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Abstract o

We propose an iterative receiver for a multi-carrier (MCyvhere vy, is the maximum supported velocit{s is the
code division multiple access (CDMA) system in the uplinkymbol duration, and, denotes the speed of light.

for users moving at vehicular speed. MC-CDMA is based/e apply orthogonal frequency division multiplexing (OFDM
on orthogonal frequency division multiplexing (OFDM), thuin order to transform the time-variant frequency-selectiv
time-variant channel estimation can be performed for evethannel into a set of time-variant frequency-flat channels,
subcarrier independently. The variation of a subcarriegr ovthe so called subcarriers. We deal with time-variant chisnne
the duration of a data block is upper bounded by a maximwwhich vary significantly over the duration of a long block
Doppler bandwidth which is determined by the maximurof OFDM symbols. However, for the duration of each single
velocity of the users and the carrier frequency. We expld@FDM symbol the channel variation is small enough to be
results from the theory of time-concentrated and banddichit neglected. This, in other words, implies a very small inter-
sequences and apply a Slepian basis expansion for timsarrier interference. Each OFDM symbol is preceded by a
variant subcarrier estimation. The Slepian basis funstiare cyclic prefix to avoid inter-symbol interference.

determined by two parameters; the block length and tiunder the assumption of small inter-carrier interference,
maximum Doppler bandwidth. This approach enables timeach time-variant frequency-flat subcarrier is fully dészad
variant channel estimatiomithout complete knowledge of the through a sequence of complex scalars at the OFDM symbol
second-order statistics of the fading process. The pedoc@ rate 1/7s. This sequence is bandlimited by,... In order

of the iterative receiver is validated for a wide range ab perform coherent multi-user detection we need to esémat

velocities by simulations. a time limited snapshot of this bandlimited sequence at the
i receiver side. The length of these snapshots is equal to the
1 Introduction length of a data block consisting of OFDM data symbols with

This paper deals with iterative time-variant channel estiom interleaved OFDM pilot symbols.

and multi-user detection for the uplink of a multi-carrigf@) We pursue a time-variant channel estimation approach that
code division multiple access system (CDMA). In iterativexploits the band-limitation of the time-variant suboarrri
receivers the soft information gained about the transohitteoefficients only. Differing from [3], [7] we make no detaile
data symbols is used to enhance the channel estimation asdumption about the shape of the power spectral dengty (i.
data detection in consecutive iterations. It was shown Jn [4he autocorrelation). This is due to the fact that wirelesirfg

[5], [10] that iterative receivers achieve performanceselo channels show stationary behavior for up7® wavelengths

to the single user bound for block fading channels. In tH8, Sec. 6.3] only. We doubt that meaningful short-termfigdi
present paper the iterative receiver concept is extendiéthés characteristics (second-order statistics, to begin witlr) be
variant channels and we focus on the iterative time-variaatquired in a multiuser system when users move at vehicular
channel estimation. More details on multi-user detectinod aspeeds.

decoding and an analytic treatment of the time-variant sten We make use of Slepian’s basic result that time-limited gart
estimation can be found in [13]. (snapshots) of band-limited sequences span a low dimeaision
The variation of a wireless channel over the duration of a datubspace [8]. The basis functions of this subspace are the
block is caused by user mobility and multipath propagatiodiscrete prolate spheroidal sequences. Using thesegé&sirtt

The Doppler shifts on the individual paths depend on the'sisethe theory of time-concentrated and bandlimited sequences
direction and its velocityv, the carrier frequencyfc, and we represent a time-variant subcarrier through a Slepiais ba
the scattering environment. The maximum variation in timexpansion of low dimensionality [11].



