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Abstract-In this paper, we propose a feasible architecture 
to  implement tunable all-optical synchronous CDMA net- 
works. Such a network is simply based on single rapidly 
tunable optical delay-lines and requires only a small num- 
ber of electro-optic switches. Fast coding and decoding 
algorithms for synchronous prime-sequence codes are de- 
scribed. By using the proposed technique, all-optical syn- 
chronous CDMA networks can be constructed by inte- 
grated optics and can achieve a very high processing speed. 

I .  INTRODUCTION 
Optical code-division multiple-access (CDMA) attracts a 
lot of interests recently and is a promising technique for 
future all-optical networks. By using optical signal pro- 
cessing to  remove the bottleneck a t  the electro-optic/opto- 
electronic interface, optical CDMA (OCDMA) networks 
could potentially offer an ultrahigh throughput, in excess 
of 100 Gbit/s [1]-[3]. To have OCDMA possible for net- 
working/switching applications, rapidly tunable schemes 
are highly required. Recently, research on programmable 
OCDMA networks has been carried out [3][4], in which 
optical lattices are used as programmable encoders and 
decoders to  optically generate and correlate OCDMA se- 
quences, respectively. Such encoders and decoders, how- 
ever, are not suitable for prime-sequence codes [3][4]. On 
the other hand, OCDMA can only support a limited num- 
ber of simiilti~neous iisers and subscribers because of asyn- 
chronism. To further increase the network capacity while 
maintain secure da ta  communications in fiber optic net- 
works, synchronous OCDMA can be employed at the ex- 
pense of transmission scheduling and network synchroniza- 
tion [2][5]. For example, future military command and 
control communications may require synchronous OCDMA 
to ensure the high-speed secure access to  various tacti- 
cal systems in the base. Moreover, synchronous OCDMA 
can be employed in conjunction with optical time-division 
multiple-access (OTDMA) to  support multi-rate services 
in a given network as pointed out in [5]. Thus,  this can be 
potentially useful for the Broadband Integrated Services 
Digital Networks (BISDN’s). 

In this paper, we present a feasible architecture for fully 
tunable synchronous OCDMA distribution networks using 
prime-sequence codes. The  proposed network uses single 
tunable optical delay-lines, of which the number of electro- 

optic switches is proportional to  the logarithm (base 2) 
of a given prime number. Thus,  using this scheme al- 
lows to  construct high-capacity OCDMA networks in a 
feasible way with the potential of very-low coding power 
loss. The proposed technique is especially useful for a net- 
work where all the transmitters are fully tunable over the 
whole channels and receivers are fixed. Furthermore, we 
present a two-wavelength scheme to  effectively resolve the 
clock distribution and frame synchronization in a large- 
scale synchronous OCDMA network. Thus,  this self- 
synchronization OCDMA can be used to  implement a dis- 
tribution network where all transmitters are synchronized 
a t  the transmitting end while receivers can be inserted at 
different locations, as shown in Figure 1. 

Figure 1: A distribution network. 

11. SYNCHRONOUS PRIME-SEQUENCE CODES 
To implement a fully tunable OCDMA network, the se- 
lection of optical address code sequences is important, be- 
cause it affects both the network reconfiguration time and 
the complexity of tunable encoders/decoders. Although 
the optical orthogonal codes (OOC’s) designed in [6] can 
have a better property of cross- and auto-correlations than 
prime-sequence codes [l], much more complex algorithms 
are required to produce OOC’s. In contrast, the generation 
of prime-sequence codes are extremely simple, which only 
needs to  perform the operation of modulo multiplication 
as will be shown in (1). Thus, the use of prime-sequence 
codes in OCDMA networks can ensure a very fast recon- 
figuration time. Moreover, a prime-sequence code has the 
perfect grouping characteristic [7],  i.e., every codeword is 
subdivided into P equal-length subsequences of which each 
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contains only one pulse. This characteristic can be used 
to  significantly reduce the cost of fully tunable OCDMA 
encoders. In this paper, we focus on synchronous prime- 
sequence codes and their application to  OCDMA networks. 

