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Composite Right/Left-Handed Ridge Substrate Integrated
Waveguide Slot Array Antennas

Qingshan Yang, Xiaowen Zhao, and Yunhua Zhang

Abstract—A composite right/left-handed (CRLH) ridge substrate inte-
grated waveguide (RSIW) is proposed and applied to slot array antennas,
where the longitudinal slots are etched on the surface of CRLH RSIW, be-
having as the radiating elements. Two slot array antennas are designed,
fabricated, and measured, one with fixed slot offset, and the other one with
varied slot offsets used for achieving low side-lobe level (SLL) of radia-
tion patterns. Compared with the slot array antennas using CRLH rectan-
gular waveguides, the investigated CRLH RSIW ones have the advantages
of miniaturized size in transverse direction, relative low cost, low profile,
and easy to integrate with other planar circuits. Besides, unlike other pro-
posed planar CRLH leaky wave antennas (LWAs), slots of varied offsets
can be adopted on the CRLH RSIW surface to achieve a tapered excita-
tion. Thus the radiation patterns can be optimized for low SLL. In sum-
mary, this CRLH RSIW enables a tapered excitation in the beam-steering
antenna design while keeps a relative simple structure.

Index Terms—Composite right/left-handed (CRLH), frequency scan-
ning antennas, ridge substrate integrated waveguide (RSIW), slot array
antennas.

I. INTRODUCTION

Composite right/left-handed (CRLH) structures have been paid sig-
nificant attention over the past decades [1], [2]. They own some unique
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features not available for traditional microwave structures, e.g., both
backward and forward waves, and even infinite-wavelength waves can
be supported. These unique properties can be applied to leaky-wave
antennas (LWAs) to achieve continuous beam-steering capability from
backfire to endfire by varying the frequency, so they can realize a much
wider scanning range compared with the traditional LWAs [3]-[14].

To date, numerous CRLH antennas have been reported using mi-
crostrip [3]-[6], substrate integrated waveguide (SIW) [7]-[11], and
CRLH rectangular waveguide [12]-[14], etc. The microstrip and SIW
CRLH structures are usually open to the air and as the CRLH disper-
sion curves penetrate into the fast-wave region, they are potentially
radiative. With the CRLH cells cascaded, a CRLH LWA can be con-
structed. The power leakage along the LWA with exponential attenua-
tion leads to high side-lobe levels (SLL) in the radiation patterns. With
this type of CRLH LWAs, it is difficult to realize a tapered distribution,
thereby a low SLL of radiation patterns. Nevertheless, a tapered mi-
crostrip CRLH interdigital/stub LWA is realized with minimized SLLs
in [6]. The design procedure relies on the co-simulation based on a
genetic algorithm, which is rather time-consuming and complex, and
only the broadside radiation pattern with low SLL is optimized. An-
other way of realizing the full-space beam-steering using CRLH rect-
angular waveguide is reported [13], [14]. A design procedure similar
to the traditional waveguide slot array can be employed. This type of
CRLH slot array antennas can usually have a better radiation pattern
performance compared with the planar CRLH antenna structures. The
fabrication of the CRLH waveguides, however, is rather complicated
and expensive.

In order to overcome the inherent disadvantages of the already
proposed CRLH LWAs, we propose a closed CRLH ridge substrate
integrated waveguide (RSIW) and apply it to slot array antennas in this
communication. RSIW, similar to traditional ridge waveguide, was
originally proposed for the miniaturization of SIW [15]. Compared
with the CRLH waveguide adopted in [12]-[14], this CRLH RSIW
has the advantages of miniaturized size in transverse direction, relative
low cost, low profile, and easy to integrate with other planar circuits.
At the same time, this closed planar CRLH structure can keep the en-
ergy propagating inside to avoid energy leakage, which is impossible
for other microstrip or SIW planar CRLH structures. Based on the
CRLH RSIW, slots with varied offsets can be adopted on the surface
so as to conveniently realize a tapered excitation distribution, as done
in traditional rectangular waveguide slot antenna design. Usually it is
difficult to achieve for the planar CRLH LWAs. Here, the taper design
for slot excitation is different from that used in [14], as shown in the
beginning of Section V. Another slot array antenna based on the folded
substrate integrated waveguide (FSIW) was proposed in [16], where
the rotated radiating slot is confined to the CRLH FSIW cell, which
results in rather low radiation efficiency. The antenna is constructed
directly by cascading the radiative CRLH FSIW cells as usual LWAs
do, so it does not have a tapered excitation distribution.

