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Abstract
Thiswork describes the design process of a single-pole double-throw (SPDT)microwave switch
operating at Ka-band. It is tailored to a tunable reflective termination design that can be used
in tunable power amplifier configurations. A high electronmobility transistor and a resonating
network are employed in shunt configuration to enhance the performance in the output port’s
active and inactive conditions. The small and large signal measurements showcase a 2GHz
bandwidth with an insertion loss and isolation better than −1.8 dB and −25 dB, respectively,
and handling power levels of up to 3W at 30.5GHz. The load-pull measurements across the
entire Smith chart offer comprehensive insights into the behavior of the SPDT when operating
with complex and reactive loads, fulfilling the purpose of tunable reactive termination.

Introduction

Field-effect transistors (FETs) have been utilized in microwave switching networks since the
1970s, pioneered by Gaspari and Yee [1]. Since then, continuous research efforts have focused
on improving performance metrics such as reducing insertion loss in the on-state, robust iso-
lation in the off-state, and increasing power handling capacity. These improvements target the
switching element, such as FET-based active devices, and the associated passive networks to
alter specific figures of merit, such as operating frequency. This progress is also driven by
the need to maintain compatibility with further miniaturization trends facilitated by emerg-
ing compound semiconductor materials such as gallium nitride (GaN). However, despite these
advances, it is challenging to find commercially available switches operating at the required fre-
quency while meeting high-power handling requirements with acceptable insertion loss and
isolation.

The orthogonal load-modulated balanced amplifier (OLMBA), as proposed in [2], highlights
the pivotal role of the reactive component (denoted as jX) introduced at the isolated output port
in the loadmodulation process.This reactive termination reflects the control signal power back
into the balanced stages of the amplifier, thereby enabling effective load modulation. Since the
optimal value of jX varies depending on the specific configuration of eachOLMBA and remains
unknown, a configurable switching network capable of alternating between various reactive
loads enhances its functionality.

Therefore, we are driven to develop a single-pole double-throw (SPDT) operating at mm-
wave frequencies aimed at creating a tunable reflective termination, serving as a component in
future designs of OLMBAs. As depicted in Fig. 1, the primary purpose of employing an SPDT
is to load with two different reflective loads, jX1 and jX2, which can be selected electronically. In
the final application, the OLMBA’s output isolated port will be connected to the SPDT’s com-
mon input (RFin), while the SPDT’s output ports (RF1 and RF2) are loaded with suitable, fixed
passive reactive components, such as capacitors, inductors, short or open circuits, or transmis-
sion lines. Due to the symmetry of the architecture, both ports can be taken under test for any
loading conditions. Since the target values of jX1 and jX2 depend on the specific OLMBA con-
figuration, the SPDT was designed to accommodate arbitrary reactive components and tested
across a wide range of values using load-pull (LP) measurements to evaluate its performance.
Various methodologies and design strategies can be utilized to create an SPDT [3, 4].The oper-
ational concept of the SPDT involves a common input port (RFin), with ports RF1 and RF2 as
outputs. The SPDT operates in a symmetrical and complementary configuration, where one
output is active (throw) while the other remains inactive (isolating). In the following sections,
the design process of the SPDT, along with its key characteristics, will be thoroughly explained.

An earlier version of this work [5] investigated the FET-based switch cell in an OLMBA
context, where behavioral model for the single high electronmobility transistor (HEMT) switch
with 0.15 μm gate operating at 3GHz, while this work presents the design and characterization
of an SPDT switch operating at Ka-band, utilizing four HEMT structure switches, each with a
0.12 μm gate length.
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Figure 1. The orthogonal load modulated balanced amplifier with a tunable reflective termination employing an SPDT to be introduced to two different reactive loads of
jX′

1 and jX′
2.

Design process

Passive HEMT characterization

This paper employs the WIN Semiconductors NP12-01 GaN-
on-SiC technology targeting mm-wave power applications. This
0.12 μm gate process is manufactured on 50 μm SiC substrates. It
uses a source-coupled field plate design to provide the high break-
down voltage required for reliable operation at the drain bias of
28V, showing a typical saturated output power of 4W/mm and
drain efficiency over 50% at 29GHz. The NP12-01 platform sup-
ports multiple microwave monolithic integrated circuit (MMIC)
functions, including optimized switch transistor layouts, two inter-
connectmetal layers, high-reliabilitymetal-insulator-metal (MIM)
capacitors, precision TaN resistors, and throughwafer’s vias for low
inductance grounding. While Fig. 2(a) shows a microphotograph
of the switch cell, Fig. 2(c) presents a block diagram illustrating
both its topology and biasing configuration.

