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FET Up-Converter Design Using ‘
Load-Dependent Mixing Transconductance

JOSEF L. FIKART, SENIOR MEMBER, IEEE, AND J. I.. M. LORD

Abstract —A new method for a more accurate prediction of FET up-con-

verter gain has heen developed. The method uses an equivalent circuit

containing a conversion current source at the ripper and lower sideband

ontput frequency. The magnitude of the cnrrent is related to the IF input

voltage by the mixing transconductance factor, which is not a constant but

a function of internal LO voltages in the FET. These in turn depend on the

output load impedance at the LO frequency. With this approach, we can

optimize the output network for acceptable match at the selected sideband

and for desired LO signal rejection, while avoidhg those impedance values

in the LO frequency range that have been observed to canse severe

degradation in conversion gain.

L INTRODUCTION

A GOOD DEAL of research has been conducted on

the use of GaAs MESFET’S in frequency conversion

circuits such as mixers and multipliers. Much of this effort

concentrated on determining the dependence of conversion

efficiency on gate bias, the optimum input LO power, and,

in some cases, the optimum terminating impedances at all

ports for the various signal frequencies. This resulted in

approximate guidelines for the design of FET mixers. Yet,

when these are used in actual practical mixer design,

significant deviations from the expected behavior may be

observed. This depends on the application (down-con-

verter or up-converter), on mixer type according to how

the LO signal is applied to the FET (gate mixer, drain

mixer), on the transistor, and on the, frequencies involved.

Harrop and Claasen [1] identified the optimal LO drain

impedance (i.e., that causing the highest conversion gain)

for a gate mixer to be a short circuit. More recently, Maas

[2] indirectly justified the choice by stating that a “well-

behaved” FET transconductance mixer (i.e., gate mixer)

should always operate in the current saturation region and

with the lowest LO drain voltage. This implies a short

circuit across the drain–source resistance.

For down-converters, where the IF and LO frequencies

are usually quite far apart, a short circuit for the LO

frequency, placed at the IF port (drain in case of a gate

mixer), appears to be a satisfactory and easily realizable

approximation of optimum LO loading. In up-converters,

the usual proximity of the output and LO frequencies

makes it difficult to design the output circuit for an
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Fig. 1. An example of conversion gain dependenceon the reflection
coefficient angleof the drain load at the LO frequency

acceptable matchl at the selected sideband (LO+ IF or

LO – IF), while maintaining the recommended short-cir-

cuit condition in the LO frequency range, particularly if

that range is quite wide (e.g. in satellite earth stations).

This is true even in balanced configurations. For example,

a special tunable combiner at the output was used by the

authors of [3] to experimentally overcome the above prob-

lem in a balanced FET up-converter.

When the LO drain impedance does deviate from the

optimum value, a serious impairment to the up-converter

performance may occur. In agreement with the results of

[3], our ‘measurements with a highly reflective load at the

LO frequency showed a significant gain variation over the

full 360° range of the reflection coefficient angle of the

drain load. A p$pical example of such conversion-gain

behavior is shown in Fig. 1. Note the sharp dip of about 13

dB over a narrow range of values of the reflection coeffi-

cient angle. This suggests that avoiding the region of gain

minimum rather than maximizing gain should be the goal

of an FET mixer design.

It is the aim of this work to contribute to more accurate

MESFET up-converter design by thoroughly investigating

the LO loading phenomenon and integrating the results
into a simulation procedure. The approach described be-

low relies on combining measurements and equivalent

circuit representations with commercial frequency-domain
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CAD tools, allowing real-time circuit analysis and synthe-

sis to be made.

The model described in this work will be most useful in

cases where the LO range (and therefore the output range)

is quite wide. A typical example may be up-converters in

ground stations for satellite communication systems, with

a 500 MHz bandwidth at a 6 or 14 GHz center frequency.

Regardless of the bandwidth, the model should also help

in monolithic implementations lacking tuning capabilities.

