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Abstract. A microstrip circularly polarized (CP) leaky-
wave antenna (LWA) operating in the X-band, and having
the characteristics of a broad axial ratio bandwidth is pro-
posed. The proposed LWA is made up of 13 unit cells in
series through microstrip feeding lines. Elliptical and rec-
tangular slots are etched in each unit cell to achieve the
radiation of CP waves. The open stopband at the broadside
frequency can be suppressed by shifting the feeding line
position and etching two circular notches on both sides of
each radiation patch. To validate the proposed method,
a prototype antenna operating in the X-band is manufac-
tured and measured. The measured result demonstrates
that the —10-dB impedance bandwidth of the microstrip
CP LWA is 42.2% (7.96—12.22 GHz); the 3-dB axial ratio
bandwidth is 26.4% (9.2—12.2 GHz); the gain of the anten-
na is 16.0 dBic. Besides, the main beam maintains good
CP radiation properties while it continues to scan from
—22°to0 +18°.
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1. Introduction

Leaky-wave antennas (LWAs) have drawn a lot of in-
terest due to their high gain, low profile, and ability to vary
the scanning angle of the radiation beam with frequency
[1]. Various researches on LWAs have been reported,
including spoof surface plasmon polariton (SSPP) trans-
mission lines [2], substrate integrated waveguides (SIW)
[3], microstrip coupled meander lines [4], and coupled pin-
loaded microstrip lines [5]. However, the energy radiation
of these mentioned antennas is mainly in the form of linear
polarization.

Circularly polarized (CP) antennas have the charac-
teristics of minimizing polarization mismatch, strong iono-
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spheric penetration, and resistance to multipath interfer-
ence, which are applied in modern wireless communication
systems [6]. Several works on CP LWAs have been re-
ported in [7—11]. The beam scanning ability of CP LWA
can be generated by using horizontal and vertical slots to
be etched on SIW [7]. A CP LWA through etching resem-
bling slope slots on the half-mode substrate integrated
waveguide (HMSIW) was proposed in [8], which has the
characteristic of miniaturization. In [9], a multi-layer STW
CP LWA was formed by employing circular slots in the
bottom layer, truncated patches in the middle layer, and
H-shaped interdigital slots in the top layer. However, many
metalized holes are used in CP LWAs based on SIW or
HMSIW structures, resulting in low integration and high
cost of antennas. Wideband CP LWA with a multi-layer
structure based on the SSPP slow-wave transmission line
was reported in [10]. By loading tunable varactors con-
trolled by a single uniform DC bias voltage, the LWA is
able to complete a backward-to-forward CP beam scan at
a fixed frequency [11]. Unfortunately, the existence of multi-
layer substrates and tunable varactor diodes increases the
CP antenna’s size and complexity.

