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ABSTRACT A new type of broadband circularly polarized leaky-wave antenna (LWA) with high-gain

based on a corrugated substrate integrated waveguide (CSIW) structure is proposed and investigated. The

CSIW structure that employs open-circuit stubs to replace metallic vias has the advantages of low-cost

and easy fabrication as compared to conventional substrate integrated waveguides. Each unit-cell of the

proposed LWA consists of two quarter-wavelength microstrip lines and a half-mode CSIW cell with three

open-circuit stubs. Two M-shaped slots etched on the half-mode CSIW cell enables the generation of

circularly polarized (CP) radiation. The full LWA, which consists of thirteen matched unit-cells cascaded

along the direction of propagation enables continuous backward to forward beam scanning. The properties of

the CSIW structure, including impedance matching and phase constant, are analyzed by Bloch impedance

and dispersion simulations and the influence of the dimensions of the open-circuit stubs on the CP LWA

performance is also investigated. A protype of the proposed LWA is fabricated and characterized. The

measured results indicate that the proposed CSIW LWA has a high peak gain (9.3-12.5 dBi) throughout

a large beam-scanning angle range from −28◦ to +25◦, and the impedance bandwidth and 3-dB axial

ratio (AR) bandwidth are over 40% covering the full Ka-band.

INDEX TERMS Leaky-wave antenna (LWA), corrugated substrate integrated waveguide (CSIW), circular

polarization (CP), beam scanning, Ka-band, broadband.

I. INTRODUCTION

Leaky-wave antennas (LWAs) are wave-guiding structures

in which a travelling wave radiates through energy leakage

along the entirety of the structure [1], [2]. Such antennas have

received much attention due to advantages such as high gain,

simple feeding network, wide optional bandwidth and unique

frequency beam scanning ability [3]–[5]. Using substrate

integrated waveguides (SIWs), extensively used for print cir-

cuit boards (PCBs) and that have advantageous properties

such as low cost, low profile, low loss and easy integration

with microstrip and coplanar circuits [6], [7], enables design

of LWAs for high frequency bands. However, the metallic

The associate editor coordinating the review of this manuscript and

approving it for publication was Raghvendra Kumar Chaudhary .

vias of SIWs are not suitable for some integrated circuits [8]

and, as a solution to this, corrugated SIW (CSIW) structures,

which uses open-circuit microstrip stubs in lieu of metallic

vias in order to artificially create electric sidewalls, have been

proposed [9]. CSIWs maintains DC isolation between the top

and bottom conductors through the open-circuit stubs instead

of metallic vias. CSIWs thus have the advantages of SIWs

while not requiring a cumbersome metallic via fabrication

process. An analysis of the dispersion characteristics of the

propagating modes of a CSIW structure operating in X -band

showed that the a CSIW structure with tapered microstrip

(even mode) feed can propagate quasi-TEM and TE10 modes

and that a differential (oddmode) feed can excite TE10MM and

TE20 modes [10]. Thus, CSIW structures operated at frequen-

cies above the TE10 mode cutoff are promising candidates
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for LWA design. A high-gain millimeter-wave leaky-wave

antenna based on a bent corrugated SIW (BCSIW) with a

broad frequency range from 22 to 29.2 GHz and a large beam

angle range from −69◦ to −10◦ was recently demonstrated

[11], and two electronically controlled LWAs that realized

beam scanning at fixed frequencies by using loaded varactor

diodes [12] and PIN diodes [13] on the CSIW structure have

been reported. A circularly polarized (CP) LWA based on a

CSIW, which utilized two compound slot pair arrays etched

on the top of the antenna to achieve broadside radiation and

good axial ration (AR) in the main beam direction, has also

been proposed [14].

For long-distance wireless, e.g. satellite, and radar com-

munication systems, an operating frequency in the Ka-band

(26.5 GHz to 40 GHz) is typically preferred as it enables high

data-rate links and miniaturized antenna systems [15]–[17].

