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Through-Wall Wireless Communication Enabled by a Metalens
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Getting wireless signals around obstacles or passing them through walls is proven to be challenging for
electromagnetic waves with a short wavelength and some energy-efficient buildings due to thick insulating
materials. Here, we propose a scheme of through-wall wireless communication by applying purposely
designed passive metalenses for an asymmetric background medium of the wall. An ultrathin metalens
consisting of three layers of metallic patterns is applied to focus the incoming waves to the other side
of the wall with high efficiency. The focusing effect is verified by scanning the spatial distribution of
electric fields. Due to the focusing effect, the wireless signal strength is significantly enhanced while
propagating through the wall. To validate its use in the 5-GHz Wi-Fi environment, we demonstrate that
the metalens can reconnect a network channel that is otherwise broken due to weak signal strength, and
thus, significantly increase the data transmission rate. Our work opens an unobstructive and retrofitting
approach for sustaining wireless communication in future eco-friendly buildings beyond 5G and 6G.
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I. INTRODUCTION

Modern wireless-communication technologies, such as
Bluetooth [1], Wi-Fi [2], and cellular networks, have
greatly changed people’s daily life. Recent developments
in the 5G cellular network [3] and 5-GHz Wi-Fi offer the
benefits of significantly increased bandwidth and connec-
tion speed, low latency, and enhanced capacity, but at the
cost of reduced areas of coverage (i.e., small cells) due to
the shorter wavelengths. Especially, wireless signals at a
short wavelength suffer from increased attenuation, when
passing through a building’s walls; hence, it leads to poor
signal reception in indoor environments or adjacent rooms
[4-6]. Recent measurement studies performed for frequen-
cies from 800 MHz to 18 GHz revealed the frequency
dependence and impact of advanced materials on not only
the cellular frequency bands used today (mainly below
3 GHz), but also potential future bands for the 5G and 6G
cellular network and beyond. The results show a material-
dependent and frequency-dependent attenuation, with an
average increase of 2025 dB in modern constructions of
eco-friendly buildings [7]. To overcome this attenuation,
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one approach is to further increase the radiation power, but
it would consume more electrical power and cause health
problems, thus going in the opposite direction of building
greener and more sustainable wireless infrastructure [8].
Devices like Wi-Fi extenders are applied to resolve this
issue, to a certain extent. However, there is a limit beyond
which even the Wi-Fi extender cannot receive any signal.
In short, there is huge demand to help wireless signals effi-
ciently penetrate through the wall, such that through-wall
wireless communication becomes possible.

Metasurfaces [9—13] may well provide a potentially
viable solution to the above challenge. As a layer of
subwavelength artificial structures, metasurfaces attract
immense attention due to their capabilities to manip-
ulate electromagnetic waves over a broad spectrum
from microwaves to optics. Based on metasurfaces,
many intriguing phenomena and devices are demon-
strated, such as anomalous reflection and refraction
[14-16], propagating-to-evanescent wave conversion
[17-19], high-efficiency holograms [20-23], ultrathin
invisibility cloaks [24-28], the generation of vector optical
fields [29,30], metalenses [31-33], and coding metasur-
faces [23,34-36]. The application of lensing, i.e., a met-
alens with ultrathin thickness and flat geometry beyond
traditional optical lenses, attracts great interest due to
the functionalities of being achromatic and aberration-free
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[37-43]. Nevertheless, so far, the majority of metalens
studies have focused on applications in a single back-
ground, such as free space. Very recently, the concept of a
metasurface has been merged with antireflection, and thus,
is applied to an asymmetric background [27,28,44,45], i.e.,
at the interface of two media with a substantial contrast
in impedance and refractive index. Some striking phe-
nomena, such as the realization of an “invisible surface”
for general dielectrics of arbitrary shape [28] and high-
efficiency coupling of microwaves between free space
and high-index media [44,45], have been experimentally
demonstrated.

