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SUMMARY

The primary result of this study is a comprehensive model for propagation effects on a
space-based surveillance radar (SBR). Although the model is applicable to both Rayleigh
and non-Rayleigh propagation conditions, analytic results are possible only for Rayleigh

scintillation. Phase screen calculations are required for simulation of weak scintillation.

This report analyzes several candidate pulse-Doppler SBR systems in a target search mode.
These candidate systems are analyzed primarily to illustrate the manner in which the
model is utilized; hence the choice of SBR parameters may not represent the choice of
SBRs currently under consideration for future deployment. Although the basic model of
the DPCA and Doppler processing is applicable to any mode, this study does not attempt
to quantify the affect of propagation effects on the angle tracking and range tracking loops

required in a target track mode.

It is found that ionospheric propagation effects following a high-altitude nuclear explosion
(HANE) can significantly degrade radar target detection performance. Depending on the
radar design parameters, similar, but less severe performance degradation may occur in

ambient auroral and equatorial ionospheres.
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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement.

MULTIPLY -+ BY -+ TO GET
TO GET « BY DIVIDE
angstrom 1,000 000 X E -10 meters (m)
atmosphere (normal) 1,013 25 X E +2 kilo pascal (kPa)
bar 1.000 000 X E +2 kilo pascal (kPa)
barn 1.000 000 X E -28 meter? (m?)
British thermal unit 1,054 350 X E +3 joule (J)
(thermochemical)
calorie (thermochemical) 4,184 000 joule (J)
cal (thermochemical)/cm? 4,184 000 X E -2 mega joule/m? (MJ/m?)
curie 3.700 000 X E +1 giga becquerel (CBq)*
degrse (angle) 1.745 329 X E -2 radian (rad)
degree Fahrenheit TK-(t°f+&S9.67)/l.8 degree kelvin (XK)
electron volt 1,602 19 X E -1i9 joule (J)
erg 1.000 000 X E ~7 joule (J)
erg/second 1.000 000 X E -7 watt (W)
foot 3.048 000 X E -1 meter (m)
foot-pound-force 1,355 818 joule (J)
gallon (U.S. liquid) 3.785 412 X E -3 meter? (m?)
inch 2.540 000 X E -2 weter (m)
jerk 1.000 000 X E +9 joule (J)
joule/kilogram (J/kg) 1.000 000 Gray (Gy)*
(radiation dose absorbed)
kilotons 4,183 terajoules
kip (1000 1bf) 4,448 222 X E +1 newton (N)
kip/inch? (ksi) 6.894 757 X E +3 kilo pascal (kPa)
ktap 1.000 000 X E +2 newton-second/m?
(N-s/w?)
micron 1.000 000 X E -6 meter (m)
mil 2,540 000 X E -5 meter (m)
mile (international) 1.609 344 X E +3 meter (m)
ounce 2.834 952 X E -2 kilogram (kg)
pound-force (lbf avoirdupois) | 4.448 222 newton (N)
pound-force inch 1.129 848 X E -1 newton-meter (N°m)
pound-force/inch 1.751 268 X E +2 newton/meter (N/m)
pound-force/foot? 4.788 026 X E -2 kilo pascal (kPa)
pound-force/inch? (psi) 6.894 757 kilo pascal (kPa)
pound-mass (lbm avoirdupois) 4.535 924 X E -1 kilogram (kg)
pound-mass-foot? 4.214 011 X E =2 kilogram-meter?
(moment of fnertia) (kg-m?)
pound-mass/foot? 1.601 846 X E +1 kilogram/meter?
(kg/m?)
rad (radiation dose absorbed) 1.000 000 X E -2 Gray (Gy)=*=
roentgen 2,579 760 X E -4 coulomb/kilogram
(C/kg)
shake 1,000 000 X E -8 second (s)
slug 1.459 390 X E +! kilogram (kg)
torr (mm Kg, 0°C) 1.333 22 X E -1 kilo pascal (kPa)

* The becquerel (Bq) is the SI unit of radioactivity; | Bq = 1 event/s.
*=The Gray (Gy) is the SI unit of absorbed radiaction,
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SECTION 1
INTRODUCTION

A constellation of space-based radars (SBRs) has been under consideration as a candidate
for the broad area surveillance and target tracking required in future air defense missions.
These missions require the detection and tracking of aircraft and/or cruise missiles that
could threaten naval battle groups and the continental United States (CONUS). Several
different combinations of missions and threats have been considered in system architecture
studies. Studies of the fleet defense mission consider long range bombers as the primary
threat whereas studies of strategic air defense of CONUS consider a combined threat con-

sisting of bombers, air-launched cruise missiles (ALCMs) and sea-launched cruise missiles

(SLCMs),

The radar propagation path must traverse the ionosphere. It is known that ionospheric
disturbances can cause disruption of transionospheric radio wuve propagation (Refs. 1-16).
Ambient high-altitude and equatorial region ionospheric disturbances often cause severe
amplitude and phase scintillation of VHF signals (Refs. 2-5 and 7-11). Scintillation of
signals at frequencies up to L band is commonly observed in the equatorial region due to a
severe ionospheric disturbance known as equatorial spread F (Refs. 2,4-7 and 12-14). Phase
scintillation of L-band signals is also occasionally observed in high-latitude regions due to
naturally occurring disturbances (Ref. 3). In addition, very severe scintillation will result
at frequencies up to EHF for propagation through the disturbed ionospheric environment
occurring following a high-altitude nuclear explosion (HANE) (Refs. 17-26).

Ionospheric scintillation effects decrease with decreasing radar wavelength, whereas the
cross section of cruise missiles tend to increase with increasing wavelength. Although a
UHF space-based radar has been proposed as a compromise between these two trends,
this paper analyzes the effect of a disturbed propagation environment on VHF, UHF, and

L-band surveillance radar systems.

Since the antenna footprint is many orders of magnitude larger than the size of targets, the
backscattered signal will b» dominated by the contribution from surface clutter. Doppler

processing to discriminate between targets and clutter is complicated by the large Doppler




shift of the clutter signal due to the large platform velocity of a SBR. Usc of a displaced
phase center antenna (DPCA) may be required at long radar wavelengtls (due to the ex-
tremely large antenna footprints) in order to achieve the level of clutter rejection necessary
for target detection.

Propagation effects can degrade the performance of a space-based surveillance radar in
several ways (Refs. 27-30). Amplitude fading can reduce the probability of detection.
In addition, phase scintillation can spread the Doppler spectrum of a target return signal
beyond the Doppler resolution of the radar; this reduces the ratio of target signal to clutter
signal and/or noise with a resulting reduction in probability of detection. There is also a
reduction in radar antenna gain and an increase in beamwidth caused by a loss of signal
coherence along the antenna aperture. Finally, propagation effects can cause a marked
reduction in the clutter rejection performance of the DPCA.

The report is organized as follows. Section 2 gives a brief qualitative description of the
operation of the DPCA, derives the radar equation for detection of a target in clutter, and
demonstrates why the use of a DPCA is often proposed for a low-altitude UHF surveillance
radar. The derivation of the radar equation includes the effects of propagation through the
disturbed environment following a HANE event. Section 3 gives examples of the effects
of disturbed propagation environments upon low-altitude UHF and L-band surveillance
radars, while Section 4 contains some concluding remarks. An analysis of propagation ef-
fects on DPCA clutier rejection performance and scintillation-induced Doppler broadening
of the radar signal is given in Appendix A. Details of the propagation environment are
given in Appendix B.




SECTION 2
INTRODUCTION TO THE MODEL

This section introduces the model and illustrates the operation of pulse-Doppler space-
based surveillance radars through a derivation of the radar equation for target detection.
In order to make the discussion of this section more concrete, specific parameters for a UHF
SBR are used in the illustrations. The formalism for treating the impact of propagation

effects on the signal-to-clutter ratio is introduced.

Targets must be detected in the presence of large surface clutter returns. An equation
for the target signal-to-clutter power ratio is derived; this radar equation includes the
effects of propagation through a disturbed ionospheric environment. It is demonstrated
that a displaced phase center antenna (DPCA) is often recommended for a low-altitude
UHF surveillance radar under undisturbed propagation conditions to reduce the clutter
amplitude to acceptable levels.

