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ABSTRACT Practical experiments are a crucial step to demonstrate the viability of reconfigurable
intelligent surface (RIS)-empowered communication, which is one of the emerging technologies for next-
generation networks. In this paper, we present practical measurements to demonstrate the RIS capabilities
for enhancing signal coverage and providing physical layer security (PLS) in an indoor environment. First,
extensive measurements are performed in a single-user deployment using iterative, grouping, and codebook-
based phase shift optimization methods. The iterative method achieves approximately 10 dB performance
improvement in the received signal power through careful adjustments of RIS phase configurations when
the receiver is placed at different locations. The grouping method reduces the training time to find a
suitable RIS configuration by sacrificing only a few dBs in the received signal power. Another set of
experiments is conducted for a multi-user deployment to exhibit PLS, where the RIS is partitioned into
two regions serving the intended and unintended users. The results demonstrate that the codebook method
can effectively boost the secrecy capacity on the move without utilizing feedback other than the users’
positions during the phase shift optimization process, while the iterative method requires a continuous
feedback channel for the received signal powers.

INDEX TERMS Reconfigurable intelligent surface, indoor measurements, physical layer security, 6G.

I. INTRODUCTION

NEXT generation applications such as Internet-
of-Everything, holographic telepresence, massive

twinning, industrial robots, and autonomous vehicles require
proactively studying cutting-edge technologies and develop-
ing the proof of concepts for sixth-generation (6G) wireless
networks [2]. Considering the overarching vision of 6G, a

momentous paradigm shift is needed, marking the transition
from the traditional understanding of “connected things”
to an era characterized by “connected intelligence” [2].
This crucial transformation raises a host of stringent pre-
requisites, most notably, extremely high data transmission
rates, which is anticipated to reach the unprecedented level
of 1 Tb/s. Simultaneously, there is a significant focus on
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ultra-high energy efficiency that facilitates the operation
of battery-independent devices connected to the intelligent
network. The pursuit of 6G also emphasizes the need for
extremely low latency and ultra-high reliability [3]. Utilizing
advanced physical (PHY) layer techniques such as ultra
massive multiple-input multiple-output (MIMO) systems,
index modulation (IM), TeraHertz (THz) frequency bands
(over 100 GHz), and reconfigurable intelligent surfaces
(RISs) can potentially be the way out to meet these highly
demanding requirements of 6G. The RIS consisting of a large
number of low-cost and passive element arrays, is one of
the promising 6G technologies for enhancing link capacity
and energy efficiency, minimizing interference, strengthening
secure communication, and extending the coverage [4], [5],
[6], [7], [8].

The majority of the studies in the literature are based on
simulation and theoretical approaches [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18]. After highlighting the role of
RISs in enhancing 6G network performance, it is important
to acknowledge their practical challenges. One example study
in [16] provides powerful insights by demonstrating the effects
of phase error, hardware impairments, and mobile co-channel
interferers on the system performance, such as coverage
probability and ergodic capacity in κ − μ fading channels. A
novel channel estimation protocol is proposed for RIS-assisted
multi-user millimeter wave (mmWave) MIMO systems [17].
In another study [18], a deep reinforcement learning approach
is applied to optimize the RIS configuration for multi-user
OFDMA systems. The practical experiments are typically
avoideddue tohighexpensesofdevelopingoracquiring theRIS
prototypes along with the supplementary hardware, including
software-defined radios (SDRs) and antennas. In addition,
the measurement experiments require significant engineering
resources and time for defining the scenarios, setting up the
equipment, optimizing the RIS configuration, and ensuring
interoperability with the standard communication protocols.
However, practical experiments and field tests are crucial
steps to demonstrate the practical viability of an emerging
technology such as RIS in next-generation network operations.
A set of RIS prototype developments and experimental

studies has been conducted to investigate realistic transmis-
sion scenarios of RISs [19], [20], [21], [22], [23], [24],
[25], [26], [27]. For example, [19] proposes a custom-
developed continuous phase-shifted RIS operation in an
indoor environment, where continuous phase surfaces pro-
vide more degrees of freedom than discrete phase shifts
for altering radio patterns owing to more tunable phases.
The authors also reports the received power performance
of the user placed at different locations and angles with
respect to the RIS in an L-shaped indoor environment.
Similarly, an RIS is deployed for coverage enhancement
purposes in another L-shaped indoor test scenario having
only a non-line-of-sight channel [20]. The authors provide
the received power performance of the users equipped
with monopole and horn antennas, where each unit cell
of the custom-made RIS hardware has a 3-bit phase

