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ABSTRACT VCSELs are usually cost-effective optical source offering

This paper presents a new approach to maximize the
dispersion-limited distance of vertical cavity surface emitting
lasers (VCSELS) operating at 1550.127 nm with 10 Gb/s bit
rate. Optical non return to zero (NRZ) signal is generated by
using an optical band pass filter (OBPF) along with Mach-
Zehnder interferometer (MZI) at the output of VCSEL. A
third order super-Gaussian and fourth order Butterworth
filters are used as optical filters. The dependence of bit error
rate (BER), the eye opening and transmission distance on
variations in the optical filter and MZI parameters is
investigated. The numerical results signify that with the
proposed scheme one can enhance the single mode fiber
(SMF) link-length to 127 km in the absence of electrical or
optical dispersion compensation methods. Results are
compared between the proposed method and transmitters
implemented with VCSEL diode.
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1. INTRODUCTION

The increasing demand of high speed long-reach optical
communication (OC) networks forces the implementation of
high bit-rate and dispersion tolerant optical transmitters.
Single mode fiber (SMF) is suitable for exchange of data,
voice and video information in extended distance telephone
networks. Vertical cavity surface emitting lasers (VCSELS)
are typically intended for 10 Gb/s OC systems because of
their cost-effectiveness and size.

VCSELs have been proposed as optical-source in many
different applications like free space optical link [1], optical
imaging [2], sensing [3,4], high data rate short links [5],
Ethernet [6], mouse and printers [7], radio over fiber [8],
spectroscopy [9, 10], optical backplanes [11, 12] , data centers
[12], local area networks (LANS) and metro-area networks
(MANS) [13].

The dispersion-uncompensated reach of electro-absorption
(EA) and Mach-Zehnder (MZ) modulator based transmitters
is restricted to 80 km of standard SMF for 10 Gb/s optical
signals [14-16]. To minimize the price of access network,
directly modulated VCSELs (DM-VCSELS) are known to be
cost-efficient method in comparison with the transmitters with
EA and MZ modulators for the reason that the external
modulators are costly in addition to have higher size and
larger power consumption.

larger bandwidth, completely tunable in C and L bands. The
VCSEL presents a great number of merits such as greater
coupling efficiency [17], single-mode operation [18], high
speed and lesser threshold [19], reliability [20], enhanced
quantum efficiency and optical power [21].The improvements
of VCSEL compared to distributed bragg reflector (DBR) and
distributed feedback (DFB) laser are little power consumption
and low price because of its compactness [22].

At 10 Gb/s the existing reach of 1550 nm DM-VCSELs is
approximately 10 km [23, 24] that is certainly inadequate to
fulfill the access-network requirements, which is driving
investigation in improving the reach and performance of SMF
link using least cost approaches.

There exist several different methods to lessen the
dispersion effects in SMF for VCSEL based system. One of
the techniques for the size and cost alleviation is the removal
of inverse dispersion fiber (IDF) [25] and dispersion
compensating modules (DCMs) [26]. Electronic-dispersion
compensation (EDC) [27] and injection locking [28] schemes
are previously used as dispersion compensators to enhance the
reach of a 10 Gb/s VCSEL, all these methods enhance the
complexity and power consumption of the optical fiber
system.

The adopted method presents an effective way to extend
the dispersion-limited distance of VCSEL without reducing
bit error rate (BER) and sensitivity of received signal. DM-
VCSEL with simple filtering scheme is an attractive technique
to cut down the transmitter cost in long distance transmission.
To the best of author’s knowledge, this is for the first time a
VCSEL based transmitter with optimum optical-filtering
technique has been presented. This paper is pre-arranged as
follows: The detailed description associated with the present
approach is presented in section 2. Results are analyzed and
compared with previous research work carried out in section
3. Successively the conclusions are presented in section 4.

2. PROPOSED MODEL OF SYSTEM

The Optical filtering scheme at the transmitter is depicted in
Fig. 1. Pseudo-random bit-sequence (PRBS) non return to
zero (NRZ) signal at 10 Gb/s is generated by using pulse
generator to drive the VCSEL diode. The DM-VCSEL chirp
is interact with SMF dispersion, this results in broadening of
the transmitted pulses and limits the reach of SMF link. The
laser rate equations [29, 30] are used for modeling of VCSEL
diode.
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Fig 1: Optical filtering scheme for proposed model.

