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Abstract 

In this papec a novel asynchronous transfer mode 
(ATM) switching fabric using three dimensional optical 
code division multiple access (CDMA) technology is pre- 
sented. The proposed three dimensional codes, tempo- 
raUspatiaUwavelength (TSW) codes, have out-of phase au- 
tocorrelation and cross correlation equal to zero and one, 
respectively. The spectral slicing technology is utilized to 
achieve wavelength encoding and decoding. The results 
show that the switching fabric has no internal blocking and 
the number of inpudoutput ports can reach up to 1369. The 
cell loss without considering the output blocking is smaller 
than lo-’. The total throughput can be as large as  1.1 Tb/s. 

I. Introduction I 

ATM switches are the core components of the ATM net- 
work, which has been emerging as one of the best can- 
didates for integrated broadband communications. Be- 
cause electronic ATM switches are limited by the bottle- 
neck of the electronic processing speed, various photonic 
ATM switches have been proposed [l], [21. Among these 
different designs, the optical time, space, or wavelength 
division multiple access techniques are most widely used. 
The photonic ATM switches based on optical CDMA are 
presented recently [3],[4]. These “broadcast-and-select” 
CDMA switches are asynchronous and efficient, especially 
for bursty traffic in local area networks. 

For a CDMA based ATM switch to support a large num- 
ber of simultaneous access ports, not only the size of the 
code set but also the autocorrelation and cross correlation 
properties are very important. If the optical orthogonal 

‘This work is supported by the National Science Council, R.O.C. under 
the grant NSC 88-2215-E-002-035. 

codes (OOC’s) are used as the spreading sequences, the 
most serious problem is that the number of simultaneous 
access ports is much smaller than that of the available codes 
[5]. Besides, because the data bits are spread only in the 
time domain, the spreading sequences are all very lengthy, 
which makes the chip rate much higher than the bit rate, 
thus increasing the difficulty of realization. Recently, two 
dimensional codes have been proposed to improve the sys- 
tem performance. For example, the design and experi- 
mental results of temporakpatial (T/S) incoherent optical 
CDMA networks have been presented [6]-[8]. In addition 
to having shorter spreading sequences, these TIS codes pos- 
sess other advantages, such as smaller out-of-phase autocor- 
relation and cross correlation, and lower encoding/decoding 
loss. Another kind of two dimensional codes called multi- 
wavelength optical orthogonal codes (MWOOC’s) spreads 
the data bit in both the wavelength and time domains to sup- 
port large numbers of subscribers and simultaneous users in 
fiber-optic CDMA networks [9]. 

In this paper, we present a new family of three dimen- 
sional codes, which is named the TSW codes because the 
data bits are spread in temporal, spatial, and wavelength do- 
mains. In addition to large code sets, the out-of-phase auto- 
correlation and cross correlation of the proposed codes are 
equal to zero and one, respectively. Using the TSW codes, 
we propose a photonic ATM switching fabric in which the 
spectral slicing technology and the arrayed waveguide grat- 
ing (AWG) are utilized to achieve wavelength encoding and 
decoding [lo]. Because there are no optical splitters or 
combiners in the proposed architecture, the corresponding 
splitting or combining loss can be eliminated compared to 
one or two dimensional codes. Compared with OOC’s and 
T/S AML codes, the TSW codes can afford shorter temporal 
length under the same number of simultaneous access ports 
and bit error probability [8]. Because the TSW codes split 
the system complexities evenly in three dimensions, the bot- 
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tleneck of very high chip rate can be relieved, thereby mak- 
ing the system more viable. When the system parameters 
are properly set, the number of simultaneous access ports 
of the switching fabric can be the same as the number of 
available codes with cell loss probability smaller than lo-*. 

The remainder of this paper is organized as follows. In 
Section 11, the TSW codes are presented. The ATM switch- 
ing fabric is described in Section 111. The system perfor- 
mance analysis is given in Section IV. Section V presents 
the numerical results and comparisons with other systems. 
Some discussions are also given in this section. Finally, 
Section VI concludes this paper. 

