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Abstract

Based on a substrate integrated lens (SIL), a compact line source generator (LSG) for feeding
continuous transverse stub (CTS) arrays with linear-polarized (LP) beam scanning and dual-
polarized (DP) operations is presented in this paper. The SIL consists of metamaterial cells
with different sizes being arranged as concentric annulus and is printed on the center surface
of two substrate layers. The SIL can convert the cylindrical wave generated by the feed probe
of SIW-horn to the planar wave for feeding the CTS array. This rotationally symmetric SIL
can be used conveniently to design LSG for feeding CTS arrays with the continuous beam
scanning and DP operations, which has been verified by the fabrications and measurements.
By simply rotating the SIW-horn along the edge of SIL, the 10-element LP-CTS array obtains
a measured beam scanning range of ±35° with the highest gain of 20.6 dBi. By setting two
orthogonal SIW-horns at the edge of the proposed SIL, the nine-element DP-CTS array
with orthogonal radiation stubs is excited. The DP array obtains the gain of 20.3 dBi at the
center frequency with the isolation of 28 dB and the cross-polarization level <−25 dB.

Introduction

Continuous transverse stub (CTS) arrays operating on the quasi-TEM mode are periodically
arranged on parallel plate waveguides (PPW). They have good performances of high gain,
broadband, and compact size [1]. Iskander’s group has presented some CTS arrays fed by
coaxial and coplanar waveguide in TEM mode [2–4]. However, due to the limitation of the
feeding structure size, it is difficult to extend the radiation aperture for a higher gain.

To increase the transverse length of the feeding structure, the line source generator (LSG)
for producing the in-phase quasi-TEM wave is necessary. Recently, different types of LSGs
have been proposed, such as power dividers [5, 6], parabolic reflectors [7, 8], and the grating
lens [9]. In [5] and [6], metallic power dividers transformed the electromagnetic wave of TE10
mode into the quasi-TEM mode for feeding the CTS array. The multi-stage structure in [5]
made the longitudinal length of the LSG reach 6λ0. The power divider composed of multiple
T-junction structures in [6] had a size of 9.8λ0 × 6.8λ0. In [7], the metallic reflector converted
the cylindrical wave generated by a metallic horn into the planar wave and the horn must be
placed at the focal plane which was 10λ0 away from the reflector. Ref. [8] proposed a planar
parabolic reflector LSG based on substrate integrated waveguide (SIW), while the reflector had
a focal length of 5.7λ0. Following this, a flat grating lens LSG was proposed, whose focal length
was reduced to 2.4λ0 [9]. Due to the inherent characteristics of the parabolic reflector, the focal
length is necessary. Lu et al. proposed a long LSG composed of ridged waveguide slot array for
feeding the CTS array. The beam scanning characteristic was obtained by rotating the LSG
with a length of 2.4λ0, which required a large rotation space [10].

The dual-polarized (DP)-CTS array, which can improve the spectrum efficiency and chan-
nel capacity for a communication system, has attracted much attention in recent years. As a
necessary part of the DP-CTS array, several kinds of DP-LSGs have been proposed. Lou
et al. proposed two sets of orthogonal LSGs, whose dual-reflector structure has a complex
structure and high profile [11]. In [12], Cheng et al. suggested two orthogonally arranged
multi-stage power dividers whose size was 10λ0 × 10λ0 × 1.8λ0. In [13], the two orthogonal
power dividers with three-stage structure were arranged on different layers for feeding the
DP slot antenna. However, the multi-layer structure increased the depth of the DP-LSG. It
could be found that all aforementioned DP-arrays were fed by two independent orthogonal
linear-polarized (LP)-LSGs. Śmierzchalski et al. proposed a dual-mode DP-CTS array which
was fed by only one parabolic reflector [14, 15]. However, the long focal length made the lon-
gitudinal length of the antenna reach 17.5λ0.

