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Abstract. Unlike the well-known publications focused on the analysis of the characteristics of
a Class E power amplifier (PA), in which the authors limit themselves to considering a particular
case of a real load, this paper presents the results of calculating the characteristics of a Class E PA
with a complex impedance load. It is especially relevant when operating in a frequency band or
amplifying broadband signals. The relations given in this paper can be used to solve two types of
problems. In the first case, related to “soft-switching” mode Class E PAs characteristics can be
determined, when the voltage on the transistor and its derivative at the moment of turn-on are
equal to zero, which eliminates switching losses. In the second case, the problem of synthesizing
a matching circuit that ensures the operation of the PA in the extended frequency band can be
solved. The matching circuit synthesis can be carried out under the limitations on the acceptable
change of output power and voltage drop on transistor just before switching.
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AHHoOTamms. B oTiMume oT U3BECTHBIX ITyOJIMKAIINIA, TTOCBSIIIIEHHBIX aHAIU3Y XapaKTePUCTUK
ycunuteasa MoimHocT (YM) kinacca E, B KOTOpBIX aBTOPEI OTPAHUYMBAIOTCS PACCMOTPEHUEM
YaCTHOTO CJIy4yasl BeIIeCTBEHHON HArpy3KU, B HACTOSIIEH paboTe MpeacTaBICHBI PE3yJIbTaThI
pacueTta xapakTepucTuk ¥YM kinacca E npu paboTe Ha KOMITJIEKCHYIO Harpy3Ky, YTO OCOOEHHO
aKTyaJbHO IpU paboTe B MOJIOCE YACTOT WIM YCUJEHUU IIMPOKOIOJOCHBIX cUrHanoB. [1puBe-
JNIeHHBIe B pab0Te COOTHOILIEHUSI MOTYT OBITh MCITOJIb30BAaHBI ISl PEIIeHUs 3a/1a4d IBYX TUTIOB.
B nnepBoM cityyae MOXKeT OBITh OCYILIECTBJIEH pPacueT XapaKTepUCTUK Y M B «TJTafKOM» PEXUME,
KOTIIa Hampsi>KeHUe Ha TPaH3UCTOPE U eT0 IMIPOM3BOIHAS B MOMEHT KOMMYTAIIMK 3JICKTPOHHO-
ro pudopa paBHBI HYJIO, UTO MO3BOJISIET YCTPAHUTh KOMMYTAaIlMOHHBIC TOTepr. Bo BTOpoM
cllydyae MOXeT OBbITh pellleHa 3ajada CMHTe3a corylacylolleil 1enu, odecrneuyunBalouieil padory
VM B pacuinpeHHO# moJjioce yacToT. PellieHue 3agaun cMHTe3a corjacyoolleil Lienu npeaycMa-
TPUBAET YYET OTPAaHUUYEHU I Ha TOMYCTUMOE U3MEHEHME BHIXOAHOM MOIITHOCTY M HATIPSKEHUS
Ha TPaH3MUCTOPE B MOMEHT KOMMYTAIIUH.

Kimouessie ciioBa: ycuurens moitHocTu, KIT, knacc E, komriekcHast Harpyska, aHaIMTHYecKast
Mojie/ib, UMUTALIMOHHOE MOJIeJIMPOBaHKE, FTaApMOHMYECKHIA OalaHC

Jna murupoanus: Pham H.D., Sorotsky V.A. Characteristics of Class E power amplifier with
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Introduction

Along with the increase of information transmission rate, the most significant tendencies of radio com-
munication and telecommunications equipment characteristics improvement include efficiency increase.
This allows not only better use of batteries, but also opens up the possibility to reduce mass-size character-
istics of devices at the expense of reduction or even full exclusion of cooling elements.

This problem can be solved by modifying power amplifiers (PAs) into the switched-mode operation,
where, as is known, the efficiency can reach values of 90% and higher [1—3]. However, taking into account
that switching losses due to overcharging of the output capacitance of transistors increase with increasing
frequency, the most attractive mode in terms of PAs efficiency improvement is the use of the class E mode.
In it, due to the use of the forming LC-circuit, switching at zero voltage (ZVS) and zero current (ZVDS)
can be realized [1-3, 5, 11].

