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ABSTRACT 1In this paper we present a dual band low cross-polarized periodic microstrip leaky wave
antenna (LWA) based on the multi mode resonator concept (MMR). The structure is capable of frequency
dependent backward dual-beam steering and fast forward beam scanning in the upper and lower operating
band, respectively. A gap loaded microstrip line is used as a host transmission line to feed the combination
of the periodic patch radiators on the top and the bottom etched slots leading to the generation of the forward
and the backward space harmonics. The etched ring slots at the bottom surface of the structure are not only
responsible for steering the beam in the backward direction in the bottom hemisphere in its upper band but
also adds radiation diversity in the overall radiation mechanism in its two operating bands. The potential use
of this antenna resides in its ability to produce in-plane fast forward beam steering suitable for autonomous
vehicle navigation systems in its lower band and out-of-plane backward-symmetric dual beam steering in
the upper operating bands, suitable for tracking in relay systems.

INDEX TERMS Dual band, leaky wave antenna (LWA), dispersion, beam scanning rate, radiation
discontinuity, microstrip.

I. INTRODUCTION

Leaky Wave Antennas are very popular for wireless and
radar systems applications due to their frequency-dependent
beam scanning, high gain, low cost, simple feed and narrow
beamwidth properties [1]. They are generally classified
by their radiation mechanism such as periodic, uniform
and quasi uniform. Periodic LWAs are capable of giv-
ing backward space harmonics while the quasi uniform
LWAs can only generate forward radiation. LWAs have
been realized in various types of transmission line such
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as micrsotrip, waveguide, Substrate Integrated Waveguide
(SIW) and Surface Plasmon Polariton (SPP). Since its
discovery, the majority of the investigations deal with
defining new techniques to suppress the open stop band to get
backward to forward beam scanning. Some of these are based
on introducing complimentary open circuited microstrip-
stub [2], using Multi Mode resonator (MMR) [3], [4], CRLH
like based guiding structure [5], creating transverse and
longitudinal asymmetry in the traveling wave structure [6].
Other attractive features of LWA such as multi-band, dual-
beam and fast scanning have been explored of late. Dual-
band or multi-band LWAs have been proven to be compact
since different frequency bands can share same volume of
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the antenna, thereby reducing the size. Several multi-band
leaky wave antennas have been designed with the following
key mechanism such as microstrip line fed slot arrays with
different profile modulations [7], combining transverse slot
and slow wave structures together on SIW [8], capacitive slot
(such as ‘U’) on Half Mode Substrate Integrated Waveguide
(HMSIW) structure [9], [10], back to back slotted SIW [11],
Dual Mode Composite based microstrip line (DMC-MSL)
[12], and via loaded stepped impedance resonator (SIR)
like structure [13]. These antennas only posses forward and
backward beam scanning capability in their two operating
bands but except [13], among all others’ dual beam behaviour
is omitted. LWAs with symmetrical/asymmetrical beam
scanning capability, in either in-plane or out of plane
are useful in transmitting the received signal to/from any
surrounding objects. This kind of antenna find its usefulness
in the relay stations as can be seen from the Fig. 1. Dual
beam scanning antennas mounted on relay stations (MHRS,
RS, BS) can receive the signal from a particular angular
direction and redirect the signal where the principle beam
cannot be reached in the same frequency band and thereby
increasing the coverage range. In addition to that, the dual
beam antennas supporting any additional beam like shown
in the red color arrows in Fig. 1, can further be engaged in
independent communication. Dual beam leaky wave antennas
having out of plane radiation pattern have been reported
earlier either to enhance the scan range or to setup concurrent
communication from two different direction. These antennas
are generally realized based on the periodic perturbation of
the mirrored or non-mirrored slot-radiator etched from the
top and/or the bottom surface of the guided structure [4],
[5], [14], [15], [16], [17]. Leaky Wave Antennas having in-
plane dual-beam scanning are commonly realized by exciting
multiple modes. Such as based on the higher order modes of
the microstrip line [18] or combining two or three different
unit cells in one period [13], [19]. The antennas reported
in [5], [14], [15], [16], [17], [18], and [19] support only
single band of operation. In references [13] and [20] authors
have reported dual band and triple band leaky wave antennas,
respectively, which support in plane dual beam scanning
in one of its operating bands by combining two different
leaky wave resonators. However, all these aforementioned
antennas do not possess the key feature of faster scanning
rate. The radiation discontinuity presented in those antennas
do not support larger coverage with smaller frequency range.
Generally LWAs implemented using SIWs or HMSIWs suffer
from low scanning rate and higher cross polarization level
as can be seen from some of the earlier and some of the
fundamental work like [9], [13], and [21]. However, authors
in reference [21] has designed a SIW based quasi-uniform
type LWA with very small period and a larger slot length to
improve the scanning rate based on the higher slope of the
reactance in their proposed radiation discontinuity, but that
operates in single frequency band (30-34 GHz) and can scan
only in the forward direction. Additionally, the fabrication of
SIW/HMSIW based guided structure brings more complexity
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FIGURE 1. Dual beam antenna in relay station [BS: Base station, RS: Relay
station, MHRS: Multi hop relay station, Black arrow stands for dual beam].

