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Abstract—We investigate the feasibility of employing non-
orthogonal multiple-access (NOMA) in cell-free massive
multiple-input multiple-output (MIMO) operating with und er-
lay spectrum-sharing. In our proposed system model, multiple
clusters of NOMA-enabled secondary users (SUs) are concur-
rently served by geographically distributed secondary access-
points (S-APs) via conjugate beamforming. The uplink channels
are estimated locally at each S-AP via pilots sent by SUs. A
set of orthogonal pilots is shared among the secondary and
primary clusters to strike a balance between the throughput
and training overhead, while enabling massive connectivity in
primary and secondary systems. We derive the achievable rates
of the secondary system by capturing the adverse effects of
inter/intra-cluster interference, primary/secondary pilot con-
tamination, imperfect successive interference cancellation (SIC)
and partial channel state information (CSI). We propose a
transmit power allocation policy for the secondary system to
mitigate the detrimental impact of near-far effects by virtue of
max-min fairness criterion. Through an achievable rate analysis,
we reveal that although the number of concurrently served
users can be substantially boosted by employing the proposed
system model, the achievable rates are adversely affected due to
detection uncertainties with imperfect SIC and statistical CSI
at NOMA-enabled SUs.

I. I NTRODUCTION

Cell-free massive multiple-input multiple-output (MIMO)
can be used to render uniform service to many geographically
distributed users [1], [2]. By virtue of inherent macro-
diversity gains, reduced average propagation losses and im-
proved spatial resolutions, cell-free massive MIMO has been
shown to outperform the conventional co-located massive
MIMO in terms of coverage/outage probability [1], [2].
Power-domain non-orthogonal multiple-access (NOMA) can
be used to concurrently serve many users in the same time-
frequency-spatial resource by adopting superposition-coded
transmission and successive interference cancellation (SIC)
decoding [3]–[5]. Moreover, a secondary system can be
underlaid by exploiting underlay spectrum-sharing concepts
to mitigate spectrum scarcity and underutilization/holes[6].

The coexistence of co-located massive MIMO and un-
derlay spectrum-sharing is investigated in [7], while [8] ex-
tends orthogonal multiple-access (OMA) of [7] by adopting
NOMA into the secondary system. In [9], the performance
of OMA-based underlay spectrum-sharing aided cell-free
massive MIMO is explored. In [10], the feasibility of ex-
ploiting NOMA for boosting massive connectivity of cell-free
is studied. When cell-free massive MIMO is coupled with
NOMA and underlay spectrum-sharing, not only spectral
efficiency but also the number of simultaneous connections
can be boosted. However, the coexistence of NOMA-aided
cell-free massive MIMO with underlay spectrum-sharing has
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Fig. 1. Cell-free massive MIMO NOMA with underlay spectrum-sharing.

not yet been investigated. This present work is motivated by
the aforementioned facts and gaps in NOMA literature.

Our contribution: This paper serves as an extension to
our previous work on OMA-based cell-free massive MIMO
with underlay spectrum-sharing [9]. In this paper, we de-
rive the achievable rates of NOMA-aided cell-free massive
MIMO with underlay spectrum-sharing. A set of single-
antenna primary access-points (P-APs) concurrently serves
multiple clusters of primary users (PUs) via power-domain
NOMA, while a secondary cell-free massive MIMO system
is underlaid by operating with the same primary licensed
spectrum. The uplink channel state information (CSI) is
estimated locally at the secondary access-points (S-APs) by
employing pilots sent by secondary users (SUs). By adopting
conjugate precoding, S-APs simultaneously serve many SUs
within multiple secondary clusters by using NOMA. The
secondary interference inflicted at the PUs is controlled by
employing a primary interference temperature at each S-
AP. Deleterious near-far effect of the secondary system is
mitigated by adopting a max-min fairness-based transmit
power control policy. We analytically quantify the adverse
effects of practical impediments such as primary/secondary
pilot contamination, intra/inter-cluster interference,precoding
uncertainty with contaminated CSI at S-APs, imperfect SIC
decoding with partial/statistical CSI at SUs. Through our
numerical results, we reveal that the number of concurrent
connections can be significantly boosted by adopting the
proposed system model. However, the achievable rates are
detrimentally affected owing to the above practical trans-
mission impairments. By virtue of the proposed max-min
transmit power control, we show that the resulting common
downlink rates at SUs ensure user-fairness by serving all
users with a uniformly better quality-of-service than thatof
the equal power allocation.

