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RESUME

Ce travail &tudie le choix d'un signal de radar,
et les propriétés de son récepteur et le comportement
de ce signal au niveau de celui-ci. Cette approche re-
présente une solution mixte pour les deux principaux
problémes des radars CW : les fuites et la résolution
en distance. Le systéme concerné est bas& sur une onde
modulée performante. Le signal principal pour modula-
tion est la séquence binaire pseudo-al@atoire ayant la
longueur maximum pour la modulation de phase de la
fréquence porteuse qui est performante pour réaliser
une haute résolution en distance. En méme temps, une
modulation secondaire est introduite, réalisée par
une modulation de fréquence de la porteuse avec un si-
gnal sinusoidal, alors que le récepteur travaille sur
une des hautes harmoniques de la modulation de fré-
quence. Les paramétres de ce signal sont choisis 23
1'intérieur de certaines limites. Une forme modifiée
du récepteur est introduite ce qui augmente considé-
rablement le rapport (signal/bruit plus fuites) par
rapport aux autres récepteurs. On explicite 1l'expres-
sion du spectre en fréquence et on mesure celui en
amplitude 3 la sortie du mélangeur, Le comportement
du signal dans le récepteur est analysé dans les cas
de bonne et de mauvaise détermination de la distance
de la cible. Cette analyse montre les propriétés en
ambiguité et en résolution du signal, ainsi que les
propriétés de rejet des fuites du récepteur et 1'effet
de la longueur de bande du récepteur sur ces proprié-
tés.

1. INTRODUCTION .

The form of the signal and the type of modulation
are determined according to some theoretical and prac-
tical considerations [1]-[4]. The main waveform adop-
ted for use in this application is the binary pseudo-
random sequence of maximum length generated by linear
feedback shift register. Such signal is used for phase
modulating the CW carrier, since it possesses a very
desirable correlation function having a sharp central
peak and low sidelobes. This waveform has proved to be
excellent for realizing high resolution in range mea-
surement {5]. The range resolution is proportional to
the time duration t, of one segment of the code. The
behaviour of the ambiguity function of the sequence
on the doppler frequency axis secures unambiguous
velocity determination [6]. Beside this phase modula-
tion as a main modulation, another one called seconda-
ry modulation is introduced., It is realized by sinu-
soidal frequency modulation of the CW carrier while
operating the receiver on higher harmonic of the modu-

SUMMARY

This work deals with radar signal design, corresponding
receiver properties and signal behaviour in receiver.
This approach represents a combined solution for the
two main problems of CW radar, namely the leakage and
resolution in range measurement. The system in concern
is based on a suitably designed modulating waveform.
The main waveform is the pseudo random. binary sequence
(P.r.b.s.) with maximum length for PBM the CW carrier
which is excellent for realizing high resolution in
range. Beside, secondary modulation is introduced rea-
lized by sinusoidal FM of carrier while operating re-
ceiver on higher harmonic of FM. The parameters of
this signal are chosen within presented limits. A mo-
dified form of receiver is introduced which increases
considerably the signal-to-noise plus leakage compared
with other receivers. Expression for frequency spec-
trum is derived. Amplitude spectrum at mixer output
was measured, Signal behaviour in receiver parts is
analysed for two cases of correct and incorrect deter-
mination of target range. The analysis reveals the re-
solution and ambiguity properties of the signal, as
well as the leakage rejection property of the receiver
and the effect of receiver bandwidth on these proper-
ties,

lation frequency spectrum. Since the amplitudes of
harmonics of the frequency modulation spectrum are
weighted by the bessel functions with argument depen-
ding on range, and gets zero for zero range, then fil-
tering only a higher harmonic of this spectrum, in the
receiver for example the third harmonic, secures effi-
ciently the suppression of the leakage from transmit—
ter and reflections from close-in targets [7]. The ob-
jective of the analysis of this signal in a model of
the modified receiver is to determine the resulting
resolution and ambiguity properties while suppressing
The leakage in the receiver. Particularly is important
in further steps to compare this receiver with other
CW receivers.

