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A B S T R A C T   

A non-uniform aperture distribution slotted waveguide antenna is presented. The slotted waveguide antenna 
array is chosen for its ease for aperture distribution control and the flexibility of gain adjustment. Multiple 
aperture distribution functions, including uniform, binominal, Chebyshev, and Blackman, have been extensively 
investigated to achieve the best possible side lobe suppression. These distribution functions have been converted 
to slot displacement from the center line of the antenna. Number of slots in the proposed array is chosen to be 
eight to satisfy the required gain for mm-wave radar tracking application. The proposed antenna is simulated and 
optimized using the full wave simulator package (CSTMWS). Rounded edge slots are adapted instead of the sharp 
ones, as they are more applicable for the CNC fabrication process. An eight-slot waveguide antenna is fabricated 
and gold-plated, considering the Chebyshev distribution approach. The proposed design achieves very stable 
radiation characteristics and performance over the operating bandwidth, which extends from 33.6 GHz up to 
35.9 GHz. At 35 GHz, the total realized gain of the overall antenna is found to be 13.4 dBi, with an overall 
radiation efficiency of 95.21 %. An obvious low SLL of − 30 dB is obtained at the frequency of 35 GHz. The low 
side lobe level parameter is very crucial for radar applications as it enhances the overall target SNR and reduces 
false target observations. The pre-stated antenna characteristics make it a good candidate for mm-wave radar 
applications and point-to-point communications (P2P).   

1. Introduction 

One of the most important systems that plays an important role in 
many applications such as aviation, navigation, CubeSat, military, and 
commercial applications is the radar system [1–4]. Transmitted and 
received antennas are the key components of any radar system [5]. 
Antennas that are used in these applications are illustrated as having a 
high-power microwave (HPM), a low side-lobe level, and a high-power 
handling capacity. It is also required to have a high gain, a compact, 
lightweight, tightly controlled beamwidth, and a well-directed pattern 
[6]. 

Slotted waveguide antennas (SWAs) with their ability to transfer the 
signals point-to-point and having the majority of the requirements, 
especially the HPM handling capacity and high performance, are suit
able to be used [7–9]. SWA is made up of a rectangular waveguide with 
slots etched on its walls (either the broad or narrow wall of the wave
guide) that correspond to the desired energy and radiated field [10]. 

Vertical polarization occurs when the slots are in the board wall; 
otherwise, horizontal polarization occurs when the slots are in the 
narrow wall [11]. Standing wave antennas and travelling wave antennas 
are the two most frequent forms of SWAs, however they may be cat
egorised into many other categories. Both resonant and non-resonant 
antennas are other names for them [12,13]. The short-circuit termina
tion of standing wave antennas boosts their effectiveness [12]. Although 
it has a smaller frequency range, its primary beam is not reliant on the 
resonance frequency. The traveling-wave antennas, on the other hand, 
contain a matched load that lowers efficiency but is utilised to stop wave 
reflections. They also have a larger bandwidth. SWAs have other ad
vantages, such as a small volume, being simple to fabricate, having a 
high reflection coefficient, and being easy to mount. One of the main 
merits of SWAs according to slot position is that the side-lobe level (SLL) 
can be controlled [14]. In [15], a novel approach using meta-surface 
technology is presented to decrease mutual coupling between wave
guide slot array (WSA) antennas. The two WSA antennas are separated 
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from one another by a meta-surface bulkhead. Another technique for a 
different type of mutual coupling is obtained and discussed in [16–18]. 
This technique is applied to slotted antenna array based on substrate 
integrated waveguide (SIW). In [19,20], a survey describes the results of 
a study on enhancing the performance characteristics of a new antenna 
for on-chip implementation for millimeter-wave and terahertz 
integrated-circuits, such as the impedance bandwidth, radiation gain 
and efficiency, as well as decreasing substrate loss. 

