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EMSIW-Based Compact High Gain Wide Full Space Scanning LWA With

Improved Broadside Radiation Profile
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Abstract— A novel compact high gain eighth-mode substrate-
integrated-waveguide (EMSIW)-based double asymmetry (DA) composite
right-/left-handed (CRLH) leaky-wave antenna with larger degrees of
freedom to control the efficiency is proposed and investigated. The
proposed tilted DA radiating EMSIW incorporated with radiating
interdigital capacitive (IDC) slots enables the unit cell to hold CRLH
property with improved compactness and gain. The DA not only provides
increased efficiency at broadside frequency than off-broadside but also
offers more degrees of freedom to independently control the series and
shunt resonators of the proposed geometry. Dispersion analysis is done
by full-wave simulation and validated by theoretical analysis through
predicted equivalent circuit model for achieving the balance condition of
the unit cell which facilitates the complete elimination of open-stopband.
Due to the systematic placement of interdigital slots on radiating EMSIW
unit cell, the radiation intensity profile is significantly enhanced, which
leads to higher directivity and notably enhanced gain (17.96 dBi). The
proposed prototype is 5λ0 long having ten unit cells. The beam scanning
range of the proposed antenna is 107◦ within 9–13.5 GHz, with the
maximum broadside radiation efficiency of ∼96%.

Index Terms— Composite right-/left-handed (CRLH), leaky-wave
antenna (LWA), substrate-integrated waveguide (SIW).

I. INTRODUCTION

Composite right-/left-handed (CRLH) transmission lines (TLs)
represent an artificially structured media having unique properties
which have been used extensively in several applications over the
past decades [1]. In addition to this, with the rapid growth of
wireless technology, the demand for improved antenna performances
such as high gain, larger scanning range, etc., is highly needed in
various surveillance systems and many scanning applications. Leaky-
wave antenna (LWA) appears to be an appropriate choice for such
applications, which belongs to a traveling wave antenna family and
has the capability of frequency beam scanning [2]. Recently, several
compact LWAs based on microstrip as well as on substrate-integrated
waveguide (SIW) environment open a new avenue for frequency-
scanning antenna design [3]–[5].

Usually, the microstrip- and waveguide-based LWAs restrict the
broadside radiation, except the periodic LWAs having spatial har-
monic and complex feeding network. Balanced CRLH TLs are one
of the best choices to achieve broadside radiation which is capable
of eliminating the open-stopband between the left-handed (LH) and
right-handed (RH) regions. In the past, several CRLH-based LWAs
have been developed for backfire to endfire radiation, including
broadside [6], [7]. Over the last few years, the use of half-mode
SIW (HMSIW) and quarter-mode SIW (QMSIW) in designing com-
pact antennas, as well as frequency beam-scanning antennas, has
also increased extensively [8]–[12]. However, it is very difficult to
achieve higher efficiency at broadside frequency, a constant high
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gain over the full operating frequency band maintaining a fair
scanning range, design simplicity, and compactness. In [13] and [14],
a new technique of efficiency enhancement at broadside frequency
(η f0 ) has been proposed by using transversal asymmetry (TA) and
double asymmetry (DA), respectively. However, both these designs
suffer from drawbacks such as larger electrical size, lower gain, and
higher cross-polar level. In this communication, a novel DA radiating
structure integrated with the interdigital capacitive (IDC) slots has
been proposed, which results into improved gain and higher efficiency
as compared to those of earlier proposed simple DA structures [14].
It is to be noted that although the simple SIW-based LWAs having
IDC slots have recently been proposed in [6] and [16]–[20], most of
these designs either have the larger electrical size or lesser beam
scanning range with the typical maximum radiation efficiency of
lesser than 80%. Hence, it can be inferred that the proposed IDC slot
integrated DA radiating structures resulting in higher overall gain,
improved efficiency, and compact geometry are quite novel which
have not been presented earlier in the literature.

In this communication, an electrically small eighth-mode SIW
(EMSIW) resonator incorporated with the interdigital slot is designed
for the realization of compact high gain DA CRLH LWA for full-
space scanning through broadside with increased broadside radiation
efficiency. The proposed design provides much easier independent
control over series and shunt resonators by tuning the tilt angle of the
IDC slot (θ) and the EMSIW resonator (ζ ), respectively, to achieve
the balanced condition. This further helps to tune the transformation
ratio (T) and enhances η f0 notably. The performance of the proposed
antenna is optimized using HFSS and validated by experiments. Due
to the appropriate placement of IDC slots on the top of the radiating
EMSIW resonator, the radiation intensity profile, gain, and η f0 are
improved without significantly increasing the length. The scanning
angle can be varied from −64◦ to +43◦ by varying frequency from
9 to 13.5 GHz with the radiator length of 5η0.