When employing LWAs for such systems it is advantageous

to utilize CP waves rather than linearly polarized (LP) waves

due to the fact that CP LWAs avoids polarization mismatch

and also suppresses multipath interference during beam scan-

ning [18]–[20]. Etching various kinds of slots on the surface

of an SIW has been widely used to obtain specific polariza-

tion characteristics and good impedance matching for LWAs

[21]–[28]. A miniaturized frequency-scanning LWA based

on a half-mode substrate integrated waveguide (HMSIW) in

combination with ramp-shaped slots as interdigital capac-

itors (IDCs) achieved composite right/left-handed (CRLH)

and CP characteristics [24]. In [25] and [26], H-shaped slots

etched on the top of SIWs that cut both the transverse and

longitudinal currents through the transverse and longitudinal

slots, enabled CP wave generation. McMillan et al. [28]

evaluated the electric fields of microstrip lines and the anal-

yses showed that microstrip transmission lines also allowed

a leaky mode. Replacing the SIW delay section of each

unit-cell by microstrip lines to reduce the length of periodic

LWAs has been previously reported in [21], e.g. the total

length of an LWAwith five unit-cells was shortened by 24.4%

in comparison to an equivalent full waveguide CP LWA

[29]. Furthermore, for periodic CP LWAs, the introduction

of microstrip lines improves broadside radiation matching as

well as CP purity [21], [30]. Compared with [21], a further

reduction in size by 33.5% along the scanning plane of the

LWA was achieved in [30] by meandering the microstrip

line.

In this article we propose a broadband CSIW CP LWA

with M-shaped slots based on a CSIW with high gain and

wide beam scanning ability. In comparison to our recently

reported BCSIW LWA [11], a series-feed microstrip line

structure of each unit-cell makes the LWA discussed here

more compact in the propagation direction. The M-shaped

slots can cut both transverse and longitudinal currents through

the slots in different direction in the same fashion as in [25]

and [26]. Characterizations of a fabricated prototype of the

CSIWCPLWA (referred to as ‘LWA’ for brevity in the below)

confirms a wide impedance bandwidth while maintaining

high gain as well as a 3-dB AR bandwidth that is as wide

as the impedance bandwidth. The series-feed microstrip line

structure furthermore yields high CP purity.

Section 2 of the paper introduces the antenna design and

presents an analyzes the design through simulations and

section 3 compares experimental characterizations of the fab-

ricated prototype with the simulations and also compares our

proposed LWA with previously reported work in section 4.

The paper end with a summary in section 5.

FIGURE 1. (a) Half-mode CSIW (HMCSIW) structure. (b) Electrical field
distribution at 31.9 GHz.

II. ANTENNA DESIGN AND ANALYSIS

A. UNIT-CELL DESIGN AND ANALYSIS

We make use of a half-mode CSIW (HMCSIW), the width

of which is half that of a full-mode CSIW, as the start-

ing point for the LWA unit-cell design. Fig. 1 shows the

HWCSIW structure and simulated electrical field distribu-

tion at 31.9 GHz. The HMCSIW supports a field distribution

that is close to that of a corresponding SIW as the open

edge of HMCSIW is equivalent to the SIW magnetic wall.

It can be clearly seen that the proposed HMCSIW support a

TE10 mode making it possible to design a periodic LWA by

employing the same theoretical basis as for design of periodic

SIW LWAs.

The unit-cells and top view of the proposed LWA that

consists of 13 unit-cells are depicted in Fig. 2 and the

FIGURE 2. Geometry of the proposed LWA: (a) 3 unit-cells (b) top view of
the full LWA consisting of 13 unit-cells. The dimensions indicated in the
figure are summarized in Table 1.
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TABLE 1. Geometry parameters for unit-cell III and the full LWA as
depicted in Fig 2.

dimensions are listed in Table 1. The structure is designed

on a SYTECH SJ9300 substrate with dielectric constant εr =
3.0, loss tangent tanδ = 0.0015 and height h = 0.254 mm.

As can be seen in Fig. 2(a), the unit-cell consists of two

quarter-wavelength microstrip lines with length Lm and the

HMCSIW cell with two M-shaped slots. The full length of

one unit-cell is determined to be the wavelength at broadside

frequency (f0). The length of the open-circuit microstrip stubs

are initially set as a quarter wavelength of the broadside

frequency, however the optimized length is somewhat larger

as the unit-cell should give priority to supporting the TE10

mode at lower frequencies.

FIGURE 3. Design iteration of the unit-cell; (a) Unit-cell I, (b) Unit-cell II,
and (c) Unit-cell III.