II. SYSTEM, CHANNEL AND SIGNAL MODELS

A. System and channel model

We consider a NOMA-aided cell-free massive MIMO
system with underlay spectrum sharing (see Fig. 1) operating
in time-division duplexing (TDD) mode. The primary system



consists ofM single-antenna P-APs, which serveQK single-
antenna PUs distributed inQ primary clusters by using its
licensed frequency spectrum. Each primary cluster consists of
K PUs. To boost overall spectrum efficiency by eliminating
spectrum holes, a secondary system is underlaid within the
same primary licensed spectrum. This secondary system
comprises ofN single-antenna S-APs servingRL SUs in
R secondary clusters. These PUs and SUs are assigned to
Q primary clusters andR secondary clusters based on their
spatial directions [10], respectively. To ensure performance
of the primary system is not hindered by the secondary CCI,
the transmit power is constrained at each S-AP. Consequently,
the secondary CCI inflected at the PUs always falls bellow
a preset primary interference threshold. All P-APs and S-
APs are connected to their respective primary and secondary
central processing units (P-CPU/S-CPU) (see Fig. 1). It is
assumed that the primary and secondary systems are operated
in a synchronized manner, which is typical in underlay
spectrum-sharing systems [2].

The channels from themth P-AP to thekth PU in theqth
primary cluster and thenth S-AP to thelth SU in therth
secondary cluster are denoted byfmqk andgnrl, respectively,
wherem ∈ {1, · · · ,M}, q ∈ {1, · · · , Q}, k ∈ {1, · · · ,K},
n ∈ {1, · · · , N}, r ∈ {1, · · · , R} and l ∈ {1, · · · , L}. We
represent the interference channel between themth P-AP and
the lth SU in therth secondary cluster byvmrl, while unqk

denotes the channel between thenth S-AP and thekth PU in
the qth primary cluster. These four channels can be modeled
in a unified form as

habc = ζ
1/2
habc

h̃abc, (1)

where h ∈ {f, g, u, v}, a ∈ {m,n}, b ∈ {q, r}, and
c ∈ {k, l}. Here, h̃abc ∼ CN (0, 1) captures quasi-static
Rayleigh fading, andζhabc

accounts for path-loss/shadowing,
which is typically assumed to be fixed for many coherence
intervals [2]. Hence, the channel statistics at the both P-APs
and S-APs are assumed to be known a-prior because they
change very slowly, and they need to be estimated once every
tens/hundreds of coherence intervals [2].
B. Uplink channel estimation

As per the principles of cell-free massive MIMO [2], the
uplink channels are estimated locally at each AP via user
pilots [2]. To this end,τp symbols out ofτc, which is
the length of channel coherence interval, are allocated for
pilot transmission. In pilot phase, all PUs/SUs concurrently
transmit pilots to the P-APs/S-APs, and thereby, the respec-
tive channels can be estimated locally at each P-AP and S-
AP. Owing to this, there is no need of exchanging channel
estimates among the P-APs and S-APs [2]. To minimize
training overhead, NOMA-enabled PUs/SUs located within
the same primary clusters/secondary clusters are assigned
with the same pilot sequence. Since only a limited number of
orthogonal pilots is available for a given coherence interval
[2], these pilots are shared among the primary and secondary
systems. Thus,W ≤ min (Q,R) pilots are assumed to be
shared among the primary and secondary NOMA clusters,
and the corresponding pilot assignment is defined as

ΦP =
[

Φ; Φ̃P

]

and ΦS =
[

Φ; Φ̃S

]

. (2)

In (2), the set of orthogonal pilots that is shared by
W primary/secondary clusters is denoted byΦ ∈ CW×τp ,
having a length ofτp symbol durations. The remaining
(Q−W ) primary clusters and(R−W ) secondary clus-
ters are assigned with pilot sequencesΦ̃P ∈ C(Q−W )×τp

and Φ̃S ∈ C(R−W )×τp , respectively. Since initial pilot
set is orthogonal, we haveΦΦ̃P = 0, ΦΦ̃S = 0,
Φ̃P Φ̃S = 0, ΦP = [φT

P1
, · · · ,φT

Pq
, · · · ,φT

PQ
]T andΦS =

[φT
S1
, · · · ,φT

Sr
, · · ·φT

SR
]T , whereφPq

∈ C1×τp andφSr
∈

C1×τp are the pilot sequences sent by the PUs in theqth
primary cluster and the SUs in therth secondary cluster,
respectively. Moreover,‖φPq

