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A Novel Millimeter-Wave Backward to Forward Scanning Periodic
Leaky-Wave Antenna Based on Two Different Radiator Types
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Abstract—A periodic millimeter wave leaky-wave antenna (LWA), which has two different types of
radiator elements that enable backward to forward radiation, is proposed. The unit-cell of the LWA
consists of two quarter-wavelength microstrip lines and two corrugated substrate integrated waveguide
(CSIW) cells with S-shaped quarter-wavelength open-circuit stubs. In addition to two parallel edge
radiators, a single etched transverse slot with a tilt angle acts as an ancillary radiator, which ensures
impedance matching in a large frequency range and achieves the backward to forward scanning. We
analyze the proposed design through simulations, characterize a fabricated prototype, and find it to
have good radiation properties including broad impedance bandwidth. The measurement results show
a high peak gain from 11 to 15.8 dBi with a large scanning angle range from −34◦ to +22◦ in the K-band
operating frequency range.

1. INTRODUCTION

Radar and satellite systems operating in the K-band are widely used in communication services, and
depending on the application, specific antenna design is required. For long distance communication
and accurate speed detection, a high gain and narrow beam width antenna is preferred [1, 2]. For
these reasons, leaky-wave antennas have attracted much attention due to their high gain, simple
feeding structure, unique frequency beam scanning capability, and wide operational bandwidth [3, 4]. A
transverse slotted rectangular waveguide, as a simple structure of leaky-wave antenna, was reported by
Hyneman in 1959 [5]. Dispersion relations and modes for a dielectric-filled rectangular waveguide with
transverse slots were investigated by Liu et al. [6], and their analyses indicate that such a waveguide
supports a leaky waveguide mode, a surface-wave mode, and a proper waveguide mode. However, the
rectangular waveguide is costly, heavy, and bulky, and the corresponding design for antenna applications
in the millimeter-wave (mmW) band is challenging. For this reason, recent focus has been on using a
substrate integrated waveguide (SIW) as a dielectric-filled waveguide structure, since this structure has
several attractive features such as low cost, low loss, and being easy to integrate with planar circuits [5].
Several types of SIW leaky-wave antennas with transverse slots have been reported [7–9]. Furthermore,
the electric fields of microstrip line are evaluated by McMillan et al. [10], and their analyses illustrate
that the microstrip transmission line also allows a leaky mode. Lee et al. proposed a method of using a
microstrip line to replace the SIW unit-cell delay section, which significantly reduced the length of the
periodic and the circularly polarized (CP) periodic LWAs, as well as improved both broadside radiation
matching and CP purity [11].
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Corrugated SIWs (CSIW) utilize a quarter-wavelength open-circuit stub in lieu of the metallic
vias used in SIW structures, while retaining equivalent characteristics. In comparison with an SIW
structure, the CSIW maintains DC isolation between the top and bottom conductors by use of the
open-circuit quarter wavelength stubs, which significantly simplifies the fabrication process [12]. The
use of open-circuit quarter wavelength stubs also enables design of tunable LWAs. CSIWs thus have
great potential for advanced LWA design, exemplified by e.g., a CP LWA based on a CSIW, with etched
slot pair elements on the CSIW top surface, which achieved beam scanning and good axial ratio (AR) in
the main beam direction [13]. A high gain millimeter-wave LWA based on a bent corrugated SIW with
a large beam angle scanning range from −69◦ to −10◦ in the frequency range from 22 to 29.2 GHz [14]
and an electronically controlled LWA, which realized beam scanning at a fixed frequency by loading
varactor diodes on the CSIW structure [15] were recently reported.

In this paper, we propose a novel periodic slotted leaky-wave antenna for the K-band based on
an S-shaped folded CSIW in which wave leakage is achieved using two separate radiating elements, a
transverse slot as well as parallel edges cut at the opposite corners of each CSIW cell. In comparison to
our previously reported antenna design [14], utilizing the S-shaped folded CSIW and replacing the CSIW
delay sections with microstrip lines enables a more compact structure and much larger bandwidth. In
addition, the introduction of a tilted transverse slot improves the antenna impedance. This novel design
uniquely enables the possibility for backward to forward frequency beam scanning.

