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Abstract — A low-noise 2-21 GHz monolithic distributed amplifier utiliz-
ing 0.35-micrometer-gate-length HEMT devices has achieved 12+ 0.5 dB
of gain. This represents the highest gain reported for a distributed amphi-
fier using single FET gain cells. A record low noise figure of 3 dB was
achieved midband (4-12 GHz). The circuit design utilizes five HEMT
transistors of varying width with gates fabricated by E-beam lithography.
The same amplifier fabricated with 0.35-pm-gate-length MESFET’s in
place of the HEMT devices resulted in 9.5+ 0.5 dB of gain across the
2-20 GHz band. This record performance level for a MESFET distributed
amplifier is used to determine that the use of HEMT devices rather than
the small gate lengths is primarily responsible for the HEMT amplifier
performance.

I. INTRODUCTION

HIS PAPER is the first to report results of a working

monolithic distributed amplifier utilizing 0.35-pm-
gate-length HEMT’s. A number of authors have previously
reported reactively tuned, narrow-band amplifiers using
discrete high electron mobility transistors (HEMT’s) [1],
[2). Also, many workers have reported monolithic distrib-
uted amplifiers utilizing 0.50-pm-gate-length MESFET’s
that have achieved 7-8 dB gain and a noise figure of
approximately 5 dB in the 2-20 GHz band {3]. By replac-
ing the conventional MESFET with high-performance,
0.35-pm-gate-length HEMT’s, significant improvements in
gain and noise figure are achievable. Fig. 1 shows the
HEMT device structure used in this work. The AlGaAs
epitaxial layer is doped higher ( ~2Xx10'8/cm’) than the
active layer in a MESFET; hence HEMT’s usually possess
higher intrinsic transconductance (g,), as high as 500
mS,/mm but with a concomitant higher gate capacitance
(C,,)- Additionally, the gate-to-drain breakdown voltage
for the HEMT may be reduced because of the higher
doping, impacting the power performance.

1I. Circuir DESIGN

Fig. 2 shiows the equivalent circuit model for discrete
0.3- X 150-pm-gate-length HEMT’s fabricated in our lab.
The model is for maximum gain bias conditions. The
devices were first characterized by s-parameter measure-
ments in the common-gate, common-source, and
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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 an associated gain of 12 dB were
measured at 18 GHz.

L

%4.7
Lsgj-l_.oaz
SOURCE

Fig 2. Eduivalent circmt model of HEMT device biased for maximum
gain. The intrinsic transconductance is 520 mS/mm.
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common-drain configurations from 2 to 18 GHz. A single
equivalent circuit model is then constrained to fit the three
sets of data. Details of the procedure are described
elsewhere [4], but it should be noted that this particular
device had a g, of 520 mS/mm. Because the doping is
high, C,; would normally be high, but is kept to a mini-
mum by reducing the gate length.

The same procedure was used to obtain the device
model for the same HEMT biased. for minimum noise,
resulting in an intrinsic g,, of 56 mS (373 mS/mm), a C,,
of 0.085 pF, and an r,, of 238 {. The remaining parame-
ters were close to the Fig. 2 values. 4

Both the high-gain and low-noise models were used in
the design of five HEMT distributed amplificrs in the
2-20 GHz band. Maximum gain, gain flatness, ‘and
minimum return loss were traded off against each other in
the amplifier design optimizations. Finally, two amplifier
designs for each model were obtained, one for maximum
gain and one for maximum return loss. ‘

0018-9480,/87 /1200-1494%$01.00 ©1987 IEEE
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Fig. 3.

CAD was used to optimize 24 circuit design parameters
including five HEMT gate widths and 12 gate and drain
line lengths. By allowing the HEMT’s to vary in width and
the gate and drain line sections to vary in length, the gain
is enhanced by 1-2 dB and an improved return 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 HEMT’s are located in the center of the amplifier.

Using «-gate-configured FET’s, the total device
periphery is 620 pm for the amplifier using the maximum
gain bias model and 698 um for the amplifier using the
minimum noise bias model. A photomicrograph of the
complete chip for the amplifier based on the maximum
gain bias model is shown in Fig. 3. The transmission line
widths are 12.7 um for the gate line and 45.2 ym for the
drain line. To be noted are the variable lengths of the gate
and drain line sections. The longest section in the gate line
is 1117 pm (35.4° at 10 GHz) and the longest section in the
drain line is 1914 ym (60.6° at 10 GHz). The MMIC has
on-chip gate and drain line terminations and biasing
networks. ‘ ‘

If the gate and drain line losses per unit length were zero
or equal, filter theory would suggest equal-width devices

Photomicrogréph of HEMT amplifier. Chip size: 2.3X1.7 mm.

