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Abstract—Fiber-optic code-division multiple-access (FO-
CDMA) technology for high-speed access networks has attracted
a lot of attention recently. Constructions of 2-D codes, suitable
for incoherent wavelength/time (W/T) FO-CDMA, have been
proposed to reduce the time spread of the 1-D sequences. The
W/T construction of codes can be broadly classified as 1) hybrid
sequences and 2) matrix codes. Earlier, we reported a new family
of unipolar wavelength/time multiple-pulses-per-row (W/T MPR)
matrix codes that have good cardinality, spectral efficiency and
at the same time have the lowest off-peak autocorrelation and
cross-correlation values equal to unity. In this paper, we propose
an algorithm to construct W/T MPR codes, starting with distinct
1-D optical orthogonal codes (OOCs) of a family as the row vectors
of the code. The 2-D optical orthogonal signature pattern codes
(OOSPCs), which are also constructed from 1-D OOCs, need
much higher temporal length than that of W/T MPR codes, to
construct codes of given cardinality and weight. Representation
of the results of the codes generated using the algorithm are
presented and the correlation properties are verified. We have
analyzed the performance of the W/T MPR codes considering
multiple access interference as the main source of noise. Also, we
have compared cardinality and spectral efficiency of the codes
with other W/T codes.

Index Terms—Fiber-optics (FO) communication, incoherent
optical communications, optical code-division multiple access
(CDMA), wavelength/time codes.

I. INTRODUCTION

TO MEET the growing demands of the high data-rate appli-
cations, suitable asynchronous multiplexing schemes such

as fiber-optic code-division multiple access (FO-CDMA) with
optical encoding and decoding are required. Shah has reported
in [1] that the FO-CDMA offers potential benefits, but, at the
same time, faces challenges in the following three areas:

1) coding algorithm and schemes;
2) advanced encoding and decoding hardware;
3) network architecture, simulation, and applications.
To mitigate the nonlinear effects in large-spread sequences

of 1-D unipolar codes in FO-CDMA networks, 2-D codes
[2]–[10], [16], [17] have been proposed and wavelength time
(W/T) encoding of the 2-D codes is practical in FO-CDMA net-
works [11], [12]. W/T codes reported so far can be classified
mainly into two types:

1) hybrid sequences [2], [3], [16], where one type of sequence
is crossed with another to improve the cardinality and/or
correlation properties;
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2) conversion of 1-D sequences to 2-D codes [4]–[6] and
construction [7]–[10] to reduce the “time” like property.

As a solution to the first challenge, we proposed a new
family of matrix codes in [10], for incoherent FO-CDMA
networks that have good cardinality, spectral efficiency, and
minimal cross-correlation values. We reported the basic design
principles of the new family of wavelength/time multiple-
pulses-per-row (W/T MPR) codes that are characterized by
N(R×LT , W, λa =1, λc = 1) where, N is the number of
codes, R is the number of rows, LT is the number of columns,
W is the weight of the code, Wp = W/R is the weight per row,
λa is the peak out-of-phase autocorrelation, and λc is the peak
cross correlation. The rows of a W/T MPR code are encoded by
distinct wavelengths and the columns in time. A family of W/T
MPR codes is assumed to have equal Wp in all the rows. This
assumption is made due to the fact that unequal Wp results in
unequal optical powers in the arms of the matched filter of the
decoder, as the splitting ratios will vary depending on the value
of Wp . A smaller Wp results in large power/arm of a decoder
than that of a larger Wp , for a given optical power/chip. As a
result, threshold Th values required to be set at various receivers
will vary and result in nonuniform performance. An important
feature of the W/T MPR codes is that the aspect ratio can be
varied by tradeoff between wavelength and temporal lengths.
W/T MPR codes are superior to W/T codes [2]–[9] in terms
of cardinality and spectral efficiency, for given wavelength and
time dimensions. At the same time, MPR codes have the lowest
values of λa and λc .

