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Coordinated Beamforming for Multi-Cell MIMO-NOMA
Wonjae Shin, Mojtaba Vaezi, Byungju Lee, David J. Love, Jungwoo Lee, and H. Vincent Poor
Abstract— In this letter, two novel coordinated beamforming
techniques are developed to enhance the performance of
non-orthogonal multiple access combined with multiple-input
multiple-output communication in the presence of inter-cell
interference. The proposed schemes successfully deal with intercell interference, and increase the cell-edge users’ throughput,
which in turn improves user fairness. In addition, they increase
the number of served users, which makes them suitable for
5G networks where massive connectivity and higher spectral efficiency are required. Numerical results confirm the effectiveness
of the proposed algorithms.
Index Terms— Non-orthogonal multiple access, inter-cell interference, interference alignment, 5G communications.

I. I NTRODUCTION
UTURE communication networks must support very
high throughput, low latency, and massive connectivity.
By allowing multiple users to share the same time/frequency,
non-orthogonal multiple access (NOMA) [1] can address these
challenges more efficiently than the conventional orthogonal
multiple access (OMA) schemes, such as time division multiple access. NOMA exploits the path loss differences amongst
the users to separate signals. It increases spectral efficiency
and user fairness by exploiting a capacity-achieving scheme in
the downlink. In addition, NOMA supports more connections
by letting more than one user simultaneously access the same
wireless resources, and reduces latency by allowing grant-free
uplink transmission [2].
To achieve high spectral efficiency, NOMA has been
combined with multiple-input multiple-output (MIMO)
communication [3]–[5] and extended to multi-cell systems
[6]. Multi-cell NOMA intensifies inter-cell interference at
the boundary of cellular networks, which reduces the quality
of service (QoS) for cell-edge users and deteriorates user
fairness. To avoid these problems, a coordinated multipoint
(CoMP) transmission based scheme is proposed in [7]. CoMP
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is however demanding in terms of backhaul bandwidth,
latency, and computational load due to excessive data sharing
requirements.
In this letter, we study multi-cell MIMO-NOMA networks
in the downlink and propose two interference alignment (IA)based coordinated beamforming (CBF) methods in which two
base stations (BSs) jointly optimize their beamforming vectors
in order to improve the data rates of cell-edge users, without
requiring data sharing between cells. Both algorithms use
IA-based CBF techniques to cancel inter-cell interference as
well as inter-cluster interference, and successive interference
cancellation (SIC) to cancel intra-cluster interference. These
algorithms are termed interfering channel alignment based
CBF (ICA-CBF) and IA-based CBF (IA-CBF), respectively.
While the former requires full channel state information (CSI)
at the BS, the latter only requires the knowledge of cell-edge
users’ effective serving channel gains at the BS. This can be
easily accomplished using single-cell feedback. Thus, IA-CBF
imposes much less system overhead compared to ICA-CBF,
which requires all users’ channel matrices for both serving
and interfering links at the BS. We discuss the antenna
configurations for which the proposed schemes are feasible.
II. S YSTEM M ODEL
We consider a two-cell downlink cellular network1 in which
each cell consists of K clusters each consisting of two users:
one close to the cell-center and the other close to the cell-edge.
Assume each BS and each user has M and N antennas, respectively. In a multi-cell network, cell-edge users experience intercell interference whether OMA or NOMA is used. However,
this interference situation becomes worse when NOMA is
used. This is because in a NOMA-based system, cell-edge
users constantly experience interference from the neighboring
cell, whereas in the case of OMA interference is limited to
certain time slots or frequency bands. A key feature of NOMA
is to exploit the difference between users’ channel conditions
to separate signals in each cluster. Hence, NOMA usually pairs
users with good and poor channel conditions in one cluster,
by superimposing their signals.
Let i ∈ {α, β} and k ∈ K  {1, . . . , K } represent the cell
index and the cluster index within each cell, respectively, and
j ∈ {1, 2} be the user index in each cluster, where j = 1
and j = 2, respectively, represent cell-center and cell-edge
[i]
users. H[i]
j,k and G j,k , respectively, denote the serving and
interfering channel matrices of size N × M for the j th user
at the kth cluster of cell i . We assume that all entries of the
channel matrices are drawn from a continuous distribution.
We also assume that cell-center users do not suffer from intercell interference. The received signals at the kth cell-center
1 We consider a two-cell configuration as it is relevant in practice where
there is usually one dominant interfering BS. However, the algorithms can be
extended to more than two cells.
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and cell-edge users of cell i , can be, respectively, expressed as
[i]
[i]
y1,k
= H1,k