¢

except for tapering on the ends to maximize return loss, as
shown in Fig. 4(a). Fig. 4(b) shows a simple gain expres-
sion for a two-FET amplifier which is optimized for rela-
tive device widths and generalized to successive device
pairs in a multiple-FET distributed amplifier. If W, and
W,., are the successive device widths of the nth and

(n+1)th FET’s and if r,, and r, are the gate and drain
line shunt resistances per unit length, then

GB 0
I/Vn+1 rgl :

for optimum gain. R, is the transmission line characteris-
tic impedance, and g,, the transconductance per unit
width W. The MESFET distributed amplifiers fabricated
in our labs (L, < 0.6 pm) have been dominated by drain-
line loss (7,, < r,;), and have had the ideal profile shown in
Fig. 4(a) skewed towards increasing device widths so that
the last width is nearly equal to the middle device widths,
as shown in Fig. 4(b) and predicted by (1). On the other
hand, the superior output conductance of the HEMT
device (as will be discussed in Section 1V) enables the ratio
in (1) to be nearly unity- at the upper band edge, thereby
returning the width distribution back to the ideal profile of
Fig. 4(a). This is indeed the case, as shown for the opti-
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mized design of Fig. 3, and verifies the superior output
conductance of HEMT’s over that for MESFET’s.

III. FABRICATION

The HEMT layers shown in Fig. 1 were grown by MBE
at 565°C. The GaAs is unintentionally doped n-type at
about 1X 10 /cm’. A five-period AlAs/GaAs superlattice
is grown midway into the buffer layer in an attempt to
reduce dislocations and improve surface morphology.

Standard processing techniques were used for most of
the HEMT distributed amplifier fabrication. Isolation was
achieved with a 2500-A mesa etch. Fig. 5 shows a photomi-
crograph of a typical submicron gate fabricated in the lab
using E-beam lithography. Gate exposures in PMMA were
achieved with a commercial E-beam exposure system, after
which a shallow gate recess etch to the first layer of
AlGaAs was performed. In order to achieve good ground-
ing of the source, 50 X 50-um backside vias were fabricated
using reactive ion etching. All other process steps used
conventional metallization, liftoff, and pulse plating tech-
niques.

IV. MEASURED GAIN PERFORMANCE

As shown in Fig. 3, the layout of the circuit is compati-
ble with RF wafer probing techniques. Fig. 6 shows the
gain and return loss obtained for the amplifier design
using the maximum gain bias model, using the Cascade
Microtech RF wafer prober. 12+0.5 dB of gain over the
2_21-GHz bandwidth was achieved. The drain and gate
bias were adjusted for maximum gain (V,=3.5 V, V=
-0.15V, I,,=106 mA). The gain, bandwidth, and return
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Fig. 6. Cain and return loss of working HEMT and MESFET ampli-

fiers biased for maximum gain.

loss agree well with the simulated result, indicating that
capacitive and inductive coupling between the lines, which
was not modeled, is not significant (a run with deep
RIE-etched grooves between the lines showed no discern-
ible difference in performance).

Another design version using the same maximum gain
bias model gave a better return loss of —14 to —15 dB for
the same 12 dB of gain, but the gain experienced a sudden
step drop to 10.5 dB at 18 GHz. When biased for maxi-
mum gain, the design version using the low-noise bias
model showed only ~ 0.5 dB less gain than shown in Fig.
6, with the return loss being essentially the same.
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The HEMT device is particularly suited for achieving
high gain in distributed amplifiers because of its higher
transconductance and lower output conductance (per unit
g,) compared with the MESFET. The higher transcon-
ductance is a result of the increased saturated velocity of
the two-dimensional electron gas (2DEG) layer [5], [6] and
the fact that AlGaAs can be doped higher than GaAs
without compromising the gate breakdown voltage (due to
the larger bandgap). The lower output conductance is a
result of the two-dimensional nature of the conduction
electrons.

The high transconductance means smaller device widths,
which translates to smaller MMIC chip sizes, especially for
mm-wave applications.

