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ABSTRACT In this study, a K-band offset dielectric reflectarray antenna, having high aperture efficiency
and ultra-wideband characteristics, was designed. A column-type dielectric unit cell was employed for the
dielectric reflectarray elements. To obtain the ultra-wideband characteristics, an effective arrangement of
the dielectric elements was implemented by considering the relative phase requirement. In addition, the real
phase error and element patterns were calculated and analyzed using the equivalence principle and full-
wave simulations. The prototype of the dielectric reflectarray antenna was fabricated by milling a dielectric
sheet. The performance of the proposed antenna was measured and observed to be in good agreement with
the simulation results. The measured results demonstrate that the maximum aperture efficiency was 63% at
22 GHz and bandwidth for an aperture efficiency exceeding 40% was 42.5%. The achieved results signified
the importance of the arrangement strategy of the elements to achieve better efficiency and wider bandwidth
performances.

INDEX TERMS Dielectric antennas, millimeter wave, reflectarray, relative phase error, wideband.

I. INTRODUCTION
A reflectarray antenna combines the advantages of a
parabolic reflector antenna and phased-array antenna [1].
Based on geometrical optics, the parabolic reflector antenna
compensates for the phase delays of the different paths from
the feed horn through the curved surface [2]. Therefore, the
gain performance increases with frequency due to the effec-
tive increment in the electrical size of the reflector surface.
However, it is expensive and difficult to manufacture owing
to its specifically curved surface.

The reflectarray antenna could achieve a high gain per-
formance because the radiating elements compensate for the
spatial phase delay from the feed horn at any target fre-
quency. However, when the frequency changes the gain of
the reflectarray could significantly deteriorate. This band-
width limitation is caused by two different factors viz., the
narrow band of the radiating elements and the differential
spatial phase delay according to the different paths from
the feed horn to each position of the array surface [3]–[5].
Therefore, various unit-cell structures have been used to
obtain wideband characteristics [6]–[8]. In these cases,
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wide-gain bandwidth was achieved by improving the parallel
slope of the reflection phase with reference to the frequency
variation rather than the S-shape reflection phase response.
However, phase compensation could not be implemented
effectively within an ultra-wide bandwidth because the larger
the change in the frequency the higher the differential spatial
phase delay. Thus, the 1 -dB gain bandwidth of the conven-
tional wideband reflectarray antennaswas limited to 25−35%
approximately [6], [9], [10].

In this study, to effectively compensate for the differ-
ential spatial phase delay, within an ultra-wide bandwidth,
the desired reflection phase response with reference to the
frequency variation was investigated by considering the rel-
ative phase requirement and the appropriate phase slope
of the unit cell was obtained using at column-type dielec-
tric element. Dielectric reflectarray antennas have been pro-
posed using various structures such as the dielectric resonant
antenna (DRA), perforated dielectric reflectarray antennas,
and column-type dielectric reflectarray antennas [11]–[18].
In DRA, the fabrication process of placing and bonding
elements in the exact position is complicated and cumber-
some [11], [12]. In perforated dielectric reflectarray anten-
nas, the reflection phase was derived upon adjusting the
effective dielectric constant by varying the number and
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FIGURE 1. Dielectric column-type unit cell (Htotal = 12.2mm).
(a) Geometry of the dielectric unit cell, (b) equivalent transmission line
model of the dielectric unit cell, (c) reflection phase ψ i of the dielectric
unit cell with reference to the incident angle for TM mode.

radius of the holes in the dielectric unit cell. However,
to obtain wide bandwidth performance, multiple dielectric
layers were required [14]–[16]. In column-type dielectric
reflectarray antennas, the reflection phase was simply derived
by adjusting the height of the dielectric. However, the previ-
ous column-type dielectric reflectarray antennas have disad-
vantages such as the fabrication tolerances, alignment errors,
the loss and uncertainty of materials in the fabrication process
using 3D printing [17], [18]. Therefore, the bandwidth and
aperture efficiency performance of previous dielectric reflec-
tarray antennas were less than 25 and 50%, respectively.

Thus, our aim was to achieve high-aperture efficiency and
an ultra-wide bandwidth performance through an effective
arrangement of the dielectric elements, taking into consider-
ation the relationship between the differential spatial phase
delay and frequency variation. In addition, to reduce fabrica-
tion errors, the dielectric sheets were milled using materials
having low losses and displaying excellent machinability
even at high frequencies.

II. DIELECTRIC UNIT CELL AND ANALYSIS OF
RELATIVE PHASE ERROR
A. COLUMN-TYPE DIELECTRIC ELEMENTS
FOR REFLECTARRAYS
The reflection phase of the column-type dielectric unit cell
could be calculated using the short-ended transmission line
model of the grounded dielectric slab with an air layer [19].
Figure 1 shows the geometry, equivalent model, and reflec-
tion phase of the dielectric unit cell. The dielectric material

FIGURE 2. 2D-structural dimension of the dielectric reflectarray antenna
for φ = 90◦.

