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Abstract. Class E power amplifiers (PAs) attract the interest of experts involved in the
development of communication and telecommunications equipment due to their high efficiency.
However, the high voltage stress across transistors, which exceeds the supply voltage by 3.6—4
times, limits the output power of such amplifiers. An alternative to solve this issue could be a PA
in which the peak voltage across transistor is reduced by 2 times, but still maintains the main
advantages of traditional Class E, such as zero-voltage switching (ZVS) and zero-derivative
voltage switching (ZDVS). In well-known publications, the study of the characteristics of PAs
with lower voltage across transistors is limited to the particular case of a real impedance load.
However, this condition may not be true when the PA operates in a frequency band, which
will inevitably lead to errors in calculating their characteristics. The objective of the paper is
to develop an analytical model of Class E PA with reduced voltage stress when operating with
complex impedance load. The adequacy of the analytical model is confirmed by simulation,
which shows that the relative error in the calculation of the main characteristics of the PA
does not exceed 6.5%. The issues of synthesizing a filtering and matching circuit have been
considered that ensures expansion of the frequency band at specified rated values in output
power and voltage stress in transistor turned-on moment.
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Annoramusa. Ycunutenu moirHocTy (YM) kinacca E BBI3BIBaIOT MHTEpPEC y CHELMATINCTOB,
3aHMMAIOIIMXCSI Pa3pabOTKOM armapaTryphbl CBSI3U U TEJIEKOMMYHUKAIIMI OJ1arogapsi BLICOKOMY
KIIA. OmHako BEICOKOE MTMKOBOE HAIIpsKEHUE Ha TPaH3MCTOpaX, IPEBhIIIalonIee HalpssKeHe
nuTaHus B 3,6...4 pasa, OrpaHUYMBAET BBIXOAHYIO MOLIHOCTh TAKUX YCUJIUTEEH. AJIbTepHATHU -
BO# 3TUM YCTpOMCTBaM MOTYT cTaTh ¥YM Kiacca E ¢ mOHM>XXeHHBIM HaIlpsDKeHHEM Ha TpaH3MU-
cTopax, Y KOTOPhIX MaKCMMaJIbHOE HaIlpsSLKeHUE Ha TPaH3UMCTOpaX CHMXXEHO B 2 pa3sa, HO IIpU
COXPaHSIOTCSI OCHOBHBIE JOCTOMHCTBA pexknuma Kiacca E, takue kak ZVS u ZVDS. B u3zBecTHBIX
MyOJMKALUIX UCCIIe0BaHUE XapaKTePUCTUK YM ¢ MOHMXKEHHBIM HAMPSIKEHUEM Ha TPaH3UCTO-
pax orpaHMYMBAETCS CydaeM Harpy3KM C BElIeCTBEHHBIM MMITeqaHcoM. OnHaKo TaHHOE YCJIO-
BHUE HapymiaeTcs Ipu padoTe YM B I10JI0CE YaCTOT, YTO HEM30EXKHO MPUBEACT K ITOTPEITHOCTH
Ipu pacueTe xapakTepucTuk YM. Lleabio HacTOSIIEH TyOJINMKALIMK SIBIICTCS pa3paboTKa aHa-
JIMTAYECKOM MOIIEIN, TIO3BOJISIOIIEH OIIPEIeIUTh XapaKTepUCTUKN Y M B 00I1IeM cirydae TIpH pa-
00Te Ha Harpy3Ky C KOMILUIEKCHBIM UMIIeIaHCOM. B paboTe npeacTaBieHbl pe3yabTaThl IPOBEPKU
JIOCTOBEPHOCTH aHAJIUTUYECKOM MOJIEJIM, KOTOPasi IO3BOJIMJIA YCTAHOBUTD, YTO €€ MOrPeIIHOCTh
He TpeBbimaeT 6,5%. PaccMoTpeHBI BOITPOCH CMHTE3a COTJIacyoIlell 11enu, ooecreuynBalonei
paciIMpeHue MoJIoCkl YacTOT YM MpH 3alaHHBIX JOIMYCTUMBIX 3HAYCHMSIX HEITOCTOSTHCTBA BBI-
XOJIHOI MOLIHOCTH M CKAa4Ka HAIPsSKEHUs HAa TPAH3UCTOPAaX B MOMEHT KOMMYTAaLIMHU.

