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but sacrifice efficiency. One can increase the EM radiation
efficiency by beamforming and focusing on the receiver
position, that usually enabled by using phased-array antennas
(PAA) which depends on power-hungry and active
components.

Abstract—This paper proposes a 1-bit programmable
metasurface which is capable of an adaptive beam focusing
according to the receiver position. By doing so, the
electromagnetic (EM) wireless power transfer (WPT) efficiency
can be increased. The metasurface is designed to work at
5.8GHz and consists of 16 x 16 square unicell. Each of the
unicells is connected with one pin diode that enables “ON” and
“OFF” states with 1800 reflected signal phase change. The “ON”
(0) and “OFF” (1) states correspond to the states of the pin
diode. By adjusting the ON/OFF pattern of the metasurface
appropriately, we can control the reflected impinging wave.
Then, as a radio frequency (RF) choke, a butterfly stub has been
designed. We also fabricate and implement a metasurface
prototype to verify the ability of the metasurface. The results
show that the metasurface is capable of steering and focusing
the beam towards the receiver position.
Keywords—1-bit unicell, programmable
adaptive beam focusing, wireless power transfer

In contrast to PAA, a programmable digital metasurface
has emerged as an alternative technique that performs beam
steering, focusing, scattering, or multi-beam [6, 7] by simply
turning the state of each unicell “ON” and “OFF”
appropriately. By doing so, we can control the reflected EM
wave impinged on the metasurface.
To focusing the beam adaptively, the channel between the
receiver and the unicell should be estimated. References [810] are theoretically analyzed and proposed a programmable
metasurface channel estimation method by simply set a single
unicell “ON” while turning the others “OFF”. However, this
method is possibly impractical, especially when the number of
the unicell is large, as the reflected signal from one unicell is
too feeble compared to the rest.

metasurface,

I. INTRODUCTION
Recently, the number of IoT has been growing massively.
As the main IoT vision that enables us to sense and control the
environment in a ubiquitous, smart, robust, and reliable
manner, the IoT device itself faces a challenging power
problem due to the limited growth of battery capacity, limited
IoT devices size, and sometimes the IoT devices are placed in
remote area which make a battery replacement/charging are
very difficult.

In our previous work [11], we have implemented a WPT
by using a 1-bit, 16x16 unicell metasurface with a fractal
structure. The proposed metasurface is able to focus the beam
to the desired position with an angle range from −600 to 600,
and achieving 4% power transfer efficiency at 50 cm distance.
This paper improves our previous results, with a 7.5%
efficiency at 50 cm distance by increase the unicell size,
change the fractal unicell with a square unicell and increase
the inter-element spacing to minimize the coupling between
unicell. As in Friis Equation, the received power will increase
along with the effective antenna aperture. Furthermore, by
minimizing the inter-element coupling, we can obtain better
and easier control of each unicell since one unicell will be less
likely to affect the others, which is important in power and
data transmission. We also change our previous L-C radio
frequency (RF) choke with a butterfly stub RF choke in order
to reduce the number of the components and simplify the
fabrication without sacrifice any performance.

In order to resolve the problem, one can implement a
WPT, that allows us to charge a device, without any wire
needed. Since the first WPT demonstration by Tesla in early
1900, many researchers have come up with various WPT
methods [1-4] including an EM radiation WPT, inductive
coupling, magnetic resonant coupling, and capacitive
coupling. However, the current WPT system still has the main
challenge, which maintains high efficiency while achieving a
long-range power transfer. While inductive coupling and
magnetic resonant coupling are able to provide a highefficiency WPT, the transmission range is limited. For
example, the cutting edge inductive power transfer [5] is only
limited to below one meter due to the closed nature of the
field. Reference [4] is able to enlarge the capacitive WPT
range to a room order but is limited in an indoor scenario. On
the other side, EM radiation can provide a long-range WPT
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II. PROGRAMMABLE METASURFACE THEORY AND DESIGN
For a M x N 1-bit unicells metasurface, the scattering field
can be theoretically expressed as [12]:
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where 1 is a column matrix of all ones, and
is the pattern
is a symmetric and
to calculate the channel of . Note that
invertible matrix. Then, the received signal at the terminal
can be expressed in matrix form as:

∑
∑
θ, φ
∙Γ
∙
θ, φ ∙
,
(1)
, α are the relative illuminating amplitude and
where
phase with respect to each unicell in the metasurface, Γ ,
th unicell,
ϕ are the reflection amplitude and phase of
(θ, ϕ) is the unicell scattering pattern, and ,
is the
inter-element spacing in and directions respectively.
According to the Eq. (1), by adjusting the reflection
of each unicell, the
and phase ϕ
amplitude ( Γ
scattering EM wave from the metasurface can be controlled.
By assuming that the reflection magnitude is identical, the
reflection phase matrix of the metasurface can be described
as:
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By inverting the
1 known transmitting patterns and
channels and
multiplying with the received signals,
constant bias channel can be estimated (assuming that is
zero).
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The estimated channels are complex numbers that can be
written in amplitude and phase. We then separate the
) and the constant bias channel
channels ( , , ⋯ ,
). The phase for the coding metasurface is obtained by
(
taking the phase of the channels after being conjugated. Since
we still have the constant bias inside the system, we then
subtract the phase of each channel to the phase of .
∠ ∗
∠ ∗.
(10)
φ
Supposed that the continuous phase shift is available in
each unicell, instead of transmitting , we now transmit the
unicell. Then,
signal with optimal phase φ for the
now the received signal can be expressed as:
∙ ∗
,
(11)
| |
∙
∙
,
(12)
where θ is the phase of the channel .
The optimal phase added to the transmitting signal will
eliminate the phase of the channel. Consequently, all received
signals will add up constructively due to the phase being
canceled. Then, the received signal from the coding
metasurface can be written as:
∑ | |
.
(13)
Therefore, the maximum power is achieved at the receiver
side adaptively.
Since the 1-bit unicell just has two states which
correspond to 0o or 180o reflected phase response, we should
quantize the optimal phase as in the normal steering.
3 /2
/2 φ
(14)
φ
0
.
Consequently, we get the “ON” or “OFF” pattern which gives
the optimized and adaptive beam focusing on the target based
on practical data. Then, we can conclude the procedure of
obtaining the optimal ON/OFF pattern in 5 steps (Fig. 1).

can be calculated by [13]:
(3)
k |f r | |d r | ,
ϕ
where is the wavenumber, is the EM source location,
is the focusing point location, and r is the position of the
th unicell.
A. Adaptive Beamsteering Scheme
We can consider each unicell in the metasurface as an
antenna element in an array antenna. Therefore, for
coding metasurface, we can mathematically express the
system model as:
∑
,
(4)
where is an additive white Gaussian noise and is the
additive constant bias from the wave reflection that can’t be
is the channel
controlled by the metasurface,
unicell with state .
corresponding to the
We are able to estimate the
channels from the
linearly
metasurface by starting the training step with
independent ON/OFF pattern of the metasurface. There are
several ways to get the pattern. However, in our algorithm,
we need to achieve sufficiently high enough power such that
the IoT device can correctly measure the received power
level. In addition, the unicell pattern should be
computationally independent. In our algorithm, we use the
Hadamard Matrix rule so the independent ON/OFF pattern
can be generated by the following rules.
1 1
,
(5)
1
1
,
(6)
1
where 1 and 1 correspond with the “ON” and “OFF” state
of the unicell respectively. From the above rule, we can
(for ON/OFF patterns, we can
iteratively construct the

Fig. 1 Optimal phase control algorithm

B. Metasurface Design
The metasurface board is consists of 8x8 unicell which can
work independently or corporately with each other (modular
concept) and are designed symmetrically. This enables us to
increase the number of unicells by simply attach another
metasurface board beside the existing board. As we did in this
paper, we attach 4 individual 8x8 unicell metasurface board to
produce a 16x16 unicell metasurface board. The unicell
design and its equivalent circuit are given in Fig. 2. The unicell
is designed to work in 5.8 GHz as it is in the ISM (Industrial,
scientific, and medical) band which is free and pervasive. The
unicell is manufactured on a Rogers RO4350B substrate with
a permittivity ε 3.6 and loss tangent (
δ) 0.0031. In

denote as
2 ). To calculate the channel value of ,
we then add one more pattern which is independent with the
number of matrix element that is
others. Hence, we insert
independent with the others into matrix at
, index,
then insert
1 column matrix of all ones at ,
. For
example,
are given by:
1 1
1 1 1
1
1
1
1 1
1
1
1
1 1 ,
(7)
1
1
1 1 1
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order to control the state of each unicell, we connect a PIN
diode (MADP-000907-14020) to each unicell. To ensure the
EM wave feedback is blocked completely, we designed and
simulated a butterfly RF choke that is connected to the bias
line by a via hole through a second layer (Fig. 3).

