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Abstract—Device positioning has generally been recognized
as an enabling technology for numerous vehicular applications
in intelligent transportation systems (ITS). The downlink time
difference of arrival (DL-TDOA) technique in cellular networks
requires range information of geographically diverse base stations
(BSs) to be measured by user equipment (UE) through the po-
sitioning reference signal (PRS). However, inter-cell interference
from surrounding BSs can be particularly serious under poor
network planning or dense deployments. This may lead to a
relatively longer measurement time to locate the UE, causing an
unacceptable location update rate to time-sensitive applications.
In this case, PRS muting of certain wireless resources has been
envisioned as a promising solution to increase the detectability
of a weak BS. In this paper, to reduce UE measurement
latency while ensuring high location accuracy, we propose a
muting strategy managed by positioning functions that utilizes a
combination of optimized pseudo-random sequences (CO-PRS)
for multiple BSs to coordinate the muting of PRS resources.
The original sequence is first truncated according to the muting
period, and a modified greedy selection is performed to form
a set of control sequences as the muting configurations (MC)
with balance and concurrency constraints. Moreover, efficient
information exchange can be achieved with the seeds used for
regenerating the MC. Extensive simulations demonstrate that the
proposed scheme outperforms the conventional random and ideal
muting benchmarks in terms of measurement latency by about
30%, especially when dealing with severe near-far problems in
cellular networks.

Index Terms—Positioning functions, base stations manage-
ment, pseudo-random muting, time-sensitive, downlink time dif-
ference of arrival (DL-TDOA).
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Fig. 1. A typical use case of positioning functions with cellular BSs for
time-sensitive transportation applications.

I. INTRODUCTION
A. Motivation

OSITIONING services which can reduce latency while

ensuring the required accuracy can significantly improve
the timeliness of location information, which is vitally impor-
tant for various dynamic vehicular applications in intelligent
transportation systems (ITS), e.g., mobile marketing, logistic
tracking, and traffic scheduling [1]-[5].

The widely used Global Navigation Satellite Systems
(GNSS) offers an affordable and easily accessible position
information as an add-on service to a user equipment (UE).
However, satellite-based positioning systems suffer a severe
deterioration due to frequent blockage and degradation in
dense urban environments [6], [7]. To make matters worse,
GNSS jammers and cycle slips in the real time kinematic
(RTK) approaches would also inevitably lead to undesirable
system outages [8], [9]. Fortunately, the growing ubiquity of
cellular vehicle-to-everything (C-V2X) networks can be used
to provide self-contained positioning services, such as the
downlink time difference of arrival (DL-TDOA) approaches
in the Long-Term Evolution (LTE) and fifth generation (5G)
standard releases of the Third Generation Partnership Project
(3GPP) [10], [11]. The DL-TDOA is a typical range-based UE-
assisted positioning method, in which the positioning accuracy
will be significantly influenced by the time delay measured by



UE through the positioning reference signals (PRS) transmit-
ted by multiple base stations (BSs) [12], [13]. As shown in
Fig. 1, positioning functions in the advanced cellular network
architectures, especially the cloud radio access network (C-
RAN) [14], [15], will make the implementation of precise po-
sitioning more convenient. In particular, dense small cells and
road side units (RSU) in urban scenarios generally decrease the
distance between the UE and the nearest BSs, which provide
abundant measurement information on top of GNSS satellites
and conventional macro BSs [16]. By exploiting the ubiquitous
vehicle-to-infrastructure (V2I) or even vehicle-to-everything
(V2X) communication channels, seamless positioning services
are expected to be achieved with the evolution into 5G and
beyond [17], [18].

However, inter-cell interference to the received PRS from
surrounding BSs can be serious and results in degeneration
on ranging accuracy due to poor network planning or dense
deployments [19]. This leads to the code phase errors from
inadequate cross-correlation results between the received PRS
and the local reference signals configured by positioning func-
tions through cellular positioning protocols [13]. Moreover, the
UE typically needs range information with at least 4 anchors to
estimate its three-dimensional (3D) position using estimation
algorithms like the weighted least squares (WLS) [6], [20], and
the range error can be increased through poor geometry of the
anchors in the location estimation process [21]. Although a
higher positioning accuracy can be achieved by averaging the
estimation results from multiple received signal units (e.g., a
number of subframes containing the PRS), approaches that
use more time-frequency resources to acquire more location
information will cause a relatively longer measurement delay
in the ranging process, thus reducing the position update rate in
time-sensitive transportation applications. In this case, muting
of PRS managed by positioning functions at specific wireless
resources has been proposed to increase both the accuracy and
detectability of the PRS from far-away BSs [22], which can
then enable optimization of the location accuracy-timeliness
trade-off in the ITS [23].

B. Related Works

In order to guarantee a lower end-to-end latency of cellular
positioning for time-sensitive transportation applications like
intelligent vehicle scheduling, one effective methods is to
reduce the latency at the step of implementing range or other
geometry-related measurement [24].

Nevertheless, previous work in cellular positioning mainly
focuses on the achievable accuracy and methods to improve
this. For example, the method in [22] has analyzed the
range estimation performance of PRS-based positioning in the
scenario of no co-frequency interference, using the evalua-
tion metric of Cramer-Rao lower bound (CRLB) and gives
guidance to positioning services in future terrestrial commu-
nication networks. New opportunities in cellular positioning
like the massive multiple-input-multiple-output (MIMO) also
introduce more degree of freedom (DoF) for location and
sensing applications [25], [26], and the expression of CRLB
has also been derived in [27], [28]. A general-purpose an-
tenna extension solution has been proposed in [29], which

can provide extended radio chains of commodity devices for
both communication and localization [30]. Besides the design
of novel estimation methods as in [6], [31], researches in
[32]-[34] have successively proposed a series of deployment
strategies for anchor nodes for accurate location estimation in
cellular internet-of-things (IoT) networks. These papers mainly
assume that the PRS transmitted by each BS is not interfered
by other BSs. Practically, the ideal muting strategy is to
transmit the PRS sequentially, which is a simple way to ensure
high measurement accuracy with almost zero interference.
However, in practice, when the number of BSs increases
dramatically, the UE measurement latency can be very high
and causes a waste of wireless resources [17], [35].

In fact, the interference caused by inappropriate reuse of
wireless resources among multiple BS should also be con-
sidered for a more practical case, where the accuracy of
estimation results will possibly be degraded. Although averag-
ing multiple estimation results from cross-correlation process
can bring certain gains against noise and interference, this
strategy will also need more measurement time and diminish
the timeliness of location information. Henk ef al. [36] pointed
out that if these challenges of interference can be addressed
and the BSs can share their coordinates, cellular networks
can enable ultra-accurate positioning for dynamic vehicular
applications.