FIGURE 2. Conceptual illustration of the proposed leaky wave antenna
along with its pattern.

and challenges due to the presence of series of vias or
iris. Nevertheless, SIWs and HMSIWs are very common in
literature to design leaky wave antennas because the shunt
inductance provided by the vias can easily be controlled to
change the characteristic of the complex propagation constant
as desired. In the recent past, Leaky wave antennas with faster
beam scanning capability have gained much attention due
to its fast scanning capability within the smaller frequency
range, thereby reducing the effort of the Analog-to-Digital
converters of the front end systems. This ensures faster
scanning coverage, economizes the spectrum usage and helps
in realizing the fast tracking in radar systems [22], [23], [24],
motion detection systems [25], automotive cruise control and
forward collision alert radar sensor [26]. In the recent years,
different novel radiation discontinuities are investigated to
realize the faster beam scanning rate LWA with additional
improved features. Like in reference [27] authors have
created a stop-band deliberately close to the cutoff of a leaky
mode leading to the sharpening of the phase constant and
thereby exhibiting a strong dispersion. In reference [28] also,
forward scanned single band LWA with faster beam scanning
capability is proposed based on microstrip based compli-
mentary slot stub technique. The complimentary arrangement
engineers the group delay across the period and thereby
leading to the enhancement of the slope of the dispersion
curve. Reference [29] uses capacitively coupled via loaded
meandered line as the primary radiation discontinuity to
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achieve high scanning rate LWA with broadside radiation.
In reference [30] Spoof surface plasmon polariton (SPP)
structures are integrated with HMSIW (HMSIW-SPP) to
modify the effective dielectric constant to achieve dual beam
leaky wave antenna with high scanning rate without any
broadside radiation. In [31] and [32] higher order space
harmonics are utilized to design the fast scanned leaky wave
antenna in the forward direction. Designing high scanning
rate and radiation efficient planar LWAs with additional
features such as multi band, dual-beam, simple feed, stable
gain and low cross polarization are still a challenging task
and are very rarely found in the literature.

In this paper, a microstrip based dual frequency via-less
leaky wave antenna with fast forward and dual backward
beam scanning feature is proposed. The gap loaded microstrip
line in the middle layer, together with the top periodic patches
excite the resonant ring slots etched at the ground plane.
The radiation mechanism of the unit cell helps achieving the
simultaneous dual beam scanning by combining the leaky
radiation in the upper hemisphere from the patches at top
and an aperture radiation in the bottom hemisphere from the
etched rectangular slots. In addition to that, the proposed
antenna provides a faster scanning rate at the lower operating
band. A graphical illustration of the radiation pattern and its
scanning has been depicted in Fig. 2. The proposed leaky
wave antenna is designed and numerically verified in CST
MWS. Its performance is measured and compared with the
obtained simulated results. The resulting leaky-wave antenna
can scan in forward direction from 12° to 57° with the
scanning rate of 112.5% GHz at lower band (3.2 GHz -
3.6 GHz) (frequency sensitivity of 0.1125°/MHz) and can
produce two simultaneous out of plane backward scanning
beam from —42° to —2° and —135° to —178° at the upper
band (6.9 GHz - 9.1 GHz) which can be used to set up
communication and in two different direction concurrently.
The proposed antenna is only 5.6A¢ long (at 6 GHz) and
features simpler implementation and easier fabrication with
stable far-field radiation properties.

Il. ANALYSIS OF THE RADIATION DISCONTINUITY AND
ITS EFFECT ON THE LEAKY MODES

A. DISPERSION ANALYSIS AND THE RADIATION
MECHANISM OF THE PROPOSED UNIT CELL

In this section, the unit cell of the proposed leaky wave
antenna is numerically characterized to get the physical
insight about the working principle of the overall antenna.
The unit cells for leaky wave antennas act as the primary
radiating discontinuities which also determines the complex
propagation constants of the related leaky modes. In this
section its behavior is fully studied to understand the leakage
mechanism and the associated phase constant of it. The unit
cell of the proposed antenna consists of two layers as can be
seen from Fig. 3(a)-(d). The top patch is printed on a 0.5 mm
thick dielectric with €,1 = 3.38. The gap loaded transmission
line is just underneath the top patch and printed on a dielectric
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FIGURE 3. Geometry of the unit cell (a) Top layer (b) Middle layer

(c) Bottom layer; (d) Exploded view of unit cells; dimensions (in mm):
dimensions (in mm): (ly = 60, wy =20, lp =8, wp =6.4,lp =5,; = 4.5,
g=>5.4).

