Part 3 Voiceband Modems and DSLs



Voiceband (PSTN) Modems

Modem to/from an ISP over Public Switched Telephone
Network (PSTN)

B The connection from a home to the central office
(coined as local loop) remained analog nowadays.

B Example Study
Symmetric modem (1991): V.32

Analog ISP
Analog modem
modem
W/\ PSTN
_ -
U Upstream Downstream
ser
(analog) (analog)
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Voiceband (PSTN) Modems

Two modulation schemes of V.32

B Nonredundant coding
2 inputs =2 2 code bits in QPSK

4 inputs =2 4 code bits in I6QAM

B Trellis coding
4 inputs = 5 code bits
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Voiceband (PSTN) Modems

scheme

V.32 16-QAM = Hybrid amplitude/phase modulation

Least significant bit Q4,n

Q3,n

Q2,n —

Most significant bit Q 1,n

\ 4

Table-
lookup
ROM

I 16QAM
2.n ma
-» pper

4

[2,n—1

kll,n—lT_

T

]

T

|, a, x-coordinate of 16QAM

|, b, y-coordinate of 16QAM

Quadrant code

Difterential Encoder
(T = symbol period)
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Voiceband (PSTN) Modems

Q1. @, Phase change
0 0 90
0 1 0
1 0 180
1 1 270

Example Q;,Q., =10

Quadrant code: 10

r—~ ¢2
~

~

Quadrant code: 11

Qg)nQLL,n — O]_ ’I \\:‘ ’——n\
Ip—1lo oy =11 I, de[~Qe”
‘\1011 1001 1110 1111
Previous quadrant code = I ,_115 ,—1 = 11 % |
: | dr2
= First Quadrant . il o /
Q 1610 1000 | 1100 1101/
QLHQZ,?I = 10 — A I AN
: 3d2 a2 a2 3d/Y
= Rotate 180 degree counterclockwisely = /— 7 J
= I1,nd2n =00 (See the Table above.) / 0001j 0000 | 0100 011'(\)
/
Q3nQ4n =01 ! 3d)2 "
= An = —3 B.IId bn = =] \\ 0611/,@0.1&\ 01.01 01.11 'l
Se_v

Operational example at the receiver

Quadrant code: 00

Quadrant code: 01

Il. - II'.ZJL—] Q]..'.-(J'Z.n (33..'.'Q-1.n constant 90° error f] ..'.'fQ.n (33..'.'@-'1,71
11 10 01 (=3,—1)— (1,—3) 01

00 10 10 (1,3) = (—3,1) 10 10

11

(é Ln Q?.u

— 10
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Voiceband (PSTN) Modems

[0 V.32 Trellis coding = Hybrid

90-degree rotational

amplitude/phase modulation invariant with respect to
scheme : 4 dB coding gain over 0s,=Ys3,and 0,,=Y,,.
16 QAM at high SNR y
4.n
LSB Q4,n >
Y. 3.n _
Q3,n g __, a, x-coordinate
I Y, | 320AM of 32QAM
2, >
Q2,n — Table- —— (3,2) Y., Mapper . b , y-coordinate
lookup I . Convolutional = of 32QAM
MSB Q1,n ——» ROM — encoder Y 0.1,
IZ,n-l [l,n—lL Tj
T

Differential Encoder
(T = symbol period)
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<
3

()>,, Phase change

[\

0
180
270

90

_ = O O
_ o = O

TABLE 2/V.32

Differential encoding for use with
trellis coded alternative at 9600 bps

11 <— 00

l !

01 — 10

Previous
Input Output
Output
Ql,n QZ,n Il,n—l IZ,n—l [l,n—l [2,n—1

0 0 0 0 0 0
0 0 0 1 0 1
0 0 1 0 1 0
0 0 1 1 1 1
0 1 0 0 0 1
0 1 0 1 0 0
0 1 1 0 1 1
0 1 1 1 1 0
1 0 0 0 1 0
1 0 0 1 1 1
1 0 1 0 0 1
1 0 1 1 0 0
1 1 0 0 1 1
1 1 0 1 1 0
1 1 1 0 0 0
1 1 1 1 0 1
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Voiceband (PSTN) Modems

