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ABSTRACT In this paper, a theoretical model based on the electric field integration method is proposed
to analyse radiation properties of the slotted annular Leaky-Wave Antenna (LWA), which can generate a
Circularly Polarized (CP) conical beam or broadside beam. The annular LWA contains radiating elements
arranged along a circular travelling-wave structure with equal intervals. By combining the proposed model
and LWA theory, the design procedure for the annular SIW LWA is presented. To verify the model, three
examples of LWAs with different beam angles have been designed and fabricated. Calculation results from
the proposed model are consistent with the simulation and measurement results. The model can significantly
reduce the design period and is an instructive tool for antenna design.

INDEX TERMS Theoretical model, leaky-wave antenna, conical and broadside beam, circular polarization,
annular travelling-wave structure.

I. INTRODUCTION
Circularly polarized (CP) conical beam antennas have been
studied for a long time and attract increasing attention due
to their low polarization mismatch loss, especially in satel-
lite communication. Several types of methods have been
proposed to generate the CP conical beam. One type of
methods is to excite high-order modes. In [1], a dual-CP
microstrip antenna with a conical beam is proposed by excit-
ing the second-order mode. In [2], a pattern-reconfigurable
antenna is proposed, which generates a broadside beam by
the TM11 mode and a conical beam by exciting the TM21
mode. Another type of methods is to simultaneously excite
two orthogonal modes. In [3], a CP conical beam array
antenna with polarization diversity is designed by controlling
PIN diodes and generating two orthogonal modes. In [4],
by exciting two orthogonal modes (TM01 and TE01) in a
circular aperture, a CP conical beam antenna is realized.
In [5], a CP conical beam is produced by simultaneously
exciting the loop mode and monopole mode using a patch
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antenna, and it switches between right-hand CP and left-hand
CP beams by PIN diodes. In [6], by exciting two modes
(TM01 and TM02), a wideband CP conical beam antenna
is designed. In [7], a CP conical beam antenna is pro-
posed by a circular-monopolar patch surrounded with eight
reconfigurable stubs, and the left- and right-hand CP are
switched by PIN diodes. In [8], a low-profile CP antenna
with a conical-beam pattern is presented, which contains a
monopolar patch surrounded by ring-shaped parasitic ele-
ments. In [9], a novel CP conical-beam antenna with hori-
zontal and vertical radiators around a monopole is proposed,
whose beam angle is tuned by the height of parasitic elements.
In [10], a wideband CP conical-beam microstrip antenna
with a large ground plane is designed. In [11], a CP conical
beam antenna that consists of a feeding probe and a para-
sitic dielectric parallelepiped element is proposed. In [12],
a low-profile substrate integrated waveguide (SIW) antenna
with a CP conical beam is designed by combining a radial
current source and a loop current source. In addition to these
two types of methods, a CP conical beam can be generated
by a CP array using CP radiation elements, e.g., in [13],
orthogonal slots are notched on a metallic truncated circular
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cone to generate a CP conical beam pattern. As a newmethod,
a torus knot antenna with a CP conical beam is proposed by
generating an annular current [14].

Most of the mentioned designs are based on standing-wave
structures. Studies on CP conical-beam antennas designed
based on travelling-wave structures are less comprehensive.
In [15], a wideband two-arm spiral antenna producing a
CP conical beam is proposed. In [16], a CP conical beam
is generated by a low-profile two-arm Archimedean spi-
ral antenna. In [17], a leaky-wave antenna with switch-
able omnidirectional conical radiation by frequency is
proposed. These designs have continuous current distribu-
tions. In fact, by arranging radiating elements along a circle
travelling-wave structure, it is possible to generate CP conical
or broadside beams. In [18], a series-fed circular patch array
that generates a broadside beam is designed using coplanar
proximity coupling, which presents the merit of a low-profile
structure with a single layer. In [19], a series-fed square patch
array for broadside beam radiation is designed, which is fed
by a circular meandered microstrip transmission line beneath
the radiating layer. Meanwhile, a theoretical model for the
series-fed antenna array is proposed in [19], which uses the
far field of one unit as initial data to analyse the axial ratio of
the entire array.

