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Suppression of Mode Partition Noise in FP Laser by
Frequency Modulation Non-Coherent Detection
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Abstract—We propose a frequency modulation (FM) non-
coherent detection (NCD) scheme, attempting to suppress the mode
partition noise (MPN) in fiber-optic communication systems with
the Fabry-Perot (FP) semiconductor laser as the light source. The
system comprises a FM transmitter with a directly modulated FP
laser and a semiconductor optical amplifier, standard single mode
fiber, and a NCD receiver with an optical slope filter as the FM
to intensity modulation (IM) signal convertor placed in front of
a conventional photodetector. In this configuration, the MPN is
converted into a random frequency deviation by the transmitter
and is reduced by the slope filter after fiber transmission. The FM
signal is therefore less noisy after being converted back into the IM
signal. With optimized parameter selections, our simulation result
shows that the FM-NCD system allows a direct transmission span
of 40 km for the 10 Gbps signal at 1577 nm, and 120 km for the
25 Gbps signal at 1310 nm, respectively, as opposed to a span of
only 3 km and 10 km achievable by a conventional FP laser driven
IM direct detection (DD) system for the corresponding signals at
the corresponding wavelengths. Remarkably, our simulation result
also shows that the performance of the FM-NCD system even
surpasses that of a directly modulated distributed feedback laser
driven IM-DD system, in which the maximum span is around 15
km and 60 km for 10 Gbps and 25 Gbps signals at 1577 nm and
1310 nm, respectively.

Index Terms—FP lasers, frequency modulation, mode partition
noise, non-coherent detection.

I. INTRODUCTION

DRIVEN by internet-based applications and services, net-
work traffic has grown explosively over decades, which

leads to an ever-increasing demand on communication band-
width [1]. In deployment of passive optical access networks and
optical data communication links, cost reduction is the major
pursuit [2]. Cost-effective optical components are therefore
highly desirable in such systems and networks. The commonly
exploited light source is the distributed feedback (DFB) laser,
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along which an optical isolator is often needed to prevent the
output optical signal of the DFB laser from returning back,
as otherwise its lasing status could be jeopardized. The cost
of transmitters driven by the DFB laser are therefore relatively
high. A low-cost alternative is the Fabry-Perot (FP) laser, along
which the isolator is not necessary, as the total output power
of the FP laser is less susceptible to the external optical feed-
back. However, its multiple (longitudinal) mode behavior, when
combined with the fiber chromatic dispersion, creates the serious
mode partition noise (MPN) problem that jeopardizes the system
performance [3]. Hence the FP laser has to be excluded from
being used in systems with data rates over 2.5 Gbps [4]. The
MPN is caused by the longitudinal mode competition in the laser
cavity where various modes compete for a common injected
carrier population. The instantaneous power of each longitudinal
mode in the laser diode exhibits large fluctuation, even though
the total power of laser diode is nearly invariable [5], [6]. With
such a set of fluctuating carriers, the pulse waveform at the
receiver end varies randomly, as different carrier (longitudinal
mode) travels at slightly different speed inside the fiber due
to the chromatic dispersion. The distorted optical pulse wave-
form originated from the MPN reduces the signal-to-noise ratio
(SNR) and degrades the bit-error-rate (BER); and is usually
the dominating factor that limits the system performance [3],
[7], and [8]. Suppressing the MPN by, e.g., replacing the FP
laser with the single longitudinal mode DFB laser, therefore,
becomes necessary in fiber-optic communication systems with
data rates going beyond 2.5 Gbps. Single mode Fabre-Perot laser
diodes (SMFP-LD) based on either coupled cavity [9], [10],
slotted cavity [11]–[13], external cavity [14], or injection-locked
[15] structures can also eliminate the MPN. External cavity
and injection-locked SMFP-LDs are usually more expensive
due to the hybrid packaging burden. Coupled or slotted cavity
SMFP-LDs are more cost-effective due to their easier fabrication
process as compared to DFB lasers, for there is no need to
fabricate the grating and consequently no need to take one more
growth step for grating coverage. Moreover, there is no facet
grating phase involved, hence the yield of SMFP-LDs is usually
higher. However, most SMFP-LDs suffer the mode instability
problem, i.e., their lasing mode may hop with varying ambient
temperature and/or bias current. As a result, their dynamic side
mode suppression ratio (SMSR) is usually low, and they are
vulnerable to temperature change. For these reasons, although
SMFP-LDs have found applications in many other areas, they are
not popular in fiber-optic access networks and optical datalinks.
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Other alternative methods have been proposed to reduce the
MPN over the past years [16]–[18]. It was demonstrated that
the MPN with its dominant components appearing in the low
frequency band can be suppressed by the semiconductor optical
amplifier acting as a high-pass filter [16]. Mode-locked lasers by
incorporating a saturable absorber and a gain-modulated semi-
conductor optical amplifier (SOA) along with spectral filtering
in an external cavity, were proposed respectively for effective
reduction of the MPN [17]. Yet another approach exploited a
built-in bandpass filter to narrow the spectral width of the FP
laser hence to reduce the MPN [18]. All these approaches, how-
ever, either can hardly be justified in terms of their cost; or falls
behind in system performance (due to incomplete elimination
of the MPN), as compared to the DFB laser solution.