The ideal muting idea can be regarded as a simple heuris-
tic interference coordination method by allocating the PRS
transmission independently in the time domain. However,
the densely deployed BSs have to wait to communicate
with UE in turn from the start of the positioning service,
which may also cause severe delay on the time to first fix
(TTFF) in numerous real time traffic estimation applications
[37]. Except for the ideal muting method, several modified
muting methods like interference cancellation (IC) [22] and
random muting [19] have also been proposed to coordinate
PRS transmission of BSs sharing the same resources. Gen-
erally speaking, these muting strategies still exhibit certain
limitations and inflexibility from a low-latency positioning
perspective. The IC technique generally needs to reconstruct
the signal from the strongest BS and then subtract it from
the received signal, which then obtains a superposition of the
signals from the weaker BSs. Nonetheless, the subtraction of
strongest signal may induce higher complexity and latency
to the UE receiver. Different frequency offsets given by the
physical cell identity (PCID) is also allowed from the LTE
standard to avoid collisions for up to six neighbor BS [38].
However, this strategy may not be sufficient with poor PCID
planning [39]. Furthermore, randomization of PRS muting in
[19] designed the muting pattern for each BS in the target
area, e.g., using random binary 1/0 sequences with 50% duty
cycle to determine the ON/OFF state of PRS transmission over
a period of time. Nevertheless, the random method cannot
control the concurrent PRS transmission precisely and the
corresponding muting pattern would generate a relatively large
amount of signaling traffic.

In general, PRS Muting can be regarded as an interference
management method for positioning purposes. For commu-
nication services in cellular networks, popular methods like



power and channel access allocation [40], [41], task offloading
[42] and user association [43] are widely used recently to
improve the system utility. However, due to the difference be-
tween communication and positioning applications, the above
management methods cannot be utilized in cellular positioning
in a direct way. The main reasons include two parts: 1)
positioning service with PRS broadcasting is designed for UEs
in a relatively large area; 2) UEs need to receive more BSs’
signals than communicating with only one BS.

5G positioning enhancements in 3GPP Rel-17 aim to pro-
vide support for location latency in the order of 10 millisec-
onds (ms) [24]. So researchers have pointed out that future net-
works should also support sophisticated algorithms to design
the muting configurations (MC) and operate at a different level
of PRS resources to control the interference, such as a radio
frame or even an orthogonal frequency division multiplexing
(OFDM) symbol containing the PRS in a subframe [19], [39].
However, the design method of MC and its implementation in
positioning functions have not been fully studied.

C. Main Contributions

Following the above discussion, in this paper, we design
a novel muting strategy that can be efficiently managed by
positioning functions in cellular networks for time-sensitive
applications, where the muting configuration is generated
according to an optimized set of pseudo-random sequences
with considerations of concurrency and balance of PRS trans-
missions amongst all BSs. Furthermore, the implementation
of efficient information exchange and muting coordination in
positioning management functions can also be accomplished.
Specifically, the main contributions of this paper are summa-
rized as follows.

o To manage near-far interference and reduce measurement
latency, a muting configuration generation method is
proposed based on the combined optimization of pseudo-
random sequences (CO-PRS), where the balance and con-
currency of PRS transmissions among BSs are designed
as selection indicators.

o The management of PRS muting in positioning functions
is then analyzed in detail, in which the efficient informa-
tion exchange can be achieved by transmitting the ternary
seeds of pseudo-random sequences through positioning
assistance data.

« For practical application purposes, we give guidance and
extensive simulations on how the muting management af-
fects the measurement latency while ensuring the required
accuracy. In particular, we show the proposed CO-PRS
muting can alleviate severe near-far problems in cellular
networks.

The remainder of this paper is structured as follows. Section
IT introduces the system model, where the signal generation
and time delay estimation are first derived, and the operating
principle of muting management in positioning functions is
then analyzed. Section III constructs the problem that mini-
mizes the maximum UE measurement latency while ensuring
the desired amount of accuracy, by optimizing the muting
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Fig. 2. Overall system model of muting management in positioning functions:
(a) optimization of muting configurations and information exchange, (b) PRS
transmission and time delay estimation.

configurations. Section IV designs the method of muting con-
figuration generation with the optimized set of pseudo-random
sequences, which demonstrates the potential to solve the
formulated problem and enable efficient information exchange.
Section V presents simulation results to verify the performance
of the proposed management of positioning functions. Section
VI concludes the paper. Additionally, the main notations used
in this paper and the corresponding physical meanings are
summarized in Table I.

II. SYSTEM MODEL

We consider a cellular network scenario where M BSs
provide communication and DL-TDOA positioning services
for U UEs in the target area. As shown in Fig. 1, BS
m = {1,...,M} € M are deployed in a hexagonal grid in
the target area and their location has been accurately measured
in advance, which is denoted by b™ = [b?,b’;,b;”]T €
R3*!'m € M. UE u = {1,...,U} € U located in v* =
[v;‘,v;‘,v;‘]T € R3*! 4 € U, which are conducting time-
sensitive applications and need timely location information.
Positioning reference signals (PRS) transmitted by multiple
BSs are superimposed at each UE receiver, which are then
utilized to calculate the cross-correlation function with lo-
cal reference signals to estimate the time delay or distance
between the UE and target anchor BS, and finally estimate
the location using multi-lateration methods. The information
exchange and the coordination of multiple PRS transmission
are managed by the positioning functions (also referred to
location management functions (LMF)) in core networks [13],
as shown in Fig. 2.

A. Signal Generation

In this subsection, the signal used for positioning purposes
in cellular networks will be introduced. With the standardiza-
tion process of the cellular positioning system, the dedicated
positioning signal PRS has been introduced since the LTE
standard [44], mapping to specific elements into the OFDM
resource grid. In order to avoid undesirable interference ap-
pearing at the receiver, it is necessary to configure the muting



TABLE I
PHYSICAL MEANING OF THE MAIN NOTATIONS
Physical Meaning Notation Physical Meaning Notation
. Time delay estimation N
Set of BS M with BS m. Tm
Set of UE U 'Error covariance 9f Cov(T)
time delay estimation
Set of anchor BS of M Cumulative FIM after F
UE u “ receiving T' symbols L
Location of BS m b™ Mg pping functlgn from ()
discrete to continuous
Location of UE u vt Tra.nsm{t ted muting muting
signal m
Length of the muting . . . muting
control period L Received muting signal | ;7
Continuous subframes N, PRS symbols in each NPRS
in PRS occasion PRS subframe symb
Muting control Cross-correlation RM
sequence of BS m mem function with muting T,m
Muting configurations M Required measurement SRea
of all m BS m accuracy err
QPSK-modulated PRS Required received T
sequence TL,m signal length wm
Pseudo-random Set of pseudo-random
sequence for PRS Cprs sequences for muting M prepare
signal generation control
Complex-valued o Set of generator M
OFDM symbol k,t,m polynomial values Ip
OFDM baseband . S
signal Si.m Set of register values Mg
Sampling frequency fs Set of truncation points My
Received signal from Temporary sequence r
BS m Ym | for BS m in CO-PRS Em
Cross-correlation R Regeneration function o)
function T,m for muting sequences 9

information for these BSs, which is generally controlled by a
sequence mc,, composed of 0 and 1 for each BS m € M.
Here the value O indicates that we mute the corresponding
resource, while 1 allows normal transmission. PRS occasions
have also been defined to improve positioning performance
[35], including Npgs continuous downlink subframes, where
each subframe has NSPyRme OFDM symbols containing the PRS.
In this paper, we consider one PRS occasion as the muting
control period, where the minimum unit of muting element
is set as one OFDM symbol containing the PRS, as shown
in the red dotted box in the OFDM resource grid in Fig. 3.
Thus, the length of control sequence becomes L = Npgg st;lfnsb,
and the muting control sequences of BS in M will form a
set M = {mecy,...,mcpr}, which will be analyzed in the
Section IV. Here, the signal without muting control will be
first derived, and the signal with muting control will then be
introduced in Section II.C.

