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Abstract—We study joint processing (JP) for network MIMO
systems where base stations exchange the user’s message and
channel state information under per-BS power constraint. In
this letter, we propose a weighted sum mean square error (WSMSE) minimization algorithm for the JP systems by considering
the channel gain as the weight factor in the MSE metric. To
efficiently solve the formulated WS-MSE problem, an alternating
optimization method which iteratively finds a local optimal
solution is employed in our algorithm. The simulation results
confirm that the proposed algorithm provides the sum rate
performance close to the near-optimal gradient ascent approach
and outperforms conventional schemes. In addition, we also
propose a modified WS-MSE design which is robust to channel
mismatch caused by channel estimation and feedback errors.
Index Terms—Network MIMO, weighted sum mean square
error (MSE) minimization.

I. I NTRODUCTION

C

OOPERATIVE signal processing among several base
stations (BS), called network multiple input multiple
output (MIMO), was proposed to overcome the inter-cell
interference and to achieve high spectral efficiency [1]. Depending on the BS cooperation level, the network MIMO
can be classified into two categories [2]. One is coordinated
beamforming where BSs design their transmission strategies
such as power control and beamforming by exchanging user’s
channel state information (CSI) only. The other one is joint
processing (JP) where BSs share both user’s message and CSI
[3]–[5]. This letter focuses on the latter case which provides
the improved performance.
Conventional single-cell downlink systems usually impose
total power constraint [6]–[8]. On the other hand, the JP
systems, where the cooperating BSs act as a single distributed
super-BS, should be designed under per-BS power constraint,
since each BS has its own power amplifier. Recently, several
iterative precoder designs for the JP systems with the per-BS
power constraint have been proposed [3]–[5]. The author in [3]
introduced a block diagonalization (BD) precoder, and in [4],
the transceiver optimization with the criterion of minimizing
the sum mean square error (S-MSE) was presented. Since
the maximization of the sum rate is not a convex problem in
general, the optimization for the first order Taylor expansion
of a sum rate expression is proposed in [5].

In this letter, we propose a weighted sum MSE (WSMSE) minimization algorithm for the JP systems. The idea
of minimizing WS-MSE was originally developed for singlecell downlink systems under total power constraint [7] with a
goal of regularizing a zero-forcing (ZF) scheme. We extend
this concept to the JP systems with per-BS power constraint.
For an efficient regularization process on transceiver designs,
the weight terms in the WS-MSE metric need to be computed
from the effective channel gains of the optimal ZF scheme.
However, since the optimal ZF scheme identifies the solution
with an iterative process due to the per-BS power constraints
[3], we instead employ the channel gain obtained from the
generalized minimum mean squared error channel inversion
(GMI) solution [8] as a weight matrix in the WS-MSE metric
for simple computation. Then, the proposed algorithm based
on the alternating optimization which iteratively finds a local
optimal solution efficiently minimizes the formulated WSMSE metric. It is shown from simulation results that the proposed scheme provides the sum rate performance close to the
near-optimal gradient approach and outperforms conventional
BD and S-MSE schemes. In addition, a modified WS-MSE
transceiver design is also provided in the presence of channel
mismatch caused by channel estimation and feedback errors.
The following notations are used throughout the letter. We
employ uppercase boldface letters for matrices, lowercase
boldface for vectors and normal letters for scalar quantities.
The superscripts (·)∗ , (·)T , (·)H and | · | stand for conjugate,
transpose, conjugate transpose and determinant, respectively.
Id indicates an identity matrix of size d, E[·] accounts for
expectation and · denotes the Euclidean 2-norm of a vector.
In addition, tr(A) represents trace of a matrix A.
II. S YSTEM M ODEL
We consider a JP system where B BSs with M antennas
cooperatively serve total K users with N receive antennas by
sharing both data and CSI. We refer to this configuration as
the (M × B) × (N × K) network MIMO system. Under the
frequency-flat fading model, the received signal vector at user
k (k = 1, · · · , K) can be expressed as
yk =

B

i=1
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(i)

Hk Tk sk +

(i)

B

i=1

(i)

Hk

K


T(i)
m s m + nk

(1)

m=k,m=1

where Hk ∈ CN ×M is the channel coefficient matrix from
(i)
BS i to user k, Tk ∈ CM×N stands for the precoding matrix
for user k from BS i, sk ∈ CN indicates the data symbol vector for user k, and nk ∼ CN (0, σn2 IN ) represents the additive
Gaussian noise vector at user k. It is assumed that elements of
the channel matrices are sampled from independent identically
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distributed (i.i.d.) complex Gaussian random variables with
zero mean and unit variance, so that the probability of event
that the channel is rank-deficient converges to zero.
This system can be modeled as a conventional multiuser
downlink system where a BS is equipped with M B antennas
supporting K users with N antennas each. The only difference
is that the network MIMO system imposes per-BS power
constraint as
K



(i) (i)H
≤ Pmax
tr Tk Tk

for i = 1, · · · , B

(2)

k=1

where Pmax is the maximum transmit power allowed for each
BS. Then, the achievable sum rate RΣ can be given as


 K

2
K
+
σ
I
 m=1 Ωkm ΩH


N
n
km


RΣ =
(3)
log2 
H + σ2 I 
Ω
Ω

km km
k=1
n N
m=k
where we define Ωkm 

B
i=1

(i)

(i)

Hk Tm .

