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Abstract

Radio-over-fiber (RoF) systems have recently attracted a lot of attention as a way
to integrate wireless and optical systems to enhance communication capacity and
keep up with high-speed transmission services. Semiconductor lasers (SLs) play
an important role in the development of analog RoF systems due to their high
bandwidth. However, when the SL is directly modulated by RF signals
simultaneously, the electron and photon densities in the active region are subject
to nonlinear transfer characteristics. This generates undesirable distortion
products and high-intensity noise in the modulated laser signal, which degrade
the signal quality. The review introduces an overview of recent studies on the
signal distortions and intensity noise induced by two-tone direct intensity
modulation of a semiconductor laser for use in analog RoF systems.
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1. Introduction

Optical communications started to revolutionize the industry of communication
in the 1980s when low-loss optical fibers were introduced, which quickly became
the favored medium for applications of high-capacity and long transmission lines
(Sharma & Gupta). Recently, there has been a lot of interest in radio over fiber
RoF technology as a way to merge wireless and optical systems to enhance
communication bandwidth and keep up with integrated services (Llorente et al.,
2011). The most common applications of wireless communications are the
wireless local area networks (WLAN) and the distributed antenna systems (DAS)
for in-building coverage in cellular systems (Wake, 2002), as well as satellite
communication (Way et al., 1987). With the rapid development of these
applications, there is increasing competition for transmission and distribution of
microwave and millimeter-wave over long distances of optical fibers using
simple and cost-effective techniques (Sharma et al., 2010; Wada, 2007).
Nowadays, there are continuous developments in broadband distribution
networks to keep up with the increasing demand for modern data transmission
services at high speeds with large bandwidth. Multiplexing techniques like,
wavelength division multiplexing (WDM), time-division multiplexing (TDM),
optical code division multiplexing (OCDM), and subcarrier multiplexing (SCM)
are used to achieve such optical broad-band transmissions (Koonen, 2006;
Shumate, 2008). Such techniques are suitable for the 5th generation (5G) mobile
networks, where high-frequency bands for 5G are mostly in the millimeter-wave
(mm-wave) range of the electromagnetic spectrum (Rappaport et al., 2013).
Subcarrier multiplexing (SCM) is a simple, versatile, and cost-effective
technique that allows for the distribution of closely spaced radio frequency (RF)
signals over several GHz on the optical spectrum. As a result, it is used to exploit
the large bandwidth of optical fibers (Olshansky & Lanzisera, 1987; Olshansky
etal., 1989; Yang, 2011).

The development of RoF systems is related to the performance of semiconductor
lasers SLs due to their high-bandwidth advantage. Traditional LDs have
bandwidth of several GHz (Agrawal, 2002), and recently has been enhanced to
> 20 GHz with the innovation of multiple quantum well lasers (Sato et al., 2005).
Direct intensity modulation-based SCM of SL is a simpler and less expensive
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method than that based on external modulation (Qazi et al., 2014). However,
when the SL is directly modulated by RF signals simultaneously, the electron
and photon densities in the active region are subject to nonlinear dynamics (K.
Lau & A. Yariv, 1984). In addition to relaxation oscillations, these nonlinearities
include spatial hole burning, gain suppression, and leakage currents (Morthier &
Vankwikelberge, 2013; Odermatt, Witzigmann, & Schmithisen, 2006). These
inherent nonlinear transfer characteristics generate undesirable distortion
products and high-intensity noise in the modulated laser signal, which degrade
the signal quality (K. Lau & A. Yariv, 1984). The common distortion types
associated with the modulated signals are harmonic distortions (HDs) and
intermodulation distortions (IMDs) (Mahmoud et al., 2016). All these nonlinear
distortion products become more significant when the frequency of the original
signals approaches the frequency of the laser relaxation oscillation (f;) (Bakry &
Ahmed, 2013). Moreover, it is probable that intermodulation distortion products
lie within the transmission range of the original tones and hence cannot be
filtered out (Distortion, 2000). This problem is exacerbated in multi-tone SCM-
RoF systems, where a large number of these nonlinear distortion products are
generated in the laser output, resulting in extremely high levels of interference at
particular original signals (Mahmoud et al., 2018). On the other hand, the laser
output exhibits fluctuations in the intensity (known as intensity noise) due to the
random recombination of electrons and photons within the active region
(represents the fraction of spontaneous emission), which induces instantaneous
time variations in photon density and output power. These intensity fluctuations
are described by the frequency spectrum of relative intensity noise (RIN)
(Chiddix et al., 1990; Westbergh et al., 2008a).

