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Robust leakage-based distributed precoder for cooperative multicell systems
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Abstract: Coordinated multipoint (CoMP) from LTE-advanced is a promising technique to enhance the system spectral efficiency. Among the
CoMP techniques, joint transmission has high communication requirements, because of the data sharing phase through the backhaul network,
and coordinated scheduling and beamforming reduces the backhaul requirements, since no data sharing is necessary. Most of the available
CoMP techniques consider perfect channel knowledge at the transmitters. Nevertheless for practical systems this is unrealistic. Therefore
in this study the authors address this limitation by proposing a robust precoder for a multicell-based systems, where each base station (BS)
has only access to an imperfect local channel estimate. They consider both the case with and without data sharing. The proposed precoder
is designed in a distributed manner at each BS by maximising the signal-to-leakage-and-noise ratio of all jointly processed users. By consider-
ing the channel estimation error in the design of the precoder, they are able to reduce considerably the impact of these errors in the system’s
performance. The results show that the proposed scheme has improved performance especially for the high signal-to-noise ratio regime, where
the impact of the channel estimation error may be more pronounced.

1 Introduction

Multicell cooperation is a promising solution for cellular wireless
systems to mitigate intercell interference, improving system fairness
and increasing capacity in the years to come [1-3], and thus is
already under study in LTE-advanced under the coordinated multi-
point concept [4]. There are several cooperative multicell
approaches depending on the amount of information shared by
the transmitters through the backhaul network and where the pro-
cessing takes place, that is, centralised if the processing takes
place at the central unit (CU) [5] or distributed [2, 6] if it takes
place at different transmitters. Coordinated centralised approaches
promise larger spectral efficiency gains than distributed interference
coordination techniques, but typically at the price of larger backhaul
and more severe synchronisation requirements [3].

Some sub-optimal centralised precoding schemes have been dis-
cussed in [5]. The interference is eliminated by joint and coherent
coordination of the transmission from the base stations (BSs) in
the network, assuming that they share all downlink signals. In
[7], inner bounds on capacity regions for downlink transmission
were derived with or without BS cooperation and under per-antenna
power or sum-power constraint. Two centralised multicell precod-
ing schemes based on the waterfilling technique have been pro-
posed in [8]. It was shown that these techniques achieve close to
optimal weighted sum rate performance. Based on the statistical
knowledge of the channels, the CU performs a centralised power al-
location and jointly minimises the outage probability of the user
terminals (UTs) [9]. In [10], a clustered BS coordination is
enabled through a multicell block diagonalisation (BD) strategy
to mitigate the effects of interference in multicell multiple-input—
multiple-output (MIMO) systems. A BD cooperative multicell
scheme was proposed in [11] where the weighted UTs sum-rate
achievable is maximised. Non-linear centralised multicell precod-
ing was considered in [12].

Distributed precoding approaches, where the precoder vectors are
computed at each BS in a distributed fashion, have been proposed in
[13] for the particular case of two UTs and generalised for K UTs in
[14]. It is assumed that each BS has only the knowledge of local
channel state information (CSI) and based on that a parameterisa-
tion of the beamforming vectors used to achieve the outer boundary
of the achievable rate region was derived. Distributed precoding
schemes based on zero-forcing (ZF) criterion with several centra-
lised power allocation approaches, which minimise the average
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bit error-ratio (BER) and sum of inverse of signal-to-noise ratio
was proposed in [15]. In [13—-15], it was considered that the BSs
share the entire data of the all jointly processed users, whereas in
[16] the distributed precoding was designed so that the transmitters
do not share the data, which fall into the interference channel frame-
work. One of the considered criteria to design the precoders was the
signal-to-leakage-and-noise (SLNR) ratio maximisation, introduced
first in the context of multiuser MIMO [17]. This technique bal-
ances the received signal power of the target user against the inter-
ference power imposed on the remaining users. Basically, it
combines the benefits of both the egoistic distributed maximum
ratio transmission and the altruistic ZF techniques [18]. In the pre-
vious distributed approaches, the precoders were designed by as-
suming perfect knowledge of local CSI. In [13-18], the authors
assume that perfect channel knowledge is available. Nevertheless,
this is not a realistic assumption for practical scenarios. In this
paper, we tackle this limitation. More specifically, the main contri-
butions of this paper are the following:

e Design of a new SLNR-based precoder, where the channel errors
are explicitly taken into account.

e In the precoder design, we tackle both the case where the BSs
share their users data (extension of the paper presented in [13—
15]) and where there is no data sharing (extension of the paper pre-
sented in [16]).

