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ABSTRACT A leaky-wave antenna (LW A) based on the double-layer substrate integrated waveguide (SIW) that has a wide
scanning range within a narrow bandwidth is proposed. The LWA consists of two layers, each of which consists of multiple
elemental SIWs arranged in parallel at each layer while the direction of the SIWs in the two layers are at an oblique angle to
each other. The elemental top layer SIWs are connected to those in the bottom layer though parallelogram-shaped slots, so
that the two layers together form a double-layer SIW. Thin slots etched on the upper surface of each elemental SIW of the
top layer act as radiating structures. As the phase difference between the radiating slots of adjacent elemental SIWs can be
enlarged by the waveguide length, wide-angle beam scanning is achieved within a specific frequency bandwidth. The
proposed LWA has a scanning range from -58° to 49° in a relative bandwidth of 6.45%, from 12.75 GHz to 13.6 GHz. The
scanning rate (SR), defined as the scanning range divided by the relative bandwidth, is up to 16.5. The size of structure is
compact, which is 4.0A0X 3.6A0 X 0.04 Ao. The proposed LWA is suitable for radar or communication system applications.

INDEX TERMS leaky-wave antenna, beam scanning, substrate integrated waveguide, relative bandwidth,
scanning rate, compact size.

I. INTRODUCTION Beam-scanning LWAs can control the beam direction,

Leaky-wave antennas (LWAs) have in recent years gained
in popularity owing to attractive characteristics such as high
directivity, simple feeding architecture, and straightforward
system integration ability [1]. In early works, LWAs were
typically based on rectangular waveguides [2]-[5] or
microstrips [6]-[8]. However, with increasing frequency,
integration of rectangular waveguides and planar structures
becomes progressively more difficult [9], while microstrip
lines have higher loss than rectangular waveguides [10]. For
these reasons, substrate integrated waveguides (SIWs) were
introduced as an alternative for LWA design [12]-[17] and
due to advantages such as convenient fabrication, low cost,
low profile and high power capacity [18]-[19], SIW
structures gained popularity [20]-[25]. In [18], the
modeling, mechanisms and designs of SIWs were
demonstrated.
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typically by changing the working frequency [1]. However,
to realize a wide beam-scanning range, a large relative
bandwidth is usually required. Two LWAs based on
composite right/left-handed (CRLH) materials and a half
mode SIW (HMSIW) with beam scanning in an angle of 130°
within a relative bandwidth of 39.3% were introduced in
[26], In [27], an LWA based on a microstrip spoof surface
plasmon polariton transmission line able to scan from -30°
to 51° within a relative bandwidth of 33.3% was
demonstrated. In [28], an LWA based on S-shaped folded
CSIW that had a beam scanning range from -34° to 22°
within a relative bandwidth of 45.6% was proposed.

An overlarge bandwidth will impose demanding
requirements on radio frequency circuitry and the available
(or licensed frequency) bandwidth [23]-[24], [28].
Therefore, in certain scenarios, an LWA that can scan a
wide range within a limited relative bandwidth is preferred,
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FIGURE 1. (a) The beam direction 8 with respect to the normal
direction of a typical straight SIW LWA, and (b) single layer SIW LWA.
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FIGURE 2. The proposed double-layer SIW-based LWA structure: (a)
upper surface of the top layer, (b) lower surface of the top layer, (c) upper

surface of the bottom layer, (d) lower surface of the bottom layer, and (e)
side view of the LWA.

as opposed to having just a wide scanning range. In this

paper, the ratio of the beam scanning range (in unit of degree)
to the relative bandwidth (in unit of %), which is defined as

the scanning rate (SR) [23], is used as a figure or merit.

