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Abstract—Radial line slot array (RLSA) antennas have attrac-
tive features such as high gain, high efficiency, and planar low pro-
file, but their gain bandwidths have been limited to less than 10%.
This paper presents a method to significantly increase the gain
bandwidth of RLSAs to over 30%. The key to the method is the
application of a non-uniform radial TEM waveguide as opposed
to the radially uniform TEM waveguide used in conventional
RLSAs. Hence, the condition for maximum radiation is satisfied
at a wide range of frequencies by different sections of the RLSA.
To demonstrate the concept, several circularly polarised RLSA
designs and one prototype are presented. The measured results of
the prototype demonstrate an unprecedented 3dB gain bandwidth
of 27.6%, a peak gain of 27.3 dBic, 3dB axial ratio bandwidth
greater than 31.1% and a 10dB return loss bandwidth greater
than 34.8%. The overall measured bandwidth of the RLSA in
which gain variation and axial ratio are within 3dB and return
loss is greater than 10dB is from 9.7 GHz to 12.8 GHz or 27.6%.
Its extremely high measured gain bandwidth product per unit
area (GBP/A) of 88 indicates excellent overall performance in
terms of bandwidth, gain and area.

Index Terms—Bandwidth improvement, circularly polarised,
Gain Bandwidth Product, GBP, Gain Bandwidth Product per
unit area, GBP/A, high gain, radial line, slot array, SATCOM,
space, satellite, SOTM, wide band, wireless communication, 5G

I. INTRODUCTION

MODERN wireless communication systems require wide-
band, low-profile, efficient and highly directive antennas.

Designing a wideband antenna is often accompanied by com-
promises of gain, cost, size, or efficiency. Furthermore, some
wireless systems, particularly for on-the-move-connectivity,
use circular polarization (CP) to avoid loss due to polarization
mismatch. A recently developed antenna beam-steering method
for such mobile systems, now known as Near-Field Meta-
Steering [1], [2] requires a low-profile, high-gain antenna with
a fixed beam as the base antenna. With such a base antenna
with sufficient bandwidth, this method can provide efficient
beam steering over a wide bandwidth [3].

Radial line slot arrays (RLSAs) have the advantages of low
profile, structural simplicity, high gains and high efficiencies [4]–
[7]. In a typical RLSA, a radial waveguide is formed between
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two parallel metal sheets to support an outward propagating
cylindrical TEM wave, and it’s excited by a feeding probe
at the center. A large array of radiating slots is strategically
cut in the top plate to control the polarization and radiation
pattern. The height of the waveguide is less than half of the
guided wavelength to prevent the propagation of any higher-
order modes. In the early 1960s, Goebels and Kelly [8] were
first to demonstrate the use of a planar radial waveguide with
annular slots for X-band applications. Later, in the 1980s,
the RLSA antennas were investigated as a planar substitute
to the well-known parabolic reflectors [4], [5], [9] in Japan,
for direct broadcast satellite services at 12 GHz. An antenna
with curved reflectors generally suffers from degradation of
performances due to rain and snow build-up. Also, the large
physical volume of reflector antennas makes them undesirable
for this on-the-move wireless systems. When high antenna
gains are required at high frequencies, in comparison with the
well-known microstrip patch arrays, the RLSA antennas offer
higher radiation efficiency [4], [6], [10], [11]. This is because
RLSAs have very low conductor and dielectric losses mainly
because, unlike a phased array, an RLSA does not have a feed
distribution network.

RLSAs can be designed to radiate linear polarization (LP)
or circular polarization (CP). This is be achieved by different
strategic placements and orientations of the slots on the upper
plate. Two different configurations of RLSA antennas have
been investigated: single-layered and double-layered [4], [7],
[11]–[22]. In a single-layered RLSA, slots are excited by a
radially outward traveling transverse electromagnetic (TEM)
wave, while in a double-layered RLAS they are excited by an
inward traveling TEM wave [11], [23]–[28]. A single-layered
RLSA is easier to manufacture but a double-layered RLSA
can be designed to have a higher aperture efficiency [4], [6],
[7], [11], [13], [26], [29].

