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LDMA-NOMA beamforming in near-field
communication systems

Chenguang Rao, Zhiguo Ding, Fellow, IEEE, Kanapathippillai Cumanan, Senior Member, IEEE and Xuchu Dai

Abstract—In this paper, a novel LDMA-NOMA hybrid beam-
forming scheme is proposed for near-field communication sys-
tems, which improves the performance of both location-division
multiple access (LDMA) and non-orthogonal multiple access
(NOMA), simultaneously. The key innovation of the proposed
scheme is the flexible utilization of user resolution information:
LDMA is applied to users with better resolution, while NOMA
is used for those users with poor resolution. For each NOMA
user, the most suitable beam will be selected by optimizing the
system performance and beam efficiency. A unique feature of our
scheme is its effectiveness even under limited beam resources.
The performance of the scheme is analyzed and the closed-form
results are obtained. Simulation results validate the theoretical
results and demonstrate superior performance compared to that
of the conventional schemes.

Index Terms—Near-field communication, uniform planar ar-
ray, multiple-input multiple-output (MIMO), location-division
multiple access (LDMA), non-orthogonal multiple access
(NOMA).

I. INTRODUCTION

In recent decades, wireless communication technologies
have advanced rapidly. From the first generation (1G) to the
fifth generation (5G) and beyond, the requirements of commu-
nication systems have evolved from simple analog audio signal
transmission to supporting diverse high-speed, low-latency
multimedia services, which highly demands efficient and re-
liable wireless communication systems [1]], [2]. Therefore,
designing more efficient, stable, and reliable communication
systems to meet the ever-growing demand with limited re-
sources has become a challenging task for the relevant research
communities. Among the many technologies, multiple-input
multiple-output (MIMO) and extremely large-scale antenna
arrays (ELAAs) have emerged as key technologies for next-
generation communication systems, which can provide higher
spectral and energy efficiencies as well as massive connectivity
[3]-[6]. However, as the number of antenna arrays increases,
their impact on the physical model becomes non-negligible.
Specifically, the radiation region of an antenna array can be
divided into the near-field and far-field regions [7], [8]]. In the
far-field region, electromagnetic waves can be approximated
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as plane waves, while within the near-field region, they must
be considered as spherical waves. The range of the near-field
region depends on the number of elements in the antenna
array, the spacing between elements, and the frequency of the
electromagnetic waves. In the communication system with a
small-scale antenna array, the range of the near-field region,
which is named as Rayleigh distance, is usually small enough
to be neglected. However, when the system is equipped
with a large-scale antenna array, the Rayleigh distance might
reach tens or even hundreds of meters. This phenomenon has
inspired recent studies on near-field communication [9].

Research on near-field communication technology can be
mainly classified into two categories. The first category fo-
cuses on the performance degradation caused by the unique
characteristics of near-field communication systems. Due to
the characteristics of spherical wave, some fundamental tech-
niques of current MIMO systems, including channel estima-
tion and beamforming, are no longer suitable for near-field
communication. For example, because of the nonlinear phase
characteristics of spherical waves in near-field communication,
conventional channel estimation methods based on far-field
assumptions are no longer applicable. To address this issue,
several new codebook designs method for spherical waves
were proposed in [10]-[13], based on which the channel
estimation scheme techniques were implemented. Another ex-
ample is the phenomenon of beam split, which has a significant
impact and is challenging to deal with in the near field region
compared to the far field [14]. To address this problem, a
number of effective solutions were proposed in [6], [15].

In contrast, another category of research focuses on utilizing
the unique characteristics of near-field propagation to improve
the performance of communication systems. For instance,
in far-field MIMO communication, the rank of the line-of-
sight (LoS) channel matrix is often limited to one, resulting
in little spatial degrees of freedom, which limits the spatial
multiplexing gain of MIMO systems. Conversely, the spatial
degrees of freedom in the near field are significantly increased
[16], which provides additional multiplexing gains that can
improve the system performance. Based on this additional
degree of freedom, new precoding schemes were designed in
[17]-[19] to achieve a better performance with a single-user
communication scenario.

Recently, it has been found that near field communications
have great potential for multi-user scenarios. In multi-user
near-field communication systems, the special characteristics
of spherical wave provides opportunities for employing multi-
ple access techniques based on the users’ location information
[20]]. In [21]], the authors utilized this characteristic to extend



the space-division multiple access (SDMA), which had already
been proposed for far-field communication systems, to the
location-division multiple access (LDMA) for near-field com-
munication systems. In general, SDMA can only exploit the
azimuth differences between users but cannot utilize the dis-
tance differences. Fortunately, LDMA can distinguish between
two near-field users located on a same line and introduce the
multiplexing gain based on distance differences. The authors
also indicated that with an increasing number of antenna
elements, two near-field users on the same line can be perfectly
distinguished, and the system performance can achieve the
ideal upper bound given by Shannon theory. This has opened
up a new possibility for exploring the potential of near-field
communication. However, in [22], the author found that when
the physical parameters of the users and the channel satisfy
certain conditions, even with a continuous increase in the
number of antenna elements, it is still challenging to perfectly
distinguish between two near-field users on the same line.
Fortunately, this finding of the inability to distinguish the users
allows for the possibility of serving two users with the same
beam. Based on this, the author has introduced the concept
of resolution, which can measure the ability of distinguish-
ing the near-field users. To utilize the imperfect resolution,
non-orthogonal multiple access (NOMA) technique has been
exploited in a communication network with poor-resolution
near-field users, and achieved a performance improvement.
Both works made substantial contributions in the field, but
their research perspectives are insufficient for comprehensive
analysis due to the lack of effective measurement framework.
In [23]], the authors have developed a general near-field beam
analysis framework based on resolution to analyze and com-
pare the performance of LDMA and NOMA schemes. It has
been suggested that by measuring near-field resolution, the
base station can determine which scheme is more efficient
in achieving a higher performance. However, this study only
discussed the two schemes separately and failed to exploit
the strengths of both schemes, which motivates our work to
use the resolution to utilize the location information between
users more flexibly. Specifically, in this paper, an LDMA-
NOMA hybrid scheme is proposed, in which the resolution
between nearby users can be utilized for beam allocation.
LDMA is applied to users with a better resolution, while
NOMA is employed for users with a worse resolution. The
main contributions of this paper are as follows:

o The resolution of near-field beamforming is applied to
analyze and compare the performance of the LDMA-
based and NOMA-based schemes, providing a conclusion
to determine in which case the LDMA or the NOMA
scheme should be applied. This also demonstrates the
significance of investigating resolution.

