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Abstract—This paper proposed a novel integrated localization
and communication framework, where reconfigurable intelligent
surface-assisted non-orthogonal multiple access simultaneously
transmits the communication and localisation signals via line-of-
sight links. The bit error rate (BER) performance for communi-
cation users and the localization performance for localization
users in terms of code phase estimation error (CPEE) and
tracking error of the delay locked loop (DLL) are analyzed. The
approximate closed forms for BER, CPEE and tracking error of
the DLL are derived under Rayleigh fading channels. Finally, the
Monte-Carlo simulations are used to validate the analysis. The
results show that RIS-NOMA can enhance communication and
localization performance compared to NOMA-only. Significantly,
the corresponding performance values, i.e. BER, CPEE and
tracking error of the DLL, decrease with the number of reflecting
elements.

Index Terms—integrated localization and communication, RIS,
NOMA, BER, code phase estimation error, DLL tracking error

I. INTRODUCTION

One of the aims of the sixth generation (6G) mobile commu-
nication networks toward 2030 is to provide ubiquitous wire-
less intelligence with high operational flexibility and autonomy
and intelligent context-aware services for users [1]. To this
end, the 6G wireless system will provide accurate and reliable
localization service and enhanced ubiquitous communications
simultaneously [2]. Especially in recent years, integrated lo-
calization and communication (ILAC) using non-orthogonal
multiple access (NOMA) and reconfigurable intelligent sur-
face (RIS) technologies have been extensively investigated to
improve wireless localization performance.

The authors in [3], [4] designed a multiscale multiple-
input multiple-output non-orthogonal multiple access (MIMO-
NOMA) systems to achieve a continuous positioning reference
signal (PRS). The authors in [5] further proposed a novel
mmWave MIMO-NOMA-based localization system, which
shows that the proposed model can reduce position error
bound.

The authors in [6] recently demonstrated that the non-line-
of-sight (NLoS) transmission might impact the localization
performance. RIS has been envisioned that it can be used to
drastically enhance the link quality [7]–[12]. The authors in

[7] introduced RIS into the wireless localization system to
make the positioning more accurate and energy efficient. The
authors in [8]–[10] investigated the RIS-aided ILAC systems
for mm-Wave MISO/MIMO, where the beam-forming and
localization are analyzed. The authors in [11] analyzed the
Fisher information matrix and Cramer–Rao lower bound for
the RIS-aided ILAC system. The authors in [13] provided
the theoretical framework for comparing the RIS and relay
systems, where the outage probability is analyzed. Further, the
authors in [14] investigated the integration of RIS and NOMA
under imperfect channel state information, where the spectrum
efficiency is evaluated. The authors in [15] also studied the
outage performance for the RIS-NOMA-aided ILAC system.

Motivated by the above discussion, the communications
and localization performance still need further investigation.
Differ from [14] and [15], we consider a RIS-assisted NOMA
collaborative localization scheme, where the interference be-
tween localization signal and communication signal in RIS-
NOMA assisted localization system is analyzed. Not only
the approximate closed-form expressions of the bit error rate
(BER) for communication users are derived, but also the code
phase estimation error (CPEE) and the tracking error of delay
locked loop (DLL) for locating users under Rayleigh fading
channels are analyzed. The Monte-Carlo simulation is used
to validate the analysis. The results show that the proposed
RIS-NOMA-aided localization scheme can reduce the BER for
communication users, the CPEE and the DLL tracking error.
Significantly, the communication and localization performance
can be simultaneously improved by increasing the number of
reflecting elements of the RIS.

II. SYSTEM MODEL

This paper considers a typically integrated localization
and communication framework, which can be used when a
communication user cannot receive line-of-sight (LoS) signals
due to building obstruction. The downlink transmission system
consists of a base station (BS) and a RIS with N reflecting
elements. We assume that the communication user and locating
user are in the NLoS area of BS. The BS transmits the
superimposed signal z =

