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A Linear Rectangular Dielectric Resonator Antenna
Array Fed by Dielectric Image Guide With Low
Cross Polarization

Asem S. Al-Zoubi, Member, IEEE, Ahmed A. Kishk, Fellow, IEEE, and Allen W. Glisson, Fellow, IEEE

Abstract—Design of a linear array of rectangular dielectric res-
onator antennas (DRAs) fed by dielectric image guide (DIG) is pre-
sented. Coupling between the DIG and the DRASs is predicted using
the effective dielectric constant method. In order to achieve a spe-
cific power distribution, the power coupled to each DRA is con-
trolled by changing the spacing between the DRAs and the DIG.
Cross polarization reduction is achieved by wrapping a conducting
strip around the middle of the DRA without affecting the co-po-
larized radiation pattern. The antenna is fabricated and tested.
Good agreement between the measured and computed results is
obtained.

Index Terms—Dielectric image guide (DIG), dielectric resonator
antenna (DRA), linear array, low cross polarization.

I. INTRODUCTION

IELECTRIC resonator antennas (DRAs) have been
D widely used in the microwave and millimeter frequency
bands due to their attractive radiation characteristics. They
offer several potential advantages such as small size, light
weight, high radiation efficiency, wide bandwidth, low loss,
and no excitation of surface waves [1]-[4]. Different shapes of
DRAs such as cylindrical, hemispherical, elliptical, pyramidal,
rectangular, and triangular have been presented in the literature.
The rectangular-shaped DRAs offer practical advantages over
cylindrical and hemispherical ones in that they are easier to
fabricate and have more design flexibility.

Different mechanisms for coupling energy to the DRA are
used, such as the slot aperture [5], coaxial probe [6], microstrip
line [7], and dielectric image guide. A dielectric image guide
(DIG) has low losses at higher frequencies, and the DRA can
be considered as a truncated DIG. The fields of the fundamental
modes of the DRA and DIG are similar. Advantages of the DIG
are low loss at high frequencies and ease of coupling energy to
the DRAs. Since the DRASs are above a ground plane, the direc-
tivity is doubled, and the DIG can be designed to support one
mode only. Recently, the aperture coupled dielectric resonator
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antenna fed by DIG has been analyzed and designed [8], [9].
Since the slot apertures radiate on both sides, such an antenna
has high back radiation. A reflector was used to reduce the back
radiation [10]. However, if the DRAs can be coupled to the DIG
from the same side we will significantly reduce the back radia-
tion. The array must have a specific phase and amplitude distri-
bution in order to maximize the gain or to reduce the sidelobe
levels. Several types of feeding have been used to feed a linear
array of DRAS to achieve these objectives, and dielectric image
guides (DIGs) can be used efficiently since they have low losses
[11]-[14].

Here, alinear DRA array fed by a DIG is presented. The effec-
tive dielectric constant (EDC) [15], [16] is used to approximate
the coupling between the DIG and the DRAs. A Dolph-Cheby-
shev amplitude distribution is used to control the sidelobe level
of the array radiation pattern. From the amplitude coefficients
the separation between the DIG and each DRA is obtained. The
cross polarization is reduced using two methods: (a) by inserting
a metal sheet at the center of the DRA normal to the propaga-
tion direction of the wave in the DIG, or (b) by wrapping a con-
ducting strip around the DRA at the center, which is found to be
simple and more practical.

In Section II, the configuration of the DIG feed line will be
discussed and results for measurements and simulation for the
S parameters are compared. Coupling theory will be studied in
Section III, where the coupling length, power delivered to the
DRA, and the required amplitude coefficient will be obtained.
In Section IV the simulated results for the S parameters and
radiation patterns will be presented for 7 and 15-element DRA
arrays. The results are verified experimentally for the case of
the 7-element DRA array. The cross polarization suppression
technique is studied in Section V.