resolution. Furthermore, the performance of binary unit
cells to control mmWave beamforming in both near-field
and far-field conditions is investigated in [21]. The same
1-bit RIS is utilized as a passive access point extender
for mmWave communications in [22]. Four-state reflection
in sub-6 GHz frequencies is studied in [23]. Instead of
discrete phase shift designed schemes, [24] implements a
continuous phase reflecting scheme driven by a varactor-
controlled surface. Reference [25] investigates omni-scope
transmission exploiting the joint progress of reflective and
refractive features of RIS. Reference [26] presents a cutting-
edge RIS design that uses RF switch-based technology to
enable nearly passive 3D beamforming in the absence of
active RF components. With 3-bit resolution and validation
using high spatial resolution codebooks, their method sur-
passes conventional constraints and represents a substantial
advancement in wireless communication systems. In [27], a
novel RIS prototype with 1100 controllable elements running
at 5.8 GHz is tested in indoor and outdoor environments
and successfully transmits data over 500 meters. It achieves
a 26 dB power gain there, breaking through a concrete
wall 30 cm thick. Outside, it achieves a 27 dB power gain.
In order to provide intelligent reflection without changing
communication standards, this study develops an algorithm
for effective RIS configuration.
Recent measurement experiments using RIS prototypes

have been reported in [28], [29], [30], [31], [32]. The
path loss models of RIS-assisted wireless communication
systems operating at 2.6 GHz in outdoor environments are
studied in [28]. In [29], a transmissive RIS prototype
consisting of 2-bit elements is developed for increased
data rates, lower transmit power consumption, and better
transmission performance over obstacles. A gap between
theoretical research and real-world applications is filled
in [30] by providing a comprehensive channel measurement
dataset generated using an open-source RIS prototype.
Reference [31] introduces a novel user-controlled RIS-
assisted system, where the users are able to customize
the RIS configuration according to their preferences and
locations. Lastly, [32] presents the practical implementation
of an RIS-assisted deep learning-based spectrum sensing
system, where the secondary user’s sensing performance is
improved by the RIS.
The RIS technology’s practical benefits for multi-user

scenarios are demonstrated through practical measure-
ments [33], [34]. The authors propose a novel framework for
the RIS by integrating the generalized approximate message-
passing algorithm with a sparse channel modeling in [33].
Their work results in a successful real-world implementation
of a RIS-assisted multi-user system using SDRs. This system
demonstrates impressive gains in the received power of
up to 26.6 dB and spectral efficiency of 13.48 bps/Hz,
highlighting the transformative potential of RIS in multi-user
wireless communication scenarios. Reference [34] studies
the physical layer security (PLS) application of the RIS
for indoor wireless networks through practical measurement
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TABLE 1. Comparison of recent experimental RIS studies.

experiments. The study shows the efficacy of the RIS in
improving the secrecy capacity between the transmitter and
the intended user while preventing the unintended user from
eavesdropping on the reflected signal.
In our current study, we significantly advance our previous

work [34] by adopting a codebook-based approach in the
application of an RIS for physical layer security. While [34]
centered on joint optimization and performance characteriza-
tion of an RIS at a single point, our latest research innovates
by dividing the RIS into two distinct sections for the intended
and unintended users, coupled with a codebook approach.
This strategy enables a fine grained control and optimization
of the RIS, resulting in an enhanced ability for showcasing
the versatility and potential of RIS technology in complex
scenarios.
Table 1 summarizes the recent experimental RIS studies,

which are discussed in the literature review in terms of
the deployment, nature of the study, optimization method,
application, and environment.
The above-mentioned studies show that the practical

applications of the RIS are typically restricted by its com-
putational burden and complexity for determining a suitable
phase shift configuration. This limitation is exacerbated when
the users are mobile, where the phase shifts of the RIS
elements need to be configured timely and dynamically.
Assuming that the RIS-assisted wireless communication
systems utilize passive reflecting elements, this study com-
prehensively presents the pros and cons of practical phase
shift optimization methods, namely iterative, grouping, and
codebook, in an indoor measurement environment for single
and multi-user deployments. In the iterative method, possible
phase shift states of the first element are applied sequentially
to determine the state that yields the maximum received

signal power at the receiver, and the same procedure is
individually repeated for each of the remaining elements.
Note that the received signal power information for each
iteration needs to be reported as a performance indicator
during the optimization procedure. In the grouping method,
the RIS elements are divided into multiple sub-groups for
the phase adjustment process, where the same phase shift
state is applied to all elements within the same sub-group.
In the codebook method, a set of RIS configurations is
computed and recorded for pre-determined locations, and
the RIS configuration corresponding to the closest location
to the receiver terminal is timely applied. For single-user
measurement experiments, the iterative method increases the
received signal power by around 10 dB when the receiver
is positioned at various locations and angles with respect
to the RIS. Grouping the RIS elements reduces the training
time to find a suitable RIS configuration by sacrificing only
a few dBs in the received signal power. In another set
of measurement experiments, we present a practical PLS
application for mobile users by incorporating a codebook
design into the RIS, which is partitioned into two regions
serving the intended and unintended users. The measurement
results indicate that the codebook method can effectively
boost the secrecy capacity without utilizing feedback other
than the users’ positions during the phase shift optimization
process when the users are on the move.
The organization of the paper is as follows. Section II

presents the system and signal models. The practical
optimization methods, namely iterative, grouping, and code-
book, for obtaining a suitable RIS phase shift configuration
are described in Section III. The single-user and multi-user
measurement experiments are reported in Sections IV and V,
respectively. Finally, Section VI concludes the paper.
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FIGURE 1. A basic RIS-aided wireless communication system for multi-user
deployment.

