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,4bstr-acf —A general and efficient nonlinearflhear amdysis of MESFET
gate mixers is presented.In the nordinear armfysis, the Newton-Raphson

algorithm is used in conjunction with a novel approach for computing
partial derivatives required by the Jacobian.The study of conversiongain
and stability characteristicsof the mixer is based on S-parameter matrix

theory. As a result of the amdysis, the possibility of improving the

conversion gain of X-band MESFET gate mixers by an appropriate choice

of the RF drain termination has heen theoretically and experimerrtafly

demonstrated.

I. INTRODUCTION

T HERETICAL ANALYSIS of MESFET mixer per-

formance provides information by which actual de-

sign can be performed and improved. Since the early paper

by Pucel et al. [1], a good deal of work [2]-[7] has been

carried out in order to clarify the functioning of different

MESFET mixer configurations. As pointed out by Maas

[8], the attempts to analyze these circuits have been of

limited accuracy or applicability due to simplifying as-

sumptions on the MESFET large-signal model and/or the

nonlinear–linear analysis of its performance. Despite these

limitations, some of these works raised the very interesting

question of the influence of parasitic terminations on the

mixer performance. Only recently, more general ap-

proaches removing all or part of these limitations have

been published [8], [9]. Nevertheless, these have been used

to predict the performance of practical mixers, but no

attempt to apply such general methods to the study of the

functioning and improvement of the circuits has been

made.

In this paper, a general and efficient nonlinem-linear

analysis technique for the study of MESFET mixers is

presented. The local oscillator injection problem is solved

by an improved harmonic balance method [10] where the

Newton-Raphson algorithm is used to solve the resulting

nonlinear equation system. Partial derivatives required by
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the Jacobian are computed by a novel approach [10] which

drastically reduces the computer time. This approach can

be considered as a generalization of that used by Egami

[11] to solve the local oscillator problem in Schottky diode

mixers. In the linear analysis, an S-parameter matrix is

employed to characterize the behavior of the mixer. There-

fore, the conversion gain and stability characteristics of the

mixer can be easily studied by using :standard microwave

amplifier design methods.

The technique is applied to the anidysis and design of

MESFET gate mixers. The functioning of these circuits is

clarified and an optimum design criterion based on a

proper choice of parasitic terminations is proposed. Theo-

retical results are supported by measurements on a practi-

cal X-band MESFET gate mixer with state-of-the-art per-

formance.

11. MESFET NONLINEAR MODEL

The quasi-static nonlinear model used to simulate the

behavior of the MESFET (NE71OOO) under large-signal

conditions is shown in Fig. 1. It contains three elements

depending on voltages Ul(t) and Uz(t), namely, i~( Ul, Uz),

C~,( uJ, and Ri(ul). The instantaneous current iC(t)

through the capacitance Cg, is given by

dul(t)
ic(t)=cgJul(t)l--- (1)

with

/r
qp(%) = qso 1–: for UI <+. (2)

The resistance R,(uI) is defined by [12]

~l(~l)cgs(%)=l. (3)

Thus the voltage u,(i) across this elemlent is given by

dvl(t)
u,(t) =R, [ul(t)] i.(t) =~l[~l(t)]’c~.[ul(t)l~

dul(t)

‘T’ dt “
(4)

The dependence of i~ upon VI ancl Uz is described by

the expression proposed by Tajima et al. [12]. In order to

take into account the time delay between drain current and

gate voltage, the instantaneous value clf i~(t ) is computed
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Fig. 1. Large-signal MESFET model. Linear element values are Rg =
R~=O, R,=l.O Cl, L3=.LJ =0.2 nH, L,= O.06 nH, R~~=3 mS.

Cd. = 0.2 pF, Cd, = 0072 pF, C ~ = 0.035 pF. Nonhnear element
parameter values are Cq,o = 0.37 p$, @= 0.9 V, T = 25 ps. Parameter
values of the nonlinear current generator are given in the caption to
Fig. 2.
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Fig. 2, NE 71000 measured (0) and model-predicted (solid hnes) dc
characteristics. Parameter values are a = 6.85, b = – 230, in = 4.27,

P = 0.050. ~ ~ = 0.78 V, V~,, ‘1.45 V, IJ,P = 0.115 A, ~ = 2.5 PS.

using

lm(t)=im [ul(t–7), u2(t)] (5)

where ~ is a model parameter.

