
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Xie, Boxuan; Kuznetsov, Aleksandr D.; Mela, Lauri; Lietzen, Jari; Ruttik, Kalle; Karakoc, Alp;
Jantti, Riku
Thin Film Reconfigurable Intelligent Surface for Harmonic Beam Steering

Published in:
IEEE Sensors Letters

DOI:
10.1109/LSENS.2024.3438458

Published: 01/01/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Xie, B., Kuznetsov, A. D., Mela, L., Lietzen, J., Ruttik, K., Karakoc, A., & Jantti, R. (2024). Thin Film
Reconfigurable Intelligent Surface for Harmonic Beam Steering. IEEE Sensors Letters, 8(9), 1-4. Article
6011004. https://doi.org/10.1109/LSENS.2024.3438458

https://doi.org/10.1109/LSENS.2024.3438458
https://doi.org/10.1109/LSENS.2024.3438458


VOL. 8, NO. 9, SEPTEMBER 2024 6011004

Sensor applications

Thin Film Reconfigurable Intelligent Surface for Harmonic Beam Steering
Boxuan Xie1∗ , Aleksandr D. Kuznetsov2 , Lauri Mela1 , Jari Lietzén1 , Kalle Ruttik1∗∗ ,
Alp Karakoç1 , and Riku Jäntti1∗∗∗
1Department of Information and Communications Engineering, Aalto University, 02150 Espoo, Finland
2Department of Electronics and Nanoengineering, Aalto University, 02150 Espoo, Finland
∗Graduate Student Member, IEEE
∗∗Member, IEEE
∗ ∗ ∗Senior Member, IEEE

Manuscript received 20 June 2024; revised 15 July 2024; accepted 26 July 2024. Date of publication 5 August 2024; date of current version 20 August 2024.

Abstract—In this letter, we explore an implementation of a novel
thin film 1 × 4 reconfigurable intelligent surface (RIS) designed for
future communication and sensing scenarios. Utilizing cost-effective
inkjet printing methods and additive manufacturing, our approach
significantly simplifies the RIS construction process and reduces
production costs. The RIS, fabricated on a flexible and lightweight
polyethylene terephthalate (PET) substrate, integrates antennas, switching circuitry, and a microcontroller unit (MCU),
without a ground shield. This setup enables individual and simultaneous control of each RIS element, manipulating the
captured carrier signal by reflecting and refracting its dominant harmonics. Beams of the harmonics can be steered to
multiple desired directions at both front and back sides of the surface. Measurement results of the beam steering show
that the RIS has the potential to enable RIS-aided communication and sensing applications.

Index Terms—Sensor applications, additive manufacturing, beam steering, beamforming, printed electronics, reconfigurable intelligent
surface (RIS), sensing.

I. INTRODUCTION

In the landscape of 6G wireless communication systems, reconfig-
urable intelligent surface (RIS) is emerging as a crucial technology
that can enhance the control and manipulation of electromagnetic
waves [1]. RIS can adjust the phase, amplitude, and polarization of
incoming waves, which not only improves signal quality and coverage
but also boosts the sensing capabilities in complex environments. The
application of RIS in sensing systems is particularly promising [2].
Fig. 1(a) depicts two common RIS-aided sensing scenarios. For device-
based sensing, RIS can extend the functional range and accuracy of
sensors embedded within communication devices, leading to better
data capture and interaction with the environment. In device-free
sensing, RIS enables the detection and analysis of signal disruptions
caused by objects or events in the environment, which facilitates
monitoring without direct sensor placements.

