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portable communications devices. Applications such as mobile costhemes have been designed both using a group structure on the code
puting, video transmission to mobile devices, and other high-speaad without such algebraic constraints.
data services have increased the demand for higher data rates, fro@ince space—time codes necessarily become rapidly very complex,
64 bits/s in enhancements to current second-generation cellular ¢here have been a number of papers proposing the concatenation of
tems, to 2 Mbit/s in next-generation mobile services, and beyond. error control codes, mostly turbo codes, with a space—time code or
Regardless of advanced coding techniques such as turbo codesgpfce—time modulation [55]-[63]. This line of research is also mo-
channel capacity remains an unmovable barrier. The need for higkieated by the near-capacity-achieving performance of such concate-
and higher data rates can no longer be supported by simply allocatirded codes on other channels. An overview in the area of concatenated
wider frequency bands, and thus other methods of capacity increapace—time codes may be found in [64].
have been researched heavily in the past decade. One promising techt [57], serial concatenation of standard space-time trellis codes
nigue is the use of multiple transmit and receive antennas. Such syith a bank of inner raté recursive codes was considered. The outer
tems can theoretically increase capacity by up to a factor equaling ttale produces symbol vectors which are separately symbol interleaved.
number of transmit and receive antennas in the array [2]—[6]. Each stream is sent through a separate inner recursive code with poly-
Spatial diversity has been proposed for support of very high rate datamial1 + D. A quasi-static channel was used, which was assumed to
users within third-generation wide-band code-division multiple-accele perfectly known at the receiver.
(CDMA) systems such as cdma2000 [7]. Using multiple antennas,In [60], the authors consider space—time codes for two-transmit, two-
these systems achieve gains in link quality and, therefore, capacigceive antenna systems based on serial and parallel turbo codes. They
Classically, diversity has been exploited through the use of eithéevelop arank criteria for determination of the resulting diversity. They
beam steering (for antenna arrays with correlated elements) or throeghsider a parallel-concatenation-based approach in which a parallel
diversity combining (for independent antenna arrays) [8], [9]. Use tidirbo code is followed by puncturing and interleaving of each branch
these array processing techniques can achieve any combination ofahe transmission over separate antennas. For the serial approach [57],
following: a) reduction of multiple-access interference through theach output of a space—time trellis code is separately interleaved and
“nulling” of strong interferers. Such techniques are complementary ted into separate recursive encoders and transmitted over separate an-
(and share the mathematical formulations of) multiple-user receiveéeninas. They consider both quasi-static fading and time-varying fading
such as the decorrelator and minimum mean-square error (MMSiEannel (0.001 and 0.01 normalized Doppler) and achieve 2 bits/s/Hz at
filter [10]; b) mitigation of fading effects by averaging over the2.5 dB from outage capacity. Perfect channel knowledge was assumed.
spatial properties of the fading process. This is a dual of interleavingln [55], [59], a form of turbo-coded space—time modulation is con-
techniques which average over the temporal properties of the fadsidered. The scheme uses serial concatenation of a standard turbo code
process; and c) increased link margins by simply collecting more with an interleaver, serial—parallel converter and a space—time mod-
the transmitted energy at the receiver. ulator. The quasi-static fading channel is used and points 4 dB from
More recently, it has been realized that coordinated use of diversitgpacity are achieved for a two-transmit, two-receive system. This is
can be achieved through the use of space—time codes. Rather tharoved by about 2 dB with use of iterative demodulation. Separate
