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Outline

Motivation and introduction

ISI in the time domain.
(ISI = Inter-Symbol Interference [1].)

* |Slin the frequency domain
e Compare ISl in the 2 domains + spreadsheet [2]
 Changes in ISI power penalties

e (Conclusions.
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Motivation and introduction
e |SI| - dominant source of bandwidth limitations

 No apparent sources - ISI from 1st principles to
final results.

e Provide details: math & intuitive.

 Update theory for enhanced generality &
accuracy.
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ISI in the time domain

Signal path for a MMF optical link

: Electrical :
| Pulse | As pulses propagate along
| | the link they are distorted, I1SI.
: Generator ||

I
| I i ry o T ————-— 1
: p. (Y : : Optical : : Electrical :
| | MMF | (¥
SN A
: v : : ! /\/\ |

| I

| Transmitter | Receiver |—» |
:_ _______ J . _____ A — O_u_tp_uiJl

Not all components are shown

Each component has a time response. Pulses are distorted.
Shape of p_ (?) is different from shape of p, ().

Amplitude of p_ (t) is usually less than that of p, (1).
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ISI in the time domain

S T
QA Y N st
o In general width |
ISI & BER g % | of distribution is |
p. . 8_ Q| | reduced. |
- ,D,-n (t) noise pout (t) = 8
A
g B > P, o P
g OMA, oL, \ ¥
g ! o OMA,,
oL, |
_ Py L ph
< Without IS| —><— With ISI —»|
[BER = bit error rate]
- |
BERO - OLO/(areas for P, & p1) No. of readings  No. of readings
BER,_; = OL,.S/(areas forp,&p.)
P._. = 10*log,,(OMA /OMA._), dB <—— [ISI power penalty]
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IS| in the time domain

T - pulse width, secs. p - pulse power in W.

P, = 10*0g,,(OMA,/ OMA._,)

isi

= 10%*log,, (p;,/ P,,.), dB.

eye

Normalize p, & p,,, so that p, = 1.

P, = 10*log,,[(1/(2*p,,,- 1)], dB.

t, secs

p delta

Starting point, first principles. Convolution Theorem [4-5].
distortions (source, fiber receiver) [3] 7

| i f
poﬁt )= EO Pin (u) h(t u) kduk;/natggfell?isn, secs.

~ no distortions

time

(several math steps. See Appendix & ref [6].)

- erf 2.564 Tejjf 10% to 90% rise time due to all the
Pou = | 9. \/’ T components in the optical channel.
Error function
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ISI in the time domain, an example.

10 Gb/s = data rate, 100-ps = bit period.

9-ps = duty cycle distortion [includes amplifier phase distortions
(transmitter & receiver)].

Effective time width, T_, =100 - 9 = 91-ps.

MMF: 2000 MHz*km & 50/125um.

Default rise times for transmitter and receiver (spreadsheet [2])

1.2
I T 4=91-ps—*
T p (), L=2-m—] - 0,(t): L=300-m
o 08 Pyylt), L=200-m— —p_ (), L=400-m
:
o 067
S [
© L
0.4 1
0.2
0.0 f P N
o time, ps S
Panduit Corp. May 25 - 26, 2004 | Long Beach, CA slide 7 of 18

Rick Pimpinella & Al Brunsting IEEE P802.3aq Task Force ISI power penalties



ISI in the frequency domain

Starting point, first principles. Convolution Theorem.

transmitterﬂ‘ ) [fiber |
E,. (fV) =b,(v)-P(v)-P.(v)-F(v)

frequency, Hz Dnitiating pulse, X__receiver
no distortions

Simple: Components are just multipliers in the frequency domain.

[several math steps. See Appendix.]

SD of time response
for the optical channey

o(sin(z-v-T rv-o F
Pou(t=0) = fw{sm(gr-vv) eﬁ)}. P e ‘2/ " v

Evaluate numerically. Compare with time domain result.
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Compare ISl in the 2 domains + spreadsheet 2

L.m=2 Tec, ps = 66.43 L m= 200 Te, ps= 83.81
Pisi, dB | Pisi, dB | Pisi. dB Pisi, dB | Pisi, dB | Pisi. dB
freq. time spread- freq. time spread-
Terr. ps | domain | domain sheet Terr. ps | domain | domain sheet
70 1.894 1.891 1.897 70 3.651 3.650 3.655
80 1.222 1.220 1.224 80 2.535 2.534 2.538
91 0.749 0.746 0.750 91 1.727 1.725 1.729
100 0.493 0.492 0.494 100 1.262 1.262 1.264
L, m= 300 Tc, ps= 101.43 L, m= 400 Tc, ps= 121.90
Pisi.dB | Pisi.dB | Pisio dB Pisi.dB | Pisi.dB | Pisio dB
freq. time spread- freq. time spread-
Terr. ps | domain | domain sheet Terr. ps | domain | domain sheet
70 6.066 6.061 6.073 70 11.147 11.149 11.167
80 4.247 4.244 4.252 80 6.996 6.996 7.004
91 3.015 3.009 3.018 91 4.913 4.909 4.918
100 2.310 2.308 2.313 100 3.829 3.829 3.832
: Lm=] 2 200 300 400 ]I
. max. dB | max. dB | max. dB | max. dB
Summary of the differences | Ten.ps | diff. diff. diff. diff. :
: 70 0.005 0.005 0.012 0.020 |
. . 80 0.004 0.004 0.008 0.008
(Differences are negligible comparedto || 0004 | 0005 | o0o0s | 0009 :
the total power budget of 7.3-dB [12].) || 100 | 0.002 | 0002 | 0005 | 0.004 |,
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Changes in ISI power penalties

