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Broadband Single- and Double-Balanced
Resistive HEMT Monolithic Mixers

T. H. Chen, Member, IEEE, K. W. Chang, S. B. T. Bui,
L. C. T. Liu, Member, IEEE, G. S. Dow, Member, IEEE, and S. Pak

Abstract— A double-balanced (DB) 3-18 GHz and a single-
balanced (SB) 2-16 GHz resistive HEMT monolithic mixer have
been successfully developed. The DB mixer consists of a Al-
GaAs/InGaAs HEMT quad, an active LO balun, and two passive
baluns for RF and IF. At 16 dBm LO power, this mixer achieves
the conversion losses of 7.5-9 dB for 4-13 GHz RF and 7.5-11
dB for 3-18 GHz RF. The SB mixer consists of a pair of
AlGaAs/InGaAs HEMT'’s, an active LO balun, a passive IF balun
and a passive RF power divider. At 16 dBm LO power, this
mixer achieves the conversion losses of 8-10 dB for 4-15 GHz RF
and 8-11 dB for 2-16 GHz RF. The simulated conversion losses
of both mixers are very much in agreement with the measured
results. Also, the DB mixer achieves a third-order input intercept
(IP3) of +19.5 to +27.5 dBm for a 7-18 GHz RF and 1 GHz IF at
a LO drive of 16 dBm while the SB mixer achieves an input IP;
of +20 to +28.5 dBm for 2 to 16 GHz RF and 1 GHz IF at a 16
dBm LO power. The bandwidth of the RF and LO frequencies
are approximately 6:1 for the DB mixer and 8:1 for the SB mixer.
The DB mixer of this work is believed to be the first reported DB
resistive HEMT MMIC mixer covering such a broad bandwidth.

I. INTRODUCTION

T THE PRESENT time, Schottky diode mixers are

the most commonly used mixers in microwave sys-
tems. However, they have relatively poor intermodulation and
spurious response properties due to their strongly nonlinear
characteristics. Although various circuit schemes have been
proposed to improve the intermodulation performance of the
diode mixers [1]-{4], they either are not practical for wide
frequency band application or require a massive LO power.
Three-terminal devices, such as MESFET’s and HEMT’s,
when used as mixing elements can achieve better performance
and require less LO power than diode mixers [S]-[7]. Both
MESFET’s and HEMT’s can be used as mixing elements in
either an active or a resistive mode. The resistive mixer has
the advantages of low noise figure, high two-tone third-order
intermodulation intercept point, and low dc power consump-
tion when compared with a corresponding active mixer [8]. In
addition, a resistive HEMT mixer requires lower LO power
and can operate over a wider frequency range than a resistive
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MESFET mixer because it has a steeper variation characteristic
for the channel resistance between the off and on states and
a smaller rc product value of the on-resistance and gate
capacitance. This paper describes a single-balanced resistive
HEMT mixer which downconverts a 2 to 16 GHz RF to a
0.75 to 1.25 GHz IF and a double-balanced resistive HEMT
mixer which downconverts a 3 to 18 GHz RF to a 0.75 to
1.25 GHz TIF.

II. DEVICE MODELING

In a HEMT amplifier, the HEMT operates in its saturation
region and is used to transform the signal voltage applied
to the gate into the drain current. The drain current, or the
drain voltage if a load impedance were present at the drain, is
varied by changing the gate voltage. However, in a resistive
(passive) HEMT mixer, the HEMT operates in its ohmic
(linear) region and is used as a variable resistor. The unbiased
channel resistance is varied by changing the gate voltage.
Ideally, the HEMT is treated as a switch controlled by the LO
signal applied to the gate. The RF signal is then sampled at a
rate determined by the LO frequency to achieve the frequency
conversion.

Fig. 1 shows the nonlinear equivalent circuit of the HEMT
device. Because of the large voltage swing of the LO signal
applied to the gate, the gate-to-source and gate-to-drain char-
acteristics are modeled by two diodes, allowing the effects
of the gate current and the nonlinear gate capacitances to be
taken into account. The gate diode models are constructed
from the measured s-parameters and gate current-voltage
characteristics. The drain-to-source current is modeled by a
voltage-controlled current source. Most nonlinear device mod-
els available in commercial nonlinear simulators are mainly
designed for active-mode operation [10]-[12] and cannot
accurately describe the device behavior in the linear region
where the resistive HEMT mixer operates. To overcome this
problem, an user-defined model is developed and implemented
in Libra of EEsof for this application. Fig. 2 shows the user-
defined model of the voltage-controlled current source, ;.
The current source’s parameters are extracted by curve-fitting
to measured I-V curves as shown in Fig. 3. This model
accurately describes device characteristics in both linear and
saturation regions. Other circuit element values are determined
by curve-fittting to measured s-parameters of the HEMT
device.
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Fig. 1. Nonlinear equivalent circuit of the HEMT device.
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Fig. 2. User-defined model.