FIGURE 3. Relative phase requirement with reference to frequency
variation for φ = 90◦.

FIGURE 4. Reflection phase of the dielectric unit cell for normal incidence
at different frequencies.

used in this study was Eccostock R© 0005, manufactured by
Laird Technology, with the following characteristics: relative
permittivity εr = 2.53, and loss tangent tan δ = 0.0005
(1 MHz to 500 GHz) [20]. The reference frequency and
periodicity of the unit cell is 20 GHz and 7.5mm, i.e., 1/2λ0,
respectively. As the reflectarray antenna should satisfy the
desired phase distribution on a reference plane, a reference
plane of the dielectric element was setup with an air layer
above the dielectric plane as shown in Fig. 1 (a) and (b).
To verify the performance of unit cell elements, the measure-
ments technique using the rectangular waveguidewere imple-
mented [21], [22]. However, in this paper, the measurement
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of dielectric unit cell elements was substituted for unit cell
simulation of CST MWS and HFSS. Figure 1 (c) shows the
reflection phase of the dielectric unit cell with reference to the
dielectric height variation. To satisfy the reflection phase of a
full phase-cycle (360◦), the maximum height of the dielectric
element was set as 12.2mm.

B. RELATIVE PHASE ERROR AND ARRANGEMENT
METHOD OF DIELECTRIC UNIT CELL
Figure 2 shows the cross-sectional view of the proposed
reflectarray antenna for φ = 90◦. An offset feeding structure
was selected to reduce the blockage effect, and a feed horn
was used as the pyramidal horn antenna. The aperture dimen-
sions and gain performance of the pyramidal feed horn are
28 mm × 24 mm and 15 dBi at 20 GHz, respectively. The
offset angle is 17◦ and the distance from the phase center of
the feeding horn to the center of the array surface is Rref =
138 mm. To effectively arrange the array elements on the
aperture surface, the relationship between the geometry of the
reflectarray structure and reflection phase characteristics of
the unit cell was analyzed [23]. The relative phase error with
respect to the frequency variation is represented as follows.

PEi(f ) =
∣∣{ψi(f )− ψi,required (f )}
−
{
ψref (f )− ψref ,required (f )

} ∣∣
∼=
∣∣{(k − k0) (−Rref + Ri −−→ri · r̂0)}
+
{
1ψref (1f )−1ψi(1f )

} ∣∣ (1)

where k0 and k are the free-space wavenumbers at frequen-
cies f0 and f , respectively. As shown in Fig. 2, Ri is the
distance between the phase center of the feed horn and the
i-th element, Eri is the position vector of the i-th element,
and r̂0 is the unit vector along the main beam direction. The
element in the central position of the reflector surface was
set as the reference element of reflectarray elements. Vari-
ables ψref and ψref ,required represent the reflection phase and
required phase of the reference element, respectively, while
ψi and ψi,required represent the reflection phase and required
phase of the i-th outer position elements from the reference
position, respectively. Variables 1ψ ref (1f ) and 1ψ i(1f )
indicate the reflection phase shift of the central and outer
position elements, respectively, with reference to frequency
variation. To achieve wideband performance, an appropriate
phase compensation was implemented by considering the
two terms of the relative phase error. Figure 3 shows the
relative phase requirement (k − k0)

(
−Rref + Ri −

⇀r i · r̂0
)

for the compensation of the geometric phase change with
respect to different frequencies. The relative phase require-
ment increases gradually from the central to the outer position
of the array surface. To reduce (1), the reflection phase shift
difference, expressed as1ψ ref (1f )−1ψ i (1f ), need to be
gradually decreased from the central to the outer positions
of the reference surface. These characteristics were realized
when the phase shift quantity

∣∣1ψ i (1f )
∣∣ of the i-th elements

were gradually decreased from the central to the outer posi-
tions, as shown in Fig. 4, where the reflection phase of the

FIGURE 5. Setting the current sampling on the reference plane of the
dielectric reflectarray elements to calculate the real element
characteristics.

FIGURE 6. Dielectric reflectarray surface according to the different
heights of the reference element. (a) Href = 8.7mm, (b) Href = 6.0mm.

dielectric unit cell is shown with respect to height variation at
frequencies of 20 and 36 GHz. As shown in Fig. 4, when the
reference elementwith a greater dielectric height was selected
and the dielectric height of the outer elements was lower, pro-
gressively according to the distance from the element in the
center, the reflection phase shift difference decreased gradu-
ally from the central position toward the outer positions. This
resulted in an effective compensation of the geometric phase
change. Thus, arrangement of the dielectric elements without
the phase-wrapped sections (dielectric height jumping from a
maximum tominimum, or vice versa) should be implemented
because when phase wrapping occurred, the height of the
outer element was greater than that of the reference element,
resulting in distortion of the phase compensation.

