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ABSTRACT Joint communication and localization is an attractive technique to simultaneously provide
data transmission and localization services, and efficient resource allocation could bring a high data
rate and high localization accuracy in limited resources, which is significant for multi-user conditions.
In this paper, we concentrate on the joint multiple resource allocation to achieve a trade-off between the
performance of the communication and localization process in the millimeter multi-user Multiple Input
Multiple Output(MU-MIMO) system. We first develop a robust beam scheduling and user grouping approach
using the mutual angle information and channel correlation coefficient to reduce the multi-user interference.
Then, we formulate a multi-domain resource allocation problem, where the joint impact of beamforming,
bandwidth reservation, and power control is considered. Furthermore, an efficient algorithm is proposed
to iteratively perform the sub-carrier and power allocation until satisfying the data rate and localization
error-bound constraints after decomposing the large-scale problem into two small-scale sub-problems by the
difference of the convex function algorithm. Numerical results show that the proposed algorithm achieves
a good trade-off between data rate and localization error and has better performance than other previously
proposed algorithms in the literature.

INDEX TERMS Joint communication and localization, millimeter wave, MU-MIMO, user grouping,
beamforming.

I. INTRODUCTION resource competition to realize a trade-off between each

Until now, many countries have completed the construction
and operation of the fifth generation (5G) communication
systems, and gradually shift the focus to the sixth generation
(6G) standard research and development. In [1] and [2],
the authors describe the picture of the 6G communication
systems and emphasize that there would be more emerging
applying fields and scenarios, such as unmanned driving
[3], [4], crowd sensing [5], [6], Internet-of-Things (IoT)
[7], [8] and so on, which demand high-quality wireless com-
munication connectivity as well as robust and accurate loca-
tion sensing capability to increase the quality of experience
in wireless networks [9], [10]. And there would be severe
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user’s communication needs and localization needs because
of the limited amount of wireless resources, such as beam,
power, bandwidth, and so on [11], which emphasize the
importance of efficient resource allocation algorithm.

Much research work has been performed on resource
allocation for the framework of joint communication and
localization. In [12], the author investigates the performance
trade-off between the data rate and localization error under
single-user scenarios. And [13] generalizes the conclusion to
multi-user scenarios. Remun Koirala et al. [14], [15] analyze
the optimal beamforming solutions and investigate the trade-
off in a framework comprising both localization and commu-
nication services after different beam optimization and beam
resource partitioning scheme combined with [12] and [13].
However, these surveys do not pay enough attention to
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spectrum resources which is a critical issue in multi-user
systems for the development of user-dense areas. And the
authors [16] study user scheduling and resource block allo-
cation. Reference [17], [18] propose the specific sub-carrier
allocation focusing on a single sub-carrier. Reference [19]
study the process of cross-layer carrier allocation scenario.
And the author [20] generalizes the conclusion to the multi-
sub-carriers allocation, which also means bandwidth allo-
cation. On the downside, the power consumption of those
algorithms is extremely high to low energy efficiency and
goes against the concept of green communication. Besides
bandwidth allocation, [21] propose a double-objective opti-
mization target for energy efficiency and system throughout
based on the power allocation, which is however not tailored
for joint communication and localization. On the basis of
focus, [22] investigate the performance trade-off after beam
and power resource allocation in a multi base station(BS)
multi-user scenario, which lacks the consideration of band-
width allocation.

To the best of our knowledge, there is no existing work
about joint multiple resource allocation including the beam,
bandwidth, and power in joint communication and localiza-
tion systems. And there is still an optimization for resource
utilization rate in the space, time, and frequency domain.
To solve this problem, we propose an efficient joint resource
allocation algorithm to realize the trade-off between data rate
and localization error in a MU-MIMO scenario.

Against the existing approaches, the major contributions of
this paper could be summarized as follows:

e To develop beam selection and user grouping cri-
teria under MU-MIMO scenario respectively. These
criteria are the basis of the joint resource allocation
algorithm for the joint communication and localization
systems. To ensure robust communication links and
high-performance gains in real systems, we develop the
beam selection and user grouping criteria by the rela-
tionship of users’ mutual angle information and channel
correlation coefficient.

e To formulate a multi-domain resource allocation prob-
lem for the optimization of joint communication and
localization in MU-MIMO systems. To minimize the
localization error on the premise that the users’ differ-
ent data rate demands are satisfied, we propose a user
grouping scheme to achieve spatial multiplexing gain by
grouping co-channel users. At the same time, bandwidth
and power resources would be allocated orthogonally to
different groups to reduce interference and achieve more
performance gain.

e To propose an efficient joint resource allocation algo-
rithm for solving the joint optimization problem by
decomposing it into two smaller-scale sub-problems.
As the high complexity is caused by high-dimension
resource allocation, the traditional optimization algo-
rithm is unable to solve the problem efficiently. Our pro-
posed new efficient solution algorithm, which combines
the difference of the convex function algorithm (DCFA)
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with iterative greedy strategy, can decompose the initial
problem into two convex sub-problems, and can also be
solved in limited iteration times.

The rest of the paper is organized as follows. Section II
describes the related research work. Section III introduces the
system model in terms of the mmWave orthogonal frequency
division multiplexing (OFDM) system with MU-MIMO and
correlated work. Section IV formulates the performance met-
rics and synthesis problem. The proposed schemes are pre-
sented in Section V, including beam selection, user grouping,
and resource allocation algorithm. Section VI shows the
numerical simulation results and performance analysis.
Finally, the conclusions are stated in Section VII. And here
are some notations to be used in this paper:

e P(.): Probability operation.