KnoueBbie cioBa: YCUJINTEIb MOIITHOCTHU, KJ1acC E, KOMMYTAallMOHHBIC MTOTEPU MOIIIHOCTH, Har-
py3Ka ¢ KOMIIJIEKCHBIM UMIIEJAHCOM, MCTOJ TapMOHHNYECCKOT'O OajlaHca

Jlng murupoBanmsa: Pham H.D., Sorotsky V.A., Zudov R.1. Reduced voltage stress Class E power
amplifier operating a complex impedance load: A performance analysis // Computing, Telecom-
munications and Control. 2025. T. 18, Ne 3. C. 89—101. DOI: 10.18721/JCSTCS.18308

Introduction

Improving power efficiency and weight and size parameters of radio transmitters can be achieved
by using switched-mode power amplifiers (PAs). However, without a significant decrease in switching
power losses, it doesn’t guarantee achieving high efficiency. Therefore, in recent years there has been
great interest in the study of PAs operating in classes DE and E where, under certain conditions, it
is possible to ensure zero-voltage-switching (ZVS) and zero-derivative-voltage-switching (ZDVS), thus
eliminating switching losses and insuring high efficiency [1-3].

Compared to Class DE, Class E PAs demonstrates distinct advantages:

1) higher operating frequency;

2) noticeably easier formation of signals to drive transistors.

Class E PAs lose to their competitors is in more intense operating conditions of the transistors: if
in Class DE PAs the peak voltage across transistors is equal to the supply voltage, then in Class E PAs
it increases by 3.6—4 times.

Proceeding from the above, when designing a PA with increased output power, the circuit considered
in [4, 5] is of great interest. On the one hand, it has all the advantages of a Class E PA, and on the other
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hand, it has a lower transistor voltage stress at least as much as 2 times. When analyzing the charac-
teristics of this PA, the authors limited themselves to considering only a particular case of a resistive
load. However, when the transmitter operates in a frequency band, this condition is violated, which
will inevitably lead to errors in the obtained results.

Taking into account the said above, the objective of the research presented in the paper was to
develop an analytical model of a Class E PA with reduced voltage stress on transistors (for the sake
of abbreviation, we will further designate this Class as EV), while operating on a complex impedance
load and to determine its main characteristics.

Analytical model of Class EV PA with a complex impedance load

The schematic of Class E,;, PA is shown in Fig 1, a, which consists of transistors V'T' 1, VT2; induc-
tors L, L, and a complex impedance load Z = R + jX. To simplify a theoretical analysis, the following
assumptions were introduced:

1. The transistors' on-state resistance is close to zero, and their switching time is negligible com-
pared to the output oscillation period.

2. The output transistors’ capacitance does not depend upon the drain-to-source voltage and has
a constant value.

3. Losses in coils are considered negligible.

4. The inductances L , L, are the same and equal to L/2.

5. Given the use of a filter at the PA output for higher-harmonic suppression, the sinusoidal ap-
proximation for the load Z (Fig.1, a) current waveform can be applied [6—38]:

i, =1,sin(wr+¢),

with unknown amplitude / and initial pharse ¢ can be determined during analysis (Fig. 1, b).

Based on the above assumptions, the analysis of the processes in PA can be implemented using the
equivalent circuit shown in Fig. 1, b, replacing transistors with switches S1, S2 with capacitors in par-
allel C, = C, = C.

Let’s consider the steady-state operating mode of the circuit and assume that in the time interval
0 < ot <« the upper transistor is in the on-state (the switch S1 is closed), and the lower transistor, ac-
cordingly, is in the off-state. Then applying in the circuit in Fig. 1, o Kirchhoff’s current and voltage
laws, one can compose a system of equations:

a) b)
" =+

UL ||:7[

L

L2
vr2

Vasinfot + @)

A
gy

Fig. 1. PA Class E,: functional circuit (a); equivalent circuit (b)
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I _a
{Vdd =v,, (1) +v,, (1) +ve, (1) (1)
0=n00) ®

where V,, — supply voltage; v, (7), v,,(?), v ,(¢), — voltage across inductors L , L, and output capacitor
transistor C,.

Solving (1), (2) together, after necessary transformations we get the voltage across transistor V72
during the time interval 0 < ®©f < T

v, (0) =vsin(v0)— v/, sin gsin(v0)+1-cos(vO)+

. L 3)
vl sing . v’ sin@sin® v’ cose
0)- - 0)—cosH |,
+2<1_v2)sm(v ) 2(1—\/2) 2(1—\12) [ cos(v0)—cos 6]
where
v=2_ 1
o oJLC’
0 =1,
4
- oLl 4)
Vdd
v, (0)= UC;(B)
dd

The current through V71 at the time interval 0 < o¢ <, when S1 is in the on-state, is given by:

—sin@cos(vO)+ v C(;s((lpililz()"e) _

~ ncos(vO) s sin(v)
o, I,v

i.(6)
5)

_cospsinf N sin @
2(1-v*)  2(1-v?)

