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ABSTRACT This paper demonstrates the first conformal lens-integrated rectangular waveguide antenna
that achieves high-gain beam-steering in the sub-THz range of 230GHz to 330GHz, to the best of the
authors’ knowledge. The antenna consists of a 2×32 array of elliptical slots (E-slots) fed by a standard
WR3.4 rectangular waveguide, ensuring that the antenna operates in its dominant TE10 mode. The E-slots
are spaced by less than half of the guided wavelength, which causes them to be fed with a constant
phase difference, thus leading to a progressive phase shift along the antenna aperture. Consequently, the
antenna main lobe steers from −71◦ to −16◦ as the operating frequency varies from 230GHz to 330GHz,
respectively. The WR3.4 antenna gain is enhanced by integrating it with a conformal plano-convex parabolic
lens. The conformal lens is designed taking into consideration the phase center of multiple steered beams,
which leads to a significant gain enhancement of up to 10 dB over the complete beam-steering range.
The conformal lens integrated WR3.4 antenna achieves a peak antenna gain of up to 30 dBi. An antenna
prototype is manufactured using a mechanical assembly concept based on standard computerized numerical
control (CNC) milling and a laser ablation process. For the prototype, a WR3.4 waveguide with an H-
plane bend and a short termination is fabricated in a brass split-block module using CNC milling. The
E-slots are ablated on a 125 µm thick aluminum (Al) sheet using a picosecond laser. Furthermore, a laser-
structured die attach foil is interposed between the Al sheet and the brass split-block module to minimize
the contact resistance between the E-slots and the WR3.4 waveguide. Additionally, a standard WR3.4 flange
is manufactured to facilitate the antenna measurement. The conformal lens-integrated WR3.4 antenna has
a compact size of 65mm×30mm×32.35mm. It achieves the largest beam-steering range combined with
the highest peak antenna gain in the broadband sub-THz range of 230GHz to 330GHz published to date.

INDEX TERMS CNC milling, conformal lens, elliptical slot, frequency beam-steering, laser ablation,
parabolic, plano-convex, rectangular waveguide, sub-THz antenna, WR3.4.

I. INTRODUCTION

THE sixth generation (6G) of wireless communication
aims to harness frequencies above 100GHz to enable a

wide range of applications that demand ultra-high data rates
exceeding tens of gigabits per second. Although a large abso-
lute bandwidth is available in the sub-THz range (i.e., from
100GHz up to 1THz), which is promising for achieving
high data rates, the link budget poses significant challenges.

Even in a short line-of-sight (LOS) scenario spanning only a
few meters, the free space path loss (FSPL) and atmospheric
attenuation remain key concerns [1]–[3]. FSPL increases
quadratically with frequency and distance, whereas atmo-
spheric attenuation, which occurs due to absorption from
oxygen, water vapor, and other gases, exhibits absorption
maxima at specific frequencies. This leads to the so-called
atmospheric attenuation windows, i.e., a range of frequencies
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lying between two consecutive absorption maxima. An at-
mospheric attenuation window that exists between 200GHz
and 325GHz is particularly attractive since it provides a
good combination of factors, including a large bandwidth,
atmospheric attenuation of less than 10 dBkm−1 under fair
weather conditions [4], and a variety of sub-THz sources
including solid-state electronic and optoelectronic devices
available in this frequency range [5], [6]. Additionally, the
first IEEE-family standard for wireless communication in the
sub-THz frequency range, IEEE Std. 802.15.3d, has been
recently defined in the range of 253GHz to 322GHz [7].
The state-of-the-art sub-THz transmission experiments con-
ducted in the recent past have employed solid-state electronic
devices, such as frequency multipliers and power amplifiers,
typically based on III-V semiconductors. Notable examples
include a 240GHz InGaAs mHEMT technology frontend
used in a 64Gbit s−1 LOS link spanning a distance of 850m
and a 96Gbit s−1 LOS link covering a distance of 40m [8].
Additionally, a 296GHz InP HEMT technology frontend is
used to establish a 120Gbit s−1 LOS link over a distance
of 9.8m [9]. Alternatively, an optoelectronic device, such
as a uni-traveling carrier photodiode, has been recently used
to demonstrate a 200Gbit s−1 LOS link over a distance of
52m [10].
The compact size of these devices combined with their
low conversion efficiency results in high power and cur-
rent densities [11]. Consequently, minimizing internal power
dissipation through adequate cooling, along with the elim-
ination of undesired electromagnetic interference and the
reduction of insertion loss, are major concerns when con-
ducting such transmission experiments. This leads to a split-
block waveguide-based package being the optimal choice
for integrating these modules. Furthermore, the state-of-the-
art sub-THz transmission links operating around 300GHz,
which have been demonstrated to date, are point-to-point
links [8]–[10]. The antennas used in these experiments are
waveguide horn antennas with WR3 input (i.e., a standard
rectangular waveguide operating in its dominant TE10 mode
in the 220GHz to 325GHz band). In these experiments,
the gain of the waveguide horns is enhanced by integrating
them with a polytetrafluoroethylene (PTFE) or high-density
polyethylene (HDPE)-based plano-convex spherical lens. A
waveguide horn radiates a broadside beam, and the axially-
symmetric nature of a plano-convex spherical lens leads to
beam collimation, thus enabling a point-to-point transmis-
sion link [8], [10].
The aforementioned wireless transmission links operate in
the sub-THz range as point-to-point links (i.e., a transmitter
sending data to a single receiver). However, 6G communi-
cation aims to establish a high data rate point-to-multipoint
link (i.e., a transmitter sending data to multiple receivers)
in the sub-THz range that extends over several meters [1].
This has not been demonstrated to date. To demonstrate
a point-to-multipoint wireless link in the sub-THz range,
multiple beams with high directivity (also known as ”pencil

beams”) and high spatial resolution to avoid mutual inter-
ference are necessary [1]. Thus, beamforming techniques
are required. Two well-known beamforming techniques are
analog and digital beamforming. Analog beamforming uses
phase shifters to steer the beam of an array antenna in
a desired direction and is commonly deployed in systems
below 100GHz. However, the implementation of a phase
shifter in the sub-THz range leads to a relatively high
insertion loss (e.g., a 250GHz GaAs mHEMT phase shifter
exhibits a mean insertion loss of 12 dB [12]). On the other
hand, digital beamforming is challenging to implement in
the sub-THz range due to its high circuit complexity, energy
consumption, and operational costs [1]. In contrast, a sub-
THz traveling-wave antenna or leaky-wave antenna is a
simple and cost-effective solution to achieve beam steering
by sweeping the center frequency in the sub-THz range.
Among planar beam-steering antennas, a microstrip leaky-
wave antenna operating from 230GHz to 330GHz, with
a peak antenna gain of up to 11 dBi and a beam-steering
range of −46◦ to 42◦, is demonstrated in [13]. A modified
version of this antenna is shown in [14] with a higher peak
antenna gain of 13.7 dBi and a beam-steering range of −50◦

