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ABSTRACT

Multi-user indoor localization is considered to be one of the most
useful wireless applications. Low latency and high robustness to
dynamic interference from surrounding people are essential require-
ments for multi-user localization. However, state-of-the-art (SOTA)
indoor localization systems cannot satisfy both requirements at
the same time. In this paper, we propose RIScan, a Reconfigurable
Intelligent Surface (RIS)-aided localization system that can achieve
both low latency and high reliability. We leverage RIS to perform
Wi-Fi beam scanning so all clients can figure out their direction
in a single scan. However, compared with traditional AP-based
systems, the introduction of RIS creates a more complicated signal
superposition at the receiver, preventing clients from directly ob-
taining target beams for direction derivation and localization. To
overcome this challenge, we fully utilize the reconfigurability of RIS
to endow target beams with distinguishing features, so that RIScan
can extract stable and accurate direction information from com-
plex and dynamic environments. RIScan is implemented in the real
system with our own developed 16 X 16 RIS prototype and COTS
Wi-Fi devices. Extensive experiments show that RIScan achieves a
median localization error of 47cm and 71cm in static and dynamic
environments with only two RIS anchors. Compared to the SOTA
methods, RIScan reduces the localization latency by more than an
order of magnitude.
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Figure 1: Illustration of RIScan system in the museum sce-
nario.
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1 INTRODUCTION

Indoor localization is very helpful in many daily scenarios. For in-
stance, in museums, localization services can provide many exciting
functionalities. A group of visitors can quickly find the exhibits they
are interested in with indoor navigation. In addition, when they
walk to a certain showcase, the system can automatically display
detailed information. To avoid providing visitors with outdated or
even excessively wrong information, the system must be able to
operate with low latency and robust to complicated interference
caused by the movement of surrounding visitors.

Existing Wi-Fi localization systems can be broadly divided into
two categories, Channel State Information (CSI) based [19, 25, 43]
and Received Signal Strength Indicator (RSSI) fingerprint-based
[7, 24, 47] approaches. For CSI-based systems, Angle of Arrival
(AoA) and Time of Flight (ToF) are extracted from CSI with MUSIC
algorithm [26]. As the AP usually has more antennas than the end
device (2 antennas for the majority of smartphones), the CSIs are
usually measured and processed at the AP side to get high angular
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resolution. The processing capability of AP becomes a bottleneck
when there are a large number of localization requests, which in-
dicates that the latency will linearly increase with the number of
clients. The time cost of UbiLocate to localize a clientis 125 [ solution to localize RFID tags. It modulates tRéS-client signal
with 3 APs, and the localization latency increases to 15s when into another frequency band for separation. However, it will re-
there are 10 clients. For RSSI ngerprinting approaches, a RSSI map sult in substantial channel switching overhead of clients and thus
needs to be drawn through various measurements in space. Dy- interrupt the communication between AP and clients. Thus, we
namic interference caused by surrounding movements will change need to design a systematic scheme to ext®ts-client path

the pre-measured RSSI map so that the performance will degrade precisely. Second, there may be not only one path for the RIS beam
signi cantly under complex interference. Overall, SOTA Wi-Fiin-  to arrive at the clients due to re ection and scattering, especially in
door localization systems can achieve decimeter-level accuracy in a complex environment. Some re ectors would redirect the signals
a controlled lab setup, but to the best of our knowledge, none of from RIS to the client even when the RIS is not steering towards

path based on its smaller ToF compared to other paths. In RIS-
based scenario, this method can not distinguish the anchor signal
RIS-client and AP-client path. MetaSight41]] is a RIS-based

the systems can satisfy both low latency and high robustness to
environmental interference.

