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Abstract— In this paper we investigate the effect of photode-
tector nonlinearity on the optimum transmit power setting in an
asynchronous optical CDMA network. Network impairments as
well as thermal noise, shot noise and multiple access interference
(MAI) are taken into account. Unlike in traditional systems, the
optical detector generated shot noise adds a new self-interference
normally not considered previously as part of the MAI. We for-
mulate a centralized power control algorithm and propose novel,
iterative, Nonlinear Optical Power Control (NOPC) algorithm.
Furthermore, convergence properties of the proposed algorithm
are studied. We prove that the iterative NOPC converges to a
unique point. Solution feasibility is then formulated in terms of
the employed network parameters, MAI and target SIR. Finally,
simulation results are given illustrating the theoretical analysis.

Index Terms— Optical CDMA, Optical power control, prime
codes.

I. INTRODUCTION

A ll-optical networking has been of main interest for the
past few years. It is expected to increase network ef-

ficiency and throughput by performing all essential signal
processing tasks (filtering, encoding, correlation, switching,
routing, etc.) in the optical domain [1]. The successful im-
plementation of optical signal processing tasks will enable the
design and commercialization of multiple access techniques
that are under investigation to efficiently exploit the capacity
available in existing optical fibers links. Several approaches
to increase the spectral efficiency of optical networks and
optimum usage of the huge bandwidth offered by optical
fibers have been suggested. These techniques include, but are
not limited to dynamic wavelength division multiple access
(WDMA) using reconfigurable add-drop multiplexors, optical
time division multiple access (OTDMA), and optical CDMA
(OCDMA).

OCDMA allows simultaneous network access by multiple
users and has several advantages such as soft capacity, robust
packet transmission, negligible packet delay, and asynchro-
nous operation [2]. Therefore, OCDMA is considered as one
of the main future technologies for multimedia traffic with
multi-level QoS support. Various OCDMA systems have been
extensively investigated in the literature. For example temporal
OCDMA that applies time domain addressing codes, such
as Optical Orthogonal Codes (OOC) and prime codes were
considered in [3]- [5]. Multi-class OOCs were investigated
recently in [6] to allow for multi-level QoS support. On the
other hand, OCDMA systems that apply spectral amplitude
or phase encoding were considered in [7]- [9] by applying a
spectral mask to a spatially dispersed optical beam according
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Fig. 1. Fiber-Optic CDMA star network.

to random or m-sequence codes in order to support higher
number of users compared to temporal coding approaches.
Optical fast frequency hopping approach based on fiber Bragg
grating encoder which reflects a certain wavelength at a given
time delay according to a hopping pattern written into the
fiber Grating was also considered [10], [11]. This approach
is also interesting because it supports large number of users
with compact and tunable implementation of encoders and
decoders.

Common to all CDMA systems is the near-far problem
where the closer nodes overpower the far-end nodes. Hence,
transmit power control, as applied successfully to wireless
systems [12], was suggested for OCDMA networks [13]-
[15] to equalize the received power from all users resulting
in considerable capacity gains. For OCDMA networks, with
equal QoS level for all terminals and all nodes locating about
the same distance from the star coupler, the power control
can be neglected. Due to the increasing demand of multi-
level QoS, as well as geographically wide spread access
nodes, the power control is going to be critical in OCDMA
networks. Implementing multi-level QoS systems makes the
optical networks much more efficient due to the optimization
of the available resources. For example, assigning equal power
and bandwidth for two users, one using the network for text
chatting while the other uploads/downloads a 1 GB file, can
be anything but far from efficiency.

The Multiple Access Interference (MAI) in an incoherent
OCDMA network can be very high (compared to wireless
CDMA systems), due to the lack of negative signaling levels
and therefore asynchronous usage of fully orthogonal codes
can not be realized. This scenario makes optical power control
an attractive approach for allowing more simultaneous users
and to obtain more benefit from OCDMA gains. Whereas the
power control algorithm in wireless CDMA can be imple-
mented by straightforward linear algebraic equations [12], this
is not the case with OCDMA due to the inherent nonlinearities
in the optical detector as well as the associated shot noise. This
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makes power control more challengeable.
In [15] and [16] we considered optical power control in

a temporal CDMA star network assuming a linear model of
the receiving end. The obtained power control algorithm was
similar to the wireless CDMA case. The applied approach was
intended to simplify calculations and show the possible gain
in such cases. However, the linear model lacks accuracy and
underestimates the required optical transmit power levels and
also did not reveal the role of noise sources such as shot noise
and the nonlinear photodetection process. In this paper we
study the power control problem for OCDMA system model
including photodetector nonlinearity, shot noise, thermal noise,
MAI, and optical network power losses.

