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Coding Approaches for Multiple Antenna
Transmission in Fast Fading and OFDM
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Abstract—Multiple-antenna channel coding for orthogonal T
frequency-division multiplexing (OFDM) transmission over m
dispersive channels is reconsidered because with frequency in-=
terleaving, the effective channel characteristic across subcarriers =
is rather fast fading. The channel does not comply with the

quasistatic model widely assumed for space-time trellis codes by v . | — channel 1 ;
(STCs). For that reason, we first study the ideal fast-fading £ -20f - e “{ = — channel2 |- L
multiple transmit and receive antenna channel and then compare & A i i i j

the performance of STCs with that of bit-interleaved coded -100 -50 0 50 100

modulation in fast fading. Mutual information of the ergodic v

channel is evaluated for numerous modulation scenarios, and _. . . o
Fig. 1. Magnitude of channel transfer functiéh»| versus subcarrier index

Cap.aC'ty comparisons generate gL.JIdelllnes.on how to Jo[ntly adjust v for two independent multipath channels of length 10 with linearly decaying
coding rate and modulation cardinality. Bit-based coding offers power delay profile in a 256-subcarrier OFDM system.

large flexibility in rate adaptation, and simulation results show
that it outperforms STCs in ideal fast fading and, finally, in a

realistic OFDM application as well. tics can be approximated by an independent fast fading channel
Index Terms—BICM, bit interleaving, capacity, fast fading, mul- ~ model.
tiple antennas, OFDM, space-time channel coding, STC, wireless.  Obviously, we need to reconsider the channel coding problem
in OFDM to make best use of exploitable frequency diversity
of the transformed multipath channel. Multidimensional signal
sets are introduced in [14] to increase the diversity factor in
HANNEL coding for wireless communications equip-OFDM. Recent progress has been made for the multiple an-
ment with transmit and receive diversity is a fairly newenna case by optimizing STCs for fast fading [15]-[17] or by
field of research [1]-[3]. Performance limits in terms of outaggpplying the idea of I-Q (inphase and quadrature component)
capacity are derived in [4] for the quasistatic fading channghterleaving to STCs [18], [19]. We will not investigate the latter
whereas [5] also covers the capacity for the ergodic fast fadifgethod because it also increases diversity in bit-based coding
channel. [20]. The question remains as to whether or not STCs are an
Space-time trellis codes (STCs) [6]-[8] are well suited fagppropriate channel coding class for fast(er) fading scenarios or
multiple antenna transmission systems with a quasistatic fadifgg OEDM.
(i.e., block-fading) environment, but our ultimate aimis to apply \We compare STCs and bit-interleaved coded modulation
coding in orthogonal frequency-division multiplexing (OFDM)BICM) [21], [22] for multiple antenna scenarios with fast—or
systems [9]-[13]. We need to realize that the channel chargg-|east faster than quasistatic—fading conditions. Our ob-
teristic across subcarriers in OFDM does not comply with thective is to provide extensive link-level capacity results for
widely used quasistatic channel model. Fig. 1 illustrates tRevariety of modulation schemes and to present interesting
magnitude of the channel transfer functifii’] versus the sub- comparisons. They in turn provide new insights, which allow
carrier number for two independent realizations of a mUlti-the joint adaptation of the rate for the under|ying binary codes
path channel of length 10 in an OFDM system with 256 subcaind the modulation scheme in BICM. No thoughts are given
riers. Even for this rather short channel, we experience signir “full diversity order,” and interestingly enough, the BICM
icant fading behavior for coding across subcarriers, i.e., in tBehemes perform very well. From simulation results, we later
frequency direction. For longer channels, variation across figgnclude that BICM outperforms STCs because BICM relies
quency becomes even “faster.” Adjacent channel coefficierif binary codes instead of being signal-space codes like STCs.
are not independent, but together with frequency interleavingith comparable code trellis complexity, BICM achieves
within one OFDM symbol, the resulting channel characterifarger Hamming distances [20], which are beneficial in fast
fading scenarios. Further, a larger flexibility in rate adaptation