Rotationally invariant

B “Rotation” of the constellation points must be “invariant’
with respectto Q05 , = V5 ,and O, , =Y, .

the rotational angle between signal points corresponding to
abc00 and de f00
is exactly the same as that of
abc01 and def01
abcl0 and def10
abcll and def11,
where a,b,c,d, e, f € {0,1}.
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YouY1nYonYsnYan ¢2 For every (000xx) to (111xx),
90-degree counterclockwise rotation
11000 -
'§~~.~~ is observed.
01000 00jo1 01010  ~~
(] ® L \
\
10010 10101 10011 10100 !
® e 21 o o
00000 01111 00§10 01101
® o / ®
v
,'I 11001 | [11110 11010 | /11101 / | &
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1 _
r 5 T 4
0G111 01001 00§10 01011 7 00100
: ® © o ®
/
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\ 10000 10111 10001 ,A0110
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N\ _”
~_ 01110 0001 01100
~ ©o o
~
~a
11011
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Yo¥in¥onYsnYay ¢2 For every (110xx) to (000xx),
90-degree counterclockwise rotation
R ik "_— is observed.
’ o 4
//
/" 01000 00§01 01010
y o o o
/
,/ 10010 10101 10011 10100
b e e 21 o o
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Voiceband (PSTN) Modems

At the recerver end, a convoludional decoder 1s performed
first, followed by the differential decoder.

In presence of a (fixed) phase error, e.g., 90 degree, as long
as the phase transition between two consecutive signal
points remains the same, the differential decoder can
correctly determine O, , and O, , based on the output of the
convolutional decoder.

Q1n @2, Phase change
0 0 0
0 1 180
1 0 270
1 1 90
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Voiceband (PSTN) Modems

Modem to/from an ISP over PSTN

B The connection from a home to the central office (coined
as local loop) remained analog nowadays.

B Example Study

Asymmetric modem

B The communication between PSTN and ISP becomes digital.

Digital ISP
Analog modem
modem
= o~ T BN
_-——
U Upstream Downstream
ser ..
(analog) (digital)
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ﬁ INTERNATIONAL TELECOMMUNICATION UNION

Voiceband (PSTN)
Modems ITU-T V.90

TELECOMMLICA TN (03/838) r
A digital modem and
analogue modem pair for
1 SERIES V: DATA COMMUNICATION OVER THE
use on the Public TELEPHONENETWORK "
SWitChe d Telephone Simultanecus transmission of data and other signals
Network (PSTN) at data
. . A digital modem and analogue modem pair
Slgnalhng I‘ates Of U.p tO for use on the Public Switched Telephone
) Network (PSTN) at data signalling rates of
56 OOO blt/s downstream up to 56 000 bit/s downstream and up to
. 33 600 bit/s upstream
and up to 33 600 bit/s
upstream

ITU-T Recommendaton V.80

yevicasy UOTT Nscurr s O |
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Voiceband (PSTN) Modems

Typical realization of digital modem

B With PCM sampling rate = 8 KHz, and 256 levels per
PCM sample, the PCM should result in 64 Kbps 1n

theory.

B However, since the conventional PCM transmit filter
has a bandwidth of about 3.5 KHz, the theoretical
speed of 64 Kbps cannot be achieved.

One solution: Use the recurrent non-uniform
equivalent form of the sampling theorem.
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Voiceband (PSTN) Modems

The below non-uniform sampling 1s equivalent to the
sampling rate of 7 KHz.

7, =
125
I W | | Time

—® @ @ @ & @ L L 4 @ & @ L & @ @ @

lg1 17,1 ho o 530 o Iso o 17,0 i Tha 131 141 151 Tea 171 2 t
(N+1) T, = 1000us

the =1, + 80T, = (k— )T, + 80T, for k=1,2,--- 7, {=0,£1,%2,---
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Voiceband (PSTN) Modems

The bandlimited signal 1s now interpolated as:

s(t)= > ) stee)tn(t — 8(T,)

{=—oc0 k=1

by = (k — 1)T5

t—tk) 7 sin (sln(t_tq))

where ;. (t) = sinc ( 8T,

g=1,g7k SN (5} (tx — tq))