Compared with the previous references [6—11], mi-
crostrip CP LWAs have the advantages of low profile and
single-layer structure [12-16]. In [12], a CP leaky-wave
antenna was proposed by cascading asymmetrically cou-
pled microstrip line structure. However, it had a 3-dB axial
ratio (AR) bandwidth of only 4.8%. Two orthogonal di-
poles arranged on both sides of the planar Goubau line
were used to generate CP beam radiation and improve the
AR bandwidth of LWAs [13]. In [14], different coupled
parasitic loads and meandering lines were utilized to pro-
duce CP beam scanning and increase the 3-dB AR band-
width to 11.2%. A microstrip CP LWA with a beam-
scanning angle of 95° was proposed in [15], which shows
a 3-dB AR bandwidth of less than 12%. In [16], a broad-
side CP radiation microstrip LWA was presented using
transversal series-fed symmetric elements. However, all the
mentioned microstrip CP LWAs had narrow 3-dB AR
bandwidth.
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Open stopband (OSB) appears at the broadside fre-
quency of the beam frequency scanning LWAs, which
weakened the antenna’s gain at the center (i.c., broadside)
frequency and was caused by a mismatch of the antenna’s
unit cell [17]. Numerous techniques have been contributed
to achieve the suppression of the OSB. Impedance match-
ing technology with balanced conditions at the operating
frequency band was used to alleviate the OSB of LWAs
[18], [19]. Nevertheless, the method increases the size of
antennas due to the introduction of stubs and impedance-
matching networks. In [20], a rectangular slot was embed-
ded between two adjacent unbalanced open ring resonators
in the SIW unit cell, which eliminates efficiently the OSB.
Besides, transversal asymmetry [21] techniques in periodic
LWA were used for suppressing OSB. However, this tech-
nique requires extracting the corresponding circuit model
of the LWA’s unit cell, increasing the complexity of the
analysis. In [22], open stubs were used to achieve asym-
metric unit cells for mitigating OSB. However, the disad-
vantage of the adding open stub technique is that it only
can suppress the OSB of microstrip linearly polarized
LWA. In [16], the OSB of the CP LWA was suppressed by
etching a pair of rectangular portions at the bottom corner
of the patch. However, it didn’t have a structure to adjust
the impedance matching of the CP LWA, so the |S11| of the
LWA [16] had a significant increase at the broadside fre-
quency, which implies the method in [16] has a weak OSB
suppression ability. Therefore, it is necessary for microstrip
CP LWA to find a simple and effective method to achieve
the suppression of the OSB.

In this paper, a CP microstrip LWA with wide AR
bandwidth and OSB suppression characteristics for X-band
application is proposed. It has etched elliptical and rectan-
gular slots that produce circularly polarized radiation, and
the symmetrical two circular notches are etched in the
radiation patch and the feeding line shifted to suppress the
OSB.

2. Antenna Design and Analysis

2.1 Configuration of the Proposed CP LWA

Figure 1 shows the configuration of the proposed mi-
crostrip CP LWA with a wide AR bandwidth, which con-
sists of thirteen cascaded unit cells. The physical dimen-
sions of the proposed LWA /xw is 277 mm X 36 mm.
Two metal strips with the size of /s x w, are used at two
ports to achieve 50-Q impedance matching. It is printed on
a substrate with relative dielectric constant &=2.6 and
a thickness of # = 1 mm. The unit cell is based on a circular
radiation patch. The initial radius 7 of the circular patch can
be obtained by using the analysis formula for the funda-
mental mode (i.e., TM;; mode) resonant frequency of the
circular patch antenna [23] and making the TM;; mode
resonant frequency less than the lowest operating frequen-
cy of the LWA. The period p of the unit cell is selected as
/¢ at broadside frequency [24]. The evolution of the unit cell

Fig. 1. The configuration of the proposed microstrip CP LWA.
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Fig. 3. The |S;| of the leaky-wave antenna with the unit cell D
or the unit cell E.

for the proposed microstrip CP LWA is depicted in Fig. 2.
In unit cell A, a microstrip line with width wy and a circular
patch etched with an elliptical slot is employed. The 7, and
re represent the semi-minor and semi-major axes of the
etched elliptical slot, respectively. In unit cell B,
a rectangular slot with the size of /; x w; is etched in the
radiation patch. In unit cell C, the movement distance of
the microstrip feeding line along the negative X-axis is /.
Two circular notches with the radius of r; are etched on
both sides of the radiation patch in unit cell D. In addition,
a rectangular patch with the size of /3 % r; and two circular
patches with the radius of , are added in unit cell E to
reduce the impact of microstrip discontinuity and improve
the impedance matching of the CP leaky-wave antenna, as
shown in Fig. 3.

2.2 Analysis of OSB Suppression

The dispersion curve for the unit cell of the proposed
CP LWA is presented in Fig. 4. The normalized phase
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constant f/ko and attenuation constant a/ky are shown in
Fig. 4, where f, a, and ko represent the phase constant of
the antenna, attenuation constant, and free space wave
number, respectively. The f and o can be calculated by
utilizing the formula mentioned in [25]:

PRRL h[MJ R
p 2SZI

a:l Rel coshl(w) )
p 2SZI

where p is the period of the unit cell for the proposed CP
LWA.

