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Abstract—This letter studies the multiple-input single-output
(MISO) non-orthogonal multiple-access (NOMA) downlink usng
regularized zero-forcing (RZF) precoding with imperfect channel
state information (CSI). We first propose a new user schedutig
scheme based on imperfect CSI and a model to characterize the
channel correlation between the weak and strong users. Thewe
derive an approximate expression of the ergodic sum-rate lsg
large-system random matrix theory. This approximation pemits
us to derive the optimal power allocation scheme that satiss
the rate requirement of the weak users. Simulation results i
presented to confirm the accuracy of the approximation and
reveal the relationships between the ergodic sum-rate, thehannel
correlation, and other system parameters.

Index Terms—NOMA, imperfect CSlI, regularized zero-forcing
precoding, user clustering.

I. INTRODUCTION

beamforming, and power allocation methods were proposed
to minimize the transmit power with rate constraints.

In the above works, it is assumed that the base station (BS)
has perfect channel state information (CSl). Neverthethss
to estimation errors, it is impossible to have perfect CSI in
practice. In [6], the authors studied the robust beamfogmin
design problem for NOMA in MISO channels by maximizing
the worst-case achievable sum-rate. Not only is the knayded
of CSI an important factor affecting the performance of
NOMA, the correlation between the user channels in each
cluster is another crucial parameter [4,7]. In [4], the aush
provided a user clustering method based on the correlation
between the user channels of the MISO-NOMA system. It was
shown that the higher the correlation between the chantiels o
two users, the less the inter-cluster interference of thakwe

Non-orthogonal multiple-access (NOMA) is regarded as theso This work was extended to the imperfect CSI scenario

radio access technique to address the massive connecti\\ﬁ%

regularized ZF (RZF) precoding in [7].

problem for Internet of Things (IoT) [1,2]. With successive pg main issue for the two power allocation schemes in [4,

interference cancellation (SIC) at the receiver and sugserp
tion coding at the transmitter [3], NOMA has the capability t
deliver greater performance, such as higher user fairness

7] is that Monte-Carlo averaging over all channel realmadi

which has high computational complexity, is needed. In this
fetter, we consider a downlink MISO-NOMA system with im-

improved spectrum efficiency, when compared to orthogongl tect cs| using RZF precoding and aim to obtain a closed-

multiple access (OMA) methods.
User clustering, scheduling, power allocation, and mséiu

in
beamforming are among the methods that can further impror\ég

the sum-rate and energy efficiency of the multiple-inpuglsn

output (MISO)-NOMA downlink [4, 5]. To reduce users’ inter-

cluster interferences, [4] applied zero forcing (ZF) piéco

ing and clustering to MISO-NOMA. In [5], user clustering,
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form expression of the optimal power allocation by maximiz-
an approximate expression of the achievable ergodic sum
e. However, it is difficult to analyze the achievable eligo
sum-rate due to the correlation between the user channels. W
tackle this by proposing a model for the channel correlation
Specifically, our contributions are summarized as follows:

« By proposing a model to characterize the channel correla-
tion, we derive a large-system approximate expression for
the ergodic sum-rate. This approximation permits us to
obtain a closed-form expression for the optimal power
allocation, which depends only on the statistical CSI.
Therefore, the computational complexity of the proposed
method is much lower than that in [4, 7].

We propose a new user scheduling scheme by exploiting
the correlation between the channels and the knowledge
of imperfect CSI. We also show the significance of this
correlation and reveal that for high correlation between
the channels, NOMA can achieve a higher gain than
OMA; otherwise, OMA is better.

The optimal regularization scalar in the RZF precoding is
also obtained via a low-complexity linear search method.
The simulation results reveal that the optimal regular-
ization scalar monotonically increases with the channel



correlation, does not depend on the rate requiremenmhereqﬁi has i.i.d. entries with zero-mean and variance of
of the weak user, and monotonically increases with the and is independent frona}’,, and 7,; € [0,1] denotes

amount of channel uncertainty. the amount of uncertainty inf’; and;,; = (/1 — 72, for
i=1,2andk = 1,2,..., K. For frequency-division-duplex
Il. SYSTEM MODEL AND PROBLEM FORMULATION (FDD) systems, the model (4) reflects the imperfect channel
A. System Model knowledge due to the finite-bandwidth feedback links, wasre

. ] ] o for time-division-duplex (TDD) systems, the model (4) refte
A downlink multiuser beamforming system comprising ong,e imperfection due to finite training sequence length\(g3.

