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Design and Performance of Low-Current GaAs
- MMIC’s for L-Band Front-End Applications

Yuhki Imai, Masami Tokumitsu, and Akira Minakawa

Abstract —GaAs MMIC’s with very low current and of very small size
have been developed for L-band front-end applications. The MMIC’s
fully employ lumped LC elements with uniplanar configurations. There
are two kinds of MMIC’s: a low-noise amplifier and a mixer. The
low-noise amplifier has a noise figure of 2.5 dB and a gain of 11.5 dB.
The mixer has a conversion gain of 12.5 dB with small LO power of —3
dBm. Total current dissipation of the two MMIC’s is less than 8 mA
with 3 V drain bias voltages. ’

1. INTRODUCTION

HE recent development of GaAs monolithic microwave

integrated circuits (MMIC’s) promises highly integrated,
low-cost modules for system applications [1]. So far, however,
power consumption of MMIC’s has not been of great con-
cern in designs, although it is very important in battery-oper-
ated instruments such as portable radio units. In portable
radio communications, the need for GaAs MMIC’s is obvi-
ous because MMIC’s allow a substantial reduction in size
and weight of the unit. For this application, MMIC’s have to
be designed to operate at very low current levels to conserve
the battery drain in portable units [2], [3].

This paper reports the development of GaAs MMIC’s with
very low dissipation for L-band front-end applications. There
are two kinds of MMIC’s: a low-noise amplifier and a mixer.
A key feature of the MMIC design is the use of lumped LC
matching circuits with a uniplanar configuration to realize
low current dissipation and small size. Here, we present the
design, fabrication, and test results for the MMIC’s devel-
oped.

II. Circurr DEsiGN

Fig. 1 shows the front-end module design, consisting of a
low-noise amplifier and an FET mixer. The module was
designed to use an external filter to reject out-of-band noise.
Circuits were designed using the circuit simulator SPICE
with a modified FET model and Touchstone.

A. Low-Noise Amplifier

The key issue in minimizing current dissipation is achiev-
ing a low noise figure and a high gain using FET’s with the
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Fig. 2. ‘Simulated, gate-width dependencies of RF performance for
low-noise amplifiers: (a) Lumped LC matching amplifier; (b) active
matching amplifier; (c) RC feedback amplifier.

narrowest possible gate width. It was from this point of view
that we approached our study of an optimum amplifier
circuit. Fig. 2 shows three kinds of amplifier circuits and
their simulated gate-width dependencies on RF perfor-
mance. Circuit A fully employs lumped LC elements for
impedance matching. Circuit B is an active matching ampli-
fier that cascades common-gate and source-follower FET’s
[4]. Circuit C uses an RC feedback configuration for
impedance matching [5]. Circuits B and C were generally
adopted for UHF and L-band amplifier IC’s for the broad
bandwidths they allow. The performance of each circuit was
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Fig. 3. Circuit schematic of low-noise amplifier.

simulated using an FET with 200 mS/mm transconductance
and 50 mA /mm drain current. The noise figure and the gain
were simulated at a frequency of 1.6 GHz with the matching
condition that input and output reflection coefficients S,
and S,, were better than —10 dB. An active matching
amplifier (circuit B) required a total gate width of greater
than 350 uwm to obtain better than 3 dB noise figure and 10
dB gain. For this circuit, a gate width of less than 150 um
was difficult to use because it severely degraded the match-
ing characteristics. An RC feedback amplifier (circuit C)
also required a large gate width of 500 um to achieve the
same performance because it needs a high transconductance
to improve the noise figure and gain. On the other hand, a
lumped LC matching amplifier (circuit A) was expected to
have less than one fifth the gate width of these amplifiers to
obtain a low noise figure and a high gain. Therefore, the
lumped LC matching configuration allowed very low current
operation of a low-noise amplifier using the narrow-gate-
width FET.

Fig. 3 shows a schematic circuit of the low-noise amplifier.
The amplifier used a 100-uym-gate-width FET with self-bias
circuitry. Inductive series feedback at the source was em-
ploved to improve amplifier input VSWR and stability. Ap-
plying self-bias circuitry, the gate bias was optimized for
low-current operation as well as high RF performance.

Fig. 4 shows the measured gate-bias dependencies of the
FET optimum noise figure, NF,,, and the suppression ratio
of a third-order intermodulation product, IM3. IM3 was
measured using two-tone equal-level input signals with 30
dBm power and 1.6/1.605 GHz frequencies. The gate width
and threshold voltage of the FET were 100 um and —1 V,
Based on the results, a gate bias of —0.6 V was selected to
provide a low-current operation with low NF, and IM3.

