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Abstract— This work benchmarks the first demonstration of
a multistage monolithic HEMT IC design which incorporates a
dc temperature compensated current-mirror bias scheme. This
is believed to be the first demonstrated monolithic HEMT bias
scheme of its kind. The active bias approach has been applied to
a 2-18 GHz five-section low noise HEMT distributed amplifier
which achieves a nominal gain of 12.5 dB and a noise figure
<2.5 dB across a 2-18 GHz band. The regulated current-mirror
scheme achieves better than 0.2% current regulation over a
0-125°C temperature range. The RF gain response was also
measured over the same temperature range and showed less
than 0.75 dB gain degradation. This results in a —0.006 dB/°C
temperature coefficient which is strictly due to HEMT device G,
variation with temperature. The regulated current-mirror circuit
can be employed as a stand-alone 1;-voltage reference circuit
which can be monolithically applied to the gate bias terminal
of existing HEMT IC’s for providing temperature compensated
performance. This monolithic bias approach provides a practical
solution to dc bias regulation and temperature compensation for
HEMT MMIC’s which can improve the performance, reliability,
and cost of integrated microwave assemblies (IMA’s) used in
space-flight military applications.

1. INTRODUCTION

EMT TECHNOLOGY is widely used in receiver appli-

cations because of its state-of-the-art low noise figure
performance at millimeter-wave frequencies. However the
nature of the HEMT device structure which is based on critical
fabrication techniques such as electron beam lithography for
defining sub-0.2 ym gate geometries and molecular beam
epitaxy for fabricating a heterostructure, lends itself to vari-
ations in device characteristics. A major consequence of the
high performance HEMT fabrication technology is the widely
varying gate threshold voltages which make HEMT MMIC’s
difficult to self-bias. Conventional MESFET biasing methods
such as resistive feedback and active current source topologies
have been applied to HEMT’s resulting in as much as £20%
bias curreat variation which is due to the HEMT’s threshold
variations with process [1], [2]. For many applications this is

inadequate because the HEMT’s millimeter wave performance -

is very sensitive to its bias condition.
In order to bias the HEMT MMIC’s, the industry practice

is to integrate off-chip regulators in a microwave hybrid
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assembly. This approach consists of discrete silicon regulators,
bypass capacitors, resistors, and several bondwires. Thus, the
hybrid approach can be unattractive in terms of size, part
count, weight, and reliability. For space qualified applications
for instance, these discrete components which can be pur-
chased for a few cents each, may end up costing over ten
dollars each to implement as flight qualified hardware after all
the reliability and mechanical testing has been performed. An
elegant solution is to integrate a monolithic regulator with the
HEMT MMIC. This would reduce the costs associated with
flight or military spec qualification as well as procurement and
assembly of the discrete parts.

A previous demonstration of a HEMT current regulator
which was monolithically integrated with a single stage LNA
achieved £3% current regulation over 0.5 V HEMT process
threshold variation, and better than 1.5% current regulation
over a 25°C-~125°C temperature range [3]. For multitransistor
circuits which consists of multiple gain stages or functions,
a current regulator applied to each HEMT transistor in the
circuit becomes unattractive in terms of size and dc power
consumption, especially when there may be as many as 5 to
10 HEMT’s in a single MMIC. A bias scheme which uses a
single current regulator for biasing a multitransistor HEMT IC
was also briefly described in [3] but has not been demonstrated.

This work presents the design and measured results of a
biasing scheme for multitransistor HEMT IC’s which utilize a
regulated current-mirror approach. Its practical implementation
is demonstrated by integrating the regulated current-mirror
with a 2-18 GHz low noise five-section distributed amplifier.
For the first time, dc bias regulation and RF performance
of the amplifier over temperature will be disclosed. But
first, the practical implementation of this dc regulated HEMT
monolithic biasing approach will be discussed.

II. MONOLITHIC REGULATED CURRENT-MIRROR
B1as FOR MULTI-STAGE HEMT MMIC’S

The monolithic HEMT regulated current-mirror bias scheme
is based on a previously demonstrated active bias circuit [3].
In the previous work, a HEMT op-amp was directly integrated
with the HEMT device of a single stage LNA to provide
dc current regulation, Fig. 1. The HEMT op-amp is used
to mirror a voltage reference, Vies, to the drain connection
of a current source resistance, Rj,.q. A resistive divider
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Single-Stage Current Regulated HEMT LNA
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Fig. 1. A HEMT op-amp integrated with the HEMT device of a single stage

LNA to provide current regulation.