Two filtering schemes have been investigated; the first
method is super-Gaussian optical band pass filter (OBPF)
along with Mach-Zehnder interferometer (MZI) and the
second method is Butterworth OBPF along with MZI. The
optical filter is located at the output facet of VCSEL. The
Butterworth and super-Gaussian OBPF’s are used for tailoring
of optical signal at the VCSEL output. VCSEL wavelength is
lined-up around the OBPF transmitting edge. The squared
transfer function of Butterworth OBPF is given by [31, 32]
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where Hy(f) is the Butterworth OBPF transmittance, Afsgg is
filter 3 dB bandwidth, N is filter order, f is the frequency and
f. is the central-frequency of filter. The super-Gaussian OBPF
transmittance T(f ) is defined as [33]
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The MZI is inserted after OBPF. The signal from OBPF goes
through a MZI to perform optical filtering. The transfer
function of the MZI is given by [34]
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where Hy,(f) is the transfer function of the MZI, T is the time
delay, k; and k; are coupling coefficients of two couplers. The
required optical filtering of signal at VCSEL output is
essential for dispersion elimination and it is achieved by
adjusting the VCSEL, OBPF and MZI parameters. SMF is
required for optical signal propagation in between receiver
and transmitter. Variable optical attenuator (VOA) between
SMF and avalanche photo-diode (APD) is used for BER and
sensitivity measurements. APD is utilized for optical to
electrical signal conversion process; APD noise is reduced by
the application of Gaussian low-pass filter (GLPF) at its
output.

The working principle of transmitter is illustrated in Fig.2.
The NRZ PRBS signal generated from the pulse generator is
shown in Fig. 2(a). VCSEL frequency-profile (chirp) is shown
in Fig. 2(b), adiabatic-chirp is associated with the frequency
difference between the space and mark bit levels, whereas
transient-chirp is due to bit transitions.
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Fig 2: Proposed transmitter operation. (ai"N’RZ signal
from pulse generator, (b) VCSEL frequency-profile
(Chirp), (c) VCSEL diode output power, (d) OBPF output
power and () MZI output power for 101101 bit sequence.

The VCSEL is operating at the far above the threshold point
of bias to eliminate the transient chirp. The Adiabatic chirp of
VCSEL is 5 GHz. The adiabatic chirp of Af = 1/2T is used to
develop the phase shift of
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at every space bit-period(T). Adiabatic chirp and transient
chirp of the VCSEL are controlled by changing the laser
device parameters and amplitude of the drive signal. VCSEL
frequency modulation (FM) characteristics are generally
determined by adiabatic-chirp. VCSEL output power is
depicted in Fig. 2(c). Characteristics of OBPF interact with
different components of an OC system like VCSEL chirp and
dispersion properties of SMF, these results would eliminate
the chromatic dispersion in SMF. From Fig. 2(d), the OBPF
modify the power signal by the chirp-induced frequency-
modulated (FM) data to amplitude-modulated (AM) data
conversion. The key function of optical filter is used to
generate chirp-free optical signals except for the center of
space bit period; this results in rapid phase shift of © during
the middle portion of “0” bit period. Transmission distance
and performance of optical system are further enhanced by
employing a MZ| at the OBPF output. From Fig. 2(e), MZI is
employed for amplitude filtering and to increase the output
power of the transmitter. Optimum filtering is achieved with
the proposed method by adjusting the delay and the coupling
ratios in the MZI together with the bandwidth and center-
frequency of OBPF.

3. RESULTS AND DISCUSSION

The effect of optical filtering on the VCSEL diode output
facet is analyzed using practical commercial OC system
design and Matlab software. 10 Gb/s PRBS NRZ signal
having length of 2%-1 is generated by pulse generator. The
VCSEL model is employed in numerical computations with
the following parameters: injection efficiency = 1, quantum
efficiency = 0.4, photon life time = 8 ps, differential gain
coefficient = 1.0 e*® cm?, volume of active layer = 80e™*? cm®,
gain compression coefficient = 8e’Y’ cm®, carrier density at
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transparency = 1e'” cm?, carrier life time = 2 ns, spontaneous
emission factor = 1e®, mode confinement factor = 0.9, line
width enhancement factor = 3.2, modulation current = 8 mA
and bias current = 9.62 mA. Extinction ratio (ER) of VCSEL
is 2.1 dB.

