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Abstract—The multiple antenna channel coding problem in Orthogonal - a[f] = [a1[f], ..., an,[f]]T. Hence,a[f] € A1 X ... X Ay,,
Frequency-Division Multiplexing is reconsidered, because with frequency where x denotes the Cartesian product of constituent signal

interleaving the effective channel characteristic across tones is rather fast . . . - .
fading and does not comply with the quasi—static channel model widely as- constellations. The hypersymbOI is transmitted via the noisy

sumed for space-time codes. We study the fast-fading multiple transmit channel to obtaim[¢] = H[{]a[¢]+n[{],0 <L < L —1. H[{]
and receive antenna channel via evaluation of the capacity of the ergodic is then, x n; matrix with channel coefficienté[,-j [4], which

channel. Capacity comparisons give guidelines on how to jointly adjust describe the transmission between jh&h transmit and—th
coding rate and modulation cardinality. Simulations show that bit-based

coding outperforms space—time codes in fast fading and, furthermore, of- '€Ceive antenna. The. x 1 vectorr[€] = [r1[(],...,r,, [€]T
fers larger flexibility in rate adaptation. represents the received samples. The noise samples in the
Keywords—Wireless OFDM, Multiple Antennas, Fast Fading, Channel 7, X 1 noise vectom[/] are mutually independent zero—mean
Coding, Capacity, BICM, Space-Time Coding complex Gaussian variates so that the covariance matrix is
gn[h],n[éz] {n[ﬁl]n[ﬂz]H} = 5[€1 - ﬁg] U%I, Where5['] is the
I. INTRODUCTION Kronecker deltag? = N, /T is the variance per complex di-

mension, andl is the identity matrix. Ny is the one—sided

HANNEL coding techniques for wireless commumcatlonﬁower spectral density of white noise. We further introduce

with transmit and receive diversity is a fairly new field olg |a[€]|2} — E,/T, whereE, is the average energy per hy-
research [1]. Performance limits in terms of outage capacity rsymbol, i.e.,athe' averageatotal energy transmitted per time

derived in [2] for the quasi—static fading channel, while [3] als : 9 g :
covers the capacity for the ergodic fast fading channel. tep. Together witl {”f“ 4"} =1, ¥i, j, and independent
) : __H;;[0], we haveg {|r[¢]|*} = n.E,/T and the average SNR
Space-ime codes (STC) [4], [5] are well suited for multiple .
AN A e : er receive antenna i, /N.
antenna transmission in quasi-static (i.e., block—fading) envi- . . . .- .
The following comparisons will be based on finite and dis-

ronments. Our ultimate aim is to apply codes_inth@gonal . : X : o
Frequency—vision Multiplexing (OFDM) to transmit over crete S|gn§I sets like they are used in pracpcal trgnsnjlssmn sys-
= — - tems. We introduce the total number of bits carried in one hy-

multipath channels and we realize that the strong channel vari- e o .
ation across tones does not comply with the quasi—static Chgﬁ[symbola[f] asA. - ZJ'.:l log, |4; 1, ‘.NhI.Ch N equwalgnt
nel model. Adjacent channel coefficients are not independé tthe nqmb_er of bitlevels N the trgnsm|35|on SCh.em%" IS
but together with practical frequency interleaving, the resultilg® Cafd'_”a"tg’ Qf the constituent signal constella_tudp. we
channel can be approximated as independent fast fading. OapA b}\tflb . into one hypersymbol and the binary vector
Obviously, we need to reconsider the multiple antenna cha[f%-’ -+, b7 ]is the label of the hypersymbol.
nel coding problem in OFDM to make best use of frequency
diversity in multipath channels. Recent progress has been made
in optimizing the performance of STC in fast fading by searct. Space—Time Codes
ing for better codes [6], [7] or by applying the idea of I-Q (in-  STCs (space-time codes) are presented in [4], [5]. Binary in-
phase and quadrature component) interleaving to STCs [8] sfmation enters the encoder, and in each time step a complex—
the question remains, as to whether or not STCs are an apRiiued symbol per antenna is generated according to a code
priate channel coding class for fast(er) fading scenarios.  trellis in such a fashion that diversity and/or coding gain is max-
Based on the following results, we conclude that bitimized. All transmit antennas use the signal constellatioin
interleaved coding approaches are able to outperform STCs, §€r view of channel coding, all 2—antenna STC in [4] are ef-
cause they rely on binary codes instead of being signal-spasgtively rate1/2 codes, so that for eachx 1 output vector
codes like STCs. This feature leads to larger Hamming digf/] € A x A (which could carry2 log, |.A| bits), onlylog, |.A|
tances, which are beneficial in fast fading scenarios. Furthegig enter the STC. The space—time decoder directly operates on
larger flexibility in rate adaptation is achieved, which is desithe received signal-space samples to estimate the most likely

