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ABSTRACT

A Tow-noise 2-20 GHz monolithic distributed
amplifier utilizing 0.3-micron gate-length HEMT
devices has achieved 11-dB = 0.5 dB of gain.
This represents the highest gain reported for a
distributed amplifier using single FET gain
cells. A record low noise figure of 3 dB was
achieved mid-band (7-12 GHz). The circuit
design utilizes five HEMT transistors of varying
width with gates fabricated by E-beam 1itho-
graphy.

INTRODUCTION

While a number of authors have reported
reactively-tuned, narrow-band gains and noise
figures for discrete high electron mobility trans-
istors (HEMT) [1-2], this paper is the first to
report results of a working monolithic distributed
amplifier utilizing 0.3-micron gate-tength HEMTs.
Also, many workers have reported monolithic
distributed amplifiers utilizing 0.5-micron
gate-length MESFETs that have achieved 7-8 dB
gain and approximately 5-dB noise figure in the
2-20 GHz band [3]. By replacing the conventional
MESFET with high-performance, 0.3-micron gate-
Tength HEMTs, significant improvements in gain
and noise figure are achievable. From the circuit
design point of view, HEMTs possess significant
differences when compared to MESFETs. As shown
in Fig. 1, the HEMT AlGaAs epitaxial layer is
doped higher than the active layer in a MESFET,
and the HEMT usually possesses higher intrinsic
transconductance, as high as 500 mS/mm but with a
concomitant higher gate capacitance. Addition-
ally, the gate to drain breakdown voltage for the
HEMT may be reduced because of the higher doping,
impacting the power performance.

CIRCUIT DESIGN
Figure 2 shows the equivalent circuit model

for discrete, 0.3-micron gate-length HEMTs fabri-
cated in our lab. The devices were first char-
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Fig. 1 Cross section of high electron mobility
transistor fabricated in the lab. A
noise figure of 1.35 dB and associated
gain of 12 dB were measured at 18 GHz.

acterized by s-parameter measurements in the
common-gate, common-source, and common-drain confi-
gurations from 2-18 GHz. A single equivalent cir-
cuit model is then constrained to fit the three
sets of data. Details of the procedure are des-
cribed elsewhere [4], but it should be noted that
this particular device had a gy of 520 mS/mm. Be-
cause the doping is high, Cgs is expected to be
high, but is kept to a minimum by reducing the

gate length.
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Fig. 2 Equivalent circuit model of HEMT device.

The intrinsic transconductance was found
to be 520 mS/mm.
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The equivalent circuit of Fig. 2 was used in E-beam lithography. Gate exposures in PMMA were

the design of a five-HEMT distributed amplifier in achieved with an automated SEM, after which a

the 2-20 GHz band. CAD was used to optimize 24 shallow gate etch to the first layer of AlGaAs was
circuit design parameters including five HEMT gate performed. In order to achieve good grounding of
widths and twelve gate and drain line lengths. By the source, 50 x 50-micron backside vias were
allowing the HEMTs to vary in width and the gate incorporated using reactive ion etching. ATl

and drain Tine sections to vary in length, the other process steps used conventional metalliza-
gain is enhanced by 1-2 dB and an improved return tion, 1iftoff and pulse plating techniques.

loss is achieved when compared to the conventional
constant-K design. Additional details of this
variable device width design approach are found
elsewhere [4], but generally the wider HEMTs are
Tocated in the center of the amplifier or near the
gate 1ine termination. The total HEMT periphery
is 720 microns. A photomicrograph of the complete
chip is shown in Fig. 3. Note the variable lengths
of the gate and drain line sections. This MMIC
also has on-chip gate and drain line terminations
and gate and drain biasing networks.

Fig. 4 Photomicrograph of gate and gate lead of
a typical submicron HEMT device.

MEASURED GAIN PERFORMANCE

As shown in Fig. 3, the Tayout of the circuit
) ] o . is compatible with RF wafer probing techniques.
Fig. 3 Photomicrograph of HEMT amplifier. Chip Figure 5 shows the gain and return Toss obtained
size: 3.0 mm x 2.4 mm. using the Cascade Microtech rf wafer prober.
11 dB = 0.5 dB of gain over the 2-18 GHz bandwidth
was achieved. The drain and gate bias were adjus-

FABRICATION ted for optimum performance (V, = 4.0V, V__ =
~0.66 V). d 9s
The HEMT layers shown in Fig. 1 were grown
by MBE at 565°C. The GaAs_is unintentionally The HEMT device is particularly suited for
doped n-type at _about 1 x 1014/cm3. A five-period achieving high gain in distributed amplifiers
AlAs/GaAs superlattice is grown midway into the because of its higher transconductance and lower
buffer layer in an attempt to reduce dislocations output conductance compared with MESFETs. The
and improve surface morphology. higher transconductance comes about as a result of
) . the saturated velocity [5,6], and the fact that
Standard processing techniques were used for AlGaAs can be doped higher than GaAs without com-
most of the HEMT distributed amplifier fabyrica- promising the gate breakdown voltage (by virtue of
tion. Isolation was achieved with a 2500 A mesa its larger bandgap). The lower output conductance
etch. Figure 4 shows a photomicrograph of a is a result of the two-dimensional nature of the

typical submicron gate fabricated in the lab using conduction electrons.
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Fig. 5 Gain and return loss of working HEMT
amplifier. Vgg = 4V, Vg5 = -0.6 V,

Ig = 151 mA.

