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Shannon-Hartley Theorem

C =B log2 (1 + S/N)
C £ Channel capacity
B £ Bandwidth
S £ Signal Power
N £ Noise Power

Guidance to increase C:
If B limited, use S/N to increase modulation order
If S/N limited, use B to increase Baud rate

C. Cole, “SMF PMD Modulation Observations”, 400 Gb/s Ethernet Task Force, IEEE 802.3 Plenary Session,
Berlin, Germany, 10-12 March 2015cc



Cu C2C SerDes & SMF Client TRX S/N (BtB, no FEC)
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ldeal SMF Client System Model

Source TX Channel RX Slicer

« SMF client channel ideal

* (TX * Channel x RX) modelled as 4th order BT filter
* B = a bit-rate

* EX. bit rate = 56Gb/s

ex.1l: a=0.25 - B =14GHz
ex.2: a=0.30-B=17GHz



Slicer Input Eyes of Ideal Noiseless SMF Client System

Ex. 1. a=0.25(14GHz)
NRZ VEC ~ PAM4 VEC

Ex.2.a=0.30 (17GHz)
NRZ VEC < PAM4 VEC
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Vertical Eye Closure at Slicer Input w/ Noise Normalization

SMF client TRX S/N
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|IEEE Modulation Choice for 50Gb/s and Faster Rates

« Optics Is the tail on the IC industry dog
* 50G PAM4 ASIC SerDes was first developed for the Cu channel
 |C Vendors wanted to maximize their ADC and DSP investment
 |C dog wagged the optics tall
 |[EEE ignored Shannon
 PAM4 standardized for 50G and 100G Ethernet optical lane rates
« 200G (4x50G PAM4) FR4 will soon ship in the millions
« Optics & electronics today easily support 50G NRZ
 Extra cost and power of 50G PAM4 ADC, DSP, SNR locked-in forever
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Ethernet Optics History: 1 & 10GbE

1GDbE standard adopted in 1998
« 1A Serial NRZ (LX)
« Shipped in the millions
10GDbE standard adopted in 2002
« AN WDM NRZ (LX4)
» 1A Serial NRZ (LR4)
» 5-year delay in 10GbE adoption after 90’s Tech bubble collapse
« 10GBaud optics & electronics matured to easily support 10G NRZ
10G LR4 shipped in the millions
10G LX4 became a sad footnote in Ethernet optics history
“Serial is always cheaper” myth is born



Ethernet Optics History: 40GbE

» 40GbE standard adopted in 2010
« “Serial is always cheaper” myth well established
 Fierce debate in the IEEE between:
« AN\ WDM NRZ (LR4) vs.
« 1A Serial NRZ (FR)
 |[EEE split the baby, adopted both
* 40G LR4 shipped in the millions
* 40G FR became a sad footnote in Ethernet optics history



Ethernet Optics History: 100GbE

100GDbE standard, targeted at the datacenter, adopted in 2015
 “Serial is always cheaper” myth going strong
 Fierce debate in the IEEE about duplex SMF spec between:
« A\ CWDM NRZ (FR4)
« 1\ Serial PAM16/8 (FR)
 |[EEE could not reach agreement, and neither was adopted
100G CWDM4 spec developed |mmed|ately after in an MSA in 6 months
. Sh|pped in the millions S e S S 0999902 Valhall PAM:16 HMIE O4S1S-1028

- 100G PAM16/8 became a sad E= ;:«g, - N
footnote in Ethernet optics history & = = %’
* $240M SNR math lesson for Cisco e pattern o s
ks i ve sy W TOl L'.L’ﬁ'I.LLMA




Ethernet Optics History: 400GbE

« 400GDbE standard adopted in 2017
« “Serial is always cheaper” myth unwavering
 Fierce debate in the IEEE between:
« 2A\*50G WDM for 100G FR2 and 8A*50G LWDM 400G LR8
« 1A*100G Serial for 100G FR and 400G PSM DR4
 |[EEE split the baby, adopted 400G LR8 and DR4, but no 100G FR2
* 400G 8A*50G LWDM LRS8 shipped in low volume into early Telecom apps
« 400G 4A*100G CWDM FR4 standardized soon afterwards



