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Abstract

A useful relationship between the fractional Fourier transform power spectra of a two-
dimensional symmetric optical beam on the one hand and its Wigner distribution on the other
is established. This relationship allows a significant simplification of the standard procedure for
the reconstruction of the Wigner distribution from the field intensity distributions in the fractional
Fourier domains. The Wigner distribution of a symmetric optical beam is analyzed, both in the
coherent and in the partially coherent case.
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1 Introduction

The characterization of coherent and partially coherent optical fields by means of the Wigner
distribution [1, 2, 3] became a usual approach since the method of its reconstruction using
phase-space tomography has been proposed [4, 5]. Nevertheless, the application of the Wigner
distribution for the analysis of optical signals has some weak points. First of all, the Wigner
distribution of a two-dimensional optical field is a four-dimensional function, which is difficult

to represent graphically. Beside that, the reconstruction of this function using phase-space
tomography demands to perform twice the complicated inverse Radon transform. These
difficulties could be minimized if the optical field exhibits a certain symmetry, which is the case
for a variety of optical beams used in practice.

In this paper we analyze the structure of the Wigner distribution of point-symmetric and
rotationally symmetric optical beams and we propose a simple method for its reconstruction
from the measurements of the beam intensity distributions at the different transversal planes
during propagation through a first-order optical system. This method can be used if — due the
physical nature of the optical field — we know that such symmetries occur. As an example
of a first-order optical system we consider one that performs a two-dimensional fractional
Fourier transformation. The generalization to other first-order systems described by the canonical
integral transform can be made by rescaling the intensity distributions. In Section 2 we derive a
useful relationship between the Wigner distribution and the fractional Fourier transform, which
relationship significantly simplifies the reconstruction of the Wigner distribution in the cases of
point-symmetric and rotationally symmetric beams, as will be shown in Sections 3 and 4. In



Section 5 we discuss the generalization of the results to the case of partially coherent symmetric
optical fields.

2 Rotation of the Wigner distribution under two-dimensional
fractional Fourier transformation
In general the Wigner distribution (WD) ¢(r,q) = Wy (z1,22,u1,u2) of a two-dimensional

function f(r) = f(x1,2z2) — which in the context of this paper corresponds to the complex field
amplitude of a coherent field — is defined as

Wy(r,q) :/ Fr+ 20 f5(r — 3r') exp(—i2mq - r')dr’, (1)

or, equivalently, expressed in terms of the Fourier transform FT)(q) = F /o(u1,uz) of

f(r), as

Wf(l', q) = / F7r/2(q + %q,) ;/Q(Q — %q,) eXp(iZ?Tq/ . I’)dq,, (2)
where
Fr2(q) = / f(r)exp(—i27q-r)dr. (3)

Note that if we putg = 0 in Eqg. (2), we have the following relationship between the WD
W (21, 22,u1,u) along the plane; = uy = 0 and the two-dimensional FFW/Q(ul, uz):

Wi(r,0) = Wy(z1,22,0,0) = / / Fra(guy, gus) Ey o (=50, —5us)

x expli2m(u)z1 + ubwo)|duduly.  (4)

Let us consider the WD under fractional Fourier transformation. The two-dimensional
fractional FTFy, o, (u1,ug) of a functionf(x;,x2) can be defined as [6, 7, 8]

Foyan(ut,u2) = RY2[f(x1,22)](u1,u2)

- / / K(ar,21,u)K (ag, 29,u9) f (1, 22)dz1 s, (5)

where the partial kernel& (a,, ., uy,) (n = 1,2) are given by

(6)

_exp(iay)/2 ox [m (22 +u2) cosay, — 2upay,

(e, i, un) = —7==
n

Note that, in particularfp o(ui,u2) = f(u1,us2), and thatFﬂ—/Qﬂr/Q(Ul,UQ) corresponds to the
normal two-dimensional FT.

sin au,



It is well known (see, for example, [4] or [9]) that the fractional FT corresponds to a rotation
of the WD in the space-frequency planes,(u;) and (2, u2). This rotation can best be described
by introducing polar coordinates in these planes:

r1 = R1 COS ﬂl Tro = RQ COS ,82 (7)

Uy = R1 sin ﬁl ug = R2 sin ﬁg.
We will use the notatioer(Rl, b1, Ra, B2) for the representation of the WD in this coordinate
system. Since the two-dimensional fractional FT (5) corresponds to a rotation in the two space-
frequency plane&ry, ;) and(z2, uz) through the angles; andas, respectively,

f(x1,x2) — /V[\?f(RlaﬂhRQ’BZ)
| fractional FT | rotation of WD (8)
Revez[f] > Wgorasg(Ri, B1, Ra, 2) = Wy(Ry, B1 + a1, Ry, B + a),

and choosingl; = 32 = 0 in this scheme, we obtain that

Wi(R1,01,Ra,02) = Wgorao[)(R1,0,R2,0) = Wr, . (R1,0,Rs,0)

= WF

a1,a9

(z1,22,0,0). (9)

Thus, on the analogy of Eqg. (4), we obtain that
W R 1 1 1 1
/ / * / !/
Wf(Rl,Oél,R%Olz) = / / F7r/2+a1,7r/2+a2(§u1a§u2) ﬂ/2+a17ﬂ/2+a2(—§ula—§u2)
—00 J —00

x exp[i2m(u) Ry + uhRo)]du dusy. (10)

This equation shows a simple relationship between the fractional FT and the WD of a given
function through the FT. It may be useful for the calculation of the WD, but its application
in optics is unlikely because of the required phase measurements. The general method for the
reconstruction of the WD from the fractional FT spedtfg, , (u1,u2)|? is based on the inverse
Radon transform [4, 5]. Nevertheless, Eq. (10) can be used for the reconstruction of the WD of
symmetric optical fields.

