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Abstract— Amplify-and-forward (AF) is one of the most popular and simple approaches for transmitting information over a
cooperative multi-input multi-output (MIMO) relay channel. In
cooperative communication, relays are employed for improving
the coverage or enhancing the spectral efficiency, especially of
cell-edge users. However, in a multi-cell context, the use of relays
will also lead to an increase in interferences that are experienced
by cell-edge users of neighboring cells. In this paper, two novel
precoding schemes for mitigating this adverse effect of cooperative communication are proposed. They are designed by taking
into account the effect of interference coming from neighboring
cells, i.e. other cell-interference (OCI), for maximizing the sumrate of cell-edge users. Our novel OCI-aware precoding schemes
are compared against non OCI-aware precoding techniques and
results show the large performance gain in terms of sum-rate
that our schemes can achieved especially for large numbers of
users and/or antennas in the multi-cell system.

I. I NTRODUCTION
Cooperative communication has recently attracted considerable research interests [1]–[3]. Amplify-and-forward (AF) is
a simple and practical approach for implementing cooperative
multi-input multi-output (MIMO) communication. In AF, the
relay node (RN) simply amplifies the received signal from
the source node (SN) and forwards it to the destination node
(DN). In the original AF scheme [3], the RN was first used as
a simple equal gain amplifier. Since then, it has been shown
in [4] and other many works that the RN can also be utilized
as a smart precoder for improving the spectral efficiency of
single and multi-user (MU) MIMO AF communication.
As far as the downlink (DL) of MU MIMO AF communication is concerned, some methods have first been proposed
in [5] and [6] to efficiently perform the precoding at the
RN but only for the single antenna per user case. Recently
in [7], a method for the MIMO case has been designed by
assuming that the full channel state information (CSI) of the
relay channel is available at the SN and that dirty paper coding
is employed. Then in [8], we have developed three precoding
methods for the DL of MU MIMO AF system, namely
the AF-statistical knowledge of the relay-destination links,
AF-channel block diagonalization (CBD) and AF-constrained
gradient search for DL (CGSDL) methods, by considering
two more realistic CSI assumptions than in [7], i.e. only the
receive CSI or both receive and transmit CSI is available at
the RN and, hence, without relying on DPC at the SN. All
the previously cited precoding techniques only considered MU
interference from different users within the same cell and, thus,
did not take into account OCI. However, it has been shown

in [9] and [10] that interference coming from neighboring
cells significantly degrade the cell-edge user and overall sumrate performances in cellular networks. Consequently, an OCIaware precoding technique has been proposed in [11] for
mitigating the effect of OCI in point-to-point (P2P) multi-cell
communication. In cooperative multi-cell communication, the
OCI problem will be exacerbated since one induced effect of
relaying is the increase of OCI for neighboring cell-edge users,
which justify the need for proper OCI mitigation.
In this paper, we extend our work in [8], which has been
undertaken for the single cell scenario, to the cooperative MU
multi-cell scenario by incorporating the effect of OCI in our
precoding structure at the RN. We model the DL of the MU
MIMO AF system in presence of OCI in Section II and derive
its sum-rate expression, which is used as a design criterion for
our novel precoding schemes that are presented in Section III.
Our AF-enhanced CBD (ECBD) and AF-enhanced CGSDL
(ECGSDL) schemes are designed for maximizing this criterion
by considering that the SN-RN and RN-DN link CSI and the
interference plus noise covariance matrix of each cell-edge
user are available at the RN. The sum-rate performances of our
OCI-aware schemes are presented in Section IV and compared
against those of the schemes of [8] in presence of OCI. Results
indicate that a large sum-rate gain can be obtained by using our
OCI-aware techniques, especially for large numbers of users
and/or antennas. Finally, conclusions are drawn in Section V.
II. MU MIMO AF S YSTEM M ODEL IN P RESENCE OF OCI
We consider a MU MIMO AF system that is composed of
K+2 nodes, i.e. a SN with n antennas, a nonregenerative RN
with q antennas and K DNs with rk antennas, as it is depicted
in Fig. 1. In addition, we assume that the direct link is weak
in comparison with the relay link and, thus, it is omitted.
For the simplicity of the introduction, we assume a half
duplex relaying scenario with two equal duration phases as
in [4],P
where in the first phase the SN broadcasts the signal
K
x =
k=1 Rk sk to the RN, and in the second phase the
RN transmits to the DN. Note that Rk ∈ Cn×n is the k-th
user precoding matrix at the SN and sk ∈ Cn×1 , which we
define as sk = [01×αk s†k 01×(n−αk+1 ) ]† , where sk ∈ Clk ×1
of
is the k-th message of length lk , 01×αk is an allnzero vector
o
Pk−1
†
length αk and αk = j=1 lj . Consequently, E sk sk = Ilk ,
where Ilk is a lk × lk identity matrix and E{.}
stands for
PK
the expectation. In addition, we define l as l = k=1 lk and
assume that lk ≤ rk and l ≤ n.
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Fig. 1.

