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Abstract: Problem statement: Reflectarrays provide a low cost and low profile solution for antennas
required for high gain applications but their use is restricted in some applications due to the narrow
bandwidth and high loss performance. These performance limitations can be attributed to different
sources of reflectivity of the reflectarrays. This work provides a thorough investigation on the
reflectivity performance of reflectarrays designed at 10 GHz using different dielectric substrates.
Approach: The detailed analytical study of the characteristics and losses of the reflectarrays was
presented and a number of dielectric substrates are used to design and analyze the reflectivity of the
reflectarrays based on the analytical investigation which is validated by Finite Integral Method (FIM).
Results: The results showed that the dielectric material with lowest dielectric permittivity and loss
tangent values (Teflon) demonstrates an optimum reflectivity performance when employed for the
reflectarray design. Conclusion: It was concluded from this research that material properties
significantly affect the reflectivity of the reflectarrays and hence the bandwidth and loss performance
can be pronounced improved by using a low dielectric substrate.
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with controllable phase shifters, allows wide-angle
beam scanning to be controlled electronically compared
to the parabolic reflector. However in order to avoid
the power inefficiency which occurs in the high loss
beamformer and phase shifters, the amplifier modules
have to be used with the array antennas (Huang and
Encinar, 2007). These amplifier modules are usually
high cost and make the array antennas a very expensive
solution for high gain applications. On the other hand
reflectarray is a flat, light weight and a cost effective
structure which permits the realization of wide-angle
electronic beam scanning. Although the reflectarray has
the primary advantages of flat structure and low profile
as compared to parabolic reflector, however the
bandwidth and the loss performance of reflectarrays are
considered as the main performance limitation of the
reflectarray antennas. The narrow bandwidth is mainly
due to the differential spatial phase delays (Huang,
1995) while the losses occur due to the energy
absorption in the conductor and dielectric layer.
Spillover and surface wave excitation also contribute to
the reduction in loss performance of reflectarrays
however, due to the multiple bounces of the wave in the

INTRODUCTION
Reflectarray antenna is a combination of a flat
reflector and an array of microstrip patches. It consists
of a thin flat reflecting surface and an illuminating
feed. The concept of reflectarray was introduced by
Berry et al. (1963). A new interest in the reflectarray
was triggered by the work of Malagasi (1978); Munson
(1987) and Huang (1991). Reflectarray antenna has
been acknowledged as a potential alternative to the
traditionally used high gain antennas such as parabolic
reflectors or phased arrays. The need for finding an
alternative to the parabolic reflector and phased array
antennas is due to some characteristics of these
antennas which limit their use in some applications. For
example, parabolic reflector is difficult to be
manufactured in many cases, in particular at higher
microwave frequencies (Huang and Encinar, 2007), due
to curvature of its reflector. The shape of the parabolic
reflector also causes an increased weight and size of the
antenna. Moreover the wide-angle electronic beam
scanning is not feasible to be achieved using a parabolic
reflector. High gain array antennas which are equipped
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dielectric layer, dielectric and conductor losses are
much more significant especially at millimeter wave
frequencies (Pozar et al., 1997). Many researchers have
been working on possible techniques to increase its
bandwidth and up to 15% bandwidth has been reported
(Encinar et al., 2006). This work provides a thorough
study on the reflectivity of reflectarrays. The capacitive
and resistive effects on the reflectivity performance of
reflectarrays and other factors that cause degradation in
reflectivity are discussed in details. The loss
performance of the reflectarrays is analyzed using
numerical equations and different dielectric substrates
are used to design reflectarrays at 10 GHz in order to
investigate and maximize the reflectivity of
reflectarrays.

resistance added in series is termed as the Equivalent
Series Resistance (ESR). The ESR represents losses in
the capacitor and can be given by:
ESR =

Having low-loss, the ESR is very small and in a
lossy capacitor the ESR can be large. When
representing the electrical circuit parameters as vectors
in a complex plane, known as phasors, a capacitor's loss
tangent is equal to tangent of the angle between the
capacitor's impedance vector and the negative reactive
axis, as shown in Fig. 1. The loss tangent can then be
given by:

