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SUMMARY
A circular reflectarray is a novel design combining the unit-ring artificial magnetic conductor
with the reflectarray concept. It is shown through simulation that a circular reflectarray with
either concentric or radial polarization can be designed with basic performance metrics
(directivity, sidelobe level and bandwidth) that are comparable or even better than a conventional
rectangular design. It is one goal of this work to explore 2D curvature – using the unit-ring
approach – in the realm of reflectarrays designed with circular symmetry. Reflectarrays are
chosen as the application to explore these issues as the design process used in creating them
borrows from reflector antennas, periodic structures and array theory – thus curvature can be
explored from a variety of design domains.
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Chapter 1
Introduction
One of the most fundamental problems in electromagnetics engineering is to use engineered
material to affect electromagnetic radiation before it reaches a receiver. Examples include using
a parabolic reflector in conjunction with an antenna to drastically improve antenna gain, using
frequency selective surfaces to allow multiple feeds to share a single reflector, using an artificial
magnetic conductor to allow for low profile antenna applications, and using multiple periodic
radiating elements on a planar surface – called a reflectarray – as an alternative to reflector
antennas in order to provide similar performance but on a planar surface with optional adaptive
capabilities. This thesis will consider the design of reflectarrays.
Due to system-level considerations, antennas and microwave structures may take a backseat to
mechanical structures or other hardware. For example, in aerospace applications, antennas may
be placed conformal to curved locations such as the wing of a plane or the nose of a missile to
provide a lower profile, mitigate integration costs and lower radome performance needs. In cases
such as these, methods of design and analysis for three-dimensional, doubly curved surfaces may
be employed [1].
However, given a conformal geometry – especially in regards to periodic structures –
complications in design and analysis arise. A typical plane wave will have a phase of:
𝑒 −𝑗𝑘𝑥 = 𝑒 −𝑗𝑘𝑎 cos(𝜃)
It can be seen that sampling in 𝑥̂ produces a linear phase shift while sampling in 𝜃̂ produces a
non-linear phase shift as seen in figures #1 and #2. This behavior suggests that designing a

1

(1)

curved periodic structure will not yield the same simple Floquet condition of a scalar multiplier
as in the rectangular periodic case [2], namely:
𝑖𝑛𝑐 𝑚𝑎

𝐸𝑧𝑖𝑛𝑐 (𝑥 + 𝑚𝑎, 𝑦 + 𝑛𝑏) = 𝐸𝑧𝑖𝑛𝑐 (𝑥, 𝑦)𝑒 −𝑗𝑘𝑥

𝑖𝑛𝑐 𝑛𝑏

𝑒 −𝑗𝑘𝑦

(2)

Thus, when designing curved periodic structures, the Floquet condition in its conventional form
may not be applied due to the non-linearity of the response. It is one goal of this work to explore
2D curvature – using the unit-ring approach [3] – in the realm of reflectarrays designed with
circular symmetry. Reflectarrays are chosen as the application to explore these issues as the
design process used in creating them borrows from reflector antennas, periodic structures and
array theory – thus curvature can be explored from a variety of design domains [4]. A long term
goal is that some of the ideas and methods could be applied in the future to more complex
antennas and periodic structure geometries exhibiting 3D curvature.

Fig. 1 – Sampling Schemes of a Plane Wave
2

Fig. 2 – (a) Cartesian Phase Sampling

(b) Polar Phase Sampling
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Chapter 2
Literature Review
Section #2.1: Review of Reflector Theory and Literature
The oldest form of electromagnetic radiation shaping is the reflector: the original form of which
is the simple optical mirror (plane reflector) and traces its origins into prehistory. The first
microwave frequency reflector antenna was designed by Hertz in 1888 using a cylindrical
parabolic reflector. Geometric optics predicts that any coherent radiation incident on a parabolic
reflector will come to some focal point “F”. In a single reflector system, an antenna or “feed” is
placed at the focal point in order to absorb all of the electromagnetic energy ejected from the
reflector [5].
Dual reflector antennas are based upon the early optical telescope designs of Gregory (1663) and
Cassegrain (1672) and include a subreflector for the feed to illuminate, rather than illuminate the
main reflector directly. The two main configurations are the “Cassegrain” with a hyperbolic
convex subreflector located before the virtual focal point and the “Gregorian” with an elliptical
concave subreflector located beyond the virtual focal point. Both types can be seen in figure #3.
Dual reflector antennas allow for much lower noise applications due to the feed location in the
apex of the main reflector rather than at the feed point “F”. This eliminates the need for a large
portion of transmission lines, thereby eliminating transmission line losses. Also, the radiation
spillover from the subreflector is now being directed toward the low temperature sky, rather than
the high temperature ground [6].
The parabolic reflector can be designed using simple equations and principles. The following
equations, with the terms defined by the pictures below present a method of design:
4