The effect of propagation through a disturbed ionospheric environment enters the radar
equation in several ways; the DPCA clutter rejection performance is reduced, the target
signal is Doppler spread and/or Doppler shifted, the antenna gain is reduced, and the an-

tenna beam is broadened resulting in a larger clutter cross section and Doppler bandwidth.

The displaced phase center antenna (DPCA) is used to reject the signal due to stationary
surface clutter. This is accomplished by dividing the antenna into several subapertures
with phase centers that are physically separated. Through a combination of space and
time diversity, the return signal from surface clutter is rejected. This technique enables

detection of moving targets with radar returns that are several orders of magnitude weaker
l than surface clutter.

The simplest implementation of DPCA, which we call two phase center DPCA, is shown
in Figure 1. There, for simplicity, we show two separate anten-.as whereas actually a single
antenna is used with phase centers that are electronically adjustable. The operation is as
follows. At somc time, say ¢ — 0, a pulse Is transmitled from the front anienna. This
signal propagates to the targets and clutter, is scattered, and propagates back to the radar
) platform. For a space-based system the signal round trip travel time ¢4 can be reasonably

large, so the platform can move a considerable distance as shown in Figure 1. The scattered

I




signal is received by the front antenna. Due to platform motion, at some time ¢t = A the
rear antenna has moved into the same position that was occupied by the front antenna at
t = 0. (The platform is now shown drawn in dashed lines.) Clearly, this time A is given by
A =V/d, where V is the velocity of the platform and d is the separation of the two phase
centers. The rear antenna now emits a signal which propagates, scatters, and propagates
back to the platform to be received by the rear antenna. As shown in Figure 1, at time
t = t4 + A the rear antenna has moved into the position that the front antenna occupied
when it received a signal at time ¢ = t4. For a stationary patch of clutter, it is evident that
the two ray paths are identical, and hence the clutter contributions to the two received
signals will be identical. The clutter contributions of these two signals will cancel when
the signals are subtracted. On the other hand, the signal round trip time for a moving

target will be different from the two pulses, hence there will be a residual when the signals
are subtracted.

There are a n.mber of disadvantages to the two phase center approach described in Fig-
ure 1. In particular, the pulse repetition frequency (PRF) out of the two pulse canceller
is one-half the PRF of the transmitted waveform. In fact, the usually recommended im-
plementation for both airborne and space-borne DPCA systems is a three phase center
approach. The three phase center DPCA enjoys the advantage that it can be implemented
using the sum and difference channels of a monopulse radar antenna.

The three phase center implementation is shown in Figure 2. It operates as follows. At
time ¢t = 0 a signal is transmitted employing the entire aperture with its phase center at
the center of the antenna. The signal propagates to the clutter and targets, is scattered,
and propagates back to the radar platform. Upon reception at time t = t4, the antenna
is configured to have two phase centers (forward and rear) that both receive the signal.
At time t = A, the platform has moved such that the center phase center is located at
the position that the front phase center occupied on the previous pulse. (The platform
is now shown drawn in dashed lines.) We have the relation A = d/2V, where d is the
separation between the front and rear phase centers. This second pulse is transmitted
and eventually received at time t = t; + A by both the forward and rear phase centers.
Between pulses, the phase centers have advanced a distance d/2. The signal received by
the forward phase center for the first pulse (solid line) and by the rear phase center for the
second pulse (dashed line) are shown in Figure 2. The difference signal between these two
signals is taken. This procedure will null returns from stationary objects. Cancellation of

the difference signal from stationary clutter occurs because the two-way propagation path

4
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Figure 1. Two phase center DPCA operation. The solid line is the first pulse and

the dashed line is the second pulse. Platform motion is to the right.

lengths coincide to a high degree of accuracy. Alternatively, the two-way propagation path

lengths to a moving target will not coincide.

Clutter cancellation will be impaired if the characteristics of the DPCA propagation paths
vary between radar pulses as can occur if the radar line-of-sight passes through struc-
tured ionospheric plasma. The two implementations of DPCA are affected differently by
propagation effects. Although the propagation paths used in the two phase center DPCA
physically coincide, they are separated in time by the amount A. Hence, a time evolution
of the ionospheric plasma, as occurs when there is a bulk plasma drift across the line-of-
sight, can introduce different phase shifts into the two propagation paths. Even if A is a

small fraction of the signal decorrelation time, there can be a substantial reduction in the

)




Figure 2. Three phase center DPCA operation: The solid line is the first pulse
and the dashed line is the second pulse. Platform motion is to the right.

clutter rejection performance, with a consequent reduction in signal-to-clutter ratio. The
propagation paths used in the three phase center DPCA differ in both space and time.
Hence, structured ionospheric plasma can degrade DPCA performance even in the absence
of a bulk plasma drift. If the path separation is a small fraction of the signal decorrelation

length, a substantial reduction in clutter rejection performance can result.

Although the following radar equation is applicable to any space-based surveillance radar,
for purposes of illustration, specific numbers will be evaluated for a ge.eric UHF radar

operating at 430 MHz, in a 355 nautical mile (650 km) circular orbit with an antcnna
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aperture measuring D,, = 48 m in the azimuth dimension (the antenna dimension par-
allel to the platform motion direction) and D¢; = 16 m in the elevation dimension (the
antenna dimension perpendicular to the platform motion direction). The radar waveform
is assumed to have a bandwidth of 1 MHz and a pulse-repetition-frequency of 2000 Hz.
Calculations will be performed for a line-of-sight grazing angle of a = 25°. This is one of

two systems for which more detailed results are given in Section 3.

The resulting antenna footprint measures

1
™ 2 Ro/\
AA = ———] 1
[2€n2_| 2D,.’ ()

in the azimuth or along-track dimension by

™ ]% Ro/\

AR =[2€n2 2D sina

(2)

in the range direction. In Egs. 1 and 2, R, is the slant range, A is the radar signal wave-
length, and « is the radar line-of-sight grazing angle. The footprint widths are computed
by taking the 3-dB beamwidth (in the absence of propagation effects) to be R,A/D, fitting
this 3-dB beamwidth to a Gaussian, and integrating over the two-way Gaussian beamwidth

to find the effective beamwidth. The slant range is given by
Ry = [R%sin® a + h* + 2R R, ] P R, sina (3)

where h is the radar platform altitude and R, is the radius of the Earth. For the UHF
radar mentioned above, R, = 1300 km, AA = 14 km and AR = 100 km at a grazing angle
of 25°.

As depicted in Figure 3, at small grazing angles such that the range ambiguity length Ramp,
is less than AR, surface clutter is received simultaneously from several ambiguous range
swaths; the separation R,n1, of the ambiguous range swaths depends on the interpulse

period A through
cA

2cosa’

Ramb =

(4)

where ¢ is the velocity of hght. The main-beam clutter cross section o, equals the clutter
cross section per unit area. o,, mulitiphied by the area of the ambiguous rauge swaths lying

within the antenna footprint. Thus we have
0. =nogDAAY, (5)
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Figure 3. Antenna footprint with ambiguous range swaths hatched.

where n is the number of ambiguous range swaths and the ground range resolution Ay is

given by
c

~ 2Bcosa’ (6)
In Eq. 6, B is the radar bandwidth (assumed to be 1 MHz for the UHF example). In the
small grazing angle limit where R,y < AR, that is for

Ay

3 Ro)
cDaA’

s
tan @ < [——]

20n2 (7)

the number of ambiguous range swaths is given approximately by AR/R,ns. Thus, for

Rams < AR the surface clutter cross section is approximately

t ooA2R2
e = 8n2 D,.D.Asina’ (8)

Alternatively, when Rg,,p > AR, there can be at most one clutter swath of width Ay so

A s ] o AcRy
“¢ = 22| 4D,.Bcosa’
n B cosa

that
1
2

(9)

A representative value of ¢, for land clutter at UHF, that will be exceeded 10 percent of
the time, is —33 dB (Ref. 31). For a worst case we will take o, = —20 dB. For the UHF

8




radar example, Eq. 7 implies that the clutter cross section is given approximately by Eq. 9.
Substitution of the UHF 1adar parameters into Eq. 9 and evaluating for a grazing angle
of 25° gives

0. =43.7dB m%. (10)

However, the clutter magnitude is significantly reduced through a combination of three

methods; Doppler processing, antenna pattern rejection, and use of a DPCA.