In this work, we propose a frequency modulation (FM) non-
coherent detection (NCD) scheme in an attempt to suppress
the MPN in systems with the FP laser as the light source. By
exploiting the parasitic FM, also known as the chirp in a directly
modulated FP laser, we may readily obtain the FM signal by
eliminating the power fluctuation due to intensity modulation
(IM) through a SOA with saturable amplification. After fiber
transmission and upon the FM to IM conversion by a slope filter
that suppresses the high frequency components, the signal is
fed into a conventional photodetector (PD) for direct detection
(DD). Since the MPN is translated into the random frequency
deviation and will consequently be restrained by the slope filter,
we expect that the MPN can be suppressed in such a system.

The rest of the paper is organized as follows. The FM-NCD
system configuration is proposed in Section II. Our simulation
model is described and validated in Section III. With optimized
system parameters, numerical simulation results of two trans-
mission examples, i.e., 10 Gbps signal at 1577 nm, and 25
Gbps signal at 1310 nm, are presented in Sections IV and V,
respectively, in which the results of a directly modulated DFB
laser driven conventional IM-DD systems are also shown for
comparison. This work is finally summarized in Section VI.

II. SYSTEM CONFIGURATION

A schematic diagram of the proposed FM-NCD system con-
figuration for suppressing the MPN is shown in Fig. 1(a). In
this system, a FP laser is directly modulated by the electric
signal. Through the parasitic FM in accompanying with IM due
to the chirp of the laser, we obtain an IM-FM optical signal.
The power fluctuation of the IM-FM signal is then suppressed by
the saturable amplification of an inline SOA. Thereby we obtain
a relatively pure FM optical signal. After fiber transmission, we
transform the FM signal back into the IM signal by exploiting
an optical slope filter, rather than by taking the conventional
coherent detection approach [19] for cost-effectiveness. The IM
signal is finally converted back into the electric signal by a
conventional photodetector. It is crucial to limit the bandwidth
of the optical slope filter to below half of the mode spacing and
have it aligned with the center longitudinal mode frequency of
the FP laser. As such, all side mode frequencies of the FP laser
will be cut off with the FM signal carried by only the center
mode being converted back into the IM signal. We expect that

Fig. 1. Schematic diagram of system configurations: (a) the proposed FM-
NCD system and (b) the conventional IM-DD system for comparison.

the removal of the fluctuated side modes (exhibited as varying
frequencies in sidebands of the FM signal) will restrain their
contribution to waveform distortion. Moreover, the FM signal is
designed to pass through the falling tail, rather than the leading
tail, of the optical slope filter. Hence symbol 0 and 1 are inverted.
Such an arrangement is advantageous since the center mode
fluctuation (exhibited as the random deviation of the FM signal
center frequency) at symbol 1 will be suppressed by the heavy
loss at the edge of the filter with a deep slope. For comparison
purpose, we have also shown a conventional IM-DD system
configuration in Fig. 1(b).

III. SIMULATION MODAL

A. Optical Transmitter

In modeling of the proposed system, the FP laser is described
by multimode rate equations [3], [20], and [21]:

dN (t)

dt
=

I (t)

eV
− N (t)

τc
−
∑
i

Γvggi (N)Si (t)

1 + εStot
+ FN (t) ,

(1)

dSi (t)

dt
=

[
Γvggi (N)Si (t)

1+εStot
− 1

τp

]
Si (t)+Rsp,i (t)+Fs (t) ,

(2)

dΦi (t)

dt
= 0.5αLEF

[
Γvggi (N)− 1

τp

]
+ FΦ (t) , (3)

where the material optical gain is expressed as

gi (N) = a ln (N/N0)
[
1− 0.5(iΔλD/ΔλG)

2
]
. (4)

In above equations, the subscript i is assigned to
corresponding variables in the ith lasing (longitudinal) mode,
where i = 0, ∓1, ∓2, . . . , ∓M , with a total number of
longitudinal modes assumed as 2M + 1. Other variables,
parameters, and physical constants are defined as: N(t) the
carrier density, I(t) the injected current, e the electron charge,
V the active region volume, τc the carrier lifetime, Γ the optical
confinement factor, vg = c/ng the group velocity, c the speed
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of light, ng the group index, ε the nonlinear gain suppression
coefficient, Si(t) the photon density of the ith longitudinal
mode, Stot =

