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Abstract:  In this work we formulate the main properties of the gyrator
operation which produces a rotation in the twisting (position - spatial
frequency) phase planes. This transform can be easily performed in paraxial
optics that underlines its possible application for image processing, holog-
raphy, beam characterization, mode conversion and quantum information.
As an example, it is demonstrated the application of gyrator transform for
the generation of a variety of stable modes.
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1. Introduction

Many interesting applications of the first-order optical systems for information processing have
been proposed in the past decade. Some particular first-order optical systems, performing frac-
tional Fourier transform, are used for shift-variant filtering, noise reduction, encryption [1].
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Fig. 1. Graphical representation for the phase structure associated to the gyrator kernel for
o=m/4, X =Yo=0(a)and 2x, = Yo =1 (b). These figures (a) and (b) correspond to the
exponential argument of the kernel.

Another ones serve as mode converters which permit to obtain the helicoidal vortex Laguerre-
Gaussian (LG) mode after the propagation of the Hermite-Gaussian (HG) beam through these
systems [2, 3, 4]. Besides LG modes, other stable modes carrying the fractional topological
charge [4, 5] can be obtained by generalized mode converter which can be described by the
gyrator transform (called in [6, 7] as a cross-gyrator). The gyrator transform as well as the frac-
tional Fourier transform belong to the class of the linear canonical integral transforms. But in
the contrast to the fractional Fourier transform (see for example [1] and references there in), the
gyrator operation is still little known for the optical community. The purpose of this paper is
to establish the main properties of the gyrator transform that opens the perspective of its appli-
cation for optical information processing together with fractional Fourier transform. Including
the gyrator transform in the list of image processing tools we enlarge a number of phase space
domains for more appropriate image representation, filtering operation, holographic recording
etc. As an example of gyrator action we demonstrate its application as a generator of stable
modes living on the main meridian of the Poincaré spheres [5].

Gyrator operation is mathematically defined as a linear canonical integral transform which
produces the rotation in position—spatial frequency planes (x,qy) and (y,ax) [6, 7] of phase
space. Thus the gyrator transform (GT) at parameter o, which will be called below as a rotation
angle, of a two-dimensional function f;(r;), associated in first order optics with complex field
amplitude, can be written in the following form

fo(ro) = RG] (ro) = /[ 1106.) Ka (6,31, %. o) xly

__1 o (XoYo +Xi¥i) COS 0 — (Xi¥o +Xa¥i) \ .
- |Sina|//fl(x"yl)exp <I27t sina dxdy;, 1

where "},o = (Xi.0,VYi,0) indicates the input and output coordinates, respectively. Notice that t
stands for transposition operation. For o = 0 it corresponds to the identity transform, for o =
m/2 it reduces to the Fourier transform with rotation of the coordinates at 7 /2, for o = 7 the
reverse transform described by the kernel 6(ro+ ri) is obtained, meanwhile for oo = 37/2 it
corresponds to the inverse Fourier transform with rotation of the coordinates at /2. For other
angles o the kernel of the GT K (Xi, Vi, X0, Yo) has a constant amplitude and a hyperbolic phase
structure, which is shown in Fig. 1 for the angle oo = m/4 and output coordinates Xo = Yo =0
(see Fig. 1(a)) and 2Xo = Yo = 1 (see Fig. 1(b)).

Since the GT belongs to the class of the linear integral canonical transforms its kernel is
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parametrized by the symplectic 4 x 4 matrix T (a) [6, 7]

(;Z)_{—XY ;]<;>—T(a)(g‘i>, @

cos o 0 0 sina
X—[ 0 cosa}’ Y_{sina 0 }’ 3)

where

which describes in the paraxial approximation the ray transformation in this system. Notice that
rt = (x,y) is the ray position and q' = (qy, qy) is the ray slope, and bold capital here and further
indicates matrix notation.

