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Background: CH vs. DD Signal, ECOC'18 WS

Pep.s.ch - Prosop = Arxop - Arxcn/2

+ Arxop - Arx.cH
+ Aswr/2 - Arec

Ex. Client Optics

®* EML TX w/ TFF WDM Mux intrinsic loss: 5dB
® PIN RXw/ TFF WDM DeMukx intrinsic loss: 1dB
® SMF FR loss budget (4dB) /2: 2dB
® Coherent SIP TX intrinsic loss /2: 7dB
® Coherent SIP RX intrinsic loss: 3dB
® TEC loss 4dB

Direct Detection has 6dB higher signal for client optics
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Introduction: Critical Datacenter Spec is SNR

CWDM4 As 1km SMF Spec Limits
s LOA 1271nm (1264.5 to 1277.5nm span)

Amin = 1264.5nm and Aer_gispersion_max = 1324nm:
e Dispersion = -6 ps/nm

e PMD = 0.5 ps

o Loss =0.47dB

s L3 A 1331nm (1324.5 to 1337.5nm span)

Amax = 1337.5nm and A, gispersion min = 1304nm:
e Dispersion = 3 ps/nm

e PMD = 0.5 ps

e LOSS = 0.43dB

= Inside the Datacenter, link impairments are minor

s TX/RX signal path loss and Link total loss (connectors,
SMF, other passives) drives SNR, and TX/RX architecture
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Direct Detection (DD) Signal Path

Intensity Mod TX Direct Detect RX

Po ® : ™ L’ isigo * ...
® M Prx  SMF PRrx M
X
X

Po

Po Mux DeMux isigr + ...
A2 A2 ,
IS T
Po % A |
Isiga T ...
OTx AsmF ORrx 'pD
Qaopr Qave
Pintx = 4 Po Prx = Usmr Prx
Prx = A1x Qaop PiN-TX Prp = Orx Prx/4

Isic = Qava 'pp Ppp
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Direct Detection (DD) Signal Path Variables

Do = Input POP (Peak Optical Power) reference

Pintx = 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 = TX total output AOP

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

Orx = RX path intrinsic loss

Pep. F'ep = RX PD input AOP, responsivity

0, = PD AOP to average electrical signal power loss vs. er
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Direct Detection (DD) SNR

?sm; 2 RX PD signal current

Isic = Gave 'pp Ppp
Isic = Aave Qrx Asme Arx Aaop b Po

Iy = RX Input referred noise current; all sources
ay 2 RX input noise current loss vs. reference
Inp: lo = RX Input noise current density, reference
BW £ RX input noise current bandwidth

iy = inp VBW
Inp = Oy g
iy = ay ip VBW

snr = (ig,g / 1y)?
Vsnr = Oavc Orx Osme Orx Aaop ep Po/ (O I \/BVV)
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Coherent (C

1) Signal Path

Coherent Mod TX
TE; ® TE, TE; %—» it & e
PIN-TX TEq ® TEq PTx SMF)  PRrx TEq %’ Isig1 + ...
DeMux Mux DeMux
TM| ® TM| TM| %’ is|(32 LA
TMQ ® TMQ Vo TMQ %’ is|(;3 £
OTx AsmF QRrx 'pPD
Oaop Og QLo Oave
PiN-LO
Pintx = 4 OLs Orec Po Prx = OsmEe Otx
Prx = Ug Qrx Apop PiN-TX Prprx = Orx Prx/ 4
Pin-eo =4 (1 - arg) Grec Po P.o = PiNn-Lo

PrpLo = A oPo/4

Isic = Oave 'pp 2 \/(pPD-Rx Prp-LO)
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Coherent (CH) Signal Path Variables

P, =2 Input POP (Peak Optical Power) reference

aTEC 2 Input POP loss due to laser TEC current

a, s = TX Input POP loss due to (1- a,g) split with LO input
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

0g = TX optical gain (ag = 1 if no amplification)

P = TX total output AOP

aSMF 2 Link total power loss (connectors, SMF, other passives)
Prx = RX total input AOP

