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Forme d’onda con codifica di fase

1 & Barker
t) = t—n-
i6 7, e’ O<r=<7, P3e P4
S,, (1) =e’" rect, (1 — 7) = 0 e P(n,Kk)

 (Codici bi-fase:

— facili da implementare
— permettono buon controllo dei lobi laterali
— non forte tolleranza alla frequenza Doppler

e Codici poli-fase:
— tendono ad avere migliore tolleranza alla frequenza Doppler
— tendono a permettere un miglior controllo dei lobi laterali
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Codici Binari

La fase della portante ad RF commuta fra due valori di fase distanti di 180°

Puo essere descritta usando sequenze di +1 e -1:

Ty

1 1 1 J
7 8 ) 10 1 12 13

0 1 2 3 4 5 6 .
T,
1
0 \
1 —_— e
D 1 2 3 4 5 6 7 8 9 10 1 12 13
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Codici di Barker

Sono codici binari di lunghezza N, caratterizzati da Funzione
di AutoCorrelazione (ACF) con lobi laterali in modulo < 1/N

 Esistono solo poche sequenze con queste caratteristiche:

Lunghezza N | codice PSR (dB) | ISLR (dB)
2 + - 6,0 3,0
2 ++ 6,0 3,0
3 ++- 9,5 6,5
3 +-+ 9,5 6,5
4 ++-+ 12,0 6,0
4 +++- 12,0 6,0
5 -+ 14,0 8,0
7 - 16,9 9,1
11 R I S 20,8 10,8
13 -+ 22,3 11,5
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Calcolo ACF del codice di Barker da 7

Table 8.3 The Autocorrelation Sequence of a Barker Code of Length 7

{4} + + + - - 4+ -
(W-n+1)

- - = - 4+ + - 4

+ + + 4+ - - 4+ -

~ - - - 4+ + - 4

- - - - 4+ + - i

B + + + - - 4 -

- + + + - - 4+ -
- + + + - - 4+ -
Outputsequence =1 0 =1 0 -1 0 47 0 -1 0 -1 0 -1

Da N. Levanon, “Radar Principles”
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ACF del codice di Barker da 13

Rispetto ad impulso non modulato t: Rispetto ad impulso non modulato T=nrt:
- Energia trasmessa BT=n=13 volte - Energia trasmessa uguale
superiore
- risoluzione in tempo uguale 13 - risoluzione in tempo BT=n=13 volte
~ migliore
- risoluzione in Doppler BT=n=13 volte - risoluzione in Doppler uguale
superiore
- (zona cieca BT=n=13 volte piu larga) - (zona cieca uguale)
/\/\/\/\/\/1\ L/\/\/\/\/\/\
137, -7, 71, 137,
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Codici di Barker innestati

— Si possono innestare codici di barker fra loro:
— Esempio di ACF per combinazione di Barker 13 con Baker 3

11111-1-111-11-11 I11111-1-111-11-11 -1-1-1-1-111-1-11-11-1

39
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Codici di Barker Polifase

» Usare valori di fase generici (non binari) puo portare a lobi piu bassi e sequenze lunghe
« Il lobo laterale p1u lontano dal picco vale sempre 1 (sia per codici binary che polifase)

* Le sequenze polifase con PSLR massimo (escluso il lobo laterale esterno) sono chiamate
sequenze di barker generalizzate o sequenze di Barker Polifase

Codici di Barker Polifase

« Casol: valori di fase pari alla radice k-esima dell’unita
(es: k=2 codici di Barker, k=6 sextic Barker codes).

 Caso 2: senza restrizione sui valori di fase quantizzati utilizzabili
(sequenze note per valori di M<36)
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Codici di Barker Polifase (I)

Pealk Phaze values [*]
M | adeloh

L]
Espressione in forma + 0.5 | 104313
1 ] 77 T 5 1
normalizzata: 0 32253906
] 1 58217593541 2342

. _ . q- . 7 0.522 1064 83 3146.7 60.5 270.7
1 primi due elementi di ogni

codice valgono 0 € non
sono riportati in tabella.

B 0.562 T212862043 15172502633

o 0.430 FBT4152702 2151 40.5 160.7 3343

10 0.832 G502 13211428183 1072308 2202428

11 0892 341250 26653270 1584 1372272215045

12 0.9038 104.8 163 170.9 344.3 241 1855 2822 147.6 200 78.7

13 0.721 1158 11482484 2134 1231 1540 1402 12.7 1496 303.5 121.6

14 0.958 G6.8 13352022 10043752358 167286 168.7 313.5 143.1 13.3

15 0805 17855541424 2122981 1239916 1.3 206 3142 1565239

16 0.933 265385073494 3058 2865 1976572413 13753101 4721785 303

17 0.733 531852784 3076 67.3 149 207.5 T0.6 3012 282.8 137.3 6.5 1205 3270 184
18 ™

19 0.980 S553MTWT0233258331 4992403184 1508 307.8 1613 1371 31.8 3382217

20 0.979 091 1358 2331 251.4 1330 144 3548 304.5 1921 3025 2105 1617 2838 1454
2502 106.1 228 4 107

Radiotecnica e Radiolocalizzazi

RRSN - DIET, Univ. di Roma “La Sapienza” CODICI DI FASE -9



Codici di Barker Polifase (I1)

Espressione in forma
normalizzata:

1 primi due elementi di ogni

codice valgono 0 € non
sono riportati in tabella.
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n 0805 J3B53TE2]1T453493 265 314 2472 1472 7462857 1602 3354 TES 317.2 148 4
4863443878208 7

23 0012 TA2TE 2864 2530 256.7 351.7 58,4 60.2 2263 353.1 1005 168.6 41 2085 347 8
219212593407 3153 1821 56.3

24 0087 5316425712165 20243195111 3569 20681112341 2808 1360 10.1 115.7
2582134 326802801423 20843338

