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Low cost W-band SPST PIN diode switch by Q-MMIC technology
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Abstract: A high performance PIN diode single-pole-single-throw ( SPST) switch for W-band application using a
low cost approach was developed. By utilizing flip-chip PIN diodes mounted onto a separately fabricated passive
circuit having a quartz substrate, a W-band quasi-monolithic millimeter-wave integrated circuit (Q-MMIC) switch
was achieved. A 3-D PIN diode model and a compensation structure were adopted to acquire a low loss and high i-
solation switch. The measurement results show the minimum insertion loss is about 0. 5 dB at 88 GHz and less than
2 dB over the frequency range of 80 to 101 GHz. The isolation is greater than 30 dB from 84 to 105 GHz. The total
size of the switch is 1.5 mm x 3.0 mm.
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Introduction

Switches are important components in many millime-
ter-wave systems such as radar, communication links and
phase array systems. For such applications, switches
should exhibit high isolation as well as low insertion loss.
PIN switching diodes offer unique advantages over
HEMTs such as low ON-state resistance and small OFF-
state capacitance combined with high power-handling ca-
pability. Therefore, they are widely used in many milli-
meter-wave systems. In recent decades, monolithic PIN
diode switches with excellent characteristics have been
reported by the authors at W-band frequencies''™'. How-
ever, most of them are implemented in III-V compound
semiconductor technology, such as GaAs or InP, and the
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high cost of these materials prohibit them for low cost ap-
plications.

Q-MMIC technology allows the passive circuitry,
which occupied a large area of the die, to be fabricated
on a low cost substrate separately while the discrete com-
ponents, such as PIN diode, schotitky diode, HEMT,
etc. , are mounted onto substrate for integration with the
passive circuitry by flip-chip technology. As the discrete
device and passive circuitry are fabricated separately, the
Q-MMIC technology offers several advantages over the
MMIC technology, such as low cost, short turnaround
times, design flexibility and so on. W-band low noise
amplifier'®’ | sub-harmonic mixer'”’ employing Q-MMIC
technology, has been reported. In spite of the merits of
Q-MMICs for millimeter-wave applications, due to lack
of sufficiently accurate modeling of the discrete compo-

KB HA.2014 - 10 - 04, f&[@ BHA.2015 - 09 - 28

Foundation items : Supported by State Key Laboratory of Millimeter Waves Innovative Project Topics of Southeast University (Z201209)
Biography : XU Zheng-Bin(1981-) ,male,Qimen, Anhui Province, China, Ph. D. Research field is microwave and millimeter wave circuits design. E-mail ;

zb_xu@ seu. edu. cn

* Corresponding author : E-mail : zhengbin_xu@ 163. com



6 1 XU Zheng-Bin et al:Low cost W-band SPST PIN diode switch by Q-MMIC technology

681

nents to enable circuit design, their use has been limit-
ed.

In this work, a broadband W-band PIN diode switch
using Q-MMIC technology is demonstrated. An accurate
PIN diode model based on full-wave EM simulator is
presented. In order to implement a broadband switch, an
effective compensation method is adopted. Accordingly,
a W-band SPST switch is simulated and optimized using
a full wave EM simulator by using 3-D PIN diode model.
To validate the design concept, the PIN diode switch was
fabricated and measured. Measurements show insertion
loss is less than 2 dB from 80 GHz to 101 GHz and isola-
tion is greater than 30 dB over 21 GHz bandwidth at
94.5 GHz center frequency.