[cos(v@) —cos 6] +sin(0+9).

Similarly, during the time interval T < 0 < 2w when S2 is off-state, the voltage and the current
through the lower transistor V72 satisfy relations:

v, (8) =nvsin(vO)+ 1, sin@sin(v0)+1-cos(vO)—-

1 si . ’I singsin® v’/ (6)
_;(iilzz@)sm(vﬁ) v 20(sllri(32s1)n +\;(ffzsz(;[cos(v6)—cos6];

i (0) ncos(vh) .\ sin(v) +singcos(v6)— vcos @sin(vO)
1, Iv 2(1 —vz)
cospsin®  sing )

2(1—\/2) 2(1_V2)[cos(v@)—cos@]—sin(eﬂp),
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The unknown parameters ¢ and I0 can be determined using relations (3) and (6). The investigation
concentrates on the practically important “soft- switching”, where transistor switching occurs under
both ZVS (zero voltage switching) and ZVDS (zero voltage derivative switching) |7, 9—11]. The first con-
dition ensures that the output capacitance is completely discharged before turn-on (typical for Class E
PA), resulting in zero switching losses. The second condition assumes that the derivative of the voltage
on the transistor output capacitance is equal to zero, which means that there is no current when the
switching starts. This condition is necessary to eliminate voltage surges in parasitic inductances and due
to that to reduce high-frequency oscillations.

The analytical solutions for ¢(v) and / (v) are represented in Table 1.

Table 1
The analytical solutions
v="0 0.8 0.9 1.0 1.1 1.2 1.3 1.4
(O]
O, deg —35.8 -36.9 —38.2 -39.7 —41.5 —43.8 —49.7
1, = Ok 3.7 2.7 2.0 1.6 1.2 0.9 0.7
Vdd

Fig. 2 displays the normalized voltage waveforms across transistor capacitances (U] (9), v, (9))
and corresponding current waveforms (il (9), I (9)) as functions of phase angle 0, calculated for
various frequency parameter v values.

As shown in Fig. 2, the capacitor voltage waveforms and transistor currents both satisfy the
“soft-switching” conditions. At the same time, the voltage stress on transistor is approximately 2 times
less than that of PA Class E. This allows increasing the output power compared to the Class E PA while
maintaining high efficiency.

Calculation of load impedance to provide transistor “soft-switching”

The voltage at node A (Fig. 1, b) is equal to:

v’l,cospcos(v) vl cospcosh
4(1-v?) 2(1-v?)

%nv sin (v0) —%vl0 sin @sin (vO)+1 —%cos(ve) -

I,cos@cos® VI sing . I,sin@sin® v’/ sin@sin0
- . 0 — , 0<0<m;
0 4(1-v?) +4(1—v2) sin(v0) 4(1-v?) 2(1-v?) SO ®)
Uu(e)=
| 1 L 1 vl cos@cos(vO) [ cospcos
_Envsm(ve)—EvIOs1n(psm(v9)+500s(v6)— 4(1—\/2) —~ 4(1—\/2)

vl cospcos® V'] sinq)_ ) 1 sin(psine_vzl sin @sin O
2(i—v) ap—v) TS i)

In order to compose the harmonic balance equation, the voltage U(0) amplitude and phase of the
first harmonic are needed:

n<0<2m.
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0 T 2w

Fig. 2. Time-domain diagrams of the voltage drop and current in transistor at different v values

U, = af +b12 , Oy = arctgﬂ, 9)

a

where a, and b1 are the coefficients of the Fourier series:

2n

a, 1 [U(0)cosbdb, (10)
T o
1 2n

b, =—[U(8)sin6db. (11)
To

The modulus and phase of the load impedance are equal to:

|Z|:|U1| \/af-i-blz _ (12)

Ll L

m

0. =0, —O. (13)

Fig. 3 shows the normalized load impedance (real R, = ReZ, / ReZ and imaginary X, = ImZ, /
/ ReZ  parts) in the frequency band [f,, f | with overlap coefficient K = f,, f,, where f,, and f, are the
upper and the lower bounds of the operational frequency band, respectively; ReZO is the real part of load
impedance at the upper bound fU.