As discussed previously, DPCA will be used to cancel the surface clutter signal. The
amplitude and phase of the two signals that are differenced must be controlled to a high
degree of accuracy. In order to maintain 40 dB of clutter cancellation the amplitude must
be maintained to within 1 percent and the standard deviation of the phase error must
be maintained to within 0.5 degrees. Furthermore, this accuracy must be maintainec
over the entire antenna pattern. Implcmentation of these hardware tolerances is vury
difficult to achieve, particularly in the sidelobes of the antenna. Hence, even in the absence

of propagation effects, hardware tolerances will probably limit clutter cancell-tion to no

better than 40 dB.

The DPCA residual clutter spectrum is schematically illustrated in Figure 4. Although
ideal operation of the DPCA makes the radar platform look stationary, the residual clutter
spectrum due to imperfect cancellation will have a spectrum similar to a non-DPCA an-
tenna. The most obvious difference is that the residual sidelobe spectrum will be somewhat
high relative to the residual mainlobe clutter due to difficulty in maiching antenna side-
lobes. The sidelobe clutter occurs between —2V/A and +2V/X in Doppler frequency (where
V' is the platform velocity) while the mainlobe clutter residual is centered at (2V'/A) cos b,
where f, is the angle between the antenna bore-sight and the platform velocity vector.
(For the example UHF radar under discussion, 6, is taken to be 90°.) When the antenna
is pointed broadside, as in Figure 4, the mainlobe clutter residual is centered about zero
frequency. In the general case there is also a large sidelobe return at zero frequency. This
return, known as the altitude return, is due to the large specular clutter return coming
from the region directly below the platform. It is masked by the mainlobe clutter when the
antenna is pointed broadside. The width of the .nainlobe clutter residual A f is (assuining

a Gaussian antenna pattern, see Appendix A

} - —siné,. (11




The spectrum shown in Figure 4 is not strictly correct as it is the spectrum appropriate for
a CW radar. In reality, the radar signal is modulated with a signal that typically consists
of a pulse waveform that is repeated at one or more PRF's over a finite dwell time T,. The
spectrum of a typical modulation signal is shown in Figure 5. The spectrum consists of
narrow spikes at the harmonics of the PRFs. The spikes have a width that is consistent
with the attainable Doppler resolution (1/T,). The amplitude of the spikes is modulated
by the spectrum of a single pulse; hence, the overall bandwidth is the bandwidth of a single

pulse.

TARGETS

J\

f :

0

DOPPLER FREQUENCY

Figure 4. Doppler spectrum for CW radar.

The actual Doppler spectrum is the convolution of the modulation spectrum, Figure 5, with
the spectrum for a CW radar, Figure 4. The primary effect of this convolution process is
that the spectrum shown in Figure 4 is repeated at the harmonics of the PRF. With this

in mind we return to our discussion of Figure 4.

Two target returns are shown in Figure 4 in addition to the residual clutter signal. In this
example onc target is in the mainlobe clutter region and another target is in the sidelobe
clutter region. Since the sideiobe clutter is highly Doppler ambiguous for any practical

PRF, sideiobe clutter will occupy all portions of the Doppler spectrum.

The radar uses two techniques to discriminate between various targets and clutter. At

any given instant in time, as shown in Figure 3, the radar illuminates numerous range
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Figure 5. Modulation spectrum of pulse-Doppler radar.

ambiguous swaths in the antenna footprint. The received signal prior to range gating will
contain contributions from all portions of the antenna footprint. Range gating selects one
particular set of range ambiguous swaths. Hen-e, some targets may be isolated from others

through range gating. The other discrimination technique is Doppler processing.

As illustrated in Figure 4, the clutter signa! has a Doppler bandwidth Af that is con-
siderably larger than the Doppler resolution A fp obtained through coherent processing;
thus, only a small fraction of the total clutter signal energy will lie in a given Doppler bin.

Coherent processing over a dwell time T yields a Doppler processing bandwidth A fp of
AfD = 1/Tc (12)
An improvement factor due to Doppler processing Ip cau be defined as

_Afa [ ]%VT,

Ip=" =  sin . 13
D=3 T |22 D" (13)

Returning to the UHF radar example and using a typical coherent processing time of

T. = 0.1 sec and a platform velocity of V = 7.5 km/s, we find Af = 235 Hz, A fp = 10 Hz,
and Ip = 13.7 dB.
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Due to target motion, the Doppler shift of a target will usually differ from the center
frequency of the clutter spectrum. As shown in Figure 6, if the antenna beamwidth is
sufficiently narrow in azimuth, some clutter rejection will be obiained through antenna
pattern rejection. This antenna pattern improvement factor I4 can be estimated, assuming
a Gaussian antenna beam pattern and a sufficiently smali target Doppler shift, through
the factor (see Appendix A)

(20, /A)? = exp 8¢n2vlD?, , (14)

AfE V)2

which represents the relative clutter amplitude evaluated at the Doppler frequency corre-

I4=exp

sponding to a target with a velocity component along the radar line-of-sight of v,. (Again,
it is assumed that the antenna is pointing broadside.) Assuming a desired minimum-
detectable velocity of 45 m/s and using this value for v, in Eq. 14, gives I4 = 4.1 dB for
the parameters of the UHF radar.

MAIN LOBE CLUTTER

7 Afcﬂ

Sf.— DOPPLER FILTERED
D CLUTTER AT 2Vt/)\

DOPPLER SPECTRUM

Figure 6. Clutter spectrum before and after Doppler filtering.

A radar equation for the signal-to-clutter ratio. S/C, can be written as

(o) pIalppea
o.Lp

Al

S/C =

12

<




where (0,) is the average target cross section, Ippca is the DPCA improvement factor
and Lg, Eq. AG5, is a target beam loss factor that accounts for targets that are not in
the center of the antruna footprint. The signal-to-clutter ratio must be on the order of
10 to 15 dB for reliable target detection; the exact value will depend on the probabilities
of detection and false alarm required, the statistics of cross section fluctuations, and the

amount of incoherent averaging,.

For the UHF system, requiring a signal-to-clutter ratio of at least 13 dB implies that 50 dB
of DPCA improvement is required for detection of a 0.1 m? cross section target (assuming
a minimum detectable velocity of 45 m/sec). Similarly, 40 dB of DPCA improvement is
required for detection of a 1-m? cross section target. Noting that the DPCA improvement
factor depends on target velocity (—5 dB for this example, Eq. A67a), the clutter rejections

required are 55 dB and 45 dB, respectively.

Thus, good clhiiter rejection performance is a necessity for a UHF space-based surveil-
lance radar svstem. The majority of clutter rejection is provided by the DPCA. System
mismat ches, such as imperfectly matched antenna patterns from the two displaced phase
centers, place a finite limit on the clutter rejection performance of DPCA. Ionospheric
induced propagation disturbances will further degrade DPCA performance as well as in-
troduce a scintillation-induced loss caused by the Doppler spread of target returns. The
remainder of this section introduces these effects into the radar equation for the signal-to-

clutter ratio.

As shown in Appendix A, propagation disturbances place an upper limit on DPCA perfor-
mance. The best achievable DPCA improvement factor ippca for a situation in which the
propagation path passes through an ionospheric propagation disturbance, reprinted here

from Appendix A, is Inpca = Ar/A¢, where the difference signal for the target Ar is
Ar = A —-2Bcos2a, (10)

and the difference signal for the clutter A¢ is

) ,
Ac = A - 2B exp — T §as) Far 1] [nal” (17)
Soratal o M N
For the two phase center implementation the 4 and B coeflicients are
Ay = 2(1 + exp(=2t5V?/S,.62)) (18a)
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and .