One of the main limitations of the RLSAs is their narrow
gain bandwidth1 [4], [11]–[14], [19], [23], [26], [28], [30]–
[34]. This is due to the design requirement of placing slots at a
radial spacing of one guided wavelength to constructively create
beam in the broadside direction. At any other frequency, the
spacing between slots is either greater or less than the guided
wavelength and the condition for maximum broadside radiation
is not fulfilled. The bandwidth of an RLSA decreases with the

1Gain bandwidth is the frequency range in which the gain remains within
3-dB of the maximum value.
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increase of the aperture diameter due to the long line effect
of travelling wave excitation feed [30], [35], [36]. To extend
the bandwidth of RLSA, a structure of a radial waveguide was
proposed with a hybrid of single-layered and double-layered
RLSA [10], [30], [35], [37]. The feed structure consisted of
two feed regions and a power divider and feed line length was
shortened to half to increase the bandwidth. A high gain of
33.7 dBi was achieved with a 3-dB gain bandwidth of 6.7%.
Another method was proposed to improve antenna efficiency
and frequency bandwidth using matching termination slots [36].
Slots are arranged concentrically to reduce aperture blocking
above the power divider. To improve the impedance bandwidth
of RLSAs, many investigations have been conducted [38]–
[43]. Utilization of low-cost FR4 materials, open-ended air
gap, multilayered and square cavity and multi-sleeve coaxial
transition are some of them.

In this paper, a new method is presented to substantially
increase the gain bandwidth of RLSAs and the method is
validated by designs and experimental results of RLSAs with
up to 14,822% gain bandwidths. The key to this is making
the waveguide radially nonuniform such that the condition
for maximum broadside radiation is satisfied over a much
larger frequency range than otherwise possible. The area of
the antenna is much smaller than previous RLSAs with similar
gains and in fact the gain bandwidth product per unit area of
the antenna has reached unprecedented levels for an RLSA.
Predicted and measured results confirm that antennas designed
using this method have not only high gain but also good axial
ratio and input matching over a wide bandwidth.

The paper is arranged such that the operating principle of
the new antenna is explained in Section II, followed by its
design method in Section III. Design examples are presented
in Section IV. Full-wave simulated and measured results are
given in Section V to validate the concept.

II. PRINCIPLE OF OPERATION

Fig. 1: Wave propagation in the uniform TEM radial waveguide of a
conventional RLSA antenna. Note the same guided wavelength λg
throughout, which, at design frequency, is equal to slot spacing Sρ.

In order to understand the wideband operation of the new
antenna, first it is important to understand how a conventional
RLSA with a uniform TEM waveguide operates. The wave
propagation in the radially uniform TEM waveguide of a
conventional RLSA is illustrated in Fig. 1. As shown with
more details in Fig. 2, this radial waveguide comprises two
parallel circular metal plates, with the feeding probe at the
center. The top metal plate has rings of radiating slots (Fig. 2(a))

Fig. 2: (a) Top view: Slot arrangement on the top plate in a spiral
pattern with radial separation Sρ between adjacent slot rings, (b)
Cross section of the radial waveguide.

while the bottom plate is the ground plane. The metal plates of
the waveguide are separated by a distance d. The radial TEM
waveguide is often partially filled with dielectric material as
shown in Fig. 2. The purpose of the dielectric material is to
slow the wave so that the guided wavelength (λg) is smaller
than the free-space wavelength (λ◦) in order to avoid grating
lobes in the radiation pattern. The effective dielectric constant
of the TEM waveguide is the weighted sum of the dielectric
constants of the dielectric material and air. In conventional
RLSAs, the effective dielectric constant and hence the guided
wavelength is uniform throughout the waveguide.

In CP-RLSAs, radiating slots on the top metal plate are
arranged in pairs of two, as shown in Fig. 2. The two slots in a
pair are orthogonal and thus radiate two orthogonal electric-field
components with equal magnitudes [4], [20], [29]. Furthermore,
the difference in radial distances of the two slot centres is set
to a quarter of the guided wavelength (i.e. ρ2 − ρ1 = λg/4) to
create a phase difference of 90◦. The slots pair are arranged
in a spiral to ensure constructive interference in the broadside
direction [4], [20]. The direction of the spiral is anticlockwise
in the right-hand CP RLSAs and clockwise in the left-hand CP
RLSAs [4], [20]. The spacing between adjacent slot pairs in the
radial direction and the spiral direction is denoted by Sρ and
Sφ, respectively. Sφ can be set arbitrarily based on slot density
on the antenna aperture while Sρ is made equal to the guide
wavelength λg at the design frequency in order to produce
constructive interference, and thus a beam of radiation in the
broadside direction. At any other frequency, λg is different,
and the condition for maximum broadside radiation i.e. Sρ =
λg is not satisfied. Hence, conventional RLSAs with uniform
radial waveguides are inherently narrowband.

