Vector Precoding for a Single-User MIMO Channel:
Matched Filter vs. Distributed Antenna Detection

R. de Miguel and Ralf R. Nller

Department of Electronics and Telecommunications
Norwegian University of Science and Technology
7491 Trondheim, Norway

Abstract— Convex vector precoding is proposed for
interference-free reception in single user MIMO channels
using either spatial matched filtering or distributed antenna
detection at the receiver. We use the replica method of
statistical physics to compare the large system performance
(in terms of transmitted energy vs. uncoded transmission
rate) of both the matched filter and the distributed detection
schemes. Using a convex quaternary alphabet we find that
distributed detection is most advantageous only when the
ratio of antennas at the receiver to that at the transmitter
is either smaller than 0.5 or between 1 and 1.22. Matched
filter detection is most advantageous for ratios greater than
2. In the two remaining regions the choice of precoding for
matched filter or distributed detection results in a tradeoff
between energy and transmission rate.

Index Terms—Single user MIMO, channel inversion,
zero-forcing, non-linear vector precoding, singular channels,
asymptotic analysis, replica method.

I. INTRODUCTION
In multiple-input/multiple-output (MIMO) channels in-

not posssible. However, this problem can be overcome
modifying the channel inversion process and applying a
spatial matched filter at the receiver.

Regardless of whether a spatial matched filter or dis-
tributed antenna detection is applied at the receiver,chan
nel inversion at the transmitter comes at an increased
transmission energy cost. One technique which may be
used to contain the transmit power while inverting the
channel is non-linear vector precoding (henceforth vector
precoding) [1], [2], [3], [4]- The vector precoding tech-
nique, outlined in Section Il, consists of extending the
input alphabets representing different information state
this permits the search for symbols which draw less energy
when transmitted with channel inversion. In [5], [6] we
used the replica method of statistical physics to analyze
different vector precoding techniques in asymptotic mul-
tiuser MIMO broadcast channels. In [7] we described
a channel inversion technique which allows for simple
matched filter detection in single-user MIMO channels;
this technique was proposed as an alternative to conven-

Sional channel inversion for cases when the number of

As thg}se transmﬁ,spnsl are d'.wt orthé)gk])onaél, yoiththey Oicféntennas at the receiver exceeds that at the transmitter.
over the same physical medium and bandwidth, Crosstalk |, s contribution we compare vector precoding for

becomes unavoidable. AS a result signal processing nee?ﬁatched filter and distributed antenna detection by a single
to be done at the receiver and/or transmitter side of th

e . ultiantenna user; we consider all transmitter to receiver
channel if significant data rates are t_o.be achieved. Ir:l:mtenna ratios, including those resulting in singular ehan
MIMO broadcast channel.s_the transmitting antennas afels [8]. We use the replica method of statistical physics
collocated and they can jointly generate and pre-proces analyze the performance (in terms of transmitted energy

the data st_ream_s to be transmitted. In contrast to _m_UIt'USQ/rs. uncoded transmission rate) of both the matched filter
channels, in a single-user MIMO channel the receiving an-

_...and the distributed detection schemes. Using the convex
ten_n_as are also c_oIIocated and they do have the poss'b'l'tgxtension for QPSK alphabets proposed in [5] we find that
of |J_|0|ntly progestsr:ng dat?' t of I ¢ . ith distributed detection is most advantageous only when the
_ rlowever, In the context of Iow COSt TECEVErS WIIN 45 of antennas at the receiver to that at the transmitter
limited processing power, it might be advantageous to Sh'st either smaller than 0.5 or between 1 and 1.22. Matched

:nors]t .Of the ﬁ!ggal prﬁfﬁssmg tlo thg Lrarlﬁmlttter S'd_ft' O_nﬂlter detection is most advantageous for ratios greater tha
echnique which might be employed by the transmitter in, -, yhe o remaining regions the choice of precoding for

prd(_ar to keep t_he receivers from domg_ any SIgnaI_processmatChed filter or distributed detection results in a trafleof
ing is channel inversion before transmission (provided thabetween energy and transmission rate

the transmitter has complete channel state information). .. paper is organized as follows. The vector precod-

