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Abstract. The possibility of using GPS signals reflected frdme
Earth’s surface as a new remote-sensing opportuaty
This research endeavor reveals a method for wgizi first described in 1993 by the European Space Agenc
reflected Global Positioning System (GPS) signals t(Martin-Neira  1993)  Similarly  (Glennon) and
form an image of targets within a region of intér@$he  (Cherniakov 2002) explored the idea of using th&s@GB
principle is based upon a type of bistatic synthetia bistatic radar illuminator for the purposes of target
aperture radar (SAR) in which a matched filter téighe  detection. The reflected GPS signals can be usedtbe
is employed to perform the image reconstruction. Aocean to calculate mean sea height, wind speedj win
major challenge was the appalling signal to nomtgor direction and significant wave height (James L Garr
associated with the received reflected GPS signal®002). Over land to measure soil moisture content,
Moreover, the reconstruction method resulted in aMiomass and bistatic imaging (D Masters 2003) aret o
undesirable point spread function (PSF) which ddggla ice to ascertain ice age, thickness and surfacedeosity
the reconstructed image. The entire GPS signdlA Komjathy 2000).
generation and image reconstruction process Ww

simulated as faithfully as possible and it has bee%F,S signals is J. Garrison of Purdue UniversityAUS

demonstrated that a spatial resolution of the oofghe . . o o .
GPS L1 frequency (wavelength of 19 cm) is possible'._hs research primarily involved in finding and dgng

. . . hew applications of the Global Positioning Syst&®P§)
E;rg\%%aregylmeﬁ]:aﬁgtalgfed guevt\(/)iepnoeorr qﬁl?gﬁy\ﬁfge dand using the GPS signal itself as a remote sensing
. . . instrument (Stephen J. Katzberg and James L. @aljris
deconvolution method. An imaging system based on a
stationary receiver has been practically demoredrat The idea of 3D multi-static SAR imaging system, ethi
with the successful identification of a 0.5 pherical  utilized reflected GPS signals from objects on Eagth's
target. surface was presented by Chris Rizos et al. (Yongho
2002). The output of the matching filter was memtid
Keywords: GPS, Imaging system, Bistatic syntheticas:
aperture radar, Correlation. s
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Bne of the pioneers in the effort of utilizing esfted
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1 INTRODUCTION where T is the observation time, being the delay and

SR;(t) is the received signal and considered as an

GPS was developed as a military navigation systéfm w approximately linear FM signal. In fact, bistatiadar
potential commercial applications (Kaplan). Diré&&PS  systems have been studied and built since theestrli
signals are utilized for the measurement of pasitad days of radar. As an example, the Germans used the
other navigation parameters with the help of dadita British Chain Home radars as illuminators for th€iein
hardware. However, reflected GPS signals, which arkleidelberg bistatic system during world war Il
considered a nuisance factor in navigation, hawe thFortunately, the advent of GPS solved many of the
potential to be used for various remote-sensingynchronization and timing problems that have
applications.
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previously limited the performance of bistatic mada for the SS-BSAR has been mentioned as 5 meterd@nd
systems (Griffiths 2004). meters respectively.

M Cherniakov and co-authors have reported much workhe authors are pleased to demonstrate that aabkpati
in the field of bistatic radars in general andizitlg  resolution of the order of GPS L1 wavelength (19 &@n
different systems as transmitters of opportunity inpossible provided that sufficient coherent corlat
particular. In an initial account they studied astBtic  integration time is allowed (in case of static feee for
system with the aim to analyze the possibility ioftarget  at least two hours) and that the direct signals lban
detection using bistatic radar and specified tieoeiated sufficiently suppressed for extended imaging range.
problems and challenges (Cherniakov 2002). Thélowever, the generated image exhibited significant
research utilized the parameters of Iridium LECeki&g#  blurring, this smeared image obtained due to poatity
system and concentrated on the detection of ajetar PSF was improved by means of a Wiener filter based
against a background of white noise, clutter anéatli deconvolution method. In this context the decontiofu
satellite signal. M Cherniakov et al. also examirlbd method is rather simplistic and this issue can fohe
power budget analysis of signal detection in bistat basis of further research.

synthetic aperture radar, with global navigatiotelite The author’s research endeavor describes a biSat

systems (GNSS) acting as non-cooperative trangsiitte. : - - .
(NCT) (Cherniakov 2002). imaging system, which utilizes reflected GPS signal

from targets and objects on the Earth's surfaderto an
One of the key parameters around which a remotgrsgen image of the area of interest. The GPS satellites,
system is designed is the spatial resolution. m$MR  modified GPS receiver and its signal detection
system analysis of the point spread function (RSEsed components, form the bistatic SAR system. Since the
to characterize spatial resolution (Soumekh 19@0F  GPS satellites and / or receiver platform are irtiomo
Cardillo used vector gradients to derive equatiéors during the integration time, the signal obtainedtte
range resolution, Doppler resolution and cross eangreceiver position will be a Frequency Modulated jFM
resolution in meters and implemented them in coemput GPS signal also termed as a chirp signal owingheo t
code. The computer simulations for 1000 km altitudeconstantly changing Doppler shift.

transmitter, with radar bandwidth of 500 MHz and
integration time of 10 seconds showed the grougére
for which the range and cross range resolutioneah
less than one meter (Cardillo 1990).