To bridge this gap, we present RIScan, a parallel multi-user in-
door localization system with a pair of Recon gurable Intelligent

Surfaces (RIS). RIScan is inspired by the Radio Direction Finding gurability of RIS to make theRIS-client

(RDF) technology3€], which is widely used in the navigation of
ships and emergency rescues. The working principle of RDF is to
steer the directional antenna on the radar and nd the direction
with the highest signal strength at the receiver. In this paper, we
leverage RIS, a passive re ecting antennas array in which each
antenna can dynamically modulate the phases of re ected signals.
As shown in Figure 1, with well-designed con gurations, RIS can
generate steerable Wi-Fi beams by re ecting radio waves emitted
from the AP. With RIS beam scanning, the clients can extract CSls
from received packets to generate their own angular power spec-
trum (APS). Then the clients can indicate their directions viewed
from the RIS by nding the highest peak in the APS. In RIScan, we
call this direction asRIS angle of departure (RAoD) . Since all

the client. In this paper, we call thRIS-Env-client path as RIS
multipath. The RIS multipaths will result in many confusing peaks
in the APS.

To tackle these challenges, our core idea is to leverage the con-
path more prominent
than the others. Firstly, we design a pair of con gurations with
a 180-degree phase di erence to separ&S-client from the
AP-client direct path and the static part oAP-Env-client . Then,
we comprehensively analyze the dynamic partAP-Env-client
and design a RIS con guration sequence and a phase pattern de-
tection mechanism to suppress their impact on RIS beam direction

nding. Speci cally, we classify the dynamic interferences into
three categoriesi.e, surrounding interference, crossing the AP-
client path, and crossing the RIS-client path, and then observe the
di erence between channel variation patterns caused by these inter-
ferences and that caused by RIS to drive the design. Finally, we delve
into the formation of RIS-Env-client paths and design a special
RIS con guration sequence to eliminate its e ect. Speci cally, we

directions are scanned by the RIS each round, the RAoD of every observe that RIS multipaths are created under a speci ¢ condition.

client can be determined within a single scan, and thus the local-
ization latency does not increase with the number of clients. Then,
the clients' positions can be obtained by combining the direction

estimation results from two RIS anchors.

Thus, we con gure RIS strategically to destroy the conditions while
preserving the stabl®IS-client path across all con gurations.

We implement RIScan using an AP, two customized RISs and
several clients. The AP and clients are mini-PCs equipped with

Despite the enormous advantage of client scalability, RIS-based commodity Wi-Fi NICs. The key mechanisms are validated with
localization encounters more challenges than classical AP-based extensive experiments in two di erent environments. The results

localization. There are three parties in traditional AP-based local-
ization, the AP, the client, and the environment with static and
moving objects, while in RIS-based localization, one more party,
RIS, is involved. In principle, the key of localization is to accurately
identify the anchor signal from superimposed signals at the receiver.
The anchor signal is the AP-client direct path in AP-based case,
while it is the RIS-client path in RIS-based case. It is noted that
we need to handle more complicated signal superposition in RIS-
based localization, includingP-client direct path, the traditional
AP-Env-client multipath, the path caused by RIS con guration
RIS-client and the RIS-induced multipatRIS-Env-client . We
need to extract theRIS-client from the others to enable accurate
RIS-based localization.

More speci cally, to achieve this target, we have to address the
following challenges. First, RIS-related paths are overwhelmed by
AP-client path andAP-Env-client multipath, which leads to RIS
beam direction nding failure, and we need to separate them out.
However, existing techniques cannot fully address this problem.
For example, SpotFilf extracts the anchor signalAP-client

show that RIScan achieves a median localization errod@m
and71cm in static and dynamic environments with only two RIS
anchors. RIScan is at leak?5 faster than the SOTA when simul-
taneously localizing more than ten users.
Our contributions can be summarized as follows:
To the best of our knowledge, RIScan is the rst Wi-Fi-based
multi-user indoor localization system that has low latency
and is robust to dynamic interference.
We take full advantage of RIS's capability to customize the
wireless environment. We design a novel algorithm to ex-
tract the RIS component from the superimposed channel
and design mechanisms to suppress environmental distur-
bance, which makes the systems robust against dynamic
interference and confusing multipaths. These mechanisms
can inspire other Wi-Fi sensing applications and improve
their robustness.
We prototype RIScan with COTS Wi-Fi devices and cus-
tomized RIS hardware. Extensive experiments in two indoor
environments demonstrate excellent RIScan performance in
multi-user scenarios.
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2 SYSTEM MODEL AND CHANNEL MODEL
2.1 System Model

RIScan comprises three entities: a Wi-Fi AP, two RISs, and several
clients. The Wi-Fi AP and clients are mini-PCs equipped with com-
modity Intel 5300 NICs. RISs re ect and modulate the radio wave
transmitted by the AP. With proper con gurations, RISs can gen-
erate steerable re ective beams and execute a RIS beam scanning
mechanism. Then the clients receive these packets and extract CSls.
Based on a series of CSl, the clients can determine their RAoDs.
Then clients can estimate their locations by combining the RAoDs
from two RISs with triangulation.

