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Abstract. This paper presents a dielectric resonator an-
tenna (DRA) reflectarray unit element with multiple load-
ing circular slots underneath in concentric form. The radii
of the three slots are varied simultaneously to function as
phase-shifting elements. For the case of three under-load-
ing slots, it is very interesting to find out that the slot and
DRA resonances can be pulled together to provide a very
broad phase range of 916°. Study shows that the gradient
and phase range of the S curve can be easily tuned by
manipulating the dimensions of the under-loading slots.
Waveguide method has been used to establish the simula-
tion and measurement models. The reflection properties of
the DRA unit elements loaded with different ring-shaped
slots are compared, along with a complete parametric
analysis. The proposed reflectarray unit element is very
compact as its phase shifter can be entirely hidden beneath
the DRA.
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1. Introduction

Since its introduction in 1963 [1], reflectarray has
attracted much attention because it is able to capture the
good features of both of the reflector antenna and phased
array. The emergence of microstrip-based reflectarrays [2],
[3] in the late 80s has made this type of planar antennas
popular for space-related applications because of their light
weight, simple structure, and low cost. Despite its popular-
ity, the antenna bandwidth of a microstrip reflectarray is
usually low. It is limited by the high quality factor of the
microstrip patch resonator. On top of that, the conductive
loss of the metal-made microstrip can also be translated to
reflection loss. This is very undesirable as it causes the
radiation efficiency of the reflectarray to reduce signifi-
cantly. As a result, in recent years, much attention has been
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diverted to the dielectric resonator antenna (DRA) because
it is free from conductive loss [4]. DRA can appear in
arbitrary shapes such as conical, triangular, rectangular,
square, and cylindrical [5]. Various DRA reflectarrays
have been explored for achieving low reflection amplitude,
large reflection phase range, and slow changing rate in the
S curve [6], [7]. However, most of the reported cases have
a phase range of less than 360°.

Broad reflection phase range in its S curve is one of
the most important criteria in designing a large-size reflect-
array. In [8], a broadrange microstrip reflectarray that is
composed of two elliptical rings has been proposed to
generate a reflection phase range of 450°. In this case,
phase shift is obtained by varying the minor axis of the
elliptical rings. Despite its broad phase range, it has high
reflection amplitude (—35 dB), which is very undesirable.
In 2002, Misran et al. [9] proposed a double-layered
structure which is built by stacking ring elements to pro-
vide reflection phase range of greater than 500°. However,
the multilayer structure has made its implementation very
tedious. Later, in [10], a U-shaped true time delay line was
explored for designing a wideband reflectarray, where its
line length is used as the phase shifter to yield a very wide
phase range of 1600°. The reflection amplitude of this
reflectarray is low, but unfortunately it requires the use of
multilayer technology. A simple circular ring loaded with
an open-circuited stub with variable length was also stud-
ied and it was found that it was able to give a phase range
of 450° [11], [12]. However, it is not easy to vary the
length of the stub as the impedance matching between the
ring and the stub has to be done very carefully.

In this paper, the square DRA reflectarray elements
loaded with one, two, and three circular concentric slots
beneath are explored. It has been found that the resonances
of the slot and the DRA can be simultaneously excited. By
simply manipulating the slot dimensions, the proposed
structure is able to provide a reflection phase range of more
than 1000°. This is the first-ever reported DRA reflectarray
unit element which is able to provide such a broad phase
range, to the authors’ best knowledge. The loading effects
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of the slots will be studied. Simulation was done using the
CST Microwave Studio software and measurements were
conducted on a Vector Network Analyzer (VNA). Good
agreement is found between the simulated and measured
results.