The auto-correlation function of a chirp signal isits a
narrow pulse property. We know from the basic radar
concept that range resolution is an inverse ratiche
bandwidth of the signal. Chirp signals are the gnrefd
However, M Cherniakov et al. argued that thesdransmitted signals used to obtain wide frequenaydb
equations can only apply to the rectangular spectru within a relatively wide time width. The linear Fpulse
shape of the ranging signal (Cherniakov 2005). Theys called chirp signal and can be represented lay th
based the resolution analysis with an introductain following simplified equation for a linear increass
BSAR spatial (Generalized Ambiguity Function) GAFsfrequency with time: -

and first represented it in the delay-Doppler domaind _

later on expanded to the spatial (coordinates) dmma f() = cos( ot + F/TE) for -T2<t<T/2 ®)
Using this spatial presentation of GAF the rangé anwhere F = § — f; is the sweep bandwidth with &nd §
azimuth resolution, as well as a resolution ceflaaare  being the initial and final instantaneous frequeaand T
considered relevant to different directions andrdimate is the time duration (Peyton Z. Peebles). It issjie for
systems. Taking the idea further they presentedtemns the bistatic SAR imaging system to obtain enougiyea

of resolution of BSAR (Cherniakov 2003). With the and resolution simultaneously, since the frequency
assumptions that the target area and synthetiduapsr modulated GPS signal has superior pulse compression
are small, the transmitted signal is narrow bamghai  properties. A matched filter is employed in theeiged

and used the stop-and-go approximation (Soumekbignal processing to improve system resolution. The

1999). The equation derived for range resolution is matched filter is an optimum filter for signal detien in
a white noise environment (Sklar 2001). Each réfigc
Qhange= c ) GPS signal is expected to have a unique chirp or
2bcosp /2) signature which can be detected and coherentleleoed

with the direct signal provided that the geometfytte
Where b is the bandwidth andis the bistatic angle. The satellite is optimum. The location of the targell wave a
equation reveals that the highest resolution w#l h strong correlation value and can thus be identiiiethe
achieved for a monostatic case wher= 0 and range area of interest. Detailed simulations and later on
resolution is limited by the bandwidth of the tranided practical experiments have revealed that the GsBAR
signal. The theoretical range and cross-range usol  system has the potential to develop acceptablétyaaid
low cost images of a localised area.
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Transmitter (Tx) assemble a proof of concept hardware of the imaging

cpssaelite  d€VicCe in order to demonstrate a practical system.

The purpose of this research paper is to elabdrate

Direct Signal . " -
this goal was achieved by careful antenna desigtglde

Imaging System

with Modified « Reflected Signal eIectfonic cirquit, approprigtg GPS signal ag:q'misiand
Gps(gf)‘ie've tracking algorithms and efficient reconstructiomleoThe
\D document explains the efforts put forward to geteeem

image by the correlation of direct and reflected SGP
signals and based on bistatic SAR techniques.

Land or Sea Targets

Figure 1: Imaging scenario - Airborne receiver

‘Transmitter
( GPS Satellitg

The concept of generating an image by the coroelatf
direct and reflected GPS signals is based on thR SA
principle in which the receiver or bistatic radaréquired

to sustain its movement in spatial domain. Therre loa
three different types of imaging scenarios basedhen
source of synthetic aperture, receiver kept airborn
ground moving receiver and static receiver.

Statie Imaging
System

The transmitter, target and receiver geometry ise caf
an airborne receiver can be understood with thp bél
figure (1), as per the traditional SAR concepttbeeiver

is kept airborne and can detect the presence pf g — A A A A
other terrestrial targets. The second option imdoint the o _ _ . ‘
imaging system on a ground vehicle and drive alang Figure 2: Imaging Scenario — Stationary receiver

target thug simplifying the geometry and eIim!ngthrne There are many advantages of this type of system (a
need for airborne platform. However, the requirenfen  Gpg target detection and imaging has the attrattian
precise receiver position and velocity and assediat {ne yser can take advantage of the expensive GPS

logistics issue rendered this option non-practical. infrastructure maintained for navigation purposeg b