E(-): Expectation operation.

o ()T, HHE: Transposition, hermitian, respectively.

()R, ()% Real and imaginary component, respectively.
A: All vectors are presented in boldface.

Ayxm: All matrixs have the subscript which n and m
denote the numbers of row and column respectively.

Il. RELATED WORK
This section introduces some related search work in this
article, including mmWave, MU-MIMO, and beam selection.

A. MILLIMETER WAVE

As one of the significant technologies in 5G, the millimeter
wave is expected to be one of the key enablers for future wire-
less systems. Owing to the large frequency spectrum range,
mmWave could be applied in constantly emerging high-tech
fields with extremely high channel bandwidth [1] and data
rates of more than megabits per second. Therefore, mmWave
would continue to play a big role in the era of 5G and 6G.
However, the path loss increases greatly with the transmission
distance by utilizing mmWave, especially in non-line-of-sight
(NLoS) scenarios. Therefore, mmWave was used in line-of-
sight (LoS) scenarios at first. Then, beam selection is used
to construct highly oriented [23] transmission paths between
different big antenna arrays deployed in BS and users. And
the resolutions of the angle of arrival (AoA) and angle of
departure (AoD) are promoted against the great large-scale
fading. To some extent, beamforming (BF) could be used
for user localization according to this angle information to
increase the accuracy of localization. In a word, joint commu-
nication and localization could be organically implemented in
mmWave systems. Hence, the paper assumes that all users are
connected and located by mmWave LoS links.

B. MU-MIMO

MU-MIMO is also called virtual MIMO, which means gen-
erating a virtual MIMO channel between BS and terminal
sites to alleviate the antennas demand from the user equip-
ment. And in comparison with traditional MIMO systems,
MU-MIMO systems enhance the multi-user diversity effect
and would have more antennas, that is, the system throughout
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would be promoted noteworthily by reusing time-frequency
resource blocks, as Fig. 1 shows, which has U users to form
the virtual MIMO. Therefore, there is widespread concern
about resource allocation technology in MU-MIMO systems,
especially for joint communication and localization busi-
ness. Right now, there is a lot of research on the resource
allocation scheme based on MU-MIMO systems, including
channel state estimation [16], [17], [18], [21], relative user
grouping [19], and subcarriers allocation [24]. Consequently,
Tseng et al. [19] deduces the most optimal subcarriers alloca-
tion conditions on account of minimum bandwidth increment,
and the conclusion is applied in the MU-MIMO uplink trans-
mission to promote the data rate and quality of service (QoS).
In [24], the author proposes a user scheduling and resource
allocation scheme combined with reinforcement learning to
better match users with resource blocks. And [11], [18]
make survey research on joint dynamic user grouping and
resource block allocation in the context of uplink multi-cell of
MU-MIMO single-carrier frequency division multiple access
(SC-FDMA) systems. And the author proposes several cor-
responding less complex resource allocation schemes. In this
paper, spatial and resource blocks are allocated in MU-MIMO
systems [11]. In spatial, a consequence of the independent
fading across MIMO links of different users, called spatial
multiplexing diversity, could increase the system capacity
owing to transmission over parallel spatial channels. Besides,
there would exist an independent fading at some time when
several users are far apart in distance. And MU-MIMO sys-
tems could exploit this fading to be simultaneously sched-
uled in specific channel conditions. Therefore, we utilize the
combination of mmWave and MU-MIMO to consider beam
selection and resource allocation.

C. BEAM SELECTION

As the description of mmWave above, propagation conditions
for mmWave are significantly harsher compared to traditional
sub-6GHz bands in the same scenarios. Hence, mmWave
systems need to perform BF to concentrate the signal energy
in a small angular space against the high path loss and sen-
sitivity to blockage. Beam sweeping, regarded as the most
significant stage of BF, is referred to as the process where the
BS or the user covers a spatial area by constantly transmitting
and receiving reference signals in order [25]. By the way,
beam sweeping has three different procedures, namely, beam
selection, beam refinement for the BS, and beam refinement
for the user respectively, as Fig.1(b) shows. Combined with
the scenarios in Fig.1(a), in the first procedure named P1,
both the BS and the UE perform beam sweeping in a certain
angle scope. Then in the P2, the UE would fix its beam
while the BS performs beam sweeping. And in the P3, the
BS would also be fixed its beam while the UE performs
sweeping. In general, these three procedures are conceptual
and P1 alone could realize beam selection in some practical
scenarios. And there is some interesting research about the
beam selection of mmWave MIMO systems. Specifically,
Bingpeng Zhou et al. [26] proposes a new successive
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ment), and P3(UE beam refinement).

FIGURE 1. MU-MIMO modes and procedures of beam sweeping.

localization and BF scheme on account of jointly user’s loca-
tion and instant channel state information estimation. Numer-
ical results prove that this scheme attains great performance
gains on terminal site localization. Xuanli Wu et al. [27]
proposed a joint resource allocation and power allocation
to maximize energy efficiency by multiple beams. In [15],
the author proposes an initial beam selection scheme based
on localization error bound, which reduces the initial access
delay as compared to traditional initial access.

