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ABSTRACT

A computer model was used to make a detailed analysis
of the clutter spectra received by real aperture Space-Based
Radars orbiting over different types of terrain. The in-
fluence of terrain on L-band SBR detection performance has
also been studied. It was found that the clutter spectra
tend to become narrower as the grazing angle of the antenna
increases but that they broaden as the antenna points pro-
gressively more away from the direction of motion of the
satellite. The interference caused by the clutter back-
ground 1s progressively higher for ice covered ground but
smaller for a snow-covered terrain and the smallest for an
ocean background. The minimum detectable velocities of the
SBR were found to vary by a factor of up to three according
to the terrain type.

l. INTRODUCTION

The performance of Space-Based Radar (SBR) surveillance systems de-
pends to a large extent on the microwave radiation backscattered by the
terrain over which potential targets are flying. The characteristics of
this radar clutter are a function of the parameters of the radar system,
the nature of the background terrain and the geometry of the situation.

In previous work carried out at this establishment (Refs. 1-2) a
model was developed to investigate the performance of space-based, real
aperture, pulse doppler radars. From these studies, a number of para-
metric relations were derived for the key radar performance figures and
a very useful baseline system was established. However, in these studies
the surface scattering coefficient was assumed to be independent of the
grazing angle of the antenna and of the terrain type over which the tar-
gets were flying. For detailed developmental studies of SBRs, a more com-
plete description of clutter and hence the clutter spectra is essential.
In this report, we have undertaken the analysis of the clutter spectra as
received by an L band real aperture, pulse doppler radar operating from
space against targets flying over an ocean background and over snow and
ice covered ground. The effect of radar clutter on the detection perform-
ance of the system was also investigated.

Sections 2 and 3 of this report describe the SBR and the surface
scattering models used in this study. Section 4 gives a detailed descrip-
tion of the clutter spectra received by an SBR for various geometrical ar-
rangements and types of terrain. Section 5 discusses the minimum veloc-
ities with which targets can be detected with the baseline SBR studied in
this report. Section 6 concludes with a summary of the findings of this
work. Finally, an Appendix has been prepared to illustrate how the clut-
iei spectra change when the antenna aperture is weighted to reduce side-

obes,



2. SBR MODEL AND BASELINE SYSTEM

The following is a brief description of the main aspects of the SBR
model published in Refs. 1-2, which was the starting point of this work.
The material reviewed in this section will be used extensively in the rest
of this report. The most important equations will be stated and discussed
briefly. The reader is referred to the original publications for more de-
tails.

Referring to Fig. la, the satellite is assumed to travel along a
circular orbit. Its position at an instant of time, t, 1is given by
Ag(t) and 85(t) which are respectively the longitude and the latitude
of the satellite with respect to a geocentric coordinate system XYZ rotat-
ing with the earth. The North-East-Down (NED) frame of reference is
centered at the satellite as shown in Fig. lb. The antenna is taken to be
oriented at an angle ¢;, (referred to as the azimuth look angle) with
respect to the N axis of the NED system and at an angle 6p (the look
down angle) with respect to the NE plane. Fig. lc shows how 91 is re-
lated to the grazing angle Yj, which is the angle between the 1line con-
necting the radar to the target (vector Ry;) and a tangent to the surface
of the earth where R, intersects the earth.

Figure la - Oribital Configuration for a Space-based Radar



Figure 1b - Orientation of the Radar Antenna in the NED Frame of Reference

Figure lc — Relation between the grazing angle (y;) and the look-down
(¢1,) angle of the antenna.

The target 1s assumed to be flying just above the surface of the
earth at a radial velocity (V) with respect to the satellite and is also
asgsumed to be aligned with the axis of symmetry of the antenna (maximum
gain). The radar peak power has been chosen to be 17 kW, which 1s the ap-—
proximate limit of present day power generation systems on-board space-
crafts. The overall losses (Lg) are set at 9dB. The radar is operating
in the L-Band at 1.5 GHz (0.2 m wavelength).

The waveform selected for the pulse Doppler radar is a burst of n
pulses with 1linear frequency modulation. The duty cycle of the pulse
train is 0.5. To take advantage of the largest possible coherent
integration gain, the value of n is chosen to be:



n=_232xPRF {1]
[od

where R, is the range to the target, c is the speed of light and PRF is
the pulse repetition frequency of the waveform. Thus the burst of pulses
is chosen to last as long as the time it takes for the radiation to travel
back and forth from the surface of the earth after which time the receiver
is turned on for an equal length of time. The process is then repeated
and it is assumed that two bursts are integrated incoherently to reduce
scintillation effects. The PRF is selected to detect unambiguously a cer-
tain maximum radial velocity of the target (Vy) with respect to the
radar platform:

4 v
A

PRF = u (2]

In this study, the system is designed to detect a 0.l m? target in
noise only, at a maximum range corresponding to a zero degree grazing
ang%e, with a probability of detection of 90% and a false alarm rate of
1077, Assuming a Swerling Class II target, a 14.8 dB signal-to-noise
ratio (SNR) is required for detection under these conditions (Ref. 3).
Adding a 3 dB safety margin to account for cusping losses, the detection
threshold of the radar is set at 17.8 dB. Thus all the signal parameters
in the radar range equation have been determined except for the gain of
the antenna which is adjusted through the size of Ehe aperture to obtain
the required SNR. The requirement to detect 0O.lm® targets results in a
rather large antenna size of 70 m (projected to be achievable in the

future (Ref. 4)). Table 1 summarizes the values used for the radar
systems.
TABLE 1
Altitude of satellite (h) 1000 km
Velocity of satellite 7.35 km/s
Radar peak power (Py) 17 kW
Antenna diameter (D) 70.0 m
Wavelength (A) 0.2 m
Pulse repetition frequency (PRF) 10 kHz
Pulse length before compression (c) 50 us
Compression ratio (C,) 0.0122
System temperature (Tg) 490°K
System losses (Lg) 9 dB
Probability of detection (Pp) 90%
False alarm rate (FAR) 10-°
Target model Swerling II
Target cross section (0;) 0.1 m?
Altitude of target 0.0 km
Radar maximum range 3709 km



Thus the strength of the signal received from the target is
calculated using the standard radar range equation:

a2 Py 1 GAA% o (3]

S =
(4m)® R'Lg

and the system noise level is given by:

N=nk Tg (4]

where k is the Boltzman constant.

It is well known that a waveform consisting of a burst of pulses
gives rise to ambiguities in the measurement of range. In our problem
this results in a series of circles on the surface of the earth (Fig. 2)
for which the range from the transmitter to any point on the ith circle is
constant and is given by:

R{ = Rp * 1 — i=0, £1, £2 ..., (5]

| !

180°

Figure 2 - Ambiguous range circles on the surface of the Earth as gseen
from infinity along a line connecting the satellite and the center of the
earth. The outer circle is the contour of the earth. Since one range

line out of ten is plotted in this drawing, the main range line (i=0) lies
In the vicinity of the second outermost circle.



Note that in this report, these circles of constant range to the
transmitter will be interchangeably referred to as range circles, range
rings or range lines.

