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ABSTRACT A class of 45◦ linearly polarized and circular polarized high scanning rate leaky wave antennas

are proposed in this paper, which is based on slow-wave substrate integrated waveguide structure. High

scanning rate leaky wave antennas have recently become attractive for imaging applications and automotive

radar. These applications also require a continuous scanning range without an open stopband, as seen at

broadside for ordinary leaky wave antennas. Furthermore, both 45◦ linearly polarization and circularly

polarization are required in practical applications. In this paper, we propose an all-in-one leaky wave antenna

design, which features high scanning rate, continuous scanning capability across the broadside, 45◦ linear

polarization or circularly polarization, single-layer configuration, and single-side radiation. Two design

examples are provided to illustrate the proposed principle. Both simulation and experimental validation are

given.

INDEX TERMS Leaky wave antenna, substrate integrated waveguide, scanning rate, open stopband, linear

polarization, circular polarization.

I. INTRODUCTION

Leaky wave antennas (LWAs) belong to a class of travel-

ling wave antennas, which exhibit continuous leakage along

their structures. Their attractive features include, frequency

dependent beam steering, simple feeding arrangement, broad

bandwidth, and an overall low profile structure [1]–[3]. They

have been applied in diverse frequency radars [4], spectro-

gram analysis [5], and mobile communication [6]–[8], etc.

They appear applicable to computational imaging, which

involves frequency diversity of radiating structures [9]–[12].

In this context, LWAs can be seen as a dispersive metamate-

rials, whose response changes rapidly with frequency. With a

change of frequency, its radiation pattern changes, such that

more independent information of the scene can be gathered

through a set of finite measurements. In addition to a very

high scanning rate, it is also desired that an imaging LWA

should be free from the well-known open stopband problem.

The associate editor coordinating the review of this manuscript and

approving it for publication was Giorgio Montisci .

It refers to the very low gain at broadside, when an ordinary

LWA scans from backward to forward directions. At that

point, most of the supplied energy is actually reflected back

to the input port. It may also have a low profile structure,

and may use a low-cost technology to realize an economical

two-dimensional (2-D) or three-dimensional (3-D) imaging

system. Finding the best LWA candidate for imaging appli-

cations is an important problem, which invites a new look on

LWAs, under a different set of requirements as stated above.

Classical LWAs can be categorized into two major types,

having uniform (or quasi-uniform) and periodic structures.

For uniform structures, an antenna operates in a fast wave

mode, and its main beam scans the forward quadrant

only [13]–[15]. On the other hand, periodic LWAs are able to

support a scanning both in backward and forward directions.

This leads to an increased scanning range of such antennas,

making them attractive for imaging applications. However,

for periodic LWAs, there exists a well-known common prob-

lem of discontinuous scanning, and an open stopband around

the broadside region is observed.
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To close this bandgap for a smooth scanning, differ-

ent methods have been proposed. These include compos-

ite right/left handed (CRLH) transmission line [16]–[19],

impedance matching [20], [21], linear curve of phase con-

stant [22]–[24], and asymmetric structures [25]–[27]. In [23],

a novel SIW based LWA was proposed, which exhibited a

linear curve of phase constant in scanning from backward

to forward directions. This was achieved by optimizing the

distance between two vias at one lateral wall of a periodically

slotted SIW. Ref. [25] has presented an asymmetric structure

to overcome the open stopband of a Goubau line based LWA.

With transverse and longitudinal asymmetric modulations,

the radiation efficiency of this LWA is significantly improved,

especially at broadside. However, it scans in an angular span

of 40◦ only, under even a large frequency variation of 4 GHz

(from 9 - 13 GHz). Ref. [24] proposes a novel antenna where

a single structure is able to generate linear or circular polar-

ization. However, its linear polarization does not offer much

control, and instead it is restricted to longitudinal direction

only. The structure includes diodes, stubs, and slots to achieve

the reported performance. Overall, it is a complicated design,

which may be difficult to scale to a different frequency band.

Most of previously reported LWAs use a large frequency

variation to achieve a small range of angles. Thus, they are

not useful for an imaging application, where scanning rate

(defined as the rate of change of main beam direction θ with

respect to frequency) is preferred as high as possible [28].

