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Abstract—This paper describes the theoretical and experimental
investigation of the transfer of low-frequency intensity modula-
tion (IM) from pump to signal in fiber optical parametric ampli-
fiers (OPAs). It is first established that low-frequency IM of the
pump remains unchanged over the length of the amplifier in spite
of the presence of parametric gain. The pump–power dependence
of the OPA gain is then used to calculate the instantaneous effect of
pump IM on the signal and idler output powers. These calculations
are performed for both one- and two-pump OPAs. The main pre-
dictions are that 1) the ratio of the signal intensity modulation
depth to that of the pump varies across the OPA gain spectrum
and 2) for a 20-dB gain, can exceed 10 at some wavelengths,
which indicates that this effect can be detrimental. Experiments
have been performed to verify these predictions. Using sinusoidal
IM of the pump, the resulting amplified signal IM was measured,
and the experimental results were found to be in good agreement
with the theoretical predictions.

Index Terms—Four-wave mixing (FWM), optical amplifiers, op-
tical fibers, relative intensity noise (RIN), parametric amplifica-
tion.

I. INTRODUCTION

AS the performance of fiber optical parametrics amplifiers
(OPAs) improves, it is becoming important to fully under-

stand the mechanisms that can degrade the quality of amplified
signals. The OPA optical noise figure (NF) has been reduced
by effective removal of pump ASE by filtering [1] and is now
below 4 dB [2], [3]. Optical NF, however, is not the only concern
in optical communication. In particular, in nonlinear amplifiers
such as Raman amplifiers, the relative intensity noise (RIN) of
the pump instantaneously modulates the gain and is thus trans-
ferred to the amplified signal. In fiber OPAs, it has been shown
that the inevitable Raman gain causes pump intensity modula-
tion (IM), which is transferred to the signal, thereby increasing
electrical NF [3], [4].

In fiber OPAs, pump-induced stimulated Brillouin scattering
(SBS) must be suppressed. This is generally done by phase mod-
ulation (PM) or frequency modulation (FM) of the pump, re-
sulting in pump spectra that are several gigahertz wide. FM is
obtained by modulating the current of the laser diode supplying
the single-frequency pump; unfortunately, this is always accom-
panied by inevitable pump IM. PM is obtained by using an ex-
ternal lithium niobate phase modulator. Ideally, phase modula-
tors are free of IM, but in reality some amount of IM is always
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present. It is due to interferometric effects caused by reflections
from various elements, possibly including the ends of the mod-
ulator crystal itself.

The presence of pump FM and residual IM is a significant
cause for concern, because we expect that they will modulate
signal and idler gains, thereby degrading performance. The
effect of pump FM has been recently investigated [5], [6].
This paper explicitly investigates the pump-to-signal transfer of
low-frequency IM in a fiber OPA, which generally accompanies
pump FM.

It is first established that the low-frequency IM of the pump re-
mains unchanged over the length of the amplifier in spite of the
presence of parametric gain. This invariance allows the use of
the well-known OPA gain expressions assuming constant pump
power. Analytical expressions are then derived for the magnifi-
cation transfer coefficient for low-frequency IM for both one-
and two-pump OPAs. It is found that for an OPA with a max-
imum gain of 20 dB, varies across the gain bandwidth: from 2
to 13 for a one-pump OPA and from 4 to 10 for a two-pump OPA.
The paper thendescribes experiments, using low-frequency sinu-
soidal modulation of the pump intensity, which were performed
to verify the theoretical predictions. Good agreement was found
between the theoretical and experimental values.

II. THEORY

Our approach to calculating is to use the well-known expres-
sionsforOPAgain in theabsenceofpumpdepletion.Thesecanbe
written in terms of sinh or cosh functions, and they depend explic-
itly on the pump power. Thus, it is a simple matter to analytically
calculate the signal output power variation for a given change in
pump power, which yields the IM magnification coefficient .

For thisapproach tobecorrect asdescribed,however, thepump
IM must remain constant along the amplifier, since the basic gain
expressions assume that pump power does not change along the
amplifier. It is well known, however, that pump IM can grow
under certain circumstances, due to modulation instability (MI)
[7]. Equivalently, MI can be understood in terms of parametric
amplification of modulation sidebands by a carrier acting as a
pump. Clearly, if MI were to cause significant growth of IM under
the conditions of interest here (low modulation frequency), then
the method proposed previously for calculating would break
down, as the usual OPA gain expressions would not be valid.