(1) Each application of SL has its own standard criteria (Distortion, 2000;
Schuh et al., 2002; Schuh & Wake, 1999; Way, 1993), and all of them
seek to keep a minimum level of distortion and noise of the device to
ensure a high-quality service for users. Therefore, it is essential to
investigate the dynamics of SL, as a nonlinear device, and determine the
optimum modulation conditions that correspond to low distortion and
noise. The modulation conditions include laser bias current, modulation
depth, and modulation frequency. Gausia et al. (Qazi et al., 2014) and



LIRA (Vol.1-Issue 1- January 2024) Yasmin et al.,

Hung et al. (Lin & Kao, 1996) demonstrated that, within allowed current
limits, high bias currents could be used to suppress all distortion products
and improve the performance of the SCM systems. Safwat et al.
(Mahmoud et al., 2016) showed that in CATV systems, the RIN is nearly
constant at low modulation depth regardless of modulation frequency,
whereas the high modulation depth causes degradation in noise levels. In
addition, Bakry et al. (Ahmad Bakry & M Ahmed, 2016) confirmed that
avoiding laser nonlinear distortions and noise necessitating limitation in
both the modulation depth and modulation frequency. Yasmin et al. (El-
Salam et al.,, 2022) shown that the nonlinear distortions increase as
modulation depth increases. The highest distortion levels were observed
when the modulation frequency approaches the laser relaxation
frequency. At low modulation frequency fm: (8 GHz) and intermediate
value of m of 0.3, when Iy increases from 2 to 101, the modulated laser
waveform improves from pulsing (high distortion) to sinusoidal (low
distortion), respectively. The highest level of signal distortion is observed
as irregular pulsing waveform as a route to chaos when increasing fm1 to
25 GHz at Iy = 10l with m = 0.6. The distortion types (HD2, IMD2, and
IMD3) increase as m increases regardless the values of Iy and/or fmi. The
highest signal distortions are simulated when fn1 = fr (i.e., fn1 = 8 GHz
with lp = 2 I, and fm1 = 25 GHz with Ip = 10 I). Over other modulation
parameters, all distortion types reduce to lower values provided that fm; <
f2dB.

(2) The nonlinear intermodulation distortion together with the intensity noise
of the SL determines the so-called “spurious-free dynamic range (SFDR)"
that evaluates the dynamic range of the linearity of the laser and hence
characterizes laser performance (Westbergh et al., 2008a). The authors in
(Lin & Kao, 1996; Qazi et al., 2014) demonstrated that within allowed
current limits, high bias currents could be used to suppress all distortion
products and improve the performance of the SCM-RoF systems. Other
studies showed that when the bias current is near the threshold with large

