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Abstract - In this paper, a new circuit coniigura- 
tion of switched-mode tuned Class E power amplifiers 
with load network consisting of a parallel capacitance, 
a parallel inductance and a series resonant circuit 
tuned on the fundamental is defined using a detailed 
analytical description with a complete set of the design 
equations. The ideal collector voltage and current 
waveforms demonstrate a possibility of loo-percent 
efficiency. The circuit schematic of a parallel-circuit 
Class E power amplifier can be realized with lumped 
or transmission-line elements. Two examples of high 
power LDMOSFET and low-voltage HBT power am- 
plifiers, utilizing a parallel-circuit Class E circuit con- 
figuration, are presented. 

angles and values of the circuit elements differ from 
well-know types of the Class E power amplifiers. 
Therefore, the presented switched-mode tuned power 
amplifiers with parallel resonant circuit can be con- 
sidered as a new subclass of switched-mode tuned 
Class E power amplifiers. 

A. Basic principles and assumptions 

I. INTR~DLJCTI~N 

The switched-mode Class E tuned power ampli- 
fiers with a shunt capacitance have found widespread 
application due to their design simplicity and high 
efficiency operation [ 11. In the Class E power ampli- 
fier, the transistor operates as an on-to-off switch and 
the shapes of the current and voltage waveforms pro- 
vide a condition when the high current and high volt- 
age do not overlap simultaneously that minimize the 
power dissipation and maximize the power amplifier 
efficiency. Such an operation mode can be realized 
for the tuned power amplifier by an appropriate 
choice of the values of the reactive elements in its 
output matching circuit [2]. 

As well as for the Class E power amplifier with 
shunt capacitance, the transistor in the Class E power 

:ii 

amplifier with parallel circuit operates as an on-to-off 
switch. The basic circuit of a switched-mode Class E 
power amplifier with parallel circuit is shown in Fig- 
ure l(a). The load network consists of a parallel in- 
ductance L, a parallel capacitance C, a series &,-C,, 
resonant circuit tuned on the fundamental and a load 
R. In a common case, the parallel capacitance C can 
represent the intrinsic device output capacitance and 
external circuit capacitance added by the load net- 
work. The active device is considered to be an ideal 
switch that is driven in such a way in order to provide 
the device switching between its on-state and of-state 
operation conditions. In order to simplify an analysis 
of such a switched-mode power amplifier, it is advis- 
able to introduce the same idealized assumptions as 
for well-known Class E operation mode [2]. 

However, such a circuit schematic when a shunt 
capacitance and a series inductance can provide ide- 
ally loo-percent DC-to-RF efficiency is not a unique. 
The same results can be achieved using the circuit 
configuration with parallel circuit consisting of a par- 
allel capacitance and a parallel inductance with an 
additional series filtering circuit to provide high level 
of harmonic suppression. The generalized analysis of 
such a switched-mode power amplifier with calcula- 
tion of voltage and current waveforms and some 
graphical results firstly was done by Kozyrev [3]. 
The circuit schematic, required waveforms, phase 

For the theoretical analysis, the ideal switch re- 
places the active device as it is shown in Figure l(b). 
Let the moments of switch-on is t = 0 and switch-off 
is t =Idw with period of repeatability of input driv- 
ing signal T = 2~ are determined by the input circuit 
of the power amplifier. Assume that the losses in the 
reactive circuit elements are negligible and the qual- 
ity factor of the loaded LO-C,, circuit is sufficiently 
high. For lossless operation mode, it is necessary to 
provide the following optimum conditions for voltage 
across the switch just prior to the start of switch on at 
the moment t = 2tidw : 
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(1) 

(2) 

where v, is the voltage across the switch. 

m-r-+-b 

Fig. 1. Equivalent circuits of Class E tuned power amplifiers with 
parallel circuit 

Let the output voltage and current are written as 
sinusoidal by 

iR(ut) = I,sin(wt + p) 
vR(ut) = I,Rsin(ut + p) 

where p is the initial phase shift. 