Optical orthogonal signature pattern codes (OOSPCs) need
LT ≥ N × W × (W − 1) + 1, where W = RWp [6], and W/T
MPR codes need LT ≥ N × W 2

p . Let us assume it is possible
to construct OOSPCs and W/T MPR codes for the minimum
lengths. As seen from the earlier two relations, OOSPCs require
higher temporal lengths than that of W/T MPR codes for given
N and W of the codes. For convenience, instead of the actual
{0, 1} notation, a W/T MPR code is represented by the chip
positions of 1s in each row, in the order of rows from 1, 2, · · · , R
[10]. A W/T MPR code family of such code representations is
denoted by N(R × Wp,LT ), where all the symbols have the
same meanings as explained earlier. In the rest of the paper, we
denote Wp as the weight/row of the W/T MPR code and as the
weight of the code in OOCs. Additional modulo length (AML)
codes, which are single-pulse-per-row (SPR) codes [8] when
encoded in wavelength and time dimensions, are referred to as
W/T SPR codes in [10], and also in this paper.

The basic design principles of the W/T MPR codes char-
acterized by λa = λc = 1 is explained in detail in [10] and,
for completeness, we briefly review here. The following two
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Fig. 1. Intrarow and interrow distances between 1 s in a pair of rows of a W/T
MPR code.

definitions (1) and (2) are useful in calculating the intrarow and
interrow distances, respectively, between 1s in a pair of rows of
a W/T MPR code, which is illustrated in Fig. 1.

Let ha
k,l(i) denote the intrarow distance between lth and kth

pulses in ith row of a W/T MPR code a

ha
k,l(i) =

{
l(i) − k(i), if l(i) > k(i)

l(i) − k(i) + LT , if l(i) < k(i)
(1)

where 1 ≤ l, k ≤ Wp , l �= k, 1 ≤ i ≤ R, 1 ≤ l(i), k(i) ≤
LT , l(i) �= k(i), l(i) and k(i) are the chip positions of lth

and kth pulses, respectively, in the ith row of code a.
Let va

k,l(i, j) denote the interrow distance between the lth

pulse of jth row and the kth pulse of ith row of a W/T MPR
code a

va
k,l(i, j) =

{
l(j) − k(i), if l(j) ≥ k(i)

l(j) − k(i) + LT , if l(j) < k(i)
(2)

where 1 ≤ l, k ≤ Wp , 1 ≤ i, j ≤ R and i �= j, 1 ≤ l(j), k(i)
≤ LT , l(j) and k(i) are the chip positions of lth and kth pulses
in the jth and ith rows, respectively, of code a.

Elements of H and V matrices are computed using (1) and (2),
respectively, and the two matrices are generated for each W/T
MPR code of a family. The dimensions of H and V matrices
are R × (Wp)(Wp − 1) and R(R − 1)/2 × W 2

p , respectively.
Construction of Ha and V a matrices for a W/T MPR code a, is
explained with an example for a W/T MPR code of R = 4 and
Wp = 3 in (3) and (4).

Next, we state the four necessary conditions to be satisfied by
a family of W/T MPR codes to have λa = λc = 1

Ha =




h1,2(1) h2,3(1) h3,1(1) h1,3(1) · · ·
h1,2(2) h2,3(2) h3,1(2) h1,3(2) · · ·
h1,2(3) h2,3(3) h3,1(3) h1,3(3) · · ·
h1,2(4) h2,3(4) h3,1(4) h1,3(4) · · ·


 (3)

V a =




v1,1(1, 2) v1,2(1, 2) v1,3(1, 2) v2,1(1, 2) · · ·
v1,1(1, 3) v1,2(1, 3) v1,3(1, 3) v2,1(1, 3) · · ·
v1,1(2, 3) v1,2(2, 3) v1,3(2, 3) v2,1(2, 3) · · ·
v1,1(1, 4) v1,2(1, 4) v1,3(1, 4) v2,1(1, 4) · · ·
v1,1(2, 4) v1,2(2, 4) v1,3(2, 4) v2,1(2, 4) · · ·
v1,1(3, 4) v1,2(3, 4) v1,3(3, 4) v2,1(3, 4) · · ·


(4)