2. ANTENNA DESIGN AND ANALYSIS

A top view on the proposed LWA and a detailed view of the unit-cell are depicted in Fig. 1. The
structure is based on a Taconic TLY-5-0100 substrate with dielectric constant εr = 2.2, loss tangent
tan σ = 0.0009 and a height h of 0.254 mm. The LWA unit-cell is composed of two microstrip lines of
quarter-wavelength length (denoted cell 1 & cell 4 in Fig. 1(b)) and two CISW cells with S-shaped
open-circuit stubs (cell 2 & cell 3), in the center of which one transverse slot is etched. The total length
of the unit-cell is determined as the corresponding wavelength of the antenna center frequency (f0). Two
diagonal parallel radiation edges connect the microstrip lines and CISW cells (as indicated in Fig. 1(b)).
Detailed dimensions of the proposed unit-cell and LWA are summarized in Table 1.

Table 1. Geometry parameters for the proposed LWA.

Symbol Value Symbol Value Symbol Value
Lc 2.36 mm Lf 9.1 mm Lf0 4.6 mm
Lm 2.1 mm Ls 2.21 mm Lst0 0.47 mm
Lst1 0.63 mm Lst2 0.99 mm Lcut 3.65 mm
Lsub 160.8 mm Wc 7.02 mm Wf 0.88 mm
Wf0 0.55 mm Wm 1.46 mm Ws 0.59 mm
Wst 0.25 mm Wsub 32.0 mm Rt 0.72 mm
Dst 0.84 mm θc 124◦ θs 118◦

p (Lm + Lc ) × 2

To analyze the performance of the unit-cell, we use dispersion and Bloch impedance diagrams,
which can be obtained for the periodic LWA from the S-parameters of the unit-cell:

βp = cos−1

(
1 − S11S22 + S12S21

2S21

)
(1)

ZB =
2jZ0S21sin(βp)

(1 − S11)(1 − S22) − S21S12
(2)

where β is the phase constant, and p is the length of the unit-cell [16–20]. All S-parameters of the unit-
cell were extracted using fast driven-mode simulation in Ansys HFSS [19]. The reference impedance
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Figure 1. Geometry of the proposed LWA. (a) Top view of the full LWA with 15 unit-cells; (b) 3
unit-cells of the proposed LWA.
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Figure 2. Characteristics of the LWA unit-cell. (a) Dispersion diagram; (b) Bloch impedance.

of the S-matrix, Z0, is defined as 50 Ω in our design. The calculated dispersion diagram is plotted in
Fig. 2(a), where the frequency range is separated into a guiding range and a radiating range as indicated
by the plotted airline, the slope of which is 2p × freq/c0 [18]. The radiating regions are located in the
area enclosed by the dispersion curves and the airline. The backward radiation and forward radiation
regions are separated by the center frequency f0, and the broadside radiation is acquired at center
frequency f0. We note that, when the proposed LWA only has edge radiators, a stopband between 22
to 25 GHz can be observed in the region where β is close to zero.

In order to eliminate the stopband to realize continuous backward to forward radiation, a single
transverse slot is etched at the center of the unit-cell to act as an additional radiator. The required slot
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length can be estimated to be [14, 21]:

l =
λ0

4
√

εr

(3)

where λ0 is the wavelength at the operating center frequency in free space. Using Eq. (3) we find
the required length of the transverse slot to be 2.2 mm. However, as can be seen in Fig. 2(b), if the
transverse slot is etched at an angle perpendicular to the direction of transmission (θs = 90◦), an
impedance mismatch in a narrow operating bandwidth will remain. This is because the real part of
impedance of the etched vertical slot is greater than 85 Ω near 24 GHz, which is not impedance matched
with the microstrip feed line. To obtain good impedance matching, we optimize the slot angle relative
to the transmission direction. Rotating the transverse slot 28◦ counterclockwise (such that θs = 118◦),
we find the real and imaginary parts of the unit-cell impedance to be about 50 and 0Ω, respectively,
throughout the radiating region (i.e., above 18 GHz), which fully eliminates the stopband, as can be
seen in Fig. 2(a).