2. WAVEFORM DESIGN LIMITS

If we suppose that the frequency of the carrier
varies according to the sinusoidal law
f, = £, + AMosinQt and the carrier phase is varied
between two states O or 7 according to the change of
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the binary pseudorandom sequence between the states
£ 1 i.e. V(t) = cos[p(t)]. The transmitted signal
S(t) is therefore in the form

lective
Af 17 myxar 20 mixer | 2995 detector
¢ [-{
S(t) = U cos[w t-—2 cosQtwp(t) €D code e"T:;. nf2/d| “» oppler
t ° £ amplifier for . for 7* L4 frequency
fmput r harmomd ~ filter
. signal M harmome
or equivalently S(t) = Ut.V(t).cos[mot—xcoth] (2) af bank
. . P reference 2ignal
The parameters of this signal are chosen within the ﬂ&; M o ».{::]
following limits :
a) Phase modulation : the parameters affecting the
maximum length P.r.b.s. are * S
(1) The length of the sequence L where L = 2°-1 reference Pr.b.s. with
(2) The duration of the segment pulse 1, of the proper time shift
P.r.b.s. where in this case the period of refevence of
. . loppier
the sequence is given as T = L 1,, the para- amplification
meter T, is given as the inverse of the and
clock frequency F.. For this sequence to fit . integration
a prescribed maximum range Rpayx it must be Figure 1
in the limit F, < L > ;5 ¢ : light veloecity
., Rmax Correlation receiver for signal with double
b) The frequency modulation : the parameters affec-— modulation
ting the resulting waveform are : ©
(1) The frequency f is chosen to satisfy the ine- v(t) = z Cm cos (mw t+¢h) (3
quality 2Fg o © f< 7 . This condition is m=0 P )
max where Cp, @, wp are amplitude and phase coefficients,

imposed to secure the extraction of doppler
frequency without distorsion and to avoid any
blind ranges or any deterioration in range [8].

(2) The index of modulation X is chosen to minimize
the signal loss at the maximum range. The op-
timum index of modulation is different depen-
ding on which harmonic of the frequency modula-
tion spectrum will be selected in the receiver
and is tabulated in reference [8].

3. MODIFIED CW RADAR RECEIVER

A modified form of CW radar receiver processing the
above signal is introduced in Fig.l which increases
considerably the signal-to-noise plus leakage. It is
used a cross-correlator and a doppler filter bank
where the cross-correlator can do for severdl delay
bits given by a shift register. Only the nth harmonic
of the FM spectrum with its doppler side band compo-
nents are allowed to pass through the selective cir-
cuit. While the nth harmonic detector will use the re-
ference nth harmonic of FM signal for detecting the
doppler signal. This signal will be further integrated
in the doppler filter bank. Observing the maximum si-
gnal appearing at any of the time delay bits and dop-
pler frequency bits, it would be possible to determine
the unknown parameters (range, velocity) corresponding
to those bits with maximum outputs. The signal power
though is decreased due to the use of only one compo-
nent of the FM spectrum. On the other hand the leakage
is much more decreased. In addition, the noise is de-
creased compared with simple homodyne CW system due to
two factors
(1) The use of nth harmonic of the FM spectrum for

detecting the useful signal shiftg the useful si-

gnal away from the range of high & noise of the RF
mixer.
(2) The use of phase modulation distributes the useful

signal power (which is distributed among the FM spec

trum components) around harmonics of the phase mo-~
dulation which, in turn, shifts the frequency band
among which useful signal energy is distributed
from the range of high ¢ noise of the RF mixer.
These two factors decrease the noise and consequen-
tly the net signal-to-noise plus leakage ratio will
be much increased than other related systems.

4. FREQUENCY SPECTRUM OF SIGNAL WITH DOUBLE MODULATION

The transmitted signal has the form given by rela-
tion (2) where V(t) is P.r.b.s, signal. Since V(t) is
a periodic signal it can be expanded in a Fourier se-
ries where

w_ = 2%/T, is tge PHM frequency, the transmitted si-
gBal could be in the form

s(t) = U

T

[m=0 Cm cos(mwpt+¢h)].costot-xcoth %)

