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Abstract—Reconfigurable intelligent surfaces (RISs) are antic-
ipated to transform wireless communication in a way that is both
economical and energy efficient. Revealing the practical power
consumption characteristics of RISs can provide an essential
toolkit for the optimal design of RIS-assisted wireless commu-
nication systems and energy efficiency performance evaluation.
Based on our previous work that modeled the dynamic power
consumption of RISs, we henceforth concentrate more on static
power consumption. We first divide the RIS hardware into
three basic parts: the FPGA control board, the drive circuits,
and the RIS unit cells. The first two parts are mainly to be
investigated and the last part has been modeled as the dynamic
power consumption in the previous work. In this work, the
power consumption of the FPGA control board is regarded
as a constant value, however, that of the drive circuit is a
variant that is affected by the number of control signals and
its self-power consumption characteristics. Therefore, we model
the power consumption of the drive circuits of various kinds
of RISs, i.e., PIN diode-/Varactor diode-/RF switch-based RIS.
Finally, the measurement results and typical value of static power
consumption are illustrated and discussed.

Index Terms—Measurement, reconfigurable intelligent surface,
static power consumption.

I. INTRODUCTION

FUTURE wireless networks must contend with extremely
complex networks, expensive hardware, and increasing

energy consumption as the demands for wireless network
capacity grow rapidly. In recent years, both the wireless
research community and industry have paid close attention
to the development of RISs, which can flexibly manipulate
the electromagnetic properties of radio waves. Typically, a
RIS is a 2D planar architecture that is made up of a large
number of meticulously designed electromagnetic unit cells.
The electromagnetic properties of these unit cells can be
dynamically controlled by applying control signals, which
create electromagnetic fields with controllable phase, ampli-
tude, polarization, and frequency [1], [2]. Therefore, a RIS
is introduced to enable the wireless propagation environment
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to change from passive adaptation to active control, thereby
creating a smart radio environment [3].

When there not exists a direct link between the user
equipment (UE) and the base station (BS), the RIS can be
deployed to provide virtual line-of-sight (vLoS) links for
signal transmission. The impinging signal is reflected by the
RIS, and RIS performs 3D beamforming to improve the
received signal quality by controlling the reflection phase
shift of each RIS unit cell, which is expected to increase the
wireless communication system’s transmission rate, coverage,
and energy efficiency. System performance enhancement can
be achieved through joint active beamforming at the BS and
passive beamforming at the RIS [4]–[8]. Moreover, the RIS
prototyping system experimental validation and field trails
were illustrated in [9]–[11]. These results are expected to pave
the way for RIS deployments and practical use in the future.

The power consumption characteristic of RIS is also an
essential topic. Revealing the practical power consumption
characteristics of RISs can provide an essential toolkit for
the optimal design of RIS-assisted wireless communication
systems and energy efficiency performance evaluation. The
authors in [6] and [12] developed power consumption models
of RIS-assisted wireless communication systems which are
mainly used for solving the energy efficiency optimization
problems of RISs. However, the static power consumption
of the FPGA control board and the drive circuit was not
considered in [6], while the power consumption model of
RIS was not illustrated in depth in [12]. The authors in
[9] presented some initial measurement results on the RIS
power consumption, which demonstrate that various RIS types
have various power consumption characteristics. In [13], the
power consumption of fabricated varactor-diode-based RIS
was demonstrated. Nevertheless, the power consumption was
not modeled and discussed thoroughly in [9], [13]. Against this
background, we presented a precise RIS power consumption
model. In [14], a quantitative relationship between the dynamic
power consumption of the PIN-diode-based RIS and the polar-
ization mode, controllable bit resolution, and working status
of RIS was proposed, while the dynamic power consumption
of the varactor-diode-based RIS was described to be almost
negligible. Both conclusions were validated by practical exper-
imental results. However, static power consumption is regarded
as a constant part that is simply measured via power metering
sockets, which should be analyzed more accurately.