The rest of the paper is organized as follows. In Section II,
the system model under consideration is discussed. In Section
III, we evaluate the optimum optical power setting based
on maximizing the received SIR is used taken into account
the nonlinear behavior of the detection process. An iterative
solution and convergence analysis is also given in Section III.
Section IV gives numerical simulation results and discussions.
Finally, conclusions are drawn in Section V.

II. SYSTEM MODEL

The OCDMA network considered in this paper is shown in
Fig. 1. The data modulated optical source pulse is encoded
optically to produce the optical direct sequence CDMA signal
which is transmitted over a single mode fiber to a central
star coupler. The OCDMA signal will be subjected to the
attenuation and dispersion effects of the fiber. In addition,
depending on the type of encoder, extra signal attenuation
is introduced. For instance, if a W taps tapped delay line
encoder is employed, then the signal power is reduced by
a factor of W 2 [17]. Then, the star coupler accepts the
optical signal in its input port and distributes it equally to all
output ports. Since a passive coupler is considered then the
star coupler will introduce an extra attenuation to the signal
proportional to the coupler size, i.e., number of ports. Hence,
the star coupler output signals will include the summation
of the optical signals accessing the network simultaneously,
therefore, MAI is introduced at the star coupler output in
asynchronous OCDMA.

When a desired user sends direct sequence encoded ’one,
we get a high autocorrelation peak in addition to the low
cross-correlation background due to the MAI at the output of
the optical correlator matched to the desired user signal. An
optional optical amplifier can be used to compensate for the
signal loss. If included, the optical amplifier will introduce
an additional Amplified Spontaneous Emission (ASE) noise
term. Then, the optical signal is converted to an electrical
signal using a photodiode and a shot noise term is added to
the detected signal.

Assuming that the average optical power transmitted by the
i-th user be denoted by Pi, and the total attenuation from the
j-th transmit node to the i-th receive node is denoted by Gij .
Then, let us assume that the transmitted signal electrical field
Etx

i of the i-th user is represented as,

Etx
i =

√
Pibi(t)ci(t) exp(jω0t) (1)

where, bi(t) =
∑∞

n=−∞ b
(i)
n pTb

(t − nTb) and ci(t) =∑∞
m=−∞ c

(i)
m pTc

(t − mTc) are the data signal and the code
signal assigned to the i-th user respectively, ω0 is the optical
carrier frequency. The data bits and the codeword chips are
b
(i)
n and c

(i)
m , respectively. For prime coding, which is simple to

generate and supporting more users compared to OOC, the bit
and chip durations are related by Tb

/
Tc = W 2, where W is a

prime number [?]. Then, the input signal Erx
i to the correlator

at i-th receiving node can be written as,

Erx
i =

N∑
j=1

√
PjGijbj(t − τj) ·

cj(t − τj) exp(jω0t + φj) (2)

where τj is a random delay of the j-th user signal due to
the assumed asynchronous operation, and N is the number of
users, φi is the randomly distributed phase angle introduced
by the modulator and the random time delay.

The correlator matched to the desired user will perform the
correlation using a delay and add operation. When the optical
source coherence time is longer than the bit duration then the
optical correlator will add the field amplitude of the optical
code chips [17]. Hence, the optical power impinging on the
photodiode of the desired user during the maximum correlation
chip period is given by,

Pr,i = W 2PiGii + α
∑
j �=i

PjGij , (3)

where the summation is over all the interfering active users and
α is the average variance of the cross-correlation magnitude
between any two codes in the code set. If a noncoherent
input (such as ASE from optical amplifiers) is applied to
the correlator then the output includes the non-coherent input
filtered by the transfer function of the correlator. In summary,
the correlator enhances the desired signal by a factor of W
more than noncoherent inputs.

Noise Ni leaving the photodetector, consists of shot noise
generated during the detection process as well as a thermal
noise generated by the receiver electronics. For a PIN photo-
diode [18],

Ni = σ2
t + σ2

s,i (4)

where σ2
t is the thermal noise power given by,

σ2
t =

4kBT

RL
FnB (5)

and σ2
s,i is the shot noise power given by,

σ2
s,i = 2e�BPr,i (6)

where B[Hz] is the receiver noise equivalent bandwidth. In
(5) and (6), e denotes the electron’s charge, and kB is the
Boltezmanns constant. We assume some typical parameters
for the front-end amplifier by setting the noise figure Fn = 3
to 3 [dB], temperature to T= 300o[K], the load resistance
RL to 100 Ω, and photodiode’s responsitivity � to 1.25
[A/W]. Hence, the Signal to Interference Ratio (SIR) at the
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photodetector output can be defined as,