For a given prime number P ,  the  number of codewords in 
the prime-sequence code is equal to  P and so is the number 
of total subscribers in an asynchronous OCDMA network 

A synchronous prime-sequence code has P 2  distinct 
codewords of length L = P2 and weight P ,  which 
is derived from a set of prime sequences, Si = 
(s io ,  s i l ,  . . . , si j ,  . . . , ~ i ( p - 1 ) ) ~  where s i j  is expressed as 

L13. 

11 Group 
i 
0 

1 

s i j  = i . j (modulo P) (1) 

Number S-PS Mapped Codewords 
k st (k) C*(k) 
0 00000 (1000010000100001000010000) 
1 44444 (0000100001000010000100001) 
2 33333 (0001000010000100001000010) 
3 22222 (0010000100001000010000100) 
4 11111 (0100001000010000100001000) 
0 01234 (1000001000001000001000001) 
1 12340 (0100000100000100000110000) 
2 23401 (00100 00010 00001 10000 01000) 
3 34012 (0001000001100000100000100) 

here i , j  E GF(P) - Galois field of a prime number P [l]. 
The  k-th synchronous prime sequence in a given group i, 
S i ( k ) ,  is then obtained by left-rotating the elements of the 
i-th prime sequence by k times, where k E GF(P) [ 5 ] ,  such 
that  

3 

is constructed according to  the following rules: 

1. For all IC = 0,  

1 24130 (00100 00001 01000 00010 10000) 
2 41302 (0000101000000101000000100) 
3 13024 (0100000010100000010000001) 
4 30241 (0001010000001000000101000) 
0 03142 (1000000010010000000100100) 
1 31420 (0001001000000010010010000) 
2 14203 (0100000001001001000000010) 
3 42031 1 (0000100100100000001001000) 

sij (0) = s i j  (3) 

2. For k 2 1, 

Si(j-I)(k) = s i j p  - 1) , i f i L 1  (4) 
s&) = P - k , i f i = O  (5) 

n where ~ i ( - ~ ) ( k )  = s i ( p - l ) ( k ) .  

The P2 codewords of the synchronous prime-sequence (S- 

are thus generated by 
PS) code, G ( k )  = ( C i O ( k ) ,  Cil(k) ,  . ‘ ‘ , cim(k>, ‘ “, Ci(L-I) ) ,  

1 , 
0 , otherwise 

for m = s i j ( k )  + j P ,  
where j E G F ( P )  (6) Cim(k)  = 

Since the code cardinality determines the network size in 
OCDMA, P2 users can now be supported by the syn- 
chronous prime-sequence code, as compared to  P users in 
the original asynchronous prime-sequence code with the 
same L.  For P = 5, the obtained synchronous prime se- 
quences are given in Table 1, and the corresponding 25 
codewords are also listed there. 

As shown in (6), all the P ONE’S (i.e., pulses) of each 
Ci(k) are assigned to  P individual subsequences of equal 
length P.  The position of the ONE in the j - th  subsequence 
is specified by s i j ( k )  given in ( 3 ) - ( 5 ) ,  while the remain- 
ing P - 1 slots of the subsequence are filled with ZERO’S 
(i.e., no pulses). Benefiting from these grouping character- 
istics, rapidly tunable synchronous OCDMA encoders and 
decoders can be easily designed, based on single tunable 
optical delay-lines [7] [8]. 

4 1) 40123 11 (00001 10000 01000 00100 00010) 
I 0 11 02413 ( 1  (10000 00100 00001 01000 00010) 

II I 4 1 1  20314 1 1  ~0010010000000100100000001~ 1 1  

!I 04321 (10000 00001 00010 00100 01000) 
43210 (0000100010001000100010000) 
32104 (00010 00100 01000 10000 00001) ! i ll 21043 ll (0010001000100000000100010) !! 

