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Abstract: For the first time, four different noise sources, which are
amplified quantum noise, Raman phonon seeded excess noise, pump
transferred noise (PTN), and pump residual noise, are considered
simultaneously to model the wavelength-dependent noise figure in a single-
pumped fiber optical parametric amplifier. An asymmetric signal NF
spectrum induced by both Raman phonon seeded excess noise and Raman
gain modified PTN is measured in the electrical domain. Theoretical results
agree very well with the experimental data. The idler NF spectrum is also
analyzed and measured, which shows a more symmetric profile.
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1. Introduction

Fiber optical parametric amplifiers (FOPAs) have many unique characteristics such as uni-
directional amplification, simultaneous conjugated idler generation, ultrafast response and
noiseless amplification in phase-sensitive mode, which make them potential candidates for
future ultra-low noise amplification as well as for all-optical signal processing [1]. In theory,
3 dB quantum-limited noise figure (NF) can be reached in a phase-insensitive (PI) FOPA,
since there is no stimulated absorption in parametric amplification compared to EDFAs, and
only vacuum quantum noise is amplified [2]. However, in practice other noise sources exist in
FOPAs which make the quantum-limit difficult to achieve.

To date, four different noise mechanisms in a practical PI-FOPA have been reported
separately, which are amplified quantum noise (AQN) [3], Raman phonon seeded excess
noise [4—6], pump transferred noise (PTN) [3,7-9] and residual pump noise [10], respectively.
Among them, AQN is the fundamental noise mechanism, and the others can be treated as
excess noise sources. AQN originates from the amplification of the vacuum quantum
fluctuation and leads to the well-known 3 dB quantum limit. Raman phonon seeded excess
noise comes from the delayed nonlinear response in optical fibers, which couples thermal
phonons and adds noise to both Stokes and anti-Stokes waves. PTN is caused by the ultrafast
response of the parametric process, which turns pump intensity noise into signal power
fluctuation instantaneously. Last but not least, residual pump noise, due to the imperfect pump
filtering, makes a part of pump noise (mainly from the pump booster) leak out and then
combine with the signal at the input of the amplifier. In most experimental setups, highly-
nonlinear fibers (HNLF) as well as high power EDFA boosters are used to provide efficient
parametric amplification. However, HNLFs usually have large Raman gain coefficients, and
EDFA boosters unavoidably generate amplified spontaneous emission (ASE). As a result the
second and the third noise contributions are not trivial in many cases, and sometimes they
may dominate the noise performance. In addition, although pump residual noise can be
effectively suppressed by high-quality narrow-band filters, in some conditions (e.g. using high
output pump power, very low signal input or very small signal-to-pump wavelength
separation, etc.), it may significantly degrade the signal noise performance.

To date, all the published investigations focused only on one specific excess noise
contribution (apart from AQN) in the FOPA, which may lead to inconsistent conclusions
when compared to the experimental results. For example, in Ref [8], only PTN was
theoretically studied while both PTN and Raman phonon seeded excess noise were measured
(in the electrical domain), however, good agreement between theory and experiment can still
be derived, which was not adequately explained. Moreover, it has been recognized that the
true NF of FOPAs can only be measured in the electrical domain, because of the narrow-band
nature of PTN [8]. However, only a few electrically measured NF results have been reported,
and actually no accurate NF measurements for either signal or idler wave have been
demonstrated over the whole parametric optical gain spectrum (the measurement error in [10]
was about + 2 dB). In Ref [11], the authors demonstrated a quantum-limited NF measurement
in a FOPA through suppressing the Raman phonon induced noise. However they measured
the NF in the optical domain and thus neglected the PTN. As a result, the full NF spectrum of
a PI-FOPA is still not fully evaluated, and how to model the actual NF and which noise
contribution is most important in practical FOPAs remain unanswered to date. Answers to
these questions would be helpful for a better understanding of the noise performance of
phase-insensitive FOPAs.

Motivated by the above issues, in this paper we take into account the four noise
contributions simultaneously to analyze the wavelength-dependent NF characteristics for the
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first time. An asymmetric signal NF spectrum is observed both theoretically and
experimentally, which is due not only to Raman phonon seeded excess noise [4-6] but also to
the asymmetric PTN caused by Raman gain. Moreover, the NF spectrum of the wavelength
converted idler is also analyzed and measured, the results of which show a more symmetric
NF profile compared with the amplified signal. Very good agreement is obtained between
theory and electrical measurements, which proves that the noise performance of both signal
and idler in a PI-FOPA is determined by these combined noise contributions.