Therefore, in this work, we complement the modeling of
the static power consumption of RISs. Firstly, we divide the
RIS hardware into three basic parts: the FPGA control board,
the drive circuit, and the RIS unit cells. The first two parts are890ISBN: 978-9-4645-9360-0 EUSIPCO 2023
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Fig. 1: General RIS hardware design structure can be simply
divided into three parts: the FPGA control board, the drive
circuit, and RIS unit cells.

mainly investigated in the following and the last part has been
modeled as the dynamic power consumption in the previous
work [14]. Particularly, the power consumption model of the
drive circuits is proposed, which is affected by the number of
control signals and its self-power consumption characteristics.
Finally, various of fabricated RISs, i.e., PIN diode-/varactor
diode-/RF switch-based RIS are introduced to illustrate the
practical measurement results.

II. STATIC POWER CONSUMPTION MODELING

RISs rely on adjustable electronic components, i.e., PIN
diodes, varactor diodes, and RF switches to change the states
of the RIS unit cells and perform 3D beamforming to refocus
the energy from the incident RF signal to a specified direction.
An external controller is required to be embedded in the RIS
for programming, configuration, and digital control. As shown
in Fig.1, general RIS hardware designs can be divided into
three parts: the FPGA control board, the drive circuits, and
RIS unit cells.

Firstly, the FPGA control board is a programmable array
of logic gates, which is not only used for providing clock
signals but also for data processing, i.e., generating the cor-
responding RIS beamforming coding sequence configuration
according to the preset algorithm based on the feedback data
information. Secondly, the drive circuits are used to drive the
adjustable electronic components. They are usually integrated
circuits for generating variable current/voltage according to the
control signals from the master FPGA control board. Then,
these adjustable electronic components are driven to achieve
different coding states. At last, the RIS unit cells are artificial
electromagnetic structures that are composed of substrates,
metallic vias, metal patches, and adjustable electronic com-
ponents. They are regularly arranged on a 2D surface and
generate different 3D beamforming patterns according to the
combination of different coding sequences.

Overall, the total power consumption dissipated to operate
the RIS consists of two parts, one is the static power consump-
tion generated by the FPGA control board and drive circuits,
and the other is the dynamic power consumption generated
by the RIS unit cells. Therefore, the total power consumption
modeling of RIS can be expressed as follows:

PRIS = Pstatic + Pdynamic, (1)

where Pstatic is the static power consumption and Pdynamic is
the dynamic power consumption. In [14], Pdynamic has been
precisely modeled. More specifically, for a PIN-diode-based
RIS, Pdynamic is related to the number of RIS unit cells, the
polarization mode, bit resolution, and the coding state of RIS
unit cells. For the varactor-diode-based RIS, Pdynamic is almost
zero, since the current in the varactor can be negligible when
it works, even though the RIS unit cells are large in number.
However, Pstatic has not been thoroughly investigated in [14].
According to whether the power consuming is affected by
the number of control signals, the static power consumption
dissipated to operate the RIS is the superposition of two
parts, one is the power consumption of the FPGA control
board Pcontrol board, and the other is the power consumption of
drive circuits Ptotal drive circuits . The static power consumption
modeling of RIS can be expressed as follows:

Pstatic = Pcontrol board + Ptotal drive circuits. (2)

Generally, an FPGA selected as the master control board
needs to have enough arithmetic power to cover all data
processing, thus Pcontrol board can be regarded as a constant
value. However, Ptotal drive circuits is variable that is related to
the types of adjustable electronic components, the number of
control signals, and self-power consumption characteristics.

• Ptotal drive circuits is related to the types of adjustable
electronic components since different components utilize
different types of drive circuits. For example, PIN-diode-
based RIS unit cells can be driven by shift registers;
varactor-diode-based RIS unit cells can be driven by
digital-to-analog converters (DACs) and operational am-
plifiers (op-amps), PWM signals + level regulator [13],
or CMOS logic circuits; RF switch-based RIS unit cells
can be driven by FPGAs and shift registers.