In the 3GPP standard [44], the quad-phase shift keyed
(QPSK)-modulated PRS sequence can be expressed as

r“mmpp:ééu—z%dmp+j§§u_z%mpp+uy(n
where i = 0,1,...72N];“§X’DL — 1, Vm € M and n, is
the slot number within a radio frame and [ is the index
of the OFDM symbol within the slot. The number of the
resource blocks (RB) NE};‘X’DL = 110 defines the largest
downlink bandwidth. The pseudo-random sequence cps¢] for

R
R
Rs R
R R
Rs Rg
R
R6
x RG RB
x
£
2 R R
£ R R
3 6
OFDM symbol index: 1=0 1=6

PRS Muting index: n=0 n=1
¢ even- numbered slots > odd- numbered slots >

_ n|DL_PRS
n=Ngp™ -1

Fig. 3. PRS mapping and muting element in the OFDM resource grid, where
Rg denotes PRS symbols ay ; ,,, in antenna port 6.

PRS generation shall be initialized according to [44], in which
dnt = 2% . IN[RS/512 | + 210 (T (ng+1)+1+1) -
(2 (VIS mod 512) + 1) +2- (NfXS mod 512) + Ncp, where
NPRS € {0,1,...,4095} generally equals to N{S!. We consider
normal CP with Ncp = 1 corresponds, and Ncp = 0 is for the
extended CP. As shown in Fig. 3, the PRS sequence r; 5, m [{]
shall then be mapped to complex-valued modulation symbols
ag,1,m in the OFDM resource grid as reference signal for
antenna port p = 6 in slot n, according to

Ak, lom = Tl,ns,m[i}a (2)

where the subcarrier index k in frequency domain is generated
according to

k=6 (i+ Ngy — NEg°) + (6 — | + vgire) mod 6, (3)

and the mapping of OFDM symbol index [ in time domain is
determined by
[ — { 3,9,6

1,2,3,5,6
The cell-specific frequency shift is given by vgire = NFXS mod
6, which is usually determined by the cell ID as NFRS = Nell,
In this paper, in order to study the effective muting strat-
egy in severe interference scenarios, we consider imperfect
PCID planning, where BS in M have the same value of
Vshite = NS mod 6, and the transmitted PRS will cause
relatively severe interference to the receiver. It should be
noting that muting management will be conducted after the
above mapping process, which will not change the original
PRS sequence.

if ng mod 2 =0,

if ng mod 2 = 1. @)

The time-continuous OFDM modulating reference signal
si,m () generation equation based on inverse fast Fourier
transform (IFFT) without muting control in OFDM symbol



l can be expressed as [44]
-1

Sl,m (t) :Zk__LNDLNRB/QJ k=) 1m
N Z [ NRENEB /2]

for 0 <t < N x Ty, where k-) = k + | NQFNREB/2 | and
k) =k + | NQYNRB/2 | — 1 denote negative and positive
parts of the subcarriers, and N:EB denotes the number of the
subcarriers in a resource block; the subcarrier spacing A f
equals to 15KHz for the PRS. The sampling frequency is fs
and the sample time 7, = 1/f,, and N is the number of
samples. In the following parts, we will further analyze the
time delay and range estimation with respect to the transmitted
PRS from each BS as derived in (5).

eJQTrkAft
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B. Time Delay Estimation

In this subsection, the derivation of time delay estimation
and the corresponding influencing factors and their impact on
the error covariance bounds will be conducted. We denote the
speed of light as vjign;, and the time delay measurement from
UE u with BS m can be expressed as

dm
Tm = + A7y, + €m; (6)
Ulight
where d,,, = ||b™ — v*||, and 7,, is the real 3D Euclidean

distance and the corresponding time delay measurement, while
the clock offset error is A7, and the measurement error ¢,
is caused by noise. Here we simply denote the real time delay
as 72 = dpm/ Ulight for convenience, and we mainly consider
the measurement error caused by near-far interference in this
paper, so the synchronization error A7, is assumed to be
mitigated by some mature methods [45]. For simplicity, we
consider the line-of-sight channel in an urban scenario [46],
which can also be extended into a more general case in future
work. The received signal y,, (t) of UE from BS m can be

expressed as
B DR FACRSTT NE)

where h (t) is the channel response function and w () is the
white Gaussian noise with power spectral density Ny. After
sampling, the correlation R(7) between received signals and
local reference signals is calculated as

RT,m (T) = 2:21 Ym [n]srn, [?’L - T]’ (8)

where T' is the length of the processed received signal in the
cross-correlation computation.

Before introducing the estimation method for 7, we will first
analyze the performance bound of the range measurement,
which is commonly represented by the Cramer-Rao lower
bound (CRLB). According to [47], the estimated time delay

Ym (t) = h(t

vector ¥ = [r1,...,Tm,...,Tas]  using any unbiased, non-
Bayesian estimator satisfies
Cov () = F~'(7), ©)

where Cov(7) is the error covariance matrix of time delay
estimation, and F(7) is the corresponding Fisher Information

Matrix (FIM); the matrix inequality Cov(#)>=F ~1(7) indicates
that (Cov(#) — F~!(7)) is a positive semi-definite matrix.
The FIM can be calculated by the standard formula [48]

F(7) = {~Ex(r)r [Vo (Ve e (Y (1) [7)"] | 10)

where E[-] denotes the expectation operator; ¢ (Y (7)|7) is
the joint probability density function (PDF) of the corre-
spond observation vector Y (7) = [y1,.--,Ym,--- ,yM]T
parametrized with respect to 7, and V, indicates the gradient
with respect to 7. Since the FIM can be regarded as the
information for parameter estimation, we denote the FIM of
one OFDM symbol containing the PRS as F;_; .(7), and
with the increase of the received signal length in the cross-
correlation process as shown in (8), the cumulative FIM after
receiving 7' symbols F1(7) can be expressed as

Fi(r) = Z; Fyo14(7). (11)

As analyzed in [22], the derivation of the FIM can be utilized
to calculate the variance of the time delay measurement error,
which is given by

T2

02 (fm) = wwm
ZtET SINR ZkEN

where Ty, = 1 /Af is the symbol duration of the received
OFDM signal; 7 is the set of symbols containing the PRS;
N is the subset of subcarriers used to transmit the PRS; p?
is the relative power weight of subcarrier k; SINRL, is the
received signal-to-noise plus interference (SINR) of received
signal from BS m at symbol ¢, which can be expressed as

pm/PLm
ZnEan,n;ﬁm Pn /PLn + Pnoise

where m,n refer to the index of BS in M p,, the transmit
power of the PRS of BS m, PL,, the path loss from BS m
to UE, pnoise the received noise power; an refers to the set
of BS that are not muted at symbol ¢ and sharing the same
time-frequency resources transmitting the PRS with BS m.
Correspondingly, p,, is the transmission power of the PRS of
BS n, and PL,, refers to the path loss from BS n to UE.

- (12)

SINR!, =

; 13)

Accordingly, the CRLB of range estimation in meters can
be then calculated as

o(dm) = 02(7m).

