
Substrate Integrated Waveguide-Based Highly
Directive Leaky-Wave Antenna With Pinnate
Shaped Slots
Harsh Kumar 

University School of Information, Communication and Technology, Guru Gobind Singh Indraprastha
University
Garima Srivastava 

Netaji Subhas University of Technology

Research Article

Keywords: Backward scanning, beam scanning, forward scanning, LWA, SIW

Posted Date: April 22nd, 2026

DOI: https://doi.org/10.21203/rs.3.rs-7211470/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-7211470/v1
https://doi.org/10.21203/rs.3.rs-7211470/v1
https://doi.org/10.21203/rs.3.rs-7211470/v1
https://creativecommons.org/licenses/by/4.0/


  

 1 

 

SUBSTRATE INTEGRATED WAVEGUIDE-BASED HIGHLY 
DIRECTIVE LEAKY-WAVE ANTENNA WITH PINNATE SHAPED 

SLOTS 

Harsh Kumar1, Garima Srivastava2
 

 1University School of Information, Communication and Technology, Guru Gobind Singh Indraprastha University, 
New Delhi 110078, India 

2Department of Electronics and Communication Engineering, Netaji Subhas University of Technology, Delhi 
110031, India 

                                        Email: 1harsh.mitp@gmail.com, 2garima.shrivastav@gmail.com, 

 

Abstract. In this work, a leaky-wave antenna (LWA) 
with pinnate-shaped slots and substrate integrated 
waveguide (SIW) is presented. The suggested antenna 
design employs eleven periodic slots to increase its 
gain to 13.1 dB. The antenna exhibits a narrow 
beamwidth for all scanning frequencies, scanning 
from forward to backward for frequencies higher 
than the cut-off frequency. It radiates at −76˚, −30˚, 
6˚, 15˚, 20˚, 28˚, 60˚, and 80˚ for frequencies 26.4 
GHz, 32.4 GHz, 31.3 GHz, 29.2 GHz, 27.8 GHz, 26.2 
GHz, 25 GHz, and 30 GHz, respectively. TE10 mode 
excitation occurs in the proposed SIW-based LWA, in 
which the antenna leaks the wave through periodic 
slots embedded in the uppermost layer of SIW. The 
EM-wave leakage and phase constant can be 
controlled by varying the slot orientation. The 
presented LWA is highly directive, with high radiation 
efficiency and a wide impedance bandwidth (9 GHz) 
ranging from 25 GHz to 34 GHz. The experimental 
results of the designed LWA match the simulation 
results. 

 Keywords                                                                                                                                          
Backward scanning, beam scanning, forward 
scanning, LWA, SIW. 

1. Introduction 

Leaky-wave antenna (LWA) is a type of traveling-

wave antenna designed by loading radiating elements 
on the transmission line [1]. The first LWA was 
designed using rectangular waveguide by etching a 
slot on its top surface [2]. The orientation, shape, and 
position of the slot decide the polarization and 
radiation direction of the LWA [3]. The dispersion 

property of the substrate integrated waveguide (SIW) 
antenna was presented in [4], demonstrating that a 
rectangular waveguide integrated on a substrate have 
the same guided wave characteristics. 

The wireless communication systems have undergone 
extensive development in recent years for developing 
high-performance antennas. In radar and directional 
communication systems, narrow beamwidth radiation 
pattern like a pencil beam and small side lobes at 
end-fire is required [5−6]. For the end-fire radiation 
pattern antennas, the phase constant (β) must be equal 
or greater than its wave number k0 in the free space. 
On the other hand, the rectangular waveguides are 
heavy, bulky and expensive. The polarization and 
radiation patterns of the conventional LWA were 
obtained by arranging the slots [7]. LWAs based on 
SIW technology are gaining popularity due to their 
low profile, low manufacturing cost, low loss, and 
ease of integration with planar circuits in lieu of 
conventional metallic rectangular waveguides [8]. 
They can produce a narrow beam and scan for 
different frequencies. SIW comprises of a wide 
microstrip line shorted with metallic vias at the edges 
and works as a conventional rectangular waveguide 
[9]. In [10], a periodic LWA based on SIW was 
proposed for millimetre-wave applications. In [11], 
guided wave and mode characteristics of SIW 
periodic structures were presented and investigated. 
The theoretical analysis of H-shape slotted SIW 
antenna was presented in [12]. In [13], an 
investigation of SIW LWA for narrow beam end-fire 
radiation and tapered transverse slots was presented. 
The presented antenna main beam radiates at end-