To give us an observable view of the metasurface pattern,
an LED is connected to each output pin of the control board.
The output pin of the control board is then precisely attached
to its corresponding pin on the metasurface board as a
sandwich structure. Since the metasurface and the control
board are designed symmetrically and in the same size, we
can easily increase the number of the unicell by simply add
another metasurface board beside the existing board and
connect its shift register and decoder appropriately as in [11]
(Fig. 4). Thus, we can minimize wiring complexity.

As can be seen in Fig. 2, the pin diode is equivalent as a
series circuit of resistance and inductance in the “ON” state,
and as a series of capacitance and inductance in the “OFF”
state. Thus, under an EM wave illumination, we can describe
the PIN diode impedance as:
ω

ω

ω

.

(15)

III. RESULTS
Several tests were done to demonstrate and validate the
capability of the proposed metasurface. The measurement
was conducted in the laboratory environment (Fig. 5). We are
using a horn antenna for the transmit and receive antenna, and
using Anritsu Vector Network Analyzer (VNA) to measure
the S-parameters. In order to control the metasurface state,
we are using NI Data Acquisition (DAQ) and NI LabVIEW.

Then, the reflection coefficient can be calculated as:
Γ ω

|Γ|

,

(16)

where ZR is the unicell’s radiation impedance. To obtain a 180
phase change between “ON” and “OFF” states at the objective
frequency, one should find a structure that provides an
appropriate ZR.

Fig. 2 Unicell structure and the equivalent circuit (dimension in millimeter)
Fig. 5 Measurement setup

In the first test, we verify the phase difference while the
metasurface state is all “ON” and all “OFF” by placing the
feed antenna at 20 cm distance, perpendicular to the
metasurface horizontal plane and measure the reflected wave
(S11). Fig. 6 shows that the center frequency is shifted to
around 5.78 GHz. This is possibly due to an imperfect
fabrication process and inaccurate measurement setup. As we
can see in Fig. 6, although the simulation and the
measurement result pattern is similar, the phase difference in
the measurement result isn’t exactly at 1800. This might
because of the maximum VNA resolution limitation.

Fig. 3 Butterfly stub RF choke and its simulation result

C. Control Board Design
In order to control the reflected EM wave, we should be
able to control the state of each unicell independently. To do
that, a control board has been designed (Fig. 4). The control
board is consists of one 8-bit shift register which is used to
set the data for each row independently. Then, the data will
be stored in a D Flip-flop (DFF), which can be enabled by a
3 to 8 line decoder (DEC). By using the decoder, we can load
the data to the desired row.

Fig. 6 Phase difference between all “ON” and all “OFF” state

In order to verify the optimal phase control training
algorithm, we put the transmitter at 300 and 60 cm, and the
receiver at 300 corresponds to the metasurface. After that, we
do the training process to get the appropriate pattern to steer
the beam towards the receiver. Then, we plot the receiving

Fig. 4 Control board configuration
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magnitude (dB) and compare the results obtained from the
optimal pattern and the random pattern as shown in Fig. 7. It
shows a significant improvement which proves that the
optimal pattern algorithm can adaptively steer and focus the
beam towards the receiver.
To verify the beam steering capability, first, we put the
transmit antenna perpendicular with the metasurface
horizontal plane while vary the receiver angle at 100, 200,
300, 400, 500, and 600 correspond to the metasurface. Then,
for each angle variation, we run the optimal phase training
and plot the radiation pattern with its corresponding
metasurface pattern (Fig. 8).

adaptively focusing and steering the beam in order to improve
the EM-based WPT efficiency. The results show that the
metasurface is able to steer the beam in an elevation angle (θ)
range from -600 to 600. By implementing the optimal phase
control algorithm using the proposed metasurface, we can
achieve 7.5% efficiency at 50 cm distance, and 4.5%
efficiency at 100 cm distance. Theoretically, we can achieve
a more narrow beam which results in a higher efficiency by
increasing the metasurface size. This can be done relatively
easy since the metasurface board is designed in a modular
concept which enables us to enlarge its size by simply attach
another metasurface board in a “plug and play” manner.
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