Synchronization
Consider the more general AWGN channel model

re(t) = awe(t — 7) + we(t)

v.(t) — transmitted bandpass signal
w(t) — bandpass AWGN signal
r.(t) — received bandpass signal
T — transmission delay
a — channel attenuation
In general, the transmission delay and channel attenuation are unknown, and their effects must be taken into considera-
tion.

Carrier Recovery

Suppose
v.(t) = Re {U(t)\/iejz”f“t}

is transmitted, where v(t) is the complex lowpass equivalent transmitted signal. The received signal is
Te(t) = awe(t — 7) + we(t)

aRe {v(t - T)\/§ej2”f“(t_7)} + w(t)

= aRe {v(t — T)\/ieﬂ”f“temc} + we(t)
where ¢, = —2n f.7 is the carrier phase uncertainty introduced by the unknown transmission delay.
If the transmission delay could be estimated extremely accurately, then it would be possible to estimate the carrier phase
uncertainty. However, since the carrier frequency is usually very large, any slight error in estimating 7 will lead to great
uncertainty about ¢..

Example: Suppose the carrier frequency is f. = 1 Gz, and the transmission delay is 7 = 2 usec. The carrier phase
uncertainty is ¢, = —27f.7 = —4000m = 0 radians. If the estimate of the transmission delay is 7 = 2.0005
usec, the estimate of the phase uncertainty would be ¢, = —27f.7 = —40017 = 7 radians, for an error of 7
radians.

Furthermore, a carrier phase uncertainty will result if there is a carrier frequency mismatch between the transmitter and
receiver. If the carrier phase uncertainty is neglected, reliable data transmission is impossible.
Two basic approaches to carrier recovery are:

1. Pilot signal insertion

— an unmodulated carrier is transmitted with the data-bearing signal
— receiver uses narrowband filter to extract the pilot tone

— use pilot tone for demodulation

— requires additional power to transmit the pilot.

vL(t) = ve(t) + K cos(2n fet)

VI) = Vell) + 00 — f) + 5005 + 1)

Je f



2. Suppressed Carrier Extraction

— extract carrier reference signal from data-bearing signal
— use phase locked loop (PLL), squaring loop, Costas loop, etc ...

Example:
For M-PSK
ro() Mt _power |Te (t)| Bandpass R e(t)| Loop
¢ device Filter QM f, Filter
y(t)
sin(2r M fot + M, (t)) VCO
M power-law

device for carrier

recovery of M-PSK .Fl.fequen.cy
signals Divider (+M)

Received
Carrier

Ignoring the noise component,
re(t) = ve(t)
N,—1
= Y ho(t—nT)Acos(2r fot + ¢ + On)
n=0
where 6,, = %’an is the transmitted phase, ¢, is the phase uncertainty, hr(t) is the transmitted pulse shape,
A is an arbitrary signal amplitude, and N, is the number of symbols transmitted in a packet. The problem is
to estimate ¢., which is obscured by the transmitted data.
- M th—power—la\yv delvji\?e $enerates harmonics of f,.

a

r2(t) = Z Z hr(t — nT)hr(t — mT) A% cos(2m fot + ¢ + 0r) cos(2m fot + de + )

n=0 m=0

No—1
= Z h%.(t — nT) A2 cos? (27 fot + ¢ + 0,,)
n=0

Na—1 42
= > hp(t— nT) 5 [1+ cos(dm fet + 26 + 26,)]
) 1\7;(,:—01 N,—1 , , 44
ra(t) = nZ:O ,;) h(t —nT)hip(t — mT)T [1+ cos(4m fet + 2. + 26,,)]
X [1 4 cos(4m fot + 2¢. + 260,,)]
Na—1 44
= ) hi(t- nT) " [1+ cos(dmfet + 2¢c + 26,,)]?
n=0

= Y hp(t- nT)AT [1+ 2cos(4m fot + 2¢. + 20,,) + cos® (47 fot + 2¢. + 260,)]
n=0

No—1

a A4

§ h(t — nT)T [1+ 2cos(4m fet + 2¢ + 20,) + 5 + § cos(8T fot + 4. + 46,,)]
n=0
In general,

N,—1 A M
r(t) =+ ) by (t—nT)2 (§> cos(2n M fot + M. + M86,)

M
2
) cos(2r M f.t + M. + Mﬂﬂ-an)



Ng—1

Il
H
]
=

n=0

= -+ z(t) cos(2r M f.t + M.)

w0-2(2)" S

depends on the pulse s%ape but not on the actual transmitted data.

