
RFlens: Metasurface-Enabled Beamforming for IoT
Communication and Sensing

Chao Feng*†‡, Xinyi Li*†‡, Yangfan Zhang†, Xiaojing Wang†,
Liqiong Chang†, Fuwei Wang†‡, Xinyu Zhang♯, Xiaojiang Chen†‡

†Northwest University, China ♯University of California San Diego, USA
‡Shaanxi International Joint Research Centre for the Battery-Free Internet of Things, China

†{chaofeng,xinyili,zhangyangfan1,wxj}@stumail.nwu.edu.cn, †{clq,wfw,xjchen}@nwu.edu.cn, ♯xyzhang@ucsd.edu

ABSTRACT
Beamforming can improve the communication and sensing capabili-
ties for a wide range of IoT applications. However, most existing IoT
devices cannot perform beamforming due to form factor, energy,
and cost constraints. This paper presents RFlens, a reconfigurable
metasurface that empowers low-profile IoT devices with beamform-
ing capabilities. The metasurface consists of many unit-cells, each
acting as a phase shifter for signals going through it. By encoding
the phase shifting values, RFlens can manipulate electromagnetic
waves to “reshape” and resteer the beam pattern. We prototype
RFlens for 5 GHzWi-Fi signals. Extensive experiments demonstrate
that RFlens can achieve a 4.6 dB median signal strength improve-
ment (up to 9.3 dB) even with a relatively small 16 × 16 array of
unit-cells. In addition, RFlens can effectively improve the secrecy
capacity of IoT links and enable passive NLoS wireless sensing
applications.
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1 INTRODUCTION
Beamforming, or spatial filtering, represents a fundamental prim-
itive that can enhance the wireless communication and sensing
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Figure 1: Basic principle of RFlens. The PIN diode deter-
mines the state of each unit-cell as 0 or 1. It can be used
to synthesize arbitrary beam directions by applying specific
coding sequences to the unit-cells.

capabilities in modern IoT applications. With a large array of anten-
nas, a beamforming transmitter can focus the signal power towards
the intended receiver, effectively improving the link capacity and
hence reducing energy per bit [41], much desired for battery pow-
ered sensors such as surveillance cameras [1]. Also, it can use the
multi-beam to enable many new applications such as multi-user
wireless VR for education and gaming, where high bandwidth data
must be streamed to each user. Directional beams can also reduce
the risk of eavesdropping, thus improving the secrecy capacity [40].
In passive sensing applications, directional beamforming enables
a radio transceiver to spotlight on a desired subject, thereby re-
ducing static multipath interference and dynamic interference, and
improving the sensing reliability [36, 46]. Unfortunately, these 3
advantages are inaccessible for the majority of today’s IoT devices,
which have to be equipped with only one or two antennas due to
cost and form factor constraints. Even for high-end MIMO antenna
arrays, their directional beams can only be steered towards line-
of-sight (LoS) angles, and cannot easily cover subjects around the
corner [39].

Recent research has attempted to bring beamforming capabilities
to low-profile IoT devices by deploying a smart surface around. For
instance, LAIA [30] builds a wall of antennas which can refocus the
signals coming from IoT transmitters. RFocus [11] employs recon-
figurable RF switches and antenna elements to form a rectangular
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array, which can direct signals towards an intended receiver. While
these systems can realize beamforming gains, their form factor
is formidable. For example, RFocus uses 3200 antenna elements,
spanning a 6 m2 area, to achieve a 9 dB median beamforming gain
for Wi-Fi links.

In this paper, we ask the following question: Can we design
a more area-efficient smart surface to enable the aforementioned
beamforming capabilities?We propose an affirmative answer through
RFlens, a reconfigurable metasurface (MTS) that can “reshape” and
resteer the RF signals going through it. The basic working principle
of RFlens is shown in Figure 1. RFlens consists of many unit-cells,
each comprised of two PIN diodes placed in the same orientation.
When a bias voltage is applied to PIN diodes, the unit-cell acts as a
1-bit phase shifter (e.g., 0 or 𝜋 ). RFlens can reconfigure the phase
coding patterns to manipulate the electromagnetic waves going
through the metasurface, and achieve beamforming, multi-beam,
and beam steering/resteering.

To build RFlens in practice, we have to address the following
non-trivial challenges.

Challenge 1: How to realize a compact metasurface with high
beamforming gain? When passing through the metasurface, the
incident signals experience reflection attenuation (RA) and trans-
mission attenuation (TA). To reduce the RA, we need to design an
efficient metasurface structure whose resonance frequency matches
the incidental waves. On the other hand, using materials with a
smaller dielectric constant can reduce the TA, but increase the
fabrication cost. To balance these design trade-offs, we model the
relation between the unit-cell geometry and signal characteristics
(i.e., frequency, phase, and amplitude). The model helps optimize
the system parameters, including the dielectric substrate, the size
of the patch, the size of the slot, the diameter of the metallized via,
and the thickness of the dielectric substrate. It ultimately leads to a
unit-cell structure with low RA and TA on the 5 GHz ISM band.

Challenge 2: How to enable versatile MIMO-like beam reshap-
ing by reconfiguring the unit-cells? An intuitive solution is to re-
configure each unit-cell with a predefined phase coding pattern,
just as in classical delay-and-sum beamforming for phased antenna
arrays. But this will result in: 1) High sidelobe due to the low (bi-
nary) phase resolution; 2) Low beamforming gain since RFlens
arranges the unit-cells into subarrays to construct the metasurface.
We instead devise a beam synthesis optimization (BSO) scheme
to achieve narrow beamwidth, low sidelobes, and enable versatile
multi-beam patterns. The high-level idea is to iteratively adjust
the phase coding pattern in order to approach the desired beam
pattern. Unfortunately, it is extremely time-consuming for the iter-
ations to converge, as the search complexity grows exponentially
with the number of unit-cells and elements per unit-cell. To over-
come this hindrance, we seek the optimization using the continuous
phase shifting values in classical phased array beamforming, which
substantially accelerates the computation.

Challenge 3: How to beamform toward passive subjects, to
enable directional or non-line-of-sight (NLoS) wireless sensing
applications? RFlens can enable single-antenna wireless sensing
devices to beamform towards a subject of interest, and isolate mul-
tipath or environmental interference. It can even resteer signals to
detour NLoS blockage, thus enabling around-the-corner sensing
applications. Yet, the metasurface itself is unaware of the subjects’

locations, and cannot directly coordinate with the sensing devices.
We thus propose a simple method to deduce the optimal phase con-
figurations for the metasurface elements that maximize the desired
sensing signal SNR. Our basic observation is that each predefined
phase coding pattern corresponds to a main angular radiation re-
gion. We can thus quantize the region of interest into multiple
angles, identify the metasurface configuration for each, and quickly
scan across the corresponding beams. Our current RFlens prototype
can continuously scan 37 beams within only 150 𝜇𝑠 , which covers
the half-space with 5◦ resolution.

We build an RFlens prototype with 16 × 16 unit-cells spanning
an area of 0.484×0.484𝑚2. Extensive experiments demonstrate that
RFlens can perform accurate beam steering within a [−60◦, 60◦]
field-of-view. The gain is symmetrical for both forward and reverse
direction links. Even with the small-size prototype, RFlens enables
up to 9.3 dB signal strength improvement. The median gain is 4.6 dB
in the indoor environment and 5.5 dB for long-range outdoor LoS
scenarios. We also conduct case studies for communication and
sensing applications, which demonstrate that RFlens can improve
the secrecy capacity of IoT links by 7.6× on average; it can also
improve NLoS sensing performance and mitigate the multi-user
interference for activity sensing.

The main contributions of RFlens can be summarized as fol-
lows. RFlens represents the first WiFi-band metasurface design
that manipulates the phase of penetrating signals to attain beam-
forming gains at a small physical area. We empirically model the
relation between unit-cell geometry and signal characteristics (i.e.
frequency, phase, and amplitude) to minimize the transmission loss.
In addition, we devise a beam synthesis optimization (BSO) scheme
to create multi-beam patterns with narrow beamwidth and lower
sidelobe level. Finally, we validate the implementation of RFlens for
both communication and sensing applications with comprehensive
experiments.

