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Abstract—We describe a technique for imaging in the terahertz
regime using time reversal of single-cycle pulses. Specifically, the
time-reversal symmetry of Maxwell’s wave equation is exploited
to reconstruct the transmission function of a diffracting aperture
by inverting the diffracted fields. After deriving a time-reversed
form of the Huygens–Fresnel diffraction integral, we demonstrate
through simulation and experiment the reconstruction of one-di-
mensional and two-dimensional (2-D) objects. A means to obtain
data efficiently for reconstruction of 2-D apertures is described.
The spatial resolution determined by the Sparrow criterion is
found to correspond to approximately 30% of the peak wavelength
and 85% of the mean wavelength of the power spectrum of the
single-cycle waveform. Finally, the modulation transfer function
for the imaging method is simulated and is shown to be nearly
diffraction-limited when compared to an ideal imaging system.

Index Terms—Diffraction, inverse problem, terahertz imaging.

I. INTRODUCTION

A S THE technology for generating, measuring, and using
single-cycle terahertz (THz) electromagnetic pulses has

developed over the past two decades, the effects of diffraction
on the spatiotemporal waveform have become an important sub-
ject. Spatiotemporal reshaping due to diffraction can be dra-
matic, since the spectrum of these pulses can span as much as
three orders of magnitude. Several experimental and theoret-
ical works have considered spatiotemporal reshaping in some
detail [1]–[4]. The effects on the terahertz pulse profile due to
Rayleigh and Mie scattering have been investigated by Cheville
and co-workers [5], [6]. One of the interesting applications of
terahertz single-cycle pulses is that they can be used as a labo-
ratory for the investigation of effects of generic ultrabroad-band
pulse propagation, whether the pulses are optical [7] or acoustic
[8]. In this paper, we consider the diffraction of single-cycle
pulses, and show that time reversal of the diffracted fields may
be used as an inverse method of imaging and may also serve as
a useful analogy for new imaging approaches using other forms
of single-cycle pulses.

The inverse problem in physics often poses such questions
as, “Can one hear the shape of a drum?” [9]. Inverse problems
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are found in a broad range of fields, for example, in imaging
and object reconstruction in optics. The inverse method seeks to
analyze scattered light to infer or reconstruct an object’s shape.
We present here a novel form of imaging using mathematically
time-reversed broad-band scattered fields to reconstruct one-
(1-D) and two-dimensional (2-D) objects. Typically, in inverse
problems, one considers the diffraction or scattering of an inci-
dent narrow-band wave in the frequency domain; in this paper,
however, we consider the scattering of extremely broad-band,
single-cycle pulses to demonstrate a purely time-domain
method for object reconstruction. Our technique is based on
time-reversing scattered transients measured in the far-field
and back-propagating these fields to the scattering object.

Direct problems in optics, of course, include diffraction,
refraction, interference, absorption, spectroscopy, as well as
imaging problems. The investigation presented here was in
part inspired by developments in direct imaging schemes
[10], [11]. Activities in terahertz-ray imaging have increased
significantly since its first demonstration in 1995 by Hu and
Nuss [12]. Notable developments include the terahertz Hall
effect [13], tomographic terahertz imaging [14], single-shot
imaging [15], and near-field terahertz-ray imaging [16], [17].
It is expected that terahertz imaging will continue to grow and
find applications in industrial and medical settings [18]. Still,
these techniques are classified as direct imaging methods. In
addition to its potential utility for terahertz imaging in certain
geometries, the inverse imaging technique we discuss in this
paper may also serve as a model system for understanding
time-reversal imaging in other systems (optical or acoustical)
which employ single-cycle pulses. We also anticipate that
our inverse terahertz imaging technique can be adapted to
tomographic imaging techniques [19]–[22] to obtain three-di-
mensional (3-D) reconstructions.

In this paper, we expand and extend the discussion of the
time-reversal imaging technique we first presented in [23]. We
first revisit time-domain diffraction and then introduce the con-
cept of time-reversal for object reconstruction in Section II. In
Section III, we present experimental methods for the reconstruc-
tion of 1-D and 2-D objects using both transmissive and re-
flective geometries. Lastly, in Section IV, we discuss resolution
limits and compare our technique to conventional (direct) tera-
hertz-ray imaging.

