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the hollow shell needs to have �� � ��� to yield ������ � ����,
whereas the magnetic coating on the PEC core requires only �� � ���

to reach the same ������ � ����.

IV. CONCLUSION

The radiation problem for the���� electric current on the surface of
a material-coated spherical PEC core is solved analytically using vector
spherical wave functions. Closed-form expressions for the electric and
magnetic stored energy as well as for the radiation quality factor � are
presented. The optimum relative radius of the PEC core ��� providing
the lowest possible � for a given antenna electrical size �� and ma-
terial parameters �� and �� of the coating is found. It is shown that a
PEC core with an electrically thin high-permeability magnetic coating
significantly reduces the internal stored energy, and thus the � of the
electric dipole antenna closely approaches the Chu lower bound. For
instance, an antenna of the size �� � ���with the relative radius of the
PEC core ��� � ���	� and a pure magnetic coating with �� � 
��

yields the quality factor � � ��������.
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An Offset-Fed X-Band Reflectarray Antenna Using a
Modified Element Rotation Technique

A. Yu, F. Yang, A. Z. Elsherbeni, J. Huang, and Y. Kim

Abstract—An X-band circularly polarized reflectarray antenna with an
offset feed is designed, fabricated, and measured. The proposed design fea-
tures the use of split square ring elements with a modified element rotation
technique for phase compensation, which allows the rotation of the slot in-
stead of the element itself. This is crucial in single-layer multiband reflec-
tarray antenna designs where it is desired to minimize the effectively oc-
cupied area by individual elements. A design flow chart of the reflectarray
antenna is summarized, and the element/system design procedure is pre-
sented in details. A reflectarray prototype was measured in a near field
measurement system, which operates at 8.4 GHz with a gain of 30.4 dB and
an aperture efficiency of 53.7%. Both the axial ratio bandwidth (�� �

dB) and the 3 dB gain bandwidth are 6%.

Index Terms—Circular polarization, element rotation technique, reflec-
tarray antenna.

I. INTRODUCTION

The concept of the reflectarray antenna originates from two types of
conventional aperture antennas [1]–[4]. One is the reflector antenna and
the other is the planar phased array antenna. Reflector antennas have
found extensive applications with their high directivity and low loss
characteristic due to the spatial feed. However, under certain circum-
stances, it is desired to have more flexibility in beam forming. More-
over, structures with low profile and light weight are also of interest.
Array antennas allow plethoric degrees of freedom in forming the pat-
tern. The introduction of planar array antennas makes it possible to
obtain designs in light weight and small volumes. However, the draw-
back is that a complicated feeding network has to be incorporated with
a noticeable feeding loss.
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Fig. 1. The flow chart of a general design procedure for reflectarray antenna.

By referencing the advantages of the two types of aperture antennas
mentioned above, the concept of reflectarray antennas [1] has been in-
troduced. The general configuration of a reflectarray antenna includes
an array of scattering elements and a feeding source. The elements of
the array are usually distributed on a planar aperture, whose boundary
can be of an arbitrary shape. The position of the illuminating source
can be adjusted to satisfy certain application requirements. In such an
antenna system, the element phases are individually controlled to ac-
quire a specific reflected beam whereas the spatial feeding eliminates
the energy loss and design complication of a feeding network. A variety
of element phasing techniques have been developed [5]–[8] to accom-
plish the design.

Interests in multiband reflectarray antennas have been aroused
recently [9]–[12]. As a potential sub-array choice for a single-layer
tri-band design [11], [12], an X-band circularly polarized reflectarray
concept is presented in this communication. A novel element rotation
scheme for element phasing is proposed, which effectively reduces the
area occupied by an individual element. This concept is verified in this
communication by the fabrication and measurement of a reflectarray
prototype.

II. A GENERAL PROCEDURE FOR REFLECTARRAY ANTENNA DESIGN

Usually, the design flow of a reflectarray antenna consists of two
correlated branches, namely, the element design and the system design.
This process can be described by the flow chart illustrated in Fig. 1.

