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1. Introduction

Gver the
taining images of the reflectivity or density of target areas zﬁa{ are rotating

ey

past 40 vears, studies have been made [1-4] of the process of ob-
t

and franslating with respect (o a sensor such as a monostatic or bistatic ra-
day, a sonar, or an x-ray CAT scanner. Ausherman et al a% ?za e written an
excellent review of the work done in this area. Target areas that rofate and
tranglate relative o a rader include, for example, planet surfaces observed
from a satellite, ground terrain observed from airborne platfom
face o ; is and voids cbserved from moving vehicles, and people
by a rofating x-ray system. Af*zzmsz%* the processing described s applicable
to G Ez £ sy s‘ia"nsé this report treats the topic from the point of view of a syn-

subsyr-
scanned

thetic aperture radar (5AR)
I the SAR appli as the aspect angle between the sensor and 3 target
changes with EEEE'EL, ié‘a > sensor collects a sequence of signal records. After

data are collected for 7 seconds, the aspect angle has changed by 0, de-
grees. These received signals are then coherenily processed o produce the

reflectivity profile of the target area. Down-range resolution into range bins
is determined primarily by the bandwidth of the sensor. Cross-range resolu-
fion is obtained primarily %:w coherent processing of the received signals so
that a very wide aperture is simulated: an aperture that is ¢, degrees wide.

Implementation and study of image formation processing have been limited
in two ways. First, the image formafion processing has assumed that targets
are isotropic point sgagterefsﬁf although many targels are anisoiropic reso-
nant scatterers. Treatment of resonant scattering becomes important when
the sensor spectrum covers the Rayleigh, resonant, and opiical regions of a
amily of targets. For example, discrimination between scatierers can be
based on the unigque signatu ¢ of each target. But in order £ liser
nation {o work in the context @f microwave reflectivity imagis ‘*zg, the infor-

mation in the signature must be preserved during the image formation
Process.

iy
o

The second limitation in previous work is that systerns with relatively nar-
row bandwidth have been assumed. For example, the compressed pulse
width of the sensor is assumed o be at least several and usually man
cycles of an rf carrier frequency. 5o a single range bin 1s derived from sev-
eral cvcles of the carrier. Newer UWE (ultra-wide-bandwidth) sensors,
however, have made it possible to make the image range-bin size roughly
half the wavelength of the highest frequency in the sensor’s spectrum, The
bin size is much smaller (1710 or less) than the wavelength of the Jowest
frequency in the spectrum. This wide bandwidth exacerbates range walk
and wavefront curvature errors 1o the point where conventional fast Fourier
transform {FFT) based processing must be restricted to very small paiches
within an image area.

o

ey




These two limitations are not independent. If is bandwidth that allows target
discrimination based on signature analysis, and il is bandwidth that makes
image formation motre difficuit. The purpose of this report is to examine
image formation processing that preserves resonant target signatures and to
present an efficient method of solving the microwave reflectivity imaging
problem for UWE signals and resonant targets.



2.1 Terminology

SAR systems depend upon collecting data coherently along a path. This
path is referred to as the “synthetic aperture.” Figure 1 shows a sketch of
the scenario projected onfo a plane. An aircraff carrying the SAR svstem
flies at some elevation k above the ground, over a distance L, to form the
synthetic aperture, The image area grid is referenced to the center of the ap-
erture, Range is marked off by the parameter i. The parameter & marks off
azimuthal (bearing) lines. The sample points in the aperture are marked off
by the parameter j. The distance between the /I point in the aperture and the
{1, k)" position in the image area is denoted by 5;;;&- Both the azimuthal
lines and the range lines are referenced to the center of the aperture.® Tabie
1 summarizes the nomenclature used in this report.

{Although nearly all operational SAR systems use a rectangular grid, the
advantages of a polar grid are that for a ringing target, the grid provides
equally spaced samples of the ring-down, and these samples are optimally
focused and on a single bearing line. These features make it easy for
postprocessors to look for specific ringing signatures.)

2.2 Approaches to Focusing

A “Dioppler” paradigm is often used in discussions of SAR processing, or
SAR focusing, Referring to figure 1, assume that the radar platform is mov-
ing at velocity v as it collects data along the aperture. Therefore, the data
collection points are spaced equally in time, occurring at a rate governed by
v and the PRE. {This sampling across the aperture is sometimes referred to

Figure L. Basie flight
path and image ares
geometry. =y

. Image area
with polar grid

Propagation

nath
di,k, e 422

Flight path

* This grid is convenignt for postprocessing. An x-y grid can also be computed with the technigues described.




Table 1. Analysis nomenciature,

Symbol hMeaning
L, Length (meters) of the synthetic aperfure.
5 (1 Denotes 2 received signal amphitude fvolts) as a function of time {seconds from the leading

cdge of the transmitted pulsel, at the ' position in the aperture. The analog-to-digital outputs
represent this signal.

Caret—e.g., 5(1} Denotes that the function is an estimate. The example denocles an estimate for a received
signal,
Subscript L4,7 Particularizes the funciion to be af particelar geometries, ke the /7 position in the synthetic

aperture, or the &0 bearing line, or the (7 )™ position in the image area.

;i Dencies the distance {mefers) between the /' position of the radar and the (.4 position in the

area io be imaged.
2y Denotes the round-irip time {seconds) for the radio energy to travel from the i position in the

Ge T synthetic aperture, to the (543" position in the image area, and back.

e The speed of Light.

=ty il Time shift between range bin /and range bin ¢ + 1 at the center of the aperture {where j = 0.

PRF Pulse repetition frequency of the radar in hertz.

H Relative bandwadth u= {F — F, WFgand Fy = (F o+ F 2

VW Ultra-wide bandwidth, where =1,

i Wavelength in meters,

TR0 impulse response of farget at (DAL

as “slow time.”) If the radar is operating at a frequency fj, then the echo
from a target in the image area will have a Doppler shift profile as the plat-
form moves through the aperture. The shift will be upward while the plat-
form approaches, it will drop to zero as the platform moves to 2 position
broadside to the target, and it will be downward as the platform recedes.
Every target position wiil have a unique Doppler profile. Since every posi-
tion in the image has a distinct Doppler profile, one can form an image by
simply assigning 10 each pixel a filter matched to the Doppler profile ex-
pected for 4 target st the location represented by that pixel.

The classic “polar formatting” [6] approach to computing a SAR image ad-
justs (time shifis} the data at each aperture point so that the new data set ap-
pears as if the platform had moved in a short circular path, with the circle at
the center of the image area. Once this formatting is done, a target at the
center point has the unique Doppler profile of zero over the entire aperture,
Other points have other unique Doppler profiles.

A Fourier transform is typically used to recover the image from the Doppler
profiles. This approach works well as long as the circular path is suf-
ficiently short, the image area sufficiently small, the signal bandwidth
sufficiently small, and the distance from the radar to the image center suffi-
ciently fong. This report addresses the case where none of these restrictions

apply.




Although the Doppler paradigm has helped countless people to visualize
SAR focusing, it is noi pecessary, nor always helpful, in solving the SAR
focusing problem. For example, Doppler shift, which is defined as 2v/A,
works {ine when A varies by a few percentage points, but it becomes a
sturnbling block in the UWEB case where A can vary by 10 or 10010 1. Thus,
although Doppler has provesn 10 be a very convenient narrow-band concept,
its convenience breaks down at wide relative bandwidths.

The focusing problem can also, however, be locked at as 2 siationary array
of N antennas whose outputs are digitally stored and combined in a com-
puter to form beams, We believe that the focusing problem is easier to visu-
alize and solve within this stationary array paradigm when neither the ge-
ometry nor the bandwidth are restricted. In this paradigm one can see that
equation (1) coherently focuses the SAR data by summing across the array:

i,
o
g

H
i,

fuly= Y s (T v forez0
7

Both the Doppler and stationary array approaches can be seen (0 be identi-
cal at the center point of the “polar format™ patch. Notice that regardless of
carrier frequency, the center point of the polar formatted data is always ana-
tyzed by the de term of the Fourier transform, which is simply a summation
of the data points. The summation shown in equation (1} s identical to find-
ing the de term of the polar formatted SAR data. But instead of formatting
once and then finding many “Doppler” profiles via an FFT, equation {1}
formats and “sums” the data many times; each formatting makes a different
pixel the center, and then the do term summation is used 1o calculate the
value for that pixel. The result is that optimally focused beams are
formed—beams taking full advantage of both the entire aperture and the
entire signal bandwidth. The focusing is truly frequency independent.

How does the beam width compare with that obtained from “conventional”
{far-field narrow-band) antenna theory? The rule-of-thumb half-power
beamwidth of a line array is approximately A/L, where L is the length of the
array. The beams formed by the processing described above follow this rule
and have a width proportional to A. Low frequencies have wide beams, and
high frequencies have narrow beams. This fact has interesting conse-
quences in the time domain as a source moves through a beam. Although
the impulse response at the center of the beam is a narrow pulse, as one
moves away from the center, the impulse response broadens, This time-do-
main broadening occurs because more and more high-frequency energy is
lost as the source moves out of the narrowing high-frequency beam.

The switch from the Doppler to the stationary array approach may lead (o
thinking in “phased array” terms. Such an approach is a mistake when
bandwidth and/or geometry are not restricted. Whenever the geometry is
not resiricted to the far field of an aperture, plane-wave simplifications

g
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break down. This breakdown invalidates simple phase steering. Since 2
Fourier transform forms beams by simple phase steering, Fourier tech-
nigues becomes less and less useful as targets move info the near field. In a
UWB systemn, phase becomes meaningless with regard (o defining element
positions or the beam-forming network. To speak of shifting one ﬁ‘éeme%i
180° with *"ﬂagﬁci to another element implies a fixed A. If, for example, A
changed by 2 to 1, then a delay line that provided 180° at one frequency
would provide 3607 at the other. Yet delay lines are precisely the element
needed to build a wide-bandwidth “phased-array” antenna. When A varies
several actaves, the best parameters to use in the equations defining the an-
tenna are the time and distance: the time shift of the delay lines that form
the beam-forming network, and distance between anienna elements. Thus it
is best to think in “timed-array” terms. This time-based framework results
in derivations that are frequency and geomeiry independent

Null Steering, Pattern Forming, and Grating Lobes

Generally, an antenna designer would say that the most critical aspect of
making érﬁ‘i% ble antenna patterns is forming nulls. A gsz}éa classic case is
gp&céng Wo eigmtmg at 90° and phasing them by 90° to form an endfire
heam in one direction and a null in the opposite direction. In the simplest
case {(where the element weighting is +1 and —1), to form a UWDB null one
could time-steer the array o where the null should be, and then invert half
the elements before summing. Of course, using other weighting factors al-
lows more freedom. An impulse signal &) coming from a direction other
than the null would produce in the receiver some array-induced waveform,.
if we ignore bandwidth effects from each element, that waveform woulid be
a function of the + and — weighting and element spacing. By definition, that
waveform ig the antenna-array impulse response for that beam angle.
Matched filtering to that waveform forms a main lobe in that direction.

Grating Iobes are cusiomarily defined as lobes whose gain is equal to the
main beam. However, this definition leads 1o confusion in the UWB case.
Are there grating eé‘%“ 7 That depends. If the response to the UWB signal is
seen as an impuise, then the answer is no. Since the peak response on the
main lobe is higher than the response at any other angle, the definition fails.
On the other hand, the antenna is a linear system. It behaves just like an
identical array operating at a single frequency. So, if the response isfo a cw
signal, the answer can be ves. If the elements are physically spaced more
than A/Z apart at the highest frequency component in the UWB waveform,
then there certainly will be a grating lobe at that frequency component. All
the insight gained from cw antenna analysis holds and remains useful. One
must, however, be careful when applying terms like grating lobes that pre-
suppose a narrow-band signal. For SAR, the element spacing (velocity/
PRF) needed will be a function of what sidelobes are permissible at the
various frequency components in the UWB waveform.




2.4

Figure 2. Radar cross
section of a sphere,

Target Resonance Effects

Historically, the relative bandwidth of radars has been sufficiently small
that 2 target’s echo is adequately modeled by a single number, o, the radar
cross section (RCS), usually given in square meters. When p = 0.5, how-
ever, a single number may no longer be adeguate—o is a function of fre-
quency. For example, figure 2 is 2 plot of the RCS of a sphere. In addition
to the magnitude characteristic plotted, there is alsc a phase characteristic.
These two frequency-domain characteristics can also be represented in the
time domain by a ringing or resonant response. In either case—time domain
or frequency domain—the wavelorm in the plots can be referred to as the
impulse response of the target.

Since historical SAR systems have not been designed to respond to target
ringing, no attention was paid o preserving the ringing information. This
report describes and analyzes a procedure to focus a large array, over ultra-
wide bandwidths, in such a way as to preserve the resonant response of tar-
gets, even when thev are in the near field.
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3, Fundamental Tim

12

ased Physical Array Approach

Consider an aperture looking at completely empty space except for an iso-
tropic scatierer af position {(i,£}. Also assume that an ideal impulse &7) is
broadcast. 1t is desirable to take advantage of all the echo ener gy across ithe
aperture. To do that, one must sum the ensrgy from all collection points
along the synthetic aperture. However, this summation must be done so that
the energy adds coheren ? at all frequencies. Frequency-independent add-
ing is accomplished as '

e S 5 AT+ hwiorie(
AN i i

}

M

Here, f, ,{r} would be the impulse response of the target located at position
(i k). Note that the T, 1 ; term time shifis the received signals 5; so that the
target impulse response starts at £ = 0 at 2ll poinis in the aperture. The W
term is simply an amplitude tapper across the aperfure.