II. ASSUMPTIONS AND CONSTRAINTS

Our main objective in this work is to devise a method of

simulating the dependence of FET up-converter gain on

the drain-circuit impedance at the LO frequency. However,

this dependence has to be isolated from other effects

known to influence FET mixer conversion gain. Specifi-

cally, for a gate up-converter, the following effects will be

taken into account:

a)

b)

c)

Impedance variations of the gate termination at the

output frequency: this will be eliminated by introduc-

ing the IF and LO signals to the gate by means of a

wide-band, 50 Q combiner without matching the

gate. Thus the impedance the transistor “sees” at the

gate is always very close to 50 Q over the whole

frequency range.

Drain-circuit impedance at the LO harmonics: we

will suppress this effect by reducing the amplitude of

the harmonics. If the mixer is made weakly nonlinear

by a suitable combination of gate bias and LO power,

the harmonics can be kept low while conversion gain

is still acceptable. An additional advantage is that

less filtering at the up-converter output is required.

Output-circuit impedance at the IF frequency: its

influence will be eliminated by short-circuiting the

drain of the FET for the IF signal. Such a short

circuit can be easily realized by a suitable choke or a

quarter-wavelength stub that would not significantly

affect the LO or output signals.

With these constraints, it is possible to control the up-con-

verter gain in a predictable way by controlling only the

output-circuit impedance at the LO frequency and at the

selected output sideband frequency.

We will now make the following assumptions:

1)

2)

3)

The FET up-converter with the above constraints

will be a pure transconductance mixer; i.e., contri-

butions to the conversion mechanism due to nonlin-

earities other than that of the drain-current versus

gate-voltage characteristics are negligible.
The observed conversion gain behavior can be at-

tributed to LO-voltage or field variations in parts of

the FET structure affecting the nonlinearity of the

device. The internal LO voltages are of course re-

lated to the drain-load impedance at the LO fre-

quency.

It is possible to represent the up-converter by a

simple equivalent circuit, similar to that used in [3],
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Fig. 2. Conversion gain measurement setup.

that employs current sources at the IF, LO, and the

two first sideband frequencies (LO + IF, LO – IF).

For convenience, we shall henceforth refer to the

latter as RF. The current of the RF sources is

proportional, in the usual way, to the gate–source

IF voltage. We hypothesize that the proportionality

constant (which can be called mixing transconduc-

tance) is in fact a function of the LO voltage across

one or more suitable elements of the equivalent

circuit. If an element or elements with correspond-

ing LO-voltage dependence on the load can be

found, the conversion gain behavior can be simu-

lated by means of the above concept of load-depen-

dent mixing transconductance.

The approach proposed here differs in principle from

the “classical” work by Curtice et al. [4] and others [5]–[7].

There, a specific time-domain function is assigned to the

nonlinearity involved and the resulting conversion charac-

teristic is calculated. We will use the measured conversion-

gain data to extract the frequency-domain function de-

scribing the “mixing transconductance” dependence on

the load. It is expected that by using a few carefully

selected measurements, the simulation procedure derived

in this way will be sufficiently universal to make it possible

to simulate the effect of a wide range of loading condi-

tions, originally not covered by the measurements.

III. CONVERSION GAIN MEASUREMENTS

In order for the proposed method to be valid, the

required experimental data must be obtained in a configu-

ration, and under the conditions, that satisfy the above-

stated constraints and assumptions.

A suitable experimental setup is shown in Fig. 2. This is

a modified load-pull measurement. The bandpass filter is

tuned to the selected sideband, thus effectively terminating

the transistor by a 50 Q load for that signal; however, the

LO signal is completely reflected and its phase adjusted by

the sliding short. The transistor therefore sees a load with a

variable reflection-coefficient angle at the LO frequency.

The magnitude of the LO reflection coefficient can be
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Fig. 3. Measured conversion gain as a function of the drain load
reflection coefficient at the LO frequency.

varied by changing the attenuation between the sliding

short and the circulator. The maximum of 1171is limited

primarily by the circulator losses (in our case 1171W = 0.8).

Also, an IF short circuit is added at the drain and no gate

matching is used, per c) and a) of Section II, respectively.

Before the FET conversion gain can be measured with

this setup, the proper values of gate bias and input LO

have to be established. For this, the circulator/filter as-

sembly at the output is temporarily removed and the FET

output is directly connected to a spectrum analyzer which

represents a broad-band 50 0 termination. Both the gate
bias (v%) and the LO power are now set in such a way

that acceptable conversion gain and linearity are obtained

while the output level of LO harmonics is kept at least 20

dB below the LO fundamental. This is obviously a subjec-

tive adjustment with different results for different intended

applications of the up-converter; however, the validity of

the method is not compromised as long as the harmonics

level is as stated above.

