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Abstract—This letter investigates the coexistence between near-
field (NF) and far-field (FF) communications, where multiple FF
users are clustered to be served on the beams of legacy NF users,
via non-orthogonal multiple access (NOMA). Three different
successive interference cancellation (SIC) decoding strategies are
proposed and a sum rate maximization problem is formulated
to optimize the beam assignment and decoding order. The beam
assignment problem is further reformulated as an overlapping
coalitional game, which facilitates the design of the proposed
clustering algorithm. The optimal decoding order in each cluster
is also derived, which can be integrated into the proposed
clustering. Simulation results demonstrate that the proposed
clustering algorithm is able to significantly improve the sum rate
of the considered system, and the developed strategies achieve
different trade-offs between sum rate and fairness.

Index Terms—Coexistence between near-field and far-field
communications, non-orthogonal multiple access (NOMA), suc-
cessive interference cancellation (SIC), user clustering

I. INTRODUCTION

In the sixth generation (6G) wireless networks, as the
number of antenna elements increases, Rayleigh distance is
significantly increased, which motivates the coexistence be-
tween near-field (NF) and far-field (FF) communication [1],
[2]. Unlike conventional FF communications, which are based
on beam steering channel models, NF communications rely on
spherical-wave channel models, which enable beam focusing
[3]. As pointed out in [3] and [4], the beams preconfigured
for multiple NF users can be exploited to serve additional FF
users in the same angular direction based on non-orthogonal
multiple access (NOMA) schemes, where power allocation can
be leveraged to suppress multi-access interference. Further-
more, it was shown in [5] that the imperfect beamforming
design for NF users can also provide opportunities for the
implementation of NOMA. However, for the NOMA assisted
coexistence between NF and FF communications, each FF
user needs to utilize the appropriate beams for transmission
and regard the signal transmitted through other beams as
interference. Therefore, it is necessary to develop efficient user
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clustering algorithms and flexible continuous interference can-
cellation (SIC) decoding strategies. Although NOMA based
NF communications have been studied in existing works [4],
[6], this problem has not been well addressed. Specifically,
the authors of [4] studied power allocation with fixed user
clustering, where a simple SIC decoding strategy was adopted
at FF users, treating all other signals as interference. In [6],
user pairing was employed to support two-user NOMA trans-
mission according to the different quality-of-service (QoS)
requirements.

In order to explore the coexistence between NF and FF com-
munications, this work studies the utilization of the legacy NF
space division multiple access (SDMA) networks. Specifically,
multiple FF users are included to perform NOMA schemes
based on the generated beams for NF users. By decoding
and eliminating inter- and/or intra-beam interference, three
different SIC decoding strategies are proposed to balance
complexity and performance in practical scenarios. Then, a
sum rate maximization problem for FF users is formulated
under the condition of satisfying the QoS of NF users, in
which beam assignment and decoding order design are jointly
investigated. Due to the fact that it is beneficial for each FF
user to utilize multiple beams, beam assignment is formulated
as an overlapping coalitional game which facilitates the design
of the proposed user clustering algorithm'. Moreover, in each
cluster, the optimal SIC decoding order for the intra-beam
interference is derived. The simulation results show that the
proposed solution can outperform the considered benchmarks
in terms of sum rates, and the proposed SIC decoding strate-
gies can be applied to different scenarios and objectives.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

Consider a downlink SDMA system with one base station
(BS), K NF users, and N FF users, where the BS is equipped
with a L-antenna uniform linear array, and each user is
equipped with a single antenna®. The number of NF users
is assumed to be less than or equal to the number of antennas
at the BS, i.e., K < L. The collections of all NF and FF users
are K ={1,2,--- ,K} and N = {1,2,--- | N}, respectively.

It is worth noting that the user clustering studied in this work is more
challenging since i) the utility of any FF user in a cluster is partially decided
by the other clusters; and ii) the utility of any cluster is affected by the
permutation of FF users within it.