As shown in Fig. 4, a typical UE with 5 surrounding BSs as
anchors receives PRS from ¢ = 1 to 24, and the cumulative
FIM and CRLB of range estimation are shown in Fig. 4(a) and
Fig. 4(b), respectively. Here, the transmission of PRS from 5
BSs is managed by 5 different random sequences with 50%
duty cycle. It can be seen that the FIM constantly increase with
the accumulation of received signal, which is in accordance
with the derivation in (11). There are some symbols that pro-
vide nearly zero contribution to the FIM, which corresponds to
the symbols that are muted by the random sequence. The FIM
of anchor BS 1 increases dramatically from the first received
symbol, while the FIM of other BSs increase more slowly.
This is because in the simulation scenario, the UE is near to

”12igm (14)
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Fig. 4. An application example of cumulative (a) FIM and (b) ranging CRLB
with accumulated received PRS symbols using 50% random muting functions.
In this scenario, the UE is located near to anchor BS 1 and with over 250m
away from anchor BS 2 to 5.

BS 1 and with over 250m away from anchor BSs 2 to 5, where
the signals from BSs 2 to 5 are generally interfered with BS
1, a typical phenomenon of the near-far problems in cellular
networks. Furthermore, the FIM contributed by each OFDM
symbol F;_1 +(7) is also different due to the received SINR
as in (11)-(13), which is determined by the uncoordinated PRS
transmission controlled by a random sequence. The CRLB of
range estimation continuously decreases with ¢, and it can be
seen from Fig. 4(b) that UE cannot establish a basic threshold
like 10m with some anchor BSs even with a long-time cross-
correlation process using ¢t = 24 PRS symbols. This situation
is undesirable for localization, since the WLS estimation needs
at least 4 anchors to estimate the location and imbalanced
ranging accuracy from BS 1 to 5 will inevitably lead to error
propagation to the location update of UE [33].

Based on the above analysis and demonstration, the time
delay estimation accuracy can be influenced by two main
factors considered in this paper: 1) the received signal length
used for cross-correlation and 2) the interference level of each

received symbol. In this paper, we use the maximum likelihood
estimation (MLE) to estimate the time delay between UE and
each BS [20], and the first tap of the channel can be estimated
according to (8) as

Tm = argmax, { Rr.m(7)}, (15)

by searching the correlation peak in the correlation function
(8) to obtain the value of time delay.

Following the above guidance, the accuracy of time delay
estimation can be potentially increased by utilizing a longer
received signal in the measurement step and also controlling
the interference level on each symbol at the same time, which
can be interpreted as the correlation peak becoming higher
and dominant over the noise and interference. In this case, the
ML estimator can obtain the time delay with limited error
rRed e, |7, — 72| < 7Re4. However, for time-sensitive
applications in the ITS, increasing the processed signal length
to acquire accuracy improvement can also lead to certain delay
to the position update of the UE, reducing the timeliness
of location information. Therefore, we argue that appropriate
management of multiple PRS transmission in the positioning
functions have the potential to control interference and com-
plete the position update with relatively shorter measurement
latency. In the next subsection, the management of PRS
transmission by muting will be derived in detail.

C. Muting Management in Positioning Functions

As analyzed in Section II.B, aiming to control the in-
terference level and enable shorter measurement latency in
cellular positioning, the positioning management functions
have the responsibilities to coordinate the transmission of PRS
from neighboring BS. In this paper, we focus on the muting
management of PRS to achieve time-sensitive localization at
the control level of each OFDM symbol, from which the
normal transmission or muting of each symbol containing
the PRS is determined by a binary muting control sequence
mem € M and Vme, (n) € {0,1},n € {1,...,L}, as
analyzed in the first part of Section IL.A.

In particular, Section II.B describes a specific case where
no muting management in positioning functions has been
conducted, i.e., the PRS are still transmitted according to the
mapping in (2) and Fig. 3, which may cause interference at
the UE receiver in the scenario of a strong near-far effect
among BSs, thus reducing the positioning accuracy. Although
utilizing random muting control among BS can mitigate
interference compared with no muting, this strategy cannot
always guarantee the interference level, especially in dealing
with severe near-far problems, as shown in Fig. 4. To avoid
these drawbacks, PRS coordinated muting with each BS in
M is implemented at specific OFDM symbols according to
the muting configuration information M. As shown in Fig.
2, if the PRS muting control sequence mc,, (n) = 1, then
the reciprocal PRS symbol n of BS m will be normally
transmitted, otherwise BS m will remain silent.

It should be noted that since mc,, (n) € M is a discrete
sequence, the muting configuration information shall be trans-



formed into time-continuous form according to the sampling
rate fs, which can be expressed as

men, (t) = f (mep, (n)),Ymen, (n) € M, (16)

where f (-) represents the discrete-continuous transformation
function for the muting control sequence. Accordingly, the

transmitted signal 2" (¢) after muting control is formulated

1
x%uting (t) = mey, (t) X Zl Sl,m (t)v

as
which can be regarded as the original signal is modulated by
a 0/1 sequence. Similarly, the received signal after muting
control management ym ¢ (t) of UE from BS m can be
expressed as

Y8 () = () x 2 () +w (1),

m

A7)

(18)

As shown in Steps 2 and 4 in Fig. 5, according to the general
cellular positioning protocols [13], the positioning functions
can exchange the muting configurations in positioning assis-
tance data” and let the UE generate the local reference signals
™™ corresponding to the transmitted PRS. In this way, the
cross-correlation function with muting configuration M after
sampling can be calculated as

T . . *
RIL(r) = 30 i) (amine)  — 7),

where T is the length of the processed received signal in
the cross-correlation computation. Equivalently, the time delay
estimation after muting management will also follow the ML
method as shown in (15).

It can be seen that the accuracy of time delay estimation
under muting management is mainly determined by the muting
configuration M. However, simple configurations like random
muting cannot guarantee the controllable interference and may
lead to a longer received signal length 7' for the location
accuracy-timeliness trade-off. With appropriate design of M,
UE has the potential to achieve the required ranging accuracy
with lower measurement latency 7' even under severe near-far
interference. In the following sections, the problem formula-
tion and the proposed method will be analyzed in detail.

19)

IIT. PROBLEM FORMULATION

In this section, the problem of reducing the latency of
UE positioning in cellular networks will be summarized an-
alytically to enable time-sensitive transportation applications.
These kinds of applications typically require both accuracy
and timeliness of location information, which makes it very
complex to solve the original problem optimally. Therefore,
in this paper, we formulate a substitute problem to acquire
efficient sub-optimal solutions, by managing PRS muting
configuration M = {mcy, ..., mcy} in positioning functions
to reduce the measurement latency while ensuring the desired

IThis is equivalent to the mute the corresponding time-frequency resources
in the OFMD resource grid by setting the complex symbol ay ; ., = 0 as in
(5), while the former derivation in (17) aims to demonstrate how the muting
sequence control the transmitted PRS in a relatively intuitive way.

2Positioning assistance data may also include RAN access point position,
PRS signal bandwidth and cell identity, etc., where detail information can be
found in Chapter 9 of [13]. Here, we mainly focus on the muting configuration.
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Fig. 5. Information exchange process: PRS muting managed by positioning
functions in cellular networks, where the muting configurations can be
transmitted through the positioning assistance data.

localization accuracy. For convenience, the evaluation metric
of the measurement latency is simplified to the required
received signal length 7' to obtain accurate ranging values in
the cross-correlation process (8).

