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(57) 	 ABSTRACT 

Disclosed herein are systems, methods, and non-transitory 
computer-readable storage media for radio phase retrieval. A 
system practicing the method gathers first data from radio 
waves associated with an object observed via a first aperture, 
gathers second data from radio waves associated with the 
object observed via an introduced second aperture associated 
with the first aperture, generates reduced noise data by inco-
herently subtracting the second data from the first data, and 
performs phase retrieval for the radio waves by modeling the 
reduced noise data using a single Fourier transform. The first 
and second apertures are at different positions, such as side by 
side. This approach can include determining a value Q which 
represents a ratio of wavelength times a focal ratio divided by 
pixel spacing. This information can be used to accurately 
measure and correct alignment errors or other optical system 
flaws in the apertures. 
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SYSTEM AND METHOD FOR PHASE 
RETRIEVAL FOR RADIO TELESCOPE AND 

ANTENNA CONTROL 

BACKGROUND 

2 
apertures can serve as a dual-purpose aperture. For example, 
the aperture can be a camera that switches between a first 
mode for gathering scientific data and a second mode for 
phase retrieval functions. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 
1. Technical Field 
The present disclosure relates to phase retrieval and more 

	
In order to describe the manner in which the above-recited 

specifically to radio telescope phase retrieval. 	 and other advantages and features of the disclosure can be 
2. Introduction 
	

10 obtained, a more particular description of the principles 
Image-based wavefront sensing describes a general class 

	
briefly described above will be rendered by reference to spe- 

of algorithms used to recover phase information from mea- 	cific embodiments thereof which are illustrated in the 
sured images of a defocused point source. Phase retrieval is a 	appended drawings. Understanding that these drawings 
subset of this general class. Phase retrieval is a general term to 

	
depict only exemplary embodiments of the disclosure and are 

describe the estimation of optical or radio system imperfec-  15 not therefore to be considered to be limiting of its scope, the 
tions or aberrations. However, existing approaches do not 	principles herein are described and explained with additional 
approximate the incoherent subtraction process as a coherent 	specificity and detail through the use of the accompanying 
propagation and are insufficiently accurate for some applica- 	drawings in which: 
tions. What is needed in the art is an improved approach to 

	
FIG. 1 illustrates an example system embodiment; 

general iterative-transform phase retrieval for application to 20 	FIG. 2 illustrates an example radio telescope configuration; 
radio telescope and antenna control. 	 FIG. 3 illustrates an exemplary out-of-focus image of a 

quasar; 
SUMMARY 
	

FIG. 4 illustrates an example of beam tilt; 
FIG. 5 illustrates a chart based on sample positive and 

Additional features and advantages of the disclosure will 25 negative polarity images; 
be set forth in the description which follows, and in part will 

	
FIGS. 6A-6D illustrate sample images related to phase 

be obvious from the description, or can be learned by practice 	retrieval with the Fourier transform using two apertures to 
of the herein disclosed principles. The features and advan- 	recover misalignments; and 
tages of the disclosure can be realized and obtained by means 	FIG. 7 illustrates an exemplary method embodiment. 
of the instruments and combinations particularly pointed out 30 

in the appended claims. These and other features of the dis- 	 DETAILED DESCRIPTION 
closure will become more fully apparent from the following 
description and appended claims, or can be learned by the 

	
Various embodiments of the disclosure are discussed in 

practice of the principles set forth herein. 	 detail below. While specific implementations are discussed, it 
For application to radio telescopes, such as the National 35 should be understood that this is done for illustration pur- 

