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ABSTRACT
The study seeks to design a communication system for a power grid, that will ensure real-time and
low-latency communication andautomationbetween theutility and the endusers. Theperformance
characterization of the VCSEL in G.655 non-zero dispersion shifted fibre transmitting at 1550 nm is
experimentally and theoretically analysed. The experiment reported the various evaluations of BER
and eye diagrams using a VCSEL and a DFB laser as light sources. There was the successful achieve-
ment of 10 Gbps in 25 and 50 km for VCSEL and DFB respectively. In simultaneous data and clock
transmission, 0.4 GHz and 10 Gbps over 25 km was successfully achieved using a VCSEL. The study
is significant in the establishment of a pervasive communication system as the backbone of smart
power grid design technology.
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1. Introduction

A smart grid (SG) is a modernized electrical system in
which new and more suitable models of energy pro-
duction, usage and distribution will be made possi-
ble through the incorporation of a pervasive commu-
nication system and monitoring capabilities as well as
autonomous andmore distributedmanagement and con-
trol functionalities into the power system [1]. Baimel
et al. [2] reported that the smart grid utilizes actua-
tors and clock systems to ensure that all grid compo-
nents are under optimal control. Therefore, it must have
a robust and reliable infrastructure of communication
to offer communications that are secure and real-time.
The infrastructure of communication should have a wide
bandwidth to ascertain a high information flow rate.
Thus, the utilization of optical fibre networks would be
the fastest available communication type with smart grid
applications since they are responsible for data trans-
mission from one point to the next. The use of optical
fibre can also facilitate the fibre to the home (FTTH)
architecture by providing internet services to end users
while at the same time linking the utility and the end
user together in the power grid’s monitoring and control
system.

Measuring the signal power is a crucial aspect of sig-
nal transmission using an optical fibre. Therefore, the
power of the signal transmitted along the optical fibre is

CONTACT H. E. Aradi aradihillary93@gmail.com Department of Mathematics, Actuarial Science and Physical Sciences, University of Kabianga, P.O.
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given by;

PT = Poe(−αL) (1)

where PT and PO are the transmitted and launch pow-
ers respectively, α is the attenuation coefficient and L
is the fibre length in km. Traditionally, the attenuation
coefficient is given by Equation (2)

α

(
dB
km

)
= −10/LLog10(PI/P0) (2)

and is expressed in units of dB/km [2]. Calculating the
attenuation coefficient provides a fraction of the scattered
and absorbed energy across an optical fibre link. Opti-
cal attenuation results from both intrinsic and extrin-
sic effects related to the fibre. Intrinsic losses include
absorption, Rayleigh scattering anddispersion at the fibre
core area. Extrinsic loss mechanisms include bending
losses, splicing losses, core/cladding losses and connector
losses [2,3].

The vertical cavity surface emitting laser (VCSEL) is
considered and together with the photodiode receiver
and the optical fibre they make up the technology since
the term ‘technology’ represents the transmitter-receiver
pair. VCSELs are suitable for smart grid applications
because they generate high-speed data in short-range
optical communication networks [3]. In addition, they
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are appealing for signal transmission due to their low
consumption of power, low current, fibre coupling effi-
ciency and fast-speed modulation at low costs of power.
The VCSEL’s optical power calculation is crucial in sig-
nal transmission. This can be achieved by the following
equation [3].

Pout=nin0
hv
e

(I − Ith) (3)

where Pout is the output power, ni is the injection fre-
quency, n0 the optical frequency, I is the injected current
and Ith is the threshold current.

The power dissipated in the VCSEL is the difference
between the electrical power going into the laser and the
optical power coming out of the laser.

Pd = Pin − Pout (1.4)

where Pd represents the dissipated power, Pin is the input
optical power and Pout representing the output optical
power.