¢ By using the SLNR metric, we are able to design each user’s pre-
coder independently of the others, which enable the derivation of a
closed-form solution for the proposed robust precoder, unlike the
signal-to-interference-and-noise metric.

The remainder of this paper is organised as follows: Section 2
presents the multicell system model for both scenarios with and
without data sharing. In Section 3, we derive the proposed robust
distributed precoder for these two multicell-based approaches.
Section 4 presents the main performance results. The conclusions
will be drawn in Section 5.

Notations: Throughout this paper, we will use the following
notations. Lowercase letters, boldface lowercase letters and bold-
face uppercase letters are used for scalars, vectors and matrices,
respectively. ()" represents the conjugate transpose operator, [E[.]
represents the expectation operator, I is the identity matrix of
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size N x N, CN/(., .) denotes a circular symmetric complex Gaussian
vector and ||&|| denotes the norm of vector A.

2 System model

We consider two downlink multicell multiple-input—single-output
(MISO)-based systems: in the first approach we consider that the
BSs know the data symbols of all joint processing users which
are shared by the backhaul network, and in the second one the
BSs only know its own data symbols and therefore the backhaul
network is not needed. It is assumed, for both approaches, that
each BS has only access to an imperfect local channel estimate,
that is, the channels between a given BS and all the joint processing
users.

2.1  Multicell system with data sharing

We consider B BSs, each equipped with N,, antennas, transmitting
to K single antenna UTs sharing the same physical channel, that is,
the information for all UTs is transmitted at the same frequency
band. The data symbols of all joint processing users are shared
by the backhaul network as shown in Fig. 1. Under the assumption
of linear precoding, the signal transmitted by the BS b is given by

K

Xp = Z N Pb, Wb, kSk 0]

k=1

where p,,; represents the power allocated to UT k at the BS b,
Wi € CVs*! is the distributed precoder of user & at BS b with
woill =1, b=1...,B k=1, ..., K.
The data symbol s;, with lE[|sk|2] =1, Vk, is intended for UT k

and is assumed to be available at all BSs.
The received signal at the UT k can be expressed as

unit norm, that is,

B
=Y hyx,+m, (2)
=

where k), , € N1 represents the channel between the BS b and
user k and n, ~ CN(0, ¢7) is the Gaussian noise.

From (1) and (2) the received signal at UT & can be decomposed
in

K
Z /Dy Wy S+
bR

J=Li#k

B B
H H
Ve = Z N Po il Wy sk + Z hy, i
b= =1

desired signal

noise

multiuser multicell interference

€)

2.2 Multicell system without data sharing

Here we also consider a downlink multicell MISO-based system,
where B BSs, each equipped with N, antennas, transmit data to
K single antenna UTs sharing the same physical channel. For this
scenario, each BS only serves one user and has only access to its
data symbols. Therefore for this case the backhaul network is not
needed, since there is no data sharing between BSs, see Fig. 2.
However, the BSs have access to an imperfect version of channels
between themselves and all the joint processing users such that
coordinated precoding can be performed. In the following, we con-
sider that UT £ is server by BS b;. Under the assumption of linear
precoding, the signal transmitted by BS b, is given by

Xy, = /Py Wy, S, “)

where wy, € CVo*1 | with ||whk I?> = 1, is the precoder at BS by, Sp,

with [E[|sbk |2] = 1, denotes the BS b, data symbol intended for UT

k and P,_is the transmit power of the byth BS. The received signal
at UT &, served by BS by is now given by

B

_ H H

Vi = /Py y, iWh, Sp, + E VP wis; + me o (5)

.~ ——
—_—— i=1,i#by noise

desired signal

multiuser multicell interference

where h; , € CY»*! represents the channel between the BS i and
user k.

< - —» Backhaul network

Fig. 1 Considered data sharing scenario with K UTss (illustrated for B =4 BSs equipped with N, antennas)
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Fig. 2 Considered scenario without data sharing (illustrated for B =4 BSs equipped with N, antennas each one served a single user)

2.3 Channel estimation error model

In both scenarios, we assume that BS b has only knowledge of an
estimate of its own channels h,';{ si=1 .., K and has no access
to the channels from the other BSs. The channel estimate at the
transmitter 5 will be modelled as

Iy, = hy; — ey 6)

where e, ; € CMs*!represents the overall channel estimation error
and its elements are assumed to be independent identically distrib-
uted zero-mean complex Gaussian distributed with variance oﬁ and
spatially white. The variance of the channel estimation error aﬁ is
assumed to be known at all BSs [19].