Based on the matrix formalism for first-order lossless optical systems, it has been recently
shown [8] that the GT for the large range of angles o can be realized by an optimized flexible
optical system which contains only three generalized lenses with fixed distance between them.
The angle o is changed by rotation of the cylindrical lenses which form the generalized lenses.
Other possibility is to use the spatial light modulator for variable lens performance. Explicit
equations for these generalized lenses as a function of the transformation angle o can be found
in [8].

2. Basic properties of the gyrator operation

In order to work properly with the GT and to design the corresponding optical system for its
experimental realization we need to know its basic properties. As in the case of the Fourier
transform (FT) or the fractional FT [9] the main theorems such as scaling, shift, modulation,
etc. have to be formulated.

From the equations Eq. (1) - (3) it is easy to see that the GT is periodic and additive with
respect to parameter o.. The last can be proved directly by the multiplication of the ray trans-
formation matrices which parametrized the kernel: T (&) T(B) = T (o + ). The inverse GT
corresponds to the GT at angle —o:. As it follows from Eq. (1) the inverse transform can be also
written as

R™[fi (%, ¥i)] (X0, Yo) = R*[fi (=i, ¥i)](—Xo, Yo), (4)

and then R [R*[fi (=, Yi)](—Xo, Yo)] (1) = fi(r).

It is known that the Parseval relation holds for entire class of the canonical integral transforms
and therefore for the gyrator operation which belongs to it. It is easy to demonstrate this relation
for the case of the gyrator operation, as it is shown in Eq. (5):

(XoYo +Xii) COS & — (XiYo +Xo¥i) | 4.
sino !

1 [ . —(XoYo 1 XeYe) COS & + (XeYo + XoYe)
Xsinza /g, (re) exp (|27r Sinol dredrg

== //fi(ri)gi*(re)eXpQZRW)

sin o sina

X /exp <—i27c(xi —Xe)y;;—;o(w _ye)> drodridre

. // (1) g () exp <i2nw> 8(ri —re)dridre

= / fi(ri)gi(ri)*dri. (5)

| Rt Ere) (Rearelre))dro = [ i exp (20
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The shift of the function f; at vector v! = (v, V) leads to the shift of its GT (for the angle ) at
vcos o and additional linear phase modulation:

R*[fi(ri — v)](ro) = exp (im(vvysin2c — 2rgvsina) ) R*[fi (ri)] (ro — veos ar), (6)

where V! = (v, V), see appendix for more details. We observe that the shift of the amplitude
of the GT |R*[fi(ri —V)](ro)| = |[R*[fi(ri)](ro —vcosa)| is the same as for the case of two
dimensional symmetric fractional FT at angle o [9].

The effect of plane wave modulation exp (—i2zk'r;) of the function fi(r;) is also similar to
the fractional FT case. It leads to the shift of its GT (for the angle o) at —ksina and additional
linear phase modulation:

R*[fi(ri) exp (—i27k'r)](ro) = exp (—im (kekysin2e + 2k'rocos o) ) R*[fi(ri)] (ro+Esin a) :

_ (")
where k' = (k, ky) and k' = (ky, ky).
Scaling theorem can be formulated in the following form (see appendix section):

RE[f(r)](ro) = PP e <i2nxoyo <1— (ﬁ)j cota) R ( SorSTo ).

0 COS QL cosa cos o
(8)
where 6, = sgn(sina), og = sgn(sin ),
sc 0 ) cota
S= and cotf = —. 9
(59 p- e ©

It means that the GT at angle o of the scaled function f;(Sr;) corresponds to the GT at angle
B of the initial function f;(r;) with additional scaling of the output coordinates and hyperbolic
phase modulation. The scaling property for the GT is similar to one for the Fresnel transform or
for the symmetrical fractional FT. Indeed during the Fresnel diffraction the change of the aper-
ture scale leads to the observation of the same diffraction pattern (except of the corresponding
scaling and chirp phase modulation) at another propagation distance. The principal difference
is in the phase modulation which has hyperbolic form for the GT and chirp form for Fresnel
or fractional FT transforms. Moreover in the case of GT there are two particular cases of scal-
ing parameters sy = S= s;l and s, =s= —sgl when the expression Eq. (8) is significantly
reduced.