to 42◦. Another example of a planar beam-steering antenna
is a coplanar waveguide leaky-wave antenna operating from
220GHz to 325GHz, featuring a peak antenna gain of up
to 13.5 dBi and a beam-steering range of −60◦ to 35◦, as
shown in [15]. Furthermore, a recent demonstration achieved
30Gbit s−1 beam-steering wireless communication over a
short distance of 50 cm using a 300GHz optoelectronic
transmitter and intradyne receiver link. This setup utilized
a microstrip leaky-wave antenna [13], which is contacted
by a sub-THz probe, which in turn is connected to a split-
block medium power amplifier [16]. However, for outdoor
applications covering longer distances of several meters,
this setup becomes impractical. In order to establish a sub-
THz point-to-multipoint wireless link operating in an out-
door environment, a sub-THz rectangular waveguide beam-
steering antenna with the following specifications is required.
First, the antenna should operate over the sub-THz range
of 230GHz to 330GHz. The broad operating bandwidth is
necessary to establish a high data rate wireless link in the
sub-THz range. In addition, the operating bandwidth exploits
the atmospheric attenuation window in this range and is also
in line with the IEEE standard for wireless communication
IEEE Std. 802.15.3d [7]. Second, the antenna should provide
a large beam-steering range so that it can be used by a solid-
state or optoelectronic transmitter module to transmit data
to multiple receivers, which are separated from each other
in the angular dimension. Third, the antenna should have
high gain which compensates the FSPL and improves the
link budget, thus ensuring that a sub-THz point-to-multipoint
link operates over a distance of several meters. Finally, the
antenna should have a WR3.4 standard rectangular waveg-
uide input, allowing it to be easily connected to a solid-
state device or optoelectronic sub-THz transmitter in a split-
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block rectangular waveguide package. Among rectangular
waveguide beam-steering antennas operating in the sub-THz
range, very few works have been demonstrated to date, which
are as follows. Firstly, a meandered rectangular waveguide
structure realized using a silicon micromachining process
combined with an array of 600 patch antennas is shown
in [17]. This antenna operates from 230GHz to 245GHz
(i.e., 6.32% relative bandwidth) with a measured beam-
steering range of 48◦ and a measured gain of 28.5 dBi.
Secondly, [18] presents a leaky-wave antenna consisting
of eight slots in a gold-metallized silicon micromachined
rectangular waveguide. This antenna operates from 288GHz
to 306GHz (i.e., 6.06% relative bandwidth) with a simulated
gain of 15 dBi. This paper demonstrates for the first time a
rectangular waveguide beam-steering antenna operating over
a large bandwidth of 230GHz to 330GHz (i.e., 35.7% rela-
tive bandwidth), to the best of the authors’ knowledge. The
antenna consists of an array of 2×32 elliptical slots (E-slots),
which are manufactured by laser ablation on a 125 µm-
thickness aluminum (Al) sheet. The E-slots are fed by a
WR3.4 split-block waveguide, fabricated using computerized
numerical control (CNC) milling. Thus, the process used in
this work for manufacturing a prototype has a significantly
lower cost compared to the silicon micromachining process
employed in the previous works. The antenna shown in this
work has a beam-steering range of 55◦ and a peak antenna
gain of up to 19.5 dBi. Thus, the rectangular waveguide an-
tenna presented in this work surpasses the previously shown
sub-THz frequency beam-steering antennas in terms of a
larger operational bandwidth, larger beam-steering range,
and reduced manufacturing complexity.
Furthermore, the antenna is integrated with a conformal
plano-convex parabolic lens, presented for the first time
in this paper, to the best of authors’ knowledge, which
increases the peak antenna gain up to 30 dBi. The beam-
steering integrated lens antennas (ILAs) shown to date either
have a limited scan angle of around 20◦ [19] or those
with larger scan angles of 60◦ or higher use a double-
lens configuration [20] or a mechanical-scanning ILA [21].
These examples utilize plano-convex spherical lenses with
additional complexity in terms of lens manufacturing, as-
sembly, and alignment. Alternatively, a simpler solution
employing a patch-fed planar dielectric slab lens is shown
in [22], which has a limited scan angle of 27◦. Note that
no beam-steerable ILAs have been demonstrated in the sub-
THz range, and hence this work shows the first 230GHz
to 330GHz beam-steerable ILA with a large scan angle
of 55◦ to the best of the authors’ knowledge. The beam-
steerable lens design uses a plano-convex cylindrical lens
(i.e., commonly used in the optical domain to collimate light)
as a starting point. The lens has a parabolic lens contour on
one side, and its planar face on the opposite side is given
a conformal shape to enable gain enhancement of multiple
beams being radiated in different directions. The conformal
shape takes the phase center of the rectangular waveguide

antenna into consideration, thus enabling a large scan angle
of 55◦ without using double lenses or mechanical steering
as shown in previous works [20], [21].
To summarize the novel contribution of this work, this
paper presents the first sub-THz conformal lens integrated
rectangular waveguide beam-steering antenna operating in
the 230GHz to 330GHz range. The lens-integrated an-
tenna is manufactured using relatively low-cost techniques
of standard CNC milling and laser ablation. Furthermore,
it achieves the largest operation bandwidth, widest beam-
steering range and the highest peak antenna gain achieved
by a sub-THz rectangular waveguide beam-steering antenna
published to date. The paper is organized as follows. Section
II describes the design procedure of a beam-steering WR3.4
antenna with an array of 2×32 E-slots. The electromagnetic
(EM) simulation results of the beam-steering antenna are
presented in this section. Section III outlines the design
procedure of a conformal plano-convex parabolic lens, fol-
lowed by the EM simulation results of the lens-integrated
antenna. Section IV details the fabrication of the lens-
integrated antenna prototype. The effects of manufacturing
and assembly deviations are discussed in section V. Section
VI presents the measurement results of the beam-steering an-
tenna without and with the conformal lens. The measurement
results are compared with the EM simulation results. Finally,
a conclusion and future outlook of this work is presented in
section VII.

II. E-SLOT WR3.4 ANTENNA DESIGN
A standard rectangular waveguide, WR3.4, with dimensions
a=864 µm and b=432 µm, is chosen for the antenna design,
as the waveguide operates in its dominant TE10 mode
within the desired frequency range of 230GHz to 330GHz.
The cutoff wavelength of TE10 mode, given by λc=2a,
is calculated as 1.728mm, and the free space wavelength,
given by λ0=c0/f0 (where c0 and f0 denote the speed of
light and frequency, respectively), is calculated as 1.07mm
at the center frequency of 280GHz. Furthermore, the guided
wavelength of TE10 mode, given by (1), is calculated as
1.365mm at 280GHz.