[F{re )}

where

2f. 4f. f

— the bandpass filter isolates the harmonic

z(t) cos(2m M fet + M ¢.)
— the output of the multiplier is
e(t) = z(t) cos(2n M fot + M¢.) sin(2w M f.t + M¢C( ))

= ()} [sin(dnM fot + Mge + Ge(B)]) + sin(Mge — bo(1)])]

where ac(t) is an estimate of the carrier phase uncertainty.
— the loop filter (a narrowband filter) removes the high-frequency component, and most of z(t), leaving

y(t) = K sin M{p. — 6.(1)] = K M[p. — $.(t)]

— the voltage controlled oscillator (VCO) produces a sinusoid sin[a(t)], whose instantaneous phase is

1 [t
a(t) =2rM f.t + 7 y(7)dr
where K is a gain constant.
If at time ¢t = t;,
(tl) = 27TMfct1 + M¢c(t1)
then at time t5 > t;

Oz(tg) = 2nM fta + M¢C tl /

= M foty + Me(ty) + / — e(r)]dr

= 91 M fots + Me(tr) + Mg — Pe(t1)](t2 — t1)
Ast— o0, & ( ) = 2aM fot + M.
— the frequency divider output is

sin (27r fot+ &(t))

~ a5t = 00, §e(t) =+ b, (mod 25)
— the phase tracking loop can lock onto ¢, with an offset of any integer multiple of %’T
— these carrier extraction techniques introduce a phase ambiguity that is an integer multiple of %’T
Note: this problem can be overcome by differentially encoding the signal prior to transmission, and differen-
tially decoding the signal at the receiver.



Differentially Encoded M-PSK (M-DPSK)

To overcome the phase ambiguity introduced by the phase tracking loop, differential phase encoding is often
used.
— For traditional (absolutely-encoding) M-PSK, if a,, is the symbol transmitted in the nt* symbol interval,

with a,, € {0,1,..., M — 1}, then the phase transmitted in the n‘® symbol interval is

2
0, = —ﬂan

— For diffentially encoded M-PSK, the phase transmitted in the nt* symbol interval is

2
On =6n_1 + _7ra

n
where 6,,_1 is the %ase transmitted in the previous symbol interval.
— Because of the phase ambiguity, the receiver decides that

5n_1 =60,_1+6, ignoring error
6, =6, +6. due to noise
where 6. is the phase ambiguity, with 8. € {%k ‘ k=0,1,...,M — 1}
— The difference between these two is
en - gn—l = gn + 06 - en—l - 06
= an - on—l
2
= ﬂan
— Taking errors due to noise into account, note that an error in ¢, will cause not only an error in a,, but

also in Gy,y1. As a result, the probability of error for M-DPSK is about twice that of M-PSK.

Noncoherent Receivers

An alternative to carrier recovery

— Coherent Receivers - perform carrier recovery
— Noncoherent Receivers - do not perform carrier recovery

Noncoherent receivers can only be used with certain signalling schemes

(a) Noncoherent detection of frequency shift keying

To

fOT o dt

-

\/ie—ﬂﬂfot
select

re(t) largest

fOT o dt

-

\/ie_jQﬂ'fM—lt
T .
™'m = / rc(t)\/ie_Jzﬂ'fmt dt
0
T .
= / [A\/ﬁcos(%rfkt + ¢e) + wc(t)] Ve~ i2mfmt gy
0
T .
= 2A/ cos(2m fit + ¢ )e I3t gt 4,y
0
T
= A/ [ejzﬂfktej¢c _}_e*jZWfkte*]d)c] e*j27rfmt dt+’LUm
0