P o 2 RXLO input AOP

Ory, 0,0 = RX, RX LO path intrinsic loss

Prp. rF,D 2 RX balanced PD pair input AOP, responsivity
0, = PD AOP to average electrical signal power loss vs. MD
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Coherent (CH) SNR

|SIG 2 RX balanced PD pair signal current

isic = Aave M'ep 2 V(Ppprx Ppp-Lo) COS(P)
cos(CD) 21
Ous = 1/2, 00 = Opy

lsic = Oave ORrx \/(GSMF Og Oy Aaop) Orec Mpp Po

Iy = RX Input referred noise current; all sources
ay = RX input noise current loss vs. reference
Inp: o = RX Input noise current density, reference
BW £ RX input noise current bandwidth

Inp = Oy 1o

iy = ay ip VBW

snr = (igig /i)
vsnr = Uave Orx \/(GSMF Qg O1x Oaop) Orec Mpp Po/ (O o \/BW)
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SN = Oayg Oy Asme Orx Oaop Tep Po/ (G ig YBW)

VSNl = Oave Grx V(Asyr O Orx Aaop) Orec Fpp Po/ (O ig YVBW)
'pp-ob = pp-cH

BW,, = BW,.,

V(shrpp/ SNrcy) = Gave-pb Orx-ob AsmF Orx-pp Xaop-pb ON-cH

[ Oave-cH ORx-CH \/(GSMF g O1y.cH Qaop-cH) Arec An-DD
A £ loss in optical -dB

A = -10log,4(a)
ASNRpp.cy = SNRpp - SNRy = 10log,4(sSnrpp / snrep)
ASNRpp.ch/2 = - (Apopop + Arxop + Aswie)

+ (Arop.ch T Arxen T Ag T Ague) 1 2 + Aree

- (Aave-op ¥ Arxop - An-op)
+ (Aavech T Arxch - Anch)
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Summary DD vs. CH: ASNRyy -, dB

Equal laser Equal total Equal TX
4dB SMF Link Scenarlo input AOP output AOP

NRZ- | PAM4-| NRZ- | PAM4- | NRZ- | PAM4 -
.

Ideal TX & RX no loss 26
DD ER=«, CHMD =V,

DD CWDM4 TFF DML TX

2 |ER= A8 SPICHIMD= Vs 15.4 7.5 86 -11.1

DD CWDM4 TFF EML TX

3 ER=7 SPCHMD=V. 11.5 3.5 93  -11.8

DD PSM4 SiP TX

4 ER=7,SPCHMD=V, 2 1.5 -10.3  -12.8

DD CWDM4 SiP TX
5 | e s sFcH w1 1.5 6.5 163 -18.8
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Conclusions DD vs. CH: Relative SNR

Direct Detection SNR Coherent SNR

NRZ / PAM4 SNR QPSK / QAM16

: Relation .
Implementation Implementation

X RX X RX

EML, DML PIN
single A or single A or

Application

Jmwa - qREPLC TRRPLC 77 = SiP
4dB SMF Link /P WDM

DC Power single A single A . .

constrained SiP SiP >> SIP SIP
WDM SiP WDM SiP = SiP sip

Inter
Datacenter An PIN o - cip
DC Power y

Unconstrained
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Direct Detection vs. Coherent in the Datacenter

The author would like to thank Thang Pham, Facebook, for detailed review
and comments, and for SNR insight, and Mike Frankel, Ciena, for detailed
review and comments, and for Signal & LO Same Path insight in Appendix 1

Thank You
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Appx. 1. Coherent Sighal & LO Same Path

Coherent Mod TX
TE; ® TE TE %—» s & e
PIN-TX TEQ ® TEQ PTtx SMF PRX TEQ %’ iSlG‘l E o
DeMux DeMux
™, ® ™, ™, %—» s & oo
SMF pLO

TMQ TMQ TMQ i3|G3 o R

PIN-LO ® %

QX OsmMF QRrx 'eD

< GdnoP 96 dio OAVG

PinTx = 4 Opg Orec Po

Prx = Ug Orx Aaop Pin-TX

Pin-eo =4 (1 -a.g) Grec Py

Isic = Oave 'pp 2 \/(pPD-Rx Prp-LO)

Prx = Usmr UG Orx Aaop Pin-Tx
Pep-rx = Orx Prx /4
PLo = Usmr g Urx Gaop PiN-LO
Pep-Lo = OoPo/4
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Coherent Signal & LO Same Path ig g