The above discussion assumes that a target’s impulse response is suffi-
ciently similar at all points along the aperture for equation {1} to be consid-
ered true. 1 he response of a vertical dipole, for example, does not change
depending on where the radar is positioned in the aperture. It is therefore an
isolropic target.

Suppose we rela he isotropic requirement, and s gmese that a csgzp%ax
scatterer is at position {i,4) in the image area. A horizontal dipole, for
ampie, is an anisofropic target. We could fake advanta g of the %?xs‘?aﬁ“{}%
behavior o extend the detection and target recognition performance of the
radar by rewriting equation (1) as

IROE z% AT,

\’\\ _—
s

where ¥; {£) = 541} ® x{t} and the convolution step represents filering. In
this case, a set of filters X{w; would be needed, each one matched 1o the
target response af the ?i‘f&"%%i of the j® position in the aperture. In order (o
%;m;};zw the rest of this report, we use equation (1) as the fundamental
guation. Nonetheless, one must recognize that real targets are compiex
amg@%mp;c polarimetric scatterers; this fact should not be ignored for large
arrays.




4. Short Impulse Response Approximation

4.1

A typical 2-D SAR image is simply the echo magnitude mapped to inten-
sity. Equation {1} expands the typical 2-D image into a 3-D image with the
target ringing along the third dimension. Given the heavy computational
icad of typical SAR processing, if it is required that an f{¢) {rather than a
single value) be computed for every pixel, then a massive computer would
be needed. The impact of this computational load is even worse when one
considers that the mass of resulting data must be analyzed in the target-
detection/identification phase. This section defines an approximation that
reduces the problem back to 2 2-D case and presents an ervor analysis of the
approximation,

Theory

The problem is that we have added a third dimension (o measure target
ringing. Note, however, that if there was only one aperture position, then
ringing of the targetf would appear in pixzels only behind the target. Even
with an aperture of many positions, ringing will appear behind the target.
But since the geometry is not constrained, and near-field operation is pre-
surned, the antenna beam defocuses behind the target.

Eguation (1) will perfectly focus ringing of unbounded duration. For practi-
cal purposes, however, the target rings oniy for a finite duration, say M
range bins. The guestion 18, given that the ringing is finite in duration, can
the ring information can be retained in a 2-D image? In other words, sup-
pose that instead of calculating a time series §; ,(7) for each pixel in the im-
age, only one value is calculated, for example, f; (1), where 7 is fixed for
the image. If the ringing can be retained in this 2-D image, then computa-
tional load is greatly reduced. The aim of this section is to describe and
quantify the error bounds when a 2-D image f; (7} is used.

Fiest, define ¢ to be the round-trip time it takes the radar pulse to traverse
one range bin on the polar grid; that is,

G=t =, Tk and [=0 . (3

Since the grid for the image has been defined to be referenced to the center
of the aperture (the j = 0 position), the / parameter can be thought of as a
guantized time ¢ parameter. While ¢ is in units of seconds, { is in units of
range bins, and they are related by o—-one range bin eguals o seconds.
Now we can write

fcase 1t j = 0,¥m, Vi, Vi

for
) case 2 m =0, ¥}, Vi, ‘ffcj

ST, rma)ss(T, {4

ivn,k,j

s
L
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We make an approximation to equation {4), generalizing it to include all
aperture points over a limited range of m to arrive at

sAT,, vmays=s (T, ) for ViVEVim=-M. M . (5)

The following may be said of the approximation in equation (3).
It is perfect at the center of the aperture { = () regardless of m.
It is perfect at m =  regardless of j.

It gets worse as m deviates further from zero.

It is worst at the end points of the aperture.

A solution is desired to equation (1) in the form of £, (%), where 7is a con-
stant. In a practical system, T will be mapped to discrete range bins, so let

T ao . {6}

Substituting equations (5) and (6) into (1), we define a 2-D “image” f{i,k) as
fz,i: (0) = E 5;<ﬁ,k,;>

' : (7}
o= ff—n,k{“a} - ES,‘(Timn,&,; +na)s f(Lk) .

If one thinks of a ringing target, then equation (7} can be described as al-
lowing the point of perfect focus to be adjusted to any depth » in the ring.
For example, if 7 = 0, then the perfect focus point would be at the leading
edge (the first sample) of the ringing response. If 7 = §, say n = 3, then the
third sample of the ringing response would be perfectly focused.

MNext consider the indexing. The indexing is performed such that f{i, k) al-
ways represents the leading edge of the response from a target located at
{i,k) regardless of whether it is perfectly focused or not. Once f{,4) is found,
we now wish to find the discrete samples of the target ringing. The samples
will be counted as m = 0 for the first sample, m = 1 for the second, and so
on. We obtain these samples by simply incrementing the { index. The m'?
value is just f{i + m, k), which follows from equations (5) and (7) as

fs}k(ma) = fi-r!ﬂn,ic(ﬁcg} = f(g + m“‘g{} £ or

Esj{?. py Hmc) e | {(naj= fli+mk} . (8
7

i, fmmam k

Clearly equation (8} is identical to equation (1) (i.e., perfect) when m = n.
So equation (8} gives perfect focus at m = n. The name “short impulse re-
sponse approximation” is used because the approximation needs to remain
accurate only over the duration of a farget’s impulse response.




4.2

.LJJ

4.2.1

4.2.2

Examples of Applying Approximation
To illustrate the use of equation (8), we follow these steps:

Fix an.

Place a target (for the purposes of the illustration) at say / = 237 in range on
the £ bearing.

Use equation (7) to calculate A k) for all (k).

The cases of interest are where 7 = 0 and where » = . Let us consider each
separately.

Case where i =0

Where n = 0, use equation () to find the ringing response of the target. The
response for the first three points of the focused impulse response is

Frar k)= [ s «m‘:‘k(g) = frisk (03 = f(237, k) (casefor m=10) ,
Fr 0™ o i{0) = frae (0= (238, k) (casefor m=1) ,
S 200 = forir i, O) = frn {0) = f(239, %) (casefor m=12}) .

Since n = 0, the amplitude of the leading edge (m = () of the impulse re-
sponse of that target is perfectly focused. As m increases, the approximation
gets waorse, So the approximation is useful as long as the target resonance
dies before the approximation gets too bad.

Case where n =0

Where n = 0, perfect focus is ner seconds past the leading edge of the farget
impulise response. Suppose, for this example, # = 2. The first four data
points for the impulse response are

For, 0= [ 00} = fras o (20} = f(237, k) (case for m =0} ,
For, O = forr o (O] = frs {200 = f(238, k) (casefor m=1),
Jo1 k20 = fiyrpam 0} = fopy 200 = f(239, k) (casefor m=2) ,
B 305 = foagim 000 = foog (200 = f(240, k3 (casefor m =3} .

Note that the leading edge is not perfectly focused, as it was when n = 0.
The important point here is that one can choose # = ( to allow the leading
edge to defocus slightly for the sake of keeping later points in better focus.




5. Error of Short Impulse Response Approximation

Landt, Milier, and Van Blaricum [7] show the transient echo response of a
thin {high-Q) dipole. lis ringing is damped after five cvcles. This response
allows one to gain an intuitive idea of the kind of range needed in the ap-
proximation. A 1/2-fi dipole should ring for five cycles at 1 GHz. If the A/D
sampler collects data at 2 Gs/s and 7 = (), then at m = 10, data for all five
cveles will have been collected. If the dipole were 5 ft long, then it would
ring for five cycles at 100 MHz. So at m = 100, data for the five cycles will
be collected. Generally, high frequencies damp quickly and low frequencies
damp slowly.

Figure 3 illustrates the geometry of the approximation. The discussion as-
sumes this geometry. If a target is located at (1,4} = (237,0), then R is the
distance from the center of the array to the target; 4, is the distance from the
end of the array to the target; and fy4- (0} is the perfectly focused data
point for the impulse response of the m}ge%. The next point {m = 1) in the
impulse response is approximated by a, = 2, + @, OF in general a; =~ a, +
moy I eis the difference {error) between the approximation and the actual,
then

!
£ = gﬁa} + mad}— a,

= \ERZ + %— ~ L Rcos +ma, n\j(}? + o)+ % ~ L(R+ma,jcos8 | ©)
As an example of finding the approximation error, suppose R = 2 km, § =
90°, L, = 1 km, and m = 10. How many degrees off {round wrip) would the
end points be at 1 GHz? Plugging these numbers info equation {9}, we find
£ = (.6447 m. So the round trip phase error at 1 GHz is 107°. Figure 4 is a
plot of the error as a function of the position in the aperture for & = 90°, 76°,
50°, and 30°. A peculiar characteristic is that the error peaks at 76°. This
peaking is a result of working at a range of only twice the aperture length.
Figures 5 and 6 show the error as a function of the beam angle 8, for m = 3,
10, 15, and 20 at two ranges.

Figure 7 is a plot of the error at the right end point of the aperture as a func-
tion of m, with v= (. Since the error at the right end is greater than the error
at the left end for B angles below 90° this is the worst case. Figure 8 is the
same plot but with ¥ = na and 7= 4. In this case, the leading edge of the
impulse response {at m = 0} is out of focus by about 45° at 1 GHz. Perfect
focus occurs when m = n = 4,

Figures 4 through 8 give an indication of the bounds over which a five-
cycle ring of a high-Q) scaiterer is adequately captured by the approximation
used in equation (4). These figures also show that making v = ) can double
the depth of focus on resonant targets. The optimum v, however, depends
on the frequency and ¢ of the resonance.

[y
jox




Figure 3. Geometry for caleulation of approxi-

mation error.
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6. Efficient Calculation

o

Fast focusing can be broken into three stages: (1) preprocessing raw data,
where interpolation is performed; (2) computing a set of pelvnomial coefti-
cients that will be used for fast index calculation; and (3) performing the fo-
cusing summation of equation (7) using the coefficients found in stage 2 to
find the index corresponding to the proper time shift.

Preprocessing

A method to efficiently implement time shiftung is needed. The SAR data
are collected by an A/D converter that cuiputs a vector of & numbers (volt-
ages) at each aperiure position. We call this vector §j(§}. A time shift is,
therefore, simply a shift in the index 7.

Typically, the time shifting obtained by indexing on the original N-point
vector is not fine enough. Finer resolution is gained by a two-stage interpo-
lator. First, a high-quality interpolator is used to produce a new K-point
vector s {7). It is usually implemented by insertion of Z — 1 zeros between
cach data point in the original vector, after which the new sequence is
passed through a low-pass FIR {finite impulse response) filter. The process
results in a new vector with nearly the desired time-shift resolution. The
length, in this case, is K = ZN. We can gain extra fine resolution by using a
floating-point index with simple linear interpolation to find a value between
any two data points in the interpolated data vector. For example, if the in-
dex i were 6.3, then the interpolated value would just be 0.75,(6) + 0.35(7).

The focusing algorithm that follows uses these technigues in the following
sequence, which is typically referred to as back projection.

Read in one N-point vector s, (i} of raw data.
Do an Z-point interpoiation, to form a new K-point vector s;{7).

Iterate for all pixels:
a. Find the floating point index needed for a pixel.

b. Find the data value for that pixel either by rounding the index and grab-
bing the value, or by linearly interpolating between adjacent values.

c. Sum into that pixel the data value obtained.



6.2

6.2.1

Fast Index Caleulation

Approach

Typically, the greatest computational load in back-projection focusing is in
finding the index. Let P(Lk, ) be the exact index needed. Then equation (7},
the 2-D focusing equation, becomes

fie= 2 8(PGR) - (10)

Caleulating P(i. £ ]} exactly involves 3-D trigonometric solutions for every
pixel in the image at every posifion in the aperture. Such a calculation
would be prohibitively large. For practical implementation, a secondary ap-
proximation is used to speed the computations. Extremely efficient compu-
tational methods exist for finding evenly spaced solutions to polynomials.
Therefore, our approach is to define a polynomial in three variables G(i,k,J),
where G(Lk,j)} =~ P(i,k,}), and use G to compute the index.

The first issue that arises is choosing the order of the polynomial needed for
each variable, To understand the method, suppose that a second-degree
polynomial is adequate for each of the three variables 7 £,j. Now the prob-
lem can be restated as follows: for a given image pixel (i, k), and a given
aperture position (7), find the coefficients a,, for m = 0...26 such that

Gli,k,jy = P(i,k, ]}

= Gop;t G it Gt

=[co, +o ko ki 4o, vo ke, Klivie,, + ¢, h+ c&}.iczjiz

=[{a, + a,j+ a?—,f) +(ay + a,j+ agjz)k + (g, + a,j + agf'z)’%z} (in
+ [a, +a,j+ a;f) +{a, +asj+ aﬁfz}k w{avaj+ 3;73?2}'%2 |2

+ [ag+a,j+ Qzajz} +{ty +ayj + 323;'2};% +{ay +a,]+ ﬁzéjz}gfzﬁz

With the equation written in this format, it is easy to see that one can code
the index calculation as Joops nested three deep, with j as the outer loop, k
as the middle loop, and / as the inner joop.