Ethernet Optics History: 400GbE (2)

Ethernet optics sad story 1: no Web2.0 deployment of 400GbE

* Huge industry R&D investment into 15t Gen 400GbE DR4 & FR4 with
no ROI

« 2nd Gen 400GbE will start shipping in volume in 2023 or later when
Ethernet switches ship with 100G I/O
Ethernet optics sad story 2: no low-cost, low-power 2\ 100GbE optics
matched to today’s Ethernet switches with 50G 1I/O, forcing shipment of:
« 4\ 100G CWDM4 with 1:2 reverse gearbox (most Web2.0s), or
« 1A 100G FR with with 2:1 forward gearbox (Amazon mainly)

 Either way, significant cost and power added to 100G Ethernet optical
links
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G.652 SMF DWDM Transport C-band Spec Limits

e Loss
e nom, max: 0.2, 0.28dB/km

* |F link SNR was only determined by link loss

e Coherent SNR =~ 2x IMDD SNR, in dB

« Coherent reach = 2x IMDD reach, i.e. half the amplifier cost
« Bandwidth (B)

« Spectral Efficiency is key metric because of fiber deployment cost
* G.694.1 channel bandwidths: 25 to 100GHz

« Coherent has 4 orthogonal channels: I, Q, TE, TM

« Shannon says: If B limited, use S/N to increase modulation order



G.652 SMF DWDM Transport C-band Spec Limits (2)

« Chromatic Dispersion (CD)
 nom, max: 17, 20ps/nm-km
« CD penalty variable with link reach
« IMDD Fixed EQ: unique CDF length for each link
« Coherent adaptive EQ: common for all links
 Polarization Mode Dispersion Q (PMDQ) Distance vs PMD
« A&C nom: 0.5ps/vkm
« B&D nom: 0.2ps/vVkm
« DGD is important over long reaches
« Coherent adaptive EQ tracks polarization

PMD Coeff [psvkm)
3



Transport Cost vs Time

100x

106 10G - 40G: IMDD
=il 100G - 800G: Coherent

] 100G [
10)( ..t.

e, [ “A straight line will
F o continue indefinitely
% as a straight line”

2005 2007 2008 2011 2013 2015 2017 2019 2021

----- a) $/Gbps b) Capacity == c) Net Cost

Optical Networks Forecast: 2018 — 2023, Jan 2019 Representative cost of optical transport capacity over time and
transponder generations based on historical average sales price (ASP) of DWDM line card data from Ovum.
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G.652 1km SMF CWDM4 O-band Spec Limits

* Loss
 max: 0.47dB
« Connectors and other passives determine link loss
 Nom link loss budget: 4dB
 SMF loss Is not important

« Bandwidth (B)
« 4 wavelength band: 10THz
« 1 wavelength channel: 800GHz
« Shannon says: If S/N limited, use B to increase Baud rate
« SMF bandwidth is not important



G.652 1km SMF CWDM4 O-band Spec Limits (2)

« Chromatic Dispersion (CD)
* min: -6ps/nm
 max: 3ps/nm
« SMF CD penalty is not important

* Polarization Mode Dispersion Q (PDM,)
« A&C nom: 0.5ps
 B&D nom: 0.2ps
« SMF DGD penalty is not important



Outline

* NRZ vs HOM

» Serial vs WDM

« Coherent in Telecom
» Coherent in Datacom

 IMDD vs Coherent SNR

* Intra Datacenter Optics
« Appendices



Direct Detection (DD) Signal Path

. Intensity Mod TX Direct Detect RX
0 %
D ® )\0 )\0 iSIGO S S
0
p ® > Mux il o PrX DeMux)\1 L’ Isigt + ...
0
D ® )\2 )\2 iSlGZ SR
0 %
® i i isiga * ...
A1x OsmF ORrx f=1p)
Qaop Aave
Pntx =4 Po Prx = Usmr Prx
Prx = Qrx Apaop Pin-Tx Prp = Orx Prx/4
Isic = Qave 'ep Pep IN = Uyl VBW

Vsnr = OavG Orx Osve Ox Oaop ep Po/ (O g \/BW)

C. Cole, “Inside the Datacenter is not yet a Nail for the Coherent Hammer”, WS05, Data Centers 1, Session 1,
ECOC 2018, Rome, ltaly, 23 Sep. 2018.