The RLSA aperture field amplitude distribution is controlled
by the lengths of radiating slots. In the TEM waveguide, the
strength of the outward travelling mode reduces as it propagates
from the center towards the edge. Additionally, the available
power in TEM waveguide mode at the edge is less than that at
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the center due to the radiation from the slot pairs in between.
To mitigate the effects of too strong tapering of the outward
travelling TEM mode, and hence to improve the amplitude
distribution, the slot length (Ls) is increased as a function of
radial distance [20] according to:

Ls = δ + (ρ× α) (1)

Where ρ is the radial distance of the slot center from the
center of the aperture, δ is a constant factor that depends on
the operating frequency, and α is the coupling coefficient that
controls aperture amplitude taper. The product (ρ× α) in this
equation is referred to as the coupling factor. The coupling
factor increases with the radial distance, which leads to larger
slots. By varying the slot lengths this way, we control the
proportion of energy coupled from the inner cavity field to the
radiating field. A more detailed description of the slot design
strategy that has also been followed in the proposed wideband
RLSA is given in [20].

(a)

(b)

Fig. 3: (a) Outward wave propagation in a radially non-uniform TEM
waveguide at frequency f1. At this frequency, the first section S1

satisfies the condition for maximum radiation. (b) Wave propagation
in the same non-uniform TEM waveguide at a different frequency f2.
At this frequency, the second section S2 satisfies the condition for
maximum radiation.

To increase the bandwidth, we make the waveguide of the
RLSA non-uniform radially. It can be gradually non-uniform
but for the ease of fabrication in the examples presented in
this paper, it is non-uniform stepwise, i.e. effective dielectric
constant and guided wavelength changes in steps. Outward
propagation of the wave in such a non-uniform radial waveguide
is illustrated in Fig. 3. It passes through several sections (S1,
S2 etc.) having different guided wavelengths.

Note that Sρ is fixed throughout the antenna aperture to
maintain the spiral slot layout of a conventional RLSA. The
sections are designed such that at one frequency f1, one
section (S1) satisfies the condition of maximum radiation,
i.e. Sρ = λg1(f1), and at another one frequency f2, another

section (S2) satisfies the condition of maximum radiation, i.e.
Sρ = λg2(f2). Hence, this condition is at least approximately
satisfied over a much larger range of frequencies using as many
sections as required, resulting in an RLSA with much wider
gain bandwidth.

In this design, we have kept slot spacing fixed on the aperture
for the sake of simplicity, to prove the concept of bandwidth
enhancement with minimal advanced slot refinements. More
sophisticated slot (length and spacing) optimizations methods,
including slot fine-tuning by taking into account the guided
wavelength perturbation due to slot coupling to the parallel
plate waveguide, have been developed in the past [4], [6],
[10], [22], [34], and their application to this type of broadband
RLSA has the potential to improve performance further.

It is to be mentioned here that, alternatively, slot positions can
be varied in different sections while keeping guided wavelength
constant in the waveguide. The advantage of changing guided
wavelengths in different sections of the radial waveguide,
however, is a simpler generation of slot layout in the model,
which is done as in the case of conventional narrowband RLSAs.
Hence, it was selected here to prove the concept of satisfying
the maximum radiation condition in a wide range of frequencies
using different sections of the RLSA.

III. DESIGN METHOD

To design a wideband RLSA with the principle of operation
outlined in the pervious section, we first break the required
operating bandwidth of the antenna into several sub-bands
(SB1, SB2 etc.). The first section S1 is designed such that
Sρ is equal to λg1 of that section at the centre frequency of
the first sub-band. The effective dielectric constant (and actual
dielectric constant of the dielectric layer) of this section are
determined so. The next section S2 is then designed such that
the same condition is satisfied at the centre frequency of the
next sub-band SB2, and this is repeated to cover the required
bandwidth.

To validate the concept, a CP-RLSA operating over a
frequency range from 9 GHz to 13 GHz was designed. The slot
layout was created following the design process discussed in the
previous section and also reported for the uniform-waveguide-
based RLSA reported in [20]. The slot layout (lengths and
spacing) was generated at the centre operating frequency of 11
GHz and for a uniform TEM waveguide filled with a reference
dielectric constant εr = 1.41. Hence a slot ring spacing (Sρ =
λg) of 22.73 mm was chosen for our RLSA design.