, . . . _is achieved, which is desirable in packet data communication.
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tennas (Tx) andh,. receive antennas (Rx). The signal constel- o | space-time alt b
lation used for modulation in the Tx branghis A;, and the " trellis encoder | a2[f] ]

transmitted signal points are equiprobable in either ofrthe

transmit antennas. The independently chosen signal points are g
transmitted simultaneously. In each franhesymbols are trans- ™| space-time | bl
mitted from each antenna. Each symbol is separated in time by Dem—2ld 11| trellis decoder

the modulation intervdl’. For time stef, the transmitted sym-
bols are collected in the hypersymb@t (>< 1 vector of con- Fig. 2. Transmitter and receiver in ax22 space-time coding transmission

stituent symbolsp[f] = [a1[4],...,an, [{]]7. Hence,alf] € SYySttm™
A x -+ x A,,, wherex denotes the Cartesian product of con- bit interleaver
stituent signal constellations. The hypersymbol is transmitted | iy g o
via the noisy channel to obtain encoder d

r[f] = H{f]a[f] + n[¢], 0</{<L-—1. (1) T biemeri binary

[l E
=] convolutional
= decoder

_»computation
2
Obviously, H[/] is then, x n, matrix with the channel coef- _ o o o
ficients Hij[g]a which describe the transmission characteristic Fig. 3. Transmitter and receiver in a2 bit-interleaved transmission.

between thegith transmit andith receive antenna. The. x 1 . . . . o
vector ] = [ri[f],.... . [f]]7 represents the receivedin such a fashion that the diversity and/or coding gain is max-

samples at time. The noise samples in the, x 1 noise imized. The signal constellations used in all transmit antennas

vectorn[] are assumed to be mutually independent zero-me@j identical and denoted by. In our view of channel coding,
complex Gaussian variates so that the covariance matrix3stwo-antenna STCsin [6] are effectively rate-1/2 codes, which

Enjemie) (nln[]" = 8[6 — £o]021,,, where means that for each 21 output vectora[f]_ ceAxA (yvhich
i Kronecker delta: could carry2log, |.A| bits), onlylog, |-A| bits are entering the
o2 = N, /T variance per complex dimension; STC_. The _space—time decoder directly operates on th.e vector of
I, n x n identity matrix. repelved signal-space samples to estimate the most likely trans-

N, is the one-sided power spectral density of the white noid®itted information sequence of binary decisiéhg.

We further introducef{|a[]]2} = &{a"[fa[f]} = E./T, STC_s are signal-space <_:odes, Wh_|ch already |nd_|cates that

where E, is the average energy per hypersymbol, i.e., t{B€y might perform poorly in fast fading channels with much

average total energy transmitted per time step. Together M';'We diversity. Furthe.rmore, th_ewmflgmble eff_ectwe codujg rate

£{|H;[A?} = 1,V i,j, and independentl,;[], we have (.|n most casgﬂ/nt) is updeswable if one aims to ach|eye a

E{|H[Na[f]?} = n,E,/T, and the average signal-to-noisdine-grained link adaptation to make best use of the available

ratio (SNR) per receive antennai /No. channel.

The following comparisons will be based on finite and disB Bit-Interleaved Coded Modulation

crete signal sets like they are used in practical transmission sys-

tems. We introduce the total number of bits carried in one hy- The basic idea of BICM [22] can also be expanded to mul-

persymbola[/] as tiple antenna transmission [5], [23] to obtain advantages in fast
fading channels. Fig. 3 illustrates the coding architecture that

L is used in [5], where again, bold lines indicate complex values,
A= Z log, | A, (2)  whereas finer lines represent binary values or metrics for them.
j=1 A single convolutional code (CC) is used to encode the informa-

tion bits 4[.]. The coded bits are cyclically demultiplexed into

hich i ival h f bit levels in th IS L : ;
which 1s equiva gnt to the num_ber of bit evelsin t © transm|?he Tx branches, where they are bit-interleaved by different in-
sion schemd.4;| is the cardinality of the constituent signal con-

stellation.A;. For digital transmission, we maf bits b into ;?rlﬁjlvfgi%eﬁggoﬁ l?snedd miﬁﬂEqr)\:ﬁ;?ge?gﬁg??agggézz
one hypersymbol, and the binary vecfé?, ..., +"*~!] is the 9 '

so-called label of the hypersymbol. |I".| the regeiver, bit metrics are calgulgted _independently for each
bit, ignoring the values of other bits in this vector. The bit met-
rics are deinterleaved and multiplexed into one stream, which is
decoded by a conventional soft-input Viterbi algorithm.
We give a brief overview of two channel coding architec- The complexity of the bit metric computation-s|.A|™ and
tures for multiple antenna transmission from the recent literdises exponentially witk,. Via the underlying and well-known

Ill. CODING ARCHITECTURES

ture, which we will investigate. convolutional codes, the effective coding rate can be adapted
in fine-grained steps by the use of actual rafer CCs or by
A. Space-Time Trellis Codes puncturing of a mother code of ratgm.