The design of resonant antennas is based on the equations and steps 
introduced by Stevenson and Elliot [10,21,22]. This procedure tends to 
the waveguide end bring short-circuited at a distance of a λg/4 from the 
center of the last slot, and the inter-slot distance is λg/2. The slot length 
should be have λ/2, if it has a rectangular shape. Planar slotted wave
guide antennas (SWA) with controllable side lobe level are also intro
duced in [23], in which optimization of non-uniform displacement slots 
is obtained. A dual-band mm-wave SWA applied to 5G applications at 
high band frequencies (28 and 38 GHz) is discussed [24]. The creation 
and improvement of a slotted waveguide array with a central feed and 
low side-lobes fed from one end and shorted from the other [25]. In [26], 
a complementary-split-ring SWA applied to a land vehicle is presented. 
In [27], a simple inventive procedure for the design of broad-wall SWAs 
with low SLLs is presented. A slotted waveguide antenna with inclined 
slots based on the narrow wall of a circular waveguide has been pre
sented [28]. A highly directive 3D-printed dual-beam directional 
waveguide slotted antenna designed at 28 GHz is introduced [29]. 
Longitudinal slots have been made on both broad walls of the SWA. A 

new technique to enhance the directivity of SWAs using metamaterial 
parasitic elements with discrete dipole approximation is applied in [30]. 

2. Slotted waveguide antennas 

Any radar system’s most important component is its antenna. The 
effectiveness of the radar system as a whole depends on the antenna 
selection. Slotted waveguide antennas are a common kind of antenna 
used in high-frequency systems such as radar and navigation. They emit 
linear polarization with little cross-polarization, are easy to make, and 
have minimal loss (high antenna efficiency) as they are being created. 
These antennas may also be engineered to adapt to the surface on which 
they are installed, making mounting them quite simple. We’ll suppose 
that the waveguide’s slots are somewhat narrow in comparison to the 
operational wavelength. The bandwidth grows as the breadth does 
(recall that a wider antenna frequently has a higher bandwidth). Larger 
widths come at the cost of more cross-polarization. For narrow slots, the 
fractional bandwidth might be as low as 3–5 %. A FBW in the range of 
75 % is possible for wide slots. The dimensions of a slotted waveguide 
array are illustrated in Fig. 1 (length and breadth). The slots’ direction, 
location, and form will all affect how they radiate. The waveguide’s 
design and operating frequency will also be very important. 

The last slot is separated from the end by d (which is short-circuited, 
as appeared in Fig. 2) [31], and the slot components are spaced apart by 
L. λg depends on the waveguide’s width a and the wavelength of free 
space λ. The guiding wavelength for the dominating TE01 mode 

Fig. 1. Schematic diagram of the basic slotted waveguide antenna array.  

Fig. 2. Circuit model of slotted waveguide antenna [31].  
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excitation is provided by: 

λg =
λ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4a2 + λ2

√ (1) 

For maximum power coupling, it is common practice to select a 
quarter-wavelength as the distance between the final slot and the finish, 
where the end of the waveguide is shorted. Half a wavelength is selected 
as the distance between the centers of any two slots that come after one 
another. According to transmission line theory, an open circuit has an 
impedance of one short circuit travelling a quarter wavelength along a 
transmission line (i.e. the short circuited load is transferred to be an 
open circuited load). Hence, it is possible to simplify the model in Fig. 3 
to the one displayed there. 

All of the slots in the waveguide slot antenna can be seen as being 
parallel if it is constructed in this way. As a result, it is simple to 
determine the input admittance and input impedance of an element 
slotted array: 

Yin = N*YS (2)  

Zin =
1

Yin
(3)  

where, YS is the slot admittance at the center frequency of the operation. 

3. Antenna design 

We will focus mainly on the slotted array design procedure, objec
tives, Side Lobe Level reduction (SLL) techniques, fabrication technol
ogy intended to be used, and simulation results of the proposed array 
prototype. The required design should meet the following specifications 
mentioned in Table 1. 

In order to achieve the required gain, the number of radiating slots in 
the antenna array is found to be eight slots. The distance between each 
slot form center to center is chosen to be λ/2 at the center frequency of 
the operating band and the distance from the center of the last slot to the 
waveguide short ended is considered to be λ/4 for achieving best 
coupling scenario. Later, these dimensions are optimized using optimi
zation tool in CSTMW studio to reach the best performance. 