In Eq. 5, R, is the range to the surface of the earth along the
primary look direction of the antenna. This range circle, i equals 0, is
referred to as the primary or main range circle. Because the target is
assumed to be boresighted with the radar antenna and to fly very close to
the surface of the earth, R, is also the range from the radar to the
target.

For each range circle the grazing angle Y; is defined as the
angle between Ry and a tangent to the surface of the earth at the point
where Rj intersects the surface of the earth. The positive range 1line
numbers (i>o) are assigned to those rings located beyond the main range
line (R; > R,), and they will number from one to m such that Yy
is the smallest possible angle larger or equal to zero. Conversely, the
negative range Lline numbers (1 < o) are assigned to those range lines
located below R, (Ri < RO) which are ranging from -1 to -m' such
that Y_y' equals to the largest angle smaller than or equal to 90°. The
total number of ambiguous range circles depends on the altitude of the
satellite, the PRF of the radar and the number of pulses in the burst
while the relative number of positive and negative range lines depends
however on the grazing angle at which the antenna is pointing (Y,). The
larger Y,, the larger the total number of positive range lines and the
fewer the number of the negative ones.

All the clutter elements located on these ambiguous range circles
are contributing power to the clutter spectrum. It was shown in Refs. 1-2
that the clutter spectrum (energy) can be calculated from the following
equation:

2 42 2
c(v) = Pg T G° A Wi ( ctC, Ry cosy A¢)

. : % (Y1)G2( 81, ¢1)
(4m) "Lg j=-m' Ry 2 cos Y4

(6]

where V is the radial velocity of the clutter elements with respect to the
radar corresponding to a Doppler shift:

2V

fa =+ (7]

The summation in Eq. 6 takes into account the clutter power con-
tributed by the scatterers located on each ambiguous range line. The term
in parenthesis in Eq. 6 is the area on the surface of the earth corre~
sponding to one compressed range resolution cell (AR) of the radar:



AR = SC T (8]
2

where C, is the compression factor of the waveform. The value of this
elemental area 1s multiplied by the surface scattering coefficient
Od(Yi) of the terrain to obtain the effective cross section of the
clutter element. Note that in Eq. 6 A¢ refers to the extent in azimuth of
a single clutter element.

The weights Wi 1in Eq. 6 account for the fact that some pulses
within the burst may arrive either too early or too late with respect to
the opening time of the receiver to be coherently integrated. These
weights are given by

Wy n - 'il for 'il <n

=0 otherwise [9]
Finally, the term G(®;, ¢;) 1s the gain of the antenna in the

direction of the scatterer located at an azimuth angle $; on the ith
ambiguous range line. As shown in Ref. 1-2

by = cos™? [_L_ ] - A [10]
Vmax(1)
with
Vpag (1) = 2 2) ¥
MAX = cosYi((Vgs cosA)“ + (VecosdS - VgssinA) ) [11]
A = tg'l Ve cosbg - Vog sind [12]
Vgs cos A

and where
Ve =Ry g [13]
Vgs = Re g [14]
A - cos"l + cos u sin I [15]

[ (1-sin’u sin? I)%]

u =w+f [16]

In these equations, w, and wg are the angular velocities of the earth
and the satellite R 1is the radius of the earth, I 1is the inclination



angle of the orbital plane with respect to the equatorial plane of the
earth and the angles w and f are respectively the argument of the peri-
center of the orbit and the true anomaly of the satellite (Refs. 1-2).
For a polar orbit, which is of interest here, I and A equal 90° and we
have:

(S

Vyax(i) = cosv;((vgs )2+ (Ve cosﬁs)z) [17]
A= tg-! Ve cosds [18]
Vgs
Because of the finite length of the pulse burst Ty (ne Doppler
resolution of the processor is limited to a velocity bin wthh, AV, gven
by:
A
Ay = D A [19]
2TB

Thus in order to compute the total amount of clutter energy contributing
to a velocity bin centered on V, Eq. 6 has to be applied to all speeds
within the interval [V-AV/2, VfAV/Z] and the corresponding C(V) summed:

Cy= L €V [20]
VeAV

Finally, the signal~to-interference ratio (SIR) which will be used
as a measure of the detection capability of the system is given by:

SIR(V) = ——5 [21]

N+CV

From this last equation it is seen that when the clutter energy at a cer-
tain velocity is negligible, the system is noise limited and SIR(V) re-
duces to. the signal-to-noise ratio, SNR, of the system. On the other
hand, when the noise 1s much smaller than the clutter signal, the system
is said to be clutter limited and SIR(V) reduces to the signal to-clutter
ratio, SCR(V).

3. SURFACE SCATTERING MODELS

In order to understand the influence of terrain type on SBR opera-
tion, we have selected three different clutter models for which the de-
pendences of the surface scattering coefficient (0,) versus the grazing
angle are shown in Fig. 3. They are:



a) Sea model (HH polarization, Ref. 5, corresponding approximately
to a Sea State 3 condition).

b) Snow model (HH polarization, Ref. 6). These experimental data
were collected for a 58 cm snow depth, Since snow 1is to a
large extent transparent for L-Band radiation, this model can
also be taken to describe the backscattering characteristics of
the underlying terrain (ground covered with short vegetation in

this case).

¢) Ice model (VV polarization, Ref. 7). These measurements were
taken over thick (2-3 m) multi-year sea ice.

10 [ e
oF /_’7_'
P L - 1
m r e 1
= | 7]
g -10 = ]
,g r /_4—"" J
$ ef T ;
!E [ Ice e /
g 0 E Snow __—
T .
"5 /Sea 1
= : - ]
-50 N
-~80 tAA-AiAAL‘I.J;L;‘L;.L.l..|.|-...IAA:AIALLL_LA‘..
0 10 20 30 40 60 80 70 80 90

Grazing Angle (Degrees)

Figure 3 - Surface backscattering models used throughout this study

The specific models used in this report were retained after a sur-
vey of the cross-section data available in the open literature. These
types of terrain were #&elected because of their relevance to SBR survei]-
lance over the Canadian Arctic and because they span a fairly broad range
of values of 0, as the grazing angle varies. )

As experimental data for low and high grazing angles are not read-
ily available, the data for the three curves of Fig. 3 were first extra-
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polated to Y=0° and Y=90° and were then fitted with power series in v to
facilitate the numerical evaluation of 0,(Y). The resulting polynomials
are:

0% coan = -51.371465.661x - 142.09x% + 193.24x> - 102.08x"  [22]

+ 18.199x°
O now = -37.4 + 15.887x + 31.779x% - 42.481x> + 17.156x " [23]
0% e = -22.876 + 2.7357x + 13.813x% - 14.397x° (241
+ 6.9247x"

where the 0° are in dB and x is the grazing angle in radians.

4, CLUTTER SPECTRA

The clutter spectra detected by the SBR system described in the
previous pages and their corresponding SIR curves are analyzed in detail
in this section. The results are used to describe the capability of an
SBR to detect slow moving targets in the presence of heavy earth clutter
(Section 5). Unless otherwise specified, the satellite is in a polar

orbit (I = 90°) and is located above the equator when the clutter spectrum
is recorded (Ss = 0°).