Our contribution is the derivation of an iterative linear MM The elements of the pilot symbols,[m, ¢] for m € P and
estimator for the Slepian basis expansion coefficients én th € {0,...,N — 1} are randomly chosen from the QPSK
uplink of a multi-user MC-CDMA system. For iterative time-symbol sef{+1+j}/v/2N, otherwisep, [m] = 0y for m ¢ P.
variant channel estimation we combine the pilot symbol&iwitThen, an N point inverse DFT is performed and a cyclic
soft symbols which are supplied by a soft-in soft-out decoderefix of length G is inserted. A single OFDM symbol
implemented by the BCJR algorithm [1]. together with the cyclic prefix and has length= N + G

For iterative multi-user detection we apply parallel iféer chips. After parallel to serial conversion the chip streaithw
ence cancellation (PIC), using feed back soft symbols, abHip rate1/7c = P/Ts is transmitted over a time-variant
individual linear MMSE filtering. multipath fading channel witll resolvable paths. We denote
The rest of the paper is organized as followsWe define the the time-variant impulse response sampled at the chip-rate
notation in Section 2 and introduce the signal model for they k) [n, ¢] = hy(nTc,¢Tc). We are able to treat the time-
multi-user MC-CDMA uplink in Section 3. Section 4 brieflyvariant channel as constant for the duration of each single
outlines the iterative multi-user detection. The Slepi@si® OFDM symbol, because the one-sided normalized Doppler
expansion is provided in Section 5. Based on these res@ts Bandwidthyp is much smaller than the normalized subcarrier
iterative multi-user channel estimator is derived. Sirtiata bandwidth P/N, “2X < 0.01. Thus hy[m, (] = hj,[mP, ],
results are given in Section 6 and conclusions are drawn dgdrresponding to

Section 7.

. hi[m] = [he[m, 0], ..., hi[m,L —1]]* e cE*!
2 Notation k[m] = [hi[m, 0] il 1

We denote a column vector layand itsi-th element witha[i]. in vector notation. The time-variant frequency response
Equivalently, we denote a matrix by its i, /-th element by g,[m] € C¥ with elements gi[m,q] is defined as
[A]; . Its transpose is given ™, its conjugate transpose bythe DFT of the time-variant impulse respongg[m] =

A and its upper left part with dimensioR x Q by Ap,o. VNFnxphi[m]. The unitary DFT matrixfy € CV*N has

A diagonal matrix with elementali] is written asdiag(a) elementsF y];; — 1/\/Ne_ﬂ% fori,0=0,...,N—1.

and theQ x @ identity matrix asl. The absolute value af A the receive antenna the signals of Allusers add up. The

is denoted through| and its complex conjugate by". The  raceiver removes the cyclic prefix and performs a DFT. The
largest (smallest) integer, lower (greater) or equal thanR received signal vectog[m] € CV after these two operations

is denoted byla| ([a]). is given by

3 Signal Model for Time-Variant Frequency- K

Selective Channels ylm] = diag (gi[m]) (skbr[m] + py[m]) + z[m], (5)
k=1

The MC-CDMA uplink transmission is block oriented, a data

block consists of\/ — J OFDM data symbols and OFDM  \yhere complex additive white Gaussian noise with zero mean
pilot symbols. Every OFDM symbol is preceded by a cyclig,q covarianceI y is denoted by:[m] € CV with elements
prefix to avoid inter-symbol interference. Each user tratsm 2[m, ql.

symbolsb,[m] with symbol ratel/Ts. Discrete time is de-
noted bym. There are{ users in the system, the user index i
denoted byk. Each symbol is spread by a random spreadin

sequences; € CV with independent identically distributed\we define the time-variant effective spreading sequences

Iterative Data Detection

(i.d.) elements chosen from the det1+j}/v2N. The data 5,[m] = diag(g,[m]) sk, and the time-variant effective
symbols b, [m] result from the binary information sequencepreading matrixS[m| = [51[m],...,5x[m]] € CN*K,

xx[m"] of length 2(M — J)Rc by convolutional encoding Using these definitions the signal model for data detection
with code rateR¢, random interleaving and quadrature phasgrites as

shift keying (QPSK) modulation with Gray labelling. _
The M — J data symbols are distributed over a block of length y[m] = S[m]bm] + z[m] for m ¢ P

