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ABSTRACT

This article deals with the joint detection of bits for a spread-
spectrum system based on random permutations, in the case of
a transmission over frequency-selective channels. A linear min-
imum mean-squares error approach is studied, whose objective
consists of mitigating both the multi-access interference and the
inter-symbole interference. The proposed system is compared with
the DS-CDMA system. The theoretical study is confirmed by sim-
ulation results.

1. INTRODUCTION

Spread spectrum systems consitute one of the most important multiple-

access techniques considered for the third generation of mobile
systems. Direct-sequence CDMA (DS-CDMA) and Frequency-
Hopping CDMA are the most two common. However, other tech-
niques can be investigated, which present equivalent spreading
capabilities, and allow multiple access. In particular, Periodic
Clock Changes (PCC), which are a particular case of linear peri-
odic time varying filters, are useful for multiple access because of
their spreading properties [5], [7]. In this article, a sub-class of dis-
crete PCC, called permutations, is studied. The joint detection in
the case of Random Permutation-based Multiple Access (RPMA)
has been studied in previous works [1], [2], [5], [7]. Moreover,
many detectors can be found in the literature for CDMA systems
(see for instance [6], [8] and references therein). In this paper we
study a Linear Minimun Mean Squares Error (LMMSE) detector,
in the case of a transmission over frequency selective fading chan-
nels. Section 2 presents the random permutation technique, and
the RPMA signal model in its continuous and discrete forms. The
LMMSE detector is studied in Section 3 for the RPMA system, as
well as for the DS-CDMA system; theoretical bit error rates (BER)
are then provided. Simulation results are given in section 4, which
show a comparison between the RPMA system and a DS-CDMA
system based on Gold codes.

2. PROBLEM FORMULATION
2.1. The permutation process

Consider a sequence of equiprobable bits (by,) ., (br € {—1;+1}).
This sequence is modulated using an antipodal baseband code (for
instance NRZ or biphase), with duration 7" and waveform pattern
m(t). The modulated process Z(t) is then defined by Z(t) £
Y nezbnm (t —nT). This process is sampled with a sampling
period Ty, such that Ns 2 T/Ts is an integer number. N is then
the number of samples per bit. Let (Zy),, ., denote this sampled
sequence. This sequence is transformed into a new sequence Uy,
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as follows: considering blocks of IV, consecutive bits, the Ns N,
samples Z,, corresponding to a given block are permuted using an
uniformly distributed permutation of the set {1, ..., NsNs} (this
permutation is the same for all blocks). The new sequence U,
is the resulting sequence, where samples are permuted block by
block, from those of Z,. The autocorrelation function and the
power spectral density of the sequence (Ux),, ., can be derived
from those of the sequence (Z»),, o5 in particular, the power spec-
tral density of (Uy),, o, is spreaded by a factor N with respect to
the one of (Z,), ., [5]. Consequently, this permutation proce-
dure, which can be regarded as a particular case of periodic clock
changes [4], is a spread-spectrum technique. We propose in this
paper to use this technique as a multiple access system, and to
study the associated multi-user detection problem.

,bTNb]T as the rth block of

bits, and m £ [my,.. as the result of the sampling
of the waveform pattern m(t). Then, the rth block of sequence

) Z”‘NsNb]T

can be expressed as: Z» = M7 b,., where M = m” ® Iy, is the
Ny x (N Np) matrix defined by

Denote b, = [b(,,_l)NbH, ..
Lmy,]”

(Zn) ez i€ the vector Z, = [Z(r—l)NsNbJrl» ..

mT

(® denotes the Kronecker product, and I,, is the identity matrix
of order n). Now, if P denotes the (NsNp) X (NsNp) permu-

tation matrix, the rth block of sequence (Un)nez, i.e. the vector

U, = [Up—1)NyNy+15- -5 UTNSN,,]T can be written as: U, =
PZ, = PM"b,. The sequence (Un),, ¢, is then transformed into
a continuous-time process using a rectangular waveform signaling,
yielding the process

Ns Ny,

OEDDY (PMTbT) p(t — jT. — rN,T)

reZ j—=1 J

where (v); denotes the jth component of any vector v, and p(t) is
the indicator function over [0; 7).

2.2. Modelling of the multi-user signal

Consider the asynchronous transmission of K users using the spread-
spectrum technique given in the above section. Let b, x, P and
z(t) denote respectively the rth block of bits, the permutation
matrix, and the continuous-time process associated to user k. The
case of a flat fading channel has been studied in [2]. Here, we
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consider transmissions over frequency-selective fading channels.
More precisely, the radio channel of the k-th user is given by *:

(t) = Z Ck,lts (t - Tk,l)

where cy; is the (complex) gain of the Ith path of the kth user, 7% ;
is the propagation delay, and ¢ is the Dirac function. It is assumed
in this paper that the coherence time of the channel is greater than
the signal duration ; consequently, the coefficients cj,; can be con-
sidered as constant for all users’ bit. The continuous-time received
signal is a finite length signal formed by B blocks. It can then be
expressed as:

()=ZZZ Z ek (PeM by ) %

r=lk=1l=1 j=

p(t—jTs — TN[,T— Te,1) + n(t)

where n(t) is an additive white Gaussian noise (AWGN) with vari-
ance o2, independent of the transmitted signals.