II. CONFIGURATION OF THE DIG FEED LINE

The dielectric image guide (DIG) is shown in Fig. 1 with
ag = 0.9 mm, by = 5.0 mm, and £, = 10.2. In order to
excite the DIG, the DIG is tapered and connected to the rectan-
gular waveguide as shown in Fig. 1. The dimensions used are
given in the caption of Fig. 1. The guided wavelength of the
DIG is obtained theoretically using the effective dielectric con-
stant method and found to be 11.75 mm. The total length of
the DIG is about 21 guided wavelengths, A, (the tapered parts
are not included in this length). The DIG ends are tapered to
achieve smooth transition between the waveguide and the DIG.
The geometry is fabricated using two X-band waveguides with
wall thickness of 1.27 mm and a copper sheet ground plane of

0018-926X/$26.00 © 2010 IEEE



698 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 58, NO. 3, MARCH 2010

(a)

] l I

] et
— |

Top view

side view

(b)

Fig. 1. Geometry of the DIG and the transition from rectangular waveguide
to DIG with A = 22.86 mm, B = 10.16 mm, L, = 27.5 mm, and L =
24.5 mm. (a) DIG excited by a waveguide. (b) Transition from waveguide to
DIG.

thickness 0.5 mm, width 140 mm, and length of 293 mm. The
material used for the DIG is the RT/duroid 6010LM. The trans-
mission coefficient and return loss for the DIG side are simu-
lated using HFSS commercial software [17] and shown in Fig. 2.
Dielectric and conductor losses are included in the simulation.
From the figure it can be seen that the system with the tran-
sitions and a DIG 21 A, long at 10 GHz has a total insertion
loss of about 1.43 dB and the reflection coefficient is less than
—15 dB over the entire band.

III. COUPLING BETWEEN THE DRA AND THE DIG

The effective dielectric constant (EDC) method is used to ob-
tain the coupling between two identical DIGs as shown in Fig. 3.
Applying the boundary conditions, the following set of equa-
tions is obtained [15]:

byk, = "2” — tan~? [ ke } (1)
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with k25 = kg [ere- — 1] — K}, D = tanh(ckyo) for odd modes
and D = coth(ckyo) for even modes, where k., ky, k.o, and
ko are transverse propagation constants inside and outside the
guide, respectively.

The length L. needed for complete power transfer from guide
A to B in Fig. 4 is
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Fig. 2. S Parameters of the feeding DIG with the transitions: (a) S11, (b) S22,
and (¢) Sz1.

For a pair of DIGs with by = 5.0 mm, ag = 0.9 mm, and
e = 10.2, the propagation constants were calculated for dif-
ferent values of spacing 2c. The relationship between the length
L, and the spacing 2c¢ is shown in Fig. 5.
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Fig. 3. Coupler configuration for (a) odd and (b) even modes.
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Fig. 7. Power coupled from the DIG to the DRA for different DRA lengths
based on (6).

Fig. 4. Coupling section of coupled dielectric image guides.
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Fig. 6. Configuration of the DRA near the DIG.
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If the second DIG as shown in Fig. 6 (in our case this is a
DRA with the same height and width as the DIG) has a length
l = Lpra, then the power coupled to the DRA is given by
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Fig. 8. DRA array fed by DIG.

Fig. 7 shows the ratio of the power of the DRA to the power
of the DIG as a function of the spacing 2¢ for different DRA
lengths. From the figure, as the spacing increases, the coupled
power decreases. Also, as the length of the DRA increases, the
coupled power increases.

The losses at each transition and the insertion and transmis-
sion losses for the system are obtained from the simulation using
HFSS commercial software. The Dolph-Chebyshev amplitude
distribution will be used to control the sidelobe level of the array.
Fig. 8 shows the array of DRAs fed by the DIG [18]. The DIG is
divided into the same number of unit cells as the number of the
DRAs. Therefore, each unit cell is corresponding to a DRA. The
length of the cell is equal to the spacing between the elements.
Each unit cell couples a fraction of the power (F,,) from the DIG
to the DRA and dissipates some energy due to conductor and di-
electric losses (« X d). The power P,,, which is the fraction of
the power coupled from the DIG into the DRA, and the loss can
be written as

Ppran
P, = 7
Ppign 0
o =, + agq. (8)

The formulas for the conductor and dielectric losses for the DIG
can be found in [20].