2 RELATEDWORK
Antenna array beamforming. Much research has been de-

voted to using antenna arrays at RF endpoints to improve com-
munication quality. For example, BigStation [52] employs 15 PC
servers as a baseband processing unit to drive a 12-antenna RF
front-end, to achieve 6.8× link capacity gains. SWAN [50] stitches
many antennas to the original RF chains to achieve transmission
diversity. Other researchers utilize many antennas to build large-
scale MIMO systems [21, 25, 37] or reconfigurable phased arrays
[27, 44, 58] to improve link SNR or spatial reuse. These systems are
usually bulky and costly, and need to tightly integrate the antennas,
RF front-end, and baseband hardware. RFlens follows a different
design goal: It serves as a companion smart surface to empower
existing low-profile IoT devices. Owing to the modularized unit-cell
design, it can potentially be scaled to enable massive MIMO-like
fine beamforming capabilities for single- or few-antenna devices.

Smart surfaces. Smart surfaces are gaining traction as a way to
“smarten” the radio environment and enhance wireless link quality
[13, 42, 47, 48, 57]. MoVR [5] utilizes a programmable millimeter-
wave (mmWave) reflector to align the antenna beams under block-
age scenarios. It relies on the location sensors on virtual reality
devices to assist beam alignment. LAIA [30] exploits large antenna
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arrays equipped with programmable, continuous phase shifters
to align the phase of different RF paths, thus improving link SNR.
RFocus [11] is another smart surface, which achieves beamforming
by configuring the signal to either pass through or reflect from the
surface element by setting the “on” or “off” state of each element.
RFocus only uses a part of unit-cells, and only redirects a fraction of
the signal energy. In contrast, RFlens uses the 1-bit phase shifters on
all unit-cells simultaneously, and aligns the phase of each unit-cell
to achieve beamforming. Thus, RFlens is more area-efficient, i.e.,
it can achieve a larger beamforming gain with the same physical
area. ScatterMIMO [22] utilizes an area-efficient surface to generate
virtual AP and enhances the signal power of reflected path power
to improve throughput, but only works in five Wi-Fi channels at
5 GHz. Unlike ScatterMIMO, RFlens works well over the whole 5
GHz channels, and enables more versatile beamforming functions
such as resteering and splitting, which can be used for multicast,
NLoS sensing, etc.

Metamaterials. Metamaterials are three-dimensional, periodic,
and artificial structures assembled using conventional composite
materials. Metasurfaces can be considered as a class of metama-
terials that take the form of a surface. They can be designed to
manipulate and interact with electromagnetic waves in unique
ways [24, 28, 31, 32, 49]. For example, Li et al. [29] utilize an 81-
element single-layer reflect-array to perform reflective beamform-
ing. Arbabi et al. [9] leverage dielectric metasurfaces to achieve
beam polarization. Such beamforming functions are fixed at manu-
facturing time. Further, some studies [6, 14] apply air gaps in the
unit-cell structure to achieve beam steering with a low transmission
loss. However, the air gaps will increase design complexity, fabrica-
tion complexity, and form factor. Unlike these approaches, RFlens
uses a tightly connected multi-layer unit-cell structure. Another
series of works [17, 35, 55, 56] demonstrated programmable meta-
surfaces using PIN diodes. While these approaches have shown
great promise to control electromagnetic waves, they mostly fo-
cus on the theoretical modeling and simulation verification, and
are optimized for a single frequency point or a narrow bandwidth.
In contrast, RFlens aims to achieve a low transmission loss when
the incident signals span the whole 5 GHz Wi-Fi frequency band.
RFlens targets both the IoT communication and sensing use cases,
whereas prior work mostly focused on the electromagnetic aspects.

A few practical metasurface designs have emerged recently to
enhance wireless link quality. LLAMA [18] uses a programmable
metasurface to change the polarity of incident waves and remove
the polarizationmismatch between transceivers. mmWall [19], most
closely related with RFlens, achieves beam steering and splitting
for mmWave links. It imposes different voltage values to control a
varactor within each unit-cell to realize continuous phase changes,
which requires a precise and sophisticated DC voltage control back-
end. In contrast, RFlens chooses to use PIN diode to change the
unit-cell’s phase, which only needs binary DC voltage levels. Al-
though the phase resolution of PIN diode is not as good as the
varactor diode, RFlens still can achieve good beamforming and
beam scanning performance by employing a large number of unit-
cells (More details are in Section 4.4). In addition, mmWall focuses
on the theoretical modeling and simulation of a high frequency
(24-27 GHz) metasurface, whereas RFlens builds a practical system
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Figure 2: (a) 3D architecture of the proposed unit-cell, (b) up-
per layer, (c) middle layer, (d) lower layer.

at the 5 GHz Wi-Fi frequency band with an entirely different RF
front-end.

3 METASURFACE CONFIGURATION
In this section, we present the detailed design of RFlens, including
the basic unit-cell and metasurface architecture.

3.1 Unit-cell Design
To build a compact MTS with high beamforming gain, a unit-cell
design should meet two requirements: (i) Each unit-cell can dy-
namically and independently adjust the phase when an RF wave
penetrates it; and (ii) The signals going through the unit-cell should
experience a low transmission loss. We now introduce our solutions
to meet the requirements.

3.1.1 Designing the unit-cell with phase shifting capability. We use
PIN diodes as the basic hardware elements to realize phase shifting.
Unlike the varactors used in recent work (Sec. 2), a PIN diode only
requires two different DC voltage levels (e.g., 0 V or 5 V) rather than
precise and continuous voltage values, which reduces the design
complexity and insertion loss while improving the stability [34].
Figure 2 illustrates the 3D structure of a unit-cell. Each unit-cell
consists of four metallic layers printed on two identical dielectric
substrates. The upper surface of the upper dielectric substrate is
printed with rectangular patch antennas loaded by a C-slot (referred
to as the passive patch). The lower surface of the lower dielectric
substrate is printed with a patch antenna of the same size loaded
by an O-slot (referred to as the active patch). The passive patch
is connected to the ground plane through two vertical via-holes.
The active patch is connected to a narrow bias line through two
vertical via-holes similar to the passive patch. Both patch antennas
are connected by a via-hole located at their center.

We place two PIN diodes with the same orientation on the active
patch layer as shown in Figure 3(b). The bias current supported
by a DC voltage regulator flows from the bias line and flows to
the active patch through two vertical via-holes. Then, it flows to
the passive patch through a via-hole located at the center after
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(a) Passive patch

(c)  The opening directions 
of active patch with 0V

(d) The opening directions 
of active patch with 5V

(b)Active patch

Same orientation

Figure 3: The opening direc-
tions of active patch.
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Figure 4: The phase and 𝑆21 efficiency of the original and optimized unit-cell.

passing through PIN diodes (Figure 9). Under the different DC
voltage levels, the PIN diodes switch to an opposite state and thus
the opening directions of the upper and lower patches are opposite
or uniform, as shown in Figure 3. Depending on the sign of the
bias current, the unit-cell introduces a phase shifting of 0 or 𝜋 .
Therefore, we can consider the unit-cell as a one-bit phase shifter,
i.e., zero phase (“0\OFF” state) or 180-degree phase (“1\ON” state),
corresponding to two opposite electromagnetic responses. In order
to independently adjust each unit-cell’s phase, we employ a bias
line layer to control the states of the PIN diode within each unit-
cell. The detailed schematic of the bias line layer is described in
Section 3.2. To analyze the phase and transmission coefficient (i.e.,
𝑆21) of the unit-cell, we use High Frequency Structure Simulator
(HFSS) simulation software to simulate an infinite array of unit-
cells. The result is shown in Figure 4(a), we can clearly see that,
for signals between 5 GHz and 6.5 GHz, our unit-cell design can
effectively alter the phase between 0 and 180◦. Unfortunately, the
transmission efficiency is too low (< −3 dB) for signals above 5.2
GHz. We now introduce further steps to counteract this limitation.

3.1.2 Transmission loss optimization. When RF signals impinge on
the unit-cell, reflection attenuation (RA) occurs if their resonant
frequencies mismatch. We find that the RA is highly correlated
with the geometric parameters of the unit-cell. On the other hand,
the transmission attenuation (TA) depends on the material of the
unit-cell. We can thus focus on these two parameters in order to
achieve a low transmission loss.