25 00936 8106531632731 3263 3398 62.7 1882705 198 98 8 126.5 206.5 350.7 105.9
2T E295 416233342 155535308 147744

26 087 513 117.0 1382 2654 267 1754 1178 260.2 200 1361 1542 170 75.8 341 1874 307
19449251002 172 1102503 38.7 1007

X7 UL 10621928 7324730842806 1184992 1122 284 5 2006 3138 1163 32467 184.8
5348810399071 24003353103 228.6 33203

28 0050 -1-55'3-13 166.3 1457 1998 105.1 116.6 58.7 W07 32502453 1800 21 4 1962 58 8

32551202 2503067 1255 11123127294 5 1738 07.9 3278

20 0871 6031822309 264.7 2302 1604 301.5 3275 1873197 8401086 2241 53 31.4 184
167 889032522275 1454 320901 6 263.7 04 2520 50,45

30 0oog 33134633711 0300.1 2805265542 15562119231 6 1344 T6317.7T2758 676
09 1846 T2 A 1538 6.6262.694]1 24283500 1407 3064 715

3] 0835 284 117. 716512365 308.7 305 236.5 2164 3274 27052113 2472 192 954 17 273
5283311243037 M7 221745620 314552071 624150878

32 000G 135 14.5 805 110 85 40.5 333 307 289 2815 855 164 2485 335 171.5 76 64 221 5
208 1103727251705 195 179 288 §2.5 292 133 3205

i3 000 143 15353393325 1805 1335 19 105 166 216.5 X255 2275 3185 238.5 184.5 116
141.5113.5 75 36 1855 327 2265 108.5 302.5 1165 273 350 188 356.5 1645

H 0007 11 1 307 245 200 184 231 203 300 348 45 237 247 57 335 1 127 240 68 01 315 221 57
116 X538 58 287 127 273 127 5 216

i5 000l 032 654 1664 1324 3441 2704 3376 3013 1976 562 368 02 3258 3343 244
1578 290.1 3001 1484 1129 141.3 2066 1287 1254 3414 1209 2446 738 321 5
157.6 300.7 107.5 2544

3 0oge B2N1E228 228 58 60 154 108 20 234 2012 262 236 196 220 116 12 226 178 122 126 76
266 114 256 108 320 100 266 30 124 246 50 184

_
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ACF del codice di Barker Polifase con M=15

|

T 1117 1T 1T T 1T 1T 1T T T T 1T 1 T 1T T T T T T T T T T T T T.1
-15 15
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Codici binari con PSL massimo (I)

M PsL Sample code

fs 2 | B ] O

2 2 11 all]

0 2 glriololnl

| O ¥ Qlal1oaall

12 ] [1OOI0LI110111]

E F. Q0101000001 1

|5 ) Qo] 10101011

16 2 0110100001 110111

|7 2 QOLI1O0T 100100101 ]

} 2 011001000111 10101

19 . 10110000010 000001111

20 2 OLOT OO0 1000000 101 ]

21 2 DO D] | L ) B0 |

22 3 QOL1 1001 100 10101011111

23 3 O IO0OT LT TNOTO] 0001000

24 3 OIIOOIOOI0ION TN RT ] Vanal]

25 2 [OOI0010101000000]1 1100111
G' COXSOII & 26 ] [ OO0 | VOO0 O] 00 100 Do
J Russo, 27 3 010010110111011101110000111
IEEE Trans 28 2 U R R O At m ey

29 3 101 1001001010 100000001 1100111
on AES 30 3 10001 100010101001 0010000001 11 |
Jan 2005 il 3 CUOT N0 O 00T 10000 1Ol 111

52 k] QOODOOOL 11100101 LODOT 0001 1OO] 1D

i3 ] OHIO0DT 10001010100 00 o001 111111

34 3 IIOOI IO R DN R D D O] MOT 0D IO L0101

is 3 QOO0 L 100101 1OTOTOT0T 1001 1001 |
Radiotecnica e Ra| i® 3 0011001100010100101000001 00000111110
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Codici binari con PSL massimo (I1)

