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Abstract: In the present paper, the performance of high 
speed submarine optical fiber cable systems is 
investigated, taking into account both the pressure and 
the temperature effects. Both the pressure and the 
temperature are depth-dependent variables, while both 
the spectral losses and the dispersion effects are 
temperature as well as wavelength dependent variables. 
Two important cases with real fibers are processed: a 
case with dispersion cancellation and a case without 
dispersion cancellation. It is found that the ocean 
pressure (due to the depth) shifts the dispersion-free 
wavelength towards the third communication window. 
In general, as the depth increases the maximum 
transmitted bit rate increases in the range of interest. 
The system capacity as well as the spectral losses, and 
the dispersion effects are parametrically investigated 
over wide-range ranges of the set of affecting 
parameters {wavelength, ocean depth (and 
consequently the ocean pressure and temperature), and 
the chemical structure}. 
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I.  INTRODUCTION 

Submarine optical fiber cables have been employed in 
a number of countries to realize long-length high-bit-
rate optical fiber transmission systems utilizing the 
second and the third optical windows for one decade. 
The first generation of undersea systems was installed 
in 1988 and provided service between North America 
and Europe across the Atlantic Ocean and between 
North America and Japan across the Pacific Ocean. 
The second generation of twice capacity was installed 
in 1991 and spanned the North Atlantic from U.S. and 
Canada to U.K. , France, and Spain with multiple 
landing that was accomplished by Undersea Branching 
Multiplexers (UBM) capable of exchanging traffic 
between fiber pairs [1,2]. The first sea trial of submarine 
optical fiber cable employing dispersion shifted fibers 
was described in Ref. [2], where it included fiber, a 
structural design for dispersion shifted fiber, cable 
manufacturing results, fiber splicing, cable laying 
results, and a high accuracy measurement technique for 
optical losses and chromatic dispersion. Based on 
these, the feasibility of long-span and high capacity 
1.5-m submarine optical fiber cable was 
demonstrated. Two types of fibers can be considered 

feasible: conventional fiber with 1.3 m zero 
dispersion wavelength or dispersion shifted fiber with 
zero dispersion in the 1.5 m wavelength region. Based 
on transmission experiments using Fabry-Perot laser 
diode (FP-LD) and distributed feedback laser diode 
(DFB-LD) optical source, a next generation of optical 
submarine cable communication systems are designed 
to operate at 1.55 m [3]. Different combinations of 
fibers and optical sources are investigated to achieve a 
repeater spacing more than 100 km at 280 Mbits/sec. 
Recently, there have been some remarkable reports on 
coherent optical communication systems which make 
use of phase, frequency and polarization characteristics 
of lightwave. Polarization fluctuation characteristics of 
optical fiber submarine cables under 8-km deep sea 
environmental conditions, optical fiber submarine 
cable coupling under periodic variable tension, and 
cable performance during and after installation were 
analyzed [4].  

The history of undersea cable technology has been 
marked by a few, long periods during which the 
undersea cable network grew slowly and the 
technology improved gradually and cautiously. The 
quiet periods were separated by breakthrough periods 
during which the technology changed radically, with 
the previous technology essentially being completely 
abandoned. The first period-about one hundred years 
long-was that of single-channel telegraph cables. An 
extensive cable network was installed during this 
period, many of which still lie on the sea bottom today 
(and which have to be removed before new cables can 
be deployed on the same route). The second period, 
from about 1950 to 1985, was characterized by the use 
of coaxial cables carrying analog telephone traffic. The 
introduction of electronic vacuum tubes, and later on, 
of semiconductors in the repeaters permitted the 
transmission of multiplexed 4-kHz channels, whose 
number grew from 36 to 4000 per cable, using high 
frequency carrier techniques. Increasing the capacity 
mode, it is necessary to increase the diameter of the 
coaxial cable and to reduce repeater spacing, thus 
increasing the systems cost. Like in the previous 
period, the cables were essentially used in point-to-
point systems and a new transatlantic cable was 
installed approximately every four years. 