II. SYSTEM AND SIGNAL MODEL
As illustrated in Fig. 1, we consider a basic wireless
communication system where the RIS assists the signal
transmission from a single-antenna transmitter (Tx) to single-
antenna receivers (Rxs). The RIS has the form of a uniform
planar array (UPA) with N = Nx × Ny elements such that
each element can add binary phase shifts of either 0◦ or
180◦ when the incoming signal is reflected. The wireless
channels from the Tx to the RIS and from the RIS to the Rxi
are defined as h ∈ C

N and gi ∈ C
N , respectively. The direct

line-of-sight (LoS) channel between the Tx and Rxi nodes
is described as hLoS,i ∈ C. Suppose that x[k] is a complex
baseband signal sent from the Tx, the received signal of Rxi,
ri[k], can be written as

ri[k] =
(
gHi �h+ hLoS,i

)
x[k]+ ni[k] (1)

where ni[k] ∼ NC(0, σ 2
n ) represents the noise at the Rxi, and

�, defined as diag{α1ejφ1 , . . . , αNejφN }, represents the RIS
configuration matrix whose diagonal entries denote the phase
shift states of the RIS elements. Since the RIS prototype used
in the measurements has passive and binary-phased elements,
αn is constant and φn takes the values of only 0◦ and 180◦.
Furthermore, the LoS component of the received signal is
neglected since horn antennas, whose half beamwidth is
40◦, are used to transmit and receive signals as depicted
in Fig. 3 and Fig. 11. Therefore, the direct link between
the Tx and Rx terminals is out of the beamwidth of the
antennas.
The primary purpose of using an RIS is to increase

the signal-to-noise ratio (SNR) at the receiver by enabling
anomalous reflections from the RIS, thereby enhancing the
signal coverage. Neglecting the LoS link between the Tx and
Rxi terminals due to the non-intersecting antenna beams, the
SNR, which is proportional to the end-to-end gain |gHi �h|2,
can be increased by properly setting the RIS configuration
matrix �. Therefore, the optimum configuration matrix (�∗)
maximizing the end-to-end gain for a single-user deployment
can be determined as follows:

�∗ = arg max
φn,∀n

∣∣∣gHi �h
∣∣∣
2

s.t. φn ∈
{
0◦, 180◦

}
, ∀n. (2)

The PLS is considered to demonstrate the RIS application
for a multi-user deployment in a wireless communication
system, where the configuration of the RIS is optimized
according to the secrecy capacity. Assuming that the intended
and unintended users have approximately the same noise
powers, the secrecy capacity, Cs, is expressed in terms of
the received signal powers of the intended and unintended
users as follows [34]

Cs = max
(
log2(Pi)− log2(Pu), 0

)
, (3)

where Pi and Pu represent the received signal powers at
the intended and unintended users, respectively. Note that a
higher secrecy capacity can be obtained by increasing the
intended user’s received signal power while decreasing the
unintended user’s. With the derived secrecy capacity for prac-
tical measurements, the optimum configuration matrix (�∗),
which maximizes the secrecy capacity, can be determined
as follows

�∗ = arg max
φn,∀n

Cs

s.t. φn ∈
{
0◦, 180◦

}
, ∀n. (4)

III. PRACTICAL PHASE OPTIMIZATION METHODS
In this section, we present three different practical phase shift
optimization methods for single and multi-user deployment
of RIS-assisted wireless communication systems. The details
of the iterative method, which requires feedback from the
users through the iterations, the grouping strategy, which
reduces the number of iterations during the iterations, and
the codebook method, on which the pre-recorded codewords
are applied to the RIS without the need for constant feedback
during the iterations, are provided to be utilized in the
measurement experiments.

A. ITERATIVE METHOD
The configuration of the RIS, which directs the reflected
beam towards the Rx, is determined by changing the states
of the elements and observing the received signal power
for each iteration. Since all possible RIS configurations of
476 are prohibitively expensive to be applied, an iterative
method [22] is utilized to find a suitable RIS configuration
that provides incoming signals to be reflected towards
a desired direction, instead of an exhaustive algorithm.
Initially, all elements are set to OFF, indicating that the RIS
is in no-phase-shift mode. Then, four possible states of the
first element are applied sequentially, and the RIS element
is kept in the state that yields the maximum received signal
power at the Rx. After determining the best state of the
first element, the same procedure is individually repeated
for each of the remaining elements. For the RIS prototype
consisting of 76 elements, the number of all possible states
is equal to 476.
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Algorithm 1 Iterative Method
Input: Pr, N, and S
Output: States
1: initialize States of the RIS elements to OFF
2: Pmax ← 0
3: for i = 1 to N do
4: for j = 1 to S do
5: apply state j to ith element
6: measure Pr
7: if (Pr > Pmax) then
8: update States
9: Pmax ← Pr
10: end if
11: end for
12: end for
13: return States

The pseudo-code of the iterative phase adjustment method
is given in Algorithm 1, where the measured received power
and the maximum received power are denoted as Pr and
Pmax, respectively. Also, N and S denote the total number
of reflecting elements on the RIS and the possible number
of phase shift states for a reflecting element, respectively.
The total number of iterations to determine the phase shift
configuration of the RIS depends on N and S. States in
Algorithm 1 has N × S different RIS configurations to be
explored through the iterations. Therefore, the complexity of
the iterative method is linearly proportional to N × S.