Radio Astronomy Observatory (NRAO) Green Bank radio 	poses only. A person skilled in the relevant art will recognize 
telescope, positive and negative data polarity feeds are inco- 	that other components and configurations may be used with- 
herently subtracted to reduce noise in the measured data. 	out parting from the spirit and scope of the disclosure. 
Iterative-transform phase retrieval can be applied by approxi- 	The present disclosure addresses the need in the art for 
mating the incoherent subtraction process as a coherent 40 performing phase retrieval of a radio telescope. Phase 
propagation. The use of this image-based sensing system 	retrieval is an approach for determining the aberrations of a 
accurately measures surface and alignment errors of radio 	radio telescope or similar electromagnetic wave imaging sys- 
telescopes and antennas without the use of additional hard- 	tem. A system, method andnon-transitory computer-readable 
ware or laser metrology. Accurate knowledge of the surface 	media are disclosed for performing phase retrieval, which 
profile of the radio telescope or antenna allows a user or an 45 gather first data from radio waves associated with an object 
automated system to correct such errors for a given surface 	observed via a first aperture, gather second data from radio 
temperature and observing angle. This phase retrieval image- 	waves associated with the object observed via an introduced 
based wavefront sensing approach can be applied to radio 	second aperture associated with but different from the first 
telescope and antenna control in the millimeter band (radio 	aperture, generate reduced noise data by incoherently sub- 
frequency bands having a wavelength from ten to one milli-  50 tracting the second data from the first data, and perform phase 
meter) and other high frequency bands. 	 retrieval for the radio waves by modeling, via a processor, the 

Disclosed are systems, methods, and non-transitory com- 	reduced noise data using a single Fourier transform. 
puter-readable storage media for radio phase retrieval. A sys- 	For example, the first aperture can be a main telescope of a 
tem practicing the method gathers first data from radio waves 	satellite based telescope. The second aperture can be a sepa- 
associated with an object observed via a first aperture, gathers 55 rate camera or telescope that may have a dual purpose. The 
second data from radio waves associated with the object 	second aperture can be aimed in accordance with the first 
observed via an introduced second aperture associated with 

	
aperture to capture an image of the same object. In another 

the first aperture, generates reduced noise data by incoher- 	example of an array of small telescopes working together, the 
ently subtracting the second data from the first data, and 

	
first aperture can be the entire array of small telescopes and 

performs phase retrieval for the radio waves by modeling, via 60 the second aperture can be a subset of the small telescopes or 
a processor, the reduced noise data using a single Fourier 	a nearby, large telescope physically separate from the array of 
transform. The introduced aperture can be a virtual or artifi- 	small telescopes. 
cial aperture, or can be a separate camera or device from the 

	
A brief introductory description of a basic general purpose 

device associated with the first aperture. The first and second 
	

system or computing device in FIG.1 which can be employed 
apertures can be at different positions, such as side by side. In 65 to practice the concepts is disclosed herein. After that, FIG. 2 
one aspect where space, bulk, and weight constraints are 

	
illustrates an example radio telescope configuration having 

important such as space-based telescopes, one or both of the 	multiple elements. A more detailed description of methods 
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4 
and graphical interfaces will then follow. These and other 	plary operating environment. Non-transitory computer-read- 
variations shall be discussed herein as the various embodi- 	able storage media expressly exclude media such as energy, 
ments are set forth. The disclosure now turns to FIG. 1. 	carrier signals, electromagnetic waves, and signals per se. 

With reference to FIG. 1, an exemplary system 100 
	

To enable user interaction with the computing device 100, 
includes a general-purpose computing device 100, including 5 an input device 190 represents any number of input mecha- 
a processing unit (CPU or processor) 120 and a system bus 	nisms, such as a microphone for speech, a touch-sensitive 
110 that couples various system components including the 	screen for gesture or graphical input, keyboard, mouse, 
system memory 130 such as read only memory (ROM) 140 

	
motion input, speech and so forth. An output device 170 can 

and random access memory (RAM) 150 to the processor 120. 	also be one or more of a number of output mechanisms known 
The system 100 can include a cache of high speed memory io to those of skill in the art. In some instances, multimodal 
connected directly with, in close proximity to, or integrated as 	systems enable a user to provide multiple types of input to 
part of the processor 120. The system 100 copies data from 	communicate with the computing device 100. The commu- 
the memory 13 0 and/or the storage device 160 to the cache for 	nications interface 180 generally governs and manages the 
quick access by the processor 120. In this way, the cache 	user input and system output. There is no restriction on oper- 
provides a performance boost that avoids processor 120 15 ating on any particular hardware arrangement and therefore 
delays while waiting for data. These and other modules can be 	the basic features here may easily be substituted for improved 
configured to control the processor 120 to perform various 

	
hardware or firmware arrangements as they are developed. 

