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ABSTRACT

In this paper, a high efficiency single and push-pull

power amplifiers are described. We can construct the

high efficiency power amplifier by using the higher

harmonics along with the fundamental wave. By connect-

ing the parallel resonators for the fundamental wave fo

and the third harmonic 3fo to the load circuit of the

amplifier, we can synthesize a square wave which is

necessary for obtaining the efficiency amplifier. The

single and push-pull power amplifiers were constructed

and tested. The operating frequency was O.9 GHz, and

the maximum output power and the power added efficiency

were 36.1 dBm and 60 %, respectively, for the single

amplifier and they were 39 dBm and 81 % for the push-

pull power amplifier.

I. INTRODUCTION

In recent years, there is a strong demand that the

efficiency Of an amplifier for a ‘transmitter ‘Seal at a

mobile station in the o.A to p.~ GHz band ‘hOuld be
~arle bigher, and the studies related to this subject

have been reported (1)-(4) . In Refs. (1 ) and (2) , the

high efficiency was accomplished by short-circuiting ‘he
imPedance of the Output circuit of an amplifier fOr

even harmonics. In Ref. (3), to cOnstruct a high ‘f-

f icincy amplifier, a short–endedX/4 transmission line

or an open-ended transmission line was used in the 10ad

circuit. In Ref.(4), the efficiency of a ‘ecOnd-

‘harmonic processing circuit is maximized by the second-

harmonic in jectiOn methOd.

In the above cited methOds, the fundamental wave

and the eecond harmonics are employed to construct a

high efficiency amplifier. In these methods, we make
the amplitude Of a sinusoidal wave saturated at ‘ts

maximum and uses this waveform as an exciting waveform,

and the power added efficiency becOmes large at a

saturating point of the output power. Since we cannot

use the amplifier at this saturating point even if the

efficiency is high, we ehould use a point below the

maturating point and, therefore, the power added ef -

f iciency is low. To overcome these problems, the author

proposes the use of the fundamental and the third-

harmonic waves and constructed single and pueh-Pull

amplifiers using these waves.

To obtain high efficiency, we set the amplitude of

the third harmonies tO a value in the range I/6 - I/7

when the amplitude of the fundamental wave is unitY. If

we set the operating angle of thee synt$asized voltage

waveform to a value in the range 70 – 74! we can obtain
a ~quar waveform which is necessary fOr a high ef-

ficiency amplifier and can construct an amplifier with

high power added efficiency.

The author constructed the claes B single and push-

puu power amplifiers and performed the experiment at
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the operating frequency of O.9 GHz. The output power

“was 36.1 dBm for the single amplifier and 39 dBm

for the push-pull amplifier. The power added ef-

ficiencies were 60 % and 81 % for the two amplifiers.

In the following sections, the characteristics of these

amplifiers are discribed.

II. HIGH EFFICIENCY POWER AMPLIFIER

2.1 High efficiency single power amplifier

As a power amplifie-r in a conventional transmitter,

class C amplification is adopted where the drain effi-

ciency of FET ie high. In a drain circuit, we tune the

frequency at a point where the power factor is unity,
choose a deep gate bias, and give the exciting voltage

which is large enough to have the plus gate voltage.

Further, we make the current flow angle of the drain

smaller than Z . Figure 1 chows the drain voltage under

these conditions. The current flow angle is an electri-

cal angle corresponding to a time interval in which the

drain current flows. The operating angle is a half of
the current flow angle. The operating angles for class

A, B, and C amplification arelZ, E/2, and<~2,.

respectively.

When we use a FET in claes C amplification, the

drain efficiency is 75 - 82 % and a part of the input

power is lost. If the drain voltage is zero in a

period when the drain current flows, the loss is zerO\

and the efficiency is 100 %. In class C amplification,
if we reduce the operating angle or the current flow

angle 2eI , the drain voltage is low in a period when

the drain current flows. As a result, the efficiency

becomes high as shown in Fig. 1. HOwever, if we want tO

have large power by making the operating angle small,

both the drain current and drain voltage increase and

the loss also increases. Hence, too small operating

angle makes the efficiency lower.

When the input voltage to the gate of FET is a

square wave, the drain current is a square wave. Since

the drain current flows when the drain voltage is low,

it is possible to make the efficiency of FET 90 - 95 %.