In the following section, we establish that low-frequency
pump IM does not grow, even though each modulation sideband
experiences parametric gain. We prove this separately for one-
and two-pump OPAs. We then proceed with the calculation of

based on the usual OPA gain expressions.
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A. Evolution of Pump Amplitude Modulation in Fiber OPAs

1) One-Pump OPA: To simplify the analysis, we assume
that the initial pump IM is not accompanied by frequency
modulation (FM); in that case, IM is equivalent to amplitude
modulation (AM). We thus consider an OPA with a pump that
at the input has sinusoidal AM at the frequency . This can
be viewed as the superposition of the following three waves: a
carrier with real amplitude (average power );
a signal sideband with real amplitude at from the
carrier (signal power ); and an idler sideband
with real amplitude at from the carrier. In
the small-signal limit, the carrier power remains unchanged
throughout the OPA. The carrier acts as a constant pump,
providing parametric gain for the two sidebands. The output
amplitudes of the signal and idler are then given by the OPA
output field expressions

(1)

where for a one-pump OPA: ; ;
; is the fiber nonlinearity coefficient;
is the wavevector mismatch, where is the

wavevector of the th wave; is the fiber length; and is the
pump power. Because of the conditions on and , these
two equations yield the same result, i.e.,

(2)

Considering relatively small modulation frequencies,
(see the Appendix for justification), , , and
hence, , where

. This shows that signal and idler amplitudes grow linearly
with distance. On that basis, we might expect the AM to grow
at the same rate. This, however, is not true, as shown by the
following argument.

Since we assume that , we can use the exact solution
of the nonlinear Schrödinger equation for the total field, i.e.,

(3)

where , is the speed of propagation of light in the
fiber, and

(4)

is the total input field, which is real. Since the exponential in
(3) is purely a phase term, we see that the instantaneous ampli-
tude of the total output field is exactly the same as that of the

Fig. 1. Frequency assignments for the two-pump four-sideband case.

total input field (at the corresponding time). Therefore, there is
no growth of pump AM along the fiber, in spite of the growth of
the individual modulation sidebands. The fact that the pump IM
does not grow in spite of the finite parametric gain of the indi-
vidual sidebands is due to the fact that their growth corresponds
to self-phase modulation (SPM), not to IM.

2) Two-Pump OPA: We now consider a two-pump OPA,
with pump frequencies and ; pump 1 is assumed to have
initial IM, as in Section II-A-1). Its modulation sidebands are
then coupled to sidebands of the other pump, because nonde-
generate four-wave mixing (FWM) involving the two pumps
is well phase matched (see the Appendix for justification).
On the other hand, we assume that the FWM interactions
generating new frequency components at or near
and are poorly phase matched, and we neglect these
FWM terms. We thus consider the interactions between six fre-
quencies: the two pumps, and two sidebands for each (Fig. 1).
This situation has been previously investigated, in the context
of MI [5]. It is known that in the limit of very low frequency
modulation, vanishes and that the OPA exhibits little gain if
a single sideband is present at the input. However, since IM
involves the initial presence of two sidebands for one pump, we
need to examine this situation closely to ascertain whether the
IM grows or not, as we have done for the one-pump case.

We use a simplified model for the FWM interactions: because
the modulation frequency is very small, we assume that all the
linear wavevector mismatches vanish (see the Appendix for jus-
tification). Thus, we only consider phase shifts due to pump
SPM and XPM, and we neglect Raman gain. The th wave is
characterized by a slowly varying envelope , –6. The
equations for the six waves are [5]

(5)
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It can be shown that (5) leads to

(6)

As a result, the total field of pump 1 at must be of the form
, where is a real

phase. Thus, if has IM with a form similar to (4), we
conclude as in Section II-A-1) that has exactly the
same IM. Therefore, there is no growth of the IM of pump 1.
Repeating the reasoning for pump 2, which originally has no
IM, we find that it does not acquire any IM due to pump 1.

In summary, we have shown that, in a two-pump OPA, the
initial IM of each pump remains unchanged over the amplifier
length, as in the one-pump OPA case.