A. Necessary Conditions for W/T MPR Codes

For λa = 1, in any W/T MPR code, a, 1 ≤ a ≤ N , condi-
tions (5) and (6) and for λc = 1, between any two W/T MPR

codes a and b, 1 ≤ a, b ≤ N, a �= b, conditions (7) and (8) are
necessary

ha
k,l(i) �=ha

q,r (i), for 1≤ i≤R, 1≤k, l, q, r≤Wp,

k �= l, q and q �= r (5)

va
k,l(i, j) �= va

q,r (i, j), for 1 ≤ i, j ≤ R, i �= j,

1 ≤ k, l, q, r≤Wp, k �=q, and l �=r (6)

Ha(i) ∩ Hb(i) = ∅, for 1 ≤ i ≤ R (7)

V a(i) ∩ V b(i) = ∅, for 1 ≤ i ≤ R(R − 1)/2. (8)

The upper bound on the cardinality of W/T MPR codes for a
given LT is given by

N ≤
⌊

LT

W 2
p

.

⌋
(9)

Spectral efficiency (SE) of the W/T MPR codes is given by

SE =
N × 1

Tb

R × 1
Tc

=
N

R × LT
(10)

where Tb is the bit time, Tc is the chip time, and LT = Tb/Tc

in a code.
Optical orthogonal codes (OOCs) principle of construction,

performance analysis, and construction methods are reported
in [13], [14], and [15], respectively.

The organization of the paper is as follows. In Section II,
we report the construction of W/T MPR codes using greedy
algorithm (GA) with distinct 1-D OOCs of a family [13] as the
row vectors and the representation of the results are presented.
In Section III, simulation of the W/T MPR codes and matched
filters, using Matlab, to verify the correlation properties of the
codes, is explained and the verified results of the generated
codes, using the GA, are presented. Further, we report the per-
formance analysis of W/T MPR codes in Section IV, and also
compare the cardinalities and spectral efficiencies of W/T MPR
codes and multiple wavelength OOCs (MWOOCs).

II. CONSTRUCTION OF W/T MPR CODES

In this section, we report the construction of a family of W/T
MPR codes using GA with distinct 1-D OOCs of a family [13] as
the row vectors. The GA algorithm is formulated to involve the
four necessary conditions as different steps, starting with distinct
1-D OOCs of weight Wp as the rows of the W/T MPR codes.
First, a family of OOCs of cardinality at least

⌈
N
R

⌉
× R and of

weight Wp are constructed (N ≥ R, assumed).
⌈

N
R

⌉
number of

W/T MPR seed codes of weight W are constructed, by using
distinct sets of R OOCs. From one seed code, (R − 1) number
of W/T MPR codes are obtained by cyclic shift of the rows of
the seed code. Thus, in all, N W/T MPR codes are obtained,
which satisfy conditions (5)–(7), but have to be checked for the
fourth condition (8). The first condition (5) is satisfied when no
distance is repeated within a row of a code, i.e., the principle
of OOC, and the third condition (7) is satisfied when an OOC
is not repeated in the same row, of any other W/T MPR code
of a family. The second condition (6) is satisfied, when distinct
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OOCs of a family form the distinct rows of a W/T MPR code,
which is proved in Theorem 1 of [10]. By cyclic column shifting
of the row vectors, distinct V (i) distances can be obtained (for
suitable LT ) for all the W/T MPR codes, whereby the fourth
condition (8), is necessarily satisfied. To save memory space,
code representations are used in the algorithm instead of the
actual {0, 1} code notation.

The following is the list of variables that are used in the GA:
1) S, 1 ≤ S ≤

⌈
N
R

⌉
, an indicator and also the address of a

W/T MPR seed code;
2) [S], a W/T MPR seed code;
3) c, 0 ≤ c ≤ R − 1, cyclic row shifts of [S];
4) Sc , (all values of S and c, except 10, which is assumed

valid), indicator of a test code; when c = 0, [S0] will be
equal to [S];

5) A(Sc), address of a test code; when c �= 0, A(Sc) =
�N

R � + (S − 1) × (R − 1) + c, ranges between �N
R � +

1 ≤ A(Sc) ≤ N ;
6) [A(Sc)], a test code;
7) V̂ , 1 ≤ V̂ ≤ N − 1, a valid code counter;
8) Rj , 2 ≤ j ≤ R, pointer to a row vector in [A(Sc)].
The address of the code under test is obtained as follows.