In order to achieve a high scanning rate, a slow wave struc-

ture appears an effective way, and some designs have been

proposed in [28]–[31]. Ref. [29] uses arrays of transverse

metallic blind holes to realize a slow wave effect. However,

it requires a complicated fabrication procedure. In [30], slow

wave effect has been produced by making closely spaced

periodic slots on the top wall of an SIW. Further, a periodic

modulation of these slots was also introduced, which led

to a higher scanning rate in a narrow bandwidth. Ref. [28]

uses a complementary microstrip-slot stubs based structure to

realize a high scanning rate LWA. However, the LWAs in [28]

and [30] radiate in forward direction only, and there still exists

an open stopband around the broadside. The open stopband

problem and low scanning rate were both overcome in [31],

where high density slots were employed on both faces of SIW.

The frequency scanning feature of LWAs is potentially

useful for high-speed microwave imaging and automotive

radar. High scanning rate allows the antenna to capture the

spatial information using a narrow-band signal only, which

greatly eases the A/D converter in baseband system [28].

The suppression of open stopband at the broadside radiation

further extends the beam scanning range. In addition to above

mentioned features, polarization is also a key parameter that

needs to be concerned in microwave imaging and automotive

radar. So far, most high scanning rate LWAs dealt with linear

polarizations in the horizontal direction only, whereas little

works were explored for 45◦ linearly polarized or circularly

polarized high scanning rate LWAs. Vertically placing two

identical 45◦ linearly polarized LWAs, and assigning one

for transmitting and the other for receiving, easily forms a

two-dimensional microwave imaging aperture [11], which

cannot be realized by two horizontally polarized LWAs. Cir-

cularly polarized LWAs are also particularly useful for imag-

ing polarization sensitive objects [32], [33].

In this paper, we propose an all-in-one LWA design, which

features high scanning rate, continuous scanning capability

across the broadside, 45◦ linear polarization, single-layer

configuration, and single-side radiation. Combining two 45◦

linearly polarized high scanning-rate LWAs with 90◦ phase

difference further forms a circularly polarized high scanning-

rate LWA. To the authors’ best knowledge, 45◦ linear polar-

ization and circular polarization are explored for the first time

in high scanning-rate LWAs, which will find wide applica-

tions in high-speedmicrowave imaging and automotive radar.

II. PRINCIPLE

A. SCANNING RATE ENHANCEMENT

It is known that frequency dependent beam steering per-

formance of an LWA is caused by the dispersive nature of

its propagation constant [1]. β (f ) is a key parameter for

engineering its scanning rate. The angle of main beam from

the broadside direction can be estimated as

sin [θ (f )] =
β (f )

k0
=
cβ (f )

2π f
. (1)

where θ (f ) is the angle of main beam, and c is the velocity

of light in air. For a specific frequency f0, the main beam

scanning rate can be defined as:

ν (f0) =
dθ (f )

df
|f=f0 . (2)

where ν (f ) is the scanning rate. Relationship between scan-

ning rate and group velocity can be obtained by substituting

(1) in (2), leading to

ν (f0) =
1

f · cos (θ (f ))
·

[

c

2π
·
dβ (f )

df
− sin (θ (f ))

]

=
1

f · cos (θ (f ))
·

[

c

Vg (f )
− sin (θ (f ))

]

|f=f0 . (3)

where

Vg (f ) =
dω (f )

dβ (f )
= 2π ·

df

dβ (f )
|f=f0 . (4)

is the group velocity. Meanwhile, the slope of dispersion

curve can be calculated by

k (f ) =
df

dβ (f )
|f=f0 . (5)

By comparing (4) and (5), one has

Vg (f ) = 2π · k (f ) . (6)

From (3) to (6), it is known that scanning rate is inversely

proportional to the slope of dispersion curve, or the group

velocity. It can thus be written as: ν (f ) ∝ 1/k (f ) or ν (f ) ∝

1/Vg (f ). This clearly indicates that a high scanning rate

requires a very dispersive guiding structure. Therefore, for
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enhancing angle scanning rate, certain features should be

added to a guiding structure, which may lead to a large

dispersion.