The derived dependencies enable parametric synthesis of the load circuit satisfying the required
input impedance variation in the frequency band and attenuation above it. Based on the results of
solving this synthesis problem it becomes possible to determine the frequency overlap factor Km.

Validation of the analytical model

The analytical expressions were validated through a comprehensive simulation using the model shown
in Fig. 4, where S1, S2 — active devices (switches); V1 — supply voltage; V2, V3 — pulse generators; C1,
C1 — capacitances that consider transistors’ output ones; L1, L1 —inductors; Lx, Rl — imaginary and real
parts of impedance load, respectively. Fig. 5 plots voltage and current time diagrams.
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Fig. 3. Normalized impedance load versus frequency

_L—‘|—

— L
- * 51
vz = C1
%Ll
L2
; " 52 c2
V3

Rl

Fig. 5. Simulated curves of voltage and current across switches S1, 52

Table 2 presents the results obtained using simulation modeling in the frequency band [fL, fU],
where Z, — normalized complex impedance load; 3f, 5/ — relative level of 3" and 5™ harmonics; IT —
transistors’ voltage stress; Av — voltage jump on transistors, normalized by supply voltage.
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Simulation results

Table 2

F 1, 1.2, 14f, 161,

zZ 1.60 +j0.83 1.33 +0.69 1.14 + j0.59 1.00 + /0.52
3f, dBc —24.5 —245 —245 245
57, dBc —40.4 —40.3 —40.4 405

n 1.83 1.82 1.81 1.81
Av, % 6.1 6.5 6.4 49

As evidenced by the comparative analysis of data in Table 2, the analytical model demonstrates excel-
lent agreement with simulation results, exhibiting: 2.0% relative error in voltage stress (IT), 6.5% devia-
tion in voltage jumps (Av). However, the harmonic distortion levels remain non-negligible, with the 3
harmonic at —24 dBc and the 5" harmonic at —40 dBc. This means that the synthesis of the PA fil-
tering and matching circuit must be carried out not only based on the condition of implementing the
required law of behavior of the real and imaginary parts of its input impedance, but, in addition to
this, considering the required attenuation of a given set of higher harmonics.

Synthesis of a filtering and matching circuit

The requirement to suppress higher harmonics to compliant levels (e.g., < —40 dBc for n > 3)
inherently constrains possible structure options of filtering and matching circuit (FMC) in favor of
low-pass filters (LPF) [12, 13]. Taking this constraint into account, the task of FMC synthesis can be
formulated as the parametric optimization problem of a number LPF variants of Elliptic and Cheby-
shev types of diffirent orders. The structures of the Elliptic (E) LPF of the 3" and 5" orders are shown
in Fig. 6, a, b as well as the Chebyshev LPF of the 5" order is shown in Fig. 7.

a) b)

C>

0 I T T L. l 1.1
Il r T

Fig. 6. The structures of 3 and 5" Order Elliptic LPF

Fig. 7. The structure of 5" Order Chebyshev LPF
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The parametric optimization problem can be represented as:
X" =argmin F (X, f), (14)
xeD

x,>0,i=1...n
~2dB <20log|H (%, f)|<2dB, when f<f. {, ¥ is the vector of the LPF
20log|H (%, )| <-40dB, when f 2 f,

where D=<XeR"

elements parameters, fc is the LPF passband frequency, fs is the LPF stopband frequency. In this case,
the objective function will have the form:

R )3 (Rez, (ﬁ)—Reze(x,ﬁ)) N (Imz, (fk)—ImZFz()‘c',fk)) | (15)
k=1 ReZ, (f,) ImZ, (fz)

where the set Z L(fk) corresponds to the required law of change of the FMC input impedance and Z F(fk)
— the calculated values of the FMC input within the passband.

The normalized LPF elements values obtained in optimization are given in Table 3, and the load
voltage spectrum diagrams are shown in Fig. 8—10.

From the analysis of the diagrams in Fig. 8—10 it follows that the output voltage spectrum con-
tains only odd harmonics, the relative amplitudes of which are given in Tables 4—6. The values of the
normalized transistor voltage stress (I1) are also presented here. A voltage stress deviation when using
different types of LPF from the analytical calculation is shown in Fig. 11.

a) b)
dB ] dh
0 !

