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Solutions Manual for
Fiber Optic Communications

1) Compute and plot the fraciion of pawer transmitied as a
function of the transmission lne loss in decibels. Do this on
log paper for a toss range of 0 — 50 [dB}?

M N

dB = 10 fﬂgm [‘Pafpj)

Loss fdB} | Fractional [PyP]

Lt ' 1
4 0.8
-3 9.5
- 0.25

-10 0.1

-24) 0.01

-30 4.001

-4 a.0001

-50 0.G0001
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2) One milliwait of optical power enters a fiber Compute and
plot the output powser as a function of fiber loss for losses in
the range 0 — 50 [dB]?

Solution:

df = 10 logip (P2/P})

dB/H) = !ﬂgm {'Py’rP,-)

PPy = 101

Py = Py x 1097 = 0.001 x 107

3) Two LjKm] fibers are spiiced together. Each fiber has a 5jdB|
less and the splice adds 1]dB] of loss if the power entering is
2[mW] then how much power is delivered to the end of this
combined line?

Solution.

Py =2[mW]

Py=Py 1071 = 7 x 107 x 107110 = 0,159 [mW]

4) A receiver reguires 10fnW] as input power. If all system
losses add up to 50 [dB] then how muchk power is required
from the source?

Selution;

Py = Pyx10®" = 1 x 1p7°

P; = Pyxi0 %70 = 19 x 10® x jo -

Py =10 %107 x10° = 10° < 10° = 10°[W} = H{mW]

5) How muck does 1 mile of RG1%U coaxial cable weigh in
pounds?
Sofution.
From the text, we find that RG-19/U weighs 1110[kg/lan]
1 mile of cable x 1110[Kg/Km] % 1.609[Km/mile] x 2.2{lbs/Kg]
= 3920 fibs]
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6) RGI9U Is used at HOGIMHz] witk an input power of 10]mW]
the receiver sensitivity is 1jpW]. Compute the maximum
length of the communications link. Repeat the compatation
for the case in which a fiber with 2 loss of 5{dB/Km] replaces
the coaxial cable. The fiber system’s input power and receiver
sensitivity are the same as those of the coaxiai cable system,

Solution:

Fram the text, we find that RG-19/U has an attenuation of 22.6[dB/Km]

at H0Q[MHz].

Using BRG-1%U, the allowed loss is:

P 107 .
Loss=10Log,,—- =10Log, —— = —40{dB]
P 10 '
Maximum coaxial cable length = 46 / 22.6 = { 8[Km]
Using a fiber with loss, the maximum length of fiber is:
Length =40/5 =8 km

T TFhe telephone transmission rate at the T3 level is 44.7[Mb/s]
each telephone message occupies 64.000[b/s], How many
Simultaneons messages could be sent along this system? In
the actual system only 672 message channels are used the
additional pulses are used for other fumnctions such as
synchronization?

ion.
447 % 10° [bps]  § message /64.000 [bps] = 698 messages

8 Estimate how many light pulses can be transmiited per
second by 2 manually operated blinkerdight system. What do
you concliede about the information capacity of this manual
system and how it compares with the capacity of modern fiber
aptic telephone links?

Solution:

With manually operated blinker lights, I would guess about 2 or 3 bps.
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9) A fiber telephone cable contains 144 fibers each capable of
carrying 672 voice messages a conducting telephone cable
contains 900 copper twisted pairs and each pair can carry 24
messages Compare the capacities of the fiber and conducting
cables how many of the conducting cables are reguired to
equal the capacity of the fiher cable? Repeat the calculations
if each fiber operates at the DS-4 signaling rate?

Solution:

Conducting Cable
900 [paira/cable} » 24 [messages/pair] = 21.600 messages

Fiber

144 {fibers/cable] = 672 [messages/fiber] = 96,768 messages
96.768 [fibers cable)/ 21.600 [copper cable] = 4.48

About 4.5 copper cables arc needed to carty the same amount

information as the singie fiber cable

At the Ds-4 rate, sach fiber carries 4032 messages. The comparative

message rates are then: 144 » 4032/21600 = 26.88 or about a factor of

27.

1)  The 144 - fiber telephone cable has a 12.7 mmn diameter A
%00 — pair copper cable has about a 76-mm diameter
computer the ratio of cross — sectional area of these two types
of transmission lines ?

Solution:

Doy
Aper = ’-{%} = {127 12¥ =126.67mm" ]

Yompat I
Aeopper = n{%} = (7012} = 3848 48[mm’]

Arnppe‘r}""iﬂﬁé‘r = 3(}
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11}  Make a table with following frequencles in the first column:
10, 60, 10°, 2 % 10, 10%, 16°, 10", and 10"'|Hz] .In the second
colurn write the corresponding wavelengths in meters. In the
third colamn write the name of the corresponding region of

the electromagnetic spectrum?
Solution:

axle g
5{] ..... 3 x H}E Power
™ 3% 10° ) Radio

PPRTY 5% 10° ' Radio
o 3100 Radio
T 03 Radio
T 0.03 L
0% 3= 10" Infrared

12}  Computer the frequencies at the edges of the visible spectrum
Alsy computer the bandwidth of the visible spectrum: (That is
the difference between the highest and lowest visible
frequencies)?

Solfution:

Visible wavelengths range from 0.47pam) to 0,7{jgm]
€ _ 3x10°[m/s]
A 04210 [m/ 5]
¢ 310 m/ ¥

When A =0.7[um], [ =< =-22
< b = = 5t 5]

Bandwidth = AF = (7.5— 4.3)x 10" = 3 2x 10 Hz]

When A =04 on], f = =7.5x 10 Hz]

= 4.3x10° Hz]
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13) Compute the energy of a photon at 0.6, 6.82 and 1.3[pm
Which has more energy & visible or an infrared photon?
Solution:

W = hf — f:f _(6:625x10*/.57f3%10*[m/ 1)

A Visible photon has more energy thaa infrared photon.

14)  There are 10" photon per second incident on 2 photo-detector
at wavelength 0.8[um]. Compute the power incident on the
detector if this detector converts Hght to current at a rate of
4.65[mA/mW)] .what cerresat is produced?