Due to the rotationally symmetrical gradient-index structure, the planar Luneburg lens can
convert the cylindrical wave generated at any position of the edge into the planar wave at the
opposite side [16]. By etching various periodic structures with different sizes on the metallic sur-
face of the dielectric substrate, the required gradient refractive index could be obtained [17, 18].
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In [19], a planar Luneburg lens pressed by drilling foam was pro-
posed for steering 17 beams by using 17 planar feeding dipoles on
the edge of the lens. In [20], a seven-beam planar lens composed of
PPW with a curved upper surface could steer the beam by switch-
ing seven feed waveguides. These lenses can only steer beams to
fixed directions, which were determined by the number of the
feed structures. In [21], a planar lens composed of 18-layer stacked
periodic materials realized continuous beam scanning by moving a
feed patch antenna. The feed patch was placed 1.5λ0 away from the
lens, so antenna system had a three-dimensional configuration.
Inspired by the characteristics of the planar Luneburg lens, a
printed circuit board-based substrate integrated lens (SIL) is sug-
gested as the feed structure. The SIL consists of metamaterial
cells of different sizes which are etched on the metal surface
between two dielectric substrates.

Using this SIL, a compact LSG with a size of 3λ0 × 3λ0 × 0.12λ0
is proposed. The SIL converts the cylindrical wave generated by
SIW-horn at its edge into the planar wave at the opposite side
to feed CTS array. This LSG can be conveniently extended to
design the feed structures for the continuous beam scanning
CTS array and the DP array. A 10-element beam scanning CTS
array and a nine-element DP-CTS array have been designed
and measured to verify the effectiveness of this novel compact
LSG.

Comparing the performances of the published LSG of CTS
array to our design, there are three contributions in the newly
proposed LSG.

(1) The proposed SIL is first applied to the LSG for generating a
line source to feed CTS arrays. Although various flat planar
Luneburg lens have been mentioned in [16–21], they are all
radiating antennas. The SIL consists of metamaterial cells
printed on the center surface of two substrate layers. The sub-
strate integrated structure of SIL makes it possible to integrate
with other printed radiating elements fed by line source.

(2) The novel SIL-based LSG is compact in size. Compared with
the power divider LSG with multi-stage structure [5, 6] and
the parabolic reflector LSG with long focal length [7, 8], the
SIL-LSG is the most compact one.

(3) The rotationally symmetric SIL can be conveniently used to
design LSG for feeding CTS arrays with the continuous
beam scanning and DP operations. Compared with
DP-LSGs consisting of two independent orthogonal
LP-LSGs in [11–13], the proposed DP-LSG uses the same
SIL to generate orthogonal line sources, which effectively
reduces the complexity of the antenna.

SIL-LSG structure

Figure 1(a) shows the top view of the planar circular SIL with
radius R (1.5λ0). To obtain the linear source at the opposite
side of SIL and considering its compact size, the SIL is divided
into 10 concentric annuluses. From the inner to the outside, the
annuluses are numbered as 1, 2, …, 10. The corresponding
gradient-index on every annulus can be achieved by using circular
patches of different sizes.

Figure 1(b) shows the exploded perspective view of the SIL.
The planar lens is stacked by Sub 1 with thicknesses H1 and
Sub 2 with thicknesses H2. It should be noted that the two sub-
strate layers are mechanically assembled by using nylon screws.
The period of these small metamaterial cells is D. The cell has a
circular patch which is printed on the middle surface of two

layers, and the upper and the bottom surfaces of the cell are cop-
per layers. The radius Rn represents the radius of the circular
patch on the nth concentric annuluses. The input port 1 and out-
put port 2 are located in plane x = 0 and plane x =D, respectively.

The equivalent refractive index of different size cells can be
obtained by using the retrieval method of electromagnetic para-
meters [22]

n = 1
k2D

cos−1 1
2S21

(1− S211 + S221)

[ ]
(1)

where k2 is the wavenumber in Sub2. The corresponding equiva-
lent refractive index can be achieved by adjusting the radius of the
small circular patch in each annulus. The refractive index of SIL
should obey the Luneburg spatial position function

n(r) =
�����������
2− r

R

( )2√
(2)

in which R is the radius of the lens, and r is the distance from any
point to the center of lens, as shown in Fig. 1.