The parameters describing this nonlinear current gener-

ator are obtained by fitting the measured dc drain cur-

rent–voltage characteristics. A comparison of measured

and model-predicted dc characteristics is presented in Fig.

2. It should be mentioned that outside the range of Vz used

in the characterization ( U2<4.0 V), an extrapolation de-

fined by

im(01,02) =im(u1,4.0)++ (u, -4.0) (6)
‘2 (11,,4,0)

1With the exception of r, which obwously cannot be determined from
dc measurements.

was introduced to avoid the incorrect simulation obtained

with the expression proposed in [12] and the parameter

values given in the caption to Fig. 2.

The remaining elements are considered to be linear. It is

assumed that there is no variation of g~( = dire/6’ VI) with

frequency, while the frequency sensitivity of g~ ( =

dire/d U2) is modeled by the branch R~, – C~, [13]. The

assumption that R ~, and Cd, do not depend on VI and

U2, as well as the Schottky barrier junction assumption for

C’g, [8] and the constant-capacitance assumption for Cg~

[8], is valid as long as the device remains in the saturation

region. On the other hand, the validity of the model is also

limited to values of Ul( t) lower than +0.5 V (approxi-

mately) because the nonlinear conductance of the Schottky

barrier (in parallel with C,,) has not been considered.

Because of its high value (0.2 pF typically), C~= cannot

be determined from microwave S-parameter measurements

and therefore low-frequency measurements are required

[13]. However, if the model is going to be used only at

microwave frequencies, it is not necessary to know its

exact value. At these frequencies this capacitance presents

a negligible impedance when compared to R ~,; therefore,

it can be considered as a short circuit. The values for the

remaining elements have been obtained by computer-fit-

ting the calculated S parameters to the measured data in

the 2–18-GHz range.

In spite of all its limitations, the close agreement be-

tween experimental and model-predicted results described

in Section VI demonstrates that the model can be consid-

ered to be accurate enough to simulate the performance of

MESFET gate mixers.

III. NONLINEAR ANALYSIS

If the nonlinear model described in Section II is used to

simulate the large-signal behavior of the MESFET, the

problem of computing the local oscillator waveforms in the

mixer is reduced to the calculation of the steady-state

response of the circuit represented in Fig. 3. It is consid-

ered that the LO signal is fed into the device through the

gate port.

A. Nonlinear Equation System and Its Solution

Following [10], voltages Ul(t) and Uz(t), which control

the nonlinear elements and are not linearly related, are

chosen to be unknowns in order to take full advantage of

the linear elements in the circuit.

Under large-signal LO excitation, all currents and volt-

ages in the circuit become, in general, periodic functions of

time and can consequently be represented by their Fourier

series

x(t) = f Xkexp(jkuot) (7)
k=–cc

‘According to the comments of one rewewer, R ;=l varies from zero to

3 mS as the FET is turned on and off by the gate voltage.
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Fig. 3. Large-slgnaf MESFET model under locaf oscillator excitation.

where X_ ~ = X~* since all the functions involved are real,

and ~0 = 00/2 ~ is the LO frequency.3

It is straightforward to show that the equations in the

frequency domain governing the behavior of the circuit

can be expressed as

Vlk = H1kIck(vl) + H2kImk(v1, P-2)– qk(vl)+ Elk

= %(q) J’-z)

V2k = H2kIck(VJ + H3kImk(V1, V2) + Ez~

=~2k(~l>~2)
1

fork= 0,1,2,... (8)

where
T4

vl=(vlo, vll, viz, ”.., ~lk, ..”)

V2=(V20, V21, V22,. ... V2A)T. .)T.

Here, ~1~, L~, ~.~(~1), ~m~(vl, V2), and ~~(vl) denote

the Fourier coefficients of Ul(t), u2(t), i=(t), ire(t), and

UZ(1), respectively; Hj~ = Hj(kwo) (for j =1, 2, and 3); and

E~~ = E~(ktiO) (for m =1 and 2). The functions Hj(u)

depend only on the linear part of the circuit, while the

functions Em(u) depend, in addition, on the independent

LO voltage source.

It should be noted that once VI and V2 are known, the

determination of any current or voltage in the circuit

requires only linear transformations.
If only the first N harmonics are considered in the

analysis, the infinite system given by (8) is reduced to a

system consisting of 2( N + 1) nonlinear complex equa-

tions. From a physical standpoint, this truncation is equiv-

3It is assumed that there are no subharmonic responses and that there

is, at least, a stable state.