‖2 = 1 and ‖φSr
‖2 = 1 for

q ∈ {1, · · · , Q} and r ∈ {1, · · · , R}. Next, the pilot vector
received at thenth S-AP can be written as

ySn =
√

ξp

(
R∑

r=1

L∑

l=1

gnrlφSr
+

Q∑

q=1

K∑

k=1

unqkφPq

)

+ nSn , (3)

whereξp = τpP andP is the average transmitted pilot power
at each PU/SU. Moreover,nSn

is the additive white Gaussian
noise (AWGN) vector at thenth S-AP, having identically and
independently distributed (i.i.d.)CN (0, 1) elements.

By projecting φH
Sr

into (3), the sufficient statistics to
estimategnrj, wherej ∈ {1, · · · , L}, can be obtained as

ySnr = φ
H
Sr

ySn =
√

ξp

(
L∑

j=1

gnrj +
K∑

i=1

unri

)

+ nSn , (4)

wherenSn
= φH

Sr
nSn

∼ CN (0, 1) becauseφH
Sr

is a unitary
vector. Then, the minimum mean square error (MMSE)
estimate ofgnrl can be derived as (see Appendix A-A)

ĝnrl =
E
[
y∗
Snr

gnrl

]

E[|ySnr |2]
ySnr = cSnrl

ySnr , (5)

wherecSnrl
is given by

cSnrl
,

√
ξpζgnrl

ξp
(
∑L

j=1 ζgnrj
+
∑K

i=1 ζunri

)

+ 1
. (6)

By following a technique similar to (5), the MMSE estimate
of fmqk can be derived as

f̂mqk =
E

[

y∗
Pmq

fmqk

]

E
[
|yPmq |2

] yPmq = cPmqk
yPmq , (7)

where yPmq
and cPmqk

can be obtained by replacing sec-
ondary subscripts{S, n, r, l, j} with respective primary sub-
scripts{P,m, q, k, i}.

Owing to channel reciprocity property of TDD, P-APs/S-
APs adopt locally estimated̂fmqk and ĝnrl as downlink
CSI to design their precoders [2]. SinceyPmq

and ySnr
are

Gaussian distributed, we havêfmqk ∼ CN (0, θfmqk
) and

ĝnrl ∼ CN (0, θgnrl
), whereθfmqk

andθgnrl
are given as

E

[

|f̂mqk|2
]

= θfmqk
=
√

ξpcPmqk
ζfmqk

, (8a)

E
[
|ĝnrl|2

]
= θgnrl

=
√

ξpcSnrl
ζgnrl

. (8b)

Then, the channel estimation errors pertaining tofmqk and
gnrl are given byǫfmqk

=fmqk−f̂mqk∼CN (0, ζfmqk
−θfmqk

)
andǫgnrl

= gnrl − ĝnrl ∼ CN (0, ζgnrl
− θgnrl

), respectively.



wSrl
=

√
PS

∑N

n=1

∑l−1

j=1
η
1/2
Snrj

gnrlĝ
∗
nrjϑSrj

︸ ︷︷ ︸

Intra-cluster interference after SIC

+
√
PS

∑N

n=1

∑L

j=l+1
ηSnrj

(

gnrlĝ
∗
nrjϑSrj

− E
[
gnrlĝ

∗
nrj

]
ϑ̂Srj

)

︸ ︷︷ ︸

Error propagation due to imperfect SIC

+
√
PS

∑N

n=1

∑R

r′ 6=r

∑L

j=1
η
1/2
Snr′j

gnrlĝ
∗
nr′jϑSr′j

︸ ︷︷ ︸

Intra-system interference

+
√
PP

∑M

m=1

∑Q

q=1

∑K

i=1
η
1/2
Pmqi

vmrlf̂
∗
mqiϑPqi

︸ ︷︷ ︸

Inter-system interference

+ nPrl
︸︷︷︸

AWGN

(19)

C. Secondary Transmit Power Constraints
According to underlay spectrum sharing concepts [6],

we constrain the transmit power at each S-AP such that
the secondary CCI inflected at the PUs falls bellow the
corresponding primary interference temperature at each PU.
We define the total transmit power at thenth S-AP as

PSn , PS

R∑

r=1

L∑

j=1

ηSnrj
, (9)

where ηSnrj
is the transmit power allocation coefficient at

the nth S-AP for thejth SU in therth secondary cluster,
and it satisfies

∑R
r=1

∑L
j=1 ηSnrj

≤ 1. Moreover,PS is the
maximum allowable transmit power at each S-AP. Thus, the
secondary CCI received at thekth PU in theqth primary
cluster can be written as

yqk=
N∑

n=1

unqkxSn=
√
PS

N∑

n=1

R∑

r=1

L∑

j=1

η
1/2
Snrj

unqk ĝ
∗
nrjϑSrj

, (10)

wherexSn
is the transmitted signal by thenth S-AP (14).