∑
i Si the total photon density in all modes,

τp = 1/{vg[α+ 1/(2L) ln(1/RfRb)]} the photon lifetime,
α the optical modal loss, L the laser cavity length, Rf and
Rb the reflectivity of the front and back facet, respectively,
Rsp,i = KnspΓvggi(N)/(1 + εStot) /V the spontaneously
emitted photon density rate, K Petermann’s factor, nsp the
population inversion factor, a the material gain coefficient,
N0 the transparent carrier density, Δ λD = λ2

0 /(2ngL) the
longitudinal mode spacing, λ0 the peak gain (center lasing)
wavelength, ΔλG the gain profile width, Φi(t) the phase of the
ith longitudinal mode optical field, and αLEF the linewidth
enhancement factor. Following the definition in [3] and [20], the
Langevin noise terms FN (t), FS(t), and FΦ(t) are stochastic
processes with their characteristics given by:

〈FN (t)〉 = 〈FS (t)〉 = 〈FΦ (t)〉 = 0, (5)

〈Fu (t)Fv (t
′)〉 = 2Duvδ (t− t′) , (6)

where the angle brackets denote the ensemble average
and δ(t− t′) Dirac’s delta function. Duv are the diffusion
coefficients associated with the corresponding noise sources,
with subscript u and v indicating N , S, and Φ. They can be
explicitly expressed as [20]:

DNN = N/ (τcV ) +
∑
i

Rsp,iSi, (7a)

DSiSi
= Rsp,i Si, (7b)

DNSi
= DSiN = −Rsp,iSi, (7c)

DΦiΦi
= Rsp,i / (4Si) , (7d)

DNΦi
= DΦiN = DSΦi

= DΦiS = 0. (7e)

In solving above rate equations in the time domain, we have im-
plemented the Langevin noise terms in time interval Δt as [22]:

FN (t) =
√
2DNN/Δt xN , (8a)

FSi
(t) =

DNSi

DNN
FN (t) +

√
2
DSiSi

−DNSi

2/DNN

Δt
xSi

,

(8b)

FΦi
(t) =

√
2DΦiΦi

/Δt xΦi
, (8c)

where xN , xSi
, and xΦi

are normalized independent Gaussian
random variables with zero mean and unit standard deviation.

Rate (1)-(3) are solved by the 4th-order Runge-Kutta algo-
rithm [23]. The optical power carried by each longitudinal mode
can be linked to the photon density of the corresponding mode
through [22], [24]:

Pi (t) =
hυi
2

(1−Rf ) ln [1/ (RfRb)]

1−Rf + (1−Rb)
√
Rf/Rb

c

ngL
Si (t)V,

(9)
with h indicating Planck’s constant and vi the optical frequency
of the ith longitudinal mode.

With parameters of a typical 1577 nm FP laser summarized
in Table I, its performance under 10 Gbps direct modulation is

TABLE I
PARAMETERS OF THE FP LASER

Fig. 2. Probability density functions (PDF) of (a) the central mode S0 and a
few side modes: (b) S-2, (c) S2, (d) S-4, and (e) S4. The dots are the calculated
PDFs by the multimode rate equation model. The solid lines are PDF curves
obtained by a theoretical model [26].

calculated. The dots in Fig. 2 show the calculated probability
density functions (PDF) of a few selected longitudinal modes
by following the method described in [22] and [25]. The solid
lines in Fig. 2 are PDF curves obtained by a theoretical model
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Fig. 3. Characteristics of the FP laser: (a) the time-resolved spectrum of the
FP laser under direct modulation with the applied signal current shown in the
inset, where the spectral time window is set to 100 ps, (b) the total output optical
power of the FP laser, and (c) the frequency chirp of the central mode S0.

