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118 GHz single pole double throw switches using filter synthesis method
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Abstract: 118 GHz single pole double throw (SPDT) switches were designed and tested for radiometers in satellite
applications. Filter synthesis method was proposed for the switches analysis. Based on equivalent circuit of the dis-
crete AlGaAs/GaAs heterojunction PIN diodes, lumped element filter model of the switches was synthesized and its
equivalent distributed circuit was developed. The size of the developed 118 GHz quasi-MMIC SPDT switch circuit
is 6 x2.5x0.1 mm®. For the packaged SPDT switch module, insertion loss (IL) introduced by mounting devia-
tion of the waveguide microstrip transitions and the bonded ribbons is discussed. In the frequency range 110 ~ 120
GHz, the IL of the switch modules is less than 3.0 dB and typical value is 2. 6 dB, and their isolation is higher
than 22 dB. Response time, switch on time, switch off time and recovery time of the switches are lower than 18
ns, 20 ns, 10 ns and 18 ns, respectively. The 118 GHz switches can be widely used in transceiver systems.
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Recently, with the progress of MMIC technology,
solid state switches are widely used in microwave and
millimeter wave radars, electronic warfare ( EW) and
communication systems. Millimeter-wave radiometers at
60 GHz, 89 GHz and 118 GHz commonly need a SPDT
for channel switching between the receiver and the inte-
grated calibration terminal. In order to reduce the size
and lower the cost of millimeter-wave systems, it is im-
portant that the switches may be integrated with subse-
quent front-end components. Being the first component
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connected between the antenna and the receiver front-
end, high IL of the millimeter wave band SPDT switches
can greatly affect the receivers’ sensitivity. Therefore,
for such applications, low IL is required. In order to re-
alize a low IL SPDT switch, especially for the frequency
above 100 GHz, the parasitic parameters of the device
chips arise as a limiting factor. The switching devices
must have the characteristics of high switching cutoff fre-
quency, and minimum number of diodes for low IL while
the switch isolation requirement is fulfilled. In recent
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decades, many monolithic millimeter wave GaAs PIN di-
ode and HEMT switch chips were reported''™""’. These
switches demonstrated good performance with both low IL
and high isolation. However, commercial MMIC switches
are not always available for system integration while oper-
ation frequency is higher than 100 GHz. Microstrip hy-
brid MIC switches employing discrete diodes can achieve
high performance and low cost while MMIC chips are im-
possible to get easily. Recently, many papers have dem-
onstrated that the switches were commonly realized with
low cost Si CMOS and SiGe BiCMOS technology, and
they had shown high performance in W-band and D-band
frequenciesm'm .

In this paper, low IL 118 GHz quasi-MMIC SPDT
switches are designed and tested. Under forward bias,
the shunt connected AlGaAs/GaAs heterojunction PIN
diode provides a low on-state series resistance path to
ground for high isolation. Under reverse bias, the RF
junction capacitance of the PIN diodes is very low, while
the IL of the switches is unaffected. Based on equivalent
circuit parameters of the discrete diodes, lumped element
filter model of the switches is synthesized and its equiva-
lent distributed circuit is developed. The circuit size is 6
x2.5 x0.1 mm’. In the frequency from 110 to 120
GHz, the measured IL of the packaged SPDT switch
modules is less than 3.0 dB, typical IL is 2.6 dB, and
isolation is higher than 22 dB. Response time, switch on
time, switch off time and recovery time of the switches
are lower than 18 ns, 20 ns, 10 ns and 18 ns, respec-
tively. The 118 GHz switch can be used as a protector of
the receivers and channel switching device in radiometer
or transceiver modules.