However, a slow-wave structure does not radiate under its

fundamental mode. In order to convert a slow wave mode

to a leaky wave mode, periodic perturbations are introduced

into the structure. It leads to an infinite number of space

harmonics [1], whose propagation constants βn (f ) are given

by

βn (f ) = β (f ) +
2πn

p
, n = 0, ±1, ±2, · · · (7)

where p is the period ofmodulation. One usually employs n =

−1 space harmonic for radiation. In this case, the propagation

constant is

β−1 (f ) = β (f ) −
2π

p
. (8)

For this space harmonic to radiate, β−1 (f ) < k0 condition

should be fulfilled.

Although the energy is radiated by the first space harmonic

β−1, scanning rate of antenna is still same as the fundamental

mode,

ν−1 (f ) = ν (f ) . (9)

Periodic modulation only shifts the dispersion curve without

changing a large dispersion characteristic. Therefore, slowing

down the group velocity of a slow-wave feeding line is a way

to enhance the scanning rate of its leaky-wave radiation.

B. BROADSIDE OPEN STOPBAND SUPPRESSION

Periodically modulated leaky wave antennas usually have

a low radiation efficiency at the broadside frequency. This

phenomenon is known as open stopband, since most of the

incident power is constructively reflected back to the source.

It can be explained through an even-odd mode based illustra-

tion given in Fig.1.

Let us consider an antenna that is able to continuously

scan through the broadside with high efficiency. In this case,

the antenna must maintain a traveling wave along the struc-

ture at the broadside frequency. Since a traveling-wave field

changes its profile with time, one may decompose it into even

mode and odd mode, which corresponds to the voltage dis-

tribution in Fig.1(a). To avoid radiation efficiency drop at the

broadside, both even and oddmodes should radiate efficiently

so that the radiation maintains all the time. In summary, for a

high radiation efficiency at the broadside frequency, a leaky

wave antenna should have efficient radiation under both even

and odd field excitations.

For a symmetric structure in Fig.1(b), the field distributions

of unit cell under even and odd excitations are illustrated. It is

clearly seen that there exists residual polarization in the lon-

gitudinal direction under an odd mode excitation. However,

on the other hand, a perfect cancellation in the longitudinal

direction can be noted for an even mode. This explains why

the symmetric leaky-wave antenna inevitably suffers from a

radiation drop at the broadside.

FIGURE 1. Unit-cell electric field distribution at broadside under even and
odd mode excitations: (a) voltage distribution, (b) symmetric geometry,
(c) transversally asymmetric shape, (d) longitudinally asymmetric shape.

The above insight leads to a straightforward design guide-

line to avoid the radiation efficiency drop at the broadside.

If the symmetry of structure is broken, it is possible to

produce a residual polarization for even mode, and hence

improve its radiation efficiency. Fig.1(c) and (d) show two

approaches to break the symmetry, where the former breaks

the transversal symmetry and the latter breaks the longitudi-

nal symmetry. By carefully tuning the asymmetries, one is

able to equalize the radiation efficiencies of even and odd

modes, so as to completely suppress the open stopband at the

broadside radiation.

III. PROPOSED CONFIGURATION

The proposed dispersive slow-wave structure for a high scan-

ning rate is shown in Fig.2. Basically, it consists of an SIW

with 45◦ inclined slots on both top and bottom layers. High-

density slots slow down both phase and group velocities of

the guided wave, and 45◦ incline enforces the fields to be

polarized in 45◦ direction. As illustrated in Sec. II-A, such

a slow-group-velocity feeding line is the key to realize high

scanning rate leaky-wave radiation.

The substrate is Rogers RT 5880 printed circuit broad,

which has thickness h = 0.508 mm, relative dielectric

constant εr = 2.2, and loss tangent tan δ = 0.0009.
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FIGURE 2. The proposed SIW slow-wave transmission structure:
(a) overall feeding line, (b) unit cell with two SIW via holes, (c) unit cell
model used for simulation (where via holes have been replaced with
perfect electric walls).

The radius of metallic vias is r = 0.25 mm, the width of

waveguide is wg = 11.5 mm, and the period of vias is

ps = 1 mm. The length, width, period and rotating angle

of slots are ls = 10.5 mm, ws = 0.3 mm, ps = 1 mm,

and θ = 45◦, respectively. Dispersion diagram of a unit cell

has been calculated through the Eigenmode Mode Solver of

CSTMicrowave Studio (MWS). Boundary conditions of unit

cell with and without modulation are set as periodic, perfect

electric conductor (PEC), and PEC, along x-, y-, and z-axes,

respectively. Sweeping parameter is set as the propagation

phase of travelling wave. To reduce analysis complexity and

calculation time, in the simulation model, unit cell of the

slotted slow wave SIW showing in Fig.2(b) is replaced with

the one shown in Fig.2(c).

