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Abstract— One of the major challenges of reconfigurable intel-
ligent surfaces (RISs) is the large state-selection search space
that demands real-time programmability and fast processing.
The knowledge of incident power and relative phase distribution
across an RIS can potentially simplify the state-selection process.
Herein, we present a novel method of obtaining incident power
and relative phase distribution using energy harvesting circuits
(rectifiers) that can be integrated into the RIS. Four versions of
the energy harvesting circuit are proposed that offer great control
over the sensitivity of the system. The sensitivity of the proposed
rectifier circuit is −42 dBm for direct rectification. The inclusion
of direct current (dc) bias and radio frequency (RF) amplifiers
greatly increases the sensitivity of the rectifiers. The received
power and phase distribution across the unit dipoles of RIS are
simulated to demonstrate the potential of the proposed method.
Experiments are performed in an indoor environment at 2.1 GHz.
Experimental results show that the proposed energy harvesting
method can successfully predict the received power distribution
for angular and perpendicular incidence of the incident radio
waves.

Index Terms— 6G, energy harvesting, reconfigurable intelligent
surface (RIS), rectifier, RIS state selection.

I. INTRODUCTION

RECONFIGURABLE intelligent surfaces (RISs) are an
exciting new technology for next-generation wireless

networks. While the electromagnetic propagation channel is
generally considered to be an immutable black box, RIS
provides the ability to modify the wireless channel in a manner
that is beneficial to the overlying wireless system. The working
principle of an RIS is analogous to 2-D phased array antennas.
By selectively activating unit cells, the reflected signals (from
RIS unit cells) add up constructively to a certain direction,
enabling beam-steering capability. In an RIS, the power and
phase distribution of the reflected signals (across the surface)
are unknown to the controller. As a result, the RIS state
selection can be considered a problem of driving a 2-D phased
array without any information about the power and phase of
the input signals at the array elements. Our work aims to offer
a novel and pragmatic approach to obtaining the power and
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relative phase distribution throughout the RIS to better inform
future state-selection algorithms.

We are proposing a new method of extracting incident
power and relative phase distribution in an RIS by forming
energy harvesting rectennas using RIS elements and rectifier
circuits. Rectennas are simple and passive circuits consisting
of a radio frequency (RF) matching network and a rectifier
block with diodes, capacitors, and resistors in general. The
incorporation of energy harvesting components/rectifiers in
RIS is a relatively new and unexplored research domain.
Clerckx et al. [1] proposed the use of rectennas with RIS for
wireless information and power transfer applications.

We propose the combination of preselected RIS unit cells
with RF–direct current (dc) conversion circuits to form recten-
nas for the estimation of incident power and relative phase
distribution. We have developed four versions of the rectifier
circuit, offering strong control of the spatial operating range
and complexity of the circuit. The radiated power level of
many mobile and IoT devices are low due to energy con-
straints and external restrictions. As a result, the power of
the radio wave eventually reaching the RIS can be insufficient
for some rectifier circuits. Thus, we propose dc bias (or dc
insertion alongside RF into the rectifier circuit) to activate the
rectifier circuit with low RF power levels. This results in a
reduction of the input power threshold and enhancement in
the sensitivity of the rectifier. To our knowledge, we are the
first to propose this type of prebias option in energy harvesting
rectifiers. Additionally, the availability of surface-mount and
compact RF amplifiers makes them suitable for insertion into
the RF–dc conversion circuits. The combination of dc bias and
RF amplifier further increases the rectifier sensitivity.

RISs are mostly passive. As a result, it is difficult to acquire
channel state information (CSI) from the RIS. Although rapid
state selection is a fundamental requirement for the effective
deployment of RIS, it is still a challenging and lengthy process.
Optimization [2], machine learning (ML), and digital twin-
ing [3] have been proposed for RIS state selection. However,
they require significant computational effort and environment-
specific training. To realize the full benefit of RIS, it is impor-
tant to have knowledge of the power and phase distribution of
incident radio waves across the RIS. Although this information
can be collected by deploying radios across the RIS [4], the
overall system will be complicated and expensive, requiring
synchronization and control. Our proposed method is flexible
and inexpensive. The harvested energy map (or received power
distribution) is readily available to the RIS controller which
can be used for state selection based on the requirements.
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To the best of our knowledge, we are the first to propose
the integration of energy harvesting circuits with RIS in order
to sense incident power distribution and predict relative phase
distribution.