1 Circuit configuration and design

Figure 1 shows the schematic diagram of the distrib-
uted SPDT switch, which can be seen as composing of
two single pole single throw (SPST) circuits. The PIN
diodes can be connected by different ways to realize re-
quired IL and isolation. Diodes in shunt configuration
were commonly adopted at millimeter wave frequency for
high-power handling capability and low IL. Disadvanta-
ges of shunt configuration are low isolation with the same
number of diodes and large circuit dimension with quar-
ter-wavelength between device chips. Devices in series
configuration may provide more compact designs with in-
creased IL. In order to reduce the IL of the SPDT swit-
ches at 118 GHz, the applied PIN diodes are shunt in
configuration. Considering the width of the diode, the
devices mounting gap L,, L,, L, and L, lengths are a-
dopted as three-quarter-wavelength at the expense of the
switch isolation. The quasi-MMIC SPDT impedance is
matched to 50 ) for integration with other circuit.

The selected beam lead heterojunction PIN diode
was fabricated by GaAs foundry of Nanjing Electronic
Devices Institute (NEDI). In order to realize low IL and
high isolation for the switches, reducing the series resist-
ance of the diode is a very effective way. For the switch
circuit in Fig. 1, reducing the diode on-state series resist-
ance provides a low resistivity path to ground for high iso-
lation. Low IL was achieved by tuning out the off-state
capacitance with a proper matching network. The device
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Fig.1 Schematic of the SPDT switch
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was designed as a heterojunction PIN diode to lower se-
ries resistance ™. As described in Fig. 2 (a) the
cross-section view of GaAs PIN diode, two dissimilar
semiconductor materials were applied in P + anode re-
gion to create a wide bandgap, the difference in bandgap
enabled a suitable barrier height difference which en-
hances forward injection of holes from the P + anode into
the I-region and retards the back injection of electrons
from the I-region into the P + anode under forward bias.
The result is that the PIN diode has a significantly higher
concentration of charge carriers to reduce the RF resist-
ance of the I-region. The capacitance of the diode will
remain unchanged since the thickness and resistivity of
the I-region are unchanged.
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Fig. 2 AlGaAs/GaAs PIN diode, (a) Cross-section
view (b) Photograph
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The developed GaAs PIN diode is presented in Fig.
2 (b). The thickness of N* GaAs is 2 um with doping

concentration of 5 x 10" ¢cm™ | the thickness of I GaAs is
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4 um with doping concentration of 5 x 10" c¢m™, the
thickness of P* AlGaAs is 0.5 um with doping concen-
tration of 1 x 10" e¢m™, and the thickness of protective
layer P* GaAs is 0. 01 um. The anode contact metal on
the P* layer is Ti/Pt/Au, and the cathode contact metal
on the N* layer is Au/Ge/Ni. The measured RF resist-
ance of the diode is shown in Fig. 3 (a), and the for-
ward resistance is 3.5 () at 470 MHz with current of 20
mA. Fig. 3(b) shows that the measured total capaci-
tance of the diode is 20 fF at 1 MHz with reverse voltage
of 5 V. The PIN diode has the characteristic of low series
resistance and low total capacitance which is especially
important for the following 118 GHz SPDT switch design.
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Fig. 3 Measured results of the diode ( a) resistance at
470 MHz, (b) total capacitance at | MHz
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While operating in millimeter wave band, the effect
of the GaAs PIN diode parasitic parameters becomes
more significant and must be accurately considered in
circuit analysis. The equivalent circuit model of the PIN
diode is shown in Fig. 4, accurate physical structure of
the diode is setup in full-wave EM simulator HFSS''"”.
The diode is analyzed with de-embedding method to ex-
tract its S-parameters. By fitting S-parameters of the e-
quivalent circuit to the extracted S-parameters in circuit
simulator ADS, the extracted parasitic capacitance C,
zero bias capacitance C,,, parasitic series resistance R_,
and intrinsic on-state resistance R, and off-state resist-
ance R are shown in Table 1.