comprised of resistors R; and Ry is used to set up a voltage
reference, V.o, which is insensitive to variation in thin-film-
resistor (TFR) sheet resistance because it is determined by
the ratio of these resistors. The op-amp consists of a high gain
HEMT differential amplifier stage with a high differential input
impedance, and a source follower output for providing a low
impedance output. By using a HEMT op-amp regulator, the
bias sensitivity of the amplifier due to process is transferred
from the dependence on wafer-to-wafer threshold variations
AVgsih, ., which are on the order of £0.3-0.5 volts, to
the dependence on adjacent device-to-device HEMT threshold
match AVgen,_,, which is a few tens of millivolts (<20 mV).
Thus the HEMT op-amp approach provides bias regulation
which reduces the HEMT threshold sensitivity by an order of
magnitude. This can be illustrated by the following relation
given in (1), which expresses the fractional current regulation
as a function of HEMT threshold characteristics and design
parameters

{Alds

:| ngL A‘/gsth
Las | AV

= — . 1
1+ gmBRrA,) [Vaa — Vi W

where g, and 77, are the regulated HEMT’s dc transconduc-
tance and load resistor, A, is the HEMT open-loop op-amp
voltage gain, (Vgq — Vi) is the voltage drop across the sensing
or load resistor of the current source, and AV, is the
threshold variation due to either process or temperature. The
effect of changes in dc threshold, AV, due to either process,
temperature; or aging, is reduced by the product of the op-amp
gain and the dc regulated HEMT gain which is expressed in
the first denominator on the left. Thus, the higher the voltage
gain of the op-amp A,, the better the current regulation. The
op-amp gain may be expressed as a function of the internal op-
amp load resistor Ry and the dc transconductance G, and
source resistance R, of the HEMT transistors comprising the
differential amplifier: A, ~ G, - Rr,,/(1+Gm,, - Rs). This
shows that the op-amp gain can be increased by increasing
Rg,, and/or G, . It also shows that the dc power of the
op-amp may be reduced by using smaller gate width HEMT’s

(at lower I4s) and increasing RLOP- However, there is a limit
to using smaller HEMT’s and maintaining reliable op-amp
performance. :

In the regulated current-mirror bias scheme of the present
work, we use the same HEMT op-amp scheme to regulate
a standard HEMT device which is not part of the RF circuit,
depicted in Fig. 2. This “master” or “reference” HEMT device
is regulated to a particular bias condition which is expressed as
a % of Idspy, where Iy, is defined as the drain-to-source bias
current corresponding to the HEMT’s peak transconductance
(G'm, ). For low noise applications the desired bias current is
typically between 25-40% Iys,. The gate-to-source voltage,
Ves—ret, Of the regulated HEMT device is used as a reference
which is applied to the HEMT devices in the circuit. The
“slave” or circuit HEMT devices in the circuit will bias up to
approximately the same % Iy, as the “master” device which
is current regulated. In this manner, a regulated current-mirror
bias scheme results which can accommodate several HEMT
stages using the same current regulator-voltage reference cir-
cuit. The resulting regulator is a portable stand-alone circuit
which can be integrated with existing HEMT IC’s that require
a Ve gate bias.

Although the regulated current-mirror bias scheme de-
scribed above is simple in concept, several assumptions are
made. The first assumption is that for a given Vj, voltage,
the regulated current bias (% Idsp) will be mirrored between
master and slave devices and will be independent of device
size. In practice, this is not necessarily the case. Fig. 3 shows
the measured % 1, ds, of several HEMT device gate widths for
different fixed V,, reference voltages. This figure shows that
the % Igs, does not scale perfectly with device width. For
a given fixed Vg, bias, the % Iy, decreases as the HEMT
device width increases. These figures show that for each of the
three different fixed V,, bias conditions, the % Iy, decreases
by =10% when scaling from a 40 pm to a 200 ym width
HEMT. This difference must be taken into account when
employing the regulated current-mirror scheme, that is, an
adjustment factor must be incorporated based on the device
scaling characteristics of the particular HEMT process.

Another assumption which is made when using this current-
mirror bias approach is that the regulated “master” HEMT
device which is current regulated, has identical dc threshold
characteristics as the HEMT devices of the circuit. This
difference due to the process variations across the GaAs
wafer is dependent on the proximity of the regulated reference
device to the circuit devices. These process variations result
in threshold mismatches which are typically less than 2-3%
in current (= 10 mV) for distances less than 1 mm. This is
acceptable for most HEMT MMIC applications.

Other factors such as regulation performance sensitivity to
adjacent device-device threshold match, AVggn, ,, wafer-to-
wafer threshold match, AV, . supply voltage, and the
inherent HEMT op-amp design parameters has already been
discussed in detail [3].