I11. CODING ARCHITECTURES

able in packet data communication. information sequence.
STCs are signal-space codes, which already indicates that
Il. CHANNEL MODEL they might perform poor in fast fading channels with much time

We consider block—wise transmission from transmit an- diversity. Furthermore, their inflexible coding rate (in most
tennas (Tx) ton, receive antennas (Rx). The signal con¢@Sesl/ny) is undesirable if one aims to achieve fine-grained
stellation in Tx branchj is A; and the independently cho-link adaptation to make best use of the available channel.
sen and equiprobable signal points are transmitted simulfa- _. .
neously. Ig egch frameLgsympboIs are transmitted per an—éa' Bit-Interleaved Coded Modulation
tenna. For modulation interval (time step) the transmit-  Bit-interleaved oded _nodulation (BICM) [9] can be ex-
ted symbols are collected in the hypersymhal & 1 vector) panded to multiple antenna transmission [3], [10] to obtain ad-
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vantages in fast fading channels. A singtneolutional ®de vyields [9] Icm = Eu {I(a;r | H)}. In perfect correspon-
(CC) encodes information bits and the coded bits are cyclicathgnce, we introduce the bitlevel AMI of the ergodic channel
distributed into the Tx branches, where they are bit—interleavéti = £ {I(b*;r | H)}, which is related to the overall AMI
by differ.ent interleavers, mapped onto Fhe signal constgllati@meM via [9] Inicm = té I*. We havelgion < o,
A used in both Tx branches and transmitted. In the receiver, Bfcause the bitlevels are treated as independent binary channels
metrics are calculated independently for each bit. The bit M@ithout exploiting known bits from other levels.
rics are deinterleaved and multiplexed into one stream, which
is decoded by a conventional Viterbi algorithm. D. Near-Optimum Bit Metrics

The (_:omplexny_of the bit metr_lc computations|.A|™ (ex- For Viterbi channel decoding of the bit—based coding archi-
ponential inng). Via the underlying and well-known convolu-tectures we use the log—likelihood metric
tional codes, the effective coding rate can be adapted in fine= '

grained steps by the use of actual rdtém CCs or by punctur- Pr{b’\ =1|r H}
ing of a mother code of rate/m. L |r,H) =1n ’ (€))

Pr{o» =0 |r,H}
IV. LINK—LEVEL CAPACITY ) maxge Apr=1) Pr (7 | @, H) @)

~ In ~
A. Mutual Information maXgze Apr—0) Pr (T | @, H)
We investigate the conditional mutual information [3] -1 min |r— Ha>— min |r — Hal?) ,(5)
02 \acA(b*=0) acA(b =1) ’

I{a;r |H)=H(a)— H(a |7, H)
E&eAlx...xAM pr(r | a, H)
pr(r | a, H)

est representative) approximation. Nonetheless, near—optimum
performance is achieved by this simplified metric.

which has reasonable complexity after the log—sum (i.e., near-
= A-Eapr {log2 } @

(measured in bits per hypersymbol) for one specific know Link—Level Capacity Evaluation in Fast Fading
channel realizatiold . We exploited equiprobable transmit hy-
persymbols, i.e.,Pr{a} = 1/ [}, |4;| = 2~*. For the pdf
of r, we assume independent white Gaussian noise and h
pe(r | @, H) = (10%)~" exp(~|r — Hal|*/s2).