II. PROPOSED DOUBLE ASYMMETRY CRLH UNIT

CELL AND CIRCUIT ANALYSIS

First, the EMSIW is developed where a square SIW resonator
is divided across the perfect open symmetry plane (fictitious mag-
netic wall) [15]. The EMSIW unit cell is slightly tilted at an angle
ζ with proper feeding line position, which controls the radiation
characteristic as well as scanning range of the antenna. The nor-
malized phase constant and attenuation constant are optimized with
ζ = 21◦, m1 = 2.36 mm, L1 = 8.51 mm, m2 = 2.32 mm,
d = 0.8 mm, and s = 1.2 mm. IDC slots are etched on the
top of the radiating tilted EMSIW resonator to realize the novel
CRLH media [Fig. 1(a)], which exhibits larger radiation intensity
compared to the simple EMSIW or conventional series-fed patch
based LWA [14] as shown in Fig. 2(a). Hence, this proposed unit
cell provides higher directivity and gain. The radiation intensity in a
particular direction is straightway defined as the radiated power from
a radiating structure per unit solid angle. However, in HFSS simulator,
the radiation intensity of the proposed unit cell is determined as
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Fig. 1. (a) Proposed unit cell. (b) Layout of the proposed CRLH-based DA
balanced LWA.

Fig. 2. (a) Comparison of radiation intensity per unit cell for conventional
and proposed design. (b) Dispersion diagram of the balanced unit cell with
c1 = 0.26 mm and c2 = 0.84 mm.

U(θ, φ) = (| E |2 r2)/2η0, where | E | is the magnitude of the
E-field, η0 is the intrinsic impedance in free space (376.7 �), and r
is the distance from antenna in meters. Moreover, the CRLH unit cell
exhibits DA with respect to transverse as well as a longitudinal axis
as shown in Fig. 1(b), where the independent control over series and
shunt resonators of the proposed unit cell to tune the transformation
ratio is predominantly a unique feature of the proposed antenna to
enhance the efficiency at broadside frequency. Generally, the use of
interdigital slot on radiating EMSIW causes higher radiation loss per
unit cell. Hence, the condition for ∼ 90% of total power will be
radiated into space is fulfilled with the much compact radiator length
of 5η0. To the author’s best knowledge, this feature is not utilized
so far in the available literature. In full-wave optimization of unit-
cell analysis, isolation of the series mode with PEC boundaries and
shunt mode with perfect magnetic conductor boundaries is achieved
from where the series resonance frequency ( fse), the series radiation

Fig. 3. Equivalent lattice circuit model of the proposed LWA unit cell.

efficiency (ηse), the shunt resonance frequency ( fsh), and the shunt
radiation efficiency (ηsh) are calculated [14].

A. Technique 1: Enhancement of η f0 by Independent Shunt
Parameter Control Equivalently Varying EMSIW
Resonator Tilt Angle (ζ )

The equivalent circuit model of the proposed unit cell can be
obtained by dividing the unit cell into the series and shunt resonators
along with four coupling transformers having transformation ratio 1:T
which control the coupling of power ratios between series and shunt
resonators. The input and output coupling sections are represented
by two transformers having the transformation ratio 1:T , as shown
in Fig. 3. The series resonance is comprised of series inductance
(Lse) and series capacitance (Cse) which are due to the presence of
the top wall of the tilted EMSIW resonator and the tilted IDC slot,
respectively. The shunt resonance is comprised of shunt inductance
(Lsh) and shunt capacitance (Csh) which are due to metallic vias
and ground plane-tilted EMSIW resonator top surface, respectively.
The parameter T can be physically interpreted as an additional
variable which can be changed by varying the tilt angle of EMSIW
resonator (ζ ). The equivalent circuit lattice model of the unit cell
is shown below in Fig. 3. The circuit simulations are performed in
advanced design system (ADS). Primarily, fse and fsh are calculated
by imposing the odd excitation with Im{textsl Zse} | fse = 0 and
even excitation with Im{Ysh} | fsh = 0, respectively. If we vary the
EMSIW resonator tilt angle ζ , the affected parameters are Lsh and
Csh which are due to the change in via positions and resonator
positions, respectively. Hence, the change of the resonator tilt angle
affects only the total shunt admittance Ysh . With the increase of tilt
angles, the shunt resonance frequency is solely moving toward the
desired balanced frequency of 11.5 GHz keeping the series resonance
frequency almost stationary. The increment of Lsh with the increment
of the resonator tilt angle ζ is not significant as the number of vias
is not changing. However, the increment of Csh is more prominent
due to the changing position of EMSIW. The increment of Csh
implies the increment of shunt admittance which increases the shunt
contribution in radiation mechanism. In the full-wave simulation of
the unit cell, wave-port excitation is carried out. By considering the
effect of periodicity, the unit cell is simulated in HFSS and the
S-parameters are extracted to study the dispersion characteristics.
The dispersion equation of the periodic TL can be extracted from
full-wave simulations [4], [5]. The dispersion curve of the proposed
unit cell in the present situation is obtained by computing β and α

