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ABSTRACT In this paper the state of the art in RF switches for mm-wave frequency range is summarized
and evaluated. Several leading technologies is presented from typical semiconductor devices based on
transistors and diodes on Si, SiGe or III-V semiconductor substrates to more unconventional solutions such
as microelectromechanical or phase-change material switches. The most important parameters and charac-
teristics for those technologies are gathered and compiled for comparison. Besides different technologies,
also various switch topologies of mm-wave switches are presented, assessed and compared. Furthermore,
new emerging technological solutions approaching mm-wave range involving two-dimensional materials
are also presented. Their evaluation is focused on proposed designs and current results for experimentally
evaluated prototypes. Although the performance of these devices are currently not competitive with more
traditional approaches, some reported results near the mm-wave range makes them a promising solution for
future mm-wave switches and an interesting topic for further research and development.

INDEX TERMS 2D materials, CMOS, graphene, HBT, HEMT, MEMS, millimeter wave circuits, phase-

change materials, PIN diode, RF switch.

I. INTRODUCTION
Efficient millimeter wave switches are important com-
ponents for development of new communication, sens-
ing, imaging, testing and instrumentation systems [1]-[3].
Applications of such switches include switched - beam
reconfigurable antennas, polarization switching, multi-
band receivers, transceivers, time division duplexing sys-
tems, radiometers, test circuits with multiple signal paths.
Moreover, integration of the switches allows building these
systems as system-on-chip millimeter wave monolithic inte-
grated circuits (MMIC) or system-in-package solutions for
greater miniaturization and increased efficiency. However,
to allow on-chip integration, the switch technology has to
be compatible with other parts of the integrated system such
as amplifiers, digital signal processing circuits and in some
cases also antennas.

There are a number of technologies available for millime-
ter wave switches. Most of them employs semiconductor
devices produced with typical manufacturing technologies
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using silicon or III - V semiconductors. Among them we can
distinguish transistor-based and diode-based solutions. Both
bipolar (mostly heterojunction bipolar transistors - HBT) and
field-effect transistors (using CMOS or high electron mobil-
ity transistor - HEMT technologies) are used in mm-wave
applications. Besides them, there are less conventional tech-
nologies available such as micro electro mechanical systems
(MEMS) and phase changing materials (PCM). An emerg-
ing new technology that can potentially bring significant
improvements in performance of the future switching com-
ponents is application of two-dimensional (2D) materials.
As different technologies and types of switches excel in
different parameters, it is beneficial to gather together and
compare these devices in order to select the most suitable
solution for particular application.

In this paper, the extensive review of state-of-the-art in
mm-wave (30 to 300 GHz frequency range) switching devices
is presented comparing different technologies as well as
switch construction topologies. Besides the devices of highest
performance, also some new technologies currently bringing
considerable research interest are highlighted. These new
devices at their current state of development show some
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performance deficiencies, mostly in terms of operating fre-
quency range, switching speed or power consumption. On the
other hand, they offer low insertion loss and high isolation
exceeding capabilities of state-of the art devices in more
common and mature technologies.

Il. TRANSISTOR - BASED SWITCHES

A. CMOS

The simplest and lowest cost semiconductor technology is a
silicon complementary metal oxide semiconductor (CMOS)
process. It is a well-established technology widely used in the
industry using field-effect transistors. Another advantage of
CMOS switches is possibility of their integration on the same
semiconductor die with other components of the electronic
devices.

The most typical topology used in CMOS switches is a
A4 shunt [4]-[9]. It uses a quarter wavelength sections of
transmission lines as impedance transformers (fig. 1). In this
topology input terminal of the switch is connected to two
branches with quarter-wave transmission lines. Between the
ends of these lines and switch outputs the transistors are
connected between line and ground. When the transistor is
in the on-state, it lowers the impedance at the end of the A/4
line which is transformed to high impedance at the input.
That isolates this branch of the switch. On the opposite
branch the transistor stays in off-state and it is matched to
line’s characteristic impedance with parallel stub made from
another section of transmission lines. This topology is widely
used in most of the available RF switches. However there are
significant drawbacks, especially for high frequency applica-
tions. The transmission lines used in this type of construction
manufactured in semiconductor typically have high losses
due to lossy substrate and also occupy large area on the chip.
Another problem is a tradeoff between isolation and band-
width. As the isolation is dependent on the low impedance of
the transistor in the on-state, wider transistors are required.
On the other hand increasing the transistor width increases it’s
off-state equivalent capacitance which decreases the available
bandwidth. Shunt switches using 90nm process presented
in [4] allows to achieve insertion loss level of below 1.9 dB
and isolation better than 25 dB in 50-70 GHz. The 65 nm
process allowed to achieve slightly better performance as
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FIGURE 1. Schematic diagram of an SPDT switch with shunt topology [4].
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shown in [5] and [6] with insertion loss less than 1.6 dB in
0-94 GHz band and less than 3.6 dB in 110-170 GHz band.
Isolation of 19-32 dB and over 19.5 dB was achieved in the
respective bands.

The Silicon-On-Insulator CMOS (CMOS SOI; fig. 2)
implementation for mm-wave shunt switches was also
reported [8] which can be used to achieve better performance
of CMOS switches at higher frequencies with insertion loss
less than 1.5 dB and isolation around 20 dB in 140 - 220 GHz
band. Another COMS SOI shunt switch implementa-
tion presented in [9] allowed to achieve better isolation
(26.5 - 32 dB in 110-170 GHz band) but at the expense of
higher insertion loss from 4 to 5 dB. A distributed switch
with 4 shunt stages was also reported in SOI technology [10].
It exhibits high operation bandwidth from DC to 220 GHz
with high isolation (30 - 50 dB) and moderate insertion loss
(< 3.1dB).

| Gate
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]
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FIGURE 2. Cross-section of the transistor in a CMOS SOI process [8].

