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Optical Code-Division-Multiplexed Systems Based
on Spectral Encoding of Noncoherent Sources

M. Kavehrad, Fellow, IEEE, and D. Zaccarin

Abstract—In this paper, we present a new category of optical
CDMA systems which work based on spectral encoding. In such
systems, that we will refer to as Frequency-Encoded CDMA (FE-
CDMA) systems, the coding is done in the frequency domain
while in the usual CDMA systems the code multiplies the mod-
ulation signal in the time domain. We present a new type of
FE-CDMA system, based on encoding noncoherent broadband
sources. We discuss the advantages of our system compared to
other optical CDMA systems and present its performance. We
show that very efficient, low-cost, CDMA systems can be obtained
with an aggregate throughput of many gigabits per second. Also,
for this system, the spreading gain of CDMA is independent of
the modulation bandwidth. Hence, the system can accommodate
variable bit rates, naturally.

I. INTRODUCTION

N MOST REPORTS in the literature, CDMA systems

design is based on encoding the information signal in the
time domain by a pseudorandom sequence. Efficient systems
for use in Local Area Network (LAN) environments can be
obtained. However, no matter how the system is designed, it
will always suffer from a basic limitation. As the number of
simultaneous active users is increased, the code length has to
be increased in order to maintain the same performance. To
do so, without sacrifying the bit rate, one is constrained to
use shorter and shorter pulses. When coherent, the required
optical sources are likely to be mode-locked lasers producing
transform limited pulses, rendering the system expensive and
possibly not competitive when compared with those using
other access schemes. If an incoherent CDMA system is
considered, it might be difficult, at some point, to find lasers for
which the coherence time is much shorter than the chip period,
a necessary condition for these systems to behave as expected.
We should also note that as the pulses used become very short,
the chip duration becomes incompatible with the bandwidth of
the photodetector, and that optical nonlinear elements, such as
AND gates have to be used as in TDMA systems, increasing
the cost and the complexity of the system.

It is therefore necessary to find other types of optical CDMA
systems, for which increasing the multiple access capacity,
i.e. the code length, will not necessarily mean using shorter
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pulses or lower bit rates. One possibility is to use different
“dimensions” for the code and for the information. In [1],
Weiner et al., proposed coding mode-locked pulses in the
frequency domain. The information is transmitted using ASK
in the time domain. However, the coding in the frequency
domain will affect the pulse in the time domain, placing more
constraints on the bit rate. Moreover, short pulses are still
required and mode-locked lasers have to be used, making the
system expensive.

Inspired by their design, we propose an original solution
based on encoding in the frequency domain noncoherent opti-
cal sources such as edge-emitting LED’s (EE-LED) or Super
luminescent diodes (SLD). Our system has the advantage of
being simple, inexpensive and has a spreading gain totally
independent of the bit rate. Part of the following work has
been published in [2] and [3]. In the next section, we first
present how in practice encoding optical sources can be done
in the frequency domain. The encoder is a well-known double-
grating apparatus and is common to both our system and the
system developed in [1]. In Section III, we focus on FE-
CDMA systems that employ noncoherent sources. In Section
IV, we present some examples of codes that are suitable for
this application. In Section V, we describe the transceiver
design. In Section VI, we look at some practical issues in
implementation and applications of such a system. In Section
VII, we evaluate the performance of our proposed method.
In Section VIII, we examine the possibility of using this
technique for ATM switching. In Section IX, we discuss our
results, and in Section X, we conclude the paper.

II. FREQUENCY ENCODING OF OPTICAL SOURCES

A well-known frequency-encoder for optical sources is
shown in Fig. 1. It consists of a pair of diffraction gratings
placed at the focal planes of a unit magnification, confocal
lens pair. This apparatus has been used with high-efficiency
by many research teams for temporal shaping of short pulses,
for example see [4]-[5]. The first grating spatially decomposes
the spectral components present in the incoming optical signal
with a certain resolution. A spatially patterned mask is inserted
midway between the lenses at the point where the optical
spectral components experience maximal spatial separation.
After the mask, the spectral components are re-assembled by
the second lens and second grating into a single optical beam.
The mask can modify the frequency components in phase
and/or in amplitude, depending on the coherence property of
the incident optical source. The number of frequency bands
that can be resolved by the encoder will dictate the code length,
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Fig. 1. Frequency encoder for optical sources.

and therefore the number of subscribers in the system. It can
be shown [4] that this number is given approximately by
oA ww

N= 05)\d cos (6,.) M
where X is the center wavelength of the optical source, 6\ is
the spectral width being encoded, w is the input beam radius,
d is the grating period and 6, is the diffracted angle of the
central wavelength. For A = 50 nm, A = 1.55 ym, w = 3
mm, 1/d = 1200 lines/mm grating and 6, = 68° (for Littrow
configuration), we compute N = 490 subscribers. Such a
spectral width is easily obtained when using noncoherent
optical sources such as LED’s or superluminescent diode
lasers. When using coherent optical sources, it requires a pulse
duration of approximately 0.1 ps (100 fs), at that wavelength.

