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Abstract —A common problem for the
performance of a Cavity-Backed Slot (CBS)
antenna could be the heavily effect of ground
plane. Travelling surface currents on ground plane
could cause destructive effect on the
characteristics of CBS antenna. This mainly
appears on gain back lobe and also Front to Back
Ratio (FBR) of pattern. To resolve this problem,
the stepped ground plane and the Extended
Mushroom Electromagnetic Band-Gap (EM-EBG)
structure was introduced, which could minimize
ground plane effects by changing the current
distribution. Good agreement was achieved
between the simulated and measured results.
Experimental results showed that on a frequency
range over 14-16 GHz, the gain was better than 11
dB and FBR of pattern in the H-plane reached to
26 dB.

Index Terms - Cavity-backed slot antenna, corner
notch ground, elongated mushroom EBG, stepped
ground, surface currents.

I. INTRODUCTION

In many applications, the antenna should be
located in close proximity to earth, be mounted on
a platform or be integrated with the rest of the
transceiver in a multilayer structure. To improve
the adverse effects of the interactions between a
slot antenna and the structures behind it
traditionally a shallow cavity is placed behind
such an antenna. Therefore, cavity-backed slot
antennas extensively have been studied from
various views in [1]-[3]. Analyzing CBS antenna
characteristics, such as impedance and radiation
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pattern, has been done by Calejs [3]. CBS
antennas are relatively light-weighted, low-profile
and relatively high-directivity. One of the
significant features of CBS antenna is its
capability to mount on the surface of airborne and
aircraft applications [4]. Therefore, CBS antenna
has been one of most practical antennas in satellite
communication, broadcast TV, aircraft and mobile
communication [4-5].

Cavity back loading improves some
characteristics of antennas, as recent study has
been shown its influence on antenna engineering
[18]. One of the drawbacks of the finite ground
CBS antenna is its high back lobe that reduces the
main directive radiation. Unwanted surface
currents on ground plane destruct the pattern [6].
When traveling, surface currents on finite ground
plane reach edges and they radiate in all
directions. Therefore, the antenna gain is reduced
and as a result back lobes of the pattern are
increased. Also in antenna arrays, surface currents
cause mutual coupling [6]. Several methods have
been analyzed to compensate destructive surface
currents effect, such as using absorber, slits [7]
and EBG or high impedance structures [8]. These
structures suppress surface currents in their band
gap, because EBGs support none of the surface
wave propagation modes in their resonance band
[9]. EBG structures are periodic patterns created
by metallic vias in dielectric or magnetic
materials. EBGs have various types, such as
mushroom-like and  uniplanar  that were
investigated recently [6]-[11] and [16]-[17]. A
compact Elongated Mushroom Electromagnetic
Band-Gap (EM-EBG) structure, exploiting the
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thickness of the substrate to achieve higher
isolation compared to the case of the Conventional
Mushroom EBG (CM-EBG), is proposed in [12].

In this paper, a new technique for reducing the
back lobe of CBS antenna is presented. The
technique is based on corner notched and stepped
ground plane and utilizing EBG (Design 4).
Basically, the ground plane of the CBS antenna is
initially changed by using corner notched. In order
to increase ground plane physical length, ground
plane is stepped and reduction in the back lobe of
CBSA pattern is observed. By mounting EM-EBG
on the antenna, travelling surface wave on the
structure is confined and FBR is improved. In the
next section, 4 designs of ground plane of CBS
antenna is investigated. First, similarities and
differences of each design will be discussed and
then numerical and measurement results of them
will be presented and compared.

1. DESIGNS AND NUMERICAL
SIMULATION

The four stage design configuration of the
proposed CBS antenna with optimized dimensions
is shown in Fig. 1. All designs comprise of three
parts: ground plane with slot in center, open end
cavity and electrical probe for stimuli antenna. In
all stages, we try to design the antenna to work at
15 GHz with return loss less than -10 dB. All
designs have the same dimension and the only
difference is the shape of ground plane. The first
design is a conventional Ku band cavity-back slot
similar to antenna that presented in [7], with finite
rectangular ground plane that is shown in Fig. 1 as
Design 1. Design 2 is a corner notched ground
plane and the third design is a CBS antenna with
non-flat ground plane, which has step in four
directions to suppress currents on edges as shown
in Fig. 1.