As depicted in Algorithm 1, the iterative method requires
the measurements of the received signal powers as feedback
from the receiver to evaluate the fitness of the RIS
configuration at every iteration. The measurement of the
receiver signal power corresponding to single iteration takes
approximately several hundreds milliseconds. The total time
required to explore N × S = 76 × 4 States in Algorithm 1
takes more than one minute. In addition, if this feedback
information is received through the control channels of the
standards, the signalling over-head also becomes a burden
when the number of RIS elements increases. Since the
complexity of the iterative method has a linear relationship
with N × S, the iterative approach may become impractical
for possible 6G applications including mobility scenarios,
where some hundreds of RIS elements are utilized.
Algorithm 1 can also be utilized for multi-user scenarios

of the RIS-assisted PLS system by only modifying the lines
of 6, 7, and 9 as follows: At the 6th line, Cs is measured
instead of Pr, and it is compared with Cmax, which is the
maximum secrecy capacity obtained through the iterations,
and at the 9th line, Cmax is updated if the current Cs is higher.
Note that Cs is calculated by assuming the availability of the
received signal powers for both the intended and unintended
users. Although the assumption for the availability of the
unintended user’s received signal power may not be practical
for a real-world implementation of a PLS system, this study

aims to demonstrate the potential of the RIS for the PLS
application through the measurement experiments. Therefore,
Algorithm 1 utilizes the measurements obtained from both
the intended and unintended users. However, it is an open
issue to calculate the secrecy capacity for the real deployment
when the unintended user does not provide its received signal
power.

B. GROUPING STRATEGY
The processing time of the iterative method to determine the
RIS configuration increases proportionally with the number
of RIS elements. The increasing number of RIS elements
will also increase the reconfiguration overhead of the RIS.
Therefore, one of the useful strategies for finding a suitable
RIS configuration is to divide the RIS elements into multiple
sub-groups in the phase adjustment process, where the same
phase shift is applied to all elements within the same sub-
group. In this way, the number of iterations is reduced from
the number of elements to the number of sub-groups, and
hence, the amount of time spent during the training process
of the iterations to generate the suitable RIS configuration
will be reduced accordingly.
Let G represent the number of RIS elements in a group.

Then, there are 	NG
 different groups, where the last group
contains only the last remaining RIS elements if N

G is not
an integer. The same procedures of the iterative method in
Algorithm 1 are applied in the grouping method; however,
N is replaced by 	NG
. Note that four possible states of the
first group are applied sequentially, and the RIS elements of
the first group are kept in the same state, which yields the
maximum received signal power at the Rx. After determining
the best state of the first group, the same procedure is
individually repeated for each of the remaining groups.
Therefore, the 3rd line of Algorithm 1 is modified by
replacing N with 	NG
 for the grouping method. The 5th line
of Algorithm 1 is modified as “apply state j to the elements
of the ith group”.

C. CODEBOOK METHOD
The RIS configuration needs to be adjusted on the move
within the channel coherence time when the channel
characteristics are time-varying. The iterative method in
Algorithm 1 assumes that the channels are stationary for
the time interval required for iteratively searching all the
RIS elements. A long process time of Algorithm 1 prevents
switching from one optimized RIS configuration to another
within a short time window. In the codebook method,
a set of RIS configurations is computed and recorded
for pre-determined locations, and the RIS configuration
corresponding to the closest location to the receiver terminal
is timely applied. Furthermore, employing the codebook
method for the RIS configurations eliminates the dependency
of the feedback channel between the Rx and the RIS. In
other words, the codebook-based approach requires only the
geometric positions or the departure/arrival angles of the
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FIGURE 2. Partitioning the RIS into two regions for two-user deployment.

Algorithm 2 Codebook Generation Method
Input: Pr, N, S, and C
Output: Codebook
1: for i = 1 to C do
2: place the Rx at the desired codeword’s angle
3: Codebook[i] ← Algorithm1(Pr,N, S)
4: end for
5: return Codebook

terminals. The pseudo-code of the codebook generation is
provided in Algorithm 2, where C is the total number of
codewords to be included in a codebook.
Algorithm 2 can be implemented to compose codewords

for multi-user scenarios of the RIS-aided PLS system by
some alterations. Since there exist at least two users, as
intended and unintended, in a basic PLS system, the RIS
should serve both users. Therefore, the number of reflecting
elements of the RIS is equally partitioned for each user.
For example, the RIS is divided into two parts for two-
user deployment, which is shown in Fig. 2, as Rx1 and
Rx2 indicate the intended and unintended users of a basic
PLS system, respectively. Two distinct codewords for each
reference location are generated by assigning one half to the
intended user to increase its received signal power and the
other half to the unintended user to decrease its received
signal power. After obtaining the codebook for the intended
and unintended user, the actual RIS configuration that is
applied to provide secure communication is acquired by
combining the corresponding halves of the RIS configuration
for the geometric locations or the departure/arrival angles of
the intended and unintended users.