Even though the Class E mode of operation has been known for quite a long time, due to its obvious
advantages, it still arouses the interest of specialists in the field of radio- and telecommunications. This has
been reflected not only in a number of monographs by well-known specialists in switched-mode PAs [1-3,
6—8], but also in numerous publications that have appeared in recent years [9, 10, 12, 14 etc.].

Unfortunately, the authors of these publications limited themselves to considering only one of the pos-
sible cases, when the amplifier operates on a resistive load at a fixed frequency. At the same time, it should
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be taken into account that antennas used in wireless communication systems usually have VSWR < 2.
It follows that the PA load in general is a complex impedance load and the use of the relations obtained just
for resistive load can lead to an error.

The relations given in this paper can be used for solving two types of problems. In the first case, using
known parameters of the transistor (maximum drain-to-source voltage and drain current), it is possible to
determine the values of the real and imaginary parts of the complex impedance load, which are necessary
for the transistor commutation in the “soft-switching” mode, when drain-to-source voltage and its deriv-
ative are simultaneously equal to zero, when the transistor is turned on [1-3, 5—9, 11]. Implementation of
these conditions leads to an increase of PAs efficiency due to the elimination of switching power losses in
the transistor, but it should be noted that a rigorous solution of this problem can be realized only at a fixed
frequency.

No less actual for practice is the task of the second type, when it is necessary to ensure the operation
of Class E PAs in the frequency band provided that the reduction of efficiency does not exceed the per-
missible values. This approach can be useful when using Class E PAs for amplification of signals with
high peak-to-average power ratio (PAPR). In other words, the solution of the second type of problem
does not guarantee the complete elimination of switching power losses at each of the operating frequen-
cies or when changing the output power level. At the same time, this solution can lead to a significant
reduction of switching losses in a certain frequency band within permissible change in the PA output
power.

Taking into account the above, the paper goals are as follows:

1) determination of Class E PA characteristics when operating on a complex load;

2) estimation of the load impedance real and imaginary parts variation limits proceeding from al-
lowable deviations from the nominal values of PA output power and transistor turn-on voltage, which is
relevant for PA operation in the frequency band.

Analysis of class E power amplifier with a complex impedance load

The schematic of Class E PA is shown in Fig. 1, a. The analytical model was developed using several
assumptions, including:

* output capacitance of the transistor does not depend upon the drain-to-source voltage and has a
constant value;

 transistor turn-on and turn-off times are negligibly small compared to the duration of the output
waveform period;

* on-state resistance of the transistor can be neglected;

* blocking capacitance C , Is large enough, so that the voltage across it can be considered constant and
equal to the supply voltage V' - L his gives a reason to replace it with a constant voltage source during the
analysis.

Since in transmitters at the PA output frequency-selective circuits are used in order to attenuate
higher harmonics, we will assume that the voltage across the load Z ( jw) =R+ jX (Fig. 1, a) varies
according to the harmonic law. This opens the possibility to apply the harmonic balance method when
creating the analytical PA model, replacing the complex load by a voltage source ¥ sin (oat + (p) [4, 14],
with unknown amplitude Vm and initial phase ¢ to be determined as a result of the analysis (Fig. 1, ).

Considering the adopted assumptions, transistor can be represented in the equivalent circuit (Fig. 1, b)
as an ideal switch in parallel with a capacitance. This capacitance is equal to the combined output capac-
itance of the transistor and stray capacitances.

Let us examine the steady-state operation of the circuit, assuming that during the time interval
0 < of <, the transistor is in the off-state (switch S open). In the most interesting “soft-switching”
mode of operation of Class E PA, two conditions must be satisfied [1-3, 11]:
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Fig. 1. a) functional diagram of a Class E PA; b) Class E PA equivalent substitution diagram
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According to Kirchhoff's laws for currents and voltages during the time interval 0 < w7 < T (stage 1), the
following system of equations can be created for the circuit in Fig. 1, b:

L

di, (t .
Lf )+oc(t)—Vmsm(oot+(p)—Vdd=0, (3)
do (t)

C———2—i (1)=0, 4

=i (1) @
where v (t) is the voltage stress across the switch, i 1(z‘) is the current in inductance of forming circuit (FC).
The voltage across the FC capacitance can be found solving the system of equations (3) and (4):

o, :
———V, sin(ot+¢), (5)

Ve (1) =k sin (gt ) + &, cos (@t ) +1+ R
0

where m, = %/— , k. is the constants, which are determined using the initial conditions.
Lc’

