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ABSTRACT The ability of reconfigurable intelligent surfaces (RIS) to produce complex radiation patterns
in the far-field is determined by various factors, such as the unit cell’s design, spatial arrangement, tuning
mechanism, the communication and control circuitry’s complexity, and the illuminating source’s type
(point/planewave). Research on RIS has been mainly focused on two areas: first, the optimization and
design of unit cells to achieve desired electromagnetic responses within a specific frequency band, and
second, exploring the applications of RIS in various settings, including system-level performance analysis.
The former does not assume any specific full radiation pattern on the surface level, while the latter does
not consider any particular unit cell design. Both approaches largely ignore the complexity and power
requirements of the RIS control circuitry. As we progress toward the fabrication and use of RIS in
real-world settings, it is becoming increasingly necessary to consider the interplay between the unit
cell design, the required surface-level radiation patterns, the control circuit’s complexity, and the power
requirements concurrently. In this paper, we propose a benchmarking framework comprising a set of
simple and complex radiation patterns. Using full-wave simulations, we compare the relative performance
of various RISs made from unit cell designs that use PIN diodes as control elements in producing the full
radiation patterns in the far-field of the RIS under point/planewave source assumptions. We also analyze
the control circuit complexity and power requirements and explore the tradeoffs of various designs.

INDEX TERMS 6G, RIS, unit cell.

I. INTRODUCTION

IN 6G wireless communication systems, Reconfigurable
Intelligent Surfaces (RIS) and Holographic Multiple Input

Multiple Output (HMIMO) systems are expected to provide

an intelligent and software reconfigurable paradigm for
adapting to the changes of the wireless environment [1],
[2], [3], [4], [5], [6]. In particular, RIS will enable control-
ling the electromagnetic (EM) waves as they pass through
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FIGURE 1. Example of an RIS-assisted urban environment.

the channel. It is expected that multiple geographically
spread RISs will make the radio environment smart [7],
while stacked intelligent surfaces and those composed of
multifunctional layers will be able to perform wave-based
calculation and signal processing [8], [9].

A popular design of an RIS includes a basic planar micro-
structure called a unit cell equipped with integrated electronic
components such as diodes to allow the tuning of the magni-
tude and phase of the incident EM waves [10]. A thin surface
is fabricated by repeating the unit cells at sub-wavelength
periodic intervals. In this paper, we consider such an RIS
comprising a sufficiently large number of unit cells. The RIS
is expected to generate complex radiation patterns in a smart
urban environment.
Various indoor and outdoor application scenarios of RIS-

assisted wireless communications are illustrated in Figure 1.
The typical structure of a unit cell, a PIN diode with ON/OFF
control, the lumped-element models of the PIN diode, an RIS
comprising of multiple unit cells, and a micro-controller to
turn ON/OFF the PIN diodes for the generation of specified
radiation patterns are also shown in this figure. Non-Line of
Sight (NLoS) scenarios dominate urban environments where
buildings often block the signals. In such situations, single
beam steering and multi-beam forming with equal/unequal
power levels at different angles may be achieved with the
help of an RIS to reduce outages and improve the spectral
efficiency [11], [12].
The near-field of an antenna or a unit cell is conventionally

defined up to 2D2

λ
meters from the antenna or the unit cell,

where D is the minimal diameter of a sphere that encloses
the antenna or the unit cell, and λ is the wavelength [13].
Assuming that the RIS has N2 unit cells, the near-field region
of an RIS is N2 times larger than the near-field boundary of

a unit cell. Therefore, the users or receivers can be located
in either the far-field or the near-field region of an RIS.
The authors of [14], [15] derive closed-form expressions for
computing the intensity of the electric field (E-field) in two
asymptotic regimes that are representative of the far-field
and near-field regions of an RIS. They also characterize
the scaling laws of the EM field scattered by an RIS as a
function of its size, the transmission distances, and the wave
transformations.
Similarly, an RIS may be located in either the far-field or

the near-field of a transmitter/source. If the RIS is located
in the far-field of a source, the EM waves appear as plane
waves to the RIS, and the source is referred to as a planewave
source. On the other hand, if the RIS is located in the near-
field of a source, the EM waves appear as spherical waves
to the RIS, and the source is referred to as a point source for
simplicity. Therefore, as shown in Figure 2, in RIS-assisted
wireless communications, four cases can emerge depending
on the source type and receiver location from the RIS.
1) Case 1: The transmitter appears as a point source to

the RIS, and the receiver is located in the far-field of
the RIS.

2) Case 2: The transmitter appears as a planewave source
to the RIS, and the receiver is located in the far-field
of the RIS.

3) Case 3: The transmitter appears as a point source to
the RIS, and the receiver is located in the near-field
of the RIS.

4) Case 4: The transmitter appears as a planewave source
to the RIS, and the receiver is located in the near-field
of the RIS.

In this paper, we only consider cases 1 and 2, where the
receiver is located in the far-field of the RIS. It is well known
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FIGURE 2. RIS-assisted wireless communication: Four cases depending upon
transmitter and receiver location relative to the RIS.

in the literature that due to the product-distance path loss
model of RIS-assisted communications in the far-field, the
RIS should ideally be placed closer to either the transmitter
or the receiver [11]. In cases 1 and 2, the RIS is assumed
to be located far from the receiver (far-field beamforming
cases). In case 1, the RIS is located closer to the transmit-
ter, while in case 2, it is located far from the transmitter.
Analytical and computational techniques to determine the
radiation patterns are also simplified for the far-field beam-
forming cases because the elevation and azimuth angles from
every unit cell of the RIS to the receiver are approximately
the same [16]. Cases 3 and 4 are also interesting. However,
implementing them in full-wave EM simulators for multiple
designs is more time-consuming, and their inclusion in the
current paper will double the results without adding much
insight. Therefore, we exclude them from this paper and
leave them as future work.
Various authors have investigated the theoretical gains of