γi =

(�W 2PiGii

)2
�2α2

(∑
j �=i

PjGij

)2

+ Ni

(7)

Then, expanding (7) using (5) and (6) and defining Ii =∑
j �=i

PjGij as the MAI and µ = 2e�B we get,

γi =

(�W 2PiGii

)2
�2α2I2

i + µαIi + µW 2PiGii + σ2
t

(8)

It can be seen that the SIR depends inversely on the square
of MAI (first term in the denominator) due to the nonlinearity
in the detection process. Similarly, the SIR depends inversely
on the linear summation of optical power from all users due
to the shot noise term; therefore, each user will suffer a self
interference which will be high for short range (Gii in the
denominator is large) low data rate nodes if no power control
is applied.

III. OPTICAL NONLINEAR POWER CONTROL (ONPC)

In (8), when all users transmit with equal power, the SIR
of the different users will vary according to the different
attenuation experienced by each user’s optical signal and also
by the different processing gains for different rates. In such
cases, some users will enjoy a relatively high QoS while
they make other users’ communication difficult, if not even
impossible. By properly setting the transmitted powers, the
QoS for the whole network can be equalized and more users
can be allowed to access the network concurrently. For the
nonlinear model (8) we resort to iterative solutions. The goal
of the power control solution is to find the optimum minimum
transmit power level for all users while keeping the SIR for
all users equal to or greater than a target minimum value γT .
The target minimum value should be selected such that a given
QoS (bit error rate) is satisfied.

Rearranging terms in (8) we can write the following second
order polynomial equation,

P 2
i − BiPi − Ci = 0 (9)

where,
Bi =

µγi

�2W 2Gii
, (10)

and,

Ci =
α2γi

W 4G2
ii

I2
i +

µαγi

�2W 4G2
ii

Ii +
γi

�2W 4G2
ii

σ2
t (11)

Solving (9) we get the power update procedure as,

Pi = Γi

(
1 +

√
1 + λi

)
(12)

where,
Γi =

µγi

2�2W 2Gii
, (13)

and,

λi =
4

µ2γi

[�4α2I2
i + µ�2αIi + �2σ2

t

]
(14)

= K1I
2
i + K2Ii + K3 (15)

From (12) it is clear that the power update for the i-th user
depends on the power level of all other users, i.e., on the MAI.
Therefore, we can write (12) as a set of nonlinear equations
as,

Pi = fi(P), i = 1, 2, ..., N (16)

where P = [P1, P2, · · · , PN ]T is the transmitted power
vector. The power control is defined in this setup by a set
of second order equations. In this paper we inspect numerical
solution of this problem to find the optimum power vector.
The convergence analysis of this algorithm is given in the
next section.

A. Convergence Analysis of the ONPC Algorithm

Equation (16) is in form of fixed point interation, and the
optimum power control values can be found by solving it
iteratively as,

Pi (t + 1) = fi (P (t)) , ∀i = 1, · · · , N (17)

or in a vector form,

P (t + 1) = F (P (t)) , (18)

where

F (P (t)) = [f1 (P (t)) , · · · , fN (P (t))]′

One critical question rises now, whether the above iterative
power control algorithm converges to an unique point or
not? To answer this question we use the theory of standard
interference function [19]. The interference function F(•) is
called standard when the following properties are satisfied for
all the components of the nonnegative power vector P [19]:

• Positivity F (P) > 0;
• Monotonicity, if P ≥ V then F (P) ≥ F (V ) > 0;
• Scalability, for all ε > 1, εF (P) > F (εP).

The following theorems are valid for the Standard Interference
Functions [19]:

Theorem 1: If the standard power control algorithm (12)
has a fixed point, then that fixed point is unique.

Theorem 2: If F(P) is feasible, then for any initial power
vector P(0), the standard power control algorithm converges
to a unique fixed point P∗.

Theorem 3: If F(P) is feasible, then from any initial power
vector P(0), the asynchronous standard power control algo-
rithm converges to a unique fixed point P∗.

Based on the previous theorems we can introduce the
following proposition:

Proposition 1: For any P(0), the ONPC algorithm (12)-(16)
will always converge to a unique fixed point P∗.

