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Joint Communication and Localization
in Millimeter Wave Networks

Girim Kwon
Hyuncheol Park

Abstract—Joint communication and localization will be a key
in beyond 5G networks for emerging context-aware applications
such as Internet-of-Things and autonomous vehicles. In particular,
millimeter wave (mmWave) networks using a massive number of
antennas and large bandwidth are considered for high-rate com-
munication and high-accuracy localization. In mmWave networks,
beamforming (BF) and power allocation need to be jointly designed
to simultaneously achieve high data rates and high localization ac-
curacies. This paper proposes cooperative BF and power allocation
scheme with multiple base stations to maximize the weighted sum
rate of mobile stations while guaranteeing position and orientation
estimation error bounds. The proposed scheme consists of two
stages. In the first stage, pilot overhead is minimized while satisfying
the accuracy constraints. In the second stage, the weighted sum rate
for data transmission is maximized based on the estimated channel
information. Numerical results show that the proposed scheme
achieves a larger rate-accuracy region compared to conventional
schemes.

Index Terms—Joint communication and localization, millimeter
wave, user-centric network, beamforming, power allocation.

I. INTRODUCTION

OINT communication and localization is expected to
be one of the key drivers for beyond 5G wireless
applications relying on position information [1]-[3] in-
cluding autonomy [4]-[6], crowd sensing [7]-[9], smart
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Fig. 1. Joint communication and localization systems with Npg BSs and

Nyis MSs in mmWave downlink channels.

environments [10]-[12], assets tracking [13]-[15], and the
Internet-of-Things (IoT) [16]-[18]. The quality of experience
in wireless networks highly depends on both the accuracy of
location awareness and the communication capability. The si-
multaneous provision of communication and localization func-
tionalities is challenged by the fact that they share a limited
amount of wireless resources, such as frequency, time, and
power. For example, when communication and localization
signals are orthogonally transmitted in different time-frequency
resources, an increase in the data rate for communication would
result in a degradation of localization accuracy and vice versa.

Location awareness can be achieved for both network
nodes and unconnected objects, respectively referred to as ac-
tive [19]-[32] and passive localization [33]-[53]. Active lo-
calization [19]-[32] has attracted interest in millimeter wave
(mmWave) multiple-input multiple-output (MIMO) systems as
accurate estimates of distances and angles are possible by ex-
ploiting antenna arrays and large bandwidth (see Fig. 1). Passive
localization has been extensively studied for coexistence of
radar and communication networks [33]-[39], dual-functional
radar-communication systems [39]-[50], and perceptive mobile
networks [51]-[53].

MIMO systems have been extensively investigated in the
past [54]-[66]. In the context of location-aware beamforming
(BF), the trade-off between data rate and localization accuracy
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needs careful attention [67]-[69]. In [67], the BF scheme was
designed to minimize the transmitted power, while satisfying
the rate and positioning error requirements. In [68], the rate
maximization problem and the squared positioning error mini-
mization problem were solved for MIMO systems with finite-
resolution front-ends. In [69], the effect of power optimization
on the rate-accuracy trade-off was investigated assuming perfect
channel state information (CSI). The works in [67]-[69] have
assumed that localization is performed during data transmis-
sion after pilot transmission. However, localization can also
be performed together with channel estimation during the pilot
transmission period. In this case, the duration of pilot and data
transmission periods can be optimized for a given channel co-
herence time. In addition, analog-digital hybrid BF structure can
be considered for efficient implementation of mmWave MIMO
systems [70]-[73].

In mmWave networks, it is crucial to develop cooperative
BF techniques for user-centric networks where a mobile station
(MS) can receive the desired signals from multiple neighboring
base stations (BSs). User-centric networks can overcome the
link blockage in mmWave channel and the cell-edge problems
in conventional cellular network [74]—-[76].

The fundamental questions related to joint communication
and localization in mmWave networks are the following.

e How to balance the channel utilization of pilot and data

signals within a limited time?

® How to allocate data rate and localization accuracy for

users in different locations?

The answers to these questions will accelerate the realization
of the aforementioned applications in beyond 5G wireless net-
works. Accordingly, we aim to enlarge the rate-accuracy region
of the joint communication and localization system. The main
challenge is to jointly design the pilot sequence, BF, and power
allocation of multiple BSs and MSs. In particular, it is important
to account for channel estimation error and analog-digital hybrid
BF structure in realistic mmWave systems.

This paper develops mmWave networks for joint communica-
tion and localization, accounting for channel estimation errors
and analog-digital hybrid BF structures. The key contributions
of this paper are as follows:

® solving the weighted sum rate maximization problem under

accuracy constraints with analog-digital hybrid BF;

® deriving the asymptotic rate expression for MIMO systems

with imperfect channel estimation; and

e quantifying the gain of the proposed scheme over bench-

mark schemes in terms of the rate-accuracy region.

The remaining sections are organized as follows: Section II
describes the system model. Section III introduces the per-
formance metrics. Section IV presents the proposed scheme.
Section V shows the simulation results. Finally, Section VI gives
our conclusions.

Notations: Random variables are displayed in sans serif,
upright fonts; their realizations in serif, italic fonts. Vectors and
matrices are denoted by bold lowercase and uppercase letters,
respectively. For example, a random variable and its realization
are denoted by x and x for scalars, x and x for vectors, and X
and X for matrices. A random set and its realization are denoted
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by X and X, respectively. The m-dimensional vector of ones is
denoted by 1,,,. The m-by-m identity matrix is denoted by I ,,.
The ith element of « is denoted by [x];, and the ith row and jth
column of X is denoted by [ X|; ;, where an index can be substi-
tuted by arange, i.e. a:b, representing a set of consecutive indices
from a to b. The transpose, conjugate, and conjugate transpose
are denoted by ()T, (-)*, and (-)!, respectively. The matrix
inequality X > Y means that X — Y is positive semidefinite.
The real and imaginary parts of a complex number are denoted
by R{-} and 3{-}, respectively. The expectation is denoted by
E{-}. The generalized delta function § (z) is defined as 6 (x) = 1
for x = 0and §(x) = 0 for « # 0. The estimated version of X is
denoted by X.

II. SYSTEM MODEL

This section describes the system operation for joint commu-
nication and localization. The mathematical representations for
mmWave channel and received signals are also presented here,
which are used for defining performance metrics and developing
algorithms in the next sections.

A. Joint Communication and Localization in User-Centric
mmWave Networks

Consider a joint communication and localization network
with Npg BSs each with N, transmitting antennas at known
positions, denoted by g4, q5, - - - , @, With known orientation
angles of (¢!, 0%) forn = 1,2,... , Npg. The network consists
also of Nyis MSs each with N receiving antennas at unknown
positions, denoted by py, Py, ... , Py, With unknown orien-
tation angles of (¢}, 60},) for k =1,2,... , Nys. As illustrated
in Fig. 1, the BSs cooperatively transmit the signals to the MSs
in mmWave downlink channels. Within a channel coherence
time 7, the pilot symbols and data symbols are transmitted,
respectively over periods 7}, and Ty, with T, = T}, + T4y. The
time periods are also expressed with the unit of symbol period
T such that T, = N,T5 + NqTg, where N, and Ny are the
numbers of transmitted symbols for pilot and data transmis-
sions, respectively. Specifically, the system operates as follows.
Using the positional information from global navigation satellite
system (GNSS) of each MS, the BSs determine the BF matrices
for pilot transmissions. The channels, positions, and orientations
of the MSs are estimated during pilot transmission period, Tj,.
Using the estimated information of the channel parameters and
localization parameters, BF and power allocation are determined
for data transmission. Finally, data streams are transmitted dur-
ing data transmission period, T§.

The transmit BF matrices at the nth BS are denoted by FP €
CNexNus and F$ € CNe*Nus for pilot transmission and data
transmission, respectively. To reduce the hardware complexity
and power consumption of the mmWave BF system, we adopt
the hybrid BF structure such that F? = FPFP and Fd = FIFd,
The radiofrequency (RF) BF matrices consisting of RF phase
shifters are denoted by F2 € CNeoxNex and Fd e € Nowx Nox,
which cannot control the magnitude of the signals, where Niy is
the number of RF chains at the BS. The baseband BF matrices
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are denoted by IEE and léfl For pilot transmission, we assume
that inaccurate location information of the MSs are available
at the BSs via GNSS, which are then used for designing FP.
For data transmission, the matrix Ffl depends on the estimated
angle-of-departure (AoD), which are fed back from the MSs.
Meanwhile, the receive BF vector at the kth MS is only used in
data transmission period by exploiting the estimated CSI. This
vector is denoted by w! i = — W where W € € Ve Mox is the
RF BF matrix, and w i 18 the baseband BF vector. For simplicity,
we assume Ntx = Nys and er = Npg in our system.

B. Channel Model

The mmWave channel between the nth BS and the kth MS at
time ¢ is expressed by an N, X Nix matrix as [77]

L
H, x(t) = Z Hoie 0t — Toit) (D
=1
with

o r Tt t
Hn,k,l =V Nthrx Olp k1 ar(‘P;,7k7la eka) a’t(“Pn,k,b en,k,l) .

In (1), Ty, is the time delay of the Ith path between the
nth BS and the kth MS; o, is the corresponding ran-

dom complex gain distributed as CN(0, (H, fL ,3) )if I=1

and CN(0, (H(N)) ) if 1 > 1, where H( ) and H( ) repre-
sent the large- scale channel gains for hne of-51ght (LOS) and
non-line-of-sight (NLOS) components, respectively; a.(-) rep-
resents array response vector of the MSs; a(-) represents
array steering vector of the BSs; ¢ ,; and 6] , , are az-
imuth and zenith angle-of-arrivals (AoKs) of the /th path be-
tween the nth BS and the kth MS, respectively; Similarly,

¢! .., and 0 , ; represent azimuth and zenith AoDs, respec-
A

tively. The mth element of a, is denoted by [a.(¢,0)],, =
\/JiTx exp (—jgr,k(¢,0)), m =1,2,... , Ny Similarly, we
have [at(¢7 )] £ \/1177 exp( ]gt ,m ((bv )) The 9rm and
gy, m, are the relative position vectors of the receive and transmit
antenna elements with the origin at the center of each array,
respectively; k(¢, ) = 2% =T [cos ¢ sin 6, sin ¢ sin 0, cos 6] is the
wave vector, where A is the wavelength.