λg =
λ0λc√
λ2

c − λ2
0

. (1)

The waveguide antenna comprises a total of 2×32 E-slots
cut into one of the broad walls of a WR3.4 waveguide as
shown in the schematic in Fig. 1. The major axis of each E-
slot is aligned parallel to the longitudinal axis of the WR3.4
waveguide, and the center of each E-slot is displaced from
the longitudinal axis of the WR3.4 waveguide by an offset of
x. The E-slots are placed periodically with an inter-element
spacing of g. Furthermore, the consecutive E-slots are placed
alternately on either side of the WR3.4 waveguide mid E-
plane. The antenna is terminated with a waveguide short,
placed at a distance, d from the last E-slot. The values of
antenna dimensions are given in Table 1.
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FIGURE 1: Schematic of a 2×32 E-slot rectangular waveg-
uide WR3.4 antenna.

TABLE 1: Dimensions of 2×32 E-slot rectangular waveg-
uide WR3.4 antenna.

a b l w x g d

864 µm 432 µm 550 µm 240 µm 200 µm 400 µm 900 µm

The design procedure used to determine these dimensions
is described next. Each E-slot is a resonant radiating element.
The E-slot length (i.e., the major axis length of an E-slot)
is calculated as λ0/2 at the center frequency of 280GHz.
This calculation results in an initial E-slot length of 535 µm.
The slot width of a conventional slotted waveguide antenna
with rectangular slots is typically around 0.2 times the slot
length [23]. Therefore, the E-slot width (i.e., the minor axis
length of an E-slot) is calculated as 107 µm. Using these
calculated values as a starting point, the E-slot length and
width are optimized based on EM simulation conducted in
CST Studio Suite 2023 software. The optimization criteria
used in this simulation are twofold. First, to increase the
impedance matching bandwidth, i.e., achieve a reflection
coefficient of less than −10 dB in the 230GHz to 330GHz
range. Second, to enhance the peak antenna gain in the
230GHz to 330GHz range. The optimized E-slot length
(l) and width (w) are obtained as 550 µm and 240 µm,
respectively. The optimized l is close to the calculated l,
whereas the optimized w is much larger than the calculated
w. Fig. 2 shows the simulated reflection coefficient and peak
antenna gain for the calculated and optimized E-slot width.
In Fig. 2(a), the calculated w leads to a reflection coefficient
of less than −10 dB from 250GHz to 330GHz, whereas
the optimized w achieves a reflection coefficient of less than
−10 dB over the 230GHz to 330GHz range. Hence, a larger
E-slot width increases the impedance matching bandwidth by
nearly 20GHz. In Fig. 2(b), the optimized w results in 2 dB
to 5 dB higher peak antenna gain in the 230GHz to 250GHz
range. The gain bandwidth enhancement is achieved at the

cost of a slight degradation in the peak antenna gain around
280GHz.
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FIGURE 2: Influence of larger E-slot width on 2×32 E-slot
WR3.4 antenna (a) Reflection coefficient. (b) Peak gain.

In order to design a beam-steering antenna over the target
frequency range of 230GHz to 330GHz, the inter-element
spacing between the E-slots should not be equal to λg/2.
Note that if the inter-element spacing is kept as λg/2, the
alternating E-slots are fed in phase, leading to broadside
radiation. On the other hand, if the inter-element spacing
is either less than or greater than λg/2, the E-slots are fed
with a constant phase difference, leading to a progressive
phase shift along the antenna aperture. The resulting phase
front, i.e., the main lobe direction of the antenna, is inclined
at an angle ϕ with respect to the broadside direction, as given
by (2) [24].

sinϕ =
λ0

λg
− λ0

2g
. (2)

Following the above-mentioned criterion, an inter-element
spacing of g=400 µm (i.e., less than λg/2 at the maximum
operating frequency of 330GHz) is employed between the
E-slots. Upon substituting the value of g into (2), a beam-
steering range of 60.2◦ is calculated, with the main lobe
of the antenna steering from −76.7◦ to −16.5◦ as the
operating frequency changes from 230GHz to 330GHz,
respectively. The negative sign indicates that the beam steers
in angle from the near waveguide feed end towards the near
broadside direction as the operating frequency is increased
from 230GHz to 330GHz. Alternatively, if the inter-element
spacing is increased to, for example, g=500 µm, the beam-
steering range reduces to 37◦ (in this case, the main lobe
steers from −40.3◦ to −3.3◦ in the 230GHz to 330GHz
range). On the other hand, if the inter-element spacing is
further reduced, it increases the mutual coupling between
the E-slots; hence, an inter-element spacing of g=400 µm
provides a good trade-off between a large beam-steering
range and reduced mutual coupling among the E-slots.
The E-slots are placed in shunt with the WR3.4 waveguide.
Therefore, in order to achieve a good impedance matching
over the 230GHz to 330GHz range, the waveguide admit-
tance should be equal to the sum of the E-slot admittances.
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The admittance of the dominant TE10 mode in a WR3.4
waveguide is calculated by using (3) [25].

Y0 =
β

kη
=

λ0

λgη
. (3)

In (3), η=377Ω and k=2π/λ0 denote the intrinsic
impedance and wavenumber of an air-filled waveguide, re-
spectively, while β=2π/λg denotes the propagation constant
of the dominant TE10 mode. The admittance of the E-slots
is calculated in the following manner. The S-parameters
of the waveguide with E-slots is simulated from 230GHz
to 330GHz using a waveguide port excitation and free
space boundary condition in CST Studio Suite 2023. In this
simulation, the E-slot length and width are kept constant
at 550 µm and 240 µm, respectively. Furthermore, the E-slot
offset (x) with respect to the longitudinal axis of the WR3.4
waveguide is varied in steps of 120 µm, 160 µm, 200 µm, and
240 µm. The simulated S11 is used to determine the E-slot
admittance by using (4) [26].

Yslot =
−2S11

S11 + 1
. (4)

The reflection coefficient, ρ expressed in terms of the E-
slot admittance normalized with respect to the waveguide
admittance is given by (5). A broadband impedance matching
of the 2×32 E-slot waveguide antenna implies that ρ and
hence 1 − Yslot/Y0 should be close to 0 over the desired
230GHz to 330GHz range.