Thusif sy =s= s;l the scaling does not change the transformation angle 8 = ¢, the output
scaling is the same as the input one and there is no additional phase modulation

RE[fi(xi8.y1 )] (o) = RETi(11)] (5. Yos 1): (10)

This scaling property will be demonstrated in section 4.1 in application to generation of ellipti-
cal vortex beams.

If sx=s= —s;l then the angles relation reduces to cot 8 = — cot o and therefore f = — a.
The Eq. (8) can be written as

RY[fi(xis, —yis™H)](ro) = R*“[fi(ri)] (—%0S,5 *¥o), (11)
or using the additive property of the GT as
R[fi(xs, —¥is 4)](ro) = R“[fi(ri)] (oS, =S ¥o) - (12)
In particular for s= 1 we obtain the expression similar to Eq. (4).
R*[fi (i, —¥i)](ro) = RTU[fi(ri)] (X0, —Yo) - (13)
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3. Gyrator transform of selected functions

As it occurs for the Fourier transform the GT of only selected functions can be expressed an-
alytically. The fundamental functions: Dirac delta, 1, hyperbolic wave, plane wave, spherical
wave, Gaussian and Hermite-Gaussian mode and their GTs are displayed in Table 1. The fol-
lowing notations are used along the Table: v = (v, vy), k' = 27 (ke, ky), @ > 0, band c are real
numbers, and R~ 7 is the operator of coordinate rotation at angle —m/A.

Table 1. Selected functions and their gyrator transforms

fi(ri) fo(ro) = R¥[fi(ri)](ro)

(1 v sk oxp (2 Lol (ean)

exp (i2exiy;) ‘STla‘exp (i2m S dxoyo) , (C# —cotar)

1 ﬁ exp (—i2mXoyotan ar)

exp (—ik'rj) S €XP (—127 (XoYo + Keky) tan o) exp (— gz K'Fo)

N 2 T . (1+b?)sin2a ( —imbrd )
&P ( I7bri ) /cos? a—b2sin? o &P < "oz o tZsint e 0Y0 | P\ Gosza t2sina

(a2-1)sin2a —rard

_rar? S E—— G LI L
exp (~ar) Veoardiia ('”cosza+azsinzaxoy°) o (i)

HGmn (EK*% ri 1) doen-myG, . (9{*% o 1)

Let us consider in detail some particular cases from Table 1 (see appendix for intermediate
calculation). The first row of Table 1 shows that the GT for &(r; — v) corresponds to the gyrator
kernel as the output function, K (ri = v, o), and therefore the product of hyperbolic and plane
waves.

Correspondingly the GT of a hyperbolic wave (see row 2, Table 1) transforms to Dirac func-
tion for angle such that cotor = —c. It is an important result because it means that GT can be
used for localization of waves with hyperbolic phase front. For ¢ = tan o the plane wavefront,
fo(ro) = |sinee| 2, is obtained at the output of the GT system. For other angles the hyperbolic
wave transforms to the hyperbolic one. We underline only two particular cases, when the ex-
pressions for the GT of hyperbolic wave are simplified. Thus for the values of parameter ¢ =
cotorand c= (1+cotor) / (cota — 1) we obtain fo(ro) =exp (i (cota —tana) XoYo) / |Sin
and fo(ro) = exp (i2mxoYo) / |sin | respectively. Note that for ¢ =0 (fi(r;) = 1) the GT also
corresponds to a hyperbolic wavefront as it is indicated at the third row of the Table 1.

