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Abstract
In this article, a novel electrically small eighth-mode substrate integrated wave-
guide (EMSIW) based leaky-wave antenna (LWA) in planar environment is pre-
sented. The proposed antenna uses 1/8th mode SIW resonator which helps to
improve compactness of the design while maintaining high gain and increased
scanning angle. The proposed SIW cavity is excited by a 50 Ω microstrip line feed-
ing to resonate at dominant TE110 mode in X-band. The dimensions of the resona-
tors are adjusted to keep resonant mode at same frequency. The fabricated
prototype is approximately 5λ0 long. Measured results show that the proposed
leaky-wave antenna is able to operate within frequency range of 8-10 GHz with
beam scanning range of 51� and maximum gain of 13.31 dBi.
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1 | INTRODUCTION

Over the last few years, the use of substrate integrated wave-
guide (SIW) in microwave and millimeter wave integrated
circuits has increased extensively due to its advantages of
being light weight, low cost, low loss and convenient inte-
gration with planar circuits.1,2 Recently, SIW based leaky-
wave antennas (LWAs)3,4 opens a new avenue for antenna
design due to their high efficiency, high gain, narrow eleva-
tion beamwidth and beam-scanning ability. Several LWAs
based on SIW and other planar environments have been
proposed.5–9 Also, half-mode SIW (HMSIW) and quarter-
mode SIW (QMSIW)10 based resonators are used for realiza-
tion of compact antennas.11–14 More compactness can be
achieved by eighth-mode SIW (EMSIW)15–17 which is real-
ized by bisecting the QMSIW. EMSIW is almost 1/8th of the
full mode SIW resonator and it preserves the similar electric
and magnetic field distribution at same resonant frequency.

In this article, an electrically small EMSIW resonator is
employed for the realization of efficient and compact LWA at
X-band. The open sides of the EMSIW are used as leakage
slots. For the periodic leaky-wave antennas, dominant mode is
a slow wave and does not radiate. So n = 0 spatial harmonic is
excited for fast wave radiation mainly by using periodic

perturbations. The proposed antenna is fed by simple microstrip
feed line through its radiating edge. The performance of the
proposed LWA is optimized using HFSS and validated by
experiments. Dispersion properties are studied with various
parameters of the antenna to show the control of the antenna
leakage rate and its effect on radiation. The use of eighth-mode
SIW enhances the radiation intensity per unit cell significantly
resulting into gain enhancement. Its scanning angle can be var-
ied from 37� to 88� by varying frequency from 8 to 10 GHz.
This design provides more compact size compared with other
reported designs in 1D LWA5,8,14 with good scanning capabil-
ity of 51�. The designed prototype is fabricated, tested and ana-
lyzed. To the best of author's knowledge, such type of gain
enhancement technique to design SIW based compact leaky-
wave antenna with larger beam scanning ranges has not been
earlier proposed in literature.

2 | LEAKY-WAVE ANTENNA USING
TILTED EMSIW RESONATOR

2.1 | Tilted EMSIW resonator unit-cell

Firstly, eighth-mode SIW is developed where a square SIW
resonator is divided across the perfect open symmetry plane
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(fictitious magnetic wall) and is shown in Figure 1. Simu-
lated and measured reflection coefficient response of
EMSIW cavity, in Figure 2, shows similar resonance condi-
tion with full-mode SIW cavity. EMSIW has two radiating

edges and one bounded via edge. The electric and magnetic
field components for dominant TE110 mode are described in
Ref. 15. Several designs of EMSIW resonator with various
feeding mechanisms such as gap coupled microstrip line to
either of the radiating edges,15,16 diagonal microstrip
feeding,18 etc, are reported in recent years. However, for
periodic leaky-wave antenna applications, in the proposed
design, the eighth-mode SIW resonator unit cell is designed
in such a way that n = 0 space harmonic is lied in the fast
wave region that is, over frequency range 8-10 GHz. In this
article, EMSIW unit cell is slightly tilted at an angle ζ with
proper feeding line position (Figure 3A) to satisfy the above
mentioned condition of unit cell for realization of leaky-
wave antenna as shown in Figure 4. The electric field and
surface current distributions are shown in Figure 3B,C,
respectively. The tip of the open edge of tilted EMSIW reso-
nator has the maximum magnitude of electric field which
implies larger accumulation of electric charges and causes
disturbances of surface current and as a result a small radia-
tion occurs. Moreover, the parameter m1, corresponding to
the microstrip feeding line position also has a very crucial
role to optimize the tilted EMSIW unit cell. If “m1” is varied
from 1.5 mm (ie, close to the via wall) to 2.9 mm (ie, close

FIGURE 1 Transformation from square SIW full-mode cavity to eighth-mode cavity

FIGURE 2 Simulated and measured reflection coefficient against
frequency of the EMSIW cavity (1(d)) with full-mode SIW (1(a))
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to tip of the resonator), the reflection coefficient changes and
it shows favorable response for m1 = 2.5 mm as shown in
Figure 5. Moreover, the suitable E-field distribution on the
top of the tilted EMSIW for desired radiation mechanism is
also shown in Figure 5 where the induced E-field is maxi-
mum having good reflection characteristics at m1 = 2.5 mm.
The responses of full-mode EMSIW and tilted EMSIW are
validated by experimental results.

