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Optimal Computer-Aided Design of Monolithic
Microwave Integrated Oscillators

YONGNAN XUAN anp CHRISTOPHER M. SNOWDEN,
MEMBER, IEEE

Abstract — A technique for the optimal computer-aided design of MMIC
oscillators is described. A novel dual-source technigue is used in conjunc-
tion with the device computer simulation in order to obtain the terminating
impedances required by the FET, which ensures the optimal circuit condi-
tions to obtain the required frequency and power output from the oscilla-
tor. A number of GaAs MESFET MMIC oscillators have been designed
and fabricated. Experimental results agree very closely with the predicted
data for the complete set of working circuits.

I. INTRODUCTION

GaAs MESFET’s are widely used to build microwave oscilla-
tors {1]-[4]. Various design techniques have been developed which
are commonly based on device large-signal measurements. Im-
proved results can be achieved by using these techniques, com-
pared with those obtained chiefly from methods based on small-
signal S parameters of the devices, because the effect of the
nonlinear behavior associated with the MESFET’s has been
included in the design of the microwave oscillators. However, the
techniques become questionable when the signal level, harmonic
content, and terminating impedances of the FET’s deviate from
those present during the original device characterization.

In view of the shortcomings of these existing large-signal
techniques, a new microwave oscillator design technique has
recently been developed and used successfully in the design of
both MIC and MMIC oscillators. The new technique enables
optimum performance to be obtained from the device, as well as
ensuring that the circuit operates to required specifications. By
using a dual-source technique, there is no limitation imposed by
the terminations on the FET’s response, and the terminating
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Fig. 1 Interconnection of the device N and the passive embedding net-

work N".

impedances are automatically and exclusively determined by the
characteristics of the FET itself rather than being chosen and/or
adjusted empirically by the designer. The passive embedding
circuit used to form the oscillator is designed in such a way that
it presents terminating impedances to the device equivalent to
those obtained during the device simulation. In this way, opti-
mum performance of the device and accurate prediction on both
output power and frequency are achieved.

II. MICROWAVE OSCILLATOR DESIGN TECHNIQUE

Details of the theoretical aspects of this technique and design
equations concerning fundamental frequency components and
parallel feedback circuits have been given in [4]. In this section,
the design equations which have been extended to account for
harmonic components and combined parallel and series feedback
configurations are presented. The basic procedures of the tech-
nique are also outlined in the steps (a) and (b) below.

(a) Taking the active device without embedding elements as a
two-port N (Fig. 1), apply two voltage sources V,(¢) and
V4(¢) to port I and port II respectively and obtain the
current responses in each port, (namely 7,(z) and i,(¢)).
The time-domain variables are transformed into the fre-
quency domain so that V; ,, V. ,, I, ,. and I, , are
obtained, where & =0,1,2,-- -, H represents the variables
at the Ath harmornic and H is the number of harmonics of
significance. Optimization, for maximum output power or
harmonic content as required, should be performed in this
stage.

(b) Using the optimized V| ,, V5 ,, I, ;, and I, , as the port
variables, the passive embedding 2-port network, N’, is
synthesized (Fig. 1).

Step (a) can be carried out by using equivalent circuit models or
physical modeling techniques. The circuit model of GaAs MES-
FET’s using SPICE II as a tool of simulation can be found in [5].
The details of the physical modeling technique developed by one
of the authors, which has been used in the oscillator design, were
described previously [3].

The use of two sources in step (a) to simulate the isolated FET
is emphasized, because it results in several special features and
advantages of the technique.

(i) Since the current flowing through a voltage source (with
given voltage value) is determined exclusively by the
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characteristics of the external circuit connected to the
source, the currént responses obtained in step (a) reveal
the real properties of the device, without any modifica-
tion and limitation due to its terminations.
(i) Because of (i), the terminating impedances presented to
the FET are determined by the device in the simulation.
In addition, since these impedances will be equivalently
realized by a passive embedding circuit according to step
(b), not only optimal performance of the device, but also
a high degree of design accuracy can be obtained.
The technique is particularly efficient compared with
other techniques which use impedance terminations to
the device. This is because a de-embedding process is not
required in order to obtain the characteristics of the
FET, which may be very complex, particularly when
harmonic components are considered.

