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Abstract— This article details the principle of operation, design
process, and characterization of W-band silicon micromachined
evanescent-mode (EVA) waveguide switches. This work includes
a detailed analysis of the ON-state response of EVA waveg-
uide switches as well as the design of transitions to standard
waveguide connector feeds. The first ever switching speed and
power handling characterization of silicon micromachined EVA
waveguide switches is also presented. Photogenerated plasma
in silicon posts placed inside an EVA channel results in large
impedance mismatch, allowing very high isolation to be achieved
in the switch’s OFF-state with low optical power. In the ON-state,
the unexcited silicon posts behave as shunt capacitors, allowing
signal propagation through the switch in the form of a coupled
resonator bandpass filter response. The design of both two-pole
and three-pole filter responses in single pole single throw (SPST)
and single pole double throw (SPDT) switch configurations is
detailed in this article. The fabricated two-pole SPST switch
achieves a 30-dB isolation with just 178 mW of optical excitation.
For the three-pole SPST switch, only 111 mW is required.
The extracted insertion loss (IL) of the two-pole and three-
pole switching elements in SPDT configurations is just 0.16 and
0.32 dB, respectively. Furthermore, experiments presented in this
article show that <4-us switching speeds are realized by this
technology, and that the switching elements are able to handle
at least +32 dBm of continuous power at 85 GHz.

Index Terms— Evanescent-mode (EVA), 5G, millimeter-wave
(mmWave), photoconductive switch, silicon micromachining, 6G,
waveguide.
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I. INTRODUCTION

VER the past decade, the deployment of the fifth gen-
Oeration of wireless communication systems (5G) has
spearheaded the development of millimeter-wave (mmWave)
technologies in order to meet the growing demand for con-
nectivity and higher data transfer rates. These demands can
be met due to the relative abundance of spectra available in
the mmWave domain above 30 GHz [1]. Beyond the speed and
latency benefits of mmWaves, there are additional benefits of
reduced physical footprints of communication devices as the
design frequency increases. Moving forward, major players
in the telecommunication industry have already proposed
a sixth generation of wireless communications (6G) where
development beyond 100 GHz has already begun [2], [3],
[4]. Additionally, radar technology in the W-band has been
developed over the past few decades for defense and aviation
applications [5], [6]. Recent literature also proposed develop-
ments into the D-band for 6G communications and automotive
radar applications [7], [8], demonstrating a need for a better
understanding of mmWave and sub-THz technologies.

Although the benefits of mmWave to the future of wire-
less communications are clear, there remain significant gaps
in available technology at these frequencies. In order to
achieve greater range and improved link margins as well as
to compensate for higher atmospheric attenuation, mmWave
radio transmitters require higher output powers to maintain
an adequate signal-to-noise ratio (SNR) [9]. According to
the Friis equation, this can be achieved by either using high
gain antennas (i.e., antenna arrays), or by increasing radio
frequency (RF) power at the transmitter [10]. Investigations
between 71 and 86 GHz (E-band) have shown 6-Gb/s data
rates over 36 km with transmitter powers of 0.7 W [11], and is
expected to be even higher in the W-band (75-110 GHz). One
significant challenge with increased power is the capability
of the transceiver front-end system to handle it. At mmWave
frequencies, front-ends typically use waveguides due to their
high power handling and low insertion loss (IL). However,
many of these solutions are manufactured through traditional
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metal-machining, limiting their ability to be mass-produced
and are generally difficult to integrate with planar microwave
technologies.

As fundamental components of transceiver front-ends,
RF switches enable functionality including reconfiguration
[12], antenna transmit-receive switching or beamswitching
[13], [14], [15], or band and channel selection in multiband
systems. While a variety of mmWave switch technologies
using electromechanical rotors and p-i-n diodes currently exist,
there are generally major trade-offs among power handling,
size, and speed [16], [17], [18], [19], [20]. Electromechanical
waveguide switches offer the highest continuous wave (CW)
power handling. However, they have switching speeds on the
order of several milliseconds which may significantly increase
the latency of communication systems [17]. Additionally,
the use of electromechanical rotors requires large, heavy
packaging and is less reliable than solid-state components,
having a service life of around 250000 cycles [18]. p-i-n
diode switches, on the other hand, offer switching speeds on
the order of nanoseconds [19], and have exceptional power
handling at lower RF bands [21]. However, at mmWave
frequencies, p-i-n diodes lose their CW power handling, suffer
large ILs, poor signal isolation, and have low linearity [19].

Researchers have also explored the use of the photocon-
ductive effect in semiconductors for a variety of integrated
microwave engineering applications including switches [22],
[23], variable attenuators [24], and tunable filters [25]. Photo-
conductive switches have the benefit of relatively high power
handling and excellent linearity [26] while also offering fast
switching speeds and low ILs with the right choice of mate-
rial and optical power [27], [28]. Moreover, photoconductive
switches have the additional benefit of bias networks com-
pletely isolated from the RF path, further improving IL and
linearity. Within waveguide structures, photoexcitation can be
used to alter the properties of high resistivity silicon (HR-Si)
posts, changing them from a dielectric to a conductor. When
the light source is switched off, the dielectric properties of
the posts are restored, effectively allowing microwave signals
to be dynamically redirected within the waveguide channel
[29], [30], [31]. As will be determined from the studies in
this article, photoconductive silicon waveguide switches offer
an excellent compromise between the switching speed of p-i-n
diode-based solutions and the high power handling capabilities
of electromechanical waveguide switches while also operating
at mmWave frequencies. These light-activated switches will
open up entirely new use cases for reconfigurable and mul-
tifunctional mmWave technology by offering high-speed and
high power handling with low ON-state IL and high OFF-state
isolation simultaneously within the same device.

The advantages of photoconductive switch technology in
both planar and waveguide platforms have been thoroughly
documented by Fisher et al. [27], [32], [33], [34], Jones et al.
[29], [30], and Der et al. [31]. In [27], a dc to 7-GHz reflective
series switch constructed in a microstrip platform was shown
to be able to handle 35 W of RF power, with an absorp-
tive single-pole double throw (SPDT) switch implementation
demonstrated in [33]. More recently in [34], it was shown that
up to 100 W of RF power can be handled without degradation
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in loss or isolation, while also demonstrating hot switching
up to 30 W. The first ever dc to 110-GHz photoconductive
switch in coplanar-waveguide (CPW) technology was also
demonstrated in [32].

