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A GaAs Double-Balanced Dual-Gate FET
Mixer IC for UHF Receiver
Front-End Applications
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Abstract — A double-balanced dual-gate FET mixer 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 third-
order intermodulation product of —60 dB.

I. INTRODUCTION

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 F, (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 G, which is identical to the ratio of
the IF output power to the RF source power is given by [4]

[I4*ReZ,

— 1
¢ |Erf|2/4'Rezs M)

I; IF current,

RF source voltage,
Z, load impedance,
Z¢ source impedance.

The amount of suppression of the third-order intermodula-
tion product IM; is defined as

11> Re Z,

My=——F7F———
|11m3|2'ReZL1m3

)

where
I

im3 current of the third-order intermodulation prod-
uct,

Z;:m3 load impedance for I,

The present task is to calculate Ilf for G, and I, 5
using the equivalent circuit of Fig. 1.

The Taylor expansion of the transconductance g,, of
FET1 for the small RF signal AV, (¢) becomes

Va(o)]+

for IM,

21 (1) = G0 + it AV (1) + 8o [A

(3)
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g0 18 @ fundamental transconductance while the other g,
are the origins of the intermodulation distortion.
The RF output voltage V,,; of FET1 is given by

&mio

Vour = G Va . (4)
Erf
T S (5)

where

Z,=Z,+ Ry, +
a 1 inl jw ; C

251
Rinl = Rsl + Rzl + Rgl
Z, = 8m10
Jw1-Ca Gy
and where w, 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, , of FET2 can be expressed as

(=]

Y Gk elKe
K=-w

8ma(t) = (6)

where

1 2a
8m2k = 5“[ 8o (1)-e7 %90 (wot) M
KR}

w is the local frequency.

Since the frequency conversion from RF to IF occurs
owing to the existence of g,,,;, the IF output voltage V_ ,,
from FET2 becomes

gm21
I/;)utZ = Vg2' Gd2
- Zb' Zd'Erf (8)
Z,7Z,
where
ng = V'mnl T .
Z, J"-’1Cgs2
Z.=R R R zZ ! !
= + +R. ,+ + —+
c s1 dl in2 3 Gdl jwlchZ
1
Ry+R +RH+—
G
1+¢g, G
Ry + R, +Zy+ ~ T Bm/ i 0/ Can
+ ]wICgsZ
R,+Z,+1/Gy,

Rix=Rp+ R+ Ry,

Em21

¢ fw1Cg32'Gd2 '
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The IF current I, at the drain port in Fig. 1 is given by

Vv
Iy = _;u—tz (9)

e
where

Z,=Z;+R —1 + —'—-A.B
=Zg+ R+
¢ 8 42 N Gd2 A+B

A=R 4+ R +R,+—
d1

B=R,+R,+Z,+
2 8 ! j“OZCgsZ

and where w, is the IF frequency.

Using (1), (8), and (9), the conversion gain G, is obtained

as
2
G.=4Rg R, % (10)
where
Zs=2,
- RGl + jXGl
Z,=2Z
=R, + jX..

The next item to be discussed is the intermodulation in
the dual gate FET which is caused by the interference
signal of a frequency | near w;. Among the various
frequency components, the third-order intermodulation
products |wy +(2w; — w})| and |wy £ (2w) — w;)| are im-
portant because they are very close to the IF frequency w,.
These third-order intermodulation products result from
mixing between the first term of the LO signal and the
second term of g,, for FETL.