The SIL is designed by using Sub 1 with εr = 10.2, tanσ = 0.001,
H1 = 0.7 mm, and Sub 2 with εr = 2.65, tanσ = 0.0015, H2 = 3 mm.
Figure 2 shows the equivalent refractive index with different
radius of circular patch of the metamaterial cells versus frequency
when D = 5 mm. It can be seen that the index is closely related to
the frequency and radius Rn. If the metamaterial cells have the
same size, the refractive index will increase with frequency. At
the same frequency, the refractive index increases with the radius
Rn becoming large. Therefore, by adjusting the radius Rn of the
circular metamaterial cell, the required refractive index can be

Fig. 1. Schematic diagram of SIL. (a) Top view. (b) Exploded perspective view and
metamaterial cell.
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obtained. Table 1 gives the equivalent refractive index of the dif-
ferent circular cells on every annulus at the central frequency of
10 GHz.

By using the proposed SIL, the compact LSG exciting planar
wave for feeding CTS arrays is designed. As shown in Fig. 3,
the LSG includes a SIL and a planar SIW-horn fed by a 50Ω
coaxial probe. The SIW-horn is located at the edge of SIL while
the coaxial probe is inserted into the dielectric substrate at
point O. The coaxial probe has the depth of H3. The diameter
of the periodical vias of the SIW-horn is denoted as D1. The
design of the SIW-horn should meet the requirement of the
LSG. The width L1 of the rectangular waveguide in SIW-horn is
determined by the operation band [23]. The appreciate aperture
L2 of the horn is chosen to minimize the phase difference of
the line source generated by LSG.

In this paper, all the simulations are carried out with the
Ansoft High-Frequency Structure Simulator (HFSS) software.
Figure 4 illustrates the electric field distribution of the LSG with
and without the SIL. Obviously, the SIL changes the cylindrical
wave excited by the probe into a planar wave. A nearly ideal
line source has been produced at the opposite side of the
SIW-horn. The phase and amplitude characteristics along refer-
ence plane AA′ are shown in Fig. 5. The amplitude distribution
along reference plane AA′ still obeys the approximate cosine func-
tion, which is benefitting from the electric field of TE10 mode in
the SIW-horn. Within the range of relative position 0.2–0.8, the
maximum phase difference is <9.1°. It can be asserted that the
proposed LSG will lead to a low side lobe radiation pattern
when it is used to feed the CTS array [24].

The simulated reflection coefficient versus frequency of the
SIL-LSG is shown in Fig. 6. The reflection coefficient is <−10
dB within 9–11 GHz, which shows a broadband performance.

CTS arrays fed by the proposed SIL-LSG

To validate the advantage of the proposed SIL-LSG, a LP CTS
array with continuous beam scanning operation and a DP one
are designed, simulated, and tested in this section.

Beam scanning CTS array fed by the SIL-LSG

The suggested LP-CTS array with continuous beam scanning is
shown in Fig. 7. The SIW-CTS array is stacked by four substrate
layers with two different permittivity. The high permittivity layer
(Sub1) is fabricated by TF-2 with εr = 10.2, and tanσ = 0.001 and
the low permittivity layers (Sub2, Sub3, and Sub4) are fabricated
by F4B-2 with εr = 2.65, and tanσ = 0.0015. From the bottom layer
to the top one, the thicknesses of the substrates are HA1, HA2, HA3,
and HA4, respectively. Sub 1, 2 are the feeding layers, which have
been illustrated in section “SIL-LSG structure”. Sub 3, 4 are the
radiation layers with 10-element CTS radiation stubs. In Sub3, a
match stub is added beside each CTS radiation stub and the
upper surface of the match stub with the height of HA3 is a
metal plane.

The function of the match stub can be explained by the
equivalent circuit model shown in Fig. 7(c). According to the
transmission line theory

Zin = Z0
ZL + jZ0 tan bL
Z0 + jZL tan bL

(3)

The radiation stub with open-circuited termination exhibits
capacitance characteristic, which will deteriorate the impedance

Fig. 2. Equivalent refractive index with different radius of circular patch of the meta-
material cells versus frequency.