As a typical type of antennas, Leaky-Wave Anten-
nas (LWAs) can be constructed by different types of trans-
mission lines such as microstrip line [20] and SIW [21].
In [20], a microstrip line working on pin-loaded EH1-mode is
proposed, which effectively extends the distance of in-phase
equivalent magnetic-current line sources for gain enhance-
ment. For the SIW, a simple structure makes it easily fabri-
cated on a printed circuit board and realizes the low-profile
LWA [22].

In this paper, a theoretical model for slotted annular LWAs
based on travelling-wave structures is introduced. Unlike that
in [19], the proposed model uses field distribution in the slot
aperture to analyse the far-field pattern and axial ratio of the
array. Two types of beam patterns (broad side and conical
beams) and their axial ratios are investigated. The design
guidelines of the array are provided to obtain the desired
beam. Furthermore, combining the proposed model with the
SIW LWA theory, the design approach for the annular SIW
LWA is provided, and relative equations are presented. In the
remainder of the paper, the radiation mechanism, modelling
procedure and analysis of the CP annular LWA are presented
in Section II. The proposed model is validated in Section III.
Conclusions are drawn in Section IV.

II. MODELLING AND RADIATION PROPERTY
ANALYSIS OF THE ANTENNA
In this section, a 12-element annular travelling-wave slot-
ted antenna array is first modelled and analysed to explain
the radiation mechanism, including the CP principle of this
type of antenna array. Then, a theoretical model for the CP
conical-beam LWA is established using the electric field

FIGURE 1. Schematic diagram of the 12-element annular array.

integration method. Finally, the radiation properties of the
antenna are analysed.

A. RADIATION MECHANISM OF ANNULAR LWA
Fig. 1 shows the case of a 12-element antenna array, where
each element is represented by a current element. For sim-
plicity, all elements are assumed to have equal amplitudes.
In the annular array, the phase variation of the travelling wave
is set as 4π . In Cartesian coordinate system, each current
element is decomposed into x and y components, i.e., Jxm
and Jym components. To calculate the far field pattern in the
xoz-plane, Eθ is derived from Jx , Eϕ is derived from Jy, and
they are expressed by

Eθ (θ ) =
e−jkr

r
(Ix1e

−j(φx1+kd1 sin(θ))+Ix2e
−j(φx2+kd2 sin(θ)) · · ·

+ Ix12e
−j(φx12+kd12 sin(θ))) (1)

Eϕ(θ )=
e−jkr

r
(Iy1e

−j(φy1+kd1 sin(θ ))+Iy2e
−j(φy2+kd2 sin(θ)) · · ·

+ Iy12e
−j(φy12+kd12 sin(θ))) cos θ (2)

where Ixm , Iym , φxm and φymare the amplitude and phase
of components Jxm and Jym, as listed in Table 1; r is the
distance between an observation point and centre point O;
dm is the projection of the position vector of each element;
k is the propagation constant in free space. An additional π
is added in φxm and φym due to the rotation of the element,
as shown in Table 1. To obtain the left- and right-hand circular
polarization (LHCP and RHCP) components, the expressions
are

EL = (Eθ + jEϕ)/
√
2 (3)

ER =
(
Eθ − jEϕ

)
/
√
2 (4)

Moreover, the axial ratio is expressed by

rA =
EL + ER
EL − ER

(5)
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TABLE 1. Element information of the 12-element circular array.

FIGURE 2. RHCP pattern and axial ratio of the 12-element circular array
in the xoz-plane.

FIGURE 3. Spatial model of the travelling-wave slotted circular array.

The radius of array R is set to 0.62 λ, where λ is the wave-
length in free space. The RHCP component pattern and axial
ratio of the wave in the upper xoz-plane can be obtained, as
depicted in Fig. 2. The RHCP conical beam, which points to
26◦ is generated by the annular LWA, and the axial ratio is less
than 3 dB in the range of (−33◦, 33◦). This result explains
the generation of CP properties and can produce a conical
beam pattern. When the travelling wave is anticlockwise,
the polarization is RHCP. Conversely, LHCP can be generated
by a clockwise travelling wave.

