-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by VBN

Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

A Leakage-Based MMSE Beamforming Design for a MIMO Interference Channel

Sun, Fan; De Carvalho, Elisabeth

Published in:
| E E E Signal Processing Letters

DOl (link to publication from Publisher):
10.1109/LSP.2012.2196040

Publication date:
2012

Document Version
Early version, also known as pre-print

Link to publication from Aalborg University

Citation for published version (APA):
Sun, F., & De Carvalho, E. (2012). A Leakage-Based MMSE Beamforming Design for a MIMO Interference
Channel. | E E E Signal Processing Letters, 19(6), 368-371. https://doi.org/10.1109/LSP.2012.2196040

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
? You may not further distribute the material or use it for any profit-making activity or commercial gain
? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: November 30, 2020


https://core.ac.uk/display/60491333?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1109/LSP.2012.2196040
https://vbn.aau.dk/en/publications/67d409d1-2458-444f-b6f5-25a6893e0aa1
https://doi.org/10.1109/LSP.2012.2196040

ACCEPTED TO IEEE SIGNAL PROCESSING LETTERS

A Leakage-Based MMSE Beamforming Design for a MIMO Interference
Channel

Fan Sun and Elisabeth de Carvalho

Abstract—We propose a low complexity design of the linear
transmit filters for a MIMO interference channel. This design
is based on a minimum mean squared error (MMSE) approach
incorporating the signal and the interference leakage for each
transmitter. Unlike the previous methods, it allows a closed-form
expression of the regularization factor for the MMSE transmit
filter. Hence, it requires a lower computational complexity com-
pared to the conventional MMSE approach that is optimally
achieved by solving a polynomial equation to find the regu-
larization factor. Furthermore, the mean squared error (MSE)
performance of the proposed design is verified by simulations
to have nearly no loss compared to the conventional MMSE
approach.

Index Terms—MMSE, MIMO interference channel, linear
beamforming.

I. INTRODUCTION

E consider the K-user multiple input multiple output

(MIMO) interference channel, where each transmitter
delivers data to its desired user while creating interference to
the users served by the other transmitters. We propose a design
of the transmit filters based on a minimum mean squared
error (MMSE) approach. An MMSE design is desirable for
several reasons. First, it addresses finite SNR regions which are
critical to practical wireless systems, unlike designs based on
matched filtering or zero-forcing filtering. Second, it generally
offers low complexity solutions. More importantly, a recent
paper [1] has proven that weighted mean squared error (MSE)
minimization is equivalent to sum-rate maximization for the
MIMO broadcast channel if the MSE weights are optimally
adjusted. The weighted MMSE design is extended to the
interference channel and the interfering broadcast channel in
[2].

The design of the MMSE linear filters was done for a point-
to-point MIMO channel in [3]-[5]. For the MIMO broadcast
channel, [6] solves the joint transceiver design problem based
on MMSE. The extension to the MIMO interference channel
was presented in [7], which contains a step where the La-
grange multiplier corresponding to the power per transmitter
is calculated via solving a polynomial equation.

We propose a modified MMSE approach of the transmit
filters that avoids solving the polynomial equation. It thus
offers a lower computational complexity while maintaining
similar MSE performance. Our approach contains two main
ingredients. First, the modified MMSE cost function, named
as minimum mean squared error for signal and interference
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leakage (MMSE-SL), considers only the signal and the in-
terference leakage delivered from one transmitter: the signal
for the desired user and the leakage interfering with other
users. Note that this approach is related to [8], where the
signal-to-leakage-and-noise ratio (SLNR) is used as the maxi-
mization criterion. However, the SLNR criterion takes simply
the suboptimal matched filtering at the receivers. The second
ingredient is an additional degree of freedom as done in [5]
for the point-to-point MIMO channel. This degree of freedom
is a scalar that scales the received signal and is incorporated in
the MMSE optimization. This design results in a closed-form
expression of the Lagrange multiplier and hence also a closed-
form solution of the transmit filter. The design of the transmit
filters assumes the receive filters as known. For evaluation
purposes, the proposed transmit filter design is incorporated
into an iterative transceiver design alternating between transmit
and receive filter optimization. Although the proposed transmit
filter design is suboptimal because it is based on a modified
version of the MMSE cost function, simulations show nearly
no performance loss compared to [7].

II. SYSTEM MODEL

We consider the K-user MIMO interference channel as
shown in Figure 1. The kth transmitter is equipped with
M, antennas and serves its desired user with /N; antennas.