D. JOINT COMMUNICATION AND SENSING

As a potential technology feature for 6G wireless networks,
joint communication, and sensing require more complete
reliable multi-user communication and more accurate envi-
ronment sensing. In general, joint communication and sens-
ing approaches are always processed with the utilization of
radar. And the consideration of systems that jointly perform
communication and a sense of the environment are hot topics.
In [28], the author proposes a new system named radar BS to
communicate with mobile users and sense the surrounding
environment in the same frequency range. And [29] pro-
poses the future development trends, prospects, and appli-
cation fields for the joint radar and communication systems.
On account of it, there are many approaches to the develop-
ment and application of this field. In [30], the article proposes
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a promising mode, which is Rate-Splitting Multiple Access.
It is a new communication strategy applied in multi-user and
multi-antenna systems, which could be regarded as multi-
ple access and interference management policies. And [31]
proposes iterative and incremental joint multi-user commu-
nication and environmental sensing schemes. The simula-
tion results prove its strong sensing abilities. Besides, [32]
presents the precoding vectors design, downlink communica-
tion, and sensing to compare the balance between imperfect
channel state information and perfect channel state infor-
mation, which also realizes the balance of signal to noise
(SNR). In [33], the author proposes multi-metric waveform
optimization for joint communication and sensing systems.
Furthermore, joint communication and localization are a sig-
nificant part of joint communication and sensing, which is
also the main background of this paper.

lll. SYSTEM MODEL

In this section, we introduce the mmWave MU-MIMO sys-
tem and the downlink link of the joint communication and
localization network model at first. Then, we present two key
technologies in this paper, that is, beam selection and user

grouping.

A. MILLIMETER WAVE MU-MIMO SYSTEMS STRUCTURE
In the mmWave MU-MIMO system, BS and users with differ-
ent services are located on the same two-dimensional plane.
And the BS is equipped with 7" uniform linear array (ULA)
antennas array, and each user only deploys with one antenna.
Assumed that U, T, and C are defined as the number of users,
the number of generated beams, and the number of available
subcarriers respectively.

FIGURE 2. Millimeter wave MU-MIMO systems model and specified
channel model.

As depicted in Fig. 2, there are bidirectional links between
BS and users evaluated by the corresponding channel gain.
Hence, there exist several allocation factors for subcarrier
allocation and beam selection of users. In this paper, f., €
{0, 1} and ¢; , € {0, 1} are defined for subcarrier and beam
respectively while the assignment is successful when the
value is equal to 1. And the initial channel state could be
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formulated as:
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In the joint communication and localization network
model, different users could share the same time-frequency
resource blocks to improve the comprehensive system per-
formance both in the communication and localization pro-
cess owing to MU-MIMO. Therefore, it is significant to
allocate limited resources while ensuring the high utilization
of resource allocation during the joint communication and
localization process.
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FIGURE 3. Frequency division multiplexing mode in joint communication
and localization systems.

As shown in Fig. 3, the whole time slot could be simultane-
ously processed communication and localization by dividing
the available frequency band through the OFDM system.
On account of the array response and path loss of mmWave,
the individual channel gain could be extended as:

Hiy et = /Lossyghy e 7275 Eall (1), (67) . ()

where H; ., denotes the channel gain between z-th beam in
BS and u-th user through c-th subcarrier. And the path loss is
defined as Loss; ,, which could be computed by the Close-
In path loss model [34]. Besides, 1, 9,2, and 6] indicate
the time delay between BS and user, the AoD, and the AoA
respectively. B denotes the bandwidth. In addition, the pilot
assignment and noise model could also influence the accu-
racy of the comprehensive channel model. To simplify the
channel estimation process, we assume that the channel state
information used is perfect.

Also, assume that the number of units of antennas is odd
and the array centroid is the reference point, then the array
response in BS could be formulated as:

T
a,(0)) = % [ef(Tzl)ARL efj(%) ARf4:|

Tx1

. )

gy e ey
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where AR, = 3Zicos (6}), and 4, and i denote the signal

wavelength and antennas interval respectively.
And the array response in the user could be formu-

lated as:
T
S T—1 r (1-T r
8,0]) = —— [e"(z)ARu e_'/(2>AR“:|
\/T Tx1
where AR}, = 3Zicos (6]).
Hence, the received signal y, ., in the user could be pre-
sented as:

» (4)

R

Yieu=+ Pt,uwI;Ht,c,ufcsc +n, (5)

where \/m indicates the transmitted power, w, and f.
denote the BF vector in the user and precoding vector in BS
respectively. s, means the transmitted signal and would be
presented in detail in Section IV. and n denotes the additive
white Gaussian noise.

For the localization process, we would adopt the single
station passive positioning method causing there to be one
BS on account of the coarse position results according to
Global Navigation Satellite System (GNSS). And it would
realize better localization accuracy than other methods, like
the single station active positioning method. Combined with
Fig. 3, the communication and localization process would be
influenced by resource allocation. In addition, the data rate
and the localization error would be the main measurement
parameters of the joint communication of the localization
system model. And they would be presented elaborately
in Section IV.

B. BEAM SELECTION

The BS and the user have pre-determined analog beam code-
books in the MU-MIMO system. In the beam selection pro-
cedure (P1), the BS or the user sequentially utilizes beams
pointing to different degrees from the whole codebook to find
the best beam pairs between the BS and the user for the data
transmitting and stable channel.

According to (2), 9,; is assumed as the AoD of the BS to
the u-th user. In [35], the author utilizes the Butler method to
form T beams, and the array coefficient of the 7-th beam can
be represented as:

in(0.5T o) —
A, (92) B sm( 7 cos(6,) X,)

- ’ (6)
T sin (0.571 cos(0}) — %X,)

where ¢ denotes the index of 7’ beams and y; = 7 (t - %)

Then, the directivity coefficient between 7-th beam and
u-th user could be formulated as:

2 (A (6 = x))

U (61) = _ : @)
e (B0) Jo @A) sin()d
In addition, the formulation of (7) could be simplified as:
Upu (61) = T[A (62)]. 8)
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And (8) could represent the BF vector to some extent which
would be expanded in Section I'V.