ρ =
1− Yslot/Y0

1 + Yslot/Y0
. (5)

The real and imaginary part of the admittances (i.e., the
conductance and susceptance, respectively) are analyzed sep-
arately. The real part of the waveguide admittance (Re(Y0)
is equal to the waveguide conductance, G0) is calculated us-
ing (3). The real part of the E-slot admittance (Re(Yslot), i.e.,
E-slot conductance) is obtained from the above-mentioned
S-parameter simulation followed by a S-parameter-to-Y -
parameter conversion based on (4). Subsequently, the ab-
solute value of the numerator of ρ (i.e., |1− Re(Yslot/G0)|)
is calculated over the target frequency range as shown in
Fig. 3a. It is observed that as the E-slot offset (x) increases
from 120 µm to 200 µm, the impedance matching bandwidth
increases. However, as x is further increased to 240 µm, the
impedance matching starts degrading. This happens because
at a large offset, the E-slots are very close to the side wall
of the WR3.4 waveguide, and the E-field intensity of the
TE10 mode approaches zero. Furthermore, the imaginary
part of the E-slot admittance (Im(Yslot), i.e., E-slot suscep-
tance) obtained from S-parameter simulation followed by S-
parameter-to-Y -parameter conversion based on (4) is shown
in Fig. 3b. Note that the waveguide susceptance is zero at
resonance (Im(Y0) = 0) and hence not considered in this
analysis. As shown in Fig. 3b, a negligible susceptance is
observed as x is varied from 120 µm to 200 µm. Once again,
a rise in susceptance is seen for x=240 µm. The optimum

value of the E-slot offset obtained based on this analysis is
x=200 µm.
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FIGURE 3: Influence of E-slot offset on matching the
admittances of WR3.4 waveguide and 2×32 E-slots. (a) Real
part of the E-slot and WR3.4 admittance i.e., conductance.
(b) Imaginary part of the E-slot admittance i.e., susceptance.

The 2×32 E-slot waveguide antenna is terminated with
a short. The waveguide short is placed at a distance of
d=920 µm from the center of the last E-slot (i.e., nearly
0.75λg at the center frequency). Due to the large number
of E-slots used in this antenna, the power reflected by the
short termination is sufficiently small, and hence a spurious
beam, which mirrors the main beam with respect to the
broadside direction, is smaller than the sidelobe level of a
uniformly-spaced E-slot waveguide antenna [27]. Finally, it
is important to note that the broad wall thickness of the
WR3.4 waveguide comprising the 2×32 E-slots should be
a small fraction of the operating wavelength. Otherwise, if
the broad wall has a significant thickness, each of the 2×32
E-slots will turn into stub waveguides that are parallel to
the main feeding WR3.4 waveguide. The field inside these
stub waveguides would be a superposition of higher-order
TE modes, which will degrade the antenna performance [28].
In order to avoid this, a metal wall thickness of 125 µm is
selected for the initial simulation model shown in Fig. 1.
Later in section IV on prototype fabrication, only the topside
broad wall of the WR3.4 waveguide comprising the 2×32 E-
slots is manufactured by laser ablation of a 125 µm thickness
Al sheet, and the remaining two side walls and the bottom
broad wall of the WR3.4 waveguide are manufactured in a
CNC-milled split-block module. The antenna model shown
in Fig.1 is simulated with 2×16 and 2×32 E-slots to
determine the influence of the number of E-slots on the
reflection coefficient, peak gain, and beam-steering range of
the antenna. The EM simulation results are shown in Fig.4.

The simulated reflection coefficient, S11 (Fig.4(a)),
achieved using 2×32 E-slots shows a larger impedance
matching bandwidth than achieved using 2×16 E-slots, i.e.,
the simulated S11 for 2×32 E-slots is less than −10 dB
over the 230GHz to 330GHz range. The peak antenna gain
achieved using 2×32 E-slots is nearly 3 dB higher than with
2×16 E-slots in the majority of the 230GHz to 330GHz
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FIGURE 4: EM simulation of a 2×16 and 2×32 E-slot
WR3.4 antenna. (a) Reflection coefficient. (b) Peak antenna
gain. (c) Beam-steering angle. (d) Farfield radiation pattern
of 2×32 E-slot WR3.4 antenna at 280GHz.

range. This is understandable since a doubling in the number
of radiation elements (i.e., E-slots) ideally increases the
antenna gain by 3 dB. Note that around 300GHz, the peak
antenna gain achieved using 2×16 and 2×32 E-slots is
nearly the same, since the WR3.4 waveguide is terminated
in a short placed at a distance of around 0.75λg at this
frequency. The traveling wave that gets reflected by the short
end interferes destructively with the forward wave, which
leads to a slight degradation in the peak antenna gain. This
effect could be mitigated by using a matched waveguide
termination. However, due to the manufacturing complexity
associated with realizing a matched termination in the sub-
THz range, a short waveguide termination is used in this
work. The peak antenna gain can be further increased by
approximately 3 dB by using 2×64 E-slots. However, this
would enhance the manufacturing and assembly effort for
such a large sub-THz antenna and is hence not pursued
in this work. The beam-steering range shown in Fig.4(c)
remains the same for both 2×16 and 2×32 E-slots. In both
cases, the simulated beam-steering angle varies from −68◦ to
−17◦ as the frequency increases from 230GHz to 330GHz,
respectively, which closely matches the beam-steering range
calculated using (2). Finally, Fig. 4(d) shows the simulated
farfield radiation pattern of a 2×32 E-slot WR3.4 antenna
at the center frequency of 280GHz. A fan-shaped beam
with a half power beamwidth (HPBW) of 3.3◦ in the H-
plane (i.e., the longitudinal plane or the YZ plane as per
Fig. 1) and 71.4◦ in the E-plane (i.e., the transversal plane

or the XY plane as per Fig. 1) of the antenna are observed.
Furthermore, the simulated peak antenna gain is 20.1 dBi
and the simulated total efficiency is 95.4%. The fan-shaped
beam steers in the H-plane. The antenna beam points towards
the waveguide feed end at 230GHz and steers towards the
broadside direction as frequency increases upto 330GHz.
The average simulated total efficiency of the antenna is
around 85% in the 230GHz to 330GHz range.

III. CONFORMAL PLANO-CONVEX PARABOLIC LENS
DESIGN
The directivity of an antenna, which radiates in a single
direction (usually broadside) throughout its operational band-
width, is enhanced by integrating it with a hemispherical
or hemi-elliptical dielectric lens [19]. In this scenario, the
dielectric lens geometry is axially symmetric, meaning it
maintains the same cross-sectional view when rotated by any
angle passing lengthwise through its focal point. To integrate
an axially-symmetric dielectric lens with a broadside radia-
tion antenna, there are two key points. Firstly, the focal point
of the dielectric lens is vertically aligned with the antenna’s
phase center. Secondly, the vertical distance between the
antenna’s phase center and the dielectric lens focal point
is adjusted depending on the type of lens used [19]. Con-
sequently, the antenna beam is collimated in both E- and
H-plane, thereby enhancing the directivity of a broadside-
radiation antenna.
The 2×32 E-slot waveguide antenna beam differs from
a broadside-radiation antenna beam in the following two
aspects. First, it features a fan-shaped beam, where the
HPBW of the antenna is significantly narrower in the H-
plane compared to the E-plane (e.g., at 280GHz, the HPBW
is 3.3◦ and 71.4◦ in the H-plane and E-plane, respectively).
Secondly, the antenna beam changes direction within its op-
erational bandwidth i.e., the beam steers from −68◦ to −17◦

in the H-plane as the frequency increases from 230GHz to
330GHz, respectively. To enhance the directivity of such an
antenna, a novel conformal plano-convex parabolic lens has
been designed as shown in Fig. 5. The dielectric material
used for the lens design is PTFE, commonly known as
Teflon (The dielectric constant and loss tangent of Teflon at
300GHz are ϵr=2.04 and tan δ=0.001, respectively) [29].
The plano-convex parabolic lens cross-section of the lens is
defined by three parameters, namely the lens thickness D0,
the lens base width 2H , and the lens radius of curvature
R. The lens thickness and lens base width are selected
as D0=8.16mm and H=12.25mm. The lens radius of
curvature R is determined using the equation of a parabolic
curve given in (6) [30].