III. BALANCED MIXER DESIGN

For a mixer to achieve broadband operation, the frequency
ranges of one or more pairs of its signals (RF, LO, and IF)
often overlap each other. Under the circumstances, a double-
balanced (DB) or single-balanced (SB) mixer topology is
required to provide isolation between the pair of signals hav-
ing overlapped frequencies and spurious rejection over wide
frequency range [9]. Although the DB mixer configuration
outperforms the SB one in terms of port-to-port isolation and
undesired signal rejection, the SB mixer configuration can op-
erate over wider frequency band than its DB counterpart. This
is because one of the bandwidth limiting baluns in a DB mixer
is replaced by a power divider, which generally has wider
bandwidth than a balun, in a SB mixer. Consequently, both
mixer configurations are used in the broadband monolithic
mixer designs.

Fig. 4(a) shows the circuit schematic of the double-balanced
mixer. The mixer circuit consists of an AlGaAs/InGaAs
HEMT quad, an active L.LO balun and two passive baluns,
RF and IF. Four 160-pm AlGaAs/InGaAs HEMT’s with

0.25-pum gate length are connected in a ring as the mixing
devices. The HEMT acts as an variable resistor whose value
is modulated by the LO signal voltage applied to the gate.
The frequency conversion is achieved when a pair of balanced
LO signals are used to switch ON and OFF in turn between
two pairs of HEMT’s of the quad while another pair of
balanced RF signals are applied to two opposite nodes among
the four of the quad. At the same time, two 180° out of
phase IF signals appear at another two opposite nodes and
are combined by the IF balun. Fig. 4(b) shows the circuit
schematic of the single-balanced mixer. The mixer circuit
consists of a pair of 320-um AlGaAs/InGaAs HEMT’s, an
active LO balun, a passive IF balun and a passive RF power
divider. Its principle of operation is similar to DB mixer’s
except that only two devices are used here and the IF signals
appear at the same nodes as the ones RF signals are applied
to.

Due to its capability of insertion gain and very broad
bandwidth, an active L.O balun is used for both DB and
SB mixers. The active LO balun is composed of two four-
section distributed amplifiers with one in common gate and
the other in common source configuration. The total device
periphery is 504 pm and the balun consumes about 100
mA current at 4-V drain voltage. To minimize the mixer's
noise figure, passive baluns are used at the RF and IF ports
for the DB mixer whereas a passive power divider and a
passive balun are used at the RF and IF ports, respectively,
for the SB mixer. The RF balun for the DB mixer is com-
prised of a two-section Wilkinson power divider and a pair
of Lange couplers. One of the Lange couplers is loaded
with the open circuits while the other is loaded with the
short circuits. This balun can operate over a 4:1 bandwidth.
For low IF frequencies, a compact lumped element balun
is preferable to a distributed one for the IF port. In this
design, a lumped-element ratrace hybrid is chosen for the
IF balun due to its small size and up to 50% bandwidth.
The IF balun is implemented with planar spiral inductors
and MIM capacitors. For the SB mixer, the same two-section
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Fig. 3. Measured and modeled I-V curves of a 320-um HEMT.
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Fig. 4. (a) Circuit schematic of SB resistive HEMT mixer and (b) circuit schematic of DB resistive HEMT mixer.
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Wilkinson power divider and IF balun as those in the DB IF signal. The diplexer consists of a high-pass and a low-
mixer are used at the RF and IF ports, respectively. The pass filter implemented with planar spiral inductors and MIM
power divider can achieve a nearly decade bandwidth. In capacitors. ,

addition, a pair of diplexers are used for the RF power divider The major degradation factors for the mixer using nonideal
and IF balun to separate the LO and RF signals from the switches are the finite ON- and OFF-state resistances and finite
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Fig. 5.

transition time between the ON and OFF states. Therefore, best
performance of a resistive HEMT mixer is obtained when the
devices are biased slightly below its pinch-off voltage and
driven with a sufficient LO power to ensure hard and fast
turn-on and turn-off. Other degradation factors, such as the
gate-to-source, gate-to-drain and drain-to-source capacitances,
the gate, drain and source series resistances, and parasitic
inductances can be minimized by the matching techniques in
most instances. In these two mixer designs, the HEMT devices
used to mix RF and LO signals are biased at —1.3-V gate
voltage while the HEMT devices inf the active LO balun are
biased at —0.8-V gate voltage.

