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ABSTRACT Phase-gradient metasurfaces, also known as phase-shifting surfaces, are used to steer the beam
of medium-to-high gain antennas. Almost all such surfaces are made of cell elements that are similar in
shape and only differ in dimensional parameters to achieve the required spatial phase gradient. A limitation
of using the same geometry for the cell elements is that only limited phase shift range can be achieved
while maintaining high transmission through each cell. A new strategy of integrating geometrically different
cell elements, having different transmission phase and amplitude characteristics, is presented in this article.
To demonstrate the concept, four different cell geometries are considered. The results indicate that the hybrid
approach allows the designer to achieve the required phase shift range together with a high transmission with
thinner metasurfaces having fewer dielectric and metal layers. When used to steer the beam of a microstrip
patch array, the hybrid metasurface produced more accurate beam steering with 1.6◦ less steering error
compared to a reference single-geometry metasurface.

INDEX TERMS Phase shifting surface, PSS, metasurface, beam steering, cell, metamaterial, hybrid, meta-
steering, near field, phase transformation, beam scanning.

I. INTRODUCTION
Beam steering of an array antenna is a crucial area of research
in microwave engineering. Several beam steering techniques
exist, including mechanical and electronic steering [1]–[4].
The mechanical approach uses mechanical movement (tilting
and rotation) of a reflector antenna or an antenna array to
steer its beam. Mechanical tilting provides steering in eleva-
tion, and mechanical rotation provides steering in azimuth.
Electronic steering is achieved bymanipulating the excitation
signals and the array geometry.

Mechanical tilting can cover a wide range of steering
angles [5], [6]. They also do not contribute to the radiation
losses of the base antenna. However, they are bulky and take
a relatively larger physical space. Moreover, the mechani-
cal tilting often requires heavy-duty motors, and they limit
steering speed [3]. Electronic steering, on the other hand,
is usually of low profile. It does not need mechanical move-
ment, and the steering is achieved almost instantaneously
by controlling the input excitations on the go [7]. However,
electronic steering is expensive for high-gain antennas, and
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the feed and phase-shifting networks can become complex
and challenging. Moreover, the feed network can contribute
to losses and reduce the overall radiation efficiency of the
antenna or array, especially with a large number of elements
at higher microwave and millimetre-wave bands.

Recently, new tilting-free methods have been developed
to overcome the limitations of both mechanical and elec-
tronic steering [8]–[14]. One of the promising techniques
is to use a pair of phase-shifting metasurfaces in the far
field of a horn antenna [15] or a pair of near-field phase
transforming metasurfaces in the near-field region of a base
antenna [16]. Later is of greater interest due to its attractive
feature of much lower overall height. The critical component
of such a metasurface based beam-steering system is a pair
of near-field metasurfaces. Such metasurfaces are designed
to transform a given near-field phase distribution of a fixed
base antenna to a linearly increasing phase profile to tilt the
antenna beam at an offset angle; i.e. steering the beam in
elevation without tilting the base antenna. Our focus, in this
article, is on designing a new hybrid near-field metasurface
using geometrically different cells. In the rest of the paper,
we will refer to near-field phase transforming metasurfaces,
interchangeably and simply, as metasurfaces for brevity.
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A metasurface is essentially a flat and relatively thin sheet
made up of small blocks called cells [15], [16]. Each cell con-
sists of several dielectric and microstrip layers. The number
of layers in a cell affects several parameters including maxi-
mum phase range the cell can achieve with high-transmission
magnitude, losses, and bandwidth [16], [17]. A detailed study
conducted for a cell in [17] concludes that the maximum
phase range with high-transmissionmagnitude increases with
the number of metal layers in the cell element. In this study,
one-layered cells with transmission magnitude more than
−3 dB can achieve a maximum phase range of 60◦. The phase
range increased to 180◦ and 300◦, with cells having two and
three metal layers, respectively. The complete phase range
of 360◦ was achievedwith a cell having fourmetal layers. The
overall bandwidth of the printed cells is adversely affected
by the number of layers, as increasing the number of layers
corresponds to a higher-order band-pass filter. Increasing the
order of a filter decreases its transition region and thus, the
operating frequency band [17]–[19]. Almost all multilayered
printed cell elements use dielectric layers in between adja-
cent metal layers. Therefore, increasing the number of layers
contributes to ohmic and dielectric losses [17], [20].

