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Abstract

We present the device technology, design
techniques, and circuit performance of a
W-band single-pole triple-throw switch
implemented in a coplanar waveguide
(CPW) GaAs PIN diode MMIC technology.
This switch provides more than 20 dB iso-
lation and less than 1.5 dB insertion loss
over the 75 to 85 GHz range, and more
than 16 dB isolation and less than 1.6 dB
insertion loss over the entire 75 to 110
GHz band. To our knowledge, this is the
first report of a W-band CPW SP3T switch
with state-of-the-art performance.

Introduction

Switching signals between ports is a
critical function in many mm-wave sys-
tems such as RADAR, communications
links, and electronically scanned antennae
(ESAs). Most of these systems require
switching to occur between an antenna
and the transmit or receive circuitry. In
such a location, the switch’s insertion loss
adds directly to receiver noise figure and
reduces transmitter power; hence low in-
sertion loss is an important characteristic
for switches. Isolation is another very im-
portant characteristic that quantifies the
leakage from an “on” to an “off” port.

PIN diodes are ideal for signal switch-
ing due to their low series resistance and
parasitic capacitance. A microstrip single-
pole single-throw (SPST) InP-based PIN

diode switch MMIC with 25 dB isolation
and 0.8 dB insertion loss at 85 GHz [1], and
a microstrip SPST GaAs-based PHEMT
switch MMIC with 22.5 dB isolation and
1.6 dB insertion loss at 94 GHz [2] have
been demonstrated. However, the back-
side processing required for microstrip-
based MMICs is costly and limits yield.
Using CPW not only eliminates the need
for backside processes, but makes the
MMIC compatible with flip-chip mount-
ing, further reducing the system cost.

GaAs PIN Diode MMIC Technology

The most important figure of merit for
PIN diodes (or any device used as a
switch) is it’'s  cutoff  frequency,
fony = 1/2TR, Coer » Where Ry is the on-
resistance, and C is the off-capacitance.
Good switch performance can be expected
to about 1/10 of this frequency. The cross-
sectional diagram of a PIN diode is shown
in figure 1. Many commercial PIN diodes
use conductive substrates forcing the an-
ode (for P-substrates) or cathode (for N-
substrates) to ground. In this work we
have used a semi-insulating substrate in
order to fabricate low-loss CPW transmis-
sion lines. This requires us to make lat-
eral contact to the cathode, which results
in a series resistance slightly higher than
would be obtainable with a vertical de-
vice.
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slightly higher than would be obtainable
with a vertical device.
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Figure 1. Cross sectional view PIN diode epitaxial
structure. Off-state capacitance is determined by the
not-intentionally doped (NID) I-layer dielectric con-
stant and thickness. On-state resistance is domi-
nated by parasitic ohmic contacts and spreading.
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Figure 2. Cross sectional view PIN MMIC technol-
ogy. The devices are complemented with Si;N, MIM
capacitors and plated Au air bridges.

When the diode is reverse-biased, the en-
tire I-region is depleted, so the intrinsic off
state capacitance (Corr) is determined by the
material dielectric (GaAs er = 12.9) and
thickness. When the diode is strongly for-
ward biased, the I-region presents minimal
resistance since there is no intentional dop-
ing. Series resistance is dominated by para-
sitics (ohmic contact and spreading resis-
tance through the cathode layer). Clearly, in
order to maximize fpiN, one should design
the diode as a narrow stripe (just like FETs,
HBTs, RTDs, etc.). For a 6 X 6 um? device,
Ron =5 Q, Corr = 20 F, fpinv = 1.6 THz, and
for a 6 X 10 um?2 device, Ron =3 Q, Corr = 33
fF, frin = 1.6 THz (calculated, intrinsic pa-
rameters). Processing includes mesa etching

to expose the cathode and to isolate de-
vices, alloyed AuGe ohmic contacts, evapo-
rated interconnect metal, PECVD SizsNy for
MIM capacitors, and finally plated Au air
bridges. Figure 2 shows the cross-sectional
view of the PIN MMIC technology.

Circuit Design

There are two fundamental switch con-
figurations: series and shunt (figure 3).
Many different combinations of these fun-
damental cells can be assembled. Our de-
vices showed the best performance (i.e.
on / off ratio) in the shunt configuration.
Although additional cells (shunt or series)
were found to increase isolation, they also
increase insertion loss beyond acceptable
levels. One drawback in using the shunt
configuration is that tuning is required to
reduce the loading effects of the off chan-
nels that have forward biased PINs shunt-
ing the lines. Using a 1/4-wave line be-
tween the feed-point and the shunt diodes
is the most convenient solution; however,
this restricts the bandwidth of the MMIC.
The schematic diagram for the SP3T shunt
switch is shown in figure 4. Blocking ca-
pacitors are required to isolate the bias of
one PIN diode from the others.
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Figure 3. Fundamental PIN switch building blocks:

series (a) and shunt (b). Series offers broader
bandwidth but poorer isolation.

