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Effect of Variations in Environmental
Temperature on 2D-WH/TS OCDMA Code

Performance
Tolulope B. Osadola, Siti K. Idris, Ivan Glesk, and Wing C. Kwong

Abstract—Extensive research has been carried out on the
performance investigation of two-dimensional wavelength
hopping/time spreading optical code division multiple access
(OCDMA) codes, which are based on picosecond multiwave-
length pulses under the influence of temperature variations
resulting from changing environmental conditions. Equations
have been derived to theoretically evaluate the extent to which
such temperature changes will degrade the overall OCDMA
system performance. To mitigate these negative effects on the
OCDMA system, several steps have been introduced to improve
the code robustness. System design improvements have then
been investigated. We also found they would help to improve
the spectral efficiency.

Index Terms—Bit error rate; Optical code division multiple
access; 2D-WH/TS codes.

I. INTRODUCTION

T here are several impairments that have been identified
as a cause of signal deterioration in optical fiber commu-

nication systems; these include chromatic dispersion, timing
jitter and fiber loss, just to name a few. All these effects have
been extensively studied for various optical systems including
wavelength division multiplexing (WDM), optical time division
multiple access (OTDMA) and optical code division multiple
access (OCDMA), and various mitigation techniques have been
proposed. Most fiber optic cable installations are buried at a
depth of about 2–4 feet below the ground. At these depths,
it has been shown that they could be exposed to temperature
variations up to about 20 ◦C [1]. The fiber temperature
variation can cause the transmitted signal to degrade in its
quality under certain circumstances. Because of the dynamic
nature of these temperature variations, tunable compen-
sation schemes that will track and compensate for these
unpredictable changes are always preferable. The effect of
the impairments caused by the temperature changes was
investigated for WDM system transmissions with data rates up
to 40 Gb/s by [2–4]. It was established that these impairments
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can increase the error probability of an optical transmission
system, but the effect is not severe until after transmitting
over considerably long distances. This is because the bit width
(for example, 25 ps for 40 Gb/s systems) is very large when
compared to its relative change resulting from its distortion
via the fiber thermal coefficient. However, this may not always
be true. For example, if an OCDMA system utilized two-
dimensional wavelength hopping/time spreading (2D-WH/TS)
codes comprising multiwavelength pulses [5–9] with the pulse
width smaller than 5 ps, the effect of temperature fluctuations
would be of the order of the pulse width [10] and therefore
cannot be neglected anymore even when the transmission link
is fully compensated for chromatic dispersion.

To the best of our knowledge, there has not been a report of
any study to quantify the extent to which environmental tem-
perature variations influence the performance of 2D-WH/TS
codes used in OCDMA systems if multiwavelength picosecond
pulses are utilized. In this paper, we report for the first time a
theoretical analysis and a field based performance evaluation
of incoherent 2D-WH/TS OCDMA (iOCDMA), which uses codes
based on multiwavelength picosecond pulses under the influ-
ence of environmental temperature variations. We propose and
verify recommendations for 2D-WH/TS code design that will
improve the robustness of these codes, help better maintain
the system performance and at the same time improve spectral
efficiency without the need for additional hardware.

II. IMPACT OF TEMPERATURE FLUCTUATIONS ON

AUTOCORRELATION OF INCOHERENT 2D-WH/TS
OCDMA CODES

2D-WH/TS codes consist of a wavelength–time matrix
representing a logical 1 in a bit sequence. The number of rows
is determined by the number of available wavelengths (and is
called the code weight (w)) and the number of columns of the
matrix is the code length. For a bit period tb, the chip width
tc is usually equal to the duration of the wavelength pulse,
resulting in tc = tb/Nc, where Nc represents the number of
columns (chips) in the code matrix.

There is rich literature on the design of 2D-WH/TS
codes with various code properties, such as cardinality and
correlation values [10–12]. Our study in this paper can apply
to any 2D-WH/TS code without restrictions.

