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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, multife
clusters of NOMA-enabled secondary users (SUs) are concur-
rently served by geographically distributed secondary acess-
points (S-APs) via conjugate beamforming. The uplink chanels
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 Fig. 1. Cell-free massive MIMO NOMA with underlay spectrigharing.

and training overhead, while enabling massive connectiwt in . . . . .
primary and secondary systems. We derive the achievable ras not yet been investigated. This present work is motivated by

of the secondary system by capturing the adverse effects ofthe aforementioned facts and gaps in NOMA literature.
inter/intra-cluster interference, primary/secondary pilot con- Our contribution: This paper serves as an extension to

tamination, imperfect successive interference cancellin (SIC)  our previous work on OMA-based cell-free massive MIMO
and partial channel state information (CSI). We propose a with underlay spectrum-sharing [9]. In this paper, we de-

transmit power allocation policy for the secondary system ¢ . . . .
mitigate the detrimental impact of near-far effects by virtue of rive the achievable rates of NOMA-aided cell-free massive

max-min fairmess criterion. Through an achievable rate andysis, MIMO with underlay spectrum-sharing. A set of single-
we reveal that although the number of concurrently served antenna primary access-points (P-APs) concurrently serve
users can be substantially boosted by employing the propode multiple clusters of primary users (PUs) via power-domain
system model, the achievable rates are adversely affectedelto  \ oA while a secondary cell-free massive MIMO system
detection uncertainties with imperfect SIC and statistich CSI . . . . . -
at NOMA-enabled SUs. is underlaid by operating with the same primary licensed
spectrum. The uplink channel state information (CSI) is

I. INTRODUCTION estimated locally at the secondary access-points (S-APs) b
Cell-free massive multiple-input multiple-output (MIMO)€MPIoying pilots sent by secondary users (SUs). By adopting
can be used to render uniform service to many geographiciffiugate precoding, S-APs simultaneously serve many SUs
distributed users [1], [2]. By virtue of inherent macroWithin multiple secondary clusters by using NOMA. The
diversity gains, reduced average propagation losses and pcondary interference inflicted at the PUs is controlled by
proved spatial resolutions, cell-free massive MIMO hasibe&€MPlOying a primary interference temperature at each S-
shown to outperform the conventional co-located massi¢- Deleterious near-far effect of the secondary system is
MIMO in terms of coverage/outage probability [1], [2]_m|t|gated by adoptlng a max-min falrness.-based transmit
Power-domain non-orthogonal multiple-access (NOMA) capwer control policy. We analytically quantify the adverse
be used to concurrently serve many users in the same tiff€Cts of practical impediments such as primary/secondar
frequency-spatial resource by adopting superpositiaredo pilot contamination, mtra_/lnter-clustermterferen_paecodmg
transmission and successive interference cancellatio®) (SUncertainty with contaminated CSI at S-APs, imperfect SIC
decoding [3]-[5]. Moreover, a secondary system can g@cod[ng with partial/statistical CSI at SUs. Through our
underlaid by exploiting underlay spectrum-sharing Comedﬂumencal results, we reveal that the number of concurrent

to mitigate spectrum scarcity and underutilization/hgjs ~ connections can be significantly boosted by adopting the

The coexistence of co-located massive MIMO and ufrorosed system model. However, the achievable rates are

derlay spectrum-sharing is investigated in [7], while [8} e detrimentally affected owing to the above practical trans-

tends orthogonal multiple-access (OMA) of [7] by adoptingiSSion impairments. By virtue of the proposed max-min
ansmit power control, we show that the resulting common

NOMA into the secondary system. In [9], the performan . | ;
of OMA-based underlay spectrum-sharing aided Ce”_frég)wnllnk rates at SUs ensure user-fairness by serving all
users with a uniformly better quality-of-service than tlot

massive MIMO is explored. In [10], the feasibility of ex- ;
ploiting NOMA for boosting massive connectivity of cellefe the equal power allocation.

is studied. When cell-free massive MIMO is coupled with Il. SYSTEM, CHANNEL AND SIGNAL MODELS