It was during this period that satellites appeared 
which competed with undersea cable systems. The first 
satellite used for intercontinental transmission was 
launched by INTELSAT(I) in 1965 with a rather low 
capacity of 240 channels. However, satellite 
technology made significant progress as well, and the 
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capacity of INTELSAT (V), launched in 1981, reached 
10000 circuits. Numerous economic comparisons were 
made between satellite and undersea cable systems, 
with ambiguous and often contradictory results. In fact, 
a complementary relationship developed between 
satellite and undersea cable systems because of the 
advantage of mutual restoration in case of failures of 
either system. The two systems, however, offer 
different opportunities: undersea cables are well suited 
for high-capacity, point-to-point transmission whereas 
satellites provide more flexibility [5]. The advent of 
optical-fiber cable technology and of optical amplifiers 
has provided a strong incentive for the development of 
new undersea cable networks. As a result, significant 
difficulties have been surmounted, including the 
problem of the accumulation over very long distances 
of the effect of imperceptible degradation phenomena. 

The above problems are currently being solved for 5 
Gbits/sec undersea cable systems, and solutions are 
being sought for improving the systems performance 
and economy. Further improvements are still 
foreseeable, but it is not yet clear when they will be 
introduced. For instance, ultra-low-loss halide fibers 
operating at longer wavelengths may permit the 
achievement of transoceanic distances without any 
repeaters, the only loss being that of splices. For such 
fibers, the main foreseeable impairments would come 
from chromatic-and polarization-mode dispersion [5]. 

The main trends for the evolution of global undersea 
cable networks are seen as follows: 

1) Since several fiber pairs may be present in the 
same cable, but can be separated inside 
branching units, network planners no longer 
need to build point-to point links, but may 
build more complex undersea networks, so as 
to connect through one single transoceanic 
cable several landing stations on each side of 
an ocean, or to connect numerous stations to 
an optical undersea backbone parallel to the 
coast of a continent. 

2) The possibility of using undersea branching 
multiplexers inside the branching unit (using 
electronic time division multiplexing (TDM) 
like in the TAT 9 technology, and probably 
all-optical wavelength division multiplexing 
(WDM) in the future, permits further 
development of these undersea networks, 
without increasing the number of fibers per 
cable. 

3) The ever-increasing capacity of optical 
undersea cables is no longer commensurate 
with that of satellite transmission systems; 
therefore, in case of a cable fault, traffic can 
no longer be restored through satellites. The 
undersea cable network must, therefore, 
include its own restoration facilities using, for 
example, ring architectures. Moreover, a new 
“regional” undersea network, involving TAT 
12 and TAT 13, may include its own network 
protection system which operates nearly 
instantaneously. 

4) Optical undersea cable systems are now being 
deployed in many parts of the world, and 

access to undersea cables is becoming 
available from, virtually, any location. 
Consequently, undersea cables are no longer 
considered point-to point links, but as 
elements of a giant global network. Undersea 
cable operators aim at exploiting this situation 
by optimizing, on a real-time basis, the flow 
of traffic over these networks, taking into 
account local time differences and changes in 
the availability of cables.  

At present, new undersea cable network 
development not only relies on technological progress 
in optical transmission but also on the development of 
an undersea Telecommunication Network Management 
System (NMS) which should benefit from recent 
standards work aimed at harmonizing the NMS for 
terrestrial transmission systems based on the 
Synchronous Digital Hierarchy. 

The advent of the optical amplifiers has removed the 
loss limitation of the fiber in the conventional undersea 
systems using 3R (retiming, reshaping, and 
regenerating) repeaters, and it has introduced new 
design criteria for the undersea lightwave systems. The 
accumulation of the small impairment factors that was 
negligible in the conventional system becomes 
significant to determine the transmission performances 
of the amplified system. The fiber nonlinearity is a 
distinctive limitation factor that dominates the 
transmission performance of the amplified system, 
although it was not a limitation factor in the 
conventional system.  

The recent progress of the undersea lightwave cable 
systems employing optical amplifier repeaters was 
described in [6]. The limitation factors and 
polarization-dependent characteristics of the amplified 
system are described. The system demonstrations with 
conventional IM-DD technology are presented using 
both recirculating loop and straight fiber transmission 
line. The system maintenance method is also explained 
briefly. Future technologies adopting the WDM or the 
optical solitons are also discussed in [6]. 

The erbium-doped fiber amplifier (EDFA), a 
research curiosity in the late 1980’s, was the backbone 
of undersea lightwave communications by the mid-
1990’s. Erbium-doped fiber amplifiers have a profound 
impact on the design, operation, and performance of 
transoceanic cable transmission systems. The first 
amplifier systems which was installed in the mid-
1990’s increased the capacity of undersea systems 
four-to eight fold over the most advanced digital fiber 
system in use at that time. Later generations of erbium-
doped fiber amplifier systems promise to satisfy the 
international transmission needs into the 21st century 
[7]. 