High-frequency chirps, however, limit VCSEL perfor-
mance in optical fibre systems and result in transmission
issues at high bit rates [3,4]. These restrictions high-
light the necessity to optimize and characterize optical
impairments on various fibres for long-haul transmis-
sion. Wavelength division multiplexing (WDM) on the
other hand increases fibre capacity. Telecommunication
companies are currently utilizing both the 1310 and 1550
nm single-mode VCSELs for optical signal transmis-
sions [5].

In a communication device comprising the optical
fibre and VCSEL technology, there are two common
fabrication techniques employed namely the molecular
beam epitaxy (MBE) and chemical vapour deposition
(CVD). In MBE VCSEL fabrication, the semiconductor
layers are grown making up the VCSEL’ active region.
This technique provides control that is atomic scaled over
the process of growth thus enabling high-quality semi-
conductor materials production with precise properties
[6]. In CVD, material layers are deposited onto a glass
substrate thereby forming the optical fibre’s cladding and
core layers. InVCSEL fabrication, the semiconductor lay-
ers are deposited onto a substrate thereby allowing for
accurate control over the thickness and composition of
the layers for the achievement of the desired electrical
and optical properties [6] These two techniques are vital
in fabricating optical fibre and VCSEL based communi-
cation system with desirable characteristics such as high
efficiency and minimal loss.

Long-wavelength VCSELs and other low-cost high-
performance laser diodes may dominate 10 Gb/s Eth-
ernet standards. These long-wavelength materials’ nar-
rower band gap allows lower-voltage operation [7]. The

G.655 non-zero dispersion-shifted fibre (NZDSF) has a
larger core than G-652 which improves long – haul per-
formance with low 1550 nm attenuation. It is able to pass
the 25 and 50 km DWDM transmission tests because of
its ability to suppress fibre non-linear effects including
four-wave mixing.

Note that there is a direct proportionality between the
signal’s optical power density and the fibre non-linear
effect that has a significant effect on the pulse shape, sig-
nal phase and the evolution of optical power, making it
critical to have a proper selection of the fibre type to use
for these long-haul signal transmissions [8]. Wavelength
multiplexing is employed to increase the amount of data
that can be transmitted over a single fibre in the array
and is facilitated by the wavelength’s stability and tun-
ability [9]. Since the bit error rate (BER) is the marker
of communication efficiency, it is a crucial aspect in the
design of a smart power grid with reference to achieving
an efficient and timely communication system.

Even though, there is still the evolution of a clear and
concise smart grid definition, several characteristics still
remain in control to the architectures of the smart grid
architectures [10]. It is these characteristics that define
the potential benefits of the smart power grid to the over-
all electric power system. One of the crucial character-
istics is the incorporation of communication and infor-
mation into every electrical generation, consumption and
delivery aspect tominimize impacts on the environment,
improve service and reliability, enhance markets, and
improve efficiency and lower costs [11]. The clock sys-
tem also plays a vital part in the smart grid technology
as it is able to synchronize data transmission between
the utility and the end user necessary for making electri-
cal meter reading requests [12,13]. It helps the receiving
device determine when to read the next bit or value for
accurate meter readings. The paper takes the following
structure: the experiment’s methodology description in
Section 2, the results and discussion in Section 3 and
finally conclusion in Section 4.

2. Methodology

The experiment used the setup illustrated in Figure 1.
With the utilization of a 10 Gb/s non-return to zero
(NRZ) pseudo-random binary sequence (PRBS – (27-
1)), a RaycanCompanyVCSEL lasing at 1550 nmwith a –
0.9 dBm operational output power was modulated using
a programmable pattern generator (PPG) through a bias
tee with the modulation depth maintained at 0.3mV.