C. Signal Model for Pilot Transmission

In the pilot transmission period, Npg BSs employ orthogonal
time resources to transmit the pilot symbol sequences. The pilot
signal for the nth BS is expressed as [63], [67]

sh(t)= > ab . p(t —mT.) 2

where the pilot symbols in {a;, o, @y, 1, ... ,a, y _;} have unit
amplitude. The symbol sequence has a length of N, > 1. The
pulse shaping filter p(¢) is assumed as an ideal sinc function
with power spectral density (PSD) | P(f)|?. From (2), the total
training overhead is given by T}, £ Nps Ny T, where the symbol
duration is denoted by 7y = 1/B with system bandwidth B.
Then the received signal at the kth MS from the nth BS is
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expressed by
Y (1) ZanzF )% Iggs S5 (L= T e0) +0(1) G)
L
=v/NixNix Zan,k,lar (‘P;,k,lve;,k,l)ai(@;,k,l’e:z,k,l)
=1

X FP (BP)? Ly 8B (t — Tupg) + n2(1) )
P

for t e ((n—1)NpTy,nN,Ty], where n)(t) is the zero-
mean white Gaussian noise vector with ii.d. random el-
ements following CA(0, P,). The diagonal matrix PP £
diag(p, 1, Pp 2+ -+ » Py Ny ) Tepresents the power allocation
of the nth BS satisfying Tr(PP”) < P,. The one-vector 1,
means that the same pilot symbol is used for all MSs.

D. Signal Model for Data Transmission

In downlink data transmission period, the Ngg BSs cooper-
atively transmit the data streams to the Ny MSs via spatial
multiplexing. The data stream transmitted from the BSs to the
kth MS is expressed by the symbol sequence with length Ny as

Ng—1

= > ap,p(t—ml) 5)

m=0

where a %.m 1s a random data symbol, which is assumed to
be uncorrelated random variable with zero-mean satisfying
E{(a} ) ap .} = 6(k — k")6(m — m/). The received signal
after applying the receive BF can be expressed as

Nps L

t 1
HO="3 (W) Hy i i (B8 (¢t 10) + (wi) il (1)
n=1[=1
Nps L
_ZZ pnk Wk nklf( ksk(t_rnkl)
n=11[l=1
desired signal
Nms Nps L
+ Z ZZ P ( Wk Hki £y 5 S5 (E—Tuk)
j=1,7#kn=11=1
inter—user interference
T
+ (wi) ni(1) ©6)

noise
wheres(t) £ [s{(t),s9(t), ... , 84, (t)]T. The power alloca-
tion for the kth MS at the nth BS is denoted by pfh i satisfying
Pl £ diag(pg 1,08 o, P2 N,o) With Te(Py) < P To ex-
press (6) by means of channel estimation error, we define the
channel estimation error matrix by [78], [79]

A
Enri=Hpri —Hpr
where H,, j,; is the estimator of H,, j, ; given as

l?lnkrl—\/]mmn k lar(ﬁpn klven k z)ai((Pnk la/én k l)
(7
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From (6) and (7), the received signal is found to be

Nps L
ZZ P Wk nak,lﬂdz,ksg(t_'rn,k,l)
n=1[=1
Nps Nus L
+Z ZZ p"] Wk "klfg jsj( tn,k,l)
n= 1J 1 =1
NBSNMS L
=22 Dy (wh) nklf?wsj( — Tn.k,l)
n=1 j=1 I=1
T
+ (w) i 0). )

III. PERFORMANCE METRIC

A. Localization Accuracy

In the pilot transmission period, we adopt a two-stage esti-
mation procedure described in the following [25], [28]. First,
the channel parameters are estimated using the received signals.
Then the position and orientation parameters can be obtained
by transformation process. We represent the channel parameters
between the nth BS and the kth MS by the vector

T
rln,k = [njrl;,k,lv rl}:,k,Qa s arl;IL‘,k',L] (9)

with
rln,k,l [Lpnkl7enkl’(‘pnk7enk7tnk7 " n,k> ()] (10)
where OLS;zJ = R{a, 1} and aih)k)l £ 3{ap k) are the real

and imaginary parts of o, 1 1, respectively. After estimating n,, ;,
for all n and k, the position and orientation parameters (i.e.,
pi, ¢, and 6%) are obtained by transforming (9).

It is known that the mean squared error (MSE) matrix of
any unbiased estimator for the deterministic parameters and any
estimator of the random parameters is bounded by the inverse
of Bayesian Fisher information matrix (FIM) as [80]-[82] 1

E{(ﬁn,k} - rln,k:) (ﬁn,k - ﬂn,k)T} i J'Tnl,k (11)

where J, € R7L77L 5 the FIM for the unknown Nn, %, Which
is calculated by [28, eq. (10)] as

NoTe (Ol 1 (t) B,y 1 (1)
[In,, ,Ji Pn/ { nnk] 8[nnk]J}dt. (12)

In (12), the vectorr,, ; (t) is the noiseless version of y; , () from

(4), which is given as

L
ok () = v/ Nex Nix Zdn,kar ((P;,k,l»e;,k,z)al (‘P%,k,la%,k,l)
1=1

X EP (BP)* Layssh(t = Tad) (13)
Based on (12) and (13), the elements of Jnn,k are derived in
Appendix A where a simplified notation Jy , is used to indicate
each element corresponding to the variables X and y. Then
Cramér-Rao lower bound (CRLB) of each channel parameter
is given by the corresponding diagonal entry of Jr;,l N 2

I This is the case when a priori probability densities of the parameters are not
available, which is a reasonable assumption in mmWave mobile networks.

The use of CRLB as a performance metric for localization is desirable due
to its tractability and its asymptotical achievability in high signal-to-noise ratio
regimes [19].
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1) Asymptotic FIM Approximation: The FIM can be sim-
plified in asymptotic region for large Ny, Ny, and B. It is
known that if the number of antennas is large enough, multiple
paths from different directions become orthogonal meaning that
they do not interfere with each other [83]. Specifically, the oft-
diagonal sub-matrices of the FIM in (12) can be asymptotically
approximated by zero matrices as

Jnn,l«,l 0 0
o J
JYIV,L,)C ~ Nk, 2 (14)
0 0 Jnn‘k,L

In (14), each submatrix is also approximated by a block-diagonal
structure given in Appendix B when F? includes array steering
vectors with large Ni. This can be seen using the results in
(55), (56), (58), and (59) of Appendix C. It is worth noting
that even with large N, and B, if N is not large enough or
FP does not consist of the array steering vectors, the elements of

R R A IR S
in (54) may not approach to zero. Since (54) has a special
structure, it is possible to calculate the CRLB of each parameter
in a closed-form expression using the notation C(+) as

C(@pri) = [([Jnn,k,lhrllﬂ)il}1,1 (15a)
COt) ~ [ (., Ju212) '], (15b)
C@nna) ~ [(n, 1 )s:0) 1}1,1 (15¢)
CB 1) ~ [ (n, . J34) '], (15d)

C(Tnri) =

[4772335% T("P:L,k,lae:z,k,l)Vnat(w;,k,lae:z,k,l)]_1

(15¢e)

C@m) = C@h) =

[0l (0t 85 0.0) Vi an (05,0, 800,0] - (15D)

where
B/2
B 2 / P
-B/
Vp é erNthp/Pn

1 1
\ £ E’Lp (Prf)) 2 ]-NMSXNMS (-l)np) 2 (F’I?)T .

It is worth noting that all the inversion operations in (15) can be
easily obtained in closed-form expressions as the matrices have
the size of 2 x 2.

2) FIM Transformation for Position and Orientation Param-
eters: We obtain the squared position error bound (SPEB) and
squared orientation error bound (SOEB) for the kth MS by
transforming the FIM of n,, ;, Vn to that of the position vector,
ie.,p, = [p¥, pY, pi]", and the orientation angles, i.e., (¢}, 6}).
The (54+3Npg(L—1)) x 1 vector containing the position and
orientation parameters is defined as

= rogr = 17T
rlké [pg?qsk:’ k?pk] 7k:1a27"' aNMS (]6)
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where p, = [ﬁfk,ﬁ;k,... ,f)%BS’k]T is a nuisance vector
consisting of the positions of Nps(L — 1) NLOS scatterers
with P, . = [P 2P g3 --- P o] containing the L — 1
NLOS positions treating [ = 1 as the LOS path index without
loss of generality. Using the transformation technique based on
the chain rule and the independent estimations from the Npg

BSs, the FIM of n,, can be obtained as
Ngs

3, = ZTMJEM LS (17)

n—1 n,k
where the equivalent FIM (EFIM) of qSL =
[y )15 Nk 2J1sss - 5 [ g o ]1:s] T which only including

the parameters related With the position and orientation while
excluding 0‘2}21 and ocn k10 V1, is determined by using the
Schur complement as [81]

o =do = el I
ik [ R R R S

(18)
. 1 2
wuhn;}é[[nmk,ﬂlﬁ,[nzk2115,... mr 5 o] T andn ) &
[y g 1Jers N5 golors - Iy pler] ™ In (18), Jn“{c,n(z) con-
tains the Fisher information between r]( ) and '17(1,2’ of which

elements can be found from J , in Appendix A. Also, the
transformation matrix in (17) is glven by

8[”n,k,1]155 a[’l}:,k,L]l:S
8Pk apk

(1) a[rln K, 1]1:5 a[']n K, L] 1:5
T .- a('ln k) _ BER Rr (19)
n7k 8['Ik a[nn k, 1]1 5 .. a[qn k, L]
Oer 00},
8[”3,k,1]115 a[’l}:,k,L]l:S
o, Ok

where [n;[z‘,k,l]lik‘):[‘l);,k,l’e%k,l7¢;hl7e:uhlﬂrmhl}' The matrix
elements in (19) are derived in Appendix D. The EFIM of the
position and orientation can be obtained by using the Schur
complement of the sub-matrix in J;,_of (17) as

oo = dam = g de 0 o (20)
where 77( )2 £ [p}, ¢, 05" and n( )2 2 pl. From (20), the
SPEB and SOEB are respectively defined as

ety (i Vo B2, E ) i[(J;?)_l]__ e
=1 (2X3

el (As N, B7. 7, PY) i[(J;?)_l]” 22)
i=4 1,1

D. Data Rate

From the received signal model in (6), the effective data rate,
which includes the pilot overhead term as a pre-log factor 3, is
expressed as

Nuis
R=p8Y log, (1+7) (23)
k=1
with
NpsN, T,
BE1- (24)
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Nps L ; 2
Zl lz pn k (Wk> Hn,k,l n.k
e 2 S 7 (25)
Nwms |Nes L 4
Z Z Pn ](wk) Hn,k:,lf?l’j +Pﬂ||wk||2
j=1,j#kIn=1l=1

where fg . is the kth column of Fd corresponding to the kth
MS. In (25), we assume the narrowband system with perfect
symbol synchronization where the symbols from Npg BSs are
combined without inter-symbol interference.

In reality, the estimated CSI are imperfect. In this case, the BS
treats the estimated channels as the true channels in BF design.
Then ~y; in (25) can be expressed by treating the inter-user
interference and the interference from channel estimation error
as a part of the effective noise in (8), which is expressed as (26)
shown at the top of the next page [78], [79], [84].