Furthermore, since the positioning performance will be
significantly influenced by relative positions between UE and
surrounding BS in real world, e.g., if UE u; is located very
closely to BS m (Vm € M), while UE u; is in a middle
area of several surrounding BSs, UE u; and u; will expe-
rience different levels of near-far interference. Therefore, the
focused problem should consider all kinds of UE’s location
v" (Vu € U) in cellular networks for general performance
analysis and improvement. In the design of positioning latency
optimization scheme, we focus on minimizing the worst case
of UE measurement latency with its anchor BS. Once these
kinds of UE’s performance can be guaranteed, other UEs with
less severe near-far interference can also accomplish accurate
localization within shorter measurement time. This formulates
the substitute min-max problem. It also should be noted that
the BSs in set Ml may exceed the required number of anchors
for DL-TDOA positioning. Thus, the set of BSs selected as
anchors by UE v € U is denoted as M, € M, which is
generated according to the BSs with strongest received signal
strength (RSS) without any interference?.

Hence, the problem of interest is formulated as

(P1):min max T,,, (20)
M uwelUmeM,, ’
s.t. CI: %u,m = arg max {R’JA'/,lu,m(T)} 2D

3The anchor BS selection scheme can also be selected by jointly considering
the geometry and RSS between BS and UE, since the geometry dilution of
precision (GDOP) can also influence the location estimation [17]. However,
the BS selection is beyond the research focus of this paper and we temporarily
consider a simple case.



C2: Py — Tom| < 7809, Yu € U,m € M,

C3:1<7T,,, <L+1VT,,, e N*

(22)
(23)

where M is the optimization variable and the objective func-
tion is the maximum measurement latency T, ., of UE v € U
in target area with anchor BS m € M,,. Constraint C1 and C2
determine the objective function T, ,, together, from which
C1 represents the ML estimation process that is determined
by the muting configuration M and the measurement latency
T.,,m. Constraint C2 denotes that the estimation results 7, »,
should satisfy the accuracy requirement 759 for time delay.
For example, for a given optimized muting configuration M,
i\ Ty = Tom| > 7Red  then the accuracy constraint C2 will
not be satisfied and according to C2, and the ML estimator
should increase the length of processed received signal in
the cross-correlation operation (8) until this constraint is met.
Finally, C3 constrains the counting method of the objectives,
where for the value of T, ,,,, we count the number of OFDM
symbols containing the PRS and then limited to a positive
integer set NT. This is because the number of PRS symbols
directly represents the length of the received signal, since
we assume that the mapping in OFDM resource grid follows
the same subframe structure as shown in Fig. 3 [44]. The
maximum value of T, ,, is set as L + 1, which is one unit of
measurement larger than the muting period L = NpRstf;lfnsb,
meaning that UE and BS m fails to establish accurate range
measurement even after processing signals with L OFDM
symbols.

From another point of view, if we assume the total available
resources for each BS is fixed, representing by T,0c®ion PRS
symbols in one PRS occasion, the reduction of the measure-
ment latency 793510 — max,, v, T, ., can also be regarded
as the increase of resources for communication services. This
is a kind of trade-off in wireless resource utilization, which is

equivalent to evaluate maxmem, 75, ,, in this paper.

IV. PROPOSED METHOD

In this section, we investigate a method to solve the above
formulated problem (P1), in which we focus on the optimiza-
tion of muting configuration M* = {mcj,...,mc},}, so as
to guarantee the worst case of UE measurement latency in
cellular networks while ensuring the required amount of lo-
calization accuracy. Although the random generation of muting
configurations may enable some of the UE in the middle areas
between several anchor BS to meet the requirements of both
delay and accuracy, this case is generally based on the premise
that these UEs are less affected by near-far interference. In this
case, the fairness of location services is in turn very critical
for time-sensitive ITS applications, and the differing impact
of interference becomes the reason why we need to consider
the appropriate design of transmission control sequence, i.e.,
the muting configurations.

In this paper, pseudo-random sequences are utilized to
generate muting configuration information, which can exhibit
obvious advantages through optimized selection compared
with random sequences and sequential control. The optimized
pseudo-random sequence controls the interference level of
each muting element, and we consider the minimum muting

element is an OFDM symbol containing the PRS, as shown
in Fig. 3. Note that we can also extend the minimum muting
control unit to one beam of BSs, i.e., in space domain besides
the time-frequency domain. In each beam, the time-frequency
resource can still be muted according to the optimized M*.
In this way, we can formulate a multi domain cascading
management for all types of resources. The random sequence
can only control an overall transmission level macroscopically,
which may cause extremely high interference to the received
SINR with incorrect estimation as analyzed in Section IL.B.
Correspondingly, random muting may also lead to very low-
interference level at certain wireless resources, which is not
necessary due to the gain brought by cross-correlation as in
(8) and reduces the efficiency of wireless resources.

Moreover, the pseudo-random sequence is a variant of
random sequence [49], which can be easily regenerated using
the seed of the generator polynomial coefficients, register
values and the truncation points of each sequence. These
seeds can be exchanged in an efficient manner between BS,
UE and the positioning management functions, rather than
transmitting the whole sequences in the positioning assistance
data. Especially when the muting control period L is relatively
long, the transmission of the entire 0/1 sequence in M* will
increase the communication overhead significantly.

By controlling the maximum and minimum average inter-
ference concurrency in M™, we propose an algorithm for
combined optimization of pseudo-random sequence (CO-PRS)
through truncation and modified greedy selection, which can
enable simultaneous multiple PRS transmission with control-
lable interference even in the case of reusing the wireless
resources. The specific operation process is shown in Fig. 6
and will be derived as follows.

In this paper, we take the basic m-sequence generated by
a linear feedback shift register (LFSR) [49] in the proposed
CO-PRS method as an example4, so as to illustrate the
generation process for convenience. The set of pseudo-random
sequences prepared for selection is denoted as M prepare, Which
is generated by traversing all possible generator polynomial
coefficients and register values of the LFSR?. If we denote the
order of the LFSR as d,,, the number of possible values of
the polynomial and register will be 2%, Thus, each element
in Mprepare follows V ¢, € Moprepare; 6m () € {0,1},n €
{1,..., Lo}, and its dimension is (29 x 2%™ x L), which
in order represents 1) the potential values of generator poly-
nomial, 2) the potential values of register and 3) the length
of each prepare sequence, respectively. However, due to the
mismatch between the length of the prepare sequence Ly and
that of the muting period L, these sequences in M prepare cannot
be utilized as a muting control sequence in a direct way.

It should be noted that the m-sequence is just one potential solution,
which can also be replaced by other pseudo random sequences like the Gold
sequence [44]. The auto correlation and cross-correlation characteristics of
the sequences used for muting control is not a necessary requirement since
the CO-PRS mainly focus on the interference management.

SThis kind of traverse can generate a set that is beyond specific pseudo-
random sequences, since each specific sequence generally limits more strict
requirement on the primitive polynomial. In this paper, the properties of a
specific sequence is not required, and the above process of generating M prepare
is particularly designed for the purpose of selecting muting control sequences
for multiple BS.
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Fig. 6. Detail implementation process of the proposed CO-PRS muting configuration generation method in positioning management functions: (a) concurrency
constraint, (b) balance constraint and (c) the flow diagram for the generation of M*.

Therefore, based on the above guidance, we should de-
sign the generation method as follows. The sequence in
set Mprepare should be truncated to length L first, among
which we select M elements with certain constraints, thus
formulating the muting configuration information M*
{mcj,...,mc},}. Furthermore, for each selected sequence,
the corresponding generator polynomial coefficient, register
value and the truncation point will be saved to form set M, =
{opi,- . 9P}V gpi (ng) € {0,1},ng € {1,..., M},
Mg {rgt,....rgn},¥Y 195 (ng) € {0,1},ny €
{1,...,M} and M;, {try, ... try b, Viry (ng) €
{0,1} ,ne € {1,...,M}.