40~ means transpose of ().

alent to short-circuiting the higher harmonic components

of Ul(t) and U2(t).

System (8) can be written as a nonlinear real equation

system

X= F(X) (9)

where

x= (X1, X2,. “ “,X2(2 N.}l))T

F=(fl, j2,. ..) f2(2N+l) )T

with

(lo)

xl = v~~

fl = Flo

‘(2N+2) = V20

f(2N+2) = ’20

and, for 1< k < N,

x2~ + J“X2k+l = V1~

f2k + jf2k+l = ‘lk

‘(2 N+l)+2k + ~x(2N+l)+2k+l = v2k

f(2N+l)+2k + jf(2N+l)+2k+l = ‘2k (11)

and can be solved by using the Newton-Raphson method

[14]. Given an initial approximation XO to the solution of

the system, this iterative method obtains a better X by

solving the linear system given by

AX, = B (12) ‘

with

A= J(XO)– I (13)

B= J(XO)XO– F(XO) (14)

where Z and J( Xo) are the identity and Jacobian matrices,

respectively. In our case, this has been performed by a

standard routine [15].

At the end of the iteration, provided that it converges,

the converged vector X can be considered as the solution

of (8). Convergence has been achieved in all the cases

analyzed when vectors defined by [16]

Vlk = Elk

V2k = E2k
fork= O,l,.. ”,N (15)

were used to initiate the algorithm.

B. Computation of the Jacobian

Despite its excellent convergence characteristics, the

major drawback of the Newton-Raphson method when

applied to this kind of problem is the high computational

cost ,of the Jacobian. In order to reduce the computer time

needed to calculate the elements of the Jacobian, a novel

approach [10] has been developed based on that used by

Egami [11] and including the modifications introduced in

[17]. The application of this approach to the MESFET gate

mixer analysis is described as follows.
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The elements of the Jacobian matrix are computed from yields

a) forl<rn<2N+l,0<lc< N, au,(t)

aFl~ d~ck( v,) +H al.,k(vl, vz) ayk(vl) 13xm
— = Hlk
axm axm

2h axm – ax.,

i

au, (t)

(16) ~~m ‘1’
m=l

aF2k a~ck(vl) + ~ a~mk(vl, v,)
— = Hzk
ax., axm

3k ax.,
(17)

b) for2N+2< m<2(2N+l),0<k<N,

aF1k a~mk( vl, Vz)
— = Hzk
axw axm

aF2k a~mk( VI, VJ
— = HJk
axm axm “

(18)

(19)

It should be pointed out that it is the computation by

finite differences of the derivatives involving the nonlinear

characteristics which makes the method prohibitively com-

puter time consuming. Therefore, the main point of the

approach is the development of a more elaborated formula

for computing such derivatives.

Let us consider first the nonlinear voltage-controlled

capacitor Cg,( UI). Its charge–voltage characteristics can be

obtained by integrating the expression for the incremental

capacitance (2), resulting in

Current iC(t ) through this capacitance is given by

dq [u,(t)]
iC(t) = dt .

(20)

(21)

Then

Ick = jkuOQh (22)

where Ick and Q~ are the Fourier coefficients of i,(t) and

q(t), respectively.

On the other hand,

aq(t) m aQh

axm = k=:m 8X.1 ‘xp(JkoOt)

and

aq(t) dq(vl) aO1(t) au,(t)
.— —--”c,,(t)=

axm do, a.xm nl

for 1< m < 2N + 1. Differentiation of

Ul(t) = ~ Vlkexp(jkuot)
k=–m

= Vlo + f (V[k + jV~k)exp(jkcoot)
k=l

co

+ x (V(k– jv~k)exp(–jk~ot)
k=l

I
au,(t)

. ———— = exp(jn~ot)+exp(– jntiot),
J V;n

m=2n

dvl(t)
— =.j[exp (jnool) -exp(-jnaot)], m=2n+l.

a V;n

(26)

Therefore,

dIck ( V,) 8Qk

axm
= jkaoz

m

i

aQk
— = jktioCk,jkuo 8V

10

m=l

[

aQk
= jktio~ ] m=2n‘JkUo[Ck-n+Ck+n ?

in

8Qk

‘=–k@o[CL_fi -Ck+~], m=2n+ljkuo 8V,
in

(27)

with

C~, (t) = f Ckexp(jktiot). (28)
k=–w

This expression states that in order to compute all the

derivatives associated with this nonlinear element, only the

computation of Fourier coefficients for c~,(t ) is required.