In order to simplify the experimental set up, ipisssible ~€mploying it as a ‘illuminator of opportunity’ thubere
to generate an image with a static receiver, atktleaiS no requirement for a dedicated transmitter. Thgre
theoretically, if sampling is performed over longariod ~ are several measurement opportunities, one for &
of time, such a scenario is depicted in ﬁgure Wm'_h the satellite in VieW, thus forming a multi-static radﬂstem.
receiver being static the change is geometry isigedl () The imaging system has the additional advant#ge
by the moving GPS satellite, though the change ifeing very cost effective, as it can be built fdiraction
geometry is a relatively slow process and resuitsery ~ Of the cost of traditional radars, space-borne Egent
long data acquisition times of the order of ho@se of ~and other sensors. (d) The operation will be coasrho
the numerous possible applications with this typesed  Signal will be transmitted locally unlike mono-stat
up are remote sensing for monitoring of landslidesg- ~ radar. (e) Bistatic radar may also have a courttsalth

term seismic studies and similar applications. capability, since target shaping to reduce the rratatc

. ) . . ) . RCS of a target will in general not reduce itsdtistRCS
The possibility of using this technique for imaging (Gyriffiths 2004).

purposes has been mentioned in various researd@rap

as a number of institutions study bistatic SAR withWe know that power spectral density of any giverSGP
asymmetric configuration, but there is little infoation ~C/A code signal is below the power spectral densfty
regarding detailed simulations to confirm technicalnoise. It is converted to a usable (signal to noate)
feasibility or experimental results. In this cortteke SNR by correlation of a locally generated C/A code
efforts carried out to simulate and practicallyidate the ~Sequence that provides an effective processingtgatine
results with the help of static or stationary GRseiver ~SNR ratio. The theoretical processing gain for @&
are a novel achievement. Nonetheless, simulatieailse code is 1023 or 30.1 dB (Kaplan). High autocoriefat
and relevant problems, shortcomings and challehges ~Peak and low cross-correlation values provide aewid

been recorded for all three scenarios that can eprovdynamic range for signal acquisition. Hence, ontiasis

beneficial for later research efforts. of correlation theory the code is able to be detct
. o i although it is buried in noise. This important pedy of

The main objective of the author’s research wamodel  he GPS signal plays a vital part in our simulation

these imaging arrangements and scenarios in a&@tW getect the target with the help of reflected GRhals

environment with the aim to remove major existing(\1. Usman 20086).

bottlenecks, optimize the design and later onngiteto
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When the GPS signal arrives at a target, it i®oédld in a  with the signal paths are calculated based onlisatehd
manner that depends on the surface roughness and teceiver trajectories.

dielectric properties of the target. The reflectégnals The reconstruction engine divides the region obriest

that are of most use for imaging purposes are those .
. o s Into an array of square bins and attempts to coltigre
reflected in a non-specular manner. Such a ‘refiatt

results from the signal being scattered over a \aiuge, ggirrrelzttnei tS: t;ezggﬁdbiﬂggi:lw\lftvm;g Itgdelvrlgg;w%ef
and will thus be subjected to further attenuatienaa confainsgmatchin chir' doeysa ven bin achziae?u' h
function of distance traveled. We could considee th 9 P 9 ; 9

8 score. In order to generate the matching templdkes,
surface of a complex target to consist of a numdfer reconstruction engine independently calculatesstfeal
‘point reflectors’. In reality ‘point reflectors’ ost have transit delavs ang PRN cgdes in ¥he same wav as the
finite size, and for our purposes it would seemeekent ignal s nth){esizer but for all candidate tar eat'mng
to model these ‘point reflectors’ as spheres with a9 Y ’ 9 ’

diameter comparable to the resolution of the imggin The search area in which the targets can be lodated
method. shown in figure (3). The position (0, 0, 6378008) i
ECEF coordinate system was fixed in the middlehaf t
search area. These are actually the coordinatésoh

+y (meters) Pole, employed to simplify coordinate transformasio

- x (meters) + x (meters)

The matched filter processing plays a vital partthe
simulation. In the Matlab environment this is penfied

by multiplying two signals sample by sample andntha
accumulating. The process was carried out for each
sample and the relevant value was stored in tha fifra

two dimensional matrix. The matrix was scannedefich
sample in time, rendering the procedure equivailerd
matched filter process. A different value of coat&n
was obtained for each instant in time. The locatbra

-y (meters) target is expected to have a maximum value of eotter
M B correlation. A grey scale image was constructeahgusi

(0, 0, 6378000) One pixel or element . : . .
North Pole above-mentioned information. Thus, the image preduc

directly pin points the target at the desired cowtd in

Figure 3: Candidate position for the target the candidate position.

