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ISI, MPN and RIN: the Big Picture
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= p.: ISIwith a “single-mode VCSEL”

Worst-case received waveform
due to “single-mode VCSEL”

~ pscos(mBt)

Red-curve in eye-diagram
Implicit in Ogawa-Agrawal model

- ISl with a multi-moded VCSEL

Iy, = PsPm, Where the factor p,,
scales the ISl in single-mode
case to that of a MM source
pm: additional I1SI due to multi-
mode VCSEL

Contributions to variance of
received sample ry:

of.: due to MPN
02 n—oma. due to RIN
o2, due to thermal noise
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ISI, MPN, RIN Penalties ofs
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Tlth,k~7‘/(0r Jth)
2
NriN-omar~MO, 05 n—0ma)

nMPN—OMA,k~W(Or Urzo) S:OMA

= Model: 1, = Sptyy + nyp i + SNrin—omar + SMupn-omak

= Total Penalty (ISI + MPN + RIN): Pis; ppn+riv = =5 10g10[#$o - Qgpt(O-I%IN—OMA + Urzo)]
= Qopt: System Q

= Can separate out penalties:  Pisj+mpn+rin = Pisi + Pupn + Prin + Peross

Py = —101og; [Mro]

2 (%
Pypy = —5logio |1 — Qopt H_Z

To

T2 n_
Priy = —510gyy [1 - Qgpt (LOMA)]

2
MT'O
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ORiN-omA T 07,
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M To

Peross = —51ogqg [1 - Qgpt< >] — Prin — Pupn
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2

02N or
Priy = —5log;g [1 - Qgpt <—R1N20MA>] Pypny = —5logyg [1 - Qgpt <%>]
Hr, Hro

Both RIN and MPN should be normalized by total ISI = p,, = pspm

RIN: Spreadsheet does normalize RIN std. dev. by total ISl = u,, > correct

Mode Partition Noise:
= Ogawa-Agrawal model for MPN already normalizes o, by p;
= Consistent with OA-model, spreadsheet uses oypy_o4 = 0,,/ps 2 NOt correct
= Therefore, MPN std. dev. in the spreadsheet oypy_o4 requires scaling by p,,
= If we were to normalize oy py-04 DY 1y, we would have effectively normalized
oy,by pépm = double counts p;
spreadsheet Summary:
= RIN treatment accurate in spreadsheet
= MPN std. dev. requires scaling by p,,, (additional IS| due to multi-moded
nature of VCSEL), identified in lingle_01 0512 and following.
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Have re-derived ISI, MPN and RIN penalties from first principles to resolve
issues related to correct scaling factors in the spreadsheet

Shown that the scaling factor for RIN in the spreadsheet is correct
MPN treatment in spreadsheet is consistent with Ogawa-Agrawal model

Shown that the MPN std. dev. in the OA model (and current version of
spreadsheet) oy py_04 Needs to be further scaled by p,,, the additional ISI
due to the multi-moded nature of the VCSEL

= With the mode continuum approximation and Gaussian VCSEL spectrum, it

can be shown that p,,, = e~P*/2 where f = nBDLo,

Shown that while in general both RIN and MPN penalties require the same
scaling factors (= total ISI), these factors should be different in the
spreadsheet due to how various variances are defined and partially pre-
normalized
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Detailed Analysis
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sz5(t—lT)—> NRZ(t)[—{ hrx(t) _’?_’ hMMF(t)_’G?_' hrx(t) % Tk

7
x; : Transmit bits Rectangular Rise/Fall time t =kT + 1

Pulse

NRIN (t) NThermal (t)
PSD = S2Ng;n/2 PSD = N,/2

= Received waveform given by: r(t) = S, x;h(t — IT) + ng, (t) + ngn(t) where:
= Sisthe OMA
= End-to-end link response: h(t) = NRZ(t) * hpx(t) * hppp(t) * hgx(t)
= Thermal noise: ny,(t) = Nenermar(t) * hrx ()
" RIN: ngy () = npin () * Aypp (£) * hpy (t)
= spreadsheet uses Gaussian approximations for the filters hpx(t), hypr(t)
and hizy(t)and so the end-to-end link response is:

_ At T/2\  (t+T/2 _ T, /0.6log10 1 t
h(t)—Q< o ) Q( o, ) GC—C—l'T Q(t)—zerfc<\/§>

12 N 12 N 0-52 ] . J0.610g 10
BW¢p  BWyg  BWex| ™1 21

» Trx is the 10%-90% rise-time of the transmit pulse

= BW,p, BWy are the chromatic and modal bandwidths of the fiber

= BWhxgy is the receiver bandwidth

T¢ = Tiy + Cf [071(0.1) — Q~1(0.9)] = 479.5ns - MHz
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Received samples: r, = S X, hyxg—; + Ny + Nrivk

= spreadsheet approximates end-to-end link response by 3 T-spaced taps:
e & S - [hoxp + hyXp_1 + Aoy Xppq] + Nenie + Nrin i hy = h(kT)

= Assuming x; = 1, the received sample corresponding to the worst-case ISl

IS given by:
T =S [hg —hy —h_q] + Nepi + vk

= where S is the OMA

Note that f, = 1 — 20 (— hy = hy=0[— 57 Yol
otethat ho =1-2015- 1 =11 =0 (5= 5 ) ¥ 2y | =3

= Therefore, the worst-case received sample without MPN is:

Tk = Spo + Nep ke + Npink po =2hy—1
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= Define p, = worst-case ISI with single-moded VCSEL (Normalized to OMA §)

= Can approximate worst-case received waveform by p.cos(mBt) (red curve)

= Received sample due to VCSEL mode i is given by p; = p.cos(mBDL[A; — A4])
= Mode i of the VCSEL induces a delay At; = DL[A; — A,]

= Therefore, worst-case received sample with multi-moded VCSEL is:

Ty = z a;p; pi = pscos(mBDL[A; — Aq])

i
= q; : relative VCSEL mode powers
= 1, fluctuates due to variations in relative VCSEL mode powers > MPN model

~ 2
To = Ury T NMypPN-0OMA nMPN—OMA~W(O; Uro)
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= Assume continuum of VCSEL modes:

o = Joo a(DpDda,  p(d) = pscos(mBDL[A — Ao])

(00]

iy = | @@pMAL,  of = Ko U a()p>Wda — i,

— 00

= Assume Gaussian VCSEL spectrum:

1 1/A—

a(ld) = exp [— — (
/2nof 2 2

= Mean and variance of received sample given by:

2
) ] ) 0;: RMS spectral-width

B* pszkl%/IPN 212
Hry = PsPmy Pm=exp|=—|,  op=———[1—-e ], B = nBDLa,
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= What does g, = pspm = pse P /? < p; mean?

1!
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= Explanation: 1 05 0 03 1
= Red dot: received sample with single-moded VCSEL
= Blue dot: received sample with multi-moded VCSEL with mean mode powers
" D, = e~B*/2 denotes the drop from the red-dot to the blue-dot - additional
IS| induced due to multi-moded nature of VCSEL

= Note that u,, = pspm = pse‘ﬁz/2 ~ po = 2hy — 1 = total ISI with a multi-moded
VCSEL
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RIN power spectral density at the receiver: S, (f) = S?|G(f)|*Ng;y /2
= where g(t) = hyur(t) * hgx(t)

Easy to show that

g(t) =

+ +
210> % 21 BW¢S,  BWyp  BWgy
g

2
eXp[_l(t)] ,/0.610g10\/ 1 1 0.5
— Oy = :