The small signal performance of the switch cell is evaluated in
terms of on-state insertion loss and off-state isolation, both calcu-
lated from the forward transmission coefficient (S21) expressed in
decibels (dB):

20 log10(|S21|)
⎧{
⎨{⎩

Insertion loss if ON

Isolation if OFF
. (1)

Figure 2(b) displays the measurement of the small signal scat-
tering parameters of the device under both ON (0V) and OFF

(−30V) conditions, covering the frequency range from500MHz to
40GHz. While the device exhibits acceptable responses through-
out the frequency spectrum during on-state, limitations arise
during off-state, particularly at higher frequencies, primarily
attributed to parasitic capacitance effects.

The widely accepted figure of merit (FoM) for switches known
as cutoff frequency (Fc) is a product of low and high impedance
during the ON and OFF conditions, respectively [6, 7]:

Fc = 1 / (2 ⋅ 𝜋 ⋅ Ron ⋅ Coff), (2)

where

Ron = 2Z0 (10− S21(dB)
20 − 1) (3)

Coff = 1 /2Z0 (𝜔 ⋅ √10− S21(dB)
10 − 1) . (4)

The Fc is a performance indicator rather than representing the
actual operating frequency, and the rule of thumb suggests that the
switch cell should be usable in designingmicrowave switches up to
approximately Fc/10.

Table 1 provides a comparative analysis of the NP12 technology
used in this work and the NP15 technology from the early version
of this work [5]. This information provides insights into their Fc
product, aiding in our decision to transition from NP15 to NP12,
given the design frequency around 30GHz.
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Figure 2. Microphotograph of a five-finger gate device with a 100𝜇m gate width using NP12 technology (a), circuit diagram and biasing configuration of the same device
(b), device performance through small signal characterization (c).

Table 1. Comparison of simplified switch characteristics between the NP12 and
NP15 technologies

Gate length (nm) Ron (Ω) Coff (fF) Fc (GHz)

120 (NP12) 7.98 68 290

150 (NP15) 6.27 122 207

Small signal model

Due to the absence, at the time of the design, of a large signal
model for the switch in the process design kit and consider-
ing the time constraints associated with generating a complete
nonlinear model, the decision was made to proceed based on
small signal measurements and an equivalent small signal model.
The small signal model is developed based on proposed compo-
nents and formulations by [8]. Figure 3(a) illustrates the equiva-
lent circuit diagram of the model, which includes gate-to-source
capacitance, gate-to-drain capacitance, and channel inductance
(Csg, Cdg, Lch), all of which are known as common parasitic to
both ON and OFF states. In the OFF state, a drain-source capac-
itance (Cds) and in the ON state, a total drain-source resistance
(Rds) are introduced as core components to demonstrate high and

low impedance conditions, respectively. It is important to note that
although the common components remain the same, their values
differ significantly between theONandOFFmodes. Formodel val-
idation, the measured S-parameters are compared with the model
responses depicted in Fig. 3. The application of small signal model
during the design phase proved adequate, as the operating fre-
quency remained below the device’s cutoff frequency, ensuring
linear behavior. Additionally, the switch is intended to function
with minimal power impact, operating within the device’s power
limits as determined by the 1 dB compression point in the ON
condition and achieving isolation better than −20 dB in the OFF
state.

Switching network design

The effectiveness of shunt topology in switch design, particularly
in regard to insertion loss, is widely acknowledged [9]. Therefore,
a reflective shunt arrangement has been selected as illustrated in
Fig. 4(a).The shunt leg would operate reciprocally to the port itself,
while the device in the shunt leg is in the on-state, the port is in the
inactive (isolating) mode, and vice versa.

Figure 4(b) depicts the transition of the impedance corre-
sponding to the lowest measured frequency (500MHz) to the
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Figure 3. Simplified small signal model components for both ON and OFF conditions (a), return losses for both ON and OFF conditions (b), model and measured response
comparison; magnitude of forward transmission (c), phase of forward transmission (d).