Thus the received signal after being delayed in time
by t} has the form

Sr(t) = Ur.V(t—tl)cos[wo(t—tl)—xcosQ(t—t1)+wc] (5)

t} for moving target is given as t] = ZR(t) = 2%t+2%.
Using relation (3), the expression for V(t~t])
is
v(t-t)) = | C cos[(mmp-wdm)twm] (6)
m=0
= Vb =@ - -0 - 2R
where Wam = mu)p 2 o (pm = cpm © n (pm mwp. C

thus the expression (5) of the received signal can be

Sr(t) = Ur[mzocos[(mwp—wdm)tﬂém]].cos[mo(t~tl)—

xcosQ(t—tl)ﬂpc €]

Mixing the received signal with LO signal as CW
with FM by sinewave. Then (LO) signal has the form

u,,=10
o

t-xc ti.
1.0 cos wo’ osf

If we suppose that the mixer acts as a multiplier with
transfer coefficient k and the higher harmonics of w
are filtered out, thus the difference frequency compo-
nent at the output of the mixer is

4
Sd2 = U[ Zo Cm cos[(mwp—wdm)t+¢b]].COS{motl—wc+
Bsinsz(t-—zl)] (8)
1

2
using the relation for t,

t
where U = B = 2xsinfa = 2><sin$2% (9)

kU U, 2

o wotl -, = wdt + (10)
_ 2v 2R _
where PRl R Y= Yy o @,

Thus equation (8) can be in the form
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N
Sd2 =y Zo Cm cos[(mwp-wdm)t+¢h]}.{cos[mdt+w+
£
+Bsin9(t-7;)J} an

The signal expressed by equation (11) is composed of
3 factors, a constant factor U, the second bracket is
the P.r.b.s. used for phase modulation but shifted in
time by t1 the third bracket corresponds to a signal
of doppler frequency which is frequency modulated by
frequence f equal to the frequency of the modulation
frequency of the transmitter whereas the depth of mo-
dulation is B which is function of target range as
given by relation (9). The index of modulation B gets
zero for values of range given by

R=Wor 5 W=0,1,2.. (12)
The expression in the third bracket of equation (11)
can be expanded in an infinite series of harmonics of
f, so (11) becomes

o

dz = U. Zo Cm cos[(mmp~wdm)t«ém]}.{.JO(B)cos(wdt+w)

S

IS t
g0 g ]
+ nzl (-1)"3 (B) .qcos| (n@+u ) t n97f.+¢+nﬂj
t
* °°S[(“9“‘”d)t‘“971' wﬂ} (13)

44

performing the multiplication of the two infinite se-
ries in (13) thus the form of the signal at the output
of the mixer is

<3 1 ,
= - +,
sd2 us_(B) ¥ -2—Cmcos[(mwptwd wdm)twm_w]

m=0
ful Of%c -D™5_(B)
m=0 n=1- T n

t
+nOty - [ R
{cos[(mmp_nﬂ_wd wdm)t+¢h+n97r"¢ nn}+

§ Ampiitude [pv]

t
+ - ’ I_
cos{(mwP nQ+wd—wdm)t+¢&In97fww]} (14)

It is seen that the spectrum is composed of dop-
pler frequency components at equidistance from
each harmonic of the frequency modulating fre-
quency f whereas all this spectrum is repeated
at equidistant from each harmonic of the phase
modulating frequency fp. The amplitudes of these 4
frequency components are, proportional to the
corresponding amplitude coefficient Cyp of the

Measured amplitude spectrum of the ouiput of mirer

Ru=tbm, K =9NHL , f= 300kHz

Figure 2

amplitude [
¥

Preguency [Mis]

Meatured amplilude tpecirum ot the oulpul of mixer

R=86m skem, £ = IMHz , f= 00kx

Figure 3

Measured omplilude spectrum af the owlpul of mizer

R=8m , F=9MHz , 4 300kHz

Figure 4

Fourier series expansion of the P.r.b,s., and
proportional to the corresponding bessel func-
tion Jp(B). The argument of the bessel function
is dependent on range as shown from relation
(9). The value of B gets zero for ranges given
by (12). The first zero of B is given for W= 0
in relation (12) which secures for us the sup-
pression of leakage since Jp(0) = 0, whereas the

second zero of B is given for W = | corresponding
to R = é% .