Another proposed topology for the mm-wave switches is
a travelling-wave switch [11]-[13]. This topology (fig. 3) is
similar to shunt switches and also uses sections of transmis-
sion lines. These highly inductive sections of transmission
line are loaded by transistors. Several stages of this structure
are used to obtain periodically loaded inductive transmission
line. In the off-state of the transistors, their capacitance loads
the inductive line to provide impedance matching which
allow transmission (‘““‘artificial transmission line”’). When
transistors are in the on-state, the signal path is shorted to
ground through their on-state resistance. The quarter-wave
impedance transformer is added to the input side of the switch
to transform short into open.

Application of travelling-wave switch concept in CMOS
devices allowed to achieve higher isolation (over 27 dB
in 50-94 GHz band [11] and over 40 dB in 70-110 GHz
band [12]; fig. 4) compared to A/4 shunt technique. These
switches also offer higher power handling capabilities com-
pared to other CMOS devices (IP1dB > 15 dBm). However
their insertion loss is higher with below 3.3 dB in [11] and
below 3.4 dB in [12]. Similar results for this type of structure
can be also found in [13].

Further development of travelling-wave distributed switch
with coupled inductors instead of transmission line sections
was proposed in [14] which allowed to increase the isola-
tion to over 33 dB in 54-84 GHz range and simultaneously
decrease the insertion loss to below 2.5 dB also offering
smaller occupied wafer area. This type of distributed switch
was also reported in CMOS SOI [10] with very high operation
bandwidth (DC - 220 GHz) and good insertion loss and
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FIGURE 3. Schematic diagram of an SPDT switch with travelling-wave
topology [12].
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FIGURE 4. Scattering parameters of CMOS based SPDT switch with
travelling-wave topology [12].

isolation characteristics (<3.1 dB and >37 dB, respectively
in 60-220 GHz band).

Another two topologies presented for CMOS switches
employ artificial resonator [15] and hybrid coupler [16]. First
of them uses three coupled transmission lines (fig. 5). The one
in the center is connected to input port and grounded on the
opposite side. Two lines on the sides are connected to output
ports and shunt transistors. When one of the transistors is in
on-state, the line is shorted and port connected to it is isolated.
At the same time the second transistor is in the off-state
and it’s parasitic components with coupled lines form arti-
ficial resonant network with bandpass transmission response
from input to coupled output. This type of switch exhibits
similar performance in terms of insertion loss (3.5-4 dB in
130-180 GHz band) and isolation (22-23 dB) to A/4 shut
switches, but offers significantly smaller occupied wafer area.
It is also one of the fastest published CMOS switches in this
frequency range with switch time around 580 ps.

Another example of a CMOS switch using coupled trans-
mission lines can be found in [17]. This device operates in
higher frequency range (290-320 GHz) with relatively high
5-7 dB insertion loss and high isolation around 40 dB. Results
for both examples shows that the main drawback of coupled
line based designs is narrow operation bandwidth.
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FIGURE 5. Schematic diagram of an SPDT switch with artificial resonator
topology [15].

In [16] the concept of using 90° hybrid coupler with direct
and coupled ports loaded with shunt transistors to achieve a
SPST switch (fig. 6). It offers small occupied area, but its
performance is inferior compared to other published CMOS
mm-wave switches.

90° Hybrid

35Q, /,/4

RF out © 4

FIGURE 6. Schematic diagram of an SPDT switch using 90° hybrid
coupler [13].

Among CMOS-based devices, there are also commer-
cially available switches for mm-wave region. However their
operating frequency is currently limited to about 60 GHz.
An example of such device is PE42525 SPDT switch with
operating frequency range from 9 kHz to 60 GHz [18].
It offers insertion loss below 3dB and isolation better than
35 dB in whole operating range.

One of the important limitations of all silicon CMOS
devices is the low voltage operation which limits their power
handling capabilities (maximum reported IP1dB around
15 dBm). Increasing transmitted power requires higher
bandgap III - V semiconductors.

B. SiGe HBT
Another semiconductor technology proposed for mm-wave
switches is using silicon-germanium (SiGe) substrates on
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FIGURE 7. SEM Image of SiGe HBT transistor [21].

which heterojunction bipolar transistors (HBT) can be
fabricated. This type of transistors allowed for decrease
of the parasitic components and increase the transi-
tion frequency compared to silicon CMOS technology.
It also offers better power handling capabilities still allow-
ing high level of integration and low manufacturing
costs.

Similarly to CMOS devices most SiGe mm-wave switches
employs A/4 shunt topology. SiGe HBT transistors (fig. 7)
with less parasitic components allow decreasing the inser-
tion loss compared to CMOS switches. Shunt switches
shown in [19]-[21] offer lowest insertion loss values in
mm-wave range among SiGe devices and noticeably better
than CMOS devices at less than 1.25 dB in lower frequency
band (42-70 GHz) [19] and between 1.1 dB and 1.5 dB in
75-100 GHz band [20], [21]. Isolation of these switches is
comparable with CMOS devices (18-22 dB). The highest
isolation in SiGe shunt switches was achieved in [22] and [23]
(21-29 dB [22] and 26-31 dB [23] in 80-170 GHz and
110-170 GHz bands, respectively), however this values are
still comparable with CMOS, and these devices exhibit higher
insertion losses in the 2.6-4.5 dB range.

It should also be noted that SiGe shunt switches can
achieve significantly faster operation (75 ps in [19]) and
also higher power handling capabilities compared to CMOS
switches (IP1dB = 35 dBm in [20]).