Here, we introduce a strategy to utilize a metalens to
enhance wireless signals while propagating through a wall,
thereby significantly optimizing the signal coverage of
wireless communication. With the asymmetric background
taken into consideration in the metalens design, the trans-
mittance of wireless signals can be enhanced, and more
importantly, the transmitted waves can be focused to a
location just behind the wall, where a mobile unit, such
as a mobile phone or a Wi-Fi extender, can be installed.
Interestingly, the focusing effect can compensate for wave-
attenuation loss from building materials within the wall, as
verified by both numerical simulations and field-scanning
measurements. Finally, we perform a field trial for 5-GHz
Wi-Fi communication systems to directly verify the signal
boost from the proposed metalens. We clearly observe that
an originally disconnected through-wall communication
channel can be reconnected by mounting a metalens onto
the wall surface. Our approach exhibits distinctive features
of polarization independence, broad bandwidth, and unob-
structive design. The capability of focusing and redirecting
wireless signals for through-wall wireless communications
has a significant and wide impact on delivering future
eco-friendly and sustainable wireless infrastructure with
high-speed and broadband data transmissions.

The concept is schematically shown in Fig. 1.
Figure 1(a) shows a typical scenario of wireless signals
being attenuated by thick building walls. The reduction of
signal strength mainly comes from the following two rea-
sons. The first one is the impedance mismatch between
the wall and free space, which leads to reflection. For
solid walls composed of bricks and concrete (without con-
sidering other factors like rebar), normally, the effective
permittivity is around 4-8, and the total reflectance is
around 10% to 25%. The second one is the attenuation
effect induced by dissipation and inhomogeneity within the
wall. In particular, this attenuation increases significantly
with frequency for a wall of a fixed thickness. As a result,
the signals behind the wall are usually so much weakened
that they can no longer be received by mobile phones or
Wi-Fi extenders.

Figure 1(b) shows our solution to the above issue based
on a passive metalens. When attached to a wall, the metal-
ens is capable of focusing the incoming wave carrying the
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FIG. 1. [Illustrative graph of a mechanism to significantly
enhance wireless signals penetrating through a wall by a metal-
ens. (a) Wall blocks wireless signals, which could destroy wire-
less communication. (b) Metalens can help wireless signals trans-
mit through the wall and reestablish wireless communication.

wireless signal to the other side of the wall with high effi-
ciency. Due to the focusing effect, the signal-to-noise ratio
is enhanced when the wave penetrates through the wall.
Thus, a Wi-Fi extender can receive and pass on the wire-
less signals at the focal point on the other side of the wall.
Such a noninvasive strategy can thus establish a robust and
high-speed through-wall communication channel between
the two sides of the wall.

I1. DESIGN AND NUMERICAL ANALYSIS OF THE
METALENS

Here, we demonstrate a case study of 5-GHz Wi-Fi wire-
less communications, where a through-wall Wi-Fi network
ataround 5 GHz can be optimized by using the metalens. In
the design and simulations, the wall is assumed to have an
effective medium of relative permittivity ¢, = 5 + 0.114,
which is reasonable for normal brick walls.

Inspired by previous studies on metasurfaces operat-
ing in the asymmetric background [27,28,44,45], here we
design the meta-atoms as three-layer metallic structures,
as shown in the insets in Figs. 2(a) and 2(b). To achieve
the same focusing functionality for microwaves of both
polarizations, all the meta-atoms have Cy, symmetry. The
requirement for the meta-atoms is to cover the range of the
[0, 27r) transmission phase shift while maintaining a high
transmittance from free space into the wall. For ease of
design, meta-atoms are composed of three identical layers
of metallic patterns (i.e., copper patterns with a thick-
ness of 36 um), which are separated by two dielectric
spacers with relative permittivity ¢; = 4.3 and thickness
h = 3 mm. The total thickness of the meta-atoms is around
6 mm, i.e., A/10, where A is the wavelength in free space.
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FIG. 2. Design of the metalens oper-
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The period of the meta-atoms is set as p = 18.9 mm
(0.314).

Considering an interface between medium 1 and
medium 2, and assuming that the incoming waves prop-
agate from medium 1 to medium 2, the transmission coef-
ficient of a meta-atom at the interface is expressed as ¢t =

\/ (cos(@,)\/a) / (cos(Gi)JE )E, /E;, so that total transmis-
sion corresponds to |¢|?> = 1 [28]. Here, E, and E; are the
complex amplitudes of the electric field of the transmitted
and incident waves, respectively; 6; and 6; are the trans-
mitted and incident angles, respectively; and ¢, and &,
are the relative permittivities of the media under investi-
gation. The transmission amplitude, |7, and transmission
phase, ¢, are defined as the amplitude and argument of the
transmission coefficients, respectively.