4 10432 ]I ( O ~ O O O  10000 OOOOI OOOIO oolooj U 

111. OPTICAL ARCHITECTURE FOR SYNCHRONOUS 
OCDMA DISTRIBUTION NETWORKS 

Figure 2 shows the proposed architecture for an all-optical 
CDMA network using synchronous prime-sequence (PS) 
code. Two mode-locked lasers are synchronized by a com- 
mon clock a t  the transmitting end and are used to  gener- 
a te  two streams of ultrashort optical pulses having width 
T = T / L  but different repetition rates and wavelengths. 
The optical sampling signal of wavelength X I  has a rate 
PIT, while the optical clock signal of has a rate 1/T, 
where T is the da ta  bit period and P is a prime number 
(equal to  code weight). This is a two-wavelength scheme, 
and it can be used in both synchronous OCDMA and OT- 
DMA networks to  effectively solve the problem associated 
with data-frame synchronization a t  each receiver, espe- 
cially in a large-scale distribution network. At the i’-th 
optical transmitter (i’ = 1 , 2 ,  . . . , P’), the stream of opti- 
cal sampling pulses is then fed into an OCDMA encoder 
based on a single rapidly tunable optical delay-line as will 
be discussed in Section 111-A. The OCDMA encoder fur- 
ther generates an intended synchronous PS codeword Ci(k) 
used as a destination address of the desired receiver when 
the current da ta  bit is “1”; otherwise no optical codeword 
should be resulted a t  the encoder, which can be realized by 
simply removing the P optical sampling pulses within this 
da ta  frame from the encoder output. Thus, the original 
electrical da ta  bits are optically encoded with the destina- 
tion address Ci(k) of a desired user. 

A wavelength-insensitive, passive optical star coupler is 
employed to combine all the encoded short pulse streams 
of A 1  together with optical clock signal of X z .  Then, the 
two-wavelength signals are broadcast to  every optical re- 
ceiver in the network. At the receiver, an OCDMA de- 
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coder is required t o  extract the desired da ta  message from 
a given transmitter. Finally, a high-speed electrical thresh- 
old detector is used after the wideband photodiode (PD) to  
threshold-detect the main peak (equal to  P in the normal- 
ized case) of the expected auto-correlation function, which 
is always at the last time slot of each da ta  frame. There- 
fore, the electrical da ta  which were sent from the desired 
transmitter are now recovered a t  a receiver. 

Figure 2: Proposed architecture for an all-optical syn- 
chronous CDMA network. MLL: mode-locked laser. 

DMUX: demultiplexer. PC: phase compensator. 

A. Transmitter Design 
In a distribution network, fully tunable transmitters 

should be used. As shown in Figure 2 ,  a t  each transmitter 
the optical sampling pulses are available to  a single rapidly 
tunable optical delay-line which only comprises M stages 
of electro-optic (EO) switches [7][8] 

M = [log, PI + 1 (7) 
The  block diagram of a single tunable optical delay-line 

is illustrated in Figure 3.  At the l-th stage, a differential 
time delay Ari is then given by 

 AT^ = 2 l - l ~  (8) 
where 1 = { 1 , 2 ,  . . . , [log, P I }  and P is a prime number. 

I I 

* __1;.i. 
. E9 :-r'"h. . . . . .E? s-?? . 

Figure 3: Architecture of an OCDMA encoder for 
synchronous PS codes. 

In this configuration, any time delay of an integer mul- 
tiple of r = T / L  can be generated by routing an incoming 
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pulse to  proper optical paths through setting the (bar or 
cross) states of the EO switches. At a given transmitter, 
the information (i.e., the values of i and I C )  that  speci- 
fies the destination address sequence S ; ( k )  of the desired 
receiver is made available t o  a synchronous PS generator 
whenever an electrical da ta  bit "1" is issued. The  syn- 
chronous PS generator consecutively transmits the corre- 
sponding P synchronous prime-sequence elements sij ( k ) ' s ,  
each for T I P  seconds, to  an electrical delay selector. The 
selector in turn maps each sij(IC) into a binary delay control 

by setting the 1-th EO switch of the tunable optical delay- 
line to  either the cross state, as U; = 0, or the bar state, 
as U: = 1, for all 1 = { 1 , 2 , .  . . , [log, P I } ,  such that  the 
desired delay (i.e., s;.(IC)r) can be generated. For example, 
let P = 5 and s i j ( k j  = 3 ,  the required binary delay con- 
trol sequence should be (OOlO), which sets the switches at 
stages 1, 2 ,  and 4 (i.e., the  output stage) t o  the cross state 
and the remaining one switch to  the bar state, to  generate 
a time delay of 3r as shown in Figure 3 [7]. For the case of 
da ta  bit 0 ,  no optical pulses are actually transmitted and 
this can be achieved by setting the last EO switch such 
that  the P optical clock pulses within the da ta  frame sim- 
ply exit from the unintended output. Note tha t  this coding 
scheme has a major advantage that  no extra EO modulator 
is required to  gate the sampling pulse stream before each 
tunable OCDMA encoder. 

