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Abstract—Network MIMO, in which base stations cooperate
and coordinate through a centralized design, is an attractive
technology that promises higher spectral efficiency and lower
inter-cell interference. However, such performance gain comes at
the cost of extensive exchange of signal information (SI), channel
state information (CSI), and coordinated precoding information
over backhaul links. In this paper, we propose a distributed
precoding strategy for network MIMO which does not require
explicit exchange of SI and CSI among the cooperating base
stations. Instead, each base station derives its own precoder
to simultaneously minimize the out-of-cell interference as well
as maximize the intra-cell sum rate. A robust design is also
proposed, to address CSI imperfectness, and which recovers some
of the rate reduction due to the CSI uncertainty.

I. I NTRODUCTION
Demand for broadband wireless services is growing at an
accelerated pace. Due to limited frequency spectrum resource,
we inevitably need to increase base station (BS) density, or
even deploy single frequency networks. Such aggressive reuse
of frequencies leads to the undesirable situation of increased
interference between BSs. Ironically, this results in lower
data rates since interference becomes the critical limiting
factor. Network MIMO promises to offer significant gains in
spectral efficiency for such interference-limited systems [1].
The optimum capacity-achieving strategy requires a systemwide joint dirty paper coding (DPC) by treating all BSs’
antennas collectively as though they are co-located [2]. Thus,
channel state information (CSI) and signal information (SI)
need to be shared among all the different BSs. Due to the
latency of exchange of information among BSs, this strategy
can only serve as an ideal upper bound on practical achievable
rates that network MIMO can offer.
As a result, there is an increasing interest to investigate other
network MIMO designs, particularly for broadcast channels
[3]–[6]. Linear block diagonalization (LBD) methods null
out inter-cell interference using linear zero-forcing (ZF) techniques to create a block diagonal effective channel from the
BSs to the users, such that each user receives its desired signal
with minimal interference [4]. Zero-forcing beamforming [5]
and game theory optimization for intelligent scheduling across
frequency and time [6] have also been proposed. In most cases,
joint transmission is performed by multiple cooperating base
stations. However, such transmit processing over several BSs
may not be practical due to cost of backhaul capacities and
the latency incurred by the exchange of CSI and SI between
BSs [2].
In this work, we propose a distributed precoder design,
called leakage projected DPC (LPD), for network MIMO

broadcast channels. We consider a scenario where BSs are
equipped with multiple antennas and each cell is occupied
by multiple users equipped with multiple antennas. The main
feature of our precoder design is that each BS designs its own
precoder with no requirement on SI from other BSs. Each BS
only requires the CSI associated with the random channels
from itself towards its served users within its cell and the
interfered users in other cells. If time division duplex (TDD)
is used, this CSI can be obtained implicitly during the uplink
phase, without the need for explicit feedback. Using the LPD,
each base station simultaneously minimizes the interference
caused to users outside the cell and maximizes the sum rate
of the users inside the cell. Unlike prior works [7]–[9], our precoder is designed to tackle both intra-cell (IC) and out-of-cell
(OC) interference in a distributed manner. Numerical results
show that the LPD method outperforms the non-cooperating
single-cell processing approach and orthogonal transmission
in terms of sum rate. To enhance the robustness of the LPD
method with respect to CSI uncertainty, we also propose a
robust LPD strategy which provides rate improvement over
the LPD method as the channel uncertainty increases.
The following notation is used. Bold lowercase letters
denote column vectors, bold uppercase letters denote matrices,
and non-bold letters in italics denote scalar values. min(a, b)
is the minimum of two real numbers a and b. (·)T and
(·)H denote the matrix transpose and conjugate transpose
operations respectively. E[·] stands for statistical expectation.
CP ×Q denotes the space of complex P ×Q matrices. 1P ×Q is
a P × Q matrix with all elements equal to 1. The distribution
of a circularly symmetric complex Gaussian (CSCG) vector
with mean vector m and covariance matrix R is denoted by
CN (m, R), and ∼ means “distributed as”. Rx = E[xxH ]
is the covariance matrix of a vector x. || · ||2 denotes the
vector Euclidean norm, while IN denotes the N × N identity
matrix. Tr(A) stands for the trace of a matrix A. [A]i,j is the
scalar entry of A in the i-th row and j-th column. vec(A) is
a column vector composed of the entries of A taken columnwise. diag(A) represents the diagonal matrix with the same
diagonal as the matrix A. blkdiag(A1 , A2 , . . . , AK ) denotes
a block diagonal matrix whose block diagonal elements are
Ak , k = 1, 2, ..., K.
II. S YSTEM M ODEL
We consider a downlink cellular network with M cells
of NT base station antennas each, serving K users with
NR receive antennas each. Assuming a synchronous network
MIMO system, the received signal vector of the system can

