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ABSTRACT

In this paper, we propose a method
to derive the optimal operating-
conditions of a given MESFET to obtain
an optimum freguency multiplier. The
key point of this approach is that
no topology of the embedding network
is to be chosen "a priori". The optimum
bias voltages and the optimum 1load
impedances (including possible feedback
circuit) are found as results of the
method.

This new method allows to know
the ultimate performances that can
be achieved by a given device working
as frequency multiplier.

I - INTRODUCTION

One of the major problems of
frequency multiplier's designers is
to determine the optimum operating-
conditions {1} {2}, i.e : bias voltages,
load impedances (including possible
feedback circuit) at all frequencies
(input fundamental £frequency we, output

frequency Nw, , and idler frequencies
iw , i # 1, N,) in order to obtain
maximum power at frequency N w, for

a minimum input power.

Today this is usually done by
a "cut and try" non-linear simulation
which is executed by first fixing "a
priori" a topology of the embedding
circuit and then varying the linear
elements and device Dbias-voltages to
obtain an "optimum" characteristic.
But <can the fixed topology provide
the achievable 1limit for the device?
Are the load impedances (or possibly
the output-input feedback circuit)
optimized for all frequencies ? Clearly,
is the device behaviour globally
optimized 2

In this paper, we propose a method
to derive the optimal operating-

0149-645X/88/0000-1115%$01.00 © 1988 IEEE

1115

obtain
multiplier. The
approach is that

conditions of a given MESFET to
an optimum frequency
key point of this
no topology of the embedding network
is to be chosen "a priori". The method
allows to find: the optimum Dbias
voltages; the optimum load impedances,
including possible feedbacks.

This method allows to know the
ultimate performances that can be
achieved by a given device working

as frequency multiplier.

II - FORMULATION OF THE OPTIMIZATION
PROBLEM
Given a field effect transistor
defined by a non-linear model, let
us derive the optimal operating-
conditions of a multiplier +to obtain
the maximum output power at Now for

a minimum at fundamental

frequencywo.

input power

In mathematical form, the non-
linear device model describes the
functional relationships between

dependent and independent port-variables
(see Fig. 1). However it is well known
that the dependent variables in a FET
are in fact functions of vgs (t) and
vy (t) (see Fig. 1). So we can write :
11(t) = F

W (Vgs ()7 Vg (£))

Fy (Voo ()5 vy (£))

(1)

]

iz(t)

is clear
device 1is
knowledge
(t)

From these equations, it
that the behaviour of the
completely defined by the
of the independent variables v
and v _(t). ’

ds

Let wus consider that the device
model is driven by a frequencyw, . Harmo-
nic frequencies iw (i =2, 3,...,N,...)
are generated by the non linear device.
Voltages at gate and drain of the FET
may be expanded in Fourier series :
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v
gs

Vds

(t) COS(lwot +\yl)

L

v _+7 v
gs0 =1L gsl (2)
(t) +l=21 Vs Cosluyt +o;)

If the device is used as frequency
multiplier, we define that the input
frequency is the fundamental frequency
w. and the output frequency is Nwo(where

N'is the multiplication factor).

VdsO

Introducing equation (2) in (1),
and taking the Pourier transform of
il(t) and iz(t), we obtain the Fourier
coefficient vectors of dependent
variables : I, I,

Defining now the maximum output
power of the FET at Na, for a minimum
input power as the desired feature,

we may write the function to be optimized
as :

v,

ds

cFx )

IN N
(3)

Y
P(Vgs,

where P(V P G"S ) 1is called the added
power of tHe muf%iplier.

During the optimization iterative
process, the variables are subject
to the constraints {3}. That is : their
variations are limited by conditions
allowing their physical realizabilities.
These constraints are derived from
activity and passivity considerations
of the active-device ports.

Once optimization is achieved,
optimum voltages and currents V., Voo
I, ., I, at fundamental and harmonic
frequencies are known, optimum loads
and bias voltages may be then deduced.

IITI PHYSICAL EXPLANATION OF THE

MULTIPLICATION PROCESS IN A MESFET

In order to understand the behaviour
of FETs operating as a frequency multi-
pliers, let us consider the simplified
model shown in Fig. 2 and its correspon-
ding characteristics. The limiting
curves indicate the 1limits that cannot
be exceeded by the gate voltage V, ,
the drain voltage V dsmax and the drain
current I . These 1limitations are
due to tggx input Schottky diode and
avalanche breakdown between gate and
drain.