RIS in different cases. Such studies are reviewed in [11].
It is important to highlight that in the context of wireless
communications, most of these papers are not concerned
with optimizing complete radiation patterns created by the
RIS. Instead, they typically optimize a utility function at
a particular location of one or more receivers. However,
the radiated beams towards undesired directions cannot be
ignored for practical RIS. The authors of [17], used an ana-
lytical path loss model for computing the power observed
at a given location of an RIS-assisted communication link
and developed an algorithm for investigating the unwanted

beams created by different designs. The desired reflec-
tion angles were set to 45 and 75 degrees (single beam
steering), but almost all the considered designs produced
significant powers at numerous unwanted angles. Therefore,
during the optimization of RIS and selection of unit-cell
design, it is important that the entire radiation patterns are
considered.
RIS is a nearly-passive device because its unit cells do

not amplify the incident EM waves. However, power is still
required to change unit cells’ states to achieve reconfigurabil-
ity. Generally, a unit cell design with more PIN-diodes (more
states) provides better reconfigurability but requires more
power. In this context, exploring the trade-offs between unit
cell design, surface-level radiation pattern generation capa-
bilities, power requirements, and control circuit complexity
is also important.

A. MOTIVATION
A wide variety of unit cell designs that can be used to fab-
ricate an RIS is available in the literature. Proposing new
unit cell designs is also an active area of research. In future
wireless network deployments, RIS is expected to be used
mostly for single beam steering or multi-beam forming with
equal/unequal power levels at different angles. Such RIS
will be required to produce a set of useful radiation pat-
terns routinely. Unfortunately, there is a lack of standardized
benchmarks, such as a set of full radiation patterns, to eval-
uate and compare the performance of RIS made of different
unit cells. Moreover, various authors assume different num-
bers of unit cells and inter-cell spacing on their surfaces.
Such differences make it challenging to fairly compare the
relative performance of different designs in generating some
surface-level full radiation patterns. To fill this gap, in this
paper, we introduce a framework that consists of eight full
radiation patterns as benchmarks, including two having sin-
gle beams and six having two to eight beams at different
angles. The framework allows us to fairly compare differ-
ent designs and then select the best one according to the
required NLOS application.
A significant difficulty also lies in finding the states of the

PIN diodes of each unit cell to achieve some desired radiation
response. The search space has exponential complexity, and
the problem is NP-hard [18] even for a moderately sized RIS
comprising 20 to 30 unit cells. While efficient algorithms
exist to determine the states of the PIN diodes, they primarily
target wireless communications and rely on simplistic mod-
els. Data rates at specific locations are their primary design
objective rather than the entire radiation pattern. Thus, these
algorithms do not account for how an RIS reflects signals in
unwanted directions during the design stage. It is crucial to
acknowledge that even the most efficient algorithms may not
succeed if a finite-sized RIS created from a given unit cell
design cannot generate an untested radiation pattern. These
difficulties motivate the need for full radiation patterns that
can act as benchmarks to test and compare the performance
of various designs.
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B. PROPOSED APPROACH AND CONTRIBUTIONS
In this paper, we introduce a benchmarking framework and
metrics that can be used to assess the radiation pattern gen-
eration capabilities, power requirements, and control circuit
complexity of RISs fabricated from various unit cell designs,
specifically those employing PIN diodes for tuning, under
point/planewave source assumptions for far-field beamform-
ing. We also explore trading the radiation pattern generation
capability for control circuit complexity through unit cell
grouping. To achieve our goal, we establish a set of radiation
patterns, both simple and complex, as benchmarks within our
framework.
To evaluate the effectiveness of our proposed benchmark-

ing framework and to analyze the tradeoffs, we consider five
different unit cell designs from the literature. Using full-wave
simulations, we compare the performance of five finite-sized
RIS constructed from each unit cell design [18], [19], [20],
[21]. Three designs utilize 1-bit control achieved through a
single PIN diode, while the remaining two utilize 2-bit con-
trol via multiple PIN diodes. Four of these designs (two 1-bit
and two 2-bit) are optimized to generate the maximum phase
differences between different diode states, i.e., 180◦ for 1-bit
and 90◦ for 2-bit designs. The fifth design (1-bit) is unopti-
mized and gives only a 50◦ phase shift between its two diode
states. The unoptimized unit cell design allows us to under-
stand the role of unit cell optimization in producing desired
surface-level radiation patterns. At normal incidence, all the
designs in our study exhibit reflection coefficients between
0.85 and 1.0.
Numerical experiments are conducted to assess the abil-

ity of the considered RISs to replicate the benchmarking
patterns in the far-field, assuming a normal angle of inci-
dence for incoming EM waves using point/planewave source
assumptions. To compare the relative performance of vari-
ous designs, we introduce three useful metrics, which are
the directivity error (DE), normalized mean squared error
(NMSE), and side lobe ratio (SLR). We also analyze the
complexity of the control circuit and the power require-
ments for each design. We also discuss controlling unit cells
in groups and evaluate the tradeoff between the radiation
generation capabilities and control circuit complexity. Our
key findings are summarized below.

• When assuming a point source (case 1), we observe
that an RIS made from a 1-bit unit cell design outper-
forms an RIS made from a 2-bit design. The control
circuit complexity and power requirements of 1-bit unit
cell designs are also less than the 2-bit designs. The
improved performance mainly results from the spheri-
cal curvature of the wavefronts and is consistent with
the results in the literature [22].

• In the case of a planewave source (case 2), an RIS made
from a 1-bit unit cell design exhibits significantly poorer
beam steering performance than an RIS made from a
2-bit unit cell design.

• When the unit cells on an RIS are controlled in
groups, the performance of poor designs is less affected,

which also reveals that making large surfaces out
of poor designs would hardly improve surface-level
performance.

• If a simple radiation pattern, such as a single beam
steering at small reflection angles (less than 40◦), is
required, unoptimized unit cell designs may also be
used.

