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Ambiguity function and accuracy of the
hyperbolic chirp: comparison with the linear

chirp

Alessio Balleri# and Alfonso Farina*

Abstract

In this paper, we derive the Ambiguity Function (AF) of a narrowband and a wideband hyperbolic chirp. We
calculate the second derivatives of the squared amplitude of the narrowband Complex Ambiguity Function (CAF)
and use them to calculate the Fisher Information Matrix (FIM) of the estimators of the target range and velocity.
The FIM is then used to calculate the Cramér-Rao Lower Bounds (CRLB) of the variance of the estimators and to
carry out an analysis of estimation performance and a comparison with the case of a liner chirp with a rectangular
and a Gaussian amplitude modulation. The analysis and the calculations of the CRLB are also extended to a train of
hyperbolic chirps. Results corroborate that at narrowband the hyperbolic chirp is less Doppler tolerant than the linear
chirp and show that the hyperbolic chirp provides a comparable measurement accuracy to the linear chirp. Results at

wideband corroborate the superior Doppler tolerance of the hyperbolic chirp with respect to that of the linear chirp.

Index Terms

Hyperbolic Chirp, Bat Echolocation Waveform, Radar Waveform, Ambiguity Function, Fisher Information Matrix,
CRLB, narrowband, wideband.

I. INTRODUCTION

The ability to jointly and accurately estimate the distance and the velocity of a target using one or multiple
consecutive echoes has attracted considerable interest in the radar and sonar community. The first studies on this
topic were carried out for narrowband signals in white noise, e.g. in [1] and [2], and these were then extended to the
Maximum Likelihood estimates of the target parameters for an antenna array in [3]. The more general expressions
for the CRLB of the Direction of Arrival (DoA), target range and target Doppler for an antenna array at narrowband
and in non-white noise were derived and presented in [4]. In this same paper, the authors extended their results to
the case of a train of linear chirps with large time-bandwidth products.

Hyperbolic chirps have attracted considerable research interest in the past because of their Doppler tolerance

properties. They were initially proposed to increase the receiver Doppler tolerance in sonar as well as radar detecting
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high-velocity targets with large time-bandwidth products [5]. A second order Taylor series expansion was used in [6]
to study the properties of the main lobe of the AF of the hyperbolic chirp and the same paper presents an analysis of
the Doppler tolerance for a train of hyperbolic chirps. In [7], it was shown that the hyperbolic frequency modulation
is the optimal modulation, in terms of Doppler tolerance, for applications that require a large time-bandwidth product
(e.g. for space applications of radar, targets can reach velocities of over 9,000 m/s and time-bandwidth products
greater than about 16,000 are to be considered large). The same paper contains the derivation of the Fourier transform
of the hyperbolic chirp and a study of the shape and properties of its cross-correlation function. A nice technical
report that summarises the properties of the hyperbolic chirp can be found in [8].

The existing literature has also focused on techniques to estimate the parameters of signals with a hyperbolic
frequency modulation. The estimators of the parameters of a class of discrete signals with an hybrid FM-polynomial
phase modulation and their relative CRLBs were developed in [9], [10] and [11]. In these papers, the authors studied
the hyperbolic chirp as a special case of an hybrid FM-polynomial signal and found that the ambiguity function
of the hyperbolic chirp tends to a Dirac Delta function when the number of elements of the signal grows without
limit.

Some species of bats have developed an excellent ability to echolocate to search, detect and localise their prey.
They do this by transmitting sophisticated ultrasound waveforms and by using target echoes to gather an acoustic
picture of the surrounding environment. Previous research and experiments have shown that bat echolocation calls
often present a hyperbolic-like frequency modulation, in particular when the bat forages on flying insects in a
highly cluttered environment [12]. The knowledge of the estimation performance of the target range and velocity as
a function of the design of the hyperbolic chirp can potentially help underpin the relationships between the insect
flight trajectory, the waveforms used by the bat and how these are diversified during a mission [13] [14] [15].

This paper is organised as follows; in Section II we calculate the AF of a narrowband hyperbolic chirp, in
Section IIT we derive the FIM of the target range and velocity estimators and derive the CRLB of their variance
as a function of the Signal to Noise Ratio (SNR), in section IV we compare the performance of the hyperbolic
chirp with respect to a Linearly Frequency Modulated chirp (LFM) with a rectangular and a Gaussian amplitude
modulation, in section V we extend the calculation of the CRLBs to a train of pulses and carry out a comparison
with a train of LFM chirps, in section VI the AFs of the waveforms are compared to facilitate the interpretation
of the results, and finally in section VII we derive the AF of the wideband hyperbolic chirp before drawing the

conclusions in section VIII. All the calculations are given in detail in the Appendices A, B, C and D.

