
S e s s i o n 7

7 . IRadarsignalmodels

• Radar
,
l i k e m o s t r a d i o systems, modulates

a signal o f i n t e r e s t o n t o a high -

frequency R F c a r r i e r .

• T h e informationbearingsignal o r pulse
typically c a r r i e s t h e information o f

i n t e r e s t .

• I n a r a d a r receiver, t h e received

waveform's amplitude , phase a n d

delay m u s t b e e x t r a c t e d f r om t h e

rece ived signal.
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Figure 4.1: Block Diagram of a quadrature detector with the received signal r(t) as input.

delay and Doppler resolution) of the radar system, while the carrier frequency is selected

to allow the desired propagation characteristics for the environment where the radar will

operate as well as the scattering characteristics of the targets that will be encountered.

Most radar signals are modulated on carriers with a frequency of f0 of 1GHz or more

(wavelengths of 0.3m or less) while having a bandwidth of 100MHz or less. Typically,

the relative bandwidths of these radar signals (i.e., the ratio of signal bandwidth to carrier

frequency) are less than 5%, which means these signals can be viewed as narrowband signals.

As we discussed in Chapter 1, narrowband signals can be approximated as single frequency

signals in terms of the Doppler effect being approximated as a Doppler frequency shift.

Equivalently, we can think of all signal components as having a single wavelength λ0 = c/f0,

the wavelength of the carrier. But the bottom line is that most radar waveforms can be

thought of as narrowband phase or frequency modulated waveforms or pulse trains.1

In a radar receiver, the received waveform amplitude, phase and delay of the modulating

pulse must be extracted from the received signal. This is most often done by “beating

the received signal down to baseband” using a receiver structure known as the quadrature

1While such narrowband waveforms could in principle also be amplitude modulated, most radar waveforms

are constant amplitude or constant modulus waveforms. This is because most radar transmitters use nonlinear

saturated amplifiers for power efficiency, which are not ammenable to amplitude modulation. So for radar

waveforms, the only typical form of amplitude modulation that is seen is turning the waveform on and off.

2

• O n e very
c o m m o n way o f doing t h i s 7 . 2

i s by "beating t h e signal d ow n
t o baseband" using a quadrature
detector:

I t ) 7 . 3Suppose a pulse p i t ) = I c o , , ,
amplitude modula tes a c a r r i e r w i t h frequency

fo t o produce a signal s i t ) :

s i t ) = cos l2 t i fo t ) - Ic'o¥,

N o w i f t h e received signal r l t ) i s a =-delayed
vers ion o f s i t )

, w e h a v e

✓ I t ) = 5 f t -T ) = cosfinfolt-II]. Igo,,¥=)
= c o s (2#foot - 2M£05) • I [ I t } ]
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c o s A ° c o s B = {(cos (AtB) t c o s (A-B))

c o s A . s i n B = {(Sin (ATB)- s i n (A-B))

t h e f t s -

Paul
Mahin,

D r .
Euler,

c o s 0 = ei¥ioFaboulous.to#a-
sinO-=eiozq--io

¥

c o s A , c o s B =
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S I I t ) = r ( t ) . 2 c o s 2#foe

= c o s I 2 T foot-2#foe).I , , ,+ += ] o } c o s 2T,§ot-

= [cos( z i tl2¥¥foI) t c o s f -2 Tfoe)]. Ice#I]

[cos(2T (ZfoI t - Z a f ot ) t c o s (21Tfoot)]. I [If,¥z]
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Sq ( t ) = r ( t ) . 2 s i n (2T,f ot )

= c o s (2Afoot - 2 A foe). I , , ¥ , a s i n ( 2 Tf ot )

( t )=[sin(2T(2£ )t-Zitfot) - S i n f-21Tfoot)]. I
[ t ,T t y ]

= [sin(2#(2£)t - Z a foE ) t S M (21Tfoot)] ° I , # I ,
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Figure 4.1: Block Diagram of a quadrature detector with the received signal r(t) as input.

delay and Doppler resolution) of the radar system, while the carrier frequency is selected

to allow the desired propagation characteristics for the environment where the radar will

operate as well as the scattering characteristics of the targets that will be encountered.

Most radar signals are modulated on carriers with a frequency of f0 of 1GHz or more

(wavelengths of 0.3m or less) while having a bandwidth of 100MHz or less. Typically,

the relative bandwidths of these radar signals (i.e., the ratio of signal bandwidth to carrier

frequency) are less than 5%, which means these signals can be viewed as narrowband signals.

As we discussed in Chapter 1, narrowband signals can be approximated as single frequency

signals in terms of the Doppler effect being approximated as a Doppler frequency shift.