𝜃𝑓
𝜌′ = 2𝐹 tan ( ) → 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦
2

𝜃0 = 2 tan−1 (

(3)

1
) → 𝐹𝑒𝑒𝑑 10𝑑𝐵 𝐻𝑎𝑙𝑓 𝐵𝑒𝑎𝑚𝑤𝑖𝑑𝑡ℎ
𝐹
4 (𝐷 )

𝐸𝐴𝑝𝑒𝑟𝑡𝑢𝑟𝑒 𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (𝜌′ ) = 𝐹𝐹𝑒𝑒𝑑 𝑃𝑎𝑡𝑒𝑟𝑛 (𝜃𝑓 = 2 tan−1 (

𝜌′
))
2𝐹

(4)

1
𝜌′ 2
1 + (2𝐹)

𝐸𝑑𝑔𝑒 𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 20 log[𝐸𝐴𝑝.𝐼𝑙𝑙𝑢𝑚. (𝜌′ = 𝑎)] = −𝐸𝑑𝑔𝑒 𝑇𝑎𝑝𝑒𝑟
𝐹𝑒𝑒𝑑 𝑇𝑎𝑝𝑒𝑟 = 𝐹𝐹𝑒𝑒𝑑 𝑃𝑎𝑡𝑒𝑟𝑛 (𝜃0 )

(b)

(a)

Fig. 3 – (a) Parabolic Reflector Cross-Section [5] (b) Dual-Reflector Antennas [5]
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(5)

(6)
(7)

Section #2.2: Review of Periodic Structures – AMCS and FSSs
One fundamental concept of reflective surface engineering is that of the frequency selective
surface (FSS). An FSS is a periodic microwave structure that acts as a frequency specific filter:
specifically, it acts as a bandpass filter for a certain frequency range, and it acts as a bandstop
filter for all other frequencies [7].
In dual-reflector systems, an FSS can be applied to the subreflector to allow for multiple noncollocating feeds to share the same main reflector or to improve performance – see figure #4 [89]. Consider the following real world application: a multifrequency dual-reflector system
operating at both X-band (8-12 GHz) and S-band (2-4 GHz) frequencies. In the figure below, the
S-band would be feed f2, and the FSS subreflector would act as a passband filter to allow the
radiation to pass through the FSS subreflector. Meanwhile, feed f1 would see the FSS as a
stopband filter and operate as an offset feeds interacting with a solid conducting surface [8-9].

Fig. 4 – Collocating Feeds Using a FSS [8]
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Another periodic microwave structure that is used to alter the reflection of electromagnetic
waves is the artificial magnetic conductor (AMC). The AMC is a uniform periodic tiling of
microstrip elements designed to give a uniform phase front with a certain phase shift –
specifically 90⁰. An AMC is a type of high-impedance surface (HIS) that exhibits an
electromagnetic band-gap (EBG) which prohibits surface wave propagation and also exhibits inphase reflection of incident waves [10].
AMCs can be used to approximate a perfect magnetic conductor (PMC) for a certain narrow
bandwidth. An AMC can also be thought of as a single FSS over a dielectric and backed by a
perfect electric conductor (PEC). These AMCs are realized using periodic microwave structures,
such as a repeating set of microstrip designs or metal corrugations. AMCs are often used as
ground planes and omnidirectional antennas are placed flush to the surface. These structures also
face a limited bandwidth due to the elements and spatial phase delay.
Normally, omnidirectional radiating structures placed above a copper ground plane must have a
λ/4 spacing in order to not experience destructive interference due to the 90⁰ phase shift of PECs.
With an AMC ground plane, it is possible to place the radiating structure immediately on top of
the AMC surface. These properties allow for an omnidirectional antenna to be placed flush to the
surface on the AMC and experience constructive interference of the backwards reflected waves
thus increasing gain and improving radiation efficiency – see figure #5 [11].

