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ABSTRACT This article presents a high-efficiency circularly polarized slotted waveguide leaky wave
antenna for the W band frequency range. The wall thickness of the slotted waveguide leaky wave antenna
containing the radiating slots is tuned to optimize the overall antenna performance. A thin dielectric layer
with an array of metallic patches has been used as a linear-to-circular polarization converter. The fabrication
challenges of the W band antenna have been overcome by CNC milling machines which provide a high
degree of precision and accuracy. The gain of the prototype antenna is above 20 dBi in the intended operating
band from 92GHz to 98GHz. Furthermore, the antenna provides an average half-power beamwidth (HPBW)
of 3.2◦ in the elevation plane and a cross-polarization level below -18 dB in the main beam direction. The
combination of its robust design, reliable fabrication, simple configuration, and superior performance makes
the proposed antenna a strong candidate for various W band applications.

INDEX TERMS Leaky wave antenna (LWA), slotted waveguide antenna, circular polarization, W-Band,
millimeter wave.

I. INTRODUCTION
The demand for larger bandwidth, higher data transfer rates,
and channel capacity has increased rapidly in recent years.
To meet the requirements of the future, the communication
industry is shifting towards higher frequencies such as
millimeter wave (mmW) frequency (30 GHz to 300 GHz) [1].
W band considered to be a frontier for space communication
applications, is one of the dominant bands of mmW
frequency. W-band offers an atmospheric transmission ‘‘win-
dow’’ [2] and finds application in radar imaging, security
screening, non-destructive testing (NDT), etc. Due to the
upcoming trends and possibilities of theW-band, the industry
needs a high-performance antenna that is cost-effective and
fabrication-tolerant [3], [4].

A leaky wave antenna (LWA) is an excellent candidate
for mmW frequency band applications due to its inherent
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qualities like beam steering and high directivity. Despite
the exceptional properties, only few works are available in
the literature for slotted waveguide LWA. In [5], a linearly
polarized slotted waveguide antenna has been presented for
the W-band. A high gain slotted waveguide array antenna
based on electroforming is discussed in [6]. In [7], a W
band high-gain slot array antenna has been developed using
a double-layer waveguide. A planar LWA for the W band is
demonstrated in [8] but suffers from low radiation efficiency.
Antennas reported in [6], [7], and [8] are linearly polarized,
so it cannot be used for space applications. In [9] a hybrid
antenna is illustrated, where to reduce transmission losses a
waveguide is used in the feeding network, and an array of
radiating slots was constructed on SIW.

For the W band, several SIW-based array antennas have
been documented in the literature [10], [11], [12], [13],
[14]. On a single PCB, a four-stage, two-way divider has
been designed in [10], but its radiation efficiency is low.
In [11], [12], and [13], a two-layer SIW-based antenna has

VOLUME 11, 2023
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 86945

https://orcid.org/0000-0003-4141-8377
https://orcid.org/0000-0001-8816-0989
https://orcid.org/0000-0002-4948-3870


S. Singh et al.: Slotted Waveguide Circularly Polarized LWA With Improved Efficiency at W-Band

been developed, in which a feed network is designed on
the bottom layer and another dielectric layer is added to
improve the antenna gain. To reduce the loss in the W-band,
multi-layer low temperature co-fired ceramics (LTCC) have
been introduced in [14]. Design of SIW antenna at higher
frequencies is more complicated and prone to manufacturing
tolerances than at lower frequencies. The confinement of
the electromagnetic field between two metallic vias is more
challenging as the frequency increases.

The circularly polarized (CP) antenna is chosen over the
linearly polarized antenna because it can reduce the effects
of faraday rotation, suppress polarization mismatch, and
mitigate multipath interference between the transmitter and
the receiver [15]. Due to its extraordinarily desirable features,
the W-band CP antenna has become a fascinating area of
research. Several polarization conversion techniques have
been reported in the literature [16], [17], [18] to achieve
CP. A dielectric layer combined with radiating patches [16]
and magneto-electric dipole [17] are investigated for CP.
However, both are designed at low frequencies and extending
these structures to the W band is quite challenging. In [18],
another approach is presented for the CP antenna, in which
multi-layer dielectric is used for polarization conversion.
A single layer planar CP antenna has been reported in [19]
for mmW operation but it has low efficiency, due to high
dielectric and metallic losses. The radiation efficiency of
the microstrip antenna decreases as the frequency increases
because of high losses. As a result, waveguide is preferred at
high frequency due to low losses.

