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Abstract

This manuscript presents a novel three-series-only topology P-insulator-N (PIN) diode single-
pole-double-through (SPDT) switch designed to address the challenges of high power handling
and low insertion loss in Q-band and V-band communication systems. The manuscript pro-
vides a detailed theoretical analysis of series-connected PIN diodes, offering insights into their
behavior under both small- and large-signal conditions. Based on GaAs PIN diode technology,
the switch operates across a frequency range of 37.7 to 61 GHz, achieving a low insertion loss
of 0.707 dB and providing an isolation of 24.6 dB. The proposed SPDT switch demonstrates a
high 1Py ; 45 of 37.6 dBm at 38 GHz. With a compact chip size of 0.905 x 0.885mm?, includ-
ing all pads, this work offers excellent power handling capability, making it highly suitable for
advanced communication systems in Q-band and V-band applications.

Introduction

Single-pole-double-through (SPDT) switches play an essential role in wireless front-end sys-
tems, which control the direction of RF signal between the transmitting and receiving (Tx/Rx)
modes [1-3]. In general, SPDT switches require a low insertion loss (IL) to minimize system
noise in Rx mode and sufficient power handling capability to fully transfer RF power from the
power amplifier (PA) to the antenna in Tx mode.

However, in most SPDT switch designs, IL and power handling are typically a trade-off.
Therefore, achieving both low IL and high power handling SPDT switches is a key challenge.

Additionally, bandwidth, isolation, and switching speed are also critical characteristics of
SPDT switches.

Switches are composed of devices, such as FETs and diodes, that can switch between on
and off states. The impedance between the drain and the source of an FET can be controlled
by altering its gate voltage. In millimeter-wave frequencies, FETs are often used to design SPDT
switches, including those based on CMOS [4], pHEMT |[5, 6], and mHEMT [7] technologies, to
achieve low-loss and wideband performances. However, most FET switches have an input 1-dB
compression point (IP; 4g) of less than 25 dBm, making them unsuitable for handling the high
output power from a PA. To enhance IP, g, [8, 9] using the SOI process with a stacked-FET
structure to improve the IP 45, which can achieve 29 dBm at 30 GHz.

Owing to CMOS process limitations, stack FET can improve power handling but get
higher IL.

Through the use of GaN process, which has favorable high-power characteristics, a high-
IP, 45 of 49.5 dBm at 27 GHz [10] can be achieved. Although [8, 10] have good IP, 4z, their IL
are high.

As mentioned earlier, the SPDT switch needs low IL, high isolation, high switching speed,
and high IP, 43 (high power handling) at the same time. FET devices and GaN process can
only satisfy part of these characteristics. To realize this performance, using P-insulator-N (PIN)
diodes as switch devices is the best choice. Due to their low series resistance, high breakdown
voltage, and fast switching speed, PIN diodes are extensively utilized in SPDT switch design.

For realizing SPDT switches using PIN diodes, several topologies can be considered, includ-
ing shunt-series, series-shunt, shunt-only, series-only, and anti-series configurations. [11] used
two shunt PIN diodes to realize low loss at E-band and W-band. [12] used traveling waves with
four shunt PIN diodes for wide-band design. A novel series-shunt topology with a resistive bias
network at 60 GHz is shown in [13] to reduce chip area. But its IP; 45 only has 22 dBm and 2 dB
IL. [14] also used series-shunt topology for wide-band and compact-size SPDT switch design.
It has 25.5 dBm IP, 43 and 70 GHz bandwidth. [15] used two series diodes for high IP; ; 45 at
Ka-band.
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Figure 1. Block diagrams of an SPDT switch when measurements of
(a) insertion loss and (b) isolation were performed.

However, the power handling of these designs has not yet been
optimized in theory.

In this work, the primary design goal was to achieve extremely
low IL and high power handling capability, which are critical
for high-performance front-end systems in millimeter-wave appli-
cations. As such, isolation and bandwidth were not specifically
optimized. Nonetheless, compared to other published works using
GaAs PIN diode processes, the isolation and bandwidth of this
work remain competitive, particularly given the higher operating
frequency range of the proposed design.