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 the same way as used for
the G, calculation. Thus, we have

- Zé'Z:zl'(Erf)3
™ (z) -z

(11)

where

, &m12
b 3 '
(]wlcgsl) 'Gdl‘

In (11), w,( =Rw) — w4 or 2, — wil) = w; is assumed so
that Z; , ., = Z; can be used. The current of the third-order
intermodulation product I, , at the drain port in Fig. 1 is
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Fig. 1. Schematic of FET mixer, including signal, third-order intermod-
ulation, and IF circuits, used in signal analysis.
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of
Design
RF Performance Target Condition
III. DESIGN AND FABRICATION OF THE
DoUBLE-BALANCED DUAL-GATE FET Mixer IC
. . . Conversion frF = 100-1000MHz
A goal of the present work is to design and fabricate a Gain >5 dB | Puo- 0 dBm
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 Suppression
circuit consists of four dual-gate FET’s. Ratio of the Third; Prr =20 dBm
The RF and LO signals are applied through the baluns, order Intermodu- | >60dB | Pio = 10 dBm
as this figure indicates. The double-balanced mixer circuit lation Product
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 G, 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 1-um gate length. In Fig. 3 are shown calculated
results of the conversion gain as a function of the gate

width Wg for the different source/load impedances Zg
(=2Z,) and Z, (= Z;). Although it is desirable for the
source/load impedances to be 50 Q for practical applica-
tions, the result of Fig. 3 indicates that use of 50 & requires
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 Zg=Z; =200 Q, and therefore use of
the 1:4 balun is necessary. The calculated result of the
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TABLEII
FET PARAMETERS (Wg[ pm])
Rs = 1.5x 10¥Wg (Q)
"Ri = 90x10¥Wg (Q)
Rg = 1.7x10°%xWg (Q)
Cgs= 1.3 x10%wg (pF)
Rd = 2.1 xI0%Wg (Q)
Gd = 67 x10%Wg (S)
gme= 80 x 10°xWg (S)
gmz= 20x |0°xWg (S)
gmai= 43x 10°xWg (S)
(PLo=10dBm)

20
o
5 1ot
~ Zs=Z_ 2000
=
o]
o 4 »
c "Zs=Z, = 50N
k=]
2
L .0 fRF = 7OOMHZ
§ f1F = |00MHz
ol v 1
100 500 1000
Gate Width (um)

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

conversion gain for Zg =2, =200 Q 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 G,
was calculated for the dual-gate FET with a 300-pim 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-Q
source/load impedances provides a gain by about 12 dB
higher than that with 50-Q 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-pm 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% 10'2 cm ™2 (dose) at 130 keV and 5x 10" ¢m™?
(dose) at 150 keV, respectively. The multimetal layers of
Au/Ni/AuGe and Al/Ti were used as ohmic and gate
electrodes, respectively. The interconnection 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
and the third-order intermodulation product is shown in
Fig. 7. Measurements were carried out without input and

i
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Fig. 7. Measurement setup for the gain and the third-order intermod-
ulation product.
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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-& source/load impedances by about
12 dB. 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 /,,. 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 suppression ratio IM; of the
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Fig. 9. Suppression ratio of the third-order intermodulation product
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 nonlineality of the drain conductance G, and the
drain-source capacitance C,, 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 experimental IC compared
with that of the single FET mixer: P;g =10 dBm, Py = —20 dBm.

respectively. The 1-dB compression point of gain of the
experimental mixer ICis 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 FET 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 LLO 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 mixer 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-balanced dual-gate FET mixer IC

would be a promising candidate for VHF /UHF receiver

front-end applications.

ACKNOWLEDGMENT

The authors wish to thank M. Hagio and Dr. H. Mizuno
for their constant encouragement throughout this study.

REFERENCES.

[1] U. Ablassmeir, W. Kellner, and H. Kniepkamp, “GaAs FET up
convertor TV tuner,” IEEE Trans. Electron Devices, vol. ED-28, pp.
1156-1159, Feb. 1980.

[2]. M. Nishiuma, S. Nambu, M. Hagio, and G. Kano, “A GaAs mono-
lithic low-noise wideband amplifier,” in Int. Symp .GaAs and Re-
lated Compounds Dig., 1981, pp. 425-430.

1553

[3] M. Nishiuma, S. Katsu, S. Nambu, M. Hagjo, and G. Kano, “A 2.2
dB NF 30-1700 MHz feedback amplifier,” in ISSCC Dig., 1983, pp.
194-195.