(@) (b) (c)

with €, = 2.2 and thickness (d) of 1.27 mm. The bottom slab
thickness and permittivity is chosen as per the equation [1],
[33]

kod
N <28 Jer —1 (1)
T

where kg = w./1o€o to ensure the excitation of only
TMy, surface wave mode. The condition N<1 corresponds
to single-mode (fundamental mode) propagation. A centrally
symmetric ring slot of 0.5 mm width has been etched from the
ground of the bottom layer. This TM(; surface wave mode
periodically perturbs the top patch and the bottom ring slot
underneath combinedly. The modal behaviour of this unit
cell with and without the bottom slot is obtained in Fig. 4(a)
by numerically solving the Bloch-Floquet theorem at the
input and output terminals of the unit cell. The dotted blue
line shows the air line. The electromagnetic wave becomes
leaky when B/ky < 1. The proposed unit cell exhibits two
leaky regions(corresponding to the leaky mode §1) which are
marked as a shaded region. The lower band ranges between
3.2 GHz and 3.6 GHz, and the upper band ranges between
6.7 GHz and 9 GHz. The non radiating mode exists in
between the lower and upper bands. In the lower band (8 > 0)
the radiation occurs in forward direction and in the upper
band (8 < 0) the antenna radiates in a backward direction.
The modal distribution of the first two leaky modes (82)
of the grounded unit cell is also included for comparison
in Fig. 4(a). Fig. 4(b) studies the impact of the proposed
radiation discontinuity on the host open ended gap loaded
microstrip lines in step by step manner. It can be seen that
in the absence of the patch and the slot discontinuity, the
open-ended microstrip line (OMSL) produces two resonances
one at 5.6 GHz and another at 10 GHz. The loading of
the patch or ring slot separately, brings an additional shunt
(parallel RLC) resonance at 7.6 GHz or 5.6 GHz, respectively.
This is clear from the black solid curve (patch + OMSL) and
blue dotted curve (OMSL+slot) in the same figure. These
newly created shunt resonances are due to the effect of the
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FIGURE 4. (a) Dispersion diagram: g; - with ring slot, 8, - without ring
slot (b) Normalized input reactance with frequency (c) Normalized input
reactance zoomed at lower frequency band (d) Normalized input
resistance with frequency (e) Group delay variation t, (f) Group delay and
scan angle variation with Frequency; E-field and radiation pattern

(g) 2.99 GHz (h) 5.99 GHz [Horizontal color ramp shows the radiated
power variation].

a Multi Mode Resonator (MMR) in operation. The loading
of this, shifts the original OMSL shunt resonance slightly
at the lower side at around 9 GHz. In both these cases,
an additional series resonance could be observed at 8.5 GHz
and 7.5 GHz for patch and slot loading, respectively, between
each of their individual shunt resonances. The occurrence
of the series resonance is mainly due to the complimentary
reactance properties between these two series connected
parallel RLC resonator in the frequency band of our interest.
The inductive contribution due to the patch or the slot cancels
the capacitive effect of the OMSL in terms of their reactance
at particular frequency point thereby satisfying the series
resonator condition of the whole RLC resonator tank. It
is evident from both the Fig. 4(a) and (b) that the shunt
resonance provided by the ring slot widens the frequency
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zone of interest with stable radiation as compared the case
when patch alone exists. The patch alone can produce a strong
shunt resonance with high slope of reactance particularly at
the lower band as compared to the ring slot but the frequency
band of interest around its series resonance is observed less.
In order to claim their individual benefits, both the radiation
discontinuities (the patch and the slot) are combined and
loaded on the OMSL. This can be observed from the green
dotted curve (OMSL+slot+patch) of normalized reactance
in the same figure. Although, the dimension of the patch
can be tuned to widen the frequency band of interest and
provide sufficient high reactive loading at the lower band,
but it could not produce any additional beams at the bottom
hemisphere. The combined reactive loading of the patch
and slot makes the first shunt resonance of the ring slot
stronger and provides a higher slope of reactance at the lower
band with almost having minimal impact on the upper shunt
resonance due to OMSL at 9 GHz. The leads to the increased
slope in the input reactance and can be clearly seen from
the Fig. 4(b) as well as from Fig. 4(c). In addition to this,
the combined effect provides the wider frequency band of
interest around the series resonance at 7.5 GHz. The two
shunt resonator mode can be flexibly controlled by changing
the geometrical parametrs of the unit cells. These modes
have been optimized in such a way so that real part of the
normalized impedance around 7.5 GHz and 3.2 GHz can
provide sufficiently small and stable value for stable radiation
pattern and good beamwidth across the entire frequency of
interest of the LWA. This can be seen from the real part
of the input impedance curve given in Fig. 4(d). Being it a
leaky wave antenna, the wave should be slowly attenuated
travelling wave to contribute to the leaky radiation. These
frequencies should be away from the resonance points where
the real part of the input impedance is very high and the
imaginary part undergoes a fast change such as 5.5 GHz
and 9 GHz, the shunt resonances. For the proposed structure
since the real part of the input impedance is very low at
3.2 GHz and 7.5 GHz, the wave is slowly attenuated and
hence our frequency of interest. These resonances and their
operating mechanism have been further understood with the
help of an approximate circuit model, later in this section.
When the real part of input impedance is very high and the
imaginary part undergoes a sharp change as already pointed
out, such as 9 GHz and 5.5 GHz (shunt resonance) for our
proposed structure, the energy is cut off and the antenna will
not leak any travelling wave. That is why around 9 GHz
although the next forward mode starts, but it can only radiate
when it can be made to operate away further its resonance.
Additionally, controlling the shunt resonances provided by
the combined effect of the patch and the slot not only allows
to have compact foot print but also leads to the higher
slope in the reactance profile and hence in the group delay.
Engineering the group delay can have a positive impact in
order to obtain fast scanning feature. This fact has been
understood further, using the equations below. The scan angle
is 6 and w is the angular frequency. The scan angle can also
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(a) ZAX (b)

