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ABSTRACT

Intelligent reflecting surfaces (IRS) is a novel integrated sens-
ing and communication technology that can manipulate the
propagation of wireless signals. However, existing IRS-based
sensing systems require directional antennas for signal trans-
mission, incompatible with commercial WiFi devices. This
paper proposes an IRS-aided localization system using om-
nidirectional antennas and reveals two critical challenges in
practical deployment. First, the accurate distance between the
IRS and the transmitter is needed for IRS codebook design,
but practice measurements invariably introduce centimeter-
level bias, which seriously affects localization accuracy. We
derive a linear relationship between measurement bias and
localization error for calibration. Second, only relative IRS
phase change under different bias voltages can be measurable,
not the absolute phase offset, introducing an unknown fixed
phase offset in reflections. We solve this challenge by elimi-
nating the signals that are not related to the IRS. Experiments
validate the proposed calibration techniques, proving that our
system achieves high-precision passive localization.

Index Terms— Intelligent Reflecting Surface; Passive In-
door Localization; Omnidirectional Antennas; Calibration.

1. INTRODUCTION

Intelligent reflecting surface (IRS) [1-3] has been proposed
as a potential method for supporting integrated sensing and
communication, due to the ability to increase sensing capabil-
ities [4,5] while improving wireless link quality [6,7]. It com-
prises a large number of inexpensive passive elements that can
independently control incident signals. Several studies [8—11]
developed IRS-aided localization and imaging systems, and
use directional antennas for signal transmission and reception
to ensure that most of the transmitted signals are reflected by
the IRS. However, since commercial WiFi devices use om-
nidirectional antennas for full-house signal coverage, the re-
liance on directional antennas contradicts the philosophy of
ISAC, limiting applicability. Thus, developing an IRS-aided
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sensing system with omnidirectional antennas is crucial but
introduces challenges. With omnidirectional antennas, be-
sides receiving the signal reflected by the IRS to the target, a
stronger direct signal from the transmitter to the target is also
received by the Rx, which needs to be considered in the IRS
codebook design. Also, omnidirectional transmitter signals
can directly reach other objects in the environment, increas-
ing interference and complicating target sensing [12—-14].

In this paper, we propose a prototype of an IRS-aided in-
door localization system that utilizes omnidirectional anten-
nas, as shown in Fig. 1. Furthermore, we reveal two practical
challenges that emerge in practical deployment:

Accurate modeling of signal propagation. Existing
work assumes known transceiver and IRS coordinates, essen-
tial for determining the IRS phase shift and achieving precise
beam control. However, centimeter-level measurement bias
between the transmitter and IRS is unavoidable in practice,
which could cause localization errors of tens of centimeters
or meters. We define this as inaccurate Tx position. Analysis
reveals a linear relationship between measurement biases and
localization errors, which can be utilized to calibrate the Tx
position based on the target’s localization error.

Mitigating the IRS unknown phase offset. Second,
measuring the relationship between reflection coefficients
and bias voltages of the IRS is crucial for precise control.
However, the true phase shift (¢,1/) at each voltage can-
not be directly measured. Instead, only the relative phase
change (¢, — ¢ov) with respect to a OV reference is mea-
surable, while the absolute offset (¢gy) at OV remains un-
known [15, 16]. We define this as unknown phase offset
problem, which introduces a fixed unknown offset in the
channel response of IRS-aided signals. This prevents obtain-
ing the accurate phase difference between the IRS-aided path
and the Tx-Target-Rx path, impacting IRS codebook design.
To solve this problem, we divide the received signal into two
parts according to whether it is reflected by the IRS, then
remove the received signal that is irrelevant to the IRS and
only keep the IRS reflected signal.

Real-world experiments validate the accuracy of our theo-
retical analysis, and demonstrate the effectiveness of our cali-
bration techniques, proving that our system can achieve accu-
rate passive localization.
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2. LOCALIZATION MODEL

As illustrated in Fig. 1, the proposed IRS-aided localiza-
tion system comprises a single-antenna transmitter (Tx), an
IRS with [ reflecting elements, and a four-antenna receiver
(Rx). With an omnidirectional transmit antenna, the signal
reflected by the target can be categorized into Tx-Target-Rx
and IRS-aided paths. The Tx-Target-Rx path propagates
from Tx to target to Rx. The IRS-aided path reaches the
IRS first before reflecting to the target and Rx. The sig-
nal reflected by the target can be expressed as Yy g0 =

T n — o - e J2m(dro+ddR)/A
YTo—Target—Re + YIRS—qided = @ € ORMA 4

Zle a; - e=i2m(drr +dro+dBR) /A hore dro is the
distance between the Tx and the target, d¢, is the distance
between the target and the n-th Rx, dr;, is the distance from
the Tx to the i-th IRS element, dj,o is the distance from the
i-th IRS element to the target, o and «; are the attenuation
factor for the Tx-Target-Rx path and ¢-th IRS-aided path,
respectively.