relying solely on array processing of uncoded transmissions, forwaridannel estimation based on pilot sequences was also considered with
error correction codes which add redundancy in both the tempoealoss of about 1.5 dB.
and spatial domains are designed specifically for channels within [65], the authors consider the parallel concatenation of recursive
multiple transmit and receive antennas. There are currently two malystematic space—time trellis codes to operate at 2 bits/s/Hz over a two-
approaches to realizing the capacity potential of these channetansmit two-receive antenna quasi-static fading channel. Antenna 1
coordinatedspace—time codes afalyeredspace—time codes. transmits systematic symbols and antenna 2 transmits alternating parity
Coordinated space-time block codes [11]-[13] and trellis codegmbols. Channel estimation was not considered and points 2.5 dB
[14]-[18] are designed for coordinated use in space and time. Them outage capacity were achieved.
data is encoded using multidimensional codes that span the transmih [66], a rank criterion is developed and the authors consider the rate
array. Trellis codes are typically decoded using the Viterbi algorithna/3 parallel turbo code from [67]. They design the interleaver to ensure
Such codes are efficient for small arrays, and can achieve within 3 Bl diversity and use binary phase-shift keying (BPSK) modulation
of the 90% outage capacity rate calculated in [3]. A serious obstatteachieve 1 bit/s/Hz with either two or three transmit antennas and
to extension to larger arrays, however, is the rapid growth of decodesingle receive antenna. Channel estimation using pilot-symbol-aided
complexity with array size and data rate: the number of states inmedulation was considered resulting in a 2—3-dB loss in performance
full-diversity space—time trellis code fertransmit antennas with rate on fast fading channel with 0.01 and 0.001 normalized Doppler rates.
R is 2=V The other approach uses layered space—time codesn [61], the authors design parallel concatenated space—time turbo
[19]-[21], where the channel is decomposed into parallel single-inpebdes based on constituent space—time trellis codes (in their recursive
single-output channels. The receiver successively decodes these lafgers). These codes are simulated over both fast fading and quasi-static
by using antenna array techniques and linear or nonlinear cancellatiading channels with perfect channel knowledge.
methods. Both approaches show much promise, but the latter is morén [63], a concatenation of standard convolutional codes with simple
scalable. It also has the advantage that available technology sucls@ace—time block codes is considered, using bit interleaving. Perfect
standard error control codes can be more easily integrated. channel estimation is assumed and results are presented for quasi-static
Much of the space—time coding literature assumes the availabilitfiannels as well as fast fading channels with 0.01 and 0.05 normalized
of good channel estimates, which are required for decoding. In tBeppler.
absence of channel knowledge, the capacity gains to be achieved d&ll of the approaches just described either assume perfectly known
pend upon the coherence time of the channel [22]-[25]. More recentijiannel state information, or use simple channel estimation techniques
there has been considerable effort to design space—time codes thairoponjunction with training sequences or pilot symbols. Apart from
erate in the absence of channel state information [26]—[54]. Typicallgnk criteria, no particular efforts are made to optimize the error control
these codes are coordinated space—time block codes whose symtmiies in these concatenated schemes.
are unitary matrices. Such codes may also be used as part of differtn this correspondence, we show that the serial concatenation of a
ential space—time modulation schemes. Codes for use in differentiahple error control code and a differential space—time code of mod-
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mately constant over symbols, the samples taken by receive antenna
j can be modeled ag;, = \/p/t>"i_, Hjicik + nji, whereH;

