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Abstract. We present numerical modeling and simulation on the effects of standard single-mode fiber
(SSMF) properties and different dispersion management approaches on the distortions of laser diode.
These distortions are associated with the two-tone modulation of laser diode for use in radio over fiber
systems. The fiber properties include attenuation and dispersion. The dispersion management approaches
include the use of nonzero dispersion-shifted fiber (NZ-DSF), fiber Brag grating (FBG), and dispersion-
compensating fiber (DCF). The laser is directly modulated with two analog frequencies of 25 and 25.1 GHz
at different modulation depths (m). The modulated laser signals are then propagated through SSMF at
different lengths (L). The investigated laser signal distortions include the 2nd harmonic distortion (HD2),
and the 2nd and 3rd intermodulation distortions (IMD2 and IMD3, respectively). The results reveal that
all laser distortions are exacerbated as the fiber length increases, which is mainly due to the chromatic
dispersion, while fiber attenuation has no effect. The use of dispersion management approaches gives almost
similar effects on the reduction of IMD3 when L = 1 km, regardless of the value of m. Up to m = 0.3, DCF
is the most effective approach for reducing all distortions over the entire fiber length range, while NZ-DSF
is the least. When L = 2 km, FBG is the most effective approach for reducing both IMD2 and HD2 when
m ≥ 0.4, whereas when L is increased to 6 km, DCF is the most effective approach up to m = 0.5.

1 Introduction

Radio over fiber (RoF) transmission systems are an
appropriate technology for integrating optical and wire-
less systems. Also, they provide a wide coverage area
without increasing the system complexity or cost [1].
Laser diodes (LDs) play an important role in the devel-
opment of RoF systems due to their advantage of high
bandwidth. Traditional LDs have a bandwidth of sev-
eral GHz [2], which recently has been enhanced to >
20 GHz with the innovation of multiple quantum well
lasers [3]. This development helps to transmit and dis-
tribute microwave or millimeter-wave signals over opti-
cal fibers. This, in turn, meets the rapid evolution of
wireless technology to integrate frequency bands higher
than those currently used. This great advantage moti-
vates the use of fifth-generation mobile networks [4].

Direct modulation of LDs in the GHz range with two
subcarriers (two tones) has recently attracted a lot of
attention for increasing the information capacity and
transmission speed in analog RoF systems [5–7]. This
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is because direct modulation is a simpler, less expensive,
and less power-consuming technique compared to exter-
nal modulation [8–10]. However, directly modulated
LDs introduce nonlinear dynamics associated with the
laser resonance, such as gain suppression and hole burn-
ing. These dynamics strongly affect the light–current
linearity of the laser due to the inhomogeneous pinning
of the electron density in the laser cavity [11–13]. These
nonlinear laser dynamics create undesired distortion
products associated with the modulated laser signal,
which degrades the transmission quality [14, 15]. Typ-
ically, the nonlinear distortions associated with analog
two subcarriers modulation of LDs are harmonic dis-
tortions (HDs) and intermodulation distortions (IMDs)
[16–19]. These distortions are exacerbated when the
frequency of the fundamental signals approaches the
relaxation frequency of the laser (f _r) [20–22]. In addi-
tion, SSMFs have the advantages of immunity to radio
frequency interference and large bandwidth [23]. How-
ever, they have some issues, namely attenuation and
chromatic dispersion that can affect the modulated
laser signals by adding further degradations [24]. The
dispersion-induced nonlinear distortions are one of the
most significant dispersion penalties of the fiber. It
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affects the information capacity and transmission dis-
tance of the systems employing the direct modulation
technique [15, 25–29]. The frequency chirping of directly
modulated LDs interacts with chromatic dispersion of
the SSMF causing distortions of the signal traveling
over the fiber [29]. This depends on the subcarrier fre-
quency and the modulation depth, as well as the fiber
length [26].

