This article has been accepted for publication in IEEE Wireless Communications Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LWC.2022.3197633

Beyond Non-Orthogonal Multiple Access: New
Role of Constructive Interference

Zhongxiang Wei, Member, IEEE, Christos Masouros, Senior Member, IEEE, Ping Wang, Member, IEEE,
Xu Zhu, Senior Member, IEEE, Haiyong Zeng, Member, IEEE, Hong Tang, and Yan Zheng

Abstract—In this paper, we introduce a novel framework of
constructive non-orthogonal multiple access (NOMA) transmis-
sion, which provides the merit of interference utilization and
breaks through the constructive interference (CI)’s limitation
on multiuser (MU) access capability. With dedicated synthetic
successive coding and hybrid MU access designs, a novel con-
structive NOMA (CNOMA) precoder is proposed, which is par-
ticularly suitable for the scenario where users have heterogeneous
throughput requirements. Explicitly, it makes the composite
interference always beneficial to the users having high throughput
requirement, while accommodating another sets of users under
their subscribed reception-quality requirement. Finally, a number
of fundamental properties of the CNOMA design is revealed,
such as the tradeoff between utilization of MU interference and
improvement of MU access capability. Simulation demonstrates
that the proposed CNOMA precoder significantly outperforms
the classic CI and minimum-mean-square-error precoders in
throughput performance, and meanwhile obtains high access
capability close to classic NOMA designs.

Index Terms—constructive NOMA design, interference ex-
ploitation, multiuser access capability, precoding.

I. INTRODUCTION

In last decades, a series of precoders has been pro-
posed for multiuser (MU) multiple-input and multiple-output
(MIMO) systems. The capacity-approaching non-linear dirty-
paper coding and vector perturbation precoders generally incur
high complexity, due to the inclusion of the sophisticated
sphere-search algorithms. Linear zero-forcing (ZF) and mini-
mum mean squared error (MMSE) precoders were introduced
to strike the balance between performance and complexity
[1]. Also, optimization-based precoding, such as signal-to-
interference-plus-noise ratio (SINR) balancing [2] and power
minimization precoders [3], were extensively researched. The
principle of the precoders above is to cancel MU interference
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(MUI) by exploiting the spatial multiplexing of MIMO chan-
nels [4]. They generally require that the number of transmit-
antennas is no less than that of the users. Otherwise, these
precoders either are infeasible due to the rank-deficiency prop-
erty of the precoder design (e.g., ZF and optimization-based
precoders), or lead to significantly degraded performance due
to the low degrees-of-freedom (DoF) (e.g., MMSE precoder).

Non-orthogonal-multiple-access (NOMA) has received con-
siderable attention due to its high access capability. The key
of NOMA is that of allowing multiple users to use the same
frequency-, time-, space- or code-domain resources [5] [6] [7].
Recently, the concept of NOMA was extended to rate-splitting
[8], phase rotation-based NOMA [9] and semi-orthogonal
multiple access [10]. The integration of NOMA and MIMO
was investigated in [11] [12], where the ergodic capacity and
the impact of user pairing were analyzed. Since precoding
was not involved, the number of receive-antenna of each user
should be no less than that of transmit-antennas of the base
station (BS) [13]. A ZF NOMA precoder was proposed to
exploit the channel spatiality [13], where the DoF of the
precoder is strictly constrained for suppressing the inter-group
interference. In [8], the authors studied the DoF of NOMA
against MU linear precoding as well as rate-splitting multiple
access. Hence, the existing NOMA MIMO designs still try
to provide orthogonal spatial transmission among NOMA
groups to avoid MUI. Based on the concept of constructive
interference (CI) [14], it is possible to exploit the correlation
between the symbols, so that MUI being aligned to the signal
of interest at each receiver acts as a constructive element [15].
If the MUI can be utilized, it will potentially contribute to
system performance, and also the DoF in precoding design
can be relaxed over the existing NOMA MIMO designs.

The orchestration of CI and NOMA, however, is not
straightforward. It involves hybrid MU access framework, and
dedicated precoding/combiner designs, which are particularly
challenging in a dense communication scenario. It is because
CI requires that the number of users is no larger than that of the
transmit-antenna, and also the signal superposition mechanism
of NOMA further complicates the MUI exploitation. In this
work, we present a first attempt to design constructive NOMA
transmission. Our contributions are summarized as follows.