Better performance with simultaneously higher isolation,
lower insertion loss as well as operation from DC can be
achieved in SiGe using series-shunt topology (fig. 8) pro-
posed in [24]. This type of switch utilizes three transistors.
Two of them, in anti-parallel configuration form a series
switching element which is followed by single shunt tran-
sistor. In this configuration insertion loss of 1.3-3.2 dB and
isolation of 20-40 dB in 0-110 GHz frequency range was
achieved. Presented device also exhibits fast switching time
of under 250 ps.

Other notable SiGe device topology is a through-load
switch (fig. 9, 10) proposed in [25]. This two-port device can
switch between two states: a through connection or a 50 ©
load for both of its ports. It uses a 3 dB directional cou-
pler composed with coupled lines and a two transistors con-
necting coupled ports to ground. In the off-state transistors
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FIGURE 8. Proposed SPDT switch utilizing SiGe HBTs. (a) Three
configurations of a series switch using SiGe HBT. (b) Schematic of the
proposed SPDT switch. One of configurations in (a) replaces the black
boxes. Anti-parallel (AP) configuration shows best performance [24].
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FIGURE 9. a) Schematic design of the through-load switch. Transistors are
connected to the coupled ports of the coupler. b) Function of the device
when Vg = 0. ¢) Function of the device when Vg = VDD [25].
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FIGURE 10. Micrograph of the fabricated coupler-based switch [25].

il

represent high impedance at coupled ports which causes low
loss transmission between remaining ports. In the on-state
of the transistors represent impedance close to 502 obtained
by optimization of transistor size. In such case the signal is
dissipated in the transistors and ports are isolated. This con-
figuration allowed to achieve good performance (1.4-2.2 dB
insertion loss and 20-30 dB isolation) and also a low occupied
wafer area of 0.019 mm?.

SiGe HBT switches operating at higher frequencies
(220-280 GHz) based on resonator topology was also
reported [26]. These devices are constructed similarly to
CMOS devices presented in [15] and achieve isolation com-
parable with SiGe switches for lower bands, however the
insertion loss is significantly higher (4.2-5.3 dB insertion loss
and 14-29 dB isolation).
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C. InP DHBT

Next semiconductor technology for mm-wave switching
is a InP double heterojunction bipolar transistor (DHBT)
[27]-[31]. This type of transistor has heterojunctions at both
emitter-base and base-collector junctions. It allows to obtain
high frequency operation, low base-collector capacitances
and fast switching with higher breakdown voltage than single
heterojunction HBT"s.

The InP DHBT for the 90-170 GHz reported in [27] uses
double A/4 shunt topology. It achieves significantly better
isolation (>45 dB) compared to CMOS and HBT devices,
but at the cost of slightly higher insertion loss than CMOS.
The power handling capabilities are similar to both previ-
ously mentioned technology. This technology is suitable for
integration and offers good performance with low power
consumption and moderate costs.

Devices operating at higher frequencies were also pre-
sented in InP DHBT [28]-[31]. First of them [28] is a typical
A/4 shunt construction operating in 220-325 GHz frequency
range. It offers insertion loss under 4.1 and high isolation
of around 35 dB. It also exhibits higher power handling
capability compared to most CMOS and HBT devices with
IP1dB >20 dBm. Similar insertion loss (3-6 dB) with higher
maximal isolation figures (up to 50 dB in 90-325 GHz range)
was reported in [29]. Lower insertion loss shunt devices were
also reported (1.2 - 2.9 dB), however with significantly lower
isolation (13.1-15.7 dB) [30]. Another notable device [31]
uses amplifier topology and offers slightly lower insertion
loss under 4 dB and also lower isolation over 20 dB. However
it is optimized for high speed operation with switching times
around 40 ps which shows significant improvement over
CMOS and HBT technologies.

It should also be noted that published InP DHBT transistor
switches occupy significantly higher wafer areas (0.95 and
0.536 mm? for [27] and [28], respectively).

D. GaN HEMT

Another semiconductor material used for mm-wave switch-
ing is a GaN [32]-[34]. It offers high bandgap and high
thermal conductivity which makes it suitable for high power
density devices. GaN high electron mobility field effect tran-
sistors (HEMT) achieve transition frequencies and noise fig-
ures comparable to other semiconductors such as SiGe, InP
or GaAs while at the same time their breakdown voltages are
around five times higher.

GaN )/4 shunt switch proposed in [32] offers lower inser-
tion loss (0.9 - 1.4 dB in 60-110 GHz frequency range)
compared to all previously considered technologies with high
IP1dB over 27 dBm. However its isolation is very low, over
9 dB in whole band. In [33] isolation was improved to values
comparable with SiGe. Semiconductor die image of this A/4
shunt switch is shown in fig. 11.

In [34] slightly modified A/4 shunt topology was used
to achieve improved performance compared to CMOS,
HBT and DHBT transistors in wide frequency range
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FIGURE 11. Microphotograph of GaN HEMT switch MMIC [33].
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from 90 to 200 GHz. This device exhibits insertion loss form
1.8 dB to 3.2 dB and high isolation from 27 dB to 38 dB
(fig. 12), and at the same time it is suitable for high power
operation with IP1dB over 33 dBm (fig. 13).
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FIGURE 12. Scattering parameters of GaN HEMT based SPDT switch [34].
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FIGURE 13. Insertion loss compression versus input power characteristics
of GaN HEMT based SPDT switch [34].

Similarly to InP DHBT’s, presented GaN HEMT transis-
tors occupy large wafer area from 0.3 to 1.5 mm?.

