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Abstract. The optical single sideband (OSSB) scheme is a
common choice in radio over fiber system for compensat-
ing chromatic dispersion (CD) but it suffers from low sig-
nal to noise ratio (SNR). We present the novel technique
for SNR improvement using unequal sideband intensity
based modulation scheme, we name it optical vestigial
sideband modulation scheme (OVSB). To analyze such
scheme we use the series Mach-Zehnder modulator (MZM)
and phase modulator (PM) configuration. In this configu-
ration by operating MZM at quadrature point and properly
tuning the PM index the individual intensity of the first
order sidebands and higher order harmonics can be con-
trolled independent to each other. The optimum operating
point of PM for maximizing the SNR can be identified by
reducing the harmonic distortion and increasing the first
order sidebands power. We experimentally validated the
proposed OVSB scheme generation method and provide its
theoretical proof. We evaluate the symbol error rate (SER)
performance using 4QAM signal for OSSB and OVSB and
show the improved performance of OVSB scheme com-
pared to OSSB scheme. We also discuss the harmonic dis-
tortion behavior of the series MZM and PM configuration.
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1. Introduction

In radio over fiber (RoF) system a baseband signal
upconverted with radio frequency (RF) carrier modulates
the optical carrier and is transmitted through a low loss and
huge bandwidth optical fiber. RoF links have the ability to
deliver RF signals into remote cells without significant
degradation of the transmitted qualities such as RF, modu-
lation formats etc. RoF technology allows small cell de-
ployment in the remote area offering Gbps wireless access
and makes the network simple and scalable. The 5G de-
ployment goal by 2020 is to provide 1-10 Gbps wireless
signal for the end user [1], [2]. To achieve the 5G deploy-
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ment goal, realization of high signal to noise ratio (SNR) of
the received signal is one of the important issues.

During the process of electrical to optical conversion
(E-O), the optical carrier is intensity modulated and optical
sidebands are created. Optical double sideband (ODSB),
optical single sideband (OSSB) and optical carrier sup-
pressed double sideband (OCS-DSB) schemes are the ma-
jor sideband modulation schemes in RoF technology. The
choice of these sideband modulation schemes for any RoF
system depends on the capacity and minimum reach that
RoF system requires to fulfill. When the ODSB modulated
RF signal is transmitted via optical fiber, each sidebands
travel at different velocities. So, different sidebands will
arrive at the receiver at different times thereby changing
the phase relationship between sidebands. If the sidebands
experience a total phase difference of 180° relative to the
optical carrier the RF signal will vanish [3], [4]. Depending
on the amount of phase shifts due to chromatic dispersion
(CD), cyclic power fading of the detected RF signal occurs.
Thus, the ODSB scheme is not suitable for a high fre-
quency and long reach RoF system; if the constant received
signal power is important for wide range of frequencies.
OSSB and OCS-DSB are the preferred schemes in terms of
compensating CD. The OCS-DSB scheme cannot be used
for vector signal transmission because it doubles signal
frequency, phase and phase noise at the receiver. As a con-
sequence the transmitted signal will appear modified as
well as distorted when detected by the receiver [5]. OSSB
scheme can deliver the vector signal without modification
of the sent signal however suffers from serious SNR degra-
dation due to the strong dc component present in the de-
tected signal.