It is well known that an increase in the number of chips
results in an improvement in the number of simultaneous
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Fig. 1. (Color online) (a) Decoding of the 2D-WH/TS OCDMA code
after its propagation in a fully dispersion compensated fiber link under
ideal conditions; (b) code matrix distortion after code propagation
when the fiber temperature has changed. The resulting autocorrelation
signal is distorted due to a temperature induced temporal skewing
effect.

users and thereby improved scalability [10]. In order to
increase the number of chips within a 2D-WH/TS iOCDMA
code if the data rate is fixed, the chip width tc must be reduced.
In practical terms, this requires reducing the duration of each
wavelength pulse width.

Theoretically, it is possible to obtain large code sets for the
iOCDMA systems provided that short pulses are used to form
the 2D-WH/TS codes. As we shall show, in the implementation
of such 2D-WH/TS code based incoherent OCDMA systems
the environmental factors must be considered to ensure an
effective and robust data transmission. We will also show that
variations in the fiber temperature will severely impact these
systems despite the fact that the thermal coefficient of the opti-
cal fiber has only a small value (typically −0.0025 ps/nm·km/◦C
for a nonzero dispersion shifted fiber (NZ-DSF)) [13].

Figure 1(a) illustrates the decoding of the 2D-WH/TS code
under ideal conditions. By ideal conditions, we mean that
the codes have been transmitted over a fully dispersion
compensated link and also losses due to fiber attenuation
have been compensated. Figure 1(b) illustrates the effect of
fiber temperature fluctuations on this type of the code and
the resulting autocorrelation signal. If wavelength pulses
within the code remain in their time chips spaced as
originally designed even after propagating in a fully dispersion
compensated fiber link, the decoder output will be an
autocorrelation signal with its height equal to the code weight
(w) (see Fig. 1(a)) and an unaffected width.

If, however, the fiber temperature has changed, thanks to
the character of the fiber thermal coefficient, the OCDMA
code will be temporally skewed and the decoder will output a
distorted autocorrelation (see Fig. 1(b) for an illustration). The
severity of this effect is a function of the temperature change
magnitude (∆T) and the propagation distance (L).

The degree to which temperature induced skewing affects
the code and the decoded autocorrelation signal (its height,
shape, width) influences the outcome of the thresholding

process by the receiver threshold detector. Improper thresh-
olding of the distorted autocorrelation signal will result
in an increased bit error rate [14]. This effect can be
mitigated via a delay line matched with the skewed-chip
duration after certain distances, but this will add to the
complexity of the system bearing in mind the dynamic
nature of the temperature fluctuation. Also, more complexity
arises when the OCDMA signal is encoded/decoded using
integrated fiber Bragg gratings where there is no direct
access to the individual wavelengths. It is important to note
that temperature variation will affect both synchronous and
asynchronous OCDMA schemes. This is because the skewing
occurs within the codes of individual users, thus causing a
misalignment of the pulses at the time of decoding. Hence it
is imperative to quantify the effect of the fiber temperature
fluctuations on the autocorrelation signal.

Therefore, we shall now analyze the effect of the varying
temperature on the autocorrelation signal resulting from the
decoding of an incoherent 2D-WH/TS OCDMA code that
consists of w wavelength pulses of pulse width τ equal to chip
width tc. Let us denote the temperature variation induced
temporal skew as ∆t and the amount of pulse width shrinking
for each wavelength pulse as ∆τ; then from [9] we can express
∆t as

∆t = Dtemp ×∆T ×∆Λ×L (1)

and ∆τ as

∆τ= Dtemp×∆T ×∆λ×L, (2)

where Dtemp (ps/nm·km/◦C) is the thermal coefficient of
the fiber, ∆T (◦C) is the average change in temperature
experienced by the buried transmission fiber of length L (km),
∆Λ (nm) is the spectral spacing between 2D-WH/TS OCDMA
code wavelength pulses and ∆λ (nm) is the pulse spectral line
width of each wavelength pulse within the code. In our calcula-
tions, ∆Λ is assumed to be a constant for all wavelength pairs.