The target frequency band was broken into five 1 GHz sub-
bands, each with the centre frequency listed in Table I. We
require five different guided sections (S1, S2, S3, S4 and S5)
in the waveguide as shown in Fig. 4. Each section has a radial
length of Wn (where n = 1, 2, ...5) and an equivalent relative
permittivity of εr. At the centre of the antenna, the value of
εr is the lowest and it increases towards the edge. The lengths
(Wn) of sections may or may not be equal. The total radius
R of the antenna aperture is equal to the radius of the top
radiating plate.

Table I lists the calculated design parameters of the non-
uniform waveguide such that the guided wavelength (λg) in



IEEE TRANSACTION ON ANTENNAS AND PROPAGATION 4

TABLE I: Non-uniform waveguide design parameters.

Centre
fre-

quency
of the
sub-
band
(f)

Free-space
Wavelength

(λ◦n)

Fixed
Radial
separa-

tion
(Sρ =
λgn)

Radial
separa-
tion in

terms of
λ◦n

Required
effective
dielectric

constant to
radiate

broadside
at this

frequency
(εr)

Sec-
tion

GHz mm mm Sρ
λ◦n

(λ◦n
Sρ

)2 Sn
9 33.3 (λ◦1) 22.73 0 .68 2.15 S5

10 30 (λ◦2) 22.73 0.75 1.74 S4

11 27.2 (λ◦3) 22.73 0.83 1.43 S3

12 25 (λ◦4) 22.73 0.9 1.2 S2

13 23.07 (λ◦5) 22.73 0.98 1.03 S1

(a)

(b)

Fig. 4: Non-uniform radial waveguide configuration with five discrete
sections.

each section at the centre frequency of the corresponding sub-
band is equal to the fixed radial spacing (Sρ) of slot rings,
to obtain maximum radiation along z axis at this frequency.
For example, at 9 GHz for a pre-defined radial spacing or Sρ
of 22.73 mm, one TEM waveguide section (S5) must have
an effective relative permittivity of εr = (λ◦N

Sρ
)2 = 2.15. The

calculated effective relative permittivity of each of the five
sections of the non-uniform waveguide are given in the fifth
column of Table I.

IV. DESIGN EXAMPLES

A. Choice of Sectioning

In order to compare the performance of the new RLSAs with
non-uniform waveguides with traditional RLSAs with radially
uniform TEM waveguides, we designed a few of each type.
Three conventional RLSAs have the same aperture and top
radiating slot configuration but three different uniform radial
waveguides with effective dielectric constants of 1.0, 2.2, and
3.0. Fig. 5 compares the broadside directivities of two non-
uniform RLSAs with 5 and 10 sections with the directivities of

the three conventional uniform RLSAs mentioned above. All
results in Fig. 5 were predicted with full-wave simulations of
different CP RLSAs. They were carried out using the Transient
Solver in CST Microwave Studio. These RLSAs have the same
slot layout, which is generated at 11 GHz and for a reference
dielectric constant (εr) of 1.41.

The dielectric sections are annular or circular in shape and
the slot pattern is a spiral, so dielectric boundaries falling
between slot “rings” or even under some slots are unavoidable.
In this analysis, we assumed continuous aperture field with
the phase delay changing in accordance with the variation of
the effective dielectric constant in each section. For slot layout
design simplicity, we used the same slot spacing everywhere,
which was calculated as for a conventional narrowband RLSA
operating at a reference frequency of 11 GHz and with a
constant effective dielectric constant of 1.41. In the design
process, we have not made any changes to the slots that would
fall on the boundary of the dielectrics and have kept the slot
layout the same as otherwise. The overall effects of such
slots are included in the full-wave simulations and they do
not appear to making a noticeable overall performance. The
lengths of these slots can be fine-tuned in future designs. All
other design parameters such as the radius (R) of the top plate
and the waveguide and the height of the waveguide (d) are
the same as before. It can be seen from Fig. 5 that the two
non-uniform RLSAs have much larger bandwidths than the
conventional uniform RLSAs. The 3-dB directivity bandwidth
of the RLSA with 10 sections is 4.8 GHz (7.8-12.6 GHz)
whereas the bandwidths of the uniform RLSAs are in the range
of 600 - 800 MHz. This increase in bandwidth comes at the
expense of reduced peak directivity and aperture efficiency.