To use lumped LC maiching elements in an IL-band
MMIC, a monolithic spiral inductor with a large inductance
is necessary. Since a spiral inductor needs a high turn with a
long line length to increase the inductance value, the para-
sitic ¢lements are large and adversely affect the MMIC
performance. Fig. 5 shows measured parasitic resistance and
resonance frequency versus an inductance for monolithic
spiral inductors. The line width and space of the spiral
inductor were 5 um to 10 pm to reduce the size. For an
accurate MMIC design within 1-2 GHz frequency band, a
spiral inductor with a resonance frequency greater than
4 GHz was used. On this condition, the spiral inductors
employed in the MMIC’s were held below 12 nH. The
parasitic resistance also has a large influence on the MMIC
performance, especially the amplifier noise figure owing to
the loss of the input matching circuit. Therefore, the spiral
inductor used three-level metal interconnect layers and a via
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Fig. 4. Gate-bias dependencies of NF,, and a suppression ratio
of IM3.

metal to reduce the parasitic resistance. The total thickness
was about 4 um. The resistance was less than 5 ) for the
spiral inductor used.

RF performance of a lumped LC amplifier is mainly
affected by the variations of the matching circuit elements.
Fig. 6 shows the sensitivity of the circuit to variations of the
inductor value. In the simulation, the values of all spiral
inductors were changed uniformly. The variations of NF and
gain were within 0.2 dB and 3 dB for each 10% increase and
decrease of the inductor value. The predicted noise figure
and gain for center values were 2.4 dB and 13 dB.

B. Mixer

A high conversion gain with a low current dissipation is
required for a mixer. Built-in LO /RF isolation is also desir-
able to eliminate filter circuits. For this purpose, two kinds
of mixers were studied, as shown in Fig. 7. Circuit A is a
series-connected FET mixer with lumped LC matching cir-
cuits for RF and LO ports [6]. Circuit B is an analog
multiplier based on Gilbert’s cell [7] with RF and IF buffer
amplifiers. Both circuits have good built-in LO/RF isola-
tions. Fig. 7 shows the simulated current dissipation depen-
dencies of the conversion gains for these mixers. The per-
formance was simulated using an FET of 200 mS/mm trans-
conductance and 50 mA/mm drain current. RF and IF
frequencies were 1.6 GHz and 50 MHz with an LO power of
—3 dBm. Circuit B required a current dissipation of greater
than 17 mA to obtain a conversion gain. This is because
large-gate-width FET’s were required to increase the conver-
sion gain. Circuit A, on the other hand, had a high conver-
sion gain with a current dissipation of less than 5 mA.
Therefore, circuit A is well suited to low-current operation
with a high conversion gain.

Fig. 8 shows a schematic circuit of a mixer. RF and LO
matching were provided using pi-type matching circuits to
reduce the number of spiral inductors. A buffer amplifier
was used to obtain high gain with small LO power and IF
impedance matching. The gate widths of the FET’s were 100
pum and 80 um for the mixer and buffer amplifier, respec-
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spiral inductors.
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amplifier.

for a low-noise

tively. A mixer with self-bias circuitry was also tested to
simplify the power supply requirement. A schematic circuit is
shown in Fig. 8. Because of low IF frequency, self-bias
circuitry using a resistor with a bypass capacitor at an FET
source degraded the conversion gain. Therefore, a level-shift-
ing diode was used instead of a biasing resistor for the
self-bias mixer. The mixer used a 200-um-gate-width FET
without a buffer amplifier. The predicted conversion gains
for the mixers were 13 dB with a buffer amplifier and 5 dB
without a buffer amplifier, respectively.

11I. MMIC FABRICATION

MMIC’s were fabricated using advanced self-aligned im-
plantation for n* layer technology (ASAINT) [8]. The gate
length and the threshold voltage were 0.3 um and —1 V. A
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Fig. 7. Simulated current dissipation dependencies of conversion gain
for mixers: (a) Series-connected FET mixer; (b) Analog multiplier based
on Gilbert’s cell.
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Fig. 8. Circuit schematics of mixers: (a) mixer without self-bias cir-
cuitry; (b) mixer with self-bias circuitry.
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Fig. 9. ' Uniplanar MMIC configuration with lumped LC elements.

uniplanar configuration was employed for the MMIC’s 9. A
schematic of a uniplanar configuration with lumped LC
clements is shown in Fig. 9. This configuration has no via
holes and includes a coplanar ground plane close to each
circuit element for easy access to an RF ground. It permits a
compact MMIC layout becausc the large RF grounding
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Fig. 10. Microphotographs of MMIC’s: (a) low-noise amplifier; (b) mixer.
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Fig. 11. Frequency dependencies of NF and gain for a low-noise

amplifier. Solid lines: measured results. Dashed lines: simulated results.