• RISs are nearly-passive devices as they do not add new
power to the incoming radio signals, but the power
requirements of the control circuit cannot be ignored.

We believe that the benchmarking framework and
performance metrics proposed in the present paper are
extremely useful in studying the interplay between the unit
cell and surface-level RIS design. Our proposed approach
can help select appropriate designs for future RIS-assisted
wireless communication systems in urban environments.
The rest of the paper is organized as follows. In Section II,

we discuss the unit cell designs and the E-field produced
by RIS; in Section III, we discuss the RIS control cir-
cuit and analyze its complexity and power requirements;
in Section IV, we present the benchmarking framework and
performance metrics; in Section V, we present the simulation
results; and in Section VI, we conclude the paper.

II. UNIT CELL AND RIS
A. UNIT CELL—THE BASIC ELEMENT OF RIS
RIS designs can be classified in multiple ways. One such
classification is discrete vs. continuous RIS. In a discrete
RIS, a microstructure called unit cell forms the basic build-
ing block. A finite number of unit cells are arranged in
a rectangular array to obtain a discrete RIS. On the other
hand, a continuous RIS can be thought of as a virtually
uncountably infinite number of unit cells integrated into a
limited surface area. In these designs, tunable circuits, such
as PIN diodes or varactors, are used to dynamically change
the surface impedance for controlling the incident EM waves.
In continuous RIS, the impedance pattern is a map of the
hologram and can be calculated directly from the field dis-
tribution of the provided reference wave and reflected object
wave [23].
In this paper, we exclusively focus on discrete RISs that

are made up of unit cells controlled by PIN diodes. In the
rest of the discussion whenever we refer to a unit cell, we
will refer to a discrete design with PIN diodes as control
elements. The unit cell size depends on the frequency of
operation, with higher frequencies requiring smaller dimen-
sions. The total number of unit cells in a fixed-size RIS
depends on its shape and size. By joining multiple smaller
surfaces with repeating pattern of unit cells, large-sized RISs
can be made. It is important to note that we define RIS as a
repeating pattern of unit cells jointly controlled either with
a single controller or a set of controllers.
A category of RIS research focuses entirely on unit cell

design and its EM properties. Various unit cell designs are
available in the literature. Usually, a design that employs
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FIGURE 3. (from left to right) Unit cell layouts of S1 [18], S2 [19], S3 [20], S4 [21], S5 [19].

TABLE 1. Control circuit complexity and maximum power requirements of RIS S1-S5 each made from MN unit cells. PD = 8mW .

a single PIN diode can produce two phases (1-bit con-
trol), while a design that uses at least two PIN diodes can
produce four distinct phases (2-bit control). There are very
few PIN diode based unit cell designs in the literature that
produce eight or more distinct phases (designing such unit
cells is challenging) [24], [25]. Another important consid-
eration while designing a new unit cell is the phase shifts
that are obtained when the PIN diodes are in their differ-
ent states. Ideally, the resulting phases should be maximally
apart, i.e., 180◦ in the case of 1-bit unit cell designs and 90◦
in the case of 2-bit unit cell designs. Unit cell designs that
produce maximally apart phase shifts will be referred to as
optimized designs. In general, the amplitude of the reflection
coefficient is preferable to be one to maximize the radiation
efficiency. In practice, this is never the case and also there
is a strong correlation between the phase and amplitude of
the reflection coefficient of the unit cell.
Keeping all of these factors into consideration, we select

five designs from the literature. The layouts of the consid-
ered unit cells are shown in Figure 3. The unit cell design
proposed in [18] has a sandwich structure composed of a
simple rectangular patch, a metal ground plane, and a sin-
gle PIN diode that connects one edge of the patch to the
ground through a metallic via. The authors of [19], pro-
pose a three-layer unit cell design, which is again controlled
through a single PIN diode. A relatively more complex unit

cell is proposed in [20]. This design consists of 5 PIN diodes,
but only two control signals are required; therefore, we can
classify this as a 2-bit design. Four configurations of 5 PIN
diodes produce four almost 90◦ apart phase shifts. The unit
cell is symmetric but has a relatively complex structure and
consists of an upper patch, a slot-loaded plane, and a ground.
Another 2-bit unit cell design using only 2 PIN diodes is
proposed in [21].

We denote the RISs made from the unit cell designs
proposed in [18], [19], [20], [21] as S1, S2, S3, and S4
respectively. Along with these four optimized designs, we
also consider an unoptimized unit cell design. The unopti-
mized design is obtained by modifying [19], and we refer
to it as S5. This design can only produce a phase shift of
50◦ between its two configurations, allowing for testing the
necessity and extent of unit cell optimization for achieving
good performance. Table 1 summarizes the design frequency,
reflection amplitudes, and phases of all these unit cells in
different control states at a normal incidence angle.
Please note that in this paper, we only consider those

designs that reflect the signals. Recently some authors have
also proposed omni-surfaces that are capable of reflection as
well as refraction (transmission) to provide coverage to users
who are located on the opposite side of the surface [26], [27].
In this case, the signal passes through the unit cell and
then reaches the receiver located on its opposite side. The
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consideration of such designs is beyond the scope of our
work.

