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ABSTRACT

Integrated localization and communication (ILC) will be a
key enabler for providing accurate location information and
high data rate in next generation networks. This paper pro-
poses a transmission frame structure and a soft information
(SI)-based localization algorithm for position-assisted com-
munications. The proposed ILC achieves improved localiza-
tion accuracy and enhanced communication rate simultane-
ously by accounting for the statistical characteristics of the
wireless environment. Results in 3rd Generation Partnership
Project (3GPP) industrial scenarios show that the SI-based
localization algorithm can achieve decimeter-level accuracy.
Moreover, the position-assisted communication enhances the
achievable rate, especially in scenarios with high mobility.

Index Terms— Integrated localization and communica-
tion, next generation networks, MIMO, OFDM, soft informa-
tion.

1. INTRODUCTION

Integrated localization and communication (ILC) is expected
to play a key role for applications in next generation net-
works [1-8] including autonomy, crowd sensing, smart envi-
ronments, assets tracking, and Internet-of-Things (IoT). The
main challenge in designing ILC is to achieve improved lo-
calization accuracy and enhanced communication rate simul-
taneously with shared resources in complex wireless environ-
ments (e.g., indoor factory and urban area).

In recent years, localization in fifth generation (5G)-and-
beyond networks has been explored in the literature, while
research on ILC method is still lacking. The existing works
are categorized into three main streams: (i) performance anal-
ysis [9, 10], (ii) transceiver design [11, 12], and (iii) localiza-
tion algorithm design [13, 14]. For accurate localization and
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high-rate communication, harsh wireless propagation condi-
tions (e.g., line-of-sight (LOS) blockage and multi-path scat-
tering) should be taken into account in designing algorithms.

Classical localization techniques relying on single-value
estimates (SVEs) (e.g., range and angle estimates) may suffer
from performance loss as the SVEs are biased in the afore-
mentioned harsh propagation conditions [15-17]. To over-
come this drawback, the direct positioning (DP) has been pro-
posed [18-20]. To capture richer information from heteroge-
neous measurements, soft information (SI)-based localization
has been investigated [5,7,21]. SI contains all the positional
information inherent in the signal measurements as well as
contextual data, allowing improved inference. For a full ex-
ploitation of SI, we characterize the relationship between the
received reference signals and the positions in realistic prop-
agation environments. This allows to account for signal cor-
relation across different frequencies of the wideband system
and for cooperation in networks, thus improving localization
and communication performance.

The goal of this paper is to design a method for achiev-
ing improved localization accuracy and enhanced communi-
cation rate. We advocate position-assisted communication,
via a suitable ILC frame structure, in which the positions of
user equipments (UEs) are simultaneously estimated and used
for reducing communication overhead. The key idea is to
exploit the spatial reciprocity of uplink (UL) and downlink
(DL) channels, as well as the correlation among subcarriers.
This paper proposes a cooperative ILC method for multiple-
input multiple-output (MIMO)-orthogonal frequency division
multiplexing (OFDM) networks. The proposed method sig-
nificantly outperforms existing techniques in 3rd Generation
Partnership Project (3GPP) industrial scenarios.'

Notations: A random variable (RV) and its realization are
denoted by x and z for a scalar; x and @ for a vector; X and X
for a matrix; X and X for a set. p(x; p, ) is the probability
distribution function (PDF) of a circularly-symmetric com-
plex Gaussian (CSCG) RV x with mean p and covariance 3.
d;,; is the Kronecker delta function. X T (or XT) is the trans-
pose (or conjugate transpose) of X.

' An extended version of this work can be found in [22].
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2. SYSTEM MODEL

2.1. ILC with gNodeB Cooperation

Consider ILC for a network with Ng gNodeBs (gNBs) and
Ny UEs, where each gNB and UE have My and My anten-
nas, respectively. The gNBs cooperatively receive and trans-
mit the signals for localization and communication, respec-
tively. For wideband operation, MIMO-OFDM system with
K subcarriers and the subcarrier spacing Af is adopted as in
3GPP New Radio (NR). For efficient use of the frequency
band and hardware system, UL localization and DL com-
munication are incorporated as a form of ILC. To improve
the performance of the ILC, gNB cooperation is adopted for
macrodiversity. Since the data rate may be reduced by the
overhead required for reference/pilot signal transmission and
channel information feedback, an efficient ILC method is de-
signed based on position-assisted communication.