K

=1

[i]
[i]
y2,k
= H2,k

x[i] + z[i]
1,k ,

K


=1
{α, β}\{i }, xk[i]

[i]
x[i] + G2,k

(1)
K

=1

x[ī] + z[i]
2,k ,

(2)

is the M × 1 superimposed signal
where ī 
for the kth cluster in BS i and is given by



[i]
[i] [i]
(3)
xk[i] = vk[i] sk[i] = vk[i] λ[i]
s
+
λ
s
1,k 1,k
2,k 2,k ,
[i]
in which s [i]
j,k is a data symbol, λ j,k is the NOMA power
allocation coefficient for the superimposed signal, and vk[i] ∈
C M×1 is a transmit beamformer.
 For simplicity of notation,
we assume λ[i] + λ[i] = 1 and v[i]  = 1.
1,k

2,k

k

2

III. N EW CBF D ESIGN FOR M ULTI -C ELL MIMO-NOMA
We propose two novel algorithms to manage the mixture
of interference signals for both cell-edge and cell-center users
in two-cell MIMO-NOMA networks. In particular, to successfully decode the message of each cell-edge user, we need to
cancel inter-cell, inter-cluster, and intra-cluster interference.
These are managed by CBF for the first two types of interference, and SIC for the last one. A cell-center user, however,
only needs to cancel the latter two types of interference, as it
is assumed not to suffer from inter-cell interference.
In both algorithms, the number of transmit antennas at
each BS is assumed to be M = K + 1. To ensure no intercell and inter-cluster interferences,
 zero-forcing (ZF) transmit

clusters which is much less
beamforming can serve M+1
3
than K clusters [5]. To overcome this problem, interference
alignment is applied in the following subsections so that the
number of served clusters in each cell remains close to M
even in the presence of inter-cell interference, similar to that
in single-cell NOMA [5]. To make the exposition concrete,
we focus on beamforming design in cell α.2
A. Algorithm I: ICA-CBF NOMA
Consider the case in which M = K + 1 and N = K ,
and assume that full CSI is available at each BS.3 A receive
beamformer can be constructed to align the effective interfering channels for a given cell within a one-dimensional space.
That is, through the interfering channel alignment, each BS
can regard K distinct interfering channels as a single onedimensional channel, which allows more clusters in each cell
for a certain number of transmit antennas. We can find such
[α]
[α]
, . . . , w2,K
∈ C N×1 and aligned
receive beamformers w2,1
[α]
M×1
interfering channel τ
∈ C
by solving the following
matrix equation:
⎤ ⎡ τ [α] ⎤
⎡
[α]†
0
···
0
−I M G2,1
[α] ⎥
⎥⎢
⎢
w2,1
⎥
[α]†
⎥⎢
⎢−I M
⎢
0
G
·
·
·
0
⎥ ⎢ w[α] ⎥
⎢
2,2
⎥ = 0,
(4)
2,2
⎢ .
.. ⎥
..
⎥
..
..
⎥⎢
⎢ ..
.
⎥
⎢
.
.
.
.
⎦ ⎣ .. ⎦
⎣
[α]†
[α]
−I M
0
···
0 G2,K
w2,K
2 By symmetry, it is straightforward to extend the result of cell α to cell β.
3 The algorithm is feasible for any M ≥ K + 1 and N ≥ K , though.
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where (A)† denotes the complex conjugate and transpose of A.
Since the size of the unified matrix in the left-hand side of
[α]
come from
(4) is K M × (M + K N) and all elements of G2,k
a continuous random distribution, it follows that the unified
matrix has a full-rank of K M=K (K + 1) almost surely. Thus,
[α]
[α]
it is possible to find w2,1
, . . . , w2,K
and τ [α] in the null space
of the unified matrix almost surely.
Subsequently, the transmit beamformers vk[α] at BS α can be
designed to ensure zero inter-cell and inter-cluster interference
at the cell-edge users as