2The NOMA based coexistence considered in this paper can be utilized
to serve add-on FF users in legacy NF communication scenarios, reduce the
system overhead of beamforming re-configuration in networks with mobile
FF users, or support overloaded systems where the number of users exceeds
the number of antennas.
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The channel vector of NF user k is defined based on the
spherical-wave propagation model [7], [8], as follows:

h, = ay [efj%”\w’fﬂlill eI E T~ 1/"L‘:|T7 1)
where «y, is the free space path loss, A is the wavelength, and

Fand 4, Vi € {1,2 , L} are the locations of NF user
k and the [-th element of the array, respectively Speciﬁcally,
the free space path loss is defined by ai = m,
where ¢, f., and 1, denote the speed of light, the carrier
frequency, and the coordinate of the array center, respectively.
By utilizing the beam steering vector, the channel vector of
FF user n can be modeled below:
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where t,b,FlF is the location of FF user n, and 6,, is the angle of
departure. It is assumed that perfect channel state information
of NF and FF users is available at the BS, and beamforming
is achieved through advanced beam training strategies, such as
the one shown in [9]. At the BS, zero-forcing beamforming is
adopted based on the channel vectors of NF users, as shown
in follows:

[p1 -+ px]=HEH"H)™, 3)

where py; is the normalized beamforming vector, i.e., pkH Pr =
1,Vk, and H = [h; --- hg|. In particular, K beams are
generated to serve the users, and the signals for FF users is
transmitted utilizing these beams. In this case, the NF users can
enjoy the inter-beam interference-free transmission, while each
FF user can utilize multiple beams to increase its individual
data rate. The signal transmitted from the BS is given by

K K N
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where pj, is the transmit power of NF user k, pi, is the
transmit power of FF user n on beam k, and si* and sh¥
are the signals for NF user £ and FF user n, respectively. The
transmit power should satisfy pk—i-z,]j:l DPk,n = P, where
P, is the transmit power budget for each beam. The received
signal at NF user k is given by

N
k= b Dry/Prsy” + i \/Prash' + 0k (5)
n=1
where ny, is the additive noise. Since NF users are not affected
by inter-beam interference, and are expected to have better
channel conditions than FF users, SIC techniques can be
employed. That is, in each beam, the NF user can attempt
to decode and remove all FF user signals. Assuming that the
signals of FF users are decoded from NN to 1, the data rate of

NF user k to decode the signal of FF user n is given by
Pr.n By Pr|?

Ry =log, |14 o , (6)
pk|thpk|2+Zi:11pk,i|thpk|2+02
where o2 is the variance of the noise. If the signals of all FF

users are removed, or there is no FF user using the beam of
NF user k, the achievable data rate of NF user k is given by

he 2
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B. SIC Decoding Design

At FF user n, all signals for NF and FF users can be
received, as shown in follows:

Yn = &1 pr—sk +gr Zpkzx/—pkns +nn. (8)

k=1 n=1
It shows that each FF user suffers from both inter- and intra-
beam interference simultaneously. In this case, we propose
the following three SIC decoding strategies to remove the co-
channel interference.

1) SIC Decoding Strategy 1: In case each FF user utilizes
more than one beam, it will receive multiple desired signals.
According to [4], the FF user can decode its signals by treating
the signals of all other users as the interference. Assuming FF
users decode signals from beam K to beam 1, the data rate of
FF user n to decode its signal transmitted through beam k is

Rk F(1) 9)
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where gi.., = |gf pi|?.

2) SIC Decoding Strategy 2: Similar to NF users, strong
FF users with better channel conditions and/or weaker interfer-
ence are also able to decode the signals for weak FF users. In
this case, a decoding order should be designed for each beam.
With a given decoding order Qy, the signals of FF users are
decoded from the last to the first. The data rate of FF user n
to decode the signal of FF user m on beam k is given by

=log, ll I
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After partially removing the signals of FF users with the same
beam, the signals of other users are treated as interference, and
the data rate of FF user n with beam k can be expressed as
Pk,ndk,n
K -1
tZizl,i;ékgi77I+ (P21 1 Ph,i) Gt 0
(11
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In order to guarantee the successful decoding, the data rate of
FF user n on beam k with decoding order Q) is given by

RFF(2)_mln{R£1:n_F>:(2) RFF@)WQ )< Qr(n )}. (12)