This communication is organized as follows. The geometry of the
closed CRLH RSIW is illustrated in Section II, where the dispersion
and loss analysis of the CRLH RSIW are also discussed. Section III
investigates the slot type and advantages of this CRLH RSIW slot
array antenna. In Sections IV and V, two slot array antennas are de-
signed, fabricated, and measured. Finally, some conclusions are drawn
in Section VI.

II. CRLH RSIW

A closed CRLH RSIW for the slot array antenna is proposed in
this section. The prototype is built on a two-layer substrate of Rogers
RT/Duroid 6002 with dielectric constant =, = 2.94, loss tangent
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. The layout of the proposed CRLH RSIW (a) unit cell, (b) overall pro-
totype with 24 unit cells.
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Fig. 2. The equivalent circuit for the CRLH RSIW unit cell.

2L, Crl2 Crl2 2L,

tan 6 = 0.0012. The multi-layer printed-circuit board (PCB) process
is adopted to fabricate the CRLH RSIW.

A. Configuration

Fig. 1(a) depicts the configuration of the CRLH RSIW unit cell. The
thicknesses of the two layers are i, = 0.254 mm, o = 0.508 mm,
respectively. A bonding film with dielectric constant of 2.8 and loss
tangent of 0.01 is used to stick the two substrates together. In the fab-
rication, vertical metal walls of the RSIW are implemented using met-
allized vias with the diameters d; = 0.3 mm and d» = 0.35 mm, re-
spectively. A RSIW based CRLH transmission line can be constructed
by periodically cascading the unit cell. Two sections of tapered mi-
crostrip line which also serve as the match network to 30 €2, are de-
signed to connect to the ridge surface of the CRLH RSIW at the two
ends, and the top metal plate of the upper substrate serves as the corre-
sponding ground, as shown in Fig. 1(b). The tapered feeding line sand-
wiched in the substrates can be switched to the bottom plate of the
lower substrate through a metal via so as to connect to the SMA con-
veniently [17].

B. Dispersion and Loss Analysis

The CRLH property is obtained by etching interdigital slots on the
ridge surface of the RSIW. The slots behaving as the series capaci-
tors together with the shunt inductors provided by the metal vias, con-
struct the left-handed (LH) condition to support the backward-wave.
The inherent distributed series inductors and shunt capacitors provide
the right-handed (RH) condition. Fig. 2 presents the equivalent cir-
cuit model for the CRLH RSIW unit cell. A balanced condition can
be achieved if the series resonant frequency equals to the shunt reso-
nant frequency, i.e.,

Wge = Weh (1)
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Fig. 3. The dispersion and Bloch impedance for the CRLH RSIW cell.
TABLE I
DIMENSIONS FOR THE CRLH RSIW CELL
Parameter: a s lc we ws P Iy It
Unit: mm | 8.05 | 6.3 3 021 | 026 | 6.5 | 0.65 | 0.5
where
1 1
Wse = ——  Wsh = —/———- (2)
VLrCr, vLiCr

Under this balanced condition, the propagation constant /3 can be
expressed as

4= ,xffR” + ,’3L” = %\/LRC'R - !

E— 3
wpVLiCr @

where p is the length of the unit cell. The propagation constant 3 ex-
hibits zero at the following transition frequency

; = Wye = Wsh.
'\4/LRCRLLCL

Bloch impedance is used to characterize the impedance of a unit
cell in a periodic transmission line. It provides a reference for the
impedance matching of the periodic transmission structure. For a
CRLH unit cell, the Bloch impedance Zg is expressed as [1]

e IR S

“)

Wo =

Zp =2y,

Wk

where

I 1
L=Ve, “T /Lo ©

It is seen that w,. and w, correspond to a zero and a pole, respec-
tively. The zero and pole always exist unless the balanced condition of
(1) is strictly satisfied.

In this communication, a CRLH RSIW operated at X-band is
designed. The other dimensions for the CRLH RSIW unit cell are
listed in Table 1. Fig. 3 depicts the corresponding dispersion and Bloch
impedance for the CRLH RSIW cell extracted from the simulated
S-parameters using Ansoft HFSS [18]. We can see from Fig. 3 that
the CRLH cell is balanced at 9.3 GHz approximately. Below this
frequency, the LH region appears which supports the backward-wave
propagation, and just above the transition frequency, the RH region
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Fig. 4. The curves of loss versus frequency of the CRLH RSIW cell.