1 Satellite, 1 Epoch (Case No 1)
1000

2. SIMULATION a0
The simulation work was carried out in a Maflab @
environment and during initial phase of the redeasc - &
simple code was generated in order to verify thagimg e b S

-200

principle and concept. After successful initial

simulations, the code was modified and expanded to
facilitate image generation under practical scenarid an
efforts were put in to improve the computational .

1000 L \ n L L L L L \
-1000 -800 -G0D -400 -200 a 200 400 GO0 800 1000

efficiency. Metres X

-400

600

The simulation was deliberately split into two dist Figure 4: Results for integration time of 0.1 sec.

parts: the first part being responsible for synittieg the

signal emanating from the analogue to digital comre

of the GPS front end, the second part being resplens 3. RESULTS AND ANALYSIS

for the image reconstruction. Care was taken tairens

that the only information available to the recomstion  The Matlal’ simulations were carried out under different
engine was the digitized GPS signal, and ‘globallyconditions and scenarios by varying various pararset
available’ data such as the satellite ephemeridéstiae Initially an integration time of 0.1 seconds watested
receiver location. The signal synthesizer determitiee  and the results were comparable to that presemted i
satellite orbits together with the individual PRNde (Yonghong Li 2002).

offsets and combines the direct signals from atl8tes

in view with the reflected signals from the targets
together with the receiver noise. Transit delayoeaisted

As depicted in the figure (4), the two targets easily be
recognized with acceptable spatial resolution. Hur
next case the integration time was increased to 0.2
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seconds, although the simulation took many hourgdo signal was attenuated to a significant amount ireféort

to execute but resulted in improved resolution. [Bmger  to find out the threshold of target detection, iheirect
integration time produced larger number of sampled  signal was also attenuated in incremental formwas
improved the PSNR (peak signal to noise ratio)hea t deduced that in order to bring both signals contgara
reconstructed image. terms of magnitude and make sure that the
autocorrelation tails of direct signal are smatfeat the

X . ! . reflected signal it is imperative to attenuate adle

of system would involve a static GPS receiver. Fgib) down the direct signal. It is assumed that thisydar

relzveals. that the resollutlon was limited only by “"."age suppression figure could be achieved by a comlinaif
pixel size of 20 m in case of such a scenario, when

S careful antenna design and signal subtraction withe
sampling is performed every few seconds over adong signal processing, since the receiver channel Far t

period of time, for example six hours and later on . L
integrated. The targets are clearly visible with noreflected GPS signals may be locked to the dirigriat

distortion. In fact the longer integration time hasulted Other options including the utilizing of multi-beam
: ' 9 9 - ntenna with main lobe for the reflected signal aik
in larger number of samples and cancellation o

- obe for the direct signal can be explored.
uncorrelated noise.

As mentioned earlier the other configuration fds ttype

1000 Simulation performed with Integration Time of 21160 seconds T T Direct Slgnal
800
Correlation
600 4 power 24dB
o0 Reflected Signal
N 200 - Tails of Auto Correlatio]
g 0 5 . | Function T /\
= 20 1 \JA\_/ O T U UAUL -
0 ( time )_p
-400
600 J Figure 6: Correlation of direct and reflected GRf®al
80 1 However, there are some simple ways to improve the
-1098000 00 600 400 200 0 200 400 600 80 1000 SNR OT the reflected Slg_naL for _examp|e1 (?arry O_Ut
Metres X correlation for longer period of time, use high rpai

directional antenna or perform image processinga at
shorter range. These simple measures have beeteddop
in the initial practical experiment carried outdoquire
data for image generation purposes. A high gain and

Under practical scenario the strength of GPS sigmal directional antenna for acquisition of reflected S5P
very low and buried in noise and only with the hefp Signals was employed and the range was kept SHus.

correlation theory and deterministic nature of aes resulted in strong reflections from the sphericaigét
CIA codes the signal is detected. The reflectedatits covered with aluminum foil and the reflected signes

even weaker but it is expected that the targetsmn cOmparable in magnitude with the direct signal. lewer,
resolved by integration over longer periods of timein case of extended data acquisition ranges wheskw

However, in case the reflected signal is furthetuced, reflected signals are received, this issue hatkelpt in
due to the type of reflecting surface and distasweered, mind.

it can become equal or lower than the tails of aut@ther researchers working in the related field @isme
correlation function of direct signal and can beacross this issue and have referred to it in teohdirect
permanently lost. No matter how long we integrate t path interference (DPI) and cross correlations. M
reflected signal cannot be separated and the taagetno  Cherniakov et al. explained that taking into acdcumly
longer resolved. This phenomenon can be understogshe satellite as the source of DPI, traditional piigte
with the help of the figure (6). side lobe cancellation methods can be applied Bt D
In numeric terms, the tails of autocorrelation dfect ~ SUPPression (Cherniakov 2005). In a related study E
signals are 24dB lower than the direct signal peakGIennon provided a brief description of the GPSssro