4.1 Clutter Spectrum of the Baseline System at Low Grazing Angle

In this first example, the radar antenna is pointed at a very low
grazing angle (Yy = 3°) and is aligned with the direction of motion of
the satellite (¢, = 0°) and the clutter model is for the ocean. Fig. 4
shows a three dimensional plot of the clutter power as a function of the
radial speed of the scatterers relative to the satellite and as a function
of the range line number. Note that in this example, there is a total of
181 range lines out of which 21 are located at a grazing angle smaller
than 3° (positive 1) and 159 at a grazing angle of larger than 3° (nega-
tive i), Fig. 5 shows the resulting clutter spectrum when the clutter
power from each range line are added together. The power scale is loga-
rithmic (i.e. in dB) to highlight the large variations of the clutter
power as a function of both V and i.

The numbers on the upper axis in Fig. 5 are the radial velocities
(VA) of the clutter elements with respect to the satellite. The lower
axis on the other hand is referred to as the relative radial velocity axis
and the values are denoted by Vg. Vg is chosen to be zero for the
scattering element boresighted with the radar antenna. 1Its corresponding
speed on the Vp axis is denoted by Vo (Vo = 6345.3 m/s in this
example). Because the whole spectrum is shifted by 2V,/X from the car-
rier frequency of the radar and Vg, varies with vy, and ¢, the use of
the relative velocity VR scale makes it much easier to compare clutter
spectrum for different orientations of the antenna. Also VR may be
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Figure 4 - Three-dimensional clutter spectrum for the baseline system

at low grazing angle (yp=3°, ¢,=0°)

Absolute Speed (m/s)

6145.3 6345.3 8545.3
-125 . 4 . : , . ; " ,
-150 | / R
-175 | -

g o ;
-200 -

Clutter Power (Relative Scale)

=225 I -

-250 [ PORPIRII T0 |l I o Tt o v g on \ ol Rageu By SRR 0 LR PO SR MR (! 15 | LU0 S el
-200 -150 -100 _-50 0 50 100 150 200
Relative Speed (m/s)

Figure 5 - Clutter spectrun for the baseline system at low
grazing angle (yp=3°, ¢L=0°)
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looked upon as the radial velocities of the targets being observed. The
span of Vg, extending from -200m/s to +200 m/s, has been selected be-
cause, it is generally within this interval that clutter power is signifi-
cant and, it is within a window of approximately *200 m/s with respect to
Vo that the targets of interest are expected to fly.

The first feature that is apparent in both Figs. 4 and 5 is that
the maximum clutter power is found at Vg = 0. This arises because the
scatterers contributing the most power at this relative velocity are
aligned with the axis of symmetry of the antenna. The second feature is
that the clutter power is zero for Vg larger than 28 m/s (or Vp larger
than 6373.19 m/s). The reason for this can be understood with the help of
Eq. 10 and Fig. 6,the latter being a graph of the radial velocity Vp as
a function of ¢ for three different range lines (i = 0,-150,-159). The
maximum radial velocity Vpax(i) of any clutter element located on range
line 1 occurs when its position is almost aligned with the direction of
motion of the satellite. In fact, from Eq. 10, the azimuth angle of this
clutter element is ¢; = A where A equals +4.18° in this example, as
shown in Fig. 6. Physically this shift in the direction of maximum radial
velocity is caused by the rotational velocity of the earth which is con-

7000
8000
5000
4000
3000
2000
1000

TS T T T T T

-

-1000
-200C
-3000
-4000
-5000

~6000 l
_7000LIILLLIALAALlLLAAL',LAA\LlLLL,,ALiALALL_J
-180 ~120 ~80 0 80 120 180
Azimuth Angle (Degrees)

Radial Speed (m/s)

Figure 6 — Plot of the radial velocity with respect to the azimuth angle,
for three different range circles. Similar curves for 1 > 0 overlap the

one for 1 = 0. The grazing angles 7Yi corresponding to the range lines
0,-150 and -159 are respectively 3°, 58.93° and 83.79°.
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ing slightly to the relative velocity of the scatterers. This maximum
radial velocity Vyax(i) also depends on the range line number, decreas-
ing when Y; increases, as given in Eq. 11 and as shown in Fig. 6. Thus
the scatterers contributing power for a Vg larger than zero will be
located on range lines for which Y; is smaller than 7Y, and the largest

possible speed Vypax(i) denoted Vypy occurs for v; = 0° (Vpmax
equals 6370.97 m/s in this example).

Actually there will be some power at
Vpo equal to Vpax + AV/2 (AV =4.42 m/s here) because of the finite vel-
ocity resolution of the radar waveform. Therefore, there cannot be clut-
ter power generated beyond Vmax + AV/2 which explains the rapid drop in

the clutter spectrum of Fig. 5.

On the negative side of the Vg axis the clutter spectrum decreas-
es with some wundulations. Since there 1is a maximum relative speed
Vmax(1) on each range line, there is from symmetry also a minimum speed
equal to -Vpupx(i) which is found in the direction ¢ equal to 180° + A,
As given by Eq. 10 and as illustrated in Fig. 6, the radial velocity V,
within the interval [-Vyax(1), Vmax(1)] varies as the cosine of the
azimuth angle ¢4. Thus the spectrum of Fig., 5 will extend down to VR
equals -Vyag(i) - AV/2 decreasing in amplitude as the gain of the
antenna decreases away from the antenna boresight. Note however that we
are only interested in a small portion of the total interval extending
from 6145.3 to 6545.3 m/s. The undulations are caused by the gain of the
antenna pattern which is not uniform and by the spacing between the range

lines.

Finally, Fig. 4 shows that a large number of range lines do not
contribute any clutter power at certain velocities. For i < -60,
Vmax(i) is too small to fall within the velocity interval of interest,
Hence thé scatterers located on these range circles do not contribute

clutter power whithin this 400 m/s window.

To summarize the discussion thus far it is useful to show the iggo-
doppler curves for VR = -200 and 0 m/s which are plotted in Fig. 7. The
intersection of the isodoppler curves with the various range lines give
the location of the clutter elements which are moving at the radial speedq
VR with respect to the satellite and hence which are contributing power
to the spectrum at this velocity. It should be noted that all isodops
are symmetrical with respect to a line making an angle A with respect to

the ordinate of the graph plotted in Fig. 7.

Fig. 8 shows the SIR curve corresponding to the clutter spectrum of
Fig. 5. The dash line is the threshold of the system (17.8 dB) apove
which a target would be detected by the radar with a probability greater
than 90% at a false alarm probability of 107°. As expected, the SIR curve
reflects to a large extent the features of the cluEter spectrum. For VR
> 14 m/s, the clutter power is small and thus the SIR is equal to the SNR
(19.02 dB when Y = 3°). For Vg < -40 w/s, the clutter power is
small and the SIR approximately equals the SNR. For Vg = 0 m/s the SIR
equals, to a good approximation, the SCR (-26.73 dB) since the clutter
power is much larger than the noise. With this geometry, it would prove
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Figure 7 - Isodoppler curves for the baseline system at low
grazing angles (Yy=3°, ¢;=0°)

relatively easy to detect targets approaching the radar at a Vp greater
than approximately +14 m/s but receding targets would not be detected
unless they travel at least as fast as —-40 m/s. The minimum detectable
velocities (MDV) of the system (-40 m/s and 14 m/s for the baseline sys-
tem) are defined as the minimum values of the approaching (positive MDV)
and the receding (negative MDV) radial velocities of the target above
which the SIR of the radar is always above the detection threshold. These
MDV's are one measure of the detection performance of an SBR and will be
discussed at length in Section 5.