Fig. 5 – AMC Backed Dipole [11]
7

In order to simulate these periodic structures, an infinite extent approximation is used. In the
planar rectangular case, Floquet conditions can be applied to account for the linear phase shifting
along the elements in an infinite environment [2]. This allows one to work with a single unit cell
rather than the entire surface. Because of this periodicity, an H-wall waveguide simulator can be
used for the unit cell (E=0 and H=0 boundary conditions) to simulate an infinite method of
images environment [4]. Additional considerations may also be taken into account depending on
the type of numerical formulation that is employeed [12], [13]. In this way, mutual coupling
effects are taken into account and the amplitude and phase charaterisitcs of the periodic stucture
can be found as a function of frequency.
To simulate a curved periodic microwave surface, one of several approximate methods are
typically used. A locally planar unit-cell analysis can be conducted to get the reflectance and
transmittance parameters and then these can be placed on the surface of a reflector for a
diffraction analysis [8]. The square geometry of a patch can be warped into a quasi-trapezoidal
shape and analyzed [14-15]. Planar results can be simulated for a rectangular patch and then
rotated tangentially around a curved surface using the characteristic basis method and spectral
rotation approach [16-17]. However, in order to create a true curved analysis method while still
utilizing a unit-cell approach, new symmetry conditions must be taken advantage of and nonrectangular unit-cell grids must be used. For example, cylindrical arrays can be simulated taking
advantage of two symmetry planes as in [18]. Another example is simulating a circular AMC by
taking advantage of circular symmetry as in [3] and then applied as in [19].
In this work, the approach of [3,19] is taken with regard to simulating the circular periodic
structure. In this approach, an FEM solver such as HFSS is used to place the AMC into a
cylindrical coax waveguide (see figure #6b) [3,19]. A TEM mode wave is launched down the
8

waveguide from the feed port and is reflected off of the structure. This experiment is repeated
with a PEC slab. The phase or argument of the S11 TEM modes are then taken and the AMC
phase is subtracted from the PEC phase to obtain the reflection phase profile of the structure. A
comparison of the Cartesian unit-cell and the Unit-Ring are found in figure #6 and a reflection
phase profile example is found in figure #7. An AMC with a phase shift in-between -90 and 90
degrees is considered to approximate a perfect magnetic conductor (PMC).

Fig. 6 – (a) Cartesian Unit-Cell [3] (b) Unit-Ring [3]

Fig. 7 – Reflection Phase Profile Curve [4]
9

When simulating the ring geometry in the coaxial environment two dominant types of
polarization should be considered: radial and circular. When PEC boundary conditions are
applied to the outer and inner conductor walls, then the radial type polarization is produced (fig.
8 (a)). When PMC boundary conditions are applied to the outer and inner conductor walls, then
the circular type polarization is produced (fig. 8 (b)). For the purposes of reflectarray simulation,
the circular polarization is used to simulate a circularly polarized horn antenna feed.

Fig. 8(a) PEC Boundaries to Produce
Radial Polarization

Fig. 8(b) PMC Boundaries to Produce
Concentric/Circular Polarization
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Section #2.3: Review of Reflectarray Theory and Literature
An antenna concept that combines design and analysis techniques from the reflector antenna,
periodic microwave structures (FSS/AMC) and antenna array theory is the reflectarray – which
has been around from at least the 1960s [20]. At that time research was focused on waveguide
elements. Planar elements such as spirals, discs, and patchs were later explored in the 1970s [2123]. The first reflectarray patent was filed in the 1980s [24]. This early research was mainly
conducted by private companies and the U.S. Air Force for military applications.
It wasn’t until the 1990s, that academic research into reflectarray antennas really picked up.
Microstrip reflectarray design and theory was fleshed out: particularly analyzing the phase
behavior as a function of of patch size through full wave analysis [25-28]. Essential reflectarray
capacities were also investigated including: beamsteering [29], multiple polarizations [30],
bandwidth improvement [31], and dual-frequencies [32]. Recent advancements have been
focused on improving upon these capabilities and enhancing performance metrics.
The reflectarray is a flat surface upon which lie many elements (usually microstrip patches) and
where the elements are not connected with power division lines – the general geometry of the
reflectarray can be seen in figure #7. This antenna has the benefit of being high gain and good
efficiency like the reflector antenna or antenna array, while being flat (unlike the reflector) and
not having an expensive, high-loss beamformer (unlike the antenna array). Additionally, low-loss
phase shifters can be incorporated to add an electronic beam steering capability (like the antenna
array) [33-34]. The reflectarray can also be used as a subreflector, instead of a solid subreflector
as reported in [35].