o An LDMA-NOMA hybrid scheme is proposed for a near-
field communication scenario. In this scenario, including
a new secondary user to an existing LDMA user group is
discussed. According to the proposed scheme, the base
station treats the secondary user as a NOMA user and
serves it with an existing LDMA beam. The comparison
of it with conventional LDMA-based schemes is also

presented. Additionally, a beam selection method is pro-
posed for the case when existing beams can be adjusted.
Specifically, based on the resolution between users, a rule
to select a user as a NOMA user for better performance is
proposed. To understand the significance of this study, a
new evaluation metric, beam efficiency, is introduced and
used to assess the performance of the proposed scheme.
As the indicator of performance analysis, the closed-form
expressions of beam efficiency is obtained.

o Another communication scenario where beam resources
are insufficient to serve all users is discussed. Specifically,
a resolution-based grouping algorithm is proposed to
categorize users into LDMA and NOMA groups. Subse-
quently, the LDMA-based scheme is applied to allocate
beams to serve LDMA users. This approach can make the
most utilize of limited beam resources. Simulation results
are presented to demonstrate the significant performance
improvements of the proposed scheme.

II. NEAR-FIELD BEAMFORMING SCHEMES

In this section, we first describe the model of near-field com-
munication systems. Then we introduce the existing LDMA-
based and NOMA-based beamforming schemes, respectively.

A. Near-Field Communication Systems

Consider a base station, (BS), equipped with a UPA with
(2M 4 1) x (2N + 1) elements. The antenna spacing is
denoted by d, which is set as d = %, where A represents
the carrier wavelength. The rectangular coordinates of the
UPA elements are given by s, = (nd,0,md), —M <
m < M, —N < n < N. BS serves K users, denoted by
U1, Us, ..., Ugk. The spherical coordinate of U; is given by
r; = (r;,0;,¢;). The angles 6; and ¢ satisfy 0 < 6;,¢; < 7.
Denote dp,, = SLALHNT) 2)\(M?+ N?) as the Rayleigh

Ray by yleig
distance of BS. Then when r; < dRrqy, the near-field channel
model should be adopted. In this paper, it is assumed that
ri < dRqy with any ¢ € [1, K]. The channel vector between
BS and U; can be modeled as hf = a;b¥, where a; = i{fr’\
and b; represent the channel gain and the response arrai,
respectively. According to the definition of near-field channel
model [24]], b; can be expressed as follows:

b
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where t = (2M + 1)(2N + 1) represents the normalization
coefficient, and || - || represents the Euclidean norm of a

vector. Different from far-field communication, the response
array of near-field communication users not only depends on
the azimuth and elevation angles of users, but also on the
distances between users and the base station. This property
makes it possible to design new multi-access schemes for
near-field communications. An existing LDMA-based scheme,
which utilizes the location information to serve multiple users
has been proposed, which is introduced in the following
subsection.



B. An Existing LDMA-based Scheme

An LDMA-based beamforming scheme was proposed
in [21]], when there are sufficient beamforming resources,
i.e., Ngr > K. Denote Ngrp as the number of ra-
dio frequency (RF) chains equipped at BS. For concise,
Nrr = K is assumed in this subsection. Denote x =
VP(ixy,Vlizy,...,/Igzk)T as the transmission vec-
tor, where P represents the transmission power, 0 <
l1,1l2, ...l < 1 represents the power allocation coefficients,
which satisfy Zszr lr = 1. Then the received messages by
users can be expressed as follows:

y = HFx + n, ()

where H = (hy,hy,..., hg)f denotes the channel matrix,
F represents the precoding matrix, and n is the additive
white Gaussian white noise. The precoding matrix usually
contains an analog precoder and a digital precoder. Then F
can be expressed as F = F,Fp , where F 4 € Ct*NrF gpd
Fp € CNrrxK represent the analog and digital precoder,
respectively. Denote B = (by,bs,...,bg) as the response
matrix. According to the LDMA-based scheme, the analog
precoder is set as F4 = B, and the digital precoder is
set as Fp = HY(HHY)~!A, where H = HB represents
the effective channel matrix. A = diag(A1, A2, ..., Ao k) is
designed to ensure ||Fafp x||*> = 1, where fpj is the k-th
column of Fp, 1 <+¢ < K. From [21]], Az can be known as

1

M= FTE ) T

|ak|a (3)

where [(FHF 4)71];x denotes the k-th diagonal element of
(FAF 4)~!. Then the message vector received by users can
be expressed as follows:

y = Ax +n. 4)

The Signal to Interference plus Noise Ratio (SINR) of z; can
be expressed as follows:

B - pili
b FA)
where p = p/N, represents the signal-noise-ratio (SNR). Then
the overall data rate can be expressed as

®)

Z log(1 +~£) (6)

According to and @ FH Fa) 1 Ji.ke is the key factor
of the performance In [21] the authors believed that as the
number of antenna elements M, N — +oo, |b2b,| — 0 for
any 1 # j, and
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|bliby |? 1 bl b |?
FQIFA: 2. 2
Ibiby|2 |blbyf? ... 1
%IK.

(7
In this case, the system’s rate will approach the ideal upper
bound.

