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Abstract. A planar asymmetric substrate integrated wave-
guide leaky wave antenna is proposed with open stop band 
suppression and radiation efficiency equalization through 
broadside for the Ku-band. The stop-band behavior exhib-
ited at broadside in the 1-D periodic structure is signifi-
cantly reduced using reflection cancellation technique by 
placing the two slots at a quarter distance within the unit 
cell. Furthermore, asymmetric technique is applied. The 
asymmetry is introduced with respect to both axial and 
transversal axis of the structure so as to match the at-
broadside Bloch impedance and off-broadside Bloch im-
pedance. This provides total open stop band suppression 
and radiation efficiency improvement as well as equaliza-
tion through broadside. The problem is analyzed with the 
help of Bloch impedance behavior. For illustration of the 
above techniques; single slot, double slot and asymmetric 
designs are developed for the proposed leaky wave an-
tenna. The final asymmetric design after optimization is 
fabricated. Measured results are almost consistent with the 
simulation results with complete suppression of open stop 
band, efficiency improvement and equalization through 
broadside providing continuous beam scanning from –32° 
to +27° with constant gain of  ~12.5 dBi. 
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1. Introduction 
With increasing applications in the areas of broadband 

wireless communication and radar, planar periodic struc-
tures are receiving renewed interests. Leaky wave antennas 
(LWA) which work on the foundation of travelling waves 
are essentially composed of transmission line or waveguide 
sections with a unit cell period (P), wherein a single or 
multiple radiator elements are placed within the unit cell. 
LWAs are mainly characterized as uniform and periodic 
structures. The uniform LWAs radiate power in forward 

direction while in the case of periodic LWAs power is 
radiated in both backward and forward direction [1]. Peri-
odic LWA can be realized by periodic loading of the same 
slots on each unit cell of the LWA and hence leads to 
a high directivity. A high directivity of the LWA is needed 
for accurate positioning. The study here is focused on peri-
odic LWAs which are generally known for their high di-
rectivity, frequency scanning capability and simple feeding 
networks [2].  

Substrate integrated waveguides (SIW), an alternative 
platform to conventional rectangular waveguides is being 
preferred nowadays for their low profile, low cost and light 
weight features. Various structures of SIW LWAs are 
available in literature. [3–6]. As already pointed over the 
last four decades, two major difficulties encountered with 
this class of antenna are the open stop band (OSB) [7] and 
the single beam condition [8]. This study is focused on the 
problem of the OSB. The limited knowledge about the 
broadside behavior for conventional periodic LWA exists, 
as the earlier theories developed for these structures treat 
each element as loading the line individually, instead of 
viewing the structure in a leaky wave fashion. The OSB is 
generally the narrow band region in the vicinity of broad-
side in which leaky-wave radiation is significantly reduced. 
The techniques proposed in order to solve the problem of 
OSB in 1-D periodic LWAs (n = –1 harmonic) are reflec-
tion cancellation (RC) [9], [10], impedance matching [11], 
and asymmetric technique [12]. In RC technique, the wave 
reflected by the first element is nearly cancelled by the 
wave reflected by the second element at broadside. This 
technique, however, yields a mitigation but not a complete 
suppression of the open stopband. On the contrary, asym-
metry technique mentioned above not only provides com-
plete OSB closure but also matches the at-broadside Bloch 
impedance and off-broadside Bloch impedance, providing 
radiation efficiency equalization through broadside. The 
asymmetry is also exploited recently for OSB closure and 
radiation efficiency improvement in the case of Goubau line 
LWAs [13]. The OSB suppression in periodic LWA can 
also be achieved by making use of the concept of compo-
site right/left-handed (CRLH) transmission line with the 
help of the balanced condition by using the proper series 
capacitors and shunt inductors to produce a continuous 
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transition from the left-handed to the right-handed region 
[14]. In contrast to CRLH based unit cells, the unit cells of 
periodic LWAs doesn’t require subwavelength-ness 
(P < λg/4) thus providing the design flexibility [15]. 