If the output power P, is zero, this means that all the input
power is radiated, which means that the last DRA element ab-
sorbs all the remaining power from the DIG, but this is imprac-
tical [18]. The required power distribution is calculated from
the required amplitude coefficients A,,, which is obtained using
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Fig. 9. Geometry of 7-element array.

TABLE I
REQUIRED AMPLITUDE AND POWER DISTRIBUTION FOR 7-ELEMENT ARRAY
WITH 40 dB SIDELOBE LEVEL

N A, Ppra/Pin % P, % 2¢ (mm)
1 0.1594 0.65 0.653 11.75
2 0.4794 5.86 595 7.32
3 0.8397 17.99 19.50 5.11

4 1.0000 25.87 34.97 3.98

5 0.8397 17.99 37.55 3.84
6 0.4794 5.86 19.67 5.10

7 0.1594 0.65 2.73 8.79

Dolph-Chebyshev amplitude distribution for a specific sidelobe
level, which can be written as

P Py A2
DRA., —(1— t i n (9)
P; P; N
> AL
m=1

where P, is the input power in the DIG and P, is the re-
maining power transmitted in the DIG at the end of the DRA
array. The next step is to obtain the values of the coupled power
P,,. These values will be used to find the spacing between each
DRA and the DIG. The equations used to obtain the power P,
can be found in [18].

IV. RESULTS AND DISCUSSION

A. 7-Element Array

The array is designed to operate at 10 GHz using 7 DRA ele-
ments of the same height and width as the DIG. The separation
between elements is 23.5 mm. The DRA with Lpra = 11 mm,
a=09mm,b=5mm, and ,,; = 10.2 is used. The calcu-
lated dielectric and conductor losses for this DIG are obtained
using the effective dielectric constant method and found to be
a = 0.018 Np.

Table I displays the coefficients A,, obtained using a Dolph-
Chebyshev amplitude distribution for a sidelobe level of 40 dB,
the power P,,, which is the fraction of the power coupled from
the DIG into the DRA, and the required spacing 2¢ between the
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Fig. 10. Simulated and measured S parameters comparison for 7-element array
(@) S11, (b) S22, and (c) Sz1.

DRAs and the DIG. It is assumed that P,/ P, = 0.25. The
simulated geometry is shown in Fig. 9.

Fig. 10 shows a comparison between the measured and sim-
ulated S parameters. The transmission coefficients are almost
identical, but there is a slight difference in the reflection coeffi-
cient at the input and output ports due to imperfect fabrication.
It is noticed that the reflection coefficients are less than —10 dB
over the entire bandwidth for both the measured and simulated
results.

The computed and measured radiation patterns are compared
with each other as shown in Fig. 11 and show good agreement.
It can be noticed that the cross polarization is very high. It can
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Fig. 11. Radiation patterns for the array with 40 dB sidelobe level at different
frequencies. The left hand side for Co-polar patterns and the right hand side for
the X-polar patterns.
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Fig. 12. Radiation patterns of the feed at 10 GHz: (a) Co-polar and (b) X-polar.

also be noticed that a strong field is radiated in the direction of
the x-axis, which can be related to the direct radiation from the
waveguide feed aperture. The radiation due to the feed alone is
shown in Fig. 12. The gain of the antenna is measured and com-
pared to the simulated results as shown in Table II where good
agreement is observed. The computed and measured gains are
the peak values of the co-polarization. The simulated radiation
efficiencies are also shown in the Table II.

B. 15-Element Array

As we gained experience and confidence in the software to
analyze the problem and since the radiation from the feed is
strong compared to the DRA array, a larger array was designed.