is the complex fading path gain from the transmit antehtmthe re-
ceive antenng, n . is a complex circularly symmetric Gaussian noise
sample, ang is the SNR per receive antenna.

S Space b . . .
_ lexarf: Tli)me L. ltis customary to collect the transmitted space-time symbols into a
Encoder Decoder codeword matrixC' € C**™ with elements:;,, in which the rows cor-

respond to different transmit antennas and the columns correspond to
different symbol times. Considering a sequencé aodeword trans-
missionsC'y, C-, ..., Cr, the channel can be written as

Y, = \/g HC\+ N, &

whereY; € C"*" is thelth received matrixH; € C"*! is the matrix

f fading path gains, an¥; € C"*" is a matrix of noise samples.

erate size can practically achieve capacity on low signal-to-noise ral andependent Rayleigh fading may be modeled by selecting the ele-

(SNR) channels. This defines a decoder structure with manageable ) ; . . :

. . ments ofH; as unit variance complex Gaussian random variables with

complexity and near-optimal performance. We pursue an approach mo: . : - - . .

tivated by turbo decoding methods. The main idea is to use a sefi |Kdependent and identically distributed (i.i.d.) real and imaginary parts.
. e distinguish betweefastfading, in which theH; evolve according

concatenated coding system in which the inner code is a short diff%-a process whose dominant frequency is much fasterijifiabut

e_ntlal (recursive) space-—time code. The outer code consists of a Slmﬁl%ver tharl /», andquasi-statidading, in whichH; is selected inde-
high-rate code, such as a convolutional code or even a parity-chéc :
L S X . ; . _pendently and then held constant for groupd.afode matrices (cor-
code. Exploiting the turbo principle through iterative decoding, this af- . ; ) o .
responding to a single packet). In the fast fading case, it is mutual in-

rangement can virtually achieve the Shannon limit of the multiple-ap- . L .
. . or{natlon averaged over the channel statistics that is used to calculate
tenna channel, even with an outer code so weak that it cannot correc

single errors, and an inner code that is catastrophic. We further expﬁ)]lfatn.nelfcfi?am);’ whereas for the quasi-static case, itis outage capacity
the differential property of the inner code to provaleriori estimates atis ot interest.
of the fading channel, for use in an iterative channel estimation scheme.
As the decoder iterates, both the quality of the data estimates and the
channel estimates are improved. We find that this technique requiresve shall focus on the differential space—time codes (DSTC)
very few pilot symbols (since the transmitted data itself acts as soft, ¢ Hughes [32]-[35], which can be demodulated without channel
uncertain training) and results in very little degradation compared k@owledge, at a loss of 3 dB in SNR with respect to decoding these
perfect channel knowledge. codes with complete channel knowledge. These DSTCs are based on
Related independent work appearing subsequent to the initial pullhitary matrices with a group structure, forming a space—time group
cation of our methods [68], [69] can be found in [49], [50], [70]-[76]code! In such a code, each codeword takes the f6tm DQ, where
Related independent prior work [77], using a similar serial concatenB-is a fixedt x » matrix and@ € Q belongs to a group (under matrix
tion of convolutional codes and differential space-time modulation, faultiplication) of unitary matricesQ* = I. Then columns ofC
conjunction with iterative decoding and per-survivor processing [78}e transmitted as consecutive space—time symbols.
was brought to our attention in the latter stages of the preparation ofin particular, we shall illustrate the basic ideasfoe » = 2. For

Fig. 1. A fading channel with multiple transmit and receive antennas.

I1l. DIFFERENTIAL SPACE-TIME TURBO CODES

this correspondence. convenience, define the matrices
The correspondence is organized as follows. In Section I, we intro- 10 i
duce our mathematical model of the space—time channel. In Section lll, QY = < 0 1 ) QY (O _j >

we discuss the differential space—time modulation that will be used as

an inner code in our concatenated system. Iterative decoding with per- o = < 0 1) Q" = (0 J’)

fect channel estimates is described in Section V. In Section V, we use -1 0 j

extrinsic information transfer chart_s to determine operqtlon_thresholgﬁdl correspondingl@V = —Q®, Q® = —Q®,Q® = _QW,
for these concatenated codes, which are compared with snmulatlonalnndQ(7) — _Q®. Then, the following defines a quaternary phase-
Section VI. In Section VII, we show how the differential space—time ) ’

code can be used to provide initialpriori symbol estimates which shift keyed (QPSK) group code

are then used by an integrated channel estimator to refine channel esti- o= 0) (1) (7 2
: ; o Q=19Q".Q",....Q @

mates successively with the iterations of the decoder. The performance

of this technique is shown using simulation in Section VIII. Section IX D= < I -1 ) ) @)

contains concluding remarks. 11

DSTCs can be differentially encoded and decoded in a way very similar

II. SysTem MODEL to phase-shift keying (PSK). At the start of transmission, the transmitter
Transmission takes place over a channel witansmit antennas and sends the code matr&®, = D. Thereafter, messages are differentially
r receive antennas, as shown in Fig. 1. At tine= 1, ..., n, each encoded: to send the information symi6al € Q during symbol time
transmit antenna = 1, ..., t selects a complex symbel, which ! =1, 2, ..., the transmitter sends
is modulated onto a pulse Wa_veform and transmitted over the channel. C —C -G @
The vectorcix, ¢k, ..., cii] is referred to as apace-time symbol ! i
At each receive antenja= 1, ..., r, the signal is passed through a 1Group structure is not necessary for the design of a DSTC, and is not required

filter matched to the pulse waveform and sampled synchronously. If tive the decoding methods that we describe.
channel delay spread is negligible and fading conditions are approxi2As described in [33]Q is isomorphic to Hamilton’s quaternion group.
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Fig. 2. Concatenation of an outer code with a differential space—time modulator.

