FACTA UNIVERSITATIS (NIS)
SER.: ELEC. ENERG. vol. 20, no. 1, April 2007, 45-55

Iterative Successive MMSE Multi-User MIMO Transmit
Filtering

Veljko Stankovit

Abstract: In this paper we introduce a novel linear precoding techaiduwas pre-
viously reported in the literature that when the user teatsrare equipped with one
antenna, minimum mean-squared-error (MMSE) in combimatiih successive in-
terference cancellation is optimum on the uplink, while M@recoding in combi-
nation with Tomlinson-Harashima precoding (THP) is optimaon the downlink. The
linear precoding technique introduced in this paper is dasethe modified MSE cri-
terion. It can serve the users that are equipped with arpitnamber of antennas with
only limitation that the total number of users in the systeas to be less than or equal
to the rank of the combined multiple-input multiple-outgMiMO) channel matrix of
all users. It was shown in the simulations that it extracty \egh diversity gain and
at low signal-to-noise ratios, when the total number of anés at the user terminals
is greater than the number of antennas at the base statappribaches the maximum
sum rate capacity of the broadcast channel. The techniduaelirced in this paper is
favorable for practical implementation since it requirgsam order of magnitude less
operations than the techniques based on the singular vat@position.
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1 Introduction

Multiple-input, multiple-output (MIMO) systems are a kegroponent of future
wireless communication systems, because of their progisiprovement in terms
of performance and bandwidth efficiency [1], [2], [3], [4B]] Such systems have
the potential to combine the high capacity achievable witM& processing with
the benefits of space division multiple access (SDMA). Ittheen shown that time
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division multiple access (TDMA) systems cannot achievaedr increase of sum-
rate capacity of MU MIMO system in the number of transmit ant&s [6], [7]. The
solution to this problem is to serve users simultaneousiyguSDMA.

Miminum mean-squared-error (MMSE) filtering with successinterference
cancellation (SIC) achieves the maximum sum rate capatityroultiple-access
channel and extracts the maximum antenna array and divgsibh [8]. MMSE
transmit filtering in combination with Tomlinson-Haraslarprecoding (THP) pro-
vides high diversity on the downlink [9]. In a MU MIMO systenmeloying
MMSE precoding, if the user terminal is equipped with moranttone antenna,
the signal transmitted to each antenna needs to be precodedendently. This
results in a significant performance loss.

Using a modified MSE cost function, a successive MMSE (SMM@@Eyod-
ing and decoding functions were introduced in [10] and [td$pectively. SMMSE
does not have the dimensionality problem and provides higtray and diversity
gain than other similar MU MIMO precoding techniques lik&]19],[13], [14].
Although the techniques proposed in [15], like iterativgularized block diago-
nalization (IRBD), empirically achieve sum rate capacityhe broadcast channel,
extract full diversity gain, and very high antenna arrayngéey require very high
computational effort.

In this paper we introduce an iterative SMMSE (iISMMSE) pesrothat has
lower computational complexity than techniques that negmiultiple calculations
of the singular value decomposition (SVD), but still praasdvery good antenna
and diversity gain. At low signal-to-noise ratios (SNRsjlavhen the number of
antennas at the user terminals is greater than the numbertefreas at the base
station, ISMMSE approaches in simulations the sum rateaiypaf the broadcast
channels.

This paper is organized as follows. In Section 2 we introdaddU MIMO
system model. In Section 3, we describe the MU downlink syséed the pre-
coding techniques that will be compared. In Section 4, wegntthe results of
simulations. A short summary follows in the Section 5.

2 System model

We consider a MU MIMO downlink channel, whekér transmit antennas are lo-
cated at the base station avig, receive antennas are located atith@ser terminal
(UT),i=1,2,...,K. There areK users (or UTs) in the system. The total number
of receive antennas is ‘
Mgr = ZI\/IR.
i=
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A block diagram of such a system is depicted in Fig. 1.

We use the notatioMg,,...,Mg,} x Mt to describe the antenna configura-
tion of the system. First, we assume frequency flat slow fadimnnels. In case
of frequency selective channels, we assume transmissiog @&~DM where the
same MIMO processing is performed on each subcarrier. leeMMMO channel
of useri be denoted all; € CMr Mt Then, the combined channel matrix is given
by

H=[H] H] .. Hf ] ecMM 1)

The data vectorgy, € C"*% k=1,... K, for theK UTs are stacked in the vector
x=[xI,...,x¢]" € €L The received vector is given by

y=G(HFx+n) 2
where
y=[¥] - yk]Tec
is the received data vector,
n=[nl - n]"ec¥

is the stacked vector of the zero mean additive white Gaussigse at the input of
the receive antennas. The joint precoding and decodingaesatare denoted by
andG, respectively.

Let us define the joint precoder matrix as
F=[F1 F, -~ Fyx]ec"™ 3)

whereF; € CM =" is theit" user's precoder matrix. Moreover,
K
r= eri <rank(H) < min(Mg,Mr)
i=

is the total number of the transmitted data streams, wheyéathe number of data
stream sequences transmitted toitAeiser.