B Properties of the seven standard pulse functions

1. Y¥p(tr) = 1 but not peak at ¢t = ty.

2. Yp(t) =0 at t =t + 80T, for £ = +1, 42, --
3. Yp(t) =0att=t,for 1 <g<8and q#k )

N

-~ No ISI
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6—j7r(q—1)/85 (f

\Ifk(f) 18 B(f) = &7, - 11 (8T f) — 27 (k—1)Ts f

convolved with six sine waves of the form

167

) edm(a— 1/85(f_|_16T>

| | I
sin (§(k —q))
[ B(f)]
8T,
—1/(16T5) N 1/(16T3) :
Convolution once 8T,/ sin(m(k —1)/8)
sy 1/(ST.)
v
| (f)]

T E— | |

[ [ —

~7/(16T,) = —3.5 KHz
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Voiceband (PSTN) Modems

The above realization resolves the A/D problem, subject to
the 3.5 KHz bandwidth constraint of the transmat filter.

How about D/A? Is 64 Kbps achievable for the digital
modem?

B Still, 56 Kbps is the feasible rate.

The reconstructed voice as below 1s susceptible to
(quantization) residual ISI.

s(t) = 2. ale)g(t — 0T5),

where ¢(-) interpolation function bandlimited to 1/(275),
c¢ is the /th octet, and a(-) is the companding law (e.g., v law).
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Voiceband (PSTN) Modems

Most importantly, LSBs in each octet are robbed

from the data stream for various purposes internal to
the PSTN (which 1s called “bit-robbing”, and which
makes worse the susceptibility to residual ISI).
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Voiceband (PSTN) Modems

Modem to/from an ISP over PSTN

B The connection from a home to the central office
(coined as local loop) remained analog nowadays.

B Example Study

Asymmetric modem

V.34 modem (1998) Digital ISP
Analog modem
modem
= o~ T BN
_-——
U Upstream Downstream
ser ..
(analog) (digital)
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Voiceband (PSTN) Modems

Due to the 3.5KHz bandwidth restriction of anti-aliasing
and interpolation filters, and the quantization noise, the rate
of the analog modem operates at 33.6 kbps with the below
features:

B 960-QAM super-constellation

You may view it as a selection of 240 message points,
and their rotated versions through 90, 180, and 270
degrees.

© Po-Ning Chen@ece.nctu IDC3-21



34

30

26

22

18

14

10

-10

14

-18

-22

-26

-30

-34

203 158 119
194 148 108
238 186 142 103

84
75
69

60
50
43

236 224 216
234 205 185 173 164
226 193 165 146 133 123

229 189 156 131 110 96

201 160 126 98
222 177 135 102 77

79
55
39
28
22

64
41
24
13
9

87
58
35
17
6
1

212 218 228

162 170 181 197 220

121 125 137 154 179 207

33 92 100 117 140 172 208

90 112 141 180 221

54 62
31 37
15 20
4 8
0, 5

2,1)® (3,2)

71
48
30
21
16

65
49
38
32

91 118 155 198

72 101 138 182 230
63 93 127 171 219
56 85 122 163 213

190 144 1006
199 152 113

210 167 128

3
80

94

45
52

67

232 183 149 115 89
214 175 139 116 95
205 176 150 130 114 107
215184 169 153 145
233 211 200 192

29
33

47
68

11
19

34
53
82

3

(-3,-2)

12
27
46
74

I
(1,-2)
10 14
23 29
44 51
70 76

188 196 204 223

239

18
26

40
61

o0
42

57
78

oY oo 124 Tob 2T/
66 97 134 174 225

81 111 147 187 237
99 132 168 209

86 104 129 157 195 235
105 109 120 136 161 191 227
143 151 159 178 202 231

36 -31 27 -23

-19

-15

-1

-7

-3

1 5

9

13

17 21 25 29 33

Quarter-superconstellation of V.34 modem with 240 signal points. The full superconstellation is obtained
by the rotated versions of these points by 90, 180, and 270 degrees.
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Voiceband (PSTN) Modems

B Adaptive bandwidth

A set of probe tones will be transmitted for
measurement of SNR as a function of frequency.