IV. PROPOSED TRANSMISSION SCHEME

In this section, we formulate an optimization problem for de-
signing a cooperative BF and power allocation scheme. In many
applications of joint communication and localization systems,
it is crucial to guarantee required localization accuracies while
providing high data rates for MSs. In this regard, we aim to
improve the rate-accuracy region, which is defined as an area
of the rate and accuracy that can be simultaneously achievable
by joint communication and localization systems with limited
wireless resources.

A. Problem Formulation

We consider the accuracy-constrained weighted sum rate
maximization problem, from which the area of the rate-accuracy
region can be controlled. Unlike the conventional approaches
n [67]-[69], the problem formulation here enables flexible
beamforming designs for both pilot transmission and data trans-
mission. This can be expressed as a joint optimization problem
with multiple control variables, which are grouped in the sets
defined by

ngé{Np’FrgﬁprgvPvf}NE? (27a)
Sk & (Fd E3, Py (27b)
ST & W wil . 27¢)

Using (27), the feasible sets for the optimization problem are
expressed to consider the constraints as

Sh2 {ShaB{ ety (R Ny, BP B2 PP <ef vE, - (280)
E{ So(nk,N Fr FP Pp)}gs‘,;,Vk, (28b)
[EP], | = 1,vn,i, 5, (28¢)
IEPEP|% = Nas, Vn, (284)
Te(PP) < P, Vn, (28e)
and PP = O,Vn} (28f)
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2
Nps L /. d A\ G d
’Zn:l 1=1\/Pnk (Wk) H7L7k7lf71,,k
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Ve =

S

iEk

N L / T d
Znii =1 p?z,j (W%) H”J%lfn,j

2
N, N L T d
+30500 E{\ani /P (W) Enpaf

(26)

2
}+Pn||w;i||2

w2 (st |74

Ti(PY) < P, and PY o,vz',j,n} 29)

,J

d s {gg AANE 1,W,j,l<:}. (30)
The constraints in (28a) and (28b) indicate the requirements of
the SPEB and SOEB as in [23], [67], where the expectation is
taken over the information error ranges of channels, positions,
and orientations. The constraint (28c) comes from the use of
RF phase shifters at the BSs. The power constraints are satisfied
with (28d), (28e), and (28f). The constraint (30) comes from the
use of RF phase shifters at the MSs.

From (23), (27), (28), (29), (30), the optimization problem is
formulated as

Nus

rgagmége B(Sh) kZ:l Cr logy (1475 (SE, S&. 8)

subject to SP. C SP.
d sd
Stx g Stx
d ~ &ad
§x €&
where the weights (i, Vk in the objective function can be ad-
justed during a long-term period to take into account priority
among users [85].
Since the pilot transmission and data transmission are sepa-
rated, Problem 7 can be decomposed into two subproblems.
The first subproblem is for the pilot transmission, in which the

SPEB and SOEB requirements are satisfied with minimum pilot
length, as follows,

912

gzol

minimize Ny (St,)
Stx

subject to SP. C SP.

where the objective is to maximize the data rate by reducing the
pilot overhead. After solving Problem 7; at a centralized unit,
the pilot signals are transmitted from the BSs. After the pilot
transmission, the BSs are assumed to have the imperfect CSI
through the estimation techniques [86], [87]. Then the second
subproblem is solved for data transmission, where the weighted
sum rate of the MSs is maximized using the estimated CSI as
follows,

Nwus
Py m%§irglize Z Celogy (1 + 7k (S5, §9))
tx 0 Fx k=1

subject to S3 € 84

d Sd
er - er :

According to the decomposed problems &7, and P, we de-
velop a two-stage design method as presented in the following
subsections.

B. Stage I: Beamforming and Power Allocation for Pilot
Transmission

Since Problem #7; is a mixed-integer problem with non-
convex constraints, it is difficult to directly solve. Instead, we
simplify Problem &7 by fixing the pilot BF matrices and design
an iterative pilot power allocation algorithm. In other words,
design of Stage I consists of two steps, where the first step is for
pilot BF while the second step is for pilot power allocation.

1) GNSS-Aided BF for Pilot Transmission: Before channel
estimation, the knowledge of the CSIis unavailable. In this case,
design of sophisticated beamforming is difficult due to the lack
of the instantaneous CSI. Alternatively, we rely on the RF-only
beamforming such that F¥ = F? and FP = I. The matrix EP
is designed by using only the information of AoD from the BSs
to the MSs. We consider that the AoD can be extracted from
the GNSS information sent from the MSs or by exploiting the
existing beam tracking techniques. For more realistic systems,
inaccurate GNSS information of the MSs are used for 1:",{’. To
be specific, the kth column vector of ﬁ‘,{’ is determined by the
array steering vector with the AoD between the nth BS and the
kth MS based on the GNSS information as follows,

F?L = FTE) = {at (¢$L71,é%,1)|' ’ '|a’t ((b:LyNMS’é;aNMS )] no (31

where (@;, ., 0}, ) represent the AoD of the nth BS correspond-
ing to the GNSS information of the kth MS, which are assumed
to be inaccurate.

2) Pilot Length and Power Allocation for Pilot Transmission:
After fixing E¥ as in (31), #; reduces to

9173:

.. . p.a
minifmize N, (S8

tx
subject to SP* € SP*

where SP;* £ {Ny,, FP, PP}es The set SP* is defined simi-
larly with S} in (28) as

SP & (8Pa . (28a), (28b), (28e), (28f), and (31)} . (32)

Since PP does not affect the objective function, the optimal
solution to Problem ) , can be obtained by solving an outer-
inner problem, where the outer problem is to find the minimum
N, which can give feasible solutions of P} to the inner problem
satisfying all constraints. The inner problem is expressed for a
given N, = Np as

e@l’b:

minimize 0
p,b
Stx

subject to SP” C SPP
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b a 2 N spb
where St;” = {N,,, EP, PP}, "2 The set St is defined as

Shb 2 {Sf,;b : (28a), (28b), (28e), (28f), (31), and N, = Np}.
(33)

Problem &7, 1, with zero objective is a standard formula for
feasibility problem [88].

Since the functions efp(ﬁk; Ny, E{’ , F,{) ,PP) and
el (Ax; Ny, EP, EP PP) in (28a) and (28b) are inversely
proportional to [V, respectively, we can find the optimal IV,
of the outer problem by using the bisection method where
the inner problem is solved for each outer iteration. To solve
the inner problem, we need to deal with the expectation over
the information error ranges in the constraints (28a) and
(28b). However, the exact probability distributions of the error
ranges of channels, positions, and orientations are unknown
for an arbitrary MS. Instead, we adopt the sample average
approximation method as in [68, eq. (21)] to calculate the
expectations for given E? as

fal v 1 Na 31 e ~1]
E{e’ (Ar; Np, EP, EP, PP)} ~ NTaZZ (Jﬁgi) y
i=1j=1" 47,

(34a)

(50) |

i=1j=4t 47,3

(34b)

Nea 5

~ v

E{ego(ﬁkz; NP) E??EP7 PTI:)} ~

where N, is the number of samples. ﬁ,(fl) is the 7th sample of

f;,(cl) in (20). Specifically, the position and orientation parameters

are uniformly sampled within the information error ranges. In
addition, we only use the dominant LOS paths in calculating
(34a) and (34b), which can be thought of as the worst-case per-
formance because multi-path components independently con-
tribute to the FIM as N,, and B increase [28]. For the ith
sample, the AoDs and AoAs of Ngg LOS paths and H fLL,z can
be determined according to the geometric relationship between
those parameters and sampled position and orientation. Also, the

1th sample for o, 1 1 denoted by as,)m is obtained according

to the known distribution, i.e., CN(0, (H flle)Q) Consequently,
using (17), (18), and (20), the EFIM in (34a) and (34b) is
approximated as
Ngs
~ T
JE]SZ ~ Z [T”,k}1:5,1:5 J[nn,k,l,i]l:s [Tn,k] 1:5,1:5 (35)
’ n=1
wheren,, ;. 1 ;istheithsampleofn,, ; ; in(10). Itis worth noting
that by substituting (34a), (34b), and (35) into the constraints
(28a) and (28b), the constraint sets become convex with respect
1 . .
to (PP)z. Then the inner problem & 1, can be approximated
by re-defining the constraint set S f,’(b as
1 N3 -1
2| () | <ebo
sa o J:J

i=1j=1

Sp,b A p;b .
Stx {Stx .
Nsa 5

—1
.QZZK%QLf%W

i=1j=4 jJ
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Algorithm 1: Joint optimization of pilot length and pilot
power allocation

Require: P, EY, Vn

1: (NII)O,NEP) — (l,NIﬁ“a")3
2:  while N, does not converge within max iteration do
3: N+ (NP +NP)/2
4: PP « Solving Problem 7, }, with substituting (36)
5: if (34a) and (34b) satisfy (28a) and (28b) then
6: NpP <+ Ny
7 else
8: Néo — Ny
9: end if
10:  end while

Return: N,, PP Vn

(28e), (28f), (31), and N, = Np} (36)
where J %(1) is calculated using (35). Then Problem % j, using
ki

(36) can be efficiently solved for (PP)2 by using the existing
solver, e.g., interior-point method. The proposed algorithm for
joint optimization of pilot length and pilot power allocation is
summarized in Algorithm 1.

C. Stage II: Beamforming and Power Allocation for Data
Transmission

The main challenge in solving Problem 2 is to jointly design
the RF and baseband BF matrices for the BSs and MSs in
the network. Since joint optimization of the matrices is highly
complicated in cooperative networks, we adopt the two-step BF
approach, which has been widely used for hybrid BF design [89],
[90]. After the RF BF matrices are determined in the first step,
the baseband BF and power allocation are optimized for the
effective channels in the second step.

1) RF BF for Data Transmission: After the pilot transmis-
sion, the BSs and MSs have the estimates of the channel param-
eters. Then the RF BF matrices for data transmission are firstly
determined using the estimates of the AoDs and AoAs for the
LOS paths and for all n and k as [89]

A ~

B = [au@h 1800 o @ @ e 1B mger) | B

W = [ar(/@i,k,lv/e\ik,lﬂ T |ar($§VBs,k717/é§Vstkvl)} (38)

where notation T represents the estimated version of z. Then
the baseband BF matrices Iu:fl are designed with transmit power
allocation P9 at the BSs while W{ = 1, is used for baseband
combining at the MSs.

Using (37) and (38) in (26), we analyze the achievable rate
of the kth MS. For large number of antennas (Vi and IV, ) and
perfect location information, (26) can be upper bounded as

T < Y

3 Nimax is the maximum possible Ny, within the channel coherence time 7Tt
NIIDO and Ny are used for bisection method.
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where
Nps L 2
>0 pn ka n.kTn &
:Yké n=1[=1
Nms|Ns L F o .
PhjWiHuk + "Z > St HWkH2
=1 [n=11=1

(39)
The proof for the above inequality is given in Appendix E. In
(39), we see that the achievable rate of the kth MS is affected by
the quality of the channel gain estimation for the kth MS rather
than those for other MSs when Ny and N, are large.

