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7.1 Introduction

Current wireless communications in general adopt various types of orthogonal mul-
tiple access (OMA) technologies for serving multiple users, such as time division
multiple access (TDMA), frequency division multiple access (FDMA), and code
division multiple access (CDMA), where one resource block is exclusively allocated
to one mobile user (MU) to avoid possible multiuser interference. In practice, the
OMA technologies are relatively easy to implement, albeit at the cost of low spectral
efficiency. Recently, with the rapid development of mobile Internet and prolifera-
tion of mobile devices, it is expected that future wireless communication systems
should be able to support massive connectivity, which is an extremely challenging
task for the OMA technologies with limited radio resources. Responding to this,
non-orthogonal multiple access (NOMA) has been recently proposed as a promising
access technology for the fifth-generation (5G) mobile communication systems, due
to its potential in achieving high spectral efficiency and supporting massive access
[1-4].
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The principle of NOMA is to exploit the power domain to simultaneously serve
multiple MUs utilizing the same radio resources [5—7], with the aid of sophisticated
successive interference cancellation (SIC) receivers [8, 9]. Despite the adoption of
SIC, inter-user interference still exists except for the MU with the strongest chan-
nel gain, which limits the overall system performance [10]. To address this issue,
power allocation has been considered as an effective method to harness multiuser
interference [11, 12]. Since the overall performance is limited by the MUs with weak
channel conditions, it is intuitive to allocate more power to the weak MUs and less
power to the strong MU in order to enhance the effective channel gain and minimize
the interference to the weak MUs [13]. For the specific two-user case, the optimal
power allocation scheme was studied in [14], and [15] proposed two sub-optimal
power allocation schemes exploiting the Karush—Kuhn-Tucker (KKT) conditions,
while the issue of quality of service (QoS) requirements of NONA systems was
investigated in [16]. For the case with arbitrary number of users, the computational
complexity of performing SIC increases substantially and the design of the optimal
power allocation becomes intractable. To facilitate an effective system design, clus-
tering and user pairing have been proposed [17, 18]. Generally speaking, multiple
MUs with distinctive channel gains are selected to form a cluster, in which SIC is
conducted to mitigate the interference [19, 20]. In general, a small cluster consisting
a small number of MUs implies low complexity of SIC, but leads to high inter-
cluster interference. Thus, it makes sense to dynamically adjust the size of a cluster
according to performance requirements and system parameters, so as to achieve a
balance between implementation complexity and interference mitigation [21]. How-
ever, dynamic clustering is not able to reduce the inter-cluster interference, indicating
the necessity of carrying out dynamic clustering in combination with efficient inter-
ference mitigation schemes.

It is well known that the multiple-antenna technology is a powerful interference
mitigation scheme [22-25], hence, can be naturally applied to NOMA systems [26,
27]. In [28], the authors proposed a beamforming scheme for combating inter-cluster
and intra-cluster interference in a NOMA downlink, where the base station (BS)
was equipped with multiple antennas and the MUs have a single antenna each.
A more general setup was considered in [29], where both the BS and the MUs
are multiple-antenna devices. By exploiting multiple antennas at the BS and the
MUs, a signal alignment scheme was proposed to mitigate both the intra-cluster
and inter-cluster interference. It is worth pointing out that the implementation of the
two above schemes requires full channel state information (CSI) at the BS, which is
usually difficult and costly in practice. To circumvent the difficulty in CSI acquisition,
random beamforming was adopted in [30], which inevitably leads to performance
loss. Alternatively, the work in [31] suggested to employ zero-forcing (ZF) detection
at the multiple-antenna MUs for inter-cluster interference cancelation. However, the
ZF scheme requires that the number of antennas at each MU is greater than the
number of antennas at the BS, which is in general impractical.

To effectively realize the potential benefits of multiple-antenna techniques, the
amount and quality of CSI available at the BS play a key role [32, 33]. In practice,
the CSI can be obtained in several different ways. For instance, in time duplex
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division (TDD) systems, the BS can obtain the downlink CSI through estimating the
CSI of uplink by leveraging the channel reciprocity [34]. While in frequency duplex
division (FDD) systems, the downlink CSI is usually first estimated and quantized
at the MUs, and then is conveyed back to the BS via a feedback link [35]. For
both practical TDD and FDD systems, the BS has access to only partial CSI. As a
result, there will be residual inter-cluster and intra-cluster interference. To the best of
the authors’ knowledge, previous works only consider two extreme cases with full
CSI or no CSI, the design, analysis and optimization of multiple-antenna NOMA
systems with partial CSI remains an uncharted area. Motivated by this, we present
a comprehensive study on the impact of partial CSI on the design, analysis, and
optimization of multiple-antenna NOMA downlink communication systems.

The rest of this chapter is organized as follows: Sect. 7.2 gives a brief introduction
of the considered NOMA downlink communication system and designs the corre-
sponding multiple-antenna transmission framework. Section 7.3 first analyzes the
average transmission rates in presence of imperfect CSI and then proposes three per-
formance optimization schemes. Section 7.4 derives the average transmission rates
in two extreme cases through asymptotic analysis and presents some system design
guidelines. Section 7.5 provides simulation results to validate the effectiveness of
the proposed schemes. Finally, Sect. 7.6 concludes this chapter.

7.2 System Model and Framework Design

Consider a downlink communication scenario in a single-cell system, where a base
station (BS) broadcasts messages to multiple MUs, cf. Fig. 7.1. Note that the BS is
equipped with M antennas, while the MUs have a single antenna each due to the size
limitation.