Transmitter & proceeds to transmit data vector s, € Cldx*1]
Hi,
X1 |BS1c: sUE 1| Y1
\\\Hm -
-l Hyp e
X2 |BS 2 S~ - UE 2| Y2
Hig -~ <l s Hgy
-7 - H2K HKQ\\ ;\
r Hgx
XKk |BS K UE K | YK

Fig. 1: System model: K-user MIMO interference channel.
to its user with E [ss}!] = I, where dj, is the number of data
streams to be delivered to user k. The value of d;, is chosen to
fulfill the degrees of freedom (DOF) requirement in [9]. The
data is pre-processed as x; = Bysy where By, € CIMixdx] jg
the transmit filter for user k.

The complex-valued signal xj, € CM+>1 fulfills the indi-
vidual transmit power constraint E [xjx;| = Tr (B;B}') <
PE. We denote Hy, to be the narrowband MIMO channel
from transmitter &” to user k. The signal received at user % is

Vi = HppBesi + Z Hy Brrsy +ny
ktk



where n; € CIV+*1 is a vector containing circularly sym-
metric white Gaussian noise with covariance Ry,n, = 1L
The effective noise covariance matrix is an important quantity
accounting for the noise and the inter-user interference

le = Z Hkk/Bk/Bl];l/Hl];lk/ + L
k' £k
III. MMSE FOR TRANSCEIVER FILTERS

The MMSE criterion considers a joint design of the
transceiver filters. Denoting Aj € Cl4%*Nel a5 a linear
receiver at user k, the MMSE cost function under individual
power constraints Kis

. k
argAT}gkaﬂTr(gk) st. Tr(ByBY) < PE vk (1)

where & = E [(Akyk - Sk)(AkYk' — Sk)H} is the MSE. One
advantage of this approach is that it leads to a low complexity
alternating minimization procedure. Fixing the transmit filters
and minimizing the MMSE cost function (1), we can find the
well-known MMSE receive filter for user %k as

-1
AYMSE = BUHY, (HyB,BH}, +Ry,) . ()

Then the optimization problem remains on how to find the
transmit filters when the receive filters are fixed.
IV. COMPUTATION OF THE TRANSMIT FILTERS

Different techniques exist to determine the MMSE transmit
filter for the MIMO interference channel (such as the methods
described in [2] and [7]). We compare our method to the
method in [7] as it offers the lowest computational complexity
among the existing MMSE based methods, to the best of our
knowledge. We first describe the reference method and then
our proposed method.

A. Transmit Filter Design for MMSE

The problem of computing the MMSE transmit filters in
the MIMO interference channel was treated in [7] when the
receive filters are fixed. For this convex quadratic problem, the
transmit filter for transmitter k£ can be found from the Karush-
Kuhn-Tucker (KKT) conditions as

K -1
B = (Z HEY AN AL HL g + /\kl[> HIL AL 3)
k'=1
where )\, is computed from the power constraint
Tr (BkBI,;I) = PE. This equation results in solving a
polynomial equation of degree 2Mj. When no A\, € Ry is
found, Ay is set to 0 in [7].
B. MMSE for signal and interference leakage (MMSE-SL)
In this section, we introduce a modified MMSE criterion
which leads to a closed form expression of the Lagrange
multiplier \;, and hence save some significant computational
complexity. For the MIMO point-to-point channel, an answer
to this issue was provided in [5]. [5] modifies the MMSE
cost function and introduces an additional degree of freedom
that allows for a simple expression of the regularizing factor
and a simple multiplicative scaling of the transmit filter to
comply with the transmit power constraint. Unfortunately,
this technique cannot be directly extended to the MIMO
interference channel because of the inter-user interference.
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1) Rewriting the MMSE cost function: Traditionally, the
MMSE approach in (1) considers the weighted squared error
at each user and takes the sum of the weighted errors over all
the users to get the final MMSE cost function. We take another
view point. The channel from transmitter k to all users can be
seen as a broadcast channel where user k receives the desired
signal and other users receive the interference leakage.

S:

BS 1-— UE 1
\\\“~~~“\]&2

I TlUE?2

UE K

Fig. 2: Signal and interference leakage for transmitter 1.

o Signal: the desired signal received at user k is Hy;Bys.
We use S = HypBgsi + ng to denote the summation
of the desired signal and the noise.

o Interference Leakage to user k': the interference seen by
user k' is I’,jk, = HypBisg (K # k).