[26]:

p (ai) =
a
(ξai−1)
i (1− ai)

[ξ(1−ai)−1]

B [ξai, ξ (1− ai)]
, (10)

where ai = Si/Stot is the relative photon density in the
ith longitudinal mode, B(x, y) the Beta-function, ai =∑

i ai/(2M + 1) the average value of ai , and ξ = 1/k2 − 1
the mode partition coefficient with the corresponding k-factor
defined as:

k2 =
(
a2i − ai

2
)
/
(
ai − ai

2
)
. (11)

The simulated MPN characteristics are in good agreement
with the theory as evidenced by Fig. 2, which validates our
multimode rate equation model for the FP laser. Other device
characteristics obtained from this model are shown in Fig. 3. De-
spite the severe power fluctuation of each individual mode under
direct modulation as shown in Fig. 3(a), the total optical power
in each symbol-1 pulse remains almost unchanged, as exhibited
in Fig. 3(b). For a fair comparison with the conventional IM-DD
system, the operating condition is such chosen that the output
optical power and extinction ratio (ER) of the optical transmitter
satisfy the ITU standard for 10-Gigabit-capable passive optical
networks (XG-PON) [27], although it is the parasitic frequency
modulation (chirp), rather than the intensity modulation itself,
will be used for signal transmission. Fig. 3(c) clearly shows
the parasitic frequency modulation due to the carrier induced
frequency chirping as modeled by the phase rate (3).

Since a pure FM signal is required by the FM-NCD system,
we need to pass the IM-FM signal from the directly modulated
FP laser further through a SOA for saturable amplification. A
physics-based model [28]–[30], as briefed in Appendix A, has

TABLE II
PARAMETERS OF THE SOA

∗: requirements of reduced saturation power.

Fig. 4. Characteristics of the FM transmitter: (a) the total output optical power
and (b) the spectrum of the central mode S0 after saturable amplification of the
SOA.

been used to simulate the SOA operated under its saturation
mode. The SOA equations are solved numerically [31] with its
parameters summarized in Table II. Fig. 4(a) shows that the total
output optical power can indeed be saturated by the SOA with
minor fluctuations. As such, the output of the SOA becomes a
rather pure FM signal, as evidenced by Fig. 4(b). The spectrum of
the central mode has two main peaks, corresponding to symbol-0
(the one on the left) and symbol-1 (the one on the right) lasing
frequencies, respectively, which carries the signal information.

B. Fiber-Optic Channel

As briefed in Appendix B, the transmission of the optical
signal is described by the nonlinear Schrodinger equation [32],
which can readily be solved by, e.g., the split-step method
[33], [34]. In our simulation example, the G.652.D single
mode fiber (SMF) with a loss of 0.2 dB/km and a dispersion
(D = −2πcβ2/λ

2) of 18 ps/(nm.km) at 1577 nm is used.
Since the proposed system is not for long haul transmission,
the fiber nonlinearity, the third and higher order dispersions are
all neglected. Under this condition, a single step in the numerical
solver returns the fiber transmission result.
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Fig. 5. System performance comparison between the TEF and LEF approach:
(a) the spectra of the central mode S0 after 10-km optical fiber transmission, and
frequency responses of the TEF and LEF, (b) and (b′) the waveforms and spectra
(shown in the insets) of the optical signal after slope filtering by the TEF and
LEF, respectively, and (c) and (c′) the eye-diagrams of the optical signal after
slope filtering by the TEF and LEF, respectively, with the extracted effective
SNR (Q), bit-error-rate (BER), total time jitter (TJ), and extinction ratio (ER)
shown at the top of each figure.

C. Optical Receiver

As the component that converts the FM signal back to the IM
signal, the optical slope filter plays a crucial role in the FM-NCD
system. Without losing much generality, we consider a 2nd order
optical bandpass filter in the form of:

Hsl (jω) = Ajωωd/
[
(jω)2 + jωωd + ω2

0

]
, (12)

which can be practically realized by, e.g., multiple dielectric
layer coatings. Depending on choosing the rising or falling tail
of its frequency response, we can obtain the required optical
slope filtering function either through the leading-edge filter
(LEF) or the tailing-edge filter (TEF). As shown in Fig. 5(a),
with a common A = 1, ωd = 217.66× 109 rad/s, the LEF
tuned at ω0 = 1.1952× 1015 rad/s and TEF tuned at ω0 =
1.1944× 1015 rad/s suppresses the low and high frequency band
of the FM optical signal, respectively. Fig. 5(b) and (b′) give the
optical waveforms, and Fig. 5(c) and (c′) the eye-diagrams, of
the optical signal after being filtered by the TEF and LEF, re-
spectively. The quality of the eye-diagram can be quantitatively
evaluated by those extracted parameters inserted at the top of
each corresponding figure. The effective SNR is calculated by:

Q = (I1 − I0) / (σ1 + σ0) , (13)

where I1 and I0, and σ1 and σ0, denoted as the averages and
variances of symbol-1 and symbol-0 signal at the decision
instant, respectively, are directly obtained from the eye-diagram.
Consequently, the BER is found as:

BER = 1/2erfc
(
Q/

√
2
)
, (14)

with erfc() denoting the complementary error function. The
total time jitter (TJ) is calculated by the model in [35], at a BER
of 10-3 as required by the receiver of the optical network unit
(ONU) in XG-PON according to the standard in [27]. The ER is
calculated by I1/I0. Our simulation shows that the TEF is supe-
rior to the LEF. The MPN induced power fluctuation is positively
correlated with the power, i.e., power fluctuation is severer in
symbol-1 than in symbol-0, which consequently causes a larger
frequency deviation in symbol-1 than in symbol-0. Since the
TEF retains low-frequency components and suppresses high-
frequency components, it introduces less fluctuation in con-
verting the FM signal into the IM signal. On the contrary, the
LEF retains the high-frequency components and suppresses the
low-frequency components, which leads to greater fluctuation to
the converted IM signal. To eliminate extra frequency deviations,
we need to cut off all the side modes. This can practically be
achieved by cascading yet another optical bandpass filter with
its bandwidth chosen less than the FP mode spacing. In our
simulation model, we have simply assumed that the bandwidth
of the TEF is less than half of the mode spacing. Thereby all
side mode frequencies are eliminated. We have also studied the
impact of the rolling rate of the slope in the TEF on system
performance. With A = 1 and ω0 = 1.1944× 1015 rad/s, the
TEF’s ωd is chosen as 362.76× 109 rad/s, 290.21× 109 rad/s,
217.66× 109 rad/s, and 145.10× 109 rad/s, respectively. They
are denoted by symbols “S”, “M”, “F”, and “UF”, meaning that
the rolling rate of the TEF’s slope is “slow”, “medium”, “fast”,
and “ultra-fast”, respectively. Shown in Fig. 6, the eye-diagrams
of the FM signal after 30-km optical fiber transmission indicate
that the rolling rate of the TEF’s slope has an optimum value.
We find that the TEF with a fast-rolling slope marked as “F”
gives the best system performance. This is understandable as
a slow-rolling slope will not sufficiently mitigate the effect of
the MPN on symbol-1. An ultra-fast rolling slope, however,
jeopardizes the signal fidelity as the signal is severely distorted
by the ultra-narrow bandwidth associated with the ultra-fast
rolling slope.

After being converted from the FM signal by the TEF, the
optical IM signal is directly detected by a normal photodetector.
The photocurrent is calculated by IPD = RPin with R and Pin

indicating the responsivity of the photodetector (0.9 A/W in our
simulation) and the input optical power to the photodetector,
respectively. A common 6th order Butterworth electrical lowpass
filter with the cutoff frequency at 8 GHz is adopted after pho-
todetection for noise suppression outside of the signal baseband.

IV. TRANSMISSION OF THE 1577 NM 10 GBPS SIGNAL

With the proposed FM-NCD system configured in Fig. 1 and
with the parameters for optical fiber and other functional blacks
chosen in Section III, we have simulated the performance of
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Fig. 6. System performance of the TEF with different slope rolling rate: (a)
the spectrum of the central mode S0 after 30-km optical fiber transmission, and
frequency responses of the TEF denoted by “S”, “M”, “F”, and “UF”, (b)–(e)
eye diagrams of the optical signal after slope filtering by the “S”, “M”, “F”,
and “UF” TEF, respectively, with the extracted effective SNR (Q), bit-error-rate
(BER), total time jitter (TJ), and extinction ratio (ER) shown at the top of each
figure.

a 1577 nm 10 Gbps transmission system. The obtained eye
diagrams are shown in Fig. 7. It is found that the proposed
FM-NCD system allows the 1577 nm 10 Gbps signal to transmit
over 40 km, as opposed to only about 3 km achievable by a con-
ventional IM-DD system driven by a FP laser. To demonstrate
the superiority of the proposed FM-NCD system, a DFB laser
driven conventional IM-DD system is further simulated with
the model described in Appendix C and parameters presented in
Table III. As shown in Fig. 8 by the eye diagrams, the maximum
span of the DFB laser driven IM-DD system is about 15 km
for the same 1577nm 10 Gbps signal, which indicates that the
performance of the proposed FM-NCD system driven by a FP
laser (plus an extra SOA and a passive optical slope filter) even
surpasses that of the IM-DD system driven by a DFB laser.