This manuscript presents a novel three-series-only topology
PIN diode SPDT switch that specifically addresses the challenges
of high power handling and low IL in Q-band and V-band. The
proposed SPDT switch demonstrates an IP; 45 of 37.6 dBm at
38 GHz, which is the best among PIN diodes-based SPDT switches
in theliterature [11]-[15], [17]. Additionally, it achieves an IL lower
than 1.5 dB across the 37.7-61 GHz range, with a minimum IL of
0.707 dB at 53 GHz. More importantly, this work is the first to pro-
vide a comprehensive analysis of the behavior of series-connected
PIN diodes, enabling the design to achieve high IP;, 4 and low
loss across both the Q-band and V-band. This theoretical founda-
tion not only supports superior performance but also highlights the
suitability of PIN diodes for high-power, low-loss applications. The
impact of the number of series-connected PIN diodes on the power
handling of the SPDT switch is also explored in the manuscript.

Circuit design

Figure 1 shows a general series topology SPDT switch equivalent
block diagram. The series switch is composed of series-connected
switching devices with N devices. In the on-state, the switching
devices can be modeled as resistors (R,,), while in the off-state,
they can be modeled as capacitors (C,g). Under large-signal oper-
ation conditions, the off-state switching devices have a leakage
current. Therefore, non-zero conductance (Gg) is added to model

https://doi.org/10.1017/5175907872510175X Published online by Cambridge University Press

from Ant. b
to LNA ®)

v

from PA
to Ant,

the effect of the leakage current in the large signal. R, .4 denotes
the total on-state resistance of the N-series connected switching
devices, while Cyg.g and Gug.q represent the equivalent off-state
capacitance and conductance in parallel, respectively. Under small-
signal conditions, there is no leakage current; thus, G.g is zero.
This switch is symmetric in design; in this case, the off-state device
connects to LNA, and the on-state device connects to PA.

In this work, the simplified model [16] was adopted for analysis.
According to [16], the simplified model can provide accurate sim-
ulation results up to at least 50 GHz. The simplified model of the
PIN diode is shown in Fig. 2. The on-state model is represented as
an inductor series with a resistor (R,,,), and the off-state model is
represented as an inductor series with a resistor (G,g) and capaci-
tor (Cog). The parameters of the simplified model were extracted
from the complete model provided by the foundry. Because the
size of the PIN diode is small, the parasitic inductor effect is small
enough to ignore. In other words, this simplified model can be
further reduced to only two parameters (R,, and Cg).

IL in Fig. 1(a) is defined with respect to the signal from the PA
to the antenna and can be evaluated as

IL

1 1
2/( p—— Z_o)
J@Coffeff + Coff.eff

1
(—————7 +Z0 + Roner) 1)
1
TeoCoftett Coffeft

_ 2ZO (jwcoﬂ,effZO + Goﬂ,effZO + 1)
K + Goff,effZO(3ZO + 2Ron,eff) + 2ZO + Ron,eff,

zo %o

where K = jwcoff,effZO(3Z0 + 2Ron,eff)7 Ron,eff = Ron1 +
Ron2 + ot RonN’ Coff,eff = Coﬂl ”Coffz” ”Coff,\,’ and Goff,eﬂ =
Goft, | G, || -+ | Gosr, and Z, is the characteristic impedance of the
system by using simplified model. Isolation (ISO) in Fig. 1(b) is
defined with respect to the leakage signal from the antenna to the
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Figure 2. Simplified models for (a) on- and (b) off-state PIN diode [16].

low-noise amplifier and can also be expressed as

ISO

2

1 1 1 1
— +2%) @)

Zo+tRoneff 20

_ ijcoff,effZO (ZO + Ron,eff) =+ ZGoﬁ,effZO (ZO + Ron,eff)
K+ Goﬂ,effZO(3Z0 + 2R0n,eff) + 2ZO + Ron,eff