. FE-CDMA SYSTEMS WITH TEMPORALLY
,  INCOHERENT SOURCES

Since FE-CDMA systems are based on encoding the spec-
trum of optical sources, natural alternatives to mode-locked
lasers are noncoherent sources such as multimode lasers or
LED’s. For these sources, the large frequency bandwidth
is caused by photons being produced with different energy,
and is independent of the modulating signal. It is then clear
that filtering the spectrum of these sources will not affect
the temporal shape of the miodulating signal!. Therefore, the
multiple-access capacity cannot.be. based on the differences
of intensity levels between the doded and the uncoded waves.
New coding strategies -have to be found.

Polychromatic spatially coherent or noncoherent sources
have found many applications in the past in different areas
such as spectrography, holography [7], optical processing [8]
and image transmission [9]-[10]. In transform applications,
spatial incoherence allows to avoid coherent noise while the
large spectrum is divided into many “wavelength channels” to
achieve parallel capacity. Much effort is still being spent by the
researchers to achieve achromatic transforms using broadband
sources.

In communications applications however, broadband
sources such as LED’s were until recently, considered as being

!n fact the signal in the time domain will be only slightly modified [6].

N\ To Network
/

undesirable, laser diodes being the right choice. Mainly three
reasons explain this: 1) Lasers couple more light into SMF, 2)
they allow a wide variety of modulation types such as DPSK
or FSK and 3) they can be modulated at higher bit rates. ‘A
number of recent experiments however have demonstrated
that light-emitting diodes can be used instead of diode
lasers to satisfy many short to medium distance single-mode
or multimode system requirements. When compared with
diode lasers, LED’s offer the advantage of higher reliability,
reduced temperature sensitivity, less complicated drive circuit
requirements, immunity to optical feedback, and lower cost
due to high yields in packaging technology. The cost factor is
very important in bringing the optical fiber with transmission
capacity of up to 600 Mbt/s to customers in the Subscriber
Loop applications [11]. To answer this, extensive research
efforts are made to develop “new” types of LED’s such
as Edge-Emitting LED’s (EE-LED) and Superluminescent
Diodes (SLD). These LED’s are very strong competitors to
diode lasers since they can couple high power levels into
SMF. As examples, SLD’s with average output power of —5
dBm at 1480 nm have been reported [12]. EE-LED’s coupling
—6 dBm into SMF are available. Such high coupling power
is made possible by the fact that the output emission profile
is a narrow beam, very similar to that of the lasers. Their
modulation bandwidth is also very large compared to Surface-
Emitting LED'(SE-LED). The amplified spontaneous emission
noise (ASE) emitted by erbium-doped fiber amplifiers, usually
called broadband Superluminescent Fiber Source [13}, is also
a good candidate for FE-CDMA systems. Recent experiments
show that the ASE can be used as a broadband (more than
30 nm) source with a total output power of 5 mW (+7 dBm).
The spectral density of the source has less than 5 dB variation
over the 30 nm bandwidth. The coherence length is 210 pm.
Recent experiments with EE-LED over 10 km and 20 km of
SMF have been conducted at bit rates of 1.2 Gbt/s and 600
Mbt/s [11]. The FWHM of these devices is from 50 nm to
~120 nm so that for CDMA apphcatlons thé bahdwidth to
be encoded is also very large.

All these factors make us believe that EE-LED and SLD
could play an important role in future LAN applications.
In the next section, we show how LED’s could outperform
laser diodes in LAN applications using CDMA. This is ac-
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complished by using the dimensionality of wavelength. Since
the system configuration depends on the codes used, we first
describe suitable codes for amplitude coding of LED’s.

IV. CODES FOR INCOHERENT FE-CDMA SYSTEMS

Since LED’s are temporally incoherent sources, they can not
in general retain phase information and the weighting function
W (f) used to code the spectrum is constrained to be a unipolar
real function. Since the masks used are passive devices we
must have W(f) < 1, and it is immediately apparent that
some power loss will occur. Note that, although we consider
complete asynchronism between the users, only the periodic
correlation parameters are of interest, since the frequency slots
of the different users will always be aligned.

