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Abstract —A theoretical and experimental investigation of duaf-gate

MESFET mixers is preseuted. Based on a detailed anafysis of the different

nonlinear modes of DGFET’s, a computer-aided modeling procedure has

been developed, which atlowed to recognize and optimize criticaf circuit
and bias conditions for high conversion gain and IF bandwidth. Theoretical
results are in good agreement with experiments on a 12-GHz TV reception

mixer with 8-rfB conversion gain and 800-MHz bandwidth.

I. INTRODUCTION

I N MODERN MICROWAVE superheterodyne receivers,

GaAs FET’s are used as preamplifiers, local oscillators,

and mixers in hybrid [1] or monolithic [2] versions. Both

single-gate FET’s (SGFET’S) and dual-gate FET’s

(DGFET’s) are used as mixers, the last ones even up to

Ka-band frequencies [3]. The advantages of employing

DGFET’s as down converters instead of Schottky diodes

or SGFET’S are, except for conversion gain and reasonable

noise figure which are inherent also to SGFET mixers, the

intrinsic separation of signal and local oscillator ports and

the possibility of separate matchipg and direct combina-

tion of the corresponding powers inside the device. This

avoids cumbersome passive couplers and is an important

requirement of monolithic circuit designs. The MMIC’S
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Fig. 1. Principle of DGFET mixer operation

DGFET mixers are probably the only adequate solution,

as has been shown in the case of X-band direct satellite

broadcasting receivers [2].

In spite of the obvious importance of the mixer applica-

tion of DGFET’s, the mixing mechanism of this device is

not yet completely understood. This is due to the floating

potential of the intergate channel region (Dl in Fig. 1)
strongly dependent on the amplitude of the local oscillator

voltage applied onto either of the two gates. The bias and

saturation conditions of both FET parts of the DGFET are

consequently changing during LO voltage excursion and

cause them to act as a mixer, or as RF resp. IF amplifier

separately.

This paper deals with computer-aided modeling optimi-

zation and testing of DGFET mixers in the three principal

mixing modes of practical interest. After an initial general

investigation of mixing possibilities with DGFET’s, the

modeling procedure is described, and examples for two
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different mixing modes are given. Computed results are

compared with MIC mixers, and predictions for a MMIC

version are also taken into consideration.

II. THE PRINCIPLE OF DUAL-GATE FET MIXERS

Fig. 1 illustrates the principle of DGFET mixer opera-

tion. The signal and local oscillator power are injected into

either one of the two gates. Usually, the local oscillator is

connected with gate 2 and the signal is injected into gate 1.

In this way, a separation of signal and local oscillator

power is assured so that well-known techniques for input

power and noise matching of gate 1 can be applied. The IF

signal is extracted from the drain and fed after reactive

matching either to a 50-!2 load or to the input port of a

postamplifier. Calculations have shown that the direct

power transfer between the IF output of the mixer FET

and the input of a postamplifier FET is easier to obtain in

the IF frequency band of 1 to 2.7 GHz can be covered,

whereas passing through 50 Q limits the bandwidth to

about 800 MHz. However, our circuits have been designed

for a 50-Q load as actually requested for the 12-GHz

outdoor receiver unit. For the same reasons, the following

frequency bands have been chosen:

Signal band 11.7–12.5 GHz

IF band 0.95-1.75 GHz

Local oscillator frequency 10.75 GHz.
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Fig. 2. Transfer characteristic of DGFET (V~~ = 5 V).
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Fig. 3. Equivalent circuit of DGFET indicating the nonlinear elements.

The higher frequencies (j~o, ~~~) are short circuited at

the drain port using a A/4 open microstripline at ~~o for

the MIC design or a l-pF interdigitated capacitor being in
external gate biases for V~~ = const. There are mainly three

series resonance at 11 GHz.
nonlinear regions of the DGFET when pumped by a

The ~arameters to be adjusted for o~timum bandwidth,
sinusoidal voltage at gate 2:

. . .
conversion gain, and noise figure are: 1) the low-noise mixer mode (LNM) defined by V~2~

1) the bias voltages V& and V~2 for a given V~~;
< –1.5 V (Fig. 2);

2) the impedances at all three ports at the main
2) the self-oscillating mixer mode (SOM) defined by

frequency components u~~, UIF, a~o, and the image
–0.5 V< V&~<+l Vand –lV<V&(Fig .2);

frequency @~&f= 2 (.’)=~– ~~~;
3) the image-rejection mixer mode (IRM) defined by

3) the level of the local oscillator power PLO.
2.5 V < V(2S <3.5 V and – 1.5 V < P&s (Fig, 2).