1 PIN diode model

Accurate diode model is essential for circuit design.
As operating frequency increases, the parasitic effects of
the flip-chip device become more and more significant
and result in an inaccurate diode model if those effects
are not properly account for'®. As there is no suitable
commercial flip-chip PIN diode for choice, the diode
used here is a beam lead PIN diode (MA4AGBLP912).
By cutting off the beam leads, the diode is used as a flip-
chip diode. The nominal overall chip dimensions are 280
wm X 178 pm x 100 pm (length x width X thickness,
excluding the dimension of the beam lead). In order to
analyze the parasitic effects, the diode chip structure was
modeled by Ansoft HFSS according to the method presen-
ted in Ref. [9]. Figure 1 demonstrates a shunt configu-
ration diode model by HFSS. The normalized parallel im-
pedance Z /Z, look forward to PIN diode from the mi-

crostrip line can be extracted from the HFSS simulation
results'®’. Figure 2 shows the normalized parallel imped-
ance Z /Z, of the PIN diode in the frequency range of 90
~100 GHz. It can be seen that the PIN diode presents a
high inductive reactance series with a small resistance
under forward bias state and a high capacitive reactance
under reverse bias state.

Fig.1 Shunt configuration PIN diode model by HFSS
1 HFSS ffEF SR

In order to simplify analysis, the PIN diode can be
equivalent to inductor ( Ly ) series with a resistor
(Ry;) under forward bias state and capacitor ( Cy,) se-
ries with a resistor ( R.;) under reverse bias state, re-
spectively, as shown in Fig. 3. The performance of the
switch is limited by those parasitic parameters. Compen-
sation of the PIN diode parasitic parameters therefore
provides a mechanism for improving the switch perform-
ance.

Fig.2 Normalized parallel impedance Z,/Z; under both for-
ward bias state and reverse bias state
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Fig.3 PIN diode simplified equivalent circuit (a) for-
ward bias state, (b) reverse bias state
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2 Circuit analysis and design

The conventional shunt switch configuration is a-
dopted in this work. As the isolation obtained from single
diode is limited by the resistance loss, three PIN diodes
spaced by a transmission line from each other are em-
ployed. The circuit schematic is shown in Fig. 4. An
open circuited radial stub is used to tune out parasitic in-
ductance (L) of the PIN diode under the forward state.
As we known, beside the parasitic inductance, the isola-
tion of the switch is also limited by series resistance of
the PIN diode under the forward bias state Ry, and trans-
mission line impedance that PIN diodes connected to''°".
Since Ry is the property of the PIN diode and can’t be
tuned out, high impedance transmission line can be used
to further improve the isolation performance. If only iso-
lation performance is concerned, the impedance Z, and
Z, of the high impedance line should be as large as better
and the electrical length should be 6, =6, =90 degree.
However, as return loss of the switch under the “on’
state is taken into account, Z,, Z,, 6, and 6, should be

’

selected properly.

Reverse bias state capacitance Cpy of the PIN diode
is the main factor that deteriorated the return loss of the
switch and results in a poor insertion loss performance.
In addition, the open circuited radial stub which is used
to tune out Ly, also presents a capacitance Cpq in series
with Cy;. In order to achieve a low loss switch, incorpo-
rating with high impedance lines, shunt capacitance C;



682 48 5 2 oKk ke M 34 %

= (Cyy X Cs )/ (Cpy + Cps) can be absorbed in to a low
pass filter. By choice Z,, Z,, 6, and 6, properly, the re-
turn loss over the frequency band of interest can be im-
proved effectively.

DC bias is feed though by a bias choke at each an-
ode of the PIN diode and an additional bias choke is also
connected to the transmission line to offer a DC return
path, as shown in Fig. 4.

As there is only two operating states (“on” and
“off” states) in the switch, the 3-D model of PIN can be
taken into switch design directly as a passive element by
setting “1” region material properties under forward bias
and reverse bias states respectively. Therefore, the entire

switch including PIN diode can be simulated and opti-
mized by HFSS.

’
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Fig.4 Circuit schematic of the switch
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Quartz with a thickness of 100 pwm is adopted as
passive circuitry substrate in this work. Low dissipation
factor (about 0.000 015, 1/6 of GaAs’ ) and high sur-
face finish offered a low loss microstip transmission lines.
Furthermore, the lower permittivity of quartz allows lar-
ger distribute circuit element to be incorporated, which is
very essential in W-band as too small circuitry size is in-
convenient for the PIN diode assembling.