R =
H2

2D0
. (6)

On substituting D0=8.16mm and H=12.25mm into (6),
R is calculated as 9.2mm. From the basics of lens design
theory, it is known that if the lens thickness is comparable
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to the lens radius of curvature, as in this case, the lens is
considered to be a thick lens. Furthermore, for a thick lens,
the focal length f is given by (7) [30].

f =

(
R

n− 1

)(
1− D0(n− 1)

nR

)
. (7)

In (7), n denotes the refractive index of the lens material.
Furthermore, the refractive index of PTFE is calculated using
n =

√
ϵr as 1.43 at 300GHz. Subsequently, the focal length,

i.e., the distance between the phase center of the antenna and
the base of the plano-convex parabolic lens, is calculated as
f = 16.4mm.

Conformal
plano-convex parabolic lens

2x32 E-slot WR3.4 Antenna

f

f

L
D0

Phase center

H

x

y

z

θ

FIGURE 5: A conformal plano-convex parabolic lens and
a 2×32 E-slot WR3.4 antenna in a simple free space
simulation scenario.

The phase center of the 2×32 E-slot WR3.4 antenna is
determined using EM simulations conducted in CST Studio
Suite 2023. The phase center is estimated for multiple beams,
ranging from 230GHz (i.e., the beam points at −68◦ w.r.t.
the broadside direction) to 330GHz (i.e., the beam points at
−17◦ w.r.t. the broadside direction) in intervals of 5GHz.
In each of these cases, the phase center lies close to the
WR3.4 feed end. After determining the phase center, the
plano-convex parabolic cross-section of the lens is extended
by a length L along the z-axis until it is vertically aligned
with the phase center of the 2×32 E-slot WR3.4 antenna.
Using the phase center as the center of rotation, the XY
cross-section of the plano-convex parabolic lens is rotated
by θ=90◦. Note that the perpendicular distance between the
2×32 E-slot WR3.4 antenna phase center and the plano-
convex parabolic lens is kept constant as the focal length f
at all points of the conformal lens. Consequently, unlike an
axially symmetric dielectric lens that has a focal point, the
conformal lens has a focal arc, whose perpendicular distance
w.r.t. the 2×32 E-slot WR3.4 antenna phase center is always
kept constant regardless of the beam’s direction throughout
the operational bandwidth of the antenna. The dimensions

used in the conformal lens integrated E-slot WR3.4 antenna
assembly are provided in Table 2.

TABLE 2: Dimensions used in the conformal plano-convex
parabolic lens integrated E-slot WR3.4 antenna assembly

D0 H R f L θ

8.16mm 12.25mm 9.2mm 14.4mm 25mm 90◦

The conformal plano-convex parabolic lens is first sim-
ulated together with the 2×32 E-slot WR3.4 antenna in a
simple free space scenario shown in Fig. 5. In this simu-
lation, the lens and the antenna are positioned at a specific
distance apart in free space. The lens and the antenna are
aligned along the z axis. Furthermore, the lens is positioned
at a distance equal to the focal length (f ) from the phase
center of the 2×32 E-slot WR3.4 antenna along the x and
y axes. The practical integration of the conformal plano-
convex parabolic lens and the 2×32 E-slot WR3.4 antenna
is achieved using a split-block module whose fabrication and
assembly are described in section IV.
The lens antenna free space assembly shown in Fig. 5 is
simulated in CST Studio Suite 2023. A waveguide port with
TE10 mode excitation is used in this simulation. Fig. 6(a)
compares the peak antenna gain of the 2×32 E-slot WR3.4
antenna with a conformal plano-convex parabolic lens (de-
noted as ”with Lens”) and the 2×32 E-slot WR3.4 antenna
alone (denoted as ”w/o Lens”). The maximum peak antenna
gain ”with Lens” is obtained using a focal distance of
f=14.4mm, which is very close to the value calculated
using (7). It is observed that the simulated peak antenna gain
”with Lens” ranges from 17 dBi at 230GHz to 32.3 dBi at
330GHz. The gain enhancement ’with Lens’ in the 230GHz
to 250GHz range is smaller than in the 270GHz onwards
range. This effect is attributed to the fact that the beam
steers further away from the boresight direction in this range
(see Fig. 6(b)). Furthermore, the conformal section of the
lens is separated from the antenna by a fixed distance of
f , as the phase center of all steered beams is approximated
to be located at the midpoint of the WR3.4 feed end (see
Fig. 5). This approximation leads to a smaller gain in the
230GHz to 250GHz range. The average gain achieved
”with Lens” over the operational bandwidth of 230GHz to
330GHz is 26.6 dBi. Fig.6(b) compares the beam-steering
angle of the ”w/o Lens” and ”with Lens” scenarios. It is
observed that the conformal plano-convex parabolic lens
has negligible influence on the beam-steering range of the
2×32 E-slot WR3.4 antenna. The simulated farfield radiation
pattern of the lens antenna free space assembly at the center
frequency, 280GHz is shown in Fig. 6(c). On comparing
the HPBW of the lens antenna with that of the antenna (see
Fig. 4(d)), it is observed that the HPBW in the H-plane
is practically the same as before, i.e., around 3◦, whereas
the HPBW in the E-plane changes from 71.4◦ to 2.9◦. The
H-plane cross-section of the lens contains the focal arc,
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which maintains a constant focal distance to the 2×32 E-slot
WR3.4 antenna phase center, thus enabling high-gain beam-
steering along H-plane. This observation confirms that the
conformal plano-convex parabolic lens enhances the antenna
directivity by collimating the beam in the E-plane. The E-
field distribution of the lens-antenna free space assembly in
the beam collimation plane at 280GHz is shown in Fig. 6(d).
It is observed that the 2×32 E-slot WR3.4 antenna acts as
a primary radiator that emits a spherical wave front and the
conformal plano-convex parabolic lens transforms it into a
planar wavefront. The combined aperture efficiency of the
lens antenna (ηap) is calculated using (8) [31].

ηap =
G

ηantηL

(
λ0

πLD

)2

. (8)

In (8), G denotes the simulated peak gain of the lens
antenna assembly, LD denotes the lens diameter illuminated
by the 2×32 E-slot WR3.4 antenna beam width, ηant denotes
the simulated total antenna efficiency and ηL denotes the lens
efficiency. At 280GHz, using G, LD, ηant of 31.5 dBi, 20mm
and 85%, respectively and assuming ηL of 80% [32], the
combined aperture efficiency of the lens antenna is estimated
to be around 63%.