We randomly generate matrix channels and evaluate AMI in
a Monte—Carlo integration fashion. The results converge fast
848 can be considered to be fairly exact. Fig. 1 shows results
for AMI in fast fading achievable with transmission schemes
for a maximum ofA = 4 bits per channel use. This can be
done by either transmitting 16QAM from one antenna or by
We obtain the mutual information for thie-th bitlevel ad- transmitting 4PSK from each of two transmit antennas. For fair
dressing the vectaz[¢] — assuming that all other bit positionscomparison, both schemes use either only one receive antenna

B. Bit Probabilities and Mutual Information on Bitlevels

in the label ofa[¢] are unknown — as [3] or optimum receiver processing with two receive antennas.
4T T T T T T T T T S S — — —— 1
A _ A A o
I(b T | H) - H(b ) - H(b | T7H) Ziﬁf Rayleigh fading, 1 Rx and 2 Rx =%~ -
. . -
1_¢ 1 ZE*G{O,I}p" (T | b ,H) @) ;gg X T 17Tx 16QAM
= —Epr o § lOg, . 2 3 % x 27Tx, 4PSK
) bA H 3 // o
br (T | ’ ) E ig X - - glr\éM (Gray)
5 24 : ;
We assumed equiprobable bit valugs i.e., Pr{t*} = 1/2, 2%
and for the conditional pdf of, required in (2), we have § 8
pr(r | N H) = |[ADY)|™? Yacapr) Pr(r | @, H), where £ 1] Zoom
A(b*) is that subset of the hypersymbol constellation whii< o -
complies with the bit values at the respective label positions z 3% i g
’y i / X P
demanded by". 04 19
OA% 14 16 1.8 2 22 24 26 28 3 32 34

i i —10—é—é—4—202468101‘21y41‘61‘82‘02‘2242‘62‘830
C. Channel with Fast Fading SR par A 1010g. o (/1) 1'%

We assume a fast—fading channel so thH{] is random Fig. 1. Mutual information vs. average SNR per Rx antenna for transmission
and takes independent values for edchThe matrix entries with A = 4 bits per channel use. 16QAM transmitted from one Tx and
H;;[¢] are mutually uncorrelated zero—mean complex Gaus- 4FSK from two Tx are shown.
sian random variables with {|H;;[¢]|*} = 1, Vi,j. Hence,  Let us first consider the case with two receive antennas: We
the magnitude of each entry follows a Rayleigh distributiorsee two curves for each of the transmission schemes. One is
The channel parameter is perfectly known for edadnd we for CM (coded modulation) and the other is for BICM (bit—
are interested in thevarage_natual information (AMI) for interleaved coded modulation) [9], which strongly relies on the
coded _nodulation (CM). Due to fast fading, the channel catray labeling of the (constituent) signal constellations. For
be assumed to be ergodic, so that the desired AMI is cbBQAM from 1 Tx, we see the well-known result that the
tained by averaging over the given channel statistic. Thisirves for CM and BICM with Gray labeling nearly coincide
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for large SNRs, while exhibiting a negligible gap at lower SNRs Let us first fix 3 bits per channel use as target in the small
[9]. To be able to compare BICM to space—time trellis codespomed area. Given the larger metric computation complexity
which have effectively raté/2, we look at the horizontal line as well as higher accuracy requirements for the channel estima-
at spectral efficiency 2. The zoomed area reveals that the Stih of 8BPSK systems when compared to 4PSK, it might be in-
loss due to using BICM instead of CM@s2 dB for 16QAM. In  teresting to use 2 Tx 4PSK with rat&/ code instead of 2 Tx
contrast, for 4PSK from two transmit antennas, the gap betwegSK with rate1/2 code, especially if BICM is considered,
CM and BICM is larger [3] and we find @65 dB loss at spec- where the capacity gap 65 dB. If we now consider the sec-
tral efficiency 2. Nonetheless, an SNR advantage®f dB for ond zoomed area for 4 bits per channel use, the same reasoning
the given capacity remains, when moving from 1 Tx 16QAMpplies to the comparison of 2 Tx 16QAM with rat¢2 and
BICM to 2 Tx 4PSK BICM. Clearly, this is a capacity compar2 Tx 8PSK with rate2/3. Here, we have an SNR gap@b dB
ison, only, but BICM actually translates these gains into an afor BICM. Note also the large performance gap between BICM
propriately shifted error rate curve as we will see in Section lldnd CM, which is1.5 dB for 16QAM and1.2 dB for 8PSK.
Notably, the SNR advantage of multiple transmit antennas oviis penalty is lowered if more Rx antennas are used, like in
a single transmit antenna is even more obvious at higher spEig. 3, which shows results for the same transmitter scenario
tral efficiencies, so that coding schemes with> 1/2 is an as in Fig. 2 but now with 4 Rx. We again concentrate on 4
interesting direction to be investigated. bits per channel use and see that in comparison to Fig. 2, the
In terms of capacity, one should abstain to operate the 4Pg&rformance penalty for using BICM instead of CM is lowered
2 Tx transmission scheme in fast fading with one Rx antenri@,0.65 dB and0.45 dB for 16QAM and 8PSK, respectively.
only. It is alarming that the capacity of 2 Tx 4PSK CM is onljHence, a larger number of receive than transmit antennas, i.e.,
slightly better than 1 Tx 16QAM CM and for BICM, 2 Tx 4PSKn: > ns, reduces the capacity gap between BICM and CM. The
is even worse than 1 Tx 16QAM. It appears that in fast fadinGNR gap for BICM 16QAM with ratd /2 and 8PSK with rate
receive diversity is more beneficial than transmit diversity. THY3 is with 0.55 dB almost the same as the5 dB in Fig. 2.
reason for this is that the combination of 2 Tx with 1 Rxleac [T — ~— ~ = — 77 T T —
for some channel realizations to ambiguities so that (e.g., 7| Rayleighfading, aiways 4 Rx