2) Baseband BF and Power Allocation for Data
Transmission: After fixing the RF BF matrices, the baseband
BF and power allocation for the BSs are optimized by solving
the following cooperative BF problem,

Nus
P rrézgflg}ilfe Z G logy (14 A (83,257 Sx))
o o5 k=1

subject to S C §&2
@d ,a C Sd a
where Ska éV{FA‘T?, E4 POYss and §42 2 (WIS The
set SE* and §9# are defined as

Ska s {de- | E9F9)2 = Nys, Te(PY) < P,

P50,%n, and (37)} (40)
St {8t (38)) @1
To solve Problem %, ,, the BF and power allocation variables
are merged and re-organized by introducing the power scaling
vector which is common for all BSs [76]. Since the approach
using a common power scaling vector is useful to control the
desired signal power and interference power from the neighbor-
ing BSs, it can provide a sub-optimal solution to the non-convex
optimization problem for cooperative BF design. Specifically,
we alternate the two procedures, i.e., the baseband BF update
and power scaling update, which solve the corresponding sub-
problems. Besides, we consider the effect of channel estimation
error based on the expression in (39).
In the first subproblem, for notational brevity, we
define two vectors as h,, 2 [\/;Ezle wl Hy  FE--

|,/pNBS Sl whHnpg e B )T and fi &
[(f1 DRIEE |(fNBs, )T]T. Using these vector notations,
7k can be expressed by
7 -
. i Fil?
T = Nms  _p 5p Nes p,d . (42)
o NP B+ T 2 o+ Ballwgl?
J=1j#k n=1""mk
Using (42), the baseband BF problem is formulated for a given
P = Pdas
pES d.b
Pop - maﬁﬂlize kZ Crlogy (14 9%(S))
tx c—1
subject to Std;(b - S'?,’(b
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where S&” £ {h ;, Y], j_”k}kN:MS. The set S{-" is defined as

NBS)-ka =1 Vk

Sib 2 {Sdb [blkdiag (£ F9 ...

(37), (38), and P9 = Pd} 43)

which is to satisfy the power normalization for each
MS, where blkdiag(-) constitutes a block diagonal ma-
trix. To solve Problem %5y, we apply [76, Algorithm
1] in which the same notations are used by defining

QIB? an + P, HwkHQ

and the two matrices A;C—Ck/log2/(ZJVMb \hE S F 517+

Uk)hk,khk,k and Bj, = Z];&k 7;Gj/1og 2/(ZNMS |hg Jil” +

0?)Ej7kﬁ;, & Specifically, the solution to Problem %, }, is ob-
tained by iteratively solving the following problem for each £,

the effective noise power o7 £ 2P =8 Z

maximize £, (A — By)7, (44a)
Fr
subject to ||blkdiag (F, By',..., B )fi|> = 1.  (44b)

The problem in (44) can be solved by choosing the dominant
eigenvector of the updated Ay — By in each iteration. Let
the eigenvalue decomposition be Ay — By, = U X}, UE with
Ui = [ug1|ur2| - | Wk Ngs Nys)» Where the diagonal matrix
3« has the eigenvalues in descending order. Then the solution
to the problem in (44) can be expressed as
} o U, 1
" ||blkdiag (F¢, B, ...

In the second subproblem, 7y is expressed by introducing the
power scaling factor py, for given f. as
. Ik, kPk
k= =% IhPk (46)
> it ek Gk,iPj + akPr + Pollwi|?

- . (45)
) F]\d]BS)uk,ln

where

Nps L 2

> wiH.if,
n=1[=1

N,
2P, <~ ||fnk||2
N n=1 pn k
Using (46), the power allocation problem is formulated for given
9k.j = Gk,j and ay = ay, as

[I>

9k,j

lI>

ar

Nwms
P mag{i@ize Z i log, (1 +Y (S?;(c))
o k=1

subject to S C S&e

where SS = {gk;» ak,pk}k MS The set S ¢ is defined as

Nwus 9
sd, d, Y’ _ _
SthA{Sth: Z n ndk’ pkgptvpk>07vnak
k=1

9k, = gk,ja and ap = &kvvja k} (48)

We find a local optimal solution to Problem &5 . based on the
Karush-Kuhn-Tucker (KKT) conditions. To this end, we express
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BS54 BS S BS 6 Algorithm 2: Joint baseband BF and power allocation of
o e m S A S data transmission
=30F b o
=0k | Require: P, PP, F wy, forn =1,2,..., Ngs,
ok .MSI .MSZ 1\183. M54. i k:1’27... aNMS
N S 11 P ¢ P/Nus, Vk
. CL Y ' - - _
0 20 40 60 80 Il({)gl] 120 140 160 180 200 2 f, -<_ hk,k/||d1ag(F1d, o F.‘I%gs)hk’k“’wf-
3:  while p;, does not converge within max iteration do
Fig.2. Network geometry with Ngg = 6 and Nyig = 8. The GNSS position 4. while f,Vk does not converge within max iteration
information have random errors within 1 m radius in the z-y plane. The UPAs do
of the BSs are down-tilted by 6%, = 30° from the -z plane to the direction of 5. Upd A dB
the ground. The arrays of MS 1-MS 4 are oriented to the 4-z-axis while that of : vp ate Ay, an k
MS 5-MS 8 are oriented to the —a-axis. 6: i+ (45),Vk
7 end while
8: while p; does not converge within max iteration do
the Lagrangian function for Problem &7, . as 9: Update by, €, t, from (50b), (50c), (50d)
Nus Nus = = 2 10: (MSO)? :U"Slup)) « (0, 'uglmax)% vn
Zj:l 9k,j Pj + ak Pk + Pyllwy]| (o) (up)
L= (log, | =R - — . 11: fin — (u9? + p$) /2, ¥n
k=1 252 jk 9k Pi @k Pr + Pol|w]] 12: while PS5 or 11, does not converge do
Nps Nus 13: Pr < (50a), Vk
_ 1
+ 3 i (Pt -y ||f£k||2pk> 49) 14 i = (h” + pi™) /2, 9n
=t k=1 15: Py 5o | F f g ll? D, W
where 1, is a Lagrangian multiplier. From the stationarity con- 16: if PsUm > P then ’
dition, i.e.,~ % =0 anq primary fegsibility, ie., pr >0 of‘the 17: MgO) — U, Vn
KKT conditions, we derive the following power update equation, 18: else
+ . (up)
= 1 (1 —ex) gr.x Cr 19: fn = Pons V12
Dk = Nos a5 k| (50a) 20 end if
U+ Gk | L+ 108235025 | i 21:  end while

fork=1,2,..., Nus, Where
Nus
Y 9k bs+ Pallwi]?
j=1,j#k
ay P
ay P + bi
Nus

>

m=1,m#k

In (50a), [z]* is defined as [z]T £ max{z,0}.

Based on the above approach, we solve Problem &7, , by
alternately updating the BF vectors and power scaling factors.
Specifically, in each outer iteration, (45) is iteratively updated
and then (50a) is updated for given fk, b, €k, t.. In (50a), the
values of 11,, should be determined to satisfy the power constraint
in (48). This can be solved by the multi-dimensional bisection
method because pj, is a monotonic function of y,,. Note that the
values of py; in the right-hand side of (50a) are taken from that of
the previous iteration. The proposed algorithm for joint baseband
BF and power allocation of data transmission is summarized in
Algorithm 2.

b £ (50b)

[I>

€k (50c)

Cm Ym Gm.,k
(gm.m + am)Pm + b

(>

ty

(50d)

V. SIMULATION RESULTS

We now presents results for a case study where the BSs and
MSs are located at fixed positions as in Fig. 2. The MSs can be
thought of as cars or other IoT devices. We set Ngg = 6 and
Nyis = 8 in most cases. The antenna arrays of the BSs and MSs
are located at the heights of 15m and of 1.5m, respectively.

22: end while

23:  end while

24:  Obtain {E4,Vn} from {f,, Vk}

25:  Obtain { P, Vn} from {f, pr, Yk}
Return: F¢, P4 vn

The BSs use identical uniform planar arrays (UPAs) where N,
is equal to the product of the numbers of antenna elements in X
and z axes. The MSs use cylindrical arrays, which can be thought
of as a product of a circular array and a linear array. The carrier
frequency and the bandwidth are set to 38 GHz and 200 MHz,
respectively. The channel coherence time is 7. = 0.1 ms. The
noise spectral density is assumed as —174 dBm/Hz. We use
the path-loss model for mmWave channels presented in [91,
Table Al-4]. The number of multi-path components is set as
L =1 to obtain useful insights in LOS-dominant mmWave
channels. The noise figure at each MS is assumed as 8 dB.
The position information and orientation information from the
GNSS of the MSs are assumed to have random errors within
1 m radius in x-y plane and 10° in both angles, respectively.
We use different values of P,, Niy, and N, in simulations.
The performance of the proposed scheme is evaluated using
Algorithm 1 and Algorithm 2, while the baseline schemes are
compared by replacing one of the algorithms by the conventional
algorithm.

Fig. 3 shows the contour plots of different performance met-
rics for various locations of a single MS within the network.
Since Nyg = 1, all the BSs have the same pilot power of F;.
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Fig.3. Contour plots for different metrics in the network: Ngg = 6, Ny =
1, Nix = 10 x 8, Nyx = 10 x 4, P, = 30 dBm with fixed pilot length of
Np, = 667.

The pilotlengthis fixed as IV, = 667 to observe the performance
behaviors as a function of the MS locations. Interestingly, the
performance behaviors of the three metrics have different ten-
dencies along with the MS locations. For example, the position
error is minimized when the MS is located between the two
parallel BSs in y-axis, while the orientation error is minimized
in diagonal directions from each BS. The achievable rate is max-
imized in front of each BS. These results indicate that the pilot
length and pilot power should be jointly optimized particularly
for multiple MSs to ensure uniformly-good performances.