be written as
ysys = Hsys xsys + zsys ,

(1)
M KNR ×1

where ysys = vec([y1 , y2 , . . . , yM ]) ∈ C
is the
system receive signal vector, such that ym ∈ CKNR ×1
is the received signal vector at the m-th cell, xsys =
vec([x1 , x2 , . . . , xM ]) ∈ CM NT ×1 is the system transmit signal vector, such that xm ∈ CNT ×1 is the transmit signal vector
from the m-th BS with average power constraint Pm , and
zsys ∼ CN (0, N0 IM KNR ) is the additive CSCG noise vector.
The downlink random channel matrix Hsys ∈ CM KNR ×M NT
is given by


H1
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 H1→2
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H1→M H2→M · · ·
HM
where Hm ∈ CKNR ×NT denotes the random channel matrix
from the m-th BS to all its served users and Hn→m denotes
the random channel matrix from the n-th BS to all the K users
in the m-th cell.
By denoting ym = vec([ym,1 , ym,2 , . . . , ym,K ]) ∈
CKNR ×1 , the received signal of the k-th user at the m-th cell
is given by
ym,k = Hm,k xm +

M
X

Hn→m,k xn + zm,k ,

(3)

n6=m

where Hm,k ∈ CNR ×NT is the random channel matrix
from the m-th BS to the k-th user such that Hm =
[HTm,1 , HTm,2 , . . . , HTm,K ]T ∈ CKNR ×NT , Hn→m,k ∈
CNR ×NT is the random channel matrix from the nth BS to the k-th user in the m-th cell such that
Hn→m = [HTn→m,1 , HTn→m,2 , . . . , HTn→m,K ]T , and zm,k ∼
CN (0, N0 INR ). To accommodate for multiple data streams
transmission, we allow each user to receive d data streams
from its own serving BS, where d ≤ NR .
Suppose there are K̄ OC users close to the m-th BS,
such that the transmission from this BS would potentially
cause interference to these OC users. Let H̄m ∈ CK̄NR ×NT
represent the channel towards these OC users. In the following
sections, we are interested to design the precoding matrix for
each BS by taking into account both IC and OC interference.
III. L EAKAGE P ROJECTED DPC S TRATEGY
In this section, the leakage projected DPC is proposed as a
distributed precoding strategy for the network MIMO broadcast channel. The key feature of this method is that each BS is
able to perform transmit processing independently from other
BSs, thereby circumventing the problems of limited backhaul
capacities and latency of exchange of CSI or SI. The cell index
subscript, m, is dropped for notational simplicity. However,
the equations should still be clear as the BS processing is
distributed.
The first step involves a channel projection based on maximizing the ratio of the desired signal strength within a cell,

