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Shannon-Hartley Theorem

C =B log2 (1 + S/N)
C £ Channel capacity
B £ Bandwidth
S 2 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 X Channel RX Slicer

_________________________________________________

* SMF client channel ideal

* (TX * Channel * 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
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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 Iin 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:
« AN CWDM NRZ (FR4)
« 1A 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
 Shipped in the millions = " 547510
100G PAM16/8 became a sad =—— 3 B -
footnote in Ethernet optics history

M ____l :_sntll
$240M SNR math lesson for Cisco i Case Pattern swmnws | oA
T [ ener [ e, e e e R LLEELED M‘ i

IR
)




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 FRA4 standardized soon afterwards



Ethernet Optics History: 400GDbE (2)

« Ethernet optics sad story 1: no Web2.0 deployment of 400GbE
* Huge industry R&D investment into 15t Gen 400GbE FR4 with no ROI
« 2"d Gen 400GbE FR4 will start shipping in volume in 2023 or later

when Ethernet switches ship with 100G 1/O
 Ethernet optics sad story 2: no low-cost, low-power 2A 100GbE optics
matched to today’s Ethernet switches with 50G I/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
* 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/\km
* DGD is important over long reaches :
« Coherent adaptive EQ tracks polarization R

MD Coeff (psvkm)
o = -
- N - o
)
)
S
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Transport Cost vs Time

100x

406 10G - 40G: IMDD
fos] e, 100G - 800G: Coherent
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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 (PDMy)

« A&C nom: 0.5ps
 B&D nom: 0.2ps
« SMF DGD penalty is not important
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Direct Detection (DD) Signal Path

5 Intensity Mod TX Direct Detect RX
0
Po ® " o L‘isuso
® M Prx  SMF/ PRy M o i
Po Mux DeMux SIG1
pO % 1\2 1\2 > iS|G2
A3 As fpD -
OTx UsmF ORrx 'sie3
Uaop Goma
Pintx =4 Po Prx = UsmePrx
Prx = Qaop Arx PiN-TX Pep = OrxPrx/4
Isig = Uowma 'ep Ppp IN = 0N o VBW
Vsnr = Isig / IN = Aoma Arx Osme Aaop Orx pp Po / (A I \/BVV)

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



Coherent (CH) Signal Path

Coherent Mod TX

TE| ® TE| TE| %’ i8|(30
% 'rD

PiN-TX TEq ® TEq Prx  SMF  DRrx TEq isig1

DeMux Mux DeMux
TM| ® TM| TM| %‘ iSIGZ
'PD

PLo :
™ X) ™o TMq %—» isics

OTx Osmr ORrx
e _da Ao down
Pin-LO
Pin-tx = 4 OLs Orec Po Prx = Osmr O1x
Prx = Ug Uoma Orx Pin-TX Prp-rx = Orx Prx /4
P.o =Pinwo=4(1-0.s) ArecPo Pep-Lo =0 oPLo/4
isic = %oma ep 2 V(Ppp-rx Ppp-LO) N = ay ip VBW

Vsnr o = Isig / In = Ooma Orx \/(GSMF Og Oaop O1x) Orec 'ep Po/ (AN 1o \/BVV)



Optical ASNRyp .y = SNRpp - SNRy dB

A 2 |oss in optical -dB
A = -10logy(a)
ASNRpp.cy = SNRpp - SNR( = 10log,o(snrpp / sSnrep)
ASNRpp.ch/ 2 = - (Apop-op + Arx-op + Aswir)
+ (Apop-cH + Arxch + Ag + Agmp) [ 2 + Agec
- (Aoma-op t Arx.op -~ Anop)
+ (Aomacr t ArxcH - Anch)
Atxt-0p = Anor-op T Arx.op ArxT-0D = Aoma-op T Arx-op - Anop

Atxr.ch = AnopcH T Arxcht Ac + 2Atec Arxt-ch = AomacH T ArxcH - AncH
ASNRpp.cH = (Arxrch = 2A1x70D) - Asmr + 2(ArxT-cH - ARXT-DD)