2. Theoretical model

In this paper, we only focus on the conventional NF defined in the linear (non-saturated)
regime. By assuming un-depleted pump as well as co-polarization amplification, and
considering Raman effect (no Raman coupled phonons are introduced), we have [5,12,13]

L HQ+H (Q)  Ap .
i{Aa}: J{[—2 15, 5 JH(QP, [A“}:G-{A“} )
dz| A *(— A A
LA H (P, Dy, 20, A 5

where A, ; represent the complex field amplitudes of anti-Stokes and Stokes waves, Pp is the
launched pump power, subscript * represents conjugation operation and
HE) =y[1- f+ fF,(Q)] . Fr(©) is the complex Raman susceptibility, y is the fiber
nonlinearity, f accounts for the fractional contribution of the Raman to the total nonlinearity
(for silica fiber we use = 0.18 here [12]), and Q is the frequency shift between the pump and
Stokes (or anti-Stokes) waves. The imaginary part of Fz(QQ) is the Raman gain coefficient,
which can be measured directly, while the real part can be obtained from the Kramers-Kronig
relation [12]. The phase mismatch is denoted asAfB =28, — B, — f,, where B, represent

the linear propagation constants at pump, anti-Stokes and Stokes wavelengths, respectively.
Based on the matrix exponential, Eq. (1) has an analytical solution as

A7 [4,0] . [AO
Lﬁ(zj‘expm [Af(m}‘T Lﬁ(m}’ @

where either A, (0) or A (0) equals O to account for the idler wave in a PI case, and
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cosh(gz)+j2isinh(gz) j&sinh(gz)
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where k =[H(Q)+H (-Q)IP, —AB,and g* = H(Q)H (-Q)P; —k* /4. Based on the above
equations, the parametric gain as well as wavelength conversion efficiency combined with
Raman effect can be obtained.

2.1 Amplified quantum noise

In PI-FOPAs, the vacuum fluctuations at the signal and idler frequencies will be amplified
and added to each other, which can be understood from Eq. (2). We have [3,14,15]

NF =2+1/G,, “4)

sig , AQN

=2-1/G,, and NF,

i, AQN

where subscripts sig and i represent the signal (parametric amplification) and idler
(wavelength conversion) waves, which are determined by the input condition, and different
from the previous subscripts a and s accounting for shorter and longer wavelength bands.
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According to Eq. (3), G, =IT,, |2=1-|-7/2P},2 sinh’*(gz)/ g> and G 4T, I* is the signal and
idler gain, respectively. Equation (4) is the well-known quantum limited NF, which is the
inherent noise mechanism in a phase-insensitive optical amplifier. It should be noted that
when G, is less than 0 dB, Eq. (4) is not valid.

2.2 Raman phonon seeded excess noise

According to [16], excess noise will be introduced when considering the finite response time
of the nonlinear medium, which is the physics behind the Raman phonon seeded excess noise.
Based on the quantum theory, Voss et. al have derived formulas of the excess signal NF
caused by Raman effects in linear gain regime [4,5] as

ANFRaman,a = 1"_[|T12|2 +(1+2nﬂ1)“T11|2 _|le|2 _1‘]/|T11|2 _NFAQN,a’ or
(5)
ANFRaman,x = 1+[|TZI|2 +(1+ an) |T22|2 _|T21|2 _1‘]/|Tzz|2 _NFAQN,X’
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Fig. 1. a) Calculated signal gain and NF spectra with or without Raman effect, and b) the real
and imaginary parts of the Raman susceptibility of the HNLF used in the experiments. Pump
wavelength is 1546.7 nm.

where subscripts a and s represent anti-Stokes and Stokes waves, respectively, as used in
Eq. (1). The mean phonon number in thermal equilibrium is expressed

by n,, =[exp(hQ/ (27kT)—1]". We can also derive the idler NF expression accounting for the

wavelength conversion process [5]. Though the gain variations caused by Raman power
transfer are not large around the peak gain, the Raman induced additional NF can be
significant, especially at the gain edges [4-6] or when high pump power and large gain
bandwidth are considered. In Fig. 1, calculated signal gain and NF spectra are compared with
or without considering Raman effect, when 250 m HNLF (parameters are 1o = 1542 nm, y =
11.7 W’lkm’l, o = 0.8 dB/km, and S, =0.019 ps/nm2~km, obtained from the real HNLF in our
experiments) and 0.95 W pump power are used. Both the real and the imaginary parts of
F,(Q) of the HNLF used in our experiments are shown in Fig. 1(b), and an eight times larger