Next, the total average secondary CCI power (PIqk ) inflected
at thekth PU in theqth primary cluster can be derived as

PIqk =E
[
|yqk|2

]
=PS

N∑

n=1

R∑

r=1

L∑

j=1

ηSnrj
E

[∣
∣unqk ĝ

∗
nrj

∣
∣2
]

︸ ︷︷ ︸

Zqk

, (11)

whereZqk is derived as (see Appendix A-B)

Zqk =
N∑

n=1

R∑

r=1

L∑

j=1

ηSnrj
θgnrj

ζunqk

+
N∑

n=1

L∑

j=1

ηSnqj
θ2fmqk

(
ζunqk

ζgnqj

ζfmqk

)2

. (12)

Finally, we constrain the transmit power at thenth S-AP as

PSn = min

(

PS ,
IT11

Z11
, · · · ,

ITqk

Zqk
, · · · ,

ITQK

ZQK

)

, (13)

whereITqk
is the interference temperature of thekth PU in

the qth primary cluster.

D. Signal model
The S-APs employ conjugate precoding by using the

locally estimated channel estimate in (5) to transmit the signal
towards SUs in secondary clusters. The signal transmitted by
the nth S-AP can be written as1

xSn =
√
PS

R∑

r=1

L∑

j=1

η
1/2
Snrj

ĝ∗nrjϑSrj
, (14)

whereϑSrj
is the signal intended for thejth SU in therth

secondary cluster satisfyingE
[

|ϑSrj
|2
]

= 1, and ηSnrj
is

selected to satisfy the transmit power constraint in (13). Then,
we can write the received signals at thelth SU in therth
secondary cluster as

1The P-APs also adopt conjugate precoders designed via locally estimated
CSI (7). The signal model and rate analysis for the primary system can be
obtained by replacing subscripts{S, n, r, l, j} pertaining to the secondary
system by counterparts{P,m, q, k, i} of the primary system. Performance
analysis of the primary system is hence omitted for the sake of brevity.

rSrl
=

N∑

n=1

gnrlxSn +
M∑

m=1

vmrlxPm + nSrl
, (15)

wherenSrl
∼ CN (0, 1) is an AWGN at thelth SU in the

rth secondary cluster. To adopt the power-domain NOMA,
SUs in therth secondary cluster are assumed to be ordered
based on the effective statistical channel gains as [4]

E

[∣
∣
∣

∑N

n=1
ĝnr1

∣
∣
∣

2
]

≥ · · · ≥ E

[∣
∣
∣

∑N

n=1
ĝnrL

∣
∣
∣

2
]

. (16)

As per power-domain NOMA, the higher power levels are
allocated for the users with lower statistical channel gains as

PSr1 ≤ · · · ≤ PSrL
, (17)

wherePSrj
= PSηSnrj

. Thus, thelth SU in therth secondary
cluster is able to decode the signals intended for thejth SUs
for ∀j(≥ l), given that it can decode its own signal. Then, the
lth SU in therth secondary cluster can successfully cancel
the intra-cluster interference from the∀j(≥ l)th SUs before
decoding its own signal [4]. Furthermore, thelth SU treats
the signals from all the usersj < l as interferences. The
received signal given in (15) can be rearrange after SIC as

rSrl
=

√
PS

N∑

n=1

η
1/2
Snrl

gnrlĝ
∗
nrlϑSrl

︸ ︷︷ ︸

Desired signal

+wSrl
, (18)

wherewSrl
is an effective noise at thelth SU in the rth

secondary cluster (19). In (19),̂ϑSrj
is an estimate ofϑSrj

.
By assuming thatϑSrj

is drawn from a Gaussian distribution,
ϑ̂Srj

is modeled to be jointly Gaussian distributed with a
normalized correlation coefficientρSrj

as [10]
ϑSrj

= ρSrj
ϑ̂Srj

+ eSrj
, (20)

where ϑ̂Srj
and eSrj

are statistically independent, and
they are distributed aŝϑSrj

∼ CN (0, 1) , eSrj
∼

CN (0, σ2
eSrj

/(1 + σ2
eSrj

)), andρSrj
= 1/

√

1 + σ2
eSrj

.