7.2.1 User Clustering

To strike a balance between the system performance and computational complex-
ity in NOMA systems, it is necessary to carry out user clustering. In particular,
user clustering can be designed from different perspectives. For instance, a signal-
to-interference-plus-noise ratio (SINR) maximization user clustering scheme was
adopted in [36] and quasi-orthogonal MUs were selected to form a cluster in [37].
Intuitively, these schemes perform user clustering by the exhaustive search method,
resulting in high implementation complexity. In this chapter, we design a simple
user clustering scheme based on the information of spatial direction.! Specifically,
the MUs in the same direction but with distinctive propagation distances are arranged

I'The spatial direction of users can be found via various methods/technologies such as GPS or user
location tracking algorithms.
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Fig. 7.1 A multiuser NOMA communication system with 4 clusters

into a cluster. On one hand, the same direction of the MUs in a cluster allows the
use of a single beam to nearly align all MUs in such a cluster, thereby facilitating
the mitigation of the inter-cluster interference and the enhancement of the effective
channel gain. On the other hand, a large gap of propagation distances avoids severe
inter-user interference and enables a more accurate SIC at the MUs [38—40]. If two
MU s are close to each other with almost equal channel gains, it is possible to assign
them in different clusters by improving the spatial resolution via increasing the num-
ber of spatial beams and the number of BS antennas. Without loss of generality, we
assume that the MUs are grouped into N clusters with K MUs in each cluster. To
facilitate the following presentation, we use ai( ,{2 h, ; to denote the M-dimensional
channel vector from the BS to the kth MU in the nth cluster, where o, i 1s the large-
scale channel fading, and h,, ; is the small-scale channel fading following zero mean
complex Gaussian distribution with unit variance. It is assumed that ¢, ; remains
constant for a relatively long period, while h,, ; keeps unchanged in a time slot but
varies independently over time slots.

7.2.2 CSI Acquisition

For the TDD mode, the BS obtains the downlink CSI through uplink channel esti-
mation. Specifically, at the beginning of each time slot, the MUs simultaneously
send pilot sequences of T symbols to the BS, and the received pilot at the BS can be
expressed as

K

N
Yp= Z Z \/%hn,kq)n,k + Np, (7.1)

n=1 k=1
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where P is the transmit power for the pilot sequence of the kth MU in the nth cluster,
Np is an additive white Gaussian noise (AWGN) matrix with i.i.d. zero mean and
unit variance complex Gaussian distributed entries. @, ; € C'*7 is the pilot sequence
sent from the kth MU in the nth cluster. It is required that ¢ > N K, such that the
pairwise orthogonality that @, ;@ /", = 0and @, , @, = 1,V(n, k) # (i, j),can be
guaranteed. By making use of the pairwise orthogonality, the received pilot can be

transformed as
Yp@! = /tPl i, + Np@f (7.2)

Then, by using minimum mean squared error (MMSE) estimation, the relation
between the actual channel gain h, ; and the estimated channel gain h,, ; can be
expressed as

hn,k = A/ pn,kﬁn,k + vV 1- Pn kC€n k> (73)

where e, ; is the channel estimation error vector withi.i.d. zero mean and unit variance
complex Gaussian distributed entries, and is independent of h,, ;. Variable p, ; =

PP o k . . . N
Siwatnk 1 L g the correlation coefficient between h, , and h, ;. A
1+1:karx,lk I+TP, ok ’ >

large p,x means a high accuracy for channel estimation. Thus, it is possible to
improve the CSI accuracy by increasing the transmit power P  or the length 7 of
pilot sequence.

For the FDD mode, the CSI is usually conveyed from the MUs to the BS through
a feedback link. Since the feedback link is rate-constrained, CSI at the MUs should
first be quantized. Specifically, the kth MU in the nth cluster chooses an optimal

~ By,
codeword from a predetermined quantization codebook %, , = {hflljc, - (2 k)}

of size 2B+ where fl,(f ,)( is the jth codeword of a unit norm and B,,  is the number
of feedback bits. Mathematically, the codeword selection criterion is given by

] =arg max
1<j<2Bnk

Then, the MU conveys the index j* to the BS with B, ; feedback bits, and the BS
recoveries the quantized CSI ﬁff ,? from the same codebook. In other words, the BS
only gets the phase information by using the feedback scheme based on a quantization
codebook. However, as shown in below, the phase information is sufficient for the
design of spatial beamforming. Similarly, the relation between the real CSI and the
obtained CSI in FDD mode can be approximated as [41, 42]

hy e = /ouil . + /1= Puiui, (1.5)

hy,
[

information, €, is the quantization error vector with uniform distribution, and

where l~1,,,k = is the phase of the channel h, 4, ﬁ;’k is the quantized phase
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Bk, . . .
pnix =1 —27 %1 is the associated correlation coefficient or CSI accuracy. Thus,
it is possible to improve the CSI accuracy by increasing the size of quantization
codebook for a given number of antennas M at the BS.

7.2.3 Superposition Coding and Transmit Beamforming

Based on the available CSI, the BS constructs one transmit beam for each cluster, so as
to mitigate or even completely cancel the inter-cluster interference. To strike balance
between system performance and implementation complexity, we adopt zero-force
beamforming (ZFBF) at the BS. We take the design of beam w; for the ith cluster as
an example. First, we construct a complementary matrix H;? as:

A A

H, = [ﬁl,ls cee ﬁl,l{v ol higg, ﬁN,K]H~ (7.6)

Then, we perform singular value decomposition (SVD) on H; and obtain its right
singular vectors w; ;, j = 1, ..., N,, with respect to the zero singular values, where
N, is the number of zero singular values. Finally, we can design the beam as w; =
le-vi, 0;,ju; j, where 0; ; > 0 is a weight such that ZI]-V;, 6;,j = 1. Thus, the received
signal at the kth MU in the nth cluster is given by

N
H
Yk = \/an,khn,k E w;s; + Ny k

i=1
N
H H
= %k ,Lkwnsn + an,k(l - pn,k)en,k E w;s; + Ry ks (77)
i=1,i%n

where s; = 3%, /P5,5; ; is the superposition coded signal with P, and s; ; being
transmit power and transmit signal for the jth MU in the ith cluster, and n, 4 is the
AWGN with unit variance. In general, Pfj should be carefully allocated to distinguish
the MUs in the power domain, which we will discuss in detail below. Note that
Eq. (7.7) holds true due to the fact that h’ w; = /B, ch . w; + /T p, rel . w; =
V1 — puxef',w; for ZFBF in TDD mode.” With perfect CSI at the BS, i.e., ppx = 1,
the inter-cluster interference can be completely canceled.

