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Soft-Output Demodulator in Space-Time-Coded
Continuous Phase Modulation

Xiaoxia Zhang and Michael P. FitMember, IEEE

Abstract—Space-time coding has shown great promise for However, most space-time codes have been proposed and
digital transmission in wireless communication links, especially analyzed by assuming that perfect channel state information
when the channel response is known at the receiver. Space time cgy) js available at the receiver. Accurate estimation of CSl in
coding combined with continuous phase modulation (CPM) . . . . . .
can offer better tradeoffs in bandwidth and power efficiency. space-time coding can be qum.a challenging smce.m frequency
Because of the memory inherent in CPM, channel estimation flat channels,L,L,. channel gains need to be estimated. Al-
is often harder than for linear modulations. In this paper, we though it has been proven that even in the presence of channel
present an adaptive soft algorithm that performs joint channel estimation errors, the rank and determinant design criteria are
estimation and data detection for space-time CPM systems. gl yalid and the space-time codes can still yield improved per-

Properly designed pilot symbols are inserted at the very beginning . . .
to give good initial estimates of the channels. This soft receiver is formance [10], a degradation has to be expected, especially in

further applied to the interleaved space-time CPM system to yield the time-varying channels.
better performance with moderate complexity through iterative One way to deal with this problem is to perform joint channel

processing. Simulation results show that the receiver can often estimation and data detection. This approach has been addressed
achieve near-coherent performance in quasistatic fading as well ;, [11] and [12], where the expectation—-maximization (EM) al-
as in time-varying fading. gorithm [13] is used to estimate the channel. The EM algo-
~Index Terms—Channel estimation, continuous phase modula- rithm performs well in quasistatic fading, but its iterative nature
tion, iterative decoding, space-time coding. makes it inapplicable to the time-varying channels. Recently,
based on per-survivor processing (PSP) [14], Viterbi decoding
|. INTRODUCTION of space-time codes with linear modulation in the absence of
hannel state information is investigated in [15] and [16]. These
. ) ) ) ) SP-based algorithms provide good tracking performance while
'”d“C?d. signal fading. The pioneering vv_ork by Telatar [_lr]eleasing hard decisions of the decoded data. The difference be-
and Foschini and Gans [2] shows that multiple antennas i en[15] and [16] is that in [15], the LMS algorithm is used to

wm:less comrqun'l;:g;otn systqtm c;an dramatically INCrease W& form channel estimation, whereas decision-directed Kalman
system capactly. + ransmit antennas anfl. receive an- filtering is used in [16]. This decision-directed Kalman filtering

tennas, this work shows that with spatial independence thereiﬁr . : . :
! . ) . ’ i ace-time coding was previously proposed in [17], where
essentiallyL, L,. levels of diversity available and that there ar% b g P y prop [17]

min(Ly, L,) independent parallel channels that can be es_ta For single transmit antenna case, adaptive soft-output data de-

lished. These information-theoretic studies spawned two l'nﬁé tion for CPM signals has seen several studies. A demodulator
ere the channel estimation is done through Wiener prediction
i'I'Isering [19], [20] has been shown to perform well both in qua-

od hf I ber of liel ch | d istatic fading and in relatively fast fading with single receive
accepted approach for smalinumboer of parallél channels and 4ag, nn 5 o multiple correlated receive antennas. Independent

been shown to be a very effective diversity strategy. Space-tiwgrk by Hansson and Aulin [21] presents a similar soft output

coding exploit.s the diversity available in multiple transm'it' aMjemodulation algorithm for multiple receive antennas. In this

¥per, we extend these adaptive soft output demodulation algo-
Another power and bandwidth efficient transmission method ;p\ﬁhpms, for multiple transmit e?ntenna systgms g

continuous phfa\se modulation (CPM.) [7], [8]. CPM's C(_)nst_ant Due to the difficulty of obtaining multiple path gain esti-

eEveIope '°'T°V'.des good p(_)(;/ver eff(ljmency, alndf;c_h(_a ma'n\t/?/wﬁgates blindly, we propose including pilot symbols in the frame

pCPa'\je. contlngjilty dcan. rp])row € goo spgptra ;T'(éﬁr':;y' b 0 give good initial estimates of the channels. The amount of
is combined with space-time coding (ST- ), ette('lraining needed in multiple antenna links with linear modula-

performance can be expected [9]. tion is explored by Hassibi and Hochwald in [22]. They show
Manuscript received October 15, 2001; revised May 14, 2002. This work wtdat the smallest number of training symbols that guarantees
supported by the National Science Foundation under Grant NCR-9706372. Théaningful estimates equa|s the number of transmit antennas.

