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Reliability and Efficiency Aspects
of Harmonic-Control Amplifiers

Bernhard IngruberMember, IEEE

Abstract—Reverse gate current flowing through a power device and the corresponding gate and drain wave forms and dy-
of a harmonic control microwave amplifier reduces its power- namic load line at class F operation are indicated. When
added efficiency (PAE) and its reliability. This study reports on ha sinyseidal input voltage is increased, two things happen.
theoretical analysis and measurement results of the breakdown First. th iti t it ina d ! the device int
behavior of a GaAs MESFET at class F and half sinusoidally Irst, the posi 'V_e gaie _VO age swing rlve_s. € device Into
driven harmonic control amplifier ("HCA) operation. In a class  forward conduction, which means that positive gate current
F amplifier reverse gate current is observed in power saturation flows through the gate—source diode and the drain current
and PAE decreases with increasing drain supply voltage. On the saturates at the maximum current legg),). The drain voltage
other hand, in an hHCA any reverse gate stress is avoided due \amaing unchanged. Secondly, the negative gate voltage swing
to the reduction of input voltage swing. This improves not only drain-t te breakd foll db t
PAE, but also reliability. causes drain-to-gate breakdown followed by reverse curren

_ _ through the gate—drain diode. Consequently, drain current

Index Terms—Class F, gate current, harmonic control, high  fio\ys within the second half of the time period. Again

efficiency, power amplifier, reliability. . . "
the drain voltage remains more or less unchanged. It is

important to note that both, forward conduction and reverse
|. INTRODUCTION breakdown, increase the mean value of drain current and,

OR a well-constructed high-efficiency microwave poWel'lherefore, i_ncrease output power. But_ as the_device remains

amplifier, power saturation is a combined effect of for'ned off in the second half of the time period at forward
ward gate conduction and drain-to-gate breakdown [1]-[4jonduction only, PAE is unchanged only at this condition,
But as the former has only a small influence on power-addi{jereas at reverse breakdown PAE is reduced with rising

efficiency (PAE), the latter reduces PAE due to the appeararfi€¥€rse current due to the rise of power dissipation in the

of a drain current component which is in phase with the drafifVice- Therefore, the avoidance of reverse breakdown is
Agt only important from reliability point of view but also to

voltage and, therefore, causes additional power dissipati o
in the transistor [1], [2], [4], [5]. Reliability tests on GaAsMaximize PAE. B o _
MESFET’s under dc and radio frequency (RF) excitation at el- For this class F amplifier thg upper limit of drain-to-source
evated temperatures have shown gradual degradation of ouffit29€ (Vpsmax), where drain-to-gate breakdow(Vzp)
power over stress time due to drain-to-gate breakdown volta@e®UrS: 1S

(Vep) dggradation at_ reverse gate currents, which finally VpsmaxF = Vep +2-V, = V; (1)
resulted in catastrophic failures [6]-[9]. On the other hand, ) . ) ]

such tests indicated that forward gate currents of the saMfgere the pinchoff voltaggV;,) is negative andvy is the
magnitude have only a small influence on the forward Schottigrward turn-on voltage of the gate diode. The resulting
characteristic [7] and no catastrophic failures occurred even@@ximum drain supply voltagé/n ) can be calculated to be

two times the test duration, where all devices stressed with _ VpSmaxr+Vk  Vep+2-V,—Vy+ Vi
reverse gate current failed [8]. It is known from the literature " P2.F — 9 - 9 :
that most failures of power devices under RF operation occur (2)

under avalanche breakdown at reverse gate currents [6]-[10]. .
Vi is the knee voltage.