actions. Other system memory 130 may be available for use 
	

For clarity of explanation, the illustrative system embodi- 
as well. The memory 130 can include multiple different types 	ment is presented as including individual functional blocks 
of memory with different performance characteristics. It can 20 including functional blocks labeled as a "processor" or pro- 
be appreciated that the disclosure may operate on a comput- 	cessor 120. The functions these blocks represent may be 
ing device 100 with more than one processor 120 or on a 	provided through the use of either shared or dedicated hard- 
group or cluster of computing devices networked together to 	ware, including, but not limited to, hardware capable of 
provide greater processing capability. The processor 120 can 	executing software and hardware, such as a processor 120, 
include any general purpose processor and a hardware mod-  25 that is purpose-built to operate as an equivalent to software 
ule or software module, such as module 1162, module 2164, 	executing on a general purpose processor. For example the 
and module 3166 stored in storage device 160, configured to 

	
functions of one or more processors presented in FIG. 1 may 

control the processor 120 as well as a special-purpose pro- 	be provided by a single shared processor or multiple proces- 
cessor where software instructions are incorporated into the 	sors. (Use of the term "processor" should not be construed to 
actual processor design. The processor 120 may essentially 3o refer exclusively to hardware capable of executing software.) 
be a completely self-contained computing system, containing 

	
Illustrative embodiments may include microprocessor and/or 

multiple cores or processors, a bus, memory controller, cache, 	digital signal processor (DSP) hardware, read-only memory 
etc. A multi-core processor may be symmetric or asymmetric. 	(ROM) 140 for storing software performing the operations 

The system bus 110 may be any of several types of bus 
	

discussed below, and random access memory (RAM) 150 for 
structures including a memory bus or memory controller, a 35 storing results. Very large scale integration (VLSI) hardware 
peripheral bus, and a local bus using any of a variety of bus 	embodiments, as well as custom VLSI circuitry in combina- 
architectures. A basic input/output (BIOS) stored in ROM 

	
tion with a general purpose DSP circuit, may also be pro- 

140 or the like, may provide the basic routine that helps to 	vided. 
transfer information between elements within the computing 

	
The logical operations of the various embodiments are 

device 100, such as during start-up. The computing device 40 implemented as: (1) a sequence of computer implemented 
100 further includes storage devices 160 such as a hard disk 

	
steps, operations, or procedures running on a programmable 

drive, a magnetic disk drive, an optical disk drive, tape drive 	circuit within a general use computer, (2) a sequence of com- 
or the like. The storage device 160 can include software 	puter implemented steps, operations, or procedures running 
modules 162, 164, 166 for controlling the processor 120. 	on a specific-use programmable circuit; and/or (3) intercon- 
Other hardware or software modules are contemplated. The 45 nected machine modules or program engines within the pro- 
storage device 160 is connected to the system bus 110 by a 	grammable circuits. The system 100 shown in FIG. 1 can 
drive interface. The drives and the associated computer read- 	practice all or part of the recited methods, can be a part of the 
able storage media provide nonvolatile storage of computer 	recited systems, and/or can operate according to instructions 
readable instructions, data structures, program modules and 

	
in the recited non-transitory computer-readable storage 

other data for the computing device 100. In one aspect, a 50 media. Such logical operations can be implemented as mod- 
hardware module that performs a particular function includes 	ules configured to control the processor 120 to perform par- 
the software component stored in a non-transitory computer- 	ticular functions according to the programming of the mod- 
readable medium in connection with the necessary hardware 	ule. For example, FIG.1 illustrates three modules Mod1162, 
components, such as the processor 120, bus 110, display 170, 	Mod2 164 and Mod3 166 which are modules configured to 
and so forth, to carry out the function. The basic components 55 control the processor 120. These modules may be stored on 
are known to tho se of skill in the art and appropriate variations 	the storage device 160 and loaded into RAM 150 or memory 
are contemplated depending on the type of device, such as 