M fulfilling . .
. where b[m] = [b1[m],...,bx[m]]” € C* contains the
bem] € {£F1£]}/V2 for m¢P (@ stacked data symbols fdt users.
andb[m] = 0 for m € P allowing for pilot symbol insertion. Figure 1 shows the structure of the iterative receiver. The
The pilot placement is defined through the index set receiver detects the data)m] using the received symbol
[|.M M . 3 vectory‘gm], the spreading matri)é’(l) [m], and the feedback
P=3ligtar| 11€{0..J=1;,. (3 EXT(c{” [m’]) on the code symbols at iteration We apply
. . . time-variant parallel interference cancellation and asbd
N
After Spfrzdg:j%’ez"m symbolp,[m] € C™ with elements conditional linear MMSE filtering. The resulting channel-va
pilm, g ues are decoded by the BCJR decoder. Please refer to [13] for
di[m] = spbi[m] + p[m] . (4) more details on the detector and decoder.



r[m] y[m] bi.[m] APP(c[m])

r[n i [
] s/P drop prefix, channel : mapper l::' interl.
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I
Fig. 1. Model for the MC-CDMA receiver. It performs joint iggive time-variant channel estimation and multi-user degacti

5 Ilterative Time-Variant Channel Estimation for the time-variant estimation problem. Slepian askedcWwhi

The performance of the iterative receiver crucially dejseoni S€QuUeNce is most concentrated in a given frequency range
the channel estimates for the time-variant frequency mespo “Pmax @nd simultaneously in a certain time interval of length
g,[m] since the effective spreading sequence directly deperMs This optimization problem was solved for discrete time in
on the actual channel realization. The MC-CDMA transmig8!-

sion takes place ove¥ (essentially) orthogonal frequency-flat’ € Sequences bandlimited #9...x and mostly concentrated
time-variant subcarriers. Reflecting this we rewrite (Spaet N @n interval of lengthM/ are the discrete prolate spheroidal
(DPS) sequences. The DPS sequencgsi, Vpmax, M| are

of equations for every subcarrigrfor ¢ € {0,..., N — 1}, i :
. defined as the real solution to
ylm,ql = grlm, ] (sklglbx[m] + pelm, q]) + z[m., q] = Sin (27 Vpmax (£ — m))
k=1 Z ui[& VDmax M]
(6) —0 7T(£ — m)
We split the channel estimation task into two parts: = \i (YDmaxs M)u;[m, vpmax, M]  (8)

« First, we find a suitable basis expansion which describgs . € {0,...,M — 1} andm € {—oo,00} [8]. We drop

the time-variation o [m’q.]' . . the explicit dependence af;[m] on vpmax and M, since we

« Ina se_cor?d_ step the basis expansion coeff_lc_lents are €s8nsider them as fixed system parameters for the remainder of
mated |nd|V|du§IIy for every subcarn_er bUt_ Jom'gly for a"this paper. The DPS sequences are doubly orthogonal on the
users. The estimation is performed in an iterative manngr .. set§ oo, ..., 00} and{0, ..., M—1}. The eigenvalues
using soft feedback symbols. A; are clustered nedrfor i < [2vpmax M| and rapidly decay

5.1 Slepian Basis Expansion to zero fori > [2vpmax M |. Therefore, the approximate signal

space dimension of time-limited snapshots of a band-lohite

The coefficients of the time-variant impulse respohspn, n] signal is given by [8, Sec. 3.3]

are bandlimited bypnax (1). The same is true fagi[m, q].