B. MODELLING
The proposed travelling-wave slotted annular antenna array
to generate a CP conical beam is depicted in Fig. 3, where

FIGURE 4. Electric distributions of (a) the waveguide and (b) a slot
aperture.

radiating elements are arranged along a circle with constant
interval. Each element corresponds to an angle ϕm defined
by its position vector and x-axis, where m = 1, 2, 3, . . . ,M .
Here, it is assumed that the direction of the travelling wave is
anticlockwise, as mentioned in the former part, and RHCP
is generated. Each adjacent element in the anticlockwise
direction has a phase delay of1t , which should be considered
in the calculation of the radiation pattern of the array. The
proposed model can predict the radiation properties of the
annular LWA, when radius C , wavelength number n and
element numberM are determined.
Using the equivalence principle, the radiation of each

element can be equivalent to that of electric and magnetic
currents J and Jm in free space [23], which are

J = n̂×H (6)

Jm = −n̂× E (7)

where E and H are the field distribution surrounding the
slot aperture. For simplicity, a rectangular slice is employed
above a slot for 0.15 mm to substitute the closed surface
surrounding the slot, as illustrated in Fig. 4(b). The slice
covers themajority field of the slot, and the field attenuates by
large at the edges of the slice. Thus, the remainder of the field
can be omitted. Formulas (6) and (7) can be further expressed
by

J = −x̂Hy + ŷHx (8)

Jm = x̂Ey − ŷEx (9)

The far field of the array can be expressed by

Eθ (θ, ϕ) =
M∑
m=1

Eθm (θ, ϕ)e−jφm (10)

Eϕ (θ, ϕ) =
M∑
m=1

Eϕm (θ, ϕ)e−jφm (11)

where Eθm and Emϕ are the θ and ϕ electric field components
of the mth element, and

φm = (m− 1)×
2nπ
M

, m = 1, 2, . . . ,M (12)

where 2nπ is the phase variation of the entire waveguide.
Assuming a uniform amplitude distribution of field in slots,
we obtain the total far field of the annular LWA from one
single element by rotating it to different places and summing
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up the far field together. Therefore, (10) and (11) can be
expressed by

Eθ (θ, ϕ) =
M∑
m=1

Eθs (θ, ϕ − (m− 1) ϕs)e−jφm (13)

Eϕ (θ, ϕ) =
M∑
m=1

Eϕs (θ, ϕ − (m− 1) ϕs)e−jφm (14)

where Eθs and Eϕs are the far field of a single element and are
expressed by

Eθs =

−
jωµ
4π

∫ Jx

S
GdS ′ −

1
4π

∫
S
Jmy

∂G
∂z
dS ′

−
j

4πωε

∫
S
(Jx
∂2G
∂x2
+ Jy

∂2G
∂x∂y

)dS ′


× cosϕ cos θ

+

−
jωµ
4π

∫ Jy

S
GdS ′ −

1
4π

∫
S
Jmx

∂G
∂z
dS ′

−
j

4πωε

∫
S
(Jx

∂2G
∂x∂y

+ Jy
∂2G
∂y2

)dS ′


× sin θ cosϕ

+

−
1
4π

∫
S
(Jmy

∂G
∂x
− Jmx

∂G
∂y

)dS ′

−
j

4πωε

∫
S
(Jx

∂2G
∂x∂z

+ Jy
∂2G
∂y∂z

)dS ′

 sin θ

(15)

Eϕs =

−
jωµ
4π

∫ Jx

S
GdS ′ −

1
4π

∫
S
Jmy

∂G
∂z
dS ′

−
j

4πωε

∫
S
(Jx
∂2G
∂x2
+ Jy

∂2G
∂x∂y

)dS ′

 sinϕ

−


jωµ
4π

∫ Jy

S
GdS ′ −

1
4π

∫
S
Jmx

∂G
∂z
dS ′

−
j

4πωε

∫
S
(Jx

∂2G
∂x∂y

+ Jy
∂2G
∂y2

)dS ′

 cosϕ

(16)

where G = e−jkR/R; R =
∣∣r− r′∣∣; r and r’ are the posi-

tion vectors of the field point and source point, respectively;
θs = 2π/M is the angular interval between elements.
The left- and right-hand circular polarization components

(LHCP and RHCP) EL and ER and the axial ratio can be
obtained by equations (3)-(5). Thus, by utilizing the aperture
field of a single element, we can obtain the total field of an
M-element annular LWA.