A new modulation format for optical time domain 
reflectometry (OTDR) to eliminate optical surge and 
improve OTDR performance in optical amplifier 
submarine transmission systems was proposed where 
the modulation format, FSK-ASK, uses ashore high-
power probe pulse and a long dummy pulse, with the 
slow gain dynamics of erbium-doped fiber amplifiers. 
Both pulses experience an identical gain, equal to the 
loss of a span, so that the probe pulse maintains its high 
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power and does not develop into an optical surge. Fault 
location experiments verify a theoretical prediction that 
FSK-ASK improves the signal-to-noise ratio (SNR) of 
OTDR by an amount as large as the power ratio of the 
probe to the dummy signal. They also confirm the 
elimination of the optical surge caused by conventional 
OTDR using a solitary probe pulse. An FSK-ASK 
OTDR is applied in a commercial submarine amplifier 
transmission system which has a total transmission 
length of 890 km and a repeater spacing of 90 km. 
These field trial results show that subtle fiber 
anomalies can be located, with a spatial resolution of 1 
km, along the entire length of the amplifier 
transmission system from a terminal end [8]. 

The FSA submarine optical amplifier system 
developed for commercial use was designed to transmit 
2.5 and 10 Gbits/sec signals flexibly. Its repeater 
spacing was 90 km. It contains six line pairs to yield a 
maximum transmission capacity of 60 Gbits/sec. Its 
system configuration, and the characteristics of its 
fibers and optical amplifiers which realize effective 
dispersion and optical passband management, are 
introduced. Its performance was discussed with regard 
to the parameters significant in optically amplified 
transmission: evolution of zero dispersion wavelength 
(ZDW), polarization mode dispersion (PMD), and 
fiber-nonlinearity induced impairments. Signal-to-
noise ratios for 2.5 and 10 Gbits/sec signal 
transmission were measured and the improvements 
offered by polarization scrambling were also discussed. 
Finally, ZDW, PMD, and SNR characteristics of the 
system after installation were reported [9]. 
    Optical cables have been installed in BT 
telecommunications networks for about 10 years. The 
continued satisfactory operation of these optical 
networks is dependent on the ability of the cable to 
withstand the environmental conditions found in 
service. The most common environmental degradation 
mechanisms such as fiber bending loss, hydrogen 
degradation loss and stress corrosion have been 
described in [10]. The effects of these conditions on 
cable design have been discussed. Designers at present 
base optical cable structures on theoretical analysis and 
laboratory results. This leads to a conservative design 
philosophy but the situation will improve as more field 
experience is gained. 
    Today’s transoceanic systems can span up to 10,000 
km, encountering the full range of ocean environments: 
6 km ft depths, undersea mountain ranges and eventual 
landing on different shoreline profiles. Traffic at data 
rates of >2.5 Gbit/sec through thousands of kilometers 
of submarine cable and hundreds of undersea repeaters, 
were processed. 

The tremendous need for system reliability, 
combined with rugged, remote environments in which 
they are deployed, places a premium on quality. At 
STC Submarine Systems, a subsidiary of Northern 
Telecom, conformance with ISO 9000 standards has 
played a major role in this quality effort, so necessary 
to maintaining a presence in submarine 
telecommunications business [10]. 

Compared to electronic regeneration, direct optical 
amplification using EDFAs, possesses many 

advantages for long-haul repeater and can be quite 
simply configured regrardless of the line signal bit rate. 
This feature becomes more significant as the line signal 
bit rate increases over several Gbits/sec at which speed 
electronic regeneration requires high-speed electronic 
circuits, thereby resulting in an increase in hardware 
cost and power consumption. Therefore, optical 
amplifiers are particularly useful in submarine 
repeaters that have severe space and power constraints. 
Second, optical amplifiers are flexible regarding bit-
rate and modulation format, and support wavelength 
division multiplexed signal transmission. These 
features suggest that installed systems can be upgraded 
by changing only the terminal equipment. This 
advantage is inestimable in submarine transmission 
systems whose undersea components are virtually 
impossible to alter once they are laid [11]. 
A knowledge of  the refractive index as a function of 
pressure is necessary in evaluation of chromatic 
dispersions at different pressures (depths). Since it 
plays a vital role in the OFCS in particular for the 
undersea submarine optical fiber cables which are used 
to transmit optical signals from one continent to other. 