The gyrator transform of a plane wave (row 4, Tablel) corresponds to a product of the plane
wave, with spatial frequency scaled by 1/cos oz and the hyperbolic wave.

For the spherical wavefront (row 5, Table 1) its GT corresponds to a product of the spher-
ical wave, affected by the scaling factor and the hyperbolic wave. The hyperbolic contribu-
tion cancels for angles corresponding to position and rotated FT domains oo = m(2n+1)/2
(fo(ro) =exp (izrj/b) /ib) and a = 7n (fo(ro) = exp (—izbr3)), where nis an integer.

The GT of a Gaussian function (row 6, Table 1) corresponds to the Gaussian function with
hyperbolic phase modulation. In the case a = 1 the additional phase shift vanishes and output
function corresponds to the input function exp (—zr3). This result indicates that exp (—7r3) is
an eigenfunction of the GT for any transformation angle o.

#77890 - $15.00 USD Received 7 December 2006; revised 16 January 2007; accepted 22 January 2007
(C) 2007 OSA 5 March 2007 / Vol. 15, No. 5/ OPTICS EXPRESS 2194



It has been shown in [10] that the GT at angle o can be represented as a fractional separable
Fourier transform at angles (o, — o) with rotation of the input and output coordinates (x,y) at
r/4 and —x /4 correspondingly. From that follows (see reference [11]) that the eigenfunctions
for the GT are the eigenfunctions of the fractional FT rotated at angle —r /4. Since the Hermite
Gaussian modes:

_ol/2 Hm (V2rg) Hn (V2rg) exp (_irz) 7
V2 miwy/20ntw w2

where Hy, is the Hermite polynomial and w is the beam waist, form the complete orthogonal set

of eigenfunctions for the separable fractional FT for w = 1 then the HG modes rotated at —/4

form the set of the orthogonal eigenfunctions for the GT (row 7, Table 1).
For oo = £m/4 the kernel of the GT is reduced to

HGmn (r;w) (14)

K.tz /a (%, ¥, X0, Yo) = V2exp (iiZﬂ [XoYoJrXiYi —V2(Xiyo+ XoYi)D : (15)

In this case as it was shown (for example in [3, 4]) that the HGm (r;w) for w =1 mode
transforms into the helicoidal LG mode:

S o R (5 (2 412) (220 ()

where L'p is the Laguerre polynomial, p= min(m,n) and | = [m— n|. The topological charge of
the vortex mode is given by +I.

For the transformation angle oo = 3n/4, 5x/4 as it follows from Eq. (4) and Eq. (11)
HGmn (r;1) mode transforms to —LG, (r; 1) and —LG;;,I (r;1), respectively.

Finally we consider the GT of periodic functions. It is well-known that a periodic function
fi(ri) with periods k!, k;l can be written as a Fourier expansion

fi(ri) = anmexp (—i27 (Xikn + yikym)). 17

n,m

Then the GT of a periodic function is given by

fo(ro) = R*[fi(ri)](ro) = Y, anmR*[exp (—i27 (Xiken + yikym))] (ro). (18)
nm
Using the expression for the GT of a plane wave (row 4, Table 1) we derive that
_exp(—i2aXoyotan o) . ko -+ Mkyyo
fo(ro) = Sing| l%an_ymexp( i2nmkyky tan or) exp < |27r—COS p .

(19)
An interesting result is obtained for angles which satisfy the relation | = kykytan oq, where | is
an integer. Then Eq. (19) is reduced to

_exp(—i2nXoyotanoy) 1
fo(fo) = |sinoy| f (cosoq ro) ’ (20)

which can be considered as a Talbot effect for the gyrator transform.