II. TIME-DOMAIN DIFFRACTION, TIME REVERSAL, AND

OBJECTRECONSTRUCTION

The diffraction theory of monochromatic light has been es-
tablished in great detail [22]. The diffraction of nonmonochro-
matic light is also rather straightforward and can describe the
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Fig. 1. Time-domain view of diffraction from (top) a double-slit and (bottom)
a grating. In either case, impulses originating from adjacent points in the
aperture plane will add coherently and give rise to the multicycle waveforms
at the off-axis positions. Here, the lower figure defines the diffractive surfaces,
the aperture plane, and intermediate screen in the far field.

spatiotemporal evolution of ultrawide broad-band electromag-
netic pulses in both the frequency and time domains. For ex-
ample, Nahataet al. [3] used a frequency-domain approach to
account for the reshaping of terahertz pulses after diffracting
through the narrow aperture of an electrooptic detector, whereas
Bromageet al.and Budiartoet al.observed a similar temporal
reshaping/transformation of terahertz pulses as the pulses prop-
agated through conductive apertures and from the near-field of
a large-aperture antenna. Coherent sampling techniques make it
possible to retain both amplitude and phase information during
the measurement of terahertz pulses, thus it is seemingly rea-
sonable to cast transformations strictly in the time domain.

A time-domain view of diffraction is important for de-
veloping the idea of time reversal of diffracted waveforms.
We begin by developing a pictorial view of diffraction. Con-
sider the classical double slit problem in the time domain.
The frequency-domain analysis of this example maintains
that the phase differences between the two apertures lead to
constructive or destructive interference at off-axis, far-field
positions. However, these same phase differences correspond
to temporal delays; thus, intuitively, each temporal feature of
the scattered transient corresponds to the arrival of an impulse
from a different region of the aperture, as illustrated in Fig. 1.

Fig. 2. (Top) Time-domain, far-field diffraction of an single-cycle pulse from
a double slit. (Bottom) Corresponding frequency-domain spectra.

Now consider the diffraction of a single-cycle wavepacket from
a double slit. The diffraction of broad-band electromagnetic
pulses can be treated with the time-domain Huygens–Fresnel
diffraction formula [22]

(1)

where is the zenith angle made with respect to the
normal vector of the aperture, and the vector, where is
the distance from the object point to the far-field point ,
and is the speed of light. This integral can calculate the dif-
fracted field, , from any input field, ,
emanating from an area element in the aperture . Equa-
tion (1) also provides insight to the on-axis, near- to far-field
temporal transformation of the input pulse; namely, the far-field
pulse is simply the time derivative of the input pulse. This trans-
formation originates from the phase factor appearing in Huy-
gens’ integral [24]

(2)

that corresponds to the Gouy phase shift between the input
field , and the far-field waveform . The
time-derivative nature of this far-field transformation is also
consistent with Feng’s calculations where it was shown that the
near- and far-field pulses are Hilbert transforms of one another
[25], [26].

The result of propagating the single wavepacket through a
double slit and recording the scattered fields at zenith and sev-
eral positions along the spherical screen is shown in Fig. 2.
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Fig. 3. (Top) Time-domain, far-field diffraction of a single-cycle Gaussian
pulse from a seven-slit grating. (Bottom) Corresponding frequency-domain
spectra calculated by Fourier transformation of the data in the top figure.

Here, we propagate a pulse with a beam waist and pulsewidth
of 10 mm and 1.5 ps, respectively, to a distance of 30 cm for
this simulation. The increased delay between the two pulses as
the zenith angle increases from the on-axis position is clearly
shown. This corresponds to an increase in the time of flight from
the aperture to the observation position for the diffracted pulse
as the zenith angle advances from along the spherical
screen. The corresponding power spectrum is illustrated in the
lower half of Fig. 2; the structure in the spectrum is due to inter-
ference of different frequency components from the two slits.