RoneitZo Zy " jwCoftertGofterr

where K = jwcoﬂieffz()(?’zo + 2Ron,eﬂ)> Ron)eff = Ronl +
Ronz + o+ Ron,\y’ Coff,eﬂ = Coffl ”Coffz” ”CoffN’ and Goﬂ,eﬂ =
Goft, | Gost,|| -+ | Gosr, and Z, is the characteristic impedance of the

system. It is noted that G is zero under small-signal conditions
because there is no leakage current. When R, C,g and G.¢in (1)
and (2) are approximately 0, IL is 0 dB and ISO is -oo dB. This
consists of the performance of an ideal switch. Therefore, under
small-signal conditions, minimizing the values of R, and C.g is
crucial for achieving an RF switch design with low IL and high
ISO.

The verification of formulas (1) and (2) is shown in Fig. 3, which
compares the SPDT switch’s IL and isolation obtained from the
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Figure 3. Comparison of insertion loss and isolation between the simplified and
complete models of the SPDT switch.

simulation and analysis. From Fig. 3, it can be observed that the
two lines of IL and isolation exhibit close agreement. The gap is
about 0.11-0.14 dB. Therefore, the analysis results of formulas (1)
and (2) are similar to the simulation result of the complete model.

In general, R, is inversely proportional to device size; whereas
Cos and G, are proportional to device size. Under large-signal
conditions, G,g denotes the leakage current, which is usually small
compared with the admittance of jwC,g at high frequency. It is
important to choose the process and the device size having small
Roncotf'

Due to its inherently small R,,C,g, the PIN diode was selected
in this GaAs-based SPDT switch design. The process is a commer-
cial GaAs process. In this process, there are three device options
(pHEMT, Schottky diode, and PIN diode) for switch design.
Table 1 presents the values of R, C.g, and R, C.g of the switch
devices. The R, and Cg values in Table 1 were extracted from the
complete model provided by the foundry. Compared to pHEMT
and Schottky diode, the PIN diode has a lower value of R,,Cyyg,
indicating its potential for achieving low IL and high ISO under
small-signal conditions.

Under large-signal conditions, it is necessary to discuss the
effects of the high power on the parameters of the models (R,,
and G,g). Fig. 4 (a) presents the dynamic current versus the volt-
age of the PIN diode; Fig. 4(b)(c) presents the current waveform of
small and large signals in different states. In the on-state, increas-
ing the input power leads to a larger voltage and current swing. If
the current swing reaches the lower boundary of the linear opera-
tion region of the device (In this case, 0 A is the lower boundary),
the dynamic current will be cut off. Therefore, a part of the lower
half of the current waveform is cut off, and there is no significant
influence on the upper half of the current waveform. The waveform
distortion alters the ratio of average current to voltage, thereby
affecting the impedance at the operating frequency. In the off-state,
the leakage current appears when a large voltage or current swing is
applied, and leads to the effect of G . As illustrated in Fig. 4(b), V .
determines the maximum voltage swing preventing leakage cur-
rent. Therefore, V ¢ is an important biasing point for high-power
operation.

In Figs. 4(a), (b), and (c), the linear region is determined by the
voltage or current swing. It is necessary to evaluate the relationship
between the input power and the voltage swing. In Fig.1(a) and (b),
the input power to Port 1 or Port 3 can be expressed as V2 /8Z,. This
derivation assumes that the switch loss is negligible (jwC.g ~ 0).
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Table 1. Comparison of Ry, and C values for GaAs HEMT, Schottky diode, and PIN diode.