Finally as an example, figure 2 shows the squared moduli (intensity distribution in the case
of optical realization) of the GT for the circle function circ(r;/p) (p = 1.6) for different trans-
formation angles o« = 0, 77/36, w/4, 117/36, n/2, (a-e) respectively. This image sequence
Fig. 2(a-e) demonstrates the evolution from the input function Fig. 2(a) to its rotated Fourier
transform obtained for o = /2, Fig. 2(e). We observe how the rotational symmetry in the
position (oc = 0) and FT domain (o = 7/2) changes to the rectangular one for other angles.
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Fig. 2. Intensity distributions corresponding to the GT of the circle function are displayed
for different transformation angles oo = 0 (a),77/36 (b), /4 (c), 11x/36 (d), and /2 (e).
Note that for o« = 7/2 the rotated Fourier transform is obtained.

4. Gyrator transform applications

The above mentioned properties of the GT make it a useful tool for optical information process-
ing. The GT provides an image representation in a new phase-space domain which was not
explored yet for signal analysis and synthesis. In particular it can be used for hyperbolic wave
detection, shift-variant filtering, encryption, beam characterization, generation of stable modes
with specific properties. The application of the GT for all these tasks certainly demands exten-
sive studies. Here we will consider only the mode transformation under the GT. In particular
we will consider the gyrator transformation of the Hermite-Gaussian modes. There is a double
interest to these modes. First of all they appear as a natural modes in laser resonators of rec-
tangular symmetry and propagate in a free space without changing their intensity form. On the
other hand the HG modes forms a complete orthonormal set and therefore often are used as a
basis for image representation. The GT of the HG modes generates other stable modes, which
also propagate in free space without changing their intensity form and the knowledge of these
modes permits to represent any image in the corresponding GT domain.

4.1. Hermite-Gaussian mode evolution under the gyrator transform

Let us consider the evolution oh the HG mode (14) under the GT. Since the GT for different
angles can be performed by optical system constructed from three generalized lenses (assem-
bled set of cylindrical lenses) and two fixed free space intervals [8] the numerical simulations of
the GT can follow this recipe. Using free space propagation algorithm under Fresnel diffraction
regime and phase modulation functions for the generalized lenses we calculated the output pat-
terns for the GT system. The parameters used in these numerical simulations are the following:
wavelength 4 = 532nm, w = 0.73mm, and spatial resolution 20um.

During last decade various optical schemes were proposed for the generation of the vortex
beams which carry the orbital angular momentum (OAM). Mostly the conversion of Hermite-
Gaussian (HGmn) modes of different orders to the helicoidal Laguerre-Gaussian (LG ) ones
were considered [2]. It was also shown that it is possible to generate the stable modes with
fractional orbital angular momentum [4, 5]. The GT can be seen as a flexible mode converter
where modes of the same order but different OAM are obtained by varying the angle oc. As it
was indicated in the previous section the mode conversion from HGmp to LGy, and viceversa,
is achieved when o. = /44 nz /2 (n integer), meanwhile other modes are obtained for the rest
of angle values if o # 7n/2.
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o=m/d o=m/2 o=3n/d o=5n/4 oa=371/2 o=7r/d
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Fig. 3. Intensity (up row) and phase (low row) of the GT of HGio mode for
different angles «. Figure (a) corresponds to transformation angle o = 0, n/4,
/2, 3n/4, &, 5n/4,3n/2,7n/4. (b) Intermediate sequence between angle o = 0 and
o = m/4 is displayed. (2.5 MB) Movie: mode transformation for different angles a, where
the input mode is HGy .

In Figure 3 the mode conversion from HGp,, mode of order m= 1, n = 0 to helicoidal
LGp—o,—1 is displayed for different values of angle ¢c. The first and the second rows corre-
spond to the intensity and phase distribution, respectively. The intensity distribution is nor-
malized to the maximum intensity value of the input signal (o« = 0), and phase values are
represented for [—m, ] region. Mode conversion from HG1 (o = 0) to LGOi,1 is obtained
for o = /4, 3n/4, 5r/4, 7w /4, as it has been explained in Section 3. For a = /2, =,
3m/2 the output mode corresponds to HG1 o rotated at =/2, m,37/2 with additional phase
shift exp(i2cr), respectively. Therefore the mode conversion from HG 1 o to HGg 1 is obtained
for a = n/2, 3m/2. In Fig. 3(b) the intermediate modes obtained by the GT of HG o for
o = [0, /4] are displayed. The modes obtained for every particular angle o are stable and
possess fractional OAM [5]. In general the action of the GT is associated with the movement
along the main meridian of the Poincaré spheres.