DL of MU MIMO AF system in presence of OCI.

The signal x is received by the RN as y1 = H1 x + n1
at the end of the first phase, where H1 ∈ Cq×n characterize
the MIMO channel of the SN-RN link. During the second
phase, the signal y1 is amplified by using the precoding
matrix G ∈ Cq×q , is then transmitted towards the DNs and
is received as y2,k = H2,k Gy1 + n2,k by the k-th DN,
where H2,k ∈ Crk ×q characterizes the MIMO channel of the
k-th RN-DN link. Moreover, each of the channel matrices
H1 and H2,k is a random matrix having independent and
identically distributed (i.i.d.) complex circular Gaussian entries
with zero-mean and unit variance. Furthermore, n1 ∈ Cq×1
and n2,k ∈ Crk ×1 are vectors of independent zero-mean
complex Gaussian noise entries with a variance of σ12 and
2
σ2,k
, respectively. We consider the same multi-cell interference
or OCI model as in [11], where each DN is affected by
an OCI signal nI,k = HI,k xI,k with HI,k ∈ Crk ×nI,k and
xI,k ∈ CnI,k ×1 being the MIMO OCI channel and OCI signal
with nI,k co-channel interferers from the neighboring cell, respectively. At the receiver, the k-th estimated transmit message
b
sk is obtained such that b
sk = Sk y2,k , where Sk ∈ Cn×rk is
the k-th DN postcoding matrix. Each postcoding matrix can
be decomposed as Sk = Tk Uk , where Tk ∈ Crk ×rk is the kth user OCI suppression filter and Uk ∈ Cn×rk . Accordingly,
the k-th DN received signal before and after OCI suppression
can be expressed as
y2,k = H2,k GH1 x + H2,k Gn1 + n2,k + nI,k
rk

= Hk GH1 x + Hk Gn1 + Tk (n2,k + nI,k )

,

(1)

respectively, where Hk = Tk H2,k . Consequently, the mutual
information (MI) of each user can be expressed as [12]
1
log2 Irk + Hk GH1 (Ry1 − Rn1 ,k )H†1 G† H†k
2
,
×(Hk GRn1 ,k G† H†k + Tk RnI ,k T†k )−1
(2)
where the factor
n 1/2
o accounts for the two-phase transmission,
Ry1 = E y1 y1† = σ12 Iq + H1 Rx H†1 is the transmit


covariance matrix, Rn1 ,k = σ12 Iq + H1 Rx − Rk R†k H†1 is
the k-th noise plus
intra-cell interference covariance
Presidual
K
2
matrix and Rx = j=1 Rj R†j . In addition, RnI ,k = σ2,k
Irk +
†
HI,k RI,k HI,k is the k-th noise plus OCI covariance matrix and

I(rk ; sk ) =

n
o
RI,k = E xI,k x†I,k . The relay link MI that is achieved by
adding each user MI, i.e. sum-rate, is then simply given by
K