1 207
== _22 vz 18b
B, 2.42 exp 5.0 1% (18b)

The antenna scatter coeflicient S,, represents the reduction in antenna gain resulting from

propagation effects and is defined through

4¢n2 D?
Se: =14 ——2% (19)
az 7r2 e(2) b
in which ¢y is the decorrelation length for one-way propagation evaluated at the radar

platform altitude.

For the three center implementation the A and B coefficients are
Ay =24 exp[—2(tqV + d/2)?/S.. 6] + exp[-2(taV — d/2)?/S,. 03] (20a)

and 2172

2A
By = exp[-————s 822
azly

} [exp(—d?/25,.65) + exp(—2t3V?[S..63)] (20b)

where

d=2A(V - vg,). (20c)

The following symbols have also been defined:

a = 2—7T'A§0 . [Vo + Saz —1 (sz + Bivp;z + -I-{iv()z)i] s

A Sa: R_ R_
R .
1/‘2 =vEr + 'Iz—i-'vr- \21)

We have specialized to a one-dimensional phase screen with variation and a possible drift
motion along the platform metion direction (x direction). Ry is the distance between the
platform and the phase screen and R. is the distance between the phase screen and the
earth’s surface. R, is a unit vector pointing from the antenna center to the target, V
is the platform velocity relative to the phase screen (which is by assumption constrained
to be in the x direction), vp is the earth’s velocity relative to the phase screen, va is
the target velocity relative to the earth, and v, represents either the x component of the
earth velocity (when clutter is being considered) measured relative to the phase screen,
or the x component of the target velocity measured relative to the phase screen. Hence,

vy represents vg, when clutter is being considered and vg, + vo, when the target is

14




being considered. Furthermore, we have specialized to the case where the antenna points
broadside.

In addition to the degradation of DPCA performance, propagation induced scintillation
causes an apparent Doppler spread and Doppler shift of the return signal. Although this
effect occurs to both the surface clutter return and the return from a discrete target,
the propagation induced Doppler spread and shift of the clutter is generally negligibly
small compared to the main-beam clutter bandwidth Af.. Alternatively, the Doppler
shift and/or spread can be significant compared to the radar Doppler resolution A fp; the
Doppler spread can spread the energy returned from a discrete target over a spectral width
greater than A fp with a consequent decrease in signal-to-clutter ratio. In addition, a net
propagation induced Doppler shift may cause the target to appear in the wrong Doppler
bin. This may not be important if accurate target velocity information is not needed, as
may be the case when the radar is in the search mode. Alternatively, if the net Doppler
shift changes from scan to scan, and if some incoherent processing is performed, there may

be a further performance reduction.

The performance reduction due to a Doppler spread is quantified through a coherent
integration loss factor L,. When the scintillation induced Doppler spread Af,. is less

than the radar Doppler resolution A fp, there is no loss,
La=1. (22)

When Af,. > Afp, the coherent integration loss factor becomes

Afsc
Afp

If the Doppler spread is due primarily to multipath propagation, that is, wher the contri-

ch =

= AfTe. (23)

bution due to the phase-only effects can be neglected, the coherent integration loss trom

Appendix A becomes

(24)

We assume that the radar system will be designed such that under normal operating
conditions, that is, in the absence of ionospheric induced propagation disturbances, the

noise level will be greater than the clutter signal level at all Doppler frequencies of interest.
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When a propagation disturbance occurs, the clutter signal level will increase to levels
exceeding the noise level; under these disturbed conditions the detection performance is
given in terms of the radar equation for the signal-to-clutter ratio S/C (Eq. A60),

(o¢)IpIalppca

ocLeilp V Saz .

Propagation effects will be investigated for candidate UHF and L-band systems in Sec-

S
c= (25)

tion 3.
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SECTION 3
PROPAGATION EFFECTS ON CANDIDATE SBR SYSTEMS

This section applies the space-based radar target detection model to candidate UHF and
L-band pulse-Doppler surveillance radars. The degradation in signal-to-clutter ratio is
quantified for propagation environments ranging from benign natural to post HANE envi-
ronments. Performance of two phase center and three phase center DPCA implementations
are contrasted.

The parameters of the candidate L-band and UHF systems are listed in Table 1. These
candidate systems were analyzed primarily to illustrate the manner in which the model
is utilized and uncover the relative sensitivity to propagation effects; hence the choice of
SBR parameters may not represent the systems currently under consideration for future

deployment.

Table 1. Parameters of the candidate space-based radar systems. The antenna
aperture dimensions are listed with the along-track (or azimuth)
dimension proceeding the cross-track (or elevation) dimension.

Paraineter L-band System UHF System
Frequency 1.2 GHz 430 MHz
Altitude 650 km 650 km
PRF 5000 Hz 2000 Hz
Grazing Angle 25° 25°
Antenna Aperture 40m X 15 m 48 m x 16 m
Radar Bandwidth 1 MHz 1 MHz
Integration Time 0.1 sec 0.1 sec
Target Cross Section 0 dBsm 0 dBsm
Clutter Reflectivity -20 dB -20 dB
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An jonospheric striation drift velocity of 200 m/sec was assumed. Although the (circular)
orbital velocity is 7.5 km/sec for the selected altitude, all velocities used in Section 2 and
Appendix A are measured relative to the rest frame of the striations; hence, a platform
velocity of V = 7.3 km/sec was taken. Depending on the orbital parameters and the radar
look geometry, the velocity of the Earth’s surface can range up to several hundred meters
per second. A typical value (relative to the ionospheric striations) of vg, = 200 m/sec was

taken.

Signal-to-clutter ratios depend strongly upon the target’s velocity component along the
radar line-of-sight. All calculations shown in this section were performed for a typical min-
imum detectable target velocity of v = 45 m/sec. Signal-to-clutter ratios were calculated
versus decorrelation length £y evaluated at the radar platform altitude. The phase screen
was taken to be located halfway between the Earth’s surface and the platform altitude.

(Details of the propagation model are given in Appendix B.)

Figure 7 shows the signal-to-clutter ratio for the L-band system. The upper curve is for
the two phase center implementation and the lower curve is for the three phase center
implementation. As discussed in Section 2, DPCA performance, and consequently the
signal-to-clutter ratio, is limited by numerous effects in addition to propagation effects.
Since these effects are not explicitly included in *he model, the DPCA improvement factor
(shown in Figure 9) increases without bound as the decorrelation length increases. In

reality, the DPCA improvement factor saturates at a finite value, typically on the order of
40 dB.

Figures 8, 9 and 10 demonstrate the behavior of the key elements that enter the signal-to-
clutter calcuiation. As these results show, the performance degradation due to propagation
effects results mainly from a combination of a loss of Doppler processing gain (Figure 8) and
a degradation in DPCA clutter rejection (Figure 9). The DPCA target response (Figure 10)
shows little degradation. The loss of Doppler processing gain is due to the combined effects
of amplitude fading and phase scintillation. Amplitude fading can reduce the energy in the
target signal and phase scintiliation can spread the Doppler spectrum of a target return
signal beyond the Doppler resolution of the radar; both show up as a reduction in Doppler
processing gain. Losses due to DPCA clutter rejection occur from nhase scintillation over
the time separation A or spatial separation d of the two propagation paths. A phase
imbalance of a fraction of a radian is sufficient to disrupt (lutter rejection; hence, DPCA

performance is disrupted when A is a small fraction of the signal decorrelation time or

18




(for the three phase center implementation) when d is a small fraction of the decorrelation
length €y. Although severe scintillation can also cause a reduction in the signal-to-clutter
ratio through antenna scattering loss, this effect becomes significant only at extremely small

decorrelation lengths (at which Doppler processing losses and DPCA losses are severe).
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Figure 7. Signal-to-Clutter ratio as a function of decorrelation length for the

parameters of Table 1: L-band.

As expected, the two phase center DPCA implementation is considerably more robust
against propagation cffects than the three phase center implementation. In fact, the two
phase center implementation maintains a 15 dB signal-to-clutter ratio down to decor-

relation lengthe of 10 m, whereas the signal-tc

implementation drops below 15 dB for decorrelation lengths less than 100 m.