#.2.2 Solving for the Coefficients

The coefficients a,, can be found numerically. The approach is to calculate
the exact index required for M poinis in the image at each of H positions in
the aperiure, and z:é@ el Efeaﬁ—éigga?ﬁs fit to find the coefficients a,, for m =
£0..26. We can find a generic solation fo this problem, for arbitrary image

b

size, by using 2 jﬁﬁ;{iﬁéﬁmzmﬁr se¢ operation to perform the least-squares fit
. . . 1

When malrix A is not square e but rec tangular, then A7 is known as the

pseudo inverse and 1s defined as

AT =(ATe AYT s AT, {12

Rty

An example explains the method. To simplify the example, we find 2 solu-
tion for only a single position in the aperture &%‘; = (1. S0 we find the ¢,

;}’?{}ggh 7 needed o ﬁa‘é{;ﬁ%&éﬁ the indey needed for gg{;{%é:is}} ”?ﬁ\a M=
25 points on a patch (o be focused: five ranges {L sein to faroutt i =4, 5,
28,30, 4byon e s%‘ of f] ” ¢ azimuths (left side to right side: £ = 0, 4, 24, 34,

4a). The vector B 15 ?z{i sxact {floating-point} caiculated index necded for
those 15 points in §§E£i unage. The matrix A s set up <o that the width of the
paich is 4g and the depth of the patch 18 45, S0 we have

P ) 3 . . 2 £ ey
GULK ),y = Cop ¥ ok +Co ok 40y 0+, Jh+og gk ve 07 o, ik + Cy of (13

or
72 Pa s T 2z 221 =
Lk Fi=11 K £ @ ik i P Tk FEiel;
with
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The inverse of A s found to be

961 837 31 -B3Y7 79 =27 31 -27 1
1225 1223« 24505 1225k 12252k 2452°b 24557 245ab° 49a°%°
770 403 .31 -243  -35] 27 9 13 1
1225 24500 490a° 12256 24500k 4004%h  245h%  490ab®  98ah”
53 124 3 23 ~108 27 -3 4 -1
1725 245z 24%:° 1023k 248qh  2430%h 2455 40ab0 40a7h°
31 8317 =31 27 719 27 -1 27 -1
245 24500 490e° 245k 2450mb 490ah 4957 450ah° 9Ra°B°
o1 403 31 _81 151 27 3 13 1
1225 1228¢ 24507 1225h  1225ab 245q%h  245b%  245ab® 494°h°
270 243 g 403 351 13 31 27 -1
1775 12232 24557 2450k 2430uh 490a°B 490K 49000 9%aTh°
31 17 - 117 169 13 -9 12 1
1275 2450a  490a°  2450h  4900ah 9R0a h  400Hh°  9R0ab” 196a°H°
27 36 -9 -39 74 -13 3 2 1
1225 24%  245¢%  2450h  245ab  490a%b  490b°  40ab®  OR4h°
-9 243 -5 13 351 ~13 1 -2 1
24 24500 49065 490b  4900ah O80a7h  9%°  OR0eh® 196a°H°
27 117 g 9 168 13 -2 13 —1
1225 1225 24505 24506 2450ab 49047k 490h°  490ah” 98a°b”
03 21 -3 124 _108 4 ~31 27 -1
1225 1225 24505 245 243qk 40g%h  2455%  245qb° 494°B7
77 -39 3 36 26 ) -9 ~13 1
1225 2450¢ 490" 245h  245ab  452%h  245h%  400ab  ORath”

(vt 9 _12 3 ~12 6 4 k 4 1
' 1225 2452 24540 2456 4%b  49°h 24567 49ab?  A49a°h°
3 .81 3 Py 54 ) 1 -7 1
245 24300 49045 4% 245ab 49%%h 49K 400ab  0%:tH
9 19 -3 12 .82 4 -3 13 —1
1225 1225z 24850 245h  243qh 4%k 245h°  245ab* 4%
31 77 -1 837 =728 27 _31 27 -1
245 2454 494 2450k 2450wb 40047k 400 400ah”  O84°h°
-G -13 1 243 351 =27 -G ~13 1
245 490 9% 2450h  490(kb O080a°h 40060 SR0ab 19645
3 4 i a1 54 27 3 .2 1
245 4% 48z 2450h  Z45ab  490g%h  4906°  4Sabt O8%ath°
1 =27 1 N 1 _77 i
49 4902 9%°  490h  4900uh OR04%h 0% O08Mabt 196a%b°
-3 13 -1 81 35t 27 -3 13 -l
245 245 4% 2450h  2450ab 490ah  490b°  4%0ab”  O84°B°
93 _R1 3 ~403 351 -13 3 ~27 1
1225 1225 24547 1225h  122%h 245¢°%h 24550 245260 494
27 29 3 -i17 -89 13 g 13 ]
1225 24300 49020 12256 243%kb 4907k 2450 400ab” 984580
I I 39 ~52 13 -3 4 1
1225 245z 24540 1225h  245ah 245k 245h%  40aht 4040H°
-3 81 3 13 351 3 - 27 -]
245 D450n 49020 245k 2450ah 40005k 49H° 4900kt 0%4h°
g -39 3 _39 69 -13 3 ~13 ]

1225 1225 2454 122%h 1225b 245a°b 2457 245ab° 494°p° |




6.2.3

3

Now C is calculated as C = A7E, and is used for finding a floating-point in-
dex pointing into the data array, This floating-point index is either rounded,
so that the nearest point is chosen, or is used for a linear interpolation be-
tween the two closest data points, so that a data value is found.

Two options are available for finding the coefficients a, ... ay,. The first
method is to go through the same process as shown but for the full problem.
That process would involve entarging € to hold the 27 coefficients {(2g =6k
enlarging B t0 hold the ideal values for more than one position in the aper-

ture (say five positions); and enlarging A to match,

The second method is to solve for vector C (as shown) at a number of posi-
tions in the aperture. Then construct a polynomial in f for each coefficient,
This solution does not invoive inverting the large A matrix but will resultin
a less than optimum solution in the least-squares sense.

One advantage of this second method is that it lends itself to correcting for
airplane motion. Since A is independent of the airplane position, it is in-
verted once. The matrix multiplication to find the index polynomial coeffi-
cients can be applied at every aperture position or short subaperture if de-
sired. The algorithm thus allows real-time UWB motion compensation.

Fast Polynomial Calculation

Now that we have a polynomial to find the index, we need a fast way to
compute the polynomial. Directly calculating an N degree polynomial
usually requires N adds and & multiplies. If, however, a sequence of solu-
tions is desired with the variable changed in fixed increments (the case we
have here}, more efficient means are available. An algorithm by Nuttall [8]
describes a method that can be applied here, to calculate the index recur-
sively without the multiplications. The procedure is as follows:

Let X(7) = g, + g, + ¢,i° be the polynomial to be solved, where i =0, 1, 2,
3

Let X\ (i) = X(§) - X(i - 1) = gy — g +24,i. Observe that X, ({} -~ X, (i - 1) =
Therefore a recursion can be set up where

X=X (i-1)+2q,, and

Xy =X{(-D+ X

The starting values for the recursion are

X{0)=gq, and
X0 =g ~-q,+2qi=q -q,.




Figure 9. Image
partitioning and
notation.

Figure 10, Coefficlent
generator flow chart,

The same derivation can be applied to an arbitrary N degree polynomial to
produce z recursive formula that requires N adds per step. The technigue
can also be expanded to multiple dimensions by nesting. Appendix B lists
all routines used in the fast focusing algorithm. Subroutine polyZ in section
B-5 of appendix B uses this technique directly.

Coefficient Generator Program

?igufﬁ 9 shows how the image is broken down, along with the names used
é
'é.

in subroufines,

‘The basic flow chart is shown in figure 10, In figure 10, the Z s are the a
to a4, coefficients. Each time the inner loop goes through all the »'s, the
Z,'s are caiculated for the box {defined by & and m) and the subaperture
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{defined by /). The flow chart shows that the polynomial degree for the C
is not always the same. The degree was optimized based on the errors
caused when a lower degree was tried. Appendix A provides a compleie
listing of the program that generates the focusing coefficients from an input
file with the geometry.

6.3 Fast Focusing Algorithm

The fast focusing algorithm simply applies the fast polynomial solution
techniique to find the indexing and does the signal summation into all the
pixels in the image. As outlined above, the index calculation is done in
three nested loops. To aid in explanation, we provide displays of subrou-
tines Inner Loop, Middle_ILoop, and Cuter_Loop as pseudo-coded ex-
amples of how the focusing routine is written using the recursive technique
with nesting. A second-degree polynomial is used throughout for illustra-
tion purposes. These subroutines assurne that the image is broken into a
number of boxes where each box has its own set of coefficients.
Inner_Loop (display 1) is the simplest subroutine and follows the derivation
of the recursive formula directly. It essentially increments £ fo focus a single
line in a box.

Display 1. Subroutine Inner_Loop

Caode Comments
Inner_Loop {f, s, s_maX, q, i_pixes) EInner loop subroutine
float *f; Pointer to first pixel in a hine; #{i_start.k)
float *s; Painter to signal-data vector from jth aperture position
float *g; Zointer to coetficients vector for index calculation
ints max; s range is s[0]...sls_maxjs_max.
miipixes: size of the box {pixels) along { axis is +_pixes,
fstop P=§4+1 pives—1; Set up initial conditions,
T =qf2]+ql2];

R1 = qf1]-q[2;
RO = qf(};
#H RO < 0.5 then repeat Perform clipping when index < (} {before beginning of actual

{44 datal.

1=RI1+T;

RO =RO+R1%

until RO »-0.5};
H{f>{ stop i) then returng
index = Round(R(}; Perform first summation.
P *L 4 Fgindex

repeat Begin loop for a line mn box.
{f+ Increment poinder fo nexi pixel
Ri=RI+T Increment index RO = ROGRE.
index = Round{ROY Clip when index s beyond actual daia record lengih.
i index»s_max refurn;
= * T " (atindex) Sum into pixel the new daia,
untl (f =1 stop) END Inper_Loop
refurng

Bk
Lt



Nesting of the recursive approach means that the coefficients g, g,. anc g
are gach formed by polynomials in k. Each polynomial is incremented re-
cursively in the subroutine Middle Loop (display 2). Thus, Middle Loop

sums into a single box the data from a single aperture position,

Diisplay 2. Subroutine Middle Ioop

Cade

Commisnis

Middle Loop{f, s, ¢, 5_max,
i pixes, k_inc, box offsel);

Widdle loop subroutine

float i

Pointer to first pixel of box

fioat #5;

Fointer 1o jth data vector

float *c:

Pointer to coefficients vector for index calculation

int s _max;

s range is s{i..sls max]

it k_ino

Flikl="{T+1+%k "k inc)sok_incis total range line lengih,

int i_pixes;

Size of the box (pixels) along / axis.

H 1

int box_offser, MNumber to add to [ to move pointer 1o last lne in box,
f last = T+ box_ofrse f last = address of the first pixel in a8t line of box,
gl T=cillecfZ]; Set up initial conditions for gy

gt Ri=cfl}-<{Zh

Set up imtial conditions for g,

et re
i?“i “QL{E’;?

Set up inttial conditions for gu

Cail Inner_Loop(fsg.);

Perform summation on first line.

Start loop for rest of lines.

increment pointer 1o next lne in box,

iterate gy

{terate gy,

fterate g0

pon ]
puie§
E}%
IS
5
)
Fo

Perform summation on current line in box.,

}
Uniiigi=1
Returng

Loop until all lines done.

[
el




Again, nesting of the recursive approach means that the coefficients ¢g...cg
are each formed by polvoomizals in J. Each polynomial is incremented re-
cursively in the subroutine Outer_Loop {display 3). Outer_Loop thus sums
inte each box the data from multiple aperture positions. Since it is desirable
to read the signal data only once, Guter_Loop will both call Middle_Loop
for each box and increment the coefficients for each boX separately as it in-
crements j across the aperture.

Display 3. Subroutine Guter_Loop

Tode

Comments

Guier_Locpifas_maxk boxes] boxes,
k_pixesi pixesj beg, ] emd

Guter ioop subroutine

float *fo;

Pointer to {irst pixel in entire imags; all pixels set fo
Zer0.

float *ar

Pointer to array of coefficient vectors for index
calculation: one vector per box.

5 has range of {07 1o sfs_max|

ints max;
43 Number of boxes 1n & axis k_boxey;
i Number of boxes in { axis i_Doxes;

it kpixes;

Size of box {pixels}in kaxs

HE

Size of boy {pixels}in raxigi pixes;

int; beg;

Start of data vectors 1o be processed

int }_end;

Siop of data veciors o be processed

i mc=1_pixes ¥ i DoXes;

Bk = (fhi+k*E_inc)

box offset = k_wne * (k_pixes—1):

Used by Middle Ioop

DGR _inC_X = |_pixes + box_offser;

box_inc i = i_pixes;

=i start;
read s{0..5_max] for | th position;

Head signal dafa for first aperiure position.

t = fo — (bo¥_inc_x+box_inc_ ik

for k_box = 0 to k_boxes—1;
Box = box + 1,
f=f+box_inc_k;
fori_box =0 to1_boxes-1;
box = bhox + 13
f=f+box_inc i

Set up o loop through all boxes.

o} Tibox] = af2 boxj+al2 box];
&t _Rifbox] = a[l box}-af2.box];
efdbox] = afG.box};

fntial condition for o for current hox,

¢l _Tlbox] = a[5,boxj+a{5.box];
cl_Rilbox] = afd,box-al3 box};
¢l ofl,box] = a[3,box];

initizl condition for ¢ for current box.

Initial condition for co..cq for current box.

c8_Tibox| = al27 boxj+al27 box};
cf_Rlfbox! = al26 hox}-af27 box}
c[8,box} = al23 boxl;

initial condition for ¢ for current box,

Call Maddle Loop({s.clbox),...;

First suymmmation for current box.




Display 3. Subroutine Outer_Loop (cont’d)

Code

Comments

END {for: box);
BN {for k_box};

Loop through all boxes.

repeat

Loop through all aperture positions,

zu}"'s

Increment aperfure.

reac s{0L8_max];

Position read data for that aperture mv‘z ion

fwfo—{box_inc_k+box_inc ih

Imitialize §.

i

bBor = dr

fork_boy = 0io k_boxes-i;
by = hox + 1
fe=f+box inc k

o

fori box =001 boxes—1;
hoy = boy + 1]
f={+box inc i

Set up 1o loop through all boxes.

ol Ri[box] =cO _Rilpox +cd 1 box];

cf0box] = e[ boxiech Rilbox];

iterate o for current DOX,

¢l Rifbox}=c! Ritboxjscl Tiboxl

ofi,box!= ¢l boxjsct Rijbox};

Herate o, for current DOX.

