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Abstract

A non-coherent g/nchronous optical fiber code-divison multiple-access (CDMA)
network is proposed. In this network, sequence-inversion keying (SIK) of intensity
modulated unipolar balanced Walsh code sequences is employed, whereby a code
sequence is transmitted for each data ‘1’ bit while the logical complement of that
sequence is transmitted for each data ‘O’ bit. At the receiver the received optical signal
is correlated with the bipolar form of the reference sequence. Snce the code sequences
are balanced and the unipolar-bipolar correlation is implemented the same correlation
functions as a bipolar system can be obtained. Hence, in the proposed synchronous
optical fiber CDMA network, the cross-correlation of the address sequence and the
undesired sequences is zero, that is, the interference is completely eliminated.
Therefore, a very large number of users can transmit at the same time and very high
throughput can be achieved. The novel design of programmable transmitter and
receiver for non-coherent synchronous optical fiber CDMA networks using balanced
Walsh codes is also presented. The transmitter and receiver are designed based on the

use of electro-optical switches and optical delay-lines.

Keywords: Optical communications, code-division multiple-access, synchronous
optical CDMA networks, sequence-inversion keying, Walsh codes.

I ntroduction

Code-divison multiple-access (CDMA)
techniques have been widely used in satellite
and mobile radio communication systems
(Dinan and Jabbari 1998). In CDMA systems,
in order to accommodate many subscribers and a
large number of simultaneous users, long
sequences or large spreading factors  are
required. The avalable bandwidth in radio
channels is normaly limited by regulatory
authorities and the use of long sequences is not
possible. Although copper cables are not subject
to this redtriction, their bandwidth is generally
insufficient for large networks. In contrast,
snglemode optical fiber provides enormous
bandwidths and the limitations of radio and
copper-cable CDMA systems are effectively
eliminated. In recent years, many authors have
proposed to apply CDMA techniques in future

very high-speed optica fiber networks. The
optical fiber CDMA network can provide a
multiple-access environment without
employing wavelength sensitive components,
which are required in the wavelength-division
multiple-access (WDMA) network, and
without using very high-speed electronics
processing devices, which are needed in the
time-divison multiple-access (TDMA) network.
Depending on the requirement of time
synchronization, there are synchronous
(Prucna et al. 1986; Shalaby 1999) or
asynchronous optical fiber CDMA systems
(O'Farrell and Lochmann 1994; Lam 2000).
Compared with asynchronous CDMA network,
synchronous CDMA requires network access
among all users to be synchronized. It can
provide higher throughput (i.e. more successful
transmission) and accommodate  more
subscribers (Kwong et al. 1991). It follows that
synchronous CDMA is suitable for



networks with real time requirements
(e.g., voice) and/or high-throughput
requirements (e.g., digitized video). On the
other hand in applications, where the traffic is
busy with no stringent time requirement
(e.g., data transmission) asynchronous
CDMA is best suited.

In recent years, some non-coherent
synchronous optical fiber CDMA schemes
have been proposed, eg., by Prucna et al.
(1986), Kostic and Titlebaum (1994), Ohtsuki
(1996), Lin and Wu (1998) and Shalaby (1999).
Compared to coherent systems non-coherent
optical CDMA systems have the advantages of
fewer stability requirements for optical
encoders and decoders (Marhic 1993).
However, because the correlation is based on
power summation, they have the limitations of
positive systems. It is usualy believed that
conventional bipolar codes such as Gold codes,
Walsh codes (Dinan and Jabbari 1998) cannot
be used in non-coherent optica systems.
Therefore, new unipolar codes such as prime
sequence codes (Prucna et al. 1986), quadratic
congruence optical codes (Kostic and Titlebaum
1994) were designed for synchronous optical
fiber CDMA networks. However, 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
as the number of simultaneous user increases
and the degradation cannot be overcome even
for arbitrary high opticd power. Recently,
interference reduction techniques have been
proposed by Ohtsuki (1996), Lin and Wu
(1998), Shalaby (1999) aiming at improving the
performance of synchronous optica fiber
CDMA networks. However, multiple-access
interference cannot be completely eliminated in
those systems.