C. ANALYSIS OF RADIATION PROPERTIES
In this part, the radiation properties of the annular LWA are
analysed based on the proposed model. A rectangular-slotted
annular LWA based on SIW is employed as an example [24].
As shown in Fig. 4(a), the SIW only enables the TE10 mode
excited in it. The interval of metallic vias is arc length s in the
circular SIW, so we can use the design criterion s/d < 2.5
and d/w < 1/8 in [21] to design the circular SIW. The field
distribution in the slot aperture is obtained by the full-wave

FIGURE 5. Radiation pattern of the slot with (a) different dimensions and
(b) different placements.

FIGURE 6. Schematic diagram of the slot placement.

TABLE 2. Slot cases of different dimensions.

simulation of CST, as illustrated in Fig. 4(b), which has
considered the coupling between elements.

In the beginning, the effect of the slot sizes and placement
on the radiation pattern of the array is studied, and the results
are shown in Fig. 5. During the investigation, radius C of the
array is set to 21 mm, element number M is set to 12, and
guided wavelength number n is set to 2. Table 2 lists five
cases of slots with different sizes. As observed in Fig. 5(a),
there is no evident difference between the beams, especially
for the beam angles in the ϕ-plane. For the placement effect
of the slot as depicted in Fig. 6, a small deviation of δx
along the x direction is introduced. The results in Fig. 5(b)
show that the slot placement have no significant effect on the
radiation patterns. Hence, the radiation pattern of the array is
not sensitive to the dimensions and placement of the slots.

The effects of three main parameters on the radiation
properties are investigated: radius C , elements number M
and wavelength number n. Figs. 7-9 illustrate the radiation
properties of the annular LWAs with different C , M and n.
The operating frequency is set to 5.8 GHz; C and M are set
to 21 mm and 12 when n changes; n and M are set to 2 and
12 when C changes; n and C are set to 2 and 21 mm whenM
changes.

The radiation patterns in Fig. 7 and 8 are drawn by
the co-polarization component, i.e., the RHCP component.
In Fig. 7 (a), with increasing n, the beam deviation increases
because the phase difference between adjacent elements
increases. n = 1, 2, 3 correspond to θ = 0◦, 36.8◦, 59.1◦

respectively. When n is equal to 1, a broadside beam occurs
as illustrated in Fig. 10(a), which implies that the small
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FIGURE 7. Calculated radiation patterns of the LWAs in the xoz-plane
with different structural parameters: (a) different n; (b) different C ;
(c) different M.

FIGURE 8. Calculated radiation patterns of the LWAs along the conical
beam contours with different structural parameters: (a) different n;
(b) different C ; (c) different M.

phase delay between adjacent elements will let the beams
merge to form a zero beam angle. As a demonstration of the
conical beam, the 3-D radiation pattern with n = 2 is shown
in Fig. 10(b). The axial ratio in Fig. 9 (a) increases when
the beam deviation increases, due to the increase in LHCP
component when θ increases. For C = 21 mm, 31 mm and
41 mm, the beam deviation gradually decreases (θ = 36.8◦,
26.6◦, 20.5◦), as shown in Fig. 7 (b), due to the increase
in element interval. Radius C hardly affects the axial ratio,
as shown in Fig. 9 (b). ForM = 24, 12, 8, the beam deviation
has no obvious change, as shown in Fig. 7 (c), which can
be explained by the leaky wave theory [26], i.e., for a fixed
phase constant β, the beam angle of the fundamental wave of

FIGURE 9. Calculated axial ratio of the LWAs along the conical beam
contours with different structural parameters: (a) different n; (b) different
C ; (c) different M.

FIGURE 10. 3D far-field radiation patterns of the LWAs: (a) broadside
beam pattern; (b) conical beam pattern.

the TE10 mode remains constant, which is independent ofM .
However, whenM is small, the axial ratio fluctuates along the
beam contour as shown in Fig. 9 (c) because the slots are not
sufficiently compactly employed.