3) SIC Decoding Strategy 3: The aforementioned two
decoding strategies can be combined to form SIC decoding
strategy 3. That is, each FF user can decode and remove the
signals of weak users on all beams following its beam. For FF
user n, in order to decode the signal of FF user m on beam
k, it can remove the signals of all users m’ on all beams from
K to k, where m’ > m > n. The rate of FF user n to decode
the signal of FF user m on beam £ is

B (13
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After that, FF user n can decode its own signal on beam k at
the following rate:

PknGk,n
k— K n—
P tZi:llgi,n+Zi:k(pi +Zj:1lpi,j )Ginto?
(14)
Similarly, the achievable data rate of FF user n is limited by
the stronger FF users, as shown in the following

REE min{RFF*FF(g), Rg_i(g) IVQx(m) < Qk(n)} . (15

,n = k,m—n
With any SIC decoding strategy, the data rate of FF user n
utilizing beam £ should be limited by the corresponding NF
user, as shown in follows:

RS = win { RS RN vie {1,2,3) )

Rg_i(g):logz 14

For simplicity, the superscript (i) denoting the SIC decoding
strategy is omitted in the remainder of this letter.

C. Problem Formulation

In this letter, a sum rate maximization problem is formulated
for the FF users, under the condition of guaranteeing the
QoS of the NF users. To indicate the utilization of beams,
a binary beam assignment indicator xj, is defined based on
the transmit power, as shown below:

1, if Pk.n > 0,
xk,’ﬂ, = O

if pgn=0.
That is, z1 , = 1 indicates that FF user n is using the beam
of NF user k; otherwise x, ,, = 0. Therefore, the problem can
be presented as follows:

N K
E E FF
‘Tkﬂle,n

n=1 k=1
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(18)

min
X,Q

st. RNF > R, Vk € K, (18a)
K

Do Tha 2 LVnEN, (18b)

Tkn € {0,1},Vk € K,Vn e N, (18c¢)

where X and Q are the collections of all beam assignment
indicators and SIC decoding orders, respectively. Note that
constraint (18a) includes the target data rate of NF users, i.e.,
Rin, and constraint (18b) implies that each FF user should
utilize at least one beam.

III. USER CLUSTERING AND DECODING ORDER DESIGN

In this section, the proposed problem is solved by iteratively
executing the proposed user clustering algorithm and the
designed SIC decoding order.

A. Coalitional Game based User Clustering

The beam assignment problem formulated in (18) can be
viewed as an overlapping coalitional game (N, U, S), in which
N FF users form a structure S in order to improve the
utility U. The structure is a collection of K overlapping
clusters, i.e., S = {51,52, -+, Sk}, where each cluster Sy
includes one NF user and multiple FF users. Without loss of
generality, the NF user in cluster Sy is denoted by k. In the
considered coalition game, the FF users can request to join or
leave clusters based on the sum rate, while the corresponding

Algorithm 1 Game Theory Based User Clustering Algorithm

1: Initialization:

2: Initialize the structure of S by randomly dividing FF users into
all clusters.

3: Main Loop:

4: for n € N do

5. FF user n searches cluster Si € S.

6:  if Merge Rule is satisfied then

7 FF user n applies to join in cluster Sj.

8: if RN (S U{n}) > Rumin then

9: Set § = S\ Sy U Sy, where Sj, = Sy U {n}.

10: end if

11:  end if

12:  if Split Rule is satisfied then

13: FF user n leaves cluster Sk.

14: Set S = S\ Sk U S, where S}, = Si\{n}.

15:  end if

16: end for

17: The main loop is repeated until no merge or split strategy can
be performed in a complete round.

NF user can accept or reject this request based on the QoS
constraints. The coalition utility is defined as follows:

UsS)=> > R,

keK neSy

19)

During the game, the requests of FF users are based on the
merge-and-split strategy [10], [11], as shown in follows:

Definition 1. (Merge Rule) With a given cluster Sy in S,
any FF user n ¢ Sy tends to merge if and only if U(S) <
U(S\Si U S}.), where S, = S, U {n}.

Definition 2. (Split Rule) In structure S, any FF user n €
Sy tends to split if and only if U(S) < U(S\Sx U S},) and
S\Sk N {n} # 0, where S}, = Sp\{n}.