" 27Tx 160AM

17T 1T, 2560AM

Hy; = 1andH;» = 1) the number of distinguishable signa ' 7 [— 2Tx.cm =

points in the received hypersymbol set can not be guaranteei £ *3 |~ fricu “ ot epsk
second Rx ensures that this ambiguity occurs much less lik % 5.5 T 1Tx 640AM
Maybe this problem is not that visible in capacity computs 5

tions with Gaussian instead of discrete input signals. Hen=*°[ 2T, 4PSK

the transmit diversity schemes of order 2 in fast fading shot$ ss| R 1.Tx, 16QAM

always be operated with, > 2, as otherwise they might be§ 3 Zoom
25

outperformed by higher—order modulation systems with one = “71
(i.e., well-defined signal constellation), which have even fL2 1s¢%- " 4 eoam 7 -
ther advantages in terms of interference cancellation and he 1 8% / .

. . L 3.9

in overall system capacity of cellular systems [11]. °'§ L. . ., 28 3 32 34 36 38 4 42 44
The above graph indicates the benefits of transmit diversity ™ % ° 2 “qgbers 10loo,, (£, /00 @8 -° o 2

achieve one and the same maﬂm_um.value of spectrall eﬁlplew 3. Mutual information vs. average SNR per Rx antenna (using 4 Rx) for

but does not yet give a design guideline for the combination of one and two Tx with various maximum spectral efficiencles

coding rate and modulation types to obtain a given overall targetEspeciaIIy with larger numbers of Tx antennas the spec-

spectral efficiency. For this purpose, we compare the AMI ﬂfal efficiencies with equal signal sets in all Tx antennas in-

various signal sets forax 2 system in Fig. 2. crease in steps af;,, which might be undesirable if the data rate
needs to be adjusted in fine—grained steps. The use of mixed
L 2Tx160aM | signal constellations in the Txs enables a bit—-wise adaptation

/
7 8PSK- - -~
7

mutual informa

8 — —
75| Favilah facing, alvaye 2 Fix =77~ rexseoau| Of gross spectral efficiencies during joint design of modulation

67: — N T I 1 cardinality and channel coding rate.

||~ - 2Tx, BICM (Gray) L L 7o 8PSK_ |

55l M ‘ === 1Tx 640AM 1 V. SIMULATION RESULTS FORFAST FADING AND OFDM

] A. Spectral Efficiency of 2 bit/s/Hz in Fast Fading

2 Tx, 4PSK ) i L. i :
T 1T 160AM ] In all simulation results, BICM is implemented with suffi-

cient interleaving. For fast fading, the channel matrices are ran-
domly and independently generated. Fig. 4 shaamg _eror