E. GaAs HEMT

Another semiconductor suitable for construction of HEMT
transistors is GaAs. This semiconductor material exhibits
high resistivity which leads to lower both parasitics and
losses. At the same time it is suitable for high transition
frequency transistors.
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Among the highest performance switches in GaAs trav-
elling wave and shunt topologies are present [35]-[37].
Travelling wave switch shown in [35] exhibit low insertion
loss under 2 dB and isolation over 30 dB which is comparable
with state of the art CMOS and HBT devices in the same
frequency range (48-85 GHz). In [36] another travelling wave
switch is presented with wider operation frequency range
(0-135 GHz), insertion loss (< 1-5 dB) comparable to CMOS
and HBT devices and improved isolation in 16-45 dB range.

In [37] device exhibiting lower insertion loss than in pre-
viously considered technologies (under 1.1 dB in 59-77 GHz
range compared to [19] and [21]) with higher isolation over
25 dB. This device uses modified travelling-wave topol-
ogy with transistors integrated with CPW transmission line
(fig. 14, 15).

Bias GND

Signal line

FIGURE 14. Layout and the equivalent circuit of FET integrated CPW
line [37].

FIGURE 15. Die photograph of SPST and SPDT switches based on HEMT
transistors integrated with CPW transmission line [37].

F. InGaAs mHEMT

To avoid creation of deep level traps in heterojunction HEMT
devices, buffer layer in the junction is added creating a meta-
morphic HEMT (mHEMT). In InGaAs metamorphic tran-
sistors are constructed with GaAs substrate, AllnAs buffer
layer and InGaAs channel. This construction also allows to
optimize performance of the transistors by changing indium
concentration in the channel [38].

There are multiple examples of the InGaAs mHEMT based
switches for mm-wave frequency range [39]-[44]. Most of
them are based on typical A/4 shunt topology (fig. 16). In [39]
a shunt switch operating in 53-150 GHz frequency range
is presented. It achieves insertion loss under 3 dB which is
only slightly higher than for state of the art SiGe HBT and
GaN HEMT devices, but at the same time the isolation is
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FIGURE 16. Microphotograph of InGaAs mHEMT switch MMIC [41].

significantly higher over 36 dB in whole operating frequency
range. As shown in [40] the isolation figures can be further
increased (to 35-52 dB in 52-168 GHz band and to 50-65 dB
in 75-170 GHz band) at the cost of higher insertion losses
(2.1-5.1 dB and 3-6 dB in respective bands). Lowest InGaAs
mHEMT switch insertion loss in frequency range similar to
aforementioned examples (1.0-1.9 dB in 72-120 GHz range)
was reported in [41]. This device also exhibits higher isolation
than HBT and GaN HEMT devices of comparable perfor-
mance in terms of insertion loss. The power handling capa-
bilities of these devices is also comparable to HBT switches
(IP1dB around 19 dBm; fig. 17).
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FIGURE 17. (a) Scattering parameters and (b) insertion loss compression
characteristics of InGaAs mHEMT switch [41].

InGaAs mHEMT switches for higher operating frequen-
cies were presented in [40] and [42]. In [40] the insertion
loss of 1.5-4.5 dB and 13.5-22.8 dB isolation was reported in
122-330 GHz range. Switch presented in [42] operates in
200-330 GHz band with insertion loss in 1.7-5 dB range and
isolation over 14 dB. As can be noticed, performance of these
devices is only slightly worse compared to aforementioned
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FIGURE 18. (a) Schematic diagram and (b) parameters of InGaAs mHEMT

switch using travelling wave topology [43].

InP DHBT devices working in similar frequency range
reported in [28] an [31].

Other noticeable topologies for InGaAs mHEMT switches
were reported in [43] and [44]. Switch presented in [43]
uses travelling wave topology (fig. 18) and achieves under
2.1 dB insertion loss and over 25.5 dB isolation in 38-80 GHz
frequency range. These figures are comparable to the results
achieved in CMOS devices.

It should be noted that transistors used in switching appli-
cations can also be used as active devices to amplify the
switched signal [45]. Such devices can be used to compensate
significant losses at high frequencies. The drawbacks of this
approach are unidirectional operation of active switches and
additional noise introduced by active circuit.

An interesting concept is presented in [44]. In this switch,
the transistors are configured as diodes and used in distributed
shunt configuration. The diodes created form HEMT transis-
tors exhibit low Schottky capacitance and resistance lower
than that of the transistor. Its resistance in still higher than PIN
diodes, but it can be easily integrated into MMICs unlike PIN
devices. The performance of this device is better than devices
in other technologies mentioned before working in similar
frequency range. Diode based switch exhibits 1.3-1.8 dB
insertion loss and 32-41 dB isolation in 50-70 GHz with
IP1dB of 20 dBm (fig. 19).

lIl. PIN DIODE SWITCHES

Besides transistors, there are other classes of devices avail-
able for mm-wave switching applications. First of them is a
PIN diode. PIN diodes are widely used in RF switches due
to their low parasitic capacitance, low series resistance and
high power handling capabilities. There are also a significant
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FIGURE 19. Parameters of InGaAs mHEMT switch using transistors in
diode configuration in distributed shunt topology [44].

drawbacks. First are different manufacturing requirements
compared to transistors which are a major obstacle to inte-
gration of the PIN diodes into MMICs. Another weak sides
of PIN diode switches are high control current requirements
and high switching times.

PIN diode based switches reported in literature or com-
mercially available typically use shunt topology and GaAs
semiconductors [46]-[49]. In terms of insertion loss this
type of switches can be comparable or slightly better than
switches in other technologies presented earlier (1.1-1.6 dB
in 75-100GHz range [46] and 0.75-2 dB in 85-105 GHz
range [47]; fig. 20). However their isolation is moderate (over
21dB), and better overall performance can be achieved with
InGaAs mHEMTs [41] with very similar insertion loss, but
significantly better isolation. The IP1dB of the mentioned
PIN switches was not reported, so possible advantages of PIN
in power handling cannot be evaluated.