peak Raman gain coefficient can be observed compared to a conventional dispersion shifted
fiber. A clear gain asymmetry can be found at the gain edges, and a larger than 5 dB Raman
induced attenuation is shown at the anti-Stokes band. Accordingly, a sharp NF increase is
appearing around the gain edge at the shorter wavelength band. Even around the peak gain the
average NF is still larger than 4.5 dB. Compared with the parametric amplification, the
impacts of Raman effects on the efficiency and NF spectra of the wavelength conversion
(idler) are more symmetric, as shown in Fig. 2. The reason is that the conversion efficiency
difference between the Stokes and anti-Stokes waves is actually compensated through the
asymmetric signal gain.
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Fig. 2. Calculated idler gain and NF spectra with or without the Raman effect.

2.3 Pump transferred noise

Raman phonon seeded excess noise can to some extent explain why the minimum measured
NF in a PI-FOPA cannot reach the quantum limit. However, it cannot explain the signal-
power-dependent NF, which was experimentally observed in [7]. Actually, another noise
source, i.e. pump transferred noise, causes to this phenomenon, and it has been shown in [8,9]
that the PTN is related to the derivative of the gain with respect to pump power, as a first-
order approximation. However, in [8,9] no Raman effects were considered. In fact, Raman
power transfer will modify the PTN spectrum and make it asymmetric [17]. The NF increase
due to PTN combined with Raman gain can be expressed as

oG,
op,

ANFy; = B,(—=2)* P; | (OSNR -G - hvAv), (6)

where subscript j = a, s representing the anti-Stokes or Stokes wave, P;, is the input signal
power, OSNR is the input pump optical signal-to-noise ratio, Av is the 0.1 nm resolution
bandwidth of the OSNR measurement. It should be pointed out that we can also use pump
electrical SNR (ESNR) to evaluate pump intensity noise, which has the ESNR = OSNR /2
relation when considering identical optical and electrical noise bandwidth and assuming
signal beat noise dominating [18]. Actually, pump ESNR measured in the electrical domain is
more reliable since it can precisely show the contribution of the intensity noise, while the
OSNR measured through noise interpolation might give an inaccurate result when phase noise
becomes significant. A good example is that the measured pump ESNR in a FOPA will stay
constant along the FOPA whereas the measured OSNR decreases quadractically, as
mentioned in [17,19]. As a result, through out this paper we will use pump ESNR to evaluate
PTN, which is determined by the relative intensity noise (RIN) of the pump laser as well as
the NF of the EDFA booster.

Equation (8) indicates PTN is proportional to (9G; / oP,)*, so a modified PTN spectrum

can be expected due to the asymmetric Raman power transfer. Both gain and NF spectra
(considering both AQN and PTN) with or without Raman effect are calculated and compared
in Fig. 3, which clearly confirms that Raman power transfer will make the PTN spectrum
asymmetric. According to Fig. 3(a), larger NF can be observed at the anti-Stokes band,
especially at the gain edge, which originates from a larger G, / 0P, caused by Raman power

transfer from the anti-Stokes to the Stokes wave. In addition, the NF dependence on the input
signal power comes from the P;, term in Eq. (6), which is due to the nonlinear relationship
between the signal input power and the PTN [8]. This Raman induced tilted PTN, combined
with Raman phonon seeded excess noise, will contribute to an asymmetric NF spectrum of a
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single-pumped FOPA, and the asymmetry will be even more significant when broadband gain
(>100nm) is realized. On the contrary, the PTN spectrum of the wavelength conversion
process is almost unchanged after introducing the Raman effect, as shown in Fig. 3(b).
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Fig. 3. Calculated a) signal and b) idler gain and NF spectra (AQN + PTN) with or without
considering Raman effect.