3.1. Synthesis of the array pattern 

According to the required design parameters stated in Table 1. The 
operating resonance frequency is chosen to be 35 GHz. Although the 
design and fabrication of millimeter wave (MMW) structures come with 
big challenges in terms of small dimensions and high sensitivity of the 
fabrication tolerance, operating around such frequencies becomes 
mandatory in order to satisfy an appropriate Radar Cross Section (RCS) 
from the bullet. The number of the slots in the rectangular waveguide is 
chosen to be eight slots, after multiple simulations trails, to meet the 
targeted Half Power Beam Width (HPBW). Fig. 4 shows the primary 
model schematic diagram of the slotted wave guide antenna built with 
CSTMWS. The waveguide employed in this design (WR-28) has a major 
length of a = 7.11mm and minor length b = 3.56mm. The distance be
tween the last slot and the end d = 3.7mm All the slots have a length of 

Fig. 3. Circuit model of slotted waveguide using quarter-wavelength transformation.  

Table 1 
Specification Requirements.  

Parameter Specification 

Frequency Range ka-band, 33–36 GHz 
Coupling between TX and RX 

Antennas 
< − 30 dB 

Gain > 10 dB 
Input Match SWR < 2:1 
Input Maximum Power 37 dBm (5 Watts) 
Polarization Vertical 
Beam Shape Fan Beam 
Azimuth Beamwidth 70◦ minimum 
Elevation Beamwidth 14◦ minimum 
Azimuth Side-lobe Level < − 20 dB 
Feeding Requirement Single Direct Feed through WG-to-Coax 

Adapter  

Fig. 4. Primary CSTMWS Model for the slotted waveguide array.  
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4.1mm, and width of 0.5mm. The distance the distance between the 
centers of two successive slots L is chosen to be 5.4mm, and the 
displacement for all the slots from the waveguide center is 2.4mm. The 
reflection coefficient of the primary model S11 is illustrated in Fig. 5. The 
proposed design shows an operated bandwidth of 6.66 % extends from 
33.4 GHz to 35.7 GHz. 

The slotted waveguide array shows a remarkable radiation perfor
mance. Both azimuth and elevation radiation patterns of the proposed 
design are demonstrated in Figs. 6 and 7 respectively. The total realized 
gain of the proposed design is 15.4 dB, however the azimuth SLL is 
around − 13 dB. 

3.2. Azimuth plane SLL reduction 

Although, applying uniform feeding for the radiating slots results in a 
good realized gain (around 15.4 dB), it introduces higher SLL in the 
azimuth plane (around − 13 dB). This SLL can be considered suitable 
enough for some communication applications, however in radar appli
cations it cannot be tolerated. One of the possible solutions for this 
problem can be achieved by applying non-uniform slot excitation or 
tapered feeding. Many mathematical functions can be used for realizing 

such feeding mechanism, including binomial distribution, Blackman 
Harris distribution, Chebyshev, etc. 

These mathematical models can be implemented as different slot 
displacements from the center line of the waveguide, the displacement 
of the nth slot is related to the normalized conductance gn can be given by 
[4]-[6]: 

dn =
a
πsin− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
gn

2.09.λg .

λo .
a
bcos2(πλo

2λg
)

√

(4) 

Fig. 5. The reflection Coefficient S11 of the primary design.  

Fig. 6. The azimuth radiation pattern at 35 GHz.  

Fig. 7. The elevation radiation pattern at 35 GHz.  

Table 2 
Mathematical distribution models and their parameters.  

Distribution Coefficients 
Cn s 

Displacements dn 

(in mm) 
SLL (in 
dB) 

HPBW (in 
degrees) 

Gain 

Uniform 1 2.4 − 13  10.2 15.4 
1 2.4    
1 2.4    
1 2.4    
1 2.4    
1 2.4    
1 2.4    
1 2.4    

Binomial 0.0078 0.2899 –22.2  15.3 13.7 
0.0546 0.7804    
0.1640 1.4156    
0.2734 1.9394    
0.2734 1.9394    
0.1640 1.4156    
0.0546 0.7804    
0.0078 0.2899    

Chebyshev 0.0078 0.2911 − 21.6  14.7 14 
0.0548 0.7818    
0.1641 1.4159    
0.2731 1.9379    
0.2731 1.9379    
0.1641 1.4159    
0.0548 0.7818    
0.0078 0.2911    

Blackman 0 0 –22  15.4 13.5 
0.0307 0.5801    
0.1561 1.3761    
0.3130 2.1319    
0.3130 2.1319    
0.1561 1.3761    
0.030 0.5801    
0 0     
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gn =
cn

∑N
n=1cn

(5)  

Where, N is the number of the slots, cns are the distribution coefficients 
of the mathematical functions. 