A corresponding series of plots is shown for the UHF system in Figures 11-14. The

same general trends are evident. Examination of these figures reveals that the candidate
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UHF system could experience propagation-related performance disruptions due to natu-
rally occurring ionospheric disturbances. In particular, for the parameters discussed in
Appendix B for severe spread F(£y ~ 250 m), the two phase center system would have
a signal-to-clutter ratio of 18 dB while a value of 0 dB would apply for the three phase

center approach.
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Figure 8. Doppler processing gain as a function of decorrelation length: L-band.
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SECTION 4
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

A comprehensive model for the impact of ionospheric propagation effects on pulse-Doppler
space-based rada s in a target search mode has been developed. Propagation-induced
DPCA degradation, Doppler processing losses, and antenna scattering losses are all prop-
erly incorporated. Our model differs from previous models of space-based radars with
DPCA; previous models (Refs. 27-30) assumed that propagation effects had a negligible
effect on DPCA cancellation. These previous studies quantified processing losses but did
not quantify DPCA losses due to propagation effects. We find that DPCA processing

losses can be significantly larger than Doppler processing losses.

Although the basic model is applicable to any degree of propagation disturbance, analytic
results are possible only for Rayleigh scintillations. Phase screen simulations are necessary
for less severe propagation environments for which non-Rayleigh statistics characterize the
one-way path (Ref. 32).

Analytic results were presented for candidate L-band and UHF space-based radar ander
Rayleigh scintillating conditions ranging from relatively benign naturally occurring con-
ditions to post-HANE conditions. All candidate systems were susceptible to considerable
performance degradation in the post-HANE environment, although the two phase center
L-band system was surprisingly robust. In all cases the two phase center implementation
was considerably more robust than the three phase center implementation. The UHF
system appears to be susceptible to performance degradation resulting from naturally oc-

curring ionospheric conditions.

There are several obvious mitigants for propagation effects. The most obvious mitigant is
the use of higher operating frequencies. Another mitigant is the use of a larger antenna
aperture in the along track direction. This narrows the Doppler spectrum of the clutter

and produces less reliance on the very critical DPCA phase cancellation.

A lower platform altitude is another possible mitigant. This produces less difference in the
DPCA path lengths and hence less disruption in the DPCA clutter cancellation. It may
also be possible to avoid propagation through disturbed regions through use of sufficiently

low platform altitudes.




The two phase center implementation is considerably more robust than the three phase
center implementation. This is because although the two propagation paths are separated
in time, they are over identical spatial paths. This implics that the two phase center

implementation is susceptible only to the bulk striation drift.

There are numerous possibilities for additional work in this area. More detailed paramn-
eter studies, for example, the variation of signal-to-clutter ratio with target velocity for
fixed values of decorrelation length, etc., can be performed. Phase screen simulations
could be performed to more accurately characterize the onset of performance degradation.
(As discussed above, the calculations performed in this manuscript were done under the
assumption of Rayleigh scintillations.) In addition, it may be desirable to model addi-
tional radar modes such as a target tracking mode. (Calculations in this manuscript were

performed for the degradation in signal-to-clutter ratio while in a target search mode.)
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APPENDIX A
RADAR EQUATION DERIVATION

We will first give a few more details of the radar that enters the calculation of the radar
equations. Each phase center of the radar has a (1-D) Gaussian aperture illumination

function, a(z), associated with it, appropriate to a side looking radar. Then, a(z) is

a(z) = %‘;—% exp[—kZ,z?] (A1)

where ko, is related to the aperture size [see Eq. (A5)]. The one-way antenna radiation

pattern as a function of €, the angle from broadside, is then

(A2)

o 2 kZ sin® e
G(e) = ‘/ dzr a(z)exp(ikoz sin e)l = exp [— g ]
-0 |

2k3,
where k,(= 2n/)) is th adar wave number. For small angles, |¢] < 1,G(e) can be
approximated as

G() = exp [—%}—2—] (A3)

If we require the 3 dB point to satisfy
12 1

where D is the azimuthal antenna length (called D,, in Section 2), then we have

2
2 4

ko: = 5propE

(A5)

The radar emits a coded pulse, which, upon matched filtering, produces a ground range

sesolution of éy. We will approximate the point spread function (PSF) as

1, ly — yol| < L6y,
PSF(y—yo) = { : (A6)

0, otherwise,

Depending on the operating parameters of the radar, the range may or may not be am-
biguous within the main lobe of the radar. If the range is ambiguous. contributions from
all the ambiguous range cells must be included. The expressions for the signals that we

will employ will always be after match filtering.
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The background consists of a collection of scatterers, A,e*#j located at positions z,,y;.
We will assume the background is completely incoherent so that a simple model has ¢, a
random variable uniforinly distributed between 0 and 27 and A, a constant, given by

A2 =¢%/n.n, (AT)

J=

where n,(ny) is the number of scatterers per unit length in the z(y) direction.

In the following, we assume that the fading statistics are Rayleigh and separate the transfer
function as follows [cf. Eq. (B6)]

h = hyexplid, + ¢ (A8)

where h, represents the Rayleigh scintillation contribution and ¢; + ¢, is due to phase-only
effects. As discussed in Appendix B, we divide the spectrum at a wave number Kp such
that larger than K values contribute to the Rayleigh scintillation and smaller than Kp

values contribute to the phase only effects. If we define the length, Lp, as
Lg =27n/Kp, (A9)

the phase-only effects are here further divided into two parts. The rationale for this division
is that there is an additional scale of importance, Lg, the distance the radar travels during

a dwell time. If Lp < Lg, we identify the contributions as

o1 Lp < scale size < Lg,

&y : Lg < scale size.

The ¢ contribution will produce a Doppler spread since it leads to phase errors during the
coherent integration time that are approximately averaged while ¢, will lead to a Doppler
shift since these phases, associated with long wavelengths, are essentially constant during
the dwell time. If Ls < Lp, we only have ¢, typ~ contributions. This division of the
spectrun is rather arbitrary but since the dominate effects are produced by the Rayleigh
scintillations, the distinctions are not critical. In the following we assume the phasc-
only effects only affect the Doppler processing and are esseutially coustant for the DPCA
operation [sce Eq. (A26)].

The displaced phase center anteuna is used to reject the signal due to stationary surface

clutter. This is accomplished by making the phase center of the autenua electronically
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adjustable as discussed in Section 2. Here, we will generalize the process, instead of
restricting it to the two implementations discussed in Section 2. The operation consists of
defining two series of pulses. The first series consists of pulses transmitted with the phase
center at some location, designated X, as measured relative to the center of the physical
antenna, and then received at phase center location Y;. A second series is defined with
the phase center located at X, for transmission and Y; for reception. These two series are
essentially subtracted for surface clutter rejection. For this to happen, the location of the

phase centers and the time separation of pulses have to be related, as discussed below.

The two phase center concept is defined by assuming

X1 =Y =d/2, (A10a)
X, =Y, = ~d/2. (A10b)

It is to be noted that for a system deployed in space, the clutter, in general, will be moving
due to the ecarth’s rotation so the ray paths arc not identical even for the clutter. As we
will sce, a slight altering of the processing that was discussrd in Section 2 can reject the
moving clutter and detect targets moving relative to the clutter. The three phase center

concept is defined assuming

Xl = )(2 = 0, (Alla)
Y, = dJ2, (Al1b)
¥, = —dJ2. (Allc)

It is clear for this implementation that the ray paths are not identical even for truly

stationary clutter.