Then the appropriate carrier frequency and
bandwidth will be appropriately selected based on
the measurement results.

B Adaptive bit rates

Selection of bit rates subject to bit error rate
requirement.

107> > BER > 107°
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- Tomlinson, M. 1971. A new automatic equalizer employing modulo arithmetic. Electr.

Lett., 7: 138-139.
- Harashima, H. and Miyakawa, H. 1972. Matched-transmission technique for channels with

intersymbol interference. IEEE Trans. Commun., COM-20: 774-780.

Voiceband (PSTN) Modems

B Trellis coding

Compulsory trellis coding provides 3.6 dB coding
gain

Optional trellis coding provides 4.7 dB coding gain
B Decision feedback equalizer (DFE) (See Sec. 4.10)

DFE requires immediate decision that cannot be
directly obtained when channel coding technology 1s
introduced.

Hence, the feedback section of the DFE 1s moved to
the transmitter, which 1s made possible through the
use of the Tomlinson-Harashima precoding.
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Multichannel Modulation

[0 Shannon information capacity theorem

C' = Blog,(1 +SNR) b/s = $1log,(1 4+ SNR) b/transmission

where B 1s the baseband bandwidth.
[l Alternatively, we can write:

One transmission takes % seconds.

SNR = 22¢ — 1

[0 Therefore, we can define the gap between ideal Shannon SNR, and the
SNR attainable for a rate R below C as

2°¢ —1  SNR

oLl SNR
iy proy O T T T

[ =
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Multichannel Modulation

Multichannel modulation

B Partition a channel (with squared magnitude response |H(f)| as
shown below) into a number of subchannels such that each
subchannel becomes approximately AWGN

A

Af Staircase approximation

Actual response Each subchannel has different
multiplicative gain.

"/
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Block diagram of multichannel data transmission system

a >(X) >(X) / dt f——> )
o(t) cos(2m f1t) @(t) cos(2w fit) —
by ® ® [ @ —
@(t) sin( 2w f1t) @(t) sin( 2w frt)
az »(X) :()? j dt  p—> 1
#(t) cos(2m ft) § % @(t) cos(2m fat) ——
b, :\f? w(t) :(? /;x dt e by
@(t) sin( 2w fat) @(t) sin(2m fat)
aw :Q , N = 1727. 7N :§ -/:.:yc dt _>&J\'
#(t) cos(2x fxt) § B(t) cos(2mfnt) —=
by >(X) 5 , >(X) / dt —— by
‘ \( P(t) =/ =sinc | — ‘ \( =
@(t)sin(2w fit) T T @(t)sin( 2w fit)
for —oo <t < o0
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Multichannel Modulation

Properties of multichannel modulation

B Property 1: Orthogonality of the two quadrature-
modulated sinc functions (in the sense of integration
over the entire real line)

(p(t) cos(2m fnt), p(t) sin(27 frt))
= /_ d(t) cos(2m f,,t)p(t) sin(27 fot )dt = 0
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/_OO ft)g*(t)dt = /_OO F(f)G*(f)df CI)(‘f)
where F'(f) = /:OO f(t)e 2™t qt V2T
wd G(f) = [ gltye i ST
B Property 2: We also F (¢(t) cos(2m fit))
h ' .
ave orthogonality ‘ \@
among subchannel 3' 1' 1' 3'
signals 2T 2T 2T 2T
F (¢(t) cos(2m fat))
N B
_ 5 _3 3 5
2T ~ 2T °T 2T

Introduction of ¢(¢#) makes no “band overlap” between adjacent subchannels.
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Multichannel Modulation

B Property 3: Orthogonality among subchannel signals
remains after passing subchannel signals through linear
channel with arbitrary response /.

N

{sowetanit)} nw | { o explizasut) « hir))

n=1

N

n=1

Still, no “band overlap” between “convolved” adjacent subchannels.
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| o5 = / TR
where F'(f) = /OO f(t)e 2™t qt

— 00

and G(f) = /_ T gle L,

B Property 2: We also have
orthogonality among
subchannel signals

B Property 3: Orthogonality
among subchannel signals
remains after passing
subchannel signals through
linear channel with
arbitrary response /.