Table 1. Equivalent refractive index with different radius of circular cells at the
central frequency of 10 GHz

Annulus Rn (mm) nr Annulus Rn (mm) nr

1 2.35 1.41 6 1.8 1.32

2 2.3 1.40 7 1.4 1.28

3 2.25 1.39 8 1 1.23

4 2.2 1.38 9 0.5 1.17

5 1.9 1.35 10 0.3 1.07

Fig. 3. Configuration of the SIL-LSG. (a) Top view. (b) Side view.
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matching of the array. The reflection coefficient deteriorates ser-
iously at the central frequency due to the in-phase reflection
wave by every radiation stubs. In order to achieve impedance
match, match stub with short-circuited termination, acting as
an inductor, is added beside each radiation stub to compensate
the capacitance. It should be noticed that the radiation stub and
the match stub are composed of rectangular metallic-via wall
instead of circle one for easy simulation and fabrication.

A 10-element array is designed to verify the beam scanning
performance. Table 2 lists the dimensions of the CTS array.
Figure 8 shows the photographs of the fabricated prototype.
Through-holes are drilled around four substrate layers for fixing

together using nylon screws. The measured thickness of the air
gaps among stacked antenna layers mechanically assembled are
<0.1 mm.

The measured and simulated reflection coefficients with differ-
ent rotation angles of θd are plotted in Fig. 9. Due to the sym-
metry of the antenna array, only the results of the positive
displacements of the SIW-horn are given. At the center position
of θd = 0°, both the simulated and measured bandwidths with
|S11| <−10 dB are 20% (9–11 GHz). When the horn is rotated
to 25°, the simulated and measured |S11| <−10 dB are 20%
(9–11 GHz) and 18% (9–10.8 GHz), respectively. It can be seen
that both the measured and simulated |S11| remain broadband
even if the feed SIW-horn is rotated.

The radiation performance is measured in the anechoic cham-
ber. The measured and simulated H-plane gain patterns with dif-
ferent SIW-horn rotation angles at the operation frequency of 10
GHz are shown in Fig. 10. The measured gain is 20.6 dBi at θd =
0°, which is lower (1.1 dB) than the simulated one. When the
horn is rotated from 0° to 25°, the simulated and measured scan-
ning angles with SLLs <−10 dB are 0° to −38° and 0° to −35°,
respectively. The measured gain varies between 15.1 and 20.6
dBi. The simulation results found that the gain loss at the large
scan angle is caused by the deterioration of the line source and
the reduction of the radiation areas.

It can be found from Fig. 10 that the measured beamwidths are
narrower than the simulated ones when the horn rotates to 10°,
20°, and 25°. This measurement error is mainly caused by the
undesirable air layer between any two substrate layers after simu-
lations. At the above three scan angles, the measured 3 dB beam-
widths are 13°, 18°, and 12°, respectively, while the simulated
beamwidths with 0.1 mm air gaps are 14.6°, 20°, and 11.5°,
respectively. The simulated beamwidths with 0.1 mm air layer
are similar to the measured ones.

The simulated and the measured trends of H-plane scanning
angle with the angle of the horn rotation are shown in Fig. 11.
With the SIW-horn rotation angles increasing from 0° to 25°, the
measured beam scanning angle changes nearly linearly from 0°
to 35°. This feature makes the antenna array easy to realize the
beam scanning function only by simply rotating the SIW-horn.

With the frequency varying, the phase difference of adjacent
elements changes in E-plane, and beam squint might occur.
When SIW-horn is at the center position, the simulated and mea-
sured radiation patterns of E-planes versus the frequency are plot-
ted in Fig. 12. The measured beam squint is −6° at 9.5 GHz.
When the frequency increases to 10.5 GHz, the beam squint is 7°.

Fig. 4. Electric field distributions of the LSG. (a)
Without SIL. (b) With SIL.

Fig. 5. Amplitude and the phase distributions of the electric field along reference
plane AA′ on SIL.

Fig. 6. Simulated reflection coefficient of the SIL-LSG.
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The experimental process causes the differences between the
simulations and the measurements. The four layers are fixed
together by nylon screws, which results in thin air layers
between two adjacent layers. Moreover, during the horn rotation
along the SIL, there will be a tiny gap between them. These thin
air layers deteriorate the S-parameter and reduce the scanning
angle.

Fig. 7. Configuration of the LP beam scanning SIW-CTS array. (a) Exploded perspective view. (b) Side view. (c) Equivalent circuit of SIW-CTS element with match stub.