This approach may be used to illustrate a time-domain view
for the diffraction of a single-cycle, Gaussian wavepacket

through a grating. Fig. 1
illustrates how the waveforms at off-axis positions in the
far-field result from contributions of impulses arriving at
different time delays from the slits that comprise a grating. The
far-field diffraction of the single-cycle wavepacket calculated
from (1) is displayed in Fig. 3. The increase in the period
of the diffracted transients with increasing angle is clearly
apparent. From simple geometry, the time delay between
pulses diffracted from two adjacent slits (which corresponds
to the waveform period) is just , where is the
distance between the two slits. By defining the wavelength as
the spatial periodicity of the waveform, , we find the
usual grating equation (for first order diffraction) .
Fig. 3 (lower) shows the angular dependence of the power
spectrum calculated by Fourier transforming Fig. 3 (top), and
as expected it conforms exactly to the grating equation.

Because of the time-reversal symmetry of Maxwell’s equa-
tions and the corresponding solution of the wave equation, the

Fig. 4. Pictorial view of time reversal.

diffracted field at any far-field position can be mathematically
time-reversed and then used as an input field in the time-domain
Kirchhoff integral to reconstruct fields at a position on the
the plane , where , as noted in Fig. 4. That is, it is pos-
sible to determine the (spatial) transmission function atby
using the terahertz waveforms measured at several off-axis po-
sitions , and applying an algorithm for back-propagating and
integrating these fields at positions. The concept of time-re-
versibility and object reconstruction is pictorially represented in
Fig. 4. We illustrate how the fields that emanate from the aper-
ture add in amplitude and phase (delay) at points on the inter-
mediate screen. Thetime-reversedwaveforms at the (spherical)
intermediate screen, , can then back-propagate over the
same paths as the forward going fields toward the aperture.
Thus, the spatial transmission function at the object plane will be
given by the sum of the back-propagated fields (normalized to
the input wave amplitude). In our simulations and experiments

is held constant, and is equivalent to observing or detecting
the diffracted fields at a spherical screen. Keepingconstant
greatly improved the speed of the numerical simulations as well
as increasing the ease of maintaining a zero time origin during
the experiments.

To derive a time-reversed equivalent of the Kirchhoff
diffraction integral from the intermediate screen in Fig. 4, we
begin with the frequency-domain diffraction formula [22] for a
monochromatic field of frequency

(3)

where and are scalar field amplitudes at the
near- and far-field positions and , respectively, and
is an inward normal derivative on the spherical surface in Fig. 4.
The Kirchhoff and Rayleigh–Sommerfield theories are typically
used to derive simpler formulae for diffraction with the proper
choice of Green’s functions and boundary conditions. Equation
(1) can readily be obtained through the Rayleigh–Sommerfield
formulation as shown in [22] and [27]. Because the Kirchhoff
formulation is more general for curved diffracting surfaces, it
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will serve to simplify the time-reversed formula for planar and
nonplanar diffracting surfaces. Fourier transforming (3) to the
time domain for back-propagation from the intermediate screen
yields

(4)

where is simply the time-domain form of and the square
brackets denote time-reversed fields evaluated at the position
and time . As illustrated in Fig. 4, the
field originated from the virtual source

in the aperture plane, then through
(4) the diffracted field can be calculated from an input
field , from any surface, planar or nonplanar.
In particular, (4) will determine the far-field disturbance
emanating from the aperture (intermediate screen).

Consider the forward and backward propagation scheme
shown in Fig. 4. To obtain a time-reversed diffraction integral
for fields propagating backward from to , substitute (1)
into (4), but first observe that the normal derivative can be
reexpressed as

(5)

since in the geometry of Fig. 4 is approximately 1/.
From this, we ultimately obtain a time-reversed form of the
Huygens–Fresnel diffraction integral.

(6)

This integral allows the spatial transmission function of the
diffracting object to be reconstructed. It resembles the time-do-
main Rayleigh–Sommerfield diffraction integral with the
exception that the obliquity factor is now .
It is also interesting that our derivation for this integral is also
consistent with the correction to Huygens’ wave principle, as
discussed by Miller [28]. He identified the failure of Huygens’
original idea that wave propagation can be described in terms
of simple effective sources on a wave front because no physical
source can give rise to these wavelets. Miller, however, demon-
strated that Huygens’ principle is still valid, provided that the
backward part of the wavelet, from a spatiotemporal dipole
source, is considered

(7)

where is a scalar wave amplitude and the second term is ne-
glected in the far field.

