Problem Solutionsfor Chapter 11

11-1. (a) From Eq. (11-2), the pumping rate is

N B 100 mA
P " gwdL ~ (1.6~ 10® C)(5 rm)(0.5 nm)(200 nm)

=1.25" 107 (electrons/cm?®)/s
(b) From Eq. (11-8), the maximum zero-signal gainis

10" 10*/m3u

- 0.3(1° 10 ®m?)(1ns)oL25" 10° (dlectrons/ m*)/s-
J ( m?)( ns)él (electrons/ m?) /s ™ EI

=750 m*=75cm!
(c) From Eq. (11-7), the saturation photon density is

1
N =
st 0.3 (17 10'2°m2)(2 “10° m/ s)(l ns)

=1.67" 10" photons/cm®

(d) From Eq. (11-4), the photon density is

P

inI

N =—-1i_=132" 10 photons/cm®
v, he (wd) P

11-2. Carrying out the integralsin Eq. (11-14) yields

P(L) , P(L)- P(O)
PO " Pups

goL =1In

Then with P(0) = Py, P(L) = Pou, G = Pou/Pyr, and G, = exp(g, L) from Eq. (11-

10), we have

GP P P
In G, =g.L=In G+ - - L—=In G+(1- G)——
0= % P P ( )P
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Rearranging terms in the leftmost and rightmost parts then yields Eq. (11-15).

11-3. Plots of amplifier gains.



11-4. LetG=Gy2and P, =P,,/G =2P,, /G, Then Eq. (11-15) yields

G,P
o 214 2oty 5
2P0ut.sat

Solving for Py s @nd with Gy >> 1, we have

G,In 2
P = (GOO - 2) Prpst » (In 2) Prpst =0693P,

11-5. From Eq. (11-10), at half the amplifier gain we have
1 1
G =G, =2 ep(g,L) =exp(L)

Taking the logarithm and substituting into the equation given in the problem,

1 %
=Q,- —In 2=
g=0 L 1+4(n3dB _ n0)2 / (Dn)z
From this we can find that
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11-6. Since
In G=g( )L =g,exp [(| -1,) /2(Dl )2]=In G, exp [ (-1,)72(D )2]
we have

anGoo (-1,)
éin GO 2D )

The FWHM isgiven by 2(1 —1 ), so that from the above equation, with the 3-dB
gain G = 27 dB being 3 dB below the peak gain, we have



11-7.

11-8.

11-9.

_ L& énG(‘jl]llz
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which is the expected result for a gaussian gain profile.
From Eq. (11-17), the maximum PCE is given by

I
PCEE£ L = 1%% = 63.4% for 980-nm pumping, and by

Iy

I
PCEE I—p- = i??g =955% for 1475-nm pumping

(@) 27 dBm =501 mW and 2dBm = 1.6 mW.

Thusthegainis
_ 201y _ _
G=10 log é1.6ﬂ_10 log 313=25 dB

(b) From Eq. (11-19),

313£1+ % Foin . With a 1.6-mW input signal, the pump power needed is

s,in

3 3120542) (1.6 mW) = 785 mw
Pl 980

(@) Noiseterms:

From Eq. (6-17), the thermal noise termis

kT4 (1.38" 10°% J/K)(293 K)
R, 1000 W

1 GHz=162"10* A?

=

From Eq. (11-26), we have



Sdwot s _ZQRG sm
=2(1.6" 10 C)0.73 A/W)(100)(L mMW)L GHz

=234" 10" A?
From Egs. (11-26) and (11-24), we have

S Gt ase = 20R SpeDn B = 20R %:n GDn,,B

=2(1.6" 10 C)73 A/W)(6.626" 10* J K)
’ (3' 108m/s)2(100)(3.77 THz)(1 GHz)/1550nm

=226" 10" A?
From Eq. (11-27) and (11-24), we have
2 ae = 4(0.73 A/ W)100)(1 mW)]

\(6626 10* JK)(3" 10°m/s)
1550nm

U
é( 73 AIW 2(100)(1 GHz),
u

=547 102 A?