To maximize the SNR of the OSSB based RoF link,
the optimization of optical carrier to sideband ratio (OCSR)
at 0 dB is important [6], [7]. Generally, to generate the
OSSB scheme either an electro optic modulator along with
an optical filter, or a dual electrode modulator (DMZM) is
used [8], [9]. With optical filter method to maximize SNR,
the optical carrier power has to be attenuated using tunable
optical filter to make it equal to sideband power. Similarly,
to achieve OCSR = 0 dB in DMZM method it is required to
change the bias voltage of the modulator. The DMZM
consists of the MZM and PM in parallel [10]. By changing
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the bias voltage of DMZM for OCSR = 0 dB operation, the
internal MZM goes in nonlinear region of MZM transfer
curve, ultimately reducing the SNR. Additionally, optical
band pass filter is required to suppress undesired harmonics
generated from the nonlinear region operation. In the
DMZM method, if the MZM is operated in linear region, to
make optical carrier power and sideband power equal for
OCSR = 0 dB condition, additional tunable optical filter is
required to suppress the optical carrier. Thus, optical ampli-
fier is also required to enhance the optical power. Another
approach of operating at OCSR = 0 dB has been demon-
strated in [11] using a strong optical injection locked laser.
This method requires two lasers and precise measurements.

By considering all the above mentioned complexities
to enhance the SNR in the RoF systems, we propose to use
the unequal sideband intensity based scheme, we name it
vestigial sideband modulation scheme (OVSB). To analyze
this scheme, we use the series MZM and PM configuration
based sideband generation method [12]. In this method the
SNR can be optimized by properly controlling the intensi-
ties of the first order sidebands named as upper sideband
(USB) and lower order sideband (USB) and higher order
harmonics. The signal power can be increased through the
use of partially suppressed first order sidebands and the
harmonic distortion can be reduced by reducing the har-
monics’ power. These effects can be realized by properly
tuning the PM index in series MZM and PM configuration.
The choice of the proper modulation parameters can cancel
the CD effect as well as enhances the SNR.

This paper is organized as follows. In Sec. 1.1 we will
show the generation method of the OVSB and OSSB
scheme using the series MZM and PM configuration. Also,
we describe how OVSB method is advantageous to opti-
mize the SNR of the link in comparison to the OCSR =
0 dB method of [6], [11]. Section 2 gives the clear analyti-
cal description on the OSSB and OVSB generation method
using the series MZM and PM configuration. This section
also describes the major transmission impairments associ-
ated with RoF systems. Section 3 provides the experi-
mental validation of the proposed OVSB generation
method. Section 4 presents by numerical simulation the
improved performance of OVSB scheme compared to
OSSB scheme for series MZM and PM configuration.
Section 5 concludes the paper.

1.1 Proposed Method for Generation of
OVSB Scheme

The proposed method of generating OVSB scheme
using series MZM and PM configuration is shown in
Fig. 1.

Since the proposed configuration does not require
an optical tunable filter, the problems of a filter method
like filter instability and precise frequency tuning are
avoided. Also, PM does not require a bias voltage, so it is
less affected by environmental fluctuations. With the pro-
posed series configuration of MZM and PM, it allows to
choose the MZM and PM parameters independent to each
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Fig. 1. The functional block diagram for generation and
performance analysis of the proposed OVSB scheme
with OSSB scheme. OSA: optical spectrum analyzer,
ESA: electrical signal analyzer.

other. In the proposed scheme, the MZM can be operated in
a linear region of the MZM transfer curve and only PM
index can be tuned. By tuning the PM index, each first
order sideband’s intensities (USB and LSB) can be con-
trolled independently and OVSB scheme can be generated.
The maximization of the SNR can be done by employing
unequal sideband intensities in which one of the sideband
is not suppressed completely to enhance the signal power
unlike in the case of OSSB. The undesired higher order
sideband intensity can also be controlled properly to mini-
mize the harmonic distortion. The required PM index for
maximum SNR depends on the used frequency and fiber
length. The SNR depends not only on the received signal
power but also on the harmonic distortion of the RoF sys-
tem. In this way, the OVSB scheme enhances the strength
of the received signal as well as balances the intensities of
the generated harmonic components to minimize the dis-
tortion, which improves the system performance compared
to OSSB scheme. Although the power of the desired side-
band and undesired harmonics can be changed, the total
power remains constant. Therefore, this method doesn’t
require an additional optical amplifier. Since the MZM is
operated in linear region and PM tuning helps to minimize
the harmonics’ power, an additional optical band pass filter
can also be avoided.