While integrating mechanically tuned posts within waveg-
uide switches and filters has been demonstrated [35],
Jones et al. [29] presented the first waveguide switch incor-
porating photoconductive silicon posts within the waveguide
channel as the switching element fabricated using silicon
bulk micromachining at mmWave frequencies. Silicon bulk
micromachining has the advantages of relatively simple planar
integration with very tight feature tolerances on the order of a
few micrometers, and has been demonstrated to successfully
fabricate waveguide structures that operate up to sub-THz fre-
quencies [36]. Furthermore, silicon micromachining allows the
waveguide channel and photoconductive silicon switch posts
to be fabricated monolithically with the same process [29].
In [30], silicon micromachined photoconductive waveguide
switch technology was further developed by demonstrating
that the optical power requirement for achieving a high iso-
lation can be significantly reduced by fabricating a switch
topology with two silicon posts inside an evanescent-mode
(EVA) waveguide channel.

This article is an extension of [31], which demonstrated
preliminary results of the first ever integration of silicon
micromachined photoconductive EVA waveguide switches in
an SPDT configuration. The work also replaced a planar
transmission line feed in favor of a standard waveguide
connectorized design and provided the baseline small-signal
S-parameter performance. In this article, we have expanded
on this work by including a detailed theoretical analysis on
photoconductive EVA waveguide channel and switch design,
the design procedure for a standard to reduced-height waveg-
uide transition, the first demonstration of both single pole
single throw (SPST) and SPDT switch designs with three
posts to further reduce the optical power requirement, and
the first ever characterization of the switching speed and
power handling of this waveguide switch technology within the
W-band.

This article is structured as follows. First, the fundamental
operating principles, theory, and design of photoconductive
EVA waveguide switches are presented; namely, the photocon-
ductive effect along with filter theory using coupled resonators.
In Section III, the fundamental design considerations, limi-
tations, trade-offs, and simulated results of photoconductive
EVA waveguide switches are discussed. Section IV discusses
the design considerations for practical implementations of the
proposed switches, with the assembly of the fabricated devices
presented in Section V. Finally, in Section VI, the experimental
setup and characterization results of the fabricated devices,
including switching speed and power handling, are presented
and discussed.

II. PRINCIPLE OF OPERATION

The fundamental operating principle behind the proposed
switch is a combination of the photoconductive effect with
EVA waveguide theory. The conductivity of a silicon post can
be controlled by the magnitude of optical excitation. When

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on February 01,2024 at 16:33:24 UTC from IEEE Xplore. Restrictions apply.



492 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 72, NO. 1, JANUARY 2024

silicon posts are placed inside an EVA waveguide channel
in their dielectric state, a bandpass filter response can be
established. In their conductive state, the combination of a
waveguide in its cutoff state and a low-impedance shunt from
the posts yields very high impedance mismatches, allowing
very high switch isolations to be achieved with low-intensity
optical excitation [30].

A. Photoconductive Effect

Conductivity can be induced in a semiconductor through
excitation with light at a photon energy greater than the
bandgap of the semiconductor, generating electron hole pairs
inside the material. HR-Si is a good candidate for the switch-
ing element due to its ability to act as a low-loss dielectric
at the mmWave band in the absence of photoexcitation.
Furthermore, its relatively low bandgap offers an abundance
of high-power optics solutions for inducing high conductivity.
The dc conductivity of silicon can be computed as follows
[29], [37]:

Odc = Q(Mp + /J/n)n, (1

where ¢ is the elementary charge, n’ is the excess carrier
concentration (assumed to be uniform in the material), and
wn and p, are the carrier mobilities of electrons and holes,
respectively. The carrier mobilities of silicon, with n’ in units

of em™ and w, and w, in units of cm?V~'s~!, can be
calculated as follows [29], [38]:
o= b @
1+ (m )
420
py=——"—" 4+50. 3)

) 0.7
1+ (r5m)

With this, (1) can be written to be entirely dependent on
the excess carrier concentration n’ which can be computed as
a function of photoexcitation as follows [29], [37]:

n ' P() / hv
aH?
where P, is the incident light intensity, R and o are,
respectively, the reflection and absorption coefficients of the
material—which can be calculated from the real and imaginary
components of the refractive index—r the carrier lifetime, and
H the height of the semiconducting material under excitation.
It can be seen from (1)—(4) that the conductivity of the
silicon switching elements increases with optical power. It was
previously shown in [29] that HR-Si posts extending from top
to bottom of a rectangular waveguide channel at its center
can be used to switch it ON/OFF to incident RF signals.
When excited with photons above the bandgap energy of
silicon (E, = 1.12 eV [37]), the HR-Si posts enter their
conductive state and shorts the TE;y mode of the waveguide
channel where the electric field is strongest (at the center of
the channel). When no light is present, the HR-Si acts as a
low-loss dielectric and will allow RF propagation through the
waveguide.
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Fig. 1. (a) 3-D model of a simple silicon photoconductive EVA waveguide
switch. Wgya represents the width of the EVA channel, /., the coupling
distance between the silicon posts (center-to-center), and /;, the input coupling
length. Optical fibers can be used to switch the HR-Si posts inside the
waveguide channel between its dielectric and conductive states. The height of
the waveguide cavity is 200 m. The nominal values of /iy, lcp, and Wgva are
0.3, 1.02, and 1.5 mm, respectively. The nominal silicon post diameter (ds;)
is 0.2 mm. (b) Simulation of the 3-D models using the nominal dimensions.
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Fig. 2. Equivalent lumped circuit model of an EVA waveguide section loaded
with two dielectric posts at each end. (a) Transmission line section of an
EVA guide can be represented by a m-network of inductors whose values
vary by the length and width of the section. (b) With the dielectric posts that
create a capacitance Cp, the evanescent guide effectively forms a two-pole
J-inverter-coupled bandpass filter response where J = 1/wL,,.