The design goals for the SP3T switch
were < 2 dB insertion loss, > 20 dB isola-
tion, > 15 dB return loss over the 70 to 80
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GHz range. Since we use CPW for the cir-
cuit, a good model for the cross junction was
needed. We used Sonnet software, a
method-of-moments (MoM) electromagnetic
(EM) simulator, to generate S-parameters for
the 4-port cross junction. After estimating
the required line lengths (total phase of 90°
from cross junction to diode at 75 GHz, cen-
ter of the band), an EM simulation of the en-
tire switch was performed to verify that the
estimated line lengths provide good return
loss over the band of interest. A 2 pF MIM
capacitor was formed in each of the 1/4-
wave lines. Simulation results of the com-
plete SP3T switch using the EM simulation
of the CPW sections and the intrinsic device
models are shown in figure 5.
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Figure 4. Schematic diagram of the SP3T GaAs PIN
g/!MIC. Blocking capacitors are required to isolate
1as.

Circuit Measurements

A photograph of the completed MMIC is
shown in figure 6. On-wafer measurements
were made using Picoprobe W-band wafer
probes [3] that have integral bias-tees and a
Wiltron 360 network analyzer (NWA) with

W-band extenders [4]. The NWA only has
two ports, so the other two ports were ter-
minated with similar picoprobes having
waveguide terminations. Our test setup
was limited to the frequency range from 75
to 110 GHz. Referring to figure 4, the NWA
is connected to ports 1 and 3. For the inser-
tion-loss measurement, diodes D1 and D3
are forward biased at 15 mA, and diode D2
is reverse biased at 6 V. For isolation meas-
urement, either diode D1 or D3 is reverse
biased at 6 V, and the other diode and D2
are forward biased at 15 mA. The response
of the MMIC is shown in figure 6. Meas-
ured insertion loss is < 1.5 dB, return loss is
<15 dB, and isolation is > 20 dB from 75 to
85 GHz.

Considering the center of the band is at
75 GHz, we expect the MMIC to have
symmetrical performance in the 65 to 75
GHz range. Apart from the degradation in
return loss away from the center frequency
(due to 1/4-wave lines), the switch per-
forms well across the entire W-band (we
expect similar performance across V-band)
with < 1.6 dB insertion loss and > 16 dB
isolation. If one considers a return loss of
10 dB as the limiting case, the operating
frequency range of the switch should be 50
to 100 GHz.

Conclusions

We have demonstrated a single-pole,
triple-throw GaAs PIN diode CPW MMIC
operating at W-band frequencies with < 1.5
dB insertion loss and > 20 dB isolation over
the 75 to 85 GHz frequency range. To our
knowledge, this is the first report of a W-
band CPW SP3T switch with state-of-the-
art performance. This technology is com-
patible with flip-chip mounting, and by
implementing MMICs in the GaAs mate-
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rial system without backside processing
(CPW), low cost mm-wave functional blocks
have been realized.

More isolation could have been achieved
using an additional PIN diode in a series
configuration to; but it would have in-
creased insertion loss beyond acceptable
levels for this application. Furthermore,
coupling through the substrate may limit the
maximum isolation obtainable in a CPW
MMIC.
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Figure 5. Simulated response of the SP3T PIN MMIC
using EM simulated CPW structure and intrinsic de-
vice models. Simulated response indicates < 1 dB
insertion loss, > 21 dB isolation over the 65 to 85 GHz
range, and < 1.6 dB insertion loss and > 20 dB isola-
tion from 50 to 100 GHz.

Figure 6. Photograph of the PIN MMIC. The input is
fed at the left-hand port. Overall chip size is 1 X 1
mm?. GaAs PIN devices and CPW transmission lines
in combination with flip-chip mounting result in very
low-cost MMICs.
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Figure 7. Measured response of the SP3T PIN
MMIC. Available equipment limited measurements
to 75 - 110 GHz range. Performance is expected to
be symmetric about the center frequency (75 GHz).
Measured insertion loss is < 1.5 dB, return loss is <
15 dB, and isolation is > 20 dB from 75 to 85 GHz,
and insertion loss is < 1.6 dB and isolation is > 16
dB across the entire W-band (75 to 110 GHz).
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