Figures 4(a) and 4(b) exhibit the normalized phase
constants and normalized attenuation constant of five types
of unit cells, respectively. As shown in Fig. 4(a), the nor-
malized phase constant S/ky of the unit cell A is less than 1
in the X-band, the unit cell A can radiate electromagnetic
waves, but due to the f/ko of the unit cell A constantly
being greater than zero from 8 to 12 GHz, beam frequency
scanning from the backward to the forward in X-band
cannot be achieved. Thus, a slot with dimensions of w; x [,
is etched in the radiation patch to become the unit cell B
shown in Fig. 2, and then the f/ko of the unit cell has zero
values shown in Fig. 4(a), beam frequency scanning from
the backward to the forward in X-band can be achieved.
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Fig. 4. Dispersion curves of the different unit cell. (a) Nor-
malized phase constant. (b) Normalized attenuation
constant.

However, the normalized attenuation constant a/ky of the
unit cell B has significant fluctuations from 9 to 12 GHz
(the fluctuation larger than 0.18, as shown in Fig. 4(b)),
which implies the existence of the OSB. By shifting the
feeding line from the original position at the patch center
with the distance /, (i.e., becoming the unit cell C), the
fluctuation of the a/ky from 9 to 12 GHz is reduced to
about 0.04 shown in Fig. 4(b). Then by adding two circular
notches of radius r; (i.e., becoming the unit cell D), the
fluctuation of the a/ko from 9 to 12 GHz is further reduced.
Finally, the unit cell E has a flatter a/ko from 9 to 12 GHz
(as shown in Fig. 4(b)), so the OSB is suppressed and the
unit cell E is used in the proposed microstrip CP LWA’s
design.

The azimuth 6, of the main beam of proposed LWA
can be expressed as

9,, = arcsin(p/k, ). 3)

From (3), it is apparent that 6, is associated with the nor-
malized phase constant f/ko. When 0 < f/ko<1, the main
beam of the CP LWA can gradually scan from backward to
forward. On the contrary, when f/ko> 1, the electromagnet-
ic waves of the antenna cannot radiate into free space [26].

2.3 Current Distribution

The simulated surface current distribution of the unit
element at 10.7 GHz can be viewed in Fig. 5. It is obvious
that when the microstrip CP LWA is excited with the phase
being 0° and 180°, the amplitude of surface currents are
almost the same, and their directions are contrary. Similar-
ly, the same phenomenon occurs in the proposed antenna
when the phases are 90° and 270°. The etched elliptical
and rectangular slots cause the surface current vector at the
lower part of the radiating patch to rotate clockwise at
different times, which results in the proposed antenna be-
ing able to radiate the left-hand circularly polarized (LHCP)
waves. Besides, the perturbation caused by the circular
notches etched on both sides below the unit cell also has
an undeniable impact on the CP radiation performance of
the antenna.
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Fig. 5. Simulated surface current distribution of the unit cell at
10.7 GHz.
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2.4 Optimization of Microstrip CP LWA

