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Abstract. Cell-Free massive MIMO (cf-mMIMO) is an incarnation of dis-
tributed massive MIMO, which provides high spectral efficieny (SE). However,
when the number of users increases, the SE of cf-mMIMO will decrease. In
order to increase the SE when the number of users is large, many researchers
investigated cf-mMIMO with non-orthogonal multiple access (NOMA). In the
existing research, cf-mMIMO with NOMA requires the number of users in each
cluster to be equal, which is inflexible. This paper investigates the multiple
access technology for cf-mMIMO. A more flexible scheme which uses the
orthogonal multiple access (OMA) and NOMA at the same time is proposed in
this paper. This scheme does not require the number of users in each cluster to
be equal and it combines the advantages of both NOMA and OMA. An
achievable SE of this scheme is derived. It is proved that under certain number
of users and the length of the channel’s coherence time conditions, using OMA
and NOMA at the same time in the cf-mMIMO is able to obtain higher SE than
using OMA or NOMA alone.

Keywords: Cell free massive MIMO � NOMA � OMA � Successive
interference cancellation

1 Introduction

Massive MIMO is considered to be one of the key technologies in the fifth generation
(5G). However, one of the limitations of it is that when the location of the users are at
the edge of the cell, it will lead to low throughput, poor reliability, and increased
communication delay [1, 2]. Therefore, a distributed, network-based massive MIMO,
Cell-Free massive MIMO has been proposed and raised lots of concern. In cf-mMIMO,
all access points (AP) serve all users simultaneously, so the problems mentioned above
can be solved and higher SE can be provided [3, 4].

However, when the number of users is large, the length of the pilots increases,
which will decrease the SE of cf-mMIMO. NOMA is a solution to this problem. As one
of the most important key technologies in wireless communication, multiple access
technology has always been a focus of research. As the number of users growing, the
performance of NOMA is getting better [5, 6].

There are many researchers investigating cf-mMIMO with NOMA. The simulation
results prove that when the number of users is large, the sum rate of cf-mMIMO with
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NOMA is higher than OMA. However, when the number of users is small, the per-
formance of NOMA is worse than that of OMA due to intra-cluster interference and
error propagation of imperfect SIC [7]. The number of users determine which tech-
nology provides higher sum rate. Hence, OMA should be adopted when the number of
users is small, and switch to NOMA when the number of users is large. In [8] and [9],
the authors discussed how to select the appropriate switching point and the specific
switching method according to the actual situation and the number of users. Conjugate
beamforming (CB) and normalized conjugate beamforming (NCB) is used to achieve
spatial multiplexing. That is because they do not require APs to share channel state
information (CSI) [3], which is very suitable for cf-mMIMO.

Although some researchers have considered the switching technique of OMA and
NOMA, this switching technique cannot achieve ideal results near the switching point.
Therefore, we combine NOMA and OMA, which means combining the advantages of
them. Simulation results prove that this scheme provides higher SE under certain
number of users and the length of the channel’s coherence time conditions.

2 System, Channel and Signal Model

2.1 System and Channel Model

We let gmlk denote the channel coefficient between the kth user in the lth cluster and mth
AP. The channel coefficient gmlk is modelled as follows:

gmlk ¼ b1=2mlkhmlk ð1Þ

where hmlk represents the small-scale fading, and b1=2mlk represents the large-scale fading.
Because each AP and user is distributed in a large area discretely, hmlk;m ¼
1; 2; . . .M; k ¼ 1; 2; . . .;K is independent and identically distributed (i.i.d.).

In cf-mMIMO, the entire data transmission process is divided into three stages:
uplink channel estimation, uplink transmission and downlink transmission. In uplink
channel estimation stage, the users send pilots to APs, and APs obtain CSI using
received pilot signals. The users do not know the accurate channel state information,
but only know the statistical information of channels. As the number of APs grows
sufficiently large, the underlying channels harden, which means the statistical CSI is
fixed in several coherence intervals. Therefore, it is sufficient for users to decode.