We calculate the transmission coefficient of the meta-
atoms in the asymmetric background by using CST
Microwave Studio simulation software. Unit-cell bound-
ary conditions are applied in the x and y directions, while
the wave ports are applied in the z direction. The port mode
with minimum order is selected to excite an incident plane
wave. In Figs. 2(a) and 2(b), we demonstrate the calcu-
lated transmission amplitude, |¢|, and transmission phase,
@, at 5 GHz for two types of meta-atoms with different

9 0 189
Lateral distance (mm)

patterns. The first pattern is composed of a square metal-
lic strip with a fixed width of w=0.9 mm and a metallic
circle with varying radius, », from 0 to 7.61 mm. The sec-
ond pattern is only a square metallic strip with varying
width, w, from 0.9 to 2.2 mm. Due to the limit of unit-
cell boundaries, the loss of the background is ignored here
but considered in the rest of this work. From Figs. 2(a)
and 2(b), it is observed that the meta-atoms can achieve a
relatively high transmission amplitude (on average, above
0.85) that allows the incoming waves to transmit into the
wall at high efficiency. Moreover, the combined transmis-
sion phase shifts of the two types of meta-atoms can almost
cover the range of [0, 27), as required in the metasurface
design.

According to Fermat’s principle, the transmission phase
distribution of the metalens operating at an interface
between free space and a medium of relative permittivity
&y can be expressed as

2 W
o) = T (R ) b )

where ¢y is a constant phase shift, / is the desired
focal length, and R is the distance between the position
on the metalens and the center of the metalens. In this
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case, we assume a focal length of 250 mm, ie., f =
250 mm. Figure 2(c) shows the transmission phase dis-
tribution along the x direction. The red points marked in
Fig. 2(c) represent the discretized transmission phase of
the meta-atoms designed according to Figs. 2(a) and 2(b).
Figure 2(d) shows the designed metalens consisting of
20 x 20 meta-atoms. The side length of the metalens
is 378 mm. The detailed geometric parameters of these
meta-atoms are listed in Sec. 1 within the Supplemental
Material [46]. We then simulate the field-intensity pro-
files of the designed metalens attached to a wall with
&y =54 0.11i and a thickness of 220 mm under normal
incidence. Figure 2(e) shows the simulated field-intensity
enhancement along the lateral distance across the focal
point in the focal plane at different frequencies. Obviously,
the metalens has a distinct focusing functionality in the
frequency range from 4.4 to 5.6 GHz, which implies that
the metalens function has a bandwidth of around 1.2 GHz.
Specifically, the enhancement is 95.3 times at the focal
point at 5 GHz. At 4.7 GHz, such enhancement is up to
110.8 times. We note that this metalens is insensitive to
polarization due to the C4, symmetry of each meta-atom
and the whole metalens.

We also investigate the performance of the designed
metalens under oblique incident waves. The simulated
results show that the focusing effect of the metalens is
remarkable within £60°, as shown in Fig. 2(f). In addi-
tion, the metalens can be further redesigned by changing
the distribution pattern of the meta-atoms, according to the
wave front of incidence in real-world applications. Without
loss of generality, here, we consider only the case of nor-
mal incidence as a proof of principle. But, as pointed out
earlier, the same meta-atom design can be used for more
practical scenarios.

ITII. EXPERIMENTAL DEMONSTRATION OF
SIGNAL ENHANCEMENT

First, we experimentally verify the focusing effect of the
metalens. The designed metalens is fabricated by using
the mature circuit-board-etching technology, as shown in
Fig. 3(a). The experimental setup is shown in Fig. 3(b). A
brick wall 220 mm thick (slightly shorter than the focal dis-
tance, /), 1200 mm wide, and 848 mm high is constructed
to block the wireless signals. The relative permittivity of
the brick is measured to be 4.7 + 0.114, which is close to
the assumption in the metalens design, i.e., &, = 5 4+ 0.11i.
Due to the limited size of the brick wall, foam absorbers
are placed near the wall to minimize waves bypassing the
brick wall instead of penetrating it. The reflectance, trans-
mittance, and absorptance of the brick wall are measured
by using horn antennas, as shown in Sec. 2 within the Sup-
plemental Material [46]. Around the working frequency
of 5 GHz, the transmittance of the wall is quite low, i.e.,

Enhancement
.

