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Radar Principles - extended

MOVING TARGET INDICATOR (MTI)

DOPPLER PROCESSING

and/or

Nadav Levanon, Tel-Aviv University

e Involves coherent processing of a pulse train (plain or compressed)

e Purposes: Separate weak returns of moving targets from large clutter returns

e Two basic approaches:
e Bank of filters (usually DFT, or FFT)

e Pulse cancellers

» The two approaches are usually combined

Typical radar Doppler processing stages

———>

MTI filter

>

FFT

—————>
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Collecting Pulsed Radar Data, 2:
1 Pulse, Multiple Range Samples

« Ifusing a coherent receiver, each range sample comprises one
“I” sample and one “Q” sample, forming one complex number
40

— Equivalently, one amplitude and one phase
« So each range cell contains 1 complex number
— Stored in a single processor memory location

 Each range cell represents echo from a different range interval

 Also called range bins, range gates, range cells, fast time
samples, ...

« Sample rate determined by data bandwidth ...

* Which in turn is determined by waveform bandwidth
— Typically 1s to 100s of MHz, sometimes higher

sample 0
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© 2010 Mark A. Richards 28 @j @ T;gch o
All Rights Reserved. |

LECTURE N SLIDE



Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

Collecting Pulsed Radar Data, 3:
Multiple Pulses

* Repeat for multiple pulses in a “coherent processing
interval” (CPI) or “dwell”

* New axis is called pulse number, or slow time

+ Sample rate is the PRF

*  Minimum PRF determined by Doppler bandwidth of data
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pulse # = slow time significantly
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University

Generic Doppler Spectrum Viewed by a
Stationary Radar for 1 Range Bin

* “Principal period” of the spectrum of a radar echo signal from

one range bin (spectrum repeats periodically):

-2

moving targets

clutter

moving

fast time (range bin #)

] !

—PRF & 2v2

1
1 >~ M
slow time (pulse #)

* Noise uniform across spectrum

« Clutter concentrated around zero Doppler

“clear region”

“clutter region”

— But clutter width depends on phenomenology and platform motion
- Target(s) appear at appropriate Doppler based on relative radial

velocity
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Range-Doppler Map
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Basic Pulse Doppler Detection Process

« Form range-Doppler map: i A
L — L1 »’*"’M{
p s | L
g ny g
3
0 0 M-1 i 0 0 » K-1
slow time (pulse #) frequency (“Doppler”) bin
 Threshold testing of Doppler bins:
frequency
samples
computed
by the FFT
?
— _‘.m:ﬁ'.ibofd
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+ So we need to maximize SNR in each Doppler bin ...
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Radar Principles - extended

SNR=-10dB

Z0.076923

SNR =-20dB

Nadav Levanon, Tel-Aviv University
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Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

2-D Pulse Doppler Data Matrix

. sampling
* 2-D data matrix of interval = PRI
coherent, v OooOOroroon
baseband returns & BHHF il
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waveform slow time (pulse #)
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From M.A. Richards, Georgia Tech

2-D Pulse Doppler Data Matrix

. sampling
* Doppler processing interyal = PRI
operates on a row of fumﬁmm 1 complex
this matrix .~ (in cach call

=

« Two major classes
of processing:

— MTI applies a linear
filter to the row

|E Ad 21U

Bunduwes

E
H

Digital Filter

fast time (range bin #)
LTI T T IO T T T
I
g1 =

— Pulse Doppler | or
: —_— Spectrum
applies a spectrum | @M  Analyzer

. slow time (pulse #)
estimator to the row
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University

Synchronous detection and matched filtering

BPF

LPF

a

2eos[ax]

T

2sin[ax]

LPF
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Coherent integration of M identically modulated pulses

Ll
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The 2st output of the FFT, with no weighting, produces the delay-Doppler response below.
Note that the zero-Doppler clutter is nullified.
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University

The 2" output of the FFT, following Hamming weighting, is equivalent to cross correlation
with the reference signal below.
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The 2 output of the FFT, following Hamming weighting, produces the delay-Doppler response below.
Note that the zero-Doppler clutter is not nullified because the main-lobe is widened.

Note the reduced sidelobes.
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Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

lllustration of Pulse Doppler
A

sampling
m—lﬂ Ehlll:—Pm EI?: r'5 ?ﬂapﬁengat:]ﬂke
f’r 1 complex
& L (i ohch cell
i EEEE NS R i% % - -
e, .
£ = » Each bandpass filter
g output or DFT
Bandpass Filter frequency sample is
= Spectrum subjected to a
slow time (pulse #) C Ll el threshold detector
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Radar Principles - extended

s, (t) = p(t) cos|(e+ 2, )t|—

2sin| o]

Nadav

Levanon, Tel-Aviv University
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University
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The slopes indicate phase change,
due to Doppler, during the pulse.
May pose a problem in pulse

compression with low Doppler tolerance.
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DOPPLER TOLERANCE

An efficient implementation of filters matched to several Doppler shifts

Complex envelope

of the signal wu@)
1 2 N
0 4 T 2T J
Pulse Pulse Pulse Pulse
compression compression compression compression
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phase

Ideal Doppler
compensation

time

1 1 1 ! 1 1 1
1 | 1 1 ! 1 1 1
1 I 1 1 : | 1
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1
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1

Implemented Doppler
compensation

There is no Doppler compensation within each pulse.
Hence, performances degrade with Doppler

LECTURENSLIDE 21



Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

The Concept of Moving Target
Indication (MTI)

« MTI filtering
applies a high-  |H(/|= magnitude of
pass filter to the MTI filter frequency
data in each respanes
slow-time row A b
» Filter output — T T ™
retains noise, el i *2 _
moving
target(s), but
has reduced

Before MTI filtering

r

-

A After MTI filtering

clutter S Y R
— goes to detector - 2y 2y PRF
next Y i " i
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Radar Principles - extended

Pros & Cons of MTI

» Indicates only whether a moving target(s) is
present
— doesn’t determine velocity
— doesn’t determine approaching/receding
— doesn’t indicate multiple targets