If the number of fransmit antennas is larger than themg technique is presented in Section Il. The asymptotic

number of receive antennas, direct channel inversion iﬁwethods used to find the transmitted energy in the many
antenna limit are described in Section Ill. The results are
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finally presented and discussed in Section IV.
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I[l. VECTOR PRECODING 1) Distributed antenna detectionDistributed antenna

the f0||OW|ng vector equality: T and the operatof? are constructed as follows [5], [6]:

r=Ht+n, (1) Ht

-]
romp = 2L (B ©
wheret is the N-dimensional input to the channal,is VN\ N
a vector containing thd< received signalsn is a ran- 1
dom vector containing additive noise components, and the
complex channel matriK has independent and identically
distributed entries with zero mean and unit variance.
The transmitted vectot is a linear transformation of

R
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9
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|

(10)

Then the transmitted energy per symbol is given by

1ty — 1t
the information symbols (contained #j intended for the Kt = K™ x'Epx, (11)
K antenna elements at the receiver, thus we might write\yhere
-1
= HH'
t = Tx. 2 Ep = T%TD - ( N ) . (12)

In order to guarantee simple detection by the user-receiver
the transmitter, who has complete channel state informa- 2) Matched filter detection:When the state of the
tion, might constructl' such that the information symbols channel is known at both ends, then a complex data vector
in x can be received interference free (up to additive noisex containing/NVentries might be detected interference free
by a simple linear operatiof? on r: with a matched filter if the matrixT and the operatof}

are constructed in an alternative fashion [7]:

Or =x+ On. 3)
Using this transmission scheme, the transmitted energy per T T = HIH\ (13)
symbol is given by M=K ’
KTt = K 'x'Ex, 4 . 1
X “) Q- Q= H. (14)

where the energy metrik is given by

E— TtT 5 Under this transmission scheme, the transmitted energy per
- ‘ ®) symbol is given by

A. Channel inversion

_ _ K tTt = K 'x'E \ux, (15)
The K x K matrix HH' and theN x N matrix H'H
have rank given bynin {N, K'}. Even if the matrices are where _
rank deficient, channel inversion techniques might be used ; HEH 2
to transmit complex data vectors which can be constructed Epm =Ty Tm= ( K ) : (16)

in the min { N, K }-dimensional space spanned by either

of these matrices. In order to allow for the possibility B- Minimizing the transmitted energy

of inverting rank deficient channel-based matrices, the Although channel inversion by the transmitter eases the

transmitter might employ the generalized channel inversio task of detection at the receiver, it might come at the

technique outlined in the following. cost of a high transmission energy. The goal of the vector

When a matrixM is hermitian, as are both matrices precoding technique is minimizing the cost of the channel

under consideration, we might write inversion process,e. minimizing Eq. (4). For this purpose,

M — UAUT, (6) it is agreed between the transmitter and the receiver that,
although there must be a minimum distance between any

where U is unitary andA = diag(\1, \2,--- ;A7) is @ two symbols representing different information stateshea

diagonal matrix containing th&' eigenvalues ofM. We
might then define the pseudoinverseMdf as

M~ = UA1UT, @)

1- 5,\T,o>
’ AT+ €
- (8)
andd; ; is the Kronecker delta. Note thAti—* is nothing
but the Moore-Penrose inverse of the square mafix

where
1-— 5k1,0 1-— 5)\2_’0
M+e d+e’

A= lim diag(

state might be represented by more than one symbol.
This gives the transmitter greater freedom to construct
the information vectorx with symbols which faithfully
represent the intended information, yet they are chosen so
as to minimize Eqg. (4).

The i component of the vectok represents the in-
formation states;. The symbols which might represent
the states; are those contained in the sdt,. Then the
information vectorx is constructed such that € A,
where A = [], A,,. The transmitter chooses a symbol



% 30 1‘ /" - DD e=2«
2 D DN MF e=2
4
o
[0}
D20
2
g
(o]
“
- \\ i
510 S~
o8
> ‘,/
o - —_—
g —
g
= L L L L
0 0.5 1 ~1.22 2
(04
Fig. 1. Convex alphabet relaxation for QPSK. Fig. 2. Energy per transmitted bit vs. ratio of transmitter to

receiver antennas, for distributed antenna detection (blue curve)

representation in the spacé which can be transmitted and matched filter detection (red curve). In the shaded regions
free of interference at a minimum energy cost: there is a tradeoff between spectral efficiency per transmitting

antenna and energy per transmitted bit.

