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Gain and Noise Figure Spectrum Control
Algorithm for Fiber Raman Amplifiers
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Abstract—In this letter, a fiber Raman amplifier (FRA) design
method enabling the simultaneous control of the gain and noise
figure (NF) spectra, is proposed. By constructing the FRA with
predetermined target forward/backward gain spectra, the spectral
error function of NF is calculated, to determine the pump power
combination satisfying both the targeting gain and NF spectra. The
FRA gain/NF design within 0.1 dB of accuracy is demonstrated for
various shapes of target spectra.

Index Terms—Fiber Raman amplifiers (FRAs), iterative method,
modeling, noise figure (NF), optimization method.

I. INTRODUCTION

FOR multichannel optical transmission systems, the channel
with the worst optical signal-to-noise ratio usually deter-

mines the overall system penalty. The uniformity in the noise
figure (NF) and the gain flatness in this sense represent two
key factors that should be considered in the first step of de-
signing amplified wavelength-division-multiplexed systems. In
the case of fiber Raman amplifier (FRA), the shortest wave-
length channel usually experiences the worst NF performances
due to the pump depletion effect and higher fiber attenuations at
the shortest pump wavelength. Serious efforts have been made
in the past to avoid this problem using a bidirectional [1], [2],
higher order [3], time-multiplexed [4] pumping method, or em-
ploying post gain tilt compensation [5].

Of these approaches, due to the inherent benefit of reduced
NF and reduced hardware complexity, bidirectional pumping
has generally been considered as the most promising solution.
Even though in principle it is well understood that NF control
under a fixed gain spectrum can be made with proper adjust-
ment of the forward/backward pumping ratio [1], there has not
been any report for systematically formulating/describing the
intuitively correct optimization algorithm. As one of the pos-
sible resolution, a genetic algorithm was also used to select the
best result out of multiple ab initio pumping scenarios [2]. How-
ever, the obtained solution was only near-optimal with increased
computation cost requiring times solving problems for
pumping scenarios.

This letter proposes an efficient method for simultaneous and
precise design of the spectra both for the gain and NF of de-
pleted/undepleted FRA. First constructing the FRA with target
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Fig. 1. Conceptual drawing for the construction of the design algorithm:
distributed FRA and its equivalent, cascaded two-stage FRA.

gain spectrum and then taking the NF spectral error function
(between the target NF spectrum and NF spectrum from the
initial FRA design) as a feedback parameter in order to ad-
just the forward/backward pumping ratio, precise ( 0.1 dB) and
fast ( 10 s with 2-GHz desktop) engineering of FRA gain/NF
spectra is achieved.

II. THEORY

For the development of the algorithm, we start with a bidirec-
tionally pumped, distributed FRA which can be considered in ef-
fect and in good approximation as a cascaded, forward-pumped,
and backward-pumped FRA (Fig. 1). The NF of the composite
FRA, including the fiber loss, can then be written as

(1)

where and is the NF and gain spectrum vector (in wave-
length number). For the predetermined target gain value

to achieve the target spectrum, the adjustment in for-

ward/backward NF ( , ) and backward (or equiva-
lently second stage) gain is required under this formu-

lation. Also important to note, most of variations in

comes from when is fixed. The changes in

and , therefore, are almost negligible, as can be seen in
Fig. 2.
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Fig. 2. Total, backward, and forward NF for various backward gain values
(under the identical total gain of 22 dB).

Based on above observations, (1) is rearranged to obtain the
expression for the target backward gain under the

given target gain and NF spectra ( , )

(2)

In order to determine , we need to know

and (unknown at this point), which can be obtained
only at the final stage of the design. Instead, here we utilize
the gain and NF spectra values which can easily be obtained
from the FRA solution of a known structure, for example, with
a predetermined forward/backward gain. For this case, (2) can
be written as

(3)

Now, taking the difference between (2) and (3), meanwhile

using an approximation of (justified
in the discussion related to Fig. 2), it is possible to get the expres-
sion for the amount of backward gain adjustment

required to achieve the target NF spectra as well as the
target gain

(4)

It is worth noting that, as offset could exist between

and from the pump reconfiguration, in the practical

implementation of the algorithm, the target NF is

obtained by adding and .

is the spectral variation of the target NF from

its mean value . Furthermore, because

an approximation has been used in
deriving the above expression, we note here that (4) has to be
applied in an iterative manner in order to achieve convergence
satisfying the final design.