After the operating point has been set, the circulator and

filter assembly is replaced and conversion gain measured.

At each selected frequency in the LO band, the conversion

gain is measured as a function of the sliding short position

for a few suitable attenuation values. This yields conver-

sion gain CG as a function of II’1, ~, and the LO fre-

quency f~o:

CG ~ms=cG(lrl, @, fLo). (1)

A typical CG~Ms versus @ plot, with Irl as a parameter,

is shown in Fig. 3. The p~ticulars (type of FET used,

[ %
I –]rl

‘L=zO~

$ @= 913- I
2

Fig. 4. F13T equivalent circait with variable load.

frequency, gate bias, LO power, etc.) are discussed in more

detail in Section VI. In general, thk plot is similar to that

given by Hirota and Ogawa [3]. Nc}te the sharp dip at high

Irl (up to – 8.5 dlB) and the flat maximum (O, dB), near

@ = 180°. The dip progressively decreases as lrl does, and

the whole curve eventually becomes flat for 11’I= O (50 S?

load). Clearly, the dip region must be carefully avoided

when designing the drain-matching network for an up-con-

verter with this FET.

IV. L,O VOLTAGE PATrERNS lN THE

EQUIVALENT CIRCUIT

Our hypothesis regarding the LO voltage patterns of the

FET is tested using an equivalent circuit for the FET valid

over the LO frequency range and for the LO level used.

This equivalent circuit, which includes a simple repre-

sentation of package and chip parasitic, is fitted to the

measured S parameters of the FET to extract the values of

its elements [8], [9]. The S parameters are measured with

the LO level used in the conversion gain measurement. The

equivalent circuit, is then terminated by a model of the

load used in the above conversion gain measurements, and

the LO voltage patterns on all elements are examined. The ‘

equivalent circuit with the variable impedance load is

shown in Fig. 4. By appropriate choice of R ~ and 0, the

desired values of the magnitude I’ and angle @ of the

reflection coefficient at the LO frequency can be simu-

lated.

The results of these calculations show that the load

dependence of the LO voltages across the gate–source

capacitance ( VC~ ) and drain-source resistance ( V,~~) is

similar to that of the inverse of the conversion gain. Like

conversion gain, the voltages are functions of Irl, @, and

fLO:

l~g = ~::(lrl>@>fLo) (2aj

]7~~=~,i~(lrl>6~>fLO).r
(2b)

These relations will typically be in the form of graphs of

VLO or V~~ versus @ with lrl and fLo as parameters. An

e;a’mple ~or Ir I = 0.8 is shown in Fig. 5(a). Note that the

@ locus of the voltage maxima coincides very closely with
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the minimum conversion gain, and vice versa. The behav-

ior of the phase angle A’1 between the two voltages is

shown in Fig. 5(b). As one would expect, the pattern is

centered on an average shift of approximately 180°.

V. PROPOSEDUP-CONVERTER MODEL

We now present a full FET up-converter model suitable

for simulating the demonstrated dependence of conversion

gain on the LO loading at the drain. We begin with

modifying the FET equivalent circuit by adding current

sources at the IF, LO, and the two RF frequencies (upper

and lower sideband), as in [3]. The resulting circuit is

shown in Fig. 6. The IF and LO sources have the usual

transconductance factor associated with it, relating the IF

and LO currents to the gate–source voltage at the IF and
LO frequency, respectively. The sideband sources have two

components: one related to the IF voltage by means of a

conversion factor, the mixing transconductance, and the

other related to the RF input voltage by “ordinary”

transconductance (known from S-parameter measure-

ments). Thus

To
ment

f#lx

IRF = g~lxVC~ + gMVC;:. (3)

relate the above expression to the “classical” treat-

of FET nonlinearities, we note that the quantities

and g~ correspond to the fundamental and dc

o
Fig. 6 Up-converter equivalent circuit.

components, respectively, of the time-varying transconduc-

tance of the FET, g~( t).