2.3. The discrete asynchronous signal model

The first step of the detection consists of passing the continuous
received signal y(¢) through a filter bank. These filters are matched
to the signaling function p(¢) delayed by the delays 7%, i.e., there
is a matched filter for all users and all delays. More precisely, the
output of these matched filters at time w is given by:

/y(t)p(t—u—m,l)dt, k=1,...,K;1=1,...,L

Define variables yx 1.~ (j) as the outputs of the above matched fil-
ters at times u = (j +rNpyN,) T, for j = 1,..., NsN, and
r=1,..,B,ie.

ywAﬁé/Qmann—nMT—mﬂm,

fork =1,....K,l=1,...,L,j =1,...,NsNp, and r =
., B. Define then vectors yk1r = [yrir(1), Uk1-(2),- ..,
yk}yl,’l‘(NsNb)}T’ ylﬂ" é [y{,l,'m yg,l,'r? cee 7Y£,Z,T]T’ Yr é [y,:lr,'rv
Yar YL andy £ [yl,y2,...,y5]. Define in the same
manner by ., b, and b.Vectors y and b are thus the concate-
nation of all outputs of the matched filters, and of all bits, re-
spectively. y is a sufficient statistic for b. Indeed, given the fact
that the data are independent and equiprobable, and that the noise
is AWGN, the optimal detector consists of minimizing the error
[ (y(t)— 5(t))?dt with respect to b. Now, it is not difficult to show
that this error only depends on the received signal y(t) through the
variables yr,1,~(j). Consequently, the proposed detector is based
on the statistic y, which is referred to as the data. Then, y can be

expressed as:
y = AIICb +n (1)

where n is a zero-mean Gaussian vector with covariance matrix
o2A and matrices A, II, and C are detailed in Appendix 6.1.
The objective of the detector derived below is to mitigate simulta-
neously the multiple-access and inter-symbol interferences, along
with the aditive noise.

In fact, the number of paths is generally not equal for all users. How-
ever, one can consider L as the maximum of the path lengths, annulling
gains cg,; if necessary.

Note that matrices A, IT, and C are huge, since they have di-
mensions (Ns K Ny LB) X (Ns KN, LB), (NsK Ny LB) X (K Ny
LB), and (KNyLB) x (KNyB), respectively. However, the
memory and computationnal costs can be drammatically reduced
given the fact that they are sparse matrices. For instance, us-
ing parameters used for fig. 1 (see section 4), matrix A contains
only 0.11% of non-zero elements. Also, matrices IT and C have
K NgNy LB and K N, LB non-zero elements, respectively.

3. THE LMMSE DETECTOR

3.1. The RPMA case
It is assumed in this section that the channel coefficients are known
by the receiver. The LMMSE estimator consists of estimating bits

3;”( 7) by a linear transformation of the received data y, i.e.

bior(j) £ sign (hk,r,jTY>

where hy, .. ; is the vector which minimizes the mean-square er-
ror E {(bk +(j) —h'y) } with respect to h € RNsK¥NoLB Thjg

minimization can be performed for all bits by considering the prob-
lem in the following matrix form:

min 7 [||b — Hy]|*]

(the matrix norm is defined by || A|| £ (trace (AAT))1/2). This
problem can be solved using the Bayesian Gauss-Markov theorem
( [3], p- 391): given eq. (1), and the fact that i) bis a zero-mean
vector with covariance matrix equal to Ixn, 5, and ii) n is a zero-
mean Gaussian vector with covariance matrix o2 A, the optimal
matrix H is given by

—1
H=(aﬁm%B+CHRc) cHm?

where R = ITT ATl is a symmetric matrix (since A is symmetric).
The estimated bit vector b can then be written as b = sign (Hy).