fire, but some side lobe was introduced in it. The 
authors in [14] developed a half-mode SIW with 
array of transverse slots, for the applications in 
microwave and millimetre-wave. In [15], a half mode 
SIW frequency scanning antenna with multiple 
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polarizations was investigated. In [16], the authors 
compared meandering an asymmetrically curved long 
slot to straight long slot etched on the broadside of 
straight SIW. In [17], a leaky-wave slotted antenna 
was discussed for enhancing the beam scanning angle 
range. A ridged SIW LWA was presented in [18], 
where side lobe level and cross-polarization can be 
controlled. In [19], researchers investigated a beam 
scanning antenna with a composite right- and left-
handed transmission line (CRLH TL) structure.  

In [20], double-layered vertically stacked SIW LWA 
exhibited frequency beam steering in the elevation 
plane and propagation due to the TE10 mode 
excitation of the waveguide. A double-sided LWA 
[21] produced an asymmetric field on the upper and 
lower sides of the SIW. The equivalent magnetic 
currents produced were summed in-phase at the 
centre of the antenna, increasing its directivity in the 
E-plane, but fabricating such an antenna was 
difficult. The channel microstrip line voltage was 
used to control a dual-band beam scanning LWA at a 
fixed frequency [22−23]. A planar LWA and array 
were developed for satellite communication 
applications [24]. The reported LWA was constructed 
by etching periodic fan-shaped slots on top of the 
substrate with SIW technology. The impedance 
bandwidth of the designed antenna was low; 
therefore, a non-planar structure was used. A bilateral 
beam-forming LWA array was investigated [25] for 
use in indoor and short-distance mobile 
communications. The antenna array was constructed 
with a multiport feeding network and a double-layer 
SIW. A continuous backward-to-forward beam 
scanning LWA operating in the Ka-band was 
described in [26]. However, the gain of the antenna 
was low. A beam scanning LWA using the SIW 
technique was presented in [27], in which two 
parallel longitudinal slots of equal length were 
embedded on the top layer of the rectangular SIW. A 
SIW LWA for terahertz frequency was designed in 
[28], with an array of plus sign-shaped slots on the 
SIW structure. However, the antenna was very large, 
and it only scanned in the backward direction. In 
[29], a SIW LWA that is designed on liquid crystal 
and work on the 30-40 GHz band, but the scanning 
angle of the antenna was smaller. A slow-wave 
substrate integrated waveguide (SW-SIW)-based 
leaky wave antenna (LWA) was demonstrated in[30]. 
Presented antenna had 8.9 dB gain and 700 beam 
scanning range. A new composite waveguide-based 
miniature leaky-wave antenna (LWA) that is based on 
substrate-integrated plasmonic waveguides (SIPW) 
was presented in[31]and antenna had beam scanning 
range was from  -27° to +62°.  

In this article, a LWA antenna using SIW technology 

is presented, with the designed antenna supporting 
leaky-wave mode for a large frequency range. In 
contrast to the proposed antenna, [23] presented an 
elliptically polarised LWA based on a cross slotted 
rectangular air-filled waveguide that supports leaky 
and surface-wave modes. The designed antenna has 
the advantage of both transverse and longitudinal slot 
LWA. Using a pinnate slot increases the electrical 
length of the slot, which increases the path of 
longitudinal current when compared to a rectangular 
slot. It enhances the radiation performance and 
impedance bandwidth of the antenna. A large 
scanning angle and high gain performance can be 
obtained by using a pair of slots on the top layer of 
the SIW as a series loading element. 