During the generation of a synchronous PS codeword, 
the state of each EO switch needs to  be changed in every 
TIP seconds and must be stable before the arrival of the 
next sampling pulse. Therefore, the processing speed of the 
controlling electronics has to  be a factor of P faster than 
that  of those used in the all-parallel or parallel-serial coding 
scheme [2][7]. On the other hand, the proposed coding 
technique eliminates the cost and extra power loss imposed 
by passive power splitters and combiners used in References 
[a] [7] ~ and can be feasibly constructed by integrated optics 
with potentially very low power loss. We assume that the 
speed of electronics is limited to  20 Gbit /s  at the present 
time, then the maximum allowed da ta  rate of users is equal 
to  - 1.5 Gbit/s for P = 13, which is sufficient to  support 1 
Gbit/s HDTV or image services. Although the electronic 
processing speed limits the maximum data  rate for a given 
P a t  the OCDMA encoders using a single tunable optical 
delay-line, the chip rate (i.e., l / r )  of the encoders can be 
still ultrahigh, which is determined only by the width r 
of optical pulses generated by the mode-locked lasers. In 
addition,, only 5 EO switches are needed in this encoder 
to  tune over the P 2  = 169 channels. Therefore, the use 
of the proposed encoder allows the construction of a low- 
cost and high-capacity optical fiber network with the fixed 
receiver-assignment OCDMA scheme, which is attractive 
to  continuous-type applications. 

B. Clock Distribution and Frame Synchronization 
Since the synchronous OCDMA scheme is used, the 

frame-synchronization information is very important to  
each receiver. As pointed out in the above, the receiver 
will perform the correlation operation t o  create a main peak 
of the expected auto-correlation function only a t  the last 
time slot per da ta  frame and then threshold-detects that 
peak to  recover the original electrical d a t a  bit "1". In this 
case, the conventional optical phase-locked loops can not 

sequence (u1u2u3 j j j  . . af,og2.p,+l). The  mapping is achieved 
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be used to  obtain the correct frame-synchronization signal 
a t  each receiver, even if they can operate up to  100 Gbit/s 
using ultrafast nonlinear optical effects in laser amplifiers 
or fibers (e.g., optical gain modulation, four-wave mixing) 
[9][10]. This is because the recovered clock stream of ul- 
trashort optical pulses has a phase difference with respect 
to  the first time slot of an OCDMA data  frame a t  each re- 
ceiver. This phase difference is normally unknown for the 
real-tzme szgnal processzng, otherwise some post-processing 
methods should be used to  ensure the correct frame syn- 
chronization a t  receivers. However, such methods cause the 
throughput bottleneck which in turn crashs down ultra- 
high-speed communications in the synchronous OCDMA 
network. To effectively solve this problem, we propose to  
use a two-wavelength scheme for the distribution of optical 
clock signal (i.e. , frame-synchronization information) along 
with OCDMA signal through the common fiber to  each re- 
ceiver, as shown in Figure 2. 

The use of a two-wavelength scheme has several advan- 
tages. For example, this can effectively distribute optical 
clock a t  Xz with OCDMA signal a t  XI by using wavelength- 
division multiplexing (WDM). The separation of both sig- 
nals is also easy a t  each receiver, using a WDM demul- 
tiplexer. Then the feasible phase compensation between 
two-wavelength lights of different propagation speeds is 
achieved by independently processing the optical clock and 
OCDMA signals. For large-size or multistage networks, the 
two-wavelength scheme is more suitable than the separate- 
fiber scheme which requires very precise length control of 
fibers [2]. Assume that  the OCDMA signal has a faster 
propagation speed than the clock. The  former will arrive at 
the decoder earlier than the latter, and therefore, a phase 
difference between two signals is resulted. An all-optical 
phase compensator (PC), which can be actually a fixed op- 
tical delay line, is then used to  adjust the phase of OCDMA 
signal such that  the optical clock pulse will ride atop the 
last time slot per da ta  frame a t  a 2 x 1 coupler of the 
OCDMA decoder as shown in Figures 2,  4, and 5. 