From (6), a straightforward back-propagation algorithm can
be developed for the reconstruction of 1-D and 2-D diffracting

Fig. 5. 1-D object reconstructions for (top) the double-slit and (bottom)
grating. The reconstructions were obtained using (6) with the simulation data
in Figs. 2 and 3, respectively.

objects. The algorithm first computes the time-reversed field
, numerically differentiates the

diffracted waveform, and uses this as input into the integral
in (6). In other words, at every position on the far-field
(intermediate screen, ), and at every time, , the field
amplitude is back-propagated to
all corresponding points of origins in the object plane .
The back-propagation algorithm can be applied to simulated
fields or fields from real data; the waveform corresponds to
the electric field amplitude so the scattered transients contain
all of the time delay (phase) information needed to reconstruct
the spatial distribution of the electric field scattered from the
object.

By applying our back-propagation algorithm with (6) to
the simulation data in Figs. 2 and 3, we were able to recon-
struct the transmission function of the double slit and grating,
respectively. The reconstructions for the back-propagations
are shown in Fig. 5. Clearly, the contrast for the 1-D objects
is quite high. The simulations indicate the feasibility of the
time-reversed imaging technique. In the next section, we
discuss the experimental implementation of the idea.

III. EXPERIMENTS

First we consider the reconstruction of a 1-D object, and then
the reconstruction of 2-D objects. It should be noted that the al-
gorithm that was used to reproduce the 1-D images in Fig. 5 can
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Fig. 6. Far-field scattered transients of an actual terahertz pulse on a (1-D)
grating. Because of the symmetry of the object and high SNR, it was sufficient
to measure on the half-plane0 � � � 40 in Fig. 1.

also be applied to 2-D objects. However, as the discussion de-
velops, we will demonstrate a slightly modified means to recon-
struct 2-D images that is more efficient and easier to implement
in an actual terahertz system.

In the first set of experiments, we demonstrated the concept
of time-reversal imaging using a 1-D object. A collimated tera-
hertz beam with a diameter of approximately 3.0 cm was inci-
dent on a 14-slit, 1-mm feature size grating formed by Al foil
strips on a low-density polyethylene substrate. The grating was
oriented such that the incident terahertz pulse was crossed-po-
larized to the grating, and scattered the fields in a plane perpen-
dicular to the grating axis (see the lower illustration in Fig. 1).
The diffracted terahertz fields were measured at 62 zenith posi-
tions at a radial distance of 25 cm centered on
the object. This type of measurement required that the on-axis
time-zero reference be maintained for all off-axis positions. This
was accomplished by fixing the detector onto a rigid pivot arm
and employing a commercially available, fiber-coupled tera-
hertz measurement system (Picometrix, Inc., TR2000). Because
the photoconductive transmitter and receiver were fiber-cou-
pled, femtosecond optical pulses could be delivered to the pho-
toconductive devices without the complications induced by a
need to realign the optics and detector for each zenith posi-
tion [29]. The system operates in the same manner as a con-
ventional time-domain terahertz system [30] with the exception
of the fiber coupling of the antennas and real-time data acquisi-
tion. Both emitter and receiver consisted of a 90bow-tie an-
tenna fabricated on low-temperature-grown GaAs (LT-GaAs)
and were coupled to silicon aplanatic hyperhemispherical sub-
strate lenses with a radius of 4 mm. The peak and mean frequen-
cies, as well as the bandwidth of this photoconductive ter-
ahertz system were 175, 288, and 450 GHz, respectively. The
receiving bow-tie antenna measured usable frequency compo-
nents up to 700 GHz.