The design evolution of the unit-cell is illustrated in

Fig. 3; the main structure of the unit-cells consists of two

quarter-wavelength microstrip lines and a CSIW cell with

three open-circuit microstrip stubs. The first design iteration

consists of an HMCSIW cell combined with two microstrip

lines. Compared with our previous work [11], the HMCSIW

and the two microstrip lines makes for a compact structure,

being narrower in width in the x-direction and shorter in

length in the y-direction. The straight edge of the HMCSIW

acts as the radiator, however the first design iteration cannot

generate CP waves. To enable generation of CP waves, slots

that can affect the surface currents are needed. The width of

the HMCSIW first design iteration is however too narrow to

etch slots on it, and for that reason a second iteration unit-cell

structure with a wider CSIW cavity (Fig. 3(b), unit-cell II)

is introduced, and two M-shape slots are added to this in the

final unit-cell iteration structure (Fig. 3(c), unit-cell III).

We analyze the characteristics of the three CSIW unit-cell

structures using dispersion and Bloch impedance diagrams.

The dispersion diagram can be extracted from the unit-cells’

FIGURE 4. Characteristics of the CSIW unit-cell structures. (a) Dispersion
diagram. (b) Bloch impedance.

ABCD-parameters or by their S-parameters using

βp = phase(A±
√

A2 − 1) (1)

βp = cos−1

[

1 − S11S22 + S12S21

2S21

]

(2)

where β is phase constant and p is the full length of the

unit-cell [27], [31]. All S-parameters of the unit-cell can be

extracted using fast driven-mode simulation in Ansys HFSS

[32]. As shown in Fig. 4(a), the entire frequency range is

separated into a guiding range and radiating range as indi-

cated by the plotted airline, the slope of which is 2p× freq/c0
[27]. The backward and forward radiating regions in the low

and high frequency bands respectively are separated by the

broadside frequencies (found at the frequency point corre-

sponding to β = 0 in Fig. 4(a)), and we can observe that

the broadside frequency decreases by the widening of the

HMCSIW cavity and is further decreased by the introduction

of the etched slots. We note that the dispersion curves of

all three unit-cell structures have continuous transitions at

β = 0, and we can thus assume that they have no open

stopbands (OSBs) in the operating bandwidth and that broad-

side radiation can be excited at the respective broadside

frequency points. We study the impedance matching of the

unit-cells using the Bloch impedance diagrams, which can be

obtained from the unit-cells’ ABCD-parameters or by their

VOLUME 8, 2020 171093
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S-parameters using

ZB =
−(A− D) ±

√

(A+ D)2 − 4

2C
(3)

ZB =
2jZ0S21sin(βp)

(1 − S11)(1 − S22) − S21S12
(4)

where Z0 is defined as 50 � in our design. Real and imag-

inary parts of the simulated Bloch impedances are shown

in Fig. 4(b) for the three unit-cells. For good impedance

matching between the unit-cell and the microstrip feed line,

the design targets for the real and imaginary parts are 50 �

and 0�, respectively. It is however difficult to achieve perfect

impedance matching at the broadside frequency point and

therefore we consider a deviation of 15 � in the real part to

be good impedance matching. As can be seen in Fig 4(b),

although the impedance of unit-cell I is matched in most of

the operating bandwidth, there is poor impedance matching

at the broadside frequency point (34 GHz) as the real and

imaginary parts of unit-cell I at 34 GHz are less than 25 �

and greater than 30�, respectively. The impedance matching

for unit-cell II is worse than that of unit-cell I in the frequency

range from 32.5 GHz (the broadside frequency of unit-cell II)

to 40 GHz. However, by adding the two etched M-shaped

slots in unit-cell III, good impedance matching in achieved

throughout the whole Ka-band.

In the transmission direction the M-shaped slots can be

divided into transverse and longitudinal slots, which cut both

transverse and longitudinal currents thereby generating circu-

larly polarized waves in the far field. The circular polarization

characteristics can be demonstrated by simulating the unit-

cell’s axial ratio in the broadside direction (broadside AR).

We study the unit-cell’s circular polarization characteristics at

six equally spaced frequency points in theKa-band. As shown

in Fig. 5, the broadside AR is less than 3 dB at all con-

cerned frequency points after the dimensions and intervals

of the two M-shaped slots have been optimized. In addition,

we simulate the surface current distributions of unit-cell III at

31.9 GHz to further analyze the polarization characteristics

and, as can be seen in Fig. 6, the dominant surface current

rotates clockwise, which implies that left-handed circularly

polarization (LHCP) is achieved [24], [33].

