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ABSTRACT

Ultra-Wideband (UWB) See-Through-Wall (STW) teclowy has emerged as a must-
have enabling technology by both the military andmercial sectors. As a pioneer in
this area, we have led the research in addressamy of the fundamental STW questions.
This dissertation is to investigate and resolveva liurdles in advancing this technology,
and produce a realizable high performance STW guiatfsystem, which will aid the
STW community to find the ultimate answer througiperimental and theoretical work.
The architectures of a realizable STW imaging systge thoroughly examined and
studied. We present both a conceptual system hlas&F instruments and a standalone
real-time system based on custom design, whichizeitireconfigurable design
architecture and allows scaling down/up to a dddifé/B operating frequency with little
difficulty. The systems will serve as a high pemnfiance platform for STW study and
other related UWB applications. Along the way teamplete STW system, we have
developed a simplified transmission line model Yaall characteristic prediction; we
have developed a scalable synthetic aperture amchyding both the RF part and the
switch control/synchronization part; we have praubs cost-effective and efficient
UWB data acquisition method for real-time STW aggiion based on equivalent-time
sampling method. The measurement results repogesihclude static image formation
and tracking moveable targets behind the wall. BEbenigh digital signal processing to
generate radar images is not the focus of thisareke simple methods for image
formation have been implemented and results areamrouraging.
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Chapter 1. INTRODUCTION AND MOTIVATION
1.1 Background

The term Ultra-Wideband (UWB) has been introduced the Defense Advanced
Research Projects Agency (DARPA) in a radar studgedaken in 1990. UWB
technology was also referred by: impulse, carnieef and baseband technology. UWB
serves as a convenient means to discriminate bete@e/entional narrow band systems
and those utilizing short pulse with a large fractl bandwidth. Common definition of
narrowband is (f — f.)/ fc < 1%, and FCC definition of UWB isyf f )/ fc > 25% or
Total Bandwidth >500MHz, (see Figure 1.1). The baincept of UWB involves the
radiation, reception and processing of very widadvadth radio emissions. UWB
technology can be traced back to the study of mlsEgnetic propagation in the time
domain in 1960s. Dr. Gerald F. Ross first demortetirdéhe feasibility of utilizing UWB
waveforms for radar and communications applicatiartbe late 1960’s and early 1970’s.
The detailed overview of the history of UWB andetxly development can be found in

[1]-[5].

Previously much of the UWB work was performed undessified U.S. Government
programs and focused on military applications. Hesve the development of UWB

technology has been greatly accelerated sinceetrase of a FCC Notice of Inquiry in
1998 and a subsequent Report and Order in Feb2@09 [6][7], which permits the

unlicensed UWB operation of imaging, vehicular radad communications systems
[8][9]. Table 1 summarizes the FCC emission limfwsvarious UWB systems.

The UWB technology has its unique properties dugstehort pulse duration and wide
bandwidth. For radar applications, the UWB pulses grovide very fine range

resolution and precise positioning capabilitiese Tbw spectral density of UWB signal
results in the low probability of detection and mmal RF health hazard. For

communications, UWB offers increased immunity toltipath effects as it can be

processed in the time-domain. Further advantage®)\WB technology include the

relatively low system complexity and low cost. UWiastems can be made with minimal
RF or microwave components. UWB systems are algloljhirequency-adaptive and can
be positioned anywhere within the RF spectrumytmdainterference to existing services
and fully utilize the available spectrum.

As one of the major applications of UWB, summarizedrable 1, See-Through-Wall
(STW) Imaging is invaluable to many organizationgluding the military, law
enforcement and rescue/search departments [10je Hne different approaches that can
be utilized for STW surveillance, including: Ultasd, Thermal (IR) imaging, Magnetic
detection, Millimeter wave, X-ray, and Radar (irdihg UWB radar). Each of these
approaches has its strength. Ultrasound is abfeae’ through metal sheets, Magnetic
can detect metal objects, and Radar provides gesmution relative to other approaches.
Most approaches have also their own weakness,x@mgle, millimeter wave and IR
have inadequate wall penetration capabilities,adttund only offers coarse resolution,



meanwhile traditional radars suffer from multi-p&bues, and X-ray system is expensive
and non-portable. Table 2 summarizes the perforemahearious approaches. In general,
UWB radar is superior over other technologies amdt$ inherent fine resolution in time,
good penetration into many common materials, alkdiedther operational capability.

Narrow Band

—{ |

i — i

. £, £, fz)

Figure1.1: UWB and Narrow Band Spectrum.

Power Spectral Density




Table 1: FCC Emission Limits (dBm/MHz).

UWB GPR, and Wall|| Nrough-wall dG:f.' | andy enicular
System Imaging Imagl_ng, andm Ica Radar
Surveillance |Imaging

Assigned
Frequency | _ogoMHz  [1.99— 10.6 GHB.1-10.6 GHz | 24075
Band GHz

The radiated emissions at or below 960 MHz shdlenroeed
=960 MHz [the emission levels in Section 15.209 of the FCE Pa

UWB rules.
960- -65.3 dBm -53.3 dBm -65.3dBm -75.3 dBm
1610 MHz ) ) ’ )
1 610-
1990 MHz -53.3 -51.3 -53.3 -61.3
1990-3100 | 59 3 -41.3 51.3 61.3
MHz
3.1-10.6 GH#51.3 -41.3 -41.3 -61.3
10.6-
52 0 GHz -51.3 -51.3 -51.3 -61.3
22.0-
59.0 GHz -51.3 -51.3 -51.3 -41.3
29.0-
21.0 GHz -51.3 -51.3 -51.3 -51.3
Above
210 GHz -51.3 -51.3 -51.3 -61.3

Table 2: UWB See-Through-Wall and other technologies.

Comparison | Conventional | Ultrasound | Thermal X-ray uwB
Radar (IR) Radar

Resolution | Marginal Good Good Good Good

Day/Night, | Yes Yes No No Yes

All Weather

wall Good Marginal Poor Good Good

Penetration

Capability | Yes Yes No No Yes

to | dentify

Range (m) 10 0.1 1 1 100




1.2 2007 STW State-of-the-Art

The UWB See-Through-Wall systems were usually dge in close collaboration with
the government agencies. Due to the complexitisscieted with the development of
UWB STW systems, commercial products of such teldgyoare still limited up to now.
There are quite a few companies and research labbies that have addressed or
produced such radars which may represent the cftart- development. These systems
are (1) RadarVision from Time Domain Corporatior) (ImpSAR from Eureka
Aerospace; (3) Xaver 800 from Camero Inc; (4) Ra@aope from L3 CyTerra
Corporation. These systems have been demonstrmatedrying levels of success in
imaging through building walls from an exterior fim® and detecting motion in the
other side. Their utilized bandwidth extends frod® $1Hz to 3.5 GHz, and the detection
ranges are from 3 m to 100 m. These systems prdvldeange profile, 2-D image, or 3-
D map, as claimed. A summary of these systemshailgjiven here for completeness. A
comparison between these systems is given in Table

RadarVision from Time Domain Corporation, the earliest standalone UWT STW
system is RadarVision, which was announced to publ2003 and developed by Time
Domain Corporation based in Huntsville, Alabamae TRadarVision is designed to
detect people through walls. The radar sends ouBUwIses, in 10MHz rate, to
penetrate most common building materials includingk, reinforced concrete, concrete
block, sheetrock, wood and wool composites, plasiter and fiberglass. It has 2-D color
display of any detected motion that gives the dpera real-time depiction of the
direction and the distance to the target. One @ftlain problems with RadarVision is its
low resolution, and Blob-like results would not diéy the shape of targets and would
limit its ability to be an effective tool in theeld.

ImpSAR from Eureka Aerospace, Eureka Aerospace, a research and development firm
based in Pasadena, California, is also developmgU8/B STW system. Eureka
Aerospace’s Synthetic Aperture Radar (IMpSAR) sysie capable of imaging targets
such as man, weapons, file cabinets, tables etbhenther side of the wall, and at large
standoff distances. The ImMpSAR radiates short pulapproximately 100 ps, using an
impulse-radiating antenna. A 5 cm resolution inhb@nge and cross-range directions is
claimed for the ImpSAR. The system shows identifidgects situated behind the walls
with sufficient resolution such that a person carobserved including his different body
parts.

Xaver 800 from Camero Inc., The Xaver™ 800 is developed by an Israeli based
company, Camero Inc.. This system can observe onaooe people in a room and
continuously monitor their activities. The Xaver08@as developed to better deal with
cluttered environments and to comply with requiretaefor improved resolution and
intuitive imaging. Rapid interpretation of complesenarios is possible as a result of their
extensive development of proprietary 3D image rstroistion algorithms and signal
processing techniques. Xaver 800 has been adwkttske able to provide a 3D image
around personal.



Radar Scope, This portable UWB through-wall motion detector dsveloped by L3
CyTerra Corporation, under the sponsor of DefendeaAced Research Projects Agency
(DARPA). It is a lightweight portable device, whidan sense the presence of human
inside walls and 50 ft beyond. This device doseprovide 2D/3D image. It detects the
human through motion of body and heartbeat.

Other Government and Academic Efforts, Defense R&D Canada, the research agency of
the Canadian Department of National Defense, hasnsively investigated UWB
through-the-wall surveillance through system modgknd simulation. Proof-of-concept
systems been demonstrated, simulation analysibéas reported [11]-[17]Academic
community has also actively involved in STW devetgmt, the latest progress are
introduced in [18]-[21].

1.3 Limitations of the Available Technology

The minimum functionality of STW system can be iteed as: 1. Determining location
of targets in a room, 2. Determining if inhabitamt® armed or not, 3. Mapping the
contents of the room (tables, doors, windows efic.Rroviding the above information in
real-time mode, 5. Being a portable system.

The four prototyped systems introduced above reptethe state-of-art See-Through-
Wall development as of May 2007, but each still iim®wn limitations. Time Domain’s
RadarVision, for example, can only fulfill Functaity 1, 4, and 5. It shows a moving
object’s range and its direction behind a wall éalrtime, but dose not provide much
information about the target itself or the buildifegyout, which makes a significant
difference under military operations. Another eptan Eureka Aerospace’s ImMpSAR
provides a 2D camera-photo-like image with fineoheson, but as a trade-off, INnpSAR
set-up needs to be moved to utilize a large SARtage(14 foot) in order to achieve the
good image resolution. Xaver 800, a recent addiéind sells at $100,000, is superior
compared to the other two since Camero claimsve gidetailed picture of everything in
the room and even 3D image around targets in new mode. Xaver 800 is the only
prototype that meets all five minimum functionagj but it is expensive and relatively
heavy and big. Radar Scope is only a motion deteatioich can sense the presence and
range of human being behind wall, but not provide firther detailed information.

UWB STW technology has demonstrated up-to-now atguetential to some extent, but
numerous improvements still can be envisioneddture systems especially in the image
formation and data acquisition. Different from ftemhal radar operation, STW system
has to deal with highly multipath and highly retrae environment, and the highly
complicated scattering mechanism makes high-résalutnicrowave imaging very
challenging. The many unsolved technical challentpes need to be tackled include
antenna design, complicated propagation channel elimggd array deployments,
inhomogeneous background, distortion through corphall structures, real-time
detection, and high-resolution time-efficient imagyimethod, which are only a partial list.
Such studies would require serious theoreticalexpetrimental considerations.



Table 3: Features of Various Systems

System Characteristics | RadarVision IMpSAR Xaver 800 gg;jpaé
Bandwidth: 1-3.5GHz 3.5GHz 7 GHz Unknown
] - 1 meter to +1
Range Accuracy: meter 5cm Unknown N/A
Range: 20 meter 100 meter 20 meter 15 meter
Real-Time Operation Yes No Yes Yes
Imaging Dimension: 2D 2D 3D N/A
10m from| 100m from itorumcturgom Need to
Stand-off- structure, detectsstructure, detects ’10” attach o
' 10m thru| detects 10m
thru wall
structure thru structure
structure

Size of a

Size: 56cm x 35.5cm Lesg than 4 84cm X telephone
cubic foot 84cm

handset

Weight: 4.5 kg Less than 14 kg 10 kg <1Kkg
) Product availablg 14 foot PrOQUCt Product

Development Status: aperture. available :

Available
Price > $30,000 Not Available > $100,000 $1,000




1.4 Motivation and I nvestigation Areas

The STW community has been aggressively involvethwestigating the fundamental
problems, such as STW propagation mechanism and #fficient high-resolution
imaging formations to improve the STW technologle3e studies would require serious
theoretical and experimental considerations. Duetht®® complexity associated with
developing a custom STW system, these studiesyhigghendent on conceptual STW
systems, which are comprised of commercial RF/Miernee instruments such as
oscilloscopes and network analyzers. A conceptyatemn will provide necessary
experimental capability, but it is a high-cost fdam, especially if intending to acquire
the real-time capability. Hence the need has afisehaving a standalone, cost-effective,
and real-time UWB STW platform, which may facil#éathe development of various
STW concepts or image formation methods. Not onbesda cost-effective UWB
hardware platform would be helpful for the STW depenent, but it can also be applied
to solve other related UWB problems such as medmoaging and software defined
radios.

The need has arisen for having a practical, cdst#fe, and high-performance UWB
imaging hardware system for the STW community. Sackystem must be portable,
relatively simple to implement, and have real-tiocapability. Non-critical parts of the
system, such as oscillator, mixers, filters, andpldrars, can be Off-the-Shelf
components, while the essential parts, such ad¥WiB signal acquisition system and the
antenna, must be customized low-cost designs. Mt does a cost-effective UWB
hardware would provide the experimental verificatamd evaluation of any see-through-
wall imaging application, but it can also be apglie solve other UWB problems such as
medical imaging, quantitative nondestructive eviaurg and further related applications.

The primary goal of this research is to developighdperformance real-time STW
platform. Once this system is developed, it will tndized it to study the associated
modeling and scattering problems, such as the efdct on STW imaging and UWB
radar signature of various targets, which are esdensues to improve STW system
performance. The proposed developed system willpbement the existing technologies
and will enhance operational effectiveness.

This dissertation is organized as follow. Chaptef ghis dissertation first addresses the
advantage and necessity of utilizing a UWB systerime domain. As an essential step
to study the fundamental issues that will guide $&V imaging system development,
Chapter 3 will thoroughly study the effect of wadlsd UWB array deployment on STW
image quality through numerical simulation. The UVé#Battering mechanism will

investigated and shed the lights on real-time sydtardware development. Chapter 4
will addresses the wall material characterizativardJWB frequency range, which is a
key point for selecting the operating frequency3adiW detection. Particularly, the study
is to characterize the insertion loss of varioudl tyaes and develop an efficient through
wall propagation model. As part of the standalogstesn development, Chapter 5
discusses the design and fabrication of a full Isstnt-Aperture-Radar (SAR) array and



its associated switch design. Based on the prediryiatudy presented from Chapter 2 to
Chapter 5, a conceptual demo STW system is dewldmesed on common RF
instrument. Experimental results of such a con@dsystem are compared to numerical
simulation results. A universal STW automation acmhtrol subsystem, which is

independent of a STW system’s operating frequensyjntroduced to the STW

community. Finally, a standalone reconfigurable S$y§tem is developed in Chapter 7.
The real-time data acquisition is a bottleneckef Y WB system development. Chapter 7
introduces for real-time STW application a highfpenance low-cost UWB data

acquisition module which is based on commercialgilable low-speed Analog-to-

Digital converter and Field-Programmable-Gate-Ar(&PGA) technology. Summary

and conclusion will be given in Chapter 8.



Chapter 2. WHY TIME-DOMAIN

In principle, a signal may be represented in eitherfrequency or time domain, and the
conventional radar systems normally reconstrucigaas from discrete samples in the
frequency domain. As a first step of building a -Séeough-Wall (STW) system,
measurements and experiments were carried out fitorexthe STW features in the
frequency domain. The study would reveal the pgatbadvantages of time domain over
frequency domain in UWB STW imaging applications.