This zero amplitude corresponds to the first blind
range, therefore Rpzx must be less than R given

by this value., It was shown in the inequality sa-
tisfied by f that Rysx has to satisfy relation
Rmax < 5F if it is required to avoid any deterio-

ration of response at Rpygx. The amplitude spectrum
at the output of the mixer as given by equation
(14) was measured by spectrum analyzer and is given
in Figures 2, 4., The received signal is simulated

Amplitude [uy]

S T Trapeeney o]

Meosured amplitude specirum af (he oulput of mixer

Rm85mobem , Fp= 9MHz , f~ 300kHz

Figure 5

3 freguency [Miig]
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by passing the transmitted signal through a coaxial ca-
ble with length 106 m, in which the signal is subjected
to a phase shift corresponding to target range nearly
equal to 85 m. Although the received signal in this
case contains no doppler shift since the simulated tar-
get exhibits no motion but the motion of the target
could be simulated by a small change of the target
range. This could be made by a phase shifter calibra-
ted to small changes in range in the order of centime-
ters, Figures 3, 5., The effect of change in range can
be easily recognized when comparing Figures 2, 3 and
Figures 4, 5 from the relative change in amplitude of
the corresponding components in the two Figures.

5. SIGNAL BEHAVIOUR IN RECEIVER PARTS

In this part we shall suppose ideal behaviour of
receiver and receiver parts. This implies that the re-—
ceiver is noise-free and the individual parts of the
receiver have a sufficient large bandwidths to pass
the signal without distortion. In addition, constant
transfer factors and phase shifts within the BW are
supposed.

Although the analysis using these assumptions
will not yield exact result but it will be useful to
simplify the analysis in order to obtain a form which
can be compared with the result obtained from analysis
of other CW receivers under the same assumptions and
simplifications.

The signal at the output of the RF mixer was illus-
trated in equation (l4). Therefore, the output of the
code amplifier Aj(t) under these assumptions will be
the same as equation (14) with the exception of multi-
plication by factor ki and addition of phase shift 6j.
This signal will be multiplied in the code demodula-
tor with the reference code. At this point it is use-
ful to deal separatly with case of correct and case
of incorrect choice of time delay of the reference
code.

a. Case of correct determination of target range

In this case we suppose that the reference code
applied to the code demodulator has the same form as
given by relation (6) which implies the same doppler
shift as given by velocity of target and the same
phase shift due to target range. Thus the output As(t)
of the balanced code demodulator after filtering out
wp and higher harmonics of wp has the form

—klszJ (B){ 2 Z C ]cos(w t+w+e b )+

1S 2
71 Cm]
m=1

2

t
{cos (nQ+y )t—nQ~l+w+nn+6 x5, o+
‘| d 2 2771

Ay(8) =

1 v 2
+—k1k2UnZI(—I) Jn(B).[Co

t
1 -
+ cos{(nQ-wd)t—nQTZ-—w-62+91} (15

This can be put in the form

Az(t) = klszJO(B){Cz+l z Cz]cose cos(w gEHute, Y+

+ kU Z -nH" (B)[ Z }cose

t
{cos{(n9+wd)t—n97; +w+nﬂ+62}+

t
+cos{(nQ—wd)t—nQT%——w—ez}] (16)

The factor {C§+%-Z Ci] in the above equation is in

=]
fact the average power of the periodic P.r.b.s. denoted
as P, This factor results from multiplication of two
P.r.b.s.'s with the same shift which corresponds to ma-
ximum correlation and yields the maximum of the corre-
lation function of the P.r.b.s. In fact this factor P
is the value of the correlation function deduced from
equation (3) and given by equation (28) when T is sub-
stituted by Zero.

The signal A3(t) which results from passing A2(t)
in a selective circuit will be applied to the nth
harmonic detector to which is applied also the corres-
ponding nth harmonic of FM spectrum given as
u2 = Upsin(nQt+y),

Thus the output will depend on whether only one doppler
sideband component of equation (16) is used for detec-
tion of the doppler frequency or both nearest doppler
sideband cowponents to the nth harmonic are used. If
only one component is used we have the doppler frequen-
cy signal at the output of the nth harmonic detector
after filtering only the difference frequency

t

A4(t) = fk k2k3k4U .U LP(~ 1) J (B)cosels1n{wdt~n97;ﬁ
HYHITH,, +0 +6440} (17

" 1 n . '
or Aé(t) —k1k2k3k4U Un.P(—l) Jn(B).c039131n{wdt+

3+64+¢} (18)
In case of using the two sideband compoments in equa-
tion (16) for detection of the doppler frequency in a
balanced detector instead of using only one, then the
doppler signal at the output of the nth harmonlc detec-
tor is