Optical ASNRyy -y dB Link Loss Examples

* Equal laser input AOP (TEC ignored):
ASNRpp.ch = (Arxrch = 2Arxr.op) - Asmr T 2(Arxt-cH - ArxT-DD)
 IMDD: 100G EML NRzZ CWDM4
Arxrpp= 9dB Arxr.pp = 2dB
« Coherent: 100G SIPIC QPSK
Arxr.cn= 17dB Arxt-cH = 4dB
* Agmqe = 4dB ( 2km, typical intra datacenter) ASNRpp.cy = 7dB
* Agye = 11dB (20km, or 2km w/ 7dB switch loss) ASNRpp.cy= 0O
* Ague = 18dB (40km, or 2km w/ 14dB switch loss) ASNRpp.cy=-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: ———
+ 400 - 500um (EA ~ 120um) il || e
» Coherent Si MZM length: [ s s R e e e
e 2-4mm ’ |
* 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
« 4N CWDM NRZ or PAM4
 Link budget: 4dB

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

ASNRDD-CH - 15dB
(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
« 1A\ 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
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Direct Detection (DD) Signal Path Variables

o 2 Input POP (Peak Optical Power) reference

Pinetx = 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

agye = Link total power loss (connectors, SMF, other passives)
Prx = RXtotal input AOP

Orx = RX path intrinsic loss

Ppp = RXPD input AOP

lep = RXPD responsivity

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



Direct Detection (DD) SNR

Vyp = TX modulator drive voltage
Isc = RXPD signal current

Isic = UQowma fpp Ppp = Goma Grx Asmr Gaop A1x 'ep 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 £ RXinput noise bandwidth

in = oy ip VBW

st = (igig/ in)?

Vsnr = Ooma Arx Asme Oaop O1x ep Po / (A o \/BVV)



Coherent (CH) Signal Path Variables

Po 2 |nput POP (Peak Optical Power) reference

Orec = Input POP loss due to laser TEC current power

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

Oaop = TX POP to AOP modulation loss vs. v,,p (mod. drive voltage)

Oy = TX path intrinsic loss at modulator bias point

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

Prx = TXtotal output AOP

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



Coherent (CH) Signal Path Variables, cont.

Prx = RXtotal input AOP

Po = RXLO input AOP

®d(t) £ Phase angle between pry and p, o electric fields
Orxy = RX SIG path intrinsic loss

0o = RXLO path intrinsic loss

Pep = RXPD input AOP
o = RXPD responsivity
doma = PD AOP to average electrical signal power loss vs. vyp



Coherent Signal Addition

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

Erx/VZ = cos D(t) Vpry + j Sin D(t) Vpry

Epp/ \VZ = VP, o + €0S D(t) Vpry + j Sin D(t) Vprx

Pep = (VpLo + €0s D) VPry)? + (sin D(t) Vpry)?
= Pro *+ 2VpLo VPrx €OS D(t) + Pry

Prx << 2Vp_o VPrx COS O(t)

D o RIN << 2P, o VPrx COS D(1)
Pep =2 \/(pLo Prx) COS P(t)



Coherent (CH) SNR

Vyp = TX mod. drive voltage
Isc = RX balanced PD pair signal current

isic = %oma o 2 V(Ppp.rx Pep-Lo) COS (1)

cosP(t) £ 1 g2 O o £ Ory

isic = Gowma Orx V(s O Oaop Grx) Orec f'pp Po

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

BW £ RXinput noise bandwidth

in = ay iy VBW

snr = (igig/in)?

\SNr = dowa Orx V(Gswr O Gaop Otx) Orec Fop Po/ (O ig YBW)



Ratio DD SNR to CH SNR: V(snrgp / Snrep)

\SNrpp = Ooma Arx Osme Aaop Orx e Po/ (G ip VBW)

SNy = Ooma Arx V(AsmE O Gaop Ox) Grec Tpp Po/ (O ig VBW)
'PD-DD = I'pp.cH

BW,p, 2 BW,,

\/(SnrDD [ SNrey) = doma-op Arx-bb Asme Aaop-bb Ax-pp AN-cH

[ Qoma-cH ARX-CH \/(GSMF Og Oaop.cH Arx.cH) O1EC ON-DD



Optical ASNRyp .y = SNRpp - SNRy dB

A 2 |oss in optical -dB
A = -10logy(a)
ASNRpp.cy = SNRpp - SNR( = 10log,o(snrpp / sSnrep)
ASNRpp.ch/ 2 = - (Apop-op + Arx-op + Aswir)
+ (Apop-cH + Arxch + Ag + Agmp) [ 2 + Agec
- (Aoma-op t Arx.op -~ Anop)
+ (Aomacr t ArxcH - Anch)
Atx.1.00 = Anop.op T ATx.op Arx.1-00 = Aoma-op T Arx-op - Anop