2.1. Frequency Domain Study

The free-space see-through-wall experiments weareedaout to explore the feasibility of

STW application. A full anechoic chamber experinaérset up was built to effectively

perform comprehensive frequency domain measuren@nis simplified STW system

model. The anechoic chamber absorbs all the mtlitipignal and reflections and results
in most accurate results. The Vector Network Anaty@/NA) was used to extract a
desired component of transmitted/received signathsas the direct reflection from

targets. The time gating feature of the VNA is usedreduce the undesired signal
components such as the multi-reflections from theirenment. The VNA's frequency

domain data is then processed through the embedite®tse Fourier Transform

processor and demonstrated as time-domain pulae dat

Inside the anechoic chamber, a wooden wall is inipth in the anechoic chamber to
simulate the STW environment, Figure 2.1 (a). Btth transmitting and receiving
antennas are UWB horn antennas (see Figure 2. hrgb)ere fixed on a 0.5m distance
from the wall. The two antennas are attached t8HP.0c network analyzer which was
fully 2-port calibrated such that all the cablessies were accounted for in this calibration
procedure. The analyzer is adjusted to work betw®d® GHz. Two typical targets,
copper metal sheets of size 50cm X 50cm and art awhlé are prepared to thoroughly
demonstrate the effect of the target type on teeived signal. The distance of targets
from the transmitting and receiving antennas aathfthe wall are flexible to be changed
within the experiment.

2.2. M easurement Results

The setup was firstly arranged for monostatic mesamants. The blue UWB horn shown
in Figure 2.1 (b) was used as both the transmather the receiver. The reflected signal
which is measured before implanting the wall isveh@s the dashed line in Figure 2.1
(). The quick high reflected pulse around 0.5 sisdue to the cable connection
mismatches. After implanting the wall against timeana with approximately a 55 cm
distance, the reflected signal is critically chamhge exhibit the multiple reflections

induced by the wall. In fact, the transmitted wawédouncing between the wall and the
transmitting horn. This can be verified simply bglaulating the delay between two
consecutive bounced waves which is equal to the the wave takes to travel from the
transmitting horn hitting the wall and returningckdo the horn.



Antennas

HP 8510C

(a) Top View of Chamber

(b) Antennas and Wall
Figure 2.1: Chamber Experiment.
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Figure 2.2: Monostatic reflected time domain pulse
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The next step was to demonstrate the effect ohaanubody target on the reflected signal.
The human target is standing between the hornladall first. As shown in Figure 2.2
(b) the multiple reflections from the body can hstidguished from that of the wall.
Then moving the human body behind the wall on #éirdistance (85 cm from the
transmitting antenna) will give a clearer view foe reflected signal that would enable us
to easily identify the body multiple reflection®in that reflections of the wall, as shown
in Figure 2.2 (c). Notice here that the wave isrmig between the transmitting horn,
the wall and the human body target.

After measuring human body, the target is switcteed metal sheet while keeping the
same target-to-antenna distance. Figure 2.3 compheepulse signal resulted from the
metal and human targets, which are placed at the shistance from the antenna. As
expected, a metal sheet will introduce higher otiibms and increases the amplitude of
the reflected pulse indicated by the VNA.

The anechoic chamber setup was secondly arrangdaistatic measurements. The blue
UWB horn Figure 2.1 (a) is used as a transmitteitenthe white UWB horn is used as
the receiver. Both the transmitting and receivinteanas were at the same height of 1.5
m. Similar to the monostatic measurements, thectdt signals are measured before and
after implanting the wall, the reflections from thmetal and human target are compared
as well. The results are plotted in Figure 2.4.

The wall reflections can be identified clearly abund 7 ns as shown in Figure 2.4,
which corresponds to the signal’s round trip tratusle for the transmitter-wall-receiver
distance of 1.1m. Adding the human target to thetabic setup will add extra pulse
reflections in the reflected signal at 11ns, againich corresponds to the signal’s travel
time for the transmitter-body-receiver distancedfm. There is a second pulse response
at 16 ns, which is caused by the multiple refleirom the human body. Replacing the
human target with the metal sheet increases thditangof the reflected pulse by almost
20 dB, shown in Figure 2.4(c), due to the highéieaction from the metal.

The above measurements are carried in the frequamtyin using the VNA. The time
domain pulse information has been converted froenftequency domain through FFT.
The results reveal a lot of important informatidor, example the multiple reflections
observed in the time domain will help in the exti@t of the target range. The amplitude
level of these reflections too will help in idemtiig the target type. At a first glance, the
frequency domain operation could provide all neagssnformation to implement the
STW application. Then, why would we be developingd AVB time domain system? In
next section, we will compare the advantages are disadvantages between the
frequency and time domains, and rationalize thel mé¢éime domain operation for STW.
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2.3. Why in Time-Domain

This section is to investigate the differences leetwcarrying out STW measurements
directly in the time domain and carrying out thensameasurements in the frequency
domain then transforming the collected data to tthee domain. A brief comparison
between the two approaches is given first. Tableshéws the advantages and
disadvantages of carrying these measurementshat ¢itne or frequency domain. It is
clear that the time domain method is less complgxithis more susceptible to various
sources of noise. Frequency domain measurementshe other hand, have better
control on calibration and power levels. The fregryedomain and the time domain data
are connected through Fourier Transform.

For a time window size T and number of samplinghf®N, define the sample spacing
T:'%\I and the sample points =kr, for k =0, 1, ..., N-1), then define a discrete time

domain signal as:

f, = f(t,) (2.1)

Associated with this we define the frequency samplpointsw, :2_?, where the
number% is the fundamental frequency. Now let's considée tproblem of

approximating the FT of f at the poinds, :ZTm and have

F(w) =J‘0Te““‘“tf(t)dt, n=0,1,..K-1). 2.2)

If approximating this integral by a left-endpointeRiann sum approximation using the
pointst, defined above:

N-1
F(a)n):rZe'i“’“tk f(t,),n=0,1, .., (N-1). (2.3)
k=0
Substitute the definition ofy,, t, and7 and have,
T N-1
F(wn):ﬁze—'mk’“ f(t,),n=0,1, ..., (N-1) (23)
k=0

Let's consider a time domain pulse signal of 20pasod, which can be translated to
30m radar detection range by

=T*C =20Chs*368m/s:
2 2

D 30m (2.4)
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Assuming the pulse signal is sampled at 100ps/sanmierval for a desired range
resolution, the system bandwidth is:

BW=—"=_"2> = 35GHz (2.5)

To replicate the same system in the frequency dontiaé frequency source need to have
3.5 GHz range, and sweeps at a step of 5MHz,

f,=—=—=———=n*5MHz (2.6)
2n T 20Cns

A total of 700 frequency points need to be swepbsthe 3.5 GHz range to achieve the
equivalent time-domain operation. A network anatypeovides a maximum of 800
sampling points within a certain bandwidth. Howewae network analyzer represents
the state-of-art frequency domain measurement igobs. It is impractical to implement
such kind of a high performance swept signal sour@estandalone UWB system as it is
quite expensive too. The operation in the frequefucther places a constraint on the
achievable resolution in the STW application.

On the one hand, the operation of an UWB systetharfrequency domain is limited by
its complexity in the signal source and signal psstng. On the other hand, the advance
of UWB hardware technology has made it relativelyeasy task to directly generate and
process UWB time-domain pulse signal. Hence, time tlomain processing becomes an
attractive option for a STW imaging system.
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Table 4: Comparison between Time and Frequency domain measurements

Time Domain

Frequency Domain

Requires only a single measurement Requires measute over a set of
discrete frequencies

Waveform gives insight into the physigaRequires manipulations such as IFT|to

problem at hand visualize the data

Operates directly on time domain datarrors are introduced upon using

avoiding transform errors Fourier and inverse Fourier transforms

More susceptible to noise Wide varieties of noise reduction

Existing algorithms are only for CW no _Ig_orlthms are very efficient.  Not

- : imited by signals waveforms as

transient signals 4 . S

frequency domain convolution circuitry

can be used before using Four
transforms.

ier

Measurements are limited by th

generated pulse characteristics including

any time jitter

e

Requires a trigger signal that will suff
more attenuation and dispersion
longer distances between the transmi
and receiver

elThe VNA requires cable connection and
fats attenuation could be calibrated
tter

Digital sampling oscilloscopes are n
common

dbtandard

equipment,
amplifiers are cheap

narrow band

The time required for data acquisiti
limit the measurements to slow varyi
channels

D
N

iThe sweeping time is the limiting fact
tpr acquiring the impulse response

o

Preserves the causal and stable signals

Usingsfited the Fourier transfor

m

could cause non-causal and instability
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Chapter 3. STW SIMULATION BASED ON CFDTD

Microwave imaging is typically an EM inverse scattg problem, which has been
widely studied due to its increasing range of aggbions, such as target identification,
medical imaging, material characterization, geopials survey, remote sensing,
nondestructive evaluation, and now See-Through-Wedging [27]-[39]. STW could be
basically a Synthetic aperture radar (SAR) basstesay, and therefore imaging methods
generally developed for conventional radar systears be efficiently used for STW
application as well after taking STW’'s unique featiinto account like antennas’
locations constraints and the wall loss and dispers High-resolution SAR imaging
algorithms, such as domain integral equation, attibpn tomography, model fitting
method, and migration method, which are classiéied discussed in [27] all could have
potential implementation in STW systems.

The use of the STW systems is mainly dependenthendevelopment of an image

formation technique to reconstruct raw radar sig@ad literally and rapidly interpret it

in terms of target type and shape. However, thetrelmagnetic environment associated
with the STW scenarios, and the complex wall anddimg structures introduce new

challenges to the image formation, compared toctrerentional SAR technology. The

new EM environment needs to be studied to provigeniecessary design guidelines for
the system development.

In a large scale, STW community is interested i@ thdar imagery of full rooms or
whole buildings, including humans and other objéatsde these buildings. Particularly,
the effect of wall structure needs to be analyzedthet advanced image formation
method can be developed to compensate for the imiag@rtion due to this effect and
provide better STW image quality.

Such studies can be carried out efficiently throngherical simulation. Considering the
scale of this problem, the Finite Difference Timenmain (FDTD) method, a full-wave
time-domain numerical procedure, is an ideal toolJWB simulation since it provides
direct solution of the time dependent Maxwell'sle@guations using the finite-difference
technique [41][42]. By time stepping, the inciderave is tracked as it first propagates to
the structure and then interacts with the latteoubh current excitation, scattering,
multiple scattering, penetration and diffraction.

The simulation study is carried out here using arf@wnal Finite Difference Time
Domain (CFDTD) software package (see Figure 34B).[A room with a floor and walls
of various materials is modeled as shown in FigBuZz Transmitting and receiving
antennas are located outside the room and radiatng/WB pulse, and targets with
different size/type are placed inside. The scattdiedd due to the targets is calculated
and recorded at the receiver position. The modeleth (3.5m x 2.5m x 2.4m) used here,
as an example, has a concrete floor and 3cm-thipkadl walls. Two 30cm conducting
cubic boxes are placed inside the room as tar@ets. transmitter and sixteen receiver
points are distributed at the side of the room he XZ plane, corresponding to a

18



transmitting horn and a 16-element receiving arfidye receiver points are observation
points where the EM field magnitudes are recordedl saved for post-processing. The
UWB source is a 1ns Gaussian pulse centered at 2 (&tbdwn in Figure 3.3), and the
model cell is 1cm cubic, the size of which corresmto 1/1% of a wavelength at 2 GHz.

The simulation focuses on the following paramedtidies:

1. The effect of the wall materials on the image.

2. The effect of the receiver and transmitter numberthe image.
3. The effect of the array element spacing distanogh® image.
4. The effect of the center frequency and pulse widitithe image.

FDTD SOLVER ---——-- Source and Cell Setting

SOURCE PROPERTY T CELL SIZE T PLANE Wwieh'E SOURCE
I0TAL TIME STER
3200

2dB CUTOFF FREQUENCY MODULATED FREQUENCY  AMPLITITUDE
7 GHz | 2 GHz | 100

FREQUENCY DOMAIN 7151 GHz TIME DOMAIN 2000.000 ps

CANCEL aKk

Figure 3.1: CFDTD User Interface.
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3.1. Implemented I mage For mation Methods

The purpose of this simulation is to study the weéfiéct in STW various scenarios. Since
the development of an advanced STW image methobej®nd the scope of this
dissertation’s work, only well-established UWB SARjorithms will be implemented
here to process the simulation data and study #tleeffects. Although an efficient high-
performance STW algorithm is not yet available, pubgress has been reported to
modify the classical SAR algorithms for STW rad&8]f[20], which has also been used
in our study. For the completeness of the discasglee implemented image formation
methods are outlined in this section.

A. Sum-and-Delay Far-Field Synthetic Beamfor ming

The synthetic beam-forming process is shown inedu4, [40] . Focusing of the beam
in a directiond implies that the summation of all the receivechalg should produce a
maximum value for that particular direction. Sirthe received In-phase and Quadrature
signals may be seen as vectors, the summatioruisadent to equating their phases so
that the resulting sum will produce a maximum tfaattdirection. It is accomplished by
applying the proper phase shifts to each channéhefreceived signals. In SAR, these
phase shifts are applied to array signals by seéwa post-processing stage, to form a
synthetic beam at the particular direction. Sigra@ming from all other directions or
angles will not add up to produce a maximum beam.

Once the data acquisition is completed on eachiviagearray element, the antenna
outputs can be combined with the proper phasesamiitudes to focus the beam in any
direction. Let s(t) be the complex received signal from anteniia then the time-
domain sample of the received signal is:

s(m=xm+]Jy;(n (31)

wherex andy; are the in-phase and quadrature components aktetved signal. The
output | for a directiond; as a function of the time sampies given by the following
relation:

Lm=Yws(ndh  (32)

This equation assumes that all the signals cononiipe¢ antennas follow parallel paths.
This assumption is valid only if the target is lezhin the far field of the antenna.
Focusing of the beam in the near field implies that phase correction will depend on
the target range as well. In this case, the beafocissed to a single point instead of a
particular direction. Near-field focusing would rease the computational burden by a
factor of possibly a few hundred times. Backprogacts typical near-field SAR image
formation method, and will be briefed next section.
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B. Near-Field Backprojection

The principle of backprojection method is to caftalthe beamforming output power at
specified grid points in the x-y-z three-dimensiodamain [40]. Considering a bistatic
radar of a single transmitter and brelement receiver array, both located in the XY-
plane, as shown in Figure 3.5, the problem is sfiegdl to a two-dimensional case.
Assuming that an isotropic point target is locasdhe coordinate origin, any of the
receiver elements is at a distance R away fromdtget. The region of interest will be
divided into a finite number of grids in the x-y8©0 domain. An imaging space enclosing
the point target can be defined by an M-by-N-by-ltnx with indices m=1,..., M,
n=1,..., N, and p=1,..., P, corresponding to X, y, araxis respectively. If M=1, N=1, or
P=1, the imaging space is reduced to a 2D imageepl@he complex amplitude of an
image pixel at the (m, n, p) grid is obtained bplgmg time delays to the corresponding
receiver data, and producing the image through praghction method. The
backprojected field intensity from the (m, n"kyrid due to thd™ receiver can be
represented by

I (I M, N, p) = [drl (m! n, p)dt (m1 n, p)] * S (t) |t:[d,(m,n,p)+dt(m,n,p)]/c ( 3'3 )

Wheres is the time domain signal froff receiverdy, is the Cartesian distance between
the grid point (m, n, p) and' receiverd; is the Cartesian distance between the grid point
(m, n, p) and the fixed position of the transmitter [d, (m,n, p) +d,(m,n, p)]/c is the
signal transit time from the transmitter and"aéceiver, and c is the speed of light. The
total back-projected field intensity at the (m,p),grid point is summed over all the
receivers as

M P =X 10mnp)  (34)

22



Ex: Receiver Source

Rxl Rxl

B3

> X
Figure 3.5: Back Projection.

Different from the demodulated baseband complemadig(t) used in (3.1)s(t) in (3.3)
represents the received radar signal before I/Qodefation, which is the return pulse
modulated at the carrier frequency. Since the dematidn moves the modulated pulse
signal from carrier frequency down to the basebianthe spectrum domairg can be
constructed directly from the measured 1/Q sigBsl.the nature of the I/Q signal, first
we convert the 1/Q complex waveform to the reahsraitted pulse waveform as follows,

s () = sigrx (O] * % () + v, 2 (t) (35)

where the operatiosign ] takes the positive or negative sign of | chdrsignal as the
phase and the square root is the magnitude ofaheected signal. Then we re-modulate

the converted signak'(t) by Fourier Transforms'(t) and shifting the baseband
spectrum to carrier frequency and this operati@h@vn as follows,

S(f)=8"(f = f)=(FFT [s"(1)]) li-¢-y, (36)

Finally, s(t) is the inverse Fourier Transform of (3.6),
s (t) = IFFT [S,(f)] (3.7)

Once 1/Q signals are measured, Operations (3.8)A ¢an be done in software. Since
xi(t) andyi(t) are actually the time-domain sampbe§) andy;(n) and digital Fourier
Transform is required.

