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Digital Modulation

o Digital Modulation is the mapping of a digital (usually binary)
seguence into a set of analog signals.

3 A block of k bits is mapped into one of M = 2k signals s,,,(t) where
1 < m < 2*. M is the modulation order.

@1n this way it is possible to transmit k bits of information every T sec
and as a result to increase the transmitted bit rate.

k k k
e, e,
10...1 00...101...0... >  Modulator > 5 (1)




Digital Modulation

aDifferent modulation schemes (s,,(t)) can be used:

o PAM = Pulse Amplitude Modulation

o PSK = Phase Shift Keying

o QAM -2 Quadrature Amplitude Modulation




Digital Modulation Formats

o PAM: Pulse Amplitude Modulation

Sm(t) = A, cos(2nf_.t) (a) M =2
Ap=01,..(M—-1) 00 01 T 10

(b)yM=4

M = 2: On Off Keying (OOK)
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Digital Modulation Formats

o PSK: Phase Shift Keying

g 3
m 010 ¢ on 001
A S
(BPSK) 110 000
401 11 100
$ 101
11 00 M=8
- - (Octal PSK)
$ 10
M=4
(QPSK)
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Digital Modulation Formats

o QAM alternative representation

Amplitude
Modulation
in the
Q-arm

Sm(t) = Re[r, (t) exp(jgom(t))]

n(®) = 9(0) [F + 03 —

Amplitude
1 Qm - RE;ii?lE Modulation
— - —_— in th
¢m(t) = tan™" | - o
m




Quadrature Amplitude Modulation (QAM)

“Quadrature Amplitude Modulation (QAM) is the most common
advanced modulation scheme

2 Depending on the multiplicity of the digital signals, m, the resulting
QAM will have 2™ possible states

m=2 QPSK

m=4 16 QAM
m=6 64 QAM
m=8 256 QAM




Optical Transmission Channel

Dual Polarization 16-QAM Coherent Transmission Link

Binary The Optlcal
28Gb/s 4-Level Channel
28Gbaud Lol Binary
16.0AM : : 16-QAM 28Gbaud | s
28Gb/s 28Gbaud DP 16-QAM 0P 16-QAM 28Gbaud . :
-Q 28Gbaud: 28Gbaud Optical | ggz‘;\/fs

oA Coherent
28Gbaud Receiver

Modulator 16-0AM
28Gbaud

224 Gbit/s

4-Level 28Gb/s

Binary 28Gbaud [ |
28Gb/s

DAC: Digital-to-Analog Converter
ADC: Analog-to-Digital Converter
PBC: Polarization Beam Combiner
PBS: Polarization Beam Splitter

X-Pol —— Digital Signal
We can also modulate two orthogonal polarizations, —— AnalogSignal
doubling the spectral efficiency (e.g. DP-16-QAM 8 bits/symbol) — Optical Fiber




Phase Modulation

o Phase modulation depends on the wavelength A,
electrode length (interaction length) I, and the

electro-optic substrate change of the effective refractive index An,.

/ o Considering only the Pockels effect, the change of
u(t) { the refractive index can be assumed to be linear

w.r.t. the applied external voltage u(t):
En(®) é E @)

waveguide electrode

21
opm (1) = e Angpp(t) -l ~ u(t)

@ The most important specification given is V,: The
voltage required to produce a phase shift of m.

Transfer Function:

. 'll(_f)
Eout(t) = Ejn(t) - ej(pPM(T) = B (L) €j Va !