Theoretically, the reflected signal must not bedothan ~ cOrrelation problem and sketched a comparison tmstwe

24dB as compared to the correlation peak of direcil€ Cross correlation problem as experienced by &RS
signals. the CDMA cellular communications. He examined

several different types of cross correlation miiiga
Simulations were performed to explore the limitshivi  techniques, ranging from successive interference
which the targets can be resolved in terms of theancellation through to subspace projection methaous
magnitude of the direct and reflected signals. @inect showed that the mitigation techniques are alsoieqige

Figure 5: Results for integration time of 21160 &bours)

3.1. Direct Signal Suppression
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to the removal of autocorrelation side lobes (E. Pvalues of the delay and offset PRN for the locally
Glennon). generated or reference signal are to be calcufatd

These parameters are determined by measuring the
distance between reference satellite to candidaséipn
and receiver to candidate position. The delays are
calculated not for a particular target positiont for all
candidate positions in the area of interest. Theukition
calculated the delay from satellite to the recefeereach

3.2. Accuracy of the ADC (Analogue to Digital
Converter)

In order to perform necessary signal processing3R&
signal is to be converted to digital format aftesweh
conversion from RF of 1.575 GHz to a manageablefIF - -
a few MHz. This process is to be performed by thebox or segment as shown in the figure (8).

Analogue to Digital Converter (ADC). The best pbksi Initially, this represented a two-dimensional array
bit accuracy for the ADC was calculated by Matlab representing delays for each candidate positioe. ddue
simulations. It is imperative to consider that ghleir than also calculated the delay offset from the centrel an
required accurate device will lead to unnecessgpgrsive  considered it as a reference, utilizing it for camgon of
and complex hardware and a burden on the computatishe offset values. First of all, the code calculatae

power in the simulation process. On the other hand
inferior ADC will result in signal degradation. lvas
deduced that at least two bits are required asthanum
accuracy. This was an important result and probed &
commercial off-the-shelf GPS receiver can be use&Rk
front end in the imaging hardware. The reason ésults
obtained was due to the fact that variance of dgetign

noise (% = o / 12, where q is the step size or (Leas

significant bit) LSB and hence Standard deviation=q /
12 = q/ 3.5. For two bits there are four levét{Rand for
one bit only two levels are present, hence quardizaoise

Y

delays at the midpoint of the segment as a referamd
stored the value for each candidate position. Télayd
offset range is also determined as an offset taydat
centre or midpoint of segment.

A template was generated in the form of a lineaayaor
vector of delay offsets relative to the image oemtith

initial value as minimum value of delay offset afirgl

alue as the maximum of delay offset. The template
direct signal was represented as follows:

Sjir = diir(l) é'wu

4

will become double and comparable to the thermaenim
the signal.

3.3. Improvement in Computational Efficiency

It was observed that the Matlab® simulations weseyv
expensive in terms of computation time and memoiy a
will be feasible only for off-line applications. @rof the
many methods of improving the computational efficig

is by switching from interpretive Matlab® to congl
code. In order to improve the speed of the progeam
modular approach has been employed. The GPS signal
was generated separately in C++ environment ugiag t
Borland C++ Builder. The program simulated all the
functions of the Maxim MAX 2741 IC used as the RF
front end in the hardware. This approach speededtup
least the signal generation part of the code bycéof of
about 9. The reconstruction code developed in N&tla
was also modified in an effort to make it more sbii
for a practical scenario. In order to improve the
computational efficiency the calculations were perfed

on linear arrays (or vectors) rather that multi-eimsional
arrays. The block diagram of the reconstructiom@dgm

is depicted in figure (7).

As evident from the diagram the two signals (locall
generated and received GPS signals) are multipliet
added at each segment and a different value ogletion
is obtained for each instant in time. The valustised in
the array by suitable Matl§bcommands. However, the
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GPS Satellite

Receiver start [: - 4 Receiver finish

Position ¥ Position

(0, 0, 6378000)
i

v >
Reference One pixel or element

Linear Array of delays
NN (11111
Minimum Delay Maximum Delay
Offset Offset
Figure 8: Calculation of Delays and Interpolation
for Linear Array

The reflected signal was cross-correlated with the
template for reflected signal and results wererpufated

to form a linear array. The method used was linear
interpolation, which can be represented by theofalhg
equation.

w(n+A) = (L- A)wW(n)+ (1) w( n+ 1) ©)

where n is the integer part of the original indesue and
is the fractional part (Smyth February 18, 2008).