The group property guarantees tiiatis a codeword i”;_; is a code- APP1
word. Like differential PSK, there is a simple differential receiver [33] o) @ A
for G, based on the two most recent blocks. This receiver computes

G=maxRtrGY Y ,_,. (5)
GeQ

Performance results for tlgguaternion cod€2) can be found in [33].
DSTCs provide an essential building block for space—time systems -
that can operate with or without channel estimates at the receiver. Thus I - @ APP2 | |
far, most work on space—time coding has assumed that perfect channel
estimates are available at the receiver [11], [19], [79]-[81]. In certain
situations, however, the channel may change so rapidly as to make figli- 3. symbol-wise iterative decoder.
able estimation of the channel difficult, or may require too much over-
head in terms of pilot symbols, or perhaps we want to avoid channel ) )
estimation in order to reduce the cost and complexity of the handsetY¢!€- Such turbo decoding systems have been studied for the concate-
Fig. 2 shows the structure of the proposed serially concatenated cddion of standard convolutional codes with differential PSK, and very
For convenience, encoding is performed on a symbol-by-symbol lev@pod error performance, rivaling that of turbo codes, have been re-
For eachd-ary input symbol, the rate/3 outer codeC outputs a Ported [84], [85]. . . . .
single 8-ary symbol. For convenience, we shall consider these syrn_The inner decoder for the space—time differential code takes two in-
bols to be members at; = {0. 1, 2, 3} andZs = {0, 1, ..., 7}, pqts,_ t_he sequence of ch_annel vall{éfs,}_: {Yy,Y,, ...}, anda
respectively (although we do not invoke the ring axioms usually infriori mf_ormatlon onqthe input symbols in the form of a sequence of
plied by this notation). We shall consider the standard maximal fr@&obability vectors{p;" }, where
distance convolutional codes [82, p. 495] with 4, 16, and 64 states (cor- A 0) M—1
responding te = 1, 2, and3) as well as the simple3, 2) parity-check pr = [Pr(Gi= Q). ... Pr(Gi = Q' gl
code. The mapping from binary #, a_deg is not a topic of this cor- 5nqa7 = |QJ. It calculates the sequence of output APP vecipr$
respondence and the natural mappings are used.
The stream ofZs symbols are passed through a lengttsymbol  ,, — [Pl‘(Gz —Q© {yl}) ’ “”/Pr(Gl — Q-1 {yl})]
interleaverr. These interleaved symbols are then input to the differen-
tial space—time encoder (the interleaved symbois Zs are mapped ®)
Zs — Q according toz — Q). In the case of th¢3, 2) parity

de. biti leavi b dsi h de h d crsing an adaptation of the standard implementation of the APP algo-
co e’b It inter eawEgImL_JI:%rt] € use smﬁe t ;gﬁ; as no depenqgpy, [86] (the differential constraint is represented in the usual way

cles e_tween Symbo's. The mapper ta es eaon. matrix output .using the trellis upon which the decoder operates). Similarly, the APP
by the inner differential code and transmits it using two Consecu“\é?gorithm can produce APPs on the coded symihls

space-time symbols, as described earlier. Given perfect channel knowledge, the algorithm uses the coherent

branch metrics
IV. ITERATIVE DECODING WITH CHANNEL INFORMATION

. _ _ 2
Since the differential space—time modulator is an infinite impulse re- Pr(Y, | Q) = avexp(-|IY: — HDQl¥) @

sponse filter, it fits the requirements of an inner code for a serially Coﬂ/heren - || i the Frobenius norm andis a normalization factor
catenated coding system [83]. We now describe a symbol-wise turboI'hea priori information is removed from the output by element-wise

decoder [1] for the differential space—time turbo code, in the case ﬂ&‘?\}ision. The resulting “extrinsic” informatiofip’ } is given as
the receiver has perfect knowledge of the channel matHgeShis de- !