» Advantage: simplicity, light computational load

SEREEEERAEEE - —p Target?
E E MTI Filter Energy Detector Yoo gr No

| /™ M
slow time (pulse #)

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech
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Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Two-Pulse Canceller Concept

 For a stationary radar and clutter (and no
noise), successive pulses produce exactly the
same echo
— so subtracting them should cancel them out

« But moving targets have phase change due to
range change, therefore don't cancel

* This concept leads to the two-pulse canceller
MTI filter

— example of finite impulse response (FIR) digital filter
— periodic frequency response
— also called “single canceller”, “first-order canceller”
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2-pulse canceller

X0 + N YOXOX(ET,)
Delay T ] eny/ N
—— Delay T, ]
x(t-T,) 0
y(t) = x(t)—x(t—T.) , T. =Pulse Repetition Interval

Y (w) = X (w) (1—e‘j“’Tr )

H (a)) _ Y(a)) ::I__e—ja)TIr _ e—ja)Tr/2 (ejcoTr/Z _e—ijrlz)
X (w)
H(w) =e*""?2jsin(aT, / 2)

H ()| = 2[sin (T, /2)|
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H(w)|= Z‘Sin (T, /2)‘

2
1.5 F .
[H(N 1+ .
0.5 .
Us -1 0.5 (0 05 1.5
fT
1'st blind speed
=14 =
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+

16 inputs FFT
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non &> AxeING . FFT 70831 Yw vonima 70 nr a3°3ni1,2 7%23v n2apnm 7onwi 23 3k 197vnn FET 7 x3m .nxeye
.79D17 - nwn
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TABLE 2 Output data after 16 input FFT: Absolute intensities

Doppler 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
filter #

Delay/dt
18 16

1 16

0

0
16 16 0
15 16 0
14 16 O
13 16 0
1 16 16

o O o o o o o o
o O O O o o o o
o O O o o o o o
o O o o o o o o
o O O O o o o o
o O o o o o o o
O O o o o o o o
o O O o o o o o
o O o o o o o o
o O O O o o o o
o O o o o o o o
o O O O o o o o
o O o o o o o o
o O o o o o o o

1 16 0

fiers
ooy
-
-
.
-
-
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: D12 pwn

IRWA FNPW 71?37 ROAW L 12 70w 11202 $12p7 YRR YV A2 7797 WK 1971 nRrY n2ws vxan FFT
21772 7PORNM TI0NT APY TOKRDI NOMI .AIWNPAN AN PV 799D 1A% .1 %W 0299V 16 015°0 Im103 P AWRT NINGR
XX977 1997 1 2w 0°37Y 16 019°0 ]XD 03 ¥¥an» 11r°pi Nk .1.0m FFT 7 xx1m nx 93y xinws FET 7 yxanw nrph
.16 % MW X371 03 79777 1999177 D°RNN7

: FFT 7 nxno% by noolan gawn

X[k], k=0,1,2, ... N=1 myow N5 X[N],N=0,1 2, ... N=1 mous N s9m FFT
N-1

X [k]=ZX[n]exp(_J‘2ﬂk n/N) 279 N1 K7 ARRON
n=0

:19% 0»pnm 1721 .1 7Y 1IN ORDIY An¥Iva ¥1ap kD 17 FFT % miov1on 16 95,12 — 3 3°nwia 92%s ,nvnwnn 953

16-1 16-1

X[0]=> leexp(—j0)=16 , X[k]=D leexp(-j27kn/16)=0, k=12,..,15
n=0 n=0

x[n]:1+exp(j27z- n/16), n=0,1 2, ....15 =7ymum FFT % 702150 mna7 16 °5 1101 12— 3 pawna

100 FFT 7 nxmwna jnaxn

k=0,1

X [k]:i[uexp(j27zn/16)]exp(—j27zk n/16):{106 (23 15
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3 7PYD
.FFT 7 72yn »inxw (°0°03, 2-pulse canceller 2om) MTI 23vm 79710 5915 7129w 753 /X fPyon a1w /2 Pyo

D3V7 3 NWITI ANV .1 09199 0TIPT,0 DID DR NIXPHT ATINY NDOIT Y P71 39300 AN RO . 3 719202 NA¥IA 70°1377 °37Y NYav
.07 xR 0910% PPt MTI R

TABEES Complex input data from 17 consecutive pulses (pulse 0 = pulse 16)

Pulse # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Delay/dt

18 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
17 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
14 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
12 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+ 1+

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Vod \ \ \ \ \ \ \ \ \ \ \ \ \

2 — pulse canceller

VNS A 2 2 \A 2 X 2 \A 2 \A 2 2 2 \A
16 inputs FFT
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FFT 7 xz1m (29pwn n»xpnn x5% nyw 2w) . MTI 7 Yavn xximn 0°%apnni 02opomipn 0239w 16 FET Y ooamn iy miaova
WA AWIN 99917 - Aawn nen X0 arxIng . FFT 7ox21m Yw 09ming 7990 nR a3eni,4 7930 n2apnm 7°awi 93 MInx 1570
/R 7°¥02 123pNaw 75mnn

TABLE 4 Output data after a 2-pulse canceller followed by a 16 inputs FFT: Absolute intensities

Doppler 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

filter #

Delay/dt

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 6.243 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(DY 770NT DREMNIND) 12 .00 3PRWR ]1'7!15 TMPRNAT 77IW2T 0 19917 NTIAYA 0°29V 0°7071 4 117303

SW NI1I0° 031 NITIoR 03) nb:pmw IRYINT NIWHWA 93 DRI ,2IWAT DX 20D W1 LAY 77IW2 021007 0297 95 nX awnb v
('R Y0 nmyh 2 1°Y02 T2°YH
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: D190 f2Iwn