3 Wigner distribution of point-symmetric beams
Let us consider a point-symmetric functigir),

f(r) ==£f(r), (11)

which, with the+ sign, is often used as a model for an optical beam. It is easy to see that the WD
of such a function is also point-symmetric:

Wf(—r,—(.]) = :l:Wf(raq) (12)



From Eq. (6) it follows thatK (o, xn, —uy,) = K(an, —zn,u,), and we conclude that the
fractional FT of a point-symmetric function is point-symmetric, as well:

FOé17OLQ (—Ul, —’LLQ) = :l:FOé17OLQ (U]_, U2)- (13)

This implies that for point-symmetric functions Eq. (10) reduces to

_ 0o oo
Wf(Rl,O[l,RQ,CYQ) = j:/ / ’Fﬂ'/2+011,71'/2+042(%u/17%ué)lz
—o0 J —o0

x expli2m(u) Ry + ubRo)]du’ dul,. (14)

The WD of a point-symmetric function can then be found as the inverse FT of its scaled fractional
FT spectrad Fi, o, (u1,u2)|?. In order to do this, one has to fix the anglg, say, and measure

or calculate the fractional power spectra for € [0, 7], then change to a different angie and

repeat the procedure, and so on. Because of the symmetry of the WD [see Eq. (12)], the regions
of the angles reduce te, € [0, %ﬂ. In general, if we takéV points for every angle., (n =1, 2),

we needN? fractional FT spectra in order to reconstruct the WD.

4 Wigner distribution of rotationally symmetric beams

In this section we show that in the case of rotationally symmetric optical beams, described by

f(r) = f(rl) = f(pz) (15)

with p2 = |r|? = 22 + 3, the number of fractional FT spectra that we need for the reconstruction
of the WD, can be reduced f§. Note that a rotationally symmetric function is a particular case
of the point-symmetric one and that, with thesign, Eq. (14) is valid for it, as well. Moreover,
with p? = uf 4 u3, its two-dimensional FTF, , (u1, u2) reduces to the Hankel transform (HT)
H7T/2 (pu)

FF/Q(ULW):HW/Q(Pu):/O f(p2)Jo (27 pupa) padpa (16)

with Jj the 0-order Bessel function of the first kind.
The WD of the rotationally symmetric functiof(x1, z2) = f(p.), expressed in the standard
polar coordinate$p,, 0., pu,6,), can be written as

A oo 21
W1 (0, O pusB) = /0 A, /0 4. £ (i) £ (r0)

X exp|—i27pypl, cos(6, — 0)] 17)

o0 2
= /0 p&dp;/o d@LFw/z(Tz(LJr))F;/Q(n(;))

X expli2mp,pl, cos(0, — 0.)], (18)



where

ri = (2 4+ 12+ paplycos(Oe — 0,)] 1 1l = [p2 4 L2+ pupl, cos(0u — 0,)] 2
P = [02 4 102 = paplycos(0. — ;)] 'm(L "= [0+ 192 = pup, cos(0, — 0,)]?
(19)
and
x1 = pgcosl, ) =plcosh, wu; =p,cosb, u|=plcosb, (20)

X9 = pysinby, = plsinf,  uy = pysinb, ub=p)sind,,.

The explicit relationships between the two coordinate systerhs, aq, R2,a2) and
(pz, 0z, puby) read [cf. Egs. (7) and (20)]

pzcosl, = x1 = Rjcosa
et~ R, @
pusinf, = wy = Rasinas.
It is now easy to show that
Wi (P2, 0 =, pus ) = Wi (O, pus O + 7). (22)

which implies that we can treat the four-dimensional WD as a three-dimensional function,
because

/Wf(pac; 0:15 - eua Pus 0) = Wf(ﬂamampmeu) = Wf(p;raonou,eu - 033) (23)
In particular we have the relationship
Wi (pe,0: pus0) = Wi (pz, 0, pus 0). (24)

From Eq. (23) we conclude that, in order to fiﬁ\@(px,ﬁx,pu,ﬁu), we can put eithef, =
0 or 6, = 0; in [10], in which the WD of a circular aperture was studied, the chdice- 0
was made. In the present paper we t&ke= 0, which is the same as putting, = 0 if the
coordinate systemR,, a1, Ra, o) is used, see Eq. (21). Therefore, in order to reconstruct the
WD completely, we have to find onli#’¢(R1, a1, R2,0). From Eq. (14) we then get the FT
relationship

Wy(RranRa0) = [ [ Fpraymahuh, Jup) P explize(ul R+ s Ro)ldud s,
(25)

which reduces to a Hankel transformation in the particular casevhat0:

Wi(R1,0,R,0) — / / By a (St huy) |2 expli2r(udh Ry + iy o)ty

— /0 He (L) P I 2n R P, = Wi(R.0,0,0)  (26)
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with R? = R? + R2. From Eq. (25) we conclude that for the reconstruction of the WD of
a rotationally symmetric function, we need only fractional FT spectrdF,, o(u1,us2)|?.
Moreover, we note that, in general, the WD of rotationally symmetric functions cannot be
obtained from measurements of the intensity distributions in rotationally symmetric first-order
optical system.