III. A CHIEVABLE RATE ANALYSIS

The received signal at thelth SU in the rth secondary
cluster given in (18) can be rearranged to decode the desired
signal by using statistical CSI as

rSrl
=

√
PS E

[
N∑

n=1

η
1/2
Snrl

gnrlĝ
∗
nrl

]

︸ ︷︷ ︸

Desired signal

ϑSrl
(21)

+
√
PS

(
N∑

n=1

η
1/2
Snrl

gnrlĝ
∗
nrl−E

[
N∑

n=1

η
1/2
Snrl

gnrlĝ
∗
nrl

])

︸ ︷︷ ︸

Detection uncertinity

ϑSrl
+wSrl

,

wherewSrl
is given in (19). We can now derive the signal-

to-interference-plus-noise ratio (SINR) at thelth SU in the
rth secondary cluster via (21) as



γSrl
= PS

(
N∑

n=1

η
1/2
Snrl

θgnrl

)2/(

PS

N∑

n=1

R∑

r=1

L∑

j=1

ηSnrj
θgnrj

ζgnrl
+ PS

3∑

j=1

I ′Srj
+ PP

M∑

m=1

Q∑

q=1

K∑

i=1

ηPmqi
θfmqi

ζvmrl
+ 1

)

(24)

γSrl
=

PS

∣
∣
∣
∣
E

[
N∑

n=1

η
1/2
Snrl

gnrlĝ
∗
nrl

]∣
∣
∣
∣

2

PSVar

[
N∑

n=1

η
1/2
Snrl

gnrlĝ∗nrl

]

+PS

4∑

j=1

ISrj
+E
[
|nSrl

|2
]
, (22)

whereISrj
for j ∈ {1, 2, 3, 4} can be defined as

ISr1 = E





∣
∣
∣
∣
∣

N∑

n=1

l−1∑

j=1

η
1/2
Snrj

gnrlĝ
∗
nrj

∣
∣
∣
∣
∣

2


 , (23a)

ISr2=E





∣
∣
∣
∣
∣
∣

N∑

n=1

L∑

j=l+1

η
1/2
Snrj

(

gnrlĝ
∗
nrjϑSrj

−E
[
gnrlĝ

∗
nrj

]
ϑ̂Srj

)

∣
∣
∣
∣
∣
∣

2

,(23b)

ISr3 = E





∣
∣
∣
∣
∣
∣

N∑

n=1

R∑

r′ 6=r

L∑

j=1

η
1/2
Snr′j

gnrlĝ
∗
nr′j

∣
∣
∣
∣
∣
∣

2

 , (23c)

ISr4 =
PP

PS
E





∣
∣
∣
∣
∣

M∑

m=1

Q
∑

q=1

K∑

i=1

η
1/2
Pmqi

vmrlf̂
∗
mqi

∣
∣
∣
∣
∣

2


 . (23d)

We compute the SINR by evaluating the expectation and
variance terms in (22) as shown in (24) (see Appendix B).
In (24), I ′Sri

for i ∈ {1, 2, 3} is given by

I ′Sr1
=

N∑

n=1

l−1∑

j=1

ηSnrj
θ2gnrl

(
ζgnrj

ζgnrl

)2

, (25a)

I ′Sr2
= 2

N∑

n=1

L∑

j=l+1

(1− ρSrj
)ηSnrj

θ2gnrl

(
ζgnrj

ζgnrl

)2

, (25b)

I ′Sr3
=

PP

PS

M∑

m=1

K∑

i=1

ηPmri
θ2gnrl

(
ζvmrl

ζfmri

ζgnrl

)2

. (25c)

Thereby, we obtain the achievable rate of thelth SU in the
rth secondary cluster as

RSrl
=

(
τc − τp

τc

)

log2 (1 + γSrl
) , (26)

whereγSrl
is given in (24), and the pre-log factor captures

the effective portion of coherence interval utilized for payload
data transmission. Finally, the total achievable sum rate of the
secondary system is computed as

RS =

R∑

r=1

L∑

l=1

RSrl
. (27)