Let (X) = (x0,%X1,.--,Xn-1) and (Y) = (Yo, ¥1,---,
¥n-1) be two (0, 1) sequences. The periodic crosscorrelation
is

N-1
Oxy(k) = Y Titiitk- )

=0

Define the complement of sequence (X) by (X) whose
elements are obtained from (X)) by Z; = 1 — z;. The periodic
crosscorrelation sequence between (X) and (Y) is similarly

N-1
Oxy (k) =Y Zitisx. 3
i=0

We look for sequences for which

Oxv (k) = Oxy (k) @

A receiver that computes 6xy (k) — g (k) will reject the
interference coming from user having sequence (Y). We first
list some sequences that achieve this, and then explain how
Oxy (k) — 6y (k) can be computed optically.

A. M-Sequences

A unipolar M-sequence of length N is obtained from the
bipolar version by replacing each binary 1 by a 0 and each —1
by a 1. Consider the sequence (Y) as being (T*X) = (X)k
where T is the operator that shifts vectors cyclically to the
left by one place, that is (T'X) = (z1,%2,...,ZN—1,%0). In
that case

N-1
Oxy (k)= ziisx ®)
~

which results in 8xy(0) = N—;'i for k=0 and to Oxy (k) =
Nt for k = 1 to N — 1. The sum i + k is taken modulo
N. These results come from the shift-and-add property of
M-sequences which says that the modulo-2 sum of an M-
sequence and any cycle phase shift of the same M-sequence
is another phase of the same sequence. In other words, half
the 1’s in (X)* coincide with the 1’s of (X) while the other
half coincide with the 0’s, where (X) is the k cycle shift of
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(X). A receiver that computes

N-1 N-1
Z=0xy(k) —Ogy(k) = Y zizirs — 3 (1= 2)Titk,
=0 =0

=20xy (k) — Oxy(0)
=2x(N+1)/4— (N +1)/2
=0 ®
will reject the signal coming from the interfering user having
sequence (X)*. This is true for any k, and by assigning the
N cycle shifts of a single M-sequence to N subscribers, we
have a network that can support N simultaneous users without
any interference. Complete orthogonality between the users is
achievable theoretically.

B. Hadamard Codes

A Hadamard Code is obtained by selecting as codes the
rows of a Hadamard matrix. It is well known that an (N x N)
Hadamard matrix of 1’s and 0’s has the property that any row
differs from any other row in exactly N/2 positions. All rows
except one contains N/2 zeros and N/2 ones. As an example,
for N = 4

1111 0000
1010 {0101
Mi=17 1 9 0] Me=]0 01 1
1001 0110

Taking (X) as being row ¢ and (Y) as being row j with
i # 7, it is easy to verify that

Oxy(i,5) = Oy (%,J) )

where X is from M,, therefore satisfying (4). In particular,
we note that Hadamard codes allow orthogonal signaling in
place of ASK. This is possible because for Hadamard codes
we also have that

@X?(Zvj) = 9}2?(%])
This is simply not true for M-sequences. This allows gaining
back a 3-dB loss inherent to the previously designed system.
Finally, note that for an N x N Hadamard matrix, N — 1 sub-

scribers can be accommodated since the codeword containing
all 1’s has to be rejected.

C. Bipolar Codes

Any complex number can be represented as a combi-
nation of real, unipolar components. For practical reasons
when designing the masks, we limit ourselves to (—1,1)
codes. We recall that, one can represent a bipolar sequence
(Y) = (¥o,¥1,---,yN-1) by its unipolar version (Y") =
(y(‘)‘,yila e aygN—l)‘ We note that

yu =1 yi=1
=0 y=-1
u t))
y2i+1=0 yi=1
=1 yi=-1
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Fig. 2. Block diagram of a noncoherent FE-CDMA system.

Therefore, the condition Z = Oxuyu(k) — Oguyu(k) =0
is equivalent to
2N-1 ] 2N-1

ooty - Y g
=0

=0
= I,'+1 i+1 = 1_1'i 1- A
=2[§( +1) (4 ),+§( 2 (1 ~3)

2N-1
- Z g
=0
N-1
= Z z;y; = Oxvy(0) = 0. &)

=0

zZ =2

which is the usual bipolar crosscorrelation function. Therefore,
all orthogonal (fxy(0) = 0) bipolar (—1,1) codes will
satisfy (4) and can be applied to our system. For a unipolar
sequence of length 2N, only N subscribers however can be
accommodated. This introduces no problem when the number
of resolvable frequency slots is large enough. Namely, we look
at sequences for which (Y) = (X)*
N-1
Ox(k) =Y zimiyx =0 forallk#0
=0

These sequences are termed Perfect Autocorrelation Sequences
(PAS). However, it has been proven that no ‘solution exists
for 4 < N < 12100. Almost (PAS) which have all out-
of-phase autocorrelation values equal to 0 except 1 were
recently proposed [14] and could be used for our system. For
a bipolar sequence of length N, 2N frequency slots would be
necessary and N —1 subscribers could be supported. Note that,
for all unipolar sequences obtained from bipolar sequences,
orthogonal signaling can be used. We have mentioned these
sequences for completeness. In the following however, we will
consider only m-sequences and Hadamard codes since they
utilize the source spectrum more efficiently.

