The Sensitivity of a Flexible Form of MC-CDMA to Synchronisation Errors
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ABSTRACT - In this contribution, we propose a vari-
ant of the MC-CDMA system that offers more flexi-
bility than the traditional MC-CDMA system. We
investigate the sengitivity of this flexible MC-CDMA
system to some types of synchronisation errors. This
flexible MC-CDMA system is not affected by a con-
stant phase offset or a constant timing offset, asin the
proposed flexible MC-CDMA system the carriers
inside the rolloff area are not used. Furthermore, the
flexible MC-CDMA system is very sensitive to a car-
rier frequency offset or a clock frequency offset,
while the system is less sensitive to carrier phase jit-
ter or timing jitter.

|I. INTRODUCTION

The enormous growth of interest for multicarrier
(MC) systems can be ascribed to its high bandwidth
efficiency and its immunity to channel dispersion.
Recently, MC systems have been investigated in
combination with code-division multiple-access
(CDMA) [1-7], in order to cope with the high bit er-
ror rates caused by the strong attenuation of some
carriers. by combining a MC system with CDMA,
frequency diversity can be achieved. The MC-CDMA
system has been proposed for downlink communica-
tion in mobileradio [5-7].

The use of a large number of users makes the
MC system highly sensitive to some types of syn-
chronisation errors [8-11]. The synchronisation errors
can be classified in two classes: the carrier phase er-
rors, caused by the error between the carrier used for
upconverting the baseband signal to an RF signal at
the transmitter and the local oscillator used for down-
converting the RF signal at the receiver, and the tim-
ing errors, which are the errors made in the process of
extracting the sampling instants. In [11], it was
shown that the traditional MC-CDMA system is very
sensitive to a carrier frequency offset and a clock fre-
quency offset, while the system is less sensitive to
carrier phase jitter or timing jitter. Furthermore, the
traditional MC-CDMA system is not affected by a

constant phase offset and if the carriers inside the
rolloff area are not used, a constant timing offset also
introduces no degradation. In addition, it is shown
that the carriers inside the rolloff area introduce a
severe performance degradation in the presence of
timing errors.

In the proposed system, the carriers inside the
rolloff area are not used. However, as in practica
situations, the FFT length Ny and the number of
chips per symbol N, are both a power of two, the
available carriers Nearr<Ng can not be used efficiently
in the traditional MC-CDMA system, as the number
of used carriers is chosen equa to the number of
chips per symbols. Therefore, we propose a variant of
the MC-CDMA system that offers more flexibility
than the traditional MC-CDMA system: in the pro-
posed, flexible MC-CDMA system, the number of
chips per symbol Nep, the number of carriers N,
and the FFT length N can be chosen independently,
so the available resources can be used more effi-
ciently.

In this contribution, we investigate the sensitivity
of this flexible MC-CDMA system in the presence of
some types of synchronisation errors, and compare
the results with the traditional MC-CDMA system.

Il. SYSTEM DESCRIPTION

The conceptual block diagram of the considered
MC-CDMA system (for one user) is given in figure
1. The data symbols {a} transmitted at a rate R,
where the symbol a; , corresponds to the user m dur-
ing the ith symbol interval, are multiplied by a higher
rate chip sequence {cn+iNchip,m|n= 0,...,Nenip-1}, CotiNym
denoting the nth chip of the sequence corresponding
to user m during the ith symbol interval, resulting in
the samples b;,. The complex chip sequence corre-
sponding to user m consists of the product of a real-
valued orthogonal sequence of length Ngi, (€0
Walsh-Hadamard sequences), corresponding to the
considered user, and a complex-valued random
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Figure 1 : Conceptua block diagram of the flexible MC-CDMA system for one user

sequence (e.g. a complex-valued pseudo-noise se-
quence of length L>>Ng,,) which is equal for al us-
ers and has the same rate as the Walsh-Hadamard
sequence. These hybrid sequences have better corre-
lation properties than the pure Walsh-Hadamard se-
quences.
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Figure 2 : Mapping of the chips on the carriers
(Nchip= 81 Ncarr= 12)

As carriers inside the rolloff area give rise to a
severe performance degradation, we only use the car-
riers outside the rolloff area. The number of used car-
riers N 1S NOt necessarily equa to the number of
chips per symbol Ngip, SO we can select Nyp inde-
pendently of Ner. The samples b; , are mapped on the
Nearr transmitted carriers (see figure 2) and modulated
using an IFFT of length Ny resulting in the time-
domain samples s, the kth sample of the jth FFT
block. As in traditiond MC-CDMA, we insert a
guard interval VT by cyclicaly extending the trans-
mitted signal to avoid interference between succes-
sive FFT blocks. The duration of the transmitted
block equals (Nt V) T=Nearr/(RNehip). The resulting
time-domain samples {5 k=-v....,Ncar-1} arefed to a
transmit filter P(f), a unit-energy square-root Nyquist
filter, and applied to the dispersive channel with

channel transfer function Hg,(f). The signal is dis-
turbed by additive white Gaussian noise with psd Ny
and a carrier phase error ¢{(t). At the receiver, the sig-
nal is applied to the receiver filter, which is matched
to the transmit filter and sampled at the instants
tj = KT+j(Ni+ V) T+ §T, where g is the normalised
timing error at the kth instant of the jth FFT block
(I154<1/2).