II. NARROWBAND AMBIGUITY FUNCTION OF THE HYPERBOLIC CHIRP

Consider the analytical signal §(¢) of a narrowband hyperbolic chirp of unit energy and duration T

1 ; t ;
eJ27ra1n(1+kt)ReCt{T} e]27rf0t (1)

V(T)

with the function Rect{%} being a rectangular function of the time variable ¢ such that

{ t } 1 0<t<T
Rectq — » =
T 0 elsewhere

5(t) = s(t)ef?mfot =
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The instantaneous frequency of the chirp

1 d(2maln(l + kt)) ak

ft) = +f0=m

T or dt

+ fo 2

is a function of the parameters a and k£ which define the design of the baseband hyperbolic chirp, and that depend
on the start and end frequencies, f1 = f(0) — fo and fo = f(T) — fo, of the complex envelope s(t). These can be

calculated according to the relation

f1 =ak
fi—f2

Tfa
The Complex Ambiguity Function (CAF) is defined as [16]

x(r,v) = /OO s(t)s™ (t+ T)eﬂ’”’tdt 3)

— 00

and for the hyperbolic chirp and 0 < 7 < T can be written in the form '

1

X(T7V): T

T—1
7 / ej27raln(1+kt)e*j27raln(1+k(t+'r))ej27rutdt 4)
0

Using the equality e/"* = 27 we rewrite the integral as

1 [r=T , , ,
X7 = /0 (1 + kY25 (1 4+ k(¢ + 7)) 92eed2m gy (5)

which after the change of variable ¢; = kt becomes

1

k(T—T1) ) ) oy
x(1,v) = T /O (14 1)727(ty + (1 4 k7)) 7270l 50 gt (6)

We then apply a further change of variable t; = k(T — 7)w that leads to

(T — T) /1 i k(T — T) —j2ma i T_
= — 7 1—k(r=T J2ma (1 j2mu( T)'ll)d 7
X9 = 30 ryema f, RO =T0w) (1+kr) " ¢ w ™
and define the parameters
v = j2ma
u=k(r—1T)
_ k(r=T)
= (+k7)

B =j2mv(T — 1)

to obtain a simplified form of the integral

(T-1) /1 _
= 7 1— Y(1— Y pBw
x(7,v) T( 1 k)2 ), (1 —ww)? (1 —qw) " e"dw (8)
For v =0, § = 0 and the integral becomes
_ (T—-7) /1 v -7
X(Tv 0) - T(l + kT)jQﬂ-a 0 (1 uw) (1 q’LU) dw (9)

I'The integral is solved for 7 > 0 without loss of generality.
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Fig. 1. Change in curvature as a function of the parameter fo for a hyperbolic chirp of bandwidth B = 20 MHz and duration 25 us.

which represents the autocorrelation of the hyperbolic chirp. The integral in Eq. 9 is of a known form and can be

solved as
(T —7)

7 1 ke DL DAL =77 20, ) (10)

X(Tv O) =

by recalling the equality given in Appendix A [17], which converges > for |u| < 1 and |g| < 1. It is simple
to show that these conditions are verified when the lower frequency of the hyperbolic chirp is greater than the
chirp bandwidth, i.e. when fs > B. In the equation, the function B(z,y) is a Beta function and the function
Fi(a,by,be,c;x,y) is an hypergeometric function of two variables, also known as the Appell series [18]. Fig. 1
shows the impact that the conditions on |u| and |g| have on the curvature of the hyperbolic chirps of a given
bandwidth and duration. The plot shows how the curvature of the chirp changes when f5 increases and shows that
with the increase in f, the hyperbolic transition becomes more and more linear.

To the best of our knowledge the integral in Eq. 8 is unknown but it can be approximated by replacing the term
P with a Taylor series expansion as

x(r,v) = _T=n Z ?:/0 w"(1 — uw)? (1 — quw)™ " dw (11)

2
T(1+ kr)i2rae —
By using the same equality given in Appendix A, the terms of the series can be written as a function of the same

hypergeometric function of two variables as

_ (T-7) B ,
X(Tv V) - T(l _’_kT)jgﬂra T;O nl B(’Il+ 171)F‘1(n+ 13 7777”"’1“7‘]) (12)

2The table of integrals in [17] indicates that the integral converges for |u| < 1 and |g| < 1. It is simple to show that these conditions
are verified when the lower frequency of the hyperbolic chirp is greater than the chirp bandwidth (f2 > B). However, it is a property of the
Ambiguity Function that |x (7, )| < |x(0,0)| = 1 and this implies the condition on the tables is only sufficient but not necessary.
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Fig. 2. Range Cut (v = 0) of the Ambiguity Function for a hyperbolic chirp with 7" = 25 us, B = 10 MHz for a) fo = 15 MHz and b)
f2 = 1 MHz. Results show a very good agreement between theory (Eq. 10) and simulations. c¢) Cut of the Ambiguity Function relative to
v = —80 kHz (corresponding to a product vT" = —2) for " = 25 us, B = 10 MHz and f2 = 15 MHz. Results show a very good agreement

between theory (Eq. 12 with 250 terms of the Taylor expansion) and simulations.