The mixer circuits were fabricated using a specially devel-
oped HEMT process [13] on an MBE-grown wafer with an
AlGaAs/InGaAs heterostructure. Fig. 5 shows the photographs
of the completed DB and SB monolithic mixer chips. Both

mixer chips measure 3.4 x 7.7 mm?2.

IV. RF PERFORMANCE

Three baluns, one power divider, one diplexer, and the
monolithic DB and SB mixers were tested on-wafer with
cascade RF probes. Fig. 6 shows the measured performance
of an active LO balun. Over the 1.5-15.5 GHz frequency
band, the amplitude and phase unbalances between the two
balanced ports are less than 1.5 dB and 10°, respectively.
Although, the simulated performance of the LO balun shows
good amplitude and phase trackings between two balanced

(a) Photograph of SB resistive HEMT mixer chip (3.4 mm X 7.7 mm) and (b) photograph of DB resistive HEMT mixer chip (3.4 mm X 7.7 mm).
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Fig. 6. Measured active LO balun performance (spiral inductors are con-
structed with landed metal lines).

ports up to 20 GHz. The difference in performance above 15.5
GHz is believed to be caused by the self resonance of the 6-
1/2-turns spiral inductor, which was not taken into account in
the simulation. The measured insertion loss including the 3-dB
power splitting loss is between 1.5 and 3 dB from 1.5-15.5
GHz. Fig. 7 shows the simulated performance of the RF power
divider. The insertion loss including the 3-dB power splitting
loss is between 3.5 and 4 dB from 1-20 GHz. Over the 2 to
20 GHz frequency band, the input and output return losses
are better than 13 and 20 dB, respectively. Fig. 8 shows the
measured performance of the RF balun. The insertion loss
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including the 3-dB power splitting loss is between 4 and 6 dB
from 4-20 GHz. The amplitude and phase unbalances between
two balanced ports are less than 1.5 dB and 8°, respectively,
over the 4-20-GHz frequency band. The measured IF balun
performance is in good agreement with the simulated result.
Fig. 9 shows the measured amplitude and phase unbalances
and return losses of the two balanced ports. The amplitude
unbalance is less than 0.5 dB while the phase unbalance
is less than 3° from 0.75-1.3 GHz. The return loss of the
balanced ports is better than 22 dB for the same frequency
band. The measured and simulated insertion losses and return
losses of the diplexer are shown in Fig. 10 for the purpose
of comparison. The agreement between them is very good
for frequency up to 14.5 GHz. The differences above 14.5
GHz is also caused by the self resonance of the 6-1/2-turns
spiral inductor, which was not taken into account in the
simulation.

Fig. 11 shows the comparison between measured and sim-
ulated conversion losses of the DB HEMT resistive mixer
as function of the RF frequency. A fixed IF frequency of
1 GHz and LO drive of 16 dBm were used. The measured
conversion losses are between 7.5 and 9 dB for 4-13 GHz
RF and 7.5 and 11 dB for 3-18 GHz RF. The agreement
between the measured and simulated performances is within
1 dB from 2-14 GHz. The larger deviation between them at
higher frequencies is due to the self resonance of the spiral
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Fig. 9. Measured passive IF balun performance.