4.2 Effect of Terrain

Fig. 9 shows the SIR curves for the various types of clutter models
described in Sect. 3. The clutter 1is largest for 1ice covered ground
followed by snow covered terrain and then the ocean background. It can be
seen that the differences in the SIR values at VR equals 0 m/s for the
various terrains are approximately equal to the differences in the clutter
cross sections for the grazing angle at which the antenna is pointing (3°
here) as can be verified with the help of Fig. 3. This is reasonable
because the clutter elements contributing the most power at VR equals O
m/s are those boresighted with the antenna axis. For Vg # 0 m/s, the
clutter power also changes as a function of the type of terrain since the
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cross section of the contributing scatterers 1is a function of their

respective Yj.
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Figure 8 — SIR curve for the baseline system at low
grazing angle (Yy1=3°, ¢,=0°)

The impact of terrain on the MDVs of an SBR is clearly illustrated
in Fig. 9. They range from [-40 m/s, 14 m/s] for the ocean model to [-108
m/s, 22 m/s] for ice. The detailed analysis of the effect of terrain on
the MDVs of an SBR is postponed until Section 5.0. Until then, we wil}]
concentrate on the analysis of the clutter spectra for different geo-
metries in order to develop the concepts necessary to analyze the
performance curves presented in Section Se In view of the similarity {n

the shape of the SIR curves for different terrain, we will concentrate our

analysis on the ocean background. We will retura to the other types of

terrain in Section 5.

4.3 Effect of the Latitude of the Satellite

The clutter spectrum of an SBR changes only slightly when the lati-

tude of the satellite changes. Fig. 10 shows the SIR curve for 8g
equals 90° (the satellite is located over the north pole) superposed over

that for Gs equal to 0°, all other parameters being identical.
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The two curves are very similar except that the &g equals 90°

curve is somewhat sharper on the positive side of the relative velocity
axis. From this position in space, any point on the surface of the earth
moves in a direction which is normal to the vector joining the radar to
Consequently the rotation of the earth does not contribute to
the radial velocity of the clutter element. This results in a somewhat
smaller maximum radial velocity (as per Eq. 17) which shows up quite
clearly on the positive side of the spectrum. Eq. 12 shows that the angle
A equals zero when &g equals 90° which confirms the fact that from this
view point in space, the rotation of the earth does not affect the clutter
spectrum. Since changing &g has only a small effect on the clutter
spectrum only &g equals zero will be considered in the rest of this

report.

that point.

4.4 Effect of the Inclination Angle of the Orbit of the Satellite

When the inclination angle,Il, of the orbit varies, some changes in
the clutter spectrum and hence in the signal-to—-interference curve occur.
Fig, 11 compares the SIR curves for an equatorial orbit and for a polar
orbit. It should be noted that 1in both cases the satellites are located
at the same point in space (above the Greenwhich meridian) but are moving

in different directions.

The upper axis of Fige. 1l shows Vo, for the equatorial orbit and
is smaller than that for the polar orbit (5880.8 m/s as compared to 6345,3
m/s).This 1is because in this geometry the angular velocity of the
satellite 1is in the same direction as that of the earth. Eq. 12 shows
that the angle A equals 90° here which indicates that the maximum radia}
velocity of the clutter elements with respect to the radar occurs in g
direction which is aligned with the direction of motion of the satellite,
It should be noted that in this geometry the N axis of the NED system ig
normal to the direction of motion of the satellite whereas for I = 90°, i

Was aligned with it.

11 shows that the relative radial velocity at which the clut-
small (Cy=0) occurs at =12 m/s for the equatorial orbir,
as compared to ~l4 m/s for the polar orbit. This arises because the

largest relative velocity Vmax(i) on any range line occurs for the

clutter elements which are aligned with the direction of motion of the

satellite for an equatorial orbit. This difference in Vyax -V, can sbe
10. By definition of Vyayx (V

understood with the help of Eq.
occurs on the range line closest to the horizon which 1is 1=21 here) apg

Fig.
ter power 1is

Vo, we have:

VMAx = Vo = VMax(i=21) - Vimax(1=0) cos( ¢ +A) [25]

thus
2
Vmax - v0=((vgssinA)2+(Vecosﬁs—VgSCOSA) ) X(COSY21‘C°5YOC°8(¢L+A))
[26]
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The values of the factors within the first and the second brackets of Eq.
26 are both smaller for the equatorial orbit than for the polar. This
explains the small decrease in the minimum value of the approaching velo-

city of a target that the SBR can detect on the equatorial orbit.

Absolute Speed (m/s)
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Figure 11 - Effect of the inclination angle of the orbit of the satellite
on the SIR of the baseline system (v =3°, ¢.,=0°). The
dashed curve is for the polar orbit (I=90°) and the continuocus
curve is for the equatorial orbit (I=0°).

Finally, Fig. 11 indicates that for VR equals 0 m/s, the SIR is
slightly larger for the equatorial than the polar orbit (by approximately
0.25 dB). Although this effect is small, it is explained as follows. The
total amount of power at a certain relative velocity VR is the sum of
all clutter power of the scatterers located within a certain velocity bin
width (Eq. 20). On a given range line, these scatterers will be found

within two intervals of extent A ¢ located symmetrically on either side of
Az

A o7 = [oyg-av/2, $vg+av/2] [27]

cause VMAX; is slightly smaller for the equatorial orbit as compared to

where ¢y, =+ ay/2 are related to Vg * AV/2 through Eq. 10. Thus be-
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the polar case, it can be shown that A¢p will be slightly wider for the
former (by approximately 0.05°). Consequently, the area of terrain con-
tributing power to the clutter spectrum at Vg = 0 is slightly larger for
equatorial orbits, which results in a somewhat larger clutter power.

Since the effects described above are rather small, only data per-
taining to polar orbits will be presented in the remainder of this work.

4.5 Effect of the Azimuth Look Angle of the Antenna

In this section the radar antenna is still pointed at a low grazing

angle (yy = 3°) but is now oriented in a direction which is normal to
the direction of motion of the satellite. Fig. 12 shows the resulting
three dimensional clutter spectrum. Fig. 13 is the corresponding two-—

dimensional clutter spectrum with the ¢ equals 0° also shown (dashed
line) for comparison.

Onatker Power Relative Scale)

200

Figure 12 - Three-dimensional clutter spectrum on the baseline
system faf ¢;=90° (v =3°)

It is observed from Fig. 13 that V, is very small (V, = -464,47
m/s which is equal to the velocity of the earth at the equator) as cop-
pared with the ¢;, = 0° situation (Vo = 6345.3 m/s). This ig because
the antenna is pointed in a direction which is normal to the direction of
motion of the satellite. However, V, is not equal to 0 m/s since the
radial velocity vanishes at 90° from angle A (+4.18°) as seen from Eq. 10
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and as shown in Fig. 6. Thus Vo, would be zero for ¢ equals 85.82
degrees and here V, is negative because it 1is located at 94.18 degrees
with respect to the angle A. Fig. 14 shows the isodops for VR equals
=200, 0 and 200 m/s respectively. For these relative velocities most of
the clutter elements contributing to the spectrum are actually moving away

with respect to the spacecraft.