[4]- R. A. Pucel, D. Masse, and R. Bera, “Performance of GaAs FET
mixers at X-band,” IEEE Trans. Microwave Theory Tech., vol.
MTT-24, pp. 351-360, June 1976.

[5] = S. Asai, F. Murai, and H. Kodera, “ GaAs dual-gate Schottky-barrier
FET’s for microwave frequencies,” IEEE Trans. Electron Devices,
vol. ED-22, pp. 897-904, Oct. 1975.

Kunihiko Kanazawa was born in Kyoto,. Japan,
on November 21, 1955. He received the B.S. and .
M.S. - degrees in electronics engineering from
Kyoto University, Kyoto, Japan, in 1979 and
1981, respectively.

He joined the Research Laboratory of
Matsushita Electronics Corporation, Takatsuki,
Osaka, Japan in 1981, where he has been engaged
in the research and development of GaAs IC’s.

Mr. Kanazawa is a member of the Institute of
Electronics and Communication Engineers in
I apan and the Japan Society of Applied Physics. -

Masaru Kazumura received the B.S. and M.S.
degrees in electrical engineering from Kyoto Uni-
versity, Kyoto, Japan, in 1970 and 1972, respec—
tively.

He joined the Matsushita Electronics Corpora-
tion, Osaka, Japan, in 1972, where he has been
engaged in the research and development of com-
pound semiconductor devices. He is currently

. Manager of the Microwave Device Group, Semi-
conductor Laboratory of Matsushita Electronics
Corporation.

Shutaro Nambu was born in Ishikawa Prefecture,
Japan, on February 24, 1946. He received the
B.S., M.S,, and Ph.D. degrees in electrical en-
gineering from Kyoto University, Kyoto, Japan,
in 1968, 1970, and 1978, respectively.

In 1970, he joined the Matsushita Electronics
Corporation, Takatsuki, Osaka, Japan. From -
1971.t0 1976, he worked on the microwave in-
tegrated " circuit solid-state oscillator and other
MIC components. Since 1978, he has been en-
gaged in the research and development of GaAs -
FET’s and integrated circuits. He is currently manager of the High
Frequency Device Division at the Semiconductor Group of the Matsushita
Electronics Corporauon

Dr. Nambu is a member of the Institute of Electronics and Communi-

. cation Engmeers of Japan.



1554

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL, MTT-33, NO. 12, DECEMBER 1985

Gota Kano was born in Osaka, Japan, in October
2, 1938. He received the B.S. degree in 1961 and
the Ph.D. degree in 1970, both in electrical en-
gineering, from Osaka University, Osaka, Japan.

He first joined the Research Laboratory of the
Matsushita Electronics Corporation, Takatsuki,
Osaka, Japan, where he was engaged in the re-
search and development of semiconductor de-
vices, such as tunnel diodes, Schottky diodes, and
high-speed bipolar integrated circuits. His most
recent activities have included the development

of GaAs FET’S, GaAs IC’s, and semiconductor lasers.
He presently heads the Advanced Device Development Department of
the Semiconductor Laboratory of the Matsushita Electronics Corporation.

Iwao Teramoto was born in Osaka, Japan, on
January 29, 1932. He received the B.S., M.S., and
Ph.D. degrees in engineering chemistry from
Kyoto University, Kyoto, Japan, in 1954, 1956,
and 1964, respectively.

Joining the Matsushita Electronics Corpora-
tion, Takatsuki, Osaka, Japan, in 1956, he worked
in research on solid-state chemistry. From 1964
to 1965, he was a Research Chemist with the
Philips Research Laboratories, Eindhoven, The
Netherlands. He is presently the Director of the

Semiconductor Laboratory of the Matsushita Electronics Corporation.

Dr. Teramoto is a member of the Physical Society of Japan, the
Institute of Electronics and Communication Engineers of Japan, and the
Electrochemical Society of America.