V. TRANSMITTER AND RECEIVER DESCRIPTION

Consider Fig. 2 which shows the transmitter and the re-
ceiver needed for a pair of communicating users. At the
transmitter, the data directly modulates the optical source,
which is then directed to the temporally nondispersive lens and
grating apparatus presented before, for the spectral encoding
operation. At the receiver, the following needs be realized:
Oxy (k) — 0%y (k). This can easily be done by using 2
photodetectors, one to receive . z;Z;+ and the other to
receive Y (1 — x;)T;4+, and substracting their outputs. One
way of doing this, although probably not the most efficient,
is to split the incoming signal in two parts, each one going
through a separate lens and grating apparatus. Two masks that
transmit complementary frequency bands are then needed. The
notation A(w) in Fig. 2 simply means that the mask pattern
in that branch is the opposite of the one used for A(w).
Another way which uses only one encoding apparatus, is to
replace the spherical lenses by cylindrical lenses and to use
a two-dimensional mask, where one dimension is still used
for the frequency while the other is used to place the two
complementary amplitude patterns. Of course, in.a CDMA
application, it is necessary that each user can communicate
with every other user. Although the two masks at the receiver
can be fixed, the one at the transmitter needs be programmable.
This can be done, as already experimentally demonstrated, us-
ing Spatial-Light-Modulators based on Liquid-Crystal-Display
(LCD) technology.

Note that, the desired signal is received only by photodetec-
tor 1, so that a 3 dB loss due to the coupler is inherent to the
detector when using m-sequences. One way to efficiently use
the balanced receiver for the transmitted data would be to use
orthogonal signalling. When transmiting a “0”, the spectrum
is encoded by A(w), while to transmit a “1”, the spectrum
is encoded by A(w). However, as we will discuss later, this
would require at the transmitter, programmable masks with a
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response time shorter than a bit period. For Ry in the Mbt/s
range, this is still challenging with current technology.

Looking at the architecture of the proposed system, we see
that it requires only low-cost broadband incoherent sources
(compared to mode-locked sources) and simple direct de-
tection receivers (no optical threshold element is needed).
Furthermore, the spreading gain is independent of the bit
rate since the coding in the frequency domain will not affect
the signal in the time domain, significantly. This is a major
advantage for a network that supports different kinds of
services at different bit rates. The bandwidth of the receiver
and the associated electronics need only match the bandwidth
of the information signal, and not the chip rate.

VI. PRACTICAL CONSIDERATIONS

In this section, we address some practical concerns on the
implementation and application of the proposed FE-CDMA
system.

A. Spectral Shape of the Optical Sources

In the above discussion, it was implicitly assumed that all
the 1’s in the sequence will appear as 1°s at the photodetector.
However, the spectrum of a LED is not flat. It might exhibit
for example a Gaussian shape, meaning that some 1’s will
be seen as different values depending on the position they
take along the spectrum. The comsequence of that will be
a loss of perfect orthogonality among the users. There are
basically three ways to counter this effect. The first is to
use programmable Spatial Light Modulators (SLM), such as
liquid crystal devices, in order to obtain nonbinary amplitude
transmissions. Alternatively, one can assign different lengths
of frequency bands depending on the chips positions in the
codes, so that the power transmitted in each band will be
the same. This however increases the complexity of mask
fabrication. The second one is to equalize the LED spectrum,
up to some degree, by using Acousto-Optical Tunable Filters,
in the same way they have been used in optical systems
with optical amplifiers [15]. Finally, one can simply reduce
the length of the total frequency band that is encoded to
be in the center of spectrum, which is flatter. In this paper,
we concentrate on this solution. To see the effect of the
spectral shape of the source, we have calculated the Signal-to-
Interference Ratio (SIR) for different possibilities. We assume
the code used is an M-sequence of length N = 127, a different
cycle-shift of the same sequence is assigned to each subscriber.
The SIR can be written as

(Zi =i 2)

K N-1 N—
k=1 (Zi:() TiTitk 2 — 2;‘:01

2
SIR =

2
1- .'L‘i):L‘i+k Z,)
(10)

where 2; depends on the spectral shape of the source. We
consider three cases:
1) Gaussian shape

Zi =

1 (-B/2a+(i+1)B/Na)
E /( e 1127 (1)

(2mo? —B/2a+iB/Na)

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 13, NO. 3, MARCH 1995

where B is the 3-dB bandwidth of the source (B =
2.3540), « is a design parameter related to the encoded
bandwidth and « = 1 when we encode the 3-dB
bandwidth of the source. As « is increased the encoded
bandwidth is reduced and the code looks more binary at
the receiver.