Although a large number of sections (N) increases the
bandwidth, there is a compromise between bandwidth and peak
directivity. Thus, like in many other antennas, as the directivity
bandwidth increases, aperture efficiency drops. To further
quantify this compromise, Table II compares the performance
of six RLSAs with different number of sections (N) in terms
of 3-dB directivity bandwidth, peak directivity and aperture
efficiency. Note that the estimates of aperture efficiency shown
in this table are for comparison purpose only as they were
calculated assuming that the antenna is lossless and hence the
gain is equal to directivity. All RLSAs have a radius of 200
mm. The effective permittivity of each section was determined
following the procedure explained in the previous section. It can
be seen that for N = 10, the 3-dB directivity bandwidth of 47%
is possible with a peak directivity of 25.4 dBic. With decreasing
number of sections, the bandwidth gradually decreases and
the peak directivity increases. The uniform RLSAs (N = 1)
have the best peak directivity and aperture efficiency but their
3-dB directivity bandwidths are less than 8%. Compared with
very large and very small number of sections, N = 3 provides
a good compromise between the directivity, 3-dB directivity
bandwidth and structural complexity.

To study the effect of the permittivity values for a fixed
number of sections (N), we have designed two different CP-
RLSAs with the same value of N = 3 and those results are also
listed in Table II. The reader may note that it is at the discretion
of the antenna designer to keep the reference frequency (11
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GHz) at the centre of a frequency band by keeping reference εr
= 1.41 as an intermediate among dielectrics used for sections in
the waveguide. As an example, in the first three sections RLSA
design (3rd row in Table II), the three dielectric sections have
dielectric constants of 1.03, 1.2, and 1.43. In the second design
(4th row in Table II), the three dielectric sections have dielectric
constants of 1.2, 1.43 and 1.74. In the former, the initial
radial separation matches to the highest dielectric constant
and the antenna has a peak directivity of 27.9 dBic while in
the latter it is matched to an intermediate dielectric constant and
the antenna has a higher peak directivity of 29.1 dBic. Thus,
the design where slot spacing is matched to the intermediate
dielectric constant has better directivity and aperture efficiency.
Yet, the relationship to bandwidth is more complicated. Both
designs have about the same operating bandwidth of 2 GHz
but due to the upward shift of the bandwidth, the former has
a larger percentage of 3-dB directivity bandwidth.
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Fig. 5: Comparison of the broadside directivity of RLSAs with uniform
and non-uniform multi-section radial waveguides.

TABLE II: Performance of RLSAs with different number of sections
(N) in the radial waveguide.

Number
of

Sec-
tions

Length
of

each
sec-
tion

Effective
permittivity

Frequency
range

Peak
di-
rec-

tivity

3-dB
di-
rec-

tivity
band-
width

Aperture
Effi-

ciency

(N) mm {ε1, ε2, ...εr} GHz (dBic) (%) (%)

10 20

0.68, 0.77,
0.88, 1.03,
1.2, 1.43,
1.74, 2.15,
2.72, 3.55

7 - 16 25.4 47 14

5 40
1.03, 1.2,

1.43, 1.74,
2.15

9 - 13 27.5 24.5 32

3 66.7 1.03, 1.2,
1.43

11 -
13 27.9 17.8 36.6

3 66.7 1.2, 1.43,
1.74

10 -
12 29.1 14 46

1 200 1.74 10 29.5 6.2 52.5
1 200 1.43 11 30.4 7.8 57

Another consideration is the length of each section in a multi-
section non-uniform RLSA. In previous design all sections had
the same length but they can be different. Table III summarises
the performance of five tri-section (N = 3) RLSA designs

with different section lengths (Wn). The relative permittivity
values of S1, S2, S3 are 1.03, 1.2 and 1.43, respectively. The
permittivity values were kept constant for all the simulations.
As it can be seen, equal section lengths are not optimal. By
varying individual section lengths, it is possible to increase the
bandwidth a lot at a very small expense of peak directivity. The
section lengths shown in the second row, for example, leads
to a 13.6% increase in directivity bandwidth over the design
in the first row with equal section lengths, at the expense of
only 0.1 dB drop in peak directivity.

TABLE III: Antenna performance for different values of section
lengths.

Length
of S1

(W1)

Length
of
S2

(W2)

Length
of
S3

(W3)

Peak
di-
rec-

tivity

3dB
directivity
bandwidth

in the
frequency

range

3-dB
direc-
tivity
band-
width

Aperture
Effi-

ciency

mm mm mm dBi GHz-GHz (%) (%)
66.7 66.7 66.7 27.9 9.2 - 11 17.8 36.6
80 40 80 27.8 9.1 - 12.5 31.4 35.7

100 40 60 27.6 9.2 - 12.6 31 34.1
100 60 40 27.3 9.3 - 12.7 30.9 31.8
80 60 60 27.3 9.2 - 12.5 30.4 31.8

B. Complete Design Example

Fig. 6: Top view and cross-section view of the CP-RLSA antenna.