PHEMT Ron(€2) o) RoCor(2fF)  PINdiode Ron(€2) Cos) RonCon(2-1F)
2% 20pm 21.675 52 1127.1 10pm x 10um 2.185 17 37.145
2 % 50pum 9.792 43 421.056 20pm x 20pm 2.043 36 73.548
2% 75um 6.607 54 356.778 30um x 30pm 1.845 71 130.995
2% 100pm 2332 120 399.84 40pm x 40pm 1.603 137 219.611
Schottkydiode R, (€2) Cosi(fF) R, Co(2-fF) 50pum X 50um 1.338 270 361.26
1% 20pm 14.667 38 557 10pm x 10pm x 2 4.481 105 47.05
2% 20pm 7312 67 490 10pm x 104m x 3 7.132 10 71.32
4% 10pm 6 75 450 10pum x 10p4m x 4 10.341 9.5 98.24
4 x 20pm 3.93 136 534 10pm x 10pm x 5 147 9 1323
I AOn-state 50
forward 40 = i —
Off-state revers [bias point ) =10 W:
bias point(Voﬂc) (Ion) vla'l‘lgle _§1g{]?l Q
small signal v, = 20
r =4 > &~
small signal 10 _ _ _
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R
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Figure 4. (a) Dynamic voltage-current waveforms of a PIN diode at high and low
power levels (P;,). (b) Off-state and (c) On-state current waveform of small and
large signals.

The voltage of the oft-state device (V .¢) in both states [Fig. 1(a) and
Fig. 1(b)] can be approximated as

Voff = \/175(220>2/<2Z0 + Ron,eff)' (3)

where P, means the power level that the switching devices can
afford. In the case of a 50 Q system impedance, the R, and
Cog values of the three series-connected 10x10um PIN diodes
from Table 1 were substituted into (3). This substitution yielded
an approximate expression of Vg ~ 9.34,/P; (V), where P is
expressed in units of Watts (W). Therefore, when V g is 30 V, the
SPDT switch can afford at least 10 W (i.e., 40 dBm).
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Figure 6. Simulation of the SPDT switch’s power performance with different V.

Figure 5 compares the calculated Pg values from formula (3)
(red curve) with the simulated IP,, 45 values (blue curve). The
close alignment between the two curves validates the analytical
model’s reliability in predicting SPDT switch behavior under vary-
ing Vg conditions. This comparison highlights the effectiveness
of formula (3) as a rapid estimation tool for high-power switch
design. The minor gap, caused by nonlinear coefficients excluded
in the analytical model, remains within acceptable limits and does
not compromise the accuracy of the analysis.
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Figure 7. (a)R,, versus Vying and (b) insertion loss at different /o,

Figure 6 shows the relationship between the power performance
and V.

When Vg = 30,V, the SPDT switch operates in the linear
region up to P, = 40,dBm, and the IP; 45 reaches approxi-
mately 43 dBm. This verifies that the power handling capability of
the SPDT switch can be designed by selecting an appropriate V ¢
bias. The limit V g is the breakdown voltage, which is determined
by the process and must be greater than 2Vy;,s o (60 V). One
GaAs PIN diode has a breakdown voltage as high as 80 V, which
is significantly greater than that of GaAs pHEMTs and Schottky
diodes. Moreover, the breakdown voltage can be enhanced by
series-connected topology. Table 1 shows the R,,C s values of
10psm x 10 pm diodes connected in series in varying numbers. The
R,,C g of three PIN diodes connected in series is lower than a PIN
diode with 20 ym x 20 ym. Therefore, to achieve a higher IP; gz,
three series-connected PIN diodes with a breakdown voltage up to
240 V are more suitable than two or one.

For the biasing selection of I, it determines R, and influences
the small signal IL. In Fig. 7(a), the simulation shows that R, of
the PIN diode decreases as the power level increases, which is con-
sistent with the analysis in [17, 18]. According to (1), small R,
makes IL better; the change of R, in high power level even helps
to improve the IL in this series switch. In the small signal region
(small Vg,;ir,,) of the simulation results in Fig. 7(a), higher I, leads
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to smaller R,,,. However, the difference between R, with I, > 20
mA and with I, = 20 mA is only 0.5 Q, but the power consump-
tion more than triples. Figure 7(b) presents the IL for various I ., for
switch designs in which V g is set to 10 V to prevent voltage swings
over the breakdown voltage and ensure that G,z = 0. The losses
are higher for I, below 20 mA, and the losses at I, = 20 mA and
I,, > 20 mA only differ by 0.3 dB, but the power consumption is 3
times at the higher current. Hence, in this design, I, = 20 mA was
selected to achieve favorable IL with lower power consumption.