37 3 00101011 10100001001 1101101 11110011110

EE: i CICICUCBCROH 0 DR ) DO L R O 10 L0

30 3 OO0 1001 T TOT0T0000 10111 T IOET 1100111100

40 3 0010001000 T000T 111011 100001 1101001011010

41 3 D001 1 L0 T ITOT01001 0100 L O000T 101 100100

42 3 00 OO0 | PP OO L 11O L LR L 0001 E0] 1001 0

4% 1 COCCHBORCRRR TR Bl Doy Oy PO ced DOeel DO g 1 1000 | e

44 3 000011111101 10011101 10101 1001010101 1010111

45 3 000LOIOTOTT 1000011001 1001101101101 111110110

46 3 D000 11 To00000 1 1001 1110111101 10110010101010110

47 3 Q0001101001 1010011111 101001010001 1001 10001000

45 i CICIENLCVDCH DR WD) By ] D] 0 R O Foc f B

44 4 OO ORI O R DL D O 01 OO T T O0 ol 1o i

50 1 D000 T00TOTT0000T TO00T TTOTCI0T T 100001001 1001101111

51 3 0001 1100011111000 G001 100100010010101001 00100101 1

52 4 QOO0 100 TOTO00T01 101011 1OOO0OT 111001 10010010001 101111

53 4 OOO0100T IO TOT010 10100l LTI 10001 10100101 10001101111

54 4 CICHC OO0 R OO RN LD O O 00 O Rl 100

55 4 D000 1001 TOM00 1001 10 TOTO10T0000T 11100011001 0010001 101111

56 1 OOD0TO0T TO0TTOTTIOIOTOT0T T00T0T 101000 TIOT I I1000T 101111

57 4 Q0001001001 101000101 0THe0I 110110101 10001000 1110001101111

38 4 DOOOTO00T 1110010000 L0011 100100111101 101011001 10111

39 4 COCHR PO R 0 DOy |1 DO R0 R O o OO e ey pooo ) 1

10 4 D000 101001 10001101111 TGBO01 1001001001 1001 10010010 100101111

&1 4 000000101 1011010001001 Lo 1001 1000111100111 101010001 1010 LM

2 4 OOO0C0000TOTTOT0T 1001 1001 10001 101001 100101 1000001 110 T 000 1010

63 4 QOO0I00T 10011110101 1010001010001 11000101 10010101111 10001101111

4 4 C3 ] NN R DR O] R Cn WO e WO O ] ol 0 TR

5 4 CICCCON R DO L DO O DO FO 0 TOo D RO 0 DO | 100 0 DO O | Ol OO0

B 4 Q0000001 101001101 1010001010100011100111001111100010010101101000010

7 4 01000000 101000001 1011001001 1010101100011 11010010000 100111001 1000010

(8 4 Q00000000111 10010010011 110001 101 100110001 01010100011 101010010 10000

(i 4 OO PRl DD R FO0 ] DCRCse R § g ey O e R Oy | O ) R 0 )
Radiotecnica e Rac| ™ 4 011010000100110011101101001110:0011000010010011111011011101010101111110
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Lobi laterali

Quanto ¢ importante ridurre i lobi laterali?

|||||||||

VR
mmmnnmmmMllllﬂil i

Senza pesatura con pesatura di Hamming
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Codici con ACF ideale

 E’ possibile trovare una sequenza di impulsi con
ACF ideale (lobi laterali a zero) ?

NO

e (i s1puo avvicinare di piu a tale ACF usando 1 codici di
Huffman, che richiedono modulazione di ampiezza e fase
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Codice Polifase di Frank (1)

— Usando M valori di fase
— Numero di elementi N=M?
— Costruito dalle righe della matrice quadrata:

27
¢pq=ﬁ(19—1)(q—1) p.q=1-- M
— Per N=16
¢pq 0 /2 x 3x/2 i 17 -1 —j
0 T 27 RY/4 0pq 1 -1 1 —1
0 37/2 37 97/2] 11— -1 |
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Codice Polifase di Frank (1I)

4, =j4—”(m—1)({ﬂ—1) Ml M BT e e

107 }—
. . . . 8x [—
Forma di quantizzazione di
un segnale chirp _
i
3 s
- dx p—

29

e — e —

fo f+ar fa+2af o+ 34AF Step chirp

Frank code

O|l0oJo]|o|o|s9o|sojz7o| 0 |180] O 180 | © |270|180| 50
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Frank (111

i

fase d

i

Table 8.5 The Autocorrelation Sequence of a 16-Bit Frank Code

Pol

ice

Cod

|
A
|
]
B e
| ;|
e Ty
| ! I
PP F
| |
R L maimse
[ [

|
[
. g g
I
[P
|
I
(]
——
I
i
|
— Ty
| |

-
|
-
|
e e L
|
|
ey s e
|
| |
I | |
|
o o e A e -
| | |
SRR S
| |
e e P e T e
(i
SN,
1
I
B
|
R S T —
| | L
| I
S
I
s S e s
] I
|
— o S
|
P S
Il

Crutput sed

elem ents

16

Frank

B il il it et

5

————— e e -

o

e e e e e e e e e

|
——F——-——— - m - mHq——— ————— - ——

|
I
1
0.8 [—F——————mm— e e — mm — e m e mm e m e — mm ————————— -
I
1

1
1
1
1
1
1
1
1
1
1
1
1
1
RN P A . n
1 -
] m I - a
o o o o
Haapa]
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Codice Polifase di Frank (1V)

Frank, 16 elements
ﬂ T [ | [ [

Autocorrelation [dB]

3]

Per N= 16 PSR = E — 8\/5 =113 (21dB) (peggiore di Barker)

V2

Per N grande PSR = 7N =n M = 9.94+10*log,,(N)

(N=100 ~30dB)

Radiotecnica e Radiolocalizzazione
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Codici Polifase P3 e P4 (1)

Codice P3
per M pari o, =%(m—1)2 m=1-- M

T

per M dispari ¢m=ﬁ(m—l)m m=1,-- M

Codice

i
M

P,

P4

m-1)> -7 (m-1) m=1,--- .M

Frank (*), P3 (+) and P4 (o) code
16
! !
T4 -——mmmmm e o R e L P P PR LR
|
S e
|
PO mmmm mm e e e
E‘ B‘ ___________________________________________________________________________________
E
e S S
g :
TR T e P RS —
|
|
] SR S - S — .
O ¥ B L ———————————————————————————— —
e 1 1
- -, 1 1
s i = P N P —— — i _
l
4 F = g -
0 5 10 15

Radiotecnica e Ra
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Codici Polifase P3 e P4 (111

P4, 25 elements

Autocorrelation [dB]

1S

Radiotecnica e Radiolocalizzazione
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Kiltro adattato al singolo impulso

e Per T, < T/2:

N 74 SN 7 N 7 SN 7 SN 7 AN

0 7 T 2T t

e e e e =
0 Ty 2Tp 3Z'p
T
* Periodic Ambiguity Function ‘ZP(Z_,V)‘ _ J- s,(?) S;P(t-i-l') o/ 27V gy

0

T o |

‘ZP(T,V)‘= I o (1) Z s(t—n-T+71) e*™'dt
0 n=—00

Radiotecnica e Radiolocalizzazione
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PAF del Barker 4

1 1r-r1y711-1111-1111S-1T1T1T1-191

1 1 -1 1
1 1 -11
1 1 -1 1
1 1 -1 1
1 1 -1 1
1 1 -1 1
1 1 -1 1

40 0 0 400

Autocorrelazione
periodica perfetta!