2.2 Channel Model

The channel model here is to reveal how RIScan can assist the
localization. In this paper, we introduce a RIS with columns
and# rows of re ecting antennas. For simplicity, we rst consider  client device.

the RIS with only one row. Each antenna element will produce a To make things worse, the indoor wireless channel is made up
controllable transmission path, called a RIS path. Considering the of multiple propagation paths in the environment. Besides the AP-
8th antenna element, a RIS path consists of three stages: as shown client (AC) direct path, radio waves can also arrive at the receiver by

Figure 2: The channel model in RIScan.

it impractical to search for an optimal RIS con guration for each

in Figure 2, the signal rst travels from the AP to this element,
which is called the AP-RIS path or AR path; then it is re ected
by the antenna element, where the re ection loss is denoted by

which is the same for each element; at the same time, each element

will shift re ected signal a con gurable phase o se)1&; at last, it
travels from this RIS element to the client, called the RC path. We
can express the channel of tlégh RIS path as:

.( 18): 18)4 9:3. 1& 49(&18) , 18)4 9:3 &
= . 1g . 1@ 4 93 B3 1,9, @
where 1®and + 1@ arethe attenuation factor of the AR path

and RC path for théth RIS path, respectivel3: & and3 1@

is the length of these paths; is the wave number, i.e:, = 2c+_.

Let & = i+ 1g denote the amplitude o8th RIS path.
Then we can model the whole RIS channel as:

:6 194 9:13: 183)3' 18"049@18311
81

@)

Without loss of generality, we assume the distance between RIS
and client is far, which meets the requirement of far- eld condi-
tions [1§. Then we can assume that the RC paths of all RIS elements
are parallel. Under this assumption, the di erence in path length
between two adjacent RC paths3sin!' >  ©, where3 is the spac-

ing between the elements on RIS. Then the phas&tbfRIS path
can be written as:

= 13 1, 3 11° 18 1°3B8E'> o0 (" (3)

Obviously, if we align the phases of all RIS paths, the amplitude of
+( becomes maximum which can be achieved by setting a set of
appropriateq.

In practical deployment, the location of the AP and RIS are
xed so we can easily obtai: . Hence, we can derive the RAoD
by maximizingj - ( j. However, for al-bit RIS, there are!#

di erent con gurations, which is a huge search space. Thus, an

ar

re ection, di raction or scattering. Hence, the composite channel
observed by the client can be expressed as:

_ 9q @
A4248ER . <D;C870C. 194790 T 4)

81
where is the direct channel from AP to client.<p.cgoocis the
combination of all multipath signals. Therefore, the RIS component
is buried in other propagation paths. In addition, the AC path and
multipath pro le will change with the user position and other dy-
namic interferences in the environment. Hence, we cannot directly
estimate the RAoD by maximizing the received signal strength.

3 SYSTEM OVERVIEW OF RISCAN

The overall procedure of RIScan is shown in Figure 3. First, a host
sends a synchronization signal to the AP and a RIS. Then, the AP
starts broadcasting packets, and the RIS modulates the incoming
radio waves and generates re ective beams with well-designed
con gurations. These steerable Wi-Fi beams sequentially scan the
environment and induce channel changes. During the scanning,
the clients extract and process a series of CSI from received packets
simultaneously. The overwhelmed RIS components can be extracted
from the superimposed channels by calculating the di erence of
CSl a ected by a pair of special con gurations. Hence, the clients
can obtain their own APSs.

To improve the system robustness in multi-user scenarios, the
dynamic interferences need to be suppressed. To achieve that, a
special con guration sequence is designed. With it, weak interfer-
ences can be suppressed by channel di erences directly. In terms
of severe interferences (e.g., users crossing the AC path), we design
a phase pattern detection mechanism for it. This mechanism can
distinguish the desired RAoD estimate from multiple misleading
RAoD estimates due to interferences.