The LWAs require ridges to achieve backward, broad-
side, and forward radiation, relying on multilayer substrates 
for fabrication purposes [16–18]. Recently, a planar SIW 
based LWA is proposed for the suppression of OSB using 
the impedance matching technique [19], [20]. Very few 
planar structures in literature have been proposed for the 
SIW LWA with OSB suppression according to the best of 
author’s knowledge [6], [19], [20]. The work is different 
from that of the planar SIW LWA as this study uses the RC 
technique and the asymmetric technique for complete OSB 
suppression and radiation efficiency equalization through 
broadside for the planar SIW LWA [19], [20]. 

In this paper, firstly, the mitigation of OSB using RC 
technique has been discussed and validated with the help of 
single and double slot designs of SIW LWAs. Secondly, 
the asymmetric design is developed for complete OSB 
suppression and radiation efficiency equalization through 
broadside with seamless beam scanning from backward to 
forward direction (–32° to +27°) achieving consistent gain 
~12.5 dBi for 11 unit cells. RC and asymmetric techniques 
have been implemented for the first time in SIW LWA as 
per author’s knowledge. 

The remainder of the paper is organized as follows: In 
Sec. 2, two structures of proposed periodic LWA are 
designed and simulated for the discussion of the RC 
technique to mitigation the OSB by analyzing the Bloch 
impedance behavior. Section 3 discusses the total OSB 
closure and radiation efficiency improvement as well as 
equalization through broadside for asymmetrical design in 
comparison to symmetrical double slot design. Section 4 
shows the fabricated prototype and measured results for the 
developed asymmetrical leaky wave structure and Sec-
tion 5 draws the conclusion. 

2. Mitigation of Open Stop Band 
In RC technique, a unit cell consists of two slot pairs 

which are spaced by a distance of ~λg/4. Reflections from 
one slot are cancelled out by reflections generating from 
the other slots. At the frequencies of broadside radiation, 
the reflected waves of each unit cell are in phase, and hence 
no EM power is fed into the LWA for broadside radiation. 
Consequently in 1-D periodic LWA containing only one 
radiating element, power is partially reflected back towards 
the source from the slot. The phase difference between the 
adjacent slots in the periodic LWA of single slot design at 
broadside is  

 
0 2P        (1)  

where β0 is the fundamental space harmonic, P is the period 
of the unit cell. Hence the reflected waves from each slot 
are in phase. If the identical second radiating element is 
introduced in the unit cell then according to RC technique 

definition [9]  

 
02 Sdx  .  (2) 

This means that at the stop-band frequency, the reflected 
waves from the two slots within unit cell are nearly can-
celled, where Sdx is the center to center distance between 
the two radiating elements in x-direction. Therefore, the 
second radiating element in the unit cell is introduced at 
a quarter distance from the first slot providing only mitiga-
tion of OSB  

  
1

4

Sdx

P
 .  (3) 

For the implementation of the RC technique in SIW 
LWAs, two configurations of single slot and double slot 
designs are shown in Fig. 1. Both the structures are de-
signed on the Rogers 5880 with a permittivity of 2.2, a loss 
tangent of 0.001 and a thickness of 0.787 mm. The cross 
slots are etched on the top side of the SIW providing radia-
tions in the space. The slot impedance should be matched 
with free space impedance for efficient radiation. Generally 
a 1-D periodic LWA is designed in such a way that the 
radiation is occurring either from n = –1 or 0 (CRLH 
LWA) space harmonic [2]. In the presented structures, fast 
wave spatial harmonic n = –1 is chosen which is generated 
using periodic perturbation of cross slots along the axial 
line of basic structure. According to Bloch-Floquet’s the-
ory, periodic structure supports infinite number of space 
harmonics given by [7] 

  
0

2
n

n

P

   .   (4) 

The design starts with determining the unit cell period 
by using (1). The phase constant for the unperturbed SIW 
for TE10 fundamental mode can be deduced as in [19] by 
using (5) 
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The narrow beam of these antennas can point either in 
backward or forward directions in space, depending on the 
value of free space wave number k0 according to (6) 