V. TRANSMISSION OF THE 1310 NM 25 GBPS SIGNAL

By exploiting the same configuration and model described in
Sections II and III, we have also simulated the performance of
the proposed FM-NCD system for transmission of the 1310 nm
25 Gbps signal, with all parameters summarized in Table IV.
Following the standard in [36], the TJ shown at the top of
each eye-diagram in Fig. 9 is calculated at a BER of 5×10-5,
as required by the receiver in optical datalinks. Comparison
among the eye-diagrams in Fig. 9 again reveals that the proposed
FM-NCD system not only offers a better performance than the

Fig. 7. Eye diagrams of the 1577 nm 10 Gbps optical signal after (a) 20-
km, (b) 40-km, and (c) 60-km transmission in the proposed FM-NCD system,
respectively; as a comparison, the eye diagrams of the same signal in a FP laser
driven IM-DD system are also shown after only 1-km (d), 3-km (e), and 5-km
(f) transmission, with the FP laser modulation current and its output optical
signal waveforms given in the inset of Fig. 3(a) and Fig. 3(b), respectively.
The extracted effective SNR (Q), bit-error-rate (BER), total time jitter (TJ), and
extinction ratio (ER) are also shown at the top of each eye-diagram.

TABLE III
PARAMETERS OF THE DFB LASER

FP laser driven conventional IM-DD system, but is also superior
than the DFB laser driven IM-DD system, as evidenced by
the maximum allowed transmission span of 120 km for the
FM-NCD system, 10 km for the FP laser driven IM-DD system,
and 60 km for the DFB laser driven IM-DD system, respectively.
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Fig. 8. Eye diagrams of the 1577 nm 10 Gbps optical signal after 5-km (b),
(f), and (j), 15-km (c), (g), and (k), and 20-km (d), (h), and (m) transmission in a
DFB laser driven IM-DD system, respectively, with the extracted effective SNR
(Q), bit-error-rate (BER), total time jitter (TJ), and extinction ratio (ER) shown
at the top of each figure, (a), (e) and (i) the optical signal waveform launched by
the directly modulated DFB laser with the applied signal current shown in the
inset.

Fig. 9. Eye diagrams of the 1310 nm 25 Gbps optical signal after 70-km (a),
120-km (b), and 170-km (c) transmission in the proposed FM-NCD system,
respectively; as comparisons, the eye diagrams of the same signal in a FP laser
driven IM-DD system are shown after only 5-km (e), 10-km (f), and 15-km (g)
transmission, and the eye diagram of the same signal in a DFB laser driven IM-
DD system are also shown after 50-km (i), 60-km (j), and 70-km (k) transmission,
respectively; (d) and (h) the optical signal waveforms launched by the directly
modulated FP and DFB lasers, with the applied signal currents shown in the
insets, respectively. The extracted effective SNR (Q), bit-error-rate (BER), total
time jitter (TJ), and extinction ratio (ER) are also shown at the top of each
eye-diagram.
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TABLE IV
FM-NCD SYSTEM PARAMETERS FOR 1310 nm 25 Gbps OPTICAL

SIGNAL TRANSMISSION

Other parameters are identical to those used in Tables I-III.

Under the same IM scheme (i.e., both directly modulated
without any signal conversion), the system performance of the
DFB laser will surely surpass that of the FP laser. The fact that
the FM-NCD system with a FP laser shows a better performance
than the conventional IM-DD system with a DFB laser indicates
that the FM scheme is superior, if the MPN in FP and the chirp
in DFB are the limiting factors in transmission due to the fiber
chromatic dispersion.

VI. CONCLUSION

A FM-NCD fiber-optic communication system is proposed
by exploiting the parasitic frequency modulation (chirp) of a
directly modulated FP laser and a SOA for saturable amplifica-
tion. After fiber transmission, the FM signal is converted back
into a normal IM signal by a passive optical slope filter. Such a
system can effectively suppress the MPN as evidenced by our
numerical simulation results. More specifically, the proposed
FM-NCD system allows a maximum transmission span of 40
km for the 1577 nm 10 Gbps signal, and 120 km for the 1310
nm 25 Gbps signal, as opposed to 3 km and 10 km achievable
by a FP laser driven, or 15 km and 60 km achievable by a DFB
laser driven conventional IM-DD system, respectively. Hence
the FM-NCD system will become the power- rather than the
bandwidth- limited system.

In the passive optical network (PON) based telecommuni-
cation access networks, external modulated lasers (EMLs) are
usually used as the downstream source in the optical line ter-
minal (OLT), as the DFB lasers cannot send 10 Gbps signal
for over 20 km at 1577 nm as required by the PON system
standard, due to the DFB chirp (parasitic frequency modulation)
and the fiber chromatic dispersion [37]. EML needs butt-joint
regrowth or selective area growth to monolithically integrate the
DFB with the electro-absorption modulator (EAM), which is a
complicated technique and still suffers low yield on current fab-
rication technology [38]. In the proposed FM-NCD system, on