For u,(t), considering (4) and by a sirmlar procedure, it

is quite straightforward to obtain

/

a Kk
—=0,
a Vlo

m=~

a~k(vl) a[k

axm = — = jntior, tikn,
a v:.

m=2n (29)

!-forl<n<N av~k

a v;, =
(?—n‘Ori kn, m=2n+l

(23)

where S~~ is the Kronecker symbol and Vzk denote the

Fourier coefficients of u,(t).
For the current generator i%(t), the results are

’24) 131~, ( VI, V2)

l?xm

1

armk

~ = ““k’
m,=l

armk
G‘= rn,k-n+ Gm,k+n,= d v;,

m=2n (30)

(25) IaImk
] m=2n+l‘=J~G~,k–n–G~,k+n Y

a v~n
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and

dIn,k (Vl, V2)

i?xm

k(5’Imk

avl~ = ‘dk‘ m=2N+2

!armk
‘= Gd, k.n~Gd, k+n~

= a V;n
m=2N+l+2n

Iarmk
] m=2N+2+2n‘=jf Gd, k.n– Gd, k+n Y

8 V;*

(31)

where 1< n < N,

aim(ul, u2)
%??(t)= avl

= ~ G~,exp(jsuOf)

(u,(t–r), u2(r)) k=–cu

(32)

and

aim(u1,02)
gal(t) =

a V2
= : Gd$exp(jsuot).

(ol(t-T),ll,(f)) k=–w

(33)

The advantage of these formulas is evident: they reduce

the calculation of all derivatives to a single computation of

the Fourier coefficients for C~,(t ), gw(i), and gal(t) at

each iteration. Obviously, the higher the N, the more

important the reduction in the computer time required for

computing the Jacobian.

IV. LINEAR ANALYSIS

Under RF small-signal conditions, the frequencies being

present in the mixer are given by

fk,s = kfo+sfs (34)

with –co<k<coands=O and +1; f. andf~ are the

LO and RF frequencies, respectively.

According to this, all the magnitudes in the circuit have

the form

x(t) = ~ ~ X,,,exp[j(ktio+ w,)t]
k=–ms=O, &l

=xLo(t)+xW(t) (35)

where

x~o(t) = ~ Xk,oexp(jkcool) (36)
k=–rx

xMx(t) = ~ ~ xk,,exp [j(k6Jo+s@,)t]. (37)
k=–ms=fl

Obviously, x~o(t) is the local oscillator component of

x(t), while XMX( t ) denotes the small-signal mixing prod-

ucts. Since all the magnitudes involved are real

‘k,s=(x-k, -s)” (38)

it is only necessary to take into consideration one of the

two values for s (s =1, for instance).

These coefficients are more conveniently represented in

matrix form as follows:

x=(x- N,x_N+l,. ””, xo,. ... xN_l, xN)T

where the second subscript has been omitted for the sake

of simplicity, and it has been assumed that a finite number

of components are considered.

It can be shown that the relationship between the mix-

ing products of the voltage and the current across Cg,( Ul)

can be expressed by

ZC= jt2CV1 (39)

with

zc=(Ic, _N,lc, _N+l, ”””, zc,o, ”””, I,, N_l, Ic, N)T

v,=(v,, _N, vl, _N+l,. ... vl,o, vl, N_ll,vl, N)T,N)T

c=

(.o$ — NLJO

. .

co . . .
. . .
. . .

co c: c; . . .. . .
. . . c1 co c: . . .
. . .

C2 c1 co ““”
. . .
. . .
. . . co

o

+ N(oo

For the resistance I/,( VI), the relationship i! given by

~ = jT,$2V,

with

~i=(~f, -N> VN+l,”””, v,, o,”””.

while that for the current generator

following form:

1~ = G~TV1 + G,iVz

(40)

v +-l!GJT

im(vl, V2) has the

(41).
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.
v2=(v2, _N, v2, _N+l,. -., v2,0,. , .,v2, N_l, v2.N)’

Gn, =

T=

Gd =

I Gmo
. . .
,..
. . .

mo G21 G;2 . . .G. . .
. . . G Gw,o G~l ~. .ml
. . .

