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Impact of synchronization errors (1) =8
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Impact of synchronization errors (2)
» Timing error 2 :
BPSK, « NRZ »filter > _ E
» Maximum timing jitter is o
determined by the E
implementation loss in the e E
link budget. _ N

Synchronization (SC, Gaussian)



ENSEEIHT Demodulation

» Functions to be implemented
(1 Baseband conversion
1,Q generation
Carrier recovery
L Timing recovery

(A Matched filtering
dDemodulation/decoding
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ENSEEIHT Analog demodulators

TELECOM

» Typical analog demodulator architecture

PLL : baseband conversion + carrier frequency/phase correction

data

IF input
I —w Decoder —»

PLL | Timing

correction

PLL : baseband conversion + carrier frequency/phase
correction

Timing correction : FF/FB structure AFTER PLL
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Digital demodulators

A digital demodulator 1s NOT the sampled version of the
equivalent analog demodulator.

—> Specific algorithms suited to digital implementation have
been developped.

Main differences between digital and analog demodulators:
» Down conversion is INDEPENDENT from phase recovery
» Timing recovery is performed BEFORE phase recovery

Synchronization (SC, Gaussian) 8



Receiver input signal

y(t) =Re (x(t)ezf'”fot ) + Re(n(l‘)ezjﬂfot )
x(t) =Y dh(t — kT - 7)

k
@(t) = 27Aft + @,

f, : carrier frequency, Af :carrier frequency uncertainty

O, : phase offset, T : timing offset
d, : emitted symbols

h(t): emission filter (wideband channel assumed)
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Baseband signal generation (1) =S

» Analog implementation

- LPF [ Real part
] —1::) fO

/2

4’@ LPF [—— Imag part

This process can be digitally implemented

(DAF : digital ant1 aliasing filter)
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Baseband signal generation (2)

» Digital implementation (1)

s(t) 1s the real received passband signal (allocated bandwidth :
FI, centred at {,=FI)

s(t) / Sy o Sd *2 X
Fe=4FI

FI A Hpg(I

LN

o | Fe/8 Fel4 £
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Baseband signal generation (3)

» Digital implementation (2)

() /

ho(n)

/

!

F_=4Fi

T

+/-1

_Z—n -
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é X Re(x(n))

Im(x(n))
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Likelihood functions (1)

r(t) =x(t)+n(t)
x(t)=e’* DN d, h(t— kT —71)
k

@(t) = 27Aft + @,

p(T,) : signal observed during a period of duration T,

O = {%» Af,z, {dk}} Vector of unknown parameters

D = {@O»Aj} T, {C;’k }} Vector of parameters estimates

Synchronization (SC, Gaussian) 13



Likelihood functions (1)

A(®) = Pr(p(Ty)/ D)

In Gaussian channel:

O

A(cp)_exp[— [r@)—s(z, cp)| dt]

s(t,®) = AezJ”Aﬁ”% S d h(t—kT —7)
k

s(¢,®): signal replica

Synchronization (SC, Gaussian)
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ENSEEIHT 2 Likelihood functions (2)

Sub-optimal likelihood functions :
- DD : Decision Directed
- NDA : Non-data aided (depends on modulation)

These sub-optimal likelihood functions are derived for
timing, phase and frequency.

Synchronization (SC, Gaussian) 15



Likelihood functions (3)

Timing :

Lyps (%)= Zk:‘]?(k»f)‘z

r(t)

h*(-t) p(k,7T)

|

kT +7

Timing recovery 1s performed prior to phase recovery

Synchronization (SC, Gaussian)
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Likelihood functions (4)

Carrier phase:
» DD likelihood function

Lpp (@)= Zk:&k Re(p(k, f)e_j¢)+ Zk:I;k Im(p(k, f)e—jé)

»NDA lokelihood function for general rotationnaly
symetric signal constellation (27t/N symetry)

Lyps (@) = RG(E(dZN)%,PN(k» f)eﬂwj

Synchronization (SC, Gaussian)
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ENSEEIHT 2

Likelihood functions (5)

Examples of general rotationnaly symetric signal constellation

A

/./

\
L

QPSK N=4

Im{z}
A

® *® L] L
1000 1010 0010 0000

® e 11 e °
1001 1011 0011 0001
! i 4 —» Re{z}
3 1 |41 3
o o I e °
1101 1111 0111 0101
3

® ® 1 L [ ]
1100 1110 0110 0100

16QAM N=4
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Likelihood functions (6)

» Carrier frequency recovery
OAM

- j[27zAfkT+go}

2
L({ak},Af,go):;‘dk‘ +2;Re plk,P)d}e

PSK

- j[zymfknga]