Fig. 2(a), Fig. 2(b) and Fig. 2(c) show the plots of the theoretical curves for » = 0 (i.e. the range cut of the
Ambiguity Function) and for v = —80 kHz obtained by implementing Eq. 10 and Eq. 12 with 250 terms of the
Taylor expansion. The curves are compared with the simulated cuts obtained by cross-correlating a delayed and
frequency shifted replica of the transmitted chirp with the original transmitted version. Results show that there is
a perfect agreement between the theoretical and simulated curves and prove the validity of the theoretical results.
Results in Fig. 2(b) show that when f, becomes smaller than the bandwidth, and hence the condition on the
parameters v and ¢ is no longer satisfied, the shape and sidelobes of the range cut of the AF deteriorates. This is

in agreement with what has been also observed in [7] and with simulations in [19].
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III. MEASUREMENT ACCURACY OF TIME-DELAY AND DOPPLER

In this section, we study the accuracy of the joint estimates of time-delay and Doppler when a hyperbolic chirp
is transmitted under the narrowband approximation for which the echo from a moving target is a delayed replica
of the transmitted signal shifted in frequency. We calculate the Fisher Information Matrix (FIM), J., and find the
CRLB of the estimators of the target position and target velocity.

It has been previously shown that the FIM can be written as
Je=—2SNR JuF (13)

where J4r is the matrix of the second order derivatives of the squared amplitude of the CAF (see [20], [21], [22]
and [23])

BQ\X(ZV)\Q %|x(r)|?

JAF _ or oTov
Px(r)? 2 x(r)|
ovoT ov2

7,v=0

To calculate the elements of the FIM for the hyperbolic chirp, we start by writing the second derivatives of the

squared amplitude of the AF as a function of the first order and second order derivatives of the complex AF as

& |x(r,v))> o PX(TY) ox(r,v)|?

x(r > . 0(T ) ox(r,v)|?

W—ZReal{X (T,V)W}+2‘a7_ (15)
Plx(r,v)* . ox(r,v) ox*(r,v) Ox(r,v)
W = 2Real {X (7', V)a’Tal/} + 2Real { o or } (16)
*Ix(r,v)|? ox(r,v) ox(r,v) Ox*(1,v)

— o — 9Real {X (7‘, V)auaT} + 2Real { BN o7 } (17)

The derivatives with respect to v can be easily calculated by deriving Eq. 8 with respect to v and by considering

that
% = j2rm(T — 7) (18)
to obtain
axél’ 28 Tj(zlﬁiTk;);z):a /01 w(l —uw)? (1= qu) ™" ™ duw (19
T = Tk, w1 ) @

For (7,v = 0), we have v = ¢ = —kT and $ = 0 and it can be easily shown that
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ox(r,v)

By = jnT 2n
T,v=0
>x(r,v) 4 9.0
—_— =—-7T (22)
621/ T,v=0 3
and hence, after applying Eq. 14, that
82|X(7', V)|2 2 90
—_— =—-7T (23)
81/2 T,v=0 3

The derivatives of the CAF with respect to v in (7, = 0) do not depend on the waveform design and are
the same for any types of waveform with unit energy and a rectangular amplitude modulation. This can be easily
verified by deriving with respect to v Eq. 4 rather than Eq. 8.

The derivatives of the AF with respect to 7 are calculated by defining the function
u(t) _ ej27'raln(l+kt) _ (1 4 kt)jQﬂ'a (24)

such that

w = —j2mak [1 + k(t + T)]*jQ‘n’a—l

9*u” (147) _j2ma—2 (25)
T = j2mak? (1 + j2ma) 1+ k(t+ 7))
The first order derivative with respect to 7 is equal to (proof in Appendix B)
Ol LT () 2R el — (T — ) (T)es 2 )]
=1 [_ jemak [T (14 k)2 (14 k(t+ 7)) 20 er2mi gy (26)
_[1 + k‘(T _ T)]j27ra(1 =+ kT)—j?Traej%rV(T—‘r)]
which for 7 = 0 and v = 0 simplifies to
ox(r,v) _ —j27a /T k di 1 _ —j2raln(l +kT) — 1 27
87' 7=0,0=0 T 0 1+ kt T T
The second order derivative of the AF with respect to 7 can be written as (Appendix B)
FPx(ty) 1 T—7 Pu* (t+7) _jory Au* (t+71) i2mu(T—r
g_rg = T |: 0 u(t)Tej tdt — U(T — 7') ~—ar T 6‘7 ( ) (28)
—u* (T)% (u(T — T)ejzm’(T’T))]
and it is calculated by replacing u(t) with Eq. 24 to obtain
Oxrr) — L [ (L 4 k)72 g2mak® (1 + j2ma) [+ k(t + 7)) T ed2m g
~[L+ k(T = 7)l27 (—j2mak) [L + KT] 7277 e () 09)