IRS and !
Transmitter [

Fig. 1: The IRS-aided indoor localization system. Both the
Tx and Rx are omnidirectional.

In practical indoor environments, besides the signal re-
flected by the target, the received signal also contains mul-
tipath reflections from walls and furniture. To remove static
multipath components, the localization model [17] first gath-
ers the reference signal y( from the empty environment. Since
static multipaths are time-invariant, it is removed by subtract-
ing the received signal during localization from yg. Then, the
localization model [17, 18] uses the maximum received signal
power to detect the target location. Specifically, the indoor
space is discretized into A blocks. For each block O,, the
optimal phase shift of IRS is

. 2w(drr, +dro, —d
gri = Tt dio, —dro.) i _y ;o
a Ak
The block with the highest energy is the target location. For

more details on the localization model, please refer to [17,18].

3. PRACTICAL CHALLENGES

3.1. Problem 1: Inaccurate Tx Position

In the localization model, a precise distance between the Tx
and IRS is necessary for calculating the optimal phase shift.
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Fig. 2: Simulated results of the localization model under dif-
ferent Tx measurement biases. (a) zero bias causes zero lo-
calization error; (b) 0.05 m bias causes 0.32 m error; (¢) 0.13
m bias causes 0.84 m error.

Howeyver, centimeter-level measurement biases often occur in
practice. For a typical configuration with a large IRS near
the Tx, the measurement bias in the Tx-IRS distance has a
non-negligible impact on the localization results. We conduct
simulations for a better demonstration of this challenge. Fig.
2 shows the localization results under different measurement
biases Ax. With Az = 0 m, the block with the strongest sig-
nal coincides with the actual position of the target. However,
0.05 m and 0.13 m biases cause 0.32 m and 0.84 m localiza-
tion errors. Even minor measurement biases can thus cause
substantial decimeter-to-meter errors. We undertake an anal-
ysis to further examine this issue.

First, we analyze the 2D scenario, as shown in Fig. 3.
The vertical distance between the Tx to the IRS is zy, while
the distance from the target to the Tx is z;. The true location
of the Tx is at (0, 0). Due to a measurement bias Az along the
X -axis, the obtained erroneous Tx position is (Az,0). The
1-th IRS element I; is positioned at (z;, —zp), with the target
at (0, z1).

Since the signal propagation distances between the Tx-
Target-Rx path and the IRS-aided path differ, according to
(1), the ideal distance to be compensated is d; = drj, +

dr,o —dro = Va2 + 202 + /2 + (20 + 21)2 — z1. Due

to the Tx position measurement bias, the distance calculated
based on the erroneous 7x’ is d; = dpiy, +dr,o — dro =

\/(xl — Aas)2 + 292 + \/xﬂ + (20 + 21)2 — VAR 4 22,
The result of subtracting d; from d} is Ad; = (dry, —dr1,)—
(dro—dro) = (Va7 T 27—/ (& — Ax)? + 202)— (21—
V/Az® + 2,2). The phase shift calculated based on the er-
roneous Tx does not match the ideal value. Moreover, the
discrepancy differs across IRS elements, with some under-
compensated and others over-compensated. Therefore, the
reflected energy at the target position is not maximized, and a
bright spot does not appear at the target position.

However, Fig. 2 shows a bright spot appearing at a dif-
ferent location O’ where no target exists. This indicates that
the calculated distance dp,, ; at location O’ equals the ideal
value do ;, causing coherent superposition of signals. The
coordinates of O’, represented as (., z1), must fulfill the

following requirement: v/z;2 + 292 + \/2:2 + (20 + 21)° —
1—\/ Ax + 202 +\/$Z—Ie)2+(20+21)2—

Authorized licensed use limited to: University of Science & Technology of China. Downloaded on May 15,2024 at 07:59:19 UTC from IEEE Xplore. Restrictions apply.