If we knew g~Ix, we could now determine the theoreti-

cal conversion gain from IF to RF. Since the up-converter

is essentially a two-port (LO being an auxiliary signal), this

conversion gain is the equivalent of S21 in linear two-ports.

Its value will be a function of g~Ix, g~, and sideband

frequency f~~. This Szl factor should be equal to the

measured conversion gain:

&,coiw(gti’x, gwfw) = CGm~s(lrl,@,f.o) (4)

where fRF and ~~o are related by ~l~. The solution of this

equation for g#Ix yields values of the mixing transconduc-

tance for each combination of 1171,8, and fLo. We desig-

nate this parameter as gfllxMEA~ because it is derived from

the measured conversion gain data:

gyxMEAS =g}lx(/rl~@, fLO). (5)

Equation (5) will be in the form of graphs of g~lxMEA~

versus @ with Ir I and ~Lo as, parameters, rather than an

analytical expression.

In accordance with our original hypothesis, we should

be able to obtain the mixing transconductance in yet

another way. Because of the observed correlation of VC&
and Vrj$o with the conversion gain, we now postulate that

the magnitude of the mixing transconductance is a func-

tion of these two voltages. Let us designate g~lx obtained

in this manner as g~IxcALc, since it is derived from the

calculated voltages, rather than from the measured conver-

sion gain:

/#lxCALC = c!#xCALC ( )
Vcy , ~j: . (6)

To obtain an explicit form of the above relation, we use

the standard technique of multivariable least-square curve

fitting for matching a polynomial expression in VC~~and

Vpj~ to the mixing transconductance values obtained in

(5). The following expression was found to give the best

results for each sample studied:

( )~+qlV~Ocos(AV)l~t#lxCALC = a v.;.: r s

+pl Vrj$Ocos(A’P)lG. (7)

The phase difference between VC& and Vr$( AT ), shown

in Fig. 5(b), is an important variable for a good fit.

The coefficients and exponents of (7) are obtained by a

grid search that seeks to minimize an error function that

gives an equal effective weight for each data point. The



FIKART AND LORD: FET UP-CONVERTER DESIGN 1037

error function is expressed as follows:

where N is the number of data points and m is the

number of independent variables (m = 3 in this case). This

is the equivalent of the usual standard error of least-square

error regressions.

Expression (7) can now be used to evaluate up-converter

performance with any drain load. First, the FET equiva-
lent circuit in Fig. 4 is terminated by the actual drain-

matching network, and the two LO voltages, VC& and

V,j~, are calculated. Next the value of the mixing

transconductance is determined from (7). Finally, using

this value in the FET up-converter equivalent circuit of

Fig. 6, the conversion gain can be predicted.

The above would normally be done for a number of

frequencies in the range of interest and repeated again for

modified parameters of the matching circuit until the best

response was obtained. These calculations can be included

in an optimization procedure using a CAD program such

as Touchstone or Supercompact.

The utility of the method is ultimately determined by

the accuracy of g~lxcA~c obtained in this way over the

frequency range of interest. This can be tested by calculat-

ing conversion gain for the precise frequencies and values

of Ir I and @ used in the initial conversion gain measure-

ments in the setup of Fig. 2. In contrast to the actual

optimization outlined above, these calculations are carried

out using 50 !2 as the drain terminating impedance at the

desired sideband. This corresponds to the conditions in the

measurement setup.

If the conversion gain so calculated closely approxi-

mates the measured conversion gain, we can conclude that

the optimization procedure described above will be suffi-

ciently accurate for other frequencies in the band and for

any drain load exhibiting a reflection coefficient that is

within the range used in the measurements. This is dis-

cussed in more detail in Section VI.

One of the interesting background aspects of this work

is the underlying physical justification for the relationship

between the internal LO voltages in the FET and the FET

nonlinearity. It appears that internal resonances [10] and
the drain-voltage induced shift of the gate pinch-off volt-

age [7], [11], [12] are responsible for this effect. This shift

reduces, in a dynamic way, the nonlinearity of the

transconductance. More detail on this and the simulation

method as a whole is found in [13].