GHZ2 G~,l Gm,o “ “ “

. . .

. . .

. . . Gl?,o

exp[.)(~.,-~~o)~l
o

exp [ jti,~ ]

exp[j(ti, +Nao)r]

Gdo

. . .

. . .

. . .

. . .

. . .

. . .

Gdo G; GP2 . . .
GIfl Gdo G~ . . .

G Gdl Gdo “’-d2
. . .
. . .
. . . Gdo

For the mixing products, the equations imposed by the

circuit can be written in matrix form as follows:

VI= H,IC + 112zm – K + Ef

V2 = HJC + H31m + E; (42)

with

~;=(E;Z(@- NU,,)Ei( @S),>EA(QS+NUO))~

forrn=land2

[

H, ( &J,– Nuo )

o

Hj = HJ(CIL) I

H,(q+mo) 1
forj=l,2, and3

and where E;(u) depend on the linear part of the circuit

and on the independent voltage source.

Equations (39)-(41) in conjunction with the system (42)

yield the following conversion system:

(I - jH1fJC - H,GmT + jr,Q)V, - H2GdV, = E;

(- jHX- HsGmT)v, + (I - H3G.)V2 = E;. (43)

Once vectors VI and Vz are determined, terminal cur-
rents lg and Id (see Fig. 2) can be easily computed by the

formulas

1.= ( Y2 + jr,Y2!J + jf2C) VI – Y2V2

Id= (–Y2– j~zY2Q+GmT) V1+(Y1+y2+G.)v, (44)

with

Ig=(J_N,”””, Ig,o,”””,Ig,N)T
Zd=(Id, _N,. ... Id,o, Id, N)T,N)T.

The mixer is considered as a two-port circuit (input: RF

at gate; output: IF at drain), its behavior being controlled

by the terminations at gate and drain (common-source

configuration has been assumed) at the remaining mixing

product frequencies. If S parameters are chosen to de-

scribe the behavior of this two-port circuit, the conversion

gain and stability of the mixer can be easily analyzed by

employing the well-established S-parameter theory mainly

used in the design of microwave amplifiers.

Computation of S parameters for given terminations at

the parasitic frequencies requires the linear analysis to be

performed twice, once with the RF source at the gate, and

again with the IF source at the drain. It should be noted

that, unless a multiterminal S matrix is used, this calcula-

tion has to be performed every time modifications in the

termination at the parasitic frequencies are introduced.

V. CONVERSION GAIN AND STABILITY IN AN

X-BAND MESFET GATE MIXER

In this section, the nonlinear–linear analysis technique

previously developed is applied to the study of the conver-

sion gain and stability of an X-band MESFET gate mixer.

The LO frequency, RF, and IF chosen are 11.0, 12.0, and

1.0 GHz, respectively. The dc bias voltages are V@=

– 0.9 V and VD~ = 3.0 V, near the “knee” of the IDS -VG-

characteristics.

A. Conversion Gain and Stability

In the analysis of the LO injection, only the fundamen-

tal frequency has been taken into consideration. The New-

ton-Raphson algorithm has required 2–8 iterations to

calculate the response depending on the input power level.

In the linear analysis, only the RF, IF, and image (IM)

frequencies have been taken into consideration. A pre-

liminary analysis of the influence of the terminations at

these three frequencies at both drain and gate ports showed

that the influence of the image frequency at both ports on

the conversion gain is negligible, so subsequently short-cir-

cuit terminations will be assumed for this frequency at

both ports. Therefore, the mixer performance is mainly

controlled by the IF and RF terminations at gate and

drain.
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Fig. 4 shows the value of the maximum available conver-

sion gain (MACG) versus the phase of the gate termina-

tion reflection coefficient at the IF for three different

values of Zd( $~~) (see Fig. 3). Only pure reactive termina-

tions are considered. It should be noted that the use of this

representation (the phase of the reflection coefficient in-

stead of the vaIue of the imaginary part of the impedance,

as has been employed by other authors [4], [6]) provides a

much more precise idea of the sensitivity of the MACG,

especially in considering the possibility of improving the

mixer conversion gain by an appropriate choice of the

terminations at the parasitic frequencies. The results shown

in this figure indicate that the mixer becomes unstable for

the values of phase [pg(~lp)] lying in the proximity of the

open circuit, while outside this region the MACG remains
nearly constant.