The EM waves radiate through the periodic slots 
introduced in the upper layer of SIW, disrupting the 
current path on the upper layer. The antenna radiates 
TE10, the dominant mode, from forward to backward 
as the frequency varies, whereas a rectangular slot 
antenna scans only forward. By arranging the slot 
longitudinally and transversely, the current path is 
increased, and the directivity of the designed antenna 
improves in comparison to previous work. The LWA 
scans eight different frequencies from various angles. 
The unit element of the antenna contains two 
opposite minor sectors of a circle in place of a 
circular slot, reducing the antenna's size and 
displaying circular polarization in the resonating 
frequency range. The gain and radiation efficiency of 
the designed antenna are very high. 

2. Antenna Design 

The slotted SIW LWA with pinnate slot is displayed 
in Fig. 1. The proposed structure is constructed by 
introducing two parallel rows of vias that short the 
parallel conductive planes on a wide microstrip line 
in the direction of wave propagation. If the distance 
between the shorting vias in a row is small, the SIW 
acts like a dielectric-filled conventional rectangular 
waveguide with transverse slots. This results in a 
complete planar structure integrated onto a single 
substrate. 

The RT/duroid 5880 substrate with dielectric constant 
(εr) of 2.2 and loss tangent (tan δ) of 0.0009 is used to 
develop the LWA. The upper surface of the SIW has a 
series of pinnate-shaped transverse slots with period 
q etched in them. The structural periodicity is set to 
one-eleventh of the guided wavelength to avoid 
multibeam operation [8]. The length, width, and 
thickness of the designed antenna are represented as 
L, W, and h, respectively. The width of the SIW is 
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determined by considering it as a dielectric-filled 
conventional rectangular waveguide with effective 
width of weff [8]. It is calculated by using empirical 
formulas given in [4], [8]. The diameter and period of 
vias are denoted as d and s, respectively. The 
dimensions of the LWA are given in Table 1. 

Table 1. Dimensions of the LWA. 

Parameter Value (mm) Parameter Value (mm) 
L 80 W1 

3.7 

W 10.5 W2 
1.6 

s 1.5 d 0.5 

q 6 θ 64°
 

r1 
2.1 L1 4.5 

r2 
2.2 L2 1.05 

h 0.5   

 

 

Fig. 1. LWA geometry. 

 A SIW antenna with a transverse slot works similar 
to a rectangular waveguide with the transverse slot. 
Hence, the proposed antenna can be analyzed by 
transverse slotted SIW rectangular waveguide [7]. 
The SIW with a pinnate-shaped transverse slot 
reduces the longitudinal current flowing through the 
top layer, and the length of the slot edge is longer 
than that of a rectangular slot, increasing the current 
density at the slot edge and allowing a large amount 
of power leakage into space. The leakage current 
increases in the leaky region as the frequency 
increases. The leakage constant is nearly zero at the 
cut-off frequency, where broadside radiation is 
present [9]. The SIW LWA with transverse slots does 
not emit at the broadside, therefore the slot in 
antenna-III is rotated by an angle θ, causing the 
antenna to emit at the broadside and increasing the 
scanning angle.  
In order to excite the leaky-wave structure, the SIW 
TE10 mode is excited. The proposed structure 
(antenna-I) behaves as the SIW LWA with a pinnate-

shaped transverse slot on the top plane, as shown in 
Fig. 2(a). Transverse slots are incubated in the upper 
layer of the SIW to disrupt the distribution of current 
for power radiation and provide additional phase 
delay in the transmission line. The unit cell of the 
LWA is considered as a series combination of 
transmission line segment loaded impedance and 
another transmission line. The effective attenuation 
constant (αeff) and phase constant (βeff) of a unit cell 
are obtained as, 
 

|௘௙௙ߚ| = [1௣ ܴ݁ 1−ݏ݋ܿ) ஺ + ஽2 |௘௙௙ߙ| (1)                            [( = [1௣ ݉ܫ 1−ݏ݋ܿ) ஺ + ஽2 )]                            (2) 
 

where A and D represent the elements of the T 
parameter matrix of the unit cell. 
ܣ  = ܦ = [1−(( ೋೋ0)2−1)௘−ೕ2ഁ೛42+ ೋೋ0௘−ೕ2ഁ೛ ]                             (3) 