11

Fig. 9 – Reflectarray Geometry [36]
In contrast to the AMC, the reflectarray will usually have non-uniformly sized elements to
produce a non-constant reflected phase. This is from the simple concept that a nearfield source
will not produce a uniform wave front, but the desired output of the reflectarray should be a
collimated beam – like the reflector antenna. At a basic level, the design must require that a
phase shift 𝜓𝑖 at an element be such the phase delay is constant for all elements. This looks like
the following [36]:
k 0 (𝑅𝑖 − 𝑟̅𝑖 ∙ 𝑟̂𝑜 ) − 𝜓𝑖 = 2𝜋𝑁

(8)

where 𝑘0 is the propagation constant, 𝑅𝑖 , 𝑟̅𝑖 , 𝑎𝑛𝑑 𝑟̂𝑜 are defined as in figure #9, and N is an
integer. Plotting the phase delay or phase shift will generate a series of peaks and nulls around
the center of the reflectarray (for a normal angle of incidence). The phase delay curve will look
similar to figure #10.
12

Fig. 10 – Phase Delay Plot
One way to produce the phase delay that is needed for figure 10 is to alter the element size as a
function of distance from the center of the array [4]. To design a reflectarray of this type, a full
wave simulation of many sized elements will be conducted and then the resulting resonant
frequencies will be mapped into a backwards-S curve as depicted in figure 11 below. Then this
curve will be used to fit the required phase delay for the reflectarray as depicted in figure 12
below.

13

Fig. 11 – Mapping reflection phase vs. frequency to reflection phase vs element size change

Fig. 12 – Mapping element phase delay to fit the reflectarray required phase delay
Another method of producing a phase delay is to use a transmission line stub, either directly
attached to the patch element or coupled through an aperture coupled in the ground plane (see
figure 13) [4]. In the case of the attached stub, the stub acts as a transmission line in which the
signal enters and is reflected from the end with a certain delay – causing the phase shift of
approximately 2𝛽Δ𝑙. For the coupled stub, a full wave analysis must be performed to find the
added delay but it should also be roughly proportional to 2𝛽Δ𝑙. The coupled stub has a few
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benefits over its counterpart: namely, it eliminates spurious reflections by the stubs, allows more
room to add a larger delay, and permits active elements such as phase-shifters to be added for
adaptive capabilities.

Fig. 13 (a) – Stub Attached to Patch Element [4] (b) Stub Coupled to Patch Through Aperture [4]
The most important characteristic of using these stubs instead of varying the patch size is that the
phase change is generated by a true-time-delay [37-38]. This will improve the bandwidth of the
reflectarray and remove that limiting factor – leaving only the constrained bandwidth of the
radiating element itself. Rather than use the phase delay plot as displayed in figure 12, a truetime-delay plot would look like the following (figure 14):

15

Fig. 14 – A Time-Delay Profile for the Reflectarray (picoseconds) [38]
One of the chief disadvantages of a reflectarray is its lack of bandwidth [4]. This bandwidth
limitation is due to both the element selection and the differential spatial phase delay. The most
common radiating element used is the microstrip patch, which has a bandwidth of only about 35% and limits the entire reflectarray’s bandwidth. The differential spatial phase delay is due to
the frequency excursion error accumulated as the wave has to necessarily travel a longer distance
off of the beam boresight. However, we see that many of these bandwidth issues can be
mitigated by using the true-time-delay method of element design.
One final consideration to take into account is dual-band capabilities [4]. In order to work
properly over multiple frequency bands, a single unit cell must contain multiple element sizes in
that cell. These elements must have small widths (linear or crossed dipoles, circular or square
loops, etc.) so that each cell will resonant at two bands. For dual-band applications with close
frequencies (say a Tx and Rx band) then the same elements with size diversity will be used (see
figure 15a). For dual-band applications with far away frequencies (say Ka-band vs X-band) then
different element geometries can be used (see figure 15b).
16