To facilitate further calculations, it is advisable to express the voltage across the capacitance (5) in nor-
malized form:

2
v

v(0) =k sin(v0)+k, cos(vO)+1+— 1qsin(6+(p), (6)

where
V¢ (7 V% (JJO/
0(9) = I/dd’ q= I/dd’ V= 0’ 0 =wt. (7)
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At the time interval T < ®f < 27 (stage 2), with the switch S in the closed state, the current flowing
through the inductance L is given by:

. 18 .
’L(G):EI[VCM +V, sm(9+(p):|d9+102, (8)

where 102 is the current through the inductance at the time ¢ = 7.
After normalization, expression (8) will be modified as follows:

i(O)=V(G—n)—vq[cos(9+(p)+cosq)]+[L 9)

V%’
where i(@):’i%%, pZ%.
p

Relations (6) and (9), which describe the behavior of current and voltage across the FC capacitance,

depend on six unknown parameters: v, ¢, ¢, k, k,, [ ,.

To find the value of / o, using equation (9), let us apply the following condition:

I, =i, (0) =0. (10)

0=m

At the time 0 = 0, the transistor was in the on-state and the capacitance C was discharged. Using equa-
tion (6), we can derive the equation to determine k2:

2
\%

ky +1+———gsin@=0. (11)
v -1

The equation used to determine k1 is derived from equation (6), while also considering condition (1):

2
A%

2
A%

k, sin(mv)+k, cos(mv)+1— 1qsin(p:O. (12)

By solving equations (11) and (12), we can express the constants kl, k2 in terms of the unknowns g
and @:

2
k1=—ctg(nv)k2—[1— 2\’ 1qsin(pJ/sin(ch); (13)
V —

2

k,=—1-—gsing. (14)

vi-1

Taking into account that the DC resistance of the inductor L , is zero, the average voltage at point 4
(Fig. 1, b) is equal to the supply voltage V' - Considering this, we can express it using equation (6):

Ucp 1 2n
——=— 0)do=1. 15
V. 27:!;0( ) (13)
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After performing the necessary calculations, we get the equation that includes the unknown variables
q and @:

2

. 2v .
kl[cos(nv)—l]—k2sm(nv)—nv— > 1qsm(p=0. (16)
V —
The second equation for finding these unknowns is obtained by differentiating (6) and equating the
resulting expression, in accordance with condition (2), to zero:

2
\%

2
A%

k, cos(mv)—k, sin(nv) -

1qcosq):O. (17)

By substituting relations (13) and (14) into equations (16) and (17), we finally get a system of two equa-
tions to determine the unknowns g and ¢. The normalized frequency v present in equations (16) and (17)
can be treated as an independent variable.

Solving (16) and (17) bring us to:

(p:%arcsin(x); (18)

l+41-x> V'’
=+ A-B 19
q s (AB), (19)

where,

A=k cos(nv); (20)
B =k,sin(nv); (21)

v
=1- . 22
x 1B (22)

The time diagrams of the normalized voltage on FC capacitance v(0) and the normalized current
i(0) referring to various values of the parameter v are shown in Fig. 2.

As can be seen in Fig. 2, the behavior of the voltage across the capacitance C at 6 = & satisfies condi-
tions (1) and (2). In this case, the change of the relative frequency in the range fromv = 1.3tov = 2.1 has
a comparatively weak effect on the value of the maximum voltage across the FC capacitance, the deviation
of which does not exceed 5%. As for the maximum current through the transistor, here the influence of the
parameter v is much stronger and is accompanied by its decrease by approximately four times.

The load impedance to provide a “soft-switching” operation

The harmonic balance method enables to determine the characteristics of Class E PAs in a general
form, eliminating the need to consider the structure and parameters of the load circuit. For this purpose,
the complex load is replaced by an equivalent harmonic voltage source. When addressing the issues relat-
ed to the operation of the PAs in a frequency band, it is advisable to shift from representing the load as a
voltage source to using complex impedance Z. This will allow us to determine the behavior of the real and
imaginary parts of Z, which are necessary to provide a “soft-switching” mode while the relative frequency

77



4yCTp017ICTBa N CUCTEMbI Nepeaayn, npueMa n obpaboTkn cMrHanos

Yex ? 0 i(8)