	
130 at runtime or may be stored as would be known in the art 

whether the device 100 is a small, handheld computing 
	

in other computer-readable memory locations. 
device, a desktop computer, or a computer server. 	 Having disclosed some basic computing system compo- 

Although the exemplary embodiment described herein 6o nents, the disclosure now turns to an exemplary radio tele- 
employs the hard disk 160, it should be appreciated by those 	scope configuration 200 as shown in FIG. 2. Broadly speak- 
skilled in the art that other types of computer readable media 

	
ing, the exemplary telescope 200 receives electromagnetic 

which can store data that are accessible by a computer, such as 	waves at initial point 202. In this example the telescope 200 
magnetic cassettes, flash memory cards, digital versatile 	receives radio waves via an advanced coma-free telescope 
disks, cartridges, random access memories (RAMs) 150, read 65 (ACF). The system configuration shown herein is exemplary 
only memory (ROM) 140, a cable or wireless signal contain- 	and involves multiple elements. Other systems can include a 
ing a bit stream and the like, may also be used in the exem- 	larger or smaller number of elements in numerous other con- 
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figurations, including arrays of discrete telescopes. In this 
example, the waves then reflect off an array of fine steering 
mirrors (FSMs) to a tertiary mirror, then to a series of off-axis 
parabola (OAP) mirrors, and through a pupil before the waves 
finally reach a camera 204. In the approach described herein, 
phase retrieval characterizes any aberrations, imperfections, 
and/or misalignments in the entire system based on an image 
received at the camera 204. 

Phase retrieval includes analyzing images of point sources, 
such as stars, comets, or galaxies, collected by a camera 
system 204. Phase retrieval is particularly advantageous in 
space-based telescopes because a camera which is already a 
part of the system can serve a dual purpose as one of the two 
apertures. The camera can collect science data and switch into 
a diagnostic mode to gather images of point sources to per-
form phase retrieval and verify that the telescope is working 
as expected. This provides a compelling advantage over an 
interferometer-based approach which requires significant 
extra hardware. Phase retrieval is also applicable to radio 
telescope control. The difference is that the optical wave-
lengths of what is observed are different. However, some 
modifications can be applied to make the phase retrieval 
process more directly applicable to radio telescopes. For 
example with radio telescopes positive and negative polarity 
feeds are incoherently subtracted to reduce noise. 

FIG. 3 illustrates an exemplary image 300 of a quasar. This 
is one example of what data looks like from a telescope. In 
this case, the data is an out of focus image of a quasar. Existing 
optical systems simply subtract a positive image and negative 
image from one another to help produce noise in the system, 
but that subtraction is done in an incoherent way. This image 
300 includes top 302 and bottom 304 portions. The top por-
tion 302 is a down-sample in x, and the bottom portion 304 is 
an up-sample in y. On the left is an elongated peanut shaped 
object and on the right is a darker object that looks like a 
mirror image of the left. These two images are combined 
together in one data set to reduce noise in the data by sub-
tracting them in this fashion. The image data are subtracted 
but the subtraction occurs in a way that there is no refraction 
interference between these two images in the data. 

The system can conveniently model this data using the 
Fourier transform of an aperture by allowing the images to 
coherently interfere as an approximation. For example, con-
sider two apertures side by side capturing an image of the 
same object. The two apertures produce two images. The 
system can treat the aperture of the telescope as being com-
prisedoftwo apertures attwo different locations, suchas side 
by side, several feet apart, or even further apart. In one varia-
tion, instead of one aperture, the system adds beam tilt 400 as 
shown in FIG. 4 to control how close together the resulting 
images are in a data model. 