JaT
1 1
27T 2T
F (Lonerit)
‘ [ 1 -
1 3
2T 2T
F (L5o(t)erns=)
-
3 5
2T 2T

Introduction of ¢(¢#) makes no “band overlap” between adjacent subchannels.
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Multichannel Modulation

Geometric SNR for multichannel modulation

B The average rate (in bits per transmission per

subchannel)
1 N
R = — R,
2
N
1 SNR
= — 1 1 n
2N; Og?( T )
N
1 SNR,,

n=1

1 SNR, \ /Y

R =

SN Roverall

1
§ 10g2 1 +

I
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Multichannel Modulation

We then obtain:
N 1/N
SNR,,
SNRoverall = T (nﬂl (1 -+ T > — 1)
Assume that
SNR, > 1
. .
N 1/N N /N
SNR,,
SNRoverall ~ I <nH1 ( T ) ) — (H SNRn)

Geometric mean of individual SNR
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Multichannel Modulation

Solution of loading problem — water filling

B The process of allocating the transmit power P to the individual
subchannel so as to maximize the system bit rate 1s called loading.

1 ! 2
IR S Ik’

Af« ig, Staircase approximation SNR,, = = Qn

n

o

xn:gn8n+wn

I TESPONSE - Each subchannel has different

multiplicative gain.

"/

Transmitted signal at subchannel »
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Multichannel Modulation

1 N
max
{(P1,Ps,- ,Pn): 30, Pn<P} 2N nzl

max

{(PhPZa"' JPN):vazl

max
{(Pl}PZ!"' aPJ\'):Z'{:’zl

N
1 9: P,
— 31 B
p,=P} 2N Z o6 (1 " To? )

P,=P} ’

2Nzllogz(1+gf\l£:l)+;\( ZPn

Lagrange multiplier

)
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Multichannel Modulation

- N
! Ga L |
F(P, Py, Py|\) = 2N n§::110g2 (1 + o2 ) + A (P — ;&) concave with respect to P;
Hence, f
T TR >
8f(P17P2,-.-,Pn’)\) :O7 lfP]>O ///
> P.
OP; p=pr | <0, if PF=0"_ ]
..2\/, L ijk
\ . P

As a result,

logy(e)  g;/(To})
2N 1+ giP;/(To;

if Pf >0
if Pf =0

-

IA
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N
=\ _ =L ifpr>90
: : * 2N 1 . x g —
FOJ/QJ+R7 S)\logz(e) - K> it PJ =0 =1
— K, if P* >0

N
2/ 9 * * =
['os/g; + P { and ZIPJ P
J:

=T02/¢> > K, if P} =0

Pr+Pi+Pr+Pr=P

S Water filli
* * * * ater 11111n
Pl P3 P4 PS &
scheme
Fa% Fo% Fa% Faz Fa%
2 g3 g3 g3 o2 gé
2
95
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Discrete Multitone

Impractical in (analog) multichannel modulation

B Sinc function 1s time-unlimited (as 1t 1s band-limited).

B The inner product (defined 1n time-domain) requires to
perform integration over the entire real line.

Performing integration over a practically finite range
will make the (analog) multichannel modulation
suboptimal as our text has put it.

(p(t) cos(2m fiut), d(t) sin(27 ft))
= /_ d(t) cos(2m f,,t)p(t) sin(27 fot )dt = 0
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Discrete Multitone

A solution
B Discrete multitone (DMT)

B Transform /inear discrete convolution to circular
discrete convolution by adding cyclic prefix.