Fig. 5. The fabricated CRLH RSIW with 24 unit cells, acting as the feeding
structure for the slot array antennas.

supporting the forward-wave appears. A null is exhibited for the
propagation constant 3 at 9.3 GHz. A rapid change corresponding
to a zero and a pole is observed near the transition frequency from
the Bloch impedance curve, which is consistent with the results of
(5). The Bloch impedance curve presents a flat behavior in the RH
region while presents noticeable variation in the LH region, which
means the balanced condition is not so perfect. A more accurate but
time-consuming eigen-mode simulation may be applied to improve
the balanced condition. The average Bloch impedance from 8.5 GHz
to 12 GHz is around 38 €2, so a taper line matching network is adopted
to transform 38 §2 to 50 £2.

Fig. 4 shows the loss analysis for the CRLH RSIW cell calculated

by
Loss =1 — 81157, — 5:155,. @)

The loss curves clearly show that the radiation loss is so small that
it can be even neglected. It is to say the non-radiation property of this
closed CRLH RSIW structure is validated. The abrupt high loss around
11.5 GHz is due to the strong resonance.

C. S-Parameters

A CRLH RSIW with 24 unit cells is fabricated as shown in Fig. 5.
Fig. 6 gives the simulated 5-parameters using CST Microwave Studio,
and the measured 5-parameters by Agilent PNA-X Network Analyzer,
they agree very well with each other. The increased conductor loss and
the reflection of SMA connectors are the main reasons for the discrep-
ancy between the simulated and measured magnitudes of S2;. The de-
crease around 11.5 GHz is consistent with the loss analysis in Fig. 4.
A frequency bandwidth of 5, < —10 dB is achieved from 8 GHz
to more than 12 GHz except for a narrow frequency band around the
transition frequency. This is mainly caused by the mismatch of Bloch
impedance to 50 2 near the transition frequency as shown in Fig. 3.

Based on the fabricated CRLH RSIW, slots can be etched on the top
surface, which behave as the radiating elements.
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Fig. 6. The simulated and measured S -parameters for the 24-unit-cell CRLH
RSIW.
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Fig. 7. The surface current distributions on the top face of the CRLH RSIW at
different frequencies. (a) 8.8 GHz, LH region, (b) 9.3 GHz, transition frequency,
(c) 10.0 GHz, RH region.

III. CRLH SLOT ARRAY ANTENNA

In traditional rectangular waveguide slot array antennas, three types
ofradiating slot are usually adopted on the broad face of the waveguide,
i.e., transverse series slot, longitudinal shunt slot and rotated series slot.
All these slots are excited by the corresponding surface current perpen-
dicular to the long edge of the slot. The surface current distribution on
the top face of the CRLH RSIW is simulated using CST Microwave
Studio, as shown in Fig. 7, which is very similar to that on traditional
rectangular waveguide, even when the propagation constant 3 is neg-
ative or zero. Thus the three types of slot can still be applied to this
CRLH RSIW slot array antenna. Besides, in order to achieve the best
radiation efficiency, the slot should cut the surface current perpendicu-
larly where the largest current density is distributed. Thus the longitu-
dinal slot with offset would be the best choice according to the surface
current distribution in Fig. 7. In our design, all the longitudinal slots are
arranged on the same side of the CRLH RSIW center line. In this way,
the CRLH slot array antenna can realize a full space scanning range
including backward and broadside radiations, that is difficult to realize
for traditional waveguide ones [14].

Two slot array antennas are designed, fabricated, and measured,
one with a fixed slot offset is for demonstrating the continuous
beam-steering capability from backward to forward, and the other
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Fig. 8. The fabricated CRLH RSIW 15-slot-array antenna with fixed slot offset.
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Fig.9. The simulated and measured S -parameters for the 15-slot-array antenna
with fixed slot offset.

one with varied slot offsets is for demonstrating the optimized SLL
performance.

IV. CRLH RSIW SLOT ARRAY ANTENNA WITH FIXED SLOT OFFSET

Fig. 8 shows the fabricated slot array antenna based on the 24-unit-
cell CRLH RSIW. In this design, 15 equally spaced longitudinal slots
are etched on the broad face of the CRLH RSIW with the same length
of lsiot = 9 mm, and the width of w.,: = 0.8 mm. The spacing
d between the neighboring slots is 10.3 mm, all the slot offsets are
designed to be the same with & = 0.7 mm. For this array, the power
radiated from the slots experiences an exponential attenuation.