In this design, the cross section lengths of
waveguide with dominate mode of TE at 15 GHz
is calculated by 11.5 mm to excite the antenna
[13]. The dimension of the slot is equal to
waveguide’s cross section. Also, the waveguide’s
height’s is 3 cm and excitation probe is placed
2.782 cm below ground plane middle of
waveguide’s length. The slot’s width is 5 mm (A/4)
and probe length is 4 mm (A/5), where A is wave
length of resonance frequency at 15 GHz. Length
and width of reference ground plane are 44 mm
and 37 mm, as shown in Fig. 1.
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Fig. 1. Schematic diagram of top and side view of
four designs of CBS antenna: Design 1:
conventional CBS antenna [14]-[15]; Design 2:
conventional CBS antenna with corner notched
ground plane; Design 3: conventional CBS
antenna with corner notched and stepped ground
plane (W2=5, W3=5, L1=24, W1=17, W=37,
L=44, a=11.5, b=5, h=30, ¢=28.72, hs=4, Ip=4);
Design 4: conventional CBS antenna with corner
notched and stepped ground plane and EM-EBG
[12] (W2=5, W3=5, L1=24, W1=17, W=37, L=44,
a=13, b=5, h=30, ¢=28.72, hs=4, Ip=4, P =1.7,
D=1.5, d=0.4, 2xh;=2xh,=h=1.52); (unit: mm).

As mentioned above, the difference of three
antenna designs is the ground plane shape. In
Design 1 (D-1), the ground plane is set to
reference plane. This design is similar to CBS
antennas, which was presented by Georgakopoulos
[14]-[15]. To compensate the current flow on the
edges, corner notch on ground is used. Therefore,
the ground plane divided into two main parts:
internal ground plane (which dimension are
L1xW,) with slot and edges (Design 2 or D-2). For
more compensation of currents on edges, non-
planar ground plane is presented (D-3). In the third
design, the ground plane includes three parts:
internal ground plane with slot, steps and edges;
which internal ground and edge are planar and
steps are elevated. The dimension of internal
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ground for Design 2 and 3 is 24 mmx17 mm. For
comparison, the simulation results of Designs 1, 2
and 3 are presented in Fig. 2. Figure 2 (a) shows
H-plane radiation pattern of Design 1-3 at 15 GHz.
From Fig. 2, we figure out that Design 3 has better
directivity compared to Designs 1 and 2. Also,
comparison between Designs 1 and 2 show that
corner notched ground plane improved FBR from
10.2 to 10.6 dB at 15 GHz. Also, the results show
that applying steps in D-3 improved FBR more
than 20 dB (Fig. 2 (a)). Designs 1 and 2 have
similar impedance bandwidth. Figure 2 (b)
presents the return loss of all designs, which have
good impedance bandwidth at 15 GHz. It can be
seen that Design 3 has the best return loss at 15
GHz (less than -27 dB) and its bandwidth is 700
MHz.

The simulated peak gain of designs at 15 GHz
is plotted in Fig. 2 (c). It can be seen that Design 3
has the best gain, approximately 11 dB in
bandwidth with flatness less than 1 dB. In Fig. 2
(d), the current distribution of Designs 1, 2 and 3
on ground plane are shown. For D-1, the direction
of current distribution is in width alignment. In D-
2, the path of current distribution is in both width
and length alignment. When current distribution
along both sides is similar, back lobe of pattern are
decreased.

This electromagnetic phenomenon is probably
a result of converting traveling wave to standing
wave. In Figs. 3 and 4, effect of slot and
waveguide’s width (=b), probe length, position of
excitation (=c) and waveguide’s height (=h)
variations are shown.

Simulation results revealed that slot and
waveguide’s width is effective on return loss of all
three designs, but it does not affect the peak gain
and FBR of pattern. Consequently, the best return
loss is obtained when probe length reaches 4 mm.
Furthermore, the return loss for Designs 1 and 2
are the same as the probe length is changed. In
addition, variation of probe’s position changes
return loss considerably, but it does not have any
significant influence on gain and FBR.
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Fig. 2. Comparison of performance of three
antenna designs: (a) H-plane pattern, (b) return
loss, (c) peak gain and (d) current distribution on
ground plane.
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Fig. 4. Return loss and peak gain and FBR of
pattern simulation results of Designs 1, 2 and 3
(D-1, 2, 3) of antenna at 15 GHz: (a) position of
excitation probe effect (cm) and (b) waveguide’s
height (cm).
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Antenna characteristics are sensitive to height.
In order to complete the study of the antenna, we
investigate the effect of ground plane dimension
on antenna’s performance separately. Results of
variation of each parameter such as external and
internal dimension (W, L, Wi and L), step height
(hs), step width (W>), and edge’s width (Ws5) for
D1, D2 and D3 are presented on Tables 1-5. It is
observed that for conventional CBS antenna (D-1,
2) the dimension of ground has no effect on input
impedance of the antenna [7]. In D-3, steps
increase effective length of current distribution
path. Therefore, current flow in both directions is
decreased. Also, current distribution along width
direction is more effective on FBR. In this work,
EM-EBG is designed to suppress current
distribution at 15 GHz (for Design 4) and we use
RF35 Taconic substrate with permittivity of 3.5
and height of 1.52 mm. The EM-EBG is designed
by using standard design equations [12], h: and h;
are equal half of substrate height; via diameters is
1.5 mm for height (=h;) and 0.4 mm for (=h;) and
distance between two adjacent via is 1.7 mm.
Also, the optimized value of P (period of unit cell)
and D (diameter of top hole and diameter of
bottom hole) are 1.7 mm, 1.5 mm and 0.4 mm,
respectively. In the next section, we add EM-EBG
structure to D-3 and finalize the design.