2. Theoretical Background

In this section, we firstly provide the analytical
descriptions of series MZM and PM for generating OSSB
and OVSB modulation schemes. Then we provide the
major optical impairments associated with the general RoF
system.

2.1 Analytical Expressions

Let E;(f)=A.exp(jart) be an optical carrier and
M(?) = cos(wqyt) a modulation electrical signal where @, and
@y denote the frequency of the optical carrier and electrical
signal, respectively. The general expression for the output
electric field from the MZM can be given as [13]
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where V is the half wave voltage of the modulator and V},
is the applied dc bias to the modulator. Next we denote
m = 7M(t) / V, the phase modulation index for MZM and
¢ =nV,/ V; the constant phase shift to the MZM. Now
simplifying the above equation yields

Eoull (t) =

A, {cos(c) ~cos| m-cos(amyt) | -sin(c)-sin[ m- cos(wdt)}}.
2

Equation (2) can be simplified further using Bessel formu-
lae. Let p = A.cos(c)-Jo(m) and g = A, sin(c)-J;(m) for cal-
culation convenience where J,, x=0, 1... are the coeffi-
cients of the Bessel function of the first kind. Taking only
the first order sidebands, the above equation will be re-
duced to

Eoutl (t) =
O s o [ ras )

3)
In (3), we neglected the higher order sidebands by assum-
ing the very low power associated with them considering
the case of small signal analysis.

Let us suppose that sin(ayf) is the PM driving signal.
When MZM and PM are connected the field output from
PM can be written as

E 0 (t) =E,, (f)exp[j¢-sin(a)dt):| )

where ¢ is the phase modulation index in radians. The term
Ein(?) is equal to Ey (7). Now simplifying the second term
in (4) using Bessel formulae and taking only the first order
sidebands yields

Epo (1) =By (0 14 (9) 47, (#) (e~ )] (5)

After simplification and neglecting the higher frequency
terms above equation will be reduced to

EoulZ (t)

Ein(t) =p~J0(¢)+[q.JO(¢)+p.J1(¢)]ejwd,+ ©

[q-7,(8)—p-J,(#)]e7™.

In the above equation, the first term is optical carrier, the
second term is USB and the third term is LSB. Upon proper
adjustment of the modulator parameters, the condition
q-Jo(@) = p-J1(§) can be satisfied. Then the above equation
results in USB based OSSB scheme. Similarly, for the case
of q-Jo(¢) =—p-Ji(¢) an LSB based OSSB scheme can be
generated. OVSB is the case when the partial suppression
of the unwanted sideband in the OSSB scheme that results
in unequal sideband intensities. This condition occurs when
the above equalities are not met perfectly, which can be
described by introducing the new scaling parameter &, such
that k = £[q-Jo(#)]/[p-J1(h)]. The value of k depends on the
choice of p, ¢ and @ It determines the extent of sideband
suppression. For maximum suppression its value will be 1
which leads to the OSSB scheme and for partial suppres-

sion its value can be considered less than 1 resulting in the
OVSB scheme.

2.2 Transmissions Impairments

The RoF transmission system suffers from various
kinds of noise and distortions both in an optical link and in
a wireless link. We describe specifically some of the opti-
cal link impairments. In an optical link, thermal noise, shot
noise, relative intensity noise (RIN), laser chirp, fiber non-
linearity, CD, polarization mode dispersion (PMD) etc. are
present like in any other fiber optic link. The CD is one of
the significant linear impairments in fiber optical commu-
nication system whose detail description can be obtained in
[14], [15]. Most importantly, CD and nonlinearity associ-
ated with modulator and square law photo detector are the
major factors for impairments in RoF systems.