Finally, for applications which requite multiple bias con-
ditions, i.e., different % Iqs, for different circuit functions,
a current regulator for each required bias condition must be
integrated. For example, if a HEMT MMIC requires an LNA
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Fig. 2. Regulated current-mirror bias scheme applied to a multistage HEMT IC.
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Fig. 3. Measured % Idsp versus HEMT device gate width for various fixed
Vas.

biased at 25% Idsp, an LO buffer amplifier biased at 50% Iys,,,
and an active mixer biased at 70% Igs,. then the monolithic
integration of three separate regulator circuits, one for each
bias condition (%I4s,). would be required. In this situation,
the monolithic bias approach is even more desirable since
several off-chip regulators and discrete components have been
eliminated from the IMA.

III. APPLICATION TO A 2—18 GHz 5-STAGE
Low NOISE DISTRIBUTED AMPLIFIER

To demonstrate a practical application of this bias scheme,
the regulated current-mirror was integrated with a five-section
low noise distributed amplifier. A circuit schematic of the
regulated biased HEMT DA is given in Fig. 4. A similar

manually biased five-section low noise HEMT DA has been
previously reported [4]. The amplifier consists of 90 ym gate
width HEMT’s for the first and last section, and three 120
pm gate width HEMT’s for the intermediate sections of the
distributed amplifier. The smaller 90 pm gate width devices
were chosen to obtain good input and output return-loss match
over the broad band. The bias of each of the 90 pym and
120 pm gate width HEMT’s was chosen for low noise figure
performance with a 50 Q source impedance. The optimum
bias was determined to be 40% Iy, or 58 mA through a total
gate width of 0.54 mm. The Vj, supply voltage of the HEMT
DA is 2.5 V. The HEMT DA was designed for a nominal
gain of >10 dB and <2.5 dB noise figure across a 2-18 GHz
band.

A current regulator which regulates a 200 pgm width HEMT
reference device is integrated with the HEMT transistors of
the distributed amplifier to form the regulated current mirror
biasing scheme. The gate reference voltage of the regulator
circuit is applied to the gate voltages of each of the 5 HEMT
devices in the amplifier circuit. A standard 200 pm HEMT
device was chosen as the reference device. The regulator
circuit has provisions for choosing 20%, 30%, and 40%
Iy, bias currents corresponding to 12 mA, 16 mA, and 20
mA Iy through the 200 pm width reference device. Any
of these bias conditions can be obtained by applying +7
volts to the respective V , pads shown in Fig. 4. Because
the mirror devices in the circuit have smaller gate widths
than the regulated 200 pym device, the % Idsp bias of these
devices will be larger by ~7-10% according to Fig. 3. Thus,
30%, 40%, and 50% Idsp amplifier biases can be obtained,
respectively. The regulator circuit requires a +7 V positive
supply and a —5 V negative supply. The total nominal current
drawn through the regulator circuit is 29 mA including 16 mA
from the regulated 200 ym HEMT reference device biased at
30% Igs,. The regulator can be re-designed with smaller gate
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Fig. 4. A circuit schematic of the regulated biased five-section HEMT DA.
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Fig. 5. A photograph of the monolithic regulated HEMT DA.

width devices at the same % Idsp, in order to reduce the dc
power consumed in the regulator circuit. Performance trade-
offs involved in reducing dc bias current and supply voltage of
the regulator circuit have been discussed in a previous work

[3].

"2030 ;a " referenc e
devige
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A photograph of the resulting monolithic regulated HEMT
DA is shown in Fig. 5. The HEMT DA is biased through a
2.5 V supply on the Vi, pad at the top of the chip, and +7
V and —5 V on the Vyq and Vs pads located at the bottom
of the chip, respectively. A +7 V supply is applied to one
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Fig. 6. Dc regulated bias performance of the 200 pm HEMT device and of the five-stage amplifier circuit.

of three Vy, , pads in order to obtain 30, 40, or 50% Igs,
circuit biases. The HEMT current regulator supplies a Vge_ref
voltage to the gate bias feed of the distributed amplifier as
illustrated in Fig. 5. Its central location and close proximity
to the HEMT devices of the circuit ensure well matched dc
threshold characteristics resulting in less than a few percent
accuracy. The current regulator fits in a 0.625 x 0.79 mm?
area which is only 8% of the total MMIC which is 2.95 x 2.05

mm? in size.