RIN variance can be computed from:

oo

S2N * S2N %
= [ SnnPaf =2 [ 16(Pap == [ g Par

Straight-forward to show that RIN variance is

N
2 _ c2..2 2 _ “'RIN _
ORIN = S ORIN-OMA) ORIN-OMA — —4 \/ﬁa = NRINK = S - NRIN-0MA,k
g

= oin—oma IS the RIN variance normalized to OMA
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= Worst-case received sample with MPN is: Tk = STo + Nk + SNriN-omak
= But the MPN model gives: "o = Hr, T MmpN-0MAK
= Therefore, final model for received sample is:
Tk = Styy + Nene + SNRiN—omMak T SMMPN-0MAK

= All three noise sources are assumed to zero-mean, white Gaussian:

= Thermal noise Ny ~MO, 04,)

= RIN (normalized to OMA) Ngin—-omaj~MO, Fin—oma)

= MPN (normalized to OMA) nypy—omar~MO0, 02 )

S%uz,
O + S?0fin_oma + S07,
2

= System Q without any ISI, MPN or RIN: Qapt = JSTO

= Link model (here)is: Tk = So + Ntnk "
= Therefore, total link penalty (ISI + MPN + RIN) =

= System Q (= Qopt) given by Qgpt =

S
Pisi+mpn+riv = 1010gyg (5—0> = -5 10810[#50 - Qozpt(O-I%IN—OMA + 01?0)]
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= Can separate out individual penalties as follows:

2 2
ORIN-oMA T Or,

l’l To

Prsismpn+rin = —10 10g10[llro] — 5log

Pig; = —101og; [.uro]

. (%%
Pypy = —5logyo |1 — Qopt —
MT'O

2

ORIN-OMA
Priy = —5logyg [1 - Qgpt ( > )]
I'Lro

2 2
ORIN-0MA T Or,

2
l’l‘ To

Peross = —5logqg [1 - Qgpt ( )] — Prin — Pupn

Pisiympn+riN = Pisi + Pypn + Prin + Peross



RIN Penalty and ISI Scaling

RIN penalty:

2
ORIN-OMA
Priy = —5log; [1 - Qgpt (—2 >]
MT'O

Requires scaling of RIN std. dev. by total ISI y,, = pspm
" Uy = PsPm = Po = 2hg =1

Consistent with the current version of the spreadsheet

spreadsheet accurately captures RIN penalty
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= MPN penalty:

2 (%r
Pypy = —5logyo |1 — Qopt —
ll’lro

_B2/2 2 pikirpn _p21?
Hry = PsPmo Pm = € ) Ory = 5 [1 —€ ]

= Requires scaling of ry std. dev. by total ISI u,, = pspm

= Scaling treatment of MPN penalty same as that of RIN penalty
= Both std. devs. should be scaled by the total ISI u,,
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However, Ogawa-Agrawal model (and current version of spreadsheet) uses

2

kZ
Pypn-0a = =5 10g1o[1 - QgthI\Z/IPN—OA] OhpN—04 = MZPN [1 — e‘ﬁz]

= Effectively uses oypy_oa = 0+,/ps Instead of o, /1y,

= Therefore, scaling is currently done with ISl due to a single-moded VCSEL,
ps = not with the total ISI y,,
= OA-model (and so spreadsheet) ignores the additional I1SI induced by multi-
moded VCSEL, p,,

» Require additional scaling of oypy—04 DY pm = e~P*/Z in OA model (and
current version of spreadsheet) to get correct MPN penalty

= Implies that scaling factor should be different for RIN and MPN in the
current spreadsheet because of how various quantities are defined and
partially pre-normalized
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= Have re-derived ISI, MPN and RIN penalties from first principles to resolve
issues related to correct scaling factors in the spreadsheet

= Shown that the scaling factor for RIN in the spreadsheet is correct
= MPN treatment in spreadsheet is consistent with Ogawa-Agrawal model

= Shown that the MPN std. dev. in the OA model (and current version of

spreadsheet) oypy-_04 N€€ds to be scaled by p,, = e B*/2 1o get correct MPN
penalties

= Shown that while in general both RIN and MPN penalties require the same
scaling factors (= total ISI), these factors should be different in the
spreadsheet due to how various variances are defined and partially pre-
normalized



