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ABSTRACT

A monolithic mixer circuit capable of
performing either a recejver or transmitter
function has been fabricated. The mode of
operation is determined by applying either forward
bias or reverse bias to a pair of mixer diodes.
The circuit integrates Schottky-barrier diodes,
bias Tines, Ta205 blocking and by-pass capacitors,
a radial line stub filter and a microstrip
branch-Tine coupler. For the receiver function the
unit exhibits a conversion loss of 6.5 + 0.5 dB
from 34 to 36 GHz. For the transmitter function
the circuit directs the signal from the local
oscillator port to the antenna port with an
insertion loss of approximately 2 dB at 33.5 GHz
over a bandwidth of 1 GHz.

INTRODUCTION

The efficient implementation of the
transmit/receive (T/R) function is a challenge in
monolithic transceiver design at millimeter-wave
frequencies. In contrast to hybrid designs,
monolithic fabrication and packaging approaches do
not appear to be amenable to the use of
circulators. As a result, implementation such as
the one depicted in Fig. 1 is being considered.

In this circuit, a double-pole double-throw switch
determines the T/R function. For transmission the
output signal of the voltage controlled oscillator
(VCO) is connected directly to the antenna. For
reception the oscillator and the antenna are
connected to the input ports (R) of the heterodyne
receiver with the VCO tuned to the Tocal oscillator
(LO) freguency.

This circuit is practical at lower microwave
frequencies because it can be implemented with
GaAs-FET switches. For example, Tosses on the
order of 1 dB have been achieved at 10 GHz with
passive FET switches.? Active dual-gate FETs
switches have provided gains in the range of 8 to
1 dB at the same frequency.3 However GaAs-FET
switches have higher insertion losses at
millimeter-wave frequencies. The reported
insertion losses for single FET switches in the 27
to 30 GHz range are from 2 to 3 dB.%
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As a result, the high insertion loss of the
double-pole double-throw switches in Fig. 1 will
degrade the noise figure of the receiver and reduce
the output power of the transmitter at
millimeter-wave frequencies.

A dual function monolithic circuit which
avoids the use of double-pole double-throw switches
has been fabricated and tested. A photograph of
the circuit is shown in Fig. 2. This monolithic
circuit is capable of performing either as a
receiver or as a transmitter switch. The mode of
operation is determined by applying either forward
bias or reverse bias to a pair of mixer diodes.

The present circuit is the first monolithic
implementation using this approach. This concept
has also been implemented in hybrid circuits using
packaged diodes® mounted in waveguide and beam-lead
diodes soldered in fin-line circuits.® The mixer
diodes can also be used for pulse modulation in the
transmission mode, as has been demonstrated in the
hybrid implementations.

CIRCUIT CONFIGURATION
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The circuit shown in Fig. 2 integrates a
microstrip branch-line coupler,’/ a radial-line stub
filter,® Schottky-barrier diodes” and Tap0Osg
capacitors.10 Each output arm of the branch-line
coupler is connected to a Schottky-barrier diode
through a Tap0g blocking capacitor (3 pF). Bias
for the diodes is provided by lines connected to
Tap0g by-pass capacitors (14 pF), which are also
included in this circuit. The dimensions of the
die are 2.0 mm by 2.0 mm,

Control is achieved by applying either forward
or reverse bias to the diodes as shown in Fig. 3.
If the diodes are forward biased, resistive loads
are presented to the output arms, and both signal
and LO power are coupled to the diodes. The
circuit operates as a balanced mixer, similar to
that described previously.® However, because
forward bias is applied to the diodes, the LO power
requirements are reduced significantly. If the
Schottky-barrier diodes are reverse biased,
reactive loads are presented to the output arms of
the branch line coupler. Since the reactive loads
are identical by design, the reflected waves at the
output arms of the coupler add destructively at the
LO port and constructively at the antenna port. As
a result, the circuit functions as a transmitter
switch, directing signals incident on the LO port
to the antenna port.
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FABRICATION SEQUENCE

The fabrication sequence of the dual function
mixer circuit uses 8 mask levels, of which 3 levels
are associated with the fabrication of the Ta20g
capacitors and 5 levels are used for the
fabrication of the mixer diode and microstrip
circuits. Figure 4 is a diagram illustrating the
eight-step fabrication sequence. Wafer processing
begins with the formation of ohmic contacts (step
1). Windows are opened in appropriate areas and
the n-layer is etched to expose the underlying
nt-layer. The Au-Ge-Ni ohmic contact metallization
is evaporated and patterned by photoresist
lift-off. The devices are then isolated by a
combination of mesa etching (step 2) and proton
bombardment (step 3). This two-step process was
developed because it enables the use of conducting
Tayers with thicknesses greater than the 4-um
penetration depth of the 400 keV protons used in
the proton isolation. Composite layers for the
Tap05 capacitor are then sputter deposited and
defined using photoresist Tift-off (step 4). The
Au layer and the underlying Ta layer are defined by
wet etching and by plasma etching, respectively
(step 5). Trimming of capacitance can be
incorporated at this step.