Procedure of DMT
B Sampling the analog signals with sufficiently large

sampling rate 1/7;.
.54@ ;G‘B

=)
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Linear convolution

s|[N —1],---,s[1],s[0], 0,-,0
v of them QC[OL .17[1}, ,SIZ’[N o 2]’ .CU[N o 1]
:ho,hl,"',h,/ :-l— >
w[O],w[l], ,’UJ[N—QLUJ[N— 1]

[ Qf[N— 1] _ho hl hg h,/_l hy 0 0 [ S[N— 1] [ ”LU[N— 1] i
33[N — 2] 0 h() hl h,/_z hy_l hV ce 0 S[N — 2] ”LU[N — 2]
[N —‘V — 1] 0 O 0 0 h-o h.1 h, s|N —-u — 1] w[N - v —1]
z[N — v — 2] 0O 0 0 0 0 ho hy_1| [S[N —v—2] w[N —v — 2]
] 0 0 0 0 0 o0 e | L slo] w0 |

B The above formula 1s valid under the assumption that
sl-vl=s[-v+1]=---=5[-1]=0
B Without the guard period, ISI occurs.
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Circular convolution

v

h()ahl)"'ahv :+ >

sIN = 1], s[1],s[0], s[N — 1], - -+ s[N — 1]

7

~
cyclic prefix

T a[N —1] T ho hy ho <o+ hyy h, 0O o 07T s[N—=1] 7 [ wN-=1] T
T[N — 2] 0 ho by -+ hys hyy hy, --- 0 s|N — 2] w[N — 2]

e N—v—-1]| =0 0 0 - 0 ho  hy oo Dy sIN —v—1]|+ |w[N —v—1]

[N — v — 2] h, 0 0 - 0 0  hy -+ hy_q| |S[N—v—2] w[N — v — 2]

i (0] | L o he hy oo hy 0 0 - hy || s[0] 1 L w[0] |

B Instead of zeroing the guard period, how about letting

s|—k] =s[N — k] for k=1,2,--- ,v
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L — Hcirculants + W

B Spectral decomposition of a circulant matrix

Hcirculant — @T AQ

where A 1s a diagonal matrix, and

Circular convolution to Discrete Fourier Transform

=i X (N-1)(N-1) e—i%2AN-1) %N
eI FF(N=1)(N-2) eI %2AN=2) i (N-2)
VN . . .
I 1 1 1
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Circular convolution to Discrete Fourier Transform

r=Q"AQs + w

= Qz = QQ'AQs + Quw QQ' =1

= X =AS+W

:>Xk:/\k5k—|—kaork:O,1,,N—1

(Here, {\x}1—, are assumed “known” or “can-be-accurately estimated”.)
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Discrete Multitone

With cyclic prefix, the discrete Fourier transform (DTF)
technique can be used straightforwardly.