First, we need to select a substrate material with a low loss prop-
erty to reduce the TA. The material’s property is determined by
two factors, i.e., dielectric loss tangent 𝛿 and dielectric constant 𝜖𝑟 .
A lower 𝛿 and 𝜖𝑟 means lower loss, but higher cost. For example,
Rogers Duroid RT6002 (𝛿 = 0.0012 and 𝜖𝑟 = 2.94) and Arlon Cu-
CLAD 6700 (𝛿 = 0.0025 and 𝜖𝑟 = 2.35) have a low transmission
loss, but they are expensive (e.g., Rogers costs $1,076 per square
meter [3] ), making them impractical to commercialize as consumer
products. To balance the cost and transmission attenuation, RFlens
adopts a cheap F4B (𝛿 = 0.002 and 𝜖𝑟 = 2.65) as the material of the
upper and lower substrate, and FR4 (𝛿 = 0.015 and 𝜖𝑟 = 4.2) as the
intermediate substrate (e.g., F4B costs 85 USD per square meter), as
shown in Figure 2.

Second, we need to identify the key parameters that impact
the resonance frequency of the unit-cell. To this end, we build an
equivalent circuit model for the unit-cell (Figure 5), which consists
of three key parts, i.e., active patch, passive patch, and T-network.
The active patch (Figure 2 (d)) contains an O-structure microstrip
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Figure 5: Circuit schematic of the unit-cell.

patch and an O-structure slot. The passive patch (Figure 2 (b))
contains a C-structure microstrip patch and a C-structure slot. We
can model the C-structure and O-structure microstrip patch as a
combination of a shunt parallel 𝑅𝐿𝐶 resonator and a series complex
impedance [16], i.e., Z𝐴,𝑃

𝑃
≡
(
𝑅
𝐴,𝑃
𝑃

, 𝐿
𝐴,𝑃
𝑃

,𝐶
𝐴,𝑃
𝑃

)
. To further illustrate

the relationship between the unit-cell’s geometric parameters and
the circuit model, ZAP is derived using the cavity model [23, 38].
Note that ZPP and ZAP are the same, thereby we only analyze ZAP
below:

Z𝐴𝑃 =
1
𝑅𝐴
𝑃

+
[
𝑗𝜔𝐶𝐴𝑃 + 1

𝑗𝜔𝐿𝐴
𝑃

]−1
, (1)

where 𝐶𝐴
𝑃

=
𝜀0𝜀𝑟𝐿𝑝𝑊𝑝

2ℎ𝑠 cos−2
(
𝜋𝑦0
𝐿𝑝

)
, 𝐿𝐴
𝑃

= 1
(2𝜋 𝑓1)2𝐶𝐴

𝑃

and 𝑅𝐴
𝑃

=

𝑄1
2𝜋 𝑓1𝐶𝐴

𝑃

. 𝜀𝑟 is the dielectric constant of the dielectric substrate, 𝐿𝑝
and𝑊𝑝 is the patch size, ℎ𝑠 is the thickness of the dielectric sub-
strate, 𝑓1 is the resonance frequency, 𝑄1 is the quality factor [23],
and 𝑦0 is the distance of the excitation point from the closest radi-
ating edge. The resistance 𝑅𝐴

𝑃
corresponds only to the loss in the

radiating elements. The superscripts denote the passive patch and
the active patch layer, respectively. The subscripts “P”, “C” and “O”
stand for “Patch”, “C-structure” and “O-structure”, respectively.

In addition, the C-structure slot and O-structure slot on the
rectangular patch can be equivalent to a resistor (i.e., 𝑅𝐴

𝐶
and 𝑅𝑃

𝑂
)

and a capacitor (i.e., 𝐶𝐴
𝐶
and 𝐶𝑃

𝑂
) in series as shown in Figure 5.

The impedance is expressed as ZAC or ZPO, respectively. Here, we
only analyze ZAC because ZAC and ZPO are identical in theory. Then,
the total impedance of the active patch 𝑍𝐴can be expressed as
𝑍𝐴 =

𝑍𝐴
𝑃
+𝑍𝐴

𝐶

𝑍𝐴
𝑃
𝑍𝐴
𝐶

, where 𝑍𝐴
𝐶

= 𝑅𝐴
𝐶
+ 1
𝑗𝜔𝐶𝐴

𝐶

. Hence, through the above
equations, we can identify two key parameters that determine the
resonance frequency: the size of the patch and slot structure.



RFlens: Metasurface-Enabled Beamforming for IoT Communication and Sensing ACM MobiCom ’21, January 31-February 4, 2022, New Orleans, LA, USA

5  5.2 5.4 5.6 5.8 6  6.2 6.4
Frequency (GHz)

-20

-15

-10

-5

0

E
ffi

ci
en

cy
 (

dB
)

12 mm
13 mm

15 mm
16 mm

14 mm

5.15 GHz

-3 dB

5.89 GHz

(a) The impact of different patch
lengths.

5  5.2 5.4 5.6 5.8 6  6.2 6.4
Frequency (GHz)

-12

-10

-8

-6

-4

-2

0

E
ffi

ci
en

cy
 (

dB
)

8.8 mm
10.8 mm

11.8 mm
12.8 mm

9.8 mm

5.89 GHz5.15 GHz

-3 dB

(b) The impact of different patch
widths.

5  5.2 5.4 5.6 5.8 6  6.2 6.4
Frequency (GHz)

-14

-12

-10

-8

-6

-4

-2

0

E
ffi

ci
en

cy
 (

dB
)

2.5 mm
3 mm

3.5 mm
4.5 mm

4 mm

-3 dB

5.15 GHz 5.89 GHz

(c) The impact of different slot size.
5  5.2 5.4 5.6 5.8 6  6.2 6.4

Frequency (GHz)

-12

-10

-8

-6

-4

-2

0

E
ffi

ci
en

cy
 (

dB
)

2.5 mm
3 mm

3.5 mm
4.5 mm

4 mm

5.15 GHz 5.89 GHz

-3 dB

(d) The impact of different metal-
lized via diameters.

5  5.2 5.4 5.6 5.8 6  6.2 6.4
Frequency (GHz)

-20

-15

-10

-5

0

E
ffi

ci
en

cy
 (

dB
)

1 mm
2 mm

4 mm
5 mm

3 mm

5.15 GHz 5.89 GHz

-3 dB

(e) The impact of different dielec-
tric substrate thickness.

Figure 6: Different parameters have different effects on the transmission loss.
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Figure 7: Impact of different incidental signal angles.

Since the two patches are connected by the metallized via, we
model it as a T-network (𝐿𝑡 ,𝐶ℎ, 𝐿𝑡 ) as follows [23]:

𝐿𝑡 =
𝜇0ℎ𝑠
2𝜋 ln

(
2𝐶

𝜋𝐶𝑑𝑣
√
𝜀𝑟 𝑓1

)
, 𝐶ℎ = 𝜀0𝜀𝑟 2𝜋

ℎ𝑔

ln
(
𝑊𝑔

𝑑𝑣

) , (2)

where ℎ𝑠 is the thickness of the substrate, 𝐶 is the Euler’s constant,
𝜇0 is the magnetic permeability of free space, 𝑑𝑣 is the diameter of
the metallic via,𝑊𝑔 is the width of the opening in the ground plane,
and ℎ𝑔 is the thickness of the ground place. In our implementation,
ℎ𝑔 = 0.035 mm. Through the above equations, we can identify
two key parameters that determine the resonance frequency: the
thickness of dielectric substrate and the diameter of metallized via.

To explore how they affect the unit-cell’s transmission loss across
the 5 GHzWi-Fi band, we use HFSS again to conduct comprehensive
simulations and summarize the results below.

(i) The size of patch: The results in Figure 6(a) and Figure 6(b)
show that the patch size impacts not only the transmission effi-
ciency but also the frequency response. Figure 6(a) indicates that a
longer patch length leads to lower resonance frequency. Specifically,
the resonance frequency shifts from 6.2 GHz to 5 GHz as the patch
length decreases, and the patch length significantly affects the total
frequency range that satisfies the > −3 dB transmission efficiency.
Therefore, an appropriate patch length could help to keep a low
transmission loss for the unit-cell. In our system, we set the patch
length to 14 mm.

