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Abstract

Waveguide structures have got popularity because of its extensive application in radar system of naval ships and aircrafts.
Waveguide models provide high probability of small target detection and reduce rate of false target detection. There
are a large number of studies on the waveguide slotted in the wide wall. Researches concerning the narrow wall of the
waveguide are much less known. An edge slotted waveguide antenna array based on semicircular end of inclined slots
radiating waveguide is proposed. Length of the inclined slot is extended to the adjacent broad wall with semicircular
cutting. This extended length increases the resonant length and hence higher gain is obtained. Semicircular cutting at the
end of the slot reduces cross-polarization component hence side lobe level obtained are low. Narrow wall inclined slotted
waveguide is analyzed and designed to operate in X-band. The radiating slots are etched and rotated alternatively on the
broadened top plate with semicircular cutting into the adjacent walls. This technique deletes the radial component of the
propagating wave and adds the axial component of the propagating wave. Semicircular cutting increases the resonant
length and enhances the gain of the antenna. Designed waveguide structure provides high gain, and cross-polarization
component is minimized. Gain of 26 dB is obtained from the simulation results obtained in HFSS (High frequency
Software Simulation) and side lobe level obtained is around 20 dB while hardware design provides the gain of 24.5 dB
measured on VNA (Vector Network Analyzer) keeping the side lobe level minimum.
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Slotted waveguide antenna design for maritime radar system

BEPOSITHOCTh OOHAPY)KEHMsI MEJIKHX LEeJIeH M CHUKAIOT BEPOSITHOCTh OOHAPYKeHHMs JIOKHBIX neneld. CymiecTByer
©0JIBIIIOE YHCIIO HCCIISJOBAHMUH 110 IIMPOKOH CTEHKE LIEeeBOro BOJIHOBO/A. MccienoBanys, Kacaloluecs y3Koi CTeHKH
BOJIHOBOJIA, M3BECTHBI MHOTO MeHbIIe. B pabore mpesnokeHa KpaeBasi BOJIHOBO/IHAS IleNeBas aHTEHHasl peleTka Ha
OCHOBE TTOIYKPYTJIOr0 KOHIIA HAKJIOHHBIX IIENEBBIX U3ITyYarONIUX BOTHOBOAOB. [IIMHA HAKIIOHHON MPOPE3H paclInpeHa
JI0 TIPUJIETAIOIIEH MPOKOM CTEHKH NOMYKpPYIVIOi BBIPE3KH. YBEJINUEHHAs JUIMHA OBBIIIAET PE30HAHCHYIO JUIMHY. Takum
obpa3om mocruraercs 6onee BhICOKOE ycrieHne. [lomykpymast BeIpe3ka B KOHIE IIETH YMEHBIIAET COCTABIISIONIYIO
KpOCC-TIOJISIPH3AIINH, OATOMY TTOTy4aeMbIif ypOBEHb OOKOBBIX JIENECTKOB HI3KMIA. [Ipoanan3npoBaH 1 CIpOEKTHPOBAH
Y3KOCTEHHBI HAKJIOHHBIH IIeJIeBOH BOJIHOBOJ /Uit paboTel B X-auanazoHe. V3nydaromue menu BBHITOJTHEHBI U
MO0OYEPE/IHO TIOBEPHYTHI HA YIIUPEHHOI BEpXHEH IIIACTHHE C TIOMYKPYIVIOi BPe3Koil B COCETHNE CTEHKU. DTOT METOJ
MO3BOJISET yAANATh PaMalbHYI0 COCTABISIONIYIO PACIPOCTPAHSIOIIENCS BONHBI U 00aBIISIET OCEBYIO COCTABIISIOIYIO
pacrpocTpanstomieiics BoaHbl. [Toykpyrias Hape3Ka yBeInuMBaeT PE30HAHCHYIO JUTMHY ¥ YBEIHYMBAET KO3 PUIreHT
yCHJICHHS aHTeHHbI. PazpaboTaHHas BOTHOBOJHAS CTPYKTypa oOecriedynBaeT BBICOKUH ko3 duumenT ycunenus, a
KPOCCIIOSIPU3AIOHHAs COCTABIAIOMIAs CBEACHA K MHHUMYMY. B pe3ymbraTe BRICOKOYaCTOTHOTO MPOTPAMMHOTO
monermposanust (High frequency Software Simulation, HFSS) momydeno ycunenne 26 nb, ypoBeHb OOKOBBIX JEIECTKOB
cocrasmi okoio 20 1b. VceenoBanue peanbHOM KOHCTPYKIHS MO obectieurio yeuieHne 24,5 nb, mMepeHHoe Ha
BeKTOpHOM aHanm3arope nene (Vector Network Analyzer, VNA) npu coxpaHeHNH MUHAMAJIBHOTO YPOBHSI OOKOBBIX
JIETIECTKOB.