B. Evanescent-Mode Waveguide Coupled Resonators

A 3-D model of a two-pole silicon photoconductive EVA
waveguide switch is illustrated in Fig. 1. In the OFF-state of
the switch, the silicon posts are excited with 915-nm light
from the optical fibers; the posts become conductive due to
the photoconductive effect. The now conductive posts at the
center of the channel short out the fundamental TE;; mode
where the electric field is the strongest. Coupled with the fact
that the narrow channel is already operating below cutoff, very
high OFF-state isolation can be achieved with this design.

In rectangular waveguides, it is known that below the cutoff
frequency of its fundamental TE;y mode, the waveguide—now
in EVA—begins to behave as an inductive component in a
m-configuration [39], [40] as shown in Fig. 2. The inductances
are defined by

L, = Xo/w - sinh~l (5)
L, = Xo/w - tanh vl /2 (6)
where [ is the length of EVA channel and [39]
1207 b
Xo = (7

2
A
Weva (2WEVA) -1
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Fig. 3. Equivalent J-inverter circuit model of the proposed two-pole

photoconductive EVA waveguide switch.
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The height of the channel is represented by b, \ represents
the wavelength, and Wgy, the width of the EVA channel.

EVA waveguides do not normally allow propagation of RF
signals or power. However, in the ON-state of this switch, the
loading of the channel with dielectric posts—which behave as
shunt capacitors—in unison with the w-connected inductors
of the EVA waveguide lumped model will effectively form
a filter response with J-inverters where J = 1/wL,,. Fig. 2
shows a general filter model with two resonators (filter poles)
coupled with an inductive 7-network J-inverter.

In even-mode excitation, i.e., when a magnetic wall (open
circuit) is inserted at the blue dotted reference plane in Fig. 2,
the resulting resonant frequency can be calculated using the
method detailed in [41] as

v

fr = ———. ©)

Likewise, in odd-mode excitation, i.e., when an electric wall
(short circuit) is inserted instead, the resonant frequency is
computed with

1

Lol ’
2]_[ mbp C
L+L, =P

fe= (10)

As the inverter inductance L,, approaches a very large value
in (9) and (10), both f,, and f, converge to 1/27w(LC,)"?,
the natural resonant frequency of a single uncoupled resonator.
Conversely, as L,, decreases, f,, and f, will diverge indicating
an increase in coupling between the resonators. Since L,, is
proportional to sinh «y/, it can be inferred that the interresonator
coupling (k) which can be extracted using k = (f, ez_f n%)/ (f, 62‘1‘
£2) increases with the decrease in length of the EVA channel
in between two dielectric posts. Additionally, it can be seen
from (9) and (10) that f, is a higher frequency than f,
which is indicative of magnetic coupling between the dielectric
posts [41].

In order to couple energy to the bandpass filter response in a
practical switch’s ON-state, a short length of EVA waveguide
(lin) needs to run between the waveguide feed and the first
resonating post as shown in Fig. 1. The final equivalent
J-inverter circuit is shown in Fig. 3. The resulting inductive
components from the three EVA sections are defined as
follows [39]:

®Lm(m = sinhl, (11)

12)

= coth~l,
wLpm)
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: 1+] th v, + coth ! (13)
= = CO (6]0) .
wlL, wLp; wLy; ™ Ric
For the distance between posts [, = I, [39]
5./
sinh 7, = 8182 : (14)
FBW ((coth vI; 4 coth~l;)
For the input coupling length I} = [j; [39]
8g1 R
sinh~l; = &1 (15)
FBW (coth~l; 4 cothvl,)

where g; and g, are polynomial coefficients for filter proto-
types (Chebyshev, Butterworth, etc.), R’ is the feed waveguide
impedance, and [39]

2

E=E;

§ = (16)

III. LIMITATIONS AND TRADE-OFFS

The dimensions of the EVA channel, input coupling length,
and coupling distance between posts all have performance
trade-offs in the proposed switches. In [29], two EVA waveg-
uide switch designs were presented: one where low ON-state IL
was prioritized while sacrificing OFF-state isolation, and
another where OFF-state isolation was prioritized while having
higher ON-state IL. In this section, an in-depth study of the
engineering trade-offs for the two-pole switch dimensions
(lin, Lep, dsi, and Wgya in Fig. 1) is presented. All studies
use a silicon conductivity of 0.1 S/m and sputtered copper
conductivity of 2.3 x 107 S/m.

A. EVA Channel Width and Silicon Post Diameter

A parametric study of the EVA channel width (Wgya) is
shown in Fig. 4. The loss of the structure can be computed
from Loss (dB) = —10 log(l - Loss), where Loss =
1 — IS111? = 1S5 1% [42]. Fig. 4(a) demonstrates that as Wgya
increases, the switch has lower loss in its ON-state, but
becomes more absorptive (lossy) in the OFF-state. The more
Wgva is decreased, the closer the OFF-state of the switch
approaches an ideal short-circuit, as shown in Fig. 4(b).

From (6)—(8), it can be seen that the shunt inductances
(,) will decrease with narrower EVA channels (Wgya). This
will result in an upshift in operating frequency. Furthermore,
according to (8) and (14), the fractional bandwidth (FBW) of
the switch will be reduced as Wgya decreases. In the OFF-state
of the switch, a narrower Wgya yields higher isolation due to
a greater impedance mismatch at a given optical power with
the EVA waveguide region further in cutoff [30].

To increase the FBW of an EVA waveguide switch, Wgya
must increase, but doing so will cause a downshift in operating
frequency unless the silicon post diameter (capacitive loading)
is decreased to compensate. From Fig. 5, decreasing the post
diameter generally decreases ON-state loss, but also decreases
the reflectivity of the OFF-state. Therefore, it can be concluded
that there is a fundamental trade-off between the ON-state IL
and FBW with the OFF-state reflectivity and isolation of the
switch.
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Fig. 5. Parametric study of the effect of the silicon post diameter (ds;) on
switch loss.

B. Input Coupling

A parametric study of the input coupling distance, I,
(between the start of the EVA waveguide and the center of
the first post), is shown in Fig. 6. In Fig. 6(a), the power
dissipation in the ON-state increases with /;,, but decreases in
the OFF-state as [, is increased. In Fig. 6(b), while decreasing
li, makes the OFF-state of the switch less inductive, it also
makes it less reflective, as the resistive post is moved closer
to the input port of the switch.

