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Abstract— In this paper we propose the application of H∞
control within optical networks. Specifically, we aim to suppress
the cross-gain modulation effects within Erbium-doped fiber
amplifiers owed to pilot tone disturbances used for optical
monitoring. Based on the characteristics of these pilot tone
disturbances, we design an H∞ controller to improve transient
performance of optical channels within the network. Within this
paper the control system design is described and simulation
results are presented.

I. INTRODUCTION

Driven by the rapid growth of the Internet and an increased
breadth of online services, the demand for network capacity
continues to grow. In response to this growth the application of
Erbium-doped fiber amplifiers (EDFAs) within wavelength di-
vision multiplexed (WDM) systems has enabled significant im-
provements in network capacity, reliability and transparency.
Unlike optoelectronic regenerators, EDFAs do not require
costly sophisticated electronics while also providing high gain
with a relatively low noise figure. Figure 1 illustrates a typical
optical network with a mesh topology accommodating over
100 channels where several EDFAs can be concatenated within
a given optical link. Despite the advantages associated with
EDFAs, there remain a number of challenges which must
be overcome as WDM networks increase in complexity. In
particular, it is well known that EDFAs suffer from the effects
of cross-gain modulation, whereby output signals suffer from
unwanted power transients due to the variation of input signal
powers entering the EDFA [1]-[3]. Up to this point these cross-
gain modulation effects have been primarily analyzed in the
case where channels are added and dropped, which is com-
monly due to network reconfiguration and/or network faults.
Extending on this concept, we examine the characteristics of
system disturbances due to pilot tones and their effects on
optical network performance.

Recently, the use of small sinusoidal signals (pilot tones)
have been proposed to monitor wavelength channels directly
on the optical layer [4]-[7]. The use of pilot tones allows
for supervisory information to be carried throughout the core
network and recovered all-optically, providing a cost-effective
alternative to previous signal monitoring solutions. Although,
pilot tones have many advantages, their effectiveness to mon-
itor optical signals may be impaired by the effects of cross-
gain modulation, especially as the number of EDFAs and the

Switching Node

Core Network

Edge Node

EDFA 1 EDFA M

1
2
3

n-1
n

1
2
3

n-1
n

EDFA 2 EDFA M-1

Optical Link

Fig. 1. Optical Network Topology

number of channels and pilot tones increases in the network
[8],[9]. Thus, it would be desirable to synthesize a controller to
minimize or reject the effects of cross-gain modulation owed
to these disturbances, while also ensuring that output channels
closely track their respective input signals. Although effective
control methods for the EDFA exist [10],[11], these methods
have focused on pump or link control for a channel add/drop.

This paper studies the characteristics of input signal distur-
bances owed to pilot tones. Then by exploiting these charac-
teristics an H∞ controller is designed to reduce the unwanted
effects of these disturbances. We provide simulation results
for a single stage EDFA showing significant improvements in
transient behaviour.

II. PILOT TONES

Small amplitude sinusoidal signals or gain modulations,
commonly referred to as pilot tones, are used to carry su-
pervisory information in WDM optical networks. Performed at
each switching node, a small portion of the signal is tapped off
the incoming signals and the corresponding pilot tone can be
extracted all-optically, without the use of costly multiplexers.
In many cases, the pilot tone itself is frequency modulated to
carry useful binary data specific to the optical channel such
as source, destination and designated path. In general, with a
pilot tone on a given ith channel, the channel’s optical power
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takes the following form:

Pi(t) = P0 · [1 + mi · sin(2π(fc,i + ∆f · di(t))t)] (1)

where P0 is the nominal optical power, mi is the modulation
depth, fc,i is the pilot tone carrier frequency, ∆f is the peak
frequency deviation and di(t) is the binary (NRZ) data carried
on the pilot tone.