The dispersion curves of simplified unit cell are given

in Fig.3. The length of slots ls determines the upper cut-off

frequency of slotted SIW. As the length increases, the upper

cut-off frequency reduces. However, the lower cut-off fre-

quency undergoes a small shift only. Fig.3(b) presents the

influence of slot width on propagation constant. When the

width increases, the dispersion curves are almost the same

without any change. Based on our parametric study, we select

length ls = 10.5 mm and the width ws = 0.3 mm for

designing high scanning rate antennas. The slope of the corre-

sponding dispersion curve is small enough to slow down the

group velocity and hence to achieve a high scanning rate.

Since the small-slope part of the dispersion curve

in Fig.3 lies in the slow-wave region, it does not radiate.

Therefore, to excite leaky-wave radiation, a periodic mod-

ulation needs to be applied to the slow-wave slotted SIW.

Since the period of this modulation p is related with the

broadside frequency fb, we first need to select a proper

FIGURE 3. Effect of geometrical parameters on dispersion diagram of
proposed structure: (a) slot length ls, (b) slot width ws.

broadside frequency. fb should be chosen as less than the

upper cut-off frequency, which from Fig.3(b), is noted as

fup = 11.1 GHz (when ls = 10.5 mm). Based on that, we let

fb = 10.5 GHz. The period of modulation turns out to be

p = 18 mm. Our modulation scheme is explained as follows.

There are 18 sub unit-cells in the unit-cell, since the period

of single slot and unit cell are ps = 1 mm and p = 18 mm,

respectively. The unit cell exhibits an anti-symmetric shape,

which is divided into two groups of slots above and below the

longitudinal center axis, as shown in Fig.4(a). The lengths of

slots are denoted as h1 to h18 in a left to right sequence, in the

upper group. In the lower group, their sequence is reversed

as h18 to h1. The slot length gradually increases from h1 to

h13, where h13 = ls/2, and then decreases till h18 = ls/12.

After fixing these lengths, all the slots of a unit-cell, are

rotated by an angle θ = 45◦. It thus transforms the unit-cell

shape of Fig.4(a) to that in Fig.4(b), which basically forms a

symmetric rhombus structure.

In a periodically modulated symmetric structure, there still

exhibits an open stopband, which can be closed by intro-

ducing asymmetry into the structure, as explained above in

Sec. II. Our asymmetric unit-cell shapes are shown in Fig.4(c)

and Fig.4(d). They have been designed through the same

procedure of setting lengths and rotating slots, as explained

above for the case of symmetric unit-cell. Only the sequence

of length has been altered by a distance d, which refers to

the separation between the tallest slot and the line passing
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FIGURE 4. Evolution of an asymmetric shape: (a) original symmetrical
unit-cell with vertical slots, d = 0 mm, hs = 3.8 mm; (b) symmetric
unit-cell after slots are rotated by 45◦, d = 0 mm, hs = 3.8 mm;
(c) asymmetric unit-cell with rotated slots, d = 3.6 mm, hs = 3.8 mm;
(d) asymmetrical unit-cell with rotated slots, d = 4.8 mm, hs = 3.8 mm.

TABLE 1. Lengths of symmetric and asymmetric unit cell slots in Fig.4.

through the center of unit-cell. An increased d refers to an

increased asymmetry, whereas d = 0 mm refers to a sym-

metric unit-cell. Detailed parameters of the unit-cell shapes

of Fig.4 are listed in Table 1.

To find the best asymmetry or an optimum d (for closing

the stopband), we carry out a dispersion analysis of our unit-

cells, for different values of d. These results are presents

in Fig.5. It can be clearly seen that there exists an open

stopband for a symmetric unit-cell (d = 0 mm), which

can be closed as the unit-cell shape is made asymmetric by

increasing d = 4.8 mm. This is inline with the concepts

presented in Sec. II.