Σr =

Tk RnI ,k T†k + Hk GRy1 G† H†k
1X
log2
,
2
Tk RnI ,k T†k + Hk GRn1 ,k G† H†k
k=1

(3)

and the problem of maximizing the sum-rate under the constraint that the transmit power at the RN should not exceed
P2 can be formulated as follows
max Σr s.t. G  0; tr (GRy1 G† ) ≤ P2 ,
G

(4)

where tr (.) denotes the trace of a matrix and P2 is the
total transmit power of the RN. Furthermore, notice that the
optimum Uk for each user k can simply be obtained as Uk =

−1
R†k (Hk GH1 )† Hk GH1 Rx (Hk GH1 )† +Tk RnI ,k T†k
(5)
by solving the gradient of E{(b
sk − sk )(b
sk − sk )† } = 0, when
each user k employed a linear Minimum Mean Squared Error
(MMSE) receiver [13]. In the rest of the paper, we consider
that P1 = tr (Rx ) and PI,k = tr (RI,k ), where P1 is the
average transmit power of the SN and PI,k is the average power
of each interference signal.
III. E NHANCED MU MIMO AF PRECODING SCHEMES FOR
OCI MITIGATION
We have recently proposed in [8] two algorithms for solving
the optimization problem of (4) in absence of OCI, i.e. when
2
RnI ,k = σ2,k
Irk . In the following, we revisit our work
and enhance our AF-CBD and AF-CGSDL algorithms for
mitigating the effect of OCI while maximizing the sum-rate
expression in (3).
Instead of using centralized optimization that requires cooperation between cells, we only require the knowledge of
the interference plus noise covariance matrix of each user for
mitigating the effect of OCI. The latter assumption is more
practical because each covariance matrix can be estimated
by each user, without requiring synchronization, extra pilot
symbols or training sequence, as it is the case in multi-cell
cooperation. We also assume as in our AF-CBD and AFCGSDL schemes that the CSI of the SN-RN link, i.e. H1 ,
and the CSI of all the RN-DN links, i.e. H2,k , are known at

the RN. Since H1 is known at the RN, it can be decomposed
b 12 V†
via singular valued decomposition (SVD) as H1 = UΛ
b
where U ∈ Cq×q and V ∈ Cn×n are unitary matrices, and Λ
1
1
b
b
is a q×n rectangular diagonal matrix. Moreover, Λ = Λ 2 Λ 2 †
is a q × q diagonal matrix with diagonal elements λi ∈ R+ .
We also assume that the knowledge of V is known at the SN
and define Rk as
e k V,
Rk = R
(6)
e k = diag(√pk ) is a n × n diagonal matrices and
whereR

pk = 01×αk {pαk +1 , . . . , pαk +lk} 01×(n−αk+1 ) .
A. Channel block-diagonalization based method

The matrix RnI ,k is clearly a Hermitian positive definite
matrix and, thus, it can be decomposed as RnI ,k = Dk D†k by
using Cholesky decomposition. Hence, (3) can be re-expressed
as
K
2
σ2,k
Irk + Hk GRy1 G† H†k
1X
Σr =
log2
(7)
2 I
† †
2
σ2,k
rk + Hk GRn1 ,k G Hk
k=1

by setting Tk = σ2,k D−1
k in (3), which is then equivalent to
the expression of the relay link sum-rate in absence of OCI,
i.e. equation (5) of [8], but with Hk instead of H2,k . In other
words, the effect of OCI has simply been transferred into the
equivalent channel Hk = Tk H2,k by setting Tk = σ2,k D−1
k
at each DN. Consequently, instead of feedbacking H2,k in
absence of OCI, each DN must feedback Hk in presence of
OCI.
In CBD [14], the precoder design is performed in two
phases; in the first phase, the structure of the precoder
is designed for cancelling intra-cell interference via blockdiagonalization of the multi-user channel. In the second phase,
optimal power allocation is performed. In our AF-ECBD, we
follow the same process to design the precoder G at the RN.
First, we define the precoder structure of G as
e †,
G = WGU