KiroueBnle c10Ba
IIEJICBOM BOJHOBO/, KOA(M(GHUIIMEHT YCUICHHUS, [HarpaMMa HalpaBICHHOCTH, 0OpaTHbBIC TOTCPH, HAKIOHHBIC IICIH,
yacToTa X-Iuarna3oHa, y3Kas CTeHKa

baarogapuocTu

ABTOpHI OarogapsAT TexHudeckuii kammyc Kancexkap MymOaiickoro yHuBepcuteTa 1 YaHAUTapXCKUI YHUBEPCUTET 3a
TIPeI0CTABICHNE TTOIEP;KKH HHPPACTPYKTYPHI U CO3AaHNE Ta00PATOPHUH IS TPOBEAEHUS IKCIEPUMEHTOB. MBI Takxke
xoTtenu Obl mobnaronapuTh mpodeccopa Paxyna Xamace 3a moMomip B IpeI0CTaBICHAN 000PYIOBAHUS.

Ccepuaka pis nutupoBanus: Puss I1., Amyrtom T. KoHCTpyKIUs BOTHOBOIHOM aHTEHHBI C MTPOPE3SIMHU TSI MOPCKOM
paauoIoKannoHHON cucteMsl // HayuHo-TeXHUIeCKui BeCTHUK HH()OPMAIIMOHHBIX TEXHOJIOT U, MEXaHUKH ¥ ONTUKH.
2022. T. 22, Ne 3. C. 623—633 (na anni. s13.). doi: 10.17586/2226-1494-2022-22-3-623-633

Introduction

Waveguides are being utilized to transmit the
electromagnetic energy via waveguides to detect the target
and the target location. Waveguides are considered to be
compact and robust to tolerate the roll of aircrafts and
ships [1]. Waveguides are made in workshop from copper
metal 1.25 mm thick. Waveguide slots can be made in
both broad and narrow wall of the waveguide. Different
shapes and position of slots produce varying effects in
the output radiation pattern and their characteristics in
terms of gain and side lobe levels [2]. WR90 waveguide
is chosen for use in X-band applications like submarines
and aircrafts. Waveguide antennas generally employ array
of slots to produce high gain and to get high probability
of correct target detection. Choice of etching the slot in
either broad wall or narrow wall depends on the researcher
and manufacturer as on the requirement of the application
[3]. A good waveguide array should have very low cross-
polarization component and low side lobe levels so that
the false target detection rate decreases. High frequency
software simulation (HFSS) is used as a tool to detect the
effectiveness of the designed waveguide and the various
radiation parameters. Radiation parameters like lobe gain,
far field, near field, return loss 3D radiation pattern are
analyzed in the HFSS version 15.0 [4]. To give an effective
output, the design should be employed with the aim of
increasing the radiation in the direction of the target and
reducing the radiation in the direction other than target
as shown in Fig. 1. It helps increasing the main lobe and
reducting side lobe of waveguide.

Two components which are responsible for the high side
lobe levels are effective aperture offset of the waveguide
and the component of the cross-polarization of the antenna.

To work efficiently as a radar antenna, waveguide must
have some characteristics; for example, the radiated energy
must be focused on the target, or radiated return energy
from the target only must be taken into account [5]. It
should have high gain and low side lobes because the
energy radiated from the side lobes increases the loss and
reduces the gain. The causes of side lobes are the offset of
the waveguide structure aperture and cross-polarization
component. HFSS is used to simulate the designed
structure, and results are obtained for the return loss gain,
far field and near field radiation pattern [6].