A multi-sectioned CP-RLSA antenna with 3 sections (S =
3), shown in Figure 6, was designed to operate at the center
operating frequency of 11 GHz. Top plate is assumed to be 0.5
mm thick and it has 8 rings of radiating slots. The radiating
slots are arrayed in a spiral pattern on the top plate. The radial
distance Sρ between two consecutive slot rings is 22.73 mm.
The radius of the antenna aperture is 7.4λ◦ (200 mm).
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Fig. 7: Top view and cross-section view of the new waveguide.

The calculated effective dielectric constant values for the
three sections are ε1 = 1.03, ε2 = 1.2 and ε3 = 1.43. However,
it is difficult to find commercially available dielectric materials
with these dielectric constant values. So, the waveguide was
filled with two layers of different materials. The lower part
is filled with air as shown in Fig. 7 and the upper part is a
commercially available dielectric layer with a thickness t.

The total waveguide height (d) was set to 7 mm, which
is less than half of the guided wavelength in the most dense
section S3 at the expected highest operating frequency of 13
GHz (λg/2 = 9.65 mm). As the dielectric constant required for
the first section (ε1) is close to 1, the first section is totally
filled with air. The thickness of the two dielectric layers (t2
and t3) were determined according to commercial availability.
All design parameters of the non-uniform radial waveguide
including sections lengths are given in Table IV.

TABLE IV: Waveguide design parameters.

Section S1 S2 S3

Material Air Roger
5880

Roger
3003

Dielectric
constant 1 2.2 3

Loss tangent 0 0.0009 0.0019
Thickness N/A 1.575 1.52
Effective
dielectric
constant

1 1.2 1.43

Length 80 40 80

The ground plate is also Aluminium and the end of the
radial waveguide edge was left open, expecting that most of
the energy in the outward travelling wave would radiate before
reaching the end. A 50 Ω coaxial connector is inserted at the
center of the ground plane to feed the waveguide. The coaxial
pin of the connector extends into the air filled region of the
waveguide and is terminated with an Aluminium disk-shaped

metal stub as shown in Fig. 7. The metal stub has a thickness of
3 mm, diameter 2.8 mm, gap from ground plane 1.6 mm. The
slot layout on the top surface was created using a custom-built
Visual Basic interface in CST Microwave Studio. The antenna
was simulated from 9 GHz to 13 GHz using the time-domain
solver in CST Microwave Studio.

V. RESULTS

A. Antenna Prototype

To validate the concept and predicted results, a prototype of
the antenna was fabricated. The slot layout on the top aperture
plate (Fig. 8(a)) was made out of a 0.5 mm thick stainless
steel plate using laser cutting. To make the non-uniform radial
waveguide, annular sections of dielectric materials Roger 5880
and Roger 3003 were cut to the right size and glued to the
back of the top radiating plate. Around the edges of the top
plate and ground plane 24 equally spaced holes were drilled
with a diameter of 3 mm. Nylon screws were inserted through
these holes, and together with 5.5 mm long spacers, they held
the top radiating plate above the ground plane leaving the
right gap in between.

B. Electric Near-field Distribution

Fig. 9 shows the electric field distribution near the aperture
for five different frequencies. The electric field distributions
have been extracted from the near-field data predicted from
full-wave simulations. The plots represent the magnitude of the
electric field component |Ex|. These field distributions were
taken at a height of 1λ◦ from the radiating plate on a plane
parallel to the XY plane. As can be seen, at 9 GHz most of
the radiation comes from the outer part (Section S3) of the
antenna. As the frequency increases the “hot region” shifts
towards the center of the antenna. At 13 GHz, the center part
(Section S1) of the antenna radiates the best, as expected.

C. Input Matching

The predicted and measured input reflection coefficients
(|S11|) are shown in Fig. 10. These was measured using an
Agilent PNA-X vector network analyzer. Fig. 10 demonstrates
a good agreement between the predicted and measured |S11|
with a measured 10dB return loss bandwidth extending from
9.15 GHz to beyond 13 GHz. It is found that |S11| remains
below -10 dB over the entire 3-dB gain bandwidth (presented
later).