3 Robust leakage precoder
3.1 Multicell system with data sharing

From (3), we verify that the power of the desired signal component
coming from BS b at user & is

H 2
Ly i = Py i [t kw5 | (7

Likewise the interference power induced by BS b on UT £ is given
by

K 2
Ly =Ppk Z ’hllj,jwb,k) 3)
Jj=1

J#k

BS b has only an imperfect estimate of its channel vectors. Let us
;o 7H 2 ;o pH
define Ab’k = hb’khb’k + o,I and Db,k = Zj#khb,jhb,_j +
(K — 1)o2, then by averaging over the channel errors the desired
signal component and channel leakage power are as follows

Iy :ph,kwllj,k(i’b,ki’?,k + Uil)wb,k :pb,kw}){,kAb,kwb,k €))

K

Ly = Py Wi (Z hy, )+ (K — 1)0‘2;,I> Wy i

=
Jk

= Py iWh i Dy Wi (10)
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b

The equality in (9) and (10) follows from
How, [ =wh (0, + o k=1 B
[E[|hb,kwb,k| ]—Wb,k(hb,khb,k+ W)W o =1 ...,

In the following, we use the SLNR [17] as a figure of merit for the
design of precoders wy, ;. For this scenario, the SLNR is given by

7 H
Ly Wy, 1 Ay Wy i

7 H
O+ Ly Wy Ay Wi

SLNR(w, ;) = (11)

where A, = (o‘z/pb’k)l + D, ;. The aim of BS b is to maximise
SLNR(w;, «). The BS b optimisation problem can now be mathem-
atically described by

H
_ Wy kA W i
W =arg - max e (12)
195,411 *=ps.ic Wb, kDb, kW, k

The merit function of optimisation problem (12) is a Rayleigh quo-
tient [20] and thus the optimum precoder for BS b is given by

_ —1
bk o Ch i Vi

s Wk = e o

195, hy, G iV (13)

Wpk =

. _I\H _
v, ; = max elgenvector<(Cb,lk) Ab’ka,Ik>

where C;, ;. denotes the Cholesky decomposition of matrix A, 4. The
solution given by (13) ensures that ilgkwb, & 1s real valued and posi-
tive. This facilitates the decoding process at the UTs, as a scalar
multiplication will not affect the value of the merit function given

by (11).

3.2 Multicell system without data sharing:  For this case, we obtain
for the desired and leakage powers, at BS b,

2

I, = |l owy, (14)
K . 2
Lbk: Z ‘hbk’jwbk (15)
J=Li#k
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Averaging over the channel estimation errors, the corresponding
SLNR at BS b, is

SLNR(w, ) = Iy _ WoAn Wy, (16)
WL, wilAw,

where A4, = it,,/wkit,flk’k + oo, A, = (o’z/Pbk)I—i—th and
D, =", by i+ (B—1)o;. The aim of BS by is to
maximise SLNR(wbk) like in (12). The solution of this optimisation

problem is

—1
C b Vb,

wb = - 5 b — 7 _
Iy, Cy v,

(17

H
. —1 -1
Vp, = max elgenvector((Cbk ) Ay, Cp, )

where C;, denotes the Cholesky decomposition of matrix A, . The
solution given by (17) ensures that ill},lk, M, is real valued and
positive.

4  Performance results

In this section, we assess the performance of the proposed robust
leakage-based precoder both for the scenario with and without
data sharing. We compare the proposed method against the non-
robust approach. We consider a scenario with B=4, K=4 and
N, =4. In addition, we consider the same power constraint for
all BSs, that is, that P, = Py, Vk # b for the non-data sharing scen-
ario, and p, ;= P,/K for the data sharing one. The components of
the channels %, ; are assumed to be complex Gaussian, that is,
the envelope Rayleigh distributed. The results are presented in
terms of average BER as a function of the signal-to-noise ratio
(SNR) = Py/c”.