Radiotecnica e Radiolocalizzazione
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PAF dei codici di Frank

Frank 16

Autocorrelazione
periodica perfetta!

180 200 220 240 260

20 —

40 ]

_50 1 1 L 1 1
10 12 14 15 16

Periodic Autocorrelation [dB]

Radiotecnica e 7/ Ty
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PAF dei codici P4

Autocorrelazione
P4 da 25 elementi periodica perfetta!
g 0 . . .
&
© -20
&
8
3 0f |
O
8
5 -60 ' : ' '
o g 5 10 i/, 15 20 25
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CHIRP: linear frequency modulated signal

—— MAXIMUM RADAR RANGE —— RANGE RESOLUTION |
| | E;G*’o '
Rmax - ‘i/(4n)3 KTOFSa Con ETZPpT i i Rd _ g
' 2

______________________________________________________

CHIRP: LINEAR FREQUENCY MODULATION

B t? B chirp bandwidth
T.2)I.e ct (t) T transmitted pulse length
T f, (residual) carrier frequency

12n(f t+
OB

* CHIRP (long pulse with phase coding): has the power properties of
the long pulse and the resolution properties of the short pulse.

* Phase coding — waveform compression by means of matched filtering

Radiotecnica e Radiolocalizzazione

RRSN - DIET, Univ. di Roma “La Sapienza” CODICI DI FASE - 26



CHIRP: Time domain waveform (I)

. B t°
2n(fyt+——)
s(t)=e T2 rect(t) N

« CHIRP MODULUS DEL |s(t)[:
. { 1 Per [t|<T/2
s(t)|=

0 Per
t>T/2 112 TI2 t

« CHIRP PHASE @(t)

v

B t2 f,+B/2 T
d(t)=2n(f t+— -—
() (p T 2)

« INSTANTANEOUS FREQUENCY f{(t) fp

f -B/2 -
f(t)=L-d(D(t)=fp+Et "
2 dt T

v

-T/2 T/2 t
f(-T/2)=f -B/2

f] T/ZZ)Zf +B/2
zazi

Radiotecnica e Radiolocali ong
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CHIRP: Time domain waveform (1)

T ]

0.6 |

0.4

0.2 F

02 H

0.4

OB H

A8 H

time

Radiotecnica e Radiolocalizzazione
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CHIRP: Time domain waveform (lll)

Modulo del chirp in tempo

A

1

Fase del chirp in tempo

-T2 0 T/2 t

Frequenza istantanea

£+ B2

-T/2 fo/u 0 T/2

. -B/2

T2 0 /2

Radiotecnica e Radiolocalizzazione
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CHIRP: Frequency domain waveform (I)

Fourier Transform of the chirp signal: C(X) Fresnel cosine
| 2 S(X) Fresnel sine
S(f) = ﬁ{[cxxl) HCOO)|H IS+ * =IsOR™Y X - BT
v" The compression factor BT determines the X, = \/2BT(% —%)

frequency domain characteristics of the chirp waveform

AMPLITUDE SPECTRUM PHASE SPECTRUM
P > L) S(X) +S(X,)
R A it
 For high BT Values (BT>100); "F_Sr"ﬂig_ﬁ _}_a__T_k}_a{iﬁéé"(ﬁf;i 665
\S(f)\ === i B LI :
___________ P ___f___________JﬂsB_/_z_i T w4 B

A

T —j{anz—“}
L |S(f) = 3¢ B 4rect 5 ()

Radiotecnica e Radiolocalizzazione
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Funzioni Coseno e Seno Integrale

Radiotecnica e Radiolocalizzazione
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CHIRP: Frequency domain waveform (1I)

0.08
0.07 -
0.06 -

005 -

ol Chirp phase spectrum for
) B=240MHz, T=1ps

003k

a0
002 -

001 -

e 1 1 1 1 1 1 1
-250 -200 -150 -100 50 0 50 100 150 200 250

f (MHz)

angle[S(f)]

Chirp amplitude spectrum for
B=240MHz, T=1us

250 1 1 1 1 1 1 1 1 1 1 1
-120 -100 -80 B0 -40 -20 0 20 40 60 g0 100 120

f (MHz)
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CHIRP: Frequency domain wavetorm (11I)

Unmodulated RF pulse.
to-Bs = 1.

- tp >

voltage
time

linear frequency sweep tp

voltage

UP-sweep linear
FM chirp pulse.

P

A AL

time

AAAAAAN
42 VVf(}/ V y‘\({ VVVV v

3dB bandwidth 3; = 1/t

; ; frequency

4,2

fV VUV VT

£ 2

+t/2

Sweep bandwidth Bg = (f, -f,)

1 |0 2\ frequency
VY 7] ' IR

Radiotecnica e Radiolocalizzazione
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Autocorrelazione del chirp (I)

Funzione di Ambiguita: Chirp con inviluppo rettangolare s, (£)=
0

‘Z(T,O)‘= ‘ ‘)smc Tkttt (1 M)] ; ‘T‘ST

p

Primo nullo LFM

ﬂkTTp(l—ﬂ)Zﬂ'
T

5 B2 )1 |
- 2 2 kz'i _kz- _B 0 A0 Al -0 =20 -10 0 10 20 30 40 50

Radiotecnica e Radiolocalizz: p
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Funzione di autocorrelazione del chirp (111
1

Vr

Funzione di Ambiguita: Chirp con inviluppo rettangolare s, (£)= rect. (f) o/ Tk
0 T,