In Fig. 5, the value of the MACG versus the phase of

the drain termination reflection coefficient at the RF for

two different values of Zg( ~1~) is shown. It can be seen in

this figure that there is a 10-dB variation in the MACG

depending on the value of phase [pd($~~)]. A more de-

01 I —~

-180 -90 0 90 phase[pd(fRF)](0)

Fig. 6. Maximum available conversion gain (MACG) versus phase

[ Pd (.fRF)] with ‘g(flF) = ~g(fIM) = ‘d (/IM) = o for four different
values of L,.

tailed analysis shows that the peak in the MACG trans-

forms into an unstable region for lower values of L,

(L, = 0.06 nH in this analysis).

To summarize, there exist two unstable regions con-

trolled by the IF and RF terminations at gate and drain

ports, respectively, which suggests the possibility of in-

creasing the conversion gain by an appropriate choice of

these terminations. However, only the drain termination at

the RF allows this improvement without significantly de-

grading the overall performance of the mixer.

B. Injluence of Model Elements

A study [18] using the described model and analysis

technique of the influence of model elements on the mixer

performance has confirmed that the two unstable regions

are mainly due to the feedback introduced by cg~ [6].

Nevertheless, the one controlled by the drain termination

at the RF is the result of the combined effect of Cgd and

L,. In fact this unstable region can disappear for some

values of L,, as is clearly seen in Fig. 6. On the other hand,

the effect of the nonlinearity Cg, – R, is of second order

when compared to elements L, and (;g~, and therefore it

can be ignored in any approximate analysis of the mixer

conversion gain.

C. Improvement of the Conversion Gain

From a design point of view, the combination short-cir-

cuit/short-circuit ( Zg( flF)/Zd( f ~F))l provides a good

tradeoff between conversion gain and stability. In fact this

combination has been considered as optimum by different

authors [3], [4], [6]. However there exists the possibility of

drastically increasing the conversion gain by a proper

choice of the drain termination at the RF. The viability of

this solution depends on the effect of this impedance on
the reflection coefficients which provide conjugate match-

ing, and on the associated noise figure.

In Fig. 7, the magnitudes of these reflection coefficients

and the associated conversion gain versus phase [p~(~~~)]

for Zg( f IF) = short circuit are shown. These results indi-

cate that conjugate matching at the IF is easy to achieve
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Fig. 7. Maximum available conversion gain (MACG) and conjugate

matching reflection coefficients versusPhase[p~(fRF)l With .Zg(fIF) = 0.

f~~=11.3GHZ

PLO. +11 dBm

1 I $ , (

independently from the value for Zd( ~~~). On the con-

trary, the gate reflection coefficient at RF providing con-

jugate matching not only depends strongly on Zd(~~~),

but becomes very high near the peak of the gain, making

the synthesis of the input circuit very critical. For instance,

for phase [pd(~~~)]=780 (see Fig. 7) the MACG is 10.7

dB, i.e., an improvement of about 5 dB with respect to

the short-circuit/short-circuit termination, while the im-

pedances which provide conjugate matching are Zfl(jI~)

= 248+ j20 Q and Z?= 2.2+ j36.8 Q, the latter being

practically in the limit of the impedance achievable using

microstrip technology. Nevertheless if the matching be-

comes too critical it is always possible to slightly reduce

the conversion gain in order to facilitate its manufacture.

On the other hand it is seen in Fig. 4 that there is no

possibility of improving the conversion gain by varying

Zg(~I~), and that the best choice for this termination is a

short circuit.

Finally as far as the noise figure is concerned, its calcu-

lation is not within the scope of this paper. Nevertheless,

Tie et al. [6], [7] have shown that short-circuiting the IF

gate termination provides good noise figure performance.

This criterion is also shared by Maas [19] and Ohnishi

et al. [20]. With this short circuit at the IF gate port, the

mixer noise figure, for a given LO injection level, decreases

when the conversion gain increases as Z~ ( f RF) is varied

[6]. Therefore, it is reasonable to predict that the overall

performance (conversion gain and noise figure) of the

mixer can be improved by a proper choice of Zd( f RF).

VI. X-BAND MIXER DESIGN AND PERFORMANCE

In order to check experimentally the validity of the

conclusions previously obtained, an X-band gate mixer

was designed, fabricated, and measured.