4.2. Influence of scaling and shift properties to mode transformation

Let us now consider how the scaling of the input HG mode affects on the mode generation.
Based on the scaling theorem (8) and choosing scaling parameters sy = s = sgl in order to
avoid the change of the transformation angle and additional phase modulation, we observe (see
Fig. 4) that for o = /4 the transformation of the rotational symmetric intensity distribution
typical for the LG mode into elliptical one (Fig. 4c, Fig. 4f). Figures 4 (a) and (d) correspond
to the input signal HG, o scaled by s=1/2 and s = 2, respectively. Figures 4 (b, c) and (e, f)
are the corresponding output modes for o = 7/5 and o = /4. Therefore the GT of scaled HG
mode is an alternative for generation of the elliptic LG beams [14].
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Fig. 4. Intensity (up row) and phase (low row) for different angles of the GT of HG; o
affected by scaling factors s, =s= 3)71: s=1/2(a, b, c)and s=2 (d, e ,f), respectively.

When the input function is not centred at the optical axis we can apply the shifting theorem,
Eg. (6), to obtain the output function. Notice that if the input signal is shifted at v = (v, ) the
output signal is shifted at v! cos o and affected by an additional linear phase modulation. The
GT atangle oo = n/5 and o = m /4 of HG o for different shifting parameters is displayed in
Fig. 5. Figures 5 (b, c) and (e, f) are the output modes obtained from the HG 1 ¢ mode shifted
by vt = (1mm,0) (Fig. 5a) and vt = (1mm, —1mm) (Fig. 5c), respectively.

4.3. Gyrator transform of HG mode composition

Up till now we have considered the transformation of only one HG mode. Nevertheless the com-
position of HG modes of the same order (n+ m= const) also produces a stable configuration
after gyrator transformation. Thus for example the combination of HG 3o and HGg 3 modes:

#77890 - $15.00 USD Received 7 December 2006; revised 16 January 2007; accepted 22 January 2007
(C) 2007 OSA 5 March 2007 / Vol. 15, No. 5/ OPTICS EXPRESS 2198



a=T/5 o=T/4

1 1 1
02
a u 0.4
0.2
-1 -1
0 1 2 0 1 2
1 1 7
2
0 0 0
-2
-1 -1 -7
0 1 2 0 1 2 0 1 2
X
(a) (b) (c)
=74
0 1
0.8
y 06
0.4
0.2
-2
0 1 2
0 T
F / 5
-2
2 S
0 1 2
(d) (e) 43]

Fig. 5. Intensity (up row) and phase (low row) of the GT (for the angle o) of HG; o mode
shifted by v! = (1mm,0) (a, b, ¢) and V' = (Imm, —1mm) (d, e, f).

HG30+HGo 3 (Fig. 6a) leads for oo = /4 to the odd Laguerre-Gaussian beams, which is the
sum of two helicoidal LG modes with opposite OAM values: LG ; + LG 5 (Fig. 6e). For other
angles a = /8, m/5, 2r/9 the intermediate modes are obtained (Fig. 6 b, ¢, d).