Figure 15 – (a) Closely spaced frequencies [4]

(b) Frequencies with large separation [4]

Now that the aperture phase or time distribution has been found as outlined above, the next step
in the reflectarray design process is to design the feed. The first part of this process entails
choosing an appropriate focal length over reflectarray diameter ratio (F/D ratio), for this example
an F/D=1 was chosen. From this the 3dB beamwidth of the feed can be derived from the
following equations [4]:
𝜃𝑒 = tan−1 (

1
) → 𝑢 = cos(𝜃𝑒 )
2𝐹/𝐷

𝜂𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 = 1 − 𝑢2(𝑞+1)

𝜂𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =

4(𝑞 + 1)(1 − 𝑢𝑞 )2
𝑞 2 𝜂𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 tan(𝜃𝑒 )2

𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 𝜂𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝑞𝑚𝑎𝑥 = max(𝜂𝑡𝑜𝑡𝑎𝑙 )

17

(9)

(10)

(11)

(12)
(13)

⇒ 𝐵𝑊3𝑑𝐵 (𝐹𝑒𝑒𝑑) = 2 cos

−1

(exp {

𝐵𝑊3𝑑𝐵 (𝐹𝑒𝑒𝑑 ) ≈ 30° (𝑓𝑜𝑟

1
log (2)
2𝑞𝑚𝑎𝑥

})

𝐹
= 1)
𝐷

(14)

(15)

We see that since we chose a F/D ratio to be 1, then the most efficient beamwidth of our feed is
30 degrees, which lines up with many commercial horn antenna products. An example of the
efficiency plots can be seen in figure 16.

Fig. 16 – Efficiency Plots for Reflectarray to Find Q
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Now that the elements and feed have been characterized, the far field can be computed
analytically. First we determine the field incident on the reflectarray elements by the following
equations [4]:

𝐸𝐹𝑋 (𝜃, 𝜑) =

𝑗𝑘𝑒 −𝑗𝑘𝑟
[𝜃̂ cos 𝑞𝐸 (𝜃) cos 𝜑 − 𝜑̂ cos 𝑞𝐻 (𝜃) sin 𝜑]
2𝜋𝑟

(16)

𝐸𝐹𝑌 (𝜃, 𝜑) =

𝑗𝑘𝑒 −𝑗𝑘𝑟
[𝜃̂ cos 𝑞𝐸 (𝜃) sin 𝜑 + 𝜑̂ cos 𝑞𝐻 (𝜃) cos 𝜑]
2𝜋𝑟

(17)

𝐸𝑋𝐹
sin 𝜃 cos 𝜑
𝐹
(𝐸𝑌 ) = ( sin 𝜃 sin 𝜑
cos 𝜃
𝐸𝑍𝐹

cos 𝜃 cos 𝜑
cos 𝜃 sin 𝜑
− sin 𝜃

0
− sin 𝜑
𝐹
𝐸
cos 𝜑 ) ( 𝜃 )
𝐸𝜑𝐹
0

(18)

where “F” notates the feed coordinate system. Now we transform to the reflectarray coordinate
system by:
𝑬𝑅𝐶 = 𝑨𝑬𝐹𝐶

(19)

Now the far field can be solved for by:

𝐸 (𝜃, 𝜑) = 𝑗𝑘[(𝜃̂ cos 𝜑 − 𝜑̂ sin 𝜑 cos 𝜃)𝐸̃𝑅𝑋 (𝑢, 𝑣) + (𝜃̂ sin 𝜑 + 𝜑̂ cos 𝜑 cos 𝜃)𝐸̃𝑅𝑌 (𝑢, 𝑣)]

𝑤ℎ𝑒𝑟𝑒 𝐸̃𝑅𝑖 (𝑢, 𝑣) = ∬ 𝐸𝑅𝑖 (𝑥, 𝑦)𝑒 𝑗𝑘0 (𝑢𝑥+𝑣𝑦) 𝑑𝑥𝑑𝑦

𝑒 −𝑗𝑘0 𝑟
2𝜋𝑟
(20)