The ODSB transmission in a dispersive fiber link
leads to different phase shifts between the sidebands. The
power of the recovered signal after photo detection can be
given as follows [3]

P, = cos’ I:ELCD (f”j ] (7
fo

where c is the speed of light, D is the dispersion parameter,
fo is the optical carrier frequency and fzr is the electrical
carrier frequency. If the sidebands experience a total phase
difference of 180° relative to the optical carrier the RF
signal will be lost. Depending on the amount of phase
shifts due to CD, power fading of the detected RF signal
occurs. The received signal shows periodic power variation
based on the fiber length due to CD. The first null power
point can be calculated as

L=—5 ®)
2DA" fre

where L is fiber length and A is the laser wavelength. The
first null power points for the 1550 nm wavelength,
18 ps/(nm km) dispersion parameter can be calculated for
10, 30 and 60 GHz frequencies as 34.68 km, 3.85 km and
0.96 km, respectively. From this calculation it is very clear
that CD is the serious impairment as the RF increases. For
5G based system to support the bandwidth hungry devices
and applications the millimeter wave frequencies are likely
to be used due to the congestion of the conventional RF
bands. In higher frequency band the chromatic dispersion
affects severely. Therefore the CD compensation is a major
challenge which limits the system performance. To over-
come the CD effect, CD tolerant sideband modulation
schemes such as OSSB or OCS-DSB have to be used. For
higher frequency RoF system, the performance will be
largely determined by the extent of the CD effect reduction.

Due to the cosine transfer characteristic of the MZM,
infinite numbers of harmonic products are generated. The
harmonic distortion (HD) mainly depends on the used
modulation index. When a higher modulation index is used,
harmonics’ intensities will be increased thereby leading to
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distortion. Each harmonic component experiences different
phase change due to CD in the fiber. The beating of un-
wanted harmonic components with the first order sideband
causes a reduction of the signal strength. Also, the beating
of the frequency component can result in new unwanted
frequency components. Suppression of these unwanted
components can be very difficult. In higher modulation
index condition, the intensity of these components will be
high leading to serious distortion.

3. Experimental Validation

The idea of the proposed method of generating an
OVSB scheme was verified by experimental measure-
ments. The experimental arrangement is shown in Fig. 1. In
the setup the MZM is a chirpless modulator. The half wave
voltage of MZM is 8 V. A continuous wave DFB laser is
operated at 1 dBm output power and emission frequency of
193.5 THz. The driving signal for modulators is a sine
wave with a frequency of 4 GHz. The MZM is biased at the
quadrature point. PM is driven by the 90° phase shifted
version of the same electrical signal as MZM for generat-
ing OSSB and OVSB schemes. The used optical spectrum
analyzer (OSA) has a resolution of 3 pm which enables
visualization of the generated sidebands.

For the MZM dc bias from -8 V to +8 V and using
fixed RF signal driving voltage, two USB based OSSB and
two LSB based OSSB schemes and two OCS-DSB
schemes were observed. The PM modulation index was
varied by changing its driving voltage. The voltage attenu-
ator and amplifiers were utilized for providing the driving
voltages. The OVSB scheme can be considered as an une-
qual intensity of the first order sidebands. For instance, at
1.5V of PM driving voltage and 1.9 V of MZM driving
voltage, OVSB scheme with OCSR = 0 dB was obtained as
shown in Fig. 2. Sideband suppression of about 18 dB was
obtained from this setup. It was observed that the electrical
drive signals should be at 90° to each other for the maxi-
mum suppression of the undesired sideband.

Some slightly complex methods have been reported
for achieving the SNR optimization goal [6], [7], [11].
These methods include DMZM with tunable optical filter,
using polarization modulators, optical injection locked
laser based technique, etc. In our method we use the OVSB
scheme for improving the system performance. The pre-
sented OVSB scheme generated from simple series MZM
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Fig. 2. Measured OVSB scheme.
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and PM configuration does not require a tunable optical
filter to suppress the optical carrier, it also does not require
an additional optical amplifier because the total optical
power remains constant. With the presented scheme, SNR
enhancement can be achieved without the need of tunable
optical filter, band pass optical filter and optical amplifier.