Fig. 6 shows the scattered terahertz fields measured at each
zenith position on the intermediate screen. One can observe an

Fig. 7. 1-D object reconstruction for the grating used in the experiment (solid
line). This reconstruction was obtained using (6) with the experimental data in
Fig. 6. The experimental result is fit to a grayscale replica of the actual grating
convolved with a 350-�m Gaussian point spread function (dotted line).

increase in the scattered waveform’s period for increasing an-
gles as in the simulations of Figs. 2 and 3. The object was recon-
structed by time-reversing the fields scattered from the grating
(Fig. 6) and using these data as the input field

in (6). The image, shown in Fig. 7, is a plot of the
electric field versus lateral position in the object plane, at a time
delay corresponding to the peak of the pulse. The grating is suc-
cessfully resolved, although the edge resolution is limited by the
system bandwidth. From the edge response, determined by con-
volving the actual grating with a Gaussian point-spread func-
tion, we find the spatial resolution of the system to be approxi-
mately 350 m (approximately a third of the peak wavelength).

We next demonstrated the principle of object reconstruction
through the time reversal of scattered terahertz fields for 2-D
objects. Ideally, in the 2-D case, the scattered fields should be
measured at points on a spherical grid extending over the inter-
mediate screen in both the zenith and azimuthal direc-
tions. Experimentally, however, it is difficult to move the pho-
toconductive detector on a sphere centered at the object, since
the pivot point would physically block or suppress the incident
beam. This difficulty was circumvented by instead fixing the
detector at a single angle, , and rotating the object
about the axis from 0 to 2 , as shown in Fig. 8. Rotation in

of the object’s frame of reference is entirely equivalent to the
rotation of the detector on the sphere along the circle ,

. This can be seen from two points of view.
Geometrically, since we are rotating the object through

, it is sufficient to acquire data for only one zenith angle
as all spatial frequencies in the object plane corresponding to

are accessed for both theand directions.
From a time-domain perspective, we consider the transmission
of the input plane wave after the object , to consist of a
distribution of plane waves traveling in different directions away
from the object. The field just after the aperture plane then is
represented as

(8)
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Fig. 8. 2-D experimental setup. Diffracted electric fields are measured at one
off-axis position� = 12 as the object (spiral) was rotated about thez axis
from 0 to 2�. The dashed circle represents equivalent measurement points at
� = 12 on the spherical surface.

Fig. 9. Binary aperture used for the 2-D time-reversal imaging simulation.
This figure depicts the 2-D object used in the experiment.

where is the retarded time in the forward direction,
is the spatial Fourier transform of the object’s

transmittance , and are the spatial
frequencies of the transmitted plane wave defined with respect
to the direction cosines . Because of the
radial symmetry about the axis for the diffraction scheme in
Fig. 8, we only need to consider one transverse direction, say

, and the corresponding projection of the direction cosine,
. Then for a broad-band input pulse which we

consider to be a plane wave composed of many wavelengths,
, we access the spatial frequencies

(9)

that propagate to the far-field in the direction,. We therefore
acquire spatial information (through phase delay information)
about the object’s transmission function as if we were mea-
suring the diffraction of a monochromatic source at several po-
sitions.

Fig. 10: Scattered fields at the intermediate screen for an electric field incident
on the object in Fig. 9 for the 2-D time-reversal imaging simulation.

Fig. 11. Back-propagation result of the 2-D time-reversal imaging simulation
calculated using (6) together with data in Fig. 10.

To test the concept of 2-D time reversal imaging using the
above scheme, we first performed a simulation by numerically
propagating a single-cycle terahertz plane wave that best ap-
proximated the spatiotemporal profile of the actual beam onto a
binary (amplitude) aperture identical to the one shown in Fig. 9.
Using (6) the diffracted field was calculated with parameters
identical to the experimental arrangement for the object oriented
at at a radial distance of 15 cm and
at the zenith position . The calculated transient field at
the intermediate screen is shown in Fig. 10. The time-reversal
image was then calculated using (6) and is shown in Fig. 11. The
object is clearly imaged and verifies the principle of-scanning
for reconstruction of the object.

An experimental demonstration of the principle using these
same parameters was implemented for a similar amplitude con-
trast object (an aluminum logarithmic spiral antenna pattern fab-
ricated on fused silica) represented in Fig. 8. Acquiring data
for only one zenith angle allowed the use of a conventional
photoconductive free-space terahertz system. The system used
here for the 2-D experiments had peak and mean frequencies of
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Fig. 12. Image obtained from the experimental data after performing the
back-propagation algorithm described in the text.