The proposed frame structure consists of two sequential
phases. The first phase is to estimate the UE positions at
the gNBs using short UL reference signals, while the second
phase is to transmit the pilot and data symbols in DL by ex-
ploiting the position information. In particular, the UL ref-
erence signals are transmitted simultaneously from multiple
UEs in different subcarriers. Then the received signals at the
gNBs are used for the SI-based localization based on statis-
tical characterization of the OFDM signals. This is possible
as the spatial information are correlated over all the subcarri-
ers. In the DL communication phase, all the subcarriers are
shared to all the UEs via space division multiple access. The
channel acquisition overhead can be significantly reduced by
using the estimated position information.

2.2. Channel Model

The three-dimensional (3D) positions and orientation angles
of the bth gNB are denoted by gy, and (¢}, 9), respectlvely,
which are known to all the gNBs. In particular, <pb and 19B
are angles with respect to the z-axis and the —z-axis, respec-
tively. The uth UE is located at an unknown position p,,.

For fixed p,, and g3, the UL channel from the uth UE to
the bth gNB at the kth subcarrier is expressed as [23]

Ho,ulk] = Xo,u Hyuolk] + 505 Houglk] (D)

where Hy, ,, o[k] £ (MBMUh ﬁe‘mﬂkﬁf”vuag(qﬁb,u, Op.0.)
XGL( bus Op) and Hy z[k] £ (0bu lMBMUiL(N))%OLbul
x e 2Tkt ap (@p 1, B l)aU(cpb 1> 8.1) for the LOS
and non-line-of-sight (NLOS) paths, respectlvely The LOS
indicator x; ., € {0, 1} becomes 1 with probability pr,(rp )
as a function of the LOS distance 7y, u The large-scale gains
are h( ) =cLry ﬁL and h( ) = cenry, with the pathloss ex-
ponents [, and ﬂN, the constants L and cN. The propagation
delays are denoted by 7 ,, and Tp 1, Where 7, = Tp4/C

with the speed of light c¢. The path gain oy, follows the
standard CSCQG distribution. The NLOS path power satisfies
E =1 gb u,l = 1, where the paths can be grouped into clusters.
The normalized array response vector of the gNBs is denoted
by ap(¢,0) € CM& as a function of the azimuth and zenith
angle-of-arrivals (AOAs). Similarly, ay(¢,6) € CMv is for
the UE. Note that the AOAs and delay for the LOS can be
expressed as functions of p,, for given q; and (<pbB, 19bB) [10].

The DL channel from the uth UE to the bth gNB is de-
noted by the matrix H;, ,[k] € CMv M5 based on the spatial
reciprocity with the similar method to (1).

2.3. Signaling Format

In the UL localization period, UEs simultaneously transmit
a reference symbol s = 1 using distinguishable subsets of
subcarriers to the gNBs. Since the UEs have no prior infor-
mation about the channels or relative positions of the gNBs,
they transmit the reference symbol through a single antenna
element with the omnidirectional radiation pattern instead of a
directional beam. In this case, the transmit beamforming (BF)
vector of the UEs is expressed as e; = [1,0,0,...,0]T with
length My. Specifically, the received signal at the kth subcar-
rier of the bth gNB from the uth UE becomes