The pressure-dependent Sellemeier coefficients are 
essential to characterize the optical design parameters 
for the optical fiber communication systems under deep 
sea environmental conditions. These coefficients are 
calculated for densified silica glass for the first time to 
compute the pressure dependence of material 
dispersion at any wavelength from the ultraviolet to 
1.71 m. The zero dispersion wavelength o (1.2725 
m at 0.1x106 Nm-2) varies linearly with pressure, P, 
where the rate of variation of o with the pressure 
(do/dp) is 0.0027 nm/(106 Nm-2). The calculated value 
is approximately one-third of the experimental value of 
0.0076nm/(106 Nm-2) for a germanium-doped 
dispersion shifted fiber having o=1.5484 m and –
0.0070 nm/(106 Nm-2) for a pure silica-core fiber cable 
having o=1.2860 m. Since the refractive indices are 
increased with pressure, the negative value of shift of 
the zero-dispersion wavelength is erroneous. The 
explanations are due to Ge-doping in silica glass, a 
possible temperature fluctuation of 0.16 oC in the 
pressure-dependent measurement system of the zero 
dispersion wavelength and different experimental 
conditions of the silica glass and the optical fibers. This 
anomaly can also be attributed to the internal strain 
development at the core-cladding and fiber-jacketing 
boundaries due to pressure, which shows a larger 
experimental value. It accounts for the experimental 
values satisfactorily [12]. 

EDFAs have several characteristics that make them 
an ideal choice for many lightwave applications, 
including long-haul transmission. EDFAs can be made 
with a variety of gains in the low-loss 1550 nm 
wavelength window of telecommunications fibers, with 
nearly ideal noise performance, EDFAs amplify high-
speed signals without distortion or crosstalk between 
wavelengths, even when the amplifier is operated deep 
in gain compression. EDFAs are a fiber device, 
splicing naturally with telecommunication fiber, and 
are insensitive to polarization effects, and the EDFAs 
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pump laser diodes that are manufactured from the same 
InGaAsP semiconductor family that has proven 
undersea reliability with millions of device hours on 
1.3 m and 1.55 m signal lasers. All other EDFA 
components are passive devices, making amplifier 
designs simple and ensuring that EDFAs can be made 
with high reliability.  

Given these advantages, the next generation of 
undersea cable transmission systems will use EDFAs in 
repeaters to boost signals periodically as they travel 
across the world’s oceans. EDFAs will make possible a 
significant improvement in the capacity of undersea 
lightwave cable systems installed in the mid 1990’s. 
The first EDFA-based systems will use the Non-
Return-to-Zero (NRZ) modulation format at bit rates 
up to 5 Gbit/sec with dispersion-shifted fiber that is 
matched to the operating wavelength. AT&T, with its 
partners, installed and operated transoceanic cable 
systems using EDFA repeaters (1995-1996) in the 
Atlantic and Pacific [13]. 

In the present paper, the high speed transmission 
fiber cable are investigated where both the thermal and 
pressure effects due to the depth are taken into account. 
Section II deals with the basic model and analysis 
where depth-dependent correlations of both the 
temperature and the pressure are cast, while section III 
handles the results and a discussion based on the basic 
model. Finally, Section IV summarizes the major 
conclusion. 

2.  BASIC MODEL AND ANALYSIS: 

Based on reported data of [12], the pressure-dependent 
Sellemeier coefficients and material dispersions for 
silica fiber glass, will be cast under the form: 

),(),(2),,(2  PfTnPTn   (1) 

where n is the refractive index,  is the optical 
wavelength, T is the ambient temperature, P is the 
pressure. Ghosh et al. [12] cast the following: 
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P is the pressure in MN/m2 

    A special software is designed to handle Eqs.(1-7) to 
recast ),(2 Pn   under the following form to account 
for the thermal effects, recalling again Eq.(1) as, 

),(),(2),,(2  PfTnPTn   (1) 

where f(P,) is found to possess the form: 
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with rms errors of , , and  are 10-11, 10-16, and 10-21 
respectively over the following ranges: 
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    The thermal-dependent refractive index n(,T) is 
cast on the same spirit of [13,14]. 
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    Based on the data reported by Knauss [15], both the 
pressure, P, and the temperature, T, are correlated to 
the depth, h, as: 

2MN/m   ,33101922.021102374.0918.9 hxhxhP 
 (12) 

km  10h and 

221053838.021062671.02.27 hxhxT   

Chhhx o    ,523156.045994.3321020674.0   (13) 

km  5.5h and T = constant,   h>  5.5 km. 