2. Design of TSW codes 

The TSW codes can be characterized by 
NA(L, R, C,p ,  W, A,, A,), where NA is the number 
of available codes, L is the temporal length, R is the 
number of spatial channels, C is the number of wavelength 
channels, p is the number of pulses per spatial channel, 
W is the weight of the codes, A, is the out-of-phase auto- 
correlation peak, and A, is the cross-correlation peak. In 
our switching fabric, which will be shown in the following 
section, C is equal to R. To restrict A, = 1, p must be 1 .  
Therefore, we have W = C = R. 

A TSW code can be represented by an R x L matrix. The 
yth code in the zth group can be expressed by the matrix 
Ax,Y, where 

A X t Y  

and 

[(i + y - 2) mod R] + 1, 

0, otherwise 
i f j  = [(x - l)( i  - 1) mod L] + 1 

(2) 
wherez , j  E {1,2 , . . . ,L}andy, i  E {1,2, . . . ,R}. If 
a:,$’ = 0, there is no optical pulse transmitted in the jth 
time slot of the ith spatial channel. If a:,; = n, n E 
{ 1,2, . - . , R}, there is an optical pulse of the nth wave- 
length channel transmitted in the j th time slot of the ith 
spatial channel. For example, if R = 3, the codes have 
three spatial and wavelength channels. When L = 5, the 
temporal length of the code is five. According to (1) and 
(2), the code A492 can be expressed by the following 3 x 5 

ax?’ = w 

t Wavelength domain 

ral domain 

JSpatial domain 

Figure 1. The three dimensional representa- 
tion of the code A412. 

matrix. 

A4y2 = 0 0 0 3 0 [: 1 :: : :I (3) 

The three dimensional representation of the code A4>2 is 
also shown in Fig. 1 ,  where pulses are at (1, 1,2), (2,4, 3), 
and (3,2,  1) in the coordinates (Space, Time, Wavelength). 

The autocorrelation for a TSW code Ax>y is defined as 
follows. 

R L  

‘X,Y(’) = 6(a7Jy, mod L )  . u(a:Jy) (4) 
i=l j = 1  

where 
i f m = n  

6(m’n) = { i: otherwise 

and 
i f m L 1  

= { i: otherwise 

CX,,(l) satisfies 

(7) 

The cross correlation for two TSW codes AxTY and Ax’$y’ is 
defined as follows. 

if 1 mod L = 0 
CX,Y(U = { w, 5 A,, otherwise 

R L  

c X , Y , x ~ , Y ~  ( 1 )  = ~(a : : ,  a:;;Y;,) mod L >  . u(a:>y) 
i=l j = 1  

And Cx,y,x~ , Y ~  ( 1 )  satisfies 
(8) 

(9) 

To have the maximal number of codes under the condition 
that A, = 0 and A, = 1, L must be a prime number, and 

Cx,y,x~,y~(l)  5 A,, if 0 5 1 5 L - 1 
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R 5 L [SI. In this paper, we consider only the codes which 
satisfy the above conditions. From (1) and (2), the number 
of available codes, NA,  satisfies the following equation. 

N A  = R . L. (10) 