D. Gain and Axial Ratio

Fig. 11 shows the predicted and measured broadside direc-
tivity, gain and aperture efficiency versus frequency. The gain
was measured using the gain comparison method with WR-75
and WR-112 standard gain horns. The measured peak gain
is 27.3 dBic and the measured 3dB gain bandwidth extends
from 9.7 GHz to 12.8 GHz (27.6%). The dircetivity is 28.7
dBic and the measured 3dB directivity bandwidth is from 9.8
GHz to 12.7 GHz (25.8%). In general, the measured directivity
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(a)

(b)

Fig. 8: Fabricated top part of the antenna (a) Front view of the top
aperture plate, (b) Back view of the aperture plate, with glued annular
dielectric sections when the ground plane is removed. In the middle,
plate can be seen from the back as well because there is no dielectric
in this section (S1).

and gain curves closely follows the predicted ones, but with a
slight upward shift in frequency due to fabrication tolerances.

In RLASs, like all other aperture antennas, the broadside
directivity is proportional to the effective aperture, which
depends on the uniformity in aperture phase distribution. The
main parameter that controls the frequency of peak directivity
in RLSAs is the radial distance between slot pairs. The
primitive technique of gluing slotted metal sheet, which was
deformed during laser cutting, on different rings of dielectrics is
susceptible to create manufacturing errors.The technique has a
high probability of leaving air pockets between the metal plate
and the dielectrics and hence effectively reduces the electrical
spacing between slots pairs, which would shift the results to
higher frequencies. The antenna has an aperture efficiency of
28.3% at 10.4 GHz.

Fig. 9: The magnitude of the electric field component |Ex| parallel
to the XY plane at different frequencies.
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Fig. 10: Input reflection coefficient of the wideband CP-RLSA antenna.

Fig. 12 shows the broadside axial ratio of the antenna. It
can be observed that the predicted and measured axial ratios
are less than 3dB from 9.1 GHz and 9.5 GHz, respectively,
to beyond 13 GHz, which confirms good circular polarization
expected from the antenna over a wide frequency range.

Fig. 11: Broadside directivity, gain and aperture efficiency of the
wideband RLSA antenna.
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Fig. 12: Broadside axial ratio of the antenna.

E. Radiation pattern

The predicted and measured radiation patterns are shown
in Fig. 13. The patterns are taken in the φ = 0◦ plane at four
frequencies within the measured 3-dB gain bandwidth of the
antenna. Fig. 14 shows the measured radiation patterns of the
antenna in φ = 90◦ plane. Sidelobe levels (SLL) of about -7.4
dB is observed in the φ = 90◦ plane at 10 GHz; however,
it remains below -10 dB at higher frequencies. Measured
performance figures of the antenna at four frequencies are
summarised in Table V. Phase errors are intrinsic in wideband
designs. The overall performance of the antenna is found to
be consistent with the predictions. This verifies the design
methodology and confirms that a non-uniform radial waveguide
made out of commercially available dielectric materials can be
used to design wideband RLSA antenna.

TABLE V: Measured performance of the wideband RLSA at four
frequencies.

Frequency (GHz) 10 11 12 12.6
θ3dB (φ = 0◦)

degrees 4.9 6.7 5.5 5.6

θ3dB (φ = 90◦)
degrees 4.8 6.7 4.9 6.2

VI. DISCUSSION

In most antennas, bandwidth improvement is often accompa-
nied by a decrease in the peak gain and aperture efficiency and
the same was expected and noted in this research when a non-
uniform radial waveguides were used to significantly increase
the bandwidth of RLSA antennas. Therefore, it necessary to use
figures of merit to compare different designs. The most relevant
figures of merit for the high-gain wideband antennas are Gain
Bandwidth Product (GBP) and Gain Bandwidth Product per
unit Area (GBP/A). The latter is also proportional to the product
of aperture efficiency and fractional bandwidth. The GBP is
calculated by multiplying linear gain by the 3dB gain bandwidth
(fractional or percentage) of the antenna. The GBP/A is the
ratio of the GBP and the area of antenna, which is expressed in
square wavelengths, covers all three aspects (gain, bandwidth
and area) and in fact is related to Aperture Efficiency Bandwidth
Product by a constant. In some previously published articles
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Fig. 13: Radiation patterns of the antenna on φ = 0◦ plane (a) 10
GHz (b) 11 GHz (c) 12 GHz (d) 12.6 GHz.

on extremely wideband resonant-cavity antennas, Directivity
Bandwidth Product (DBP) and Directivity Bandwidth Product
per unit Area (DBP/A) have been used as figures of merit [44].
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Fig. 14: Measured radiation patterns of the antenna on φ = 90◦ plane.