C. An Existing NOMA-based Scheme

A NOMA-based beamforming scheme was proposed for
near-field users in [22]. According to the scheme, only one
beam is designed to serve all users. The selection of the beam
usually depends on the channel fading of users. Without loss
of generality, we assume that a; > o > -+ > ag, then the
beamforming vector is set as p;. The transmitted signal vector
is expressed as follows:

K
x=VPY iz (8)
i=1

Then the message received by Uy is given by

yr = hi' p1x + ni

K
9)
= VPa?|blb,| Z V8 + ng.
i=1
In U;, successive interference cancellation (SIC) is applied

to eliminate x;41,%;y2, ..., 2k, then the SINR of x can be
expressed as follows:

N _ pa by b *lx

paZbHb, 2K 417 10
and the overall data rate can be expressed as
K
= log(1+77Y) (11)
k=1

According to [22]], when certain conditions are met, even as
the number of antenna elements M, N — +o0, [bfb;| > 0.
Therefore, the NOMA-based scheme might work effectively.

However, these two studies did not investigate in which
scenarios the scheme should be used. This is due to the lack
of a measurement framework. Therefore, in [23], the authors
proposed a general framework for near-field beamforming
based on the resolutions between users, which is discussed
in the next section.

III. RESOLUTION OF NEAR-FIELD BEAMFORMING

One of a potential frameworks for near-field beamforming
analysis is named resolution, which is defined as Ai, i =
|bHb;|2. It can measure the effectiveness of distinguishing the
near-field users. From [23]], A; ; can be expressed as follows:

3
1 I71.
Digm oz QL+ =), (12)

=1
where I; = ¢,

2N
I, =2(2M +1) Z ®(z,s,N) cos(2mbs),
s=1

13)

2M
Iy =2(2N +1) Y ®(c,r, M) cos(2mar),
r=1
sin(2raxy(2K —y + 1))
sin(2mzy)

(14)

®(z,y,K) = ) 5)
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The physical meaning of JAM is explained as follows: If
A; j = 0, the response vectors of U; and U; are orthogonal,
indicating that there is no interference between these two
users. In this scenario, BS can formulate two separate beams
for each user based on their locations without interference,
which is referred to as ’perfect resolution’. Conversely,, if
A; j > 0, interference will arise between the two beams when
using the same beamforming scheme. This situation is called
as ’imperfect resolution’. In general, for multi-user case, if
A;; = 0 for any i # j, the resolution of users can be
considered perfect, and the LDMA-based scheme performs
the best. However, if A;; > 0 for some i # j, i.e., the
resolution is imperfect, the LDMA-based scheme might not
perform very well. On the other hand, it makes it possible to
use a single beam to serve two or more users at the same
time, i.e., the NOMA-based scheme. The question now is,
which scheme is better? The answer depends on the locations
of users. We can take the case of K = 2 as an example to
illustrate this answer. As for the LDMA-based scheme, when
K= 2, FA = (bl,bg), and

1—Ap)t
O B

then R” can be expressed as follows:

a = i(cosd;

cosf;sing;), ¢ =

2
R" = log (1+ pajli(l — Ay2)).
k=1

As for the NOMA-based scheme, when K = 2, RN can be
expressed as follows:

a7

2Aq 5l
_PRaTL22 ) (18)
pOz?ALQll-‘r].

Denote [(A; 2) = exp(RY — RY), then

RN =1log (1+ paily) + log (1 +

B 1+ plia? 1+ pa3Ai s

1+ plhiod — pliA1paf 1+ pliad Ay,

1

X 5 5 -

1+ plgOZQ — plQALQ()ZQ
When [(A;2) > 1, the NOMA scheme is better than LDMA
and vice versa. It is obvious that Z(ALQ) is monotone in-
creasing when 0 < A; o < 1. Therefore, the threshold for
[(A1,2)*) = 1 can be obtained by using dichotomy. In practice,
[(A1,2) can be calculated by via , and then [(Ag,1) can
be obtained to decide which scheme to adopt.

In the case of high SNR, i.e., whenp — +o0, [(A;2) can
be approximately simplified as follows:

1 1 1

1— ALQ ll plQOL%(l — ALQ) '

1(Aq2)

19)

Z(ALQ) ~ (20)
Then the closed-form approximated solution of [(A; ) > 1
can be expressed as follows:

1
Vplalion'

Ayg>1 (21)
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Fig. 1. The data rates of LDMA and NOMA-based schemes with different
resolutions.

To better illustrate the impact of resolution on these two
schemes, the simulation results of a two-user system are
presented as an example in Fig. [I] In the system, one user
is fixed while the location of another user is changed. The
large scale fading is ignored for fairness. The ideal capacity
is also presented for comparison. It can be observed from
the figure that the LDMA-based scheme performs well with
small A, while the performance of the NOMA-based scheme
is not that good. As A increases, the performance of the
LDMA-based scheme becomes worse, while the NOMA-
based scheme performs better, which implies that A impact
significantly on the performance of near-field beamforming
communication. It can be noted that both schemes have their
own advantages and disadvantages: LDMA can make use of
the difference in location information between users, but it will
suffer from performance loss caused by resolution reduction.
NOMA can utilize the poor resolution for multiplexing, but
hard to deal with the interference between users. Therefore,
it is meaningful to find a new scheme that can combine the
advantages of the two schemes. Based on these two schemes,
we propose an LDMA-NOMA hybrid scheme, which can
used for various communication scenarios more flexibly and
effectively, which is discussed in the next section.

IV. LDMA-NOMA HYBRID SCHEME

In this section, we propose a hybrid LDMA-NOMA scheme,
and compare it with the conventional LDMA-based scheme.
Ngrr = K is assumed in this section.

A. The Proposed Hybrid LDMA-NOMA Scheme

As shown in Fig. 2] there are K legacy users, denoted by
Ui,...,Ugk, which are served by one BS. Denote hf =
aibg(rk, Ok, i) as the channel vector of Uy. The LDMA-
based scheme is applied for these legacy users, i.e., the beam-
forming vector for Uy is set as py = by. Now an additional



Fig. 2. The system model of hybrid LDMA-NOMA scheme.

secondary uselﬂ Uy needs to be served by this system. Then
BS can serve Uy via an existing beam, which is chosen
according to the resolutions between users. Without loss of
generality, it is assumed that Ag; > Ago > -+ > Ap k.
Then the closest beam to Uy, i.e., Uy is selected to ride on.