IV. T RANSMIT POWER CONTROL

In cell-free massive MIMO, the achievable rates are detri-
mentally affected by near-far effect owing to distributed
deployment of APs and users. Thus, user fairness must be
guaranteed in terms of achievable rate in order to provide a
uniform quality-of-service to all users. To this end, max-min
power control algorithms have been shown to be optimal in
the sense of user fairness in presence of near-far effects [2],
[11]. Having been motivated by this fact, by invoking the
max-min fairness concept [11], the transmit power allocation
coefficients for S-APs can be computed to maximize the
minimum achievable rate among all SUs located in all
secondary clusters. Thus, we formulate a max-min transmit
power control problem as

maximize
ηSnrl

∀n,r,l
RSrl

(28a)

subject to C1 :
R∑

r=1

L∑

j=1

ηSnrj
θgnrj

≤ 1, (28b)

C2 : PSn ≤ ITqk
/Zqk, ∀q, k, (28c)

C3 : ηSnrl
≥ 0, (28d)

whereRSrl
is given in (26), andC1 is obtained by using the

maximum allowable transmit power atnth S-AP as follows:

E
[
|xSn |2

]
≤ PS ⇒ E





∣
∣
∣
∣
∣

√
PS

R∑

r=1

L∑

j=1

η
1/2
Snrj

ĝ∗nrj

∣
∣
∣
∣
∣

2


 ≤ PS

R∑

r=1

L∑

j=1

ηSnrj
E
[
|ĝ∗nrj |2

]
≤ 1 ⇒

R∑

r=1

L∑

j=1

ηSnrj
θgnrj

≤ 1, (29)

whereθgnrj
is given in (8b), andC2 is evaluated by invoking

the secondary transmit power constraint in (13). Since the
achievable rate in (26) is a non-decreasing function of its
argument,RSrl

can be replaced byγSrl
given in (24). Then,

by introducing a common SINR (λ) for all SUs and by
defining a slack variableβSnrl

, η
1/2
Snrl

, we equivalently
reformulate the optimization problem in (28) as

maximize
βSnrl

∀n,r,l
λ (30a)

subject to γSrl
≥ λ

C1 :
R∑

r=1

L∑

j=1

β2
Snrj

θgnrj
≤ 1, (30b)

C2 : PSn ≤ ITqk
/Zqk, ∀q, k, (30c)

C3 : βSnrl
≥ 0, (30d)

Since the objective function in (30) is quasi-concave func-
tions the underlaying optimization problem is also quasi-
concave [2]. Thus, the optimal solution can be found by using
the Bisection method shown in Algorithm 1.

V. NUMERICAL RESULTS

Our simulation parameters are as follows:τc = 196, τp =
max (Q,R), andζhabc

= (d0/dabc)
ν×10ϕabc/10, wheredabc

is the transmission distance,d0 is the reference distance,ν
is the path-loss exponent, and10ϕabc/10 captures the shadow
fading withϕabc ∼ N (0, 8). The P-APs/S-APs are uniformly
distributed, while PUs/SUs are randomly distributed over an
area800× 800m2.

In Fig.2, the achievable sum rates of the primary and
secondary systems are plotted as a function of the transmit
power per P-AP. The maximum allowable transmit power at
each S-AP is kept atPP /2. The secondary transmit power
control coefficients are calculated via the proposed max-min
power allocation algorithm in Section IV. For the comparison
purposes, the sum rates of the secondary system with equal
power allocation have been plotted. Fig. 2 clearly reveals
that the sum rates of primary NOMA clusters increase mono-
tonically with unconstrainedPP . However, the sum rates of
secondary clusters gradually increase up to a maximum in the
low PP regime and then decrease with increasingPP . The



Algorithm 1 Bisection Algorithm
Input: Path-losses between P-APs/S-APs and PUs/SUs, and

maximum allowable transmit powers of the PUs/SUs.
Output: The power control coefficientsηSnrl

for n ∈
{1, · · · , N}, r ∈ {1, · · · , R}, and l ∈ {1, · · · , L}.
Initialization : Define an initial region for the objective
function by choosing appropriate values forλmin and
λmax. Choose a toleranceǫ > 0.