BS and2K users is considered. The BS is equipped With emnpioy the RZF precoding with imperfect CSI of the strong
antennas and serve&’ (> N) single-antenna users. Users argsers to reduce the multi-user interference by [8, 9]

grouped intoK clusters where each cluster is assumed to have e e
two users, i.e., a weak user and a strong user. Note that our G =¢(HH, +aly) 'HY, (5)

results can be easily extended to the case with more than WRere a > 0 represents the regularization scaldf, —

users per cluster. Lety, = /pr1sk,1 + /Pk,25k,2 denote the hi1,hoq,..., hyg]® € CE*N and¢ denotes a normaliza-
iﬁj@?;fovi'ﬁ'grn;waeg dSIQna;rt(;atﬂzrglitti;fsr%rpstt?gnBSafngt}\t,iveéa tion parameter to fulfil the BS transmit power constraint, (3)
L S ~ A _
k,1 k2 9 9 ence§2 == %, whereW £ (H{{Hl -+ O[IN) 1.

ers, respectively. The signals are assumed indepenadnt a L H, . .
USErS, respectively signais >su Indep Substituting (55 into (1) and (2), the signal-to-interfece

identically distributed (i.i.d.) complex data symbols witero | ) i SINRS) of the st d K i th
mean and unit variance. Alsp;. 1 andpy o denote the power plus NoISe ratios ( S) 0 € strong and weak users in the
: ' th cluster are given, respectively, by

allocation parameters for the strong and weak users, ayd tﬁé
satisfy px1 + pr,2 = 1, for Vk. pralbfl Why, |2
Using SIC decoding, the strong user in theh cluster first 7k1 = T o )
decodes the signal vector of the weak usgs by treatingsy, 1 By WH g g Whe +fi>
as unknown interference since the sigpaiy 25k 2 is stronger pk72|th72th71|2
than}/m,?kJ [1,2]. Then the strong user remo_w_as it from the'*2 = pk,1|hﬁ2Wﬁk,1|2 + th,QWI:If[k]I:IL[k]WhM + ¢’
received signal and decodeg; from the remaining part of @)
the received signal. Meanwhile, the weak user decodes its ow
signal sy, » directly by treatingsy,; as unknown interference.where H, ; = [hi1,....hy_1 1, hyyrr,... hg 7 €
To do so, the received signajs 1 andyy» of the strong and ¢(K-1)xN 4 — LNtr(WIA{{fIAﬁW), andp = £ denotes
weak users in thé-th cluster can be, respectively, given asthe signal-to-noise ratio (SNR). We can obtain the rates of

- - K strong and weak users in tlieth cluster as
Ykt = 0y 18ky/Pr,1Sk,1 + Dy Z#k 8jTj + Nk,1, (1)

(6)

(%]

. =K Ry = Bm, w1, {log(1 + v,,1)}, (8)
yr2 = hilogi(yPrzske + vBeisk1) Thily Y giw; Ry = Exg, 1, {1og(1 + v2) - 9)
j#k ) 1,Ha )
+ N2, 2 Therefore, the achievable ergodic sum-rate of all usersean

whereg;, € CN*1 is the precoding vector between the BS angXPressed as

the k-th cluster,hf’; andhf, € C'*¥ denote the channel Rsum = Rum, + Rsums (10)
vectors between BS and the strong/weak users inkttie where Reum, = S5 | Ryt and Reumy = S5 | Ry
cluster, respectively;;, 1 andn o are i.i.d. complex Gaussian 7 7

noises with zero mean and varianceost

We assume that the channdig/, for i — 1,2 and — B Problem Formulation
1,2,..., K are modeled ak’, = \/B.zi,, wheregy. ; and In this letter, we aim to maximize the achievable ergodic

Bk,2 denote the large-scale fading coefficients between the BgM-rate under the ergodic minimum rate constraint for the

and the strong and weak users in théh cluster, respectively, weak users and the transmit power constraint by finding the

and satisfyy,1 > fr.2, zf; denotes the fast fading channePptimal power allocatiop;’}, p;’; }v and the regularization

vector and has i.i.d. entries with zero-mean and variance Rgrameter®®. This problem can be formulated as

A .