Tl . T
x(7,0)|=| ( —L—‘) sinc[zkzz,(1 —L—‘)] : o<z,
p p
O
] | | | |
————__SINGLE FREQUENCY
Rapporto di compressione E“H
LFM 1\\\
T -0 | /_‘-‘\\ M,
p _ 2 . —
] =kt7,=8B,71, ® v —a\
o c
o
kTp E -40 l. /’_\ \
o \ N
1NN |
2
=
<
-50
i 5 10 15 20 25 30 35 40 45 50
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Chirp approximation and sidelobes (I)

= Chirp autocorrelation
(matched filter output)

: B :
Bsm{ﬂT(T_M)t} g(l‘)E\/E Sm[ZBt]: BT sinc [z Bt]
g(t) = ra r

B T—t
T —t T

= approximated with

which is the Inverse Fourier Transform of
a rectangle in the frequency domain
]

Sl

G(f)=\ rects(f)

v

-B/2 B/2
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Pulse compression technique (1)

* Matched Filter H(t) = ejzn(f"”B'tzjrect (t) Received signal
- T
r(t t
(t) J H(f) alt) _ _jzn(_prB,tZ] matched filter
h(t)=4/7e " Hrect (1) impulse response
,'éen{n(]“ _ M)t} g(t)=r(t) *h(t) = Ir(r)h(t -7dt matched filter
_ B D jamf,t - output
g(t)= ? v

v’ g(t) autocorrelation of the
input signal (f;=0).
v’ for f 70 mismatched filter

Radiotecnica e Radiolocalizzazione
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Pulse compression technique (11)

compressed | pujse width t

¢ o
Compressed h . Uncompressed
pulse envelope pulse envelope
05 - ;‘/— ------------ 1tr------ B N sidelobes
pulse width T
peak sidelobe level L
IA\A/-I\/‘—“T, V\/I\/\I M time
20 -16 -12 0 4 8 12 16 20S
1

The width of the main lobe of the compressed pulse is 1/3; ie. sweep bandwidth
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Pulse compression technique (111)

Matched filter output

B =
G i 12 T T T T T
i — CcOMpressed ||
it 1 pulse
envelope
2 i 9+ |
Bl uncompressed H
Duz -?15 0.1 0.05 ( 6 N 0.65 0.1 D.‘15 02 L pulse |
tempo(microsecon i
envelope
gt | -4 dB compressed P

pulse width equal to

j 1/B = 0.0075 ps
Matched filter output | |
for: B=133.5 MHz 2t /\ / /\ .

and T=1 us VARV . \/ o

1]
-0.025 -0.02 -0.015 -0.m -0.005 0 005 0.01 0.015 0.0z 0.0
0.00375
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Pulse compression technique (1V)

Matched filter output : sidelobes

Sinc in range costante,centro scena

decihel

Radiotecnica e Radiolocalizzazione
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SAW pulse compression (I

“CHG SWATCH

HFANLER
L\

VU

i
| AL
(1 \ !:'i: .‘I“ill .
—3 L1 Mo window
TRIRIET L
J L IR
..'H.-M.'\."'\."'."lﬁl.r i'lth.l‘lr.l'I"-
1 II.
II'! :II;
A (TR i
1 U !.-'?‘r-"* Hamming Window
;I \ (AL
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SAW pulse compression (11

m |n a pulse compression system, a very
brief pulse consisting of a range of
frequencies passes through a
dispersive delay line (SAW expander)

In which its components are delayed in
proportion to their frequency.

m In the process the pulse is stretched;
for example a 1ns pulse may be
lengthened by a factor of 1000 to a
duration of 1us before it is up-
converted amplified and transmitted.

m A constant amplitude waveform is
produced in which the frequency
iIncreases or decreases linearly by Af
over the duration of the pulse

Instantaneous Frequency Envelope:Amplitude
e
3

Time

Signal Amplitude
G}

Time
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SAW pulse compression (111

m The echo returns from the target are down
converted and amplified

m [tis then passed through a pulse
compression filter which is designed so
that the velocity of propagation Is
proportional to frequency

m The pulse is compressed to a width 1/Af ¥

m [he compressed echo yields nearly all of Freguency
the information that would have been 2
available had the unaltered 1ns pulse been o
transmitted.

m The amount of signal-to-noise ratio (SNR) | ,.'f I'*.,
?ain achieved is approximately equivalent VAV VAV SN
o the pulse time-bandwidth product g.z. s 0 e s

m Most pulse compression systems use
surface acoustic wave (SAW) technology
to implement the pulse expansion and
compression functions

m The maximum g.rproduct that is readily
available is about 1000.

Radiotecnica e Radiolocalizzazione
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SAW pulse compression (I1V

ama T L] L L L 1 ] LN I A B B | T

10008 —

L]

388 -

BANDWIDTH (MHZ)

T ¥ 1T FTT

T
1

ln i 1 [ N B B B | 1 1 U S B R |

3 10 e 100 3ee
HWAVEFORM DURATION (us)
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Chirp approximation and sidelobes

= Chirp autocorrelation
(matched filter output)

: B :
BSIH{ET(T_M)} g(l‘)E\/E Sm[ZBt]: BT sinc [z Bt]
g(t) = ra r

B T —t
T —t T

= approximated with

which is the Inverse Fourier Transform of
a rectangle in the frequency domain
]

Sl

G(f)=\ rects(f)

v

-B/2 B/2
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Distorsioni lineari (I)

Effetto
delle
distorsioni

4

* Il sistema reale sara affetto da distorsioni (non sara esattamente uguale a quello
ideale): tutte le distorsioni di sistema possono essere sintetizzate in un filtro
distorcente posto in cascata al filtro adattato ideale:

Filtro adattato
- ) ideale ,| Filtro distorcente
() Hy(F) Solt) Hy(f) 50 (1)

