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ABSTRACT

Varactor diodes have been proposed as active tuning elements of reconfigurable metasurfaces in the Ka-band. However, their experimental
realization in this frequency range has not been demonstrated yet. We report the implementation of such a reconfigurable intelligent surface
(RIS) made of 20� 20 unit cells. By active tuning of the bias voltage of the varactors, the phase of the backward diffracted wave can be con-
tinuously tuned between 0� and 180�. Thus, the phase tuning can be independently controlled for each unit cell. The frequency working
range of the RIS is 1.1 GHz (from 30.6 to 31.7 GHz). As an illustration of the practical use, we demonstrate continuous beam steering of
microwave radiation at 31 GHz in a defined propagation plane.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0168330

I. INTRODUCTION

A reconfigurable intelligent surface (RIS) is a dynamic meta-
surface consisting of unit cells that incorporate one or more active
elements for the purpose of modifying their electromagnetic char-
acteristics. By individual tuning on the unit cell level, a reconfigura-
ble spatial pattern of complex surface impedances can be created
that allows both, local and global control over the spatial phase of a
diffracted wave from the RIS. As a result, diffraction from an RIS
can be used to control the propagation of an electromagnetic wave
at will, as, for example, in beam focusing or beam steering. For this
reason, RISs have been proposed as beam forming components in
5G and 6G mobile communication1,2 and for radar cross-section
(RCS) reduction.3

In this context, RISs in the literature differ fundamentally with
respect to the specific tuning elements employed for reconfiguring
their surface impedance. While CMOS components, graphene elec-
tronics, and micro-electro-mechanical systems (MEMS) have
proven to serve as reliable tuning elements in RISs for working fre-
quencies in the terahertz range,4–7 PIN diodes have been the pre-
ferred means of choice in RISs up to 60 GHz.8–10

However, there are two main drawbacks associated with the use
of PIN diodes. First, the embedding of PIN diodes in a RIS only
allows for discrete shifting in the phase of the diffracted wave at the
unit cell level, specifically by either 0� or 180�. In such a digital RIS
coding scheme, the degrees of freedom for beam steering are inher-
ently limited. Second, since the impedance of the PIN diodes is
tuned by application of a forward bias voltage, the resulting currents
and power consumption are significant, especially when more than
one PIN diode is used per unit cell.3,11 In contrast to PIN diodes,
varactor diodes are mostly operated at a reverse bias voltage, which
keeps the currents and power consumption extremely low. In conse-
quence, an increase in the amount of used varactor diodes per unit
cell comes at a lower increase in the cost of operation. Furthermore,
the capacitance, and, thus, the complex impedance of varactor
diodes, can be continuously tuned and is not restricted to discrete
values. Consequently, the use of varactor diodes as adjustable com-
ponents substantially enhances the flexibility of the tuning process,
thereby increasing the level of freedom in beamforming applications.

So far however, varactor diodes have only been demonstrated to
be effective on RISs operating in the single-digit gigahertz frequency
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range.12–14 Apart from that, their usage as tuning elements in the
K-band and above has been merely theoretically hypothesized,15,16

but not experimentally demonstrated. Here, we report and discuss
the experimental implementation of a varactor-based RIS operating
in the Ka-band at 31 GHz. Besides a profound theoretical and experi-
mental analysis of the electromagnetic properties of the tunable RIS,
we also apply capacitive tuning of the varactor diodes for continuous
beam steering in a defined diffraction plane.

II. RIS DESIGN

The designed RIS has been manufactured by standard printed
circuit board (PCB) fabrication technology. The unit cell of the RIS
and the associated geometrical dimensions are illustrated in Fig. 1.
The three 35 μm thick copper layers are spaced by two Rogers
RO4350B substrates with thicknesses of 760 and 270 μm, respec-
tively. The top layer of the RIS carries patch antennas with varactor
diodes for active capacitive tuning. The unit cell has a width and
height of approximately λ=2 with respect to the wavelength λ of the
microwave radiation. The working frequency of the structure is
31 GHz. The second layer of the PCB is a ground plane that is con-
nected to the center of the patch antenna through a via. It also
serves as the ground potential for the bias voltage of the varactor

diode. The varactor DC bias voltage is applied through a separate
via that is not electrically connected to the ground plane. The
bottom layer of the RIS hosts a radial stub for each unit cell to
insulate the DC feed line from the microwave. The DC feed lines of
all unit cells are vertically connected. As a result, all unit cells in
one of the 20 columns of the RIS are switched with the same bias
voltage from an operational amplifier, which implies the ability for
beam steering in a specified plane. We refer to this plane as a hori-
zontal plane in the remainder of the text. The cyan-colored box in
Fig. 1 indicates the varactor diode (MACOM MAVR-011020-1411).
The patch antenna of the unit cell has been analytically laid out as
described in Ref. 17, and the unit cell structure has been numeri-
cally optimized in CST Studio Suite.