Denote H = (hy,...,hg)? as the channel matrix for
LDMA users. The analog precoder for the LDMA users is set
asF4 = (by,...,bg). The design of digital precoder F, and
the diagonal matrix A is similar to the LDMA-based scheme,
which is expressed as Fp = HY (HHY)"'A, H = HF 4,
A = diag(\,..., k), and

1
M=\ ) e

The transmitted signal vector from the BS is given by
x = FAFpx" + vPpo/loxo,

where x* = VP(\/I1x1,...,VIgxk)T represents the sig-
nals intended for the LDMA users, and p € {by,...,bg}
represents the beamforming vector for UN. Then the message
received by LDMA users can be expressed as follows:

ye = VP (Akﬁxk + ap/Dr, 1\/5330) Fne (24)

The SIC is adopted in LDMA users to eliminate the inter-
ference x(, then the SINR of =,k > 1 can be expressed as
follows:

(22)

(23)

a2l
= ARl = Pk (25)

FAFA) ik
The message received by Uy is expressed as follows:

Yo = h(I){FAFDXL + héi\/ﬁbl \/%{IJ() “+ ng

K
=P ao\/Zo,l\/gfo+0‘0h£IZFAfD,j\/E$j
j=1

+ o,
(26)
The SINR of z( can be expressed as follows:
padAo.1lo
70 = K ‘W H 2
sz:1 lhg' Fafp j*l; + 1 7
pagDo.alo

= = ,
pOZ(Q) Zj:l /\?Ao,jlj +1

A secondary user refers to a new user added to the communication system,
as opposed to the legacy users who are already part of the system. This concept
is similar to the one introduced in [25].

The overall rate of the system is given by

K

R" =" "log(1 + ) +log(1 + 70).
k=1

(28)

B. The Comparison of the proposed hybrid LDMA-NOMA
scheme and LDMA-based scheme

Another available option is to formulate a new beam
for Uy and apply the LDMA to all users. Denote Hy =
(hg,...,hg) as the channel matrix. According to the
LDMA scheme, the analog precoder is set as Fyuo =
(bg,Fa) = (bo,...,bk), and the digital precoder is set
as FD,O = I:I(I)LI(I:I()I:I(I)LI)_IA(), where I:IO = H()FAJ) is
the effective channel matrix. Ag = diag(Xo,1,...,A0,x) 18
designed to ensure ||F 4 0fp oi||> = 1, where fp o ; is the i-th
column of Fp g, 1 < ¢ < k. From [21]], Ax can be known as

1
A = 7 29
' \/[(FX,OFA,O)_l]k,k o @)

where [(F4 (Fa0)']rx denotes the k-th diagonal element
of (F4f ;Fa,0)”". The transmitted signal sent by BS is given
by

x = Fa0Fpoxg, (30)
where x5 = VP(Vlpzo, - .., VIkzx)T represents the signals
intended for the users. 0 < [ < 1 represents the g{ower allo-
cation coefficient of the k th user and satisfies ) ;,_,lx = 1.
Then the message vector received by users can be expressed
as follows:

yf!=Hx+n=Ax+n. 3D
The SINR of x; can be expressed as follows:
2
l
L POLE 32)

W= ,
bR g Fa0) ek

where p = p/Ny represents the SNR. Then the sum rate can
be expressed as follows:

K
R = log(1 +7F). (33)
k=0

The data rate is used as an indicator to compare the
performance of the two schemes. By solving R — R > 0,
it can be realized that

K
o P b Fafp Pl +1

1
A 1),
o= paglo (Q(FA’bO) )
34
where
1
g(FA7bO) = a2l
L+ g S
[ o Fa0) i
2
K paily (35)
1 (VT
k=1 1+ poril

[(FH oFa,0) " Ukt1,k+1



Denote
f(Do1) = Ao
K
B poz% Zj:l /\?AOJ‘ZJ' +1

padly

_1>.

1
(g(FA ’ bO)
(36)

When f(Ap,1) > 0, the NOMA scheme is better than LDMA
and vice versa. This condition can be used to decide which
scheme to adopt. From @, it can be seen that the value of
f(Aop,1) depends on the locations of users, which is discussed
through the following corollary.

Corollary 1. When by is a linear combination of by ~ by,
the proposed LDMA-NOMA hybrid scheme reaches the highest
performance.

Proof. Since F 4 o = (b, F 4), we can express (Fg,oFAO)_l
with F 4 and by via block matrix computation as follows:

(FHoFao)™

_( (1=DbFFaA(F{Fa) 'Fibo) " *

Bl ( * (FA(I - bobg )Fa)*
(37

Then it can be seen that [(FH Fao)~'11 = (1 —

biFA(FIF )" 'Fiby)~1. To satisfy , it is necessary
to make the right side of the inequality as small as possible,
i.e., it is necessary to make (FQ{OFA,O)_1 as large as possible.
To make [(F# ;F40) o0 as large as possible, the problem
can be formulated as follows:

max{bf F4(FAF )" 'Fiby}
s.t. biiby = 1.