Related work

Slotted waveguide narrow wall antenna was simulated
[7] and, after analyzing the radiation pattern in CST
simulation software, they found that when two waveguides
with 32 slots in narrow wall were combined, the combined
structure would have 64 slots. The authors designed three
such narrow wall waveguides and combined the waveguide
with and without flange connectors. The simulation of
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Fig. 1. Radiation pattern suitable for waveguide
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these three structures was performed in CST simulation
software and their radiation characteristics were analyzed.
The maximum they could achieve by combining two
waveguides with total 64 slots was 23 dB. They analyzed
the effect of flange connector on the radiation pattern and
found that the gain increases by combining two waveguides
but the impact of flange connector causes side lobe level
of the waveguide to increase. This is not suitable for the
waveguide since it increases the false detection rate of the
target primary antenna in which etching of 64 slots was
developed and its radiation pattern and slot parameters are
analyzed [8]. Secondary, waveguide is structured with 32
slots and two such structures are attached together to get
the complete structure. Third one was formulated using
trimmed flange connector and the design was simulated
which shows that the maximum gain with low side lobe
is achieved in case of the first designed structure. Second
structure shows the good increment in gain but side lobe
levels are also raised due to flange connector. Trimmed
flange connector provides low gain and high side lobes
[9]. The maximum gain achieved using flange connector
was 23 dB.

Researchers [10] formulated a waveguide with slots
etched in the broad wall and attached a reflector to get
the higher gain. They etched 16 slots in the broad wall
of the waveguide and a reflector was used along with the
waveguide structure. This arrangement was simulated
in HFSS with transmitted TE10 electromagnetic wave
through broad wall slotted WR90 waveguide structure.
They analyzed radiation pattern in simulation software and
achieved the gain of 22.5 dB. The structure is simulated
for the frequency of 9.4 GHz and the adding horizontal
polarization increased the reflector gain to 22.5 dB [11].
The structure was simulated with and without reflector
and found that the use of reflector increases the gain of the
waveguide but the gain side lobe level also increases. The
gain of the waveguide without reflector was calculated as
16 dB [12], by incorporating reflector gain increases to
22.5 dB.

Researcher [13] worked on the Planar Structure
of the waveguide and formulated several branch feed
waveguide structures and calculated weight of the element
by incorporating Taylor aperture. They compared the
calculated and simulated results. They calculated the
gain in the Taylor’s aperture in E plane by transmitting
electromagnetic wave at 9.37 GHz [14]. The designed
waveguide along with the branch feed waveguide was
simulated in the Microwave CST Software and its return
loss, radiation pattern, far field and near field patterns
are analyzed; the gain of 25 dB was achieved [15]. They
represented the feed current of the designed structure in
simulation and showed that as the feed point is moved
away from the center of the structure, surface current starts
decreasing [16].

Contributions

A thorough examination of the manuscripts discussed
in the preceding section shows that the vast majority of
authors have primarily concentrated on the broad wall of
the antenna and neglected the advantage of narrow walls

of the waveguide. In this research, narrow wall side of the
antenna is analyzed for array of slots. The contribution to
the research article is as follows.

We present a new design model for the waveguide
having slots in the narrow wall of the waveguide.
Waveguide is analyzed for various array and slot
inclinations. The simulation was performed in HFSS.

Hardware model of the waveguide was manufactured
and tested in the laboratory on VNA (Vector Network
Analyzer) to verify and compare the simulation results.

Gain and side lobe level of the designed waveguide was
estimated for both simulation model and hardware model.

The performance of the designed model was compared
with the latest findings by the researchers and their
proposed models.

Finally, advantages and disadvantages of the designed
model are compared with the previously proposed models.

No extra component is incorporated in the waveguide
structure to achieve higher gain to keep the structure less
complex, durable and robust to cope with the roll of the
ship and aircraft.

Mathematical Model

In the designed structure, WR90 waveguide is used
with slots etched in the narrow wall side of the waveguide.
Three structures are designed with two groups of four and
ten slots with the help of HFSS. The slots initially remain
vertical and are simulated in the software, but these vertical
slots run parallel to the current flow because these vertical
slots do not interrupt the current flow, the structure does
not radiate and practically very low gain is obtained. Then
slots are etched in the horizontal direction and structure is
analyzed by transmitting electromagnetic wave at 9 GHz.
Horizontal slots alter the current flow but it increases the
side lobe level which leads to the detection of false target
hence inclination of 45 degree is used for the slots [17].