Fig. 4 compares the trade-off between the achievable sum-rate
and the maximum position error among the MSs for different ;.
It can be noticed that as the positioning accuracy improves, the
achievable rate increases at first because the CSI estimation also
improves. However, if a very accurate positioning is required, the
achievable rate may decrease as the pilot length increases. Note
also that only the right side of the point of the maximum sum
rate is meaningful when comparing the rate-accuracy trade-off
curves because the rates in the left side can also be achieved in the
right side even with smaller positioning error bounds. Therefore,
the improvement of the proposed scheme compared to the base-
line schemes can be quantified by observing the line between the
peak data rate in y-axis and the minimum localization error in
x-axis. Observing the figure, the proposed scheme has a better
rate-accuracy trade-off than that of the baseline schemes. We
omit the trade-off curve between the rate and orientation error
because it is similar to that of the positioning error.
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Fig.4. Rate-accuracy region for different P;: Nty = 10 x 6and Ny = 10 x

4. The baseline curves are plotted by varying Ny, with B = NLMSI Nagg > V1

Fig. 5(a) and Fig. 5(b) show the individual rate-accuracy
region of the MSs for the baseline scheme and the proposed
scheme, respectively. It can be noticed that the proposed scheme
can provide similar localization performances with fairness
for different MSs even in the presence of inaccurate GNSS
information by setting the same accuracy constraint for the
MSs. On the other hand, the baseline scheme provides different
rate-accuracy region among the MSs in Fig. 5(a). Note that the
average achievable rate for different MSs can also be evenly
served by adjusting the weights (i with the techniques in [85].

Fig. 6 verifies the asymptotic upper bound of the achievable
rate in (39), which is used in the baseband BF design and power
allocation. It is observed that the exact sum rate approaches to
the approximated expression as Ny or P, increases.

Fig. 7 presents the effects of Vi, and N, on the rate-accuracy
region. It can be observed that the use of a larger Ny or a
larger N, contributes to increase the maximum achievable sum
rate and to reduce the minimum positioning error. In particular,
increasing NV, is more effective to improve the rate-accuracy
region than increasing Niy.

Fig. 8 shows convergence behaviors of the proposed algo-
rithms for a channel realization. Fig. 8(a) shows the values of IV,
within the procedure of the bisection search in Algorithm 1 for
different requirements of localization accuracies. It is observed
that a longer pilot length is required as the required accuracy
increases. In addition, Fig. 8(b) shows that the values of pj in
Algorithm 2 converge within only a few iterations.

VI. CONCLUSION

This paper has proposed a cooperative BF and power alloca-
tion scheme for pilot and data transmissions with pilot length
optimization in mmWave joint communication and localization
systems. The user-centric design approach enables to balance the
amount of channel usages between pilot and data transmissions
and to uniformly provide the localization accuracy for the MSs
by setting the same accuracy constraint. Particularly, the joint
optimization of pilot length and power provides flexibility in
the rate-accuracy region. Then design of the cooperative BF
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Fig. 5. Individual rate-accuracy region of the MSs: Nix = 10 x 6, Nyxx =

10 x 4, and P; = 20 dBm.
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Fig. 6. Verification of asymptotic sum rate expression: Ngg = 6 with a fixed
pilot length of N, = 1, 000.

and power allocation for data transmission is made possible by
taking into account the imperfect estimation and using all the
remaining time resources. It is shown that the proposed scheme
can improve significantly the rate-accuracy region by efficiently
exploiting the wireless resources. From the results, we conclude
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Fig. 7. Rate-accuracy region of the proposed scheme for different N¢x and
Nyx: P, = 25 dBm.
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Fig. 8. Convergence behaviors of the proposed algorithms: Nix = 10 x
6, Nyx = 10 x 4, and P; = 20 dBm.

that mmWave networks can efficiently support the users with
different requirements of data rate and localization accuracy.

APPENDIX A
DERIVATION OF FIM IN (12)

Before deriving the elements of J, ,, we define the short
notations ignoring the indices n and k as follows,

Ay 2 ax(93 005 10) (51a)
OGTk(ex . ,,05 1)
. A X n,k,l> ¥Yn,k,l
X9l = S x 51b
Ax,p,1 9% 1. © Ay (51b)
OGT k(9% 1, 6% 1)
. A X n,k,l» ¥Yn,k,l
oy 2 ol In ks, ) 51
Qx.0,1 6% ., © ax, (S1c)
Gy 2 [ge1.0x2: - 1 Gxn, ] € RPN (51d)

forx € {t,r}.In(51d), g, is the relative position vector of the

mth antenna element with the origin at the array center. Using the

definitions in (A), the elements of J, , are derived as follows,
* . . T 0

= 'YP%{(OLI “l’ai,q),z ar,q,,z/)(a{,l, Vnat,l) Rz(,z')}

r -
¢n,k=l’¢n,k,l’
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o = nR{(owal , aces)(al, Vaac) R}

R
J<P;,,k,,,,<p§%k v —pR{(otf l’ai 0,10, l’)(at o V@t J) Rl l’}

o Vp%{(“z “l’ar 9,1 ar, l)( ' 1,9,1/Vnat,l)Rz(S?}

.
Pk, 0%k, L’

"J‘P;,k,lan,k,z’:PyPéR{j(oc?al'di,(p,lar’l')(ai,l’Vnatal) Rl(,ll’) }

Jor (®) —W’p%{J(O‘l r(plar l’)(at v Vnat Z)Rl z'}

Pk, 0% k1

J, ) :*Vp%{(o‘ikai,ap,lar,l’)(al,l'Vnatl) (O)}

P ke, 0% k1

Je;,,k,lve;,)k 14 Vp%{(al U.l’ar G lar S l) (at l’V at l) l(Ol’)}

*%%{ (0‘7°‘l’ai,e,zanl’) (ai,m 1 Vnat l) Rl z'}

r t =
"*kvl’(pn,k,l’

—pR{(ey °‘l’ar 0, /@) (di,eJVnat ) zz/}

-
n,k»l’en k, z/

Je:z,,k,lvtn,k,L’:’yP%{J (0(' al’ar 0,10r, l’) (at l’V ag l) Rl(,ll’)}
‘Je;wk,l,ai“;) , =7 R{j (o aT 0.0r.1) (ai,z/VnatJ)Rz(,oz?}

‘Je;,k,l,agfw,:_%%{ (afai,e,zanl’) (ai,l’ Vnahl)Rz(S?}
‘J‘Pi,k,pw;,k:,/z%%{ (“7°‘l’a1,zar7l’) (d]tL,(p,l’ Vnat,w,l)Rl(,(;')}
- ,,—’Yp%{(“l “l’ai 1Qr, l’) (di,e,z'Vnat,w)Rz(S/)}
ot e e =— R wral jari)(al  Vaar ) BEY

J, @) ’:—Wp%{j(o‘?ai,zanl’) (ai,l/Vndw,l)Rl(Sf)}

Pk, 0% 1!

Joo g

Cr. k.10

Joe () —W’p%{(“l larl')(atl’v attPl)Rzz'}

Pk, 1% kot
* t . : (0)
’ng}%{(“l °‘l’ar,zar,l’)(ac,e,zfvnat,ﬂ,l) Rl,l’}

me{j(al oy . Izar l’)(at 1 Vnly g l)Rl l’}

t
eLKZVSnk;l/

en k0 Tn,k, l’

‘Je;,k,“aﬁ = R{i (0 Ilarl’)(a‘tl’v a.1) ll’}

N

J (I)k _’YP%{(al Izarl’)(at v Vn atel)Rl z'}

e:z,k,l’an
\JTn,k,th k l’:fyP%{ (a';(al,ai lar7l/) (ai l'VnatJ)Rl(.zl’)}

<R; —%?R{(“l rlarl’)(at v Vn atl)Rl l’}

Tn,k,l,%
O, =1 R{J (“z 1101 (aI,Z'Vnatal)Rl(,l’)}

Joow w =pR{(a rzar,l’)(ai,z/Vnat,l)Rz(,oz?}

k0% k1!

J e L,:’VP%{j(aLlarvl/) (ai,l'Vnat,l)Rl(g')}

J o ™ —’Yp%{( zarl’)(ai,l’vnatJ)Rl(S’)}

o, kl,oc

where
A erNthp
T = T
Vi = Fr? (Pf)% 1NMS><NMS (Pﬁ))% (Fﬂ?)T

Also, ignoring the indices n and k, the cross correlations are
defined as

N, T,
R 2 /0 (SL(t—Tss)) SR(t—Topr)dt  (52a)

N, T
OSSP (t—Tnpr
Rj}) & / (s0(t —Tnka)) %dt (52b)
0 nokl
N,T. *
pls O (sP(t — " OsP (t — " ,
Rl@l) é/ (sh(t —Tnk)) Osh(t —= ,k,l)dt (520)
’ 0 a’Tn a'l?n’k,lf

where using the Parseval’s theorem, (52) leads to

} B/2 _
Rl(jl’ = /B/Q(Qﬂf)l|P(f)|2 exp(—727 f(Tn ke, —Tnok,t)) df -
(53)

Since Rl(ll) =0 in (53), the values of
Jor v, Jor s ot 15 Ja JTZ’OL;R), and Jtl Lm are always

T 50
zero. Also, R( Ly =0ifl#1.
APPENDIX B
APPROXIMATED BLOCK-DIAGONAL SUBMATRIX IN (14)

In (14), each submatrix is approximated by a block-diagonal
structure when FP includes array steering vectors with large

Nyy. The entries of J,,  , are given as

= l"l“’n 0P ke J(P;,k,17e;'k’l‘| (54a)

[, 0.]
Nnk,il1:2.1:
" 1:2,1:2 ‘J9n AL J6:L,k,lvefn,k,l

J(p RO ‘J(pt ot
[Jnn,k,l]3:4’3:4 = lJet k¥ mk b Pk 1000k L (54b)

\J t t
klv‘p kel en,l«,hen,k,l

[Jnn,k,l]575 = JTn,k,z,Tn,k,z (54¢)
Bnceidos =da® o, (54d)
[Jnn,k,l] Ja(mwaa) N (54e)

where the elements of n,, ;. ; can be found in (10).