Let s be the length of the channel’s coherence time, which is equal to the product of
the channel’s coherence time and coherence bandwidth. In this paper, s is defined as
the number of samples for each coherence interval. The coherence time depends on the
users’ moving speed. sp is the length of pilot for each user. su and sd are the uplink and
downlink transmission time respectively. Obviously, s ¼ sp þ su þ sd . In this paper, we
assume that the uplink and downlink transmission time is equal, that is s ¼ sp þ 2sd .

The model of cf-mMIMO with NOMA and OMA is shown in the Fig. 1. The
model of cf-mMIMO with NOMA and OMA.
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As Fig. 1 shows, all APs and user equipments (UEs) are randomly distributed.
Each AP has N antennas, and each UE has 1 antenna. All APs and users are divided
into 2 parts. The first part of users uses NOMA (yellow UEs). There are more than one
user in each cluster, that is kl [ 1. All k users in one cluster use the same pilot. The set
of these clusters is represented by XN. Some APs serve them and the set of these APs is
represented by UN. The other part of users uses OMA (red UEs). There is only one user
in each cluster, that is kl ¼ 1. The set of these clusters is represented by XO. The other
APs serve them and the set of these APs is represented by UO.

Suppose that users in the system are divided into Ltotal clusters. The number of
NOMA clusters is L1, and the number of users in each cluster is K1 (K1 [ 1). The
number of OMA clusters is L2, and the number of users in each cluster is K2 (K2 ¼ 1).
Then, the total number of users in the system is Ktotal ¼ K1L1 þK2L2. There are MAPs.
The numbers of APs serving NOMA users and OMA users areM1 andM2 respectively.

In the following paper, L is used to represent the number of NOMA or OMA
clusters, and K is used to represent the number of users in the cluster. When m 2 UN or
l 2 XN, there are L ¼ L1 and K ¼ K1. When m 2 UO or l 2 XO, there are L ¼ L2 and
K ¼ K2.

Fig. 1. The model of cf-mMIMO with NOMA and OMA. (Color figure online)
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2.2 Signal Model

In the channel estimation stage, all users send pilots to the APs. The users in one cluster
use the same pilot and the users in different clusters use orthogonal pilots. The pilot
sequence allocated for lth cluster is denoted as ul 2 C

sp�1, satisfying ulk k2¼ 1.
The received signal of mth AP can be written as

ym ¼ ffiffiffiffiffiffiffiffiffi
spqp

p XLtotal
l¼1

XK
k¼1

gmlkul þ nm ð2Þ

where qp is the pilot transmit power and nm is additive noise at the mth AP.
Although in [3], the uplink pilot is used to estimate the channel gain of each user,

estimating a linear combination of the users’ channel in the same cluster provides a
better performance according to [10]. Hence, we estimate the linear combination of the
users’ channel.

fml ¼
XK
k¼1

gmlk; 8m; 8l ð3Þ

The received signal at mth AP is projected onto ul as

y^ml ¼ uH
l ym¼

ffiffiffiffiffiffiffiffiffi
spqp

p
fml þuH

l nm ð4Þ

The MMSE estimate of fml given y^ml is written as

f̂ml ¼ cmly
^

ml ð5Þ

where cml ¼
ffiffiffiffiffiffiffi
spqp

p PK
k0¼1

bmlk0

spqp
PK
k0¼1

bmlk0 þ 1

.

The downlink transmission uses conjugate beamforming (CB), so the transmit
signal at the mth AP can be expressed as

xm ¼ ffiffiffiffiffi
qd

p XL
l¼1

XK
k¼1

ffiffiffiffiffiffiffiffi
gmlk

p
f̂ �mlslk ð6Þ

where gmlk is the power allocated to the kth UE in the lth cluster at the mth AP, slk

(E slkj j2
n o

¼ 1) is the transmit symbol, and qd is the downlink transmit power.

Then the normalized transmit power of the mth AP can be derived as

Ef xmj j2g ¼ qd
XL
l¼1

XK
k¼1

gmlkcml ð7Þ
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where cml ¼ E fmlj j2
n o

¼
spqp

PK
k0¼1

bmlk0

� �
spqp
PK
k0¼1

bmlk0 þ 1

.

Each AP needs to satisfy the power constraint:

XL
l¼1

XK
k¼1

gmlkcml �
1
N
; 8m ð8Þ

Suppose that in the lth cluster, user UE-11 is the user with the best channel, and
user UE-1K is the user with the worst channel.