1) It is the first contribution demonstrating constructive

NOMA framework for MU MIMO communications.
This framework utilizes MUI as a beneficial element for
improving receive-performance, and meanwhile breaks
through the CI’s limitation on MU access capability.
With dedicated synthetic successive coding and hybrid
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MU access designs, it endorses the ability of downlink
MUI utilization, while achieving an enhanced MU ac-
cess capability over the classic CI precoders.

2) Then, a novel constructive NOMA (CNOMA) pre-
coder is proposed, which is particularly suitable for
the scenario where users have heterogeneous through-
put demands. In details, it provides constructive MUI
for the users having high throughput requirement, and
meanwhile exploits the merits of NOMA to accom-
modate another sets of users, under their subscribed
SINR requirements. In addition, the CNOMA precoder
locates the received symbol into desired regions of signal
demodulation without involving semi-definite program-
ming (SDP). Hence, the subsequent semi-definite matrix
decomposition and phase equalization are not required.

3) Our work studies the fundamental tradeoff between
utilizing constructive MUI and improving MU access ca-
pability. Explicitly, when accommodating more NOMA -
based users, the ability of utilizing MUI as a beneficial
element is inevitably reduced. Hence, the framework
presents a tunable performance between the exploitation
of MUI and the enhancement of MU access capability.

Notation: | - | denotes absolute value of a complex number
or cardinality of a set. || - || denotes 2-norm operation. (-)7
and (-)¥ denote transpose or Hermitian transpose operation.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, system model and problem formulation are
introduced, respectively.

A. System Model

Consider a dense scenario, where the number of users is
larger than that of the BS’s transmit-antennas. Assume the BS
is equipped with [V, antennas, while each user has N, receive-
antennas. Without loss of generality, there are Ky (K = |Ky])
users having high throughput requirement, while Ky (K5 =
|K2|) users only need to access networks with relatively low
throughput demand, such as requiring signalling bits.

1) Synthetic Successive Coding: Denote a € CK1*! and
b € CK2x1 as the desired symbol vectors for the K; and
K, users by phase-shift-keying (PSK) modulation. The BS
first applies successive coding and pairs the K5 users into %
NOMA groups', yielding b= [p1b1 + p1b1/, ...,p%b% +

K.
Pxy b A ]T eC=x1, pm and p,,, denote the power splitting
2

factors2 in the m-th group, and we have p?, + p2, = 1.
As extensively assumed in the papers [12] [13], we consider
fixed values of power splitting factors in each NOMA group.
Then, synthesizing a and b yields the transmitted symbol s =
[a® b7 CEI+"2)x1 where we have K; + % = N,.

IFor low-complexity successive interference cancellation (SIC), there are
two users in each NOMA group, i.e, a strong user m and a weak user
m/, while the following can be straightforwardly extended to multiple users
groups. There have been extensive works on grouping or fairness designs.
Since it is not focus of our work, we refer readers to [16] [17] for details.
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2) Hybrid Multiuser Access Model: Denote W =
[wi,...,wy,] € CNe*Nt ag the precoder employed at the BS,
with each vector representing the weight for the associated
symbol in s. Denote H; € CN»*N¢ ags the channel from the
BS to the ¢-th user in K;. Then the received signal is calculated
as y; = H; /d;\/ ‘Ws + n;, where d; denotes the distance
between the BS and the i-th user. A represents the path loss
exponent, and n; ~ CN(0, Iy, o?) denotes the complex cir-
cular Gaussian noise. With a combiner ¢; € CN*!, the post-
combined signal is given as r; = chIHZ-Ws/d?/2 + cﬁnl
where the signal-to-interference-plus-noise ratio (SINR) is
calculated as (1). In a similar fashion, define G,, € CNrxVe
and d,,, as the channel and communication distance from the
BS to the strong user in the m-th NOMA group. Then its
signal is given as 1, = vI G, Ws/dp? + vin,,, where
v,, € CV*1 denotes the combiner applied at the strong user.
In each NOMA group, the strong user first applies SIC to
subtract the weak user’s interference, and then decodes its own
signal. For the purpose of success of SIC, it is important to
guarantee that the SINR of the strong user for receiving the
signal of the weak user is greater than or equal to that of the
weak user for decoding its own signal. The post-SIC SINR is
given as (2). On the other hand, define G,,, € CN~*V¢ and
d,, as the channel and distance from the BS to the weak
user in the m-th NOMA group. Define v,,, € CN*1 as
the combiner applied at the weak user. Since the weak user
decodes its own signal directly, its SINR is calculated by (3).

