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Abstract: The use of concatenated codes in non-
coherent synchronous optical fiber CDMA networks is
proposed. The concatenated code sequences are
generated using balanced Walsh code sequences and
Walsh code sequences. The selection of balanced Walsh
code sequences is presented and the design of fully
programmable transmitter and receiver is reported. The
analysis of the system BER performance shows that
multiple-access interference is completely eliminated and
the BER performance of the proposed system is better
than that of the non-coherent synchronous optical fiber
CDMA system using optical orthogonal codes with
double hard-limiters.

1. Introduction
In recent years, the design and analysis of non-coherent
synchronous optical fiber CDMA networks have been
getting much attention. So far, in the proposed systems
the correlation is based on power summation and new
unipolar codes such as modified prime sequence codes
[1] are used. Since the correlation is based on power
summation compared to the conventional bipolar codes
of similar length these unipolar codes yield a lower ratio of
the auto-correlation peak to the maximum value of the
cross-correlation, and are therefore prone to higher
multiple-access interference. This leads to a serious
degradation in the bit error probability (BER) as the number
of simuitaneous users increases. To reduce the effect of
channel interference, interference cancellation techniques
have been proposed for synchronous optical fiber CDMA
systems [2]-[3]. However, in those systems either multiple-
access interference can not be completely eliminated or the
receiver structure is relatively complex.

In this paper we propose a novel non-coherent
synchronous optical fiber CDMA network using
concatenated codes for achieving zero interference
reception. The concatenated code sequences are
generated using balanced Walsh code sequences and
Walsh code sequences [4]. The selection of balanced
Walsh code sequences is presented and the design of
fully programmable transmitter and receiver is reported.
We present the BER performance analysis and show that
because the multiple-access interference is completely
eliminated, the BER performance of the proposed system
is better than that of the system using optical orthogonal
codes with double hard-limiters described in [5].

2. Concatenated Codes
2.1 Balanced Walsh Codes
A Hadamard matrix containing all 2" unipolar Walsh
code sequences of length N; = 2" as its rows can be
generated by the following recursive algorithm [4]:
H,=1[0]

H~0 0 H, H,
2710 1 HZ'"ZHmen

where m = 2, j 21 and the matrix H%, is the binary
complement of the matrix H,. According to the
construction algorithm described above, any unipolar
Walsh code sequence of length N; = 2" (n > 4) can be
broken into N,/8 sub-sequences of 8 chips. Furthermore,
all unipolar Walsh code sequences of the same length can
be grouped in two groups. The first group includes
sequences formed by only one type of 8-chip sub-
sequences, which is one row of Hg The sequences of the
second group are formed by two types of 8-chip sub-
sequences, which are one row of Hy and its complement.
Note that among 16 sequences of Hg and H%, except
four sequences 00000000, 111 11111, 01101001 and
10010110, each of the other 12 sequences has chips “1”
in symmetric positions and they can be considered as
symmetric code sequences of weight W = 4 [6]. In this
paper, those sequences are noted by G, = {01010101}, G,
= {00110011},G; = {01100110},G, = {00001111}, Gs =
{01011010}, G¢ = {00111100} and G°|, G%,...,G% for
their complements. The sequences G;, G, ..., G are
named generator sequences and we call unipolar Walsh
code sequences generated by those sequences and their
complements balanced Walsh code sequences. A balanced
Walsh code sequence can be represented by its generator
sequence G; and a control sequence {4} ={a,, a;, ..., ays}
where a; = 1 (for I < j £ N/8) if the corresponding
generator sequence is G; and g; = 0 if the corresponding
generator sequence is G%. A bipolar balanced Walsh code
sequence can be obtained from its unipolar counterpart by
mapping the elements {0,1} onto {1, -1}, respectively.
The periodic cross-correlation for any pair of bipolar
Walsh code sequences at zero time shift is equal zero [1].