Figure 4. Reflective topology of the stand-alone shunt (a), measured device impedance transformation from low frequency to 30.5 GHz under both ON and OFF conditions
(Z0 = 50Ω) (b).
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Figure 5. Resonating network preceding the passive HEMT device (a), passive HEMT impedance transformation at 30.5 GHz: port active (b), port inactive (c).

impedance corresponding to the highest measured frequency
(30.5GHz) under the ON and OFF conditions. The device in
the on-condition (port inactive) maintains an acceptable low
impedance (≈ (0.115 + j0.34)Z0) peaking at 30.5GHz. However,
during the devices’ off-condition (port active), a significant devi-
ation occurs, transitioning from a high impedance condition
(near open circuit) at lower frequencies to a considerably lower
impedance (≈ (0.121 − j0.655)Z0) when approaching 30.5GHz.

This degradation in performance under stand-alone configu-
rations at higher frequencies motivated further exploration into
impedance transformation techniques. Incorporating a resonating
network into the shunt leg preceding the passive HEMT device
(in contrast to [10] where the resonating component was in par-
allel with the passive FET device) showed promising results in
simulations. As illustrated in Fig. 5(a), the network comprises a

series transmission line connected to two parallel tapered open
circuit stubs, providing an equivalent shunt capacitance in series
with another high-impedance line. In contrast to the impedance
transformation network presented in [11], which converts a low
impedance to a high impedance and vice versa, the resonating net-
work presented in this work is designed to optimize the impedance
with the aim of a lower impedance (near short) during the ON
condition of the devices (port inactive) and high impedance (near
open) during the OFF condition of the devices (port active)
throughout the spectrum of frequencies with consistent physical
geometry.

At the design frequency (30.5GHz) when the output port is in
the active condition, the device which is biased with −30V (device
OFF) shows the impedance at the point p4 in Fig. 5(b).The resonat-
ing network transforms the impedance fromp4 to p0, ensuring that
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Figure 6. Detailed schematic of the SPDT (a), insertion loss and isolation versus frequency (b), loss parameters (c).

the traveling signal encounters an impedance closer to the open
circuit at junction p0 in Fig. 5(a). In contrast, when the output
port is inactive the device is biased with 0V (device ON), result-
ing in a low impedance with inductive behavior at point p4 in
Fig. 5(c), the resonating network facilitates the transformation
from p4 to p0, ensuring that the traveling signal encounters a short
circuit at junction p0 in Fig. 5(a) and directed toward the source via
ground.

The tapered open-circuit stubs apply minimal impact during
the HEMT off-state (port active), as their capacitive reactance is
relatively insignificant compared to the drain-to-source capaci-
tance of the passiveHEMT in off-condition. However, their signifi-
cance becomesmore pronounced during the HEMT on-state (port
inactive), which is crucial in transforming the impedance toward a
point near-short.

The resonating network shown in Fig. 5(a) compensated for
the degradation of the HEMT device in switching operations at

the design frequency. The same topology was duplicated and con-
nected to a common node through quarter-wavelength transmis-
sion lines to formanSPDT. Initially, each armof the SPDT included
a single resonating network. However, during optimization, it was
discovered that a better bandwidth response could be achieved
by utilizing two resonating networks in parallel, interconnected
by quarter-wavelength transmission lines, as depicted in Fig. 6(a),
which shows the detailed schematic of the SPDT with two shunt
resonating networks at each arm. Each resonating network was
independently optimized during the layout transformation. The
symmetrical topology of the SPDT simplifies the measurement
process, as a single arm can be tested for both active and inactive
conditions.

Circuit-level simulation, performed using the completed layout
of the SPDTwith values detailed in Fig. 6(a), confirms an insertion
loss of better than −1.7 dB and isolation below −20 dB for a 2GHz
bandwidth, as illustrated in Fig. 6(b). The results obtained indicate

https://doi.org/10.1017/S1759078725000108 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078725000108


International Journal of Microwave and Wireless Technologies 7

Figure 7. Microphotograph of the SPDT switch. The size, without additional lines
for testing ≈ 3.1 × 1.0 mm2, with access lines ≈ 3.1 × 1.8 mm2.

the potential to extend the bandwidth via isolation enhancement,
possibly at the expense of a modest increase in insertion loss. As
depicted in Fig. 6(c), the reflection coefficients (S11) when the out-
put port is active, alongside the forward transmission (S21) during
the output port’s inactive state, offer valuable insight attributed to
the matching and associated losses.

As shown in the microphotograph of the final layout in Fig. 7,
an additional transmission line was added at the common node to
address probe positioning constraints in the measurement system.
To minimize chip area, the transmission lines were reshaped, with
electromagnetic simulations applied to ensure design performance
within the desired response range.

