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Abstract—Upcoming multi antenna systems such as 3GPP- offers high spectral efficiency at reasonable computationa
LTE employ code book based multi-mode precoding in order complexity. Considering the combination of MIMO-OFDM
to adapt to a wide range of channel conditions. Link adaptaidn, — anq precoding another problem arises: the typically fraque
which includes the selection of precoding matrices, the nubrer of - . . . .
spatially multiplexed layers as well as modulation codingchemes s_electlve Chann.el requires d'ﬁerent, precoding matrices a
is a crucial task, carried out by the receiver. In this contribution? ~ different subcarriers. Thus, the required amount of feekiba
we propose link adaption based on the measure of mutual significantly increases. The central idea to counteract the
information between the channel input and the linear deteatr  feedback increase is to exploit the frequency correlatibn o
output and evaluate the behavior of the proposed algorithmn 16 \yireless channel by feeding back code book indices only
spatially correlated and uncorrelated propagation scenaios. The . . .
results highlight the importance of proper link adaption in order 01 @ SUbset.Of subcarriers. PFGQOdIng can be carried out e.g.
to mitigate the impact of spatial correlation. by interpolating between precoding matrices at the trattemi

[5] or by applying a single precoding matrix to a cluster of
I. INTRODUCTION subcarriers [6].

Multiple-input multiple-output (MIMO) systems theoreti- Upcoming wireless communications standards such as
cally provide considerable gains regarding achievabkeaatl 3GPP-LTE [13] transfer important ideas of the work in [3]-
robustness as compared to single-input single-outputdB1S6] into practice. In particular, 3GPP-LTE combines MIMO-
systems [1]. If perfect channel state information (CSI) i®FDM, multi-mode precoding and rate adaptive, per spatiall
available at the transmitter, the water-filling strategg baen multiplexed layer coding in the downlink of the system. It is
shown to be capacity achieving [2]. However, if up- anehe receivers task to select a single number of spatially mul
downlink of a wireless communication system are realizafplexed layers for all occupied time-frequency resouraed
in frequency division duplex, CSI may only be available ahultiple precoding matrices which are applied to clusters o
the receiver since channel reciprocity cannot be assumeghe-frequency resources. Jointly selecting the set afquting
This problem can be addressed by introducing a (finitenatrices, the number of spatially multiplexed layers ana th
rate) feedback channel which enables channel adaptivalsigmodulation coding schemes (MCS) such that the users data
transmission. Recent research aimed at reducing the amauité is maximized and at the same time a certain maximum
of feedback and a frequently proposed method is to letror rate constraint is fulfilled is a problem which, to tresb
the receiver select matrices employed for precoding at tbethe authors knowledge, has not been treated so far.
transmitter out of a finite code book and feedback only the The contribution of this work is to derive an algorithm
code book indices. Code book design as well as precodiich, given a precoding code book and a set of available
matrix selection criteria for spatial multiplexing with &did MCS, solves this problem. We therefore introduce the measur
number of spatially multiplexed layers have been studied mutual information between the discrete channel input,
in e.g. [3] in the context of uncoded transmission over @awn e.g. from a MQAM constellation and the output of
narrow band channel. The results in [2] already indicaté¢ thie linear detector in a MIMO-OFDM system as performance
allocating the transmit power to a fixed number of spatiallneasure and apply this measure in order to select the three pa
multiplexed layers is clearly suboptimal. The work in [4fameters of interest. Attention is payed to implementasiod
addresses this problem by introducing multi-mode preapdicomplexity aspects. The remainder of this work is organized
where the number of spatially multiplexed layers as well &g follows: In Section Il we model the observed system. In
the precoding matrices can be adaptively chosen. Section Il we derive the link adaptation scheme and disitess

Modern communication systems typically employ a larggerformance in Section IV before we draw concluding remarks
bandwidth in order to satisfy the data rate demands. im Section V.