2In FDD mode, the complementary matrix is given by I:Ii = [fl’l'_l, A l~1’1‘ Koo

" " ~ﬁ n H

h;—l,l’""h;—l,K’hi+l,]’""h;(V‘K] : 5

3In  FDD mode, we have h,l;{kwi =4 pn,k“hn.ku(h,’;’k)Hwi + v 11— pn,k”hn,k”é,[:kwi =
d d

V1= Pn,k”hn,k”éfkwi =,/1- p,,,kefkw,-, where = denotes the equality in distribution. If
On.k = Pn.k» EQ. (7.7) also holds true in FDD mode. In the sequel, without loss of generality, we
no longer distinguish between TDD and FDD.
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7.2.4 Successive Interference Cancellation

Although ZFBF at the BS can mitigate partial inter-cluster interference from the
other clusters, there still exists intra-cluster interference from the same cluster. In
order to improve the received signal quality, the MU conducts SIC according to the
principle of NOMA. Without loss of generality, we assume that the effective channel
gains in the ith cluster have the following order:

H o 2 H 12
[Voi )y wil™ = - > oy g hy e wi] (7.8)

It is reasonably assumed that the BS may know MUs’ effective gains through the
channel quality indicator (CQI) messages, and then determines the user order in (7.8).
Thus, in the ith cluster, the jth MU can always successively decode the /th MU’s
signal, VI > j, if the /th MU can decode its own signal. As a result, the jth MU can
subtract the interference from the /th MU in the received signal before decoding its
own signal. After SIC, the signal-to-interference-plus-noise ratio (SINR) at the kth
MU in the nth cluster can be expressed as

i w, PS5,

" w3 RS el DN AT
o W : o — € W; ;
n.k 10y  Wn =1 ne n.k Pn.k i=1,idn n,k Wi =1 il
AWGN
Intra-cluster interference Inter-cluster interference
(7.9)

where the first term in the denominator of (7.9) is the residual intra-cluster interfer-
ence after SIC at the MU, the second one is the residual inter-cluster interference
after ZFBF at the BS, and the third one is the AWGN. For the 1st MU in each
cluster, there is no intra-cluster interference, since it can completely eliminate the
intra-cluster interference. Note that in this chapter, we assume that perfect SIC can
be performed at the MUs. In practical NOMA systems, SIC might be imperfect due
to a limited computational capability at the MUs. Thus, there exists residual intra-
cluster interference from the weaker MUs even after SIC [43]. However, the study of
the impact of imperfect SIC on the system performance is beyond the scope of this
chapter and we would like to investigate it in the future work. Moreover, the transmit
power has a significant impact on the SIC and the performance of NOMA [44]. Thus,
we will quantitatively analyze the impact of transmit power and then aim to optimize
the transmit power for improving the performance in the following sections.

7.3 Performance Analysis and Optimization

In this section, we concentrate on performance analysis and optimization of multi-
antenna NOMA downlink with imperfect CSI. Specifically, we first derive closed-
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form expressions for the average transmission rates of the 1st MU and the other
MUs, and then propose separate and joint optimization schemes of transmit power,
feedback bits, and transmit mode, so as to maximize the average sum rate of the
system.

7.3.1 Average Transmission Rate

We start by analyzing the average transmission rate of the kth MU in the nth cluster.
First, we consider the case k > 1. According to the definition, the corresponding
average transmission rate can be computed as

E ]032 14y, k)]
B {1 (an,klhn_kwnlz Y51 P ek (U= i) Dy lefowilP 8 P+ 1)}

kb w2 Y520 PS a1 pui) S0 i el owi P P 41
k N K
=E [10 (a,,,uh,f{kwnf o P ten =0 Yo el 2y P+ 1)]
K
E[log2 <ank|h”/\wn| Z Pn j +ank(1 _pnk)z ‘enkwl ZI:I P1S1+1>]

(7.10)

Note that the average transmission rate in (7.10) can be expressed as the dif-
ference of two terms, which have a similar form. Hence, we concentrate on the
derivation of the first term. For notational convenience, we use W to denote the term
otn,k|hfkwn|2 Zl; . PS + an k(1 — pui) vazl,i#n |engz‘|2 ZzK:1 Pii. To compute
the first expectation, the key is to obtain the probability density function (pdf) of W.
Checking the first random variable |hff «Wn |?in W, since w,, of unit norm is designed
independent of h, x, [/, w,|* is x* distributed with 2 degrees of freedom [45].
Similarly, |e,f{ Wi | also has the distribution x2(2). Therefore, W can be considered
as a weighted sum of N random variables with x?(2) distribution. According to [46],
W is a nested finite weighted sum of N Erlang pdfs, whose pdf is given by

N
fw ) =" En (i, 000) el o), (7.11)
i=1
where )
Onk O quj ifg=n
q _ j=1
nn,k - ’

an,k(l Pn, k) Z ] lfq 7& n
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1 X
g, ) =—exp|——|.
r)nk r)nk

N—1,i N-I -1
Ex (i g hhsy) = —( SA—E [ (L - )
SN ALy, kg= ; s+UG—i ’
! H1:1 ’7n,k s=1 M k ’7;; e

and U(x) is the well-known unit step function defined as U(x > 0) = 1 and zero oth-
erwise. It is worth pointing out that the weights & are constant for given {1 k}g’:l
Hence, the first expectation in (7.10) can be computed as

