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8.1 POINT-TO-POINT LINKS

The simplest transmission link is a point-to-point line that has a transmiie on
one end and a receiver on the other, as is shown in Fig. 8-1. This type of Jink
places the least demand on optical iber technology and thus seis the basis
examining more complex system architectures. '™

The design of an optical link involves many interrelated variables among the
iiber, source, and photodetector operating characteristics, so that the actual Jinj
design and analysis may require several iterations before they are completeg
satisfactorily. Since performance and cost constraints are very important factors
in fiher optic communication links, the designer must carefully choose the com-
ponents to ensure that the desired performance level can be maintained over the
expected system lifetime without overspecifying the component characteristics,

The following key system requirements are needed in analyzing a link:

1. The desired {or possible) transmission distance
2. The data rate or channel bandwidth
3. The bit-error rate (BER)

To Tulfill these requirements the designer has a choice of the following
components and their associated characieristics:

1. Multimode or single-mode optical liber
(e) Core size
(b) Core refractive-index profile
(c) Bandwidth or dispersion
() Attenuation
() Numerical aperture or mode-field diameter

Infarmation Optical Optical fiber :
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Simplex Point-to-point link,
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D or laser diode optical source

Emissinn waveiength
e width

3, LE
(&)

() Spr:{:lrn! lin

(c) Output power

(d) Effective radiating area

() Emission patiern

(f} Number of emitting modes

3, pin OF avalanche photodiode
i) Responsivity
(i) Operating wavelength

(¢) Speed
() Sensitivity
that the desired system
are the fimk power budgel and the system rise-
e hedget analyses. In the link power budget analysis one Nrst determines the
or margin between the optical transmitter outpul and the minimum receiver
needed to cstablish @ specified BER. This margin can then be allocated
(o connector, splice, and fiber losses, plus any additional margins required for
ssible component degradations, trunsmission-ling impairments, or [emperature
effects. If the choice of components did not allow the desired transmission dis-
iance to be achieved, the col nponents might have to be changed or amplifiers

might have Lo be incorporated nto the link.
Once the link power budgel has been established, the designer can perform i

ysis (0 ensure that the desired overall system performance
amine these two analyses In more detml.

analyses are usually carried out o ensure

Two
formance can he met: these

pow
sensitiviLy

system rise-time anal
has heen met. We shall now €x

8.1.1 System Considerations

we first decide at which wavelength to
gion. 1 the distance

erate in this re
oo far, we may decide lo operate
if the (ransmission distance 18

::a carrying out a link power budget,
w;”;;: and then choose components that op
i the 3';:::’_ the data are m: be transmitted 15 not U
relativel I'-U-g'ﬂ'ﬂ-nm region. On the other hand, :
‘!iﬁP-Brsi;rn 'i;ig. we may want Lo take advantage of the lower attenualion and
e at oceurs at wavelengths around ISIJQ or 1550 nm.

Mances ﬂ}nfhdmdﬂj aR A ""“F"-?ﬂgfh, we next interrelate the system pm:fm-
rangmitter e “'fﬁ? major optical link bmldmg blocks: that is, the recciver,
of twg of l|:| Ef’fd optical fiber. Normally, the designer r:h::u:_n:-:tzs the ::I!ur;mlerlsh-:s
Hormap t:s:. “1'3_1“““15 and then computes those of the third to see if the system
requirements are met. I the compenents have been over- or under-

esign iteration may be needed. The proce .

