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KUNIHIKO KANAZAWA, MASARU KAZUMURA, SHUTARO NAMBU, GOTA KANO.

AND IWAO TERAMOTO

Abstract — A double-bafanced dual-gate FET mfxer has been developed

for application in the front-end circuit of UHF receivers.

A 6-8-dB conversion gain has been obtained without an additional

matching circuit over a wide frequency range from 100-800 MHz with

good suppression of RF/LO feedthrough by more than 20 dB and tbird-

order’ intermodulation product of – 60 dB.

I. INTRODUCTION

I MPLEMENTATION OF the front-end circuit of a TV

tuner is an attractive goal in applying GaAs analog IC’S

to consumer equipment [1]. Much effort has been devoted

to achieving this goal, dealing mainly with low-noise wide-

band amplifier circuits and mixer circuits.

Although wide-band amplifier circuits have made con-

siderable progress recently [2]–[3], little achievement has

been obtained for the mixer circuits [1], [4].

Essential problems to be discussed with respect to the

monolithic mixer circuits are the gain, the intermodulation,

the feedthrough of the RF/LO signals, and the matching

circuits.

In this paper, we show that a new circuit configuration

composed of the double-balanced dual-gate FET’s can

improve remarkably the RF performance of the mixer

circuits. It is also demonstrated that the monolithic GaAs

double-balanced dual-gate FET mixer IC has been success-

fully fabricated exhibiting a 6–8-dB conversion gain over a

wide frequency range from 100–800 MHz with extremely

suppressed feedthrough and intermodulation products

without additional matching circuits. In the following, the

design and fabrication of the monolithic GaAs double-

balanced dual-gate FET mixer IC are described in full

detail.

II. MODELING OF THE DUAL-GATE FET MIXER

Prior to designing the double-balanced FET mixer IC,

the principle of mixing operation of the dual-gate FET is

discussed.

A small-signal equivalent circuit of the dual-gate FET is

shown in Fig. 1, where the dual-gate FET is regarded as

two single-gate FET’s (FET1, FET2) connected in series

[5]. RF and LO signals are applied to the first and second
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gates respectively so that the mixed IF signal can be

extracted from the drain. It is useful to introduce ideal

filters ~ (i= 0,1,2, 3), which possess zero impedances at

desired frequencies, at the input and output ports so as to

separate the desired frequency from all after frequencies

[4].
Essential parameters required for designing the practical

mixer IC are the conversion gain and the third-order

intermodulation product. We now assume that in the

dual-gate FET mixer frequency mixing occurs only in

FET2 while FET1 operates as an RF signal amplifier

under a condition that the first gate is biased near the

pinchoff voltage. For simplicity of the analysis, we also

assume that only the transconductance has a time-varying

function while the other parameters are constants.

The conversion gain GC which is identical to the ratio of

the IF output power to the RF source power is given by [4]

~ = 11if12.ReZ~

c l_E,,12/4.ReZ~
(1)

where

I,f IF current,

E,f RF source voltage,

Z~ load impedance,

Z~ source impedance.

The amount of suppression of the third-order intermodula-

tion product IM ~ is defined as

(2)

where

Iim3 current of the third-order intermodulation prod-

uct,

ZLim.3load impedance for 1i~3.

The present task is to calculate Iif for GC and 1i~3 for 1M3

using the equivalent circuit of Fig. 1.

The Taylor expansion of the transconductance g~l of

FET1 for the small RF signal AVgl(t ) becomes

gwl(t) = gmlo + gmn” AVgl(t)+gmn’ [AVgl(t)]2+.

(3)
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The IF current Iif at the drain port in Fig. 1 is given by
thlo iS a fundamental transconductance while the other g,
are the origins of the intermodulation distortion.

The RF output voltage J’&l of FET1 is given by
v

Iif = *
z,

(9)

‘(4)
where

(5) 1 A*B
z,=.z.3+R~~+,~+—

dz A+B

where

1
.Z~=Z1+Rinl+—

jWgJ1

1
B= R12+Rg2+Za+—

j~2Cg,2
Zb= gmlo

j%- Cgsl”Gdl
and where W2 is the IF frequency.

Using (l), (8), and (9), the conversion gain GCis obtained

as
and where u ~ is the RF frequency.

Mixing occurs in FET2 where the small-signal parame-

ters are modulated at a ‘periodic rate by a large LO signal

applied to the second gate. The Fourier series of the

transconductance g~2 of I?ET2 can be expressed as

Zh.Zd 2
GC=4. RG1. RL.

Za.Zc.Ze
(10)

gmz(t)= ~ gm2K. ~jK%t
(6) where

K=–m

where

(7)

ZL= Z*
U. is the local frequency.

= RL+ jXL.
Since the frequency conversion from RF to IF occurs

owing to the existence of g~21, the IF output voltage VOUt2 The next item to be discussed is the intermodulation in

the dual gate FET which is caused by the interference

signal of a frequency u: near til. Among the various

frequency components, the third-order intermodulation

products la. A(2al – a~)l and Iao +(2@~ – til)l are im-

portant because they are very close to the IF frequency ~2.