B. Problem Formulation

Under heterogeneous throughput requirements, we aim at
maximizing the minimum SINR of the users having high
throughput requirement, and in the meantime accommodate
another set of NOMA users subject to their subscribed SINR
thresholds. The optimization problem is formulated as

P1 : argmax

W.ci,vm,v,,’
(C1): K1 4+ K2 > Ng, (C2): Ty > Tppyand Ty > Ty, Vi,
(C3) : Tyrm > T, ¥Vm, (C4) 1 ||Ws||* < Nipmax,

min I';,

(C))
where (C1) denotes that we need to accommodate more users
than the number of the transmit-antennas. (C2) guarantees the
SINR threshold T, of the m-th NOMA group. Constraint
(C3) guarantees that in each NOMA group, the SINR of
user m for receiving the signal of user m' is greater than
or equal to the SINR of user m’ for decoding its own signal.
(C4) confines a power budget constraint py,,x. Evidently, P1
is a non-convex quadratically constrained programming. The
difficulty of solving P1 lies in properly handling MUI when
K; + K; > N;. A possible solution would be applying the
classic SDP, which however requires the number of users is
no larger than that of the transmit-antenna. In the followings,
we transform P1 into a tractable optimization P2, and make a
good tradeoff between system performance and complexity.

III. CONSTRUCTIVE NOMA PRECODER DESIGN

Conventional interference mitigation based precoders locate
the desired signal in the proximity around the constellation
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Fig. 1. The illustration of CI, where the intended symbol is (1 +4)/v/2.

point, as shown in Fig. 1(a). Nevertheless, since the transmitted
symbols are known at the BS, we can exploit the correlation
among the channels and symbols, and leverage MUI as a
constructive component to improve system performance [14].

Lemma 1: Let us consider PSK modulation for illustration,
nevertheless the following is also applicable to quadrature
amplitude modulation [14]. For the ¢-th user in K, write the
noise-excluding received signal as 7;, which can be rotated
by an angle Za; (The angle depends on the conjugate of
its desired symbol a;, which is naturally known at the BS.)
Then, it is projected onto real axis ${7;a}} and imaginary
axis ${7;al}, respectively. Then #; locates in a constructive
region (in Fig. 1 (b)) when the inequality |S{7;a}}|
(R{7;a}} — o/T;)tand holds (in Fig. 1 (c)), where 6 =
and L represents modulation size.

Indicated by Lemma 1, CI exploits the knowledge of both
channel and symbols, while each user only has knowledge of
their own downlink channel. Due to the asymmetric informa-
tion at the BS and users, the CI-based users’ combiner should
be channel-only dependent, such as equal gain or singular
value decomposition based combiner. Then, with the combiner
¢;, the composite interference of the ¢-th user can be made
beneficial as long as the following inequality is guaranteed

HISERVA

IS{h:Wsa;}| < (R{hiWsa]} — oVT;)tand, Vi € Ky, (5)

where h; = ¢ H; d;\/ ? denotes the equivalent multi-input and
single-output channel of the i-th CI user.

Lemma 2: Define v; = o/T;, Vi € K;, which physically
denotes the Euclidean distance in the signal constellation
between the constructive region and the decision thresholds.
Hence, maximizing the minimum SINR is equivalent to max-
imizing the minimum +; among the K users. (]

Nevertheless, if one attempts to generate constructive MUI
for the NOMA users, the constraints in (5) should be imposed
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for all the K users. As a result, it reduces to a conventional CI
precoder, where its performance is significantly reduced when
K;+4 K3 > N;. One straightforward approach is to serve fewer
users, which however reduces the MU access capability. Under
the SINR requirement of (C2), we instead suppress the MUI
for the NOMA-based users in K5. Let us first focus on w; that
is the precoder vector for the i-th CI user. Then the condition
of suppressing the MUI from the K users is given as

H H H H
[G1 v1,G1/v1/,.‘.,G%v%,GKévKé] w; = 0x,yx1, 6)
2 T2

where a non-zero w; satisfying (6) generally exists if Ky <
N;. However, if the dimension of the matrix can be reduced,
the DoF of the precoder can be accordingly improved. In
this context, we utilize the concept of signal alignment [13].
Explicitly, we manipulate the combiner of the NOMA users so
that the channels of the users in the same group can be aligned
into the same direction, given as [GH, —GH,][v2 vH 11 =
On,x1, Vm. Denote Q,, € C2Nrx(2Nr=Ni) a5 the matrix
containing the 2N,. — N, right singular vector of [GZ —GH,]
corresponding to its zero singular values. The combiner of the
NOMA users in the m-th group can be calculated as

[om, vl = Quam, ©)

where x,, is a random vector that generates a vector or-
thogonal to [GE, —~GH,] [13]. Aided by the combiner, (6) is
reduced to [G{'v1, GH vy, ..., GH v, [Hw; = 0k, ., and
the DoF of the precoder is less cénstrilined comparéd to that
in (6). On the other hand, for suppressing the MUI among the
NOMA groups, we impose condition such that

]H

H H H H
[Gl Uiy -eny Gm—lvmflv Gm+1vm+17 (R} GK2/2”K2/2 Wm

®)
= 0(k2/2-1)x Ny V1.