The data can be modeled as a Fourier transform. This data 
is unique to telescopes because telescopes can abstract two 
images which can be modeled as being composed of two 
apertures, one aperture being artificial. Introducing a second 
aperture introduces errors into the data, however the errorrate 
can be kept acceptably small if the tilt in the apertures is large 
enough to reduce the interference artifacts. In one variation, 
the data is approximated using two apertures when only one 
aperture is used. If two beams interfere when they are close 
together, that amount of controlled error can be expected in 
making data approximations. The amount of error that is used 
in modeling this process using two apertures side by side, 
which is not real but an approximation, makes modeling the 
data for this application a lot easier. The approach set forth 
herein introduce an artificial aperture for an application 

6 
where normally a user would not be able to apply phase 
retrieval. This approach is a new configuration for phase 
retrieval. 

In addition to radio telescopes, other possible applications 
5  include subtracting two signals from one another, and using 

phase retrieval to characterize them. Thereby the system can 
introduce an artificial aperture so that a single Fourier trans-
form can be used to model the data formed from two images 
subtracted from one another. The single Fourier transform 

10 can model a convenient approximation of the overlapping 
images when the images were not really formed that way. 

FIGS. 6A-D illustrates sample images related to phase 
retrieval with the Fourier transform using two apertures to 

15  recover misalignments. In phase retrieval, the Fourier trans-
form process uses two apertures to recover misalignments 
and imperfections in the telescope or other system. For the 
degree of separation between the two images 602 in FIG. 6A 
and dual aperture model 604 in FIG. 6B the Fourier transform 

20 performs very well. The errors are so insignificant that the 
differences from the known input and the wavefronts 
retrieved are imperceptible. The left aperture and right aper-
ture can be distinguished using left andright beams and labels 
having the shown pupil amplitude 606 in FIG. 6C, but essen- 

25 tially either one can be used for phase retrieval to determine 
what's wrong in the optical system. The recovered image 608 
in FIG. 6D shows these aberrations and imperfections in the 
optical system. 

Introducing an artificial aperture allows the system to use a 
30 single Fourier transform to model data that has been collected 

and incoherently subtracted to reduce noise in the data. This 
approach is based on an observation that the signals corrected 
by the telescope receiver by itself are often the difference of a 
positive signal and a negative signal in order to reduce noise 

35 in the data. This application subtracts positive and negative 
polarity images. FIG. 5 illustrates a chart 500 based on sample 
positive and negative polarity images. The left hump points 
up and the right hump points down. This chart 500 represents 
a cross section of the data from this application. The image is 

40 positive and negative. In order to model this data using phase 
retrieval, the system executes an algorithm. The first step of 
the algorithm is to model this data using positive and negative 
image with a Fourier transform of a single aperture, so the 
system relies on an introduced artificial aperture. In order to 

45 use a single Fourier transform two apertures are positioned 
side acknowledging that some error is introduced. However, 
the amount of error introduces is acceptably low for many 
applications. The system models the process as a single Fou-
rier transform even though the data was not originally formed 

50 that way. When the data is modeled using this approximation, 
the calculation is much simpler. 

FIG. 7 illustrates an exemplary method embodiment for 
radio phase retrieval. The system 100 gathers first data from 
radio waves associated with an object observed via a first 

55 aperture (702) and gathers second data from radio waves 
associated with the object observed via an introduced second 
aperture associated with the first aperture (704). In one varia-
tion, the first aperture and the second aperture are at different 
positions. The first data can represents a positive signal and 

60 the second data can represent a negative signal, or vice versa. 
One or both of the apertures can optionally include a beam tilt. 
The apertures can be associated with ratio telescope and 
antenna control in the millimeter wave frequency band, 
including wavelengths of approximately 1 to 10 millimeters. 