Coherent (CH) Signal Path

Coherent Mod TX

TE; ® TE, TE; %—»ism 5 .
plN-TX DE:MuxTEQ ® TEQ Mux pTX £ pRX DeMuxTEQ iS'G1 "
™, ® ™, ™, %—’iw 3 .
T™q ® T™q o T™™q %»ism + o
QOTx OsmF ORx 'eb
Qaop Qg QLo Uave
Pin-Lo
Pin-tx = 4 0 g Orec Po Prx = UgmE A1x
Prx = Ug Oyx Aaop PiN-TX Ppo-rx = Orx Prx/ 4
Pinio =4 (1-ad.s) Arec Po PLo = PiNn-LO
e = Oavg pp 2 \/(pPD-Rx Peo-o) In = Uy o VBW

Prp.Lo = OoPo/4

VSNr = Olayg Oy V(Osr O Orx Oaop) Grec Fep Po/ (O ip YBW)




A 2 |oss in optical -dB

A = -10log,,(a)

ASNRppcy = SNRpp - SNR(y = 10log,4(Snrpp / snrey)
ASNRpp.cr/2 = - (Asop-op t Arxop + Aswir)

+ (Apop.ch + Arxcn + Ag + Agup) 1 2 + Arec

- (Aave-op T Arxop - An-op)
+ (Aave-ch T Arxch = Anch)
Atyt.op = Anop-ob T Atx.op ArxT.00 = Aave-ob T Arx-op - ANn-DD

Arxt.ch = Anopch T Arxen T Ac + 2A1ec Arxtch = Aavech t ArxcH - AncH
ASNRppch = (Arxrch t Asmvre T 2ArxT-cH) - 2(Arxrop + Asvr + ArxT.0D)



Optical ASNRy. - dB Examples

Equal laser input AOP (TEC ignored):

ASNRpp.cy = (Arxt-cn + Aswi) - 2(Arxrop + Asmr)) + 2(Arxt-ch = ArxT-DD)
100G EML NRZ CWDM4 IMDD vs 100G SIiPIC QPSK Coherent
Ex.1. 4dB Link Loss (2km, typical intra datacenter)

ASNRppcy =((17+ 4)-2(5+ 4))+2(4- 2) = 7dB
Ex.2: 11dB Link Loss (20km, or 2km & one 7dB loss optical switch)
ASNRppcy = ((17+11)-2(5+11))+2(4- 2) =0

Ex.2: 18dB Link Loss (40km, or 2km & two 7dB loss optical switches)
ASNRpp ey =((17+18)-2(5+18)) +2(4- 2) =-7dB
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Intra Datacenter Optics Requirements

 What's important?
* Cheap laser(s)
* Cheap SNR (low loss components)
» Cheap assembly and packaging
« Cheap testing

« What does Coherent offer?
* Expensive Laser
» High loss components
» Best case comparable packaging cost to IMDD
« Complex testing



TX Modulator Size Comparison

« IMDD InP EML length: S—
+ 400 - 500um (EA ~ 120um) il i e[
» Coherent Si MZM length: ors | o MR | AR s R | R
« 2 -4mm ‘ J
* 4 channel Coherent to IMDD TX area ratio: Teriphic project, 4x100G PAM4 EML TX

* 10 - 20x



Intra Datacenter Optics Today: Pluggable

« Characteristics
« $1 - $2/Gb
« ~30pJ/bit
 IMDD DML or EML uncooled TX
« AN CWDM NRZ or PAM4
 Link budget: 4dB

« IMDD vs. Coherent SNR, equal laser DC Power (TEC included):
100G EML NRZ CWDM4 IMDD vs 100G SIPIC QPSK Coherent