2) Cosinusoidal shape

B/2 X T f
X+——cos( >df
~B/2 Am B

AR (12)
where X represents the mean spectral height.

This shape is chosen to see the effect of ripples of different
amplitudes Am and different period 7', on the SIR. It might
correspond also to an unperfectly equalized spectrum.

3) Sinusoidal shape

B/2 X 2rTf
X+ —Sin( )df.
—B/2 Am B

z; = 13)

In this case, the spectrum is assymmetric around the carrier
frequency, and as it will be seen, the SIR is different from the
cosinusoidal shape.

The results are shown on Fig. 3 and Fig. 4. On Fig. 3, the
SIR (in dB) is plotted as a function of the number of active
users for the three spectral shapes considered. Remember that
for a perfectly flat spectrum the SIR would be infinite. The
first observation is that the cosinusoidal and Gaussian spectra
lead approximately to the same SIR, when Am = 4, although
they are very different shapes. The sinusoidal shape leads to
a worse performance which might be an indication that an
asymmetry around the carrier frequency is detrimental. As the
period T of the cosinusoidal or sinusoidal shapes is changed
from T' = 1 to T =9, the effect on the SIR is minor. However,
as the amplitudes of the ripples is reduced, the SIR increases
by more than 5 dB, for 40 users and a cosinusoidal shape. Note
that, the value Am = 2 corresponds to a very badly equalized
spectrum since the amplitude of the ripples is the same as the
mean value X. On Fig. 4, the SIR is plotted as a function of a,
for 20, 60 and 100 active users, and for a Gaussian spectrum.
As expected, increasing « leads to a higher SIR since the
spectrum looks flatter. However, the power received would be
smaller, since the encoded spectrum is reduced. This effect is
not seen here, but will be observed in the next section when
we calculate the bit error probability.

B. Programmable Amplitude Masks

In a CDMA network, it will usually be required that
each user should be able to communicate with all other
subscribers. In the context of a FE-CDMA system this implies
that the mask used to code the spectrum of the source at
the transmitter should be programmable. Alternatively, the
masks at the receiver could be made programmable. However,
it is more convenient to make the mask at the transmitter
programmable since there is only one mask, compared to
two at the receiver. Programmable Spatial Light Modulators
(SLM), electrically addressed or optically addressed, are useful
in many applications in optics so that they have been available
for a long time. Probably the most commonly used type of
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Fig. 3. SIR versus number of active users for different spectral shapes.

electrically addressed SLM is the Liquid Crystal Television
(LCTV) panel, as it offers simplicity and a low-cost. However,
recent applications such as pulse shaping by spectral phase
modulation [16] and by spectral amplitude modulation [17]
require lower losses and higher speeds, so they lead to the
development of specially designed liquid crystal modulator
array. One can find a summary of the state-of-the-art for
smart-pixels, SLM based on liquid crystal technology in [18].

In our application, as well as in the case of coherent FE-
CDMA, the main SLM parameters of interest are its speed and
its optical contrast ratio, defined as the ratio of output optical
power for a pixel being in the ON state to that of a pixel in
the OFF state. For current commercially available devices, this
ratio is usually larger than 100.

Qualitatively, a finite contrast ratio will reduce the desired
signal power at the receiver since the power of the OFF pixels
at the transmitter will flow through the lower branch of the
receiver. In the upper branch nothing is changed, since the
masks used at the receiver are fixed plates (transparencies or
others), having an infinite contrast ratio.

For an interfering signal, the effect will be minimal if
approximately half of the power in the OFF pixels of the
interfering code goes through the upper branch and half goes
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Fig. 4. Effect of the encoded bandwidth on the SIR for a gaussian spectral
shape.

through the lower branch. This will be indeed the case when
using Hadamard codes, but not quite when using M-sequences
(the number of 0’s is odd in this case). If the spectrum is flat,
it is easy to see that a finite contrast ratio would have little
effect on the multiple-access capacity of the system. In the
next section, we will show the quantitative effects when one
is using an M-sequence of periode N = 127, and for a low
contrast ratio value of 10.