Equivalently, we can think of all signal components as having a single wavelength λ0 = c/f0,

the wavelength of the carrier. But the bottom line is that most radar waveforms can be

thought of as narrowband phase or frequency modulated waveforms or pulse trains.1

In a radar receiver, the received waveform amplitude, phase and delay of the modulating

pulse must be extracted from the received signal. This is most often done by “beating

the received signal down to baseband” using a receiver structure known as the quadrature

1While such narrowband waveforms could in principle also be amplitude modulated, most radar waveforms

are constant amplitude or constant modulus waveforms. This is because most radar transmitters use nonlinear

saturated amplifiers for power efficiency, which are not ammenable to amplitude modulation. So for radar

waveforms, the only typical form of amplitude modulation that is seen is turning the waveform on and off.
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I t )
g± ( t ) = ( P F { s i l t ) } = c o s 12Tf o e ) . I ⇐ y a ]
" I a phase'' ~ r e a l

g @It) = LPF{salt} = S i n (zit f o r ) . I I t t
[ I , T t I ]

"Quadrature" ~ imaginary



W e c a n c o n s t r u c t a complex wa v e f o r m 7 . 8

2 - I t ) = g i l t ) + i go,' t )

=Coslzitfot).IQ#Ieytisinl2ttfoe)'I
q,f+Ig=(cosl2itfoE)tisin(Ztifot)].Ice,¥¥,
= @i2ttfoT.y,
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TIE}

Th i s i s a rectangular pulse o f du ra t i on T starting
a t t i m e t .

I t h a s phase Z i t f o t rad ians .

T h e f o r m 7 . 9

I t )z i t ) = eiZTFF.IE,#I]

i s ca l l ed t h e complexbasebandforni o f

r e a l received passband signal

✓ I t ) = C a s (Zitfo I t - t ) ) . 4-[o,,1gt=)

= c o s ( 2 T foot - Z i t f t ) . I [ I , T t I ]

W e c a n represent Z f t ) a t t i m e t using

a phasor diagram:



go.it' = I m ⇐ "

'3-t-jj-
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7 . 11TheNarrowbandcomplexBasebaudsignal

W e n o w generalize t h e f o r m o f t h e received

signal t o b e

r I t ) = a l t ) c o s ( Z i t fo t t Oct))

whe r e

a n d

a l t ) = real-valued amplitude function

0 1 f t = real-valued phase f u n c t i o n .

Assume a l t ) a n d O t t vary slowly compared

t o c o s Z i t f o t .
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Figure 4.1: Block Diagram of a quadrature detector with the received signal r(t) as input.

delay and Doppler resolution) of the radar system, while the carrier frequency is selected

to allow the desired propagation characteristics for the environment where the radar will

operate as well as the scattering characteristics of the targets that will be encountered.

Most radar signals are modulated on carriers with a frequency of f0 of 1GHz or more

(wavelengths of 0.3m or less) while having a bandwidth of 100MHz or less. Typically,

the relative bandwidths of these radar signals (i.e., the ratio of signal bandwidth to carrier

frequency) are less than 5%, which means these signals can be viewed as narrowband signals.

As we discussed in Chapter 1, narrowband signals can be approximated as single frequency

signals in terms of the Doppler effect being approximated as a Doppler frequency shift.

Equivalently, we can think of all signal components as having a single wavelength λ0 = c/f0,

the wavelength of the carrier. But the bottom line is that most radar waveforms can be

thought of as narrowband phase or frequency modulated waveforms or pulse trains.1

In a radar receiver, the received waveform amplitude, phase and delay of the modulating

pulse must be extracted from the received signal. This is most often done by “beating

the received signal down to baseband” using a receiver structure known as the quadrature

1While such narrowband waveforms could in principle also be amplitude modulated, most radar waveforms

are constant amplitude or constant modulus waveforms. This is because most radar transmitters use nonlinear

saturated amplifiers for power efficiency, which are not ammenable to amplitude modulation. So for radar

waveforms, the only typical form of amplitude modulation that is seen is turning the waveform on and off.
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z i t ) = g ± I t Itigact)

9± ( t ) = L P F { sec t ) } = a l t ) c o s Oct)

9 a l t ) = L P F { s a l t ) } = - a l t ) s i n O t t )

a n d w e have t h e complex b a s e band wave fo rm

2 - I t ) = g i l t ) + i go.it) = a c t ) e-
t o ' t )

•

7 , 1 3

r L t ) = a l t ) c o s ( z a fot t -0ft))

(real passband form)

I
2 - I t ) = a c t ) e -

i o l t )

(complex basebandform)

n . b e r i t ) = R e { zit)ei2tfot}.
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Consider a real, wide-sense stationary
r a n d o m process n l t ) .