Current flow angle 2B@e9s)
F]g. 1. ODeration of the class C power amplifier

relation between the current flow angle

and the drain efficiency
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fig. 2. Waveform of the voltage synthesized by the
fundamental wave the second harmonics, and
the third harmonics

When we increase the amplitude of a sinusoidal wave

given to the gate of FET, we have the fundamental wave

and the second and third harmonics at the drain, be-

cause the characteristic curve of FET is nonlinear (we

neglect the higher-order harmonics as their amplitudes

‘are very small) . By adjusting the ratio between the

amplitude of the fundamental wave and that of the har-

monics, we synthesize a voltage waveform. When this

voltage is applied to the gate of the amplifier, the

current flows in an interval when the drain voltage is

low and, as a result, the power added efficiency is

high. The synthesized voltage waveform is shown in Fig.

2. As indicated in Figs. 2a - 2c, we first choose the

phase of the third harmonics so that the third har-

monics is out of phase with respect to the fundamental

wave at e = O. Next we consider how the amplitude of

the third harmonics should be chosen to obtain the

waveform that is close to a square wave necessary for a

high efficiency amplifier. Let us .a, ssume that, the

amplitude of the fundamental wave is unity. Then if we

set the amplitude of the third harmonics to 1/8 or 1/9,
the flat wavefarm is obtained at a point where the

amplitude takes its maximum as shown in Fig. 2a.

However, the width of the flat portion is narrow. Next

‘if we set the amplitude of the third harmonic to 1/6 or

1 /7, the flat portion is wider than that in Fig. 2a and

the waveform is close to a square wave as shown in Fig.

2b. Furter, if we set the amplitude to 1/4 or 1/5, the

waveform has two peaks at its m~imum as shown in Fig. 2C .

Now let us use the fundamental wave and the second

harmonics that are shown in Fie. 2d. When the ampli-

tude of the second harmonics-is 1/3 and

retardation is 456, the two waves become

out of phase at @ = O and we obtain the

maximally flat waveform that is close to

a square wave. In a case where we use

the fundamental wave and the second and

third harmonics that are shown in Fig.

2e, we aet the amplitudes of the second

and third harmonics to 1/7 and 1/10, re-

spectively, and we delay the phase angle

of the second harmonics bv L5°. Then the

the phase

two harmonics become out-of phase with

respect to the fundamental wave and the

synthesized wave has a flat portion at

its maximum. As a result, we obtain a

square wave which is necessary for the high efficiency

amplifier. The operating angle of this synthesized wave

is slightly smaller than that of the wave obtained when

the fundamental wave and the second harmonics are used.

AS evident from Figs. 2a - 2e, the synthesized wave

that has small operating angle and is closest to a

square wave is the wave shown in Fig. 2b. This wave has

a wide flat portion, and if we use this wane at the ex-

citing port of a power amplifier and at gate of an FET

of the final stage, the period where the drain voltage

is low becomes longer. It seems that, if the drain cur–

rent flows in this period, we may obtain a high ef-

ficiency amplifier. However, the current flow angle2Ql

becomes large and the efficiency decreases. Figure 1

shows how the drain efficiency depends on the angle 2~.

Note that this figure was obtained for a sinusoidal

waveform and cannot be compared directly with the

result obtained for the waveform in Fig. 2. But, aS

long as we judge from Fig. 1, it seems that the ef-

ficiency decreases as 20! becomes large.

Although the waveform synthesized using the fun-

damental wave and the third harmonics has flat portion

at its ❑aximum, it spreads out a littlt at the foot and

differs slightly from the desired waveform. As a

result, the efficiency is smaller than that attainable

for the optimum waveform. Then it becomes most impor-

tant how we choose the operating angle to realize the

high efficiency amplifier.

When the operating angle e, of the synthesized
waveform falls in the range 70°_ 74° , the waveform is

clOsest to a square wave. The refore this range of the

angle is desirable. The method for adjusting t3, to a

value in this range is shown in Fig. 3. (The waveform

is symmetrical with respect to 9 = O and, if we choose

7L”at either side of 9 = O, we need only the waveform

above the line. )