However, the estimation and prediction of nonlin-
ear distortions generated by the directly modulated
LD are important issues and have been intensively
researched [14–19]. It is necessary to minimize the dis-
persion effects of SSMF to reduce such distortions in
order to increase the BL-product of the fiber link. Dif-
ferent approaches have been proposed in order to min-
imize the dispersion effects of SSMF in analog fiber
transmission systems and hence improve the fiber link
performance [30–36]. One approach is to replace the
SSMF with NZ-DSF, which is designed to reduce the
chromatic dispersion effects [30, 31]. Another approach
that almost cancels SSMF dispersion is the use of
DCFs. DCF is a compensating device with a negative
dispersion value that is used with the SSMF to com-
pensate for its positive dispersion value [32–34]. FBG
has been recently developed as an approach that acts as
an effective filter for selecting desired wavelengths and
hence reduces the dispersion effects of SSMFs [35–37].
Although these approaches are effective and important
for improving system performance, their application to
control fiber dispersion was limited to the low-frequency
analog RoF systems (MHz range). Moreover, to the best
of the authors’ knowledge, there is little research com-
paring all of these dispersion management approaches
for microwave or millimeter-wave analog RoF systems.
However, there are various studies comparing the use
of DCF and FBG in order to identify the optimum
approach that improve the performance of optical fiber
system [38, 39]. In ref. [38], the authors confirmed that
the use of DCF, although being more costly to imple-
ment than FBG, is a promising approach for improving
system performance. The authors in [39] made a com-
parison between the use of DCF and FBG for three
different types of optical modulation in a particular
optical system. They found that the use of DCF over-
comes FBG for all three types. Recently, other studies
proposed a combined technique employing DCF with
FBG for increasing compensation efficiency [40, 41]. A
hybrid combination of DCF and FBG has been used
in [40] in order to mitigate the dispersion effect and
other nonlinearities of fiber in RoF systems. In ref. [41],
the authors compared different techniques to reduce the
pulse width and found that using the combined tech-
nique of DCF with FBG is more efficient than using
DCF or FBG alone. Additionally, they found that using
DCF achieves high efficiency than FBG. Reference [42]
presented a novel compensation technique of disper-
sion effect mitigation using a combination of multistage
FBG and DCF design, which has been successfully used
for data transmission over long distances.

In this paper, we present comprehensive investi-
gations on the signal distortions of LDs radiating a

directly modulated fiber link with two analog subcar-
rier signals in the GHz range for use in analog RoF
systems. The effects of SSMF properties (attenuation
and dispersion) on the laser nonlinear distortions (HD2,
IMD2, and IMD3) are explored. In addition, a com-
parison of the effect of the different dispersion man-
agement approaches on the modulated laser signal dis-
tortion types is presented. The dispersion management
approaches include negative or positive NZ-DSF, FBG,
and DCF. The main aim of the paper is to explore the
optimum dispersion management approach that mini-
mizes the distortions in order to enhance the transmis-
sion performance of high-frequency analog fiber links.
The study is based on numerical integration of the rate
equation model of LDs excited by bias current in con-
junction with two sinusoidal electrical RF signals at
25 and 25.1 GHz. The frequency spectra of the modu-
lated laser signals are investigated in the free-running
case, under the effects of fiber attenuation and disper-
sion, and under the effects of the different manage-
ment approaches. The analysis is performed at different
ranges of laser modulation depth and fiber length.

The paper is organized as follows: In Sect. 2,
we present the theoretical model and the simulation
methodology. In Sect. 3, the results and discussion are
presented, and the conclusions are given in Sect. 4.

2 Theoretical model and methodology

2.1 Dynamic behaviors of LDs

The dynamic behavior of LDs under amplitude modula-
tion is typically modeled through numerical integration
of the following coupled rate equations that describe the
time evolution of the injected carrier density N (t) and
emitted photon density S (t) in the active region [43]:

dN(t)
dt

=
I(t)
eV

− N(t)
τc

− go(N(t) − No)
1 + εS(t)

S(t) (1)

dS(t)
dt

=
Γgo(N(t) − No)

1 + εS(t)
S(t) − S(t)

τp
+

ΓβspN(t)
τc

(2)

where e is the electron charge, V is the volume of the
active region, τ_c is the electron lifetime, g_o is the
gain slop constant, N _o is the carrier density at trans-
parency, ε is the gain suppression factor, τ_p is the
photon lifetime, Γ is the optical confinement factor,
and β_sp is the fraction of spontaneous emission noise
coupled into the lasing mode.