A laser diode controller (LDC) with operating driv-
ing currents ranging from 0.5 to 9.5 mA was used to
drive the VCSEL. The VCSEL was characterized to deter-
mine the output power versus bias current behaviour for
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Figure 1. The experimental setup of a 10 Gbps directly modulated VCSEL.

both experiment and simulation. By increasing the bias
currents, the wavelength tunability was also investigated.
Bias currents of 2–9 mAwere used to adjust the VCSEL’s
channel tuning. The BER was then measured for back-
to -back and 25 km. This was repeated using a WDM
DFB laser source at back-to-back (B2B), 25 and 50 km for
comparison purposes with the VCSEL. Measurements of
BER and associated eye diagrams were taken at the crit-
ical telecommunication threshold (10−9). The BER was
measured by adjusting the power incident on the photo
diode detector, which was achieved with the help of a
variable optical attenuator (VOA). The electrical ampli-
fier (EA) increased the voltage of the received signal to the
level necessary for BERmeasurement. AnAgilent oscillo-
scope was used to analyse the data from the eye diagram
and wave forms. Simultaneous data and clock transmis-
sion were demonstrated by setting the frequencies on the
signal generator at 0.4 and 2.5 GHz, and the input power
maintained at−14 dBm. VCSEL modulation voltage was
tuned, and bias current ranged from 5.88 to 6.88 mA.
10 Gbps data were used to modulate a 1550 nm VCSEL.
The optical carrier signal was amplitude modulated with
10 Gbps data using on–off keying (OOK). The data were
transmitted across 25 km of fibre that complied with the
G.655 standard using an amplitude-modulated 0.4 GHz
clock signal. The clock’s input power wasmaintained at –
31.94 dBm. The electrical signal generator’s modulation
depth was set at 0.2 mV for its RF level to generate the RF
clock signal at 0.4 GHz with enough modulation.

3. Results and discussion

3.1. VCSEL biasing

The results demonstrated the direct modulation of the
VCSEL as well as the adjustment of the wavelengths
through the variation of the bias current. The ability
of the VCSEL to adjust both the output power and
the lasing wavelength is shown in Figure 2 (a,b). From
Figure 2(b) the lasing threshold was experimentally mea-
sured to be 1 mA. In simulation, on the other hand,
the lasing threshold was measured at 2 mA. The low
bias currents obtained from the results indicate that the
VCSEL is indeed a transmitter that operates at a very low
power. The experimental and simulation results shown
in Figure 2(b) showed that the VCSEL’s output power
increased linearly with current above the threshold cur-
rent. 1550 nmVCSEL saturation current wasmeasured at
8.5 mA. As current increased above saturation, VCSEL’s
output power increased at a lower rate implying that its
magnitude of increase permA is less. As a result, the find-
ings demonstrated that the VCSEL performs most effec-
tively between threshold and saturation current levels.
Through the operation of the VCSEL above its thresh-
old level, there was the attainment of a 1548–1556 nm
tunability range for a 2–9 mA current range. The results
show that increasing the bias current shifted the spec-
trum towards higher wavelengths. Its wavelength tun-
ability also shows that a VCSEL-based dense wavelength
division multiplexing (DWDM) network with eight data
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Figure 2. (a): VCSEL wavelength tunability/response property
with tuning the bias current. (b): Experimental and simulation-
based measured input current-output optical power characteris-
tics of VCSEL at 1550 nm.

transmission channels and 50 GHz channel spacing is
achievable.

3.2. Transmission

Using the 1550 nm VCSEL, Figure 3(a) depicts the sys-
tem’s performance for B2B and after 25 km. A 10 Gb/s
signal’s error-free sensitivity was determined experimen-
tally using aVCSEL to be –17.15 dBm inB2B.After 25 km
transmission the incident power was measured at –14.48
dBm indicating a 2.67 dB power penalty that was intro-
duced by the transmission length of the fibre. The source
of the power penalty was as a result of fibre dispersion
which affected the optical receiver’s sensitivity. In addi-
tion, since the VCSEL being a directly modulated laser
is susceptible to frequency chirps, together with fibre
dispersion, this degraded the sensitivity of the receiver
thereby introducing a larger power penalty than in the
case of the externallymodulatedDFB laser in Figure 3(b).
In simulation however, the receiver sensitivity for B2B

was –15.33 dBm and after 25 km the incident power was
measured at –14.67 dBm indicating a 0.66 dB transmis-
sion penalty introduced by the fibre transmission length.
The simulation results verified the African Laser Center
(ALC), National Research Fund (NRF), Nelson Mandela
University (NMU).

