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Abstract—Because of its simplicity, amplify-and-forward (AF)
is one of the most popular cooperative relaying technique. Relays
are used in cooperative communication to improve reliability,
coverage or spectral efficiency of cell-edge users. However, relays
tend to increase the interferences seen by users of adjacent
cells, particularly by the cell-edge users, when used in multi-cell
systems. In this paper, we propose a low-complexity precoding
scheme to mitigate the effect of other-cell interference (OCI) in
cooperative communication. The scheme is designed by taking
into account the interference plus noise covariance matrix of
each user for mitigating the interference at each receiver by
means of precoding at the relay node. Simulation results show the
effectiveness of the proposed scheme, both in terms of sum-rate
and computational complexity, when compared to other existing
OClI-aware precoding algorithms for AF.

Index Terms—Amplify-and-forward, MIMO systems, multi-
cell, downlink, precoding

I. INTRODUCTION

In wireless communication, cooperative techniques such as
decode-and-forward (DF) and amplify-and-forward (AF) have
in recent years attracted a lot of research interests [1]-[3].
AF is a nonregenerative technique in which a source node
(SN) broadcasts its signal to a relay node (RN) as well as
a destination node (DN). The RN is utilized for amplifying
and forwarding this signal to the DN in order to improve the
reliability and/or the spectral efficiency of the system.

In the early work on multi-input multi-output (MIMO) AF
and relaying communication [3], the RN was utilized as a
dumb equal gain amplifier, and later in the watershed works
of [4] and [5], it has been demonstrated that the RN can also
perform precoding in order to improve the spectral efficiency
of the single cell single user MIMO system. Then, numerous
works have looked at extending this concept to various other
scenarios such as single cell multi-carrier MIMO AF [6],
single cell multi-user (MU)-MIMO AF [7], [8] or multi-cell
MU-MIMO AF [9].

The concept of precoding itself derives from single cell MU-
MIMO communication, where various theoretical and practical
schemes such as [10] and [11], [12] have been developed over
the years for improving the spectral efficiency by mitigating
intra-cell interference in a single cell context. In parallel to the
development of precoding techniques for single cell MIMO-
AF and MU-MIMO AF, multi-cell MU-MIMO precoding has
recently been investigated in [13] and an efficient precoder

based on the channel block diagonalization (CBD) scheme of
[11] has been proposed. As pointed out in [14], interference
that is produced by neighboring cells significantly degrades
the cell-edge user and overall sum-rate performances in multi-
cell system. Thus, the other-cell interference (OCI)-aware
precoding scheme of [13] provides a practical solution to this
problem but for point-to-point multi-cell communication. In
cooperative multi-cell communication, we expect this problem
to be exacerbated since one of the induced effects of relaying
will be to increase the OCI due to neighboring cell-edge users.
As a matter of fact, we have proposed in [9] two precoding
schemes for tackling this problem, namely the AF-enhanced
CBD (ECBD) and AF-enhanced constrained gradient search
for DL (ECGSDL) schemes. The latter performs better than
the former in terms of spectral efficiency but is more demand-
ing in terms of computational complexity.

In this paper, we propose a novel precoding method for
the multi-cell MU-MIMO AF scenario based on the reg-
ularized channel inversion (RCI) approach of [12], which
was proposed for the single cell MU-MIMO scenario, by
modifying it for the MU-MIMO AF case and integrating OCI
effects in its precoding structure at the RN. The resulting
scheme combines the advantages of our two previous schemes
in [9], i.e. it provides similar sum-rate performance as the
ECGSDL scheme and with the same order of computational
complexity than the ECBD scheme. In Section II, we describe
the system model for the DL of multi-cell MU MIMO AF
and formulate the sum-rate equation in this scenario. Using
this equation as an objective function, we design our novel
multi-cell MU-MIMO AF precoding scheme in Section III
by considering as in [9] that the SN-RN and RN-DN link
channel state information (CSI) and the interference plus noise
covariance matrix of each cell-edge user are known at the RN.
In Section IV, we then present the sum-rate and computational
complexity performances of our novel OCI-aware scheme for
various settings. These results show that our new algorithm
outperforms the two previous existing OCI-aware algorithms
for AF. Finally, Section V concludes the paper.