The article [20] proposes a slotted waveguide configura-
tion that incorporates three parasitic dipoles to enhance the
axial ratio of the antenna. However, the small dimensions
of the waveguide at the W band can result in coupling
between the slots, which can potentially limit the antenna
effectiveness in achieving the desired CP characteristics.
The antenna mentioned in [21], utilizes a dual input feed
to excite both horizontal and vertical components, enabling
the generation of CP. In [22], a slotted waveguide with
dual-mode excitation is used to achieve CP. However, due to
the antenna structure and fabrication limitation, it is difficult
to achieve satisfactory performance at W-band frequencies.
The cross slotted waveguide array in [23] is prone to high
fabrication error due to limitations in mechanical milling
capabilities, which can impact the precision and accuracy
of the fabricated structure. By acknowledging this issue, the
article aims to present an alternative approach that mitigates
these fabrication errors, resulting in improved performance
and reliability.

This paper presents the development of a robust and highly
efficient beam steering circularly polarized LWAdesigned for
the W band applications. To enhance the overall radiation
efficiency of the LWA, the thickness of the waveguide wall
containing the radiating slots is reduced. The wall thickness
of the slot is tuned to optimize the antenna performance by
improving radiation characteristics. To the best of the author’s
knowledge, there is no prior research reported on increasing

FIGURE 1. Structure details of the proposed antenna (a) Slotted
waveguide antenna with polarization converter (b) Pair of longitudinal
slot (c) Antenna with CP converter (ls=1.8 mm, ws=0.3 mm, o=.65 mm,
p=1.6 mm, tn=1 mm, tb=0.3 mm, h=0.4 mm, ld=1.05 mm, wd=0.5 mm).

the efficiency of a slotted waveguide antenna through the
reduction of slot wall thickness. The polarization converter
is added to the LWA that changes the electromagnetic waves,
converting the linear polarization of the incident waves into
the reflected circular polarization. Furthermore, a loading
effect is introduced into the structure by the integration of
the polarization converter, which is providing an additional
gain. The implemented antenna demonstrates excellent
performance with a robust and simple antenna configuration.
As a result, it is considered a strong candidate for W band
applications. While a preliminary concept was previously
proposed in [24], this article provides detailed information
on the manufacturing process, highlighting improvements
and advancements over the previous work. By describing
the synthesis technique, the article provides valuable insights
into the fabrication process, potentially contributing to the
reproducibility and scalability of the antenna design.
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II. BASIC ANTENNA CONFIGURATION AND DESIGN
GUIDELINES
The properties of LWA are analyzed by designing an array
of the longitudinal slot on the broad wall of the WR-10
waveguide (a = 2.54 mm, b = 1.27 mm) in a linear manner.
At an offset (o) of 0.65 mm from the waveguide axis, the
longitudinal slots of length (ls), width (ws), and thickness (tb)
are cut. The periodicity of the slot is approximately λg/2
because the electric field inside the waveguide reverses after
every λg/2 distance in the wave propagation direction, where
λg is the guidedwavelength of the center operating frequency.
The slots are located on opposite sides of the waveguide axis,
so that they all radiate in the same phase. The longitudinal
slot of length 1.8 mm, and width 0.3 mm (≈0.1λg) are cut at
a periodicity of 1.8 mm (≈0.45λg). Due to the high degree of
sensitivity and precision required by W-band antennas, both
slot ends are kept rounded.

The presented CP LWA configuration is divided into an
aperture section and a feed section, as illustrated in Fig.1(a).
In the aperture section, twenty-one pairs of longitudinal slots
are present on the broad wall of the waveguide at an offset
from the waveguide axis. While the feed section comprises
a 15 mm length of WR-10 waveguide on either side of the
aperture section without reducing the broad wall thickness.
The WR-10 waveguide has 42 longitudinal slots and a total
length of 100 mm. In order to feed the structure, a removable
flange is also fabricated to connect the waveguide to the coax
adapter.