51 g g dure we shall follow here 15
ect the photodetector. We then choose an optical source and see how far
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3Zq o
data can be transmitted over & particular ﬁt‘rerribr*:!'nrel an amplifier ig Needeq j,
line to boost up the power level of the optical signa ¥
In choosing a particular photodetector, we mainly need 1o determip, h
minimum optical power that must fall on the photodetector to satisfy the hit-erm':
rate (BER) requirement at the specified data rate. In making this chojg, the
designer also needs to take mnto accﬂunt_ any IEI"Esl:gn cast i.md Fﬂmplexit}- Con-
straints. As noted in Chaps. 6 and 7, a pin plmlndl_mde receiver is simpler. Mo
stable with changes in temperature, and less expensive than an avalanche photg.
diode receiver. In addition, pin photodiode bias voltages are normally Jegs thap
5V, whereas those of avalanche photodiodes range from 40V to severa hundreg
volts. However, the advantages of pin photodiodes may be overruled by the
increased sensitivity of the avalanche photodiode if very low optical power levels
are to be detected.
The system parameters involved in deciding between the use of an LED ap4
a laser diode are signal dispersion, data rate, transmission distance, and cost, A
shown in Chap. 4, the spectral width of the laser output 1s much narrower thap
that of an LED. This is of importance in the 800-to-200-nm region, where the
spectral width of an LED and the dispersion characteristics of silica fibers limit
the data-rale-distance product to around 150({Mb/s) - km. For higher values [up
to 2500 (Mb/s) - km], a laser must be used at these wavelengths, At wavelengths
around 1.3 um, where signal dispersion 1s very low, bit-rate~distance products of
at least 1500(Mb/s): km are achievable with LEDs. For InGaAsP lasers, this
figure is in excess of 25(Gb/s) - km at 1.3 pum. A single-mode fiber can provide
the ultimate bit-rate-distance product, with values of over 500 (Gb/s) - km having
been demonstrated at 1350 nm,
Since laser diodes typically couple from 10 to 15 dB more optical power into
a fiber than an LED, greater repeaterless transmission distances are possible with
a laser. This advantage and the lower dispersion capability of laser diodes may be
offset by cost constraints. Not only 15 a laser diode itself more expensive than an
LED, but also the laser transmitter circuitry is much more complex, since the
lasing threshold has to be dynamically controlled as a function of temperature
and device aging,
- [;‘i‘l;}tfsﬂﬁii‘Pli?E}EEhﬂr. we have a choice between single-mode and multimode
dm;‘ 3 or. the T'r“'” IF‘?“"J have a step- or a graded-index core. This Eh‘-"'lf‘i
by -"‘E‘: ]“ |'E¥lllsuur:r::: used and on the amount of dispersion ﬂl:
fibers. Although: « g “'_‘?"”E““E diodes (LEDs) tend to be used with multimode
optical HEN, A8 we saw in Chap. 5, edge-emitting LEDs can launch sufficient
POWEr Into a single- o L e :
gle-mode fiber for transmission at data rates greater than
EEE:;L k;f::fml“”' The optical power that can be coupled into ¥
turn, is related (g e n]:untr?czll-l :hc oo EE;“ILII-HE ot e Whmhjc;“[
ﬁl“:rlulm NA ~ 0.21). As A im:l Pﬂftun: of the fiber (for A = 0.01, the numer!
“pondingly. Howeyer, sinee di reases, the fiber-coupled power increases cOrT®
tradeo(T my, ; 5persion also becomes greater with increasing & 2

5L be made e
fibe nade between (| s : he
T and the maximum tolerable ;iEﬂP:E:;LPﬂWcr that can be launched into |

lhe
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silicon pin receiver with a sensitivity of —42 dBm (at 20 Mbys) and an LED with an
output power of =13 dBm coupled into a fiber flylead. We subtract a 1-dB connector
loss at each end, which leaves a total margin of 27 dB. Subtracting a 6-dB system
safety margin leaves us with a tolerable loss of 21 dB that can be allocated to cable
and splice loss. The slope of the line shown in Fig. -4 is the 3.5-dB/km cable (and
splice, in this case) loss, This line starts at the —14-dBm point (which is the optical
power coupled into the cabled fiber) and ends at the —35-dBm level (the receiver

sensitivity minus a |-dB connector loss and a 6-dB system margin). The intersection

point D then defines the maximum possible transmission path length.

er budget is to use a tabular

A convenient procedure for calculating the pow
{ an example for a SONET

or spreadsheet form. We will illustrate this by way o
0C-48 (2.5 Gby/s) link.