ASNRpp.cy = 11.5dB
(same result for PAM4 IMDD vs QAM16 Coherent)



Intra Datacenter Optics Tomorrow: Co-packaged

« Requirements
« Co-packaged with Ethernet Switch ASIC
« 256 - 512 data lanes
« <$1/Gb
« <10pJ/bit
 Link budget: 4dB
« IMDD vs. Coherent SNR, equal laser DC Power (TEC included):

100G SIPIC NRZ CWDM4 IMDD vs 100G SIPIC QPSK Coherent
ASNRpp.cy = 1.5dB
(same result for PAM4 IMDD vs QAM16 Coherent)



Summary

« Coherent advantages in Transport are unimportant in Intra Datacenter

« Coherent indefinitely locks in the cost and power of ADCs and DSPs
* This is what PAM4 did for >100G Ethernet optics
« Good for IC vendors, bad for everyone else as optics improve

 “Serial is always cheaper” is a myth for leading data rates
* 10GbE was the last time it was true
« 1\ Coherent is higher cost and power than 4A IMDD

« Coherent does not reduce the cost and power of short reach optics

* There is no IMDD vs Coherent competition for Intra Datacenter links
« Coherent is not even on the battleground



IMDD vs Coherent

Thank You
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Direct Detection (DD) Signal Path Variables

Po 2 [Input POP (Peak Optical Power) reference

Pnx = TX input POP = AOP (Average OP) if CW

Orop = TX POP to AOP modulation loss vs. er (extinction ratio)
Oy = TX path intrinsic loss at modulator bias point

Prx = TXtotal output AOP

Osye = Link total power loss (connectors, SMF, other passives)
Prx = RX'total input AOP

Orx = RX path intrinsic loss

Pop = RXPD input AOP

lep = RX PD responsivity

drye = PD AOP to average electrical signal power loss vs. er



Direct Detection (DD) SNR

Isic
Isic

2 RX PD signal current

= Uave 'pp Ppp = Qave Orx Osmie Orx Aaop 'pp Po

2 RX input referred noise current; all sources
£ RX input noise current density reference

2 RX input noise current loss vs. I,

£ RX input noise bandwidth

= ay i, VBW

= (isig / In)? |
= Oave Orx AsmrE Orx Aaop pp Po/ (A 1o \/BW)



Coherent (CH) Signal Path Variables

Po 2 [Input POP (Peak Optical Power) reference

Orec = Input POP loss due to laser TEC current

a,s = TXinput POP loss due to (1- a,g) LO (Local Oscillator) input split
Pintx = TX Input POP = AOP since CW

Orop = TX POP to AOP modulation loss vs. MD (mod. drive)

Oy = TX path intrinsic loss at modulator bias point

Og 2 TX optical gain (ag = 1 if no amplification)

Prx = TXtotal output AOP

Osye = Link total power loss (connectors, SMF, other passives)



Coherent (CH) Signal Path Variables, cont.

Prx
PLo

d(t)

2 RX total input AOP

2 RX LO input AOP

2 Phase angle between pir, and p, 4 electric fields
£ RX SIG path intrinsic loss

2 RX LO path intrinsic loss

2 RX PD input AOP

2 RX PD responsivity
2 PD AOP to average electrical signal power loss vs. MD



Coherent Signal Addition

Optical signals, with same polarization state, add in the electric field domain
E o/VZ 2 \p, 5

Ery/VZ = c0os O(t) Vpgy + j Sin P(t) Vpgry

Epp/NZ =P, o + €0S D(t) Vpry + j Sin D(t) VPry

Pep = (VpLo + €0S D(t) VPry)? + (SIN D(t) Vpgy)?
= PLo *+ 2VPLo VPrx COS D(t) + Py

Prx << 2p o VPrx COS D(t)

P o RIN << 2p, o VPry COS D(1)
Ppp =2 \/(pl_o Prx) COS ®(t)



Coherent (CH) SNR

?S,G 2 RX balanced PD pair signal current

isic = %ave 'ep 2 V(Ppp.rx Pro.Lo) €OS D(t)

cosd(t) £ 1 Qg =Y O, o £ Oy

Isic = Oave Orx V(Asue Og Orx Oaop) Orec e Po

N 2 RX input referred noise current; all sources
I 2 RX input noise current density reference
of¥ 2 RX input noise current loss vs. i,

BW £ RX input noise bandwidth

N = ay iy VBW

snr = (igig/in)?