Salution:

P=W/t=HN = hNc/ A, where N=number of photons/sec
P=6.625210 10" %3x10° /0 8x107° = 2.5x10°[¥]
1 =2.3x107°[W 0.6 A/ W) =1.6nA4]

15)  How many phetons are arriving per second at a receiver i the
pewer is 1[nW] at wavelength 1.3 {rmj?

Solution:

_PA__ (x107W](3x 107D
he  (6.625x107M[ISD3x10°[m/5])
N =635x10°] photons / 5]
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16}  Assume that digital system can be operated at a daia raie that
has a value equat to 1% of the carrier freguency Compute the
allowed hif rates by using carries having the frequencies
10[KHz], 1[MHz], 100)MHz] and 10{GHz] and one having the
wavelength 1.0Jam] this problem emphasizes how the system
capacity can increase with increasing carrier freqguency {ene
of the principal advantages of optical transmission over radio
freguencies)?

Sofution:

For the b= 1[pm] carrier
¢ 3x10°[m/s]

f=E="
100 [MHz] 10 A 1107 [m}
F =3x 10" Hz]
10 [GHz} 10*
] [jam] 3w 10

¥T)  Draw 30 cycles of a sinuseid oscillating at 10°[Hz]. Draw this
sinnseid if it is modulated by a sguare wave whese repetition
rate is 10° pulses per second |pps]. Repeat for the repetition
rate 5 x 10°[ppsl. What problems ocenr as the repetition rate
approaches the carrier freguency?

Solution,
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ININIREN v
-1 |«— Te= 1/R=02 #1078
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T
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18)  How many voice channels can be modulated onto & cargier at
wavelength 106l um)? Asswme a system bandwidth equal to i
% of the carrier frequency?

dodution;

e 3x1_ﬂ3{ma’s]
A L06x107[m]
BW =0.01f =2.83x10%[Hz]

=2.83x 10" Hz],

Assume Af'= 4000 [Hz) for one voice channel. Then

2.83 x 10" [Hz] =1 fchannel] / 4000 [Ha] = 7 x 1¢F {channels]

19)  Suggest a fiber optic application other than one already
mentioned in the text Braw the Systemn block diagram List the
characteristics and requirements of Your system for example
give the information bandwidth or data rate length of line and
s0 on?

Solution;

Open ended solution,

20y  Assume that there is a phune in very home ot earth if these
were to transmit simultaneously over one transmission line by
using frequency-division multiplexing what is the minimym
bandwidth required? Could a single optical beam carry this
multiplexed signal? (Assume that 10 billien homes need to
transmit)?

Sulution:

Assutme there are 10 billion (10'°) hemes each having one 4000 iz
channel, then:
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10 [homes] % 4000 {Hzfhome] = 4x 107 [Hz] is the required
bandwidth. Using an optical beam of frequency
F=3x10M422]

AF  4x10“
£ 3x10”
‘The bandwidth 13.3 % of the carrier frequency this might be possible

=0.133

21) In problem 20 assume instead digital maodulation time-
division multiplexing and 64.000{b/s} for each veice message.
What data rate is required to tramsmit the multiplexing
signal? Could a single optical heam carry this signai?
Solution:

4
] {}mmessaga{fﬁf}ﬂ‘tﬂ} = 6.4 x10"[hps]

Mmessage

A single optica! carrier at f = 3x10"*[Hz] could not be turned ot and off
this fast.

22y  The power incident on a detector of light is 100fr'W).

(a) Determine the number of photons per secand incident en the
doctor if the wavelength is 800jnm).

(b) Repeat the calculation if the wavelength is 1550|nm].

() Which wavelength requires the most phoions to produce the
100[n'W] of power?

Sofution.

P=100{#W}=100x10"*[¥'] Let N = number of photons
W = Nbf = Pt
Nit=Pihf =(P/ho)

(a) At 800rm]
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— 5
Nit= _]_ﬂ (ﬂ-f_fjm )3--=4xlﬂ“{phommr'x}
6.63% 107531 10

(b} At 1550} m]
N/ t=4x10"(1.55/8) = 7.8x10"Y photons / 5

(¢) The longer wavelength requires more photons because the
energy per photons is smaller at the longer wavelength.

23)  To operate properly a fiber optic receiver reguires 34[dBmj
power the system losses total 31[dR] from the light source to

the receiver how much power does the light source emit {in
my?

£y = —34{dBm]

Fr = Transmitted power in {¢Bm)
.= —31 [dB}, system losses
B=Fhel

-34=£ -31

fr =-34+31=-3dBm]=0.5[mw)

24)  Repeat the preceding problem with everything the same
except that the input signal voltage is now 0.1cos we”
Jution.

wuitimode spread:

# = 1465, m, = 146
Agr/Ly= " =m) 14654 465 -1 46)
ok 35 10% x1.46
Az /1) =1.672%10' 5/ m]
A(z/Ly=16.72[ns ! m]
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0.5 0.5

fra b= g Temnio® 10 [Hzx K]
Fogg < L= 29.9[ MHz % Kni]
Ry xL= fh_f{]r% 2.9 Mb/ 5 Km]
R, xL= —-U'T =41.86[Mb/! 5= Km}
i TfL}
Consider material dispersion st 1550{nm} if the source speotral width is
50[nm]
M = 200 ps K inix Km))

Then: A(z/L) = MAA =50x20=1000 ps/ Km] = [ns/ K]
This is 16 times less than the multimode spread. Modal spreading is
dominant.

25)  Compute the multimode puise spread per uait length in A
symmetric-slab waveguide ifn, =1.465,7, =146, if this is the
only pulse-spreading mechanism (or, at least, the dominant
one), compute the pulse spread per unit length, the 3-dB optic
bandwidth-lengik product, and the ratedength products for
both RZ sad NRZ codes. Under these conditions, which is
dominant at 1530[nm], medal pulse spreading or material
pulse spreading?