√
acPsxc +

√
apPsxp to commu-



nication users uc and locating users up, where uc and up

share the communication spectrum using a power domain
NOMA transmission scheme to achieve superposition of the
localization and communication signal. Let Ps denote the
transmit power, ac and ap denote the corresponding power
allocation coefficient, ac + ap = 1. To ensure the quality of
communication services and reduce the interference of the lo-
calization signal to the communication signal, the localization
signal is allocated in lower power, i.e. ac > ap. When the BS
sends a downlink NOMA signal, the communication user and
the locating user will receive a superimposed signal which
consists of both xc and xp signals. Therefore, the user u,
u ∈ (uc, up) receives the reflected signal from the RIS can
be expressed as

yn = gT
inΦhbiz + ns, (1)

where ns ∼ CN(0, N0) is the additive white Gaussian noise
(AWGN), Φ = diag

(
ejϕ1 , ejϕ2 , ..., ejϕN

)
, j =

√
−1 is the

RIS’s diagonal phase shift matrix, βn ∈ [0, 1] and ϕn, n =
1, 2, ..., N be the n − th amplitude reflection coefficient and
phase shift, respectively. Let hbi = [h1, h2, ..., hN ]

T and
gin = [g1, g2, ..., gN ]

T be the channel coefficients of the
communication links during BS to RIS and RIS to the user,
respectively.

III. PERFORMANCE ANALYSIS

In the considered RIS-NOMA localization system, the
pseudo-random code signal is modulated on the localization
subcarrier to realise extended gain and distance measurement.
The communication signal will be interfered with by the local-
ization signal due to the spectrum leakage caused by the phase
discontinuous of the periodic sampling localization signal at
the transmitting and receiving nodes, which comes from the
non-synchronize between sampling frequency and localization
signal frequency. Therefore, the communication performance
will be affected by the localization signal. In what follows,
the BER is used to measure the communication reliability
performance of the user. On the other hand, considering the
continuity of the localization signal, we use the CPEE to
measure the interference of the communication signal to the
localization signal and the tracking error of DLL to evaluate
the tracking performance. Thusly, the location performance of
the locating user can be obtained.

A. BER performance of the communication user

Let Ip denote the interference intensity to the communi-
cation signal due to the leakage of the localization signal
spectrum. When the localization signal power is far lower
than the noise, the interference to the communication signal
by the localization signal can be ignored. Otherwise, it cannot
be ignored. We define ∆fp and ∆fc as the carrier spacing
of the localization and communication signals, respectively.
It is noted that the bandwidth of the localization signal
should be wider than the communication one to satisfy the
localization and ranging accuracy. Therefore, we consider that
∆fp = G∆fc, G ∈ N+ denotes the multiple of the locating

user subcarrier interval to the communication user subcarrier
interval. For an individual location user. According to [8], the
Ip can be expressed as

Ip = apPsTp sin c
2(1− 1

G
), (2)

where Tp denotes the symbol period of the localization signal,
sinc(x) is the strong user. According to the decoding principle
of NOMA, communication user uc as a strong user uses the
successive interference cancellation (SIC) to decode the signal
of weak user up, then removes the signal xp to decode its
signal further. According to (1) and (2), the achievable SNR
for communication user uc decoding its signal xc can be given
by

γc =
β2A2acPs

β2A2apPs +N0 + Ip
, (3)

we assume that the BPSK modulation is utilized. Then, the
BER for the communication user can be expressed as

BER =
1

2
erfc

√
γc. (4)

From (3), we can see that γc varies with the wireless channel
fading coefficients. As RIS is used, the LoS link can be real-
ized. Then, we consider all the channels between two nodes
following the Rayleigh fading, i.e. hi and gi are Rayleigh
fading channels. According to [15], the channel coefficients
can be maximised when the RIS uses the optimal continuous
phase shift. Let A =

∣∣gT
inΦhbi

∣∣ =
∣∣∣∑N

i=1 gihie
jϕi

∣∣∣ in (2),
when RIS using the optimal continuous phase shift, we have
A =

∣∣gT
inΦhbi

∣∣ = ∑N
i=1 |gi| |hi|. Then, (3) can be simplified

as
According to [19], the probability density function (PDF)

of A2 can be expressed as

fA2 (x) =
1

2ba+1Γ (a+ 1)
x

a−1
2 exp

(
−
√
x

b

)
, (5)

where a =
k2
1

k2
− 1, b = k2

k1
, k1 = π

2σ
2N , k2 =

4Nσ4
(
1− π2

16

)
, σ is the average Rayleigh fading coefficient.