=80 &

-120¢

9

=40t

=80 ¢

-120

160

0 f 3f sf 7t ] f 3f 5 Tt

Fig. 8. Load voltage spectrums for a 3™ order elliptic LPF
at different operating frequencies: £, (a), 1.2f, (b), 1.4f, (c), 1.6 1, (d)
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| _a
a) b)
dB dB
I 0t
c)
6 f ji’ 42 'a;l’ l'.l f 3f 5 T-I“
Fig. 9. Load voltage spectrums for a 5" order elliptic LPF
at different operating frequencies: 1, (a), 1.21, (b), 1.4/, (c), 1.6 f, (d)
Table 3
Normalized LPF elements values
Nominal values
LPF
xl xz X3 x4 XS x6 x7 )CR
3 Order Elliptic 0.704 2.806 1.022 0.061 1.386 — -
5% Order Elliptic 0.722 2.734 0.866 0.217 1.039 0.197 1.974 0.489
5t Order Chebyshev 0.051 0.684 2.988 1.034 1.503 - - -
Table 4

Characteristics of the PA when implementing FMC on the basis of a 3" order elliptic LPF

Higher-harmonic level, dBc
Frequency 1
3 5 7
1 =51 =77 —111 1.92
1.2f, —54 -91 —100 1.71
L4f, —60 -92 —104 1.62
1.6f, —73 -93 —97 1.86
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Fig. 10. Load voltage spectrums for a a 5" order Chebyshev LPF

a) b)

dB daB

0 0

=40 - -40

80 -80

0 3f st 7t 0o f st
c) d)

3f sf 7 I

at different operating frequencies: 1, (a), 1.2f, (b), 1.4f, (c), 1.6 1, (d)

A comparative analysis presented in Tables 4—6 and Fig. 11 shows that the FMC based on the 5"

order elliptic LPF attenuates higher harmonics better, with the level of the 3™ harmonic being no
more than —65 dBc. In the case of 3™ order elliptic LPF, the level of the third harmonic is —51 dBc,
and for the 5" order Chebyshev LPF, it is —44 dBc. Using the 5" order elliptic filter also shows results
with a smaller theoretical deviation compared to other LPFs. Therefore, it can be concluded that
using the 5" order elliptic LPF provides better performance.

Higher-harmonic level, dBc

Frequency 3 5 7 1
f —65 -85 -92 1.88
1.2f, —89 —86 -92 1.74
L4f -73 —84 -90 1.72
1.6/, -70 —84 —94 1.89

Table 5
Characteristics of the PA when implementing FMC on the basis of a 5" order elliptic LPF
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I g
I1
59t |=#—Analytical result i
L |=-@ 3rd order Elip filter
) — |= ® =5th order Elip filter
Rt 5 |=~&=51h order Chebyshey
20F [ — )
o e a
1.8¢ B — "=
B ittt R a7
1.6 —
1,01‘" 1.2f 1.4f 1.61‘"

Fig. 11. Comparison of voltage stress deviation when using different types of LPF

Table 6
Characteristics of the PA when implementing FMC on the basis of a 5th order Chebyshev LPF

Higher-harmonic level, dBc
Frequency 3 s . 1
1 —44 =72 —87 2.10
1.2f, -52 -76 —83 1.99
L.4f, -57 -85 -99 1.89
1.6f, —63 —88 -97 1.85
Conclusion

Summarizing the results presented in this paper, we highlight the followings:

1) Based on the harmonic balance method, the analytical model of a Class E PA with reduced volt-
age stress across transistors (Class EV ') has been developed which allows for determination of its char-
acteristics when operating a complex impedance load.

2) Using the obtained analytical relations with a known law of load impedance change in the fre-
quency band, the currents and voltages on the elements of the PA can be calculated.

3) The assessment of the adequacy of the proposed analytical model has been carried out which
confirmed 2.0% relative error in voltage stress estimation and 6.5% deviation while calculating voltage
jump across the transistor at turn-on.

4) A method for synthesizing a filtering and matching circuit is proposed, which allows to expand
the operating frequency band of the amplifier with given restrictions on the output power change as
well as on the level of switching losses in the transistors, and the permissible level of higher harmonics
in the load.

5) The normalized element values of the filtering and matching circuit were optimized, permitting
PA operation over a frequency band with an overlap factor of K(D = 1.6 and decreased switching losses.

6) It has been shown that the relative level of higher harmonics in the output voltage in the case of a
5t-Order Elliptic low-pass filter can be reduce to a value of —65 dB.
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