STCs are presented in [6] and further discussed in [7], [8].
The coding architecture is sketched in Fig. 2. Binary informa-
tionb[.] enters the STC, and in each time step, a complex-valued~irst, we review expressions for mutual information achieved
symbol for each antenna is generated according to a code treflith arbitrary Tx signal constellation mixtures and with perfect

IV. LINK-LEVEL CAPACITY
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knowledge of the channel in the receiver only. Their numericahannel parameter is perfectly known for edcland we are
evaluation then forms the foundation for extensive capacity reterested in the average mutual information (AMI) for coded
sults and interesting comparisons. Further, the metric usedmiodulation (CM). Due to fast fading, the channel can be as-
our simulations is given for easy reference. sumed to be ergodic so that the desired AMI is obtained by av-
eraging over the given channel statistic. This yields [22]

Ion = Eg{i(a;r | H)}. 11)

A. Mutual Information
We investigate the conditional mutual information [5]
In perfect correspondence, we introduce the bitlevel AMI of the

I(a;7 | H) = H(a) — H(a |7, H) ®) ergodic channel
= Eq{—log, Pr{a}}
—&ar{—log,Pri{a|r H}} 4) I = gH{I(bA;T | H)} 12)
N {10g2 2ae A xx A, Prr|a H) } which is related to the overall AMI of BICM schemes via [22]
’ P'r(’" | a, H) Al
5) Ipicm = Z . (13)
A=0

which is measured in bits per hypersymbol and gives the reduc-

tion in the uncertainty (entrop# (a)) of a due to the knowledge BICtM ctargj nev_e:j ue I?jrgetr bt.ha[bl\“ hbecaLllse .tt?]e ?tlevclel.st.
of r for one specific known channel realizatiéh The last step are treatéd as inaependent binary channeis without exploiting

followed from assuming equiprobable transmit hypersymbplsknown bits from other levels when decoding the current level.

i.e.,Pr{a} = 1/]]}L, |-A;| = 27 [note (2)]. For the pdf of, D. Near-Optimum Bit Metrics
whichis required in (5), we assume independent white Gaussian

noise and have For Viterbi channel decoding of the bit-based coding archi-
. r— Hal? tectures, we always use the log-likelihood metric
priv| e H) = gy o <_T) - © LA | roH) = D =1 B (14)
’ Pr{b* =0|r,H}
B. Bit Probabilities and Mutual Information on Bitlevels ol TRacAGN=1) pr(r | a H) (15)
We obtain the mutual information for thi-th bitlevel ad- maxge a =0 Prir | a. H)
dressing the vectat[¢], assuming that all other bit positions in :i < min  |r — Hal?
the label ofa[¢] are unknown, as [5] 02 \acA@p*=0)
IO | H)=HO) - HO | v, H) @) - aeir(lgl:l) r — H&|2> (16)
= & {—log, Pr{t*}}

which has a reasonable complexity after the log-sum approxi-
. mation, as only Euclidean distances in a multidimensional space
Yircioy Prir | 0 H) need to be calculated, and the nearest representative for the re-
pr(r | b, H) spective bit value needs to be found. Nonetheless, near-optimum
) performance is achieved by this simplified metric [22].

— Epr g {—log, Pr{p* | v, H}} (8)

=1- gb,\7l,- {10g2

The last step followed from the assumption of equiprobable 5t Link-Level Capacity Evaluation in Fast Fading

values¥?, i.e., Pr{¥*} = 1/2. For the conditional pdf of, The link-level results are obtained by randomly generating

which is required in (9), we have matrix channels and evaluating (11)—(13) in a Monte-Carlo in-
1 tegration fashion. The curves converge very fast and can be con-

pr(r | VY H) = ——— Z pr(r|a H) (10) sidered to be fairly exact. As an initial example, Fig. 4 shows

A AcADN) results for the mutual information achievable in fast fading with

transmission schemes for a maximum\o£ 4 bits per channel
whereA(1) is that subset of the hypersymbol constellation thaise. This can be done by either transmitting 16QAM from one
complies with the bit value at theth label position as demandedantenna or by transmitting 4PSK from each of two transmit an-
by v*. Clearly, (6) is used to calculate the probabilities in (10)ennas. To have a fair comparison, both schemes use either only
) ) one receive antenna or optimum receive diversity with two re-
C. Channel With Ideal Fast Fading ceive antennas.