the transmitter side, the FP-LD and SOA are both mature devices
and can readily be monolithically integrated without regrowth,
since the active region of the FP-LD and SOA can be identical,
with their electrodes for current injection being separated only.
On the receiver side, only an extra optical slope filter is needed.
However, it is a purely passive device and can be made by directly
coating on the photodetector surface. The overall expense of the
FP-SOA plus the optical slope filter can be made lower than
that of the EML. In short to medium range 25 Gbps optical
datalinks at 1310 nm with a span of several to more than ten
kilometers, directly modulated DFBs are commonly used for its
cost-effectiveness as compared to EML. Since there is no grating
required, a combination of the FP-SOA plus optical slope filter
can be made even more cost-effective than the combination of
the DFB plus isolator. Besides, we can expect a higher yield
of the FP-SOA as compared to the DFB for there is no grating
facet phase uncertainty involved. Since there is neither expensive
component nor complicated technology involved, the FM-NCD
system can be appealing as a cost-effective approach for optical
signal transmission in optical fiber based passive optical access
networks and in optical datalinks.

APPENDIX A

The numerical model that we have adopted to describe the
SOA is given as [28]–[30]:

dN (z, t)

dt
=

I

eV
− N (z, t)

τc

− vg

M∑
i =−M

Ps (z, t, λi) g (z, t, λi)

1 + εPtot (z, t)
, (15)

(
1

vg

∂

∂t
+

∂

∂z

)
F (z, t, λi)

=

{
j

[
1

2
αLEFΓg (z, t, λi)

]

+
1

2

[
Γg (z, t, λi)

1 + εPtot (z, t)
− α

]}

· F (z, t, λi) + s̃f (z, t, λi) , (16)(
1

vg

∂

∂t
− ∂

∂z

)
R (z, t, λi)

=

{
j

[
1

2
αLEFΓg (z, t, λi)

]

+
1

2

[
Γg (z, t, λi)

1 + εPtot (z, t)
− α

]}

· R(z, t, λi) + s̃r (z, t, λi) , (17)

where N(z, t) is the carrier density, I the injected current, e
the electron charge, V the active region volume, τc the carrier
lifetime, vg = c/ng the group velocity, c the speed of light, ng

the group index, Ps (z, t, λi) = Γneff/(2hvidwvg)
√

ε0/μ0 ·
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[|F (z, t, λi)|2 + |R(z, t, λi)|2] the photon density distribu-
tion of the ith wavelength channel, λi is the wave-
length of the ith (i = 0, ∓1, ∓2, . . . , ∓M ) channel in the
sliced spectrum, Γ the optical confinement factor, neff =
n0
eff − λ0/(4π)αLEFΓ · g(z, t, λi) effective index, n0

eff ef-
fective index without injection, λ0 the peak gain wave-
length, αLEF linewidth enhancement factor, g (z, t, λi) =
a ln[N(z, t)/N0][1− 0.5(λi − λ0/ΔλG)

2] the material optical
gain, a the material gain coefficient, N0 the transparent carrier
density, ΔλG the gain profile width, h Planck’s constant, vi
the optical frequency corresponding to λi, d thickness of active
region, w width of active region, ε0 the permittivity of a vac-
uum, μ0 the permeability of a vacuum, F (z, t, λi) the slowly
varying envelopes of the forward propagating fields, R(z, t, λi)
the slowly varying envelopes of the backward propagating
fields, ε nonlinear gain suppression coefficient, Ptot (z, t) =∑M

i=−M Ps(z, t, λi) the total photon density distribution in all
wavelength channel, j the imaginary unit, and α the optical
modal loss.

The magnitude of the spontaneous emission noise fields
s̃f (z, t, λi) and s̃r(z, t, λi) are approximated as Gaussian ran-
dom processes with a zero mean and satisfy following autocor-
relation function [29]:∣∣s̃f,r (z, t, λi)

∣∣ ∣∣∣S̃f,r (z′, t′, λ′
i)
∣∣∣

= γ
Rsp (z, t, λi)

dzvg
δ (z − z′) δ (t− t′) δ (λi − λ′

i) , (18)

where γ is the spontaneous coupling factor, Rsp(z, t, λi) the
spontaneous emission rate, dz the length of a subsection intro-
duced by the spatial discretization of the active region along the
wave propagation direction, and δ() Dirac’s delta function. The
phase of the spontaneous emission noise fields is assumed to be
uniformly distributed between 0-2π.

APPENDIX B

The slow-varying envelope of a propagating optical pulse in
the fiber can be described by the nonlinear Schrodinger equation
(NSE) [32]:

∂A (z, t)

∂z
+

α

2
A (z, t) + β1

∂A (z, t)

∂t
+

j

2
β2

∂2A (z, t)

∂t2

− 1

6
β3

∂3A (z, t)

∂t3
= jγ|A (z, t)|2A (z, t) , (19)

where A is the low-varying envelope of the optical field, α the
fiber loss,β1 the wave propagation constant,β2 the second-order
dispersion, β3 the third-order dispersion, γ the fiber nonlinear
parameter, and j the imaginary unit.