For a uniform amplitude distribution of the slot aperture,
the radiation pattern is rotationally symmetric for different
structural parameters, as depicted in Fig. 8. However, due
to the leaky-wave effect in the travelling wave antenna,
the amplitudes of elements gradually decrease from the
beginning to the end. Hence, it is necessary to study the effect
of attenuation constant α on the radiation property. As we
know, radiation efficiency η is closely related to α. Thus, for
given η and C , α can be obtained by

α = − ln(|S21| /
√
1− |S11|2)/L (17)

η = 1− |S11|2 − |S21|2 (18)

where L = 2πC . Here, we assume that |S11| is equal to zero.
The RHCP radiation pattern and axial ratio with different

29396 VOLUME 9, 2021



Y. Ma, J. Wang: Theoretical Modeling and Analysis of CP Annular LWA

FIGURE 11. Radiation characteristics of LWAs with different radiation
efficiencies: (a) radiation pattern in the xoz-plane; (b) radiation pattern
along the conical beam contour; (c) axial ratio along the conical beam
contour.

radiation efficiencies are illustrated in Fig. 11, when C , n and
M are set to 2, 14 mm and 12, respectively. In Fig. 11 (a),
with increasing η, the conical beam becomes asymmetric.
Likewise, the RHCP pattern and axial ratio along the beam
contour become twisted. In this case, we can deduce that
to guarantee a small variation (less than 3 dB), η should be
adequately determined.

D. DESIGN PROCEDURE OF ANNULAR LWA
The previous section shows that the proposed model can
be used to predict the radiation properties of the annular
array well. Here, the design procedure of the annular array
is summarized in Fig. 12 and explained as follows:

1. Selecting the polarization: for RHCP, the travelling
wave is anti-clockwise along the structure; for LHCP,
the travelling wave is clockwise instead. These selec-
tions correspond to the phase delay direction of radiat-
ing elements along the structure.

FIGURE 12. Flow diagram of the antenna design based on the proposed
model.

2. Assigning the desired beam angle and determining
element number M and operation frequency f . Then,
calculating the far field of a single magnetic current.

3. Setting the ranges of n and C and constructing a series
of (ni, Ci). Substituting the first pair of (n1, C1) and
the corresponding far field of the single magnetic cur-
rent into the proposed model. Comparing the calcu-
lated beam angle with the desired beam angle. If the
difference between them exceeds the angle tolerance,
substituting the next pair of (ni+1, Ci+1) into the model
for recalculation.

4. Once the pair of (n, C) that yields a satisfying result is
obtained, considering η to guarantee the uniformity of
the conical beam and CP property. Finally, designing
the antenna structure based on the given parameters.

III. DESIGN OF ANNULAR LWA AND
EXPERIMENTAL VERIFICATION
To validate the proposedmodel, three examples of LWAs, i.e.,
two conical beam LWAs and one broadside beam LWA, are
designed and fabricated. Experiments are performed, and the
results from the proposed model, full-wave simulation and
measurement are compared.

A. DESIGN AND FABRICATION
First, the parameters of the antenna structures are determined.
Fig. 13 illustrates the antenna geometry, which is one type
of uniform slotted LWA based on the SIW, fed by a coupled
aperture. The radiation layer adopts the structure in [24].
The feeding structure contains two rectangular resonance
cavities. However, the rectangular structure deteriorates the
field uniformity. Hence, the rectangular structure is modified
to an arc-shaped structure, as observed in Figs. 13 (c) and (d).
The operating frequency is set to 5.8GHz.Using the proposed

VOLUME 9, 2021 29397



Y. Ma, J. Wang: Theoretical Modeling and Analysis of CP Annular LWA

FIGURE 13. Configuration of the proposed LWA: (a) top view of the
radiation layer; (b) back view of the radiation layer; (c) top view of the
feeding layer; (d) back view of the feeding layer.

model, n and C of the LWAs with desired beam angles can be
determined.

The effective permittivity in the SIW can be expressed by

εg = εr − (λ0/λc)2 (19)

where εr is the permittivity of the substrate, λ0 is the wave-
length in free space, λc = 2weff is the cutoff wavelength, and
weff is the equivalent width of the rectangular waveguide. The
propagation constant in the SIW is expressed by

β = k0
√
εg (20)

and the relationship between wavelength number n and β is

n = βL/2π (21)

where L = 2πC . Thus, combining equations (19)-(21),
we have

n = k0C
√
εr − (λ0/λc)2 (22)

where k0 = 2π /λ. Finally, the relationship between weff , n
and C is obtained by

weff =
λ0/2√

εr − [n/(k0C)]2
(23)

Therefore, from the determined parameters n and C , weff can
be directly calculated by equation (23).