T T
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ej¢c . e_j¢c .
A ° [eamfk—fm)T _ 1] +A— [6—127r(fk+fm)T _ 1] +w,
.727T(fk_fm) _.7277(fk+fm)
- 4(6”56 ) [ejfr(fk—fm)T _ e—jw(fk—fm)T] eI (Fu—Fm)T
72n(f — fm

= A

=A

A efj¢c
—j27f(fk + fm

eJde sin(w[f, — fm]T) eI (Fe=Fm)T 4 fe—i%e sin(m[fx + fm]T) e Im Gt fm)T Ly

T(frx — fm) 7(fx + fm)

€j¢c Sin(ﬂ'[fk - fm]T) ejﬂ'(fk—fm)T + Wy,

7T(fk - fm)

I fi — fn = (k—m)Af, = 552 then

T = Ae?®8_ 4+ Wi

and

2

A%5),_ . + noise terms

(b) Noncoherent M-DPSK

re(t)

\/ie*,ﬂﬂ'fct

fTOdt aN Tn A En | Decision
0 Device

rn = VEse?meI% +w,

Ty = TpT
=&,
=&

*
n—1

e/ ntde=fn-1=9c) L noise terms

j2—‘”a .
e/ M ™ L+ mnoise terms

Timing Recovery (Symbol Synchronization)

The receiver must sampl
The receiver must know

e the matched filter outputs at the precise sampling instants, ¢, = nT + 7.

— the symbol rate, 1/T, and

— the transmission delay 7.
For correct sampling, the receiver requires a synchronized clock signal. Several approaches

1. Master Clock

— transmitter and receiver are synchronized to an external master clock

— receiver must

still estimate and compensate for transmission delay

- OKifr<<T

2. Transmitted Clock
— clock signal is

transmitted along with the data

— receiver uses narrowband filter to extract clock signal from data

— good timing recovery since clock signal has same delay as data signal
— requires power to transmit clock, reducing power available for data
— clock signal requires additional bandwidth

) [e—jn(fk+fm)T _ eJ’W(fk-i-fm)T] eIt fm)T gy

an



3. Extract clock signal from received data signal
Early-Late Gate Synchronization

— one possible approach

— based on the fact that the matched filter output is at a maximum at the correct sampling instant:
Example: rectangular pulse

sk

hr(t)

> 1
T

hrr(t)

' T ik

- if T is an estimate of the correct sampling instant, take two additional samples, one at T — & and one at

T+6
— if T < T then

— if T > T then

r(t)

— I/L — > ¢
T-6T7 T4+s 2T

- If |r(f —9)| < |r(f + 9)| then f < T, so the sampling instant should be delayed.

~

— If |r(T — 0)| > |r(T + 6)| then T > T, so the sampling instant should be advanced.

~C§§ JT e dt Sampler lo|
Advance
by &
received Symfbol vee Loop _9" V\(/)I(‘ggg:e
signal Haveform Fitter [ CH. Controlled
enerator Clock
Delay
by &
T
~® Jo edt Sampler o]
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/. ADA PTIVE EQUALIZATION

o The oPﬁmuM MLSE and the Subopﬁmal LE e DFE
assume +hat the channel charmcternfics are knsun.

e But A alwest all  applicatons
(i) the channel 3 unkaswn a priori,
andfsc (7] the chanm el s tHime ~vary in 6_ .

. — ﬂ“hmah‘mld ad\"ust the e_qu.ali%cr coe-(fm’a\'fs écd.j’

1o ophimite the per(omanco. index and o ndagﬁve(a
compan sate fm- the  fme variafims in the channel.