The received signal of NOMA and OMA at the kth user in the lth cluster is given by
(9) and (10) respectively.

ylk:N ¼
XM
m¼1

gmlkxm þ nlk

¼ ffiffiffiffiffi
qd

p X
m2UN

gmlk
ffiffiffiffiffiffiffiffi
gmlk

p
f̂ �mlslk þ

ffiffiffiffiffi
qd

p X
m2UN

XK1

k0¼1;k0 6¼k

gmlk
ffiffiffiffiffiffiffiffiffi
gmlk0

p
f̂ �mlslk0

þ ffiffiffiffiffi
qd

p X
m2UN

XL1
l0 6¼l

XK1

k0¼1

gmlk
ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
f̂ �ml0sl0k0 þ

X
m62UN

XL2
l0 6¼l

XK2

k0¼1

gmlk
ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
f̂ �ml0sl0k0 þ nlk

ð9Þ

ylk:O ¼
XM
m¼1

gmlkxm þ nlk

¼ ffiffiffiffiffi
qd

p X
m2UO

gmlk
ffiffiffiffiffiffiffiffi
gmlk

p
f̂ �mlslk þ

ffiffiffiffiffi
qd

p X
m2UO

XK2

k0¼1;k0 6¼k

gmlk
ffiffiffiffiffiffiffiffiffi
gmlk0

p
f̂ �mlslk0

þ ffiffiffiffiffi
qd

p X
m2UO

XL2
l0 6¼l

XK2

k0¼1

gmlk
ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
f̂ �ml0sl0k0 þ

X
m62UO

XL1
l0 6¼l

XK1

k0¼1

gmlk
ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
f̂ �ml0sl0k0 þ nlk

ð10Þ

The first term in the above expression is the desired signal, the second term is the
interference caused by other users in the cluster, the third term is the interference
caused by other clusters, the fourth term is the interference caused by OMA/NOMA
users, and the fifth term is noise.

The users are assumed to be ordered to satisfy [11]:

Eflog2ð1þ SINRlk
lj Þg�Eflog2ð1þ SINRlk

lkÞg;8j\k; 8l ð11Þ

where SINRlk
lj refers to the effective SINR of the jth user in the lth cluster when the jth

user in lth cluster is decoding the signal intended for the kth user in the same cluster.

806 Q. Sui et al.



Finally, the achievable rate of the kth user in the lth cluster can be expressed as

Rlk;final
lk ¼ minðEflog2(1 + SINRlk

lj )g;Eflog2(1 + SINRlk
lk)gÞ; 8l; k ð12Þ

3 Achievable Spectral Efficieny

The signal actually used for decoding after SIC for NOMA and OMA can be written as
(13) and (14) respectively.