The back projection shown in (3.3) can also be gssed by applying frequency-
dependent phase delays in the frequency domainaéteg the time domain signal by its
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K .
frequency domain representatim:ZS(wk)e"“Kt in (3.3), the back projection
k=1

becomes,

K .
I (l ’ m1 n! p) = [dr| (m1 n! p)dt (m, n1 p)] * z S (fk)er,]fkt |t:[d,(m,n,p)+dt(m,n,p)]/c ( 3'8 )
k=1

For better accuracy, tHd, m, n, p)can be normalized with respect to the patterrhef t
transmitting and receiving antennas.

C. Correction of Defocused | mage through Dielectric Walls

The classical microwave imaging techniques based fil@e-space line-of-sight

propagation can be used for STW application afemoanting for the presence of the
dielectric wall present between the targets and rddar. The wall will introduce

significant target image distortion if not corratteThe effect of the wall includes
multiple reflection, refraction, and dispersion.eTiefraction due to the interface of two
different medians can be corrected with a time domeethod.

The simplest model for the dielectric wall with aiform thicknesst and dielectric
constang, is shown in Figure 3.6. We assume the wall sizemgth and height is very
large compared to one wavelength of the radar kig@wnsidering a 2D imaging case,
where a 1D array is deployed along the x-axis @XlY plane and the propagation path
is only in the XY plane. A point target is placedasitionP(Xp, Yp, Zpat one side of the
wall, and a transmitter or a receiver at positR(X, Y;, Z) at the other side. When no
wall is present between the target and the radarsignal path between the point target P
and the receiver R is the Cartesian distance diyen

d, = (X, = x)?+ (Y, - ¥)*. (39)

Similarly, assuming a transmitt&€(Xx, Y;, Z),the signal path between P and T is,
d, = J(X, - X)2+(Y,- Y)?. (310)

The total time delay of received signal is
t=[d,(m,n,p)+d,(m,n,p)]/c. (311)

When a wall slab is placed between the target hadddar, the geometric signal path
between the target and receiver is different frome Space case and is represented by

L=L,+L,+L,, (312)

and the actual electrical length is,

Ly =L, ++Je, L,+ L,. (313)
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The actual electrical length of the signal pathlddwe significantly greater than that in
free space. If not taking the wall effect into amebwhile imaging, severe distortion in
terms of range and shape prediction is expecteccommon method to solve this
‘geometrical’ problem is to find the actual elec#ii length of pathl.e; through numerical
iteration and minimization. Assuming the wall tmess t" and the dielectric constagt
are known, the only difficulty in findinges is to determine the intercepting points where
the ray strikes the front and back interfaces @atines the observation point. Once the
intercepting points are identified, the ray pathsir and inside the dielectric wall can be
easily solved. Of course real life practical prolewould include more unknowns like
wall thickness, layer structure, and its properti&sell’s Law of refraction can be used to
determine the intercepting point; it states,

n,sin 6, = n;sin 8,, (3.14)

where gand n are the refractive index in air and inside the wapectively. Assuming
the wall to be non-magnetic, Snell’'s Law becomes

sin g, = /¢, sin 8, (3.15)
sin g, = /&, sind, (3.16)

When iterating the trial intercepting points on thterfaces, Snell’s Law and Ray optics
are satisfied only at the actual intercepting pdirice the intercepting point is identified,
the actual values ofil.L,, and L will be calculated using Snell’s Law and furthesed
to correct image distortion. Authors in [20] deys#d an iterative algorithm to solve the
problem of the unknown thickness and dielectricstant. However, a computationally
efficient algorithm is still not available yet.

In the previous correction process, prior knowledf¢he wall properties, such as wall
thicknesst and dielectric constam are required. Under practical conditions, such

information is usually unknown to the operator,réfiere, must be derived from the
received signal. The overall electrical delay cdusg the wall can be obtained from the
reflection and transmission measurements, thusltatrical thickness of the wall can be
estimated. However, different combination of phgkithickness and dielectric constant
can produce the same electrical delay through aigdewalls. The work here will not
discuss the solution to estimate the wall paramdtem the reflection and transmission
data, but some references are provided. The auth¢i7] proposed a method based on
the magnitude of the reflection coefficients andoagt the transmission coefficient to
determine the complex refractive index of concr@ige method only requires a single
frequency, but it demands the measurement of tejleccoefficients from many
incidence angles plus a transmission coefficiemd, the thickness of the material must be
known a priori. The author in [18] developed selgnactical and fast algorithms to
estimate the property of the wall slab without tieed for any prior information of the
material.
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Figure 3.6: Dielectric Wall Model.
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3.2. Simulation Result
A. Single Target at Various L ocations

Using the back projection formation methods, thages of a 10-cm cubic conducting
box at locations P1-P8 inside the room are gend:r#tk 61 receiver elements are used
and their element spacing is 3 cm. The coordinattéisese locations are shown in Figure
3.7. Figure 3.8 shows the recorded response atethier receiver element when the box
is placed at different positions. The first andosetpulses (the second pulse is encircled
in red) correspond to the reflecting signal frore front and back interface of the wall
layer. The traveling distance between these tweqautesponses is around 30 cm, which
matches the round-trip electrical length while @ggting in the wall slab. Compared to
the reflection from the wall, the target resporsedary small and invisible, and therefore
the time-gating is used to eliminate the wall effaed show the reflection from the target,
which is demonstrated in Figure 3.9. The time-gaigdal is used to generate the images
of the conducting box at locations P1-H®e image for each location is displayed by
Figure 3.10. Every image is normalized to the peakgnitude level and only the
magnitudes from 0 to -16 dB are displayed. Foatioos 1, 2, 3, 5, 6, and 7, the box
image is displayed more clearly due to a strongirn signal to the receivers on the side
of the room, as compared to that of the other lonat4 and 8. While the box is at
locations 4 and 8, stronger side lobes are obsdyeeduse the decreasing magnitude of
the reflected signal, which is comparable to thfeecdon from the room structure. The
box at location 1 (line of sight) generates the infiosused image compared to others. In
general, as the box moves farther away and aswli@ the UWB radar setup, the
generated image is more out of focus than thabcdition 1. This is attributed to the
decreasing magnitude of the reflected signal, thpedsion of the propagating pulse, and
the decreasing magnitude of the reflected sighiadhows the receiving isolated impulse
response @x41las the conducting box travels inside the roomepsbf 20 cm.
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Figure 3.7: A Target at Various Positions.
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Figure 3.10: Continued.
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B. Effect of Aperture Sizeand Number of Elements

The array element spacing distarct@nd the array aperture lengthhave significant
effects on the image quality. Figure 3.12 displdnesimages for different values dfout

for a fixed value 0£.=180 cm; the smallaN, i.e. the number of receivers used the larger
the value of spacindg. The N is the number of receivers utilized in image fotiora
With an aperture length = 180 cm, the resolution of the generated imaggsesenting
the conducting box, are the same for all the cagetied in terms of the image focusing.
However, a larger spacing distarttevhich corresponds to a smaller number of receivers,
would result in higher sidelobe levels and the texise of false targets or elevated noise
background as seen in Fig,. 3.11. Next, we fixrthember of used receivers to generate
images to be 15, while changing the spacing distdrfoom 3 cm to 12 cm. Figure 3.13
shows the effect of such move, where the largerspgaeing distance d with the same
number of receivers, more focused images will beegged because of the larger value
of L. In general, larger aperture sikds preferred to generate better focused images. In
Figure 3.13, the image pixel value threshold isadetl6 dB for viewing the sidelobes
effects. Figure 3.14 resets the threshold at -G only plots the peak magnitude of the
image pixels. Figure 3.14 clearly shows a betteagenfocusing, while increasing the
aperture size.

Gle

Transmitter

250cm

| 10em conducting cubic box

Figure 3.11: Target Location.
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Figure 3.12: Continued.
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C. Effect of Carrier Frequency

Based on SAR theory, using a higher carrier frequeshould provide a better cross-
range resolution. Figure 3.15 displays the Sum{eldy formation results of two cubic
boxes while the pulse is centered at 1 GHz, 2 Gifid, 4 GHz. Obviously, the higher
carrier frequency generates more focused imaggcplarly in cross-range.

D. Effect of Wall on Image

The following discussion processes the receivea datif the wall does not exist. The
resulted image is defocused from its true positidn.transmission and reflection
measurements of the pulse propagating through #ie layer is done and shown in
Figure 3.16. The transmitter and receiver are 0.&way from each other, and a 10-cm
thick uniform wall is placed between them. The gkdtons have been carried out for
discrete set of dielectric constants in the ranigé to 9 and in steps of 2. Figure 3.17
displays the transmitted pulse recorded by the iRec@. The traveling distance between
the transmitter and Receiver 2 is increasing upcreasing the dielectric constant from 1
to 9. The transmitted pulse too is further delagad distorted. Figure 3.18 displays the
reflected signal from the wall, which is recordedReceiver 1. The separation between
the first and second reflected responses (showadiin Fig. 3.17b) corresponding to the
round-trip electrical length of the wall thickneg®r a fixed physical wall thickness of a
10 cm, the round-trip pulse traveling a distancethe wall layer, as expected, is
increasing with the increase in the wall’s dielectonstant.

Previous figures demonstrate the signal itselfallang through a wall slab. Now two
conducting cubic boxes are placed inside a roomwvadth a 10 cm length and the other is
20 cm, as indicated in Figure 3.19. The generatexye of the two targets is shown in
Figure 3.20. With the increasing dielectric constéime images of targets are displaced
farther and farther from their true locations. Dioethe higher reflections in this case
from the wall and the less signal levels refledbadk from the targets, strong side lobes
occur for high dielectric constants ~ 8, and theagdm of the 10-cm cube is barely
detectable.
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Figure 3.17: Transmitted Pulse through Wall.
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Figure 3.18: Reflected Pulse from Wall.
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The results shown in Figure 3.20 clearly indicdtattthe presence wall will cause
significantly defocusing image. However, the metho@scribed Section 3.1(C) can be
employed to correct the defocusing effect, if thelwnformation such as thickness and
dielectric constant is known. The algorithm is deped in Matlab, and applied to

simulation data. In the simulation, a concrete wé#l, =7 and 20cm thickness is placed

1.5m in front of the transmitter and receiver lomas. A 12cm-square metal sheet is
placed 3.4m in front of the transmitter and recei@ne transmitter and sixteen receiver
is uniformly distributed along the center of th@ss rage, and the receiver spacing is
2.4cm. The CFDTD pulse source is with 1 GHz banttwahd centered at 5 GHz. Figure
3.21(c) illustrates the conventional Backprojectiamage, which reveals the
defocused/delayed position of the wall and tar§egure 3.21(a) zooms into the small
region around the target and it shows the targegistion is at 3.7m and offset from its
true position at 3.4m, due to the concrete walvelg down the signal speed. Applying
the correction algorithm on this small region, thféset is being illuminated and the
resulted image shows the real location of the taad.4m.

Based on the previous simulation analysis, sewenatlusions can be drawn. First of all,
the conventional SAR theory is still valid to a @rextent, and can be applied to STW
applications. For example, in a STW scenario tiiecebf array configuration, in terms
of the receiver number and the element spacingviolhe same rule as that for the
conventional SAR radars; for example increasingdperating frequency will result in
higher range resolution as well. However, one umiquonstraints of the STW
implementation is its very limited options for arreonfiguration, and will make it harder
for direct implementation of many conventional SAlgorithms for STW. For example,
Algorithms based on domain integral equations f28Hel targets and media as grids of
permittivity while they assume that antenna scaosral target, which is not realistic for
implementation into See-Through-Wall application. ighidresolution diffraction
tomography method [29]-[31] also requires scantimggantenna around the target.

Secondly, the correction of the wall effect remangreat challenge for a high-resolution
STW imaging. STW may require high resolution bettean 10 cm, so that it can
discriminate between a combatant/bystander and ewssibly identify side arms or
larger weapons. The defocusing of images due tavilleeffect needs to be compensated
to acquire such a high resolution. Although somegpmss has been reported and the
correction issue [18]-[20], the reported methodyasdlves a simplified model based on
time-consuming iterative method.

Thirdly, a practical system has to implement a mpldtimaging schemes to take
advantage of different imaging methods. As a reaétoperation, STW system further
requires the imaging algorithm to be fast and stalvhich is a condition usually conflicts
with high resolution imaging. With a multiple imagi schemes implemented in a system,
a fast but low-resolution algorithm can be usedsdan a large scene and to provide
coarse target information, and then only a relftignall area is zoomed-on, and the
target will be fine processed for high resolutibor experimental purpose, two classical
UWB SAR imaging algorithms, Sum-and-Delay and Bpoijection [40], have been
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implemented for my system. The time-domain Sum-Bethy method will do fast
scanning over a large room area, while the Baclepton method will be used to
process a zoomed-in smaller area.

Finally, parallel computational resource is desifed an efficient STW modeling.
Results have shown that FDTD is a good procedurdJiWB STW analysis, but this
technique is very computational intensive. For epl@nmodeling the 3.5m x 2.5m x
2.4m room with a 1 cm cubic cell in a CFDTD, regusiion the order of 4 Gbytes RAM
and 40 CPU hours. This problem can be overcomesmgiuthe ECE Flux cluster of 24
computer nodes, which is configured to run pardlEDTD software and dramatically
reduces the computational time.
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Chapter 4 . WALL CHARACTERIZATION AND FREQUENCY SELECTION

The propagation characteristics of UWB signalsesmsential for the optimal design and
implementation of STW systems. In this chapterltiss mechanisms of various types of
walls is evaluated as a function of frequency. ®hgective is to examine propagation
through walls made of typical buildings materialsd aexperimentally acquire UWB

characterization of these materials. Along with siraulation, the experimental data will
provide useful insight regarding the operating ieucy selection and advanced wall
correction method when designing a practical syst8everal types of walls will be

investigated including drywalls, brick-walls, woedand concrete-walls, which are
typically encountered in a building.

4.1. Fundamentals of EM Propagation

In the analysis of harmonic time dependence, oes tise conductivity in S/m of the
medium or equivalently uses the complex dieleatoastante, having a positive real

part and a negative imaginary past,= € - je, wheree /£ =tand. Measurement of

&, has been previously reported of many wall matgrigable 5, It is important to know

here, however, that these reported, [52],[53], amehsured values are only nominal
values as many of these walls have complicatedtsties and made of many different
materials or comprised of many layers. For exampteks could be made out of

different materials including air and glass couddrbetalized. Additionally, humidity can

play an important role in changing their electritaacteristics given that water has a
very high dielectric constant. It is expected tdaed bricks for example would have

lower dielectric constant and significantly loweass$ factor compared when it is wet.
Additionally, these materials could have frequedependent complex dielectric

parameters, hence reported values is given as meehsii a specified frequency and
environment conditions.

Table 5: Material Characteristics.

Material £ o S/m tan o

Glass 3.8-8 <3x10 @ 3 GHz

W ood 1.5-2.1 <0.07 @ 3GHz
Gypsum board 2.8 0.046 @ 60 GHz
Chip board 2.9 0.16 @ 60 GHz
Dry brick 4 0.05-0.1 @ 4.3 GHz
Dry concrete 4-6 0.1-0.3 @ 3,60 GHz
Aerated concr ete 2-3 0.1-05 @ 3,60 GHz
Limestone 7.5 0.03

Marble 11.6 0.078 @ 60 GHz
Ground 7-30 0.001-0.003

Fresh water 81 0.01

Seawater 81 4
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To investigate the loss mechanism from EM pointiefv, we will assume plane wave
propagation in the far field of EM radiation, aret us assume that when a plane wave
propagating in air it encounters a boundary withifeerent dielectric constant, therefore
part of it will be reflected and part of it will be#ansmitted. The reflection and
transmission coefficients are generally functiontleé incident plane wave incident
angles and polarizations. Table 6 summarizesdathection and transmission coefficients
as a function of the incident angle. Reflectionftioents are generally higher for higher
dielectric constants and that of TE are generalijjnédr than TM for oblique incidence.
When a wall structure of multiple dielectric layessencountered, faces of the walls are
parallel to each other and can be approximatedws-dielectric layers. The reflection
and transmission coefficients through the wholecstire can be calculated using the
transmission line approach. The reflection and simr@esion coefficients are listed in
Table 6. The expressions in Table 6 and Table valre also for walls with losses where
the propagation constant becomes complex. Thedtooeats are function of frequency
and some frequencies can pass through the wall refi#tively low reflections which is
important observation for UWB applications. One athage of using UWB signal to see
through wall (except in a very lossy media) is thatre is always a fraction of the
spectrum that would penetrate through the buildivejl enough that allows: post-
processing to recover the image behind the wadismate wall materials, and correct
image defocusing. However, due to the complexityhelse analytical expressions, it is
very difficult, if not impossible, to use the refton or transmission coefficient in a
closed analytical form for STW.