The bandwidths of fourth-order Butterworth and third-order
super-Gaussian OBPF are 9 and 9.6 GHz respectively, these
filters are operating at 193.414 THz central frequency. MZI
delay is set at 38 ps and coupling coefficient of both couplers
is 0.22. The SMF utilized in computations with the following
parameters: wavelength = 1550 nm, length = 80 km,
attenuation = 0.2 dB/km, chromatic dispersion = 16.75
ps/nm/km, nonlinear refractive index = 2.6e° mw,
dispersion slope = 0.075 ps/nm?km and effective core area =
80 um?. APD dark current and responsivity are considered to
be 10 nA and 1 A/W respectively. GLPF cut-off frequency is
positioned at 10 GHz and N is 1.
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Fig 3: Transmitter output waveforms with Butterworth
filter. (a) Without MZI and (b) with MZI for
010100001101011 011000100100101 bit sequence

The output power of transmitter along with Butterworth filter
is shown in Fig. 3, the power of the transmitter with MZ| is 3
mW high compared to the case of transmitter without MZI;
Coupling coefficients and delay of MZI are altered to obtain
the highest signal power. The author successfully examined
the impact of super-Gaussian OBPF along with MZI on the
tailoring of VCSEL output; the result is very nearly same as
MZI output that is located at Butterworth OBPF.
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Fig 4: Optical spectrums of transmitter scheme. (a)
VCSEL output, (b) MZI output with super-Gaussian
OBPF and (c) MZI output with Butterworth OBPF.

The optical-spectrums of transmitter with MZI are shown in
Fig. 4. Optical spectrum analyzer with resolution of 0.08 nm
is used for optical-spectrum measurement. It can be seen from
Fig. 4 the width of the spectrum at -70 dBm for VCSEL
output, super-Gaussian along with MZI and Butterworth along
with Mzl are 1, 0.2 and 0.3 nm respectively. Optical
spectrums at MZI output are much compact in comparison
with VCSEL output spectrum this results dispersion tolerance
in SMF. The proposed system performance is compared with
narrow optical filtering (NOF) [35] scheme. NOF scheme
comprises of pulse generator and optical filter along with
VCSEL in transmitter.

The receiver sensitivities are calculated at BER of 10 for
NOF scheme at 110 km and transmitter implemented with
MZI at 127 km is shown in Fig. 5. The sensitivities of the
super-Gaussian together with MZI and Butterworth together
with MZI are -26.8 and -26.5 dBm respectively. In the NOF
scheme, sensitivities of super-Gaussian and Butterworth are -
26.5 and -26.5 dBm respectively. Sensitivity of the scheme
adopted is improved when compared to NOF scheme due to
the optimal filtering technique.
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Fig 5: BER performance of MZI and NOF schemes
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Fig. 6 shows the BER values for several different lengths of
SMF with current approach and NOF based method. BER
value of Butterworth along with MZI and super-Gaussian
along with MZI is greater than 10 after 148 km of SMF.
BER value for NOF scheme is larger than 10 after 137 km of
SMF.
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Fig 6: BER performance for several lengths of SMF

Fig. 7 demonstrates that eye diagram with MZI and NOF
schemes after 127 km of SMF. In NOF scheme, eye-opening
factors of Butterworth and super-Gaussian are 0.88 and 0.88
respectively. The eye-opening factors of super-Gaussian
combined with MZI and Butterworth combined with MZI are
0.9 and 0.92 respectively. Eye-opening is better even after 127
km transmission with the MZI scheme compared to that of
NOF scheme. The important parameters of MZI scheme from
other previous methods are shown in Table 1.
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Fig 7: Eye diagrams at 127 km of SMF. (a) NOF with
super-Gaussian filter, (b) NOF with Butterworth filter,
(c) super-Gaussian filter along with MZI and (d)
Butterworth filter along with MZI
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Table 1. Comparison of current work with previous methods
Parameter But_terworth supe_r-Gaussian NOF IDF VCSEL
with MZI with MZI [35] [25] [23]
fiber length (Km) 127 127 110 454 10
bit rate (Gb/s) 10 10 10 4.25 10
laser type VCSEL VCSEL VCSEL VCSEL VCSEL
fiber type SMF SMF SMF SMF and IDF SMF
sensitivity (dBm) -26.8 -26.5 -26.5 =245 -17.88
wavelength (nm) 1550 1550 1550 1550 1550

The present approach provides greater transmission distance
along with high sensitivity compared to earlier methods.

4. CONCLUSION

The results confirm that the combination of OBPF and MZI at
the output of VCSEL improves performance of SMF link
when compared to VCSEL based previous methods. The
scheme adopted is used to provide maximum transmission
distance and sensitivity in VCSEL based access-networks

without using amplifier. The receiver section of the presented
scheme is simple.

In future research work, optical filtering schemes at the
transmitter along with IDFs will be undertaken to decrease the
dispersion effects. The EDC schemes at the transmitter
together with optical filtering techniques are potential for
future work to further enhance optical-link length. Therefore,
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VCSEL based transmitters with dispersion mitigation
technique are necessary for future generation access networks.
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