In most of the studies conducted in the literature, only
one type of geometry, for example, a square is considered
for the patch layer. The authors then manipulate the patch
dimensions, the number of layers, and the dielectric prop-
erties (dielectric constant, thickness etc.) to achieve their
desired phase range with acceptable transmission amplitude.
The limitation of such an approach, however, is the lack of
complete (0◦ - 360◦) phase range with a good transmission
amplitude. To address this limitation, in all of the traditional
metasurface-based designs, three to four layers are used to
achieve the required phase range of 360◦ with sufficient
transmission magnitude. Moreover, some phase shifts are not
as exact as required, and the corresponding transmission is
low. Less precise phase shifts lead to inaccurate steering,
while low transmission amplitude introduces radiation losses
due to reflections. Moreover, increasing the number of layers
to achieve a larger phase shift range adds to the cost, thick-
ness and weight of metasurfaces. In this article, we aim to
achieve a more accurate transmission phase and amplitude
with a hybrid approach by considering several different patch
geometries. The number of layers and dielectric properties
remain the same for all geometries.

This article is organized as follows. Section II reviews
the configuration of the near-field metasurfaces. A new
hybrid configuration of the metasurfaces will be discussed in
Section III, followed by a hybrid design example with results
in section IV. In section IV, we also compare the performance
of the hybrid design to a reference metasurface made of
square geometry only. The paper is concluded in section V.

II. BASICS OF METASURFACE MECHANISM
For the near-field metasurface to produce the desired beam
tilt, its constituent cells should be able to have the required
phase shift with acceptable transmission amplitude [16].

The near-field arrangement allows the metasurface to be
physically placed very close to a base antenna. This makes
the overall profile of the antenna including metasurface much
smaller as opposed to a far-field metasurface where the sur-
face has to be at a distance of several wavelengths from
a horn antenna to make use of Geometric Optics approxi-
mations [15]. Low profile antennas are desirable for some
applications such as on-the-move communication systems.
We will now discuss the cell design in more details, followed
by selected geometries for the hybrid metasurface design.

FIGURE 1. The metasurface design concept: (a) a cell’s side and top view
and (b) top view of a metasurface made up of cells. The grey colour
represents conducting patch while the white colour represents the
substrate.

A. CELL DESIGN
A cell element is the fundamental building block of any
metasurface. Typically, each cell consists of dielectric and
conductive layers. The conductive layer is usually a patch of
a particular geometry. The patch geometry is optimized to
obtain desired transmission properties (transmission ampli-
tude and phase shift introduced by the cell) as per the applica-
tion’s requirements. Figure 1 depicts the concept of a cell and
a metasurface with two dielectric layers and three microstrip
layers. For simplicity, a square microstrip is shown. The top
and bottom square patches have the same dimensions with
a side length of y1 while the middle patch has dimensions
of y2 × y2. The dielectric substrate dimensions are the same
as the size of the cell, which is s × s. The cell dimension
s is chosen according to the design frequency and should
be kept less than half the wavelength to avoid the onset of
grating lobes and excessive discretization error [15], [16].
The substrate thickness is usually kept constant according to
the bandwidth requirement and chosen as per the availability
from the manufacturer. In all our design cases, the substrate
was Rogers RT5880 of thickness 0.787 mm, selected due to
its low dielectric constant (εr ) of 2.2 and loss tangent (tanδ)
of 0.0009.