It can be verified that, when the carrier phase er-
ror is dowly varying as compared to T, the samples
rix are given by

My = Zheq(kT—ET;tjvk)Sj’ﬂ+Wj’k €))

where wj is the matched filter output noise at the
instant t;x and heg(t; 1) is the impulse response of an
equivalent time-varying filter with Fourier transform
Heq(; )= H(F)&#9? kT, The filter H(f) consists of
the cascade of the transmit filter, the channdl transfer
function and the receiver filter : H(f)=|P(f)|*He().
The receiver selects the Ny, samples outside the guard
interval and disregards the other v samples. The se-
lected samples are demodulated using the FFT; the
kth output of the FFT is applied to a one-tap equaliser
with coefficient hy, scaling and rotating the corre-
sponding FFT output. The receiver maps the outputs
of the equalisers corresponding to the N, transmit-
ted carriersinto blocks of Ngnp, Samples and correlates
each block of Ngip, samples with the chip of the con-
sidered user, resulting in the samples

Zi,m = iZio Z \/E_Sma1m| ii,mm +Vvi,m (2)
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Esn isthe energy per symbol corresponding to user m,
W is a zero-mean complex-valued Gaussian noise
term and
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where mod(x,M) is the modulo-M reduction of X,
yielding a result in (0,M-1) and div(x,M)=floor (x/M).
As we only consider the carriers outside the rolloff
area and assuming the duration of he(t;t) does not
exceed the guard time duration, the coefficients

H.(t;,) are given by
e E (6)
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For m zmand i’ =i, the quantity (3) denotes the multi-
user interference (MUI) at the decision device input
of user m, originating from the user m' during the ith
symbol interval. For i’ &, the quantity (3) denotes the
intersymbol interference (1S).

As we use random sequences, the quantities (3)
are random variables. Furthermore, when the carrier
phase error or the timing error can be modelled by
random processes, the quantities (4) are random vari-
ables as well. The useful component can be decom-
posed as

I i,i,mm = Eec[l i mm] (I iimm Ee,c[l i,i,m,m]) (7)
where E¢[.] denotes the average with respect to the
random synchronisation errors and to the random
chip sequences. The first component of (7) is the av-
erage useful component and the second component is
the zero-mean fluctuation of the useful component. In
order to eliminate the dependency of the symbol in-
terval i, we consider the time average AVG|[.] of the
powers. Defining the signal-to-noise ratio (SNR) at
the input of the decision device as the time average of
the power of the average useful component to the
time average of the power of the remaining contribu-
tions, the SNR corresponding to user mis given by
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In the case of an ideal channel and in the absence of
synchronisation errors, the SNR equals SNR,= Eg./No.
Hence, the degradation caused by a non-ideal channel
and/or in the presence of synchronisation errors is
given by D,=10l0g((Es/No)/SNRy).

In order to clearly isolate the effect of the syn-
chronisation errors, we consider the case of an ideal
channel. We dso consider the case of downstream
communication, such that all transmitted carriers ex-
hibit the same carrier phase error as they are up-
converted by the same oscillator and the signals sent
to the users exhibit the same timing error as they are
synchronised at the base station. We assume each
user exhibits the same energy per symbol Eg=Es and
a maximum load, i.e. the number of users equals
Nenip- The transmit filter and the receiver filter are
square-root raised-cosine filters with rolloff a. We
compare the results of the flexible MC-CDMA sys-
tem with the traditional MC-CDMA system where
the number of chips per symbol equals N=Ng.

I1l1. CARRIER PHASE ERRORS

In this section, we investigate the influence of
the carrier phase errors on the performance of the
flexible MC-CDMA system in the absence of timing
errors.

Il1a. Constant Phase Offset

In the case of a constant carrier phase offset
#t)=@ the quantities (5) reduce to A x=h; &% .
As in the traditional MC-CDMA system, it can be
verified that this phase rotation yields only a phase
rotation of the useful component but introduces nei-
ther MUI nor ISI. As a rotation of the FFT outputs
has no influence on the noise power, a constant phase
offset can be compensated without loss of perform-
ance, by rotating the FFT outputs over an angle —¢;
i.e hi’kz el?
I1b. Carrier Frequency Offset