3 lterative SMMSE transmit filter

The precoding matri¥ is designed in two steps. We separate the multi-user inter-
ference (MUI) suppression and the system performance @attran. In the first
step we balance the MUI suppression which is achieved bycneguhe overlap
of the row spaces spanned by the effective channel matricdifferent users and
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Fig. 1. Block diagram of multi-user MIMO downlink system.

any MIMO processing gain which requires that the users useuh as possible
the available subspaces. In the second step we optimizeystens performance
assuming parallel SU MIMO channels. Thus, the precodingirmiat equation (3)
is rewritten as

F =BFa-Fy, (4)
where
F,= [ Fa1 Fa2 FaK ] c CMTXMX’
and
Fp,, O 0
0 F 0
Fo=| . .7 e CMr,
0 0 - Fpy

with F5 € CM™Mx andFy, € €M, My, <r, andMy = 5, My, depending on
the specific choice of the precoding algorithm. The maixis used to suppress
the MUI interference first, and then the matfy is used to optimize the system
performance according to a specific criterion assumingttteeU MIMO channel
has been transformed into a set of parallel SU MIMO channite parametef

is chosen to set the total transmit powePjo

The successive MMSE (SMMSE) precoding filkeg is derived from the linear
transmit MMSE precoding optimization by neglecting the walitcontribution of
the elements of one user's channel matrix to this users’ Miifice each user can
coordinate the processing over all of its antennas, we carbte the signals of
different spatial streams transmitted to one user in omlextract higher diversity
and array gain. The interference of other co-channel usettset signal arriving at
theit" user’sj" antenna is suppressed independently from the other arstexttae
same terminal. This is done for each antenna at the samesasgnal successively.
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The iterative SMMSE filter exploits the fact that all usersrad transmit data over
the entire available subspaces. The other co-channel naarghen transmit in
this unused subspace in order to improve the performandeoutitcausing any
additional interference.

Therefore, thgth column of theit" user’s precoding matriky in thel™ itera-
tion, corresponding to th& user'sjt" receive antenna, is equal to the first column
of the matring‘)j which is obtained from the following optimization

b 2
FS), B

N T
FO :argmlnE{"H§7ng?j;('3 _;<7',->ng+w} (5)

such tha3?||F4F bx\@ <Pr, Vi,j. The matrixﬁi(’lj) and the vectoii(]j) correspond-

ing to theith user's,i = 1....K, jth receive antenng,= 1,...,Mg, are defined as

B NT |
h.(f 4(71)
HY z

(I : o :
Hi(’j)z HY, ,andzi(ﬁj): 2

H | |
i(+)l Zi(+)l
.I ZI

wherehi('j) T is the jt" row of theith users channel matrid" € €M and zi('j)

is the j'" element of the'" user’s vectorzi(') € C"*1. The elements of the vector
zi(') are zero mean, unit variance i.i.d. complex uniform randariables. The
elements of the vectam are zero mean complex Gaussian random variables with

variancec?. Note that the vectorzi(') = ng)xi, i =1,...,K, are theit" users

encoded data. The statistical properties of the elememtsao;fectorzi('), in general
depend on the matriESi). However, when we generate matridég) we assume
that the matriceﬁgi) are unitary. This assumption is true if each user is recgivin
independent data streams over all of the receive antenm#isatl case the statistics

of the elements of the vectozg) are the same as the statistics of the elements of
the vectorsx;.

Theith user’s equivalent channel matrix in tH8 iteration is equal to:

H(|) :U-(ri) (1-1) HHi (6)
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WhereUi(”) (=Y contains the first; vectors ofU i('_l) which is obtained from the
following SVD

HEI-D g -Dgl-y (-0 H 7)

The firstr; vectors ofUi('*l) correspond to the; strongest singular values of
HiF$ Y. In the first iteratiorH® = H; andZ® e cMr 1,

The columns in the precoding matr5<g), each corresponding to one receive
antenna or data stream, are calculated successively. Tresponding column of

the precoding matriFg) is equal to the first column of the following matrix:

) - (A < an, ) HD ®
The parameteq is equal toar = 62K /Pr.

After calculating the precoding vectors for all receiveamtas in this fashion,
the equivalent combined channel matrix of all users is etqudIFg) € CMRXT after
the precoding. For high SNR ratios and whdg < My, this matrix is also block
diagonal. We can now apply any other previously defined SU Mitdchnique on

thei" user's equivalent channel matik; Fg).

Thus matrice§b(i'), i=1,...,K, are equal to [16]
FY =vle! ©)

where the matri¥ i(') is obtained from the SVD given in equation (7) and the matrix

CDi(') is a diagonal power loading matrix which depends on the fipetioice of
optimization [16], [8], e.g., maximum information rate, mmum MSE, minimum
bit error rate (BER), etc.