Substituting (5) into (4), we can obtain the statistical average
BER for communication users as

BER = E

[
1

2
erfc

√
γc

]
=

1

2

∫ ∞

0

erfc

√
β2xacPs

β2xapPs +N0 + Ip
× fA2 (x) dx,

(6)

Using erfc ≈ 1√
π
e−β2

, (6) can be reviewed as

BER ≈ 1

2

∫ ∞

0

1√
π
exp

(
− β2xacPs

β2xapPs +N0 + Ip

)
× 1

2ba+1Γ (a+ 1)
x

a−1
2 exp

(
−
√
x

b

)
dx,

(7)

Then, (7) can be further simplified as



BER ≈ 1

2
√
πba+1Γ (a+ 1)

×
∫ ∞

0

xa exp

[
−
(

β2xacPs

β2xapPs +N0 + Ip
+

x

b

)]
dx,

(8)

It is not easy to get the exact closed forms of the formula (8).
We use the Gauss-Laguerre quadrature to get the approximate
results of (8). Using

∫∞
0

f (x) e−xdx ≈
∑m

i=1 ωif (xi) into
(8), then we can get

BER ≈ 1

2
√
πba+1Γ (a+ 1)

×
m∑
i=1

ηiy
a
i exp

(
yi −

β2y2i acPs

β2y2i apPs +N0 + Ip
− yi

b

)
.

(9)

where, the weight of ηi and points of yi can be obtained from
[16].

B. Localization performance of localization user

According to [3], since communication signals and localiza-
tion signals are transmitted in superposition, communication
user signals can interfere with the ranging performance of
localization user signals. In NOMA, user up directly decodes
its signal by treating the signal of user uc as interference. The
Signal-to-noise ratio (SNR) of user up can be expressed as

γp =
β2A2apPs

β2A2acPs +N0
. (10)

The following subsections will analyse the localization
performance for localization users regarding CPEE and DLL
tracking errors.

1) CPEE: We also assume BRSK modulation is used for
the localization signal, and then the lower bound of the CPEE
in the AWGN channel can be expressed by

σ2
LB = 0.25a1T

2
p

rcp
γp

(
Bfe −

γp
γp + 1

B

)−1

, (11)

where a1 is determined by the loop parameters, B is the
band width. rcp = k ac

ap
is defined as the communication-to-

localization ratio, where k = 2G − 1 ≈ 2G represents the
number of communication users over one localization user’s
bandwidth. Bfe is the radio frequency front-end bandwidth.

From (11), we can see that γp varies randomly with the
channel. Based on Section A, combining (5) and (11), we can
obtain a lower bound for the statistical average CPEE of the
localized user as

σ2
LB = E

[
σ2
LB

]
=

∫ ∞

0

0.25a1T
2
p

rcp
(
β2xapPs +N0

)
β2xacPs

×
(
Bfe −

β2xacPs

β2xPs +N0
B

)−1

fA2 (x) dx,

(12)

substituting (5), (6) and (11) into (12), we have

σ2
LB =

0.5a1T
2
p b

a−1

2ba+1Γ (a+ 1)

×
∫ ∞

0

(
β2b2x2apPs +N0

) (
xa−2 exp (−x)

)
β2acPs

×
(
Bfe −

β2xacPsB

β2xPs +N0

)−1

dx,

(13)

same with (8), we use the Gauss-Laguerre orthogonal method
to approximate the integral, and then we can get the approxi-
mate expression of the lower bound of the CPEE as

σ2
LB =

0.5a1T
2
p b

a−1rcp

2ba+1Γ (a+ 1)

m∑
i=1

ωix
a−2
i

β2b2x2apPs +N0

β2acPs

×
(
Bfe −

β2xiacPsB

β2xiPs +N0

)−1

.

(14)
2) Tracking error of DLL: On the other side, DLL tracking

error can be used to evaluate the signal tracking performance
in multipath fading scenarios [3]. The performance expression
can be given as

σ2
t = 0.25a1T

2
p

[
2

BfeTpγ̂p
+

B

B2
fe

rcp
(
β1 + Pc

)]
, (15)

where γ̂p =
β2A2apPs

N0
denotes as the carrier-to-noise ratio

of the localization signal, Pc is the normalized power of the
communication signal at the receiver. Particularly if there are
no multi-path signals, i.e., β1 = 1, Pc = 0 [3].