These third-order intermodulation products result from

mixing between the first term of the LO signal and the

second term of g~l for F13T1.

If an interference signal level is equal to that of the RF

signal, the output voltage of the third-order intermodula-

tion in FET2 can be derived in tlie same way as used for

the G= calculation. Thus, we have

from FET2 becomes

v gm21
.—

out 2 = J’-g2 Gd2

Zb. Zd . E,f

= Za.zc
(8)

where

1
vg2=+. —

c A&2

1 1
ZC=R,l+ Rd1+Rin2+Z3+—+—

Gdl j4g.2
Zf. Zd. (E,f)3

vim3= /-13 -
(11)

( 1
R,l+ Roll+ R,2 + —

Gdl )
where

( 1+ gm20/Gd2
s R,2 + Rg2 + Z3+

j~1Cg,2
+

)

Rd2 + Z, + I/Gdz

z;= gm12

(@lc,vl)3’ ‘dl

Rin2 = R,2+ Ri2i- Rg2
In (11), U4( = 12u~ – till or 12CJI– ti~l) = UI is assumed so

that Z~ i~~ = Z~ can be used. The current of the third-order
intermodulation product li~J at the drain port in Fig. 1 is

Zd= gtn21

J@ 1cgs2 “ Gd2
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Fig. 1. Schematic of FET mixer, including signal, third-order intermod-
ulation, and IF circuits, used in signal analysis.

given by

v
I

Im 3_—
1m3 — Ze “

(12)

Using (2), (8), (9), (11), and (12), the amount of suppres-

sion of the third-order intermodulation product IM3 is

obtained as

R +%s1)2}2

Ifi,fl-’

111. DESIGN AND FABRICATION OF THE

DOUBLE-BALANCED DUAL-GATE FET MIXER IC

A goal of the present work is to design and fabricate a

double-balanced dual-gate FET mixer IC for use in the

receiver front-end that covers the VHF to UHF bands. The

circuit to be designed is shown in Fig. 2. Note that the

circuit consists of four dual-gate FET’s.

The RP and LO signals are applied through the baluns,

as this figure indicates. The double-balanced rqixer circuit

is featured because of good suppression of the RF and LO

feedthrough and the even-order intermodulation products.

A. Design

A target specification of the present development is

summarized in Table I.
The conversion gain GC of the dual-gate FET of (10) was

calculated as a function of the gate width Wg assuming the

FET parameters as listed in Table II. Those parameters are

obtainable practically for the single-gate GaAs MESFET

with a l-pm gate length. In Fig. 3 are shown calculated

results of the conversion gain as a function of the gate

t

--L

b’
-.+

L_–——–– ______J

Double-balanced

mixer lC

Fig. 2. Circuit diagram of the monolithic mixer IC.

TABLE I
TARGET SPECIFICATION OF THE PRESENT DEVELOPMENT

Conversion f RF = i~-lmli,

Gmn =-5 dB pLO= 10 dBm

Suppression

I

Ratio of the TM PRF =-XI dBm

waler Intermorh- >60 dB PLO = 10 dBm

atlon Product

I I

width Wg for the different source/load impedances Z~

( = -Z,) and ZL ( = Zs). Although it is desirable for the
source/load impedances to be 50 0 for practical applica-

tions, the result of Fig. 3 indicates that use of 50 S2requires

a large gate width Wg in order to satisfy the target conver-

sion gain of 5 dB resulting in increased power consumption

and chip size. Therefore, we designed the source/load

impedances to be Z~ = Z~ = 200 L?, and therefore use of

the 1:4 balun is necessary. The calculated result of the
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TABLE II
FET PARAMETERS ( Wg[pm])

Rs = 1.5x 103/Wg (L2)

Ri = 9.0x 102/Wg (Q)

Rg = 1.7x 102xWg (Q)

Cgs = 1.3 x 10-3xWg ( pF)

Rd = 2.1 x103/Wg (Q)

Gd = 6.7x 10*x Wg ( S )

9m10= 8.0 x 10_’xWg ( S )
gmw = 2.OX 10’xWg ( S )

@el . 43x Id’xwg ( s )

(PLo= 10dBm)

z$=zL=2~n

fRF = 700 MHZ

fIF = IOOMHZ

-,0 ~

100” 503 10

Gate Width (yin)

Fig. 3. Calculated conversion gain as a function of the gate width.
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Fig. 4. Calculated conversion gairi as a function of the RF frequency.

conversion gain for Z~ = Z~ = 200 0 indicates that the

target of 5-dB conversion gain can be obtained by taking

Wg = 300 pm.
The RF frequency dependence of the conversion gain GC

was calculated for the dual-gate FET with a 300-pm gate

width. The IF frequency is assumed to be 100 MHz. The

calculated results are shown in Fig. 4, where it is noted that

the conversion gain maintains an almost constant value

over a wide frequency range from 0–1000 MHz. It is also

to be noted that the double-balanced circuit with 200-fl

source/load impedances provides a gain by about 12 dB

higher than that with 50-fl source/load impedances.
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Fig. 5. Calculated suppression ratio of the third-order intermodulation

product as a function of the drain current.