2.2 Concatenated Codes Based on Walsh Codes
Let {Ci1)} and {D;(j)} denote periodic unipolar sequences
of length N, and N,, respectively (0 < /<N, -1,0<j< N, -
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1). The bipolar forms of {Ci(1)} and {D,(j)} are {c;(1)} and
{d;(j)}. The unipolar sequence {4;(m)} of length N=N N,
(0 £ m < N-I) is a concatenated sequence made up of the
inner sequence {C;(l)} and the outer sequence {D;(j)} if
each “1” chip of {D;(j)} is encoded by another sequence
{Ci(1)} and each "0" chip of {D;(j)} is replaced by {C (1)},
which is the complement of {Cyl}. Consequently, the
sequence {a,(m)}, which is the bipolar form of {4,(m)} is
a concatenated sequence made up of the inner sequence
{ci(1)} and the outer sequence {d;(j)}. The periodic cross-

correlation function at a zero-time shift 6, , (0) for
bipolar concatenated sequences {a;(m)}, {a(m)} is [7}
eai,ak (0) = eci'ck (O)ed‘.,dk (O)

where 8, (0) and 6, , (0) are the periodic cross-

correlation functions at zero-time shift for bipolar
sequences {ci(1)}, {cu() and {di(1)}, {di(l)}, respectively.
Since bipolar Walsh code sequences are orthogonal, if we
use balanced bipolar Walsh code sequences of length N, =
2" as inner sequences and bipolar Walsh code sequences of
length Nj= 2™ as outer sequences, the resulting bipolar
balanced concatenated sequences of length N = 2™ are
also orthogonal.

3. Optical Transmitter and Receiver
The diagram of an electro-optical transmitter for the
proposed network is shown in Figure 1. The transmitter
can generate unipolar concatenated sequences with inner
sequences being unipolar balanced Walsh sequences of
length N, and outer sequences being unipolar Walsh
sequences of length N, In the transmitter the laser

generates a train of optical pulses of maximum pulse
width T, at the rate 1/T, where T, = T/N is the chip
duration of concatenated sequences and T,=N,7T. is the
chip duration of outer sequences. The train of optical
pulses is directed to the inner encoder where optical
balanced Walsh code sequences are generated. This is a
parallel delay-line encoder consisting of N,/8 branches
providing delays 07T, 8T.,..., (N~8)T. and each branch is
connected to a programmable lattice, which consists of 3
tunable optical delay lines similar to that described in [8].
When a data bit “1” is transmitted, the outer sequence
generator will electronically generate the outer unipolar
Walsh sequence of the intended user’s address sequence
and forward the sequence to the inner sequence selector.
Based on that sequence, the inner sequence selector will
issue appropriate signals for setting lattices L, (k =
0,1,2,... N/8 - 1). Depending on whether the kth chip of the
outer sequence is “0” or “1” the lattice L; will be set to
generate the generator sequence of the intended user’s
inner sequence or its complement, respectively. When
there is a change from data bit “1” to “0”, based on the
outer sequence the inner sequence selector will generate
signals for resetting each lattice allowing the inner encoder
to generate the complement of the balanced Walsh code
sequence. Thus, the transmitter can be programmable such
that each data bit “1” is encoded by the intended user
address code sequence and its complement is used for
encoding bits “0”. Since the network is synchronous, the
generation of data bits and outer sequences as well as the
generation of laser pulses are controlled by a
synchronization circuit, which is not shown in Figure 1.
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Figure 1. Transmitter for Synchronous Optical Fiber CDMA Networks