(3) 
(4) 

B. Voltage and current steady-state waveforms 

When switch is on for 0 I Al < z, the voltage 

~,(,a) = V,, - vL(ti) = 0, the current through the 

capacitance i,(a) = 0 and 

i,(ut) = ?ut + IR [sin(& + p) - sinp] (5) 

When switch is off for x I & < 29r, the cur- 
rent through switch is(a)= 0 and the current 

i,(d) = i,(d) + i, (wt) flowing through the capaci- 

tance C can be rewritten as 

iL(z) + I,sin(ti + p) (6) 
under the initial off-state conditions V,(Z) = 0 and 

i&) = s - I,sinp. 

w2LCd2vs(ti) + v (wt) - V 
d(d)2 ’ Cc 

- uLI,cos (ut + $0) = 0 (7) 

which general solution can be obtained by 
v,(a) = C,cos (qti) + C,sin(q&) + V,, 

q2 - - uLI,cos (wt + $9) 
1 - q2 

(8) 

where q = l/w&? and the coefficients C, and C, 
are determined from the initial off-state conditions at 
la = 77. 

To solve equation with regard to three unknown 
parameters, it is necessary to use two optimum condi- 
tions given by equations (l)-(2) and to add an addi- 
tional equation defining the supply voltage V,, from 
Fourier series expansion as 

As a result, solving the system of three equations 
with three unknown parameters numerically gives the 
following values: 

q = 1.412 (10) 
p = 15.155” (11) 

WLI, = 1.21 v,,. (12) 
In Figure 2, the normalized (a) load current and 

collector (b) voltage and (c) current waveforms for 
idealized optimum parallel-circuit Class E mode are 
shown. The normalized currents flowing both 
through load network (a) capacitance C and (b) in- 
ductance L for idealized optimum parallel-circuit 
Class E mode are given in Figure 3. 

C. Load networkparameters 

The fundamental-frequency current i,, (we) flow- 

ing through the switch consists of two quadrature 
components, active iR and reactive ix, which ampli- 
tudes can be found using Fourier formulas and equa- 
tion (5) by 

IR = ‘*liS(&)sin(ti + p)d(ut) 
X0 

(13) 

I, = ;2~s(ut)cos (ut + p)d(cint) (14) 

Equation (6) can be represented in the form of 
the second order differential equation given by 
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= 34.244”. (15) 

From the other hand, the phase angle # can be 

represented as a function of load network elements as 

tan# = 2 - wRC. (16) 

As a result, the optimum series inductance L and 
parallel capacitance C can be obtained by 

WR 
The optimum load resistance R for the specified 

values of supply voltage V,, and output power P,,,, 
can: be calculated from 

rzI 

3 
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Fig. 2. Normalized (a) load current and switch (b) voltage and (c) 
current waveforms for optimum parallel-circuit Class E mode 

ic/Io 
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And the parameters of the series resonant circuit 
depending on the chosen in advance loaded quality 
factor QL, which value should be as high as possible, 
are calculated by 

(20) 

b). 
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D. Peak collector voltage and current 

The peak collector current I,,,,, and voltage V,,, 
can be determined either by differentiating the appro- 
priate waveforms given by equations (5) and (8), re- 
spectively, and setting the results equal to zero or 
directly from numerical calculation, which gives 

E. Maximum operation frequency 

Fig. 3. Normalized currents through (a) capacitance and (b) 
inductance for optimum parallel-circuit Class E mode 

When realizing the optimum parallel-circuit 
Class E operation mode, it is very important to know 
up to which maximum frequency such an efficient 
operation mode can be extended. In this case, it is 
required to establish a relationship between maxi- 
mum frequency fm,, device output capacitance CO,, 
and supply voltage V,,. The device output capacitance 
CO,, gives the main limitation of the maximum opera- 
tion frequency. So, using equation (18) when C = C,,,, 
gives the value of maximum operation frequency of 

L = 0.732E (17) 
w 

c = 0.685 
0% 

R = 1.3655 
O”, 

(1% 

C, =-L 
@RQL 

L, = 1 
W2Co 

V’ Srnax = 3.647 v,, 

I smax = 2.647 I,. 