Fig. 6. Photograph of the completed mixer IC.

Fig. 5 shows the calculated results of the third-order

intermodulation products given by (13) for the FET with a

300-~m gate width. The interference signal level is assumed

to be – 20 dBm, which is identical to that of the RF signal.

It is seen that the third-order intermodulation Product is.
suppressed down to about – 66 dB over a wide frequency

range from 0–1000 MHz, which satisfies the target specifi-

cation of the present work.

B. Fabrication and RF Performance

The GaAs double-balanced dual-gate FET mixer IC was

fabricated. The n-type active and n+-type contact layers

were provided by selective ion implantation of Si onto a

nondoped semi-insulating GaAs substrate under a condi-

tion of 5 X 1012 cm-2 (dose) at 130 keV and 5 X 1013 cm-2

(dose) at 150 keV, respectively. The multimetal layers of

Au/Ni/AuGe and A1/Ti wefe used as ohmic and gate

electrodes, respectively. The inte~connection was provided

by a Au/Ti double layer.

A photograph of the experimental chip is shown in

Fig. 6.

A measurement set up to determine the conversion gain

k

and the third-order intermodu ation product is shown in

Fig. 7. Measurements were car “ed out without input and

\
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Fig, 7. Measurement setup for the gain and the third-order mtermod-
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Fig 8. Conversion gain of the experimental IC as a function of the RF

frequency comparing with that of the single FET mixer.

output matching circuits. The LO power level was calibrated

by subtracting the reflective power.

Fig. 8 shows the conversion gain measured as a function

of RF frequency, where the IF frequency was 100 MHz.

The signal power levels of RF and LO inputs were – 20

dBm and 10 dBm, respectively. The ferrite core baluns

were used for each 1/0 port. The loss (0.5 -1.0 dB at

100–800 MHz) which originates in the balun was sub-

tracted from the measured conversion gain. It is to be

noted that the experimental mixer IC exhibits a very high

conversion gain of 6–8 dB over a wide frequency range

from 100 to 800 MHz. Decrease in the conversion gain at

higher frequency is due to the loss caused by parasitic

capacitances. The measured conversion gain of the single

FET mixer with the same geometry is also shown in Fig. 8

for comparison. It is noteworthy that the conversion gain

of the present double-balanced mixer exceeds that of the

single mixer with 50-0 source/load impedances by about

12 dll. It is also noted that the experimental data show

fairly good agreement with the calculated results shown in

Fig. 4.

Fig. 9 shows the suppression ratio IM~ of the measured

third-order intermodulation product and the conversion

gain as a function of the drain current 1~. The RF signal at

700 MHz and the interference signal at 701 MHz were

both – 20 dBm and the LO signal was +10 dBm. The

measured third-order intermodulation product arises at 101

MHz. The value of the sumn-ession ratio IM, of the

70 t

~

r Q

PRF=-20 dBm

fRF= 7@ MHz

flF= IOOMHZ

Drain Current (mA)

Fig. 9. Suppression ratio of the third-order intermodulation

and conversion gain as a function of the drain current.
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Fig. 10. Conversion gain of the experimental IC as a function of the LO

power.
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Fig. 11. Conversion gain as a function of the RF frequency.

obtained third-order intermodulation product was smaller

than that expected from the theory. This is due to the fact

that the nonlinearity of the drain conductance Gd and the

drain-source capacitance Cg~ are neglected in the theoreti-

cal equation.

The measured conversion gain are shown in Figs. 10 and

11 as functions of the LO power and the RF power,
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Fig. 12. Output frequency spectrum of the expenmentaf IC compared
with that of the single FET mixer: F’LO =10 dBm, PRF = – 20 dBm.

respectively. The l-dB compression point of gain of the

experimental mixer IC is at about – 2-dBm RF power level.

In Fig. 12 are shown the output frequency spectra for

the single FET mixer and the double-balanced FI?T mixer

IC. The RF power level is – 20 dBm and the LO power

level is 10 dBm. It is seen that the double-balanced mixer

IC exhibits excellent suppression of the LO and RF

feedthrough as well as the higher order mixing products

comparing the single FET mixer. The suppression is more

than 20 dB.

IV. CONCLUSION

A model of the dual-gate FET &xer was presented. The

conversion gain and the intermodulation products were

analytically discussed. The double-balanced dual-gate FET

mixer IC has been designed and fabricated on the basis of’

the present model. High conversion gain of 6–8 dB was

obtained over a wide frequency range from 100 to 800

MHz without additional matching circuits. The RF and

LO feedthrough and the higher order distortion were well

suppressed by more than 20 dB.

This GaAs double-balart~ed dual-gate FET mixer IC

would be a promising candidate for VHF/UHF receiver

front-end applications.
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