65 One of the apertures can be a dual-purpose camera that 
switches between a first mode for gathering scientific data and 
a second mode for phase retrieval diagnostics. 
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8 
The system 100 generates reduced noise data by incoher- 	ments may also be practiced in distributed computing envi- 

ently subtracting the second data from the first data (706) and 
	

ronments where tasks are performed by local and remote 
performs phase retrieval for the radio waves by modeling, via 	processing devices that are linked (either by hardwired links, 
a processor, the reduced noise data using a single Fourier 	wireless links, or by a combination thereof) through a com- 
transform (708). Modeling the reduced noise data can pro-  5 munications network. In a distributed computing environ- 
duce an approximation of the first data. Phase retrieval pro- 	ment, program modules may be located in both local and 
duces a value for a ratio Q which represents the ratio of 

	
remote memory storage devices. 

wavelength times the focal ratio divided by pixel spacing. 	The various embodiments described above are provided by 
Phase retrieval can further approximate an incoherent sub- 	way of illustration only and should not be construed to limit 
traction process as a coherent propagation. The phase io the scope of the disclosure. For example, the principles herein 
retrieval result can be used to measure alignment errors in the 	are applicable to phase retrieval with any system that observes 
first aperture based on the phase retrieval and consequently 	radio waves. Those skilled in the art will readily recognize 
can be used to correct the alignment errors. Alignment errors 	various modifications and changes that may be made to the 
can be corrected further based on a given surface temperature 	principles described herein without following the example 
and an observing angle. 	 15 embodiments and applications illustrated and described 

Thus, a telescope and a second aperture can each take an 
	

herein, and without departing from the spirit and scope of the 
image of an object, and the system can retrieve the phase of 

	
disclosure. 

the telescope, which characterizes the flaws, aberrations, and 
	

I claim: 
imperfections of the telescope, from the two images. The 

	
1. A method of radio phase retrieval, the method compris- 

retrieved phase can be used to adjust or align the telescope 20 ing: 
automatically or manually. 	 gathering first data from first radio waves associated with 

Embodiments within the scope of the present disclosure 	an object observed via a first aperture; 
may also include tangible and/or non-transitory computer- 	gathering second data from second radio waves associated 
readable storage media for carrying or having computer-ex- 	with the object observed via an introduced second aper- 
ecutable instructions or data structures stored thereon. Such 25 	ture associated with the first aperture; 
non-transitory computer-readable storage media can be any 	generating reduced noise data by incoherently subtracting 
available media that can be accessed by a general purpose or 	the second data from the first data; and 
special purpose computer, including the functional design of 

	
performing phase retrieval for the radio waves by model- 

any special purpose processor as discussed above. By way of 
	

ing, via aprocessor, thereduced noise data using a single 
example, and not limitation, such non-transitory computer- 30 	Fourier transform. 
readable media can include RAM, ROM, EEPROM, CD- 	2. The method of claim 1, wherein the first aperture and the 
ROM or other optical disk storage, magnetic disk storage or 	second aperture are at different positions. 
other magnetic storage devices, or any other medium which 

	
3. The method of claim 1, wherein modeling the reduced 

can be used to carry or store desired program code means in 	noise data produces an approximation of the first data. 
the form of computer-executable instructions, data structures, 35 	4. The method of claim 1, wherein the first data represents 
or processor chip design. When information is transferred or 	a positive signal and the second data represents a negative 
provided over a network or another communications connec- 	signal. 
tion (either hardwired, wireless, or combination thereof) to a 

	
5. The method of claim 1, wherein at least one of the first 

computer, the computer properly views the connection as a 	aperture and the second aperture includes a beam tilt. 
computer-readable medium. Thus, any such connection is 40 6. The method of claim 1, wherein performing phase 
properly termed a computer-readable medium. Combinations 	retrieval further comprises determining a ratio Q which rep- 
of the above should also be included within the scope of the 	resents a ratio of wavelength times a focal ratio divided by 
computer-readable media. 	 pixel spacing. 

