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Optical Power

Intensity of light-> brighiness

Decibel (dB) is a log ratio between two values

-10dB: 1/10t" of something, -20dB: 1/100%
10dB: 10x of something, 20dB: 100x

Optical power expressed in dBm: decibel relative to 1mW of power

OdBm = 1mW
-10dBm = 0.1mW 10dBm = 10mW
-20dBm = 0.01mW 20dBm = 100mwW



Chromatic Dispersion

Different colours (A) of light travel at different
speeds inside the fiber
« Longer wavelengths bend less - travel faster

« Arrive at different times at the destination!
« Longer distance, bigger time difference ~ broaden Source: KeyStageWiki

« This time difference (CD) is measured in ps/nm
Jﬂm}\_, (il
Problem with dispersion:

« As pulses becomes broader, they overlap each other cui EEE i e BE B2 Bit1 Btz Bt Bit2
« Difficult to distinguish the two signals ~ b/t errors! | A
« Limits the bit rate, or distance for a specific bit rate ‘

700nm

400nm

Source: FOA




Signal Quality

(O)SNR (dB): Signal-to-Noise Ratio
- (log) ratio of usefu/signal power to unwanted noise power

-~ Higher OSNR: cleaner signal, easier to detect!
« Long distance amplified links create noise = higher noise floor
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(O)SNR & Bit Errors

Bit Error Rate (BER) _ no. of error bit.s ‘recei?zed
no.of transmitted bits
BER = 107"

- One error bit rx-ed for every 1 billion bits tx-ed!
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> Higher OSNR: cleaner signal, easier to detect i e Dt el ., ey St
Os and 1s > lower BER | AR NR
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— Lower OSNR: noisier signal, harder to make | B s & B\ S
out Os and 1s > Higher BER B TN R
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Source: ResearchGate



(O)SNR - Phase and Amplitude Errors

16-QAM Constellation
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Forward Error Correction

FEC adds extra hints [redundant parity bits] to the transmitted data

- Helps the receiver reconstruct the original message ~ without retransmission
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Source: ChatGPT, Aug 6, 2025

In practice:
—>Allows working with lower OSNR
—>Go longer distance with bad signal/link quality!




Modulation & Symbol (Baud) Rate

We still live in an analog world:
 Light - electromagnetic wave
« Digital signals (0,1) need to be encoded into analog waves

| Amplitude
Amplitude

Source: MathlsFun

Source: Physics Openlab

The rate at which we modulate a signal is “"baud” rate

« symbol rate per second
~ flashing torch bright or dim 10 billion times/sec



Bit Rate & Baud Rate

Optics began with the simplest coding schemes:

1 Level
NRZ (ASK/OOK) most common ,"'.'.
of the optical wave is modulated! L r_A . Ay ,
- — S 0 Level
« Encode per transmitted Source: Intel
- High optical power (presence of light) - oRa LN
 Low optical power (absences of light) - ]
Bit Rate = Baud x Modulation il Tl Al ol M Tt

Eg: =50x1=



To achieve = Higher Bit Rates

Keep increasing the baud rate?

« Higher baud rates su/7er due to dispersion at longer distances
« Higher baud rates mean wider channel sizes =2 more spectrum




Higher Bit Rates with Direct Detection?

bits PAM4

PAM4 (Pulse Amplitude Modulation 4-level) . -
+ encode 2 bits per symbol (22=4) AR KK
Bit Rate = Baud x Modulation W o SRhG_
- Eg: 50Gbaud = 50 x 2 = 100Gbit/s oo l

But the signal amplitude (eye):

« 1/3 of NRZ
 Sensitive to noise 2> /lower OSNR = higher bit errors

« Not suitable for longer distances




Higher Data Rates @longer distances?

Besides Amplitude, light also has other
» More properties per carrier (to encode data) - Higher the data rate

* Position of light wave in its cycle.

« We can use and >
encode more bits per symbol.

Source: https://mathsisfun.com



https://www.mathsisfun.com/

Phase & Amplitude

Quadrature Amplitude Modulation (QAM):
« Modulates the amp/itude of two carrier signals > owut of phase by 90°

16QAM Amp - 100% lf/on‘lo/

« 16 different amplitude and
phase angle to encode data &%’

Amp Phase Data
33%  45° 1111
33% -135° 0101
100% 135° 0010

0101 1101

[2% ~ encode 4 bits per symbol]

-135°

Source: Flexoptix




Bit Rate = Baud x Modulation
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Higher (and higher) order Modulations?

L
—>The distance between symbols determines the /mmunity to noise °
—>The distance to the origin determines the required signal power

N
:

If energy of constellation to remain same, the o ole o o] Bk 4
points must be closer: ALK cece ssce
» More susceptible to noise (lower OSNR=> higher BER) e eole e cocslecee
o Limits the distance/reach e ele e cecelcsse

16-QAM 64-QAM




Hmm.. then what?