III. REAL RELATIVE PHASE ERROR AND RADIATION
PATTERNS OF DIELECTRIC ELEMENTS
To evaluate the characteristics of the reflectarray antenna
structure, we calculated the real relative phase error and
element patterns of the reflectarray antennas by the vector
potential integral of the equivalent current sources based
on the equivalence principle and full-wave simulations [24].
Figure 5 shows the equivalent current source sampling on
the reference plane of the dielectric reflectarray elements.
Based on the equivalence principle, the equivalent electric
and magnetic current sources can be obtained by the tangen-
tial magnetic and electric field components, respectively [2].
The tangential magnetic and electric field components were
obtained at intervals of 0.1mm using full-wave simulations
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FIGURE 7. Real relative phase error of the dielectric reflectarray based on the equivalence principle and full-wave simulation. (a) Href = 8.7mm at
20 GHz, (b) 24 GHz, (c) 28 GHz, (d) 32 GHz, (e) 36 GHz; (f) Href = 6.0mm at 20 GHz, (g) 24 GHz, (h) 28 GHz, (i) 32 GHz, (j) 36 GHz.

FIGURE 8. Real element patterns of the dielectric reflectarray based on
the equivalence principle and full-wave simulations at the reference
frequency of 20 GHz. (a) Href = 8.7mm, (b) Href = 6.0mm.

of the dielectric reflectarray antenna. Thus, the equivalent
current sources on the reference plane of the dielectric ele-
ment, having a layer of air, were obtained at intervals of
0.1 mm. Particularly, for a dielectric element of 7.5 mm (λ/2),
equivalent current sources of 5625 points were obtained.
Figure 6 (a) and (b) represent the dielectric reflectarray sur-
face with reference to the choice of heights of the reference
element of 8.7 mm and 6 mm, respectively. As shown in
Fig. 6 (a), the phase-wrapped section did not occur from the
center toward the outer elements. However, in the case of
Href = 6mm, phase-wrapped sections occurred in the outer

FIGURE 9. Simulated gain characteristics according to the different
heights of the reference element.

FIGURE 10. Fabricated prototype of the proposed dielectric reflectarray
antenna of Href = 8.7mm. (a) Prototype of the dielectric reflectarray
antenna, (b) top and side view of the dielectric reflectarray aperture.

elements, resulting in a significant degradation of the relative
phase error. Figure 7 represents the real relative phase errors
with respect to the choice of different heights of the reference
dielectric elements at different frequencies. The real relative
phase error was defined by the real phase error of the
reflectarray elements with respect to the central element,
and calculated based on the potential integral of the equiv-
alent current sources [23]. In the case of Href = 8.7 mm,
although the phase error increased slightly as the frequency
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FIGURE 11. Simulated and measured radiation patterns on the (a) E-plane and (b) H-plane at 18 GHz; (c) E-plane and (d) H-plane at 20 GHz; (e) E-plane
and (f) H-plane at 24 GHz; and (g) E-plane and (h) H-plane at 26 GHz.

FIGURE 12. Simulated and measured gain and corresponding aperture
efficiency.

increased, the overall relative phase errors were extremely
low. However, in the case of Href = 6mm, the relative phase
errors increased significantly as the frequency increased.
Moreover, at the 6th to 7th element positions, the phase
error significantly deteriorated at the section where phase
wrapping occurred. Figure 8 shows the real radiation char-
acteristics of each dielectric element in the reflectarray at
a center frequency of 20 GHz. The real radiation charac-
teristics were calculated based on the potential integral of
the equivalent current sources. As shown in Fig. 8 (a), the
element patterns of Href = 8.7 mm were not distorted.
In contrast, in the case of the Href = 6 mm, the element
patterns of a large number of the dielectric elements were
significantly distorted. It was observed that in the reference
plane of curtain dielectric elements the equivalent current
distribution on the reference plane was altered by the scat-
tering effects, which was due to the occurrence of phase
wrapping in the dielectric elements with greater heights.

TABLE 1. Comparison with previous dielectric reflectarray antennas.