Yo.u K=V PoXo, b0 k] s+ 3215 VP hy (K] sy, [K](2)
with hyu0lk] 2 (Mghi?))2e 2™ muap (6., 0,,) and

hy o1 [K] é(Qb,u,lJWBhlw )QOLb,u,l s 2TRAS Tl as (9h,00,0,00,0,1)
where k € K, € {1,2,..., K} and K, N K; = 0 for j # w.
The size of KC,, affects the localization accuracy. P; is the
transmit power of the UE. The noise vector n, ,[k] follows
the CSCQG distribution, CN'(0, P, I) with the noise power P,,.
In the DL pilot transmission period, a subset of gNBs B,
is associated with the uth UE based on the results of the UL
localization. Then the BF matrix F}, £ [f},,,Yu € Uy| €
CMe x| /p is used at all the subcarriers to allow a low com-
plexity channel acquisition at the UEs. The set {4, includes
the UEs associated with the bth gNB. F} is used for both pi-
lot and data transmissions to reduce the pilot overhead and
feedback overhead. The gNBs in B, simultaneously transmit
the pilot to the uth UE using each f;, , € C®. The details
are in Sec. 4. In the DL data transmission period, gNBs coop-
eratively transmit the symbols to the UEs for given effective
channels without channel state information (CSI) feedback.
The combined signal at the uth UE for data transmission is

% o, /PR H W,k 3)

where w,, € CMV is the receive BF vector, and P! is the trans-
mit power of the gNB. The data symbol vector is denoted by
dy[k] = [s;[k],j € Uy]", where s}[k] corresponds to the jth
UE. The power normalization satisfies E {dy[k](d,[m])/} =
ﬁ(sk,mI\Ub\ and || F}||2 = |Us|. The noise at the UE follows
n, (k] ~CN (0, P, I) with the power P;.

deb } + UJL
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3. SI-BASED LOCALIZATION ALGORITHM

3.1. SI-based Localization with Approximate Maximum
Likelihood Estimation

For notational brevity, it is assumed that the subcarriers k =

1,2,..., K are used for localization of the uth UE. We aim
to estimate p,, by observing gy u[K] = [y, ,[K], yy . [K —
1],..., yl}ju [1]]T. Since all positional information can be cap-

tured by the SI associated with statistical models used in (2),
the maximum likelihood (ML) estimation is considered as

Np
P, . p, = argmax Z log f(g,w [K];pu)
Pu p=1
where f(4b,u[K]; pu) is the PDF of y,, ,, [K] for a given p,,.
To solve &, the joint PDF of y, ,[K] is derived us-
ing a Gaussian approximation and a factorization method as

(@, um-pu) ~ pL(ro)Tes @5alk] + (1 = pu(re))

X TTic1 @ lk] with G35 K] 2 0 (yo,uK]; 550 K], o ulk])-
The detailed derivation and the definitions are given in [22].

3.2. Expectation-Maximization Algorithm

Py is still difficult to solve due to the complicated PDF ex-
pression. To resolve this, the concept of complete data is in-
troduced, instead of relying only on the observed data.
Define the random set Zy ., = {y;, ,[K],Xpu} as com-
plete data, including both the observed data y, ,[K] and
the unobserved data X;,. The PDF of Zb7u can be ex-

pressed as f(Zb uvpu) = f(Xb uapu)f('gb u |Xb u;liu) ~~
[ () T B W1 [ (1= () T B[R]
where f(Xb,u3Pu) = (pr(ro,0)) " (1 — PL(?“b,u))l_Xb'u-

Since the complete data cannot be fully observed, the al-
gorithm maximizes the expected log-likelihood such that

@ pu - argmax ]Exb u{ Z In f Zb ws pu)
b=1

ybu[K]}

where the expectation is taken over the following distribution,

f(Xb,u|gb,u[K];pu) = f(Zb,u§pu)/f(yb,u[K];pu)- (4)

Algorithm 1 proceeds in multiple iterations including
inner iterations, where each outer iteration consists of an
expectation step and a maximization step. For the expec-
tation step in the tth outer iteration, (4) is evaluated for
Then the ex-

pected log-likelihood of 7 ,, is evaluated as £,, (pu, pgf 1))

N, _
szBl ZXb’ue{oJ} f(Xb,u ‘ Ybvu [
perform the maximization step: p& ): argmax,, f, (Pu; Pu

given p™Y from the (t — 1)th iteration.