Suppressing of band gap can also be understood and veri-

fied through a electric field analysis of the structure, as given

in Fig.6. These field distributions under even and odd mode

excitations, have been obtained from CST MWS. Electric

field patterns have been examined for three frequency points,

FIGURE 5. Comparison of dispersion diagrams for symmetric and
asymmetric unit-cells.

11.5 GHz, 10.9 GHz, and 10.5 GHz. They refer to the broad-

side radiation points of the three cases compared in Fig. 5.

Figs. 6(a) and (b), show that field distributions of the unit

cell in Fig.4(b) under odd and even mode excitations, respec-

tively. It can be noted that the field distribution has a residual

radiation, whose polarization is vertical to the slots under

odd mode. On the other hand, they are almost cancelled

at center of the unit-cell, under an even mode excitation.

This can be seen through two opposite trapezoidal circling

regions in Fig.6(b). Cancellation of fields results in a lower

efficiency of the antenna structure, as explained above in

Sect. II. A similar situation is noted for the case of Fig.4(c)

at 10.9 GHz. Although, the unit-cell shape is asymmetric,

it is still not able to avoid a cancellation of fields, when

d = 3.6 mm. It is only when the asymmetry is sufficiently

increased at d = 4.8, the band gap of two modes is closed

at 10.5 GHz. There has a residual radiation for both field

distributions in Figs. 6(e) and (f). The residual radiation under

the odd mode excitation has the same polarization as that

of Fig. 6(a) and (c), which is perpendicular to the slots. For

even mode excitation, Fig. 6(f) shows two triangle circling

areas with the same direction and different magnitude of

field distribution. Existence of more residual fields leads to

an enhanced efficiency, and hence a closed stop band for

broadside radiation.

IV. DESIGN EXAMPLES

A. 45◦ LINEARLY POLARIZED LWA

Using the unit-cell shape evolved above in Fig.4(d), we have

designed a 45◦ LP LWA. It is shown in Fig.7. Its length and

width are Lr = 240 mm, w = 20 mm. It consists of 11 unit-

cells, and two microstrip lines which provide its interface

with coaxial connectors. For an improved matching, part of

the microstrip line is also tapered before joining it with the

top surface of SIW.

The simulated S-parameters and total efficiency of 45◦

LP LWA is presented in Fig.8(a). Here, the S11 is below

−10 dB from 9.9 GHz to 11.1 GHz, which implies that the

stopband has been completely closed. This frequency range

(9.9 - 11.1 GHz) corresponds to both forward and
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FIGURE 6. Field distributions of symmetric and asymmetric unit-cells
under odd and even mode excitations: (a) odd mode (d = 0 mm,
f = 11.5 GHz); (b) even mode (d = 0 mm, f = 11.5 GHz); (c) odd-mode
(d = 3.6 mm, f = 10.9 GHz); (d) even mode (d = 3.6 mm, f = 10.9 GHz);
(e) odd mode (d = 4.8 mm, f = 10.5 GHz); (f) even mode (d = 4.8 mm,
f = 10.5 GHz).

FIGURE 7. Our designed 45◦ LP LWA, (a) Top view, (b) Closer view of the
input port, (w1 = 1.6 mm, L1 = 5 mm, w2 = 2.8 mm, wg = 11.5 mm,
r = 0.25 mm, ps = 1 mm).

backward radiation. The span cover the broadside at around

10.7 GHz, which well agrees with the predicted broadside

point at 10.5 GHz seen for d = 4.8 mm in Fig.5. The

small deviation may be attributed to a finite size of leaky-

wave antennas. A periodical unit cell assumes an infinite

periodic structure, which is not possible to realize practically.

A finite periodic structure has edge effects, and its results are

expected to deviate a little from those obtained from a unit-

cell dispersion curve. The efficiency of two proposed LWAs

is shown in Fig.8(b).

The main beam direction and gain of this LWA, are dis-

played in Fig.9. The beam scanning range of this LWA is

from −32◦ at 9.9 GHz to 28◦ at 11.1 GHz, and the angle

scanning rate is about 50◦/GHz. It exhibits a maximum

FIGURE 8. (a)Measured and simulated S-parameters of 45◦ LP LWA.
(b) The efficiency of LP and CP LWAs.