NOMA and underlay spectrum-sharing, not only spectrd+ System and channel model

efficiency but also the number of simultaneous connectionsWe consider a NOMA-aided cell-free massive MIMO
can be boosted. However, the coexistence of NOMA-aidsgistem with underlay spectrum sharing (see Fig. 1) opeyatin
cell-free massive MIMO with underlay spectrum-sharing has time-division duplexing (TDD) mode. The primary system




consists of\/ single-antenna P-APs, which sei@é single- In (2), the set of orthogonal pilots that is shared by
antenna PUs distributed i@ primary clusters by using its W primary/secondary clusters is denoted ®#ye C"V*™,
licensed frequency spectrum. Each primary cluster cansfst having a length ofr, symbol durations. The remaining
K PUs. To boost overall spectrum efficiency by eliminating@ — W) primary clusters and ? — W) secondary clus-
spectrum holes, a secondary system is underlaid within tiess are assigned with pilot sequenckg € C(Q~W)x7
same primary licensed spectrum. This secondary systamd ®s € CE=W)x7  respectively. Since initial pilot

comprises of N single-antenna S-APs servinL SUs in set is orthogonal, we havé@®p, = 0, ®®s = 0,
R secondary clusters. These PUs and SUs are assigne®te®s = 0, p = [¢1T31a e ,¢>1Taq, e ,gb]TaQ]T and ®s =
@ primary clusters and? secondary clusters based on thei[¢>§1, . ,gbg, e ¢§R]T, wheregp € C*™ and ¢g €

spatial directions [10], respectively. To ensure perfaroga C'*7» are the pilot sequences sent by the PUs in gtie
of the primary system is not hindered by the secondary C@simary cluster and the SUs in theh secondary cluster,
the transmit power is constrained at each S-AP. Conseguentéspectively. l\/|oreover|,|¢PqH2 =1 and|/¢g ||* = 1 for
the secondary CCI inflected at the PUs always falls belloye {1,.--,Q} andr € {1,---, R}. Next, the pilot vector
a preset primary interference threshold. All P-APs and $eceived at theith S-AP can be written as

APs are connected to their respective primary and secondary R oL Q K

central processing units (P-CPU/S-CPU) (see Fig. 1). It i — . + U, +ns,, 3
assumed that the primary and secondary systems are opera?esé Ve <7-§_:1z§_:19 P ;; qk¢Pq> o @
in a synchronized manner, which is typical in underl
spectrum-sharing systems [2].

The channels from thexth P-AP to thekth PU in thegth
primary cluster and theith S-AP to theith SU in therth
secondary cluster are denoted By, andg.,;, respectively,
wherem € {1,--- M}, qe {1,---,Q}, ke {1,--- K},
ne{l,--- ,N},re{l,--- R} andl € {1,---,L}. We
represent the interference channel betweemttteP-AP and " & X
theith SU in therth secondary cluster by,,,;, while w,,,, Ysu, = 85,5, =V (Z g + Z“””) tns,, (4)
denotes the channel between itth S-AP and the:th PU in = =
the gth primary cluster. These four channels can be modelédierens, = ¢§ ng, ~ CA'(0,1) becausepy is a unitary

a\X/heregp = 7, P andP is the average transmitted pilot power
at each PU/SU. Moreovatg, is the additive white Gaussian
noise (AWGN) vector at theth S-AP, having identically and
independently distributed (i.i.dJA(0,1) elements.
By projecting gbg into (3), the sufficient statistics to
estimateg,,;, wherej € {1,---, L}, can be obtained as

in a unified form as vector. Then, the minimum mean square error (MMSE)
habe = g}/i Rave, (1) estimate ofg,,; can be derived as (see Appendix A-A)

where h € {f,g,u,v}, a € {m,n}, b € {q,r}, and E[y%, gnr]

¢ € {k,l}. Here, hgpe ~ CN(0,1) captures quasi-static Gnrl = —=m— 5 YSpy = €Sy YSnrs ®)