In [23], a forward radiation LWA based on spoof surface
plasmon polaritons was able to scan in an angle of 35°
within a relative bandwidth of 3%, and thus had an SR of
11.7 A similar LWA with two symmetrical beams radiating
simultaneous proposed in [24] has a 123° scanning range
within a 9% relative bandwidth, and an SR of 13.7, which
reduces gain and efficiency. In [29] , a slot array antenna
based on a linearly tapered rectangular waveguide that used
a spatial angular filtering metasurface achieved a scanning

range of 39° with only 3.1% relative bandwidth, and an SR
of 12.5.
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(b)
FIGURE 3. (a) The beam direction 8 with respect to the normal

direction of double layer SIW LWA and (b) the signal flow diagram of
double layer SIW.
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(a) The parallelogram-shaped slot and (b) the radiating slot
of an elemental top layer SIW.

FIGURE 4.

To achieve a larger SR, a single layer meander line
structure can be used for SIW LWAs as discussed in [30]—
[33]. The meander line structure can enhance the dispersion
of the LWA, and thus in the same relative bandwidth, the
scanning range can be enlarged. However, a meander line
structure requires a large lateral size to achieve a large SR
[23]-[27]. In this paper, a similar meander structure,
realized with a double-layer SIW, is proposed. Compared
with a single-layer structure, such a double-layer LWA

enable the design of much smaller sized LW As, higher gain
and higher SR as will be shown.

This paper is organized as follows. In Section II, the
structure and the principle of operation of the proposed LWA
are introduced. In Section III, simulation and measurement
results are analyzed. We will discuss and compare the

results with other works in Section IV and the paper ends
with a summary in Section V.
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FIGURE 5. (a) A¢ as a function of frequency for different L:, and (b)
scanning rate as a function of L: for the double-layer and the single-
layer SIW-based LWAs.

. STRUCTURE AND PRINCIPLE

A. STRUCTURE
For typical straight SIW LWA, as shown in Fig. 1(a), slots
are etched on the SIW for radiation. The beam direction, 9,
with respect to the normal direction can be calculated as [47]-
[48]:

ﬁcff

0 = arcsin —- (1)
0
where k is the propagation constant in free space, i.e., kg =
2nf /cy, with ¢, being the speed of light in free space. Beff is
the effective propagation constant in waveguide. For typical
straight SIW LWA, the S is equal to S, which for the
TE o mode can be expressed as:

@)

From Eq. (2), it can be concluded that the fS;,, and the
frequency changes f are positive correlated. Large relative
bandwidth is need for large scanning range. The SR
parameter quantifies the scanning ability, which can be
calculated as:

b 3)

SR = total
B

r
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FIGURE 6. The evolutionary design process of the radiating slots of
the double-layer SIW: (a) no slots, (b) a row of rectangular slots, (c) three
rows of rectangular slots, and (d) three rows of slots in shape of an
isosceles trapezoid.
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FIGURE 7. (a) Radiation pattern in the yz-plane of the intermediate
design shown in Fig. 6(b) and, (b) that of the intermediate design shown
Fig. 6(c).

Where 8,4, is the total scanning range of the LWA. and B,
is the relative bandwidth.

To achieve a larger SR, a single layer meander line
structure can be used for SIW LWAs as shown in Fig. 1(b)
[30]-[33]. For such a structure, the effective propagation
constant Be¢r in x-direction can be calculated by:

A )
P =

Where A¢ is the phase difference between the adjacent
elemental SIWs, and W is the width of the elemental SIW.
For the single layer meandering waveguide, A¢® can be
expressed as:

AP =B, (L + L) ®)
Where L, is the length of the SIWs as shown in Fig. 1(b). L,
is the equivalent length of the meander structure between
adjacent SIWs. Thus the effective propagation constant of
single layer 85 can be approximated by:
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FIGURE 8. (a) Radiation efficiency of the three radiating slots over a
single elemental SIW with different slot widths, W, and the total
efficiency (black curve) of the LWA. (b) The widths of the three radiating
slots on different elemental SIWs.

Compare the Eq. (6) with Eq. (2), it is clear that the
variation of [, increases when the frequency changes in
same relative bandwidth. Smaller relative bandwidth is
required to acquire the same scanning range for single layer
SIW LWA.