C. USER GROUPING
In the downlink MU-MIMO systems, multiple orthogonal
beams are generated through the BF technique, which means
that multiple spatial streams have realized downlink com-
munication. Hence, users could construct communication
links with a little user interference without user grouping.
And the interference between users could be eliminated by
user grouping. Considering the time-frequency correlation,
we assume that all subcarriers in the same resource block have
the same channel state information which could be obtained
by taking the average of the channel state information of the
subcarriers with the resource block. And there are several user
grouping algorithms’ brief introductions in the following.
Assume that all users are divided into D groups.

Firstly, it is assumed there is a group composed of M users.
As for the (M +1)-th user, we should compute its correlation
with this group by (9).

Yot i il
MhMth}lI/IJrl

= ) 9

where ¢ denotes the correlation factor between (M+1)-th
user and the M users’ group, and /.y means the channel gain
of the corresponding user. The complexity of grouping for a
new user is O(M).

Secondly, user interference would be thoroughly elimi-
nated when these channels are completely orthogonal. And
the user grouping criterion would be measured by the orthog-
onality coefficient ® by (10).

(@it + aj) — (ai + a;)
Tr(Y)

O =

, (10)

where Tr(-) represents the trace of the matrix, and T could be
formulated as:

H g H
() (e
ji 4 E (1] E [mhlt]

where YT indicates the orthogonal channel matrix, and
a;j denotes the channel cross-correlation coefficient between
i-th and j-th user. And the complexity of grouping for a new
user is O(M) when M is large enough.

Finally, user grouping could also be utilized by computing
the determinant coefficient W.

_ Y| _ Giiajj — ajaji
Tr(Y)

, (12)
aii + ajj

where | Y| denotes the determinant of the channel orthogonal
coefficients. This algorithm is similar to the second algo-
rithm, and the complexity of grouping for a new user is O(M)
when M is large enough.
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IV. PROBLEM FORMULATION

In this section, the synthesis problem would be presented.
On account of the joint communication and localization
network, the simultaneous provision of communication and
localization functionalities is challenged because the resource
blocks are limited, although they could share. And to ensure
localization performance, we would like to realize the trade-
off between the communication and localization process with
the priority of localization. Based on this point, the weighted
localization error is regarded as the optimal minimum target
of the resource allocation strategy. And the number of BS
would be set to 1.

A. PROBLEM FORMULATION
From a macro perspective, the initial problem objective is
comprised of the beam, power, and subcarriers, which are
also the optimization variables and are presented by data rate
constraints, and power constraints. Then, this problem could
be formulated by:
U
. d
fc,uvec.’Z?;’ZuaPc,u ;Eu ’

s.t. AC1:R > Ry,
AC2:EY <ey,,VueU

U C
AC3: Z Z gff,qu’u < Prax

u=1c=-C/2
AC4: P4 €[0,Pnux].Yc e C,Vd € D,Yue U
(13)

where E¢ denotes the individual localization error in the
specific d-th group and would be presented in the next part
in detail. And AC 1 indicates that the overall data rate should
be no less than the rate threshold in the mmWave MU-MIMO
system. And AC 2 indicates that the localization error should
also be constrained by the corresponding threshold, which
means that the initial problem should be solved for each user
to achieve local optimization firstly. The constraints of power
allocation are presented by AC3 and AC4. And AC 3 shows
the overall power constraint while AC 4 presents the available
power allocation range for the u-th user in the d-th user group
on the c-th subcarrier, where gﬁ € {0, 1} means u-th user is
divided into d-th group whether or not.

B. PERFORMANCE METRICS

In practice, there are some metrics to evaluate the perfor-
mance of different resource allocation schemes, that is, the
data rate for the communication process, and localization
error for the localization process.

1) DATA RATE

There are different kinds of metrics for communication per-
formance evaluation, including SNR, BER, data rate, and
so on. And in this section, the data rate is selected as the
performance metric of the communication process on account
of the flexible user numbers.
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Considering the directivity coefficient, the transmitted sig-
nal’s power Sg{ « could be computed by (14).

T 2
sd, = (Z g e S | Hreu] \J Uru (eﬁ)Pg{u> . (14
t=1

where e;{ , and fC”fu are expanded to present the u-th user in
d-th group.

Combined with (5), the overall interference power IL‘.{M in
the receiver could be formulated as:

T
d
Ic,u = Z Z et,u’fc,u’

u'¢d t=1

Ht,c,u|2 Ut,u’ (9;/) Pc,u’- (15)

Then the data rate of u-th user rg . 1s formulated as:

Sd
d c,u
" =B,lo 1+ —-—1, 16
Tew = Bu g2< +1gu+No> (10
where B, denotes the allocated bandwidth for u-th user.
The overall data rate of d-th user group could be presented
as (17) formulates.

c/2 U
Ri= D D riw an
c=—C/2 u=1

2) LOCALIZATION ERROR
For the localization process, there are two significant indices
to describe the localization performance, that is the specific
coordinates and angle information. However, the channel
state information could only be presented as (18) shows,
which is comprised of time delay, AoD, AoA, and channel
gain.

News = | Tt O 04 HiYe o Y (18)

w Yu it eu t,c,u:|1><57

and H!

R
where H, tew

t,cu
nent respectively.