The other major concern is the switching time required for
a pixel to go from one state to another. One future application
of the FE-CDMA system designed in the paper is its use
as a routing technique for ultra fast Asynchronous Transfer
Mode (ATM) switches. We will discuss this application in
Section VIII. For an ATM switch, a packet has a fixed length
of 53 bytes and is called a cell. Assuming a bit rate of 500
Mbt/s, a cell is transmitted in 0.85 us, so that the time to
program a new address on the SLM should be a fraction
of that value. For present SLM’s, this is still challenging,
although rapid progress is being made [19]-[20]. However,
one should remember that SLM’s are two-dimensional devices,
having usually between 200 and 300 rows, most of them being
independently programmable. Encoding the spectrum requires
only one row. A possible solution to the speed limit, for a
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switch application, could be to program the other unused rows
in advance, by reading the address of the packets waiting in
the queue. An LED array whose elements are associated with
different rows of the SLM could be used, as done in the context
of a free-space optical interconnect.

C. Dispersion

It is interesting to note that in the context of LAN’s or
switches, the orthogonality of the codes tolerates dispersion.
That is, locally, as long as the optical source spectrum is
flat, the codes will remain orthogonal. Suppose one is to use
such a technique over a wide area network as a mean of
multiplexing. It is clear that in any LED system, dispersion
will limit the system length (10 s of kilometers at most) due
to intersymbol interference of adjacent data bits. However, the
resulting degradation would not be more severe than that due
to a nonflat spectrum. We have already demonstrated that even
with a nonflat spectrum, a substantial number of active users
can be supported. Therefore overall, this multi-access method
offers a good deal of tolerance to dispersion, even over longer
distances.

VII. PERFORMANCE EVALUATION

In this Section, we will evaluate the bit error probability
taking into account the Multi-Access Interference (MAI), the
shot noise and the thermal noise. Since for EE-LED’s or SLD’s
the transmitted power can be limited, we will not just plot the
Bit Error Rate (BER) floors. We will rather seek the number
of required photons/bit for a given value of P,, as a function
of the number of active users.

As in our work in [21], the entire system is linear in power,
and the Moment Generating Function (MGF) can be easily
found. We will therefore use the saddle point approximation to
calculate the average probability of error. However, as it will
be shown, the Gaussian approximation gives results almost
identical (it gives a tight upper bound) to those observed by
using the saddlepoint technique. The Gaussian approximation
is used for most of the presented results. The results will be
presented assuming the spectral shape is Gaussian. Following
the expressions in [21], the MGF of the decision variable 2
is simply

M, (s) = [ MF(s)eX" "=V /2, (14)
k

For our calculations, we choose 7° = 293, R = 100 and
1/T = 500 Mbt/s. The MGF for one interfering signal is
easily expressed as

Mk (6) Z / (cl+c21-)(e -1) (c3+c4-r)(e_5—1) dr

Ik Ik
(15)
where
cl = M IkET
2 = A} - Iy]
3 = Ak IkT

ot = MSIIE - I
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We will consider only Amplitude Shift Keying (ASK) modula-
tion and therefore bo, IF, I¥ € {0,1}. The delay 7 is uniform
over the bit period. The factors A% and )} are the mean
intensities received on the positively and negatively biased
photodetectors respectively, for the interfering user k. Their
expressions, and the expression for A\° are

’“ nPT E TiTigkZi (16)
=0
PT
M=t Z(l QEMER a7
1—0
A= "PT Z 2% (18)
1=0

where variable 2; was defined in (11).

When using the Gaussian approximation, it is sufficient to
find the mean and the variance of the decision variable z.
They are easily found to be

K
1
— )0 k k
n: = Xbo+ 53 (AF - A5) 19
k=1
1K
Jf=/\0b0+§z )\k+/\’C
k=1
1 K
ZZ -7 402, (20)

k=1

Note that, the second term in (20) comes from the fact that the
shot noise processes produced by the two photodetectors are
independent, while the third term would be zero in the case
of perfect cancellation of the interfering signals. As it can be
seen, this would occur for a flat spectral density (z; = cte).
The factor 1/4 in front of the third term in (20) is true if we
assume that all users are bit synchronized, (1, = 0) for all
k. For a uniform 7, over [0,77] it would be 1/6. The reason
for assuming bit synchronized users is for the ATM switching
application discussed in Section VIIL. In this case, the packets
at the input ports will be routed to their destination output ports
at the same time, so that there is no random delay among them.