 

where Z0 and Z are port impedance and the 
impedance of the transverse slot, respectively. 
|௘௙௙ߚ|  = [1௣  (4)                                  [(ܣ1−ݏ݋ܿ)ܴ݁

|௘௙௙ߙ|  = [1௣  (5)                                 [(ܣ1−ݏ݋ܿ)݉ܫ

 

In addition, to provide more phase delay in the 
transmission line, another transverse slot is embedded 
in the upper layer of SIW (antenna-II), as shown in 
Fig. 2(b). 

 

(a) 

 

(b) 

 

(c) 

Fig. 2. (a) LWA with transverse slot (antenna-I), (b) LWA with a 
pair of transverse slots (antenna-II), (c) Proposed LWA (antenna-

III). 
 

The equivalent circuit diagram of the antenna to 
determine input impedance is shown in Fig. 3. Z1 and 
Z2 are the impedances associated with slots one and 
two, respectively. They are connected in a series as, 
 

 Zeqv = Z1 + Z2                                                     (6) 
 

ܣ = ܦ = [1−((ೋ೐೜ೡೋ0 )2−1)௘−ೕ2ഁ೛42+ೋ೐೜ೡೋ0 ௘−ೕ2ഁ೛ ]                             (7) 

 

The effective attenuation constant and phase constant 
of the unit cell are shown in Figs. 4 and 5, 
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respectively. It is clear that TE10 excitation occurs in 
SIW, and the LWA has a cut-off frequency of 10 
GHz. When the frequency exceeds 29.8 GHz, the k0 
is lower than the leaky mode phase constant. 
However, the leaky property of the antenna decreases 
above this frequency. 
 

 

 

Fig. 3. Equivalent circuit diagram of the unit cell (for antenna-II). 
 

 

Fig. 4. Normalized attenuation constant in the slotted SIW. 
 

 

Fig. 5. Normalized phase constant in the slotted SIW. 
 

To achieve circular polarization, a circular slot is 
required, but it increases the width of the SIW, so the 
top layer is embedded with two opposite circular 
sectors of radius equal to a quarter wavelength of the 
resonant frequency. When an electromagnetic wave 
enters the unit cell through port 1, any remaining 
power exits through port 2, resulting in a net electric 
field pointing from the x-axis to the y-axis. It 
produced equal magnitude of Ex and Ey, but there is a 
90˚ phase difference between them, and the antenna 
exhibits circular polarization. 
Excitation of three modes is possible in the slotted 
SIW: a leaky-wave mode, which is attenuated and 
improper; a surface wave mode, which is properly 
bound; and, a normal waveguide mode. The radiation 
mechanism of LWA can be explained by complex 
longitudinal propagation constant of leaky wave 
mode [9], 
ߚ  = ௥݇02ߝ√ − ( గ௪೐೑೑)2

                                             (8) 

 

where β represents the phase constant, εr represents 
the relative permittivity of the substrate, weff is the 
effective width of the SIW antenna, and α is the 
leakage rate of the SIW for TE10 mode. The radiated 
power of the antenna varies with the leakage rate (α) 
and length (L) of the LWA. Fig. 6 shows the 
dispersion diagram of two transverse slots and the 
proposed antenna. As shown in Fig. 2(b), one more 
transverse slot is embedded on the top layer of SIW 
to improve the performance of the antenna. It is used 
to provide series radiator slots and make optimization 
easy. 
 