¥ rote 6( convergence
* unp«h‘ffdna( c&mplexha

o Adaphve a(agr.'%ms —
.1 Ifolaf)'h've, Lineacr E?ua(iw

(LIl The %cro‘Forcfn& 74'30!"«%4’\

cheose ica'i t» mnimize :p(E' )

In jo.nera\) there T no Simple compu‘hﬁm‘\‘ algorithm

-
. .
. 'Bu+, -Fpr the _specm‘ cose °'f D° = ) E'-F,‘_I <

(ea& Paﬂ—crn. oven) , cheose icaa such +hat

Go=! and  q,=0 ¥ |&Inl&k.

For this case,

(qily)r oot




| 24
e But E(& I"‘ZJ:) are unkown  (since +he chanael T unkaows ),

. Tfﬂf‘-’”‘:”' A  kaown —fm‘\’ul\d .Sulu.ence. illl —» esitmate the
cross— correlattn E‘(&ILU) "ij subihhi\‘r\a tme  avemgqes

‘F"" t+he ensemble averages.

%cro—-
,Atguéf {Cd3 «H\ro»ﬂk the #b((owi‘aj recursive -{)armula. alaon >
c:j(l“-') . Cq(k)+ Ag" J:—l‘,---, k g "i‘rq?\'\'ﬂ‘d M°"v.
: L' “A“_ ,ij-or

L—» value oF Hhe t uzfﬁ‘aa\f
at += (kd)

(afkr the oeffcient have c.wwerjed

A{’-ler the ‘fm’V\ir\J Pe,nod
switch to  the ‘dectsiom— direcied mode’,

fo their optimal Va(ue})
M Hhis point, +he defector output relfable uouﬂk— ©

coatinue  the ad.ap'l’uﬁ‘o\ process.

(ket) (+) Az T
7Y TN
~ A
Tk
‘f» ) ~ ~ ¥
FIGURE 11-1-1  An adaptive zero-forcing equalizer. e, = <& K' . LE 5 I
Input ' =
w1 L. 4 i o \ S
C—:_, - . . CK .y ’:. "A z - K
D) |—’®
I 2 z
Ay

Detector ——l——v
T ,
& Y Training

sequence
generator

=




L2 The Lms A(Jor-r-H\M—

MSE criteria

re-¢
(Rk+) % (2k4) ) Q_u)x(

. chaanel Flkf
Covariance
motriv ae’f“"m"
(k) i
eq. coefﬁc\mb vector

~
. Copt = _r_‘ T (use an a(don’ﬂm lite Lew'o\son-owm)

e Or, matix TavecsTOL can be pcr&rmcé l"l'tf«‘h"we(d

we  S+eepest descent (ﬂmdtcvd-) aldo (+he stmplest (feratve a(’.)

() choose an o\f‘bih“ar. Co.

)] \ quodrat. MSE skgaa A e
&, (2ke1)- dimensional space
S
- Gg
(i)
Ek« = Sk— Agt , L:O,('Z'...
where G _LAJ-[-'C Q’--E’(V)
_k=—‘lj&-———l‘_— € Vi
=k
veche [
_ received signa
(W) conbaue antil Gy =9 Juaiplcs 7

. In 3a\ua\, Ton (£)  caanet be achived with aﬁ‘hﬂc ‘F%( steps m the
steepest  descent alyo. thwever, can be doszb “PPde‘Ld-

[

Gee dcfencb on .C and r_(. . __r_'and 14 dcpcnd on f{)}
- J
But we d + k 11
u W 0 Nne AdDW iﬁ} !

=i

3z




. Use- estimades °-F the aﬁxdia\{‘

A oA .
Sha :gk‘Aék

A
where QL = - e“_!‘:
c c iy st-mean-s ware) alag
- —C—LQ‘ = _C_L + Ai'k\—rh. av l—m’ Cl” 1 J

(.sbd\asﬁc qra dient )

FIGURE 11-1-2  Linear adaptive equalizer based on MSE criterion.
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FIGURE 11-1-4  Initial convergence characteristics of the LMS
algorithm with different step sizes. [From Digital
Signal Processing, by J. G. Proakis and D. G. Manolakis,
1988, Macmillan Publishing Company. Reprinted with
permission of the publisher.)
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