E[log2(1+W)]=/ log, (1 + x) fu (x)dx
0

N
) o 1 X
= Z En (i, {"Z,k};\;l)/ logy (1 +x)——exp [ ——— | dx
i=1 0 n M.k

n,k

iEN And N ) exp L E; L ,(7.12)
@) & e Mk Mok

where Ej(x) = [*_ e"‘;—(’)dt is the exponential integral function. Equation (7.12)
follows from [47, Eq. (4.3372)]. Similarly, we use V' to denote o, «[h), w,|* le;i

PS + a1 (L = pui) Z,N Lisn |en JWil? Z;K , P? inthe second term of (7.10). Thus,
the second expectation term can be computed as

N
1 1
Ellogy (1 4+ V)] = Z ENn ( n e 1) exp ( - )Ei <— ; ) , (7.13)

1:1 n,k n,k

where .
On k Z P}, ifv =n
ﬁ;,k = =! .
0511,/((1 Pn, x) Z 1 ifv # n

Hence, we can obtain the average transmission rate for the kth MU in the nth cluster
as follows

al 1 1
2 = v N _ N
Ro i = ln(2) Ex (1 1Bl ) exp ( ;ik) . ( ;lzk)

i=1

iEN e (- B (). @
o) e i)\ i)

i=1 n,k
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Then, we consider the case k = 1. Since the first MU can decode all the other
MUs’ signals in the same cluster, there is no intra-cluster interference. In this case,
the corresponding average transmission rate reduces to

R - ( . }N_l) 1 E 1
EN-1\ Py 1iv=1 ) XP | 7 i\ =2
11'1(2) i=1 ! ! n,1 n,l

1 : |
_1n(2) Z =N (l., {773,1};\[:1) exXp <l_> E; (—l—> , (7.15)

n,1 n,1

Rn,l =

i=1

where s
a,l,qu’l ifg=n

nq — K
1 an,l(l_pn,l)ZP;] lfq 75}’1 ’
=1

and

K
O[11,1(1 _pn,l)ZP‘:S:l ifv <n
=1

K .
an (L= pu) Y Py ifv=n
=1

Combing (7.14) and (7.15), it is easy to evaluate the performance of a multiple-
antenna NOMA downlink with arbitrary system parameters and channel conditions.
In particular, it is possible to reveal the impact of system parameters, i.e., transmit
power, CSI accuracy, and transmission mode.

7.3.2 Power Allocation

From (7.14) and (7.15), it is easy to observe that with imperfect CSI, transmit power
has a great impact on average transmission rates. On one hand, increasing the transmit
power can enhance the desired signal strength. On the other hand, it also increases the
interference. Thus, it is desired to distribute the transmit power according to channel
conditions.

To maximize the sum rate of the considered multiple-antenna NOMA system
subject to a total power constraint, we have the following optimization problem:
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N K
Ji: II;?XZZ R, 1

mk p=1 k=1

N K
s.t. Cl ZZPnS < P3,

n=1 k=1

C2:P}, >0, (7.16)
where PS, is the maximum total transmit power budget. It is worth pointing out that
in certain scenarios, user fairness might be of particular importance. To guarantee
user fairness, one can replace the objective function of J; with the maximization of
a weighted sum rate, where the weights can directly affect the power allocation and
thus the MUs’ rates. Unfortunately, J; is not a convex problem due to the complicated
expression for the objective function. Thus, it is difficult to directly provide a closed-
form solution for the optimal transmit power. As a compromise solution, we propose
an effective power allocation scheme based on the following important observation
of the multiple-antenna NOMA downlink system:

Lemma 1 The inter-cluster interference is dependent of power allocation between
the clusters, while the intra-cluster interference is determined by power allocation
among the MUs in the same cluster.

Proof A close observation of the inter-cluster interference oy, x (1 — 0n.x) ZIN: Liskn
|ef;’ Jwil? Zlel PISI in (7.9) indicates that ZIK:I Pfl is the total transmit power for
the ith cluster, which suggests that inter-cluster power allocation does not affect the
inter-cluster interference. (Il

Inspired by Lemma 1, the power allocation scheme can be divided into two steps.
In the first step, the BS distributes the total power among the N clusters. In the
second step, each cluster individually carries out power allocation subject to the
power constraint determined by the first step. In the following, we give the details of
the two-step power allocation scheme. First, we design the power allocation between
the clusters from the perspective of minimizing inter-cluster interference. For the ith
cluster, the average aggregate interference to the other clusters is given by

N K K
L=E| Y Y ol —puolef,wil> > PS
=1

n=1,n#i k=1

N

K
= Z Zan,k(l - pn,k) PiS’ (7.17)

n=1l,n#i k=1

where PS5 = 3K | P2 is the total transmit power of the ith cluster. Equation (7.17)

follows the fact that E[|ef kw,-|2] = 1. Intuitively, a large interference coefficient
N K ' . .

D oneln i > i1 %nk (1 — p, x) means a more severe inter-cluster interference caused
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by the ith cluster. In order to mitigate the inter-cluster interference for improving the
average sum rate, we propose to distribute the power proportionally to the reciprocal
of interference coefficient. Specifically, the transmit power for the ith cluster can be
computed as

N K | -1
ps Zn:l,n;&i Zk:] k(1 = op k) S
[ -}
Z;\lzl (le'l\,:l,n;él lele Ap (1 — Pn,k))

tol*

(7.18)

Then, we allocate the power in the cluster for further increasing the average
sum rate. According to the nature of NOMA techniques, the first MU not only has
the strongest effective channel gain for the desired signal, but also generates a weak
interference to the other MUs. On the contrary, the Kth MU has the weakest effective
channel gain for the desired signal and also produces a strong interference to the other
MUs. Thus, from the perspective of maximizing the sum of average rate, it is better
to allocate the power based on the following criterion:

PS> > PS> > PS5, (7.19)

On the other hand, in order to facilitate SIC, the NOMA in general requires the

transmit powers in a cluster to follow a criterion below [31]:
Pl <. <P <. <P (7.20)

Under this condition, the MU performs SIC according to the descending order of the
user index, namely the ascending order of the effective channel gain. Specifically,
the kth MU cancels the interference from the K'th to the (k + 1)th MU in sequence.
Thus, the SINR for decoding each interference signal is the highest, which facilitates
SIC at MUs [44].