In our study, multiple simulations have been carried out to investi
gate the effect of different mathematical distributions on the HPBW and 
the SLL. Table 2 lists the coefficients, practical displacement of each slot, 
SLL, HPBW, and realized gain associated with every mathematical 
distribution. 

As a compromise between the realized gain and the SLL, Chebyshev 
distribution is considered as the optimal solution for SLL reduction. 

3.3. Realistic antenna modelling 

In order to obtain more accurate results, a new model based on a 
practical WR-28 waveguide with a brass flange is considered in the 
CSTMWS simulation. In Fig. 8, the proposed design’s schematic diagram 
is displayed. A 5 mm separation distance is added between the slots and 
the waveguide flange because the manufacturing company requests it. 
Fig. 9 shows the reflection coefficient of the realistic structure. 
Regarding the reflection coefficient, there is no big change in the 
operating bandwidth. The proposed design exhibits an operating band of 
6.6 % that extends from 33.6 GHz up to 35.9 GHz. The design achieves a 
SLL of − 21.4 dB in azimuth plane. When the metallic losses of the brass 

Fig. 8. Realistic antenna model.  

Fig. 9. The reflection Coefficient S11 of the practical design.  

Fig. 10. The azimuth radiation pattern at 35 GHz for the realized model.  

Fig. 11. The elevation radiation pattern at 35 GHz for the realized model.  
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waveguide are taken into account, the overall realized gain is 13.4 dBi. 
The azimuth and elevation radiation patterns of the design are illus
trated in Figs. 10 and 11, respectively. 

3.4. TX-RX antenna coupling 

As the antennas employed in the proposed radar system consist of 
multiple antennas (one transmitter and three receivers), mutual 

coupling between the transmitter and receivers becomes an important 
issue. The main reason for that is that power leakage from the trans
mitter toward the receiving antennas can deteriorate the radar’s 
detection abilities. A mutual coupling study has been carried out in 
order to investigate the mutual coupling effect. As illustrated in Fig. 12, 
two adjacent antennas separated by 5 cm are simulated in CSTMWS. 
According to the S-parameter measurements, the mutual coupling (S21) 
between the two antennas is around − 40 dB and gets worse as the fre
quency increases, whereas the reflection coefficient (S11) for both an
tennas has an undetectable impact. Fig. 13 shows the simulation’s S- 
parameters. 

4. Machining considerations and requirement 

Working in MMW frequency ranges usually comes with big chal
lenges in terms of the small dimensions and the associated fabrication 
tolerance. This tolerance mainly relays on the fabrication technology 
used. There are two main fabrication techniques for such structures. The 
first one is by using precise laser cutting which can have a precision 
tolerance of 5 to 10 µm while the second is based on mechanical cutting 
using fine cutting tools which have a tolerance ranges from 5 to 20 µm 
depending on the quality of the cutting tools and the cutting machine. In 
this work, the second technique is adopted. However, the drawback of 
this fabrication technique is the higher expected fabrication tolerance. 

4.1. Tolerance analysis 

In order to estimate the effect, the fabrication tolerance on the an
tenna performance, multiple simulation have been carried out. Form the 

Fig. 12. Two adjacent antennas side-by-side for mutual coupling study.  

Fig. 13. S-parameters for two adjacent antennas separated by 5 Cm.  
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design point of view, the main critical dimensions that may results in a 
significant impact on the array performance are the slot width (Ws), the 
slot length (Ls), and the slots’ main symmetrical line shift (SH). 

As shown in Fig. 14, the slot width is considered one of the most 
critical parameters, where it has a clear effect on antenna matching and 
the operating bandwidth adjustment. Fig. 15 shows the S11 variation as a 
function of Ws. The optimal slot width is chosen to be 0.6 mm. 