In order to control the interference level, the requirement
of interference concurrency I, < I < Inax should be
considered in the first place, which can be measured by
the SINR of received signals of surrounding BS as (13) in
Section II.B. However, due to the different path loss of UE
u € U and BS in M in different locations, it is difficult to
evaluate the SINR quantitatively. Therefore, the requirement of
interference concurrency can be transformed into the require-
ment of concurrency of a combined set of selected pseudo-
random sequences in muting configuration M. The temporary
sequence after truncation for BS m is denoted as ¢!, and the
concurrency metric is defined as

Con () 2 100%><Zi:1 ((Z’il & (n)) /m) /L (24)

where 2 < m < M. In particular, the concurrency limit
can also be set in each muting control element, which can
be expressed as Con (¢, (n)) £ 100% x (}i~, ¢; (n)) /m.
However, this requirement is relatively too strict and may
lead to difficulties when setting the threshold, e.g., if the
concurrency requirement on a single muting element is not
satisfied, the iteration should be restarted and will greatly
prolong the search time.

Moreover, in order to ensure the hearability of each BS

and the efficient utilization of both wireless and hardware
resources, the minimum and maximum transmission ratio of
each BS in a muting control period should also balanced
amongst BSs, which can be expressed as

200 (S o) /1)

The above two constraints designed for the generation of M
can be added to the previous problem P1 in Section III (20)
and thus formulate (P2), which can be expressed as

Bal (c¥f,) (25)

(P2): njl&ln peiBx, Ty (26)
st (21), (22), (23) 27)
C4: Conpiy < Con () < Conpax, Vi, € M (28)
C5: Balyin < Bal (c}},) < Balyax, Vi, € M (29)

where Cony,i,, Baly;, and Bal,,;,, Bal,;, denote the mini-
mum and maximum threshold on concurrency and balance of
the muting control sequences in M, respectively. Accordingly,
the intuitive demonstration of constraints C4 and CS5 are shown
in Fig. 6(a) and Fig. 6(b). It is noteworthy that constraints C4
and C5 are not completely coincident, but complementary.
Algorithm 1 shows the muting configuration generation
algorithm based on combined optimization of pseudo-random
sequences (CO-PRS), and the corresponding flow diagram is
shown in Fig. 6(c). The detail explanation of the CO-PRS
is as follows. During the selection process for the m-th BS,
the positioning management function first selects a random
pseudo-random sequence c,, that has not been used from the
prepare set M prepare, and then a random truncation start point
L, is selected, which needs to ensure that the truncation will
not exceed the final bit of ¢,,. Then, ¢,, will be truncated
from L, with length of the muting control period L and form a
temporary sequence ¢t . For the first BS, only the transmission
balance Bal (cf) will be checked, as shown in steps 12-14 in
Algorithm 1, while for other BSs, the concurrency Con (c))



Algorithm 1 Muting Configuration Generation in Positioning
Functions based on Combined Optimization of Pseudo-random
Sequences (CO-PRS)

(292%™ x L)

IHPUt: Mprepare €z P Conmina ConmaXv Balminv

and Bal,, ..

Output: M* = {mci,...,mcy }, M*g, =
{9p%, .- g3}, M* g = {r¢;,...,rg3;} and
M ={try, .ty

1: for m < 1 to M do

2: judge <+ 1;

3:  while judge do

4: Select a pseudo-random sequence c¢,,, randomly from
initial set M repare;

5: gpm < polynomial coefficients of c;,;
rgm < initial values of register of c¢,,;

7: Judge whether c,, has been used, and if so, choose
again;
Ls <« rand(1,Lg— L+ 1);

: Judge_tmp < 1;

10: while judge_tmp & Ls < (Lo — L+ 1) do

11: The sliding window of length L takes L, as the

left end point, and truncates ¢,, to get ' ;

12: if m == 1 then

13: Calculate Bal (c!,) using (25);

14: if Bal,;, < Bal(c",) < Balyax then

15: me; « ¢, judge_tmp < 0, judge + 0,

gD} < gDm, Tg]  1gm and tr] < Ls;

16: else

17: L,+ L,+1,

18: end if

19: else

20: Calculate Con (c!f)) and Bal (¢! ) using (24) and

(25);
21: if Conyin < Con (c,) < Conpax & Balyy <

Bal (c!)) < Baly,x then
22: mcl, < b, judge_tmp < 0, judge < 0,

gDk, 4 9Pm, TG, < Tgm and tri, < Ls;
23: else

24: L,+ L;+1;
25: end if

26: end if

27: end while

28:  end while

29: end for

and Bal (c!f)) will both be checked. If clf, satisfies the above
requirements, the positioning functions will let ¢, be the
muting control sequence for BS m, corresponding to steps
20-22. Otherwise, the positioning functions will regenerate
a temporary sequence by moving the truncation start point,
as shown in steps 17 and 24. In particular, if the change of
truncation still does not match the requirement in (P2), as
steps 4-6 in Algorithm 1 will show, the positioning functions
will repeat the selection in the prepare set to find a new
sequence c¢,,. In summary, the selection process for BS m

can be expressed as

cr,, if Baly, < Bal (¢}f,) < Balyax

m
and Conyiy < Con () < Conpax;

regenerate cb.,,

(30)

MCy, =
otherwise.
Thereafter, in a greedy manner, the muting control sequence of

the next BS will be configured by repeating the above steps
until the last one is reached. The optimized set of muting

configurations at iteration m is denoted as M}, , which is
formulated according to
M:n = Mjn—l U Mcm (31)

where 2 < m < M. After the muting configuration M* =

4 is configured, Algorithm 1 will output M* and its
corresponding set of generator polynomial coefficients M*,,
register values M*,, and truncation points M*;,.

The management of positioning functions will be introduced
together with Fig. 5 from Section IL.B as follows. First, the
proposed CO-PRS process will be implemented in step 1.x
as shown in Fig. 5, and in step 2 and 3, the positioning
functions coordinates BS in M to transmit the PRS by the pre-
configured muting information M*. In particular, to achieve
efficient management of positioning services, the positioning
management function shall only exchange the “ternary seeds”
(gPms TGm, trm) in the positioning assistance data [19]. This
will be utilized to regenerate the entire muting control se-
quences instead of transmitting M*, as shown in step 4 in
Fig. 5, which can be expressed as

M = g (gPm, T"Gms tTm,) (32)

where ¢ () represents the regeneration function. For example,
if the prepare set M prepare is known in both BSs and UEs sides
through the positioning functions, both of them can regenerate
MCp, USING (gD, "G, t7m ) as indices in the 3-dimensional
matrix formulated by Mpepare. In step 5, the UE needs to
calculate the cross-correlation function with the local reference
signal of anchor BS in M, which can be regenerated by
function ¢ (-) and the seeds exchanged from step 4. Finally,
the UE measurement results will be returned to the positioning
functions to estimate the location of UE, which corresponds
to the steps 6-7 in Fig. 5.

V. SIMULATION RESULTS AND DISCUSSION

In this section, a series of numerical simulations are con-
ducted to evaluate the performance of the proposed muting
management in positioning functions.