Next, let us derive the expression for the envelope of the
resulting autocorrelation signal St. St is the incoherent sum
of w wavelength pulses present within the code at a decoder
output after the code has been propagated in the optical
fiber of length L (km), which has been fully compensated
for chromatic dispersion over the wavelength slope. Assuming
each wavelength pulse has a Gaussian shape with a constant
peak power Pp, then the incoherent sum of w wavelength
pulses spaced by (t− k∆t) whose width has been reduced from
the initial pulse width value τ to τ−∆τ (ps) can be expressed as

St(L)=
w−1∑
k=0

Pp exp

{
−2.77

[
t−k∆t
τ−∆τ

]2
}

. (3)

By setting a code weight w = 8 (i.e., eight wavelengths
being used in the code), τ = 2 ps,∆Λ = 0.8 nm,∆λ = 1.4 nm
and Dtemp = 0.0025 ps/nm · km/◦C, we obtained the results
illustrated in Fig. 2 for four different propagation distances
L = 0 km, 10 km, 20 km and 40 km, respectively. From Fig. 2
it can be seen that the height of the autocorrelation signal St
for a 2D-WH/TS code using eight wavelength pulses is, as the
theory predicts for an ideal case, 8 [10] (see Fig. 2(a)). However,
if this code propagates 10 km and the fiber experiences a 20 ◦C
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Fig. 2. Plot of autocorrelation signal formed by decoding OCDMA
transmission based on 2D-WH/TS OCDMA codes with 2 ps eight
wavelength pulses after experiencing 20 ◦C temperature variation over
a distance of (a) 0 km (back to back), (b) 10 km, (c) 20 km and (d) 40 km.
The fiber temperature coefficient used for calculation Dtemp = 0.0025
ps/nm·km/◦C [13].

temperature variation, then the autocorrelation signal height
would drop to below 8 (see Fig. 2(b)). After 20 km it can be
observed that the peak of the autocorrelation signal becomes
flattened (see Fig. 2(c)), and at 40 km peaks of the individual
wavelength pulses can be clearly observed (see Fig. 2(d)): this
is a result of the discussed time skewing.

Figure 3 is the plot based on Eq. (3). Figure 3(a) illustrates
the maximum obtainable autocorrelation height St as the
temperature variation (∆T) increases for 10 km and 20 km
propagation, respectively. It can be observed that, as the
∆T increases for a particular distance, the height of the
autocorrelation drops more rapidly. This will lead to a
situation as shown in Fig. 3(b), which illustrates the maximum
obtainable autocorrelation height for an (8200) 2D-WH/TS
OCDMA code for the different propagation distances up
to 10 km for a case of Dtemp = 0.0025 ps/nm·km/◦C and
∆T = 20 ◦C. It can be seen that the maximum achievable
autocorrelation height drops from the theoretical value of 8
(expected under the ideal conditions) to a new lower value of
7 in less than 8 km. This implies that the OCDMA receiver
designed with a threshold value th set to the code weight of 8
will function incorrectly.

Its performance can be evaluated by calculating the
relationship between the probability of error Pe and number
of simultaneous users (K) for an OCDMA system using
2D-WH/TS codes [10].

Pe = 1
2

th∑
j=0

(−1) j

(
w

j

)(
1− jq1,1

w

)K−1
, (4)

where q1,1 is the hit probability and is given as

q1,1 = w
2.Nc

. (5)
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Fig. 3. (Color online) (a) Maximum obtainable autocorrelation height
for an (8200) 2D-WH/TS code as temperature increases over a 10 km
and 20 km link. (b) Maximum obtainable autocorrelation height after
an (8200) 2D-WH/TS code propagates in a fiber under the influence of
environmental temperature swing.

For an optimum performance, th is usually set to be equal to
w [10]. To obtain Pe, we used the OCDMA system with (8200)
2D-WH/TS codes initially operating at the “designed” tempera-
ture T and then with the temperature changed to the value T+
20 ◦C (resulting from an environmental temperature swing).