HE major challenge of wireless links arises from multipat

e 2x 2 Alamouti space-time block code [18] is considered.

[3], [4] and one where the number of independent channelsf
large [5]. Space-time (ST) coding [3], [4], [6] is the commonl
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usa. , o . viding a solution in quasistatic fading. Perfectly orthogonal pilot
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California, Los Angeles, CA 90095-1594 USA. symbol designs are not usually possible with CPM due to the re-
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Fig. 1. Block diagram of space-time CPM (ST-CPM). Dy (1) Ith modulation symbol on thenth transmit

antenna,;

is different from that in linear modulation, this will also be ad- A modulation index;

dressed in this paper. Simulation results demonstrate that withy(¢) phase smoothing function;

the properly designed pilot symbols and adaptive soft output de-I" symbol time;

modulation, near-coherent performance can be achieved. Thig, symbol energy.

adaptive soft-output receiver is further applied to a serial coStmilarly, as in linear modulation, we define the codeword ma-
catenated (SC) system, and iterative detection is performedria D in the following:
gain an improved system performance. The SC-CPM has been

investigated in [24] and [25], where the perfect CSl is assumed D(1) ... Dr(1)
to be available at the receiver, and neither joint channel estima- D— Di(2) ... D(2)
tion and data detection nor transmit diversity is considered. : : :
This paper is organized as follows. Section Il describes the Di(N,) ... Dy, (N.)
system. In Section Ill, the joint channel estimation and soft- D(1)
output data detection is derived. Pilot symbol design is investi- . . )
gated in Section IV. In Section V, the derived receiver is applied - [Dl’ A DLt} - : (4)

to conduct the “turbo” processing of the interleaved space-time D(N.)

CPM. Section VI shows the simulation results, and SectionVIIh N isthe f e int f bol ti
concludes the paper. whereN.. is the frame size in terms of symbol time.

CPM is a nonlinear modulation that is defined by a phase
trellis. With rational modulation indices, s&y= (2n/p), where
n andp are relatively prime integersy(¢, 13m) at each symbol

In this paper, we consider a mobile communication systefifne is constrained to lie on a trellis
equipped withZ, transmit antennas and, receive antennas
operating over a frequency flat fading channel. To simplify
the discussion in this section, only a simple concatenated
system is considered, as shown in Fig. 1. The sequel will
consider more complex systems with interleavers, but the
notation will not change significantly. In the transmitter block
diagram shown in Fig. 1, the original informatiqd(%)} goes where®,,(k)(mod2r) € e, and
through the space-time encoder to getstreams of data. Each 2 Ar 2p — D)
stream of data is used as the input to a CPM modulator. The Qo = { . —} .
modulated signals are transmitted simultaneously thraligh
transmit antennas. Consequently, the signal received at edtle state at timé&7’ for each transmit antenna is defined as
receive antenna is a noisy superposition of fheransmitted
signals corrupted by Rayleigh fading and an independentSm (k) = [©m(k), Dm(k — Ly +1),..., Dp(k = 1)]. (7)
zero-mean complex additive white Gaussian noise (AWGI\é) Lo
with single-sided power spectral densit. m(k) € Qs,, and||Qs,, || = pM™+—", where||Q2s, || denotes

If we limit the CPM scheme to be the same over each transrii€ cardinality of2s, . The overall transmitter can therefore be
antenna and of single modulation index, the signal received ipresented by a super trellis with the state at thfieoeing

antenngy, ¥;(t, D)* can be given by [8] S(k) = [S1(k), So(k), -, Sp, (B), Ik — 1), .., I(k — 1)]