Figure 9 represents the simulated gain performance according
to the choice of height of the reference element. In the case
of Href = 8.7mm, the gain performance increased as the
frequency increased because phase compensation was appro-
priately implemented. In contrast, for Href = 6mm, the gain
performance at the center frequency of 20 GHz was low and
the gain performance significantly deteriorated after 28 GHz.
In addition, to show the performance of the reference material
with additional height, having phase wrapped sections on
the aperture surface, the gain performance for Href = 2 mm
was included. It was observed that the gain performance
deteriorated as the frequency varied, similar to that observed
in the case of Href = 6 mm. Moreover, it was noted that the
relative phase error and effect of scattering increased due to
the occurrence of phase wrapping. Therefore, to achieve high
efficiency and wide bandwidth performance, the reference
dielectric element should be selected such that the phase
wrapping does not occur over the entire aperture surface.
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IV. EXPERIMENTAL RESULTS
A K-band dielectric reflectarray antenna was designed and
fabricated. The height of the reference element of the pro-
posed antenna was selected as 8.7 mm, according to the
analysis in Sections II and III. Figure 10 shows the prototype
of the proposed antenna and the measurement environment.
The proposed dielectric reflectarray antenna was fabricated
by milling the Eccostock R© 0005 substrate sheet with a
machining tolerance of 0.05 mm. The reference frequency
of the proposed antenna was 20 GHz. The diameter of the
aperture surface was 120 mm, i.e., 8λ0; the focal length
was 138 mm, and the focus to diameter (F/D) ratio was
1.15. Figure 11 shows the radiation patterns in the E- and
H-planes at different frequencies. Although the simulated
gain bandwidth of the designed antenna satisfied the Ku-, K-,
and Ka-bands, the gain performance of the designed antenna
was measured only at the K-band frequencies, due to the
limitation of cutoff frequency of the fabricated feed horn. The
measured radiation patterns were in agreement with the sim-
ulated results in the target bandwidth. The cross-polarization
components were below −30 dB. The side lobe levels (SLL)
of the measured results were observed to be approximately
−20 dB from 18 to 24GHz. However, at 26GHz, the SLLwas
approximately −15 dB. It is expected that as the frequency
increases from the reference frequency of 20 GHz, the phase
errors gradually increase as shown in Fig. 7.

In general, the bandwidth of reflectarray antennas has been
defined as the 1-dB gain bandwidth. This figure of merit has
been selected because the gain performance of conventional
reflectarray antennas deteriorate significantly with frequency
variation. Because the proposed reflectarray antenna showed
increasing gain characteristics with increasing frequency,
owing to the proposed phase compensation method, evaluat-
ing the bandwidth performance based on gain reduction was
not the appropriate method. An alternative approach to evalu-
ate the bandwidth performance, based on aperture efficiency,
has been described and defined in [7], [27], [28]. Such an
approach was adopted in this study, and the bandwidth was
defined as that which satisfies an efficiency exceeding 40%.
Figure 12 shows the gain and efficiency performance with
respect to frequency variation. The measured aperture effi-
ciencies were calculated by the measured gain performances
as follows.

ηaperture efficiency =
λ2Gmeasured

/
4πA (2)

where Gmeasured and A are the measured gain performances
and physical area of reflectarray antenna, respectively. λ is
wavelength according to different frequencies. The measured
gain performances were in agreement with the simulated
results within the K-band, and a maximum efficiency of
63% was achieved at 22 GHz. The simulated and mea-
sured bandwidths, for an aperture efficiency exceeding 40%,
were in the ratio of 2.4:1 (15 − 36 GHz) and 1.47:1
(18 − 26.5 GHz), respectively. Table 1 shows a comparison
of the results obtained for the various dielectric reflectar-
ray antennas studied previously. In addition, the bandwidth

performances observed in earlier studies were below 21%,
which is significantly low as compared to our proposed
dielectric reflectarray antenna. Thus, the dielectric reflectar-
ray antenna proposed herein demonstrated substantially bet-
ter efficiency and bandwidth performance than those reported
on in previous studies. Moreover, even if the large aperture
size or small F/D values of proposed dielectric reflectar-
ray antenna are selected, the improved performances can
be obtained considering an effective arrangement strategy
without the phase-wrapped sections.

V. CONCLUSION
To achieve ultra-wideband characteristics, the optimal height
of the reference element was studied and analyzed in this
study, taking into consideration the relative phase require-
ment and reflection phase characteristics of the column-type
dielectric unit cell. Further, to evaluate the characteristics
of the proposed dielectric reflectarray, the real phase error
and element patterns were calculated and analyzed using the
equivalence principle and the full-wave simulation. It was
observed that the arrangement of the dielectric elements
implemented herein, which prevented the occurrence of phase
wrapping, could effectively minimize the relative phase error
and eliminate pattern distortion. The proposed reflectarray
antenna demonstrated superior efficiency and bandwidth per-
formance as compared to those reported on in previous
research. The characteristics of the fabricated antenna were
measured in the frequency range of 18−26.5 GHz, and the
measured results were observed to be in good agreement with
the simulation results.
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