II. RELATED WORK

Although RIS research on the realization of hardware
platforms for wireless communications is still in its infancy,
a few relevant research works in the open literature can be
found. For example, Arun and Balakrishnan [2] propose
RFocus that behaves, conceptually, as a programmable
“mirror” and as a programmable “lens”. The RFocus
prototype comprises 3720 passive reflecting elements of size
λ/4 × λ/10 arranged on a 6 m2 surface, where λ denotes
the wavelength. The elements are connected columnwise by
voltage-controlled RF switches, which can be in one of two
states (“ON” or “OFF” state) to determine whether or not two
adjacent elements are connected to form a half dipole antenna.
Kashyap et al. [5] use a randomized delay phase along with
the antenna and the switch as a unit cell to implement a 1-bit
30 × 30 randomized RIS aimed at 222.5 GHz within the
THz band. In the design, the delays are implemented using
microstrip lines. Kamoda et al. [6] propose a microstrip patch
element with a single-bit phase shifter to design a 60 × 60
RIS at 60 GHz. A p-i-n diode is used to make the phase
shifters electronically controllable. Tan et al. [7] loaded a
microstrip patch with an electronically controlled relay switch
to prototype a 60 GHz RIS board. The patch turns on and
becomes a resonant reflector when the switch is open to isolate
it from the ground plane. Conversely, when the switch is
closed, the patch is shorted by the ground plane and transitions
to the “OFF”-state that has the minimum reflection. In [8],
[9], and [10], the authors propose RIS prototypes based on
metasurface or metamaterial unit cells. Each unit cell includes
a varactor or p-i-n diode on the top layer controlled by the
external bias voltage through the dc biasing lines located
on the bottom layer. The middle layer contains the ground
plane structure to enhance the reflection of the impinging
waves on the RIS. The vias are thus utilized to connect the
middle-layer ground plane to the top-layer metal units.

This article proposes a new technique for EM design of
RIS that leverages power-harvesting rectifier circuits sparsely
distributed throughout the surface in addition to controllable
reflectors such as those found in previous RIS designs. This
design approach enables sensing capabilities that limit the
state-selection search space by learning the incident power and
phase of signals impinging on different parts of the surface
to help determine the unit cells that would have the most
impact on the metrics being optimized by the overlying RIS
controller. Furthermore, the proposed RIS not only function,
conceptually, as a “mirror” to reflect the impinging signals but
also function as a programmable “lens” when the communi-
cating nodes are on the opposite sides of the surface. Thus,
our proposed RIS design does not require any ground plane,
unlike many RIS prototypes in the literature, and each unit
cell contains a voltage-controlled RF switch which allows for
microwave transparency in the “OFF” state.

The operation of the RIS generally has two phases:
1) control and programming phase (to configure the RIS
based on channel information) and 2) normal operation phase

(when RIS has already been configured and ready to assist
the transmission). Similar to the aforementioned prototypes,
the RIS configuration optimization in the control and pro-
gramming phase for application to wireless communications
has vastly relied on analytics-based solutions (i.e., information
theory, mathematical models, signal processing, and optimiza-
tion algorithms). Although very successful, the traditional
analytics-based approach to optimally configuring a very large
array of RIS elements remains a challenge given the nearly
passive nature of the RIS (i.e., passively reflecting the inci-
dent waves) and the increased complexity of communication
networks.

Due to recent advances in ML technology, especially in deep
learning (DL), some researchers have combined model-based
and data-driven approaches to overcome the inherent limita-
tions. Huang et al. [12] present a deep neural network (DNN)
model that utilizes the sampled channel knowledge from active
RIS elements as input to train the proposed DNN model offline
to predict the optimal reflection beamforming matrix of the
RIS in a supervised learning setting. Liaskos et al. [13] pro-
pose a neural-network-based method to configure the behavior
of active RIS elements. The wireless channel is modeled as a
custom, interpretable, back-propagating neural network, where
the RIS elements act as nodes and their cross-interactions as
links. Thus, the neural network learns how to configure the
RISs to improve communication performance once the training
phase is complete.