VI. SIMULATION RESULTS

The transistors used in this work were low-power, 0.5

pm FET’s made by NEC: NE70083 and NE71084. The

measurements were carried out over an LO frequency

range from 1.39 GHz to 2.03 GHz, with an IF of 70 MHz

in each case. The upper sideband was selected. The com-
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Fig. 7. Comparison of measured and calculated conversion gain at 1.39
GHz: (a) Irl = 0.8; (b) 11’I= 0.6,0.4.

plete set of measured and calculated data for all the

transistor samples used is given in [13]. The following data

are typical of the results obtained:

a)

b)

c)

LO power of () dBm with a typical gate bias of 0.4 V

yielded the “(optimum” perf o rrnance with L(I har-

monics suppressed below – 20 dBc.

A conversion ,gain of – 2 dB and a third-order inter-

cept point of + 6 dBm were measured under the

above conditions and with a drain termination of 50

Q. A maximum of O dB gain was obtained for the

optimum (short-circuit) drain loading. Note that the

value of conversion gain apptars low compared to

data reported in the literature. However, the latter

include the effect of gate matching; no gate matching

was attempted here as the fclcus was on the drain

termination problem at the LO frequency. Also, as

these measurements used the setup in Fig. 2, the FET

drain was not matched at the output frequency ei-

ther; the filter/circulator assembly, tuned to ~R~ =

~~o + jI~, presents a 50 Q termination to the drain,
regardless of the sliding short position at the third

port.

The average values for the coefficients and exponents

in (7) were as follows:

T=O.8 E= O.25 G = 2.5

~=()():~.- ‘q= 0.01 p = 0.0001.

The degree of alCCUraCy obtained with our simulation
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method is best assessed by using graphs of conversion lgain

versus reflection coefficient angle. The calculated curves

are compared to those obtained by measurement in Figs. 7

and 8. In Fig. 7, CG versus @ curves for three different

values of Ir I are shown at ~~o =1.39 GHz; Fig. 8 shows

the same for ~~o = 2.03 GHz. This is typicaI of results

obtained at other frequencies. The measured and calcu-

lated conversion gain curves agree quite closely in shape,

but there can be a considerable error for some points

within the dip; as much as 3 dB for Irl = 0.8 can be seen

in Fig. 8(a) at @ = 45°. However, given the very steep

slope of this notch and the inevitable measurement errors,

these deviations are still relatively small. Obviously, the

error in measuring @~1~ at a particular frequency is

directly responsible for the magnitude of these deviations.

The reader may suspect that too much measurement

effort is required for this kind of simulation. In fact, a very

acceptable fit can be obtained from a small amount of

data. We found it sufficient to measure the CG versus 6)

characteristics at the lower band-edge frequency for three

values of Ir 1, and supplement these data by just the

extrema points (CG~I~, CG~M) for a high 11’I (e.g. 1~1=

0.8) at a few in-band frequencies. This yielded a good

overall match of the calculated and measured conversion

gain characteristics for any combination of frequency and

Irl. Thus we conclude that the expression for the mixing

transconductance obtained in this way, and the element

values of the equivalent circuits in Figs. 4 and 6, are

accurate enough to be usable for drain load optimization

as described in Section V.

VII. CONCLUSION

The method presented in this paper allows conversion

gain simulations of FET up-converters using a few mi-

crowave measurements and a simple equivalent circuit. It

appears quite suitable as a tool for practical design when

used in conjunction with commercially available linear

microwave CAD programs.

From a more general point of view, this work has

demonstrated the importance of having some way of pre-

dicting the effect of drain termination impedance in the

LO frequency range on the conversion gain of a gate

mixer. If the output network were designed solely for

matching within the frequency range of the selected side-

band, unexpected deep dips in the conversion gain versus

frequency characteristics could occur during prototype

evaluation, particularly where the LO range is quite wide.

The simulation method presented here should prevent such

unpleasant surprises from happening.

ACKNOWLEDGMENT

The authors are grateful to E. Minkus at MPR for his

advice on accurate MESFET S parameter measurements

and de-embedding.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

f&FERENCES

P. Harrop and T. A. C. M. CIassen, “Modelling of a FET mixer,”
Electron. Lett., vol. 14, no, 12, pp 369-370, 1978.

S. Maas, MwrowaLIe Mz.xers, Norwood, MA: Artech House, 1986.

T. Hirota and H. Ogawa, “A novel Ku-baud balanced FET upcon-
verter,” IEEE Trans. Microwave Theory Tech., vol. MTT-32, pp.
679–683, July 1984.