Table 6: TE/TM Coefficient at a Dielectric Interface.

reflection transmission
TE ZJE - ZTE cos@ - ‘Er COﬁr T =1+l = 2cosd
TE T STE TE TE ™ cosf+./e co
ZF+2Z™  cosf+.[e, cod, , cogy

™ - _zZM—z™ e cosd- cod, T Cqer. - 2/¢, cosd
™ ZM s Z™ \/STCOSH+CO§r ™ ™ \/STCOSH+CO§F

Wherecoss, =/t (sird 4z, §
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Table 7: TE/TM Coefficient through Dielectric Layer
reflection transmission

e |2 =27, Z, cogB,w+ jZ sing,w
" Z,,coB W+ jZ sing w Te =1+ Z;,
B A
" cosfr e -sin?@
Z, cospB,w+ jZ,singB,w Te=1+2Z,
"Z,cosB W+ jZ, sinB,w

JE —sin?@
Z, =,/% cosf, = /#%%T

Where cost; :\/1—(sim9/\/£_r)2 , Z, Is that for Air

™ | Zn =2

4.2. Experiment and M odeling of Wall Char acterization

The characterization method adapted here is baseseasuring an insertion transfer
function, defined as the ratio of two signals meedgun the presence and in the absence
of the material under test. The insertion tranfdection can be obtained either through
frequency-domain measurements using a vector nktaoalyzer, or by performing
time-domain measurements using a pulse generatioa aampling oscilloscope and then
Fourier transforming the measured signals into trefuency domain. Here, the
frequency-domain technique is used to attain thastnement data.

The experimental setup to evaluate the transmisiosugh the walls is indicated in

Figure 4.1. The transmitting and receiving antsrer@ positioned on a line of sight, and
the transmission coefficients are measured with \gitldout the presence of these wall
slabs that are presumed to be located between ttaesgnitting and receiving antennas.
The insertion function is attained by normalizitg transmission coefficient with walls

in comparison to that without walls. In generhk tiorn radiation pattern must be taken
into account for large angular displacements. Hm@wefor narrower incident angles (i.e.

slightly off-the horn broadside radiation) the effef the radiation pattern is only few

decibels.

HP8510C network analyzer and two identical stantiards are used. The two antennas
are connected to port 1 and port 2 of the vectowork analyzer and separated by 10m.
Both the input return and transmission coefficieate recorded as a function of
frequency, i.e. S11 and S21. For a high accurdwy,ldcations of the transmitter and
receiver are fixed and the walls are mounted oroaeable platform. In this setup, the
incident waves are assumed to be TEM waves andr@aweal incidence conditions. The
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loss through a wall is calculated from normalizithg insertion loss “S21” measured
when the wall is between the antennas, to the Stbbut the wall in between (i.e. free
space S21).

Figure 4.2 plots the RF attenuation for differeypes of walls, based on our
measurements, in comparison to Currie, et al [R][5he results show that most walls,
such as dry wall, plywood, and bricks are fairlgnsparent to radar frequencies, thus
making through-the-wall imaging possible. But &ality, materials are often soaked
with water, which will cause even relatively higlagtenuation through the walls, and this
additional loss must be taken into account [S54fadar signal must penetrate concrete
block, a practical operational frequency is abo@Rz, otherwise the usable frequency
range should not be greater than approximately Hz.GVarious techniques to
characterize wall materials for UWB STW and comrmoation applications were
addressed in [55]-[66].

The measured results were utilized to develop @singssion line equivalent circuit of

wall for the normal incidence. The model has bdereloped in Advanced Design

System (ADS) [x] and is shown in Figure 4.3. Thdl\wkbs and free space paths were
represented by transmission-lines components in . AIX® material properties, such as
wall thickness and dielectric constant, can be stdgliaccordingly. This model is to run

frequency domain S parameter sweep and the prevealswall measurement can be
replicated in ADS. Figure 4.4 shows the insertiosslversus frequency for drywall slabs
with different wall thicknesses, where the measue=iilts of insertion loss match the
simulation very well.

The proposed model is simple and very sensitiveotb the real and imaginary parts of
the dielectric constants of the material, and hadyced very good results. This method;
however, is based on assuming non-dispersive rahtgoperties, i.e. constant complex
dielectric constant within the operating frequemagge. This assumption is generally
accepted for materials such as wood, glass, dri-arad Styrofoam. Bricks and concrete
walls are generally however, has a slight frequeteyendence as their imaginary part
(i.,e. loss tangent parameters increase at higheratpg frequencies), and other
measurements methods should be considered. Haeckcted results are an estimate of
the average dielectric constant of the materiahiwithe operating frequency range.
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The addressed measurement and modeling providablalinsight to the STW system
implementation. First, UWB technology provides tleibility of choosing the operating
frequency over an extremely wide frequency rang&gw 900 MHz, or from 3.1 GHz to
10.6 GHz according to FCC definition. The atterardtoss data in Figure 4.2 indicates
that lower frequencies are generally preferredtfair favorable propagation through
materials (less attenuation and backscattering).tl@nother hand, radar technology
prefers higher frequencies in order to achieverforess-range resolution. Hence, for a
practical system implementation, a trade-off must tmade among the operating
frequency, the system power, and the designed radalution.

Secondly, the straight-forward ADS model can seawvean efficient and accurate tool to
characterize various wall structures. Since thertren loss and dispersion of the waves
greatly depends on the wall type, the operatingeleangth and bandwidth, a first step in
developing STW imaging method, is to study the atfté wall on the transmitted UWB
signal. In Chapter 3, FDTD-based computational wethas been presented for STW
EM simulation. However, it is time-consuming andquies huge computational
resources. The proposed ADS model can do fastlaiion while providing relatively
accurate result.

When encountering a wall structure, initial valdes the material parameters based on
previously published results, summarized in Tablea® be fed into the ADS model, the
general return loss and transmission propertiesbeagiscovered, in terms of magnitude
and phase over a wide frequency range. If staftioghn measurements on a complex
multilayer wall structure, the model parametersshsas dielectric constant and loss
tangent can be tuned and optimized until it mat¢thesmeasurements, thus providing an
estimate for the overall wall materials charactess This simple ADS model will help
to take the wall effect into account, particulasligen compensating the wall effect during
imaging formation for both normal and oblique irende.

It is important to recognize here that in real 8t®narios, wall composition is not known.
In other words, practically, it would be difficulbr even impossible to measure
transmission coefficient. Additionally, there ie way to identify the wall thickness or
the layer compositions. It is a challenge nowadaysSTW technology to develop

efficient algorithms to estimate the wall physigahrameters based on reflection
measurements only. This could be in either frequem time domain. This is typically

an inverse scattering problem from an EM pointiefw
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Chapter 5. ULTRA WIDEBAND VIVALDI ANTENNA ARRAY

Compared to conventional narrow band systems, ¢h&lenging to design an antenna
for UWB systems since one must consider the trdfdeed wide bandwidth, good input
match, small size, minimal dispersion, and low césnumber of UWB antennas and
some of their characteristics are summarized iner@bThis list illustrates some of the
most common designs and limits of their operati@m. this list, spiral antennas are
dispersive in nature, and therefore not suitablesfmrt pulse applications. Patch antenna
normally has small bandwidth; however, its bandiwidan be extended by stacking
multiple resonant sections of different dimensiahthe expense of complexity in its
design and fabrication. Meanwhile, TEM and Bow-&igennas have the required EM
characteristics of an UWB application, but thengasizes make it difficult to use them
in a practically portable system or an array system

For a STW application, the transmitting and recegvantennas must be compact and
lightweight for portability. Besides the requirent®mn their physical size, the antenna
must be able to transmit UWB pulses with minimataiition. The antenna’s radiation
pattern needs to be accounted for also since gignifimage distortion might be seen
due to the radiation pattern angle dependence.nowel design of UWB patch, Vivaldi
antenna has been reported to be used for STW apph¢ because of its favorable
characteristics: simple structure, light weightdeband, high efficiency, and high gain
characteristics. Theoretical and experimental amslgf Vivaldi antenna characteristics
can be found in [67]-[77].

This chapter will discuss the development of a \dvantenna array for STW [67]. In
this design Antipodal Vivaldi antenna element anidkiWson power divider are used to
achieve a bandwidth from 8 to 12 GHz. The main athge of this element over regular
Vivaldi antenna element is that very wideband penénce can be achieved using the
antipodal tapered slot with its inherently simplel@band transition from microstrip line
to parallel-strips.

Table 8: Antenna Characteristics

Type Bandwidth Polarization Size

Patch Large Linear/Circular Small
Slot Medium Linear Small
Spiral Large Circular Small
TEM Wide Linear Large
Bow-Tie Wide Linear Small
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5.1. Design of Antipodal Vivaldi Element

The array design starts from a single Antipodaldlivelement, shown in Figure 5.1. For
Vivaldi antenna, the exponential tapered profil@isommon shape to obtain wideband
10dB impedance. The exponential taper profile fndd by the opening rate and the
two pointspk,(x,, y;) andr,(x,,y,) (use the first and the last points of the expdaktaper)

y=ce¥+c, (5.1)

where

R R
— Yo=Y c =y1exz_y2e>g
1 esz _eR>gL 1¥2 eRx2 _eRx1

(5.2)

Given the highest frequency of operatien), the widthw of the tapered slot antenna
should satisfy equation (5.3) to circumvent thaiggalobes of Vivaldi array.

we<—° (5.3)

fuvfee

wheree,is the effective relative dielectric constant. bidaion, the antenna is fed by a

microstrip through a stripline transition as shoimnFigure 5.1. The element will be
fabricated on Rogers 20-mil Roger 4003C materidh i relative dielectric constant of
3.4. It is optimized in Ansoft High Frequency Stwe Simulator (HFSS) tool to achieve
both the compact size and good performance atgbeating frequency band from 8-12
GHz. The dimensions indicated in Figure 5.1 arenfrihe optimization results. The
simulated far field radiation patterns of this etethat a center frequency of a 10 GHz are
illustrated in Figure 5.2. The element has ~ %, BdB beamwidth and a 5-dB gain.

5.2. Design of the Vivaldi Subarray

Sixteen antipodal elements are combined throughileindbn power divider to form a
subarray. A 3-section Wilkinson divider is chosercompose the 16-way binary divider
tree, which provides equal amplitude and phaseasgmver the 8-12 GHz bandwidth. A
1 to 4 Wilkinson divider was built to experimenyaliest the performance, shown in
Figure 5.3: 1 to 4 Wilkinson Divider. The predictechnsmission and reflection
performance of the 4-way divider is shown in Figbrd: Divider Characterization(a).
Insertion loss of each path is about 7dB with titiBtuation. Reflection at Port 1 is
better than —10dB from 2 to 14 GHz, shown in Figbi# Divider Characterization(b).
Indicated in Figure 5.4: Divider Characterization(¢the worst-case relative phase
imbalance is of 10° degrees from 2 to 14GHz. ®tarn loss of each port is below -
10dB from 2 to 14GHz, and both are in excelleneagrent with the predicted results.
Measured results of other ports are not plottedamat they follow the same pattern as
S21 and S11.
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The top and bottom layers of the fabricated 16-el@nsubarray are shown in Figure 5.5.
The element spacing is equal to the width of ametd, which is ¢+2w) = 0.946”
(24mm). To ensure no grating lobe, the followingdition should be satisfied [78],

(d +2w) < (54)

1+|cosg|

Where (I+2w) is the element spacingjs the wavelength at operating frequency, gnd
is the steering angle. At broadsidg,= -90 degree, this reduces the earlier condition
(d+2w)< 1. At endfire, ¢ = 0 degree or 180 degree, it reduced<ol /2. This subarray

has%:gd) and s slightly smaller thary at 12 GHz, which predicts a grating lobe at the

upper band of the operating frequency and shoutdeaised at frequencies beyond 12
GHz to avoid grating lobes, however, higher sideltdyels are expected at 12 GHz and
above. The main beamwidth of an array is giverhieyftllowing formula [78],

0886 A

" sing, Nd (55)

dB

which predicts that around 10 GHz this subarrayddsdegree 3-dB-beamwidth in the
E-plane.

Radiation pattern of the 16x1 array are measuriggur& 5.6 shows that the array pattern
is almost constant within the operating frequeranyge. The 3-dB beamwidth is about 4
in E plane and 70n H plane. At 12 GHz, side lobes occur af,86hich is due to array
element spacing. The measured gain varies fromBl®d 4 dB, where about 3dB gain
drop are related to the long feed-line of the dis#ribution network. The closest visible
sidelobe occurs at 8@t 12 GHz in the E plane; and the 3-dB beamwidthbisut 4 in
the E-plane and 70n the H-plane. The measured results match theretieal values
predicted by Eq.(5.4) and (5.5).

Figure 5.5: Top and Bottom views of 1x16 Vivaldi Array (7” x 16”).
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5.3. Design of a Full Array

A full array with sixteen 16-element sub-arrays wasdt for 8-12 GHz operation and is
shown in

Figure 5.8. This full array has a fixed elevatiaa pattern (E plane) shown in Figure
5.6(a), and can be synthetically steered in themath plane (H plane). The sub-array
spacing is set to 2.4 cm, which @84 at 10 GHz for suppressing grating lobes over the
scanning angle from -80to 3(. The synthesized azimuth (H plane) 3-dB main
beamwidth is around 40° at broadside, accordingat¢5.4). Because of the presence of
sing, in the denominator, the beamwidth will get broadsrthe array is synthetically

steered from broadside to near endfire. For a figédrating frequency range, one can
either increase the inter-element spacing d onthmeber of array elements N to decrease
the main beamwidth and improve the array diregtivitowever, increasing N will make
the array larger and more complicated to fabriciatereasing d will cause grating lobes
and would limit the viewing angle. Depending onfeliént applications requirements, a
trade-off must be made between the array perforsmanch as the main beamwidth and
steering range, and the array design degreeseddre such as the inter-element spacing
and the number of elements.

A Single Pole 16 Throw (SP16T) switch, Figure 5.i50designed to automate the SAR
operation. The SP16T switch is comprised of 15gi®irPole Double Throw (SPDT)
switch units, utilizing a binary tree structure g 5.9. The used SPDT MMIC unit is
Hittite HMC347LP3 [79], with a 1.7 dB insertion §s40-dB isolation, and have a DC —
14GHz operating range. The MMIC board is made.0508cm Roger 4003C substrate
and placed in a customized aluminum housing pacKBige switch driver is comprised
of 74HCO04 chips and utilizes a 4:16 decoder toppl@dyg 4-bit TTL word provides 16
logic states, from "0000" to "1111", each of whiciins on the corresponding channel.
By feeding 4-bit TTL signal to the driver, the ckassub-array will be turned on. More
details of the driver circuit design can be found79].

The simulation/measurement return and insertiose®sesults of the SP16T switch are
demonstrated in Figure 5.11 The return loss isebettan 12 dB within the 8-12 GHz
operating band. The typical insertion loss is 8ait8l with less than £ 1 dB fluctuation
for all the 16 paths (only results for one charare plotted as example). This switch,
however, has considerable high insertion loss alB3 due to the high loss of its
individual SPDT units. Considerable performancerimmpment and structure complexity
reduction can be achieved upon utilizing the rdgeaailable SP4T switch HMC344.
The simulation shown in Figure 5.11 predicts asiéadB less insertion upon using the
new SP4T units.
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Figure 5.8: Full Array with SP16T Switch.
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Figure 5.9: SP16T Binary Tree.
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(a) MMIC Board and Housing Packagégb) Driver Circuit
Figure 5.10: SP16T Switch.
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Figure 5.11: Measurement Results of SP16T Switch.
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5.4. Study of Mutual Coupling

The developed full array is for SAR operation whenty one single antenna is used at a
time. It is well understood that the mutual couglwould affect SAR’s operation to a
great extent, if not compensated during image ftionaHence, mutual coupling due to
the presence of the neighboring elements must bemzied. An extensive set of
measurements are carried out to evaluate suchteféscfunction of each sub-array’s
location on the full array. The linear full arraydits sub-arrays are represented as Figure
5.12.