The Doppler spectrum for subcarrigrand userk is defined D' = [2vpmaxM] + 1. 9)
as o0 . For our application we are interested «Rp[m] for the index
Ge(v,q)= Y gilm,gle ™. (7) setm e {0,..., M — 1} only. We introduce the term Slepian
m=—00 sequences for the index limited DPS sequences and define the
where} < v < 1. The band limitation ofGy (v, ¢) t0 Vpmax ~ YECIOIUi € R with elementsi;[m] for m € {0,..., M—1}. _
can be expressed by Summarizing, the Slepian sequences span an orthogonal basi

which allows to represent time-limited snapshots of band-

VDmax o limited sequences. We expand the sequeige, ¢] in terms
gk[m,q] = / Gr(v, q)e dv. of Slepian sequences[m]
—VDmax D—1
Limiting the infinite sum in (7) to an interval of length/ grlm, q) = grm,q] = Z wi[m|Yili, gl , (10)
results in the discrete Fourier transform (DFT). Trungatime i=0

DFT leads to the Fourier basis expansion described in [6] f@hererm € {0,...,M — 1} andq € {0,...,N — 1}. The

time-variant channel estimation. However, the time winth@v dimensionD of this basis expansion fulfill®’ < D < M —1.
causes spectral leakage and the truncation of the DFT gives

rise to the Gibbs phenomenon. Both effects together impérz_ Signal Model for Time-Variant Multi-User Channel
that the Fourier basis expansion suffers from high bias. [11FStimation

The theory of time-concentrated and bandlimited sequenc®sbstituting the basis expansion (10) for the time-variant
developed by Slepian in [8] enables a better suited approamibcarrier coefficientgy[m, ¢] into the system model (6) we



obtain 5.3 Linear MMSE Estimation of Basis Expansion Coeffi-
cients

K D-1
y[m, q) = Z wi[mlrli, qdi[m, q) + z[m,q], (11) We constrain the time-variant channel estimator to be tifrea
1 i=0 y, (see [10] for the block fading case). We will omit the index
q in the following derivations to simplify the notation. The
whered[m, q] = si[q]bk[m] + pi[m, q]. linear estimator can be expressedygs, sy = Ay , where

Thus, an estimate of the subcarrier coefficienigi,q] can the matrix A satisfies the Wiener-Hopf equatiaf,, A" =
be obtained jointly for allK” users but individually for every C,,;.
subcarrierq. We define the vector The linear MMSE estimator is then

-1
Y, = [¥100,4q], ..., ¥K]0,q], Pranise = D" (IE {'DDH} + Ule) y. (A7)

T KD
iD= 1Lgl. k(D - 1g]]" €C (12)  \We note that due to the independence of the users and the data

symbols within one block, it holds
containing the basis expansion coefficients of alf y

users for subcarrie. Furthermore, we introducey, = . _ [ b mbiIm], K #£ km £ m
T , : a E{bj [m/]bg[m]} = B o) —
[y[0,q],...,y[M —1,q]]" € CM for the received symbol , =R,me=m

s . . 18)
sequence of each single data block on subcagieUsin (
d A g o g for k, k' € {1,..., K} and form,m’ € {0,1,.... M — 1}.
these definitions we write ) . .
With (18) we are able to write the expectation of the prod-

Y, =Dy, + 2. (13) uct Il[—:: {DDH} as product of expectations plus a correcting
diagonal matrixA which takes (18) into account

where ]E{DDH} - IE;{D}]E{DH} +A=DD" 1A (19)

D, = [di D,, ... di _1)D,] € CM*ED
« = [diag (uo) D iag (up-1) D] (14) The elements of the diagonal matri are defined as

and D, € CM*X contains the transmitted symbols for &l K D-1

1
users on subcarrier => Y Nuf m]var{by[m]}, (20)
k=1 i=0
di[0,¢] ...  dk[0,q] with the symbol variance
D, = : : . (15) 2 ~
di[M —1,q] ... dg[M—1,q] var{by[m]} = Ig{ bim] — E{bx[m]} } =1 — |bg[m]|*.

For channel estimation/ pilot symbols in (11) are known. |nserting (19) into (17) and applying the matrix inversion
The remaining) — J symbols are not known. We replacemma yields

them by soft symbols that are calculated from the a-posterio . u _ 1y

probabilities (APP) obtained in the previous iterationnfro YL MMSE = (D A‘1D+IK) D A 'y (22)

the BCJR decoder output. This enables us to obtain refined

channel estimates if the soft symbols get more reliable fronhere A = A + 021M The rows of matrixD are scaled by

iteration to iteration. For the first iteration the soft systd the diagonal matrixA ", taking into account the variances of

b, [m] for m ¢ P are set to zero. the noise and of the soft symbol estimates.