Figure 6(b) implies that the wider the patch width, the smaller
the resonance frequency bandwidth (> −3 dB). For example, the
bandwidth of the 9.8 mm patch width is 0.84 GHz, larger than the
bandwidth of 12.8 mm patch width (i.e., 0.45 GHz). When the width
is smaller than 10.8 mm, the bandwidth can cover the whole Wi-Fi
frequency band. Due to the average efficiency of 8.8 mm is smaller
than 9.8 mm in the whole Wi-Fi frequency band, we choose 9.8 mm
in our implementation.

(ii) The size of slot: The result of different slot sizes is shown in
Figure 6(c), we can see that as the size of slot increases, the frequency
bandwidth(> −3 dB) increases. To ensure the efficiency of whole 5

GHz Wi-Fi frequency band is larger than -3 dB, we select 4 mm as
the slot’s size.

(iii) The diameter of the metallized via: Different via diameters
impact both the center resonance frequency and transmission effi-
ciency, which is evident in Figure 6(d). As the diameter increases, the
center resonant frequency decreases, whereas transmission efficiency
increases. We empirically set the via diameter to 4 mm to meet the
−3 dB transmission loss in 5 GHz Wi-Fi band.

(iv) The thickness of the dielectric substrate: Figure 6(e) plots the
simulated results with different substrate thicknesses. We can see
that the thickness has a significant effect on both the transmission
efficiency and resonance frequency. To meet the requirement of high
efficiency at the whole 5 GHz Wi-Fi frequency band, we select 3
mm as substrate thickness to achieve low transmission loss.

Table 1 summarizes the optimal unit-cell parameter configura-
tions based on the above observations (More details are shown in
Appendix A). The simulation results in Figure 4(b) demonstrate
that the transmission efficiency always exceeds −3 dB under this
parameter setup, across the entire 5.15-5.89 GHz band. For phase
changes of two states for PIN diodes, Figure 4(c) shows that the
absolute phase value of each PIN diode’s state changes as the fre-
quency varies, but the phase differences of the “ON” and “OFF”
states always keep stable at 180◦.

To explore the impact of different incident angles, we vary the
angle from 0◦ to 60◦, and use HFSS to simulate an infinite array
of unit-cells. The simulated results are shown in Figure 7. We can
clearly see that: (i) the phase differences are stable at 180◦ across the
entire 5 GHz Wi-Fi frequency band as the incidental angle changes.
This reason is that the phase difference only depends on the two
opposite electromagnetic responses. In other words, no matter how
the incidental angle changes, the phase difference between two
different DC voltage levels, resulting in the opening directions of
the upper and lower patches are opposite or uniform, remains 180◦
(More details are given in Section 3.1.1); (ii) the transmission effi-
ciency decreases as the incidental angle increases. This is because
the effective MTS aperture area is reduced, which agrees with pre-
vious research [17]. When the incidental angle increases to 50◦,
the transmission loss still meets the −3 dB requirement across the
whole 5 GHz Wi-Fi band. It exceeds −3 dB as the incidental angle
goes beyond 60◦. Thus, to maintain high performance, the incident
angle is better kept within the 50◦.

3.2 Metasurface Control
Our current prototype of RFlens comprises 256 unit-cells in a 16
× 16 layout, as shown in Figure 8. To dynamically reconfigure the
PIN diode states of each unit-cell, a bias line is needed to feed
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Figure 9: Current distribution
on the patch of the unit-cell.
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different DC bias voltages (e.g., 0 V or 5 V). When the bias voltage
is applied, the current on the activate patch can be perturbed by
the corresponding DC current, resulting in RF signal power leaking
through the bias lines. The leakage is exacerbated with a large
number of bias lines passing through an active patch, leading to a
sharp drop in the cell frequency response.

To tackle this challenge, we optimize the RF/DC decoupling
through two steps. First, we partition the whole MTS into 4 areas
(e.g., 𝐴, 𝐵, 𝐶 and 𝐷), so the maximum number of bias lines passing
through a unit-cell is reduced from 16 to 8. Second, we carefully
design a bias circuit involving a DC signal line and two quarter-
wavelength microstrip lines. When a bias voltage is applied to the
DC signal line, it will generate current, and the current induces
coupled electric field. As shown in Figure 9, the electric field cou-
pled by the bias lines 𝐿2 and 𝐿3 is parallel to the electric field of
patch, whereas the electric field coupled by 𝐿1 is orthogonal to it.
The coupling effect induced by 𝐿2 and 𝐿3 degrades the frequency
response. To mitigate this impact, we deploy the 𝐿2 and 𝐿3 bias
lines at the edge of the unit-cell. Besides, we design two quarter-
wavelength microstrip lines at two via holes to choke the RF signal
which enters the bias line.

To verify the effectiveness of the proposed method, we conduct
simulation experiments and study the impact of the bias lines on
the cell frequency response. As shown in Figure 10 and Figure 11,
the phase and efficiency remain highly consistent when there are 1
or 8 bias lines on the unit-cell, for all frequencies from 5 GHz to 6.5
GHz, and for both ON and OFF states. These results further confirm
that the RF/DC decoupling circuit on the unit-cell provides good
isolation between the active patch and the bias lines.

4 BEAMFORMING THROUGH RFLENS
In this section, we explain how to enable versatile beamforming
schemes on RFlens.

4.1 Creating a Single Directional Beam
Consider a MTS of RFlens consists of𝑀 ×𝑁 elements (𝑀 = 𝑁 = 16
in our implementation), as illustrated in Figure 12.When an incident
electromagnetic wave impinges on the unit-cell located at (𝑚,𝑛), it
experiences a propagation distance of 𝑑𝑚,𝑛 , which leads to a phase
shift of 𝜙𝐼𝑚,𝑛 :

𝜙𝐼𝑚,𝑛 = −𝑘0𝑑𝑚,𝑛, (3)

where 𝑘0 = 2𝜋/𝜆; 𝜆 is the signal wavelength; 𝑚 ∈ [1, 𝑀] and
𝑛 ∈ [1, 𝑁 ]. Suppose the desired beamforming direction is (𝜃0, 𝜑0),
where 𝜃0 and 𝜑0 are the elevation and azimuth angles, respectively.
The theoretical phase distribution of the (𝑚,𝑛)𝑡ℎ unit-cell in MTS

Tx

Coding metasurface

View of 
coordinate system

Tx

Figure 12: Geometry of the coding metasurface.

should be:

𝜙𝑇𝑚,𝑛 = −𝑘0 (𝑥𝑚 𝑠𝑖𝑛𝜃0 cos𝜑0 + 𝑦𝑛 sin𝜃0 sin𝜑0) , (4)

where 𝑥𝑚 and 𝑦𝑛 are the X-axis and Y-axis distances of the (𝑚,𝑛)𝑡ℎ
unit-cell relative to the origin of coordinate.

Thus, to steer the incident signal to (𝜃0, 𝜑0), the (𝑚,𝑛)𝑡ℎ unit
should generate a phase compensation of:

𝜙𝐶𝑚,𝑛 = 𝜙𝑇𝑚,𝑛 − 𝜙𝐼𝑚,𝑛, (5)

Recall the unit-cell only provides two phase states (0◦ or 180◦).
To realize the phase compensation, we follow a quantization rule
Q
(
𝜙𝐶𝑚,𝑛 |1−𝑏𝑖𝑡

)
given by:

Q
(
𝜙𝐶𝑚,𝑛 |1−𝑏𝑖𝑡

)
=

{
0◦, 𝑖 𝑓 − 𝜋

2 ≤ 𝜙𝐶𝑚,𝑛 < 𝜋
2

180◦, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 , (6)

where the 𝜙𝐶𝑚,𝑛 is the compensated phase.
To verify RFlens can form directional beams despite the quanti-

zation effect, we conduct HFSS simulation to analyze the radiation
pattern. Figure 13 shows 4 beam patterns generated by ideal contin-
uous phase shifters and the phase of corresponding unit-cells. The
blue/gray square represents the 0◦/180◦ states, respectively. The
maximum directivity is about 20 dB1 for the main beam with HFSS
simulation results, within the −50◦ to 50◦ primary field of view,
as shown in Figure 14. We can see that the main beam direction
of the unit-cell design is well aligned with the ideal case, and the
sidelobes are relatively small. In fact, we find that the measured
average beamforming gain has about 4 dB attenuation compared
to simulated results due to the hardware imperfection of MTS, PIN
diodes, and the transmitter’s antenna (More detailed information
in Section 7). In addition, RFlens can beamform towards arbitrary
angle (from −90◦ to 90◦) with a fine-grained ±5◦ resolution. Note
that, RFlens can steer the beam both horizontally and vertically.
Since most Wi-Fi related communication/sensing use cases have

1The gain of the source antenna is 10 dB.
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limited freedom in height, we mainly consider the performance
within the horizontal plane in this paper.