When the DGFET is driven in one of these three modes,
III. DGFET MIXER OPERATION AND MODELING different device parts act nonlinearly causing frequency

A. The Principal Modes of DGFET Mixer Operation
conversion, whereas other parts act only as RF or IF

amplifiers.
The main nonlinear operation regions of DGFET’s can We studied the DGFET nonlinear behavior using the

be identified using its bidimensional transfer characte~stic nomo~am of Fig.2 and determined equivalent circuit
[4] given in Fig. 2. This nomogram can be constructed by element v~ues from small-signal S-parameter measure-

inverse overlapping of the dc characteristics of both SGFET ments for each of the two FET parts and the bias pointspartsand taking into account the relations (see Figs. 1 md the device goesthroughduring LO excursion. For that

2) purpose, the quasistatic analysis using Fig. 2 is valid since

vD~ = vD1~ + VDD1 (1) the LO voltage is supposed to be short circuited at the

~~~~ = J& – vD1~.v (2) ‘“~~~st~~ ~~%v~lent circuit of the DGFET showing the

The vertical traces in Fig. 2 correspond to the external elements considered to be in nonlinear operation in the

voltage of gate 2 to source, and the internal gate voltages of LNM and SOM bias regions (marked with “continuous

FET 2 (V&~J can be identified on the dotted curves of bars) and those elements being nonlinear in the IRM mode

the nomogram. This diagram furnishes knowledge about (marked with dotted bars).

the internal potential distribution of the device, especially It is obvious that in the case of LNM and SOM bias

the critical potential of point D1 (Fig. 1), as a function of regions, mixing takes place inside of FET 1, while FET 2
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Fig. 4. Variation of the element vafues of FET 1 ( VD~ = 5 ~. @ Low-noise mixer. @ Self-oscillating mixer. @

Image-rejection mixer. (a) Cg,/pF of FET 1. (b) Cm/ms of FET 1. (c) Rd/Q of FET 1. (d) Cgd\pF of FET 1.

acts mainly as an IF postamplifier. In the lRM operation

region, FET 1 acts as an RF preamplifier and FET 2 as a

mixer.

The variations of the element values of both FET’s (Fig.

3) with external bias V~l~, V~z~ are clearly described by

using the bidimensional representation of Figs. 4 and 5.

The values of the elements of the equivalent circuit are

determined from medium frequency (500 MHz to 1 GHz)

S-parameter measurements and simulations on SGFET’S

of the same type as the DGFET parts as a function of bias

conditions. If such SGFET’S are not available, a dc deem-

bedding technique can be applied as described in [7, ch. c,

p. 248]. In Fig. 4, the four nonlinear elements of FET 1 are

given, whereas Fig. 5 deals with those elements of FET 2.

Also, these diagrams serve to visualize the excursions on

the characteristics and the expected parameter nonlineari-

ties caused by the local oscillator as marked in Figs. 4 and

5 by the thicker lines. In the case of pumping into gate 2,

the bias point shifts along the J’& axis.

Mixing nonlinearities with the LO injected into gate 1

can also easily be predicted by using these diagrams and

would correspond to a replacement along the J’& axis.

The interdependence of the internal bias voltage V& on

V& and V&s has been derived from Fig. 2 and is included

implicitly in the context of Figs. 4 and 5. In Fig. 6, a

further classification of the bias swing of the DGFET and

especially the saturation mode of the partial FET’s 1 and 2

is illustrated.

The mixing operation modes of DGFET’s can therefore

be summed up as given in Table I.

The properties of the principal operation modes of

DGFET mixers can be summarized as follows.

a) In the low-noise mixer mode, the main nonlinearities

are situated within the FET 1 device part. As can be seen

from Fig. 4, the FET 1 transconductance g:) and channel

resistance R~) are the important nonlinear elements. Mix-

ing by the nonlinearity of input capacitance C~~) and CJ~J

has also been taken into account but is negligible. Since

mixing takes place before FET 2, this last one only ampli-

fies the generated IF band, Due to the low device current,

the noise figure is found to be favorable. Normallyj

DGFET’s are being employed in this operation area in
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Fig. 5. Variation of the element values of FET 2. @ Low-noise mixer. @ Self-oscillating mixer. o Image-rejection

mixer. (a) Cg$/pF of FET 2. (b) Gm/ms of FET 2. (c) R d/~ of FET 2. (d) Cgd/pF of FET 2.

TABLE I
REvIriw OF MIXER OPERATIONOFDGFET’s

Operation region
(ref. Fig. 2) LNM SOM IRM

vG2~< –1.5V ‘().5V<V~*~<+lV 2.5 V< V&~~3.5V
–lv<vG1~ –1.5 v< vG1~

----------------------------------------------------
FET 1: Mixer Mixer RF-Ampfifier
FET 2: IF-Amplifier IF-Amplifier Mixer