2.2 | Leaky-wave antenna design

The unit cell shown in Figure 3A is placed periodically with
the periodicity p in such a manner that the scanning range of
the LWA will be in the fast wave region (8-10 GHz) where
nth space harmonic phase constant is less than the free space
wave number that is, βn < k0 (for our case n = 0) which is
necessary radiation condition of LWA. Figure 6A shows the
layout of the LWA with tilted EMSIW resonator (unit cell is
in inset). The dispersive nature of the antenna is studied
using Ansoft HFSS and are also extracted from measured
scattering parameters of the antenna. Retrieved normalized
phase constant and attenuation constant due to leakage from
measured response are shown in Figure 7A,B, respectively.

From the figure it is clear that proposed antenna is able to
scan in forward quadrant of the visible space within the fre-
quency range of 8-10 GHz that is in fast wave region (βn <
k0). Beyond the aforementioned frequency range, β0 is
greater than k0, that is, antenna goes to slow wave region
and the contribution of proper bound wave effect becomes
dominant which degrades the radiation performance. Also,
above 10 GHz, the n = 1 spatial harmonic starts radiating
which is backward in nature and its presence causes unde-
sired higher side-lobe level. Moreover, the tilt angle of the
cells and feeding position of the microstrip line controls
the radiation characteristics as well as the scanning range of
the antenna. Effect of these parameters on dispersion proper-
ties of the proposed antenna is studied later. The effect on
beam scanning range of the proposed LWA due to tilt angle
variation is shown in Figure 8 and its effect on dispersion

FIGURE 3 Tilted EMSIW resonator unit cell with proposed feeding technique (A) HFSS model of EMSIW resonator, (B) E-field distribution, and
(C) surface current distribution

FIGURE 4 Comparison of simulated and measured reflection coefficients
against frequency of tilted EMSIW resonator (fabricated unit-cell is in inset)

FIGURE 5 A, Variation of reflection coefficient for the corresponding
variation of m1 for the tilted EMSIW cavity; B, variation of E-field
magnitude for different values of m1
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characteristics of the antenna are shown in Figure 9. It is
clear that when tilt angle increases, normalized phase con-
stant (β) increases while attenuation constant (α) decreases.
It is also observed that deviations of β and α (for each ζ vari-
ation) are more prominent in lower frequencies than the
higher end with tilt angle variation. This causes larger shift
of main beam toward the end fire direction at lower frequen-
cies with smaller value of tilt angle while at higher fre-
quency main beam remains almost stationary (Figure 8).
From Figure 8 it is clear that when till angle changes from
ζ1 = 19� to ζ2 = 40�, then the radiated main beam at lowest
frequency shifts toward endfire. As a result beam scanning
range is decreased from Δθ1 = 51� to Δθ2 = 27�. Similar
effect is observed with feeding positions and is shown in
Figure 10. The phase constant of the nth spatial harmonic βn
determines the direction of the main beam measured from

broadside direction (θm) which is calculated from Equa-
tion (1) given below

θm ¼ sin−1 βn
k0

¼ sin−1 β0
k0

+
nλ0
p

� �
ð1Þ

where, k0 and λ0 are the wave number and wavelength in
free space, respectively. β0 is the fundamental space harmonic
propagation constant. The leakage constant α is calculated
following the procedure described in Ref. 3. The optimized
dimensions are given by: s = 1.2 mm, d = 0.8 mm,
m2 = 2.32 mm, L6 = 8.51 mm, L7 = 8.41 mm, ζ = 21.5�,
P = 8 mm, m1 = 2.5 mm, m3 = 7.8 mm, f1 = 0.2 mm,
L3 = 7.9 mm, L1 = 7 mm, L5 = 10.75 mm, L2 = 6.41 mm,
and L4 = 6.61 mm.

3 | RESULTS AND DISCUSSIONS

The proposed leaky-wave antenna is fabricated on Rogers
RT/duroid 5880 substrate having dielectric constant (εr)
of 2.2, loss tangent (tanδ) of 0.0009, and thickness (t) of
0.787 mm which is shown in Figure 6B. The simulations
have been done in Ansoft HFSS. Proposed antenna has
15 unit cells of tilted EMSIW resonator with a total
dimension of 46.8 mm × 147 mm (�5λ0 long) which is
much more compact than the previously reported designs
and has advantages over scanning range, gain and band-
width. The attenuation constant (α) due to leakage from
the measured S-parameters is also calculated and is shown
in Figure 7B. It is clear that when wave travels through
the structure, the loss factor α which is responsible for
leakage gradually decreases with frequency and produces
long effective aperture. Also above 10 GHz n = 1 starts