Although ML and artificial intelligence (AI) may constitute
efficient methods for optimally configuring the most appro-
priate operation of the RIS in the state-selection process, the
training models in “big” data ML are both computationally
and memory intensive. On the other hand, equipping the
RIS surface with rectifiers as proposed in this article to
support the RIS state-selection process automatically reduces
the computational burden by limiting the search space based
on the knowledge of the power and phase of impinging waves.

III. RIS SIMULATION

A. RIS Design

The RIS design (Fig. 1) is inspired by RFocus [2]. We sim-
ulate and fabricate an 8 × 11 RIS (Fig. 1). Each rectangular
tile measures 21 × 8.4 mm. The tile length is approximately
λϵ /4, where λϵ is the effective wavelength due to the dielectric
polyethylene substrate (relative permittivity, ϵ = 2.25 in
HFSS). Two adjacent RIS tiles form a dipole when they are
connected (columnwise) by an RF switch. When all the RF
switches are turned off, the RIS allows RF wave propagation
and blocks when the switches are turned on. Selective activa-
tion of the RF switches converts the RIS structure into a phased
array antenna where the input signal on each array element
is the reflected signal. We place a lumped port between the
fourth and fifth rows on the seventh column (Fig. 1). Each unit
dipole is resonant at 2.1 GHz (Fig. 2). Fig. 3 shows the 2-D
radiation pattern of a unit dipole around the yz plane (azimuth
in the experimental area). While a dipole in free space shows
an omnidirectional radiation pattern, the RIS dipole pattern is
heavily influenced by the parasitic presence of other unit cells
around it.
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Fig. 1. HFSS simulation model of the RIS.

Fig. 2. S11 versus frequency plot of the rectifier prototypes and the RIS unit
cell dipole.

B. Angular Incidence Simulation

1) One-Dimensional Arrangement: We simulated
(2.1 GHz) an RIS with 158 columns of unit cells along
the x-axis (Fig. 4) in MATLAB. The unit cell orientation and
arrangement are identical to the RIS in Fig. 1. A transmitter
(Tx) is 3 m away from the first receiver (Rx1) along the
negative x-direction. We assumed that each receiver element
(Rx1, Rx2, Rx3, . . . , Rx158) demonstrates the 2-D radiation
pattern of the RIS unit cell shown in Fig. 3. We observe
the presence of two nulls (low gain zones) in the radiation
pattern on both sides of the RIS. Although an ideal dipole
would have an omnidirectional radiation pattern around its
axis, the surrounding unit cells distort the radiation pattern of
the unit dipoles in RIS.

The power received by a receiver unit is calculated using
the path loss equation

Prx = Pin + G tx(θ) + Grx(θ) + 20 log10

( λ

4πr

)
(1)

r =

√
(3 + x)2 + z2 (2)

Fig. 3. Radiation pattern of the RIS unit cell. The standalone omnidirectional
pattern becomes distorted when the unit dipole is within an RIS.

Fig. 4. Simulation setup of power received by RIS units. x (m) is the distance
of a unit cell from the first cell (Rx1), and δ (◦) is the incidence angle.

Fig. 5. Received power versus x plot. Prx reduces with increasing x .

where Prx, Pin, G tx, Grx, λ, θ , and r indicate received power
(dBm), input power (18 dBm), transmitter gain (8 dBi),
receiver gain (dBi), wavelength (0.143 m at 2.1 GHz), angle
of incidence, and the distance between the transmitter and the
receiver (m), respectively. The power received by each element
is shown in Fig. 5 for varying levels of normal distance (z)
between the Tx and the RIS. The angle of incidence of the
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Fig. 6. Slope of the received power versus x and incident angle versus
x curves.

Fig. 7. Phase variation (normalized and wrapped) along the RIS unit cells
when the distance between the transmitter and the RIS is (a) 2 m, (b) 5 m,
and (c) 10 m.

transmitted radio wave changes with z. For a wide range of
z values, we observe that there is always a gradient in the
received power. In other words, the received power is high for
unit cells closer to the Tx and low for distant cells. The slope
of the received power versus x curve is plotted in Fig. 6. It is
evident that the power distribution along the RIS is a function
of the distance between the transmitter and the RIS. Fig. 7
shows the received signal phase variation for the receiver units.