Il. PROBLEM FORMULATION

k

$(t. D) =Om(k) +2ch > Dyu(l)g(t —IT)
I=k—Lg+1
KT <t < (k+1)T (5)

(6)

L. . (8)
Yi(t,D) = > Co j(H)Xom(t, D) + Nj(t) wherer is the memory length of the space-time encoder, and
o om=l S(k) € s and||Qs|| = p M L«(Fa—1+v (k) can be further
J=1..., L @) simplified as
. E, R
Xin(t, D) :\/; exp (70(t, D) S(k) = [1(k)..... O, (k)
m=1,...,L, (2 Ik—L,—v+1),....,0(k—=1]. (9)

1The notation in this paper will be such that random quantities are shown . Lo afLo4v—1 .
uppercase characters, whereas deterministic quantities or realizations of ran@:ﬁ”l is now reduced t@™ M - Note that delay diver-
quantities are shown as lower case. ity giv ini u I I

iti h [ sity gives the minimal state number since there is only one phase
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state needs to be included #(k) [9]. In the sequel, delay The most important step is the computing of the innovation
diversity CPM will be chosen as the inner part of the intedensity, which will be derived in the Appendix. The expression
leaved system due to its low complexity. We will also denotie given as
d(t, D) = $(t, S(k),I(k)) to indicate the data dependence
on the stateS (k). S > s 1

This paper considers the case where the channel gains are éﬁ%{gk”ﬂk = 1,ik) = Cy H det(2.) det(T(k))
tially independent and time varying. The fading processes are = o =1 i L.
assumed to be independent of each other, with the autocorrela- x exp {x; (R)U ™ x (k) — & (k)E1e (k) ) (13)
tion function being

with
RC(Ta m]-aj]-a m2aJ2) =F [Cnll,jl(t)crtzQ,jQ (t - T)] \I/(k) :%A(k) + E;l (14)
=Jo27fpT)0mi—m26;1—52 (10) 0 E
x;(k) =271¢; (k) + qug'(/f) (15)

where fp is the Doppler spread, and, = 1,L, andj;, =

1, L,.. Since all the spatial channels are modeled with statistithere¢; (k) andX. are the estimated mean and the estimation
cally identical and independent models, we denote the singleor covariance matrix of;(k) conditioned on the past infor-
channel correlation witlR- (7). Spatial dependence can be inmation,q; (k) are the outputs of the matched filter bank at the
corporated in the model and the corresponding algorithm cgth receive antenna fak, transmitted signals, and(k) results

be derived (e.g., [20], [21]), but that is not considered in thisom the signal interaction from each transmit antenna.

paper. Additionally, it is assumed that the fading is slow enough Approximations must be made to the above algorithm to
so that it remains roughly constant during one symbol perioghake it practically feasible. The exact implementation of the

i.e.,Chi(t) = Cn k), KT <t < (k+ DT. above algorithm is impractical since its computation complexity
grows exponentially with the frame length due to the infinite
ll. K4-LAG SOFT-OUTPUT DEMODULATOR memory in the fading processes. In our simulation, we fix the

Wiener filter to be of finite lengthv,. If N, is greater thad(,,

The following notations are useful in deriving the algorithmy,e, gecision feedback is used in the Wiener prediction filter
Yi(k) = {Y;($):kT < t < (k+ 1)T7} for any time series (o gphservations for which decisions have been made.

—

{£(0), f(1), .. f(R)Y, (k) = [f(k) ... f(®)]", and

boldface denotes signals over all reTceive anter%nas;:qg(g), = IV. PILOT DESIGN
[erj(F), - en(R)]T, e(k) = le1(k),...,ep (K)]", and . e . . .
Y(k) = [Yi(k), ..., Y5 (k)] Pilot design in space-time-coded CPM is a more important