From Eq. (11-28), we have

é(6.626" 10* JK)3" 10 mls)Z(lOO)

Shee- ace (73A/W)2 1550nm
e u

" [2@ TH2)- 1 GHz](1 GH2)

=701 108 A?



11-10. Plot of penalty factor from Eq. (11-36).

11-11. (a) Using the transparency condition Gexp(-aL) = 1 for afiber/amplifier segment,

we have
1 P L
(P) oo = C‘)P(z) dz=—"1 e * dz
L 0 L 0
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sinceln G = aL from the transparency condition.

(b) From Eg. (11-35) and using Eqg. (11-24),
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11-12. Since the dope of the gain-versus -input power curve is—0.5, then for a 6-dB drop

in the input signal, the gain increases by +3 dB.

1. Thusat the first amplifier, a—10.1-dBm signa now arrives and experiences a
+10.1-dB gain. This gives a 0-dBm output (versus a normal +3-dBm output).

2. At the second amplifier, the input is now —7.1 dBm (down 3 dB from the usua
—4.1 dBm level). Hence the gain isnow 8.6 dB (up 1.5 dB), yielding an output
of
—7.1dBm+ (7.1+ 1.5) dB = 1.5 dBm



3. At thethird amplifier, the input is now —5.6 dBm (down 1.5 dB from the usual
—4.1 dBm level). Hence the gain is up 0.75 dB, yielding an output of
—5.6dBm + (7.1 + 0.75) dB = 2.25 dBm

4. At the fourth amplifier, the input is now —4.85 dBm (down 0.75 dB from the
usual —4.1 dBm level). Hence the gain is up 0.375 dB, yielding an output of
—4.85dBm + (7.1 + 0.375) dB = 2.63 dBm
which iswithin 0.37 dB of the normal +3 dBm level.

11-13. Firstlet 2pnt +f, =q, for simplicity. Then write the cosine term as

ejqi +e iaj
cos ¢ = so that

u, é g% gy
A [2R,
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where the last two terms in the second-last line drop out because they are beyond
the response frequency of the detector. Thus,

N N N
P=aAaP +ta a 2yPPR, [COS(qi B qk)]

i=1 i=1 kti

11-14. (a) For N input signals, the output signal level is given by

S

I:)s,out = Ga I:)s,in (I) £1 mW .

i=1

Theinputsare 1 mV (-30 dBm) each and the gain is 26 dB (afactor of 400).



11-15.

Thus for one input signal, the output is (400)(1 mMW) = 400 mV or —4 dBm.

For two input signals, the total output is 800 MV or —1 dBm. Thusthe level of
each individual output signal is 400 mA/ or -4 dBm.

For four input signals, the total input level is4 mA/ or —24 dBm. The output then
reachesits limit of 0 dBm, since the maximum gain is 26 dB. Thus the level of each
individual output signa is 250 MV or —6 dBm.

Similarly, for eight input channels the maximum output level is o dBm, so the level
of each individua output signal is 1/8(1 mW) = 125 m\V or -9 dBm.

(b) When the pump power is doubled, the outputs for one and two inputs remains
at the same level. However, for four inputs, the individual output level is 500 mA/

or —3 dBm, and for 8 inputs, the individual output level is 250 M or —6 dBm.

Substituting the various expressions for the variances from Egs. (11-26) through
(11-30) into the expression given for Q in the problem statement, we find

_ AP
(HP+D?)" +D

where we have defined the following terms for smplicity
A=RG

H=40R GB+&R ’GS,B and D’=s?
Rearrange terms in the equation for Q to get
Q’(HP+D’) " =AP- QD

20D Q°H

Squaring both sides and solving for Pyields P =

Substituting the expressions for A, H, and D into this equation, and recalling the
expression for the responsivity from Eq. (6-6), then produces the result stated in
the problem, where



c_1+2hn (G- 1)
hG