The inverse of the Bayes-Fisher Information Matrix (FIM)
is the boundary of the mean square error (MSE) matrix of
any known unbiased estimation and random parameter esti-

mation. The relation expression could be formulated as

denote the real and imaginary compo-

A A T _
E {("c,u - ”c,u) ("c,u - "c,u) } = Jnc,lu’ (19)
and
9%1In
Jn.. = Ey SR AN ) v |T77c,u) ; (20)
' Te.u anc,ua"c,u

where f (y | .,,) denotes the likeihood function of random
receiving vector y based on .

Besides, the FIM for u-th user comprised of L subcarriers
could be extended as:

L2
D, (023
In, = e = ( ’ , (21)
c=§/z ' 0352 P4y /5,5
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where
_ D (ty, Tu) 0
PLu _|: 0 @ (0. 0,) |5r” 22
01.,05) ®ix2
., = | ® 00 , 23
o |: Pox1 P2x2 |3.3 23)

and 0,3 and 034> denote that these are 2 x 3 and 3 x 2 null
matrices respectively.
Also, the first three diagonal elements of J; could be

formulated as:
-1

c/2
Pnt)=| Y, Pltwna)| . @24
c=—C/2
c2 -1
©0,.0) = D P(0l.0)] . (25)
c=—C/2
c) -1
®0,.6,) = > @ (0,.0,) | . (26)
c=—C/2
and
= 2
@, (Tt us Ut u) = 47720-1,1432 |Ht,u| dO,uaflxata (27)
2 . .
@ (04, 01) = 014 |Hru|” doutf' Xay, (28)
2
D (05, 65) = 014 |Hpu|” da,ualXay, (29)
where
2P; , T Loss; ,
= T hut TP 30
Ot,u No (30)
H 2
do. = |wta | . (31)
d H
diy=a wu d@’w a,, (32)
d 4 |
dry = d%wuar . (33)

and a = da/do,,.

As for the localization process, the channel state informa-
tion should be replaced with p,, = [p, pu, au, HY,. H}' ]1><5’
where p;, and pv, denote the horizontal and vertical coordl-
nates of u-th user respectively, and a,, indicates the relative
degrees between BS and u-th user. Then, the modified FIM

could be formulated as:

J,L = TuJ,7 (X)Tu, (34)
and
P T
Tusxs 2 8"“, (35)
”’Ll
= |sc|*f S 1, (36)

where T, denotes the jacobian matrix.

Hence, the localization error E' L‘f of u-th user in the d-th user
group could be acquired by computing the inverse of J,, as
(37) formulates.

El = Tr(J, s
_ 71 —1 —1
=J LD+, 2,2+, 3,3)
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c2 -1

Z D, (Tt,ua Tt,u)

c=—C/2

:W.[

c2 -1

Z ®e (ebtneu)

c=—C/2

+W9t
c2 -1

+ wor Z NN (37)

e=—C)2

C. SPECIFIED OPTIMAL PROBLEM

To present the correlation expressions clearly, we set four
simplified parameters as the following shows:

G = ] 38

g’ “1vie[1,11,Yuel1,U],Vde[1,D] (38)

E = [ed ] ) 39

LU I\ e1,7],Yuell, U1,Vdel1,D] (39)

F=|[rd ] RO

[ Jvee[—C /2,C /2], Vuell,U],¥de[1,D] (40)

P =P u] C @
L ¢ Ivee[—C/2,C /2] Yuel1,U],Vde[1,D]

Assume that there are N users in the d-th user group.
Combined with the derived performance metrics for the com-
munication and localization process, the initial problem could
be divided into two subproblems, as (42) shows. And the
specified optimal problem for the localization process could
be formulated as:

D Ny

min & = Z ZE;Z
G.E,F.P

dlul

Z Z (WeFz + wgi Fgi + worFor)
d=1 u=1

s.t. AC1:Ze;{u§ 1,Vt € T,Yue U,Vd € D

u=1

AC2:) el <1.VieT,YueU,VdeD
t=1

12=:gu=

AC4 : ACl, AC2, AE?) AC4in (13) (42)

U
AC3 ZgzlvueUVdeD

where

c2
> @ (e ta) | (43)
c=—C/2

cp -1

Fog = Z (9;‘ , eu) ) (44)

c=—C/2
Cc/2

For=| Y @(0;.00)] . (45)

c=—C/2
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Algorithm 1 Low Complexity Beam Selection Algorithm

1: Require: AoD of U users,

2: foruseru=1to U do

3 Ay = max U ,(0) < (8)
4: end for
5
6

: forbegmt: 1toT do
if > e/, > 1 then

u=1

7: U* =maxU; ,(6]) x 10~ Loss;, /10
uelU
end if
9: end for

10: Output:the set E.

and AC 1 and AC 2 indicate that the beam could only be
allocated to a single user without sharing. AC 3 represents
the basic principle of user grouping, that is, each user could
only be grouped into a single user group and the final group
numbers must be no less than 1.

V. COMPREHENSIVE SCHEME FOR BEAM SELECTION,
USER GROUPING, AND RESOURCE ALLOCATION

In this section, the corresponding algorithms are proposed
according to the problem of beam selection, user grouping
criterion, and resource allocation.

A. BEAM SELECTION ALGORITHM
Aligned beam pairs are the significant basis for high-speed
communication and high-oriented localization. In general,
each user has the adaption of available beams. However, there
would exist repeated beams in different beam pairs blocking
beam selection. The solution is presented as Algorithm 1
shows.

In this way, all users could gain unique optimal beam pairs.

