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Ultraresolution in optical imaging using spatiotemporal scanning
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Spatial information exceeding the passband of an imaging system can be captured by using the optics to
generate a spatiotemporal multiple beam interference pattern that is scanned over the object, rather than using
it to image the object directly. The modulation of the higher temporal harmonics of the signal resulting from
collecting the scattered light represents a mapping in the time domain of higher spatial harmonics of the data.
Upon reconstruction, the additional temporal degrees of freedom are mapped back in the spatial domain where
they represent spatial frequencies exceeding the passband of the optics. The spatial resolution is thus not
limited by the spatial passband, but rather by the temporal bandwidth of the detection system. Due to hardware
limitations, experimental demonstration is provided only for a one-dimensional scan of Ronchi gratings with
50 and 200 lines per incfiS1063-651X99)51011-9

PACS numbeps): 42.40.Kw, 07.60.Ly, 42.30.Va, 87.64.Rr

Overcoming the spatial resolution limit of imaging sys- ings are used to simultaneously encode each section with a
tems has been a long-standing quest, and is still activeldifferent temporal frequency, and to superpose the sections
pursued today. When the imaging system itself cannot bepatially before transmission by the limited system. In these
improved directly, super resolving methods have been devekoding schemes, the degrees of freedom of the data are rear-
oped, either to extend its capability, or to compensate for itsanged to match the imaging system, keeping their total
limitations by data manipulation. The term super resolutionnhumber constart7].
however, has been used in such diverse contexts, that there is The method described in this Rapid Communication, is
some confusion in its definition. In this rapid communica- different from all of those mentioned. Rather than using the
tion, the following terminology is adopted. Super resolutionimaging system to transmit spatial information directly, it is
(which will not be discussed heres reserved to describe the used to generate a temporally modulated spatial pattern that
extension of spatial resolution beyond the half wavelengths scanned over the object to be imaged. A spatially integrat-
limit of far-field imaging. Ultraresolution is used to describe ing (nonimaging detector collects the scattered radiation be-
the capture or the reconstruction of spatial information thahind the object. The pattern is generated by a multiple beam
cannot be directly transmitted by the pass band of the opticahterferometer, and thus contains a number of spatial har-
system. The method described in this letter belongs to thisonics. With a temporal modulation of the path length of the
class. Finally, enhanceme(also not discussed heris used  interferometer, the higher spatial harmonics of the pattern are
to describe the manipulation of the data by numerical algotagged by the higher temporal harmonics of the modulation
rithms in order to optimize its representation in some definegignal, which act as multiple temporal carriers. Upon scan-
sense. ning the object spatially, the modulation of a higher temporal

Methods addressing the problem of ultraresolution mayharmonic of the detected signal is thus a mapping in the time
be grouped into two classes. The first includes the methoddomain of the corresponding higher spatial harmonic of the
based on data inversidi], and methods exploiting analyti- spatial data. In this method, time is not merely used as a
cal continuation or extrapolatidi2]. These methods usually discreet coding parameter, as in previously proposed coding
require the solution of nontrivial inverse problems, and in themethods, but is rather used as an additional dimension that
presence of noise, result in very little gain unless the infor-extends the phase space of the signal. Upon reconstruction,
mation is limited to a few degrees of freed¢fj. The meth- the additional temporal degrees of freedom are mapped back
ods based on the design of super resolving pupils belong timto the spatial domain where they represent spatial frequen-
the same class, and are subject to the same limitations, sincees exceeding the pass band of the optics used to generate
the design of these pupils is also an ill-posed inverse probthe scanning pattern. Consequently, the spatial resolution of
lem. Super resolving pupils can be realized as a physicghis imaging system is not limited by the spatial bandwidth
element of the imaging systefi8], or can be emulated of the optics, but rather by the temporal bandwidth of the
through post processirig¢,5]. The second class of ultrareso- detection system.
lution methods include schemes in which the degrees of free- To demonstrate the idea, a scanning Fabry-Pewaibe
dom of the data are rearranged to be compatible with tha&as used to generate a scanning pattern containing multiple
limited passband of the imaging systg@7]. This usually spatiotemporal harmonics. As will be shown, the multiple
requires an additional variable that is used as a coding padeam interference pattern consists of a superposition of
rameter. Schemes using polarization, wavelength, and timgpherical waves with curvature radii integer fractions of the
or temporal frequency as coding parameters have been préscal lengthf, of the first spatial harmonic of the pattern,
posed. For example, in spatialtemporal encodBigthe spa- and temporal frequency shifts integer multiples of the Dop-
tial spectrum is sectioned in parts that can be accommodatgaer shift (Q=4xV/\) resulting from scanning the Fabry-
individually by the passband of the system, and moving gratPerot resonance at a rate(\ is the wavelength Since the
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3-D steepest ray entering the objective, which is usually limited
by an aperture in its back focal plane. The waves transmitted
by the second objective interfere to form, near its back focal
plane where the object is located, a ring pattern of radius
=NAyX fy. In a transverse plane at a distarcéom the
back focal plane of the second objective, the intensity distri-
bution of the scanning pattern has the form:

fo

Objective Scanning Objective Spétially
(NAy fo)  Fabry-Perot  (NAo fo) integrating N N
etalon detector I(r,zt)=(1-R)?>, R">, R®"
n=0 m=0

FIG. 1. Sketch of the experimental setup. With objectives with . .
focal lengthf,, and a Fabry-Perot with mirror spacidga multiple X exp{i(2m/N)( Sy m— On) jeXpimQt) +c.c.
beam, spatiotemporal pattern with focal lengths integer multiples of )
fi= fS/Zd is generated and scanned over the object.

where cc stands for complex conjuga#e s the optical path

radii of curvature of the waves interfering on the object de-length from thejth virtual point source to a point of coordi-
pend on its axial position, not only is the transverse locatiomate (,z) in object space, andl is the highest order spheri-
of an object scatterer encoded in the location, in the timeal wave transmitted by the second objective. It is straight-
domain, of the signal that it generates, but also its axial loforward to show that the difference of optical paths from the
cation is encoded as well in the shape of that signal. Th¢n+m)th and thenth virtual point sources interfering at the
shape of the signal corresponding to a chosen axial locatiopoint of coordinate I(,z) is given by
can be selectively recognized upon digital reconstruction of
the data. Thus, the method reconstructs three-dimensiondl,, ,— 5n=2md{1—(r2/2f§)—z[(2n+m)d+xo](r2/f3)},
information, and belongs to the class of holographic imaging 2
[9]. The Fabry-Perot scanning makes it possible to record
simultaneously a number of holograms at several tempora¥here X, is the arbitrary distance between the back focal
frequenciesn(). Assuming that the Nyquist criterion is sat- Plane of the first objective and the front focal plane of the
isfied, themth harmonic signal, demodulated at the carriers€cond. The sum over is readily solved as a geometric
frequencym(), results in armth harmonic hologram where Progression, giving the intensity distribution of the scanning
each object scatterer is encoded with a spherical wave havirRpttern:

the fixed size of the scanning pattern, but a radius of curva- -
ture f{/m. The numerical aperture of this encoding wave is _ -
: ; = +c.c.
thus m times the numerical aperture of the hologram at the H(r.z,) mZ‘o Em(r.z)expimQt)+c.c., ©

fundamental frequency, resulting in amfold improvement

of the transverse resolution, and @R fold improvement of ~ with

the axial resolution. " 5
The reconstruction of theath harmonic hologram is done Em(r,z2)=R™(1-R)

by digital correlation of the holographic data with a spherical o2 r 2 211 -1

wave of radius of curvaturd,/m. Equivalently, themth X{1=REexpl=imz(2ar*/\)/ T3]}

harmonic hologram can be reconstructed by correlation with Xexp(imdmd/\)exp{ —im(mr?/\)ft
the mth harmonic of the hologram of a single point object
acquired experimentally. The latter method offers the inter- X[1+(mfy b+ 2x0/f5)z]}circ(r/a). (4)