Figure 2 illustrates these two types of flows delivered from
transmitter 1. We denote

S = [ (AxSp)™ (A IF)H (Ap_ I 1HH
(Ap I EF)H (AgIF)H i
and s;C = [ SE oH }H where 0 is a zero vector with

proper size. The MSE expression applied to the signal and
the interference leakage for transmitter k is defined as

MSEE - 1 {5 (850 ) (5]

+{ Y E [(Ak,lgk’ (15 )HAI,;I/} @
k' #k

H
- Tr{E {(Slk - s;) (SIk - s;) } } .

2) Modified MMSE cost function and derivation of the
Lagrange multiplier: We describe the design of the transmit
filters using the MMSE-SL criterion with fixed receive filters.
Inspired by [5], an additional weighting () is introduced
into the MMSE transmit filter design. The modified MSE
expression for transmitter & is:

MSES“? = Tr {IEI [(ﬁklslk — ;) (Br'SL - S;)H} }

— Tt {E {(ﬁk‘lAkSk —si) (B, 'AxSE - Sk)H”

+Tr ST R |(AR T ()P AT
k'K
)
We can find the KKT conditions for the transmit fil-
ter of the modified MMSE problem f, = MSE;™” +
Ak [Tr (BxB}!) — PF]. Taking the partial derivatives:

of X
k -2 H H
L =5 § H AN A, H, . | By
oB; TR\ = TR (6)

- B HL AN+ By =0




K
)
B2Tr (BH Ji ) —Tr (Z Hl,j,kAI,j,Ak,Hk/kBkBE> — BpTr (BRHL A + o, Tr (B,B}) =0 (8)

k *
0B;, Pt
1 of X
-5 B3 87;]: =Tr (Z HE/kA’,;‘,Ak/Hk/kBkBE> — B Tr (BRHJL,AY) + Tr (ALA}) =0 )
k=1
0 _ _
ng = 261@ *Tr (BIJ;IH];;IkA;I) - 251@ 5Tr (AkAI;;I) B. Convergence Analysis

K (7N
— 23,3 Tr (Z H;‘,kA;‘,Ak,Hk,kBkBE> =0
k’'=1

From (6), the transmit filter is By, = 3, B with

-1

K
BYL = (Z H} AL A Hy, + Akﬁﬂ) H AL
k=1

where ), = \/ PE JTr [BEL(BfL)H} sets the transmit power

to PE. Using this method, all transmitters transmit at full
power. Although full power transmission is not necessarily
the optimal strategy' in the MIMO interference channel, we
observe through simulations that this assumption results in no
performance loss when compared to the reference method in
[7]. By multiplying (6) with B} and introducing ay, = A3,
(6) and (7) are transformed into (8) and (9), respectively. From
the equality Tr (B;Bj}!) = PE, ap = Tr(A,AY) /PE is
obtained. The solution is given as

1

X _
Bk = @k (Z Hl];l/kAl]:/Ak/Hk/k’ —+ Oék]I> Hl];lkAl];l (10)
k=1

V. ALTERNATING OPTIMIZATION
The transmit filters depend on the optimal receive filters of
all users, and vice versa. This naturally points towards iterative
algorithms based on alternating minimization.

A. Alternating Minimization

We incorporate the transmit filter expression from (10)
into an iterative algorithm for joint transceiver design. The
iterative MMSE for signal and interference leakage (I-MMSE-
SL) algorithm is as follows:

ALGORITHM: I-MMSE-SL
set n =0 and B = BI" vk
iterate
update n =n + 1
L. compute AV |B{" ™" Vk using (2)
1. compute B;C")|A§cn71> Vk using (10)
until MSE convergence

In Step II of -MMSE-SL, we compute ay, 5; and By se-
quentially. As a benchmark, we then substitute (10) with (3) in
Step II to obtain the iterative MMSE (I-MMSE) algorithm. As
highlighted in Section VI, the proposed I-MMSE-SL solution
gives similar MSE results compared to [-MMSE.

'Power optimization is out of the scope of this work.