FIGURE 5. (a) Exploded view of the unit cell (b) Equivalent circuit model.

be expressed by
O(w) = sin”! [@] = sin~! [M] )
ko w
c is the speed of light in air. Putting this expression of 6(w)
into the scanning rate expression o(wy), it can be shown that

o0 (wo) = ! [cﬁ —sind (wo)i| xdB/dw (3)

wocosb (wg) | do
The scanning rate, o around a specific frequency, wo,
is defined by

do(w)

0 (wo) = o

“
W=w()
From this equation it can be understood that to obtain a
high scanning rate, it is required to have a periodic unit cell
with highly dispersive guiding structure. This indicates to
the larger group delay across the period of the unit cell of
the leaky wave antenna. The simulated group delay response
are calculated and shown in Fig. 4(e) for different value of
the ring slot width. It is noted that for a fixed gap between
the open ended microstrip line and the fixed size of the
patches located at the top layer, the group delay parameter
can be controlled by controlling the size of the ring slot.
The simulated peak group delay shifts at the lower side
as the half width of the resonant slot [, varies between
3.8 mm and 5.3 mm. The width of the ring slot has minimal
impact in all these parameter. It is worth pointing out that
the highly dispersive forward branch offers a larger group
delay in the lower band resulting in a faster scanning rate.
Fig. 4(f) reports the group delay profile with the half width
ring slot of 5 mm with other optimized parameters like gap
(g) and the patch dimensions. Corresponding to this, the scan
angle is also shown in the same figure. From this, it can
be inferred that the forward branch can provide frequency
sensitivity up-to 0.1125%/MHz while scanning at the lower
band between 3.2 GHz and 3.6 GHz. Fig. 4(g) and (h) studies
the unit cells’ resonance performance in terms of its’ electric
field distribution and the corresponding radiation pattern at
2.99 GHz and 5.98 GHz, respectively by terminating it with
suitable boundary conditions. It can be seen that 2.99 GHz
the bottom ring slot is not resonating and the resultant fields
in both the horizontal and vertical arms of the ring, being
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out of phase cancel each other. As a result, the structure
leaks very less power (-20 dB down) in the bottom half plane
as compared to its broadside. On the contrary, at 5.98 GHz
the circumference of the slot being comparable with the
operating wavelength, it becomes resonant and the aperture
electric fields on the two vertical arms of the ring slot,
being in phase, add up in the far-field producing a strong
radiation at the lower hemisphere. The electric fields from the
transverse slots (horizontal arm) cancel in both the principal
planes, leading to very low cross polarization in its two
operating bands. The aforementioned analysis justifies the
fact that the proposed antenna can exhibit two different unit
radiation pattern at two different frequency points namely
2.99 GHz and 5.99 GHz. In the lower resonating frequency
it produces a unidirectional pattern while at 5.99 GHz it
produces a bi-directional unit pattern. Moreover, the period
of the antenna being at 20 mm, ensures no occurrence of
grating lobes in its radiation pattern. The perfect horizontal
electric field (X-Polarized) distribution in the antenna unit
cell resonator ensures no occurrence of grating lobes in
the elevation plane. Fig. 5(b) shows an equivalent and
approximate circuit model of the proposed unit cell. The
impedance behavior as reported in 4(b)-(d) has been utilized
to extract this circuit model. From the detailed analysis given
in Fig. 4(b) to 4(d) it can be seen that the microstrip line
based OMSL produces series resonance near 5.6 GHz where
the imaginary part of the input impedance is zero and a
shunt resonance at 10 GHz where the imaginary part input
impedance undergoes sharp jump. This two resonances at
5.6 GHz and 10 GHz have been modeled using a series
connected series RLC circuit (consists of Ry, Li1, Ci1)
and a parallel RLC circuit (consists of Rz, L2, Ci2),
respectively. When the patch is loaded on top of it, the
shunt resonance mentioned above shifts slightly towards left
at 9 GHz and in addition to that one more extra shunt
resonance is created at 7.6 GHz due to the patch which was
shown by a parallel RLC resonance circuit (consists of Ry,
L», C). These two series connected parallel RLC branches
create an additional series resonance at 8.5 GHz where the
imaginary part of the input impedance is zero. The loading of
the patch also shifts the OMSL series resonance at 4.4 GHz.
Further the loading of the rectangular slot at the ground
creates capacitive loading on the patch resonance, leading
to the shift of the patch shunt resonance at 5.6 GHz from
7.6 GHz. The position of the series resonance between the
shunt OMSL resonance (9 GHz) and the combined patch slot
shunt resonance (5.6 GHz) now becomes 7.1 GHz. In addition
to that the bandwidth around this frequency also increases
as compared to the only patch loading. The position of the
shunt resonance at 9 GHz remains intact due to the loading of
the rectangular slot. The position of the first series resonance
becomes 4.1 GHz. So the loading of the rectangular slot is
equivalently presented by the capacitance C3 which is seen
to be connected in parallel with the Ry, L, C>. So, overall
these three resonators create two shunt resonances and two
series resonances between 3 GHz and 10 GHz, which is
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FIGURE 6. Theoretical scan angle variation over frequency and outer ring
slot (a) Lower band (b) Upper band lower hemisphere (Beam 1) (c) Upper
band upper hemisphere (Beam 2).

our frequency band of interest. The approximate equivalent
circuit model can be seen in Fig. 5(b) and the corresponding
layer of stack at Fig. 5(a). Both the lower and the upper band
the polarization is horizontal in nature and the fringing fields
from the vertical arm of the patch edge creates this radiation.
The model description given here is highly approximate in
nature and not unique. Even though the model is not extracted
from the principles of electromagnetic point of view, still it
helps in understanding the resonances, operating mechanism
and the radiation principle of the proposed antenna.