II. MULTI-CELL MU-MIMO AF SYSTEM DESCRIPTION

We consider the downlink of the MU-MIMO AF system in
presence of OCI as in Fig. 1, where the direct link is weak
in comparison with the relay link and transmission occurs in
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two phases of equal duration as in [5]. In the first phase, a SN
with n antennas broadcasts its signal x over a MIMO channel
H; € C7%™ to a nonregenerative RN with ¢ antennas, which
is received as

yi=Hix+n,. (D

In the second phase the signal y; is amplified at the RN
by means of the precoding matrix G € C9%7 and is then
transmitted over a MIMO channel Hy , € C™**? to each of
the K DNs with r; antennas. At each DN, the received signal
Y2, is corrupted by noise ny j, as well as OCI nocy,, such
that

yor = Ho s GHix + Hy 1,Gny +no i + nocre. (2)

Note that n; € C?*! and npj € Cm*1 are vectors of
independent zero-mean complex Gaussian noise entries with a
variance of of and o3 ,, respectively. The signal ys ; is then
post-processed by using Sp = UTy, where T, € C'x*"
is the k-th user OCI mitigation filter and U, € C"*"k,
such that the k-th estimated transmit message Sy is given by
Sk = Sya2,. In addition, the k-th DN received signal after
OCI mitigation can be expressed as

rp, = H,GH;x + H,Gn; + Ty(n2 1 + nocr,x), (3)

where Hk = T}gHg,k.

According to Fig. 1, we define the SN transmit signal as x =
22{:1 Fisg, where F, € C™*™ is the k-th user SN precoder
and sj, = [0'% 5 O1X(—ert)]T ) with 5, € CH*! being
the k-th message of length [, 01X~ being an all zero vector
of length ay, ap = Z;:ll l; and agi1 = Zszl I = L.
Thus, E {sks£
E{.} stands for the expectation, {.}1 is the conjugate transpose
operator, and we assume that [, < 7 and | < n. As far as
the OCI model is concerned, we utilize the model of [13],
where Nock = HOCI,kXOCI,k with H()CI)]f € Crexnocik and
xocrx € Crocti*! being the MIMO OCI channel and OCI
signal with nocr ; co-channel interferers from the neighboring
cells, respectively. Using (3) and the previous assumptions, the

} =1I,,, where I, is a [, x [}, identity matrix,

DL of MU-MIMO AF system in presence of OCI.

mutual information (MI) of each user is given by [15]

— R, 1)G'H]

1
I(I‘k; Sk) = —
2 , @

* (HrG Ry, GTH] + Ty Rpgo s T)) !

log, |1, + HiG(Ry

1

where the factor 1/2 stands for the dual-phase transmission,
Ry = E{ylylf} = o031, + HleHI is the transmit
covariance matrix, Ry, = JfI +H; (Ryx — RkRT) HJr is

the k-th noise %us 1ntra—cell interference covarlance matrix
and Ry = k 1 FkF Moreover, Ry.x =

Hocr,xRocr, kHOCI, « 18 the noise plus OCI covariance matrix

for the k-th DN and Rocrr = E XOCL’CXI)CII@}‘ Using
(4), the relay link sum-MI, or equivalently sum-rate, can be
expressed as

Zgz

Additionally, the k-th DN Uy matrix can be obtained as Uy, =

02 kIrk

T.R nocr, ka + HkGRylGTH
TkiRnou ka + HkGRnl kGTHT

(&)

-1
Fi(H.GH,) (H.GH Ry (HcGH,)' + TR 1T} )

by solving the gradient of E{(Sy — si)(8k — sx)} = 0,
when each DN £ uses a linear Minimum Mean Squared Error
(MMSE) receiver [9].