We define the soft symbol matrii)q € CM*K according After estimatingy, for all ¢ € {0,. — 1} an estimate

to (15) by replacingdy,[m, q] with dj[m., q] = sk[q]b,[m] + forDthe time- vanant frequency response is givergbjm, ¢| = .

pr[m, q]. The soft symbols, [m] are defined according to 2 ito Ut[_ mlii i, ql. Further noise suppression is achieved if
we exploit the correlation between the subcarrigf$m| =

i) = B (b ]} = FnxrFiyypgrml-
6 Simulation Results

The realizations of the time-variant frequency-selecthan-
(16) nelh[n, ], sampled at the chip ratg'T:, are generated using
an exponentially decaying power delay profile

= 75 (BT alzm) + B4 cufzm + 1)

whereEAPP) ¢y [m/]} = 2APP{ey[m/]} — 1.

4
Finally we defineD, € CM*KDP according to (14) by [l =e 4/28 4
replacingD,, with D,,. Thus, matrixD, contains deterministic ¢=0
pilot symbols and statistical information about the traiteed with L = 15 resolvable pathsf{ € {0,...,L — 1} [2].
data symbols. The discrete time indices and ¢ denote sampling at rate



7 Conclusion

We presented an iterative multi-user receiver for the #plin
of a MC-CDMA system. By exploiting basic results from
the theory of time-concentrated and bandlimited sequences
we were able to obtain a Slepian basis expansion for time-
variant channel estimation. The selection of a suitablpiSte
basis, defined byM and vp.x, Solely exploits the band-
limitation of the Doppler spectrum top,,... The details of
the Doppler spectrum fofv| < vpmax are irrelevant. This
approach enables time-variant channel estimatitth almost

no knowledge of the second-order statistics of the fading
process. We presented an iterative linear MMSE estimation
algorithm for the basis expansion coefficients. The coastst
performance of the iterative receiver for a wide range of

o
w
o
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—&— K=64, v=100
=0~ K=32, v=0
-0~ K=32, v=100
— basis expansion SUB, v=0
A | B SUB, v=0
10 i . |
0 2 4 6 8 10 12 14
E, /N, [dB]
Fig. 2. MC-CDMA uplink performance in terms of BER versus SNieaf

4 iterations. The Slepian basis expansion uges= 3 basis functions. The
K € {32,64} users are moving witlh € {0, 100} km/h.

velocities was shown by simulations.
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1/Tc. The power-delay profile corresponds to a root mean
square delay spreadp, = 47¢
1/Tc = 3.84-10°s~1. The autocorrelation for every channel [y
tap is given byRy, ., [n, {] = n?[{]Jo(2mvp Pn) which results

in the classical Jakes spectrum. We simulate the timewaria 2l
channel with a Jakes spectrum using the model in [12] Whic[\
corrects the deviations from a Rayleigh distribution of th€3]
model presented in [14] for low velocities. We emphasize

that the simulation uses a time-variant channel sampled at

the chip rate. Any possible effect from residual inter-warr [4]
interference would be visible in the simulation results.

The system operates at carrier frequernfegy = 2GHz and |5
K € {32,64} users move with velocity € {0,100} km/h.
These gives Doppler bandwidtBp, € {0,190} Hz andvp €
{0,3.9-1073}. The number of subcarrie¥ = 64 and the [g]

OFDM symbol with cyclic prefix has length = G+ N = 79.
The data block consists off = 256 OFDM symbols with

J = 60 OFDM pilot symbols. The system is designed for
Umax = 102.5km/h which results inD = D’ = 3 for the
Slepian basis expansion.

For data transmission, a convolutional, non-systemata- n
recursive, 4 state, rate R¢ 1/2 code with generator
polynomial (5, 7)s is used. The illustrated results are obtaine
by averaging oved00 independent channel realizations. The
QPSK symbol energy is normalized to 1 and we defirédl
Ey/Ny = m%MM—d taking into account the loss due to
coding, pilots and cyclic prefix. The noise variance in (1&) i
assumed to be known at the receiver.