Figure 2 shows the diagram of the correlator receiver
for the proposed network. The receiver consists of an
inner correlator, which is a unipolar-bipolar correlator, in
series with an electronic outer correlator, which performs
bipolar-bipolar correlation. In this receiver, the received
optical signal is directed to the inner correlator, where it
is split into N,/8 parts by a Ix(N,/8) splitter. The outputs
of the splitter are connected to optical delay-lines, which
provide delays of 07, 8T, 16T.,..., (N; —8) T.. The
output of each delay line is split into two parts by an /x2
splitter and the outputs of the kth Ix2 splitter (k = 0,1,2,...
N/8 - 1) are connected to two programmable lattices Ly,

and L, which are similar to that used in the transmitter.
The lattices L, and L;, are set to the kth generator
sequence of the receiver’s inner sequence and its
complement, respectively. Depending on whether the kth
chip of the receiver’s outer sequence is “0” or “1” the
output of lattice Ly, is connected to the (V,/8)x! combiner
C, or the (N/8)xI combiner C,, respectively. The output
of lattice Ly, is connected to the remaining combiner.
Therefore, the inner correlator consists of two unipolar-
unipolar correlators: That of output C; correlates the
received signal to the receiver’s inner sequence and the
other correlates the received signal to the complement of
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the receiver’s inner sequence. The optical outputs of these
correlators are converted into electrical currents and
subtracted in a pair of balanced photodiodes. The
resulting signal, which is the bipolar correlation of the
received signal to the inner bipolar Walsh code sequence
of the user address sequence is then correlated to the
outer bipolar Walsh sequence of the user address
sequence, which is electronically generated by the outer

sequence generator. Data is recovered by sampling at the
auto-correlation peak and zero-threshold detection. The
generation of the outer sequence and the sampling time
are determined by a synchronization circuit, which is not
show in Figure 2. In this receiver, by using the inner
sequence selector, and the outer sequence generator
different concatenated address code sequences can be
selected. Hence, the receiver is also programmable.
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Figure 2. Receiver for Synchronous Optical Fiber CDMA Networks

4, BER Performance

We investigate a network with K simultaneous transmitters,
which are synchronized to each other. Assume that the
received chip optical power for all transmitter at a given
receiver is P. The total received optical signal R;(¥) at the
input of the ith receiver is the incoherent sum:

R(6)= 3 PIB,(A(0)+ B (6 )AS(0)]

where At} and A’ °(t) are the code waveform of the
intended receiver and its complement transmitted by the kth
user, B'y(t), B’ °(t) are the transmitted binary signal and its
complement, respectively. The waveform 4 (%) consists of a
unipolar concatenated sequence of length N constructed
from the inner unipolar balanced Walsh sequence C’#) of
length N; and the outer unipolar Walsh sequence D’y(?) of
length N,. At the inner correlator the received signal is split
into two equal parts and the correlator of output C,
correlates it to the unipolar inner address sequence C'i(?)
while the other correlator correlates the received signal to
the complement C*y%) of C'(1). The correlator output
signals are converted into electrical currents in a pair of
balanced avalanche photodiodes (APD) of responsivity R
(A/W) (at unit gain) and APD gain M At the outer
correlator the resulting electrical signal is electronically
correlated to the bipolar outer address sequence d'(%). The
current i;(?) at the output of the outer correlator at time =T
can be written as

7{, NIEAGEGIAGYAD)

where S is the optical loss factor of each unipolar-
unipolar correlator. The last term of (1) is the total noise
current composed of shot noise and thermal noise due to
both photodiodes and the outer electronic correlator.

For 1 £ k £ K, the relationship between the sequences

A'Wt), C'(1) and their bipolar version a'y(?), c¢'(t), the data

signal B'(t) and its bipolar form b'4¥), leads to the identities
. . . " 1+ 5,(t)a,(t
[8,(04.(0)+ Br (DA =L 2020 g
C(t)-Cr(E)=ci(8). €)
Substituting (2), (3) into (1) and since the inner bipolar
Walsh code sequences are balanced we get

