T. ZEMEN, C.F. MECKLENBRAUKER AND R.R. MULLER

TIME VARIANT CHANNEL EQUALIZATION FOR
MC-CDMA VIA FOURIER BASIS FUNCTIONS

Abstract. When users move at vehicular speed the radio channel is time variant.
Sayeed et al. proposed a Fourier basis expansion model for time variant channels.
We apply this concept to MC-CDMA for channel equalization and give simulation
results for the forward link. To gain further insights we give a detailed discussion of
the benefits and weaknesses of the Fourier basis expansion channel model.

1. INTRODUCTION

When users move at vehicular speed the radio channel is time vari-
ant. For channel equalization an accurate channel model is required
otherwise the time variation is a significant cause of symbol errors.

The Doppler effect in multipath propagation is the starting point for
the channel description given by Hoher in [4]. This description depends
in nonlinear manner on the Doppler frequencies for each individual
path which is a major obstacle when used for channel equalization.

The representation of the time variant radio channel by means of the
scattering function was used by Bello [2]. The continuous time equa-
tion that links the impulse response h(t,7) to the scattering function
SH(w,T) is subsequently discretized in both time and frequency. The
discretization is implemented by replacing the Fourier integral with
a finite sum [8, 7]. Therefore the time variant impulse response is
expanded linearly in terms of Fourier basis functions.

In this paper our contribution is to analyze the performance of
a multi carrier (MC) code division multiple access (CDMA) forward
link when the time variant channel is modeled by the Fourier Basis
Expansion.

The paper is organized as follows: We introduce the signal model for
MC-CDMA in Sec. 2 and describe the Fourier basis expansion model
in Sec. 3. We present simulation results and analyze the approximation
properties of the Fourier basis expansion model in Sec. 4. We conclude
with some remarks in Sec. 5.
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Figure 1. Model for the MC-CDMA transmitter in the forward link.

2. SIGNAL MODEL

In [11] we presented a MC-CDMA multi user receiver for block fad-
ing channels. MC-CDMA is based on orthogonal frequency division
multiplexing (OFDM). Spreading codes are applied in the frequency
domain to distinguish each user. Therefore each chip is transmitted
over a different subcarrier.

In this paper we will deal with channels which vary significantly over
the duration of a data block. To focus the presentation we will limit
ourselves to the forward link. The base station transmits quaternary
phase shift keying (QPSK) modulated symbols bx[m] drawn from the
alphabet %{il +j} in blocks of length M. Discrete time is denoted
by m. There are K users in the system, the user index is denoted by
k. Each symbol is spread by a unique Walsh-Hadamard sequence s;, of
length N with elements \/—%{:Izl}, see Fig. 1.

We will use the following notation: All vectors are defined as columns
vectors and denoted with bold lower case letters. Matrices are given in
bold upper case, (-)7 denotes transpose, (-)* denotes complex conju-
gate, (-)¥ denotes Hermitian (i.e. complex conjugate) transpose and
Iy denotes the N x N identity matrix. The M x N upper left part of
matrix A is referenced as A/« and the element on ith row and fth
column of matrix A is referenced by [A]; ;. The result of diag(a) is a
diagonal matrix with the elements of @ on its main diagonal.

In each data block there are M data symbols. They result from the
binary information sequence xi[m"] of length 2M R¢ by convolutional
encoding, random interleaving and QPSK modulation with Gray label-
ing. The code rate is denoted by R¢. The spread signals of all users are
added together and multiplexed with optional pilot symbols. Then, an
N point inverse discrete Fourier transform (IDFT) is performed and
a CP (cyclic prefix) with length G is inserted. The resulting signal is
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transmitted over a time variant multipath fading channel h(¢,7) with
a delay spread of L chips, Tp = LT¢. The chip duration is denoted by
Tc. We denote the sampled time variant impulse response by h[m, n] =
h(mPTg,nTc), h[m] = [M(mPTg,0),-- -, h(mPTe, (L — 1)Te)]" in vec-
tor notation, where P = N + G gives the length of the OFDM symbol
in chips.