There are commercially available mm-wave switches
based on GaAs PIN diodes. An Analog Devices HMC-
SDD112 [48] is a 55-90 GHz SPDT shunt switch available
as bare die. It offers insertion loss in 1.0-2.5 dB range and
high isolation in 25-45 dB range (fig. 21). The power handling
and switching speed specifications are not provided by the
manufacturer. It should be noted that this device requires high
control current of 22 mA at 5V.

Another examples of commercially available mm-wave
PIN switches are HSW1001 and HSW1003 waveguide
switches manufactured by HXI [49] (fig. 22). These devices
working in 75-110 GHz range are optimized for low inser-
tion loss (HSW1001) or high isolation (HSW1003). First
offers under 2.2 dB insertion loss with over 18 dB isola-
tion while second exhibits under 3.5 dB insertion loss with
over 40 dB isolation (fig. 23). These switches are charac-
terized by switch-on times (150 and 175 ns, respectively)
significantly slower than switch-off times (25 and 30 ns,
respectively). These switching times are one to two orders of
magnitude larger than reported for state of the art transistor-
based devices.

12989



IEEE Access

J. Sobolewski, Y. Yashchyshyn: State of the Art Sub-Terahertz Switching Solutions

0.0
(@ | 10
0.5
o 15 &
=)
= 0] =
2 20 &
5 1.51 g
£ {125 &
£ 20l - =
— Insertion loss
3 — Return loss 130
25—
85 90 95 100 105
Frequency (GHz)
(b)
20
22+
jaa)
Z
g 24
=
7
~ 26f
%3 90 95 00 105
Frequency (GHz)

FIGURE 20. Measured (a) insertion, return loss and (b) isolation of GaAs
PIN diode based SPDT switch for 85-105 GHz band [47].

Typically, PIN diodes are not compatible with MMIC
manufacturing technological processes which hinders their
integration. However, as reported in [50] there are techniques
that allow PIN diode construction using typical SiGe BiC-
MOS technology (fig. 24) widely used for MMICs. Presented
device, with 77-133 GHz operating frequency range is based
on typical A/4 shunt topology. It offers performance com-
parable to SiGe HBT devices (1.4-2 dB insertion loss and
19-22 dB isolation), but with higher power handling capa-
bilities (IP1dB over 24 dBm, with measurement limited by
available source power).

Another special type of PIN diode which can be used
in mm-wave switching applications is a surface PIN diode
(S-PIN). Contrary to typical PIN diodes, the S-PIN struc-
ture is lateral. It creates an area, which conductivity can
be controlled by external bias. So far most reported S-PIN
devices are waveguide based [51], [52] but the construc-
tion of the S-PIN diodes allows to use them also in pla-
nar transmission lines. As shown in [51], [52] this type of
switching element can be integrated into mm-wave antenna
arrays to obtain beam steering. The reported devices use
S-PIN diodes manufactured using SOI technology to create
reconfigurable radiating slots in the waveguide. Such antenna
array can achieve + 45° beam steering range [S1]. As the
S-PIN switches are integrated with antennas, their insertion
loss and isolation are not provided. In [52] switching speeds
of 10 - 20 us are reported, which allowed for time-modulated
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FIGURE 21. Typical (a) insertion loss and (b) isolation of commercially
available PIN diode based SPDT MMIC switch HMC-SDD112 [48].

FIGURE 22. Commercially available PIN diode based W-band waveguide
switch HSW1003 [49].

antenna array construction. An important drawbacks of the
S-PIN are high power consumption and requirements for
bipolar bias voltage.

IV. MEMS DEVICES

Another class of mm-wave switches are microelectrome-
chanical system (MEMS) based devices. The construction of
most of the high frequency MEMS switches is based on the
shunt topology [53]-[60]. In the off-state of the switch, the
transmission line (typically coplanar weveguide) is shorted
by a conductive membrane. Therefore the reflective switches
are typical for MEMS. The membrane of the MEMS switch
is actuated electrostatically thus the required control voltage
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FIGURE 23. Typical parameters of commercially available PIN diode
based W-band waveguide switch HSW1003 [49].
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FIGURE 24. Cross-section of a vertical SiGe PIN diode suitable for
integration in SiGe BiCMOS process [50].

is significanly higher (45-60 V [53], [58]) than in semicon-
ductor based devices. It should be noted that control voltage
for the MEMS can be significanly reduced with apropriate
construction of the device. MEMS RF switches operating
up to 60 GHz with actuatiuon voltage of 6 V were reported
in [60]. Their RF performance is comparable with other
MEMS devices with under 0.7 dB insertion loss and isolation
in 20 - 50 dB range in 30 - 60 GHz band. Such devices can be a
suitable for 5G applications. An interesting obsevation shown
in [60] is that actuation voltage increases with operating
temperature of the switch.

Membranes are typically made of metal but other con-
ductive materials such as graphene are also possible [61].
MEMS devices used to be very difficult and expensive to
integrate within MMICs due to complicated and incompat-
ibole manufacturing processes. Nowadays MEMS - based
switches were reported using typical IV group semiconductor
materials [53]-[59]. They can be produced with processes
compatible with other MMIC building blocks [54], [56]
(fig. 25). It is also possible to use MEMS devices in waveg-
uide switches [58], [59] (fig. 27).