This is a problem about principle component analysis [26],
which returns the possible solutions of the eigenvectors of
FA(FHFA)"'FH, ie, FA(FAF ) 'Fib; = Abj, and
FA(FHF )~ 'FH = X\ Notice that F4(F{F 4)7'F is the
projection matrix of F 4, A is either O or 1. It is obvious that
A = 0 is not the solution. Therefore, when A = 1, i.e., when
by is a linear combination of b; ~ by, the proposed hybrid
LDMA-NOMA scheme has the greatest advantage over the
LDMA-based scheme. O

(38)

Remark 1. The result in Corollary |I| is also physically
intuitive. by is a linear combination of by ~ by means
that the resolution between Uy and K legacy users is poor.
This makes it challenging to distinguish Uy and legacy users,
resulting in a lower performance for the LDMA-based scheme.
On the contrary, when by is orthogonal to by ~ by, the
LDMA-based scheme reaches the highest performance. In
other cases, it can be measured by the angle between by and
span{by,ba, ... by}, which can be expressed as follows:

6(bg, B) = arccos ||B(B”B) !B by||*. (39)

Lower 6(bg,B) means a smaller distance between bg and
span{by,ba, ..., b}, and means a better performance of
LDMA-NOMA hybrid scheme. This result can be used as a
simple judgment for deciding which option to adopt.

Remark 2. From the analysis above, the proposed hybrid
scheme is not always better than the LDMA-based scheme
when the rate is used as the indicator. However, the hybrid

).

scheme can reserve the beam resource. To show this advan-
tage, we define a new indicator 7, named beam efficiency,
which is defined as

_ Rate

" The number of used beam’

n (40)
It is important to note that the unit of beam efficiency is the
same as that of the rate. Then the beam efficiency of the two
schemes can be respectively expressed as follows:
N = @ nk = R"

K’ K+1
It can be seen that the proposed hybrid scheme has more
advantages in beam efficiency.

(41)

SNR is also an important factor in communication systems.
To study the performance of the two schemes with high or
low SNR environments, the following corollary is given.

Corollary 2. When p — 400,

f(Ao1) = Ag1 — Cip+ Cy, (42)
where C1,Cy > 0 are constants independent of p.
On the contrary, when p — 0,
f(Do1) = Dot — (L —bIFA(F{F4)"'Fliby). (43)
Proof. See Appendix [A] O

Remark 3. From Corollary it can be known that with
the high SNR environment, the LDMA-based scheme per-
forms well. When SNR is low, it depends on the locations
of users, i.e., if the response vector of bg is closely re-
lated to the response vectors of other users, the value of
(1 — biFA(FHF 4)"'Flby) is smaller, and the LDMA-
NOMA hybrid scheme performs well.

C. The Improved Scheme with Beam Selection

In the scheme proposed in Subsection the exiting
beams are fixed and cannot be changed. However, if BS
can decide which user to be a “NOMA user” and others
to be “LDMA users” from all K + 1 users, rather than
using the existing beams from K legacy users directly, the
performance might be better. The problem can be described as
follows: Choose a “NOMA user” Uy from Ugy, Uq,..., Uk,
and regards it as the secondary user. The remaining users
are regarded as legacy users, then apply the LDMA-NOMA
hybrid scheme to the users. Notice that the performance of
the LDMA or NOMA scheme depends on the resolution A,
smaller A tends to choose the LDMA scheme while larger A
prefers NOMA. Therefore, BS can choose the “NOMA user”
depending on the resolutions. Specifically, to better quantify
and compare the resolution of each user with all other users,
let us define the sum resolution S(7) as

K
Si)y= Y A

(44)
§=0,j7i
Then BS can choose Uy as
= N). 4
Un argoénNaécKS( ) (45)
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Fig. 3. The user grouping scheme.

Once BS has selected Uy, BS can apply the LDMA-based
scheme to Up,Uy,...,Uxy_1,Upn11,...,Uxk and formulate
K — 1 beams. And then choose the closest beam to serve Uy
and with the NOMA-based scheme. The performance of the
scheme can be obtained by setting F 4 = By and replacing
by with by in (28).

The complexity of this method can be easily determined.
It requires K calculations of S(), where each S(i) involves
K — 1 computations. Additionally, it is necessary to compute
A forany 1 < i < j < K, which involves a total of
K(K — 1)/2 resolution calculations. From the number
of calculations required to obtain the resolution is given by
2(M + N). Therefore, the total complexity is K (K —1)(M +
N +1)~ K?(M + N).

Remark 4. This discussion shows that adding a new user
to the existing near-field LDMA network may have a better
or worse performance with the NOMA-LDMA scheme than
with LDMA-based scheme. This discussion considers the case
of sufficient beam resources (enough RF chains, see [21|]).
However, when the beam resources are less than the total
number of users, the NOMA-LDMA scheme should be used. At
this point, how to allocate the limited beam to users reasonably
is a significant problem, which will be discussed in the next
section.

V. THE LDMA-NOMA HYBRID SCHEME FOR THE CASE
WITH LACK OF BEAM RESOURCES

Consider K users, which are denoted by Uj,...,Ug,
served by BS. Limited by the beam resources, only Ngp =
K1 < K RF chains are available, i.e., only K beams can be
designed. Therefore, it is necessary to divide the users into two
groups U and UN. After the user grouping, BS formulates
K, beams for all users in " according to the LDMA-based
scheme. Then BS chooses a beam for each user in U” to
apply NOMA-based scheme. Denote U} and UY as the i-th
and j-th user in T and UY, respectively. The performance
significantly depends on the grouping strategy. An efficient
grouping strategy is discussed in this section.

A. User Grouping

The approach is to extend the method in Subsection to
the multi-user case, which is illustrated in Fig. [3| Specifically,
BS chooses the user with the maximum S as the first user

for UN. Then BS continues to choose the second user from
the remaining users with the same process until the number
of elements in U/~ becomes 1 — K. After obtaining 4/~, BS
can design the beamforming vectors as the response vectors
of users in U”. Then the nearest beam is chosen to serve
each user in UY. Define a multi-valued mapping g(j)
[1,K;] — [1,Kn] to describe the pairing situation by the
rule that the j-th beam serves UNP), ie., pﬁj) = bk, where
g(7) € g(j). Denote Afgf& = |b§1 b§2\2, &1,6 € {L,N} as
the resolution between Ufl and U?Q. Then the overall grouping
and pairing strategy is provided in Algorithm

Algorithm 1 User Grouping and Pairing Algorithm
Input: The location information of Uy, ..., Ug, Kp, M, N.
Output: User groups U”, U™, and pairing map g().
1: Forany 1 <4 < j < K, obtain A, ; according to (I2).
2: For any 1 < i < K, obtain S(¢) according to .
3: for $(UN) < Ky do
4 Choose Uy = argoér}vaécKS(N), add Uy to UV

s j=1
6 for j < K do

7. S(7) =50) — Aj N

8: j=7+1

9 Add Uy to UN.

10: Add all remaining users to UL,
11: Set ¢ = 1.