B. Transfer of Pump IM to Signal IM

Having established that pump IM remains constant along the
fiber, we can now proceed with the calculation of how the vari-
ations in pump power affect the gain of a probe signal at some
arbitrary wavelength in the gain bandwidth of the OPA. To sim-
plify the notations, we now use a quasi-steady-state approach,
assuming that the pump varies so slowly that we can use the
usual steady-state expressions to calculate the gain. This allows
us to suppress any explicit time dependence and to simply cal-
culate changes in gain by means of derivatives. Thus, we now
write that the pump power is of the form ,
where is the average power, and is the IM index. Simi-
larly, we write the signal output power as

(7)

where is the signal input power, free of modulation;
is the signal power gain, modulated by the pump power;
is the reference power gain, i.e., for ; and is
the signal output IM index, which is same as the signal power
gain modulation index. The relationship between and is
obtained by expressing the fact that depends on through

, as follows:

(8)
Hence, we find that the RIN magnification coefficient is

(9)

where we used the fact that, in a lossless fiber OPA ,
where is the signal-to-idler conversion gain, given by

(10)

To calculate , it is convenient to calculate the derivative of
(10) with respect to . This leads to

(11)

Fig. 2. Graphs of �(x) for one- and two-pump OPAs, for � = 3. Maximum
gain corresponds to x = �2 for the one-pump case and x = �1 for the
two-pump case, respectively.

or

(12)

Since , where for a
2(1)-pump OPA

(13)

and

(14)

where is the ratio of linear phase shift to nonlinear
phase shift. Finally,

(15)

where is the gain coefficient
normalized to its maximum value, and is the pump
nonlinear self-phase shift.

Maximum parametric gain is obtained for .
For a typical OPA , and so . This is a
nonnegligible value, which shows that in a typical fiber OPA,
the pump-to-signal transfer can indeed be significant near max-
imum gain, which is the region of main interest.

Fig. 2 shows theoretical graphs of for . We see
that can be considerably larger than 6 away from maximum
gain: for a one-pump OPA, varies from 2 to 13 across the gain
bandwidth; for a two-pump OPA, it varies from 4 to 10. This
strong wavelength dependence may have implications for the
design of practical fiber OPAs.
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Fig. 3. One-pump OPA experimental setup. TLS: tunable laser source; PM: phase modulator; PC: polarization controller; TPF: tunable bandpass filter; IM:
intensity modulator; HNL-DSF: highly nonlinear dispersion-shifted fiber; ISO: isolator; VOA: variable optical attenuator; ESA: electrical spectrum analyzer.

III. EXPERIMENTS

A. One-Pump OPA

We have performed experiments to verify these predic-
tions. The experimental setup for the one-pump OPA case is
shown in Fig. 3. A tunable laser serves as a pump source,
and it is phase-modulated to suppress SBS. We investigate the
RIN transfer effects by using an intensity modulator, which
is driven by a sinusoidal radio-frequency (RF) signal; the
modulation index is 0.1. The pump is then amplified to the
desired power level by a two-stage erbium-doped fiber ampli-
fier (EDFA2). A 10/90 coupler combines the pump and the
signal into a 0.5-km-long highly nonlinear dispersion-shifted
fiber (HNL-DSF) with the parameters 1561.1 nm,

17 W km , and 0.03 ps nm km . The
average pump power at the input of the HNL-DSF is 25 dBm.
In order to determine , we measure the modulation index
of the amplified signal at the output and compare it with the
modulation index of the pump measured at the input of the
HNL-DSF. The modulation index of the pump at the output
of the HNL-DSF was measured to be the same as that at the
input, which agrees with the theoretical analysis of Section II.
Fig. 4(a) shows versus the modulation frequency of the
pump. Experimental results agree with our theoretical model
of Section II-B. The small dispersion and the small fiber length
account for the fact that the RIN transfer characteristic for
this OPA extends over several gigahertz, unlike for distributed
Raman amplifiers where the RIN transfer characteristic extends
only from hundreds of kilohertz (counterpropagating pump
case) to tens of megahertz (copropagating pump case) [9].
The dip in the magnification factor as the pump modulation
nears 10 GHz is due to the limited bandwidth of the electronic
components used in the experiment. In Fig. 4(b), versus
signal wavelength is shown, together with the gain profile of
the amplifier. The modulation frequency of the pump is 2 GHz
in this case. Theoretically predicted values are in good agree-
ment with experimental data for . The discrepancy between
the theoretical and experimental gain profiles is attributed to
zero-dispersion wavelength variations along the HNL-DSF.

B. Two-Pump OPA

The experimental setup for the two-pump OPA case is shown
in Fig. 5. Two pump laser sources at 1574.8 and 1549.05 nm
are combined, and they are phase-modulated by two cascaded

Fig. 4. (a) RIN magnification factor versus RF modulation frequency (signal
wavelength is 1544.86 nm). Black rectangles correspond to simulation data
points using OptSim. (b) Wavelength dependence of RIN magnification factor
(RF modulation frequency is 2 GHz).

phase modulators driven by pseudorandom bit sequences
(PRBSs) at 3 GHz to suppress SBS. The longer wavelength
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Fig. 5. Two-pump OPA experimental setup.

