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Abstract—We consider the capacity of multiple-input-mul- spacarime =t
tiple-output (MIMO) systems that use OFDM as the modulation i ' Antenna 1
format. We point out a basic equivalence between antennas and | ¢ facerme
OFDM-tones This similarity immediately allows us to essentially sp : f Antenna 2
reuse all space-time codes designed for flat-fading channels in s conversion :
MIMO-OFDM systems operating in frequency-selective channels. B X
An optimum code would thus code across all antennas and tones f; .
(as well as time) simultaneously. Since this can become very N |coder f '
complex, we propose a method for grouping antennas and codes @

in such a way that the inherent diversity is retained, while the

complexity is greatly reduced. Capacity computations between ‘
the full-complexity and the reduced-complexity systems illustrate s :@—Y Antenna 1
this tradeoff. _w—’fz space! f_f
: time/ L
Index Terms—MIMO, OFDM, space-time coding. SR on . frequency "T&@—Y Antenna 2
|. INTRODUCTION

IRELESS SYSTEMS with multiple antennas at b
the transmitter and receiver (multiple-input—mul- ®)
tiple-output, MIMO) have much larger capacity in fadingdig. 1. System modelfor: (a) separate coding for each tone (upper figure) and
channels than standard wireless systems [1], [2]. The app{laJoll_nt_space/tlme/frequence coding (lower figure). IFFT blocks not shown for
priate use of space-time (ST) processing [3] and ST codes” o
[4] allows us to achieve, or at least approach, these capacities . .
in practical systems. For frequency-selective ChanneB,uacqnverte'd to the carrier frequency and transmitted across the
combination of MIMO with OFDM (orthogonal frequencyMoPile radio channel. _ . .
division multiplexing) is promising [5], [6]. The simplest way AS po_mted_out in [7], coding across th.e tones |s.reqU|r.ed
to perform ST coding in a MIMO-OFDM system would be tdo exploit the inherent frgquency diversity in a time-dispersive
apply the ST-codes for the frequency-flat channels to each t nnel. A fuII-co_mpIexny coder_ thus must use the symbols
separately. However, a recent paper [7] has pointed out t am all tones as input, and distribute them to all tones on all

this is suboptimum, as the inherent frequency diversity of yigitennas jointly [Fi.g. 1(0)]. Assum!ngft fransmit antennas
@ade tones, the size of the coder is thgV;.! Systematic

frequency-selective channel is not exploited. It was also sta o e .
that construction of codes that code across tones would 'B§th0dS for designing these codes thus seem difficult to derive.
difficult. In this paper, we show by a very simple observation 'O the antennas, the signalis sent through the mobile radio
how we can extend ST code design rules to frequency selec qpannel, Wh'c.h IS ass“”.‘ed o be constant within one OFDM
channels without sacrificing performance. We will also develg ock. The fading C?f the'S|gnaIs' at_the differentantenna elemehts
s assumed to be identically distributed, but not necessarily in-

further simplifications and illustrate the performance-com
P P dependent [9], [10]. The channel matrix can thus be written as

plexity tradeoff.
R hu(f) - hn(f)
Il. ANTENNAS AND TONES—UNIFIED PERSPECTIVE H(f) = . ... .. Q)
In a conventional OFDM system [see Fig. 1(a)], i.e., without hnva(f) o Ao (f)

exploitation of the frequency diversity, the data streams for th .
OFDM tones enter separate ST coders whose outputs are t %E rge};”' 'Ehfg gﬁ?eorfﬁz the{, tfrans;ﬁ; ;@Ct'ogr:t Z?g‘_l:ﬁgfg
forwarded to the different antennas. The tones at each anteRfiy" palt. 7). i (f) z ’