2.4 Pump residual noise

High power EDFA pump boosters will generate large amount of ASE noise, and in some
cases the total ASE power can be comparable to the signal power. For inadequate pump
filtering, very high booster gain or small signal-pump wavelength separation, a large amount
of residual pump ASE will be added to the input signal, and then amplified simultaneously to
degrade the output noise performance. It should be noted that the residual pump noise at the
idler wavelength will also be amplified and copied to the signal. Accordingly we can obtain
the following equation to model the additional NF induced by pump residual noise:

_ Z(Gx _1)(SASE7S[gna1 + SASEJdler) : P(ﬁ*)

ANF,,, ; (N
G hv,
o () ]

€ €

o o

Z Z

S - o -

H H

[=] [=]

o o

© ©

9O =

I3 3"

o o

, , . , \ \ \ \
1520 1540 1560 1580 1520 1540 1560 1580
Wavelength (nm) Wavelength (nm)

Fig. 4. Measured output optical spectrum of a single-pumped FOPA with (a) two cascaded
pump filters and (b) only one pump filter. The resolution bandwidth is 0.5 nm.

where S,¢; g @0d S,g. 4, represent the ASE power spectral densities (at the output of

the EDFA booster) at the signal and idler wavelengths, respectively, which can be measured
via an optical spectrum analyzer, and P(4) is the transmission response of the pump filter.
Equation (7) is also applied to the wavelength conversion case. In Fig. 4, we compare the
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measured output optical spectra of a single-pumped FOPA with only one and two-cascaded
pump filters. An obvious pump residual side-mode amplification can be noticed when only
one pump filter is used, which makes the optical spectrum quite noisy. The impact of the
pump residual ASE on signal NF will be experimentally demonstrated in the next section.

3. Experimental results and discussion

Based on the results of section 2, we can achieve the total signal or idler NF of a PI-FOPA as

NF;olal = NFAQN + ANFRaman + A]\/F‘PTN + ANF;'es' (8)
4 Tones
ﬂ Booster
250m
Phase
Pump Lase Mod. [>"
Filter

10dB 20dB
Coupler Coupler

Fig. 5. Measurement setup. NFA: Noise figure analyzer; ESA: Electrical spectrum analyzer;
OSA: Optical spectrum analyzer; PC: Polarization controller; ATT: Variable attenuator.

Next we will experimentally verify this combined noise model. In Fig. 5 the experimental
setup is demonstrated. A 20 mW output DFB laser (1546.7 nm) was used as the pump laser,
which was phase-modulated by four tones (100, 300, 900 and 2700 MHz) to suppress
stimulated Brillouin scattering. After a high power EDFA booster, the amplified pump was
filtered and combined with signal by a 10 dB coupler. A 250 m HNLF were used as the gain
medium. Finally the amplified signal was filtered and detected by the NF analyzer. The
detected signal and noise components were separated by a bias-T, and then measured by a
current meter and electrical spectrum analyzer, respectively. It should be noted that a high-
efficiency photodetector as well as a low-noise RF-amplifier is important for good accuracy.
After carrying out calibration for shot noise and subtracting laser RIN noise [20], accurate NF
and ESNR can be measured in the electrical domain even for low gain. We choose 874.6
MHz as the central frequency to measure noise level, with 2 MHz resolution bandwidth and 3
Hz video bandwidth. In most cases, the NF measurement error is within £ 0.35 dB. The
bandwidth of the FOPA in the experiment is mainly limited by our measurement capability of
the NF spectrum, since we want to measure the NF spectrum covering the whole gain band.
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Wavelength (nm) Wavelength (nm)

Fig. 6. a) Comparison of the calculated and measured signal gain and NF spectra with only one
pump filter (2 nm 3-dB bandwidth), 0.95 W pump launched power is used in calculation, and
b) the filtered ASE spectrum of the booster.
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Fig. 7. Comparison of the calculated and the measured signal gain and NF spectra with two
cascaded pump filters (1 nm 3-dB bandwidth), with a) 53.2 dB and b) 49.3 dB launched pump
ESNR. A 0.95 W pump power was used.

The measured and calculated signal gain and NF spectra with only one pump filter (3 dB
bandwidth of 2 nm) are shown in Fig. 6(a), and the output EDFA ASE spectrum is shown in
Fig. 6(b). The vertical size of the NF marker is of the order of the measurement error. Only
two fitting parameters were used in the calculation, i.e. Pp = 0.9 W and f, = 2 x 107 s4/m,
and other parameters are directly achieved from the measured data. The transmission response

of the pump filter was measured as P(1) = B} /[(4, — 4,)" + B} ], where , is the pump central