(21) 

(22) 

Consequently, the phase angle 4 between the 

fundamental-frequency voltage v,, (OX) and current 

i,, (a) at switch terminal is equal to 



. f,, = 0.0798* (23) 
out cc 

which is in 1.4 times larger than that one for optimum 
Class E power amplifier with shunt capacitance[4]. 

III. RlNJLTS 

In Figure 4, the circuit schematic of the single: 
stage 500 MHz parallel-circuit Class E high-voltage 
LDiLlOSFET power amplifier module with supply 
voltage V,, = 28 V, output power PO,, = 42 dBm, 
linear power gain Gp = 15 dB and power-added 
efficiency PAE = 67% is shown. The input and 
output matching is provided by means of the 
transmission-line T-transformers. The required load 
network phase angle is provided with the device 
output capacitance and parallel 50-Ohm transmission 
line of 25-degree electrical length. 

Fig. 4. Schematic of parallel-circuit Class E high-power 
LDMOSFET power amplifier module 

Fig. 5. Schematic of parallel-circuit Class E low-voltage In- 
GaP/GaAs HBT power amplifier for handset application 

In Figure 5, the circuit topology of two-stage 
1.75 GHz parallel-circuit Class E low-voltage In- 
GaP/GaAs HBT power amplifier for handset applica- 
tion with supply voltage Y,, = 3.5 V, simulated output 

power Pout = 34 dBm, linear power gain Gp = 25 dB, 
collector efficiency of 71% and PAE = 61% is given. 
The input, interstage and output matching circuits are 
realized in the form of simple high-pass L- 
transformers based on the lumped and transmission- 
line elements. With the increase of the supply voltage 
up to V,, = 5 V, the collector efficiency increases up 
to 92% with PAE = 83% and P,,,, = 36 dBm. 

IV. CONCLUSIONS 

The new subclass of Class E power amplifiers 
consisting of a parallel capacitance, a parallel induc- 
tance and a series resonant circuit tuned on the fun- 
damental is defined. The derived equations were used 
to determine the load network circuit elements re- 
quired obtaining a loo-percent efficiency. The ap- 
propriate voltage and current waveforms are calcu- 
lated and shown. Two examples of high power 
LDMOSFET and low-voltage HBT power amplifiers, 
utilizing a parallel-circuit Class E circuit configura- 
tion, are presented. The switched-mode parallel- 
circuit Class E power amplifiers offer a new chal- 
lenge for RF and microwave power amplification 
providing high-efficiency operation conditions. 

V. ACKNOWLEDGMENT 

The authors acknowledge sincere appreciation to 
Dr. Rajinder Singh and his colleagues from VLSI 
Circuit Design and Test Department, Institute of Mi- 
croelectronics, Singapore, where the first experimen- 
tal results on LDMOSFET parallel-circuit Class E 
power amplifiers were achieved. The authors espe- 
cially would like to thank Galina Grebennikova for 
providing numerical calculations. Also, the authors 
are appreciative of the encouragement given by Dr. 
Frederick Raab. 

REFERENCES 

[l] N. 0. Socal, and A. D. Socal, “Class E - a New Class 
of High-Efficiency Tuned Single-Ended Switching Power 
Amplifiers,” IEEE J. Solid-State Circuits, Vol. SC-IO, 
pp. 168-176, June 1975. 
[2] F. H. Raab, “Idealized Operation of the Class E Tuned 
Power Amplifier,” IEEE Trans. Circuits and Systems, 
Vol. CAS-24, pp. 725-735, Dec. 1977. 

[3] V. B. Kozyrev, “Single-Ended Switched-Mode Tuned 
Power Amplifier with Filtering Circuit”(in Russian), Po- 
luprovodnikovye priboly v tekhnike svyazi, Vol. 6, pp. 
152-166, 1971. 

[4] M. K. Kazimierczuk, and W. A. Tabisz, “Class C-E 
High-Efficiency Tuned Power Amplifier,” IEEE Trans. 
Circuits and Systems, Vol. CAS-36, pp. 42 l-428, 
March 1989. 

1630 


	MTT024
	Return to Contents