 
0

sin .k
    (6) 

where θ is the main beam angle, measured from the broad-
side direction. The length of the LWA is selected such that 
90% of its power is radiated along the length before reach-
ing its load. The width of the SIW is designed according to 
the (7), such that the proposed structure operates for Ku 
band [21] 

 
2 2

eff 1.08 0.1
D D

w w
S w

      (7) 

where weff is the effective width of the SIW, w is the equiv-
alent rectangular waveguide width, D is the diameter of the 
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Fig. 1.  (a) Double slot design unit cell and its slot dimensions. 
(b) Single slot LWA. (c) Double slot LWA. 

vias and S is the center to center distance between the vias. 
The cross slot used in the designs consists of longitudinal 
and transversal components for continuous beam scanning 
[22]. Initially the slots are designed according to our broad-
side frequency (14.6 GHz) and their lengths are taken as 
λb/4 and λb/8 for transverse and longitudinal direction re-
spectively, and width of the slot is taken as ~λb/20 where λb 

is the wavelength at broadside frequency. The width of the 
slot is taken as b and is same for both the slots. 

In an infinite periodic structure with a symmetrical 
unit-cell, the input impedance of the antenna at the source 
is the Bloch impedance of the unit-cell ZB. Therefore, the 
input reflection coefficient of the antenna is given by (8) 

 B 0
in

B 0

Z Z

Z Z


 


.   (8) 

Further optimizations has been performed for Sdx to 
achieve Γin = 0. Both the designs are simulated using Ansys 
HFSS software and simulation results show the existence 
and mitigation of the OSB in the single and double slot 
design respectively, hence verifying the RC technique for 
the SIW LWA.  

The mitigation of the OSB effects in this study is re-
lated to the real part of the Bloch impedance. The real parts 

of the Bloch impedance are plotted in Fig. 2 for both the 
designs using (9) [12]  
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As seen from Bloch impedance curves, mismatching of at-
broadside Bloch impedance and off-broadside Bloch im-
pedance is significant in the case of single slot design com-
pared to double slot design. Hence there exists the greater 
band of frequency in OSB region. The mitigation of OSB 
effects for the double slot is readily observed with a char-
acteristics as predicted by the Bloch impedance, full wave 
analysis of the structure has been performed and corre-
sponding plot of reflection coefficient (S11) is shown in 
Fig. 3. For the single slot design, an OSB of 2.5 GHz com-
pared to 0.9 GHz for the double slot design is observed. 
This validates the mitigation of OSB using RC technique.  

 
Fig. 2. Bloch impedance of single and double slot designs. 

 
Fig. 3. Comparison of reflection coefficient for single (dash) 

and double slot design (solid). 

Z Y

X
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Fig. 4. Gain in dBi as a function of theta for double slot 

design. 
 

Parameters 
Single slot 

(mm) 
Double slot 

(mm) 
Asymmetric 

(mm) 

P 16.91 17 17 

Weff 12.54 12.54 12.54 

D 1 1 1 

S 2 2 2 

Sdx - 2.38 2.38 

b 1 1 1 

a1 3 3 4 

a2 1.5 1.5 3.089 

a3 3 3 3 

a4 1.5 1.5 1.5 

a5 - 3 4.21 

a6 - 1.5 3 

a7 - 3 3 

a8 - 1.5 1 

Tab. 1. Parameters of the all the designs. 

In Fig. 4, the input gain as a function of theta for 
double slot design is plotted confirming the radiation 
degradation near the broadside region. The input gain at the 
broadside frequency has dropped to 10 dBi since the 
matching is poor. This is in accordance with the mismatch 
of the Bloch impedance at broadside frequency 
(14.9 GHz).The broadside frequencies of both the designs 
are different because of the implementation of the RC 
technique. Both the frequencies lie in the Ku band. Though 
the OSB is significantly mitigated with respect to (w.r.t) 
the single slot design, continuous beam scanning with 
constant gain and efficiency equalization through broadside 
is not obtained. Specifically at OSB frequency (14.9 GHz), 
the gain is decreased by about 4 dBi, while the return loss 
shows a noticeable mismatch. To overcome the drawbacks 
of mitigate on and radiation degradation in the double slot 
design, asymmetry technique is applied which is shown in 

the next section. The optimized parameters for all the 
design cases considered in this study are shown in Tab. 1.   