B. E-FIELD OF RIS
In an RIS-assisted communication system, the E-field at a
receiver can be computed as

E(θr, φr) =
M∑

m=1

N∑

n=1

[
Einmne

jαmn f
(
θ tmn, φ

t
mn

)

f
(
θ rmn, φ

r
mn

)|�m,n|ej�mnejk·r̂mn
]

(1)

where, θr and φr are the elevation and azimuth angles from
the center of the RIS to the receiver, ejk·r̂mn represents the
wave vector, Einmn and αmn are the illuminating amplitude and
phase, f (θ tmn, φ

t
mn) is the radiation response of the (m, n)th

unit cell where the angles φtmn and θ tmn are the elevation and
azimuth angles from the (m, n)th unit cell to the transmitter,
f (θ rmn, φ

r
mn) is the radiation response of the (m, n)th unit

cell where the angles φrmn and θ rmn are the elevation and
azimuth angles from the (m, n)th unit cell to the receiver, and
�mn = |�mn|ej�mn is the complex reflection coefficient of the
(m, n)th unit cell, where |�m,n| is the magnitude and �mn is
the phase shift produced by the (m, n)th unit cell. The phase
shifts imposed by the unit cells are controlled by changing
the PIN diode states. The complex reflection coefficients of
the five unit cell designs considered in this paper are given
in Table 1. In (1), we have assumed omnidirectional transmit
and receive antennas with unity radiation responses.
In the far-field beamforming scenario (both cases 1 and 2),

f (θ rmn, φ
r
mn) = f (θr, φr); ∀m, n. Furthermore, in case 2

under the planewave source assumption f (θ tmn, φ
t
mn) =

f (θt, φt); ∀m, n, where θt and φt are the elevation and
azimuth angles from the center of the RIS to the transmitter,
Einmn = E, ∀m, n, and αmn = α, ∀m, n. If the unit cell radi-
ation response has no azimuthal dependence then f (θr, φr)
and f (θt, φt) further simplify to f (θr) and f (θt) respectively.
The radiation response of a unit cell is related to its spe-

cific design. In Figure 4, we show the normalized radiation
responses with respect to the elevation angle θ of four opti-
mized unit cells that are studied in this paper. These radiation
responses are obtained using full-wave simulations. We also

plot f (θ) = cos
1
q (θ) for certain values of q for comparison.

The radiation response of the unit cells used in S1 and S3

is similar to cos
1
3 (θ), while that of S2 and S4 is similar to

cos
1
5 (θ).
In the literature, we also find equivalent circuit modeling

approaches for the characterization of unit cells and
RIS [26], [28]. In these methods, appropriate impedances
that model the reflection and refraction behavior are deter-
mined with the help of circuit and EM field theories. These
analytical models are simple to use and greatly simplify the
analysis at the expense of accuracy. In our paper, we do not
use equivalent circuit models. Instead, the unit cell designs
as given in the literature are replicated in CST, and at the
surface level, we use array factor approximations.

FIGURE 4. Normalized radiation response f (θ) of the four optimized unit cells used
in S1-S4. The powers of cos

1
q (θ) for q = 1, 3, 5 are also plotted.

III. CONTROL AND POWER REQUIREMENTS OF RIS
This section discusses the control circuit complexity and
power requirements of RIS built from different unit cell
designs. Table 1 summarizes the control circuit complexity,
power requirements, and unit area power requirements of
RIS S1-S5.

A. PHYSICAL AND LOGICAL CONTROL PATHS ON RIS
Each unit cell incorporates PIN diodes and therefore requires
independent control signals. For an n-bit unit cell, n separate
control lines are required, and 2n distinct phases can be gen-
erated. It should be noted that the total number of PIN diodes
in an n-bit unit cell may exceed n, as in the case of [20],
where five PIN diodes are used to produce four distinct phase
shifts with only two control signals. The control signals are
generated by a micro-controller or FPGA, which requires an
additional interface circuit. However, these controllers have
a limited number of pins, which may not be sufficient to
control all the unit cells on a large RIS simultaneously. To
address this issue, time division multiplexing is typically
used, and this type of control architecture is referred to as
active matrix architecture or I/O expansion [29].

Compared to varactor diodes, control circuits made of
PIN diodes are more straightforward, and digital high and
low states are sufficient for their ON/OFF control [30].
Additionally, PIN diodes have a much lower forward biasing
voltage (0.7V–0.8V), but the forward-biased current is of the
order of mA. Conversely, varactors operate at a significantly
higher voltage than a digital high state of a PIN diode but
require μA or less current when fabricated with the same
technology [31]. As a result, varactors generally consume
less power than PIN diodes. Nonetheless, PIN diodes are
preferred because of their control simplicity.
The rate at which an RIS can switch between different

functionalities (we refer to it as the RIS function switching)
is directly dependent on the speed of the control circuit. In
fast-changing wireless channels, the RIS function switching
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FIGURE 5. RIS control circuit, unit cell grouping, and I/O expansion for addressing.

must also be fast. However, the number of unit cells on
the RIS affects the channel sensing overhead and the com-
plexity of the control circuit. Fewer unit cells mean a lower
channel sensing overhead and less complex control circuit,
but it also affects the RIS ability to generate complex radi-
ation patterns [32]. To reduce the channel sensing overhead
and control circuit complexity, the unit cells can be grouped
and controlled simultaneously. This also negatively impacts
the RIS radiation pattern generation capabilities and over-
all functionality. To investigate the extent to which unit cell
grouping affects the performance of RIS S1-S5, it is nec-
essary to quantify these tradeoffs using the benchmarking
framework and performance metrics discussed in the next
section.
Using Figure 5, we illustrate the concept of unit cell

grouping and distinguish between physical and logical con-
trol paths. The figure depicts groups of two unit cells, where
each unit cell contains three PIN diodes labeled as D1, D2,
and D3, enclosed within a rectangular box. The RIS com-
prises MN unit cells, with K micro-controller pins available
for control purposes, where K < MN. The K pins drive con-
trol signals to the first K unit cells or groups of unit cells at
the same time, while the remaining cells or groups are dis-
abled. Then, the next K unit cells or groups of unit cells are
enabled, and the same K pins provide new control signals.
This sequence continues until all the unit cells or groups of
unit cells have been addressed, leading to logically separated
control paths. It is worth noting that increasing the number
of controllers that operate in parallel increases the overall
design cost but also allows for an increase in the total number
of control pins.
The number of physical control circuit paths can be

expressed as MNn
G , where G is the number of unit cells

in each group. By increasing the value of G, the complex-
ity of the control circuit can be significantly reduced. The