5
e AT

t

n . 1
A4(t) k1k2k3k4U Un.P(—l) Jn(B)cosel.51n(n97?+¢k

—ni--e ).cos(w t+w+n—+e 4) (19)
When the signal A4 is integrated in the corresponding
filter of the doppler filter bank over ome period of
P.r.b.s, thus the average output of the receiver will
be +T/2

1
A =% J A, (£)de (20)
=T/2
This can be arranged in the form
Ag = k.U. U P(-1) J (B).cos® 51n(n9——4qrn—-—e3)

sinwdT/Z

- cos(ng+8,+0,) \‘&T"f‘/‘z_‘) @n
d

From this form of output the dependence on doppler
frequency, the dependence on range through B, tj, ¥
and the factor u referring to range as given by the
radar equationare clear. The effect of transfer fac-
tors and phase shifts of individual parts of the re~
ceiver is seen, It is interesting to measure amplitude
spectrum at the output of the code demodulator using a
spectrum analyzer for 2 cases of correct determination
of target range (16). The first case is obtained using
a cable of 106 m simulating a target at range 85 m in
air and is shown in Fig.6. The second case is measured
for target at zero range and is shown in Fig.9. It is
clear from Fig.6 that the third harmonic of FM has the
greatest amplitude compared with the other harmonics
at this range while Fig.9 indicates nearly zero ampli-
tude of the 3rd harmonic at zero range. These figures
represent the experimental verification of equation

(16).
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b. Case of incorrect determination of target range

If we suppose that the reference code differs
from relation (6) by a phase shift due to small shift
from the correct target range while the doppler fre-
quency shift is the same, thus the reference code ta-
kes the form

by n
V(t—tl) = Z Cm cos{(mwp-wdm)t+¢h} (22)
m=0
Thus the output of the balanced code demodulator can

be obtained with little manipulation and taking into
consideration that ¢ ~¢ = —mpr where T is delay due

to shift in range and filtering out Wy, and harmonics

of w_.
P

Az(t) =k kZUJo(B)cose

2.1
[Co 2
m=

1{cos(mdt+\p+ez).

2 2 .,
2 CmcosmmpT] +s1n(w t+P+0 )[ XCm51nmmpT]}

=1
n 2 1¢,.2
+ klk Unzl(-l) Jn(B)cose1 .{[Co+§§Cmcosmpr].

t .
[cos{&zQ+wd)t—n97%+w+nn+ez} + cos{(nﬂ—md)t—

i 1% 2
—nsz-z——w-ez}] + [Zmilc sulmwp‘r]

t
. 1 1{
.[31n{(nﬂ+wd)t—nﬂzr+w+nﬁ+ezl +

+ sin{(nﬂ-md)t—nQ:%H'W—QZ}]} (23)

Then following the same procedure as in case a with
the same denotations, thus the output of the nth harmo-
nic detector is

t

! _ . _ 1
A4(t) = 7k kaSRAU U (-1 2y (B)cosel{51n{wdt n97f+
21 2
+¢+nw+62+63+64—w}.[Co+§;zlcmcosmwpr] -

t ©
1 1 2 . 1
- cos{wdt n97f+w+nﬂ+6 +9 +9440} [ mZICmSIHmprJ}

(24)

t

n . 1
kU, Un(-l) Jn(B)cosel{31n{w t+nQ— +

ox A (t) = d 7

1 2 3 4
2 Z Czcosmw T] -
m P

° “p=1
£ 15 2
- cos{wdt+n97z+w+62+64—63+w}.[igzlcm51nmwp%}

+P+6 +64-63+w}.[

(25)

If two signal components are used for detection of the
doppler frequency then with little arrangement and
using trigonometric relations, the signal with doppler
frequency 1is

™
A, =k 1Kokgk, U U -1H%3 (B)COsel.cos(w t+w+n:7_-+ez+e3).
t ©
2 . 1 T 1
[Cosnl(nn—z-——n-z—— )‘**i-z C .
t) g
.51n(mpr+nQ5——63+¢rn§9] (26)

The output of the receiver after integration in the
corresponding doppler filter is