If we puta; = ay = « in Eq. (14), we will find that the slices of the WDV (p,., 6, pu, 0)
for any6, = 6, = 6, depend only orR = \/ R} + R3, and not on?; andRs. Indeed, in the case
of a rotationally symmetric function, the two-dimensional symmetric fractional FT (5), which is
also rotationally symmetric, reduces to the fractional HT [11]

Ho(pu) = RY[f(p2)l(pu)

exp(ia)

= —=— / explim(p3 + p) cot a] Jo (27r p.””p") f(p2)padpe. (27)
7811 & 0 S11 v

For the special case, = as = «, EQ. (14) then takes the form

Wf(Rl,O[,R27O() = / ’Fw/2+a7ﬂ/2+a(%ul,%UQ)|2€Xp[Z'27T(U1R1 +U2R2)]dU1dU2
= /O ‘Hn/Q—i—a(%pu)|2J0(27TpuR>pudpu' (28)

Hence, a fractional Hankel transformation produces a rotation of the WD along thefplane
0., = 0, where the slice of the WD is rotationally symmetric:

—

/Wf(px, 0,pu,0) = Wjy(Rcosa,b,Rsina,0)

o~

= [ a0 e R = Wi(pn0.000)  (29)
with

R* = pitp

tana = py/ps. (30)

Note that the fractional Hankel spect#,(p.)|?> do not add any new information about the
WD to what we have already obtained from the Hankel spectrum [see Eq. (26)]. We also
remark that, as it follows for example from Eqg. (17), only the WD of the Gaussian beam
f(ps) = Aexp(—ap?) does not depend on the angkgsandé, and can thus be represented

as a function ofR.

5 Partially coherent symmetric beams

Although the previous considerations have been devoted to coherent symmetric fields, the main
results are also valid for the case of partially coherent ones. In order to prove this, let us represent



the two-point correlation functio(r,r2) of a partially coherent field as a linear superposition
of the orthonormal modesg,, (r) [12]:

G(r,r2) = > Amgm(r1)gh(r2). (31)

m=0
The WD in the case of the partially coherent fields [2] is given by
W(r,q) = / G(r+3r',r — 3r') exp(—i2mq- r')dr’, (32)

and can be expressed as

W(r,a) =Y Anwn(r,q), (33)
m=0
where
Wi (r,q) = / g (1 + 31" g, (r = A1) exp(—i2rq- r')dr’. (34)

It is easy to see that if all modeg,(r) exhibit a certain type of symmetry, then the WD of
the partially coherent field has the same properties as the WD of a coherent field with the same
symmetry. Because of the orthonormality of the modes, one can conclude that, ifr-) is
point-symmetric [cf. Eq. (11)],

G(—rl,—rg) = j:G(rl,rQ), (35)
or rotationally symmetric [cf. Eq. (15)],
G(r1,r2) = G(|r1,[rz]), (36)

then the modes,, (r) have the same type of symmetry, and vice versa. The results obtained for
coherent symmetric beams in the previous sections are thus also valid in the case of partially
coherent ones, if the symmetry of their correlation functions can be expressed by Eg. (35) or
(36).

6 Conclusions

It has been shown that symmetry of the complex field amplitude or the correlation function of
an optical field leads to a certain symmetry of its WD that significantly simplifies the task of its
reconstruction from the two-dimensional fractional FT spectra.

In particular we have obtained that the WD for a field with point symmetry is related to the
fractional FT spectra through a Fourier transformation. This implies that, unlike in the general
case, one need not apply the complicated inverse Radon transform in this point-symmetric case.
Moreover the point symmetry reduces the region of anglesvhere the fractional FT spectra
have to be measured, frof, 7] to [0, 27]. In the case of rotational symmetry the number of
required fractional FT spectra reduces even more: if for a point-symmetric field one Néeds
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spectra, then in the case of rotational symmetry aNlyractional asymmetric FT spectra are
required in order to reconstruct the WD.

It has been shown that, in spite of the rotational symmetry of the optical field, its WD cannot
be reconstructed from the fractional HT alone, but that the asymmetric fractional FT spectra are
needed. In particular this means, as was also discussed in [13], that rotationally symmetric fields
cannot be completely identified by their propagation in the paraxial approximation in free space,
if only the information about the intensity is used.

The authors can be reached at the address on the title page, by telephone at +31 40 2473319,
by fax at +31 40 2448375, or by e-mail at M.J.Bastiaans@ele.tue.nl.
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