* Nell’ipotesi di piccole distorsioni la Hy(f) puo essere sviluppata in serie arrestandosi al primo

termine

D= A 5|

A(f)=1+a,cod22C, f)
e]B(f) — erlsm(Z”be) ~ 1+]b1Sl}/<27Zbe) 1+a1t§oscam ’

-~

= b_w-b,senC, w
a,: valore di picco della componente di ampiezza;
b,: valore di picco della componente di fase; P
C,: frequenza ripple di ampiezza;
C,: frequenza ripple di fase;

w

Radiotecnica e Radiolocalizzazione
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Distorsioni lineari (1I)

* Il segnale di uscita distorto ¢ dato da:

s¢ (t) =S, (t) + % s, (t +C, ) + % s, (t -C, ) — > effetto della distorsione di ampiezza;

s (t) =5, (t) +b—21 s, (t +C, ) _h s, (z -C, ) ——— > effetto della distorsione di fase;
N
Y
ECHI
APPAIATI

‘ L’utilizzo di filtri reali anziché ideali comporta la presenza di un disturbo additivo dato
dagli echi appaiati: tanto maggiore ¢ a,&b, tanto maggiore ¢ ’ampiezza dell’eco, tanto
minore ¢ C,&C, (ripple lento) tanto piu gli echi appaiati compaiono vicini al segnale utile
—> dalle specifiche di dinamica si puo ricavare la massima distorsione ammissibile (valore
massimo a,&b,).
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KFrequency domain weighting (1)

= To control sidelobes of the compressed waveform,
amplitude weighting with appropriate tape functions can be used

A

t e IG()

|
| =

)

v
v

-B/2 B/2 -B/2 B/2

T
G =L recty () — G\ et () W ()

Taking the Inverse Fourier Transform, we have in time domain

g(1) = /BT sinc [ Bt| ey o (1) =~/BT sinc [z Bt] * w(r)
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KFrequency domain weighting (11)

= using appropriate taper function, allows to control sidelobes

For example

W(ifH=>10-k)+k cos(n%)

k 1.k
W) =(1=k) 8@y +— 8= )+ S+

Shifted replicas to remove sidelobes ...

25
20
15
10

5

TR A AL
25 PEOCORR R T RALC

g(z);ﬁ{(1—k) sinc [;th]+§ sinc {ﬂb’(l‘—ﬁ)}+§sinc [7[3@—%)} }

Radiotecnica e Radiolocalizzazione
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Analog vs. Digital domain operations

= usually compression is applied in the sampled domain

= Starting from an approximately rectangular chirp spectrum (sampled in frequency at 1/T)

kT
.| . _
(N2—1) s Sm{ (N -1)t, } Zeros of NUM: [, _1
(t ) e+]7kl‘ . T -Z \
g n/) -
gD Sil’ll:ﬂ. tn} Zerosof DEN: ¢, = kT
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Compressed waveform quality parameters

~ Side Lobe Level
SLL = Amplitudeof the highest Side Lobe

® < Main Beam Peak
Side Lobe Ratio

~  SLR=(SLL)

w, =2 taper coefficients

' Generally achieved at the expense of:
Taylor (1953):

) = Symmetric weights yield lower
@ Efficiency ( Nl )2 sidelobes
w
_ k = The sidelobe decay depends on the
g NZN -1 2 discontinuity in the aperture
distribution and in its derivatives.

@® 3 dB resolution = A weight distribution with non-
zero external elements (pedestal) is
more efficient

Radiotecnica e Radiolocalizzazione
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Common used taper functions

Efficiency | PSL (dB) | Main lobe width
n (w.r.t) 1/B.
Uniform 1 -13.3 0.89
Cosine 0.81 -23 1.19
Cosine squared (Hanning) 0.67 -32 1.44
Cosine squared on 10 dB pedestal | 0.88 -26 1.08
Cosine squared on 20 dB pedestal | 0.75 -40 1.28
Hamming 0.73 -43 1.30
Dolph Chebyshev 0.72 -50 1.33
Dolph Chebyshev 0.66 -60 1.44
Taylor n-bar=3 0.9 -26 1.05
Taylor n-bar=5 0.8 -36 1.18
Taylor n-bar=8 0.73 -46 1.30
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Triangle (Bartlett) Window

il k _ _
Wy =1— i p=—N=1 401,21
7 | (N-1)/2 2 2
B [72 N ]2
0.6 . Sin *71‘71
e ‘ g(t )_ 3 T 2
4T 1 " N| . |~&
sin| —¢,
0.27 | _ {T } _
025‘ ‘ ‘ 20 15 10 5 0 5 10 15 20 ‘ ‘ ‘25 ’”L””L ””””” |
k index i i
. . 26dB
= Main Beam width (between zero B 1
crossing) is twice that of the uniform = S T T Ty e b o il AN R RO
window % ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
o ol A

= Zeros of order 2 in the Fourier Transform
= SLR=26dB=2*13dB

= Decay SL oc 1/x? (-12dB/oct)
(discontinuity in the first derivative)

,,,,,,,,,,,,,,,,
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cos*(x) Windows

wy =cos” Lﬂ' kz—N—_l,..,—l,O,l,..,N—_1
N 2 2

As a increases, the windows become smoother and the pattern shows increased SLR and
faster falloff of the SL, but with an increase width of the ML.