A =

5

t
n 2 . 1 T
k.U.Un( 1) Jn(B)COSSI[CO.Sln(nQT—n?—93'*‘(9) +

1 2 tl (slnwdT/Z\
2 +— C Sln(mwp‘l'ﬂlﬂ-—z— nZ 3+®)] Td—TT/ 27

It is clear that this equation is similar to equation
(21) with the exception that the factor P which repre-
sents the value of the correlation function of the
P.r.b.s. at maximum correlation is now replaced by the
expresion between brackets which represents in fact the
correlation function of the P.r.b.s. with some phase
shift added to the components corresponding to target
range. This shift is dependent on harmonic order of the
FM spectrum selected in the receiver. The measurement
of the amplitude spectrum at the output of the code de-
modulator in case of incorrect adjustement of the delay
of the reference code for zero meter cable is shown in
Fig.7 and for 106 m cable is shown in Fig.8. It is
clear from Fig.7 that this spectrum in fact represents
the spectrum of P.r.b.s. and this verifies.experimental-
ly the result obtained from equation (23). In that
equation if we substitute B = 0, ¢ = O for zero range
and wy = 0 for nonmoving simulated target, further Af
8y is supposed equal zero then it results directly

that Ap(t) is proportional to the factor

(28)

I\’l

Z C2 cos mw_T
m=1 = P

which is the correlation function of the P.r.b.s.,Fig.8
represents also in this case the spectrum of P.r.b.s.
but the amplitudes have been attenuated in the cable.

6. RECEIVER PROPERTIES

In this part we shall not deal with the properties
of the individual parts of the receiver but we shall
only illustrate the main properties of the whole recei-
ver as given by its output and its doppler signal. The
resolution and ambiguity properties have been illus-
trated based on equations (21) and (27) which were ve-
rified experimentally. The amplitude of the doppler
frequency signal as given by equation (17), obtained
as a result of mixing only one signal component of (16)
with corresponding harmonic of f, is calculated as func-
tion of relative range with respect to R] where Rl cor-
responds to Rmax. This amplitude §] is calculated for
different values of BWR which is the ratio of BW for
the code to the optimum BW for one segment pulse of the
code that is

F
BUR = <2 where BW = m.—, BW__ = 22
BW L opt T
opt o

a, Dependence on range of doppler signal amplitude

The amplitude factor S} which is the relative va-
lue of A4(t) as given by (17) is dependent on range
through the bessel function of nth order and depends
also on the factor P which in turn depends on the num-
ber of components in the Fourier series expansion of
P.r.b.s. permitted to pass through the code amplifier.
This number depends on the BW of the code amplifier.
The dependence of S] on R/R] for 3 values of BWR is il-
lustrated in Fig.10. From this figure is clear the de-—
pendence on range which satisfies the requirement on
the receiver for leakage suppression as well as sensiti-
vity range control.

b. Effect of bandwidth on doppler signal

The dependence of S] for third harmonic on BWR is
plotted in Fig.ll. The figure shows a little increase
of signal amplitude for values of BWR greater than I
from which we conclude that the suitable BWR for the
code amplifier in our case is 1 which corresponds to BW
of code amplifier equal to optimum BW for one segment
pulse of the code which implies the same requirement as
for CW radar using only P.r.b.s.
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7. CONCLUSION

The analysis carried out in this paper reveals
that :

1) Equation (27) represents the general form of the
output of our proposed system while equation (21)
can be deduced as a special case from equation (27).

2) It is clear from equation (27) that the behaviour
of the output for any change of range given by 7
around the correct target range is given by the be-
haviour of the correlation function of P.r.b.s.
as illustrated by the expression between brackets.

3) It results from the behaviour illustrated in the
previous point that the resolution in range is
nearly the same as in system using P.r.b.s. only.

4) A conclusion from point 3 that this signal adds no
new requirement on the BW of the system. Thus the
BW requirement for system with only P.r.b.s. is
also applicable here.

5) From the point of view of ambiguity in ramnge it is
clear that equation (27) for wyg = O behaves as the
correlation function of P.r.b.s. which has no ambi-
guity in range between the repetitive peaks.

6) The dependence of the output on the nth order bessel
function secures the suppression of leakage and pro-
vides the system with sensitivity range control,
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