Fig.5 Developed switch bottom block with chip, micros-
trip to WR-10 probe transition
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3 Simulation and measurement results

In order to valid the design method, the developed
switch was fabricated with the size of 1.5 mm x 3.0 mm.
The pattern of passive circuits was fabricated on a quartz
substrate with 100 wm thickness by employing thin film
circuit technology. Compared with MMIC technology,
thin film technology provides an enough accuracy for W-
band application while keeping low cost. The PIN diodes
are mounted using flip-chip technology and bonded to the

circuit using EPO-TEK H20E silver epoxy. In order to
compatible with the test system, a split switch block with
WR-10 rectangular waveguide input/output port was de-
signed based on the waveguide to microstrip transition
probe, as shown in Fig. 5.

The performance was measured by Agilent E8363C
PNA along with W-band Frequency Extension Modules
by Farran Technology Ltd. Figures 6 and 7 show the per-
formance of the switch under ‘on’ state and ‘off’ state
from 80 GHz to 105 GHz, respectively. The insertion
loss caused by the waveguide to microstrip transition is
calibrated out by a 50 ) microstrip line with two back-to-
back waveguide to microstrip transitions. It can be seen
from the measured results that the insertion loss is less
than 2 dB from 80 GHz to 101 GHz and the minimum in-
sertion loss is about 0.5 dB at 88 GHz under ‘on’ state.
A return loss better than 10 dB from 80 GHz to 105 GHz
is also observed from the measurement under the ‘on’
state. As illustrated in Fig. 7, isolation is greater than

30 dB over frequency range of 84 to 105 GHz.

0

-5

ISs/dB

——Measured
—--- Simulated

TR A . 1 i
90 95 100 105
Frequency/GHz

Fig.6 On state performance of the SPST switch
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Fig.7 Off state performance of the SPST switch
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Comparison between simulated and measured results
is also shown in Figs. 6-7, and demonstrates a good a-
greement. The main reason that caused the differences
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between measurements and simulations in the ‘on’ state
return loss and insertion loss may attribute to bond wires
at input and output ports. Because the high impedance of
the bond wires causes inductive discontinuities, it results
in impedance mismatches and unwanted reflections. The
mechanical and assemble tolerance may also the reason
that caused measurements deviated from the simulations.

Comparisons of the developed switch with other pub-
lished switches using MMIC technology are summarized
in Table 1. The results demonstrate that the performance
of the switch developed in this work is better or compara-
ble to its MMIC counterparts.

Table 1 Comparison of switches performance

xR1 FFRMERELLE

Fregency band  Isolation Insertion Technology Ref.
/GHz /dB loss/dB
93.5 40 1.8 MMIC SPST [1]
55 ~175 >20 <0.6 MMIC SPST [2]
85 ~95 >30 <l.8 MMIC SPST [3]
74 ~78 >35 <2.0 MMIC SPDT [4]
25~90 >40 <3.2 MMIC SPDT [5]
84 ~101 >30 <2.0 Q-MMIC SPST This work

4 Conclusion

In this paper, a W-band switch employing Q-MMIC
technology is developed. Based on 3-D PIN diode mod-
el, compensation method is adopted to improve RF per-
formance. Measurements show the insertion loss is less
than 2 dB over the frequency range of 80 to 101 GHz and
the minimum insertion loss is 0.5 dB. Isolation is higher
than 30 dB from 84 to 105 GHz. The total size of the
switch is 1.5 mm x 3. 0 mm. Compared with MMIC
switches, the developed switch keeps a low cost property

without compromised electrical performance. Further-
more, the switch can be readily integrated with other cir-
cuits, such as LNA, mixer, on the same substrate to
from a low cost quasi system-on-chip (SOC) front-end.
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