1.1

1.0 Fane, Pan L = 300-m T .=91-ps
BS = 15-GHz B, = 16-GHz
Pan P..=2.71-dB

isi

IEEE P, = 3.01-dB

11 -

1.0 g
, 09 |

0 2 4 6 8 10 12 14 16 18 20 K08

Frequency, GHz £07 |
g'o.s
L =300 T =91ps B>
- ouu-m et~ 91PS Hoa|
B, = 15-GHz B.= 10-GHz gos
Pan P, = 3.61-dB 02
_ 0.1
IEEE P, =4.07-dB |
. . : 0O 2 4 6 8 10 12 14 16 18 20
Note: For "Pan" transmitter & receiver functions (not
Gaussian) see ref. [10], equations (16) & (19). Frequency, Gz
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Conclusions.

* Details of ISI power penalties. Intuitive. Time &
frequency domains.

* Comparisons: (1) time domain, (2) frequency domain,
(3) IEEE spread sheet model [2]. Differences were
negligible.

e Equivalence established between time and frequency
domains. Advantages of time domain: intuitive & scopes.

e Advantages of frequency domain: (1) Each component
need not be Gaussian. (2) More effects can be added.

Pouz (V) = Pm (V) ) Ps (V) ) Pf (V) ) Pr (V) ~<—\__Need not be Gaussian

& include more terms.

* Improved accuracy is anticipated.
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Appendix 1 Supporting details are given here which are not part of presentation.

Starting point, basic principles, Convolution Theorem:

(1)

t, secs (2)

Ap,t)
— 1
Poa®)= [ pynlu)-hlt—u)-du
, -T, /2_t<Tﬁ/2/0 | L.
pin( ) - Ter 0 Ter
0, elsewhere | -5 i
Assume time response for optical link is Gaussian [6]:
SD of the time response for 1 time [to be

optical channel (transmitter, h(t') =

substituted in (4)] = (3)

MMF, & receiver).b o2 .

Cc

Substitute (2) & (3) into (1). Sett'=t - u:

2
eff/z [I—Uu
t)=——F— exp| ——:| — | |-du
Pou (1) o.N2 f6/f/2 P 2 ( (o j

10% to 90% rise time —» T =2 564 .o
C

(4)

)
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Appendix 2

Change variables to that error function, erf, can be used [7]:

f expl-w? |- dw = % Jerf(b)—erf (a)] ©)
Change from u to w: 5 Use (5):
o1 (t-u 2564 (1—u -
w =—-+ —— = .
2 { o, V2 LT
Change limits of integration in (4) using (7):
2564 t+T,/2) 2564 (2t+T, - 2:564 2t—T,, @)
J2 T ) 22\ T 22 T
Use (7) to change from du to dw:
—N2-T
du = L dw (9)
2.564
Substitute (5), (7), (8), & (9) into (4):
~2.564
t)= f exp|— —= |-dw (10)
pout() p[ |: 2564 :|
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Appendix 3

Cancel constants & replace minus sign with an exchange of limits of integration:
1 )
Pou ) =—=" [ expl-w* |-dw (11)
¢ \/; [ ]
Use (6) & (8) to evaluate (13). Note limits of integration:
1 2.564 (2-t+T, 2.564 (2-t-T,
t)=— 12
pout()z{f|:2\/7£ T f2«/7 T (12)

Evaluate (12) at t = 0 [see sketch for (2)] and use identity erf(-x) = - erf(x) [8]:

Do (1=0) = eszij [ 7 ﬂ (13)

This is the desired result for the time domain with all the details which helps intuitive understanding.

Frequency domain. Here is a similar analysis. Start from first principles. See slide "ISI in the
frequency domain".

F,v)=F,(v)-P() P(v) F(v) (14)
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Appendix 4

Fourier transform of P_ (1) gives equivalent time domain, p_ (f), which is desired:

Pou(®) = f:P (v)-exp(=2-7-i-v-1)-dv (15)

out

For a non-return to zero (NRZ) wave form, worst case P, (v) [10]:
sin(z-v-T,)

P,(v)= (16

(7-v)
Assume optical path, P_(v), can be combined: P (v) = P (v)*P{v)*P(v). Assume that Pc(n) in the
time domain has a Gaussian distribution which can be converted to the frequency domain with a
Fourier transform:

o 1 t’ .
PC(V):fw{m-‘e\xp(—2'02H-exp(—2-7z-z-v-t)-dt (17)

Resultant SD, sec., for the transmitter, fiber, & receiver in time domain.§

Use Euler formula in (17), €Y = cos(y) + i*sin(y)

= 1 t?
P(v)= —exp| — -cos(2-z-v-t)-dt+ 18
() L’{\/ﬁ-oﬁ p( Z-GSH ( ) | (18)
o 1 t
I- —exp| — sin(2-7-v-t)-dt
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Appendix 5

The term in (18) with sin(y) is odd: Integration over a symmetrical range in 0. The cos(y) term has

been integrated [5]:
Yor-v-o )
P(v)= exp{— ( d ; O-C) } (19)

From (14), (15), (16) & (19):

pout(l‘ZO): fw{Sin(ﬂ'V']Lﬂ)}. exp|:_(2-72'-v.60)2:| dv (20)

L (Zv)

(20) can be evaluated numerically to determine P,;.
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