Based on the merge and split rule, the FF user can make an
application to join or leave a cluster, and the corresponding NF
user must respond to the application. For the merge request,
the NF user responds according to its individual data rate.
Specifically, if the target data rate of NF user can be achieved
after the FF user joins its cluster, the application can be
accepted; otherwise, the application is rejected. For the merge
request of FF user n, the strategy of NF user k& can be
presented as follows:

S — S U {n}, if REF(S]@ U {n}) > Ruin,
Sk — Sk,

Note that in the scenario considered, the transmit power of the
NF user does not decrease when the FF user leaves the cluster,
and hence, the data rate of the NF user is not reduced by this
action. Therefore, the split requests are always approved.

Based on the strategies of FF and NF users, a user clustering
algorithm is proposed in Algorithm 1. For Algorithm 1, the
FF users start actions from 1 to V. If FF user N completes
the search action from S; to Sk, a new round of the main
loop starts. In order to guarantee that the data rate of FF users
is not reduced due to SIC decoding, once the structure S is
changed, the designed SIC decoding order in Section III-B can
be performed for all clusters.

1) Complexity Analysis: The computational complexity of
the proposed user clustering algorithm is O(CKN), where

otherwise. (20)
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C is the number of the main loops. In each round, N FF
users have to search K clusters, so K N computations are per-
formed. With a given number of rounds C, the computational
complexity can be obtained.

2) Convergence and Stability: From any initial structure,
the proposed algorithm is guaranteed to converge to a stable
structure. Suppose that S, and S, are two adjacent structures,
where a < b, from S, to Sy, there is a FF user who executes
the merge or split strategy. Based on the definitions, the utility
is strictly increasing i.e., U(S,) < U(Sp). With the finite
number of FF users and clusters, the number of possible
structures and the upper bound on the sum rate are also finite
[10]. As a result, the structure can always converge to a final
structure, which is also a stable structure.

B. SIC Decoding Order Design

In order to improve the performance of SIC decoding
strategies 2 and 3, the FF users should be ordered in each
cluster. For any given cluster S, = {k,1,2,---,|Sk|}, the
SIC decoding order Q) is from |Sg| to 1. In other words,
each FF user must decode and remove the signal of the FF
user after it. Moreover, in the case that m < n, if FF user m
cannot decode the signal of another FF user n, the data rate
of FF user n should be reduced [12]. As a result, the data rate
of any FF user n is limited by all FF users that decode its
signals, as shown in the following equation:

Rk », = min {RFF*FF‘Vm < n} .

k,m—n

2y

When using SIC decoding strategy 2, the above equation
can be transformed as follows:

RFI;(Q):min logy [ 14 Dkn — ‘Vm <n
b At pr+ 30 Pr

=log, |14 Ph,n
? max{Al(j)

— ) ,22)
mlVm<n}t4pet) S pri
where

P, im+ 02
42 2 tzz 1;&;@9 ' (23)
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In order to maximize the data rate of each FF user in cluster
Sk, it should be guaranteed that A,(le is the maximum when
decoding the signal of FF user n, i.e.,

max{A7), AD) - AP Y = AP vne S, (4
In this case, the data rate of FF user n in cluster S is not

reduced due to the SIC decoding. As a result, the FF users in
cluster S;, should be ordered as follows:

max {A;fzn}Vm < 1} <. <max {A;fzn}Vm < |Sk|}

PtZz 1 z;ékgz 1+U PtZz 1 z;ékgl |Sk‘+

9k, 9k,|Sk|
The above inequality indicates that in any cluster Sj, the
FF users should be ordered based on inter-beam interference
and channel gains. In particular, any FF user with the strong
channel condition and/or the weak inter-beam interference is
able to decode the signals of other FF users without reducing
their data rates. As a result, the sum rate can be increased.

- (25)

Moreover, the data rates of NF user k for decoding the signal
of FF user n is given by
Pkn

RYFFE —Jog,[1 . (26)
b Ak + Pt 1]91”

where Ay £ 02/|hf p;|2. Tt is noted that allowing the NF
user to decode the signals of all FF users is consistent with
the proposed decoding order, since there is no inter-beam
interference at NF users.