We assume a fast-fading channel model so that the channelet us first consider the case with two receive antennas. We
matrix H[¢] is random and takes independent values for easbke two curves for each of the transmission schemes. One is
£. The matrix entried?;;[¢], which are the channel coefficientsfor CM, and the other is for BICM, which strongly relies on
between Tx antenng and Rx antenna, are mutually uncor- the Gray labeling of the constituent signal constellations. For
related zero-mean complex Gaussian random variables. Hed&QAM from 1 Tx, we see the well-known result that the curves
the magnitude of each entry follows a Rayleigh distribution. THer CM and BICM with Gray labeling nearly coincide for large
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Fig. 4. Mutual information versus average SNR per Rx antenna féiig. 5. Mutual information versus average SNR per Rx antenna for
transmission schemes with = 4 bits per channel use. 16QAM transmittedtransmission schemes with = 8 bits per channel use. 256QAM transmitted
from one Tx and 4PSK from two Tx are shown. from one Tx, 16QAM from two Tx, and 4PSK from four Tx are shown.

SNRs while exhibiting a negligible gap at lower SNRs [22]. T&6QAM from two antennas, or by transmitting 4PSK from each
be able to compare BICM to STCs, which all operate with an edf four transmit antennas. Again, we aim at a fair comparison
fective R = 1/2 coding rate, we have to take a close look at thend investigate the situation with four branch receive diversity
horizontal line at spectral efficiency 2. The zoomed area reveatsall schemes. Here, the differences are much larger than in
that the SNR loss due to using BICM instead of CM is 0.2 dB fd¥ig. 4 and at spectral efficiency 4, we gain 5.2 and 4 dB for 4
16QAM. In contrast, for 4PSK from 2 Tx, the gap between CMx and 2 Tx, respectively, if we consider the BICM schemes.
and BICM is larger [5], and we find a 0.65-dB loss at spectral eFhe SNR gain for 4 Tx 4PSK CM over 1 Tx 256QAM BICM
ficiency 2. Nonetheless, an SNR advantage of 0.95 dB remaiaseven 6.2 dB, but it needs closer investigation as to whether
when moving from 1 Tx 16QAM BICM to 2 Tx 4PSK BICM. or not the 1.2-to-1.5-dB additional gain of thex4 4PSK
Even better, a 1.6-dB SNR advantage exists when we compaystem over the 2 4 16QAM system justifies doubling the
1 Tx BICM with 2 Tx CM. Clearly, this is a capacity compar-number of required Tx power amplifiers. Further, the former
ison only, but the BICM coding architecture translates these prequires estimation of 16 channel coefficients, whereas the
dicted gains into an appropriately shifted error rate curve, as Vedter needs “only” 8 while enabling further system capacity
will see in Section V. We further point out that the SNR advanmprovements by interference suppression due,to> n,.
tage of multiple transmit antennas over a single transmit anteriespecially in Fig. 5, it becomes apparent that the advantage
is even more obvious at higher spectral efficiencies so that thietransmit diversity in fast fading is increasingly visible at
use of coding schemes wifk > 1/2 is an interesting direction spectral efficiencies larger thai/2 for which coding rates
to be investigated. aroundR = 3/4 would be interesting. It appears that a large
In terms of capacity, one should abstain from operating 2 Target spectral efficiency is required to make best use of the
4PSK in fast fading with one Rx antenna only. Itis alarming thétenefits of transmit diversity.
the capacity of 2 Tx 4PSK CM is only slightly better than 1 Tx These figures indicate the benefits of transmit diversity to
16QAM CM, and for BICM, 2 Tx 4PSK is even worse than 1 Txachieve one and the same maximum value of spectral efficiency
16QAM. It appears that in this fast fading scenario, pure receifat does not yet give a design guideline for the combination
diversity is more beneficial than pure transmit diversity if fiof coding rate and modulation types to obtain a given overall
nite discrete signal sets are used instead of Gaussian inputs. fEinget spectral efficiency. For this purpose, we compare the AMI
reason for this is that the combination of 2 Tx with 1 Rx leads faf various signal sets in ax22 system in Fig. 6. Let us first
some channel realizations to ambiguous hypersymbol consteflathree bits per channel use as the target in the small zoomed
tions so that (e.qg., faH;; = +H-) the total number of distin- area. Given the larger metric computation complexity as well as
guishable signal points in the received hypersymbol set canhigher accuracy requirements for channel estimation in 8PSK
be guaranteed to . The use of a second Rx ensures it wilsystems when compared with 4PSK, it might be interesting to
be much less likely that that this ambiguity will occur. Henceyse 2 Tx 4PSK with a rate 3/4 code instead of the 2 Tx 8PSK
transmit diversity schemes with, = 2 in fast fading should with arate 1/2 code, especially if BICM is considered, where the
always be operated with,. > 2, as otherwise, they might becapacity gap is 0.5 dB. If we now consider the second zoomed
outperformed by higher order modulation systems with one Bxea for 4 bits per channel use, the same reasoning applies to the
(i.e., well-defined signal constellation), which have even furtheomparison of 2 Tx 16QAM with rate 1/2 and 2 Tx 8PSK with
advantages in terms of interference cancellation and, hencerdte 2/3. Here, we have an SNR gap of 0.9 dB for CM, which re-
overall system capacity of cellular systems [24]. duces to 0.5 dB for BICM. Note also the large performance gap
Fig. 5 illustrates the mutual information achievable wittbbetween BICM and CM, which is 1.5 dB for 16QAM and 1.2
transmission schemes for a maximum of 8 bits per channel udB.for 8PSK. This penalty is lowered if more Rx antennas are
This is done by either transmitting 256QAM from one antennased, like in Fig. 7, which shows results for the same transmitter
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Fig. 6. Mutual information versus average SNR per Rx antenna (using 2 RgY yransmission schemes with two Tx for various spectral efficiencies. The