Obtained results are shown in Fig. 4. It should be noted that
the results are based on the assumptions that the fiber link has
been fully compensated for dispersion and also signal power is
assumed to be below levels that can trigger nonlinear effects
These assumptions are used in order to isolate the performance
loss due to temperature variations from other losses due to
transmissions through the optical fiber.

The effect of physical layer noise, which includes beat noise,
has been studied in depth for WH/TS code based OCDMA
systems [15,16]. It was found that the amount of beat noise
directly depends on the coherent length of the incoherent
laser sources used in the systems. Since this paper focuses
on investigating the true performance of the 2D-WH/TS codes
under the influence of temperature fluctuations, we do not
include beat noise or other physical noise in the analysis.

We assume the use of laser sources with very short coherent
length in order to isolate the code performance from the
beat-noise effects. Our study thus assumes the MAI-limited
scenario with infinite signal-to-noise ratio. If one is interested
in the effect of beat noise on OCDMA systems, the analyses
in [15,16] can be combined with our analysis.

We can see that, for the system to maintain, for example,
the bit error rate of 10−9, the number of simultaneous users
will need to be significantly reduced from 38 to 21 users after
7 km of propagation distance and a 20 ◦C temperature change
(see Figs. 4(a) and 4(b)) and to 10 users after 10 km and 20 ◦C
temperature change (see Figs. 4(a) and 4(c)). It can be noted
as illustrated in Fig. 4 that, if a forward error correction (FEC)
is implemented and the error rate of 10−4 can be corrected to
achieve the value 10−9, then the number of simultaneous users
even after the link has been affected by the 20 ◦C temperature
change can be increased from 38 users to 98 users for the case
of 7 km propagation distance. Also, the number of users for the
10 km case can be improved from 10 to 51. It should be noted
that implementation of FEC will require additional overhead
and processing.
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Fig. 4. (Color online) Performance curves for an (8200) 2D-WH/TS
OCDMA system illustrating (a) the case where T is constant, (b) the
case where T changes by 20 ◦C and the code propagation distance
is 7 km and (c) the case where T changes by 20 ◦C and the code
propagation distance is 10 km. FEC—forward error correction. FEC
can be used to improve the number of simultaneous users.

III. IMPROVING SYSTEM DESIGN FOR BETTER

PERFORMANCE

In view of these significant degradations experienced by the
2D-WH/TS code deploying picosecond multiwavelength pulses
under the influence of temperature changes, we shall now
analyze if also wavelength channel spacing within the code
has any effect on the overall OCDMA system performance.
As we have shown, the major contributor to the degradation
experienced by the codes employing picosecond pulses is
the temporal skew, but the amount of temporal skewing is
dependent on the code spectral allocation and the spectral
spacing between the individual wavelengths used in the code
formation. Let us now define ∆ttot as the total temperature
variation induced temporal skew, then from Eq. (3) we can
express ∆ttot, which is the sum of individual temperature
induced temporal skews experienced by the w wavelength
pulses that form the decoded autocorrelation signal as ∆ttot =
w ×∆t. After substituting for ∆T = 20 ◦C and ∆Λ = 0.8 nm
in Eq. (1), we found that the maximum transmission distance
at which the total temporal skew ∆ttot equals one chip width
tc for the (8200) 2D-WH/TS code used by the OCDMA system
running at OC-48 would be less than 7 km. This would also
mean that the height of the autocorrelation signal for the
decoded (8200) system would have dropped from 8 to 7 after
propagating in less than 7 km of the temperature affected fiber.