Iterate ¢...09 Tor current box,

cx Rijboxje=
ci8,box] = ¢[8 box]+c8 Rijbox);

cf Rijhoxj+cl_Tlhorl

fterate o for current box,

Call Middle Looplfsclboxl,..j;

Sum into curvent box.

END {fori_bouy
END {for k_box}

Eoop uniil all boxes done.

Uinni | = stop;
Return (END Outer_Loop}

Loop until all aperiure posifions gre dons,

6.4

Jinfig. 3, p E?} ﬁi”}é i%e %};@?@‘é case area in the image (L4
for the analysis. The sample rate was 4 Gg/s with 2 record
length {s_muax) of 4056 points. The elevation was 60 ft; otherwise the ge-
figure 3, with an aperture L = 384 ft, squint angle = 85°,

A

£
ometry was as in figu
and slant range K =

stricted to =0.5, then this

Considerations for Fast Focusing Polynomial Order Selection

550 fi. If the error in the floating-point index is re-
geometry produces the following results:

Polynomial Maximum Maximum
degree i pixes k_pixes
1 228 27
2 964 HES
3 z2181 315
4 — 657

5 ﬁiﬁ"i’?gﬁﬁ the effect of polynomial order on the
It The worst-case position in the aperture (j =

} = (237,3) in fig.

TR

By using the nested recursive technique as shown in the example subrou-
tines, we compute the computational load as shown in 1able 2.




Grouping terms, we get

L {inner loop adds) + (middle loop adds} + {outer loop adds)

IKTB(" + 1) + KJB(i" + Dk" + JBE + 1)k + 1)

From this equation, it is clear that a low-order polynomial is crucial in the
inner loop. Conversely, the order of the polynomial in the outer loop can be
high with little impact on the overall speed. Table 3 shows the computa-
tional load for various configurations with j* = 3 and J = 2304.

Table 2. Computationsl Symbol  Definition
load. i Polynomial order for / index
i Polynomial order for & index
i Polynomial order for j index
Mumber of points in the aperture
Mumber of range bins (pixels) in box (i_pixes)
Number of azimuth bins {pixels) in box {k_pixes)
Number of boxes
I(i" + 1); adds per Inner_Loop cafl
KILy + (i7" + 13 7}; adds per Middle Loop call
JLy + {7+ 1){(k"+ 1)j}; adds per Outer_Loop (adds per image})

%g“g*m;wqmm“"

Table 3. Matriz showing computational load versus partitioning for j" = 3 and J = 2304,

I i 2 3 4

K 27 103 256 512

Boxes across 19 3 P2 1
Total pixels

FCFOSS 513 518 512 512

Total

Boxes pixels

i [ down down

1 227 18 4088 L =9711 £L=9786 L=9769 L =09810

S=21888 5=R8640 S=4608 S=2880
B =342 E=9G B =36 B=18

2 817 5 4088 L=1451 L=1438 L=1451 L=1452
5= 9120 S=3600 S=1920 S=1200
B=85 B=25 B=10 B=5
32043 2 4086 L=13933 L=1941 L=193]

L= ]
5= 4864 S=1920 S=1024 S=840
B=38 B=1G B=4 8

L = total number of adds in giga-adds.
B = otal mumber of boxes in the image.
5 = bytes of storage needed for the coefficient tables = {7+ I}E™ + 1} + T}1B(4 bytesiword).

25




30

6.5

Implementation Notes

The algorithm developed here requires no multiplication except in the pre-
processing (interpolation) stage. There already exist DSP (digital signal
processor) chips whose architecture is ideal for the FIR interpolation task,
The bulk of the computations, however, occur in the summing and index
calculation stage. Two facts make the summing algorithm attractive. First,
adders take considerably less area to implement in a VLSI (very-large-scale
integration) chip than multipliers. Second, paralle] operation is extremely
simple; the image can simply be broken into boxes with a separate proces-
sor working independently on each box. In this case, only the coefficient
table would be different between processors, and a broadcast mode would
be needed to pass the signal data to each processor, Therefore, design of a
custom LSI chip appears practical and could result in real-time speeds.

If an off-the-shelf DSP chip with a parallel adder and multiplier is used to
perform this algorithm, then other options become available. For example,
the multiplier can be used in the summing algorithm to do interpolation on
the indexing rather than rounding. The multiplication required can be done
during other add cycles so that it takes zero time. Another possibility is to
calculate the index polynomial directly instead of recursively. Finally, since
all the operations can be fixed point, the address-generator ALU (arithmetic
logic unit) can sometimes be used in parallel with the floating-point units.




7. Beam Patterns and Sidelobe Structure

To develop an intuitive understanding for the beam shape, we assembled 16
figures to display, in the time domain, the main-lobe and sidelobe beam pat-
terns. We simulated a resonant target by generating a data record for every
position in the aperture. The simulated scene was a single-point target. The
target bearing (see fig. 3) was squinted 15° off broadside (6 = 105°). Range
to the target R-was 750 ft, the aperture length L  was 385 ft, and the aperture
height was 60 ft. The point target had an impulse response of

Sin(2af)0.5 + 0.5cos(4afr)] fore.::(f}.

s(t) = (15)

1
7o t)0.23f] fortz—‘—;—};

sin(2nft yexp [( y

The data simulated a 2-GHz sample rate. A record length of 2048 samples
was made for each aperture position. Each record was preprocessed with a
times-8 interpolator, producing 16K records. Interpolation was done by the
standard FIR filter method. A 255-tap Parks-McClellan low-pass filter with
a 950-MHz cutoff was used to do the interpolation. Equation (7) (with n =
0) was used to produce the focused beams. A Hilbert transform was used to
obtain the magnitude that is plotted in the figures. Plots were made on a
decibel scale. Four 3-D plots were made, showing two viewing angles (on
axis and above axis) and two aperture weighting functions (Hamming and
rectangular) for each of four targets with different resonant frequencies (50,
200, 400, and 900 MHz). These are shown in figures 11 to 26.

The on-axis plots were made so that amplitude values could be easily read
off the plots, The above-axis plots were made to reveal the sidelobe struc-
ture and the ring-down time of the target. The axis labels were shifted so
that 0 range was at the point target and 0° was the bearing centered on the
target. Notice that all plots are 3-D, even the on-axis plots. The various
horizontal lines in the on-axis plots are the beam pattern on the it range
bin. These horizontal lines are identical to those shown in the above-axis
plots; they are just being viewed “end on.”

These figures are unique in that they show how the sidelobes spread in time
as one moves off the main beam. Because of the sharp rise time of the tar-
get echo, the contribution from the near and far ends of the aperture can be
seen as the early and late peaks in the sidelobe structure. Hamming weight-
ing was applied to the array so that one can see the effect of weighting on
the sidelobe structure. It is interesting to note that although the peak
sidelobe levels drop only marginally, the average or integrated sidelobe lev-
els are significantly lower when tapered aperture weighting is used. The
weighting also reduces the near and far peaks in the sidelobes since the
weighting reduces the contribution of the array ends.
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Figure 11, 50-MHz
point reflector, equal
weighting, end view.

Figure 12. 50-MHz
point reflector,
Hamming
weighting, end view,

32

Since the antenna is a linear system, it is no surprise that the beam paltern
behaves basically as classic antenna theory predicts. The aperture beam pat-
tern is a function of (1) how long the aperture is relative to wavelength, and
(2) what kind of weighting is used to sum the points in the aperture. If uni-
form aperture weighting is used (a straight summation), then the typical
sin(By)/(By) pattern occurs, where 1 is the angle off the main beam, and S8
% Lg/A. f establishes the width of the main beam. As the wavelength gets
small, or as the aperture gets long, the beam gets narrow.
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point reflector, equal
weighting, above axis.

Figure 13. 50-MHz
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Figure 17. 200-MHz er
point reflector, equal
weighting, above axis,
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Figure 21. 400-MHz er
point reflector, equai
weighting, above axis.
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Figure 23. 900-MHz
point reflector, equal —_
weighting, end view, o 4
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Figure 25. 906-MHz
point reflector, equal
weighting, above axis,

Figure 26. 900-MHz
point reflector,
Hamming weighting,
above axis.
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8. Summary

40

This report identifies a frequency-independent processing algorithm to get a
perfectly focused impulse response from any object at any position from an
ultra-wide-bandwidth synthetic aperture radar. The report also presents an
approximation that reduces the computational complexity of the algorithm.
An error analysis of this approximation demonstrates its applicability to fo-
cus even high-Q objects in the near field of an aperture. An implementation
that is both computationally efficient and applicable to real-time motion
compensation is also presented. Finally, plots are presented demonstrating
the capability of the algorithm to focus ringing targets over an 18-to-1

bandwidth.
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Appendix A

A-1. Main Program to Calculate Coefficients (main.c)

This is a listing of the code that calculates the coefficients needed by the
fast focusing algorithm. It takes as inputs the geometry of the synthetic ap-
erture radar (SAR) and image area, and it outputs the coefficient vectors
required.

/*******************************#***#***************************************

Program : coefgen

Description : This is the main program to generate coefficients
for fast focusing algorithm .

*****************************************************************************/

#include <malloc.h>
#include <stdio.h>
#include <math.h>
#include "coefgen.const”
#include "coefgen.var"”

main()

{

long cacheset;

FILE *fp,*tstart_fp;

char fn[80];

long i;
ia=(BOX_SIZE_AZIMUTH-4)/4;
ib=(BOX_SIZE_RADIAL-3)/4;
/* initialize variables */
coefgen_varinit();
/* initialize pseudo inver matrix */
initmat();

printf("Enter coefficient a output file name ===> ");
scanf("%s",fn);
fp=fopen(fn,"w");
if(fp==NULL)
{
printf("Error open output file \n");
exit(1);
}
/*
45




Appendix A

printf("Enter data acquisition timing file name ===>");
scanf("%s",fn);

*/

/’*
tstart_fp=fopen("delaytime.dat","r"};
if(tstart_fp==NULL)

{
printf("Error open input file \n"});
exit(0);

}

read_delaytime(tstart_fp);

*/
coefgen(fp);

}

A-2. Main Coefficient Generator Routine (coefgen.c)

#include "coefgen.h” /*geometry file*/

#include "coefgen.var” /*list of variables*/

#include <stdio.h>

#include <math.h>

extern index();

extern mxmul_();

extern poly_fit();

/* Note that Reference point is now taken at coordinate kpixel= n_azimuth/2-1 */
/* ipixel= n_radiai/2 -1 */

/* At every position data were taken so that the reference point is at center */
/* data buffer */

void coefgen(fp)
FILE *fp; /s
{
float inputf NPOINT_APER/4];
long i,j;
long section,kbox,ibox,position,position_start,position_stop;
long ipoint,kpoint;
for(i=0;i<NPOINT_APER/n_section;i++)

{

input{i}=(float)i;

1 .
for(section=0;section<n_section;section++)

{

position_start=section*n_aper/n_section;
position_stop=position_start+n_aper/n_section;
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tor(kbox=0;kbox<NBOX_AZIMUTH;kbox++)

{
for(ibox=0;ibox<NBOX_RADIAL;ibox++)

{
printf("processing section %d ibox %d kbox %d\n",section,ibox,kbox);
for(position=position_start;position<position_stop;position++)
{
jExxEx*Calculating Actual index for all samples points in a box****#xsx%/
i=(}
for(ipoint=0;ipoint<NPOINT_BOXSAMPLE _RADIAL;ipoint++)

{
for(kpoint=0;kpoint<NPOINT_BOXSAMPLE_AZIMUTH;kpoint++)

{
ipixel=ibox*BOX_SIZE_RADIAL+ipoint*ib;
jpixel=kbox*BOX_SIZE_AZIMUTH-+kpoint*ia;

d=((float)position-((float)n_aper/2.-1.))*(aper_length/({(float)n_aper-1.)); /* distance from radar
to center of aperture */
x=sqrt{rcenter_ref*rcenter_ref-radar_height2);
r_ref=sqrt(radar_height2+x*x*c_theta_center_ref*c_theta_center_ref+(d-
x*s_theta_center_ref)*(d-x*s_theta_center_ref));
rmin=r_ref-d_rcenter*((float)n_radial/2.-1.);
index(&ipixel,&jpixel,&findex|i]);
i++;
}
}

/* generate coef for this box at this position */
mxmuls(mat,&mat_c_stride,&stride,findex,&findex_c_stride,&stride,coef,&coef c¢_stride,

&stride,&n_coef,&i_one,&n_boxsample);

/* save in coefc[i][position] */
for(i=0;i<COEF_SIZE;i++)
{
coefc[i]fposition-position_start]=coef]i};

}

/* for debug only */
/* printf("pos= %d tstart= %.3e\n",position,2.0%rmin/c); */
/* end debug */

} /* position */
for(i=0;i<COEF_SIZE;i++)
{
printf("Doing polyfit for coef %d\n",i);
poly_fit(input,&coefc[i}[0],n_aper/n_section,deg[i],&coefa[i][0]);
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for(j=0sj<(degli]+1):j++)
{
fprintf(fp," %e\n",coefa[i]fj]); /* save ali] to file */
h

}
} /* ibox */
} /* kbox */
} /* section */

} /* subroutine */

A-3. Subroutine Find Ideal Index Vector (index.c)