wavelength, and By indicates half the 3 dB filter bandwidth. Very good agreement between
calculated and measured gain/NF spectra is observed, and an NF increase due to pump
residual noise is observed for wavelengths close to the pump. The gain profile remains the
same at different signal input levels, which confirms the linear operation regime. A 3 dB
Raman induced attenuation at the anti-Stokes band was measured around 1520 nm. In Fig. 7,
we show measured and calculated NF and gain spectra with two cascaded filters (1st filter: 2
nm bandwidth, and the 2nd filter: 0.2 nm bandwidth) to effectively suppress the pump
residual noise, and still very good agreement can be achieved at 53.2 dB and 49.3 dB pump
ESNR, respectively, which confirms our theoretical model further. The pump ESNR is
controlled by changing the input power to the booster, while keeping the booster output
constant. Comparing Fig. 6 and 7, a significant NF increase within + 10 nm range around
pump wavelength can be observed in Fig. 6, which is clearly due to the pump residual ASE
noise. This result indicates that pump filters with high selectivity must be used to minimize
such impact, and only considering PTN + Raman phonon induced noise is not enough to get a
satisfying agreement between theory and experiment when the signal-to-pump wavelength
separation is small or the isolation of the pump filter is inadequate. In addition, signal-input-
and pump-SNR-dependent, asymmetric NF spectra have been shown in Fig. 7 as expected,
and the relatively high NFs are mainly due to the combined Raman induced noise and PTN.
The deviation between the calculated and measured NF spectra may be attributed to 1)
polarization misalignment between signal and pump waves, due to polarization mode
dispersion and nonlinear polarization rotation (which is not significant here since the HNLF

we used has a PMD value less than 0.04 ps/~/km ), and 2) zero-dispersion-wavelength

fluctuations induced gain spectrum distortion, which can smear out the sharp gain decrease
and thus reduce the NF at the gain edges to some degree [21]. Even though the calculated and
measured gain spectra are similar, the NF deviation still appears since we used f,4 as a fitting
parameter to match the calculated gain spectrum to the experiment, which modifies the gain
band slightly but does not have the same impacts on NF as the ZDW fluctuations do. For a
properly designed FOPA with low noise pump and low input signal, Raman phonon seeded
noise will dominate at larger pump-signal separation, while pump residual ASE will dominate
the region close to the pump wavelength. However, if one increases the input signal power or

#118960 - $15.00 USD  Received 26 Oct 2009; revised 10 Dec 2009; accepted 12 Jan 2010; published 27 Jan 2010
(C) 2010 OSA 1 February 2010/ Vol. 18, No. 3/ OPTICS EXPRESS 2891



degrade the pump SNR, PTN will become larger and finally dominant. In Ref [8], the PTN
contribution was actually larger than the Raman induced noise since a pump laser with
relatively low SNR was used, thus only considering PTN could still give a good prediction.

Finally, the idler gain and NF spectra are also calculated and measured by taking into
account all the noise contributions, as shown in Fig. 8. For comparison, we choose the same
configuration as used in Fig. 7(a). Due to the idler gain measurement uncertainty by using an
OSA, slightly larger NF error is obtained. According to Fig. 8§, a more symmetric NF
spectrum can be observed for the wavelength conversion process at different input signal
levels, which confirms the previous theoretical analysis. The measured results agree with
theory quite well, both with respect to gain and NF.
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Fig. 8. Comparison of the calculated and the measured idler gain and NF spectra with two
cascaded pump filters at 53.2 dB launched pump ESNR. A 0.95W pump power was used in
calculation.

From the measurement results, both signal and idler NFs are above 5 dB, and can be up to
more than 10 dB at the gain edges, which are actually not attractive for optical
communication systems. To derive low NF, one can 1) use a low-noise pump laser (with <
—160 dB/Hz RIN) and a low NF EDFA booster, 2) launch a low input signal power (well
below —20 dBm) and 3) ensure relatively small signal-pump separation (far from the gain
edges). Moreover, low-noise pump laser with high output power will be a good choice to
replace the low power pump laser + EDFA scheme. By adopting the above modifications, the
NF can reach 4 dB or even lower. Eventually the minimum achievable NF will be limited by
the Raman phonon seeded noise [6]. In theory this thermal phonon induced noise limit can be
reduced by cooling down the fiber [11], though it is impractical in real applications.

4. Conclusion

For the first time, the full signal and idler NF spectra of a single-pumped PI-FOPA have been
achieved both theoretically and experimentally. Four main noise sources, which are amplified
quantum noise, Raman phonon seeded excess noise, pump transferred noise and pump
residual noise, respectively, are all accounted for. Measured results agree well with theory.
Raman induced excess noise and Raman gain induced tilted PTN will both contribute to an
asymmetric signal NF spectrum, however, the idler has a more symmetric NF spectrum.
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