A dielectric layer containing an array of metallic patches is
used as a linear to circular polarization converter. The number
of patches is same as the number of longitudinal slots, and it is
placed just above the slotted waveguide, separated by a small
air gap (h). For this structure, patches are printed on the top
surface of a Rogers/ Duroid substrate ( εr = 2.2, tan(δ) =

0.0009) which is 5 mil thick and positioned immediately
above the radiating slots. To create a small gap between the
slotted waveguide and the polarization converter, foam is
placed at the corners of the polarization converter. This foam
material helps to maintain the desired separation between the
slots and patches. To fix the dielectric layer and foam onto
the slotted waveguide, glue is used. The glue ensures that the
components are firmly attached and maintain their positions
during operation. A circular polarization unit consisting of a
radiating slot and rotated patches on top of a dielectric layer
at an angle ψ with respect to the x-axis is shown in Fig. 1(c).
In the fundamental slot theory of rectangular waveg-

uides [25], [26] the waveguide wall thickness is negligible for
calculating the resistance of radiating slot. The wall thickness
of the slot will impact the performance of the radiating slot at
these frequencies because the WR-10 waveguide has a 1 mm
wall thickness, which is λo/3 at 94 GHz. The variation in S21
with the radiating slot thickness is seen in Fig. 2(a). From the
basics, it is known that the efficiency of the antenna is directly
related to the power radiated through the antenna’s aperture;
as a result, maximum efficiency is achieved at minimum slot
thickness, as shown in Fig. 2(b).

FIGURE 2. Simulated response of slotted waveguide LWA (a) S21 without
polarization converter (b) Efficiency without polarization converter (c) S21
with polarization converter (d) Efficiency with polarization converter.

For CP, a polarization converter is used, which consists of
metallic patches on top of the thin dielectric substrate. Due to
the loading effect of the polarization converter over the slotted
LWA, the overall matching of the presented antenna has
improved. The increased matching has further improved S21
and efficiency of the presented antenna, which are illustrated
in Fig. 2(c) and 2(d).

The efficiency of the proposed antenna is maximum for
0.1 mm slot thickness; longitudinal slots of this thickness
would be fragile and require highly precise drill bit for
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TABLE 1. Simulated gain the LWA with or without converter.

CNC machining. Thus for the proposed work, 0.3 mm wall
thickness is chosen as its efficiency is not significantly less
compared to the maximum, and slots of 0.3 mm thickness
can easily be cut on the waveguide. Table 1 presents a
comparison of the gain of the LWA with and without the
polarization converter. The results show that the inclusion
of the polarization converter has increased the realized gain
of the antenna. The additional gain can be attributed to
several factors associated with the antenna structure. The
polarization converter has improved antennamatching, which
has maximized radiated power and reduced signal reflections.
Due to this, the efficiency of the antenna has increased
further. The improved matching due to the presence of the
polarization converter has enhanced the overall performance
of the LWA.

The proposed W band circularly polarized antenna in
the article offers a simple and robust design that can be
fabricated using standard processes like photolithography
and a Computer Numeric Control (CNC) machine. The
fabrication of the antenna can be done precisely and under
control using a CNC machine, resulting in repeatability
and reliability. A CNC milling machine has been used
only to create the slots and lower a wall thickness of the
WR-10 waveguide. On the other hand, the polarization
converter is fabricated using a photolithography method.
The simplicity and robustness of the design, combined with
the use of conventional fabrication processes, contribute
to the practicality and feasibility of deploying this CP antenna
in various W band applications.

Combined RHCP (ERSP) and LHCP (ELSP) radiation com-
ponents from a patch (electric current) and a waveguide slot
(magnetic current) is expressed as [27]:

ERSP = j
ejθ
√
2

+ j
√
2CP sin khejψ (1)

ELSP = −j
e−jθ
√
2

+ j
√
2CP sin khe−jψ (2)

where

CP sin khopt =
ej(ψopt−θ )

2
sin (ψ − θ )
sin (ψopt − θ )

(3)

To achieve perfect circular polarization, the patch
length (ld), width (wd), dielectric height (h) from the top
of the waveguide surface, and patch angle (ψ) with respect
to the x-axis are optimized. Solving the above equations,
keeping slot angle θ = 0◦ with respect to the x-axis gives
co-polarization and cross-polarization for arbitrary patch

FIGURE 3. Analytical values of LHCP and RHCP at different patch angles.