capacitors can be easily integrated anywhere on the sub-
strate. This feature is especially effective for L-band applica-
tions in which very large RF grounding capacitors are needed.
Fig. 10 shows microphotographs of the low-noise amplifier
and mixer using a lumped LC uniplanar configuration. Chip
sizes were 1.5%x2 mm? for the low-noise amplifier and 2 X
2 mm?” for the mixer. A grounding capacitor with a capaci-
tance exceeding 10 pF was used for each biasing line to
eliminate an off-chip capacitor.

IV. PERFORMANCE
A. Low-Noise Amplifier

Typical frequency dependencies of the noise figure and
gain are shown in Fig. 11. Frequency dependencies of $;;
and §,, are also shown in Fig. 12. The amplifier had a
current dissipation of 4.6 mA and a single bias voltage of
3 V. The minimum noise figure was 2.5 dB with a gain of
11.5 dB. The amplifier had a gain of more than 11 dB and a

noise figure of less than 3 dB in the 1.5-1.7 GHz frequency

band. Simulated results are also shown in Figs. 11 and 12;
they agree well with the measured results.
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Fig. 12. Frequency dependencies of S;, and §,, for a low-noise ampli-
fier. Solid lines: measured results. Dashed lines: simulated results.

Amplifiers with different threshold voltages, ranging from
—0.7 to —1.3 V, were measured to study current dissipation
dependences of the RF performance. The results are shown
in Fig. 13. The suppression ratio of IM3 was measured at
—30 dBm input power with 1.6/1.605 GHz input signals.
The gain and the noise figure were not degraded with
current dissipation down to 3 mA. On the other hand; the
suppression ratio of IM3 decreased as the current dissipation -
was reduced. The amplifier with 3.5 mA current dissipation
provided a suppression ratio of more than 60 dB, which is
acceptable for most front-end applications. A plot of the
output power versus input power for this amplifier is shown
in Fig. 14. The intercept point was 9 dBm. We compared the
current dissipation with previously reported low-noise ampli-
fier MMIC’s operating in the L band and UHF bands and
the results are shown in Fig. 15. The developed amplifier
dissipated only one fourth, the current of previously reported
MMIC’s in the L and UHF bands [4], [5] [10]-[13].

B. Mixer

Typical frequency dependencies of the SSB noise figure
and conversion- gain for the mixer with buffer amplifier are
shown in Fig. 16. LO power and IF frequency were —3 dBm
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and 50 MHz. The current dissipation was 3.6 mA with 3 V
drain bias and additional gate biases. The mixer had a
maximum conversion gain of 12.5 dB with a noise figure of
12.6 dB. The simulated conversion gain using SPICE agreed
well with the measured results. The suppression ratio of IM3
was measured under the same condition as the low-noise
amplifier. The suppression ratio of IM3 and the gain were 46
dB and 12.5 dB for high-gain gate biases. For the medium-
gain gate biases, the values were 63 dB and 8.3 dB. LO/RF
isolation and LO /IF isolation were better than 20 dB and 30
dB, respectively.

Fig. 17 shows gate-bias dependencies of the conversion
gain for a mixer with self-bias circuitry. RF and IF frequen-
cies were 1.55 GHz and 50 MHz. The drain bias was 5 V. A
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Dashed line: simulated result.

conversion gain greater than 0 dB was obtained in the
gate-bias ranges from 0 to 0.5 V for Q1FET and from —0.1
to 0.7 V for Q2FET, respectively. A self-bias mixer thus
operated with only positive biases, which greatly simplifies
the power supply. The current dissipation and conversion
gain were 2.2 mA and 0 dB with 5 V drain and 0 V gate
biases.

V. CoNCLUSION

GaAs MMIC’s with very low current and small size were
developed for L-band front-end applications. Total current
dissipation of the low-noise amplifier and mixer was 7.1 mA
with a conversion gain of 25 dB using —3 dBm LO power.
With these MMIC’s, front-end-module size is reduced to
about one fifth that of conventional hybrid circuit technolo-
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Fig. 17. Gate-bias dependencies of conversion gain for a mixer with self-bias circuitry. VG1: gate bias of Q1FET. VG2:
) gate bias of Q2FET.

gies. The developed MMIC’s will have a great effect on
telecommunication system applications, such as mobile radio
units, thanks to their low current dissipation and small size
and the elimination of circuit adjustments.
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