particular the combination of MIMO techniques with cyclic

prefixed orthogonal frequency division multiplexing (OFDPM Il. SysTEM MODEL

A. General Transmission Setup
1The authors acknowledge the excellent cooperation witlprallect part- . . .
ners within the EASY-C project and the support by the GermadeFal We consider a MIMO-OFDM system withV; transmit

Ministry of Education and Research (BMBF). and N, receive antennas. The transmission is organized in



requency (emoroee AGFRIEC 0 8 e a set A" of |A7| = 2N+ constellation points (e.g. a QAM
(YYW constellation) and[|z;|?] = 2 holds. Note that the system
' S oFoM supportsm € {1... M} different modulation schemes. Each
vector transmit symbat? = [2} ... 2}, " is mapped onto the
1 spatislLayer, N transmit antennas by a precoding mathi} € CNex

A 11““3_ which is chosen from a code bodky, with Ny y, entries.
SRSy S L Y The indexj € {1...Nw n,} denotes thej-th entry in the
Precoding Matrix 1~ Precoding Malrix Ne code book. The same precoding matrix is employed for a

Fig. 1. Precoding and MCS configuration in the time-freqyesmace plane complete resource cluster but different precoding marien

be applied to different resource clusters. Finally, allcoaing
frames, each composed out of a number of subcarriersEﬁ:'ﬁﬁ;@riﬂgfeig?\sqIE) k‘e;f tphis‘jm t;ansm't power canstan
frequency- and a number of OFDM symbols in time direction 9 . ! ¢ Ef] i% 7] — 9a: .
In cyclic prefixed OFDM the transmission over the wireless

as sketched in Fig. 1. A number of adjacent subcarriers iﬂannel is conveniently modeled in frequency domain by the
all OFDM symbols within a frame is allocated to a user fof Y q y y

transmission. The users time-frequency resources arepg(butﬁ)g;dlfrcr:iSOfr;hiitrfsn;:g Itt til(gerllglnV\ilr:ho:‘hti:?ii:]:?jlotr?;ifiﬁﬂe
in N¢ resource clusters as shown in Fig. 1. The &gt ) q 9

contains the time-frequency indices of all resources atied %ﬂilsfhéersepc%?\f: ddf(r)ssuggi egf)?ne:mths? CyIC“C gfﬂf ::ngth'
to a user and the sé?, the time-frequency indices in the ’ q y gyal €

a-th resource cluster. A forward error correction scheme t@ined from: P _ HPWP P 4 P (1)
employed and each codeword spans over a single spatially Y= JX TV
multiplexed layer and all time-frequency resources alieda Fir

to a user. The number of spatially multiplexed layers atela H? ¢ CN-*N: denotes the MIMO channel matrix with jointly

for transmissionV, € {1... min{N;, N,}} as well as the mplex Gaussian distributed entries with zero mean antd uni

corresponding MCS are selected by a link adaption unit \?/igriapnce The vectop” € CN-%1 denotes complex additive

the receiver and fed back to the transmitter. . C ) < . P .
white Gaussian noise (AWGN) with zero mean and covariance

B. Signal Model matrix E[vvfl] = o2Iy,. The signal-to-noise-ratio (SNR) is
The equivalent base band frequency domain system moflgfined bySNR = o3 /7.

is sketched in Fig. 2. The vector of binary information bits The received signal vectgr” is fed into a MIMO detector,
which computes log-likelihood ratios (LLR) required for-de

coding. In this work we consider a minimum mean square
b, 1y, A ; _ >dua

Enc1 H Part1 HModl }—» error (MMSE) linear detector (see Section II-C) which is
: X

Linear likely to be applied in practice due to its robustness and low
Prec.

computational complexity. In the remainder of the paper we
by A uy ’chv B it the time-f indep wh it is clear from th
EncNI ¢ part, ¥ Mod, omit the time-frequency index whenever it is clear from the
i context.