FIGURE 5. Simulated broadside axial-ratio of unit-cell III.

FIGURE 6. Simulated surface current distributions in unit-cell III.

B. SIMULATIONS OF THE FULL LWA

The full LWA consists of thirteenmatched unit-cells cascaded

along the propagation direction to which two microstrip lines

are loaded as the feed line (see Fig. 2(b)). HFSS simulation

results of the LWA are shown in Fig. 7. The impedance

bandwidth of the S-parameters, plotted in Fig. 7(a), is broad

and covers the whole Ka-band. The analysis of the simulated

surface current distributions indicates that the LWA can radi-

ate a LHCP wave, and, as can be seen in Fig. 7(b), we obtain

a peak LHCP gain in the range 10 dB to 13.5 dB in the

far-field. Furthermore, the simulated radiation efficiency is

greater than 80% in the whole operating bandwidth, with a

maximum of 91% at 39 GHz. Beam scanning capability and

CP characteristics are studied at six equally spaced frequency

points in the Ka-band and as can be seen in Fig. 7(c), the

proposed LWA has a beam scanning range from −28◦ to

+25◦. The axial ratios in the scan plane plotted in Fig 7(d)

indicate that CP characteristics is achievable across the whole

Ka-band.

C. THE EFFECT OF MICROSTRIP STUBS DIMENSIONS ON

THE LWA PERFORMANCE

The open-circuit microstrip stubs can be regarded as lumped

elements loaded on the side of a microwave device. For

certain advanced devices or antennas, special properties can

be obtained by using a liquid crystal (LC) substrate or load-

ing varactor diodes on the microstrip stubs. For example,

LC-based microwave filters’ bandwidth or center frequency

can be tuned by changing the LC dielectric constant through

a controlling bias [34], and a frequency-fixed beam-scanning

LWA [12] was realized by using electronically controllable

varactor diodes on corrugated microstrip lines. These exam-

ples are all based on the principle of changing the electri-

cal length of the microstrip stubs, which is also equivalent

171094 VOLUME 8, 2020
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FIGURE 7. Simulated (a) S-parameters; (b) antenna gain and radiation
efficiency; (c) normalized radiation pattern; and (d) axial ratio for the
proposed LWA.

to minor changes in the physical length or width of the

microstrip stubs in a simulation. It is thus worth to study the

effect changes of the length and width of the microstrip stubs

has on impedance matching and radiating performance of the

full LWA.

Keeping all other geometrical parameters of the LWA

fixed, we vary the dimensions of the open-circuit microstrip

stubs in a small step interval (±0.1 mm) to study the

relationship between the LWA’s matching and polarization

performances. Given fundamental understanding of CSIWs,

it is reasonable to suppose that varying the length of the

open-circuit microstrip stubs length would cause offsets of

the center frequency of the proposed CSIW LWA. However,

as can be seen in Fig. 8, the operating bandwidth does not

see any shift in frequency for small changes in the length

of the microstrip stubs, which is not consistent with our

conjecture, only shifts of S11, especially the open stopband

(OSB), are observed. It can be clearly seen that the length of

microstrip stubs, Lst , has a significant influence on the OSB

and the impedance matching at low and high frequencies.

An OSB at 31.9 GHz appears when increasing the length

FIGURE 8. Simulated S-parameters and AR for the proposed LWA for
varying stub lengths, Lst .

of the microstrip stubs. Although S11 is less than -20 dB

throughout most of the operating bandwidth when Lst =
2.25 mm, there is a narrow impedance unmatched bandwidth

at 39 GHz. S21 is not sensitive to the length variation of the

microstrip stubs, only a slight change at the high frequency

end (at 39 GHz) is observed. Furthermore, we find that the

AR is very sensitive to the changes of the stub length when the

LWA operates at 31.9 GHz (AR > 3 dB for Lst = 2.05 mm).

Fig. 9 plots S-parameters and AR at varying stub widths,

Wst , and we similarly find that with increasing width of the

microstrip stubs an OSB will appear and that the impedance

matching is affected at low and high frequencies. On the other

hand, S21 and AR are not sensitive to changes of the width of

microstrip stubs.