When c = 0, the address is obtained from S, otherwise, from
A(Sc).

A. Greedy Algorithm

1) Construct a family of OOCs of weight Wp , cardinality
at least equal to N̂=

⌈
N
R

⌉
× R, and of temporal length

equal to Lo [15], where Lo is the minimum temporal
length needed to construct OOCs of the earlier-mentioned
cardinality and weight. All the OOCs will have a “1”
in the first column. Set Lwt = NW 2

p , S = 1, c = 0 and
LT = max{Lo, Lwt}.

2) Construct a W/T MPR seed code [S] of R rows, using R
distinct OOCs as the row vectors. [S] satisfies the first two
conditions (5), (6). (We consider only λa = 1 condition
for the code [S0] = [10] to be valid, as it is the first code.)
Set V̂ = 1. Construct other W/T MPR seed codes, using R
distinct sets of OOCs as the row vectors and store. Also,
construct cyclic row shifts of the seed codes and store.
(The seed codes and the row cyclic shifted codes satisfy
the first three conditions (5)–(7). All the codes that satisfy
λa = 1 condition, also need to satisfy λc = 1 between any
other code in the family.)

3) Increment c. Fetch [A(Sc)]. (The fourth condition (8) is
to be satisfied by [A(Sc)] so as to qualify as another valid
W/T MPR code of the family, which is described in the
next step.)

4) Shift a row vector Rj , 2 ≤ j ≤ R, of the test code [A(Sc)],
cyclically columnwise by one, from 1 to LT − 1, till
V Sc (k) ∩ V q (k) = ∅ for, 1 ≤ k ≤ j(j − 1)/2 in (4) and
1 ≤ q ≤ V̂ .

If this condition is not satisfied, set LT = LT + 1, S = 1,
c = 1, j = 2, V̂ = 1 and continue from the beginning of
step 4. Else, if j < R, increment j and continue from the
beginning of step 4.

TABLE I
OOCS USED IN THE GENERATION OF W/T MPR CODES

TABLE II
N (R × Wp (= 2), LT ) W/T MPR CODES GENERATED USING GA

5) When (8) is satisfied by [A(Sc)], increment V̂ . If V̂ = N ,
exit.

6) If c < R − 1, jump to step 3.
7) If S <

⌈
N
R

⌉
, increment S and fetch another seed code [S].

Set c = 0 and jump to step 4.
With V̂ = N , W/T MPR code family construction completes.
OOCs of weight 2–5 used in the generation of W/T MPR

codes of Wp = 2–5, respectively, are listed in Table I. Tem-
poral length Lo in Table I indicates the length needed for the
construction of N̂ OOCs of weight Wp . W/T MPR code families
N(R × Wp,LT ) of Wp = 2–5 and for each value of R = 2–4
are listed in Tables II–V, respectively. In the next section, we
explain a method to verify the correlation properties of the con-
structed W/T MPR codes.

III. VERIFICATION OF THE CORRELATION PROPERTIES

OF W/T MPR CODES

The autocorrelation and cross-correlation properties of the
generated W/T MPR codes are verified by simulation using
Matlab. The first two W/T MPR codes of Wp = 2 and R = 4
are chosen from 8(4 × 2, 97) of Table II to explain the method
of simulation. As the correlation of the codes is to be done in
real time, we use the actual {0, 1} notation of the codes, with
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TABLE III
N (R × Wp (= 3), LT ) W/T MPR CODES GENERATED USING GA

TABLE IV
N (R × Wp (= 4), LT ) W/T MPR CODES GENERATED USING GA

rows and columns representing wavelengths and time, respec-
tively. Let X(t) and Y (t) be the first two W/T MPR codes
of Wp = 2 and R = 4 chosen from Table II, respectively, rep-
resented as matrices of dimensions R(= 4) × LT (= 97) with
{0, 1} entries. The elements of the first two codes determine the
positions of 1s in X(t) and Y (t), respectively. X(t) and Y (t)
each have four wavelength channels and the number of pulses
or 1s per wavelength channel is equal to 2. Let X̂ and Ŷ be
the corresponding matched filters for the codes X(t) and Y (t)