VIII. FE-CDMA SYSTEMS FOR ULTRAFAST ATM SWITCHING

Before presenting the results obtained from the perfor-
mance calculations, we will briefly discuss one application
of our system: routing in packet switches. The Asynchronous
Transfer Mode (ATM) is a promising technique for switching
different kinds of services in future broadband ISDN (B-
ISDN).The required switch capacity depends strongly on the
application and can range from several Gbt/s in small Local
Area Networks, to a few Tb/s in B-ISDN exchange offices.
As an example, if 100 000 customers are served each with
a STS-3c line (155.52 Mbt/s), a capacity of 1.5 Tb/s will be
needed for a ten percent traffic load [22].

Electronic ATM switches have been extensively developed
but their throughput is limited by the operation speed limit
of LSI’s and signal transmission bandwidth limit. It is ex-
pected that the bottleneck of large capacity switching systems
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Fig. 5. A growable ATM switch architecture.
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Fig. 6. Number of photons needed for a fixed P., N = 127 M-sequences,
p-i-n photodetectors.

made up of electronic components will arise first in the
interconnection of modules or boards. Optical interconnects
with self-routing ability may be an efficient solution to this
problem [22]. Switch architectures that combine the strength

10 20 30 40 50 60 70 80 90 100
Number of ports: K

Fig. 7. Number of photons needed for a fixed P, N = 128, Hadamard
codes, p-i-n photodetectors.

of electronics for contention resolution and buffering and
the strength of optics for routing and signal transmission
are therefore suitable. Optical routing strategies include those
based on wavelength [22-23] and time domain multiplexing
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[24], as well as CDMA. A new optical routing strategy can
be obtained from the incoherent FE-CDMA just discussed.

Our routing technique can be used in many packet switch

architectures, among them are the ones described in [22] and
more recently in [25]. They both take the form shown in Fig. 5.
In [25], m is larger than n and the structure generalizes the
knockout principle to a group of n outputs. Buffering is only
done at the output. In [22], n > m and the structure uses shared
input and output buffers based on memory chips developed by
Hitachi [26]. Following is a list of the involved parameters:

1) L = nK input and output lines;

2) K input and output modules;

3) m optical stars, each with K input and output ports;

4) m transmitters (receivers), €.g., number of LED’s in a

LED array, for each of the K input (output) modules;

5) R: bit rate used in the input lines;

6) Ry: bit rate for the optical signals in the optical inter-

connect (R X n = Ry X m);

For n > m, a Contention Resolution Device (CRD) is
needed to resolve output contention. Its role is to choose one
cell for each output module for each of the m optical stars.
Detailed description of the CRD can be found in [22]. When
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the CRD is m times faster than the cell transmission time
through one star, the m optical stars are busy at all times.
Only up to m cells can be routed to the same output module
in one cell transmission time and therefore there is a Head of
the Line Blocking (HOL) probability. This probability can be
reduced by increasing m. However, for K fixed, m is limited
by the speed limit of the CRD. On the other hand, K is limited
by the power divisioning occuring at the star couplers. The
number of photons/bit (Ph) available at a receiver is given by

10(Ps—10log K-6)/10
Ph =
Rohf

where P, is the source power in dB, 10log K is the splitting
loss due to the star coupler, a total of 6 dB of other losses and
Ry is the bit rate. This will be plotted on the figures of the P,
shown in the next section, for P, values of 0 dBm, —2 dBm
and —5 dBm. The crossing points of Ph with the P, curves
determine the maximum value of K that can be used.

@D

IX. RESULTS AND DISCUSSION

The results obtained are given on Figs. 6 to 11. Unless
otherwise specified, these results assume a Gaussian shape,
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with @ =1.3. The number of photons/bit required to get
P, =1079 107 and 1077 is given, as well as the number
of photons/bit available, for three power source values, from
(21). The reason for considering different P, values is that
P, =10"-5 might lead to an acceptable probability of packet
error. Unless otherwise stated, the results are calculated using
the Gaussian approximation on the decision variable. The
first matter to note is the number of active users (K). More
than one hundred users can be accommodated for P, =102,
Note on Fig. 6 that, up to 70 interfering users, the power
penalty is less than 3 dB. However, if the incoherent optical
source can launch less than —2 dBm power, the multiple-
access capacity will be limited to about 40. This is for a
very reasonable code length of 127, for which a high-speed
programmable SLM has already been developed for pulse
shaping. On Fig. 7, Hadamard codes are considered instead
of M-sequences. As seen, a better performarice is obtained.
Less than 3 dB penaity is observed for up to 100 users.
The better performance can probably be explained by the fact
that for a Hadamard code, the distribution of the ones and
zeros across the spectrum is more uniform than for an M-
sequence of length N = 2" — 1, which always counts a run