Recent advancements in RIS prototyping have led to a significant ex-
pansion beyond conventional reflective features. For instance, research
on holographic surfaces [3] introduces capabilities that include relay-
type and transmitter-type operations, alongside both discrete and con-
tinuous implementations. To extend the signal coverage of reflection-
based intelligent reflecting surface, the intelligent omni-surface [4] and
the simultaneous transmitting and reflecting RIS [5] were proposed
to enable both signal reflection and refraction of RISs. However,
conventional RIS elements have been constructed using multiple layers
of conductive and dielectric materials stacked together. This approach,
while effective, typically necessitates complex manufacturing pro-
cesses that can elevate the cost of devices. Furthermore, conventional
RIS requires complicated and power-hungry control circuits, such as
field-programmable gate array (FPGA)-based controllers. To address
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these challenges, recent advancements in additive manufacturing of
backscatter devices with cost-effective inkjet printing methods are
being leveraged [6], [7].

This letter presents a low-cost and low-complexity thin film 1 × 4
RIS with both reflective and refractive features working at 2.4 GHz
industrial, scientific, and medical band, shown in Fig. 1(b). The RIS
is fabricated using inkjet printing technique and additive manufactur-
ing methodology with commercial off-the-shelf materials. The RIS
components, such as antennas, switching circuitry, and a low-power
microcontroller unit (MCU) are integrated on a flexible and lightweight
polyethylene terephthalate (PET) substrate, without a ground shield.
The MCU can separately and simultaneously control the load modu-
lation of each RIS element with the MCU-generated phased baseband
signals by switching operation. The load modulation thus leads to the
formation of harmonics into the captured radio frequency (RF) carrier
signal. The manufactured RIS can effectively control the reflecting
and refracting of dominant harmonics by steering beams to desired
directions at both front and back sides of the surface.

II. SYSTEM MODEL

The design of the RIS, shown in Fig. 1(b) and 1(c), comprises
lumped elements mounted on a thin film inkjet-printed circuit board
and coplanar waveguide (CPW) antennas [8]. At 2.45 GHz, the mea-
sured antenna return loss (S11) is −29.36 dB with a 10 dB bandwidth of
575 MHz, and the measured maximum realized gain is 1.75 dBi with
a half-power beamwidth of 96◦. The utilized thin film CPW antenna
structure makes the antenna grounded in the same plane of the patch,
without requiring an additional ground plane below the dielectric sub-
strate. This allows the RIS elements to reflect and refract the incidence
signals [4]. Such structure can also reduce the thickness and complexity
of the RIS element. Each RIS element contains a switching circuitry for
load modulation. The switching circuitry utilizes a pair of PIN diodes
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Fig. 1. RIS. (a) Typical scenarios for sensing. (b) Prototype after
additive manufacturing. (c) Schematic and footprint layout.

Fig. 2. Baseband-controlled beam steering. (a) Equivalent circuit of
antenna load modulation. (b) Simulation of reflection magnitude and
phase of the RIS element. (c) Phased baseband signals. (d) Example
of normalized far-field RIS beam pattern with delay profiles.

SMP1345-079LF symmetrically connected to the patch and the ground
of the antenna, switching the termination of the antenna between
two loads Z (i)

L ∈ {Z (1)
L ,Z (2)

L }. In addition, a 1.0 k� surface-mounted
device (SMD) resistor is applied between each baseband feeding and
the diode pair for biasing the control signal. The complex reflection
coefficient [9] is expressed by �(i) = (Z (i)

L − Z∗
a )/(Z (i)

L + Za ), where
Za is the antenna characteristic impedance of each RIS element, and
∗ denotes the complex conjugation. The load modulation results in
two corresponding reflection coefficients, �(1) and �(2) over time. A
180◦ phase difference between the two coefficients is expected for
maximization of backscatter performance [9]. Simulated results of
the reflection magnitude |�(i)| and phase ∠�(i) of the RIS element
when the diode turns ON and OFF are shown in Fig. 2(b) using the
equivalent circuit with measured antenna impedance and diode param-
eters [10]. For instance, Za = 46.85 − j0.8�, Z (1)

L = 2.99 + j4.02�,
and Z (2)

L = 96.27 − j508.72� are adopted at 2.45 GHz. It can be
seen that 180◦ ± 12◦ phase difference (black curve) is achieved at

the desired band from 2.4 to 2.5 GHz. The reflection loss is less than
1 dB within the working frequency band. The switch control signals
are generated from an MCU Raspberry Pi RP2040, where the ON–OFF
keying baseband modulation is implemented.