12: for : < Ky do

13: Find j* that satisfies AijL =
14: Add a new value ¢ for g(j*).
15: 1 =1+ 1.

16: return UL, UV, g().

The complexity can be easily obtained. According to the
analysis in Subsection the complexity of Step 1 and 2
is K(K—1)(M+ N)+ K — 1. Steps 3 to 6 require 2K Ky
computations, while the remaining steps involve K K com-
putations. Consequently, the total complexity is given by
K(K-1)(M+N)+K—-1+2KKNy+KnKp ~ K*(M+N),
which is similar to the case in Section

The performance of proposed algorithm will be presented
in the following subsection.

B. Performance Analysis

Denote UL = {UL,... . UL }, u™N = {UY,...,UX 1.
K = K + Ky. The channel vector of Uf is denoted by
h§" = afb;”, where ¢ € {L,N}. H® = (hf,...,h{ )"
represents the channel matrix. Then the analog precoder for the
LDMA users is set as F4 = (bf',... bk ), and the digital
precoder is set as Fp = H (HH?)~!A, where H = HF 4
is the effective channel matrix. A = diag(A1,..., Ak, ) is
designed to ensure ||F4fp;||*> = 1, where fp; is the i-th
column of Fp, 1 <14 < k. From [21]], A; can be known as

1
WY B S 7}
! [(FEFA)”]J‘J" i

(46)



where [(FAF 4)~
(FAF4)~!
The message sent by BS is given by

11, ; denotes the j-th diagonal element of

(47)

Kn

X = FAFDXL + \/sziv\/ lf\fzi\f’
=1

Vik, k)T

VP(/lExl, ...,
N

signals intended for the LDMA users, z;

where x* = represents the
N and pY €
{bf,...,bL } represent the signal and the beamforming
vector for U;", respectively. Then the received signal vector

by LDMA users can be expressed as follows:

LeHx+n=Ax+4/— ZprV\/lNCC +n. (48)

Then the message received by UJL can be expressed as

follows:
Ay 1Eak + af\JINz)

g€g(j)

Ll()\/ﬁN

where ¢g~!() denotes the inverse mapping of g().The SIC is
adopted in UL to eliminate the 1nterference caused by the users
from YUY, then the SINR of x can be expressed as follows:

(49)

i=1,i¢g(f)

L2jL

L 2L paly

vE = pAilk = —, (50)
’ T (FEFA) T

where p = P/Ny represents the SNR. Similarly, the message

received by UlN can be expressed as follows:

INzN 4 n

[P &
= hVHF ,Fpxt + n]VH EZpZN
i=1

K,
N,L /
= \/ﬁ(alN\/Zlyg_%l) llN.’ElN —‘rafvthHZFAfDfo

+ Z \F 1(z>\r

i=1,i#l
(5D

where and fp ; represents the j-th column of Fp. SIC is
adopted in the NOMA users in sequence to eliminate the other
NOMA users’ message.

NOMA users decode their own messages directly, and the
SINR of z{¥ can be expressed as follows:

N2 AN,L N

N _ P Alg‘l(l)l

rYl - I )
l

(52)

where

Il =po 2Z|bNHFAfD]| l

j=1
Kn
+ pOé{VQ Z Al]VgL1( )i + 1
i=1,i#l,igh(l) (53)
=pa}'? Z )\2A%’Llj
Kn
tpai? YT ARG+
i=1iLigh(l)

h(l) denotes a set that each element ¢ in h(l) needs to satisfy
the following two conditions:

g (D) =g7'(0)

)< | o
The overall rate of the system is given by
Ky Kn
R=> log(1+~))+ Y log(1+~"). (55)

j=1 =1

The beam efficiency can be obtained by n = KL;. To study the
performance with high or low SNR environment, the following
corollary is given.

Corollary 3. When p — 400, R ~ Kglog(p), where K|, <
Kg < K1 + Kpeam depends on the users. Kpearm denotes the
number of beams that carry any NOMA user.

Proof. See Appendix [B] O

Remark 5. From Corollary[3] it can be seen that the increased
rate of R with increasing SNR is related to the total number
of beams and the number of beams carrying NOMA users.
Considering the balance with beam efficiency, when kp is
small, it is better to maximize Kpean as much as possible
to achieve optimal performance. Maximizing Kpean implies
that the resolution between each NOMA user is good, which
may provide a reference for further optimizing the grouping
strategy.

VI. SIMULATION

In this section, the simulation results are presented. The
carrier frequency is set as f = 30 Ghz, and thus wavelength
is A = 1072 m. The antenna spacing is chosen as d = % =
5 x 1072 m. The simulations in this paper has not considered
large-scale fading.