I 2 RX balanced PD pair signal current

i = GAVG lpp 2 \/(pPD-Rx Prp.Lo) COS(P)
cos(P) £
as = 1/2, O‘Lo ORrx

lsic = Oave Orx Osvir O Orx Oaop Orec Mpp Po

Equal DD and CH Signal & LO Same Path input AOP

Pin-obtx = PinchH-x T Pin-cH-LO
results in equal DD and CH Signal & LO Same Path ig,

Ipp-sic = lch-sic

The Coherent Signal & LO Same Path is for insight only.
It is not used in DD vs. CH ASNR comparisons.
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Appx 2: ASNRyp. 4 = SNRp - SNR Calc.
ASNR ;)] 2 =
- Anop-DD + Anop-cr/ 2 II'TX
- Arx.op + Arxcnl 2 II'TX
-(-Ac/2)  +Arec /I TX Scenario
- Agur + Ag] 2 I/ Link
B ARX-DD + ARX-CH /I RX
- Aave-pD + Aave-cH /I RX
-(-Avop)  t (-Ancn) /I RX
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TX Modulation Loss

" Oropr Apop = TX Input POP to AOP modulation loss;

linear, -dB

Onop-NRz [ET]

Onop-NRz [ET]
Opop-pama4 €]
Oaop-pama4 €]

AaoP-oPsk
AaoP-oPsk
Aaopr-0amie L

Aaopr-0ami1s L

2V ]
Vol
2V,

V]

=(er+1)/(2 er)
=1

=(er+1)/(2 er)
=1

= Equal DD & CH TX modulation drive

MDpp-max
MDcyy

= %2 MDcyi max
p— VTr

/[l Mod. TX
/[l DML TX
/[l Mod. TX
/[l DML TX

3 March 2019
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TX Modulation Loss Values

" Oxopry Apop = TX Input POP to AOP modulation loss;
linear, -dB

mod loss ER DD mod loss value -dB DD DM loss value -dB

AAOP-DD 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

Anop-ch 1.5 2.8

V

11
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TX Signal Path Intrinsic Loss Values

Oy, Aty 2 TX path intrinsic loss; linear, -dB

DD loss value CH loss value
: -dB -dB
Implementation
1 ldeal TX & RX 0 0
no loss
DD CWDM4 TFF DML TX, RX
2 CH SiP E I
3 DD CWDM4 TFF EML TX, RX 5 14
CH SiP (ECOC’18 WS Example)
DD PSM4 SIP TX & RX
4 CcHsiP £ =
DD CWDM4 SiP TX & RX
°  CHSP £ L
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TX Scenario

" Orgc, Argc = TXcy Input POP loss due to laser TEC current;
linear, -dB

" Og, Ag 2 TXcy optical gain
In ASNRyp_ch
Ag TXcy optical gain = - Ag TXp optical loss
= Scenario 1: equal laser DC power (40% efficient CH TEC)

iLaser-bias-DD = iLaser-bias-CH + iLaser-TEC-CH
Og £1
= Scenario 2: equal TX & LO total input POP (no CH TEC)

A

PiN-TXxDD = Pin-TxecH T Pin-Lo-cH
A

OteC =1

Og £1
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TX Scenario, cont.

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

A
Prx-pD = Prx-cH
A1xop T Anop.op = Ac T Arxch T Anopch T Als T Aree

A

Urec =

Atec =0

a, s 2 1/2

-Acl2 = ((Arxcr + Asop-cr t 3) - (Arxop *+ Anor-op)) / 2
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TX Scenario Loss Values

Otecs Aree 2 TXqy Input POP loss due to laser TEC current;
linear, -dB

" dg, Ag 2 Ag TXy 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 Arec 4
2 Equal total input AOP -Ag/2 0 Acrec 0
3 Equal TX total output AOP  -Ag/2 formula Arec 0
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Link Loss Values

" Ogue Agye = Link total power loss (connectors, SMF, other
passives); linear, -dB

= Standard datacenter link loss budget

AswiF =4
DD loss CH loss
value -dB value -dB
Asmr Aswr/ 2
4.0 2.0

3 March 2019 23 FIN ISAR



RX Signal Path Intrinsic Loss Values

" Ogry, Aryx = RX path intrinsic loss; linear, -dB
O o A o = RX LO path intrinsic 10SS; 0, 5.cy £ Orx.cH