APPENDIX C
PROOF FOR THE APPROXIMATION IN (54)

For large N.x, Nix, and B, the following asymptotic results
hold,

lim A A, =1 (55)
Nx—00

lim A oAx = lim A x0Ax =0 (56)
Ny—00 Nyx—0

where the definitions of Ay, Ay 0 AX o are given by using (51)
as

AX £ [a‘X,la Ax 2, ... ;ax,L] (573)
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Axw < [dx,w,la dxm?v s aaxw,L} (57b)

y A . . .
Ax,@ = [ax,9,17 Ax06,2;--- >ax,6,L] . (570)

The proofs for (55) and (56) can be found in [83, eq. (65)]
and [28, eq. (18)], respectively. Also, from [28, eq. (21) and
eq. (22)], the cross correlation terms defined in (52a) and (52b)
satisfy the following limits

lim R =0, forl #1' (58)
B—oo ’

: (1) _ /
Bh_r}lgC Rl,l’ =0,V,1". (59)

APPENDIX D
DERIVATION OF THE MATRIX ELEMENTS IN (19)

Following the two-step transformation procedure in [28], we
derive the elements of the matrix T,, ; in (19). First of all, we
define the rotated position vectors

q{n,k £ K71<¢2761rf)(qn - pk) =
P = K (00, 0,)(Pr — q,) =

with the rotation matrix

/ / ! T
[qn,k,x7 qn,k,yv q”,k,z}

/ / ! T
[pn,k,)mpn,k,yv pn,k,z]

cos¢p —singcos) —singsinf
sing cos¢cosf  cos@sinf
0 —sind cosf

K(¢,0) =

where the column vectors are defined as K (¢, 0) = [k1|k2|ks).
Then the AoAs for the LOS paths can be calculated as

q/
r _ -1 n,k,y
@ 1,1 = tan /
qn,k,x
/
_ k.,
0) 4 =cos ! [ =2
g,
/

Tn,k,1 =

c
where c is the speed of light. The AoDs for the LOS paths can

also be obtained as
P, P,
- ke, - K,
@ gy =tan' | ==X ) and @), ., =cos™! | =5 | .
pn,k,x Hpmk”

Note that the calculations for the NLOS paths corresponding
to p,, j, are omitted due to the similarity. From the above
relationships, the following derivatives can be calculated,

5%,1@,1 _ (klk;r - kzk?)(qn —Py)
opy, (@ )+ (@ )
aen k,1 1 q;zk z
iy o] Lol P L
k \/(qn,k,x) + (qn,k,y) n.k
a‘Pf«L,k,l _ pln,k,x ko — p;’L,k,y k1
Opr  (Phpx)” + (Phy)?
o8t . . 1 P,z
k1 k.z g
T vl AT A
k \/(pmk,x) +(pn7k,y) ok

1451
Onpk1 _ 1 Pr—a,
py, ”q/n,kll
Ok 1
s =
0\ Jhso)? + (@)
—q’n .x COS ¢}, cos O} + q;7k7y sin ¢}, T
X qn kox sin ¢y, cos 0}, — q%,k,y cos ¢} (g, —Dpr)
0
9 _ Gk x s g sin Ol
20t p - —cos ¢y sinby, | (g, —pr)
k \/(qn,k,x>2+(qn,k,y)2 L — COs elrc
aen k,1 1 - Cf)S ¢z€ S.in 6{?
900 = ; - / - —sin ¢}, sin 6}, | (pr, —q.,)
b PP 0]
36n b1 1 [— sin ?2 cos ?,ﬂ_
20t p 5 - 5 cos ¢ cosb |(Pr—a,) -
k \/ (@ o)+ (@ e y)? | —singy

Note that the AoDs and delays are independent of orientation
angles. The elements in T, ; for NLOS paths can also be
calculated with respect to p;, in the same way.

APPENDIX E
PROOF FOR THE APPROXIMATION IN (39)
Defining
NBS L
£33\ ri s (wh) B
n=1[=1

the expectation term in (26) can be expressed by
N .
E{|>.,2% l 1 \/pi,j(wz)TEn,k,lfﬁ,j } = E{|x;|*}. Substi-

tuting £ , = F4fd | from (37) and w =3"2"2% a., (@), 1»67171@ »
from (38) into X;, we have

Nps
Z\/pnj\/Ntx rx<zankl8r(nk ) (nakalaj)
n=1

L
- Z an,k,lBY(na k l k)bn k,l ])
1=1
where the beam pattern functions are defined as

Bi(n, k,1,i) £ ai(@%,k,lv 0 k.) ac(9y,:1,051)

Bt (’I’L, ka la Z) = ai((p:L,k,l’ e:z,k,l) a (/@Pn,i,l’ G:L,i,l)

Nais

bnklg 2 Z Bt(n’kvlﬂl’) [uf?L,j]_
i=1 !
forn=1,2,... ,Ngs and k,7 =1,2,..., Nys. If Ny and

N, are large enough and the GNSS information is perfect, the
functions B, (n, k,,4) and B¢(n, k,1,i) goes to 1 only if k =4
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and [ = 1 and O otherwise. Therefore, we have
Ngps

|Xj|2 — Zpi,j Nthrx

n=1

X ([, 1”40t 1 [P = G e, 1065, 1 — O 18y, 1)

(a)
for j = k,and |x;|*> — Oforj # k. Using the factthat x + z* =
2R{z} and R{zy*} = R{z}N{y} + S{z}3{y}, The expres-
sion (a) can be written as

(a) = @)

~(I R
P [0 o+ )

2 2 2
°‘nk1| +|°‘n,k:1| +|°‘nk1|
A(R) (R) al (I
0Lnklot'nkl 2nk1ank1

Since E{ (o' o, k 1 —&;R,z D= C(&g{,z’l) for unbiased and effi-

cient estimators, E{|x;|?} can be asymptotically lower bounded
by
Ngs
E{pxel} 2> bl NucVew (CELLL) +CELL)) -
n=1

Applying similar analysis of using the beam pattern functions
to (15f), we have C(AELRIE = C(&S)k 1) =1/(7pp" ). From
this, we obtain

Nps

1
QP p;L,k

p
n=1t'n,k

as Ny — oo and er — 00, which leads to (39).

and E{|[x;]*} = 0,j #k

REFERENCES

[1] J. Choi, V. Va, N. Gonzalez-Prelcic, R. Daniels, C. R. Bhat, and R. W.
Heath, “Millimeter-wave vehicular communication to support massive
automotive sensing,” IEEE Commun. Mag., vol. 54, no. 12, pp. 160-167,
Dec. 2016.

[2] W. Saad, M. Bennis, and M. Chen, “A vision of 6 G wireless systems:
Applications, trends, technologies, and open research problems,” IEEE
Netw., vol. 34, no. 3, pp. 134-142, May/Jun. 2020.

[3] M. Z. Win et al., “Network localization and navigation via cooperation,”
IEEE Commun. Mag., vol. 49, no. 5, pp. 56-62, May 2011.

[4] G. Bresson, Z. Alsayed, L. Yu, and S. Glaser, “Simultaneous localization
and mapping: A survey of current trends in autonomous driving,” IEEE
Trans. Intell. Transp. Syst., vol. 2, no. 3, pp. 194-220, Sep. 2017.

[5] J. Thomas, J. Welde, G. Loianno, K. Daniilidis, and V. Kumar, “Au-
tonomous flight for detection, localization, and tracking of moving tar-
gets with a small quadrotor,” IEEE Robot. Autom. Lett., vol. 2, no. 3,
pp. 1762-1769, Jul. 2017.

[6] D.Wu,D. Chatzigeorgiou, K. Youcef-Toumi, and R. Ben-Mansour, “Node
localization in robotic sensor networks for pipeline inspection,” IEEE
Trans. Ind. Inform., vol. 12, no. 2, pp. 809-819, Apr. 2016.

[7] S.Bartoletti, A. Conti, and M. Z. Win, “Device-free counting via wideband
signals,” IEEE J. Sel. Areas Commun., vol. 35, no. 5, pp. 1163-1174,
May 2017.

[8] R. Estrada, R. Mizouni, H. Otrok, A. Ouali, and J. Bentahar, “A crowd-
sensing framework for allocation of time-constrained and location-based
tasks,” IEEE Trans. Serv. Comput., vol. 13, no. 5, pp. 769-785, Sep./Oct.
2020.

[9] F.Zabiniand A. Conti, “Inhomogeneous poisson sampling of finite-energy
signals with uncertainties in Rd,” IEEE Trans. Signal Process., vol. 64,
no. 18, pp. 4679-4694, Sep. 2016.

[10] K.Lin, M. Chen, J. Deng, M. M. Hassan, and G. Fortino, “Enhanced finger-
printing and trajectory prediction for IoT localization in smart buildings,”
IEEE Trans. Autom. Sci. Eng., vol. 13, no. 3, pp. 1294-1307, Jul. 2016.

[11] D.Dardari, A. Conti, C. Buratti, and R. Verdone, “Mathematical evaluation
of environmental monitoring estimation error through energy-efficient
wireless sensor networks,” IEEE Trans. Mobile Comput., vol. 6, no. 7,
pp. 790-802, Jul. 2007.

IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 15, NO. 6, NOVEMBER 2021

[12] V. Moreno, M. A. Zamora, and A. F. Skarmeta, “A low-cost indoor
localization system for energy sustainability in smart buildings,” IEEE
Sensors J., vol. 16, no. 9, pp. 3246-3262, May 2016.

[13] M. Chiani, A. Giorgetti, and E. Paolini, “Sensor radar for object tracking,”
Proc. IEEE, vol. 106, no. 6, pp. 1022-1041, Jun. 2018.

[14] K. Witrisal et al., “High-accuracy localization for assisted living,” IEEE
Signal Process. Mag., vol. 33, no. 2, pp. 59-70, Mar. 2016.

[15] J. Werb and C. Lanzl, “Designing a positioning system for finding things
and people indoors,” IEEE Spectr., vol. 35, no. 9, pp. 71-78, Sep. 1998.

[16] M.Z. Win, F. Meyer, Z. Liu, W. Dai, S. Bartoletti, and A. Conti, “Efficient
multi-sensor localization for the Internet of Things,” IEEE Signal Process.
Mag., vol. 35, no. 5, pp. 153-167, Sep. 2018.

[17] S. D’oro, L. Galluccio, G. Morabito, and S. Palazzo, “Exploiting object
group localization in the Internet of Things: Performance analysis,” IEEE
Trans. Veh. Technol., vol. 64, no. 8, pp. 3645-3656, Aug. 2015.

[18] S. G. Nagarajan, P. Zhang, and I. Nevat, “Geo-spatial location estimation
for Internet of Things (IoT) networks with one-way time-of-arrival via
stochastic censoring,” IEEE Internet Things J., vol. 4, no. 1, pp. 205-214,
Feb. 2017.

[19] M. Z. Win, Y. Shen, and W. Dai, “A theoretical foundation of network
localization and navigation,” Proc. IEEE, vol. 106, no. 7, pp. 1136-1165,
Jul. 2018.

[20] M. Z. Win, W. Dai, Y. Shen, G. Chrisikos, and H. V. Poor, “Network
operation strategies for efficient localization and navigation,” Proc. IEEE,
vol. 106, no. 7, pp. 1224-1254, Jul. 2018.

[21] J. Palacios, G. Bielsa, P. Casari, and J. Widmer, “Single- and multiple-
access point indoor localization for millimeter-wave networks,” IEEE
Trans. Wireless Commun., vol. 18, no. 3, pp. 1927-1942, Mar. 2019.

[22] D. Wang, M. Fattouche, and F. M. Ghannouchi, “Bounds of mmWave-
based ranging and positioning in multipath channels,” in Proc. IEEE
Globecom Workshops, 2017, pp. 1-6.

[23] Y. Shen, W. Dai, and M. Z. Win, “Power optimization for network
localization,” IEEE/ACM Trans. Netw., vol. 22, no. 4, pp. 1337-1350,
Aug. 2014.

[24] A. Conti, S. Mazuelas, S. Bartoletti, W. C. Lindsey, and M. Z. Win, “Soft
information for Localization-of-Things,” Proc. IEEE, vol. 107, no. 11,
pp. 2240-2264, Nov. 2019.