However, re ections in the environment can also cause confusing
RIS multipaths. A special beam scanning sequence is designed to

exhaustive search is not a feasible solution. Besides, the target of destroy the formation conditions of these re ections. If the clients

RIScan is to localize multiple clients simultaneously, which makes

detect more than one RIS-related path signals with the phase pattern
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Figure 3: The system overview of RIScan.
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Figure 4: The 1Q diagram of channel in (a) static environment
and (b) environment with dynamic interference.

To achieve RIS beam scanning (RBS), we align the phase of all
RIS paths at a certain direction For 2D beam scanning, the RBS-
codebook of a 2-dimension RIS is:

q21<o:0:: 3 1<.:0’ 3 1=e2e10 1<

1°3B8=¥4 qo  (5)

wherel < "1 = # andqois a phase constant that
does not a ect the corresponding  ( j (it will be used in the
later section). When the RIS steers the beam direction frovh

to V, the clients measure the signal strength and determine the
direction\ with the largest signal strength to be its RAoD, i.e.,
S :<0G\1j ( 1\ ojo,

4.2 RIS Component Separation
In Section 4.1, we only consider the RIS channel. However, in prac-

detection mechanism, the system will apply this beam scanning tical situations, the received signals also contain the AC direct path

sequence to eliminate the undesired RIS multipaths.

and multipaths. Therefore, the received signal strength may not

To avoid interference between RISs, RISs cannot operate beamPe maximum when the RIS steers at the RAoD. Our key insight
scanning at the same time. Therefore, when the localization service S extracting RIS components by altering RIS con gurations and
begins, the host will notify the rst RIS to start beam scanning and ~ canceling the invariant components. Here we assume that the en-
wait for it to complete before telling the next RIS to start. For each  Vironment is static where the AC and multipath signals are stable
client, the location can be determined by combining the estimated (We leave the dynamic interference case to Section 4.3). Remember
RA0Ds from two separate RISs with triangulation. The details of the phase constaro in Section 4.1. It's a phase constant adding to

the key mechanisms will be mentioned in the following section.

4 ROBUST DIRECTION ESTIMATION

In this section, we will rst introduce how RIScan achieves direc-
tion (RAoD) estimation in a static environment. Next, a special set
of con gurations and a phase pattern detection mechanism are

proposed to improve RIScan's robustness to dynamic interference.

At last, we eliminate confusing RIS multipaths caused by re ection.

4.1 RIS Beam Scanning

Here, we illustrate how RIScan performs RAoD estimation. For

simplicity, we rst consider there is only the RIS component ar-
riving at the user device. In Section 2.2, we mentioned that the
search space of maximizirjg: ( j is huge, which will cause a large
localization latency. Inspired by direction nding technologf,

all RIS elements and notes that no matter what its value is, it won't
a ect the alignment of the RIS paths and the corresponding .
We let the AP send two packets to the client which we sgtto 0
andqg, respectively. Then the client estimates the channghnd

8 which are as follows:

o\°= . <p;cs?0c, '( \° ©
qe\°= . <D;C8?20C, ' ( 1,049

As the static environment assumption, and <p.cg?ocWon't
change. By subtractingqgl\ °from o\ °, we can cancel the AC and
multipath components and get the di erential of RIS component:

j noj= oo qgl\O:j.( 1)1 49(:817 @

For a giveng$, 1 4% is a constant. 1\°© has the maximum
magnitude whenj - ( 1\ °j is maximized. Then, RIScan can steer

we can shrink the search space by executing beam scanning. The signals at di erent directions and each client can nd thé that

idea is that we do not derive RAoD by nding the optimal con gu-
ration but search through all possible directiohgo generate an
APS and determine which is the RAoD. In this way, we reduce the
search space frorl# to 2V, 1, if we search among Ve Wat 1°
granularity. Furthermore, the search time does not increase with
the number of clients, which brings RIScan the bene ts of nding
RAo0Ds for multiple clients at one round of scan.

maximizes 1 °j.