The receiver removes the CP and performs a discrete Fourier trans-
form (DFT). The received signal vector

ylm] = diag (g[m])(Sblm] + p[m]) + v[m]

where g[m] = VNFyyph[m], and v[m] denotes complex additive

white Gaussian noise with zero mean and covariance 021 . The unitary
—j2mil

DFT matrix F has elements [F]; , = \/—lﬁe N §l=0,---,N—1.
Matrix S is defined as § = [s1,- -, sx], and b[m] = [by[m],-- -, bx[m]]*

contains the stacked data symbols for K users.
We define the effective spreading vector for user k as

8[m] = diag (g[m]) sy,

collect all users in matrix S[m] = [81[m],--,8x[m]] and finally get
y[m] = S[m]b[m] + diag (g[m])p[m] + v[m].

This signal model is valid for time variant channels when the inter-
carrier interference (ICI) is small. This is true when the (one sided)
Doppler bandwidth Bp = v/ is smaller than ¢ = 1% of the subcarrier
bandwidth Af = 1/(NT¢) [5]: Bp < €Af. The speed of the mobile
station is denoted by v and the wave length by A.

The single user receiver is a time variant matched filter zx[m] =
%y[m] To calculate the effective spreading sequence we need a
model to describe the time variant channel. A possible solution is a
Fourier basis expansion model which we describe in the next section.

3. FOURIER BASIS EXPANSION MODEL

The sampled time variant channel impulse response h[m,n| is repre-
sented by the scattering function in the Doppler delay domain

Su(fm)= S hm,nlemml.

m=—0oQ

For a wireless system the Doppler bandwidth Bp is generally known,
Su(f,n) is therefore band limited and vanishes for |f| > W h[m,n] =

w .
[ Su(f,n)ei?™fd f, where W = BpPTc and 0 < W < 1/2.
-W
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By limiting the time interval to [0, M — 1] the scattering function is
M-1 .
discretized in the frequency domain, Sg[d,n] = Y. h[m,nlei2mmd/M
=0

m=
which is equivalent to the discrete Fourier transform (DFT). The rect-
angular windowing results in spectral leakage (see [6] Sec. 5.4). There-
fore Sgr[d,n| does not vanish for |d| > [WM]. But Sg[d,n] will decay
with increasing |d|.

The Fourier basis expansion model for the time variant channel

. D—1
is given by h[m,n] = Y vg4[n|ugm] with D = 2x[WM] + 1 and
d=0

j2rm(d—(D—1)/2)

uglm| = LMe M . The parameters 74[n] are calculated by
va[n] = ML him,njui[m]. The mean square approximation error
M-1L-1 R 2
=% ¥ ‘h[m,n] - h[m,n]‘ is controlled by .
m=0 n=0

To express the basis expansion model in vector matrix notation
we introduce the delay time channel matrix with dimension L x M
H= [h[O], h[1],...,hR[M — 1]] where each column in H represents the
time variant impulse response at discrete time m. The frequency time
channel matrix G = [g[O],g[l], .., g[M — 1]] is related to the delay

time matrix via G = VNF <1 H.
We define the D x M synthesis matrix U = ['u,[O], ull], - ,u[M—l]] )

and the D x M analysis matrix V = U"*.

The Fourier basis expansion model in matrix vector notation is given
by hlm] = T'Tu[m)]. To obtain the delay basis expansion parameter
matrix I' = VA, we apply the analysis matrix V on . The elements
of the D x L matrix I" are defined as [I']4,, = vq4[n].

In the context of MC-CDMA the channel is naturally represented in
the frequency time domain. We introduce the frequency basis expansion
parameter matrix ® = VG’ and express the time variant frequency
characteristic §[m] = ®Tu[m] through the Fourier basis expansion
model.

This gives the time variant effective spreading sequence as §;[m] =

diag (<I>Tu[m]) Sk, and the received data signal

y[m] = diag <'I>Tu[m]) (Sb[m] + p[m]) + v[m].
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4. PERFORMANCE ANALYSIS

To generate the time variant channel realization for ‘H we use the model

2w fom 2rf—1m T 2rAfem
h[m| = diag(h) |le M ,.--;e° M e M

Vector h models the Rayleigh fading large scale channel statistics and
is normalized so that E{|h|?} = 1. We use the exponentially decaying
typical urban (TU) power-delay-profile (PDP) from COST 259 [3], the
chip rate 1/T¢ = 3.84Mcps as in UMTS and the delay spread L = 15
corresponding to Tp = 3.9us.