In this implementation with a physical spacing of 2m, the coupling between these 16
sub-array elements is less than -23 dB as showkigare 5.13. The parametefs
represents the coupling level between the sub-amrthye R and Ry positions, valued by
HP8510C VNA's S-parameter measurement. Mutual eogpéffect on the radiating
element patterns has also been investigated asatedi in Figure 5.14, where the
radiation pattern was measured first for one suayathe central one), then compared to
those of adding N sub-arrays at both sides of émtral one. In Figure 5.14, N=0 means
there is no neighboring sub-array next to the etntne, N=1 means adding one
terminated sub-array at both sides of the centrbtasray, and so on. The differences
between these various radiation patterns are gotfisiant and for all practical reasons
they can be assumed constant in the SAR implememntat

The measurement indicates that the assumption alasub-arrays are adequately
independent of each other is a good approximabtmerwise extensive calculations are
required to account for the radiation pattern wamand mutual coupling in the SAR
code implementation. Wider spacing between the efesnshould reduce the mutual
coupling between the elements, but it could camseanted grating lobes.

In conclusion, the design of a full SAR array basadVivaldi antenna is presented. The
array design is optimized to have a compact siz¢ almost constant gain with its
frequency range. The design of an ultra-widebaRd63 switch to automate the full
array is also discussed. The full array is manufact and connected to SP16T switch
and will be utilized as part of STW imaging systérhe implemented array covers 8-12
GHz and is geared towards see through low-loss riabkteuch as dry-wall for high
resolution. As is discussed in Chapter 4, it maydbsired to operate STW system at
lower frequency for better signal penetration esgdlgcfor lossy walls such as concrete
walls. The nature of Vivaldi antenna allows it te éasily scaled up/down in frequency
range to cover one specific frequency range whitechanging its element configuration.
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Chapter 6 . CONCEPTUAL SYSTEM BASED ON OSCILLOSCOPE

Based on the previous study of STW modeling, wdlaracterization, and image
formation, a conceptual UWB STW imaging system &veloped. The system is
comprised of the previously developed UWB Vivaldiag, off-the-shelf components,
and RF instruments. System integration includinglvare and software aspects will be
discussed in detail. The goal is to provide an grpntal platform of minimum design
complexity and cost, which is capable to run faltle see-through-wall testing for
concept demonstration and further imaging methadlies [80][81]. The system
leverages our efforts to develop Vivaldi antenndastay and a custom UWB
reconfigurable pulse generator [82]-[86]. Theoaduced system architecture, based on
an oscilloscope, provides a simple and universatroautomation/data acquisition
mechanism that is independent of the operatingieqy. The current system is centered
at 10 GHz to see through low-loss materials likgnddl. However, a lower-frequency
design to see through high-loss materials like ceteewall can be reconfigured by
replacing a few components in the radar transcesvel scaling the Vivaldi antenna
elements, while the majority of the hardware anftwsye modules remain untouched.
Preliminary imaging results from the developed eyswill be discussed.

6.1. Transceiver Design

Since a carrier signal is required to up-convestWWB signal to a high center frequency
as 10 GHz, a conventional homodyne transceivendamented, as shown in Figure 6.1.
In order to reduce the design cost and complegrifythe-shelf products are used except
a few key components, such as the array and tise geinerator. A typical example of an
operating mode is: The transceiver sends out subsarond pulse train at 10MHz rate,
which is modulated by a 10 GHz LO signal through thixer. The array received-signal
is down-converted through 1/Q demodulation, anch ttwited to the oscilloscope. The 10
MHz sine wave signal from a function generatorrimsient will feed the pulse generator,
controls the pulse repetition rate, and also prewithe sampling synchronization to the
oscilloscope.

The mathematical forms of the signal flowing thrbutlhe transceiver are derived as
follow. The original transmitted signal is a pulseedulated carrier as Eq.(6.1), where
p(t) is the UWB pulse train arfd is the carrier frequency.

S; (1) = p(t)sin@27ft), (6.1)

The returned signal expressed in Eq.(6.2) willabdelayed replica of the transmitted
signal,

S, (t) = ADsin@7 .t + ¢(t)) = G Op(t —t,) Osin(7 .t — 27 .t,), (6.2)

The phase term irr () is introduced by the round-trip travel time frohetradar to a
target, assuming the distance between thd The phase term is expressed as Eq.(6.3).
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b= -21f t,, = ~27f Z—CR - —?. (63)

The S;(t) can also have the following form:
Sk (t) = ADSin@7f .t + ¢(t)) = Acos(t)) Osin@7f .t) + ATsin@(t)) Ccos@rf.t) (6.4)

Through quadrature demodulation implemented byhbmodyne transceiver, the in-
phase and quadrature components can be sepa@tetht received signal,

| = Acos@(t))) In-phase component, (6.5)
Q = Asin(@(t))) Quadrature component. (6.6)

I and Q signal will then be translated into targatge information, through Sum-and-
Delay beamforming method or other advanced radagiing methods.

6.2. System Integration

The overall STW experimental setup in Figure 6.2ststs of a customized radar
transceiver, a Tektronix TDS8200 sampling oscilbgsr; an Agilent 33220A function
generator, an Agilent 83622B synthesized generatat,an Agilent E3631A DC power
supply. An UWB horn with 1-18GHz range is used las transmitting antenna and the
full array is for receiving. The TDS8200 oscillopeois to digitize the received radar
signal and be the controller of the whole systehe 33220A function generator provides
the pulse trigger signal and the sampling synchkaiin signal. The E3631A power
supply feeds the necessary DC bias to various coems in the transceiver and the
SP16T switch. The 83622B synthesized generatdreisource of LO signal. Figure 6.3
illustrates the interconnection of the system. €hae two categories of interconnections:
the first is for the system automation and conrobose, including GPIB bus connection
between the instruments and the Parallel port adimmefrom the TDS8200 to the array
switch. The second is the microwave signal conagastibetween the transceiver and
instruments.

The STW system is controlled and automated by tB&88P00 oscilloscope, which is
also a windows-based PC. A computing environmemt anprogramming language,
Mathworks Matlab, installs on the TDS8200 first.ehha Matlab command-line script is
written to control the TDS8200 and other associatsttuments through GPIB bus and
Parallel ports on the rear panel of the TDS820@ détailed methods of utilizing Matlab
scripts to control the oscilloscope and other ursgnts through GPIB bus and Parallel
port can be found in [87][88]. A flowchart of thewkloped script is shown in Figure 6.4.
The script first initializes the TDS8200etting up the sampling resolution, sampling
points, memory length, and etc. Then it continesend out commands through GPIB
bus to configure the connected synthesizer genetthi® power supply and the function
generator for desired operating parameters. Alfigl, the script sequentially sends out 4-
bit code to the SP16T driver through the paraltet pn the TDS8200. When a specific
sub-array is turned on and stabilized, the scrgsttioues to instruct the TDS8200 to
sample and store incoming signals from the trameceiThe sampling process is
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completed if the data from all array channels aected. A Matlab image formation
module can be included in the script to processctiilected radar signal and display
images on the screen.

This experimental STW system using the developedhsyic aperture array provides a
synthetic steering capability in the azimuth plaared allows static STW imaging. It
provides much experimental flexibility. It is bufior potential high-resolution imaging
purpose, due to its high operating frequency arot8dGHz. However, for better
penetration and lower loss, it is desired to ogeaabTW system at lower frequency such
as around 3 GHz. Luckily, the flexible and simpteag control/automation mechanism
based on the sampling oscilloscope allows one toramodate the system to a lower
operating frequency with least modification. Foaewle, the Vivaldi array can be easily
scaled to frequency around 3 GHz; by using offghed UWB components, the RF
transceiver can cover extremely wide frequency eanlge Matlab-based oscilloscope
control/sample/process script is a universal modedmrdless the system frequency; the
use of a synthesized source provides a wide rafgelection of the LO frequency.
Sampling scope normally provides a wide analog Wadtth but extremely low sampling
speed, which limits its use to repetitive signatgl atatic scenarios. For a real-time
application, high-performance real-time oscilloseopan be used. Following is one
example of the experimental results. To have anmuged microwave frond-end/
transceiver design, the electronic design automadol, Advanced Design System (ADS)
can be used to perform the transceiver link-budgsénanalysis [89]. Particularly, ADS
provides an UWB library of UWB components and UWiaenel models, which allows
an easy UWB system simulation [89].
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Figure 6.2: STW Setup.
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6.3. Experimental Result

As the first system test, a 50cm square metal plae placed 8 meters in front of the
array as a radar target and no wall is placed atwhe radar and the target. The
reflected signal, received by the array and digdiby the TDS8200, is plotted on Figure
6.5. Each subplot (from C1 to C16) shows | chatiragle in red and Q channel trace in
blue. The data was processed through Sum-and-Omgaynforming algorithm. The
resulted image is shown in Figure 6.6 and the rigtlighted spot, target image, clearly
identifies the position of the metal plate. Theulesl image validates the proper
functioning of the transceiver, the full array, ahd system automation blocks.

STW experiments are then carried in a more sophistil environment, inside a building
corridor. The floor plan of the corridor is shownFkigure 6.7. The corridor is shielded by
concrete walls on sides, with a side wall blocktloa far and two metal doors. A 0.5-
inch-thick drywall panel is placed 0.5m in fronttbe radar system to simulate the wall
structure. Two target objects are placed at tharsng plane of the SAR radar. One
target is a metal cylinder with a 12cm diameter 2addm height; the other is a 20cm x
15cm x 24cm metal tank. The oscilloscope-colle@AdR data is processed through the
time-domain Sum-and-Delay beamforming algorithmjolwhcause fast scanning over a
large area. One typical resulted image is ploiteéigure 6.8. One may identify the
locations of the two targets precisely, and discaweigh layout information of the
corridor. The reflection from the drywall is traatdd into the blurred spots in Figure 6.8.
The positions of the side wall block and metal daare well identified.

Because of the low loss and low reflection, theaddy is almost transparent to the radar
signal, and doesn’t cause severe defocusing oimthge. However, the characteristics
associated with a realistic STW application, such the through-wall scattering
mechanism and limited radar aperture size makery difficult to form high-resolution
images. The defocusing mechanism and its correchlinto wall structures have been
addressed in Chapter 3. A simplified wall modelpresented again in Figure 6.9 to
address the importance and challenge of image t@maThe geometric signal path
between Transmitter R and Target R sL1+ L2+ L3, but the actual electrical length
is Lef=11+,/gL2+L3. This wall effect need to be corrected otherwis#l wause
defocusing of images. Authors developed an itematitethod based on the classical
back-projection method to correct the defocusing uan unknown wall. However, it is
still impractical to use such a time-consuming rodtho solve the STW problem in a
realistic environment where the much more compdiddduilding structure presents.
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Leveraging the effort of STW simulation based orDTD, which has been discussed in
Chapter 3, one real experimental scenario is thedehed in CFDTD to compare with
experimental results. One simple experiment isi@mut in an open space area first: a
metal panel (12 cm x 24 cm) is placed at differdistances from the radar directly (no
wall in between), and the beamforming image is fnafter collecting data from the
receiving array. The targeted panel is placed lanch 3.4m away from the radar. The
corresponding model was built in CFDTD: a pulsedrse centered at 10 GHz is
implemented in order to simulate the actual expenital scenario. The images recovered
from the simulated and actual experimental datapaseessed through Sum-and-Delay
and Back-projection imaging method; then comparedrigure 6.10-Figure 6.13. The
comparison shows very good agreement between neethand experimental data.

The operation of the designed STW system has baktated through experiment and
simulation. It provides the capability of azimutlape scanning and makes static imaging
through low-loss materials. The system utilizestb#-shelf components/instruments,
and leverages the available hardware and softweateologies. The introduced flexible
system architecture allows reconfiguring the systenoperate at various frequency
ranges with little design effort and reconfiguratiorThe progress in UWB hardware
development has made it possible to design a ftdtesn with reasonable cost and
complexity.
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Chapter 7 . STANDALONE REAL-TIME SYSTEM BASED ON FPGA

7.1. Design Consideration

There are various design parameters that need ¢sthblished before implementing the
design concepts. First, the FCC requires that Sy¥tems should operate either below
960 MHz or within the frequency band 1.99-10.6 GMable 1). Our study in Chapter 4

shows that the practical frequency is below 3 Gélbést penetrate high-loss material
such concrete block; meanwhile the frequenciesaud GHz have the potential of

resolving higher imaging resolution and of resgtin more compact radar front-end
(array size particularly), but only suitable fomdoss walls. The wall-associated feature
leads to a necessary trade-off among minimizingg@gation loss, maximizing imaging

resolution, and maintaining a realistic front-emes

Secondly, the system power requirement should &engld to accommodate the STW
features. At a fixed operating frequency, the powveguirement is determined by the
radar equation,
2
SNR= 3PC;‘/] g (7.1)
(4m)°R'LF KT,B
whereP is the transmitted poweG the antenna gaing the target cross sectioR,the
radar rangel the system losd;, noise figurek Boltzmann’'s constant, and is the
noise bandwidth. In STW applications, the detectobrhuman being could be of most
concern. Studies show that the RCS of a human bodwrious positions (standing or
kneeling) may swing between 0 to -20 dB, given thauman body has about  RCS
[90]. The loss through walls could be significaamid a 10 GHz signal through a concrete
block would suffer a 30 dB round-way loss [90]. Assng a 14 dB SNR for a reliable
front-end detection and a 10 dB antenna gain, a Sy3&m would require at least-88
dynamic range (how many bits!!!!) for the front-eptbcessing. For a practical system,
the link budget needs to be analyzed, taking intmant the radar front—-end performance,
the detection range, and the FCC rules if appleabl

The implementation of subsystems could be a haeldeasign, such as the front-end, or
combination of hardware and firmware like the dateguisition module. For the

microwave frond-end, the UWB pulse generator arel dhtenna array are of most
concern. The UWB pulse will directly impact the tgys bandwidth and the range
resolution. Various design methods have been regpoid generate a pulse with the
desired frequency bandwidth, pulse width, and psksge. Along with the generation of
UWB pulse, the antenna need adapt to UWB transomssteveral types of antennas
have been utilized in STW applications, includirgrhantennas, Vivaldi antennas, and
patch antennas. The selection of antennas will teeéiy depend on the system’s

requirement on portability and bandwidth. The pulgmerator and the antenna need
custom consideration for their critical requirementUWB performance. As of the rest
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parts in the front-end like amplifiers, filters,xars, and etc., commercially available off-
the-shelf components could be sufficient for anegzixpental platform.

One great challenge of the STW system developmeyt maside in the acquisition of
UWB signal. For example, to capture an UWB puls€elio$ width, a fine acquisition
module needs to have 200ps sampling resolution #5Gp&/s rate) and analog
bandwidth of several GHz. Commercial solutions hsas PCl-based digitizers and real-
time/sampling oscilloscopes, are available yet wtgensive [92][93]. A custom low-
cost data acquisition module will be favorable &SWT platform. Two mostly used
sampling methods can be considered for a custongrdeseal-time sampling and
equivalent time sampling [94]. Luckily, in a STWesario, the returned radar signal can
be considered quasi-static and periodic within artsperiod of time, which makes
equivalent time sampling a feasible option. The amtizge of the equivalent-time
sampling is to achieve a relatively high sampliegadution, such as 200ps/sample, at low
real-time rate, i.e. 100MSample/s instead of 5GS3efsp Equivalent-time sampling
method will also relax the specs of the data s®rstgucture. A real-time digital data
stream at 5GSample/s would be difficult to handlbkile receiving a digital data stream
at 100Msample/s will be a much more realistic.

A data acquisition module based on the equivalem-tsampling method could be
sufficient for a STW system, but the acquisitiomeéi needs to budge against the
detectable target speed in a real-time operatidre Waveform samples need to be
collected within the time period that a moving &rgpkes to cross over one resolution
cell while the returned waveform is considered &tant’. The target speed and the
acquisition time are related by,
a=R= M _gns (7.2).
v  5m/s

Given a target moving at 5m/s and a 3cm resolutedhare assumed, the available time
to collect the equivalent-time samples and recowver ‘constant’ waveform is then only
6ms.