136 and 377 GHz, with a bandwidth of 449 GHz and us-
able frequency components up to 1.3 THz. For the results pre-
sented here, the diffracted fields were measured at one zenith
position ( ) and 72 azimuthal positions () between 0
and 2 . The result of the back-propagation and reconstruction
is shown in Fig. 12 as a surface plot, wherein the opaque and
clear portions of the aperture are clearly resolved, and in fact the
system was able to resolve features smaller than the peak wave-
length mm. (It should be noted that no detector
response deconvolution was used during the reconstruction of
the image.) Ringing in the signal due to signal reflections in
the photoconductive receiver is observed in the measured wave-
forms at the intermediate screen. This can contribute artifacts to
the reconstructed image, but can be minimized by temporally
“apodizing” the experimental waveforms. In fact, the image in
Fig. 12 used the same data set to reconstruct the image in [23,
Fig. 4], but was cropped to remove some of the artifacts in the
background.

The -scanning technique can also image dielectric objects,
i.e., objects which yield both amplitude and phase contrast. Fol-
lowing Goodman’s approach to represent the Huygens–Fresnel
integral in the time domain [27], when dispersion is negligible,
it can be shown that the diffracted field from a dielectric object
with transmission function ,
where is the time delay due to an object with a nonzero
thickness, still yields the familiar time-dependent diffraction ex-
pression

(10)

where represents the modified retarded time
. Since (10) is congruent with the standard diffraction in-

tegral in (1), the identical back-propagation algorithm for such
waveforms can also be used for the purpose of reconstructing a
dielectric object’s transmission function. Toward that end, the
method for obtaining the image in Fig. 12 was repeated after
replacing the amplitude object (spiral) with a dielectric object
(plastic letter stencil). The resulting reconstruction is shown
as a contour plot in Fig. 13. Here, the view was chosen to be

Fig. 13. 2-D reconstructed image of a phase contrast object (plastic letter
stencil) measured in the transmissive geometry depicted in Fig. 8.

Fig. 14. Time-reversed image of the object in Fig. 13 obtained in a reflective
configuration. The image quality suffers because the decreased SNR of reflected
signals. Part of the “jklm” of Fig. 13 is imaged here.

slightly larger than the beam’s diameter in order to demonstrate
that the all features within the beam diameter can be imaged.

Lastly we demonstrate a reflective geometry for which this
technique might actually be applied in a radar (remote imaging)
application. This scheme uses the same-scanning approach
with the difference being that the transmitter and receiver are
placed on the same side with respect to the 2-D object. The
photoconductive antennas were first aligned such that the trans-
mitted and reflected angles were equal to (45) with respect to
the normal of the object under test. Next the object was tilted
10 about the vertical axis (axis, see Fig. 8) so that a diffracted
order could be recorded between the rotation of the object in.
The object used for this figure was the same letter stencil im-
aged in Fig. 13. The resulting imaging is depicted in Fig. 14;
the reduced quality of the image is due to the lower SNR of the
diffracted transients measured in the reflection mode.

IV. RESOLUTION

Fig. 15 plainly reveals that the time-reversed-scanning
technique (lower) produces images of quality comparable to
direct (upper) imaging technique [11]. The greatest difference
between the techniques would be the number of measurements
required (i.e., the number of waveforms which must be ac-
quired) to reproduce an object. For direct scanning, the step
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Fig. 15. Images of a 10� 10 mm star pattern cut from a business card. (Top)
Image obtained through conventional T-ray imaging. (Bottom) Image of the
same star obtained through the time-reversed technique.

size of the lateral and transverse scanning gives the number
of data points and, hence, the image quality. For example, the
1.1-mm pixel size in Fig. 15 (upper) required 8100 data points
to produced a 90 90 image. Also, at each pixel, the time
domain signal was Fourier transformed and integrated over
the higher frequencies within the bandwidth (0.3–1.0 THz)
to obtain maximum resolution. In contrast, the time-reversed
method reproduced a 50 50 image with only 72 waveforms
without any postprocessing of the data.