4 Simulation results

In this section we compare the performance of a system enmgjdiie precoding
technique introduced in this paper to SMMSE, SMMSE THP [11d 8D [12].
To this end we simulate a purely stochastic spatially whitanmelH,, and the
second is a frequency selective MIMO channel with a powexydetofile as defined
by IEEEB02.11n - D with non-line of sight conditions [18]. 8klements of the
channel matrices on each subcarrier are zero mean, urdinggricomplex Gaussian
variables. We assume data transmission using an OFDM syaterDFT sizeN =
64, a subcarrier spacing of 150 kHz and a cyclic prefix thihis= 4 samples long.
The data is encoded using a convolutional code ra24861 753) .. After coding

oct*
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the data is mapped using BPSK and QAM modulation. Coded ardllated
symbols are transmitted usimg = 48 subcarriers anblsymp= 2 OFDM symbols.
In the second channel model we also consider antenna d@rekt the BS
and UTs. Antenna correlation is modeled in the delay domsingithe Kronecker
model such that the channel of each usBfpath component is modeled as

)1/2 1/2

H/ Ry (10)

| [

HY = RG
whereH\(,bi) is a spatially white unit variance flat fading MIMO channeldimen-
sionMgr x Mr, WhereasR,%) and R(T'i) are receive and transmit covariance matrices
with tr (Rg)) = Mg and tr(R(T'i)) = Mr.

For the simulations we assume a scenario where the MS isuswied by a
rich scattering environment and the BS/AP antennas areaepdby less than the
coherence distance. These propagation conditions comdsi a cellular com-
munication systems typically characterized by a low angsgsead at the BS/AP.
On the other hand, the angular spread at the mobile is oftgrasge and thus low

spatial correlation can be achieved with relatively smaleana separation. Hence,

we can write
M+

T (A<'>*A<'>T)

and thel-th path ofi-th user channel is modeled as

RY = Iy, RY AT (11)

(12)

whereA!) € CMT*N s an array steering matrix containifgjarray response vectors
of the transmitting antenna array corresponding\tdirections of departure [19],
andH{,) € CM=*N is a spatially white unit variance flat fading MIMO channel.
First, we show the 10 % outage capacity as a function of the cdtthe total
transmit powePr and the power of additive white Gaussian noise at the input of
every antennag?. The capacity is calculated using the results on the capacit
of MIMO broadcast channels in [3]. We also present capaeiylits for a TDMA
system and the "dirty-paper” code (DPC) bound [20] as a coispa. From Figure
2 we can see that when the total number of antennas at the UEEsithan or equal
to the number of antennas at the base station, iISMMSE and S¥M&ride the
same capacity. SMMSE and iSMMSE have higher capacity thaatB&w SNRs.
However, when the total number of antennas at the user tatsiggreater than
the number of antennas at the base station, SMMSE expesiencapacity floor
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Fig. 2. 10 % outage capacity as a function of SNR.
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Fig. 3. 10 % outage capacity as a function of SNR.

lower than the capacity of a TDMA system. iSMMSE in this casavjgles higher
capacity than SMMSE and by increasing the number of itanative approach the
DPC bound at low SNRs as it can be seen from Figure 3.

In Figure 4 we compare the BER performance of iISMMSE to the RER
formance of SMMSE, SMMSE THP, BD and IRBD. iISMMSE providegh@r
diversity and array gain than nonlinear precoding techmi§"MSE THP and at
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Fig. 4. BER performance comparison of iSMMSE and SMMSE, SNBMI$IP, BD, and IRBD in a
system with the antenna configurati¢® 2,2} x 8.

high SNRs it approaches the performance of IRBD which is nmaoke complex.

In Figure 5 we compare the BER performance of iISMMSE with tldRBper-
formance of IRBD and SMMSE when the users subspaces sigrtificaverlap,
e.g., whenMr > Mr. As a reference we show also the BER curve for a similar
"genie aided” system where the users are assumed perfatiiggonal in order
to show the diversity inherent in this type of system. IRBDpauforms SMMSE.
However, iISMMSE has the same performance as IRBD at low SBR$icreas-
ing the number of iterations we improve the diversity gaithaf system and further
approach the performance of IRBD. At high SNRs and with mtestions, iS-
MMSE extracts very high diversity gain. Even with more itevas, iISMMSE still
requires less computational effort and energy than IRB2r&fore, a good perfor-
mance with relatively low complexity makes iISMMSE very attiive for practical
implementation.

5 Conclusion

In this paper we have introduced a novel linear precodingrtiegie iISMMSE.
SMMSE provides higher diversity and array gain than MMSE bgsessing the
co-channel interference to each antenna at one user tdrmndependently. By
iterating the closed form solution, we improve the array diwrsity gain, espe-
cially in case of high MUI when the total number of antennashatuser termi-
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Fig. 5. BER performance comparison of iSMMSE and SMMSE anBDRn a system with the
antenna configuratiof¥, 4,4} x 4.

nals is greater than the number of antennas at the basenstdtie performance
of ISMMSE improves as we increase the number of iteratiortsigis similar to

the performance of other more complex precoding technithetsrequire multiple
calculation of singular value decomposition. iISMMSE pd®s very good perfor-
mance regardless of the antenna configuration with relgtiesv computational
load and is therefore a very good candidate for practicallementation in the
future multi-user MIMO systems.
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