In the case of two-tone modulation, the injection cur-
rent I (t) in Eq. (1) is given by the following form:

I(t) = Ib{1 + m[sin(2πfm1t) + sin(2πfm2t)]} (3)

where I _b is the bias current, m = I _m/I _b is the mod-
ulation depth, I _m is the modulation current, and f _m1

and f _m2 are the modulation frequencies of the first and
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second tone, respectively, with a frequency spacing Δf .
The time variation of the laser output power P(t) is
estimated from the emitted photon density S (t) using
the relationship [43]:

P (t) =
V ηhν

2Γτp
S(t) (4)

where η is the differential quantum efficiency, ν is the
optical frequency, and h is the Planck’s constant. The
power spectrum P(f ) of the modulated laser signal is
calculated by the fast Fourier transformation (FFT) of
P(t) over a finite time period T as [44]

P (f) =
1
T

∣
∣
∣
∣
∣
∣

T∫

0

P (τ)e−jωτdτ

∣
∣
∣
∣
∣
∣

2

=
Δt2

T
|FFT[P (t)]|2 (5)

where Δt is the time integration step. The nonlinear
distortions of the modulated laser signals are calculated
as follows. The power spectrum P(f ) displays the pow-
ers of the fundamental frequencies (f _m1 and f _m2) as
well as the generated distortion products, namely sec-
ond harmonic frequencies (2f _m1, 2f _m2, 3f _m1, 3f _m2,
etc.), and second and third intermodulation frequen-
cies (f _m1 ± f _m2, 2f _m1 ± f _m2, 2f _m2 ± f _m1, etc.).
The power ratio (in dBc) of the second harmonic to
the fundamental modulation frequency quantifies the
second harmonic distortions HD2 as [22]:

HD2 = 10 log10

P2fm1

Pfm1

(6)

where P_2fm1 and P_fm1 are the peak powers at 2f _m1

and f _m1, respectively, whereas the intermodulation
distortions, IMD2 and IMD3, are described as the
power ratios (in dBc) of the intermodulation products
f _m1 ± f _m2 and f _m1 ± Δf , respectively, to P_fm1 and
are expressed as follows [6, 22]:

IMD2 = 10 log10

Pfm1±fm2

Pfm1

(7)

IMD3 = 10 log10

Pfm1±Δf

Pfm1

(8)

where P_fm1±fm2 and P_fm1±Δf are the peak powers
at second and third intermodulation products.

2.2 Signal propagation down the fiber

When the laser signal is transmitted over SSMF of
length L and attenuation coefficient α_f , the output
optical power from the fiber P_out(L) is related to the
power P_in(0) launched into the fiber by Beer’s law as
follows [2]:

Pout(L) = Pin(0) exp(−αfL) (9)

Assuming the optical field (E ) maintains its polar-
ization along the fiber propagation length, the pulse-
envelope amplitude of the electric field is considered to
vary slowly and arrive at the output end of the fiber
after a delay time of L/v_g, where v_g is the group
velocity. This results in a reduced time τ = t − L/v_g

≡ t − β_1 L, where β_1 is the group delay time needed
for propagating the wave over distance L with velocity
v_g, and thus E = E (L, τ). A single-mode nonlinear
Schrödinger equation is then used to describe the evo-
lution of E (L, τ) along the fiber as follows [45, 46]:

∂E(L, τ)
∂L

+ αfE(L, τ) + iβ2(ωo)
∂2E(L, τ)

∂τ2
= 0

(10)

where β_2 is the group velocity dispersion (GVD),
which is responsible for the pulse broadening inside
the fiber, and ω_o is the reference frequency of the sig-
nal. The third term represents the first-order GVD that
determines how much optical pulse would broaden on
propagation inside the fiber. Equation (10) is commonly
calculated by the split-step FFT method [45–47]. It is
customary in optical communication systems that the
frequency spread (Δω) induced by GVD is determined
by the range of wavelengths (Δλ) emitted by the opti-
cal source. By using ω = 2π c/λ, where c is the speed of
light in vacuum, the dispersion parameter (D) in units
of ps/km/nm is given as:

D =
dβ1

dλ
=

d

dλ

(
1
vg

)

= −2πc2

λ2
β2 (11)

It is worth noting that the optical pulses still expe-
rience broadening even at D = 0 (i.e., when λ is zero-
dispersion wavelength λ_ZD) as an impact of the higher-
order dispersion effects governed by the so-called dis-
persion slope S = dD/dλ [2, 48].

2.3 Dispersion management approaches

The first approach for dispersion management used in
this paper is the replacement of SSMF with nonzero
dispersion-shifted fiber NZ-DSF (i.e., λ_ZD is shifted
into the vicinity of λ_0 = 1.55 μm). NZ-DSF, which is
suitable for operation at 1.55 μm, is designed so that
the GVD parameter D of SSMF (˜ 16.75 ps/nm/km)
is reduced to be D ≈ 4.5 ps/nm/km (which is + NZ-
DSF) or ≈ − 7.5 ps/nm/km (which is − NZ-DSF).
These dispersion parameter values are chosen to avoid
the four-wave mixing (FWM) effect [49–52].