IV. MEASURED CIRCUIT PERFORMANCE

The regulated HEMT low noise distributed amplifier was
measured for gain, noise figure, and dc current regulation
~ performance. Fig. 6 gives the dc bias performance of the 200
pm reference device and the five-stage amplifier. There are
three bias conditions which could be selected corresponding
to 23%, 30%, and 38% Igs, of the 200 ym HEMT reference
device. The amplifier circuit which consists of three 120 pm
and two 90 pum gate width HEMT’s for a total of 0.54 mm
of gate periphery, has corresponding biases of 31%, 40%,
and 49% I4s,. This is in agreement with Fig. 3 which shows
that there is ~10% increase in bias current (% I4s,) when
mirroring current from the 200 pum reference device to the
smaller HEMT devices of the distributed amplifier circuit.
Fig. 7 shows a typical gain and return-loss response of the
monolithic regulated five-section low noise distributed ampli-
fier. At a nominal circuit bias of 58 mA which corresponds
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Fig. 7. Typical gain and return-loss response of the five-section low noise
distributed amplifier.

to 40% Iqs,, the amplifier achieves <10 dB gain across a
2-18 GHz band, and corresponding input and output return-
losses which are better than 12 dB. Typical measured noise
figure and IP3 performance at the three different regulated
current biases are given in Figs. 8 and 9. The noise figure
is typically 2.0 &= 0.25 dB across a 6-18 GHz band and is
not sensitive to bias current. The IP3 performance is greater
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than 20 dBm up to 15 GHz and rolls off by 3 dB at 18 GHz
for each of the three bias conditions. As much as a 2.5 dB
difference in IP3 can be seen across the three bias conditions.
While the noise performance appears to be insensitive to bias,
the linearity performance (IP3) of the amplifier seems to be
significantly bias dependent. This justifies the need for using a
regulated bias scheme which provides a means of maintaining
good RF gain and linearity performance of the amplifier by
regulating the bias current of the circuit over temperature and
HEMT process variations.

The amplifier’s dc bias regulation and RF performance were
also evaluated on-wafer over temperature. Fig. 10 shows the
dc current regulation performance of the 200 pm HEMT
reference device and of the amplifier circuit. The 200 pm
HEMT was biased at 16 mA or 31% Iqs,, while the amplifier

Typical amplifier wideband noise figure performance for 30%, 40%,
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5-stage Distributed Amplifier
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Fig 10. Dc current regulation performance of the 200 ym HEMT reference
device and of the amplifier circuit over temperature.
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Fig. 11 Wide band gain response of the amplifier taken at 0°C and 125°C

was biased at 58 mA (0.54 mm total gate width) or 40%
Iys,. Both the 200 psm HEMT reference device and the five-
stage distributed amplifier were current regulated to within
0.2% over a 0°C—-125°C temperature range. Wide band gain
responses of the amplifier taken at 0°C and 125°C are shown in
Fig. 11. Over the 125°C temperature range, the gain degrades
by 0.75 dB. Fig. 12 shows that the gain degrades linearly with
increasing temperature. The gain degradation is identical at
both 10 GHz and 18 GHz. The gain-temperature coefficient
is —0.006 dB/°C. This degradation in gain is strictly due to
the intrinsic effect of temperature on the HEMT’s transcon-
ductance, G,,, independent of bias current. The degradation
due to bias current on the HEMT's (G, has been eliminated
due to the use of current regulation. This point is further
supported by Fig. 13 which gives the measured G.,, (peak
transconductance) over temperature of a typical HEMT device.
This figure indicates that G, , degrades by ~10% over a 40°C
to 120°C temperature rise. The corresponding calculated gain-
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tion versus temperature.

temperature coefficient .of the device is x~—0.01 dB/°C per
stage, and reflects degradation in G, , which is compounded
by the change in bias current, Iys,, over temperature. The
difference between the gain-temperature coefficients of the
regulated circuit and the unregulated HEMT device indicates

that a significant improvement in RF gain-temperature coeffi- -

cient is-achieved by regulating the bias current.

V. CONCLUSION

This work describes a novel monolithic HEMT regulated
bias scheme which offers a practical solution to HEMT MMIC
temperature compensation. A practical application of this
bias scheme has been demonstrated with a 2-18 GHz low
noise HEMT distributed amplifier. The dc current regula-
tion performance is better than 0.2% over a 0°C-125°C
temperature range. The corresponding RF gain degraded by
only 0.75 dB over this same temperature range, resulting in

a gain-temperature coefficient of —0.006 dB/°C. This is a
significant improvement in gain-temperature coefficient when
compared to an unregulated HEMT device which achieves a
coefficient of —0.01 dB/°C. The monolithic HEMT regulated
bias approach provides a practical means of HEMT MMIC
self-bias and temperature compensation which is attractive in
terms of performance, reliability, and cost of space-flight appli-
cations. The authors believe that this development represents
a significant step forward in the evolution of HEMT MMIC
technology.
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