The time-varying square-wave control signal results in the time-
varying reflection coefficient �(t ). The Fourier series of �(t ), i.e., in
frequency domain is expressed by

�(t ) =
∞∑

m=−∞
cme j2πm f0t (1)

where f0 is the frequency of control signal, and its Fourier series
coefficients cm are

cm = 1

T0

∫ T0

0
�(t )e− j2πm f0t dt = 1

T0

(∫ τ

0
�(1)e− j2πm f0 t dt

+
∫ τ+tpw

τ

�(2)e− j2πm f0 t dt +
∫ T0

τ+tpw

�(1)e− j2πm f0 t dt

)

= j

2πm
(�(1) − �(2) )e− j2πm f0τ (1 − e− j2πm f0tpw ) (2)

where T0 = 1/ f0 is the period of control signal, and τ ∈ [0,T0 ) is the
time delay. In this letter, tpw = T0/2 is the pulsewidth. Accordingly,
the time delay τ brings a phase shift at the mth (m �= 0) harmonic fre-
quency. Fig. 2(a) shows an example of the magnitude of time-varying
�. Under excitation from normal to the RIS surface direction by plane
waves with a general expression Ace j2π fct with an amplitude of Ac

and frequency of fc, without loss of generality, the far-field scattering
pattern of the RIS at the mth harmonic frequency fc ± m f0 can be
written as [11]

Fm (θ, ϕ) =
N∑

q=1

M∑
p=1

E p,q (θ, ϕ)

× e j 2π
λc [(p−1)dxsin θ cos ϕ+(q−1)dysin θ sin ϕ] × cp,q

m (τ ) (3)

where E p,q(θ, ϕ) is the far-field pattern of the (p, q)th RIS element
computed at the central frequency fc and the corresponding wavelength
λc, which is approximated to be identical for all elements in this work.
θ and ϕ are the elevation and azimuth angles, respectively, dx and dy

are the element periods along the x and y directions, respectively. For a
desired pair of elevation and azimuth angle (θ, ϕ), by selecting an ap-
propriate time-delay set τ = [τ1,1, τ1,2, . . ., τ1,N , . . ., τm,n, . . ., τM,N ] ∈
C

MN , one can always find a maximum of Fm, resulting in a desired
beam pattern

maximize
τ

Fm(θ, ϕ). (4)

By carefully selecting the frequency f0 of the baseband control signals,
such method allows the RIS to steer scattered beams of the incidence
RF signal using a limited bandwidth of 2 f0, and hence the scattered
signal might remain within the bandwidth of the incidence carrier sig-
nal. Furthermore, from the perspective of antenna theory, the radiation
patterns can be approximated as identical at the central frequency fc

and its dominant harmonics fc ± f0 if f0 is sufficiently small, such as
in the range of hundreds of Hertz.

In this work, we consider a 1 × 4 RIS model which is capable of
steering the beam of scattered signal in azimuth directions. The MCU
feeds four phased baseband control signals into each RIS element
with delay profiles τ = [τ1, τ2, τ3, τ4] or their corresponding phases
ψ = [ψ1, ψ2, ψ3, ψ4], respectively. The baseband signals have an
approximately equal amplitude of 3.3 V and a frequency f0 = 313 Hz.
The phase differences between elements can be configured from 0◦ to
359◦ with resolution of 1◦. Fig. 2(c) shows an example of the MCU-
generated four baseband signals monitored by an oscilloscope, where
the left side shows an in-phase case when ψ = [0◦, 0◦, 0◦, 0◦] and the
right side shows a case when ψ = [0◦, 270◦, 180◦, 90◦]. Calculated



VOL. 8, NO. 9, SEPTEMBER 2024 6011004

Table 1. Additive Manufacturing Procedure

Fig. 3. Experimental setup.