3.2. The DS-CDMA case

We propose to compare the LMMSE approach for RPMA and DS-
CDMA systems. With DS-CDMA, the bits by () of the k-th user
are modulated by a signature waveform s (t) which is assumed to
be zero outside the interval [0, 7"]. The signal transmitted by user

k is then
Zbk Sk t—_]T)
JEL

and the received signal, when N, bits are transmitted per user, can
be expressed as:

Ny

L K
=ZZ Cr,br(j

1=1 k=1 j=1

Vsk(t — 3T — T,1) + n(t)

In that case, the sufficient statistic vector y is formed by the out-

puts of the filters matched to signatures sx(t — jT — T 1), k =

LK, 1=1,...,L,j=1,..., Np. y can then be written as:
y=ACb+n

where A is a matrix depending on the correlations between (shifted)
signatures, C is a matrix depending on the channel coefficients,
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and 11 is a zero-mean Gaussian vector with covariance matrix o2 A..
Using the Bayesian Gauss-Markov theorem, the LMMSE decision
is given by b=sign(Hy), where

A= (o’Ixy, + C"AC) O

3.3. Performance
Define Q £ CHZRC with R = IT7 AII for the RPMA (resp. Q £
CH”RC with R = A for the DS-CDMA). The decision for b can
be expressed as: B:sign (Wy + N), where W £ (021 +Q) -t
Q and N is a zero-mean complex Gaussian vector with covariance
matrix 3 £ o? (6?1 + Q)71 Q (oI + Q)fl.

It can then be shown using Bayes’ formula that the BER for
the m-th bit of vector b is given by:

Wm,m+ Z Wm,]dj
P, = ol—Ib]| Z Q JF#mM

ETn,’rn
de{-1L;+1}Pl d,=-1

where Q(z) £ f;w \/%e’“zﬂdu, and |b| is the length of vec-
tor b (|b| =K N B for RPMA, |b| =K N, for DS-CDMA). Now,
the computational cost of this formula grows exponentially with K
and/or N, and/or B: it is therefore useless in practice. However,
using the Central Limit theorem, it is possible to use a Gaussian
approximation, which yields to:

1/2

2

Pm ~ Q ‘Wm,m‘z/ E’rn,’rn + Z ‘Wm,j

j#m

Now, this BER has been obtained with fixed channel coefficients.
It should then be averaged with respect to the distribution of the
coefficient vector (e.g., a complex Gaussian distribution, with co-
variance matrix derived for instance from the so-called WSSUS
assumption). However, this cannot be achieved analytically. The
multiple integration can be done numerically for a very small num-
ber of coefficients, i.e. for a small number of users and a small
number of paths (typically, K = 2 and L = 2). Otherwise, the
integration can also be approximated by forming a Markov chain
using the Metropolis algorithm, which allows to obtain, after a suf-
ficient burn-in, an estimated value which converges to the actual
one. However, the convergence can be very slow, when the num-
ber of coefficients is moderately high. In such case, one resorts to
Monte-Carlo simulations to approximate the mean BER. Finally,
this mean BER would be obtained for fixed users delays. Now,
these offsets can also be considered as random variables, and the
previous mean BER should also be averaged with respect to the
distribution of these offsets. Here again, this can only be done by
using Monte-Carlo simulations.

4. SIMULATION RESULTS

Many Monte-Carlo simulations have been performed to validate
the theoretical results. In order to obtain the theoretical BERs as a
function of the Signal-to-Noise Ratio (SNR) for any set of model
parameters, it is necessary to have an expression of this SNR with
respect to the parameters. This study is achieved in Appendix 6.2.
Fig. 1 shows a comparison between theoretical and simulated (us-
ing 200 Monte-Carlo runs) BERs for the RPMA case. The param-
eters used for these simulations are: K = 4 users, Ny = 4 bits per

block, B = 10 blocks, the spreading factor is equal to N, = 8,
and the number of paths is L. = 4. Delays and channel coeffi-
cients have been randomly chosen. This figure presents the BERs
obtained for the 3" bit of the 4" block for the 4 users. Clearly,
simulations confirm the theoretical study. The differences between
the results are due to the difference between channels of each user,
which implies that the components of each user in the received sig-
nal have different powers. Now, the LMMSE detector mitigates in
general the so-called near-far effect, for CDMA [8], as well as for
RPMA [2]. However, in the case of frequency selective channels,
this mitigation is much more difficult, whereas it could be seen that
it is much more efficient than with a simple matched filter at the
receiver. Moreover, it could also be seen (which is not shown on
this figure, for clarity reasons), that, even for a same user, there are
differences between results associated to different bits of a given
block. Indeed, different correlations between bits of a given user
are assigned by the random permutations, thus the bits do not have
the same power.

