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Abstract—This paper researches about influence of multi-
frequency operation of parallel connected class D amplifiers. It
can be seen that variation in dc supply voltage of one amplifier
leg does not influence to output waveform of another amplifier
leg. However, parallel connection of two amplifiers influences
output power of both amplifiers due to change in impedance of
output filter. It is proposed to insert decoupling filter to the
output of higher frequency amplifier to reduce the coupling. It is
shown that decoupling filter successfully improved coupling
between amplifiers.

L INTRODUCTION

Class D amplifier is one of next generation power source
for plasma generator due to its high efficiency characteristics
[17[2]. In the plasma generators, RF power is often imposed
with combination of several frequency components. For
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example, an RF generator for semiconductor processing inputs
2 MHz and 13.56 MHz RF power to the chamber [3]. In order
to impose RF powers with several frequencies, several power
amplifiers with different operating frequencies are operated in
parallel. If power amplifiers are connected in parallel, there is
electric coupling between the amplifiers. Operation of class D
amplifier [4] is strongly influenced by condition of load
impedance. It is important to investigate the influence of
parallel operation of amplifiers with different frequencies.
However, this influence is not well researched for class D
amplifiers yet. In this paper, parallel connected two class D
amplifiers which are operated at different frequencies is
simulated with PSPICE to obtain influence of coupling of
different frequencies.
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Fig. 1. Parallel connected class D amplifier with
different operating frequencies.
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Fig. 2. Basic circuit of the class D amplifier.
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Fig. 3. Theoretical waveforms of switch voltage and output current.

II.  PARALLEL CONNECTED CLASS D AMPLIFIERS WITH
DIFFERENT OPERATING FREQUENCIES

Parallel connected class D amplifier analyzed in this paper
is shown in Fig. 1. Two class D amplifiers with different
operating frequencies are connected in parallel. One leg of
class D amplifier is a voltage switching type class D amplifier
shown in Fig. 2. The class D amplifier is composed of dc
supply voltage V,, two MOSFET transistor switches, output
resonant LC filter C — L, and load resistance R . The output
LC filter C — L has a high loaded quality factor and a resonant
frequency fD near the switching frequency f so that the
output current can be pure sinusoid at the switching frequency.
The MOSFET transistors switch in turn periodically and it
produce rectangular voltage excitation at drain voltage vg. The
output LC filter C— L extracts the fundamental frequency

component of drain voltage and output to the load resistance R .

Fig. 3 shows drain voltage waveform and output voltage
waveform of the class D amplifier. When the duty ratio is 0.5,
the circuit parameters are [2]
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where P is output power (100% power efficiency is supposed),
@ is phase angle of output current, Q is loaded quality factor

of output LC filter, and @), is
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In general f, is set to less than f in order to ensure
inductive load current in transistor. If

(p=30deg , Vpop =250V, P=190W , and Q=10 at
13.56 MHz, circuit parameters are calculated as follows;
C=242pF, L=6.04F, and R=50Q. And at 27.12
MHz, C =12pF, L=3uF, and R=50€.At 40.68 MHz,
C=8pF, L=24F, and R=50Q . At 60.00 MHz,
C=5.5pF, L=144F,and R=50Q.

III.  SIMULATION RESULTS

In the simulation, 3 circuits who have different patterns of
frequency combinations were tested; they are (1) 13.56 MHz +
27.12 MHz, (2) 13.56MHz + 40.68 MHz, and (3) 13.56 MHz +
60.00 MHz. Simulated circuit has 50 QQ load resistance. In this
simulation, IXY'S DEI375-102N12A was used for MOSFET.

In the first, supply voltage of leg #1, V,, was varied from
0 V to 250 V. Fig. 4 shows time domain waveforms of drain
voltage of S1 vg,, drain voltage of S2 v, , and output voltage
v, when leg #1 was operated at 13.56 MHz and leg #2 was
operated at 27.12 MHz. It can be seen waveform of vy, was
proportional to V5, . However, waveform of vg, was not
varied with V. Waveform of output current i, was super-
imposing of two different frequency sinusoids. Fig. 5 shows
FFT of waveforms in Fig. 4. It can be seen that spectrum of
Vg, has third harmonic component but does not have second
harmonic component. Therefore, there is very low influence
between vg; and vg,. It can be also seen that on frequency
component of 7, at 13.56 MHz varied with V, . But,
frequency component at 27.12 MHz was not varied with V.
Namely, input voltage (input power) of low frequency
component did not influence to the output power of high
frequency component when 13.56MHz and 27.12 MHz were
imposed.