Due to low parasitics, these devices can achieve very low
insertion losses, significantly better than transistor or PIN
diode based switches in the similar frequency range (under
0.8 dB in 0-67 GHz range [53]; 0.8-1 dB in 70-110 GHz
range [55] and 1.23-1.68 dB in 110-170 GHz range [56];
fig. 26). At the same time isolation is comparable (over 20 dB
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FIGURE 25. Construction details of MEMS - based SPST switch integrated
in BiCMOS technology [56].
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FIGURE 26. Simulated and measured parameters of BiCMOS MEMS SPST
switch [56].

in [62] and 20-30 dB in [55]) or better (18.25-54.5 dB in [56]).
Devices operating at higher bands (220-325 GHz in [57])
were also reported with slightly higher insertion loss and
lower isolation (under 1.1 dB and under 24 dB, respectively).
MEMS devices can also work in high temperatures and pro-
vide high power handling capabilities. The main drawback
of the MEMS switches is slow switching speed (in order of
10 pus [58]). In some applications such as time-modulated

systems slow switching speed is main obstacle for using
MEMS switch.

V. PHASE-CHANGE MATERIALS

An interesting class of mm-wave switches are devices using
phase-change material (PCM). These devices typically utilize
two materials: germanium telluride (GeTe) and vanadium
dioxide (VO2) [62]-[68]. Aforementioned PCM materials are
thermo-chromic, i.e. change their states between conductor
and insulator under influence of heat. GeTe is a material
widely used in the industry for manufacturing of optical
storage media (CD, DVD) which leads to low cost and high
availability. It has unique properties which allows creation of
latching switches which require power only during switching
time. As reported in [62] these times can be as low as 2 us
which is almost an order of magnitude faster than comparable
performance MEMS devices (fig. 28, 29).
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FIGURE 27. Construction of MEMS - based WR-12 waveguide SPST
switch [59].
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switch [62].
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FIGURE 29. Transient RF response of GeTe - based switch during
application of switching waveforms [62].

Till now, GeTe switches with operating frequency range
up to 67 GHz were reported [62]-[65]. As shown in [55]
and [56] this type of device offers very low insertion loss
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FIGURE 30. (a) Top view of the VO2 - based switch test structure. GSG
probe pads are provided for RF as well as for heater bias. (b) and
(c) Views of the switch prior to top metal deposition [67].

(under 1.1 dB in [55] and under 0.6 dB in [56]) as well as high
isolation (over 39 dB in [55] and over 24 dB in [65]). GeTe
switches can also achieve high power handling capabilities
(i.e. 35.5 dBm in [65]).

Reported PCM based switches with higher operating fre-
quencies utilize VO2 [66], [67]. This material does not have
latching properties and requires constant 20 mW of heat
in on-state. In [58] VO2 PCM based switch operating in
1-110 GHz frequency range was presented (fig. 30). It offers
very low insertion loss under 0.6 dB, only comparable with
MEMS devices and also good isolation between 15 and 45 dB
(fig. 31). The switching time around 2 us is comparable with
GeTe based device.

Even higher operating frequency (210-290 GHz) for VO2
based device was reported in [67]. This device also offers very
low insertion loss (0.5-1.5 dB), but with moderate isolation
(11-20 dB).The switching time for this device equals 10 us.
An important advantages of PCM switches are also high
power handling capabilities (IP1dB over 30 dBm in [67])
and small size. The main drawbacks are significant power
consumption (in case of VO2 material) and non-standard
process which is not directly compatible with typical MMIC
technologies. However some integration possibilities have
been reported [68].

VI. 2D MATERIALS

A special class of materials which is of great interest for many
diverse applications in electronics is two-dimensional (2D)
materials. 2D material is a special atomically-thin form of
matter which properties differs from bulk material of the same
composition. Some of these materials exhibit features which
can be utilized in construction of high frequency devices. The
development of the 2D material based RF devices is still at the
early stage, thus not many mm-wave devices were reported
and their operation frequency is mostly below 100 GHz.

A. MoS, MONOLAYERS

One of the 2D materials proposed for mm-wave switches
is molybdenum disulfide (MoS»). This material, commonly
known as lubricating agent is a semiconductor which can be
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FIGURE 31. Measured transmission properties of the VO2 - based SPST
switch. The red trace represents the on-state performance at 23 mW of
heater power while the blue trace was produced with zero heater current
(off-state) [66].

(a) (b)

FIGURE 32. (a) Schematic illustration of vertical structure of a MoS2
switch. (b) Top-view optical image of a fabricated MoS2 switch with Au
electrodes [69].

deposited in atomically thin monolayers. MoS, monolayers
exhibit high direct bandgap which makes them suitable for
transistor construction (fig. 32).

An monolayer MoS; RF switch with 0-50 GHz operating
frequency range was reported in [69]. It offers very low
insertion loss (under 0.5 dB) compared to other transistor-
based devices as well as PIN diodes (fig. 33). The isola-
tion figures are moderate in 15-50 dB range. These figures
show that even on the early stage of development MoS,
switches exhibit competitive performance to more mature
semiconductor devices. Therefore further research is required
to investigate the capabilities of MoS; and improve the con-
struction of the switches.