Thus by calculating for each location, an arraywector

was formed which contained all the linear represigoms

) ) . of the range of possible wrapped signals. Owingh®
Figure 7: Block diagram of the reconstruction code one dimensional array, there are fewer calculatiohite

where d;(t) is the C/A code for direct signal after offset the correlation is performed, but the simulatiofi &iok

has been introduced and, vis GPS L1 frequency in a long time as the new calculations are more caxaple

radians / seconds. The template was cross-comdeldta ~ Never-the-less even with improved resolution as

the direct received signal to determine the phas#entioned in the next section there was a further

difference. improvement of computational efficiency by a facdbr2
L . to4
Similarly the template for reflected signal was
represented as follows: Another method to improve the computational efficig
_ was signal segmentation, which was incorporatethén
Ser = def( ) €™ (5) code to simulate low velocity and static or statignGPS

receiver. Only selected amount of data was prodesse

where @(t) is the C/A code for reflected signal after while the rest was omitted and the phase, frequemcly

offset has been introduced. TOW (time of week) were updated accordingly.
However, the method can be used for any imaging
arrangement and the fact that only part of the aign
acquired is processed for image generation, thentqae
resulted in reduced computational time but comgarab
image quality.
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Qriginal Image PSF
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T T B Figure 10: Point Spread Function

Figure 9: Raw reconstructed image 3.5. Image Restoration

There is a simple method to improve computationairhe image-processing task at hand was to reconstreic
efficiency, which is sub-sampling or under samplihy  ynfocused target signature into a focused image. A
the reconstruction algorithm a built in Matfakunction technique of de-convolution of the signal with RSF
resample was used to perform sub-sampling (up to gsing Wiener Filter has been employed to correet th
factor of 10), thus reducing amount of data to pescand  pjurred image obtained form two isolated pointeefors.
in turn improve computational efficiency, without |n our simulation we know the signal and also cliteu

compromising image quality. the PSF of the signal in order to utilize this€iilt The
. point spread function is calculated during the seuof
3.4 Resolution simulation and used as the degradation function iand

shown in figure (10).
In order to test the achievable resolution the &timn Duri he simulati hi L d wh
space was represented by an array of 400 x 400aiihs DUrng the simulation white noise Is assumed, whose

pixel dimensions of 25 x 25 centimeters. Four poimpowgr spectrum is_constant, which simplifies t_hings
reflector targets ware placed on the corners oparp  considerably (R. C. Gonzalez 2002). The WieneeFih

area, having coordinates (10, 10, 6378000), (-1m, 1 l|\</latlr|:1b® isdbas]e}g on the following equation with value of
6378000), (-10, -10, 6378000) and (10, -10, 637p000K Selected as

Each conducting point reflector had an effectivdiua of L H*(u V)
10 centimeters and reflection coefficient of 1. §thi F(u,v) = G(u V) > ()
particular value for the radius was selected to |H(U,V)| +K

demonstrate that it is possible to detect a targe\}v . . . .
here F(u,v) is the input image, G(u,v) is the degd

comparable to the 20 cm wavelength of GPS L1 . : .

frequency. It was assumed that the antenna foeatefl Image and H(u,v) is the spatial representation faf t

. ; ; X degradation function in the frequency domain and
signals has a gain of 30 dB and that the d!recttadug_can _ H*(u,v) is the complex conjugate of H(u,v). Thetsd
be suppressed by 70 dB. The coherent integratioe ti . . . AR i
image in the spatial domain is given by the inverse
was set to 10 seconds.

Fourier transform of the frequency domain estimates
The generation of image with the modified recorsttan ~ deconvolved and reconstructed image is shown urdig
algorithms (receiver velocity of 200 m/s and samgpli (11). Further details in this regard have been dmmnied
frequency of 2 MHz), as shown in figure (9), reeshl in (M Usman 2008).
two conspicuous conclusions, firstly the targetseaped
to have the potential of being resolved to the sizene
bin, and secondly there was significant blurring.isl
pertinent to note that despite the targets exhipit star-
like PSF, achieving a resolution comparable to the
wavelength of GPS L1 frequency is a novel achievéme
According to the author's knowledge it has not been
documented anywhere in the research literature.

Decormvolved Image

Metres ¥

Iletres X
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Figure 11: Deconvolved and reconstructed image 4, THE IMAGING HARDW ARE

3.6. Simulations for Static GPS receiver The imaging scenario is shown in figure (13). It is
apprized that the reflected signal is not expettedave

As mentioned earlier for static receiver configimatthe enough SNR to permit successful signal acquisit®o.

change in geometry to generate the synthetic ajgei$u the direct signal from a specific satellite recelivey the

provided by the moving GPS satellites, which hame aRHCP antenna has been selected, locked and usad as

average orbit altitude of 20,200 km above the sarfaf  reference for the reflected signal.