Equation (1) is the cornerstone in the computation of 
the dispersion effects and consequently the system 
capacity; recall that: 

),(),( P),f(T),n(P)T,,n( PFTn        (14) 

where 

,P)*R(..,P)F  5001(  . 

Based on the models of Refs. [16,17], the total 
chromatic dispersion of a single mode fiber, , depends 
on n(,T,P) and its first and second derivatives n` and 
n`` w.r.t.  , respectively, are given by 
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),(),`(),`(),n(P)T,,n`( PFTnPFT     (15) 

),`(),`(2),(),``(),``(),n(P)T,,n``( PFTnPFTnPFT  

 (16) 

The thermal-dependent spectral losses, , are 
processed based on the models of Refs. [18-20]. 

The multi-limitations bit rate (dispersion, losses, and 
depth) is calculated based on the same spirit of the 
model of CSELET [20], where it is simplified as: 
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where 
 Ft :Fiber bandwidth (BW)=0.44/(Lf) 
 Bu :Ultimate bit-rate (limitations-free) 
 Lf :Repeater spacing 
 m :System marginal loss 

In the following section, Br, will be parametrically 
processed with special emphasis on the depth of the 
ocean. 

3.  RESULTS AND DISCUSSION 

Taking into account the variations of the under surface 
ocean pressure and temperature due to the ocean depth, 
a special software is cast to handle the relevant 
calculations, namely: 
The ocean depth-pressure variations 
The ocean depth-temperature variations 
The spectral losses and the dispersion effects 
The transmitted bit-rate taking into account the above 
two limitations. 
    Germania-doped fibers are employed with doping 
percentage (x) to shift the free-dispersion zone toward 
the zone of minimum optical losses. The reality of the 
processed calculations is considered via a marginal loss 
of 0.25 dB per repeater spacing, Lf which is considered 
in the present case 60 km due to the amplifier gain. 
Two cases of interest are processed: 
Case 1: Without dispersion cancellation: 
     The variation of the set of variables {Bit-rate (Br), 
the dispersion (), the fiber bandwidth (BW), the 
spectral losses ()} against the variations of the optical 
wavelength at different ocean depths are displayed in 
Figs.1-8 for two types of fibers. 
      i) pure silica x=0.0, and ii) germania doped fiber of 
x=0.2, with the following set of parameters: 
 :Spectral width=2.5 nm 
n :Refractive index difference=0.0025 
Lf :Repeater spacing=60 km 
m :System marginal loss=0.25 dB 
Bu :Maximum available bit-rate without any 
limitations=6.3 Tbit/sec. 
    These figures clarify that: 

1) The spectral losses, Fig.4, decrease with the 
ocean depth due to the decrease of the ocean 
temperature. 

2) The dispersion-free zone moves towards the 
third communication window (1.55 m), 
Fig.3. The fiber bandwidth possesses the 
features as in Fig.2. 

3) Consequently according to “a” and “b”, the 
transmitted bit rate possesses the features of 
Fig.1 with movable maxima towards the third 
communication window (=1.55 m) 

4) The same features are found at x=0.2 but at 
higher optical wavelengths. 

The maxima of the bit rates, Brmax. (dispersion-free) 
are displayed as functions of the ocean depth as well as 
the corresponding dispersion-free optical wavelength in 
Figs. 9 and 10 where some sort of saturation (flatness) 
is shown.  Based on Eq.(17), the dispersion-free bit rate 
Brmax. (=0.0 and consequently BW=) is given by: 

)(
.max

mfL
ur eBB  

  (18) 

which is a losses-limited one. 
The variations of the set of controlled parameters       

[ Br, WB, , } against the variations of the ocean 
depth at different optical wavelengths are displayed in 
Figs.11-20. The main features of these figures are: 

1) Flattened ranges of variations of T, , and  
and consequently, in general, flattened 
variations of Br. 

2) Due to ripples of the variations, Br possesses 
more than one maximum value. 

3) Whatever the operating optical wavelength, Br 
increases with the depth due to the decrease of 
T, , , and BW. The complicated variations 
of this case are due to the opposite effects of 
variations of both  and  as in Figs. 21-24. 