Mach-Zehnder Modulator (MZM)

o Two phase modulators can be placed in parallel using an
interferometric structure.

ul(tl) o The incoming light is split into two branches, different
T L phase shifts applies to each path, and then recombined.
o The output is a result of interference, ranging from
* constructive (the phase of the light in each branch is the
same) to destructive (the phase in each branch differs by
E,(t) / = \ | E..(t) )

_>

e
\ £/ Transfer Function:

Eour(t) 1 ( jor) ejwzm)

) E;n(1) B 2

u,(t)
’ where: ¢1@) = ul(t)m 2(1) = uz(t)n

T V7T2




Mach-Zehnder Modulator (MZM)

o Push-Push Operation

w.(t) o ul(t)=u2(t)
1
_’. O Pure phase modulation
T o Push-Pull Operation

—— o ult) = -u2(t)
E. (¢) 8% o Pure amplitude modulation
_>_/< ?>\__,
\_==1]// Transfer Function:

T Four@® _ 1. (741 4 ¢7020)
@ Ein(t) .

u,(t)
’ where: ¢1() = u‘ll(t)n, @2(1) = i

T V7T2




Mach-Zehnder Modulator (MZM)

o When operating in Push-Pull with u1(t) = -u2(t) = u(t)/2, the field (E) and power (P) transfer
functions are (the power T.F. is obtained by squaring the field T.F.):

1.0 T | T
st \//\\ /[ _
Epui (t) = Ejp(t) - cos M = Eju(t) - cos u(t)” | | |
- 2Vz s s s
[ J ) ] S— Lo -------------------------------- VA —
Pou: (t) | I u(t)
— —" A —_ — p— — : H :
P 2 + > cos (Agmzm (1)) > -+ 3 COS( 7 ”)
| A B I -
— Field Tranfser Function
—— Power Tranfser Function
1.0 i i i
-2V, -V, 0 V, 2V,
u(t)




Mach-Zehnder Modulator (MZM)

o Set bias voltage at quadrature point (V, . = -V, /2) and modulate with an input voltage
swing of V_ peak-to-peak.
— Pure amplitude modulation (On-Off Keying)

Quadrature
Operation at the quadrature point 1

1.0
0.5 . /\/\ T~

operating

point V, /
0.0 ; .

Ve In-Phase

-0.5
—— Field Tranfser Function
—— Power Tranfser Function
10 | i |

2V, -V, 0 A 2V
u(t)




Mach-Zehnder Modulator (MZM)

o Set bias voltage at minimum transmission point (V... = -V, ) and modulate with an input
voltage swing of 2-V_peak-to-peak.
— In addition to amplitude modulation, a phase skip of it occurs every time the
input, uft), crosses the minimum transmission point (example: BPSK).

) .. . ) hase =t Quadrature hase =0
Operation at the minimum transmission point P A P

1.0

0.5

| /

operating point - —

R 2V )
T /2V n In-Phase

n

-0.5
— Field Tranfser Function
—— Power Tranfser Function
10 ; ; ;

-V, 0 vV, 2V
u(®)

2V

1




Optical IQ Modulator

o Dual-Nested IQ (In-Phase, Quadrature) Mach-Zehnder Modulator (with each MZM biased at
minimum transmission point).

Optical IQ modulator

® Single, push-pull MZM modulating the In-Phase component
Uy

Eou(® |1 (Aq)z (r))l - (Acpg(r))
E.@) |2 2 b 2

Ag(r) = u(/(t)ﬂ, Apg(t) = ”(‘Q/(r)n.

E, (t) E_ @)

out

‘l'/ﬁ

/uPM:—V,,/z "uQ(t) N\

1t/2 phase shift




Optical IQ Modulator

o Dual-Nested IQ (In-Phase, Quadrature) Mach-Zehnder Modulator (with each MZM biased at

minimum transmission point).

Optical 1Q modulator Principle of IQ modulation
4 () Q)
T ¢
! l-__--_-_-__'A ------------

Amplitude

|
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Opftical IQ Modulator

o Example: If we apply 4-level Pulse Amplitude Modulation (4-PAM) signals on each MZM (u, and
Ug), the resulting output of the IQ modulator is 16-QAM.

Optical IQ modulator ~
1

—— | - ®:0 ¢ ®
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E, (t) E ) ® 010 O -
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Dual Polarization Transmitter

o A Polarization Beam Splitter (PBS) is used to split the light from the Tx laser into two orthogonal
polarizations, each of which is modulated by an IQ-MZM.

o A Polarization Beam Combiner (PBC) recombines the two signals at the output.