With SIC decoding strategy 3, the data rate of any FF user
n in cluster S}, can be rewritten as follows:

RiFE) = log,(1+ Ph,n . Q@)
max{AQ, ,[vm < n}
where
P, 1m+ z+ n:l 7,7 i.m+02
Al(jf)n~>n tzz 19 Z k(P ijlp 9, 28)

gk,m

From the above equations, the optimal decoding order in SIC
strategy 3 can be obtained in a similar way. However, the
optimal decoding order in SIC strategy 3 is affected by the
transmit power of other users, which makes the optimization
of power allocation challenging. Therefore, in this letter, only
the decoding order in (25) is adopted, which can be considered
as a suboptimal solution to SIC strategy 3.

IV. SIMULATION RESULTS

In the simulations, a half-disc is considered, where the
coordinate of BS is ¢y = (0,0). The NF users are randomly
distributed in a half-ring with inner diameter 5 m and outer
diameter 21.2625 m, and the FF users are randomly distributed
in a half-ring with inner diameter 86.4054 m and outer
diameter 96.4054 m. L = 64, f. = 28 GHz, Ry, = 0.2
bits per channel use, and 0?2 = —80 dBm. Moreover, random
user clustering (UC) and random decoding order (DO) are
included as the benchmarks.

Fig. 1 shows the performance of the considered system,
where the Jain’s fairness index is introduced and calculated

by (REE.)?/(NREE,) . where RER, = S0, Y0, REF,
It is shown that the proposed solution, including game based
UC and DO, can significantly improve the sum rate, and the
improvement increases with transmit power. Due to the fact
that strong FF users can remove more signals with SIC strategy
2 and SIC strategy 3, these strategies can achieve significantly
higher sum rates compared to the one studied in [4], i.e.,
SIC strategy 1. Moreover, it is worth pointing out that in SIC
strategy 2 and SIC strategy 3, since the number of removed
signals at FF users is different according to different channel
gains, the fairness of these strategies is lower.

Fig. 2 and Fig. 3 demonstrate the sum rate with different
numbers of NF users and FF users, respectively. Overall, the
proposed solution allows the sum rate to increase with the
number of users. When the number of NF users increases, the
number of clusters is increased, and then the gap between SIC
strategy 1 and SIC strategy 2 does not change. As the number
of FF users increases, the number of FF users in each cluster
increases, and the advantage of SIC strategies for decoding
inter-beam interference becomes obvious. As a result, in Fig. 3,
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Fig. 1: The impact of transmit power. K =5, and N = 20.
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Fig. 2: The impact of the number of NF
users. N = 20, and P, = 30 dBm.
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Fig. 4: The convergence of Algorithm 1. K =5, N = 20, and P, = 30 dBm.

Fig. 3: The impact of the number of FF
users. K =5, and P, = 30 dBm.

the sum rate achieved by SIC strategies 2 and 3 is significantly
increased. It is worth noting that SIC strategy 3 can always
achieve the best performance, because it is a combination of
the other two strategies.

In Fig. 4, the analysis of convergence and stability is con-
ducted, where simulated annealing is included as a benchmark.
Note that although simulated annealing based algorithms can
converge to a global optimal solution with sufficient iterations,
its optimality is limited in the overlapping coalitional game.
Fig. 4(a) shows that the proposed user clustering algorithm
can achieve approximately 98% performance of the simulated
annealing based algorithm with much lower complexity. It is
also shown that the proposed algorithm needs more iterations
to converge to a stable structure if random DO is used. In
Fig. 4(b), the change in the average rate of NF users shows that
the improvement of the sum rate in the early stage is caused
by the merging strategy, and then the splitting strategy plays a
dominant role. Furthermore, compared with random DO, the
proposed DO is more efficient, as it can achieve higher sum
rates for FF users while ensuring that the average rates for NF
users are at a similar or higher level.

V. CONCLUSION

In this letter, beam assignment and decoding order design
were studied in a NOMA assisted NF communication system
in order to maximize the sum rate of all FF users. A coalitional
game based user clustering algorithm was developed, in which
the designed decoding order can be executed to implement the
proposed SIC decoding strategies. The improvement caused by

the proposed solution and the characteristics of the provided
SIC decoding strategies were shown in simulation results.
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