These inclinations are kept opposite to each other for
the nearby slots in order to cancel the one component
as shown in Fig. 2 and to get the maximum gain for the
other component. Slot parameters are calculated using
the structure shown in Fig. 3 and equations shown are
employed to get the slot parameters resonant length which
is calculated as 14.35 mm.

These slots are extended from the top broad wall to the
bottom broad wall. Slots are further extended by 2 mm
in the broad walls by etching slots in semicircular shape.

Fig. 2. Inclined slots in narrow wall with semicircular
cutting: inclined slot (a); admittance of the slot where G is the
conductance and /B is the susceptance (b)
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Table. Parameters for simulation

Parameters Specification
X-band Frequency, GHz 9
Slot size, mm 16.67
Slot width, mm 2.4
Gap between the slots, mm 24.35
Distance of last slot from, mm 12.18
Inclination of the slot, deg 45

These semicircular shaped slots increase radiation by
altering the current flow, thereby increasing the gain of the
antenna in desired direction while reducing the gain in the
side lobes of the antenna. Width of the slot is calculated as
2.4 mm and spacing between the nearby slots is calculated
as 24.35 mm. Waveguide is short circuited at one end and
the gain is calculated at the 90°. The distance of the first
slot from the short-circuited end is calculated as 12.18 mm.
The structure is designed using copper metal plate with
the thickness of 1.25 mm. In the first designed structure
slots are etched in the one of the narrow wall sides of the
antenna.

The structure is simulated in the Ansys HFSS, the
electric field component is assumed to be vertical, and the
perfect E is assumed for the entire structure. Frequency
range is selected for X-band ranging from 8 to 12 GHz as
specified in Table. The model is simulated in HFSS and
the gain of the antenna, far field and near field radiation
pattern and return loss are analyzed. Return loss is found
to be greater than 10 dB and gain of 16 dB is achieved for
the frequency of around 90°. The side lobe levels are at 10
dB level. Frequency is increased with the step of 0.2. In
Fig. 3 Yin is the input admittance, L is the inductance, Y is
the admittance, d is the slot distance.

FEo LTX . Fo o,
Hx = -—— Bsin—e-ibz Hz = j——cos—¢ibz
dnfii  a nfu a
. Eo X Eo  mx .
Jx =—j——Bcos—e-iBz Jz = ——Bsin—e iz
21fi a 21fiL a
L=2g/4
a8
€ >< > Syimmser?
Yin L L d

Fig. 3. Calculation of parameters for waveguide

Where Hx is magnetic field intensity in x direction;
Hz is magnetic field intensity in z direction; L is resonant
length = 0.465X; B is propogation constant; £o is maximum
amplitude of electromagnetic wave; B is magnetic flux
density; f'is frequency of electromagnetic wave; a is width
of the waveguide; Ag is guided wavelength in waveguide;
1 is permiability of the medium; J is current density; j is
unit vector in the direction of propogation; z is z axis
direction; x is x axis direction.

Simulated and Designed Structure

Waveguide structure designed in this research and
analysis is less complex as compared to the structure
designed by the researchers earlier for high gain and low
side lobes. No additional component is incorporated in the
waveguide structure which makes waveguide structure
robust and less complex as shown in Fig. 4. This type of
waveguide structure is very well suited for aircrafts, ships
& submarines to tolerate the roll of aircraft or ship.

If slots are cut into the walls, current flow is affected
more or less depending on the location of a slot. Slots B
and C cause little disruption to current distribution and
produce less or no radiation. Slots 4 and D create barriers
for current flow hence radiation occurs. Working of slot
can be explained using Babinet’s Principle. It relates the
radiated fields and impedance of slot antenna to that of the
field of a dipole antenna. The fields of the slot antenna are
the same as in the dipole antenna but the field components
are interchanged. As vertical slots alter the current flow,
the higher radiation is obtained for vertical slots but with
the gain cross-polarization component also increases
simultaneously. Hence, an inclination of 45° is given to the
slots so that the altered current will have two components: a
vertical and a horizontal. Inclination of the adjacent slots is
kept opposite to each other so that vertical component gets
cancelled and horizontal component gets added and helps
in achieving high gain.