A plot of the external quality factor (Q,) versus /i, is shown
in Fig. 7, obtained from detuning the post adjacent to port 2
in Fig. 1 and extracting Q. using the method in [43]. Clearly,
increases in /;, result in an increase in Q, corresponding to a
decrease in input coupling. From (15), an increase in /1 = [,
will result in a decrease in resonator FBW due to a reduction
in loading from the input ports.

C. Interresonator Coupling

A parametric study of the distance between two resonating
posts (Ip) is shown in Fig. 8. By decreasing the distance
between the posts, the power dissipated by the switch is
reduced in both the ON-state and OFF-state. Note that a Smith
chart was not shown for this study as it was found that there
was very little variation in the OFF-state input impedance
across different /., since most of the power is already reflected
by the first post of the incident signal encounters. From (14),
increasing [, = I, will decrease the FBW which is consistent
with the phenomena observed in (9) and (10) where f, and f,,
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converge with an increased /.. Fig. 9 demonstrates that this
increase in /., corresponds to a decrease in the interresonator
coupling between the posts, which is also consistent with
observations from (9), (10), and (14).

Therefore, in order to increase FBW, the coupling between
posts should be increased. However, the input coupling must
also be increased in order reduce the ripple that will be
introduced in between f, and f, as they move further
apart. Based on the studies in Sections III-B and III-C,
it is once again observed that the proposed switch has fun-
damental trade-offs between ON-state loss and FBW with
OFF-state reflectivity and isolation. The switch’s FBW is
fundamentally limited by how much isolation is desired in the
design.
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Fig. 10. Exploded longitudinal cross section of a silicon micromachined
EVA waveguide switch. A 200-um cavity is etched into a 300-um HR-Si
wafer to form the EVA channel and posts. Two cavities (500 and 300 pum
deep) are etched in an 800-um silicon wafer to form an E-plane bend
and impedance taper that matches the 200-um-device waveguide to standard
WR-10 waveguide feeds. The device and transition wafers are sandwiched
between WR-10 flange connectors and a custom laser cut sheet of stainless
steel.

IV. DESIGN

With the proposed switches’ principle of operation and
fundamental trade-offs and limitations established, we will
now discuss the practical implementation of the device as
well as the design of an SPDT version. Fig. 10 depicts
the longitudinal cross section of the two-pole SPST switch
implementation proposed in this section. The switch channel
and posts are formed by etching a 200-um cavity into a
300-um 10-k2-cm HR-Si wafer. This device wafer is then
sandwiched with an 800-um Si transition wafer—with cavities
etched on both sides—which serves both as an E-plane
bend and impedance taper [36] between standard W-band
WR-10 waveguide connectors and the 200-m reduced height
waveguides. The WR-10 flange connectors can be placed
with an offset from the first transition cavity to allow for an
extra degree of freedom when designing the impedance taper.
50-um-deep holes are etched on the backside of the device
wafer to allow for optical fibers controlling the two states of
the photoconductive switch to be fed into each silicon post.

The close-up side view of the stacked-wafer E-plane bend
used to feed the devices proposed in this article is presented
in Fig. 11 along with 3-D models in Figs. 12 and 13.
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Fig. 11. Side view of the E-plane bend used to feed the proposed SPST
switches. The bend also acts as an impedance taper to match a WR-10
waveguide to the proposed devices which have a reduced height of 0.2 mm.
The yellow arrows show the distance between the centers of the openings
between each step.

The impedance taper can be designed with the following
procedure using a full-wave EM simulator.

1) Start with two decreasing step heights that are smaller
than the standard waveguide height (b = 1.27 mm), but
greater than the height of the device channel (0.2 mm).
In this design, the step closer to the standard flange is
500 pm thick and the next step is 300 um. For a single
transition wafer implementation, such as for this work,
the steps must add up to the total thickness of the wafer
(800 pm).

2) Offset each waveguide step and the device (s, 51, and s3)
and adjust the longitudinal length of each step (by and
b1) such that the coupling apertures decrease in size with
each successive step. To start, the distances between
the center of each aperture should be approximately
a quarter-wavelength at midband. For the W-band, the
midband of 92.5 GHz has a A/4 of 0.81 mm as shown
by the yellow lines in Fig. 11.

3) If there is a very narrow or no observable passband in
the simulated response, the change in step thickness is
most likely causing significant impedance mismatches
between steps. Repeat steps 1 and 2 with new step
heights.

4) Fine tune the transverse widths (a¢ and a;), offsets, and
lengths of the two steps until the desired return loss (RL)
response is achieved.

The 3-D model, simulation, and measured result of the
transition are shown in Fig. 12. The length of line (8.15 mm)
on the device wafer is the minimum length such that two
standard WR-10 UG-387 waveguide connectors can fit on the
fabricated design. This direct connection of the two transitions
(i.e., a thru line) has a simulated and measured peak IL of
0.36 and 1.16 dB, respectively.

A. SPST EVA Switches With E-Plane Bend Transitions

The proposed switch’s channel is embedded inside a
300-um wafer. To create a functional component, we must
now consider how to interface with the device. In [29] and
[30], transitions to CPW were developed for a similar device.
While the transition is useful for characterization purposes
using ground-signal-ground probes, it is not suitable for use in
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Fig. 12.  3-D model, simulation, and measured results of the E-plane bend

transition with a waveguide thru line. The total length of the thru line is the
combined length of the transitions feeding the two ports of the devices shown
in Figs. 13 and 14.
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Fig. 13.  3-D model of the proposed two-pole photoconductive EVA switch
fed with E-plane bend transitions to standard WR-10 waveguides. Note that
the top silicon layer has been rendered transparent to allow visibility inside the
structure. The widths of the transition steps ag and a; are 2.32 and 2.65 mm,
respectively, the length of the transition steps by and b; are 1.41 and 1.37 mm,
respectively, and step offsets sg, 51, and s, are 0.41, 0.73, and 1.12 mm. The
distance between the two posts [cp is 1.02 mm, and the input coupling length
lin is 0.3 mm. From simulation, it can be seen that a 20-dB RL can be achieved
spanning 85-100 GHz.

practical systems since planar transmission lines have poorer
power handling in the W-band. To fully maximize the power
handling of this waveguide switch technology at the W-band
and beyond, it is prudent that the entire system itself be
fed, interconnected, and connectorized purely with waveguide
structures. In this design, the switches are fed with standard
WR-10 waveguides. Fig. 13 depicts a two-pole EVA switch
with an E-plane bend. Note that the corners of each transition
layer are rounded with a filet radius of 50 um to improve
the power handling of the device. Likewise, the corners at
the interface between the 2.54-mm feed channel and 1.53-mm
EVA channel have been rounded with a filet radius of 150 pm.
In Fig. 13 it can be seen that an RL greater than 20 dB can
be achieved across the entire 85—-100-GHz design band with a
total IL less than 0.6 dB. Furthermore, a minimum OFE-state
isolation of 41.5 dB can be achieved in the design band.