E 2
Rayleigh fading, andj,,,, accounts for path-loss/shadowing, o [lysn.[?]
which is typically assumed to be fixed for many coherendgherecs,,, is given by
intervals [2]. Hence, the channel statistics at the bothH2-A R N

H cSnTl = . (6)

and S-APs are assumed to be known a-prior because they & (Zle Comrs + 2oics Cum) +1
change very slowly, and they need to be estimated once every
tens/hundreds of coherence intervals [2]. By following a technique similar to (5), the MMSE estimate
B. Uplink channel estimation of fmqr Can be derived as

As per the principles of cell-free massive MIMO [2], the "

link channel imated locall h AP vi e
uplink channels are estimated locally at eac via user Frnah = = Pk UPmas @)

pilots [2]. To this end,7, symbols out ofr., which is E[lypn, ]
the length of channel coherence interval, are allocated fghere yp,., andcp, . can be obtained by replacing sec-
pilot transmission. In pilot phase, all PUs/SUs concuiyentondary subscript$S,n, 7,1, j} with respective primary sub-
transmit pilots to the P-APs/S-APs, and thereby, the respeeripts { P, m, q, k, i}.

tive channels can be estimated locally at each P-AP and Sowing to channel reciprocity property of TDD, P-APs/S-
AP. Owing to this, there is no need of exchanging channgbs adopt locally estimated,,,,. and g,,; as downlink

estimates among the P-APs and S-APs [2]. To minimizes) to design their precoders [2]. Singg,, andys,, are
training overhead, NOMA-enabled PUs/SUs located withig 5 ssian distributed. we havB.qx ~ CN(0,6;, ) and
] ’ maqk

the same primary clusters/secondary clusters are assig@ec} ~ CN(
with the same pilot sequence. Since only a limited number of
orthogonal pilots is available for a given coherence irgerv E|:|fmqk|2:| =0t = VEPCPrak Chmgn s (8a)
[2], these pilots are shared among the primary and secondary E[|gnrtl?] = 05, = v/Ercs,iConnn. (8b)
systems. Thus¥’ < min (Q, R) pilots are assumed to be dnrt Pronrt St
shared among the primary and secondary NOMA clustefthen, the channel estimation errors pertainingftg: and
and the corresponding pilot assignment is defined as gnri @re given byey, = Fungi—fmak ~CN (0, Crmar —Ofme)
®p = [<I>; <i>p] and ®s = [@; &’s] . (2) andeg,,, = gnri — Gnrt ~ CN(0,¢y,.,, — 04,.,.), rESPECtively.

0,6,,,,), whered; . andd,  are given as

9nrl



ws,, = \/P_SZTL 1 Zl ' Shrj gn'rlgnr]’ﬁsm + \/P_SZ Z n7j (gn'r‘lg:zrjﬁSTj —E I:gnr'lg:u‘j] 195‘”)

Jj= l+1
Intra-cluster interference after SIC Error propagation due to imperfect SIC
+VPs Z Z i ZJ ) 775 gnrzgm/ﬁs s, FVPp Zm ) Zq . ZZ P ? Vmrifrgip, +np,  (19)
. . AWGN
Intra-system interference Inter-system interference
C. Secondary Transmit Power Constraints
According to underlay spectrum sharing concepts [6], N M
we constrain the transmit power at each S-AP such that TS =D GnriTs, + Y Vmpi@p,, + ns,,, (15)
the secondary CCI inflected at the PUs falls bellow the n=1 m=1
corresponding primary interference temperature at each PEherens,, ~ CN(0,1) is an AWGN at thelth SU in the
We define the total transm|t power at théh S-AP as rth secondary cluster. To adopt the power-domain NOMA,
SUs in therth secondary cluster are assumed to be ordered
A N B . B
Ps Z Znan (9) based on the effective statistical channel gains as [4]
=1j=1
where g, . is the transmit power allocation coefficient at EUZN o 2] . EUZ - ] . (16)
n=1 -

the nth S-AP for thejth SU in therth secondary cluster,
and it satisfiesy " | > | 1s,,, < 1. Moreover,Ps is the As per power-domain NOMA, the higher power levels are
maximum allowable transmit power at each S-AP. Thus, tielocated for the users with lower statistical channel gais

secondary CCI received at thgh PU in the gth primary Ps,, <---<Ps,, (17)
cluster can be written as wherePs,, = Psis,.,. Thus, theth SU in therth secondary