The optimumk ;-lag soft-output receiver produces the metritSSue than that in single transmit antenna systems or linearly

p(i(k — K4)|§(k)). This probability mass function (PMF) canMmodulated multi-antenna systems. Even in single-antenna sys-
be written as tems, CPM pilot symbol designs require more thought than in

linear modulation due to the modulation memory [26]. In [19],

p o _ =\ e pilot symbol-assisted CPM demodulation using all the obser-
p(i(k — Kq)|y(k)) = ) > p (L<k)|y<k)) (11) " Vations (pilots plus data) in a single antenna channel is inves-
(k) eTG(R—Ka)) tigated, and the performance gain is not significant compared

with that without pilots (blind estimation). In space-time coding
wherel'(i(k — K4)) = {I(k): I(k — K4) = i(k — K4)}. The with joint demodulation, the initial channel estimates have a sig-
setl'(i(k — K 4)) represents all possible trellis trajectories suchificant effect on the frame error rate (e.g., [16]). Consequently,
thatl(k — Ky) = i(k — Ky). the design of the pilot symbol-assisted CPM to arrive at good

The PMFp(i(k)|¥(k)) can be computed in an efficient recurdnitial channel estimates is important.

sive fashion as in (12), shown at the bottom of the page. Simi-For the above-mentioned reasons, we propose a frame struc-
larly, as in single transmit antenna cagig(k—1)|§(k—1)) will  ture with a preamble of pilot symbols to make the initial channel
be denoted the sufficient statistic for this recursive algorithrestimates and a payload with no pilot symbols. This frame struc-
andf(y(k)|§(k—1),i(k)) will be denoted the innovation prob-ture is shown in Fig. 2. An important quantity for this discus-
ability density function (PDF) as it serves very much the sans#on is the estimation error covariance matrix conditioned on the
function as the innovation process in recursive filteri@(k)) observed noisy pilot symbols, which we dendig. The pilot
is thea priori PMF of the transmitted data symbols. matrix design with linear modulation is investigated in [3] and

o - SO0 — 1. FE)pE = DIF = DGk
P (ARIT0)) = 5= T~ 1, TN — DI~ )R (12)
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Direct computation oE,, is not an easy task and is not neces-

= Np T —> ’
sary as we are only concerned wiith,,||.. Instead, we perform
. the singular value decomposition (SVD) BfasR = UAVH,
Pilots Payload whereU is a unitary matrix of sizd.;N,, by L, N, andV is a
unitary matrix of size, by L,. A is given in the following:
-~ Frame Structure —> AL 0 .07
0 X ... 0
Fig. 2. Frame structure for the space-time CPM system. : : : :
. R A=lg 0 (9
[6], where a good design strategy is to minimize the tracg,pf ¢
while keeping its off-diagonal elements to be zero. It is shown S
that orthogonal pilot signal designs would provide the desired L0 0 ... 0y N xr,
performance characteristics in quasistatic fading. The same re-
sult is also used in [10], and [23]. Due to the phase continuif’€n, we have
of CPM signals, a pilot matrix that makes, diagonal might 15,02 =[VES, V|2 (19)
not be available; therefore, the design is more general than the piE — prllF )
linear modulation case. I gy No -t
SinceX, cannot be forced to be a diagonal matrix, all com- =[{-A <AA + EI> A (20)
ponents of theé:, matrix are important to consider. The diag- . ) F
onal components stand for the mean square estimation error =
of each path gain. The off-diagonal components represent the - Zl <|)\m|2 + Jgo ) (21)