(iif)

Step (b) can be implemented using linear passive network
design techniques. The design equations vary according to the
chosen topology of the embedding circuit. If the fundamental
and second harmonic frequency components are considered and
the configuration shown in Fig. 1 is used, which is a combination
of both parallel and series feedback circuits, the circuit element

- values can be found from the following equations:
Mg nR3~ Mal,hXS +Nogs=0

a

'MaR,/1X3 + Mal.hR3 + Nal.h =0

Mg Ry — My, X5+ Nyg , =0

]‘/[I)lé,hX3+Mhl,hR3+Nbl,h=0’ h=1,2

)
where 4 denotes the variables for Ath harmonic components and
Mg w=Viry+ hraRi =Ly X
+(11R.h + IZR,h)R4 _(Ill'h + IZI,h) X
My w=Vipp+ LR~ hg X s
f(lll.h+121,h)R4+(11R,h+IzR.h)X4 (3)
Noww =V = Var ) Ri= (Vs = Varn) Xi (4)
Nal, h=(Vll,h‘Vzl,h)R1+(V1R,h*V2R,h)Xl,h (5)
Myg ) =Varw T hr Ry = Dy 3 X
+(higow+ hrw) Ra—(hpn+ hyy) X
Mﬂ,h = V21,l1 + Izl,th‘_ I2R,hX2,h
(Nt L) Re+ (L oy + hirs) Xy
)VbR,h=(V2R,h_VlR,h)R2_(V21,h_Vll.h)XZ.h (8)
Norw =V = Vi) R+ (Varon = Virow) Xone - (9)

Here R,, and X , are the resistance and reactance of Z,, for the
hth, h=1,2, harmonic frequency components respectively:

Zm = Rm + ij.h
for h=1,2 and m=1,2,3,4. (10)

2

(6)

()

In (1), there are eight equations with 12 unknown variables—
four resistive ones, R,,;, and eight reactive ones, X, ,, m=1,2,3,4
and h=1,2. Four of the 12 variables can be chosen while the
remaining eight can be found by solving (1), of which at least one
should be a resistance acting as the load. This can be realized by
choosing a reactance as one of the four predetermined variables.

All the resistance terms should be positive for the embedding
circuit to be realized with passive elements. Since three of them
can be chosen by the designer, the remaining question is whether
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Fig. 2. Photograph of the fabricated MMIC MESFET oscillator chip.

the last one will be positive as well. This is guaranteed if the
device produces an output power as characterized in step (a)
(which is a direct consequence of energy conservation).

Higher order harmonic components can also be accounted for
based on the principles used to derive the above equations,
although more complicated embedding circuits may be required,
depending on the number of harmonic components considered. If
on the other hand only the fundamental frequency need be
treated, there are only four equations in (1), rather than eight as
mentioned above when s =1,2.

Equation (1) can also be used to design the circuits as two
special cases of the one shown in Fig. 1: (i) if we let Z; =c0, it
becomes a series feedback circuit and (ii) if we let Z, =0, it
becomes a parallel feedback circuit described in [4].

III. EXPERIMENTAL RESULTS

The technique described in Section II has been used to design
both MIC and MMIC oscillators. Detailed design considerations
and the experimental results for the MIC oscillator have-been
reported [4]. A series of GaAs MMIC FET oscillators were
designed to operate in X-band. Fig. 2 shows a photograph of one
of the GaAs MESFET MMIC oscillator chips, which were fabri-
cated by the Plessey Three Five Group, U.K. There are four
oscillator designs shown here with slightly different passive ele-
ment values in the chip of area 2 X2 mm?. Fig, 3 gives the circuit
diagram of the oscillators. The initial values of the voltages V;
and V, imposed when implementing step (a) were chosen with
reference to the dc characteristics of the device. The amplitudes
of V; and ¥V, were set at approximately half of the variation of
the corresponding parameters across the characteristics. The phase
difference between ¥, and ¥, was set to be near 180° [4]. It was
found that these choices enabled step (a) to be implemented more
efficiently. The optimization to obtain maximum power output
power was carried out by monitoring its value and antomatically
adjusting ¥, and ¥, until maximum output was achieved. Bias
conditions were predetermined but need to be changed during
the optimization, since they interact with the RF operation due
to the nonlinearities of the device. The device was saturated when
output power was maximized. The passive circuit designed using
step (b) under such conditions guaranteed the buildup of oscilla-
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Fig. 4. Power spectrum of the MMIC oscillator.