Optical 1 modulator

u,(t)
I 1
*

Tx Laser 1 ==
eI to single-mode fiber @
*//’1 PBS PBC [—

A

Optical 1Q modulator

)
T 1
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Direct Detection

o In intensity modulated formats the digital information is recovered through direct
detection at the optical receiver, through a photodiode that converts the power of the
optical carrier into electrical current. The photocurrent at the output of the photodiode
is proportional to the square of the signal amplitude:

I;p x Eg-Es = (Asej(wstﬂp)) : (Ase—f(wst'i'fp) ) — Ag
E. (1) Intensity
L (@)

o This results in loss of phase information, and is therefore unsuitable for advanced
modulation formats that use the phase dimension to encode data information.




|Q Demodulation

o An 1Q demodulator mixes the received modulated carrier with a Continuous Wave (CW) Local
Oscillator (LO), and a 90-degree shifted version of the LO - i.e. with cos(2rtf,,) and -sin(2rtf,,)

o If f,o=f., the signal is downconverted from the carrier frequency down to baseband, and the in-
phase and quadrature components can be recovered.

o |ts functionality is to essentially obtain the complex envelope (and therefore, the data) of a
modulated carrier.

I/IQ Demodulator

LPF >

Received modulated carrier (frequency = f,) i

I(t)-cos(2nf t) + Q(t)-sin(21tf t) -90

LPF >




90 degree hybrid

o In optical communications, the IQ demodulator is called the 90 degree hybrid. It is used to beat
(mix) the signal (E,) with the LO (E,,), as well as the 90 degree shifted version of the LO.

3 dB couplers + 90° phase shifter

- —> > Eours
>< > Eour;

- = Eourq
—>[90°]—> —> Eours




90 degree hybrid

o In optical communications, the IQ demodulator is called the 90 degree hybrid. It is used to beat
(mix) the signal (E,) with the LO (E,,), as well as the 90 degree shifted version of the LO.

Power, frequency and phase of optical carrier Modulation amphtude and phase (QAM datal)
£, --
Phase noise of Tx laser
EIO (f) — ()J (@1t +910) (,](07110 (1)

3 dB couplers + 90° phase shifter
Signal Field
local E,p = -><
Oscillator Field

>[5~

’ EOUTS _ i 1+10
Es (T) -+ Elo(f) Iignal +

> Eour1 ([0 | T [E0 T 7E()]| Signal + 90°

outs &) 7 | EsU) — Ep(T | shifted LO

q EOUT‘ _EOUI4 (T)_ _ES (I) - jE10 (f)_
! EDUTE




Coherent Detection

o After detection of the outputs in balanced photodiodes the in-phase and quadrature components
of the data signal (referenced to the CW local oscillator) are recovered.

\ —Eoml (I)— i Es (f) -+ Elo(f) fi
Eu (1) P Eou, (1) | _ 1 | Es(t) + jEio(r)
Data i (T) Eour3 (1) 2 Es (L) — Elo (1)
Signal Field : | Eoura (F)_ |Es () — jEi0(?) |
E; (1)
—_—

‘ I1(t) = R - Eour (1) - By (1) — R - Eouys (1) - B (1)

E, (1 :
o (1) = R\ P P, a(r)|esezo cos [Awt + ¢u(t) 4+ ¢o 4[ Q)|+ isn; .

Local
Oscillator Field

(1)
(7)

Quadrature
IQ (f) IQ(f) =R- Eourz (1) - Ezmz (t) = R- E0m4(t) d Ezum(r)

= R\/Ps Pio|a(t)|eser, sin [Awr + on(t) + @o (P(f)] G = fslrg

Eout (r)
; BD




Coherent Detection

o After detection of the outputs in balanced photodiodes the in-phase and quadrature components
of the data signal (referenced to the CW local oscillator) are recovered.

I1(t) = R - Eour, () - Egyy (1) — R - Eoury (1) - Egyp (1)

outy outs

= RV Ps Pip a(t) esejo cos [Awt + @u(t) + o + @(t)] + isn, .