For higher SR and compact size, we use coupling
structure to replace meander line structure and adopt double
layer SIW structure to realize the LWA.

A schematic of the proposed LWA design is shown in Fig.
2. It consists of two Taconic TLY-5 substrate layers [11], with
a permittivity of 2.2 and a thickness of 0.508 mm, one stacked
on top of the other as shown in Fig 2(e). Both layers consist
of multiple elemental SIWs arranged in parallel. In the top
layer, the SIWs are aligned parallel to the y-direction, while
in the bottom layer, the SIWs are arranged at an oblique angle
relative to the SIWs in the top layer. The lower surface of the
top layer is arranged in close contact with the upper surface
of the bottom layer. Through parallelogram shaped slots
between the two layers, shown in Fig. 2(b) and Fig.2(c), the
elemental top layer SIWs are sequentially coupled to the
bottom layer SIWs constructing a single meandering double-
layer SIW. Fig. 4(a) details the dimensions of the coupling
slots between the two layers. Transition structures from the
SIW to grounded coplanar waveguides (GCPW) are included
at the two ends of the double-layer SIW [34]. The total size
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FIGURE 9. The electric field distributions in (a) the double-layer SIW-
based LWA and (b) an equivalent conventional single-layer SIW-based
LWA. The arrows denote the propagation direction.
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FIGURE 10. The phase differences of the adjacent radiating slots in x-
direction for (a) the double-layer SIW-based LWA and (b) the
conventional single-layer SIW-based LWA. 4¢ is the phase difference of
adiacent slots in y-direction.

of the structure is 4.0Ao0 X 3.6X0 X 0.04 Ao, where Ao is the
center frequency free space wavelength (13.15 GHz). The
beam direction 8, with respect to the normal direction for
double layer SIW LWA is shown in Fig. 3(a). The signal flow
diagram is shown in Fig. 3(b)

For the double layer meandering waveguide, A¢® can be
expressed as:

A" = By (L + L, +2L) )

L¢and Ly are the length of the top-layer SIWs and the bottom-
layer SIWs, respectively as shown in Fig. 2. L, is the
equivalent length of the coupling slots between the two layers.
Since L, = L,, B5 can be approximated by:

(8)

By inspection of Eq. (8) it is clear that, given a fixed

bandwidth [f3, f,], the range of Begr, [Befr2, Ler1], can be
enlarged by increasing L, and it is about 2 times bigger than

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.3035505, IEEE Access

IEEE Access

Multidisciplinacy © Rapid Review ¢ Open Access Journal

© n ®@ ()
FIGURE 11. Simulated radiation patterns of the double-layer SIW-based
LWA at (a) 12.8 GHz, (b) 13.1 GHz, (c) 13.3 GHz, and (d) 13.5 GHz and the
single-layer SIW-based LWA at (e) 12.6GHz, (f) 12.8GHz, (g) 13.1GHz, and
(h) 13.3GHz.
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FIGURE 12. Simulated and measured |S| parameters of the double-layer
LWA.

single layer structure compared with Eq.(6). L.e. double layer

structure LWA has much larger SR than single layer structure.

Fig. 5(a) shows A¢ as a function of frequency for different
L;. Solid lines are derived from simulations, and dashed lines
are calculated using Eq. (7), and we can see that the
simulation and analytical results agree well. Within the
considered relative bandwidth, A¢ increases from negative to
positive as the frequency increases, indicating that the LWA
can scan the beam from backward to forward. The slopes of
the curves increases, and hence the dispersion is enhanced,
with larger L. Fig. 5(b) shows the SR dependence on L, for
both single-layer and double-layer SIW-based LWAs, and it
can be seen that the SR can be also enhanced with by
increasing L;. In addition, with the same L, the SR of the
double-layer structure is obviously larger than that of the
single-layer structure. Double layer structure is better chose
to realized high SR LWA, and the SR could be adjusted by
the length.