Fig. 9 presents both the simulated and the measured .S-parameters
of this CRLH slot array antenna. Compared with the S-parameters of
the closed CRLH RSIW presented in Fig. 6, the magnitude of 5,1 from
8.6 GHz to 10.3 GHz decreases because the radiation happens, and the
more the S2; magnitude decreases, the better the radiation efficiency
can be realized. But in the frequency region from 10.5 GHz to 13 GHz,
the S>; magnitude is about the same as that in Fig. 6, which means
low radiation efficiency and it is not suitable for antenna application.
Thus the frequency band of interest is focused on the region from 8.6
GHz to 10.3 GHz. Another difference should be noticed is that a new
strong resonance appears near 10.4 GHz. We think it is caused by the
resonance of the slots. The manufacturing error should be the reason
for resulting the discrepancy between the simulated and measured 511
magnitudes in the LH region.

Fig. 10 shows the normalized H-plane radiation patterns measured
at different frequencies. The full space continuous beam-steering capa-
bility of this CRLH RSIW slot array antenna is clearly demonstrated.
As aresult of an exponential distribution of the slot excitation, the SLL
is above —10 dB for the radiation patterns presented in Fig. 10.

The measured main beam angles for the radiation patterns at
different frequencies are plotted in Fig. 11. A scanning range from
—46°to + 40° is obtained when the frequency varies from 8.6 GHz
to 10.3 GHz with a relative bandwidth of 18.3% (1.7 GHz bandwidth
centered at 9.3 GHz). Fig. 12 gives the simulated and measured
antenna gains as well as the simulated radiation efficiencies. The
largest gain of 11.5 dBi is achieved at 10.0 GHz. A dip in gain near
the transition frequency is mainly due to the mismatch of the Bloch
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Fig. 10. The measured radiation patterns at different frequencies for the
15-slot-array antenna with fixed slot offset.
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Fig. 11. The measured main beam angles at different frequencies for the CRLH
RSIW 15-slot array antenna with fixed slot offset.
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Fig. 12. The gain and the simulated radiation efficiency for the 15-slot-array
antenna with fixed slot offset.

impedance to 30 2. As observed the 511 magnitude increases and
thus most of the energy is reflected back to the source rather than
radiated along the antenna. Discrepancies between the simulated
and measured gains are exhibited in the LH region. We think the
manufacturing error and the soldering lead to a larger measured S,
magnitude than the simulated one, as shown in Fig. 9. The radiation
efficiency is less than 40% when the frequency is below 9.0 GHz. It
is mainly caused by both the conductor and dielectric losses in this
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TABLE 11
SLOT EXCITATION AND OFFSETS FOR THE CRLH RSIW 15-SLOT-ARRAY ANTENNA DESIGN.
Slot No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
A, 0.52 0.56 0.64 0.73 0.83 0.92 0.98 1 0.98 0.92 0.83 0.73 0.64 0.56 0.52

J (mm) 0.25 0.29 0.33 0.39 0.46 0.53 0.6 0.65 0.71 0.76 0.78 0.78 0.76 0.71 0.71
0.08
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Fig. 13. The single slot radiation versus different offsets.

frequency region. A bonding film with a low dielectric loss tangent is
helpful for decreasing the dielectric loss while increasing the radiation
efficiency. The impedance mismatch in the LH region also causes the
low radiation efficiency.

V. CRLH RSIW SLOT ARRAY ANTENNA WITH VARIED SLOT
OFFSETS

In Section IV, the CRLH RSIW slot array antenna with fixed slot
offset is investigated. As we know in the CRLH RSIW slot array an-
tenna, the radiation comes from the energy leakage of the slots. Thus
the slot parameters (e.g., slot widths and offsets) determine the radia-
tion strength. By controlling the slot parameters, a tapered excitation
distribution can be designed to achieve a low SLL performance. In the
tapered distribution design in [14], the admittance properties of the lon-
gitudinal slot are analyzed at two different frequencies located in the
LH region and RH region, respectively. The final slot lengths and off-
sets are determined by just arithmetically averaging the obtained di-
mensions at the two frequencies. In this design, more emphasis is on the
analysis of the single slot radiation versus varied slot offsets at the tran-
sition frequency since the guided wavelength is infinite and the CRLH
RSIW structure is uniform.