5. Conclusion

A little known operation for two-dimensional signal manipulation, called gyrator transform,
has been studied. The main properties of the GT such as shift, scaling, plane wave modulation,
Parseval theorem, and other relevant properties have been formulated. The GTs of the selected
functions have been also found. The gyrator operation promises to be a useful tool in image
processing, holography, beam characterization, quantum information, new mode generation,
etc. For example, here it has been demonstrated its application for stable mode generator. The
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Fig. 6. Intensity (up row) and phase (low row) distributions for GT of the HG3 o +HGg 3
input mode are displayed for different angles oo = 0 (input mode), /8, /5, 2n/9, n/4
(LG0 3+LGy 3mode) (2.8 MB) Movie: mode transformation for different angles o, where
the input mode is HG3 o + HGq 3.

0000 —
(N a Y]

- |
N

|
=

experimental scheme for optical implementation of the GT has been recently constructed by the
authors. The preliminary results, not displayed in this paper, demonstrate very good agreement
with theoretical predictions which opens new perspectives for different applications.
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Appendix

In this appendix we demonstrate the shift and scaling theorems associated to the gyrator trans-
formation and present the main intermediate calculations for the GT of the selected functions
from the Table 1, which were discussed previously.

Shift theorem for gyrator transform

The kernel of the GT (Eq. (1)) is parametrized by the symplectic matrix T () as we have
mentioned previously, Eq. (2) and (3). Therefore the Eq. (1) can be rewritten as follows:

1 r .
fo(ro) = R*[fi(ri)](ro) = TSinol] // fi(ri) exp (im (Y 71X — 2rfY “tro + roXY o) ) dri.
: (21)
Here t stands for transposition operation. In order to demonstrate the shift theorem it is suitable
to apply this equation (21). Considering that the input function is affected by a shift which is
indicated by means of the vector vt = (Vx, Vy), where u = rj — v, we derive
fo(ro) = |sma| // v) exp (im (rY - 1Xr —2rY ro + riXY " 'ro)) dri

|smoc| // ) exp(izg) d (22)
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The kernel exp (ir¢) is simplified as

exp(img) = exp (ir(V'YXv + rg[(XY X — (Y 1 = Y]v)) x
exp (im (1Y~ 1Xri — 2rfY ™ (rg — Xv) + (ro — Xv)' XY 1 (ro — Xv))),  (23)

where the following relations (I is a unity 2 x 2 matrix) have been used

VY IxXu =t (Y IX) v =t (Y D)y,

XY'=vyXxt,
XX+ Y'Y = 1. (24)
The equation (23) has two exponential functions. The first one corresponds to an additional
phase factor that can be extracted from the integral in Eq. (22), and the second one corresponds

to the gyrator kernel where the coordinate r is replaced by r, — Xv. Doing this we obtain the
shift theorem as it was formulated in (6)

fo(ro) = R¥[fi(ri —v)](ro)
=exp (IT(V'YXv+ rs[(XY 71X — (Y ) = Y]v)) R¥[fi(ri)] (ro — XV)
=exp (im(vxvysin2a — 2rovsina) ) R*[fi(ri)](ro — veos o), (25)
where V = (w,Vy). Finally, it is demonstrated that the shift of the function f; at vector vt =

(v, Vy) leads to the shift of its GT (for the angle o) at vcoso and additional linear phase
modulation.

Scaling theorem for gyrator transform

For the case of the scaling theorem the input function is affected by a scaling factor f;(Sr;) =
fi (s, syYi). Therefore applying a change of variable x/ = s,x;, y| = syy; for the equation Eq.
(1), we obtain:

fO(r):e:p[)fll(ZS;;l];ocita ot 1 ﬁ M o
//f X.y) exp(|27r<><f)/ ( + )))dxldyl.