† †
τ [β]
[α]
vk ⊥
,
(5)
[α]
H̄2,k
[α]
where H̄2,k
is a (K −1)×(K +1) matrix obtained by removing
 [α]† [α]
[α]† [α] †
w2,1 · · · H2,K
w2,K and a ⊥ A
the kth row of H2[α] = H2,1
denotes that a is orthogonal to the subspace spanned by the
columns of A. Recall from (4) that the receive beamformer
[α]
[α]
is designed independently of the channel matrix H2,k
.
w2,k
[α] [α]
w2,k
Also, the elements of the effective channel vectors H2,k
†

[α] [α]
and H2,
w
for k̄ ∈ K \{k} are statistically independent
k̄ 2,k̄
random variables. Moreover, the aligned interfering channel
[β]
[α]
τ [β] is a function of G2,k only, but not H2,k
or G[α] . This
 [β] [α]†  2,k
implies that all the column vectors of τ
H̄2
are linearly
independent almost surely, and it is possible to find the
precoding vector vk[α] in the null space of the matrix, for any
k ∈ K.
Recall that the cell-center users are assumed not to suffer
from interference caused by the neighboring cells. With this
assumption, the cell-center users only need to remove the intercluster interference caused by the other K − 1 clusters within
that cell. This can be accomplished by a ZF decoder with K
receive antennas, i.e.,


[α]
[α] [α]
[α]
[α]
v1 . . . vk−1
(6)
⊥ H1,k
vk+1
. . . v[α]
w1,k
K .
†

Thus, with the help of ICA-CBF we can equivalently
decompose the two-cell MIMO-NOMA channels into 2K pairs
of single-antenna NOMA channels. In particular, the received
signals at a cell-center user ( j = 1) and cell-edge user ( j = 2)
of the kth cluster in cell α are given by


† [α]
[α] 
[α] [α]
[α] 
[α]
y
=
h̃
λ
s
+
λ[α]
(7)
w[α]
j,k
1,k 1,k
2,k s2,k + z̃ j,k ,
j,k j,k
[α]
[α] [α]
[α]
[α] [α]
where h̃ [α]
j,k = w j,k H j,k vk and z̃ j,k = w j,k z j,k are, respectively, the effective serving channel coefficient and effective noise term after applying transmit/receive beamforming.
Therefore, for a cell-center user, intra-cluster interference can
be decoded and cancelled using SIC so that the desired
message is decoded free of interference. The cell-edge users,
however, decode their messages by treating the intra-cluster
interference as noise [1].
†

†

B. Algorithm II: IA-CBF NOMA
Now, consider a more realistic scenario with M = N =
K + 1 where CSI is available only for the serving channels
of each BS via single-cell feedback. To reduce the overhead
of channel estimation and uplink feedback, we can apply cascaded transmit beamforming [8] in two-cell MIMO-NOMA,
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in which the inner precoder is predetermined with no prior
information and the outer precoder is implemented using the
effective serving channel vectors. Specifically, the transmit
beamformers can be designed as
vk[i] = P[i] fk[i] , ∀i, k,

(8)

where P[i] ∈ C M×K indicates the inner precoder for cell i ,4
and fk[i] ∈ C K ×1 denotes the outer precoder for the users in
the kth cluster of cell i .
 [α] [β] 
[α] [β] [β]
P f ∈ span G2,k
P , ∀ k,  ∈ K ,
Notice that G2,k
 [α] [β] 
[β]
regardless of the value of f ; thereby, span G2,k
can
P
be termed the aligned interference subspace at the cell-edge
user of the kth cluster in cell α. Each cell-edge user in cell α
can estimate the K -dimensional aligned interference subspace,
guaranteeing a one-dimensional space free of interference for
its corresponding cluster’s signal. Thus, the receive beamformers for the cell-edge user can be designed as
[α]
[α] [β]
⊥ G2,k
P , ∀k,
w2,k

(9)

[β]

[β]

[α]
[α]
[α]
[α] [β]
w2,k
G2,k
vk = w2,k
G2,k
P fk



†

= 0.