Atx1.cH = Apop.cH T Atxcht Ac + 2Atec Arxtch = AomacH T ArxcH ™ An-cH
ASNRpp.cH = (Arxrch = 2A1x70D) - Asmr + 2(ArxT-cH - ARXT-DD)
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Coherent (CH) w/ same TX Signal & LO Path

Coherent Mod TX

TE| ® TE| TE| %’ i5|(30

PiN-TX TEq ® TEq Prx  SMF. Prx TEq % > IsiG1

pD
DeMux Mux DeMux
TM| ® TM| TM| %‘ i8|(32
l'eD

PLo
™ ™ ™ i
Q ® Q - Q %‘ SIG3

Pin-Lo
QTx OsmF CRrx
Aaop Og dLo Goma
Pin-Tx = 4 O s Orec Po Prx = Usmr O1x
Prx = Ug Uaop Urx PiN-TX Pep-rx = Orx Prx/4
Pin-Lo =4 (1 - aLs) Arec Po Pep-Lo = Ao Asmr O Gaop Orx Pin-Lo/ 4

s = Oomalpp 2 \/(pPD-Rx Ppp-LO) N =y lp VBW



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

Is;c £ RX balanced PD pair signal current

Isig = Ooma 'pp 2 \/(pPD-Rx Prp-LO)
O g=Y 0 o = Ory

Isig = Uoma Orx GspmE O Apaop A1x Arec 'ep Po
Equal DD and CH total input AOP condition:

Pin-DD-TX = Pin-cH-Tx T Pin-cH-LO

IbD-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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ASNRpp.cy = SNRpp - SNR-y Examples

ASNRpp.cy/ 2 =
-Arvop T Arcen!/2 /I TX Intrinsic
- Anopop T Anop-cy/ 2 /Il TX POP to AOP
+ Ag/ 2 + Atec /I TX scenarios
- Agye/ 2 /I Link
- Arxop  t Arx.cn [l RX Intrinsic
- Aovaop T Aomach /I RX AOP to average electrical

= (' AN-DD) + (' AN-CH) // RX nO|Se



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 . 14
3 DD CWDM4 TFF EML TX, RX 5 14

CH SiP (ECOC’18 WS Example)

DD PSM4 SIP TX & RX
E CH SIP £ I
5 DD CWDM4 SiP TX & RX, CH SiP 8 14



TX Modulation Loss

Qaops Anop = TX Input POP to AOP modulation loss; linear, -dB

Qaop-nr7 (€] =(er+1)/(2er) // Mod. TX POP to AOP loss
Qaop-nrz €] =1 // DML TX, no loss

Qaop-pama €] =(er+1)/(2er) // Mod. TX POP to AOP loss
Qaop-pama €] =1 [/ DML TX, no loss
Oaop-opsk [Vmp = 2Vy] =1

Opop-gpsk [Vvp = Vol =1/2

Oaop-oamis [Vmp = 2V,] = 5/9

Oaop-gami6 Vv = Vil =5/18

Equal DD & CH TX modulation drive
VMD-DD(max) = 72 VMD-CH(max)
VMD-CH = Vg



TX Modulation Loss Values

= Apop = TX input POP to AOP modulation loss, -dB
mod. loss ER
oo 3.0 3.0

Anop.op 7 2.2 2.2
4.8 0.0 0.0

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

QPSK QAM16 QPSK QAM16

A
AOP-CH V,, 1.5 2.8



TX Scenarios

" Qree, Arec 2 TXcy Input POP loss, laser TEC current; linear, -dB
" Og, Ag 2 TXcy optical gain expressed as loss
= Scenario 1: equal laser DC power (40% efficient CH TEC)
|| aser-bias-DD £ I aser-bias-cH T lLaser-TEC-CH
Orec 204
Og 21
= Scenario 2: equal TX & LO total input POP (no CH TEC)
PIN-TX-DD = Pin-tx-cH T PiN-LO-CH
Otec =

Og 1



TX Scenarios, cont.