Typical pilot tone carrier frequencies should be selected
such that they do not interfere with the natural slow gain
dynamics of the EDFA, while also remaining below the
occupied optical transmission bandwidth. This has led to the
majority of pilot tone frequencies to be selected between 10
and 100kHz [5],[6]. However, as optical bit rates continue to
increase to Gb/s and even Tb/s, tones may be selected into
the MHz range, assuming suitable optical filters are available
to capture the pilot tones and their modulated data. The
amplitude, or modulation depth, of such pilot tones should
also be considered. In order to avoid power penalty at the
transmitter and receiver, the amplitude of the pilot tones should
be limited to 10% of the data level [5],[6].

III. EDFA MODEL

The EDFA’s average inversion level can be used to describe
the transient gain behaviour of the EDFA. Both Sun [12] and
Bononi [13] each introduced time dependent gain models for
the EDFA’s average inversion level, which in turn determines
the dynamics of output power signals. Using the model pro-
vided by Sun, the dynamics of the average inversion level
N2(t) are related to the n input channel powers pi,IN (t) and
pump power pp(t) by the nonlinear differential equation:

dN2(t)
dt

=
−N2(t)

τ
− 1

ρSL

n∑
i=1

[
eḡi(t)L − 1

]
pi,IN (t)...

− 1
ρSL

[
eḡp(t)L − 1

]
pp(t) (2)

where i = 1...n, p and the average exponential gain coefficient
is described by

ḡi(t) = (γi,Er + αi,Er)N2(t)− αi,Er (3)

where τ is the fluorescence time, ρ is the number density of Er
atoms, S is the cross sectional area of the fiber core, L is the
length of the Erbium fiber and γi,Er and αi,Er are the emission
and absorption parameters, respectively, of the Erbium fiber.
Using the expression for the gain coefficient from (3), the
output channel powers pi,OUT (t) are obtained using

pi,OUT (t) = eḡi(t)Lpi,IN (t) (4)

Given the numerical relation between the average inversion
level, input power and output power, a measure for the EDFA’s
average total gain is given by

yG(t) =
∑n

i=1 pi,OUT (t)∑n
i=1 pi,IN (t)

(5)

Note that the average total gain provides a suitable mea-
surement variable for controlling output power. That is, by
ensuring that the average total gain remains constant, output
power will remain relatively constant. Figure 2 illustrates a
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Fig. 3. General Control Configuration where u is control variable, v is the
measurement variable, w are the disturbances, and z is the performance signal

typical EDFA, where average total gain is used to adjust
the pump power driving the EDFA. In order to minimize
the effects of cross gain modulation EDFA gain control
has been shown to effectively recover gain and power on
existing channels through electronic pump adjustments. By
linearizing equations (2)-(5) around a steady state operating
point (N2,0, p0,OUT , p0,IN , pp0, yG0) the single stage EDFA,
supporting n channels, can be described as a multi-input-
multi-output system [14] where we have pIN , pOUT ∈ R

n

and yG, pp ∈ R

[
pOUT

yG

]
= G(s)

[
pIN

pp

]
=
[

G11(s) G12(s)
G21(s) G22(s)

] [
pIN

pp

]

(6)
with a state-space realization

G :




˙N2(t) = AN2(t) + B1pIN + B2pp

pOUT = C1N2(t) + D11pIN + D12pp

yG = C2N2(t) + D21pIN + D22pp

(7)
where D12 = 0n×1 and D22 = 0. Note that the signals in
(6) and (7) represent normalized deviations from the chosen
steady state operating point.

IV. H∞ OPTIMAL CONTROL

The H∞ optimal control problem is well known to provide
simple, reliable and robust control and the synthesis of H∞
optimal controllers are readily available in MATLAB based
on the state-space solutions in [15]. It is quickly observed that
the general control configuration shown in Figure 3 for the
H∞ control problem is well suited for control of the EDFA.
Considering the general control configuration the H∞ control

14



objective is to find a stabilizing controller which minimizes
the H∞-norm of the closed-loop transfer function from w to
z that is given by the linear fractional transformation

z = Tzww = G11 + G12K(I −G22K)−1G21w (8)

Thus the H∞ control problem is formalized as synthesizing a
controller K such that

‖Tzw‖∞ < γzw (9)

for some value γzw > 0.