cross correlation between any two path gain estimation errors.
It would seem imprudent to drive the mean square estimatisrom||%,,||%., the following properties can be identified.
error smaller at the cost of a high correlation in the path gain es-1) When R is full rank, ||3,]|% goes to 0 when SNR goes
timation errors. Consequently, the trace minimization proposeglinfinity. If R is not full rank, thenj|3,||% stabilizes at 1, no
in [3] and [6] is not sufficient as it does not address the correlgratter what the SNR is. Consequently, full rank is important for
tion between the errors in estimating the path gains. It seems pllot/preamble design. With linear modulation in order oy
vious and plausible that a desirable condition for a pilot design achieve full rank, at leadt; symbols are needed. This is the
would be to minimize the path gain estimation errors and not §ame result as that given in [22].
have significant correlation between the different path gain es-2) When SNR is low, the performance loss due to the rank
timation errors. Therefore, we consider the squared Frobeniisficiency ofR will not be as significant as when SNR is high.
norm|| X, |7 as the cost function to be minimized. 3) Changing the initial phase offset of the transmitted signal
For short preambles, closed-form analytical results can {agll not resultin a change in performance since the valye gf
computed for the estimation error covariance matrix. As witlill not be changed.
CPM, the interleaver cannot be used before sending the signal td) The orthogonal pilot design in linear modulation is cer-
channel; otherwise, phase continuity will be disrupted, and tkginly a special case whebg, can be chosen to be diagonal. In
fading is usually changing slowly in practical scenario; hencgg] and [6] Gueyet al. show that the normalized Hadamard ma-
for short pilot preambles, it is reasonable to assume that fifi is a desired pilot matrix and that the form of this matrix is
fading processes remain constant during the pilotlengtrand  only a function of number of transmit antennas. Usually, the di-
the estimation error covariance matrix can be simplified into agonalX, does not exist with CPM since it is hard to make the
. waveform orthogonal while maintaining the phase continuity.
S, =1— RE <RRH + &I> R. (16) Moreover, the optimal p||0§ matrix depends on the CPM sc_heme
andthe number of transmit antennas. Let us take MSK signals
with L, = 2 andN, = 8 as an example. One set of the best
pilots that gives the minimd|%,,||2. will be
PalNp =) o PrallNy = 1) 1000100 0]
R= E 5 5 (17) De=10 00000 0 0
ﬁlfzt(NP - 1) ﬁfztrzt(NP_ 1)

5

Here, with a slight abuse in notatioR,is now defined as

1
0 (22)

The preamble flips the phase to be the antipodal from the two
where p;; (N, — 1) is a vector of the time cross correlationsantennas during the first symbol period, and then maintains this
between transmitted signal from anterirend the transmitted antipodal characteristic through the first half of the preamble.
signal from antenng. The computation of each componenit the halfway point of the preamble, the phase is returned back
pi; (k) follows the form given in (A.5) in the Appendix. The ele-to being the same value on both antennas and kept that way until
ments of the matrixt represent the cross correlation of the CPNhe end of the preamble. Actually, this pilot construction works
pilot waveforms transmitted from each of the antennas over tfog all full-response CPM schemes with= 0.5 andL, = 2.
whole preamble time. Note that the size®fis L,.V, by L,, Note the similarity of this design to the Hadamard matrix design
and its maximum rank ;. proposed in [6].
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V. INTERLEAVED SYSTEM —o— w/o csi, (3,8,8)
. . . —4— w/ csi
An interleaved system can yield improved performance t

using iterative detection. The adaptive soft output demodulat 10‘26 ; " " ” " 5
derived above makes the “turbo” processing possible. For t SNR

uninterleaved system, if we want to achieve high performance, _ _ S

we must resort to complex space-time codes. This is imprd¢d: 5. Simulated FER of MSK with delay diversitiy = 3, L. = 2, L, =
. . i . 1. andf;T = 0.

tical to be implemented due to the computation complexity. Itis

therefore desirable that the interleaved system be applied where .
we can concatenate a simple inner space-time CPM with soff&€ frame length is chosen to be 130, should be long enough