tions, since the power gain under the conditions was less than
that for small-signal operation. The linearity of the embedding
network and the fact that the gain of the saturated device
decreased as the signal level increased meant that the oscillation
would reach the stable state determined by the embedding cir-
cuit.

All the passive elements were modeled by equivalent circuits.
These circuits were derived by fitting their S parameters to the
measured data, which were obtained from accurate and repeat-
able element characterizations. Each model contained not only
the prime component but also a number of components to
describe parasitics, which were accounted for by including them
in the embedding circuit. Note that R, consists of two parts—the
mesa resistor realized on chip and the 50 & resistance which is
the impedance of the measurement system. Since the value of the
former is over six times higher than that of the later, the mea-
sured results are insensitive to the impedance deviation of the
measurement system.

A typical example of the oscillator performance was that the
measured frequency and the output power were 9.54 GHz and
13.6 dBm whereas the designed values were 10 GHz and 12.78
dBm respectively. The measured spectrum of the power dissi-
pated in the 50 © part of the load resistor is shown in Fig. 4.
Excellent agreement between the predicted and measured values
of both operating frequency and output power has also been

1483
(-]

e ot ]

-20 A
N el N~ ]
% rys ‘k\ 3
3 -sef "“\\‘ .
[ -62 o \‘ ]
"y -
a5 -2
s -se b SN .
[} - B
E -9e -

_1ee I
@ -:?z o . i
a -nza: \‘ ’:

-132

prys ~ .

'lsz;ga R 12K 1eoK M \;n

OFFSET FREQUENCY (Hz)
Fig. 5. PM noise performance of the oscillator.

achieved for all the oscillators which have been tested. The

differences were within 6+1 percent and 8+1 percent for fre-
quency and output power respectively. These measurements were
performed on the chips obtained from a single fabrication run
without design modifications. The small discrepancies may be
attributed to the approximations made in the FET and passive
component models and to the variations of the technology pro-
cess. In particular, it was likely that discrepancies may be largely
attributed to the variations associated with the feedback inductor
L, because it is the most sensitive embedding element affecting
the operation of the circuit. In addition, its value is close to the
lower foundry limit for this type of component, where the uncer-
tainty of the process was comparatively high. Some of the dis-
crepancies may also be attributed to the variations in the length
of the bond wires, which have been found difficult to model
accurately.

The phase noise performance of the oscillator was character-
ized, and is shown in Fig. 5. The single-sideband phase noise was
found to be about —60 dBc/Hz at the offset frequency of 10
kHz away from the carrier. The temperature dependence of the
oscillator frequency and the output power over the range from
20°C to 140°C were also measured. The variation of the fre-
quency with temperature was at the rate of approximately 0.5
MHz/°C, while that of the output power was about 0.03 dBm/°C
across the temperature range from 20 to 110 °C.

IV. CONCLUSION

A new technique for the optimal design of MMIC oscillators is
described. The two-source technique used in the device computer
simulation enables the MESFET optimal operating conditions to
be determined, free from any constraint imposed by the external
circuit. The technique has been demonstrated by building and
testing a number of MMIC oscillator circuits. Typical differences
between the predicted and measured values are 6 and 8§ percent
for frequency and output power respectively (without any post-
fabrication changes to the initial designs).
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An Analytical Two-Dimensional Perturbation Method
to Model Submicron GaAs MESFET’s

E DONKOR, MEMBER, IEEE, AND
F. C. JAIN, SENIOR MEMBER, IEEE

Abstract -~ A two-dimensional analytical model has been developed for
the potential distribution in submicron GaAs MESFET’s. The potential
distribution is obtained by solving Poisson’s equation with nonrectangular
boundary conditions using a perturbation method. The expression for the
potential is used to derive the current-voltage relation for GaAs MES-
FET’s having channel lengths ranging from 0.2 to 0.9 pm. The model is
applicable in the linear, the saturation, and the subthreshold regimes of the
current—voltage characteristics. Numerically simulated results are com-
pared with experimental data and are found to be in good agreement.