The starting point 1s the expressions for the returned signals for the two series. The
coordinate system employed for the calculation is the rest frame of the disturbing medium.
In addition we assume there is structure only in the along track direction (2,1 = unit
vector). If the center of the antenna is at £ = 0, at £ = 0, a point on the antenna (given

by £ or 5 relative to the phase center) for the fitst series of pulses is given by

ry =0TV 4+ X+ &, (A12a)
my =T +t)V + 1 + 13- (A12b)
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Here, we have defined

n = pulse number,
T = interpulse period for series 1 (or 2),
r = position on transmit,
u = position on receive,
ts = 2R, /c = time delay,
R, = antenna — scatterer slant range,

V = platform velocity.
For the second series, the corresponding positions are

ro = (T + A)V + X2 + &,
ug = (0T +ta+ A)V + Y2 + 14, (A13)

where A is the time separation between the two series. Note therefore that A is the
time interval used for the DPCA processing and T is the time interval used for Doppler

processing. The scatterers positions for the two series are given by

w) =W, +nTv, (Al4a)
wo =W + Av, (A14b)

where w, is the initial position for the first pulse,
1
Wy =TI7 + §tdv (A15)

and v is the velocity of the scatterer. In particular, if the scatterer is clutter, v = v, the
earth’s velocity in the rest frame of the media, and if it is a target, v = vg + v,, where
v, is the velocity of the target relative to the earth. Under the usual conditions of a small
radar footprint and a reasonably small dwell time, all slant ranges ¢ be approximated

as

R =R, + AR, (Al6a)
R=R,+R,-AR. (A16h)

32




The returned signals for the two series after matched filtering are
sitn) = Y A, [ dey dns a(€n)alm)hr, win)h(an, 01s)
i
2 5 . .
X expi=- [2Ro + Ry - (2nTv — ri — )], (Al7a)
saln) = 3 Aje'® [ de dy al€a)almDhira, wre h(ua, wae)
j
X expi?/\I [2Ro + ﬁo - (2nTv + 2Av — rpi — Ugi)]. (A17Db)
Here, we have included point to point transfer functions from points on the antenna to
points in the clutter or target. The integration over transmit and receive apertures will

lead to finite aperture effects.

The DPCA processed signal is the appropriately weighted difference of s; and s,

T(n) = s1(n) — e~#sy(n). (A18)
Noting that
retur=r +u +2AV - (X; +Y) - X, - 1a), (A19)
we have
2 = . .
T(n) = ZAJ6‘¢: /d{ldm a(€1)a(n; ) exp zTW[2R0 + Ry - (2nTv = rii = usi)]
;
X [h(Tl, wlz)h(ul,wlz) - ei7h(r2, wgz)h(ug, wzr)] (AQO)
where .
7= TR [-2A(Vi-v) + (X1 + Yy - Xo - Va)i] - B. (A21)

Clearly, for the ambient environment, we must require v to vanish for all scatterers that
constitute the clutter. For a narrow beam with zero squint angle and look angle 6, Ry for
fixed range is approximately

Ry =N+ i (A22)
where N is the beam direction,
N = (0.s1n6, — cos §) (A23)
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and ¢ is the angle off beam center. The cancellation of the coefficient of ¢ determines A,

the time separation of the two series,

1Xi+h-X,-Y,

= — A24
a 2 V ~vg, ( )
while the part independent of ¢ determines 8,
f= T Asinbug,. (A25)
With the proper choices of A and §, the DPCA processed signal can be written as

2n

- [2Ro + Ro - (20T(VE +vo - Vi) - i(taV + X, + 11))]

T(n) = Z Ajetheefe Y expi
j

21,
X /dﬁld'h a(&1)a(m ) exp —l{-Ro (& +m)
X [e""’h,(rl,wlx)h,(ul,w“) — €' %hy(re, war ) hs(uz, woy) (A26)

where, again, vq is the velocity of the target relative to the earth. The phase only effects

are contained in é,
6= 2¢2(nTV7 z]) + ¢1 (TlTV, z]) + ¢x ((TlT + td)va w])a (A27))

which refers to both the antenna position, for example, nTV, and the location of the scat-
terer, r,, and makes use of the fact that these effects are associated with long wavelengths.

We have also defined o as
0, clutter,
a= ~ (A28)
%\EARO * Vo, target.

The DPCA signal is Doppler processed to detect moving targets. For the purposes of
analysis, we will employ a simple, unweighted, Doppler filter, given by

N-1

D(Vp) = -]17 Y eHETVorT(), (A29a)
n=0
1A
|Vp| < 557 (A20b)

where N is the total number of pulses in the coherent integration time. In particular, the

quantity we will investigate is the average value of ihe square,

N-—~1
(|ID(Vp)|*) = }Vl' Do RO )T () > (A30)

n,n’=0
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We note here that since the background is modeled as a set of incoherent scatterers, we

have the effective replacement

a

Z Z AjA'Jei‘i’je—i‘ﬁj’ —
j

J

0%
AL (A31)
n 4
where z, is a sum over an azimuthal line of scatterers. As for the target, we have
ArAp...—0o.... (A32)

For the phase only effects, we have

L 62:'[zﬁg(nTV,zj)—zﬁg(n'TV,z;)]c-—l" (A33)

where

I' = 2C;(0) + 2C4(taV) - 2C1 [(n = n')TV]
— Ci[(n = n")TV + V] = Cy[(n — )TV — t4V]. (A34)

Here, Cy(z) is the phase correlation function that arises from that part of the spectrum
that contributes to ¢;.

The Rayleigh scintillation contribution can be readily calculated using Eqgs. (B9) and (B10).
In addition, with the assumed aperture illumination function, Eq. (A1), the aperture
integrals are straightforward. The fact that ¢; depends on the scatterer location can
complicate the sum over the background scatterers. However, it is known that Doppler
processing essentially selects a restricted region of the footprint such that the scatterers
have the appropriate Doppler shift. Since ¢ is assumed to vary slowly, we can treat z, in
Eq. (A33) as effertively constant. However, since the target and the clutter it is competing
against in a given Doppler cell are physically located at different azimuth positions, the
Doppler shifts arising from ¢, will be different. {Typical maguitudes of these shifts will

be discussed in Appendix B.) Therefore, for the clutter contribution, the sun over the
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background scatterers can be effectively approximated by a Gaussian integral. We then
find

1 ) i is' i dE TN Winn’
(T (1)) gy = 96 e Yo R TN W)

X exp—[k;‘;,S(i-W) 52221/1 ]T2(n—n)
X {A —2Bexp —kng<S 5 1) A%V co h[thVQ(n - n')] }
(A35)
" 1 47r2 1
(T(n)T (n')),rarget =0gexp- EBY S(Ro i)2(e’e —ie’ )
x e~ 5 TRo(W-v()(n—n') exp —522 VET?(n - n')?
X {A - Be2i&exp—;€A2VlV2T(n -n')
44
— Be™*%exp = Tz WihT(n—-n )} (A36)
where (identified as S, in Section 2)
2 4¢n2 D?
=14 =14 ———, A37
S=ltpm =it T (431)
We note the bounds
1 72 1
—_—— A38
0% 52 < T2 D% (A382)
2
< =<1 A38b
0spess (A38D)
The effective velocity of the clutter in the center of the beam is W,
W =Vi-vg S; li[V + %vm] (A39)
while the effective target velocity relative to W is
S—-1R .
VO = Vo + TRf vori. (zAx40)
For DPCA, the target velocity has been effectively changed such that [cf. Eq. (A28)]
27 4 S-1 R R .
a = TARO . (V() + _S— (\UEI 4 h—j'v[«;x + i?‘o,) l). (A41)
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We have also defined various velocities as

i=V+ ‘Rivz’ (A42)
R_
Vo =ves + %ivz (A43)

The clutter contribution is proportional to the total clutter cross section for a range cell,
Oc

1
0, = m—005yRoAkoz. (A44)

The coeficients A and B are given as
A=2+exp-2(X; =Y, —taV)? /S + exp-2(X, — Yo —t,V)?/SE2, (A45)

2A? 1 1
B = oxp| - V2| { exp g (1 - 2P 4 (6 -1 - G 4w - X -1

1 1
+eXP—S—£5 [(Yl - X))+ (X - Ya)? - §(X1 +Y - X, - Y,)?
0
+ 2th(Y1 +Y,-X; - Xz) + 2(th)2] } (A46)

The particular expressions for the two and three phase center concepts discussed in Sec-

tion 2 are, for the two phase center concept,

Ay = 2(1 + exp —2(t4V)?/SE2), (A4Ta)
1 242
Bg = §A2 exp —ge-g-vg, (A47b)
and, for the three phase center concept,
d ) d
Az =2+ exp-2{t;V + /S€ +exp—2{tqsV — = /S€ (A48a)
242 2 2 2
B3 =exp—— 52 Vi (exp —d? /2562 + exp —2(taV)?/S3). (A48b)
Note that we have for the two implementations {cf. Eq. (A24))
two: A=d/(V —vg;),
wo x/( VEz) (149)
three: = 2d/(V = vEz),
while convenient, but not necessary, choices for T are
two: T =2A
’ A50
t ece: T =A. (450)
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For the Doppler processing, we will approximate the phase only effects as [cf. Eq. (A33)]

$2(nTV,z,) = ¢2(n'TV, z;) = Ca(z;)(n — n'), (Ab5la)
['=C)(n-n")?, (A51b)

(see Appendix B). We also notice that the (n —n') dependence inside the { } in Eq. (A35)
and Eq. (A36) have small coefficients and, to first approximation, can be ignored. This
allows the ionospheric effects on DPCA and Doppler to be separated. The Doppler pro-

cessing for both the target and clutter then have the general form

N-1
F(6.2)= 57 3, emimmle2o=n'y
n,n'=0
;N In] . )
=5 Z (1 - -—’\7) ?mibng=Zn (A52)
n=~(N-1)
where )

€] < 7 (A53)

The expressions for £ and Z for the clutter and target can be determined from Egs. (A35)
and (A36), respectively, and Eq. (A30).