@ Target (0)

41

\

Tx(T) A A Tx ()
Zo ‘{ P
[ S S
= IRS

Fig. 3: In the 2D model, a centimeter-scale measurement bias
Ax arises when measuring the Tx coordinates. The calcu-
lated phase shift for the IRS codebook deviates from the ideal
value, causing significant localization errors.

\/(Ax —z.)%+ %2, i =1,...,M. Since z is signifi-
cantly larger than zy and x;, we simplify the expression and
obtain the approximate position of O’ as

T R —Z—lAac 2)
20

As a result, the calculated IRS phase shift at (fi—;Ax, 21),
where no target exists, equals the ideal value, resulting in a
bright spot appearing at this position. Importantly, the local-
ization error is proportional to the measurement bias, with
proportionality factor —i—;. Given the substantial disparity
between z; and zg, even a small measurement bias of a few
centimeters can cause a significant localization error.

In the 3D scenario with 2D IRS, we can get a similar re-
sult, with the false target location being z. ~ —%Az, Ye R
—%Ay, and the impact of Az on the localization result
can be neglected. It can be seen that the measurement bias
along the X-axis only causes localization errors in the X
direction, while Y-axis measurement bias only causes Y-
direction localization errors. Moreover, even if the target is
not at the coordinate origin but at (1,1, 1), the previous
results are valid as long as z; > x1,y;, and the result is
(x1 — Az, 1 — 2L Ay, 21).

Calibration of Tx position is imperative before employ-
ing the IRS-aided system. The analysis reveals a linear re-
lationship between the localization error and measurement
bias in each dimension (X-axis, Y-axis), with proportion-
ality coefficient —z1/29. Thus, given the known localiza-
tion error ., y. and the parameter —z1 / zp, the measurement
bias can be deduced. Specifically, the calibration procedure
is: 1) Position the target at (0,0, z1), initialize the Tx po-
sition to (0,0,0), and set the vertical distance between the
IRS and the Tx as —zp; 2) Localize the target, and obtain
the result (¢, ye, 21); 3) Calculate the measurement biases
Az = —x, X z—‘f and Ay = —y, X z—i’; 4) Update the Tx posi-
tion to (—Az, —Ay, 0). Besides, new noises may occur when
measuring zg, 21, and target location (0, 0, z; ) during calibra-
tion. However, we find both theoretically and experimentally
that the effect of these noises on the calibration accuracy is
negligible by placing the target sufficiently far from the Tx.

3.2. Problem 2: Unknown Phase Offset

Controlling the IRS requires knowing the relationship be-
tween the bias voltage and phase shift of the IRS, often
obtained via simulation with software such as the CST
Microwave Studio software or the Ansys HFSS. However,
unavoidable discrepancies often exist between the simu-
lated and actual IRS elements due to non-ideal characteris-
tics [15,16,19]. To enable precise control, prior works [15,16]
measure this relationship in the microwave anechoic cham-
ber. In fact, the IRS phase information contains two parts:
one is the phase offset by the IRS itself, which is the phase
shift at zero voltage, and the other is the relative phase change
under different voltages. Unfortunately, the measurement re-
sults [15, 16] only provide the relative phase shift between
different voltages, while accurately measuring the ¢gy is
challenging. The phase of the received signal depends on
both the propagation path and IRS phase shift. Small errors
in measuring the Tx-IRS and IRS-Rx distances cause sub-
stantial deviation in ¢qy , termed the unknown phase offset.

In practice, since the absolute phase shift at each voltage
is needed to apply appropriate control, the phase offset at OV
must be assumed in advance, e.g. 0°. However, this assump-
tion often deviates from the real offset, which we define the
difference as A¢gy. Thus, each IRS element will overcom-
pensate the phase shift by A¢gy compared to the theoretically
optimal value calculated from (1). With directional anten-
nas, the offset is identical across elements so the IRS-aided
signals still combine coherently, maintaining model validity
despite the problem. However, with omnidirectional anten-
nas, not all signals are reflected by the IRS before reaching
the target. Thus, a phase difference A¢gy exists between the
Tx-Target-Rx path and the IRS-aided path, impeding coher-
ent combining. Especially if Aggy is 180°, the IRS-aided
signal destructively interferes with the Tx-Target-Rx signal
at the target location, causing low received signal power and
maximum localization error.