V. CONTROL DESIGN

The plant G from the general control problem in Figure 3
is selected as the EDFA state space model in (7). It follows
that the average inversion level is taken as the internal state,
x ⇒ N2(t), the disturbance signal is selected as the input
channel powers w ⇒ pIN , the measurement signal v ⇒ yG

and the control signal u ⇒ pp. However the original plant
G is modified so that the performance variable is taken as
the average inversion z ⇒ N2(t), as opposed to the output
channel powers.

Given a pilot tone disturbance with the following properties:
• Disturbance signals reside in a specified bandwidth

[fmin,fmax] where fmax < TransmissionBitRate
(typically on the order of Gb/s and Tb/s)

• Disturbance signals have a maximum modulation index
mmax

we now provide a methodology for designing a suitable H∞
controller.

A. Plant Augmentation

In order to meet the H∞ assumptions in [15], the original
EDFA model must augmented. Specifically the EDFA model
in (7) must be augmented to ensure that D12 has full column
rank. In order to meet this assumption, ẑ is introduced:

ẑ =
[

z
z̃

]
=
[

C1x + D11w + D12u
αu

]
(10)

where α is a design parameter to be selected. This gives the
augmented plant G⇒ Ĝ with modified state space matrices

D̂11 =
[

D11

0

]
, D̂12 =

[
D12

α

]
(11)

The selection of α represents a control penalty, limiting the
control signal the designer is able to provide to the EDFA.
Therefore, the selection of α should reflect the EDFA’s pump
characteristics, most notably the pump response time and
maximum deliverable pump power.

B. Disturbance Weighting

The selection of the disturbance weighting is strictly based
on characteristics of the input disturbances of the system.
Specifically, using the known transfer function for a second
order bandpass filter the disturbance weighting Ww is used to
describe the frequency content of pilot tone disturbances:

Ww =
kw · wH · s

(s + wL)(s + wH)
+ αw (12)
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Fig. 4. Weighted augmented EDFA for H∞ controller synthesis

Based on this format we propose that the following parameters
be selected accordingly:

• Choose wL and wH to describe the frequency bandwidth
(rad/s) where the input signal resides. ie. wL = 2π ·fmin

and wH = 2π · fmax

• Choose αw to describe the maximum amplitude or modu-
lation depth of the input disturbances. ie. αw = 1+mmax

• Choose kw < 1 to describe the amount of cross gain
modulation within the disturbances.

C. Integral Control

It is a desired performance objective to minimize the steady
state error of output signals. This can be accomplished by
ensuring that the average total gain yG is maintained. In
order to achieve this, integral control should be imposed on
the resulting H∞ controller. But, in order to meet the H∞
assumptions, the selected weighting function Wy must be
proper, in the form:

Wy =
βys + ky

s + αy
(13)

Based on the above form, we select the following parameters:

• Choose ky = 1 as the controller gain
• We select the bandwidth in which integral control should

be imposed. That is, we choose βy << 1
fmax

and αy <<
fmin such that integral control is imposed over the same
bandwidth of the input disturbances.

D. Weighted Plant

From the augmented plant Ĝ, a weighted augmented plant
is created using the weighting functions Ww(s), to describe
the input signal disturbances, and Wy(s), to impose integral
control for minimum steady state error. This gives the new
augmented plant Gp as depicted in Figure 4. Given this new
plant Gp, the design objective is to find a stabilizing controller
K∞ such that the H∞ norm is minimized. That is

‖Tzpwp
‖∞ < γ∞ (14)

for some γ∞ > 0. With the weighted augmented plant Gp, a
K∞ controller is formulated according to the H∞ algorithm
in [15]. Then, combining the resulting controller with the
imposed measurement weighting Wy , we arrive at our desired
controller K which should then be applied to the original plant
G, as shown in Figure 5.
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Fig. 5. Application of designed H∞ controller upon original EDFA model

E. H∞ Synthesis Parameters

In synthesizing an optimal H∞ controller, it is required to
select γmin and γmax. Thus based on our specified perfor-
mance objectives and our plant model we choose γmin,max

accordingly:

• From the H∞ control algorithm we choose γmin =
σ̄(D11), where σ̄() is the maximum singular value.