Since £y (pu; p 71)) is twice differentiable with respect to
Pu, a local optimal point is found by a modified Newton’s
method using the gradient V¢, = % € R3®*! and Hessian

matrix V2/, = %(VEU)T € R3*3 as in the lines 10-17.

(t 1))ln f(Zbu,pu) Next,
(t= 1)).

Algorithm 1 Expectation-maximization algorithm for local-
ization of the uth UE

Require:{y, ., [K],qv, o5, 95, b=1,2, ...,

NB};-anPt

1: € < a small positive number, and ¢ < 0

2: Initialize p( ) with a random position

3: while pg) does not converge within max iteration do
4: t+—t+1

s Caleulate f(Xo.u|Tb.u[K]; DY), Vxb.0 using (4)
6: S

7. ngt,s) - pgf—n

8: while pSf*S) does not converge do

9: §s+1
10: if V2/,, is negative definite then
1 ) (v2e,) "
12: else
13: ) < the smallest eigenvalue of —V?2/¢,,
14: Find 7(**) by backtracking line search
15: D A0 (20, — (AN +I) "
16: end if
17: pq(tt,s) (_plgt,sfl) D(t s)vg ( (t,s—1), pq(lfl))
18: end while

19: p( ) p( 9

20: end Whll?

21: Py < P
Return: p,,

4. POSITION-ASSISTED COMMUNICATION
4.1. UE Association and Transmit Beamforming

The overhead for channel acquisition and feedback for DL
communication is reduced by determining U4, and F;, from the
results of localization. First, the LOS existence is detected by
comparing the conditional probability mass function (PMF)
values in (4) as Xp.., = argmaxXb)“E{O_rl}f(Xb,u |Qb,u[K]; Pu).
Then determine the set U4, that contains the UEs having the
LOS path from the bth gNB as well as the BF matrix Fj
as Uy, = {u cu € {1,2,...,Ny} and Xp, = 1} and
F, = [fou.Vu € U] with fi,, = ap (ri;b,u, éb,u) where
ébyu and éb,u are obtained from converting p,,. The more ac-
curate the position estimation, the higher communication rate
can be achieved as the beam direction of f; ,, becomes more
accurate to the uth UE. F}, is also used for data transmission
without any CSI feedback from UEs. In summary, both the
pilot and feedback overheads are significantly reduced by
using the position-assisted UE association and BF.

4.2. Receive Beamforming

The receive BF vector for the kth subcarrier at the uth UE
is denoted by wy[k]. Using U, and F}, the corresponding
signal-to-interference-plus-noise ratio (SINR) is expressed as

w, K] (S, (8] (RS, [1])' ) wa K]
wh[k)(

Yulk] = -

35 B ) (1l ) P
Ju
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Fig. 1. Position error for different bandwidths: |KC,| is the
number of subcarriers allocated to the UE.

where B; £ {b :be{l,2,...,Ng} and j € Ub} and
Rkl = 3 pen VP U HY k) fo g TE By = 0, k]
is given as zero. The vector wy,[k] is optimized by solving
MaXy, (k] Yulk], known as the generalized Rayleigh quotient
problem [24]. Therefore, the uth UE only needs to obtain the
knowledge of the aggregated effective CSI hffj [k],Vj. This
allows for a further reduction in pilot overhead such that the
¢NBs in B,, simultaneously transmit the pilot signal for each
u. Then the required pilot overhead is 7}, = NyT5, where T
is the OFDM symbol period. Since 7}, is independent of Ny
or Mp, the position-assisted communication is more benefi-
cial in densely deployed networks with large antenna arrays.

4.3. Achievable Communication Rate

The achievable sum rate for a given channel realization

is given by the following general expression R = (1 —
W)Zi{:lzgil logy (1 + vu[k]) where T, is the

overhead for transmitting the reference symbols for UL local-
ization. T}, is the pilot overhead for estimating the DL chan-
nels. 7t is the channel feedback overhead. T is the channel
coherence time. All the UEs occupy all the subcarriers via
space division multiple access in DL communications. The
proposed position-assisted communication can significantly
reduce T}, and T} by using only a short T;, for localization.