Application Low-Noise Mixer Self-Oscillating Mixer Image Rejection Mixer

order to obtain low-noise performance.

b) In the self-oscillating mixer mode, the nonlinearities

are of the same type as in the LNM mode, except that now

the channel resistance R$) beats more and the transcon-
ductance g:) less than before. Here, FET 2 figures also as

an IF postamplifier. As can be recognized from Figs. 4 and

5, the transconductances of both FET’s now have higher

values as in the LNM case. This allows the device to be

potentially unstable in the X-band. This effect can be

utilized to tune the DGFET as an oscillator and employ it

as a self-oscillating mixer [5]. Since the oscillation ampli-

tude is limited by the inherent saturation mechanism,

nonlinear operation is assured, and an RF signal intro-

duced into gate 1 is mixed down by the oscillating DGFET.

Since the dc current is high-noise performance, it is worse

than in the LNM case,

c) For image-rejection mixer operation, a modified type

of DGFET has to be used. This particular device, the

BRFET [6], is fundamentally a DGFET and has been

developed at Laboratoires d’Electronique et de Physique

Appliqu6e for use as an active image-rejection filter in

12-GHz TV reception (the image frequency band (9-9.8
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Fig. 6. Internaf voltage V~l~ of FET 1 ( VD~ = 5 V)

GHz) is suppressed in front of FET 2 by an appropriate

integrated LC series resonant circuit placed between the

two gates). If the BRFET operates as a mixer in the IRM

mode, the nonlinearities are located at FET 2 as can be

seen from Figs. 4 and 5 (g&2), R$l, C&). FET 1 acts now as

a preamplifier, and mixing takes place inside of FET 2

physically behind the image-rejection filter.

B. Computer-Aided Modeling of DGFET Mixers

The basic assumptions on which the proposed modeling

procedure is based are as follows.

1) The local oscillator waveform on the gate 2 is purely

sinusoidal. Calculations taking “clipping” into account have

shown some degradation of minor importance on conver-

sion gain, as far as the clipping of the LO voltage remains

less than 25 percent,

2) Interactions of higher order than direct conversion

to IF are neglected.

3) WI~ is small in comparison to ti~o.

4) At the present time, we cannot model the influence

of the image frequency ( tiI~ = 2 WLO – QR.).

After initial identification, using the bidimensional

transfer characteristics (Fig. 2), of the nonlinear region on

which modeling will be made, the bias point excursion of

both FET parts during the local oscillator swing has to be

defined more precisely (quasi-static approach). In Fig. 2, it
can easily be recognized that either the gate and the drain

voltages of both FET parts change more or less sensitively

during LO pumping.

For an ensemble of bias points corresponding to this

excursion on the characteristics, we measured at lower

frequencies (0.5–2 GHz) scattering parameters of the two

FET’s that compose the DGFET. This can be done either

by measuring real SGFET’S of the same geometry as the

DGFET parts, if available, or by driving one of the two

partial FET’s of the DGFET into the ohmic region and

measuring S-parameters of the other FET following the

method described in [7].

Fig. 7. Schematic of the harmonic analysis procedure of the mixing FET
part.

From the obtained set of S-parameters, then, the varia-

tion of small-signal element values of a simplified equiva-

lent circuit have been calculated as they are represented in

Figs. 4 and 5. These data have then been introduced in

matrix form with the interpolation possibility y between two

successive points into a HP 9836 desk top computer as

pi= Pi( %,s, ‘G2,S, ~DLS)

where Pj stands for any of the parameters C&, C~~),
~:), #-), -R~), . . . .

0.- 0-

and could be reduced to a bldimen-

sional form

‘Z= P, (VGIW ‘G2,S)

by using the relation

v DIS = ‘DIS ( ‘GIS >‘G2S)

which is visualized in Fig. 6. The variable FET parameters

used in our approach in matrix data form can also be

calculated using dc modeling of the DGFET. This proce-

dure has been developed at the Institute of Semiconductor

Electronics of the Technical University of Aachen, West

Germany, tested and found equivalent, but should not be

employed before a faster computer is available.

With the data files of the bias-dependent FET parame-

ters, optimum software for compatible circuit analysis, and

HP 9836, the mixer behavior and matching circuits at RF,

LO, and IF frequencies of gate 1, gate 2, and drain ports

have been calculated by using the following steps.

1) Transferal of the sinusoidal local oscillator pumping

voltage VG2= VG20-t VO”cos (a~ot) through the nonlinear-