Side lobes are undesirable. They are produced due
to the diffraction effects in the air. Diffraction occurs in
the antenna array due to sharp edges. When the edges
end abruptly, diffraction effects are produced. One can
minimize these effects by softening edges of the antenna
array. Hence, in the designed model, slots are extended with

Fig. 4. Typical slots over rectangular waveguide:

A — horizontal slot in narrow wall; B — vertical slot in narrow
wall; C — horizontal slot in broad wall; D — vertical slot in broad
wall
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semicircular cutting. These semicircular cutting softens
the edges and minimizes diffraction effects. This reduction
in diffraction effects results in reduction of the cross-
polarization component of electromagnetic wave. Hence,
average power distributed in all the directions decreases
and gain in the desired direction of the target increases.
Gain G of the waveguide is calculated using the formula

G=E,.D,

where D is directivity of the antenna; E,; is the antenna
efficiency. The formula for directivity is shown here as
denominator component which represents the average
power radiated over all the directions. The expression is the
ratio of the peak value of the radiated power to the average
power radiated over all the directions. Thus, with decrease
in the average power distributed over all the directions, the
gain of the antenna increases. Directivity D of the antenna is

1
D=

m2n

N { (f) |[F(0, @)

where 0 is azimuth angle; ¢ is elevation angle; F is
normalized radiation pattern.

By adding semicircular radius cutting of 1.2 mm
to the slot, diffraction is reduced. Hence, average
power distributed over all the directions is reduced. As
denominator component decreases, directivity increases.
Improved directivity helps in achieving high gain. To
achieve high gain for the antenna array, the directivity
should be increased and it can be increased by increasing
the effective area of the array given by the expression.

)\‘2
Ae= (—)D,
4n

where Ae is effective area of the array; A is wavelength.

In the designed structure, slots are extended to the broad
walls increasing the resonant length of the antenna. This
increase in the length increases effective area of the array
which helps to improve directivity of the antenna. Improved
directivity results in higher gain of the designed slotted
waveguide. These expressions allow us to estimate the
increase in the amplification of the fundamental radiation
and the suppression of its cross-polarization component.
Rodrigi Keinj Enjio [2] designed a slotted waveguide
using a WR90 waveguide with inclined slots in narrow
wall having 12 slots (without semicircular cutting in the
end of the slots) and achieved gain of 16 dB with cross-
polarization component of around 13 dB and side lobe
level of —21.9 dB.

The expression for the effective area of array helps in
discrediting the surface with initial conditions:

1) Gain> 16 dB

2) Polarization: Horizontal

3) Frequency =9 GHz

4) Scanning beam should be narrow in azimuth plane and
wider in elevation plane to compensate the roll of the
ship.

To have a narrow beam in azimuth plane and wider
beam in elevation plane horizontal polarization is required.

Slots are etched in the narrow wall to get the horizontal
polarization. For fundamental TE10 mode, longitudinal
slots etched in the broad wall generate vertical polarization.
Transverse slots etched in narrow wall produce horizontal
polarization.

Designed model is very well suited for the application
involving TE10 mode of the electromagnetic wave
propagation. Slots are designed for three waveguides in
such a way that the induced current flows from the top
wall of the waveguide to narrow wall of the waveguide
vertically, and the slots are etched in one of the narrow
walls. These slots alter the current flow and result in
radiation into the air. Radiated power by the slot is a
function of angle phi by which the slot is rotated. In this
design, the slot is rotated at the angle of 45°, therefore
radiated power will be function of sin45°. Radiation
from the z component of waveguide will be responsible
for output gain and radiation characteristics, whereas x
component will get distributed and results in cancelling
out the radiation. Waveguide is fed by a coaxial feed
from one end, and other end is short circuited. The last
slot is at a distance of A/4 from the short-circuited end
of the waveguide whereas distance between the slots is
M2. Calculated slot distance is 24.35 mm and the last slot
distance from the short-circuited end is 12.18 mm. Width
of the slot is calculated as 2.4 mm. Pencil type of beam is
obtained from this waveguide structure.