——-=13 - |1
- -1m15 - -

— -ty —

Fig. 2. Time-normalized diagrams of the voltage across the FC capacitance
and current through the transistor at various values of the parameter v

v changes. It will open the possibility of solving the problem of synthesizing a matching circuit, which
enables the operation of the PA in the frequency band.
To determine the real and imaginary parts of Z, we use equation (9) to find the amplitude and phase of

the first harmonic in the load current:
1| = Ja? + 7 (23)

¢, = arctg 2 (24)

aq

where a, and b | are the coefficients of the Fourier series:

12 . ViV 1.
a,=—[i,(0)sin0d0 =—“~| n+—gnsin@+2qgcos¢ |; (25)
T p 2
27
b, L [ (e)cosﬁdOZM(2+lanOS@j- (26)
T o np 2

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

|Z| =" = m__. (27)

0. =0-0,. (28)

Using relations (27) and (28), it is straightforward to determine both the real and imaginary parts of the
load impedance:

R= |Z|cos 0,5 (29)

X =|Z|sing,. (30)
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The current consumed from the power supply is equal to:

2n 2
[0=i£i(e)de=2V—;’E‘;{n—2v—vq(25in(p+ncoscp)}. (31

Fig. 3 shows the behavior of the normalized characteristics of the PA as the parameter v is varied. It
includes the normalized power of the first harmonic Pln, the normalized real R and imaginary X parts of
the load impedance, the current stress on transistor Imax, the maximum voltage VmaX across the FC capac-
itance, and the current consumed from the power supply /.

Based on the analysis of the curves shown in Fig. 3, it can be seen that the real part of the load im-
pedance decreases rapidly to zero when the parameter v exceeds 2. Concurrently, there is a noticeable
reduction in both the load power and the current consumed from the power supply. As the parameter v
decreases, the current stress I1 .. increases, particularly when v is less than 1.2. This trend can lead to some
complications in selecting the appropriate transistor.

The features outlined above lead to the following conclusion. When the PA operates within the speci-
fied frequency band, it is reasonable to limit the variation of the relative frequency dispersion to the range
of 1.3 <v <2.0. The values of the normalized parameters that correspond to this condition, obtained from
analytical calculations and ensuring the realization of the “soft-switching” mode in the PA, are given in
Table 1.

Table 1
Results of the analytical calculations

v 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

k, 3.97 3.17 2.60 2.15 1.77 1.42 1.10 0.79

k, 2.94 1.47 0.60 0.03 —0.36 —0.64 —0.85 —1.00

q 1.61 1.24 1.02 0.92 0.93 0.99 1.08 1.18
¢, deg —89.1 —76.6 —60.5 —42.8 —26.7 —14.4 =57 0
¢,, deg —70.8 —70.9 —71.1 —71.4 —72.0 —73.0 —75.0 -79.2
¢, deg —18.3 =57 10.6 28.6 45.7 58.6 69.3 79.2

To evaluate the reliability of the analytical model, one can compare the data presented in Table 2. This
table lists the main characteristics of the PA at various relative frequency values, obtained through both
analytical calculations (A) and simulation (S). The discrepancy between these results can be assessed using
the relative error (AJ).

Table 2
Comparison of analytical and simulation results
v V(max)/V,, q 0, deg
A S NS, % A N NS, % A S Ad
1.40 3.63 3.60 0.8 1.24 1.29 3.9 —76.6 —70.1 5.5
1.60 3.68 3.65 0.8 0.94 0.99 5.1 —42.8 —40.4 2.4
1.80 3.70 3.66 1.1 0.99 1.13 12.4 —14.4 —18.5 —4.1
2.00 3.78 3.70 2.2 1.17 1.30 10.0 0.10 =5.0 =51
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Fig. 3. Normalized characteristics of the PA as the parameter v is varied

The table shows that the error in determining the voltage amplitude across the load does not exceed
10.0...12.4%. The error in determining transistor voltage stress is no more than 2.2%, and the initial phase
¢ is 5.5 degrees, respectively.

Equal values of output power and switching losses lines diagram

The dependencies of the real and imaginary parts of the load impedance, identified earlier, enable to
formulate the problem of designing a matching circuit that ensures the operation of PA in the frequency
band under specified permissible deviation of output power and efficiency reduction on account of tran-
sistor switching losses.
When amplifying variable-envelope signals, as well as when operating within the frequency band, the
conditions for “soft-switching” (1) and (2) cannot be always met [15]. We assume that the voltage across
the transistor at turn-on is equal to v (0 <|dv | < 1):

v (8)] =du.