To observe its transmission properties, a cell is simulated
for each possible dimension by varying its metallic patch size.
For example, in the case of a square patch, the side length of
the patch is varied from 0 mm to its maximum size which is
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equal to the size of the cell. Each patch size will correspond
to a specific phase shift with a particular transmission ampli-
tude. This parametric simulation, also called a parametric
sweep, will give us a set of data which we can analyse for
further properties of the cell as will be discussed in detail in
section III and IV.

B. DESIGN OF A METASURFACE OR PHASE
SHIFTING SURFACE
To design a near-field metasurface, we use the basic array
theory. To steer the beam of a linear array towards an eleva-
tion angle θ in spherical coordinates, the excitations of the
individual array’s elements must have a progressive phase
shift where the phase shift increases linearly with a constant
step or φe (in degrees), which is given by:

φe =
2π
λ0
d sin θ (1)

where λ0 is the frequency of operation, and d is the inter-
element spacing of the array.

Using the same approach, we design a linear phase pro-
gression (LPP) near-field phase-shifting metasurface that
will steer an electromagnetic wave, after passing through it,
towards an elevation angle θ . The individual cells will induce
a phase shift to the incident wave. Cells are arranged such
that the consecutive cells produce linear phase progression φe
corresponding to the steering angle θ . The azimuth steering
is achieved via rotating the surface manually along its axis.
To achieve the full range of elevation and azimuth steering
a second LPP metasurface is used [15], [16]. However, in this
report, we are only focusing on the design and analysis of
one metasurface. The concept can be extended to any relevant
application.

A reference LPP metasurface is given in Figure 1 (b) made
of square cells based on the design presented in [15]. This
metasurface is designed to steer the incident wave towards an
elevation angle of 28.8◦, which according to (1), corresponds
to a phase advance (φe) of 60◦ between adjacent columns.
In the metasurface design, the cells are arranged such that
the first column of the metasurface induces a phase delay
of 300◦; the second column generates a delay of 240◦ and
so on. The simulation results for this metasurface will be
given in section IV along with another hybrid metasurface
for comparison. It is essential to mention that the specific
phase delay is not significant. Rather the progressive phase
difference between adjacent columns is critical, which in our
case is 60◦. Therefore, the first column of the metasurface can
start with any phase value.

In the next section, we describe four different cell
geometries that have been considered to design a hybrid
metasurface.

III. SELECTED CELL GEOMETRIES
To demonstrate our concept of hybrid geometry of the
near-field metasurfaces, we have considered four differ-
ent cell geometries. These geometries are (i) Circular

FIGURE 2. Cell geometries: (a) Circular Complementary Slots and Patch
(CCSP), (b) Annular-ring, (c) Circular-patch, (d) Square Complementary
Patches and Ring (SCPR) and (e) Flanched-cross.

FIGURE 3. Simulation setup used for the analysis of cell elements.
(a) Periodic boundary conditions in lateral directions to model infinitely
extended metasurface in xy plane. (b) Input and output ports to excite
the cell and observe transmission through the cell.

Complementary Slots and Patch (CCSP), (ii) Annular-ring,
(iii) Circular-patch, (iv) Square Complementary Patches and
Ring (SCPR), and (v) Flanched-cross. These geometries are
shown in Figure 2 (a) – (e), respectively. In the following
subsections, each of these geometries are described in detail.

A. CIRCULAR COMPLEMENTARY SLOTS AND
PATCH (CCSP)
This geometry consists of a square patch on the top and
bottom layers and has a circular slot of radius rout at the
centre, as shown in Figure 2 (a). The middle patch layer
is a circle of radius rin. The transmission through cells
was characterised through Floquet mode analysis with CST
Microwave Studio, using two de-embedded ports in the
direction of field propagation. The cells were assigned peri-
odic boundary conditions in the lateral directions and were
excited with a plane wave through one of the two ports,
as shown in Figure 3. This approach of designing near-field
metasurfaces has been successfully demonstrated in previous
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publications [16], [20]–[22] where sometimes metasurfaces
are as close as a quarter of free-space wavelength to a base
antenna. It is to be mentioned here that the plane wave exci-
tation does not account for the mutual coupling between the
actual base antenna and the metasurface. Such mutual cou-
pling, however, is accounted for in the full-wave simulation
setupwheremetasurface is placedwithin the near-field region
of the base antenna, as described in section IV.