rlklk;N ¼ rlk � ffiffiffiffiffi
qd

p XK1

k00¼kþ 1

Ef
X
m2UN

ffiffiffiffiffiffiffiffiffiffi
gmlk00

p
gTmlk f̂

�
mlgslk00

¼ ffiffiffiffiffi
qd

p XM
m¼1

XL
l0¼1

XK
k0¼1

ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
gmlk f̂

�
mlsl0k0 þ nlk � ffiffiffiffiffi

qd
p XK1

k00¼kþ 1

Ef
X
m2UN

ffiffiffiffiffiffiffiffiffiffi
gmlk00

p
gmlkf̂

�
mlgslk00

¼ ffiffiffiffiffi
qd

p
Ef
X
m2UN

ffiffiffiffiffiffiffiffi
gmlk

p
gmlk f̂

�
mlgslk|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

DSlk

þ ffiffiffiffiffi
qd

p ð
X
m2UN

ffiffiffiffiffiffiffiffi
gmlk

p
gmlk f̂

�
ml � Ef

X
m2UN

ffiffiffiffiffiffiffiffi
gmlk

p
gmlk f̂

�
mlgÞslk|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

BUlk

þ
Xk�1

k0 6¼k

ffiffiffiffiffi
qd

p X
m2UN

ffiffiffiffiffiffiffiffiffi
gmlk0

p
gmlk f̂

�
mlslk0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

IUIlk0

þ
XK1

k00¼kþ 1

ffiffiffiffiffi
qd

p ð
X
m2UN

ffiffiffiffiffiffiffiffiffiffi
gmlk00

p
gmlkf̂

�
ml � Ef

X
m2UN

ffiffiffiffiffiffiffiffiffiffi
gmlk00

p
gmlk f̂

�
mlgÞslk00|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

ISIClk00

þ
XL1
l0 6¼l

XK1

k0¼1

ffiffiffiffiffi
qd

p X
m2UN

ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
gmlkf̂

�
ml0sl0k0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

ICIlk00

þ
X
m 62UN

XL1
l0¼1

XK1

k0¼1

ffiffiffiffiffi
qd

p ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
gmlkf̂

�
ml0sl0k0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

OUIl0k0

þ nlk

ð13Þ

rlklk;O ¼ rlk � ffiffiffiffiffi
qd

p XK2

k00¼kþ 1

Ef
X
m2UO

ffiffiffiffiffiffiffiffiffiffi
gmlk00

p
gmlk f̂

�
mlgslk00

¼ ffiffiffiffiffi
qd

p XM
m¼1

XL
l0¼1

XK
k0¼1

ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
gmlkf̂

�
mlsl0k0 þ nlk � ffiffiffiffiffi

qd
p XK2

k00¼kþ 1

Ef
X
m2UO

ffiffiffiffiffiffiffiffiffiffi
gmlk00

p
gmlk f̂

�
mlgslk00

¼ ffiffiffiffiffi
qd

p
Ef
X
m2UO

ffiffiffiffiffiffiffiffi
gmlk

p
gmlkf̂

�
mlgslk|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

DSlk

þ ffiffiffiffiffi
qd

p ð
X
m2UO

ffiffiffiffiffiffiffiffi
gmlk

p
gmlk f̂

�
ml � Ef

X
m2UO

ffiffiffiffiffiffiffiffi
gmlk

p
gmlk f̂

�
mlgÞslk|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

BUlk

þ
Xk�1

k0 6¼k

ffiffiffiffiffi
qd

p X
m2UO

ffiffiffiffiffiffiffiffiffi
gmlk0

p
gmlk f̂

�
mlslk0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

IUIlk0

þ
XK2

k00¼kþ 1

ffiffiffiffiffi
qd

p ð
X
m2UO

ffiffiffiffiffiffiffiffiffiffi
gmlk00

p
gmlkf̂

�
ml � Ef

X
m2UO

ffiffiffiffiffiffiffiffiffiffi
gmlk00

p
gmlk f̂

�
mlgÞslk00|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

ISIClk00

þ
XL2
l0 6¼l

XK2

k0¼1

ffiffiffiffiffi
qd

p X
m2UO

ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
gmlkf̂

�
ml0sl0k0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

ICIlk00

þ
X
m 62UO

XL1
l0¼1

XK1

k0¼1

ffiffiffiffiffi
qd

p ffiffiffiffiffiffiffiffiffiffi
gml0k0

p
gmlkf̂

�
ml0sl0k0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

NUIl0k0

þ nlk

ð14Þ
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In (13) and (14), DSlk and BUlk represent the desired signal and beamforming
uncertainty for the kth UE in the lth cluster, and IUIlk0 represents the inter-user-
interference imposed by the k0 th UE in the lth cluster, ISIClk00 represents the inter-
ference caused by imperfect successive interference cancellation, ICIl0k0 is the inter-
cluster-interference, and OUIl0k0 and NUIl0k0 represent the OMA-user-interference and
NOMA-user-interference respectively.

The SINR can be derived. The specific derivation process is the same as appendix
A in [9].