IV. SINGLE-USER MEASUREMENT EXPERIMENTS
In this section, we present three different use cases under the
same measurement setup of RIS-assisted wireless communi-
cation for a single-user deployment. The performance of the
RIS configuration methods, namely iterative, grouping, and
codebook, is reported using an RIS prototype for various
indoor wireless communication scenarios.

TABLE 2. Hardware specifications of the experimental setup.

FIGURE 3. The measurement setup of the RIS-aided wireless communication
system in an indoor office environment.

A. MEASUREMENT SETUP
An RIS-assisted measurement setup for a single-user wire-
less communication system is illustrated in Fig. 3, where
two ADALM-PLUTO software-defined radios (SDRs) are
utilized for transmission and reception of over-the-air signals,
x[k], in an L-shaped hallway of an indoor office environment.
The RIS is mounted on the hallway’s corner, while the
antennas of the Tx and Rx SDRs are positioned at various
angles and distances from the center of the RIS throughout
the measurement process. The RIS prototype developed by
Greenerwave [35] is used to focus the transmitted signal
in the desired direction through software-controlled phase
shifts. The working bandwidth of the RIS is 1 GHz around
the center frequency of 5.2 GHz. The RIS has a UPA
structure with a 10×8 element grid, yet the right corner of the
2×2 part is preserved for its controller, ending up with a total
of 76 reflecting elements. The PIN diodes are used to adjust
the reflection coefficient of the elements by configuring
their phase shifts as 0◦ or 180◦. Furthermore, each element
includes two PIN diodes corresponding to horizontal and
vertical polarization, resulting in four possible states. The
summary of equipment utilized in the measurement exper-
iments of the RIS-assisted wireless communication system
is provided in Table 2.
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FIGURE 4. The top view of the setup with all Rx test locations.

The setup in Fig. 3 aims to enhance the indoor coverage by
increasing the received signal power through the deployment
of an RIS. In the transmission and reception of the signals,
horn antennas provide control over the direction of the
signals, while the measurement environment of an L-shaped
hallway prevents a direct link between the Tx and Rx
SDRs. The hallway is partitioned into grids with respect
to the angles, defined clockwise from the RIS surface
as {50◦, 70◦, 90◦, 110◦, 130◦, 145◦}, and the distances from
the RIS as {120, 170, 220, 270, 320, 420} cm. As shown in
Fig. 4, the intersections of the angle and distance lines denote
our grid representation used in the practical measurements.
The Tx SDR is placed on a fixed location at 78◦, and 100 cm
directed to the RIS while the Rx SDR’s antenna emulating
a mobile user is moved among the grid points according to
the measurement scenarios.
During the measurement experiments, the Tx SDR sends

a single-tone sinusoidal signal of 100 kHz at the carrier
frequency of 5.2 GHz towards the RIS using a horn antenna,
and the reflected signal from the RIS reaches the Rx
SDR to measure the received signal power at 5.2 GHz. In
Algorithm 1, the received power is calculated by using the
time samples captured at the center frequency of 5.2 GHz
and moved to the complex baseband by the Rx SDR. Since
the SDR has a 12-bit analog-to-digital converter, the sampled
complex baseband signals can be represented as integers in
the range of (−2047, 2048]. Therefore, the received signal
power is computed in the decibels relative to full scale
(dBFS) via the equation:

PdBFS = 10 log10

(
1

K

∑K

k
|r[k]|2

)
(5)

where PdBFS denotes the average power of the received
complex baseband signal r[k], and the total number of
received samples is K.

B. USE CASE 1: PHASE ADJUSTMENT WITH ITERATIVE
METHOD
In the first set of experiments, the received power of the Rx
SDR at different angles and distances is measured to report

FIGURE 5. The received power measurements for various locations of the user.

the performance improvement of the RIS iterative method
in an indoor environment. During the experiments, the RIS
is controlled with a Python script, which takes a Boolean
array of 152 elements corresponding to the horizontal and
vertical polarization states of the PIN diodes. In the Boolean
array, 0 and 1 correspond to no-phase-shift and 180◦-phase-
shift mode, respectively. The sampling rate of the Tx and
Rx SDR are set to 1 MHz. The buffer size of the Rx SDR,
the number of time samples to calculate the received signal
power, is selected as 10000.