(8)

where W = [W1 , W2 , . . . , WK ], Wk ∈ Cq×lk ,
e = diag(√g), g = {g1 , . . . , gq }. Each maand G
trix Wk is then designed by ensuring that Hj Wk =
0, ∀j 6= k, i.e. the intra-cell interference is nulled. Let
Hk = [H†1 , . . . , H†k−1 , H†k+1 , . . . , H†K ]† be the complementary channel of user k, Yk be a matrix of rank ρk that contains
the q right-singular vectors of Hk and Yk,[ρk +1:q] contains the
last q − ρk columns of Yk . In addition, let Zk be a matrix
that contains the q−ρk right-singular vectors of Hk Yk,[ρk +1:q]
and Zk,[1:lk ] contains the first lk columns of Zk . Then, Wk
is simply defined as
Wk = Yk,[ρk +1:q] Zk,[1:lk ]

(9)

for ensuring that the intra-cell interference is nulled. Notice
that each user transmit a message of length lk that is transmitted over lk streams. Thus, the condition ρk + lk ≤ q
must hold for applying CBD. Otherwise, stream selection must
be performed prior to the precoding. Moreover, if K > q

then user selection must be performed prior to the precoding.
Inserting (6) and (8) into (7), the latter simplifies as


K lk
1 + gu ωu (1 + λu pu )
1 XY
log2
,
(10)
Σr (g) =
2
1 + gu ω u
i=1
k=1

where u = αk +i and ωu is the i-th nonnegative eigenvalue of
†
Hk Yk,[ρk +1:q] Yk,[ρ
H†k . The optimal power allocation is
k +1:q]
then obtained by solving the following optimization problem
max Σr (g) s.t. gu ≥ 0;
g

lk
K X
X

k=1 i=1

gu (1 + λu pu ) ≤ P2 ,

(11)

which is equivalent to the optimization problem in [4] when
K = 1 and l1 = r1 . This convex problem can directly be
solved by following a similar approach as in [4].
In a nutshell, the OCI has first been mitigated by using
the postcoding matrix Tk and then the MU MIMO relay
channel has been block-diagonalized and thus transformed into
K independent MIMO relay channels by using the knowledge
on H1 and all the Hk at the RN.
B. Constrained gradient search based method
The G matrix structure in (8) turns out to be optimal in the
single user case [4]. However, it has recently been reported in
[7] that it is no more the case in the MU context. Therefore,
instead of decomposing the precoding at the RN in two phases
as in the AF-ECBD, we can use a CGS algorithm for finding
a G matrix that maximizes (3). The postcoding matrix Tk =
σ2,k D−1
k is first used at each DN for removing the OCI such
that (3) turns into (7) and then the same CGS algorithm as in
[8] is applied, but where the gradient of Σr is given by
K

∂Σr
1 X † 2
Hk (σ2,k Irk +Hk GRy1 G† H†k )−1 Hk GRy1
=
∂G
ln(2)
k=1

2
−H†k (σ2,k
Irk + Hk GRn1 ,k G† H†k )−1 Hk GRn1 ,k
(12)
−1
XY if Y
since ∂ ln I + XYX† /∂Y = 2 I + XYX†
is an Hermitian matrix. This algorithm has a greater computational complexity than the AF-ECBD as indicated by the
numerical computational complexity analysis in Fig. 3. In
comparison with a standard gradient search algorithm, extra
computation is needed to ensure that the searched G matrices
are always within the search space, which slightly increases
the complexity.