Dimension of EM-EBG has adjusted to
internal part of ground plane of D-3 with slot in
center of structure. The dimensions of antenna
using parametric analyzed by HFSS and designers
experience, has been shown in Fig. 1.

Table 1: Effect of variation of length (=L) and
width (=W) of ground plane on D-1 on antenna
characteristic

FBR[dB) | PeakGain) | RLdR)
9.1 206 11.09
517 ) 111

10.22 512 11.36
12,89 774 11.51
12.48 7.74 11.64
10.35 5.08 1142
10.22 5.1 11.43
10.22 12 11.36
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Table 2: Effect of variation of ground plane  Table 4: Effect of variation of step (hs) on D-3 on

dimensions on D-2 on antenna characteristic antenna characteristic
Peak Alignment |Dimension{ mm)} Peak Gain(dB) RL{dB)
L W u Wi FBR Gain RL 5.518 13.49
mm mm mm mm dB dB dB 5.93 16.19
@ | 7| 109 | 63 | 17 5.419| 1951
10.05 24.59
44 37 17 1081 £.42 1133 1047 22.24
44 37 17 1066 6.45 1136 9.63 16.01
44 37 17 1078 6.4 1146 3.42 13.24
44 37 17 1113 .46 1147 8.02 12.39
@ | 1271 | s& | 1 81 13
44 7 1163 | 642 | 1142 579 109
- - - 8.31 10.7
44 7 1066 £.43 1142 3.43 10.51
44 37 99 6.37 114 8.46 10.33
44 37 934 6.4 1134 8.42 10.33
44 81z | 83 | 14& 8.28 10.3
44 316 6.9 1143 829 10.33
- 7.67 13.3
4 81 BB | 1143 Both side 8.74 15.95
4 1088 | 843 | 1142 Both side 10.15 20.17
44 1114 6.41 1134 11.1 27.7
44 113 £.37 114 Both side 11.41 26.54
37 n 7 11E | 6% s Both side 11.14 18.8
10.48 15.05
37 24 17 1118 .43 1142 Both side 5.48 13.52
37 | 17 151 | 643 | 114
37 | M 7 | 1085 | e# | 1137 ot :
’ Table 5: Effect of variation of width of step (w2)
7 24 17 101 g.52 116 .
and width of edges (w3) on D-3 on antenna
_ - characteristic
Table 3: Effect of variation of ground plane - = - — -
dimensions on D-3 on antenna characteristic, Alignment mm mm dB dB [
which L=44 and W=37 Width 9 1 22.64 10.52 34,63
Width 3 2 24.31 19.42 30,61
L1 Wi FBR Peak Gain RL Width 7 3 24.06 10.7 7.8
mm mm dB dB dB Width [ 4 25.06 11.05 7.5
om T 130 Width 5 5 2057 111 17.73
- - - Width 1 [ 19.6 117 30.66
20.24 10.55 241 Width 3 7 1814 18 368
20.3 11 256 Width 2 8 17.17 10,91 34.84
073 1.7 774 Width 1 9 1679 10.26 252
- Both side 9 1 n7 10.35 28.58
0.5 111 2 Both side 3 2 171 10.59 28.39
0.5 ni 78 Both side 7 3 2111 10.82 7.8
20.79 11.1 313 Both side 3 4 212.06 111 26.00
21.43 11.18 313 Both side 5 5 20,57 11.1 17.73
Both side 4 3 19,52 1.3 3206
2.1 1115 352 Both side 3 7 1974 10.94 1.6
21.31 10.97 138 Both side 2 3 1876 10,64 35.76
71.81 10.57 138 Both side 1 9 18.29 10.03 26.56
1% 10 173 L=ngth 9 1 19,48 11.33 26.57
- - - Length 3 a 19.49 1.7 27.38
o 113 231 Length 7 3 19.46 1.3 27.46
20.68 11.1 298 Length 6 4 20,07 1112 8.8
0.7 11.06 02 Length 5 5 20,57 111 17.73
85 0.5 158 Length 1 6 23.65 11,14 3025
- - - Length 3 7 2424 1105 30.46
1881 10.66 124 Length 2 8 2292 10.92 3.6
1997 10.57 122 Length 1 9 nB.7 10.33 33.66
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I1l. FORMATTING OF EQUATION,
FIGURE AND REFERENCE