Selution:

Waveguide dispersion:

M, =& ps/(nmx K]

IfAA = ]

Alr/ Ly=4x2 =% ps{ Km]

AL =100 nm]

A(r1L)=4x100=400{ps/ Kin]= 0.4lns / K]

- 268 -



Both of these are weil below the modal spread caiculated in the
preceding probiem,

26) A symmetric-slab waveguide having n; = 1.465 has the
numerical aperture 0.2. Compute the modal pulse spread per
nnit length. Compute the acceptance angle for this waveguide.

Sotution:

Slab waveguide:
= 1.465,n, = 0.2

Modal spread:

(NAY 0.2°
)3 e,  2x3x10° %1465
Alr /L) =4.55[ns/ Km]
NA =sin@
0.2 =gin@
& =1154"

Alr/L =4.55x10" ¢/ m]

27} A silica fiber has an outer diameter of 125[pm}. What is the
total volume of sifica for a 1[km] length? This fiber is wound
on a spool whose unleaded diameter is 26]cm]. The spool
height is 16]em}; Compate the dismeter of the fully losded
spool,

iy g
Chg
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Solutian.

V =ni(d/2) L= z(125x 107 /2)°10° 21227 %107 [nr’ |
V =12.227cm’]

N = number of turns per layer

_doxo”
T 125%10°®

The mean diameter at the first layer is

20(cm]+ 125 sam} =D,

D, =200+0.125=200.123[mm], ot about 200{mm]
The length of each tum is ther

L, =D = =02 =0.628m]

The tota} length of layer one i3 then
I, = NLy =800x0.628=502.4[m}

The second layer will use length L; > L. Thus, the 1[Km] length will fit
on fwo layers.

The outer diameter for two layers is the original spool diameter plus

4 x 125] ) == SO0 ] = 0. 56 mm} = 0.05{cmi]
D =204 0.05 = 20,05 cm)
D = 0.2005{m]
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2%)  Repeat the calculations of Problem 27 if the fiber is embed in

@ cable having an outer diameter of 1[mml].

h=10em

et 13, et

Solution.

N = number of ums per layer
N=hid

« = cable diameter = 1[mm)
N=01/0.801 = 100 [twrnsiayer}

L}, = 2Q[cm] = spoot diameter

There will be several layers. The mean diameter D, of cach layer and the

length of cable in each tayer are shown on the table.

= L 63

2 20.3 63.8 6318

i 20,5 64.4 64.4

4 20.7 63 63

3 L 65.7 63.7 a2
6 21.1 66.3 66.3

7 213 669 66.9

4 215 67.5 a1.s
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9 2.7 682 68.2
16 219 68.8 688 | 6393
1 221 69.4 69.4
12 2.3 70 70
13 223 0.7 70.7
14 2.7 NA na T
15 229 719 15 [ 10126

15 layers are required.

The outer dismeter is thus: £ =20 + 2{15)(0.1) = 20 + 3 = 23[cm]

29) A fiber has m; = 1.5, nz = 1.49, and core diameter S0{um].
Cougider the guided ray traveling at the steepest angle with
vespect to the fiber axis. How many reflections are there per
meter for this ray?

Solution.

Steepest Angle = Critical Angle =4,

8, =sin '(n, /n)=sin” (1.49/1.5)=8§3.38"
x=dtan@, =50tan{83.38") = 430,85 tan/ reflection |

For one meter, R ={L/ x¥10° [/ m]) =232 [reflection /m}
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30}  Plot acceptance angle versus NA for the range g<NA < Let
= 1.

Sofution.

NA = py sinag, iy =1

NA @

0.05 2.87
0.i0 5.70
3.30 17.5
0.50 30.0
8.70 44.4
0.80 531
0.90 64.0
(.95 7i.8
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= nzzl
31} Prove that; cos@, =%
m

Sofution:

sinf, =n, /n

. 2 Ty
cnsﬂﬂ\ll_—sinz a =\l{1—{ﬂ‘za"ni}2 =_11'_”11_”z

H
Or from Figurs, f
cos 15'::, — _'”Iz .ﬂf
My

32} For a GRIN fiber, ict m=1.5,A=001,c =2,a="5 1]
#. Plot n¢r) within the code to scale,

b. Repeat on the same graph, chaaging a to 16.

¢ Repeat on the same graph with A=0.001 and a=2.
Sotution:

a) n() =120/ a)* A =151 2(-/ 50 0.0

B) Ar)=15/1-2(-/50/%(0.01)

) #(r}=1.51-2(r/ 50 (0.01)
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33) Model a parabolic GRIN fiber by the same equivalent
multiple-step approximation. Let n=15, A=0,01. Divide the
radius into 10 equal paris. Consider a ray crossing the fiber
axis at 5° with respect to that axis (and inside the fiber).
Sketch its progress through the fiber unti!l it turns back and
recrosses the fibe axis. (The angles can be magnified on your
sketeh.) At what value of #/a did the ray turn back?
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Selution: '

Parabolic Profile:

n(r) =n{l- (/@) A)= 15t ~0.01(-/ 2
f =m{(1~A) =~ 1.5(1-0.01) =1.485

From Soell's faw, & =sin”[(r, /5, )sin 4]

ra () ; &
0 1.5 85° | 85.08%

[ 0.1 | 1.4998 | 85.088 | 85.269
02 | 1.4994 | 85269 | 85.654
03 | 14986 | 85654 | 86.19] |
04 | 1.4976 | 86,191 | 87.106

0.5 | 1.4962 } 87.106 | 88.836
0.6 § 14946 | 838836

0.7 | 1.4926

1.0

.9. il N - .,
B "

7 o~
B /

4 o o

3 [

2 '—/ -
e

] 5 .

0 A :

The refraction occurs just before, rfa = 0.7
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34)  For Prablem 33, suppose that the inifial ray angle is increased
beyond 5°.What is the maximum angle before the ray is no
tonger totally reflected? Sketch the ray that travles at this
maximum angle.

Sohution:

NA=mn,sinf, =n J2A, =1

6, sin™ (V25 =sin {1 52001 )=12.247

The internal angle is &;

n siné, =y, sind =sing, = N4,

sin@, =0212/1.5,6,=8.11°

This is the maximum angle for total reflection.
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35)  Consider a fiber whose core index is 1.5 and whose cladding
index is 1.435. The core radius is 160{pm]. At what bending
radiug does & ray traveling along the fiber axis strike the
cladding at the criticat angle in the bend?