= Scenario 3: equal TX total output AOP (no DC power limit)
Prx-0D = Prx-cH
Atx.op T Anopop = Ac T Arxcr t Anop.ch T Als T Arec
Otec 21
Arec =
oS £ 1/2
ALs =
-Agl2 = ((Arx.ch * Aaop-ch + 3) - (Arxop + Anop-op)) / 2



TX Scenarios Loss Values

= Az £ TXcy optical gain expressed as loss
" Arge £ TXcy input POP loss due to laser TEC current, -dB

ASNRpp.cy / 2 CH loss CH loss CH loss CH loss
TX Scenario variable | value -dB variable | value -dB

1 Equal laser DC power Agl2 Arec

2 Equal total input AOP Asl2 0 Aec 0

formula

3 Equal TX total output AOP Agl2 on p.52

Atec 0



TX Scenarios: Coherent Unequal SIG/LO Split Loss

" Oas Aps = Unequal SIG/LO split a, s # 72 loss; linear, -dB
UaLs =2 V(a5 (1 - ag))
O s £ 1/2
AnLs =0
o £ 2/3
Anl s =0.3
. A,OMA-CH = AOMA-CH T AALS

CH loss value -dB
mod. loss
variable | VwD
QPSK QAM16 QPSK QAM16

2V,

Aoma.
OMACH V. 0.0 0.0



Link Loss Values

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

= Standard datacenter link loss budget
Asyr 2 4

DD loss CH loss
value -dB value -dB
Asmr Asyir /2
4.0 2.0



RX Signal Path Intrinsic Loss Values

= Arx 2 RX path intrinsic loss, -dB
= A2 RXLO path intrinsic loss, -dB: A 5.ch £ Arx.ch

DD loss value CH loss value
Implementation -dB -dB

ARX- DD ARX-CH

1 ldeal TX & RX, no loss 0 0

5 DD CWDM4 TFF DML TX, RX 5 4
CH SiP

3 DD CWDM4 TFF EML TX, RX 5 4
CH SiP (ECOC’18 WS Example)

4 DD PSM4 SiP TX & RX 5 4

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



RX Modulation Loss

Oomar Aoma = RX PD AOP to average electrical signal power loss; linear, -dB

Qoma.nrz L€f] =(er-1)/(er +1) Il Y2* AOP to OMA loss
Aoma.pamva [er] =(5/9) (er—1)/(er +1) // ¥ * AOP to OMA loss
doma-opsk [Vmp = 2Vq] =1
domaopsk [Vmp = Vql =1
doma-oamie [Vmp = 2V,] =1
doma-oamis [Vmp = Vol =1

Equal DD & CH TX modulation drive

VMD-DD(max) = 72 VMD-CH(max)
VMD-CH = Vg



RX Modulation Loss Values

= Aoma = RX PD AOP to average electrical signal power loss, -dB

Mod. loss ER DD Mod. loss value -dB DD DM loss value -dB
variable | dB PAM4 PAM4
0.0 1.3

(o 0)

Aoma-bD 7 1.8 3.0

4.8 3.0 4.3
Mod. loss CH loss value -dB
variable Vb QPSK QAM16

2V,

Aown.ci V. 0.0 0.0



RX Input Referred Noise Current Loss Values

= Ay 2 RX input noise current density loss vs. reference, -dB
=y g £ RX input noise current density

= RX Input noise current density values
Onop o = 12pA/VHz

ON-DD =1

i = 12pA/Hz
Opncnlo = 20pA/VHz
GN-CH — 5/3

DD loss CH loss
value -dB value -dB

AnbD An-cH
0.0 -2.2



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

Ex 1 DD Ideal CH Ideal
TXER = TX Vyp = Vg
ASNRpp.c/2 dB r. loss value -dB r. loss value -dB
Loss Type -- 2 QPSK QAMl6
Apop Aprop /2 1.5
ATx 0 ATx/ 2 0
1 Equallaser DC power 0.0 4.0
2 Equal total input AOP n/a 0.0 f\ZT/ EZC 0.0
3 Equal TX output AOP 0.0 -1.5 -2.8
Link ASMF 4 ASMF/ 2 2
ARrx 0 ARrx 0
RX Aoma 0.0 1.3 Aova 0.0 0.0