2) Two-Dimensional Arrangement: We also simulated a
2-D RIS with eight rows and 158 columns (Fig. 9) in Wireless
Insite [14]. Similar to the 1-D arrangement, the received power

diminishes along the x-direction as the separation between
the Tx and the unit dipoles increases (Fig. 10). The phase of
the received signal demonstrates a periodic pattern along the
x-axis (Fig. 11).

Prior knowledge of the received power phase distribution
along the RIS unit cells can greatly benefit the state-selection
procedure of RIS. The phase distribution is dependent on the
direction of arrival (DoA) of the transmitter signal. Therefore,
the fundamental proposition of our work is established. Later,
we will show how the received RF power is converted to dc
using different approaches through experimentation. Fig. 8
shows the block diagram for predicting the relative phase
distribution across an RIS.

IV. EXPERIMENTAL SETUP

A. Rectifier Design
The rectifier (Fig. 12) is fabricated on a 1.6-mm-thick FR4

substrate. A 50 � subminiature version A (SMA) connector
connects the rectifier with the receiver antenna. The incoming
RF signal passes through a matching network consisting of
a series capacitor (C2 = 100 pF) and a parallel inductor
(L2 = 2.2 nH). A Schottky diode (D, model: MA4E20541-
1141T) in series converts the RF signal to dc. The rectified
dc power is stored in the load capacitor (C L ) that is charged
during the positive cycle and feeds the load resistor (RL )
during the negative cycle. An additional capacitor C3 sits
between C2 and the Schottky diode D. A variable dc voltage
source Vdc is placed across C3. Two 220 nH inductors are used
as RF chokes for blocking the RF signal from traveling into
the dc circuit. The dc ground is connected to the RF ground
through L1. C2 and C3 block any dc component from flowing
toward the RF source (or the receiver antenna). Fig. 2 shows
the reflection coefficient (S11) of the rectifier as a function of
frequency. The rectifier is resonant at 2.1 GHz. Fig. 13 shows
the rectifier output voltage versus input power (at the rectifier
port) plot. The intrinsic sensitivity of the rectifier is −42 dBm.
In other words, the rectifier can detect radio waves stronger
than −42 dBm.

Due to the nonlinear nature of diodes, the rectifier also
demonstrates nonlinearity in Fig. 13. For a given rectifier–RIS
combination, the input RF power can be obtained from a
lookup table (Fig. 13) saved in the controller unit. Fig. 14
shows the fabricated prototype of the RIS along with the
rectifier. A coaxial cable (with SMA connectors) connects the
unit dipole and the rectifier.

B. RF Energy Harvesting
The effectiveness of the proposed system is strongly depen-

dent on the sensitivity of the energy harvesting circuit (recti-
fier). We propose four methods (Fig. 15) of received power
rectification.

1) Direct Rectification: The power received by the RIS unit
pair dipole is directly fed to the rectifier circuit and converted
to dc. While this is the simplest approach, the sensitivity of
the system is low and the effective range is the lowest of the
considered techniques.

2) Rectification With DC Bias: The power required to
activate the Schottky diode is the limiting factor in the RF–dc
conversion. If the input RF power level is insufficient for
diode activation, it is possible to bias the diode by inserting
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Fig. 8. Flowchart for predicting relative phase distribution.

Fig. 9. Simulation setup of the 2-D RIS with a dipole transmitter.

Fig. 10. Received power in a 2-D RIS (8 × 158).

a small amount of dc voltage (12.7 mV in our experiment) in
the rectifier circuit. The effective range is higher than direct
rectification. For identical reception scenarios, the rectifier
output level will be higher with dc bias compared to direct

Fig. 11. Phase distribution in a 2-D RIS (8 × 158).

Fig. 12. (a) PCB prototype and (b) circuit representation of the rectifier.

rectification, reducing the burden on the sensitivity of the
controller (typically microcontrollers).

3) Rectification With RF Amplifier: The sensitivity of the
system can also be enhanced by introducing an RF amplifier
in between the RIS unit cell diode and the rectifier. The
availability of RF amplifiers in subminiature packages makes
it a practical solution for extending the range of the proposed
system. We used a 15 dB RF amplifier for our experiments.

4) Rectification With RF Amplifier and DC Bias: The
simultaneous inclusion of RF amplifiers and dc bias provides a
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Fig. 13. Harvested dc output voltage versus input power plot.

Fig. 14. Fabricated RIS prototype.

maximum boost to the system’s sensitivity. This arrangement
provides the maximum effective range and the highest output
voltage levels.

