Problem Solutionsfor Chapter 3

3-1.
éP(O)u_ 10 | (eapz)

10
a(dB/km)= = log POl 2

=10a ,log e=4.343 a ,(1/ km)

3-2.  Since the attenuations are given in dB/km, first find the power levelsin dBm for
100 mWV and 150 mW. These are, respectively,

P(100 mWV) = 10 log (100 mN/1.0 mW) = 10 log (0.10) = - 10.0 dBm
P(150 mA) = 10 log (150 mA/1.0 mW) = 10 log (0.15) = - 8.24 dBm

(a) At 8 km we have the following power levels:

P1300(8 km) = - 8.2 dBm — (0.6 dB/km)(8 km) = - 13.0 dBm = 50 m\V/
Pi1s50(8 km) = - 10.0 dBm — (0.3 dB/km)(8 km) = - 12.4 dBm = 57.5 miW
(b) At 20 km we have the following power levels:

P1300(20 km) = - 8.2 dBm — (0.6 dB/km)(20 km) = - 20.2 dBm = 9.55 mW/

P1s50(20 km) = - 10.0 dBm — (0.3 dB/km)(20 km) = - 16.0 dBm = 25.1 M/

3-3. From Eq. (3-1c¢) with Poyt = 0.45 Pj,

a = (10/3.5 km) log (1/0.45) = 1.0 dB/km

34, (@  Pin=Pout 102L/10 = (0.3 mv) 101-5(12)/10 = 18.9 mW

(b) Pin = Pout 102L/10 = (0.3 mw) 102-5(12)/10 = 300 mW

3-5.  Withl inEgs. (3-2b) and (3-3) given in nm, we have the following representative
points for ayy and a|R:



I (mm) Auv a|RrR
0.5 20.3 --
0.7 1.44 --
0.9 0.33 --
1.2 0.09 2.2°10°6
1.5 0.04 0.0072
2.0 0.02 23.2
3.0 0.009 7.5 104
3-6. From Eq. (3-4a) we have
8 3
aga = 7 (- )’ kaTibr
___8p° [(1.46)2 - 1]2 (1.38" 10716 dyne-cm/K)(1400 K)
3(0.63 nm)*
" (6.8 1012 cm?/dyne)
=0.883km*
To change to dB/km, multiply by 10 log e = 4.343. agg = 3.8 dB/km
From Eq. (3-4b):
_80° 55 _ 1_
ascat = e nops kgTibt =1.16 km™ = 5.0 dB/km
3-8. Plot of EqQ. (3-7).
3-9. Plot of Eq. (3-9).
3-10. From Fig. 2-22, we make the estimates given in thistable:
nm | Pdad/P | apm=az1+(az-a1)Pcad/P 5 + 103P¢|ad/P
01 0.02 3.0+ 0.02 5+20=25
11 0.05 3.0+0.05 5+50=55
21 0.10 3.0+0.10 5+ 100 = 105
02 0.16 3.0+0.16 5+ 160 = 165
31 0.19 3.0+0.19 5+ 190 =195
12 0.31 3.0+0.31 5+ 310=315




3-11. (a) Wewant to solve Eq. (3-12) for agi. Witha = 2in Eq. (2-78) and letting

_N°(0-n;
~2n(0)
we have
_ n?(0) - n*(r) _ r?
a(=ay+(az-ay o). n At (az-ay —
Thus
¥ ¥
oa(r) p(r) rdr 0 exp(— Krz) ridr
agi = =ay + BB
2
Op(r) rdr a O &p(- Kr?)r dr
0 0

To evaluate the integrals, let x = Kr2, so that dx = 2Krdr. Then

% A\ s 1
?exp(- Kr2) ridr e
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A exp(- Kr?)r dr — A€eXdx
(a,- a,)
Thus agy = a1+ —————
gi 1 Kaz

(b) p(a) =0.1Py=Pg & **yidds e = 10.
From thiswe have Ka2=In10=2.3. Thus

(a,-a)

agi = ap+ —22?1— =0.57a1 + 0.43a>

3-12. With!| in units of micrometers, we have



3-13.

3-14.

