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ABSTRACT 
 

Super Resolution, Time Reversal Focusing Using Path-Diverting Scatterers 

Emily D. Golightly 
Department of Physics and Astronomy, BYU 

Bachelor of Science 
 
 
Time reversal is a process where a sound is recorded at a specific location, temporally reversed, 

and then played back to focus at the same location as the original recording. This thesis will focus 
on the use of near field scatterers in time reversal focusing to achieve super resolution. In 
particular, use of a one-dimensional pipe system with varying lengths of side branch pipes is shown 
to decrease the effective wave speed by forcing sound to travel a longer path from the source to 
the receiver as waves converge at the focal location. As the effective wave speed decreases, the 
spatial extent of the focusing decreases, creating super resolution. Previous work has achieved 
super resolution with resonators, and consequently, it has yet to be shown how scatterers can be 
used to obtain super resolution. 
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Chapter 1 
 
Introduction 
 
 
Time reversal (TR) is a type of signal processing that can be used to focus waves to a specific point 

in space.1-3 This is accomplished by recording an impulse response (IR) at a certain location, 

reversing it in the time domain, and broadcasting the reversed IR from either the original source 

or receiver locations. The first half of this process, known as the forward step, and the second half 

of the process, known as the backward step, can both be performed either experimentally or 

numerically. Here the source and receiver are kept in the same locations in the forward and 

backward steps and both steps are done experimentally. Because portions of the waves travel a 

similar path as they did initially, both directly through the medium and indirectly via reflections, 

broadcasting a reversed IR enables a focus to be created at the receiver location, which is a 

reconstruction of the originally broadcast signal. 

TR has been used in focusing large amplitude sound, for communications, and to reconstruct 

sources in a variety of applications. It has been used to destroy kidney stones as a form of non-

invasive surgery,4,5 locate cracks in structures3,6-8 find the epicenter of earthquakes and 

characterize their type of motion,9 and locate the place a user taps on a touch screen device.10 One 

current aim of TR research is in increasing the spatial resolution of the final focus, in order to 

better image the original source. The goal of such research is to achieve super resolution, which is 

resolution greater than the diffraction limit, commonly defined as a spatial peak in the far field 
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narrower than one half a wavelength of the signal, or λ/2,11 at the full-width half maximum 

(FWHM) of a squared pressure distribution or of an energy or power distribution. However, for 

the spatial dependence of the pressure in a one-dimensional system, the FWHM diffraction limit 

is λ/3 because the aperture is restricted to one dimension. Although such resolution may initially 

appear to violate the established science behind the diffraction limit, a better explanation of this 

phenomenon may be that the assumptions of the diffraction limit are not met in cases where super 

resolution is achieved;11 for example, focusing may occur in the near field of obstructions, rather 

than in an unobstructed far field. Here, super resolution means better resolution than can be 

achieved in a free-space medium, and thus the diffraction limit may not be technically broken.11 

Many experiments that use TR to achieve super resolution involve placing objects in the near 

field of a source or receiver.12-16 Resonators are the objects that have most often been used in TR 

super resolution research. Lerosy et al. conducted an experiment using electromagnetic waves and 

copper wires that achieved resolution of 1/16 the size of the diffraction limit (or up to λ/32).12 

While they referred to the copper wires as “resonant scatterers,” the nature of electromagnetic 

waves inside of a wire suggests that these wires are more aptly considered resonators than 

scatterers. Other experiments have used the Helmholtz resonance of soda can resonators to achieve 

similar results with acoustic waves.13 Other methods that have been used in achieving super 

resolution include using an acoustic sink,14 using experimental or numerical absorbers,15,16 and 

finally a technique that amplifies near field information.17  

There are currently several explanations of how super resolution can be accomplished without 

breaking the diffraction limit. These explanations involve information contained only in the near 

field, and information lost in the transition from the near field to the far field. The near field is the 

area closest to a source, often within a fraction of a wavelength. In this area, waves interfere and 