W. Curtice and M. Ettenberg, “A nonlinear GaAs FET model for
use in the design of output circuit for power amplifier.” lE.EE
Trans. Mzcrowave Theocv Tech , vol. MTT-33, pp. 679–683, Dec.
1985.

R. Meierer and C. Tsironis, “ Modelling of single- and dual-gate
MESFET mixers,” EL-20, no. 2, pp. 97-98, 1984,

A Materka and T. Kacprzak, “Computer calculation of large-sig-
nal GaAs FET amphfler characteristics.” IEEE Trans, Mzcrowaz)e
Theoty Tech., vol. MTT-33, pp. 129-134, Feb. 1985.

Y. TaJima. B. Wrona, and K. Mrshrma, “ GaAs FET large-wgnal
model and its application to circuit designs, ” IEEE Trans. Electroti

Deuzces, vol. ED-28, no 2, pp. 171-175, 1981.

R. pucel, R. Bera, and D. Masse, “Performance of GaAs MESFET
mixers at X band,” IEEE Trans. Mlcrowvu,e Theory Tech , vol
MTT24, no. 6, pp. 351–359, 1976,

R. L. Vartkus, “Uncertainty m the values of GaAs MESFET
equivalent cucuit elements extracted from measured two-port scat-

tering parameters,” m IEEE CCH,SSDC, 1983, pp. 301–308.

C. Rauscher, “Frequency doublers with GaAs FETs,” m 198.?
MTT-S Dzg., pp. 280–282

T. Kawai and F. J. Roxenbaum, “Simply analytical model of GaAs
MESFET nonlinear behawor,” in 1987 MTT-S llg., pp 103–106.

T. Kacprzak and A. Materka, “Compact dc model of GaAs FET’s
for large-signal computer calculation,” IEEE J, Sdld-State c’lr-

czats, vol. SC-18, r10. 2, pp. 211–213, 1983.

J. L. M Lord, M. A. SC, thesis, University of British Columbia,
Vancouver, B.C , Canada, 1988,



FIKARTANDLOm : FETUP-CONVERTERDESIGN 1039

Josef L. Flkart (S’70-M72-SM86) was born in
Czechoslovakia on April 3,1939. He received the
Ing. degree (M.SC.) in electrical engineering from
the Czech Technical University in Prague in 1966
and the Ph.D. degree, also in electrical engineer-
ing, from the University of Alberta in Edmon-
ton, Canada, in 1973. The subject of his doctoral
thesis was large-signal treatment of IMPATT
oscillator noise.

Prior to his Ph.D. studies, he worked as a
microwave research engineer on vmactor ampli-

fiers and multipliers at the Radio Engineering I&titute of the Czecho;lo-
vak Academy of Science. Since 1973 he has been associated with Microtel
Pacific Research (formerly GTE Lenkurt Electric-Canada) in Burnaby,
B.C., Canada, working on the development of microwave subsystems for
microwave radio, satellite earth stations, and other applications. He is
now Technical Specialist and Manager, Microwave Development, over-
seeing a wide range of design activities including GaAs MMIC develop-
ment. Since 1984, he has also been associated with the University of
British Columbia in Vancouver as a Lecturer and Adjunct Professor.

Dr. Fikart has published over 15 papers, and holds five patents, in the
area of microwave electronics.

J. L. M. Lord was born on June 23, 1960, in
Quebec, Canada. Hc obtained a Diploma in mu-
sic from College Ste-Fey, Quebec, in 1979, the
B.Eng. (honors) degree from McGill University,
Montreal, in 1984, and the M.A.SC. degree from
the University of British Columbia, Vancouver,
in 1988. Both of the latter were in electrical
engineering,

His research interests include optical solid-
state devices, III–V compound technology and
hig.h-freauencv electronics. Prior to his M. A. SC.

studies he worked for N“EXU~ Engineering, Burnaby, B.C., on RF
SSPA’S and satellite receivers. He is currently working on the modeling of
lumped element MIC’S at MPR Ltd., Burnaby, B.C., Canada.