/‘*************************************************************************/

Subroutine: index.c
Input:
ipixel pixel radial coordinate
jpixel pixel angle coordinate
a_span angle spanned by the patch
a_ofset offset angle of the center line
d distance from middle position
d_rcenter sampling range
dr8 (sampling range)/8
rmincenter min range rom center position
hgt height of building
hgt2 square the height
length - length of the building
QOutput:
findex floating point index to ivalue of that pixel

***********#************************************************************/

#include "coefgen.const”
#include "coefgen.var”
#include <math.h>

index(ipixel,kpixel,findex)
int *ipixel,*kpixel;
float *findex;

{

theta=a_ofset-a_span/2.+(float)*kpixel*d_theta;
c_theta=cos(theta);

s_theta=sin(theta);
rcenter=rmincenter+(float)*ipixel*d_rcenter;
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x=sqrt(rcenter*reenter-radar_height2);
r=sqri(radar_height2+x*x*c_theta*c_theta+(d-x*s_theta)*(d-x*s_theta)};
*findex=(r-rmin)/dr8;

}

A-4. Geometry File — Declare All Global Constants
(coefgen.h)

#define NPOINT_AZIMUTH 600 /* number of bearing lines */

#define NPOINT RADIAL 4095 /* number of radial lines */

#define NPOINT_APER 2304 /* # of positions in aperture */

#define NPOINT_DATA 2048 /* number of original data points */

#define NPOINT_DATA_INTER NPOINT _DATA*8 /* number of data points after
interpolated */

#define PI 3.141592654

#define RADAR_HEIGHT 60. /* radar height in feet  */
#define A_OFSET  -15.0 /* offset angle from center line */
#define A_SPAN 54.0 /* spanning angle of the patch */
#define RMINCENTER  550. /* range from center position to

nearest point on the patch */
#define RCENTER_REF 802.0 /* range (ft) of ref. point from center pos. */
#define THETA_CENTER_REF -15.0 /* angle (deg)of ref. point from center pos. */
#define SAMPLING _RATE 2.0e09 /* sampling frequency of signal */
#define SAMPLING_PERIOD 5.0e-10  /* ts=1/fs *

#define BOX_SIZE _RADIAL 195

#define BOX_SIZE AZIMUTH 100

#define NBOX_RADIAL NPOINT_RADIAL/BOX_SIZE_RADIAL
#define NBOX_AZIMUTH NPOINT_AZIMUTH/BOX_SIZE AZIMUTH

#define SECTION_SIZE 4 /* # of sections for one aperture */

#define COEF_SIZE 6 /* # of coeffs for curve fit */

#define MAXDEG 3 /* maximum degree for poly. fit */

#define NPOINT_BOXSAMPLE_RADIAL 5 /* # of samples in a box in radial
direction */

#dcfine NPOINT_BOXSAMPLE_AZIMUTH 5 /* # of samples in azimuth direction
for every box */

#define NPOINT_BOXSAMPLE

NPOINT_BOXSAMPLE_RADIAL*NPOINT_BOXSAMPLE_AZIMUTH

/* # of samples in a box for curve fit */
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A-5. Declare All Global Variables (coefgen.var)

struct complex { float r,i;}; /* define a complex type ¥/

/* Data Variables */

float pixel[NPOINT_AZIMUTH]{NPOINT_RADIALYJ; /* array of image */

float datal NPOINT _DATA]; /* original data bufer ¥/

float data_interfNPOINT_DATA_INTER}]; /* interpolated data buffer */

struct complex data_inter_fft{NPOINT_DATA_INTER/2]; /* Real->Complex Forward FFT
of data_inter */

float filter_coef[NPOINT _DATA_INTER]; /* filter coefficients */

struct complex filter fftfNPOINT_DATA_INTER/2]); /* Real->Complex Forward FFT

of filter_coef */

float nyquist_filter; /* value of FFT of filter at Nyquist point */
float nyquist_data; /* value of FFT of data at Nyquist Point  */
/* Geometry Variables */
float a_ofset; /* offset angle from the center line *f
float a_span; /* spanning angle of the patch */
float d_theta; /* delta angle *f
float x,theta; /* coordinate of a pixel */
float c_theta,s_theta; /* cosine and sine of theha */
float d; * /* distance from radar to center position

positive to the right, neg. to the left */
float rcenter,rmincenter,rmaxcenter; /* range from center position */
float rcenter_ref; /* range from center pos. to ref point  */
float theta_center_ref; /* angle of ref. point from center position */
float r_ref; /* range from any pos. to ref., point */
float d_rcenter; /* sampling distance from center position */
float dr8; /* (sampling distance)/8 */
float r,rmin,rmax; /* range from any position */
float aper_length; /* length of aperture */
float radar_height; /* height of radar */
float radar_height2; /* square the height of radar */
/* Radar Variables */
float ¢; /* speed of wave */
float ts; /* sampling period of signal */
float fs; /* sampling frequency of signal */
long n_azimuth; /* # of points in azimuth direction */
long n_radial; /* # of points in radial direction */
long n_aper; /* # of positions in aperture */
long pix_size; /* # of points in pixel array */
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long n_data; /* number of original data points */
long n_data_inter; /* number of interpolated data points */
long n_data_inter_half; /* 1/2 # of interpolated data points */
long n_boxsample; /* # of samples in a box for curve fit  */
long n_coef; /* # of coefficients curve fit */

long n_section; /* # of sections for one aperture */

/* SSL VAriables */

float f_zero; /* floating point zero */
float f_one; /* floating point 1 */
long i_one; /* integer 1 */
long stride; /* stride for supercard ssl */

/* working variables */

long n_position;

float e_index,a_index,error,maxerror,minerror;
long ierr_max,jerr_max,ierr_min,jerr_min;

long column_max,row_max,column_min,row_min;
long ia,ib;

long ipixel,jpixel;

float c_theta_center_ref,s_theta_center_ref;

float
mat|COEF_SIZE][NPOINT_BOXSAMPLE],findex{NPOINT_BOXSAMPLE],coef| COEF_SIZE];

float coefc| COEF_SIZE][NPOINT _APER/4]; /* c coef. for each section ~ */
float coefa| COEF_SIZE][MAXDEG+1};  /* acoef. foreachc */
long deg[COEF_SIZE}; /* degree for each coefc */
long mat_c_stride,findex_c_stride,coef_c_stride;
float tstart{NPOINT_APER]; /* time from trigger to start data acq. at */

/*  each position *

A-6. Matrix Pseudo Inverse Coefficients (initmat.c)

#include <stdio.h>
#include <math.h>
#include "coefgen.const”
#include "coefgen.var”

initmat()
{

int i,j;
float a,b;

a=((float)BOX_SIZE_AZIMUTH-4.)/4.;
b=((float)BOX_SIZE_RADIAL-3.)/4.;
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mat[0][0]=93./175.;
mat[0][1]=27./175.;
mat{0][2}=(-9.)/175.;
mat{0][3]=(-3.)/35
mat[0][4]=9./175.;
mat{0}[5]=62./175,;
mat[0}{6]=18./175;
mat[0][7]=(-6.)/175;
mat[0][8]=(-2.)/35.;
mat[0}[9]=6./175.;
mat[0][10]=31./175.;
mat[0][11]=9./175.;
mat[0][12]=(-3.)/175;
mat[0][13]}=(-1.)/35;
mat[0][14]=3/175.;
mat[0]{15])=0.;
mat[0][16]=0.;
mat[0]{17]}=0.;
mat[0][18]=0.;
mat[0]{19]=0.;
mat[0][20]=(-31.)/175;
mat[0][21}=(-9.)/175;
mat[0][22]=3./175.;
mat[0]{23]=1./35,;
mat[0][24])=(-3.)/175;

mat[1][0]=(-81.)/(175.%a);
mat[1][1]=39./(350.*a);
mat[1][{2]=12./(35.%a);
mat][1]{3]=81./(350.*a);
mat[1][4]=(-39.)/(175.*a);
mat[1][5]=(-54.)/(175.*a);
mat[1][6]=13./(175.*a);
mat[1]{7]=8./(35.*a);
mat[1][8]=27./(175.*a);
mat[1}[9]=(-26.)/(175.%a);
mat[1][10]=(-27.)/(175.*a);
mat{1][11]=13./(350.*a);
matf1]{12]=4./(35.*a);
mat[1][13]=27./(350.*a);
mat{1][14]=(-13.)/(175.7a);
mat[1][15]=0.;
mat{1]{16]=0.;
mat[1][17]=0.;
mat{1][18]=0.;
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mat[1}[19]=0.;
mat|1][20]=27./(175.*a);
mat[1][21]=(-13.)/(350.%a);
mat[1])[22]=(-4.)/(35.*a);
mat]1][23]=(-27.)/(350.%a);
mat[1][24]=13./(175.*a);

mat[2][0}=3./(35.*pow(a,2.)};
mat[2][1]=(-3.)/(70.*pow(a,2.));
mat[2][2]=(-3.)/(35.*pow(a,2.));
mat[2]{3]=(-3.)/(70.*pow(a,2.}};
mat[2][4)=3./(35.*pow(a,2.));
mat[2][5)=2./(35.*pow(a,2.);
mat[2][6]=(-1.)/(35.*pow(a,2.});
mat[2][7)=(-2.)/(35.*pow(a,2.));
mat[2][8]=(-1.)/(35.*pow(a,2.));
mat{2][9]=2./(35.*pow(a,2.));
mat[2][10]=1./(35.*pow(a,2.));
mat[2][11]=(-1.)/(70.*pow(a,2.));
mat[2][12]=(-1.)/(35.*pow(a,2.));
mat[2][13])=(-1.)/(70.*pow(a,2.});
mat[2][14]=1./(35.*pow(a,2.)};
mat{2]{15]=0.;

mat{2][16]=0.;

mat[2]{17]=0.;

mat[2]{18]=0.;

mat[2]{19]=0.;
mat{2][20]=(-1.)/(35.*pow(a,2.));
mat[2}[21]=1./70.*pow(a,2.));
mat[2][22]=1/(35.*pow(a,2.));
mat[2])[23]=1./(70.*pow(a,2.));
mat[2][24]=(-1.)/(35.*pow(a,2.));

mat[3][0]=(-31.)/(175.*b);
mat[3][1]=(-9.)/(175.*b);
mat{3]{2]=3./(175.*b);
mat[3][3]=1./(35.*b);
mat[3][4]=(-3.)/(175.*b);
mat[3][5]=(-31.)/(350.*b);
mat[3][6]=(-9.)/(350.*b);
mat[3][7]=3./(350.*b);
mat[3][8]=1./(70.b);
matf3]{9)=(-3.)/(350.%b);
mat[3][10]=0,;
mat[3][11]=0.;
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mat[3][12]=0.;
mat[3][13]=0.;
mat[3][14]=0.;
mat[3][15]=31./(350.*b);
mat[3][16]=9./(350.*b);
mat[3]{17]=(-3.)/(350.*b);
mat[3][18]=(-1.)/(70.*b);
mat{3]{19]=3./(350.*b});
mat[3][20]=31./(175.*b);
mat[3][21]=9./(175.*b);
mat[3][(22]=(-3.)/(175.*b);
mat[3][23]=(-1.)/(35.*b);
mat[3][24]=3/(175.%b);

mat[4][0]=27./(175.*a*b);
mat[4][1]=(-13.)/(350.*a*b};
mat[4][2]=(-4.)/(35.*a*b);
mat[4][3]=(-27.)/(350.*a*b};
mat[4][4]=13./(175.*a*b);
mat[4][5]=27./(350.*a*b);
mat[4][6]=(-13.)/(700.*a*b);
mat[4][7]=(-2.)/(35.*a*b);
mat[4]{8]=(-27.)/(700.*a*b);
mat[4][9]=13./(350.*a*b);
mat[4][10]=0.;
mat[4][11]=0.;
mat[4]{12]=0.;
mat[4}{13]}=0.;
mat[4][14]=0.;
mat[4][15]=(-27.)/(350.*a*b);
mat[4][16]=13./(700.*a*b);
mat[4][17]=2./(35.*a*b);
mat{4][18]=27./(700.*a*b);
mat{4][19]=(-13.)/(350.*a*b);
mat[4][20]=(-27.)/(175.*a*b);
mat[4][21]=13./(350.*a*b);
mat[4][22]=4./(35.*%a*b);
mat[4][23]=27./(350.*a*b);
mat[4][24]=(-13.)/(175.*a*b);

mat[5][0]=(-1.)/(35.*pow(a,2.)*b);

mat[5][1]=1./(70.*pow(a,2.)*b);
mat[S][Z]:l /(35 *pow(a,Z.)*b),
mat[5][3]=1./(70.*pow(a,2.)*b);

mat[5}{4]=(-1.)/(35.*pow(a,2.)*b);
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matf5][5]=(-1.)/(70.* pow(a,2.}*b);
mat[3]{6]=1./(140.* pow(a,2.)*b);
mat ][7]=]./(70.*p0w(a,2.)*b);

matf5 ][18]=(-1.)/(I40.*pow(a,2.)*b);
mat[5]{19]=1./(70.* pow(a,2.)*b);
mat[5][20]=1./(35.*pow(a,2.)*b);
mat[5]{21]=(-1.)/(70.*pow(a,2.)*b);
mat[5][22}=(-1.)/(35.*pow(a,2.)*b);
mat[5][23]=(-1.)/(70.*pow(a,2.)*b);
mat[5]]24]=1./(35.*pow(a,2.)*b);

}
A-7. Initialize All Variables (varinit.c)

/****************************************=|=**********************************

Subroutine: coefgen_varinit

Description : initialize all neccessary variables

****************************************************************************/

#include <stdio.h>
#include <math.h>
#include "coefgen.const”
#include "coefgen.var”
coefgen_varinit()