For a longitudinal slot placed on the surface of a CRLH RSIW, the
slot radiation can be calculated by (7) assuming that the dielectric and
conductor are lossless. By varying the slot offset, a group of radiation
powers are calculated and plotted in Fig. 13. The slot length 7o+ and
width w,j0¢ are 9 mm and 0.8 mm, respectively. It is seen that the
bigger the slot offset, the larger the amount of radiation in the frequency
band of interest. This radiation property can be applied to achieve a de-
sired excitation distribution such as Taylor distribution. A wider slot
is helpful for enhancing the radiation and improve the radiation ef-
ficiency, so, a similar excitation distribution can also be realized by
varying the slot widths, which is not discussed here.

The design of a 15-slot-array antenna with varied slot offsets is based
on the plots of Fig. 13. The transition frequency of 9.3 GHz is chosen
as the design frequency. A Taylor pattern with —20 dB SLL is tar-
geted. The slot excitation A,, and the corresponding offsets § are given
in Table II. The 15 slots are all lying on the same side of the center line,

Fig. 14. The fabricated CRLH RSIW 15-slot-array antenna with varied slot
offsets.
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Fig. 15. The simulated and measured .S-parameters for the 15-slot-array an-
tenna with varied slot offsets.
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Fig. 16. The measured radiation patterns at different frequencies for the
15-slot-array antenna with varied slot offsets.

uniformly spaced with a distance d = 10.3 mm. The slots are num-
bered beginning from the closest one to the feeding port. Fig. 14 gives
the photography of the fabricated CRLH RSIW 15-slot-array antenna
with varied slot offsets. The simulated and measured S-parameters are
presented in Fig. 15. By comparing the S-parameters of Fig. 15 with
that of Fig. 9, we can see that the S5 magnitude has been deteriorated
near the transition frequency. This is because the balanced condition
of the CRLH structure is slightly deteriorated by the slots of different
offsets. The radiated frequency band of interest is from 8.6 GHz to
10.3 GHz, which is as same as that of the slot array with fixed slot
offset.

The normalized radiation patterns at the same frequencies as
Fig. 10 are measured and plotted in Fig. 16. The requirement of
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Fig. 17. The gain and the simulated radiation efficiency for the 15-slot-array
antenna with varied slot offsets.

—20 dB SLL is not strictly met since the mutual coupling between
neighboring slots is not considered in the design procedure currently.
The SLLs of the H-plane radiation patterns at 8.7 GHz, 8.9 GHz and
9.1 GHz are about —15 dB, i.e., —5 dB lower than that in Fig. 10.
The SLL of the broadside pattern is better than —15 dB in Fig. 16,
while in Fig. 10, it is above —10 dB. The SLLs of the radiation
patterns in the RH region in Fig. 16 is only about —10 dB. We think
this is due to the power is dissipated by the dielectric and conductor
losses of the CRLH RSIW so that the slots near the matched load
cannot obtain the expected excitation amplitude. Nevertheless, the
SLL is still better than that in Fig. 10.

Fig. 17 shows the antenna gain and simulated radiation efficiency
of this CRLH RSIW slot array , the maximum gain of 9.9 dBi is
obtained at 10.0 GHz. Good agreements between the simulated and
measured gains are shown in the RH region; while in the LH region,
discrepancies are observed due to the same reason as that of the fixed
offset case.

VI. CONCLUSIONS

This communication has investigated the slot array antennas based
on a CRLH RSIW structure. A closed CRLH RSIW for slot array
antenna is first developed with the dispersion and loss character-
istics analyzed and discussed, then two slot array antennas with
different radiation characteristics are investigated. Experiment results
confirm their full space beam-steering performance from the back-
ward (—46°) to the forward (+40°) as the frequency sweeps from
8.6 GHz to 10.3 GHz. Optimization for achieving low SLL of radia-
tion patterns is carried out by varying the slot offsets. The radiation
patterns for the slot array antenna with varied slot offsets are com-
pared with that of the slot array antenna with fixed slot offset and
the SLL improvements are clearly demonstrated. In fact, we can re-
alize low SLL through other way, e.g., by varying the slot widths.
We want to point out that rotated slots can also be adopted on the
broad surface of the CRLH RSIW for dual-polarization antennas. In
summary, the CRLH RSIW slot array antennas have the advantages
of miniaturized size in transverse direction, low profile, and easy
to realize a tapered excitation, which are difficult to achieve simul-
taneously for other planar CRLH LWAs. The proposed antennas is
expected to have applications in the future in radar systems which
require very wide range of beam-steering.
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