The presence of the leaky resonator allows the antenna
to generate dual beam at the upper band. The unit radiation
pattern is modulated with the extracted frequency dependent
phase constant value as depicted in B of Fig. 4(a) and
produce the fast forward and simultaneous dual backward
beam in the respective leaky wave band of interest. This
fact has been further understood by the traditional pattern
multiplication and phased array antenna theory [33]. In this
method, the main beam directions of element pattern and
array factor are defined as 0,,, and 6,,,, The 6,,, depends
on the frequency due to its frequency dependent dispersive
behavior. Modified pattern multiplication can be written as:

F (97 vaf) = F[(@, Qme) x Fg (97 Qma(f)) . (5)

Due to the its diverse unit pattern in the lower band and
the upper band, the function F;(6, 6,,.) changes and hence
the group pattern F (0, 6,r). The bidirectional behavior of
the element pattern at the upper band leads to the backward
dual beam scanning while directional unit pattern in the
lower band leads to forward direction scanning. The relation
between the array factor and phase constant is given as:

Fu 0, 0ma(f)) = Ag + A1 V) 4 Arel?V0) ...
+ A4,V m=0,1,...,N—-1 (6)
V() = koAd sin6 + 5(f) @)
§(f) = B(f)Ad (3)
In the above equations, A, is the excitation amplitude of the

nth element, 8f is the phase difference between the (n — 1)
and n™ elements, which can be changed with frequency. The
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FIGURE 7. (a) Dispersion behavior over frequency with change in patch
width (wp) (b) Leakage constant and no. of unit cells with change in
patch width (wp) at 8 GHz.

constants N, Ad and ko are the number of elements and the
element spacing (i.e.Ad = W,), and the wave-number in free
space, respectively. Thus, the phase constant éf directly can
determine the array factor F, (0, 6,,4(f)).

Fig. 6 reports the variation of the calculated scan angle
with frequencies for different dimensions of the ring slots.
Fig. 6(a) demonstrates that, in the lower operating band a
steep variation of around 90° can be observed as the half
length of the ring slot is increased 2 mm to 5 mm with
increasing frequency. Fig. 6(c) shows the scan angle variation
in the upper band at the upper hemisphere (named as Beam
2). The presence of the ring slot at the bottom produces
another symmetric backward beam and scans in the bottom
hemisphere (named as Beam 1) in the same operating band.
This is shown in Fig. 6(b). From these plots, it can be inferred
that the leaky ring resonator produces dual beam and due
to which the antenna scans bidirectionally in the backward
direction in the upper band.Fig. 7 represents the variation of
the modal behavior of the unit cell with the width (w)) of
the top patch. It can be noted that, as the width increases, the
variation in the propagation constant 8 remains negligible.
The leakage loss « in the lower operating band is also
observed negligible as well. However, at the upper operating
band the leakage increases as the width of the patch increases
(as shown in inset of Fig. 7(a)). This fact has been further
verified by the Fig. 7(b). Different widths of the top patch
have been utilized in our proposed leaky wave antenna to
control the illumination of the radiating aperture at the upper
operating band. The arrangement of the different patches
based on its sizes is selected as per the value of N shown
in Fig. 7(b). Since the structure is symmetric with respect
to its centre only, half the portion is considered. A tapered
illumination profile of the leakage loss ensures reduced side
lobe level having negligible change in the beam pointing
angle [33].

B. THEORY OF CHARACTERISTIC MODE (TCM) ANALYSIS
OF THE PROPOSED UNIT CELL

The unit cells have been connected in cascade to construct the
whole leaky wave antenna along with the suitable feed. Fig. 8
(a) -(b) compares the typical radiation pattern of the grounded
and the ungrounded (proposed) leaky wave antenna at the
upper operating band. The grounded leaky wave antenna does
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FIGURE 8. (a) Radiation pattern of grounded and ungrounded Leaky
Wave Antenna and Modal Significance curve (a) Grounded Leaky Wave
Antenna at 7.5 GHz (b) Ungrounded Leaky Wave Antenna at 7.5 GHz
(c) Modal Significance of the Unit cell for first four modes.

not contain the ring slot at the bottom. The radiation from
it, is observed to be unidirectional as can be seen from the
Fig. 8(a), while the ungrounded one radiates bidirectionally
both in the upper and the bottom hemisphere. This can be
shown from the Fig. 8(b). Both these antennas are found to
be radiated and scanned in the backward direction as per their
dispersive behavior predicted in the Fig. 4 (a). In order to have
a better physical insight about the bottom radiation from the
ungrounded one and to understand the fact that it is due to the
presence of the resonant leaky ring slot, all the real modes
inside the unit cell structure is studied, independent of any
excitation using the Theory of Characteristic Modes (TCM)
analysis [34] with the help of the multi layer solver in the
CST MWS. They are depicted in the Fig. 8(c) and Fig. 9.
Fig. 8(c) represents the modal significance of the first four
modes of the proposed unit cell. The modes having modal
significance value of more than 70 percent are potentially
responsible to produce the resonance and radiate efficiently.
Modal significance (MS) presents the normalized current
amplitude with a range from O to 1 and can be calculated as