Logarithm of the. Average Error Probability

-10

L] L)
20000 30000

10000 40000
Number of Photons / Bit
Fig. 11. Performance as the encoded bandwidth varies; N = 127

M-sequences, K = 40.

of 7 ones and 7 — 1 zeros. On Fig. 8, we show the effect of
increasing the code length N to 511. A code length N =
127 is sufficient to accommodate 127 subscribers. However,
by increasing the code length, the spectral length allocated
to each chip is smaller, and the allocated power is therefore
more uniform. As seen, the performance is better than with
N = 127, but the requirement on the resolution of the spectral
filtering is more Severe. Tolefance to misalignments would also
be greatly reduced. .

In Fig. 9 we show the effect of having a ﬁmte contrast ratio
(labeled SLM), takeh tg be 10 dB. As seen, 70 000 photons/bit
are needed for K = 100, and P, = 10~°, compared to 54
000 photons/bit needed when the contrast ratio is 0. For other
values of P, theré is lgttle difference between a finite value,
and an infinite value of the contrast ratio. We therefore believe
that a finite contrast ratio from a programmable SLM would
not be too harmful to our system. On Fig. 10, we compare the
P, obtained when using the saddlepoint approximation and
the Gaussian approximation. As seen, the results of Gaussian
approximation are vefy close to the “exact” results (curve
labeled E). This yields a tight upper bound on the system
performance. We also present the performance obtained when
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using an APD with a gain G and an ionization coefficient k =
0.1. In this case, the expressions for the mean and variance

need to be modified
1 K
n. = G| Xobo+ = PCHERY! 22)
k=1

2 = G*(1 - a?b) [ Agbo + % Z(A’f + %)

k=1
K
1
Z S (k- AV | + o2 (23)
k=1

An APD with the parameters considered would perform better
only when the thermal noise dominates, which seems true for
K < 40. When there are more active users, the shot noise
dominates and a p-i-n is the right choice. It is interesting
to see that the Gaussian and the saddlepoint approximations
give identical results in the range where the thermal noise
dominates. Finally, on Fig. 11 we plot the P, as a function of
the number of photons/bit for different values of the parameter
o, and for K = 40 active users. It was observed in Fig. 4
that reducing the encoded bandwidth (increasing o) yields a
higher SIR. One can see that taking into account the shot noise
and the thermal noise, the highest « is not the best choice,
since reducing the encoded bandwidth will reduce the received
power, and therefore the Signal-to-Noise Ratio (SNR). Note
that, for a = 0.8, a floor is observed. In that case, the encoded
bandwidth is too large and the spectrum is not flat enough,
therefore, multiple-access-interference dominates and the P,
cannot be reduced by increasing the power.

Let us now estimate a possible achievable throughput for
an ATM switch based on our encoding technique. Let us
suppose Ry = 500 Mbt/s as achievable by EE-LED’s. For
M-sequences with N = 511 in Fig. 8, the cell transmission
time is 0.848 us (53 bytes x 8/Rp). An arbitration cycle must
therefore be over 0.848 us/m. A device that can achieve this
in less than 22 ns is described in [22]: Taking a conservative
value of 22 ns, we get m < 42. The total throughput T of
the switch is given by

TR=R0><K><m‘ 24)
Assuming P, = 10~? is needed and a value of P, = —2 dBm,
K is limited to 72, from Fig. 8, and the achievable throughput
is Tp = 500 Mbt/s x 42 x 72 = 1.5 Tb/s. To reduce the
number of transmitters and receivers needed per module, we
might choose m = 10 and the throughput decreases to T =
360 Gbt/s. For . =20, and assuming a P, = 107 is sufficient,
one gets Tp = 840 Gbt/s.

X. CONCLUSION

In this paper, we have presented a new type of CDMA
system based on frequency encoding of optical broadband
sources. Parts of this paper had been published by the same
authors in [2]-[3]. We presented in detail a new design that
applies to incoherent (broad-linewidth) sources. The proposed
system has the advantage of using inexpensive optical sources,
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and simple direct detection receivers with bandwidth require-
ments equal to the bit rate. The spreading gain of this type of
CDMA system is independent of the bit rate since the spectral
shaping of the sources does not affect the signals in the time
domain. It was shown that a large number (from 70 to 100)
active users can be supported, for a moderate code length of
N = 127, with an operating average bit error rate of P, =
10~9. Application of such a system as a core module in an
ATM switch was also briefly discussed.
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