• Ptotal drive circuits is related to the number of control signals.
Specifically, it is related to the number of adjustable
electronic components Nc and the control Degree-Of-
Freedom (DoF) of RIS (i.e., unit cell control, row control,
column control, and sub-array control). RIS unit cells
divided into the same group can use the same control
signals, and Ng is denoted as the number of RIS unit
cells that are in the same group with the same control
signal.

• Total drive circuits are composed of multiple individual
drive circuits. Therefore, Ptotal drive circuits is related to the
self-power consumption characteristics of the individual
drive circuit. Ns is denoted as the number of control
signals generated by each drive circuit and Pdrive circuit
is denoted as the rated power consumption of a single
drive circuit.

Based on the above, Ptotal drive circuits can be expanded as
follows:

Ptotal drive circuits = Ndrive circuit · Pdrive circuit

=

⌈
Nc

Ng ·Ns

⌉
· Pdrive circuit ,

(3)

where ⌈·⌉ is the round-up symbol, Nc is the number of
required adjustable electronic components, Ng is the number891



Pstatic =


Pcontrol board +

⌈∑N
i=1 Bi

Ng·Ns

⌉
· Pdrive circuit , PIN-diode/ RF switch-based RIS

Pcontrol board +
⌈

N
Ng·Ns

⌉
· Pdrive circuit , varactor-diode-based RIS

(4)

of RIS unit cells that are in the same group with the same
control signal, and Ns is the number of control signals
generated by a single drive circuit. For PIN-diode-based RIS,
Nc can be expressed by

Nc =

N∑
i=1

Bi, (5)

where N is the number of RIS unit cells. Specifically, each
PIN diode requires an input control signal to switch between
1 bit-binary state. Thus, Bi control signals are required for
the i-th unit cell with Bi bits. For varactor-diode-based RIS,
a single varactor can be coded to different states by applying
different magnitudes of reverse bias voltage to it, thus Nc =
N . For RF switch-based RIS, the i-th RF switch requires Bi

control signals for Bi-bit coding states. Therefore, Nc is the
same as PIN-diode-based RISs in (5). In conclusion, Pstatic is
summarized as (4) at the top of this page. Equations (1), (4)
in this work, and equation (2) in [14] form the full RIS power
consumption modeling together.

III. PRACTICAL STATIC POWER CONSUMPTION ANALYSIS

In the following section, we provide a detailed description
and measurement results of the static power consumption
of practical RISs. Overall, the FPGA control board is like
the “brain” of the RIS, which needs to generate the coding
sequences for regulating the RIS. A flow diagram for realizing
a RIS triggered by the FPGA hardware is presented in Figure
7i in [1]. In the measured PIN-diode-based RIS and RF switch-
based RIS, the FPGA XC7K70T is embedded as the master
FPGA control board. With a working voltage of 24 V, its
current is measured as 0.2 A. Therefore, Pcontrol board = 4.8
W. Some other FPGAs, i.e., Xilinx ZYNQ7100 are workable
for simple RIS prototypes, which consume only 1.5 W like
the RIS prototype in [13].

A. PIN-diode-based RIS

The RIS utilized for the first measurement belongs to the
family of PIN-diode-based RIS, which is phase-programmable
with 1-bit coding, as shown in Fig. 2. It can control the
phase shift of reflected EM waves at the operating frequency
f = 3.5 GHz by unit cell independently. Four 8× 8 sub-RISs
form a complete 16 × 16 RIS. The PIN-diode drive circuits
are essential since they affect the speed of the PIN diodes
switching between “on/off” (coding states). By applying PIN-
diode drive circuits, control signals from the FPGA master
control board can be changed into output signals with current-
driven capability. In the measured PIN-diode-based RIS, the
SN74LV595A 8-bit shift registers are applied as drive circuits,
as shown in Fig. 3.