- We also defingd; = [B1.1, e ,Brea]”. . max Re (11)
The overall precoding matrix of the BS is denoted®@y= {pi.1}vi,

[g1,82,...,8x] € CV*EK We assume that the BS meets the s, Ri2 > Rio,pka1 + Dk =1,0 < pra,pro < 1,Vk,

transmit power constraint o )
where Ry, o denotes the minimum rate requirement of the

tr{GG"} < NP, (3)  weak user in the:-th cluster to ensure the quality of service.
Notice that the power constraint (3) is absorbed g,

by £. However, from (8) and (9), it is required to evaluate the
achievable ergodic sum-rafe,,,, using Monte-Carlo methods
averaging over all channel realizations which have venh hig
b = /Bri (Yrizll; + mraal) | (4) computational complexity. To tackle this challenge, wespré

where P > 0 is the power budget of the BS. R
It is assumed that the imperfect channkls; andhy, > are
available at the BS, modeled as



an approach to solve the problem (11) in the next section. weak and strong users through the paraméteand we can
useCorry, to approximateCorry. Fig. 1 shows the relationship

Ill. PERFORMANCEANALYSIS between the correlation coefficie@brr;, (or Corr) and the
A. User Section and Channel Modeling of Weak Users parameterd,, for different number of antennas, which is

In power-domain NOMA, to enhance system performamg@nsistent with our analytical results in (17) and (18).
and reduce interference, a user-selected scheme is ngcessa
before signal transmission, which includes the gain-ciffiee .
and correlation between the user channels in each cIuster.B' Large System Analys's
The high correlation between the channels of users in eaciJsing (15), we aim to obtain an approximate expression of
cluster can improve the sum-rate of NOMA systems [4]. I(L0) using large dimensional random matrix theory. Fitsis i
the k-th cluster, the correlation between the channels of tlassumed thal and K — oo with the ratioc = £.
weak and strong usefSorr, is expressed by According to [8, Theorem 1] and taking some mathematical
derivations, we can obtain the following theorem.

|th,1hk=2| |Z£1Zk72| h . h — a.s.
Corry, = NN > (12) Theorem 1. )As N — oo, we haveyg 1 —7%,; — 0 and
| k,1|| k,2| |Zk,1||zk,2| Vo2 = Vio 2250, fork=1,...,K, where
for k = 1,2,..., K. However, only imperfect channefﬁ1 Peat? ex
and hf’, are available at the BS. Therefore, we use tHér.1 = S T - ; (19)
following approximation ( T Titen Mren)? T pﬂk,l) Uk
C/\ |f1kH1f1k,2| (13) Vo = pk729}%1/}]%716k
orry = — ~ . ) 20747 jen 077 e} 1 ’
U2 [[BfL) pradaen + (1 B + Tk 4 2w
Thus, a new user scheduling scheme is proposed, i.e., the (20)
selected users in a cluster satisfy the following condgion with
Comi, > Corry and |8103 1 — Brawl o] > fo. for Vi, w = (14 )’ (1 Qo g{e—lm) . (21a)
(14) Br,1
where, andCorrg € [0, 1] are the prescribed large-scale and —1 e for k # I
correlation thresholds, respectively. N (e +1)* ’
It is well known that to deal with the terne” Ax using [©]n = 1 e (21b)
large dimension random matrix theory, we always requiré tha 1 - N (o +1)° for k =1,
x and A are independent [10, Lemma 2.3]. Otherwise, it ) F
would be required to separate the component depending on [l = ,i€7k2 (21c)
from A [10, Lemma 2.1]. However, it is difficult to separate N (e +1)

the component depending dn.» from W in '.[he numerator gnde,’s are the unique solution of the followinkj equations
and denominator of (7) due to the correlation betwgn

and hy ». To tackle this challenge, we propose a model to e = Kﬁkv; fork=1,..., K. (22)
characterize the relationship between the fast fading rlan N Ykl oty T @
of the weak and strong users in each cluster as

Proof: For v,; in (6), using [8, Theorem 1] (setting the
H _ H 2 H number of BSsM = 1 and correlation matrixl'y, = 5,11 in
=0 \/1—=6ivi, 15 : '
P2 = OkZen + &V (19) [8]), we can obtain
wherev/! has i.i.d. entries with zero-mean and variancelof oot Vr1€k as.
and is independent from’, andqf’, andéy is a constant. i Whia = 7777 == 0, (23a)
Substituting (15) into (12), we therefore get the correlati
coefficient hy!, WE | H (g Why ) — (1 _

|9kz£1zk71 +4/1— Hizkhflvﬂ

21/’13,1616 wi,lei )
1+ ey (1 -+ ek)Q

2
Corry, = . (16) %k aTe-1 a.s.
a1 |[Orzlly + /T OV < (en = Gha - plem) =50, (230)
By applying [10, Lemma 2.3] and the fact thaf, and v/ _ L(ek _ a_ei(l _ 1T@7177)) s (23c)
are independent, we have PBr1 B.1 ’