Solution:

#y =157, =1.485,a =100 2a1], 8 =sin"(p, /n)=B1.89°

The sum of the angles in a triangle equals 186", so and cos g =xlr, 50
R=x/cos@,

a+2=180°
@=90"—¢ =8.11" and £ ~85.945°
tan ff=x/ta, so x=atan f=1001an 5 = 1410.6[zm]

R=141cos8 89" = 8.99mm] 2 Ycmm), This shows that the fiber must

be bent tightly before the axial ray no longer undergoes critical
reflections.
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36)  Consider an SI fiber with ny=1.5, n;=1.485 at 0.82{um}]. If the
core radius is 50fpm], how wany modes can propagate?
Repeat if the wavelength is changed to 1.2fpm]

Solution:

n=1.5, ny=1.485

y =2 [ _ 2 551485 =81
A 0.82

N =F?j2=81/2=3286 modes

W A=1.2[um], ¥=55.35, N=V'/2=133] modes.

37)  Prove that the maximum valne of ¢/d is 1.6 times larger for
single-mode paraholic index fiber than for a single-mode 53
fiber. :
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soltition:
Step-index single-mode condition;

(E]_ g 2405
A & 2 Pl'f—?il'g

GRIN single-mode condition: :

i 1.4
[E}GRW ) ’r—'\l'”;{”z _?ﬁ

Then

[E)Gm 204l + ), — )

(_a] | 2.405,ful(n, —n,)
"1 5

Use n; close 10 ny, so that m; + iy = 2n,

(EJ ;
Mg 1 16443 =1 646

Bl

38)  For a parsbelic fiher, plot the transverse pattern for the
(06), (1,0}, and (2,00 iodes. Let =25 pumf,
wavelength=0.82{um], n;=1.48, and n,=1.46. Put cach plot on
the same graph,

Solution.:

r et Ytz
By =Ee g = Exe™ ",
]
By = E[2feecy’ ~ e

o= @L(m}”“,ma;%,su a =273 10w

44
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PlotEversusx with Ep=E;=E; =1 i

Eﬂﬂ — Eue—alffz’ Em — Etm—uzsz2,E2“ — EI[Z(RI)I _I]E—a‘?x! 2

963 0.263 | -0.819
745 § 0.586 | 0.244
0715 | 0.586 | ©.244

0.5551 { 0.600 § 0.763)
0394 | 0538 | 1.074
0261 | 0428 | 1.140
0.161 | 0308 | 1615
6092 ¢ 0201 | 1.786
0.049 ¢ 0,120 | 6343

W s A e ) S R b =] 2

TR,
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39 For a parabelic fiber, compute the equation for the cutoff
value ef o/ for the (5,5) mode. I all modes up to this one
are alowed to propagate, how many allowed modes are
there?

wotution:

Compare your result with N= </ 4

Ay =m—(p+q+iIN2A ko =n, at cutoff,

Set p=gq="5n, =m ~1W2A K2m/A)

Substitute A= {(# —#n,)/n, and solve for a/ A

WO S =l O A | | B e
o
o

-1+

ol Ll RN N N R R - Y

S
=
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I
I
:
A
'
3
3

Total = 66 modes

Including the two possible orthogonal ;}:;‘:arizaﬁ:}n, we have a total of
2 66 =132 modes.

Now, we have N = V4 where V =K, adn ~—E and a/A from above,

and use n, +m, = 2 . So we pet:

N = (27)4{2.48)*2n, / 41, =121.4 or 121 Modes.

40)  Give a general equation for the cutoff value of (p,q) mode in
the parabolic fiber.
Solution.

Ry =M ~(p+g+D2A /[ ka=n, at cutoff.

Hy— A, ={p+g+i]ﬂfkncx Solve for a/A.

A= (p+q+ D222/ fm(n —n, ), cutoff condition for the (p, @)
meode.

41) TFor a single-mode and multimode GRIN fiber
#, =148, 5, =1.46, 4 = 0.8 1], AL = 200im).
a) Compute the 3-dB bandwidth-length product. Neglect
wavegnide dispersion.
b} Repeat if line width=1[nam].
¢ Repeat if wavelength = 1,5{pml|, line width =50[nm].
d) Repeat if wavelength = 1.5fumf, line width = [sm].
Solution.

n, =1.48,n, =146, 4 = 0.82[on}, A = 20{ i}, A = 0.0135.
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M = material dispersion (from figure in fext)
M, = waveguide dispersion (assumed negligible)

M7/ LYy = —(M + M AR = (100ps/ nim o o} 20nm) = 22008 g5 / kent]

&) =sin " {m~/2A) =sin (1542 0.01 =12.247

AT/ LYy =LA Ly P+ [AG Dy T = 20245605 /o]

Single mode:

. 1 I
L =... S -— = ﬂ.zz? GH k
Jiaa IMT/ LYy 2%202[ns/ ko] feerie

Multimode:

i 1
J'rzﬂaanL =

= 0.2227[ Gz x ko]

2A(H/ LYy 2%2.2456(ns { T

082 1 i 0.1l 0.45 0.46 4.55 .08
131 50 -15 0,15 0.45 087 4.667 G374
1.5 1 -15 0.015 0.45 0.45 RER 111 ]

Note that the advantage of the single mode fiber except an LED is used at
the short wavelength.
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42)  An Si fiber is single mode at il.4[um] but mot at shorter
wavelength; n;=1,465 and n7=1.46, Compute the core radius.
Find the number of modes at .8, 0.35 and 0.9{uml]. (Hint: use
the mode chart).