Table 2. Parameters of the antenna array (unit: millimeter)

L1 L2 H3 D1 R HA1 HA2 HA3

17 30 2.7 2 45 0.7 3 2

HA4 LA1 WA1 DA SA1 SA2 DA1 W

2 326 165 17 4.3 2 1.9 180
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The gain and measured radiation efficiency of the LP beam
scanning SIW-CTS array versus frequency are shown in Fig. 13.
Within a broadband of 9–11 GHz, the peak gains are all
higher than 15 dBi with the highest one of 20.6 dBi at 10 GHz.
The measured radiation efficiency of the array, denoted as η, is

given by

h = Gmeas

Dsim
(4)

where Gmeas is the measured gain, and Dsim is the simulated direc-
tivity. It can be seen that the measured radiation efficiency is over

Fig. 8. Photograph of the LP beam scanning SIW-CTS array. (a)
Top and bottom surfaces of Sub 4. (b) Top and bottom surfaces
of Sub 3. (c) Top surface of Sub 2. (d) Top surface of Sub 1 (SIL on
Sub 1).

Fig. 9. Simulated and measured reflection coefficients of the LP beam scanning
SIW-CTS array.

Fig. 10. Radiation patterns of the LP beam scanning SIW-CTS array at the center frequency of 10 GHz. (a) Simulation. (b) Measurement.

Fig. 11. Simulated and measured H-plane scanning angles with the position of horn.
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65% within the operation bandwidth. The simulated and mea-
sured aperture efficiencies are 42.6 and 36.1%, respectively.

DP-SIL-LSG for feeding DP-CTS array

The SIL-LSG can be conveniently extended to design a DP feed
structure (i.e., DP-SIL-LSG) for a DP-CTS array. Figure 14
shows the configuration of the proposed DP-CTS array, which
is also stacked by four dielectric substrates. Benefiting from the
symmetrical characteristic of the SIL, two sets of orthogonal feed-
ing structures can be combined into one, which makes the array
compact and the profile low. Sub 1 and Sub 2 are the same as
those of Sub 1 and Sub 2 for SIL. Sub 3 and Sub 4 are the
same dielectric substrates as Sub 2.

Sub 1, 2 are the feeding layers. As the main part of
DP-SIL-LSG, SIL is located at the center of Sub 1. Two

Fig. 12. Radiation patterns of the LP beam scanning SIW-CTS array versus frequency. (a) Simulation. (b) Measurement.

Fig. 13. Gain and measured radiation efficiency of the LP beam scanning SIW-CTS
array prototype versus frequency.

Fig. 14. Configuration of the DP SIW-CTS array.
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SIW-horns are orthogonally etched on the edge of SIL to excite
DP operation. The coupling apertures are etched on the upper
surface of Sub 2, and the terminal reflector composed of rectangu-
lar metal vias pass through feeding layers. Due to the introduction
of terminal reflector, the feed layer and radiation layer of DP array
can be located in different layers, which significantly reduces the
size of the antenna. Assisted by the terminal reflectors, the coup-
ling apertures couple planar wave from DP-SIL-LSG to the DP

radiation layer composed of Sub 3 and Sub 4. In Sub 4, two
orthogonal nine-element CTS arrays are used to form a common
aperture DP-CTS.

Figures 15(a) and 15(b) show the electric field distributions in
Sub 2 and Sub 3, respectively. It can be seen from Fig. 15(a) that,
the cylindrical waves generated by two orthogonal SIW-horns are
converted into planar waves on their opposite sides after passing
through SIL. Through the combined action of the terminal

Fig. 15. Electric field distributions of (a) Sub 2. (b) Sub 3.

Fig. 16. Photographs of the DP SIW-CTS array proto-
type. (a) Top and bottom surfaces of Sub 4. (b) Top
and bottom surfaces of Sub 3. (c) Bottom surface of
Sub 2. (d) Top surface of Sub 1 (SIL on Sub 1).
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reflector and the coupling aperture, two orthogonal planar waves
generated by DP-SIL-LSG are well coupled to Sub3.