Thus, the unknown phase offset problem must be ad-
dressed before system deployment. The analysis reveals
that this problem only prevents phase alignment between
the Tx-target-Rx path and IRS-aided path, while the re-
flected signals between IRS elements remain phase-coherent.
Therefore, we only need to eliminate the Tx-target-Rx path
from the received signals, retaining only the IRS-aided
component. We utilize the characteristic that the signal
of the Tx-Target-Rx path does not change with different
IRS codebooks, to collect two groups of signals with op-
posite IRS phase shifts (Codebook A and Codebook B)
in advance, and then separate the Tx-Target-Rx path sig-
nal from them. In Codebook A, the phase shifts of each
IRS element are randomly generated. In Codebook B, the
phase of each element is obtained by adding 180° to the
corresponding phase in Codebook A. The signal reflected
by the target with Codebook A can be expressed as y, =
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YTo—Target—Re + Zf:l @ - eI Paistance TPV +AY) where
Dhistance = 27 (drr, + dr,0 + df i) /. The signal reflected
by the target with Codebook B can be expressed as y, =
YTz—Target—Rx + Zf:l Qg - eI GaistanceTdov+AS +m)
YTo—Target—Rz — zle Oy, e~ (DhistancetPov+AS") Thus,
the signal of the Tx-Target-Rx path can be calculated by
YTo—Target—Rz = (Ya + Y»)/2. In the subsequent localiza-
tion process, we subtract the calculated Tx-Target-Rx path
signal from the received signal of each block to extract the
IRS-aided signal. This method avoids the difficulty of di-
rectly measuring the IRS phase offset and provides a feasible
solution to the unknown phase offset problem.

4. EXPERIMENTAL VERIFICATION

Localizing Corner Reflector. We first present the localiza-
tion results in an indoor environment with a corner reflector.
The Tx is placed 0.3 m from the IRS. The designed IRS con-
sists of 8 x 8 super unit cells, each with 9 concurrently stim-
ulated elements. By adjusting the bias voltage applied to the
varactor diode, each cell generates different reflection phase
shifts. The target is on the X-Y plane, 2 meters from the Tx.

Eliminate the Tx-Target-Rx Path

Calibrate the Tx Position

05 o 05 oA 05

Fig. 4: Localization results for the same target position before
and after solving the unknown phase offset and calibrating Tx
position under three different assumed ¢gy (0°, 120°, 240°).

First, we verify the impact of the unknown phase off-
set problem using three experiments with different assumed
phase offsets on the same target. As shown in the first row
of results of Fig. 4, localization result varies for the assumed
phase offsets. We then apply our proposed solution in Sec-
tion 3.2 to eliminate the unknown phase offset. As shown
in the second row of Fig. 4, subtracting the yr;—_Target—Ra

Fig. 5: Localization results of our proposed IRS-aided system
when the person is in six different locations.
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Fig. 6: The comparison between the extracted human trajec-
tories and the ground truth in two scenarios.

from the received signal provides consistent localization for
the three assumed ¢qy . This demonstrates our solution effec-
tively resolves the unknown phase offset problem.

However, the localization results of the three assumed
phase offsets do not match the actual target position (0, 0).
This is due to inaccurate Tx-IRS distance measurement. The
localization error of 0.3 m on the Y-axis indicates a 0.045
m (0.3 x 0.3/2) measurement bias. Using the updated Tx
position (0,0.045,0), the recalculated localization results in
the third row of Fig. 4 accurately match the target position,
validating the effectiveness of our calibration method.

Localizing Human Target. Next, we evaluate the perfor-
mance of human localization. Fig. 5 and Fig. 6 show the lo-
calization results for the person after addressing the unknown
phase offset and the inaccurate Tx position. Our IRS-aided
system achieves accurate human localization with an average
error of 0.11 meters.

5. CONCLUSION

In this paper, we designed a novel IRS-aided localization sys-
tem with omnidirectional transmit/receive antennas and tack-
led two major practical challenges. First, the inaccurate Tx
position problem is calibrated based on the linear relationship
between measurement bias and localization error. Second,
the unknown phase offset problem is mitigated by extract-
ing and eliminating the signal irrelevant to the IRS. Experi-
ments demonstrated our proposed solutions overcame these
challenges and enabled accurate indoor localization.
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