C. Experimental Setup
Figs. 16 and 17 show the experimental setup in a large

indoor environment. A 2.1-GHz double-ridge horn antenna
with a maximum gain of 8 dBi was used as the transmitter.
The separation between the Tx and Rx was chosen to ensure
that both antennas are in each other’s far-field. The far-field
distance of the transmitter (horn) antenna is greater than
0.33 m at 2.1 GHz. The minimum distance between the Tx
and Rx (Tx2 and Rx1 pair) is larger than the far-field distance
of the larger antenna (transmitter horn). Since most radio
antennas in real life are omnidirectional, we always focused
the transmitter horn toward the RIS (Rx). In other words, the
transmitter was effectively an 8 dBi omnidirectional radiator.

An SMA connector connecting two unit cells form a diode
that was used as the receiver. Both the transmitter and the
receiver were used in vertical polarization, 1.2 m from the

Fig. 15. Four proposed circuit arrangements. (a) Direct rectification.
(b) Rectification with dc bias. (c) Amplification of the received signal using
an RF amplifier. (d) Joint use of RF amplifier and dc bias.

Fig. 16. Experimental setup.

ground. The transmitter was placed in two different posi-
tions (Tx1 and Tx2), and the receiver was placed in three
positions (Rx1, Rx2, and Rx3). An RF signal generator fed
the transmitter with a constant 18 dBm power (continuous
wave). The receiver (RIS unit cell diode) was connected to
the rectifier through a coaxial cable. For each Tx–Rx pair, the
received power was measured using a spectrum analyzer, and
the rectified voltage level (at the rectifier output) was measured
with a multimeter.

We conducted two rounds of experiments: 1) angular inci-
dence: when the radio wave is incident at an acute angle with
the center of the RIS and 2) normal incidence: when the radio
wave is incident perpendicularly on the center of the RIS.

V. RESULTS AND DISCUSSION

A. Energy Harvesting From RIS
Fig. 18 shows the rectified (harvested) voltage from the

angular incidence of the radio waves on the RIS. The direct
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Fig. 17. (a) Angular incidence and (b) normal incidence of the radio wave.

rectification method yields minimum dc output. With the
insertion of 12.7 mV dc bias voltage, the output voltage level is
improved significantly (more than 12.7 mV). The improvement
in dc output [Fig. 18(a)] with a small bias voltage is not
uniform at the receiver positions due the nonlinearity of the
Schottky diode. In other words, since the IV (current–voltage)
curve of the Schottky diode is nonlinear, the current through
the diode will depend on the input voltage. As a result, the
current through the load varies with the input power level,
resulting in different levels of improvement in the rectified
voltage (based on receiver locations). The elevated output
power level increases the range of the system and relaxes the
restrictions (for scenarios identical to direct rectification) on
the sensitivity of the dc detector on the controller side.

The RF amplifier (15 dB) improves the rectified voltage
level more than ten times. The RF amplifier enhances the
range of the proposed system by increasing the sensitivity. The
RF amplifier and dc bias combination produce the maximum
output. It is also clear that the dc insertion creates uneven
improvement [Fig. 18(b)] in rectified voltage that is also seen
in Fig. 18(a).

B. Power and Relative Phase Distribution
We are able to predict the power levels and the pattern of the

power distribution (at the receiver locations) for both angular
and normal incidences (Fig. 19). The rectified voltage outputs
are mapped (predicted) into output power using Fig. 13.
The RIS comprises of thousands of switchable unit dipoles.
It would be infeasible to accommodate energy harvesting units
for each unit. However, it would be possible to predict the
overall power and relative phase distribution around the RIS by

Fig. 18. Harvested DC output for angular incidence using (a) direct
rectification, rectification with DC bias, (b) RF amplifier, and RF amplifier
with DC bias.

placing a limited number of energy harvesting units. The steps
for predicting the relative phase distribution are explained as
follows.

1) First, a radio wave hits the RIS.
2) The energy harvesting rectifiers distributed across the

RIS convert the RF signal into dc.
3) The dc output of a rectifier is a function of the incident

RF power level (Fig. 13). As a result, the dc voltage
distribution can be converted to incident RF power (PRF)
distribution.