Fig. 8. Mutual information versus average SNR per Rx antenna (using 2 Rx)
for transmission schemes with one and two Tx for various maximum spectg?j

nal constellations in both antennas have identical average power.
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Fig. 7. Mutual information versus average SNR per Rx antenna (using 4 R¥) for transmission with 2 Tx using 8PSK/8PSK or 4PSK/16QAM to achieve
for transmission schemes with one and two Tx for various maximum spectgglectral efficiency 6. The signal constellations in both antennas have identical
efficienciesA. average power.

scenario but now with 4 Rx. We again concentrate on 4 bits perThe mixing of signal constellations can be driven to extremes.
channel use and see that in comparison with Fig. 6, the perfoet us consider a transmission system with a maximum spec-
mance penalty for using BICM instead of CM is lowered to 0.68al efficiency of A = 6 bits per channel use with 2 Tx an-
and 0.45 dB for 16QAM and 8PSK, respectively. Hence, a largeemnas. Naturally, this can be accomplished by the use of 2 Tx
number of receive than transmit antennas, «ng.>» n;, reduces antennas with 8PSK. For successive interference cancellation
the capacity gap between BICM and CM. The SNR gap at 4 lsichemes like in vertical Bell Laboratories layered space-time
per channel use for BICM 16QAM with rate 1/2 and 8PSK witliV-BLAST) [1], it might also be interesting to combine 4PSK
rate 2/3 is with 0.55 dB almost the same as the 0.5 dB in Fig.\ith 16QAM, which also leads td = 6 bits per channel use.
Especially with larger numbers of Tx antennas the spec- In this sense, the 4PSK could be decoded first, using the de-
tral efficiencies provided by transmission schemes with equakions to cancel its interference for the final decoding of the
signal sets in all Tx antennas increases in steps;pfvhich 16QAM stream. Clearly, only CM reflects use of decisions from
might be undesirable if the data rate needs to be adjusted in fin&ier bitlevels. BICM does not include exploitation of other bit
grained steps. The aforementioned combination of a smaller ldgcisions and is investigated for completeness only. In Fig. 9,
persymbol set with higher rate coding is attractive in transmite evaluate the average mutual information achieved by these
diversity schemes, especially in terms of the complexity fawo systems with 2 and 4 Rx antennas, and amazingly, almost
metric computation in BICM. Hence, it is reasonable to como difference can be seen at 3 bit per channel use. Only at
sider nonequal signal constellations to be transmitted from thgectral efficiencies larger than 3.5 can an increasing advantage
different Tx antennas. Fig. 8 shows resultsrfored signal con- of the “balanced” 8PSK/8PSK scheme over the “unbalanced”
stellationswith equal average power in @22 system, enabling 4PSK/16QAM scheme be seen for CM and, in addition, with 4
a bit-wise adaptation of spectral efficiencies for the underlyirigx for BICM; the curves for BICM with 2 Rx virtually coincide.
signal constellations during joint design of modulation cardHence, it seems that for minor imbalance of bit content trans-
nality and channel coding rate. mitted from different antennas, almost no performance penalty
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Fig. 10. Frame error rate versus average SNR per Rx antenna for space