3 
 

contort differently than they do once they reach the far field. In particular, the near field includes 

evanescent waves, which exponentially decay with distance from the source, and that are specific 

to the near-field conditions. When objects, such as resonators, are placed in the near field, it may 

disrupt the regular propagation of evanescent waves, enabling the information contained in these 

waves to be propagated into the far field, thus allowing the receiver to record a greater amount of 

data about the wave source than otherwise possible. With this additional information, the 

backwards step of TR can then reconstruct the source with better spatial resolution than it could 

otherwise.12 It is also possible that measuring the near field information, and amplifying it, would 

enable its information to improve resolution in TR experiments.17 The idea of an acoustic sink is 

to place an active source at the focal location that broadcasts opposite phase energy while energy 

is being focused in order to cancel out the far-field information, leaving only the near field 

information behind.14 A technique known as sponge layer damping involves putting numerical 

absorbers around a focal location in order to suppress the converging far field information, making 

it easier to measure the near field information.16 Finally, physical absorbers have been placed to 

surround a focal location in order to reduce the converging far-field information.15  

Another possible explanation of the super resolution phenomenon is that objects close to the 

source and/or receiver force the wave to travel a longer path in order to cross the same effective 

distance.18 As Maznev et al. described it, the objects form a medium for the wave to travel through 

that has a lower phase speed than the wave would have traveling outside of the medium.19 

Although the actual speed of the wave remains constant, the time required to travel the same 

effective distance is increased, thus reducing the effective wave speed. With a lower effective wave 

speed, the wavelength is also lowered, allowing the spatial extent of a focused signal to have a 

resolution smaller than the original diffraction limit. 
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Thus, while there are several studies that have shown super resolution can be achieved using 

resonators and other objects,12-16 and several explanations have been offered as to how super 

resolution is possible in these experiments,12,14-17 the use of a network of scatterers as a potential 

means to lower the effective wave speed to obtain super resolution has not yet been shown. 

Previous TR experiments using scatterers have investigated rotating scatterers between the forward 

and backward steps to show that this inhibits TR focusing,20 but they did not explore the potential 

for achieving super resolution. Scatterers can be as simple as spheres or other geometrically 

creative objects and may provide a useful alternative to other approaches. The purpose of this 

thesis is to describe proof of concept experiments that show scatterers can be used to achieve super 

resolution. By forcing the waves to travel a longer path between measurement locations (traveling 

around a scatterer), the wave takes a longer time to traverse the distance it would have traveled 

had the scatterer not been present. The result is that the wave effectively travels at a lower speed, 

which leads to effectively shorter wavelengths.  

First, the setup of the experiment will be described. Next, the results of the experiment will be 

given, as well as a description of a simulation model of the experiment and a comparison between 

these two. Possible explanations of the results will be discussed, and the thesis will conclude with 

the implications of this research and possible areas for future research. 
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Chapter 2 
 
Experiment Setup 
 
Experiments were conducted inside polyvinyl chloride (PVC) pipes of 1.905 cm (3/4 inch) inner 

diameter (Fig. 2.1). A pipe system was chosen in order to limit wave propagation to one dimension 

(the dimensions impose a plane wave cutoff frequency of about 10.5 kHz), and thus enable study 

of the simplest possible scattering network. PVC connectors were used to create a 9.14 m (30 feet) 

length pipe system out of three 3.05 m (10 feet) pipes. The overall length of the pipe system was 

chosen to allow for several closed-closed pipe resonances (along the pipe’s length) to exist within 

the bandwidth used. The center 3.05 m pipe had 6.35 mm (1/4 inch) diameter holes drilled into it 

every 12.7 cm (5 inches), for a total of 23 holes. The holes were used as measurement locations, 

and were covered with sticky putty when a different location was being used, in order to prevent 

sound from leaking out of the pipe system. Measurements were made using a 6.35 mm (1/4 inch) 

GRAS (Holte, Denmark) 40BE free field microphone with a GRAS 12AX 4 channel power 

module. Two additional 3.05 m length pipes were connected on either end of the center pipe that 

did not have measurement location holes in them as part of the main trunk of the 9.14 m pipe 

length. The focal location (where the IRs are measured and the subsequent focusing occurs), the 

additional measurement locations, the extra main-trunk pipe lengths, the sources, and the 

amplifiers are indicated in Fig. 2.1.  
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FIG. 2.1. (a) Photograph of the experimental setup for the control experiment, (b) Close-up 

photograph of the center portion of the control experiment setup. Items identified in the images: 

1) Focal location, 2) Black-colored PVC pipes that house the sources, 3) Amplifiers, 4) Sampling 

at additional measurement locations, 5) Extra main-trunk pipe lengths. 