(10)

=0

To cancel all the inter-cluster interference for all K cell-edge
users in cell α, it suffices for fk[α] to satisfy
[α]
[α] [α] [α]
w2,k
H2,
P fk̄ = 0, ∀k̄ ∈ K \{k}
k̄
†

(11)

or equivalently
[α]
fk[α] ⊥ P[α] H̄2,k
.
†

(12)

Note that no information about the interfering channels is
†
required to determine the precoder vk[α] = P[α] fk[α] for the
cell-edge users since BS α does not need to acquire any G[i]
j,k
in order to construct fk[α] for a given P[i] , as seen in (11).
For cell-center users, a similar approach to receive beamforming for a single-cell MIMO-NOMA [4] is applied so
that the receive beamforming vector can be represented as a
product of two matrices, i.e.,
[α]
[α]
= Q[α]
w1,k
1,k ck ,

(13)

M×2 is a matrix consisting of those left singuwhere Q[α]
1,k ∈ C

[α] [α]  [α]
[α] [α]
P f1 · · · fk−1
fk+1 · · · f K[α] ∈ C M×(M−2)
lar vectors of H1,k
which correspond to its zero singular values. Then, the constraint
[α]
[α] [α]
[α] [α] [α]
w1,k
H1,k
vk̄ = ck[α] Q[α]
1,k H1,k P fk̄ = 0, ∀k̄ ∈ K \{k},



†

†

When the BS and its corresponding users apply the
transmit and receive beamformers based on IA-CBF, vk[i]
and w[i]
j,k , respectively, the two-cell MIMO-NOMA channel can be decomposed into 2K pairs of single-antenna
NOMA channels with no inter-cell or inter-cluster interference. As the last step, the SIC strategy can be applied to
decode the users’ messages similar to ICA-CBF case. As a
final note, it is emphasized that the algorithm is valid for
any M, N ≥ K + 1.
C. Discussion

which guarantees that
†

TABLE I
C OMPARISON B ETWEEN THE P ROPOSED NOMA A LGORITHMS AND
E XISTING NOMA AND OMA S CHEMES

†

In this subsection, we briefly discuss the key distinctions of
the proposed CBF-based NOMA schemes from the existing
NOMA and OMA schemes. Recall that there are 2K users in
each cell. Thus, OMA needs two time slots so that K users are
simultaneously served in each time slot [4]. On the other hand,
NOMA-based schemes can simultaneously support 2K users
by transmitting superimposed messages [4]. When the full
CSI is available at the BS, a signal alignment (SA) technique
can be exploited to effectively manage intra-cell interference [5]; thereby the required number of receive antennas can
be further reduced by SA-NOMA, especially when K ≥ 4. As
mentioned above, the proposed CBF algorithms can effectively
mitigate the intra-cell and inter-cell interference with a slightly
higher number of antennas, resulting in simultaneous support
of 4K users over the same wireless resources. Notice that ICACBF NOMA achieves the same number of served users as that
of IA-CBF NOMA although it operates with a smaller number
of receive antennas. Table I summarizes the required numbers
of transmit/receive antennas to support a certain number of
users in each scheme.
Remark 1 (Support of Massive Connectivity): When K is
large, the number of extra antennas required for the proposed
CBF-based NOMA becomes negligible. That is, without significantly many additional antenna elements, the number of
served users for the proposed algorithms has increased by
factors of four and two compared to OMA and NOMA, respectively. Therefore, the proposed algorithms can support connectivity for a very large number of devices using only a limited
amount of wireless resources (i.e., low-cost and low-energy).

=0

should be satisfied. Further, to maximize the serving channel
gain while guaranteeing no inter-cluster interference, maximal
ratio combining can be applied to ck[α] as in [4], to get
† [α] [α]  [α]† [α] [α] 
Q H v  .
ck[α] = Q[α]
(14)
1,k H1,k vk
1,k
1,k k
2
4 The inner precoders can be the same across cells, i.e., P[α] = P[β] whose
elements are independent of channel gains.