Besides Amplitude & Phase, we can also use Polarization
- Direction of the Electric field (E)

g

v‘ o 3D Glasses
1 A \ Direction of
. '- propagation P,
Polarized lens filters out the 5 polariz ~ ' "
reflected horizontal light ~ NS o ‘]
R A
s N
X . T

Source: Physics Openlab

Source: Progressive Glasses

Source: Cable Wholesale




Polarization = Coherent Optics

Send two independent orthogonal polarized waves
* Do not interfere > double the bit rate!

16-QAM Modulated Signal

Single Polarization Dual Polarization
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o
Source: Shape Science X
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Source: Flexoptix



How to Decode?

Recap: direct detection receivers can ONLY detect the intensity/amplitude changes!

Need Coherent Receivers:
« Signal detection improved (gain) using a local oscillator (laser)

« The reference signal is mixed coherentl/y with the incoming signal
- Reconstruct the Amplitude and Phase information per polarization

et |,
[ Detector |

»
»

Reference Signal

Reference Signal
-
[ Detector | Q.

Digital Signal
Processor (DSP)

A/D Conversion

Polarization Splitter

Reference: NPTEL-NOC IITM




Bit Rate = Baud x Modulation x Polarization

16-QAM DP-16QAM
\\
e o0 o \\
50 Gbaud ~ 1~ 200 Gbit/s _A 400 Gbit/s
60 GBd . 480Gbit/s
(75GHz) 240Gbit/s (400GbE~ 425Gbit/s)




Bit Rate = Baud x Modulation x Polarization

16-QAM DP-16QAM
\\
e oo o \\
118 GBd P P _ A 944 Gbit/s
(150GHz) e ols o LH720DIt/s (800GbE ~ 850Gbit/s)




DSP makes it possible!

Error . . q TX spectrum
* Framer [==»| correction —L oL e s e _L D/A Optical *

coding mapping insertion conversion X

Digial Signal Processor Source: Effect Photonics

Error
* y ] Signal Adaptive Dispersion |« RX spectrum A/D - *
De-framer 4— Correction 4— ‘ equalization 4— e 4‘ Optical

de-coding mapping compensation conversion RX

» Signal mapping:
- encode data into/decode data from - amplitude, phase and polarization

- Pilot signal insertion e oleo o

» Error Corrections, Dispersion compensation ¢ oo o
» (Probabilistic) Constellation shaping Lo f|e o

« D/A conversion (vice-versa), etc



- Coherent Pluggable Optics

800G ZR/ZR+ pluggable OSFP
DSP 305

28nm




Current Interval [04:27:17 Mon Oct 20 2025 - 0@4:

Parameter

CO(Short)[ps/nm]
DGD([ps]

RX PWR[dBm]

TX PWR[dBm]
OSNR[dB]

RX CHAN PWR[dBm]
ESNR[dB]

LASER BIAS[mA]
FREQ OFF[Mhz]

SOP RATE[krad/s]
PDL[dB]
SOPMD[ps”2]

EC BITS
UC WORDS

Parameter

PREFEC BER

POSTFEC BER
Q FACTOR[dB8]
Q MARGIN[dB]

1132.00
2.00
-10.10
-4.03
26.30
-13.04
15.30
223.09
404 .00
.00
0.40
39.00

223.09 223.09
419.92 436.00
0.00 0.00
0.50 0.60
58.35 84.00

.66e-03 7.50e-03

.00e+00 ©.00e+00

.83 .90
.91 .00

Source:

DrukREN 400G ZR+ test (October 2025)

40:23 Mon Oct 20 2025)

Visible on
Routers &
Switches
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Coherent Pluggables - IPoDWDM

Unamplified, Dark Fiber

400ZR+ (15dB budget) ~ 40Km
100G ZR+ (21dB) ~ 80Km

Single or Multi channel

E ﬂ 400ZR ~120Km ﬂ a

Amplified, point-to-point DWDM

Mux/Demux 400ZR+ >120Km Mux/Demux
Amplifier Amplifier
o 5
S . ‘\Q. _
iy b

Multi channel

CEt—————C——TC0

Inline amplifiers
~1000Km
With multirate ZR+ : 300G, 200G, 100G for longer reach and worse OSNR

Source: iiii|iiiﬁﬁiiiiiiiimiiiiiiiiiiiiiiiiii-ii

Full featured DWDM
systems



https://www.flexoptix.net/en/blog/400g-zr
https://www.flexoptix.net/en/blog/400g-zr
https://www.flexoptix.net/en/blog/400g-zr

OIF 400ZR and OpenZR+ MSA

OIF 00zR enZR+
Reach ~120Km > 120Km
Client 400GbE Only 100-400GbE multirate
Application Campus, Metro DCI, Regional, Long-
haul
FEC C-FEC oFEC
Max Power ~15-20W ~18-20W
Form factor QSFP-DD/OSFP QSFP-DD/OSFP
Max TX power -6dBm -10dBm/0dBm
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