The fabricated RIS is shown in Fig. 2(a). It consists of 20� 20
unit cells and a blank, two unit cells wide border around the perim-
eter. The total aperture of the RIS is 128� 128mm2.

III. RIS CHARACTERIZATION

We experimentally characterized the electromagnetic proper-
ties of the RIS by measuring the electric field distribution of the
back-diffracted wave from the RIS in a microwave goniometer
[see Fig. 2(b)]. The goniometer was located in an anechoic
chamber to avoid parasitic scattering from the boundaries. In a first
step, we evaluated the relationship between the phase shift in the
back-diffracted wave and the applied reverse bias voltage to the var-
actor diodes in the RIS unit cells. In this initial measurement of the
S11 scattering parameter, we applied identical bias voltages to all
columns and, thus, to all unit cells in the RIS during the tuning
process. In order to avoid shadowing by the receiving antenna, we
inclined the RIS by 15� (measured between the RIS normal and the
horizontal plane) such that the backward diffraction occurred in a
plane at an inclination angle of 30�.

Figures 3(b) and 3(a) show the magnitude and the relative
phase of the S11 scattering parameter for a frequency range from 19
to 33 GHz when the bias voltage is tuned from �20 to +10 V uni-
formly for all unit cells. Please note that the linear magnitude of
the S11 scattering parameter has been normalized to the maximum
value obtained in Fig. 3(b), while the phase in Fig. 3(a) has been
plotted relative to the measured reference phase at a bias voltage of

FIG. 1. Front side (left) and back side (right) of the unit cell of the RIS. The
orange structures are made of copper. The pink board represents the RO4350B
substrate. The cyan-colored box indicates the varactor diode. The dimensions of
the copper antenna are h = 3.77 mm, w = 2.1 mm, and l = 1.28 mm.

FIG. 2. (a) Front side of the RIS. The
aperture of the RIS is 128� 128mm2.
(b) Goniometer and RIS at a 15� incli-
nation angle inside an anechoic
chamber.
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�20 V. The voltage drop was measured across a series circuit of the
corresponding varactor diode and a resistor with a resistance of
910Ω. The measurements show that, for a frequency range
between 30.6 and 31.7 GHz, the phase of the S11-parameter could
be continuously tuned from 0� to 180� by changing the bias
voltage from �20 to +10 V. This corresponds to a working fre-
quency bandwidth of 1.1 GHz, which is indicated by the black
dashed lines in Fig. 3. Within this tuning range, the magnitude of
S11 varied between 0.25 and 0.86 a.u. However, we also observed
empirically that a phase difference of up to 160� between unit cells
is sufficient for effective beam steering in a defined plane. In this
case, the corresponding phase shift in the S11 scattering parameter
can be obtained in a frequency domain between 30.0 and
31.9 GHz, which implies an increased working frequency band-
width of 1.9 GHz. In this tuning range, the S11 scattering parameter
changed from 0.15 to 0.87 a.u.

As specific examples, Fig. 4 depicts the dependence of the
phase and magnitude of S11 on the applied bias voltage for working
frequencies at 30.6, 31.0, and 31.6 GHz. These curves have been
obtained by evaluating the S11 phase and magnitude in Figs. 3(a)
and 3(b) at the respective frequencies. As can be seen, the S11 mag-
nitude increases from 0.43 to 0.71 a.u. and the S11 phase changes
between 0� and 180�, when the bias voltage is tuned from �20 to
+10 V. By using the measured frequency dependence of the
complex S11 scattering parameter as a calibration curve, it was possi-
ble to assign phase values between 0� and 180� to each RIS column
and, thus, to create arbitrary, column-wise organized, spatial phase
patterns. As an illustrative application, we utilized column-wise
phase tuning on the RIS to implement beam steering of microwaves
at 31 GHz in a defined plane, as described in Sec. IV.

IV. CONTINUOUS BEAM STEERING AT 31GHZ IN A
DEFINED PLANE

In contrast to RISs with binary switching elements,8–10

varactor-equipped RISs can diffract incident waves to a continuous
range of deflection angles. Since our RIS implementation was
limited to a column-wise address of the embedded varactors that
did not allow individual control over each unit cell, we could con-
tinuously steer a normally incident wave only in a defined plane.
For continuous beam steering within the whole hemisphere, indi-
vidual control over the bias voltage in each unit cell is mandatory,
which sophisticates the routing and the RIS design considerably.