As 1in Section 4.1, the clutter spectrum still extends from
[-6373.19 m/s, 6373.19 m/s] since this interval does not depend on the
azimuth angle of the antenna. The spectrum is nearly symmetrical with
respect to Vg = O because V, 1is almost zero. It would be perfectly
symmetrical with respect to this point only if the antenna were pointed in

a direction normal to the direction of maximum radial velocity i.e.

perpendicular to A (¢, = 85.82° in this example). One of the practical

consequences of this wide clutter spectrum is that the clear area on the
positive relative velocities axis observed for ¢, = 0° has disappeared,
making the detection as difficult for approaching as for receding targets,

There are two more rather subtle features shown in Fig. 13. First
the clutter spectrum on the negative side of the VR axis 1s broader when
¢1, equals 90° than when ¢;, equals 0°. Returning to Fig. 6 or to Eq.
10, it is seen that the radial velocity of the clutter elements on a given
range line vary as the cosine of the azimuth angle. Thus, the rate of
change of the radial velocity with respect to ¢ is the derivative of HKq.

10 and is given by:

V(oy) = % = Vyax(i) sin(ey + A) [28)

Thusq}&(¢ilj is smaller at small azimuth angles and reaches a
maximum at ¢; equdls 90° - A. Consequently, the scatterers contributing
power at a certain Vg on a given range line will be closer to the axig
of symmetry of the antenna when it is orlented toward a large azimuth look

As an example, let us consider the rela-
tive velocity Vg = -50 m/s. For ¢=0°, the corresponding radial vel-
ocity Vj is 6545.3 m/s - 50 m/s = 6295.3 m/s. From Eq. 10, for =0,
this clutter element is located at an angle equal to 4.14°, Hence thig
scatterer is located 4.14° away from the axis of symetry of the antenna,
direction normal to the direction of
motion of the satellite, (¢1=90°), the corresponding numbers are: v
= -464.47 m/s =50 m/s = -514.47 m/s, ¢ = 90.5°% Hence, the clutter ele-
ment is located only 0.5 away from the direction of antenna boresight,
Since the gain of the antepna is larger for the sidelobes which are closer
to the mainlobe, the clutter power at a given Vg is larger when $, is
equal to 90° than when equal to 0°, which of course results in a broader

spectrum, as observed in Fig. 13.

angle than toward a smaller one.

When the antenna is pointed in a

The second feature of Fig. 13 1s the larger amount of clutter (=2
dB) at VR equals 0 m/s when the antenna is pointed in the direction of
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motion of the spacecraft (¢ =0°). This appears to contradict the con-
clusion which was just reached but also arises from Eq. 28. Eq.27 indi-
cates that the total amount of power at a certain relative velocity Vg
is produced by clutter patches located within two azimuth intervals

defined by A¢p. Thus from Eq. 28 since Vk¢) is larger at larger azimuth
angle, the extent of the interval A¢p is smaller at ¢ equals 90° than
at ¢, equals 0°. Thus although, as explained before, the scatterers
contributing power at a certain VR are closer to the axis of symmetry of
the antenna when ¢ approaches 90°, their extent in azimuth and hence
their area on the earth surface is smaller. For relative velocities away
from Vg equals O m/s, the former effect dominates the latter because of
the narrow beamwidth of the antenna. But for VR equals zero, by defini-
tion of Vi, the scatterers are boresighted with the antenna for both
¢1, equals 0 and 90 degrees. The latter effect only exists and results
in a somewhat lower clutter power for a ¢, of 90°.

Fig. 15 shows the SIR curve corresponding to the solid curve in
Fig. 13. Again for comparison, the SIR curve for ¢, = 0° is shown as a
dashed line. As expected, all the features of the clutter spectra are
evident on the SIR curves and for this reason only the SIR curves will be
analyzed for the rest of this report. Observe the larger MDV for ¢p,
equals 90° [-62 m/s, 62 m/s] in Fig. 15. This example clearly illustrates
that the MDV depend not only on terrain but also on the geometry of the

satellite and the target. These effects will be described in detail 1in
Section 5.0.

Fig. 16 shows the superposition of the SIR curves for azimuth
angles of 0, 15, 30 and 90 degrees and grazing angle of 3°. This figure
illustrates that although the clutter power Cy is negligibly small for
Vg larger than 14 m/s when the antenna 1is aligned with the direction of
motion of the satellite (¢, = 0°), this clear area fills in very rapidly
as ¢1, increases until the spectrum becones symmetrical when ¢ equals
85.86°., If ¢, increases even further, the radar antenna points progres-
sively in a direction opposite to the direction of motion of the satel-
lite. The clutter spectrum for any azimuth look angle equal to 180° -
¢1, 1s identical -but reversed with respect to VR equals zero, when com-
pared to the spectrum measured at ¢1. As an example, Fig. 17 shows the
clutter spectrum for Y = 3° but ¢ equals 180° which is identical to the
case for which ¢, equals zero but with the velocity axis reversed. In
this case it would be easier to detect a target receding from the space-
craft at a speed in excess of approximately-14 m/s.

So far, examples for which the radar antenna was pointed at a low
grazing angle (Y[, = 3°) were investigated. It was shown that the clut-
ter spectra vary significantly when the azimuth look angle and also the
terrain changed. In the next sections, we will investigate the shape and
magnitude of the clutter for larger grazing angles. We will restrict our
attention to zero azimuth look angles since the effects observed for
larger ¢1, are similar to those described in the previous section.
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4.6 Effect of Grazing Angle

Fig. 18 shows the three dimensional clutter spectrum detected by an
SBR when the antenna is pointed at a grazing angle of 30 degrees and is
aligned with the direction of motion of the satellite (¢, = 0°). Fig.
19 is the isodop curve for this geometry.

The maximum clutter power occurs at Vg = 0 m/s (V0 = 5502.7
m/s), but there is no velocity at which the clutter power Cy 1is very
small within our 400 m/s window as was the case when Yy, = 3° The

spectrum extends from —6373.19 m/s to 6373.19 m/s and because V, is much
smaller than these maximum speeds, no abrupt termination of the spectrum
within a * 200 m/s window is observed. Thus in the present situation any
target travelling within *200 m/s with respect to the satellite will have
to compete with extensive clutter for detection.