4. Simulation and Discussions

To compare the performance of the proposed OVSB
generation scheme with the OSSB scheme using series
MZM and PM configuration, the electrical and optical
setup was designed in VPItransmissionMaker simulator
along with MATLAB co-simulation. The used setup is the
same as in Fig. 1. In the setup, the MZM is a single drive
and chirpless modulator. The half wave voltage of MZM is
8 V. The MZM is biased at its quadrature point and the
driving signal amplitude is chosen at 0.5 V. The PM is
driven by the 90° phase shifted version of the same
electrical signal as MZM. A continuous wave DFB laser is
operated at 10 dBm with emission frequency of 193.1 THz.
The used optical fiber is a standard single mode fiber
(SMF). The photo detector type is a positive intrinsic
negative (p-i-n) diode with a thermal noise parameter of
10 "*pA/Hz"*. The fiber dispersion is 18 ps/(nm-km). The
4QAM signal was used to observe the symbol error rate
(SER) performance. The SER was calculated using the
Gaussian method.

4.1 Comparison of OSSB and OVSB Schemes
Generated with Series MZM and PM

The 4QAM, 5 Gbps signal is generated and transmit-
ted over 50 km of fiber. At PM index of 45°, one of the
sidebands is completely suppressed from ODSB resulting
in the OSSB scheme. For OVSB the best PM index was
calculated based on the SER performance. Optical ampli-
fier and optical filter were not used for all the below dis-
cussed simulation results.

Table 1 shows some representative values of the
OVSB PM indexes for fiber length of 50 km. Tuning of the
PM index is required for the OVSB scheme generation for
each used frequency. The relative sideband power differ-
ence of the generated OVSB scheme for each frequency
and fiber length will also be different, as for different PM
index the harmonics’ power relation will change. Thus, the
resultant SER of OVSB scheme is due to not only the in-
creased signal power strength but also the proper balance
of the harmonics’ power distributions. The OVSB scheme
enhances the signal power and balances the harmonics
power thereby improving the SER.

Figure 3 shows the OSSB and Figure 4 shows the
OVSB optical spectra for 20 GHz. The OVSB spectrum
was obtained with the best SER. The sideband at +20 GHz
in the OSSB scheme is completely suppressed. For the
OVSB scheme it is partially suppressed. The OVSB
scheme also shows that the second order harmonic power
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at —40 GHz is more suppressed compared to OSSB scheme.
This leads to the reduction of the harmonic distortion. The
enhancement of +20 GHz first order sideband power and
reduction of —40 GHz second order harmonic power leads
OVSB scheme to perform better than OSSB scheme. This
shows that in series MZM and PM configuration, if proper
PM index is selected, the harmonic distortion can be re-
duced as well as signal strength can be enhanced in com-
parison with the OSSB scheme.

Figure 5 shows the received signal power for ODSB,
OSSB and OVSB modulated signals for various frequency
ranges for 50 km fiber length. As the frequency increases
the CD effect increases leading to a cyclic power variation
for ODSB scheme. The CD effect can be minimized with
OSSB and OVSB schemes. Thus, the power variation is
minimized by using OSSB and OVSB schemes as shown in
Fig. 5. The OVSB scheme's signal power strength is higher

than other schemes which results in Dbetter SER
performance.
Frequency OVSB PM OSSB SER OVSB SER
(GHz) index (°)