An EVA waveguide is normally in cutoff when no reso-
nant structures are coupled inside the cavity and propagating
fields decay exponentially since the propagation constant (8)
becomes imaginary [10]. It can therefore be inferred that
by increasing the length of the EVA channel, the OFF-state
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Fig. 14.  3-D model and simulation results of the proposed three-pole
photoconductive EVA switch with E-bend transitions to WR-10 waveguides.
Note that the top silicon layer has been rendered transparent to allow visibility
inside the structure. The E-bend transition dimensions are identical to those
shown in Fig. 13. The diameter ds; is 0.26 mm for the center post and 0.24 mm
for the two lateral posts. [cp is 1.12 mm and /i, is 0.31 mm. The IL is less
than 0.74 dB across the 85-100-GHz design band and can achieve greater
than 60-dB OFF-state isolation.

isolation can be improved. As can be seen from Fig. 14,
the addition of a post and the overall increase in the EVA
channel length allows greater than 60-dB isolation to be
achieved up to 100 GHz. Furthermore, the ON-state response
of the device resembles a three-pole bandpass filter—note
the additional ripple in the ON-state S;; response of Fig. 14
compared to Fig. 13—which vastly increases the 10-dB RL
FBW: 19.5% (centered at 92.26 GHz) in the two-pole response
is increased to 22.9% (centered at 91.58 GHz) in the three-
pole response. The maximum IL in the 85-100-GHz design
band is 0.74 dB, a relatively minor engineering trade-off for
a significant improvement in isolation.

B. Loss of the Transitions and the SPST Switches

Both SPST switch designs presented in Section IV-A are
fed with identical transitions. Since the thru waveguide and
the SPST devices are fabricated on the same wafer, the IL
obtained from Fig. 12 is assumed to be what is added to the
switches fed by the same transitions. Subtracting 0.36 dB from
the simulated peak ILs of the two-pole (0.6 dB) and three-
pole (0.74) SPST switches, we obtain 0.24 and 0.38 dB for
the simulated IL of the respective switching elements.

C. SPDT EVA Switches With E-Plane Bend Transitions

An SPDT switch consists of a common port that is always
connected to one of two output branches. Fig. 15 depicts the
3-D model of an SPDT switch with one switching element
per branch and two silicon posts per switching element. With
power handling in consideration, all corners in the transitions
and the device have been rounded with a minimum filet radius
of 50 um. The angle () between the two branches has
been selected such that the two EVA channels can be placed
directly against the transverse width of the common port feed
(2.54 mm) and can be computed as follows:

a
17
WEVA) 1n

6 = 180° — 2sin_1(
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Fig. 15. 3-D model and simulation results of the proposed two-pole photo-
conductive EVA SPDT switch with E-bend transitions to WR-10 waveguides.
Note that the top silicon layer has been rendered transparent to allow visibility
inside the structure. The graph shows the simulated and measured data of a
15.0-mm thru line with the E-bend transitions that branch off at the same
angle as the proposed switch. The widths of the transition steps ap and a; are
2.4 and 2.8 mm, respectively, the length of the transition steps bp and b; are
1.39 and 1.35 mm, respectively, and step offsets so, 51, and s, are 0.35, 0.74,
and 1.2 mm.

where a is the width of the feeding waveguide (2.54 mm)
and Wgy, is the width of the evanescent channel (1.53 mm)
with the resultant angle between the two branches being 67.8°.
The diagonal sections on ports 2 and 3 have to be extended
to allow for all three required UG-387 connectors to fit on the
fabricated device.

In the simulation, port 3 represents the isolated branch,
where the silicon posts are photo-excited. The isolation
between port 3 and the common port (port 1) is greater than
43.5 dB across the 85-100-GHz design band. Simulation also
shows that the signal propagation between the common and
through port is no greater than 1.1 dB with an RL at port 1
no less than 15.5 dB across the design band. The measured
peak IL of the E-bend transitions with a 15.5-mm thru line
is 1.5 dB red compared to the simulated 0.47 dB. Using the
same assumptions as in Section I'V-B, the simulated IL of the
switching element is 0.63 dB.

Likewise, the three-post switch topology presented in
Section IV-A can easily be integrated into an SPDT configu-
ration with some minor alterations to its dimensions. Fig. 16
illustrates the 3-D model of the proposed photoconductive
three-post SPDT switch. The EVA channel is wider than that
of the two-post design and will result in a greater angle of
separation between ports 2 and 3 (74.5°, calculated from
(11)). The steeper bend angle results in a different input
impedance at the ports and therefore the E-bend impedance
transformer dimensions from the two-post design cannot be
reused in contrast to their SPST counterparts. The measured
peak IL of the E-bend transitions for the three-post design
with a 15.0-mm thru line is 2.0 dB compared to the simulated
0.37 dB.

Similar to the single throw designs, the three-post SPDT
design has significant improvements in isolation over the
two-post design, achieving a minimum of 63 dB in
the 85-100-GHz design band with a minor trade-off in IL.
The maximum through IL in the design band is 1.19 dB,
just a 0.09-dB increase over the two-post design. Using the
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Fig. 16.