I WT‘ ~~o
Link @iﬁ%ﬁ - C. Linear Detection

MCS, N,

Adapt. P
@131 Mooe1 qu unae:r jg_? Estimqtesi Qf the trans.mitted.signai are obtained from
e &‘«' Dot the received signay by a linear filter operation
: I,
- = 4 s (UB,, =
@4}3 DechN,| i UN, x=Gy=x+V (2)

. where GYB denotes the unbiased Wiener filter [7]

1 1
GYB = dia {—
g T Tn,N,

Fig. 2. Base band system model

b; on spatially multiplexed layérl € {1...N;} is encoded }G’ T=GH (3)
with code rateR; resulting in a vector of coded bits;. Sub-
sequentlyu, is partitioned into blocks] = [¢]; . ..c‘ZNb l)] )
which are associated with the time-frequency ingex P,,. G (ﬂHﬂ n 0—31 ) fH
Each block containgv, () encoded bits. A modulator assigns - o2 Ni ’
each block of bits a complex valued symbef: — =} out of

and the (biased) Wiener filter matrf® is given by

(4)

For complexity reasons we will solely consider the filterpuit
2Boldface letters denote matrices and column vectors. Ndettars denote z;In Qrder to obtain information about the Chann?' mpzy._t
matrix elements or scalar valugss, Pr{], B[], (), diag{-}, || - || and|-|  Effectively, we treat the MIMO channel after the linear filte
denote the identity matrix of dimensiof x A, a probability, the expectation gneration as a set a¥; mutually independent channels with

operator, complex conjugate matrix transpose, a diagoratixmcomposed . . Lo . SO
additive complex Gaussian distributed disturbapoeith zero

from a vector, the column norm and the cardinality of a sether absolute ; ) i
value of a number respectively. mean and vanancegl which models the effect of residual



spatial interference and AWGN. The effective noise vamanenutual information between a channel input vectoend a

agl at thel-th detector output can be computed by [7]: detector output vectax at a single subcarrier simplifies to
1 1 1 Ni
7 e (sexit) = Y1 (s
2 27T, -1 I (x;x|H = I(Z;x|H). 9
o5 0% [(HHH—i— Z_élNz) } X x| D g Ty 2 9)
v 11

We define the post detection signal-to-interference-nEte gi?‘firggzg F;)aerttw%ferl?qthég()anct?: beofe;(hperel?r?:gr ISIt;(arr?jtP ftthe
(SINR) of thel-th effective channel b§IN R, = 02 /o2 . The Py pu

o . . ) - Pl and the conditional entropy of the linear filter output given
probability density function of the filter outpdt conditioned the channel input; [9]:

on the channel input; and the MIMO channel matrix
can be approximated with the complex Gaussian probability [(jl;mlu:l) - H(jl|I:I) _ H(jl|ml,1:1) (10)
density function (pdf) as follows _ ) _

Given that each element in the s occurs with the same

! 121 — 2" robability: Pz = /] = 1/]A7| = 2~ v 2 € AT the
pil|xl=ﬁ =~ —QGXp - |- (6) p ’ y: l i 1 1 ) 1 1
a3, G entropies are defined by
Note that Eqg. (6) becomes accurate if the conditidhs— oo 1

or z; € CN(0,02) hold. Without a priori information about ~ H(Z:[H) = — A <
the transmitted bits, the LLRs, required in the decoding,ste !

; (11)
can be approximated by [7]: 1 -
1 2 [ Pa o | g 2 Pae i | 45
L(ci4|7) = max { = |2 a:§|2} max {} (7 s €A C oy €A
zie Al 95, zie A} and
In (7), A5 denotes the set &V*(V—! symbols for which the . . 1 .
i-th bit takes the value-1. H(&|z, H) = — | A z; /pfl%ﬁlOgQ (sz”x;,ﬁ) diy.
-E/E m C
II1. LINK ADAPTION Y (12)