Safuticn;
n1.465,n, =146,/ 1= 2405 N2r(nt -r3 )] =3.165
i )=1.4[ um], e=4.43 pm]

Note that for any wavelengih less than a=1.4[unt], @/ will no longer
satisfy the single-mode inequality

ai A < _‘?'FE_ V= E—M-I-.,ﬂnf PE —0.75982
2 — nzz A 4

Note: ¥ > 2.405 for all & < 1.4{pm]. The number of mades is found from
the mode chart in the text, '

43) A multimede fiber has an equilibrinm Tengil of 0.5fkme]. In
the Linear region, its pulse spread pev unit length is 30{nsdhm].
The spread is due primarily to modal distortion, Piot the 3dB
eloctrical and 3dB optical bandwidth versus fiber length for 0
to S[&m]. Also plot maximum RZ and NRZ. data vates.

-285-



oeittion.
L =ﬂ.5{km],ﬁ(rfL] =3U{mr’km],j;_mp,:]f(2af}

For L < 0.5km], At =LA(r/ L),

44}  Consider a resistor in series with 2 capacifor {as in the figure
defowe). Let the input be a step of 1[v]. Compute and plot the
resulting capacitor voltage, Compute the 10 - 90% rise time of
this vaitage in terms of R and ¢

seintion:
R
° AN -
‘ i —
& -
i R

t Usig Laclaca transforms
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I(.S) — F-r'.u{:'& Vm‘: — Lr{gl l’,!hl = l;'lj
R+ifsc sRC+1
oy __MRC 11
5 &+ LY S s L
RC RC
err('t) =] e—- RE

e

1 2 3 4 t fTr

The 63 % rise time is 7, = RC

The Voltage reaches 10 % of its finai value when

Al

- £=0.1057,

i=1—e

The Voltage reaches 90 % of its final valuie when

!

09=1—e % =237,

The 10 to 90 % rise time is then £, = (2:3-0.105)z, =2.19RC.
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A5)  For the circmit in Problem 44, let the input be V., =coswr,

Compute and plot the capacitor voitage versus w. Show that
the circuit’s 3-dB bandwidth is £3-dB = 0.25/4,, where ¢, is the
1G - 39% rise time,

Sofution.:
Viri = 205 WY

1 1 B Ay
e re L gwe I+ pwle
fwe

[Vua.—riz_ 1 = 5 } ==
1+ (wRe)? J1_+[wr,}2

FI{MI

>l =,

o

Amax’ 2

1 1
max =1 wh =—=—
| T, RC

Since the power is proportionsl to V..l then wz-ié is the 3-dB
bandwidth,

Thus, f, .. ZETEIIEE and from problem 44, T, :RCT";;—Q where 1, is

the 10 % to 90% rise time, Thus: B T g .

r

46)  Photo detected current flows through a resistor R. This
curvent is proportional to the optical power. Prove that a
change in optical power (expressed in decibels) is equat to half
the change in efectrical power {expressed in decibels).
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Solution:

i =aP, snd P, = R.# where
i = electrical cutrent.

P, = optical power,
a = propostionatity constant.

P, = electrical power

Thus, P.=R(aP) =a'RF]
Let P, 7, be two different optical power levels and £,,F, be the

ol**a

correspending electrical power levels, then:

a’ RP?
P_: ERF:; :(Poi"'rﬂz]z
£2 d nd

ol

IndB, 10log,,(P,/ P,} = 20log, {2, / P.,)
10dB,,, =20dR,..., = 2dB dB

ol ferli ) 3 elenirioo

47)  Assume that the optical power from a LED varies with
modulation frequency. Shew that the ldB-optic and detected
electrical bandwidths are related by fiarppiay = 173 fias
{edectrical:

The 3 dB opiical bandwidth ocours when Py /ad . =1/2 so

2=/ {1+ (wr 2 w377 =24 i e

Thus, Jnaeptiah _ (3% 1 2a2) A(0.527) =1.73

Jaielertrivad
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48)  The relationship of optical power to current for an LED is
given by P=0.02 I The maximum allowed power is 10[mW¥].
The LED has a dc¢ bias current and a 1[MHz] ac current
applied,

(a) Sketch the power-curremt corve (that is, the diode’s
transfer characteristic).

(b} If the pesk signal power is Zlm#] and the peak tfotal
power is 10[m W], compute the total pesk current, the dc bias
current, the average optical power, and the modulation index,
(which is peak signal power)f(average power).

(c) Repeat if the modulation index is now 160% (and so the
peak signal power is no longer 2[m ]}

(d) Let the dc current be 5§|mA} and the peak ac current be
75{m4). Plat the output power versus time for two cycles of
the ac signal.

Sofution:

(a)
P=0.02, f =10°| Hz),i =T . + I . ginwr
P=P, +F snr

(b)
Pnr: mﬂwx —Fon =10—2=§mW]

Lo = Py —0.02 = 400[mAl, I, = P, /0,02 = 100]mA]
Topw = 500[mA],m = Py P, = 0.25=25%
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(c)
=1, P =100mW], I = 250im W]
fop =250[mW], B = SimW], Iyp = Sim W}

(a)

L
W)

Ir
B O A G

_—— ——aw -..-.-.ﬁ

49) When an LED has 2|V} applied to its terminals, it draws
100[mA] and produces 2{mW¥] of optical power. What is the
LED*s conversion efficlency from electrical to optical power?

Solution:

Pe.hi-'c. =yi= EXI(}HE znﬂ{mm:'ﬁu
By =2AmW]=F,

onf

=P, P =2dmW]/200[mW}=001=n=1%

50)

An LED has a 3-dB electrical bandwidth (determined entirely
by its carvier lifetime} of 160[MHz]. Compute the carrier
lifetime. Plot the diode’s normalized frequency response for
- 800 [MHz].
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Solution.

. 1 1
E =10l = P =1.5%ns]=>
s =101 20y 2%100%10° ]

For _ 1
adgp \:J'i +wir?

By _ i

1 f [} I ] T p"
6 2 0 106 200 500 1000 f{uHz)

-292 -



51) Compute the band gap encrgy of GaAs in joules.
Sefution:

A=1.24/W,

Which the Wavelength ot GaAs is 0.9[um]. So:

W, =124/0.9 =1.4e]

_ QL6107 LAY ev]
# lfev]

=1.24x 10" LIoules )

52 A laser diode has the threshold cerrent 10fmA4l, and the slope
of its optical power versus its input carrent is 2|mH#¥/m4]. The
total diode current in me4 is § = 20 + sin et

(a) Write the equation of the output power and sketeh it.