The maximum response of the Doppler processed target signal is characterized by

F(£=0,27) ~ [1+%N\/ZT +N2Z:] , (AB4)
2 \
ZT = szq 2 + Cl- (A55)

The requirement of £ = 0 determines a particular Doppler velocity, Vp, the Doppler bin

with peak response, that satisfies

Co(T) X

x T T (AS6)

1’,[) =ﬁ()' (W—V:)) d

where € is an integer (the Doppler velocity nay be ambiguous) such that Eq. (A29Dh) is

satisfied and C(7') is the appropriate value for the target location in the footprint.

The clutter processed signal at Doppler velocity Vp is characterized by

F(€,Z,)~ ./Z N7 exp —n2€2 )27, (AST)
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where
Z.=k2,S(i W)T? 4 3 e2V1 ’T? 4 ¢ (A58a)
~ kga:(v - vez)2T2 (A58b)
and 1 C2(C) — Co(T)
_— ! 2 — L2
£ = A/2:,,[(112 —N)-W—R, V] +¢+ - (A59)

where ¢' is an integer such that Eq. (A53) is satisfied and C(C') is the appropriate value

for the interfering clutter.

The above simplifications, including the separation of DPCA and Doppler effects, lead to

the following simple approximate expression for the signal to clutter ratio,
I IpI
S/C = Z.-RPcA DA (A60)
0c SiLgL¢

In the above, we have

o == average target cross section

o, = average surface clutter cross section

_ 1 s % 0 /\Ro
= 5[%2] oy (A61)

n = number of ambiguous range cells

Inpca = DPCA improvement factor

= Ar/Ac (A62)
Ip = Doppler improvement factor for clutter
1
n |2 VT,
= |—r A6
[2€n2] D (AG3)
I4 = antenna pattern improvement factor
D*y?
= exp 8n2 —— )\2Vt2 (A64)

Lp = beam loss due to target location(ﬁo)
2

D*1 -
= exp 80n2—: v S( 0 1)

L.; = coherent integration loss for target Doppler

[1+ N\/ZT+N27;} : (A66)
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For DPCA, the difference signals for target (T') and clutter (C) are

A1 = A — 2B cos 2a, (A67a)

AC=A—2Bexp—§-e—2—S[SS ] (V,A/D)?. (AB7b)

The results for the two candidate systems discussed in Section 3 were calculated using
Eq. (A60). To indicate the adequacy of this approximation, we can define correction
factors for the target (T') and clutter (C) as

corr (T) = SLBLC'(ID I ), (A68a)
SIpl
corr (C) = {—CADE—A-GDCF). (A68b)

The correction factors are the ratios of the exact results, Eq. (A30), for target [Eq. (A36)]
and clutter [Eq. (A35)], and the approximate expressions leading to Eq. (A60).

For the parameters discussed in Section 3, the correction factors as a function of ¢, are
shown in Figure 15. It can be seen that the correction factors are essentially unity except

for small decorrelation lengths at L-band where they tend to further degrade performance.

The form of the antenna improvement factor, Eq. (A64), employed in Eq. (A60) is based
on the simple estimate of Eq. (A57). This is adequate if £ is sufficiently close to zero but
can be seriously in error over part of the Doppler spectrum. As illustrations of this effect,
Figure 16 shows the antenna improvement factor as predicted by Eq. (A52) and as given
by Eq. (A64) for the three phase center implementation of the two systems discussed in
Section 3. It is clear that both systems deviate significantly from the simple expression,
Eq. (A64). Note that £ = 0.072 for the L-band system and ¢ = 0.064 for the UHF system.
The clutter errors, Figure 15, for large values of ¢, are due to the inaccurate calculation
of the antenna improvement factor. The first error was that Eq. (A64) was used with
V = V —ve, [cf. Egs. (A57) and (A58Db)] leading to overestimates of 1.4 dB at L-band and
0.25 dB at UHF. In addition, Figure 16 implies an additional 0.6 dB error at L-band and
about —0.1 dB at UHF. The total errors are approximately 2 dB at L-band and 0.15 dB
at UHF.

Finally, it should be noted that the form of Eq. (A60) ignores the Doppler shifts induced
by the phase only contribution to the ionospheric transfer function. As discussed in Ap-

pendix B, this shift cai be significant. The actual antenna improvement factor that should
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be used in Eq. (A60) should be evaluated at the value of £ given in Eq. (A59). Since the
term arising from C; is a Gaussian random variable, the target can easily be shifted such

that the interfering clutter increases and the antenna improvement factor decreases.
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APPENDIX B
CHARACTERIZATION OF THE ENVIRONMENT

The presence of an electron density influences the propagation of an electromagnetic wave
by introducing an additional (over vacuum) differential phase change per unit length of
the propagation path, ¢, given by

— = reAne(r, t) (B1)

where ¢ is the phase, r¢ is the classical radius of the electron (re = 2.82 x 107!° m) and n,
is the local electron number density. This assumes that the electron density is not so high
that absorption dominates. The total electron density can be partitioned into an average

value, < n, >, and a fluctuating contribution, én.(r,t), as
ne(r,t) = < ne > + én.(r,t). (B2)

The average value leads to total electron content (TEC) effects and as can be seen from
Eq. B1, will be frequency dependent. For a generic radar system, the TEC effects would
affect ranging since the coded pulse has some finite bandwidth B. The effects include
spreading the range resolution cell and introducing phase errors for the signal contribution
of individual scatterers. However, the systems of interest have reasonably small bandwidths
(megahertz) and moderately high frequencies (VVHF and above) so that these effects only
become important for severe environments where other effects have already significantly

degraded performance. For this report, we will not consider frequency effects within the
bandwidth of the radar.

The effects of the fluctuating part can be viewed as follovs (Refs. 33-34). Consider an
electromagnetic wave incident on an extended region of disturbed electron density such as
the ionosphere. Initially, the wave experiences phase changes that are random from one
location to another. These random phase fluctuations produce distortions in the wave front
which in turn leads to diffraction. As the perturbed wave propagates into the disturbed
region, it can break up into additional ray paths that can further diffract and scatter.
Consequently, if we consider a point source on one side of a perturbed region and some
point (scatterer) on the other, the electromagnetic ficld that reaches the point may have
propagated along a number of more or less independent paths. The total field present, being
a coherent sumn of the contributions from different paths, can have significant differences in

phase and amplitude from that given by free space propagation. We can define a transfer

45




function, h, from a source on one side of the perturbing media (r;) to a point on the
other side (r-) as the ratio of the actual electric field present (E) to the free space electric
field (E,),

h(rg,r_,t) = E(ry,r_,t)/E,(ry,r-). (B3)

Here, the time t refers to changes in the media which occur on scales much slower than
the time scale set by the bandwidth of the radar, 1/B.