Fig. 5 shows the measurement results of the received
signal power for the Rx SDR at 13 different locations,
which are illustrated in Fig. 4 as brown squares, when the
iterative method in Algorithm 1 is applied to obtain the RIS
configuration. For example, the green bar for the angle of 50◦
in Fig. 5 illustrates that the received signal power is around
20 dBFS at the beginning of the iterations, and it increases by
11 dB and reaches approximately 31 dBFS at the end of the
iterations. As clearly seen in Fig. 5, the RIS performances at
different distances for the same angle exhibit similar patterns
of enhancements on the received signal power. In fact, the
increase in the received signal power is around 10 dB for
the angles of 50◦ and 70◦ and approximately 12 dB for the
angles of 130◦. For the case of 110◦, the RIS can only boost
the received signal power by around 4 dB since the Rx SDR
has higher received signal power because of the symmetrical
position of the Rx with respect to the Tx.

C. USE CASE 2: PHASE ADJUSTMENT WITH GROUPING
STRATEGY
In the second set of experiments, the grouping method for
a joint phase adjustment is utilized to reduce the training
time for determining a suitable RIS configuration. Fig. 6
(b), (c), and (d) show the examples of the sub-grouped
RIS configurations when the sub-groups of two, four, and
eight elements are used, respectively. Note that the figures
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FIGURE 6. Example RIS configurations of (a) one-by-one, (b) two-by-two,
(c) four-by-four, and (d) eight-by-eight grouping.

illustrate the states of the RIS for only one polarization and
Fig. 6 (a) does not utilize the grouping strategy.
The received signal powers for the Rx angles of 70◦,

90◦, 130◦, and 145◦ at 170 cm through the iterations of
Algorithm 1, which are obtained from the grouped elements,
are shown in Fig. 7. The given plots demonstrate the impact
of grouping with two, four, and eight elements with respect
to the increasing iteration.
Fig. 7 illustrates that the groups of two and four elements

mostly perform close to the one-by-one adjustment case. For
instance, even at 90◦, the group of eight elements increases
the received signal power by around 3 dB less than the
single-element iterations. For the most of the angles, the
groups of two and four elements accomplish very close
received signal power, within a few dB, in comparison to
the one-by-one case. Thus, employing the grouping approach
would significantly reduce the time and effort required to
optimize the RIS configurations.

D. USE CASE 3: PHASE ADJUSTMENT WITH
CODEBOOK METHOD
In the final set of experiments for the single-user deployment,
the performance of the codebook method is compared
with the iterative method, where the pre-computed RIS
configurations are timely applied when the Rx SDR’s
antenna is moved to pre-determined test points. In this
approach, a codebook containing codewords of the RIS
configurations for 6 different angles at 170 cm is generated
using Algorithm 2 to be used afterward. The example
codewords of the horizontal PIN diodes on/off configurations
are shown in Fig. 8, where the purple color represents the
no-phase-shift mode of the RIS, the green color indicates the
180◦-phase-shift mode, and the yellow color corresponds to
the RIS controller, which has no reflecting elements.

FIGURE 7. The received signal power for the iterative and grouping methods, where
G= {2, 4, 8} for the grouping approach.

For the measurement experiments, the Rx SDR’s antenna
is moved along the test points at the interior regions of the
grids. Fig. 9 illustrates its path along the hallway, where
the brown squares denote the measurement locations of
the codebook method as the mobile Rx moves while the
pink circles represent the locations of the pre-computed
RIS configurations that maximize the received power. The
codebook is generated by recording these pre-computed
RIS configurations (codewords) for the corresponding purple
circles. During the movement of the Rx SDR’s antenna,
the codeword of the purple circle, which has the closest
distance to the current brown square of the receiver, is
applied to the RIS. The received signal powers are measured
for three cases: (i) the RIS is in no-phase-shift mode (RIS-
off), (ii) the offline pre-computed codewords are applied to
the RIS (Offline Codeword), and (iii) the configuration of
the online iterative method in Algorithm 1 is applied to the
RIS (Online Iterative).
Fig. 10 shows the received signal powers of the mobile

Rx at 10 different locations for three cases. Without loss
of generality, the results show that the lowest received
power results are measured when the RIS is off while
the online iterative method provides the highest results.
The RIS configured with the codewords keeps the received
signal powers above 30 dBFS for all locations. Furthermore,
the received powers of the codebook method gets closer
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FIGURE 8. The codewords of the horizontal PIN diodes on/off configurations at the
distance of 170 cm, and the angles of (a) 50◦ , (b) 70◦ , (c) 90◦ , (d) 110◦ , (e) 130◦ , and
(f) 145◦ .

FIGURE 9. The top view of the RIS-assisted transmission setup for various Rx test
and codeword locations.

FIGURE 10. The received signal power measurements when the Rx is on the move.

to the results of the online iterative configurations when
the angles of the measurement locations get closer to the
angles of the pre-computed codewords. Therefore, the RIS
using the offline codebook approach can achieve comparable
performance results, which are approximately 3 dB lower

FIGURE 11. The measurement setup of the RIS-aided PLS system for multi-user
deployment in an indoor environment.

than the real-time iterative method, without going through
many iterations of Algorithm 1. It takes approximately
1 ms to switch from one codeword to another in the
RIS [21]. Accordingly, the codebook approach becomes a
viable alternative to support time-varying channel conditions
if the mobile user’s location can be accurately predicted.