The narrow extent of the clutter spectrum (Fig. 18) along the range
line axis indicates that for most radial velocities, only one range line
contributes significant power to the clutter spectrum. This is caused by
the combined effect of the increased spacing between adjacent range lines

at higher grazing angles (as seen in Fig. 2) and the smaller size of the
foot print of the antenna.
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Figs. 18 and 19 show that many range circles (1 < 9) do not
contribute power within the 400 m/s window shown in the plot. This 1is
because, as explained in Sect. 4.1, the maximum possible relative velocity
of the clutter elements located on these range lines (VMAX(i)) is
smaller than the velocities within the 400 m/s interval of interest here
(from 5302.7 to 5702.7 m/s). It 1is also seen that there is no power
returned from the range lines beyond +113, Since there are only 113
pulses in the burst transmitted by the radar, as given by Eq. 1, the
weights W; in Eq. 6 are zero beyond range line number 113. Physically,
this means that the clutter returns coming from these range circles are
arriving after the closure of the radar receiver. Also, the power
contributed by the scatterers on the range lines prior to 1 equals 113
decreases steadily as i 1increases because the value of the weights Wi
are slowly decreasing (see Eq. 9).

Fig. 20 shows the SIR curve corresponding to the three dimensional
spectrum of Fig. 18, with the SIR curve for vy = 3° superposed. The
plot is very spiky, reflecting the features of the three-dimensional
spectrum.
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Figure 20 - SIR of the SBR at Y{=30° (¢1=0°)
We will now derive some proportionality relationships to explain

the variations in the values of SIR when the system is noise-limited
(SIR®SNR) and clutter-limited (SIR=SCR),
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For large VR where clutter power is weak, the SIR approximately
equals to the SNR. From Eq. 3 and 4

SNR aPT [29]

Ro

and since from Eq. 1, n is proportional to R, then:

SNR @ 1_3 [30]

Ro

6 Because R, 1s smaller for 7Yy, = 30° than for vy, = 3° (1.70 x
10°m versus 3.39 x 10° m), approximately 8 dB of improvement in the SNR
ratio is obtained, which is consistent with the results of Fig. 20.

For Vg equals zero, the SIR approximately equals the SCR because
the noise is negligible with respect to the clutter power. With the more
complicated form of Eq. 6, it is not as easy to establish a simple
relationship between the SCR ratio and the grazing angle. But for large
grazing angles the range lines become further apart and the clutter power
at VR=0 arises mainly from the clutter elements located on the main

range line. The SCR can then be related to Y, as follows. For 1 = 0,
Eq. 4, 6, 20 and 27 yield the approximate relationship:
SCR o B L [31]
Wy Ry cosby aép o(Y,)
, cos Y,
where from Fig. lc
cosB, _ rg [32]

COSYO r

We can relate A¢p to AV in the following manner. Let ¢, be the
azimuth angle at which is 1located the clutter element whose radial
velocity is V,, Hence from Eq. 10, expanded in Taylor series, the upper

bound of A¢r will be given by

vgrav/2 L Wrav/2)® o, [33]

™
UPPER = - = - 6 T3 .o
VMAx(i—O) VMAX(i 0)
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Note that Eq. 33 only applies for Vg, + AV/2 <K V.o

Subtracting the lower bound of the azimuth interval (obtained by
replacing 4V/2 by —-AV/2 in Eq. 33) from its upper bound, we obtain

AV _L /) 1 (grav/2)’

AQT =
Vyax(1=0) 6 Viax(i=0) 6 Viux(i=0)

= ves tees [34]

Keeping only the terms linear in AV, we will obtain

2

AV Vo x AV/2
D = + — [35]
VMAX(:L:O) VMAx(i=0)
For the case of interest here, ¢, equals 0° and V, = Vyaxe
Hence
ST e — [36]
VMax(1=0)
finally making use of the fact that
VMAX(1=O) o VMAX cos Yq [37]
we obtain
A
Mp o Y [38]
cosYq
From £q. 19 it can be written that
AV o 1/Tp [39]

But since Tg is proportional to the total number of pulses in the burst,

itself related to Ry according to Eq. 1, we have

AV o — [40]

Finally, for i equals 0O, W, equals n and by substituting Eqs. 32,
38 and 40 into Eq. 31:
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cos Yo [41]
o(Yy)

SCR «

Unfortunately, this relation cannot be used to compare the SCR for

YL = 30° to the one for Y equals 3°. Although it applies for vy} =
30°, it is not accurate at low grazing angles since the clutter power at
VR = 0 m/s does not only arise from scatterers located at i = 0. If we
were to use fEq. 41 we would find that SCR j3g° should be 14 dB smaller
than SCRjo. (cos 30°/cos3®° = 0.6 dB, 0,(3°)/0(30°) = 13 dB.). This
is not what 1is observed from Fig. 20 where SCR3pe is smaller than
SCR3ze by only about 4 dB. This is caused by the large number of range
lines within the main lobe of the antenna when Y], equals 3° whereas
there is only one when Y[, equals 30°. Eq. 41 will be found in good

agreement with the results obtained for the next cases.

When the radar antenna is pointed at a still steeper grazing angle,
(YL, = 60°) the three dimensional spectrum of Fig. 21 results. For clar-
ity, the viewpoint used to plot Fig. 21 is located opposite with respect
to the range line axis to that chosen in the previous examples.

Compared tg the case for vy}, = 30°, R, decreases for Y, = 60°
(R, = 1.13 x 10°m), the footprint of the antenna is smaller and the
range circles are even further apart. Fig. 21 clearly shows that only two
sidelobes in the clutter spectrum are significant in addition to the main-
lobe clutter. A detailed analysis not given here shows that they result
from the first sidelobes of the antenna intersecting the range circles i
equal + 1 and -1. It should be noted however that the clutter power

between the peaks of Fig. 21 although small is not zero.

Fig. 22 compares the SIR curves for Yy, = 60° and v, = 30°, In
areas of low clutter power, an improvement of approximately 5 dB in the
SNR results _from the smaller range when Y[, equals 60°, as per Eq. 30
((R30°/R60°) equals 5.3 dB). On the other hand, when VR equals 0
m/s the SCR is approximately 20 dB poorer. Since there is only one range
line within the main lobe of the antenna for both Y|, equals 60° and 30°,
Eq. 41 applies and the decrease in the SCR correlates well with the valuye

observed in Fig. 22 (c0s60°/cos30° = -2.4 dB and 0y(60°)/0,(30°) = 18

dB).

Finally, it is worth pointing out that the width of the main 1ohe
of the SIR curve for Y, equals 60° is somewhat larger than for L
equals 30°. This is caused by the larger AV arising from a shorter burst

duration as R, decreases (see Eq. 19).

When the radar antenna is pointed in a direction such that it ig
almost normal to the surface of the earth (y=85°), the three dimension-
al clutter spectrum of Fig. 23 and the corresponding SIR curve of Fig. 24
result (th dashed curve is for y=60°. There 1is only one mainlobe in
the clutter spectrum within the 400 m/s window of interest since the foor-
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print of the antenna is even smaller and and the range circles are further
apart. The mainlobe of the spectrum for Y; equals 85° is wider than its
counterpart of the previous example because the AV being larger due to the
decrease in the value of R, (see Eq. 19). In regions of low clutter
power the SNR is somewhat smaller for Yj, equals 85°, as given by Eq. 30

((R85/R50)3 = -1.2 dB). Finally for VR equals zero, the SIR reduces to
the SCR which is approximately 24 dB worse than for Yj, equals 60°, in
agreement with Eq. 41 (co0s85°/cos60° = -7.6 dB and 0,(85°)/0,(60°) =
16 dB).