Yg = Ungrts,=vDPs 052 tnaknri0s,,, (10) cluster is able to decode the signals intended forjtheSUs

! Z ’ ;;; Sy TR for Vj(> 1), given that it can decode its own signal. Then, the

Wherexsn is the transmitted signal by theth S-AP (14). [th SU in therth secondary cluster can successfully cancel
Next, the total average secondary CCI powey, () inflected the intra-cluster interference from tiwg(> /)th SUs before
at thekth PU in thegth primary cluster can be derived as decoding its own signal [4]. Furthermore, th@ SU treats
N B L e the signals from all the users < | as interferences. The
Pry= E[lyqx|”] PSZ ZZ"SW [|unqum]~| } (1) received signal given in (15) can be rearrange after SIC as
N

n=1r=1j=1

o rs, =VPs 3 152 gurdneds, +ws,,, (18)
whereZ;, is derlved as (see Append|x A-B) n=1
Desired signal
Za —;;;nsm Oy G where wg,, is an effective noise at th&th SU in therth
N L 5 secondary cluster (19). In (191% . is an estimate ofls, ;.
+ Z Z 5145070 (M) . (12) By assuming thats, ; is drawn from a Gaussian dlstrlbuuon
. n=1j=1 . Chma Jg,. is modeled to be jointly Gaussian distributed with a
Finally, we constrain the transmit power at thth S-AP as "

normalized correlation coefficients, ; as [10]

_ . ITH [qu ITQK ~
Psn = min (]337 7 AR 7 S ZQK , (13) A 19377 :psm_'ﬁsm_--k-esrj’ . (20)
where I, is the interference temperature of thth PU in where Js ; and es,; are statistically independent, and
the ¢th primary cluster. they are distributed asls,, ~ CN(0,1) , es,
D. Signal model CN(0, 02, /(1402 ), andps,, =1/, /1+ 02,

The S-APs employ conjugate precoding by using the
locally estimated channel estimate in (5) to transmit tyeai IIl." A CHIEVABLE RATE ANALYSIS
towards SUs in secondary clusters. The signal transmitted b The received signal at th&h SU in therth secondary

the nth S-AP can be ertten as cluster given in (18) can be rearranged to decode the desired
. signal by usmg statistical CSI as
=/Ps Z Z ns2 Gnni05,;5 (14)
=1j=1 r vV PsE nrtnrt | U - 21
whereds, , is the S|gnal intended for thgth SU in therth 70 Znsmg i l} o ()

secondary cluster satisfying|[|Js,,|?] = 1, andnsg,,, is

nrj Desired signal

selected to satisfy the transmit power constraint in (1BprT

N N
we can write the received signals at ttte SU in therth  +/pPg (Zﬁé/ngnr-zQZT-z—E [Zn;/%lgm‘lgv*wl])795”+wST”
secondary cluster as nr

n=1 n=1

Detecti tinit
1The P-APs also adopt conjugate precoders designed vidylastimated . . .e eetion uneerinty . .
CSI (7). The signal model and rate analysis for the primastesy can be Wherewg,, is given in (19). We can now derive the signal-

obtained by replacing subscrip{sS,n,r,1, j} pertaining to the secondary to-interference-plus-noise ratio (SINR) at thHb SU in the
system by counterpartsP, m, q, k, i} of the primary system. Performance

analysis of the primary system i$ hence omitted for the sakeravity. rth secondary cluster via (21) as