The effect of the semi-major axis 7 of the etched
elliptical slot on the AR of the proposed CP LWA in the
maximum radiation direction is shown in Fig. 6(a). It is
evident that with 7 increases from 2.1 to 4.1 mm, the 3-dB
AR bandwidth exhibits a trend of first increasing and then
decreasing. Meanwhile, when 7; is 3.1 mm, in the (9.4 to
12.0) GHz frequency band, the simulated AR of the pro-
posed antenna at all maximum radiation directions is less
than 3 dB. From Fig. 6(b), it can be seen that when
r:=3.5 mm, the AR at 10 GHz has a minimum value of
0.5 dB, but the AR at 11 GHz is greater than 3 dB. For the
AR to be less than 3 dB from 9.5 to 11 GHz, the value of r;
needs to be in the range of 2.9-3.3 mm. The effect of semi-
major axis r; on the |S11| is shown in Figs. 6(c) and 6(d). It
can be seen from Fig. 6(c) that as the semi-major axis r of
the etched elliptical slot increases from 2.1 to 3.1 mm, the
impedance bandwidth for |S;;] <—10dB increases from
40.2% to 41.0%. When r¢ is 4.1 mm, the |Sy| at 10.7 GHz
is greater than —7.4 dB, which means that the OSB effect
of the antenna is not suppressed. Figure 6(d) illustrates that
when r is increased from 2.9 to 3.3 mm, the |S)i| for all
four frequencies is less than —14.5 dB, and the |S)| at
11 GHz has a minimum value of —18.5 dB at »,=3.1 mm.
Thus, after taking into account the AR, OSB suppression
capabilities, and |S11|, 71 is finally determined to be 3.1 mm.

Figures 7(a) and 7(b) give the effect of the semi-
minor axis r, variation of the etched elliptical slot on the
AR of the proposed CP LWA in the maximum radiation
direction. As presented in Fig. 7(a), as ry increases from
0.43 to 1.23 mm, the AR of the CP antenna at 10.7 GHz
firstly reduces from 5.0 to 1.5 dB and then increases from
1.5 to 6.5 dB. Figure 7(b) shows that as r, increases from
0.23 to 1.43 mm, the AR at 10.5 and 11.0 GHz firstly de-
creases and subsequently increases. The AR curves for
10.5 and 11.0 GHz intersect at the », of about 0.86 mm
with an AR of 1.7 dB. In addition, as the r, increases from
0.73 to 0.93 mm, the AR at 9.5 GHz gradually increases. It
is obvious from Fig. 7(c) that the |Si| is greater than
—10 dB from 10.54 to 10.96 GHz when the ry is 1.23 mm.
The impedance mismatch in the broadside frequency is
caused by the OSB effect [17]. As shown in Fig. 7(d),
when r,= 0.83 mm, the |S};| for all four frequencies is less
than —14 dB. To accomplish the proposed CP LWA’s cir-
cular polarization and the OSB suppression requirements
and work in the X-band, 7 is selected as 0.83 mm.

The effect of the etched circular notch radius r; on the

AR and |S1i| of the proposed antenna is introduced in Fig. 8.

As shown in Fig. 8(a), when the radius 7 increases from
0.1 to 0.9 mm, the 3-dB AR bandwidth of the antenna
decreases from 24.2% to 11.4%. It can be seen from
Fig. 8(b) that as r| increases from 0.3 to 0.9 mm, the AR at
10 and 11 GHz decreases, but the AR at 10.5 GHz in-
creases (especially when 7 is greater than 0.5 mm). As
shown in Fig. 8(c), when r| increases from 0.1 to 0.9 mm,
|S11] at 10.7 GHz increases from —25.6 to —11.5 dB. Fig-
ure 8(d) shows that as 7 increases from 0.5 to 0.9 mm, | S|
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at 10.5 and 11.0 GHz gradually increase. Figures 8(c) and
8(d) indicate that the OSB suppression ability of the mi-
crostrip CP LWA is deteriorating with the increase of 7
from 0.5 to 0.9 mm. Overall, considering the AR and |Si]
performances, 7 is ultimately chosen as 0.5 mm.

Figure 9 gives the effect of the rotating angle 0 of two
circular notches etched on both sides of the radiation patch
on the AR and [S1]. It can be seen from Fig. 9(a) that 4 can
be used to improve the AR performance at the upper band
from 11.0 to 12.0 GHz. As shown in Fig. 9(b), the AR for
all four frequencies always is less than 2.4 dB with the
increase of 6 from 6° to 46°. When 0 = 26°, the AR of the
antenna at 10.0 GHz is 0.9 dB. It can be seen from Fig. 9(d)
that as @ increases from 16° to 26°, |S);| for all four fre-
quencies always is less than —14.5 dB. To obtain good AR
bandwidth, the rotation angle 6 is set as 26°.