For I-MMSE, the alternating minimization ensures con-
vergence to a fixed point (also a stationary point of MSE).
Indeed, the MSE is reduced each time the receive filters and
the transmit filters are updated. Therefore, the MSE decreases
monotonically after each iteration and as the MSE is lower
bounded, -MMSE is convergent. For the heuristic - MMSE-
SL algorithm, convergence is not straightforward to determine
as the optimization of the transmit filters and the receive filters
comes from two different cost functions. The convergence
behavior in terms of the MSE is shown via simulation results
in Section VI. The modified MSE optimization of the transmit
filters is valid in a broadcast scenario when considering the
MSE minimization of the error on the signal of interest and the
interference leakage. However, the modified MSE optimization
of the receive filters is invalid. At user k, signals from
multiple transmitters correspond to multiple scaling factors
Bk_,l (1 < k¥ < K). But the receiver lacks of a sufficient
number of degrees of freedom to compensate for all of them.
In order to minimize the MSE, the MMSE receivers are
applied.

C. Complexity Analysis

For updating Ay, both algorithms require the same com-
putational complexity: in O[Zgzl(QMk/Nk/dk/ + M dy)]
for the matrix multiplications inside the inverse, in O(N?) for
the inversion and in O(leMk + M} Nidy,) for the external
matrix multiplications with the inverse. When not accounting
for the computation of the regularizing factor, both algorithms
require the same computational complexity to update By in
O[Zgzl(QMk/Nk/dk’ -l—N,?,dk/)—l—Mg-l-MgNk-i-Mkadk]
For I-MMSE-SL, the complexity to compute the regularizing
factor in By is in O(dxNy). For [MMSE, the complex-
ity to determine ) is evaluated based on the root search
method relying on the computation of the eigenvalues of a
companion matrix> of size 2Mj, [10]: this complexity is of
order O(8M}). This polynomial equation related complexity
brought by the calculation of A\ is obviously non-negligible
and this complexity increases dramatically with the increase of
the number of transmit antenna M} for each communication
pair. Therefore, we can see a clear reduction in complexity
from using [-MMSE-SL especially when Mj, is large.

D. Initialization Methods

We use two initialization methods for the transmit filters’:
(1) Random initialization: Initialize all the transmit filters with

2Iterative methods such as the bisection method and the Newton method can
also be applied. The complexity is difficult to determine as the convergence
speeds depend on the polynomial coefficients and the required precision.

3We can also initialize the algorithms with interference alignment (IA)
solutions [9] for high SNR performance, but this method is only applicable
for certain cases.



i.i.d. Gaussian random variables; (2) Singular initialization:
Initialize the kth transmit filter with the first d columns of the
right singular matrix of Hgj [7]. The initial transmit filters
are normalized to satisfy the individual power constraints.
VI. NUMERICAL EVALUATIONS

We focus on the 3-user MIMO interference channel with
each transmitter and user having the same number of antennas
M, = Ny, = 4 Vk. The number of data streams delivered by
each transmitter is the same and the transmit power constraint
is the same for all transmitters, d, = 2, PE, = P Vk. A quasi-
static flat Rayleigh fading channel model is used. The average
energy of the channel between a transmitter and its desired

. intra . . inter
user is o7 ; the average energy of the cross links is o7
. gap __ g intra g inter
with p#P = o} on .

p92P=0dB
02 - T T T

Rand I-MMSE
Singular I-MMSE
Rand I-MMSE-SL

+  Singular I-MMSE-SL

MSE

0 5 10 15 20 25 30 35 40 45 50
Iteration number
p92P=20dB

Rand I-MMSE
—=— Singular I-MMSE
Rand I-MMSE-SL

+  Singular -MMSE-SL

= D A A A A A A A AR A |
0 5 10 15 20 25 30 35 40 45 50
Iteration number

Fig. 3: MSE vs iteration number, p™™ = 10dB.
In Figure 3, we show the convergence behavior where the

MSE is plotted against the iteration number for p** = 0dB
and p#? = 20dB. The MSE is averaged over sufficient
channel realizations and the average SNR is fixed to be
p" = Pg2™* = 10dB. The plots indicate that the con-
vergence speed is comparable for the -lMMSE and the I-
MMSE-SL algorithms: 30 iterations appear to be sufficient.
From the simulations, -MMSE and I-MMSE-SL with the
singular initialization have similar convergence speed; when
p¥P increases, [-MMSE-SL converges faster compared to
I-MMSE. Furthermore, the singular initialization results in
better convergence compared to the random initialization;
convergence becomes faster as p** increases. In the following,
we use the singular initialization in both I-MMSE and I-
MMSE-SL and stop at 30 iterations.