Finally, for a standalone system, one digital colffrocess assembly is needed to
integrate and synchronize various radar subsystiralso needs to process the received
radar signal. FPGAs have turned out to be an igéatform for such a system
prototyping [95]-[97]. Commercial FPGA boards cae lbised to implement the
control/process module.

It is concluded that the developed system has tarbadaptable platform that can be
utilized over a wide frequency range. It shoulderoa practical range of 15 m, and the
power level/dynamic range should satisfy the expental needs of see-through-
concrete-wall. The microwave front-end discusse@lvapter 6, including the full array

and transceiver, will be used for the real-timetexyys A real-time data acquisition

module will be developed to handle a typical UWBspuarrower than 1ns.
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7.2. Design of the Data Acquisition M odule

As previously discussed, an equivalent-time sargpiirethod could be sufficient for a
guasi-real-time STW application. The implementatioina data acquisition module
typically includes both hardware and firmware depehents. The hardware development
is to integrate ADCs, timing circuit, memory, micomtroller, and auxiliary circuits on a
printed circuit board. The firmware is a set of eobed programs to control the
hardware. For any standalone system, the firmweaweldpment is a common practice,
while the UWB hardware implementation will requinigh-speed wideband mixed signal
circuitry designs and could be challenging. Weadtrice here a low-cost implementation
approach that utilizes commercial ADCs and FPGArt®#o realize high- performance
data acquisition. Such approach needs not to gudirthe hardware development, but
only requires a FPGA firmware implementation, whagnificantly cuts off the design
lead time. This section will introduce the hardwaredule first, and the firmware design
will be discussed in the next section along with ¢bntrol/process assembly.

The used commercial products are one Avnet Xilinkex-4 FPGA evaluation board
and two MAX108 ADC evaluation boards (see FiguB®.7The ADC has a 9-bit output,
2.2 GHz analog bandwidth and a 170 MHz maximum s$iagnpate [98]. Given the rule
of thumb that every bit of an ADC represents 6 dBymamic range, the 9-bit ADC will
provide the required 54 dB dynamic range. The Awoard is populated with a Virtes-4
FPGA chip, 50 MHz oscillator, RS232 transceivef) konnectors, and etc [99]. An
Avnet AvBus Breakout module (see Figure 7.1) isdusebreak in/out the digital date
between the FPGA and the ADCs boards [99].

Equivalent-time sampling method requires a higteisien timing circuitry, which
introduces a very fine delay, i.e. 200ps, to theCA&ampling clock and acquires samples
at the correct time instant of a repetitive wavefoProgrammable delay chips are often
used. For example, AD9501 of Analog Devices ha®m s Incremental delay resolution
and a 2.5ns full-scale range; MC100EP196FA of OmiS&enductor provides the same
10ps delay resolution but with a maximum 10ns debayge. At first glance, such a
timing circuitry seems missing from our proposeddiaare module. However, we notice
that FPGA boards are often equipped with clock gepes with fine phase adjustment in
order to align digital clocks. For example, the Avioard integrates a TI CDC5801
clock multiplier/divider, for multiplying/dividinga reference input clock (REFCLK) to
an output clock (CLKOUT). The output clock (CLKOUTan be delayed/advanced in a
minimum step of 1/384 CLKOUT period through the C3801's terminal controls [100].
The CDC5801 chip alone doesn’t look more attracthen other programmable delay
chips, but since one is already integrated on treef\board, it is possible to generate the
equivalent-time sampling clock through FPGA firmeaand get around the extra
hardware design.

82



(a) Avnet and Maxim boards  (b) Avbus Breakmaidule
Figure 7.1: Data acquisition hardware module.
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The overall diagram of the data acquisition modwdsed on the chosen hardware is
demonstrated in Figure 7.2. On the Avnet board, @®2C5801’'s various control
terminals are pre-connected to the Virtex-4 chipluding the CLKOUT/CLKOUTB
clock output; one 50MHz oscillator is distributerlioth the CDC5801 and the Virtex-4
chips simultaneously. One developed firmware rugnam the Virtex-4 chip would
manipulate the CDC580, in terms of the frequencytiplication/division and the phase
advancement/delay, to generate the sampling clockADCs, and simultaneously
receive/store the ADC output samples. The FPGA viiane also generates the
synchronization clock to the pulse generator arel 4kbit TTL signal to the SP16T
switch driver. The interface between the Avnet Hoand the rest part of the system
(dashed lines in Figure 7.2) is completed by th®#s/Breakout module. The Breakout
module plugs into the AvBus connectors on the Awtgtrd, and enables an easy access
to the 1/0O banks of the Virtex-4 chip. SMA cable® aised to break out the ADC
sampling clock and the pulse synchronization clotWwisted-pair wires are used to
connect each bit of the ADC'’s differential outpoithe FPGA board [101].

7.3. Design of the FPGA Firmware

The purpose of the FPGA implementation is to coteptbe UWB data acquisition
firmware and also develop a control/process modiiieh integrates the STW system. In
FPGA development, users provide a schematic desigrhardware description language
such as Very High Speed Integrated Circuits (VHDd.)Jdefine the behavior of FPGA
[102]. Our schematic and VHDL design is done iregmated System Environment (ISE),
the design package provided by Xilinx Inc. The allefunctional structure of the
implemented FPGA system is demonstrated in FigiBeThere are five major blocks: a
timing logic, memory banks, a beamformer imaging dale, an embedded
microprocessor, and a system control logic (FSMje Timing logic, along with the
CDC5801 chip, realizes the equivalent-time samptimgchanism. Two memory banks
with an identical structure are created for cordgimidata storage, which alternate to store
incoming digital samples. Once a bank is fully leddthe other will take over the storage
task while the loaded one will interact with thespprocessing blocks, the imaging or
microprocessor modules. The system control unitMF®lays an essential role in
coordinating each functional block.

Although the development of the FPGA firmware fareal-time STW system could be
labor-intensive, the implementation process isddeshand straight-forward, not different
from the system prototyping of other applicatiote use of FPGA as radar digital
front-end has also been a common practice [103][I0#e implementation here doesn’t
intend to achieve an optimum design from the FPGpeat, but to realize a fast STW
system prototyping through the strength and easyofishe FPGA technologies. This
section will address key FPGA logic elements arglgitefeatures that particularly favor
the STW real-time application.
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A. Generation of Equivalent-Time Sampling Clock

The timing logic is to collaborate with the CDC58ip and generate 100MHz ADC
sampling clock, which has a relative phase diffeeeto the 10MHz pulse train, as
illustrated in Figure 7.4. The destined or interrags clocks are aligned to the 50MHz
clock with zero phase difference, after initialigitine Virtex-4 and CDC5801 chips. Then
the timing logic generates a series of control aligit the CDC5801's LEADLAG and

DLYCTRL terminals (see Figure 7.5), which will dglar advance the 200MHz clock in
a step of 1/384 period (13ps). The 100MHz clocK imiherit the phase of the 200MHz
clock; hence an adjustable phase difference mehsutane will be established between
the 10MHz pulse train and the 100MHz sampling clogkich enables the equivalent-
time sampling. A 100MHz clock isn't generated dilgcbecause the CDC5801's
minimum Multiply rate is 4.

During the 1st 10MHz clock cycle, the LEADLAG temmai of the CDC5801 is set low
and a series of 200MHz clock cycles pass onto th¥ @IRL terminal (Adjust 1 in
Figure 7.6). For every rising edge at DLYCTRL, t8®C5801's 200 MHz output is
delayed by 1/384 period (13ps) [100]. After feedibg 200 MHz clock cycles, the
resulted 200 MHz clock will have 208ps delay coneplatio its original phase and also to
that of the 10 MHz clock. When the 2nd 10 MHz clagkle arrives, the timing logic
will stabilize the phase difference by switchingetlsignals on DLYCTRL and
LEADLAG terminals to 50MHz and 200MHz clock respeety. Starting from the 3rd
cycle, a delay of 208ps is established betweerd@hklHz and 100 MHz clocks and the
100 MHz clock will trigger ADCs for 10 samples oware radar pulse cycle (100ns). The
sampling will continue through N 10MHz clock cyclaad accumulate/average the N
samples at each of the ten sampling positions (KGadlect 1 in Figure 7.6). Then the
timing logic switches back to the ‘Adjust’ mode,dafeeds another 16 200 MHz clock
cycles at DLYCTRL (Adjust 2 in Figure 7.6). Now tdelay increases to 416ps and the
second group of 10 samples with an averaging fadtavill be collected. The process
will repeat 24 times until reaching the maximum %Sieday range (one period of 200
MHz). However, the required delay range is 10ngtiercombination of a 10 MHz pulse
repetition rate and a 100MHz sampling rate. Thesoth ns delay will be achieved
through advancing 200 MHz clock 24 times at a 20&ep by pulling up LEADLAG
terminal at “Adjust” stage. After 48 times of ‘Adjt/Collect’ cycles, the samples at 480
positions will be collected to recover the radarvefarm of 100ns period. Given an
averaging factor of 8, the number of elapsed 10 Mtlze cycles is (8+2) x 48, i.e. 48s.

The 48s is the time to acquire the waveform frora ammay channel. The 4-bit TTL word
to the SP16T switch driver needs to be increassd 0000’ to ‘1111’ at 0.4@8s interval

to turn on each array channel. It will takeug8« 16, i.e. 0.768ms, to collect a full frame
of array data. A finer sampling resolution sucti@4ps can be achieved if the number of
200MHz clock cycles at DLYCTRL terminal during th&djust” stage is reduced to 8
instead of 16. The trade-off is that the numberajust/Collect’ cycles becomes 96 and
the time required to collect one frame increasesnfl0.768ms to 0.768ms x 2, i.e.
1.536ms. In principle, the finest sampling resolutwould be 13ps, the minimal delay
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step of the 200MHz clock. But the trade-off for‘aasy’ implementation, which utilizes
AvBus Breakout module as the digital data interfac¢he degradation of the achievable
resolution. The experiment result will show thastmodule succeeds in acquiring data
with a 104ps resolution, which still makes this ierpentation an attractive solution for a
guasi-real-time STW experiment.

B. Implementation of Memory Banks

For a fast prototyping, Virtex-4 FPGA'’s on-chip Dyart Block RAM (BRAM) was
implemented to store the ADCs’ output. Given a dargpresolution of 216ps, the
number of one frame array data is 480x2x16, i.8605 and a total of 240 Kila-Bit
BRAM (16-bit per sample, 15360 samples) is requirktfirst glance, the averaging
factor of N will require N times of 240 Kila-Bit B&RMV, but the simultaneous Read and
Write feature of BRAM allows accumulating the N e@ifive samples and only the final
summed value will be stored. Virtex-4 chip familgshup to 9.9 Mega-Bit BRAM which
is sufficient to implement two identical BRAM banks alternatively store the ADCs’
output.

The 240 Kila-Bit BRAM will break into 16 smallerstge units, corresponding to 16
array channel, to allow parallel image processirtgctv will be discussed later. The
storage unit (see Figure 7.7) has two smallerBRAM elements loading separately the
receiver's | and Q data. Port A of BRAM elementanfigured for writing and Port B
only for reading data out. The 16 storage unitd shlare the same set of Write/Read
Enable and Address signals, the generation of whesds to be synchronized with the
100MHz sampling clock in Figure 7.6. At the ‘Adjustage in Figure 7.6, the Write
Enable (wea) is set low to disable writing into BRAAt the ‘Collect’ stage, ten
consecutive Write Address (addra(8:0)) repetitivaghpear at Port A during each of the N
averaging cycle. The Read Clock (clkb) and Readréskl (addrb(8:0)) at Port B will
replicate those at Port A except being half clogkle advanced than Port A. The 10
samples at the 1st averaging cycle are loaded #aMBERrough Port A at the rising edge
of 100MHz Write Clock (clka). From the"®to the Nth averaging cycle, before a new
sample is loaded to BRAM, the previously saved @alill be read out from Port B and
ready at A(15:0) port of the 16-bit adder. The adaeumulates the new sample and the
previously saved value, and only the sum will kedied to BRAM. In the end, the sum of
N repetitive samples is stored for post-processing.
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C. Implementation of Imaging Module

The use of FPGA to perform computationally inteesigdar signal processing has been
subjected to intensive research [105][106]. In fheper we don’t intend to explore the
full potential of FPGA in signal processing, butitoplement an UWB time-domain
beamforming processor to complete the developed S3wtem for a real-time
demonstration. The implemented processor is baseithe time-domain sum-and-delay
synthetic beamforming method. The time-domain sangplthe array signal saved in 16
storage units (see Fig. 12) can be expressed s&xsec

s =1,(M+iQ (Ni=12..16 (7.3)

where s (n )is the complex received signal from the array clerii, I,(n) is the in-
phase signal, an@ (n the quadrature signal. The beamforming is accahet by

mathematically applying the proper phase shiftstite received array signals; the
synthetic beam as a function of the time samplgs/en by:

R (n) = is (n)e” (n=12,....480 (7.4)

where R, (n) is time samples of a beam at the directiyn and ¢, ; is a phase shift
factor based on the beam directi@nand the array channels.

The FPGA implementation of an algorithm represeriigdeq.(4) is straight-forward.
One advantageous feature of FPGA is to allow aifaptementation is the CORDIC
(Coordinate Rotation Digital Computer) function, ielh can be directly invoked from
Xilinx ISE Design Environment [107]. Each of the BRAM storage units is followed
by a CORDIC element (see Figure 7.8). | and Q sespl BRAMs are read out from
Port B as the input to the CORDIC element. The CORbtates the complex input
number, x_in + j*y_in by the phase shift represdrity phase_in (15:0), and generates
the output x_out + j*y_out. The phase rotation @sdn parallel on 16 channels of array
data, and the results are summed to generate k& $iagm represented by Eq.(4). The
beams focused at different directions can be fornbgd varying the value of
phase_in(15:0). All valid beam output is stored avitl be displayed on an external
monitor through one simplified VGA driver, which rogerts the image data to the color
pixel on VGA monitor.
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7.4. Real-time Experiment

The whole STW system is shown in Figure 7.9. Clgatures of each subsystem are
plotted in Figure 7.10. Experiments were condudiecevaluate the data acquisition
module first. The pulse waveforms measured by atrdeix TDS7704B real-time
oscilloscope and acquired through the developed dedjuisition module are compared
in Figure 7.11. The oscilloscope is set for 50-tiene resolution while the acquisition
module is configured to have 208ps equivalent-tiesolution. The result demonstrates
good performance of the module at the least desighand complexity. One advantage
of this FPGA-based approach is that it allows ojiiing operating parameters, such as
pulse repletion frequency (PRF) and averaging fa@od extending for other related
practical system, through FPGA-VHDL software matifion.

Therefore the FPGA data acquisition module is apm®d respectively to have
208ps/sample and 104ps/sample resolutions. Theradg@aussian pulse waveforms are
demonstrated in Figure 7.12. The results show thatcustom module successfully
catches the pulse shape and the ringing effect.tWisted-pair lines secure a reliable
digital link between the ADCs and the FPGA boardaatO0OMSample/s rate. Higher
resolution such as 52ps is achievable through iwipgothe interface connecting the
FPGA to the ADC boards.

A full-scale STW experiment is conducted to tese ftieveloped real-time system
including the microwave front-end and the FPGA imggmodule. The experiment is
carried in the hallway of an office building. Figu7.13 shows the whole STW system
where a drywall panel is placed in front of the &di array to simulate the ‘wall’ and
one person wanders around. One of the 16 Vivaldisstays is used as the transmitting
antenna; the rest of 15 form a linear receivingyarirhe trace of the moving person is
displayed on the monitor in real time. Figure 7c)3¢he screen shot of the monitor,
shows the image of a ‘clean’ experimental scendéwit the target, which displays the
environmental response within a 15 meter distanoge and a -30/30 degree azimuth-
scanning range at 1 degree angular resolution &8ps2 sampling resolution. The
strongest response spot at the middle bottom ofirttege is a result of the direct
reflection of the dry wall. Figure 7.14 demonstsatiee radar images while the person is
moving at a maximum speed of 1.5m/s. Previouslpéattion V, it is stated that the
system’s data acquisition speed is 0.768ms/frame fB08ps resolution, which should
sustain the tracking of targets at a speed muchehighan 1.5m/s. However, the
0.768ms/frame acquisition speed is only the sigeaording speed. Although the
implemented fast sum-and-delay imaging algorithnmBan image within 0.748ms, the
refresh rate of a VGA monitor is 60Hz, which onlypports updating 60 images per
second on the screen and limits the tracking spEled.experiment further reveals that
the success of a practical STW system relies argua efficient image processing.
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Figure 7.9: Standalone STW System.