In Figure 3(b), the system’s performance was exper-
imentally performed and receiver sensitivity of −21.58
achieved for B2B. The respective incident powers at
25 and 50 km transmissions were recorded as −20.46
and −20.72 dBm respectively. The penalty of transmis-
sion after 25 km fibre was 1.12 dB. There was also
the realization of more bit errors when the incident
power increased with length because of the fibre’s dis-
persion accumulation as can be seen in the waveforms.
The B2B curves for simulation and experimental work
varied due to factors including interference and noise
in the experimental setup. These factors degraded the
signal quality. Similarly, the experimental setup needed
accurate measurement and calibration techniques for
capturing the transmitted signals which was not the
case in simulation. These variations introduced dis-
crepancies in the curves between the experimental and
simulated results. Also, factors including aging of the
apparatus influenced the transmission of signals and
this may not be accounted for in simulation work
fully.

There was a requirement for more power at the
receiver for the shorter transmission lengths in both
VCSEL and DFB so as to attain the acceptable 10−9 BER
value. The introduction of the DFB laser in the exper-
iment was so as to compare performance and sell the
VCSEL technology in terms of cost and quality of service.
The VCSELwas found to be a cheaper light source option
for use in the experiment compared to the DFB.

The illustration in Figure 3(c) illustrates the eye dia-
grams and the resultant waveforms after 25 and 50 km
using a DFB. It was observed that there was a further
reduction in the extinction ratio of the eye diagram after
50 km fibre transmission. This shows that the longer
length introduced more optical effects in the system that
affected the signal quality thereby reducing the extinction
ratio.

Figure 3(d) represents the obtained eye diagrams for
B2B and 25 km transmission using a VCSEL. The eye
openness reduced immediately after the introduction
of fibre as a transmission medium. This showed that
the opening of the eye and the overall extinction ratio
reduced with a 25 km fibre transmission but clearly
remained open in the absence of the fibre which is in
essence the B2B analysis. An error free and successful
transmission is characterized by a clear, wide and more
open eye and therefore a dispersion compensating fibre
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Figure 3. (a): Simulation and experimental plots of – Log BER curves of B2B and 25 km transmission using 10 Gbps 1550 nm VCSEL. (b):
Experimental – Log BER curves for B2B, 25 and 50 kmWDMDFB transmission on a G.655 fibre. (c): Eye diagrams and resultant waveforms
for 25 km (black) and 50 km (green) transmission using a DFB. (d): Experimental and simulated eye diagrams for B2B (orange) and 25 km
transmission (blue) using a VCSEL and G.655 fibre.
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could be used at the transmitter or receiver end to mini-
mize the dispersion. The implication of this in addition
is that the receiver which was used i.e. positive intrin-
sic negative photodiode (PIN) was able to distinguish the
transmitted bits (1 and 0) thereby reducing the bit errors.
These simulation results were able to verify the experi-
mental analysis that the extinction ratio and the intensity
of the eye decrease with an increase in the transmission
distance.

3.3. Clock and data signal transmission

Figure 4 shows the experimentally measured electrical
clock signal spectrum at 0.4 GHz. It can be observed that
the clock signal operated above the noise region with a
power of−36.01 dBm at the selected 0.4 GHz operational
frequency on the signal generator.

Figure 4. Experimentally measured electrical clock signal spec-
trum at 0.4 GHz.

Figure 5. (a): A graph of electrical clock transmission 0.4 GHz transmission and (b) clock transmission 2.5 GHz.

The 0.4 GHz gave the maximum power necessary to
push the strongest clock signal. In the 0.4 GHz oper-
ational frequency, the stability and performance of the
clock was achieved as well as its transmission ability. The
0.4 GHz operational frequency offers a balance between
efficiency and transmission power and would be used to
send the request on time while reducing the power con-
sumption during signal request transmission since the
designed smart grid is based on two-way timely commu-
nication between the utility and end user.