FET % minw an an 0 = 19w xxmn 19971 0°3p1w 020910 21w 9am 3n1 vpaa nx onn MTI

0o nrawnn 92 FRET 7ok %5 03 15

MPRW) onmxya o7 0RD 16 FFT % 0oamn 1x5 .12 monwna avan mivnan nnn saav 2-pulse canceller 7 xxn x1m »nn
.MTI % 7197152 £>9918077 115 2%p ININ2 077 03 ©°22IN0MTI (1 2 AW

:0°377 *NW2 2wn? WK 12277 0ITRDI 2w LI TV DX

:2WnY ,0°10W 0°IIRD "W 12 WIDAN YW v2MING TIVI NRORA X

\ei”/B —eio\ ~0.3902 = 16*0.3902 = 6.243

: 2-pulse canceller Yw 9707 n21an nxMO1 91¥°1 .2

H ()| = 2[sin (T, /2)
T, =27/16 = |H(w)|=2[sin(7/16)=0.3902 = 16*0.3902 =6.243
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=z

X [k] = _lx[n]exp(_jzﬁk n/N) : FFT 5 nxnoy %y novan 7awn

n

Il
o

93 75°0% .07IPR 02IDAN AN AT RIAW APRHWHIW 792377 (N0R2DMRIR) NI0MIN AW 71237 2on 3w 952 MTI 71 %avn anxb
.0BRY MW MIX>X°1 95 03 09X NWFFT % n19°1377 95 9wx> .0°00XRNM (1=) ¥12pi IIRDA 7Y Q*1NIT YpIi *Inn
: V727 7Y NN NIN°ITII AVIT 7I0H? NITIT NIDDRNN X? NI0*IST 12 71IWw32 I

x[n]=exp(j2zn/16)-exp( j27(n-1)/16),n=1 2, ...,16

nn FFT 7 nxmwna naxn

X [k]:i[exp(jZﬁn/m)—exp(j27z(n—1)/16)]exp(—j27zk n/16):{g ) =0k2:31... "

: K =1 qwxo%apnnen Y bw vbmna Jva 2wen

y=X[1]= i[exp( j2zn/16)—exp( j2z(n —1)/16)] exp(-j27n/16)

= :z;[l_ exp(—j27/16) | =16[1—exp(—j27/16) |

=16exp(—j 7/16)| exp( j z/16)—exp(—j z/16) | =16 exp (-] 7/16)2 jsin(z/16)
|y|=|X [1] =32sin(7/16) = 6.2429
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Example: Two-Pulse
Canceller Clutter Attenuation

Clutter and Two-Pulse Residual Signals

15

* Clutter 1ok clutter |

represented |

by correlated I ll ] 1 l @

| | i |

noise E” 0 I,T FLHf ' AN )
+26.6 dB 3 s '|

clutter » |

energy - |

reduction -1or

f 26,06 dB clutter suppression
0 1000 2000 3000 4000  S000 6000 7000 KOO0

sample
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From M.A. Richards, Georgia Tech

Three-Pulse Canceller
» A three-pulse (double, second-order) eXp(—ja)Tr) -
canceller can be formed by cascading

two first-order sections
 Transfer function H(z) = 1-2z"14z2 (1_ Z_l)(l— Z—l) _1_97t4 472

+ +
x[n] ? ?ﬂ”]
L -1 L -1

® Delay, T, ™ Delay, T >

I

W, =1 W, =—-2, W, =1

S Y@,

>
T Pulse Repetition Interval (PRI) , Pulse Radar
a Waveform period , Continuous Wave (CW) radar
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Three-Pulse Canceller

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

H(w)|=4sin’(aT, /2)

higher
peak gain

357

[ 5 - broader
null

1.5 1

.5 7

[ —
-1.5 -1 0.5

) 0.5 | 1.5

fT

<
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Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Example: Three-Pulse Canceller
« 48.6 dB clutter attenuation

Clutter and Three-Pulse Residual Signals
15 .

10 I ’L I I I m I"

ET IVH ir.&.wmk [ W_“[k'.“,N N:N

-15

voltage

, , , . 486 dB clutter suppression
0 1000 2000 3000 4000 5000 6000 7000 0 B000
sample

-2
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Radar Principles - extended

Modified 3-pulse canceller

C

a=1

1 c,=—(1+a),c;=a

Clutter spectrum, STDW =60 [rad/s]

S.(@) =

JI

-50

40

-30

-20

10 0 10 20

Frequency [Hz]

50

R

dB

Nadav Levanon, Tel-Aviv University

> T
X
14
=
e 20'5)
o T=02
(o]
- ‘

o M .

-5
-10 i
-15

X:0.032
Y:-19.97
-20
5[ i
-30
35 3-pulse |
............... 2_pu|se
clutter

-40 |
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Radar Principles - extended

o T=0.01
o)

Nadav Levanon, Tel-Aviv University

80

-90 = !

- 3-pulse, a=0.85 [
- 2-pulse, a=0.00
v clutter

3-pulse, a=1.00

10
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Radar Principles - extended

dB

-100

-120

S T =0.001

Nadav Levanon, Tel-Aviv University

gors
P

3-pulse, a=1.00
3-pulse, a=0.85
2-pulse, a=0.00
clutter

0.1

0.32 (cell #1)

1 3.2 (cell #10) 10
Velocity [Im/s]

I n
32 (cell #100)

100 320 (cell #1000)
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Radar Principles - extended

Blind Speeds

« MTI filters are digital filters,
so frequency response is
periodic
— Nulls at multiples of PRF Hz

—"Blind” to targets at
corresponding radial velocity:

— Could fix by raising PRF

« Unambiguous range is
inversely proportional to PRF:

» Tradeoff in PRF choice required

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tec

7Y

A PRF
V!;rfr'nd — 2
" cPRF
2/,
er = :
2PRF
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Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University

Coherent pulse train 8 pulses, PAF contour =0.15

18
- - - - .
. ® O o ¢
15 N ® * P
14
13
12
11
~ 10
= >
s @
! ®
6
5
4
3
2
1 - ® - ® O
Nl Y Y A Y