1: while λmax − λmin > ǫ do
2: Calculate,λ = (λmax + λmin)/2.
3: Solve the convex feasibility problem, which can be

given as
‖V γSnrl

‖ ≤ 1√
λ

(∑N

n=1
βSnrl

θgnrl

)

, (31)

which is subjected toC1, C2, andC3 given in (30b),
(30c), and (30d), respectively. Moreover,V γSnrl

,
[

v
T
S1
, vT

S2
, 2vT

S3
, PP

PS
v
T
S4
, PP

PS
v
T
S5
, 1√

PS

]

, where

vS1 ,

[

βS111

√

θg111ζg11l , · · · , βSNRL

√

θgNRL
ζgNRl

]T

, (32a)

vS2 ,

[
βS1r1θg1rlζg1r1

ζg1rl
, · · · ,

βSNr(l−1)
θgNrl

ζgNr(l−1)

ζgNrl

]T

, (32b)

vS3 ,

[

(1− ρSr(l+1)
)βS1r(l+1)

ζg1rlθ
−1
g1rlζ

−1
g1r(l+1)

, · · · , (1− ρSrL
)βSNrL

ζgNrl
θ−1
gNrl

ζ−1
gNrL

]T

,(32c)

vS4 ,

[

η
1/2
P1r1

θgnrl
ζv1rl

ζgnrl
ζ−1
f1r1

, · · · ,
η
1/2
PMrK

θgnrl
ζvMrl

ζgnrl
ζ−1
fMrK

]T

, (32d)

vS5 ,

[√

ηP111θf111ζv1rl , · · · ,
√

ηPMQK
θfMQK

ζvMrl

]T

. (32e)

4: If the problem is feasible, then setλmin = λγ ,
otherwise setλmax = λγ .

5: Stop if λmax − λmin < ǫ. Otherwise go to Step 2.
6: end while
7: return ηSnrl

= β2
Snrl

for n ∈ {1, · · · , N}, r ∈
{1, · · · , R}, and l ∈ {1, · · · , L}.
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Fig. 2. Achievable sum rate versus primary transmit power for M = N =

32, Q = R = 2, K = L = 2, ITqk
= 0 dB, σ2

P = σ2
S = 1, ν = 2.4,

ρPqi
= ρSrj

= 0.2, andd0 = 1 m.

reason for this behavior is that when the secondary sum rates
reach their maximum, the S-APs transmit at their maximum
allowable powerPS . Thereafter, whenPP increases, the
primary CCI at SUs keeps growing without bound. Hence,
the secondary sum rates decrease asPP grows larger. Fig. 2
depicts that the proposed max-min power allocation provides
a common sum rate for all secondary clusters regardless of
near-far effects and thus, guaranteeing user fairness in terms

Fig. 3. Comparison between NOMA and OMA forM = N = 32, PP = 0

dBW, σ2
P = σ2

S = 1, ν = 2.4, ρPqi
= ρSrj

= 0.2, andd0 = 1 m.

of achievable rates.
In Fig. 3, the achievable sum rates of the primary and

secondary systems are plotted as a function of the number of
concurrently served user nodes for both NOMA and OMA
cases. Since the coherence intervalτc = 196, the maximum
number of users that can be served via OMA is limited
to 196. On the other hand, NOMA can serve more users
than that of OMA because of each user cluster can consist
of more than one user. However, Fig. 3 reveals that OMA
outperforms NOMA in the regime of low number of users.
The reason for this behavior is that the intra-cluster pilot
contamination due to the shared pilots among NOMA clusters
and the error propagation due to imperfect SIC, which hinder
the performance of NOMA with respect to OMA.

VI. CONCLUSION

The feasibility of enabling massive connectivity by virtue
of NOMA-aided cell-free massive MIMO with underlay
spectrum-sharing has been investigated. The achievable rates
of SUs and max-min power allocation coefficients at the S-
APs have been quantified. We reveal that the number of
concurrently served users can be significantly boosted by
exploiting the coexistence of NOMA and underlay spectrum
sharing. However, the residual interference yielded from pilot
contamination, imperfect SIC, and partial CSI significantly
hinders the achievable rates compared to a comparable sys-
tem operating with conventional OMA. We show that the
adverse near-far effect can be mitigated by virtue of serving
all users with a common downlink rate via a max-min
fairness-enabled transmit power allocation policy.