Figure 3 shows a circuit system for producing the

synthesized voltage waveforms indicated in Fig. 2. When

we increase the amplitude of voltage applied to the in-

put of the first-stage amplifier, the second and third

harmonics as well as the fundamental wave are generated

at the drain because of the nonlinear characteristics

of an FET. As shown in Fig. 2, we connect the filter

which transmits only the fundamental wave and the fil-

ter which transmits only the third harmonica. Since the

amplitude of the third harmonics is small, we amplify

it by the variable-gain amplifier. The amplitude of the

third harmonics is set tO 1/6 of that of the f~damen_

tal wave, and when its phase is so adjusted that it is

out of phase with respect to the phase of the fundamen–

tal wave at 6 = O, we obtain the synthesized waveform

shown in Fig. 2b. To keep this waveform, parallel

resonators with resonance frequencies fo and 3fo are

connected to the drain. Bias voltage Vgs of the dual

gate FET is adjusted so that it operates as a class A

amplifier. The synthesized voltage which is the output

of the dual gate FET is supplied to the gate of FET1

through a coupling capacitance C. AS sho~ in Fig. ~ ,

we need only a part of synthesized waveform, namely, we

voltage
control led
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Fig. 3 circuit Constitute On of the high effi~<en~y single power
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need the waveform which exists above the line cor-

responding to the operating angle 74° . Hence we adjust

trie bias voltage Vgs d FETI so that it gives the

operating angle 74° . But, since it is difficult to set

the bias voltage accurately, the author adjusted Vgs by

observing the synthesized waveform at the drain of FET1

using a sampling oscilloscope.

When we amplify the synthesized voltage by FET1 , we

obtain the waveform that is closest to a square wave at

the terminals of parallel resonators with resonance

frequencies fo and 3f o. If we use only the resonator

with resonance frequency fo, the load impedance become

much smaller than the resonance impedance for the volt-

age of the third harmonics and the harmonic component

in the voltage appearing the load becomes much smaller

than the fundamental component. Hence the wavefOrm

across the load is regarded as the waveform of the fun-

damental wave and we cannot obtain the synthesized

waveform shown in Fig. 2b. To obtain this waveform, we

need the parallel resonator with resonance frequency

3fo. Hence we employ, in the circuit system of Fig. 3 j

Fig. 4. Bias voltage for obtainin9 the synthesized vQ1tage

ODeratfng angle is 14”.
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Fig. 5. Dependence of the outcwt power and the DOwer added

efficiency on the fnput power for the aMDl if~er

of Fig. 3.

the two resonators with the resonance frequencies fo

and 3fo which are connected in series.

If we supply, through a coupling capacitance C,

the waveform that is closest to a square wave to the

gate of a power amplifying FET at the final stage, the

period in which the drain voltage is low becomes longer

and the drain current flows in this period. Hence we

have the high eficiency amplifier.

The resonance frequencies fo and 3fo of the reso-

nators in Fig. 3 are 0.9 and 2.7 GHz, respectively. If

we construct these resonators by lumped-constants cir–

cuits, we cannot obtain large QL owing to the Skin ‘f-

feet. On the other hand, if we cOnstruct them by

distributed-constant circuits, the wavelength is 10:g

and the volumes of them are large. Hence als O in this

case it is difficult to obtain large QL on account of
the skin effect. In constructing the high efficiency

amplifier, not only high efficiency but also large Out-

put power are required. In order tO Obtain such an

amplifier, we need resonators having large QL for the

frequencies fo and 3fo. The auther replaced the reso-

nators of fo and 3fo by coaxial dielectric resonators

and constructed, a high efficiency amplifier. The

bandwidth of the parallel resonator for the frequency

fo is LO MHz and QL= 2L.

The voltage Vds applied between the drain and

source of the power amplifying FET is 9 V, the bias

voltage Vgs is -3.2 V. This bias VOI tage corresponds to

the cutoff voltage Vp in Fig. 5. Under these condi-

tions, the FET operates as a class B amplifier.

When the input powetr was fixed to 22 dBm and the

frequency was varied from 0.8 to 1.1 GHz, we obtained

the output power 35 dBm(3.3 W) , the band width 40 ~z,

and the power added efficiency 60 %. Figure 5 shows the

characteristic curves of the output power and power

added efficiency. When the frequency was fixed to O.9

GHz and the input power was varied from 16 to 26 dBm,

the output power changed from 29 to 36.1 dBm and the

power added efficiency changed from LL to 60 %.

When the circuit system of Fig. 3 was used, the

power added efficiency did not take its maximum at the

input power which yielded the maximua output power. The

maximum efficiency 60 % was obtained the input power of

22 dBm.