Case 2: With dispersion cancellation 
    In this case, two segments of fibers of numerically 
equal dispersion bit of opposite sign are spliced in a 
periodical manner along the cable. Each segment is of 
2-km length, thus the dispersion is cancelled each 4 km 
along the path. 
     In such case and from the point of view of 
dispersion, Lf is considered 4 km. The same sort of 
variations are displayed in Figs.25-32, but with the 
following main features: 

1) The dispersion-free wavelength moves 
towards the third communication window 
(=1.55 m) 

2) The increase of the transmitted bit  rates in 
general is found without sharpening as in 
Fig.1 

3) If compared with the first case, the two cases 
possess the same maxima as in Figs. 9 and 10. 

4) The increase of x shifts the dispersion-free 
wavelength to higher values, and consequently 
the bit rate. 

4.  CONCLUSION 

The ocean depth is of a special impact in submarine 
optical fiber cables due to its effects on pressure and 
temperature and consequently on the physical 
parameters of the optical fibers such as the optical 
losses and the dispersion effects. It is found that as the 
depth increases, the dispersion-free optical wavelength 
moves toward the third optical communication 
window, with a maximum value of the transmitted bit 
rate. Over the range of depth from 1 km up to 5.5 km, 
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the maxima of the transmitted bit rates undergo an 
approximately flattened shape, where the maxima 
range is from 10 Gbit/sec, at x=0.2 up to 45 Gbit/sec at 
x=0.0 (pure silica). In the case of dispersion 
cancellation, clarified improvement of the transmitted 
bit-rate is found. 
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Fig. 1 Variations of Br against variations of λ at the 

assumed set of parameters. 
 

 
Fig. 2 Variations of BW against variations of λ at the 

assumed set of parameters. 

 
Fig. 3 Variations of τ against variations of λ at the 

assumed set of parameters. 
 

 
Fig. 4 Variations of σ against variations of λ at the 

assumed set of parameters. 
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Fig. 5 Variations of Br against variations of λ at the 

assumed set of parameters. 
 

 
Fig. 6 Variations of BW against variations of λ at the 

assumed set of parameters. 

 
Fig. 7 Variations of τ against variations of λ at the 

assumed set of parameters. 
 

 
Fig. 8 Variations of σ against variations of λ at the 

assumed set of parameters. 
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Fig. 9 Variations of λ0 against variations of D at the 

assumed set of parameters. 
 

 
Fig. 10 Variations of Brmax. against variations of D at 

the assumed set of parameters. 
 

 
Fig. 11 Variations of Br against variations of D at the 

assumed set of parameters. 
 

 
Fig. 12 Variations of BW against variations of D at 

the assumed set of parameters. 
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Fig. 13 Variations of τ against variations of D at the 

assumed set of parameters. 
 

 
Fig. 14 Variations of σ against variations of D at the 

assumed set of parameters. 

 
Fig. 15 Variations of T against variations of D at the 

assumed set of parameters. 
 

 
Fig. 16 Variations of P against variations of D at the 

assumed set of parameters. 
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Fig. 17 Variations of Br against variations of D at the 

assumed set of parameters. 
 

 
Fig. 18 Variations of BW against variations of D at 

the assumed set of parameters. 

 
Fig. 19 Variations of τ against variations of D at the 

assumed set of parameters. 
 

 
Fig. 20 Variations of σ against variations of D at the 

assumed set of parameters. 
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Fig. 21 Variations of τ against variations of T at the 

assumed set of parameters. 
 

 
Fig. 22 Variations of σ against variations of at the 

assumed set of parameters. 

 
Fig. 23 Variations of τ against variations of T at the 

assumed set of parameters. 
 

 
Fig. 24 Variations of σ against variations of T at the 

assumed set of parameters. 
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Fig. 25 Variations of Br against variations of λ at the 

assumed set of parameters. 
 

 
Fig. 26 Variations of BW against variations of λ at 

the assumed set of parameters. 

 
Fig. 27 Variations of Br against variations of λ at the 

assumed set of parameters. 
 

 
Fig. 28 Variations of BW against variations of λ at 

the assumed set of parameters. 
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Fig. 29 Variations of Br against variations of D at the 

assumed set of parameters. 
 

 
 

Fig. 30 Variations of BW against variations of D at 
the assumed set of parameters. 

 
Fig. 31 Variations of Br against variations of D at the 

assumed set of parameters. 

 

Fig. 32 Variations of BW against variations of D at 
the assumed set of parameters. 
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