In Figs. 3 and 4, we show the impact of the channel estimation on
the BER performance, by considering different values for the vari-
ance of the estimation error, for the scenario with and without data
sharing, respectively. As the robust method takes into account both
the contributions of the additive noise and channel estimation error,
it achieves improved performance. For example, for the case where
oﬁ = —5dB, and considering the data sharing scenario, the BER of
the non-robust approach is lower bounded by 3 x 10~2 and degrades
for higher SNR values. For the robust method this bound is reduced
to 1073, a reduction of about 66%. For the scenario without data
sharing and for o’zh = —20 and o‘zh = —30 dB, the improvement is
about 40 and 50%, respectively. For this case, the channel estima-
tion error has a higher impact on the BER. This occurs as for the
scenario with data sharing each user is served by more than one
BS and therefore benefits from a diversity advantage. However,
the system complexity is higher as the data symbols of all joint pro-
cessed users must be shared by the backhaul network. As verified
from Figs. 3 and 4, the improvement is higher for lower values of
the estimation error.

For the least-squares (LS) channel estimation-based method, the
estimation error is expected to be equal to the system SNR, that is,
o',i =o¢*. In Figs. 5 and 6, we show the performance of the pro-
posed method when the LS estimator is used, for the scenario
with and without data sharing, respectively. For this case, we
verify, that there is a gap of about 1.5 dB (3 dB) from the robust
to the non-robust approach and of about 8 dB (8 dB) from the
robust to the case where o‘i = 0, at a target BER of 1073 , for the
scenario with (without) data sharing. The gap between the robust
and the o} = 0 case is constant over the SNR, contrarily to the
case of the non-robust method, which indicates that by using the
non-robust method the noise is considerably enhanced.

This is an open access article published by the IET under the Creative Commons
Attribution License (http:/creativecommons.org/licenses/by/3.0/)

4

—e— Robust SLNR )
—©6— Non-Robust SLNR o, = 0

10 T T | L |
-10 -5 0 5 10 15 20

SNR (dB)

Fig. 3 Performance evaluation of the robust and non-robust precoding
schemes  for the multicell system with data sharing and
o, = {—5, —10, —15}dB, B=4and N, =4
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Fig. 4 Performance evaluation of the robust and non-robust precoding
schemes for the multicell system without data sharing and
o, ={—10, =20, —30}dB, B=4and N, =4
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Fig. 5 Performance evaluation of the robust and non-robust precoding
schemes, for the multicell system with data sharing and a‘i = {0, 02},
B=4and N =4
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Fig. 6 Performance evaluation of the robust and non-robust precoding
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Fig. 7 Performance evaluation of the robust precoding schemes, with and
without data sharing

Finally, in Fig. 7 we compare the performance of the proposed
robust method with and without that sharing, that is, for both scen-
arios considered. In the data sharing scenario, all BSs transmit data
to all users, contrarily to the case without data sharing, where a user
only receives its data from one of the BSs. As a consequence, in the
data sharing scenario the received data are made available through
multiple independent paths increasing the receive signal diversity.
This phenomenon is easy to verify from Fig. 7 where the BER
curve for the scenario with data sharing, the solid one, has a high
diversity order than for the case without data sharing.

5 Conclusions

In this paper, we have proposed a robust distributed precoding
method by taking into account the channel estimation errors. A
leakage-based approach was considered leading to a closed-form
precoder with low complexity. Two approaches were considered:
the BSs know the data symbols of all users, shared by the backhaul
network and the BSs only know its own data symbols.

The performance of the proposed precoder is considerably better
than the non-robust approach for both multi-cell-based systems. By
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considering the estimation error in the precoder design, we were
able to address the shortcomings of the non-robust method by re-
moving the noise enhancement, inherent to such a precoder. The
presented results show that the proposed precoder is of special inter-
est for the next generation networks as it deals effectively with the
channel errors, which are always present in practical wireless
systems.

6 Acknowledgments

This work was supported by the Portuguese FCT (Fundag@o para a
Ciéncia e Tecnologia) Projects ADIN (PTDC/EEI-TEL/2990/
2012), COPWIN (PTDC/EEI-TEL/1417/2012) and HETCOP
(PEst-OE/EEI/LA0008/2013).