The distributed amplifier gain is usually 1-2 dB below
the maximum available gain (MAG) at the upper band-edge
frequency. At this frequency, the power to the gate line
termination falls to nearly zero, and the power to the drain
line termination is mostly reflected due to the mismatch
caused by the increasing drain line impedance as the line
cutoff frequency is approached.

Ignoring feedback, MAG is given by

g2
MAG = 40°C 1,84, @
so one would expect the amplifier gain to be 1 or 2 dB
below this expression when evaluated at the upper band
edge. In this expression, r, is the input series resistance
and g, is the output conductance. The amplifier gain,
then, is roughly proportional to

g, \2
6 £ (sra) @
gs
assuming r, & g 1. Fig. 7 shows the g, r,, factor compari-
son between 0.35-pm-gate-length HEMT’s and MESFET’s
fabricated in our lab when biased at zero gate bias. HEMT’s
appear to enjoy an advantage of about 1.5 for this factor.
It also appears that r,, for HEMT devices is inversely
proportional to g,. Even though r,, is quite low in Fig. 2,
the g,,r,, product is still superior to that for MESFET’s.
Because the epitaxial layer thickness a is so much smaller
for HEMT devices, the larger L, /a ratios result in higher
values of r,, [8, fig. 13].
If the gate side wall capacitance is accounted for in the
manner of [13], the other factor in (3) is given by
8m Us
C,, L +ma

4

where a is the epitaxial thickness under the gate. For

L,=0.35 pm and a =600 A for MESFET’s and 300 A for
HEMT’s, for example, (4) gives a factor of 1.2 improve-
ment for HEMT’s for the same saturated velocity. This
factor, along with the g,r, factor, gives a 3.4-dB
improvement in gain for HEMT’s by (3). The superior
performance of the HEMT may thus be due more to these
factors than to an increased saturated velocity, and it may
be that a pulse-doped MESFET may perform nearly as
well.
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Fig. 7. Output resistance comparison between HEMT’s and MESFET’s
(Ly=035pm).

While it is true that the small 0.35-um gate lengths are
partially responsible for the improved performance of Fig.
6, simulations show that due to the increase of g, with
decreasing gate length, only marginal gain improvement
using such small gate lengths is possible with MESFET’s
(see Section VI). This necessitates going to a scheme such
as the cascode configuration [4] to circumvent this prob-
lem. The lower output conductance of the HEMT device
enables the advantages of a shorter gate length to be
realized in the distributed amplifier configuration without
resorting to a more complicated and potentially unstable
gain cell. Simulations using the HEMT device in the
cascode configuration indicate that gains of 15 dB over the
2-20 GHz bandwidth can be achieved.

V. AMPLIFIER NOISE PERFORMANCE

This section will discuss HEMT low-noise performance,
HEMT suitability for broad-band low-noise applications,
and the measured noise performance of the distributed
amplifier.

The narrow-band noise performance of discrete HEMT
devices fabricated in our facility is typically a minimum
noise figure of 1.25-1.5 dB at 18 GHz, with an associated
gain of 11-12 dB for gate lengths in the 0.3-0.35 pm
range.

The noise figure of a FET device can be expressed by [8]

2
n g' I‘n 2
F=1+—+—" Rs*’\/;{z;t: (X~ Xo)
R, 8

where r, and g, are the noise resistance and conductance,
respectively, Z, = R+ jX, is the source impedance, and
Rs opt JX, s.0pt is 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 g, and
the ratio X, /R, . are the smallest. Empirical data
have been taken [9] which demonstrate that HEMT devices
have lower values of both g, and the ratio X, ,../R; o
than MESFET’s. Accordingly, HEMT devices should be
better suited for broad-band low-noise applications.

Fig. 8 compares the gate bias dependence of the mini-
mum noise figure and associated gain at 12.4 GHz for
both the HEMT and MESFET devices in a 50-8 system
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Fig. 9. Noise performance and associated gain of the HEMT and

MESFET amplifiers.

(no input or output matching), which gives some indication
of what would be experienced in the environment of a
distributed amplifier. Both devices have a 0.4-pm 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.

Fig. 9 shows the minimum noise performance for the
amplifier. The low value of approximately 3 dB over the
4-12 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 dB is only 2 dB below the maximum gain. Fig. 9
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 noise performance is only
slightly higher, being 0.2 dB and 0.5 dB higher at the low
and high ends of the band, respectively.