\SNr = Oayg Ory V(Gsyir O Orx Oaop) Grec Tep Po/ (O i VBW)



Ratio DD SNR to CH SNR: V(snryy/ snrey)

\sNrpp = Oy Orx Asme Orx Oaop Fep Po/ (Cy ig YBW)

snrey = Uy Orx V(G O Gy Oaop) Orec Fop Po / (Cly ig YBW)
'pp-DD = I'ppcH

BW,,, 2 BW,.,

\/(SnrDD /'SNrcy) = Oave-op Arx-0b Asme Grx-op Faop-op An-cH

[ Oave-cH ORrx-CH \/(GSMF O O7x.cH Qaop-cH) Orec AN-DD



A 2 |oss in optical -dB

A = -10log,,(a)

ASNRppcy = SNRpp - SNR(y = 10log,4(Snrpp / snrey)
ASNRpp.cr/2 = - (Asop-op t Arxop + Aswir)

+ (Apop.ch + Arxcn + Ag + Agup) 1 2 + Arec

- (Aave-op T Arxop - An-op)
+ (Aave-ch T Arxch = Anch)
Aty.1-00 = Anor-op T Atx-op Arx-1.00 = Aaveop + Arx-op - An-DD

Arx1.cH = Anop-cH T Atxcht A + 2A1ec ArxtcH = Aave.cH T Arxch - AncH
ASNRpp.cy = (Arxrcn t Asve + 2Arx1-cH) =~ 2(Arx1.0D  Asvr - Arx-T-DD)
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Coherent (CH) w/ same TX Signal & LO Path

Coherent Mod TX

TE| ® TE| TE| %’ iSIGO F

PiN-TX TEq ® TEq Prx  SMF) DRrx TEq %’ism HER

DeMux Mux DeMux
TM| ® TM| TM| %’ i8|62 F
SMF PLo

TMQ ® TMQ TMQ %’ iSIGS *

PiN-LO
Qrx OsmE ORrx 'PD
QaoP (ofe} (¢ (o) . dave .
Pintx =4 A5 Oec Po Prx = Ugme O1x
Prx = Ug Urx Aaop Pin-Tx Prp-rx = Orx Prx/ 4
Pnio =4 (1 -0a.s) Orec Po Prp-Lo = 0o Agyr Og Orx Aaop Pinto /4

lsc = Oavc pp 2 \/(pPD-Rx Prp-L0) N = Oy lg VBW



Coherent (CH) RX Signal w/ same TX Signal & LO Path

I 2 RX balanced PD pair signal current

Isic = Oave Mpp 2 \/(pPD-Rx Prp-L0)
Qs = %2  Op = Ogy

Isic = Uave Arx Ogmp Qg A1y Aaop Orec pp Po
Equal DD and CH total input AOP condition:

PinoDTx = PincHx T Pin-cH-LO

Ibp-sIG = lcH-sIG

When the LO is remote, i.e. it's a RO, there is no Coherent signal gain!

Same TX Signal and LO Path analysis approach proposed by Mike Frankel, Ciena, 18 Jan 2018.
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ASNR oo/ 2 =

) AAOP-DD
B ATX-DD
-(-Ac/2)
) ASMF

) ARX-DD

B AAVG-DD
B (_ AN-DD)

+ Anop-ch! 2
+ Arxcnl 2
+ Arec

+ Agyr/ 2

h ARX-CH

+ Aave.cH
+ (- Aych)

[/ TX

I/ TX

/[ TX Scenario
// Link

Il RX

[/ RX

[/ RX



TX Modulation Loss

Oaops Asop = TX Input POP to AOP modulation loss; linear, -dB

Oaop-NR7 €] =(er+1)/(2er) [l Mod. TX
Orop.NR7 €] =1 [/ DML TX
Oaop-pama €] =(er+1)/(2er) [l Mod. TX
Opop-pama [€T] =1 [l DML TX
Opop-gpsk 12Vl =1