—(1 4 kT) =72 (—j2mak)[L + k(T — r)[i2ra=tes2m(T'=7)
+j2mv (1 + kT) =271 4 k(T — 7)|/2maes2m(I=7)]
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For 7 = 0 and v = 0, the integral becomes

?x(r,v) _1 /T k?(j2ma — 47r2a2)dt n j2mak  j2mak (30)
or? r=ov=0 1 |Jo (1 + kt)? 1+ kT 14+EkT
which after a simple calculation converges to
9?x(1,v) _ —4m2a?k? ny (2mak?T + 4mak) 31)
or? | _g.,=0 1+ kT T(1+4kT)
The second derivatives of the squared amplitude of the AF with respect to 7 can then be calculated as
02| x(r,v)|? _ —8n?a’k? N 2+ 87242 In*(1 + kT)) (32)
ot | g,  L+KT T2
To calculate w we firstly observe that
oReal { XV O (V) | _ —4n2aln(1 + kT) (33)
v or
We then take the derivative with respect to v of Eq. 26
Patrw) _ =izmak (17 (jor)(1 4 )2 [1 4 (¢ + 7)) 92T ity 0
— L[+ k(T — 7))P2"(1 + kT) =2 [j2n(T — 7)]es>™(T=7)
and we calculate the results for (7 = 0, v = 0)
Px(r,v) 4r?a [T Kt
— = —dt — 52 35
0 | gy T /0 Tt I (35)
0?x(t,v) 473a In(1+ kT
— = T——=| —352 36
ooV | _o,—0 T k Jn (36)
2 In(1+ kT
9Real { (7, m%} — 8n2q {1 - n(];;)] (37)
|x(r,v)|? 2 In(1+ kT) 2
——— =38 1———| —4n"aln(1 + kT 38
oTov T kT maln(l+#T) (38)
—8mw2a?k? 2487242 1112(1+kT) 2 [ ln(l+kT):| 2
+ 8nca |1 — —==—| —4n*aln(l + kT
Jo=—2SNR | T 1 r ( : (39)
872 [1 - BUED] — ar2an(1 + kT) — 227
The CRLB are the elements of the inverse of the matrix J. and are equal to
CRLB(r) = ——J4r(%:2) (40)
2 SNR det(Jar)
Jar(1,1
CRLB() = —~22r (1L 1) (41)

" 2SNR det(Jar)
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IV. COMPARISON WITH THE MEASUREMENT ACCURACY OF THE LINEAR CHIRP

The calculations derived in Appendix B can equivalently be applied to the case of a linear chirp with a constant
amplitude modulation s(t) = ﬁej”ﬁRect {t/T} of duration T and bandwidth B = ~T. The FIM of a linear
chirp is available in the literature [4] and it has previously been calculated by approximating the spectrum of the
chirp with a rectangular shape for chirps with a large time-bandwidth product (BT >> 1). Because the calculations
developed in this paper, do not require the use of the Fourier Transform of the signal, a closed form solution can
be obtained without the requirement for the signal to have a large time-bandwidth product. It can be shown (Proof
in Appendix C) that the matrix of the second derivatives of the squared AF of a linear chirp can be written in the
form

Tt = | T ST 42)

2. 2. 72 _2._ 272
sy T T

and by considering that v = B/T the results can be rewritten as

BT)?—1
1r2(BT) -1 )2 —oq BT
_ 3 T 6
Jap,. o ==2 . 43)
linearchirp =BT o2

For a chirp with a large time-bandwidth product (BT >> 1) the element J4p(1,1) = %7‘(2B2 and the matrix
becomes of the form known in the literature [4]. It is straightforward to verify that the determinant of the matrix
JAFinearenivp, 18 NEgative for small BT and that it is zero for BT >> 1, meaning that the CRLBs do not exist for
a single linear chirp. This result is well known in the existing literature; it can be easily shown that for only one
pulse, at narrowband, the signal model for a linear chirp is not identifiable because the time-delay and the Doppler
shift are coupled and cannot be uniquely estimated [4].