 

At each end of the pipe system, a section of black-colored PVC pipe 10.2 cm (4 inch) inner 

diameter was attached and a Tang Band (Taipei, Taiwan) WS-881SJ loudspeaker driver was 

secured inside it (see Fig. 2.1, location 2). Two Pyle Pro (Brooklyn, New York) PCA3 stereo 

power amplifiers (Fig. 2.1, location 3) were used to provide power to the loudspeakers. 

Appropriate connectors and caps were placed on each end of the pipe system in order to ensure 

that the system had minimal sound leakage. All signals were generated and processed for TR using 

a custom in-house LabVIEW™ interface, coupled with two Spectrum (Großhansdorf, Germany) 

M2i.6022 signal generation cards and a Spectrum M2i.4931 digitizer card. All post-processing 

was handled in MATLAB™. The sampling frequency used throughout these measurements was 

150 kHz. 
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 In the forward step, the microphone was placed in the center receiver location (the previously 

determined focal location; see Fig. 2.1, locations 1) and all remaining holes were covered with 

sticky putty (Fig. 2.1, locations 4). A logarithmic chirp signal from 100 Hz to 500 Hz was played 

from a single loudspeaker, and a signal response was recorded by the microphone, as illustrated in 

Figs. 2.2(a) and 2.2(b), respectively. This chirp range was chosen due to its large wavelength, 

which enabled recording of the spatial extent of the time reversed focus at multiple locations within 

a single wavelength to compare to the diffraction limit. For any time signal recording discussed in 

these experiments, averaging was employed to reach each result through repetitions of the 

experiment. 

The IR for the loudspeaker and microphone combination was calculated using a cross-

correlation of the original chirp signal with the response recorded by the microphone when the 

loudspeaker plays the chirp signal.21,22 This process was repeated for the second loudspeaker with 

the microphone in the same location, and the two IRs were then reversed in time and played 

simultaneously from their respective loudspeakers, creating a focus at the center receiver location 

(focal location), as in Figs. 2.2(c) and 2.2(d).  
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FIG. 2.2. Example signals for a time reversal experiment. (a) The chirp signal initially played from 

both loudspeakers. (b) An example chirp response recorded at the focal location. (c) A time 

reversed impulse response. (d) A focus signal recorded at the focal location, generated by both 

loudspeakers. Amplitudes in this figure were normalized. 

 

After the focus was recorded at the focal location, the microphone was moved to the right one 

measurement location, and the two reversed IRs were played again, allowing measurement of the 

same focal event at a different point in space. This process was repeated for the remaining 21 

measurement locations, and graphs of the spatial extent of the focus at the focus time were made 

in post-processing. 
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Once this control experiment was completed, the center 3.05 m pipe was removed from the 

pipe system and replaced with a pipe of the same length that included path diverting PVC pipes of 

1.27 cm (1/2 inch) inner diameter, as shown in Fig. 2.3. The smaller diameter in the path-diverting 

pipes was used to increase the amount of scattering within the pipe system. These pipes left the 

plane of the original pipe system and came back within a 12.7 cm space, and were placed between 

the middle eleven receiver locations, for a total of ten path diversions (Fig. 2.3, locations 6). The 

pipe with the path diversions had holes drilled in the same receiver locations as the control pipe, 

and the same experiment was repeated with the new pipe system. A total of four different lengths 

of path diversions were used: 5.08 cm, 10.16 cm, 15.24 cm, and 30.48 cm pipes. Each path 

diversion pipe length mentioned actually added double its length between each measurement 

location; for example, the 5.08 cm pipes increased the total distance traveled within the pipe system 

between each receiver location from 12.7 cm to 22.86 cm. 
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FIG. 2.3. (a) Photograph of the experimental setup including path-diverting scatterers, (b) Close-

up photograph of the center portion of the experimental setup using path-diverting scatterers. 