Three LWAs with different beam angles are designed and
fabricated. The structural parameters are listed in Table 3. The
LWAs are designed on an F4BM-2 substrate with εr = 3.2
and tan δ = 0.002. The thicknesses of the radiation layer

TABLE 3. Structural parameters of the three LWAs.

FIGURE 14. Prototypes of the LWAs: (a) top view and back view of the
radiation layer of LWA 1, 2 and 3; (b) top view of the feeding layer of LWA
1; (c) back view of the feeding layer of LWA 1.

and feeding layer are denoted as h1 and h2, respectively. The
prototypes of the LWAs are shown in Fig. 14. For simplicity,
only the feeding layer of LWA 1 is presented, as shown
in Figs. 14 (b) and (c). The two-layer LWAs are assembled
using plastic screws through four holes drilled along the
substrate margins. The LWAs are excited by coaxial probes.

In an actual LWA, if phase constant β is kept constant, a
larger radiusC corresponds to larger n. For a fixed-dimension
slot and fixed C , a larger element number M causes more
leakage, and the attenuation constant α will increase, which
may cause a slight perturbation to n, but it can be omitted as
usual. In the theoretical model,C ,M , and n are independently
assigned.

B. MEASUREMENT
Measurements are implemented by the Agilent E8363C PNA
network analyser in an anechoic chamber. Fig. 15 shows
the |S|-parameters of the three LWAs. As shown in Fig. 15,
the measurement results are basically consistent with the
simulation results. Their differences are mainly caused by
the assembling tolerance because a small gap between
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FIGURE 15. |S|-parameters of the LWAs, (a) LWA 1, (b) LWA 2, (c) LWA 3.

TABLE 4. Beam angles and gains of the three LWAs.

radiation and feeding layers appears during assembling pro-
cesses. Meanwhile, the impedances of the LWAs slightly
change from the desired values during the welding procedure
of the coaxial connecters.

Fig. 16 shows the normalized radiation patterns of the
three LWAs. The calculation results of the proposed model
are basically consistent with the simulation and measurement
results. The discrepancies between the measurement results
and the other two results are partly attributed to the measure-
ment tolerance. Meanwhile, the use of the rectangular field
extractor introduces tolerance. The effect of the edge and field
in back of the structure are not calculated. Otherwise, due to
the use of the planar equivalent principle, the proposed model
is only suitable for the upper half space of the antenna. The
gains and beam angles in two perpendicular planes of the
three LWAs are listed in Table 4. The calculated results are
consistent with the measurement and simulation results. The
simulated radiation efficiencies of the three LWAs are 45.5%,
47.5% and 43.6%. The measured radiation efficiencies of
the three LWAs are 44 %, 45.6% and 41.5%. The axial
ratios of the three LWAs are shown in Fig. 17. The proposed
model has basically good performance and accuracy to pre-
dict the radiation properties of the annular LWAs based on

FIGURE 16. Radiation patterns of the LWAs: (a) LWA 1 in the xoz-plane,
(b) LWA 1 in the yoz-plane (c) LWA 2 in the xoz-plane, (d) LWA 2 in the
yoz-plane, (e) LWA 3 in the xoz-plane, (f) LWA 3 in the yoz-plane.

FIGURE 17. Axial ratio in the beam pointings of LWAs 1, 2 and 3.

the travelling-wave structure, which is a useful tool for the
antenna design.

IV. CONCLUSION
In this paper, a theoretical model for the slotted annular LWA
based on the travelling-wave structure is proposed. Radiating
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elements are arranged along a circle with constant intervals.
The model uses the aperture field of one single element to
calculate the far field of the entire LWA. The conclusion is
that the model can be used to efficiently predict the radiation
pattern and axial ratio of the LWA. Using this model, design
procedures of LWA with the desired CP conical beam or
broadside beam can be simplified.
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