3-D model and simulation results of the proposed two-pole photo-
conductive EVA SPDT switch with E-bend transitions to WR-10 waveguides.
The graph shows the simulated and measured data of a 15.5-mm thru line
with the E-bend transitions that branch off at the same angle as the proposed
switch. The widths of the transition steps ap and a; are 2.5 and 2.9 mm,
respectively, the length of the transition steps bg and b; are 1.4 and 1.33 mm,
respectively, and step offsets sg, s1, and s are 0.37, 0.72, and 1.11 mm.

same assumptions as in Section I'V-B, the simulated IL of the
switching element is 0.82 dB.

D. Power Handling Study of SPST Switches

Two of the possible failure modes of operating the SPST
switches with high power are as follows: first, there is the
possibility of electric breakdown due to the electric field of
the mode propagating in the waveguide approaching the limit
of the material. In the case of air, it will be approximately
3 MV/m [44]. Second, there is the issue of the 1.2-um
metal films that form the walls of the waveguide channel
failing due to high current densities which increase with RF
power. It is known from literature that the critical current
density of the metals used in the process (gold and copper)
is 0.5 MA/cm? [42]. Fig. 16 can be converted into a surface
current density approximation by taking its product with the
skin depth at 85.5 GHz (0.223 pm) which yields 1115 A/m.

According to the field calculator feature in HESS, the maxi-
mum electric field in the structure at 85.5 GHz is 2.599 MV/m
which is below the electric breakdown field of air.

A plot of the simulated surface current density (Jgu) of
the two-post SPST switch is illustrated in Fig. 17. According
to the field calculator, the maximum Jg,s in the structure is
located at the discontinuity in the center of the metallic roof
of the waveguide where the silicon posts are located. At 5 W
of input power, the value of Jg,s at this location is 1070 A/m
which is approaching the theoretical limit of 1115 A/m. In the
OFF-state of the device, the electric field and Jg,r at 5 W was
calculated to be 1.287 MV/m and 772.3 A/m, respectively.
It can therefore be inferred that the theoretical maximum
power handling of this particular structure is approximately
5 W and device failure is most likely to be due to ON-state
current.

Likewise, the surface current density plot for the ON-state
of the three-post photoconductive switch is shown in Fig. 18.
Once again, the maximum Jg,s can be shown to be at the
conductor discontinuity where the silicon posts are etched is
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Fig. 17. Simulated surface current plot of the proposed two-post photocon-
ductive SPST switch at 85.5 GHz with 5 W of input RF power for its ON-state.
The red sphere marks the spot where the HESS field calculator calculated the
maximum surface current density in the structure to be 1070 A/m.
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Fig. 18.  Simulated surface current plot of the proposed three-post pho-
toconductive SPST switch at 85.5 GHz with 2.9 W of input RF power
for its ON-state. The red sphere marks the spot where the HFSS field
calculator calculated the maximum surface current density in the structure
to be 1097 A/m.

1097 A/m at 2.9 W of input RF power. By contrast, the electric
field is 1.529 MV/m which is well below the 3 MV/m. In the
OFF-state, the maximum electric field and J,s were calculated
to be 0.688 MV/m and 891.8 A/m at 85.5 GHz. Once again,
it can be inferred that the theoretical maximum power handling
of the proposed three-post switch is approximately 2.9 W with
its first failure mode due to ON-state current.

V. ASSEMBLY

Fig. 19(d) shows the assembly and final experimental pro-
totype of a two-pole SPST EVA photoconductive waveguide
switch. Alignment is achieved using the dowel pins standard
on UG-387/U waveguide flange connectors slotted into the
smaller through holes etched using standard silicon deep
reactive ion etching (DRIE) processes into both the transition
and device wafers, and laser cut into the custom stainless steel
flange piece. The details of the microfabrication process can
be found in the work reported by Der et al. [31]. Fig. 19(a)—(c)
shows the assembly of the switch. The transition wafer is
first placed onto the waveguide adapters through the dowel
pins located on the adapter flanges. The device wafer is then
placed on top of the transition wafer, again using the dowel

Fig. 19. Pictures of the assembly of the two-pole SPST EVA photoconductive
waveguide switch. (a) Picture before assembly, (b) transition wafer placed
on the waveguide adapters and aligned using dowel pins, (c) device wafer
placed on top of transition wafer, and (d) final assembled two-pole SPST
EVA photoconductive waveguide switch.

pins, aligning both wafers to each other and the waveguide
openings in the adapters. Finally, the laser-cut metal flange
piece is placed on top, and screws are inserted through the
larger holes to mechanically bind the wafers together, as shown
in Fig. 19(d). The waveguide adapters are primarily used for
characterization purposes, and are not part of the switch.

V1. EXPERIMENTAL RESULTS AND ANALYSIS
A. Small-Signal Results of the SPST Switches

The block diagram and photograph of the experimental
setup for characterizing the S-parameters of the proposed
switches are shown in Fig. 20. Frequency extender modules
are used to allow small-signal characterization up to 110 GHz.
Fiber optic cables are landed on the chip after the 1.0-mm
coaxial to WR-10 adapters are torqued on to the device under
test (DUT). The ON-state S-parameters of the two-pole SPST
switch (with the laser switched off), and the OFF-state (with the
laser switched on), obtained from the vector network analyzer
(VNA) are shown in Fig. 21. The device is able to achieve a
10-dB RL bandwidth spanning 82.1-101.3 GHz with a peak
ON-state IL of 1.34 dB (at 98.6 GHz) and minimum OFF-state
isolation of 40.3 dB.

The experimental setup of the three-pole SPST switch is
depicted in Fig. 22. Its measured results plotted in Fig. 23
show that it is able to achieve a peak IL of 1.39 dB (at
94.7 GHz) with at least 57.8 dB OFF-state isolation. The 10-dB
RL bandwidth spans 80.4-102.5 GHz.

Since the thru line IL was shown to be around 1.16 dB,
we can conclude that the majority of the loss in the aforemen-
tioned measurements are from the transitions. The extracted
peak IL of the two- and three-pole SPST switches is therefore
0.18 and 0.23 dB, respectively.
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Fig. 20. Block diagram and photographs of the experimental setup for
measuring the S-parameters of the proposed two-pole SPST switch. The
N5260 extender modules allow for RF characterization up to 110 GHz.
An adapter is used to interface the 1.0-mm coaxial output from the extender
modules to the WR-10 connectors on the DUT. The optical setup uses a
Wavelength Electronics LDSCHA laser diode driver, a 915-nm laser diode
from Sheaumann Laser Inc., an OZ Optics nonpolarizing beam splitter,
and two 400-/440-pm multimode fibers. The size of the switch excluding
transitions is 2.54 x 3.02 mm.
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Fig. 21. Measured and simulated results of the proposed two-pole SPST
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Fig. 22. Experimental setup for the proposed three-pole SPST switch. The
size of the switch excluding transitions is 2.54 x 4.26 mm.