Figure 5 shows the data we obtained when we performed
similar calculations for ∆T = 10 ◦C (black), 15 ◦C (light
gray) and 20 ◦C (brown) change, for 2D-WH/TS code using
(w,∆Λ) values of (8, 0.8 nm), (8, 0.4 nm), (4, 0.8 nm) and
(4, 0.4 nm). From Fig. 5, it can be observed that, for any
given transmission performance (say system BER = 10−9), an
OCDMA system using 2D-WH/TS OCDMA codes would be able
to transmit over twice the distance at a temperature increase
of T + 10 ◦C (black), compared with temperature increases
by +20 ◦C (dark gray). Figures 5(b) and 5(c) give the same
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Fig. 5. (Color online) Transmission distance against code spectral
allocation for a 200 chip OCDMA system using 2D-WH/TS OCDMA
codes when the total temperature induced skew is below 1 chip
duration. ∆Λ is the wavelength spacing. Code spectral allocation is
directly related to the code weight.

results for different code weights. This is expected because the
wavelength spectrum occupied by these code sets is the same
and therefore the autocorrelation signal will experience the
same distortion due to the time skewing.

Our calculations also show, as can be seen by comparing
Fig. 5(a) with Fig. 5(b) [w = 8] and Fig. 5(c) with Fig. 5(d)
[w = 4], that the system transmission distance can be
significantly improved when the channel spacing between
multiwavelength picosecond pulses within the 2D-WH/TS code
is reduced: in this given example from 0.8 nm (100 GHz)
to 0.4 nm (50 GHz). This is valid for all incoherent WH/TS
OCDMA codes.

This reduction in channel spacing will also enhance the
spectral efficiency of the system because the used code will
occupy less spectral bandwidth. By calculating the spectral
efficiency (ε) of the w = 8 wavelength system in Fig. 5 using
ε = K /(tb × w ×∆Λ) [17], we found that a 50% reduction in
the wavelength channel spacing (∆Λ) will double the spectral
efficiency for a K = 38 user iOCDMA system at 10−9 BER
running at the OC-48 data rate. It is worthy of note that the
OCDMA system parameters related to the code weight w will
not be affected by this channel spacing reduction. This means
that the cardinality and the number of simultaneous users will
remain the same.

IV. CONCLUSION

We have analyzed the performance of 2D-WH/TS OCDMA
codes based on multiwavelength picosecond pulses under the
influence of environmental temperature changes. Although the
use of picosecond pulses by 2D-WH/TS OCDMA codes helps to
increase the number of simultaneous users, as we have shown
it will also introduce side effects in terms of overall system
performance degradations. To evaluate this, equations have
been derived to investigate the influence of environmental
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temperature changes on the decoded autocorrelation signal
from such 2D-WH/TS codes after propagating in a fully
dispersion compensated fiber link.

It has been shown that temperature changes would
adversely affect these codes by causing a reduction in the ex-
pected height of the autocorrelation peak, thereby resulting in
significant performance deterioration of the iOCDMA system.
This will also limit the reach of these systems. We also showed
that an implementation of FEC will help to significantly
increase the number of simultaneous users even under the
influence of temperature variation. Because of the dynamic
nature of these temperature changes, tunable compensation
schemes are preferable but their implementation may involve
additional cost and complexity.

To partially mitigate such hardware needs, following certain
code design rules was shown to help in minimizing the
effect of fiber temperature changes on the iOCDMA system.
Therefore, the effect of different values of channel spacing
occupied by individual wavelength pulses within 2D-WH/TS
codes under the influence of the environmental temperature
changes on the system performance was investigated. It was
found that the codes perform better under the influence of
environmental temperature fluctuations if the channel spacing
can be reduced. The proposed channel spacing reduction is
valid for all incoherent WH/TS OCDMA codes.

This finding is very important because it also amounts
to an improvement in spectral efficiency. For instance, the
performance of a 2D-WH/TS code with a 0.4 nm channel
spacing will be more robust under a 20 ◦C temperature change
compared with the code designed with a 0.8 nm channel
spacing. It should be noted that the costs of 0.4 nm and 0.8 nm
based encoders/decoders are approximately the same; hence no
additional cost is incurred. Finally, the reduction in channel
spacing will allow delivery of the same system performance
when the transmission distance is doubled.
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