Opop-gpsk [Vnl =112

Apop-oamis [2Vy] = 5/9

Opop-oamis [Vl = 5/18

Equal DD & CH TX modulation drive

|\/IDDD-MaLx £ 2 |\/IDCH-Max

I\/IDCH = V'IT



TX Modulation Loss Values

" A,op = TX Input POP to AOP modulation loss, -dB

Apop-pD 7 2.2 2.2
4.8 0.0 0.0

mod. loss CH loss value -dB CH loss value -dB / 2
variable

QPSK QAM16 QPSK QAM16

Aop-ci 15 2.8

V

m



TX Signal Path Intrinsic Loss Values

= Ay 2 TX path intrinsic loss, -dB

DD loss value CH loss value
Implementation -dB -dB

1 ldeal TX & RX, no loss 0 0
DD CWDM4 TFF DML TX, RX
2 CH SIP E I

DD CWDM4 TFF EML TX, RX
CH SiP (ECOC’18 WS Example)

DD PSM4 SiP TX & RX
CH SIP

5 DD CWDM4 SiP TX & RX, CH SiP 8 14



TX Scenarios

" Orecs Arec 2 TXcy Input POP loss, laser TEC current; linear, -dB
" Og, Ag 2 TXcy optical gain

A; TXc optical gain = - A; TXp optical loss in ASNR - table
= Scenario 1: equal laser DC power (40% efficient CH TEC)

iLaser-bias-DD = iLaser-bias-CH t iLaser-TEC-CH
Otec £04
0 21
= Scenario 2. equal TX & LO total input POP (no CH TEC)
Pin-Tx-DD £ Pin-txcH T PiN-Lo-cH
Otrec 21

Og 1



TX Scenarios, cont.

= Scenario 3: equal TX total output AOP (no DC power limit)

Prx-bD = Prx-cH

Atxop T Apor-op = Ac T Arxcr T Anopci T Als T Arec
OteC =1

Arec =

oS 2 1/2

ALs =



TX Scenarios Loss Values

" Arec 2 TXcy Input POP loss due to laser TEC current, -dB
= Ag 2 Ag TXcy optical gain = -Ag TXp optical loss
ASNRyp /2 DD loss DD loss CH loss CH loss
TX Scenario variable | value -dB | variable | value -dB
1 Equal laser DC power -Ag/2 0 Arcc 4
2 Equal total input AOP -Ag/2 0 Arec 0

3 Equal TX total output AOP -Ag/2 formula Arec 0



Link Loss Values

= Age = Link total power loss (connectors, SMF, other passives), -dB

= Standard datacenter link loss budget
Asvr = 4

DD loss CH loss
value -dB value -dB
Asmr Aswir! 2
4.0 2.0



RX Signal Path Intrinsic Loss Values

= Aryx 2 RX path intrinsic loss, -dB
= Ao £ RXLO path intrinsic loss, -dB: A o.ch = Arx.ch

DD loss value CH loss value
Implementation -dB -dB

1 ldeal TX & RX, no loss 0 0
5 DD CWDM4 TFF DML TX, RX 5 4
CH SIP

DD CWDM4 TFF EML TX, RX
CH SiP (ECOC’18 WS Example)

DD PSM4 SiP TX & RX
CH SIP

5 DD CWDM4 SiP TX & RX, CH SIP 4 4



RX Modulation Loss

Qavar Aavg = RX PD AOP to average electrical signal power loss; linear, -dB

O s 2 TX input POP loss due to (1- a,¢) split with LO input
Opavenrz [€F] = (er—1)/(er + 1)

Opv-pama [€T] =(5/9) (er — 1)/ (er + 1)