1/ 2

. 196.98 i
(13.47 - (1.24/1 )’ )

]
n=j1
|

To compare this with Fig. 3-12, calculate three representative points, for example,
| =0.2, 0.6, and 1.0 nm. Thus we have the following:

Wavelength | Calculated n n from Fig. 3-12
0.2 1.548 1.550
0.6 Mm 1.457 1.458
1.0 mm 1.451 1.450

(@) From Fig. 3-13, 3_|t » 80 ps/(nm-km) at 850 nm. Therefore, for the LED we
have from Eg. (3-20)

iliﬁ = g—lt s1 = [80 ps/(nm-km)] (45 nm) = 3.6 ngkm

For alaser diode,

iliﬁ = [80 ps/(nm-km)] (2 nm) = 0.16 ngkm

(b) From Fig. 3-13, d;—;“‘* = 22 pg/(nm-km)

Therefore, Dmat(l ) = [22 ps/(nm-km)](75 nm) = 1.65 ngkm

() Using Egs. (2-48), (2-49), and (2-57), Eqg. (3-21) becomes

b= aay ula? w?
ey o u?a® +w’a®  u?+w?
_ b? - kn3 _ b%/k?*- n?
K’n2 - b’ +b’- K°n n; - nj

_(b/k+n)b/k- n,)
() Expandbes b= (n +n,)(n, - ny)

Sinceny<b/k<ny, letb/k =n1(1-d) whereO<d<D<< 1 Thus,



3-16.

b/k+n, _n,Q- d)+n2:1_ n,
nl+n2 nl+n2 nl+n2

Letting np = n1(1 - D) then yields

le- d » 1lsnce

n, +n, 2-D 2-

<<]

Therefore, b» 2512 o b = kibryD + gl

nl n2
From nz = n1(1 - D) we have
m=np(l-D)l=nx(l+D+ D2+..)» mp(l+D)

Therefore, b = k[bnp(1+ D)D + ng] » k np(bD + 1)

The time delay between the highest and lowest order modes can be found from the
travel time difference between the two rays shown here.

The travel time of each ray is given by

S'nfzészﬂz :M :(1-D)

n n

Thetravel time of the highest order ray is thus

For the axial ray the travel timeis T, = Ln,
C



Therefore

Tm'n-Tmax:£i% 1 10— Ln, D 5 Ln,D
' c ®-D 9 ¢ 1-D c

3-17. Since n, = n,(1- D), we can rewrite the equation as

Sow - D& Po
L c € VY
where the first tern is Equation (3-30). The difference is then given by the factor

p pl 1 pl 1
1- P B - o B

V T 2a@e-n2)” " 2and2D
p(L1.3) 1

=1- 0.127 =0.873
2(62.5) 1.48,/2(0.015)

At 1300 nm thisfactor is 1 -

3-18. Fore=0andinthelimit of a ® ¥ we have

a a+ a+
2 at+l

3a+2 3 2a+1

N |-

@+ _1
(5a+2)(3a+2) 15

Thus Eq. (3-41) becomes

LnD 12 ,s¥%  LnD
s, =—+Hi3p+—=p0 5 —
inter moda 2_\/§Ce 5 1] » 2\/§C

3-19. Fore=0wehavethat a =2(1 - g D). ThusCjy and Cyin Eq. (3-42) become

(ignoring small terms such as D3, D4, ...)

650 3
4o 2 2Dp72 -D 4 3 .
C1= = 5 7 = 3 >>-—D§[+—D8
a+2 & 6p,, 1.3p 5 5
e 5 9 5



32T 2ol 12
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2Aa+?) 2%‘??1-§D5+2@ 2% 3pd
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Evaluating the factorsin Eq. (3-41) yields:
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9 4 s
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Therefore,

s _LnDea sea+2s5 @9 » 18, 9 46
int er modal 2c éa +1@3a +29 é25 25 e

1/ 2

6 U
_ng 2(1-—D) e2(1-5[))+2 3 nDL

2c 2_2(1 D)+1ue6(1-§D)+2u 10767 2045




3-20.

3-21.

3-22.