FIGURE 9. Simulated peak gain, and scanning direction of 45◦ LP LWA.

gain 11.43 dBi at 10.5 GHz, and a nearly flat gain from

10.2 GHz to 11.0 GHz.

Fig.10 presents the normalized radiation patterns in x-o-z

plane at three different frequency points. It is seen that the

beam scans continuously from backward to forward across

the broadside, which is consistent with the results of Fig.9.

B. CIRCULARLY POLARIZED LWA

Our scheme for realizing a circularly polarized (CP) antenna

is shown in Fig.11(c). We have combined two linearly polar-

ized antennas through a 3-dB coupler, which also provides a

90◦ phase shift required for CP operation. The two 45◦ LP
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FIGURE 10. Simulated radiation patterns of the 45◦ LP LWA.

FIGURE 11. The designed CP LWA: (a) top view of the feeding coupler
(c1 = 7 mm, c2 = c3 = 10 mm, c4 = 12 mm, c5 = 20 mm, e1 = 1.6 mm,
e2 = 3.5 mm, e3 = 14 mm, e4 = 40 mm, e5 = 20 mm, r = 0.25 mm);
(b) top view of the combined structure; (c) a closer view highlighting the
polarization vectors of the two LP LWAs.

LWAs, similar to that of Sect. III-A, are placed in a parallel

orientation. They radiate θ = +45◦ and θ = −45◦ polarized

beams. When they are fed in equal amplitude and a 90◦

phase shift, it results in CP radiation. The coupler for equal

power division and 90◦ phase shift is shown in Fig.11(a).

Fig.12 shows the simulated S-parameters and phase differ-

ences of this coupler. It clearly exhibits a good reflection

(below −15 dB), equal power division, and an about 90◦

phase difference in the frequency range 9.0-13.0 GHz.

For the designed CP LWA, the simulated S-parameters are

displayed in Fig.13. It is seen that the reflection coefficient

is below −16 dB from 9.5 to 11.1 GHz. Transmission coef-

ficients of port 2 and 3 (S21, S31) are both below −10 dB

within 9.7-11.1 GHz, which implies that most of the energy

has leaked out of the structure, and only a very small part of

it reached the two end ports.

Simulated beam gain, axial ratio (AR), and beam directions

of the CP LWA are presented in Fig.14 and Fig.20. In Fig.20,

FIGURE 12. Simulation results of the coupler used in our CP LWA,
(a) S-parameters, (b) Phase difference between ports 2 and 3.

FIGURE 13. Simulated S-parameters of our CP LWA.

it is seen that the CP LWA has an AR below 3 dB, in a wide

frequency band from 10.1 GHz to 11.0 GHz. From Fig.14,

the CP LWA scans from−31◦ at 9.9 GHz to 21◦ at 11.0 GHz.

The gain of CP LWA is almost flat from 9.9 GHz to 11 GHz.

Fig.15 shows the normalized radiation patterns in

x-o-z plane at three different frequency points. It is seen

that the beam scans continuously from backward to forward

across the broadside, which is consistent with the results

in Fig.14. Similar to the LP antenna, the broadside radiation

frequency is around 10.7 GHz. Around the main beam,

side-lobe levels are different on the right and left sides.

This asymmetry of radiation pattern is actually expected

from the asymmetric field distribution of guided waves (or

equivalently surface currents), along the radiating aperture of
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FIGURE 14. Simulation results of our CP LWA realized gain,and scanning
angle.

FIGURE 15. Simulated radiation patterns of our CP LWA.

a leaky-wave antenna. It is known that energy leaks out grad-

ually as the incident signal propagates along the structure.

Based on that, strong fields (and hence surface currents)

exist near the port of excitation. Their amplitudes are much

reduced towards the opposite port, where residual energy is

absorbed in a matched load.

V. EXPERIMENTAL VALIDATION

The two designed LWAs were fabricated and tested. The

fabricated prototypes are shown in Fig.16. During measure-

ments, an antenna was fed at its input port through an SMA

connector, while other ports were terminated in a 50� load.

Performance of these prototype antennas is discussed as

follows.

A. 45◦ LP LWA

Measured S-parameters of 45◦ LP LWA have already been

presented in Fig.8. A good match with simulation results is

seen there. A small frequency shift is observed between the

two results. It may be attributed to the tolerance of dielec-

tric permittivity. Measured reflection coefficients presents a

crest around broadside, however, it still remains lower than

−10 dB, in the scanning band of 9.6-10.8 GHz.