B. RADIATION

To enable radiation, slots are etched on the upper surface of
the elemental top layer SIWs, the dimensions of which (over
a single elemental SIW) are depicted in Fig. 4(b). The slot
design evolution is shown in Fig. 6. Fig. 6(a) shows the
double-layer SIW without any slots on the outer surfaces. As
a first design iteration, a single row of rectangular slots is
added to the upper surface in the middle of the element SIWs,
as shown in Fig. 6(b). With changing frequency, the radiation
from these slots can achieve beam scanning in the xz-plane.
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FIGURE 13. (a) Normalized radiation pattern in the yz-plane of three
slots on a single SIW at center frequency. (b) Normalized radiation
pattern in the yz-plane and (c) simulated and measured radiation
patterns of the double-layer LWA in the xz-plane.

To compress the beamwidth in the y-direction and increase
the antenna gain, two additional rows of slots are added as
shown in Fig. 6(c). The upper-row slots and the lower-row
slots are offset from the middle-row slots in the x-direction
like the references [35]-[37]. To optimize the design, the
rectangular slots are reshaped into isosceles trapezoids, Fig
6(d), as such tapering helps to reduce the wave reflection in
the waveguide at the location of the slots and improve
reflection coefficient of the LWA.

For comparison we plot in Fig. 7 the radiation patterns in
the yz-plane for the evolutionary designs in Fig. 6(b) and
Fig. 6(c). It is clear that the beamwidth in y-direction is
compressed and the gain is enhanced.
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FIGURE 14. The fabricated LWA.

The radiation efficiency [38] of one single radiating slot
can be adjusted by changing its width. As the radiation
occurs at each slot, the energy of the propagating wave in
the SIW decreases gradually. To ensure that the power
leaking out from the slots distribute evenly across the LWA,
the width of the slots is designed in such a way that it
increases as the distance between the slot and the feeding
port increases [50], as shown in Fig. 8(b). For design
simplicity, we choose the width of the slots in the same
radiating elemental SIW to be the same. The radiation
efficiency of the three radiating slots in a single elemental
SIW in the upper layer is plotted in Fig. 8(a), which clearly
shows that with increasing slot width, more power is
radiated from the slots. The total radiation efficiency, i.e. the
sum from the seven radiating elemental SIWs, is plotted as
the black line in Fig. 8(a). There is a drop at center
frequency because of the reflection. At the frequency of
center, the distance in same y-axis value between the
adjacent SIWs is integral multiple wavelength. Which is
easy to form standing wave and result in the deterioration of
the S11.

C. DESIGN STEPS

The selection of the initial geometrical parameters and the
subsequent design steps for the LWA could were the
following:

The width of the SIW, Wy, , is first calculated with
respect to the bandwidth. As we require only the TE10 mode
to be present, the cut-off frequency of the SIW must be less
than the minimum frequency of the bandwidth, and the cut-
off frequency must be two times greater than the maximum
bandwidth. We then calculate the length of the LWA, L,
using Egs. (1) and (7) and the required SR. The length of the
parallelogram coupling slots Lo, is about half the
wavelength, and the width W, of the parallelogram
coupling slots is about half the width of the SIW.

The number of slots on one elemental SIW can be decided
by the length of the SIW, L, and he period of the slots, Pgjo¢.
As shown in Fig. 13(a), at center frequency the direction of
the array is affected by the slot period, Py, and, if we want
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TABLE 1. Geometrical parameters of the structure (unit: mm)

Symbol Value Symbol Value
Wsiw 1 Lshort 5.06
VVcop 5.61 Pgiot 11.45
L; 73.5 Ly 74.8
h 0.508 Lcop 11.6
Lot 11.26 Lose 6.76
Wslotl 0.25 Woff 22
Wslot3 0.28 Wslotz 0.27
WslotS 0.33 Wslot4- 0.30
Wslot7 0.39 Wslot6 0.36

the radiation pattern be vertical to the xy-plane, the period
of the slots should be about half the center frequency
wavelength