1
14 Ay

MS — ‘ ©

At the resonance A, = 0 the corresponding mode has MS
value of 1. Fig. 9 (a)-(h) show the modal surface current
distribution and the far-field behavior of the proposed unit
cell for the first two modes. From these figures, it can
be interpreted that the proposed unit cell can produce
bi-directional radiation of both polarization if it is excited
suitably. The excitation of the modal surface currents control
the far field radiation behavior. In the present design
philosophy, the X-directed open ended microstrip lines excite
the ring slots with modal surface current distribution along
the X direction (Fig. 9 (c) and Fig. 9(d)) leading to the
horizontal polarized far field pattern with broadside radiation
as can be seen from the Fig. 9 (g) and Fig. 9 (h).The induced
modal surface current on the top located patch can also
be found along the similar direction. The other excitable
modes as mentioned in Fig. 8(c) either produce very high
grating lobes or null at the broadside direction which can
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FIGURE 9. Surface Current distribution and Far field behavior for first two
modes (a) J1, Bottom, (b) J1, Top (c) J2, Bottom (d) J2 top; Radiation
Pattern (e) J1, Bottom, (f) J1, Top (g) J2, Bottom, (h) (d) J2 top.

not be excited with the present feeding consideration and not
shown in the present analysis.The aforementioned analysis
justifies the fact that the presence of the leaky ring slot
for the proposed ungrounded leaky wave antenna creates a
leaky aperture mode away from its resonance. As a result of
which, the grounded leaky wave antenna generates the top
radiation only, essentially from the leakage of the periodically
arranged patches. But for the proposed case, the ungrounded
leaky discontinuity contributes its part and make the overall
antenna radiate in both the hemisphere. The generation of
the dual beam leaky radiation is common in literature and
has earlier been realized based on mirrored and non-mirrored
straight or interdigital slots for enhanced scanning range as
can be seen in [5], [14], [15], [16], and [17]. The radiation
discontinuity of these antennas can merely produce either
omni-directional or bi-directional unit radiation pattern,
leading to the overall bi-directional beam scanning in its
single operating band including broadside. These antennas
neither posses any frequency dependent unit radiation pattern
with diverse radiation feature in two different operating bands
nor feature any enhanced frequency sensitivity. Unlike them,
the proposed leaky wave discontinuity uses patch and ring
slot based resonator that can produce enhanced frequency
sensitivity and induce two different and dis-similar unit
radiation pattern at the two different operating band thereby
making the antenna pattern-diverse and multi-functional
leaky wave structure while scanning at its both the lower and
upper operating band. To the best of the author’s knowledge,
this is the first time where a dual band leaky wave antenna
is proposed exploiting the MMR concept which can provide
fast forward and dual backward beam scanning feature.

Ill. ANTENNA DESIGN, SIMULATION, IMPLEMENTATION
AND MEASUREMENT

In this section the overall leaky wave antenna is implemented
and its’ performance is simulated numerically and verified
through measurement. Fig. 10 illustrates the final optimized
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(d

FIGURE 10. The final optimized antenna configuration (all dimension in
mm): (a) Perspective view (b) Top layer: Lg = 240, Wq = 60 (c) Middle
layer: Ly, =280, Wq = 60, p = 12.5, g = 7.5 (d) Bottom layer.
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FIGURE 11. Variations in (a) S-Parameters and (b) Gain of the leaky wave
antenna are investigated for the proposed design, considering different
numbers of unit cells.

via-less leaky wave antenna configuration comprising 12 pro-
posed unit cells arranged periodically along the X direction.
The top rectangular patches are parasitically excited by a gap
loaded microstrip line as depicted in Fig. 10(c). The width
of the top patches has been modulated as described in the
previous section to get radiation patterns with reduced side
lobe levels at the upper band. The number of unit cells to
be considered for the optimum performance of the leaky
wave antenna is examined by analyzing the scattering and
the far field responses of it. This is depicted in Fig. 11 (a)
and 11 (b). It is evident that with 9 unit cells (N =9 the
minimum no of unit cells considered in this experiment),
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FIGURE 12. (a) Variation of Bloch impedance with frequency
(b) Comparison of the simulated and measured S-parameters of the
proposed antenna.