[25] A. Guerra, F. Guidi, and D. Dardari, “Single-anchor localization and
orientation performance limits using massive arrays: MIMO vs. beam-
forming,” IEEE Trans. Wireless Commun., vol. 17, no. 8, pp. 5241-5255,
Aug. 2018.

[26] D. Dardari, A. Conti, U. J. Ferner, A. Giorgetti, and M. Z. Win, “Ranging
with ultrawide bandwidth signals in multipath environments,” Proc. IEEE,
vol. 97, no. 2, pp. 404-426, Feb. 2009.

[27] S. Bartoletti, W. Dai, A. Conti, and M. Z. Win, “A mathematical model
for wideband ranging,” IEEE J. Sel. Topics Signal Process., vol. 9, no. 2,
pp. 216-228, Mar. 2015.

[28] Z. Abu-Shaban, X. Zhou, T. Abhayapala, G. Seco-Granados, and
H. Wymeersch, “Error bounds for uplink and downlink 3D localization
in 5G millimeter wave systems,” IEEE Trans. Wireless Commun., vol. 17,
no. 8, pp. 4939-4954, Aug. 2018.

[29] A. Conti, M. Guerra, D. Dardari, N. Decarli, and M. Z. Win, “Network ex-
perimentation for cooperative localization,” IEEE J. Sel. Areas Commun.,
vol. 30, no. 2, pp. 467475, Feb. 2012.

[30] B. Teague, Z. Liu, F. Meyer, A. Conti, and M. Z. Win, “Net-
work localization and navigation with scalable inference and ef-
ficient operation,” IEEE Trans. Mobile Comput., to be published,
doi: 10.1109/TMC.2020.3035511.

[31] J.C. Aviles and A. Kouki, “Position-aided mm-Wave beam training under
NLOS conditions,” IEEE Access, vol. 4, pp. 87038714, Nov. 2016.

[32] Y. Shen and M. Z. Win, “On the accuracy of localization systems us-
ing wideband antenna arrays,” IEEE Trans. Commun., vol. 58, no. 1,
pp. 270-280, Jan. 2010.

[33] P. Addesso, S. Marano, and V. Matta, “Estimation of target location
via likelihood approximation in sensor networks,” IEEE Trans. Signal
Process., vol. 58, no. 3, pp. 1358-1368, Mar. 2010.

[34] G. Papa, P. Braca, S. Horn, S. Marano, V. Matta, and P. Willett, “Multisen-
sor adaptive Bayesian tracking under time-varying target detection proba-
bility,” IEEE Trans. Aerosp. Electron. Syst., vol. 52, no. 5, pp. 2193-2209,
Oct. 2016.

[35] L.Zheng, M. Lops, Y. C. Eldar, and X. Wang, “Radar and communication
coexistence: An overview: A review of recent methods,” IEEE Signal
Process. Mag., vol. 36, no. 5, pp. 85-99, Sep. 2019.

[36] L. Zheng, M. Lops, X. Wang, and E. Grossi, “Joint design of overlaid
communication systems and pulsed radars,” IEEE Trans. Signal Process.,
vol. 66, no. 1, pp. 139-154, Jan. 2018.

Authorized licensed use limited to: Universita degli Studi di Ferrara. Downloaded on June 05,2023 at 09:57:28 UTC from IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/TMC.2020.3035511.

KWON et al.: JOINT COMMUNICATION AND LOCALIZATION IN MILLIMETER WAVE NETWORKS

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

J. Qian, M. Lops, L. Zheng, X. Wang, and Z. He, “Joint sys-
tem design for coexistence of MIMO radar and MIMO communica-
tion,” IEEE Trans. Signal Process., vol. 66, no. 13, pp.3504-3519,
Jul. 2018.

B. Li, A. P. Petropulu, and W. Trappe, “Optimum co-design for spectrum
sharing between matrix completion based MIMO radars and a MIMO
communication system,” IEEE Trans. Signal Process., vol. 64, no. 17,
pp. 4562-4575, Sep. 2016.

F. Liu, C. Masouros, A. P. Petropulu, H. Griffiths, and L. Hanzo, “Joint
radar and communication design: Applications, state-of-the-art, and the
road ahead,” IEEE Trans. Commun., vol. 68, no. 6, pp.3834-3862,
Jun. 2020.

F. Liu, L. Zhou, C. Masouros, A. Li, W. Luo, and A. Petropulu, “To-
ward dual-functional radar-communication systems: Optimal waveform
design,” IEEE Trans. Signal Process., vol. 66, no. 16, pp. 4264-4279,
Aug. 2018.

F. Liu, C. Masouros, A. Li, H. Sun, and L. Hanzo, “MU-MIMO communi-
cations with MIMO radar: From co-existence to joint transmission,” [EEE
Trans. Wireless Commun., vol. 17, no. 4, pp. 27552770, Apr. 2018.

A. R. Chiriyath, B. Paul, and D. W. Bliss, “Radar-communications con-
vergence: Coexistence, cooperation, and co-design,” IEEE Trans. Cogn.
Commun. Netw., vol. 3, no. 1, pp. 1-12, Mar. 2017.

C. B. Barneto, S. D. Liyanaarachchi, T. Riihonen, L. Anttila, and
M. Valkama, “Multibeam design for joint communication and sensing
in 5G new radio networks,” in Proc. IEEE Int. Conf. Commun., 2020,
pp. 1-6.

N. Q. Hieu, D. T. Hoang, N. C. Luong, and D. Niyato, “iRDRC: An intel-
ligent real-time dual-functional radar-communication system for automo-
tive vehicles,” IEEE Wireless Commun. Lett.,vol.9,n0. 12, pp. 2140-2143,
Dec. 2020.

X. Yuan, Z. Feng, W. Ni, Z. Wei, and R. P. Liu, “Waveform optimization
for MIMO joint communication and radio sensing systems with imperfect
channel feedbacks,” in Proc. IEEE Int. Conf. Commun. Workshop, 2020,
pp. 1-6.

X. Yuan et al., “Spatio-temporal power optimization for MIMO joint
communication and radio sensing systems with training overhead,” IEEE
Trans. Veh. Technol., vol. 70, no. 1, pp. 514-528, Jan. 2021.

S. Bartoletti, A. Conti, A. Giorgetti, and M. Z. Win, “Sensor radar net-
works for indoor tracking,” IEEE Wireless Commun. Lett., vol. 3, no. 2,
pp- 157-160, Apr. 2014.

Y. Luo, J. A. Zhang, X. Huang, W. Ni, and J. Pan, “Multibeam opti-
mization for joint communication and radio sensing using analog antenna
arrays,” IEEE Trans. Veh. Technol., vol. 69, no. 10, pp. 11000-11013,
Oct. 2020.

S. Bartoletti, A. Giorgetti, M. Z. Win, and A. Conti, “Blind selection of
representative observations for sensor radar networks,” IEEE Trans. Veh.
Technol., vol. 64, no. 4, pp. 1388—1400, Apr. 2015.

J. A. Zhang, X. Huang, Y. J. Guo, J. Yuan, and R. W. Heath, “Multi-
beam for joint communication and radar sensing using steerable analog
antenna arrays,” I[EEE Trans. Veh. Technol., vol. 68, no. 1, pp. 671-685,
Jan. 2019.

Z.Ni, J. A. Zhang, X. Huang, K. Yang, and J. Yuan, “Uplink sensing in
perceptive mobile networks with asynchronous transceivers,” IEEE Trans.
Signal Process., vol. 69, pp. 1287-1300, Feb. 2021.

M. L. Rahman, J. A. Zhang, X. Huang, Y. J. Guo, and R. W. Heath,
“Framework for a perceptive mobile network using joint communication
and radar sensing,” IEEE Trans. Aerosp. Electron. Syst., vol. 56, no. 3,
pp. 1926-1941, Jun. 2020.

M. L. Rahman et al., “Enabling joint communication and radio sensing in
mobile networks - a survey,” Jun. 2020, arXiv:2006.07559.

J. H. Winters, “On the capacity of radio communication systems with
diversity in Rayleigh fading environment,” IEEE J. Sel. Areas Commun.,
vol. 5, no. 5, pp. 871-878, Jun. 1987.

J. H. Winters, J. Salz, and R. D. Gitlin, “The impact of antenna diversity on
the capacity of wireless communication system,” IEEE Trans. Commun.,
vol. 42, no. 24, pp. 1740-1751, Feb.—Apr. 1994.

G. J. Foschini, “Layered space-time architecture for wireless communi-
cation in a fading environment when using multi-element antennas,” Bell
Labs Tech. J., vol. 1, no. 2, pp. 41-59, 1996.

M. Z. Win and J. H. Winters, “Virtual branch analysis of sym-
bol error probability for hybrid selection/maximal-ratio combining in
Rayleigh fading,” IEEE Trans. Commun., vol. 49, no. 11, pp. 1926-1934,
Nov. 2001.

E. Telatar, “Capacity of multi-antenna gaussian channels,” Eur. Trans.
Telecommun., vol. 10, no. 6, pp. 585-595, Nov./Dec. 1999.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

(791

[80]

[81]

1453

M.Z.Win,N. C.Beaulieu, L. A. Shepp, B. F. Logan, and J. H. Winters, “On
the SNR penalty of MPSK with hybrid selection/maximal ratio combining
over IID Rayleigh fading channels,” IEEE Trans. Commun., vol. 51, no. 6,
pp- 1012-1023, Jun. 2003.

D.J.Love,R. W. Heath, and T. Strohmer, “Grassmannian beamforming for
multiple-input multiple-output wireless systems,” IEEE Trans. Inf. Theory,
vol. 49, no. 10, pp. 2735-2747, Oct. 2003.

M. Chiani, M. Z. Win, and A. Zanella, “On the capacity of spatially
correlated MIMO Rayleigh fading channels,” IEEE Trans. Inf. Theory,
vol. 49, no. 10, pp. 2363-2371, Oct. 2003.

H. Shin, M. Z. Win, J. H. Lee, and M. Chiani, “On the capacity of doubly
correlated MIMO channels,” IEEE Trans. Wireless Commun., vol. 5, no. 8,
pp- 2253-2265, Aug. 2006.

A. Conti, M. Z. Win, and M. Chiani, “Slow adaptive M-QAM with
diversity in fast fading and shadowing,” IEEE Trans. Commun., vol. 55,
no. 5, pp. 895-905, May 2007.

E. Bjornson, L. Sanguinetti, J. Hoydis, and M. Debbah, “Optimal design
of energy-efficient multi-user MIMO systems: Is massive MIMO the
answer?,” IEEE Trans. Wireless Commun., vol. 14, no. 6, pp. 3059-3075,
Jun. 2015.