III. W EIGHTED S UM MSE M INIMIZATION A LGORITHM
In this section, we propose the WS-MSE minimization
algorithm with the per-BS power constraint. At user k, the
receive filter Rk ∈ CN ×N is multiplied to yk to obtain
ŝk = Rk yk as
B


B
K


(i) (i)
(i)
ŝk = Rk
Hk Tk sk +Rk
Hk
T(i)
m sm +Rk nk .
i=1
i=1
m=k,m=1
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Then, the weight matrix Λk is simply calculated using singular
value decomposition (SVD) of the effective channel as
η

B


(i)

(i)

Hk TGMI,k = Uk Λk VkH

for k = 1, · · · , K.

(5)

i=1

where Uk ∈ CN ×N and Vk ∈ CN ×N are unitary matrices,
and Λk ∈ CN ×N is a diagonal matrix whose entries consist
of the equivalent channel gains of the scaled GMI solution.
Finally, the proposed WS-MSE can be represented as
K
K
K




H
ΞΣ =
E ŝk −Λk sk 2 = tr Rk
Ωkl ΩH
kl Rk
k=1

k=1

l=1

H
H
2
H
−Λk ΩH
.
kk Rk − Rk Ωkk Λk + σn Rk Rk

(6)

With an aid of the weight matrix Λk , we can assign more
power to stronger subchannels with larger channel gains [7].
When Λk = IN , the problem (7) reduces to the S-MSE
(i)
minimization. Since the transceiver matrices {Tk } and {Rk }
are related to each other in general, it is difficult to optimize
them simultaneously with the WS-MSE metric. Thus, we
adopt an alternating optimization method which iteratively
finds a local optimal solution of the transceivers.
First, we design the optimal precoder when the receive
filters {Rk } are given. Then, the WS-MSE minimization
under the per-BS power constraint can be formulated as
min ΞΣ
(i)

{Tk }

(4)

Consider that ZF based transceiver design such as BD
[3] is employed to decompose the desired block channel
into parallel subchannels and cancel out the inter-user inB
(i) (i)
terference terms, i.e., RBD,k i=1 Hk TBD,k = ΛBD,k , and
B
(i) (i)
RBD,k i=1 Hk TBD,m = 0 for all m = k. Here, {RBD,k }
and {TBD,k } are the transceiver computed from [3], ΛBD,k ∈
CN ×N is a diagonal matrix whose entries consist of the
equivalent channel gains of the BD scheme. Then, (4) can
be expressed as

subject to

k=1

Note that (7) is a convex optimization problem [9].
To solve (7), we construct the Lagrangian function as
B
K





 (i) (i)H
(i)
L {Tk },{λi } = ΞΣ + λi
tr Tk Tk −Pmax . (8)
i=1

k=1

Then, the Karush-Kuhn-Tucker (KKT) conditions [9] for (8)
for i = 1, · · · , B are given by
K

 (i) (i)H 
− Pmax ≤ 0, λi ≥ 0,
tr Tk Tk

ŝk = ΛBD,k sk + RBD,k nk .

k=1

To give an regularization effect on the transceiver design, we
may utilize ΛBD,k as the weight matrix in the WS-MSE metric.
However, due to per-BS power constraint, the BD scheme
identifies the solution in an iterative manner [3]. Thus, for
a simple computation of weight matrix, we employ the GMI
method which generates good sum rate performance with a
one-shot precoder design [8]. Actually, this GMI method acts
like BD scheme at high SNR region [8].
Since the GMI scheme was originally introduced under total
power constraint, we multiply the common scaling parameter
(i)
η to enforce per-BS power constraint. Denoting {TGMI,k } as
the precoder computed from [8], the scaling parameter η is
calculated as

Pmax
η=
.
K
(i)
(i)H
maxi=1,··· ,B tr( m=1 TGMI,m TGMI,m )

K



(i) (i)H
≤ Pmax for i = 1, · · · , B. (7)
tr Tk Tk

K


 (i) (i)H 
λi
− Pmax = 0,
tr Tk Tk
k=1

K


(i)
(i)
(i)
(i)H H
(i)
=
H
R
R
H
n
n
n
n Tk +λi Tk −Υk = 0
(i)∗
∂Tk
n=1
k = 1, · · · , K
(9)
K

(i)
(i)H H
(m) (m) 
where Υk = − n=1 Hn Rn Rn ( m=i Hn Tk ) +
(i)H
Hk R H
k Λk .
(i)
Finally, the optimal precoding matrix Tk is computed as

∂L

(i)

Tk =

K


(i)
H(i)H
RH
n
n Rn Hn + λi IM

−1

(i)

Υk .