FIGURE 13. 3D Radiation pattern at lower band at two frequency scanned
point (a) 3.2 GHz (b) 3.4 GHz.

a significant amount of power reaches the other port before
contributing to radiation leakage as compared to the other
cases of N = 12 and 15 at the upper band. This is reflected at
the highest value of the transmission coefficient at the upper
band in Fig. 11(a). However the transmission coefficient stays
below —10 dB in this band for all the considered cases that
is N =9, 12 and 15. In the lower band the transmission
coefficient shows similar variation for different no of the
unit cells while maintaining the peak value at —7dB (for
N = 9 unit cells i.e. for shortest LWA). The transmission
coefficient of below —10 dB is observed to be a very good
benchmark for good directional gain and radiation efficiency.
The average radiation efficiencies at the lower band for N
= 12 and 15 are noted to be around 85% to 90%. But,
with the lowest number of unit cells (N = 9) the radiation
efficiency is dropped below 80% causing a peak gain drop
of more than 1.5 dBi at this band. At the upper band the
differential gain improvement of less than 0.8 dBi is observed
for Beam 1 (Bottom hemisphere beam) and no change in
radiation efficiency is observed between the two cases of N =
12 and N = 15. This fact can be seen from the Fig.11(b). But
with the lowest no of unit cells considered, the peak gain is
observed 1 dB below at this band. Similar trend of variation
in gain is followed for the Beam 2 (Upper hemisphere beam)
as well at the same band. However, a difference of more
than 2.5 dBi in gain value can be spotted between the two
beams (Beam 1 and Beam 2) at the upper band. It is noted
that even after increasing the number of unit cells to more
than 15, the differential improvement in gain and efficiency
is very less. On the other hand, increasing the number of
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unit cells makes the antenna more bulky. Hence the prototype
antenna is designed and simulated by combining 12 unit
cells sequentially in the longitudinal direction ensuring that
most of the accepted power radiates before it reaches the
other end of the port while maintaining a compact profile.
A feed section on either side is separately designed so that
the antenna can be matched at its two frequency bands and
shown in the zoomed portion of Fig. 10(c). Fig. 12(a) reports
the normalized bloch impedance Zp of the proposed structure,

where
1+811)2 582
Zp = +7, /M (10)
(1- Sll)2 - S21

It can be seen that the real part of it is unity and the variation
in the imaginary part is around 02 over both the bands.
Hence, the structure can be easily matched to 502 for both
the bands. Inset of the Fig. 12(a) shows the radiation behavior
in each band. Fig 12(b) shows a good agreement between
the reported simulated and measured reflection coefficient of
the proposed LWA. The lower band is resonating between
3.2 GHz and 3.6 GHz while the upper band resonance is
observed between 6.9 GHz and 9.1 GHz. Minor variations
can be attributed as compared to the unit cell due to the
loading of the feed and finite ground plane effect. The total
length of the antenna is observed to be 5.61¢ (at 6 GHz).
Fig. 13 (a) and (b) shows the simulated 3D radiation pattern
at two representative frequency points within the lower band
namely 3.2 GHz and 3.4 GHz, respectively. In this band
the antenna can be found to scan in the forward direction
with increasing frequency. Also no radiation is observed in
the bottom hemisphere. The bottom radiation is observed to
be —18 dB down as compared to its forward co-polarized
power. Simulated 3D radiation pattern at the upper band is
also reported in Fig.14 for comparison. Three representative
frequency pattern namely 7 GHz, 8 GHz and 9 GHz are
chosen in Fig.14 (a), Fig.14 (c), Fig.14 (e), respectively, for
this. In addition, Fig.14 shows the simulated magnitude of
the electric field distribution of the antenna as well in the
X-Z plane at the corresponding frequencies and are reported
in Fig.14 (b), Fig.14 (d), Fig.14 (f). From these plots it can
be inferred that the antenna at this band radiates in both
the hemisphere and scans in the backward direction. The
E-field distribution in the X-Z plane reveals the formation
of the planar wave-fronts in both the upper and bottom
hemisphere and shows the similar backward scan behavior
as the frequency progresses. The hardware prototype of
the proposed antenna and its mounting inside the anechoic
chamber are illustrated in Fig. 15. Fig. 16 represents the
comparison of the simulated and the measured radiation
pattern in the XZ plane. From Fig. 16(a), it can be seen that
the antenna scans in the forward direction between 12° and
579 as the frequency is swept from 3.2 GHz to 3.6 GHz.
In the upper band, as the frequency is swept from 7 GHz
to 9.2 GHz, the antenna radiates in the backward direction
with two out-of-plane beams in its each frequency scanned
points as can be seen in the Fig. 16(b). From this plot, it can
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FIGURE 14. Simulated 3D radiation pattern and E-field distribution at X-Z
plane at the upper band (a) Pattern at 7 GHz (b) E-Field at 7 GHz

(c) Pattern at 8 GHz (d) E-Field at 8 GHz (e) Pattern at 9 GHz (f) E-Field

at 9 GHz.

La

FIGURE 15. Fabricated antenna prototype and its mounting in anechoic
chamber (a) Top Layer (b) Bottom Layer (c) Middle layer (d) antenna
mounted in anechoic chamber.

be seen that, in the upper hemisphere, the simulated beam
(named as beam 2) steers between —50° and —2°, while in
the lower hemisphere the simulated beam (named as beam
1) scans from —132° to —178° within the band of 7.0 GHz
and 9.3 GHz. For the measured radiation patterns depicted in
the same figure, beam 2 steers from —499 t0 -3% and beam
1 steers from —129° to —177° over the entire operating band
in the same frequency scanned points, which agrees well with
the simulated ones. The measured cross polarization level is
below —40 dB, for both the bands. The average radiation
efficiencies in lower and upper bands are calculated to be
75% and 92%, respectively shown in Fig. 17(a) and (b).
Fig. 17 represents the simulated gain, the measured gain
and the scan angle behavior of the proposed antenna for
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TABLE 1. Comparison of proposed work with the current state-of-the-art.

