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Abstract—This paper presents a 60-GHz-band GaAs hetero-
junction FET (HJFET) low-noise amplifier (LNA) operating with
a single bias supply. A diode-regulated self-bias circuit was
incorporated for suppressing the FET drain–current variations
due to threshold voltage nonuniformities. The effect of the bias
circuit on the drain–current distribution is carefully discussed
based on the FET dc characteristics. A developed three-stage
monolithic microwave integrated circuit (MMIC) LNA exhibited
an average noise figure of 3.3 dB with 18-dB gain from 58 to
62 GHz. The LNA could operate over 2–5 V with a constant
noise figure. The LNA chip size is 1.85 mm� 1.07 mm.

Index Terms— Amplifier noise, millimeter-wave amplifiers,
millimeter-wave integrated circuits, MMIC’s, MODFET
amplifiers.

I. INTRODUCTION

TO DATE, several applications such as wireless local-area
amplifiers (LAN’s), cordless cameras, and contactless ID

card systems [1] have been proposed and tested for 60-GHz
frequency band. A monolithic microwave integrated circuit
(MMIC) low-noise amplifier (LNA) is a key element for
low-costRXmodules in the above-mentioned systems. A self-
biased LNA is useful because it requires only one positive
voltage source and simplifies bias networks for MMIC design.
Recently, self-biased MMIC LNA’s have been reported at-
and -bands [2]–[4]. However, to our knowledge, there have
been no reports for single-bias monolithic LNA’s operating
at higher frequency bands. In addition, for a high transcon-
ductance millimeter-wave heterojunction FET (HJFET), the
drain current is sensitive to threshold voltage variations due to
nonuniformities in the wafers and the gate recess process. In an
example of a single-stage-band LNA when the drain current
is changed over a range of 5 2 mA for a 60- m gatewidth
HJFET, noise figure and gain deviate by 0.3 and 1.3 dB,
respectively. For a self-biased LNA, a current regulation is a
first step approaching to high manufacturability and low-cost
production. As a technique to reduce the threshold voltage
variations, a selective gate recess process is used. However,
for a short gate-length low-noise device it is not mature so far
because of the damage by dry etching or the less recess width
controllability by wet etching.
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This paper describes a small-size 60-GHz-band MMIC
LNA operating with a single bias supply, based on 0.15-m
AlGaAs/InGaAs HJFET technologies. A simple self-bias cir-
cuit is considered for a millimeter-wave monolithic LNA in
Section II. Incorporating a diode-regulated self-bias circuit, the
drain–current variation mainly due to the FET threshold volt-
age ( ) nonuniformities is reduced to 58% compared to that
for a conventional gate-grounded bias circuit. In Sections III
and IV, LNA circuit design, fabrication process, and device
characteristics are presented. Section V demonstrates the de-
veloped LNA noise performance as a function of supply
voltage and temperature, and Section VI presents a conclusion.

II. SELF-BIAS CIRCUIT CONSIDERATION FORLNA

There are two kinds of self-bias circuits: active and passive.
An active self-bias circuit can regulate the current more
precisely incorporating active elements [3], such as HEMT’s.
However, it requires relatively large area, needs biasing itself,
demands a higher voltage than that for the FET in the
amplifier circuit, and causes yield problems especially for
millimeter-wave MMIC’s. This paper, therefore, applies a
passive self-bias circuit.

Practical passive networks including a diode-regulated self-
bias circuit proposed here, a gate-grounded circuit, and a
resistive self-bias circuit are shown in Fig. 1(a)–(c), respec-
tively. All circuits incorporate resistors () between source
terminals and the ground, which cause the FET’s under-
depletion mode. These resistors act as feedback elements
helping regulate the drain current. In the diode-regulated self-
bias circuit [Fig. 1(a)], a current limiting resistor and the diode
are connected in series between the source terminal of the FET
and the ground. As an alternative configuration, a set of these
elements can be connected between the drain voltage () and
the ground. However, we did not employ the latter because
of layout complexity due to the connection between gate- and
drain-bias circuits. A Schottky diode forward turn-on voltage
( ) is applied to the gate voltage ( ), while
for the gate-grounded self-bias circuit [Fig. 1(b)]. For these
two cases, the drain current () weakly depends on due
to the constant . In other words, a designed amplifier can
be operated at a relatively wide supply voltage range with a
low noise current condition. On the contrary, in the resistive
self-bias circuit [Fig. 1(c)], is a function of , resulting in
a significant variation when the changes. The resistive
self-bias circuit requires a bias line from drain- (dc pad) to
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Fig. 1. Practical passive self-bias circuits for a depletion-mode FET. (a)
Diode-regulated, (b) gate-grounded, and (c) resistive circuits.

gate-bias circuits across an RF signal line in a compact layout
for MMIC design, which causes layout complexity. Thus, in
the following we focus on the diode-regulated self-bias circuit
with the gate-grounded self-bias circuit as a reference. Based
on the FET dc characteristics, the drain–current variation is
described.