order of the RIS function switching rate can be quantified
as O( GK

MNnτ ), where τ represents the response time of the
slowest element in the control path. For example, if we
consider an RIS composed of 2-bit unit cells with G = 2,
M = N = 40, K = 40, and τ = 20ns, the function switching
rate would be 1.25 MHz, enabling the RIS to switch from
one radiation pattern to another in approximately 0.8μs. In
the frequency range of 1 GHz to 30 GHz, the typical wire-
less channel coherence time varies from a few hundred μs
to a few μs, which implies that the RIS can quickly adapt
to changing wireless channel conditions. Additionally, sev-
eral PIN diodes, including SMP1340, can operate at a GHz
switching rate, which can make the RIS function switching
even faster. However, the actual switching rate would depend
on several factors, such as the channel sensing overhead and
the power requirements of the switching circuitry. We can
also observe a tradeoff between the number of physically
independent control circuit paths and the function switching
rate.

B. POWER REQUIREMENTS OF RIS CONTROL CIRCUIT
The power consumption of a PIN diode when in the ON state
depends on its forward voltage drop and forward operating
current. While the power consumption of a single PIN diode
is relatively low, typically around 7-8mW [30], it becomes
significant when multiple unit cells with multiple PIN diodes
are combined to form large surfaces. It is challenging to
determine the average percentage of unit cells that need to be
forward-biased to achieve various functionalities. However,
we know that the power requirements of an RIS are directly
proportional to the number of PIN diodes on its surface. The
proportionality constant is the ratio of PIN diodes in the ON
state to the total number of PIN diodes. To simplify and
facilitate comparisons, we assume that this proportionality
constant is equal to 1.1

The maximum power requirement of an RIS made consist-
ing of MN unit cells is dMNPD, where PD is the power used
by one PIN diode when forward-biased (in the ON state). It
is apparent that a unit cell configuration where d > n is less
efficient than one where d = n. Additionally, as the value
of n per unit cell increases, so does the power requirement.
The impact of grouping the unit cells on power usage would
rely on the diode states for each group. For instance, if we
take the 1-bit unit cell design, all of the unit cells in a group
would be ON if they received an ON signal. Conversely, if
they receive an OFF signal, all of them would be OFF. The
maximum power requirements, on average, would remain
the same. However, grouping simplifies the control circuit
since all of the unit cells in a group will be in the same
state, based on a single control signal.
Supplying power continuously to an RIS that consists of

several hundred unit cells operating at very high frequencies

1. In reality, the proportionality constant should be less than 1 because
only a fraction of diodes would be in the ON state for producing typical
radiation patterns.
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can pose a challenge. The power consumption of RIS per
unit area (W/m2) is a crucial factor to consider. In Table 1
we have computed these requirements for RIS S1-S5, assum-
ing that the unit cells are arranged uniformly half wavelength
apart. The table also presents the unit cell dimensions
and design frequencies. For example, RIS-S1 operates at a
frequency of 11.1 GHz, and its power consumption per unit
area is 44W/m2. Suppose we want to use solar panels that
produce between 100-200W/m2 during the sunshine hours.
With this assumption, the size of solar panels required to
power up RIS-S1 is less than the size of the RIS. However,
these observations quickly change when we consider higher
frequencies (above 30 GHz), because the unit cell dimen-
sions become small, and the size of solar panels required to
power up the resulting RIS becomes greater than the RIS
size itself.

IV. BENCHMARKING FRAMEWORK - RIS RADIATION
PATTERNS AND PERFORMANCE METRICS
In a smart city environment where NLOS situations domi-
nate, we expect RISs to possess three significant functionali-
ties. These are single beam steering and multi-beam forming
with equal power/unequal power levels at different angles.
In the following subsection, we propose a flexible bench-
marking framework that allows us to test these beamforming
capabilities for RISs made from different unit cell designs
under point/planewave source assumptions (cases 1 and 2).

A. BENCHMARK RADIATION PATTERNS
As benchmarks, we determine a set of typical radiation pat-
terns based on NLOS scenarios. The considered set includes
eight radiation patterns, which are shown in the first column
of Figure 6. These radiation patterns are labeled as B1-B8
for referencing. Radiation patterns B1 and B2 are used to
test the beam steering capabilities of RIS in a single direc-
tion. Radiation patterns B3 (2 beams), B4 (3 beams), B5
(4 beams), B6 (4 beams), and B7 (8 beams) are used to test
multi beamforming capabilities with equal power. Radiation
pattern B8 is used to test the formation of multiple unequal
power beams (4 beams). The relative angles of various beams
in these radiation patterns are shown in Figure 6. These pat-
terns are referred to as the benchmarking patterns in further
discussion. The prominent beams in these benchmarking pat-
terns will be referred to as the main lobes. The side lobes in
all the benchmarking patterns are desired to be negligible.
In our study, the polarization of the incident EM wave and
the operating frequency are assumed to match the design
assumptions of each unit cell in the original papers. Our
proposed framework is flexible, and more radiation patterns
can be included in the benchmarking set depending on the
application scenarios.