{b} SKetch the outpui-power waveform if the current is changed to {

10 + sin wr.

Sofution;

0 10 20 30 i(mA)

i=20+smwt
{a) F=20+2simwi[m¥}
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22—
20 N T
18 |

(b} i =10 +sinwt
P=2sinwt for the positive part of the sine wave cycle.
F =0 when sinwr <0,

“NAN

53) Compare the reiative advantages and disadvantages of light-
emitting digdes and laser diodes.

A 2 -

1) Cheap 1} Can be costly
2) Couples more efficiently into

2} e
fibers

£) P 3) Fast, Ingh data rates, large
bandwidths

4) Economic for low — rate 8

systers




54) How much current is produced by a photo detector whose
responsively is 8.5L.4/W] if the incident optical power level is —
43{dBm)?

Sofution:

w43 cfBrt] == 101og, , PlmW L, P = 5x 107 [mW]
i=pP=05x5x10 7 =2.5x10"[md]

55) Compute the rise time of a phote detector if its 3-dB
handwidth is S00 MHz

Solution

¢ =035/ f, =035/5x10" =710 V'[s]=T00] ps]

56) Calculate the cutoff wavelength and frequency of a vacuum
photo detector whose photo- cathede has a work function

eqaal te 2x107°[J].

Salidion:

@ =210 [J]x T 2 1.25[ev]

A =124/ T =0.99 1]

&
PR LI Y LT D

A 0.99x107°

-295.



57)  Rewrite Equation for the cutoff wavelength of a photo
emissive photo detector so that it will be correct if the work
function is given {n joules and the wavelength in meters.

Saliition:

A =124/, where A is in [um] and @ is in [ev].

__ 124 16x10 P Joules ] X
Dl Joles] ev] ¥4 o

58) Compute and plot the responsively of an ideal phote detector
(i.e., one whose quantumn efficiency is unity) for wavelengths
between 0.5 and 1.7[am}. Why dees responsivity increase with
wavelength?

Solution:

_ 64 1d.ex107%4
e e~ (6.63x 10793109
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A
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1 Fl L L 1

LA 6% 11 13 1s
A {pm}

39} Find the output current of a photo detector whase quantam
efficiency is 0.9, The wavelength is £.3[um), and the incident
power level is -37[dBm/. Also, compute the resulting putput
voitage when the load resistance is S0[{}}, 1600[€Y], 1[AQ].

Sofution.:

ed _ {(0.90L.6x167*)1.3x107)
L 2 _09as(4
O e T (6.63x10 ™300 PAS AT ]

—37=10log,, P= P =2x10 {mW]
i=pP=188x10""[m4|

¥V =iR

R=50Q}=V =944V}
R=1000[Q] = ¥ =188 uV |
R=10" Q)= ¥ = 188 u¥]
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60) Repeat Problem 59 if a photomultiplier having four dynodes
(each having the gain 4) is used. The gnanium efficiency of
tke cathode is 0.9,

Solution:

Gain=G=86%=4* =256, p=Gx0.945=242

i = Gx0.188 = 256 % 0.188 = 48] 1]

Vioso = 30x 48 = 2400[ V]
Vacson = 48000, V']
Voo = 48 % 0% ¥’

61) Rewrite Eguation for the cutoff wavelength of a PIN
photodiode se that it will be corvect if the pand gap energy is
in jonles and the wavelength is in meters.

Solution.
B = I‘I"g = T—f—; =helA

;L—E _ (6.63x10 ME3x10%)  198x107
W, 14 W [J]

g

[#]

62) Compute the band gap energy in joules for

(a) SHlicon

(b} Germaninm.
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Safution:

Si; W, = 1w 2O M gexio9
1| ev]
- 19
Ge: W, =0.6Tevix 2O 00190
Iev]

63)  Assume that the dark current of 2 PIN photodiode is 0.06]n4)
at 25°C and doubles for every 10° increase, Compute and plot
the dark current for temperatures from 25° ta 95°C,

Solution.:

1, =006{nA},T = 25"[C]

335 0.12
45 (.24
35 0.48
65 0.96
75 1.92
85 3.84
95 7.68
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64)  For the germanium PIN photodiode, bow much optical power
is reguired to produce 2 photocuarent equat to the detectur's
dark current?

Sofutipn:
p =0T 41 W], 1, =200{ad},¢ =pP=1,P=I,/p~= 26 ]

dBm = 10log, {286 x107°) = —35.4[/Bm]

68)  Consider & PIN detector circuit. The battery voltage is 101V,
the load resistance is 2{M(}], the detector’s responsivity is
0.2514/W] and the dark current is 0.5[rA].

{a) Draw the diode’s veitage-current characteristic in the

photoconductive region for incideat power levels ranging

from 5 to 50 B} and differing by Sfa W1,

{b) Draw the load line on the curve.

{c) Draw a curve of output veltage versus input optical power,
- 300 -



(d) At what value of the optical power does the detector
saturate?

Solution.
(&)
i=025FP
P =35 gm),i =125 pd}
P=S50{],i = 12.5 ud]

(b)
Load-line equation: 10+v, +7,(2x105)=0

If i\, =0, then v, = —10{¥']

—10 i
Hv, =0 0 th fr, = —e— = —5
fial L= 1 P 7y lﬂﬁ [M]

{¢)
v=i,.R, = pP.R =05x<|0%P

{d)
Saturation occurs when

ip =5[] or P=1,/p =200

5 2.5
20 i
23 Saturated
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. i
25 o 3 _
g 3%
4 -1
45
X i1
2 j.1is

66) Suppose that a PIN photodiede has a depletion width of
30|pem), a carrier velocity of 5.10%m/s], and a junction
capacitance of 6{pF].

(a) Compute the transit-time-limited bandwidth.

(b) What is the largest joad resistance that will not affect the
bandwidth just calculated?

(¢) What is the bandwidth if the load resistance is 10,060{0}?