In Figs. 24 and 25, the IL versus frequency at different opti-
cal powers are plotted for the two-pole and three-pole SPST
switches, respectively. It can be seen from the corresponding
group delay plots that the response is relatively flat across
the passband of the filter response, and this switch technology
can therefore also have applications as tunable attenuators.
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Fig. 23. Measured and simulated results of the proposed three-pole SPST

switch for both the thru and isolated states.
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Fig. 24. (a) Measured S»; responses at different powers of 915-nm optical

excitation for the two-pole SPST switch. (b) Its corresponding group delay
response.

A 30-dB isolation can be achieved with just 178 mW of
optical power in the two-pole SPST switch. For its three-pole
counterpart, this can be achieved with just 111 mW.

B. Small-Signal Results of the SPDT Switches

The experimental setup and microscope images of a
two-pole SPDT switch is presented in Fig. 26. The two-pole
SPDT switch presented in the original work [31] had silicon
posts with an overcut profile. Following adjustments to the
process control in refabrication, the new device has a more
vertical profile and the lower IL results are presented in
Fig. 27. This refabricated device achieved a maximum thru
branch IL of 1.66 dB. Since the measured IL of a thru line
was around 1.5 dB, it can be concluded that the IL of the
switching element itself is 0.16 dB. The design achieved a
22.8% 10-dB RL FBW centered at 95.08 GHz and achieves
greater than 40-dB isolation across this operational band.
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excitation for the three-pole SPST switch. (b) Its corresponding group delay
response.
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switch.

Assembly and experimental setup of the proposed two-pole SPDT

Likewise, the photograph three-post SPDT switch originally
developed in this work is presented in Fig. 28 and it measured
S-parameters in Fig. 29. This device has a maximum IL of
2.32 dB. Since the measured IL of its corresponding transition
with a thru line is 2.0 dB, it can be concluded that the IL of
the switch itself is around 0.32 dB. Furthermore, this device
achieved a 10-dB FBW of 21.8% centered at 92.22 GHz and
greater than 50-dB isolation from 82.8 GHz and above.

C. Power Handling Measurement of the SPST Switch

The measurement setup depicted in Fig. 30 was used to
experimentally evaluate the power handling capabilities of
the fabricated SPST switches. A series of amplifiers was
used to boost the 85-GHz CW signal from the mmWave
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Fig. 27. Measured and simulated results of the proposed two-pole SPDT
switch.
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Fig. 28. Experimental setup of the proposed three-pole SPDT switch.
0+
m-10+
E i
2207
©-30
© 1 ; v Y
€ -4 Dotted lines represent { L 4
© {simulated results. — 811 (Com)—— 821 (Thru)
5901 ——831(s0) — S22 ]
0601 .
(D_70_ S=7 \\_1"\\“\ ~om~7 Nt i
L
75 80 85 90 95 100 105 110
Frequency (GHz)
Fig. 29. Measured and simulated results of the proposed three-pole SPDT
switch.

module up to +37 dBm (5 W). A variable attenuator dial on
the Keysight N5260-60003 mmWave head allowed the input
power to be manually tuned. A circulator was placed after
the power amplifier to protect it from reflected power in the
event that the DUT fails. A power meter configured with a
Keysight W8486A sensor was connected to the coupled port
of a directional coupler to measure the power going into the
DUT. The output of the DUT was then connected to a second
directional coupler whose coupled port was fed into port 2
of the VNA. The depicted setup was capable of providing a
maximum input power of +32-dBm (1.6-W) CW at 85 GHz
at the input of the DUT.
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Fig. 30. High power setup. (a) Block diagram for evaluating the power
handling capabilities of the fabricated SPST switches. The N5260-60003 has
a variable attenuator that can be used to adjust the input power into the
power amplifier and by extension, the DUT. A circulator connected to a 50-W
termination is used to protect the power amplifier from reflected power should
the DUT fail under testing. A power sensor and meter are used to detect and
verify the input power into the DUT and a thru-reflect-load (TRL) calibration
can be performed to extract the S-parameters of the switch at 85.5 GHz.
(b) Photograph of the high power experimental setup. (c) Close-up photograph
of the three-pole SPST switch in the high power setup. This setup was able
to deliver a maximum of +32 dBm to the DUT.

Both the ON- and OFF-states of the two- and three-pole
SPST switches were measured using the setup in Fig. 30.
A close-up of the three-pole SPST switch is shown in
Fig. 30(c). The switch was subjected to an initial incident
power of +20 dBm at 85 GHz and the power was then
gradually increased to the 432-dBm CW upper limit of
the setup. The S-parameters of the two switches were then
measured again at +20-dBm input power, and there were
negligible differences to the data plotted in Figs. 21 and 23.
This experiment was repeated five times, for both ON-state and
OFF-states of the two- and three-pole SPST switches. We can
therefore conclude that the switches can handle greater than
1.6 W of RF power. In simulation, it is expected that the
two-pole and three-pole SPST switches can handle 5.0 and
2.9 W, respectively, and based on these simulations, the
failure mode is expected to be due to the maximum current
handling of the metal in the waveguide channel, not the
switching element itself. By plating thicker metals in future
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Fig. 31. Block diagram and photographs showing the experimental setup
for characterizing the rise and fall times of the silicon photoconductive SPST
switch. The E8361C PNA was set to output single frequencies to the optical

fiber modulated DUT (SPST switch). The resultant waveform was measured
on a Keysight UXR-Series scope.

implementations of this device, the switch is expected to be
able to handle even more power.