III. REGULARIZED CHANNEL INVERSION PRECODING FOR
OCI MITIGATION IN MULTI-CELL MU-MIMO AF

In this section, we propose an enhanced version of the
regularized channel inversion algorithm in [12] to mitigate the
effect of OCI and maximize the sum-rate of multi-cell MU-
MIMO AF system based on the assumption that the transmitter
has knowledge of the interference plus noise covariance matrix
for each DN. Unlike full cooperation, this approach is quite
practical because each DN can easily estimate its covariance
matrix without the need for synchronization, training sequence
or additional pilot symbols. We also assume as in [9] that the
RN has knowledge of the CSI of the SN-RN and all the RN-
DN links, i.e. H; and H j , respectively, and that the SN has
knowledge of H; where H; = UA: Vi by using singular
value decomposition (SVD). Note that U € C?7*? as well as



V € C"*™ are unitary matrices, and A is a ¢ X n rectangular
diagonal matrix. In addition, A = AiA3tisa q % q diagonal
matrix with diagonal elements A\; € R,. Assuming that the
SN has the knowledge of V, we define Fy, as

F, =F,V, (6)

where F, = diag(\/px) is a n x n diagonal matrices and
Pk = [leak {pak+17 s 7p04k,+lk} Ol><(n—0%+1)]‘

By definition, the matrix Ry, is Hermitian positive
definite and, hence, is equivalent to R & D;CD}LC when
using Cholesky decomposition. Using this result, we define
Ty, = 0'2’le;1 and insert it in (5) such that

1 ZKjl 02,1, + HiGRy, G'H]
— Y log
24 2 02,1, + HyGRy, ,GH]

It can be noticed that (7) is similar to the single cell relay link
sum-rate formulation, which is given in equation (5) of [7], but
where Hj ; has been replaced by Hj. In effect, by utilizing
T, = Jg,kDgl as our OCI mitigation filter, the OCI has been
compounded with Hj ; to form the equivalent channel Hj,. As
a result, each DN needs to feedback Hj when OCI is strong
as opposed to Hy ; when OCI is negligible.

As in [12] for the MIMO scenario, our precoder G at the
RN for the multi-cell MU-MIMO AF case is designed in two
stages. In the first stage, we design the precoder to cancel intra-
cell interference using regularized channel inversion. Then,
optimal power allocation is performed in the second stage.
We express our RN precoder structure as

G = WGUT, (8)

where W = [W1, Wy,..., Wg|, W, € C?*!, and G =
diag(\/g). & = {91,---,9¢}. While multi-cell interference,
i.e. OCIL, is mitigated by using T}, intra-cell interference is
mitigated by utilizing W, and G enables power allocation at
the RN. With the RN having perfect knowledge of Hjy, Wy
can be chosen to project x; = Fys; towards the null space
of {H;};«x such that intra-cell interference is suppressed at
all other K — 1 DNs and at the same time the mean squared
error (MSE) is minimized. We express the regularized channel
inversion matrix as

-1
Qui = (H] Hes+nl,)  HL, ©)

)

T
where H ; :{hk,iﬁﬂ H,=[H? ... ®! HI, . HL
{.}T denotes the transpose operator, and the optimal 7, given
as n = l/~2, maximizes the signal-to-interference-plus-noise
ratio. Moreover, hy, ; represents the i-th column of HZ and
Yoo = Pa/ 05 is the average transmit SNR of the RN-DN link
when assuming that o3, = o3 for k = 1,..., K and where
P is the total transmit power at the RN.