𝑅𝐴

After some simplifications the radiation pattern can be found to be:
𝑗𝑘𝑒 −𝑗𝑘𝑟
(𝐸̃𝑅𝑋 (𝑢, 𝑣) cos 𝜑 + 𝐸̃𝑅𝑌 (𝑢, 𝑣) sin 𝜑)
𝐸𝜃 (𝜃, 𝜑) =
2𝜋𝑟

𝐸𝜃 (𝜃, 𝜑) = −

𝑗𝑘𝑒 −𝑗𝑘𝑟
cos 𝜃 (𝐸̃𝑅𝑋 (𝑢, 𝑣) sin 𝜑 − 𝐸̃𝑅𝑌 (𝑢, 𝑣) cos 𝜑)
2𝜋𝑟

19

(21)

(22)

The above analytical model to finding the far field of the reflectarray can be resource intensive
and difficult to compute so a simpler array theory approximation can be used instead. The
following equation can be used to compute the fields [4]:
𝑀

𝑁

𝐸 (𝑢̂) = ∑ ∑ 𝐹(𝑟⃗𝑚𝑛 ∙ 𝑟⃗𝑓 )𝐴(𝑟⃗𝑚𝑛 ∙ 𝑢̂𝑜 ) 𝐴(𝑢̂ ∙ 𝑢̂𝑜 ) exp{𝑗𝑘(|𝑟⃗𝑚𝑛 − 𝑟⃗𝑓 | + 𝑟⃗𝑚𝑛 ∙ 𝑢̂) + 𝑗𝛼𝑚𝑛 } (23)
𝑚=1 𝑛=1

Where F is the feed pattern function, A is the reflectarray element pattern function, 𝑟⃗𝑚𝑛 is the
position vector of the mn-th element and 𝛼𝑚𝑛 is the required phase term on the mn-th element,
and everything else is defined as in figure 17 below.

Fig. 17 – The coordinate system of the reflectarray [4]
This formulation can be easily implemented within the MATLAB simulation environment –
especially given the sensor array analyzer application in the signal processing toolbox. This has
functions to plot the far fields and array geometries based on input.
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One array geometry of particular interest is the concentric ring array geometry. This geometry
matches with the unit-ring FSS’s angular nature and must be employed for this type of periodic
structure. This array has the characteristic that in the uniform case relatively high sidelobes
occur, to mitigate this, optimal array configurations must be employed. The paper [39] presents
techniques to mitigate the sidelobes by as much as 10dB. A serious design would need to employ
these techniques as the uniform case would have sidelobe violations for Ku-band as depicted in
the following paragraph.
One important consideration for the far field – especially for practical reflectarray designs – are
international radiation regulations. The major governing bodies in charge of these include the
FCC (USA), ITU (international) and Anatel (Brazil). For the example in this thesis, the FCC
regulation for KU-band radiation is considered: CFR § 25.209 Antenna Performance Standards –
section “a” subsection “2” as applied to geostationary SATCOM in the ka and ku bands. The
figure 18 below depicts the gain envelope given by the regulation. This comes in the form of a
pattern mask for which the radiation side lobes must be below – this is to prevent stray radiation
from interfering with other communications links.

Fig. 18 – FCC Regulation for ka/ku band communications in geostationary SATCOM
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Chapter 3
Design of Planar Reflectarray
In this section, the design process will be reviewed for the conventional reflectarray geometry. A
design example using a 25λ diameter reflectarray at 12GHz will be used to provide relevant
graphs and illustrations of the design process. Given the 12.5λ radius where each element has a
spacing of λ/2, the reflectarray geometry will look as figure 19 below.