• We now select γmax = σ̄(D11) + ε, where ε is the
maximum allowable optical signal power deviation at the
receiver.

VI. SIMULATION RESULTS

For our numerical simulation we consider a single stage 16
channel C-band EDFA. Under nominal operating conditions
all input channels are ON, operating with an average optical
power of 0.1995mW with the EDFA providing an average
gain of 14dB per channel. The EDFA is pumped at 980nm
with a nominal pump power of 150mW. Through the use
of MATLAB simulations, this section outlines the numerical
values used for the EDFA model and presents the selection of
model parameters Ww, Wy and α used for controller design.
Finally, the transient response of the closed loop EDFA is
observed under channel add/drop and pilot tones disturbances
for three different control cases:

1) Uncontrolled case (u = 0)
2) PID Controller as defined in [14] (KPID)
3) H∞ Controller (K)

A. Control Design Results

We now summarize the process for selecting the parameter
values for controller design. In particular we consider the
selection of Ww, Wy and α. Initially the disturbance weighting
in (12) is selected with the parameters kw = 1 × 106,
Bd = 2π(1× 108), wd = 2π(1× 105) and αw = 1 which
gives the weighting function two poles placed at −628.32
and −6.2832 × 108. Also, following the transfer function
form in (13), Wy(s) is selected with the parameters ky = 1,
βy = 1× 10−5, αy = 1× 10−5.

With the selected weightings and choice of α = 1× 10−3,
a 5th order controller K∞ is synthesized via MATLAB.
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Fig. 6. EDFA Transient response for a channel drop on channel #1. Power
excursion on surviving channel #2 for uncontrolled EDFA (solid line), PID
controlled EDFA (dashed line) and H∞ controlled EDFA (dotted line)

B. Step Response

To simulate the step response we apply a channel drop on
channel 1. We then view the transient response of the output
power on channel 2 (cross response) for the different control
cases, as shown in Figure 6. In terms of performance we
are specifically interested in the settling time and maximum
power excursion. Immediately, the simulation results show
significant improvements by both controllers in response time
and signal power. However, the H∞ controller exhibits a
response time of 4.2µs, compared to a response time of 0.1ms
for the PID controlled EDFA. Also the H∞ controller improves
upon the maximum power excursion of the PID controller by
approximately 80%.

However this improved performance does come at a cost. In
Figure 7 we show how quickly the pump control must react
to achieve such improved performance. The PID Controller
requires a change in pump power of approximately 7.5mW
within 0.1ms, while the H∞ controller requires a 6.5mW drop
in pump power within 4.2µs.

C. Pilot Tones

For the EDFA simulation, a pilot tone is modulated onto
both channel 1 and channel 2. The pilot tones are selected
with the following parameters: fc,1 = 20kHz, fc,2 = 40kHz,
m1 = 0.05, m2 = 20kHz and ∆f = 1kHz. Also, random
binary data d1(t) and d2(t) was generated to be modulated
onto the pilot tones. To gauge the performance of the differ-
ent control cases we are interested in minimizing the cross
response on unmodulated channels 3 to 16. Figure 8 shows
the transient response of the surviving channel #3

From the results in Figure 8 we observe significant im-
provements in performance when the H∞ controller is used.
The maximum power excursions on channel #3 are reduced
by approximately 97% when the H∞ controller is used,
compared against the uncontrolled EDFA. In comparison, the
PID controller reduces the maximum power excursions by
80%.
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VII. CONCLUSION

In this report we present a description and analytical model
for pilot tone input disturbances. We also propose the use
of an H∞ controller to provide gain compensation for a
single stage EDFA. For this control strategy a detailed design
methodology is presented and implemented. Via MATLAB
simulation, H∞ control is shown to significantly improve
network performance, when compared against an uncontrolled
EDFA and a PID controlled EDFA. Specifically by improving
the fast response times, the control schemes were shown to
reduce power excursions on surviving channels due to these
input disturbances.