-12-11-10-9 8 v 6 5 4 -3 2 1 0 1 2 3 4 5 6 7 8 9 10 11 12

LECTURENSLIDE 42



Radar Principles - extended

vNT

[N

18
17
16
15
14
13
12
11
10

9
8
7
6
5
4
3
2
1
0

-1

Coherent pulse train 8 pulses, PAF contour =0.15

Nadav Levanon, Tel-Aviv University
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Radar Principles - extended

C C

R, =— PRI =
UA 2 2 PRF PRF _ 2VBS _ 2VBS fC
C A C

PRF = —

2 R BS= blind speed
UA

Nadav Levanon, Tel-Aviv University

UA = un-ambiguous C ZVBS fC

_ Vs [Ms]R 5 [km] =
Vs Rya = % A
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Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University

B | i nd S p e e d S VS_ R F From M.A. Richards, Georgia Tech

=2
S

| | attainable
.| combinations _
100 atf, =1 GHz unattainable
combinatlions

atf,=1 GHz

< first blind speed (m/s)

N
o
3
~~
w

10 100 200km 1000
unambiguous range (km)
22500
Voo [MS]R, )4 [km] = ———
es LTS Rua T f_[GHz]
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Radar PI‘II‘ICIpleS - extended Nadav Levanon, Tel-Aviv University

A / Emitted puls;c/ Returning pulse

=)
ED: I 1
—y 1 1
< >
nambiguous Time interval »‘ Time
range of emitting (a)
4 r Unambiguous range b‘

Aysudyup

| range range |

Unambiguous range (b)

Fig. 1. (a) Range determination without ambiguity. (b) Range determination
with ambiguity.
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Radar Principles - extended

Staggered PRFs |

* A way to raise blind speed without
significant effect on unambiguous range

» Concept: combine data from multiple

PRFs

—target is not simultaneously blind on all of
them

 Two basic varieties:
—pulse-to-pulse
—block-to-block

dav Levanon, Tel-Aviv University
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech

Block-to-Block Stagge

* Two or more dwells
(coherent processing
intervals (CPls))
transmitted and
processed

* "M of N” logic applied
to detections

* Velocity ambiguities
complicates velocity

estimate in pulse
Doppler version

s

| Blind @
PRF #1

]

i
o =

\

“—

Doppler Frequency imultiples of PR

I.
-

1.5

HOO 1 b

Ml @ PRF #2

Not blind

\

<)

9| NIE .
Doppler Frequency (mulliples of

I 1.5
FHREF
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University

T /tp =6 Coherent pulse train 8 pulses, PAF contour = 0.15
26 18
25 17 + + + + +
90 0 (.e0 000
2 | 15
21 ’ o o O o
2 14
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University

Eclipsing joins blind speeds

Trans. 3
pulse -
Delay
0 W TrH 2Tﬂ
Near [ENL SR R SRIING L SR, N ey
clutter £ £ 2o % 2 {2
Eclipsed by pulse
CT, /2
' /
Masked by near clutter
CT,

v Range
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Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

Davis, P.G. and Hughes, E.J. *Medium PRF set selection using evolutionary algorithms”,
IEEE Trans. on AES, \Vol. 38, No. 3, (July 2002), pp. 933-939.

f. =10GHz, A = 3cm

10.4 kKHz<PRF< 20 KHz

PRI t, - {50,51,52,....,95, 96/

t, =1us = range cel =150m

Numberof range cells =1000, maxrange =150 km

Doppler resolution =100 Hz = velocity cell = 1.5 mss

Number of velocity cells = 200, max velocity = 300 mis

l.e., loss of 5/8’th of the
energy is tolerated.
Used often, but very

Near clutter masking =10 range cells inefficient !

Clutter notch = +17 velocity cells

Pulseeclipsing = 1range cell

8 different PRIs are used. A £ell in the blind-zone map is considered
clear if it is not blinded for 3 or more PRIs. (M out of N detection.)

Which set of 8 PRIs yields the clearest blind-zone map?
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Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University

Blind Zone Map for PRI 96

1000

900

800

700

600

500

400

Range Cells (Range = * 150 m)

300

200

100

20 40 60 80 100 120 140 160 180 200
Velocity Cells (Frequency = *100 Hz)

Fig. 2. Blind Map for PRI 9645

LECTURENSLIDE 52



Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

Blind Zone Map
1

1 1 | |

1000 : ' : :

900

800

700

600

500

400

Range Cells (Range = * 150 m)

300

200

100

20 40 60 80 100 120 140 160 180 200
Velocity Cells (Frequency = *100 Hz)

Fig. 1. Typical 3 of 8 PRF blind-zone map

PRI = { 50 53 55 58 61 64 68 72 }
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Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University

Blind Zone Map for PRIs [51 53 60 63 67 84 89 93], 305 cells blind
1 | | | 1 | |

1000 :
900 -
800 -
700 L
600 ‘ _
500 L

400 r

Range Cells (Range = * 150 m)

300 -
200 -

100 s == g -

I
20 40 60 80 100 120 140 160 180 200
Velocity Cells (Frequency = *100 Hz)

Fig. 4. Blind-zone map for 8 PRFs found by evolution

PRI = { 51 53 60 63 67 84 89 93 }
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Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

Combined MTI and Pulse Doppler
« 2- or 3-pulse MTI canceller and pulse Doppler
processing often used together
— MTI for gross clutter suppression
— pulse Doppler for finer-grained spectral analysis
« Order matters, even though both are linear
filters
— strong clutter sidelobes can swamp nearby targets

— if processor dynamic range is limited, strong clutter
may saturate it, driving small targets into the
quantization noise

« primarily an issue in fixed-point processors

* Therefore MTI usually precedes pulse Doppler
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Radar PI‘II‘ICIpleS - extended Nadav Levanon, Tel-Aviv University

The Pioneer Award Committee of the IEEE Aerospace and Electronic Systems Society
has named

CHARLES E. MUEHE

as the recipient of the 2005 Pioneer Award. The citation reads:

For the invention of the Moving Target Detector (MTD) digital signal processor for aircraft
surveillance radar.
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University

-

"‘”IllI|!llll|l|||’lv|||,"."