SSylsinal sinoe \ S
(26)

The next step is to define cot 8 = cot (o) /xSy, then the last equation is rewritten as follows:
_exp(i2mxoyocot o) / 1 /XYo  XoW iy
fo(ro) = 5, o] fi(x,Y)) exp <|27r <x1’)/cot[3 sine Us, + 5 dxdy;

sin sin sin
Yoo B) o 15 (r)] (xo B Yo B)

sy sin® o sysino’ sesino

_ exp(i2nxoyocotar) [sin B exp [ —i2mcotB
Sy [sin |

= Zi zgzg exp <i27rxoyocota (1— (%) )) Rﬁ[fi(ri)] (%Sri) , (27)

where 6, = sgn(sina), og = sgn(sinf). In order to obtain this equation the definition of the
GT and simple trigonometric relations have been used. We conclude that the GT at angle o of a
scaled input function f;(Sr;), corresponds to the GT at angle 8 of the initial function f;(r;) with
additional scaling of the output coordinates and affected by a hyperbolic phase modulation.
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Gyrator transform of selected functions, Table 1

Here we present the main intermediates calculations for the GT of the functions from Table 1.
The GT of the Dirac delta function (row 1, Table 1) is obtained directly applying the proper-
ties of the &-function.
The GT of hyperbolic wavefront (row 2, Table 1) and the constant function 1 in particular
(c=0) (row 3, Table 1) is calculated as follows:

fo(ro) = R*[exp (i27wrcxyi)] (ro)

exp (i27Xoyo Ot & : 1
_ eXp(i27mx¥o )//exp (|2n: (x;yi (c+cota) — m(xiyo-f'xo)’i))) dx;dy;

|sin o
_exp(i2mxoyoCot ) / o XoYi / o Yo _
= sina| exp( I2n_sinoc) dyi [ exp (|27rxI (y. (c+cota) _sinoc)) dx;
_exp(i2mXoyocot o) / o XY _ Yo _
B |sinct| exp( I2ﬂsina) 0 (y. (c+cotar) sina) dyi
— exp(|27r.xoyocotoc) exp <—i2n—x0y° — > , (28)
sin o] (c+cota)sin“ o
where we used that
o(v)= / exp (i2zvx) dx. (29)
The last expression, Eq. (28), is simplified using the trigonometric relations
. 1 .. ccota—1
R* [eXp (|27TCXiyi)](r0) = Wexp (IZ”H—THX 0) . (30)

A simple change of variable: X, = Xo + kysin o, and y, = Yo + kesin o and the Eq. (29) allow
to calculate the GT of a plane wave (row 4, Table 1).

The next two functions correspond to a spherical wavefront and a Gaussian function, (row 5
and 6 Table 1, respectively) and can be derived as particular cases of the GT of function f(r;) =
exp (yr?), where y= —r(a+ib)and a> 0. According to Eq. (1) the GT of f;(r;) = exp (yr?)
is given by

1 _
fo(Xo,Yo) = WBXP(Q”XOYO cot o) Go(Xo, Yo) (31)

where
Go(Xo,Yo) = / / exp (17 exp <i27r (XiYi cotor — ﬁ (XiYO+XOYi)>) dxidy;
= /exp (xy) exp (—iZE%) dx; /exp (V?7) exp (i27r (>q cotor — %) yi) dy;
— \/_Iy/eXp (<€) exp <n—; (>q cotor — %)2) exp (—izns)i('g;) dx;. (32)
The last expression in Eq. (32) has been obtained using the following equation

/exp (10X + BX) dx = \/_:nuexp (—%) , (33)

where Re(u) < 0, for calculation the integral with respect to y;. Therefore Re(y) < 0 must be
satisfied. Using a change of variable t = x;,/7, we again apply the Eq. (33) for integration with
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respect to x; and derive that

(Xo,Yo) = ”—zex< G (2+y2))ex (—i27r”72x0 cota) (34)
gO ayO - ’yzd p deinzoc XO 0 p dYZSinZOC yO )

where d = 1+ (wcot(c) /7)°. Thenthe GT of fi(ri) = exp (yr?) is given by

- 1
\/coson— (y/n)2sin? a cos? o + (y/m)?sin?

Finally the GT of the spherical wave and Gaussian function (row 5 and 6 of the Table 1) are
obtained from Eq. (35) for y= —maand y = —izxb, respectively.
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