A. Conti, W. M. Gifford, M. Z. Win, and M. Chiani, “Optimized simple
bounds for diversity systems,” IEEE Trans. Commun., vol. 57, no. 9,
pp- 2674-2685, Sep. 2009.

M. Chiani, M. Z. Win, and H. Shin, “MIMO networks: The effects
of interference,” IEEE Trans. Inf. Theory, vol. 56, no. 1, pp. 336-349,
Jan. 2010.

S. Jeong, O. Simeone, A. Haimovich, and J. Kang, “Beamforming design
for joint localization and data transmission in distributed antenna system,”
IEEE Trans. Veh. Technol., vol. 64, no. 1, pp. 62-76, Jan. 2015.

S. Jeong, O. Simeone, and J. Kang, “Optimization of massive full-
dimensional MIMO for positioning and communication,” /EEE Trans.
Wireless Commun., vol. 17, no. 9, pp. 6205-6217, Sep. 2018.

G. Ghatak, R. Koirala, A. De Domenico, B. Denis, D. Dardari, and B.
Uguen, “Positioning data-rate trade-off in mmWave small cells and service
differentiation for 5G networks,” in Proc. IEEE 87th Veh. Technol. Conf.,
2018, pp. 1-5.

R. W. Heath, N. Gonzalez-Prelcic, S. Rangan, W. Roh, and A. M. Sayeed,
“An overview of signal processing techniques for millimeter wave MIMO
systems,” IEEE J. Sel. Topics Signal Process., vol. 10, no. 3, pp. 436453,
Apr. 2016.

O. El Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath, “Spa-
tially sparse precoding in millimeter wave MIMO systems,” IEEE Trans.
Wireless Commun., vol. 13, no. 3, pp. 1499-1513, Mar. 2014.

K. Venugopal, A. Alkhateeb, N. G. Prelcic, and R. W. Heath, “Channel
estimation for hybrid architecture-based wideband millimeter wave sys-
tems,” IEEE J. Sel. Areas Commun., vol. 35, no. 9, pp. 1996-2009, Sep.
2017.

G. Kwon and H. Park, “Limited feedback hybrid beamforming for multi-
mode transmission in wideband millimeter wave channel,” IEEE Trans.
Wireless Commun., vol. 19, no. 6, pp. 4008-4022, Jun. 2020.

G. Kwon and H. Park, “Joint user association and beamforming design
for millimeter wave UDN with wireless backhaul,” IEEE J. Sel. Areas
Commun., vol. 37, no. 12, pp. 2653-2668, Dec. 2019.

M. Alonzo, S. Buzzi, A. Zappone, and C. D’Elia, “Energy-efficient
power control in cell-free and user-centric massive MIMO at millimeter
wave,” IEEE Trans. Green Commun. Netw., vol. 3, no. 3, pp. 651-663,
Sep. 2019.

J. Kim, H. Lee, and S. Chong, “Virtual cell beamforming in cooperative
networks,” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1126-1138,
Jun. 2014.

M. Steinbauer, A. F. Molisch, and E. Bonek, “The double-directional
radio channel,” IEEE Antennas Propag. Mag., vol. 43, no. 4, pp. 51-63,
Aug. 2001.

B. Hassibi and B. M. Hochwald, “How much training is needed in
multiple-antenna wireless links?,” IEEE Trans. Inf. Theory, vol. 49, no. 4,
pp- 951-963, Apr. 2003.

H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral
efficiency of very large multiuser MIMO systems,” IEEE Trans. Commun.,
vol. 61, no. 4, pp. 1436-1449, 2013.

I. Reuven and H. Messer, “A barankin-type lower bound on the estimation
error of a hybrid parameter vector,” IEEE Trans. Inf. Theory, vol. 43, no. 3,
pp. 1084-1093, May 1997.

Y. Shen and M. Z. Win, “Fundamental limits of wideband localization -
Part I: A general framework,” IEEE Trans. Inf. Theory, vol. 56, no. 10,
pp- 4956-4980, Oct. 2010.

Authorized licensed use limited to: Universita degli Studi di Ferrara. Downloaded on June 05,2023 at 09:57:28 UTC from IEEE Xplore. Restrictions apply.



1454

[82] H. L.Van Trees, Optimum Array Processing. Part IV of Detection,
Estimation, and Modulation Theory. New York, NY, USA: Wiley,
2002.

Q. Zhang, S. Jin, K. Wong, H. Zhu, and M. Matthaiou, “Power scal-
ing of uplink massive MIMO systems with arbitrary-rank channel
means,” IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 966-981,
Oct. 2014.

H. Yang and T. L. Marzetta, “Performance of conjugate and zero-forcing
beamforming in large-scale antenna systems,” IEEE J. Sel. Areas Com-
mun., vol. 31, no. 2, pp. 172179, Feb. 2013.

J. Mo and J. Walrand, “Fair end-to-end window-based congestion control,”
1EEE/ACM Trans. Netw., vol. 8, no. 5, pp. 556-567, Oct. 2000.

A. Alkhateeb, O. El Ayach, G. Leus, and R. W. Heath, “Channel estimation
and hybrid precoding for millimeter wave cellular systems,” IEEE J. Sel.
Topics Signal Process., vol. 8, no. 5, pp. 831-846, Oct. 2014.

J. P. Gonzalez-Coma, J. Rodriguez-Fernandez, N. Gonzalez-Prelcic,
L. Castedo, and R. W. Heath, “Channel estimation and hybrid precoding
for frequency selective multiuser mmWave MIMO systems,” IEEE J. Sel.
Topics Signal Process., vol. 12, no. 2, pp. 353-367, May 2018.

S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

A. Alkhateeb, G. Leus, and R. W. Heath, “Limited feedback hybrid
precoding for multi-user millimeter wave systems,” IEEE Trans. Wireless
Commun., vol. 14, no. 11, pp. 6481-6494, Nov. 2015.

G. Kwon, N. Kim, and H. Park, “Millimeter wave SDMA with limited
feedback: RF-only beamforming can outperform hybrid beamforming,”
IEEE Trans. Veh. Technol., vol. 68, no. 2, pp. 1534—1548, Feb. 2019.
ITU-R, “Guidelines for evaluation of radio interface technologies for IMT-
2020,” ITU-R WP 5D, Tech. Rep. M.2412, 2017.

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Girim Kwon (Member, IEEE) received the B.S. de-
gree (with highest Hons.) in electrical engineering
from the University of Seoul, Seoul, South Korea, in
2013, and the M.S. and Ph.D. degrees in electrical
engineering from the Korea Advanced Institute of
Science and Technology (KAIST), Daejeon, South
Korea, in 2014 and 2020, respectively.

He is a Postdoctoral Fellow with the Wire-
less Information and Network Sciences Labora-
tory, Massachusetts Institute of Technology (MIT),
Cambridge, MA, USA. His research interests include
wireless communications, localization and navigation, signal processing, and
machine learning.

Dr. Kwon was the recipient of the S-Oil Best Dissertation Award in 2021, the
Best Ph.D. Dissertation Award from KAIST in 2020, and the ICT Paper Award
from the Electronic Times in 2018. He was the recipient of the Global Ph.D.
Fellowship from the Korean government.

Andrea Conti (Senior Member, IEEE) is a Professor
and founding director of the Wireless Communication
and Localization Networks Laboratory with the Uni-
versity of Ferrara, Italy. Prior to joining the University
of Ferrara, he was with CNIT and with IEIIT-CNR.

In Summer 2001, he was with the Wireless Systems
Research Department, AT&T Research Laboratories.
Since 2003, he has been a frequent visitor to the
Wireless Information and Network Sciences Labora-
tory with the Massachusetts Institute of Technology,
Cambridge, MA, USA, where he presently holds the
Research Affiliate appointment. His research interests invol theory and exper-
imentation of wireless communication and localization systems. His current
research topics include network localization and navigation, distributed sensing,
adaptive diversity communications, and quantum information science.

Dr. Conti has served as editor of IEEE journals and chaired international
conferences. He was elected Chair of the IEEE Communications Society’s Radio
Communications Technical Committee and is Co-Founder of the IEEE Quantum
Communications & Information Technology Emerging Technical Subcommit-
tee. He received the HTE Puskas Tivadar Medal, the IEEE Communications
Society’s Fred W. Ellersick Prize, and the IEEE Communications Society’s
Stephen O. Rice Prize in the field of Communications Theory. He is an elected
Fellow of the IET and a member of Sigma Xi. He has been selected as an IEEE
Distinguished Lecturer.

IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 15, NO. 6, NOVEMBER 2021

Hyuncheol Park (Senior Member, IEEE) received
the B.S. and M.S. degrees in electronics engineering
from the Yonsei University, Seoul, Korea, in 1983 and
1985, respectively, and the Ph.D. degree in electrical
engineering from the Georgia Institute of Technology,
Atlanta, GA. USA, in 1997.

He was a Senior Engineer from 1985 to 1991,
and a Principal Engineer from 1997 to 2002 with
Samsung Electronics Co., Korea. Since 2002, he has
been with the School of Electrical Engineering, Ko-
rea Advanced Institute of Science and Technology,
Daejeon, South Korea, where he is currently a Professor. His research interests
are in the areas of communication theory and machine learning.

Moe Z. Win (Fellow, IEEE) is a Professor at the
Massachusetts Institute of Technology (MIT) and the
founding director of the Wireless Information and
Network Sciences Laboratory. Prior to joining MIT,
he was with AT&T Research Laboratories and with
NASA Jet Propulsion Laboratory.

His research encompasses fundamental theories,
algorithm design, and network experimentation for
a broad range of real-world problems. His current
research topics include network localization and nav-
igation, network interference exploitation, and quan-
tum information science. He has served the IEEE Communications Society as
an elected Member-at-Large on the Board of Governors, as elected Chair of
the Radio Communications Committee, and as an IEEE Distinguished Lecturer.
Over the last two decades, he held various editorial positions for IEEE journals
and organized numerous international conferences. Recently, he has served on
the SIAM Diversity Advisory Committee.

Dr. Win is an elected Fellow of the AAAS, the EURASIP, the IEEE, and
the IET. He was Honored with two IEEE Technical Field Awards: the IEEE
Kiyo Tomiyasu Award (2011) and the IEEE Eric E. Sumner Award (2006,
jointly with R. A. Scholtz). His publications, co-authored with students and
colleagues, have received several awards. Other recognitions include the IEEE
Communications Society Edwin H. Armstrong Achievement Award (2016),
the Cristoforo Colombo International Prize for Communications (2013), the
Copernicus Fellowship (2011) and the Laurea Honoris Causa (2008) from the
Universita degli Studi di Ferrara, and the U.S. Presidential Early Career Award
for Scientists and Engineers (2004). He is an ISI Highly Cited Researcher.

Authorized licensed use limited to: Universita degli Studi di Ferrara. Downloaded on June 05,2023 at 09:57:28 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