Fig. {4| illustrates the overall rate of the proposed LDMA-
NOMA hybrid scheme, alongside the results of the LDMA-
based scheme for comparison. The antenna array size is set
to M = N = 32. There are K = 40 legacy users uniformly
distributed along four straight lines with azimuth angles of
0, = —w/3,00 = —7/9,05 = 7/9,04, = w/3,¢ = w/6.
The users are distributed along the lines with a range of 2.1
m to 9.4 m. The additional user is placed at two different
angles, 6y = 0 and 0y = 7/9, respectively, with a radial
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Fig. 4. Comparison of the proposed scheme and LDMA-based scheme in
terms of overall rate.

distance of rp = 3.27 m. It can be observed that when
6o = w/9, i.e., the additional user is at a same line with a
group of legacy users, the proposed hybrid scheme performs
better than LDMA-based scheme. The reason is the poor
resolutions between the additional user and legacy users in
this case. However, when 0y = 0, the additional user is more
easily distinguishable, thus the LDMA-based scheme performs
better. This result suggests that the proposed hybrid scheme
does not always perform better than the LDMA-based scheme.
Its performance advantage depends on the spatial distribution
of users, as discussed in Remark [2]

To study the relationship between the performance of the
proposed scheme and user locations, Fig. [3] illustrates the
variation of rate with the change in the positions of secondary
users while the positions of legacy users are fixed. The
elevation angle of the 5 legacy users is fixed at ¢; = 7/6,
with azimuth angles uniformly distributed in the range of
[-7/3,7/3], and they are located at a distance of 24.6 m
from the base station. The elevation angle of the secondary
user is also fixed at ¢y = m/6, located at a distance of
12.3 m from the base station, while its azimuth angle 6,
varies. The ratio of rates between the two schemes RY /RE
are plotted in Fig. [5] marked by circular symbols and red
lines. Additionally, the angle 6(bg,B) between the beam
vector of the secondary user and the subspace formed by
the beam vectors of legacy users is presented in the Fig. [3]
marked by diamond symbols and green lines. The number
of antennas is set to M = N = 32, while the SNR is
chosen as p = 40 dB. From the figure, it can be seen that
the rate ratio fluctuates significantly with 6y, indicating that
the performance is influenced by the angle of the secondary
user. This is because that the angle determines its resolution
concerning other users. Moreover, the angle 8(bg, B) is found
to be inversely correlated with the rate ratio, i.e., a higher rate
is achieved when the angle is smaller, indicating the superiority
of the LDMA-NOMA hybrid scheme, while the advantage is
less outstanding when the angle is larger. This aligns with the

1.2
15
1.1 &
3 o2
5 o
My =
5} —
05 &
0.9 o2}
0.8 ‘ ‘ ‘ 0
1 0.5 0 0.5 1
90/ * T

Fig. 5. Comparison between the proposed LDMA-NOMA hybrid scheme and
the LDMA-based scheme and their relationship with the angle between the
beam vectors. The red line marked with circles represents rate ratio RN / RL,
while the green line marked with diamonds represents the spatial angle
6(bg, B) = arccos ||B(B¥B)~ B bg||2. The unit of the horizontal and
right-hand vertical axis represents the multiple of pz.

conclusion drawn in Fig. [T} Hence, in practice, this angle can
be utilized to determine which scheme to choose.

Fig. [6] presents the beam efficiency of the proposed LDMA-
NOMA hybrid scheme and compares it with that of the
LDMA-based scheme. Additionally, the results of an improved
scheme based on user selection are also shown in the same
figure. Three different user distribution scenarios are consid-
ered:

o All users are uniformly distributed along a single straight

line with an azimuth angle of 6y = —%,02 = §, 6 = ¢.
o All users are uniformly distributed along two straight
lines with azimuth angles of 6; = —% and 0 = %.

o All users are uniformly distributed along four straight
lines with azimuth angles of 61 = —%,0; = —3,03 =
Ba=50=F

The users are distributed along the lines within a range
of 82 m to 21.3 m. The number of antennas is set to
M = N = 32. Results for different numbers of users K
are shown in the figure. It can be observed from the figure
that the proposed LDMA-NOMA hybrid scheme achieves
higher beam efficiency compared to that of the LDMA-based
scheme. The scheme with user selection can further increase
the beam efficiency. This demonstrates the superiority of the
proposed scheme in this paper. Specifically, from Subfigure
(a), it can be observed that when all users are distributed
along a single straight line, the beam efficiency of the LDMA-
based scheme is almost zero. The proposed LDMA-NOMA
hybrid scheme significantly improves beam efficiency in this
case. This is because the resolution between adjacent users is
very poor, making it nearly impossible to distinguish between
these users, which leads to a poor performance of the LDMA-
based scheme. However, this poor resolution provides a good
opportunity for the application of NOMA. By selecting any



beam as a NOMA user, since RY > 0, the overall rate
increases significantly. However, when users are distributed
along two or four straight lines, the performance of the
LDMA-based scheme is no longer extremely low, though it
still falls short of the beam efficiency of the proposed LDMA-
NOMA hybrid scheme. Specifically, for example, in subfigure
(b) with K = 20 and in subfigure (c) with K = 40, the
beam efficiency of the LDMA-based scheme is only slightly
lower than that of the LDMA-NOMA hybrid scheme. This is
because the resolution between Uy and other users is good,
allowing the LDMA-based scheme to be effectively applied.
However, it can still be observed from the figure that if
NOMA users are selected appropriately, the beam efficiency
can still be significantly improved. This is because there are
still users whose resolution between other users are not good.
The LDMA-NOMA hybrid scheme accurately identifies such
user pairs and utilizes the fact of their poor resolution to
maximize beam efficiency. In addition, it can be observed
that as the number of users increases, the beam efficiency
decreases. The reason is evident, serving more users with the
same resources leads to increased interference among users,
resulting in a decline in system performance. However, even in
scenarios with a large number of users, the proposed scheme
in this paper still provides a significant advantage.