Proof: It can be checked that the ONPC algorithm
satisfies the conditions of the standard interference function
given above, therefore, the ONPC satisfies theorems 1-3 and
converges to a unique fixed point.
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B. ONPC Feasibility

According to Proposition 1, the ONPC converges to a
unique solution but it is not clear if that unique point satisfies
the target SIR requirements, i.e., if there is a feasible solution.
The solution feasibility for the iterative procedure in (16a) can
be analyzed using the D matrix defined as [20],

D = [dij ] =
[

∂fi

∂Pj

]
(19)

Then using (12), (15), and (16) and the chain rule we get,

dij =

{
0
1
2Γi (2K1Ii + K2) (1 + λi)

−1/2 Gij

if i = j
if i �= j

(20)
It is well known that, [21], if the spectral radius of the

matrix D is less than one, i.e., ρ (D) < 1, then the map in
(17) is a contracting map and therefore converges to a fixed
point. Note that the elements of the D matrix in (20) are not
fixed, but they depend on the level of the MAI.

Proposition 2: If the solution of the ONPC algorithm is
feasible, then, for lower levels of MAI the ONPC converges
to the solution faster.

Proof: Since for any positive power vector the MAI is
also positive and since for any two power vectors such that
P1 > P2 we have the corresponding two MAI interference
vectors I1 > I2 where P1,P2, I ∈ �N . Hence, using facts in
(20) we have D1 > D2. Furthermore, since for any positive
matrices such that D1 > D2 we have ρ (D1) > ρ (D2) and
since the speed of convergence is higher for lower spectral
radiuses, then the proof is complete.

IV. NUMERICAL RESULTS

A numerical simulation setup is performed to analyze the
behavior of the ONPC. We simulate a temporal OCDMA net-
work employing prime coding with N ×N nodes. Dispersion
shifted fibers with lengths selected randomly from 2 to 50
[Km] and attenuation coefficient of 0.2 [dB/Km] are assumed.
The optical power loss due to encoders, decoders and star
coupler is included which is proportional to the number of
nodes. Also, the applied code weight is assumed to be equal
to the number of nodes. First, for a 31-node network, Fig. 2
displays a dynamic simulation result for actual SIR and for the
matrix D spectral radius variations with respect to a target SIR
requirement. The figure reveals that when the spectral radius of
D is larger than one, the resultant SIR saturates to a maximum
value of about 26.5 dB. This maximum SIR value is called the
maximum achievable SIR. Also, it is clear that the actual SIR
follows the target SIR variation similar to a charge-discharge
capacitor characteristics with a time constant that depends on
the interference level.

Next, a network with the SIR of all nodes is fixed at
26.5 [dB] except the farthest and nearest nodes to the star
coupler is investigated. For convenience we call the farthest
and nearest as A- and B-node respectively. When the SIR of
the A- and B-node is varied dynamically as shown in Fig.
3 the actual SIR variations is similar to the previous result.
However, the maximum achievable SIR of A-node is constraint
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Fig. 3. SIR variations for A- and B-node with ONPC.

by the SIR variation of the B-node. For instance, for the epoch
interval [0, 30] the maximum achievable SIR of the A-node
is approximately 25 [dB], while for the interval [30, 70] it
is about 21 [dB]. For the same scenario the error in the SIR
for both nodes is shown in Fig. 4. It is clear that the A-node
has higher error and is more sensitive to the SIR variation of
the B-node. The inset in the figure shows the spectral radius
dynamics for the same interval. When the spectral radius is
more than one then some or all nodes will not be able to
follow the target SIR requirements.

Next we evaluate the network capacity in terms of number
of users supporting a given target SIR. For several network
sizes, Fig. 5 depicts the effect of applying ONPC on network
capacity. As expected, by applying ONPC many more users
can be supported compared to the non-power controlled sce-
nario for the same SIR. For instance, for 31× 31 network, all
users at target SIR of 18 [dB] can be supported using power
control, while only 10 users can be supported for the same
SIR when no power control is applied. Note that also as the
target SIR becomes large the performance of both ONPC and
non-ONPC becomes comparable. This is due to the fact that,
in ONPC when the target SIR is larger than the maximum
achievable SIR, all nodes use their maximum allowable power,
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hence the scenario reduces to the non-ONPC case. The result
shown on Fig. 5 is obtained by averaging over 100 random
network realizations.

V. CONCLUSIONS

In this work we investigated the effect of photodetector
nonlinearity on the optimum transmit power setting in an
OCDMA network. Network impairments as well as thermal
noise, shot noise and multiple access interference (MAI) are
taken into account. As a result of the shot noise, the desired
user will suffer self interference. We solved the resulting
optical nonlinear power control iteratively and the convergence
properties of the proposed algorithm were analyzed. It was
demonstrated that the iterative solution of the optical nonlinear
power control algorithm converges to a unique point. We also
evaluated the solution feasibility in terms of the spectral

radius of the matrix formed by taking the partial derivatives
of the interference function. It was found that the solution
feasibility of the optical nonlinear power control is a function
of the employed network parameters, MAI and target SIR.
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