laser diode that launched a +3-dBm (2-mW)

optical power level into a fiber flylead, an InGaAs APD with a —32-dBm sensitivity
0.3-dB/km attenuation. Assume

at 2.5 Gh/s, and a 60-km long optical cable with a nuat
,“‘“ here, because of the way the equipment is arranged, a short optical jumper cable
is needed at each end between the end of the transmission cable and the SONET

duces a loss of 3 dB. In addi-

¢quipment rack, Assume that each jumper cable introdu
tion, assume a 1-dB connector loss occurs at each fiber joint (two at each end because

of the jumper cables). . :
Table 8-1 lists the components in column 1 and the assc:cmr::rl:l nplu‘:al output,
Sensitivity, or loss in column 2, Column 3 gives the power margin available after
S-UhIrﬂ{:[ing thE I'.'-Elmpﬂl'lﬂllt |ﬂ55 ﬁ'ﬂ]’l‘l I_hE tl]tEE ﬂptlﬂﬂ! pﬂWﬂ[ I")SE that 15 ﬂ”'}“'ﬂd_
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TABLE §-1 ag an optical-link power budget

readsheet for calculati

. e mtpm,l'snmlth-ilyﬂnss Power margin {dﬁ}_-"“'--

Component/loss paramcter 2
3 dBm

Laser output ~ 32 dB

APD sensitivity at 2.5 Gb/s 13

Allowed loss [3 = (=32 | dB 34

Source connector 1088 541 dB 20

Jumper + connector loss 5 dB (2

Cable attenuation (60 km) 14| dB g

Jumper + conneclor loss ! 4B 7 (final margin)

Receiver connecior loss =

hich, in this case, 15 35 dB, Adg;
between the light source and the photodetec [“::I:_ ';’ cIIH : Adding
all the losses results in a final power mrgin .

8.1.3 Rise-Time Budget

avenient method for determining the dispersion
This is particularly uselul for digital systems, In
of the link 1s the root sum square of the nise
rise-time degradation:

A rise-time budget analysis is a co
limitation of an optical [iber link.
this approach, the total rise HMe foys
times from each contributor 4 to the pulse

b

N /s
'rﬁ:-.-:, = (Z I’:) {3_3}
=1

The four basic elements that may significantly hmit system speed are the trans-
mitter rise time f,., the group-velocity dispersion (GVD) rise time fgyp of the
fiber. the modal dispersion rise time .9 of the fiber, and the receiver rise Lime fr,.
Single-mode fibers do not experience modal dispersion, so in these fibers the rise
time is related only to GVD. Generally, the total transition-time degradation of 2
digital link should not exceed 70 percent of an NRZ (non-return-to-zero) bil
period or 35 percent of a bit period for RZ (return-to-zero) data, where one bit
peried is defined as the reciprocal of the data rate (NRZ and RZ data formats are
discussed in more detail in Sec. 8.2).
dﬁ.&igﬂ]::_e 1fj'15: ti‘ﬂ::"z{c;ﬁ:giﬂ‘ililtursl af';d mivem are gr.*lncrall}* kngwn to the
Sl It dtive et T mcl;;i 5 attributable primarily to the light source
response and the 3-dB electrical e rise time results from the photodetector
ectrical bandwidth of the receiver front end. The response

of the receiver front .
step response” ntend can be modeled by a first-order lowpass filter having @

2(t) =[1 — exp( =2 B, 1)u(r)
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81 POINT-TO-POINT LIK

i 3-dB electric: ;
whf:it?uirl';”ﬁiiﬁs ! Fﬂricifl:}dil?; t:}d?::f :hc:ﬂﬂ H'ﬁ,rm?iw"““d u(t) is the unit step
fud a5 ime i - TE 1ise time 1, of i
squally defined ;;5. lheg{?mﬂ nterval between gy — 0.1 andkg{?; TT_} ;H'F]]_:Er is
ot 88 Ihlc 10- 1o -percent rise time, Thus, if B 15 given ;1 M ;| is is
(hen the rECEIver front-end rise lime in nanoseconds is (see Prob, 8 3]mcga e

fye =30
&5 Bm {H_‘”