In this paper we propose a novel non-
coherent synchronous optical fiber CDMA
network based on balanced Walsh codes,
which are derived from unipolar Walsh codes
(Dinan E.H. and Jabbari B 1998). In this
system, sequence-inversion keying (SIK)
(O'Farrell and Lochmann 1994) of intensity

modulated unipolar balanced Walsh code
sequences is employed at the transmitter,
whereby a unipolar code sequence is
transmitted for each data ‘1 bit while the
logica complement of that sequence is
transmitted for each data ‘0" bit. At the
receiver the received signal is correlated with
the bipolar form of the user’'s address code
sequence (or the address sequence). The
unipolar-bipolar correlation can be carried out
by using two unipolar-unipolar correlators and
a balanced detector. The balanced detection
subtracts the means or D.C. components of the
two signals, so that with the use of balanced
Wash code sequences the D.C. component is
eliminated and the data can be detected by
comparison to zero threshold. Further more,
since the unipolar-bipolar corrdation is
implemented the same correlation functions as
a bipolar system can be obtained (O Farrell
and Lochmann 1994). Hence, in the proposed
synchronous optical fiber CDMA network, the
cross-correlation of the address sequence and
the undesired sequences is the cross-
correlation of bipolar Walsh code sequences at
zero-time shift. Since that cross-correlation is
zero, the interference is completely eliminated.
Therefore, very high throughput can be
achieved. The novel design of programmable
transmitter and receiver for non-coherent
synchronous optical fiber CDMA networks
using balanced Walsh codes is also presented.
The transmitter and receiver are designed
based on the use of electro-optical switches
and optical delay-lines.

Walsh Codes

A Hadamard matrix containing all
unipolar Walsh code sequences of length N =
2" as its rows can be generated by the

following recursive agorithm (Dinan and
Jabbari 1998):
¢0 Oy éH, H._ U
A R T
H.=[0]

wherem = 2,j 3 1 and the matrix H%, is the
binary complement of the matrix Hp,. A bipolar
Walsh code sequence of length N = 2" can be



obtained from its unipolar counterpart by
mapping the elements {0,1} onto {1, -1},
respectively. Following are the unipolar Walsh
code of length 8 (matrix H), its complement
(matrix H%) and the bipolar Walsh code of
length 8 (matrix Wsg).
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The correlation functions between two
bipolar Walsh code sequences x and y can be
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That is, the cross-correlation between
two bipolar Walsh code sequences at the zero-
time shift is zero (Dinan and Jabbari 1998).

Balanced Walsh Codes

Following the construction agorithm
described above, any unipolar Walsh code
sequence of length N = 2" (n 3 4) can be
broken into N/8=2"° blocks of 8 chips.
Furthermore, al 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 blocks,
which is arow of the matrix Hs. The sequences
of the second group are formed by two types of
8-chip blocks, which are one row of the matrix
Hg and its complement.

Example: The unipolar Walsh code
sequence01100110011001100110
011001100110o0f length N =32 can be
broken into 32/8 = 4 blocks of 8 chips:
01100110;  01100110; 01100110 and
01100110. It can be seen that all 4 blocks are
the same as 01100110, which is the 4" row of
Hs.

The unipolar Walsh code sequence 0 1 1
0011010011001100110010110
01100of length N = 32 can be broken into
32/8 = 4 blocks of 8 chips: 01100110;
10011001; 10011001 and 01100110. This code
sequence is formed by 2 blocks 01100110,
which is the 4™ row of Hg and 2 blocks
10011001, which is the complement of
01100110.

Among the 16 blocks of the matrix Hg
and Hg, except two blocks 00000000 and 111
11111, each of other 14 blocks has four “1”
chips. Those blocks can be represented by X =
{X1, %, X3, X4} where 0 £x; £7 (i =1,2,3,4}
indicates the position of an “1” chip in the block.
For each block, the adjacent delays, which are
multiples of the duration of the code sequence
chiptimearedefinedas D = Xo-x, D= Xx3-
X2, @ = Xq-X3. Table 1 shows those 14 blocks,
its representations and the adjacent delays D, D
2, @ as wel as the number r of “0” chips
preceded the first “1” chip of each block.