Ignoring feedback, the maximum gain of a
reactively-matched FET is given by

2
gm
2

2

gs

while that for a distributed amplifier is given by
2,2

m Ro 1
4 T+ 94s R0

with r. the input resistance, g4s the output con-
ductande, and Rp the characteristic impedance of
the transmission lines. With Cqgs ggs 9 and
ri « gp~1, the reactively-matched gain does not
have a strong dependence upon Y

[ep}
n

On the other hand, for gqs Ry << 1, the dis-
tributed amplifier gain is proportional to gy
provided that Cgs does not become so high as to
compromise achieving the desired values of Ry and ¢
transmission line cutoff frequency, fo. The HEMT
device thus takes better advantage of its higher
transconductance in a distributed rather than a
reactively-matched amplifier setting.

While it is true that the small 0.3-micron
gate lengths are partially responsible for the
improved performance of Fig. 5, simulations show
that the deterioration of g4y with decreasing gate
length results in only marginal gain improvement
with MESFETs using such small gate Tengths., This
necessitates going to a scheme 1ike the cascode
configuration [4] to circumvent this problem. The
lTower output conductance of the HEMT device enables
the advantages of a shorter gate length to be
realized in the distributed amplifier configura-
tion without resorting to a more complicated gain
cell. Simulations using the HEMT device in the
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cascode configuration indicate gains of 15 dB over
the 2-20 GHz bandwidth can be achieved.

When biased at maximum gain (Vg = 4V, Igq =
151 mA), the 1-dB compressed power was measured to
be 14 dBm at 10 GHz. The third-order intermodula-
tion intercept point was measured to be 23 dBm
under the same conditions. The 9-dB difference
between these two measurements is less than the
theoretical difference of 10.6 dB [7], but equal
to the 8-9 dB difference seen for MESFETs. For
the same bias current and voltage, MESFET distri~-
buted ampiifiers have around 5-dB higher compressed
power and third-order intercept levels when biased
for maximum gain. Presumably, the Tower values
for the HEMT version are due to a much higher
nonlinearity in the gy versus gate bias character-
istic.

AMPLIFIER NOISE PERFORMANCE

This section will discuss HEMT low-noise
performance, HEMT suitability for broadband Tow-
noise applications, and the measured noise perfor-
mance of the distributed amplifier.

The narrowband noise performance of discrete
HEMT devices fabricated in our facility is typical-
1y a minimum noise figure of 1.25 to 1.5 dB at 18
GHz, with an associated gain of 11-12 dB for gate
lengths in the 0.3-0.35 micron range.

The noise figure of a FET device can be

expressed by [9]
2
2 "n
[(Rs YR opt ~ g)

2
(i )]

where r, and g, are the noise resistance and con-
ductance, respectively, Zs = Rg + jXg is the
source impedance, and Rg opt + JXg opt 1s the
optimum source impedance for minimum noise. The
equation shows that, under conditions of noise
mismatch such as encountered in a distributed
amplifier, the largest noise bandwidths occur when
gn and the ratio Xg gpt/Rg gpg are the smallest.
Empirical data has been taReR [9] which demonstrate
that HEMT devices have Tower values of both g and
the ratio X opt/Rs opt in comparison to MESFETs.
According1y,’HEﬁT deV8ces should be better suited
for broadband low-noise applications.
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Figure 6 compares the gate bias dependence of
the minimum noise figure and associated gain at
12.4 GHz for both the HEMT and MESFET devices in a
50-ohm system (no input or output matching) which
gives some indication of what would be experienced
in the 25-ohm environment of a distributed ampli-
fier. Both FETs have a 0.4-micron gate length and
the HEMT has a 50 A AlGaAs spacer layer. The HEMT
has an advantage of approximately 1 dB in both
the minimum noise figure and the associated gain
under these conditions.
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Fig. 6 12-GHz FET performance in a 50-ohm

system.

Figure 7 shows the minimum noise performance

for the amplifier. The low value of approximately
3 dB over the 7-12 GHz midband region exceeds
previously reported performance for distributed
amplifiers by several dB for the same bandwidth
[3,10,11]. The associated gain of around 10.5 dB
is quite close to the maximum gain by virtue of
the small difference between the gate biases for
maximum gain and minimum noise (I4s = 151 mA
versus 131 mA). Figure 7 shows the usual noise
skirts due to the gate termination resistor on
the low frequency end and the transmission line
cutoff frequency on the high end of the band.
The maximum gain bias yields virtually the same
noise performance, having the same 3-dB midband
performance with the rise at the high end of the
band being only 0.3 dB higher.
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Fig. 7 Noise performance of the HEMT amplifier.
Vgg = 4V, Voo = =071V, Tyo = 131 mA.
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The amplifier was designed for maximum gain
rather than minimum noise figure for purposes of
achieving a multistage gain of 20 dB with as few
stages as possible. Optimization using the consi-
derations in Ref. 12 in conjunction with a suitable
computer simulation program for noise sources
should give a design which reduces the noise
figure further.

CONCLUSION

The results presented in this paper indicate
that by using high-performance, lTow-noise HEMTs
with gates defined by E-~beam Tlithography, record
improvements in gain and noise figure can be
achieved for broadband distributed amplifiers. A
gain of 11 dB + 0.5 dB from 2-18 GHz and a midband
noise figure of 3 dB have been achieved on a work-
ing HEMT amplifier. This represents the highest
gain and lowest noise figure reported for a distri-
buted amplifier using single FETs for the gain
cell. The HEMT device is able to outperform its
MESFET counterpart with the same gate length in
distributed amplifier applications by virtue of
its higher transconductance and lower output
conductance.
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