The second approach used in this paper for compen-
sating the positive dispersion accumulated along the
length of the SSMF is the use of DCF with a high
negative dispersion parameter value, which is typically
placed after SSMF [53–55]. The physics behind this dis-
persion management approach is simply understood by
supposing each optical pulse propagating through two
segments of fiber. The first is the SSMF with length
L_SMF and group velocity dispersion β_2SMF, and the
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second is DCF with length L_DCF and group velocity
dispersion β_2DCF. The condition for complete disper-
sion compensation is thus

β2SMFLSMF + β2DCFLDCF = 0, or
DSMFLSMF = −DDCFLDCF

(12)

where D_SMF and D_DCF are the dispersion parame-
ters of SSMF and DCF, respectively. D_DCF must be
< 0 (i.e., DCFs must have normal GVD) because the
D_SMF is positive for the standard telecommunication
fibers at 1.55 μm (i.e., SSMFs with anomalous GVD)
[2]. In addition, L_DCF should be chosen to satisfy the
condition that

LDCF = −DSMF

DDCF
LSMF (13)

For practical reasons, DCFs are designed as short as
possible with high negative value of D_DCF in order to
minimize the cost [45]. In this paper, D_DCF is set as
large as − 82 ps/nm/km with a small value of L_DCF

satisfying the condition in Eq. (13) [2, 54–56].
FBG is the third approach used in this paper to man-

age the dispersion effect of SSMF. FBG is an optical
reflection filter formed in a small segment of the fiber,
which reflects a specific wavelength and transmits all
others [2]. The propagated light in FBG is reflected by
the grating according to the Bragg wavelength (λ_B)
[2].

λB = 2ñΛ (14)

where ñ is the average refractive index of the fiber core
and Λ is the grating period. In the case of chirped
gratings, the optical period ñΛ varies over their length
by varying either ñ or Λ [57]. As a result, λ_B varies
along the grating, and thus, different wavelength com-
ponents of an incident optical pulse are reflected at dif-
ferent points, which depend on the point where the
Bragg condition is locally satisfied [2]. The physical
concept underlying the use of FBG to compensate

for the dispersion effect of SSMF is explained as fol-
lows. The anomalous GVD of the SSMF at 1.55 μm
(where the shorter wavelength components travel faster
than the longer ones) can be reduced by designing
the FBG so that it provides normal GVD (where the
shorter wavelength components reflected slower than
the longer ones). In chirped FBG, the shorter wave-
lengths reflected from the shorter optical period ñΛ
(i.e., shorter λ_B) take longer time, while the longer
wavelengths reflected from the longer one (i.e., longer
λ_B) take shorter time. The round-trip time inside the
grating, which represents the group-delay time inside
FBG, is typically given by,

τg =
2ñLg

c
(15)

where L_g is the grating length. Assuming that the opti-
cal period varies linearly along its length, the dispersion
parameter of the FBG (D_g) can be determined as [2,
57]

Dg =
τg

LgΔλB
=

2ñ

cΔλB
(16)

where Δλ_B (= long λ_B − short λ_B; short λ_B ≤ λ_o

≤ long λ_B, λ_o being the center wavelength) represents
the difference in the λ_B at the two ends of the grating.
FBG approach for dispersion compensation is accom-
plished in this paper by adjusting D_g to be < 0 and
equal the total dispersion of SSMF (≈ D_SMFL_SMF).

The above theoretical model is simulated by using the
Optisystem software. The proposed simulation setup of
RoF transmission system is schematically illustrated in
Fig. 1. The carrier generator is used to generate two
sinusoidal electrical radio frequencies (f _m1 = 25 GHz
and f _m2 = 25.1 GHz). The laser diode is then directly
modulated by injecting the current I (t) according to
Eq. (3); I _b is injected directly in conjunction with I _m,
which is formed with the sinusoidal signals generated
by the carrier generator. The modulated laser signal
is then transmitted through SSMF, which represents

Fig. 1 The proposed
simulation setup of RoF
transmission system for
two-tone direct modulation
of laser diode when using
a SSMF, and when using
dispersion management
approaches of b + NZ-DSF
or − NZ-DSF, c SSMF and
DCF, or d SSMF and FBG
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direction (a). When employing the dispersion manage-
ment approaches, the modulated signal is transmitted
through + NZ-DSF or − NZ-DSF, which represents
direction (b), SSMF and DCF, which represents direc-
tion (c), or SSMF and FBG, which represents direction
(d). The received laser signal is detected and converted
into an electrical signal by a PIN photodetector. The
received power spectrum is displayed by using RF spec-
trum analyzer according to Eq. (5).