Items identified in the images: 1) Focal location, 2) Black-colored PVC pipes that house the 

sources, 3) Amplifiers, 4) Sampling at additional measurement locations, 5) Extra main-trunk pipe 

lengths, 6) Sampling at path diversions added after control experiments were completed. This 

image shows the pipe system with 15.24 centimeter path diversions. 
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Chapter 3 
 
Results 
 
 
Super resolution was achieved in each of the spatial foci measured that used path-diverting 

scatterers. Table 3.1 lists the FWHM of each length of path diversions with respect to 𝜆 and in 

comparison to the diffraction limit (𝜆 3⁄  as explained previously). As expected, the length of the 

path-diverting scatterers affected the FWHM, with longer path-diverting scatterers leading to 

improved resolution. In the control case (no path-diverting scatterers), resolution is seen to be 

slightly smaller than the diffraction limit; this is likely due to the relatively large distance between 

measurement points, which could mean that the focus peak is more rounded than the data indicates, 

which, when accounted for, yields diffraction-limited results. 

 

TABLE 3.1. Length of path-diverting scatterers compared to the full-width at half maximum 

(FWHM) for the spatial extent of the focusing, shown with respect to smallest wavelength as well 

as with respect to the diffraction limit.  

Length of Path-Diverting 
Scatterers (cm) 

FWHM with Respect 
to Wavelength (λ)  

FWHM with Respect 
to Diffraction Limit 

0 λ/3.3 1.1 × better 
5.08 λ/8.6 2.9 × better  
10.16 λ/11 3.6 × better  
15.24 λ/15 5.1 × better  
30.48 λ/23 7.6 × better  
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Figure 3.1 shows the full spatial measurements of the control experiment and the experiment 

with 30.48 cm path diversions, which are the two most extreme cases in this study. The graph of 

the 30.48 cm path-diverting scatterers clearly has three peaks within the peak of the control 

measurement, which is unlikely to happen by accident, therefore indicating that the results show 

resolution well under the diffraction limit. Note that the spatial resolution of measurement 

locations isn’t high enough to resolve the central peak’s width with path-diverting scatterers in 

place.  
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FIG. 3.1. Spatial plots of the pressure during time reversal focusing along the center pipe of the 

system, for the control experiment and the 30.48 cm path diversion experiment. The diffraction 

limit (λ/3) is shown with a black-colored solid line of length λ/3 as to give a reference. The control 

experiment is diffraction limited and is 1/7.6 the diffraction limit (λ/23) with the 30.48 cm path-

diverting scatterers. 

 

In order to explain the improved resolution due to the added path-diverting scatterer lengths, 

spectral information from the backward TR step was used to simulate the backward step. The path-

diverting scatterers add length between the spatial measurement locations and this effectively 

spreads out the measurement locations further from each other with path-diverting scatterers 
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present. This simulation was done by taking a Fourier transform of the data taken at the 

measurement location two locations to the right of the focal location, in order to find the spectral 

amplitudes present in the data. This location was chosen to as being representative of the spectrum 

used in the experiments. These spectral amplitudes, Af, were then used to create a simulated focus 

spatial distribution, 𝑦!"#$%&'(), based on a superposition of cosine waves as shown in Eq (3.1). 

 𝑦!"#$%&'()(𝑥'*$+,) = ∑ 𝐴-	cos	 0
./-
0
(𝑥'*$+, + 𝑁 ∗ 𝐿)5- , (3.1) 

where f is frequency, 𝑥'*$+, is the horizontal position along the main trunk relative to the focus 

position, 𝑐 is the speed of sound, and 𝑁 ∗ 𝐿 is the total length travelled through all intervening 

diversions, calculated by multiplying the length of an individual diversion by the number of 

diversions between the focus position and 𝑥'*$+,. The cosine wave simplifies the summation by 

making all frequencies constructively interfere at 𝑥 = 0. 