701

TABLE II
MEASURED AND SIMULATED GAINS AND RADIATION EFFICIENCY OF THE
7-DRA ARRAY ANTENNA

Frequency (GHz)|  54n % Gyim (AB1) | Gineas (dBi)
9.5 78.8 6.72 6.40
10.0 66.8 7.90 7.62
10.5 71.6 591 5.74

S Parameters (dB)

Frequency (GHz)

Fig. 14. Simulated S parameters for the 15-element array.

The array is designed to operate at 10 GHz with 15 DRA ele-
ments of the same height and width as the DIG. The separation
between elements is 23.5 mm. DRAs with Lpga = 11 mm,
a =09 mm,b=>5mm,ande,; = 10.2 are used.

Table III shows the coefficients A,, obtained with a Dolph-
Chebyshev amplitude distribution for a sidelobe level of 40 dB,
the power P,,, and the required spacing 2c¢ between the DRAS
and the DIG. It is assumed that P,/ P, = 0.2. The geometry
shown in Fig. 13 is simulated using HFSS. The simulated S
parameters are shown in Fig. 14. It can be seen that the reflection
coefficients are below —10 dB. The co-polar and cross-polar
radiation patterns for this array are shown in Fig. 15 for different
frequencies. The fields are normalized by the peak value at each
frequency separately. It is noticed that the cross polarization at
10 GHz is very high. The simulated gain of the antenna is shown
in Table IV. At 10 GHz the gain is 12.31 dBi, while for the
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Fig. 15. Radiation patterns of the 15-element DRA array for —40 dB sidelobe
level. The left hand side for co-polar patterns and the right hand side for the
x-polar patterns.

7-DRA array it is 7.62 dBi. The simulated radiation efficiencies
of the antenna are shown in the Table III.

V. CROSS POLARIZATION REDUCTION

The cross polarization is radiated due to the DIG feed and
the excitation of higher order modes of the DRA. The radiated
modes of the DRA are the desired TE};; and the undesired
TE%,, modes. The TEY;; mode couples well to the mode ex-
cited in the DIG. The electric fields in the DIG and the DRA
above a ground plane are shown in Fig. 16. Two methods are in-
vestigated to eliminate the unwanted additional modes by which
the cross polarization is reduced without changing the co-polar-
ization patterns. Since the DRA is fed along its entire length by
the DIG, inserting a metal sheet at the center of the DRA per-
pendicular to the propagation direction will not affect the power

TABLE III
REQUIRED AMPLITUDE AND POWER DISTRIBUTION FOR 15-ELEMENT ARRAY
‘WITH 40 dB SIDELOBE LEVEL

N An PDRAn/Pm Pn % 20 (mm)
1 0. 1124 0.162 0.163 12.5
2 0. 2055 0.542 0.547 11.9
3 0.3532 1.602 1.634 9.79
4 0.5265 3.560 3.706 8.20
5 0.7036 6.358 6.902 7.04
6 0.8577 9.448 11.06 6.17
7 0.9627 11.90 15.74 5.51
8 1.000 12.84 20.24 5.04
9 0.9627 11.90 23.62 4.75
10 0.8577 6.448 24.64 4.67
11 0.7036 6.358 22.10 4.88
12 0.5265 3.560 15.95 548
13 0.3532 1.602 8.580 6.64
14 0.2055 0.542 3.187 8.50
15 0.1124 0.162 0.989 10.75
TABLE 1V
SIMULATED GAIN AND RADIATION EFFICIENCY OF THE 15-ELEMENT ARRAY
Frequency (GHz) n% Ggim (dBi)

9.0 82.7 10.59

9.5 72.4 10.13

10.0 63.5 12.31

10.5 61.7 10.22

— i
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8, BEDEe+888

Fig. 16. Electric field vectors in the (a) DRA and (b) DIG.

(b)

distribution between the two halves of the DRA. By inserting the
metal sheet at the center we eliminate the 7'E7;; mode and also
the 7'M, mode.