respectively. Matrices X̂ and Ŷ are generated by time inverting
the “1” entries of X(t) and Y (t), respectively. For example, the
first row vector of X̂ has 1 entries in columns LT − 1 = 96, and
LT − 2 = 95 and the remaining entries are 0s. Since the corre-
lation time is 2LT − 1 for one bit, we use the bit pattern “11”
to check whether there is any overlap of the correlation signals
of the adjacent bits. Let X1(t) = [X(t) X(t)], be the spread
sequences for the bit sequence “11” using the code X(t). We
convolve the rows of matrix X1(t) with the corresponding rows
of the matrix X̂ , and add all the results of convolved wave-
length channels in time to get the autocorrelation for the code
X(t), for the bit pattern “11.” Autocorrelation plots, Figs. 2(a)–
5(a), drawn for the first two codes for R = 4 of Tables II–V
respectively, show in-phase autocorrelation is equal to W and
λa = 1.

Similarly, convolving the rows of the matrix X1(t) with the
corresponding rows of the matrix Ŷ , and adding all the re-
sults of convolved wavelength channels in time gives the cross-
correlation for the bit pattern ‘11’. It may be seen that λc = 1
in the plots of Figure 2(b) to Figure 5(b), drawn for the first two
codes for R = 4 of Table II–V, respectively.

In the next section, we present the performance analysis of the
W/T MPR codes and also compare the cardinality and spectral
efficiency of the W/T MPR codes with that of MWOOCs.

IV. PERFORMANCE ANALYSIS

Various constructions of W/T codes are reported in the litera-
ture such as prime-hop, EQC-prime, W/T single-pulse-per-row
(SPR), and OOSPCs. We have compared these codes with W/T
MPR codes in [10] and shown that our proposed codes are supe-
rior to other codes in terms of cardinality and spectral efficiency.
Another interesting W/T coding scheme, MWOOCs [16], was
reported around the same time. We compare W/T MPR codes
with MWOOCs in Table VI for cardinality and spectral ef-
ficiency, for given wavelength and time dimensions. For fair
comparison, we have assumed the parameters 1) weight of the
code W , 2) number of wavelengths λ, and 3) temporal length
Nooc in case of MWOOCs and LT for W/T MPR codes, to be
as close as possible and also satisfying the design criteria of the
respective codes.

In MWOOCs, the time-spread OOC sequences are wave-
length encoded using prime sequences. Optimal permutations or
the largest cardinality of MWOOCs is obtained by using prime
numbers over Galois field, with prime number p at least equal
to the weight of the code [16]. MWOOCs are M × N matrices,
where M is the number of rows (or available wavelengths λ),
and N is the number of columns (or time slots Nooc ). We have
assumed M = W = p = λ for MWOOCs in Table VI. The car-
dinality of MWOOCs is given by φooc × p2, where φooc is the
cardinality of 1-D OOCs. The spectral efficiency, which is de-
fined as the ratio of the number of codes to the code dimension,

is equal to λ
2

(W −1)(W 2) for MWOOCs.
W/T MPR codes are of dimension R × LT , where R =

W/Wp , Wp = 2, and LT = 100 in Table VI. From (9), it can
be seen that the cardinality of MPR codes is maximum when
Wp = 1, but by the definition of W/T MPR codes, Wp > 1.
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TABLE V
N (R × Wp (= 5), LT ) W/T MPR CODES GENERATED USING GA
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Fig. 2. (a) Autocorrelation and (b) cross-correlation of the first two W/T MPR
codes of 8(4 × 2, 97), for the bit pattern “11.”

Fig. 3. (a) Autocorrelation and (b) cross-correlation of the first two W/T MPR
codes of 8(4 × 3, 353), for the bit pattern “11.”

Hence, we assume the next higher value Wp = 2, in Table VI.
Also, for fair comparison, we assume W = λ and LT = 100
for W/T MPR codes. When λ ≥ R, the cardinality is given by
� LT

W 2
p
	 × λ

R and the spectral efficiency of MPR codes is given

by λ
W 2 .