EO“II (T)

In-phase

Data I,(1)
Signal Field ! Io(t) = R - Eoury (1) - Egyp) (8) — R - Eouury (1) - Egyy, (2)
Es (f) ({) l = R/ Ps Py a(t) esej, sin [Awt +€0n(f)+§00+¢(7)]+ishg
Elo (T)
(1) Quadrature
I y N
LOZE:?IIator Field Quadrature Q = a(®)sin(p(®)) |........ a(t)e?®
1,(1)
Eout4 (7) BD , > In-Phase
I = a(t)sin(@(t))




Polarization Diversity Coherent Receiver

o Two coherent receivers are employed to detect the two orthogonal polarizations of the received
signal (the polarizations are separated using a Polarization Beam Splitter).

90° optical hybrid, X polarization

90°

signal —— i

90° optical hybrid, Y polarization
local 2 E .
oscillator

90°

I;(t) — 1,(t) < 2R ,P?Plo -a(t) - cos[dwt + ¢ () + ¢, + @(1)]

172

ae;  Q,(t) — Q,(t) x 2R fpgpla -a(t) -sin[Awt + ¢, (t) + @, + @(t)]

I3(t) — I4(t) < 2R/ PSP, - a(t) - cos[Awt + ¢ (t) + @, + @(t)]

3714

%% Q3(t) — Qu(t) x 2R\ PSP, - a(t) - sin[Adwt + @ (t) + @, + @(b)]




Carrier Frequency Offset and Phase Noise

o In coherent optical systems, intradyne reception is employed: The Tx and LO lasers are not phase locked with each other
(c.f. with homodyne reception, where the Tx and LO oscillators are locked to each other, usually with a Phase-Locked Loop
circuit).

o Thus, they can have slightly different wavelengths, and due to the laser linewidth, uncorrelated random phase noise.

o The resulting baseband constellations after the coherent receiver exhibit:
o A constant (or slowly varying) rotation, proportional to the frequency offset of the two lasers.
o Rapidly varying, small rotations due to the combined laser linewidths.

After ADC sampling

"N . .

v 3 PR T,
oot BT e 300 TS
e LY - . "':“ £

1e
g ¥
o,

(]

<

E R A

= -8 .

E &7 Frequency Offset .

>4 .

o o ‘: \

2 s it
+ .

'g £ . 39

g o Phase Noise R

0 [ H '..’

N

ey e
s
FH 4.

P A

IRTLRT r LS

+ .~3‘:fo};' ﬁzg‘-:....fr,, .
4%

In-Phase Amplitude




Optical Fiber Transmission Impairments

o Chromatic (Intramodal) Dispersion

o The refractive index, n(w), is frequency dependent. Since the group velocity is v, = ¢/n(w), it
depends on the refractive index, and therefore is also frequency-dependent.

o Lasers are not ideal monochromatic sources. Each information-carrying pulse contains a number
of spectral components that travel at different group velocities through the fiber.

o The amount of the dispersion is proportional to the spectral width of the optical source.

TSt o The digital pulses provide envelopes for the spectral
2 ‘ content of the laser source.
Original data 4 1 0
Sheam m Tme o For a Tx containing a range of wavelengths AA, each
spectral component propagates with different velocity
Spectral components through fiber length L, arriving at different times at the

dispersed in time
Pulse spreading 4

Rx and causing pulse broadening of At ps:

Received data ﬂ’ IJ Atq= D-L-AA
pattem/ 3 ‘
: \ A ~. "™ o Dijsthe chromatic dispersion coefficient (ps/nm-km)
Intersymboli interference




Optical Fiber Transmission Impairments

o Polarization Mode Dispersion (PMD)

o Polarization mode dispersion (PMD) appears due to variations in the material and the shape of
the core along the fiber length. Deviations give rise to the birefringence effect and the creation of
two distinct orthogonal polarization modes (principal states of polarization, PSP), causing single-
mode fibers to effectively become bimodal.

o The two polarizations see different refractive indices, and therefore travel at different speeds,
causing a differential group delay, DGD between the slow and fast axes.