B. PERFORMANCE METRICS
We are interested in quantifying the relative ability of dif-
ferent RISs to reproduce the benchmarking patterns. To this

end, appropriate metrics that can compare two radiation pat-
terns are required. In this discussion, we will use the terms
‘achieved radiation pattern’ and ‘reference radiation pattern,’
where achieved radiation pattern means the pattern produced
by the RIS in response to a given reference radiation pat-
tern. We develop three performance metrics. The first metric
is DE which measures the ability of RIS to reproduce the
main lobes of the reference radiation pattern. The second
metric is NMSE which quantifies the accumulative mean
square error between the achieved and the reference radi-
ation patterns in all directions. The third metric is SLR
which quantifies the main lobe to the side lobe where the
location of the main lobe is determined from the refer-
ence radiation pattern. Please note that our DE, NMSE, and
SLR are comparative metrics, i.e., we use them to check
how closely the achieved radiation pattern matches a ref-
erence radiation pattern. Below we further explain these
metrics.
DE: We define DE as

DE = Dr − Da
Dr

(2)

where, Dr is the reference directivity that is determined by
integrating the power (square of E-field) over the beam-
width of the main lobe in the reference radiation pattern,
while Da is the achieved directivity that is determined by
integrating the power over the starting and ending angles
obtained from the beam-width of the main lobe of the refer-
ence radiation pattern in the achieved radiation pattern. We
calculate the beam-width of the main lobe using the First
Null Beam-Width (FNBW) criteria. In both Dr and Da, the
starting and ending angles of the main lobe of the reference
radiation pattern are used because the objective is to repro-
duce the main lobe of the reference pattern. The value of
DE is positive if the achieved radiation pattern is inferior
to the target radiation pattern. Due to the normalization by
Dr, the maximum positive value of DE is 1. A value of
DE closer to 1 indicates that the main lobes are not formed
in the intended directions and are in completely different
directions (inferior performance). The value of DE becomes
negative if the achieved radiation pattern is better than the
target radiation pattern (this is possible if the benchmarking
pattern is not used as a reference radiation pattern).
NMSE: The NMSE is computed as

NMSE = 1

L

∑

θ,φ

(
Er(θ, φ)

Ermax
− Ea(θ, φ)

Eamax

)2

(3)

where, Er(θ, φ) is the E-field of the reference radiation pat-
tern and Ea(θ, φ) is the E-field of the achieved radiation
pattern at the elevation and azimuth angles θ and φ. We
normalize the E-field of each radiation pattern by the cor-
responding maximum values, i.e., Ermax for the reference
radiation pattern and Eamax for the achieved radiation pattern.
We then average the squared difference of the normalized
E-field values in all the directions to obtain NMSE. In the
simulations, we use L = 180 × 360.
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FIGURE 6. Benchmarking radiation patterns B1-B8 and the radiation patterns obtained by RIS S1-S5 under point source assumptions (case 1) without unit cell grouping
(G = 1). The results for the reference RIS S0 are also shown. The RIS configuration matrix (40 × 40) is also reported as a colored image (unit cell state 1=Blue, 2=Cyan, 3=Yellow,
4=Red). The elevation identifies beam directions (θ , ranges between 0◦ and 90◦) and azimuth (φ, only takes two values 0◦ and 180◦) angles. Instead of repeating the two φ values,
θ and −θ are used ( − θ = θφ=180◦ ).

SLR: SLR is computed in dB scale

SLR = 10 log10
Power density of intended lobe

Power density of side lobe
(4)

We determine the location of the intended lobe (starting
and ending angles) from the reference radiation pattern. At
these angles, we look for the power density in the achieved
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TABLE 2. Quantitative results of five RIS S1 − S5, with and without unit cell grouping under point source assumptions with the observer in the far-field (case 1). Best values
(smallest in case of DE and NMSE and largest in case of SLR) are highlighted in bold font, worst values (largest in case of DE and NMSE and smallest in case of SLR) are
highlighted in italic font.

radiation pattern. On the other hand, we determine the side
lobe exclusively from the achieved radiation pattern of the
RIS and define it as the most prominent non-intended minor
lobe. We use the words ‘intended’ because these metrics
aim to measure how faithfully a reference radiation pattern
is reproduced. In the considered set, we also have some
multi-beam (B3 −B8) reference radiation patterns. For such
patterns, we individually compute the SLR for each intended
beam according to (4) and then report their average.
The benchmarking patterns in the considered set are ideal,

with negligible non-intended lobes. Therefore, considering
the benchmarking patterns as reference radiation patterns for
the computation of the quantitative metrics is not an effective
way to analyze the relative performance of S1-S5. To avoid
this problem, we consider a reference RIS that is referred
to as S0. We then compute the quantitative metrics with
respect to the radiation patterns achieved by S0. For all the
comparisons, the starting and ending angles of the main lobes
will always be those given in the benchmarking patterns.
With this approach, negative values of DE will indicate that
the performance of the given RIS in producing the beams
in the intended directions, as shown in the benchmarking
pattern, is better than that of S0.

V. BENCHMARK-BASED EVALUATION RESULTS
In this section, we test the ability of RISs S1-S5 in reproduc-
ing B1-B8. The reference RIS S0 is made from a perfectly
optimized reference 2-bit unit cell whose normalized radi-
ation response f (θ) is cos(θ) [33], [34]. This response is
plotted in Figure 4 and is denoted as q = 1 curve. Each

RIS (including S0) has 40x40 (1600) unit cells. A commer-
cially available full-wave EM solver (CST) is used for unit
cell simulations to obtain their exact radiation responses. We
use the lumped element model (s-parameters) of PIN diodes
from Skyworks SMP1340-040LF. We use the unit cell data
from CST and array factor approximation to simulate the RIS
radiation patterns under point/planewave source assumptions.
A genetic algorithm (GA) implemented in MATLAB deter-
mines the optimal configurations (diode ON/OFF states) of
the unit cells on each RIS for a given benchmarking pat-
tern. Finite size RISs with discrete phase controls may fail
to generate the desired radiation patterns exactly. Therefore,
in our simulations, we stop the GA after 350 generations
because we observe that there is no significant improvement
even if we allow the algorithm to run longer. When the
GA stops, we take the best match. We use the patterns pro-
duced by S0 as reference radiation patterns for computing
DE, NMSE, and SLR metrics.

A. CASE 1: POINT SOURCE
The qualitative and quantitative results under point source
assumptions are presented in Figure 6 and Table 2. The
impact of unit cell grouping to reduce the control circuit
complexity is also shown in Table 2.