We have included here a table comparing GBP and GBP/A
of the new antenna with different RLSA antennas available in
literature.

Table VI summarizes the electrical and physical character-
istics of the new multi-section RLSA and several published
conventional RLSAs. As it can be seen from the table that the
new RLSA with non-uniform radial guide has much larger 3-dB
gain bandwidth than previous RLSAs. It also has a very large
GBP of 14,822 and a reasonably smaller footprint of 168.6λ20
at the center operating frequency. To the best of our knowledge,
only few RLSA prototypes have demonstrated GBPs greater
than 12,000 [26], [30], [35] but their area is more than twice of
the new antenna. Yet the aperture efficiency of the new antenna
is in the low range and hence it is important to consider GBP/A
to see whether the trade-off between aperture efficiency and
bandwidth has resulted in a positive dividend. The selection of
dielectric material, lengths of slots and positions of the slots
can be optimised in the future to improve other performance
figures such as the aperture efficiency of the new antenna.
Indeed yes, the new antenna has the highest GBP/A of 88 in
addition to the widest measured 3-dB gain bandwidth. Further,
its height is the second lowest in terms of wavelength at the
centre frequency.

VII. CONCLUSION

With several design examples, it has been demonstrated that
the gain bandwidth of an RLSA can be increased to previously
impossible levels of 30-40% using the new method presented
here that is by applying an appropriately designed non-uniform
radial waveguide to feed the slot array. The predictions have
been validated with experimental results of a prototype with
27.6% measured 3dB gain bandwidth and 27.3 dBic measured
gain. Unprecedentedly high measured Gain Bandwidth Product
per unit area of the prototype at 88 confirms excellent overall
performance of the antenna in terms of gain, bandwidth and
area.

In the case of CP-RLSAs good input matching and axial ratio
are also achieved over an even larger bandwidth, leading to an
overall bandwidth that is identical to the 3dB gain bandwidth.
Large axial-ratio bandwidth is not a surprise because the phase
orthogonality condition for CP (i.e. the separation between
the two slots in a pair is quarter a guided wavelength) is

TABLE VI: Comparison of the measured characteristics of the
new multi-section RLSA prototype with characteristics of previous
conventional and wideband RLSA prototypes where measured gain
bandwidth is available.

Ref Gain Aperture
Effi-
ciency

3dB
gain
band-
width

Height Gain
BW
prod-
uct

Area Gain
BW
prod-
uct/
Area

Ref dBi % % λ0 GBP λ20 GBP/
A

[35]
36 40.7 6.7 0.48 26,673.2 777.3 34.3

[30]
33.7 42.2 6.72 0.4 15,753 440.9 35.7

[26]
34.5 59 4.6 0.23 12,964.5 380.3 34

[14]
31 24.6 4.8 0.3 6,042.8 405.5 14.9

[45]
30.7 49.1 5.9 - 6,931.9 190 36.4

This
work

27.3 28.3 27.6 0.29 14,822 168.6 88

automatically satisfied by each section when the condition
for phase coherence for broadside radiation (Sρ=λgn(f)) is
satisfied at its best radiating frequency.

Moderate number of sections (3-4) are sufficient to achieve
bandwidths in the order of 30% and they can be implemented in
an RLSA with only minor increase in manufacturing complexity.
Length of each section can be optimised, without increasing
the total antenna area, to further optimise antenna performance.
Readily available dielectric slabs with standard dielectric
constants and thickness values can be used for implementation
without compromising performance.

The maximum aperture efficiency of the new antenna in
the operating band is around 30%. Such a reduced aperture
efficiency is expected from Table II due to the segmentation
of the aperture in such a way that each section radiates well
in each sub-band. With a uniform TEM waveguide of single
section, the same antenna would have aperture efficiencies in
the range of 52.5%-57% (Table II) but the bandwidth would be
much less, in the range of 6-8%. A previous RLSA prototype
that was designed to have a more uniform aperture distribution
has an aperture efficiency of 65% [6]. These figures indicate to
what extent one has to compromise aperture efficiency when
significantly increasing the bandwidth of an RLSA using a
non-uniform TEM waveguide.

Radial non-uniformity of the effective dielectric constant of
the waveguide can be continuous but for the sake of simple
implementation only discrete changes have been considered
in this paper. With this, RLSA antennas have become a low-
profile antenna technology with excellent gains, bandwidths,
radiation efficiencies, GBP/As and structural simplicity.
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