Ref Radiation Broadside Freq Scan Angle Gain Variation = Max X-pol (Meas) Scanning rate
Discontinuity Radiation (GHz) (Degree) (dBi) (Deg/ GHz)
LB: (379 - 730),
(4] SIW + Slot Yes (103 - 14.7), UB: (-70° - 09), (5.5) -30 (259, 160)
(14.7 - 16.3) 0 an0
(00 - 320)
Microstrip + (82-9.4), LB: (199 - 789), 0 2n0
(8] Tris No (13.215.2) UB: (240 - 849) (3.7, 3.6) NA (507, 300)
SIW + (5.25 - 6.25), (LB: (307 - 657), 0 170
9] U slot No (7.75-9) UB: (-469 - -109)) (3.2 ¢12.7,7) (157,125
SIW +
) (9-10.7), (LB: (107° - 1679), 0 40
[11] Rec_tangular and No (134 -162) UB: (-410 - -1140)) (4,2) (-5,-10) (35Y,24%)
Circular slot
DMC + i (5.8-8.5), (LB: (-64Y - 07), 0 o0
[12] MSL Yes (LB) (35 -41.5) UB: (119 - 70 (8.8) (NA, NA) (239, 99)
. ) LB: (-480 - -109),
[13] Mlcrg‘;;r‘p * No ((75 ';3_‘ 16(‘)9{’) UB: (-56° - -60), (5.3,2.5) % (-10,-10) (34.50, 34,10y
: : (89 - 409))
[14] St No ©9.6-11.2) SB: 66° 1.8 220 66°
(8.6-9.2), LB: (420 - 710),
[20] SIW + Slot No (10-12), UBI: (400 - 49), (6,4,3) -20 (48.3,229, 36.6%)
(12.5 - 15.5) UB2:(-559 - 549)
Microstrip + 0 0 0
[28] Slot stub No (24-2.6) (80 - 359) NA NA 135
Microstrip + 0 0 0
[29] CRLH Yes (5.95-7.1) (-609 - 580) 2 220 102
HMSIW + (659 --29) o
[30] SPPTL No (8.65 - 9.5) 60 - 510 15 NA 12003
[PW]  Microstrip line + 3.2-3.6), LB: (120 - 579),
Ring slot+ Patch No (6.9 -9.1), UB: (-499 - -30) - Beam 2 2,2,2) * (-40,-40) (112.59, 450 ==

(-1299 - -1779) - Beam 1

PW: Proposed work, LB: Lower Band, UB: Upper Band *Dual beam gain variation in upper band, ** Total (sum) scanning rate for dual beam case
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FIGURE 16. XZ plane radiation patterns (a) Lower band (b) Upper band.

comparison. In the lower band, the simulated antenna gain
varies between 8 and 10 dBi while the measured gain varies
between 7.5 dBi and 9.5 dBi. The antenna at this band scans
around 45° in the 400 MHz bandwidth range confirming a fast
beam scanning rate of 112.5°/GHz. From Fig. 17(b), it can be
observed that the measured gains of the beam 1 and 2 are
between 10 to 12 dBi and 6 to 9 dBi, respectively at the
upper band. The simulated and the measured scan angle also
agrees well with each other over the upper operating band.
The scanning rates of the individual beams (beam 1 and beam
2) are added to calculate the overall scanning rate at the upper
band, and the value is found to be 40°/GHz.

Table 1 compares the proposed LWA with some of the
other reported LWA antennas in terms of its performance
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FIGURE 17. Variation of simulated and measured gain and scanning
angle with frequency for (a) Lower band (b) Upper band.

measure. The dual band LWAs reported in [8], [9], [11],
and [12] do not posses the dual beam and enhanced frequency
scanning feature. The works in [28], [29], and [30] provide
fast scanning feature but their operation is restricted in single
band only. The antennas in [4], [13], and [20] employs SIW as
their fundamental guiding structure and possess multi-band
and dual-beam features but cannot provide fast scanning rate.
The presence of via/iris in their basic radiation discontinuity,
brings additional complexity and increased cross polarization
level [4], [13] in the elevation plane. Nevertheless, via/iris
plays a major role in these antennas to achieve important
functionalities. The proposed dual frequency microstrip
based via-less MMR assisted periodic leaky wave antenna
is very simple in structure and possesses very low cross
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polarization level, stable radiation pattern, fast-forward and
dual-backward beam scanning capability without requiring a
complex feeding arrangement.

IV. CONCLUSION

In this paper, a gap loaded microstrip line serves as the
host transmission line to feed the periodic patch radiators
at the top and the ring slots etched at the bottom. This
unique arrangement exploits the MMR behavior leading to
the forward and backward harmonics which is responsible
mainly for the dual band leaky wave action. Since at the
upper band, the radiation from the bottom is achieved through
an etched rectangular slot of the antenna, while mounting
one should be careful that the bottom radiating aperture
should not be hindered by other metallic objects or bounded
mediums that can alter its radiation. In the lower operating
frequency region, the antenna provide fast beam steering in
the forward direction, while in its upper operating frequency
band, it can scan symmetrically and simultaneously in both
the lower and upper hemisphere in the backward direction.
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