For completeness, the comparison is also extended to the case of a linear chirp with a Gaussian amplitude modulation

2 1/4
s(t) = (%G) e~ k&t gibat? (44)
T
and described by the parameters kg and bg. The parameter kg is such that k2, = ﬁ, where 2\¢ is the half
G

power width of the Gaussian chirp envelope. The FIM of the Gaussian chirp is known in the literature [21] [24],

and equal to

b2 b
k2 + 2¢ Tba
G TR

k2
_ G

JAFGaussiaChirp = -2 b 2 (45)
kg, k%

Fig. 3(a), Fig. 3(b) and Fig. 3(c) show the comparison in accuracy performance for a hyperbolic chirp and a Gaussian
linear chirp of duration 25 ps and bandwidth 10 MHz (for the Gaussian chirp 2Ag = 25 pus). Results show that
the CRLB of the hyperbolic chirp is about 3 dB lower than that of the Gaussian chirp for both time-delay and
Doppler estimation. Results are similar for the lower bound of the cross-covariance between the estimators of the

time-delay and the Doppler®. Similar results are obtained for the case fo < B.

3Care had to be taken in computing the elements of the FIM and the CRLB. Some of the elements can reach very small numbers and

calculations can potentially compete with the current MATLAB® computational precision limits.
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Fig. 3. CRLB as a function of SNR for a) the time delay 7 and b) the Doppler v and c) amplitude of the lower limit of the cross-variance

between v and 7 as a function of SNR.
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11

V. ACCURACY OF A TRAIN OF TIME LIMITED PULSES

In this section, the calculations are extended to the case of a train of pulses of limited duration to allow the
comparison with the accuracy of a rectangular linear chirp.

Consider a signal sy () of unit energy

nPRI } 46)

N—
t —
sn(t) (t —nPRI) = — u(t — nPRI)Rect {
- FI - AT o g
consisting of a train of N pulses obtained by repeating the signal s(¢) with a Pulse Repetition Interval PRI such
that T < PRI. To proceed with the calculations, we observe that the CAF x(7,v) of the signal sx(t) can be

written in the form [16]

N—
XN (7_ l/ Z 27FVTLPRI (47)

and we proceed with calculating the matrix of the second derivatives of the squared amplitude of x n (7, V)

Phn () 9w (ra)?
J _ or2 oTov
AFN O xw (r)2 9 x (r)|?
ovoT ov?

7,0v=0
From Eq. 47, it is straight forward to observe that the first and second derivatives of (7, ) with respect to 7
only depend on the term (7, v) and therefore that

?xn(r,v)” _ PIx(m )P

5.2 lr =0 = T|T,V=O (48)
It can be easily shown that the same applies to the cross derivatives with respect to 7 and v (Proof in Appendix
D). To determine the second derivatives of the squared amplitude of X (7,v) with respect to v, we proceed by
calculating the first and second derivatives of x (7, V) in its complex form before using Eq. 15 to obtain the final

results. From Eq. 47

aXN (77 V) _ l [aX(T7 V) ]S ejQWunPRI + X(T V) Nzlj2ﬂ.nPRIej27runPRI‘| (49)
ov N ov —= o
Oxn (T, V) ox(r,v) j27TPRI e 8)( T, V) )
Ixn(my)|  _ ox(ny) e 4 jrPRI(N — 1) (50)
ov 7,v=0 ov 7,v=0 N 0 Z 7,v=0

Similarly, the second derivative of xn(7,7) in (0,0) is obtained by deriving Eq. 49 with respect to v and by

calculating its value in the origin.

Pxn(r,v) 1 | &*x(r,v) ax(t,v) e 5 9 i 9
e = — | 4= N + j4nr PRI ———+ —47“ PRI 1
v T,v=0 N v 7,v=0 " 7 i v 7,v=0 7;) ! " f 7;0 b (5 )
2 2 _ _ _
*xn(T,v) 9*x(t,v) + j4nPRI ox(r,v) N -1 AR PRI? (N-1)(2N-1) (52)
821/ 7,v=0 aQV T,v=0 ay 7,v=0 2 6
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From the equation above, through a very simple calculation, it can be demonstrated that

O*xn(r,v)? 0%|x(r,v)|? 2 annr2( A2
—— = —— — —m“PRI*(N° —1 53
8y2 T,v=0 81/2 7,v=0 3 " ( ) ( )
and hence that the matrix of the second derivatives of the squared amplitude of the ambiguity function is

62\%(7;)\2 aﬂggu)\?

Jary = A T (54)
0 T,V

%(1(167)‘ _%TrQT2 _ %7T2PR12(N2 _ 1)

7,v=0

Similarly to the case of a single pulse, the CRLB for the time delay and the Doppler can be calculated as

Jary (2, 2)

LB(r) = —
CRLB(T) = ~55NR det(Jars)

(55)

JAFN(L 1)

CRLB(v) = 2 SNR det(Jary)

(56)

Fig. 4(a), Fig. 4(b) and Fig. 4(c) show the CRLBs of a train of rectangular linear chirps and a train of hyperbolic
chirps for a SNR of -10 dB. Each pulse has duration of 25 us and a bandwidth of 10 MHz and the parameter f5
of the hyperbolic chirp is 15 MHz. The energy of the signal in Eq. 46 is unity for any N and, similarly, the results
are relative to a SNR which remains constant irrespective of the number of pulses forming the train. The results
are given as a function of the number of pulses in a logarithmic scale and for PRI = 1 ms. Results show that the
accuracy of the hyperbolic chirp and that of linear chirp is equal for both time, Doppler and for the cross-covariance

of the two estimators. Results are similar for the case fo < B.