When the transmitter and receiver carrier oscil-
lators exhibit a frequency offset AF, the carrier phase
error is given by ¢t)=27A4Ft. Assuming a slowly

varying phase error as compared to T, i.e. AFT<<1,
the quantities (5) yield

A =h e f"AFTGHLN'k +AFTE ©)
fft

where
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Assuming the receiver can estimate 4F, the equaliser
multiplies the FFT outputs with h=exp(-
j27ENgAFT)/G(AFT) : the equaliser compensates for
the phase rotation and the attenuation of the useful
component, however it is not able to eliminate the
interference. It can be verified that the degradation
becomes independent of Ng, When assuming a
maximum load. The degradation caused by the pres-
ence of a carrier frequency offset is shown in figure
3. The degradations of the flexible MC-CDMA sys-
tem and the traditional MC-CDMA system are es-
sentially the same. We observe a high sensitivity of
the MC-CDMA system to this carrier frequency off-
set. To obtain small degradations, the frequency off-
set must be limited, i.e. AFT<<1/N.
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Figure 3 : Carrier frequency offset, a=0.1,
EJ/N,=20dB

Illc. Carrier Phase Jitter

In order to avoid this strong degradation caused
by the carrier frequency offset, we can use a phase-
locked local oscillator for RF to baseband conversion.
The phase error resulting from the PLL can be mod-
elled as a zero-mean stationary process with jitter
spectrum Syf) and jitter variance crq,,z. Assuming
small jitter variances a¢2<<1, the quantities (5) can
be approximated by

N -1 iatlkk)
Axe =hy %k,k’ +N_lm ; j¢(ti,z)e N E(ll)

For small jitter variances, the equaliser coefficients
are essentially the same as in the absence of phase
jitter, i.e. hj,=1. It can be verified that the degrada-
tion is essentialy independent of the FFT length and
becomes independent of Ng, When assuming a
maximum load. The degradation caused by the phase
jitter is shown in figure 4. The degradations of the

flexible MC-CDMA system and the traditional MC-
CDMA system are essentially the same.

IV. TIMING ERRORS

In this section, we investigate the influence of
timing errors on the performance of the flexible MC-
CDMA system in the absence of carrier phase errors.

IVa. Constant Timing Offset

In the case of a constant timing offset, i.e. &§,=¢,
the quantities (5) yield

jontk-Near €

Axr =0 he S e (12
Assuming the receiver can estimate &, the equaliser
multiplies the FFT outputs with h;=exp(-j27€k-
Nearr/2)&Ni). The equaliser compensates for the
phase rotation of the FFT and avoids interference, i.e.
a constant timing offset can be compensated without
loss of performance.
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Figure 4 : Carrier phasejitter, a=0.1, E/N,=20dB,
Ni=32
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Figure 5 : Clock frequency offset, a=0.1,
E4/N,=20dB

IVb. Clock Frequency Offset

Sampling by means of a free-running clock with
a relative clock frequency offset AT/T results in a
timing error & ,=(k+iNg)AT/T. For a smal relative



clock frequency offset AT/T<<1, the quantities (5)
are given by

j2nte-Near HAT Hk’—k k" N PT H
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The equaliser multiplies the FFT outputs with
hi = exp(-j 2 7K-Ncar /1 2)i ATIT) G((K-Negr o/ 2) N AT/ T).
The equaliser compensates for the attenuation and
phase rotation of the useful component, but is not
able to eliminate the interference. When assuming a
maximum load, the degradation becomes independent
of Neip. IN figure 5, we observe that the flexible MC-
CDMA system dlightly outperforms the traditiona
MC-CDMA system. The degradation strongly de-
pends on the clock frequency offset. To obtain small
degradations, the clock frequency offset must be
small, i.e. AT/T<<1/Ng.

IVe. Timing Jitter

In order to get rid of the clock frequency offset,
synchronised sampling can be used, e.g. by means of
a PLL. The resulting normalised timing error can be
modelled as a zero-mean stationary process with jitter
spectrum S(f) and jitter variance ;. Assuming small
jitter variances g,°<<1, the quantities (5) can be ap-
proximated by

]
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For small jitter variances, the equaliser coefficients
are essentialy the same as in the absence of timing
jitter, i.e. hj,=1. It can be verified that the degrada-
tion caused by the timing jitter is essentialy inde-
pendent of the FFT length. Furthermore, for a maxi-
mum load, the degradation becomes independent of
Nenip- The degradation caused by the timing jitter is
shown in figure 6. The degradation of the flexible
MC-CDMA system is dightly smaller than the deg-

radation of the traditiondd MC-CDMA system.

V. CONCLUSIONS

We have investigated the sensitivity of the flexi-
ble MC-CDMA system to synchronisation errors. No
degradation was introduced by a constant phase error
or a constant timing error. A carrier frequency offset
and a clock frequency offset both introduce a degra-

dation that strongly depends on the FFT length, while
the degradations caused by carrier phase jitter and
timing jitter are both essentially independent of the
FFT length. Furthermore, all degradations are inde-
pendent of the number of chips per symbol when as-
suming a maximum load. Comparing flexible MC-
CDMA with traditional MC-CDMA, we observe that
the results are essentially the same in the case of car-
rier phase errors, while the flexiBle MC-CDMA
dightly outperforms the traditional MC-CDMA sys-
tem, as in the flexible MC-CDMA the carriers inside
therolloff areaare not used.
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Figure 6 : Timing jitter, a=0.1, E/N,=20dB, Ng=32
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