Task of the receiver side link adaption unit is to select From Eg. (11), Eq. (12) and Eq. (6) we obtain (see e.g.
three parameters for feedback to the transmitter: the nuofbe [10]):

spatially multiplexed layers, the set of precoding magiaad I | m 1
a MCS per spatially multiplexed layer. The selection is iegr I(z1;2:|H) =~ log, (|A"]) — |A"| X
out such that the users data rate is maximized and a certain
maximum error rate constraint is fulfilled. We will first rew L. / 2|~ 2
X E |lo exp| — +x - -
how the channel quality of an MIMO-OFDM system can be ,;mﬁz 92 x,;m p( a%l o+ = 27 [l
1 1

measured in terms of mutual information, then proceed with 13

mutual information based MCS selection before we combifgyte that Eq. (13) only depends pwith known variance2
both and derive a method which allows to jointly select thgng a specific modulation scheme wiiliz;|?] = o2. Thuvs,

three parameters of interest. I(Z;2;/H) is solely a function of the post detection SINR
A. Mutual Information of MIMO-OFDM Systems with Linear ~ (denoted byI(SINR;)) and can thus be efficiently imple-
Receivers mented e.g. by means of Monte Carlo methods or numerical

Throughout the mutual information analysis we assume @egraﬂon and stored in a lookup table. It is emphasized th

infinite OFDM frame length and a block fading (frequencx 1‘ (rii?[fala?n?gr?r:g)t(imagzgV\{QIiﬂglgssslﬁrggig:doefrecsgrt:plex
zilr?gs\/:ncg?gﬁ? r;gaer?nl\i:)’ rtle‘s\./gr]svggzgzi ed%eliug?&?r:gggussian distributed noise at the linear detector output.
pendent transmit vectorss and transmission free of crosstalkg, Mutual Information based MCS selection

between different subcarriers. With those assumptionfer(re
to [8] for a more detailed discussion) each subcarrier can
be treated independent of other subcarriers and the mutg
information of an OFDM frame equals the average mutug
information of its subcarriers. Similarly, observing thhie
elements within a transmit vectar are mutually independent
and that the linear detector neglects any statistical dibgrary
between different spatially multiplexed layers at the dete
output, i.e.

The error rate performance achievable with a certain MCS
}he SISO-AWGN channel is a function of the SNR which
n be evaluated offline and stored in an error rate lookup tab
receiver or transmitter. Thus, given the SNR at the receiv
the transmitter can directly access the lookup table aretsel
the MCS which on the one hand maximizes the data rate and
on the other hand guarantees a certain maximum error rate.
In case of a MIMO-OFDM system the set of post detection
SINRs at thel-th detector output can be computed at the
(8) receiver for allp € P,, i.e. all time-frequency resources

N,
p)’(x.- = pi z;,B . . . .
Hip 1131 tee H occupied by a code word, using Eq. (5). Typically, in a



frequency selective channel, those SINR values will also bgaximizes the average mutual information:

frequency selective. Thus, a mapping function is required —

which maps the frequency selective SINR values to a single Jn, = arg ”}ax{fzvl,j} (16)
equivalent SISO-AWGN-SNRIN Rmap:) at which the same o o ) )
error rate performance is achieved. Several mapping fomsti Note that it is sufficient to carry out the precoding matrix

have been discussed in [11]. It turned out, that the measdfeection (Eq. (15) and Eg. (16)) for the modulation scheme

of mutual information leads to the most accurate results ¥&h the highest cardinality available in the system sirtee t

compared to other approaches. The mapping function canSsdected precoding matrix is inherently also optimal foy an
stated as follows: modulation scheme of lower cardinality. By applying this

strategy, the optimal precoding matrices can be selected fo
1 SINR, each resource cluster and ea¥h _
. ection of IV; an n order to selec 1 Whic
|7>|ZI 3 (14)  2) Selectionof N; and MCS: In order to select thé/; which
“ maximizes the users data rate first consider a toy exampie wit