coder is of in_depe_ndent interest, since_it forms the basis of the decoder F =a [p,(l)/pf‘(l), 2,(2)/p(2), ..., p,(ﬂf[)/pf(M)]
for the case in which the channel matrices are unknown. We shall also
see that using very simple constituent codes, we may achieve a perfor- _, oA
mance very close to the fast-fading ergodic capacity for low SNRs. a = ZPI(Z)/PI (i). 8

The decoder is shown in Fig. 3. The inreeposteriori probability =t
(APP) decoder operates on the (fully connected) trellis of the DSTThe extrinsic probabilities are deinterleaved in order to coincide with
This is followed by deinterleaving and APP decoding of the outer codiae symbols entering the outer APP decoder. This second decoder op-
Extrinsic information on the space—time symbols is fed back to tlegates on the outer code It uses{pZ} asa priori information, and
DSTC decoder, which uses itapriori information in a new decoding calculates new APPs on the encoded symlisls according to the

M
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APP rule. The new extrinsic probabilities are calculated using (8). Th
process is iterated until a certain stopping criterion is reached. 4
In case of very short outer codes such agthe) parity-check code, 4
bit interleaving needs to be used, and hence extrinsic probabilities f - 4
the information bits are generated by marginalizing the values obtain:
in (8). Likewise, the output bit probabilities of the outer code are com

bined into symbol probabilities.
-1.0dB

V. EXIT ANALYSIS

outer

-1.5dB 16

In this section, we modify and apply the extrinsic information.& 64 ]
transfer analysis [87]-[90] to our serially concatenated system. Th g
will give us a tool to predict the “turbo cliff” of our system and let us .
design and choose the outer code required for best performance. = 1 7

Consider a single APP decoder. It operates on two inputs, the chani ’
outputsY’; (which may be absent if we consider the outer decoder), ar /
a priori input informationp;'. The decoder generates extrinsic proba: / (3,2) Parity
bilities p/” according to (6) and (8). /

Let the i.i.d. sequence of random variabl€s, V2, ..., V7 be /
the transmitted symbols. Under the assumption of long randol !
interleavers, the corresponding sequence of random vegtdrs 00 : 1 ' 2 : 3
are i.i.d., as are thp”. Define the random variableE, A, and E 4 inner, I outer
according top(V, 4) = p(Vi, pi') andp(V, E) = p(Vi, p°) (note
that these distributions are independent,afue to the independencerig. 4. Extrinsic information transfer chart for serial concatenation of 4-, 16-,
assumption). We can now define mutual informatiohd’; A) 64-state convolutional codes and ({8 2) parity-check code with the DSTC.
between the “true” symbol$” and the inputa priori probability
vectors, and (V'; E) betweenl” and the output extrinsic probability 1
vectors. Note that this amounts to treating the prior and extrins
probability vectors themselves as the random vectors of interest |
opposed to considering the random variables taking these vectors 107!
their distributions). This makes sense, since it is from these vectc
that the final decisions will be made.

The plot of I(V, A) versusI(V, E) is known as extrinsic informa-
tion transfer (EXIT) chart. By plotting the EXIT charts for the inner anc
outer code on the same axes, the convergence properties of the conc_ ;3|
nated system may be predicted, as described in [87]-[90]. 2

Due to the nonlinear operation of the APP decoder, the multidime
sional distributiong(V, 4) andp(V, E) are difficult to obtain analyt- 104 .
ically. We, therefore, estimate these measures using Monte Carlo s
ulation of the individual codes of interest (the DSTC and the convolt
tional code). Further details regarding symbol-wise EXIT analysis me¢
be found in [91].

Fig. 4 shows the EXIT chart for our system using the DSTC as tt 106 ) ) ) ) \ . )
inner code {4 = I(V, A) on the horizontal axislr = I(V, F) on -6 -4 -12 -1 08  -06  -04 02 0
the vertical axis) and 4-, 16-, and 64-state maximal free distance rawe Ev/No. dB
2/3 convollutlonall codes [82, p. ‘,1'95] as thg outer code (thick links) ( Fig. 5. Performance of the serially concatenated system with several outer
on the vertical axis]r on the horizontal axis). The DSTC curves (thincodes for a fast fading channel.
lines) are for various SNRs, ranging frosi.5 dB to— 1.0 dB in steps
of 0.1 dB.