To simultaneously fulfill the above two criterions, we propose to equally distribute
the powers within a cluster, namely

P, =P’/K. (7.21)

Substituting (7.18) into (7.21), the transmit power for the kth MU in the nth cluster
can be computed as

-1
(Zthl,i;ﬁn Yo (- Piﬁ)
—1
K (Zzl\il (ZiN:I,i;él Z;'(:l a; (1 — piui)) )

PS

tol*

P}, = (7.22)

Thus, we can distribute the transmit power based on (7.22) for given channel statistical
information and the CSI accuracy, which has a quite low computational complexity.
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Remark 1 We note that path loss coefficient «, , Vn, k, remain constant for a rel-
atively long time, and it is easy to obtain at the BS via long-term measurement.
Hence, the proposed power allocation scheme incurs a low system overhead and can
be implemented with low complexity.

7.3.3 Feedback Distribution

For the FDD mode, the accuracy of quantized CSI relies on the size of codebook
2Bu+ where B, ; is the number of feedback bits from the kth MU in the nth cluster. As
observed in (7.14) and (7.15), it is possible to decrease the interference by increasing
feedback bits. However, due to the rate constraint on the feedback link, the total
number of feedback bits is limited. Therefore, it is of great importance to optimize
the feedback bits among the MUs for performance enhancement.

According to the received signal-to-noise ratio (SNR) in (7.9), the CSI accu-
racy only affects the inter-cluster interference. Thus, it makes sense to optimize the
feedback bits to minimizing the average sum of inter-cluster interference given by

M=
Mw

Iimer =E Oy, k(l — Pn, k) Z |en kwl| Z
n=1 k=1 i=l,i#n
N K N 8,4
=YD ok Y P2 (7.23)

1

»
Il

n

i=1,i#n
Hence, the optimization problem for feedback bits distribution can be expressed as

N K N
s _ Bk
mm E E Ok E P27 -

e i=1,i%n

s.t. C3 :Z Z B, i < Biot,

n=1 k=1
C4:B,r =0, (7.24)

where By, is an upper bound on the total number of feedback bits. J, is an integer
programming problem, hence is difficult to solve. To tackle this challenge, we relax
the integer constraint on B, ;. In this case, according to the fact that
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2‘_
>|

M=
M=
L
=
M=
)
o5}
~
i)
v
=
>
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where the equality holds true only when «, x Z,N: Lign PS 2%, Vn, k are equal. In
other words, the objective function in (7.24) can be minimized while satisfying the
following condition:

1
. N NK

N K N
Gk Y PS4 :(2‘?)7 [T[Tewe > P - (26

i=l,i#n n=1 k=1 i=l,i#n

Hence, based on the relaxed optimization problem, the optimal number of feedback
bits for the kth MU in the nth cluster is given by

N

N K N
B 1
B = —= ZZlogz o Z PS | +1og, | ani Z PS). (7.27)

i=1 j=1 I=1,1#i I=1,ln

Given channel statistical information and transmit power allocation, it is easy to
determine the feedback distribution according to (7.27). Note that there exists an
integer constraint on the number of feedback bits in practice, so we should utilize
the maximum integer that is not larger than B, ; in (7.27), i.e., | B, x], Vn, k.

Remark 2 The number of feedback bits distributed to the kth MU in the nth cluster is
determined by the average inter-cluster interference generated by the kth MU in the
nth cluster with respect to the average inter-cluster interference of each MU. In other
words, if one MU generates more inter-cluster interference, it would be allocated
with more feedback bits, so as to facilitate a more accurate ZFBF to minimize the
total interference.

7.3.4 Mode Selection

As discussed above, the performance of the multiple-antenna NOMA system is lim-
ited by both inter-cluster and intra-cluster interference. Although ZFBF at the BS and
SIC at the MUs are jointly applied, there still exists residual interference. Intuitively,
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the strength of the residual interference mainly relies on the number of clusters N
and the number of MUs in each cluster K. For instance, increasing the number of
MUs in each cluster might reduce the inter-cluster interference, but also results in
an increase in intra-cluster interference. Thus, it is desired to dynamically adjust the
transmission mode, including the number of clusters and the number of MUs in each
cluster, according to channel conditions and system parameters. For dynamic mode
selection, we have the following lemma:

Lemma 2 [fthe BS has no CSI about the downlink, it is optimal to set N = 1. On the
other hand, if the BS has perfect CSI about the downlink, K = 1 is the best choice.

Proof First, if there is no CSI, namely p, x = 0, Vn, k, ZFBF cannot be utilized to
mitigate the inter-cluster interference. If all the MUs belong to one cluster, interfer-
ence can be mitigated as much as possible by SIC. In the case of perfect CSI at the
BS, ZFBF can completely the interference. Thus, it is optimal to arrange one MU in
one cluster. (]

In above, we consider two extreme scenarios of no and perfect CSI at the BS,
respectively. In practice, the BS has partial CSI through channel estimation or quan-
tization feedback. Thus, we propose to dynamically choose the transmission mode
for maximizing the sum of average transmission rate, which is equivalent to an opti-
mization problem below:

N K
Js3: rl{llalg(z Z Ry«

n=1 k=1
s.t. C5: NK = N,
C6:N >0,
C7:K >0, (7.28)

where N, is the number of MUs in the multiple-antenna NOMA system. J3 is also
an integer programming problem, so it is difficult to obtain the closed-form solution.
Under this condition, it is feasible to get the optimal solution by numerical search
and the search complexity is O(NX). In order to control the complexity of SIC, the
number of MUs in one cluster is usually small, e.g., K = 2. Therefore, the complexity
of numerical search is acceptable.