In practice, an optical fiber link seldon consists of a uniform, conti
intless (iber. Instead, a Ilmn:arfis:ainn link nominally is formed r‘rl::u:l I;.:‘I.Z:j I
n.t11r|L':1|i'=31'l'~'“"’5I {,m"':lem_l}' joined) fibers tha may have different dispersion charac-
eristics. This is especially true for dispersion-compensated Iinkslu erating '|1:H'.|'
Gijs and higher [E;"EC Fl“;_'i" IE;L _In addition, multimode fibers c.iplejri:;ncctn':ud::ﬂ

wiributions at hber-to-liber jomis owing (o misaliened ; R
?:de! profiles in each liber, and/or dilferent de.g1LL;:alnlfF:::;lJf::::nLd::I;h;:dﬂéirﬁ
fibers, Determining the fiber rise tmes resulting from GV ,-md-,m;mg L|i,,-|~,.,:,-;-,i;-,‘r,
ihen becomes more _-::-:rn‘lp[l.'x than for the case of 3 single uniform fiber.

The fiber rise time fgyvp resulting from GVD over a length L can be approxi-
mated by Eq. (3-34) us

'ovp = |D|La, (8-3)

where @ 15 the half-power spectral width of the source. and (he dispersion B is
mven by Eq. (3-37) for a non-dispersion-shifted fiber and by Eq. (3-59) (or a
dispersion-shifted fiber. Since the dispersion value generally changes (rom [iber
section to section in a long link, an average value should be used for D in
Eq. (8-3),

The difficulty in predicting the bandwidth (and hence the modal rise time) of
a series of concatenated multimode fibers arises from the observation that the
lotal route bandwidth can be a function of the order in which [ibers are joined.
For example, instead ol randomly joining together arbitrary (bul very sinilar)
libers, an improved total link bandwidth can be ebtained by selecting adjoining
fibers with alternating over- and undercompensated refractive-index profiles to
provide some modal delay equalization. Although the ultimate concatenated fiber
bandwidth can be obtained by ju.:]ii_'imr:-:]j-.-' selecting adjoming [ihers for oplimum
madal delay equalization, in practice this is unwieldy and lime-consuming, partic-
tlirly since the initial fiber in the link appears to control the final link character-
Hlics,

A variely of empirical expressions lor modal disperr:iun have thus been
developed 10715 From practical field experience. it has been found that the band-
Width By in a link of length L can be expressed Lo a reasonable approximation by

Y empirical refation

By
Bu(L) =5 (5-6)

-

s |
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where the parameter g ranges between 0.5 and 1, and B, is

alue of ¢ =0.5 indi g
I-km length of cable. A value of g =0.5 indicates that 4 steady.sy. hnfa
equilibrium has been reached, whereas g = 1 indicates litgje ' m

: . ode miy: Oy
on field experience, a reasonable estimate is g = 0,7, ing, Eqsﬁﬂ
Another expression that has been proposed for 8);, bys

g ; ed on CUryve fitt;
experimental data, is Ing ¢

Eof

| [ Eﬁ.: ( | )WT
H.'H B | B-“ [E'?]

where the parameter g ranges between 0.5 (quadrature :deitiq:m} i
addition), and B, is the bandwidth of the nth fiber section. J‘h]lemativn]y Eq e
can be written as {87

N ‘
t(V) = {E“}r] Iﬁ]]

s |

and | (

(8-8)

where {1 (N) is the pulse broadening occurring over N cable sec
individual pulse broadenings are given by 1,

We now need to find the relation between the fiber rise time and (he 141
bandwidth. For this, we use a variation of the expression derived by Midwintey 1
We assume that the optical power emerping from the |
poral response deseribed by

lions ip Which 1he

iber has a gaussian lem-

< i 1_|,.' ,-11:
gl = el (8-9)

where o is the rms pulse width.
The Fourier transform of this function is

Gle) = ; Pl

21

(8-10)