B DFT transform pair

Analysis equation versus synthesis equation

‘ N-1
1 2T
Xk] = —Zaj[n]exp (—j—lm) for k=0,1,--- N —1
< \/Nn:O N
1 — om
rin] = — X[k]exp(j—kn) forn=0,1,--- /N —1
\ VNS o
\\\\ X p— Q €XT
~~~~~ > €T — QT X
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Discrete Multitone

Add cyclic prefix
of length v

s=Q'S
Q Parallel-to-

S S serial

—| Demultiplexer Inverse DFT converterand ——% D/A
guard-interval

v
v

provider

x=0Q"AQs +w = QTAS +w

Serial-to-

|
S X |
|
Diecsdn parallel
— /Detector < DFT — conveﬁer and [« A/D
guard-interval

~ rcemover

estimate S X = Qm

based on

X=AS+W

Remove cyclic prefix
Take only N symbols
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Synchronization

Modes of synchronization

B Carrier synchronization (carrier recovery)

Including the estimate of carrier phase and frequency

B Symbol synchronization (clock recovery)

So as to know the timing for sampling and product-
integrator
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Synchronization

Example: Decision-directed synchronization for M-ary PSK

si(t) = 4/ 3F cos(2mfet + ay) for 0 <t < T

where E symbol energy, T' symbol period, and
Qap € {O,%,...,(M—l)% :

B Due to channel effect, we receive

ri(t) = v/ cos(2mfot + i+ 0) +w(t) for 7 <t < T+ 7

Note that for =T+ 7 <t < 7, the received signal will be x_1(%).
a function of ay_;. Hence, knowing 7 is essential.
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Synchronization

B (Given that r1s accurately estimated, we shall estimate &
through likelihood ratio function.

(

i ( T+1
N x1] . H . H here| 77 / (1) (1) dt
2 T+ [oF
\ S = / cos(27 fot 4+ ap + 0);(1)dt

ﬂ
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Synchronization

B For an observation window of size Ly, 1.e., k=0, 1, ...,

Lo-1,

é — a’rgmaxf(w(bwla”'7$L0—1‘6)>

0

1
= argmax (2 Ng) Lo exp (

Lo—1

argmin Y [y — 5(0)|

k=0
VE cos(a, + )
_ T S E cos(ar +
— argmax x, s, (0) o) = |°LF| = k
0 kz:% i s1.(0) [SQ’k —\/Esin(cvk +0)
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Lo—1
0 = arg max Z (21, cos(ay + 0) — zo . sin(ag 4+ 0)] = arg max /()
k=0

which implies

Lo—1

0 = 04(0)/00 =0 ( (21, cos(ay + 0) — xo sin(ay + 9)]) / d0

k=0
Lo—1
— Z |—21 ke sin(oy, + 0) — zo 5, cos(ay + 0)]
k=0
Lo—1
— Z Im {(ﬂfl,k — sz,k)e_j(ak—w)}
k=0
Lo—1 ~ _ ;
( — Z Im {aZ;’ﬁk@—J@}) As the text puts { i: ; Zjlo’ii —JT2k
k=0
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Synchronization

Adaptive or recursive algorithm for ML estimation

0(0) ')

{decrease the current 8, if ¢’ (0) <0

increase the current 8, if £(6) > 0

A

On+1] = On]+~-20[n))

v > 0 step size
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Synchronization

First-order digital (loop) filter

. (n
In ) :@ » Detector >
exp(—6ln]) |
Error .
exp{—j(-)} | Generator |
le[n] e[n] = Im{aZﬁ;ne_]e[”]}

A[n] <>' .

| _%@J

Loop filter
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é[n + 1] = Pé[n] + paln] é[n + 2] = ,Oé[n 1]+ pafn + 1] (1) .
{CL[TL + 1] = a[n] + ve|n] = {é[n +1] = ,Oé[n] + paln] (2) = (1) / (2)
Synchronization (Note that aln +1] —a[n] =ye[n]) 7

An example of second-order digital (loop) filter /

/
/

y
b~ an
L'n »( X » Detector >
exp( ]9[71]) ,/
' / Error |
exp{—j(-)} s | Generator |
Y
) K | eln)
0[n] / ¥
p ;)
Bln+1 /
[+ 1] a[ny n + 1]
7-1 |« < 71 [—
/ ?
i/ ‘
V4
/
y Loop filter

Oln + 2] = (1+ p)f[n + 1] — pb[n] + pye[n]”
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Synchronization

The previous discussion estimates & subject to either known or
accurately estimated 7.

We are thus required to estimate 7 without the knowledge of 6.

N [xl(f)] _ [sl(ak,9,7|70>] . [wll,where

T (T) so (g, 0, 7|10)

i

TH47
ri(r) = / oo
' TH47
si(ag, 0, 7|m0) = / \/ ? cos(2m fot + o + 0)1L{1o <t < 10+ T} (t)dt

To 18 the true timing delay

T+t
w; = / w(t)p;(t)dt — Its statistics is independent of 7.

_/\

\