1) PERFORMANCE WITH G = 1: WITHOUT UNIT CELL
GROUPING

In Figure 6, we present the visual results that show the
quality of the reproduced radiation patterns by each RIS
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when we individually control the unit cells. The performance
of S0 is also plotted.
RIS - S1: The visual quality of B1-B6 looks excellent,

while that of B7 and B8 is poor. There are a few undesired
main lobes in B6, B7 and B8 as well as several high power
side lobes, especially in B8. However, the value of DE for B8
is very small. The observations about the excellent quality
of radiation patterns are confirmed by the corresponding
numerical values of DE, NMSE, and SLR in each case,
which are either the best or very close to the best values.
RIS - S2: The visual quality of the radiation patterns pro-

duced by S2 looks somewhat poorer than that produced
by S1. From Table 2, we find out that DE (except for B1)

and SLR (except for B6, B8) values are poor compared to
S1 on almost all the benchmarks. From Table 1, the control
circuit complexity and power requirements of both S1 and S2
are the same. Therefore, between the optimized 1-bit RISs,
S1 performs better than S2 on nearly all the performance
metrics under the point source assumption with G = 1.
RIS - S3: The visual quality of B1-B6 produced by S3

is either similar or better than S1 on more complex bench-
marks. The quality of B6-B8 looks significantly better than
S1 and S2. The quantitative metrics are also better for sev-
eral benchmarking patterns. From Table 1, the control circuit
complexity of S3 is doubled while its function switching rate
is halved compared with S1 and S2. Since S3 is designed
to operate in the S-band, the per unit area power require-
ments are significantly less than S1 and S2. However, the
total power requirements of S3 are the highest among all the
RIS because each unit cell has 5 PIN diodes.
RIS - S4: The visual quality of B2-B6 produced by S4

is similar to S1, S2 and S3. The quality of B1-B8 looks
worse than S3 and S1 but better than S2. We notice that DE
is not significantly poor, but the performance is effectively
degraded due to higher side lobes and scattering. The control
circuit complexity and power requirements of S4 are doubled
than both S1 and S2. However, this RIS uses only 2 PIN
diodes per unit cell, which significantly reduces its power
requirements compared to S3.
RIS - S5: This surface is made of a 1-bit unoptimized

unit cell. The visual quality of all the benchmarks is worse
than all other RIS. However, on B2, the main lobes are
visible with one lobe along the desired direction along with
two high-power side lobes. The visual quality on B1-B8 is
inferior because there is no correlation between the radiation
pattern produced by S5 and the target radiation pattern. S5
is incapable of steering even a single beam at significantly
large reflection angles. The control circuit complexity and
power requirements of S5 are similar to those of S1 and S2.

In terms of reproducing B1-B8 under the point source
assumptions with G = 1, the overall performance of S3 is
the best, followed by S1, S4, S2 and S5. However, when
we also consider the control circuit complexity and power
requirements along with the DE, NMSE, and SLR, S1 seems
to be an overall better choice. However, in application scenar-
ios where B6-B8 are mostly required, S3 should be preferred

despite its complexity and power requirements. Finally, if the
application scenario only demands beam steering at smaller
angles (such as B2), then S5 or its slightly more optimized
version may also be used.

2) PERFORMANCE WITH G = 2: WITH UNIT CELL
GROUPING

We now evaluate the performance of RIS S1-S5 assuming
that the unit cells are grouped into pairs. This way, the
RIS complexity, and sensing overhead are halved. However,
the maximum power requirements remain unchanged. The
resulting impact due to unit cell grouping on the ability
of different RISs to produce the benchmarking patterns is
quantified in the lower half of Table 2. We can see that
the performance of all the designs is reduced. However, the
extent of degradation for each design is different.
With G = 2, the best performance is shown by S2 fol-

lowed by S4, S1, S5 and S3. We again highlight that the
DE value of 1 means that the surface has failed to produce
the main beams in the intended directions. Poor perform-
ing RISs without grouping (S2, S4 S5) are least affected by
unit cell grouping and therefore we expect small gains in
their performance even if we further increase their size. On
the other hand, the gains in the performance of S1 and S3
become significantly higher with the corresponding increase
in the RIS size. Meanwhile, the choice of beam steering
angles and the variation in beam power levels significantly
raise the required performance criteria for RIS designers as
we witness in the case of B8.

B. CASE 2: PLANEWAVE SOURCE
The qualitative and quantitative results under planewave
source assumptions are presented in Figure 7 and Table 3.
In this case, the number of unit cell control states greatly
impacts the performance.

1) PERFORMANCE WITH G = 1: WITHOUT UNIT CELL
GROUPING

The qualitative results without unit cell grouping (G = 1)

are shown in Figure 7, while the corresponding quantitative
results are presented in the upper half of Table 3.
RIS - S1: We observe that the RIS can reproduce the

main lobes, but there are non-intended side lobes in every
radiation pattern produced by S1. These side lobes are called
‘quantization lobes.’ They generally appear in RISs made
from 1-bit unit cells due to more pronounced phase rounding
quantization effects [35], [36]. The RIS can reproduce the
main lobes, therefore, the DE values are very good in four
out of eight benchmarking patterns (B1-B3, B5). However,
the NMSE is very bad compared to the best NMSE obtained
for RIS S4 in the same tests. The side lobe level of S1 is
close to 0 or negative in some cases, which shows that a
significant amount of power is radiated in the unwanted
directions.
RIS - S2: This 1-bit RIS also produces quantization lobes.

We observe that the main lobes are wider compared to S1.
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FIGURE 7. Benchmarking radiation patterns B1-B8 and the radiation patterns obtained by RIS S1-S5 under planewave source assumptions (case 2) without unit cell grouping
(G = 1). The results for the reference RIS S0 are also shown. The RIS configuration matrix (40 × 40) is also reported as a colored image (unit cell state 1=Blue, 2=Cyan, 3=Yellow,
4=Red). The elevation identifies beam directions (θ , ranges between 0◦ and 90◦) and azimuth (φ, only takes two values 0◦ and 180◦) angles. Instead of repeating the two φ values,
θ and −θ are used ( − θ = θφ=180◦ ).