, 0 rate (FER) performance vs. average SNR per Rx antenna for
160AM teaam " systems with 2 Rx and with identical target spectral efficiency

Zoom

N

7
8PSK /. -8PSK.»
/ ’

7

mutual information | [bit/channel use]
B

w
R S R I SO RSSO

”
4PSK / 4pSK

BPTIT 545658 6 626466 89 772747678 8 52848688 9 92 of 2 bits per channel use. One framdlis= 130 hypersymbols

o

o

o

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 |ong so that a total a260 information and termination bits are
SNR per Rx 10Iog10(Ea/N0) [dB] - . . . .
transmitted. The codes with 16 states use four bits for trellis

Fig. 2. Mutual information vs. average SNR per Rx antenna (using 2 Rx) f?érmination Ieaving 256 information bits per frame. We first

one and two Tx with various maximum spectral efficiendies
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1Tk 18oAM, 16 1. 00 and 4PSK/16QAM to obtain the spectral efficiency of 4 bits per
* 27x,4PSK, 16 st. CC, PSP channel use. Especially for the balanced signal constellations
v 2Tx, 4PSK, 16 st. STC, orig. . . . .

el & 27T, 4PSK, 16 st STC, opt. || paired with different coding rates, the closeness of the error

rate results is striking. The mixed signal constellation performs
slightly worse, because the convolutional code has trouble aver-
aging over 3 strongly different bitlevel capacity valdeés The
balanced transmission schemes only have 2 different capacity
values on the bitlevels, so that the convolutional code does not
have as much effort to average over them. Expanding the signal
constellation in fading 1 Tx/1 Rx links [12] has large benefits
which are no longer that visible in the multiple antenna sce-
nario. Good correspondence of simulation and capacity results
again justifies the validity of previous capacity comparisons.

o 16QAM, 16 st. CC, R=1/2
x  8PSK, 16 st. CC, R=2/3
* 4PSK/16QAM, 16 st. CC, R=2/3

Rayleigh fading, always 2 Rx

)
14 16

2 6 8 10 12
SNRper Rx 10log, (E,/N;) [dB] - 107k

Fig. 4. Frame error rate vs. average SNR per Rx antenna for space—time coding
and BICM coding schemes with rate—1/2 convolutional codes and 2 Rx.

107k
consider the two 16 state 4PSK STC (space-time codes). The ;
fast—fading optimized STC [6], [7] (markek) provides al to i
1.8 dB improvement over the original STC [4] (marken), not
intended for fast fading. For FER belot®—2 (which might
not be interesting for some applications) both STC are outper-
formed by single-Tx 16QAM BICM with ratel/2 16 state
convolutional coding with octal generatof23, 35). But for
larger tolerated FER, the optimized STC performs better than

107}

the single Tx system. Eq. (5) is used as metric for Viterbi de- . Rayleigh fading, always 2 Tx, 4 Rx
coding in all BICM simulations. At FER below0~!, the 2 Tx TS s 7 s s 10 1 12 13 w4
4PSK BICM system with rate/2 16 state convolutional cod- SNRper R 10109,0 (E /M) 1981 -

ing outperforms all others. The slopes of the FER of all BICMig. 5. Frame error rate vs. average SNR per Rx antenna for bit-wrapped
schemes are the same, while the slope of the STC systems jgoding schemes with rate—1/2 and rate-2/3 convolutional codes for 2 Tx
significantly less steep, indicating their failure to produce a and 4 Rx systems.

cpmparable order pf dlyer3|ty. The BICM ;chemes enable@ oEpM channel Model with Multiple Antennas

higher degree of diversity. It is worth mentioning that the re- o ] .
spective spacing of the FER curves of the bit-based systemd N€ transmission link from Tx antenjato Rx antenna is
agrees nicely with the AMI curves in Fig. 1. We actually se€Presented by a baud—spaced multipath channel, which is char-
the 1 dB shift from 1 Tx 16QAM BICM to 2 Tx 4PSK BICM. 2acterized by its finite discrete—time channel impulse response