by (3), the normalized far-field scattering patterns corresponding to
the above two delay profiles are shown in Fig. 2(d) with two dominant
harmonics fc ± f0. Forψ = [0◦, 270◦, 180◦, 90◦], the beam of fc + f0

harmonic is steered to 60◦ and 300◦, whereas the beam of fc − f0

harmonic is steered to 120◦ and 240◦, showing a symmetry with respect
to 90◦ and 270◦. Such symmetry is valid for other delay profiles due to
the nature of the symmetrical positive and negative components in (1).
For steering beams of the dominant harmonics fc ± f0 in different
desired directions, their corresponding delay profiles of the baseband
control signals are preloaded into the MCU.

III. MANUFACTURING PROCESS

A hybrid additive manufacturing method, which comprises inkjet
printing with the use of commercial off-the-shelf components, is
adopted to integrate the RIS circuitry and antennas on a flexible sub-
strate. Such method has been implemented in [12] and [13], enabling
cost-effectiveness and flexibility in design and production of compact
and lightweight devices (here, W 236 × L 121 × H 1 mm and 9.9 g).
The manufacturing process includes (1) inkjet printing of the circuit
board and antenna; (2) curing the ink on the printed sheet; (3) mounting
SMD components on the printed footprints with conductive adhesive;
(4) curing the adhesive.

The utilized materials and equipment for the manufacturing proce-
dure are listed in Table 1. Silver nanoparticle (SNP) ink is used to print
the conductive layer (thickness 440 nm and conductivity 6 × 106 S/m)
of the design on an A4-size PET substrate (thickness 135 μm, relative
permittivity 4.8, and loss tangent 0.138) used with a low-cost inkjet
printer. After inkjet printing, the printed surface undergoes a photonic
curing to cure the ink. The photonic curing can mitigate thermal
stress on the substrate. This reduction in thermal stress minimizes
warping, degradation, and curing time, offering a distinct advantage
over traditional convective oven curing methods that require high
temperatures [14]. Following the photonic curing, SMD components
are mounted to their footprints on the printed circuit board by using
conductive silver-filled epoxy adhesive and thin tweezers. Finally, for
curing adhesive, the entire device is cured in a convection oven with
90 ◦C for 60 min.

IV. EXPERIMENT AND EVALUATION

To validate the harmonic beam steering functionality of the RIS,
the received signal strength of the harmonics was measured in a
microwave anechoic chamber, with a measurement setup shown in
Fig. 3. A signal generator Rohde & Schwarz SMBV100A was used
as the carrier signal transmitter (TX) that transmits continuous wave
at fc = 2.45 GHz with power Pc = 10 dBm. A real-time spectrum
analyzer Siglent SSA3075XR was used as the receiver (RX) to detect
harmonics in received signals. Two reference patch antennas L-com
HG2409P were used as measurement antennas of the TX and RX. The

Table 2. Numerical Results of Valid Beam Steering

RIS was located in the middle of the chamber and was connected to
the MCU for dynamic control of the load modulation that occurred
on the RIS elements. Both measurement antennas were situated at a
distance r = 1.75 m from the RIS position. During the measurement
process, the position of the RX antenna was changed accordingly to
the measured angle, while the location of the TX antenna was statically
installed at ϕ = 90◦ to form normal plane wave excitation. Scattered
signals were sampled with 
ϕ = 10◦ intervals. For each RX position
and delay profile, the received signal strength of ±1st harmonics was
measured. Table 2 lists all the measured cases corresponding to delay
profiles. Delay profiles for nine reflection/refraction angles of +1st
harmonic of the scattered signal were formed based on (4). The angles
were chosen based on the beamwidth of the single patch element of the
structure under illumination. The presented 1 × 4 RIS has a diversity
gain of around 9 dB from the broadside radiation, compared with the
single-element model [8]. The measured average power consumption
of the RIS controller MCU RP2040 is 122 mW.