Fig. 2. Detection of aircraft flying in rain. (a) Output of a
conventional MTI radar taken with a 5-min exposure. The aircraft
flying within the rain echoes is obscured. (b) Output of moving
target detector (MTD). The screen is free of rain clutter and the
overall track of the aircraft is clearly delineated. Because only one
display was available, the photographs were made sequentially.
LECTURE N SLIDE




Radar Principles - extended

Nadav Levanon, Tel-Aviv University

668 CHAPTER 17 | Doppler Processing
CFAR Threshold
(Based on Estimated
Noise Level)
L@ data 3-Pulse Weight B
— —— : g Dot .
Canceller Function S-Point FFT || Magnitude
>_Defecz‘-i on
Reports
Zero
»  Velocity Magnitude > @———>
Filter -~
Estimated
Clutter Level
Cﬁger Clutter CFAR Threshold
D > Map »| (Based on estimated
Update
Filter Memory Clutter level)

FIGURE 17-34 = Block diagram of a complete “moving target detector” system combining

MTI, pulse-Doppler, and clutter mapping.

Copied from Principles of Modern Radar — Basic Principles.
Originally from F. E. Nathanson Radar Design Principles 2" ed. Mc-Graw Hill, New York, 1991
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University

Doppler processing of M radar pulses

" t, /t,=n,

Matched filter

t
— " e - = Ll T T =
Q —
EEER

Pulse # M

#

Pulse # M-1

-~ >Q — 0 s

Pulse # 2

5 NG

soas —s

L1 ;

r

l=.

Pulse # 1 I

FFT

Integration
of M pulses
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Radar Principles - extended

Nadav Levanon, Tel-Aviv University

3-pulse MTI canceller & FFT Integration of M pulses Doppler processing of M radar pulses
t
Pl L t,/t,=n

IF amp _>Synchroneous W, ts
— detector = T /t =N
Q r/ts

MTI ‘

. 1 n

filter .

L3

W
.=>1 np
u u u a a PuIse#M
Matched filter
W
| e
1 i
g
Pulse # M - h
t | |[FFT
I%1IIIIIIIIIIIIII | w
Pulse # .
d
I Pulse # 1 \c,)v
1 N |— N
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Radar Principles - extended

dB

dB

Nadav Levanon, Tel-Aviv University

2 pulse canceller

10

10 T~

0 0.1 02 03 04 05 06 07 08 09 1 1.1 1.2 13 14 15 16
fTr
FFT with 16 pulses | Hamming weight , | Doppler window No 1,

10
0 . ) Ty n
PN\ 7N\
ol T\ /N
) Ywith Hamming weight the zero Doppler clutter is not fully aﬁenuated \

30 - i
-40 ~ ~ ~ / ~

50 \ANNNNNNNN NANNN

0 0.1 0.2 0.3 0.4 0. 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.5 1.6
fTr
Combined 2 pulse canceller FFT with 16 pulses, Hamming weight, Doppler window No 1,

10
0 pulse canceller attenuates zero Doppler clutter but also attenuates the peak response of the 1st Doppler window
10 ]
20/ N\ _ 7\ _
ol \ [\
0 \ Al \

50 AVAYAVAVAVAYAVAUNINAR NNNNN

0 0.1 02 03 04 05 07 08 09 1 1.1 12 13 14 15 16

fTr
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Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University

2 pulse canceller

10
0 '——-_._. _—,.———-'
-10 -
D 20 /
©
ol \
_50 | i i | i
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14 1.5 1.6
fTr
FFT with 16 pulses , Hamming weight ,| Doppler window No 2 ,
10 with Hamming weight the 2nd Dogpler window atténuates/Dopplef by more than 30 dB
0 ‘ : g
-10 \
a1\ / \

1. " / ,
P \ANNNNNNNNN HVAVAYAYAVA

fTr
Combined 2 pulse canceller FFT with 16 pulses, Hamming weight, Doppler window No 2 ,
10 I [

gpulse canceller attenuates the peak response of the 2nd Doppler window by 8 dB
-10

/N ; el
\ o Doppler clutter is significantly; attenuated / / \\
ZSL/ HVAYAYAVAYAVAYAY. VNI | \ AN

0 0.1 0.2 0.3 0.4 05 06 07 0.8 0.9 1 1.1 1.2 1.3 14 1.5 1.6
fTr

dB
W N
o O
TN
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Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

2 pulse canceller

10 !
0
-10
0 20}
-30 /
_500 0.1 0.2 03 04 05 0.6 07 08 09 1 1.1 1.2 1.3 1.4 1.5 1.6
fT
FFT with 16 pulses , Hamming wreight Doppler window No 4 ,
10 ! T
O -
10 AN AN
% -20 / \ / \ —
// \\ // \\
-40 F~c ~ ~ ; ~
AV HRVAVAVATAYAVAVAYATATAY I VAVA
0 01 0.2 03 04 05 0.6 07 08 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
fT
Combined 2 pulse canceller FFT with 16 pulsesr, Hamming weight , Doppler window No 4 ,
10 )Y( ?225082 —[putse cancetterrattenuates the peak response of the 4th Doppter window by 3 0B
0
10 ~ .f\
g/ -\
-30
/ \ )

P \NNNAAA A JAYA!
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Radar PrlnC|pIes - extended Nadav Levanon, Tel-Aviv University

L,Q data 3-Pulse Weich |
i S gnt » . -

3 pulse canceller,

) — - X ?/ A -
8 20 |

/

A O B ) V4 \ /

ol | A\ \ ./ | |
0 0.1 02 03 04 O‘VOB \0.7 08 09 1 1.1 1.2 1.3 14 15 1.6
fTr
FFT with 8 pulses, Hamming weight, Doppler window No 2 ,

10 without canceller, Hamm§ng weighting caudes the zdro Doppléer clutter to be atte{nuated by only 24:dB (in the 2nd Doppler window, out ¢f 8 )
0 i H
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o / \ i »y o ] \
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-40 \ NN\ / \
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fTr
Combined 3 pulse canceller FFT with 8 pulses, Hamming weight, Doppler window No 2,
10 )\; 043&]9 3 pulse canceller attenuatps the peak response of the 2nd Doppler windw (out bf 8) by/4.6 dB
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Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