4.2 Multi-beam Patterns
The ability to “split” incident waves into multiple directional beams
can enable unique communication and sensing use cases, such as
securemulticast from an IoT sensor and simultaneously tracking the
vital signs of multiple human subjects. A straightforward approach
to form multi-beam is to divide the whole MTS into subarrays,
each independently generating a single beam. But this will hurt the
directionality since each subarray only employs a subset of unit-
cells. We thus devise a beam synthesis optimization (BSO) scheme.
The basic idea is to synthesize a desired multi-beam pattern, by
iteratively adjusting the phase states of unit-cells. Without loss
of generality, we describe the solution for a dual-beam BSO. Let
(𝜃1, 𝜑1) and (𝜃2, 𝜑2) represent two desired directions, 𝐵𝑊1 and 𝐵𝑊2
denote the beamwidths of two mainlobes, and 𝑆𝐿 is the normalized
sidelobe level. To synthesise the desired multi-beam pattern, we
first calculate the single beam pattern of (𝜃1, 𝜑1) as below [19]:

𝐹1 (𝜃1, 𝜑1) =
𝑀∑
𝑚=1

𝑁∑
𝑛=1

𝑒 𝑗𝑘0 ( (𝑥𝑚𝑢+𝑦𝑛𝑣)−(𝑥𝑚 sin𝜃1 cos𝜑1+𝑦𝑛 sin𝜃1 sin𝜑1)) ,

(7)
where 𝑢 = sin𝜃 cos𝜑 and 𝑣 = sin𝜃 sin𝜑 , 𝜃 and 𝜑 vary from −𝜋
to 𝜋 . Similarly, we can obtain the single beam pattern 𝐹2 at di-
rection (𝜃2, 𝜑2). Then, the synthetic multi-beam pattern 𝐹𝑠 can be
calculated as:

𝐹𝑠 =


𝐹𝑛𝑜𝑟𝑚1 (𝜃, 𝜑) , (𝜃, 𝜑) ∈ (𝜃1 ± 𝐵𝑊1, 𝜑1 ± 𝐵𝑊1)
𝐹𝑛𝑜𝑟𝑚2 (𝜃, 𝜑) , (𝜃, 𝜑) ∈ (𝜃2 ± 𝐵𝑊2, 𝜑2 ± 𝐵𝑊2) ,
𝑆𝐿, (𝜃, 𝜑) ∈ 𝑜𝑡ℎ𝑒𝑟𝑠

(8)

where 𝐹𝑛𝑜𝑟𝑚1 and 𝐹𝑛𝑜𝑟𝑚2 are the normalized beam pattern of 𝐹1
and 𝐹2. In this paper, we empirically set 𝐵𝑊1 = 𝐵𝑊2 = 10◦ and
𝑆𝐿 = −40 dB to achieve a narrow beamwidth and lower sidelobe
level.

However, we observe that there exist multiple spikes at the
junction of the mainlobe and the sidelobe in the synthetic multi-
beam pattern 𝐹𝑠 . To mitigate this issue, we adopt a moving average
method to smooth synthetic the multi-beam pattern 𝐹𝑠 . Next, we
randomly generate an initial beam pattern 𝐹𝑔 as follows:

𝐹𝑔 =

𝑀∑
𝑚=1

𝑁∑
𝑛=1

𝑒 𝑗𝑘0 ( (𝑥𝑚𝑢+𝑦𝑛𝑣)−(𝜙
𝐶
𝑚,𝑛+𝜙𝐼

𝑚,𝑛)) , (9)

Then, we design a loss function 𝑓 𝑖𝑡𝑛𝑒𝑠𝑠 to assess the difference
between the generated and desired beam pattern:

𝑓 𝑖𝑡 (𝜃, 𝜑) =
{
𝑊 1 ∗ 𝐹𝑑 (𝜃, 𝜑)2 , (𝜃, 𝜑) ∈

(
𝜃1,2 ± 𝐵𝑊 ,𝜑1,2 ± 𝐵𝑊

)
𝑊 2 ∗ 𝐹𝑑 (𝜃, 𝜑)2 , (𝜃, 𝜑) ∈ 𝑜𝑡ℎ𝑒𝑟𝑠,

(10)
and

𝑓 𝑖𝑡𝑛𝑒𝑠𝑠 =
∑

𝑓 𝑖𝑡 (𝜃, 𝜑), (11)

where 𝐹𝑑 =
(
𝐹𝑔 (𝜃, 𝜑) − 𝐹𝑠 (𝜃, 𝜑)

)2,𝑊1 and𝑊2 are the weighting
coefficients. To make the mainlobe of 𝐹𝑔 close to the mainlobe of
𝐹𝑠 , the values of𝑊1 and𝑊2 are set to 100 and 1 respectively, which
aims to minimize the mainlobe difference between generated and
desired beam pattern.

Finally, we employ a particle swarm optimization (PSO) algo-
rithm [33] to minimize the loss function 𝑓 𝑖𝑡𝑛𝑒𝑠𝑠 for finding a solu-
tion Φ∗ as below:

Φ∗ = argmin
Φ

𝑓 𝑖𝑡𝑛𝑒𝑠𝑠 (Φ) , (12)

where Φ∗ is an optimal continuous phase set that can generate the
desired beam.

Unfortunately, we find the above iterative optimization is ex-
tremely hard to converge, because the particle dimension of PSO is
too high (e.g.,𝑀 × 𝑁 = 256) which results in a large computational
complexity. To accelerate the computation, instead of feeding a
random initial phase weight to each unit [15], which causes the loss
function to fail to converge in most cases, our key insight is to use
the phase coding pattern deduced by the straightforward method (
dividing the whole MTS into two subarrays) as the initial values
and seed the optimization using the ideal continuous phase set in
Eq. (12). The number of convergent iterations is about 20. Finally,
the solution Φ∗ is put into Eq. (6) to extract the final 1-bit phase
coding pattern. Note that we use the BSO scheme to obtain different
multi-beam patterns offline. Once obtained, we can build a look-up
table (LUT) to store the phase coding patterns. At run-time, we can
utilize the LUT solution directly to achieve multi-beam steering.

To demonstrate the effectiveness of the proposed BSO scheme,
we simulate a dual-beam case (−30◦ and 20◦). From the result in
Figure 15, we can observe that: 1) the beamwidth of the two main-
lobes are narrower than the geometrical method; 2) the sidelobe
levels are much lower than the mainlobe levels; and 3) the two
mainlobes well match the desired angles.

4.3 How to Find the Beamforming Target?
The MTS of RFlens can be used to beamform towards either a radio
receiver in communication use cases, or a passive subject in sensing
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use cases. Since the MTS does not know the location of the target,
how can it decide on the beamforming direction? A straightforward
approach is to try out all possible unit-cell phase configurations, and
choose the one that leads to the maximum signal power. But this is
infeasible in practice due to the huge dimension of configurations,
i.e., 2𝑀𝑁 . In RFlens, we leverage the deterministic mapping between
the MTS phase configurations and the main radiation regions (i.e.,
the mainlobe of the beam pattern) to detect the relative direction of
the target. The signal power would be maximized when the target
is located at the main radiation region.