: . ’ 'Tli—l?g;e 11. Frame error rate versus average SNR per Rx antenna for space-time
coding and BICM with rate-1/2 convolutional codes and 2 Rx. .

coding and BICM with rate-1/2 convolutional codes and 1 Rx.

needs to b_e paid in terms of overall link-level Capac“_y’ but th?tate CC with octal generators (23, 35) and minimum free dis-
scheme_mlgh'g prove more rObQSt when operated with nonp?a{hcedfree =7 [25], which is equal to the maximum achievable
fect ct:)odmg. F|g.C9 revedalé agfam rt]h@’t > ntfalgo Igwgrs tlhe diversity [22], but for larger tolerated FER, the optimized STC
gap between BICM and CM for the case of mixed signa COIB’erforms better than the single Tx system. At FER below'10

Stellatlong. heck the ab ) the 2 Tx 4PSK BICM system with rate-1/2 16 state CC outper-
_In Sectl_on V’hW? W"’}_”t "to fC ec It '€ a ovel capacity Compagms all other benchmark systems. To summarize these results,
Isons against the “reality” of simulation results. we note that the slopes of the FER of all BICM schemes are the

same, whereas the slope of the STC systems is significantly less
steep, indicating their failure to produce a comparatively high
order of diversity like BICM. It is worth mentioning that the

The previous capacity comparisons allowed interesting péfSpective spacing of the FER curves of the bit-based systems
formance predictions, which we now confirm by simulation re3grees nicely with the AMI curves in Fig. 4. We actually see
sults, in which the BICM scheme is implemented with sufficieri'® 1-dB shift from 1 Tx 16QAM BICM to 2 Tx 4PSK BICM.
interleaving, and expression (16) is used as metric for ViterBence, the gains predicted by capacity considerations actually
decoding. The matrices with channel coefficients are randonfffnslate into an appropriately shifted frame error rate perfor-

generated for each time step to simulate the independent fA&Nce, justifying the use of the capacity measure to compare
fading channel and are known perfectly in the receiver. different BICM schemes with multiple antennas. At an FER of

1072, the simple 16-state CC operates almost constantly with a
- . 6.2-dB gap to the respective capacity limit observable in Fig. 4.
A. Spectral Efficiency of 2 Bit/s/Hz To show that the use of,. < n, leads to severe performance
Fig. 10 shows frame error rate (FER) performance verspenalties, Fig. 11 summarizes the results obtained for one Rx an-
average SNR per Rx antenna in various transmission systeersna. From Fig. 4, a large capacity gap between BICM and CM
with 2 Rx and with the identical target spectral efficiency ofollows, which leads to the superior performance of space-time
2 bits per channel use. One framelis= 130 hypersymbols codes over 2 Tx BICM at lower SNRs. At higher SNRs, the
long so that a total of 260 information and termination bitirger diversity order of the bit-based systems becomes domi-
are transmitted in such a frame. In the codes with 16 stateant in the frame error rate. The most important point in this
four bits are used for trellis termination, leaving 256 informacomparison is that actuallgll considered schemes with 2 Tx
tion bits per frame. We first consider the two 16-state 4PS&hd 1 Rx are easily outperformed by the simple single trans-
STC (space-time codes). The fast-fading optimized STC [15hitter single receiver 16QAM BICM system. Hence, if the 1
[16] (markerA) provides a 1 to 1.8 dB improvement over thdRx case is intended to be the most prevalent mode of opera-
original STC [6] (markefV). The latter is not intended for thetion in fast fading channels, one should abstain from using 2 Tx
fast-fading channel. For FER below 1b(which might not be 4PSK transmit diversity solutions and opt for 16QAM modula-
interesting for some applications), both STC are even outpéon with 1 Tx. We observe a 1.8-dB loss in the BICM simula-
formed by a single Tx 16QAM BICM scheme with rate-1/2 1éion for 2 Tx 4PSK compared against 1 Tx 16QAM, which isin

V. SIMULATION RESULTS INIDEAL FAST FADING
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Fig. 12. Frame error rate versus average SNR per Rx antenna for space-#ige 13. Frame error rate versus average SNR per Rx antenna for BICM with
coding and BICM with rate-1/2 convolutional codes and with 4 Rx. rate-1/2 and rate-2/3 convolutional codes for 2 Tx (identical average power) and
4 Rx systems.