From Figure 5(a), setting the clock signal at a lower
frequency of 0.4 GHz produced a smooth waveform pat-
tern. The superposed transmitted bits were able to form
an open-eye pattern suggesting the transmitted signal’s
quality. On the other hand, increasing the clock fre-
quency to 2.5GHzproduced closely packed bits and a less
clear clock transmission signal. By sampling the small-
est time span in Figure 6(b) it was observed that the
signal intensity still varied with the same time span of
propagation as in Figure 6(a) indicating that at the two
frequencies, the signal travel within the same time span
except for the fact that the higher frequency was not suit-
able for clock signal transmission. There was a different
in the intensities of the two signals whereby 0.4 GHz was
able to give amaximumof 0.15Vwhile 2.5GHz yielded a
maximum of 0.10V. Note that two frequencies propaga-
tion time remained constant on the x-axis after sampling
the bits. There was however, an increase in the time of the
repetitive signal propagation by a very small range since
only a small sample was taken at a small span of time.

Figure 6(a,b) represents single data and simultaneous
data and clock signal transmission that was achieved by
attaching the data to the clock and transmitting them at a
25 kmfibre transmission at the same frequency thereafter
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Figure 6. (a): A graph of 10 Gbps electrical data signal sent over
25 km fibre using a VCSEL. (b): A graph of 10 Gbps electrical data
signal plus clock signal sent over 25 km using a VCSEL.

observing the two signals on the scope. Note that after the
2-signal transmission (clock and data transmission) in
Figure 6(b), signal intensity decreased compared to sin-
gle data transmission in (a). This was due to attenuation
introduced by the fibrewhich affected the signal intensity.
Therefore, attenuation must be minimized by introduc-
ing amplifiers and repeaters as options for far-reaching
signals.

When the data-carrying optical carrier wasmodulated
with 10 Gbps on–off keying (OOK) data and transmitted
with the clock-carrier, the interference of the two inter-
acting signals was low after fibre transmission and so the
clock signal remained unaffected by a 10Gbps optical
carrier.

4. Conclusion

The experiment has shown that VCSELs are best suited
for transmissions up to 25 km. For longer transmission
distances, the DFB laser is best suited. A 2.67 dB penalty

was realized at 25 km on a 10Gbps VCSEL transmission
and a−1.12 dB transmission penalty was obtained exper-
imentally using a DFB laser. The higher penalty using
a VCSEL was due to a combination of frequency chirps
and fibre dispersion that degraded the receiver sensitivity.
The experiment also demonstrated wavelength tunability
necessary for the creation of channel spacing between the
clock and the data channels. Clock signal at 0.4GHz over
25 km fibre transmission was also achieved. The work is
significant in providing power and lighting companies
with an option for achieving effective communication
and real-time electrical meter request reading between
end users and the utility using an affordable optical
source (VCSEL). This researchmeets the criteria for orig-
inal researchwork through its novelty approach. Original
research involves the innovation of existing methods or
exploring new avenues. This study was able to introduce
a novel methodology as a criterion. The research was
also able to demonstrate methodological rigour as well
as adhering to scientific research standards. Finally, the
research provided sufficient documentation and details
for reproducibility of the findings just as the original
research would. Adhering to these criteria makes the
research able to contribute to the field of optical com-
munications thereby making it possible for new develop-
ments in technology.

Acknowledgments

We are grateful to the Nelson Mandela University (Centre
for Broadband Communication) and the African Laser Centre
(ALC) through a collaboration with the University of Kabianga
for the research visit and funding that aided the experiment.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by African Laser Centre, Council for
Scientific and Industrial Research; Nelson Mandela University.

References

[1] Smartgrid.gov. Smart Grid: The Smart Grid | Smart-
Grid.gov. Retrieved 25 March 2023, 2021. https://www.
smartgrid.gov/the_smart_grid/smart_grid.html.