1. INTRODUCTION

Gallium arsenide (GaAs) FET’s used in high-performance mi-
crowave and millimeter-wave circuits increasingly require submi-
cron feature sizes [1], [2]. The electrical characteristics of these
scaled-down devices are known to be greatly influenced by the
two-dimensional potential distribution and high electric field
effects [3]-[5].

Analytical models based on the one-dimensional gradual chan-
nel approximation method [6] do not adequately account for
these effects. The dependence of the electrical characteristics on
the electric field near the drain end has been recognized by many
authors, including Dacey and Ross [7], Pucel and Haus (8],
Yamaguchi et al. [9], and Fair [10]. Recently, Meindl and Marshalt
[11] proposed a two-dimensional model for characterizing the
subthreshold operation of Si MESFET’s. Kimiyoshi and Masahiro
[12] have also presented a two-dimensional model to predict the
current—voltage relation in the saturation region of GaAs MES-
FET’s. Most of the models reported in the literature are applica-
ble in a limited region, such as the saturation or subthreshold
region. In this paper a two-dimensional analytical model, ac-
counting for high electric field and two-dimensional effects, is
presented to characterize the electrical behavior of submicron
GaAs MESFET’s. The model is applicable in the subthreshold,
the linear, and to some degree the saturation regimes. In addi-
tion, it is useful for both normally off and normally on devices.

II. THEORY

The approach is based on the determination of the two-dimen-
sional potential distribution in the depletion region under the
Schottky gate of a MESFET. The formulation is presented in this
section and details are described in Section III. The potential is
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Fig. 1. Simplified GaAs MESFET geometry

then used to derive the current-voltage relation in the channel.
This is treated in Section IV.

The total electrostatic potential in the depletion region under
the gate ¢(x, y) is obtained by solving the Poisson equation
using appropriate boundary conditions. The Poisson equation is
given by

3% ( x, 3% ( x, N,
o(ny)  (x.y) Ny (1)
ax? 2

dy €

Here Nj, is the doping concentration (assumed to be uniform), g
is the electronic charge, and ¢ is the permittivity. Following the
approach in [11], the potential ¢(x, y) in (1) above is expressed
as a superposition of two functions, U(x, y) and ¢(x, y), such
that

o(x,y) =U(x,y)+¢(x, p) (2)

where the functions U(x, y) and {(x, y) satisfy the following
equations:

% (x,y) N
ax? dy

82#/()62, ¥) ~o )

a*U(x, y) . ?U(x, y) N

—-— 4
dx? ay? € (4)

The solution to (3) is obtained using the perturbation method
[13]. The perturbation method involves the solution of a set of
Laplace equations in the rectangular region bounded by C, (see
Fig. 1). The actual potential ¢/(x, y) in the nonrectangular region
bounded by C is then expressed in terms of ¥, y;, and higher
order components using a perturbation parameter A (0 <A <1).
An assumed solution is of the form

¢=‘P0+>‘¢1+>‘2¢2+>\3¢3+"'~ (5)

The substitution of (5) into (3) results in a sequence of Laplace
equations involving the {’s. The condition at the lower boundary
for the Laplace equations in terms of ¥, ¥, ¥,, etc., is deter-
mined by relating the conditions on the actual boundary C (see
Fig. 1) to G, of the hypothetical rectangle. The other boundary
conditions for the {’s require an expression for U(x, y). This is
obtained from the solution of (4) assuming significant variations
along the y axis. Since the field d¢/(x, y)/dy approaches zero at
the depletion edge, neglecting the x variation in the boundary C
would not cause significant error. The solution involves integrat-
ing (4) twice with respect to y and using appropriate boundary
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