esting possibility of cancelling the aberrations of the objec-
tives. Since the aberrations appear identically in both holoHere, circ¢)=1 forr<1, and=0 otherwise, and=|r|. In
graphic datathe actual object and the point objedhey are  deriving Eq.(4), the following expansions were uselA,
cancelled out by the correlation process. The higher har=sinf=6,cos)=1-¢*/2, which are correct within 10% for
monic images can be used individually, or the images reconNA;<0.8. For simplicity’s sake, the truncated spherical
structed from a number of harmonics can be combined withvave approximation was used to represent the interfering
appropriate weights to obtain a gain of resolution compawaves. This is valid in the paraxial limit, and with large
rable to the well known advantage of a multiple beam interFresnel number$10]. However, this does not represent a
ferogram over a two-beam interferogram. limitation of the method. For optical systems with high nu-
A sketch of the setup used for the experimental demonmerical aperture, the scanning pattern must only be ex-
stration is shown in Fig. 1. A point source is created by arpressed as a superposition of appropriate diffraction waves
objective with numerical apertutdA, and focal lengthf,.  instead of the parabolic waves used in the present discussion.
The resulting spherical wave is transmitted through a Fabry- The focal length of thenth spatial harmonic of the scan-
Perot ¢alon with mirror spacingl, and reflection coefficient ning pattern isf,,=f,/m, and its equivalent numerical aper-
R, which forms a series of virtual point images with axial ture isSNAL,=mNA, . For the fundamentain=1) we have
spacing 2, and decreasing amplitudes. The waves fromNA;=(fq/f{)NA, andf1=f§/2d. Thus, if for example we
these virtual point sources are collected by an identical obehoose a Fabry-Perot spacimt=fy/2, the image recon-
jective having the same numerical aperture and focal lengtrstructed from the first harmonic hologram exhibits transverse
Here NAy=sin 6, where 6 is the angle with the axis of the and axial resolution limits comparable to those of the objec-
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tives used to generate the scanning pattern. However, the
higher harmonic holograms recorded in the same conditions
will reconstruct information that could not have been directly
transmitted by these objectives. The following argument may
help in the understanding of how spatial frequencies exceed-
ing the pass band of the optics are indeed captured in the
higher temporal harmonics of the signal. In Fig. 1, the scan-
ning imaging process start from the left with the generation
of the scanning pattern using two objectives, and ends on the
right with a spatially integrating detector. The corresponding
conventional imaging system would start from the right with
a light source at the location of the detector, and would end
on the left with a spatially resolving detector capturing the
image formed by the objectivéwithout the Fabry-Perpt If ' ' ‘ ' ' ' ‘
2d=f,, so that the first harmonic image has a spatial cutoff 4 3 2 40 ! 2 8 4
frequency equal to that of the objectivBlA; /N =NAy/\), Distance (mm)

a grating with a spatial frequency higher than the cutoff, FIG. 2. Holograms of a 1wm pinhole using the firsta), second
illuminated from the right by a plane wave, for example, is(b)’ and third(c) temporal harmonics of the signal.

not resolved by the objectives in the conventional imaging

mode. In the scanning mode, from left to right, the first har-
monic image will also be incapable of resolving that grating.
However, a higher harmonic image, with its spatial fre-
guency cutoffnNA; /A, can capture and carry that informa-

Hologram amplitude, real part (arbitrary units)
=

with theory, which predicts resolutions of orders 80, 40, 27,
and 20um, respectively, is convincingly verified. Figure 4
shows the reconstruction of the first three harmonic holo-
tion and thus reconstruct a resolved image of the grating. Agrams of a 50 lines per inch Ronch| grating. This rgsult
clearly demonstrates how the higher temporal harmonics of

experimental verification of this assertion is given below. . . . s
The experimental demonstration made use of a Fabr the signal, with their additional temporal degrees of freedom,

. . . . are able to carry higher spatial frequencies of the object. It
Perot interferometer with mirror spacimig= 3 cm and reflec- must be emphasized that with aporopriate hardware. allow-
tion coefficientR=0.75, and a pair of objectives with focal b pprop '

lenath f-= 16 cm. The resulting scannina pattern has a ﬁrsing the conditiond> f /2 to be satisfied, the scanning pattern

S agtial %armonic. focal len trﬁg~40 cmg gnd a radius %hat is used in this demonstration could have been generated
P S gt = C . with an objective of focal length 40 cm, and numerical ap-
=3 mm, resulting in a first harmonic numerical apertureerture~7>< 103, which characterizes the first harmonic of