outer code to get the required frame error rate while keepitfy9ive good initial estimates. We also $€ sufficiently larger
the overall complexity moderate. With the recursive nature 81an(Na — Kq) to push the decision-directed Wiener prediction
CPM signals, space-time CPM is justified as an inner code ofiier moving along the correct path at the very beginning. All
serial concatenated system according to [27]. Moreover, siriigulation systems assume binary input, full rate, and normal-
the Wiener prediction filter is decision-directéd/y > K,), ized signal-to-noise ratio (SNR) versus all transmit/receive an-
the updated soft information after iteration tends to yield motennas; hence, all the performance curves are compared under
accurate channel estimates. The block diagram of the concdle same condition. The SNR loss due to pilot symbols is not
nated space-time CPM is shown in Fig. 3. shown in these figures.
Fig. 4 shows the block diagram of the concatenated demod-
ulator. The detection procedure is similar to that for standafd Performance Variation With Differedt; and Ny
serial concatenated codes [28]. Based on the received signalsifferent &, and V,; will result in different performance and
from each receive antenni; (¢), Y>(?), ..., Yz, (t) and thea ifferent computation complexity. Here, we take MSK with
priori informationp, (1;(k); ), the inner adaptive demodulatorge|ay diversity in quasistatic fading as an example. The frame
calculates the soft informatiom.(1;(k); o) and passes it to the grror rates ok, = 3 and K, = 4 are shown in Figs. 5 and 6,
outer soft output decoder to get the updageprriori informa-  agpectively. We see that with largéf,, better performance
tlon,_whlch |s_used for next iteration. After severaINexchangesg n be obtained, but the complexity of the algorithm also
soft |nformgt|on, th? outer decpder calgula;g{sfo(k); o) and grows exponentially. Increasiny,; improves the performance
makes the final decision of the information bits. up to a point. A rule of thumb we observed is that good
performance is obtained withk(; < N; < 4K,. If Ny is too
large, some degradation can occur due to the data feedback
In this section, we present some simulation results to verify Wiener prediction filter. LargerV, will also produce a
our soft output algorithm and our pilot design. The algorithrmore complex demodulator since there islanVg by L, Ny
will be parameterized withK 4, Nq, N,,), where we recall that matrix inversion in the algorithm. Note that unlike in the single
K, decision lag; transmit antenna case, where the Wiener prediction coefficients
Ny Wiener prediction filter length; and the estimation error covariance matrix can be precomputed
N, preamble length. offline [19], [20], in space-time coding, we need to compute

VI. SIMULATION RESULTS
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these values online. This phenomenon can be explained %revious analysis in Section IV. The different performance re-
' P P sulting from different initial channel estimates with linear mod-

examining (A.11) and (A.12). They are the functions of s'gn"ﬁllation is also observed in [16].

correlation fr_om each transmit antenna, Whi_Ch' i_n wrn, depends]_he cost functions with different pilot matrices are plotted
on the particular data path. An alternative is to compufg Fig. 8. The lowest cost results from the best pilots, and a

—1 |

(ROcRH * NO/ES‘T.) fpr each data path beforehand anﬁfost of around 1 results from the worst pilots. It is interesting
store these values in a big matrix. to note that the channel estimation from the preamble in the
worst case appears to have an error floor, and yet, the frame error
rate does not exhibit an observable error floor. This apparent

The frame error rate is also affected by the choice of pilabntradiction is explained by both the demodulator’s ability to
symbol preamble sequences. Fig. 7 gives the performance cuadaptively recover from bad initial estimates and the fact that
of MSK with delay diversity in quasistatic fading with differentmost often in a fading environment, the instantaneous SNR is
pilots. The best pilot matrix is as in (22), whereas the worst pileery large. Hence, only a fraction of the frames that start with
matrix corresponds to the all zero pilots on both antennas. Frdsad channel estimates will have frame errors. Consequently, the
this figure, we can see that by using the designed pilots, we daaime error rate has no observable error floor.
achieve near-coherent performance. On the other hand, if th&he frame error rate of binary 1RC witl(5,7) as the
pilot words are not chosen properly, performance degradatigpace-time encoder is shown in Fig. &5,7) denotes the
will occur, especially at high SNR, which is consistent with ougenerator polynomial of the encoder expressed in octal form,

B. Performance Comparison With Different Pilot Matrix
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6 8 10 12 14 16 6 8 10 12 14 16
SNR SNR
Fig. 10. Simulated FER of MSK with delay diversity using different pilotFig. 11. Simulated FER of MSK with delay diversiti{, = 6, L, = 2,
sequencelL; = 3, L, = 1,andf,T = 0. L, =1,andf;T = 0.008.
10

and its guaranteed full diversity has been proved in [29]. Onu
again, we can see with the properly designed pilots, the perf
mance is close to that given perfect channel state informatic
whereas the improper pilots will lead to performance loss.
The effect of initial channel estimates is even more significa
as the number of transmit antennas gets larger. Fig. 10 shcg
the frame error rate of MSK with delay diversity aing = 3. Dg
Matrix R in (17) with the worst-case pilot matrix has rank 15107
whereas its rank with the best pilot matrix is 3. Consequentl%
the performance deterioration of the worst pilots is much greatt

than the two transmit antenna case. —=— w/o csi,

(3,12,12)