From the figure, we expect the turbo threshold to occur at aba@  Whereb,, b, bs are the bits that make up a single parity-check code-
dB for the 64-state outer code,1.3 dB for the 16-state code, ardl.  Word. Itis clear however that many iterations may be required for con-
dB for the 4-state code. We also expect the 16- and 64-state outer cogggence.
to result in faster convergence, since the path between the inner and
outer curves are more open for these codes. VI. SIMULATION RESULTS

The (3, 2) parity-check code (dashed line) has an even lower turbo _ . . .
cliff at about—1.4 dB. Its curve is very well matched to the shallow Fi9- 5 compares the performance of the differential space-time

curve of the inner decoder. Furthermore, the APP decoder for tfigP0-coded system using the various outer codes previously dis-
parity-check code is extremely simple, and can be implemented gySS€d- The channel used is assumed tode-a = 2 uncorrelated
a simple lookup table. From the parity-check constraint it is quif@St Rayleigh-fading channel, i.e., each channel mafiiis indepen-

straightforward to calculate the output extrinsic bit log-likelihood®ntly drawn from & x 2 matrix of independent complex Gaussian
ratio as distributions, and the decoder is furnished with ideal channel side

information. The interleaver length was 100000 symbols, and 100
1+ exp(A*(b3) — A\ (b)) ©) decoding iterations were performed (smaller numbers of iterations
1+ exp(A(bs) + A1 (b2)) result in less steep curves).

4 state

102

105} J

N (b1) = A (ba) + log <
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knowledge APP 1 cannot improve the symbol probabilities. These are
Channel . . .
Estimate deinterleaved and fed into the outer decoder APP 2, which generates
new symbol priore(G;). At this point, further reuse of the differen-
lﬁl p(Cy) tial decoder can be shown to be of no use, and the system switches
Soft (@) tp “coher_ent” operation in the next iteratic_)n. With tk_le switch in po_si-
Y, Diff 3 APQP 1 a1 L ! tion A, priorsp(Gi) are used from the previous iteration, together with
DecodcrA\t‘—- the channel estimate; using the coherent metric (7) (treating the
I channel estimates as if they were exact). At each iteration, improved
valuesp(C,) are also generated by the inner decoder APP 1 which, in
turn, generates improved channel estimdles
The transmission channel (1) is linear, and therefore well-doc-
- umented optimal linear estimators exist. In particular, the linear
APP 2 minimum mean-square error (LMMSE) estimator can be for-
»(G) c mulated asH = RyvyR,}Y, where H = [H,,..., Hy],
andY = [Yi,...,Y.]. The covariance matrices are given by
R,y = E[HY"] andRyy = E[YY"]. These covariance matrices
need to be estimated using not only the statistics of the channel, which
are Gaussian, but also the statistics of the transmitted synibols
The 4-, 16-, and 64-state outer convolutional codes result in thresthose individual symbol probabilities are furnished by decoder APP
olds of approximately-1, —1.35, and—1.25 dB, respectively, which 1 at each iteration.
agree with the predictions of the EXIT analysis. The threshold for the Even a cursory complexity study of this LMMSE filtering approach
(3, 2) parity code is similar to that of the 16-state convolutional codegveals that it would dominate the complexity of the entire receiver,
at about—1.35 dB. especially given the very simple soft component decoders for the small
At this code rate (1 bit per channel use), andtfer » = 2 capacity error control codes used. Motivated by [92]-[94], we pursue a simpler
is at—3.1 dB [2]. Thus, the concatenated coding system can achiaystimator, in particular, we reason that from the first moment equation
bit error rates (BERs) of0~° at about 1.75 dB from capacity (for the E[Y,] = \/p/t H,E[C!], an instantaneous symbol-wise estimate of
parity outer code). However, this code also requires the most iteratiadhe channel is found as
as predicted by the EXIT analysis. By way of comparison, the 16-state
convolutional code achieves a BERI®F © at £}, /Ny = —1.3 dB after \/Eﬂl —Y.C; (11)
25 iterations, whereas the parity code requires 45 iterations to achieve t
the same point. .
We may also compare these results to those for (nonconcatenatgbigreC; is the empirical mean according #0C;) generated by the
space-time block codes. As reported in [64, Fig. 10], the 1-bit/s/Haner decoder APP 1. ~
BPSK Alamouti code [11] witht = » = 2 achieves a BER af0~* at The symbol-wise estimatd$; are now treated as if they were in fact
Ey/No = 7 dB. The corresponding 1-bit/s/Hz QPSK code wita 4, observations off; in i.i.d. additive Gaussian noise. The final channel
r = 2 from [12] achieves a BER df0 > at aboutEs /N, = 5 dB. estimates are obtained by LMMSE filtering the elementdHofac-
In [64, Fig. 26], results are given for turbo space—time codes formedrding to the known or estimated covariance of the fading process.
by the concatenation of standard convolutional codes with the QP8Kthe case of quasi-static fading this amounts to averaging.
Almouti code [11] resulting in 1/bit/s/Hz. Using a constraint length The a posteriorichannel symbol probabilities used to generate the
5 outer code, a BER of0~* is achieved at,/N, = 4.5 dB. In- average symbal; used in (11) are provided by the inner decoder APP
creasing the constraint length of the outer codgitoproves this result 1. However, due to the catastrophic nature of the quaternion code (and