2 N R L
- (zn;{; ) / (Pszzzn O o + PSS T+ Pr
Jj=1

n=1r=1j=1

Sy

m=1q=1 i=

anqz 9f7nq1 CUTILTL + 1) (24)
1

2

|: Z 775 g7L7lg7L7l:|

VS, = B (22)
PSV&I' |: Z nS g”"lgn'rl:| +PS Z IS +]E Unsﬂ |2}
where /s, for j e {1,2,3,4} can be defined as
N 11 2
Is,, =E|]> Zné{ijgngiw , (23a)
n=1j=1
N L 2
2 Ak Ak a
Isr2 =E Z Zn;iTj(gnrlgnrjﬁsrj_E[gn'r‘lgnrj]lgsrj) 7(23b)
m=1j=I1+1
N R L 2
2 Ak
ISTg =E Z Z Zn;{”,j gnr'lgn'r/j ) (230)
n=1y/#r j=1
2
Is,, = [ Z ZZ"]P Umrlf::zqi ] . (23d)
m=1qg=1 i=1

We compute the SINR by evaluating the expectation a

variance terms in (22) as shown in (24) (see Appendix
In (24), I, fori € {1,2,3} is given by

N -1 C 2
2 Inrj

S S (< ) s

e 1j 1 Inrl

2 [ Conry \

5223 3 (o ps st (22) o

- 1J I+1 Inrl

P " 2
/ _Ir np,.. imz (C mCTZCfmm) ) (250)

me1 i—1 Inrl

Thereby, we obtam the achievable rate of ttle SU in the
rth secondary cluster as

B

maximize  Rs,, (28a)
nsnernJ‘,l
R L
subjectto Ci:» > ns,,;00,,, <1, (28Db)
r=1j=1
Cy: Ps, <Ir, [Zq, Vaq,k, (28c)
Cs:ms,,, >0, (28d)
whereRg,, is given in (26), and”; is obtained by using the

maximum allowable transmit power ath S-AP as follows:

R L 2
S } <

r=1j=1
R L
ZZ Snrj |g7L7J| <1:>ZZ7ISWJ Inrj <1

r=1j5=1
Where9 4nr; 1S given in (8b), and’; 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,Rs , can be replaced bys,, given in (24). Then,

E|lzs,|’] < Ps=E {

(29)

efining a slack variabless , £ n;ﬂ , we equivalently

reformulate the optimization problem in (28) as

'S introducing a common SINRM}j for all SUs and by

maximize A (30a)
BSnTLVn,'r,l
subject to s, > A
R L
Cri Y B0 <1, (30b)
r=1j=1
CQ : Psn < Iqu /qu, Vq7k7 (30C)
C:s : /Bsnrz 2 O, (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

! 1 26
) 0gy (1+7s,.) (26) the Bisection method shown in Algorithm 1.
where~g , is given in (24), and the pre-log factor captures

the effectlve portion of coherence interval utilized foyjwead
data transmission. Finally, the total achievable sum rateeo
secondary system is computed as

. L
Rs =Y Y Rs,.

Te — Tp
RSn:( p

V. NUMERICAL RESULTS
Our simulation parameters are as follows:= 196, 7, =
max (Q, R), and¢y,,,. = (do/dape)” x 10%e0/10 whered,y,.
is the transmission distancé, is the reference distance,
is the path-loss exponent, amél®=+</10 captures the shadow
—11=1 fading with .. ~ A(0,8). The P-APs/S-APs are uniformly
IV. TRANSMIT POWER CONTROL distributed, while PUs/SUs are randomly distributed over a
In cell-free massive MIMO, the achievable rates are deti@reaS800 x 800 m?.

mentally affected by near-far effect owing to distributed In Fig.2, the achievable sum rates of the primary and
deployment of APs and users. Thus, user fairness mustdszondary systems are plotted as a function of the transmit
guaranteed in terms of achievable rate in order to providgoawer per P-AP. The maximum allowable transmit power at
uniform quality-of-service to all users. To this end, maitm each S-AP is kept aPp/2. The secondary transmit power
power control algorithms have been shown to be optimal oontrol coefficients are calculated via the proposed max-mi
the sense of user fairness in presence of near-far effets ffower allocation algorithm in Section IV. For the companiso
[11]. Having been motivated by this fact, by invoking the@urposes, the sum rates of the secondary system with equal
max-min fairness concept [11], the transmit power allagati power allocation have been plotted. Fig. 2 clearly reveals
coefficients for S-APs can be computed to maximize thhat the sum rates of primary NOMA clusters increase mono-
minimum achievable rate among all SUs located in albnically with unconstrained®p. However, the sum rates of
secondary clusters. Thus, we formulate a max-min transra@écondary clusters gradually increase up to a maximum in the
power control problem as low Pp regime and then decrease with increasitg The