(10)

n=1

Here, we compute the Lagrange multipliers in a similar fashion described in [6] and [10]. First, we define
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K
(i)H H
(i)
the SVD of
Rn Rn Hn (i = 1, · · · , B) as
n=1 Hn
K
(i)H H
(i)
Rn Rn Hn = U(i) Σ(i) U(i)H where U(i) ∈
n=1 Hn
N ×N
C
is an unitary matrix and Σ(i) ∈ CN ×N is a diagonal
matrix. Then, the power constraint equality for BS i in (7) is
given by
K
K


 (i) (i)H 
−2 (i) (i)H
tr Tk Tk =
tr U(i) Σ(i) U(i)H+λi I
Υk Υk
k=1

k=1

=
=

K


−2 (i) 
tr Σ(i) + λi I
Dk
k=1
N
K 


(i)

[Dk ]n,n

2 = Pmax
(i)
k=1 n=1 [Σ ]n,n + λi

(i)

(i)

(11)

(i)H

where Dk = U(i)H Υk Υk U(i) and [A]n,n indicates the
n-th diagonal element of a matrix A.
K 
N
(i)

[Dk ]n,n
Since

2 is a monotonically de(i)
k=1 n=1 [Σ ]n,n + λi
creasing function with respect to λi , the Lagrange multiplier
λi can be efficiently solved by a bisection method. Due to the
second KKT condition in (9), the Lagrange multipliers {λi }
should be non-negative real values. Therefore, the optimal
{λi } can be determined as a solution of equation (11). If such
solutions do not exist, λi is set to zero.
Next, we illustrate the optimization of the receive filter Rk
(i)
with the given precoders {Tk }. In this case, the WS-MSE
optimization becomes an unconstraint minimization problem
expressed as
min ΞΣ .

(12)

{Rk }

Since this objective function is convex and differentiable, a
necessary and sufficient condition for Rk to become optimal
is ∇R∗k ΞΣ = 0 [9]. As a result, the optimal receive filter for
user k is given by
Rk =

Λ k ΩH
kk

K


Ωkl ΩH
kl

+

σn2 IN

−1

.

(13)

l=1

The overall proposed WS-MSE scheme is summarized below.
(i)

1) Initialize {Tk } with arbitrary precoding matrices and
compute {Λk } using (5).
2) for i = 1 : B
Update {Rk } using (13).
Compute λi based on (11).
(i)
Update Tk using (10), k = 1, · · · , K.
end
3) Go back to step 2) until convergence.
Although the WS-MSE function in (6) is not jointly convex
(i)
on {Tk } and {Rk }, it is convex over each precoder and
receive filter. Obviously, the optimal precoder in (10) minimizes the WS-MSE when other filters are fixed. Similarly,
the WS-MSE is minimized using the optimized receive filter
(i)
in (13). This leads ΞΣ ({Tk (n + 1)}, {Rk (n + 1)}) ≤

(i)

(i)

ΞΣ ({Tk (n)}, {Rk (n)}) where {Tk (n)} and {Rk (n)} represent precoders and received filters at the n-th iteration,
(i)
respectively. Thus, at each iteration, updating {Tk } and
{Rk } monotonically reduces the WS-MSE ΞΣ which is
lower bounded by zero. As a result, our WS-MSE algorithm
guarantees convergence at least to a local minimum solution.
IV. M ODIFIED WS-MSE M INIMIZATION A LGORITHM
WITH I MPERFECT CSI
In practice, due to an estimation error and feedback error,
(i)
the mismatch between the true channel Hk and the estimated
(i)
channel Ĥk is inevitable [10] [11]. In this section, we propose
a modified WS-MSE transceiver design with imperfect CSI.
(i)
(i)
(i)
(i)
(i)
We assume that Ĥk is related to Hk as Ĥk = Hk +Ek
(i)
where the elements of Ek are i.i.d. complex Gaussian random
variables with zero mean and variance σe2 . Then, the received
signal (4) can be rewritten as
ŝk = Rk