DD loss value CH loss value
Implementation -dB -dB

1 Ideal TX & RX 0 0
no loss

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)
DD PSM4 SiP TX & RX

4 cHsip 2 4

5 DD CWDM4 SiP TX & RX 4 4
CH SiP
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RX Modulation Loss

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

" 0.5 = TXinput POP loss due to (1- a,g) split with LO input

" Oavenrz (€] = (er—1)/(er+1)
Opve-pama L€T] =(5/9) (er— 1)/ (er + 1)
" Oave-gpsk ;2Vn] =1
UavG-opPsk ._Vn] =1
UavG-Qamie :ZVn] =1
Oave-oamis [Val =1
= Equal DD & CH TX modulation drive
MDpp_max = 72 MD¢pypmax
I\/IDCH = V'IT
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RX Modulation Loss Values

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

Mod loss DD Mod. loss value -dB DD DM loss value -dB

4.8 3.0 4.3

Mod. loss CH loss value -dB
variable QPSK QAM16

Anve-c v 0.0 0.0

11
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Coherent Unequal SIG/LO Split Loss

" s Ap s 2 Unequal SIG/LO split a, ¢ # 72 loss; linear, -dB
UaLs =2V(as(1-a))

O s 2 1/2

AnLs =0

A s £ 2/3

AALS =0.3

AVG CH AAVG CH AALS
CH loss value -dB
moc oo | @e=12
variable
QPSK QAM16 QPSK QAM16
Aavecn vn 0.0 0.0
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RX Input Referred Noise Current Loss Values

" Oy, Ay 2 RX input noise current loss vs. ref.; linear, -dB
" iyp o 2 RX input noise current density, reference
Inp = ay I
= RX noise current density values
IND-DD = 12pA/VHz
UN-DD =1
i = 12pA/VHz
N = 20pA/Hz
On.cH = 5/3
DD loss CH loss
value -dB value -dB
An-pD AN-CH
0.0 -2.2
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Ex.1: ASNRyp /2 ldeal TX & RX no loss

=X 4 o T MD ea\l/
— o _
ASNRpp.c /2 dB r. loss value -dB . loss value dB
---
A 3.0 Anop/ 2
™ A . A2 0
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 1.5 2.8 0.0
Link AsvEe 4 Asme/ 2 2
Arx 0 ARrx 0
RX Anve 0.0 1.3 A avG 0.0 0.0
- Ay 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

2.7 2.7 -1.3 -1.3 -2.8 -4.1
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Ex.2: ASNRyp., /2 DD CWDM TFF, DML TX

Ex 2 DD CWDM4 TFF, CH SiP
ASNR /2 dB DMLTXER =4.8 TXMD =V_
DD-CH r. loss value -dB . loss value dB
---
T Anop 0.0 Ancp/ 2
Arx 4 Arx /2 7
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 8.0 9.3 0.0
Link AsvEe 4 Asme/ 2 2
ARrx 2 Arx 4
RX Anve 3.0 4.3 A avG 0.0 0.0
- Ay 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
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Ex.3: ASNRyp.cyy/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

---
o Anop Anop/ 2
Arx 5 Arx /2 7
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 6.4 7.7 0.0
Link AsvEe 4 Asme/ 2 2
Arx 2 ARrx 4
RX Anve 1.8 3.0 A avG 0.0 0.0
- Ay 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

5.7 5.7 1.7 1.7 -4.6 -5.9
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Ex.4: ASNRyp.,/2 DD PSM4 SiP

EX. 4 DEI)'XP EE{A : S7iP TXCI\I;IIDSiPV
ASNRpp.c /2 dB r. loss value -dB . loss value dB
---
T Anop Apop /2
Atx 6 Atx /2 7
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 AsvEe 4 Asme/ 2 2
ARrx 2 ARrx 4
RX Aavc 1.8 3.0 A ave 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 -5.1 -6.4
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Ex.5: ASNRyp /2 DD CWDM4 SiP

Ex 5 DDT(§<V\é[;{M47SiP TXC|\I;|IDSiPV
ASNRpp.c /2 dB r. loss value -dB . loss value dB
---
T Anop Apop /2
Arx 8 Arx /2 7
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 4.9 6.2 0.0
Link AsvEe 4 Asme/ 2 2
Arx 4 ARrx 4
RX Anve 1.8 3.0 A avG 0.0 0.0
- Ay 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
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