@7)



Algorithm 1 Bisection Algorithm o Primary - Sim

Input: Path-losses between P-APs/S-APs and PUs/SUs, and Dspilziiﬁf‘_r\/_“éin
maximum allowable transmit powers of the PUs/SUs. - Secondary - Ana
Output: The power control coefficients)s, , for n €
{1,---,N},re{l,---,R},andl € {1,--- ,L}.
In|t|aI|zat|on Deflne an initial region for the objective
functlon by choosmg appropriate values y,;, and
Amaz. ChoOSE A toleranae> 0.

1: while \,q2 — Amin > € dO
2:  Calculate,\ = (/\Wm + Ain ) /2
3:  Solve the convex fea5|b|I|ty problem which can be

Achievable Sum Rate [bits/s/Hz]

given as 1 N
Vsl o (X, Bsunons) @D 1 , .
which is subjected t@’, Cy, and03 given in (30b) N 100 200 300 400
(30c), and (30d), respectively. Moreové,,, = Number of User Nodes
T PooT PpoT Fig. 3. Comparison between NOMA and OMAfdf = N = 32, Pp =0
[Vsla V527 2V53a Ps VSyr Pg VSs \/—P_s}’ Where dBW, 0% =02 =1, v =24, pp,; = ps,; = 0.2, anddo =1 m.

of achievable rates.

T
Vs, £ [55111\/9511114911”“' s BSnrLV QgNRLCgNm] , (32a) In Fig. 3, the achievable sum rates of the primary and
"B 10y C Bnrar 1 0mmsConnanss 17 secondary systems are plotted as a function of the number of
Vs, £ I“CQ“Z Ak ..., ( )C - )] ,(32b)  concurrently served user nodes for both NOMA and OMA
- gart N - cases. Since the coherence interyak= 196, the maximum
vs, & (1 = 5,040 )Bs10a4) e (1- PSTL)ﬁsNTL} (32¢) number of users that can be served via OMA is limited
' Co11 99101 Corrany " Conr9anConee to 196. On the other hand, NOMA can serve more users
Y2 0, Cor a2 6 ¢, T than that of OMA because of each user cluster can consist
vg, & | g”fl”’l7~-~ , i In M”} , (32d) of more than one user. However, Fig. 3 reveals that OMA
ConrtC i ConrtCharri outperforms NOMA in the regime of low number of users.
Vs, 2 [\/m7 7\/77PMQK9fMQKCvM,\zJT- (32¢) The reason for this behavior is _that the intra-cluster pilot
contamination due to the shared pilots among NOMA clusters
4. If the problem is feasible, then set,.,, = \,, and the error propagation due to imperfect SIC, which hinder
;. gttggr‘l’]‘c”ie seﬁnﬁ\am —</\ * Otherwise go to Step 2. the performance of NOMA with respect to OMA.
6 end while T V1. CONCLUSION
7. return  ng, [32 forn € {1,---,N}, r € The feasibility of enabling massive connectivity by virtue
{1,---, R}, andle (1. Ly of NOMA-aided cell-free massive MIMO with underlay
spectrum-sharing has been investigated. The achievablke ra
3 e Trary 5 (Onitormy) of SUs and max-min power allocation coefficients at the S-
& || Primary - Ana (Uniform) APs have been quantified. We reveal that the number of
g “332333;;’2;;;2%‘;@‘;;3 concurrently served users can be significantly boosted by
Z 951 * Secondary - Sim (Max-min) o cens] exploiting the coexistence of NOMA and underlay spectrum
= & Secondary - Ava (Maxcmin)] 7 ey Pl sharing. However, the residual interference yielded fraiot p
§ 2r ey Chister 1rg contamination, imperfect SIC, and partial CSI significant!
E sl hinders the achievable rates compared to a comparable sys-
o Secondary Cluster-1 tem operating with conventional OMA. We show that the
BT ' adverse near-far effect can be mitigated by virtue of sgrvin
12 all users with a common downlink rate via a max-min
S 05/ fairness-enabled transmit power allocation policy.
e APPENDIXA
% 45 10 5 o 5 10 15 A. Derivation of the MMSE estimate
Primary Transmit Power per P-AP [Pp dBW] By Substituting (4) in to (5), the MMSE estimate can be
Fig. 2. Achlevable sEm rate versus Erlmary transimt owerMb _N = derived as [12]
3,Q=R=2K=1L=21Ip, =0dB,0} =0 = 1, v = 24,
— L K
PPy = ps,; =02, anddp =1 m. E [(\/@(Z g;:rj £y uTm) +n§n> gml:|
reason for this behavior is that when the secondary sum rates  _ J=1 =t ys
reach their maximum, the S-APs transmit at their maximum L K 2 v
allowable powerPs. Thereafter, whenPp increases, the [ & C;g""jJr; “"”’) sy }
primary CCI at SUs keeps growing without bound. Hence, 5
the secondary sum rates decreasé@agyrows larger. Fig. 2 = VEE[lgnri]’]
. . . ’ ) . - L K ySnT
depicts that the proposed max-min power allocation pravide (Z [lgnrs|2] + > E[|um.i|2}> +E[ns, 2]
a common sum rate for all secondary clusters regardless of =1 i=