parameters using the following expressions:
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where the HFSS full-wave simulator is employed to estimate the
S-parameters of the cell in terms of its geometry at specified
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Fig. 4. Variation of ζ and its effect on dispersion diagram for (a) T � Topt ,
(b) T < Topt , (c) T = Topt , and (d) T > Topt .

frequency points. After estimating β and α parameters, the dispersion
diagram representing the factors (| β | /k0) and (| α | /k0) with
k0 = 2π f/c as a function of frequency f is plotted as shown
in Fig. 2(b). It is observed from the dispersion diagram [Fig. 2(b)]
that at the transition frequency ( f0 = 11.5 GHz) where radiated
fan-beam is in broadside direction, fse and fsh are equal. Thus, the
balance condition is achieved. At this condition, phase constant β

exhibits zero value at the transition frequency. Below this frequency,
the LH region appears which supports the propagation of backward-
wave and just above the transition frequency is the RH region which
supports forward-wave. After achieving the balanced condition, if we
now increase the resonator tilt angle furthermore which signifies the
excessive asymmetry, the shunt capacitance further increases and
transformation ratio exceeds its optimal value. Generally, the variation
of the tilt angle (ζ ) is a very easier way to get excessive asymmetry
in transverse as well as the longitudinal direction. The proposed
asymmetry gradually decreases the shunt Q-factor to a value of
∼ 12.72, which eventually enhances the shunt radiation contribution.
Similarly, the series Q-factor is also enhanced during this process
resulting in the value of 12.73. At this condition, η f0 enhances from
off-broadside. η f0 is the overall radiation efficiency at broadside
frequency ( f0), i.e., 11.5 GHz, and it can be calculated from [14].
The variation of ζ and its effect on dispersion diagram and Bloch
impedance (ZB ) are shown in Fig. 4 where the optimized circuit
element values are mentioned for each step. Moreover, one can
justify if the tilt angle ζ increases, the radiation resistance Rrad
also increases because of larger accumulation of charges at the tip
of the resonator along with decrements of loss resistance. As a
result, overall radiation efficiency increases and after ζ > ζopt value
(ζ = 25◦) [Fig. 4(d)], even it is greater than off-broadside because of
the excessive shunt coupled power transfer to load as shown below
in Fig. 5(a).

B. Technique 2: Enhancement of η f0 by Independent Series
Parameter Control Equivalently Varying the Tilt Angle
of IDC Slot (θ)

The proposed design provides another way to control the transfor-
mation ratio, and, hence, to improve the broadside radiation efficiency
profile. In this approach, even and odd excitation analyses are carried
out in a similar manner as mentioned in the previous approach. For

Fig. 5. (a) Variation of EMSIW resonator tilt angle ζ and its effect on
radiation resistance, loss resistance, and efficiency. (b) Variation of series,
shunt, and overall radiation efficiency of the proposed antenna.