It can be seen from Table 1 that except
two blocks 01101001 and 10010110, each of
the other 12 blocks have D = y. Therefore,
those are symmetric code sequences of weight
w = 4 and they can be generated by a
programmable optical lattice based on tunable
optical delay lines (Lam 2001). In this paper,
those blocks are noted by Gi, G,..., Gs ad
G°1, G%,...,G%asfollow:

G, ={01010101}
G = {00110011}
Gs = {01100110}
G4 = {00001111}
Gs = {01011010}
G = {00111100}
G°, = { 10101010}
G%, = { 11001100}

¢; = {10011001}

¢, = { 11110000}
G% = { 10100101}

% = { 11000011}

The blocks Gi, Gy, ..., Gs are named
generator blocks and we call unipolar Walsh
code sequences generated by those blocks and
their complements balanced Walsh code
sequences because they are balanced sequences

having an equal number of chips“1” and “0". A
balanced Walsh code sequence, hence, consists
of N/8 blocks, whichcanbe G (1 £i £6) or its
complements. Therefore, a balanced Walsh
code sequence can be represented by its
generator block G; and a control sequence A
consisting of N/8 chips A ={a1, &, ..., ansg}
where g = 1 (for 1 £ ] £ N/8) if the
corresponding block is G and & = O if the
corresponding block is the complement of G.

Example: The unipolar Walsh code
Sequence01100110100110011001
1001011001100f length N=32isa
balanced Walsh code sequence. This sequence
is formed by 2 blocks G = {01100110} and 2
blocks G°3 = {10011001} and it can be
represented by Gz and a 4-chip control
sequence A = {1 0 0 1} because the 1% and the
last block of the balanced Walsh code sequence
are G,

It can be seen that the number of
balanced Walsh code seciuences of length N =
2"is N- 2¥2 = 2" - 2"“. A bipolar balanced
Walsh code sequence of length N = 2" can be
obtained from its unipolar counterpart by
mapping the elements {0,1} onto {1, -1},
respectively.

Table 1. Fourteen Walsh code sequences of length 8 and weigh 4

Block Representation | Adjacent delays
X=Xy, X2, X3, X} |D | D | Dy r
01010101 | 1,3,5,7 2 2 2 1
00110011 | 2,3,6,7 1 3 1 2
01100110 | 1,256 1 3 1 1
00001111 | 4,5,6,7 1 1 1 4
01011010 | 1,346 2 1 2 1
00111100 | 2,3/4,5 1 1 1 2
01101001 | 1,247 1 2 3 1
10101010 | 0,2,4,6 2 2 2 0
11001100 | 0,1,4,5 1 3 1 0
10011001 | 0,3,4,7 3 1 3 0
11110000 | 0,1,2,3 1 1 1 0
10100101 | 0,2,5,7 2 3 2 0
11000011 | 0,1,6,7 1 5 1 0
10010110 | 0,3,5,6 3 2 1 0




Programmable Optical Lattices

Balanced Walsh code sequences can be
generated by optical transmitters based on
programmable optical lattices. Fig.1 shows a
programmable optical lattice for generating
generator blocks and their complements. In this
lattice 3 tunable optical delay lines (Lam 2001)
are used. If an optical pulse of maximum pulse
width T. is received, it is passed through the
first 3-stage optical tunable delay line. This
delay line provides adelay to = koT¢ (ko is an
integer, O £ ko £ 4) preceded the first ‘1’ chip
of the generator block. The delayed pulse is
then split into two pulses by a passive splitter
S and one of the pulse is delayed by atime t
17K1T¢ (k1 isaninteger, O £ k; £ 3) provided by
the 2-stage tunable optica delay line. The
delayed pulse combines with the non-delayed

one a the 2x2 coupler S. At S these two
pulses are split into four pulses and two of
them are delayed by adelay t, = koTe (k2 is an
integer, 2 £ ky £ 6) provided by the second 3-
stage optical tunable delay line. All the four
pulses are then combined at the passive
combiner S3. An 8-chip generator block is
obtained at the output of this combiner with the
adjacent delays being (t1, to-t1, t1). By setting
2x2 electro-optical (EO) switches ¢, (0 £ n £
10) at the bar or cross-state all generator blocks
and their complements can be generated by the
described programmable optical lattice.