B. GRAPHENE

Graphene is a novel form of carbon which can form 2D layers.
Despite its low thickness graphene retains good thermal and
electrical conductivity of carbon which makes is suitable
for electronic devices. An interesting property of graphene
nanolayers is the ability to change their conductivity with
external voltage. Due to this phenomenon graphene is con-
sidered for switching applications. There are several publi-
cations that analyses the possibilities of graphene-based RF
switches for millimeter-wave band [61], [70]-[77]. However,
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FIGURE 33. (a) Schematic illustration of vertical structure of a MoS2
switch. (b) Top-view optical image of a fabricated MoS2 switch with Au
electrodes [69].
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FIGURE 34. Schematic illustration of slotted substrate integrated
waveguide based graphene SPDT switch [70].

most of these papers include only theoretical background
and simulation results of such structures. Additionally oper-
ating frequencies of presented switches are below 100 GHz.
Among aforementioned publications several different switch
designs is shown. In [70] a design of SPDT switch based on
slotted substrate integrated waveguide is presented (fig. 34).
The simulated results that the proposed device exhibits better
than 3 dB insertion loss and 17 dB isolation from 59.5 GHz
to 60.8 GHz.

Another design developed for 60 GHz band and based on
coplanar waveguide (CPW) with graphene layers between
conductors (fig. 35) is presented in [71]. Simulation results
shows insertion loss better than 5 dB and isolation between
32 dB and 45 dB in 20-70 GHz range (fig. 36). Similar
construction (fig. 37) can also be found in [72].

Among very few experimentally examined graphene-based
devices variable attenuators operating at the low end of the
mm-wave range [73], [74] should be noted. The variable
attenuators can be considered as a special type of the switch
where there are multiple states between on-state and off-
state. The device presented in [65] utilizes similar topology to
the switches reported in [70]-[72] where voltage dependence
of graphene resistance is used to change the state of the
switch. This three-stage construction based on CPW operates
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FIGURE 35. Schematic illustration of CPW-based graphene SPST
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FIGURE 36. Simulated transmission characteristics of a CPW-based
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FIGURE 37. Schematic illustration of CPW-based graphene SPST
switches [72].

in 3.5-28 GHz frequency range with 2.5 dB insertion loss
and 14 dB isolation. It should also be noted that this device
exhibits high power consumption (390 mW) as the DC cur-
rent flows through graphene elements.

In [74] two types of the variable attenuators for 10-40 GHz
frequency range are examined. Both of them use variable
resistance of grapheme element, first in CPW and second
in slotline configuration. Contrary to construction reported
in [73] one large two layer graphene element is used with
additional insulating films. The insertion loss and isolation
figures for both CPW and slotline attenuators are similar
to those in [73] with 3 dB insertion loss and 15 dB isola-
tion. However, application of insulating layers allowed for
much better return loss characteristics of both deices (in the
—20 to —40 dB range).

It should be noted that in these constructions the graphene
layer itself is a switching element instead of being a part
of semiconductor device. Another important characteristic of
these devices is relatively high bias voltage (from 4 V in [74]
to around 30 V [69], [71]) required to change state of the
graphene layer.
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FIGURE 39. Simulated transmission characteristics of a graphene-based
RF NEMS switch in two states with different bias voltages [8].

Graphene layers can also be used to construct MEMS
devices. This concept is investigated in [61], [75] and [76].
These structures are based on graphene nanolayer membrane
suspended over specially constructed coplanar waveguide
(fig. 38).

When bias voltage is applied the membrane bends and
creates a short circuit in transmission line. The membranes
can be constructed from either monolayer or multilayer
grapheme. The simulations shows that with this design
and multilayer graphene membranes it is possible to obtain
insertion loss below 0.3 dB and isolation over 20 dB in
1-60 GHz frequency range (fig. 39). It should be noted that
shown graphene-based MEMS devices require lower volt-
age to change state compared to typical metal-based MEMS
switches.

Another concept for application of graphene in high fre-
quency switching devices is a semiconductor device with
grapheme monolayer used as a gate [77]. The reported device
is based on AlGaN/GaN semiconductor structure similar to
HEMT transistor embedded into a CPW with graphene layer
used as a gate. The switch is constructed in series topol-
ogy with switching device placed between two sections of
CPW. In the on-state, without gate bias, the transmission
occurs through two-dimensional electron gas channel at the
AlGaN/GaN interface (fig. 40). When the graphene gate is
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FIGURE 40. Structure of Graphene/AlGaN/GaN Switch [77].

polarized, it depletes the channel interrupting the transmis-
sion in CPW.

In contrast to typical HEMT transistors, bias voltage con-
trols not only the conductivity of the channel but also the
conductivity of the graphene gate. This property of graphene
can be used to decrease the conductivity of the gate in the off-
state. Therefore the parasitic coupling between two sides of
the switch can be greatly reduced improving isolation. The
switch reported in [77] operating in DC-84 GHz frequency
range exhibits high isolation (17.5-77 dB), especially at low
frequencies, but also very high insertion loss (7.4-19.4 dB).
It also allows fast switching with rise and fall times of
25 ns and 17 ns, respectively. Considering the early stage
of development of this type of switch and suboptimal design
(i.e. series topology which typically introduces considerable
losses) there is a room for improvement in high frequency
performance. Fast operation and high low frequency isolation
makes it a good candidate for further research on graphene-
based switches.

If we consider a modulator as a switching device there is
a considerable interest in application of graphene in optical
modulators [78]. A significant number of publications on
high-speed and high bandwidth devices operating in near
infrared (around 1.5 ©um/200 THz) can be found. However
there are also reports of devices operating at frequencies as
low as 200 GHz [79], [80]. As the devices are intended for
operation in optical systems, they are configured for free-
space incident beam modulation. Thus, they are impractical
for application for typical mm-wave circuits. However it
seems that straightforward adaptation for waveguide circuits
is possible. Devices proposed in [79] and [80] are optically
controlled which can be beneficial for some applications
due to a fact that no electrical bias connections are required
and they can be easily interfaced with optical communi-
cation systems. The principle of operation is similar for
both reported devices. The active element of the modulator
is a metamaterial created by deposition of graphene layer
on a semiconductor plate. Device reported in [79] utilizes
graphene on silicon (GOS) structure while in [80] graphene
on germanium (GOG) is used. The metamaterial structure
placed in the path of the mm-wave beam introduces very low
attenuation without external excitation. In order to change
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the state of the modulator, the structure is illuminated with
laser beam (40mW at 0.488 pum wavelength and 800 mW
at 1.55 pm wavelength in [79] and [80], respectively). The
carriers induced in the illuminated structure increase the con-
ductivity and therefore attenuation of the mm-wave beam.
The reported modulation depth can be as high as 99% for
the GOS device operating in 0.2-2 THz range [79] and 94%
for GOG device operating in 0.25-1 THz range. However,
it should also be noted that modulation speed of these devices
is very low at around 200 kHz [80].