On quantitative metrics, except for B6, the performance of
S2 is generally poor, and the NMSE is very close to S1 in
all the tests. The side lobes are comparable to or even higher

than the main lobes making the SLR values close to 0 or
negative and again indicating a significant amount of power
radiation in the unwanted directions.
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TABLE 3. Quantitative results of five RIS S1 − S5, with and without unit cell grouping under planewave source assumptions with the observer in the far-field (case 2). Best
values (smallest in case of DE and NMSE and largest in case of SLR) are highlighted in bold font, worst values (largest in case of DE and NMSE and smallest in case of SLR) are
highlighted in italic font.

RIS - S3: There are no quantization lobes in the radiation
patterns produced by S3. The main lobes also look narrow
and focused. However, the RIS fails to form the main lobes
in the intended directions. The starting and ending angles
of the main lobes in the benchmarking and the achieved
radiation patterns are very close to each other, but there is
no overlap due to narrow beams formed by S3. Thus, the DE
and SLR values are extremely poor because although beam
steering is prominent it is not in the intended direction. On
the other hand, the NMSE values are relatively good and
the second best in the two cases (B2 and B3).
RIS - S4: The visual quality of the radiation patterns pro-

duced by S4 also looks good. There are also no quantization
lobes in the reproduced patterns. The overall performance of
S4 is significantly better on all the benchmarks. This RIS can
produce the main lobes with low side lobe levels. Moreover,
the main lobes are wide as compared to S3 and the starting
and ending angles of the main lobes in the benchmarking and
the achieved radiation patterns overlap. Therefore, the DE
values are better than those for S3 but relatively worse than
S1 on multiple benchmarks. However, the values of NMSE
and SLR on all the benchmarks are significantly better (often
the best) than S1 and S3.
RIS - S5: We can see that S5 entirely fails to reproduce

most of the benchmarking patterns. The visual quality is the
worst because the RIS lacks the beam steering capability
under the planewave source assumption. The quantitative
values of S5 are also the worst. In B7, the DE is close to 0,
but NMSE and SLR are still the worst. The better value of
DE for B7, which has eight beams, is due to unintentional
scattering in every direction by this surface, and the poor
performance becomes evident when the error of unintended

directions is considered through NMSE and SLR values. The
same is true for B8 where SLR is good, but the other two
metrics are the worst.

2) PERFORMANCE WITH G = 2: WITH UNIT CELL
GROUPING

When we group the unit cells in pairs (G = 2), the
performance of all the RISs under planewave source assump-
tions further decreases. As shown in the bottom half of
Table 3, the performance of RISs S1 and S2 gets more
degraded than RISs S3 and S4, while the performance of
S5 is still the worst. The distinction between 1-bit and 2-bit
unit cells and the effect of the unit cell radiation response are
more prominent in dictating the RIS beam steering capability
under planewave source assumptions. In case 2, optimizing
a unit cell so that it produces maximally apart phase shifts
in different control states also becomes crucial in obtaining
good performance.

C. DISCUSSION AND COMPARISON
In Figure 8, we present the visual quality of the radiation
pattern produced by S1 (1-bit unit cell) while reproducing
the benchmarking pattern B4 under point/planewave source
assumptions with G = 1, 2. We can see that we obtain the
best result under the point source assumption with G = 1,
which means that all the 1600 1-bit unit cells on the RIS
have a separate control. On the other hand, when G = 2,
under point source assumptions, the ability of the surface
to reproduce the given pattern is severely degraded with a
significant amount of power in several unwanted directions.
Under planewave source assumptions and with G = 1, the
quantization lobes are visible along with all the desired main
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FIGURE 8. Radiation patterns generated by S1 (1-bit unit cell) while reproducing the
benchmarking pattern B4 under point/planewave source assumptions with G = 1, 2.

lobes. With G = 2, the performance further degrades under
the planewave source assumption.
In Figure 9, we present the visual quality of the radiation

pattern produced by S3 (2-bit unit cell) while reproducing
the benchmarking pattern B4 under point/planewave source
assumptions with G = 1, 2. With G = 1 under the point
source assumption, the three beams are visible. In this case,
the power radiated in the unintended directions is relatively
less than that radiated by S1. With G = 2, the performance
significantly degrades under the point source assumption, and
it becomes equally bad, as we observe in the case for S1.
With G = 1 under planewave source assumptions, the
performance of S3 is comparable to the point source case
because two out of three main lobes are visible and unlike S1,
there are no quantization lobes. Finally, with G = 2 under
planewave source assumptions, S3 loses its beam steering
capability and cannot form any of the major lobes.

VI. CONCLUSION
We conducted a detailed analysis of the performance aspects
of RISs composed of various unit cell designs. We developed
a benchmarking framework that includes radiation pat-
terns commonly required in a smart city environment. We
presented performance metrics to quantify RIS radiation
pattern generation capabilities relative to the benchmarking
patterns, control circuit complexity, and power requirements
for point/planewave source assumptions. Using this frame-
work, we tested and compared five different RISs (S1-S5)
made up of five different unit cell designs. The proposed
framework can be handy for choosing unit cells from exist-
ing designs in various application settings and source type
assumptions. We can also use the framework to determine
the usefulness of future designs and their most viable appli-
cations. With the help of the proposed framework, we
can also determine the optimal unit cell group size for

FIGURE 9. Radiation patterns generated by S3 (2-bit unit cell) while reproducing the
benchmarking pattern B4 under point/planewave source assumptions with G = 1, 2.

the best tradeoff that favors ease of implementation and
reduces the channel sensing overhead. A better understand-
ing of the unit cell and surface-level RIS design interplay
through the proposed framework will lead to better strategies
for system-level performance enhancement in RIS-assisted
communications.
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