UavG-QPsk :_2Vn] =1

UavG-gPsk ._Vn] =1

UavG-Qamis :2Vn] =1

Apve-gams [Val =1

Equal DD & CH TX modulation drive

MDpp.max = Y2 MDcymax

I\/IDCH = V'IT



RX Modulation Loss Values

= A,y 2 RX PD AOP to average electrical signal power loss, -dB

0.0 1.3

(o 0]

Apve-pp 7 1.8 3.0
4.8 3.0 4.3

Mod. loss MD CH loss value -dB
variable QPSK QAM16
2V

A
AVG-CH vV 0.0 0.0

1)




Coherent Unequal SIG/LO Split Loss

"0, s Ays = Unequal SIG/LO split a g # 72 loss; linear, -dB
OaLs =2 \/(GLS (1-0a5)
d. s 2 1/2
ApLs =0
O s 2 2/3
',A‘ALS = 0.3
" A'ave.cH = Apve-ch T AaLs

CH loss value -dB
moc oo
variable MD s =1/2 %s=2/3

QPSK QAM16 QPSK QAM16

0.0 0.0

2V

L
A!
AVG-CH
\%

1l



RX Input Referred Noise Current Loss Values

= Ay 2 RX Input noise current density loss vs. reference, -dB
" Oyl 2 RX input noise current density

= RX input noise current density values
Onop b0 = 12pA/VHz

i = 12pA/\Hz
Oncylo = 20pA/VHz
On.cH = 5/3

DD loss CH loss
value -dB value -dB

AN-DD An-cH
0.0 -2.2



Ex.1: ASNRyp /2 ldeal TX & RX no loss

Ex 1 DD lIdeal CH ldeal
TXER = TXMD =V_
ASNRpp o /2 dB . loss value -dB . loss value dB
Loss Type -- PAM4 QPSKl QAVIS
Anop Anop/ 2
Atx 0 Arx/2 0
1 Equal laser DC power 0.0 4.0
2 Equal total input AOP - AG/2 0.0 Atec 0.0
3 Equal TX output AOP 1.5 2.8 0.0
Link ASMF 4 ASMF/Z 2
ARX O ARX O
RX Aave 0.0 1.3 A ave 0.0 0.0
- Ay 0.0 - Ay 2.2

1. Equal laser DC power 2. Equal total input AOP 3. Equal TX output AOP

NRZ - QPSK|PAM4 - QAM16 |NRZ - QPSK | PAM4 - QAM16 [NRZ - QPSK| PAM4 - QAM16

2.7 2.7 -1.3 -1.3 -2.8 -4.1



Ex.2: ASNRyp.ny /2 DD CWDM TFF, DML TX

Ex 2 DD CWDM4 TFF, CH SiP
ASNR /2 dB DMLTX ER =4.8 TXMD =V_
DD-CH r. loss value -dB . loss value dB
Loss Type -- PAM4 QPSK L avie
Anop Apop /2
ATX 4 AT)(/2 7/
1 Equal laser DC power 0.0 4.0
2 Equaltotal inputAOP  -Ag/2 0.0 Atec 0.0
3 Equal TX output AOP 8.0 9.3 0.0
Link ASMF 4 ASMF/Z 2
ARX 2 ARX 4
RX Anvc 3.0 4.3 Aave 0.0 0.0
- A 0.0 - Ay 2.2

1. Equal laser DC power 2. Equal total input AOP 3. Equal TX output AOP

NRZ - QPSK|PAM4 - QAM16 |NRZ - QPSK| PAM4 - QAM16 INRZ - QPSK| PAM4 - QAM16

7.7 7.7 3.7 3.7 -4.3 -5.5



Ex.3: ASNRyp.,i/2 DD CWDM TFF, EML TX

Ex. 3 DD CWDM4 TFF, CH SIP
(ECOC’18 WS EXx.) EMLTXER=7 TXMD =V_
ASNRpp.cy/2 dB . loss value -dB . loss value dB

--
TX Anop Anop/ 2
ATX 5 ATX/2 "’
1 Equal laser DC power 0.0 4.0
2 Equaltotal input AOP  -Ag/2 0.0 Arec 0.0
3 Equal TX output AOP 6.4 7.7 0.0
Link ASMF 4 ASMF/Z 2
ARX 2 ARX 4
RX Anve 1.8 3.0 A avG 0.0 0.0
- AN - AN