x = arg min K 'X'Ex, a7)

xeANS thermodynamicT—oc) system with temperaturg/3 [9].
where S denotes the span of the relevant matrix for theye might take advantage of this fact by using a thermo-
chosen transmission schemieg. the span of HH' for  gynamic approximationi.e. assuming that< and N are
distributed detection, or the spanif H for matched filter infinitely large, yet they have a finite ratio= K /N. This
detection. approximation allows us to make use of mathematical tools

If the symbol alphabets are discrete, theoan only be  imported from the statistical physics literature.

found performing an exhaustive search, which becomes | the thermodynamic limit the eigenvalue distribution
prohibitively expensive when the number of users is largeyf g is well defined and fully determined by the statistics
or the alphabet contains many symbols. However, if thef the channel matrif. A function which fully describes
alphabets representing the different information states a e eigenvalue distribution @ is its R-transform, denoted
con_vex, then efficient algorithms might be used to find theRE(,)_ The R-transform oEp was derived in [5]. Due to
optimal x. space limitations, the R-transform Bfy, will be presented
C. Alphabet relaxation for quaternary phase shift keying In @ later contribution. Using the replica method of spin
glass theory, they showed in [5] that the energy (18) is
fully determined by the eigendistribution df and the
information symbol alphabets; the reader is referred to

We consider now a source of information consisting
of four equiprobable states:, 7/, || and |T. When no
vector precoding is employed the entriesxirare usually - g
selected from the unit QPSK alphabets; = {1 + j}, Propo§|t|on Lin [5]. : . :

. . : An important assumption which was made in [5] was
Ay ={1-j}h Ay ={-1-j} and A = {-1+j} : -
. . . that known as thaeplica symmetry ansatpl0], which
We consider the convex alphabet relaxation shown in S

: : ; . we have shown to mimic finite size results for the convex

Fig. 1, which was proposed in [5]. For an analysis of the

. . Iphabet considered in this work [6], [7]. One should note,
probability that a typical such relaxed vector can be founcﬁowever that althouah renlica. Svmmetry vields asvmo.
in AN S the reader is referred to [8]. : gh rep y yy ymp

totically accurate results for convex alphabets, it fails
[1l. THE TRANSMITTED ENERGY to produce accurate results for alphabets relaxed onto a

The technique outlined in Section Il describes how toSuperlattice. While convex alphabets yield a single energy
minimize the transmitted energy while achieving simpleminimizing statex, extended lattice (or otherwise non-
and interference free detection by the receiver. In order t§ONVvex) alphabets may exhibit complex energy landscapes
obtain an expression for the transmitted energy using thi¥ith many peaks and valleys. This might cause different

transmission technique one might first note thak i 7- identical copiesréplicag of the system to become trapped
dimensional, the minimum transmitted energy per symboin different energy wells at low temperature. The replica
& might be written as method must then be employed invoking Pariséplica
: symmetry breakingcheme [11]. For a recent and novel
&= *571T7151LH;O In Z e PBx (18)  analysis of lattice alphabets based on replica symmetry
x€ANS breaking the reader is referred to [12]. For a thorough

The argument of the limit in (18) has the same formdiscussion of replica symmetry, the reader is referred to
as the expression for the Helmholtz free energy of acomprehensive literature on disordered systems [13], [14]
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Fig. 3.  Energy per bit vs. spectral efficiency tradeoff for Fig. 4. Energy per bit vs. spectral efficiency tradeoff for
1 > a > 0.625. As « gets close to 1 DD is evidently more 1.22 < a < 1.6. As « gets close to 1.22 DD is evidently more
advantageous as it allows the transmitter to use less energy at raalvantageous as it allows for higher spectral efficiency at no
cost in spectral efficiency. additional per-bit cost.

IV. RESULTS thata € (1,1.22), and switching to DD mode; this gain in
In order to properly compare, from the point of view rate would come, however, at a moderate additional energy

of the transmitter, the matched filter and distributed de4enalty per bit for the transmitter.
tection schemes proposed in Section Il, we introduce the

uncoded spectral efficiency, which is the number of _ _ _ _ o
bits per transmitting antenna. While for matched filter [1] R. F. H. FischerPrecoding and Signal Shaping for Digital Trans-
’ mission John Wiley and Sons, 2002.

detection (MF)e always equals 2, for distributed antenna (2] c. windpassinger, R. F. H. Fischer, T. Vencel, and J. Bbéfy
detection (DD)e equals2«. Figure 2 shows the energy “Precoding in multiantenna and multiuser communicatiot&EE

; ; ; Trans. Wireless Commuynvol. 3(4), pp. 1305-1316, 2004.
per transmitted bit (18) for both schemes as a function of[3] B. M. Hochwald, C. Peel. and A. Swindiehurst, "A vector-

a. When the ratio of antennas at the transmitter to that™ ~ perturbation technique for near-capacity multiantenna ioset
of the receiver is smaller than 0.5 only the DD scheme  communication-part II: Perturbation|EEE Trans. Commupnvol.