As described in Fig. 1, while one channel of the SP-
DT switch is in on-state, the PIN diodes in this path are
reverse biased and are equivalent as an inductor in series
with a capacitor . The other channel of the SPDT switch

Table 2 The value of the equivalent circuit lumped elements
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Fig.4 Equivalent circuit of the diode, (a) on-state
(b) off-state
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Table 1 Equivalent circuit parameters of the diode

x1 —REEVRBRSH
LP CP C_i<> Rs Rnn Rnff
0.12nH 0.017 pF 0.013 pF 3.5Q 0.5Q 129 kQ

is in off-state, the PIN diodes are positive biased and are
equivalent as an inductor in series with a resistor of sev-
eral ohms. Considering the parasitic inductance of the di-
ode beam lead, equivalent circuit of the SPDT switch in
on-state is synthesized as band pass filter ( BPF). Figure
5 (a) shows equivalent circuit model of the SPDT dis-
tributed switch, in which the diodes in one channel are
modeled as on-state and the other channel as off-state.
Figure 5 (b) shows the synthesized BPF with Filter Solu-
tions 2009 software. The simulated S-parameters of the
BPF are presented in Fig.5(c) , IL is less than 0.3 dB,
return loss is better than 15 dB and isolation is higher
than 26 dB. Table 2 presents the value of the equivalent
circuit lumped elements, in which the parallel induct-
ance, resistor or capacitance are modeled by the on-state
or off-state PIN diodes, respectively.

In Fig. 1, the low impedance microstrip lines L, ,
L,, L, and L, are designed as three-quarter-wavelength.
The lines can be approximated as a capacitor in series
with an inductor. For best results, based on the calculat-
ed initial width and length parameters of the microstrip
lines, a number of iterations have been performed in HF-
SS. As shown in Fig. 6 (a), the whole switch circuit is
setup in HFSS simulator and the diode physical structure
is assigned with proper material constants'™®'. Advantage
of this approach is the elimination of the diode equivalent
model extraction from measurement and the circuit can
be optimized in HFSS. The simulator can actually model
the PIN diodes as long as the material properties such as
conductivity, dielectric constant, and dielectric loss are
properly assigned at on-state or off-state. The diode
physical model parameter values in HFSS are presented
in Table 3. The materials are approximated as no losses
for fast calculation. The microstrip lines L, L,, L; and
L, are optimized for minimum IL and high isolation, and
the input and output impedances are matched to 50 () for
integration with other circuits. The simulated S-parame-
ters of the SPDT are presented in Fig. 6 (b), IL is less
than 2 dB, return loss is better than 11 dB and isolation

L, G, L, C, L,

Gy

L, Cy Rs, R¢, R, Ls, Ly, L, Cs, G4, C;

27.2pH 34.7(F 21.5pH 13.3(F 24.6pH
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Fig.5 Synthesized SPDT switch model, (a) equivalent cir-
cuit, (b) synthesized BPF, (c) Simulated S-parameters
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is higher than 23 dB.

Table 3 PIN Diode material
£3 PIN _HEHMH

Relative permittivity Dielectric loss tangent Conductivity/ (S/m)

P+ Layer 4.1x107
N+ Layer 4.1x107
12.9 0
. On-state 2. 15 x 103
I Intrinsic Layer )
Off-state 0.25

2 Circuit realization and experiment

The optimized SPDT switch circuit was fabricated on
fused quartz substrate with the dielectric constant of
3.78, and thickness of 0.1 mm. As presented in Fig. 7
(a), the circuit is mounted to the split block with silver
epoxy, and the PIN diodes are attached to the circuit by
thermo-compression bonding. The switch block is manu-
factured by aluminum and electroplated with gold. The
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S-parameters/dB
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Frequency/GHz
(b)
Fig.6 SPDT physical model, (a) Model in HFSS, (b)
Simulated S-parameters
£l 6 SPDT ¥JHEE#I (a) HFSS ##, (b) S ZH{h

diodes forward DC current was provided by WQDO035H
Si CMOS driver chip which was designed by NEDI, and
the driver voltage was provided by 7805 and 7905 Si chip
with fixed +5 V output voltage respectively. As the PIN
diodes protector, a surface mounted 150 () resistor with
0603 package is in series connected between the driver
and the switch circuit diodes, the diodes turn-on voltage
is 1.1 V and the calculated total current is 26 mA.
2.1 Measurement of the original switches