230 250 270 290 310 330
Frequency in GHz

10

15

20

25

30

35

Pe
ak

 a
nt

en
na

 g
ai

n 
in

 d
B

i

w/o Lens
with Lens

(a)

230 250 270 290 310 330
Frequency in GHz

-70

-60

-50

-40

-30

-20

-10

B
ea

m
-s

te
er

in
g 

an
gl

e 
in

 D
eg

re
e

w/o Lens
with Lens

(b)

Type     Farfield 
Frequency 280 GHz
Rad. Effic. -0.305 dB
Tot. Effic.  -0.309 dB
Realized Gain 31.5 dBi

31.5
26.7
21.8

17
12.1

7.3
2.4

-2.4
-8.5

dBi

(c)

16
12

8
4
0

-4
-8

-12
-16

dB
(V/mm)

2x32 E-slot 
WR3.4 Antenna

Conformal
plano-convex 
parabolic lens

(d)

FIGURE 6: Free space assembly of a conformal plano-
convex parabolic lens and a 2×32 E-slot WR3.4 antenna.
(a) Simulated peak antenna gain with and without lens (b)
Simulated beam-steering angle with and without lens. (c)
Simulated far-field radiation pattern with lens at 280GHz.
(d) Simulated E-field in beam collimation plane of lens
antenna free space assembly at 280GHz.

IV. PROTOTYPE FABRICATION
A prototype of the 2×32 E-slot WR3.4 antenna, integrated
with a conformal plano-convex parabolic lens, is realized
using a manufacturing and assembly concept illustrated
in Fig. 7. The manufacturing and assembly concept of
the antenna comprise the following components. Firstly, a
WR3.4 waveguide with an H-plane bend is fabricated in
a brass split-block module using CNC milling. Unlike the
simple simulation model shown in Fig. 1, an H-plane bend
is included in the prototype to facilitate the integration of
the conformal plano-convex parabolic lens and a standard
WR3.4 flange (UG-387/U) for antenna measurement. The
H-plane bend, along with the WR3.4 flange, is simulated
separately to determine its influence on the antenna. The sim-
ulated S-parameters show a return loss greater than 35 dB
and an insertion loss of less than 0.5 dB in the 230GHz
to 330GHz range. Therefore, the bend has a negligible
influence on the 2×32 E-slot WR3.4 antenna. The WR3.4
waveguide terminates with a waveguide short, manufactured
as a separate CNC-milled metal block, which is then aligned
and attached to the WR3.4 waveguide using alignment pins
and mechanical screws, respectively. It’s worth noting that
manufacturing these two components in a single metal block
would result in rounded corners at the WR3.4 termination
due to the use of CNC milling. Alternatively, manufacturing
these two components separately ensures precise corners at
the WR3.4 termination, thereby achieving an ideal WR3.4
short. Secondly, the radiation elements of the antenna, i.e.,
the 2×32 E-slots, are fabricated on a 125 µm thick Al sheet
using a laser ablation process. As previously explained in
section II on antenna design, a small metal thickness for the
broad wall of the WR3.4 waveguide comprising the 2×32
E-slots is necessary to ensure that the E-slots themselves do
not act as stub waveguides in parallel to the feeding WR3.4
waveguide. This would degrade the beam-steering antenna
performance due to a superposition of higher-order modes.
For the remaining three walls of the WR3.4 waveguide, the
metal thickness is not a critical factor, and hence they are
manufactured using CNC milling as a split-block module.
Furthermore, due to the small thickness of the Al sheet, a
laser ablation process is preferred over the conventional CNC
milling process for manufacturing the E-slots. A picosecond
laser, LPKF ProtoLaser R4, with a laser wavelength of
515 nm, a maximum laser power of 8W, and a focused
laser beam diameter of 15 µm±2 µm is used for this purpose.
Thirdly, the picosecond laser is used to structure a 10 µm
thick conducting foil, known as the die attach foil (DAF). In
this step, the WR3.4 waveguide with an H-plane bend and
a short termination is patterned on the DAF using a laser
ablation process so that it replicates the WR3.4 waveguide
structure on the CNC-milled split-block module beneath it.

The laser-structured DAF is interposed between the
125 µm thickness Al sheet containing E-slots and the split-
block module containing the WR3.4 feeding waveguide. The
usage of DAF in this assembly concept ensures that there is
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FIGURE 7: Manufacturing and assembly concept of a 2×32
E-slot WR3.4 antenna integrated with a conformal plano-
convex parabolic lens.

minimum contact resistance between the feeding waveguide
and the radiating elements of the antenna. The DAF-based
antenna assembly is cured at a temperature of 120 ◦C for a
duration of around 2 hours to ensure an airtight mechanical
contact between the Al sheet containing 2×32 E-slots and the
split-block module containing the WR3.4 feeding waveguide.
Fourthly, to measure the antenna, a standard WR3.4 flange
(UG-387/U) is necessary. The bottom half of the WR3.4
flange is realized in the CNC-milled split-block module
containing the WR3.4 waveguide with H-plane bend. The
top half of the WR3.4 flange is realized on a separate CNC-
milled metal block placed on top. This metal block has a
large opening in the middle centered with respect to the
2×32 E-slots. Furthermore, four alignment pins, one on each
side of the assembly, are used to align the CNC metal blocks
at the top and bottom. Additionally, three mechanical screws
are used to connect the components. Finally, the conformal
plano-convex parabolic lens is manufactured by CNC milling
of a PTFE block. The lens is connected by a screw to the
bottom CNC-milled metal block.

V. MANUFACTURING AND ASSEMBLY EFFECTS
The manufacturing deviations of the 2×32 E-slots fabricated
on the 125 µm thick Al sheet are analyzed with a microscope
(using a 300x objective lens). A microscope photo of the
laser-ablated 2×32 E-slots on the Al sheet is shown in
Fig. 8a. The figure also displays the measured length and
width of one of the E-slots as observed on the top and back
sides of the Al sheet. It’s important to note that ”Top” refers
to the side where the laser beam is focused and enters the Al
sheet, while ”Back” refers to the bottom side of the 125 µm
thick Al sheet through which the laser beam exits. It is ob-
served that the E-slot length and width measured at the ”Top”

Top 

Back

242 μm

551 μm

207 μm

497 μm

(a)

879 μm

44
6 
μm

(b) (c)

FIGURE 8: (a) Microscope view of laser-ablated 2×32 E-
slots on 125 µm thick Al sheet. (b) Microscope view of
CNC-milled WR3.4 waveguide. (c) A manufactured proto-
type of 2×32 E-slot WR3.4 antenna integrated with a PTFE-
based conformal plano-convex parabolic lens.