The all component parameters with the correspond-
ing numerical values related to LD (quantum well
InGaAsP-DFB), SSMF, NZ-DSF, DCF, FBG, and PIN
photodetector of the proposed RoF system are listed in
Table 1 [2, 3, 56, 57].

3 Results and discussion

3.1 Effect of SSMF properties on signal distortions

The influence of the limiting properties of optical fiber,
namely attenuation and chromatic dispersion, as well as
laser modulation depth m on the spectrum character-
istics of the two-tone modulated laser signal is investi-
gated in Fig. 2a–f. Figure 2a shows the power spectrum
of the free-running laser case (i.e., before radiating the
fiber) when m = 0.3. Such a power spectrum is per-
formed with the help of Eq. (5) using the modulated
laser output power calculated from Eq. (4). The spec-
trum illustrates two pronounced peaks, which represent
the powers of the two fundamental modulated laser sig-
nals at frequencies of f _m1 (≈ f _r = 25 GHz) and f _m2

(f _m1 + Δf , Δf = 10 MHz). In addition, the non-
linear 3rd and 2nd intermodulation products (f _m1 −
Δf , f _m2 + Δf and f _m1 + f _m2, respectively) and the
2nd harmonics (2f _m1 and 2f _m2) are appeared also in
the spectrum of Fig. 2a. The power differences between
the laser fundamental signals and the nonlinear distor-
tion products of 3rd, 2nd intermodulation and 2nd har-
monics represent the distortions of IMD3, IMD2, and
HD2, respectively. These power differences are calcu-
lated using Eqs. (8), (7), and (6), respectively. Figure 2b
shows the power spectrum of the received fundamen-
tal laser signals and distortion products after traveling
down a SSMF with length L = 2 km. The dispersion
parameter is ignored (D = 0), while the attenuation is
enabled (α_f = 0.2 dB/km) in order to gain insight into
the intrinsic fiber attenuation effect on distortions. This
means that the third term in fiber propagation Eq. (10)
that represents GVD is ignored, and the calculations
are then limited to the first two terms only. The spec-
trum indicates that there is no significant influence of
attenuation on the distortions (i.e., it remains almost
constant when compared to the case of free-running
laser shown in Fig. 2a). The effect of fiber dispersion
along with attenuation at the same modulation condi-
tions of Fig. 2b is illustrated in Fig. 2c. This is achieved
when fiber dispersion parameter given in Eq. (11) is
enabled with a value of D = 16.75 ps/nm/km (i.e., the
calculations include the GVD term in Eq. (10)). The

power spectrum of Fig. 2c reveals that there is a sig-
nificant decrease in the power differences between the
fundamental laser signals and their nonlinear distortion
products when compared to the spectrum of Fig. 2b.
This indicates a significant increase in the distortion
types IMD3, IMD2, and HD2 as a result of enabling
fiber dispersion parameter, which reveals the degrad-
ing effect of fiber dispersion on distortions. As numeric
illustration, IMD3 increases from − 13.5 to − 7.5 dBc,
IMD2 increases from − 10.2 to − 2.9 dBc, and HD2
increases from − 16.2 to − 8.2 dBc. Increasing the
fiber length to L = 5 km works to increase the dis-
tortions to higher levels as illustrated in the spectrum
of Fig. 2d. This is due to the fact that increasing the
fiber length increases the accumulated fiber dispersion
along the fiber, which in turn causes more distortions.
At this fiber length, the powers of the fundamental sig-
nals and the 3rd intermodulation products are nearly
equal (i.e., IMD3 ≈ 0). In addition, IMD2 = 2.9 dBc
and HD2 = − 5.2 dBc. These distortions deteriorate
the transmission system performance [14, 15].

Influence of the modulation depth m at fiber length
of 2 and 5 km on the distortion types is illustrated in
Fig. 2e and f, respectively. The modulation depth m is
changed in Eq. (3) of injection current I (t) by varying
the modulation current I _m. Figure 2e confirms that at
L = 2 km, when modulation is as deep as m = 0.6,
all distortions increase compared to those in Fig. 2c
when m = 0.3 (intermediate). This is due to the fact
that when m increases from 0.3 to 0.6, the signal asym-
metry adds to the nonlinear distortion products which
then carry more power and approach the fundamental
components. This results in an increase in the distor-
tion levels [58], which significantly manifests in IMD3
that degrades the system performance [14, 15]. On the
other hand, decreasing m to 0.1 at L = 5 km works to
decrease all distortions to lower levels (see Fig. 2f) when
compared to those in Fig. 2e when m = 0.3, which in
turn improves the modulation performance.