FIGURE 4. Surface current distribution at 0◦, 90◦,180◦, 270◦ phase
instances.

angle (ψ). For LHCP, at the designed patch angle
co-polarization level (ELSP) should be maximum, and the
cross-polarization level RHCP (ERSP) must be minimum, and
vice versa for RHCP. Analytical expressions to determine the
type of circular polarization where only the patch angle is
arbitrary while other parameters are kept optimum (ld= ldopt,
wd = wdopt h = hopt, ψ = ψopt) is expressed as follows:

ERSP =
jejψ

sinψopt
sin (ψopt + ψ) (4)

ELSP = −
je−jψ

sinψopt
sin

(
ψopt − ψ

)
(5)

The E-field amplitude of the proposed CP antenna
at the optimized patch angle is calculated from equa-
tions (4) and (5). From Fig. 3, we can say that at patch angle
of 45◦, the amplitude of LHCP is maximum, characterizing
it as a co-polarized wave conversely RHCP is characterized
as a cross-polarized wave. The sense of CP depends on the
patch angle that is designed on the top surface of the substrate.
By examining the direction of the surface current at different
phase instances, the sense of polarization can be depicted.
Based on the direction of current movement shown in Fig. 4,
it is concluded that the antenna is LHCP.
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FIGURE 5. Normalized attenuation constant and phase constant of the
unit cell.

FIGURE 6. Scattering parameter measurement setup.

III. PROTOTYPE ANTENNA MEASUREMENT AND RESULT
DISCUSSION
A prototype of the proposed antenna is designed, fabricated,
and tested to verify the high efficiency circularly polarized
antenna concept. The dispersion diagram of the proposed
CP LWA in the W band is shown in Fig. 5. The value of
normalized attenuation constant is close to zero, ensuring a
narrow beamwidth. In the given structure normalized phase
constant slope is negative, which shows that the beam is
steering from endfire to broadside direction as frequency
varies from 92 GHz to 98 GHz. Since |β| < ko, the presented
antenna will operate in the fast wave region for the given
frequency range, where ko is free space wavenumber. The
attenuation and phase constant of the proposed LWA is
calculated from the S parameter and it is expressed as follows
(where p is the length of the unit cell) [28]:

α =
1
p

∣∣∣∣Re(
cosh−1

(
1 − S11S22 + S12S21

2S21

))∣∣∣∣ (6)

β =
1
p

∣∣∣∣Im(
cosh−1

(
1 − S11S22 + S12S21

2S21

))∣∣∣∣ (7)

Themeasurement of S parameters for the proposed antenna
structure was conducted using a Network Analyzer (E8361C)
and an Agilent Test Module (N5360). A comparison between
the simulated and measured scattering parameter of the

FIGURE 7. Image of fabricated antenna (a) Slotted waveguide antenna
(b) Antenna with polarization converter.

FIGURE 8. Simulated and measured scattering parameter of prototype
antenna.

complete antenna structure is presented in Fig. 8. The mea-
sured result shows acceptable agreement with the simulated
result. Furthermore, the measured S11 value remains below -
10 dB across the operating band, indicating a good impedance
match and efficient power transfer. However, there are some
discrepancies between the simulated and measured results.
These discrepancies can arise due to fabrication errors or
transition errors in the measurement. Since the LWA is a long
structure, multiple reflections are generated from different
slots due to fabrication inaccuracies, resulting in a zig zag
pattern. Despite these discrepancies, the measured results still
demonstrate satisfactory performance and validate the overall
performance of the proposed antenna.

The 2-D normalized radiation pattern of the antenna
at 92 GHz and 98 GHz are shown in Fig. 9. Beam scanning
is achieved from -15◦ endfire to -9◦ broadsides direction
for the 92 GHz to 98 GHz frequency respectively. This
indicates that the antenna can steer its main beam over
a range of angles, allowing for flexible beam positioning
and coverage. The average 3 dB HPBW is 3.2◦ in the
xz plane. The fabricated antenna exhibits side lobes below
−14.5 dB throughout the operating band in the elevation
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FIGURE 9. Normalized radiation pattern in elevation plane at (a) 92 GHz
(b) 98 GHz.