Chip implementation

The GaAs PIN diode process was used to produce the novel three-
series SPDT switch topology. Figure 8(a) shows the complete SPDT
switch circuit schematic.

The advantages of three PIN diodes connected in series are
mentioned in Section II.

Figure 9 compares the performance of IPy | 4z, ISO, and IL with
different numbers of diodes.

The I, conditions of all five simulations are identical, while the
Vg conditions are directly proportional to the number of diodes.

Most commercial PAs in the mmWave range have output pow-
ers below 10 W, as shown in [19] and [20]. Additionally, [21]
demonstrates that the output power of most academic PAs in the
mmWave range is also below 10 W. Thus, the design target for
1Py gg was set to 10 W.

Since IL significantly impacts the performance of the front-end
system, minimizing IL is a critical design goal. Regarding ISO, it is
intuitive that increasing the number of diodes enhances isolation.
However, for the SPDT switches in practical system applications,
an isolation of 25 dB is sufficient. Therefore, a 3-diode configura-
tion is well-suited for this design.

Three 10 ym x 10 ym diodes are connected in series as switch
devices at both the Tx and Rx paths; R, and C,g are 7.13 Q and
10 fF, respectively. Although using a series architecture increases
the equivalent R, the breakdown voltage may increase, enhancing
the power handling capability of the SPDT switch. Additionally, the
series topology reduces the equivalent Cg of the series structure.

The breakdown voltage of a single PIN diode is 80 V. Therefore,
the breakdown voltage of these three diodes connected in series can
reach as high as 240 V. The IP, 43 of this SPDT switch can support
high input power due to the high breakdown voltage. In this design,
the Vg is set to 30 V for the convenience of measurement.

When IL is very low, the reflection coefficient becomes a dom-
inant factor affecting overall performance. Therefore, a matching
network is needed in this design. Figure8 (a) shows the SPDT
switch’s schematic. In order to minimize IL, the non-series match-
ing network is used at port 2 and port 3. First, a high-impedance
short stub is used to bring impedance close to 50 Q). Second, a series
capacitance is added to finely tune the impedance to 50 Q. At port
1, the matching procedure is shown in Fig. 10. Because the R, and
C, are connected in parallel, the impedance is at the lower right
of the Smith chart center.

A series transmission line brings the impedance closer to 50
Q, and an added capacitance helps distribute impedance across
frequencies around the center, thereby increasing bandwidth.

The polarities of D1-D3 and D4-D6 are consistent. This design
is practical because the switch only requires a positive bias voltage
and does not require a negative one. In conclusion, the topology
of three diodes connected in series in this SPDT switch provides
very high IP; 45 and low IL. This SPDT switch is also suitable for
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the mm-wave system due to its wide bandwidth and positive bias
control.

PIN diodes also exhibit high switching speed. The simulation of
the switching speed is shown in Fig. 11. From Fig. 11, the switch-on
time is approximately 4.4 ns, indicating a fast switching speed. For
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Time,ns

Figure 11. Simulation of the proposed SPDT switching speed.

comparison, the SPDT switch designed using the GaAs pHEMT
process has a switch-on time of about 6 to 10 ns. This further
highlights the advantages of using PIN diodes for SPDT switch
design.

Measurement results

A micrograph of the proposed SPDT switch is shown in Fig. 8(b).
This SPDT switch was fabricated using a GaAs PIN commer-
cial process provided by WIN Semiconductor, and the chip size,
including the pads, was 0.905 x 0.885 mm?. Circuit- and EM-
level simulations were performed using Keysight ADS and ADS
Momentum, respectively. The chip was measured using the on-
wafer probing technique , and a standard SOLT calibration method
was applied to de-embed the measurement reference plane to the
probe tips.

Before calibration, the parasitic parameters of the probes,
including Cypens Lohorr> and Lyg,g, were input into the vector net-
work analyzer to improve calibration accuracy. After calibration,
the thru characteristics between any two ports were checked to
verify the calibration quality before measuring the chip.