The main parameters are listed as follows. As shown in Fig.
8, we consider a cellular network scenario with M = 19 BS
deployed in a hexagonal grid with inter site distance (ISD) of
300m, which is a common assumption for cellular positioning
simulations [35]. The height of BS in meters follows the
distribution of b* ~ A (15722) ,VYm € M, and the height
of UE is set as 1.5m. The muting control period is set as
Nprs = 3 consecutive subframes in a PRS occasion, where
each subframe contains nyl}rlsb = 8 symbols with PRS follow-
ing the mapping in Fig. 3, and the muting control period in unit
of PRS symbol, i.e., the sequence truncation length is obtained
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as L = NPRSNSPyRme = 24. The central frequency is 3.5GHz,
and the subcarrier spacing is 15kHz. The bandwidth allocation
of the proposed system is set as Ny = NERS = 100, which
equals to B = 20MHz, and the sampling frequency is set
as fs = 122.88MHz for the considerations of analyzing the
system performance with finer resolution. In particular, the
values of the PRS frequency shift of each BS are assumed as
the same since we mainly focus on the extreme situation where
strong near-far interference exists, i.e., vgnirr = NFX> mod 6
and the cell ID N = 0,6,12,...,108 with NFRS = Ngell,
The transmit power of each BS is 36dBm. The noise power
of the additive white Gaussian noise in wireless channel is
Ny B, where the noise power per Hertz Ny = —174dBm/Hz
following the Boltzmann formula. The number of anchor BSs
in each M, is Nanchor = 5, and the accuracy requirement is set
as 724 = 10m. The MC of BSs are generated according to the
proposed CO-PRS method. For the generation of the prepare
set, the order of the LFSR is set as dm = 9, and the number of
possible generator polynomial coefficients and register values
both equal to 29" = 29 = 512. The constraint threshold
values Bal,,x = 36%, Baly, = 10%, Conyin = 30%,
Conpax = 40%.

The simulation results are obtained through the flow dia-
gram as shown in Fig. 7. First, the muting configurations are
generated according to different muting management methods.

Here, besides the proposed CO-PRS muting, we mainly con-
sider benchmark methods, which include 4 random muting
strategies with different levels of duty cycles ranging from
10% to 70% and also the ideal muting with sequential PRS
transmission. After the generation of muting configurations,
each BS can map the original data to the OFDM resource grids
after muting control for OFDM modulation according to Sec-
tion II.A and C. The transmission signals are then transformed
into the received signal with simulated urban line-of-sight
channel model in [46], in which the path loss, noise and time
delay are all considered, and the BSs and UEs are equipped
with omni-directional antenna for convenience. The received
signal superimposed with multiple PRS at the UE receiver u
will be cross-correlated with the local reference signal, which
has been exchanged with the positioning management function
as analyzed in Section II.B. The ML estimator will estimate the
time delay and in the simulation part we will compare the time
delay estimation with the ground truth that has been added in
the simulated wireless channel. If the accuracy requirement of
7824 has not been achieved with all of its anchor BSs in M,
one more PRS symbol will be added in the received signal to
update Ré\{lm with T' = T'+1 for more accurate estimation; and
when the requirement is satisfied, the corresponding length of
processed signals in unit of PRS symbols will be recorded as
the measurement latency max (T, ).

In typical transportation applications, moving vehicles usu-
ally traveling along an urban street, where the distance be-
tween this moving UE and a far-away BS may first experience
over a couple of hundred meters and with the movement
reducing to tens of meters, and finally leaves behind this BS,
increasing the BS-UE distance again. In this process, the inter-
ference brought by this BS is generally from weak to strong
and then to weak, which may lead to a significant impact
on both the accuracy and timeliness of cellular positioning.
Therefore, in order to provide guidance for practical ITS ap-
plications and analyze the general performance of the proposed
muting management in cellular networks, shown in Fig. 8, we
tested various position relationship between moving vehicle
UE and BS, where the UE moves linearly from (—410,20)",
which is far from surrounding BS, to (—310,20)" that is
very close to the BS deployed at (—300, 0)" and finally
stop at (—210,20)”. Intervals between (—410,—330)" and
(=270, —210)T are referred to below as the “BS-middle area”,
and the interval (—330,—310)" is regarded as the “BS-

"The solid dot in each PRS correlation function represents the correlation
peak, which may not be the position corresponding to the true time delay
since random noise and interference is also present.
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management, where the UE is located in (—310, 2O)T fromt=1tot = Tu,m7: from (a) to (d), the number of qualified anchor (i.e., the accuracy of UE
measurement with its anchor BS has achieved the requirement rﬁ‘iq) with 50% random muting from ¢t = 1 to t = 8 are 1, 3, 4, 3, 2, 3, 4, 5, respectively,
which needs T%,,m» = 8 symbols to complete accurate measurement, while from (e) to (h) with the CO-PRS only needs T’y m = 4 symbols to achieve the

same requirement.

adjacent area”. Since the BS deployment presents a standard
hexagonal grid with symmetry, the positioning performance
of UE on this trajectory can approximately represent the
positioning performance of UE in U in the target area of a
typical cellular scenario.

Here we analyze the positioning performance of UE lo-
cated in the BS-adjacent area first, whose coordinates is
(—310,20)", and then statistical simulations will be carried
out. Fig. 9 shows two application examples of PRS correlations
Réﬁ’}m at different 7' before achieving the required accuracy
using the 50% random benchmark and the proposed CO-PRS
muting management. Fig. 9(a) to Fig. 9(d) corresponds to
the 50% random muting management, where the number of
anchors that satisfy ii’%m 7737m| < tRd ym € M,, ie.,
the qualified anchors, increases slowly from 1 to Nypchor = 5,
requiring 8 symbols to complete the position update with the
required amount of accuracy (max (T, ) = 8). For compar-
ison, the PRS correlations R%";l with the proposed CO-PRS
muting management are shown from Fig. 9(e) to Fig. 9(h), in
which the number of qualified anchors increases quickly from
1 to 5 using only 4 symbols, i.e., max (T,,,) = 4, reducing
the measurement latency by about 50%.

It should be noted that Fig. 9 only shows the positioning
performance from one-time realization as an example for
the UE situated in (—310,20)". To make the results more
statistically significant, through Monte-Carlo simulations re-
peated 128 times, we analyze the CDF of UE measurement
latency in BS-adjacent area as shown in Fig. 10. Here we
take the ratio of UE who have completed the position update
within certain signal length ¢ as the evaluation metric for
convenience, and the corresponding result of the proposed op-
timized method is denoted as p, and the random benchmark as
pp, (1 =10, 30,50 and 70 for comparison), representing the
random muting with different value of duty cycle. It can be
seen from Fig. 10 that for the proposed optimized CO-PRS
muting, the measurement latency is much lower than that of

70% random muting
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Fig. 10. Statistical results of UE measurement latency for UE located in

(=310, 20)T, which is in the referred BS-adjacent area.

the random benchmarks. For example, when ¢t = 12, p, is
approximately equal to 0.98, meaning that almost 98% of
UEs are able to achieve the required accuracy within half
of the muting control period, while py,, is roughly equal to
0.82. In particular, when the worst case of the ideal muting
benchmark method is considered, BSs in M transmit signal in
turn on each symbol, and the UE has to wait for position
update until the last BSs in M, finishes the transmission,
which may lead to severe latency for this case. As shown
in the right part of Fig. 10, the green line remains at O for the
first 18 PRS symbols and rises to 1 steeply at the 19-th PRS
symbol. For a single UE, the best result of ideal muting will
be proportional to the number of BSs required for positioning,
ie., maxmeMuTu,m o Nanchor- However, for more practical
use cases including multiple UEs with a large amount of BSs



M > Nynchor, the optimal muting order of the ideal muting is
difficult to determine and the best measurement latency of UEs
in each places will be different. Therefore, we only show the
worst case of ideal muting in Fig. 10 for simplicity. Since the
time-sensitive transportation applications require the position
information with high timeliness, such measurement latency
in positioning service is undesirable. The proposed CO-PRS
muting only takes 2.28ms corresponding to ¢ = 12 to make
98% of the UEs satisty the accuracy requirement, while other
muting strategies like 50% random muting will require at least
3.64ms. This reveals that the measurement latency has been
effectively reduced by about 37% and is thus essential for
improving the timeliness of the location information.