L l
(f) Without metalens

Without metalens ~ With metalens With metalens

=== Brick wall —— Metalens

FIG. 3. Experimental demonstration of wave focusing and
signal enhancement by the metalens. (a) Photograph of the
fabricated metalens. (b) Experimental setup and measurement
environment for characterizing the metalens. Measured field-
intensity distributions along the (c) x-y plane and (e) y-z plane
under normal incidence at 5 GHz for cases with and without
the metalens. Inset in (c) shows the measured field-intensity
enhancement of the transmitted wave along the red dashed line.
Simulated field-intensity distributions along the (d) x-y plane
and (f) y-z plane under normal incidence at 5 GHz for cases
with and without the metalens. Inset in (d) shows the simulated
field-intensity enhancement of the transmitted wave along the red
dashed line.

about 20%. With such a low transmittance, this wall can
significantly attenuate the signal strength of 5-GHz Wi-Fi.

Then, the metalens is attached to the brick wall, as
shown in Fig. 3(b). Such a metalens can focus the incom-
ing waves at the focal point, which is located just behind
the brick wall. To verify the focusing effect, a receiving
antenna is placed on a moving stage to measure the near
field behind the brick wall. The emitting horn antenna and
receiving antenna are connected to the Vector Network
Analyzer (KEYSIGHT N5224B) to acquire the magnitude
and phase of the transmitted waves. The measured field-
intensity distributions of the electric fields behind the wall
are plotted in Fig. 3(c) (x-y plane) and 3(e) (y-z plane),
respectively, for the two cases with and without the met-
alens at 5 GHz. From Figs. 3(c) and 3(e), we observe a
distinct focal spot of high field intensity just behind the
wall, when the metalens is attached to the front surface of
the wall. On the contrary, when the metalens is absent, the
field intensity behind the wall is much smaller throughout
the whole region. The measured field-intensity enhance-
ment of the transmitted wave by the metalens at the focal
point in the x-y plane is 84.4 times. For comparison, we
also calculate the field-intensity profiles behind the wall by
numerical simulations. The simulated field-intensity distri-
butions of the electric fields in the x-y and y-z planes for
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the two cases with and without the metalens are, respec-
tively, shown in Figs. 3(d) and 3(f), and it is found that
the field-intensity enhancement at the focal point is up to
95.3 times. Clearly, the measured results are in excellent
agreement with the simulation results; this confirms that
the designed metalens can efficiently focus the incoming
wave through the brick wall at 5 GHz. The small discrep-
ancy in the field-intensity enhancements in the experiment
can be attributed to other factors like the inhomogeneity
of the brick wall, the small air gap between the metalens
and the brick wall, and the small fabrication error of the
metalens.

In addition, we also use a homogenous dielectric wall
to verify the function of the metalens. The measurement
results are consistent with those of the real brick wall (more
details are provided in Sec. 3 within the Supplemental
Material [46]).

Next, we carry out two types of wireless-communication
experiments, which are referred to as schemes 1 and
2, respectively. The experimental setup for scheme 1 is
shown in Fig. 4(a). A commercial 5-GHz Wi-Fi router
with a transmitted power of 25 mW is set at the 36th
channel, with a center frequency of 5.18 GHz and a band-
width of 40 MHz. The 5-GHz Wi-Fi router is 2 m away

from the wall and placed inside a box made of foam
absorbers and aluminum foil to mimic the 5-GHz Wi-Fi
source with low-energy radiation. The transmitted power
can be controlled by adjusting the number of layers of
foam absorbers, and we manage to realize three levels of
transmitted power, which are denoted as I, II, and III. For
transmitted power I, the average signal strength in front of
the wall is measured to be —67.3 dBm. However, when a
mobile phone is placed on the other side of the wall, it can-
not detect the wireless signal (below the minimum limit of
—80 dBm), and therefore, the network is disconnected, as
shown in Fig. 4(b). The download and upload speeds are
thus reduced to zero.

