

4. Bhardwaj S., Moallemi S., Kitchen J. A review of hybrid supply modulators in CMOS technologies
for envelope tracking PAs. IEEFE Transactions on Power Electronics, 2023, Vol. 38, No. 5, Pp. 6036—6062.
DOI: 10.1109/TPEL.2022.3233441

5. Chen C., Li X., Hu R., Cheng L. A high-efficiency envelope-tracking supply modulator using a class-G
linear amplifier and a single-inductor dual-input-dual-output converter for 5G NR power amplifier. /EEE
Journal of Solid-State Circuits, 2024, Vol. 59, No. 12, Pp. 4101—4113. DOI: 10.1109/JSSC.2024.3481906

6. Lopez J., Li Y., Popp J.D., Lie D.Y.C., Chuang C.-C., Chen K. Design of highly efficient wideband
RF polar transmitters using the envelope-tracking technique. IEEE Journal of Solid-State Circuits, 2009,
Vol. 44, No. 9, Pp. 2276—2294. DOI: 10.1109/JSSC.2009.2022669

7. Leng W., Abidi A.A., Mundlapdi S.R., Darabi H., Chowdhury D., Afsahi A. Envelope tracking supply
modulator with Trellis-search-based switching and 160-MHz capability. /EEE Journal of Solid-State Circuits,
2022, Vol. 57, No. 3, Pp. 719—733. DOI: 10.1109/JSSC.2021.3128394

63



4 MogennpoBaHue BbIYUCIIUTENbHbBIX, TENEKOMMYHUKALMOHHBIX W YNPaB/SIOWMX CUCTEM

=
I

8. Wolff N., Heinrich W., Bengtsson O. Highly efficient 1.8-GHz amplifier with 120-MHz class-G supply
modulation. /EEE Transactions on Microwave Theory and Techniques, 2017, Vol. 65, No. 12, Pp. 5223—5230.
DOI: 10.1109/TMTT.2017.2769089

9. Jin Q., Ruan X., Ren X., Xi H. High-efficiency switch-linear-hybrid envelope-tracking power supply
with step-wave approach. IEEFE Transactions on Industrial Electronics, 2015, Vol. 62, No. 9, Pp. 5411-5421.
DOI: 10.1109/TIE.2015.2416690

10. Leontiev E.V., Korotkov A.S., Matveev Y.A. Class-G power amplifier for infocommunication systems.
Nanoindustry, 2021, Vol. 14, No. S7 (107), Pp. 930—931. DOI: 10.22184/1993-8578.2021.14.7s.930.931

11. Leontiev E.V. Class G power amplifier synthesis based on the probability density function dependence
of the transmitted signal. Computing, Telecommunication and Control, 2024, Vol. 17, No. 2, Pp. 17-23. DOI:
10.18721/JCSTCS.17202

12. Zhu Y., Klimashov O.P., Jin B., Balteanu F., Drogi S., Bartle D.C. Novel shaping function for en-
velope tracking linearization. /EEFE Asia Pacific Microwave Conference (APMC), 2017, Pp. 402—405. DOI:
10.1109/APMC.2017.8251465

13. Leontiev E.V., Korotkov A.S., Balashov E.V., Berezniak A.F. Application of LabVIEW in the problems
of computer-aided designing MMIC in Microwave office. Nanoindustry, 2017, Vol. 74, No. S, Pp. 531—533.

14. Zhang Y., Rodriguez M., Maksimovi¢ D. Output filter design in high-efficiency wide-bandwidth mul-
ti-phase buck envelope amplifiers. 2015 IEEFE Applied Power Electronics Conference and Exposition (APEC),
2015, Pp. 2026—2032. DOI: 10.1109/APEC.2015.7104627

15. Xing L., Sun J. Optimal damping of multi-stage EMI filters. 2011 Twenty-Sixth Annual IEEE Applied
Power Electronics Conference and Exposition (APEC), 2011, Pp. 1721—1728. DOI: 10.1109/APEC.2011.5744828

INFORMATION ABOUT AUTHOR / CBEAEHUA Ob ABTOPE

Evgeniy V. Leontiev

JleontbeB EBrennii Biaaumuposuy

E-mail: evgeniyleo888@mail.ru

ORCID: https://orcid.org/0000-0002-1477-3181

Submitted: 20.12.2025; Approved: 11.03.2026; Accepted: 23.03.2026.
Hocmynuaa: 20.12.2025; Ododpena: 11.03.2026; I[Ipunama: 23.03.2026.

64