Assume t h a t n l t ) i s wide - s e n s e stationary
w h i t e G a u s s i a n n o i s e .

I f w e b e a t n l t ) down t o baseband, w e

get a corresponding complex baseband waveform

N l t ) = NICE) t i halt).
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delay and Doppler resolution) of the radar system, while the carrier frequency is selected

to allow the desired propagation characteristics for the environment where the radar will

operate as well as the scattering characteristics of the targets that will be encountered.

Most radar signals are modulated on carriers with a frequency of f0 of 1GHz or more

(wavelengths of 0.3m or less) while having a bandwidth of 100MHz or less. Typically,

the relative bandwidths of these radar signals (i.e., the ratio of signal bandwidth to carrier

frequency) are less than 5%, which means these signals can be viewed as narrowband signals.

As we discussed in Chapter 1, narrowband signals can be approximated as single frequency

signals in terms of the Doppler effect being approximated as a Doppler frequency shift.

Equivalently, we can think of all signal components as having a single wavelength λ0 = c/f0,

the wavelength of the carrier. But the bottom line is that most radar waveforms can be

thought of as narrowband phase or frequency modulated waveforms or pulse trains.1

In a radar receiver, the received waveform amplitude, phase and delay of the modulating

pulse must be extracted from the received signal. This is most often done by “beating

the received signal down to baseband” using a receiver structure known as the quadrature

1While such narrowband waveforms could in principle also be amplitude modulated, most radar waveforms

are constant amplitude or constant modulus waveforms. This is because most radar transmitters use nonlinear

saturated amplifiers for power efficiency, which are not ammenable to amplitude modulation. So for radar

waveforms, the only typical form of amplitude modulation that is seen is turning the waveform on and off.
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7 . 1 6Furthermore
, n# I t ) a n d no,A ) h a ve

i dent ica l autocor re la t ion f unc t i ons . .

Rn,='t) = Rn@IT) = I Noz ei2#ft d f

= NOB ( in¥}¥)
= No B s i n c (213T)

where
s i n c e ( x ) I 5¥11 .

7 . 1 7Furthermore, i t c a n b e shown t h a t

E [n± l t t t I no, I t t ] = - E [no, I t t - 4 NIKI ]
⇒ Rn , n@

( t ) = - Rn@ne't)

I t follows t h a t

R y l e ) = E ( Ta t e ) n'*l e t ]

= E [ ( n a t t i e ) t inglett)) (NIH)-in@It))]
= Rn,=lI) t Rn¥)t i (Efnalttt) NIH) - E[n±lttI)halt)))

= 2 (Rn. IE/ tRnahI l t ) ) .
F r om t h i s , w e make t h e following observations...
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± . S i n c e 12 , l o l = E[1510112] i s real,

E [ h i l t ) h a l t ) ] = O

⇒ h i l t ) 1 h a l t ) f o r a l l t (uncorrelated)

⇒ NICE) 1 ha l t ) ,
f t i s

jointlyGaussian
(independent)

I f r o m t h e above definitions

E [ l i t t l e ] =2E[n4t)]= 2 E [NIKI]=2E[n§t1].

⇒
E[n4tI]=E[nEt4]=E[right] = 'zE[151-412]

-3. I f t h e power spectraldensity (PSD)o f n e t ) 7 . 1 9

i s symmetric a b o u t t h e car r i e r frequency f o .

( a s i t i s i n t h i s case), t h e n t h e P S D o f
A l t ) i s a n e v e n func t ion

⇒ R , I t ) i s real f o r a l l I .

⇒ Rnan,÷ l e t = O , H E

⇒ h i l t ) 1 n o I t t a ) , f t , f t

⇒ h i l t , ) 1 Mal tz ) , f t , ,
I t

z

⇒ n # I t , ) 1 M a l t z ) , f t , , H t z when

they a r e jointly Gaussian
⇒ h i l t ) a n d h a l t ) a r e independent Gaussian

r a n d o m processes i n o u r c a s e .



7 . 2 0S o going b a c k t o o u r pulse
( t ) + n l t )

✓ I t ) = Cost#fo't-t)) • I [ t ,T o ]
( t ) i n I t ) .2 - I t ) = e"#£" • Iq,T+t]

I t ) + (h i l t ) ,halt))= (cos27 f t , 5 t h217ft) • Iq,#I]

= [cost#foe).Iq,,¥I,t hilt)]
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F o r any t , T H I = N I K I t in@It)
i s a circularEaussianproces

E [ N I K I ] = E (malt)] = O

v a r [h i l t ) ] = v a r [no,HI] = E-NOB.
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