In order to test under two-port measurement system condi-
tions, the RF input and output (arm1) are equipped with RF and
DC pads, while arm2 is terminated with an integrated 50Ω resis-
tor. This setup requires arm1 to be tested for both port’s active and
inactive conditions. However, HEMT devices in arm2 will still be
biased complementary to arm1. When the port under test (arm1)
is in the active state, D2 andD4 devices will be supplied with −30V
to maximize transmission, while D1 and D3 devices will be biased
with 0V to minimize reflection by diverting signals to the source
via ground. The opposite biasing arrangement will be applied for
the port-inactive scenario.

Measurement

Small and large signal measurement

As depicted in Fig. 8(a), in order to prepare the test fixture, the
SPDT die is mounted on a 5mm thick aluminum base plate to
assist with heat dissipation. An external PCB is also mounted on
the same base plate to provide biasing to the MMIC. Although
the devices are intended to be equally biased in pairs, four dis-
tinct launchers have been incorporated to increase flexibility for
potential future tuning requirements. The wire bonding was per-
formed using 25 μm thick gold wires to connect the MMIC to
the PCB. Four high-frequency ceramic capacitors (100 pF/100V)
were positioned between the die and each launcher on the PCB.
This arrangement simplifies the bond wiring process from the mil-
limeter scale of the MMIC to the PCB’s centimeter scale, and also
provides filtering of the DC bias.

The measurement system set up to characterize small sig-
nal behavior uses a PNA Network Analyzer N5227B from the
Keysight and MPI GSG 150 μm probes as depicted in Fig. 8(b).

To compensate for the systematic errors introduced by measure-
ment system components and to establish accurate reference stan-
dards, the measurement system is calibrated by performing a TRL
(thru-reflect-line) calibration using a calibration kit on the same
substrate.

As illustrated in Fig. 9(a), the achieved performance metrics
ensure an insertion loss of better than −1.8 dB and isolation below
−25 dB across a 2GHz bandwidth around the center frequency of
30.5GHz, under the active and inactive conditions, respectively.

In large signal measurement, the first step is to conduct a
power sweep with the load fixed at 50Ω. To achieve satura-
tion of the device at 30.5GHz, a pre-amplifier (Spacek Labs
SP313-35-38) and a power amplifier (Qorvo QPA2211B) were
employed at the input. The SPDTs’ power handling has been
determined by the input power corresponding to a maximum
power gain compression of 0.1 dB in the active state and a max-
imum reflection coefficient magnitude of −20 dB in the inactive
mode.

To analyze the port in its active mode, the power gain was
selected as the FoM to demonstrate the insertion loss and the
compression over the sweeping rang at the design frequency. The
power gain parameter is calculated from the extracted traveling
wave components (a1, a2, b1, and b2). Figure 9(b) demonstrates
that the SPDT maintains a low loss at power levels of up to
3W, delivering a power gain better than −2 dB. In port’s inac-
tive mode, the magnitude of the input reflection coefficients was
selected as the FoM to represent the isolation capability of the
SDPT under large signal characterization. Figure 9(b) shows the
captured |ΓIN| responses remain below −20 dB for applied power
levels of up to 2W. It is evident in Table 2 that published SPDT
devices often compromise specific figures ofmerit to improve other
parameters. In contrast, the SPDT device developed in this study
demonstrates consistently high performance across all evaluated
metrics

PowerGain [dB] = Pout [dBm] − PinDel [dBm]. (5)

LPmeasurement

Themain goal of this study is to develop a switching network capa-
ble of effectively connecting with reactive components to ensure
the best possible operation of OLMBAs. To achieve this objec-
tive, a low-loss SPDT was designed, fabricated, and tested at the
specified frequency, meeting the necessary operating power level
requirements. As discussed previously, due to the use of a two-port
measurement system, one port of the SPDT was terminated with
a 50Ω load during the design phase, leaving only one remaining
port available for the connection to reactive components. Since the
specific reactive terminations for the OLMBA were not known at
the time of design, manual testing of iterations proved inefficient.
Consequently, LP measurements were utilized as a comprehen-
sive method to simulate a wide range of reactive terminations
and record the SPDT’s response under varying load conditions.
This approach offers valuable insights into the SPDT performance
across the entire Smith chart when exposed to capacitive or induc-
tive loads.