C. Recezuer Deszgn 
At each OCDMA receiver, the arriving synchronous 

prime-sequence codewords are correlated by a fixed optical 
decoder for the fixed receiver-assignment OCDMA scheme. 
The  block diagram of a fixed decoder for codeword Ct(k)  
is shown in Figure 4. An autocorrelation function with its 
highest peak located a t  the last time slot of a da ta  frame is 
generated when the address sequence C,(k) passes through 
the decoder completely; otherwise, low cross-correlation 
functions are resulted. Because of the coding property of 
the synchronous PS code, the transmissions of all users 
have to  be synchronized by a common clock, and each re- 
ceiver needs t o  know exactly the end (i.e., the last slot) of 
each da ta  frame. On the other hand, the cumulative effect 
of the cross-correlation functions outside the last slot per 
da ta  frame can be as strong as the autocorrelation peak 
and causes errors in da ta  recovery [5], because multiple 
users can simultaneously transmit their da ta  messages in a 
synchronous OCDMA network. To solve these problems a t  
the decoder, an ultrashort optical clock stream with width 
7 is used to  ride atop the last slot per da ta  frame (i.e., 
the expected position of the autocorrelation peak). This 
clock stream is generated from the mode-locked laser of 
wavelength Xz  at the transmitting end, having a repeti- 
tion rate of 1/T (see Figure 2). The clock signal is then 

synchronized with each da ta  frame through an appropri- 
a te  phase compensation, achieved by using a propagation- 
speed compensator (i.e., phase compensator) as just dis- 
cussed in Section TII-B. Finally, the synchronized optical 
pulse (i.e., a clock pulse atop the autocorrelation peak) is 
converted into the electrical one by a wideband photodi- 
ode and is then threshold-detected. A da ta  bit 1 is thus 
recovered. However, the clock pulse alone (i.e., without the 
autocorrelation pea.k) simply results in a da ta  bit 0. 

Figure 4: Block diagram of a fixed optical decoder 
for codeword Ci(k) .  

For some applications, fully tunable OCDMA decoders 
are required a t  some of the receivers. The  proposed tunable 
decoder is illustrated in Figure 5, of which the tunable part 
is still based on the single tunable optical delay-line used in 
the encoder. Similar to  the operation of the encoder, when 
a user wants to  extract the da ta  encoded with the binary 
address sequence Ci ( k ) ,  the consecutive elements sij (k ) ’s  
of the corresponding synchronous prime-sequence Si ( k )  are 
issued to  the delay selector, which will send the mapped 
binary delay control-sequence (bfbib:. . ~ b ~ l a g , P l + l )  to  cor- 
rectly set the states of the EO switches before the arrival 
of the j - th  subsequence in Ci(k) .  The desired delay of 
( P  - 1 - s ; j ( k ) )  7 is now generated such that  the ONE in 
the j - th  subsequence of Ci(lc) can be delayed to  the last 
time slot of the subsequence. The followed 1 x P EO switch 
array, which is arranged in a binary-tree structure as shown 
in Figure 6, then selects the j - th  fixed optical delay-line to  
obtain a delay of ( P - j -  1)Pr for the j - t h  subsequence. In 
this way, all P pulses of Ci(k) will alway arrive at the last 
time slot of the da ta  frame and,  in turn, results a.n auto- 
correlation peak a t  that  position when they are recombined 
a t  the combiner. Finally, the optical clock stream is em- 
ployed such that  a clock pulse always rides atop the last 
slot of each frame to  ensure its coincidence with the auto- 
correlation peak (see Figure 5), if such a peak exists. 