In summary, the analysis performed in this section has shown that
the clutter spectrum detected by an SBR depends to a large extent on the
geometrical configuration of the problem and on the type of terrain above
which the targets are flying.

5 MINIMUM DETECTABLE VELOCITIES

From the discussion of the previous sections, it is clear that the
ability of a SBR to detect slow moving targets varies considerably accord-
ing to the geometry of the problem and the type of terrain above which the
targets are flying. In this section the minimum velocities of the targets
which can be detected by a real aperture space based, pulse doppler radar
will be analyzed.

The minimum detectable velocities (MDV) were defined in the previ-
ous sections and in Ref. 1-2 as the smallest approaching (positive MDV) or
the receding (negative MDV) radial- velocities of the target above which
the value of the SIR is always above the detection threshold of the SBR.
Although this definition is adequate most of the time, a glance at Fig. 20
shows that it is sometimes too conservative since there are velocities at
which the target can be detected even if it travels at a speed for which
it is smaller than the MDVs. 1In some cases (see Fig. 25), the system is
below threshold only for a small fraction of the relative velocities be-
yond approximately ¥ 20 m/s although the MDV in this case would be approx-—
imately [-90 m/s, +90 m/s]. Hence in order to alleviate the problems as-
sociated with the above definition, a new quantity called the Minimum
Detection Velosity (MDetV) will be introduced. It is defined as the rad-
ial velocities above which the interval of velocities when the system is
below threshold does not exceed an arbitrary percentage (set at 10%) of
the radial velocity within that interval. As an example, from Fig. 25, if
the size of 6V, is smaller or equal to, 6V;/10 than the faet that the SBR
system is below threshold during interval &V, is ignored and V™ is defined
as the negative MDetV of the system. In the great majority of situations
the MDetVs are equal or almost equal to the MDVs This new definition has
a tendancy to smooth the MDetV curves and is an attempt to give a more
practical although arbitrary measure of the performance.

Fig. 26 shows the MDetV versus the grazing angle for the ocean
model (¢, equals 0°). It shows a tendancy for the MDetV to decrease as
YL increases which reflects the fact that the width of the SIR curves

is d cre%sigg, as was observed in the grevious sections., The undulatigns
in the MDetV~ curves are not very significant. They arise when the side-



33

Absolute Speed (m/s)
4667.4 4867.4 5067.4
40— . . , : . . . ,

Signal To Interference Ratio (dB)

-10

—20 - ._

-30 | ]
r L ]

—-40 T A AT BT Ly sy | T | A IR B
-200 -150 -100 -50 0 50 100 150 200

Relative Speed (m/s)
Fig. 25 - SIR for the baseline system at a grazing angle of 50° (¢;=0°)

125 ” T T T T \E— | — T T T T | S S S
» 1
. ]
E ;
g L
g
] - \ 1
p—
4 - T \
= 25 g \ j
o - \ S
o \
=
-~ L
O - -
3 I , el ]
D 25 r i ) -
= F
g8 - L \ -
-] \ 4
o] | ]
" p—y T \
2 L \ y
-125 L L 1 L L 1 l L. 1 L A JU| s 1 L 1 L _J
0 10 20 30 40 50 80 70 80 90

Grazing Angle (Degrees)

Fig. 26 - MDetV of the baseline system versus the grazing angle for an
ocean background (¢1=0°). The solid line is for the positive
MDetV whereas the dashed line is for the negative MDetV,



34

lobes of the antenna are coincident with the location of the ambiguous
range circles on the surface of the earth. This causes the sidelobes 1in
the corresponding SIR curves to be more or less important, which produces
in turn some non-uniformity in the MDetV as the geometry changes. It
should also be observed that the low value of the positive MDetV nuear
grazing incidence is caused by the clutter free region at low grazing
angle. The sharp drop in the MDetV for Yy equals 50° arises when the
sidelobe of the SIR curve are no longer deep enough to determine the MDetV
(i.e. 8Vy < & /10 in Fig. 25). Finally, the increase of the MDetV near
normal incidence 1is caused by the broadening of the SIR curve for large
grazing angles (see Fig. 24).

It is worth mentioning that the decrease of the MDetV for larger
grazing angle does not necessarily mean that an SBR system would operate
more successfully at a higher grazing angle. When a target is flying on a
course which 1s roughly parallel to the surface of the earth its radial
velocity is likely to be a smaller fraction of its air speed as the
grazing angle increases. Thus although the MDetV are .getting smaller, so
does the likely radial velocity of the target and hence the harder it
becomes to detect. As a result of this and also because some expressions
in our simulation are inaccurate beyond 7Y = 85°, the MDVs were not
computed for vy > 85°. However, it is expected that until the radar
antenna 1s pointed within a beamwidth of normal incidence the MDVs will
grow larger as Yi increases beyond 85° since the extent of one range
resolution cell on the surface of the earth becomes a large fraction of
the footprint of the radar. As Y[, approaches 90°, the SIR versus Vg
curve becomes symmetric and the MDV$ are approximately * 120 m/s.

Fig. 27 shows the MDetV as a function of v when the terrain
background is ice, along with that for the ocean. It shows that at low
grazing angles, the MDetVs for the ice are approximately twice as large as
those for the ocean. However, as the grazing angle becomes larger the
MDetVs become nearly identical since as shown in Fig. 3, their o, become
almost equal. A plot of the MbetV for the snow model 1s not shown since
it is intermediary between the ocean and the ice and it exhibits the same
general features. These curves show that the terrain above which poten-
tial targets are flying has a very significant effect on the performance
of the SBR when the antenna is pointed at a small grazing angle. As men-—
tioned above, this is the situation of greater interest in practice since
the radial velocity of the targets is likely to be greater for low grazing
angle than when the antenna is almost normal to the surface'of the earth.

Fig. 28 shows the effect of the azimuth-look angle on the MDetV for
an ocean and an ice background at low grazing angle. In both cases, the
MDetV increase as ¢, increases, as described in Section 4.5. For small
¢, the positive MDetVs are significantly smaller than the negative ones
because of the clutter free area for the positive radial velocities of the
system (see Fig. 16). As discussed in Section 4.5 the MDetV is symmetri-
cal with respect to ¢, = 90° -A, Hence the MDetV for ¢, > 90° can be
found from Fig. 28,
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the

azimuth look angle is very pronounced. As seen from Fig. 28, the MDetV is
more than twice as large for the ice as compared to the ocean case over
most of the interval from ¢; = 0° to 90°.

