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Power Optimization of High-Efficiency
Microwave MESFET Osclillators

Kwok-Keung M. ChengMember, IEEEand Kwok-Po Chan

Abstract—Achieving high output power and efficiency in MESFET
GaAs MESFET oscillators is mainly hampered by the device’s —
parasitics, its staticl-V characteristics, and the circuit embedding Cz_[_
impedance. In this paper, the derivation of the relationship
between oscillator output power and various circuit and device R, € Matching
parameters is presented. From these analytical expressions, op- Circuit
timum operating conditions for maximum oscillator output power J_
and efficiency are determined. The analysis method employed L G z Zo
here is based upon a quasi-linear approach and an open-loop T L
model of the oscillator. The design procedure is verified by mea-
surements on an experimental circuit, which have demonstrated a
dc/radio-frequency conversion efficiency of 54%. Fig. 1. Oscillator circuit configuration.

Index Terms—MESFET, microwave oscillators, optimization. . . . . .
high output power in microwave oscillators. For demonstration,

a 950-MHz hybrid oscillator is constructed and characterized.
[. INTRODUCTION

AXIMIZING oscillator output power and efficiency has II. OPEN-LOOPMODEL OF OSCILLATOR

been the design emphasis of many researchers in recerttig. 1 shows a conventional oscillator configuration where
years [1]-[4]. This is particularly important for some applicathe external embedding circuits are representedLby R,
tions such as the active phase-array antenna, where cost, pq&féctive loss resistance df,), feedback capacitaneg;, and
consumption, repeatability, and reliability are the main desigdad terminationZ;,. To improve phase-noise performance, the
requirements. The MESFET is a very attractive device for highductor can be replaced by a higheesonator. In this proposed
output power and efficiency oscillator applications. Evans [Hesign, two external capacitor€( and C,) are inserted into
described a MESFET oscillator at 16.8 GHz with a conversiaRe circuit to allow additional freedom in optimizing the oscil-
efficiency of 28%, and an output power of 28 mW. Furthermorgator output power (to be explained later). Generally speaking,
circuit designers [3] have reported improved efficiency resulting highly efficient oscillator may be achieved by biasing the
from proper terminations at multiple harmonic frequencies. RRESFET device to a low quiescent current and allowing the
cently, Bryertoret al.[4] have demonstrated a class-E MESFERF feedback signal to swing the device into conduction. The
oscillator at 5 GHz, with efficiency of 59% and output power o§imple process of reducing the conduction angle is illustrated in
300 mW. Achieving high output power in microwave oscillatoFig. 2. In this operating mode (class B), drain current flows only
is mainly hampered by the device’s parasitics, its stafi¢ as  during half of the RF input cycle. It is clear that a sufficiently
well as the circuit embedding impedances [5], [6]. The favorarge drive signal will swing the device beyond pinchdff,on
able embedding impedances are usually determined by usiRg negative portion of the RF cycle [8]. Itis also assumed that a
an automatic tuner and/or a circuit-simulation program. Nunaximum drain current of,,,, is obtained as the gate—source
merical methods such as the harmonic-balance technique [fitage is increased toward its clamping value. Furthermore,
while useful for analysis, provide little insight needed for def, (¢) is assumed to be independent of drain voltage as long
sign. In addition, deriving an accurate large-signal device modgi v, (¢) stays above the knee voltage and below the device
is a time-consuming task. In this paper, an investigation intgeakdown voltage. Accordingly, the coefficients of the Fourier
the problem of power optimization of GaAs MESFET oscillaexpansion off 4. (t) are
tors operated in a class-B mode is given. Explicit formulas ex-
pressing oscillator output power as a function of circuit parame- Iy = Linax I = Linax (1)
ters are derived based upon an open-loop model of the oscillator g 2
and quasi-linear approximation. These equations also providelaere . is the dc component anf] is the peak value of the
good understanding of the fundamental limitations in obtainirfgndamental component [8]. It is obvious that the half-cosine
current waveform contains many harmonics, and it is, therefore,
very difficult to draw the resulting voltage waveform for a given
load condition. The analysis can be greatly simplified by as-
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Fig. 3. Equivalent circuit of oscillator. (a) Open-loop model. (b) Simplified
model.

v

tained at both the gate and drain terminals of the active de-

vice (Fig. 2). The gate—source voltage has to be less than
Vas the diode clamping voltage (a zero value is assumed here)

‘} and larger than twice the pinchoff voltage of the channel.

Vep 2) The maximum drain voltage swin{{.,) can be deter-

mined from the supply voltagé,s) and thel-V of the

FET. Ideally, the drain voltage has to be above the knee

Vos voltage ¢i) of the transistor and below the breakdown
U voltage (/sp) of the drain—source junction
g > Vi — {VDS - Vi, if Vbs — Vi < VBp — Vs
47 Vap — Vos, if Vbs — Vi > VBp — VDs.
Fig. 2. Voltage and current waveforms. (3)

of the output capacitance. The output capacitor value is choser3) The device is considered to have very high output resis-
such that its reactance at higher harmonic frequencies is much tance. The gate impedance is assumed to remain constant
lower than the fundamental load-line resistance. As a result, all  over the RF cycle, other than some smaller effects arising
voltage harmonics are eliminated and, thus, the drain voltage is ~ from the voltage-dependent depletion capacitance.
simply a sinusoidal waveform whose magnitude is set by the
load impedance value. [ll. DERIVATION OF OPTIMUM OPERATING CONDITIONS