Page 73 of 18



Laser Innovations for Research and Applications

modulation depth, an increase in the distortion and noise levels is occurred
due to the laser clipping effect (Leung, 2004; Qazi et al., 2014; Rainal,
1996). Laser clipping is a phenomenon that occurs when the modulation
depth exceeds the laser threshold, where the valleys of the input current
drop below the threshold current and hence, drop the gain below the
threshold level, which results in nearly zero output power and shuts the
laser off (Lai & Conradi, 1997). Mahmoud et al. (Mahmoud et al., 2016)
showed that in CATV systems, the RIN is nearly constant at low
modulation depth regardless of the modulation frequency, whereas the
high modulation depth causes degradation in noise levels. In addition,
Bakry et al. (A Bakry & M Ahmed, 2016) confirmed that avoiding laser
nonlinear distortions and noise necessitate limitation in both the
modulation depth and modulation frequency. The SFDR decreases with
the increase of modulation frequency as reported in (Mahmoud et al.,
2016). Related studies concerned with investigating distortions and
determining SFDR could be found in (Jung & Han, 2002; K. Lau & A.
Yariv, 1984; Westbergh et al., 2008a; Yamada et al., 1996). Despite these
relevant previous studies, there is still room for more extensive
investigation of the effect of laser modulation conditions on the
modulated signal waveform and the corresponding spectral
characteristics, especially at modulation frequencies in the GHz range.
Yasmin et al. (EI-Salam et al., 2022) shown that when increasing m up to
0.6 at I, = 10lw, a clipped continuous signal superposed by sub-peak is
simulated which indicated an increase in the distortion level. When fm1 =
8 GHz and I, = 2l with m = 0.3, LF-RIN is low as ~ - 177 dBc/Hz and is
slightly increases to ~ - 169 dBc/Hz when Iy increases to 10ln. Also, a
significant increase in LF-RIN is predicte under strong modulation (m =
0.6) due to signal clipping. LF-RIN increased with the increase of m
and/or Iy, and was minimum when fn1 = 8GHz, whereas it was maximum
when fn1 = 25 GHz. This increase was more sensitive when I = 101 and
m > 0.45. SDFR have been calculated as 102 dB/Hz%® when fn1 = 8GHz
at I, = 2ln. A significant decreased in SDFR is recorded (= 52 dB/Hz%3)
when fm1 increased to 25GHz at Ip = 10lw, which indicated to low laser
performance.
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In this review, we present an overview of recent studies on the modulation
parameters that affect the signal distortions and intensity noise induced by two-
tone direct intensity modulation of SL for analog RoF systems. The review
highlights the effects of modulation conditions, including laser bias current,
modulation peak current, and modulation frequency, on the modulated laser
signal output to evaluate the performance of SLs.

2. Analog SCM-RoF systems design

Subcarrier multiplexing SCM is a popular and economic multiplexing technique
used for a wide range of analog services in optical access networks (Darcie et al.,
1986). The attractive feature of the SCM system is that it is convenient,
adaptable, simple, and does not need a multiplexer or de-multiplexer compared
with the other techniques. In addition, it is a cost-effective approach that does
not require complex optics (Bravi et al., 1997; Koonen, 2006; Shumate, 2008).
SCM system allows for the transmission of closely spaced radio frequency (RF)
signals (e.g. two or more channels) simultaneously and exploits the multi-
gigahertz bandwidth potential of high-speed lasers (Olshansky et al., 1989). The
two prominent applications that use SCM are the cable television (CATV) and
the radio-over-fiber (RoF) systems (Tanaka, 2002). SCM-CATV systems are
standards for analog TV video channel transmission and distribution with high
reliability and low power budget (Darcie, 1990). SCM-RoF systems are used to
effectively provide enhanced mobile wireless services, including distribution and
subscriber access

with avoiding the use of high-power RF transmitters (Gowda et al., 2014;
Thomas et al., 2015). The basic configuration of SCM systems is illustrated
schematically in fig. (1-1). The RF carriers are mixed and modulated by using a
semiconductor laser (transmitter) and then are delivered through an optical fiber
to the receiver that transforms the optical signals into the electrical form (Pradeep
& Vijayakumar, 2020).
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Fig. (1-1) Schematic diagram of SCM-RoF system

3. Limitations of direct modulation of SLs in SCM-RoF systems

The electrical RF signals are applied either directly to the SL or externally to an
external modulator. The direct modulation is an attractive method due to its
simplicity, compatibility with existing equipment, and is cost-effective solution
for frequency distribution systems when compared with the external modulation
method (Lipson et al., 1990). Direct modulation of SLs is accomplished by
modulating the excitation current around a bias value, which causes
corresponding change in the intensity of the laser optical output power
(Pepeljugoski et al., 2003). For analog modulation of a single tone, the injection
current I(t) is represented as (Petermann, 1991):