PMD distorted optical signal

SlowerPSP  + Y £

Ideal cylindrical

Asymmetric ﬁ,ber core

internal stress

Polarization Mode Dispersion
.

“
Deviated elliptic
e s Faster PSP okt

Principal polarization states
(PSP) concept

(b)




Optical Fiber Transmission Impairments

o Polarization Mode Dispersion (PMD)

o The two polarization modes exchange the energy through the mode-coupling process during fiber
propagation, caused by the external perturbation due to bending, twisting, lateral stress, and temperature
variations.

o The degree of birefringence (B = [n, - n,|) changes randomly along the fiber, and we have a stochastic
rotation of the polarization states and a stochastic distribution of energy among them.

o Thus PMD causes stochastic pulse spreading.

o Light polarization is analyzed using complex representation and the Jones matrix, which connects inputs and
outputs carried over principal polarization states:

Power splitting of the

Delay acquired in the path signal between the 2 PSPs
/ & _
/2
Ex,out Ex,in ge _ \/-l@ Ex,in
e [J] . ——
E

E

7 / f —jAT/2
y.out y.in 1 ;. é’ é’e Ey,in




Digital Signal Processing

Polarization
Demultiplexing
and PMD
compensation

Symbol
Clock
Recovery

Erom ADC Dispersion

Compensation

oWhy Use DSP?

o We use lasers as oscillators for the Tx and the Local Oscillator in the
Rx, with intradyne detection (Tx and Rx are not phase locked).

o Unlike typical RF oscillators, it is not easy to perfectly lock two lasers
in frequency and phase (e.g. with an electro-optical PLL), which is
needed to demodulate the signal.

o Digital implementation of the phase locking is possible (e.g. a digital
PLL or other techniques), but the baudrates (10-32 GBaud) at which
optical systems work require huge processing power in the digital
electronics.

o Thus, even though coherent intradyne detection is an old concept
(1992 paper by Derr), it has been impractical until now.

Compensation

Frequency
Offset

1290

Carrier
Phase
Recovery

Symbol
Detection
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Coherent Optical QPSK Intradyne System:
Concept and Digital Receiver Realization

Frowin Derr

Abstract— One major advantage of a coherent optical trans-
mission system in relation to a direct system is the frequency
selectivity which makes it suitable to cohefent optical multichan-
nel systems, e.g., for HDTV-broadcasting. In order to keep the
subscriber front-end cheap, optical realization expense should be
low and be replaced as far as possible by an electrical realization.
Moreover, it should be aimed at a digitalization of the receiver
functions to make an integration possible.

The paper presents a receiver concept based on optical qua-
ternary phase shift keying (QPSK) and a digital realization
of b demodulation including phase P
To keep the signal processing bandwidth low a phase diversity
receiver—in the following called an intradyne receiver—with an
o ] electrical d is proposed. Basic principles
of the synchromous orthogonal and digital demodulation are
described. After the evaluation of the shot neise limit some aspects
of the digital phase-locked loop are presented. In a realized
100-Mb/s transmission system a receiver sensitivity of —51.6 dBm
has been measured. The loss in relation to the shot noise limit of
—66.3 dBm (18 photons/bit) is mostly due to the low local laser
power and the influence of the receiver input noise.

I. INTRODUCTION
N robust and integratable realization will be one of the
key features of future subscriber front-ends for use in
coherent optical multi-channel systems [1]-[3]. The expense
fa aatinal canbicatinn Abasdd bo deami o o o

TABLE 1
COHERENT OPTICAL TRANSMISSION SYSTEMS (IF = [NTERMEDIATE
FREQUENCY; B = BANDWIDTH OF BASEBAND SIGNAL)

system IF spectrum L
homodyne -0
Optical
PLL
-B B
intradyne j I ¥ <B
~IF-B 1F+B
heterodyne ¥>B
-IF IF-B_IF IF+B

seems to fit better in the usual scheme of homodyne and
heterodyne systems (see Table I) as it implies the fact that
the intermediate frequency (IF) lies within the bandwidth B of
the baseband signal. According to Table I the respective [F-
spectrum consists of two overlapping spectra. The intermediate
frequency may be any frequency—even zero—and should be
small in relation to B to keep the processing bandwidth low. 1t
H 1. o that in h, d d i d. i