near-far effects and thus, guaranteeing user fairnessrimste = cs, ,vs,,, (33)



Where@m.l s defineq in (6). where step (c) is written by using (5), (4), and (20). Then,
B. Derivation of Z, in (11) the expectation term in (23c) can be derived by following
Substituting (5) and (4) into (11),, can be computed as steps similar to those used in (37) as

N L
2 * 2
Zgk = 2 : 2 :nanj CanjE Uu”qkyan ’ :|

n=1j=1
L

N R
2 * 2
£35S s B st ]
n=1r#q j=1
R L

NS nrj egnm' Cunqk

N L
2 Cun kan j
53 s O (22

2
n=1j=1 Cfmqk ) '
wheredy, . andd are given in (8a) and (8b), respectively.

(34)

Inrj

APPENDIX
DERIVATION OF éll\l?R IN (22)
Expectation term in the numerator of (22) is derived as

N
1/2 A~k ~
E [Zns{”‘l gm"lgmnl:| Zﬂsml (Gnrt + €gpri) Grri]

N
=25, Znéifil

n=1
Then, the variance term in (22) can be evaluated as

N
1/2 Ak
Z T]Snrl gnrlgnrl:|

n=1

N
= Z NS (E[ Gnrt + Egnrl) gnrl' i|

gnrl| (35)

Var

)

The final expectat|0

2
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(23d) can be derived as follows:
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(40)

By substituting (35), (36), (37), (38), (39), and (40) in&2},

the desired SINR can be derived as given in (24).
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The expectation in (23a) can be derived as -
N i-1 2
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n=1j=1

gn'r‘l + anﬂ(ggnvl - 9m~z)

(1]
(36)

(4]

N -1

@ Z Z M5 €500, Bl gnritis,, ]

n=1j=1

N -1 2

(b) < nrj

LSS 05,0001 G + Conr) <<—> . @)
n=1 j:l Inrl

where steps (a) and (b) are written by using (5) and (4), re-
spectively, and then, evaluating expectations. The egfient 7
term in (23b) can be computed as

N L R
Z Zn;{fm (gnrlg:zrjﬂsrj —-E [gnrlg;;rj] ﬁsrj)
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(8]

N L , [
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n=1j=I+1 [10]
© N L
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