B. USER GROUPING ALGORITHM

In the following, we consider the user grouping in the fre-
quency domain. Assume that all users are divided into D
(1 < D < U) groups. Since grouping by frequency division
multiplexing, there is no interference between users between
different spectrum groups.

Hence, the channel state information of the main path
is linearly weighted with the channel state information of
other subpaths. In the proposed user grouping algorithm, the
eigenvalues are set to be the weighting factor to gain the
weighted sum corresponding to the eigenvectors. The specific
process is as follows: The channel autocorrelation matrix of
the u-th user is:

R,=E (H{‘MH,,M) : (46)

We perform an eigenvalue decomposition of the autocor-
relation matrix R, as (47) shows.

R, =§,A8", (47)

where, &, is the matrix consisting of the eigenvectors of R,,,
and A, is the diagonal matrix consisting of the eigenvalues
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of R,. Without loss of generality, it is convenient to assume
that A, 1 > Ay2 > -+ > A, > 0. Since the eigenvectors of
the autocorrelation matrix correspond to the directions of the
subpaths, respectively, the larger the power of the subpaths,
the larger the eigenvalues. Therefore, we can multiply the
eigenvalues as weights with their respective eigenvectors and
then sum them. this method can be used for user pairing to
utilize more channel information, thus making the scheme
more accurate and effective. Therefore, we define the channel
state vector of the u-th user, which is used for user pairing,
as follows:

L
Cu=Y &, il (48)
=1

Since the channel state vector of each user contains the
angle state information and power state information of that
user, the correlation between the channel state vectors of each
user can be calculated. There would be more overlapping
parts between users with greater correlation in the actual
channels, so the interference that will exist while data is
transferred between users will be greater. The correlation
between users can be defined as follows:

s
E(T'r;)| [E (T,
 (r'm)|[E rim)

The specific steps could be described as Algorithm 2
indicates:

oG, k) = (49)

Algorithm 2 Multi-User Grouping Algorithm Based on
Channel Correlation Coefficient
1: Initialization: the reference threshold: «, the user group:
z = 0, the user group set: Z = {},
2: forj=1to U do

33 fork=j+1toU do

4: if o < p(j, k) < (49) then

5: if u; € U then

6: z=2z+1,D. =D, Uy}, U= U\{u}
Z=7ZUD,

7: end if

8: if u; € U then

9: z=z+1,D, = D, U{wg}, U = U\ {ug},
Z=ZUD,

10: end if

11: end if

12:  end for

13: end for

14: for user i=1to |U| do

15 D, = arg min Z'ﬁ‘i' p(v, i)
D,CZ

16: Dy =Dy U {u;}

17:  Output:the set G.

18: end for

where U = U\ {¢;} means that i-th user has been used to
form an appropriate user group.
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In this way, U users belong to D user groups where
resources could be shared in different groups. And in the
remaining of the paper, the basic analysis target is changed
into the d-th group.

C. RESOURCE ALLOCATION ALGORITHM

On account of Algorithm 1 and 2, the allocation scheme for
user grouping and beam selection, that is, the sets G and E
are known. And the preliminary works have been finished on
account of the achievement of Algorithm 1 and 2. Based on
the output results, the remaining sets F and P could be solved
from (42) and Algorithm 3.

Algorithm 3 Joint Optimization Algorithm
1: Require: the set G, E,
2: for groupd =1to D do
3 Stage I: (V-C) < (53)
4 Stage II: (54) < (53)
5:  Record the set Q of smaller localization error
6
7
8

if the traversal process is complete then
Get the most optimal set Q

F.P < (50)
9: endif
10: end for

11: Output:the set F, P.

It is noteworthy that there is a data rate constraint in
(13) and (42), which means that the communication process
should be satisfied at first under the resource competition.
Hence, the resource allocation process could be divided into
two stages. In the first stage, AC in (13) would be satisfied
within the limited resource. And in the second stage, the
remaining resource would be allocated to the corresponding
users in the localization process. Besides, the two stages
should be iterated to acquire the minimum localization error
when AC 1 in (13) is satisfied.

Consider the value range of £, the ffu and P4, could be
combined as the following shows:

=0 <«f? = Pd =0,
4qb,c,u fd (50)
Qo =P, —fl, =1,P #0,
and
. 51
Q= [“’ ]Vce[ €/2,C/2],Yue[l,U],Vde[1,D]’ Gh

As for Stage I, the corresponding problem could be pre-
sented as:
0
125) Id + N
e=—C/2 u=1
cr2 U

> D Blogy (¢, +1¢, + No)

c=—C/2 u=1

max R =

x(Q)
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cr v

Y. Y Blog,{, + Ny, (52)

c=—C/2 u=1

Q)
s.t. AC : AC1,AC2,AC4 in (42)

To solve this problem, we utilize the characteristic of con-
vex function difference and Taylor approximation of the first
order to transform (V-C) into (53) which could be solved by
the traditional algorithms such as the interior point method.
And this new solving algorithm is called the DCFA.

Irgn x(Q) —¥(Q)
= x(Q) — Qs — 1)) — Vy"(Qls — 1)(Q — Qls — 1]).
(53)
Then, Stage II could be solved based on the resource allo-
cation results of Stage I. Considering that log,(-) is a linear

function, Stage II for the localization process could also be
transformed (42) into (54).

mln log, e Z logz(E )
U
= Z logy, (W Fgi For + wygt Fr Fgr +wpr Fr For)
u=1
x(Q)
U
- Z log, (F;FgiFyr). (54)
u=1

Q)

And (54) could also be solved by (53). Besides, there is a
direct competition between the communication and localiza-
tion process as the AC1 and AC2 in (13) shows. Hence, there
must be a trade-off when solving (53) and (54). And the joint
resource algorithm could be presented as Algorithm 3 shows.