IV. R ESULTS
In this section the performances of our OCI-aware precoding techniques for MU MIMO AF, i.e. AF-ECBD and AFECGSDL, are compared against each others and against the
AF-CBD and AF-CGSDL schemes of [8] in terms of sumrate and computational complexity when OCI is present. In
addition, the performances of the AF-CBD and AF-CGSDL
schemes are also plotted in absence of OCI, as benchmark
results.
In our simulations, we define the SNR of the SN-RN
link as γ1 = P1 /σ12 , the SNR of the k-th RN-DN link
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Fig. 2. Sum-rate performances of our OCI-aware precoding schemes for
n = q = 4, K = 2 (lower graph) and n = q = 8, K = 4 (upper graph)
when γ2,k = 10 dB, γI,k = 20 dB, rk = lk = 2, and nI,k = 1.

Fig. 3. Computational complexity of our OCI-aware precoding schemes for
n = q = 4, K = 2, n = q = 8, K = 4 and n = q = 16, K = 8 when
γ2,k = 10 dB, γI,k = 20 dB, rk = lk = 2, and nI,k = 1.

2
as γ2,k = P2 /σ2,k
and the interference to noise ratio of
2
the k-th user as γI,k = PI,k /σ2,k
, where we consider that
2
2
σ1 = σ2,k = 1, ∀k ∈ [1, . . . , K]. We assume an equal
gain power allocation at the SN and set pαk +j = P1 /l,
∀j ∈ [1, . . . , lk ] and ∀k ∈ [1, . . . , K]. We also assume as
in [11] that RI,k = (PI,k /nI,k ) InI,k . This assumption is not
typical but it allows us to evaluate the capacity degradation
due to OCI in the worst case scenario. In addition, we assume
a single-tap i.i.d. Rayleigh fading channel between any of the
nodes and consider 5 × 103 realisations of each channel for
evaluating the sum-rate Σr . The CGS algorithm of [8], i.e.
Algorithm 1, has been modified and utilized to plot the results
for our AF-ECGSDL method; the parameter ǫ, which is used
for fine-tuning the trade-off between accuracy and complexity,
has been set to ǫ = 10−4 . Finally, the power allocation in (11)
for the AF-ECBD method has been performed by considering
the following sorting of the elements of Λ. Let λ be the vectors
of elements λi that are sorted in descending order such that
λ1 ≥ λ2 ≥ . . . ≥ λq . Moreover, let ind = [1, K + 1, . . . , (l1 −
1)K + 1, 2, K + 2, . . . , (l2 − 1)K + 2, . . . , K, 2K, . . . , lk K] be
a set of indices, then we have set λi = λindi .
In Fig. 2, we compare the sum-rate performances of our
AF-ECBD and AF-ECGSDL schemes for n = q = 4, K = 2
and n = q = 8, K = 4, in the lower and upper parts of Fig. 2,
respectively. In addition, we set γ2,k = 10 dB, γI,k = 20 dB,
rk = lk = 2 and nI,k = 1, ∀k ∈ [1, . . . , K]. The results first
indicate that in absence of OCI, the AF-CGSDL outperforms
the AF-CBD scheme and the performance difference between
these two schemes increases as the size of the MU MIMO AF
system, i.e. either the number of antennas or users, increases,
as already pointed out in [8]. In presence of OCI, the results
show that the performances of both schemes drop dramatically
and that the AF-CBD outperforms the AF-CGSDL scheme in