Example: For generating the block G =
{01100110} the EO switches ci, C3, G, C7, Gy
must be set to the bar state while the EO
switches ¢y, Cz, C4, G, Cg, C10 Must be set to the
Cross state.
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Fig. 1. Optical lattice for generating generator blocks and their complements

Network Architecture

The block diagram of a non-coherent
synchronous optica fiber CDMA network
using balanced Walsh codes is shown in Figure
2. In this network, in order to ensure that the
transmissions of all users of the network are
synchronized and each receiver knows exactly
the detection time an optical clock distribution
scheme is employed. A mode-locked laser used
as the master clock emits a train of optical

clock pulses of maximum pulse width equal T,
and repetition rate of /T where T = T/N, N is
the code length and T is the bit time. The
optical clock pulses are optically distributed to
al users of the network. For ensuring time
synchronization the distance from any user to
the master clock must be an integral multiple of
Tc/n where ¢/n is the velocity of light in the
fiber core and n is the refraction index of the
fiber core. The clock is emitted at a wavelength
| » different from the optica code sequences



wavelength | ;. At each station of the network
a wavelength-division multiplexing (WDM)
coupler routes the clock pulses to the
synchronization circuit and the data pulses are
directed to the correlator receiver. The
synchronization circuit provides the clock
signal to both transmitter and receiver. At the
transmitter the spreading is implemented by
sequence inversion keying (SIK). If a user
wants to transmit data, it encodes each data bit
‘1’ by an optical waveform consisting of a
balanced Walsh code sequence which
represents the destination address of that bit,
while the complement of this sequence
replaces each ‘0’ bit. The starting time for
transmitting is  determined by the
synchronization circuit. At each receiver the
data signal is separated from the clock pulses
by the WDM coupler and is then split into two
parts and directed to two unipolar-unipolar
correlators. The upper correlator is configured

to correlate the incoming signal to the
balanced Walsh code sequence, which is the
user address sequence while the lower one
correlates to the complement of the address
sequence. The optical outputs of these
correlators are subtracted in a pair of balanced
PIN photodiodes. The resulting signal is then
integrated over a chip time T, and data is
recovered by sampling at the auto-correlation
peak and zero-threshold detection. The
sampling time is determined by a
synchronization circuit, which is controlled by
the received clock pulses. Since the unipolar-
bipolar correlation in an optica fiber SIK
CDMA system using balanced codes gives the
same correlation functions as a bipolar system
(O’ Farrell and Lochmann 1994) and the cross-
correlation between two bipolar Walsh code
sequences at the zero-time shift is zero the
multiple-access interference at the destination
receiver is eliminated.

Master clockl—.
1x2
. U Integrator USERK
USER 1w splitter pper |
Opticd sk H _ correlator /
source d —L MxM — ' —
To encode] star Lower | —— Data
Receiver coupler| || correlator out
. WDM
Synchronizatior couplef Clock | To
L - Transmitter
circuit pulseq Synchronization
To Receiver dircuit

Fig.2. Synchronous optical fiber CDMA network using balanced Walsh codes

Optical Transmitter

A pardlel delay line optical transmitter
for non-coherent synchronous optical CDMA
networks is shown in Figure 3(@). This
transmitter is designed based on the principles
described in (Lam 2000) and the use of the
programmable optical lattice shown in Figure
2. In this transmitter, a mode-locked laser
generates a train of optical pulses of maximum
pulsewidth T, at the rate /T where Tc = T/N is
the chip duration of balanced Walsh code
sequences of length N and T is the bit time. The
train of optical pulsesis fed to a tunable delay

before being directed to a paralel encoder. The
tunable delay is used to provide an appropriate
phase compensation for synchronizing the data
frame with the clock signal. The parale
encoder consists of N/8 branches providing
delaysof 0T, 8T, 16T,,..., (N -8) T, and each
branch is connected to a programmable lattice
similar to that shown in Figure 2. If data is
transmitted to a user each data bit ‘1" must be
encoded by the address code sequence of this
user and the complement of the address code
sequence is used for encoding bit ‘0O’. When a
data bit ‘1’ is transmitted, the control sequence
generator will generate a control sequence A