Computer-executable instructions include, for example, 	7. The method of claim 1, wherein the first aperture and the 
instructions and data which cause a general purpose com-  45 second aperture are associated with ratio telescope and 
puter, special purpose computer, or special purpose process- 	antenna control in a millimeter-level wave band. 
ing device to perform a certain function or group of functions. 	8. The method of claim 1, wherein performing phase 
Computer-executable instructions also include program 	retrieval further comprises approximating an incoherent sub- 
modules that are executed by computers in stand-alone or 	traction process as a coherent propagation. 
network environments. Generally, program modules include 50 9. The method of claim 1, the method further comprising 
routines, programs, components, data structures, objects, and 

	
measuring alignment errors in the first aperture based on the 

the functions inherent in the design of special-purpose pro- 	phase retrieval. 
cessors, etc. that perform particular tasks or implement par- 	10. The method of claim 9, the method further comprising 
ticular abstract data types. Computer-executable instructions, 	correcting the alignment errors. 
associated data structures, and program modules represent 55 	11. The method of claim 10, wherein correcting the align- 
examples of the program code means for executing steps of 

	
ment errors is further based on at least one of a given surface 

the methods disclosed herein. The particular sequence of such 
	

temperature and an observing angle. 
executable instructions or associated data structures repre- 	12. The method of claim 1, wherein at least one of the first 
sents examples of corresponding acts for implementing the 	aperture and the second aperture is a dual-purpose camera 
functions described in such steps. 	 60 that can switch between a first mode for gathering scientific 

Those of skill in the art will appreciate that other embodi- 	data and a second mode for phase retrieval diagnostics. 
ments of the disclosure may be practiced in network comput- 	13. A system for radio phase retrieval, the system compris- 
ing environments with many types of computer system con- 	ing: 
figurations, including personal computers, hand-held 

	
a processor; 

devices, multi-processor systems, microprocessor-based or 65 	a first module controlling the processor to gather first data 
programmable consumer electronics, network PCs, mini- 	from radio waves associated with an object observed via 
computers, mainframe computers, and the like. Embodi- 	a first aperture; 
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a second module controlling the processor to gather second 
data from the radio waves associated with the object 
observed via an introduced second aperture associated 
with the first aperture; 

a third module controlling the processor to generate 
reduced noise data by incoherently subtracting the sec-
ond data from the first data; and 

a fourth module controlling the processor to perform phase 
retrieval for the radio waves by modeling, via a proces-
sor, the reduced noise data using a single Fourier trans-
form. 

14. The system of claim 13, wherein the first aperture and 
the second aperture are at different positions. 

15. The system of claim 13, wherein modeling the reduced 
noise data produces an approximation of the first data. 

16. The system of claim 13, wherein the first data repre-
sents a positive signal and the second data represents a nega-
tive signal. 

17. A non-transitory computer-readable storage medium 
storing instructions which, when executed by a computing 
device, cause the computing device to perform radio phase 
retrieval, the instructions comprising: 

gathering first data from radio waves associated with an 
object observed via a first aperture; 

10 
gathering second data from theradio waves associated with 

the object observed via an introduced second aperture 
associated with the first aperture; 

generating reduced noise data by incoherently subtracting 
5 the second data from the first data; and 

performing phase retrieval for the radio waves by model-
ing, via aprocessor, thereduced noise data using a single 
Fourier transform. 

18. The non-transitory computer-readable storage medium 
io of claim 17, wherein performing phase retrieval further com-

prises determining a ratio Q which represents a ratio of wave-
length times a focal ratio divided by pixel spacing. 

19. The non-transitory computer-readable storage medium 
of claim 17, the method further comprising measuring align-

15 ment errors in the first aperture based on the phase retrieval. 
20. The non-transitory computer-readable storage medium 

of claim 17, wherein at least one of the first aperture and the 
second aperture is a dual-purpose camera that can switch 
between a first mode for gathering scientific data and a second 

20 mode for phase retrieval diagnostics. 


	8354952-p0001.pdf
	8354952-p0002.pdf
	8354952-p0003.pdf
	8354952-p0004.pdf
	8354952-p0005.pdf
	8354952-p0006.pdf
	8354952-p0007.pdf
	8354952-p0008.pdf
	8354952-p0009.pdf
	8354952-p0010.pdf
	8354952-p0011.pdf
	8354952-p0012.pdf
	8354952-p0013.pdf