VII. CONCLUSION

An overview of state-of-the-art mm-wave switches has been
presented. Different manufacturing technologies as well
as device topologies were considered in order to summa-
rize their properties and compare performance. Addition-
ally, novel unconventional solutions for mm-wave switching
devices were highlighted.

The summary and comparison of the most important
parameters of switches in different technologies as well as
commercially available mm-wave devices is presented in
Table 1. Considering transistor-based devices III-V semi-
conductor devices allow to achieve the highest operation
frequency. However, advances in well-established CMOS
technology enables operation of these devices up to 300 GHz.
An important advantage of the CMOS devices is very
straightforward integration with other circuits due to its
prevalence in the industry. Therefore it can be used to cre-
ate efficient, highly integrated system-on-chip solutions. The
main drawbacks of CMOS are low power handling capa-
bility and slightly higher losses compared to other types of
transistors. For high power applications switches based on
GaN field effect or SiGe bipolar transistors can be used.
In comparison with GaN transistors SiGe HBT’s can achieve
higher power handling, high speed switching, lower die
size and cost, but at the expense of lower isolation figures.
The highest switching speeds can be achieved in InP based
solutions.

The PIN diodes, very common in microwave switches, can
achieve similar loss, isolation and power handling perfor-
mance to transistors but their operation frequency does not
exceed 130 GHz. Moreover their low switching speed, large
size and high power consumption combined with manufac-
turing process incompatible with MMICs makes them less
attractive for mm-wave applications.

Among mm-wave switches there are also less conventional
solutions compared with typical semiconductor devices. First
of them is a MEMS, which allows to achieve significantly
lower insertion losses than transistor based devices with com-
parable or higher isolation. Also the power handling capabil-
ities of MEMS can be very high, although it is not reported
for mm-wave devices. The main drawbacks of MEMS are
very low switching speed, high control voltage requirements
and complicated manufacturing process which hinders their
integration. Another solution which allows to achieve very
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TABLE 1. Comparison of state-of-the-art subterahrtz switches in different technologies.

AD .
. GaAs/ HXI Gotmic .
SiGe InP GaN HMC- Keysight
Parameter CMOS HBT DHBT HEMT InGaAs PIN MEMS PCM SDD HSW  gSSS0 TC950
HEMT 112 1003 015
Mf‘("}'lg‘]fq' 300 250 320 310 330 130 240 300 90 110 110 75
Loss (>100 1,4 -
GHz) [dB] 1,5-7 45 1,2-5 1,4-32 1,5-6 1,5-35 045-2 06-1,5 1-25 <35 <35 <4
Isolation (>100 20 - 25 -
GHz) [dB] 20 - 66 2% 20-45 20-38 20-50 20 - 40 20-55 15-20 45 > 40 >22 >26
e > 550 >175
Switching time ps ps > 50 ps n/a >1.5ns >30ns <10pus 2-10ps n/a 170ns  >20ps <l1ns
Max IP1dB 15 35 20 33 20 >24 n/a >30 n/a 25 15 15
Die size small small medium  medium medium - mediuny large smq]l/ large n/a large large
/large large medium
Power . 110 50
1 1 1 high 1 t
consumption ow ow low low ow ig ow moderate W W 0 mW 60 uW
. +5/-
Control voltage low low low low low moderate high moderate 5V 15V 2V 3V
Straightforward
MMIC Yes Yes Yes Yes Yes No No No n/a n/a n/a n/a
integration
[4- [19- [27 - [32- [35- ) [53- )
Reference 18] 26] 3] 34] 45] [46 - 50] 60] [62 - 68] [48] [49] [81] [82]
low insertion loss similar to MEMS is application of phase- [2] B.Ustundag, E. Turkmen, A. Burak, B. Gungor, H. Kandis, B. Cetindogan,

change materials. An important advantage of PCM is almost
an order of magnitude faster switching compared to MEMS.
On the other hand, the PCM switches exhibit significantly
smaller isolation figures and high power consumption due to
actuation by heat.

A solution for future mm-wave switches which brings
considerable research interest is application of 2D materials
such as MoS,or graphene. Published results for MoS, devices
operating at low end of mm-wave range shows performance
competitive with typical semiconductor solutions, especially
in terms of insertion loss. Therefore it is a promising technol-
ogy for further research.

Graphene is a 2D material which diverse applications are
a subject of great research effort in the last decade. However,
mm-wave switching devices with graphene are on the early
stage of development. Moreover, among investigated devices,
very few were manufactured and experimentally evaluated.
Most of the proposed solutions utilizes the phenomenon of
graphene conductivity changes with applied voltage for con-
trolling the attenuation in transmission lines. Graphene can
be also used as a membrane in MEMS devices. Another
proposed application of graphene in mm-switching is semi-
conductor device with graphene used as a gate. Reported
performance of the first prototypes of such device shows very
good isolation at low frequencies and low switching times.
Therefore, it is a promising solution for further development
and optimization.
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