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Abstract—Based on the relation between the ambiguity
function represented in a quasi-polar coordinate system
and the fractional power spectra, the fractional Fourier
transform moments are introduced. Important equalities
for the global second-order fractional Fourier transform
moments are derived and their applications for signal
analysis are discussed. The connection between the local
moments and the angle derivative of the fractional power
spectra is established; this permits to solve the phase
retrieval problem if only two close fractional power spectra
are known.

Index Terms—Ambiguity function, fractional Fourier trans-
form, phase retrieval

I. INTRODUCTION

FTEN the application of the different mixed time-

frequency distributions depends on how informative
their moments are and how easy they can be measured or
calculated. In this paper based on the connection between
the ambiguity function (AF) and the fractional Fourier
transform (FT) we introduce the fractional moments.
These moments are related to the fractional power spectra
and therefore can be easily measured for example in
optics. The application of the fractional moments for signal
analysis and phase retrieval problem is discussed.

II. AMBIGUITY FUNCTION IN QUASI-POLAR
COORDINATES AND FRACTIONAL POWER SPECTRA

Let us first remind the important connection between
the AF and the fractional FT. We define the AF Ay (z,u)
of a signal f(z) as, cf. [1]

Af(z,u) = / f(@' + 32) f* (2" — ) exp(—i2mua’)dz’.

(1)
The fractional FT of function f(z) can be written in the
form [2]

R[f(2)](u) = Fa(u) = [ K(a,z,u)f(z)dz, (2)
where the kernel K (o, z,u) is given by

(, (2% + u?) cosa — 2ux>
exp | i :

sin o

exp(ita)

Visin
(3)

Note that, in particular, Fy(u) = f(u), Fr(u) = f(—u),
and that Fy/o(u) corresponds to a normal FT.

It is well known (see for example [2], [3], [4]) that the
fractional FT corresponds to a rotation of the AF as well as
of the Wigner distribution at the position-frequency plane

K(a,z,u) =
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(z,u). The rotation can be described by introducing the
quasi-polar coordinates

z = Rcosa

u = Rsin«, (4)
where R € (—o0,00) and a € [0,7), in which coordi-
nates we denote the AF as /Tf(R, a) = Af(Rcosa, Rsina).
A simple relationship between the AF Az(R,a) in
this coordinate system and the fractional power spectra
|F(z)|? can be derived [5], [6],

Ap(R,a—1r) = / h |Fo(2))? exp(i2r Rx)dz,  (5)

— 00

from which relation we conclude that the fractional power
spectrum |F,(z)|? is the Fourier transform of the AF.
Note that this relationship is very important for the exper-
imental determination of the AF in optics, where the
fractional power spectra related to intensity distributions
can be measured by a simple optical setup [5], [6]; see also

(7], 8], [9] -
III. GLOBAL FRACTIONAL FT MOMENTS

In this section we elaborate on Eq. (5) and relate the
derivatives of the AF gf (R, — $m) in the origin (i.e., for
R =0) to the fractional FT moments.

For the zero-order moment E we have

— A4,(0,0).

R=0
(6)
Note that the zero-order moment E represents the signal’s
energy and that — in accordance with Parseval’s theorem
for a unitary transformation — it does not depend on a.
For the (normalized) first-order moments m, we have

E:/ \Fa(e)Pde = A;(R,a — Ln)

1 1 1 9Af(R,a— i)
a = F, 2pdy = —— L 277
m / |Fo(2)|*xdx - SR

— 00

R=0
(7)
Note that the moments m, are related to the centers of
gravity of the fractional power spectra and that they are
determined by the first-order derivative of the AF in the

direction a— £7. We remark that Eq. (7) is a generalization

of the two well-known special cases [1] for @ = 7 and
o=
0As(R, 0 — 3) 0A;(x,u)

OR R=0,a=m/2 Oz 2=0,u=0

e 2
= 27ri/ |Fﬂ/2(u)’ udu,



aZf(R, o —Im) 0A(z,u)

OR R=0,a=m Ou z=0,u=0

= 2m'/ |f(—2)|? zda.