PIN diode

8bit Shift Registers

Metal Patch

(a)

(b)

8bit Shift Register 

Fig. 2: Photograph of the fabricated PIN-diode-based RIS. (a)
A complete 16× 16 RIS. (b) An 8× 8 sub-RIS structure.

FPGA 
Control Board

8bit Shift 
Registers

PIN-diode
RIS unit cells

Static 

Power Consumption

Dynamic 

Power Consumption

Fig. 3: The fabricated PIN-diode-based RIS hardware design
structure.

Specifically, an 8-bit shift register is embedded for 8 RIS
unit cells on a column in an 8×8 sub-RIS. Therefore, 8×4 =
32 shift registers are required in the complete 16 × 16 RIS.
When 8-bit shift registers are working at the voltage Vcc = 3.3
V, the current we measured is Icc = 20 µA, thus, Pdrive circuit =
0.066 mW. The key parameters of this RIS in the model are
Pcontrol board = 4.8 W, Nc = 256, Ng = 1, Ns = 8, therefore
Ndrive circuit = 32, and Ptotal drive circuits = 32 × Pdrive circuit =
2.112 mW. As illustrated in the measurement results, it can
be seen that applying shift registers as drive circuits is an
energy-efficient solution, ensuring that Ptotal drive circuits is about
mW-level for hundreds/thousands of unit cells.

B. Varactor-diode-based RIS

The RIS utilized for the second measurement belongs to
the family of varactor-diode-based RIS, as shown in Fig. 4(a).892
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Fig. 4: Photograph of the fabricated varactor-diode-based RIS.
(a) A complete RIS and its unit cell structure. (b) Practical
measurement and a typical example of 8 coding states of the
RIS.

It is operated at f = 3.2 GHz by column control [15]. The
RIS is composed of N = 8 columns with M = 16 RIS unit
cells in each column. The varactor diodes are embedded to
bridge the metal patches and operated as an adjustable device
and are operated under reverse bias voltages. The typical 8
coding states corresponding to the bias voltages applied on
the varactors are illustrated in Fig. 4(b). Varactor-diode-based
RIS unit cells can be driven by DAC + op-amp, PWM signals
+ level regulator, or CMOS logic circuits. In the measured
varactor-diode-based RIS, the DAC and op-amp are applied,
as shown in Fig. 5. DACs take digital inputs and generate
analog outputs that provide bias voltages of varactor diodes.
However, the bias voltage generated by the common DAC
is usually low and can not achieve a high one like -20 V in
Fig. 4(b). Therefore, the op-amp is necessary for the operation
amplification function. Moreover, the DAC3484 is applied as
a DAC, and the AD8021 low-noise, high-speed amplifier is
applied as an op-amp.

In our measurement, 2 columns of RIS unit cells are in
the same group with the same control signal, thus Ng =
16 × 2 = 32. Specifically, DAC3484 consumes about 250
mW for generating one signal. When the AD8021 works
at the voltage Vcc = ±12 V, the current we measured is
7.5 mA, so the power consumption of the AD8021 is 180
mW. Thus, Pdrive circuit = 250 + 180 = 430 mW. The
key parameters of this RIS in the model are Nc = 128,
Ng = 32, and Ns = 1, therefore Ndrive circuit = 4, and
Ptotal drive circuits = 4× Pdrive circuit = 1720 mW.

C. RF Switch-based RIS

Common solutions implement PIN-diode-based RISs with a
finite-bit resolution phase shift and implement varactor-diode-
based RISs with both discrete and continuous control of the
phase shift. Recently, RF switch-based RISs have emerged
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Fig. 5: The fabricated varactor-diode-based RIS hardware
design structure.

since their implementations entail low costs [16]. Not only
that, in addition to producing phase shifts onto impinging
signals in a programmable manner, an RF switch-based RIS
can configure individual cells to fully absorb the energy of RF
signals, which provides open several opportunities. The RIS
utilized for the third measurement belongs to the family of RF
switch-based RIS, as shown in Fig. 6 and it is composed of
8× 8 = 64 RIS unit cells, with each unit cell being regulated
independently. A RIS unit cell consists of an RF CMOS switch
embedded in the metal patch. For an RF switch-based RIS, RF
switch drivers are needed to provide logic levels to control
the RF switches switching between different coding states, as
shown in Fig. 7.