K
B 


(i)
(i)
Ĥk − Ek
T(i)
m s m + R k nk
m=1

i=1
(i)
Tk

(i)

where Rk and
are computed only from Ĥk ’s regardless
(i)
of Ek ’s.
In order to mitigate the effect of the channel error, the WS(i)
MSE metric is averaged over {Ek } as
K

k=1

K


E{E(i) } ŝk − Λk sk 2 = Ξ̄Σ +
Ψk
k

(14)

k=1

where the expectation with respect to sk and nk is implicitly
(i)
(i)
included. Here, Ξ̄Σ is computed by replacing Hk with Ĥk


(i)
(i)H
K
B
in
and Ψ = σe2 tr (Σ
 2(6)
 Rk ) l=1 i=1 tr(Tl Tl ) =
K Bk
σe l=1 i=1 tr(ΣT(i) ) tr(Rk RH
k ). When obtaining (14),
l
we have used the following equalities:
(i)

(i)H

Tl Tl

= UT(i) ΣT(i) UH
(i) ,
T
l

l

l

H
Rk RH
k = URk ΣRk URk ,


(i) (i) (i)H (i)H
= σe2 tr(ΣT(i) )IN ,
E Ek Tl Tl Ek
l


(i)H H
(i)
2
E Ek Rk Rk Ek = σe tr (ΣRk ) IM .

Since
Kthe only difference between (6) and (14) is the last
term k=1 Ψk , the robust transceiver can be calculated in a
similar way of Section III. Using KKT conditions, we have
(i)

Tk =

K


(i)

(i)
Ĥ(i)H
RH
n
n Rn Ĥn + αk IM

n=1

Rk = Λk Ω̂H
kk

K

l=1

Ω̂kl Ω̂H
kl + βIN

−1

−1

(i)

Υk ,

(15)
(16)





(i)
(i) (i)
B
where αk = λi + σe2 tr (ΣRk ) , Ω̂km =
i=1 Ĥk Tm ,


 B
β = σn2 + σe2 K
tr(Σ
(i) ) , and the Lagrangian
l=1
i=1
Tl
multiplier λi can be optimized in a similar fashion as described
in (11). Finally, the overall iterative algorithm can be carried
out by using (15) and (16) instead of (10) and (13) in the
WS-MSE minimization algorithm, respectively.
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Fig. 1. Sum rate comparison for (2 × 2) × (2 × 2) and (2 × 3) × (2 × 3)
network MIMO systems.

V. S IMULATION R ESULTS
In this section, we provide simulation results to evaluate the
sum rate performance of the proposed schemes. We present the
average sum rate of the following linear precoding schemes
as a function of SNR = Pσmax
2 .
n
• GA: the gradient ascent algorithm with 5 initial points
is performed for the sum rate maximization problem and
the best local optimal solution is chosen [12].
• BD: the ZF precoding matrices are optimized with perBS power constraint [3].
• S-MSE: the joint transceiver is optimized with the criterion of minimizing the S-MSE with per-BS power
constraint [4], where the optimal precoding matrices are
computed using standard convex tools such as SEDUMI.
• SIN: the soft interference nulling technique is performed
to maximize the first order Taylor series expansion of
a sum rate expression [5], where the SEDUMI is also
utilized.
In Fig. 1, the average sum rate performance is presented
for (2 × 2) × (2 × 2) and (2 × 3) × (2 × 3) network MIMO
systems. From this plot, we can see that the proposed WSMSE minimization scheme shows the sum rate performance
almost identical to the near-optimal GA method and outperforms the conventional BD and S-MSE minimization method.
It is observed that the sum rate gap between the WS-MSE
minimization and the S-MSE minimization scheme increases
as the SNR grows. This is due to a use of weight matrices
{Λk } in the cost function in (7). Also, the cross-over point
between the S-MSE and the BD scheme occurs at higher SNR
as the number of antennas increases. These observations mean
that the effect of the regularization tends to be more important
when the number of data stream grows.
In Fig. 2, we demonstrate the effectiveness of the modified
WS-MSE minimization algorithm compared to the original
WS-MSE scheme in Section III with various system configurations when σe2 = 0.1. It is clear that the channel mismatch
compensation becomes more important for a larger system.
From the complexity perspective, the WS-MSE algorithm
requires 1194 floating point (flop) operations in each iteration
for (2 × 2) × (2 × 2) network MIMO systems. On the other

5

10

15

20

SNR (dB)

Fig. 2.

Sum rate performance with imperfect channel knowledge.

hand, the required flops for GA and BD schemes are 3458 and
726, respectively. The flop evaluation is performed according
to [13] as
• Multiplication of m × n and n × p matrices: 2mnp.
• Inversion of an m × m with Gauss-Jordan elimination
method: 4m3 /3.
2
3
• SVD of an m × n matrix (m ≤ n): 4n m + 13m .
In addition, the GA and BD algorithms need a step size control
for provable convergence. Thus, the complexity of the WSMSE is significantly lower compared to the GA algorithm.
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