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ABSTRACT: We demonstrate experimental all-optical 
code-division multiplexing (AO-CDM) systems using 64- 
picosecond optical pulses and a 2" prime code of n = 3 .  
A distinguishing feature of this experiment is that  the mod- 
ulation of ultrashort optical clock stream by electrical data  
is realized without using any optical intensity modulator a t  
each transmitter. Moreover, only low-cost standard optical 
2 x 2 couplers and fiber delay lines are employed to  imple- 
ment all-serial encoders and decoders for a 2" prime code. 
As a result, this new system is more cost- and power-effective 
than a conventional AO-CDM system. 

1. Introduction 

Today's single-mode optical fibers can offer an usable band- 
width up to  25,000 GHz (25 THz) in the 1.5-pm wavelength 
window, which can support ultra-high-speed data  transmis- 
sion and networking. However, the use of electronic signal 
processing ultimately limits the da t a  throughput. To elim- 
inate the throughput bottleneck, optical signal processing 
techniques should be employed in such systems. This in turn 
can provide an ultrafast processing speed up to 100 Gbit/s  
[I]-[3]. Therefore, future high-speed communication systems 
will be based on optically-processed architectures. 

Recently, optical code-division multiplexing (CDM) tech- 
niques have been receiving considerable attention []]-[9]. Ex- 
perimental demonstration of high-speed optical CDM sys- 
tems has been also reported [2]-[6]. Optical CDM, as an 
alternative to  optical time-division and wavelength-division 
multiplexing, is attractive for high-speed local-area networks 
[a]. As we know, using optical orthogonal codes (OOC's) 
with cross-correlation constraint A, = 1 and autocorrelation 
constraint A, = 1 can achieve better bit-error-rate (BER) 
performance than employing other address codes with A, > 1 
in all-optical CDM (AO-CDM) systems [7]. Note that  the 
value "1" is the minimum correlation constraint for inco- 
herent optical signal processing [3][7]. However, the com- 
plexity of code generation/correlation and the power loss of 
all-optical encoder/decoder must be also taken into account 

when we design AO-CDM systems. 
A recent study has shown that  employing 2" codes in AO- 

CDM systems can result in simple encoder and decoder using 
an all-serial structure, which requires a far smaller number 
of optical components and has lower optical power loss than 
using conventional all-parallel encoder/decoder [a]. This is 
because the second half of the 2k pulses in any 2k codeword 
is just  the delayed replica of the 2"' pulses in the first half 
of this codeword, where 2 5 IC 5 n and 2" is the code weight. 
This characteristic can greatly simplify the structures of op- 
tical encoders and decoders by using an all-serial structure 
as shown in Figure 1 [a], which requires only n + 1 optical 
2 x 2 couplers for generating or correlating any 2" codeword. 
Furthermore, the all-serial structure can be implemented by 
using a silica-based planar lightwave circuit to  further re- 
duce the power loss and to  guarantee a precise time delay. 
In particular, those 2" codes derived from prime codes are 
very attractive to  AO-CDM applications, because their en- 
coding/decoding algorithms are systematical and are very 
simple (i.e., modulo multiplication) [8][9]. 

Figure 1: All-serial configuration of a n  all-optical en- 
coder  or decoder.  

In this paper, we report a new experiment on high-speed 
AO-CDM systems using 2" prime code. Unlike conventional 
AO-CDM systems [a]-[6], in our experiment no any optical 
intensity modulator is used to  gate the ultrashort optical 
clock pulses by electrical dat,a a t  each transmitter. More- 
over, optical-injection locking is employed t o  reduce the tim- 
ing j i t ter  of a gain-switched laser diode in our experimental 
system. 
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2, Principle and Experimental Set-Up 
Let P be a prime number. A prime code of length L = 
P 2  and weight P is derived from a set of prime sequences 
si = { s ~ ~ ; ~ ~ , s ~ ~ , ~ ~ ~ , s ~ ~ p ~ ~ ~ ~ ,  where i E GF(P)-Galois 
field, and sij = { i  . j }  modulo P [3]. A prime code with 
P distinct codewords, Ci = (cia, til,.. . ,  cik, .  . . , ci(L-1)) for 
IC = 0 , 1 , 2 , .  . ., L - 1, are thus constructed by [3] 