ity voltage characteristic to obtain Y-parameter variation

with time.

2) Harmonic analysis at local oscillator frequency CJLO of

the following parameters of the nonlinear FET part:

. Y1l(uR ~) in order to obtain the mean value of the

input admittance YJ~l( aR ~),1

. Y22(OIF) in order to obtain the mean value of the

output admittance YJj) ( UIF),

. G21(CJRF) in order to obtain the equivalent open-cir-

cuit voltage conversion gain Gj~) ( UR ~) of the mixing

FET part.

This last operation, by using G21 instead of Y21, allows

the modeling of mixing effects not only due to the nonlin-

ear transconductance g., of the mixing FET but also due to

the nonlinear channel resistance R~, as is shown in Fig. 7.

1~~~ ( ~k ) is the n th harmonic of the ij th complex admittance at

frequency Uk.
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Fig. 9. Calculated open-circuit voltage conversion gain G$~J(ti~.) of the
mixing FET part as a function of gate 2 bias and locrd oscillator
amplitude.

3) RF input matching: ,the mean value of the input

admittance Y#J( QRF) at gate 1 is used for conjugate input

matching (compare Fig. 8) easily attainable for the re-

quired bandwidth (800 MHz at 12 GHz for 12-.GHz TV).

4) Interactive optimization of Gzl ( ti~~) nonlinearities as

a function of the gate 2 loading impedance.

5)The mixer output impedance at tiIF at the drain,

calculated from the circuit in Fig: 8, where G# ( ti~ ~ ),

YJj’)( aIF) represent the mixing FET 1, is matched to the
50-L? load via the IF filter (Fig. 13) for mtimutn flat gain

over the 800-MHz IF bandwidth.

6) If necessary, readjusting of the gate 2 impedance for
maximum G21 nonlinearity and maximum gain of FET 2

- (in the cases LNM and SOM).

This rather tedious procedure exists now in the form of a

computer program including small-signal circuit analysis

facilities and graphics. Fourier analysis has to be loaded

supplementarily as well as the element values data.
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Fig. 10. Calculated output admittance Y#(@IF) as a function of gate 2
bias and locaf oscillator amplitude.

C. Modeling Results

Fig. 8 shows the small-signal equivalent circuit of a

DGFET mixer, as presented here, in the LNM modes. As

already discussed in Section III-A, FET 2 acts here as an

IF-band postamplifier, whereas mixing mainly occurs

within FET 1. Also, as has been pointed out before, the

gate 2 impedance has to be considered mainly at two

frequencies, the local oscillator frequency u~o and the IF

frequencies QIF; since it has a double action

1) it has an important influence on the nonlinearity of

FET 1 by defining:

a) the transfer of pumping power from the local

oscillator into the mixer,

b) the input impedance at ti~o of FET 2 which

shunts the output of FET 1; and

2) it defines the gain of the IF postamplifying FET 2,

The most important nonlinear fourpole parameters are

G#(Q~F) and Y~~)(QI~). Figs. 9 and 10 give two examples
of variation of real and imaginary parts of these parame-

ters as a function dc bias and local oscillator voltage

amplitude for the LNM mode. In our modeling, a first

interactive optimization has been made using this type of

diagram for best bias choice.

Some of the obtained modeling results using the de-

scribed procedure are presented below.

The influence of local oscillator power on conversion

gain is shown in Fig. 11. The curve is calculated for

optimum flat gain over 800-MHz IF bandwidth. A com-

parison between LNM and SOM modes shows that at

SOM a slightly higher LO power is necessary in order to
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drive into the optimum gain point. The lower power needed

at LNM is related to the fact that both FET’s here are near

to pinchoff (compare Fig. 2).

The influence of the value of the inductive load at gate 2

is shown in Fig. 12. For values of this inductance higher

than a critical minimum of about 1 nil, the conversion

gain in both nonlinear modes LNM and SOM is quite

constant. The available bandwidth is also. maintained as far

as the inductance surpasses the mentioned minimum value

as is indicated in Fig. 12. These modeling results corre-

spond well with the experimental finding that “DGFET’s

are, well suitable as self-oscillating mixers [5], since the

inductive load at gate 2 assures simultaneously the oscilla-

tion” conditions at X-band and a sufficient bandwidth at

IF.

The IF matching circuitry is evidently very important

concerning the bandwidth of the circuit. AS Fig. 13 shows,

a bandwidth of around 800 MHz at 4.5-dB conversion gain

can be covered for the LNM mode, but higher gain of 8 dB

at 400 MHz or even 10 dB at small bandwidths should also

be attainable. Experiments show, however, that in the last