In Figure 4, we show the MSE performance of the different
algorithms. The distributed max-SINR algorithm in [11] is
also included as a benchmark. For a fair comparison, all the
algorithms use the linear MMSE receiver in the simulations.
We can also see at both p#? = (0dB and p®#** = 20dB,
I-MMSE-SL performs approximately the same as I-MMSE.
Therefore, we can conclude that the low-complexity I-MMSE-
SL algorithm has nearly no MSE performance loss compared
to the -MMSE algorithm. Furthermore, -MMSE-SL performs
better than max-SINR: there is an MSE error floor for the
distributed max-SINR algorithm with singular initialization,
which is also observed in [7].

In the high SNR region, if the transmit filters are initialized
with IA solutions, the MSE results of both algorithms do not
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saturate. This is because the setup fulfills the DOF requirement
from [9] and TA design for the transmission together with
MMSE receivers achieves MSE minimization at high SNR in
simulations.

1

10

10

10

MSE

I-MMSE 9%P=0dB |- : B
—O— I-MMSE-SL p%¥P=0dB g
— max-SINRp%P=0dB  |: : : : >~
—H— I-MMSE p%P=20dB : : :
—O— " |-MMSE-SL p%P=20dH
max-SINR p?P=20dB

10

3 i i i

i
-10 -5 0 5 10 15 20 25 30
onragR)

Fig. 4: MSE performance of the different algorithms.

VII. CONCLUSION

We have proposed a low-complexity design for the linear
transmit filters in the MIMO interference channel. MMSE-SL
relies on a modified MMSE cost function which considers
the signal and the leakage interference for each transmitter.
The proposed I-MMSE-SL algorithm guarantees convergence
while ensuring a similar performance compared to the more
complex I-MMSE algorithm.

10

REFERENCES

[1] S. Christensen, R. Agarwal, E. Carvalho, and J. Cioffi, “Weighted sum-
rate maximization using weighted MMSE for MIMO-BC beamforming
design,” IEEE Trans. Wireless Commun., vol. 7, no. 12, pp. 4792-4799,
Dec. 2008.

[2] Q. Shi, M. Razaviyayn, Z.-Q. Luo, and C. He, “An Iteratively Weighted
MMSE Approach to Distributed Sum-Utility Maximization for a MIMO
Interfering Broadcast Channel,” IEEE Trans. Signal Process., vol. 59,
no. 9, pp. 4331-4340, Sept. 2011.

[3] H. Sampath, P. Stoica, and A. Paulraj, “Generalized linear precoder
and decoder design for MIMO channels using the weighted MMSE
criterion,” IEEE Trans. Commun., vol. 49, no. 12, pp. 2198-2206, Dec.
2001.

[4] D. Palomar, J. Cioffi, and M. Lagunas, “Joint Tx-Rx beamforming
design for multicarrier MIMO channels: a unified framework for convex
optimization,” IEEE Trans. Signal Process., vol. 51, no. 9, pp. 2381-
2401, Sept. 2003.

[5] M. Joham, W. Utschick, and J. Nossek, “Linear Transmit Processing in
MIMO Communications Systems,” I[EEE Trans. Signal Process., vol. 53,
no. 8, pp. 2700-2712, Aug. 2005.

[6] S. Shi, M. Schubert, and H. Boche, “Downlink MMSE Transceiver
Optimization for Multiuser MIMO Systems: Duality and Sum-MSE
Minimization,” IEEE Trans. Signal Process., vol. 55, no. 11, pp. 5436—
5446, Nov. 2007.

[71 H. Shen, B. Li, M. Tao, and X. Wang, “MSE-Based Transceiver Designs
for the MIMO Interference Channel,” IEEE Trans. Wireless Commun.,
vol. 9, no. 11, pp. 3480-3489, Nov. 2010.

[8] M. Sadek, A. Tarighat, and A. Sayed, “A Leakage-Based Precoding
Scheme for Downlink Multi-User MIMO Channels,” IEEE Trans. Wire-
less Commun., vol. 6, no. 5, pp. 1711-1721, May 2007.

[9]1 T. Gou and S. A. Jafar, “Degrees of Freedom of the K User M x N

MIMO Interference Channel,” IEEE Trans. Inform. Theory, vol. 56,

no. 12, pp. 6040-6057, Dec. 2010.

A. Edelman and H. Murakami, “Polynomial roots from companion

matrix eigenvalues,” Math. Comp, vol. 64, pp. 763-776, 1995.

K. Gomadam, V. Cadambe, and S. Jafar, “A Distributed Numerical

Approach to Interference Alignment and Applications to Wireless In-

terference Networks,” IEEE Trans. Inform. Theory, vol. 57, no. 6, pp.

3309-3322, June 2011.

[10]

(11]