If we cutoff the output of the variable-gain ampli-

f ier in Fig. 3, we have only the fundamental wave. In

this case, when we increase the amplitude of the input

voltage applied to the gate of FET1 , we obtain in the

drain the voltage which saturates at its maximum. When

we apply this voltage to the gate of the final stage,

the circuit system operates as a high efficiency

amplifier, but if we want to increase the efficiency by

using the waveform of Fig. 2b, we set the voltage

decrease Ed3 and Fd to ?/6 and 1, respectively, by ad-

justing QL of the parallel resonators with the resonance

frequencies fo and jfo. Although we know that the

amplitude ration between the voltages with fo and 3fo

can be varied by changing QL , it is difficult to carry

Fig. 6. Circuit constitution of a high efficiency PuSh-DUll

power amp] if ler represented by ]umDed-corrstant elements.
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Jut this adjustment for the resonators composed by the

distributed-constant circuit. Hence, when we use the

voltage waveform saturating at its maximum, we obtain



at the drain of the final stage merely the synthesized

voltage waveform which is close to a square wave but

has unknow radio between the voltages with f o and 3f o.

The dash-dot curves in Fig. 5 show the measured output

,power and power added efficiey as functions of the in-

put power obtained in a case that the smthesized vOlt-

age mentioned above was used. As seen from the curves,

the maximum output power is 35.8 dBm and the power

added efficiency is 56 %. From the above discussion, it

is clear that, when we employ the simplified circuit

system in which the output power of variable-gain

amplifier is cutoff, the output power and the power

added efficiency are lower than those obtained by the

high efficiency amplifier of Fig. 3. TO solve this

problem, the author divised the circuit system of Fig.

3 and, by the experiment, confirmed that the output

power and the power added efficiency are large.

2.2 High Efficiency Push–Pull Power Amplifier

Figure 6 shows the circuit structure of a high effi

Ciency push-pull amplifier. In Fig. 6, the resonator

with fo is for picking up the fundamental wave, and the

filter with 3fo is for reflecting the third harmonics.

We replace the lumped-constant circuits with coaxial-

tYpe dielectric resonators, and the resulting circuit

is shown in Fig. 7. The electrical lengths of these
distributed-constant circuits are all&4 as shown in

Fig. 7.

Fig. 8. Photograph of the high efficiency DUSh-Dull DOwer
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Fig. 8 is a photograph of tne push-pull power ampli-

fier shown in Fig. 7.

The bias voltage Vds across the drain and eource of

the two power FETs is 9 V, and the bias voltage Vgs

across the gate and souce is -3.2 V which is on the

cutoff point Vp of the FET. By adopting these bias

voltages, the circuit system of Fig. 7 works as a class

B push-pull power amplifier,

Figure 9 shows the frequency characteristics which

was obtained when the input power was constant 25.6

dBm(370 mW) and the frequency was changed frOm 0.8 tO

1.1 GHz. The output power was 39 dBm(8 W), the band-

width was 450 MHz, and the power added efficiency of 81

Z was obtained.

Figure 10 shows the characteristic curves of the

input power versus output power and of the power added

efficiency. When the frequency is constant 0.9 GHz and

the input power was changed from 17 to 29 dBm, the out–

put power varied from 36 to 39 dBm and the power added
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Fig.lo. Dependence of the OUtDUt uower an~ the Dower

adoea efficiency on the input power fOr the

amplifier of rig. 8.

efficiency varied from 58 to 81 %.

IV CONCLUSION

We have described the high efficiency class B single

and push-pull power amplifiers. The most important

point in constructing the high efficiency power

amplifier is that, when the voltage amplitude of the

fundamental wave is unity, the amplifitude of the third

harmonics should be 1/6 or 1/7 and the waveform of the

third harmonics should be out of phase relative to the

fundamental wave at e = O. It was confirmed frcm the

experiment that, if we set th; operating angle of the

synthesized voltage to a value in the range 70°– 7.L! we

obtain the waveform that is closest to the square wave

and this waveform is the most desirable one for con-

structing the high efficiency amplifier. Although it is

important to make the efficiency higher, it is also im-

portant to make the output power larger. To obtain the

large output power, we should use the parallel

resonators for fo and 3fo which have large QL. This

point was confirmed by the experiment. The circuit sYs–

terns for the high efficiency amplifiers using the

waveforms of Figs. 2d and 2e have aleo been desribed in

this paper.
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