1 b i e J s J
0.8 | Bl 0.8 | 1 0.8 | 4
__ o6} 4 _ o8} 4 __ o6} 4
0.4t , 0.4t , 0.4l 1
0\“ M\ 0 \\‘H “‘M 0 m\‘” “‘\m
0 T T T T T T T T 0 T T T T T T T T 0 T T T T T T T T
I I I I I I I I I I I I I I I I I I I I I I I I I I I
| | | | | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | | | | |
=777 ——r—— L e B e i He T el e e il el R e B e s B e e el e e Bl
| | | | | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | | | | |
| I | | I | | | | | | | | | | | | | | I | | I | | | |
el Bt i e I Al et el B o] e e i e e it e Aty Il el eyt i A Al il ity et B
| | | | | | | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | | | | | | |
8_30 ,,,,,,,,,,,,,,,, 1] 8_30 ,,,,,,,,,,,,,,,,,,,, 8_30 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
5 | | | | | | | | | 5 5 | | | | | | | | |
= | | | | | | | | | = =
> | | | | | | | | @ | | | | | | | | | > | | | | | | | | |
W40k ——+———l———F - — H -1 W40k - —4—-——1———F——+—|4 —-H-F-—+ - - —F—-— W40k — —+———l———F — — + Fol—H—F——+——d———F——1
= | | | = | | | | | | | = | | | | | |
| | | | | |
| | | | | | | | | | | | | |
B i e THTH SO ——g-—————r -~ It I e St el il SO-——7-——————r -7 i Rt ol s it Bl e
| | | | | | | | | [ | I | | | | | | | | | | | |
| I | | | | | | ! | i | | | | | | | | | | | |
I | | I | | | | | I | | | | I | | I | | | |
Ry ] i i N T BOF - m g RN ] i e [ ] T T T T T T T
| | | | | | | | | ﬂ | ﬂ | | | | | | | | ] | | |
| | | | | | | | | | | | | | | | I | | | | |
70 ! ! ! ! ! ! 70 ! ! mﬂ ! ﬁm ! ! 70 I I I ﬁ\ I \ﬁ I I I
tn tn tn
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cos*(x) Windows =>Hanning Window (a=2)

szcoszl:Lﬂ}Zl 1+c0s[ 2k 7Z'i| :l+lcos[ 2k 7Z':| k=—N—_l,..,—1,0,1,..,N—_1
N 2 2 2 N-1 2 2
T
1 1 T T sin[an}
t )J=<=D(x)+—|D| x+— |+ D| x—— __ LT
glt,) {2 (x) (x N) (x Nj} p(x)=—
s1n[Ttn}

-0.25 -02 -0.15 -01 -0.05 0 005 01 015 0.2 0.25
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cos*(x) Windows =>Hanning Window (a=2)

= [t does not require extra memory and is
controlled by a single parameter.

= Wide enlargement of the main lobe
= Low efficiency: n=0.67
= SLR=32dB

= SL Decay o« 1/x3 (-18dB/oct)
(discontinuity in the second derivative)
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Hamming Window (1/2)

The Hamming weights are a modified version of the Hanning weights:

B
o0 wk=l+lcos 2k T kz—N—l,..,—1,0,1,..,N—1
.§< 2 2 N -1 2

= 1 1 T T

< t J=<=—Dx)+—|D| x+— |+ D| x ——

P oot o koo 2

It 1s obtained by modifying the coefficients of the combination of D(x) functions to

achieve a better SL cancellation

2k N -1 N -1
=yv+(1—y)cos T k=———.,-10]1,.,—

glt,)= {7D(x) - %(1 - V)Hx ¥ %j " D(x ) %ﬂ}

Cancellation of the first sidelobe is for y=0.543478261. in practice, it is used

y:O'54: Wk = 054+046 COSI: Zk ”:l k — _NT_la"a_LO?l"‘?NT_l

glt,)= {0.54D(x) ¥ %O.46{D(x " %j + D(x - %ﬂ}

Radiotecnica e Radiolocalizzazione

Hamming

RRSN - DIET, Univ. di Roma “La Sapienza” CODICI DI FASE - 57



Hamming Window (2/2)

= large attenuation of the first SL of the original

T | compressed waveform
=Better efficiency than Hanning: n=0.73
0.8
0.6 ‘
o 7 s -
0.4+ E ! ! ! ! ! ! ! ! !
N . L
0.2 E | | | | | | | | |
e
: | ‘ ‘ | = ] .
-25 -20 -15 -10 -5 0 5 10 15 20 26D
k index 1}
= SLR=43dB
= SL Decay o 1/x (-6dB/oct)
(discontinuity at the extremes)
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Blackman Windows

= Hanning and Hamming taper functions belong to the “raised cosine” family

=Both are special cases of the Blackman windows (windows function of (N+1)/2
parameters) with only y, and y, non-zero coefficients :

N-1)/2 -1/
w =( Zi}/ cos( 27 mkj (NZD; =1 k—_N__1 -1,0.1 N-1
k m:O m N—l m:O m 2 2 b b A} 2

Difficulties with the family of windows:
* The choice of parameters to achieve the desired waveform characteristics is

difficult (complex inversion)
« Often the characteristics are not adequate in terms of resolution and efficiency.
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Dolph-Chebyshev Window (1/3)

It provides the maximal resolution for assigned sidelobe (costant) level!

The design 1s based on the properties of the Chebyshev polynomials :

((—1)” cosh(ncosh_l‘u‘) u<-—1 b
T, (u)=- cos(ncosu) ‘u‘ﬁl 10
cosh(ncosh™u ) u>1 ;

Properties: -
= T,(W=2uT, , (u)-T, ,(u) i

H.L. Van Trees, Optimum Array Processing, Wilsy

= Zeros in |U.|S1, U, = cos|:(2p —-1) £:| p=1..n
2n

: .. : kr
* Maxima and minima in , = cos {_ k=l.,n-1 sk 1: i i | | 1
n -1.5 - -0. 5 5

-10

= Also T, (u,) = +1

For a window of N elements, a polynomial with order n=N-1 1is used (N-1 zeros).
The oscillating part of the polynomial is used for the sidelobes, while the main lobe is mapped
in the region x>1.
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Dolph-Chebyshev Window (2/3)

20

1 SLR=50dB
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Dolph-Chebyshev Window (3/3)

. Spike in the taper
function!!