- An 0.0 - An 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

2.7 2.7 -1.3 ol E) -2.8 -4.1



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

Ex 2 DD CWDMA4 TFF, CH SiP
ASNR /2 dB DMLTXER =4.8 TX Vyp =V,
DD-CH . loss value -dB . loss value -dB
Loss Type -- PAM4 T
Anop Anop /2
ATx 4 ATx/ 2 7
1 Equallaser DC power 0.0 4.0
: Ac/?2
0.0 0.0
2 Equal total input AOP n/a  Arec
3 Equal TX output AOP 0.0 -8.0 -9.3
Link ASMF 4 ASMF/ 2 2
ARX 2 ARX 4
RX Aoma 3.0 4.3 Aowma 0.0 0.0
- AN 0.0 - AN 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

7.7 7.7 3.7 3.7 -4.3 -5.5



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

Ex. 3 DD CWDM4 TFF, CH SIP
(ECOC’'18 WS EXx.) EMLTXER=7 TX Vyp =V
ASNRyp.cy/2 dB . loss value -dB . loss value -dB

Loss Type -- PAM4 oFsK
AAOP 2.2 AAop/2
X
ATX 5 ATX/ 2 7
1 Equallaser DC power 0.0 4.0
2 Equal total input AOP n/a 0.0 Bl 0.0
+ Atec
3 Equal TX output AOP 0.0 -6.4 -7.7
Link ASMF 4 ASMF/ 2 2
ARX 2 ARX 4
RX Aoma 1.8 3.0 Aowva 0.0 0.0
- A 0.0 - An 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

5.7 5.7 1.7 1.7 -4.6 -5.9



Ex.4: ASNRpp.cy/2 DD PSM4 SIP

Ex 4 DD PSM4 SiP CH SiP
D EN TX Vyp = Vs,
ASNRpp.ci/ 2 dB . loss value -dB . loss value -dB
Loss Type -- PAM4 T
AAOP 2.2 AAop/2
ATx 6 ATx/ 2 7
1 Equallaser DC power 0.0 4.0
2 Equal total input AOP n/a 0.0 f‘ZT/EZC 0.0
3 Equal TX output AOP 0.0 -5.9 -7.2
Link Aswmr 4 Asmr/ 2 2
ARX 2 ARX 4
RX Aoma 1.8 3.0 Aowva 0.0 0.0
- AN 0.0 - AN 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 -9.1 -6.4



Ex.5: ASNRpyp.cr/2 DD CWDM4 SiP

Ex 5 DD CWDM4 SiP CH SiP
TXER =7 TX Vyp = V..
Eehlpman 2 el . loss value -dB . loss value -dB
Loss Type -- PAM4 QFSK ) Qavic
Anop Apop /2 1.5
ATX 8 ATX/2 7
1 Equallaser DC power 0.0 4.0
2 Equal total input AOP n/a 0.0 Bl 0.0
+ Artec
3 Equal TX output AOP 0.0 -4.9 -6.2
Link ASMF 4 ASMF/ 2 2
ARrx 4 ARrx 4
RX Aowma 1.8 3.0 Aowma 0.0 0.0
- AN 0.0 - AN 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



ASNRpp.cy dB Examples, 4dB SMF Link Loss

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

EX. =7 3 BOR sl e tien NRZ - PAM4 - NRZ - PAM4 - NRZ - PAM4 -
# P QPSK QAM16 QPSK QAM16 QPSK QAM16

ldeal TX & RX no loss
1 DDER =, CHvy,=V. 54 -2.6 -5.6 -8.1

DD CWDM4 TFF DML TX
2 | emeri GO 15.4 7.4 -8.6 111

DD CWDM4TFF EMLTX
e 11.5 35 9.3 -11.8

DD PSM4 SiP TX
4 ER=7,SiP CHVyp = V; 9 1.5 -10.3 -12.8

DD CWDM4 SiP TX
5 ER =7, SiP CH vy = V- 1.5 -6.5 -16.3 -18.8



Coherent vs. IMDD SNR Examples Conclusion

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

- EML, DML single A PIN single A Sip
D or TFF, PLC WDM or TFF, PLC WDM
C Power
Constrained  ino1a A SiP (PSM)  single A SiP (PSM) >> SiP SiP
4dB Link Loss WDM SiP WDM SiP ~ Sip Sip
TXOut 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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