(1) 
IC = sij + j P  and j E G F ( P )  

Cik = i:i otherwise 

A 2" prime code with cross-correlation constraint A, = 
2 is obtained from the prime code of P, by selecting only 
the 2n pulses (per codeword) tha t  satisfy the specific delay- 
distribution constraint: For any Ci and any integers x ,  y, z ,  
and m, such tha t  x # y, 2 E [0 ,2"  - 21, y E [0, 2n - 21, and 
z E [I, n - 11, if x and y are divisible by 2*, then we have [8] 

t Z e ( 2 z - 1 -  l)$m = t , @ ( 2 z -  1 - l)$m (2) 

for a given integer m E [0, 2" - 11, where the "$'' in eqn. (2) 
denotes modulo-2" addition, and the adjacent relative cyclic 
delays t j ' s  are defined as [8] 

a,(j+zj mod P )  - 'ij + 'jP, 

for j = 0,1,.  . ., P - 2 ( 3 )  
S ~ , ~ , - I  s '  - sij + z j P  , for j = P - 1 

t j  = 

where zj E [1, P - 11 is an  integer and i E GF(P). 
For all IC = { 0 , 1 , .  . . , n  - 2) and u = { 0 , 1 , .  . . ,  P - 2"}, 

the valid codeword C; of a 2" prime code is obtained from 
SO, 5'; and Sp-; satisfying [8] 

2 ( P  - 24) (2k - 1) ( P  - u )  ( 2 k f l  - 1) 
5 ' 5 2n - 2 " - k - 1 -  1 (4) + 1  271 - 2n-k 

w h e r e i = { l , 2 ,  . . . , (  P-1) /2} .  
Using eqn. (4), we can find that all the codewords of the 

prime code with P = 11 can be modified to  form a 2" prime 
code with n = 3, code length L = 121, and code size 11 (i.e., 
the total number of users). 

HER 

In this paper, we demonstrate two-user AO-CDM systems. 
In the experiment, the used codewords are the 0th codeword 
and the 3rd codeword of the 2" prime code with P = 11 and 
n = 3 (code weight 8), i.e., 

co = (00000000000 00000000000 10000000000 10000000000 
10000000000 10000000000 10000000000 10000000000 
10000000000 10000000000 00000000000) 

and 

c3 = (00000000000 00000000000 00000010000 00000000010 
01000000000000010000000000000100000000000001 
00100000000 00000100000 00000000000) 

We assume tha t  the da ta  rate fd of' users is equal t o  100 
Mbit/s. The  slot width (;.e., unit delay) T is then equal t o  
l /fdL = 82.6 picoseconds (ps). 

Figure 2 shows the experimental set-up for simulating two- 
user AO-CDM communication systems. At the transmitting 
end, 100-MHz electrical clock signal Yrom a BER tester is 
amplified first, so tha t  it can drive a 100-MHz HP comb gen- 
erator of which the output signal is added to  the lOO-Mbit/s 
electrical da t a  at a power combiner. Then a DFB laser diode 
(LD) at 1.55 pm is driven by a current signal containing 
three components (see Figure a), namely, a DC prebias, a 
da ta  current pulse, and a clock pulse. By correctly setting 
prebias and da ta  currents, the DFB LD is biased just below 
a threshold at which the gain switching occurs, whereas the 
LD is gain switched only if a da ta  pulse and a clock pulse 
are simultaneously present to make the carrier concentration 
above the  threshold [lo]. In this way, ultrashort optical clock 
signal is effectively modulated by elech-ical da ta  bits at the 
LD, without using any optical intensity modulator. Then the 
resulting optical pulse is fed into all-optical encoder i to gen- 
erate codeword C, ( i  = 13 and 3 ) .  For a 2" codeword of n = 3 ,  
the all-serial encoder (or decoder) comprises only 7~ + 1 = 4 
passive optical 2 x 2 couplers tha t  are serially connected with 
each other by 3 fiber d e l a y  lznes and $3 reference jibers (as- 
suming 0 delay) [2], as shown in Figure 1, where {At, = 
909 . lps IAta  = 1818.2ps, At3 = 3 6 3 6 . 4 ~ ~ )  for Co and 
{At ,  = 1157.0p~,  At2 =Z 1405.Ops, At:, = 3 7 1 9 . 0 ~ ~ )  for C3. 