In communication use cases, we use the maximum received
signal power to find the relative direction of transmitter and receiver.
Specifically, in our prototype, for simplicity, we synchronize the
transmitter with MTS by directly connecting them to the same
controller, and let the MTS continuously change 37 phase patterns
to perform different radiation patterns from −90◦ to 90◦ with a
fine-grained resolution of 5◦. Then, we collect the signal power
values reported by the receiver, and find the maximum signal power
to obtain the radiation pattern. Finally, we can deduce the optimal
phase configuration. In passive sensing use cases, we can use the
above beam steering method to sweep the region of interest, and
adopt the strategy of blind beamforming [46] to find the passive
target direction.

Note that the control latency of one zone is the same as that of
the entire MTS, since the 4 zones are controlled simultaneously.
The controller operates at 16 MHz [10], so the control latency of a
zone is 4.06 𝜇𝑠 , and switching across 37 beam patterns sequentially
only takes 150 𝜇𝑠 in total. In theory, the end-to-end latency includes
beam scanning latency and the feedback latency of per-beam signal
strength. Generally, the sector information transmitted between Tx
and MTS is about few bytes. To properly account for the feedback
latency, we consider two schemes to perform the feedback between
the Tx and MTS. The first scheme is to use a high-speed wired
connection via a Gigabit Ethernet cable, and the total overhead is
about 300 𝜇𝑠 . The second scheme is to employ a very low rate wired
or wireless connections (e.g., 56 Kbps). The corresponding total
overhead is no more than 600 ms. Although RFlens has a relatively
large overhead in this case, it has limited impact on performance.
This is because our current system mainly focuses on static or
quasi-stationary cases, not for high mobility cases.

4.4 Asymptotic Performance of the RFlens
Design

In this section, we discuss how well RFlens’ beamforming perfor-
mance scales with the number of unit-cells, and the area efficiency,
in comparison to an ideal antenna array with continuous phase
shifters.

4.4.1 1-bit Phase Shifter vs. Continuous Phase Shifter. Consider a
MTS of RFlens with the default𝑀 ×𝑁 layout. The array factor [19]
of the MTS can be expressed by:

𝐹 =

𝑀∑
𝑚=1

𝑁∑
𝑛=1

𝑒 𝑗𝑘0 ( (𝑥𝑚𝑢+𝑦𝑛𝑣)) . (13)

To steer the beam pattern toward the desired direction at (𝜃0, 𝜑0),
we need to compensate a phase value 𝜙0 for the (𝑚,𝑛)𝑡ℎ unit-cell.
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Therefore, the Eq. (13) can be written as :

𝐹 𝑖𝑑𝑒𝑎𝑙 =

𝑀∑
𝑚=1

𝑁∑
𝑛=1

𝑒 𝑗𝑘0 ( (𝑥𝑚𝑢+𝑦𝑛𝑣)−𝜙
0
𝑚,𝑛) . (14)

A quantized𝑄-bit phase shifter only has 2𝑄 finite discrete phase
values. Note that 𝑄 = 1 in our simulation. Hence, the phase quanti-
zation would introduce phase error, defined as 𝜙𝑒𝑟𝑟𝑚,𝑛 for the (𝑚,𝑛)𝑡ℎ
unit-cell. Therefore, the actual array factor becomes:

𝐹𝑎𝑐𝑡𝑢𝑎𝑙 =

𝑀∑
𝑚=1

𝑁∑
𝑛=1

𝑒 𝑗𝑘0 ( (𝑥𝑚𝑢+𝑦𝑛𝑣)−𝜙
0
𝑚,𝑛+𝜙𝑒𝑟𝑟

𝑚,𝑛) , (15)

where 𝜙𝑒𝑟𝑟𝑚,𝑛 = 𝜙0𝑚,𝑛 −𝜙
𝑞
𝑚,𝑛 , and 𝜙

𝑞
𝑚,𝑛 is the quantized phase. Clearly,

the generated beam pattern is related to the total number of unit-cells
and quantized phase.

Based on above equations, we simulate the ideal beam pattern
with the continuous phase shifter and the actual beam pattern with
the 1-bit phase shifter, i.e., unit-cell on RFlens. We observe that the
difference in terms of mainlobe angle approaches 0 when the num-
ber of unit-cells exceeds 121. The efficiency difference approaches
a constant (3.8 dB) when the number of unit-cells exceeds 81. In
addition, the -3 dB beamwidth becomes narrower as more unit-cells
are employed. To summarize, in spite of the 1-bit phase quantization,
RFlens can achieve a near-ideal beam pattern with accurate direction,
high efficiency and narrow mainlobe, as long as it has a large number
of unit-cells.

4.4.2 Area Efficiency. We now examine how RFlens’ beamforming
performance scales as its physical size increases. Each unit-cell is
0.024 × 0.024𝑚2 by design. For simplicity, we consider a square
shaped MTS. Figure 16 shows the numerical simulation result based
on Eq. (15). We can see that the efficiency of the mainlobe increases
with the MTS area. When the area approaches 6𝑚2, the efficiency
approaches 42.5 dB, which is 31.5 dB higher than the state-of-the-
art RFcous [11] with the same aperture! Hence, RFlens is a much
more area-efficient smart surface.

Lessons learned: RFlens can achieve larger beamforming gain
and more fine-grained beam steering and multi-beam resolution
when the phase shifter resolution and array size are increased.
But the design complexity increases with the phase shifter reso-
lution. Meanwhile, more unit-cells mean more PIN diodes, which
corresponds to higher cost and power consumption. To balance the
trade-off between performance and cost, the current RFlens proto-
type uses 16 × 16 1-bit coding unit-cells. The power consumption
is only at the level of mW since the MTS itself does not emit any
power. Note that the binary phase shifting is independent of the
signal’s frequency in our system.
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Figure 17: The prototype of RFlens.
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Figure 20: The results under
different Tx-Rx distances.

5 IMPLEMENTATION
Metasurface configuration. Our MTS prototype is obtained by
the following steps: (1) We first design the model of MTS on the
HFSS simulation software. (2) Then, we present this model in Au-
todesk Computer Aided Design (AutoCAD) to export the structure
of each layer. (3) Finally, we hand it over to a professional manufac-
turer for processing and assembly. The final prototype of RFlens is
shown in Figure 17. Our current RFlens prototype is made of 256
functional unit-cells with a total surface area of 48.4 × 48.4 cm2 and
a thickness of 6.2 mm. Each unit-cell has two PIN diodes (SMP1340-
040LF [4]). A DC voltage regulator (MESTEK DP3005B [2]) supplies
the biasing voltages to the MTS.

RFlens Control. RFlens adjusts each PIN diode pair’s state in-
dependently by switching the bias voltage between 0 V (OFF state)
and 5 V (ON state). To control the bias voltages for all the unit-
cells, we design a control circuit module consists of two Arduino
Mega2560 controllers and 32 74HC595 shift registers. We divide the
entire MTS board into 4 zones with each zone including 8 × 8 unit-
cells (Figure 8). Since each shift register outputs 8 bits, we utilize
one shift register to simultaneously set the states of 8 individual
unit-cells. Further, we assign 8 shift registers to each zone to control
8 × 8 unit-cells. By doing so, the setting time for the whole surface
decreases by 32 times. Note that unlike the radio relay equipped
with an antenna array, RFlens’ power consumption is only on the
order of mW since the MTS itself does not emit any power.

Experimental setup. For controlled experiments, we use one
USRP N210 software-defined radio with a UBX-40 daughterboard
as the radio transceiver, operating at a default center frequency
of 5.54 GHz. The transmitter transmits a cosine waveform with
a bandwidth of 500 KHz, and the sampling rate of the receiver is
1 MHz. The signal processing components are implemented by
Matlab and LabVIEW. We conduct extensive experiments in three
indoor environments to evaluate the performance of RFlens: an
office environment furnished with desks and chairs, a spacious
corridor environment and a lab (default setup) environment with
furniture like tables and chairs. Figure 18 illustrates the layout of
the 3 scenarios and Figure 19 is a practical experiment evaluation
scenario in the corridor environment. In the default experimental
setting, we set the transmitter-receiver (Tx-Rx) distance as 3 m and
the transmitter and metasurface (Tx-MTS) distance as 29 cm. All
devices are placed at a height of 1 m. The transmitter is deployed
in the normal direction of the MTS.