The full LWA consists of matched unit-cells cascaded along the direction of propagation (y-axis),
and two microstrip lines loaded as the feed line. For the full LWA, the attenuation (leakage) constant and
radiation efficiency should be considered to further analyze the transmission and radiation performance.
The attenuation constant as a function of frequency represents the radiation per length for the two-port
LWA, and can be calculated using the ABCD parameters and S-matrix according to:

α =
1
L

In
∣∣∣A ±

√
A2 − 1

∣∣∣ (4)

α =
−1
2L

In
|S21|2

1 − |S11|2 (5)

RSe = 1 − exp(−2αL) =
1 − |S11|2 − |S21|2

1 − |S11|2 (6)

where L is the length of the leaky structure [16], [18], and RSe is the radiation efficiency. It should be
noted that the S-parameter-based radiation efficiency, RSe, only describes the radiation performance
from power transmission. Thus, as the directivity of LWA is relatively high, the radiation efficiency
obtained from the simulations, Re, that takes into account antenna directivity and gain needs to be
considered. The normalized attenuation constant, α/k0, the S-parameter-based radiation efficiency,
RSe, and the simulated radiation efficiency, Re, are plotted in Fig. 3. As can be seen, the value of
normalized attenuation constant is smooth and close to 0 in K-band, clearly demonstrating that there
is no stopband in the operating bandwidth and the S-parameter-based radiation efficiency is larger than
40% in the operating bandwidth with a maximum value of 60% at 23 GHz. Furthermore, the simulated
radiation efficiency is high with an average of 86% and a maximum of 92% at 23 GHz, which confirms
that the matched broadband full LWA concentrates most of the power on the main beam direction.
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Figure 3. Simulated HFSS radiation efficiency (Re), S-parameter-based radiation efficiency (RSe) and
normalized attenuation (leakage) constant for the proposed LWA.
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3. FABRICATION AND CHARACTERIZATION

A prototype of the antenna with fifteen unit-cells, shown in Fig. 4, was fabricated and characterized for
verification of the design. Due to the softness of the antenna substrate, an acrylic clamp is placed at the
bottom of the antenna and fixed with acrylic screws to facilitate measurements. To ensure easy assembly,
the LWA ports are connected by two end launch connectors and we furthermore use a grounded coplanar
waveguide (GCPWG) structure to ensure that the ground of the antenna is well connected to the outer
conductor of the end launch connectors. An Agilent N5247A network analyzer is used to measure
the S-parameters of the fabricated LWA, which are plotted together with the simulated S-parameters
in Fig. 5. The measured impedance bandwidth (defined as the band where S11 is below −10 dB) is
17.6 GHz to 28 GHz, which covers the whole K-band. This is slightly wider than the simulation result
(17.8 GHz to 27.2 GHz), which we attribute to fabrication errors. Measured S21 values are slightly lower
than the simulation results, which can be attributed to the loss in the connectors and cables. Note
that the sum of the return loss and insertion loss is less than 1 due to some internal losses (including
dielectric and conductor losses) in the leaky structure and the external loss caused by the radiation
in the actual antenna model. For the LWA gain measurement, one antenna port is terminated by a
50 Ω load. Fig. 6 shows the simulated and measured normalized radiation patterns and realized gain in
the K-band frequency range. The measured radiation patterns demonstrate continuous beam scanning
from −34◦ to +22◦, in accordance with the simulation results. The measured realized gain is between
0.6 dB (at 22 GHz) to 3.1 dB (at 18 GHz) and the maximum gain is 15.8 dBi, which is lower than the
simulation result due to the loss in the adaptors and fabrication errors. The maximum gain is 15.8 dBi
at 22 GHz, which has some shift compared with the simulated result (25 GHz) (we believe this is mainly
due to the dispersion of the dielectric constant and loss tangent of the used substrate). However, all
measurement results demonstrate that the proposed LWA has good free space radiation characteristics.