We want to plot Eqg. (3-30) asafunctionof s, , where S omaa and
Sinramoda € 0IVEN by Egs. (3-41) and (3-45). Fore=0and a =2, we have C1 =
Oand Co=1/2. SInCe S, o, mosa dOES NOL Vary with s, , we have

S, _NDaxa ana+20”2 4DC(a +1)
L 2c €a +22€33 +29 [(Ba +2)(3a+2)

= 0.070 ngkm

With C1 = 0 we have from Eq. (3-45)

3 @ ,dn6_] 0.098s, ns/km at 850 nm
- cI &' d7g 11.026° 10%s, ns/km at 1300 nm

S intramoda

Using the same parameter values as in Prob. 3-18, except with D = 0.001, we have
from Eq. (3-41) S oamua /L = 7 p¥km, and from Eq. (3.45)

Sinramda _ | 0-098s, ns/km at 850 nm
L $0.0103s, ns/km at 1300 nm

s 1/, 1/2 .

The plot of E_E(S"m Shiw) VS'S|

Substituting EqQ. (3-34) into Eq. (3-33)

 _Ldb_ IS P 2 4 2K dn,
97 cdk cbl
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é 2 dnl
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e ..
_ LN]@lél_ 4D iﬁ_noewz €y
c bga a+2e8mMg € 4ot

with- Np1=np+k %(1 and where M is given by Eq. (2-97) and e isdefined in EQ.

(3-36b).
3-23. From Eq. (3-39), ignoring terms of order D2,

dt Llee a- e- 2a5n0a+z

dl c d & a+2 emoZ

O C

< a
a-e-Zd?mn('ja_sz

LN u
+ —1 DY
c a+2 d; erj 3

-

Ni=n-1 Pand M= —2— 2k2n’D
dl a+2

dN d % dnlo dznl
—t=—h,- | -
@ dd¢€ d 2 di®

o . . d’n . .
Thusignoring the term involving D Tzl , the first term in square brackets

d’n,
di’

becomes - EI 2

agn0a+z mm dDael Oa+2 Lp2d dMal Oa_+2+ll:l

() eDeMﬂ u= gdl em o a+2d emog U
dMm
—= a2 —(k°n
© dl a+2 dl ( )
a @D 2 2 dn dk;
= 2 E=Kk%n? + 2k’Dn, —* + 2kn’D—9
a+2  €d Yl d 2



3-24.

Ignoring %and % termsyields

M _ 28 oopep®ls.  2M so that
dl a+?2 e @ [

déaem"a%z D 2a aem"a;a+2
odre _ Y o 0O

— = N Therefore
dl e U | a+2€M2

(d_ Lo dn LN a-e-22aDamg?

dl c d? C a+2 a+2eMm®
d’n 2a a
Let a=12—: b= Ni\CiD——: g=
B P2 97 a2

Then from Egs. (3-32), (3-43), and (3-44) we have

as
2 2
Sintramodal =L

(0]
Q O
2|~

By oc, b, b
€coe| g g+1 2g9+14

10



4a? u
(a+2)(3a +2)H

dzno
g NCD—++(11)

3-25. Plot of EqQ. (3-57).

3-26. (@ D=( -1,)S,=-50(0.07) =-35 ps/(nm - km)

1500(0.09) € ad3105°U

(b) D= 4 €1500% {

=14.1 ps/(nm - km)

3-27. (a) From Eq. (3-48)

Ssp __ND __149(0.01)

= - =14.4 ns/ km
2/3c 243 (3" 10°)
(b) From Eg. (3-47)
2
S, _ NDF _ 1.49(0.01) =143 ps/km

L 2043c 2043 (37 10°)
(c) 3.5 pgkm

3-28. (@) From Eq. (3-29)

_ (149)(0.01)(5° 10°m)

Siod = Tmax = Tin = o 3 10°m/s =248 ns
(b) From Eg. (3-48)
(© B; = 0.2 =2.8Mb/s

S gep

(d) B, xL =(2.8 MHz)(5 km) =13.9 MHzxkm

11



3-29. For a =0.95_., wehave

opt ?

Sine(@ > Aont) — (- ap) = 0.05 =-170%
Swa(@=84) D@+2)  (0.015)1.95)
For a :]__OSaopt , we have
. 1 -
S mter(a aODt) — (a aom) =+ 0.05 =+163%

Sma(@=84q) D@+2  (0.015)(205)
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