92



Siiae

) Fronteh Transceiver
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Figure 7.11: Oscilloscope Measurement Vs. Data Acquistion Module Result.
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Figure 7.12: Comparison of Tested Waveforms.
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(b) Human target;

(c) ‘Clean’ environmental response.
Figure 7.13: Real-time Tracking Experiment.
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Figure 7.14: Real-time Traces of Moving Target.
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For STW studies, it will be more useful to trandfer real-time data from FPGA memory
to a PC via the embedded microprocessor for o#-Emalysis. The experiment was
configured to explore such method based on theloged system. In this case, one
person stands-still 2m in front of the radar. Téeeived array waveforms are recorded at
a 2ms interval during a 4s period. Figure 7.15 camap the 4s recorded signal from one
array channel while the person is breathing smgqige Figure 7.15 (a)) and holding
his breath (see Figure 7.15 (b)). The waveformureabf the 100ns pulse cycle is not
visible because of the large time scale, but thezadlvamplitude of the 4 ns signal clearly
reflects the modulation effect of human chest \iba on the radar signal. The
modulation cycle of the recorded signal correspdondbe person’s breath rate of 0.5Hz.
The mechanism of human breath modulating UWB signay not be as simple as
amplitude modulation; but the phenomenon reveatéham approach of STW detection,
which is based on the analysis of UWB signal inefiirequency domain instead of
generating 2D/3D image. It also shows the potemtighe developed system for other
real-time UWB applications, such as cardiopulmomaonitoring [108][109].

(v) (3]

0.4 0.0
0.2 0.2
0.0 0.4
-0.2 0.6
-0.4 0.8
0.6 )] |10 (s)

o1 2 2 4 01 2 5 4

(a) Response of breathing  (b) Response of igldieath
Figure 7.15: Comparison of Returned Waveforms from Human.
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Chapter 8. SUMMARY AND CONCLUSION

UWB radars are capable of producing high-resoluiivages by combining the benefits
of UWB short pulse technology and those of synthatrays. This dissertation reports
the development of a real-time standalone STW SA&eb imaging radar system. The
development of a standalone STW system could beakeaging task, but the advance of
technologies has made it possible to realize otie avreasonable cost and design effort.
The design of each subsystem, including the micvewleond-end, the data acquisition
module, the system control/process module, andafiseciated integration issues have
been thoroughly studied. For each challenging at@ah will play a significant role in a
final system implementation, such as the STW EM elfiad, array design, and wall
material characterizations, a solution is put fadvand a complete system has been be
demonstrated, with the least design effort andadiffy. Off-the-shelf components are
used, whenever possible, to shorten the developtimaet and reduce costs associated
with a new technology development such as the U

The developed system can clearly delineate a nuoflEjects through a wall, and it can
also track targets moving behind the walls. Radaages of stationary objects or the
room layout have been successfully generated bydtheloped static or real-time
systems. Our current array, for example, displagsefy a 2D slice image of the scene in
front of the radar, but the system, in principleyld produce a 3D volumetric image with
no difficulty by using a scanning antenna arrayjolvhwill take multiple slices in the
other directions.

The current system runs at high center frequench g1 8-10 GHz for higher cross-
range resolution which could be for drywalls. Bata more practical STW environment,
concrete walls or brick walls are common buildingtemials. In this case, the system’s
modular approach and universal automation mechasisould enables easily scaling
down the system to the lower center frequency scB-4 GHz, which have better RF
penetration capability, by replacing a few compdsen the system. Further more, the
system’s reconfigurable architecture allows flegibhdjustment on various system
parameters, such as the pulse repletion raterahsnitted power, and array deployment
and spacing.

A real-time UWB data acquisition network has beeoppsed and implemented. The
data acquisition network is a key subsystem thatfiaces between the microwave front-
end of UWB system and its post-processing blocks bften the bottle-neck of UWB

system design. Digitization of UWB signal normafigquires custom design of ADC
with intensive wide bandwidth and sampling speed,using expensive commercial
solutions such as real-time oscilloscope. The dpesl cost-effective data acquisition
network uses relatively low-speed ADCs and highfggerance FGPAs. This design is
capable of handling real-time data acquisition psscfor high-resolution STW imaging
or target tracking, and it can be implemented teotUWB applications such as In-door
Localization or Medical Imaging/Monitoring.
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Extensive EM modeling has been carried out. Theatnogl study reveals the importance
of a design trade-off between the radar paramgewsietry and the achievable
resolution. The simulation results are compared aage validated our real data
collecting through the developed STW system. Thdysindicates that a challenging but
necessary requirement for STW is the ability toedetaind characterize targets through
relatively dense and possibly inhomogeneous waligical imaging problems include
correcting the defocused images due to dielectatiswbetween the various targets of
interest and eliminating any background clutterseauby complicated room environment.
The eventual success of STW technology will depemdhe development of effective
STW image formation method. The STW community hasden some progress in
developing advanced STW imaging method. Howeves, riality of current methods,
such as depending on time-consuming iterative #hgor to form image of a
simplified/clean STW environment still prevents STtéthnology from practical field
application. The real-time experiment shows thatae practical STW methodology is
to distinguish targets behind the wall through itmeal-time radar signature, rather than
to produce an optical-quality image. The develomtadndalone real-time provides
tremendous strength to carry out such study.

In conclusion, progress in this field has beendsteand very impressive. However, more
work still ahead including developing fast digifalocessors to handle large data rates,
very advanced and fast image processing that camegond image recognition to near
optical quality ones and to correctly account fog tvall presence and blindly estimate its
physical parameters. Things are moving fast andhape in the near future the
community at large will be able to deliver real émompact portable systems.
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APPENDIX 1: ACCELERATING 3D STW ELECTROMAGNETIC MODELING

As previously discussed in Chapter 3, running aacexlectromagnetic model of an
entire building or even a single room in the micase frequency range via a full wave
method such as Finite Difference Time Domain metli®da very computationally
intensive task. One alternative method is to employapproximate solver, which utilizes
the shooting and bouncing ray technique togethtr physical opticsXpatch is such an
approximate solver is capable of obtaining a fatiten with reasonable accuracy. It is
developed by Science Applications Internationalg@oation (SAIC) for predicting and
analyzing realistic far-field and near-field higeduency radar signatures for 3D target
models. It has been used by U.S. Army Researchratdry for STW human body
signature study and generates fairly accuratetresoipared to full-wave FDTD method.

The second approach to accelerate STW electromagmeideling is to fully utilize
FDTD method’s parallel processing capabili¥fdtd is a full wave electromagnetic
solver based on FDTD, developed by Remcom Indfétr® unique capabilities including
Fast Meshing Algorithm, a wide variety of complebeatric and magnetic materials
including nonlinear and frequency-dependent, andyn@thers. It is a domain solver
which allows large problems to utilize the full edylity of computer clusters. It
supports Remcom’s XStream® hardware FDTD for ex#dgrfast calculations using the
graphics processing units in high speed video cards

The third approach, but not the last, is usingtraging-based tool such as Remcom’s
Wireless InSite package. Wireless InSite is a tool for modeling efffects of buildings
and terrain on the propagation of electro-magneses. It predicts how the locations of
transmitters and receivers within an urban areectfthe signal strength in a single or
multi-room with complex environment. Although tharp ray-tracing-based might not
provide as accurate result as the previous two adsthone may still obtain fast physics-
based path loss predictions which might shed saeilinsight on STW development.

\

]

Figure Al: Wireless Inside Model.
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APPENDIX 2: DC POWER SUPPLY DESIGN SCHEMATICS
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APPENDIX 3: INSTRUMENTSFOR UWB TIME DOMAIN UWB STW EXPERIMENT

1°2}

1%

Sampling Sampling Real Time Real Time Real Time Real Time Real Time
Oscilloscope Oscilloscope | Oscilloscope Oscilloscope | Oscilloscope| Oscilloscope | Oscilloscope
TDS8200+ 86100C+ Infiniium Infiniium
M odel 80E04 86112A (-_Ir_zkst:z)gig (-_Ir_zkst?ggig (ﬁ%ft?ggsg 54854A 54855A
(Tektronix) (Agilent) (Agilent) (Agilent)
Input
Channe 2 2 4 4 4 4 4
Analog
Bandwidt 20 GHz 20 GHz 7.25 GHz 7 GHz 6 GHz 4 GHz 6 GHz
h
Real 20 GS/1-Ch 20 GS/s 20 GS/s 20 GS/s 20 GS/s
Sample 200 kS/s 300 kS/s | 10 GS/2-Ch All 4 All 4 All 4 All 4
Rate 5 GS/4-Ch channels channels channels channels
Rise Time <17.5 ps 17.5 ps 50 ps 62 ps 70 ps 70 ps 70 p
Record 4M/1-Ch
2M/2-Ch 2M samples | 2M samples
I?]ngtheﬁ)er 4k samples 4086 samples 1M/4-Ch or 100 us or 100 us 262k samples| 262k sampl
chann or 200 us
Price From From From From From From From
' $32,000 $27,000 $50,900 $59,000 $59,000 $33,000 $48,000
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APPENDIX 4: SP16T SwITCH HOUSING PACKAGE DRAWINGS
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APPENDIX 5: MATLAB SCRIPTS
% % % % % % % % % % % % Oscilloscope_System_Automation.m % % % % % % % % %
% Automation for Conceptual System
clear all;
RecordLength=500;
%pause(3);
% Creat a VISA-GPIB instrument object to virtual GPIB
% Creat a digital 1/0 parallel port
parport=digitalio(‘'parallel','LPT1");
hwlines=addline(parport,0:3,'out’);
putvalue(parport,0);
% Creat Oscilloscope VISA
g=visa('tek','GPIB8::1::INSTR");
set(g,'InputBufferSize',1000);
fopen(g);
% Oscilloscope Config
% idn=query(g,”" IDN?");%
%  fprintf(g,HORIZONAL:POSITION 19e-9");
%  fprintf(g,HORIZONAL:RECORDLENGTH 1000');
% fprintf(g,HORIZONAL:SCALE 10e-9";
fprintf(g,"CH1:SCALE 1.0e-1');
fprintf(g,'CH2:SCALE 1.0e-1");
%  fprintf(g,'"ACQuire:MODE AVERAGE');
fprintf(g,’ACQUIRE:NUMAVG 30');
% fprintf(g,ACQUIRE:STOPAFTER:CONDITION AVGCOMP");
% fprintf(g, TRIGGER:SETLEVEL');
fprintf(g, TRIGGER:MODE NORMAL");
fprintf(g, TRIGGER:SOURCE EXTDIRECT");
for i=1:16
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% 1 to 16 Switch Control

data=dec2binvec(i-1,4);

putvalue(parport,data);

pause(0.01);

fprintf(g,"ACQuire:MODE SAMPLE');

fprintf(g,’ACQuire:MODE AVERAGE");

pause(1.5);

% while query(g,'BUSY?",'%s','%e€'") end;

fprintf(g,['/EXPORT CH1,"C:\TDS8000\P' num2str(i) 'C1.txt"]);

fprintf(g,['/EXPORT CH2,"C:\TDS8000\P' num2str(i) 'C2.txt"]);

end

pause(0.5); fclose(g); stop(parport);

% % % % %o % %o % %o %o %o %o Yo Yo %o %o Yo Yo %o %o Yo Yo %o %o Yo Yo %o Yo Yo Yo %o Yo Yo Yo %o Yo Yo %o %o Yo
% Binary to Decimal Conversion %
% % % % %o % %0 % %o %0 %0 %o Yo %o Y0 %o %o Yo %o Yo %o Yo %o Yo %o Y0 %o Yo %o Yo Yo %o Yo Yo Yo Yo Yo %o %o %o
for n=1:16

datafile_C1=['P' num2str(n) 'C1.txt'];

datafile_C2=['P' num2str(n) 'C2.txt'"];

fid_C1=fopen(datafile_C1);

fid_C2=fopen(datafile_C2);

C1=fscanf(fid_C1,'%g,",inf);

C2=fscanf(fid_C2,'%g,",inf);

RS_C1=reshape(C1,1,500);

RS_C2=reshape(C2,1,500);

I_data(n,:)=RS_C1(1,:);

Q_data(n,:)=RS_C2(1,:);

fclose(fid_C1);

fclose(fid_C2);
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end

|_file_raw=]_data";

% I_file_raw=I_file_raw(1:400,:);
Q_file_raw=Q_data’;

% Q_file_raw=Q_file_raw(1:400,:);

% Rearrange of Data Sequence
templ=I_file_raw;

tempQ=Q_file_raw;
I_file_raw(:,1:2)=templ(;,[6 3]);
Q_file_raw(:,1:2)=tempQ(:,[6 3]);
I_file_raw(:,3:4)=templ(:,[4 5]);
Q_file_raw(:,3:4)=tempQ(:,[4 5]);
I_file_raw(:,5:6)=templ(;,[7 8]);
Q_file_raw(:,5:6)=tempQ(:,[7 8]);
I_file_raw(:,7:10)=templ(:,[2 1 16 15]);
Q_file_raw(:,7:10)=tempQ(:,[2 1 16 15]);
I_file_raw(:,11:12)=templ(:,[9 10]);
Q_file_raw(:,11:12)=tempQ(;,[9 10]);
I_file_raw(:,13:16)=templ(:,[12 13 14 11]);
Q_file_raw(:,13:16)=tempQ(:,[12 13 14 11]);
xx_raw=|_file_raw(1:400,:);
yy_raw=Q_file_raw(1:400,:);
z_raw=xx_raw+1j*yy_raw; % the complex received signal

% % " Never Ever mess with 1]
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APPENDIX 6: FPGA SCHEMATICSAND VHDL SOURCE CODE.
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—-— Company: University of Tennessee, Enoxville
—— Engineer: Vungiang Yang

-- Create Date: Z0:51:57 1272770
—-— Lesign Wame:
—— Module Name:
—— Project Name:

time_khase - Behavioral

oo -1 o o L

O O 4% N 4% 2 . Q2 R 4 T2 o O o O o IV O O o S P PSP U
O WDm -] b WM OWOm-]d (b WM E OWO-0dtil e e 000k @R e O

—-— Target Dewvice:
—— Tool wersions:
—— Description:

—— Lependencies:

—-— Rewvision:

-- Rewvision 0.01 - File Created

—-— Additional

library IEEE:

use IEEE.3TD_LOGIC_1164.ALL;
use IEEE.3TD_LOGIC_ ARITH.ALL;

use IEEE.STD_LOGIC UNIIGHNED.ALL;

———— Tncomment the following likbrary declaration if instantiating

———— any Hilin® primitives in this code.