case the device risks oscillating at frequencies in the IF

band.

Finally, an important result of the modeling procedure is

the potential bandwidth of a mixer postamplifier version of

the circuit, without passing through a 50-? reference’ im-
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Fig. 14. Calculated conversion gain of a monolithic mixer postamplifier
circuit versus IF frequency.
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Fig. 15. Calculated conversion gain of the monolithic DGFET mixer
(MMIC) compared with the MIC version.

pedance. As can be seen from Fig. 14, not only the gain of

the postamplifier stage is added to the conversion gain of

the mixer, but also the bandwidth of the mixer is increased

by a factor of about 2. This result should be expected even

without complicated modeling since bandwidth is always

increased if matching takes place between impedances of

similar levels, such as the output of the DGFET mixer and

the input of the postamplifying FET.

IV. RESULTS AND DISCUSSION

DGFET mixers have been designed at 12 GHz with a

local oscillator of 10.75 GIHz and realized in hybrid form

on Al ~03 substrates for operation in all three nonlinear

modes. In the I~M mode, a BRFET [6] instead of a

DGFET has been employed. lts nonlinear behavior is the

same as that of a DGFET. Obtained results using DGFET’s

of L.E.P. with two equal gates of 0.8 pm x 150 ~m can be

summed up as follows.

Low-noise mixer mode: Fig. 8 describes in detail the

realized LNM circuit. All matching elements are easily

monolithically integrable. This allows us to predict the

conversion gain and bandwidth behavior of a monolithic

GaAs DGFET mixer in the LNM and SOM modes using

the obtained results of the MIC versions of the mixers, as

can be seen in Fig. 15, Spiral inductors, interdigital, and

MIM capacitors have been used for modeling the MMIC

rriixer. The A/4 open microstriptine for RF and LO sup-

pression at the drain has been replaced by an interdigital

capacitor with a series resonance at 11 GHz. The optimum

22 for best conversion gain and IF bandwidth is a pure

inductance, as Fig. 12 shows. However, the size of the

decoupling capacity (0.3 pF) has to be carefully chosen

since small values would degrade the efficiency of the LO,

but higher v~ues would Shunt and cancel the effect of the

inductance L~2. The conversion gain of that mixer is given

in Fig. 16: it is’ compared with modeling results obtained
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Fig. 16. Measured and calculated conversion gain of the DGFET mixer
in the LNM and SOM mode.

according to the already described procedure. A close

a“~eement of experiment~ and modeled values can ~be

stated. The SSB. noise figure has been measured in the

800–1500-MHz IF range using an automatic noise analyzer,

and it was of the order of 8–9 dB. No predictions on the

noise figure of DGFET mixers can yet be made using our

modeling procedure, but due to the lower dc current in the

LNM mode, the best noise figure is expected in this region,

Fig. 16 also gives measured and calculated results of the

DGFET in the self-oscillating mixer mode: Due to the

higher current and the fact that FET 1 is now in the

saturated region (Fig. 2), the DGFET can oscillate if an

appropriate ,p~ely inductive load at gate 2 is presented.

However, the presented experimental and theoretical re-

sults of 8-dB conversion gain over the 800-MHz bandwidth

we obtained &ng an external local oscillator at gate 2.

The noise figure is in this case higher (10-12 dB).

DGFET mixers in the image-rejection mode emplo-$ing a

BRFET [6] are much more difficult to tune at the IF port

due to the sensitivity of the output impedance to LO power

(Fig. 2). However, ,as has been shown in [6], a conversion

gain of 4-6 dB and an associated noise figure of 12-13 dB

over the 1OO-MHZ bandwidth could be obtained. The

corresponding image band (9,5 GHz) rejection was around

30 dB. Due to these difficulties in the realization of IRM

circuits, the immediate application of BRFET’s is seen in

image-rejection amplifiers.

V, CONCLUSION ,

A computer-aided modeling and design procedure of

DGFET @ers has been presented.

The three principal modes of operation, low-noise mixer,

self-oscillating mixer, and image-rejection mixer, have been

identified and modeled, and corresporiding circuits have

been realized. ‘
DGFET tiers for 12-GHz DBS TV with 5-dB conver-

sion gain an,d 8–9-dB noise figure or 8-dB conversion gain

and 10–12-dB noise figure over 800 MHz are presented.

Theoretical perforniances ,of MIC and MMIC DGFET

mixers are compared and monolithic mixers have been

designed.
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