The time variant characteristic is modeled as random Doppler com-
ponent fy for every channel tap. To achieve a Jakes spectrum [4] f, =
sin(2wéy) BpMPT¢, £ = 0,---,L — 1, where & is a random variable,
uniformly distributed in the interval (0,1). The normalized carrier fre-
quency offset at the receiver Af¢ is incorporated in the time variant
channel model as common additional Doppler component for all chan-
nel taps. For every channel realization A f¢ is randomly sampled from
a uniform distribution on the interval (—A fc maz, +Afcmaz)-

The system is operated at carrier frequency fc = 2 GHz, the users
move with velocity v = 50km/h, this gives B}, = 90 Hz. The complete
OFDM symbol with cyclic prefix has length of P = G + N = 79. The
number of subcarriers N = 64 and the data block length M = 256.
The maximum carrier frequency offset was chosen to be Afc maz =
90HzM PT¢c = 0.47. For the Fourier basis expansion model this results
in [WM| =1 with Bp = B, + Afcmas/(MPT¢).

The Fourier basis expansion model approximates for every channel
tap a complex exponential with a rational frequency f in the range |f| <
W M. We analyze the MSE of the Fourier basis expansion model for a
single path channel with normalized Doppler frequency f varied over

2nmf
the interval (0,1), h[m,1] = e o , and define hy = [h[O, 1],---,h[M—
T
1,1]] .

~ ~ |2
We evaluate the MSE according to hy = UTVhy, e = ‘hl - hl‘ .

The MSE for the Fourier basis expansion is given in Fig. 2. With in-
creasing number of basis functions, controlled by x the MSE is reduced.
At f = 0.5 the error is maximum.

To get more insight in the detailed approximation behavior we plot
him,1] and h[m, 1] for f = 0.5 and k = {1,4} in the complex plane in
Fig. 3. The amplitude and phase error at the beginning and end of the
data block is significant for x = 1, and decreases with increasing k.
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Figure 2. Mean squared error (MSE) of the Fourier basis expansion model for
[WM] = 1 and D = 2k[WM] + 1 basis functions, with x = {1,2,3,4}. The
normalized doppler frequency f was varied over the interval (0,1).
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Figure 3. Trajectory of h[m, 1] and its approximation by the Fourier basis expansion

for k = {1,4}.

For data detection we use a time variant matched filter. The result-
ing code symbol estimates are demapped, deinterleaved and decoded
by a BCJR decoder [1] to obtain estimates for the transmitted data

bits xi[m"].

We evaluate the receiver performance subject to parameter x of the
channel approximation model. The additional simulation parameters
for the MC-CDMA system are chosen as follows: The spreading se-
quence has length N = 64 equal to the number of subcarriers. For
data transmission the convolutional code used, is a non-systematic,
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Figure 4. We compare the MC-CDMA receiver performance for the Fourier basis
expansion channel model with k = {1,4} and the perfectly known channel. The
performance in the forward link is given in terms of BER versus SNR for K =1
and K = 30 users. The spreading sequence length NV = 64 is equal to the number
of subcarriers. The data block length M = 256. The carrier frequency fc = 2 GHz,
the Doppler bandwidth Bp = 90Hz and the maximum carrier frequency offset is
90 Hz.

non-recursive, 4 state, rate Rc = 1/2 code with generator polynomial
(5,7)s. We average all simulations over 2000 independent channel re-
alizations. The QPSK symbol energy is normalized to 1, the Ey/Ny is
therefore defined as %‘é =3 Rla,% %.

We analyze the performance for perfectly known model parameters
of the channel. This means the model parameters I" are calculated from
a perfectly known channel #. Applying the Fourier basis expansion
model, we give the MC-CDMA receiver performance for the forward
link in Fig. 4 for k = {1,4} and for K = 1 and K = 30 users. We
additionally give the performance with the perfectly known channel
itself.

5. CONCLUSION

The Fourier basis expansion model allows to describe a time variant
channels. Its inherent rectangular windowing results in spectral leak-
age. Therefore the number of Fourier basis functions given by the
time bandwidth product 2 [W M| + 1, usually reported in literature,
is not sufficient. Increasing the number of Fourier basis functions D =
2k [WM] + 1 by a factor K we can decrease the MSE of the channel
approximation and the BER in the MC-CDMA forward link. The prin-
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cipal error floor behavior can not be removed for practical values x < 4.
Therefore a new basis expansion model is needed [9, 10].

10.

11.
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