It is noteworthy that results in Fig. 9 and Fig. 10 focus
on the UE in BS-adjacent areas, which is only one kind of
situation in a typical trajectory of transportation applications.
However, in other points on the trajectory in Fig. 8, the impact
of near-far problems on UE positioning may be different. The
performance improvement of the proposed CO-PRS relative to
the random benchmarks when the UE is located in different
areas is tested, which is shown in Fig. 11. The performance
metric of the improvement between the proposed method and
benchmarks is calculated by averaging the ratios of p,/ps,
through Monte-Carlo simulations. According to the problem
(P1) formulated in Section III, a larger value of p,/pp,
is preferred in this research. With intervals of 20m from
(—410,20)" to (—210,20)", the improvement of p, relative to
each py, is shown using histograms with the color corresponds
to each benchmark method, and the average performance
improvement is shown as the solid pink line in Fig. 11.

It can be seen that when the UE is located in the BS-
middle area, which is approximately from (—410,20)T to
(—330,20)" and also (—270,20)" to (—210,20)", the ratios
of p,/pp, are nearly equal to 1 because the interference caused
by surrounding BS is generally tolerable, which leads to a
relatively lower measurement latency of the UE for all muting
management methods. In BS-middle area, the management in
positioning functions seems unnecessary. However, the near-
far interference will be extremely high when the UE is in the
BS-adjacent area, which is around locations from (—310, 2O)T
to (—290, 20)T. This is possibly because the relatively higher
received signal power of BS deployed at (—30070)T makes
the signals from other neighboring BS nearly unrecognizable.
This effect will then be analyzed quantitatively in Fig. 12.
In BS-adjacent area, the average ratios of p,/p; are typically
higher, ranging from 1.18 to 1.43. The effectiveness of the
proposed method has been highlighted in this scenario, since
the proposed CO-PRS muting is able to control the concur-
rency to an acceptable level and limit the transmission balance
among BSs at the same time.

Fig. 12 shows the harmonic average SINR® (which is
referred to below as the SINR for simplicity) of the received
signals along the same trajectory in Fig. 8 and Fig. 11. In
both BS-middle and BS-adjacent area, the SINR of the CO-

81n this paper, the harmonic average is selected since it can better reflect
the impact of weaker ones, and the SINR of the nearest two BS are also
not considered since their signals are usually too strong and UE is able to
complete measurement of them in a relatively short time.

I 10% random benchmark
N 30% random benchmark
N 50% random benchmark
18+ 70% random benchmark : 4
—©— Average ratio of pO/ P,

=12
o

Higher performance gains
in BS-adjacent areas

Less performance gains
in BS-middle areas

1l I

LS NS RS NS BES EER BRSO REN RN mER EER

-410 -390 -370 -350 -330 -310 -290 -270 -250 -230 -210
x-coordinate (m)

Ratio of cumulative probability po/ pyat ¢

Less performance gains
“ in BS-middle areas

Fig. 11. Statistical results of a moving UE from a BS-middle to BS-
adjacent and finally stop at a BS-middle area: the improvement ratio
brought by the proposed CO-PRS positioning functions, i.e., the value of
Po/py; (i = 10,30,50 and 70 for benchmark comparison).
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Fig. 12. Statistical results corresponding to the same UE trajectory of Fig.
8: the average SINR of the received PRS from BS except the nearest two
achieved by different muting management.

PRS is relatively higher compared with 50% and 70% random
muting strategies, and lower than that of the 10% and 30%
random benchmarks. While in the BS-middle area, the near-
far interference value is relatively lower, which is tolerable
for accurate measurement, and the UE is able to complete
measurement with in a short time, as shown in the left and
right part of Fig. 11. Correspondingly, in the BS-adjacent
area, the SINR descends rapidly in the middle of Fig. 12,
which is in accordance with the trends in the middle of Fig.
11. This phenomenon supports the reason why the proposed
CO-PRS can achieve better performance in the BS-adjacent
area, where the proposed method can control the balance
and concurrency for multiple PRS transmission. However, the
10% and 30% random muting cannot ensure the hearability
of BS, and the muting benchmarks with higher duty cycles
cannot ensure the concurrency of interference. This means
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they both yield undesirable latency results compared with the
CO-PRS method. Range-based localization estimation requires
measurements with more than 4 anchor BSs, and a lower
transmission ratio without balance control may become insuf-
ficient for WLS estimation. In summary, the proposed muting
management method can significantly reduce the measurement
latency while maintaining accurate localization, especially
when dealing with severe near-far problems.

Since the setting of the PRS bandwidth will also influ-
ence the positioning performance in practical applications,
the impacts of the PRS bandwidth under different muting
strategies are also analyzed. It can be seen from Fig. 13
that the measurement latency decreases with the increase of
PRS bandwidth under each muting method, and the proposed
CO-PRS still performs the best among the benchmarks. A
larger PRS bandwidth in the frequency domain will reduce
the estimation error, from which the UE can meet the posi-
tioning accuracy requirements with less resources in the time
domain. When the PRS bandwidth is SMHz, there is a 30%
improvement over the maximum delay, which reflects that
the proposed CO-PRS method has great potential in saving
bandwidth, and the remaining bandwidth can be utilized for
communication purposes. In summary, the proposed CO-PRS
muting management method can effectively reduce the latency
for many wireless resource allocation situations.

VI. CONCLUSION

In this paper, we focus on the management of positioning
functions in cellular networks, aiming to enable both accurate
and high timeliness localization service for time-sensitive
transportation applications. To reduce the measurement latency
caused by the common near-far interference, a muting con-
figuration generation method is proposed based on combined
optimization of pseudo-random sequences (CO-PRS) with
balance and concurrency considerations. The management of
muting in positioning functions has also been analyzed, where
the efficient information exchange can be achieved by the

ternary seeds used for regenerating the control sequences in as-
sistance data under existing positioning protocols. Simulation
results verify that the proposed CO-PRS muting managed by
positioning functions can effectively reduce the measurement
latency while ensuring the required localization accuracy even
in the scenario of severe near-far problems. The average
improvement ratio ranges from 18% to 43% compared with
the conventional random and ideal muting benchmarks.
Therefore, we foresee that network management of posi-
tioning functions has the potential to play a vital role in the
future cellular networks, especially for the ITS applications.
Future work is in progress to consider 1) muting management
based on beamforming design with MIMO, and 2) cooperative
information exchange managed by positioning functions to
achieve quick and accurate positioning in V2X systems.
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