FIGURE 4. Transmission’s phase vs amplitude plot for CCSP geometry.

The values of the two parameters rin and rout were varied
across the range from 0.1mm to half the cell size (s/2) in steps
of 0.1 mm, and the cell was simulated for each parametric
value. The transmission amplitude (in dB) and phase shift
(in degrees) of the cell were recorded for all parametric
simulations. Figure 4 shows the phase vs amplitude plot that
was drawn from the results of all the parametric studies. For
brevity, only those parametric results have been shown which
has an amplitude greater than -10 dB. Although Figure 4 does
not show the values of rin and rout , the phase and amplitude
values displayed correspond to the parametric values of rin
and rout . The purple lines drawn in Figure 4 indicate the
phase range where the magnitude is larger than −1 dB and
−3 dB, respectively. As can be seen in Figure 4, the phase
range that can be achieved with transmission>−3dB is from
120◦ to 180◦ and from−140◦ to−180◦ whereas for transmis-
sion >−1 dB the phase range is even shorter. This geometry
can be useful to achieve phase shifts at the extremities of the
360◦ phase range.

Note that we are not using a circular slot in the middle
layer of CCSP similar to its top and bottom layers. The reason
is that when repeated in two dimensions, CCSP cells and
flanched-cross cells lead to precisely the same double-infinite
metasurface.

B. ANNULAR-RING
The annular-ring cell consists of rings on three metal layers.
The top and bottom layers have the same radius (rr_out ) while
the middle layer has a different radius (rr_in). The width of the
ring for the top/bottom layer is w1 while that for the middle
layer is w2. As before, parametric sweeps were carried out
for rr_out , rr_in, w1, and w2. The corresponding transmission

FIGURE 5. Transmission’s phase vs amplitude plot for Annular-ring
geometry.

FIGURE 6. Transmission’s phase vs amplitude plot for Circular-patch
geometry.

amplitudes and phase shifts are shown in Figure 5. We see
in Figure 5 that the entire phase range is covered with ampli-
tude greater than−3 dB except for the subrange from−133◦

to −24◦ wherein some discrete phases (but not the whole
subrange) are covered within −3 dB amplitude level.

C. CIRCULAR-PATCH
Similarly, the parametric sweeps were conducted for the
circular-patch cell, which has circular patches on all three
layers. Similar to previous cases, the top and bottom layers
have the same dimensions with a radius of rc_out while the
middle layer has a different radius rc_in. The resulting phase
vs amplitude plot is given in Figure 6, which shows that the
phase range covered with amplitude>−3dB is from−12◦ to
146◦ and for amplitude >−1 dB it is from −12◦ to 73◦ and
from 125◦ to 145◦, respectively. It should be mentioned at
this point that near-field metasurfaces require nearly all cells
to have high transmission magnitude, preferably higher than
−1dB. The plot in Figure 6 has been magnified to the area of
interest (amplitude >−10 dB) for better visibility.

D. SQUARE COMPLEMENTARY PATCHES AND
RING (SCPR)
The SCPR structure has squares patches on the top and bot-
tom layers, whereas the middle layer has a square patch with
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FIGURE 7. Transmission’s phase vs amplitude plot for SCPR geometry.

a square slot at its centre. Like previous cells, this cell has
the same top and bottom layer patch sizes, which is different
from the middle patch. The top and bottom squares have
dimensions of l1 × l1. The middle layer is a square patch of
dimension s× s with a square slot of size l2× l2 at its centre.
Thewidth of one side of the square-strip is s−l2. A parametric
sweep is then performed for the parameters l1 and l2. The
phase vs amplitude plot of the sweep is given in Figure 7.
The phase ranges for transmission >−3dB are from −180◦

to−157◦ and from−19◦ to+180◦ while that for transmission
>−1 dB are from −180◦ to −175◦ and from −3◦ to +180◦.