D. Switching Speed Measurement of the SPST Switch

A block diagram and photographs of the experimental setup
for characterizing the switching speed of an SPST switch
between 85 and 92.5 GHz are shown in Fig. 31. Due to
scheduling considerations at the time, similar light-activated
EVA waveguide SPST switches from Jones et al. [30] with
CPW to waveguide transitions, operating within the same
band were characterized instead. An Agilent E8361C PNA
and 110-GHz extender module head was configured to output
a single frequency signal to a Cascade Microtech Infinity
110-GHz GSG probe which is landed on the CPW trace of
the SPST switch. A second probe was landed on the other
side of the device and was connected to a Keysight 110-GHz
UXR1102A Infinium UXR-Series oscilloscope. A function
generator was configured to output a square wave to mod-
ulate the laser diode with a period of 60 ws which has an
internal rise/fall delay of 117.1 ns. A 915-nm (hv = 1.36 eV,
chosen for high quantum efficiency in Si [37]) SP-915-270
Sheaumann Laser Inc. laser diode with a pig-tailed 105-
/125-pm single-mode (SM) fiber was connected to an OZ
Optics nonpolarizing beam splitter where two of its 400/440
multimode (MM) output fibers are connected to the DUT (the
fabricated SPST switch). A 3-D printed structure was used to
guide the unterminated fiber ends into backside holes etched
above each Si post. A Wavelength Electronics FL591FL laser
diode driver was used to drive the laser diode, which has a
rise/fall time of 300 ns.

The laser modulated waveforms extracted from the UXR
oscilloscope are shown in Fig. 32, displayed in red. The blue
waveforms represent the signals from the FL591FL’s built-in
current monitor pins with a transfer function of 5 mA/mV.
Although the diode driver current never fully switches off, the
monitor voltage of 50 mV corresponds to 250 mA which is
half of the SP-915-270 laser diode’s threshold current.

From the extracted waveforms at four measured frequency
points, the average 10%—90% rise time and 90%—10% fall time
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TABLE 1
COMPARISON OF THE PROPOSED THREE-POLE SPDT SWITCH WITH CURRENT STATE-OF-THE-ART SOLUTIONS
Frequency 10-dB RL  Peak IL  Isolation Power Switching cd
Ref. Technology Range (GHz) FBW (%)  (dB) B)  Handling (dBm)  Speed  Yolume
This Work ~ Photoconductive Si (Waveguide) 82.2-102.3 21.8 0.32 50 32b 4 psP 53.62
[23] Photoconductive Si (SIW) 74 — 85.8 15 2.2 30 Unknown 40 ps 35.5¢
[18] Electromechanical (Waveguide) 75 - 1102 37.82 0.6% 55¢ 50 50 ms > 203
[19] PIN Diode (Waveguide) 68 — 792 152 1.4 252 10 50 ns > 203
[45] PIN Diode (SIW) 6.76 — 11.8 37 2.1 10 24 2 ns 2.02¢

4 Results reported include transition losses.

b Results extracted from two- and three-pole SPST switches.

¢ Excludes the dimensions of biasing circuitry / electromechanical rotors.
4 Normalized to A3 in the respective material at the center frequency.

¢ Printed circuit board designs, not connectorized with waveguides.
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Fig. 32. Time domain waveforms extracted from the Keysight UXR oscil-
loscope. The E8361C PNA was configured to output single tone waveforms
at four different frequencies: 85, 87.5, 90, and 92.5 GHz.

is 3.83 and 1.43 us, respectively. The maximum extracted rise
and fall time from these measured frequencies are 4.00 and
1.55 us, respectively. As can be seen from Table I, these results
demonstrate that this technology shows significant promise
in being a high-speed alternative to electromechanical RF
switches, and lower loss, higher isolation alternative to p-i-n
diode switches. The fall time of the switch is dependent on the
rate of carrier generation whereas the rise time is dependent
on the rate of carrier recombination. Since recombination is
generally a slower process, it is expected that the rise time
longer than the fall time as is apparent from Fig. 32 [29].

In Table I, the proposed three pole is compared with other
waveguide SPDT switches. The proposed design shows the
lowest IL compared to other integrated waveguide solutions
and has the highest isolation and power handling for solid-state
mmWave switches. Furthermore, the proposed device has a
vastly superior switching speed compared to electromechanical
switches while only sacrificing 10 dB of isolation. Compared
with other waveguide connectorized designs, the proposed
SPDT switch also offers a significant reduction in device
footprint. With improvements to the transition design, the
total IL of devices developed using the proposed technology
can easily compete with traditionally machined waveguide
switches and the device volume can be even further reduced.

VII. CONCLUSION

In summary, this expanded paper of work presented at
IMS 2023 further demonstrated the capabilities and promise

of silicon micromachined EVA photoconductive waveguide
switches for mmWave technologies. In this expanded work,
the design procedure and characterization of a W-Band pho-
toconductive three-pole EVA variable attenuator and SPDT
switch were presented which was shown to have significant
improvements to the power requirements in achieving high
isolation. The fabricated three-pole devices only requires a
total CW optical power of 110 mW to achieve a 30-dB
isolation, a 38% reduction over a two-pole design. With
900 mW of total optical power, greater than 50 dB of isolation
was achieved by the proposed three-pole design from 85 to
100 GHz compared to 40 dB achieved by the two-pole design.

Furthermore, the refabricated two-pole SPDT switch origi-
nally presented in [31] was shown to have an extracted IL of
0.2 dB, and its newly presented three-pole counterpart having
an extracted IL of 0.32 dB in the W-band.

Additionally, this expanded paper presented the first ever
switching speed and power handling characterization of this
EVA waveguide switch technology. It was shown that the
fabricated switches have a maximum 10%—-90% and 90%—10%
fall time of 4.00 and 1.55 us, respectively. The two-pole and
three-pole switching elements have also been shown to be able
to handle 4-32 dBm of CW RF power at 85 GHz in both their
ON- and OFF-states.

The results show that silicon-micromachined photoconduc-
tive EVA waveguide switches maintain the low IL and high
isolation of mmWave electromechanical switch while having
a tenfold improvement in switching speed. The proposed
switches also demonstrate higher power handling capabilities
over mmWave p-i-n diode switches. It is therefore expected
that this switch technology will open up new use cases
where the performance of mmWave p-i-n diode and electrome-
chanical switches do not meet specifications of 5G and 6G
communication devices and mmWave radar applications.
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