III. IMPLEMENTATION

For practical implementation of the theory developed with an
ideal, cascaded two-stage FRA model, we start from the fol-
lowing equation modified from the references [6], [7]. Dividing
the forward and backward pump part, we write

(5)

where is the gain spectrum vector, and ,
, and are the , , and power

vector of the forward pumps, backward pumps, and
signals, respectively. Note that , , and are

, , and transfer matrices, composed of
the products of gain coefficients and effective lengths—relating
forward, backward pumps, and neighbor channel signals to the
signal gain (detailed expressions in [6] and [7]).

The following steps describe the practical algorithm used to
find optimal forward/backward pump sets for the target gain/NF,
under the above formulation.

Step 0: Set the target gain profile of FRA
and determine of backward-pumped
FRA—one can set, for example,

( : ratio between backward gain/total
gain).

Step I: Solving (5) in terms of with

for (6)

Backward pump powers is obtained, satis-
fying the backward target gain . In ad-
dition, calculating with (5) and

(7)

Forward pump powers is obtained, sat-
isfying the final (total) target gain spectrum

.
Step II: Using , , and the signal power evo-

lutions in the FRA, it is possible to calculate the

NF values, (eq. 15 and 31 in [8]). The
obtained NF and NF tilt values are then compen-
sated by backward FRA gain using

from (4).
Step III: Repeat Steps I and II to obtain the backward

pumping gain —until be-
comes a sufficiently small vector in order to meet
both the target gain spectrum and target

NF spectrum .
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Fig. 3. FRA design (100-km DSF, P = �5 dBm/ch, 22-dB ON–OFF gain,
r = 0:6). (a) NF achieved for different target spectra. (b) NF profiles at different
stages of iteration. (c) Pump powers required for initial setting (solid line), and
final stage of the NF design (+=� tilt : �=r).

IV. APPLICATION EXAMPLES

Numerical analysis was carried out on an FRA composed of
100-km dispersion-shifted fiber (DSF) with 22-dB flat ON–OFF

gain. Eighty-one signals ( 5 dBm/ch, 100-GHz spacing
from 1530 to 1594 nm) and 5-nm equally spaced pumps
(1420–1495 nm) were assumed as an example. Fig. 3(a) shows
various NF spectra profiles attained with the initial design using

(line without symbol), and at
the final stages of the design (after five iterations).

Excellent spectrum control ( 0.1-dB error for gain and NF)
was obtained with less than 10-s computation time using a
typical desktop (2 GHz).

To also test the feasibility of applying the proposed algo-
rithm (originally developed for a distributed FRA) into the
pump-depleted discrete FRA in the saturation regime, we
constructed a dispersion-compensating FRA (DCF 10 km)

Fig. 4. Various gain shapes of a discrete FRA in the depletion regime
(10-km DCF, P = �6 dBm/ch, r = 0:7), designed for flattened NF (pump
wavelengths are identical to Fig. 3.).

with higher net gain (10 dB, ON–OFF gain dB,
6 dBm/ch). Although an increased number of iterations

( 15) was required, excellent control in the gain/NF spectrum
gain/NF error dB dB was achieved again, as

shown in Fig. 4.

V. CONCLUSION

For the first time, we have proposed a fast and efficient design
algorithm for FRAs, enabling the control of both the gain and
NF spectral shape.

We also have successfully demonstrated fast and precise con-
struction of the FRA design for various target gain/NF pro-
files—providing additional degrees of freedom in the optimal
design of FRAs and FRA-based transmission links.
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