On one hand, the element design provides the geometry and dimen-
sions of the scattering units. The considerations encompass such con-
cerns as the fabrication tolerance and the compromise between the flex-
ibility and complexity of design. The geometry has to provide sufficient
tuning parameters while maintaining simplicity. On the other hand, the
system design starts with a specification of the antenna gain and beam
direction. In the “gain and efficiency analysis (GEA),” the size of the
aperture is obtained from the specified gain and aperture efficiency.
The optimum feed location is determined to maximize the aperture ef-
ficiency. With these parameters, the incidence from the feeding source
is calculated as the excitation to the array aperture. By performing the
“radiation analysis (RA),” the theoretic prediction of the far field (based
on array theory) is achieved as well as required phase compensation for
each element.

The phase compensation links the element design and system design
together. The required element phase value is obtained from the main

Fig. 2. Split square ring elements with (a) a central slot, (b) a physical rotation
and (c) an equivalent rotation with an offset slot. In these figures, � � �����
mm (0.525� at 8.4 GHz), � � ������ mm, 	 � 
 mm. The slot width s and
the rotation angle � are variables.

beam angle and the incident field in the system design procedure. This
value will determine both the element geometry in the element design
procedure and the reflected aperture field in the system design proce-
dure. Knowing the phase compensation of the individual elements, the
result from the element design is incorporated to create a printed cir-
cuit board (PCB) mask. Fabricated with standard technologies and as-
sembled together with the feeding source, the reflectarray prototype
is tested in a near-field measurement equipment. The near-field data is
then processed to extract the characteristics of the system performance,
which are compared to the theoretical result. Typical characteristics of
a reflectarray antenna include radiation pattern, gain, efficiency, polar-
ization, and bandwidth.

III. ELEMENT DESIGN

A. Element Geometry and Performance

Fig. 2(a) illustrates the geometry of a split square ring element ap-
plied in the design of the reflectarray prototype, which is printed on a
grounded substrate with dielectric constant �� � ���� and thickness
of 1.57 mm. The choice of the element geometry is mainly based on
the consideration of the single layer tri-band reflectarray design. Previ-
ously, a ring structure has been suggested [10], [14] in order to insert
the lower frequency (X band) elements into the array lattice working
at a higher frequency (Ka band). The ring structure can be deformed
into a square shape which gives the flexibility of arrangement in the
array lattice. The slot width � is an important parameter affecting the
polarization performance of the reflectarray element, while the rotation
angle � controls the reflection phase.

The full wave solver Ansoft Designer (Method of Moment based
program) is used in the element analysis under a plane wave incidence.
Using the periodic boundary condition, a single element is simulated
as the unit cell of a two dimensional infinite array. The array grid is
uniform and square shaped with a period �. Since the Designer software
only deals with linearly polarized incident waves, the simulations are
performed twice to get the reflection fields of �- and �-polarizations,
respectively. Then the right hand circular polarization (RHCP) and left
hand circular polarization (LHCP) field components can be derived.

Fig. 3 demonstrates the magnitudes of the reflected co-polarized
(RHCP) and the cross-polarized (LHCP) components, with different
angles of incidence. It is observed that the variation in the direction of
the incidence does not significantly affect the reflection performance
until a large angle of incidence, for example, ��� � ��

� is considered.

B. Modified Element Rotation Technique

The conventional element rotation technique is devised particularly
for circular polarization (CP) applications [8]. A CP element is de-
signed in such a way that the sense of polarization of the incident wave
is maintained upon reflection. By rotating the element, there will be an
additional phase shift in the reflected wave, which is a linear function
of the rotation angle.
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Fig. 3. The magnitudes of the reflected circularly polarized components at dif-
ferent incident angles.

Fig. 4. Slot width and reflected phase vs. element rotation angle.

However, as shown in Fig. 2(b), if the conventional element rotation
technique is directly applied in a single-layer multiband reflectarray de-
sign, there will be inevitable collision between the X-band element and
the surrounding elements in other bands. This problem is solved by ap-
plying a modified element rotation technique. As depicted in Fig. 2(c),
the element itself is not physically rotated. Instead, the location of the
slot is varied when specific phase compensation is desired. This results
in an effectively rotated element from Fig. 2(a).