The slot length (Ls) illustrated in Fig. 16 is very critical parameter in 
terms of selecting the band of operation. Fig. 17 shows the S11 variation 
as a function of Ls. The optimal slot length is chosen to be 4.13 mm. As a 
fabrication expected error, an axial shift (SH) from the center line of the 

slots, shown in Fig. 18, may be occur. Fig. 19 shows the variation in S11 
according to the variation in SH. The optimal axial shift is chosen to be 
0.2 mm. 

4.2. Rounded edges modification 

In all previous designs, the slots were treated as having a rectangular 
shape. Given that the dimensions of the slots are very small and that it is 
practically difficult to implement them in a sharp rectangular shape and 
that rounding of the edges must occur during the manufacturing process, 
this was taken into account during the simulations. Fig. 20 shows the 

Fig. 14. Slot width effect (Ws).  

Fig. 15. S11 variation as a function of (Ws).  

Fig. 16. Slot width effect (Ls).  

Fig. 17. S11 variation as a function of (Ls).  

B.M. Yousef et al.                                                                                                                                                                                                                               



Ain Shams Engineering Journal 15 (2024) 102582

8

new rounded edges modifications. 
The modified slot length (Ls− round) illustrated in Fig. 20 is very critical 

parameter in terms of selecting the band of operation as discussed 
before, so a parametric study is presented. Fig. 21 shows the S11 varia
tion as a function of Ls− round. As observed, there is a large deference 
between the two values of Ls and Ls− round which illustrates the significant 
effect of rounded edges on the results. The optimal rounded slot length is 
chosen to be 3.73 mm. 

5. Experimental results and discussions 

The proposed slotted waveguide antenna with a non-uniform aper
ture distribution is designed, simulated and fabricated to verify the 
simulation results. This waveguide is designed to operate at a wide range 
from 33.4 GHz to 35.7 GHz. Fig. 22 shows the fabricated waveguide 
antenna model. In Fig. 23, a comparison between both measured and 
simulated reflection coefficient (S11) is presented. As shown, the 
measured bandwidth of the fabricated waveguide is started from 33.2 
GHz up to 35.6 GHz which means that good agreement is achieved 

Fig. 18. Slot width effect (SH).  

Fig. 19. S11 variation as a function of (SH).  

Fig. 20. Rounded edges modification.  

Fig. 21. S11 variation as a function of (Ls− round).  
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Fig. 22. The fabricated antenna model.  

Fig. 23. S11 comparison between CSTMWS, HFSS, and the experi
mental results. 

Fig. 24. The setup of the antenna model’s radiation pattern measurement.  

Fig. 25. The 35 GHz azimuth radiation pattern, both the measured 
and simulated. 

Fig. 26. The 35 GHz elevation radiation pattern, both the measured 
and simulated. 
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between them. 
The radiation pattern of the proposed waveguide antenna is 

measured. Fig. 24 shows the setup configuration of the antenna during 
radiation pattern measurement. In Fig. 25, the comparison between both 
measured and simulated radiation pattern for both azimuth and eleva
tion plans is introduced. The results from simulation and measurement 
are in good agreement. Fig. 26. 

6. Conclusion 

In this paper, a slotted waveguide antenna with a non-uniform 
aperture distribution is introduced. To obtain the optimal side lobe 
suppression, different types of aperture distribution functions, including 
uniform, binominal, Chebyshev, and Blackman, have been thoroughly 
studied. The slot displacement from the antenna center line has been 
converted from these distribution functions. Number of slots in the 
proposed array is chosen to be eight to satisfy the required gain for mm- 
wave radar tracking application. Instead of sharp edges, rounded edge 
slots are used since they are more suited for CNC construction. Incor
porating the Chebyshev distribution strategy, a gold-plated, eight-slot 
waveguide antenna is produced. Over the operational bandwidth, which 
ranges from 33.6 GHz to 35.9 GHz, the suggested design provides highly 
steady radiation characteristics and performance. The total realized gain 
of the whole antenna is determined to be 13.4 dBi, and an overall ra
diation efficiency of 95.21 % at 35 GHz. At the frequency of 35 GHz, an 
obviously low SLL of − 30 dB is achieved. As it improves the total target 
SNR and lowers false target observations, the low side lobe level 
parameter is essential for radar applications. It is an excellent choice for 
point-to-point communications and mm-wave radar applications due to 
the pre-stated antenna properties (P2P). 
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