consisting of N/8 chips and forward A to the
lattice controller. Based on A, the lattice
controller will issue appropriate signals for
setting lattices Ly (k= 0,1,2,... N/8 - 1) so that
the lattice Lk can generate the kth block of the
code sequence. When there is a change from

controller generates signals for resetting each
lattice allowing the transmitter to generate the
complement of the balanced Walsh code
sequence. Thus, the transmitter can be
programmable to transmit data bits using SIK
modulation of balanced Walsh code

data bit “1” to “0” or “0” to “1” the lattice  sequences.
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Fig.3 (a). Optical transmitter
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Fig. 3(b). Transmitter for balanced Walsh code sequences of length 32
Example: Balanced Walsh code  Fig. 2. Four lattices Lo, Ly, L, and Lg are used.

sequences of length N = 32 can be generated by
a paralel transmitter consisting of N/8 = 4
paralel branches as shown in Fig. 3(b). These
branches provide delays of 0T, 8T, 16T, ad
24 T. and each branch is connected to a
programmable lattice smilar to that shown in

The mode-locked laser generates a train of
optical pulses of maximum pulse width T, at
the rate /T where T, = T/32 and the pulses is
fed to a tunable delay before being directed to
four parallel branches. If we want to transmit
data to the user its address code sequence is the



balanced Walsh code sequence
01100110100110011001100101100110, each
data bit ‘1" must be encoded by this sequence
and the complement of this sequence is used
for encoding bit ‘O’. Note that this sequence
can be represented by the generator block G
and a control sequence A={100 1}. When a
data bit ‘1’ is transmitted, the control sequence
generator will generate the control sequence A
and forward this sequence to the lattice
controller. Based on sequence A, the lattice
controller issues signals for setting lattices Lo,
L3 to generate the generator block Gs and L, Ly
to generate the complement of Gs. Therefore, for
each optica pulse received from the laser, the
transmitter can optically generate a balanced
Walsh code sequence.

Optical Receiver

Figure 4 shows the schematic diagram of
a unipolar-bipolar correlator receiver for non-
coherent synchronous optical fiber CDMA
networks using balanced Walsh codes. In this
receiver, the received optica signal is split into
two parts and directed to two unipolar-unipolar

correlators. The upper corrdator is configured to
correlate to the balanced Walsh code sequence,
which is the user address sequence while the
lower one correlates to the complement of that
sequence. The opticd outputs of these
correlators are subtracted in a pair of baanced
PIN photodiodes. The resulting signa is then
integrated over a chip time T, and data is
recovered by sampling at the auto-correlation
peak and zero-threshold detection. The sampling
timeis set at the lagt chip dot of a bit frame, and
this time is determined by the synchronisation
circuit, which is driven by the received clock
pulses. Each unipolar-unipolar  correlator
conssts of N/8 branches providing delays of
0T, 8T, 16Tg,..., (N/8 —1) T, and each branch
is connected to a programmable lattice similar
to that shown in Figure 2. The selection of the
address sequence is done via the address
selector. A control sequence is issued for
setting latticesLka and Liw (k= 0,2,... N/8-1) so
that the lattice can generate the kth block of the
address sequence or its complement. Thus, the
receiver can be programmable to correlate the
received signa to any balanced Walsh code
sequences of length N.
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Fig. 4. Optical receiver