The variation of AR versus frequency and slot width
wi are given in Figs. 10(a) and 10(b), respectively. Fig-
ure 10(a) shows that the antenna’s 3-dB AR bandwidth
rises from 19.3% to 24.2% as w; increases from 0.25 to
0.35 mm. Figure 10(b) demonstrates that there is an oppos-
ing trend in AR at 9.5 and 11 GHz when w, increases from
0.1 to 0.6 mm. And when w; is in the range from 0.2 to
0.44 mm, the AR for all four frequencies is less than 3 dB.
As shown in Fig. 10(c), the increase of w; from 0.25 to
0.45 mm has a relatively small effect on the |S}i|. It can be
seen from Fig. 10(d) that as w,; increases from 0.2 to
0.44 mm, the |[Si;| at 9.5 and 10 GHz gradually increases,
but both are less than —13 dB. At 10.5 GHz, the |Si1| of the
antenna has a minimum value of —-24.5dB when
w1 = 0.35 mm. After taking into account the antenna’s 3-dB
AR bandwidth and |S11], w is determined to be 0.35 mm.

Figure 11 gives the effect of the number of unit cells
on the gain of the proposed microstrip CP LWA at
10.7 GHz. It can be seen from Fig. 11 that as the number of
unit cells increases from 9 to 16, the gain of the proposed
microstrip CP LWA increases from 13.68 to 16.95 dBic.
To design a leaky-wave antenna with a gain larger than
15.5 dBic, the number of unit cells is selected as 13.
Meanwhile, by Ansys HFSS simulation, the proposed mi-
crostrip CP LWA’s final dimensions have been identified
and presented in Tab. 1.
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Fig. 11. Effect of the number of unit cells on the gain of the
proposed microstrip CP LWA at 10.7 GHz.
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Tab. 1. Dimensions of the proposed microstrip CP LWA.
(unit: mm).
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Fig. 12. Simulated 3D radiation patterns of the proposed
microstrip CP LWA: (a) 8.5 GHz, (b) 9.5 GHz,
(c) 10.7 GHz, (d) 11.5 GHz.

Figure 12 gives the simulated 3D radiation patterns of
the proposed microstrip CP LWA. It can be seen that as the
frequency increases from 8.5 to 11.5 GHz, the main beam
of the proposed leaky-wave antenna scans from backward
to forward, and the broadside radiation frequency is
10.7 GHz.

3. Simulated and Measured Results

Figure 13 provides a photograph of the manufactured
microstrip CP LWA. The far-field performances of the
manufactured LWA are measured in the microwave ane-
choic chamber, and the S-parameters are measured using
an Agilent N5230A vector network analyzer. Figure 14
shows the simulated and measured S-parameters of
the proposed CP antenna. As seen in Fig. 14, the measured