To verify the effectiveness of the proposed compact
DP-SIL-LSG, a nine-element DP-CTS was fabricated and mea-
sured. Figure 16 shows the photographs of the fabricated antenna.
The final parameter values are shown in Table 3.

The measured and simulated reflection coefficients and iso-
lation versus the frequency are plotted in Fig. 17. According to

the measured results, the −10 dB reflection coefficient band-
width of ports 1 and 2 are both <−10 dB from 9 to 11 GHz.
Within this frequency range, the measured isolation between
the two ports is higher than 20 dB. At high-frequency band
(10.5–11 GHz), the measured isolation is a little lower than
the simulated one. These discrepancies are mainly caused
by the permittivity error of the dielectric substrate and the fab-
rication error.

Table 3. Parameters of the antenna array (unit: millimeter)

LB1 LB2 LB3 WB1 WB2 WB3 DB DS HB1 HB2 HB3 HB4

230 110 8 2 0.5 1.8 19 2.8 0.7 2 2 2

Fig. 17. S-parameters versus frequency of Port 1 and Port 2. (a) Simulation. (b) Measurement.

Fig. 18. Simulated and measured radiation patterns
for Ports 1 and 2. (a) H-plane for Port 1. (b) H-plane
for Port 2. (c) E-plane for Port 1. (d) E-plane for Port 2.
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The whole antenna was simulated, fabricated, and measured.
During the simulation and measurement, when one feeding
port is fed, the other one is connected to a 50Ω match load.
The measured and simulated radiation patterns of H- and
E-planes of ports 1 and 2 are presented in Fig. 18. For port 1,
the measured gain at 10 GHz is 19.8 dBi with the cross-
polarization levels of −30.3 dB in E-plane and that of −26.5 dB
in H-plane, respectively. For port 2, the measured gain at 10
GHz is 20.3 dBi with the cross-polarization levels of −27.5 dB
in E-plane and that of −29.2 dB in H-plane, respectively. The
measured gains and cross-polarization deteriorate a little, which
are mainly caused by the fabrication errors and assembly errors.

The simulated and measured gains of Port 1 and Port 2 versus
the frequency are shown in Fig. 19. Within a broadband of 9–10.5
GHz, the measured gains of both ports are all higher than 15 dBi
with the highest one of 20.3 dBi at 10 GHz. The relative refractive
index of the metamaterial cell changes with frequency while the
SIL is designed according to the center frequency of 10 GHz.
When the operation frequency is higher than 10.5 GHz, the elec-
tromagnetic wave fed into DP-CTS is no idea longer a planar
wave, resulting in a significant decrease in antenna gain.

Table 4 summarizes the performances of the published
DP-CTS arrays and our design. Ref. [11] proposed a CTS array
that achieved beam-scanning range of ±40° in the elevation by
rotating Riley prism. The CTS array used two independent para-
bolic reflector structures to generate orthogonal line sources for
feeding the DP-CTS array. In [12], the CTS array fed by two sep-
arate orthogonal power dividers, and the multistage structure
made CTS array complex and large. Based on the two modes of
TEM and TE1, a multi-beam DP-CTS fed by only one parabolic
reflector was proposed [14]. However, the long focal length made
the longitudinal length of the antenna reach 17.5λ0. Compared
with these DP-CTS arrays, the proposed DP-CTS array fed by
SIL-LSG has characteristics with compact size and low profile.

Conclusion

In this paper, a novel compact LSG, namely SIL-LSG, is proposed
by combining SIW-horn with SIL. Through the phase adjustment
of SIL, the cylindrical wave generated by the SIW-horn is con-
verted into planar wave for feeding CTS array. The scanning
and the dual-feeding ability of the SIL-LSG are verified by two
sets of CTS arrays with simulation and measurement results.
The LP beam scanning SIW-CTS array has the maximum gain

Fig. 19. Simulated and measured gain of Port 1 and Port 2.
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of 20.6 dBi at the center frequency of 10 GHz and its H-plane
main beam can steer from −35° to 35° by rotating the
SIW-horn. The measured gain of the DP-CTS at the center fre-
quency is 20.3 dBi and the cross-polarization level is <−25 dB.
The proposed compact SIL-LSG proves to be a good candidate
as the feeding structure of the CTS antenna arrays.
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