Solution:
(a)

-
: =E=£ :M =6 lﬂ_'“[s]
v 5x10%[m/ 5]

Fogn 2035/, = SEI[MFH:z]
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(b)

i . ..
JﬂdH =m; . Set f;‘m =4x {m:lt it l]nllt)..
1

"=
F 26 %107 4% 583 x10%)

=11.37[02]

()

H R, =100 =

Frg = ———=2.65x10° Hz]

67y  Compute the responsively of a silicon APD operating at
0.82{m} and having the quantum efficiency 0.8 if its gain is
100, How much optical power is needed by this detector to
produce 20{n4]?

ed  100x0,8x1.6x10" x0.82x10°°
he 6.63%107 %32 10F

p=Mn =53 A/ W}

£ =i/ p=20nd])/ 5y nd/ aW]=038nW7} or dBm = —64.2{dBm]

68) Compute the respensively of an In GaAs APD operating at
1.55[um] and having the quantam efficiency ©.7 if its gain is
16. How much optical power is needed by this detector to
produce 20{rA}?
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Sodution:

el 10x07x1.6x107?x1.55x10°
=Mp—= : =8.7NA/W
s ??hc 6.63%107 3% 10 [ 1

P =i/ p=20[nAl/8.T[nd/ nW]=023nW] ot dbm=—56{dBm}

69) Compare the advaniages and disadvantages of PIN
photediodes relative to avalaache photediodes.

Solfution.
1) Cheayr 1) Expensive
2) 2} Sensitive 1
3} Low voltage requirement | 3) High voltages needed
4) Simple circuits 4) Complex circuits
3} “ 5} Temperature sensitive

—

70)  Compare the relative advantages of fiber systems operating at
8060, 1300, ard 1556]nm}.

Solution:

1) Chenpest componenis | 1) Moderate cost 1) Most cnsﬂy.
2) High fiber loss 23} Low fiber loss 2) Lowest fiber loss
[ 3) High dispersion 3) Zero dispersion | 3) Law dispersion
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71)  The PIN-diode receiver has a 1[k{)} resistor. The veoltage
across the resistor is 8.2{m¥] when the incident optical power
is 800[n}¥]. What is the detector’s responsively?

Solution:

P=vi R =02{mP]/10° =0.2x107/710° =0.2x 10"} A]

i =0.2[ 1A, P = 800[n# | = 0.8 W | =
p=il P=02/08=025[ud/ pl¥]

72)  Computing the area of overlap of twe fiber cores, Perform the
eveluation by integration,
Selution:

msﬂ=ﬂ,m9 =d—ﬂ,ﬂm =cos” ik

ar

¥ a a
The area of overlap of the two fiber cotes is:

[ o - S
A=4[ jm’rd&=4j'[r—j| 46

& o 2oostt n 2l el cose
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a

4=2[la* ~(d120056]d6

n 1

2
A= E[cﬁﬁ‘m h% 40 ]

$ cos” &
'

From integral tables, we find; fdﬂf cos’ & = tan &

Using this, we obtain:

A= 2[:136'“, - (d 'y 4)‘“‘ Em]
. 2L2 cos™(d12a)—(ad 12)] ~(d/2af H

The angle &, is in radians in this expression.

The coupling efficiency is the fractional overlap, which is:

n=Almi

(2]

73)  Use Eq. (8.1) fo confirm at least four peints on Fig, 8.3.
Sofution:

(T

L=—10log, i
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0 | 1 0 0

0.1 | .87 0.5904 0.59
02§ 075 1.2664 1.25
0.28 1 065 1.8829 1.88
0,35 | 0.56 2.4500 248

74) At what value of fractional lateral offset is the loss equal to
10[dB] for the multimede SE fiber?
Solution:

L==10log,,7=210=-10log, =17 =0.1
2 ._,[d d (JT
n=—|cos”| —li———l={ —
T 2ail 2a 2a
z2
01=2 m‘{i}i‘— 1—[i]
T 2al 2a 2a
Eet cos™ (i) =t
2a

Then, cost =d/ 2al—(d/2a)* =1—cos”t =sin’ ¢ , thus:

b

f—df2adsinr =0,1(x/2)=0.157
t—costsind =0.157

Now use the identity, sin2¢ =2sinscos?, tenvitig:
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:—-S—“-;E:ﬂ.m *

Salve by iteration:

£ = 0634 radians]
d{2a=cost=cos0.634 =(.805

75)  Repeat Problem 74 for a single-mode fiber, Assaume that V=
24,
Solution.

e fo{ Y

Solve for dfw

diw=d/1la=1.5174,d/a=167,d/2a=0835

76) A single-mode fiber contains a beam whose spot size is S[um]
what lateral offset wilt produce 0.5]dB] of loss? Assume that
F=2.4.

Sofution:

V=24 implies w= | 1a.
L= —1»‘.3!i«:-g,{,[.sz"':‘”“'Jz J= 6.5

d/w=103393
d=(0.3393)(5) = 1.7[um)
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77y Compute the normalized intensity of the beam at the core-
cladding interface of a SI single-mode fiber if }' = 2.4. Assume
that the propagating beam is Gaussian,

Sefution:

Iii, =E—{z,z;1,'a):y’ =24 sothat w=1.1q then at ¥ = a:

T =e™" =019

78)  Plot the loss {in dB) versus the angular misalignment for a
multimede ST fiber if it’s N4 = 0.1 and air fills the groove
formed by the fibers. The misalignment angle should range
from 0° to 10°,

Sotition:

| =—1l_‘llugm[l —%i]= —lﬂlugm(l —@] , where @ is in radians.
T

1.0 017§ 0.248
2.0 $.035¢ | 0512
30 0.052 0.792
5.0 LOET 1.413
1.0 ¢.122 2139
9.0 0.157 3.016
10,0 0.173 3.522
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79} Plot the loss (in dB) versus the misalipnment angle for a
single-mode fiber having #;=1.47, n=1.468, and V=1.4. Vary
the angie from 0° to 4°. Let the wavelength be 0.8[um], but
then repeat the problem for a 1.3(xm] wavelength,