A I  

A2 

A, 
A4 

3. ATM switching fabric 

A2 A3 1 4  

A3 A4 A I  

A4 A I  A2 

A ,  1 2  A 3  

The proposed ATM switching fabric as shown in Fig. 
2 consists input port modules, NA x L couplers, and out- 
put port modules. Each input port module is composed of 
a broadband light source, an external modulator [ 111, an 
1 x R space switch, an R x R AWG, and a set of R tunable 
optical delay lines. The broadband light source, which may 
be shared among more than one modules, can be a super- 
luminescent diode, a spectrally uniform broadband ampli- 
fied spontaneous emission (ASE) source, or various erbium- 
doped fiber amplifier ASE based sources [ 101. No optical 
pulses are sent if the transmitted bit is 0. Therefore, the ex- 
ternal modulator turns on for one chip time, T,, only when 
the transmitted bit is 1. Here one chip time is equivalent to 
one time slot in the above section. The 1 x R space switch 
is used to switch the broadband optical pulse to one of the 
R input ports of the R x R AWG. The wavelength channel 
which routes from the ith input port to the j th output port of 
the AWG is [(i+j - 2) mod RI + 1. For example, the wave- 
length assignment table of the 4x4 AWG is shown in Fig. 3. 
If the optical pulses made up of AI, Az, AB, and A4 are input 
at the second port of the 4 x 4 AWG, they will get out from 
the fourth, first, second, and third output ports, respectively. 
Finally, the R tunable optical delay lines introduce unequal 
delays to the output pulses from the AWG. The input port 
modules are connected by R NA x L star couplers as shown 
in Fig. 2. Because it is a tunable-transmittedfixed-receiver 
system, the optical delay lines and the R x R AWG can be 
shared among R different receivers. The optical delay lines 
are fixed. The R output ports of the AWG are connected 
to optical hardlimiters. The relation between the input op- 
tical power, z, and the output optical power of the optical 
hardlimiter, g(z),  is defined as follows. 

where P, is the unit optical power. Then the avalanche 
photodiode (APD) converts the optical power into electri- 
cal current and the followed OOK decoder makes the deci- 
sion over the last chip time of the code to obtain the desired 
signal. 

In the proposed ATM switching fabric, the only ele- 
ment operating at the chip rate is the external modulator. 
A millimeter-wave Ti : LiNbOs optical modulator operat- 
ing at 40 Gb/s has been proposed [ 113. The 1 x R space 
switches and the tunable optical delay lines need not to be 
tuned until an ATM cell is completely transmitted. 

Figure 2. The block diagrams of the TSW 
codes encoders, decoders, and the fiber- 
optic CDMA network fabric. 

1 

g 2  

C 2 3  
c 

- 4  

Figure 3. The wavelength assignment table of 
the 4 x 4 AWG. 

4. System Performances Analysis 

In this section, the bit error probability (BEP) of the pro- 
posed switching fabric is analyzed. It is assumed that each 
port is assigned a unique TSW code. Then the BEP condi- 
tional on N simultaneous access ports can be written as 

Pe = Pr{bit errorlN = n )  = Pr{Ip > 8(N = n, b = 0 )  
.Pr{b = 0 )  + Pr{Ip < 0lN = n,b = 1). Pr{b = 1) 

(12) 
where Ip is the average output current of the APD over the 
last chip time of the code, 0 is the threshold level of the 
OOK decoder, and b is the desired received bit. The condi- 
tional distribution function of Ip  when N = n and b = 0 
can be written as 

Pr{Ip = i p ( N  = n, b = 0) = 1 e - ( i p - ~ i P , 0 ) 2 / 2 0 ~ p . o  

(13) 

PiP,o  = MRAPin,o (14) 

J% 
where the mean pip ,O can be expressed as 
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Figure 4. Temporal length comparisons 
among three types of fiber-optic CDMA 
codes. 

M is the average APD gain, RA is the responsivity of the 
APD, and Pin,o is the average received optical power over 
the last chip time of the code when b =O. And 

o?p,o = ~ ( ~ B T / R L ) F ~ A ~  -?- 2 q M 2 F ~ ( R ~ P i n , o  -I- 1d)A.f 
(15) 

where kg  is Boltzmann's constant, T is the absolute tem- 
perature, RL is the load resistance, F, is the noise figure of 
the preamplifier, A f is the effective noise bandwidth, q is 
an electron charge, FA is the excess noise factor of the APD 
and is given by 

where k A  is the APD effective ionization ratio, and I d  is the 
dark current. 