Earth and complete one orbit in approximately 1lireo

and 58 minutes (Kaplan). For the orbiting GPS &teb PS Sl

provide the requisite synthetic aperture, GPS dathe

order of hours is required. However, storage ohsuage

amount of data is not practical.

Direct Path i Hardware | Reconstruction Algorithms

| GPS Front End for
RHCP Antenna 3 Direct Signals

:| GPS Front End for
| Reflected Signals

Direct Signal

Image
Generati

Fortunately, not all acquired data was utilized &nslas
necessary during image reconstruction to procdested
amount of data while omitting other and updating th
phase, frequency and TOW (time of week) accordingly
This resulted in dividing the GPS IF data into deral
parts or chunks denoted as skip timg)(@nd dwell time Figure 13: The Imaging Scenario

(Tqw)- The former represented the time interval during ) )

which data is not processed or omitted in orderther Once successful lock is achieved, the same local
change in geometry to become effective or build e oscillator can be employed_for the direct as w_s_lltlae
latter denoted the time during which the reconsionc Teflected signal. The GPS signals are receivedifieth
algorithms process the GPS data for correlatiodimict ~down-converted and digitized into near base band

and reflected signals in order to generate an image samples, which are than processed using software
routines to acquire and track the direct GPS sigmal

later on matched filter processing with indirecgrsils
culminate the task of image generation.

LHCP Antenna
Reflected Path

In order to perform the field trails a custom LH@&lical
antenna and two-channel GPS front end and data
capturing device for acquisition of GPS signals basn
prepared. The antenna furnished a compact sizénighd
gain solution for signal acquisition. More importign
being of reverse in polarization as compared teair
signals and pointed away from GPS satellites, liveleed
excellent immunity against direct signal interfezen

The design requirement for the data collection ck=\of

the imaging system was a low-noise, dual-input ivere

operating at the frequency (L1) used by the GP&llgat

signal. Initial design reviews led to the adopttwo

MAX2741 IC's as the basis of the design. The I@ns
Figure 12: Simulation results for 7200 seconds L1-band dual-conversion GPS receiver which down
converts the 1575.42MHz L1-GPS signal to a 37.38MHz

(3600 seconds) of integration time is required tdirSt (Intermediate Frequency) IF, and then a more

successfully resolve the targets with acceptabliap Manageable second IF of a few MHz. The on-chip
resolution. However, two hours of data furnishedu Analogue to Digital Converter (ADC) samples the dew

meter level range resolution, as depicted in figiig). converted GPS signal at the 2nd IF with the rat@So?
The image quality is directly proportional to theypical ~MSPS. Sampled output is provided in either 2-bibitl
change in geometry of the GPS satellite, thus th82dnitude, 1-bit sign) or 3-bit (2-bit magnitudepit

resolution and quality of image depends upon thal to SI9n) formats, as determined by the ADC mode
integration time. configuration bit.

Detailed simulations have revealed that at least loour

As depicted in figure (14), one front end of thevide
receives the direct GPS signals, while the otheeives
the reflected signals through the LHCP antennathEuar
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details regarding the imaging hardware have been
documented in (M Usman 2008).

@

Figure 14: Two-channel GPS front end and
data capturing device

5. GPS DATA ACQUISITION AND IMAGING

In order to test both channels of the GPS front and
data capturing device and to confirm that the digna
received by the LHCP antenna is in fact the redléct
signal an experiment was performed in front of i@gda
brick building. The LHCP antenna was positionedaso

to receive the signal bouncing off the buildingWA-Sys (b)
inline amplifier of gai!" 30 dB was used to amplifye Figure 15: Comparison of direct and reflectedSGRynals
weak reflected GPS signals. for (a) 50 m (b) 4 m (roungtdistances)

As expected a very strong signal was received tti¢h
RHCP GPS antenna, yielding good acquisition even fo
few ms of integration time. The comparatively weaake
reflected signals acquired by the LHCP antennairedu
much longer integration times (200 ms) to achieve
comparable SNR. Longer acquisition time resultshie
cancellation of uncorrelated noise, thus improvihg
SNR. The Doppler frequency of both signals is thme
but code offset is slightly different correspondiregthe
extra distance that the reflected signals haveateet.

The length of one GPS C/A code is 1023 chips and is
transmitted with a frequency of 1.023 MHz. Takimgoi
account the speed of light the length of one claip be
calculated to be 300 m. As mentioned above theatign
sampled at 19.2 MHz. Thus each code sample  Figure 16: Location of both antennas and the target
corresponds to about 15 meters. It is possible to . ) ) i
distinguish between the direct and reflected sightie ~ During the experiment performed the difference odee

path length between direct and reflected signalais Samples of direct and reflected signal was 3 orhichw
multiple of 15 meters. came out to be about 45 to 60 meters and corresptond

the round trip distance between antenna and thge lar
brick building or reflective surface. Figure (15a)
compares the direct and reflected signal correigpieaks
clearly depicting this path difference. The scale the
correlation value (y-axis) is different for bottgsals on
account of the varying acquisition time.