Figure 5: The proposed rapidly tunable OCDMA decoder 
for synchronous PS codes. 
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The operation speed of the proposed decoders is now 
limited by tha t  of the electronics in both the delay selec- 
tor and E O  switches. Code sequences with non-separating 
pulses (i.e., with zero-slot separation), as shown in Group 1 
of Table 1, mainly limit the speed of the proposed decoders 
to  that  of the states of the art electronics can provide (i.e., 
about 20 Gbit/s nowadays), although such pulses only exist 
in a few synchronous P S  codewords [5]. To alleviate this 
speed restriction, one simple method is to  either use RZ 
pulses or eliminate those codewords with non-separating 
pulses (e.g., removing P codewords in Group i = 1). Thus, 
the network throughput can be doubled without increasing 
the processing speed of electronics. Using a similar tech- 
nique, the throughput can be improved k times by remov- 
ing the kP codewords in Groups i = { 1 , 2 , .  . ., k }  ( k  < P ) .  
Even so, the number of remaining usable codewords is 
still large for a higher P .  A more efficient method is to  
remove one of two non-separating pulses and two small- 
separation pulses from the corresponding codewords (e.g., 
in Groups 1 and 2 of Table 1) and then to  remove one pulse 
from the remaining codewords in a synchronous PS code. 
Note tha t  codewords C2(0) and Ca(4) in Table 1 should 
be eliminated, because there are simultaneously 4 one-slot- 
separating pulses. In this way, the code cardinality is only 
slightly reduced, so is the number of total users. 

RDrrtc sclccung Spd 
h 

. - -4- --a - - a -: -: -1 -: _._ :- 1-1 -: -: -1 -4-. 

r J u  - --U-- . ,  

c . . . . . . .  
Eo U 

Eo S-,Uh 
5nUh 

I_______________________________________, 

EO S n t c h  h a y  

Figure 6: Block diagram of a 1 x P EO switch array 
comprising 1 x 2 EO switches. 

For simplicity, we assume that  the power losses of EO 
switches are negligible. The  number of EO switches (Nd) 
and the total power loss (Pa) for the proposed decoder are 
given by Nd 5 [logl P1 +Er:: 2 z + 1  and Pd = 10 loglo P, 
respectively, where in is bounded by 2m-1 < P < 2m.  For 
example, for 169 users, at most 20 EO switches are required 
by a tunable decoder (see Figures 5 and 6) with total power 
loss of 11.1 dB. As shown in Figure 6 ,  17 EO switches could 
be enough in principle if allowing the unequal-amplitude 
optical pulses a t  the output of a 2 x 1 combiner or assuming 
zero loss for a 1 x P EO switch array. Alternative scheme 
for implementing a 1 x P EO switch array is to  use a passive 
1 x P optical splitter and P EO switches, a t  the expense 
of higher power loss and larger device size. 

IV. CONCLUSIONS 

We have proposed a novel architecture for fully tunable op- 
tical CDMA networks using synchronous prime-sequence 

(PS) codes. Since the coding and decoding schemes are 
simple and systematic, both the encoders and decoders 
can be easily implemented with integrated optics; thus re- 
sulting in low-loss and high-capacity optical CDMA net- 
works. The use of proposed encoder can efficiently realize 
the function of EO modulation and optical coding. The 
proposed network can operate at a n  ultrahigh rate, with- 
out using very high-speed electronics, by carefully selecting 
those codewords with certain pulse-separations or removing 
one pulse from all the codewords and so on, as discussed in 
the above. Thus, i t  is expected that  a feasible synchronous 
OCDMA network using fixed-receiver assignment scheme 
can be efficiently implemented. Furthermore, the combina- 
tion of error-correction codes with the synchronous PS code 
in OCDMA systems can ensure both high performance and 
low system cost [11]. The proposed network architecture 
is expected to  be attractive for various applications, such 
as future military command and control systems requir- 
ing high-speed secure access. Furthermore, synchronous 
OCDMA can be used in conjunction with OTDMA to  sup- 
port multi-rate services in a given network [ 5 ] ,  which can 
be potentially used in BISDN’s. 
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