Figure 3a and b plots variations of the distortion
types when m = 0.3 as functions of the fiber length
L; L ranges from L = 0 (i.e., free-running laser case)
to 6 km, when the dispersion parameter D is disabled
and enabled, respectively. Figure 3a shows that when
D is disabled, there is no significant variation in all dis-
tortion values over the entire used fiber lengths, which
confirms that the fiber attenuation does not affect the
distortions [24]. This is despite the fact that the increase
in fiber length increases the attenuation effect accord-
ing to Eq. (9). It is also clear from Fig. 3a that the
IMD2 is the highest distortion level, while HD2 is the
lowest one. When the dispersion parameter is enabled,
the dispersion effect on distortions appears significantly
as illustrated in Fig. 3b. The figure reveals that the dis-
tortions exacerbate as the fiber length increase, which
agree with the results reported in [30]. This is mainly
due to the dispersion effect that increases with the fiber
length.

The influence of the modulation depth m on the dis-
tortions should also be taken into account because of its
considerable relationship to the modulated laser output
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power P(t). This can be explained as follows: The varia-
tions in the modulation depth m cause variations in the
injection current I (t) according to Eq. (3). These injec-
tion current variations induce corresponding variations
in the carrier density N (t) and photon density S (t)
inside the laser active region as given in the coupled
rate Eqs. (1) and (2). According to Eq. (4), there is a
relationship between S (t) and the modulated laser out-
put power P(t) of both the fundamental signals and the
associated distortion products. Figure 4a, b, and c illus-
trates the variations of distortion types IMD3, IMD2,

and HD2, respectively, as a function of m. The distor-
tions are calculated without fiber and when transmitted
over SSMF with dispersion and attenuation effects at
lengths of L = 2 and 5 km. The figures illustrate that all
distortion types increase with the increase in m, espe-
cially for the free-running laser case (without fiber) and
at a long fiber of L = 5 km. The increase in distortions
with m in the free-running laser and when transmitted
over the fiber agrees with the results reported in [58]
and [24], respectively.

Table 1 Basic components and their parameter values of the proposed simulation model

Component Parameter Value

LD Wavelength, λ 1.55 μm

Active layer volume, V 3 × 10–11 cm3

Group velocity, v_g 8.33 × 109 cm/s

Quantum efficiency, η_o 0.255

Differential gain coefficient, a_o 9.9 × 10–16 cm2

Carrier density at transparency, N _o 1.23x1018 cm-3

Linewidth enhancement factor, α 3.5

Mode confinement factor, Γ 0.2

Photon lifetime, τ_p 1.69 × 10–12 s

Electron lifetime, τ_c 776 × 10–12 s

Spontaneous emission factor, β_sp 3 × 10–5

Gain compression coefficient, ε 2.77 × 10–17 cm3

Threshold current, I _th 9.8 mA

SSMF Attenuation coefficient, α_f 0.2 dB/km

Dispersion, D_SMF + 16.75 ps/nm/km

Dispersion slope, S_SMF 0.075 ps/nm2/km

Length, L_SMF (1–6) km

NZ-DSF Attenuation coefficient, α_NZ-DSF 0.185 dB/km

Dispersion, D_NZ-DSF + 4.5 and − 7.5 ps/nm/km

Dispersion slope, S_NZ-DSF 0.01 ps/nm2/km

Length, L_NZ-DSF (1–6) km

DCF Attenuation coefficient, α_DCF 0.6 dB/km

Dispersion, D_DCF − 82 ps/nm/km

Dispersion slope, S_DCF 0.35 ps/nm2/km

Length, L_DCF (0.2–1.22) km

FBG Center wavelength, λ_o 1.55 μm

Core refractive index, ñ 1.45

Grating length, L_g 20 nm

Chirp function Linear

PIN Responsivity, R 1 A/W

Dark current, I _d 10 nA
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Fig. 2 Frequency domain characteristics of the modulated laser signal under two-tone modulation at different conditions