V. MULTI-USER MEASUREMENT EXPERIMENTS
In this section, we present the measurement setup and results
of RIS-assisted wireless communication for a multi-user
deployment. We consider the RIS’s passive beamforming
ability to provide PLS, where the RIS boosts the received
signal power of the intended user Rx1 while the unintended
user Rx2 is prevented from receiving the reflected beams.
The performances of the codebook-based method and the
iterative method with the joint optimization parameter are
analyzed for two measurement scenarios of mobile users of
Rx1 and Rx2 with different paths.

A. MEASUREMENT SETUP
The RIS-aided measurement setup of a multi-user wireless
communication system is shown in Fig. 11, where the
measurement experiments are conducted in an empty room
by utilizing three ADALM-PLUTO SDRs to transmit and
receive over-the-air signals, x[k]. The same RIS prototype,
which is described in the previous section, is employed along
with one Tx and two Rx SDRs through the measurement
campaigns. The Tx SDR transmits a 100 kHz single-tone
sinusoidal signal at the center frequency of 5.2 GHz. The
horn antenna of the Tx SDR is directed towards the RIS,
which illuminates the Rx1 and Rx2 SDRs with its reflected
beams. The empty room is divided into a grid according
to the angles and distances from the RIS as depicted in
Fig. 12 and Fig. 13. The Tx SDR antenna is placed on a
fixed location at 78◦ and 105 cm while the antennas of
Rx1 and Rx2 SDRs representing two mobile users move
around according to the paths in Fig. 12 and Fig. 13 during
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FIGURE 12. The top view of the RIS-assisted multi-user transmission scenario
when Rx1 and Rx2 are on the move with similar patterns.

FIGURE 13. The top view of the RIS-assisted multi-user transmission scenario
when Rx1 and Rx2 are on the move with opposite directions.

the measurement experiments. The pink circles indicate the
codeword locations of the RIS configurations, while the
brown and green squares denote the measurement locations
of Rx1 and Rx2, respectively. Note that there are two
different measurement scenarios. The aim of the first
scenario in Fig. 12 is to observe the performance of the
RIS for various distances at similar angles. The objective
of the second scenario in Fig. 13 is to inspect the RIS’s
performance for a wide range of angles and distances.
During the measurement experiments, the secrecy capacity

is calculated using (3), where the intended and unintended
users are assumed to have the same noise powers. In
order to validate this assumption, 11400 measurement
experiments are conducted using the SDRs of Rx1 and
Rx2 to record their noise powers [34]. Fig. 14 demonstrates
the noise power densities of Rx1 and Rx2, which exhibit
similar behavior. The difference of the mean values for
the noise power densities is measured around 0.228 dB.
Therefore, the accuracy of the secrecy capacity calculation
is slightly affected by this assumption, where all the phase
shift optimization methods utilizes the same expression.
During the measurement experiments, the secrecy capacity
is calculated using (3) except the max operator. Since the
unintended user’s received signal power can be higher than
the intended user’s throughout the measurement path when
the RIS is turned off, the max operator for preventing the

FIGURE 14. Noise power densities of Rx1 and Rx2 [34].

secrecy capacity from being negative is ignored in order to
demonstrate the performance improvement of the RIS even if
the unintended user is placed much closer to the transmitter.
The negative secrecy capacity values should be treated as 0.
Therefore, the formulation used through the measurements
is given in the following expression:

Cs = 0.1 log2(10)(Pi − Pu). (6)

Since the received signal powers are measured and computed
using (5) and the capacity is computed with log2, the
correction coefficient is added to the above formulation.

B. PERFORMANCE RESULTS FOR PHYSICAL LAYER
SECURITY
The efficient codebook design of the RIS’s configurations
is implemented for the RIS-aided multi-user wireless com-
munication system. The whole RIS is partitioned into two
parts, with one serving Rx1 and the other serving Rx2.
Therefore, a codebook for Rx1 containing codewords for the
configurations of the first half of the RIS at all the grid angles
of 170 cm distance is generated to boost the received signal
power of Rx1 as the intended user. Then, another codebook
containing the codewords of the other half for Rx2 in the
same locations is formed to decrease the received signal
power of Rx2 as the unintended user. Five corresponding
codewords for 38 elements of the RIS are recorded for each
location specified above since the same performance of the
codewords cannot be achieved when the codewords for Rx1
and Rx2 are combined and applied to the RIS. Therefore,
the best combination of the codewords of Rx1 and Rx2 are
selected from the five codewords of Rx1 and Rx2.
For the first scenario of the measurement experiments,

Rx1 and Rx2 move along various distances at similar angles,
whose path is given in Fig. 12, to inspect the performance
of the RIS for providing PLS in a wireless communication
system. During the movement of Rx1 and Rx2, the combined
codewords corresponding to the closest reference points are
applied to provide secure communication through the RIS-
assisted PLS system by increasing the Rx1’s received signal
power while decreasing the Rx2’s. Similar to Section IV-D,
the received signal powers of Rx1 and Rx2 are measured and
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FIGURE 15. The received signal power measurements of Rx1 (top) and Rx2
(bottom) for the first scenario of the RIS-assisted PLS system.