Figure 10 depicts the employed passive LP measurement sys-
tem and its block diagramwith PNA-XNetwork Analyzer N5247B
from Keysight, passive on-wafer Delta M67100 tuner from focus,
and MPI’s 150 μm GSG (T67A) probes. The passive tuner is pro-
grammed to define 136 unique loads, including the 50Ω, with 6
magnitudes arranged in a circular pattern across the Smith chart.
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Figure 8. SPDT test fixture (a), small signal measurement
system (b).

Figure 9. Insertion loss and isolation versus frequency (a), power gain and input reflection coefficient versus input power in port’s active and inactive conditions (b).

Table 2. Comparison of the designed MMIC with published GaN MMIC SPDTs

Ref. Freq (GHz) Isolation [dB] Insertion Loss [dB] Return Loss [dB] 0.1P [dBm] Chip size (mm2)

[12] 8.4–10.8 < −20 > −1.2 < −10 38 3.0 × 1.5

[13] 8–12 < −40 > −2 NA 25 3.2 × 1.2

[14] 0–12 < −12 > −1 < −12 35 1.2 × 1.7

[15] 27–31 < −25 > −1.3 NA 41 1.7 × 0.9

[16] 26–30 < −37 > −1.5 < −15 48 3.7 × 0.5

[17] 8–12 < −28 > −5 < −8 44 4.0 × 1.8

This work 29.5–31.5 < −25 > −1.8 < −8 37 3.1 × 1.8

Figure 11 shows the reflection coefficient measured at the input
of the SPDT (ΓIN, blue circles) when load-pulling, while black cir-
cles correspond to the output loads set (ΓL), for the swept input
powers at 30.5GHz. Figure 11(a) shows the case where the SPDT
is switched to RF2, which means that the RF1 port (arm1) is in
inactive condition. In this mode, ideally, load-pulling the RF1 port
should not have any effect on ΓIN as RF1 is isolated from the input.
Figure 11(a) confirms this as it shows a 50Ω at all power levels
for all defined output loads (ΓL). Such a response originates from

arm2 being terminated at 50Ω. The slight mismatches of captured
ΓINs and the 50Ω attributes to the loss associated with the network.
This provides additional information compared to what presented
in Fig. 9(b) to demonstrate the SPDT’s high isolation capability.

Figure 11(b) shows the results for the port’s active condition.
The insertion loss of the switch leads to a reduction in the mag-
nitude of the reflection coefficient, which can be achieved at the
input of the switch. In addition, the response is asymmetrical, with
the highest magnitude achieved for low inductive impedances.
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Figure 10. The passive load-pull measurement system at CSA Catapult (a), the block diagram of the same system (b).

Figure 11. ΓIN (blue circles) versus ΓL (black circles) included
with power sweeps for port’s inactive condition (a), port’s
active condition (b).
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Figure 12. ΓIN variations at different power levels with various loads.

Theworst case is the capacities of the fourth quadrant in the Smith
chart, which also exhibits the most significant variations versus
power sweep, which can also be observed in Fig. 12 where themag-
nitude of ΓIN is shown versus the input power for all the loads
tested. Figure 11(b) expresses the challenges associated with the
introduction of purely reactive components, recapturing the jX1
with the same characteristics and the number of potential itera-
tions required to determine the optimal jX. The position in the
Smith chart of the best andworst loading can be arbitrarily changed
by adjusting the length of the input line. The asymmetry in the
SPDT response can be attributed to the asymmetric behavior of
the elemental switch, as discussed in [5]. The abovementioned
underscores the importance of LP data. Moreover, the LP data will
be leveraged in future work to develop a comprehensive large-
signal model of the tested SPDT. This model will be pivotal in
optimizing the final OLMBAdesign within computer-aided design
tools, ensuring accurate performance prediction under real-world
operating conditions.

Conclusion

This study presents an SPDT featuring an insertion loss of −1.8 dB
and isolation exceeding −25 dB, maintaining linearity up to 3W
for the center frequency of 30.5GHz. While the designed SPDT
demonstrates the capability to function in conventional applica-
tions, such as Tx/Rx switching, its primary purpose was to enable
the creation of a tunable reflective termination by enabling switch-
ing between various reactive loads. An LP measurement was con-
ducted to capture the SPDT’s response to a wide range of reactive
loads across the entire Smith chart, providing valuable insight into
the variations of the loss and distortion that occur when changing
the load. In future work, we will utilize the LP data to generate a
large signal behavioral model of the fabricated SPDT. This model
will enable us to simulate the SPDTwithin the design process of an
OLMBA.
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