I(t) =1, + I,[Asin(2rf,, t)] (2-1)

where Iy represents the bias current, In is the modulation current, and
Asin(2nf,, t) represents the form of the current signal, which is typically
considered as a sinusoidal form at frequency fn with amplitude A (Petermann,
1991). In the two—tone modulation, two sinusoidal carriers of frequencies fn1 and
fmz2 are considered, and the current signal is then given as:

I1(t) =1, + I,,[Asin(21tf,, t) + sin(27f,,, t)] (2-2)

In a laser-based systems, the "modulation depth (m)" is well known parameter
that measure of how much the modulation signal impacts the light output, which
is defined by as (Brillant, 2008):

m = AXIpy (2-3)

Ip
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Although using direct modulation of SLs provides several desired characteristics
for SCM-RoF systems, it suffers from some factors that limit the system
performance such as the nonlinear distortions and noise during laser operation.

3.1.Nonlinear distortions

Directly modulated LDs introduce nonlinear dynamics associated with the laser
resonance, such as gain suppression and hole burning, which strongly affects the
light-current linearity of the laser due to the inhomogeneous pinning of the
electron density in the laser cavity (Odermatt, Witzigmann, Schmithtsen, et al.,
2006). These nonlinear laser dynamics create undesired distortion products
associated with the modulated laser signal, which degrades the transmission
quality (K. Lau & A. J. A. P. L. Yariv, 1984). Typically, the nonlinear distortions
associated with analog modulation of LDs are harmonic distortions (HDs) and
intermodulation distortions (IMDs) (Gustavsson et al., 2003; Morton et al.,
1989).

3.1.1. Harmonic distortions

When SLs are modulated with single analog RF signal fn, the modulated laser
signal output contains undesired components at harmonic frequencies of 2fy, 3fm,
Afm,...etc. This can be explained mathematically as follows. Typically, the
nonlinear devices like SL is described by the nonlinear transfer function as
follows:

Your = Koin + Kllpizn + KzlpiSn + (2'4)

where wout IS the output signal, win is the input signal and ko, ki, ko, ,.... are
coefficients. The expressions for the first, second, and third order distortions can
be calculated using this formula as follows. Recalling equation (2-1) for single
tone modulation, the input signal is in the form of y,(t) = A sin(w,,t); w,, =
21 f,,, the resulting output wout When inserted into equation (2-4) will be

Your = Ko[A sin(wy, )] + K [A sin(w,, t)]? + K;[A sin(w,, t)]3 (2-5)
Using trigonometric identities of power-reduction formula, this becomes

K, A3
4

2 3 2
Your = Kle + 4K°AJ;3K2A sin(wy, t) — Kle cos 2(wy,t) +

sin3(w,y, t) (2-6)
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The first term in equation (2-6) is a DC term, the second term is the fundamental
signal, the third is the second harmonic product (2fn), and the fourth term is the
third harmonic product (3fmn) (van de Water). The amplitude of the higher order
harmonic distortion products (4", 5", ...., n) are much lower than the amplitudes
of the lower order harmonic products, and hence they have been ignored. Figure
(2-2) shows a schematic diagram of the fast Fourier transform (FFT) power
spectrum of the output power for single-tone modulation. The peaks shown in
the figure indicate the fundamental and its harmonics whose powers are used to
calculate the 2"-order harmonic distortion (2HD) and 3™-order harmonic
distortion (3HD) for single-tone modulation. In general, the nth-order harmonic
distortion (NHD) can be measured in decibels (dB) as the ratio of the power of
the nw-harmonic (P») to the power of the fundamental (P1) as follows (Keiser,
1983):

nHD = 20log  (dB) (2-7)
1

Fundamental

20d harmonic

3rd harmonic

Output power

£, 2 T

Frequency

Fig. (2-2): A typical spectrum of the output power generated by single-tone direct modulation of SLs.
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3.1.2. Intermodulation distortion