3 +

R = Generalization of
3-pulse canceller

Delay a Delay
> * b
PT. > PT.

a=1b=1P=10

3 pulse canceller with delay = 10 PRIs

T T T |
——P=10 —n
............... P=1 X: 0.05013
Y:12.04
0~
X:0.01003
Y:-8.315
u
10+
X: 0.05013
% Y:-20.14
20 | |
30+
40+
X:0.01003
Y:-48.03
-50 | 3 L v‘!z
10 10°
fT
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Generalization of 3-pulse canceller

_|_

2

Nadav Levanon, Tel-Aviv University

_|_

,| Delay, a Delay, N,
PT. PT.
Type a
2-pulse canceller
3-pulse canceller 1
Modified 3-pulse canceller for 16 0.7 0.7
slow targets
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Radar Principles - extended

A0

Conversion from f T, to v[m/s], ® ]
(f =9GHz, T =25.64s).

fT, [ 104 [103] 102 [ 10t [ 1

\Y 0.065 [ 0.65| 6.5 65 650 | -70

Nadav Levanon, Tel-Aviv University
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s clutter
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Radar Principles - extended

dB

dB

a=0.7 ,

Nadav Levanon, Tel-Aviv University

Meaodified 3 pulse canceller,delay of 16 PRIs,
' ! 1
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Frequency response of a modified 3-pulse canceller (a=0.7, b=0.7, P=16),

followed by a BlackmanHarris weighted 2048-pulse FFT (Doppler window #5)
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Radar Principles - extended

Slow moving targets

Nadav Levanon, Tel-Aviv University

32 - s -
§A o
B =

,,&ﬂ//////;/fi'e = 4

d —

R ——

Clutter
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Stationary clutter
at zero Doppler

and all ranges

Nadav Levanon, Tel-Aviv University

0
range rate [mvsec

Doppler-range map, recording #45, 05,081 seconds

50

[w] aBuel

0
range rate [m/sec)

Doppler-range map, recording #45, 03.27¢ seconds

30

P - - - - -

200

150

100

50 [
0

Doppler processing

Without MTI

[w] abuel

Radar Principles - extended
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and at 5.081

Nadav Levanon, Tel-Aviv University

Doppler-range map, recording #45, 05,081 seconds
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and at 5.081

dB

Nadav Levanon, Tel-Aviv University
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Doppler-range map, recording #45, 05.081 seconds
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Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

F. J. Harris, “On the use of Windows for harmonic analysis with the discrete Fourier transform,”
IEEE Proc., vol. 68, no. 1, pp. 51-83, Jan. 1978.

H.C. Stankwitz, R. J. Dallaire and J. R. Fienup, “Nonlinear apodization for sidelobe control in SAR
imagery,” IEEE Trans. Aerospace and Electronic Systems, vol. 31, no. 1, pp. 267-279, Jan. 1995.

Window Functions and :
A . - . h
their Applications In It
Signal Processing = i
g st o
O |—*[ |
ntegration
of M pulses
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Wz(n):a+(1—a)cos(%] < BEITi

a=054,n=0,1.,N-1

SIGNAL Dolph-Chebyshev
w,(n)=1,n=01..,N-1 |

' ]
WINDOW WINDOW
N
W1,2 - ' + §W2 W3

y

]7/2 W1,2 ]7/2 WS

| |

FFT FFT

MINIMUM

l SPECTRUM

N
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min[cheb61,(3.9*Hamming + rectangular)]

T

I T T

pEREEREEEE] Cheb61

min[Cheb61,(3.9*Hamming+rectangular)]

Hamming

Nadav Levanon, Tel-Aviv University

Responses of:

* The new window (solid),

* Dolph-Chebyshev, 61dB (dash-dot)
« Hamming (dots).

N=512.

N =512
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Radar Principles - extended
260

Nadav Levanon, Tel-Aviv University
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Radar Principles - extended

MTI Figures of Merit

* There are three reasonably well-defined
figures of merit for quantifying clutter

filtering performance
— Clutter attenuation, CA4

—Improvement Factor, /
— Subclutter Visibility, SCV

av Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech
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Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

Clutter Attenuation

* Reduction in clutter power due from the
iInput to the output of the clutter filter

—no target assumptions necessary

—measures filter performance only, not
Including detector & integrator

—depends not only on -
filter design, but also 7

.‘: |i.|., i'r, ‘I 1l “i
01U TR

on clutter spectrum
shape

—can be several tens
of dB

=k
-~

Clutter amd Two=Pulse Eesidual Signals

20 A8 clwrer suppeesion

(KKl ol 0] 3004 AR SN KMl Ty 000

sammple
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Improvement Factor

* Improvement Factor is the increase in S/C
ratio at the output of the clutter filter over that
at the input, averaged over all target radial
velocities of interest: ( g /C)

ol

TR G0, [

:
— usually assume all radial velocities equally likely

— assumes non-fluctuating target

— measures filter performance only, not including
detector & integrator

— depends not only on filter design, but also on
clutter spectrum shape

— can be several tens of dB




Radar Pr|nC|pIes - extended Nadav Levanon, Tel-Aviv University

Subclutter Visibility

« Subclutter Visibility is the maximum value of
input clutter to signal (sic) ratio, averaged
over all target radial velocities, for which
specified detection and false alarm
probabilities can be obtained
—SCV <1
— difference is the clutter visibility factor, V',

— depends on same quantities as /, plus
« detection and false alarm specifications

« detector and integrator characteristics
* clutter to noise ratios

— can also be several tens of dB
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From M.A. Richards, Georgia Tech

Relation Between Figures of Merit

S A
(—] =SCV A [—l =V
C C Jour

-20 dB +3ﬂ dB  +10dB

input Detector target

5'9”"" detections

c!uifer defecfﬂr F F
characteristics spec:s
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Factoring Improvement Factor