The frequency multiplication may
be explained as follows, (see Fig.3):
A sinusoidal gate voltage atw, , gives
a drain current pulse I, which may
be decomposed analytically in Fourier
series. The drain current component
Iy at the output frequency Nw, is a

function of the gate conduction angle
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Zeg (Fig. 3) and may be optimized as
shown in Fig. 4. This figure 4 represents

Iy as a function of26gand gepyas a function
o N. It may be shown thategopt is
equal to 120°/N  and Iy /Ignaxequal

approximately to 0.54/N (N > 1)

Knowing nowegopt and the characte-
ristic I, £(V,r Vys ) shown in Fig.
3, the optimum gate bias voltage ng and
the fundamental frequency component
Vgsy1 ¢can be deduced. On the other hand,
from Fig. 5 the maximum peak to peak
drain voltage at output frequency Nu,

is given by 2V Vdsmax Vdsmin

and the drain bias voltage Vg = (Vygmaxt
Vdsmin )/2. Finally +the output Iload
at Nu o is given by Gopt (N ) =
T Noot /VNwt This 1load 1is generally

made by a parallel turned circuit at
Ny, . Fig. 5 indicates the drain load
locus for a MESFET working as a doubler
loaded by a pure conductance at 2y, and
a short circuit at other frequencies?

Note that in the plane :
I4 f(Vgs + V4 ), the optimum load
is necessarily a conductance since
it is that load which needs the minimum
swing of v,y for a given output power.

Let us consider the role played
by a feedback circuit in a frequency
multiplier {4} . It is clear from Fig.3
that a feedback from drain to gate
allows to combine a harmonic voltage
component with fundamental sinusoidal
input voltage in the gate. The result
makes a non sinusoidal gate voltage.
This total voltage gives a drain current
pulse with an enhanced component I,
at desired output frequency Nwo.

IV - OPTIMIZATION RESULTS

The device wused in
is a 0.5*800um GaAs MESFET
shows the equivalent circuit.

our example
{5} . Fig.l

The optimization gives the maximum
added-power Padd :

_1 _ _ 21 >
Podd "‘Z'Re{ Vo T, -V, -f*m} ?Re{vu Ix 14
Under the physical realizability
constraints :
Re{%lj f*lj } +Re{i’/2j f*zj}o £ 3=2,...,N,...(5)
(the transistor acts as a generator
at jwo) H
and Re{v11 fﬁl} >0 (6)

(The transistor presents a passive
impedance to the input generator atwo).

been
"low

have
GHz

Two frequency doublers
optimized : a 10 to 20



frequency" doubler, and a 20 to 40
GHz "millimetric" doubler.

- Low frequency doubler :

In this example, a feedback at
frequency 2w is needed to obtain the
maximum adde - power. In order to

compare the influence of the feedback,
we have performed another optimisation
for the same transistor at same
frequencies, constrained to work without
feedback circuit. Table 1 shows the
comparisons. Fig. 6 represents the
dynamic current voltage trajectory
in the I V4, Plane for the doubler
with feedgack.

- Millimetric doubler :

The optimum power at 2w, (40 GHz)
is obtained at gate port of the MESFET.
This is because for high operating
frequencies the internal feedback of
the MESFET equivalent circuit is
important. The Dbest result in this
case is obtained without external
feedback.

P 22 dBm at 20 GHz

P 16 dBm at 40 GHz

The optimization results show
that the influence of higher harmonics
(i > 3) 1is very small. However, the
effect of feedback 1is very important
for a MESFET doubler when the transistor

has gain at the frequency 2w,

To
proposed

confirm the wvalidity of the
optimization method, the
optimized impedances have been synthe-
tized and resulting multipliers have
been analyzed in a Harmonic Balance
circuits simulator. Varaitions of the
load impedances have shown that the
doublers were in their optimum state.
After these confirmations, two doublers
have been realized.

Fig. 7 represents a 10 to 20 GHz
doubler without feedback. The optimum
output power at 20 GHz is 16 dBm., Fig.$8
shows the output power at 2w, in fonction
of input power at, . The experimental
result shows a correlation better than
1.8 4B.

V — CONCLUSION

In this paper, we propose a new
method of designing optimum frequency
multipliers. Using this method, the
ultimate capability of a given MESFET
working as frequency multiplier is
determined.
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The method has been applied to
design doublers at low frequencies
from 10 to 20 GHz and at millimeter-

wave from 20 to 40 GHz. Experimental
doublers are under measurement, first
results have given good agreement with

theoretical predictions.
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Figure 1 : Non Tinear FET model
without feedback o with fesdback ]
Pin(dBm) | Pout(dBm) | Padded(dBm) | Pin{dBm) | Pout(dBm) | Padded(dBm)
71_3"8 17.3 156 ne 18.2 173
Table : Comparisons of doublet with and without feedback.
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Figure 2 : Simplified non 1inear FET model
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Figure 6 : Dynamic current-voltage trajectory in the Id-vds

plane for the doubler with feedback
Figure 3 : Output wareshape for the circuit of Fig. 2 and
Fourier component of the drain current at Nwo. 50 0
50 ohm
2]

100 Linear sine-wave tps Figure 7 : 10 to 20 GHz frequency doubler without feedback.
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Figure 4 : Normalized amplitude of IN function of the conduc-

tion angle. Figure 8 : Output power at 20 GHz as frequency doubler shown

input power.
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