Measured gain and the main beam directions are given

in Fig.17. It shows a beam scanning range of−33◦ at 9.6 GHz

to 28◦ at 10.8 GHz, which is consistent with simulation

FIGURE 16. Photograph of two fabricated prototypes, (a) LP LWA,
(b) CP LWA.

FIGURE 17. Measured gain and scanning direction of our LP LWA.

FIGURE 18. Measured radiation patterns of our LP LWA.

results. A small frequency shift is observed, which may be

attributed to the tolerance of dielectric permittivity or to a

fabrication error. A maximum gain of 11.12 dBi is noted

at 10.5 GHz. The gain changes within the frequency range

of 9.7 GHz and 10.7 GHz. Afterwards, it sharply drops to

7.01 dBi and 7.45 dBi, beyond the extreme scanning angles

of backward and forward directions, respectively.

Fig.18 gives normalized radiation patterns of this LP LWA

in the x-o-z plane at three different frequency points. As seen
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TABLE 2. Comparsion of scanning rates for reported works, exhibiting closed stopband situation.

FIGURE 19. Measured S-parameters of our CP LWA.

FIGURE 20. Simulated and measured axial ratios of our CP LWA.

here, the main beam scans continuously from backward to

forward across the broadside. These results are consistent

with those in Fig.17.

B. CP LWA

Fig.19 presents measured S-parameters of our CP LWA.

They match well with those obtained through simulation.

As desired, all the measured parameters are below −10 dB

from 9.5 GHz to 11.0 GHz. It indicates that the open stopband

has been closed.

Measured AR of the CP LWA is shown in Fig.20. It is seen

that AR stays below −3.1 dB from 9.8 GHz to 10.8 GHz,

which basically confirms an existence of circular polarization

FIGURE 21. Measured gain, and scanning angles of our CP LWA.

FIGURE 22. Measured radiation patterns of our CP LWA.

in this band. As shown in Fig.21, the LWA scans from−30◦ at

9.8 GHz to 22◦ at 10.8 GHz. The measured gain of CP LWA

maintains a flat value from 9.9 GHz to 10.7 GHz. Afterwards,

it drops to 6.03 dBi beyond the extreme angle of backward

direction.

Fig.22 presents normalized radiation patterns in x-o-z

plane at three frequencies. As seen here, the main beam scans

continuously from backward to forward across the broadside.

These results are consistent with those in Fig.21.

To demonstrate the superiority of our antennas, we com-

pare them with other previous works, as listed in Table 2.
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It is seen from this comparison that our LWAs have a higher

scanning rate among 45◦ linearly polarized and circular polar-

ized candidates. Our antennas have a continuous scanning

range from backward to forward directions, without an open

stopband at broadside. However, it should be pointed out

that the scanning range of our LWAs is relatively small, and

slightly larger than 60◦ only. Based on that, these antennas are

suitable for those imaging applications where a very broad

view or a large angular span is not required.

VI. CONCLUSION

In this paper, a new class of 45◦ LP and CP LWAs has been

explored, to obtain a very high scanning rate, and a closed

stopband simultaneously. These two features are known to

be attractive for imaging applications. The proposed struc-

ture was derived from an SIW, by making closely spaced

inclined slots on its top wall. This led to a highly dispersive

characteristic, which is desired for a high scanning rate of a

resulting LWA. Further, carefully designed asymmetric peri-

odic modulation was applied on this slotted structure. It was

shown that the proposed modulation effectively solves the

well-known open stopband problem, which otherwise results

in a low efficiency at broadside. To demonstrate the prin-

ciples and proposed techniques, two design examples were

fabricated. Measured results confirm the high scanning rate,

and closed stopband, features of our antennas. Based on that,

the proposed LWAs with different polarization appear poten-

tial candidates for high-performance imaging applications.

A single antenna is suitable for one-dimensional scanning.

Combining two of them can also lead to a two-dimensional

imaging system. The scan range of LP LWA is from −33◦ to

28◦ in at 9.6 - 10.8 GHz band. For CP LWA, it is −30◦ to

22◦, for a frequency span of 9.8 - 10.8 GHz. This may limit

its applications in some imaging scenarios, where a larger

view, or a full half-space scanning is required.
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