Access to the bottom electrode of the
capacitor is provided by etching the Ta205/Ta
layers with a CFg plasma in a barrel type reactor
(step 6). Etching was performed at a power level
of 150 mW and a pressure of 2 Torr. A polyimide
layer 1is then defined to provide support for the
connection to the top layer of the capacitor (step
7), and the anode for the mixer diode and the
circuit elements are formed by photoresist Tift-off
(step 8). 1In our prior work/,”? transmission lines
were fabricated by evaporating a conductive base
layer, defining and electroplating circuit
elements, and stripping the base layer. The
1ift-off process is simpler, requiring only
photolithography and metal deposition.

RF_RESULTS

Measurements were first performed on the
monolithic circuit in the receiver configuration.
Figure 5 shows conversion Tloss as a function of IF
frequency for two values of DC bias applied to the
diodes. With no externally applied DC bias and 18
mW of LO power at 34 GHz, the conversion loss was
6.5 * 0.5 dB over a bandwidth of 1 GHz. With an
applied external bias of 1 V in the forward
direction across the diodes, the conversion loss
increased to between 7.5 and 8 dB over a similar
bandwidth. However, the LO power requirement was
reduced to 5 mW. Figure 6 shows the double
sideband (DSB) noise figures as a function of IF
frequency for the same mixer. This measurement
includes the noise of an external IF amplifier,
which had a noise figure in the range of 2.0 to
2.5 dB from 1 to 2 GHz. With no bias voltage
applied externally, the LO power required for
minimum noise figure was 18 mW. The corresponding
noise figure is in the range of 7 to 8 dB from 1.0
to 1.7 GHz. With a 1 V forward bias the LO power
required for minimum noise figure was 5 mW and the
noise figure increased -0.5 dB over the same

121

frequency band. A reduction of LO power to 2 mW
produced only a modest 0.2 dB increase in noise
figure.

In the transmit configuration a reverse bias
of 6 V was applied across both diodes. Figure 7
shows the insertion loss and return loss from 33 to
36 GHz with an input power of 150 mW. The measured
insertion loss is typically ~2 dB in the frequency
range of 33 to 34.5 GHz, which compares favorably
with the 4 to 6 dB loss associated with the
conventional approach shown in Fig. 1. The
corresponding return loss is greater than 14 dB
over the above frequency range. This indicates
that the reversed-biased diodes, blocking
capacitors, and radial line stub present nearly
identical reactive loads to the output arms of the
coupler.

CONCLUSION

A monolithic circuit capable of performing
either a receiver function or a transmitter
function has been fabricated for the first time.
Conversion losses of 6.5 + 0.5 dB (34-35.6 GHz) in
reception and insertion Tosses of ~2 dB
(33-34.5 GHz) in transmission compare favorably
with T/R switch implementations using FETs at the
present time. This circuit design and fabrication
technology can be extended to higher
millimeter-wave frequencies.

Both conversion loss and noise figure are
approximately 1 dB higher in the dual function
mixer circuits than in monolithic mixers fabricated
in our laboratory.9 The difference in performance
is attributed to the insertion loss of ~0.5 dB
associated with the Targe 3 pF Tap05 blocking
capacitors. Smaller capacitors with thicker gold
electrodes are presently being incorporated to
reduce skin effect Tosses. It is also possible to
increase the power handling capability of the
circuit in transmission by lowering the doping
concentration of the n layer, because this will
increase the breakdown voltage of the mixer diodes.
However, this may degrade the conversion loss of
the mixer diodes so that further work in this area
is necessary.

Monolithic circuits at millimeter-wave
frequencies require the optimal use of devices and
circuit elements for the implementation of receiver
and transmitter functions. In the present circuit
the Schottky barrier diodes are used as mixer
diodes in the receiver function and as control
diodes in the transmitter function. The
branch-1ine coupler is used to combine the LO and
antenna signals in reception and as part of a
reflective switch in transmission. These dual
functions of devices and components enable the
realization of a monolithic circuit in which a
large increase in functional complexity is obtained
with only a slight increase in circuit complexity.
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Figure 1. A balanced-mixer/transceiver Figure 2. A dual function mixer circuit for
implementation using double-pole doubTe-throw transceiver applications at millimeter-wave
switches. frequencies.

122



RECEIVER FUNCTION TRANSMITTER FUNCTION ] T T

RECEIVED SIGNAL Lo RF
G g 12— a

o
T
|

“©—OBIAS . 1.0V, L.O. POWER 5 mW
O—OBIAS 0V, L.O. POWER 18 mW
L.O. FREQUENCY 34 GHz

CONVERSION LOSS (Chip Level) (dB)

i

i, 1 GHz
FORWARD BIASED DIODES REVERSED BIASED DIODES
CONVERSION LOSS: §-7 dB MINIVUM INSERTION LOSS -~ 2 98

1 | 1
o 05 1.0 15 N 2.0
IF FREQUENCY (GHz)

Figure 3. Transmitter and receiver configurations

for the dual function mixer circuit. Figure 5. Conversion Toss of mixer as a function
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Figure 7. Insertion loss and return loss of the
dual function mixer circuit in transmission mode.
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