3.2 Effect of dispersion management approaches
on signal distortions

From the previous results, it is clear that the main rea-
son for the increase in distortions inside the fiber is
dispersion and accordingly, it requires an appropriate
approach to reduce it. Figure 5a–j compares the spectra
of the received power from SSMF and when using dif-
ferent dispersion management approaches (+ NZ-DSF,
− NZ-DSF, FBG, and DCF) at m = 0.3. Figure 5a
and b displays the spectra of the received power from
SSMF at lengths of L = 2 and 6 km, respectively. These
power spectra confirm that the distortions over SSMF
increase as the length increase. When L = 6, the powers

of the distortion product of the 2nd and 3rd intermod-
ulation increase beyond the fundamental components,
which indicates a highest distortion levels, as shown in
Fig. 5b. Figure 5c and d displays the received power
spectra when SSMF is replaced by + NZ-DSF under
the same conditions of Fig. 5a and b, respectively. The
spectra illustrate that the use of + NZ-DSF reduces
IMD3 when L = 2 km (see Fig. 5c) and has a significant
effect when L = 6; it reduces all distortion types (see
Fig. 5d). On the other hand, the effect of − NZ-DSF is
shown in the power spectra of Fig. 5e and f when L =
2 and 6 km, respectively. The spectra indicate that −
NZ-DSF acts similar to + NZ-DSF, but with more effec-
tive results at L = 6 km as shown in Fig. 5f. Figure 5g
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Fig. 4 Variation of a IMD3, b IMD2, and c HD2 with the laser modulation index m without fiber and when transmitted
over the SSMF with lengths of L = 2, 5 km

and h displays the received power spectra when using
FBG after SSMF at L = 2 and 6 km, respectively. The
FBG is adjusted to reflect the wavelength of 1.55 μm
according to Eq. (14). After a round-trip time inside
the FBG given by Eq. (15), the anomalous GVD of the
SSMF at 1.55 μm can be reduced by the normal GVD
of the FBG with a dispersion parameter D_g given by
Eq. (16). The spectra shown in Fig. 5g and h reveal

a significant decrease in all distortions for both fiber
lengths when compared to those of SSMF, + NZ-DSF,
and − NZ-DSF. The received power spectra when using
DCF after SSMF as a dispersion management approach
at L = 2 and 6 km are illustrated in Fig. 5i and j, respec-
tively. The length L_DCF of DCF with a normal GVD
(− 82 ps/nm/km) is adjusted to satisfy the condition in
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Fig. 5 continued

Eq. (13). This can compensate the anomalous disper-
sion accumulated along the length of the SSMF. The
spectra shown in Fig. 5i and i illustrate a significant
reduction in distortions when using DCF compared to
using FBG over both fiber lengths. This indicates that
the use of DCF after SSMF is more effective than the
use of FBG in reducing distortion, which agrees with
the findings reported in [59]. For example, when L =
2 km, IMD3, IMD2, and HD2 are reduced from − 7.5,
− 2.9, and − 8.2 dBc when using FBG (see Fig. 5a)
to − 13.9, − 12.1, and − 18.1 dBc when using DCF
(see Fig. 5i), whereas when L = 6 km, these nonlinear
distortions are reduced from 4.5, 3.3, and − 1.6 dBc
when using FBG (see Fig. 5b) to − 14.5, − 12.7, and
− 21 dBc when using DCF (see Fig. 5j), respectively.

The effects of SSMF and the investigated dispersion
management approaches on the reduction of distortions
IMD3, IMD2, and HD2 are illustrated in Fig. 6a, b,
and c, respectively, when m = 0.3 at different fiber
lengths ranging from 1 to 6 km. When fiber is as short
as L = 1 km, the effects of all dispersion management
approaches on IMD3 reduction are almost similar and
more effective as illustrated in Fig. 6a. As the fiber
length increases, the effects change so that the use of
DCF becomes the more effective approach than the oth-
ers. Figure 6b reveals that the effects of both FBG and
DCF on IMD2 reduction are more effective up to L <
3 km, while both − NZ-DSF and DCF are more effective
when L ≥ 3 km, taking into consideration that the use
of DCF is the most effective approach over the entire
fiber lengths. The reduction of distortions has been also
predicted with the use of − NZ-DSF in [30] for cable
television transport systems. The dispersion manage-
ment approaches for reducing IMD2 exhibit almost sim-
ilar behavior for HD2 reduction as illustrated in Fig. 6c.
In general, when m = 0.3, using DCF with SSMF is the
most effective approach for reducing all types of distor-
tion, while the use of + NZ-DSF instead of SSMF is
the least effective when compared to the other used
approaches over the entire range of the fiber length.