By adding EM-EBG to Design 3, input
impedance is changed and return loss is
destructed. In order to have better input impedance
in 14-16 GHz, we change the slot and waveguide
length (=a) from 11.5 mm to 13 mm. Figure 5
shows the photo of a CBS antenna with and
without EBG. Geometry parameters of the
fabricated antennas are chosen to achieve the
optimum performance as predicted from the
parametric analysis described in Section 2. Figures
6 and 7 show the measured and simulated return
loss and peak gain and FBR of the fabricated
prototype. From simulation results in Figs. 6 and
7, it can be seen that by adding EM-EBG and
adjusting slot or waveguide length (=a) (from 11.5
mm to 13 mm), the FBR and return loss at 15 GHz
are improved. The gain and radiation pattern were
measured using the ETS 3115 system. It is clearly
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3, 4 (a=11.5 mm), and D-4 (a=13 mm): (a) return
loss and (b) peak gain.

Fig. 5. Photograph of fabricated prototypes with
and without EM-EBG structure.
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Simulation sometimes the measurement results are dominant.
This may be due to little differences of the
substrate between the practical and simulated
models. In addition, the dielectric constant and
dissipation factor are not stable when the frequency
increases.

V. CONCLUSION
An EM-EBG loaded CBS antenna with a new
notched and stepped ground plane was simulated
and presented. The results show this could make a
better gain and low back lobe in comparison to

— e conventional CBS antenna.
I bty The massive increase in FBR was from 10 dB
to 20 dB by using the new notched and stepped
plane, which came from the simulation results
could prove the advantage of the new system.
Mounting EM-EBG on CBS antenna at the same
time could improve the FBR to 26 dB. The results
were confirmed by measurement result in practice,
as FBR was increased to 17 dB and 20 dB after
same examination. Also, the further benefit from
new ground plane was established as the changes
on antenna’s gain from 6 dB to 11 dB examined
after providing the same applications. Also in this
work, effect of surface current on the new ground
plane is studied.

As the new developed antenna works in a 15
GHz Ku band, then it could also be an attractive
candidate for antenna diversity applications where
E(Vim) there is use of higher FBR. This could be the

subject for further study in this area.

Measurement

180

Fig. 7. H-Plane normalized pattern, simulation and
measurement show improvement of FBR.

15000

REFERENCES
11500 [1] C.F.Wang, Y. Xu, and Y. B. Gan, “3-Dimensional
implementation of the field iterative method for
$000 cavity modeling,” Progress In Electromagnetics
‘ 500 Research, vol. 47, pp. 27-47, 2004.
[2] F. J. Wang and J. S. Zhang, “Wideband cavity-
me backed patch antenna for PCS/IMT2000/2.4 GHz

WLAN,” Progress In Electromagnetics Research,
vol. 74, pp. 39-46, 2007.

Fig. 8. The simulated electric field distribution of ~ [3] J. Calejs, “Admittance of a rectangular slot which
Design 3, 4. is backed by a rectangular cavity,” IEEE Trans.
Antennas Propagat., pp. 119-126, March 1963.

[4] E. M. A. Eldesouki, K. F. A. Hussein, and A. M.

In D-3 the direction of E-field is in both back El-Nadi, “Circularly polarized arrays of cavity-

and fro_nt. In D-4, EM-EBG structure neutralizes backed  slot antennas for x-band satellite
back fields completely. The return loss was communications,” Progress In Electromagnetics
measured using Agilent 8720ES network analyzer. Research B, vol. 9, pp. 179-198, 2008.

It is clearly distinct that results of these two [5] L. Xu, J. Tian, and X. W. Shi, “A closed-form
investigations closely meet each other and solution to analyze RCS of cavity with rectangular



cross section,” Progress In Electromagnetics
Research, vol. 79, pp. 195-208, 2008.

[6] D. Sievenpiper, “High-impedance electromagnetic
surfaces,” Ph.D. dissertation, Dep. Elect. Eng.,
Univ. California, Los Angeles, 1999.