This simulated focus spatial distribution, 𝑦!"#$%&'(), was then plotted in comparison to the 

experimental focus spatial distribution, and the process was repeated for each length of path-

diverting scatterers. Figure 3.2 shows the simulated focus in comparison to the experimental focus 

for the 30.48 cm path diversions. 
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FIG. 3.2. Spatial focusing of 30.48 cm path-diverting scatterers, for the experimental and 

simulated data. The diffraction limit (λ/3) is shown with a black-colored solid line of length λ/3 as 

a reference.  

 

Since the amplitudes of frequencies that are summed together were close to the focal location 

where the amplitudes of frequency components would be expected to be largest, the farther the 

measurement locations are from the focus, the less representative the frequency amplitudes would 

be for that location, leading to more variation between the simulated data and the experimental 

data. Significantly, the simulation is most accurate near the focus, where the frequency content is 

similar, including the size of the FWHM. This indicates that the simulation provides a reasonably 
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accurate estimation of the experimental results that can be obtained if one were considering adding 

in path-diverting scatterers of a selected size.  

After the simulated data was created for each length of path-diverting scatterers, the FWHM 

was calculated for the experimental and simulated data corresponding to each length of path-

diverting scatterers. This data is plotted in Fig. 3.3. As shown, all lengths of path-diverting 

scatterers included in the experiments and simulations provided super resolution, with the 

simulated data consistently having slightly worse resolution than the experimental data. As 

expected, as the path diversions are made to be longer, the effective wave speed is decreased and 

this leads to a smaller FWHM.  

In the control experiment, the difference between the experimental FWHM and the simulated 

FWHM is significant. This could be caused, in part, by the large distance between measurement 

locations, which could lead to a peak that is more rounded than shown in the data collected. This 

would cause the experimental FWHM to increase slightly, putting it above the diffraction limit. 

Since the simulated data may already exhibit more rounding than the experimental data, such an 

error would have a lesser impact on the FWHM of the simulated data. In addition, this would have 

a more significant impact on a wider peak, as a smaller FWHM would have a less significant 

difference between a rounded peak and a sharp peak.  
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FIG. 3.3. Comparison of the length of diverting pipes with the full-width at half maximum 

measurements for both experiment and simulation data.   
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Chapter 4 
 
Conclusion 
 
 
This research has shown that super resolution can be achieved using time reversal (TR) with path-

diverting scatterers. As waves are forced to divert around scatterers, the effective wave speed in 

the medium decreases, resulting in smaller effective wavelengths, and therefore improved 

resolution. The width of the peak depends on the length of the path diversions, with a longer path 

diversion corresponding to a narrower focus peak. This experiment showed super resolution up to 

1/7.6 the diffraction limit (λ/23 resolution), using 61 cm path diversions placed between each 

measurement location that were spaced 12.7 cm apart. Super resolution was also observed even 

with 10.1 cm path diversions, although this resolution was only 1/2.9 the diffraction limit (λ/8.6 

resolution). Simulations were shown to agree with these data, which proves that the path diversions 

simply increase the distance between measurement locations and thereby decreases the effective 

wave speed. Simulated TR yielded similar, although slightly more conservative, results.  

It is important to note that, although the results of this experiment show improved spatial 

focusing resolution, the one-dimensional nature of the experiment limits the direct application of 

these results in two and three dimension TR experiments. Further research is needed to explore 

these effects in multiple dimensions. This thesis has, however, shown that the concepts behind the 

use of scatterers to achieve super resolution via slowing down the effective wave speed as waves 

divert around scatterers are sound and may be a viable alternative to using resonators and other 
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objects in the near field. If path-diverting scatterers are not possible or desirable to use, scattering 

objects of larger size should yield the same effects. 

The results of this research suggest that it may be possible for scatterers to provide super 

resolution in TR. Previous research focused on the use of resonators or absorbers to enable super 

resolution, but it has now been demonstrated that scatterers may be used. This would be beneficial 

to super resolution research and applications in providing another method with which super 

resolution can be achieved, which may be a better alternative to current options in some situations. 
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