Our proposed LWA thus exhibits excellent performance in terms of realized gain and impedance
bandwidth. Comparison of key parameters with previously reported work is merited and we summarize
this in Table 2. The CP LWA based on a CSIW in [13] has a very limited scanning range and the
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Figure 4. (a) Fabricated prototype of the proposed LWA. (b) Setup for LWA gain measurement in an
anechoic test chamber.
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Figure 5. Simulated and measured S-parameters of the proposed LWA.
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Figure 6. Simulated and measured normalized radiation patterns of the proposed LWA: (a) 18.0 GHz,
(b) 19.5 GHz, (c) 21.0 GHz, (d) 22.5 GHz, (e) 24.0 GHz, (f) 25.5 GHz, (g) 27.0 GHz. (h) Simulated and
measured realized gain of the proposed LWA in the K-band.

antenna width (0.97λ0) is 10.3% wider than that of the LWA in this work (0.87λ0). The width of the
LWA presented here is also 6.5% less than that of our previously reported LWA [14]. As is evident
from Table 2, the bandwidth and scanning range of the LWA proposed here are improved compared
to Refs. [7–9, 13]. Furthermore, compared with LWAs with etched single transverse slot radiators [7–
9, 14], our design enables backward to forward beam scanning through the combination of two different
types of radiators. In particular, besides more compact structure, the present LWA has much larger
bandwidth (45.6%) than our earlier work [14] (28.1%).
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Table 2. Comparison of the LWA proposed in this paper with previously reported LWAs.

Ref. [13] [9] [8] [7] [14] Our work

Radiator

!& Type

Compound

Slot Pair

CSIW

Transverse

Slot

SIW

Transverse

Slot

SIW

Transverse

Slot

SIW

Transverse

Slot

BCSIW

Edge &

Transverse

Slot

S-shaped

Folded CSIW

Pol. CP LP LP LP LP LP

Bandwidth

(GHz)

16.2–16.8

(3.6%)

15.8–19.4

(20.45%)

14.8–15.5

(4.6%)

10.2–12

(16.2%)

22–29.2

(28.1%)

17.6–28

(45.6%)

Gain (dBi) / > 18∗ 7 12 16.2 15.8

Size (λ0)
7.9 × 0.97

×0.08

18.6 × 0.76

×0.05

9.5 × 0.97

×0.08

12 × 0.48

×0.06

13 × 0.95

×0.04

12 × 0.87

×0.02

Scanning

Range

(−90◦, −87◦)

3◦
(−131◦, −99◦)

32◦
(−54◦, −40◦)

13◦
(−70◦, −20◦)

50◦
(−69◦, −10◦)

59◦
(−34◦, +22◦)

56◦

*: Simulated Result.

4. CONCLUSION

In this paper we have introduced a novel periodic leaky-wave antenna (LWA) based on a corrugated
substrate integrated waveguide (CSIW). The design includes two separate types of radiator elements,
parallel edges as well as a transverse slot with a tilt angle, and enables a large scanning angle range
from backward to forward radiation over a large frequency range. By including S-shaped quarter-
wavelength microstrip lines in the unit-cell the total length of the LWA has been significantly reduced.
Additionally, the S-shaped stubs ensure a more compact CSIW structure as compared with traditional
CSIW structures. We have verified the design experimentally by characterizations of a fabricated
protype. Measurement results have shown that the impedance bandwidth of the LWA covers the full
K-band frequency range, and has a scan angle from −34◦, +22◦ with a peak gain of 15.8 dBi. Our
proposed LWA is a promising candidate for millimeter wave devices and systems.
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