the case of K = 2 and for low γ1 values in the case of K = 4.
Then, we can remark that the effect of OCI is clearly mitigated
by using our novel OCI-aware precoding schemes and that
the mitigation gain increases as the size of the MU MIMO
AF system increases; for instance, the AF-ECGSDL method
outperforms the AF-CGSDL method by 1 and 2.5 bits/s/Hz in
the case of K = 2 and 4, respectively, when γ1 = 30 dB. In
addition, the AF-ECGSDL method mitigates better the OCI
than the AF-ECBD method at high SNRs, whereas it is the
contrary at low SNRs.
In Fig. 3, we complement our results of Fig. 2 by comparing
the computational complexity of our two schemes for the
same settings as in Fig. 2 plus the case where n = q = 16
and K = 8. We utilize the average CPU execution time of
each algorithm in milliseconds (ms) as a comparison metric.
The AF-CBD and AF-CGSDL schemes have obviously the
same execution time in absence or presence of OCI, since
OCI is not incorporated in their precoder structures and,
therefore, we omit the absence of CSI case in this graph.
The results clearly show that the AF-ECBD scheme is less
computationally demanding that the AF-ECGSDL scheme and
that the computational complexity of the two schemes clearly
increases as the size of the MU MIMO AF system increases;
it increases in a faster way for the AF-ECGSDL scheme
such that the AF-ECBD scheme is at least 10 times and
about 50 times less computationally demanding than the AFECGSDL scheme in the K = 2 and K = 8 cases, respectively.
Moreover, by comparing the AF-CBD with the AF-ECBD
scheme, it appears that the AF-ECBD scheme requires extra
computational complexity, mainly at low SNRs, for mitigating
the OCI when the size of the MU MIMO AF system is
small. As the size increases, the two schemes exhibit the same
computational complexity. On the contrary, the AF-ECGSDL
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Fig. 4. Sum-rate performances of our OCI-aware precoding schemes for
n = q = 4, K = 2 and n = q = 8, K = 4 with various values of lk , γI,k
and nI,k when γ2,k = 10 dB and rk = 2.

is less computational demanding than the AF-CGSDL scheme
at low SNRs.
In Fig. 4, we compare the AF-CGSDL and AF-ECGSDL
sum rate performances for n = q = 8, K = 4 and n = q = 16,
K = 8, and various values of lk , γI,k and nI,k when γ2,k = 10
dB and rk = 2, ∀k ∈ [1, . . . , K]. In the case of K = 4, the
results show that for different OCI settings, i.e. different values
of nI,k and PI,k , the AF-CGSDL scheme provides roughly the
same sum-rate performances, which are about half of those
obtained in absence of OCI. The effect of OCI can be mitigated
by using our AF-ECGSDL, especially when lk = nI,k = 1. In
this case, each user transmit by using only one stream and the
OCI occupy one stream as well; however, rk = 2 and, hence,
each user has two degrees of freedom for accommodating at
the same time the user data and the OCI, which allows the
AF-ECGSDL scheme to greatly reduces the effect of OCI. In
the case of lk = 2 and nI,k = 1 or 2, the user data and OCI
cannot be decoupled and the performance of the AF-ECGSDL
scheme is worse than in the previous case, especially when
nI,k = 2, i.e the two user data streams are affected by OCI.
Finally, the results obtained for K = 8 confirm that the sumrate performance improvement generated by our AF-ECGSDL
scheme increases with the size of the MU MIMO AF system.
V. C ONCLUSIONS
In this paper, we have introduced two novel precoding
schemes for the DL of MU MIMO AF communication system
that are designed to maximize the sum-rate performance of
cell-edge users in presence of OCI. We have extended our
work in [8] to the multi-cell scenario by incorporating the
effect of OCI in our precoding structure at the RN. We have
formulated a sum-rate expression for the MU MIMO AF communication system in presence of OCI and have utilized it for

designing our precoding schemes. These schemes are practical
in th sense that they do not require multi-cell cooperation
for mitigating the OCI nor dirty paper coding for mitigating
intra-cell interference. They only require the knowledge of
the SN-RN and RN-DN link CSI and the interference plus
noise covariance matrix of each cell-edge user to be available
at the RN. Results have demonstrated that our OCI-aware
schemes outperform non OCI-aware schemes in presence of
OCI. Among them, the AF-ECBD scheme is low-complexity
but provides low sum-rate performances, whereas, the AFECGSDL scheme provides far better performances but at the
expense of a higher computational complexity. In our future
works, we will design a joint precoding scheme at the SN
and RN for mitigating OCI when the direct link is active, as
well as compare the energy efficiency of this scheme against
multi-cell cooperation.
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