From the relationship
dA;(R,a— L) 0Ay(x,u) 9z 9As(z,u) du

OR N ox OR ou  OR

_ Ay sin o — 04y (z,u) cos
Ox Ju

we have

(8)
We conclude that the sum of the squares of the centers of

gravity in the position domain and the Fourier domain is
invariant under fractional Fourier transformation:

Mo = Mo COS A + My g Sina.

(9)

The (normalized) second-order moments w,,, defined by

f
- 5 (z)

are related to the effective widths in the fractional FT
domain and are determined by the second-order derivative
of the AF in the direction o — %7‘(‘

On the analogy of the relationship

2 2 _ 2 2
My + ma+7r/2 =my + mﬂ'/2

We, (z)]2x?dx

82Af(R o — )
OR?

, (10)

R=0

02 A (z,u)
dxdu z=0,u=0
OFj2(u) BF:/Q(U)
=i [T )~ Pl =

Of*(x)

fa)

we introduce the mized second-order derivative of the AF,
where we have a first-order derivative in the direction o —
%77 combined with a first-order derivative in the direction
«:

| ara.

P2Af(R,a — i)
OROR,
R=0

=i /_o:o [a%‘f)z«“;(x) - Fa(x)‘%ﬁ} adz; (1)

R, is a local coordinate for a given angle coordinate
orthogonal to R. The (normalized) mixed second-order
moments o, associated with the mixed second-order
derivative, are now defined as

2 () L[5

OF; (z)
or

Fo(z)

Mo =
(12)

} xdx.

From the relationship

82gf(R, o — %71’) O?Af(z,u) . PAf(z,u) 5
IR = o022 sin“ o + 76%2 cos” «
0?Af(z,u) .
T oo Sn2@
we have

Wea = W cos> o + Wy /2 sin? o — Lo sin 2a, (13)
which expression is periodic in « with period 7. Eq. (13)
is in accordance with the relationships between second-
order moments of signals whose AFs are related through
a canonical transformation described by a real, symplectic
2x2 ABCD matrix, as described in [1]. In the particular
case of a fractional Fourier transformation, corresponding
to a rotation of the AF, we thus have [9], [10]

Wa o
122¢% wa+7r/2
| cosa —sina wo Mo cosa sina
sin o cos Ho  Wr/2 —sina cosa |’

from which we, besides Eq. (13), also get

Lo = 3(wo — Wy /2) sin 2ar + 1 cos 2a. (14)
In general all second-order moments w, and p, can be
obtained from any three second-order moments w, taken
for three different angles « from the region [0, 7); we have,
for instance, ug = (wo + w,r/g) — Wr/4. This implies that
the corresponding three fractional power spectra define all
second-order moments.

From Eq. (13) it follows that the sum of the signal widths
in the position domain and the Fourier domain is invariant
under fractional Fourier transformation:

wa+wa+ﬂ'/2 :w0+w7r/2- (15)
Regarding p., we conclude from Eq. (14) that
o+ frayr/2 = 0. (16)

Moreover, from Eq. (13) we have that

Wa—7/4 — Watn/4

1

= (wo — Wr)2) [cos?(a — 2m) — sin®(a — 37)] + 240 cos 2a

= (wo — Wr/2) sin 2 4 2pug cos 2a,

and with Eq. (14) we conclude that

Ha = %(waf'fr/él - wa+7r/4)- (17)
In particular the mixed second-order moment gy is the
difference of the signal width in the fractional domains
rotated at the angles ﬂ:%ﬂ' and therefore can be calculated
if the fractional power spectra |Fi,r/4(az:)|2 are known.