Representing w%i as the first column vector of Qj ;, wg)i
is obtained from (9) as

-1

K
Wg,i = ZH;HJ + (hg,i)Thg,i +nly
JZk

(b )t (10)

for ¢ = 1,...,lx. The projection vector wk for each data
stream 1is found independently between streams ¢ = 1,..., [
of the same user k. Let us define Hf, as the RN-DN link effec-
tive channel matrix for the k-th DN such that Hj, = H;M;,
and W;, as W, = M, Vy, where V{ represents the right
singular matrix of Hf obtained via SVD, which diagonalizes
H . The columns of My, are constrained to lie within the sub-
space of the vectors {w%l,w%27 . ,wg’lk}. Denoting my, ;
as the i-th column of My, vectors {my 1, my2,...,my , }
are found as an arbitrary orthonormal basis of the vector space
of vectors {w} |, Wy ,,..., Wy, } such that
my; € R([WR 1, Wioo o, wiy ), (11)

where R(.) represents the column space of a matrix. Note
that Gram-Schmidt orthogonalization can be used to obtain
the columns of M.

By inserting (6) and (8) into (7), the aggregate mutual
information of the relay can be re-expressed as

1K L
= §ZH10g2

k=1i=1

2 2
<02 + guwy (o7 + )\upu)) 1)

2
05 + Guu

where v = ay, + ¢ and w,, is the i-th nonnegative eigenvalue
of HkMkMLHT, which are sorted in descending order for
each user. The optimal power allocation is then obtained by
solving the following concave optimization problem

max X;(g)
g

K I

St gu =033 gul02 + Aupu) < Py
k=11i=1

13)

Using Lagrange method, the following optimum solution is
obtained

1
2wy (U% + Du )\u)

+U§}k\/4,uwu(0'% +pu)\u - 1) + (0'% +pu)\u

Ju = [—(O’% + Pudu + 1)0’%7k.

)

1)%02 k]
(14)
where [n]; = max{0,n} and p > 0 is the Lagrange
multiplier. The starting point for the search of the u that
optimizes (14) is given by
- 1)20 %k }

(U% +pu)\u + 1)2 - (0-% +puAu
min = IMa
# i dpw, (03 + pur — 1)

The Newton-Raphson method can be used to update p until
the optimal p, i.e. pu* is found. Let

K

= Zzgu(o—% + )\upu) - P27

k=11i=1

fu)

where g, is obtained from (14) and p* is chosen to fulfil

flp) <e, with e < 1.
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Fig. 2. Sum-rate performance of our novel OCI-aware scheme in presence

of OCI against the precoding schemes of [9] for n = ¢ = 4, K = 2 and
n =q =28, K =4 when v, = 10 dB, yocr,x = 20 dB, 7 = I}, = 2,
and nNocLk = 1.

IV. RESULTS

In this section, we compare simulation results of our
proposed algorithm against the AF-ECBD and AF-ECGSDL
schemes of [9] both in terms of sum-rate and computational
complexity.

In our simulations, y1 = Pi/o}, yax = P2/03, and
Yocrk = Pocik/o5, denote the SN-RN link SNR, the k-
th RN-DN link SNR and the k-th DN’s interference-to-noise
ratio, respectively, where P; is the average transmit power of
the SN and Pocr,y is the average power of each interference
signal. Moreover, we consider that 0} = o3, = 1, for
k=1,...,K.In order to assess the capacity degradation due
to OCI in the worst case scenario, we assume as in [13] that
Rocrk = (Poctk/noctk) Inee, - We also assume equal power
allocation at the SN such that p,, 4, = Pi/l,forj=1,... 1
andk =1,..., K and set ¢ = 10~°. Furthermore, we consider
the same sorting of the entries of A as in [9]. For instance if
K=4qg=8andl = 2, k = 1,...,K, then \{, Ao,
Az and A7 would be the first, fifth, second and fourth largest
eigenvalues of A, respectively.