4) The slope is calculated at every point of the RF power
distribution curve. Each Angle of Arrival (AoA, θ ) leads
to a unique slope distribution (1PRF/1x) across the
RIS.

5) The slope distribution is then compared with stored slope
data for varying AoAs.

6) The AoA associated with a slope distribution matches
our calculated slope distribution. The AoA is accepted.
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Fig. 19. Simulated and predicted (from Vout) received power by the RIS.

Fig. 20. Comparison between predicted and measured relative phase
(normalized and unwrapped) distribution for (a) angular and (b) normal
incidence.

7) The relative phase distribution is predicted based on
the AoA. The incident wave travels varying distances
to reach the RIS unit cells. Therefore, the incident
wave hits different unit cells at different phases. If we
calculate phase from the nearest peripheral unit cell
(φ1 = 0 rad) from the transmitter side (cell-1 in this
case), the additional path difference for the next elements

can be calculated from the AoA. If θ is the AoA and the
radio wave travels an additional di distance to reach the
i th unit cell (xi distance from cell-1) (Fig. 8), di = xi
cos(θ). The relative phase (φi) of the incident RF wave
at the i th element is

φi = −
2π

λ
di = −

2π

λ
xicos(θ). (3)

In other words, we can predict the relative phase
distribution throughout the RIS. The overall rela-
tive phase distribution across the RIS would be
−(2π/λ)

(
x1, x2, x3, . . . , xn

)
cosθ , where n is the number

of columns in the RIS.
Fig. 20 shows a comparison between the simulated and

predicted relative phase distribution for angular and normal
incidence (depicted in Fig. 17). In both cases, the phase
distributions are normalized and unwrapped.

C. RIS State Selection
The proposed system can facilitate the existing RIS state-

selection algorithms. A rectifier-assisted RIS state-selection
algorithm can be developed using the following steps.

1) First, the radio signal is incident on the RIS.
2) Sparsely distributed rectifier circuits convert the incident

radio energy into dc voltage (Vout) using any of the four
proposed methods.

3) The RIS switch controller obtains the distribution of
Vout. A Vout to Pout chart (similar to Fig. 13) is used to
convert the dc voltage distribution to received RF power
distribution.

4) At this step, the RIS unit dipoles are considered the
elements of a 2-D array of antennas. The input power
of each array element would be known by subtracting
the Ohmic and dielectric loss in the antenna (can be con-
sidered uniform for all elements, except for peripheral
elements) from the Pout values.

5) The RIS controller decides the switching combination
to steer the reflected beam to the desired direction. The
RIS state-selection problem is thus converted to a much
simpler and more deterministic phased array switching
problem.

Simulated and practical power and phase relations will
not match accurately due to the dynamic nature of prac-
tical channels and the limitation of simulation. Therefore,
a learning-based algorithm can be developed for the state-
selection problem. Channel emulation [15] and transfer learn-
ing [16] can also be advantageous for a rapid state selection
and a seamless integration of the RIS to the network.

The presence of multipath components will impact the
power distribution in the RIS. Nevertheless, the energy har-
vesting circuit will still be able to detect the power distribution
throughout the surface. In our experiment, we only considered
one RIS, whereas, in a practical scenario, multiple RISs will
work in conjunction. It has been shown that the multipath
fading effect can be eliminated when all reflectors in the
environment are coated with RIS [17], [18], [19].

VI. CONCLUSION

We established and demonstrated the applicability of energy
harvesting rectifiers for estimating incident power and rela-
tive phase mapping across RISs. The proposed method can

Authorized licensed use limited to: Drexel University. Downloaded on September 27,2023 at 01:52:20 UTC from IEEE Xplore.  Restrictions apply. 



TAJIN et al.: INCIDENT POWER AND RELATIVE PHASE DISTRIBUTION MAPPING IN RISS 6119

potentially simplify and speed up the state-selection process
for RIS. Using a combination of simulation and experimen-
tation, we showed that the received power and relative phase
distribution across an RIS can be predicted from the harvested
energy levels. One of the limitations of the proposed method
is the presence of nulls in the radiation pattern of the unit
dipoles in the RIS. However, it is possible to acknowledge the
impact of the null by incorporating ML algorithms. We have
demonstrated incident power mapping in 1-D and 2-D RISs.
In the future, we will demonstrate the implementation of the
proposed technique in state-selection algorithms.
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