VI. COMPARISON BETWEEN NARROWBAND AFS

To understand the achieved accuracy results, we carry out a comparison of the AFs of the three types of waveform
analysed in the previous sections. Fig. 5 and Fig. 6 show the ambiguity function of the three chirps of duration 25
s and bandwidth 10 MHz together with their relative range and Doppler cuts. The plots in Fig.6(a) and Fig.6(b)
show that there is a very close match between the Doppler and range cuts of the three waveforms. Because the
FIM is a function of the second derivatives of the squared of the AF it is expected that similar shapes of the
main AF lobe should lead to similar results in accuracy. Also, as it is well known in the existing literature, results
show that the sidelobes of the Gaussian chirp are significantly lower and that the Doppler cuts of the rectangular
linear chirp and hyperbolic chirp are equivalent. The results in Fig.5(a), Fig.5(b) and Fig.5(c) highlight that for
narrowband processing the linear chirp is much more Doppler tolerant than the hyperbolic chirp. The narrowband
approximation only accounts for a shift in frequency of the echo from a moving target. Whilst an echo shifted in
frequency can be matched to a 0-Doppler reference signal by applying a simple time-delay for a linear frequency
modulated chirp, this is not possible when the frequency modulation is hyperbolic. This phenomenon is nicely
explained for the wideband case in [7] [8] and shown in Fig.7. Further results show that when the parameter fs
increases and the bandwidth and the duration are fixed, and hence the hyperbolic chirp has a more linear transition
in the time-frequency domain (see Fig. 1), the Doppler tolerance of the hyperbolic chirp also increases. These results
indicate that it is possible to control the Doppler tolerance of the hyperbolic chirp by controlling the hyperbolic

curvature via the parameter fs.
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Fig. 4. a) CRLB for the Doppler v, b) amplitude of the lower limit of the cross-variance between v and 7 and ¢) CRLB for the time delay 7
as a function of the number of pulses N (SNR = -10 dBand PRI = 1 ms).
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Fig. 5. Comparison between the ambiguity functions of a) a Linear Chirp, b) a Hyperbolic chirp (f2=15 MHz) and c¢) a Gaussian chirp of
bandwidth 10 MHz and duration 25 us.

VII. WIDEBAND AMBIGUITY FUNCTION

The analysis and the results of the previous sections are all based on the assumption of a narrowband signal for
which an echo for a moving target is simply a delayed version of the transmitted signal but shifted in frequency of
the Doppler shift 2v/c, with v being the velocity of the target and c the speed of propagation of the waveform. It
can be shown that the narrowband approximation is valid when BT << ¢/(2v) ( [20], pp. 241). However, there are
applications of both radar and sonar for which the time-bandwidth product BT is not always significantly smaller
than ¢/(2v) and for which the narrowband approximation is no longer valid. For these applications, echoes from a
moving target are characterised by a compression or expansion in the time domain that has to be taken into account
in a matched receiver.

For these reasons, the Wideband Ambiguity Function (WAF) was proposed in [5] which is defined as

x(r,v) = /OO s(t)s*[v(t + 7)]dt (57)

o0

where v = £ is the Doppler compression factor. In this section, we derive the Wideband AF of the hyperbolic

chirp and carry out a comparison with that of the linear chirp in order to draw differences and similarities with

respect to the narrowband case. An approximation of the WAF of the hyperbolic chirp obtained using a second
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Fig. 7. Linear and hyperbolic chirps with relative echoes shifted in Doppler. In the presence of a Doppler mismatch, a time translation by a
narrowband cross-correlation receiver can provide a strong overlap between the echo and the transmitted signals in the case of a linear chirp.