Digital Signal Processing

Dispersion Symbol DPoIaIrl.zalt o Frequency Carrier
: Clock emultiplexing Offset Phase

Compensation .
: Recovery and PMD, Compensation Recovery
compensation

Symbol

From ADC Detection

oWhy Use DSP?

o Recent developments in high-speed ADCs and ASICs have enabled the use of real-time DSP
algorithms to demodulate Gbit/s coherent optical signals.

o By DSP processing it is possible to compensate for the “incoherence” (frequency offset and phase
noise) of the Tx and LO lasers.

o Advanced RF/wireless comms concepts finally applicable for ultra-high speed optical comms.

o State-of-the-art: 100 Gbits/s optical transceivers are a commercial reality and deployed by major
telecom operators today (DP-QPSK at 25 Gbaud symbol rate).




Digital Signal Processing

Polarization
Demultiplexing

Frequency Carrier
Offset Phase
Compensation Recovery

Symbol

Symbol
Clock

Detection

Erom ADC Dispersion

Compensation and PMD

Recovery !
compensation

oWhy Use DSP?

o DSP can also be used to compensate for link impairments:
o Chromatic Dispersion (CD)
o Fiber nonlinearities
o Bandwidth limitations

o Higher rates and longer transmission distances

o Universal transceivers using the same hardware in all parts of the network; rate and format is determined by
the software.

o More transparent and upgradable networks

o Lower cost




Digital Signal Processing

Symbol Folarization Frequency Carrier

Dispersion Clock Demultiplexing Offset Phase

Compensation .
: Recovery andiEVD Compensation Recovery

compensation

Symbol
Detection

o The received signals from the photodiodes of the coherent receiver need to first be sampled.

o According to Nyquist, we need to sample at at least twice the symbol rate of the signal. E.g. for 28
GBaud we need at least 56 GSamples/s (2 samples/symbol).

o N.B.: The sampling rate (Rx) clock is asynchronous to the Tx clock. We are not sampling at the
optimum pulse height, and the two clocks are not phase locked.

Optical Electrical




Digital Signal Processing

Symbol Folarization Frequency Carrier

Clock Demultiplexing Offset Phase

Symbol
Detection

Erom ADC Dispersion

Compensation .
S Recovery andiEVD Compensation Recovery

compensation

o Chromatic Dispersion is a linear phenomenon, and deterministic (a function of the fiber
characteristics, and length).

At,=D - L-AA

o The fiber transfer function (considering only C.D.) is an all-pass filter (magnitude unchanged,
while the phase is a function of w).

Saerth

Fiber dispersion
coefficient

Angular
frequency (21tf)

Fiber length

Wavelength




Digital Signal Processing

Dispersion Symbol Polarl.zatno.n Frequency Carrier
From ADC P Clock Demultiplexing Offset —

Compensation .
S Recovery andiEVD Compensation Recovery

compensation

o Taking the inverse Fourier Transform of the frequency domain transfer function yields the time-domain

transfer function. .

AT
G(l, w) =exp(— D ——1I
(I, ) =exp(-] e 2 )

C . Jc
JDA" = DAz

o This can then be easily approximated by a complex-coefficient FIR filter operating with 2 samples/symbol
that reverses the effect of chromatic dispersion (needs a negative sign in the exp() expression above).

x[n] - z—‘ - z-‘ - z—‘

Symbol
Detection



Digital Signal Processing

Symbol Polarization

D ltiblexi Frequency Carrier
Clock emultiplexing

Symbol
p Offset Phase De‘;ection
Recovery ail PMD, Compensation Recovery
compensation

Erom ADC Dispersion

Compensation

o After CD compensation (i.e. pulse dispersion is reversed), it is possible to acquire the clock of the data stream.

o The Tx and Rx symbol clocks are not synchronized. Since the ADC clock starts sampling at an arbitrary point in time, the
samples it will obtain do not coincide with the optimum sampling point on the received waveform.

o The symbol clock recovery algorithm finds the symbol clock frequency, selects the optimum sampling point and
resamples the data accordingly (normally outputs 2 samples/symbol).