In the measured RF switch-based RIS, FPGA XC3S400AN
is embedded as an RF switch driver to control 64 RIS unit
cells. When FPGA XC3S400AN is working at the voltage
Vcc = 12 V, the current is measured as 20 mA. Therefore,
Pdrive circuit = 240 mW. The key parameters of this RIS in the
model are Nc = 64, Ng = 1, and Ns = 75 (a single FPGA
XC3S400AN can control about 75 RF switches), therefore
Ndrive circuit = 1, and Ptotal drive circuits = Pdrive circuit = 240 mW.

D. Discussion

The power consumption of various RISs is discussed and
summarized in the following. The results are all supported by
practical measurements.

The FPGA control board consumes Watt-level power for
data processing. For the PIN-diode-based RISs, the drive
circuits of PIN-diode-based RIS are energy-efficient, which
is mWatt-level consuming, like Pdrive circuit = 0.066 mW for
each 8-bit shift register and 0.066/8 = 8×10−3 mW for each
control signal. However, the Pdynamic of PIN-diode-based RIS
can be very large. In [14], the PPIN of each unit cell in 1#

RIS is measured as 12.6 mW, and the maximum Pdynamic is
about 90 W when all unit cells are encoded as “1”.

For the Varactor-diode-based RISs, even though the Pdynamic
of varactor-diode-based RIS is almost zero, the drive circuits
of it are often much more complicated and energy-hungry,
like Pdrive circuit = 430 mW for each control signal with
continuous bias voltage variation. Nevertheless,discrete-type
varactor-diode-based RISs are promising for energy-efficient
design, since its Pdynamic is almost zero and its drive cir-
cuit Ptotal drive circuits may sharply decline for only generating
discrete-level bias voltage. Moreover, there still remain chal-893
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Fig. 6: Photograph of the fabricated RF switch-based RIS. (a)
A complete RIS physical diagram. (b). 8×8 RIS structure and
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Fig. 7: The fabricated RF switch-based RIS hardware design.

lenges for designing and manufacturing the varactor-diode-
based RIS in high-frequency bands (e.g., mmWave band).

For the RF switch-based RISs, the Ptotal drive circuits of RF
switch-based RISs is measured as 240 mW for a single drive
circuit (FPGA) to control 64 unit cells and 240/64 = 3.75
mW for each control signal. Actually, Ptotal drive circuits can be
further reduced for the low power consumption design. For
example, shift registers can also be utilized as RF switch
drivers, in which the Ptotal drive circuits of RF switch-based RISs
is comparable to that of PIN-diode-based RISs. Additionally,
the Pdynamic of RF switch-based RISs is usually µWatt-level
power-consuming, about 3.3 V ×150µA = 495µW for each
unit cell. Overall, the low power consumption design of RISs
is an open research area for further investigation.

IV. CONCLUSION

In this work, we divided the RIS hardware into three basic
parts: the FPGA control board, the drive circuits, and the RIS
unit cells. The previous work has modeled the dynamic power
consumption of RIS unit cells, thus we investigated the static
power consumption of the FPGA control board Pcontrol board
and that of the drive circuits Ptotal drive circuits . We articulated

that the Pcontrol board can be regarded as a constant value and
Ptotal drive circuits is affected by the number of control signals
and its self-power consumption characteristics. Particularly,
Ptotal drive circuits is modeled for various kinds of RIS, i.e., PIN
diode-/Varactor diode-/RF switch-based RIS, and measure-
ment results validated the model of Pstatic. Overall, the dynamic
power consumption modeling Pdynamic in the previous work in
[14] and the static power consumption modeling Pstatic in this
work form the full RIS power consumption modeling together.
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