[7]1 S. V. Georgakopoulos, C. R. Birtcher, and C. A.
Balanis, “Coupling modeling and reduction
techniques of cavity-backed slot antennas: FDTD
versus measurements,” IEEE Transactions on
Electromagnetic Compatibility, vol. 43, no. 3,
August 2001.

[8] A. A. Eldek, “Design of a high-gain cavity-backed
slot antenna with mushroom cells and bent ground
walls,” Progress In Electromagnetics Research
Letters, vol. 20, pp. 69-76, 2011.

[9] D. Sievenpiper, L. Zhang, R. F. J. Broas, N. G.
Alexopolous, and E. Yablonovitch, “High
impedance electromagnetic surfaces with a
forbidden frequency band,” IEEE Trans. Microw.
Theory Tech., vol. 47, no. 11, pp. 2059-2074,
November 1999.

[10]R.  Abhari and G. V. Eleftheriades,
“Metallodielectric  electromagnetic ~ band-gap
structures for suppression and isolation of the
parallel plate noise in high-speed circuits,” IEEE
Trans. Microw. Theory Tech., vol. 51, no. 6, pp.
1629-1639, June 2003.

[11]R. Cocciolo, F. R. Yang, K. P. Ma, and T. Itoh,
“Aperture-coupled patch antenna on UCPBG
substrate,” IEEE Trans. Microw. Theory Tech., vol.
47, no. 11, pp. 2123-2130, November 1999.

[12] M. Coulombe, S. Farzaneh Koodiani, and C. Caloz,
“Compact elongated mushroom (EM)-EBG
structure for enhancement of patch antenna array
performances,” IEEE Trans. Antennas Propagat.,
vol. 58, pp. 1076-1086, 2010.

[13]C. A, Balanis, “Advanced engineering
electromagnetics,” John Wiley & Sons, New York,
1989.

[14]S. V. Georgakopoulos, A. C. Polycarpou, C. A.
Balanis, and C. Birtche, “Analysis of coupling
between cavity-backed slot antennas: FDTD, FEM
& measurements and propagation,” IEEE Society
International Symposium, vol. 1, pp. 582-585, July
1999.

[15]S. V. Georgakopoulos, C. R. Birtcher, and C. A.
Balanis, “Coupling modeling and reduction
techniques of cavity-backed slot antennas: FDTD
versus  measurements,” |IEEE  Trans. On
Electromagnetic Compatibility, vol. 43, no. 3,
August 2001.

[16]S. Palreddy, A. . Zaghloul, and R. Cheung,
“Performance comparison of uniform EBG and
broadband progressive EBG inside a back-cavity of
aspiralantenna,” 27" Annual Review of Progress In

MANSHARI, AZARMANESH: NOVEL DESIGN OF CAVITY-BACKED SLOT ANTENNA

Applied Computational Electromagnetics (ACES),
Williamsburg, Virginia, pp. 817-821, March 2011.

[17]Y. Rahmat-Samii, “The marvels of electromagnetic
band gap (EBG)  structures,”  Applied
Computational Electromagnetics Society (ACES)
Journal, vol. 18, no. 3, pp. 1-10, November 2003.

[18]S. Palreddy, A. I. Zaghoul, and R. Cheung, “Study
of the effects of the back-cavity on a broadband
sinuous antenna and an optimized loaded back-
cavity,” Applied Computational Electromagnetics
Society (ACES) Journal, vol. 26, no. 8, pp. 660-
666, August 2011.

Saeed Manshari was born in
Tehran, Iran in 1986. He received
his M.S. degree in
Telecommunication  Engineering
from the Urmia University, Iran.
He is a PhD. student and
Researcher at [UST University
Tehran, Iran. His primary research
interests are antenna  design,
numerical methods in electromagnetic, complex media
and microwave and RF circuits.

Mohammad Naghi Azarmanesh

was born in Tabriz, Iran in 1950.

‘ﬂ, ,n‘ He received his B.S. degree in
Physics from Tabriz University,

LY Iran in 1973, his M.S. degree in

wudl Electrical Engineering from the
‘ L University of Paris, VI in 1976, and
his Ph.D. degree in Electrical

Engineering from Poly Technique De Toulouse, France.
In 1979 he joined the Applied Physics Department at
Urmia University, where he worked effectively in
founding the Electrical Engineering Department in
1983. In 1998, he worked with three other colleagues in
developing the Microelectronics Research Center at
Urmia University. He is currently the Head of the
Microelectronics Research Center. Azarmanesh is a
member of the Iranian Society of Electrical Engineers,
IEEE and the Institute of Electronics Information and
Communication Engineers (IEICE) of Japan. He has
published a book, Electromagnetics Field Theory
(Urmia: Urmia University, 1996).

638