DC Bias 

Optical 

Encoder 0 

Diode 

Ontical Piher Oolicnl Fiber I 

Figure 2: Experimental se t -up  for s imula t ing  two-user AO-CDM communica t ion  systems. 
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Note that both delay-line and reference fibers are only pigtail 
optical fibers of commercial 2 x 2 couplers. In contrast, a 2”- 
code encoder (or decoder), if using an  all-parallel structure 
[a], requires 14 optical 1 x 2 couplers, 7 d e l a y - l z n e  and 1 
r e f e r e n c e  fibers, as shown in Figure 3. It  is clear t ha t  using 
the all-serial structure can efficiently reduce cost, complexity 
and power loss of optical encoders/decoders, especially for a 
large value of n. 

Optml  h l s e  

- 
/---------J___\ 

W 

IL . . . . . .  

Figure 3: All-parallel configuration of an A3-CDM en 
coder or decoder. 

W w - 

By using a HP high-speed digital oscilloscope, the 64-ps 
with of gain-switching optical clock pulses is directly mea- 
sured at the  output of a 45-GHz photodetector, as shown in 
Figure 4. Although a gain-switched DFB LD suffers both 
timing jitter and frequency chirping, they can be reduced 
by injecting a narrow linewidth CW light (from an external 
tunable source) into the gain-switched LD. In our experi- 
ment, the timing j i t ter  is reduced from 7.2 ps to  3.7 ps, as 
measured from the HP high-speed digital oscilloscope, by us- 
ing this optical-injection locking scheme with the injection 
power of 155 pw at the 1.55 pm wavelength. 

”‘, ~- . : - .~ ,  1 ..,. i---l..i~r-lr-t--.yrl~..r-l..r..r..l..i--.- ,_/_ ~ I, . , , ii I ”’.. 

I I , 
I I 

i . .  , 
I 
I 

.. . .. . . , . . ,.. . , . . . ... . .  , . : . .  

Ch. 2 = 20.00 mVolts/div Offset = 32.12 mVolts 
Timebase = 50.0 ps/div Delay = 37.7420 ns 
D e l t a  V = -23.750 mvolts 
Vmarkerl = 54.375 mVolts Vmarker2 = 30.625 mVolts 
Deltd T = 64.0 ps 
Start = 37.9630 ns stop = 38.0270 ns 

Figure 4: Optical pulse from a gain-switched DFB LD. 

An electrical NRZ data  bit “1” (with ECL logic) from 
the BER tester is illustrated as the upper traces in Fig- 
ures 5 and 6 ,  respectively. The  corresponding codewords 
CO and C3 from two optical encoders are then shown as 
the lower traces in Figures 5 and 6, respectively. Figure 
7 shows the complete electrical da t a  bits “10001” at the iu- 
put of a gain-switched LD (upper trace) and the  resulting 

Ch. 1 = 40.00 mVolts/div Offset = -20.50 mVolts 
Ch. 2 = 20.00 mVolts/div Offset = 42.87 mVolts 
Timebase = 1.20 ns/div Delay = 35.6400 ns 

Trigger on External at Pos. Edge at -237.5 nVolts 

Figure 5: Electrical data bit and the optical pulse se- 
quence encoded with Co. 

-3a-u.u n- 4 7  i M 0 - n ~ -  

Ch. 1 = 40.00 mVolts/drv Offset = -19.12 mVolts 
Ch. 2 = 20.00 mVolts/drv Offset = 37.15 =Volts 
TLmebase = 1.20 ns/div Delay = 30.5040 n5 

Trrqqer on External at POS. Edge at -237.5 nVOltS 

Figure 6: Electrical data  bit and the optical pulse se- 
quence encoded with C3. 
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as..-.zmn < ?  =“saOns---------81568O-ns--- 
C h .  1 = 100.0 mVal t s IdAv  O f f s e t  -19.37 m v o l t s  
C h .  2 = 40.00 m v o l t s / d i v  O f f s e t  = 42.62 mVolts  
Trmebase = 5.20 ns/div Delay = 35.5680 ns 

T r r q g e r  on External. a t  P o s .  Edge a t  -237.5 nVolts 

Figure 7: Electrical  bit stream “10001” and the result-  
ing pulse sequences encoded  with Go. 