The drain current for a low noise current condition (near
pinchoff region) is approximately described as

(1)

where is the source voltage and is a fitting factor. The
curves ( ) for the HJFET’s with different ’s are
plotted in Fig. 2. At a range from 2.5 to 7.5 mA for a 60-m
HJFET, each curve is well fitted with a linear plot, which
implies that (1) is appropriate. It should be noted that
(derived from slopes) is independent of over the threshold
voltage variation of 0.5 V, as shown in Fig. 3, in which the

’s for different HJFET’s are plotted.
The drain current is deduced as

(2)

We define a drain–current sensitivity to the FET threshold
voltage as follows:

(3)

Since the transconductance including the resistor ( ) is
equal to [2], the drain–current sensitivity is
also expressed as ), where is an FET
transconductance without the resistor. Thus,is an important

Fig. 2. (
p
Id, Vgs) curves for HJFET’s with different threshold voltages.

Fig. 3. The� parameters for HJFET’s with different threshold voltages.

Fig. 4. Drain–current sensitivity to threshold voltage variation, and dc power
consumption as a function of gate voltage for a self-biased single-stage
amplifier.

factor to determine the drain–current sensitivity. For a set drain
current ( ), is represented from (1) as

(4)

From (3) and (4), the drain–current sensitivity as a function of
can be calculated as shown in Fig. 4, with dc consumption

power for one stage. The employed parameters are
mA/V , mA, and (typical) V for the 60-

m HJFET and V for the diode. The drain–current
sensitivity to the threshold voltage for the diode-regulated
circuit ( V and ) corresponds to 15%
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Fig. 5. Drain–current distributions over a wafer for (a) the diode-regulated
and (b) the gate–grounded self-bias circuits.

current variation over a 0.2-V threshold voltage deviation,
and is 52% of that for the gate–grounded circuit (
and ), while dc consumption power is acceptably
increased by 26%. From (2), the drain current sensitivities to

and are calculated as

(5)

(6)

The drain–current distributions evaluated on a 3-in wafer
are shown in Fig. 5(a) and (b). The standard deviation of
the drain current () for the diode-regulated self-bias circuit
was reduced to 58% compared to that for the gate–grounded
circuit. For the reduction, the current criterion of2 mA was
satisfied with 2.9. The measured and calculated drain–current
distributions are summarized in Table I. The standard devia-
tions of , , and contributed by , , and are
calculated using (3), (5), and (6). Total is derived from

for the calculation since is independent
of , as previously mentioned. The contribution by the
variation to is negligible because it is one order lower than
that by the variation. It is clearly confirmed that the main
parameter contributing to the distribution is the . The
calculated for the diode-regulated circuit is 55% compared
to that for the gate–grounded circuit, which agrees well with
the measured data.

TABLE I
MEASURED AND CALCULATED STANDARD DEVIATIONS

FOR DRAIN CURRENT OVER A WAFER (Wg = 60 �m)

Fig. 6. Circuit topology for the designed self-biased three-stage monolithic
LNA.

III. A MPLIFIER CIRCUIT DESIGN

A circuit topology for the designed monolithic three-
stage LNA is shown in Fig. 6. In the circuit, 0.15-m
AlGaAs/InGaAs HJFET’s were employed. The Pospieszalski
noise model [5] was used for the HJFET with K
and K. The model predicted a minimum noise
figure of 1.5 dB with an associated gain of 7.8 dB at 60 GHz.
The amplifier consists of three noise-matched identical stages.
The matching circuits composed of short-circuited lines were
optimized to be a compact layout area by choosing a gatewidth
of 60 m. Each stage was designed to be unconditionally stable
by incorporating series feedback lines for the source terminal
and RC bias networks for the drain terminal of the FET. At
all frequencies, a stability factor for the overall three-
stage amplifier was realized. In order to keep HJFET layout
symmetry with the series feedback lines, the source terminal
of the HJFET was divided into two. Bypass capacitors were
incorporated between the end of series feedback lines and
the ground.