pump (pump 1) is intensity-modulated at 100 MHz, and both
pumps are combined and amplified by a high-power EDFA. At
the input of the HNL-DSF, the average power of each pump is
21.6 dBm. The pump polarization states are aligned using polar-
ization controllers PC5 and PC6. The tunable laser source TLS3
serves as a probe signal. PC7 aligns the polarization state of the
signal with that of the pumps. Signal and pumps are fed into the
HNL-DSF through a 10/90 coupler. The HNL-DSF is the same
as the one used in the one-pump OPA experiment. The modula-
tion index of pump 1 at the input of HNL-DSF was 3.53%. Its
modulation index at the output of the HNL-DSF was measured
to be 3.43%. Theory indicates that there should not be a strong
dependence of the intensity noise magnification factor on the
modulation index of the pump, as long as that modulation index
is relatively small. In the two-pump OPA case, we use a different
modulation index to verify this (3.53%, instead of 10% in the
one-pump case). Pump 2 is initially unmodulated, but it also ac-
quires IM, with a modulation index of 0.91%; it is due to Raman
crosstalk, and it is out of phase with respect to the modulation of
pump 1 [10], because Raman interaction transfers energy from
the shorter- to the longer-wavelength pump. The average power
of pump 2 at the output of the fiber is 0.84 dB lower than the av-
erage power of pump 1 (this slight change in pump power along
the amplifier has not been taken into account in the calculation
of ). for the two-pump OPA was measured similarly to the
previous case: the ratio of the modulation index of the amplified
signal at the output of the HNL-DSF over the modulation index
of the total pump power at the input of the OPA. The gain profile
and versus wavelength are shown in Fig. 6. The experimental
values agree well with the theoretical predictions, especially in
the high-gain region. The equations derived in Section II-B were
used for the theoretical curves. These neglect any FWM com-
ponents in the sidebands located in the outer spectral ranges of
the two-pump wavelengths, and, therefore, they are not very ac-
curate when the signal is located close to the pump, as can be
observed in Fig. 6. for a two-pump OPA exhibits, in general,
a smaller wavelength dependence than for a one-pump OPA,
mainly because of the flatter gain profile of the former.

Fig. 6. Wavelength dependence of gain and RIN magnification factor in a
two-pump OPA (RF modulation frequency is 100 MHz). Theoretical curves are
obtained from the equations in Section II-B.

IV. CONCLUSION

SBS suppression in fiber OPAs requires that the pump(s) be
spectrally broadened by FM or PM. This, however, is generally
accompanied by pump IM, which in turn modulates signal and
idler output powers. In this paper, the transfer of IM from the
pump to the signal has been investigated, and it has been shown
that it occurs with a magnification factor , which depends on
the signal wavelength, and can be larger than 10 for an OPA with
20-dB maximum gain. This is true for both one- and two-pump
fiber OPAs. The theoretical predictions have been experimen-
tally verified, with good accuracy. The results of this work indi-
cate that pump IM can be a concern in optical communication
systems. The theoretical expressions for presented here can be
used to determine the maximum pump IM tolerable in commu-
nication systems.

APPENDIX

This Appendix justifies assumptions made in Section II,
namely that the wavevector mismatches entering the relevant
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OPA and FWM equations are negligible for low pump IM
frequencies. The same HNL-DSF are considered as those
in the experiments, with 0.03 ps nm km ,

s m , and 500 m.
Beginning with the two-pump OPA case, referring to (5) and

Fig. 1, there are two types of ’s to consider associated, re-
spectively, with 1) nondegenerate FWM terms, involving two
frequencies near each pump, e.g.,
and 2) degenerate FWM terms, involving three frequencies near
one pump, e.g., .

Generally, the pump frequencies are adjusted so that the
center frequency is very close to the fiber
zero-dispersion frequency. This implies that is dom-
inated by the fourth-order chromatic dispersion coefficient.
Following [12]

(A1)

To consider a worst-case situation, we assume that the pumps
are 200 nm apart (a very large spacing) and that 10 GHz
(a large value). We find that 0.01 rad, i.e., that this
linear phase mismatch is very small, compared with the pump
nonlinear self-phase shift , which is close to 3 rad for
an OPA with 20 dB of gain. Thus, neglecting terms like
in the basic equations is justified.

On the other hand, is dominated by second-order dis-
persion, i.e., ; is ob-
tained from the dispersion slope. It is found that

; hence, terms like can safely be neglected.
For a one-pump OPA, with the pump at , there is a single

to consider, namely
, where is the modulation sideband fre-

quency [12]. Compared with given by (A1), it is
seen that , because . Hence, a
fortiori, this can be neglected as well.
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