APPENDIX A
A. Derivation of the MMSE estimate

By substituting (4) in to (5), the MMSE estimate can be
derived as [12]

ĝnrl =

E

[(

√
ξp

(
L∑

j=1

g∗nrj +
K∑

i=1

u∗
nri

)

+ n∗
Sn

)

gnrl

]

E

[∣
∣
∣
∣
∣

√
ξp

(
L∑

j=1

gnrj +
K∑

i=1

unri

)

+ nSn

∣
∣
∣
∣
∣

2] ySnr

=

√
ξpE

[
|gnrl|2

]

ξp

(
L∑

j=1

E
[
|gnrj |2

]
+

K∑

i=1

E
[
|unri|2

]

)

+ E
[
|nSn |2

]
ySnr

= cSnrl
ySnr , (33)



wherecSnrl
is defined in (6).

B. Derivation of Zqk in (11)
Substituting (5) and (4) into (11),Zqk can be computed as

Zqk =

N∑

n=1

L∑

j=1

ηSnqj
c2Snqj

E

[∣
∣unqky

∗
Snq

∣
∣2
]

+

N∑

n=1

R∑

r 6=q

L∑

j=1

ηSnrj
c2Snrj

E

[

|unqky
∗
Snr

|2
]

=

N∑

n=1

R∑

r=1

L∑

j=1

ηSnrj
θgnrj

ζunqk

+

N∑

n=1

L∑

j=1

ηSnqj
θ2fmqk

(
ζunqk

ζgnqj

ζfmqk

)2

, (34)

whereθfmqi
andθgnrj

are given in (8a) and (8b), respectively.

APPENDIX B
DERIVATION OF SINR IN (22)

Expectation term in the numerator of (22) is derived as

E

[
N∑

n=1

η
1/2
Snrl

gnrlĝ
∗
nrl

]

=

N∑

n=1

η
1/2
Snrl

E[(ĝnrl + ǫgnrl
) ĝ∗nrl]

=

N∑

n=1

η
1/2
Snrl

E
[
|ĝnrl|2

]
=

N∑

n=1

η
1/2
Snrl

θgnrl
. (35)

Then, the variance term in (22) can be evaluated as

Var

[
N∑

n=1

η
1/2
Snrl

gnrlĝ
∗
nrl

]

=
N∑

n=1

ηSnrl

(

E

[

|(ĝnrl + ǫgnrl
) ĝ∗nrl|2

]

− θ2gnrl

)

=
N∑

n=1

ηSnrl

(
2θ2gnrl

+ θgnrl
(ζgnrl

− θgnrl
)− θ2gnrl

)

=
N∑

n=1

ηSnrl
θgnrl

ζgnrl
. (36)

The expectation in (23a) can be derived as

E





∣
∣
∣
∣
∣

N∑

n=1

l−1∑

j=1

η
1/2
Snrj

gnrlĝ
∗
nrj

∣
∣
∣
∣
∣

2




(a)
=

N∑

n=1

l−1∑

j=1

ηSnrj
c2Snrj

E
[
|gnrlySnr |2

]

(b)
=

N∑

n=1

l−1∑

j=1

ηSnrj
θgnrl

(θgnrl
+ ζgnrl

)

(
ζgnrj

ζgnrl

)2

, (37)

where steps (a) and (b) are written by using (5) and (4), re-
spectively, and then, evaluating expectations. The expectation
term in (23b) can be computed as

E





∣
∣
∣
∣
∣
∣

N∑

n=1

L∑

j=l+1

η
1/2
Snrj

(

gnrlĝ
∗
nrjϑSrj

−E
[
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∗
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]
ϑ̂Srj

)

∣
∣
∣
∣
∣
∣

2



=
N∑
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L∑
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ηSnrj

(

E

[∣
∣gnrlĝ

∗
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∣
∣2
]

+ (1− 2ρSrj
) |E[gnrlĝnrj]|2

)

(c)
=
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L∑
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ηSnrj
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(1− ρSrj
)ηSnrj

θ2gnrl

(
ζgnrj

ζgnrl

)2

, (38)

where step (c) is written by using (5), (4), and (20). Then,
the expectation term in (23c) can be derived by following
steps similar to those used in (37) as
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. (39)

The final expectation in (23d) can be derived as follows:

E
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∣
∣
∣
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∣

M∑
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Q∑

q=1

K∑
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η
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∗
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E
[
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]

+
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m=1

Q∑

q 6=r

K∑

i=1

ηPmqi
E

[∣
∣vnrlyPmq

∣
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]

=
M∑

m=1

Q∑
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K∑
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θfmqi
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+
M∑
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(
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)2

. (40)

By substituting (35), (36), (37), (38), (39), and (40) into (22),
the desired SINR can be derived as given in (24).
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