0=
Using (6), we write (27) in the following form:

2

k' sin(nv)+k; cos(nv)+1-— 1q*sin(p*:&).
Ve —

In a similar manner to equations (13) and (14), we can express:

2

kl*:—cot(nv)k;—csc(nv)(l— 2\’ 1q"‘sin(p"‘}—csc(nv)&);
Vi —

2

ky =—1- v g sing’.

vi—1

To find two unknown parameters q* and (p* we use relations (2) and (16), respectively:

2v?

vi—1

ki [ cos(mv)—1]—k; sin(nv)—mv — g sing” =0,

(32)

(33)

(34)

(35)

(36)
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Fig. 4. Normalized voltage and current curves at different v

2

k' cos(nv)—k; sin(nv)—v2 lq* cos@” =0. (37)

By solving equations (32), (33), (36), and (37), one can determine the parameters ¢*, ¢, kl* and k; R
which correspond to the PA mode with non-zero voltage across the transistor at turn-on. Time diagrams
illustrating the behavior of the voltage across the FC capacitance and transistor current for different values
of dv are shown in Fig. 4.

The sensitivity of the parameter dv to the deviation of the real and imaginary parts of the load imped-
ance from their nominal values determined by relations (24) and (25) can be evaluated using Fig. 5, a, b.

The analysis of these graphs shows that the voltage across the transistor at turn-on is rather sensitive to
AR(jo) and AX(jo) variations. Specifically, if we assume that turn-on voltage does not exceed a value of
ov = 0.2, then for v = 1.5, the imaginary part of the load impedance can deviate from the nominal value
by 23%, while the real part can only deviate by 4.3%. Conversely, when 6v = 0.2 and v = 1.7, the relative
deviation of the imaginary part must not exceed 3%, while the deviation of the real part can be no more
than 5.3%.

Taking into account such an ambiguous character of the sensitivity of dv to deviations in AR(j®)
and AX(jo), it is prudent to utilize a series of curves representing equal power values (continuous lines)
alongside a series of curves for equal values of the parameter ov (dashed lines). Both series of curves are
presented in the plane [ReZ(j®), ImZ(jo)] (Fig. 6).

The use of these series of curves opens up the approach for solving the problem of synthesizing a
matching circuit based on the condition of achieving the maximum frequency bandwidth:

AV = (Vi = Vi ) = MaX, (38)

max

at the specified allowable limits for output power variation and transistor turn-on voltage:
[P(%)-P /P, <A; (39)

v (¥)

where X is the vector of variable parameters and A, (UC )a , are the allowable limits for output power va-
riation and transistor turn-on voltage.

e S(0C),, (40)
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Fig. 5. The sensitivity of the parameter dv to the deviation of the real (a)
and imaginary (b) parts of the load resistance from their nominal values
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Fig. 6. Series of curves of equal output power values and equal dv values in [ReZ(j®), ImZ(jo)] plane

It is important to note that based on the behavior of both curves series presented in Fig. 6, it is impos-
sible to increase the operating frequency bandwidth of a Class E PA without negatively impacting at least
one of its characteristics — either the relative output power or the switching losses in the transistor. To
illustrate this, one can fix either the output power or the voltage across the transistor during turn-on. The
relative frequency of the signal v being varied, the trajectory of the corresponding point of load impedance
Z will intersect the lines of equal levels associated with the other parameter.

Conclusion

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

1. Based on the harmonic balance method, the analysis of Class E PA when operating under complex
load was carried out. The relationships have been obtained that allow one to determine the real and im-
aginary parts of the load impedance for different values of the relative frequency v = @/, necessary for
the implementation of the “soft-switching” mode, that means elimination of switching power losses in
transistors.

2. The assessment of the adequacy of the proposed analytical model has been carried out which con-
firmed that the error in determining the voltage amplitude across the load does not exceed 10.0...12.4%.
The error in determining the transistor voltage stress is no more than 2.2%, while the initial phase ¢ has an
error of approximately 5.5 degrees.

3. An approach is proposed to solve the problem of matching a Class E PA with antenna when oper-
ating in a frequency band proceeding from the allowable output power deviation and efficiency reduction
under the frequency change.
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