In order to apply the modified element rotation technique, it is im-
portant to obtain the phase curve, i.e., the relationship between the re-
flected phase (of the RHCP component) and the rotation angle ���. As
shown in Fig. 4, the slot width ��� needs to be changed during rota-
tion, so that the magnitude of the co-polarization component (RHCP)
is maximized at the center frequency 8.4 GHz. The phase ���� of the
RHCP component is then extracted for the element at varied rotation
angles. The phase of the element with no rotation, shown in Fig. 2(a)
is considered as the reference. As illustrated in Fig. 4, a discrete set of
rotation angles are applied, followed by a curve fitting technique, so
that interpolations can be performed when arbitrary rotation angles are
needed. The dependence is nonlinear in contrast to the linear relation
in the conventional element rotation technique.

IV. SYSTEM DESIGN

The design of a reflectarray antenna prototype needs to determine
the following configuration parameters [13], illustrated in Fig. 5.

1) The dimensions of the aperture. For a circular aperture, this is the
diameter �.

2) The position of the feed, which is characterized by the offset angle
�� and the height � .

Fig. 5. The coordinate system for radiation analysis of a reflectarray antenna.

3) The direction of the feeding beam, which is determined by the
point ������ ��� ��.

4) The pattern of the feed, modeled by ���� function, with a param-
eter 	.

5) The elements are assumed to be isotropic (in the upper half space
above the array aperture).

The objective of the system design is to obtain an optimal choice of
these parameters for the maximum aperture efficiency and to predict
the radiation pattern theoretically. In particular, the phase distribution
over the aperture is extracted so that each reflectarray element can be
designed accordingly to provide the proper phase compensation.

A. Gain and Efficiency Analysis

A 30 dB gain is the target for this design. The estimated aperture
efficiency is 50%. With


 	
��

�

�

� (1)

a diameter of 500 mm �
���� is adopted as the designed value. An
offset feed is applied to minimize the feed blockage. Thus a tilted beam
is designed with �� 	 �� ��� 	 ��� aside from the normal to the
reflectarray plane. By performing the efficiency analysis as described
in [13], the maximum aperture efficiency is obtained at ��� 	 ����,
which yields the height of the feed � 	 ��� mm. The direction of the
feeding beam is toward the center of the array aperture, i.e., �� 	 �� 	
�. The parameter of the feed pattern 	 	 �.

B. Radiation Analysis

The purpose of this analysis is to obtain the field distribution over the
aperture based on the optimized configuration parameters of the reflec-
tarray, which indicates how each individual element shall be phased.
The far field patterns are computed thereafter by the routine transfor-
mation from near field to far field.

1) Incident Field: As illustrated in Fig. 5, the array aperture is under
the illumination of a point source. A Cartesian coordinate system (x’,
y’, z’) is established in the source region, which is a translation from
that of the field region, by:

�� 	 � ���� 	 ���

�� 	 � �� ��� �� ���� 	 ���

�� 	 � �� ���� 	 ����

(2)
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TABLE I
THE QUANTITIES INVOLVED IN THE SPHERICAL COORDINATE SYSTEM

It is necessary to obtain the corresponding spherical coordinates
���� ��� ��� and unit vectors listed in Table I.

The incidence from the source is considered as a spherical wave with
a RHCP expressed as:

������ ��� ��� � ���� � � ����	��
�� ���

� 


��
	��� � (3)

In this communication, the symbol � is for unit vectors, while ar-
rows are for general vectors. In (3), all the quantities in the spherical
coordinate system are eventually converted to the field region Cartesian
coordinates, with the help of (2) and Table I. Over the array aperture,
the incidence is:

������ �� 	� � ����
���� �� 	� 
 ����

���� �� 	� 
 ���
	��� �� 	� (4)

with

��
���� �� 	� � ���� �� ����� 
 � ������	��

�� ���
� 


��
	��� �

��
���� �� 	� � ���� �� ����� � � ������	��

�� ���
� 


��
	��� �

��
	��� �� 	� � �� ��� ���	��

�� ���
� 


��
	��� � � (5)

At an arbitrary point P in the array aperture, the relative phases of
the tangential components of the incident field can be denoted as:

 ��
���� �� 	� �  ��

��	� 	� 	� �
����

�

 ��
���� �� 	� �  ��

��	� 	� 	� �
����

�
(6)

where there is the following relationship:

 ��
��	� 	� 	� �  ��

��	� 	� 	� �
�

�
� (7)

2) Reflected (Aperture) Field: After incorporating the scattering el-
ements, the reflected field distribution needs to be determined, where
a planar phase front is desired at the specified direction. Since the el-
ements are considered to be omni-directional, the magnitudes of aper-
ture fields are equal to the magnitudes of the incident fields. One is
interested in the relative phase distribution with respect to the origin C.
In order to achieve a planar phase front in the direction of ��
 as shown
in Fig. 5 while maintaining the sense of polarization of the incident
wave [8], the reflected phase distribution should be:

���
�� �  ��

��	� 	� 	� � ������ � ��
��
 ��� 
 �

 ��
� �  ��

��	�	� 	� � ������ � ��
��
 ���

��
 � �� ������� 
 � �������� (8)

Here, ��� is the position vector of an arbitrary element, which is
��
��

in Fig. 5.

Fig. 6. Reflected (aperture) field distribution: (a) phase of � , and (b) phase
of � .

Fig. 7. (a) The element phase distribution and (b) the element rotation angle
distribution at 8.4 GHz.

After the element phase compensation, the reflected phase becomes
invariant in the horizontal ��� direction while progressive in the vertical
��� direction in order to realize a titled main beam in the y-z plane, as
shown in Fig. 6(a) and (b).

3) Element Phase: The reflection phase of each reflectarray element
is calculated through

��������� � ����������� ����������� (9)

Inserting (6) and (8) into (9) leads to

���
�� � ����� �

���� � ��
���
 ��� 
 �

 ��
� � ����� �

���� � ��
���
 ���� (10)

Based on the incident and reflected phases obtained above, the
element phase distribution is calculated from (10) and illustrated in
Fig. 7(a). The element rotation technique requires that this distribution
be mapped into a pattern that indicates the rotation angle of each ele-
ment, referencing the element design in Section III.A and Fig. 4. This
pattern is shown in Fig. 7(b). There is a non-linear relationship between
Figs. 7(a) and (b) due to the modified element rotation technique.

V. EXPERIMENT

A. PCB Mask Design and Fabrication

The element design has a square lattice with a period of 0.525 wave
length in free space at 8.4 GHz (18.75 mm). This array is fit into a
circle with the diameter of 500 mm, obtained in Section IV.A. This
results in some elements intercepted by the boundary of the aperture.
Hence a larger diameter of 515.6 mm is applied, which leads to a finite
array with 556 elements. Each element is rotated with respect to its
position in the manner shown in Fig. 7(b). Meanwhile, the slot width
of the element is adjusted based on the analysis in Section III.B and
Fig. 4. This process results in the array aperture shown in Fig. 8(a).
A subroutine is developed to map the rotation angle pattern into the
element geometry. Four quarters of the array aperture are fabricated
separately, and assembled with a solid aluminum ground plane beneath.
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Fig. 8. The reflectarray prototype: (a) photograph of the array plane and (b) re-
flectarray in a near field measurement setup.

Fig. 9. Measured near field distribution over the scanning plane: (a) magnitude
of � , (b) phase of � , (c) magnitude of � , and (d) phase of � .

The proposed reflectarray prototype is illuminated by an X-band cir-
cular horn integrated with a polarizer. The horn pattern at 8.4 GHz is
modeled by ���

�
� function. The bandwidth of the horn is mainly lim-

ited by the polarizer, whose��� dB return loss range is from 7.1 GHz
to 8.6 GHz. A wooden frame is incorporated to support both the array
plane and the feed horn.