IV. N UMERICAL R ESULTS
In this section, we compare the performance of the proposed algorithms with existing NOMA and OMA schemes.
We deploy a two-cell network in which K clusters are served
in each cell. Each cluster consists of two users having very
different channel conditions. We assume that the cell-center
users are deployed within the area of a disc with radius r A .
The cell-edge users are deployed within the ring-shaped area
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Fig. 1. The performance of ICA-CBF NOMA with different numbers of
clusters K for M = K + 1, N = K , r A = 2m, r B = 8m, rC = 10m.

Fig. 2. The performance of IA-CBF NOMA with different numbers of
clusters K for M = N = K + 1, r A = 2m, r B = 8m, rC = 10m.

between a circle with radius r B and a circle with radius rC
(assuming rC > r B  r A [9]). Then, the two users (one from
the disk and the other from the ring) are randomly paired to
form a cluster.5 Based on this model, we further assume that
the cell-center users do not suffer from inter-cell interference
due to the fact that they are far away from the neighboring BS.
The path loss exponent is set to 3. As a performance metric,
we measure the (per-cell) system throughput [5], [9], which is
R=

K 






R1,k 1 − P1,k + R2,k 1 − P2,k ,

(15)

k=1

where R1,k and R2,k are the target data rates for the cell-center
and cell-edge users in the kth cluster, and P1,k and P2,k are
their corresponding outage probabilities, respectively. It can be
noted that the metric corresponds to delay-sensitive throughput
which measures the rate of successful data transmission. We
set the target data rates for the cell-center user and cell-edge
user at R1,k = 1 bit per channel use (BPCU) and R2,k = 0.25
BPCU, for ∀ k ∈ K , respectively.
We plot the system throughput versus signal-to-noise (SNR)
with different numbers of clusters in Figs. 1 and 2. In general,
one can observe
 the system throughput of all the schemes
 K that
approaches k=1
R1,k + R2,k as the SNR increases. This
is because the system throughput is determined only by the
targeted data rate in the high SNR regime. We divide our
simulation environments into two scenarios according to the
availability of the full CSI at the BS. In Fig. 1, we assume that
the proposed ICA-CBF NOMA has full CSI (i.e., the (K + 1)×
(K + 1) channel matrix of all the cell-edge and cell-center
5 The use of more sophisticated user-pairing can further improve the system
performance [10], [11].
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users) of the serving as well as interfering cell. We also compare the performance of ICA-CBF NOMA with that of NOMA
with full CSI (i.e., SA-NOMA). In our simulations, we use the
cognitive radio (CR) inspired power allocation for ICA-CBF
NOMA and SA-NOMA with the help of full CSI at the BS
[4] It is worth mentioning that the BS can allocate a minimal
transmission power in order to meet the cell-edge user’s QoS
requirement, and then allocate the remaining power to the cellcenter user. This CR inspired power allocation can utilize the
transmission power more efficiently compared to fixed power
allocation, resulting in an increased system throughput. It is
observed that the system throughput gains at 20 dB of ICACBF NOMA over SA-NOMA and NOMA are 14% and 47%
for K = 2 and 19% and 71% for K = 4. As can be seen from
Fig. 1, when the number of clusters K increases, the use of the
degrees of freedom at the BS becomes effective and thus the
system throughput of ICA-CBF NOMA improves drastically.
In order to show the effectiveness of the proposed algorithm
in a realistic scenario, in Fig. 2, we assume that the proposed
IA-CBF NOMA has access to only reduced-dimension CSI
(i.e., K × 1 effective serving channel vectors of the cell-edge
users) of the serving cell while the existing NOMA and OMA
schemes have no CSI at the BS. Since it is not possible to
measure the QoS requirement with limited CSI at the BS, we
[i]
1
3
use the fixed power allocation of λ[i]
1,k = 4 and λ2,k = 4 ,
for ∀k ∈ K . It can be observed from this figure that IACBF NOMA achieves the best system throughput since it has
the lowest outage probability compared with the NOMA and
OMA schemes at a certain SNR. Note that IA-CBF NOMA
avoids making all the users feed back their CSI to the BS at the
cost of only a slight increase in the number of receive antennas.
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