show minute deviations of around ±2 µm from the desired
values of 550 µm and 240 µm, respectively. However, the E-
slot length and width measured at the ”Back” are 497 µm and
207 µm, respectively, showing somewhat higher deviations
from the desired values. These manufacturing deviations are
caused by the natural divergence of a focused laser beam.
This is why, when laser ablation is used to cut micro-
mechanical contours, the walls of these contours cannot be
perpendicular; instead, a kerf taper angle results depending
on the laser parameters and material ablation depth [33].
The kerf taper angle leads to the E-slot length and width on
the backside of the Al sheet being somewhat smaller than
the desired values achieved on the top. The dimensions of
multiple E-slots are inspected on the top and backside of the
125 µm thick Al sheet, and similar observations are made in
each of these cases. Additionally, the CNC-milled split-block
module containing the WR3.4 waveguide with an H-plane
bend is inspected using the microscope. A microscope photo
of the CNC-milled WR3.4 waveguide cross-section is shown
in Fig. 8b. The length and width of the manufactured WR3.4
waveguide are measured as 879 µm and 446 µm, respectively,
hence a slight deviation is observed compared to the standard
WR3.4 waveguide length and width of 864 µm and 432 µm,
respectively. The above mentioned dimensions of the laser-
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ablated E-slots and CNC-milled WR3.4 waveguide are used
to modify the antenna simulation model shown in Fig. 6 to
enable a fair comparison between the measurement and EM
simulation results, which are shown and discussed in the next
section. Due to the curved geometry of the conformal plano-
convex parabolic lens, CNC milling is done from two sides
by rotating the lens. This resulted in a slight manufacturing
deviation of the lens prototype i.e., the planar surface of
the lens prototype is slightly uneven. Furthermore, due to
the small form factor of the lens, a single screw is used
to fix the lens on the split block antenna module shown in
Fig. 7. This implies that a minor rotation of the lens during
the measurement could not be fully avoided. A photo of the
2×32 E-slot WR3.4 antenna integrated with a PTFE-based
conformal plano-convex parabolic lens is shown in Fig. 8c.
The length, width and height of this module are 65mm,
30mm and 32.35mm, respectively.

VI. MEASUREMENT RESULT AND ANALYSIS
The manufactured prototype of the 2×32 E-slot WR3.4
antenna is measured using an antenna measurement setup.
The working principle of this setup is described in detail
in [34], [35] and illustrated in Fig. 9. Subsequently, the
antenna is integrated with the PTFE-based conformal plano-
convex parabolic lens and measured using the same setup.

Lens-integrated 
WR3.4 Antenna

WR3 Horn

Down-conversion
Mixer

Rotating 
Rx arm

VNA display

Frequency 
Extension module

2.5-inch WR3.4
waveguide

FIGURE 9: Sub-THz antenna measurement setup.

In this measurement setup, the 2×32 E-slot WR3.4 an-
tenna prototype is connected via a 2.5-inch long WR3.4
waveguide to a frequency extension module (Model: WR3.4-
VNAX), providing a frequency coverage of 220GHz to

330GHz. The input of this frequency extension module
is connected to port 1 of a two-port vector network ana-
lyzer (VNA) (Model: Keysight PNA-X Network Analyzer
N5242B) and a millimeter-wave controller (Model: Keysight
N5261A). The antenna under test (AUT) acts as a transmit-
ter (Tx) during the measurement. The second port of the
millimeter-wave controller is connected to a receiver (Rx)
module consisting of a WR3.4 down-conversion mixer, and a
standard-gain WR3 horn with linear polarization and 25 dBi
gain (as specified by the manufacturer). The Rx module is
mounted on a motorized rotational arm. This arm is rotated
around the AUT from −90◦ to 90◦ (see Fig. 9) in steps
of 1◦ using a step motor. At each step, the forward trans-
mission coefficient (S21) is measured, thereby measuring a
two-dimensional farfield radiation pattern of the AUT. The
antenna measurement setup is calibrated before measuring
the antenna characteristics. The calibration process includes
an S-parameter calibration and a gain calibration. The S-
parameter calibration is performed at the output of the 2.5-
inch long WR3.4 waveguide using a WR3.4 calibration
kit consisting of a waveguide short, a quarter-wave delay
waveguide short, and a waveguide load. The calibration is
performed from 220GHz to 330GHz with 801 frequency
points and an IF bandwidth of 100Hz. Subsequently, a gain
calibration is performed by connecting a second standard-
gain WR3 horn (25 dBi gain, linear polarization) to the 2.5-
inch long WR3.4 waveguide followed by a WR3.4 split-
block right-angle bend. During the gain calibration, the
Tx and Rx standard-gain WR3 horn antennas are precisely
aligned such that the Tx and Rx standard-gain horns are in
each other’s direct LOS and do not have any polarization
mismatch. The forward transmission coefficient, S21, is
measured and the FSPL and the system losses are deduced.
These losses are used to calibrate the measured AUT gain.
After calibrating the antenna measurement setup, the 2×32
E-slot WR3.4 antenna prototype (at first without the lens and
subsequently with the lens) is connected to the 2.5-inch long
WR3.4 waveguide, and the reflection coefficient, beam steer-
ing angle, peak antenna gain, and farfield radiation pattern
in the beam-steering plane are measured and compared with
EM simulation as shown in Fig. 10 and Fig. 11. It should
be noted that the simulation model used in this comparison
includes the manufacturing deviations discussed in section
V. This includes tapering of the 2×32 E-slots caused by
the laser ablation process and deviation in the CNC-milled
WR3.4 split-block waveguide.

The measured and simulated reflection coefficient of the
antenna is shown in Fig.10a. It is observed that the mea-
sured reflection coefficient matches well with the simulation.
Furthermore, the measured reflection coefficient is less than
−15 dB over the target range of 230GHz to 330GHz. As
previously mentioned, the Rx module mounted on the arm
is rotated around the AUT from −90◦ to 90◦ to measure
the two-dimensional farfield radiation pattern in the beam-
steering plane (i.e. H-plane) of the AUT. Note that the
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FIGURE 10: Measurement and EM simulation result of
2×32 E-slot WR3.4 antenna without and with a conformal
plano-convex parabolic lens. (a) Reflection coefficient. (b)
Beam-steering angle. (c) Peak antenna gain without and with
lens.

farfield radiation pattern of the antenna cannot be measured
in the E-plane of the antenna due to the mechanical restric-
tion imposed by the antenna measurement setup shown in
Fig. 9. The measured data is used to calculate the peak
antenna gain and the beam-steering angle of the AUT. Note
that the angle corresponding to the peak antenna gain in the
beam-steering plane is determined as the beam-steering angle
of the AUT. The measured and simulated beam-steering
angle of the AUT is shown in Fig. 10b. Both measured and
simulated values are determined from 230GHz to 330GHz
in steps of 5GHz. The measured and simulated beam-
steering angle match well with each other. The measurement
shows that the AUT beam steers from −71◦ to −16◦ as the
frequency is swept from 230GHz to 330GHz, respectively.