good correspondence with the capacity results in Fig. 4, where

we have a gap of 1.5 dB at 2 Bit/s/Hz (1 Rx). of only 0.55 dB. Further, from Fig. 9, we saw that the mixed
constellation 4PSK/16QAM shows negligible difference from
B. Spectral Efficiency of 4 Bit/s/Hz 8PSK/8PSK in terms of capacity. We want to confirm those

i _ similarities by the simulation results in Fig. 13, where we use

We again consider frames df = 130 hypersymbols so 5 (ate-1/2 CC with octal generators (23, 35) ahd. = 7
that now, a total of 520 information and termination bits aBs] for 16QAM/16QAM, and a real (nonpunctured) rate-2/3
transmitted in such a frame. An impressive demonstration 8t \ith octal generators (27, 75, 72) adg.. = 5 [25] for
the .usefulness of _trans'mit inersity in terms of link-level cagpsk/gPsK and 4PSK/16QAM to obtain the spectral efficiency
pacity has been given in Fig. 5, and we want to demonstraje hits per channel use. Especially for the balanced signal con-
that the promised gains can actually be achieved by BICNg|jations paired with different coding rates, the closeness of the
In Fig. 12, we compare the FER versus average SNR per Bxor rate results is striking. The mixed-signal constellation per-
antenna in various transmission systems with 4 Rx and idggims slightly worse because the convolutional code has trouble
tical target spectral efficiency of 4 bits per channel use. A 1 Txeraging over three strongly different bitlevel capacity values
256QAM BICM scheme is compared with 2 Tx 16QAM BICM 12 The halanced transmission schemes only have two different
and 4 Tx 4PSK BICM, all with rate-1/2 16 state CC with octaapacity values on the bitlevels so that the convolutional code
generators (23, 35) antk.. = 7 [25]. We clearly see the gains yoes not need as much effort to average over them. Expanding
predicted by theory in the respective shift of the frame errge signal constellation in fading 1 Tx/1 Rx links [26] has large
rates. The 16-state, 16QAM STC for 2 Tx from [6] operatefenefits that are no longer that visible in the multiple antenna
with 4 Rx manages to outperform the 256QAM scheme frogyenario. Nonetheless, the good correspondence of the simula-

a single transmitter but exhibits a large performance gap to i, and capacity results again justifies the validity of the pre-
bit-based coding schemes from 2 Tx. Clearly, this is due to thg, ;s capacity comparisons.

fact that this STC is not intended to be used in fast fading. We
did not use the 16QAM STC like it is given in [7] with natural
labeling of the signal points because this leads to an approx- VI. APPLICATION IN OFDM

imately 2-dB loss when compared with the 16QAM labeling, We studied multiple antenna coding approaches in ideal fast

as given in [6]. The reason for the very poor performance ?Jding, and now, we apply multiple antenna BICM to OFDM

S-II-CS with Iz;t)rge ?lgtna:I setsh|_n gaSttfad'ré%; ihat tlh?y _retqu'[ﬁ]—[m] to show that much of the earlier conclusions are appli-
a'argeé number of states, which n tum ransiaté Into  -aple in this correlated fading case with interleaving.

a large Hamming distance in the time direction to exploit the
time diversity. This clearly needs to be blamed on STCs being . .
signal-space codes instead of binary codes. A. OFDM Channel Model With Multiple Antennas

Now, let us take another look at transmission with 4 bits per The transmission link from Tx antenrjao Rx antenna is
channel use. In Fig. 7, we compared the 2 Tx 8PSK and 16QAMpresented by a baud-spaced multipath channel, which is char-
constellations at this spectral efficiency and found a differenegterized by its finite discrete-time channel impulse response
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hij[s, 0 < kv < K,1<i<n,1<j<mn,ie., all chan- 10 e =
nels are of lengtli{. The channel taps are zero-mean comple: SRSEEREEEE W -
Gaussian random variables, and they are mutually uncorrelat [0 UUNCONNG
in time and also across the antennas. We assume the same 107 L
erage power delay profile for all Tx—Rx links with average tay ; o =
powerp[x] = & {|hi;[k]]*}, Vi, j. As a simulation model, we SERERPEERIR N RN o
use the exponential average power delay profile [ D RN NN B