Example: The receiver of a non-coherent
synchronous optical fiber CDMA network
using balanced Walsh code sequences of length
N=32 consists of two unipolar-unipolar

correlator. Each correlator has four branches
with delays being OT., 8Tc, 16T;, 24T. axd
lattices Loa, Lia, Loa, Lsa @e used in the upper
correlator while lattices Lop, L1y, Lop, Lz are



used in the lower correlator. If the balanced
Walsh code sequenceis011001101001
10011001100101100110 is
selected to be the address sequence the upper
correlator must be configured to corrdate to this
sequence and the lower correlator to correlate to
its complement. This can be done via the
address selector, so that lattices Loa, Lsa, Lib,
Loy are set to generate the generator block G =
{01100110} and lattices Lop, Lap, Lia, Loa are
set to generate the complement of Gs. If a data
bit “1” is sent to this receiver, the sequence 0 1
1001101001100110011001011
00110 is received a the receiver input
(Assume that the 1% received chip is the bold
face one). At the output of the optical combiner
C1 we obtain the correlation between the
received sequence and the address sequence 0 1
1001101001100110011001011
00110 (Note that the chip power of the
signals at the input of the upper correlator and
the lower correlator is 50% of the chip power
of the received signal due to the use of the 1x2
splitter). The first 32 chips of the signal at the
output of C;is00121024223236405
842268547661082716. At the output
of the optica combiner C, we obtain the
correlation between the received sequence and
thesequence100110010110011001
1001101001100 1whichisthe
complement of the address sequence. The first
32 chips of the signa at the output of G, is0 1
1013203324413841585368578
46 13 10 0. The optical signals obtained at the
output of C; and C, are converted into electrical
signals and subtracted by the pair of balanced
PIN diodes. Hence, the electrical signal at the
output of the integrator is0-1020-304 -1
-11-2-151-817-1-615-1-42-1-46
2 -11 -3 16. Since the sampling time is set at
the last chip slot of a bit frame (i.e. at the 32"
chip time), after sampling we get the value of
16. The detector compares this value to the
detection threshold of O, and detect a data
bit ‘1"

Assume that the following interference
sequence is received a the input of the
receiver:11000011110000110011
110000111100 (Assume that the &
received chip is the bold face one). At the
output of the optical combiner C; we obtain the

correlation between a haf of the received
signal and the address sequence01100110
1001100110011001011001210
and the first 32 chips of the signal at the output
0of C1i1s012101222343234444456
56 666668 88 8. At the output of the
optical combiner C, we obtain the correlation
between a half of the received signa and the
sequence10011001011001100110
011010021100 1 which isthe complement
of the address sequence. The first 32 chips of
the signal at the output of C,is110121123
32343344455566666777888.
The optical signals obtained at the output of C;
and C, are converted into eectrical signals and
subtracted by the pair of balanced PIN diodes.
Hence, the electrical signal at the output of the
integrator is-=1020-2010-1020-2010
00-101-10000-1-11000. Since the
sampling time is set at the last chip dot of a bit
frame (i.e. at the 32" chip time), after sampling
we get the value of 0. This result illustrates that
the interference is equal zero at the sampling
time.

Conclusions

The derivation of balanced Walsh codes
sequences from unipolar Walsh code sequences
is presented. It is shown that those sequences
can be optically generated by using optical
lattices, which are cascades of optical delay
lines and EO switches. We propose a non-
coherent synchronous optical fiber CDMA
network using balanced Walsh code sequences,
where SIK modulation and balanced detection
are implemented. The design of fully
programmable transmitter and receiver for the
proposed networks is aso presented. The
design is based on the use of EO switches and
optical delay-lines. Both optical transmitter and
receiver only require standard electronics for
updating the setting of the lattice controller and
address selector. That is, the operating speed of
networks using these devices can only be
limited by the synchronization time. Therefore,
very high data bit rates can be achieved.
However, the main disadvantage of the
transmitter and receiver is the relatively large
optical recombination loss factor due to the use



of optical splitters and combiners. The optical
loss can be compensated by using optica
amplifiers, which are now under intensive
development.

In the proposed network, unipolar-bipolar
correlation is realised and the same correlation
functions as a system using bipolar Walsh
codes can be obtained. Since, the cross-
correlation of bipolar Walsh code sequences at
zero-time shift is equa zero, in the non-
coherent synchronous optical fiber CDMA
network using balanced Walsh code sequences
the interference is completely eliminated at the
receiver. Therefore, the network is not
interference-limited and a large number of
users can simultaneously transmit and very
high throughput can be achieved. Hence, te
proposed scheme is particularly attractive for
future high capacity optica fiber networks.
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