{

n_azimuth=NPOINT_AZIMUTH; /* # of points in azi. direction */
n_radial=NPOINT_RADIAL; /* # of points in rad. direction */
pix_size=n_azimuth*n_radial; /* Pixel array size */
n_data=NPOINT_DATA; /* # of orig. data points */

n data inter=NPOINT_DATA_INTER; /* # of interpolated. data points™/
n_ data inter_half=NPOINT_DATA_INTER/2; /* 1/2 # of inter. data points ¥/
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n_aper=NPOINT_APER; /* # of points in the aperture */
n_boxsample=NPOINT_BOXSAMPLE; /* # of samples in box for curve fit */
n_coef=COEF_SIZE; /* # of coeffs for curve fit  */
n_section=SECTION_SIZE; /* # of sections for one aperture*/

/* Radar Variables */

fs=SAMPLING_RATE; /* Sampling Frequency */
ts=SAMPLING_PERIOD; /* Sampling period */
c=3.e8; /* Speed of wave */

/* Geometry variables */

a_ofset=A_OFSET*PI/180.; /* Offset angle from center line */
a_span=A_SPAN*P1/180,; /* Spanning angle of the patch */
d_theta=a_span/((float)n_azimuth-1.); /* delta theta */
aper_length=(n_aper-1)*2.0*.0254; /* length of aperture */
radar_height=RADAR_HEIGHT*12.*0.0254; /* height of radar */

radar_height2=radar_height*radar_height; /* square the height */
rmincenter=RMINCENTER*12.#0.0254;  /* min range from center position
to reference point */
d_rcenter=ts*c/(2.0*2.0); /* sampling range */
/* project back to 2*n_data samples */
dr8=ts*c/(2.0*8.0); /* interpolated 16K buffer */

/*
theta_center=a_ofset-a_span/2.+((float)n_azimuth/2.-1.)*d_theta;
c_theta_center=cos(theta_center);
s_theta_center=sin(theta_center);
rcenter_ref=rmincenter+d_rcenter*{(float)n_radial/2.-1.);

*/
rcenter_ref=RCENTER_REF*12.*.0254; /* range of ref. point from center pos. */
theta_center_ref=THETA_CENTER_REF*PI/180.; /* angle of ref. point from center

position */
c_theta_center_ref=cos(theta_center_ref);
s_theta_center_ref=sin(theta_center_ref);

/* SSL Variables */

f zero=0,; /* floating point zero */

stride=1; /* stride for ssl */

f one=1.0; /* floating point 1 */

i_one=l; /* integer 1 */
mat_c_stride=n_boxsample; /* column stride for mat */
findex_c_stride=1; /* column stride for findex ~ */
coef c_stride=1; /* column stride for coeff */
deg[0]=3; /* degree for first coefc */
deg[1]=3;
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deg|2
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/* xgints_(pixel,&f zero,&pix_size,&stride); */ /* clear pixel[][] */
}
A-8. Find Least Squares Polynomial Fit (poly_fit.c)

/**#**********************************************************************

Subroutine: poly_fit.c

Description:

Perform data fit to polynomial
Input:  x[n] input array

yin] input array

n number of elements

deg degree of poly.
output  coeff[deg+1]  coefficients of poly
*************************************************=l=************************[
#include <stdio.h>
#include <malloc.h>
#include <math.h>
void poly_fit(x,y,n,deg,coeff)
float x[],y[],coeff] ];
long n,deg;
{
double *dx,*dy,*dcoeff;
double *dX,*dXtrans,*dA,*dB,*dC;
long m,1,j,one;
one=1;
m=deg+1;
dx=malloc(n*sizeof(double));
if(dx==NULL)
{
printf("Memory allocation Error {!\n");
exit(1);
}
dy=malloc(n*sizeof{double));
if(dy==NULL)
{
printf("Memory allocation Error !'\n");
exit(1);
t
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deoeff=malloc(m*sizeof(double));
if(dcoeff==NULL)})

{

printf("Memory allocation Error 1!'\n");

exit(1);

}
dX=malloc(n*m*sizeof(double));
if(dX==NULL)

{

printf("Memory allocation Error '!'\n");

exit(1);

}
dXtrans=malloc(n*m™*sizeof(double});
if(dX==NULL)

{

printf("Memory allocation Error !{\n");

exit(1);

}
dA=malloc(m*m*sizeof(double));
if(dA==NULL)

{

printf("Memory allocation Error !!\n");

exit(1); '
}
dB=malloc{m*m*sizeof(double));
if(dB==NULL)

{

printf("Memory allocation Error {!\n");

exit(1);

}
dC=malloc(m*sizeof(double));
if(dx==NULL)

{

printf("Memory allocation Error !!!\n");
exit(1);

t

for(i=0;i<n;i++)

{
dx[i]=(double)x[i];
dy[i]=(double)y{i];
}

for(i=0;i<n;i++)

{
dX[i*m]=1.0;
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}
for(j=1:j<m;j++)
{
for(i=0;i<n;i++)
{
dX[j+i*m]=pow(dx[i],(double)j);
}
}

mxtrans(dX,n,m,dXtrans);
mxmuld(dXtrans,&n,&one,dX,&m,&one,dA, &m,&one, &m,&m,&n);

mat_inverse(dA,dB,m);
mxmuld(dXtrans,&n,&one,dy,&one,&one,dC,&one,&one,&m,&one,&n);

mxmuld{dB,&m,&one,dC,&one,&one,dcoeff,&one,&one, &m,&one,&m);
for(i=0;i<m;i++)
{
coeff]i]=(float)dcoeft]i};
}
free(dx);
free(dy);
free(dA);
free(dB);
free(dC);
free(dX);
free(dXtrans);
free(dcoeff);

}

A-9. Matrix Inverter (inverse.c)
#include <stdio.h>

mat_inverse(source_mat,dest_mat,size_mat)
double source_mat[};
double dest_mat[];
long size_mat;
{
long n,i,j,k.ki,count;
double b,bl;
double err=0.0001;
double a[100]}[100}];
n=size_mat;
count=0;
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for(i=0;i<size_mat;i++)
{
for(j=0;j<size_mat;j++)
{
a[i+1][j+1]=source_mat[count++};
}
}

for(i=1;i<=n;i++)
{
for(j=n+1;j<=2*n;j++)
{
if((j-n-i)==0)
{ ali](j]=1.0; }
else

{ ali]li]=0: }

1

}
}

for(k=1;k<=n-1;k++)

{

b=a[k][k];

ki=k;
for(i=k+1;i<=n;i++)

{
if((abs(b)-abs(a[i}[k]))<0}

b=a[i][k];
ki=i;
}

}

if((abs(b)-err)<0)
{

printf("Error matrix inverse , matrix is singular\n");
exit(1);
}

ifi((ki-k)!=0)

{
for(j=k;j<=2%n;j++)

{
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bl=a[k][j];
a[k][j]=a[ki]lik
a[ki)[j]=b1;
}
}

for(j=k+1;j<=2*n;j++)
{
}a[k][i]=a[k]m/b:

for(i=k+1;i<=n;i++)
{
for(j=k+1;j<=2*n;j++)
{
}a[i][j]=3[i][i]*a[i][k]*ﬂ[k][j];
}
}
for(j=n+1;j<=2*n;j++)
{
}a[ﬂ][i]=a[n][j]/aiﬂl[ﬂ];

for(k=n-1;k>=1;k=k-1)

{f0f0=n+1;j<=2*n;j++)

{for(i=k+1;i<=n;i++)
:a[k][i]=a[k][i]-3[k][i] “ali]li};

}
}

count=0;

for(i=0;i<size_mat;i++)
{
for(j=0;j<size_mat;j++)

{

dest_mat[count++]=a[i+1][size_mat+j+1];

}
}
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B-1. Main Program for SUN Computer (focus.c)

This is a listing of the code that focuses the ultra-wideband (UWB) syn-
thetic aperture radar {SAR) data. It takes as inputs the coefficient vectors
generated by the code listed in appendix A and the SAR data, and it outputs

a focused image.

6K oo o oS o ok o oo R SR ook ok S R R K o

program: focus.c

description:
this programs reads radar data from file, interpolates
data using convolution in freq. domain, and projects
data back to the polar grid on the ground. The indeces
used in back projection are computed from the file
which contains coefficients for a particular geometry

ook kAR R OOR K KRR ok sk ok Rk ok R Rk R RO Ok R
#include <stdio.h>

#include "focus.h"
#include "focus,var"

float data] NPOINT_DATAY}; /* data buffer for host */
struct cstype *cs[NO_SUPERCARD];

main ()
{
float tstart_err[NPOINT _APER]; /* tstart-tstart_trunc for each position */
FILE *inputfile; /* input file contains radar data */

FILE *outputfile; /* output file contains focused image */
FILE *filterfile; /* input file contains filter coefficients */
FILE *coeffile; /* input file contains back projection  */

/* coefficients */
FILE *tstart_err_file; /* input file contains tstart-tstart_trunc */
FILE *junkfile;

char inputname[80};

char outputname{80];
char filtername{80];

char coefname[80};

char tstart_err_name[80];

char temp_string[20];
long section,position,box,coefc_order,coefa_order;
long i,j; /* just working variable %/
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float f_position;

long data_ready=1; /* maibox to indicate data ready host ---> SC */

long data_consumed=2; /* mailbox to indicate data consumed host <--- SC */
long msg; /* message read from mailbox */

long one=1; /* nonzero message to put in mailbox */

long cacheset=1; /* cacheset=0 turn off cache */

long numpar=1;

float pixel_zero[BOX_SIZE AZIMUTH]{NPOINT RADIAL];

J%% Open SUPETCArds ** ¥ A ¥ ¥ K EKERELEKRESHRSERSLELLLRRLNLAA AN N ]
for (i=0;i<NO_SUPERCARD;i++)

cs{i]=(struct cstype *)xlubgn_(0,&cacheset,"sc.lo");

}

/‘*** init}'a“ze Supercard Variables ************#*****************/

focus_varinit();

/*** initiaiize Supercards' id ***#*******************************/
for(i=0;i<NO_SUPERCARD:;i++)
csfi]->supercard_id=i;

h

/*** Entef Input *#*******#******#*****#**************#***********/

printf("Enter input file name ( .raw )===> ");

scanf("%s",inputname);

printf("Enter output file name ( .focus)===>");
scanf("%s",outputname);

/*

printf("Enter back projection coefficient file name (coefa.dat)===> ");
scanf("%s" ,coefname);

printf("Enter start time difference file name (delaytime_diff.dat)===> ")
scanf("%s" tstart_err_name);

*/

strepy(coefname,"coefa.dat");
strcpy(tstart_err_name,"delaytime_diff.dat");

printf("Do you want hamming weight accross the aperture (y or n) ===> ");
scanf("%s",temp_string);

for(j=0;j <NO_SUPERCARD;j++)

{
cs(j}->ham_flag=0;
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if(temp_string[0]=='"y")
{
cs{j]->ham_{flag=1;
¥

¥

strepy(filtername,"filter.dat");
if((inputfile=fopen(inputname,"rb"))==NULL)
{
printf("Error open input file\n");
exit(1);
}
if((outputfile=fopen(outputname,”"wb"))==NULL)
{
printf("Error open output file\n");
exit(1);
}
if((filterfile=fopen(filtername,"r"))==NULL)
{
printf("Error open filter file\n");
exit(1);
}
tf((coeffile=fopen(coefname,"r"))==NULL)
{
printf("Error open back projection coefficient file\n");
exit(1);
}
if((tstart_err_file=fopen(tstart_err_name,"r"))==NULL)
{
printf("Error open tstart difference file\n");
exit(1);
¥

/*** Read filter coefficients ******¥¥#asxssssatxssssiunhrsarsss/
/*** into 1st supercard and copy to others supercards ******x¥xx¥/
printf(">>> Reading filter coefficients\n");
for(i=0;i<FILTER_LENGTH;i++)
{
fscanf(filterfile," %1",&cs[0]->filter_coef[i]);
}

for(j=1;j<NO_SUPERCARD;j++)
{
for(i=0;i<FILTER_LENGTH;i++)
{
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cs[j}->filter_coefli}=cs[0]->filter_coeii];
}
}

/*** Read in tstart_err for all positions to first supercard *****/
/*** and then copy to other Supetcards *#*****?#***##******#**#***l
printf(">>> Reading tstart_err data \n");
for(i=0;i<NPOINT_APER;i++)
{
fscanf(tstart_err_file,"%d %{f",&j,&(cs[0}->tstart_err[i]));
}
for(j=1;j<NO_SUPERCARD;j++)

{
for(i=0;i<NPOINT_APER;i++)

cs[j]->tstart_err{i]=cs[0]->tstart_err{i];
}
}

/*** Read in coefficients a for back projection *¥******¥kknkrkarnys

/*** to the first supercard and then copy to other supercards ** **/
printf(">>> Reading backprojection coefficients \n");
for(section=0;section<SECTION_SIZE;section++)

{
for(box=0;box<NBOX_RADIAL*NBOX_ AZIMUTH;box++)

{

for(coefc_order=0;coefc_order<COEF_SIZE;coefc_order++)

{

for(coefa_order=0;coefa_order<(cs[0]->deg[coefc_order]+1);coefa_order++)
{
fscanf(coeffile," %", &(cs[0]->coefasection][box][coefc_order][coefa_order]));
for(j=1;j<NO_SUPERCARD;j++)
{
cs[j]->coefa[section][box][coefc_order]{coefa_order]=
cs[0]->coefa[section][box]{coefc_order]{coefa_order}];
v
"} /* coefa_order ¥/
} /* coefc_order */
"} /*box */
}  /*section ¥/