Same simulations were done for circuit (2) and (3). Fig. 6
shows plots of FFT results of (a) 13.56 MHz components and
(b) 27.12 MHz, 40.56 MHz, and 60.00 MHz components of
output current 7, of (1), (2), and (3) circuits. As seen in Fig.
6(a), 13.56 MHz component was proportional to V. (Some
plots were not obtained due to PSpice convergence problem.)
From Fig. 6(b), it can be seen that frequency components at
27.12 MHz, 40.56 MHz, and 60.00 MHz did not varied with
Vppi - These two plots indicate that variation of input voltage
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Fig. 4. Simulated waveforms drain voltage of S1 Ug, , drain voltage of
S2 Vg, , and output voltage U, when leg #1 was operated at 13.56
MHz and leg #2 was operated at 27.12 MHz, for selected values of

VDDl .
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Fig. 5. FFT results of drain voltage of S1 Ug,, drain voltage of S2 Ug,,
and output voltage U, when leg #1 was operated at 13.56 MHz and leg
#2 was operated at 27.12 MHz, for selected values of VDD 5

Vpp; for 13.56 MHz did not influence to output power of
other amplifier leg. However, three plots in Fig. 6(a), i.e.,
13.56 MHz + 27.12 MHz, 13.56 MHz + 40.56 MHz, and 13.56
MHz + 60.00MHz, have different values. This difference is
due to change in impedance of output filter of amplifier #1.
Namely, connection of amplifier #2 influences impedance of
out put filter seen from amplifier #1.

Similar simulation were done for variation of Vp, . Fig. 7
shows plots of FFT results of (a) 13.56 MHz components and
(b) 27.12 MHz, 40.56 MHz, and 60.00 MHz components of
output current i, of (1), (2), and (3) circuits when Vp,, was
varied from 0 V to 250 V. From Fig. 7(a), it can be seen that
frequency components at 13.56 MHz did not varied with
Vpp, - This plot indicates that variation of input voltage
Vpp, did not influence to output power of other amplifier leg.
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Fig. 6. FFT results of (a) 13.56 MHz components and (b) 27.12 MHz,
40.56 MHz, and 60.00 MHz components of output current 1 o of (1), (2),
and (3) circuits, versus VDDl .

IV. REDUCTION OF COUPLING BETWEEN PARALLEL
CONNECTED AMPLIFIERS

In order to reduce coupling between parallel connected
amplifiers, it is proposed to insert decoupling filter to the
output of one amplifier which has higher output frequency. Fig.
8 shows proposed circuit which has decoupling filter.
Decoupling filter is a band cut filter which has notch frequency
13.56 MHz, i.e., output frequency of amplifier #1. Fig. 9
shows FFT results of 13.56 MHz component of output current
i, of improved circuits. In this simulation, values of
decoupling filter were C~- = 23pF, L. =6 yF. Comparing
with Fig. 6(a), difference between three plots are reduced.

V. CONCLUSIONS

This paper influence of multi-frequency operation of
parallel connected class D amplifiers were researched. It can
be seen that variation in dc supply voltage of one amplifier leg
does not influence to the output waveform of another amplifier.
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Fig. 7. FFT results of (a) 13.56 MHz components and (b) 27.12 MHz,
40.56 MHz, and 60.00 MHz components of output current 1 o of (1), (2),
and (3) circuits, versus VDD )

However, parallel connection of two amplifiers influence
output power of both amplifiers due to change in impedance of
output filter. It was proposed to insert decoupling filter to the
output of higher frequency amplifier to reduce the coupling. It
was seen that decoupling filter successfully improved coupling
between amplifiers.
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Fig. 8. Improved parallel connected class E amplifier
with different operating frequencies.
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Fig. 9. FFT results of (a) 13.56 MHz components and (b) 27.12 MHz,
40.56 MHz, and 60.00 MHz components of output current 1 o of
improved circuits, versus VDDI .
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