VI. PERFORMANCE EVALUATION AND ANALYSIS

In this section, the proposed algorithms are used to simulate
the resource allocation performance of the joint communi-
cation and localization in the mmWave MU-MIMO system.
And the beam selection and user grouping problems are
solved by Algorithm 1 and Algorithm 2. In addition, the
optimization results of the final optimal problem are acquired
from Algorithm 3. To ensure the accuracy of the numeric
results, we adopt the control variable method for the simu-
lation process.

A. SIMULATION SETTING

We conduct the simulations based on the mmWave
MU-MIMO system, and the parameter setting are configured
in Table 1. Besides, the application scenarios are set as urban
areas and suburbs to save unnecessary costs in antennas.
As Table 1 shows, the deployable antennas are ranging
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TABLE 1. Simulation parameter values.

Parameter Configuration Value
Center Frequency 60GHz
Bandwidth 100MHz
Subcarrier Interval 150kHz
Number of Users 8-32
Antennas Number in BS 16-36
SNR 10dB
Transmit Power 1W-10W
Spectrum density of noise -174dB/Hz

from 16 to 36, with the increment of antennas in the ULA,
in which the antenna’s interval is set to half of the signal
wavelength to avoid the grating lobe. Besides, the users and
BS are located at a two-dimensional area of 50mx50m.
Therefore, the communication links are constructed at the
same height as mmWave. And the location of all equipment
is shown in Fig.4.

50 r r r :
* * * *
451 -
* s * U
- * ser J
“
35t * *x * 1
E o« |
S 25t * E
Z % *
Q20 1
*
*%¥
15F * %1
10F * * % ]
* *
sk ul -
0 * 1 1 1 * 1
0 10 20 30 40 50

Distance/(m)

FIGURE 4. Initial network geometry with 1 known BS and 32 random
users.

There are 32 users and 1 BS located in Fig.4, in which the
red dot denotes the known BS located at (25,25), and the blue
dot denotes the unknown user.

For comparison purposes, two other resource allocation
algorithms under the joint communication and localization
systems are implemented in the following simulations. The
first one is the algorithm with the beam optimization and
power allocation proposed in this paper [22] with multiple
BSs. The second one is the algorithm with the bandwidth allo-
cation proposed in this paper [20], where users are centered
around one BS.

B. SIMULATION RESULTS

Fig.5 respectively shows the relationship between transmit
power and data rate, as well as the relationship between
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FIGURE 5. Graph about data rate and localization error in different
transmit power and antenna number.
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FIGURE 6. Graph about overall localization error and overall data rate in
different resource allocation algorithms and transmit power.

transmit power and localization error. As (17) and (37)
depict, the value of transmit power would significantly influ-
ence the data rate and localization error. And the performance
of the communication and localization process would also be
increased with the increment of antenna number, because of
the added diversity gain. Besides, we set the transmit power
as 6W and 10W to explore the performance balance between
the data rate and localization error, as Fig.6 shows.

Fig.6 compares the performance trade-off between the
achievable data rate and weighted localization error among
the users for different resource allocation algorithms. In gen-
eral, the proposed algorithm performs better than any other
two algorithms both under the same data rate constraints and
the same localization error constraints. And Algorithm in [22]
performs the worst. Combined with the comprehensive opti-
mization problem, there always exists resource competition
between communication and localization performance with
two strict constraints on data rate and localization error.
According to (27)(42), the performance trade-off would be
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affected by the value of allocated power and bandwidth. And
the results of beam selection would also affect the perfor-
mance of the localization process. Therefore, our proposed
algorithm would achieve better performance causing of the
beam optimization and joint resource allocation including
bandwidth, and power, while Algorithm in [22] doesn’t con-
sider the allocation of bandwidth, and Algorithm in [20]
doesn’t consider the allocation of power and beam opti-
mization. In addition, considering the difference of transmit
power, all algorithms with more power would have better
performance both in the communication and localization pro-
cess. It clearly shows that the data rate and the localization
error are proportional to the transmission power, respectively.
Hence, we set the transmission power of the following simu-
lations to 10W.

Owing to the user grouping scheme, we simulate the effect
of reference threshold & on communication and localization
performance when SNR = 10dB, as Fig.7 and Fig.8 present.

x10®

2.8

Overall data rate/(b/s)

—6— Antenna number = 16
2 |- | —A— Antenna number = 25 7
—+— Antenna number = 36

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Reference threshold a

I I >}

FIGURE 7. Relationship between reference threshold « and overall data
rate.

Fig.7 describes the interactive effect between reference
threshold o and the overall data rate of the MU-MIMO system
as the antenna number changes in BS. As Fig.7 depicts, there
always exists an optimal threshold value range for different
antennas number. For example, when the antenna number
is set to 16, the optimal threshold value is approximately
between 0.5 and 0.75, while the range is between 0.6 and
0.85 when the antenna number is set to 36. Hence, the
influence of the number of antennas on the optimal interval
is very limited. And the grouping results would be worse
when the reference threshold « is large than a number that
depends on the channel gain. In addition, the overall data rate
would increase first and then decrease. In general, with the
increment of antennas number, different user pairs would be
more and more uncorrelated. Then, in comparison with the
low antenna numbers conditions, the quality of user grouping
would be worse if decrease the reference threshold «. And
when the value of « is increasing, there would be more precise
and effective grouping conditions for most of the users.
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FIGURE 8. Relationship between reference threshold « and localization
error.