6 MICRO-BENCHMARK
Verification of beamforming. We conduct experiments under
different Tx-Rx distances (from 0.5 m to 8 m by the step of 0.5

m) in the laboratory environment. Figure 20 depicts the received
signal strengths with and without using MTS. When the Tx-Rx
distance is 6 m, the received signal strength increases by 9.25 dB
from -35 dB without MTS to -25.75 dB with MTS. It indicates that
the MTS enhances the transmission power a lot by aggregating
more energy. When the distance changes, rich multipath in the
office environment causes variations in received signal strengths.
Nevertheless, RFlens is particularly effective for locations with
lower signal strengths that are caused by more severe multipath
impact. Therefore, RFlens performs well in beamforming.

Verification of ISM bandwidth control. To verify the effec-
tiveness of RFlens over the entire 5 GHz ISM frequency band, we
measure the signal strength by varying the operating frequency
from 5.18 GHz to 5.81 GHz with a step of 0.09 GHz in the office
environment. The results with MTS and without MTS are shown in
Figure 21. The minimum, median, and maximum signal strength
increase 2 dB, 4 dB, and 5 dB across the whole band, respectively.
It demonstrates that RFlens is capable of boosting signal strength
efficiently under a specific frequency. Thus, RFlens can be applied
to the ubiquitous commercial IoT devices to realize the benefits of
a large antenna array.

Verification of beam steering. We deploy the transmitter at
the center of a circle and the receiver on the circle with a radius of
3 m, where the receiver moves along the semicircle from −90◦ to
90◦ with a step of 5◦. Figure 22 shows the confusion matrix of beam
steering results. It proves that RFlens performs accurate beam steer-
ing reaching up to a wide range of 120◦, i.e., [−60◦, 60◦]. Figure 23
indicates that the measured beams have a resolution of 5◦ (the
mean error is 2.5◦), making fine-grained angular resolution feasible
on commercial IoT devices. Moreover, the received signal strength
of the main beam is 13.3 dB higher than the sidelobe on average.
It manifests that RFlens can achieve beamforming in any desired
direction. The results of experimental measurements (Figure 22 and
Figure 23) are highly consistent with the simulations (Figure 14),
verifying RFlens’s functionality of dynamic beam focusing.

Verification of dual beams. We respectively select desired
symmetric angles and asymmetric angles from −50◦ to 50◦, and
configure the MTS with corresponding phase coding to estimate
beam patterns. The results are shown in Figure 24 and Figure 25.
The peaks of estimated beam patterns have an average error of
3◦ compared to the ground truths. It demonstrates RFlens works
well in both symmetric and asymmetric beams. Besides, the -3 dB
beamwidth of the main lobe becomes wider and has lower energy
when the separation between two beams gradually increases. The
reason is that the big angular interval of the main lobes makes
that each unit difficult to coordinate simultaneous gains in both
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of asymmetric dual beams.
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Figure 28: The results under
different Tx-MTS distances.

directions. Furthermore, we vary the frequency from 5.18 to 5.81
GHz to study the dual beams capability in different frequencies,
the results are illustrated in Figure 26. It shows that RFlens still
can precisely direct the beam to desired orientations but have a
decreased signal strength as the frequency increases.

Verification of beam resteering. We use a 4-antenna WARP
software radio as a transmitter and a single-antenna WARP board
as a receiver to examine the beam resteering performance under
this MIMO setup. The Tx-Rx distance is set as 3 m and a barrier
wall decorated with absorber material is deployed at the LoS link
with 70 cm away from the transmitter. First, we perform beam
precoding at the transmitter to focus on a direction of 30◦, and
move the receiver from −90◦ to 90◦ with a radius of 3 m to collect
30 measurements. Then, we set a −30◦ phase coding pattern, put
the MTS aside along the barrier wall and move the receiver to re-
collect 30 measurements. Figure 27 shows that RFlens can precisely
resteer the transmission beam from 30◦ to 0◦. Besides, RFlens im-
proves signal strength by 3.5 dB based on the beamforming. This is
particularly useful to help the receiver in the “corner” to hear the
transmitter “sound”.

7 EVALUATION
7.1 Performance Benchmark

Different transmitter andmetasurface distances.We increase
the transmitter-metasurface (Tx-MTS) distance from 0.2 m to 2.8 m
by the step of 0.2 m to evaluate the maximum signal strength im-
provement provided by the MTS. Under each Tx-MTS distance
setting, we place the receiver in a position to get the maximum
received signal strength by taking the average of 20 experiments,
and measure the signal strength without MTS as the baseline. The
improvements between the maximum signal strengths and baseline
measurements are presented in Figure 28. It shows that RFlens
works well with the Tx-MTS distance up to 2.4 m. A negative im-
provement appears when the distance is bigger than 2.4 m. In other
words, the maximum improvement is less than 0 dB when the dis-
tance is larger than 2.4 m. This is because the current size of the

metasurface (48.4 × 48.4 𝑐𝑚2) is small compared to the Tx-MTS
distance, so the compensation phase becomes smaller than the 1-bit
quantization interval. Consequently, the values of phase coding
pattern become all 0s or 1s, and the MTS is unable to effectively
align the phase of the RF signals. This issue can be solved by in-
creasing the number of unit-cells [51] or using a finer grained phase
quantization method [20].

Different environments.To evaluate the performance of RFlens
in different environments, we conduct extensive experiments in
the laboratory, office, and anechoic chamber, respectively. The
deployment setup is the same as the office scenario depicted in
Section 6. We measure the received signal strengths under differ-
ent transmitter-receiver (Tx-Rx) distances and calculate the signal
strength gains offered by the MTS. The results are shown in Fig-
ure 29. In the anechoic chamber, the signal strength improvements
under different Tx-Rx distances are relatively stable around 5 dB. In
the laboratory and office, almost all the improvements are above 0
dB and up to 9.2 dB. It demonstrates that RFlens performs efficiently
under random multipath impacts in different environments.

Fault tolerance. The unit-cells are built from inexpensive PIN
diodes and some may inevitably fail over time. To verify the MTS
robustness, we manually disable a random subset of unit-cells (from
0 to 256 by the step of 16) and measure the received signal strength.
Figure 30 depicts the signal magnitude under a different number
of disabled unit-cells. The blue-dash line shows the reference mag-
nitude without using a MTS. The beamforming performance de-
creases gradually when the number of disabled unit-cells increases.
The magnitude value goes down to 0 when there are more than 176
disabled unit-cells. With more than 70% disabled unit-cells, the MTS
serves as a “wall” that attenuates the signal. But in most common
cases with a few unit-cells disabled, RFlens still achieves high gains.

7.2 Communication Use Cases
Improving link capacity and throughput.We investigate the

link capacity improvement induced by RFlens’ beamforming ca-
pability in the laboratory environment. The Tx-Rx distance is in-
creased from 0.5 m to 8 m by the step of 0.5 m and the TX-MTS
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Figure 30: The performance of
fault tolerance.
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Figure 31: The performance
of channel capacity.
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of throughput gain.
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mance.
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Figure 36: RFlens for NLoS
sensing.

distance is set as 29 cm. In each location, we collect 20 measure-
ments and calculate the average link capacity. The results of using
the omnidirectional/directional antenna (referred to Omni and Dire)
and with/without the metasurface (referred to W MTS and W/O
MTS) are shown in Figure 31. It reports that with the help of MTS,
the absolute link capacities for both antennas are large and stable
as the distance increases. While the relative capacity gains for two
antennas are inconsistent due to the various baseline capacities
caused by multipath interference. Indeed, RFlens can also improve
the transmission signal power of reverse link because the waves
propagating in the reverse link interact with the electromagnetic
response induced by RFlens in the same way as the waves propa-
gating in the forward link. In addition, RFlens can also improve the
channel gains for the commercial Wi-Fi device.