——library UNIZIMN;
——uze UWNIZIM.VComponents.all:

entity F3M is

Port [ olk in std logic:
clk adc in =std logic:
dina_ ADC_TI in std_logic_wvector (11 downto O);
dina ADC_ Q in std logic wector (11 downto 0
d clk out =td logic;
a3ua out std logic:
adj_en_out out std_logic;
cntll out out std logic vector (3 downto 0);
cntS0_out out =td logic vector (5 downto 0);
addra_I out std logic_vector (8 downto 0O);
addrbI_out out =td_logic_vector (§ downto 0]}
wr en I out std logic vector (15 downto 0);
dina I out =td logic vector (15 downto 0);
——addra_Q out std_logic_wvector (§ downto 0] ;
——addrhQ out out std logic wvector (§ downto O]
——uwr_en Q out std logic;
dina O out std logic vector (15 downto 0);
coS_out out std_logic;
clk out out =td logic;
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50
ol
52
53
=L
55
=14
=
58
59
a0
61
62
63
64
63
66
a7
[=15]
69
7o
71
T2
73
74
75
76
7
78
79
a0
51
g2
83
G4
85
86
a7
[=ka]
[=1=]
a0
91
92
a3
94
95
26
a7
ag
29
100

1

end FIM:

architecture

Signal
signal
=Zignal
signal
signal
=Zignal
signal
signal

———— 3with Zignal

rst :  in std_logic:
write I @ out std_ logie;
antenna sel 1 out std logic wvector (3 downto 0O):
heam on : out std_logic;

———— Beamformer Zignal

——addrh_TIbf : out std_logic_wvector (8§ downto 0O);
--I zel : out std logic wvector (3 downto 0O):
——addrh_Chf @ out std logic_vector (8 downto 0O);
addrb P : out std logic wvector (5 downto 0);
ndl @ out std logic:

ce : out std_logic;

sclr @ out std_logic:

———— 3upp Func S3ignal

Iosel I out std logic wvector (3 downto 0):="00007

;

Eehavioral of F3M is

coSistd logic:
colb:scd logic:
cojistd logic:
coS0:std logic;

trig 10mhe:std logic:
coS0_sig:std logic:
BWO_sig: std_logic;
cotd Iistd logic:

--gignal co64_Q:std_logic;

signal
signal
Signal
signal
=Zignal
Signal
signal
=Zignal

adj_en_entl: std logic;

adj en entl ontl: std logic:
adj_en:std_lodic;

cntS_ o @ std logic vector (2 downto 0]
cntl0 g @ std logic wvector (3 downto 0]
cnti_g @ std logic wvector (1 downto 0);
cnt50 o @ std logic vector (5 downto O
cnted o I @ =td logic wvector (S downto 0):

--gignal cntéd g @ @ std_logic_wvector (5 downto 0O);

signal
=Zignal
signal
signal
Signal
signal

addra I sig: std logic vector (9 downto O);

addrb I =ig: std logic wector (9 downto 0):

addralb_base: std_logic_wvector (9 downto 0);

wr en I sig:std logic:

wren_ sig:std_ logic_wvector (15 downto 0) :="00000000000000017";
wren:std logic wvector (15 downto 0] :="00000000000000017;

--gignal addra QO sig: std_logic_wvector (5 downto 0O);
--gignal addrb_Q sig: scd logic wvector (9 downto 0);
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101
10z
103
104
105
106
107
1058
1059
110
111
112
113
114
115
116
117
115
119
1z0
121
122
123
124
125
126
127
125
129
130
131
132
133
134
135
1is
137
138
1359
140
141
142
143
144
145
146
147
145
149
150

-—signal wr_en Q_sig:std_logic:

signal d elk I:istd logic:

S

witch Signal —---

Signal write_I_ sig std_logic:= '0';
Signal antenna sel sig std logic wvector (7 downto 0):=j{others=>'0');
signal frame cont i =td logic wector (15 downto 0) i={others=>'0');
signal state_su ¢ std logic_wvector (3 downto O0):="00007;
———— Beamn Formwer Signal —--—-—-—
signal addrkh BF sig : std logic wector (8 downto 0);
signal addrb_P_sig : =td_logic wvector (9 downto 0);
Signal I_selbf sig std_logic_wvector (4 downto 0O);
signal nd sig o =std logic:='0';
signal ce_sig ¢ Ftd logic:='0';
signal sclr_sig o std logic:='1';
Signal cnt_16 : std logic wector (4 downto 0O); —— every addrss 16 times
signal cnt_512 o std logic wector (10 downto 0): -- every hesm 512 times
signal cnt_3Z i std logic wector (5 downto 0O); —-— 3i besms
Signal cnt_10 i std_logic_wector (5 downto 0O); —— 10 points
Signal state bt t std logic wvector (3 downto 0):=({others => '0');
—=——= 3S3upp Funcs 3ignal ----
Signal addr_flag i std_logic_wvector (1 downto O :=7"007;
hegin
process (clk)
bhegin
if clk'event and clk='1' then
if ents <=3 then
cnt5 g<=cntS_og+l:
caS<='0";
else
cnts go="0007 ;eo05<="1";
end if;
end if;
end process:;
process (clk) ———— key lines to adjust pulse delay
hegin

if clk'event and clk='1"'
if cnt5_g=Z then
trig_1l0Omhz<='1';
else
trig l0mhz<='0';
end if:
end if;

then
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151
152
153
154
155
158
157
158
1559
160
16l
162
163
164
163
166
167
168
169
170
171
17e
173
174
175
176
177
178
1759
130
151
182
1583
154
185
186
1587
133
159
190
191
192
193
194
195
196
197
195
1959
Z00

end process;

process (col)
hegin

if co5'ewvent and coS='1' then
if enti_g<=Z then
cnt3_g<=cnti_og+l:

cai<='0";
else
Cntd_ge="o00riocod<="1"
end if:
end if;

end process:

process (cob)
begin
if oo5'ewvent and cof='1l' then
if entdi_g=Z then
adj_en<='1"';
——eolé_ouc<='1';
else
adj_en<='0"';
——zolé_out<='0";
end if:
end if:
end process;

process (col)
begin

if co3'event and co3='1' then
if cntld_go=7 then
cntl0 ge=cntll og+l;

colO<='0";
else
cntll ge="0000";e0l0c="1";
end if:
end if;

end process;

process(col)
hegin

if co3'event and co3='1' then
if entl0_g=7 then
adj_en_cntl<='1"';
else
adj_en entle='0"';
end if:
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———— key lines to avoid last accuwwulation

error

———= key lines to avoid last accumuilation error

777,

e

run

=



Z00 end if;

201 end if:

202 ehd process;

203

204 ———— bidd synchronization switch signal here————————-—-—
Z05 process (coll)

Z06& begin

207

208 if coll'event and col0='1l' then

209 if cnt50_g<=49 then

210 cnt50_go=cnoS0_g+l;

Z11 ——coB0<='0";

21z ——5Wo_=sig <= '1';

213 else

214 cntS0_g<="000000"; --coS0<="'1'; 3W0_sig <= '0';
215 end if;

Z1a end if;

217 end process:

215

=219 process (clk)--cnts0_g) 00 ---—--- key lines to solve shifting
220 begin

221 if clk'ewvent and clk='1l' then

222 if ent50_g<=50 and cnti0_g»=3 then
223 coS0<='0'; W0 <= '1';:

224 elsif cnt50_g<=2 and cntS0_g»=1 then
225 coS50<="1": 3ZWO <= '1':

ZZ6 else

227 co50<="'1'; 3W0 <= '0':

225 end if;

229 end if;

230 end process;

231

232 - hk ————

233
234 —-— Generate controlling signals for channal TI:
23 - X
236 process(d_clk_I)

237 hegin

238 if co3='1l' then

239 cnted o I<="0000007;

240 elsif d _eclk I'event and d_clk _I='1'then
241 if cncéd_g TI<=25 then

242 cnted g I<=cntéd o I+1;

243 cogd I<='0';

244 —-—else

245 —— cntéd_q I<="0000007;co6d_I<='1"';
246 end if;

247 | end if;

=245 ehd process;

z49

250 process (d_clk_I)
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251
252
253
254
Z55
Z56
257
Z58
Z253
Z60
261
262
ZE3
264
265
266
267
268
269
270
271
272
273
274
275
278
277
278
273
280
281
282
283
284
285
286
287
288
Z89
Z90
291
292
293
Z94
Z95
Z98
297
298
299
300

hegin
if d elk I'event and d elk I='0' then
if ent6d g I <= Z then

addrab base <= ('0'&{ent50_g-1) €7000") + ("0007&(ent50 g-1)&'0');

end 1if:
end 1if;
end process;

—— Ahddress for reading
process (d_clk I

hegin
if coS0 = '0' then
if d_clk_I'event and d_clk_I='1' then
if {(cnted_g I»=13) and (cntéd g I<=21)] and cntl0_g<=7 then
addrb_I =ig <= addrb_I =ig + 1:
else
-—addrbh I sig <= lcnt50_g-1) * "i010";
addrhh I sig <= addrab _base;
end if;
end if;
else
addrb_ I sig <= "O0000000007;
end if;

end process;

—-— Enersate port L write enable signal
process(d clk I)
begin
if coS0 = '0' then
if d clk I'event and d clk I='0' then

if ((cntEd g I»=13) and (entéd o I<=22)) and cntll g<=7 then

wr_en I sig «<='1"';
=lse
wr_en I sig <= '0';
end if:
end if;
else
wr_en_I_sig <= '0';
end if;
end process;

——iGenerate Address for Writing in Portld
process(d_clk I)

hegin
if cobS0 = '0' then
if d_clk_I'event and d_clk_I='0' then
if wr_en_ I sig = '1' then

addra_I sig <= addra I sig + 1;
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301
30z
303
304
305
306
307
aog
309
310
311
312
313
314
313
316
317
318
319
320
321
BEEr
B3
Jaa
5FELS
326
327
328
325
330
331
332
Bk
B
5EES
336
337
338
339
340
341
342
BETE
344
SRS
346
347
348
349
350

else

--addra I =sig <=
addras I _sig <= addrsh_base:

end
end if;
zlse

if;

jcn

t50_g-1j *

addra I sig <= "00000000007;

end if;

end process:

co5_out<=trig 1l0mhz;
——3W0 <= 3W0_sig;

cntll_out<=cntl0_q;
cntS0_out<=cnt50_q;
adj_en out<=adj_en AND adj_en cntl;
addra_I sig(8 downto 0);

addra I <=
wr_en I(0)
wr_en_If(1)
wr_en I(Z)
wr_en_ I(3)
wr_en Iid)
wr_en Ii5)
wr_en_ I(6)
wr_en I{7)
wr_en I(8)
wr_en_I(9)
wr_en I{1d)
wr_en If(11
wr_en I{lZ)
wr_en I(13)
wr_en_ I(1d)
wr_en I{15)

wr_en I <= wren when (wr_en I sig='1"'

=

process (d_clk_I)

hegin

if d elk I'event snd d clk I='0O"

wr_en I sig

= wr_en_ I sig
= wr_en I =ig
= wr_en I =ig
= wr_en I sig
= wr_en I =ig
= wr_en_ I sig
= wr_en I =sig
= wr_en I =ig
= wr_en_ I sig

wr_en I =sig
wr_en I sig
wr_en I sig
wr_en I =ig
wr_en I sig
wr_en I =sig

—-— Data signal from ADC

if dina ADC I(11) = 'O
dina I <="0000" & dins ADC I:

else

and
and
and
ancd
and
and
and
and
ancd
and
and
and
and
and
and
and

' th

write I sig
write I sig
write I =iy
write I sig
write I sig
write I =iy
write I sig
write I sig
write I sig
write I sig
write I =ig
write I _sig
write I sig
write I =ig
write I _sig
write I =ig

then
en

dina I <="1111" £ dina ADC I;

end if;
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and
and
and
and
and
and
and
and
and
and
and
ancl
and
and
and
and

"1010";

wren(0); —- AND wr_en sig;

wren(i):
wren ()
wren(3);
wren (4
wren(si;
wren (&)
wren (7
wren (S) ;
wren (9 ;
wren (10 ;
wren(ll):
wren (1) ;
wren(l13):;
wren(i4);
wren(l5);

and write I =sig='1"'

else

[others==>'0']:



351
352
353
354
355
356
357
358
359
360
3el
362
363
364
363
366
367
365
369
370
371
372
373
374
375
376
37T
3vaE
379
380
381
3g2
383
354
383
386
387
385
389
390
391
392
393
394
395
396
397
395
399
400

end if:
end process;

processid_clk I)
begin
if d clk I'ewvent

and d clk I='0' then

if dina_ADC Q(11) = 'D' then
dina_Q <="0000" & dina_ADC_Q;

else

dina © <="1111" & dina ADC Q:

end if;
end if;
end process;

—-—- 3witch Design --———————--—-

process (co50)
begin

if coS0'event and coS0='1l'then

if rst = '1' then
write I sig <= '0'; -- can't write sampling signals to BRAM T
antenna sSel sig <= (others=>'0'];

frame_cnt <=

[others=>'0");

state_sw <= "O000";

else

case state_sw 1S

when "0000% =>
state sw <= "00017;

antenna sel sig <= (others=>'0");
antenna_sel <= f[others=>'0");
write I sig <= '1';

wren sig <= "O0000000C0000000L";
wren <= "0O000000000000001";

when "O001" ==

if antenna_sel_sig <= 15 then

zlse

antenna sel <= antenna_sel sig(3 downto 0);
antenna sel sig <= antenna sel sig + 1;
write I sig <= '1';

wren <= wren_sig;

wren sig <= wren_sig + wren_sig;
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401
402
403
404
405
406
407
405
409
410
411
412
413
414
415
416
417
41a
419
420
421
453
455
424
425
426
427
428
429
430
431
453
433
434
433
436
437
435
439
440
441
4432
443
443
445
446
447
445
449
450

write I sig <= '0';
state_sw <= "01017;

antenna sel sig <= (others=>'0");
antenna sel <= [(others=>'0');
end if;

when "01017 =x
if frame cnt <= 300 then
frame cnt <= frame cnt+l;

else
state_sw <= "0O000";
frame_cnt <= (others=:>'0"});
end if;

when others =>
state_sw <= "00007;
end case:

end if;
end if;
end process:

addrb P <= addrb_ P _sig(2 downto 0);
ndl <= nd sig;

ce <= ce_sig;

sclr <= sclr_sig:

process (clk) —-,write_I_sig)
hegin
if clk'event and clk='1' then
if write I sig='1l' then
state hf<="00007;
addrb F sig <= (others=:'0');
addrb BF_sig <= (others=:>'0'];
I selbf sig <= (others=>'0"});

beam_on <= '0';

nd_sig <= 'a';

ce_sig <= 'a';

sclr sig <= '1';

cnt_ 16 <= (others=>'0');
cnt_ 51Z<= (others=>'0'];
cnt_3Z <= (others=>'0'};
cnt_10 <= (others=>'0"});

-— elsif clk'event and clk = '1l' then

else
case state_bf is
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451
452
453
454
4535
456
457
455
459
460
461
462
463
463
465
466
467
463
469
470
471
472
473
474
475
476
4777
478
479
430
451
482
453
454
455
486
457
458
459
490
491
492
493
494
495
496
497
495
499
500

when "oooor

= —-—-state 0

if ent_3Z<=60 then
cnt_32 <= cnt_32 + 1;

ce sig <= '1l'; —- cordic enable

solr sige= '0'; —— deassert the cordic
nd siy <='1'; -- new data is available
beam_on <= '1';

state_hf «= 710007

addrk
addrh_

else

P_=sig <=cnt_32 & "OO007;
EF_=sig <= (others=>'0');

state_bf «= "11117";
nd sig <= '0';
beamw on <= '0';

—--cnt_.
end if:
when 1000

32<= (others=:x'0"]: ————22TI22
= -—- gtate o
if cnt_10 <= 5 then
ce_sig <= '1'; —— cordic enable
sclr sig<e= '0'; —— deassert the cordic
nd_sig <='1'; -- new data is avallable

state _bf <= "oooir;
cnt_10 <= cnt_10 + 1;

=lse
state hf <= "oo0007;
cnt_10 <= (others=>'0'):;
end if;
when 00017 => -- sState 1

if cnt_16 <= 14 then

I_selbf sig <= I_selbf sig + 1;
-—Q sel sig <= Q =sel sig + 1;
addrb F_sig <= addrb P sjig + 1:
cnt_16 <= cnt_16 + 1;

state_hf «= "OOOL1";

else
I selbf sig <= (others=>'0');
-—Q sel sig <= (others=>'0");
addrb_BF_sig <= addrb BF_sig + 10;
addrh P sig <={cnt_32-1) & "00007;
cnt 16 <= (others=>'0'):
state_hf «= "0O0107;
nd _sig <= '0';

end if;

when "O010%" == -- state 2
if ent_ 512 <= 46 then -—46
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01
502
503
S0%
505
S06
07
508
sS09
510
511
51z
513
514
515
516
517
Sla
519
520
21
S22
523
524
525
526
527
528
529
530
531
532
533
534
535

cnt_ 51z <= ent 512 + 1:
state_hf <= "0O0017;
nd_sig <= '1';

else
cnt_512 <= (others=>'0');
addrkh BF _sig <= "000" & eont 10;
state hEf<="10007;
nd_sig <= '0';

end if:

when "1111" =
null;

when others =&x
state_hbf <= "1111";

end case;
end if;
end if:
end process;

process (clk)
begin
if clk'event and clk='1' then
write I <= write I sig;
end if;
end process;

———— Supporting Funcs ———-

Igsel <= I_selbf sig(3 downto 0);:

addrbI out <= addrb I sig(§ downto 0) when(write I sig = '1l']) else
d clk I <= clk ade AND write_ I sig:

d clk <= not clk_adc;

olk out <= oclk;
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