to the sum of OC leakage power and noise power. This ratio
shall be referred to as cell signal-to-leakage-plus-noise-ratio
(SLNR). The second step is the application of ZF DPC for
transmission to the IC users. As a whole, the proposed LPD
strategy also takes noise into account due to the first step of
leakage-based projection. The first step will be presented in
detail as follows.
Consider the hypothetical case in which the BS performs
beamforming via the matrix V ∈ CNT ×NV where VH V =
INV and applies equal power loading of P/NV . V and NV
are to be determined. The desired signal vector received by
the IC users is given by y ∈ CKNR ×1 , where
p
ysig = HV P/NV s.
(4)
As in Section II, H ∈ CKNR ×NT . The noise vector received
by the IC users is z ∼ CN (0, N0 IKNR ). The leakage to the
OC users is given by yleak ∈ CK̄NR ×1 , where
p
yleak = H̄V P/NV s.
(5)
The covariance matrices of the desired signal, leakage, and
noise are given, respectively, by
Rysig = HVVH HH P/NV ,
Ryleak = H̄VVH H̄H P/NV , and
Rz = N0 IKNR .
The cell SLNR, ζC , is defined as
¡
¢
Tr HVVH HH P/NV
¡
¢
ζC =
Tr H̄VVH H̄H P/NV + N0 KNR
¢
PNV H ¡ H
k=1 vk H HP vk
= PNV
¡
¢
H
H
k=1 vk H̄ H̄P + N0 KNR INT vk
PNV H
vk GA vk
, where
= Pk=1
NV
H
k=1 vk GB vk
GA = ρHH H,
GB = ρH̄H H̄ + KNR INT , and
ρ = P/N0 .

(6)

(7)

(8)

For a given NV , it is difficult to find V to maximize ζC .
Therefore, we maximize a lower bound, ζL , of the cell SLNR,
given by
vkH GA vk
. Consequently,
k=1,...,NV vH GB vk
k
vkH GA vk
min
= max
HG v
H
V V=INV k=1,...,NV vk
B k

ζL =
ζL,max

=
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max
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V:dim(V)=NV v∈V

vH GA v
.
v H GB v

(9)

(10)

According to the generalized Courant-Fischer Max-Min Theorem [8], [10], ζL,max is equal to the NV -th largest eigenvalue
of GS , where GS = G−1
B GA . V is then given by the
NV orthonormal basis vectors of the space spanned by the
NV dominant eigenvectors of GS . Denote QG = V. After

A. Signal Model for THP Method With Channel Uncertainty
and Without OC Interference

Fig. 1.

First, consider a single cell and assume there is no interference ingress from neighbouring cells. The received signal
vector of the users within this cell can be expressed as

MIMO downlink transmission that implements THP.

ỹ = PH HQΩx̃ + PH z
obtaining QG , we project the IC channel using QG QH
G to get
H⊥ = HQG QH
.
G
The second step of the LPD method involves a block
diagonal DPC processing on H⊥ to transmit to the IC users
[11]: PH H⊥ Q = L, where P and Q have orthonormal
columns. P and Q are the receive and transmit beamforming
matrices respectively. L is the lower triangular equivalent
channel matrix. The off-diagonal elements in L represent
the interference between the data streams, which are to be
pre-cancelled via DPC. The transmit pre-equalization matrix
is F = QΩ, where Ω = blkdiag(Ω1 , . . . , ΩK ) is the
diagonal power allocation matrix for the IC users. The receive
beamforming matrix is WH = PH . Let Λ = diag(L).
The SNR matrix is, therefore, Γ = Λ2 Ω2 /N0 . The monic
lower triangular interference matrix is B = Ω−1 Λ−1 LΩ.
Tomlinson-Harashima precoding (THP) is a simple suboptimal
implementation of DPC. Its transceiver design is shown in
Fig. 1.
We shall now discuss the selection of the NV value. It is
clear that NV ≥ K in order to support the K users. Also,
NV ≤ min(NT , KNR ) due to the dimensions of the system.
As NT increases, it is better to use a larger value of NV . For
example, NV may be chosen to be NT − K̄NR , in order to
have sufficient degrees of freedom (DoF) for suppressing the
interference to the K̄NR antennas of the OC users. A heuristic
value of NV is thus given by
¡
¡
¢
¢
NV = NQ = min max K, NT − K̄NR , KNR , NT .
(11)
The LPD method works best when the BS has sufficient DoF
to mitigate the OC interference, i.e. NT − Kd ≥ φr , where φr
is the rank of H̄.
IV. ROBUST P RECODING
In this section, we wish to analyze the effect of CSI
uncertainty or error on the sum rate for the LPD method
introduced earlier, and to propose a robust precoder. The
following channel model shall be used [12].
H = Ĥ + E,