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Synchronization

B For an observation window of size L, 1.e., k=0, 1,
Lo—1,

>

— arg mTaJXf(wOa Ly, 7$L0—1‘{Ozk}a 07 T, TO)

Lo—1
1
= argmax( N) exp (—— Z Hili‘k — Sk Oékae T‘TO)H )

Lo—1
2
arg max H exp (ka( )Tsk(a/kaeaT‘TO))
T 0
k=0

\/Ecos(ozk + 9)

(See the next slide.)
\/7 FE sin(ay + 9
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As an example, assume 75 > 7/ (this condition is required for the first three steps),

2 E T+
si(ap, 0, 7|m) = T\F CoS(27 fut + v + 0) cos(2r fut)dt

E T+
— £ [cos(4m fot + ay + 0) + cos(ay. + 0)] dt

- )+ cos(cu +6)
70
/E TH+71 T+
= 7 cos(4 oy + 9)dt—|—— / cos(ay + 0)dt

approximately zero

JE (T — |7 — TI) cos(a + 6) TThis is valid for both

T 7o > 7 and 15 < 7.

= \/Ecos(ozk + 6).

&
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>

Synchronization

B One way to solve the problem of unknown &1s to

average out all possible & 1n the maximization operation.
Lo—1

1 (" 2
— argmax H —/ exp (—wk(T)Tsk(ogk,H,T]To)> db
H——— 21 Jo No See the next slide.)

g (o E

1 27 ) )
= argmax k,l;[() %/o exp 1 N, (|ap@r ()| cos(arg[zr(T)] — arglag] — 9))} do

\
Lo—1 (o E Since |ax] = 1, and the

1 (7" N
= algmax | I / eXP 9 Tr(7)] COS(Q)} do integrand is periodic
k=0 N with period 27.

Lot 2\/5 5 1 [2r
= arg mTa,X H ]0 NO ’xk(7)| Since ]0(517) — —/ exCOS(@)dgp'
0

0 21
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\/Ecos(ozk —I—H)
Sk<()ék,9 T|7’0 = \/—Sln @ _I_Q
k

€I} ('7‘:)1’8;‘- ((flfl.w 0,7 |TO)

x1 (7)) cos(ag + 0) — 2o 4 (7) sin(ay + 6)
Re {[z14(7) — jaop(r)]e ™/ xt0}
Re {a.z. Fr(r)e "’ }

Re {|arzr(7)| exp (j [arg(Z(7)) — arg(ay) — 6])}

[ T I §‘~

lap i (7)| cos (arg(zp(7)) — arg(ay) — 0) .

L L1k — JT2k

As the text puts {
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Synchronization P

B Square approximation of logarithm of the
modified Bessel function of zero order

log Io(z) = log (Z (:1(;;”2');”1>

m=0

2
~ L (Take the first two terms,
~ log (1 + 1 ) for o small .. m=0 and 1)
2
X
R~ T for # small

WE

© Po-Ning Chen@ece.nctu pl“OVided that
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Synchronization

Realization of square approximation
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. . T+
Synchronization zi(7) = / 2 (8) s (1)t

B Early-late approximation of the derivative

T, (1) = I,(nT +17,)

late early
7\ N\

~

r(MWHm+L&j i (1= 5+ 7l - 1721)

(nT—I— 4 ) ( —g %n—l])

since no estimations for 7In + 1/2] and 7[n — 1/2] are performed

Q

&
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Synchronization

Tin+ 1] = 7[n] + v - ¢|n]
where e[n] = Re {Z'(nT + 7[n]) [J (nT + % + 7[n]) — & (nT — % + 7|n — 1])} I

Final note: For every 7[n], the realization requires the sample
values of Z(nT + 7|n]) and Z(nT + T /2 4 7[n]).
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Experiment: Carrier Recovery and Symbol Timing

Experiment: Carrier phase & recovery subject to known
timing information 7

B (QPSK and error-free
B /,=1 and symbol energy £ = 1 for simplicity

sk(t) = \/% cos(2m fot + ap) for 0 <t < T

where T" symbol period, and a3, =0, 5,7 37”

= xp(t) = 1/ E cos(2mfet + ap +0) for 7 <t < T+ 7
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’

cos(2rfet), T<t<T 4T

I
mﬁlw

d1(1)

P2 (1) sin(2r fot), 7<t<TH+7

( TH+T1
ik = / $k<t)¢z<t)dt

T+T 2
Sik = / 7 cos(2m fot + oy + 0)d;(t)dt

5 (0) = [Sw] _ [cos(ozk+9>

So.k — sin(ay, + 6)

\

L1k
— T =
| L2k

S1,k

, where <
S2.k

1
| I

~ ~

= 0 = argmax . s;,(0) = arg max s? (0)s;(0) = arg max £(0)

g g g
—~ (0= 86(?) — Im {d;fke_jé} — Im {e—j@kej(akJrQ)e—jé} — Im {ej(@k—@k)ej(g_é)}
o0
A 1s the feedback directed decision. { Tp = L1k — JT2 )
o is the actual transmitted signal. ap = el
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(S-curve)

} = sin () if ideally o, =

((0) = cos(0 — 0)

and
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