7.3.5 Joint Optimization Scheme

In fact, transmit power, feedback bits and transmission mode are coupled, and deter-
mine the performance together. Therefore, it is better to jointly optimize these vari-
ables, so as to further improve the performance of the multiple-antenna NOMA
systems. For example, given a transmission mode, it is easy to first allocate transmit
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power according to (7.22), and then distribute feedback bits according to (7.27).
Finally, we can select an optimal transmission mode with the largest sum rate. The
complexity of the joint optimization is mainly determined by the mode selection. As
mentioned above, if the number of MUs in one cluster is small, the complex of mode
selection is acceptable.

7.4 Asymptotic Analysis

In order to provide insightful guidelines for system design, we now pursue an asymp-
totic analysis on the average sum rate of the system. In particular, two extreme cases
are studied, namely interference limited and noise limited.

7.4.1 Interference Limited Case

With loss of generality, we let Pns’ « =6 kPm,, Vn, k, where 0 < 6, ; < 1is a power
(Zr:],v#n Zj:l “\'vi(l_pvvf))il

K (ZIN:] (Z{'v:l.v#l Zf:] oy, j(1-py, /'))4)
the proposed power allocation scheme in Sect. 7.3.2. If the total power PS, is large
enough, the noise term of SINR in (7.9) is negligible. In this case, with the help of
[47, Eq. (4.3311)], the average transmission rate of the kth MU (k > 1) in the nth

cluster reduces to

in

allocation factor. For instance, 6, ; is equal to

N
(o) q N i
Rux = 1n(2) ; En (i, I, 102 In( 1)
1 N

NTYG)) ; B (i {8y h21) In(B, o). (7.29)

where we have also used the fact that
N N
> Ey (il ) = ZE i (Br i) = 1. (7.30)
i=1 i=1

Similarly, the asymptotic average transmission rate of the 1st MU in the nth MU
can be obtained as
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N
Rn1 = ln(Z)ZEN i, (1)) n (1)

i=1
N—-1

En-1 (i A8y 105" ) In (1) - (7.31)

i=1

ln(2)

Combining (7.29) and (7.31), we have the following important result:

Theorem 1 In the region of high transmit power, the average transmission rate is
zndependent of PS5, and there exists a performance ceiling regardless of Py, i.e.,
once PS, is larger than a saturation point, the average transmission rate will not
increase further even the transmit power increases.

Proof According to the definitions, ’7:;.  and ﬂ,‘; « can be rewritten as 772, P = a)fi kPm,

and B , = ¥, , PS,, where
k
ok ) 0ij ifi =n
i=1
wlll,k = ! K 9
O[n,k(1 - pn,k) Z 9[,[ lfl ;é n
=1
and .
Uk D6 ifi =n
. ot
V=1 . ,
an,k(l - pn,k) Z 91',1 ifi 75 n
=1

respectively. Thus, &y (i, {nZ,k};\':J and &y (i, {B} ;}/,) are independent of P3,.

Hence, R, i in (7.29) can be transformed as

N
Rux = 1n(2) > En (i 0 n(PS) + In(a )

i=1

- :
Y8 (i By 0) (n(B) + In(yy )
i=1

N N
T Q) Y En (i {0 o) @), ) — nQ2) Z En (i By ihsr) (W0,

i=l i=1

(7.32)

where Eq. (7.32) follows the fact that Y.V, &y (i, {ngyk}gzl) -
vazl By (i, {ﬂr‘;,k}yzl) = 1. Similarly, we can rewrite R, ; in (7.31) as
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N
Ry = ln(2) ZEN {773,1}(],\]:1)1n (a);l)

i=1

N-1
1 = : v (N—1 i
_]n(z) IZI: LN (lv {ﬁn,l}\/:l )ln (wn,l) s (733)
where
Qp, 1ezsl ifi =n
C()i = ’
! Olnl(l—,Onl)Z 5 ifi #n
and

K
an (1= pp1) Y605 ifi <n
L I=1
wn,l - K .
1 (1 = pp1) Z@lﬂ_l,] ifi >n
=1

Note that both (7.32) and (7.33) are regardless of P; ., which proves Theorem 1. [J

f(ll’

Now, we investigate the relation between the performance ceiling in Theorem 1
and the CSI accuracy p,, x. First, we consider R, ; withk > 1. As p, ; asymptotically
approaches 1, the inter-cluster interference is negligible. Then, R, x can be further
reduced as

k—1
Rldeal E |:10g2 (an klhn Wl Z ):| —E |:log2 (Oln,k|h,1;{kwn|2 Z Prij)j|
j=1 =1

k
I w :
= log, (21—1’”) . (7.34)

It is found that even with perfect CSI, the average transmission rate for the (k > 1)th
k .