In Table VI, we compare MWOOCs and MPR codes for three
different weights of the codes. The respective weights of the
codes are chosen as close as possible after satisfying the design
requirement. As we see from Table VI, W/T MPR codes achieve
spectral efficiency of a given value for smaller code dimension
than that of MWOOCs, whereas, for the same parameters, the
cardinality is higher for MWOOCs than that of the MPR codes.

The minimum number of wavelengths needed in MWOOCs
is higher than that of the W/T MPR codes, for a given set of
code parameters. In MPR codes, the minimum number of wave-
lengths needed is equal to R = W/Wp , whereas, in MWOOCs,
it is equal to W . In FO-CDMA networks, threshold is set equal
to the weight of the code for optimum performance [10]. An-
other drawback of MWOOCs is that, for a given number of
active users, to improve the performance, a higher Th has to be
set, which can be done by increasing W and results in large in-
crease in the temporal length, as given by (1) of [16]. Also, as the
number of wavelengths required is equal to W in MWOOCs,
the wavelength dimension too has to be increased. In MPR
codes, however, W can be increased by increasing R (i.e., the
wavelength dimension) without a large increase in the time di-
mension, especially when Wp = 2. The increase in the time

Fig. 4. (a) Autocorrelation and (b) cross-correlation of the first two W/T MPR
codes of 8(4 × 4, 721), for the bit pattern “11.”

Fig. 5. (a) Autocorrelation and (b) cross-correlation of the first two W/T MPR
codes of 8(4 × 5, 1452), for the bit pattern “11.”

dimension of the W/T MPR codes with the increase in W when
Wp = 2 can be seen from the computed results of W/T MPR
codes listed in Table II.

In an asynchronous, incoherent FO-CDMA using on-off key-
ing, with “1” or "0" sent with equal probability, only bit “1” is
encoded by the CDMA sequence. We consider a simple pro-
tocol as in [10] to analyze the performance of FO-CDMA. An
ideal link is considered in which the performance deteriora-
tion is only due to the multi access interference (MAI) and the
receiver noises, i.e., shot noise and thermal noise are ignored.
The signal at the receiver contains the desired user’s signal and
the interference signal I .

Pe for a W/T MPR code is given by

Pe =
1
2

N −1∑
i=T h

(
N − 1

i

) (
RW 2

p

2LT

)i (
1 −

RW 2
p

2LT

)N −1−i

.

(11)
In Fig. 6, we have analyzed the performance of MPR codes

using (11) for different values of W and LT = 100, when
Th = W . We have chosen Wp = 2 for all the curves of Fig. 6.
In plotting the curves, we have assumed that the number of
wavelengths available is equal to the number of rows. We see
that as the weight of the code is increased, the performance im-
proves for a given number of active users. For a given weight,
the performance deteriorates with the increase in the num-
ber of active users N . When the number of interfering users
is less than Th, no errors occur, only when I ≥ Th, errors
occur.
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TABLE VI
COMPARISON OF MWOOCS AND W/T MPR CODES FOR CARDINALITY AND SPECTRAL EFFICIENCY (Nooc = LT = 100).

λc = 1 FOR MWOOCS AND W/T MPR CODES

Fig. 6. Performance of the W/T MPR codes with variation in weight of the
code.

V. SUMMARY

We have reported a method of construction of W/T MPR
codes, for use in incoherent FO-CDMA networks, using the
GA. Distinct 1-D OOCs of a family are used as the row vectors
and cyclically column shifted, satisfying all the necessary con-

ditions, so as to have minimal correlation values for W/T MPR
codes. Representation of the computed results using the algo-
rithm are presented. The correlation properties of the generated
codes are verified by simulating the codes and the matched fil-
ters using the Matlab, and show that the autocorrelation peak is
equal to the weight of the code and the off-peak autocorrelation
and cross-correlation values are equal to one. The performance
of W/T MPR codes is analyzed considering MAI as the dom-
inant source of noise. The bit-error-rate (BER) performance of
the W/T MPR codes is very good as they have minimal peak
cross-correlation values equal to “1.” We have shown that W/T
MPR codes (having Wp = 2) achieve spectral efficiencies equal
to that of MWOOCs, with smaller code dimensions than that
of MWOOCs. Hence, it may be concluded that W/T MPR cod-
ing scheme is an ideal choice for asynchronous FO-CDMA
networks.
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