The mixer was designed for operation at 12.3 GHz with

1.0 GHz IF and 11.3 GHz LO, with the device biased near

pinchoff (V&= – 0.75 V, VD~ = 3.0 ~. For optimum con-

version gain, the input network must provide conjugate

matching at the RF and a short circuit at the IF, while the

output network must conjugate match the device at the IF

and synthesize the desired value for Zd( fRF). For the LO

12.1 12.2 12.3 12.4 12.5 fR&Z)

Fig. 8. Experimental conversion gain (0) and SSB noise figure (A)
versus frequency.

level which drives the device into the region of positive

values for UI ( t ), the value of Zd( f RF) corresponding to the

peak value of the MACG ( = 11 dB) is Zd(OPti~U~)s j73 Q.

Considering that for Zd( fRF) = O the MACG is about 6

dB, the theoretical improvement is about 5 dB.

The circuit was fabricated on a 1 in X 1 in 25-roil-thick

alumina substrate using microstrip technology. Frequency

dispersion effects and discontinuities were taken into con-

sideration [21]. For the input network, a shorted stub one

quarter wavelength long at the RF realizes an impedance

that approximates a short circuit at the IF. A three-section

quarter-wave transformer provided conjugate matching at

the RF after removing the imaginary part of the imped-

ance presented by the device. No attempt was made to

match the local oscillator frequency. Therefore, the mixer

required more LO power than necessary. For the output

network, the desired impedance at RF was obtained by a

short circuit realized by a quarter-wave open-circuited

stub. Conjugate matching at the IF was achieved by means

of a series lumped inductance. Bias voltages were intro-

duced by using external bias T networks.

The conversion gain and the noise figure of the mixer

were measured employing an experimental arrangement

based on the HP 8970 automatic noise figure meter. Nev-

ertheless independent measurements of the conversion gain

at RF and the image frequency were also performed using

a spectrum analyzer. The image frequency conversion gain

was at least 9 dB less than the RF gain.

The experimental results are shown in Figs. 8 and 9. The

mixer exhibits a conversion gain greater than 7 dB and a

noise figure (SSB) ranging from 5 to 7 dB over 400 MHz.

At the center frequency (12.3 GHz), the conversion gain

and the noise figure (SSB) are 9.8 and 5.2 dB, respectively.

Fig. 10 shows the close agreement of experimental and

model-predicted results. An improvement can be appreci-

ated (about 5 dB for PLO =11 dBm) in the conversion gain

achieved by the proper termination of the RF at the drain

port. The influence of the drain termination at the LO

frequency can also be seen. The main effect of not short-
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Fig. 9. Experimental conversion gain (0) and SSB noise figure (A)
versus locaf oscillator power.
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Fig. 10. Mewured (U)mdpredicted (sofidhnes) conversion gtinversus
local oscillator power.

circuiting the drain port at the LO frequency is to make

the voltage U2(t) reach the nonsaturation region, which

leads to a drop in the conversion gain for high LO power

levels.

VII. CONCLUSIONS

A mathematical tool for a more complete and efficient

analysis of MESFET mixers has been developed. Both
nonlinear and linear analyses have been taken into consid-

eration. A novel approach for solving the nonlinear prob-

lem in the frequency domain which reduces computational

time has been presented. The use of matrix notation in

conjunction with the S-parameter-based study of the mixer

conversion gain and stability avoids unnecessary and

cumbersome algebraic manipulations.

This nonlinear/linear analysis technique has been ap-

plied to the study of the performance of an X-band

MESFET gate mixer. The main results obtained relate to

the existence of two unstable regions in the mixer, con-

trolled by the drain and gate terminations at the RF and

IF respectively. The characteristics of these regions are

similar to those described by other authors [4], [6]. The

possibility of improving the conversion gain by an ap-

propriate choice of the drain termination at the. RF has

been theoretically and experimentally demonstrated. Using

this method, an X-band MESFET gate mixer with state-

of-the-art performance has been designed and fabricated.

Although only MESFET gate mixers have been studied,

the method can be used for the analysis of any other

MESFET configuration if improved MESFET models, ca-

pable of, for instance, simulating the device behavior in the

nonsaturation region, are considered. The method can also

be easily extended to the analysis of dual-gate and distrib-

uted MESFET mixers.
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