this situation, the tilt angle of the IDC slot (θ) is varied. The IDC
slot mostly affects the series capacitance Cse but variation of θ also
changes Lse. When the IDC slot tilt angle θ increases gradually,
both the series inductance and capacitance are decreased. As a result,
the series resonance frequency is moved toward higher value. For the
θ of 10◦, both the series and shunt frequencies are equal and fulfill
the balanced condition at 11.5 GHz. At this point, transformation
ratio reaches its optimal value (T = 1.079), and the Q-factor for
series and shunt resonances is equal and it is obtained as 12.73.
Here, η f0 is almost equal to the off-broadside and the series and
shunt modes no longer exist because of forming new coupled modes.
Now if one increases θ more than 10◦ (13◦ for our design purpose),
i.e., asymmetry is applied beyond the optimal point, Cse and Lse are
also decreased furthermore keeping the dispersion behavior almost
unchanged. Thus, series impedance increases with increased Vse/Ise.
In parallel, due to the simultaneous increment of increased series
radiation resistance, the series power ratio is enhanced with the
maximum coupling of series power. The above described detailed
analysis shows that the overall radiation efficiency at broadside
direction (η f0 ) has been increased by controlling the power ratio
between the series and the shunt resonators through larger TA. The
series and shunt radiation efficiencies are calculated from [14]. The
efficiency at broadside frequency (η f0 ) of ∼ 96% is achieved over
off-broadside and is shown in Fig. 5(b).

III. LEAKY-WAVE ANTENNA DESIGN

The balanced CRLH unit cell shown in Fig. 1(a) is placed period-
ically in series with the periodicity p1 (maintaining the homogeneity
condition, i.e., p1 � ηg /4) in such a manner that the scanning range
of the LWA will be in the fast-wave region (9–13.5 GHz) where
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Fig. 6. Selection of compact antenna size by optimizing peak gain variation
for different radiator lengths.

Fig. 7. Gradual optimization for the selection of structural parameters to
minimize the gain drop in broadside direction.

nth space harmonic phase constant (βn) increases from negative
(βn = −k0) to positive (βn = k0) values with increment of
frequencies. In the fast-wave region, βn is less than the free-space
wavenumber, i.e., | βn |< k0, which is the necessary radiation
condition of LWA. In the proposed design, n = 0 harmonic is
responsible for radiation and it is termed as β. According to the
Hensen–Woodyard maximum directivity condition [2], the largest
directivity of our proposed antenna will occur for the radiator length
of 133 mm (5η0) which contains ten unit cells. If we increase the
radiator length, i.e., increase the number of unit cells, the gain is
increased accordingly but it does not show significant improvement
after 5η0. Little increment is observed due to slight improvement
of the radiation efficiency. Selection of compact antenna size by
optimizing peak gain variation for different radiator lengths is shown
in Fig. 6, from where it is clear that maximum directivity and gain
can be achieved with the radiator length of 5η0 keeping the antenna
size most compact. It is also observed that the inaccurate dispersion
is responsible for gain degradation in broadside direction. In order to
minimize the gain drop along the broadside direction, the precise
tuning of various structural parameters of the proposed unit cell
structure is carried out in the gradual fashion. The optimization results
into minimum gain drop around the broadside frequency point as
shown by blue line in Fig. 7. The angle of radiation from the z-axis
can be determined from the following equation [21]:

θm = sin−1
( | β |

k0

)

= sin−1
( | β | ·c

2π f

)

. (3)

IV. RESULTS AND DISCUSSION

To validate the proposed design experimentally, the prototype is
fabricated on Rogers RT/duroid 5880 substrate having the dielectric
constant (�r ) of 2.2, loss tangent (tanδ) of 0.0009, and thickness (t)
of 0.787 mm. The fabricated prototype is shown in Fig. 8(b). The

Fig. 8. S-parameter responses of (a) unbalanced CRLH LWA with broadside
null and (b) proposed balanced CRLH LWA.

Fig. 9. (a) Simulated and (b) measured radiation patterns of the proposed
LWA in xz plane at 9 GHz (θm = −60◦), 10 GHz (θm = −25◦), 11.5 GHz
(θm = 0◦), 13 GHz (θm = 23◦), and 13.5 GHz (θm = 40◦).

simulated and measured 10 dB return loss bandwidths [Fig. 8(b)]
of the proposed antenna have achieved 40.64% (8.88–13.41 GHz)
and 40.89% (8.93–13.52 GHz), respectively. The open stopband,
shown in Fig. 8(a) (broadside null at 11.5 GHz), is successfully
suppressed and as a result, broadside radiation is obtained. The
simulated and measured normalized radiation patterns are shown in
Fig. 9(a) and (b) where the measured radiated beam of the proposed
antenna scans from the LH region of θm = −64◦ at 9 GHz to the RH
region of θm = 43◦ at 13.5 GHz, including broadside radiation at
11.5 GHz. The measured scanning range is obtained as 107◦. Little
discrepancy in measured radiation pattern is due to larger leakage
loss resulting in larger beamwidth. The measured minimum cross-
polarization levels are obtained as −22.39 dB at 9 GHz, −24.89 dB
at 10 GHz, −20.74 dB at 11.5 GHz, −22.16 dB at 13 GHz, and
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TABLE I

PERFORMANCE COMPARISON OF PROPOSED STRUCTURE WITH OUR SIMPLE EMSIW-BASED LWA

TABLE II

PERFORMANCE COMPARISON WITH OTHER REPORTED DESIGNS

Fig. 10. Variation of angle of radiation with excitation frequency (3-D
patterns are in inset for three different frequencies).