—— wlo csi, (4,12,12)

C. Performance in Time-Varying Fading | e
—&— w/csi

The performance of the algorithm in time-varying fading it

demonstrated in Figs. 11-13. These three figures showthe fra 192 L w :
error rate of MSK with delay diversity. The normalized Dopple 6 8 10 S1NZR
spread is chosen to kg, 7" = 0.008. In this case, we can still

observe the similar performance variation with differ&ftan

. o : . = 1,andf,T = 0.008.
Ny, as in quasistatic fading. The performance gap between the andf

14 16

18

d Fig. 12. Simulated FER of MSK with delay diversit}/, = 12, L, = 2,

worst pilots and the best pilots tightens a little bit compared wit™ 1¢° §
that in quasistatic fading since the pilot symbols are design
under the approximation that the fading stays constant over

lots, but a similar trend can still be observed. As we have point:

out earlier, the EM algorithm does not work well in fast fadinc
due to its iterative nature. The herein proposed demodulation
gorithm estimates the channel at the very beginning through {Z
pilot symbols; it then keeps tracking the channel over time, aig .
thus, it can perform well, even witfi, 7" = 0.008 and higher.

This performance would also be typical with the PSP-based is
gorithms in [15] and [16], but iterative demodulation would no-

be feasible due to the hard decisions in these algorithms.

r

me Er

. —8— w/o csi, (6,12,12), worst pilots
D. Performance in Interleaved System —— w/o csi, (6,12,12), best pilots
—6— W/ CSi
The performance of the interleaved system is investigated
taking an example of delay diversity 4-ary 1RC with the oute © ¢ 8 10 12 14 16
binary code being(5, 7). Note that the overall system still has SNR

full rate. Delay dlver5|ty gives the minimal compIeX|ty for IrmerFig. 13. Simulated FER of MSK with delay diversity using different pilot

space-time CPM, whereag5,7) is the 1/2 binary convolu- sequencel; = 2, L, = 1, andf,T = 0.008.
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o w es 1o outer oode trellis structure of the ST-CPM system, the innovation PDF can

—— (8,12,12), no outer code be written as
—<— w/ csi, iter. =0
—— (6,12,12), iter. =0

iy £ (91500~ 1.809) = [ 7 (301570 = 2,70, ()
xf( BIF:— 1), <k>)dc<k>. (A1)

o
&
L% . Inorder to write out the first term in the above integration (A.1),
2 a matched filter needs to be computed for each possible path
i (k) through the phase trellis, and it is given as
1
qm:](k [’(k)) m
(k+1)T :
X / yj(t)efm(t iay,m) (A.2)
10_45 7 8 9 10 11 12 13 14 15 T
SNR 1 DT Ly L
i Z b j(t)61¢(t7(lz)
Fig. 14. Simulated FER of Delay Diversity 1RC with(5,7) in serial T Jyr =1

concatenated systerthy = 2, L, = 2, andfpT = 0.008. . 3.
x ¢3¢t di.m) g 4 T (k)

Ly
tional codes having the optimak,.. with memory length 2. :chf(k)pl m(d, d?(k)’k)
According to [27], a good serial concatenated system should =1
choose an outer code with a large minimum Hamming distance. + 1y (K) (A.3)

From Fig. 14, we can see that performance is greatly improved
with the interleaved structure since time diversity is exploitegyhere
and the diversity gain is significant with multiple antennas even
) L ) (k+1)T .

when the frame length is small, which is attractive for delay-sen- . —id(t.dzpy )

.. . . . . . . m,j k‘) = Nom j(t)e Ty i, (A4)
sitive applications. Even with as few as four iterations of soft in- ’ L ’
formation exchange between the inner space-time demodulator
and the outer decoder, a larger coding gain can be obtained. T&I;tg) stands for the stream sent on theth transmit antenna

reason why we chose number of iterations to be 4 is that in thien a particular data pati(k), and p;.,(da,ds, k) is the

fading channel, most improvement is achieved by the first igross correlation function of the various CPM waveforms, i.e.,
eration, and four iterations give a good compromise between