Transforming to a reference frame moving with the pulse and
introducing the new coordinates (T = t− β1z), the term β1

can be eliminated in (19) to yield:

∂A (z, T )

∂z
+

α

2
A (z, T ) +

j

2
β2

A (z, T )

∂T 2
− β3

6

A (z, T )

∂T 3

= jγ
∣∣A2 (z, T )

∣∣A (z, T ) . (20)

According to the split-step method [34], the solution to (20)
is given by:

A (z +Δz, ω) = exp[j(1/2β2Δzω2 − 1/6β3Δzω3

− 1/2αΔz)]F [A (z, T )] , (21)

A (z +Δz, T ) = exp
{
jΔzγ

∣∣F−1 [A (z +Δz, ω)]
∣∣}

�ΔF−1 [A (z +Δz, ω)] , (22)

where F [ ] and F−1[ ] are the Fourier and inverse Fourier
transforms, respectively. In our simulations, we have neglected
dispersions higher than the second order as well as the fiber non-
linearity by setting γ = 0, due to the relative short transmission
distance. As such, we can rewrite (21) and (22) as:

A (z +Δz, T )

= F−1

{
exp

[
1

2

(
jβ2Δzω2 − αΔz

)]
F [A (z, T )]

}
. (23)

APPENDIX C

The DFB laser is simulated by a travelling wave model
(TWM) [31]:

dN (z, t)

dt
=

I (t)

eV
− N (z, t)

τc

− vgPs (z, t) g (z, t)

1 + εPs (z, t)
, (24)

(
1

vg

∂

∂t
+

∂

∂z

)
F (z, t) =

{
−jδ +

1

2

[
Γg (z, t)

1 + εPs (z, t)
− α

]}

· F (z, t) + jκR (z, t) + s̃f (z, t) ,
(25)(

1

vg

∂

∂t
− ∂

∂z

)
R (z, t) =

{
−jδ +

1

2

[
Γg (z, t)

1 + εPs (z, t)
− α

]}

·R (z, t) + jκF (z, t) + s̃r (z, t) ,
(26)

where N(z, t) is the carrier density, I(t) the injected current, e
the electron charge, V the active region volume, τc the carrier
lifetime, vg = c/ng the group velocity, c the speed of light, ng

the group index, Ps (z, t) = neff/(2hv0)
√

ε0/μ0Γ/(dwvg) ·
[|F (z, t)|2 + |R(z, t)|2] the photon density distribution, neff =
n0
eff − λ0/(4π)αLEFΓg(z, t) effective index, n0

eff effective
index without injection, λ0 the peak gain wavelength, αLEF

linewidth enhancement factor, Γ the optical confinement factor,
g (z, t) = a ln[N(z, t)/N0] the material optical gain, a the
material gain coefficient, N0 the transparent carrier density, h
Planck’s constant, v0 the optical frequency corresponding to
λ0, ε0 the permittivity of a vacuum, μ0 the permeability of a
vacuum, d thickness of active region, w width of active region,
F (z, t) the slowly varying envelopes of the forward propagating
fields, R(z, t) the slowly varying envelopes of the backward
propagating fields, εnonlinear gain suppression coefficient, j the
imaginary unit, δ = [2πn0

eff/λ0 − 1/2αLEFΓg(z, t)− π/Λ]
the phase detuning factor from the Bragg wavelength, Λ Bragg
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grating period, α the optical modal loss, and κ grating coupling
coefficient.

The magnitude of the spontaneous emission noise fields
s̃f (z, t) and s̃r(z, t) are treated in a similar way as (18) in
Appendix A:∣∣s̃f,r (z, t)∣∣ ∣∣∣S̃f,r (z′, t′)

∣∣∣
= 2

√
μ0

ε0

ΓΥgsphv0
neff

δ (z − z′) δ (t− t′) , (27)

where γ indicates the spontaneous coupling factor, gsp the spon-
taneous emission gain, and δ()Dirac’s delta function. Again, the
phase of the spontaneous emission noise fields is assumed to be
uniformly distributed between 0-2π.

The finite bandwidth of the gain profile is modeled by an
infinite impulse response (IIR) filter approach [39], [40]:

|H (ω)|2 =
{
(1− η)2/

[
1 + η2 − 2ηcos (ωΔt)

]}
, (28)

where η indicates the filter coefficient that controls the filter
bandwidth and Δt the time marching step in simulation.
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