Fig. 4 presents the measured received signal strength of ±1st
harmonics with frequencies of fc ± f0. It is visible that the manu-
factured RIS fulfills the proposed function, where the beam steering
for both harmonics depending on the phase profiles is achieved. Both
reflection (front-side, 50◦–130◦) and refraction (back-side, 230◦–310◦)
phenomenon of the harmonics are observed, showing a symmetry with
respect to the RIS plane (0◦/180◦). Table 2 tabulates the angles at which
each of the measured profiles provided the maximal received power
for both harmonics. As shown in Fig. 4(a), for the majority of profiles,
+1st harmonic has the highest value among the measured profiles
in the intended direction. A similar phenomenon of -1st harmonic
can be observed in Fig. 4(b). Furthermore, comparing the +1st and
-1st harmonic, the symmetry is observed with respect to 90◦/270◦,
which validates the nature of the symmetrical positive and negative
components proposed in (1). The results demonstrate the possibility of
controlling the beamforming process following the proposed design
specifications, which is useful for the development of such kind of
low-complexity RIS. A deterioration of the received power with an
increase of incline from the normal directions can be explained by
the decrease of the RIS single element gain. However, some delay
profiles, e.g., with the desired direction of scattering 120◦/240◦ did
not exhibit the optimal performance among measured profiles in the
intended angle. This is attributed to the assumption of identical RIS
element patterns, introduced to simplify (3) during optimization (4).
In fact, due to the proximity of the ports and the sharing of common
structural elements, the coupling between four individual elements of
RIS is not negligible. As a result, the radiation patterns of elements are
not perfectly equal and, hence, affect the optimization strategy in (4).
To address this issue, the RIS element design can be further optimized,
considering the coupling and adjacent interactions between elements.
Moreover, adaptive calibration algorithms can be implemented, which
dynamically adjust to observed discrepancies between expected and
actual beam steering patterns.

The harmonic beam steering technique can enhance RIS-aided
sensing applications, such as indoor localization and assisted living [2],
by mitigating RF interference at the carrier frequency and improving
spectrum utilization. By employing the harmonics, this technique sim-
plifies the RIS design, preserves the integrity of carrier communication
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Fig. 4. Harmonic beam steering measurement results. (a) +1st harmonic fc + f0. (b) −1st harmonic fc − f0.

channels in dense spectral environments, and efficiently utilizes un-
derexploited spectral regions for sensing purposes. Furthermore, such
method can control beams of both the positive and negative harmonics
simultaneously, and hence sense separated users at the same time.
These advancements position harmonic beam steering as a superior
alternative to conventional beamforming methods. Future research on
the RIS can explore several key areas to enhance its functionality. Op-
timizing the element structure and involving a suitable superstrate can
improve beamforming gain through radar cross-section reduction [15].
Furthermore, employing adaptive calibration techniques can dynam-
ically adjust the beamforming parameters to optimize beam patterns
in real-time [16], [17]. Moreover, expanding RIS to include hundreds
or even thousands of elements would allow for more precise signal
manipulation and broader beam-steering capabilities. As the scale of
RIS increases, resource allocation strategies, such as partitioning into
subsurfaces [18] will be essential for serving and sensing multiple users
efficiently. In addition, investigating spectral and energy efficiency in
RIS-enabled integrated sensing and communication (ISAC) systems
is also critical for future energy-efficient wireless networks.

V. CONCLUSION

In this letter, we presented a thin film RIS, leveraging inkjet printing
and additive manufacturing on a flexible substrate to offer a low-cost
and low-complexity RIS solution. The RIS design has integrated
antennas, switching circuitry, and an MCU, without a ground shield.
The configuration enables individual and simultaneous control of
RIS elements, manipulating the captured carrier signal by reflecting
and refracting its dominant harmonics. The proposed harmonic beam
steering functionality has been validated that can dynamically steer the
beams toward multiple desired directions at both front and back sides
of the RIS. Results show that the proposed device has the potential to
enable RIS-aided communication and sensing applications.
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