N=201
SLLR=40dB

fmmmMm h

-100 -8 -60 -40 -20 0 20 40 60 80 100
k index

For this reason, such taper function is not used in practice.
The Taylor taper function is studied to solve such undesired feature, while
keeping the nice properties of the Dolph-Chebyshev solution.
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Taylor n-bar Window (1/4)

This is a trade-off between Dolph-Chebyshev taper function with constant RSL
and the uniform weights with 1/x sidelobe decay.

Starting point
sp o U=2X/T
[ » Pattern with constant level sidelobes
_ 2 2
F(u)=cosh [” A" ~u } us<A * There is a transition in the main lobe at u=A

between the hyperbolic function and the
F(M):COS|:7Z' /uz —A2 } 0> A trigonometric function

Zerosat 2> 7, :i\/Az +(n—-1/2)?
* SLR=F(0)=(1/m)coshA

Strategy

Using this ideal pattern, there are still spikes at the window borders = an
approximate pattern 1s used where:

= The firstn  sidelobes are maintained at a constant level
* The pattern zeros are moved to achieve a 1/u behavior in the sidelobe level
region far from the main beam
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Taylor n-bar Window (2/4)

tor A2+ (n-1/2)% 1<n<i i
G:

New 2 —in 3 J A2 +(T-1/2)?
ZCT1O0S.

Zy

I
I+

2
[u Inversion -1 i
. z _ 2
F(u):SlnmlH ‘ Wy ={1+22F(n,/1,n)cos(n7r( )] Wisdx
L

0l o

n=l1

. . (-1 (n
with F("’A’n)_(;7—1+n)!(ﬁ—1—n)!m:1 :

17
1
VY

N
3 S
N—
o
| I—

=—NN=1 _101. =1
2 2
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[E©)I (dB)

Taylor n-bar Window (3/4)

=5 8 O O O 11 R
e = . tn
R T s
L A R R A Sﬁ“%” |
AT BT BT 1111 I
t k index

n
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Taylor n-bar Window (4/4)

1
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= Good approximationr for the first SL

= SL asymptotic decay oc1/x

assigned SLR,

= Main beam widening

= 1 cannot be too small for an

but large n values

yield implementation problems
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Rete di Tavlor: coefficienti

"""" TAYLOR WEIGHTING: o
= fr
4. wrglt) =X Fowglt-3) Wy (T =
mE- =
=1 "
where Wo(f)[142 3 Facos 2em
Fo:t ,Fne0 for Im|2 7 "
and
m™ Em (REFS 39,42,43)
TABLE 10.9 Taylor Coefficients F_*
Design
sidelobe
ratio, dB —30 —35 —40 —40 —45 —45 -50
i 4 5 6 8 8 10 10
Main lobe
width,
-3 dB 1.13/B 1.19/B 1.25/B 1.25/B 1.31/B 1.31/B 1.36/B
F, 0.292656 0.344350 0.389116 0.387560 0.428251 0.426796 0.462719
F, —0.157838(=1) |=0.151949(—1) |-0.945245(-2) |-0.954603(—2) | 0.208399(-3) |—0.682067(-4) | 0.126816(—1)
F, 0.218104(—2) | 0.427831(=2) | 0.488172%=2) | 0.47035%=2) | 0.427022(-2) | 0.420099(-2) | 0.302744(-2)
F, —0.734551(=3) |-0.161019%(=2) [—=0.135350(-2) |-0.193234(—-2) |—0.179997(=2) |—0.178566(—2)
F, 0.347037(=3) | 0.33297%(—4) | 0.74055%(-3) | 0.569438(—3) | 0.884107(-3)
F, 0.357716(—=3) |—0.198534(-3) | 0.380378(-5) |-0.38243%(-3)
F, ~0.200474(-3) | 0.33975%(-5) |—0.224597(-3) | 0.121847(-3)
Fy 0.246265(=3) | —0.417574(-5)
F, —0.153486(—3) | -0.249574(—4)

*Fam=1; F__, = F_: Noating decimal notation; —0.945245(=2) = —0.00945245.
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Confronto reti di pesatura

. L_"L':”| WEIGHTING BY COSINE- ‘hj__ F -
- SQUARED PLUS PEDESTAL| ™ " “=~=o. £
= b,
b Fy _,r/ x"'\ H i T
E [ — 1 H " R
H —e—1 | L~ {0 Z
o one - / — L
T
E "/ y
% o - 4 11 =
g %
/ 3
— 20 W 20 —— —_ e
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() 8 15p R S
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v va4/8 - Sh H=0.08 w M0 d
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" E / ; FIG. 10.16 (a) Taper cocfficient and pedestal height versus peak side-
“ oave b _,:,- | - lobe level. () Compressed-pulse width versus peak sidelobe level. (c)
T | SNR loss versus peak sidelobe level.
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Chirp approximation and sidelobes (1I)

= Side Lobe di Fresnel SLF. ‘dB =20 log(BT) +3

Porzione trascurata
nell”’approx

rettangolare % F
-20}

. I SIDELOBE LEVEL OBTAINED
Importante per bassi |__—WITH CONVENTIONAL
rapporti di - \'}Et

compressione 30
- -~
PEAK SIDELOBE - \
LEVEL, DB N
[N
-40
. . eq o4, . =S
Limita la pos&@hta d1. EA SIDELOAE L EVEL _—*
abbassare 1 lobi laterali — OBTAINED WITH RECIPROCAL
. RIPPLE DESIGN
tramite pesatura ol laly . | l N .
5 6 7 8 910, 15 20 30 40 SO

PULSE COMPRE SSION RATIO - {LOG SCALE)
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