L((a).Af,0)= ;Re pk,f)d e

Synchronization (SC, Gaussian)
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Carrier phase recovery : DDMLFB (1)

Derivation of detector expression from Likelihood function

d 3 L.
;LDD(Q)) =0forp=¢
P

= Y Im(d; p(k,#)e 7 ) =0 for p=¢
k

= u(k)= Im(a’;p(k, f)e_j(b) is a phase detector

Synchronization (SC, Gaussian)
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Carrier phase recovery : DDMLFB (2) [E=5

S curve (example for QPSK)

=> Phase ambhionitv (solved bv nsine differential encodin Q/decoding)

Detector S curve
80

60— ................... ................... ...................
AL s .................. ................... ..........

20

0,

Detector output

-20+

.1 | O .................. .................. ...................

B0 e RN S

-80 i i i i I i i i i
-100 -80 -60 -40 -20 0 20 40 60 80 100
Phase error
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Carrier phase recovery : DDMLFB (3) =5

DPLL

p(k,P)

a4

l

decision

phase detector

<

1/(z-1)

F(z)

Synchronization (SC, Gaussian)

22



Carrier phase recovery : DDMLFB (4)

Other possible detectors
pk,7)=wk)
ul(k)=1m(w*(k).sgn{w(k)—ﬁk}J
u, (k)=Im c:’;}{w(k)—c;’k}

(k) =1m d;.csgn{w(k)—c?kﬂ

,(k)=Im c;’,t]sgn{w(k)—c;’k}
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Carrier phase recovery : DDMLFB (5) E=8

Phase equivalent scheme

¢

VA

A
¢

F(z)

1/(z-1)

H(z)= P(2)
¢(z)
2B, T = #cﬁH(z)H*(z‘l)@
2jr ’ z
E. /N,
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E===arrier phase recovery : NDAMLEFB (1) 53

Example for QPSK

d 3 L.
;LNDA«D) =0 for p=¢
P

4
= Zlm({p(k,f)e_m} jz 0 for =@
k

= u(k)= Im({p(k, f)e‘j¢}4j is a phase detector
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E==m=arrier phase recovery : NDAMLEFB (2)

Detector S curve

Detector output
[an]

4 i i I I I i I i
-100 -80 -60 -40 -20 0 20 40 60 80 100
Phase error
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Carrier phase recovery : NDAMLFB (3) =S

p(k,7)

Y

l

>

decision

phase detector

1/(z-1)

F(z)

Synchronization (SC, Gaussian)

27



Carrier phase recovery : NDAMLFF (1) 28

> Suited for burst transmission

» Two types of structures : block window, sliding window
» Example for QPSK

4
Zlm({p(k,f)e_m} ):O for ¢ = ¢
k

= (ﬁzlArg(Zp4 (k,f)jJrkﬂ
4 T 2

—> Phase ambiguity (kz/2)
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Carrier phase recovery : NDAMLFF (2) 28

« Sliding window » estimator

p(k;P)

decision

—>

Delay (L samples) 4’@*

Exp(-] .)

>

]

Phase estimator (*)

(*): averaging over 2L+1 samples

Synchronization (SC, Gaussian)
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E=== arrier phase recovery : NDAMLEFF (3)

> « Block » estimator

p(k,P)

> Delay (L samples)

decision

>

-

Exp(-] .)

Phase estimator (*)

I

|

hold —

Synchronization (SC, Gaussian)
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FF structures vs FB structures

» Advantage

= No acquisition time

» Drawbacks

= Smaller B; T => higher jitter, higher cycle slip
probability

= Sensitivity to frequency deviation

Synchronization (SC, Gaussian)
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Timing recovery (1)

Lyp(F)= 3 pk,7) = %R& (p(k,7))+ %Imz (p(k,7)

7 Ivpa (7 =25 Re(p(k, ) [ Re(p(k,£)+ 25 Im(p(k, ) g I p(k )

—Derivative vs timing 1s approximated by a difference

Re(p(k,T))cRe(p(k+A,T))—Re(p(k—A,7))
Im(p(k, 7)) oc Im(p(k+A,7))—Im(p(k—A4,7))

Synchronization (SC, Gaussian) 32



Timing recovery (2)

Gardner:
A=1/2 => detector output is independent from carrier phase error.