FIGURE 6 Proposed leaky-wave antenna where (A) layout of LWA with unit cell (inset) and (B) fabricated prototype of proposed leaky-wave antenna

FIGURE 7 Variation of normalized wave number with frequency from the
measured radiation pattern of the proposed antenna with tilt angle (ζ) = 19�

(A) phase constant and (B) attenuation constant
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appearing as backward spatial harmonic. The simulated
and measured impedance bandwidths (S11 < 10 dB) of
proposed LWA can be found from Figure 11. These are
3.27 GHz covering the frequency range 8.33-11.6 GHz
and 3.17 GHz covering 8.53 11.7 GHz, respectively. The

measured data for S21 are a little lower than the simulated
results. This might be due to increased conductor loss19 in
the measurement. Nevertheless, the simulated results are
close agreement with measured results. Figure 12 shows
the normalized radiation patterns in xz-plane. The

FIGURE 8 A, The effect of tilt angle variation (ζ); B, its effect on beam scanning range of the proposed leaky-wave antenna where ζ1 = 19�, ζ2 = 40�,
Δθ1 = 51�, and Δθ2 = 27�

FIGURE 9 Normalized wave number for different tilt angle (ζ) variation where solid lines indicate attenuation constant and dashed lines indicate phase
constant

FIGURE 10 Normalized wave number for different microstrip line
positions (m1) variation where solid lines indicate attenuation constant and
dashed lines indicate phase constant

FIGURE 11 Comparison between simulated and measured S-parameters
versus frequency of the proposed leaky-wave antenna
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measured forward quadrant scanning range (Δθ) of the
antenna is 51� (37� 88�). At higher frequency range the
radiation pattern distorts with higher side-lobe level and
gain is reduced due to the proper bound wave mode prop-
agation as the βn space harmonic is gradually comparable
with free space wave number, that is, it tends to move in
slow wave region and n = 1 backward space harmonic
starts radiating. The radiation patterns in yz-plane are also
shown in Figure 13 for the minimum and maximum beam
locations due to the operating frequencies 8 and 10 GHz,
respectively.

The variation of peak gain is shown in Figure 14. The
simulated and measured peak gain varies from 9.054 to
13.31 dBi and 8 to 11.84 dBi, respectively. The comparative
study is shown in Table 1. It is also noticed that the gain is
reduced at high frequencies as leakage loss is decreased with
frequencies. The gain can be further increased by increasing
number of cells but by compromising the size of the design.
The beam pointing angle cannot reach close to endfire direc-
tion as second higher order mode will be a fast wave and
will participate in radiation which results undesired grating
lobes. The simulated and measured radiation efficiencies are

FIGURE 12 Comparison of simulated and measured radiation pattern in x–z plane (A) at 8 GHz (θm = 37�), (B) at 8.5 GHz (θm = 46�), (C) at 9 GHz
(θm = 54�), (D) at 9.5 GHz (θm = 65�), (E) at 10 GHz (θm = 88�)
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calculated and depicted in Figure 15. The maximum simu-
lated and measured radiation efficiencies are obtained of
95% and 90.8%, respectively. A little discrepancy between
simulated and measured results is observed due to the mea-
surement and fabrication tolerances.

4 | CONCLUSION

A compact leaky-wave antenna based on EMSIW resonator
has been presented at X-band. Good agreement between sim-
ulated and measured radiation patterns ensure the efficient

design methodology of the prototype leaky wave antenna
and the setup used in the far-field measurements. With the
efficient tuning of tilt angle of the resonator as well as posi-
tion of microstrip line, a frequency scanning range of 51�

has been achieved within 8-10 GHz. The measured peak gain
of the proposed antenna varies from 8 to 11.84 dBi. Having
the advantages of being compact, light weight, and high gain
with simpler feeding mechanism, the proposed antenna could
be the potential candidate for several microwave applications
at X-band.

FIGURE 14 Variation peak gain (simulated and measured) with frequency

TABLE 1 Comparative study of proposed LWA with other designs

Properties Liu et al.5
Conventional
half-width MLWA8 Lee et al.14 Proposed design

Operating frequency range (GHz) �10.2–11.9 �4.5–7 �2.5–15.4 8–10

Bandwidth (%) 15.38 43.47 20.78 29.41

Number of cells/slots/unit cells Series of periodic transverse slots – 15 15

Overall dimensions (mm2) �0.4λ0 × 9λ0 (280 mm long) 260 mm long �4.2λ0 × 15.8λ0 �1.56λ0 × 4.9λ0
(147 mm long)

Peak gain (dBi) �14 dBi �13 dBi 13.17 dBi 13.31 dBi

Scanning range (deg) Near broadside to near forward endfire 42� 28� 51�

FIGURE 13 yz-plane fan beam radiation patterns at 8 GHz (left) and 10 GHz (right)

FIGURE 15 Comparison of simulated and measured radiation efficiency
of the proposed antenna
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