Fig. 3(a) shows the open-loop model of the oscillator circuit. Basically,

Itis assumed that some of the.parasitic eIe_mepts of the FET Q&Jrcefds(t) and a frequency-selective network. This network
absorbed into the corresponding embedding impedances. Thigended to be used for providing the proper phase shift and

model can be further simplified as the one shown in Fig. 3(RJigna| level for the input of the FET. By applying linear circuit
provided thatuy Cgs i <1 analysis, an expression fog, may be derived as

the model shown in Fig. 3(b) consists of a current

Ca == Cl + Cgs Z- 1
Gl e T X aC(Ze + Z0)  jwoCa(Ba + i Xa)
ro=ro () ® @ @
whereCy, Cys, and R; are the intrinsic elements of the activeWhere
device;wy is the frequency of oscillation. For the purpose of R, +iX,
analysis, the following additional assumptions are required. Zi= 1+ jwoCy (Ry + 5 X,)
1) Class-B mode of operation is assumed. Sinusoidal voltage 1

waveforms of proper amplitude and dc offset are main- Xa =woLs — woC,
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Pous , |Vl Using the above result, the optimufh,,;, is, therefore, given by
A
Pout Pout
_ VdsmImaX % CY(]. - UJOCfXa)
\ 4 \/042(1 - wonXa)2 + (1 - Oé(x)onRa)Q
P, (opt) power available from ;Tle current source, Py,
R
Vds (max.) — (woCan)2 7{1 . (10)
~———
\ |Vas| power absorbed by R, Py

»

It should be pointed out that the amount of power delivered to
the load( P, ), as described by (10), is equal to the difference
Fig. 4. Dependencies of oscillator output power@n between the power available from the current source and the
power absorbed bg, . The latter can be regarded as the amount

andiy, is the fundamental component &f,(t). Steady-state Of feedback power required by the oscillator. Also, from the
oscillation occurs whewy, = I; andv,, = V. Consequently, above expressions, several important implications can be made

optimal Cs

(4) may be rewritten as as follows.
7. 1) Maximum output power is attained if we set
1+ jwoCy(ZL + Zi) = —Gme X = T
JwoCy(ZL, ) 9 JwoCa(Re + 3 X0) Ch 1 (11)
or 4 awoRy
Gme 1 As a result
4 =24 - -1 —- 5
~ {wéCaCb(Ra +7X,) } JwoCl ®) View Lo 1
where Pou(max.) = EE— <1 - 5) (12)
Gme = L - ImaX. where
Vi 2V, 2
1 Py 2,2 2Vp
In addition, the power delivered to the lo&g and the magni- a - P, = wyCo R, Voord oo
tude ofV,, can be determined by . . . .
Accordingly, the dc/RF conversion efficiency is calcu-
Powe = 212 % Sl — lated by
2 |1 + jwoCy(Zr, + Z;) Tmax
2 Py = VDS X
2 _ 2 |Z1 + Zi]
Vas? =12 —— 5. (6)
|1 +jCUOOb(ZL + Zz)|
By substituting (5) into (6) and then simplifying, we obtain n(max.) = @
dc
1, 1-—wolCiXa 5
J—— - 1 V sm
Fou 211 % <a woCh @ R (7) =(1- 2 ) x 2 o 78.5%. (13)
2 2 2
Va? =12 x & (1~ woCrXa) 2+2(1 — awoCrHa) 8) According to (12) and (13), in order to maximize the
wo Gy oscillator output power and efficiency, the loss resistance
where (R 4) of the input circuit has to be reduced (increasi¥g
wol, and an optimal biasing conditig®s) has to be selected.
o= - 2) By combining (9) and (11), the optimum value@f can
me be found as
Fig. 4 shows the plots of the variations Bf,, and|Vy,| as _
) X ) ) 1 UJOCfXa
a function ofCj, keeping the other parameters fixed. The dia- Cyp = I Co. (14)
gram indicated that the smaller the value(f, the higher the Gmetopt
output power. Howevet}s| cannot be increased without limit In practice, the given device’s parasitic may not satisfy the
because of the voltage constraint stated in (3). Hence, by setting above condition and, therefore, external capacit6¥s (
|Vas| = Vasm, the following optimal condition is obtained: andCs) will be needed.
3) From (5) and (14), a simple expression for the evaluation
woCh Rop = \/a2(1 —woCrXa)? + (1 — awoCyrR,)? of the optimum load impedance can be derived as follows:
9) 1+ ja
Zp = ——= R 15
where L= 7 2 flopt (15)
Vasm  2Viem assuming thak(, = 0. The load-matching network may

Ropt = I, loux be synthesized by either lumped or distributed elements.
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CFY 30 Cr=2pF The maximum achievable output power and efficiency for a
— | given active device can be predicted through the closed-form
J_MPF Lr=82nH expressions derived, without the need of sophisticated

large-signal device characterization and harmonic-balance

ﬂ 50 02 simulation. Simple and explicit equations are readily available
VGGO—J_ L= 18 nH Voo L for determining the optimum circuit parameter values for
15 pF i maximum output power and efficiency. The procedure was
100 pF T T IMOPF successfully applied to designing a high-efficiency GaAs
MESFET oscillator operating at 950 MHz. Good agreement
Fig. 5. Circuit configuration of a 950-MHz oscillator design. between measured and predicted performances was observed.
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