[2] Baimel D, Tapuchi S, Baimel N. Smart grid com-
munication technologies- overview, research challenges
and opportunities. Int Symp Power Electron Elect
Drives Autom Motion (SPEEDAM). 2016: 116–120.
doi:10.1109/SPEEDAM.2016.7526014

[3] Iga K. Surface-emitting laser-its birth and generation of
new optoelectronics field. IEEE J Sel Top Quan Elec.
2000;6(6):1201–1215. doi:10.1109/2944.902168

https://www.smartgrid.gov/the_smart_grid/smart_grid.html
https://doi.org/10.1109/SPEEDAM.2016.7526014
https://doi.org/10.1109/2944.902168


1030 H. E. ARADI ET AL.

[4] Soderberg E, Gustavsson JS, Modh P, et al. Sup-
pression of higher order transverse and oxide modes
in 1.3-μm InGaAs VCSELs by an inverted surface
relief. IEEE Photon Technol Lett. 2007;19(5):327–329.
doi:10.1109/LPT.2007.891631

[5] Kipnoo R, Kiboi Boiyo EK, Isoe D, et al. Demon-
stration of Raman-based, dispersion-managed VCSEL
technology for fibre-to-the-hut application. Opt
Fibre Tech. 2017;34:1–5. doi:10.1016/j.yofte.2016.12.
001

[6] Asahi H, Horikoshi Y. (Eds.). Molecular beam epitaxy:
materials and applications for electronics and optoelec-
tronics. John Wiley & Sons; 2019. https://ieeexplore.ieee.
org/servlet/opac?bknumber=8653932

[7] Gibbon TB, Prince K, Pham T, et al. VCSEL transmission
at 10Gb/s for 20km single mode fiber WDM-PON with-
out dispersion compensation or injection locking. Optical
Fiber Technol. 2011;17(1):41–45. doi:10.1016/j.yofte.20
10.10.003

[8] Ellis AD, McCarthy ME, Al Khateeb M, et al. Per-
formance limits in optical communications due to
fiber nonlinearity. Adv Opt Phot. 2017;9(3):429–503.
doi:10.1364/AOP.9.000429

[9] Li C, Bai R, Shafik A, et al. A ring-resonator based sil-
icon photonics transceiver with bias-based wavelength
stabilization and adaptive-power-sensitivity receiver. In
2013 IEEE International Solid-State Circuits Conference
Digest of Technical Papers; 2013. p. 124–125. IEEE.

[10] Sayed K, Gabbar HA. SCADA and smart energy grid con-
trol automation. In Smart energy grid engineering. Else-
vier; 2017. p. 481–514. doi:10.1016/B978-0-12-805343-
0.00018-8

[11] Kemal M, Olsen R. Analysis of timing requirements
for data aggregation and control in smart grids. In
2014 22ndTelecommunications ForumTelfor (TELFOR).
IEEE;2014. p. 162–165.

[12] Isoe, G. M., Wassin, S., Gamatham, R. R. G., et al. Simul-
taneous 10 Gbps data and polarization-based pulse-per-
second clock transmission using a single VCSEL for high-
speed optical fibre access networks. In Optical Metro
Networks and Short-Haul Systems IX;2017. p. 87–98
(Vol. 10129). SPIE.

[13] KaremberaR,NfanyanaK,GibbonT. Simultaneous trans-
mission of clock and data signals in photonic-assisted
WDM passive optical networks. JOSA B. 2021;38(3):
914–921. doi:10.1364/JOSAB.413907

https://doi.org/10.1109/LPT.2007.891631
https://doi.org/10.1016/j.yofte.2016.12.001
https://ieeexplore.ieee.org/servlet/opac?bknumber=8653932
https://doi.org/10.1016/j.yofte.2010.10.003
https://doi.org/10.1364/AOP.9.000429
https://doi.org/10.1016/B978-0-12-805343-0.00018-8
https://doi.org/10.1364/JOSAB.413907

	1. Introduction
	2. Methodology
	3. Results and discussion
	3.1. VCSEL biasing
	3.2. Transmission
	3.3. Clock and data signal transmission

	4. Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