Let us now find those fractional domains, where — for
certain criteria — the signal could be represented in a more



compact form. First we will look for the domain with the
smallest signal width. From Eq. (13) it is easy to see that
the first derivative of w, with respect to the angle a equals
zero if

2p0

tan2q¢ = ———.
Wo — Wr/2

(18)
Due to the invariance relationship (15) the solution of this
equation corresponds to the domains with the smallest w,,
and largest w4/ or vice versa. Note also that the mixed
second-order moment g, equals zero in those fractional
domains where the signal width w, takes its extremal
value.

Secondly, let us find the fractional domain for which the
product waWar /2 takes its extremal value. From Eq. (13)
we have

2 .
WaWaitr/2 = WoWr /2 + i [(wo — ’U)ﬂ-/z) - 4u§] sin? 2«

+%u0 (wo — w,r/z) sin 4a, (19)

which expression is periodic in o with period %w, and the
derivative of wawq47/2 With respect to o vanishes if
4po (wo — W y2)

tan4doa = 5-
4pd — (wo — wy2)

(20)

It is easy to see that the product wawq4 7 /2 has a maximum
and a minimum in each period 17, with a difference of 1
between them. Note that, due to the uncertainty principle,
WaWa /2 > i

Let us now consider some particular cases.

Suppose that the widths of a signal in the position and
in the Fourier domain are the same, wyg = wy/2; in that
case we have

wo — Mo Sin 2«
Lbo COS 20x.

We
Ha = (21)
Then the angles o = iﬂ + n%w correspond to the zeros
of the mixed second-order moment and to the extrema of
the signal width [see Eq. (18)]. The extrema of the product
W Wy tr/2 occur for the angles o = ninm [see Eq. (20)].
In particular the self-Fourier functions, which are eigen-
functions of the FT — i.e., Fo(x) = exp(inim)Fyoir/a(z) —
belong to this class of signals. In that particular case we
have that wo = Waqr/2 = wo and p, = 0 for any angle a,
which implies that for the self-Fourier functions the width
wq and the product wawq4 7 2 are invariant under propa-
gation through the fractional FT system.

Suppose now that pg = 0, then
Wy = wocos? o+ Wr /2 sin? a (22)

fa = 3(wo— wy/2)sin2a.

In this case the width w, and the product wawa /2 take

their extremal values at angles & = nir and a = nir,

i 2 i
respectively.

IV. LoCAL FRACTIONAL FT MOMENTS

Instead of the global moments we now consider local
moments that are related to the local spatial frequency
in the different fractional FT domains.

One can easily express the well-known expression [11] for
the local spatial frequency Uy(r) at the position 7,

1 1 /°° 0A¢(x,u)
il f(r)]? ) Ox

Uo(r) = exp(i2mru)du,

=0
(23)
in terms of the local moments of the fractional power
spectra. Indeed, using the relationship

0As(z,u) _ 0Aj(R,a—1im)dR
or 20 N OR ox 0
L 0Ay(R.a—3m) da
da or %

A (R,a—1m) w
aR ‘/$2+U2
N OAf(R,a — im) —u
da 22 +u?

x=0

z=0
1 OAf(—u, o — 37)
U e

a=0

we have, after substituting from Eq. (5),

e} 2
94y (x, u) = _1/ 0|Fa(@)I” exp(—i2rux)dx
Ox 2=0 U J_ oo foJe
a=0
and thus
_ 1 < 0|Fu(a)l?
0o = sieE ) b .
1 [1 .
(/ exp[zQ#u(r—x)]du) dx. (24)
i J_oo
. . L [*1 .
Finally, with —Z/ Eexp[ﬂﬁu(r—x)]du:sgn(r—x),
ﬂ— —00
we get
1 X O|Fu(x)f’
Up(r) = sgn(r — x)dx,
Tl B sl =)
(25)

which relationship can easily be generalized to

L ™ R
U"(’")2|F@<r>|2/ Ja

sgn(r — x)dx.