2. Reflectarray Unit Cell
Configuration

Figure 1(a) illustrates the perspective view of the pro-
posed DRA reflectarray unit element with three under-
loading circular slots, which are aligned concentrically and
made to have equal slot width (W;= W,= W;=0.50 mm).
Referring to Fig. 1(b), the three circular slots are evenly
placed apart (G;= G,=0.5mm) and etched on the top
copper surface of a Duroid RO4003C substrate, which has
a dielectric constant of &=3.38 and a thickness of & =
1.524 mm, with its reverse side laminated with another thin
copper layer. A square DRA (Lp= 14 mm, Hp= 6 mm, and
dielectric constant of &= 7) is then stacked right on top of
the circular slots with the center point of its bottom surface
coinciding with that of the ring-shaped slots. The radii of
three slots function as the phase-shifting elements. The
radii of the middle (R;) and outer (R;) ring-shaped slots are
made such that R,=R;+ G+ W, and R3=R;+ G+ W, +
G, + Ws. This makes the circumferences of the middle and
outer slots vary with the inner one (R;). In other words, all
the ring-shaped slots can be scaled at the same time when
R, is varied. Figure 1(c) shows a photograph of the fabri-
cated prototype. The proposed reflectarray element is char-
acterized using the waveguide method operating in C band
covering the frequency range 5.85 GHz — 8.2 GHz. Fig-
ure 2(a) shows the simulation model. A section of wave-
guide (¢=34.85mm x b=158mm) with length of
154 mm has been deployed. With reference to Fig. 2(a), the
unit element is placed at one end of the waveguide and
electromagnetic wave is generated at the wave port. The
lateral walls of the waveguide are set to be perfect electric
conductor (PEC) in the simulation model. During meas-
urement, an SMA-to-waveguide adaptor is used to connect
the waveguide section to a microwave source. Also, the
reference plane is de-embedded to the flange of the adaptor
by using a flat shorting plate. The substrate is carefully
tailored and trimmed so that it is able to fit into a rectan-
gular trench with a depth of ~1.5 mm, as depicted in
Fig. 2(b).

3. Results and Discussion

First, the reflection characteristics of the square DRA
with three under-loading circular slots are studied for the
slot dimensions of G;=G,=0.5mm and W= W,= W;=
0.5 mm. Figure 3 shows the simulated and measured re-
flection coefficients and reflection phases of the DRA
reflectarray unit element with three under-loading slots.
Referring to the figure, reasonable agreement is observed

between the simulated and measured results across the
frequency range of 7.3 GHz — 7.7 GHz, with a maximum
discrepancy of 0.2 dB. The maximum amplitude reads
~—0.7 dB at 7.36 GHz. This proves that the proposed DRA
reflectarray element has only very little loss in this fre-
quency range.

Next, the phase shifting effect of the unit element is
studied by varying the radii of three circular slots R|, R,
and R; simultaneously. As the values for R, and R; depend
on Ry, therefore it is only necessary to vary R, in this case.
Figure 4 depicts the simulated and measured reflection
amplitudes and S curve of the unit element at the frequency

z Under-loading

Circular Slots
y

x DRA

Substrate (&,.) /

Ground

Ry =R, + G, + W, Ry =R, + G+ Wy +Gy+W,

(b)

Fig. 1.

Square DRA unit element loaded with 3 concentric
circular slots underneath. (a) Perspective view. (b)
Top-down view. (c) Photograph of the fabricated
prototype.
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Fig. 2. (a) DRA unit element simulation model. Slot Radius, R (mm)
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_ ) Fig. 4. Simulated and measured (a) reflection amplitudes,
Reflection Amplitude (dB) (b) S curves at 7.5 GHz for the proposed DRA unit

0
= n element with three under-loading circular slots.
Reference Operating Reflection
o1
No. Structure Frequency | Phase Range
Dielectric resonator
2f —  Simulation Our design | 2ntenna (DRA) with 7.5 GHz 916°
Measurement three under-loading
circular slots
3
[6] Two rectangular DRAs 12 GHz 360°
‘ ‘ ‘ Rectangular DRA with
43 7.4 75 7.6 7.7 7] perforated ground plane 12 GHz 360°
Frequency (GHz) and rectangl.llar concave
(a) dip
Single layer microstrip
Reflection Phase (°) [8] with double elliptical 11.5 GHz ~450°
00 rings
) . . Multilayer structure with
Simulation [10] the use of U-shaped true- | 9.4-9.9 GHz 1600°
100 - Measurement time delay line
Circular ring with open- 5
(12l circuitid stub P 115 GHz 410

Tab. 1. Comparison of different unit elements.