SINRlk
lk;N ¼

N2 P
m2UN

ffiffiffiffiffiffiffiffi
gmlk

p cmlbmlkPK1
i¼1

bmli

0
B@

1
CA

2

N2
Pk�1

k0¼1

P
m2UN

ffiffiffiffiffiffiffiffiffi
gmlk0

p cmlbmlkPK1
i¼1

bmli

0
B@

1
CA

2

þN
PL1
l0¼1

PK1

k0¼1

P
m2UN

gml0k0bmlkcml0 þ 1
qd

ð15Þ

SINRlk
lj;N ¼

N2 P
m2UN

ffiffiffiffiffiffiffiffi
gmlk

p cmlbmljPK1
i¼1

bmli

0
B@

1
CA

2

N2
Pk�1

k0¼1

P
m2UN

ffiffiffiffiffiffiffiffiffi
gmlk0

p cmlbmljPK1
i¼1

bmli

0
B@

1
CA

2

þN
PL1
l0¼1

PK1

k0¼1

P
m2UN

gml0k0bmljcml0 þ 1
qd

ð16Þ

SINRlk
lk;O ¼

N2 P
m2UO

ffiffiffiffiffiffiffiffi
gmlk

p cmlbmlkPK2
i¼1

bmli

0
B@

1
CA

2

N2
Pk�1

k0¼1

P
m2UO

ffiffiffiffiffiffiffiffiffi
gmlk0

p cmlbmlkPK2
i¼1

bmli

0
B@

1
CA

2

þN
PL2
l0¼1

PK2

k0¼1

P
m2UO

gml0k0bmlkcml0 þ 1
qd

ð17Þ

SINRlk
lk;O ¼

N2 P
m2UO

ffiffiffiffiffiffiffiffi
gmlk

p cmlbmljPK2
i¼1

bmli

0
B@

1
CA

2

N2
Pk�1

k0¼1

P
m2UO

ffiffiffiffiffiffiffiffiffi
gmlk0

p cmlbmljPK2
i¼1

bmli

0
B@

1
CA

2

þN
PL2
l0¼1

PK2

k0¼1

P
m2UO

gml0k0bmljcml0 þ 1
qd

ð18Þ
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According to the expressions (15) and (16), we use ~glk ¼ c1lw1lk; c2lw2lk; . . .;½
cMlwMlk�T ; 8l; k to sort users, where wmlk ¼ bmlkPK

i¼1

b1li

. After sorting, we derive

~gl1j j2 � ~gl2j j2 � :::� ~glKj j2.
The final downlink SE of single user for NOMA and OMA is derived as

Slk;finallk ¼ 1
2

1� sp
s

� �
log2 1þ SINRlk;final

lk

� �
ð19Þ

where SINRlk;final
lk ¼ min SINRlk

lj ; SINR
lk
lk

� �
; 8l; k.

4 Power Allocation

We separately allocate power to NOMA and OMA users by using max-min SINR
algorithm [9].

P1 : max
gmlk

min
k¼1:::K;l¼1:::L

SINRlk;final
lk

s:t:
XL
l¼1

XK
k¼1

gmlkcmlk �
1
N
; 8m; gmlk � 0; 8m;8l; 8k ð20Þ

Define 1mlk ¼ ffiffiffiffiffiffiffiffi
gmlk

p
and introduce slack variables tm;~tm; klk0j; ~klk0k. We reformulate

(20) as follows:

P2 : min
1mlk ;klk0 j;tmf g

XM
m¼1

XL
l0¼1

XK
k0¼1

cml01
2
ml0k0

s:t: zlj
�� ���

N
PM
m¼1

1mlk
cmlbmljPK
i¼1

bmliffiffi
t

p ;8j\k; ~zlkk k�

N
PM
m¼1

1mlk
cmlbmlkPK
i¼1

bmliffiffi
t

p

XL
l0 6¼l

XK
k0¼1

cml1
2
ml0k0 þ

XK
k0¼1

cml1
2
mlk0 � t2m; 8m; 8j\k; 0� tm � 1ffiffiffiffi

N
p ; 8m

XM
m¼1

1mlk0
cmlbmljPK
i¼1

bmli

� klk0j; 1� k0 � k � 1; 8j\k
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XL
l0 6¼l