S, ; : 53(3), pp. 537-544, Mar. 2005.
allows for the possibility of constructing a typical vector [4] M. Joham. W. Utschick, and J. A. Nossek, “Linear transmib-pr

in S; analogously, only the MF scheme might be employed cesing in MIMO communication systems|EEE Trans. Signal
whena > 2. This issue is explored in detail in [8] where Processingvol. 53, no. 8, pp. 537-544, Aug. 2005.

. ; ; [5] R. R. Muller, D. Guo, and A. Moustakas, “Vector precoding for
it is shown that, for the alphabet under consideration, the wireless MIMO systems and its replica analySIEEE J. Select.

energy metric (5) must be at least half-rank. Areas Communuyol. 26, pp. 530-540, Apr. 2008.
When the ratio of antennas at the receiver to that at the[6] R. de Miguel and R. R. Mller, “Real vs. complex BPSK precoding

transmitter is between 1 and 1.22 greatés achieved by for MIMO broadcast channels,” ifProc. of IEEE International
Symposium on Personal, Indoor and Mobile Radio Commuoicati

the DD scheme at a lower cost in energy per transmitted  (piMRC), Cannes, FrangeSept. 2008.
bit. However, in this range, the DD scheme has a slight [7] —, “Convex precoding for vector channels in high dimems,”

probability of failing to find a vectorx in AN S [8]; '(TZF;’)OCZL%EESEVJE‘;Z;?:;&‘ZL Hzrggssemi”a’ on Communications

nevertheless, this probability is small and perhaps tblera [8] V. Gardasevic, R. R. Mller, and F. F. Knudsen, “Vector precoding
in systems with subsequent error control coding. for singular MIMO channels,” inProc. of IEEE International

i ; Symposium on Information Theory and its Applications @$|T
In the two remaining regions, namely5 < a < 1 Auckland, New Zeelandec. 2008.

and 1.22 < a < 2, a tradeoff situation occurs in terms (9] w. Greiner, H. Stocker, and L. Neisghermodynamics and Statis-
of energy per transmitted bit vg. However, one must tical Mechanics (Classical Theoretical Physics)Springer, 2004.

; e v [10] D. Sherrington and S. Kirkpatrick, “Solvable model of@rsglass,”
be careful whenv is too close to 0.5 (only DD is viable Phys. Rev. Lettvol. 35, 1975,

in realistic finite channels) or too close to 2 (only MF is [11] G. Parisi, “The order parameter for spin glasses: a fanan the
viable) [8]. When these two critical subregions are avoided, interval 0-1,"J. Phys. A: Math. Genvol. 13, pp. 1101-1112, 1980.

; ; ; [12] B. M. Zaidel, R. R. Miller, R. de Miguel, and A. L. Moustakas,
the £ to e tradeoff, shown in Figs. 3 and 4, is rothIy “On replica symmetry breaking in vector precoding for the Géars

exponential. MIMO broadcast channel,” ifProc. of Forty-Sixth Annual Allerton
Depending on the priorities and resources of transmitter C?FfeiﬁnﬁesgnsCom%térgcation, Control, and Computing, Mont
; ; ; ; ; cello, IL, ept. .
and rece!ver' kil tra(_jeoff Sm{atlons might be of Inter._PS] V. Dotsenko,lntro%uction to the Replica Theory of Disordered
est. For instance, looking at Fig. 2 we can see that, i Statistical Systems Cambridge University Press, 2001.
the receiver has only slightly more than twice as many{14] H. Nishimori, Statistical Physics of Spin Glasses and Information
antennas as the transmitter, then some rate might be gained Processing (international Series of Monographs on Physidd)

. . Oxford Science Publications, 2001.
by turning off roughly half of the receiving antennas, such
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