Figure 2 shows the sum-rate performance comparison of
the proposed scheme and the AF-ECBD and AF-ECGSDL
algorithms in [9], with respect to the SN-RN link SNR, ~;,
in dB. The comparison is made for n = ¢ = 8, K = 4
and n = ¢ = 4, K = 2. In this figure, we set v2, = 10
dB, YocLk = 20 dB, Ty = lk = 2 and nocrL,k = 1, for
k=1,...,K.Itcan be seen from the results that our proposed
scheme outperforms the AF-ECBD algorithm and is slightly
better than the AF-ECGSDL algorithm and the performance
gap between the proposed scheme and the AF-ECBD and
AF-ECGSDL algorithms increases as the size of the MIMO
system increases. For example, our proposed scheme provides
a performance gain of about 2.4 bps/Hz and 0.6 bps/Hz over

10°} ]
¢

o TSl --=--0

CPU Time (ms)

—— Proposed Scheme
—e— AF-ECGSDL
—=— AF-ECBD

10 I 1 i i
0 5 10 15 20 25 30
7 (dB)
Fig. 3. Computational complexity of our novel OCI-aware scheme in

presence of OCI against the precoding schemes of [9] for the same settings
as in Fig. 2.
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Fig. 4. Sum-rate performances of our novel OCI-aware scheme in presence
of OCI against the precoding schemes of [9] for n = ¢ = 8, K = 4 when
Y2,k = 10 dB, 1, = I}, = 2, and various OCI scenarios.



AF-ECBD for K = 2 and 4, respectively, at high SNR. Also,
there is a performance gain of about 0.6 bps/Hz and 0.1 bps/Hz
over the AF-ECGSDL algorithm for K = 4 and K = 2,
respectively.

In Fig. 3, we compare the proposed scheme against the
AF-ECBD and AF-ECGSDL algorithms in terms of compu-
tational complexity. The comparison was made for the same
configuration as in Fig. 2. We use the mean CPU execution
time of the algorithms in milliseconds (ms) as a metric for the
comparison. The results show that our proposed scheme has
about the same computational complexity as the AF-ECBD
algorithm, but is far less computationally demanding than the
AF-ECGSDL algorithm. Also, the computational complexity
of the algorithms increases as the size of the MIMO system
increases. It can be seen that our novel algorithm is at
least 8 and 10 times less computationally demanding than
the AF-ECGSDL algorithm for K = 2 and 4, respectively.
Meanwhile, it is only about 1.3 times more computationally
demanding than the AF-ECBD algorithm for both K = 2 and
4.

In Fig. 4, we compare the sum-rate performance of our
algorithm against the AF-ECBD and AF-ECGSDL algorithms
in [9] for various values of nocr x and yocr,x Whenn = g = 8,
K=4r=1;=2and v, =10dB, for k =1,... K.
Figures 4 (a), (b) as well as (c) depict the sum-rate per-
formance comparison for nocr,x = 1 and yocrx = 10 dB,
nocr,k = 2 and vyocr,x = 10 dB as well as nocr,r = 2 and
~Yocr,k = 20 dB, respectively. It can be seen from Fig. 4 that
our proposed scheme exhibits about the same performance
as the AF-ECGSDL algorithm and has a higher sum-rate
performance than the AF-ECBD for any values of nocy,, and
Yocr,k- It can also be observed that sum-rate performance
decreases as the number of interfering sources increases from
nocry = 1 to noc,r = 2 because they affect both streams
of each user compared to when only one stream per user is
affected, as in the case of nocy,,x = 1. Obviously, performances
are also degraded when the power of the interfering sources
increases.

V. CONCLUSION

In this paper, we have proposed a low complexity pre-
coding algorithm for the DL of multi-cell MU-MIMO AF
communication based on the regularized channel inversion
approach that takes advantage of the knowledge about the OCI
covariance matrix of each user to mitigate OCI and maximize
the sum-rate performance of the system. The proposed scheme
is practical as it does not require multi-cell cooperation or dirty
paper coding for mitigating both the effects of OCI and intra-

cell interference. Simulation results indicate that our proposed
scheme outperforms the low complexity AF-ECBD algorithm
in [9] but for the same order of complexity and provides
similar performance as the high complexity AF-ECGSDL
algorithm in [9] but with reduced complexity.
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