1. Equal laser DC power 2. Equal total mput AOP 3. Equal TX output AOP

NRZ - QPSK PAM4 - QAM16 NRZ - QPSK PAM4 - QAI\/I16 NRZ - QPSK| PAM4 - QAM16

-4.6 -9.9



Ex.4: ASNRyp.,i/2 DD PSM4 SiP

Ex 4 DD PSM4 SiP CH SiP
ASNR, . /2 dB TXER=7 TXMD =V_
r loss value -dB r. loss value dB
Loss Type -- PAM4 QPSK L oavie
AAOP AAop/2
ATX 6 AT)(/2 4
1 Equal laser DC power 0.0 4.0
2 Equaltotal input AOP  -Ag/2 0.0 Atec 0.0
3 Equal TX output AOP 5.9 7.2 0.0
Link AsmE 4 ASMF/Z 2
ARX 2 ARX 4
RX Anvc 1.8 3.0 Aave 0.0 0.0
- A 0.0 - Ay 2.2

1. Equal laser DC power 2. Equal total input AOP 3. Equal TX output AOP

NRZ - QPSK|PAM4 - QAM16 |NRZ - QPSK| PAM4 - QAM16 [NRZ - QPSK| PAM4 - QAM16

4.7 4.7 0.7 0.7 -5.1 -6.4



Ex.5: ASNRyp /2 DD CWDM4 SiP

Ex 5 DD CWDM4 SiP CH SiP
TXER=7 TXMD =V_
BellNpmand = G r. loss value -dB . loss value dB
Loss Type -- PAMA QPSK L avac
Anop Apop! 2
ATX 8 ATX/2 4
1 Equal laser DC power 0.0 4.0
2 Equaltotal input AOP  -Ag/2 0.0 Arec 0.0
3 Equal TX output AOP 4.9 6.2 0.0
Link ASMF 4 ASMF/2 2
ARX 4 ARX 4
RX Anve 1.8 3.0 Aave 0.0 0.0
- A 0.0 - Ay 2.2

1. Equal laser DC power 2. Equal total input AOP 3. Equal TX output AOP

NRZ - QPSK|PAM4 - QAM16 [NRZ - QPSK | PAM4 - QAM16 [NRZ - QPSK| PAM4 - QAM16

0.7 0.7 -3.3 -3.3 -8.1 -9.4



ASNRyp -y dB Examples, 4dB SMF Link

ASNRpp oy Scenario 1. Equal laser 2. Equal total 3. Equal TX
dB DC power input AOP output AOP

EX. TX & RX Implementation NRZ - PAM4 - NRZ - PAM4 - NRZ - PAM4 -
# P QPSK QAM16 QPSK QAM16 QPSK QAM16

Ideal TX & RX no loss
1 DDER =, CHMD =V, 54 -2.6 -5.6 -8.1

DD CWDM4 TFF DML TX
2 ER-48 SiPCHMD=V. 15.4 7.4 8.6 111

DD CWDM4 TFF EML TX
3 tR=7 SiP CHMD =V, 11.5 3.5 9.3 11.8

DD PSM4 SiP TX
4 ER=7,SiPCHMD = V. 9.5 1.5 -10.3 -12.8

DD CWDM4 SiP TX
SR [ 15 6.5 163  -188



Coherent vs. IMDD SNR Examples Conclusion

Direct Detection NRZ / PAM4 SNR SNR Coherent QPSK / QAM16 SNR

L EML, DML single A PIN single A Sip
e or TEF, PLCWDM  or TFF, PLC WDM
ower
Constrained ginala A SiP (PSM)  single A SiP (PSM) >> Sip SiP
4dB Link Loss WDM SiP WDM SiP ~ Sip SiP
TX Out Power Any PIN << Sip Sip

Constrained

For most intra datacenter links, IMDD has better SNR than Coherent,
contrary to conventional wisdom.



IMDD vs Coherent Appendices
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