An estimation of the spatial resolution can be found through
the 2-D time-domain imaging scheme by defining the resolution
using a time-domain adaptation of the Sparrow criterion. Con-
sider two temporal waveform measurements at the intermediate
screen as one normally would two spatial point-spread functions
in the context of imaging two point sources in the far-field. Ac-
cording to the Sparrow criterion [31], two pulses separated in
time by are resolved if there is a clear local minimum be-
tween the principal peaks of the two waveforms. If two object
points separated by give rise to waveforms separated by at
least at , then they will be resolved. This temporal
resolution limit can then be translated into a lateral spatial
resolution limit in the object plane from simple geometric
considerations

(11)

In the 2-D experiment that produced the image in Fig. 12
through this criterion, the temporal resolution was 467 fs;
thus we find that waveforms taken for orientations separated
by are resolved, as illustrated in Fig. 16. For

Fig. 16. Time-domain adaptation of the Sparrow criterion. Two electric
field measurements at the intermediate screen for the� = 0 and� = 15

orientations. Applying a time-domain adaptation of the Sparrow criterion,
we can say the two temporal peaks are resolved if there is a clear minimum
between the two waveforms. From the delay between the waveforms and (11),
the spatial resolution was determined to be 674�m.

a detector position , this corresponds to a spatial
resolution of m. Intuitively, one might expect
the spatial resolution for imaging with single cycle pulses
to be approximately equal to the wavelengths at which the
power spectrum peaks or its centroid; for our system these are

mm and m, respectively. Thus, the
actual spatial resolution obtained by the time-reversal imaging
technique is approximately 30% of the peak wavelength and
85% of the mean wavelength of the single-cycle pulses used in
this experiment. Improved spatial resolution can obviously be
obtained by increasing the bandwidth of the terahertz system.
The resolution can also be improved by measuring the terahertz
waveforms at a larger . However, because the diffracted field
strength drops off quickly at larger, the spatial resolution is
limited in practice by the SNR of the system (for a fixed system
bandwidth).

Another way of characterizing imaging systems is with the
modulation transfer function (MTF). This can be simulated for
this technique by measuring the contrast of 1-D gratings of
different spatial frequencies. In conjunction with (1) and (6),
we simulated such a measurement using a single-cycle pulse at
a peak wavelength of 810m and a bandwidth of 602 GHz.
A plot of the MTF against the grating dimension is shown in
Fig. 17 (top). If we conservatively define an image exhibiting
at least 50% contrast to be resolved, then we are able to image
feature sizes approximately 2.3 times smaller than the peak
wavelength at this bandwidth. It is also possible to compare
the results of this experiment to the diffraction-limited imaging
system [27], [32]. Plots of the diffraction-limited optical
transfer function and the simulated MTF from the time-reversal
technique are also shown in Fig. 17 (bottom). The spatial
frequency axis of the MTF curve is normalized with respect
to a cutoff frequency, defined to be the spatial frequency of
the zero-contrast grating mm . This graph
plainly reveals that our technique could potentially produce
near diffraction-limited images. In practice, however, we are
limited by the SNR and the temporal resolution of the detector.
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Fig. 17. (Top) Calculated contrast registered from images of gratings with
various feature sizes. (Bottom) MTF for an ideal diffraction-limited and the
time-reversed imaging systems.

V. CONCLUSION

By exploiting the time-reversal symmetry of the wave
equation and the respective solution, we have derived a
time-reversed equivalent of the time-domain Huygens–Fresnel
diffraction integral. From this, we have devised a means to
reconstruct 1-D and 2-D amplitude- and phase-contrast objects
with the fields scattered from these objects. The images pro-
duced in both simulation and experiment have resolved features
smaller than the peak and mean wavelength. Additionally, it
was empirically illustrated that this technique might produce
images rivaling that of an ideal diffraction-limited imaging
system. Imaging via the time reversal of scattered fields is not
exclusive to terahertz electromagnetic radiation. In fact, the
technique will scale for other single-cycle pulses, including
ultrashort optical or acoustic pulses.
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