A remaining problem is how to choose the beq%? In RIScan,
we setq8 to ¢ for two reasons. The rst reason is that the channel
dierencej o'\ ° qgl\ °jhas the maximum valugj - ¢ 1\ °jwhen
q8 = c. As shown in Figure 4 (a), changirqg is equivalent to vector
rotation, and its rotation trajectory forms a circle with - ( j as
the radius. Since the other componentsc gagincluding and
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(a) Surrounding interference

SenSys '23, November 12 17, 2023, Istanbul, Turkiye

(b) Crossing AC path

Figure 5: The RSS of raw channel estimates for 30 subcarriers and the corresponding nal APS.

<D:c8?00) in the received channel are the same, the amplitude
of the di erential channel is the length of the chord of the circle.
When the phase is set to, its value reaches the maximum which is
the diameter of the circle. The largéro®\ © qgl\ %jmeans RIScan
can better combat electromagnetic noise in actual deployment and
improve the working range. Second, almost all phase-shifting-based
RIS designs support the two con gurations 6fandc.

4.3 Dynamic Interference Suppression

However, in the multi-user scenario, the movement of surrounding
persons will change the wireless environment. These movements
will create some dynamic, unpredictable multipaths which will
introduce unwanted interferences. Assume we qglto 0 attime

G andc at time G, then we separate the RIS component as the
following equation:

jonej=j o @° 'G°, <p:cgr0ctG°

8
<D;c820ct@°, 2+ ( W ®)
As shown in Figure 4(b), in this situation, the other path compo-
nents can't be canceled anjd ( \ °jis not directly correlated with
joonep
In order to achieve a robust localization system, we classify the
dynamic interferences into three categories, including surrounding

interference, crossing AC path, and crossing RC path. Then we ana-

lyze their characteristics and design the corresponding algorithms.

4.3.1 Surrounding interferen&urrounding interference is caused
by people walking near the system but not crossing the AC or
RC path. Our key observation is that surrounding interference
will not cause abrupt channel changes. There are two reasons for
this. First, this interference is caused by the variations of multi-
path re ected by people walking around. Compared with the AC
path, multipaths have longer transmission distances and larger
re ection loss, so they have a weaker in uence and won't cause

large changes in channel estimates. Second, compared with the

packet rate of Wi-Fi devices, human motion is slow. In other words,
] <p;c820c'@°  <p;c870c'@C is very small whenjG  Gj is
small. Based on this observation, we design a special con guration
sequence to eliminate the surrounding interference.

Since the surrounding interference does not charnge j, we
only need to minimize <p.cg20c'G°  <p:ce?20ctG® thenj 1\ ©j
2j (¢ W°j. In order to achieve this goal, we arrange the two RIS
phase con gurations fok (qo = 0andqg = c¢) consecutively. The
optimal con guration sequence of beam scanning among/e Wa
at 1°granularity is shown in Figure 6. Since a packet corresponds

Figure 6: The optimal con guration sequence.

to a con guration, the time interval of these two con gurations
jG G@jisjustthe 1/packet rate.

Figure 7(a) shows the relationship between packet rate and the
interference suppression performance. The blue points are the raw
channel estimations and di erential channels of two adjacent pack-
ets with a packet rate 060Hz, 10Hz, and100MHz are shown in
green, yellow, and red points, respectively. In the 1Q diagram, the
closer a point is to the origin, the smaller its magnitude. We can
see that the points (except for blue) are centered near the origin,
and the higher the packet sending rate, the closer they are to the
origin, and thus the weaker the impact of surrounding interfer-
ence on our system. In RIScan, we set the packet rateO@Hz,
which can be achieved by commercial COTS Wi-Fi NIC. Hence,
the multipath pro le can be considered to be stable within 1ms
and <p.cg720c'G°  <p:csr0ct@® @ As shown in Figure 5 (a),

a ected by surrounding interference, the received signal strength
(RSS) uctuates. In the APS, this interference is well suppressed by
our designed con guration sequence. Here, we add up the APS of
all 30 subcarriers as the nal APS.

(@ (b)

Figure 7: The relationship between the interference suppres-
sion performance and packet rate. (a) Surrounding interfer-
ence. (b) Crossing AC path.

4.3.2 Crossing the AC pafbi erent from the surrounding in-
terference, walking across the AC path will bring drastic channel
change. Since the AC path is usually the strongest componentin the
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