GA(k)=Re(p(k+1/ 2,f))+Re( p(k,7))—Re( p(k—l—l,f))}

+Im( p(k+1/2,f)){ Im(p(k,7))~Im(p(k+1,7 ))}

caractensticue du detediour
T

sorlia du detecteur

33



Timing recovery (3)

Matched Fractionnal 12 o DPLL
a L
filter delay
7 s I
TED
P
Loop is implented by
updating filter  polyphasing the
matched filter

Synchronization (SC, Gaussian) 34



Timing recovery (4)

» S curve (Gardner, quantized)

effel e la quantificatian
0.z ' b T T T g

- — ' ______________ L Y o v e S

E— pas=Ta/8

QO5k o0 e ........ .......... ............. [ I [| =

sartie du delecteur
[ ]
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ENSEEIHT 7 Timing recovery (5)

» Timing estimator (Oerder and Meyr)

B L L-1N-1 L 2 jmn
T__E Vg kzz;)’;)‘p( 9n)‘ €
plk,n)= p(kT+nT/N)

where N 1s the number of samples per second

Example : N=4

1
ﬁArg

L-1 3 2
> > |p(kn) jn}
k=0n=0

Synchronization (SC, Gaussian)
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Timing recovery (6)

Implementation of Oerder and Meyr

L-1 L-1

D Ao ~[ptk, 2+ D {lpte0f ~|pk,3)f |

k=0 k=0

%Arg

’ﬂ| N

]

]
& | [ | [

Rs

4 Rs

271t /Ts

Rs/K

< CZ MmO

~
[

/4)

]
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Frequency recovery : general

» Feedback structures

* « Frequency » detectors

= « Time » detectors

» Feedforward structures

= Type 1
" Type 2

Synchronization (SC, Gaussian)
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Frequency recovery:FB structures (1)

» « Frequency » detector (1)

VCO

SME__ 4 x)
2Rs FED
v
FMF
y(n)
F(z)

Synchronization (SC, Gaussian)

e(n)
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Frequency recovery:FB structures (2)

» « Frequency » detector (2)

SMEF : signal matched filter : g(t)
FMF : frequency matched filter : -2jmtg(-t)

e(n)=Im(x(n)y*(n))

A simpler filter (SFMF) derived from FMF can be used
(g(t)=-J sgn(t) g(-t)

Acquisition range : +/-(1+0)R,

No prior timing correction required

Synchronization (SC, Gaussian)
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pad

Frequency recovery:FB structures (3) E=

ecole nationale
supérieure des
téldcommunications

¢
LR
1 l,"f\.'\.f,\ lll.-"\fﬂvlfw “
I 1 My 1
0.4

frequency in H=z

= el
frequency derived filter E gf{t)
Ed galt)

: 7 :
:a'_ .................................... Lo IERRES L S

A AT

| [
0.8 0.8

index {4 samples/s)
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Frequency recovery:FB structures (3)

> « Time » detectors

Any estimator can be used as a time detector.
Frequency offset range 1s +/- R/M
Timing has to be corrected prior to frequency detection

1 sample/symbol 1s sufficient.

Synchronization (SC, Gaussian)
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Frequency recovery:FF structures (1)

> Bellini
N N
= Yie |/|8xT Y i2
N -

=> Cycle slip

o.: unwrapped phase

» RCFE (reduced complexity frequency estimator)

M

27Z'AfT Arg Zd [ . k—DJ

r.= plk,)

Large D leads to better
performances but to
lower frequency range.

Synchronization (SC, Gaussian)
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TELECOM

Digital demodulators (1)

FILTRE EST / CORR EST / CORR EST / CORR ;F |
ADAPTE RYTHME FREQUENCE PHASE

Typical FeedForward Architecture

§——— RECUPRYTHME
— = CORR. »| FILTRE ADAPTE ' > RECUP PHASE |—» =
FREQ INTERPOLATION

T— RECUP FREQUENCE [

Typical Feedback Architecture
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Digital demodulators (2)

Choice of algorithms depends on specifications such as:
» Acquisition time (=> FF/FB structures)

» Maximum frequency deviation (=> frequency circuitry

needed)
» Eb/No (=>use of TD if low)

Synchronization (SC, Gaussian) 45



Digital demodulators (3)
- TED
e

Ead
e &
—»  ADC ™| DAF -pfggr?ggt?gﬁ-hﬁ%};ﬂﬁgﬁ *2--...

E er
®s | A e Y

F

Y
FED

phase
comection

ksl

Example: Receiver for TCM (in cooperation with CNES)

Synchronization (SC, Gaussian)

decoder ™
[Rs
D
phase
ermor
detector
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Advanced topics

» Evolutions of input specifications (for satellite
communications)

*Low Eb/No (use of efficient coding schemes such as
Turbo-Codes and LDPC)

*Bursty transmission

 Large frequency deviation (low-cost terminals, non
GEO sat.)

» Critical function : phase recovery (classical algorithms
fail)

» There 1s a need to develop new synchronisation schemes

Synchronization (SC, Gaussian) 47
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