Remarkably, when the metalens is attached to the front
surface of the brick wall, the 5-GHz Wi-Fi network is
reconnected, and the download and upload speeds are mea-
sured to be 83.3 and 88.6 Mbps, respectively, as shown
in Fig. 4(c). Ten repeated measurements are carried out
for scheme 1, with and without the metalens, under three
levels of transmitted power. The average values of the
measured download and upload speeds, signal strength,
and packet latency with standard errors are plotted in
Fig. 4(d). Under transmitted power I, the average signal
strength behind the wall is —48 dBm, which indicates an

FIG. 4. Experimental demon-

Metalens

~ -

-
~ -

Aluminum f:)ii =~ -\§

stration of through-wall wire-
less communication for 5-GHz
Wi-Fi network based on the
metalens (scheme 1). (a) Exper-
imental setup in scheme 1. 5-
GHz Wi-Fi router is surrounded
by wave-absorbing materials
and placed 2 m away from
the wall, and a mobile phone
is placed near the focal point
of the metalens. (b) Speed-
test result without a metal-
ens under transmitted power I:
failed network connection. (c)
Speed-test result with a met-

|
: \
VT - o
finnc-al
| > | =
A= A
el E‘ I
1 : | — [y
I T
L] \
Foam absorber |
220 mm
(b) (d) 10
ERROR
Test failed to complete. Check your
internet connection and try again. 30| 7&
r Upload
- - - W/O metalens
o |—*— With metalens
8460
. s} Download
Without metalens \% == W/O metalens
b=} —¥— With metalens
B 40}
2 §
oy - p
© DOWNLOAD % UPLOAD ,55’
20+ ;,"
. . ,I
,I
Y ---" 1
With metalens | I 11

Transmitted power

Strength (dBm)

alens under transmitted power
I: network speeds measured
to be 83.3 Mbps (download)
and 88.6 Mbps (upload). (d)
Average download and upload

100

-
§ speeds, signal strength, and
o~ \ 160 & packet latency for repeated
- .= - W/Q m&talens — . .
\ 2 measurements with and without
60 ' = the metalens, under three lev-
With metafgns {40 & .
- X = els of transmitted power. Error
K B8 bars represent standard errors of
-70 | } b0 ~ measurement results.
é‘\ia" A
_ 1 1 L(
I il I

Transmitted power

064027-5



XIANGDONG MENG et al.

PHYS. REV. APPLIED 17, 064027 (2022)

over 30 dB enhancement over the case without a metal-
ens. The average download and upload speeds in repeated
measurements are 81.77 and 86.39 Mbps, respectively. The
packet latency is 14.437 ms. We note that the speeds are
close to the measured maximum speeds of our equipment
and network (download speed of 93.64 Mbps and upload
speed of 93.20 Mbps).

Then we slightly increase the transmitted power to level
II, where the average signal strength in front of the wall is
increased to —66.9 dBm. We find that the network is con-
nected even when the metalens is absent, but the average
download and upload speeds are quite low, i.e., 3.09 and
2.17 Mbps, respectively. When the metalens is attached
to the wall, the quality of the wireless network is sig-
nificantly improved, as shown in Fig. 4(d). The average

download and upload speeds are 89.19 and 87.85 Mbps,
respectively, and the signal strength and the packet latency
are —45.8 dBm and 9.967 ms, respectively; these values
indicate that the network is much better than that without
the metalens. We further increase the transmitted power
to level III, where the average signal strength in front of
the wall is increased to —58.8 dBm. From the results, we
find that the metalens can still lead to significant improve-
ments in the download and upload speeds, strength, and
packet latency. More details of this experiment are shown
in Video S1 within the Supplemental Material, and raw
data of the measurements are shown in Sec. 4 within the
Supplemental Material [46].