Waveguide structure is designed using a copper plate
with thickness of 1.25 mm, the length of the designed
waveguide is 22.86 mm and the width of the waveguide is
10.16 mm as shown in Fig. 5. The hardware is designed for
the array of 10 slots and one end of the waveguide is short
circuited by the copper plate and the other end is closed
by epoxy with coaxial feed to transmit X-band frequency
ranging from 8 to 12 GHz and analyzed on VNA.

A bridge circuit is used to transmit and receive the
electromagnetic waves in TE10 mode of operation and to
analyze the co- and cross-polarization component of the
wave. The designed structure shown in Fig. 6 is simulated
as well as tested on hardware for the 10 slots array but only
for the four- and two-slot structure simulation is carried out.
Results of the 10-slot array model are compared for both

Fig. 5. Designed waveguide with 10 inclined slot
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Fig. 6. Designed waveguide with semicircular slots in broad
wall

simulation and hardware model. Slots are etched using
CNC machine with precise measurement in the workshop.
The designed hardware model is tested in the laboratory
on VNA machine.

Results and Discussion

Simulation is carried out for the structures designed
for two & ten slots. Simulation results obtained for the
structure show that the designed waveguide radiates at 9
GHz and the radiation gain obtained is 18 dB with side
lobe level of 15 dB. Here side lobe levels are quite high.
This should be reduced by increasing the array gain of the
structure to the optimum level.

As the number of slots is increased, gain of the
waveguide increases due to array of slots as shown in
Fig. 7; they all radiate and transmit electromagnetic waves
towards the target. The maximum gain obtained for the
narrow wall slotted waveguide with two inclined slots
without semicircular cutting extending to the broad wall is
10 dB. This number of slots also causes cross-polarization
component of the waveguide to increase. Cross-polarization
component increases the side lobe levels which cause
polarization of the radiated energy and this is not suitable
for the waveguide operating as radar antenna in ships,
aircrafts or submarines.

Simulation is carried out for 10-slot structures of
the waveguide. Return loss, gain and side lobed levels
are calculated. Co-polarization & cross-polarization
components are determined by simulating the structure with
last slot at a distance of 12.18 mm from the short-circuited
end of the waveguide as shown in Fig. 8.

VA

Fig. 7. HFSS simulation for two inclined slots in the waveguide
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Frequency, GHz

Fig. 8. HFSS result for gain of two inclined slots in narrow wall
(without semicircular cutting)

The length of the slots is extended into the broad walls
of the waveguide in both upper and bottom plate which
increases the resonant length of the antenna. The length
without extension is 14.35 mm, and after extension slot
length increases to 16.35 mm which helps in achieving
higher gain as shown in Fig. 9. Semicircular cutting in the
broad walls also keeps the cross-polarization component
low. With low cross-polarization component the side lobe
levels are also low. This makes it possible to get the high
gain keeping side lobe level at minimum.

With 10 slots HFSS shows good result for the gain.
Simulation results for the co-polarization & cross-
polarization components show gain of 26 dB and cross-
polarization component — around 20 dB as shown in
Fig. 10. The beam is obtained in X—Z plane at 90 for the
wave propagating with the frequency of around 9 GHz.

Maximum gain obtained for 10 slots without
semicircular cutting extended to the broad wall is 13 dB.
Radar is an important component of modern navigation
and radar antennas. It needs to be designed for the exact
specifications. Antennas used on ships need to be of high
gain with tightly controlled beam width. Antenna should
be robust, compact, and resistant to the effects of roll and
motion. Designed slotted waveguide antenna matches
all these criteria. Fig. 11 shows the simulation results
obtained for the gain of the waveguide antenna without
semicircular cutting. The maximum gain achieved is 13 dB
at resonant frequency of 9 GHz, whereas Fig. 12 shows the
simulation results obtained for the waveguide antenna with
semicircular cutting. The maximum co-polarization gain
achieved is 26 dB. This value is almost double to the gain
obtained without semicircular cutting.