NA;=7x10 3. The light source was a He-Ne lagevave- . . . .
. the pattern. The image of the grating formed by this objec-
length 633 nm The large focal length and modest numerlcaltive would thus have the same resolution as that of the first

aperture of the objectives used were dictated by geometric%larmonic image shown in Fig.(a. The higher harmonics

constraints: the size of the Fabry-Perot available for the exE)bviously transmit higher spatial frequencies. An additional

periment prevented the use of objectives with focal Iength%iemonstration is illustrated in Fig. 5. The object is a 200

lilrg\i!(ratrhérezr:tlhi CTr’ ggg o(?l;ngi[ir?arliamr(gaﬁtr vf/gest' Qnotc?(;. de lines per inch Ronchi grating. Its spatial frequency is close to
’ purp . (P X . e cutoff of the first harmoni¢~250 lines per inch, theo-
onstrate the absolute resolution limit achievable with the

method, but rather to illustrate the possibility of capturingretica"y)' Consequently, it is barely resolved in the first har-
spatial frequencies exceeding the bandpass of the optics used
to generate the scanning pattern in the higher temporal har
monics of the signal. The Fabry-Perot was piezoelectrically
driven at a rate of 5 cycles/s by a saw-tooth voltage, resultingg |
in a fundamental modulation frequency of 25 Hz. Due to &
hardware limitation(only a one-dimensional scanning stage &
was availablg a single line scan at a speed of 0.1 mm/s was 06 -
recorded. Figure 2 shows the real part of the first three har-§
monic holograms of a 1m pinhole. These were filtered g
from the temporal spectrum of the signal, around the carriers 041
frequencies 25, 50, and 75 Hz, and with temporal band-§
widths 2.5, 5, and 7.5 Hz, respectively. Mapped in the spatial'g 024
domain, these bandwidths correspond to spatial frequencg
cutoffs 12.5, 25, and 37.5 mm, respectively.

The hologram of the pinhole was used to reconstruct the o.0 ; . ; . . . . .
holographic data of several objects. This was done by digital 20 -150  -100  -50 Distange ) 50 100 150 200
correlation of the holographic data of the object with that of
the point source, using a standard fast Fourier transform rou- FIG. 3. Reconstructions of the 1&m pinhole by digital auto-
tine. First the reconstruction of the point source itself, whichcorrelation of the first four harmonic hologranisbeled 1 to 4,
represents the point spread function of the system, is showspectively. This represents the point spread functions of the sys-
in Fig. 3 for the first four harmonic signals. The agreementem for the first four harmonics reconstruction.

1.0 7

itr:
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FIG. 5. Reconstruction of a 200 lines per inch Ronchi grating
0 : ; , with a spatial frequency close to the first harmonic cut@df, the
0 05 1 15 2 25 first harmonic image is barely resolved while), the second har-
Distance (mm) monic image has clearly captured the spatial frequency of the grat-
ing.
FIG. 4. Reconstruction of a 50 lines per inch Ronchi grating, ? ) o ) ]
using the first(@), second(b), and third(c) harmonic of the holo- Modulation of the pattern to maintain their frequencies com-

graphic signal, showing the increased spatial resolution carried bjne€nsurate. An adequate feedback control should alleviate
the higher temporal harmonics of the signal. this difficulty. Upon reconstruction of the data, the additional

temporal degrees of freedom carried by the higher temporal

monic image, as shown in Fig(&. Likewise, this grating harmonics of the signal are mapped back in the spatial do-
would be barely resolved by the objective necessary and sufnain, where they represent spatial information that can ex-
ficient to produce the scanning pattern. In the second hareed the passband of the optics needed to generate the mul-
monic image, however, the grating is well resolved, astiple beam scanning pattern. The resolution of this
shown in Fig. %b). holographic imaging method is thus not limited by the spatial

In summary, we have described a method to capture spdvandwidth of the optics, but rather by the temporal band-
tial information exceeding the passband of an imaging syswidth of the detection system, and of course by the number
tem. The method employs an interferometric multiple beanof beams of the scanning pattern. Due to hardware limitation,
scanning imaging scheme in which temporal modulation ithe method was only demonstrated experimentally for a one-
used to add time as an additional dimension that carries adlimensional scanning holographic system with modest reso-
ditional degrees of freedom of the object. The method idution. A practical design would make use of high numerical
remarkably simple to implement. The only difficulty encoun- aperture, short focal length objectives, and a compact Fabry-
tered was in synchronizing the Fabry-Perot scan with thderot preferably scanned electro-optically.
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