J¥** Start supercards stk ok SOk SRR SRR R SRR K Rk
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printf(">>> Starting supercard programs \n");
for(j=0;j<NO_SUPERCARD;j++)
{

xrcall_("sc",&numpar,&cs[j}->dummy);

}

or every position, the host computer reads data for

/*** F tion, the host t ds data for that ***/

/*** position and copy data into each supercard memory., ¥*****¥*=xx/
/*** There are two mail boxes used betwwen host and each *********/
/*** supercard to provide synchronization ****¥*¥x¥Ekrushkrrrihnhkx/

for(section=0;section<SECTION_SIZE;section++)

{
for(position=0;position<NPOINT_APER/SECTION_SIZE;position++)

{

printf(">>>>>processing section %d pos %d <<<<<<<\n",section,position);

J*** Read in data for aposition R R KKK KK R Rk KK
fread(data,sizeof(data),1,inputfile);

for(j=0;j<NO_SUPERCARD;j++)
{
f}*** Copy data in each Supel’c&l‘d memory ******************#*******/
for(i=0;i<NPOINT_DATA;i++)
{
cs{jj->data_templij=data[i};
}
/*** Send mail to supercard to inform data is ready **** ¥ *x¥kkkxky
xinwxmt_(cs[j],&data_ready,&one);
}
/*** Wait until data is consumed by supercards ***¥* ¥ dckkkakdkxaokad/
for(j=0;j«NO_SUPERCARD;j++)
{
xlwtrec_(cs[j],&data_consumed,&msg);
}
} /* position */
} /¥ section */

/*** Check for supercards to finish all processing ****#%%xks kst ksns/
for(j=0;j<NO_SUPERCARD;j++)

{

xldone_(cs[j]);

}
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/#** Savere&ﬂﬁngladarhnage*#***********************************/

for(j=0;j<BOX_BASE_START;j++)
{

printf(">>>Prepad zero to output file \n");
fwrite(pixel_zero,sizeof(pixel_zero),1,outputfile);

h

printf(">>>Save image to output file \n");
for(j=0;j<NO_SUPERCARD:;j++)

{
fwrite(cs{j]->pixel,
sizeof(float)*BOX_SIZE_AZIMUTH*NPOINT RADIAL*NO_KBOX_PROCESS/
NO_SUPERCARD,
1,outputfile);
)
for(j=BOX_BASE_START+NO_KBOX_PROCESS;j<NBOX_AZIMUTH;j++)

{

printf(">>>Postpad zero to output file \n");
fwrite(pixel_zero,sizeof(pixel_zero),1,outputfile);

}
fclose(inputfile);
fclose(outputfile);
/*** Closing all supercards *#*¥##® &k akdasmi kb g ddohdhok dkonsbiohdnkxns v/
for(j=NO_SUPERCARD-1;j>=0;j--)
{

xiclos_(csfj]);

}

} /* end main */

B-2. Main Program for Multiple Array Processors (sc.c)

/*********************************************************#*********

Program: sc.c

Description: This is the main program to be executed by each of
the CSP1 i860 array processor.

**************************************suc***************************/

#include "focus.h"
#include "focus.var”

struct cstype *cs;
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void sc(dummy)

long *dummy;

{
void focus_varinit();
void filter_init();
void haminit();
void hamwi();
void erase();
void inter();
void fix_data_pointer();
void poly();
void bp();
void xwtrec_();
void xnwxmt_();
void xvmov_();
void xvclr_();

float *data_pointer; /* pointer to actual data */

long section,position,box,coefc_order,kbox,ibox;

long data_ready=1; /* maibox to indicate data ready host ---> SC*/

long data_consumed=2; /* mailbox to indicate data consumed host <--- SC */

long msg; /* message read from mailbox */
long one=1; /* nonzero message to put in mailbox */
float f_position;

long boxbase;

/*** initializc SUPercard pointel‘ ***********************************/
cs=0;

/*** initia}ize image With Zeros ******!iﬂ*****************************/
xvelr_(cs->pixel,&cs->pix_size,&cs->i_one);

/*** initialize fﬂter **#****#**************************************/
filter_init();

/*** initialize hamming weight coefficionts ¥¥ ¥ ##¥kkkkackkbrxhok 4 hkok f
haminit(cs->ham_coef, NPOINT APER),

/*** Start forming image ********************************************/‘

boxbase=BOX_BASE_START+cs->supercard_id*NO_KBOX_PROCESS/NO_SUPERCARD;

for(section=0;section<SECTION_SIZE;section++)

{
for(position=0;position<NPOINT_APER/SECTION_SIZE;position++)

{
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/*** Walt for new data ffom hOSt C{)mputer *****#***#*************##*/
xwtrec_(&data_ready,&msg);

/*** Copy data tO Working buffer ***********il*******************##**/
xvmov_(cs->data,cs->data_temp,&cs->n_data,&cs->i_one,&cs->i_one);

/*** Signal host computer that data are consumed **®***x¥krrtrhkbnkkn/
xnwxmt_(&data_consumed,&one);

f position=(float)position;

JEx* Hamming wcight data £ needed ** %%k Kook ok sk Kok d ok Kok sdok KRRk AR ]
if(cs->ham_flag==1)

{
hamwt(cs->data,cs->n_data,section*NPOINT_APER/SECTION_SIZE+position,

cs->ham_coef);

}

/*** zeros last portion of data for circular convolution *******¥xx+/
erase(cs->data,cs->n_data,32);

/*** Interpolate data *********##******************#*#******#*#*****/

inter(cs->data,cs->n_data,cs->data_inter,
cs->n_data_inter,cs->filter_fft);

fix_data_pointer(&data_pointer,&cs->data_inter[0},
cs->tstart_err{ NPOINT _APER/SECTION_SIZE*section+position],

cs->1s,8);

for(kbox=boxbase;kbox<(boxbase+NO_KBOX _PROCESS/NO_SUPERCARD);kbox++)

{
for(ibox=IBOX_START;ibox<(IBOX_START+NO_IBOX_PROCESS);ibox++)

{
box=kbox*NBOX_RADIAL+ibox;

/*** Generate coefficients for back projection *#***#¥rxkksxkrhdxkhx/
for(coefc_order=0;coefc_order<COEF_SIZE;coefc_order++)
{
poly(&{_position,&cs->coefc[coefc_order],1,
&cs->coefa[section][box][coetfc_order][0],
cs->deg[coefc_order]);
} /* coefc_order */

/**8 PerfOI’m back prOjecﬁon **********ihlﬂ**************************/

bp(cs->pixel,data_pointer,cs->n_data_inter,cs->coefc,
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boxbase, kbox,ibox,
cs->k_pix_size,cs->i_pix_size,cs->i_box_size);

}/* i1 box ¥/

} /*k_box*/
}  /* position */
}  /*section ¥/

} /* end supercard program */

B-3. Routines Used to Interpolate (inter.c)

#include <math.h>
#include "focus.h"
#include "focus.var”
/*******************************************************************#****3?***
Subroutine: haminit.c
Description:
this subroutine initialize array of hamming weighting coeffs
accross the aperture,
Input:  float ham_coef{NPOINT_APER]
long npoint  Number of points for hamming coeffs
Output:  float ham_coef[NPOINT_APER] is initialized
IR ESEE LR E LSS EEE RIS SRS SRS E RS SR RS EEEE S EEE S EER LR RS LRSS LSS *************/
haminit(ham_coef,npoint)
float *ham_coef;
long npoint;
{
long i;
for(i=0;i<npoint;i++)
{
ham_coef[i]=.54-.46*cos(2.*3.1415927*(float)i/(float)npoint);
}
1

/**********************************************************ﬁk*****************

Subroutine: hamwt.c

Description:
this subroutine takes the radar signal at a positjon and
mutltiplies the entire signal array with the hamming coef at

that position.
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Input:
float data[ NPOINT _DATA]
long npoint_data
long position
float ham_coefl};
Output:

float data] NPOINT_DATA]

**********************************$*****************************************/

hamwt(data,npoint_data,position,ham_coef)
float *data,*ham_coef;
long npoint_data,position;
{
long i;
for(i=0;i<npoint_data;i++)

{

data[i]=data[i]*ham_coef[position};

}

}

/****************#***********$**#********************************************

Subroutine: inter.c
Description:
This routine performs FIR interpolation by using convolution
in the frequency domain. The input buffer contains 2K of data
and is interpolated into 16K of data. The FIR filter has
breakpoints at .95 Ghz and 1.05 Ghz
# of taps = 255
name of filter coeff. file : filter.dat
Input:  datafNPOINT_DATA]
complex filter_fftfNPOINT_DATA_INTER/2]
float nyquist_filter
Output:  data_inter{NPOINT_DATA_INTER]

****************************************************************************/

inter()

{

void xvelr_();
void xfrf ();
void xcvmls_();
void xfri_();
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extern struct cstype *cs;
int i

/* clear data_inter buffer */
xvcir_(cs->data_inter,&cs->n_data_inter,&cs->i_one);

/* interleave data into data-inter buffer */
for(i=0;i<NPOINT_DATA;i++)

{

cs->data_inter[i*8]=cs->datali;

}

/* FFT of interleaved data */
xfrf (cs->data_inter_fft,&cs->nyquist_data,cs->data_inter,
&cs->n_data_inter_half);

/* FFT of interpolated data (multiply with filter in freq. domain)*/

xcvmls_(cs->data_inter_fft,&cs->f_one,cs->data_inter_fit,
cs->filter_fft,&cs->n_data_inter_half);

cs->nyquist_data=cs->nyquist_data*cs->nyquist_filter;

/* inverse FFT to get interpolated data */
xfri_(cs->data_inter,&cs->nyquist_data,cs->data_inter_fft,
cs->data_inter_fft,&cs->n_data_inter_half);

/*****#***********************#*******************************************

Subroutine: fix_data_pointer

Description: This subroutine fixes the pointer to the start of
data_inter buffer, The pointer needed to be adjusted
due to the following reasons:

(a) The linear FIR interpolation filter has phase
shift and the actual data point starts at bin 127
of the data_jinter buffer ( FIR has 255 coeffs )

(b) The actual time to start data acquisition has to
be rounded of to 1 nsec resolution for the scope
DSA602. However the backprojection algorithm uses
the exact time since the indeces have to be smooth
for curve fit,
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Input:
float *data_inter ( address of data_inter buffer )
float tstart_err ( tstart-tstart_trunc )
float ts ( radar sampling period )
long inter_factor (interpolation factor )
Output:

float *data_pointer ( actual start pointer for data )

oo o R R R 3R KR R R R R Rk MR Rk

fix_data_pointer(pointer,data_inter,istart_err,ts,inter_factor)

float **pointer;

float *data_inter;

float tstart_err;

float ts;

long inter_factor;

{

long i;
double floatl,float2;
unsigned long index_ofset;
floatl=modf(tstart_err*inter_factor/ts,&float2);
if(float1>=.5) float2=float2+1.;
index_ofset=(unsigned long)127+(unsigned long)float2;
*pointer=data_inter+index_ofset;

/* zeros fill first 128 points of data_inter since phase shift from linear filter */
for(i=0;i<128;i++)
{

data_inter{i]=0.;

}

/* zeros fill the last 128 points of data_inter plus 8 points for tstart_err ~ */
for(i=0;i<136;i++)

{
data_inter]NPOINT DATA_INTER+i]=0,;

}

/* first point and last point of actual data array are zeros for backprojection */

**pointer=0.;
*(*pointer+NPOINT_DATA_INTER-1)=0.;

h

’,"*******=i=********************************************ﬁk********************
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Subroutine: erase

Description: Zero out the last nzero points of input buffer

*******#*****t********************#*****##***$*****#*******************#***/

erase(buffer,ndata,nzero)
float *buffer;
long ndata,nzero;
{
long i;
for(i=ndata-nzero;i<ndata;i++)
{
buffer[i}=0.;
}
}

B-4. Initialize Interpolation Filter (filtinit.c)

/******#************************************************#*******************

This subroutine performs the following :
1- Read filter coefficients from file to filter buffer
2- Zerro pad the filter buffer to the size of interpolated data

buffer size
3- Perform Real Forward FFT of filter buffer to prepare for

interpolation

/******#**#******$******************************#***$***********************/
#include <stdio.h>

#include "focus.h"

#include "focus.var”

extern struct cstype *cs;

void filter_init()

{

void xfrf_();

long 1;

/* zero pad filter coeff */

for(i=FILTER_LENGTH;i<NPOINT DATA_INTER;i++)
{

cs->filter_coef[il=0.;
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}

/* take fft of filter coef for each supercard */
for(i=0;i<NO_SUPERCARD;i++)
{

xfrf_(cs->filter_fft,&cs->nyquist_filter,
cs->filter_coef,&cs->n_data_inter_half);
}

}
B-5. Main Back Projection Focusing Routing (bp.c)

#include <math.h>
/#*******************#**#*******************************************#********

Subroutine: poly.c

DEscription:
Calculates values of polynomials
Input:  x{] input array
n number of elements
coeff[]  coefficients of poly
deg degree of poly

Output:  y[] output array

******************#**#**#**********************************************##*#*/

poly(x,y.n,coeff,deg)
float *x,*y,*coeff;
long n,deg;
{
long i,j;
for(i=0;i<n;i++)
{
y[i]=coeft]{0];
for(j=1;j<(deg+1);j++)
{
ylil=y[i]+coeff]j}* pow(x[i].(float)j);
}
}
}

/***************#***#*********************$*****************#*************#*

Subroutine: polyZ.c
Description: calculate y=cO+cl*x+c2*x"2
where x={0,1,2,...,5-1]

78




Appendix B

Input:

float¢[3]  coefficients

long n (max : 1000) number of points
QOutput:

float y{] output vector
*************************#*************************************************/