MU is still upper bounded. The bound log, (;[1‘ z"” ) is completely determined by
j=1Vn.j

channel conditions, and thus cannot be increased via power allocation. Differently,

for the 1st MU, if the CSI at the BS is sufficiently accurate, the SINR y,, ; becomes

high. As a result, the constant term 1 in the rate expression is negligible, and thus

the average transmission rate can be approximated as
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™ an,1|h,71Wn|ZPn€1
Rn,l ~E 10g2 N o 5 K S
1 (1= 1) D5y i 1€ Wil D2y P

=E [10g2 (an,l |hrﬁlw'l|2Pn§1)]

Ideal average rate

N K
—E |log, |1 (l—pu1) Y leywi?d P || (735)
i=l,i#n I=1

Rate loss due to imperfect CSI

In (7.35), the first term is the ideal average transmission rate with perfect CSI, and
the second one is rate loss caused by imperfect CSI. We first check the term of the
ideal average transmission rate, which is given by

RIS = E[log, (a1 PS, 00110 w, )]

tot
C
= log, (an,l PS 0

0 On1) — "D (7.36)

Note that if there is perfect CSI at the BS, the average transmission rate of the
Ist MU increases proportionally to log,(P?3,) without a bound. However, as seen
in (7.34), the (k > 1)th MU has an upper bounded rate under the same condition,
which reconfirms the claim in Lemma 2 that it is optimal to arrange one MU in each
cluster in presence of perfect CSI. Then, we investigate the rate loss due to imperfect
CSI, which can be expressed as

N K
R = E[logz (an,l(l—pn.np,f,, > |e,€{1w,-|229i.,>]
i=1,i#n =1
N-1
1 . ’ _ .
= toga (o1 (1= pn) B ) = s 2 & (1 b 151) (€ = () (7:37)
i=1
where
K
> 6, ifv<n
v =1
/"Ln,l K .
> 61y ifv=n

=1

Given a p, 1, the rate loss Rfl‘fis enlarges as the total transmit power P increases.

tot
In order to keep the same rate of increase to the ideal rate R,’fff“’, the CSI accuracy
on.1 should satisfy the following theorem:

Theorem 2 Only when (1 — p,,,l)P,it is equal to a constant ¢, the average trans-
mission rate of the 1st MU in the nth cluster with imperfect CSI remains a fixed gap

with respect to the ideal rate. Specifically, the transmit power for training sequence
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should satisfy Pn'f | = Lule=1 iy TDD systems, while the number of feedback bits

oy T

should satisfy B, = (M — 1) logz(Plf)t/e) in FDD systems.

Proof The proof is intuitively. By substituting p, =1 — into (1 —

1
1+t Pnl.)lan.l

BVL
pn1) PS5, = & for TDD systems and p,; = 1 — 2-%T into (1 — pn1) PS5, = ¢ for

FDD systems, we can get P, | = P'iLfr_l and B, | = (M — 1)log,(P3,/¢), which
proves Theorem 2. ' (]

Remark 3 For the CSI accuracy at the BS, P,f | T (namely transmit energy for training

sequence) in TDD systems and 13[ 7 (namely spatial resolution) in FDD systems are

two crucial factors. Specifically, given a requirement on CSI accuracy, it is possible
to shorten the length of training sequence by increasing the transmit power, so as to
leave more time for data transmission in a time slot. However, in order to keep the
pairwise orthogonality of training sequences, the length of training sequence T must
be larger than the number of MUSs. In other words, the minimum value of 7 is NK.
Similarly, in FDD systems, it is possible to reduce the feedback bits by increasing
the number of antennas M. Yet, in order to fulfill the spatial degrees of freedom
for ZFBF at the BS, M must be not smaller than (N — 1)K + 1. This is because
the beam w; for the ith cluster should be in the null space of the channels for the
(N — 1)K MUs in the other N — 1 clusters.

Furthermore, substituting (7.36) and (7.37) into (7.35), we have

N—-1
Rot ~ —1ogy(l = pu,1) + 10z 0) = 3 Ev-1 (i g 105" ) logy (14 1) - (7.38)
i=1

Given a power allocation scheme, it is interesting that the bound of R, ; is independent
of channel conditions. As analyzed above, it is possible to improve the average rate
by improving the CSI accuracy. Especially, for FDD systems, we have the following
lemma:

Lemma 3 Atthe high power region with a large number of feedback bits, the average
rate of the 1st MU increases linearly as the numbers of feedback bits increase.

Proof Replacing p, 1 in (7.38) with p,; =1 — 2*#;'1, R, 1 is transformed as

N—-1

an —~ . v — i
Ryi % o+ logy (B,1) - ; En—1 (i i b ) logs () + (7:39)

Q

which yields Lemma 3. O
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7.4.2 Noise-Limited Case

If the interference term is negligible with respect to the noise term due to a low
transmit power, then the SINR y, , Vn, k is reduced as

Yk = k0w, PP (7.40)

which is equivalent to the interference-free case. As discussed earlier, |hf kwn|2 is
x2(2) distributed, then the average transmission rate can be computed as

o0
Rui = / log, (1 + P2 yoy kx) exp(—x)dx
0

1 1
=—exp| —|E|————). 7.41
"() () i

Note that Eq. (7.41) is independent of the CSI accuracy, thus it is unnecessary to
carry out channel estimation or CSI feedback in this scenario. Since both intra-cluster
interference and inter-cluster interference are negligible, ZFBF at the BS and SIC at
the MUs are not required, and all optimization schemes asymptotically approach the
same performance.

7.5 Simulation Results

To evaluate the performance of the proposed multiple-antenna NOMA technology,
we present several simulation results under different scenarios. For convenience, we
set M =6, N =3, K =2, B,y = 12, while o, x and p, 4 are given in Table 7.1 for
all simulation scenarios without extra specification. In addition, we use SNR (in dB)
to represent 10log,, P3,.

First, we verify the accuracy of the derived theoretical expressions. As seen in Fig.
7.2, the theoretical expressions for both the 1st and the 2nd MUs in the 1st cluster well
coincide with the simulation results in the whole SNR region, which confirms the
high accuracy. As the principle of NOMA implies, the 1st MU performs better than

Table 7.1 Parameter Table for (o, k, on,x), V2 € [1,3], and k € [1, 2]

n k
1 2
(1.00, 0.90) (0.10, 0.70)
2 (0.95, 0.85) (0.20, 0.75)
(0.90, 0.80) (0.15, 0.80)
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Fig. 7.2 Comparison of theoretical expressions and simulation results

the second MU. At high SNR, the average rates of the both MUs are asymptotically
saturated, which proves Theorem 1 again.