inductor in the LO balun which was not taken into account
in the simulation. Fig. 12 shows the comparison between
measured and simulated conversion losses of the SB HEMT
resistive mixer as a function of the RF frequency. A fixed
IF frequency of 1 GHz and LO drive of 16 dBm were also
used. The measured conversion losses are between 8 and 9
dB for 4-11 GHz RF and 8 and 11 dB for 2-16 GHz RF.
The agreement between the measured and simulated is within
2 dB from 2-16 GHz. Again, the larger deviation between
them at higher frequencies is due to the self resonance of
the spiral inductors in the LO, balun and diplexer. Fig. 13
compares three different measured conversion losses of the
SB mixer to illustrate the effect of the seif resonance of
the spiral inductor on the mixer performance. The high end
of the frequency band of the SB mixer is increased from
13.5-16 GHz by reducing parasitic capacitances associated
with spiral inductors. Spiral inductors constructed with metal
lines deposited directly on the substrate surface (landed metal
lines) were replaced by metal lines suspended in air, which
were constructed with the airbridge process. For the mixer
using spiral inductors with airbridged lines, the conversion
losses of both upper and lower sidebands are shown in
Fig. 13, while for the mixer using spiral inductors with metal
lines deposited on the substrate, only the upper sideband
conversion loss is shown. In addition, the third-order input
intercept (IP3) of the DB and SB mixers are determined
from an on-wafer two-tone intermodulation distortion mea-
surement. A fixed 1-GHz IF and 16-dBm LO power were
used. Figs. 14 and 15 show the measured input IP3 of the
DB mixer and SB mixer, respectively, as a function of the
RF frequency. The input IP3 of the DB mixer varies from
19.5-27.5 dBm for a RF of 7-18 GHz, while the input IP3
of the SB mixer is between 20 and 28.5 dBm for a RF of
2-16 GHz.

Spurious rejections of the DB mixer were measured for a
RF frequency between 10 and 11 GHz with an LO drive of
16 dBm and fixed IF frequency of 1 GHz. Fig. 16 summarizes
the measured spurious rejections in a tabular form. Under the
same operating condition, port-to-port isolations of the DB
mixer were measured to be better than 30 dB from LO port
to RF port, better than 38 dB from LO port to IF port, and
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Fig. 10. Measured and simulated diplexer performance: (a) insertion loss,
(b) input return loss, and (c) output return losses.

about 34 dB from RF port to IF port. Finally, temperature
variations of the conversion loss and 2 x 3 as well as 3 x
2 spurious rejections of the DB mixers were also measured.
The measured results are shown in Fig. 17 for the conversion
loss and Fig. 18 for the spurious rejections. The variations of
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the conversion losses are less than 0.1 dB over the measured
15°C to 60°C temperature range for all mixers except the fifth
one. These variations are within the measurement accuracy and
consistent with what one can expect based on the theoretical
prediction. The conversion loss of a resistive HEMT mixer is
mainly determined by the LO power and the "on" state channel
resistance of the HEMT devices at the maximum available LO
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drive. In the saturation region of the conversion loss versus
LO power curve, the conversion loss is only a weak function
of the LO power and the "on" state channel resistance. The
fifth mixer shows a 1/4-dB increase in conversion loss with
decreased operating temperature and has the lowest conversion
loss among five measured mixers. This may be due to the
msertion gain of the active LO balun is higher so that the
mixer is driven into deep saturation region. As a result, a
further LO power increase due to lower operating temperature
may degrade the mixer performance.

V. CONCLUSION

A multioctave SB-resistive HEMT monolithic mixer oper-
ating over a 2-16 GHz range and a multioctave DB-resistive
HEMT monolithic mixer operating over a 3—18 GHz range
have been successfully designed, fabricated, and tested. The
SB mixer comprises a pair of AlGaAs/InGaAs HEMT's, an
active LO balun, a passive RF power divider and a passive IF
balun. The DB mixer consists of an AlGaAs/InGaAs HEMT
quad, an active LO balun, and two passive baluns for RF
and IF. The SB mixer chip has demonstrated a conversion
loss of 8-10 dB for 4-15 GHz RF and a conversion loss of
8-11 dB for 2-16 GHz RF. As to the DB mixer chip, it has
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Fig. 17. Measured conversion loss as a function of the temperature for the
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demonstrated a conversion loss of 7.5-9 dB for 4-13 GHz RF
and a conversion loss of 7.5-11 dB for 3-18 GHz RF. The
simulated conversion losses of both mixers are very much
in agreement with the measured results. Furthermore, the DB
mixer achieves a third-order input intercept of 19.5-27.5 dBm
for 7-18 GHz RF and the SB mixer achieves an input IP3 of
20-28.5 dBm for 2-16 GHz RF. Finally, the major bandwidth
limiting factor, the self resonance of the 6-1/2-turns spiral
inductor, of the original designs have been eliminated by using
inductors constructed with air-bridged metal lines instead of
metal lines deposited directly on the substrate. According to
the measured data, the high end of the frequency band has
been increased by about 12% for the DB mixer and 18% for
the SB mixer, respectively.
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