Hence, the gains predicted by capacity considerations actudligls]; 0 < & < K, 1 <i < n,, 1 < j < ny, i.e., all chan-

translate into shifted FER, justifying the use of the capaci;glS are of lengtti. The channel taps are zero-mean complex

measure to compare different coding and modulation schenfz& ssian random variables and they are mutually uncorrelated

with multiple antennas. in time and also across the antennas. We assume the same av-
erage power delay profile for all Tx—Rx links with average tap

B. Spectral Efficiency of 4 bit/s/Hz in Fast Fading powerpl] = € {|hy;[x]|"}, Vi, j. As indoor model, we use the
exponential average power delay profile

We again consider frames éf = 130 hypersymbols so that

now a total 0f520 information and termination bits are trans- k] =

mitted per frame. In Fig. 3, we compared the 2 Tx 8PSK and

16QAM constellations at this spectral efficiency and found a

difference 0f0.55 dB, only. From results not shown here, wavhereK.,, is a parameter which characterizes the exponential

know that the mixed constellation 4PSK/16QAM (with identidecay of the average echo power over the channel impulse re-

cal average power in the two Tx) shows negligible differencponse lengtti{. From the special scaling, it follows directly

to 8PSK/8PSK in terms of AMI. We want to confirm thosehat the average sum power is normalizqu(fz_ol plk] = 1.

similarities by the simulation results in Fig. 5, where we usEhe parameteK ., is loosely related to the rms delay spread.

a rate—1/2 convolutional code with octal generat@gs 35) for For OFDM transmission, it is natural to consider coding

16QAM/16QAM, and a real (non—punctured) rate—2/3 convacross the tones, because of delay constraints for data trans-

lutional code with octal generatof87, 75, 72) for 8PSK/8PSK mission. OFDM has a natural blocking of data so that one

|- R
—K/Kexp
1_e*K/Kexpe , 0<k< K , (6)

0, otherwise
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OFDM symbol delay is present in the link. Channel coding Comparing Figs. 4 and 6, we see that the performance of both
over a large number of OFDM symbols would result in mostlgchemes with interleaving in OFDM is slightly worse than in
unacceptable overall delays. Further, in a sufficiently scatterg ideally fast fading channel, but the performance advantage
multipath environment the channel fluctuation in time is usualbyf the bit-based channel coding is, even though reduced, still
smaller than the change of channel conditions in frequency,remnarkable. Further, it is expected that for signal constellations
that a higher degree of diversity results by coding across tonksger than 4PSK the performance advantage of bit—interleaving
Hence, the discrete—time varialflédom Section Il is now asso- will be even larger, as observed in Section V-B.
ciated with the frequency, and via tlie-point dscrete Burier
transform (DFT), we obtaid;;[¢] = S5 " hyj[x] e 327¢s/ T VI. CONCLUSIONS
We choose the length of the transmitted signal blécto be Binary convolutional coding with appropriate bit—interleaving
a power of2, in order to implement the transform with a fasts a widely accepted way to do channel coding with higher or-
transform algorithm. The:, x ny channel matrix across theder modulation in fading channels with a single transmit an-
frequency axi¢ is given by H[{] = [H;;[¢]]. With K < L tenna. The results in this paper show that bit-based coding
(K < L), adjacent channel matrices are (strongly) correlategichitectures lead to flexible coding schemes for the multiple
and a frequency—domain interleaving of the transmitted hypdix antenna case, while enabling reasonable performance in fast
symbolsa[/] decreases the error rate. fading. When a convolutional code exhibits a given distance
. ) ) from the single—Tx capacity limit, it approximately retains this
D. Spectral Efficiency of 2 bit/s/Hz in OFDM distance from the respective multiple—=Tx capacity limit, indi-
In [13], the use of STC in OFDM is proposed. To have aating the usefulness of the bit-based schemes. An interesting
close relationship to the results in the previous sections, wheessibility lies in higher—rate coding with smaller signal sets,
we investigated block lengths @80, we choose the DFT size paving the way to combinations like the 2 Tx 8PSK scheme
L = 128. Further, we use a channel of length= 8 which is with R = 2/3 for a spectral efficiency of 4 bit/s/Hz in Fig. 5.
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