Figure 12 shows the large signal measurement setup. Owing
to the high IP, 45 performance of this SPTD switch, QuinStar’s
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driver amplifier and Qorvo's high-PA were used at the input port to
extend the input power level and measured the SPDT switch’s IP 4.
QuinStar’s driver amplifier can output 30 dBm from 36 to 39 GHz,
while Qorvo’s high PA can output 40 dBm from 37.5 to 42.5 GHz.
After passing through the cable and probe following Qorvo’s high
PA, the input power to the SPDT switch chip was 37.6 dBm due
to the loss of the cable and probe. Using the R&S signal analyzer
FSP40 at the output port to measure the output level and add a
20 dB attenuator to protect the signal analyzer. The other port uses
a probe with 50 Q load to ensure the SPDT switch works normally.

Measurement condition, I,g on and Vi o> Were set to 20 mA
and 30 V, respectively. Figure 13 and Fig. 14 show the small-signal
performance measured using the Microwave Network Analyzer
(Keysight N5247B). The operational frequency of the switch was
37.7-61 GHz, and its reflection coefficients were lower than -10 dB.
The IL (-dBJ[S;3]) was lower than 1.5 dB for the entire frequency
band, and the minimum value was 0.707 dB at 53 GHz. This
represents a very low IL for mm-wave frequencies. The isolation
(-dB[S,,]) was higher than 25 dB for the entire frequency band.

The achieved isolation of > 25 dB across 37.7 - 61 GHz ensures
sufficient suppression of undesired signals, meeting the require-
ments of high-frequency communication systems. Additionally,
the wide bandwidth enhances the switch’s adaptability for multi-
band applications, making it highly suitable for Q-/V-band sys-
tems.

A driver amplifier and high PA are used for large signal mea-
surements to extend the input power level of the SPDT switch up to
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Figure 15. Measurement results for the SPDT switch’s power performance.

37.6 dBm (including the loss from PA to the chip). The power mea-
surement results at 37 to 39 GHz are shown in Fig. 15. The small
signal loss of the switch at 38 GHz was 1.3 dB. With maximum
input power (37.6 dBm), the IL at 38 GHz is compressed to 0.1 dB.
In other words, IP; 4 is much higher than 37.6 dBm. Therefore, this
SPDT switch operated in a highly linear region during this high-
power measurement. Furthermore, theoretically, increasing Vi, of
results in higher IP, 45.

Table 2 summarizes the performance of the proposed switch
and other published works for comparison. This proposed SPDT
switch has favorable performance regarding IL and IPy; 4 in
millimeter-wave. The proposed FoM, shown in Table 2, is adapted
from [24] and further modified to include the chip area in the
denominator, providing a more rigorous and challenging eval-
uation of SPDT switch performance, particularly for compact
designs. The FoM at present is higher than that of most of the
other published works. Among SPDT switch designs utilizing PIN
diodes, the FoM of this work is the highest. Compared to [10], this
work has lower IL, chip size, and higher operating frequency.
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*estimated from figure.

20-log((IPy., an[Watt]-BWGHz]-ISO[dB])/(Area[mm?2}-IL[dB])).

**FoM [GHz-W/mm?]

Hsieh et al.

Conclusion

This paper presents a novel three-series-only topology SPDT
switch using the GaAs process. Additionally, it provides a compre-
hensive analysis of the behavior of series-connected PIN diodes
operating at low and high power levels,demonstrating that PIN
diodes are the most suitable for designing a low-loss SPDT switch
capable of handling high input power across both the Q-band and
V-band. The proposed SPDT switch has excellent performance
with a minimum loss of 0.707 dB at 53 GHz, a high IP;; 45 of
up to 37.6 dBm at 38 GHz, and a wide operating frequency from
37.7 GHz to 61 GHz. The results presented in this paper pro-
vide valuable insights regarding the design of SPDT switches for
Q-band and V-band communication applications.
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