3. Total OSB Closure and Radiation 
Efficiency Equalization 
In this case, the SIW LWAs consist of resonant ele-

ments, broadside frequency coincides with the resonance 
frequency of the structure. In this situation, ZB becomes 
exclusively dependent on the losses of the structure [23]. In 
[12], the authors studied the broadside effect by using 
a general equivalent circuit consisting of a lattice network 
with a series LC-resonator in the series branch and a shunt 
LC-resonator in the cross branch. With this model, the 
broadside effect at the resonance frequencies of the struc-
ture can be easily understood and shows that Bloch imped-
ance depends heavily on the losses. 

In this section the asymmetric technique is imple-
mented in the double slot design for total OSB closure and 
radiation efficiency improvement and its equalization 
through broadside. The losses are controlled by varying the 
asymmetric parameters of the slots. The radiation effi-
ciency improvement is explained with the help of even and 
odd mode analysis as in [13]. For the 1-D periodic LWA 
the even and odd modes should radiate efficiently in order 
to have high radiation efficiency. For the symmetrical de-
signs (single and double slot) along the transversal and 
longitudinal plane, the even mode leaves no residual po-
larization which leads to low radiation efficiency. The even 
mode can efficiently radiate by introducing the asymmetry 
w.r.t transversal and longitudinal plane leaving the residual 
polarization.  

The complete elimination of OSB effects and radia-
tion efficiency equalization are related to the real part of 
the Bloch impedance. The asymmetric parameters (a1-a8) 
in the design for the LWA are designed keeping in accord-
ance with the following facts: 

1. For complete suppression of OSB, the Bloch imped-
ance should be kept real for the desired range in the 
periodic LWAs [11]. 

2. The at-broadside and off-broadside Bloch impedances 
must be matched in order to have radiation efficiency 
equalization through broadside in periodic LWAs 
[12]. 

The unit cell and the array for asymmetric designs are 
shown in Fig. 5. The dispersion diagram is plotted with the 
help of (12) as shown in Fig. 6  

 11 22 12 21

21

cos((1 ) ( ))

2

a S S S S

S
  
 .  (12) 

It is clearly apparent from the dispersion diagrams 
that the OSB has been eliminated compared to the double 
slot design with a broadside frequency of 14.6 GHz lying 
in the Ku-band. The unit cell has been optimized to achieve 
the frequency balancing condition.  
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Fig. 5.   (a) Unit cell design. (b) Proposed Asymmetrical LWA.  

 
Fig. 6. Dispersion diagram for asymmetric and double slot 

design. 

 
Fig. 7. Bloch impedance for both double slot (dash) and 

asymmetric (solid) designs. 

For the radiation efficiency equalization through 
broadside, full wave analysis of the structure has been 
performed and it is optimized to match the at-broadside 
Bloch impedance and off-broadside Bloch impedance. The 
real parts of the Bloch impedance are using (9). The double 
slot design has been optimized for the parameters which 
control the asymmetry (a1-a8). Figure 7 shows the real part 
of the Bloch impedance for both the double slot and asym-
metrical designs. The double slot has a real part almost 
equal  to zero  at the vicinity  of broadside.  The asymmetric 

 
Fig. 8. Comparison of reflection coefficient for double slot 

(dash) and asymmetric (solid) design. 

 
Fig. 9. Gain in dBi as a function of theta for asymmetric 

design. 

 
Fig. 10. Radiation efficiency comparison. 

design compared to double slot design has a real part at 
broadside as well as it is almost equalized through broad-
side. Bloch impedance analysis method is particularly effi-
cient and easy for periodic structure provided that a full 
wave analysis is available.   