Fig. 19 – Reflectarray Geometry for 25λ Diameter with λ/2 Spacing (1,957 Elements)
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Using equation (8), in combination with the geometry of the array and the number of elements,
we can generate a phase delay plot. Now that we have this plot we need to perform a full wave
simulation to generate phase shift plots as discussed in section 2.2. For this particular planar
geometry, HFSS was used to find the phase with each patch being simulated in a waveguide
(with a predominately horizontal mode) to approximate infinite extent – with the unit cell size
being λ/2. The patch sizes where varied by variable “D” (equal for horizontal and vertical) from Δ0.5mm to -Δ5.0mm to determine gross phase delay behavior and then by -Δ1.60mm to Δ2.05mm to determine the phase delay around resonance as defined by the geometry of figure 20
below and the phase curves of figure 21. The bandwidth of this geometry is found to be only
about 1.2% for horizontal polarization. As defined by:

𝐵𝑊 =

𝑓−90𝑜 − 𝑓+90𝑜
𝑓0𝑜 (𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒)

𝐷 ∈ [−Δ0.5mm, −Δ5.0mm]

Fig. 20 – Cartesian Patch Element Geometry and Variable “D”
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(24)

Fig. 21 – Phase Delay Curves Corresponding to Geometry Change “D”
This plot will map element size to a specific phase shift which will be used to map the phase
shift on the reflector surface as seen in figure 22.

(a)

(b)

Fig. 22 – Phase Plot and Matching for 25λ Element Reflectarray
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The first part of the design process entails choosing an appropriate focal length over reflectarray
diameter ratio (F/D ratio), for this example an F/D=1 was chosen. From this the 3dB beamwidth
of the feed can be derived from the following equations: (Eq. (9-15) as above)
𝜃𝑒 = tan−1 (

1
) → 𝑢 = cos(𝜃𝑒 )
2𝐹/𝐷

𝜂𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 = 1 − 𝑢2(𝑞+1)

𝜂𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛

4(𝑞 + 1)(1 − 𝑢𝑞 )2
= 2
𝑞 𝜂𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 tan(𝜃𝑒 )2

𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 𝜂𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 → 𝑞𝑚𝑎𝑥 = max(𝜂𝑡𝑜𝑡𝑎𝑙 )

⇒ 𝐵𝑊3𝑑𝐵 (𝐹𝑒𝑒𝑑) = 2 cos

−1

1
log (2)
(exp {
})
2𝑞𝑚𝑎𝑥

Now using our F/D=1, we find that 𝑞𝑚𝑎𝑥 is approximately equal to 9.9 – see figure 23.

𝑞𝑚𝑎𝑥 ≈ 9.9

Fig. 23 – Reflector Efficiency Plots
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Now using 𝑞𝑚𝑎𝑥 = 9.9 we can solve for 𝐵𝑊3𝑑𝐵 (𝐹𝑒𝑒𝑑) ≈ 30.14⁰, and we can generate the feed
pattern using cos 𝑞𝑚𝑎𝑥 (𝜃) as seen in figure 24 (a) while figure 24 (b) just gives the element
pattern approximation. Now Figures 24 (a) and (b) are used to find the taper for this reflectarray.
Now that we have found everything, we can solve for the far field approximation using
MATLAB’s “Sensor Array Analyzer” application found in MATLAB’s signal processing
toolbox by plugging in all the information that we have found.
The far field approximation is seen in figure 25. It has a peak directivity of 37.91dB, with
1.96dB worth of sidelobe margin. This design has a bandwidth of about 1.2%. The feed is
located concentric with the center of the array for the pattern that follows (straight vertically up
from the center of the array) with a focal length to diameter (F/D) ratio of 1:1.

Fig. 24 – (a) Feed Pattern Approximation

(b) Element Pattern Approximation
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Fig. 25 – Far Field Approximation of the 25λ Reflectarray
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Chapter 4
Design of Circular Reflectarray
In this section, a design process will be proposed for a circular element concentric-ring type
reflectarray. This is a novel reflectarray design as circular FSS elements have only yet to be
applied to AMCs not reflectarrays. Design examples will be given for both radial and circular
polarizations corresponding to the polarizations for figures 8 (a) and (b) respectively at 12GHz
with a diameter of ~25λ as in the Cartesian case. The geometries for these designs are given
below in figures 26 (a) and (b) for radial and circular polarizations. These array geometries are
chosen because for radial polarization we want longer and more numerous quasi-trapezoidal
patch elements with short angular widths, while for circular polarization we want shorter and
more densely packed quasi-trapezoidal patch elements with wide angular widths.