 

Fig. 6. Dispersion diagrams of the proposed antenna. 
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Fig. 7. Reflection coefficients of the antenna on varying the 
distance between slots. 

3. Results and Discussion 

The stopband at transition frequency can be 
suppressed by properly arranging the slot, so the 
LWA radiates a broad range of frequencies. With the 
help of parametric analysis, the dimensions of the 
unit cell can be optimized. In Fig. 7, the period of the 
slot (q) is varied and it is observed that at q = 6 mm 
and θ = 26°, the stop band is completely suppressed 
and return loss is lower than −10 dB for the entire 
band. 
 

 

Fig. 8. S-parameters of the SIW LWA configurations. 
 

Fig. 8 represents the reflection coefficients of the 
LWA configurations. Antenna designs with a single 
transverse slot and two transverse slots have a stop 
band at 29 to 30 GHz. However, the stop band 
tendency can be suppressed by arranging the slots 
properly, and S11 for antenna-III is below −10 dB 
across the frequency range. Fig. 9 shows simulated S-

parameters (S11, S22, and S21) of the antenna-III. 
 

 
Fig. 9. S-parameters of the antenna-III. 
 

 

Fig. 10. Axial ratio of the antenna-III. 
 

Fig. 10 shows the axial ratio of the antenna, which is 
less than 3 dB at 26.7 GHz. Therefore, the antenna 
exhibits circular polarization in the 26.7 GHz 
frequency range. The radiation patterns of antenna-I 
are depicted in Fig. 11(a). The antenna has no 
scanning property, radiates from the broad side, and 
has a very large beamwidth.  
Fig. 11(b) depicts the radiation patterns of antenna-II. 
This antenna radiates at different angles depending 
on the frequency. It radiates at −75˚, 0˚, 15˚, 25˚, 40˚, 
and 55˚ at frequencies of 25.7 GHz, 29.7 GHz, 25 
GHz, 26.9 GHz, 31 GHz, and 28.6 GHz, respectively. 
The antenna shows beam scanning property, but its 
beamwidth is very high. Furthermore, to improve the 
scanning property and beamwidth, the orientation of 
the slots is changed, and Fig. 11(c) depicts the 
radiation patterns of antenna-III, which exhibits beam 
scanning property with a narrow beamwidth similar 
to a pencil beam. The antenna radiates at −76˚, −30˚, 
6˚, 15˚, 20˚, 28˚, 60˚, and 80˚ GHz for frequencies of 
26.4 GHz, 32.4 GHz, 31.3 GHz, 29.2 GHz, 27.8 
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GHz, 26.2 GHz, 25 GHz, and 30 GHz, respectively.  
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
Fig. 11. Radiation patterns of the SIW LWA: (a) Antenna-I, (b) 
Antenna-II, (c) Antenna-III, (d) Co- and cross-polarization at 27.8 
GHz. 
 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 
Fig. 12. Simulated and measured radiation patterns of the antenna-

III: (a) 26.2 GHz, (b) 26.4 GHz, (c) 29.2 GHz, (d) 31.1 GHz, (e) 30 
GHz. 
 

A few side lobes are also visible, which could be due 
to surface wave mode propagation. This mode is used 
when the wave number in a dielectric medium 
exceeds the wave number in free space. Surface 
waves generate side lobes that radiate in the near end-

fire direction. 
The fabricated prototype of the proposed LWA is 
presented in Fig. 13. The radiation patterns of 
antenna-III at different frequencies are shown in Fig. 
12. Antenna scans in backward direction −76˚ to 
forward direction +80˚. The small difference between 

measured and simulated results is due to mutual 
coupling of current from the slot's tip. The simulated 
and measured reflection coefficients of the antenna-

III are presented in Fig. 13. In both simulated and 
measured results, the antenna shows a dip at 27 GHz, 
29 GHz, and 32.5 GHz. 
The simulated and measured gain plots of the 
presented antenna are given in Fig. 14. The gain 
curves are approximately the same in both cases. A 
small mismatch between the measured and simulated 
results is due to fabrication defect, measurement 
error, and SMA connector losses. Due to the small 
value of attenuation constant, the proposed antenna 
transmits maximum power at the output part. Fig. 15 
shows the radiation efficiency of the designed 
antenna, which varies from 94% to 97% for the entire 
frequency range. 
 