#define MAX_ELEMENT 1000

void poly2(y,n,c)

float y[l,c{};

long n;

{

void xvrmp_();

void xdintg_();

float temp;

float yI[MAX_ ELEMENT];
float y1_init,yl_inc;

y1 init=c[1]-c[2]};
yl_inc=2.*c[2];
xvrmp_(y1,&temp,&y1_init,&y1_inc,&n);

y1[0]=0
xdintg_(y,&c[0],y1,&temp,&n);
}

/****************************************************************************

Two-dimensional back projection subroutine
using fast algorithm by Nuttal to calculates the index to data
array for each pixel on the ground in i_box,k_box positioned by i,k
k: azimuth ( 2nd order)
i: range ( ist order)
The equation for index calculation is
index= cO+c1*k+c2*k"2 + (c3+cd*k+c5*k"2)*i
= d0 + dI*i
where c(i) (i=0,5) is a set of coefficients for each box and
each position in the aperture
Input:
float *pixel pointer to first point of the image
2-dimensional area
float *data pointer to data array
Important: data[0]=0.0
data[dat_size-1]=0.0
long dat_size size of data buffer
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float *¢  pointer to six coefficients for
index computation

long k_pix_size size of the patch (pixels) in k axis

long i_pix_size size of the patch (pixels) in i axis

long k _box patch number in k axis

long i_box patch number in i axis

long i_box_size number of patches in i axis
Qutput:

index to data array is calculated and pixel is updated

**#****#***#*****************###t*******#*i***t**********#*****t*t****i*#**,

#define MAX_K_PIX_SIZE 1000
#define MAX_I_PIX_SIZE 1000

void bp(pixel,data,dat__size,c,k_“box_base,k__box,i_box,k _pix_size,
i_pix_size,i_box_size)

float *pixel; /* array of pixels of the whole 2-dimentional area */
float *data; /* data array *

long dat_size; /* size of data array ¥/

float *¢; /* pointer to six coefficients for index computation */
long k_box_base; /* 0 for 1st SC, i*NBOX_AZIMUTH/NO_SUPERCARD for ith SC */
long k_box;  /* patch number in k axis *

long i_box; /* patch number in i axis */

long k_pix_size; /* size of the patch (pixels) in k axis */
long i_pix_size; /* size of the patch (pixels) in i axis */
long i_box_size; /* number of patches in i axis */

{

void xvclip_();
void velip_();
void xvfx4 _();
void fix4_();
void xvrmp_();
void vindex_();
void vramp_();
void vgathr_();
void vadd_();
void viabi_();

float findex{MAX_1 PIX_SIZE]; /* data index value */

long lindex{MAX I PIX SIZE]; /* data index value (round to integer) */
float pix_temp[MAX_I_PIX_SIZE]; /* temp buffer for back projection */
float dO[MAX_K_PIX SIZE}; /* d0= cO+c1*k+c2*k™2 */
float d1{MAX_K_PIX_SIZE}; /* dl=c3+c4™k+c5%k"2 */
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float *pix_index; /* pointer to current pixel */

long pix_index_inc; /* each time k is incremented , pixel pointer is jumped */
long k; /* for k and i loops control *

float maxindex; /* maximum value for data index */

float zero=0.0;
float one=1.0;

long i_one=1;

float temp;

maxindex=(float)(dat_size-1);

pix_index=pixel+(k_box-k_box_base)*k_pix_size*i_box_size*
i_pix_size+i_box*i_pix_size;
/* index of first point of the patch */
/* with respect to pixel */
pix_index_inc=i_pix_size*i_box_size; /* index increment along k axis */

poly2(d0,k_pix_size,c); /* generate array of d0 */
poly2(dl,k_pix_size,c+3); /* generate array of d1 */

for(k=0;k<k_pix_size;k++)
{

/* generate floating point index vector */
vramp_{&d0[k],&d1[k].findex,&i_one,&i_pix_size);

/* table look up and interpolate *f
/* this function replaces xvclip(),xvfx4(),vgathr() */
/*

vtabi_(findex,&i_one,&one,&zero,data,pix_temp,&i_one,&dat_size,&i_pix_size);
*/

/* clip index */
vclip_(findex,&i_one,&zero,&maxindex findex,&i_one,&i_pix_size);

/* convert to integer index */
fix4_(findex,&i_one,lindex,&i_one,&i_pix_size);

/* gather data into temporary buffer */
vgathr_(data,lindex,&i_one,pix_temp,&i_one,&i_pix_size);

/* update pixel array with data from temporary buffer */
vadd_(pix_index,&i_one,pix_temp,&i_one,pix_index,&i_one,&i_pix_size);

/* pix_index jumps along k axis */
pix_index=pix_ index+pix_index_inc;
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}/* kloop */
} /* subroutine */

B-6. Declare All Global Constants (Focus.h)

#define NO_SUPERCARD 3 /* number of supercards  */
f#define NPOINT_AZIMUTH 600 /* number of bearing lines */
#define NPOINT_RADIAL 4095 /* number of radial lines */
#define NPOINT_APER 2304 /* # of positions in aperture */
#define NPOINT_DATA 2048 /* number of original data points */
#define NPOINT_DATA INTER NPOINT_DATA™*8 /* number of data points after
interpolated */
#define FILTER_LENGTH 255 /* length of FIR filter %/
#define PI 3.141592654
#define RADAR_HEIGHT 60. /* radar height in feet  */
#define A_OFSET  -15.0 /* offset angle from center line */
#define A_SPAN 54.0 /* spanning angle of the patch */
#define RMINCENTER  550. /* range from center position to
reference point on tha patch */
#define RCENTER_REF 802.0 /* range (ft} of ref. point from center pos. */
#define THETA_CENTER_REF -15.0 /* angle (deg)of ref. point from center pos. */
#define SAMPLING_RATE 2.0e09 /* sampling frequency of signal */
#define SAMPLING_PERIOD 5.0¢-10  /* ts=1/fs */

#define BOX_SIZE RADIAL 195

#define BOX_SIZE AZIMUTH 100

#define NBOX_RADIAL NPOINT_RADIAL/BOX_SIZE_RADIAL
#define NBOX_AZIMUTH NPOINT AZIMUTH/BOX_SIZE AZIMUTH
#define BOX_BASE _START 2

#define NO_KBOX_PROCESS 3

#define IBOX_START 10

#define NO_IBOX_PROCESS 1

S B S e
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#define SECTION_SIZE 4 /* # of sections for one aperture */

#define COEF SIZE 6 /* # of coeffs for curve fit */

#define MAXDEG 3 /* maximum degree for poly. fit */

#define NPOINT_BOXSAMPLE_RADIAL 5 /* # of samples in a box in radial
direction */

#define NPOINT_BOXSAMPLE_AZIMUTH 5 /* # of samples in azimuth direction
for every box */

#define NPOINT_BOXSAMPLE
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NPOINT_BOXSAMPLE_RADIAL*NPOINT_BOXSAMPLE_AZIMUTH
/* # of samples in a box for curve fit */

B-7. Declare All Global Variables (Focus.var)

struct complex { float r,i;}; /* define a complex type  */
struct cstype {

/* Data Variables */

float pixel[NPOINT _AZIMUTH/NO_SUPERCARD][NPOINT RADIAL]; /* array of image*/
float data_temp[NPOINT_DATAY); /* temp buffer for data */

float dataf NPOINT_DATA]J; /* original data bufer *

float filter_coef{NPOINT_DATA_INTER]; /* filter coefficients */

float data_inter[NPOINT_DATA_INTER+136]; /* interpolated data buffer */

float tstart_errf{NPOINT_APERY]; /* tstart-tstart_trunc for each position */

struct complex data_inter_ffi{{NPOINT_DATA_INTER/2}; /* Real->Complex Forward FFT

of data_inter */
struct complex filter_ffti NPOINT_DATA_INTER/2]; /* Real->Complex Forward FFT

of filter_coef */
float nyquist_filter; /* value of FFT of filter at Nyquist point */
float nyquist_data; /* value of FFT of data at Nyquist Point  */
long ham_flag; /* to indicate wheter to use hamming or not */
float ham_coef[NPOINT_APER]; /* hamming weight coefficients */
/* Geometry Variables */
float a_ofset; /* offset angle from the center line */
float a_span; /* spanning angle of the patch *f
float d_theta; /* delta angle *f
float x,theta; /* coordinate of a pixel *f
float c_theta,s_theta; /* cosine and sine of theha */
float d; /* distance from radar to center position

positive to the right, neg. to the left */

float rcenter,rmincenter,rmaxcenter; /* range from center position *f
float rcenter_ref; /* range from center pos. to ref point ¥/
float theta_center_ref; /* angle of ref. point from center position */
float r_ref; /* range from any pos. to ref. point */
float d_rcenter; /* sampling distance from center position */
float dr8; /* (sampling distance)/8 */
float r,rmin,rmax; /* range from any position */
float aper_length; /* length of aperture */
float radar_height; /* height of radar *f
float radar_height2; /* square the height of radar */
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/* Radar Variables */

float c; /* speed of wave */

float ts; /* sampling period of signal */

float fs; /* sampling frequency of signal */

long n_azimuth; {/* # of points in azimuth direction */
long n_radial; /* # of points in radial direction */

long n_aper; /* # of positions in aperture */

long pix_size; /* # of points in pixel array */

long n_data; /* number of original data points ¥/
long n_data_inter; /* number of interpolated data points ~ */
long n_data_inter_half; /* 1/2 # of interpolated data points */
long n_boxsampie; /* # of samples in a box for curve fit ~ */
long n_coef; /* # of coefficients curve fit */

long n_section; /* # of sections for one aperture */
long k_pix_size; /* # of pixels of a box in azimuth direction*/
long i_pix_size; /* # of pixels of a box in radial dirction */
long k_box_size; /* # of boxes in azimuth direction */
long i_box_size; /* # of boxes in radial direction */

/* SSL VAriables */

long supercard_id; /* to identify board number *f

float f_zero; /* floating point zero */

float f_one; /* floating point 1 */

long i_one; /* integer 1 */

long stride; /* stride for supercard ssl *f

long ierr; /* error message from lib call */

long dummy; /* just a dummy argument pass to SC program */

/* working variables */

long n_position;

float e_index,a_index,error,maxerror,minerror;

long ierr_max,jerr_max,ierr_min,jers_min;

long column_max,row_max,column_min,row_min;

long ia,ib;

long ipixel,jpixel;

float coefc[COEF_SIZE]; /* c coefficients */

float

coefa[SECTION_SIZE}[NBOX_RADIAL*NBOX_AZIMUTH][COEF_SIZE][MAXDEG+1];/*

a coef. for each ¢ */

long deg| COEF_SIZE]; /* degree for each coefc *f

long mat_c_stride,findex_c_stride,coef_c_stride;

float tstart_diff NPOINT_APER]; /* time difference between quantized and */
/* unquantized values from trigger to */
/* start data acq. at each position */
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B-8. Initialize All Global Variables on Both Processors

(varinit.c)
/*#*************************************#****#*******************************/
/* This subroutine performs the following : */

/* Initialize both host and Supercard Variables */
/* Output: */
/* All variables */

/**#****#***#**#*****************##*********##**********************#********/

#include "focus.h"
#include "focus.var”

extern struct cstype *cs[NO_SUPERCARD};

focus_varinit()

{
long j;

for(j=0;j<NO_SUPERCARD;j++)

{

cs{j]->n_azimuth=NPOINT_AZIMUTH; /* # of points in azi. direction */
cs[j]->n_radial=NPOINT_RADIAL; /* # of points in rad. direction */
cs{j]->pix_size=cs[j]->n_azimuth*cs{j]->n_radial/NO_SUPERCARD;

{/* Pixel array size */
cs[j}->n_data=NPOINT_DATA; /* # of orig. data points */
csfjl->n_data_inter=NPOINT_DATA_INTER;/* # of interpolated. data points*/
cs[j]->n_data_inter_half=NPOINT_DATA_INTER/2;

/* 1/2 # of inter, data points */
csfj]->n_aper=NPOINT_APER; /* # of points in the aperture ¥/
cs[j]->n_coef=COEF_SIZE; /* # of coeffs for curve fit  */
cs[j}->n_section=SECTION_SIZE; /* # of sections for one aperture*/
csfi]->i_pix_size=BOX_SIZE_RADIAL; /* # of pixels of a box in rad. dir.*/
cs[j]->k_pix_size=BOX_SIZE_AZIMUTH; /* # of pixels of a box in az. dir. */
csfjl->i_box_size=NBOX_RADIAL; /* # of boxes in radial direction */
cs[j]->k_box_size=NBOX_AZIMUTH;  /* # of boxes in azimuth direction */

/* Radar Variables */

cs[j]->fs=SAMPLING_RATE; /* Sampling Frequency */
csfj]->ts=SAMPLING_PERIOD; /* Sampling period */
cs[j]->c=3.¢8; /* Speed of wave */
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Appendix B

/* SSL Variables */
¢sfj]->f_zero=0.; /* floating point zero */
cs[j]->stride=1; /* stride for ssl */
cs[j]->f_one=1.0; /* floating point 1 */
cs[j}->i_one=1; /* integer 1 */
cs[j]->mat_c_stride=cs{j]->n_boxsample; /* column stride for mat */
cs[j}->findex_c_stride=1; /* column stride for findex  */
cs{j}->coef_c_stride=1; /* column stride for coeff *f
cs[j]->deg[0]=3; /* degree for first coefc */
csfj]->deg{1]=3;
cs[j]->deg{2]=3;
cs[j]->deg{3]=3;
cs[j}->deg[4]=2;
csfj}->deg{5]=2;

}

} /* end focus_varinit */
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