E. FLANCHED CROSS
The flanched cross cell is formed by cutting out a segment
of a circle from each corner of a square patch. The cen-
tres of the circular patches are the corners of the square.
It is essential to mention here the geometrical similarity of
the flanched cross with that of CCSP. When flanched-cross
geometry is repeated infinitely in two dimensions, its top
and bottom layers resemble the CCSP geometry. However,
the middle patch layers are different because, in the case of
CCSP, the middle layer is a circle. In contrast, in the case
of Flanched-cross, it is a flanched cross similar to top and
bottom layers but with a different radius. Thus the infinite
CCSP’s middle layer consists of circular patches while that
of Flanched-cross consists of circular slots.

The parametric sweeps were performed for the circles’
radii for both inner (rf _in) and outer (rf _out) metal layers.
The results of the parametric sweep are given in Figure 8 as a
phase (in degrees) vs magnitude (in dB) plot. As it is evident
from Figure 8, the entire phase shift range is achieved with
transmission >−3 dB. However, a specific portion of the
phase range is outside the range of transmission amplitude
>−1 dB. It is worth mentioning that when the values of
rf _in or rf _out are greater than half the size of the cell i.e.
rf _in > s/2 or rf out > s/2 then the flanched cross shape
reduces to a diamond shape.

FIGURE 8. Transmission’s phase vs amplitude plot for flanched-cross
geometry.

FIGURE 9. The phase vs amplitude plot showing the phase range that can
be produced by a cell from four different geometries. (a) Discrete scatter
plot, (b) a phase-normalized envelope curve plot showing the
transmission behaviour of each geometry in the phase-amplitude domain.

IV. A HYBRID APPROACH TO ACHIEVE
OPTIMIZED RESULTS
As was discussed in the introduction, in traditional metasur-
face design, only one type of geometry is considered for cell
design. The limitation of such an approach is the lack of
complete (0◦ - 360◦) phase range with a good transmission
amplitude. Therefore, to remedy this limitation, we examined
various geometries in the previous section. Figure 9 shows the
phase ranges that are covered by the four aforementioned cell
geometries.

Figure 9(a) shows the actual discrete phase-amplitude val-
ues of the transmission of each geometry. Figure 9(b) shows
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an envelope version of Figure 9(b) for ease of understand-
ing of each geometry’s transmission properties. The plot in
Figure 9(b) is a normalized phase, which shows the phase
range that can be produced by each geometry relative to other
geometries. Almost the whole 360◦ phase range is covered
with −1 dB or better transmission amplitude except for very
few phases with slightly lower amplitude. This arrangement
restricts the number of substrate layers to only two and that of
metal layers to only three, putting an upper bound on the cost
of the metasurface fabrication. Additionally, it also reduces
the weight and thickness of the metasurface, which is desir-
able in specific applications that require low-profile antennas.
Moreover, as mentioned previously, a lower number of layers
means a larger bandwidth [17].

FIGURE 10. (a) Top view of hybrid metasurface made from cells of
different geometries, (b) top view of a 4× 4 microstrip patch array used
as the base antenna with a fixed beam, and (c) a perspective view of the
combined metasurface and the base antenna.

A. A HYBRID EXAMPLE
A near-field metasurface made of cells from different geome-
tries is given in Figure 10(a). The metasurface was designed
to steer the beam towards an elevation angle of 28.8◦. The
corresponding input progressive phase shift φe is 60◦, as men-
tioned before. The individual cells required for different
phase delays were selected by choosing a geometry that
produces maximum transmission and minimum phase error
for that particular value of the phase delay. Table 1 shows
the parameter values of all the selected cells correspond-
ing to the required phase delays, along with the trans-
mission properties. For this particular metasurface design,

TABLE 1. Parameter values of the cells selected for the design of the
hybrid metasurface.

the optimal transmission properties were produced by the
CCSP, flanched-cross and Annular-ring cell geometries.