Fig. 9. Waveguide designed for ten slots
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Simulation results are compared with the hardware
results measured using VNA as shown in Fig. 12. Hardware
20 prepared according to the designed and simulated
structure in the workshop is tested in the laboratory for
1 — the X-band frequency from 8 to 12 GHz using a bridge
circuit which allows both input and output wave to pass

0 through it without interfering. VNA provides insight of

the microwave waveguide. It helps in analyzing cross-

2 polarization component, side lobe level, gain in the
direction of target, and voltage standing wave ratio of the

250 waveguide. Results obtained from vector network analyzer

for X-band frequency, ranging from 8 to 12 GHz for TE10
mode of operation, are compared with the simulation
results obtained from ANSYS HFSS.
HFSS results for the simulation and calculated results
0 100 200 on vector network analyzer shown in Fig. 13 are compared.
Theta, deg The simulation results seemed to be promising after
comparison with the actual hardware results. Simulation
results show the maximum gain of 26 dB with side lobe
=== Cross-polarization level of around 20 dB for the designed waveguide array of
10 slots. Hardware results obtained from vector network
analyzer give the maximum gain of 24.5 dB with the side
lobe level of 18 dB. The results prove that the designed
structure provides optimum gain for the structure which
can be effectively utilized in the aircraft, maritime radar,
o \ having robust and compact model with low side lobe level.
0 : : : , Horn antenna is used for receiving the signal transmitted
\ by the waveguide antenna. With the help of horn antenna,
receiving signal gain and radiation pattern for co- and
-20 cross-polarization is calculated. Slots etched in WR90
waveguide are extended in broad wall by 2 mm and the
40 shape of these extended slots is kept semicircular in order to
get the higher gain and reduced co-polarization component.
8 10 12 We could achieve higher gain in comparison with previous
research made work by researchers [1] where authors
could achieve gain of 23 dB by adding two waveguides
Flg 11. HFSS result for ten inclined slots in narrow wall Wlth the help of a ﬂange connector. Each Waveguide has
without semicircular cutting 32 slots and the combined structure has total 64 slots. The

Co-polarization

Fig. 10. HFSS simulation result for two inclined slots in narrow
wall (with semicircular cutting)

20

Frequency, GHz

0 100 200
Theta, deg

Co-polarization

e CroSs-polarization

Fig. 12. HFSS result for 10 inclined slots in narrow wall (with
semi-circular cutting) Fig. 13. Hardware model analysis experimental setup
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Fig. 14. Gain measurement using bridge circuit

construction looks bulky, has increased complexity and
decreased reliability to employ it effectively in aircrafts or
submarines.

Semicircular shape of these slots increases radiation
by altering the current flow, thereby increasing the gain
of the antenna in desired direction, while reducing the
gain in the side lobes of the antenna. Radar system needs
the antenna with highly directional characteristics having
high gain in the direction of the target location and small
amount of energy should be radiated in all other directions.
Radiation pattern of the antenna in Fig. 15 above shows
evidence of the goal achievement. Main lobe of the antenna
shows the gain of around 26 dB while side lobes are below
20 dB. Width of the slot is calculated as 2.4 mm and
spacing between the nearby slots is calculated as 24.35 mm.
Waveguide is short circuited at one end and the gain is
calculated at the 90°. The distance of the first slot from the
short-circuited end is calculated as 12.18 mm.

The structure is designed using copper metal plate with
the thickness of 1.25 mm. In the first designed structure,
slots are etched in the one of the narrow wall side of
the antenna. 2 mm of length is extended in the inclined

Project Manager =)

| =-[F Results -
@B XY Plot 1

@B XY Plot 2

@B XY Plot 3

£ Rodiation Pattem 1
@-§2_ 3D Polar Plot 1

| @-[ Port Field Display -

i.ed

|

slot which causes it to extend in the broad side wall of
the waveguide. This increase in the inclined slot length
increases resonant length and helps in achieving higher
gain, and semicircular shape keeps the cross-polarization
component low and reduced side lobe levels. Fig. 16 shows
3D radiation pattern in HFSS.