The most significant effect of SL nonlinearity in analog optical fiber applications
is the IMD, which occurs when SLs are modulated with two or more analog RF
signals (Hwang et al., 2005). For example, when SLs are modulated with two
tones fm1 and fm2, the modulated laser signal output contains undesired
components at intermodulation frequencies of fm1 £ fm2, 2fm1 £ fm2, 2fm2 £ fm, ...
etc., and can be explained mathematically as follows. Recalling equation (2-2)
for two-tone modulation, the input signal is in the form of y,,(t) =
Asin(2rf, t) + AsinRufi t); Wy = 2T fipy and Wy = 27 fin, the
resulting output yout when inserted into equation (2-6) will be

Your = Ko[Asin(w,,qt) + Asin(w,,t)] + K [Asin(w, t) + Asin(w,,,t)]* +
Ky [Asin(wp ) + Asin(w,,t)]? (2-8)
The quadratic term in equation (2-4) "K,[Asin(w,,;t) + Asin( w,,t)]*> "

generates the 2"%-order intermodulation distortion products, which can be
extended using trigonometric identities of the power-reduction formula as:

2 2
= K,A* + KIZA Kle c0S 2(wpmat) + K1 A% cos[(wppt) —

(Wm1t)] + K1 4% cos[(wmzt) + (Wpm1t)] (2-9)

cos 2(wy t) —

The biggest 2"-order intermodulation distortion products are located at
frequencies of |fm2 + fmi|. The cube term in equation (2-4) "K,[A sin(w,,,t) +
Asin( w,,,t)]®" generates the 3rd-order intermodulation distortion products,
which might be expanded into:

K A3
4

_ 9KpA3
T4

L in[2(wna ) + @nzt)] = SIN[2(@pat) = @mit)] + Sin[2(wpat) +

(Wm1t)] = sin[2(wmt) — (Wp2t)]] (2-10)

The largest 3™-order intermodulation distortion products can be found at the
frequencies of |2fmix fmz| and |2fmz + fma|. The schematic diagram of the FFT
spectrum of the output power for simultaneous two-tone modulation is illustrated
in figure (2-3). This figure illustrates the output power of two input signals
(fundamentals) and various distortion products such as 2"- and 3"-order
harmonic products, 2"- and 3" -order intermodulation products. The power

[sin(w,,1t) + sin(w,,t)] + [sin 3(w;,1t) + sin 3(w,,,t)] —
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difference between 2"- and 3™-order intermodulation distortion products and the
fundamental signals is the IMD2 and IMD3, respectively.

Fundamentals

IMD3 20
2HD IMD2 Intermodulation
3 products

Output power

] (2miFrz)  (2Fy-Fme) ¥y Mmooy 3y

3+ Intermodulation 2nd 3 Harmonics
products Harmonics products

Frequency products

ond
Intermodulation
product

Fig. (2-3): Atypical distortion products produced by SLs when subjected to two-tone modulation.

The 2"- and 3"-higher intermodulation distortions (IMD2 and IMD3,
respectively) can be measured in decibels (dB) as the ratio of powers of the 2™
and 3" higher intermodulation products (Pmi+fm2 OF Pm2-fm1) and (P2fm1-fm2 OF P2fma-
fm1), respectively to the fundamental power (P1) as follows (Westbergh et al.,
2008D).