The first method to suppress some of the undesired modes
and to reduce cross-polarization is by inserting a metal sheet at
the center of the DRA perpendicular to the propagation direc-
tion (perpendicular to the x-axis) as shown in Fig. 17(a) [21].
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Fig. 17. Zoom view on the DIG and coupled DRAs with (a) shorting plates and
(b) wrapped with a narrow conducting strip.
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Fig. 18. Radiation patterns for the 7-element DRA array with a conducting
strip around the DRA at different frequencies. The left hand side for Co-polar

patterns and the right hand side for the X-polar patterns.

TABLE V
MEASURED AND SIMULATED GAINS OF THE 7-DRA ARRAY ANTENNA WITH
CONDUCTING STRIPS AROUND THE DRAS

Frequency (GHz) n% Giim (dB1) | Gineas (AB1)
9.5 722 6.05 5.93
10.0 64.6 7.61 7.02
10.5 69.7 5.76 5.68

The reduction in cross polarization is about 25 dB [20]. The re-
sults of this case are removed for brevity. This method requires
splitting the DRA and gluing the conducting plate between the

L/ P
/120 240 °
P \

210

9.5 GHz (d)

(2) 10.5 GHz (h)
H-plane

(h) E-plane

Fig. 19. Radiation patterns for the 15-element DRA array with a conducting
strip around the DRA at different frequencies. The left hand side for Co-polar
patterns and the right hand side for the X-polar patterns.

two halves of the DRA. The second method, which is easier and
more practical to implement, is to wrap a narrow conducting
strip around the DRA at the center as shown in Fig. 17(b). The
cross polarization level is reduced about 20 dB in this case.

A. DRAs Wrapped With a Conducting Strip

Wrapping a conducting strip around the DRA is more
practical and easier to implement, but it also suppresses the
modes and reduces the cross polarization in a similar way as
the shorting conducting plate. The following subsections show
the effect of the conducting strip for the two cases discussed
earlier.

1) 7-Element Array: Fig. 18 shows the simulated and mea-
sured radiation patterns at different frequencies for a 7-element
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TABLE VI
SIMULATED GAIN AND RADIATION EFFICIENCY OF THE 15-ELEMENT DRA
ARRAY WITH ELEMENTS WRAPPED WITH NARROW CONDUCTING STRIPS

Frequency (GHz) n% Giim (dB1)
9.0 85.1 10.48
9.5 76.3 10.38
10.0 63.0 12.46
10.5 64.6 9.91

DRA array with DRA elements wrapped by a narrow con-
ducting strip at its center. Compared to Fig. 14, it is noticed that
the cross polarization is also reduced by about 17 dB with no
changes in the co-polarization, and the reduction in the cross
polarization is almost the same as using the shorting conducting
plates at the center of the DRAs.

The computed and measured gains of the antenna are shown
in Table V. The results are in good agreement. It can be noticed
that the gain is low for the 7-element array because lots of power
is transmitted to the second port, as can be noticed by comparing
Fig. 10(c) to Fig. 14. Also, the simulated radiation efficiencies
of the antenna are shown in the table.

2) 15-Element Array: For a 15-element DRA array with
40 dB sidelobe level with elements wrapped with narrow con-
ducting strips, Fig. 19 shows the simulated radiation patterns at
different frequencies. The cross polarization level is about 20
dB below the co-polarization level for this case.

The simulated gain and radiation efficiencies of the antenna
array with conducting strips around the DRAs are shown in
Table VI. At 10 GHz the gain is 12.46 dBi, while for the 7-DRA
array it was 7.61 dBi. This indicates that much less power is
transmitted to the second port.

VI. CONCLUSION

Linear dielectric resonator antenna arrays fed by dielectric
image guide were presented. The effective dielectric constant
method was used to approximate the coupling between the DIG
and the DRA elements. A Dolph-Chebyshev amplitude distri-
bution was used to control the sidelobe level of the array radia-
tion patterns. Linear arrays of 7 and 15 elements of rectangular
DRAs were designed and the cross polarization was reduced by
inserting a metal sheet at the center of the DRA or by wrapping
the DRA at the center by narrow conducting strip. The simulated
results for the 7-element arrays were verified experimentally.
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