Fig. 26 – (a) Concentric-Ring Reflectarray #1

(b) Concentric-Ring Reflectarray #2

Radial Polarization (R=0.7λ, N=20i)

Circular Polarization (R=0.43λ, N=5i)

18 rows, 3,420 elements

29 rings, 2,175 elements
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Each unit-ring is simulated separately from the others in HFSS in order to find the phase shift
associated with that ring. For the radial polarization (figure 27), a PEC boundary condition is
applied to the interior and exterior walls of the coax configuration to give the radial polarization
in figure 8a. For the circular geometry (figure 28), a PMC boundary condition is applied to the
interior and exterior walls of the coax configuration to give the circular polarization in figure 8b.

Fig. 27 – Rings #2 & #3 for the Radial Polarized Design

Fig. 28 – Rings #2 & #3 for the Circularly Polarized Design
Design Parameters: Angular Gap & Radial Gap
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Radial Design
Parameter
Table

Radial Gap

Angular Gap
(Degrees)

Bandwidth

Resonant
Frequency
(GHz)

1.62

Angular Gap
Ratio (Ratio
vs. Total Cell
Size)
0.2399

Ring #1

4.32

4.25%

12

Ring #2

1.95

0.1168

1.05

3.42%

12

Ring #3

2.1

0.1470

0.88

3.42%

12

Ring #4

2.1

0.1470

0.66

3.42%

12

Fig. 29 – Radial Polarization Unit-Ring Phase Reflection Curves
The first design example explores the radial polarization unit-ring. As can be seen from the table,
the design parameters must initially be changed for the first few rings, but after the 3 rd ring, the
design becomes stable and the parameters no longer need to vary.
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Circular
Design
Parameter
Table
Ring #2

Radial Gap

Angular Gap
(Degrees)

Bandwidth

Resonant
Frequency
(GHz)

2

Angular Gap
Ratio (Ratio
vs. Total Cell
Size)
0.3854

13.87

1.92%

12

Ring #3

2

0.3854

9.25

0.3%

11.72

Ring #4

2

0.3854

6.94

0.3%

10.72

Ring #5

2

0.3854

5.55

0.3%

10.47

(mm)

Fig. 30 – Circular Polarization Unit-Ring Phase Reflection Curves
To check and see if the circular polarization will follow the same design invariant principle, the
second ring is optimized and then the parameters are held constant while the ring index
increases. As can be seen in the table, the circular polarization case is much more sensitive to
parameter variation, so more care must be taken when designing a reflectarray of this type.
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Now that the array and phase characteristics have been found, the reflectarray far field pattern
can be solved as in the rectangular case – but using a concentric-ring array topology. The
concentric-ring array pattern has higher side lobe levels than the rectangular array. This fact is
due to the use of the typical uniform pattern (i.e. r~fixed and Ni=N*i). Optimizing for Ni could
yield lower side lobe levels by as much as 10dB (as in [39]), thus eliminating this issue. Figures
31 and 32 present the far field approximation for the designs. This field pattern is for a feed
located with the center of the array for the patterns that follow (straight vertically up from the
center of the arrays) with focal length to diameter (F/D) ratios of 1:1.

Fig. 31 – Far Field Approximation of the Concentric Ring Reflectarray (Radial Polarization)
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Fig. 32 – Far Field Approximation of the Concentric Ring Reflectarray (Circular Polarization)
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Chapter 5
Conclusions
The table below compares the basic performance metrics of the three ~25λ reflectarrays.
Performance

Conventional

Concentric Ring

Concentric Ring

Comparison Table

(Horizontal Pol.)

(Radial Polarization)

(Circular Polarization)

Bandwidth (%)

1.2%

3.42%

1.92%

Directivity (dB)

37.91dB

38.19dB

38.06dB

Max Sidelobe Level
(dB)
(Relative to ITU Mask)

-1.96dB

+4.12dB

+5.30dB

It can be seen that: the conventional reflectarray has superior sidelobe characteristics, the
concentric ring reflectarray geometries have superior bandwidths, and all designs have roughly
the same directivities. After lowering sidelobe levels by the techniques discussed [39], the
circular reflectarray could also have sidelobe margin. Thus, it is clear that a circular reflectarray
can be designed with basic performance metrics (directivity, sidelobe level and bandwidth) that
are comparable or even better than a conventional rectangular design.
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