FIGURE 10. Measured and simulated: gain and axial ratio in the main
beam direction.

plane. Moreover, the cross polarization level below -18 dB
is realized in the main beam direction.

The comparison of gains between the simulated and
measured results is highlighted in Fig. 10. The presented
antenna shows almost constant gain across the entire
frequency band, i.e., 92 GHz to 98 GHz. The axial ratio
of the antenna, which determines the polarization purity,
is reported to be below 3 dB for both ports in any feed
direction. The proposed antenna exhibits a balanced and
symmetrical structure, resulting in similar axial ratios for
both ports throughout the operating band. The measured
total efficiency of the fabricated antenna is above 76 % in
the entire operating band and the maximum realized total
efficiency is 82 % at 98 GHz. The gain and radiation pattern

FIGURE 11. Antenna Measurement setup (a) Prototype antenna mounted
on the rotating stage (b) Signal analyzer to check power level of the
antenna.

FIGURE 12. Simulated 3D radiation pattern of proposed antenna at
(a) 92GHz (b) 98 GHZ.

of the presented CP antenna have been measured by a linearly
polarized source, and its complete procedure is described
in [29]. For radiation pattern measurement, the standard
WR-10 waveguide is connected to the performance network
analyzer which is acting as transmitter. At the receiver side,
the prototype antenna is connected to the mixer to check the
received power level in the Keysight signal analyzer N9010A.
The antenna is mounted on the antenna rotating stage. The
received signal strength in the main beam direction is shown
in Fig. 11(b). Since all the simulated results are matching
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TABLE 2. Performance comparison with similar V, E, W-band antennas.

with the measured result and the sense of circular polarization
observed from the simulator is verified analytically, so from
the above findings, we can say that the presented antenna
is LHCP. Furthermore, the RHCP antenna can be designed
from the same proposed concept by rotating the patch at its
complimentary angle. The simulated 3D radiation pattern of
proposed CP LWA at 92 GHz and 98 GHz is shown in Fig. 12.
It is evident from the pattern that the antenna is radiating in
the broadside direction and providing a narrow beamwidth.

A comparison with recent published CP LWA is done
to show that excellent antenna characteristics can also be
achieved by simple structure. The paper aims to present high
performance and low cost antenna for W band application.
The V, E, and W band antenna designs provided in the
literature and the presented W-band antenna are compared in
the Table 2. The absence of a power divider in the circuit of
the illustrated antenna significantly reduces the complexity of
the antenna. Some antennas have higher gain than prototype
antenna because of 1 × 4 or 1 × 8 array design. The
proposed work has a simple structure and wide axial ratio
bandwidth, as well as the efficiency is also in the acceptable
limit. Broadside radiation and a narrow beamwidth are
additional benefits of the proposed antenna. Furthermore, the
CP attained in [22] and [23] via cross slots does not have
radiation in the broadside, and the beamwidth is also broad.
The presented antenna is the only 1D LWA providing gain
above 20 dBi andHPBWbelow 4◦ in the elevation plane. This
paper also demonstrates a cost-effective method by which

a highly precise W band slotted waveguide antenna can be
designed with the help of a CNC milling machine and the
photolithography process. The presented antenna offers a
practical and viable solution for various W-band applications
where reliable and efficient communication systems are
required without significant complexity or cost constraints.

IV. CONCLUSION
In this paper, a high-efficiency slotted waveguide CP LWA
at the W band has been proposed. The wall thickness of a
slotted waveguide LWA containing radiating slots is tuned
to enhance the total radiation efficiency of the antenna.
The LHCP characteristic is realized by metallic patches on
a thin dielectric layer which acts as a linear to circular
polarization converter. The LWA is designed using CNC
milling machine while the polarization converter is fabricated
by photolithography process. The proposed antenna has
yielded high efficiency, broadside radiation pattern, and
almost constant gain from 92 GHz to 98 GHz frequency
band. Due to these extraordinary characteristics, the proposed
antenna can be an excellent candidate for various W band
applications.
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