For the gate-bias network, the diode-regulated self-bias
circuit discussed in Section II has been incorporated. A cur-
rent limiting resistor and the diode were connected in series
between the end of series feedback lines and the ground. The

is applied to the gate terminal of the FET through the
matching circuit. With a drain current of 5 mA/stage at 3 V,
the total dc power consumption was estimated to be 45 mW.

IV. FABRICATION PROCESS ANDDEVICE CHARACTERISTICS

The cross-sectional view of an AlGaAs/InGaAs HJFET used
in the monolithic LNA is shown in Fig. 7. The epitaxial layer
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Fig. 7. Cross-sectional view for the AlGaAs/InGaAs HJFET.

Fig. 8. Chip photograph for the single-bias three-stage monolithic LNA.
Chip size is 1.85� 1.07 mm2.

structure for the HJFET consists of AlGaAs and GaAs buffer
layers, a 13-nm undoped InGa As channel layer, a 33-nm
Al Ga As layer with 5 10 cm Si-planar doping, and
an 80-nm n -GaAs cap layer.

In FET fabrication, mesa-isolation, wet recess etching,
electron-beam evaporation, and lift-off techniques were
employed. Details were reported elsewhere [6], [7]. A Schottky
gate of the HJFET was used as a current regulating diode. A
metal–insulator–metal (MIM) structure with an SiN film as a
dielectric layer was applied for fabricating both dc blocking
and bypass capacitors. bulk resisters were used in the
bias networks.

The HJFET has a T-shaped gate with 0.15-m length. The
device exhibited a typical transconductance of 510 mS/mm and
an of 200 GHz at V with a reverse gate–drain
breakdown voltage of 10 V. The measured minimum noise
figure for the device was 0.4 dB at 12 GHz with an associated
gain of 13 dB.

V. LNA PERFORMANCES

The chip photograph for the three-stage MMIC LNA is
shown in Fig. 8. The chip size is 1.85 mm 1.07 mm
0.04 mm. It corresponds to a chip size per stage of 0.66
mm /number, which is much smaller than that of our previous
two-stage LNA (1.19 mm/number) [8], due to the matching
circuit optimization and the self-bias circuit incorporation.

Fig. 9. Measured noise figure and gain of ten monolithic LNA’s at 3 V.

Fig. 10. Measured noise figure and gain at 60 GHz as a function of supply
voltage.

Ten MMIC chips were tested by on-wafer RF probes. Drain
currents were at a range from 3.5 to 5.1 mA/stage for a supply
voltage ( ) of 3 V. The measured noise figure and gain as a
function of frequency are represented in Fig. 9. Noise-figure
variation at 60 GHz was from 3.2 to 3.7 dB and gain variation
was from 17.2 to 18.3 dB. For the best chip, the average noise
figure from 58 to 62 GHz was 3.3 dB with 18-dB gain.

The measured noise figure and gain of the LNA as a
function of supply voltage are shown in Fig. 10. The LNA
operated with a constant noise figure over 2–5 V. When the
supply voltage was increased from 3 to 5 V, the drain current
gradually increased only by 10%, with remaining 16-dB gain
at 60 GHz.

Since is affected by temperature, its dependence of LNA
noise characteristics is interesting. The measured noise figure,
gain, and bias current for the ambient temperature range of
20 C 50 C are shown in Fig. 11. The noise figure and
gain variations were 0.5 dB and 1.6 dB, respectively. The
current deviation over a 100C temperature range for this
circuit was 9%, which is the same level as a resistive self-bias
network for a -band LNA [3].

VI. CONCLUSIONS

Design and performance of a single-bias 60-GHz-band
monolithic HJFET LNA were described. A diode-regulated
self-bias circuit was incorporated to reduce the drain–current
sensitivity to FET threshold voltage variations. The effect of
the bias circuit on the drain–current distribution was analyzed
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Fig. 11. Typical noise figure, gain, and drain current for the range from
�30 �C to 70 �C.

based on the FET dc characteristics. For the best LNA, the
average noise figure from 58 to 62 GHz was 3.3 dB with
18-dB gain at 3 V. The LNA operated with a constant noise
figure over 2–5 V with a gain higher than 16 dB at 60 GHz.
The developed MMIC LNA featuring a small chip size and an
excellent noise performance as well as a single-bias supply
with a wide voltage range promises great applicability to
low-cost millimeter-wave wireless systems.
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