From this analysis we can be conclude that avoiding the

formation of an OSB is the most important point when

designing tunable LWAs by varying the electrical length

of the microstrip stubs, e.g. as the appearance of an OSB

will degrade LWA far-field characteristics such as AR.

Furthermore, for some broadband microwave devices with

side-loaded microstrip lines, changing the length and/or

width of microstrip lines will not affect the insertion loss,

but will affect the impedance matching at the high/low

frequencies.

III. MEASURED RESULTS AND DISCUSSIONS

A. EXPERIMENTAL CHARACTERIZATION AND

COMPARISON WITH SIMULATIONS

A protype of the LWA with thirteen unit-cells (Fig. 10) was

fabricated and experimentally characterized for verification
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TABLE 2. Comparison of the LWA proposed in this article with previously published CP LWAs.

FIGURE 9. Simulated S-parameters and AR for the proposed LWA for
varying stub widths, Wst .

of the design. Owing to the softness of the antenna sub-

strate, a plastic clamp is placed at the bottom of the antenna

and fixed with acrylic screws to facilitate measurements.

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. 11. The

measured S21 is somewhat lower than the simulation result,

which we attribute to fabrication errors and the unavoidable

loss introduced through connector cables as well as the two

adaptors (the adaptor insertion loss is 0.05 ×
√
f (GHz))(dB)

[11]). The measured impedance bandwidth (defined as the

band where S11 is below −10 dB) is consistent with the

simulation result and covers the full Ka-band.

FIGURE 10. Fabricated prototype of the proposed LWA.

FIGURE 11. Simulated and measured S-parameters of the proposed LWA.

For far-field measurements, one port of the LWA is termi-

nated by a 50 � load and the other is used as the feeding port.

Fig. 12 plots the simulated andmeasured far-field results. The

measured radiation patterns demonstrate continuous beam

scanning from −28◦ to +25◦, which is in accordance with

the simulation results. The measured realized gain is between

0.5 dB (at 30 GHz) and 1.6 dB (at 36 GHz). The maximum

gain of 12.5 dBi is lower than the simulated maximum gain,
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FIGURE 12. Simulated and measured far-field results for the proposed
LWA. (a) Realized gain in the Ka-band. (b) Normalized radiation patterns
in the yz-plane at different frequencies. (c) AR in the scan plane at
different frequencies.

which also can be attributed to the loss in the adaptors and

fabrication errors. The AR is measured in the scan plane for

the selected six frequency points and is plotted in Fig. 12(c),

and we find the results to be consistent with the simulation

result demonstrating that CP can be realized in the whole

Ka-band. The black arrows in Fig. 12(c) represent the main

beam at the corresponding frequency points.

In summary, all measurement results demonstrate that the

proposed LWA has a high radiation performance in free

space.

B. COMPARISON WITH PREVIOUS WORK

A comparison of pertinent parameters and performance

between our proposed CP CSIW LWA and previously pub-

lished CP LWAs are showed in Table 2. We can see that the

impedance bandwidth, the 3-dB CP bandwidth and the scan-

ning range of our proposed LWA are better than those in Refs

[14], [19], [21] and [22]. The broad impedance bandwidth is

very advantageous for applications that require high scanning

resolution. It should furthermore be noted that our proposed

LWA can realize continous backward to forward (including

broadside) beam scanning without metallic vias and CRLH

structures such as interdigital slots.

IV. CONCLUSION

In this article we have presented an improved CSIW LWA

with circular polarization characteristics. Compared with our

recent work [11], the use of microstrip lines instead of a

CSIW delay section gives the proposed CSIW LWA a wider

impedance bandwidth. Furthermore, by using a half-mode

CSIW structure, the proposed LWA has a more compact size.

Two etchedM-shaped slots on the CSIW structure enables CP

radiation characteristics with frequency scanning. The pro-

posed LWAwas analyzed by simulations and a prototype was

also fabricated and characterized. The measured impedance

bandwidth reached 40.6% covering the whole Ka-band

(26.5 to 40 GHz) with a peak gain of 12.5 dBi and beam

scanning angle ranges from −28◦ to +25◦. In addition, the

proposed LWA provides an excellent AR bandwidth through-

out the Ka-band. Hence, the proposed antenna is a very good

candidate for millimeter wave applications that requires CP

frequency scanning features.
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