-100 of 7.5 GHz. Reasonable agreement is observed between

simulation and measurement. With reference to Fig. 4(a),
200 A the reflection amplitude maximizes at slot radius of R, =
73 74 75 7.6 7.7 1.5 mm and 2.6 mm, implying that the DRA reflectarray

Freq”(:l)cy (GHz) element has resonances of close to 7.5 GHz at these two

slot dimensions. The measured reflection amplitude at the

Fig. 3. Simulqted and measured (a) reflection amplitudes; (b) two resonances are —2.45 dB (simulation: —2.63 dB) and
reflection phases of the proposed DRA reflectarray —2.75 dB (simulation: —2.86 dB), respectively. Figure 4(b)

unit element loaded with three circular slots (G, = G,= . . .
0.5 mm and W, = W, = W3= 0.5 mm) beneath. depicts the measured and simulated S curves at different
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R;. As can be seen from the figure, there is good agreement
between the two, and a reflection phase range of 916° is
obtainable, which is much larger than that in [13] loaded
with multiple straight slots. Table 1 compares the proposed
broadrange reflectarray element with some of the relevant
published structures. It is obvious that our design is able to
achieve a reflection phase range much larger than those in
[6], [7], [8] and [12]. Although its phase range is still lesser
than that in [10], the proposed reflectarray design is much
simpler and easier to fabricate as it does not involve multi-
layer technology.
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Fig. 5. Electric field distribution of the DRA reflectarray unit

element for R, = 1.5 mm at 7.5 GHz. (a) Top-down
view. (b) Side view.
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Fig. 6. Electric field distribution of the DRA reflectarray unit
element for R, = 2.6 mm at 7.5 GHz. (a) Top-down
view. (b) Side view.
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Fig. 7. The effect of radii R, of the three under-loading slots
on the TE”,, mode of the DRA reflectarray unit
element.

The electric field distributions for the cases R;=
1.5 mm and 2.6 mm are shown in Fig. 5 and 6, respec-
tively, at the operating frequency of 7.5 GHz. Figure 5
shows that the incident wave has caused the dielectric-
loaded triple slots to resonate. This resonance introduces
the lower phase range for the S curve. By judging from the
electric field patterns in Fig. 6, it can be concluded that this
is the dominant TE”;; mode of the square DRA loaded
with the three ring-shaped slots underneath. This has sig-
nificantly expanded the phase range of the S curve, making
it very broad. In brief, for the proposed element to operate
properly, the DRA and the circular slots have to be posi-
tioned in the manner shown in Fig. 1 so that the varying
slots R; can effectively excite the DRA. With the combina-
tion of the slot and DRA resonances, the proposed element
is able to provide a broad phase range. The effect of the
radii R; of under-loading slots on the TE?;; mode of the
DRA reflectarray unit element is studied by further chang-
ing R to 2.5 mm and 4.5 mm. It is observed that the reso-
nance frequency of the DRA has shifted higher when the
radii of the three under-loading slots is varied from
Ry=1.5 mm to 4.5 mm, as depicted in Fig. 7.

Parametric analysis has been performed to study the
effects of the under-loading circular slots on the reflection
amplitude and S curve. First of all, the gap separations
between the circular slots are studied. In the first study,
separation gaps between the circular slots are all varied at
the same time. With reference to Fig. 8(a), reflection am-
plitude increases as the gaps become smaller. For the case
of G;= G,= 0.5 mm, as can be seen in Fig. 8(b), it is noted
that the DRA unit element has two dimensions that have
close resonance frequencies to the incident wave 7.5 GHz,
making it able to provide very large reflection phase range.
Enlarging the gap separations (G, G,> 0.5 mm) does not
help broaden the phase range as less tuning range is availa-
ble in R, due to the limitation posed by the top-loading
DRA. In the second study, with reference to Fig. 9, only
one gap is changed while another one is kept unchanged
(G,=0.2 mm). It can be observed from Fig. 9(a) that var-
ying gap separation G| from 0.4 mm to 0.8 mm has effect
on the reflection amplitude of the slot resonance, but less
on the DRA resonance. Figure 9(b) shows that the chang-
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ing rate of the reflection phase differs when G, is varied.
The phase range, however, is kept almost unchanged.