Transmitter - 4'110

GPS Satellite
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In order to verify the results, GPS IF data waseotéd at aimed roughly towards the target center. Unfortelyat
a position of only two meters away from the builgior ~ an increase in the integration time also resultechore
reflecting surface. A path difference of only onede signal being received by the highly directional eama
samples was observed among the direct and reflecteshd some of the signal was not received from thgeta
signal as shown in figure (15b). A near specularSGP but bounced off from nearby objects and buildirantr
reflected signal was received suggesting an optimum

geometry for reception of reflected signals. Thhe t

experimental results substantiated that the sipredent

at the LHCP antenna is in fact the reflected sigirad

construction of the hardware has been successful.

After successfully simulating the static receiveraging
scenario, modifying the reconstruction algorithms t
process longer duration GPS signals and acquitireg t
reflected GPS signals. The imaging hardware inclgidi
the two antennas and data acquisition device was
positioned in front of the University building, thecation

of the direct and reflected antennas and targesiaog/n

in figure (16). A 0.5rh spherical target wrapped in
aluminum foil was placed in front of the university
building.

. _ : . @
During acquisition of data for imaging purposes the

nearby buildings formed an urban canyon type
environment thus limiting a clear of the view oéthky.
The most suitable satellite (in terms of signadisgth and
visibility) was GPS BIIRM-2 (PRN 31) and was themef
selected as the reference satellite.

A comparison has been made between the acquisition
diagram for 5 ms of direct signal and 100 ms ofextéd
signal in figure (17). The coarse frequency of tsignals

is the same but code offset is slightly different
corresponding to the extra distance that the neftbec
signals have to travel. During analysis of indivatidata
files, this difference fluctuated between one oo wode
samples (may be due to the quantization effecthef t

ADC) corresponding to a path difference of about 20 (b)

meters between direct and reflected GPS signals. Figure 17: Comparison of acquisition plot (PRN &i)acquisition time
. . i a) of 5 ms for direct signal (RHCP antenna) (b1@® ms for reflected

In order for the GPS satellite to provide the redei @ S?gnaf(LHCp amenng)‘ '

change is geometry, 80 files were down loaded at an
interval of about 30 seconds each. The length of
individual file was 4 seconds, but only the firgwf
milliseconds of each file were used during the
reconstruction process. During simulations it was
deduced that a 30 seconds interval among the achuir
files is just enough to resolve the targets.

The GPS data provided about 2400 seconds for cHange
geometry, just enough to identify the target, but
compromising the resolutionFigure (18) compares the
image by reconstructing 2400 seconds of actual datia a
simulated signal of 2400 seconds. Ifuture it is
recommended to perform signal acquisition in annope
environment to have a clear view of the sky andsthu
increasing the chances of receiving more GPS gatell
and for extended duration. The target can be seehel

middle of the diagram, as the antenna's main lohe w @
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6. CONCLUSIONS AND RECOMMENDATIONS

During the course of current research endeavowg, th
entire GPS signal generation and image reconsbructi
process has been simulated. The smeared image@dbtai
due to poor quality PSF was improved by means of a
Wiener Filter based deconvolution method. In this
context the deconvolution method is rather simigliahd

this issue will form the basis of further reseaithwill be
interesting to explore other deconvolution techegjlike
blind de-convolution.

The results have demonstrated that this methodbean
used in high resolution terrain and change momitpri

(b) applications to obtain low cost and detailed imagea
Figure 18:Comparison of image obtained by reconstructing 2#0of f'xed_ Ioca.tlon.' However, it 'S. underStQOd that in a
(a) Actual signal (b) Simulated signal practical situation the resultant image might beesely

degraded, the objective of further research efftso
improve and bring the image as close to the idsal a
possible. Some of the factors having an adversetetin
the signal include noise, strength of reflectednals,
direct signal interference, atmospheric effectsdara
clutter or backscatter and hardware limitations.

As evident front the results, although it is royghl
possible to distinguish the target, there is exguess
backscatter or clutter and noise exhibited in thages.
The situation was exacerbated due to the fact et
high gain LHCP antenna was placed in front of gdar
brick building. The antenna was designed to acqhiee
weak reflected GPS signal, but returns from objects

around the target were also received and display¢tue

image. As mentioned earlier that due to hardwar®EFERENCES
limitations, the data files were acquired afterimterval
of every 30 seconds each, such low frequency f
acquiring temporal samples induced an aliasingcefia
future it is recommended to modify the imaging hneace
to acquire GPS data after every three seconds.
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