Fig. 17 shows hardware model experimental result
for co-polarization and cross-polarization gain. Slotted
waveguide narrow wall antenna was designed and
simulated by researchers in [1]. After simulating the
radiation pattern in CST simulation software, they found
that by adding two waveguides with 32 slots in narrow wall
the combined structure will have 64 slots. They designed
three narrow wall waveguides and combined the waveguide
with and without flange connectors. The authors simulated
these three structures in CST simulation software and
analyzed their radiation characteristics. The maximum
they could achieve by combining two waveguides with
total 64 slots was 23 dB. They analyzed the effect of flange
connector on the radiation pattern and observed that the
gain increases by adding two waveguides but the impact of
flange connector causes side lobe level to increase.

Electromagnetic field distribution of the designed
waveguide using HFSS is shown in Fig. 18. The HFSS
system of electrodynamics modeling is used effectively
to get the E-Field and H-Field distribution. The gain of
the waveguide is increased which is not suitable for the
waveguide as it increases the false detection rate of the
target. Primary antenna was designed by etching 64 slots
and its radiation pattern was analyzed. The use of flange
connector makes the system bulky, less robust and also
complex in terms of installation and maintenance as
compared to the designed structure. Designed waveguide
structure does not include any extra component like flange
connector or reflector which makes the designed waveguide
compact, robust, and can easily tolerate the roll of the
aircraft or ship. Gain of 26 dB in simulation and gain of
24.5 dB in hardware is achieved with side lobe level of
20 dB in simulation and 18 dB for the hardware model. It
seems to be better than the designed slotted narrow wall
waveguide of the researchers in [1]. The designed structure

Radiation Pattern 1

—-180

Fig. 15. Radiation pattern in HFSS
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dB (GainTotal)

14.494

11.351

8.2084

5.0654

1.9224

—-1.2205
—4.3635
—7.5065
-10.649
—13.792
-16.935
—20.078
—23.221
—26.364
-29.507
-32.650
—35.793

Fig. 16. 3D radiation pattern in HFSS

shows multiple advantages as compared to the previous
simulations presented and the models proposed.
Researchers had proposed a waveguide with slots
etched in the broad wall and added a reflector to get the
higher gain. They made 16 slots in the broad wall of
the waveguide and a reflector was used along with the
waveguide structure. This arrangement was simulated
in HFSS. The authors transmitted TE10 electromagnetic
wave through broad wall of the slotted WR90 waveguide
structure. They found radiation pattern in simulation
software and got the gain of 22.5 dB. The structure was
simulated for the frequency of 9.4 GHz and the polarization
utilized was horizontal. By adding the reflector, gain was
increased to 22.5 dB. They simulated the structure with
and without reflector and found that the use of reflector
increases the gain of the waveguide but, along with
the gain, side lobe level also increases. The gain of the
waveguide without reflector was calculated as 16 dB and
by incorporating reflector gain increases to 22.5 dB. The
designed structure shows the good gain as compared to the
slotted waveguide without using reflector which makes
the arrangement complex and costly as well. The design

Jsurf (A_per m) i

6.8170
6.3921
5.9672
5.5423
5.1173
4.6924
4.2675
3.8426
3.4177
2.9928
2.5679
2.1430
1.7180
1.2931
0.8682
0.4433
0.0184

30

2 A\
N4 \ [\

0 100 200
Theta, deg

== Co-polarization

Cross-polarization

Fig. 17. Hardware model experimental result for co-gain &
cross-polarization gain

structure provides cost effective way to achieve higher
gain and reduce the probability of false target detection [3].

Researchers [4] worked on the Planar Structure
of the waveguide and formulated several branch feed
waveguide structures and calculated weight of the element
by incorporating Taylor’s aperture. They compared the
calculated and simulated results. They calculated the
gain in the Taylor’s aperture in E plane by transmitting
electromagnetic wave of 9.37 GHz [4]. The designed
waveguide, along with the branch feed waveguide, was
simulated in the Microwave CST Software and its return
loss, radiation pattern, far field and near field patterns are
analyzed; the gain of 25 dB was achieved. They represented
the feed current of the designed structure in simulation
and showed that as the feed point is moved away from the
center of the structure then surface current starts decreasing.

Ny

Fig. 18. Software simulation model of electromagnetic fields (using HFSS)
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Fig. 19. Gain measurement for the hardware

The designed simulated structure is fabricated in the
workshop and tested in the laboratory for the evaluation
of the simulation results. The designed slotted waveguide
is tested for the gain and cross-polarization component by
using a VNA.
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