(6) and (8) denote that the interference from the CI users
and interference from other NOMA groups has been mitigated.
Our next step is to allocate necessary power for each NOMA
group for achieving their SINR requirements. Define 7, as
the equivalent power allocated for the m-th NOMA group,
ie, 7, = [GHv,,]Hw,, A [GH v,/ 1" w,,. The SINR of
the weak user for decoding its own signal is simplified as

_ |Tmpm’bm’|2/d;\n'
| Tmpmbm [2/dN, + |0 |[202”

&)

m/
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while the SINR of the strong user for decoding the weak user’s
signal is given as

|Tmpm’bm’ ‘Q/d?q\m
|Tmpmbm |2/ d2, + [[vfi][20?

Dom = (10)

Since 7, denotes the power allocated for the m-th NOMA
group, the values of I, and I',,,/,, are determined by the path
loss, i.e., df;L and df‘n,. Since the strong user has a smaller value
of path loss (the ambiguity caused by the small-scale fading
has been eliminated by 7,,), I/ > I'yys always holds, which
means constraint (C3) is naturally guaranteed. Thus, the post-
SIC SINR of the strong user is simplified as

_ |Tmpmbm|2/d?n
[vfi][?e? 7

' (11)

where we are able to link the power-related variable 7, to the
subscribed SINR T, in (C2), written as

Lonllog|*o®dn, | 4

[Py Collofi o,
Pm

1
5 ’vm7
oy

12)

Tm = max{(

Finally, based on (8) and (12), we reach a generalized form
for the precoder matrix W, written as

[G{{vl, - G%v%]HW = [O%XKl,diag(n, e T%)] (13)
Now, P1 can be equivalently reformulated as

P2 : argmax
W ,v;,Vi€Ky

(C4) : [|[Ws||* < Nipmax, (C5):(5), (C6) : (13),

min ~y;,
(14)

where (C5) guarantees the MUI as a beneficial element for all
the CI users. (C6) mitigates the MUI for all the NOMA-based
users and meanwhile ensures their subscribed SINR require-
ments. Since now P2 is a second order cone programming
(SOCP), it can be readily solved by commercial solvers. The
CNOMA precoder directly positions the received signal of
each user into correct regions of signal demodulation, without
involving SDP. Hence, the subsequent semi-definite matrix
decomposition and receiver-side phase equalization are not
required, unlike other optimization-based precoders [2] [3].
The design of CNOMA precoder is outlined in Algorithm I.

Algorithm 1 The CNOMA Precoder Design

Input: Channel state information (CSI), power budget pmax, and
SINR threshold T',,, for each NOMA group.

1: Design combiners for the NOMA-based users according to (7),
and use equal-gain or SVD based combiner for the CI users.

2: Calculate power-related variable 7,, based on (12).

3: Solve the precoding optimization P2.

Output: Optimal precoding matrix W*.

The optimization of CNOMA precoder is subject to 2K
linear constraints in (C5) with size 1, K5 N;/2 linear constraint
in (C6) with size 1, and 1 second order cone constraint
in (C4) with size Nf. Hence, it can be solved directly,
without requiring intermediate parameters iteration or multi-
layer optimization for convergence. Its complexity is computed
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as C = \/2K1 + N;K5/2 + 2- (€(2K14+ N, K2 /2) +€* (2K, +
NiK3/2) + eN{) + €%), where € = O(N?).