Analytical investigation: In the case of an ideal
reflectarray antenna design, due to high current density
of periodic array of resonant elements, all the incident
energy will be reflected back with the normalized
reflection coefficient Г. However, the value of the
normalized reflection coefficient Г is always measured
to be less than one because the reflectarray always
exhibits some losses and the reflected wave always has
a bit lesser energy as compared to the transmitted wave.
The reflection coefficient for a reflectarray can be given
by the same expression as for the microstrip line i.e.:
Z c − Z0
Zc + Z0

(2)

Where:
σ = The conductivity of the material
ε' = The real part of the dielectric permittivity of the
substrate
C = Represents the ideal or lossless capacitance. In
capacitor
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Γ=

σ
ε'ω2C

tan δ =

ESR
Xc

= ωC.ESR =

σ
ε 'ω

(3)

The loss tangent is also the ratio of the resistive
power loss in the ESR to the reactive power
oscillating in the capacitor because the same AC
current flows through both ESR and Xc. For this
reason, a capacitor’s loss tangent is also stated as its
dissipation factor. From Eq. 2 and 3, it can be observed
that the series resistance which represents the losses in
a reflectarray is dependent on the dielectric properties
of the substrate used for the reflectarray antenna design.
Moreover it can also be observed that ESR decreases
with the decrease in the loss tangent value of the
substrate. Therefore a reflectarray designed with low
loss tangent material will have a value of Г closer to
unity and hence exhibits lower reflection loss.

(1)

Where:
Zc = The characteristic impedance of the air
Z0 = The impedance of the reflectarray which is
caused by the material used in the reflectarray
design
Unlike the conventional microstrip patch antenna,
in case of reflectarrays a complete mismatch between
the two impedances is required in order to reflect the
maximum signal from the reflectarray surface. From
Eq. 1 it can also be observed that for complete
reflection, the value of impedance of the reflectarray
have to be made as close to zero as possible or in ideal
case equal to zero. In order to further elaborate the
effect of material properties on the reflectivity, the
reflectarray can be represented by a parallel plate
capacitor having a dielectric substrate between the
ground and the conducting patch element. The lumped
element model of a capacitor can be represented by a
lossless ideal capacitor in series with a resistor. The

Fig. 1: Real capacitor and the loss tangent shown in
impedance plane
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Fig. 2: ESR values for different dielectric substrates

Fig. 3: Dielectric permittivity Vs
different dielectric substrates

The variation in the ESR with the loss tangent for
different dielectric substrates is shown in Fig. 2. It can
be observed from Fig. 2 that ESR depends on the loss
tangent value and capacitance which is affected by the
dielectric permittivity of the substrate. The dependency
of reflectivity of the reflectarray on the dielectric
permittivity can also be defined by representing the
reflectarray with a parallel plate capacitor in which
capacitance can be given by:

Table 1: List of dielectric substrates and their properties
Material
εr
Teflon
2.08
Vaseline
2.16
Roger 5880
2.20
Roger 5870
2.33
CEM
4.50
Beryllia
6.50
Alumina 95%
9.75
Silicon
11.90
Gallium Arsenide
13.00

C=

εA
d

capacitance

of

Tan δ
0.0004
0.0010
0.0004
0.0012
0.0250
0.0004
0.0003
0.0040
0.0060

The losses in a reflectarray are mainly caused by the
attenuation of microwave energy in the dielectric layer
and the conductor (Ismail and Inam, 2010).
Therefore the reflection loss of a reflectarray can
be given as:

(4)

Where:
C = The capacitance of a parallel plate capacitor
A = The area of the conducting plates (conductor and
ground plane in case of reflectarrays)
d = The separation between the parallel plates
(substrate thickness for reflectarrays)

R l = αd + αc

(5)

where, αd and αc are the attenuation factors due to the
dielectric and the conductor respectively and can be
given by:

The capacitance is therefore greatest in devices
made from materials with a high permittivity and lesser
distance between the plates. This higher value of
capacitance causes a higher value of Z0 in equation 1
and hence causes a reduction in the reflection
coefficient value. The reduced reflection coefficient
value then degrades the reflectivity of the reflectarrays.
The capacitive effect of the reflectarray antenna,
designed at 10 GHz using different dielectric substrates
given in Table 1, is presented in Fig. 3 for a constant
conductor separation of 1 mm. As depicted in Eq. 4, it
can be observed from Fig. 3 that the capacitance
increases as the dielectric permittivity of the substrates
used for reflectarray design is increased. This increases
the dissipation of energy in the dielectric layer and
hence increases the reflection loss of reflectarrays.