The designed hybrid metasurface is then placed on top
of a 4 × 4 microstrip array (shown in Figure 10(b)) at a
distance of λ0/2 from the array. A perspective view of the
combined structure is given in Figure 10(c). The microstrip
array with a fixed beam is used here as the base antenna for
concept validation. Still, it can be replacedwith any other type
of base antenna as required. It is also important to mention
here that individual patch elements of the microstrip array
are fed on the vertical edges which cause them to produce
a linear polarisation. More detail on the polarisation is given
later.

The combined antenna system was simulated in CST
Microwave Studio. The array’s far-field directivity patterns
before (black curves) and after combining with the hybrid
metasurface (red curves) are shown in Figure 12. The array’s
main beam was successfully directed towards θ = 28.0◦

by the hybrid metasurface. As the target beam direction was
28.8◦, there is a beam-steering error of 0.8◦ in all cases.
This is due to: a. phase discretisation, b. slightly lower than
desirable transmission in CCSP cells, and c. phase error due
to lack of periodicity of the metasurface in the x-direction.
Steering the beam in azimuth is achieved by rotating themeta-
surface. The angle of this rotation is denoted asα in Figure 12,
which shows the antenna directivity pattern for α = 0◦,
90◦, 180◦, 270◦.

The beam tilting of the combined structure is further
demonstrated by plotting the electric field propagation in
Figure 11 that is obtained from CST Microwave Studio sim-
ulations. Figure 11 (a) shows the timed snapshot of electric
field propagation of the base microstrip patch array without
the hybrid metasurface, which propagates and Figure 11 (b)
shows the timed snapshot of electric field propagation with
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FIGURE 11. Snapshot of electric-field propagation in xz-plane for:
(a) microstrip patch array only and (b) the combined structure of hybrid
metasurface with array.

TABLE 2. Parameter values of the reference metasurface.

the hybrid metasurface. As can be seen in Figure 11 (b), with
hybrid metasurface the direction of field propagation is at an
angle away from the normal.

To compare the performance of the hybrid metasurface,
a reference metasurface made of only one type of cells, i.e.,
square-patch geometry [15], was also designed and simulated
with the same base antenna. Table 2 gives the cell dimensions
of the referencemetasurface to achieve steering for θ = 28.8◦

where y1 and y2 are, respectively, the side lengths of square
patches for the top/bottom and middle layers. The thickness,
material, and other properties of the substrate andmetal layers
were kept exactly the same as those of the hybrid metasurface
for coherency. The far-field directivity patterns of the array
when steering with the reference metasurface is also given in
Figure 12 (blue curves). We see in Figure 12 that the beam
steering error is 2.2◦ when using the reference metasurface.

The increased error in this case, as compared to the hybrid
case, is possibly due to the decreased transmission amplitude
and increased phase error of the individual reference cells,
which are given in Table 2. The worst phase error in the case
of the hybrid metasurface is 0.4◦ while in the case of the

FIGURE 12. Directivity pattern of the 4× 4 array when its beam is steered
towards θ = 28.8◦, (a):φ = 0◦,180◦ and (b):φ = 90◦, and 270◦ with the
hybrid metasurface (red) and the reference square-patch
metasurface (blue).

reference metasurface it is 3.7◦. Likewise, the worst transmis-
sion amplitude for the hybrid metasurface is −1.69 dB while
that for the reference metasurface is −10.3 dB.

The directivity of the base-antenna array without a meta-
surface is 15.4 dBi. It was slightly reduced by the hybrid
metasurface to 14.7 dBi for φ = 0◦, 180◦ and 14.8 dBi for
φ = 90◦, 270◦. Comparatively, the reference metasurface did
not affect the array’s directivity for φ = 0◦, 180◦; however,
it did reduce the directivity to 14.2 dBi in the case of φ = 90◦

and 270◦. Moreover, the sidelobe level (SLL) of the radiation
pattern is slightly higher for φ = 90◦, 270◦ in comparison to
φ = 0◦, 180◦ for the reference metasurface. It is interesting to
note that both the hybrid and reference metasurface increased
the SLL of the beam. Unless extensive optimisations are
done to reduce sidelobes and grating lobes, sidelobes of this
level are common in beam-steering antenna systems based on
metasurfaces [23].