The present paper examines the transient behavior of a
single EDFA within a given optical link. It should be noted that
in practice power excursions are shown to grow and become
faster as they propagate through a series of EDFAs [12],
stressing even more the need for effective control schemes.

It is also well known that these power excursions are symp-
tomatic of optical packet switching networks, where optical
input powers are constantly changing [13]. Future work will
address these packetized signal disturbances and the analysis
of control performance will also be extended to chains of
EDFAs. However, the control methodology reported in this
work remains valid for a variety of system disturbances and
network configurations.

REFERENCES

[1] E. Desurvire, “Analysis of transient gain saturation and recovery in
erbium-doped fiber amplifiers,” IEEE Photon. Letters, vol. 1, pp. 196–199,
1989.

[2] C. R. Giles and E. Desurvire, “Transient gain and crosstalk in erbium-
doped fiber amplifiers,” Optics Letters, vol. 14, pp. 880–882, 1989.

[3] A. K. Srivastava, Y. Sun, J. L. Zyskind and J. W. Sulhoff, “EDFA transient
response to channel loss in WDM transmission system,” IEEE Photon.
Letters, vol. 9, pp. 386–389, 1997.

[4] M. Angellieri, F. Fontana, A. Righetti, M. Tamburell and G. Grasso, “Low
bit-rate service channel for remote monitoring of EDFA in-line repeaters
obtained by modulation of the active fiber gain,” Proc. Opt. Amplifier Conf.
1992, Santa Fe, CA, pp. 87–90, 1992.

[5] F. Heismann, M. T. Fatehi, S. K. Korotky, and J. J. Veselka, “Signal track-
ing and performance monitoring in multi-wavelength optical networks,”
Proc. ECOC, Oslo, Norway, 1996.

[6] G. R. Hill et al., “A transport network layer based on optical network
elements,” Journal of Lightwave Tech., vol. 11, pp. 667–678, 1993.

[7] H. C. Ji, K. J. Park, et al., “Optical performance monitoring techniques
based on pilot tones for WDM network applications,” Journal of Optical
Networking, vol. 3, pp. 512–533, 2004.

[8] J. Freeman and J. Conradi, ”Gain modulation response of erbium-doped
fiber amplifiers,” IEEE Photon. Technol. Lett., vol. 5, pp. 224–226, 1993.

[9] Y. Sun, A.A.M. Saleh, J.L. Zyskind, D.L. Wilson, A.K. Srivastava and
J.W. Sulhoff, “Time dependent perturbation theory and tones in cascaded
erbium-doped fiber amplifier systems,” Journal of Lightwave Tech., vol.
15, pp. 1083–1087, 1997.

[10] A. K. Srivastava, J. L. Zyskind et al., “Fast-link control protection of
surviving channels in multiwavelength optical networks,” IEEE Photon.
Technol. Lett., vol. 9, pp. 1667–1669, 1997.

[11] M. Zirngibl, “Gain control in erbium-doped fiber amplifiers by an all-
optical feedback loop,” Elect. Lett., vol. 27, pp. 560–561, 1991.

[12] Y. Sun, J. L. Zyskind and A. K. Srivastava, “Average inversion level,
modeling and physics of erbium-doped fiber amplifiers,” IEEE Journal of
Select. Topics in Quantum Elect.,
vol. 3, pp. 991–1007, 1997.

[13] A. Bononi and L.A. Rusch, “Doped-fiber amplifier dynamics: A system
perspective,” Journal of Lightwave Tech., vol. 16, pp. 945–956, 1998.

[14] L. Pavel, “Control design for transient power and spectral control in
optical communication networks,” IEEE Proc. on Control Applications,
vol. 1, pp. 415–422, 2003.

[15] Doyle, Glover, Khargonekar and Francis, “State-space solutions to
standard H2 and H∞ control problems,” IEEE Trans. On Automatic
Control, vol. 34, pp. 831–847, 1989.

17




