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Annex 38A

(informative)

Optical physical media dependent link model

38A.1 Introduction

This informative annex describes the IEEE 802.3z link model for optical Physical Media Dependent (PMD)
specification. The model was developed as a tool to assist IEEE 802.3z understand potential trade-offs
between the various link penalties. It is an extension of previously reported models for LED-based links
[1,2]. Inthe model power penalties are calcul ated to account for the effects of inter-symbol interference (1S)
[3], mode partition noise (MPN) [4], extinction ratio and relative intensity noise (RIN). In addition, a power
penalty allocation is made for modal noise [5] and the power losses due to fiber attenuation, connectors and
splices are considered.

The model assumes that the laser and multimode fiber impul se responses are Gaussian [2]. In addition, it is
assumed that the optical receiver is non-equalized with a 3 dB electrical bandwidth of BW,. The non-equal-
ized receiver is assumed to have araised cosine response [2]. The model includes expressions that convert
the RM Simpulse width of the laser, fiber and optical receiver to risetimes, fall times and bandwidths. These
calculated rise times, fall times and bandwidths are used to determine the fiber and composite channel exit
response and the ISl penalty of the optical communications link. In this annex equations for penalties or
losses arein linear units unless otherwise stated.

It has been shown [6] that if h1(t) and h2(t) are positive pulses and if h3(t) = h1(t)* h2(t) (where* represents

the convolution operation) then:
_ 2 2
053 = ,/O7+05 @

where o; isthe RMS pulse width of theindividual components. The 10% to 90% rise time, T;, and the 6 dB
electrical bandwidth of individual components, BW(6dB), are related by constant conversion factors, g and
b;, so that:

_ a
T
and o(T) = HI A3)
|
therefore T = ai—Ebi )
! BW,(6dB)

Equation 1 can be generalized for an arbitrary number of components:

criys = ZGiZ ®)
i
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The RMS pulse widths of the individual components may therefore be used to cal cul ate the bandwidth or the
10% to 90% rise time of the composite system if the appropriate conversion factors for each individual com-
ponent are known [2]. For example the overall system risetime, T4, May be calculated using:

¥
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The Central Limit Theorem has been used to show that the composite impulse response of multimode fiber
optic links tend to a Gaussian impulse [2].

38A.2 Fiber exit and channel response time

With the assumption that the fiber exit impulse response is Gaussian, equation (6) can be used to calculate
the fiber 10% to 90% exit response time (Ty):

0% . 0 . -2
Te J@W 0 tew,0 * s ™

where BW,,, isthe 3 dB optical effective modal bandwidth of the fiber link, BW, is the 3 dB optical chro-
matic bandwidth of the fiber link and Tgis the 10% to 90% laser rise time. It should be noted that the IEEE
802.3z specifications reference the 20%-80% laser rise time which is 1.53 times smaller than the 10%-90%
laser rise time for the assumed Gaussian impulse response of the laser. Since we are assuming that the fiber
has a Gaussian response, C,=0.48.

The approximate 10% to 90% composite channel exit response time (T,) is then:

0.48 % , 10.48 7 0. 3577
T, EBWD+EBW +T +EBWD (8)

for araised cosine receiver.

38A.3 ISI penalty

The S| penalty, P4, for a channel having a Gaussian impulse response is approximated by:

Pig = 1 ©)

1SI
1-1.425 bep[—1.28 EE%FJ

C

where T is the baud period.

38A.4 Mode Partition Noise (MPN)

The various wavelength components of a laser output will travel at slightly different velocities through a
fiber. If the power in each laser mode remained constant, then BW,, due to the time averaged optical output
spectrum of the laser, would accurately account for chromatic dispersion induced 1Sl. However, in a multi-
mode laser, although the total output power is constant, the power in each laser mode is not constant. As a
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result, power fluctuations between laser modes leads to an additional transient 1SI component. This is usu-
ally referred to as mode partition noise [4]. The MPN-induced power penalty has been shown to be [4]:

1

P =
J1-(Q B0

mpn

(10)

where the value of the digital signal to noiseratio, Q, is determined by the maximum acceptable bit error rate
(BER) using [4]:

2
1 0QnO
BER = ———— [BXp= (11)
Qu/an Y 2H
and Gon = = (1 - exp[(T[B [D [ [5,)?]] 12)
J2
where k is the laser mode partition factor (0O<k<1), B = Lin psL, D the dispersion in —BS_ | isthe

link length in km and o, isthe RMS width of the total laser spectrum in nanometers (nm). km him

38A.5 Multimode fiber chromatic bandwidth model

The chromatic dispersion of the multimode fiber link, in MHz, is[1,2]:

0.187 1
BW,, = K (13)
Lo 2. 2
r /Di+D;5
S, O A
where: D, = 2 [D\c——gD (14)
0° A0
and D, = S, b, (15)

and A, isthe zero dispersion wavelength, in nm, of the fiber, A, isthe laser center wavelength, in nm, Sy is
the dispersion slope parameter at A, in —F&Z and the other terms are as previously defined.
km Chm

38A.6 Extinction ratio penalty

The power penalty associated with transmitting a non zero power level for azerois[6]:

=

p = == (16)
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1 where ¢ is the laser extinction ratio; the ratio of the optical power on “zeros” divided by the power on
2 “ones”. In IEEE 802.3z links the extinction ratio penalty is included as part of the receiver sensitivity
3 because it is assumed that the receiver sensitivity is measured at worst case laser extinction ratio.
4
2 38A.7 Relative Intensity Noise (RIN)
; The noise variances?,, , due to laser RIN can be calculated using the following equation:
9
10 2 o)
11 O,i, = a [(BW,(6dB) 110 (17)
12
5’1 wherea =0.6 for short wavelength links and= 0.7 for long wavelength links,(BWB) is the 6 dB elec-
15 trical bandwidth of the link, RIN is the laser RIN in dB/Hz and s a correction factor that accounts for the
16 shape of the bandwidth response of the link.
g The RIN induced power penalty is then:
19 L
gg Prin = 5 (18)
22 A}l_(Q |:b-rin)
23
24 Q as previously defined.
25
26 .
o7 38A.8 Cable attenuation
28 L . , . . . .
29 The attenuation, in dB, of cabled optical fiber for a particular link length is modeled by the following equa-
30 tion where L = link length in km:
31
32 R 1
33 Attenuation = L [ D—D4+ 1.05} (19)
34 C, (0.94 [\ CD
35 o . . — .
36 The equation is based on the maximum allowable attenuation specifications for MMF, but can be applied to
37 SMF in the 1300 nm operating region.
38
39 For 1000BASE-SX links:
40
a1 R, = the actual cable attenuation in dB/km @ 850nm
42 C, =3.5dB/km
43 .
44 For 1000BASE-LX links:
45
46 R, = the actual cable attenuation in dB/km @ 1300nm for MMF or @ 1310 nm for SMF
47 C) =1.5dB/km
48
49 38A.9 Eye opening penalty
50
51 It is necessary to account for the eye opening penalty which results from opening the eye to a particular
gé width to accommodate the jitter specification. An analytical relationship for the eye opening penalty at a
54
55
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particular T,/ T has been developed [1]. The analysis assumed that the shape of the analog eye is defined 1

by araised cosine and |eads to the following relationship for L ¢ye, in dB: 2

3

2 sin(miwg)] 0 4

Leye = —10(Log -10 (20) S

OeOw, J1-W] O 6

0 0 7

Twin 8

where, W, = = the Window Opening Ratio, 9
. i 10
Twin = Required Eye Opening, and 1
. 12
T = Baud Period. 13
14
38A.10 Worst case power budget, modal noise allocation and link length 15
16

The worst case power budget, P, is the difference between the minimum allowed laser launch power and 17
the maximum allowed receiver sensitivity at the specified BER. If the summation of the worst case power 18
losses and penalties is less than P, then the link will remain within specification. Since some of the power 19
penalties and losses vary with link length there will be amaximum link length which can be supported when 20
all penalties and losses are set to their worst case values. When calculating the worst case link length an allo- 21

cation for worst case modal noise [5] and worst case connector 1oss must be made. 22
23
24
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