B. Measurement

The performance of the prototype is obtained through near field
measurement, accomplished in the NSI system. The advantage of the
near field measurement of a high gain antenna is that the experiment
can be readily performed in a compact indoor environment whereas
the far field measurement will require a large distance between trans-
mitting and receiving antennas. In addition, the large reflectarray is at
rest in the near field measurement, thus no mechanical rotation facil-
ities are needed. Fig. 8(b) shows the setup for this measurement. In
this setup, the distance between the array aperture and the sampling
plane is 812.8 mm (22.8�� at 8.4 GHz). The square sampling plane
has a size of 1477 mm� 1477 mm and includes 87� 87 sampling
points.

Fig. 9 shows the measured near field distribution within the scanning
plane at 8.4 GHz. The maximum of the magnitude corresponds to the

Fig. 10. Measured far field patterns at 8.4 GHz in (a) P.P.1 and (b) P.P.2. Mea-
sured far field patterns at 8.2 GHz in (c) P.P.1 and (d) P.P.2.

main beam direction of the system. The truncation errors of both com-
ponents on the sampling plane are around ��� dB. The phase center
position is lower, which indicates the projection point of the feeding
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Fig. 11. Measured frequency response of gain and aperture efficiency.

source. Within the region where the magnitude approaches its max-
imum, the phase distribution becomes flat horizontally, while progres-
sive in the vertical direction. These patterns are similar to the field
distribution on the array aperture obtained through theoretic analysis
in Section IV.B-2), although there is a distance between the scanning
plane and the array aperture.

Once the near field is determined, the far field pattern can be calcu-
lated. The principal planes (P.P.) where the patterns reside are defined
as follows: The first principal plane (P.P.1) is defined by the beam axis
(along the beam direction vector) and � axis, while the second prin-
cipal plane (P.P.2) is defined as the one perpendicular to P.P.1 and
intersecting with P.P.1 at the beam axis. Fig. 10(a) and (b) compare
the measured far field patterns with the theoretical results at 8.4 GHz.
A tilted beam is achieved as expected. The side-lobe levels are below
��� dB in both planes, and the cross-polarization level is ��� dB.
The 3 dB beam widths are 4.8� and 4.3�, respectively. Measured data
agree well with theoretic predictions. The measurement has also been
performed from 7.8 GHz to 9 GHz to observe the frequency response
of this prototype. It is found that the lowest cross-polarization (LHCP)
level in the main beam direction is achieved at 8.2 GHz, well below
��� dB, as depicted in Fig. 10(c) and (d). The side lobe levels of the
co-polarization (RHCP) are relatively higher than those from theory.
A reason for this discrepancy is that 8.2 GHz is at the lower frequency
limit of the near field probe.

The measured gain of the prototype is shown in Fig. 11. At 8.4 GHz,
the gain reaches 30.4 dB. The 1 dB gain bandwidth is 2.6%, and the
3 dB bandwidth is 6%. The notch around 8.8 GHz is due to the band-
width limitation of the feed horn polarizer, which has been verified by
the return loss measurement. Meanwhile, the aperture efficiency �� is
also shown in Fig. 11. At 8.4 GHz, �� � ��%, similar to the estimated
value in Section IV.A. The frequency response of the axial ratio (AR)
is also measured. The minimum AR of 1.4 dB is observed at 8.18 GHz.
The 3 dB axial ratio bandwidth is 6.4%.

VI. CONCLUSION

In this communication, an X-band circularly polarized reflectarray
prototype is designed, fabricated and measured. This prototype is com-
posed of split square ring elements and uses the modified element ro-
tation technique for phase compensation. Operating at 8.4 GHz, the re-
flectarray prototype has a gain of 30.4 dB and an aperture efficiency of
53.7%. Both the axial ratio bandwidth (�	 � � dB) and the 3 dB gain
bandwidth are 6%. The prototype provides a choice for the sub-array
design of a single layer multiband reflectarray system.
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