For this reason, two-dimensional beam steering has not been con-
sidered in this publication.

For implementation of the RIS beam steerer, we first deter-
mined the required phase switching patterns to achieve continuous
tuning of the deflection angle of the back-diffracted waves. We
selected a frequency of 31 GHz as the operational frequency for the
RIS. We assumed that the wave was normally incident before being
deflected by the RIS. For optimization, we used particle swarm
optimization to maximize the electric field of the deflected wave for
any desired deflection angle. The method for calculating the electric
field distribution was described in an earlier work.18 The column-
wise phase switching patterns, which result from the optimization,
are shown in Table I. We used the calibration curve depicted in
Fig. 4 to determine the necessary bias voltage pattern for a given
phase pattern at 31 GHz.

As in the previous experiment, the RIS was tilted by an angle
of 15�, measured between the RIS normal and the horizontal plane
of the experimental setup to avoid masking of the receiving
antenna. As a result, the backward diffraction and, thus, the beam
steering occurred within a plane that was tilted by 30� with respect
to the horizontal. Since the mainlobe of the back-diffracted wave
had a FWHM of more than 7� within the deflection plane for all
phase patterns, we measured the beam steering with an angle reso-
lution of 5�. The microwave frequency of the incident wave was
31 GHz.

Figures 5(a) and 5(b) show polar plots of the calculated
(following the procedure in Ref. 18) and measured electric field

FIG. 3. Phase (a) and magnitude (b)
in the maximum of the mainlobe of the
backward diffracted wave plotted vs fre-
quency and bias voltage. The phase is
measured relative to the reference
phase at a bias voltage of �20 V. The
linear magnitude is normalized to
the maximum value in the plot. The
dashed black lines illustrate the fre-
quency range, in which the phase dif-
ference can be tuned at least between
0� and 180�.

FIG. 4. Phase (black) and magnitude (red) of the measured S11 scattering
parameter at different frequencies plotted vs the bias voltage.
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distributions of the back-diffracted waves from the RIS for all
deflection angles listed in Table I. The curves are appropriately
labeled according to the desired deflection angle. The electric field
distributions are normalized to the maximum peak value in the
respective graph. The measured electric field amplitude was above
0.5 a.u. for all deflection angles between 0� and 65�.

A comparison between the calculated far field and the mea-
sured electric field of the back-diffracted wave evidences that the
mainlobe of the steered beam occurred at the expected deflection
angles, with a maximum deviation of 3� at deflection angles of 35�

and 40�. However, this offset can be partly attributed to the system-
atic errors in repeated measurements by the goniometer that
restrict the angle resolution to +1�. Furthermore, the aperture of
the receiving horn antenna in the specified measurement plane is
32.8 mm wide, which results in integration of the electric field over
an opening angle of 3:8� in this plane.

In addition to the electric field mainlobes, we also observed
several sidelobes that were not expected in the calculated far fields.
We attribute the occurrence of additional sidelobes to the fact that
the distance between the receiving antenna and RIS was only 0.5 m,
which implies that we measured the electric field of the back-
diffracted wave in the near-field and not in the far field. To support
this hypothesis, we calculated the electric near-field distribution of
the diffracted wave with the Kirchhoff diffraction formula under
consideration of the geometry in our goniometer.19 The resulting
electric near-field distribution for a deflection angle of 25� is
shown as an example in the polar plot of Fig. 6, alongside with the
corresponding calculated far field and the measured electric field.
Note that the measured electric field in Fig. 6 was normalized to its
maximum value, in contrast to the electric far fields in Fig. 5(b)
that were normalized to the global maximum of all displayed distri-
butions. The arrows in Fig. 6 indicate areas, where the measured

FIG. 5. Polar plots of the (a) calculated electric far field and the (b) measured electric far field of the back-diffracted waves from the RIS. The curves are labeled according
to their target deflection angles.
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electric field pattern exhibits closer resemblance to the calculated
near-field distribution than the far-field distribution.

V. CONCLUSION

We successfully designed and implemented a varactor-based
RIS, capable of achieving continuous phase tuning ranging from 0�

to 180� at the unit cell level. In order to achieve a relative phase
shift of 180� in a unit cell, we changed the bias voltage from +10 to
�20 V. The full phase shifting range could be established in a fre-
quency working range from 30.6 to 31.7 GHz. In this publication,
we applied the phase tuning column-wise, while, in principle, it
can be applied individually and independently to each unit cell. As
an exemplary application, we demonstrated beam steering of

microwaves at 31 GHz with a continuously tunable deflection angle
from 0� to 65� in a defined plane.
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