Fig. 6. Symbol-wise iterative decoder with integrated channel estimation.

to B, /No = 3.25 dB. all differential codes), even completely reliable values of the input sym-
bolsG; cannot give any information on the channel symh@}s But
VII. | TERATIVE DECODING WITHOUT CHANNEL |NFORMATION if the quaternion code is started in a known state, nonuniform prob-

] ] ] __abilitiesp(C,) of the channel symbols are found by decoder APP 1.
~ We now describe an iterative decoder that makes use of the differgfls show now that these probabilities “decay” to the uniform distribu-
tial property of the inner code to begin. This iterative decoder is showigp, with a decay rate that is a function of only the channel SNR and

in Fig. 6. ) ) ] the differential code used, but does not directly depend on the channel
In the case that the channel is not known, the differential properiy,ctyation speed.

of the inner code may be used to provide initial (nonuniform) priors t0 The forward recursion of the inner APP decoder can be written in
the inner APP decoder on the space-time sym&blsia matrix notation asx; ;1 = P;a;, wherea; is a state-size vector 6f
forward recursion values, anB; is the transition probability matrix
between the states, whosk, {)th entry is the transition probability
between staté and statd given by Pr(Y|C)p(G), whereG is the

This is the function of the soft differential decoder in Fig. 6. .
With reference to Fig. 6, the switch is held at positBrfor the input symbol anC’ the channel symbol on the branch from state
[ sAfterl steps we have

first iteration and the inner APP decoder operates on the symbol prior

(10), ignoring the channel symbad¥s;, since these contain no useful "

information without channel knowledge. The decoder APP 1 gener- iy = <H pl.) o
j=i

ates channel symbol posterigrdC’;) which are used to form channel

estimates to be used in subsequent iterations by a channel estimator

discussed below. The product on the right-hand side is dominated by the largest eigen-
It is easy to see that the symbol posterip(&;) at the output of values of theP;, and sinceP; is a doubly stochastic matrix for the

decoder APP 1 are identical to its input (10), i.e., without channgliaternion code, it has, independent,dhe largest eigenvalug =1

P(G]Y}) x exp(Rtr GY Y _1). (10)

(12)
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Fig. 7. Training memory effect. Fig. 8. Performance of the noncoherent iterative decoder.