15 41 10> 10°°

20 37 102 102

25 60 10 10°

30 30 10° 10°

Tab. 1. Optimum PM index and improved SER for the OVSB
scheme for 4QAM, 5 Gbps system at 50 km fiber
length. The SER were estimated using Gaussian
estimation method.
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Fig. 3. Optical spectrum for OSSB scheme at 20 GHz, the

sideband at 20 GHz has been completely suppressed
leaving behind —20 GHz sideband. The sidebands at
+40 GHz are undesired harmonics.
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Fig. 4. Optical spectrum for OVSB scheme at 20 GHz, the
sideband at +20 GHz has been partially suppressed.
The sidebands at +40 GHz are undesired harmonics in
which the USB power level is higher than the LSB.
Also the harmonics' power levels are lower than in the
case of OSSB scheme.
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Received signal power for various sideband modula-
tion schemes for different frequencies at 50 km fiber
length.
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Fig. 6. SER performance of OSSB and OVSB schemes for
different frequencies and fiber lengths for 5 Gbps,
4QAM modulation format. The curves with (.) are for
OSSB scheme and solid plain curves are for OVSB
scheme. The SER were estimated using Gaussian
estimation method.

The SER performance of the OSSB and OVSB of dif-
ferent frequencies for various fiber lengths is shown in
Fig. 6. As frequency and fiber length increase, more CD
will be accumulated causing poorer performance. For all
cases the OVSB scheme shows superior performance com-
pared to the OSSB scheme. Since the OSSB and OVSB
schemes are optical sideband modulation schemes, they are
transparent to any electrical modulation format’s signal.
Any higher order electrical modulation format’s signal can
be applied for performance comparison. For any kind of
electrical modulation format’s signal the OVSB scheme
shows superior performance compared to the OSSB
scheme. To work in higher frequency regime such as in
millimeter wave, one needs to employ a fiber amplifier to
increase the signal strength along with photonic approaches
for higher frequency carrier generation and modulation
[16-18].

4.2 Impact of Harmonic Distortion

As discussed earlier in the previous section, the non-
linear transfer characteristic of the modulator causes crea-
tion of an infinite number of sidebands. Among these,
second and third order sidebands are considered significant
for harmonic distortion. We studied the behavior of the
harmonics’ power for MZM and series MZM and PM cases
at 20 GHz frequency for various fiber lengths. Figure 7
shows the fundamental (@;), second (2a@y), and third (3 wy)
order harmonics’ power variations with fiber lengths for
single MZM and for series MZM and PM cases. The fiber
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Harmonics Power (dBm)

Fiber Length (km)

Fig. 7. Harmonic powers. Colors - blue: fundamental, red:
second order, black: third order. Lines- with(.): MZM,
solid plain: series MZM and PM.

attenuation was not considered for these simulations to
observe the harmonics’ power variations due to CD.

In Fig. 7 for the single MZM case, first order side-
band (@y) shows its deep power dip at 8.6 km and 26 km
and so on. When the MZM and PM are connected and the
indices are set for OSSB scheme, the (@,) power variation
remains almost constant, showing the CD compensation.
However, the third order sideband (3a@y) power level is
increased slightly, leading to higher third order harmonic
distortion than with a single MZM. The cyclic rotation of
the second order sideband (2w;) for the series MZM and
PM case is two times faster than with the single MZM case.
As the fiber length increases the levels of the deep power
dips (nulls) of (2ay) and (3wy) are increased showing the
increased distortion level.

5. Conclusions

In this paper, we presented the series configuration of
a MZM and a PM as a flexible approach to generate the
optical vestigial sideband modulation scheme (OVSB),
which enhances the signal to noise ratio (SNR) compared
to the optical single sideband modulation scheme (OSSB).
We theoretically verified the proposed generation method
and validated through experiment. With the proposed
scheme, SNR enhancement can be achieved without the
need of tunable optical filter, band pass optical filter and
optical amplifier.

We investigated the optimum parameters for OSSB
and OVSB schemes and compared the SER performance
for 4QAM signal. We showed that the OVSB performance
is better than the OSSB scheme in series MZM and PM
configuration, if proper PM index is selected. The second
and third order distortions were analyzed for both single
MZM and series MZM and PM cases. The second order
harmonics is a major harmonic distortion contributor in the
single MZM case. Third order harmonic has a higher level
of power in the proposed series MZM and PM configura-
tion compared to single MZM case. However still second
order distortion dominates in the system.
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