=1
where I(-) refers to Eq. (13) and—!(-) to its inverse. The the paranjtlatersz,\fl €{l2h No=1-0 g = 5b/sl/HZ and
parametep in Eq. (14) is a MCS dependent calibration factol¥t = 2 I3 1 = 5.3b/s/Hz wherel = 1 contributes 4.8
During the calibration process (refer to [11] for detailshas Pit/s/Hz andl = 2 contributes 0.5 b/s/Hz. Deciding fav; =
been found tha3 = 1 is convenient for most MCS if e.g. 2 only based on the measure of mutual information without
a turbo code is employed. Eq. (14) is computed for e verifying that there is a MCS available which supports ehg. t
modulation schemes available in the system. Subsequéetly oW rate atl = 2 might cause an erroneous transmission on
MCS which offers the highest data rate and fulfills the errdpe second spatially multiplexed layer and thus cause arlowe
rate constraint can be selected by comparing (14) for edé@ta rate withV; = 2 as compared toV; = 1.
modulation scheme with the SISO-AWGN error rate lookup A Simple method to counteract this problem is to test which

SNRmanl = 6171

PEPu

table. of the available modulation coding schemes is supported on
each spatially multiplexed layer for eaéf) using the method
C. Joint Selection of N;, Precoding Matrices and MCS introduced in Section IlI-B. Again assume thit is kept fix.

_ o . _ . Note that the optimal precoding matrices for ti\atas well as
A multitude of criteria for selecting precoding matricéshe associated post detection SINRs are already availBjle.
and the number of spatially multiplexed layers has be%mputingSNRmapl (Eq. (14)) for each available modulation
studied in [3]-[6] in the context of uncoded transmissiochemen ¢ {1.“M} and comparing it to the SISO-AWGN
However, they cannot be applied straight forward since th&,or rate lookup table the highest supported code ]f%@?z

link adaption problem considering coded transmission &ed tor each modulation scheme can be selected. The modulation
system setup introduced in Section Il is quite different. Ofheme which maximizes the data rate is

the one hand different precoding matrices can be selected at .

different resource clusters. On the other hand the number of My, = arg njnax{ N, % 10g, (Agn)} : 17)
spatially multiplexed layersv; has to be kept constant for all .

resource clusters allocated to a user. Particularly thetcaint Consequently, the maximum data rdbs;, achievable with a
that the MCS can typically only be adapted with a certaigertainV; is

granularity has to be taken into account when deciding about N,
N; as will be subsequently shown. ijl = ZRWM x log, (A") (18)
1) Selection of Precoding Matrices: Assume for the mo- 1=1 ’ m=mn, 1

ment thatV; is kept fix and that the precoding matrix optimal N . .
in terms of the average mutual information of th¢h resource and th.eNl which maximizes the data rate can be chosen
cluster shall be found. The link adaption unit therefore toas according to
compute the post detection SINRs for the spatially multipte . N
layers! = {1...N;}, all time-frequency indicep € P, and N, = arg TvaX{ZDNL,z}
each precoding matritW;, j € {1...Nw,n,} using Eq. " li=n
(5). These SINR values are denotgdN Ry, .. Bearing in  The complete algorithm in pseudo notation is stated in
mind the discussion in Section Ill-A, those SINR values camligorithm. 1 and the results are highlighted in gray.
be employed to compute the average mutual information at
the a-th ressource cluster by using Eq. (9) and Eq. (13) D. Implementation and Complexity Aspects
X N The algorithm basically requires two components: 1. Com-
Fa a,p plex valued matrix multiplications and inversions for the
Nud =P, Z Z HSINEN)- (15) computation of post detection SINR values (Algorithm 1elin
6) and 2. Lookup table operations which assign a mutual
Eq. (15) allows to compare the performance with differemformation value to the corresponding SINR value (Aldmit
precoding matrices and the precoding matrix is selectedtwhil, lines 9 and 15), whereby the first component is considered