The number of radiating elementa SIWs can be estimated
by the required directivity as the directivity increases with
increasing number of elemental SIWs. We can treat the slots
on the same elemental SIW in the y-direction as one
radiating element and calculate the number of required
radiating elemental SIWs as outlined by Balanis [50]. The
sidelobe level is determined by the power distribution and
here we adopt a uniform linear power distribution.
Triangular or sinusoidal distributions can also be used for
special requirements of sidelobe levels or directivity [50].
The width of the elemental SIWs is estimated by the
required power proportion.

Following initial design as described above, all the
parameters can be further optimized by the CST software.

D. COMPARISON

To demonstrate the advantage of the double-layer design, we
compare with a conventional single-layer SIW LWA. To
maintain the same dispersion, the length of the single-layer
SIW is twice that of the double-layer SIW. As can be seen in
Fig. 9, the electric field distributions in the top layer of the
double-layer SIW are compared with those of the single-layer
SIW. For the double-layer SIW, the directions of the mode
propagation in all elemental SIWs in the top layer are the
same, while for the single-layer SIW, the directions of the
mode propagation in the adjacent elemental SIWs are
opposing. Fig. 10 shows the phase at the positions of the
radiating slots as well as the phase difference of the adjacent
slots in the x-direction. For the double-layer SIW, the phase
difference between the adjacent slots in the x-direction are the
same for each slot row, i.e., A¢. For the single-layer SIW,
only the middle row of the radiating slots has a fixed phase
difference in x-direction, and the phase difference of the
upper and lower slot rows alters between A¢p — 2A¢@ and
A¢p + 2A¢ , where Ap is the phase difference between
adjacent slots in y-direction. The different phase distributions
of the double-layer and single-layer SIWs will lead to
different radiation patterns, and simulations of these at
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TABLE 2. Performance comparison of SIW-based LWAs

Center frequency Scanning range Relative Size Gain Scanning

(GHz) (degree) bandwidth (%) ) (dBi) Rate

[39] 11 60 16.4 10.26%0.4 12-13 37
[30] 25.25 50 9.9 9.62%7.6*0.5 11.1-14.4 5.1
[49] 11.4 124 24.5 5.7%1 16.2-18 5.1
[51] 56 107 18 4.62%0.54 8.33-12.3 59
[31] 24 60 83 7.14%6.0 8.9-11.7 72
[52] 60 120 16.67 5.6 14.5 72
[40] 9.6 39 3.1 10.56*0.5 12-15 12.6
[24] 11.1 123 9 7.4%0.5 7.3-9.6 13.7
This paper 13.18 107 6.45 4.0%3.6 9.6-14.3 16.5

different frequencies are shown in Fig. 11. At each frequency,
the radiation pattern of the single-layer structure has more
side lobes than the double-layer structure. The amount of side
lobes for the single-layer structure can be reduced by only
using the middle-row slots, however at the expense of a
widened beamwidth in the y-direction and a reduced gain. In
comparison, the double-layer structure allows for multiple
rows of slots that compress the beamwidth and enhance the
gain without introducing side lobes.

lll. SIMULATION AND MEASUREMENT RESULTS

The parameter values for the final LWA design are listed in
TableI. Fig. 14 shows the fabricated LWA. The principal aim
of this paper is proof-of-concept of a method to design a
high-SR LWA, and for this reason we have opted for a
frequency range lower than that used for common
millimeter wave radar applications to reduce fabrication
complexity. The method is equally applicable for longer
wavelengths/lower frequencies. To fix the two layers, via
holes are arranged and machine screws are used around the
edge of the substrate.