XK
k0¼1

cml01
2
ml0k0 þ

XK
k0¼1

cml1
2
mlk0

 !
�~t2m; 8m; 0� tm � 1ffiffiffiffi

N
p ; 8m

XM
m¼1

1mlk0
cmlbmlkPK
i¼1

bmli

� ~klk0k; 1� k0 � k � 1

1mlk � 0; 8m; 8l; 8k;
XL
l¼1

XK
k¼1

12mlkcml �
1
N
; 8m ð21Þ

where zlj
�� ��, NvTlj;1

ffiffiffiffi
N

p
vTlj;2

1ffiffiffiffi
qd

p
h iT

, ~zlkk k, N~vTlk;1
ffiffiffiffi
N

p
~vTlk;2

1ffiffiffiffi
qd

p
h iT

, vlj;1 ¼

kl1j . . . klðk�1Þj
	 
T

, vlj;2 ¼
ffiffiffiffiffiffiffi
b1lj

p
v1 . . .

ffiffiffiffiffiffiffiffi
bMlj

p
vM

	 
T , ~vlk;1 ¼ ~kl1k ::: ~klðk�1Þk
h iT

,

and ~vlk;2 ¼
ffiffiffiffiffiffiffiffi
b1lk

p
~v1 :::

ffiffiffiffiffiffiffiffiffi
bMlk

p
~vM

	 
T
. Using bisection search algorithm shown in

Table 1 can solve P2.

5 Numerical Results

The simulation parameters are shown in Table 2.

Table 1. Bisection search algorithm

Initialize tmax, tmin and e

Do while

Set t ¼ tmax þ tmin
2 and solve P2

If P2 is feasible, set tmin ¼ t
else, set tmax ¼ t
until tmax � tminð Þ\e

Table 2. The simulation parameters for cf-mMIMO with OMA and NOMA

Simulation parameters Parameters configuration

Carrier frequency 1.9 GHz
Bandwidth 20 MHz
Noise figure 9 dB
Downlink transmit power 200 mW
Pilot transmit power 100 mW
The number of antenna on each AP 10
The standard deviation of shadow fading 8 dB
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There are 40 APs. 20 APs are randomly selected to serve NOMA users and the
other 20 APs serve OMA users. There are 20 users in total. 10 users are randomly
selected to use NOMA and the other 10 users use OMA. The result is shown in Fig. 2.

As shown in Fig. 2, using OMA and NOMA at the same time in the cf-mMIMO is
able to obtain higher sum SE than using OMA or NOMA alone under certain number
of users and the length of the channel’s coherence time conditions.

The advantage of OMA is that there is no interference caused by the users in the
same cluster and imperfect SIC. Therefore, the sum rate of OMA is higher than
NOMA. However, OMA requires a large number of orthogonal pilots, which means
the length of the pilot sequences is large. It takes a long time to send the pilots,
resulting in a shorter time that can be used for uplink and downlink data transmission,
which will seriously affect SE when the coherence time is short. The advantage of
NOMA is that fewer orthogonal pilots are required, which means the length of pilot
sequences can be shorter. However, there is interference caused by the users in the
same cluster and imperfect SIC. When the coherence time is long, the SE of NOMA is
lower than OMA. Additionally, in cf-mMIMO with NOMA scheme, the number of
users in each cluster must be equal (usually 2), which is inflexible.

Using OMA and NOMA at the same time is a compromise. When the coherence
time is not too long or too short, cf-mMIMO with OMA and NOMA combine the
advantages of OMA and NOMA. Some users use NOMA to shorten the length of pilot
sequences, and the other users use OMA to get a higher sum rate. In addition, it does
not require the number of users in each cluster to be equal. However, when the
coherence time is too short, the length of pilots is greater than that of NOMA, make the
SE of it lower than NOMA. And when the coherence time is too long, the length of

Fig. 2. Comparison of SE among NOMA, OMA and NOMA combined with OMA.
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pilots has little effect, but the interference caused by NOMA users decreases the sum
rate and SE. Therefore, cf-mMIMO with OMA achieves the best performance.

6 Conclusion

This paper studies the multiple access technology in cf-mMIMO, and proposes a cf-
mMIMO with NOMA and OMA scheme. Unlike cf-mMIMO with NOMA, this
scheme does not require the number of users in each cluster to be equal. The simulation
results prove that under certain number of users and the length of the channel’s
coherence time conditions, using OMA and NOMA at the same time in the cf-mMIMO
is able to obtain higher sum SE than using OMA or NOMA alone.
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