In order to validate, reflection coefficient (S11) and 
input gain curves are plotted shown in Fig. 8 and Fig. 9. 
The reflection coefficient (S11) for the asymmetric design is 
significantly below compared to double slot design partic-
ularly at broadside frequency. As a result of total OSB 
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closure and radiation efficiency equalization the constant 
gain of ~12.5 dBi is achieved which is evident from the 
gain curves. The radiation efficiency curves for the three 
designs are plotted in Fig. 10. It is readily observed that the 
radiation efficiency is improved as well as it is equalized 
through broadside. The radiation efficiency for the asym-
metric design is ~85%. 

4. Results and Discussions 
For verification purpose, fabricated asymmetrical 

structure is shown in Fig. 11 of the proposed LWA de-
signed in Sec. 3. This prototype is fed by SMA connectors 
through microstrip-to-SIW transitions. The prototype is 
fabricated using Rogers 5880 (εr = 2.2). The S11-parameters 
are measured using a microwave vector network analyzer 
(VNA), and the results are depicted in Fig. 12 together with 
the simulation results (from Ansys HFSS). The parameters 
are all lower than –10 dB in the 12 GHz to 16.5 GHz fre-
quency range. Due to additional reflections caused by the 
SMA connectors, the measured S11 spectrum differs. 

 
Fig. 11. Fabricated prototype of asymmetrical LWA. 

 
Fig. 12. Simulated and measured S11 & S21- parameters. 

 
Fig. 13. Beam angle comparison for all the designs.  

 
(a) 

 
 (b) 

Fig. 14.  (a) Simulated (dotted) and measured (solid) normal-
ized E-plane (Y-Z plane) radiation patterns at different 
frequency. (b) Simulated (dotted) and measured (solid) 
normalized H-plane (X-Z plane) radiation patterns at 
different frequency. 

 
Fig. 15.  Simulated and measured gain patterns. 

The main lobe directions for all designs are compared 
in Fig. 13. The scanning range for the asymmetric design is 
better than single and double slot design. Also the mitiga-
tion and suppression of OSB can also be observed from the 
beam angle curves. Figure 14 presents the experimental 
radiation patterns measured through a far-field measure-
ment system in an anechoic chamber. The far-field radia-
tion pattern of this antenna indicates a directional patterns 
characteristic in E plane (Y-Z). Both E-plane and H-plane 
radiation patterns at 12.5 GHz, 14.6 GHz (broadside) and 
16.2 GHz are shown in Fig. 14 (a), (b). The well agreed 
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measured and simulated results demonstrate that the main 
radiation beam of the prototype scans from −32° at 
12.5 GHz to +27° at 16.2 GHz with smooth transition 
through broadside at 14.6 GHz. The E-and H-plane patterns 
constitute a frequency-dependent scanning, with maximum 
radiation in the broadside. The measured and simulated 
gain is depicted in Fig. 15. The constant gain realized for 
the scanning range for the prototype is ~12.5 dBi. The 
constant gain is attributed to the Bloch impedance and 
radiation efficiency equalization through broadside. 

5. Conclusion 
A planar asymmetric SIW LWA is proposed for the 

Ku band capable of continuous beam scanning with total 
OSB closure and radiation efficiency equalization. Two 
structures; single and double slot are designed for the dis-
cussion of RC technique and mitigation of OSB in double 
slot design is presented. Asymmetry is introduced in the 
double slot design for complete suppression of OSB and 
radiation efficiency equalization and improvement. Results 
show that both RC and asymmetric techniques can be 
applied for SIW LWAs for total OSB closure, and radiation 
efficiency improvement and equalization through broad-
side. The prototype proposed provides a continuous beam 
scanning from –32° to +27° with constant gain of 
~12.5 dBi with efficiency of ~85%. The implementation of 
asymmetric technique in SIW LWAs can further be ex-
ploited in designing dispersion sensitive LWAs.  
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