T

performance and complexity. This figure also indicates that the Ao do k) — 1 kDT 36 (1o 1) g=ie(tidsm )
adaptive receiver achieves decent performance in interIeaved’l:m( ardg k) = T Jir ¢ ¢ t.
system, and extension of the algorithm designed for one receive (A.5)

antenna to multiple receive antennas is fairly straightforwardWhend,, = dg, we simplify p; ,,(dw, d g, k) @sp; m(da, k).
Hence, the first term can be written as in [30]

VII. CONCLUSION s (y(k)|§(k - 1),Z(k),c(k))
In this paper, we proposed a soft output receiver structure for : FE -
joint channel estimation and data detection in multiple antenna =Cs H “xp {QF(J% (a7 (B)e; ()]
systems based on trellis structure of the space-time CPM system =t B
s H

and Wiener prediction filter. Pilot symbols are inserted at the
very beginning to give good initial estimates of the channel. NO
The design of preamble pilot symbols that achieve optimu

performance is investigated. This soft receiver is further ap-

FBamei | (A0)

pliedin a serial concatenated space-time CPM system to achleveé1 k) =l (B), - ap, (0] (A7)
better performance through iterative decoding. Simulation re- ’ v T
sults show that this proposed algorithm works well in quasistatic cj(k) = e (k), o2 CLy ikl o (A.8)
fading as well as in time-varying fading. p11(d(i(k)), k) .. pr,a(d(i(k)), k)
A(k) = ; ; ;
pir(A(ER), K)o pr,, (AGR)), F)
APPENDIX (A.9)

In this Appendlx we calculate the innovation PDF 2yge, for simplicity, that we dropped the dependence; of k) on informa-
Fy(B)|F(k — 1),4(k)) in detail. Using Bayes rule and thetion sequencé() in the notation, i.e.q; ;(k: i(k)) is simplified asy; ; (k)
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The second term in (A.1) involves estimating the channel stafberefore, we have the innovation PDF
information through a Wiener prediction filter. Due to the joint

Gaussian nature of the channel state information and the past Yk 1), Tk
matched filter outputs, the CSI conditioned on past information (y( )|Y(L = 1), i)
has the following probability distribution: " E,
=Cy j_l/exp {2NO§R [qj (k)e; (k)]
L, E
e 1) ) — 1 e ARG |

(st - flrre .o

x exp {~[e;(k) = &;(M)"E7 e; (k) — &;(R)]} (A10) " L den(S,)

x exp {—(c;(k) — & (k)

with &;(k) = E[C;(k)|q;(k — 1)] being the estimated mean x (¢j(k) — ¢€;(k))} de;(k). (A.19)
andX. = E[(C; (k) &;(k))(C;(k) — &;(k))¥] being the
estimation error covariance matrix. More specifically Getting the closed form of (A.19) is crucial in making the

algorithm feasible. It can be shown that the exponent in the in-

N tegrand of (A.19) can be written as

¢;(k) =B RM <RC RT 4+ EO 1)
x d;(k 1) (A11) = (ei(k) — U7 (R)x; (k) " (k) (ej(k) — U™ (k)x; (k)

+xH(k)\I/ Yk)x,(k) — e (k)Ste;(k)  (A.20)

J

)H

N, —1
Y, =1 — BERH <RCCRH + EO I) RB (A.12)
where¥(k) andx; (k) are defined in (14) and (15). The integral

where R stands for the signal correlation from each transmiﬁ] (A.19) is now easily solved by making use of the fact that

antenna, which is given by

6—(% (R)=T ™t (k) (k) (k) (o5 () =T~ (k)x; (k)
/ de; (k)

R =[R;j] (A.13) whe det(W1(k))

Ry =diag {p“(d(z(k))’ k=1, is the integral of the PDF of a complex Gaussian vector and,
Y " thus, equals one. Consequently, the closed form of (A.19) can
> i (A((R)), 0)} ' be expressed as

(A.14)
B and C. result from the channel autocorrelation since thé (Y(k)b_;(k ) Cr H det(T det (T(k))
fading process has memomy.is given as _1 - L
X exp {xj k)W xj(k) =&/ (k)X ¢ (k)}.
v ... 0
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