From Eq. {IE-S'} tlu_: lime T2 required for the pulse to reach its half-maximum
value; that is, the time required to have

Bt} = 0.52(0) (8-11)

is given by
hp =22y, (8-12)
:L;;z?;iﬁilr:c the time fewpp as the full Width of the pulse at its half-maximum
'FWRM = 215 = 20(2 1y )12 (8-13]

The _Zi-dl] optical bandwidth By is
Jaas at which the received optical power
value, Thus, from Eqs. (8-10) and (
lull-width half-maximum rise time ¢

defined as the modulation frequency
has fallen 10 0.5 of the zero frequency
8-13), we find that the relation between the
Fwim and the 3-dB optical bandwidth is

ﬂ
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i

1i

- -

0.44

IFwWHM

using Eg. (8-6) for the 1-dB optical bandwidth of the fiber link and letting
; be the rise time resulting from modal dispersion, then, from Eq. (8-14),
fFWHA

(&-14)

f:’idﬂ = .E“l...m, =

0.44 04417
ad = = (B-15)
fmad B B
1T fsod 15 e:;prcssad in nanoseconds and By is given in megahertz, then
i 18
440 44019
= e = — (B-16)
frod ﬂ.‘u Bu.

gubstituting Eqs. (3-20), (8-4), and (8-16) nto Eq. (8-3) gives a total system rise
time of

2 4 2 2 -5 Bl
.f,}-, ol [F:,' + r11'|l.14] T '!IG"n-'D v 3 'rr_ﬁ.]

4172
2, (MY g 3@)- (8-17)
— {r;l.+( B ) + D gy L +(-J-E,rﬁ ]

where all the times are given in nanoseconds, o is the ]m]t’-pn_wur_ spectral w:d;h of
the source. and the dispersion D [expressed in ns/(mm - kmﬂ_ is given by Eq L-ﬁ:ﬂ
for & nnn-ﬂismﬁimn—ahiﬁcd fiker and by Eq. |_3-5‘LJ'.] for a ﬁ’:lﬁpt:TSllﬂﬂr_ﬁ.iHﬁ?..d ﬁb:ilr
In the §00-to-900-nm region, £ is about t1,£1T ns/(nm - 3:111‘1- which 1s prqincrlp;t y
due to material dispersion, 50 that Gyp = ffw = Dha™ L. Much smaller values
of D are seen in the 1300- and 1550-nm window (see Fig. 3-26).

" Example 8-3. As an example of a rise-time hudg_ei t_‘f:r a multimode .I:.nk‘ 1=.Tt s
continue the analysis of the link we started to exanine m Sec. §,1.2. We shall assume
that the LED together with its drive circuil has a rise time ol 15 ns. T:I'lkm_g a typical
LED spectral width of 40 nm. we have a material-dispersion-related nse-time rh:_gm-
dation of 21 ns over the 6-km link. Assuming the receiver has a 25-MHz hnmh_vuiﬂll.
then from Eq, (8-4) the contribution to the rise-time d':grn_duiinn_ from the receiver ldﬁ
14 ns. I the fiker we select has a 400-MHz - km huu-:lwu!thl—:hsl.u_ucc_pmdu::l an
with g =0.7 in Eq. (8-6), then from Eg. (8-13) the mndul-msp:rsmn-mdm?nd E':lhci
fise time is 3.9 ns. Substituting all these values back into Eq. (8-17) results in a hn
rise time of

24152
Im:{ﬁr+'rfu.11 +‘.3md+r”].’

= [(15ns) + (2 ns) + (3.9ns)* + (14 Mf]m
= 1 ns

i i ali aur
This value fallz below the maximum allowable 35-ns rise-time d:gzld-l:::: ::;mem‘
H-Mbjs NRZ data stream. The choice ol components wis thus adeq

OUr system design criteria.
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