We also investigated the polarization of the antenna with
and without metasurface in the far-field region. The two polar
components Eθ and Eφ of the antenna array, without meta-
surface, at azimuth angles φ = 0◦ and φ = 90◦ are plotted
in Figure 13. The co- and cross-polar components at azimuth
angle φ = 0◦ is Eθ and Eφ , respectively. Since all cells
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FIGURE 13. The polarisation of the base microstrip array at 11.5 GHz for
azimuth angles: φ = 0◦ and 90◦. The main beams of Eθ , φ = 0◦ and Eφ ,
φ = 90◦ are overlapping.

FIGURE 14. The polarisation of the radiated field with Eθ and Eφ
components for (a) α = 0◦, 180◦ and (b) α = 90◦, 270◦.

used in the hybrid metasurface have 90◦ rotational symmetry,
the metasurface is not expected to alter the polarization of the
antenna array. To confirm this, we have also plotted the two

FIGURE 15. Far-field directivity patterns of the combined structure of
metasurface and microstrip array for α = 0◦, 90◦, 180◦, and 270◦.

polar components of the array with metasurface in Figure 14.
These pattern cuts are taken at the azimuth angles containing
the beam peaks for the four rotation angles of the metasurface
α= 0◦, 90◦, 180◦, and 270◦. As an example, for rotation
angles α = 0◦ and 180◦, the beam peak is at azimuth angles
φ = 0◦ and 180◦, respectively. As shown in Figure 14 (a),
at these azimuth angles, the co-polar component is Eθ .
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When beam peak is at azimuth angles φ = 90◦ and 270◦ for
the metasurface rotation angles= 90◦, 270◦, in Figure 14(b),
the co-polar component is Eφ . The axial-ratio (AR) in the
main beam direction for all cases of metasurface rotation is
more than 34 dB, which confirms the linear polarization of
the array with the metasurface.

We simulated the metasurface with the array in a frequency
band between 10 GHz and 13 GHz for the four metasurface
rotation angles α = 0◦, 90◦, 180◦, and 270◦. The 3 dB
directivity band of the system, when calculated using direc-
tivity values in a fixed direction, is between 11 GHz and
12 GHzwith a directivity bandwidth of 1GHz. The directivity
pattern cuts taken at five frequencies in the band are plotted
in Figure 15. The antenna system reasonably maintains the
pattern quality throughout the band.

From the results given in Figure 12 and aforementioned
discussion, it is evident that the hybrid approach towards the
metasurface design for beam steering application has advan-
tages when it comes to achieving the full 360◦ phase range
with high transmission amplitude and a minimal number of
substrate layers.

V. CONCLUSION
The traditional approach to design a phase-shifting surface
for antenna beam steering is to use a single cell geometry
while playing with the dimensions and the number of the
dielectric and conducting layers. However, one cell geometry
is not enough to achieve the full 360◦ phase range with good
transmission amplitude (>−3 dB for far-field metasurfaces
and >−1 dB for near-field metasurfaces). This results in the
need to increase the number of substrate and metal layers,
thereby increasing the cost and weight of the antenna system.
Thus, a hybrid geometry approach was explored in this article
as a potential solution, with the focus on achieving optimal
transmission magnitude and complete 360◦ phase range. It is
shown, with an example metasurface design and verified with
simulation results, that using multiple cell geometries, good
transmission properties can be achieved with less number
of layers. Such an approach provides better steering results
with lower beam-steering error as compared to the traditional
single-geometry approach. Moreover, the reduced number
of layers contribute to the overall profile reduction of the
antenna system and the cost of material and fabrication.
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