In Fig. 2 we illustrate the MC-CDMA uplink performance
with iterative time-variant channel estimation based oa th
Slepian basis expansion in terms of bit error rate (BER)ugers/12]
E, /Ny after 4 iterations. The plot also shows the single user
bound (SUB) which is defined as the performance for one uges]
K =1 and a perfectly known channg].[m]. Additionally, we

plot the basis expansion SUB. This is the performance whiﬁu]
can be achieved with the Slepian basis expansion channel-
estimation algorithm for a single user.

8]

[11]

1us for a chip rate of References

L. R. Bahl, J. Cocke, F. Jelinek, and J. Raviv, “Optimal agiag of
linear codes for minimizing symbol error ratd EEE Trans. Inform.
Theory, vol. 20, no. 2, pp. 284-287, Mar. 1974.

L. M. Correia, Wreless Flexible Personalised Communications. Wiley,
2001.

C. Komninakis, C. Fragouli, A. H. Sayed, and R. D. Weselultinput
multi-output fading channel tracking and equalization gskalman
estimation,”|EEE Trans. Sgnal Processing, vol. 50, no. 5, pp. 1065—
1076, May 2002.

V. Kuhn, “lterative interference cancellation and channeheston for
coded OFDM-CDMA,” inlEEE International Conference on Communi-
cations (ICC), Anchorage (AK), USA, vol. 4, May 2003, pp. 2465—-2469.
A. Lampe and J. Huber, “lterative interference cancitatfor DS-
CDMA systems with high system loads using reliability-degemt
feedback,”I[EEE Trans. eeh. Technol., vol. 51, no. 3, pp. 445-452, May
2002.

A. M. Sayeed, A. Sendonaris, and B. Aazhang, “Multiusetedtion
in fast-fading multipath environment/EEE J. Select. Areas Commun.,
vol. 16, no. 9, pp. 1691-1701, December 1998.

M. Siala, “Maximum a posteriori semi-blind channel estifoat for
OFDM systems operating on highly frequency selective chiatine
Annals of telecommunications, vol. 57, no. 9/10, pp. 873-924, Septem-
ber/October 2002.

D. Slepian, “Prolate spheroidal wave functions, Fourmalysis, and
uncertainty - V: The discrete casdhe Bell System Technical Journal,
vol. 57, no. 5, pp. 1371-1430, May-June 1978.

9] I. Viering, Analysis of Second Order Satistics for Improved Channel

Estimation in Wireless Communications, ser. Fortschritts-Berichte VDI
Reihe. Disseldorf, Germany: VDI Verlag GmbH, 2003, no. 733.
T. Zemen, M. Logar, J. Wehinger, C. F. Mecklertrker, and R. R.
Mdller, “Improved channel estimation for iterative receiveis |EEE
Global Communications Conference (GLOBECOM), vol. 1, San Fran-
cisco (CA), USA, December 2003, pp. 257-261.

T. Zemen and C. F. Mecklendwker, “Time-variant channel equalization
via discrete prolate spheroidal sequences3ith Asilomar Conference
on Sgnals, Systems and Computers, Pacific Grove (CA), USA, Novem-
ber 2003, pp. 1288-1292, invited.

——, “Doppler diversity in MC-CDMA using the Slepian basex-
pansion model,” inl2th European Sgnal Processing Conference (EU-
SPCO), Vienna, Austria, September 2004, to be presented.

T. Zemen, C. F. MecklenBuker, J. Wehinger, and R. R. (Mer,
“Iterative multi-user decoding with time-variant channetirastion for
MC-CDMA," |EEE Trans. Wireless Commun., submitted.

Y. R. Zheng and C. Xiao, “Simulation models with correcatistical
properties for Rayleigh fading channelEZEE Trans. Commun., vol. 51,
no. 6, pp. 920-928, June 2003.