We now evaluate the throughput improvement induced by RFlens’
beamforming capability in the lab environment by varying the Tx-
Rx distance from 0.5 m to 8 m, while keeping the Tx-MTS distance
at 29 cm. Two laptops equipped with an Intel 5300 Wi-Fi NIC and a
directional antenna act as the Tx and Rx, respectively. The Wi-Fi
devices are configured to 149 with a 40 MHz bandwidth centered
at 5.72 GHz. At each location, we repeat an iperf2 TCP session 20
times over the WiFi link and measure the throughout gain relative
to the baseline without the MTS. The results are shown in Figure 32.
Although the throughput gain varies due to the unpredictable mul-
tipath effect, RFlens achieves a 1.33× improvement on average (2×
maximum) compared to the case without the MTS. The experi-
ment demonstrates the effectiveness of the RFlens in boosting the
end-to-end performance of a wireless network.

We further conduct experiments in an outdoor open field and a
spacious corridor environment, where the Tx and MTS are fixed
and Rx moves away. The transceiver is equipped with a directional

antenna.We collect 20 measurements in each deployment. Figure 33
shows that the outdoor improvement is more stable than the in-
door improvement. The capacity is generally improved in indoor
environments by the MTS, while the enhancements of different
distances are different due to multipath. This result highlights the
feasibility of using the MTS to enhance long-range IoT links.

Improving secrecy capacity.We demonstrate how RFlens can
help improve the secrecy capacity of the low-profile IoT devices
without beamforming capabilities. Specifically, the target Rx is 2 m
away from the Tx, and the eavesdropper moves on the semicircle of
the transmitter with a radius of 2 m. We follow [12, 53] to evaluate
the secrecy capacity𝐶𝑠 , i.e., robustness against eavesdropping.𝐶𝑠 =
1 means the eavesdropper is unable to obtain the signal or decode
information from the transmitter;𝐶𝑠 = 0 means the signal strength
at the eavesdropper is as high as that at the target receiver. As
shown in Figure 34, although the security performance of RFlens
slightly drops in some locations due to multipath, the average and
maximum secrecy capacity improvements across −30◦ to 30◦ are
7.6× and 25.7× by comparing the results with and without the MTS,
respectively. Thus, RFlens can reduce the risk of eavesdropping and
effectively improve the secrecy capacity.

7.3 Sensing Use Cases
Overcoming interference throughdirectionalwireless sens-

ing. Interference from nearby subjects is a well-known challenge
in contact-free wireless sensing systems [45, 54]. In order to sepa-
rate the target-reflected signal from interference signal, traditional
methods use a large antenna array for spatial filtering [26, 43] or
a large channel bandwidth for time domain resolution [7, 8]. But
these approaches are impractical on low-profile IoT devices. In con-
trast, RFlens works as a companion device for existing IoT devices
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to overcome the above limitation. To verify the feasibility, we follow
the activity sensing setup in Figure 35. The target performs the
“deep squat” three times with and without MTS. Meanwhile, an
interferer locates 2 m away from the target, walks back and forth
on the line that is perpendicular to the interfere-target connection
line. The result shows that RFlens can effectively mitigate the inter-
ference and significantly improve the detection accuracy of target
activity. The reason is that based on the beamforming ability, the
MTS focuses more signal power on the target and enhances the
target-reflected signal.

NLoS sensing through beam resteering. A large antenna ar-
ray can be steered towards LoS angles but cannot effectively cover
subjects around the corner. To overcome this issue, RFlens uses
MTS as a pass-through relay to resteer the RF signal towards the
target for sensing. We take human respiration detection as an exam-
ple to verify RFlens ’s performance. Figure 36 shows a toy example
of the NLoS sensing scenario with a MIMO transmitter (4-antenna
WARP software radio) and a receiver (single-antenna WARP board)
locating at opposite sides of the absorber material covered obstacle.
We conduct two rounds of experiments to collect respiration mea-
surements, i) the transmitter performs beamforming toward 0◦, ii)
the transmitter first performs beamforming toward 30◦ and then
the MTS performs beam resteering toward the target. The results
are shown in Figure 36. It indicates that the MTS’s beam resteering
greatly enhances the reflected signal strength, thus improving the
detection accuracy under the NLoS-sensing scenario. Note that the
beam resteering ability can also overcome the “blind spots” issue
in wireless sensing applications.

8 DISCUSSION
The design of metasurface.With more unit-cells, RFlens can

achieve larger beamforming gain and more fine-grained beam steer-
ing and multi-beam resolution. To balance the trade-off between
the performance and cost, the current RFlens prototype uses 16×16
unit-cells to build the MTS. Although the current prototype of
RFlens still occupies a large space relative to many tiny IoT devices,
the advantage of the MTS is that it is a thin surface. So it can poten-
tially be embedded into the facades of environment (e.g., furniture
and walls) to reduce the footprint. Also, our design can indeed be
applied to the cases where the Tx is a multi-antenna access point or
base station. In our micro-benchmark section, we have successfully
verified RFlens can work well with a MIMOWi-Fi AP (Figure 27 and
Figure 36), and help it to resteer the beams. We thus will explore
how to tailor the MTS size to specific applications in the future.
Besides, RFlens selects 1-bit phase coding to compensate each unit
but induces a certain phase error. As future work, we will use higher
resolution phase coding to reduce the error, or introduce amplitude
coding as a complementary method.

Implementation cost. In our prototype, we select FR4 and F4B
as substrate materials to form a MTS with an area of 48.4 × 48.4
𝑐𝑚2 and a thickness of 6.2𝑚𝑚. The substrate costs approximately
$160 and each PIN diode costs $0.17. The total material cost is $246
whereas fabrication cost becomes negligible for mass production.
Overall, the cost is comparable to a MIMO Wi-Fi AP. However,
RFlens is much more attractive for IoT use cases. Owing to its much
lower power consumption, it can potentially be battery powered

and easily repositioned, e.g., to facilitate different IoT devices in a
smart home.

Working frequency band. Our current RFlens is implemented
on the 5 GHz Wi-Fi band because 5 GHz is the working frequency
band of many WiFi sensing applications such as gesture recog-
nition [59], which need a wide frequency band to achieve high
time/range resolution. In addition, many IoT devices such as surveil-
lance cameras reside on the 5 GHz band. Our design can be easily
migrated to lower frequencies (2.4 GHz and 900 MHz).

Communication burden. In our current implementation, the
Tx and MTS are controlled by the same host, so the low rate control
commands are essentially sent through a wired connection. Alter-
natively, we can employ a simple low-rate wireless control channel
(e.g., the wireless link used for handheld remote) between Tx and
MTS, and this channel only needs a small bandwidth. The actual
implementation is beyond the scope of the current work and left
for future exploration.

Moving target scenario. Our current experiments mainly fo-
cus on the scenario where the target stays at a fixed position. RFlens
can work for quasi-stationary scenarios in general, where the target
occasionally moves. In such cases, RFlens only needs to rescan the
area to determine the direction of the target. If the target is con-
stantly moving at a fast speed, RFlens needs to scan continuously
and may not be able to derive the optimal beam in time. We will
leave the high mobility scenario as a challenging yet interesting
research direction for future work.

9 CONCLUSION
This paper introduces RFlens, a reconfigurable metasurface that
can effectively beamform and resteer the RF signals going through
it. RFlens consists of many small unit-cells built by two PIN diodes
and each unit-cell acts as a phase shifter. By encoding the phase
shifting values, RFlens can manipulate electromagnetic waves. The
prototype implementation demonstrates that RFlens can improve
the signal strength by up to 9.3 dB, even with a relatively small
layout with 16 × 16 unit-cells. We conduct case studies for com-
munication and sensing applications, which show that RFlens can
improve secrecy capacity and enhance the sensing performance in
NLoS scenarios.
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A APPENDIX

Table 1: The parameters of the unit-cell.

Parameter Value (mm) Parameter Value (mm)
𝐿𝑠 24 𝑊𝑠 24
𝐿𝑝 14 𝑊𝑝 9.8
𝑅 4 𝑡 1.3
𝐿𝑑 1.3 𝑊𝑔 1
ℎ𝑠 3 ℎ𝑏 0.1
𝑑𝑣 0.8 𝑑𝑏𝑖𝑎𝑠 0.4
𝐿𝑐 13.6 𝑊𝑐 0.5

𝑊𝑏𝑖𝑎𝑠 0.2 𝑊𝑏𝑔 0.2
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