 

Fig. 13. Simulated and measured reflection coefficients of the 
antenna-III. 
 

 

Fig. 14. Simulated and measured gain of the antenna-III. 
 

The performance of the proposed antenna is 
compared to previous works in Table 2. The reported 
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antenna designs had used longitudinal or transversal 
slots on the top layer of the SIW, with longitudinal 
slots radiating broadside and transverse slots 
radiating in end-fire direction. Whereas, the proposed 
antenna-III consisted of a pair of leaf-shaped slots 
that are 64˚ degrees apart. The antenna radiates end-

fire in the broadside direction, and scans forward and 
backward through the broad side.  
The suggested antenna has been compared with 
recent work in the comparison table.  The suggested 
antenna has a broad impedance bandwidth, which is 
9.5 GHz. In [25], [29], the impedance bandwidth is 
somewhat greater than that of the proposed antenna, 
although these antennas are roughly twice as large as 
the proposed antenna.  In comparison to other 
designs, the proposed antenna has a low beamwidth 
of 130 and a high gain of 13.1 dB.  In contrast to the 
suggested design's 10 unit cells, the antennas in [25] 
and [27] used 20 unit cells.  In contrast to prior 
designs, the suggested concept has a high beam 
scanning range and a very small dimension. 

 

 

Fig. 15. Radiation efficiency of the designed antenna-III. 
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Table 2. Comparison of the proposed antenna with existing antenna designs. 
 

Ref. Frequency 
(GHz) 

Impedance 
bandwidth 

(GHz) 
Polarization 

Gain 
(dBi) 

Beamwidth 
(in degree) Structure 

Beam 
scanning 

angle 

Size 

 

[24] 28 

27.4−28.5 
(1.1) Linear 4.52 26˚ Planar −45˚ to 

+45˚ 

--- 

[25] 28 

27.4−37.3 
(9.9) Circular 16.5 --- 

Non 
planar 0˚ to +51˚ 

--- 

[26] 34 32−36 (4) Linear 9.1 45˚ Planar −56˚ to 
+48˚ 

78 × 
47 

[27] 14 

10−18.22 
(8.22) Linear 14.5 15˚ Planar −58˚ to 

+59˚ 

184 
× 16 

[28] 106 105−109 (4) Linear 12.33 --- Planar −6˚ to +76˚ 

147 
× 16 

[29] 34.7 30−40 (10) Linear 12.63 20˚ Planar −53˚ to 60˚ 

--- 

This 
work 

28 24.5−34 (9.5) Circular 13.1 13˚ Planar −76˚ to 
+80˚ 

80 × 
10.5 

4. Conclusion 

The designed antenna is comprised of transverse and 
longitudinal slots and scans continuously in the 
forward and backward directions at different 
frequencies. The presented SIW-based LWA with 
asymmetric pairs of slots on the dielectric-filled 
rectangular waveguide results in the extraction of 
narrow beamwidth. The advantage of both 
longitudinal and transverse slots may be obtained by 
adding inclined slots to the upper layer of the leaky 
wave guided structure. Additionally, a wide range of 
beam scanning capabilities can be accomplished by 
adjusting the rotational angle.  By adding more 
periodic slots, the antenna's gain and efficiency can 
be increased. The proposed LWA is simple, 
comparable in size with an array, and does not need 
complex feeding. An impedance bandwidth of 25 to 
34 GHz is obtained. The realized gain of the designed 
antenna varies from 8 to 13.1 dB. It radiates 
broadside to near end-fire direction with 96% 
radiation efficiency. Good compliance is achieved 
between simulated and experimental results. 
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