with the all-ones eigenvecter Writing out the spectral decomposition

of P, as low-pass channels, the complex gains between each antenna pair are in-
K2

dependent low-pass filtered complex Gaussian processes. Normalized
, s . (to the symbol rate) fading bandwidths f = 0.01 and f. = 0.001
P, =ce'/s+ Zki,rui,r”m were considered. For this channel model, the LMMSE channel esti-
r=2 mator described in the previous section amounts to individual filtering
whereu, andw, are the left and right eigenvectorsXe, we see that, of the independent processes, according to the fading bandwidth and
asl! — oo, \; = 1 will dominate in the matrix product (12), and the noise variance (which are assumed known). For the quasi-static and
i1 — [1/s. ..., 1/s]', regardless of the initial value af;. The fe = 0.001 channels, the training memory was refreshed every 128
speed with which this uniform distribution is approached is essentiafyymbols. For the fastefi. = 0.01 channel, a refresh period of 32 sym-
determined by\; », the second largest eigenvaluesRf, and their bols was used. Bear in mind that the operating point of this system is
values depend on the channel SNR. This persistence of the initial s@@ Symbol SNR of about 0 dB, and from Fig. 7 we saw that for 0 dB,
information in the form of nonuniform channel probabilities is called® extrinsic probability decays to uniform very quickly. The slower
training memory channels could make do with such a slow refresh rate because the few
Since the effects of an initial known state die out, periodical inserd00d” symbols obtained from each refresh are enough to estimate the
tion of known input symbols can be used to force the encoder intd"Rannel at that point, and the channel does not change too much prior
known state and thus refresh the training memory. To preserve rate, ihéhe next refresh. Profiting from the channel memory, fewer refresh
channel symbols corresponding to these reset symbols are punctup¥g1bols are needed than required by training memory alone. For the
The required rate of these refresh symbols depends only on the chaf@@er channel, we need to make sure that the training memory does not
SNR. As long as the training memory is never allowed to decay té§cay much at all between refresh symbols.
much, fading processes with large bandwidth may be estimated usingor each case, the BER performance of the iterative receiver with
the memory of the code. In the case of quasi-static channels with higftffect channel knowledge is shown with a solid line, and the perfor-
enough SNR, reset symbols may not be required atall, since the chaffaince of the iterative receiver without channel knowledge is shown
estimate obtained from the start of the packet may be used for the enfifth @ dashed line. In all cases, we see that the latter obtains a per-

packet. formance very close to that of the coherent receiver, within approxi-
mately 0.1 dB. This can be compared to the results of [66], where they
VIl SIMULATION RESULTSWITHOUT CHANNEL |NFORMATION reported a loss of 2—-3 dB due to channel estimation using conventional

techniques (for = 1 andt = 2, 3 systems at 1 bit/s/Hz).
We now present the results of computer simulation for the case when

the channel informatiofl is unknown to the receiver. First, we demon-
strate the training memory effect for the= » = 2 quasi-static chan-
nel. Fig. 7 shows how the APPs at the output of APP 1 decay as a funcWe have shown that the serial concatenation of simple convolutional
tion of the channel SNR. The horizontal axis is the symbol time and tbe block codes with differential space—-time modulation can provide
vertical axis shows the sample average of the maximum APP. Refreshistanding performance over the multiple-antenna channel, using
symbols were inserted every 128 symbols. From the figure we see thamnbol-based turbo decoding. We have presented an EXIT chart
at 0 dB (dashed line), the distribution decays very quickly to uniformnalysis which guides the choice of the optimal component codes for
(within a few symbols). In contrast, at 5 dB, the training memory keegsgiven situation and demonstrated the tightness of this analysis with
the probability of the correct symbol from decaying below alibiat ~ example simulations. The concatenation of standard convolutional and

Fig. 8 shows simulation results for the decoder of Fig. 6. The 16-stdifock codes with the inner differential code yields space—time turbo
outer convolutional code was used, with blocks of 5000 symbols anddes that are interesting in their own right. These codes provide a
50 decoder iterations (using the parity code as the outer code resgt of over 8 dB compared to the Alamouti block space-time code
in similar performance). Three= » = 2 fading channels have been[11] and over 6 dB compared to the Tarokhal. code [12] (which
simulated, a quasi-static channel, and two low-pass channels. Forikes twice as many transmit antennas).

IX. CONCLUSION
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We also have shown how the differential inner code can be exploite{22]
to provide a simple integrated channel estimator with soft information
to generate channel estimates which are reliable enough to allow iteLZ-S]
ative decoding and channel estimation to start up. Performance results
on both block fading and fast fading channels demonstrate that such
a receiver with this integrated channel estimation is effective and caf?4]
achieve the performance of a system with ideal channel information to

within a fraction of a decibel.
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