Secondly, we compare the proposed power allocation scheme with the equal power
allocation scheme and the fixed power allocation scheme proposed in [5]. Note that
the fixed power allocation scheme distributes the power with a fixed ratio 1:4 between
the two MU in a cluster so as to facilitate the SIC. It is found in Fig. 7.3 that the
proposed power allocation scheme offers an obvious performance gain over the
two baseline schemes, especially in the medium SNR region. Note that practical
communication systems, in general, operate at medium SNR, thus the proposed
scheme is able to achieve a given performance requirement with a lower SNR. As
the SNR increases, the proposed scheme and the equal allocation scheme achieve
the same saturated sum rate, but the fixed allocation scheme has a clear performance
loss.

Next, we examine the advantage of feedback allocation for the FDD-based NOMA
system with equal power allocation, cf. Fig. 7.4. As analyzed in Sect. 7.4.2, at very low
SNR, namely the noise-limited case, the average rate is independent of CSI accuracy,
and thus the two schemes asymptotically approach the same sum rate. As SNR
increases, the proposed feedback allocation scheme achieves a larger performance
gain. Similarly, at high SNR, both the two schemes are saturated, and the proposed
scheme obtains the largest performance gain. For instance, at SNR = 30 dB, there
is a gain of more than 0.5 b/s/Hz. Furthermore, we investigate the impact of the total
number of feedback bits on the average rates of different MUs at SNR = 35 dB. As
shown in Fig. 7.5, the performance of the 1st MU is clearly better than that of the
2nd MU. Moreover, the average rate of the 1st MU is nearly a linear function of the
number of feedback bits, which reconfirms the claims of Lemma 3.



7 On the Design of Multiple-Antenna Non-Orthogonal Multiple Access 251

6

—e— Adaptive Power Allocation
—a—Equal Power Allocation

Sum of Average Rate (b/s/Hz)
[5]

1k —#—Fixed Power Allocation ]

O L L L L L L L L

-10 -5 0 5 10 15 20 25 30 35
SNR (dB)

Fig. 7.3 Performance comparison of different power allocation schemes
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Fig. 7.4 Performance comparison of different feedback allocation schemes

Then, we investigate the impact of the transmission mode on the performance of
the NOMA systems at SNR = 10 dB with equal power allocation in Fig. 7.6. To
concentrate on the impact of transmission mode, we set the same CSI accuracy of
all downlink channels as p. Note that we consider four fixed transmission modes
under the same channel conditions in the case of six MUs in total. Consistent with
the claims in Lemma 2, mode 4 with N = 1 and K = 6 achieves the largest sum rate
at low CSI accuracy, while mode 1 with N = 6 and K = 1 performs best at high CSI
accuracy. In addition, it is found that at medium CSI accuracy, mode 2 with N = 3 and
K = 2 is optimal, since it is capable to achieve a best balance between intra-cluster
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Fig. 7.6 Performance comparison of different transmission modes

interference and inter-cluster interference. Thus, we propose to dynamically select
the transmission mode according to channel conditions and system parameters. As
shown by the red line in Fig. 7.6, dynamic mode selection can always obtain the
maximum sum rate.

Finally, we exhibit the superiority of the proposed joint optimization scheme for
the NOMA systems at SNR = 10 dB. In addition, we take a fixed scheme based on
NOMA and a time division multiple access (TDMA) based on OMA as baseline
schemes. Specifically, the joint optimization scheme first distributes the transmit
power with equal feedback allocation, then allocates the feedback bits based on the
distributed power, finally selects the optimal transmission mode. The fixed scheme
always adopts the mode 2 (N = 3, K = 2) with equal power and feedback allocation.
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The TDMA equally allocates each time slot to the six MUs and utilizes maximum
ratio transmission (MRT) based on the available CSI at the BS to maximize the
rate. For clarity of notation, we use p to denote the CSI accuracy based on equal
feedback allocation. In other words, the total number of feedback bits is equal to
Biot = —K % N+ (M — 1) xlog,(1 — p). As seen in Fig. 7.7, the fixed scheme per-
forms better than the TDMA scheme at low and high CSI accuracy, and slightly worse
at the medium regime. However, the proposed joint optimization scheme performs
much better than the two baseline schemes. Especially at high CSI accuracy, the
performance gap becomes substantially large. For instance, there is a performance
gain of about 3 b/s/Hz at p = 0.8, and up to more than 5 b/s/Hz at p = 0.9. As
analyzed in Lemma 2 and confirmed by Fig. 7.6, when p is larger than 0.8, which is
a common CSI accuracy in practical systems, mode 2 is optimal for maximizing the
system performance. Thus, the joint optimization scheme is reduced to joint power
and feedback allocation, which requires only a very low complexity. Thus, the pro-
posed NOMA scheme with joint optimization can achieve a good performance with
low complexity, and it is a promising technique for future wireless communication
systems.

7.6 Conclusion

This chapter provided a comprehensive solution for designing, analyzing, and opti-
mizing a NOMA technology over a general multiuser multiple-antenna downlink
in both TDD and FDD modes. First, we proposed a new framework for multiple-
antenna NOMA. Then, we analyzed the performance and derived exactly closed-form
expressions for average transmission rates. Afterward, we optimized the three key

8 | —8— NOMA (Joint Optimization)
—&— NOMA (Fixed Scheme)
—o— OMA (TDMA)

Sum of Average Rate (b/s/Hz)
[6)]

i i i i i i i i

0 0.1 0.2 0.3 0.4 0 0.5 0.6 0.7 0.8 0.9

Fig. 7.7 Performance comparison of a joint optimization scheme and a fixed allocation scheme
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parameters of multiple-antenna NOMA, i.e., transmit power, feedback bits, and trans-
mission mode. Finally, we conducted asymptotic performance analysis and obtained
insights on system performance and design guidelines.
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