* Improvement factor is the product of the
filter's effect on the clutter and on the

target:

(/) (S0 Y Cu ) .
'= (S/C). _[S. Ic ]_G 4

i1 our

« Can compute gain and clutter
attenuation in time or frequency domain



Radar Principles - extended
Computing Gain - 1

« Gain is the increase in target power
due to the clutter filter
G =

‘ 2

—usually averaged over target velocities
by considering f,, to be a uniform
random variable over (-PRF/2,+PRI/2)

IN

« Gain is usually averaged over target
velocities by considering f,,, to be a uniform
random variable over (-PRF/2,+PRF/2):

PRF/2 |
2
G= | —|u
| ==l () ar
_PRF/2

* More restrictive assumptions used, with
better results, when possible

Nadav Levanon, Tel-Aviv University
From M.A. Richards, Georgia Tech
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From M.A. Richards, Georgia Tech

Two-Pulse Canceller Gain

* Equivalently, in normalized radian
frequency, =
PRF/2 1

G= [ —eclH(f)df GZJL\H(@)

27
—PRF/2 -

H(f )= 2[sin(af /PRF)
o= 21T =2f /PRF

-

dw

H ()| =4sin*(w/2)

1 ;
G=| —4sm (w/2)dw
; {231: sin” (/2)

—Ir

T 0
= gf sin’ (w/2)dw e [ sin*(w/2)dw
T .
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Improvement factor of two-pulse canceller

S/C Y
s (S { G )= g

( JS/ C ) in jgfn Cﬂrr.f

_ Clutter,

— — 7
clutter_

G=2 CA
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Improvement factor of two-pulse canceller

Nadav

_ Pclutter;,

- Pclutter,

] L ? i CA
71

Ely2(t)]= E{[X(t) —x(t —T)]Z}

= E[x*(t) |- 2E[x(0)x(t - T )]+ E[x*(t - T))

= 2R(0) — 2R(T)

—?

. E|X*(®)] _ R(0)
E_yz(t) 2R(0) —2R(T)
1 1
21— p(T)
| =G.CA=__*
1-p(T)

Levanon, Tel-Aviv University
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Assume clutter spectrum is Gaussian

S (0) = —=—e*"

R(7) = jsc(w)e-dezpce 2

RO)=F,

R(T) _ o™
R(0)

p(7) =

Clutter spectrum, STDW = 60 [rad/s]

/\

\

\

\

-30 -20 -10 0 10 20 30 40 50

Frequency [Hz]

1
~(o,T)

1-€ °

Two-pulse canceller
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Three-pulse canceller

Ely? )= E{[x®) - 2x(t ~T)+ x(t - 27)F |
— 6R(0) —8R(T) + 2R(2T)

G=6

EEEEEEEEEEEE
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Improvement factor — conventional 3-pulse canceller

~1
(S/C) 1_ ﬂ e—%(awTr )2 N 1 e_%(Z()'a,Tr )2
(s/c) 3 3

Improvement factor —Modified 3-pulse canceller (a,b,P)

212 T
- 2(a+b)(12+a b )e_z(a PT, )
o 1+(a+b) +a’b
2ab —%(2% PT, )’
+ . e
I 1+(a+b) +a’b _
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c T P=0.002
® r

0.9999

0.999

099

0.95
0.9
0.75
0.5
05 075 09 095 0.99 0.999 0.9999
a

Improvement factor as function of a and b. Gaussian clutter spectrum with P Tr = 0.002

Choosing a = b =0.7, gives up much of the improvement factor, but allows observing very slow targets.
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Nadav Levanon, Tel-Aviv University

From M.A. Richards, Georgia Tech

Improvement Factor for Gaussian
Clutter Power Spectrum

- Effectiveness of MTI filtering
improves for narrower clutter spectra

Improvement Factor (dB)

Standard Deviation of Two-Pulse Three-Pulse
Clutter Power Spectrum  Canceller Canceller

: S e PRF 4 6.3
80 PRF/10 23 43
\ PRF/100 43 83
70 \\
Three-pulse canceller
— 60 \\ AN i
o \ \
oy AN
S 50 ~— AN
O N \
- ! o \’@\
= Two-pulse canceller
S 40 AN
> N~
S N \
N
= SN\ \
€
20 N AN
10 \‘\.\\\
\.\\§
“y
O 3 2 - --1 B 0
10 10 10 10

sig(w)*T [rad]
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Three-pulse canceller improvement factor [dB]

y(t) = x(t) -C,x(t—-T)+x(t—2T)

Nadav Levanon, Tel-Aviv University

Are binomial coefficients {1 -2 1}, {1 -3 3 -1} optimal?

2 o *
| = l_Lzzexp _M +izexp _M
2+C: 2 2+C! 2

tau*sigmaw =0.2and 0.1

46 ¢
N\
44
- VRN
o/ \
40
) / N {1-2 1}
. / \o
34 // N
32 Aﬁ_&\i.z\ RN
i L ///'/ ~—_ . N
28 //-// \\
L / b b b b b L b .\. L

2?.88 1.9 1.92 1.94 1.96 1.98 2 2.02 2.04 2.06 2.08

-C2/Cl1 ,(C3=C1)
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y(t) =x(t)—bx(t—T)+bx(t—2T)—x(t—3T) 4-pulse canceller

tau*sigmaW =0.1and 0.2

16) O, 0)] o))
o &) o 6)

HLN
6)

4-pulse canceller improvement factor [dB]

LN
o

] | | |
2.7 2.75 2.8 2.85 2.9 2.95 3 3.05 3.1

{1-33 -1}
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Capon, J. “Optimum weighting functions for the detection of sampled signals in noise”, IEEE
Trans. Information Theory, I1T-10 (2), April 1962, pp. 152-159.

Hsiao, J.K. “On the optimization of MTI clutter rejection”, IEEE Trans. Aerospace and
Electronic Systems, AES-10 (5), Sep. 1974, pp. 622-629.