Recently, we reported on the half sinusoidally driven har-
monic control amplifier (hHCA) concept [11], where a half

In a harmonic control amplifier (HCA) PAE is optimizedsinusoidal input signal drives an amplifier with class F output
by terminating fundamental and harmonic frequencies at iigatching (Fig. 2). As compared with class F the reduced input
output and input. The most common HCA is the class Voltage swing of the hHCA not only improves power gain up
amplifier, which is biased at its input at class B and harmonigs 6 dB and, therefore, PAE, but al3G>s .. iS increased
are controlled such that drain voltage becomes rectangutgr |V, | + V; to
and drain current half sinusoidal. In Fig. 1 input and output

Il. AMPLIFIER THEORY

characteristics of an idealized field-effect transistor (FET) Vpsmaxnca = Vep +Vp (3)
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Fig. 1. Input and output characteristics of an idealized FET, dynamic load line, gate voltage, drain voltage, and drain current wave forms atreldsa F op
at maximum drain supply voltag€’,» » below output power saturation (—) and in saturation (- - - -).
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Fig. 2. Input and output characteristics of an idealized FET, dynamic load line, gate voltage, drain voltage, and drain current wave forms at &tit@A oper
at the same drain supply voltage as for class F operation below output power saturation (—) and in saturation (- - - -). In practice, the half sine can be
approximated by the fundamental frequency along with the right portion of second hartmenic-).

This higher drain supply voltage finally results in an increasemponents, which are fed through two uncoupled ports into
output power capability. the power amplifier, are generated by a resistively loaded class
At a drain supply voltage equal tdpp » forward con- B driver amplifier. For class F operation, the second harmonic
duction at power saturation is predominating for the hHChput port of the power amplifier is terminated by a sliding
concept and reverse breakdown is avoided (Fig. 2), wheres®rt which is adjusted for maximum PAE operation.
for class F both effects are observed (Fig. 1). ConsequentlyFig. 3 illustrates measured PAE and gate curféai of the
PAE and reliability of the hHCA at given output power levetlass F amplifier as a function of input power at three different
are improved. drain supply voltagesWpp = 6.6 V, 7.4 V, 7.8 V). Below
saturation, gate current is zero for all drain supply voltages and
the differences in PAE at a given input power level result from
lll. M EASUREMENT RESULTS AND DISCUSSION suboptimum drain wave forms at higher drain supply voltages.
Our practical realization of af-band hHCA consists of a As expected from theory, power saturation is a combined effect
commercially available power GaAs MESFET and distributeof forward conduction and reverse breakdown. Maximum PAE
matching networks at its input and output up to the thir$ obtained atvpp = 6.6 V, where only small reverse gate
harmonic frequency. The half sinusoidal input signal is suffeurrent is observed. At higher drain supply voltage reverse gate
ciently approximated by the fundamental frequency along witturrent is much more pronounced. Finally, forward conduction
the right portion of second harmonic (Fig. 2). These signdbminates the gate current in deep saturation. Here, drain
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further improves PAE. An inspection of the gate current slopes
of Fig. 3 and Fig. 4 indicates that they are comparable at
Vppr =66V atclass Fand’pp pnca = 7.8 V at hHCA
operation. As the device has a pinchoff voltagelpf= —4.3

V, a knee voltage oV = 1 V, and a turn-on voltage of

V; =1V, the difference between the drain supply voltages of
both amplifier concepts calculated from (2) and (4) should be
2.65 V. One reason for this deviation of the simplified theory
from the measurement results is that the half sinusoidal input
signal, which is approximated by fundamental frequency and
second harmonic only, has slight overshoots in the second half
of the time period (Fig. 2). Therefore, the gate bias voltage
has to be selected more negative to guarantee the switching-
off of the device within this time period, which reduces the
margin of safety for drain-to-gate breakdown [see (3)]. On

Fig. 3. Measured PAE and gate curréit;) versus input power of a class F the other hand, the simplified theory does not consider the

amplifier at different supply voltageS§/np ).

bias dependence of the input impedance which, of course,

influences the resulting input voltages. Nevertheless, a concept
dependent increase of 1.2 V of drain supply voltage is marked

and results in an increase of 1.4 dB of saturation output power

for this realization.

IV. CONCLUSIONS

The hHCA concept is an efficient way to improve reliability
of the device of a microwave power amplifier. Due to the
reduction of input voltage swing any reverse current stress is
avoided, which increases PAE and output power capability,
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Fig. 4. Measured PAE and gate curréi;) versus fundamental frequency 2]

input power of an hHCA at different supply voltag€epp ).

voltage wave forms are optimum for all supply voltages and,
as explained above, the differences in PAE result from drai
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