The LMMSE detector for the RPMA system is next compared
with the corresponding detector for DS-CDMA systems. The CD
MA transmission has been performed using Gold codes, with 7
chips per signature, which is similar to the number of “chips”
N, = 8 for the RPMA system. Here, a set of Gold codes is defined
by a particular choice of 4 codes among 9 possible codes, along
with a random delay from O to 6 chips. Given the fact that the
chip duration is identical for both systems, the delays for CDMA
case have been normalized with respect to those of RPMA, in or-
der to conserve the same inter-symbol interference. Moreover, the
performance of the detector depends on the choice of the set of
permutations (or codes) of the users. Consequently, the compar-
ison between RPMA and CDMA cannot be done using only one
set of permutations and one set of codes, but must be achieved for
a large number of sets. Thus, Fig. 2 and 3 show the theoretical re-
sults obtained for the RPMA and the DS-CDMA for 100 random
permutation sets and 100 code sets, respectively. It can be con-
cluded that both multiple access techniques perform similarly for
this context of transmission.

5. CONCLUSION

This paper studied a spread-spectrum system based on random
permutations (RPMA), in the case of a multi-user transmission
over frequency selective fading channels. A linear MMSE de-
tector has been proposed, which attempts to reduce simultane-
ously the multiple-access interference, the inter-symbol interfer-
ence, and the additive noise. Theoretical performance has been
derived, which is validated by Monte-Carlo simulations. A dis-
cussion on the choice of the permutations can be found in [1]: an
optimal set of permutations (in the sense that it minimizes the er-
ror probability) can be obtained by using particular optimization
algorithms, such as simulated-annealing algorithm or genetic algo-
rithm. The LMMSE detector for RPMA was next compared with
the LMMSE detector derived for DS-CDMA: theoretical curves
prove that both methods yields quite similar results in terms of
BER. The next step of this study will consist of considering the
case of time-selective (along with frequency-selective) fading chan-
nels. In such a case, one can expect that the RPMA system perform
better than the CDMA system: indeed, since the bits are spreaded
in time with the RPMA, this system should be less sensitive with
respect to fades, and there should then be less bursts of errors. For
the same reason, the channel coefficient estimation should give
better results in the RPMA case. This estimation is necessary in
practice, where the assumption of known coefficients, which is re-
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quired by the LMMSE detector, seems quite unrealistic. Another
technique to overcome the problem of the knowledge of these co-
efficients would be to consider an adaptive version of the LMMSE
detector. These issues are currently under investigation.

6. APPENDIX

6.1. Expression of vector y
A . .

Denote 7/, = 7, + nNT. 7, can be expressed in an unique

way as 7y, = vy, Ts + €, where v, is an integer, and e}, €
1,0’ N oA 1 |n n’

[0, T[. Define now gn’n, (k. k") = 7lexs — e vl

’
n n b
E’\'>1>Ek-’,1’

=L N A 1 .n n’ :
Bt (R, K) = 7o leky — 8’“”“|1EZ/,,/>EZ,I (where 1455 = 1if
. 1,1 N
a > band 1a>p = Ootherwise), and o', (k, k') £ 1—Z-ef , —
5 IEk,

efs |- Then, define the (NoN3) x (NsNy) matrix AL, (k, k)

n,n’

such that its j-throw is [0, . . . ,O,g:l;,(k, k), bt (, k'),ﬁi;fn,(k, k)

— v )t
column. Let Azl;, be the block matrix whose block (k, k') is
AU (k, k'), and A, ./ be the block-matrix whose block (1, 1) is
Alr;l/n,. Finally, denote A as the block-matrix whose block (n,n')
is An’n/. It can be shown that A is a symmetric matrix.

Define IT £ I ® (I, ® IT) where Iis a (N, K Np,) x (K Ny)
block-diagonal matrix, whose k-th diagonal block is the (N5 L) X
L matrix Py MT; define also C £ Iz®C, where C'is a (KNsL)x
(K Ny) block matrix such that C' £ [ClT, cT,. .., (’,ﬂ T, with
Cy & diag ([c1,1,¢24,- - -,¢x,]) @ In,. Then, it can be shown
that y can be written as:

.., 0], where ai;f/n, (k, k') occurs at the (§ + vy,

y = AIICb +n

6.2. Autocorrelation and power of the received signal

Denote 7(t) £ y(t) —n(t) as the uncorrupted received signal, and
yk(t) £ ci(t) * 2 (t). Assuming an antipodal modulation and
equiprobable bits, the random processes xx(t) and yx(t) are zero-
mean. Thus, since all users and all channels are statistically inde-
pendent, the total power P is obtained by Py = Zszl P, where
P,, is the power of the process yx (t). For fixed (i.e. non-random)
channel coefficients,

L
.
Py, =Y craciyKay(tha — )

1,I'=1

where K, (.) is the autocorrelation function of the process z(t).
It can be shown that

Ko\ (1) = (1 =) Ky, (77) + ZKu, (7 +1)
=, 7/ is the integer part of 7/, 7’ = 7/ — 77 is
the decimal part, and K, (.) is the autocorrelation function of the
sequence (Un),, o7 associated to user k (this autocorrelation can
be obtained from the expression given in [5]).

where 7/ =
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