(17) where ©, n, and ¢, are given by (21b), (21c), and (22),

Corry, — 0, =250, as N — oo, - r e . .
respectively. Substituting (23) into (6), we can obtain)(19

where a.s. denotes ‘almost sure’ convergence. Similarly, For .2 in (7), substituting (15) into (7), we get
C/o?rk — Ok 22, 0, asN — . (18)

h{!,Why 1 = /6:0,hf’, Why, 1

It is confirmed that the proposed model in (15) can asymptot- = 1 9. Hxxri
ically characterize the correlation between the channfelseo + VP21 = 0pvie Whiy (24)



1 correlation between the channels of the weak and strong user

:g/"ﬁ“k {01 }vi. However, the optimal regularization scala?** still
0.8l o | does not permit closed-form solutions. Thus, we decompose
the joint optimization problem (31) into two subproblems:

0.6 1 1) Given that{ps,1 }vx is fixed, the optimal regularization
s_calara°”t_ = argmaxp, ,>p, , fsum Can be obtained effi-
0.47 1 ciently using one-dimensional linear search.

N =64 2) For a fixeda®Pt, {p; 1} satisfies the following opti-

02 N — 256 ] mization problem

max Rsum (32)

0 0‘.2 6.4 6.6 6.8 1 {pr,1}ve
Parameter 0,
St Ri2 > Rio, vk +pr2=1,0<pp1,pk2 < 1,VE.

According to (32), (19), and (20), we find that ; only
I Al depends on the sum-rate in theh cluster. Therefore, the op-
by o WH j Hy 1y Why. 5 timization problem (31) can be equivalent to the maximizati

= 5k9§th’1WI3If[k]I3IL[k]th,1 of thg Sl:jm—_ratg gl e?]chfclltjst(_ar, sepabrlately. That isykomp;’)
; ; can be derive the following problem
Bl - GVEWEEH, Wy, (25) rvedhy P
max Rpi1+ R 33
whered;, = % Using [10, Lemmas 2.1-2.3], we have Pk,1 o "2 (33)

St Rio > Rio,pre1 +pr2=1,0<pp1,pk2 < 1.

Correlation coefficient Corry,
Z
I
_
=)

0

Fig. 1: The relationship between the correlation coeffici@éorr;,, and the parametét;. .

vEIWh,,; 550 (26) _ o o
By taking the second derivative & ; + Ry, 2 with respect to

= CONH £

~ ~ a.s 1 “ N ,WehaveM: 1 1y y_1r

VI WEL H g W 5 <t (WH{{le) = pé. p’“; o7, (pr1+ ((1+ pﬁk,lz)ezwz,l;k
Ck
@7) T Trrer)u) (et (Ut ) s - me
e -2 .
Substituting (23a) and (26) into (24), we get (124{_;6)2)%)) . Since Bx1 > B2 and 0 < 1, we get
O (R 1+Rk 2 :
. Opthrre , ——>—2 < 0. Thus, the above problem is convex. From
H [ OV, 1€k a.s. Pk,

hy o Whi 1 — /0r 1+ e > 0. (28)  the Karush-Kuhn-Tucker (KKT) conditions, we can derive the

; : opt
Substituting (23b), (23¢), and (27) into (25), we also have °PUMal power allocation factar,’y as

N 20297 e 0307 €} opt 1 (20 — Dy
H H EYE,1 k%E,1% P —
Bjo 2 WH Y g Ha pg Who = (1 o lter  (ITter)? PRLT 9fee T 9FeadZyf e

2 , 20242 e, 022 €2 1
x B <ek ;ﬂuﬁ{@ln)) 2250, (29) x (1 - . (34

1 Lter  (1+4er)”  PPr2

Combining (23c), (28), and (_29),_We _establish (20). I_ SUbStitUtingpsz in (34) ande"; -1 _pzpi (ij) into (19)
The large-system approximation in Theorem 1 provideg\y (20 we getR..(a) from (30), whereRom(a) only
accurate estimates for the ergodic sum-rate even for S”T?élpends om but does not depends gn.; and p;.» since

numbers of antennas. According to the continuous mappip;;@; in (34) is a closed-form solution. Thus, we can directly
theorem [11, Theorem 25.7-Corollary 2], we get a largejain qopt . arg maxRq,m(a) using one-dimensional linear

system approximation?ts,, for Rﬁum in (10), such that goareh where the minimum rate constraint for the weak users
Rsum — Rsum == 0, 85N — oo, where vanishes since it is absorbed ingg". Then, the unique