Fig. [/ presents the impact of the number of transmitting
antennas on the performance of the two schemes. All users
are uniformly distributed along a single straight line, identical
to the scenario in Fig. [B(a). The SNR is set to p = 40 dB.
The number of antennas M = 32 is fixed, while /N varies
from 32 to 512. It can be observed from the figure that as [V
increases, the beam efficiency of both schemes also increases
until it reaches the upper bound, beyond which it no longer
grows. The reason can be explained as follows. When N is not
large, as NV increases, the resolution between users gradually
improves, leading to an increase in the performance. However,
when N is larger than a certain value, the resolution tends to be
a non-zero constant, and further increasing N does not lead
to performance improvement. This also has been explained
in previous works in the literature [22], [23[]. Additionally,
it can be observed from the figure that as N increases, the
performance difference between the two schemes becomes
smaller until they are almost identical. This indicates that as
long as the number of transmitting antennas is sufficiently
large, the LDMA-based scheme can also achieve a good per-
formance. However, when the number of antennas is not large
enough, the LDMA-NOMA hybrid scheme is still superior.
Furthermore, it can be noticed from the figure that more users
imply poorer performance, which is consistent with the finding
in Fig. [

Fig. [§] presents the beam efficiency under conditions of
limited beam resources, applying the grouping algorithm pro-
posed in this paper. For comparison, the results of random
grouping are also shown in the figure. The user distribution
and other physical parameters are the same as those in Fig.
[6l From the figure, it can be seen that after grouping using
the algorithm proposed in this paper, the beam efficiency is
significantly improved compared to random grouping. This
indicates that the proposed algorithm effectively utilizes the
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Fig. 6. Comparison of the proposed scheme and LDMA-based scheme in
terms of beam efficiency.
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Fig. 7. The impact of the number of antennas on the beam efficiency of the
two schemes when user positions are fixed.

resolution between users to enhance system performance.
Particularly, in subfigures (a) and (b), it can be observed
that increasing the SNR has little impact on the performance
improvement of random grouping. This is because incorrect
grouping may apply NOMA to two users with good resolution,
while applying LDMA to two users with poor resolution, thus
failing to effectively utilize the advantages of both multiple
access schemes. This emphasizes the importance of accurate
grouping of users based on their resolution. Additionally, it
can be observed from the figure that as the beam resources
K, increase, the beam efficiency decreases. This is because
although increasing the beam resources improves the overall
information rate, the amount of increase cannot match the
number of consumed beam resources, resulting in a decrease
in the beam efficiency. This further highlights the significant
improvement in the beam efficiency realized by the proposed
hybrid LDMA-NOMA scheme in our work.

To study the impact of the number of available beams on
the beam efficiency, the results for different K;, are presented
in Fig. El Two cases of different user distribution model,
distributed linearly in a line and distributed uniformly in two
lines are considered. The parameters of the communication
system are the same as in Fig. [6] It can be observed from
the figure that the beam efficiency is inversely correlated with
K71. The reason is that the improvement of rate brought by
the increasing of K cannot match the number of utilized
beam resources, which is also discussed in Fig. @ When
K1, > 20, the utilization of beam resources has been saturated,
the beam efficiency cannot be improved by just increasing
the transmission power. In addition, it can be seen from the
figure that the case of uniform distribution performs better than
the case of linear distribution. This is because the resolution
of users distributed in a line is much worse, and leads to
performance loss. This also demonstrates the significance in
the proposed hybrid LDMA-NOMA scheme.
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Fig. 8. Performance comparison of the proposed scheme and arbitrarily
grouping scheme with limited beam resources.
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VII. CONCLUSION

In this paper, we proposed a novel LDMA-NOMA hybrid
scheme for near-field communication beamforming, which
uniquely combines the advantages of location-division mul-
tiple access (LDMA) and non-orthogonal multiple access
(NOMA). The key innovation of proposed scheme lies in
its ability to dynamically allocate beam resources based on
user resolution information, optimizing beam efficiency. The
performance of the proposed scheme was also analyzed.
Simulation results were provided to demonstrate the benefits
of the proposed scheme, drawing a performance comparison
against different benchmark schemes, highlighting its potential
to significantly enhance beamforming performance in near-
field communication scenarios.

APPENDIX A
PROOF OF COROLLARY 2]

When p — 400, g(F4,bg) can be known as

4(F a.bo) [(F4 oFa0) i1 Xﬁ [(FH 0Fa0) "kt re
’ podic LT EIE )T
(56)
Then f(Ap,1) can be known as
Yicy W Fafp ;21 1
A Npq1 — == : -1
f(B01) = Bos aglo (9(FA7b0) )
=NAg —Cip+Cy, 57
(57
where
(FH Fa0) et1,641
hi F afp |, A0 ’
Z‘ o Fafo,l” H (FIFA) ex (58)
C, — 27 1 |hHFAny\2l

Oéolo

The first part of the Corollary is proved.

When p — 0, g(F 4,bg) can be known as
padlo
FA,OFAO)

—1
1]1,1) '
Then f(Ap,1) can be known as

i (oo )
Paolo g(FAabO)

1
=Agq — (60)
O (P Fa0) s

=Ag1 — (1 —-bIFA(FHF ) 'Fiby).

9(Fa,bo) — (1 + I (59)

f(Do1) = Ao —

The second part of the Corollary is proved.

APPENDIX B
PROOF OF COROLLARY[3]

We prove the corollary based on different cases of I; for
the [-th user:

e When I; =~ 1. This requires users to meet the following

conditions:

- Zfﬁ NANE ~ 0, ie. A; & 0 with any 1 <

j < K. This condition occurs when the resolution
between LDMA users is poor.

i1 il igh(l) AlNgfl(l)lfV ~ 0, i.e., there is no
interference between NOMA users ass1gned to the
same beam. This can almost only occur after the
final stage of SIC is completed, so at most one user
per beam can meet this condition.

If both conditions are met, then 7Y = Cyp, where Cy
is a constant that independent of p.
e When I; > 1, i.e., either of the above conditions is not

met, then v/¥ can be approximated as follows:

R
N,L N
- Al

YK N,L
Z]‘:L1 |blNHFAfD,j|2lgL + Zi:l,i;ﬁl,z‘gh(l) Al,g*1

Wl
(61)

which is independent of p.
Denote 0 < Kn,0 < Kpeam as the number of users that

. satisfy both conditions, where K .4, is the number of beams

that carry any NOMA user. Then R can be approximated as
follows:

R=Kplog(1+CrLp)+ Kn,log(l+ Cnp)
~ (KL + Ky ,0)log(p),

where Cp, is constant that independent of p. Based on the
range of K, the result of the corollary can be derived.

(62)
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