5. SIMULATION RESULTS

We quantify the performance gain offered by the proposed
method in 3GPP InF-SH and InF-DH scenarios for indus-
trial IoT use cases [6,23]. Ng = 18 gNBs are placed on a
two-dimensional grid with 20 m spacing in a room with size
120 mx60 mx10 m [6]. The carrier frequency is 28 GHz with
Af = 120kHz. The antenna heights are 8 m for gNBs and
1.5 m for UEs. The noise figures are 7dB at gNBs and 13 dB
at UEs. The transmit power is set as P, = P{ = 23 dBm. The
uniform planar arrays of the nodes are assumed to be placed
on yz-plane with zero orientation angle. The specific parame-
ters and models for channel realizations can be found in [23].

In Fig. 1, the root-mean-square error (RMSE) of position
estimate is evaluated for different localization algorithms. For

1000

—A—InF-SH, Genie-aided scheme, Mp = 4 x 2
—O— InF-SH, Proposed ILC scheme, Mp =4 x 2 1
—0— InF-SH, Conventional scheme, Mp =4 x 2
—@— InF-SH, Conventional scheme, Mp = 8 x 2
- A -InF-DH, Genie-aided scheme, Mp = 4 x 2
- O -InF-DH, Proposed ILC scheme, Mp =4 x 2
- 0O -InF-DH, Conventional scheme, Mg =4 x 2

200

Achievable sum rate [bps/Hz]

0 2 4 6 8 10 12 14 16 18
Channel coherence time [ms]

Fig. 2. Communication rate for different channel coherence
times: Ny =2, My=2x2, K=16, |K,|=8,Vu, us=1/16.

comparison, the Cramér-Rao lower bound (CRLB) derived
in [22] is plotted as theoretical limits. The conventional DP
in [18] is also compared assuming the perfectly known x4 ,,
where the grid resolution is set to be 0.01 m. We see that the
proposed algorithm achieves decimeter-level accuracy, while
approaching the theoretical limits. Note that Algorithm 1 con-
verges within less than 10 iterations in our simulations.

In Fig. 2, the achievable rate is evaluated for different
T.. We compare with the genie-aided communication hav-
ing perfect knowledge of p, and X3 ., constituting F;, with
the exact information. This scheme requires the overhead of
T, =0, T, = NyTs, and T; = 0. We also compare with the
conventional scheme relying on DL channel estimation with
T, = NpMgTs. In this scheme, the perfect knowledge of
LOS indicator and angles are assumed to be fed back to each
eNB for determining Fj, for which the overhead is given by
T+ = upsBfTy with the conversion factor s in sjgmbols/bit
and the feedback amount By = NyNp +2Q >, Y, |B,| in
bits. We consider () = 8 bits without any quantization er-
ror. Meanwhile, the proposed scheme uses only one symbol
period for UL localization, i.e., T}, = T, while the DL com-
munication requires 7}, = NyT; and Ty = 0. The proposed
scheme significantly outperforms the conventional scheme. It
is beneficial particularly in short T, regime, meaning that the
proposed ILC can play a key role in rapidly changing envi-
ronments. It also approaches the genie-aided scheme due to
the high localization accuracy with the small overhead.

6. CONCLUSION

This paper developed a cooperative ILC method for MIMO-
OFDM networks. In particular, an efficient ILC frame struc-
ture was proposed for position-assisted communications. By
characterizing the statistical relationship between the received
signals and positions, a SI-based localization algorithm was
designed. Results in 3GPP indoor factory scenarios show that
the proposed localization algorithm achieves decimeter-level
accuracy and approaches the theoretical limits using only a
short reference signal in complex wireless environments. This
allows to achieve a higher communication rate without chan-
nel feedback, benefitting networks with mobility.
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