As described in Fig. 7 (a), the original hybrid in-
tegrated SPDT modules connector type is a standard WR-
08 rectangular waveguide, and E-plane waveguide to mi-
crostrip probe is used for signals transition to planar cir-
cuit. Because of the limitation of the quartz circuit sa-
wing technology, the SPDT circuit is sawed as two parts,
waveguide to microstrip transition and switch circuit.
Gold bonded ribbon is used for connecting the probe
transition with the SPDT circuit, in which the transition
size is 1.25 x0.65 x0.1 mm’ and the SPDT circuit size
is 6x2.5x0.1 mm’. An Agilent N5245A PNA-X net-
work analyzer along with Farran D-band frequency exten-
sion modules FEV-06 were used for S-parameters meas-
urement. The measured results were plotted in Fig. 7
(b). The IL results are less than 5.0 dB in the frequen-
cy range 110 ~ 120 GHz and its fluctuation is large with
the value of 2.5 dB, which is too large and unsuitable
for radiometers application. The tested switches total cur-
rent consumption is 30 mA, and the current flowing
through each diode is about 10 mA, which is very close
to the calculation.
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2.2 1L loss analysis

At millimeter wave frequency band, especially a-
bove 100 GHz, the waveguide to microstrip transition and
the switch circuit are commonly manufactured as a whole
to avoid added IL. The SPDT IL difference between the
measurement and simulation is mainly caused by mount-
ed deviation of the transitions and bonded ribbons. As
described in Fig. 8 (a), with different deviation value
W, , the effect of transitions on IL is discussed as in Fig.
8 (b), and the results are obvious. While absolute value
of the W, is higher than 0.05 mm, the added IL increa-
ses greatly. Therefore, low IL can be achieved if the
transition deviation W, value is lower than 0.05 mm.

The bonded ribbon is another reason of IL increas-
ing. As described in Fig. 9 (a), the width of the 50 Q
quartz microstrip is 0. 21 mm and the bonded available
ribbon width is 0.25 mm. With H, =0. 15 mm ( the dis-
tance from microstrip ground plane to the summit point of
the bounding ribbon), G, =0. 1 mm, it can be found
from Fig. 9 (b) that the IL increases rapidly while the
length W, is larger than 0. 05 mm. Therefore, the W,
should be kept below 0. 05 mm for low IL. In Fig. 9
(c¢), with W, =0.05 mm, H, =0.15 mm, the IL of the
bonded ribbon also increases rapidly while G, is wider
than 0.1 mm. Therefore, G, should be below 0.1 mm.
In Fig. 9 (d), IL increases when H, is higher than 0.2
mm with W, =0.05 mm and G, =0. 1 mm. Therefore,
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Fig. 8 Waveguide to microstrip E-plane transition, (a)

model, (b) simulated IL VS W,
K8 - E ¥, (a) BAL (b) fifilS W, fiH
Ve

H, should be below 0.2 mm.

As described in Fig. 10 (a), IL can be further im-
proved by compensation of the bonded ribbon ground
plane. The simulated IL can be improved about 0.1 ~
0.2 dB while the compensated ground plane height H,
ranges from 0. 025 mm to 0. 075 mm as presented in Fig.
10 (b).

From above discussions, for high connecting per-
formance, the bonded parameters like W,, G,, H,
should be lower than 0. 05 mm, 0.1 mm, 0.2 mm, re-
spectively. To the original SPDT modules, the added IL
is mainly caused by waveguide to microstrip transition
mounting deviation. While the transition mounting devia-
tion W, value is in the range from —0.05 mm to -0.1
mm, it can be found in Fig. 8 (b) that the input and
output transitions will cause the IL doubled to 0.4 ~0. 8
dB. The added IL discussions will be given more atten-
tions in the following redesigned SPDT modules. These
results are instructive for W-band and even higher fre-
quency multi-chip module (MCM) assembly.