Ve (2maf A —n2)"? = 2.4, then:

a=4.9832 and w=1.1a

L= —'lﬂhg.n{ewP{ﬂ-"zWH / /1)1]}

For A =08 ml— L = -—Iﬂlogm{em [—{25235')1]}
For A =1.3zm]~> L =—1{]lngm{ﬂxpf—(25+283}2]}

Since w/A=1.14.983), the loss L is not wavelength dependent if ¥ is
the same at both wavelengths,
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g5 | oo0087 | 02113
075 | 00131 | 04755
10 | 00175 | 08454
125 | 0.0218 { 13209
15 | 00262 | 19021
20 | 00349 | 33815
30 | 00524 | 7.6084
40 | 00698 | 1325260

T ey

86) Derive Eg. L:—lﬂlngm{l-—ﬁ%] for the loss caused by

angular misalignment.
Solution:

Derive L= —H}lngm[l —”Li)

Where np = index of refraction between ﬁ1e fiver ends, and 8 is the angle
of misalignment.
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e .:- B Thu hyyut:muse af:anh of these

5 angles is approxithately b
L AIn0E ) ___'g;-ﬂm small
U awbaingy,
b =be
_1(d d (d i
=—e0s [ — |-—— 1] —
T 2a}) 2a 2a
& _ bsing _mb
2 Zﬁsma“ nﬂ 2NA
Since this is small, 4/1- [5’!2&)1 = | then;
= 2( s (0) — ) 2fx_ mf o0
T ZNA 2 2N4 NA
e
L=-—1ﬂiﬂgm( ——LA}
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81} Plot the spot size versus wavelength for a SI fiber whose
single-mode cuteff wavelength is 1250|nm] and whose NA is
0.1. The wavelength range shonld be 1250 - 1600 [rne]. Alse,
compufe and plot the lateral offset loss versus wavelength if
the offset is 1[um]

Soiution:

wia=065+1.619F 3 +2.S?9V‘5,V=% NA

At cutoff: a= Eﬂ‘fﬂ
a = 24053 (2aNA) = 4. 7RI tan]
V =(2maf DINA =3/ A gom]
Lateral offset loss

i= —lﬂiﬂgme'w“"jz




82)  Plot the loss {in dB) versus the end spacing for the sinple-
mode fiber described in Problem 81, Let the wavelength he
0.8 and then 1.3{um]. Vary the spacing from 0 to 500[uml].

Solution:
2
L=—10log,y| - 22 D
(427 1 2Y 1 47"
z:x)lﬂamzwz

A =08} — z=4510x
A =13} — z=2776x
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Abselute Temperature
Absorpiion
Aceeptance
Acceptance Angle
Acceptance Cone
Acoustic

Atignment
Alternating
Alternating Current
Analag

Analog Modulation
Analog Signal
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Angle

Angular Dispersion
Anode

Aperture

Area

Area Mismaitch Loss
Arrav Connector
Attemiation

Audio

Avalanche

Average

Average Time
Critical Angle
Numerical Aperture

Viewing Angle
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Band

Band Gap

Barnd Width

Bareicr

Buase Band

Beam

Bias

Rit

Block Diagram

Cable

Call

Capacity

Carrier
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Carrier Life Time
Cavity

Cavity Resonance
Laser Cavity
Channel
Information Channel
Characteristics
Charge

Chip

Cladding

Code

Reflection Coefficient
Coherent

Core

Coupler
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Cutoff

Crele

Bark

Dark Current

Data Rate

Delay

Deplefion

Detectar

Light Detector

Diffraction

Digit

Digitad System

Liispersion

Thistortion
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Material Dispersion

Edge

Edge Emitting Diode
Efficiency
Kmission
Energy

Energy Barrier
Gap Energy
Energy Level
Equealizer
Equivalent
Error
Error Rute

Fiched
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Factor

Modidation Factor

Prapagation Factor

Feedhack

Ferrule

Fiber

Glass Fiber

Fiber Svstem

Fiber Optics

Fibey Link

Filter

Frame

Free

Frequency
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Nortmalized Freguency
Function

Fundamenial

Frzzy
o
Cain
Gap
Band Gap
Graded
Craded Index (GRIN)
GRIN Fiber
Guiide

Wave Gride

Harmonic
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Hybrid

Image

Impedance

Lpurity

fndex

Refraciive fndex

Information Chanmel

Information Capacliy

Interference

Jacket

Junoction

Junction Photodiode
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Keving

Lens
Light
Link
Load
Loss

Lousy Material

Mechanism

Mode
FPropagating Mode
Hvbrid Mude

Multiplexing
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Solid

Space

Specirim

Spfice

hpot

Spread

Switch

Synchronize

Tone

Tromiverse

Transverse Mode

Tuhe

Liniform

18
igla

plasa — oy
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Unipalar Apedadh g

¥V
Vibration Ayl
Video sl
W
Wave Aanga
Wave Guide Aage Jala
Wave Number el 2l
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@it Jodn

_peiiall tdb.a.d': Ada (Bhal pihiaal
LED Light Emmitting Diode
LD Laser Diode
ir Tnfrared
EMT Eleciro-Magnetic Interference
S-M Single Mode
MM Multi Mode
PCS Plastic Core Silig

GRIN Groaded-ind

MM-GI Mqﬂ 3 rraded-fndex Fiber

SM-Gii Singfe Mode Graded-index Fiber

Nd¥AG Neod Ymimim Yttinm Aluminum-CGorent
v Chemical Vapour Deposition

MCVD Modifid Chemical Vapour Deposition

ovp Cuiside Vapour Deposition

TAT Tetecommmication Project Throngh Atlantic
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SEA-ME-WE-2

FLAG

WoM

APD

SNR

BER

LAN

MUX

Fil

ORL

NA

South-East Asian, Middle Fast, Western Europ 2
Fiber Qptic Cable Link Avaund the Glable

Wave Length-Division Miultiplexing

Avalanche Pholodiode

Signal ta Nolse Ratio

Bit Error Rate

Local Area Nenwork

Muftiplexer

Band Width

Oprical Return Loss Test

Numerical Aperture
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