This is not possible for a hyperbolic chirp.

order Taylor expansion has been previously derived and is available in [6]. The calculations are carried out for

7 > 0 with no loss of generality for the case of a time compression (v > 1) and a time expansion (v < 1) as

1 L7 j2ma —j2ma T
= [ (1 + kt)? 1+ kvjit+7))777™%dt 0< 7<=
NEPESIE Joo )75 [t+7]) v (58)
0 T > %
LT+ k)21 + kult 4 7)) 2 e dt O<r<Z_T
x(ov<1l)=¢ 1 fO%_T(l +kt)2 (1 + ko[t + 7)) 72" dt L -T<7<Z (59
0 T > %

The integrals are calculated similarly to the CAF of the narrowband signal. The integral in the interval [0, % — 7]

is solved by the two changes of variable ¢; = kt and ¢; = k(% — 7)w and by defining the parameters
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v = j2ma

u=k(-Z +7)
_ k(vt=T)
q= 1+kvT
to lead to the final result
v (T kvr +1)\ /%@
= — | — = _ Fq(1, — 2: 60
X(T7V) T (l/ T)( v ) 1( s Y 7“7Q> ( )

Similarly, the integral in the interval [0, T'] is calculated with a simple change of variable ¢ = ¢, 7" and by defining

the parameters

v = j2ma
Uy = —kT
_ —kvT
a1 = 1+kvt
to obtain the final result
x(rv) = (1+ kvr) 2TF (1, —v,7, 2, u1, q1) (61)

Fig. 8(a) shows the theoretical AF for a ultrasound hyperbolic chirp of duration 7' = 3 ms, bandwidth B = 20 kHz
and lower frequency f>=30 kHz for v = 1.05 compared to the same simulated cut. Because the speed of sound in
air is much lower than the speed of light, the narrowband approximation does not hold and wideband processing is
required despite BT = 60. Results show a perfect match between theory and simulation proving the validity of the
theoretical results. Fig. 8(b) and Fig. 8(c) show a comparison between the WAF of the same hyperbolic chirp and
that of a linear chirp of the same bandwidth B = 20 kHz and duration 7" = 3 ms. Fig. 8(d) shows a comparison
between the range cuts for v = 1.05. Results clearly show that at wideband, as expected, the hyperbolic chirp is
more Doppler tolerant than the linear chirp.Th is property of the hyperbolic chirp is well know in the literature and

some key recommended references are [7] and [8].

VIII. CONCLUSIONS

In this paper, we have derived the expressions of the AF of a narrowband and a wideband hyperbolic chirp.
We have calculated the second derivatives of the squared amplitude of the narrowband CAF and the elements of
the FIM of the estimators of the target range and velocity and their CRLBs. We have also presented an analysis
of estimation performance and a comparison with the case of a liner chirp with a rectangular and a Gaussian
amplitude modulations. Results have corroborated that, at narrowband, the linear chirp is more Doppler tolerant
that the hyperbolic chirp. The analysis of the CRLBs has demonstrated that the accuracy of the hyperbolic chirp at
narrowband is about 3 dB better than that of the Gaussian chirp and comparable to that of a train of linear chirps
with constant amplitude modulation. The results of the WAF have corroborated the superior Doppler tolerance of
the hyperbolic chirp at wideband. The main equations derived in this paper are a) Eq. 10 and Eq. 12 give the
narrowband AF of the hyperbolic chirp, b) Eq. 39 gives the FIM of the hyperbolic chirp, ¢) Eq. 42 gives the FIM
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of b) a linear chirp and c) a hyperbolic chirp (f2=30 kHz) and d) between the range cuts for » = 1.05. Results are relative to signals with a
duration 7" = 3 ms and a bandwidth B = 20 kHz.

for the linear chirp for any time-bandwidth products, d) Eq. 54 gives the FIM for a train of pulses and e) Eq. 60

and Eq. 61 give the wideband AF of the hyperbolic chirp.
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APPENDIX A

TABLED INTEGRAL - HYPERGEOMETRIC FUNCTION (PP. 287)

1
/ P71 =2 (1= u) " (1= va) " da = B(u, AV Fy (A, py 0 A+ 150, ) (62)
0

APPENDIX B

PROOF OF THE DERIVATIVES WITH RESPECT TO THE PARAMETER T

W(r,v) = % /oo u(t)Rect {%} g" (t + 7)Rect {HTT} eI2mViqt (63)

—0o0
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87/)(7-7 V) _ l > i ﬁ * t+7 j2mvt
5 —7T /Oou(t)Rect{T} 5y (g (t+r)Rect{T }) e dt

* T)Rect { &£ * T T
Olg(t+ (); it (at:r )Rect{t; }+g*(t+7)[5(t+7)—6(t—T+T)}

PR = F 75 ult)Rect { £} P I Rect { 57 } 27 dt
+4 [ u)g*(t+T)Rect { L} [5(t+7) = 6(t — T + 7)) s> dt

For 0 < 7 < T the term Rect { =7 } = 0 and the equation becomes

1 00 * . 1 ;
op(rv) _ 1 / u(t)Rect {;} Og"(t+7) Rect{t ;T} Sy T 7T = 7)g*(T)e??™(T=7)

or T or

— 00
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(64)

(65)

(66)

(67)