(12)

where H is the actual channel, Ĥ is the estimate of the
channel available at the transmitter, and E is the probabilistic
additive error component with independent and identically
distributed (i.i.d.) elements [E]i,j ∼ CN (0, σe2 ). The precoding
and equalization matrices are determined by Ĥ.

= PH ĤQΩx̃ + PH EQΩx̃ + PH z
= ΛΩBx̃ + PH EQΩx̃ + PH z
= ΛΩ (s + δ) + PH EQΩx̃ + PH z.

(13)

After equalization with Ω−1 Λ−1 and modulo, the THP constellation offset δ is removed, leaving the desired signal
component s [13].
B. User Rates for LPD Strategy With Channel Uncertainty
and With OC Interference
Now consider the case where there is OC interference, as
in a cellular system. This subsection analyzes the user rates
of the LPD method, in the presence of CSI errors.
ỹ = ỹsig + ỹerr + ỹint + z̃, in which

(15)

H

(16)

ỹsig = W ĤF x̃,
ỹerr = W EF x̃,
ỹint =

(14)

H

M
X

H
ỹn→m , where ỹn→m = Wm
Hn→m Fn x̃n , and

n6=m

(17)
H

z̃ = W z.

(18)

Hn→m ∈ CKNR ×NT is the actual channel matrix from the nth BS to the users in the m-th cell. Due to the independence
and zero mean of transmit signals from different BSs, E, and
z̃,
Rỹ = Rỹsig + Rỹerr + Rỹint + Rz̃ .

(19)

The covariance matrix of the error component, ỹerr , is given
by
£
¤
Rỹerr = EE Ex̃ PH EQΩ x̃ x̃H ΩQH EH P
¡
¢
= PH σe2 Tr QΩRx̃ ΩQH IKNR P
= σe2 PIKd .

(20)

The effective additive noise, ỹerr + ỹint + z̃, is not Gaussian.
Therefore, a lower bound of the rate for each data stream,
assuming the given probability distribution of E, and assuming
the transmitted signals and noise are Gaussian, is obtained as
£
¤
Ã
!
Rỹsig i,i
. (21)
rL,i = log2 1 +
[Rỹerr ]i,i + [Rỹint ]i,i + [Rz̃ ]i,i
The lower bound rate for each user can be obtained by
summing up over the data streams of the user.

C. Robust LPD Method
In this section, we shall obtain a robust distributed precoder
for the network MIMO downlink. This precoder, called the
robust LPD, provides some robustness to uncertainty in the
channel knowledge. First, assume σe2 is known at the transmitter. Define the effective noise, due to the CSI error, at each
receive antenna to be N0,e = σe2 P . The effective additive
noise due to the receiver noise and the CSI error is therefore
N̄0 = N0 + N0,e . Next, calculate the projection matrix QG by
replacing N0 by N̄0 in the cell SLNR expression in (7) and
(8). Apply this robust projection to the downlink channel. The
following steps are then identical to the LPD in Section III.
The lower bound rate can then be calculated via the analysis
in Section IV-B.
V. S IMULATIONS
Consider a cellular system comprising of M = 4 cells
in a circular Wyner model [14], as in Fig. 2. Each BS has
NT = 8 transmit antennas and each cell has K = 4 users. All
users have NR = 1 receive antenna each. For the IC users,
assume that each element of the channel matrix Hm is i.i.d. as
CN (0, 1). K̄ = K OC users are affected by the transmission
from each BS. Let the interference factor [3], [15] be denoted
by α. Each element of the channel matrix H̄m to these OC
users is i.i.d. CN (0, α2 ). The input-output relationship for the
system is given in (1). Let CM and CV represent the variances
of the channel matrix elements. If K = 2,