Similar to Fig.7 above, Fig.8 is presented by the interac-
tive effect between the reference threshold « and the local-
ization error. As Fig.8 depicts, the optimal threshold value
is approximately between 0.6 and 0.8, while the range is
between 0.7 and 0.8 when the antenna’s number increase
from 16 to 36. And the influence of the number of antennas
on the optimal interval is also very limited. Besides, the
localization error would decrease first and then increase with
the increment of reference threshold «. Therefore, we take the
value of 0.7 to the reference threshold « in the remaining of
this paper to acquire the best communication and localization
performance. Hence, the proposed user grouping algorithm
would be utilized combined with the proposed resource allo-
cation in the remaining simulation process.

Fig.9 presents the performance trade-off between the com-
munication and localization process of different user group-
ing conditions. In general, the proposed algorithm achieves
better performance both in communication and localization,
especially in comparison with Algorithm in [22] and Algo-
rithm in [20] with no specific user grouping schemes. As for
the fixed user grouping conditions, there are always existing
redundant users or unfilled groups, which is also a perfor-
mance penalty. And the proposed user grouping algorithm
would dynamically distribute users into different groups to
ensure high relevance among groups and low relevance within
groups.

Fig.10 depicts the competition between communication
and localization performance in different antenna numbers.
An increase in the data rate for communication would result
in a degradation of localization accuracy and vice versa,
especially when communication and localization signals
are orthogonally transmitted in different resource blocks,
as Fig.10 shows. Hence, it is significant to allocate lim-
ited resources effectively to achieve the trade-off between
data rate and localization error. Besides, the comprehen-
sive performance is getting better when the antenna number
increases. On the one hand, the antenna number is related to
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FIGURE 9. Graph about overall localization error and overall data rate in
different user grouping algorithms.
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FIGURE 10. Graph about overall localization error and overall data rate in
different antenna numbers when o = 0.7.

the available beam numbers which influence the orientation
of users and the user relevance. On the other hand, there exists
spatial multiplexing diversity related to the antenna number
as well. And independent data streams can be transmitted
over parallel spatial channels, increasing the system capacity
because of the spatial multiplexing diversity. However, it is
expensive to deploy large numbers of antennas which means
the antenna’s number should be related to the real conditions.

Fig.11 shows the competition between communication and
localization performance based on different user numbers.
In comparison with Fig.10, the overall trend is consistent
while removing the effect of the number of users and the
antenna number. And the communication and localization
performance would be getting better when the access user
numbers increase. On the one hand, the interference between
users would be reduced by the proposed user grouping algo-
rithm. Because users could utilize the same time-frequency
resource blocks in the same user group. On the other hand,
there exists multiuser diversity when the number of users is
large. Multiuser diversity is a kind of independent fading that
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FIGURE 11. Graph about average localization error and overall data rate
in different user numbers when « = 0.7.

could simultaneously schedule users with specific channel
conditions. Hence, different data streams are sent to different
users such that the performance metrics are optimized, such
as the datarate, PEB, and OEB. In general, the comprehensive
performance would be proportional to the number of users
while a large number of users would increase the complexity
of the resource allocation scheme.

C. COMPLEXITY ANALYSIS

In this section, we analyze the complexity of the beam
selection algorithm, user grouping algorithm, and resource
allocation algorithm, and present it with O(-).

As for Algorithm 1, there are two separate ergodic pro-
cesses prepared for users and beams. For the process of com-
puting the maximum directivity coefficient, the complexity
could be presented as O(UT), in which each user would
have the optimal and unique beam. Then it ensures that each
user has a unique and nonredundant beam, the complexity
could be O(T) in the worst conditions, and O(1) in the best
conditions. Hence, the overall complexity of Algorithm 1
could be presented as O(UT + T).

Besides, Algorithm 2 is utilized to group users. And
assume there are already M users among groups. Then,
it would be more than M times of computing coefficients.
Then the complexity for grouping a new user could be O(M),
which is equal to the mentioned corresponding algorithm in
Section V. Combined with Fig. 5, the proposed user grouping
algorithm could achieve better performance than existing
algorithms under the same complexity condition.

On account of Algorithm 3, there is an iterated process
between Stage I and Stage II. On the one hand, corresponding
resources are distributed to maximize the data rate with k
available allocation schemes. On the other hand, the remain-
ing resource would be distributed to minimize the localization
error. Assume the complexity of completing the loop once
is O(A), and the overall complexity could be presented as
O(kAD). In general, the complexity of the equal resource
algorithm is approximately equal to O(UTCD) which is less
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than the proposed Algorithm 3. However, it is significant to
acquire more performance gain in an era with such strong
computing power, and the high complexity is acceptable.

VII. CONCLUSION

In this paper, a multiple-dimensional resource allocation
algorithm in mmWave MU-MIMO systems is proposed.
Through beam selection and user grouping, all users are
divided into the optimal group to share the same time-
frequency resource blocks at the minimum performance loss.
Then, to solve the resource allocation problem, we trans-
fer the original problem into a joint optimization problem
with multiple control variables under joint communication
and localization systems. Finally, an optimal allocation algo-
rithm is developed to solve the multi-dimensional resource
optimization problem, including beam, power, and subcar-
riers. Numeric simulation results also demonstrate that the
proposed algorithm could improve comprehensive perfor-
mance by efficiently exploiting wireless resources. Some
of the interesting questions for further research include an
extension to multi-cell multi-user scenarios, which exist the
interference between different cells, and the theoretical study
of the performance criteria for joint communication and
localization.
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