pulse sequences for Co (lower trace). Although commercially 
available low-cost 2 x 2 optical couplers (with splitting ratios 
of 2.8dB/3.2dB and 2.9dB/3.ldB) are used in the encoders 
and decoders, the  optical pulse sequence of nearly constant 
amplitude is obtained for Co, by using couplers of splitting 
ratio 2.9dB/3.1dB and carefully fusing pigtail fibers between 
two couplers in series. In the experiment, we can control the 
delay-time error of fiber delay lines within 17 ps as measured 
for Co, only by carefully cutting and fusing the pigtail fibers 
of couplers. For the pulse sequence of C,, unequal pulse am- 
plitudes are visible (see the lower trace in Figure 6), because 
optical 2 x 2 couplers with worse ratio (2.8dB/3.2dB) are 
used at this encoder such that the accumulated amplitude 
error is more severe. This also suggests tha t  using a silica- 
based planar lightwave circuit (PLC) should achieve the low 
power loss, uniform splitting ratio, and very precise time 
delay for all-serial encoders/decoders. Because of symmetric 
pulse distribution in each 2n codeword, decoder i is the same 
as encoder i for the  codeword C,, where i = 0 and 3.  

The autocorrelation of CO is measured at the output of 
decoder 0, which has a main peak of 8 (i.e., code weight 8) 
and the highest sidelobe of 7 as shown in Figure 8, because 
Co is of a repetition code. The  cross-correlation of Co with 
C, is shown in Figure 9. There is no  surprise to observe tha t  
the cross-correlation of Cs with Co, shown in Figure 10, is 
the same as that of Co with 6 3 .  These are also confirmed 
by the computed cross-correlations. 

3. Conclusion 

New AO-CDM systems using 64-ps optical pulses and a 2n 
prime code of n = 3 have been reported in this paper. In 
principle, 11 users can be accommodated with da ta  rate up 
t o  129 Mbit/s if we assume tha t  the slot width is equal t o  
64 ps. Since no any optical intensity modulator is required 
at each transmitter and low-cost optical 2 x 2 couplers are 
used a t  the all-serial encoder/decoder, both cost- and power- 
effective AO-CDM systems can be realized. Furthermore, 
the lossless encoder (or decoder) of n = 4 can be imple- 

- - - 
- - 
L s u n n n  m- a a a a - - r n n O n - R s - c  

Ch. 2 = 50.00 m V o l t s / d l v  Oftset = 85 .75  mVol t s  
Tunebase = 2 .00  ns/dAv D e t a y  = 5 0 . 4 0 0 0  ns 

Tr~gger o n  External at POS. Edge a t  -237.5 m o l t s  

Figure 8: The measured  au tocorre la t ion  of C,. 

___ __________ 
__ ___._-I-- I _ _ ”  - - - - 

-ZbMM-ns- 

Ch. 2 = 2 0 . 0 0  mVolts/dlv Offset = 37.37 mVol t s  
Trmebase = 1.50 nsjdiv D e l a b  = 26.0400 ns 

T r i g g e r  on External a t  Pos. Edge a t  -237 .5  n V o l t s  

Figure 9: The measured cross-correlation of Co with 
c3. 

4 9 - - s s u D  7.- -2iLn63a-n- Cf i  =6- 

C h .  2 = 2 0 . 0 0  mVoLts/drv O f f s e t  = 29.12 mVolts 
T u n e b a s e  = 1 . 5 0  ns/drv Delay - 49.5600 ns 

T r i g g e r  on E x t e r n a l ,  at Pos. 3dqe  aE -237.5 n V o l t s  

Figure 10: The measured  cross-correlation of C3 with 
co . 
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mented by using the silica-based PLC integrated with an  
Er-doped silica waveguide amplifier of N 15dB gain [ I l l .  

The  proposed AO-CDM systems use a 2” prime code with 
the cross-correlation constraint A, = 2. To improve their 
BER performance, we can pad P - 1 zeros in each subse- 
quence of codewords in the original 2” prime code to reduce 
the  value of A, from 2 to 1. Therefore, we obtain a new fam- 
ily of 2” codes, called 2” extended prime codes of A, = 1, 
which will be reported in our another paper [la].  
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