~ K ~ solution {e;. }vx is calculated by substituting®P* into (22).
Rsum = ) _(Ri,1 + Ry 2), (30)  Finally, we can obtai}"; using (34). Hence, we can obtain
k=1 a®Pt andpiP] by using an alternating optimization algorithm.
Ria1 = log(1+7,,), and Ry » = log(1 +7,,). Thus, we Since the calculation of: or py.; is along the monotonically
recast the problem (11) into increasing direction oRs,m (., pr1) at each step, the alter-
_ nating algorithm is guaranteed to converge.
max Rsum (31)
{Pr.1}ve,a
St Rp2> Rio,pr1+pr2=1,0<pr1,pr2 < 1,Vk, IV. NUMERICAL RESULTS

_ o In this section, we provide some simulation results to evalu
C. Solving the Optimization Problem ate the proposed power allocation scheme. In the simulgtion
From (30), we see thak,,, only depends on the statisticalwe consider that the number of antennas at the BS is 64,
CSl, such as the large-scale fading coefficigiits 1, Ox.2}vk, the number of users 1828 (K = 64), and we have the
the amount of uncertainty of the channgt,}vi, and the large-scale fading factors;, ; = 128.1 4+ 37.6 log 10(r,;) dB,



250 T T T T T T 2.5 15
—e—Ergodic Rate (10) 2002 —e—Ergodic Rate (10)
= —— Analytical Result (30) 5 = —+— Analytical Result (30)
E 200 || -~ OMA Ergodic Rate 12 :ﬁ} Sum-Rate of All Users R
i%/ :é’ < - é.: Sum-Rate of All Strong Users Rqum, /| 10,
% 150 m-Rate of All Users Ruum 1.5 ‘% %d
—_— Cd —_—
m’j 100 Sum-Rate of All Strong Users Ryum, OD* UZ) Optimal o s OQ
o Pt
1 ) Y =
g | Optimal o 1 % Sum-Rate of All
2 50 0.5 = Weak Users Ry
€3] p Sum-Rate of All Weak Users Rgyum, Z sz
———0—¢¢—2 ¢ ¢¢ oo ——9— ! ;s i
00.3 0.4 0.5 0.6 0.7 0.8 0.9 1O OO 0.2 0.4 0.6 0.8 O.g
0 2
Fig. 2: Achievable ergodic sum-rate and optinagP* vs 0. Fig. 4: Achievable ergodic sum-rate and optindP" vs 7—,371.
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—e—Ergodic Rate (10)
= 100 ——Analytical Result (30)] strong user and weak user in each cluster.
= . Finally, the ergodic sum-rate results versgs with {77, =
j=h R . L . ;
£ 80 N T or Al 11y 72,,0r = 0.85,Rro = 0.1} are illustrated in Fig. 4. We
;?«:S Sum-Rato of All g Users Haum 2 observe that higher performance is achieved if more CSI is
60 [ Strong Users Rgum, . . . .
& i available at the BS and°P* monotonically increases with
U:j) Sum-Rate of All 8* . . 9
o 40 Weak Users Roum, 4 10.5 |ncreaS|nng71.
;S " optimal V. CONCLUSION
5 20¢ o . 1 . . .. .
- — — ~ We addressed the achievable ergodic sum-rate maximization
L. . . .
005 ” - v 10 problem subject to the rate constraint of the weak user in the
o ' Rio ’ MISO-NOMA system with imperfect CSl at the BS employing
Fig. 3: Achievable ergodic sum-rate and optiméP* vs R, o. RZF precoding. We proposed a model to characterize the

correlation between the fast fading channels of the weak

and strong users and derived a large-system approximate
wherery; (km) is the distance between usgiin the k-th  expression of the achievable ergodic sum-rate. By maxigizi
cluster and the BS. Also, the transmit power at the BS ibis approximate expression, a closed-form solution of the
30dBm, the noise density at the users-i469dBm/Hz, and optimal power allocation has been derived.
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