We also note that the integral term in Eq. 67 is of the same form of that in Eq. 63 and hence the same property

can be used to calculate the higher order derivatives of the complex AF with respect to 7. In the specific case of

the AF, ¢g(t) = wu(t) and

T—1 *
aX(Tv V) _ 1 / u(t) Ou (at + T) ej27rytdt _ %U(T _ T)u* (T)ejQ‘/ry(T—T)
0

or T T
2 _ 2, x . * .
9 )557;1’) _ % fOT a u(t) 9 u@f_t;rT) ed2mvt gy %U(T _ T) du égi—‘rT) e]27ru(T—T)
t=T-—71

—tu*(T) 2 (w(T — 7)ed?(T=7))

APPENDIX C

ELEMENTS OF THE FIM OF A LINEAR CHIRP

u(t) = eIt

u (t+71)= e~ Im(t+7)?

ou*(t .
w = —j2my(t + T)e*jF’Y(t+T)2
T
2, %
9 Ua(t;- 7) _ _j2ﬂ_,ye—j7r’y(t+‘l')2 42t + 7_)2e—j7r'y(t+~r)2
T
o= %U(T —7) W 32 (T=T) — 9 ed™/(T=7)? =imyT? j2mu(T—7)

T t=T—1

A|rv=0 = —j2my
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1 0 ; 1 . 2 0 . 2
— (T = ( T JQﬂV(TfT)) — ——imy T Y| gy (T—T) ]27TV(T77’)j|
b T ( )87 u( T)e Te 55 1 e (76)
1. , , , ,
b= Te—]ﬂ"yTZ (_j27TVe]27Tl/(T—T)e]TF’y(T—T)Z _ ]27T")/(T _ T)e]27rV(T—‘r)e]7r'y(T—T)2) (77)
b|7’,l/=0 = efj'ﬂ")’TQ (_j27r,.yej7f’YT2> = —J27‘("}/ (78)
LT P T) ore
1 T oyt . —jmy(t+7)2 2. 2 2 —jry(t+7)2| j2nut
c=z ™ {—j?ﬂ"ye I — Ay (t+7)%e 2 dt (80)
0
1 T . 2 2,2 . 4 2_2m2
Clrp=0 = T (—j2my — 4r*¥*t%) dt = —j2my — 3T T (81)
0

?x(r,v 4 .

% =c—a—-b= 7§7T2’)/2T2+j27r’}/ (82)
7,v=0
ox(r,v) 1 [T eyt . imy(t+7)2 ] _j2mut 1 Gy (T—=7)2 _jnyT? j2mv(T—1)
—5 =7 el [—]27T’y(t + 7)™ } el TVt — Te e e (83)
0
Ox(r,v) 1 1 , 1

—_ = — —j2mytdt — = = — T— — 84
o7 oo T/O Jemprt T = M T &

Using Eq. 15 it is possible to calculate the second derivative of the squared amplitude of the CAF with respect

to 7 as
0% |x(r,v 2 8 1 2 2
| 8(7_2 )l _ _571_272112 +2 (7T2’y2T2 4 p) _ _gﬂ_Z,YQTQ + ﬁ (85)
T,v=0
82X(7_7 V) 1 T . jyt? . iy (t41)2 j2muvt L. jmy(T—7)2 jryT? j2mv(T—1)
580 =T j2mtel™Y {—]2777(t+7)ej v }e] dtff‘]Qﬂ'(TfT)BJ v eIV el
TOV 0
(86)
>x(r,v) 1T 2.2 4 5 o
— = — Amentedt — j2m = —mw*yT* — 52 87
oo |y, T/o Ll Jom = 3™ jem 87
PP _ 82y opeal d —jut (—jmyr — 1) b = 222 (88)
orov | ,_, 3 T 3
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APPENDIX D

PROOF OF CROSS SECOND ORDER DERIVATIVES FOR A TRAIN OF PULSES

To evaluate the cross derivatives of x (7, v), we first derive Eq. 47 with respect to the parameter 7 and then

with respect to v

N-1
Oxn(T,v) ox(r,v) 1 j2runPRI
_ - TUNn 89
or or N 7;0 € (89)
82XN(7' v) aX 7, V) gi2mnPRI 6X(7' V)
’ _ Tn ) PRI j2rvnPRI 90
drow drow NZ T N ZQ e G0
These quantities in the origin are equal to
oxn (T, v) _ ox(r,v) o)
or 7,v=0 or 7,v=0
Oxn(1,v) ox(r,v) —1 9x(r,v)
_— = 2 PRI A 92
oo |y Orow |,y T o .o ©2)
We can then apply Eq. 16 and use the result in Eq. 91 and Eq. 92 to write
A|xw (1,v)]? o Ox(t,v) . N—1 9x(7,v)
T o= 2Real ¢ 552 o + j2r PRI == 2G0% T,VO} +
2Real { 2X:1) (8><8<> jTPRI(N - 1))} _ ©3)
Ax(r.w)|?
oTov r.v=0
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