Because there is an optical hardlimiter before the APD, 
Pi,,o has only two possible values, 0 and RP,. The proba- 
bility of Pin,o equal to zero is given by 

m i n { R - 1 , N - 1 )  m i n { N - 1 , L - I }  

P?-{Pi,,O = 0) = c 
m=O i=max{m,L+N-LR-1)  

where the function max{cy, p}  and min{a, p}  are the max- 
imum and minimum of a and p, respectively. And 

The conditional distribution function of Ip when N = n 

t 
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Figure 5. The number of access ports and 
system utilization versus R. 

and b = 1 is expressed as 

P r { l ,  = i,(N = n , b  = 1) = 1 e - ( i p - p i P . l  , I  

J- 
(19) 

where the mean p i p  , 1  and the variance o:p , 1  are the same as 
the expressions in (14) and (15) except that Pin,o is changed 
to Pin,l. Pin,l, whose value is RP,, is the average received 
optical power over the last chip time of the code when b = I .  
The threshold level, 0, is set to a suboptimum value as [ 121 

5. Numerical results and discussions 

In this example, some system parameters are given as 
follows: RL = 10000, F, = 3dB, T = 300K, Af = 
lOGHz, M = 100, RA = 0.8A/W, k A  = 0.02, R .  Pu = 
8 x 10-7W. Fig. 4 shows the temporal lengths of the pro- 
posed TSW code, OOC's, and TIS AML codes, where w's 
are the weights of the corresponding codes [ 5 ] , [ 8 ] .  Given 
the same number of simultaneous access ports and bit er- 
ror probability, the temporal length of the TSW codes is 
much shorter than those of TIS AML codes and the OOC's. 
The trade-off is quite clear: the more dimensions we use, 
the shorter temporal length of the code is. Using the TSW 
codes, however, splits the system complexities evenly in 
three dimensions, so the system constraints can be relaxed. 
In Fig. 5 ,  under the condition that the value of L is fixed 
at 37, the number of available codes, NA,  increases linearly 
with R. The number of simultaneous access ports grows 
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Figure 6. The relation between cell loss prob- 
ability and the number of acmss ports. 

faster when R gets larger. Another figure of merit, system 
utilization, is defined as follows. 

It is seen that the system utilization increases with R. When 
R 2 34, U, equals to unity, which is because that the max- 
imum number of interference users, L - 1, and the weight 
of code, R, are almost equal. Therefore, we come to the 
conclusion that the value of R should be as close to L as 
possible to have the best performance. 

The cell loss probability, Pel, is defined as Pcl = 1 - 
(1 - Pe)Bc, where B, is the number of bits per cell and is 
424 for an ATM cell. The relation between Pel and N for 
various R is shown in Fig. 6. The larger R is, the better 
the performance is. When R = L = 37, PCl is smaller than 

with N = 1369. Fig. 7 shows the switching speed per 
port, Rb, and total throughput, Th. Because the temporal 
length of the code is L, the chip rate, Rc, is defined as LRb. 
With constant Rc, we see that Th grows with L while Rb 
decreases with L. The power budget of the proposed archi- 
tecture is also investigated. The various link parameters are 
given in Table 1. The system margin, Ms, is calculated as 
follows. 

If we have Re P, = 8 x 10-7W, and N~=1369,  the value 
of M s  is 5.6 dB. 

Figure 7. The relations among the total 
throughput, switching speed per port, and L. 

6. Conclusion 

In this paper, the construction of a new family of three di- 
mensional codes, TSW codes, and the corresponding ATM 
switching fabric are presented. The TSW codes have the au- 
tocorrelation sidelobe and cross correlation peaks equal to 
zero and one, respectively. We utilize the spectrum slicing 
technology and the AWG in the system, which has the ad- 
vantages, such as no combining or splitting loss and the rel- 
atively small temperature dependence of the passband posi- 
tion. Based on the analysis and numerical results, we know 
that the TSW codes have superior performance compared 
with one or two dimensional codes. If the system param- 
eters are set properly, the number of simultaneous access 
ports can be the same as the number of available codes with 
cell loss probability smaller than and total throughput 
as large as 1.1 Tb/s. 
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