200 [
150 |

100

T
£
2
[9]
Q
=
2 50
g ;
S 0 ]
3 .
g -50 ]
5 -100 | -~ B
g - . 1
g ! ]
B -150 F .
= b

~200 S SRS U U S S V— 1 i 1

0

10

20

30

40

50

80

70

80

80

Grazing Angle (Degrees)

Comparison of the MDetV versus grazing angle for

Figure 27
ice and snow backgrounds. (¢p;=0°)

200 A e Bt ma T L — ]
1
722 O ]
S e ]
150 T e ]
£ ]
§‘ 100 b
3] [ ]
=]
£ sol e
g R
S E
S of \\\§>——OCEAN ICE —
[9] -
Q 1
® S L ]
K 80 B N
5 oot
_1 R
8 -0 | o
=
—-200 L " 1 n 1 1 e " | Fu— " 1 i 1 " - .
0 10 20 30 40 50 80 70 80 90

Azimuth Look Angle (Degrees)

Comparison of the MDetV versus the azimuth-look angle

Figure 28 -
for ice and snow backgrounds. (Y1,=3°)



36

6. CONCLUSION

A detailed analysis of the features of the clutter spectrum receiv-
ed by an SBR under various geometrical configurations and for different
types of clutter background was presented in this report. The ability of
an SBR surveillance systems to detect slow moving targets was also invest-—
igated through the analysis of the minimum detection velocities of the
baseline radar under various conditions.

The main findings of this report can be summarized as follows:

a) Clutter spectra depend to a large extent on the geometry of
encounter between the SBR and the target. Generally speaking
the spectra become narrower (smaller MDV) as the grazing angle
increases except near normal incidence at which point they be-
come broader (larger MDV). Also the peak of the spectrum be-
comes larger for large grazing angles. As the radar is pointed
progressively away from the direction -of motion of the
satellite, the Spectra broaden.

b) The minimum velocity of targets which can be detected by an SBR
varies with the type of terrain over which it is flying, espe-
cially when the antenna pattern exhibits very large sidelobes.
At low grazlng angles, the interference caused by clutter is
progressively lower for ice, snow and ocean. At larger grazing
angles (above approximately 60°), the clutter power does not
depend very nuch on terrain since, for the models investigated,
the clutter cross—-sections are almost equal.

The illumination function of the radar antenna was assumed to be
uniform for the calculations done in this work. Since it is well known
that weighting the illumination function of an antenna alters signifi-
cantly its radiation pattern, it 1is interesting to investigate this effect
on the results presented. Some of the calculations done in the previous
sections were redone in the appendix for the case of a 40 dB Taylor
weighting of the antenna pattern. The results obtained show a significant
reduction of the clutter power coming into the receiver through the side-
lobes of the antenna. Also, it is found that the MbDetVs of the system be-
come nuch less sensitive to the terrain type. Although the results pre-
sented in the Appendix are fragmentary, they show very clearly that the
performance of the SBR system can be improved by properly weighting the
illumination function of the radar antenna, at the expense of an increase
in system complexity.

The results obtained here will be useful in designing SBR constel-
lations for surveillance purposes. From this report, it is seen that low
and ultra low sidelobe antennas are very desirable both to reduce the min-
imum velocity of the targets which can be detected and to obtain perform-
ances which do not depend significantly on the type of clutter background
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For best performances, the coverage of the individual radars within the
constellation could be confined within a small angle around the direction
of motion of the satellite. However, the magnitude of that angle will
have to be traded-off against the total number of radars required in the

constellation.

Although rather small minimum detection velocities have been re-
ported here, the use of other clutter cancellation techniques would en-
hance further the performances of SBR surveillance systems. The results
presented here will also be useful when those studies are undertaken since
they provide a detailed analysis of the magnitude and shape of the spectra

detected by real aperture systems.
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APPENDIX
TAYLOR WEIGHTING OF THE ANTENNA PATTERN

By weighting the illumination function of the radar antenna, it is
possible to reduce the sidelobes of its radiation pattern. This is desir-
able since it will decrease the amount of clutter power creeping into the
receiver through the sidelobes of the gain pattern of the antenna. It
should be noted that this reduction in the amplitude of the sidelobes
always results in a broadening of the mainlobe of the pattern which inevi-
tably increases the mainlobe clutter. However the overall effect of
weighting is beneficial in terms of reduced minimum detectable velocities.

There are many ways of weighting the illumination function of an
antenna (Ref. 8). Some techniques attempt to minimize the ratio of the
amplitude of the the close-in sidelobes with respect to mainlobe whereas
others minimize the so—called integrated sidelobe ratio. A separate study
would be required to investigate fully which of these approaches would be
optimum for SBR operation. Since the intent of this Appendix is only to
1llustrate that we can improve the performance of an SBR by weighting its
antenna pattern, a single example using 40 dB Taylor weighting for the
antenna illumination function was used. Fig. Al compares the weighted to
the unweighted pattern which was used in previous sections. As seen in
the figure, the amplitude of the first sidelobe is 40 dB 1lower than the
main lobe amplitude and the beamwidth of the weighted pattern is larger.
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Because the effect of Taylor weighting is similar for all geome-
tries and terrain studied so far, the discussion will be restricted to the
geometry resulting in the broadest clutter spectrum. The antenna was
pointed at a low grazing angle (Y[ equals 3°) and normal to the direc-
tion of motion of the satellite (¢, equals 90°). Fig. A2 is the result-
ing three dimensional clutter spectrum (compare with Fig. 12) whereas
Fig. A3 is the resulting SIR curve superposed on the one for the unweight-
ed aperture. It is clear that the amount of clutter arising from clutter
elements aligned with the sidelobes of the antenna has been reduced. How-
ever Fig. A3 shows that the mainlobe of the SIR curve is wider because of
the widening of the mainlobe of the gain pattern, which also accounts for
the slight 1increase in clutter power at small relative velocities. Des-
pite this the MDV of the system is improved considerably, dropping to [-36
m/s, 36 m/s] from [-62 m/s, 62 m/s] for the unweighted case. All the
other features of the spectrum of Fig. A2 and A3 are similar in nature to
those of the unweighted spectra and will not be discussed further.

Fig. A4 shows the MDetV curves when Taylor weighting 1is applied to
the antenna system (superposed on the MDetV curve without weighting for
comparison). All the other parameters are the same as those in Fig. A3.
It shows a decrease in the MDetV for all grazing angles but the decrease
is not as large at higher grazing angles. Because of the smaller foot
print of the radar and the increased spacing between the range lines at
higher grazing angles most clutter power comes into the radar through the
mainlobe of the antenna. In these cases, rejection of sidelobe clutter is
not as important and the improvement of the MDetV is not as great.

Fig. A5 compares the MDetV vs Y[, curve for the ocean and the ice
model. It shows that when the sidelobe level of the antenna pattern is
reduced the MDetVs of the SBR becomes almost totally independeant of the
terrain. Fig. A6 shows the MDetV vs ¢; curves for the ocean and the ice
model. The same conclusion holds that the performance of the SBR system
became almost independent of terrain.

The example presented in this Appendix shows that by weighting the
illumination function of the antenna, a significant reduction in the
MDetVs of an SBR can be achieved and that the MDetVs can become much less
dependent on the terrain type. This is achieved at the expense of some
increased system complexity.

Finally, it is mentioned that if the weighting applied by the il-
lumination function of the antenna is not as heavy as the one described in
this section (i.e. larger sidelobes) the reduction in clutter power will
not be as large. Refs. 8 and 9 indicate that 40 dB weighting has been
achieved in practice and although it would certainly be difficult to im-
plement on a large antenna such as the one used for this report, 40 dB
Taylor weighting appears to be.a reasonable achievement for which to aim.
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