(b) |

Fig. 13. Photograph of the manufactured microstrip CP LWA.
(a) Top layer. (b) Bottom layer.
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reflection coefficient |Sii| is less than —10 dB, and trans-
mission coefficient |S»| is less than —7.3 dB from 7.96 to
12.22 GHz. Moreover, the measured |Sy;| is —15.2 dB at the
broadside frequency of 10.7 GHz, indicating that OSB is
effectively suppressed. Figure 15 gives the simulated and
measured normalized radiation pattern of the proposed
microstrip CP LWA. The measured results demonstrate
that the proposed antenna is capable of a main-beam scan-
ning range of —52° to +18° in the frequency range from 8.2
to 12.0 GHz. The sidelobe level of the proposed microstrip
CP LWA is below —11 dB at all frequencies from 8.2 to
12 GHz. The AR and gain curves for simulation and meas-
urement are shown in Fig. 16. The measured 3-dB AR
bandwidth is 26.4% from 9.2 to 12.0 GHz. In the 3-dB AR
bandwidth, the measured gain is more than 11.2 dBic with
a maximum gain value of 16.0 dBic. The simulated and
measured main beam-scanning angle of the proposed mi-
crostrip CP LWA is shown in Fig. 17. It can be seen that
the measured main beam-scanning angle is from —24° to
+18° within the 3-dB AR bandwidth (i.e., 9.2-12.0 GHz).
The first reason for the differences between the simulated
and measured results is the tolerance of the substrate die-
lectric constant and the fabricated LWA prototype. Among
them, the nominal deviation of the permittivity of the used
substrate is + 0.05 when leaving the factory, and the nomi-
nal deviation during the antenna manufacturing process is
+0.1 mm. The second reason is the measurement tolerance
of the far-field measurement system in the microwave
anechoic chamber.

The comparisons between the proposed LWA and
existing antennas are provided in Tab. 2. It reveals that the
AR bandwidth of the proposed LWA is 26.4%, which is
wider than [9], [12—14] and [16]. Furthermore, compared
to existing antennas, wider impedance bandwidth, higher
gain, and simpler structure can be accomplished using the
proposed microstrip LWA in the X-band.

4. Conclusion

In this paper, a microstrip CP LWA with wide imped-
ance bandwidth and AR bandwidth is proposed for X-band
application. The characteristics of CP radiation and OSB
suppression have been achieved by etching slots of differ-
ent shapes in the circular radiation patch. Specifically,
adjusting the movement distance /, of the feeding mi-
crostrip line can significantly suppress the OSB, and etch-
ing two circular notches with the radius of r; can also fur-
ther suppress the OSB. In accordance with the
measurement results, the main beam of the proposed an-
tenna can scan from —52° to +18° in the impedance band-
width from 7.96 to 12.22 GHz, and the 3-dB AR band-
width is 26.4% from 9.2 to 12.0 GHz with a maximum gain
of 16.0 dBic. Compared with the existing CP LWAs [9],
[12—14], [16], the radiation performances of the proposed
CP LWA have been significantly enhanced by using the
proposed unit cell in this paper. Therefore, due to its su-
perior performance in wide impedance and AR bandwidth,
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Refs. Antenna type |S11] <—10 dB BW (%) AR <3 dB BW (%) Polarization mode Scan angle Gain

[9] SIW 7.62-10.67 GHz (33.1%) 8.3-10.6 GHz (24.3%) CP —38° t0 +71° 10.5 dBic

[12] Meandering 8.1-8.5 GHz (4.8%) 8.10-8.50 GHz (4.8%) CP —31° to +6° 9.1 dBic
miCrostrip

[13] PlanaiinGe"“bau 36.0-42.0 GHz (15.0%) 38.0-41.0 GHz (7.6%) Cp -19.6°to—17.5° | 15.6 dBic

[14] Coupling 9.7-11.7 GHz (26.1%) 10.1-11.4 GHz (11.2%) Cp —4° to +18° 12.7 dBic
microstrip

[16] Periodic 7.5-11.7 GHz (43.0%) 9.1-10.4 GHz (13.3%) cP —48° to +16° 15.8 dBic
microstrip

[22] Meandering 6.0-7.3 GHz (19.6%) . LP —60° to +58° 12.6 dBi
miCrostrip

Proposed Periodic 7.96-12.22 GHz (42.2%) 9.2-12.0 GHz (26.4%) CP —52° to +18° 16.0 dBic
antenna microstrip

Tab. 2. Comparisons of the proposed LWA with existing antennas.

high gain, and continuous beam scanning, radar and X-
band satellite communication are two areas where the pro-
posed antenna has significant potential for use.
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