Simulated and measured |S1;| of the LWA are shown in Fig.
12 The |S11| measurement is done using an Agilent N5247A
vector network analyzer. The |S11| —10 dB bandwidth ranges
from about 12.7 GHz to about 13.6 GHz for both simulations
and measurements. Due to some minor fabrication
imperfections, some small frequency shift between the
simulations and measurements can be seen. In addition, as the
via holes used to fix the two layers can only be located around
the LWA edges, there exist a tiny air gap between the two
layers at the location of the coupling slots, which will affect
the coupling between the SIWs of the two layers thus distort
|S11| somewhat.

Simulated and measured radiation patterns are shown in
Fig. 13(c), and we can see that they agree well. The minor
difference in frequency at the same radiation angle between
simulations and measurement may again be attributed to
fabrication errors. When the beam scans from -58° to 49°, the
corresponding frequencies range from 12.8 GHz to 13.65
GHz. Therefore, the total scanning angle is 107°,
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corresponding to a relative bandwidth of 6.42%, and thus the
SR is 16.6. The max measured realized gains during the
bandwidth is 12.5dBi.

Since a single element SIW on the top layer will in itself
act as a small LWA along the y-direction, as the frequency
changes, the beam will scan in yz-plane. However, in a
narrow bandwidth, the range in which B, can vary is
limited compared to that of B¢ and therefore, the beam
scanning in yz-plane should be negligible compared with that
in xz-plane. Fig. 13(b) shows the normalized radiation pattern
cuts in the yz-plane at four frequencies. Within the considered
bandwidth, the beam scans from -6° to 4° in yz-plane, with a
total scanning angle of only 10°. In contrast, the total
scanning angle in xz-plane is much larger than 10°.

IV. DISCUSSION
A comparison of the LWA proposed in this paper with
previous works is shown in Table II.

First, due to the double-layer meandering SIW structure,
the LWA proposed here has the highest SR among the listed
works.

Second, we should furthermore note that the SR can be
further increased by increasing L, as shown in Fig. 5(b) for
conventional meandering single-layer SIW-based LWA
[30]-[31], but the resulting size will be much larger than that
of a double-layer SIW structure with the same SR. The LWA
proposed have the smallest size while have highest SR.

Additionally, due to the fixed phase difference in the x-
direction between the adjacent elemental SIWs in the top
layer, multiple rows of radiating slots can be arranged on the
double-layer LWA without generating side lobes, and thus it
is easier for the double-layer LWA to achieve higher gains
than a conventional single-layer LWA. Noted that, the LWA
proposed in [31] has simulated gains varying from 8.9dBi to
11.7dBi, which are smaller than the simulated gains from
9.6dBi to 14.3dBi in this work. To enhance the gain of the
single-layer LW A, a phase-correcting grating (PCG) cover is
adopted in [30], through which the gain is enhanced up to
14.4dBi, but an extra height of half wavelength is required to
add the PCG cover.

For future work, the LWA with high SR proposed in this
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paper may be developed into an LWA working at a single
frequency with a varactor diode or liquid crystals to enable
electrical control of the beam scanning. Varactor diodes [41]-
[42] and liquid crystals [43]-[44] have been utilized to
control the beam-scanning angle of LWAs at a fixed
frequencies. However, due to the limited dynamic range of
varactor diodes and liquid crystals as well as low SR, the
scanning range of these LWAs are limited to about 15°—45°
[43]-[46]. In contrast, by using the LWA with high SR
presented in this work, the scanning range of an electrically
tunable LWA may be further enhanced.

V. CONCLUSION

We have proposed and analyzed an LW A with high SR based
on a double-layer SIW. The beam scanning angle ranges from
-58° to +49° within a bandwidth from 12.75 GHz to 13.6 GHz
with a relative bandwidth of 6.45% and the SR is 16.5. As
compared to conventional single-layer SIW-based LWAs, by
using multiple rows of radiating slots, a higher gain is
achieved and the radiation pattern display a much smaller
amount of side lobes. Additionally, the double-layer LWA is
smaller in size. The advantage of using limited relative
bandwidth to scan the beam in a wide angle makes the LWA
attractive for radar applications or in communication systems.
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