The reflection coefficient and the beam-steering angle
measurement result for the 2×32 E-slot WR3.4 antenna with
and without the conformal plano-convex parabolic lens are
very similar to the results shown in Fig. 10a and Fig. 10b,
respectively, and hence shown only once. The peak antenna
gain of the 2×32 E-slot WR3.4 antenna with and without
the conformal plano-convex parabolic lens are measured and
compared with the corresponding EM simulation result as
shown in Fig. 10c. Once again, a good match is observed
between the measurement and simulation. The measured
peak antenna gain of the 2×32 E-slot WR3.4 antenna
(without the lens) shows a median value of 17.2 dBi and a
maximum value of 19.5 dBi. After integrating the conformal
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FIGURE 11: Measured and simulated farfield radiation pat-
tern of 2×32 E-slot WR3.4 antenna without and with a
conformal plano-convex parabolic lens. (a) 240GHz without
lens. (b) 240GHz with lens. (c) 260GHz without lens. (d)
260GHz with lens. (e) 280GHz without lens. (f) 280GHz
with lens. (g) 300GHz without lens. (h) 300GHz with lens.
(i) 320GHz without lens. (j) 320GHz with lens.

plano-convex parabolic lens, the measured peak antenna gain
shows a median value of 27.1 dBi and a maximum value
of 30 dBi. The difference in the measured and simulated
gain for the lens integrated antenna is attributed to the
effects of manufacturing and assembling the lens prototype,
which are described in section V. Furthermore, the conformal
plano-convex parabolic lens enhances the peak antenna gain
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TABLE 3: Comparison with state-of-the-art sub-THz beam-steering antennas.

Reference Frequency range Bandwidth Antenna type Manufacturing Peak gain Beam-steering
[13] 230 - 330GHz 35.7% Planar (microstrip) Lithography 11 dBi −46◦ to 42◦

[14] 230 - 330GHz 35.7% Planar (microstrip) Lithography 13.7 dBi −50◦ to 42◦

[15] 220 - 325GHz 38.5% Planar (coplanar waveguide) Lithography 13.5 dBi −60◦ to 35◦

[17] 230 - 245GHz 6.3% Rectangular waveguide + patch array Silicon micromachining 28.5 dBi −24◦ to 24.5◦

[18] 288 - 306GHz 6.1% Rectangular waveguide Silicon micromachining 15 dBi* -

This work 230 - 330GHz 35.7% Rectangular waveguide + Conformal lens CNC milling + Laser ablation 30 dBi −71◦ to −16◦

*Only simulated value is given in the paper.

between 5 dB and as high as 10 dB in the target range of
230GHz to 330GHz. The measured and simulated farfield
radiation pattern in the beam-steering plane of the 2×32 E-
slot WR3.4 antenna without and with the conformal plano-
convex parabolic lens are shown in Fig. 11. These farfield
radiation patterns are shown at 240GHz, 260GHz, 280GHz,
300GHz, and 320GHz, and the change in beam-steering
angle with the frequency is visible in these plots. The gain
enhancement achieved with the lens is also visible when
comparing the farfield radiation pattern of the 2×32 E-
slot WR3.4 antenna without and with the conformal plano-
convex parabolic lens at any of these frequencies. The
measured side lobe level (SLL) of the antenna integrated
with and without the lens over the 230GHz to 330GHz
range is shown in Fig. 12. At each frequency, the measured
SLL is normalized with respect to the corresponding peak
antenna gain. For both the antenna and the lens-integrated
antenna, the best SLL is around 20 dB below the peak gain,
which is achieved around the center frequency. Furthermore,
the SLL increases up to around 10 dB below the peak gain
as the frequency approaches the lower and upper edges of
the target frequency range.
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FIGURE 12: Measured normalized side lobe level of 2×32
E-slot WR3.4 antenna without and with conformal plano-
convex parabolic lens.

Table 3 compares the performance of the conformal plano-
convex parabolic lens integrated 2×32 E-slot WR3.4 an-
tenna with state-of-the-art sub-THz beam-steering antennas
demonstrated in the same frequency band. On comparison
with the state-of-the-art planar (i.e., microstrip and copla-
nar waveguide) and rectangular waveguide beam-steering
antennas operating in the same sub-THz band, this work

achieves the highest peak antenna gain of 30 dBi achieved
in the 230GHz to 330GHz range. Furthermore, among
the rectangular waveguide beam-steering antennas operating
in the same sub-THz band, this work demonstrates the
largest beam-steering range of −71◦ to −16◦ and the widest
operational bandwidth of 230GHz to 330GHz (i.e., 35.7%
relative bandwidth). It is noteworthy that the manufacturing
techniques used in this work consist of standard CNC milling
and laser ablation, which are relatively low cost compared to
the high-precision silicon micromachining employed in pre-
viously demonstrated sub-THz rectangular waveguide beam-
steering antennas.

VII. CONCLUSION AND FUTURE OUTLOOK
This paper presents the first sub-THz conformal lens-
integrated rectangular waveguide antenna that achieves the
largest beam-steering range and the highest peak antenna
gain in the broadband frequency range of 230GHz to
330GHz published to date. The antenna consists of a
2×32 array of E-slots spaced by less than half of the
guided wavelength on a WR3.4 rectangular waveguide, thus
achieving high-gain beam steering over its operating sub-
THz range. The measurement results show that the antenna
achieves a reflection coefficient of less than −15 dB and
a beam-steering range of −71◦ to −16◦, as the operating
frequency varies from 230GHz to 330GHz, respectively.
The antenna is integrated with a conformal plano-convex
parabolic lens, which is designed taking into consideration
the phase center of multiple steered beams. The conformal-
lens integration leads to an antenna gain enhancement of
5 dB to 10 dB over the complete beam-steering range.
The conformal lens-integrated 2×32 E-slot WR3.4 antenna
achieves a measured peak antenna gain of 30 dBi in the
230GHz to 330GHz range. A prototype of the conformal
lens-integrated WR3.4 antenna is realized using a relatively
low-cost manufacturing and assembly concept based on
standard CNC milling and a laser ablation process, giving it
a clear edge over previously demonstrated sub-THz rectan-
gular waveguide beam-steering antennas manufactured using
a high-precision silicon micromachining process. The overall
size of the lens-integrated antenna is extremely compact, i.e.,
65mm×30mm×32.35mm. The conformal lens-integrated
WR3.4 antenna can be easily connected to a sub-THz
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wireless transmitter operating in a broad frequency range
of 230GHz to 330GHz. The WR3.4 standard waveguide
flange used in the antenna ensures a direct interface to a sub-
THz wireless transmitter in a split-block waveguide package.
Such a broadband sub-THz wireless transmitter-and-antenna
module with a large beam-steering range and high gain
can be used to establish a high-data-rate point-to-multipoint
wireless link operating over several meters.
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