2.3 Measurement of the redesigned switches
Three customized SPDT switch modules were rede-
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Fig.9 Bonded ribbon, (a) model, (b) simulated IL vs.
W,, (c) simulated IL vs. G,, (d) simulated IL vs. H,
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signed as in Fig. 11 (a), one of the switch port is con-
nected with an internally waveguide terminated calibra-
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Fig. 10 Bonded ribbon with added ground plane, (a)

model, (b) simulated IL vs. H,
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tion load. The load material was realized by Eccosorb
MF-116 with a 5° taper. This type of compact waveguide
load is expected to provide greater than 30 dB of return
loss. The switches waveguide port connector type,
waveguide to microstrip transition, SPDT circuit, and the
tested switch total current consumption are the same as
the original designed switches. The measured results of
the three switches were plotted in Figs. 11 (b-d). The
measured IL results are less than 3.0 dB from 110 to 120
GHz and its typical value is 2.6 dB, and its deviation is
low with maximum value of +0.4 dB. The switches iso-
lation is higher than 22 dB, and the isolation variation
trend is the same between the switches. The tested return
loss is greater than 13.5 dB. The switch is modulated by
the pulse generator 81104 A, the output modulated sig-
nal is detected by a self-made detector and then the de-
tected output signal is monitored by Agilent 54622 A os-
cilloscope. In Fig. 11 (e), the switch response time,
switch on time, switch off time and recovery time are
lower than 18 ns, 20 ns, 10 ns, 18 ns at 118 GHz, re-
spectively.

As described in Table 4, the hybrid integrated SP-
DT switches feature high frequency and low cost. Sub-
tracting about 1 dB loss of the two waveguide-microstrip
transitions, the IL of the designed switches is as low as
the MMICs designed with GaAs PIN or SiGe BiCMOS
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Fig. 11  The customized SPDT switch, (a) photo, (b)
measured IL, (c) measured return loss, (d) measured iso-
lation, (e) measured pulse response at 118 GHz
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technology. It is concluded that if the switches are de-
signed as MMICs, and the diodes gap distance is quarter-
wavelength , the isolation and frequency bandwidth of the
switches can be further improved.

Table 4 SPDT switches performance comparison
&4 SPDT FFXMERELLER

References Devices and circuit style Frequency/GHz IL/dB  Isolation/dB Return Loss/dB

This paper Hybrid circuit modules 110 - 120 2.2-3.0 > 22 > 13.5
Ref. [1] GaAs PIN MMIC 93-94 < 1.0 > 30 —
Ref. [9] GaAs PHEMT MMIC 40 -85 <2.0 > 30 —
Ref. [10]  GaAs HEMT MMIC 15 -80 <3.6 > 25 —
Ref. [11]  GaAs HEMT MMIC 80 - 100 1.7-3.0 32-37 8-20
Ref. [12] Si CMOS MMIC 60 - 110 3.0-4.0 > 25 > 10
Ref. [13] SiGe BICMOS MMIC 82-110 < 1.8 >19.3 > 10
Ref. [14] SiGe BiCMOS MMIC 73 -133 1.4-2.2 19-22 > 10
Ref. [15] SiGe BiCMOS MMIC 78 - 110 <13 > 22 > 15
Ref. [16] SiGe BiCMOS MMIC 96 - 163 2.6-3.0 23.5-29 9-15

3 Conclusions

118 GHz SPDT switches are designed with filter
synthesis method. Based on equivalent circuit parameters
of the AlGaAs/GaAs heterojunction PIN diodes, lumped
element filter model of the switch is synthesized and its e-
quivalent distributed circuit is developed. The shunt con-
nected discrete PIN diode provides a low on-state series
resistance path to the ground to obtain high isolation.
The IL introduced by the mounted waveguide microstrip
transition and the bonded ribbons is discussed. The
measured IL of the SPDT switch modules is less than 3.0
dB in 110-120 GHz and typical value is 2. 6 dB. Their i-
solation is higher than 22 dB from 110 to 120 GHz. Re-
sponse time, switch on time, switch off time and recover-
y time of the switches are lower than 18 ns, 20 ns, 10 ns
and 18 ns, respectively. In our future work, optimization
of the switch circuits will incorporate with the diodes
physical structure, using MMIC technique and adopt the
diode gap distance as quarter-wavelength to implement e-
ven broader band, lower IL, higher isolation and higher
uniformity switches.
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