LECTURENSLIDE 95



Radar Principles - extended

Nadav Levanon, Tel-Aviv University

As pointed out in insert 11A. the normalized correlation function of clutter with zero-
centered Gaussian distribution is given by

-

o
2 T) = exp —# : (0)=1=average input power (11B8.3)

For equally spaced pulses, 7 seconds apart, the clutter samples covariance matrix is therefore
_ ) .
| &, 2 2 ...
| 4 |
Fo R o s R
A=, - (118B.4)
ot ol o

- 4 |
PP 0 I .....
where p= po(7). The elements a; of’ A, are real and positive.

Let the filter coefticients be described by the vector

) (11B.5)

The clutter average power at the output of the filter is proportional to

L, o

P—:Z > CCa, (11B.6)
“in i g
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Since g, are real and. as will be shown, the filter coefficients are also real, the average clutter
output power can be represented also by the inner product
JFJ

%—{L‘.AL‘:‘ (11B.7)

[&

[ the vector of filter coefticients ¢ is an eigenvector of A, corresponding to an eigenvalue
A (a scalar. not to be confused with the wavelength) then by definition

Ac=Jc¢ (11B.8)

Using (11B.8) in (11B.7) vyields

)”_ N b _—
_f:-w' =(e.de)=Alec)= 2> € =G (11B.9)
o n=1

Assuming that the Doppler signal is uniformly distributed at all frequencies, the signal
power gain is (7 . hence for the given coellicient vector. the improvement factor is given by

- — (11B.10)

The improvement factor will be maximum when the eigenvalue A is the smallest of the
eigenvalues of A. Hence the optimal filter coelTicients are given by the eigenvector of A
which corresponds to the minimum eigenvalue of A.

{ \
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EXAMPLE 1

Nadav Levanon, Tel-Aviv University

What should be the optimal double canceller coelticients when 7'z, = (.1, and what is the
corresponding improvement factor?

The covariance matrix is given by

1.0000  0.9950 0.9802
A =[09950 1.0000 0.9950
0.9802 0.9950 1.0000

The three eigenvalues of A are:
3.3222¢-005.,0.0198 ., 2.9802

of which the first one is clearly the smallest. The eigenvector corresponding to the minimum
cigenvalue 1s

¢=[0.4096 -0.8151 0.40961"
which, when normalized with respect to the first coelficient, becomes
¢/C, = [ 1.0000 -1.9901 1.00001"

Finally. the improvement factor in dB is obtained from the inverse of the minimum
cigenvalue
[=-10logn(3.3222e-5) = 44.79 dB
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EXAMPLE 2

What should be the optimal coeflicients of a canceller of length 5 when 7a,, = 0.1, and what
Is the corresponding improvement factor?

¢/C,=11.0000 -3.9409 5.8821 -3.9409 1.00001]"

{ = 84.6742 dB

What is the improvement factor ol a corresponding filter with binomial {1 -4 6 -4 1}
coeflicients?

f[g — ?8.3? LIB

which is about 6.3 dB less than the improvement factor of an optimal 5 element FIR filter.
Fig. 11.17 displays the magnitude of the frequency response of a 5 element FIR MTT filter
with the above optimal coeflicients (solid line). compared to 5 element filter with binomial
coefficients {1 -4 6 -4 1}/-\,1'?{] (dash line). The dotted line presents clutter spectrum
with a frequency spread ( 7'a,, = 0.1) to which the filter coefficients were optimized. The
higher improvement factor is probably due to the extended band-stop section in the
[requency response ol the optimized filter.
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mti_coef.m

%
%

nn=input (' No of pulses = ?
rho=exp (-0.5*tw"2) ;
g=(0:nn-1) .*2;

vv=rho."q;

aa=toeplitz (vv) ;
[v,d]=eig(aa) ;
coef=v(:,1).'./v(1,1)
improvement dB=-10*1logl0(d (1))

>> mti_coef
Spectrum S.D. x PRI (typ. =0.1)=? .1
No of pulses=? 5
coef =
1.0000 -3.9409 5.8821 -3.9409 1.0000
improvement_dB =
84.6742

written by Nadav Levanon on 1 Dec 2008
tw=input (' Spectrum S.D.*PRI (typ. = 0.1) = ? "),

tw = 0.1000
rho = 0.9950

vv = 1.0000 0.9950
aa =
1.0000 0.9950
0.9950 1.0000
0.9802 0.9950
0.9560 0.9802
0.9231 0.9560
v =
-0.1216 0.3200
0.4791 -0.6306
-0.7151 0.0000
0.4791 0.6306
-0.1216 -0.3200
d =
0.0000 0
0 0.0000
0 0
0 0
0 0

10*1logl0(diag(d)) ' =
-84.6742 -56.2680

v(:,1).'./v(1,1) =
1.0000 -3.9409

Nadav Levanon, Tel-Aviv University

0.9802 0.9560
0.9802 0
0.9950 0
1.0000 0
0.9950 1
0.9802 0
0.5377 -0

-0.2618 -0
-0.5336 -0
-0.2618 0
0.5377 0

0

0

0.0007
0 0

0
-31.6551 -10
5.8821 -3

0.9231

.9560 0.9231
.9802 0.9560
.9950 0.9802
.0000 0.9950
. 9950 1.0000
.6306 0.4428
.3200 0.4494
.0000 0.4516
.3200 0.4494
.6306 0.4428

0 0

0 0

0 0
.0967 0

0 4.9026
.1465 6.9043
.9409 1.0000
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1.0000
-4.0000
6.0000
-4.0000
1.0000

IH( )| [dB]

1.0000
5-pulse canceller 3.9409
5.8821
-3.9409
1.0000
improvement_factor_dB = 78.37 improvement_factor_dB = 84.6742
T*sigma, =01, N=5
0 - L CETT T ,/ \_‘
S(f) . / / \
-10 /
20 7
-30 R
binomial coeff./ //
-40 t/" /
»’
timal caoeff. ,
10" 10°
fT

Nadav Levanon, Tel-Aviv University
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