We can see that γ̂p varies randomly with the channel in (15).
Based on Section A, combining (5) and (15), we can obtain
the DLL tracking error in the AWGN channel is

σ2
t = E

[
σ2
t

]
=

∫ ∞

0

0.25a1T
2
p

×

[
2

BfeTp
β2xapPs

N0

+
B

B2
fe

rcp
(
β1 + Pc

)]
fA2 (x) dx,

(16)
Substituting (5), (6) and (15) into (16), we have

σ2
t =

1

2ba+1Γ (a+ 1)

[
a1T

2
pN0b

a+1

BfeTpβ2apPs

×
∫ ∞

0

xa−2 exp (−x) dx+
2B

(
β1 + Pc

)
rcpb

a+1

B2
fe

×
∫ ∞

0

xa exp (−x) dx,

(17)

Let I1 =
∫∞
0

xa−2e−xdx, I2 =
∫∞
0

xae−xdx and using
Γ (s) =

∫∞
0

e−xxs−1dx, then I1 = Γ (a− 1), I2 = Γ (a+ 1).
Substituting I1, and I2 into (17), we have

σ2
t =

1

2ba+1Γ (a+ 1)

[
a1T

2
pN0

BfeTpβ2apPs
ba−1Γ (a− 1)

+
B

B2
fe

rcp
(
β1 + Pc

)
2ba+1Γ (a+ 1)

]
.

(18)
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Fig. 1. Average BER vs SNR under the two schemes: RIS-NOMA and
NOMA-only.

IV. SIMULATION RESULTS

In this section, we evaluate the proposed RIS-NOMA sig-
nal’s performances from the BER and range measurement ac-
curacy, respectively. We compare the RIS-NOMA localization
system with the NOMA-only localization system. We assume
that both communications and localization users use BPSK
modulation. We also assume that the communication signal
is 50 times faster than the localization signal, i.e. G = 50.
Unless otherwise cited, we let σ = 0.6, N = 8 and Tp = 1

1500 ,
Bfe = 2B and B = 30MHz in this paper.

In Fig. 1, the average BER performance vs transmit SNR
for communication users are illustrated under RIS-NOMA and
NOMA-only schemes. We can see that the BER performance
gradually decreases with the increase of SNR. This is because
the more significant SNR, the better the quality of the commu-
nication signal and the lower the BER. Meanwhile, we found
that the BER under the RIS-NOMA scheme decreases faster
with the increase of SNR than that of the NOMA-only scheme.
We can also see that When ac = 0.7, ap = 0.3, rcp = 24dB,
and ac = 0.9 with rcp = 30dB, which means a larger value of
rcp indicates a better communication quality and a lower bit
error rate. Meanwhile, when ac = 0.9 and Ps

N0
= 7dB, RIS-

NOMA has the most considerable difference in average-BER
(ABER) with NOMA-only system, indicating that RIS-NOMA
localization system has better performance than NOMA-only
localization system.

In Fig. 2, we compare the performance analysis of BER
by RIS-NOMA system with different N . Firstly, it is ob-
served that the ABER of the RIS-NOMA system becomes
progressively decreases as N increases. Furthermore, when N
is between 10 and 20, the ABER of the system falls at the
fastest rate, and then the rate of decrease tends to smooth out
when N is over 20.

Fig. 3 confirms that the variation of σLB , σt with ac for both
NOMA-only and RIS-NOMA conditions, respectively. It can
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Fig. 3. CPEE/DLL Tracking error vs. ac under different schemes.

be seen from the figure that the ranging performance of RIS-
NOMA decreases with the increasing ac. With constant ac, the
RIS-NOMA localization system outperforms the NOMA-only
localization system regarding the lower bound on the estimated
CPEE and the DLL tracking error.

Fig. 4 represents the estimation errors of the RIS-NOMA
system with different numbers of RIS reflecting elements.
From this figure, it can be seen that the system ranging
performance slowly decreases with increasing ac. As the
number of RIS reflecting elements increases, the ranging
performance of the system becomes better, and the lower
bounds of the phase errors are all lower than the code phase
measurement errors, which further indicates the stability of the
model in the measurements. Finally, it can be demonstrated
that our proposed RIS-NOMA localization scheme is feasible
and further effectively shows that the performance of the RIS-
NOMA localization system is better than that of the NOMA-
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only one.

V. CONCLUSION

In this paper, we investigate the potential of RIS to improve
localization accuracy in NOMA-empowered integrated local-
ization and communication. First, we used RIS to change the
NLoS link into an LoS link; it transmitted both the localization
and communication signals on this link. Then, we analysed
the BER of the communication user and the CPEE of the
localization user in the model. The approximate closed forms
for BER, CPEE and tracking error of the DLL are derived
under Rayleigh fading channels. Numerical results have been
provided to validate the proposed techniques; compared with
the NOMA-only localization system, the communication per-
formance and localization performance of the RIS-NOMA
localization system proposed in this paper are improved, and
BER, CPEE, the tracking errors of DLL decrease with the
increase of the number of RIS reflection elements.
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