Next, the effect of changing the widths of the three
circular slots is scrutinized. First, the widths of the three
slots are varied simultaneously. As can be seen from
Fig. 10(a), when the slot radius R, is set to be 1.8 mm, the
reflection amplitude of the slot resonance peaks at —2.9 dB
for the case W= W,= W;=0.2 mm. Also, the slot widths
are found to affect the slot mode significantly but not too
much the DRA mode. Therefore, it can be used for con-
trolling the changing rate of the lower phase range of the S
curve without affecting the higher portion (DRA mode), as
can be clearly seen in Fig. 10(b). With reference to the
same figure, it can be concluded that narrow slots are good
for lowering down the gradient of the S curve which is
introduced by the slot mode.

For the case of changing only one slot W, while
keeping another two unchanged (W,= W;=0.5 mm), the
reflection characteristics are studied in Fig. 11. Obviously,
a change in only one slot width does not affect the reflec-
tion performance much for R; of less than 3.25 mm. With
reference to Fig. 11(b), the phase range can be even ex-
panded beyond R;=3.25 mm when W is made narrower.
But in this case, R; cannot be stretched so far as this pa-
rameter is limited by the footprint of the DRA. To further
understand the slot effect, the width of the middle slot is
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Fig. 8. Effect of the gap separation on (a) reflection
amplitude; (b) S curve.
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Fig. 9. Effect of changing the gap separation G, (with G, =
0.2 mm) on the (a) reflection amplitude; (b) S curve.
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Fig. 10. Effect of changing slot widths W, W, W; of the 3 cir-
cular slots on the (a) reflection amplitude; (b) S curve.
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Fig. 13. (a) Square DRA reflectarray unit element loaded with
(a) one circular slot and (b) two circular slots
underneath.
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of the DRA reflectarray unit elements with one, two,
and three under-loading slots.
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kept a constant (W, = 0.5 mm) but the inner and outer slots
(W, and W;) are changed at the same time. The corre-
sponding reflection amplitude and S curve are studied in
Fig. 12. As can be seen from Fig. 12(b), it is clear that the
phase range can be expanded far beyond R;=3 mm by
manipulating W, and W;. For the case (W= 0.2 mm, W,=
0.5 mm, W;= 0.8 mm), shown in Fig. 12(b), a nice S curve
with slow gradient is obtainable with a very broad phase
range of 1000°, which is sufficient for designing large-size
reflectarrays.

Similar DRA reflectarray elements loaded with less
slots underneath are also simulated for comparison. Due to
footprint limitation of the DRA, in this paper, the number
of under-loading slots is limited to three. The configura-
tions of the respective unit elements are shown in Fig. 13.
The slot width of the single slot case (Fig. 13(a)) is W=
0.5 mm; while the dimensions of the double slots case
(Fig. 13(b)) are given by W= W,=0.5 mm, G;= 0.5 mm.
For the latter, the radius of the inner slot R; is varied and
the radius of the outer is defined as R,=R,+ G, + W,. In
other words, R, changes as a function of R,. Other design
parameters are similar to those in Fig. 1. Again, the radii of
the slots are varied simultaneously to generate phase shift
in reflection. The reflection amplitudes and S curves for
the cases of single and double slots are studied in Fig. 14.
Also given are the results for the triple slots. With refer-
ence to Fig. 14(b), it is obvious that only with three under-
loading slots, can the slot and DRA resonances be brought
together to form a broad phase range.

4. Conclusion

Multiple concentric circular slots are loaded under-
neath a square DRA for broadening the phase range of the
S curve. It has been found that the slot resonance and the
dominant resonance of the square DRA reflectarray ele-
ment can be combined to achieve a broad phase range of
916° in the S curve, which is sufficient for designing many
large-size reflectarrays. Also, it was found that the phase
range of the DRA reflectarray unit element can be further
extended by manipulating the under-loading slots. Electric
fields have been analyzed for both of the slot and DRA
modes, with good agreement observed between the simu-
lated and measured results. Since the circular slots are
placed beneath the DRA, this reflectarray element does not
need additional footprint, making it very compact.
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