(19)

pEP, 1=1



Algorithm 1 Algorithm for Link Adaption

1: for Ny =1...min{N;, N,.} do

2:

fora=1...N¢g do

IV. PERFORMANCEEVALUATION
A. Smulation Setup
We consider the downlink of a cellular system with = 2

i forfojr_ ép ]\(;vc;”Nl do and N, = 2. The wireless channel is modeled by the typi-

5 fo]i ! :“1 N do cally urpan (TU) channel model [15]. We account fqr spat.ial

6: compu.t.e.SﬁVRa’p Eq. (5) _correlatlon with _the Kronecker mt_)del (refe_r to the discossi

7' end for Npbgr = in [12] for details). The correlathn coefficienis bereen _

8 end for antenna elements at_ the base station (BS) and mobile tdrmina

° computeTa . Eq. (15) (MT) are chosen withogs = putr = 0 (uncorrelated case)
Negr =7 and pgs = 0.3, pur = 0.9 (correlated case [16]). The main

10: Jy, = arg max{[ N, J} system parameters were drawn from the 3GPP-LTE standard

11: end for ! [13], [14]. The sampling rate and subcarrier spacing ar8 7.6

12:  end for MHz and 15 kHz respectively. A frame is composed of 14

13: forl=1...N; do OFDM symbols and 512 subcarriers per OFDM symbol. In

14: form=1...M do the example setup an user is allocated 120 adjacent sudrsarri

15: select RW;J , Section III-B grouped into 10 equally sized resource clgsters. The fatlgw

16: end for MCS (a parallel concatenated turbo code is employed [14]) ca

17- T, = arg maX{RT]G , x log, (A'lrn)} be selected: 4 QAM an& = {1/2, 2/5, 1/2, 417, 2/3, 3/4, 4}5

18 end for7 m v 16 QAM andR = {1/2, 4/7, 2/3, 3/4, 4/3, 64 QAM andR =

19: Dy — ZNL max{Rm « log (Am)} {417, 213, 3/4, 4/5, 0.85, 9/1pw.r.t. a target code. Worq error

20: end fcl)r =1 Nt 2\ rate (CWER) of10~2. A small code book as defined in [13]

is employed, namelg; with six entries which are columns of
scaled unitary matrices ifi; with three entries. Throughout
the discussion we assume perfect CSI at the receiver, perfec
synchronization and static MT and BS, i.e. a constant wseele
channel within a frame.

21: N, = arg rpvax{Zf\Ql le,z}
1

most complex in hardware implementation. Keeping in minB. Results

that the channel coherence bandwidth covers a large numbef) complexity: The delay spread of the TU channel model
of subcarriers in typ|Cal OFDM SyStemS the algorithms COI’T]IS Td o 05”‘9 and the coherence bandwidth can be approx_
plexity can be significantly decreased. One possible $yatqmated by B, 5 ~ 1/(5T;) = 400kHz. Thus it would be
would be to compute the post detection SINRs not at evegjficient to consider only a single subcarrier in each resso
subcarrier in a resource cluster, but only in frequencyisigac cluster (P, = 1) in the link adaption scheme. With
of the channel coherence bandwidth which reduces botRe aforementioned system setup, the algorithm requiess (s
the number of matrix inversions and the number of lookugection I11-D): Ngwr = 90 post detection SINR computations,
table operations. Defining the s&, .4 Which contains the nr.¢ — 270 lookup table operations for precoding matrix selec-
time frequency indices in the-th resource cluster with a tjgn and Nsyg,,, = 90 lookup table operations for computing
certain spacing in frequency direction, the number of pogfe equivalent SISO-AWGN-SNR per OFDM frame.
detection SINR computation&/sing, the number of lookup  2) Performance Results: For performance assessment we
table operations for the precoding matrix selectidps and compute the average rate for a spatially uncorrelated @ig.
the number of lookup table operations required to compui@d for a spatially correlated propagation scenario (F)g. 4
the equivalent SISO-AWGN-SNR/s\r,,, Can be stated as  Both plots show the achieved average rate with the proposed
link adaption scheme. For comparison we also plotted the
average rate achieved without precoding by always empdpyin