[llustrating mis-timed
ADC sampling
(1 sample/symbol)




Digital Signal Processing

Symbol Polarization

D ltiblexi Frequency Carrier
Clock emultiplexing

Symbol
p Offset Phase De‘;ection
Recovery ail PMD, Compensation Recovery
compensation

Erom ADC Dispersion

Compensation

o The Tx and Rx symbol clocks are not synchronized. Since the ADC clock starts sampling at an arbitrary point

in time, the samples it will obtain do not coincide with the optimum sampling point on the received
waveform.

o The symbol clock recovery algorithm finds the symbol clock frequency, selects the optimum sampling point
and resamples the data accordingly (normally outputs 2 samples/symbol).

After sampling time
correction, we obtain
samples at the optimum
points (the middle of the
pulses)




Digital Signal Processing

Symbol Folatization Frequency Carrier

T Symbol
Clock Demultiplexing Offset Phase y

Detection

Erom ADC Dispersion

Compensation .
: Recovery ANEVIE Compensation Recovery

compensation

o After acquiring the right symbol clock for each polarization, we have two signals (1 on each polarization), but
with mixed data due to the rotated state of polarization (see PMD slide).

Ex,our _ [J] —Ex,in \/ZejArlz = «‘/1 — ; Ex,z‘n

Ey,out Ey,in \ 1- 4 \/Ze‘JAT/ 2 Ey,in

)§—polarlization Y—polarlizatiop

0.707 - — 0707 |-

Quadrature amplitude
o
T
|
Quadrature amplitude
o
T

-0.707 [~

e
3
=}
Q
T

-0.707 0 0.707 -0.707 0 0.707
In-Phase amplitude In-Phase amplitude
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o We need to estimate and reverse the effect of the Jones matrix.
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From ADC

o We achieve this using a so-called FIR butterfly structure.

o Adaptive equalization is used (the Constant Modulus Algorithm is common) to find the optimum FIR taps
that will find invert the Jones matrix for our channel.

o Because PMD is stochastic, the FIR filter taps are constantly being updated with every received symbol, to
mitigate the effects of dispersion. =
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o The result: Two signals which are separated (but are rotating due to carrier frequency offset and phase
noise!).

)I(-polarlizatior]

W L

\(-polarlizatior}

!‘;..‘- g

0.707 [~ 4 0.707 = 4

Quadrature amplitude
o
Quadrature amplitude
o

-0.707

<)
~
o
N

-0.707 0 0.707 -0.707 0 0.707
In-Phase amplitude In-Phase amplitude




Digital Signal Processing

Symbol Folarization Frequency Carrier

Erom ADC Dispersion Clock Demultiplexing Offset Phase

Symbol

Compensation : Detection
: Recovery and PMD, Compensation Recovery
compensation

o Frequency offset estimation and carrier phase recovery rely on the same principle: The idea is to estimate
the rate of rotation of the constellation diagram, and then remove it.

o For frequency offset, the rotation we are trying to estimate is (more or less) constant.

o For phase noise, it is more rapid and needs to be tracked on shorter time scales.
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o For QPSK, the most common approach for carrier recovery is the Viterbi-Viterbi 4t" power algorithm.

o It essentially removes the modulation from the signal, leaving us with the carrier alone (a single, rotating
point in the IQ plane).

o 1t is then straightforward to remove this rotation.
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From ADC Detection

o For QPSK, the most common approach for carrier recovery is the Viterbi-Viterbi 4t" power algorithm.

o It essentially removes the modulation from the signal, leaving us with the carrier alone (a single, rotating
point in the IQ plane).

o 1t is then straightforward to remove this rotation.
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o Finally, we can slice the received constellations using appropriate thresholds, and detect the
symbols (and bits) transmitted through the fiber.
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