7  References

[1] Karakayali M., Foschini G., Valenzuela R.: ‘Network coordination
for spectral efficient communications in cellular systems’, /EEE
Commun. Mag., 2006, 13, (4), pp. 56-61

[2] Mudumbai T.R., Brown D.R., Madhow U.: ‘Distributed transmit
beamforming: challenges and recent progress’, [EEE Commun.
Mag., 2009, 47, (2), pp. 102-110

[3] Gesbert D., Hanly S., Huang H., Shamai S., Simeone O., Yu W.:
‘Multi-cell MIMO cooperation networks: a new look at interference’,
IEEE J. Sel. Areas Commun., 2010, 28, (9), pp. 1380-1408

[4] 3GPP: ‘Coordinated multi-point operation for LTE physical layer
aspects’. Technical Report, 3GPP TR 36.819, 2011

[5] Jing S., Tse D.N.C., Sorianga J.B., Hou J., Smee J.E., Padovani R.:
‘Multicell downlink capacity with coordinated processing’,
EURASIP J. Wirel. Commun. Netw., 2008, 2008, (18)

[6] Castanheira D., Gameiro A.: ‘Distributed antenna system capacity
scaling’, /EEE Commun. Mag., 2010, 17, (3), pp. 78-75

[71 Marsch P., Fettweis G.: ‘On downlink network MIMO under a con-
strained backhaul and imperfect channel knowledge’. Proc. IEEE
GLOBECOM’09, 2009

[8] Armada A.G., Fernandes M.S., Corvaja R.: “Waterfilling schemes for
zero-forcing coordinated base station transmissions’. Proc. IEEE
GLOBECOM’09, 2009

[9] Kobayashi M., Debbah M., Belfiore J.: ‘Outage efficient strategies in
network MIMO with partial CSIT’. Proc. ISIT’09, 2009

[10] Zhang J., Chen R., Andrews J.G., Ghosh A., Heath R.W.Jr.:
‘Networked MIMO with clustered linear precoding’, [EEE Trans.
Wirel. Commun., 2009, 8, (4), pp. 1910-1921

[11] Zhang R.: ‘Cooperative multi-cell block diagonalization with
per-base-station power constraints’. Proc. IEEE WCNC’10, 2010

[12] Castanheira D., Silva A., Gameiro A.: ‘Linear and nonlinear precod-
ing schemes for centralized multicell MIMO-OFDM systems’, Wirel.
Pers. Commun., 2013, 72, (1), pp. 759777

[13] Zakhour R., Gesbert D.: ‘Distributed multicell-MISO precoding
using the layered virtual SINR framework’, /EEE Trans. Wirel.
Commun., 2010, 9, (8), pp. 24442448

[14] Bjornson E., Zakhour R., Gesbert D., Ottersten B.: ‘Cooperative mul-
ticell precoding: rate region characterization and distributed strategies
with instantaneous and statistical CSI’, IEEE Trans. Signal Process.,
2010, 58, (8), pp. 4298-4310

[15] Silva A., Holakouei R., Gameiro A.: ‘A novel distributed power allo-
cation scheme for coordinated multicell systems’, EURASIP J. Wirel.
Commun. Netw., 2013, 30, pp. 1-11

[16] Zakhour R., Gesbert D.: ‘Coordination on the MISO interference
channel using the virtual SINR framework’. Proc. of ITG/IEEE
Workshop on Smart Antennas, 2009

[17] Sadek M., Tarighat A., Sayed A.H.: ‘A leakage-based precoding
scheme for downlink multi-user MIMO channels’, /EEE Trans.
Wirel. Commun., 2007, 6, (5), pp. 1711-1721

[18] Larsson E., Jorswieck E.: ‘Competition versus cooperation on the
MISO interference channel’, IEEE J. Sel. Areas Commun., 2008,
26, (7), pp. 1059-1069

[19] Yoo T., Goldsmith A.: ‘Capacity and power allocation for fading
MIMO channels with channel estimation error’, /[EEE Trans. Inf-
Theory, 2006, 52, (5), pp. 2203-2214

[20] Goluband G., Loan C.V.: ‘Matrix computations’ (The Johns Hopkins
University Press, Baltimore, MD, 1996, 3rd edn.)

This is an open access article published by the IET under the Creative Commons
Attribution License (http:/creativecommons.org/licenses/by/3.0/)

5

580

585

590

595

600

605

610

615

620

625

630



	1 Introduction
	2 System model
	3 Robust leakage precoder
	4 Performance results
	5 Conclusions
	6 Acknowledgments