FIGURE 16. The secrecy capacity for the first scenario of the RIS-assisted PLS
system.

compared for the three cases, such as the RIS is in no-phase-
shift mode, the offline codewords of the recorded codebook,
and the configuration of the online iterative method, which is
optimized via Algorithm 1 on the test point. Fig. 15 shows
the change in the received signal powers of Rx1 and Rx2
at the top and bottom plots, respectively, through the seven
test points.
It can be observed from Fig. 15 that both the iterative and

codebook approaches boost the received signal of Rx1 and
decrease the received signal of Rx2. The offline codeword
method for Rx1 performs slightly better than the online
iterative method since the iterative method behaves equally
to Rx1 and Rx2 through their joint optimization; therefore,
the improvement obtained from Rx2 being pushed into the
noise floor is much higher than Rx1.
In order to evaluate the RIS’s performance under the

codebook method for the PLS problem, the secrecy capacity,
which is computed using (6), through the test location
is given in Fig. 16. As can be seen from Fig. 16, the
codebook approach improves the secrecy capacity above the
zero level for most of the locations. In addition, the online
iterative method with joint optimization for Rx1 and Rx2
performs better than the codebook approach since it can

FIGURE 17. The received signal power measurements of Rx1 (top) and Rx2
(bottom) for the second scenario of the RIS-assisted PLS system.

FIGURE 18. The secrecy capacity for the second scenario of the RIS-assisted PLS
system.

lower the Rx2’s received signal power to the noise floor.
However, the iterative method requires feedback from both
the receivers, yet the codebook method only needs the angle
information.
For the second scenario of the measurements, Rx1 and

Rx2 move along a wide range of angles and distances, whose
path is given in Fig. 13, to observe the RIS’s performance
in the RIS-aided PLS communication system. The same
measurement procedure of the previous scenario is followed
in this scenario. Fig. 17 illustrates the change of the received
signal powers of Rx1 and Rx2 at the top and bottom plots,
respectively, through the ten test points.
It can be observed from Fig. 17 that both the iterative

and codebook approaches exhibit a similar behavior for the
received signal powers of Rx1 and Rx2, where both the
iterative and codebook methods increase the Rx1’s received
signal powers and degrade the Rx2’s received signal power
as both Rx1 and Rx2 move according to their pre-defined
paths resulting in a variety of angles and distances as
depicted in Fig. 13. However, the RIS cannot provide much
improvement in the Rx1’s received signal power at the 7th
location since its received signal power is already high when
the RIS is off. In addition, the RIS is unable to reduce
the Rx2’s received signal power to the noise floor at the
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8th location since its power is already high due to the
reflected signals even when the RIS is off. Note that the
clockwise angles from the RIS for these two positions of
Rx1 at the 7th location and Rx2 at the 8th location are
very close to each other. It can be concluded that the RIS
performs poorly for the placements of these Rx1 and Rx2
locations since the reflected signals from the RIS illuminate
the corresponding clockwise angle even when the RIS
is off.
The secrecy capacity through the test location of the

second scenario is shown in Fig. 18. It can be observed
from Fig. 18 that the codebook approach keeps the secrecy
capacity above 2 bps/Hz except for the 8th location. The
secrecy capacity for the 8th location remains below zero
since the RIS is not capable of decreasing the received signal
power of Rx2 into the noise floor.

VI. CONCLUSION
In this study, the practical measurements of RIS-aided wire-
less communication systems in an indoor environment have
been conducted to enhance the signal coverage for a single-
user deployment and provide secure communication for a
multi-user deployment. We utilize the iterative, grouping,
and codebook-based methods as the practical phase shift
optimization of the RIS elements. For all experiments,
the iterative method provides performance improvement,
while the training time to find a suitable RIS configuration
using the grouping method is significantly reduced by
sacrificing only a few dBs in the received signal power.
The results indicate that the iterative algorithm provides
a practical solution for reconfiguring the RIS elements
when the channel characteristics do not rapidly change. As
the coherency time of the channel decreases, the grouping
strategy provides a suitable alternative by balancing the
trade-off between the performance and the configuration
time. In the second set of experiments, the codebook
method is applied to increase the secrecy capacity in the
PLS application for a multi-user deployment, where the
RIS is partitioned into two parts serving the intended and
unintended users. The results demonstrate that when the
number of RIS elements is high and the receivers are
mobile, the codebook approach may be the only alternative
to provide timely switching among the RIS configurations.
The performance optimization of the codebook configuration
is fairly high as it is determined through an offline process;
however, the performance degradation may occur due to
either inaccurate localization of the receivers or the lack
of the codebook configurations for all possible locations.
The results of our measurement campaigns provide these
powerful insights regarding the practical application of
RIS phase shift optimization methods for both coverage
enhancement and PLS scenarios. The future work will study
the theoretical analysis of the performance metric including
the secrecy capacity under different SNR values when the
RIS is either off or configured with various phase shift
optimization approaches.
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