10 :
1—e YV HEexp /K,y

p[mlz{l—eK/Kexp@ o 0Se<K gy TR RN N

0, otherwise L NN NG

107°F :

where K., is a parameter that characterizes the exponenti
decay of the average echo power over the channel impulse |
sponse lengthi. From the special scaling, it follows directly
that the average sum power is normalizedtd " p[x] = 1. ol x jestCCinterl |
The parameteK.,,, is loosely related to the rms delay spread. SL. o 12 9pL, o IRtert. - :
b= o . . 16 st. STC, opt., interl. : -
For OFDM transmission, it is natural to consider codinc  |———— - -\ N
across subcarriers because of delay constraints for data tra " 4PSK. OFDM, always 2 Tx, 2Rx .\ - N\ 7
mission. OFDM has a natural blocking of data so that dela 10 5 7 5 5 10
of one OFDM symbol is always present in the link. Channe SNRperRx 10log,,(E_/N) [dB
coding over a large number of OFDM symbols would result in
m | n | verall | _ Further. in fficientlyo: 14. Frame error rate versus average SNR per Rx antenna for space-time
ostly u acce_ptab € O_ erall de ays urthe o a sutlicie t!%?iing and BICM coding schemes for 2 Tx and 2 Rx in an OFDM system with
Scattere_d rr_1u|t_|pat_h environment with low mobility, the channgl’ _ 155 suncarriers and a multipath channel with= 8 and i, — 4.0.
fluctuation in time is usually smaller than the change of chanreésults with and without frequency interleaving are shown.
conditions in frequency so that a higher degree of diversity

results by coding across subcarriers. Hence, the discrete'tigé?nonstrate the necessity of appropriate frequency-domain in-
variable/ from Section Il is now associated with the frequenc y pprop g Y

and via theZ.-point discrete Fourier transform (DET), we Obtai%ferleavmg to destroy the fading correlations between adjacent

16 St CC’ no Interl vvvvvvvvvvvvvvvvvvvvvvvvv
16 st. CC, interl.

>4 x0

2 14 16
] —

subcarriers.
K-1 Comparing Figs. 10 and 14, we see that the performance of
H[l) = Z hijlr]e= 97T (18) both schemes with interleaving in OFDM is slightly worse than
—0 in the ideally fast fading channel, but the performance advan-

) ) tage of bit-based channel coding is, even though reduced, still
We choose the length of the transmitted signal bladio be & o arkaple. For signal constellations larger than 4PSK, the per-

power of 2in order to implement the DFT with a fast algorithmy, .y ance advantage of bit-interleaving is larger, as observed in
Then,. x n, channel matrix across the frequency akis given  gaction V-B in Fig. 12, and this is expected to be also true in

by H[{] = [H;;[4]]. With K < L (K < L), adjacent channel qrpy.

matrices are (strongly) correlated and frequency-domain inter-

leaving of the transmitted hypersymbal¥] is beneficial for

STC and BICM. There are still correlations after interleaving, VII. CONCLUSIONS

but the resulting channel experienced by STC and BICM with Binary convolutional coding with appropriate bit-inter-

limited code memory is well approximated by fast fading. leaving is a widely accepted way to do channel coding with
) ) ) ) higher order modulation in fading channels with a single

B. Simulation Results in OFDM for 2 Bit/s/Hz transmit antenna. The results in this paper show that bit-based

In[27], the use of STC in OFDM is proposed. To have a closoding architectures also lead to flexible coding schemes
relationship to the results in Section VI-A, where we investior the multiple Tx antenna case while enabling reasonable
gated block lengths of 130, we choose the DFT dize 128. performance in fast fading. When a convolutional code ex-
Further, we use a channel with decay paraméfgy, = 4.0 hibits a given distance from the single-Tx capacity limit,
and lengthK = &, which is fairly short when compared with it approximately retains this distance from the respective
and should lead to a conservative estimate, as to whether or maitiple-Tx capacity limit, indicating the usefulness of the
the diversity advantages of bit-based channel coding scherhéshased schemes. A very interesting possibility lies in the
over STC, which we observed in ideal fast fading, still hold fanse of higher rate coding with smaller signal sets, paving the
the OFDM channel properties. A frequency block interleavevay to extremely interesting combinations like the 2 Tx 8PSK
of depth 11 for complex symbols is used for all coding acheme withR = 2/3 for a spectral efficiency of 4 bit/s/Hz
proaches to transform the correlated frequency selectivity gtiown in Fig. 13. The large order of diversity in multiple
the OFDM system into a virtually fast(er) fading characteristi@antenna systems encourages the use of higher rate codes,
Fig. 14 shows the frame error rate performance of the optithich keeps the modulation schemes small. This is interesting
mized 4PSK STC [15], [16] and rate-1/2 4PSK BICM. Resulti® practical systems, when nonlinear transceiver effects and
with and without interleaving are shown for both schemes thannel estimation errors limit constellation sizes.
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