I/(T) = i(/,/)(T) + Z,Z i(l,k)(T) +1
where n is equal to the last term in (1) and

fan(T) = RMP bi (ON “

funlT)= ’i{”” L, (0, (et - 2L, 03,015
ST <0

where b,(0) € {1, -1} is the bipolar data bit transmitted to
the ith user, b{0) € {1, -1} is the bipolar data bit
transmitted by the kth user and 6,,(0) is the periodic
cross-correlation at zero-time shift for two bipolar
concatenated code sequences f{a;(m)} and {aym)}.
Equation (4) shows the desired signal and equation (5)
represents the multiple-access interference (MAI) caused
by the kth user at the receiver of the ith user. Since the
periodic cross-correlation at zero time shift of any pair of

=R e O .
28 7' bipolar concatenated code sequences generated using
°0 [C(8)-C())de}d (E)at + I”(t )t Walsh code sequences is equal zero then the MAI is zero.
Therefore, the BER performance of the system does not
538
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depend on the MAI but only on the shot noise and
thermal noise. By assuming all the noise processes to be
independent and approximate the shot noise in each
photodiode by Gaussian statistics and model the thermal
noise as a Gaussian random process, the total noise power is
calculated by

o2 = 4GBM*F.(

KRPN, .. 4k, T.8B
+h,)+ .
165 R
where q is the electric charge, iy is the dark current, B is
the noise-equivalent receiver bandwidth, F is the excess
noise factor of the APD, kg is the Boltzmann’s constant,
Tr is the receiver noise temperature and R; is the receiver
load resistor. Finally, the bit-error rate can be calculated by

L

BER = L ertc KRM; ul ]
8s JZqBM*FA( f:si vi)+ 2";7:’3 )
where efrc (x) is the complementary error function.
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Figure 3. BER Performance of Two Systems

We compare the performance of the proposed system
with that of the non-coherent synchronous optical fiber
CDMA system using optical orthogonal codes (OOCs),
where parallel delay line receiver with double hard-
limiters and APD are employed [5]. In our calculations
we use the same parameters as those in [5]. The BER
performance is calculated as a function of the received
chip optical power P € (-50 dBm, -20 - dBm).
Concatenated code sequences of length N=1024, with
inner balanced Walsh code sequences of length N,=32
and outer Walsh code sequences of length N,=32 are used
for the proposed system while OOCs of length N=1023
and weight W=5 are used for the system described in [5].
For N=1023 and W=5 the maximum number of available
OOC sequences is 51 [5] while there are 768
concatenated sequences. The laser pulse width 7.=0.03 ns
is used for both systems, hence, they operate at a data bit
rate of about 32.5 Mb/s. We found that for a BER=10"
the maximum number of simultaneous user is 10 for the
system described in [5] and 51 for the proposed system.
The BER for two systems is shown in Figure 3. It can be
seen that for a BER=10" and K= 10 the proposed system
requires a chip optical power of ~39 dBm while for the
system described in [5] a higher chip optical power of -28

dBm is required. For K= 51, the proposed system still can
achieve BER= 10" with a received chip optical power of
— 34 dBm while the BER of its counterpart is limited at
BER = 10” and the degradation of the BER can not be
overcome even for arbitrary high received optical power.
The better performance of the proposed system is due to
the fact that the MAI is completely eliminated by the use
of Walsh code sequences and unipolar-bipolar
correlation.

5. Conclusions

This paper proposes the use of Walsh codes sequences to
generate concatenated code sequences for non-coherent
synchronous optical fiber CDMA networks. The design
of fully programmable transmitter and receiver is
reported. We present the system BER performance
analysis and prove that multiple-access interference is
completely removed. Therefore, a large number of users
can simultaneously transmit and very high throughput can
be achieved. The BER performance of the proposed
system is also compared to that of the non-coherent
synchronous optical fiber CDMA system using OOC
sequences and double hard-limiters [5]. We show that the
BER performance of the proposed system is better than
that of its counterpart and it can support a larger number
of potential subscribers. Hence, the proposed scheme is
particularly attractive for future high capacity optical fiber
networks.
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