1
0
0 α2
 1 α2 0
0 
 2

 α
1
0
0 


 0
1 α2 0 

.
CM = 
(22)
2
1
0 
 0 α

2 
 0
0
1 α 

 0
0 α2 1 
α2 0
0
1
Each row is for one user, while each column is for one BS.
CV = CM ⊗ 1NR ,NT , where ⊗ represents the Kronecker
product of two matrices. Therefore, each element in CV is
the variance of the corresponding element in Hsys . In other
words, [Hsys ]i,j ∼ CN (0, [CV ]i,j ). For general K, the even
numbered rows of CM given above are repeated K − 1 times.
Equal power loading is utilized for the downlink methods.
For the purpose of comparison, ignore the THP precoding
loss M̄ /(M̄ − 1) for M̄ -QAM constellations. The simulation
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Fig. 2. Circular Wyner Model with M = 4 cells and K = 2 users per cell.
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graphs include the curves for ‘2 orthogonal channels’. This
represents the method of orthogonal transmission in which the
frequency reuse factor freuse = 1/2. For our 4-cell topology,
2 orthogonal channels are sufficient to create the idealized
scenario of zero inter-cell interference. In frequency reuse,
the rate becomes scaled by freuse . Unless otherwise indicated,
the default system settings for the simulations are as follows.
NT = 8, SNR P/N0 = 15dB, α = 0.5, and K = 4. 1000
Monte Carlo runs are used.
The effect of SNR on the sum rate is shown in Fig. 3. As
long as there are sufficient DoF, i.e. NT ≥ Kd + K̄NR , the
sum rate per cell for the LPD is shown to increase linearly
with SNR, for high SNR. Otherwise, the sum rates will level
off due to insufficient DoF. The rate with no cooperation levels
off at about 12 bps/Hz.
Next, in Fig. 4, the performance of the LPD technique
is examined when the interference factor α is varied. As
expected, the increasing α does not degrade the performance

Average sum rate per cell (bps/Hz)

16

exchange among the cooperating base stations. It is shown
that in the high SNR regime, with a sufficient number of
transmit antennas, the proposed precoder enjoys a linear rate
increase with SNR. This is in contrast to the case without
base station cooperation, for which the sum rate levels off
at high SNR. The proposed LPD method also outperforms
the orthogonal transmission scheme significantly. To address
the CSI uncertainty caused by channel estimation, we further
proposed a robust LPD method which is able to recover some
of the rate reduction due to the imperfectness of CSI.
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Fig. 5. Effect of channel uncertainty on the sum rates of various methods,
including the robust LPD, for NT = 8 and K = 4.

of orthogonal transmission. The LPD method and the no cooperation case suffer rate loss as α increases. The LPD strategy
consistently performs better than all the other methods. When
α = 0, the LPD method is as good as the case with no
cooperation. The reason is that the leakage term in the cell
SLNR expression (7) is zero. Consequently, the channel after
projection, H⊥ = HQG QH
G , is identical to H.
The effect of channel uncertainty on the sum rates of
the different methods are compared in Fig. 5. To model the
CSI uncertainty [12], the following is used to generate the
channels.
q
[Ĥ]i,j = [CV ]i,j (1 − σe2 )[Hw ]i,j
q
[E]i,j = [CV ]i,j σe2 [Ew ]i,j
H = Ĥ + E,

(23)

where [Hw ]i,j ∼ CN (0, 1) and [Ew ]i,j ∼ CN (0, 1). For the
curve of the robust LPD, the CSI error variance σe2 is assumed
to be available at the transmitter. The robust LPD is observed
to recover some of the rate loss of the LPD method as σe2
increases.
VI. C ONCLUSION
A distributed leakage projected DPC (LPD) precoding
method has been proposed for network MIMO broadcast
channel. Unlike prior works, our precoder tackles both intracell and out-of-cell interference in a distributed manner, hence
eliminating the need for SI, CSI, and precoder information
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