—0o0

a=p

(26)
We remark that, with F(r) = |Fg(r)| exp[ips(r)], the local
spatial frequency Ug(r) is related to the phase pg(r) of the
fractional FT through

(27)



In general, the complex-valued fractional FT F(r) — and
in particular the signal f(r) = Fy(r) — can be completely
reconstructed — except for a constant phase shift and
the possible occurence of an additional w phase shift —
from its intensity distribution |Fj(r)|? and its local spatial
frequency Ug(r). Since the latter quantity is determined by
the derivative of the fractional power spectra, see Eq. (26),
only two fractional power spectra for close angles suffice to
solve the phase retrieval problem.

We conclude that moments of phase-space distributions
— like the ones for the Wigner distribution, for instance,
which are frequently used in signal processing — can be
obtained from knowledge of the fractional power spectra.
Introducing fractional FT moments might then be helpful,
for example in the search for an appropriate fractional
domain — i.e., a proper choice for a — in which filtering
operations will be performed; in the special case of noise
that is equally distributed in the phase plane, for instance,
the fractional domain with the smallest signal width w,, is
then evidently the most preferred choice.

V. CONCLUSION

Based on the relation between the AF represented in
a quasi-polar coordinate system and the fractional power
spectra, we have introduced the fractional FT moments.

Some important equalities for the global second-order
fractional FT moments have been derived. It was shown
how to find the optimal angles « for certain criteria
(minimal signal width w, or minimal product wawa4x/2)
from the analysis of the global fractional FT moments.
Some particular examples have been considered.

The connection between the local fractional FT moments
and the angle derivative of the fractional power spectra has
been established. This opens a way for the signal phase
reconstruction from the knowledge of only two nearest
fractional power spectra.

REFERENCES
[1] A. Papoulis, Signal Analysis, McGraw-Hill, New York, pp. 284-
295, 1977.
[2] L. B. Almeida, “The fractional Fourier transform and time-
frequency representations,” IEFEE Trans. Signal Process.,

vol. 42, pp. 3084-3091, 1994.

[3] A. W. Lohmann and B. H. Soffer, “Relationships between
the Radon-Wigner and fractional Fourier transforms,” J. Opt.
Soc.Am. A, vol. 11, pp. 1798-1801, 1994.

[4] L. J. Stankovic and I. Djurovic, “Relationship between
the ambiguity function coordinate transformations and the
fractional Fourier transform,” Annales des Telecommunications,
vol. 53, pp. 316-319, 1998.

[5] J. Tu and S. Tamura, “Wave field determination using tomog-
raphy of ambiguity function,” Phys. Rev. E, vol. 55, 1946-1949,
1997.

[6] J. Tu and S. Tamura, “Analytic relation for recovering the
mutual intensity by means of intensity information,” J. Opt.
Soc.Am. A, vol. 15, pp. 202-206, 1998.

[71 M. G. Raymer, M. Beck, and D. F. McAlister, “Complex wave-
field reconstruction using phase-space tomography,” Phys. Rev.
Lett., vol. 72, 1137-1140, 1994.

[8] D. F. McAlister, M. Beck, L. Clarke, A. Mayer, and M. G.
Raymer “Optical phase retrieval by phase-space tomography and
fractional-order Fourier transforms,” Opt. Lett., vol. 20, 1181-
1183, 1995.

[9] K. G. Larkin and C. J. R. Sheppard, “Direct method for phase

(10]

(11]

retrieval from the intensity of cylindrical wave fronts,” J. Opt.
Soc. Am. A, vol. 16, 1838-1844, 1999.

C. J. R. Sheppard and K. G. Larkin, “Focal shift, optical transfer
function, and phase-space representations,” J. Opt. Soc. Am. A,
vol. 17, pp. 772-779, 2000.

F. Boudreaux-Bartels, “Mixed time-frequency signal transfor-
mations,” in A. D. Poularikas, Ed., The Transforms and Appli-
cations Handbook, CRC Press, Alabama, pp. 887-962, 1996.