αd =

ω
2

αc =

8.68R s
WZm

( µ 0ε0εr ) tan δ

(6)

(7)

From Eq. 6 and 7, it can be observed that the
dielectric attenuation depends on the dielectric
permittivity and the loss tangent value which are
discussed above in details. Moreover it can be observed
from Eq. 7 that the conductor loss depends on the
resistivity of the conducting material used for the patch
element design.
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As depicted in Fig. 4, it can be observed that at
resonant frequency of 10 GHz, Teflon shows a very low
reflection loss value of 0.135 dB as compared to CEM
and Gallium Arsenide which offer the reflection loss of
4.51 and 3 dB respectively. This is because Teflon has
very low values of loss tangent and dielectric
permittivity as compared to the other two materials as
shown in Table 1. It can be observed from Fig. 5 that at
10 GHz Teflon has the minimum reflection loss value
of 0.183 dB while Gallium Arsenide and CEM have
higher reflection loss values of 4.28 and 6.74 dB
respectively. The difference in the reflection loss values
for different materials is due to the difference in the
reflectivity of reflectarrays as discussed above. The
difference in the reflection loss values of both the
analysis is due to the fact that in Fig. 4, only the
effects of conductor and dielectric loss are considered
and the CST MWS simulations (Fig. 5) are carried out
taking into account all other factors such as
interelement spacing, boundary conditions and port
excitation distance. Table 2 shows the reflection loss
values of all other materials used for reflectarray
simulations in CST MWS. From Table 2, it can be
observed that the reflection loss increases as the dielectric
permittivity and loss tangent values are increased.

Reflectarray design: Table 1 shows a list of dielectric
substrates with different dielectric permittivity and loss
tangent values. These materials are used to design the
reflectarrays using commercially available CST MWS
computer model with 1mm substrate thickness. In order
to characterize the reflectivity of reflectarray patch
elements, the reflection loss and the reflection phase
curves were obtained using dielectric substrates having
a variety of dielectric constants and loss tangent values
ranging from 2.08-13 and 0.0004-0.025 respectively.
Moreover the equations given above are analyzed to
find out the losses for the reflectarrays using some of
the materials form Table 1. The reflection phase curves
were obtained using MATLAB V7.5 with the help of the
predictions presented in (Inam and Ismail, 2009).
RESULTS AND DISCUSSION
Figure 4 shows the reflection loss curves obtained
by solving the equations, discussed in the previous
section, using MATLAB V7.5 while Fig. 5 shows the
reflection loss curves obtained by CST MWS
Simulations for different materials. It can be observed
from Fig. 5 that the trend of the reflection loss is
exactly the same as the one obtained by solving the
analytical equations. Another important measure that
can be used to analyze the reflectivity of the
reflectarray is the reflection phase performance. The
reflection phases for some materials used to design
reflectarrays at 10 GHz with 1mm substrate thickness
are shown in Fig. 6.

Fig. 5: Reflection loss curves obtained by CST
simulations
Table 2: Reflection loss values of different dielectric substrates used
for reflect array design
Material
Reflection loss at Fr = 10 GHz (dB)
Teflon
0.179
Vaseline
0.261
Roger 5880
0.180
Roger 5870
0.313
CEM
6.875
Beryllia
0.395
Alumina 95%
0.519
Silicon
2.857
Gallium arsenide
4.326

Fig. 4: Reflection loss curves obtained by analytical
equations in MATLAB V7.5
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properties can be exploited to reduce the reflection loss
and enhance the bandwidth of reflectarrays. However a
tradeoff is required to be established in order to figure
out the relationship between phase errors and
bandwidth performance.
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