Next, we consider scheme 2, in which a Wi-Fi exten-
der is placed at the focal point of the metalens, and the
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Experimental demonstration of through-wall wireless communication for 5-GHz Wi-Fi network based on the metalens and

Wi-Fi extender (scheme 2). (a) Experimental setup in scheme 2. Wi-Fi extender is placed at the focal point of the metalens, and
the mobile phone is positioned away from the focal point. (b) Speed-test result without a metalens under transmitted power I: failed
network connection. (c) Speed-test result with a metalens under transmitted power I: network speeds measured to be 27.1 Mbps (down-
load) and 38.1 Mbps (upload). (d) Average download and upload speeds, signal strength, and packet latency for repeated measurements
with and without the metalens, under three levels of transmitted power. Error bars represent standard errors of measurement results.
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mobile phone can be connected to the Wi-Fi extender over
a considerable distance, as shown in Fig. 5(a). The Wi-
Fi extender functions as a bridge linking the 5-GHz Wi-Fi
router and the mobile phone. In this case, we also man-
age to realize three levels of transmitted power (denoted
as I, II, and IIT) by adjusting the number of layers of the
foam absorbers as well as the position of the Wi-Fi router.
Under transmitted powers I and II, when the metalens is
absent, the Wi-Fi extender cannot connect to the 5-GHz
Wi-Fi router, thus the network channel is down, as shown
in Fig. 5(b). On the contrary, when the metalens is attached
to the front surface of the brick wall, the wireless network
is reconnected. Under transmitted power I, the download
and upload speeds are measured to be 27.1 and 38.1 Mbps,
respectively, as shown in Fig. 5(c). We further perform
repeated measurements with and without the metalens,
under the three levels of transmitted power. The average
results are plotted with standard errors in Fig. 5(d). Clearly,
for all three levels of transmitted power, the metalens can
reconnect or improve the wireless network. We note that
the measured speeds are lower than those in Fig. 4; this
is due to the effect of the Wi-Fi extender. The progress of
the experiment is recorded and shown in Video S2 within
the Supplemental Material, and raw data of repeated mea-
surements are shown in Sec. 5 within the Supplemental
Material [46]. Both experiments of schemes 1 and 2 show
that the designed metalens enables through-wall wireless
communication, which is crucial for future high-frequency
wireless communication.

IV. DISCUSSION AND CONCLUSION

Previously, active metasurfaces, also denoted as smart
surfaces [47—50], were demonstrated to effectively opti-
mize the signal strength in wireless communication. Such
smart surfaces, made of tunable electronic components,
aim to flexibly control beam forming and focusing in free
space. Some other schemes based on reflective metasur-
faces are also applied to enhance signal strength [51,52].
Nevertheless, most previous research focused on routing
wireless signals to bypass the obstacles in free space.
The possibility of allowing wireless signals to penetrate
through walls with high efficiency has not been demon-
strated. Here, through designing a passive metalens for
asymmetric backgrounds, we clearly prove the validity
of through-wall wireless communication via metalenses.
With the help of a Wi-Fi extender, the signal penetrating
through the wall can be passed on to all mobile devices
behind the wall, thereby establishing a through-wall net-
work channel. This strategy is less complicated, passive,
and cost-effective.

To achieve high efficiency, such a transmissive metal-
ens requires not only the correct phase modulation but also
high transmittance through the surface of walls. Such a
capability to achieve impedance matching within a deep

subwavelength scale was recently realized by metamate-
rials [53], multilayer or cascaded metasurfaces [28,44],
bianisotropic metamaterials [45], etc. The coalescence of
antireflection and wave-front control opens a pathway
towards interface optics with high efficiency. Here, we
adopt a relatively simple meta-atom design of three iden-
tical metallic patterns, because the effects of focusing and
signal enhancement are already prominent, as shown in the
proof-of-principle experiments. In the future, the metallic
patterns of the meta-atoms can be further optimized for
more challenging situations, such as thicker walls, larger
impedance mismatch, and absorption.

In conclusion, we hereby report a noninvasive method to
enable or enhance through-wall wireless communication.
We show that an ultrathin passive metalens can help wire-
less signals penetrate through obstacles, such as walls. The
focusing effect can effectively compensate for loss within
the wall, thus maintaining a large signal-to-noise ratio on
the other side of the wall. Such a focusing effect, as well
as the reconnection of a 5-GHz Wi-Fi network channel
through the wall by applying the metalens, is experimen-
tally demonstrated. Our work proposes and demonstrates
a practical route to solve the critical issue of signal atten-
uation through walls, which could benefit next-generation
wireless systems based on higher frequencies.
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