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.
The minimum noise figure for the amplifier using the
minimum noise bias model was measured to be ~ 0.5 dB
higher than that for the amplifier using the maximum gain
bias model. This result emphasizes the need for an ac-
curate noise parameter model for the HEMT device in
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order to achieve optimum low-noise performance.
Optimization using the considerations in [12] in conjunction
with a suitable computer simulation program for noise
sources should give a design which further reduces the
noise figure.

VI. MESFET AMPLIFIER PERFORMANCE

To ascertain what part of the gain improvement of the
HEMT amplifier over previously published results [3], [10],
[11] is due to the use of 0.35-pm gate lengths and what
part is due to the use of HEMT devices, an amplifier run
was made with MESFET devices (MBE growth with 5X
10*7/cm® active layer doping) having 0.35-um gate lengths.

An optimized CAD simulation for a distributed amplifier
using the device model for the 0.35-pm-gate-length
MESFET results in 9.5-dB gain from 2 to 20 GHz. Fig. 6
shows the measured gain response for the MESFET version
of the amplifier using the same HEMT amplifier mask set.
This 9.540.5-dB measured performance is the highest
reported for a MESFET amplifier, and is, of course,
primarily the result of the 0.35-um gate lengths employed.
The fact that this gain is virtually the same as that obtained
for the optimized CAD simulation indicates that very little
improvement would be achieved with a MESFET opti-
mized layout. The 9.5-dB response indicates an improve-
ment of only 1.5 dB over the 8-dB gain obtained for the
distributed amplifier employing 0.5-pm-gate-length FET’s
previously fabricated in our lab, and far short of the 12-dB
performance of the HEMT version.

Even more notable is the difference in noise perfor-
mance between the use of MESFET’s and HEMT’s in
distributed amplifier applications. Fig. 9 shows a dif-
ference of ~2 dB lower noise figure for the HEMT
amplifier version. As discussed previously, since the HEMT
version was not optimized for noise, it is probably safe to
say that this large difference would probably not be
significantly reduced by a design optimized for MESFET
gain in the same way that the Fig. 3 design was optimized
for HEMT gain.

Also shown in Fig. 9 is that the associated gain for the
MESFET amplifier was measured to be 7 dB, which is 3
dB lower than the associated gain for the HEMT amplifier.

It seems clear, then, that the bulk of the performance
improvement measured for the HEMT distributed amplifier
is due to the use of HEMT devices in place of MESFET
devices.

VIIL

The 1-dB compression power and the third-order
intermodulation intercept point were measured for the
HEMT and MESFET amplifiers at 10 GHz, as shown in
Fig. 10. When biased at maximum gain, the 1-dB compres-
sion power for the HEMT amplifier was measured to be 17
dBm at 10 GHz. The third-order intermodulation intercept
point was measured to be 27 dBm under the same
conditions. The 10-dB difference between these two
measurements is close to the theoretical difference of 10.6
dB[7].

MEASURED OuTPUT POWER PERFORMANCE
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Fig. 10 shows that for close to-the same bias current and
voltage, MESFET distributed amplifiers have around 2 dB
higher compressed power and third-order intercept levels
when biased for maximum gam Presumably, the lower
values for the HEMT version are due to a much higher
nonlinearity -in the g, versus gate bias characteristic.
Occasionally, the HEMT amplifier power levels fall even
further (sometimes by 5 dB) below those of the MESFET
amplifier, perhaps because of increased gate recess etch
nonuniformity over the width of a-single device. HEMT
devices, because of their much higher doping and resulting
thinner layers, show an increased sensitivity to etch depth
variations over the FET width than do MESFETs.

VIIIL

The results presented in this paper indicate that by using
high-performance, low-noises HEMT’s with gates defined
by E-beam lithography, record improvements in gain and
noise figure can be achieved for broad-band distributed
amplifiers. A gain of 12 dB+0.5 dB from 2 to 21 GHz and
a midband noise figure of 3 dB have been achieved on a
working HEMT amplifier. This represents the highest gain
,and lowest noise figure reported for a distributed amphher
using single FET’s for the gain cell.

The use of MESFETs with E-beam-defined gates in the
same amplifier configuration resulted in 9.5+0.5 dB of
gain across the 2-20 GHz band. This represents a record
performance level for a MESFET. distributed amplifier.
Comparison with the HEMT amplifier performance indi-
cates that the bulk of the performance improvement mea-

CONCLUSIONS
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sured for the HEMT amplifier over previously published
MESFET performance levels is due to the use of HEMT
devices in place of MESFET devices rather than the use of
0.35-pm-gate lengths. The HEMT device is able to outper-
form 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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