−25.29 dB at 13.5 GHz. Now, in order to estimate the angle of
radiation (θm) as a function of frequency using (3), the phase constant
(β) in terms of S-parameters of the corresponding unit cell along with
its periodic length (p1) is obtained using the data given in Fig. 2(b).
Once the factor (| β | /k0) is determined using the data given
in Fig. 2(b), the curve showing the plot of the angle of radiation θm
(in the vertical axis) versus the corresponding frequency of excitation
“ f ” (in the horizontal axis) can be obtained using (3) as shown
in Fig. 10. Fig. 11 demonstrates that the peak gain (G p) and overall
radiation efficiency values obtained from simulation and measurement
are in good agreement. In order to show the advantages of the
proposed antenna, a detailed comparison is made with our own simple
EMSIW-based structure as well as with similar types of structures
proposed in the literature as shown in Tables I and II, respectively.
The proposed prototype appears to be a much better alternative
as compared to the simple EMSIW-based LWA to facilitate wider
scanning range, higher gain, and larger radiation efficiency with much
compact geometry. Due to the incorporation of suitably tilted IDC
slot on tilted EMSIW, not only larger degrees of freedom is achieved
to independently control series and shunt parameters but also increase
in the radiation intensity results in significant gain enhancement and

compactness. It can clearly be seen from Table II that the proposed
antenna is advantageous in terms of high gain, enhanced efficiency
at broadside frequency with additional degrees of freedom, compact
size, and good operating bandwidth along with suitable scanning
range than other reported designs. It is to be noted that, [6], [7],
[9], [12], and [13] have considerably low η f0 due to either double
symmetry or single asymmetry. Although [14] has DA with compara-
ble size and, therefore, increased η f0 , it suffers lower G p (8.5 dBi),
inadequate bandwidth (16.6%), lesser radiation efficiency (86%) at
broadside frequency, and higher cross-polar level of −13.75 dB
compared to the proposed design. To analyze the proposed LWA
performance rigorously, the proposed structure with optimized IDC
configuration is compared with the earlier reported CRLH-based
IDC loaded LWA structures as shown in Table III. In Table III,
although [16] and [20] have almost comparable radiator lengths, the
proposed structure is advantageous in terms of higher gain, larger
radiation efficiency, and working bandwidth. It should be noted that
although the work proposed in [6] and [18] of Table III provides
larger scanning ranges along with comparable operating bandwidth,
the proposed structure is advantageous due to its higher gain, much
compact dimension, and larger radiation efficiency.

V. CONCLUSION

A simple high gain larger full space scanning range compact LWA
based on the use of DA CRLH unit cell has been demonstrated.
The proposed structure makes use of the tilted radiating EMSIW
incorporated with IDC slot to realize CRLH media, which enhances
the radiation intensity profile of the unit cell significantly resulting
in higher directivity and gain keeping the proposed prototype quite
compact. Maintaining the frequency balanced condition of our pro-
posed unit cell, the propagation constant and Bloch impedance of the
series and shunt resonators can be independently controlled for easier
tuning of transformation ratio to obtain larger efficiency at broadside
frequency over off-broadside and it achieved ∼96%. The proposed
antenna shows a fair scanning range of 107◦ (−64◦ – + 43◦) with a
high gain of 17.96 dBi. The measured results are in well accordance
with experiments which prove the effectiveness and validity of the
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TABLE III

PERFORMANCE COMPARISON WITH OTHER IDC SLOT BASED REPORTED DESIGNS

Fig. 11. Variation of peak gain and overall radiation efficiency with
frequency.

proposed design. Having the advantages of more degrees of freedom
to achieve larger efficiency, simple design methodology, being com-
pact, adequate gain, and larger scanning range, the proposed antenna
could be the potential candidate for several frequency beam scanning
applications.
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