IMD2 = 201og (mep—w) (dB) (2-11)
1

IMD3 = 201og (mep—“‘"‘) (dB) (2-12)

1

3.2. Intensity noise

The laser output exhibits fluctuations in both the phase and intensity due to the
random recombination of electrons and photons within the active region
(represents the fraction of spontaneous emission), which induces instantaneous
time variations in photon density and output power (Arnesson, 2012).The noise
sources are represent white noise with Gaussian statistics and are d-correlated
(Ahmed et al., 2001).
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The noise characteristics of the modulated signal are determined by RIN, which
is calculated over a finite time period T as the Fourier transform of the auto-
correlation function of the power fluctuation oP¢t) as (Ahmed et al., 2001;
Ahmed & Fields, 2004)

RIN = — {2 [[[[" 6P(£)8P(t + 1)/ dr]dt]

2
RIN = Pi{i |7 sp(x)e o dr] } (2-13)
where oP(t) = (P(t)-P) is the power fluctuations in P(t), P is the time-average
value, and ® is the Fourier angular frequency. The noise characteristics
associated with the two-tone modulation are determined by the RIN frequency
spectrum, which is calculated by applying FFT to equation (2-13) as (Ahmed &
Fields, 2004),

1 At?

RIN = === |FFT[8P(t)]I? (2-14)

It is worth noting that the optical power fluctuation of the laserspP(t)
induces corresponding a fluctuation in the photo-detector current:sP(t), where
R is the PIN photo-detector responsivity. Therefore, equation (2-14) can also be
written as (Hui & O'Sullivan, 2009),

1
fRZFZ

2
RIN = —— " |FFT[RSP(t)]|? (2-15)
=2
where R°P"is the average signal electrical power. In fact, the noise sources of
the PIN photodetector are disabled in this paper, as well as the responsivity does
not affect the result of RIN measurement, because both the nominator and
denominator of equation (2-15) are proportional to the responsivity.

3.3. Dynamic range

The dynamic range is one of the most essential parameters for describing the
performance of analog optical links since it takes into account noise and
nonlinear distortions (Marpaung, 2009). Distortions are below the noise floor at
low modulation index m, while it rises above the noise floor when m increases.
The maximum signal for which the output is distortion-free is the signal level at
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which distortion with amplitude equal to the noise floor. SFDR is the dynamic
range of the laser when operating at the optimal modulation index m, and also
known as the intermodulation-free dynamic range (Cox, 2002). Figure (2-4)
illustrates the schematic plot used to calculate the SFDR .The figure shows the
output power of the fundamental signal, the 3rd-order intermodulation distortion
product, and the noise floor viruses the modulation index m in the logarithmic
scale (Dalal, 1998). By extending the linear extrapolation, which is determined
by the linear curve fit in the linear region, of the powers of the original signal,
and 3"-order intermodulation product, as well as the noise floor. SFDR is
calculated as the power difference between the fundamental signal and the
system noise floor at the point where the power of the 3'-order intermodulation
product equals the system noise floor, where the 3™-order intermodulation
product crosses the noise floor (Lee et al., 1999; Westbergh et al., 2008Db).

"’
-7
.r"‘"
e“c‘l - 0)
—~ . e(\“ Prae o>
E st 7§
2 me“ -— I‘ 3
= a0 e A
~—~ A - f S
- 4 @
z Prag I’ & :‘}
= - 4 WS
2 (= A ,@b
o = S8R
= &3 -
75 LS
[=9 4 )
5 A0
@} s .
J ’ Noise floor
——————————————— e it e e = =
4
Log (modulation index)

Fig. (2-4): Calculation of the SFDR. The powers of the fundamental signal, 3rd order intermodulation
product and noise floor versus the modulation index.
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4. Conclusion

We introduced an overview of recent studies on the signal distortions and
intensity noise induced by two-tone direct intensity modulation of a
semiconductor laser for use in analog RoF systems. We have explained a brief
overview about an analog SCM-RoF systems design. Also we had shown the
limitations of direct modulation of SLs in SCM-RoF systems including nonlinear
distortion, harmonic distortion and intermodulation distortion, also intensity
noise and dynamic range. In addition to we have been shown the effects of
modulation conditions, including laser bias current, modulation peak current, and
modulation frequency, on the modulated laser signal output to evaluate the
performance of SLs. All distortion types increase as m increases regardless of
the values of Iy and/or fmi1, also, the LF-RIN increase with m and/or Ip.
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