Figure 7a–f shows the influences of SSMF and dis-
persion management approaches on distortions when L
= 2 and 6 km as functions of the modulation depth

m ranges between 0.1 and 0.6. According to Eq. (3),
the variations in m cause variations in the injection
current I (t). These I (t) variations cause correspond-
ing variations in the carrier density N (t) and photon
density S (t) as given in the coupled rate Eqs. (1) and
(2). These S (t) variations cause corresponding varia-
tions in the laser output power P(t) of both the fun-
damental signals and the associated distortion products
according to Eq. (4). Figure 7a and b reveals that IMD3
increases with the increase of m when L = 2 and 6 km,
respectively. This increase in IMD3 is reduced when
the dispersion is more managed. For example, when L
= 2 km, the increase of m from 0.1 to 0.6 results in
increasing IMD3 from − 14.5 to − 1.3 dBc without dis-
persion management (i.e., at SSMF), while it increases
from − 16 to − 14.3 dBc when using DCF, which is
the most effective management approach (see Fig. 7a).
Also, when L = 6 km, IMD3 increases from − 14 to −
2.3 dBc at SSMF and increases from − 17 to − 15.5 dBc
when using DCF (see Fig. 7b). The figures reveal also
that the effect of all dispersion management approaches
is almost similar and less effective when m = 0.1 (small-
signal laser modulation case). Moreover, the use of DCF
approach is the most effective approach for IMD3 reduc-
tion regardless of the value of m. On the other hand,
the SSMF and the dispersion management approaches
exhibit almost similar behavior to IMD2 and HD2 over
the entire m range as illustrated in Fig. 7c and e at L =
2 km, and in Fig. 7d and f when L = 6 km, respectively.
Up to m = 0.3, the use of DCF is the best approach
for IMD2 and HD2 reduction, and the next is the use
of FBG, which gives better performance when m ≥ 0.4
at L = 2 km as illustrated in Fig. 7c and e, respec-
tively. The reduction of HD2 with the use of FBG has
been reported also in [35] for cable television systems.
When L = 6 km, using DCF gives better performance
for IMD2 and HD2 reduction up to m = 0.5 compared
to the other approaches, as illustrated in Fig. 7d and f,
respectively.
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Fig. 6 Variation of a IMD3, b IMD2 and c HD2 as a function of L when m = 0.3 at SSMF (black line with squares), +
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4 Conclusions

We successfully investigated via numerical modeling
and simulation the influences of SSMF properties, and
the different dispersion management approaches on
the distortion types IMD3, IMD2, and HD2 associ-
ated with two-tone modulation of laser diode for use
in RoF links. The SSMF properties include attenua-
tion and dispersion, while the dispersion management
approaches include + NZ-DSF, − NZ-DSF, FBG, and
DCF. The laser was directly modulated with two fre-
quencies of 25 and 25.1 GHz at different modulation
depths ranging from m = 0.1 to 0.6. The modulated
laser signals with their distortion products were then
propagated through fiber at different lengths ranging
from L = 1 to 6 km. The received power spectra from
the SSMF and the dispersion management approaches
were intensively investigated.

The obtained results revealed the following. Regard-
ing effects of SSMF properties, all distortion types
are exacerbated as the fiber length increases, which
is mainly due to the degrading effect of chromatic
dispersion. Also, the distortion types increase as the
modulation depth m increases, especially at longer

fibers. Regarding the effects of dispersion management
approaches, they give almost similar effects on IMD3
reduction when L = 1 km, whereas the use of DCF is
more effective than the others when L = 6 km. The dis-
persion management approaches used for reducing the
IMD2 exhibit almost similar behavior for HD2 reduc-
tion. The use of FBG and DCF is more effective for
IMD2 and HD2 reduction up to L < 3 km, while the
use of − NZ-DSF and DCF is more effective when L
≥ 3 km. In general, up to m = 0.3, the use of DCF
is the most effective approach for reducing all signal
distortion types over the entire used fiber length range
(1–6 km), while the use of + NZ-DSF is the least effec-
tive. When L = 2 km, the use of FBG is the most
effective approach for IMD2 and HD2 reduction when
m ≥ 0.4, whereas when L is increased to 6 km, the use
of DCF is the most effective approach up to m = 0.5.
Finally, the effect of dispersion management approaches
for distortion reduction is minimal when m is small as
0.1.
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