are inverse Fourier-transformed and the resulting time signal iSin a slight abuse of notation, we call the number of outputs of a (vector)
coder the “size” of the coder. The total number of possible signal constellations
per timestep id. Mt Nt , whereL is the alphabet size of each antenna and tone.
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circularly symmetric complex Gaussian random variables. Tharthermore, code designs for large constellation sizes have re-
channel also adds white Gaussian noise, which is assumedeatly been hinted at [11].
be independent at alV, receiver antenna elements. Summarizing, the transfer function of the MIMO-OFDM
Let us now consider the similarity between antennas asgstem can be written as
tones? We will start out with the simplest imaginable system,
to illustrate the basic similarity between tones and antennas,
. Qll
and then step by step relax the assumptions and show where e
the practical differences lie. =
Let us first consider an FDM system with tones that have
a narrow bandwidth, yet are widely spaced apart. Similarly,
the antennas are assumed to be spaced wide enough apanthtere each entry block
exhibit independent fading. Finally, we will assume that the
¢-th transmit antenna can only communicate with ¢k re-
ceive antenna, so that there is no crosstalk between the antennas., _ Hijf(fi = h) oo Higlh = f)
Thus, we haveV; N; parallel (isolated) communications chan- =%/ — o
nels. It does not matter whether they are distinguished by dif-
ferent tones or different antennas—in any case, they are inde-
pendently fading, and experience no crosstalk. Coding acrésgself a matrix. If a cyclic prefix of sufficient duration (longer
all available channels obviously allows us to essentially elinthan the maximum excess delay) is used, and no intercarrier in-
inate the capacity fluctuations due to fading, by exploiting thterference occurgz,; becomes a diagonal matrix. The corre-
inherent diversity among tones and antennas, and thus achiewien between the elements 6f; in (3) depends on the fre-
outage capacities that are close to the mean capacities. quency correlation function of the channel. Still, in principle,
In the next step, let us relax the condition that there muall entriesH;,( /i — f..) (distinguished by antennasj and/or
not be crosstalk between the antennas and between the totweesk, m) of H are equivalent in the sense that they make up
for different antennas, crosstalk always occurs, while crosstalie total matrix, and thus contribute to the capacity.
across tones is not likely. In particular, there is no crosstalk be-Also note that coding in time is possible, thus giving diver-
tween widely separated tones. Even if tones are overlappisg@y in three dimensions, namely, space, frequency, and time.
as occurs in OFDM, crosstalk is eliminated by the carrier of-he coding in time is completely identical to the time-compo-
thogonality and, additionally in time-dispersive environmentsent of any ST code for flat-fading channels. The “coding across
by the use of a cyclic prefix. Thus, this is one point where thenes” is more effective in situations where little time diversity
antennas and the tones do not have a full analogy. However, sauah be achieved. If ample time diversity is available, then full ca-
an analogy can be recovered by two considerations. pacity can be achieved on each tone, and additional frequency
1) Viewing the antennas as additional tonéfsthe channel diversity does not have a large advantage. However, in many
is known, a singular value decomposition of the channeractical cases, ample time diversity is not available, as either
matrix transforms it into isolated (but not identically dis-TX and RX are stationary (wireless local loop systems, nomadic
tributed) channels. This recovers analogy to the isolat&apbility), and/or long delays (meaning longer than several co-
tones. Note that the transformation from the antenfgrence times) are not allowed for the coder.
space to the singular vector space is linear.
2) Viewing the tones as additional antennds:this case, [ll. REDUCED-COMPLEXITY SYSTEMS
B e o D B ot Edatons () and 3) show thata fl-compexty syser e
the crosstalk might be benefié:ial for diversity .purpose dires a coder Of SIZ8, . We thus propose in the following
T exploit the typical properties of an OFDM system to reduce
However, c.rosstalk'betv.veen tones could be enforc ﬁe complexity
tei(.)gr{él%lFlljjsl\I/?? multicarrier-CDMA instead of conven- Thg aQVantage of coding across 'Fhe.tones comes from the
From these conéiderations it follows that, in principle anexplonauon of the fr.eq'uency diversity Ih a delay—dlspersn_/e
ST code that is devised for a flat-fading char;nel can be u’se Ihannel._Due to restrictions on t_he duration of the cyclic prefix,
fe spacing between the tones is usually much smaller than the

a frequency selective channel. The size of the ST Calaow oherence bandwidth. Distributing information between two

determined by the product of the number of antennas and &ghboring tones thus will not enhance the system’s robustness
number of tones. Thus, codes with a much larger size than th%

. ) finst fading. Rather, only the distribution of information into
for flat-fading MIMO systems are required. Nonetheless, thW'_dely separated tones will contribute to system improvement.

code construction rules and evaluation methods remain val 4 a rule of thumb, the required separation is on the order of

3We stress that the analogy between antennas and tones is only valid fromQHee coherence bandwidth.

viewpoint of diversity. In contrast to tones, antennas are also used to provide¥Ve thus suggest to perform coding only across tones that
antenna gain and interference supression. are separated by approximately the coherence bandwidth, i.e.,

4By similar considerations, one could derive, e.g., an analogy between mt¢- code across a group of tones (see Fig. 2) that is defined
tiple antennas and orthogonal ST block coding, whBreéhen has a special = m+ nN';pa(‘ingy n=0,..., (Nt/qua(‘ing) — 1 for

sk
nitary) structure. Other analogies, e.g., with SISO block coding, are oss'gle ! patiils/ o
éus \'Neﬁf) uet g g Wi 9 POSSB8 chm = 1,..., Nopacing. Thus, the information is distributed
SWe are using “size” of the code in the same way that we define the size@tO parallel carriers that are “almost”independently fading, re-

the coder. sulting in a high degree of diversity.

Qth
y )

QNT 1 QNr N

. 3)
Hij(fne — f1) -0 Hiy(fne — fne)



372

H(

f
Group1

Group2

Fig. 2. Grouping frequencies for complexity reduction.

1 T T T T T T T —
z —groupsize=1 54
& 64—
8
5
3 /

0.1 L L

1% 102 104 106 108 11 112 114 116 118 12

capacity [bits/s/Hz]

Fig. 3. Cdf of the capacity in a 2 2 OFDM MIMO system with 64-QAM.
Lorentzian correlation function with coherence B¥eight tone distances.

IV. RESULTS

The capacity of a MIMO-OFDM system coding across the

tones is given by

)
-yt [det (erxN + o BUEG) )} @

wherely, « . isthe N, x N, identity matrix and is the mean

C =log, [det <I Ny Npx Ny Np
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one group is equal to the coherence width, the loss in outage ca-
pacity (compared to the coding across all 64 tones) is negligible.
We have also analyzed situations with a smaller coherence band-
width. It is intuitively clear that the gain by coding across the
tonesis larger in that case, but tiét must be larger to fully ex-
ploit that possibility. Specifically, with a coherence bandwidth
of 2 tone spacings, the loss in outage capacity is 0.45, 0.2, 0.1,
and 0.02 forNg = 1, 2,4, andg , respectively.

V. SUMMARY AND CONCLUSIONS

We have investigated STF codes for MIMO-OFDM. Starting
from the premise that coding across the tones must be done in
a systematic way, we have pointed out the basic mathematical
analogy between antennas (or spatial eigenmodes) and tones,
and explained how this similarity allows to reuse the concepts of
ST coding for space-time-frequency (STF) coding required for
OFDM. We then proposed a reduced-complexity scheme that
codes only across tones that are separated by about one coher-
ence bandwidth. A logical next step would be to use real-world
codes on that scheme and investigate performance with full- and
reduced-complexity schemes.
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