min{N¢, N} Nei two spatially multiplexed layers and adapting only the MCS
Nsne= Y ICx| % [Pared as described in Section IlI-B. Those rates will be referred
Ni=1 a=1 to as ’'achieved rates’ in the following. In order to mea-
min{ N¢, N} min{ Ny, N7} Noi sure the performance without the impact of suboptimal LLR
Nps = Z ICn, | % Z Ny x Z |Pa.red (20)  value computation and suboptimal encoding/decoding, e al
Ni=1 Ni=1 a=1 computed the average mutual information (MI, see Section
min{N¢, N7} Noi [11-A) achievable by transmitting 64 QAM modulated symbols
NsNRyap = Z Ny XZIPa,redl X M. over the effective channel which includes the selected
Ni=1 a=1 precoding matrices. Finally, for comparison we also coragut

the average MI with gaussian signaling and spatial wategill
[2] independently carried out for each subcarrier as an uppe
An illustrative example will be given in Section IV . bound.



2 x 2, TU channel, spatially uncorrelated 2x2, TU channel, spatially correlated
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Fig. 3. Average rate versus SNR without spatial correlation Fig. 4. Average rate versus SNR with spatial correlation

Regarding the spatially uncorrelated case it can be obgervéell. Numerical results stress the importance of propek lin
that the achieved rate without precoding in the low SNRdaption and demonstrate gains up to a factor of two in terms
regime (SNR ={0dB...10dB}) is only 40% - 80% of the of achieved rate compared to not applying adaptive pregodin
achieved rate with precoding which is mainly enabled by
switching the second spatially multiplexed layer on or off.[l] 6. Foschin and M. Gans. “On Limits of Wireless Commuiias
This effect becomes neglig?ble with an_ further increasingRs in'a Fading Environ.ment Ljsing Multiple Antenna$iireless Personal
Under the impact of spatial correlation an even larger gap Communications, vol. 6, pp. 311-335, 1998.
between the achieved rate with and without precoding can @ |- Telatar, “Capacity of Multi -antenna Gaussian ChasfieEuropean

Transactions on Telecommunications, vol. 6, pp. 585-595, 1999.
observed. Below an SNR of 5 dB the target CWER could n ] D. Love and R. H. Jr., “Limited Feedback Unitary Precaglifor Spa-

be met without precoding. In an SNR Range from 5 dB to 15 * tial Multiplexing Systems,1EEE Transactions on Information Theory,

dB only ~50% of the achieved rate with precoding is achieved  vol- 51, pp. 2967-2975, 2005. ,

without precodin [4] ——, “Multimode Precoding for MIMO Wireless SystemsJEEE
_p ) 9. . . . . Transactions on Signal Processing, vol. 53, pp. 3674-3686, 2005.

Considering only the achieved rate without precoding i{5] N. Kahled, B. M. amd G. Leus, and R. H. Jr, “InterpolatiBased Multi

can be observed that under the impact of spatial correlation Mode Precoding for MIMO-OFDM Systems with Limited Feedback

a rate loss> 40% occurs in a SNR range from 5 dB - 20 IZ%I(E)I;Transactlons on Wireless Communications, vol. 6, pp. 1003-1013,

dB as compared to the achieved rate without the impact @f] T. Pande, D. Love, and J. Krogmeier, “Reduced FeedbackM®H
spatial correlation. The same comparison for a transnrissio  OFDM Precoding and Antenna SelectiofEZEE Transactions on Signal

. . Processing, vol. 55, pp. 2284-2292, 2007.
with precoding reveals that up to an SNR of 10 dB the sam 1 E. Zimmermann and G. Fettweis, “Adaptive vs. Hybrid &ve MIMO

rate is achieved independent of spatial correlation. Theae Receivers Based On Linear and Soft-SIC Detection, Pic. |EEE
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