Remark 1: When the number of the users being served is
larger than that of the transmit-antennas, it may not be able to
provide constructive MUI for all the users. One needs to strike
the fundamental tradeoff between utilizing MUI and improving
multiuser access capability. That is, when accommodating
more NOMA-based users, the ability of utilizing interference
is reduced, and vice versa. O

Remark 2: The CNOMA precoder enables a tunable perfor-
mance between the MUI utilization and MU access capability.
It reduces to the CI precoder when K, = 0, while becomes
to the NOMA precoder when K; = 0. Also, a larger value of
Tm, denotes that more power is assigned to the NOMA users.
Though the interference from the NOMA users contributes
constructively to the CI users, a larger value of 7, still
inevitably degrades the performance of the CI users. Also,
with a low level of noise, a smaller value of 7, is needed
to guarantee the NOMA users’ SINR requirements, and thus
more power can be allocated for the CI users. (]

Remark 3: Practical systems suffer imperfect CSI and SIC.
CSI and SIC error can be formulated as bounded or un-
bounded model, where deterministic or probabilistic robust
optimization can be formulated, respectively. (|

IV. SIMULATION

Monte-Carlo simulation results are demonstrated in this
section. Quadrature phase shift keying (QPSK) is adopted for
modulation, and we assume each block consists of 40 symbols.
The BS is equipped with N; = 10 transmit-antennas while
each user is equipped with N, = 6 receive-antennas. Without
loss of generality, the BS serves K; = 3 Cl-based users
and Ko = 14 NOMA-based users. Rayleigh block fading is
considered for small-scale channel model [13] [15]. The path
loss exponent A is set to as 2. The distance to the BS is set
to as 20m for strong users and 30m for weak users, while
the distance between the BS and Cl-based users is randomly
distributed in 20~30m [13]. The power parameters of each
NOMA group are set to as p2, = 0.25 for strong user and
p2, = 0.75 for weak user. For the purpose of simplicity,
we set the power-related variable 7,,, = 0.01, Vm, which
corresponds to around -20 dB SINR threshold of the NOMA
users. The following closely-related precoders are selected as
benchmarks: 1) CI precoder [15], 2) MMSE precoder [1], and
3) NOMA MIMO precoder [13].

In Fig. 2(a), the impact of transmission power on the
symbol error rate (SER) is presented, where the CNOMA
precoder outperforms the CI/MMSE precoders at all transmis-
sion power. By utilizing MUI as a constructive element, the
CNOMA precoder endorses the lowest SER for the CI-based
users, achieving at most 0.6 Watt performance gain over the
NOMA precoder. On the other hand, with a power threshold
Tm, the SER of the NOMA-based users is maintained at a
reasonable level. In Fig. 2(b), the impact of power on the
throughput is shown. The CNOMA obtains 200% throughput
enhancement over the CI/MMSE and 12% enhancement over
the NOMA precoder. With a small budget, e.g., ppax < 0.4
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Fig. 2. The impact of power budget pmqz, power threshold 7,,, and channel estimation quality on SER and throughput performance.

Watt, a large portion of power has to be assigned to the NOMA
users for maintaining their SINR. When power increases, the
CI users begin to outperform the NOMA users, and finally
saturates at 2 bits/channel use, the highest throughput under
QPSK. In Fig. 2(c), the impact of power threshold 7, on
the throughput is demonstrated. It is seen that the CNOMA
provides a tunable performance for the CI- and NOMA-based
users, by adjusting the value of 7,,. For example, a higher
value of 7, i.e.,, 7, > 0.012, denotes that more power is
allocated for the NOMA users, enabling the NOMA users to
outperform the CI users. In Fig. 2(d), the impact of channel
estimation quality on the throughput is presented. Define H,
as the channel estimation error matrix, and its element fol-
lows Gaussian distribution, i.e., CA'{0,02}. By the CNOMA
design, high throughput is always maintained for the CI users,
providing high robustness against channel uncertainty. Also,
the performance of the NOMA users is generally sensitive to
the estimation quality. It is because imperfect CSI impairs the
SIC operation, increasing the level of the residual interference.
Hence, one may accordingly improve the SINR requirement
for the NOMA users given a poor estimation quality.

V. CONCLUSIONS

In this paper, a novel constructive NOMA mechanism has
been demonstrated. Aided by the synthetic successive coding
and hybrid MU access, it ensures that the composite MUI acts
as a beneficial element for the users having high throughput
requirement, while suppressing interference for the NOMA-
based users to guarantee their subscribed SINR performance.
Then, a novel CNOMA precoder has been proposed, which
presents a tunable performance between the exploitation of
constructive MUI and enhancement of the MU access capabil-
ity. Finally, simulation results have confirmed the superiority
of the proposed CNOMA precoder over the classic CI, MMSE,
and NOMA precoders, in terms of SER and throughput.
Constructive NOMA is still broadly open, and future directions
include but are not limited to closed-form precoder, imperfect
CSI/SIC aware design, and Cl-based rate-splitting design.
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