The actual characterization of the medium, n.(r,t), is never known. Instead, the medium
is described in statistical terms. Likewise, the solution to the transfer function is not
available so it is also described statistically. The second order statistics are determined by

the mutual coherence function, I'|, defined as

Dy(ri4,r1-,Tog, T2, by, 80) = <h(l‘1+,l‘1—,t1)h*(l‘2+,1‘2—,t2)>- (B4)

This is the primary quantity of interest in the study of communication channels. However,
since radar employs two way paths through the media, the primary quantity of interest is

the fourth order statistics, given, in an obvious notation, by
I'2(1,2,3,4) = (h(1DR(2)R*(3)R*(4)). (B5)

Approximate analytic solutions are available for T'y in terms of the statistics of én.(r,t)
(Ref. 35). A general result for I', is not available. However, it has been determined that
under strong scattering conditions (Refs. 36, 37) the channel transfer function can be
usefully partitioned as

h = hsexplidL], (B6)

where ¢ 1s a Gaussian process and the rcal and in.aginary parts of h, are zcro-mean,

equal variance. uncorreclated Gaussian random variables.

In this formulation, the total, sight-path-integrated phase (i.e., from Eq. B1) is also parti-
tioned as ¢ = ¢, + ¢ . This is done in such a manner (Ref. 37) that ¢, is spatially slowly
varying and therefore does not cause significant scattering and multipath effects. Then Ty

can also be partitioned, at least heuristically, as

-~

PRI SN -~ PR SN .7 "IN PP | oY .
L1t 2) = LyslL, Z)exp{on(l) — o1(2))], (B37)
where T'j, 1s the mutual coherence function arising from effects caused by é,. In the thin

phase sereen approximation, 'y is given as
I‘“(l.?.)=oxp(C¢,l(1,2)—03h), (B8)
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where o2 is the variance, and Cy,(1,2) the covariance, of ¢,.

Most important for present purposes is the conclusion that, since h, may now be regarded
as a complex Gaussian process, with additional properties as cited above, under these
strong scattering conditions h, is fully defined by its second order statistics, or I'ys. The
h needed relationship for I'; can then be given as

F2(17213a4) = (exp l(¢L(1) + ¢L(2) - ¢L(3) - ¢L(4))>
X [[14(1,3)T14(2,4) + T14(1,4)T14(2, 3)]. (B9)

A further simplification will be obtained from the assumption that the scattering iono-
spheric medium evolves on short-to-intermediate time scales (i.e., seconds-to-minutes) pri-
marily through an overall uniform drift relative to the radar sight path(s). With this
so-called “Taylor frozen-in” hypothesis, the medium will be assumed to be time indepen-
dent in its rest frame, which is the coordinate system employed for the calculations of
Appendix A. In addition, I';,, Eq. B8, will be approximated by assuming (a) structure
occurs only in the along-track direction, (b) the two sides of the perturbing media are
related by the thin phase screen result, and (c) an effective decorrelation length at the

radar platform, £y, is introduced. The particular expression we will employ is
[14(1,2) = exp—(X; — X)?/€3 (B10)

where

X=$+ +&'.’L‘._ (Bll)

Here, r, refers to the radar side of the perturbing media, z_ to the clutter and target side
and R4 (R-) is the distance from the center of the perturbing media to the radar (cl.tter).

We now turn to a discussion of the relationship between €y and the perturbing media.

The electron power spectral density (PS?) is defined as
! dK v aKe(r-r’
(6n(r)one(r')) = / G (K, (B12)

Experimental evidence suggests that a reasonable PSD has a power law behavior of K1

for large K and is symimetiic around the ambient magnetic field direction. If we assumne a
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K~" behavior, a convenient power law PSD is (Ref. 33)

3 1
n =cat (2n3)? 2L, ————
D5 (K) UNe( 77/3) LOLy}'\’n_;a(ﬂ)
1
X n
[1+L3K2+ L2K2 + L3K?]*
x K (ﬁ[HLgK: + 2K +Lgxg]%) (B13)
where
B = ei/Lo- (B14)

We have taken the ambient magnetic field direction in the y-direction to more easily
transition to the 1-D case employed in this paper. The quantities L, and L, are usually

referred to as outer scale lengths, with typically
Ly > L,. (B15)
The quantity ¢, is called an inner scale length and is such that

B< 1. (B16)

With the PSD given in Eq. B13, we have

Psn(K) ~ K" ~ LEPY Py (B17)

Lo ¢,
In general, the axis of symmetry for the electron fluctuation PSD is not related to the
platform motion and viewing geometry. For this more general case, the main consequence
for the discussions of this work would be to introduce a general positive definite quadratic
form to incorporate the decorrelation lengths [cf. Eq. B10] and range and azimuthal
effects would become mixed. We here restrict ourselves to the simpler 1-D situation since

it contains all the essential elements of the analysis.

As a ray traverses the disturbed ionosphere (here referred to as the z-direction), the phase

will acquire a fluctuating contributior., é¢(r 1), [see Eqs. B1 and B2]

£ /2

§d(ry) = /\re/[ B dz éne(r,,z) (B18)
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where ¢, is the thickness of the ionosphere. The correla a function for these phase
fluctuations is then
o 2mB 5, [dK,
(86(r11)69(r.2)) = Kp_;_z(ﬂ)% (27r)2‘3
y LoL, K (ﬂ[1+L?,K§ +L§Ky]%),
1+ LIK2+ L2K2)*

iKj (rp=-r2)y

(B19a)
or, for Ly — oo,
2Bt [ dK, _
§ = 2 ( 1K (x1-22)
<5¢($1) ¢(.’L‘2)> U¢K"_;—2(ﬂ) o €
L 3
X Ko (ﬁ[1+LgK§] ) (B19b)
[1+L3KZ
In the above, the average square of the phase fluctuations is
Kn-2 ﬂ
0‘3, = \/27)\27'361,[/00;"\,6 ,B———_!—_i—z (B20a)
Knz3(f)
Note that for n = 4 and f# small, we obtain
a:‘; = 2X%r2¢, Lya%,. (B20b)

Above, Eq. B6, we separated the transfer function into a Rayleigh scintillation contribution,
hs, and a phase only contribution. The separation is effected by separating the scale sizes
in the phase PSD,

$4(K) = 03C(K), (B21a)
. _ (2np) Lo

C(K) = —

" K@ 1+ L2K?]

= Koot (81 + I3K?) ), (B21b)

4

at the Rayleigh wavevector, K, determined by the following condition on the Rytov
parameter (Ref. 37):

0.1 =03 o ﬁC(K) in? yLIK? B22
1=0} — sin® yL; (B22)
0
where
R*)
(il (B23a)
R.R_
e T T B23b
B R+ R_ (B23b)
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Clearly, Eq. B22 sets a lower bound for o4 before Rayleigh scintillations occur. With the
typical situation of v and B being small and for the n = 4 PSD, o4 must satisfy

21
2 =
U¢>:5_71’-’_)’- =0’12W. (B24)
A typical value for L, is
Lo =10 km (B25)

so for the candidate systems discussed in Section 3, we find

o3 (L-band) > 1970, (B26a)
o5 (UHF) > 700. (B26b)

(Note that L,, the outer scale length in the magnetic field direction, is about 150 km.)

The important parameter that characterizes the radar performance is the decorrelation
length for the Rayleigh contribution at the radar platform location. The first step is to
determine, from Eq. B22, the relationship between O‘?b and Kg. Once Kp is determined,
the effective decorrelation length satisfies

1 1/R*\*, [®dK ,
7= §(R+) o /KR L KC(K). (B27)

Figure 17 shows the relationship between oy and Kp for the two systems discussed in
Section 3, again assuming the n = 4 PSD, Eq. B25 for Ly and a value for § of 1072, The
decorrelation length as a function of 0y is determined from Eq. B27. These relationships for
the two systems are shown in Figure 18. Notice that for o4 /o on the order of unity, the
decorrelation length changes very rapidly with £y — oo as 04/om — 1. As an example,
we will consider severe ambient spread-F. In order to estimate a set of parameters for
spread F, we employ the electron density, n., measured during PLUMEX I (Ref. 38) and

assume locally

1
(6ne)% ~ an

Integration of the experimental data then yields
1
el’g?\fe = /dz (6ne)2 ~ /dz an ~ 3.7 x 10%® m~5.
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We then have

o4 (L-band) = 368,
o} (UHF) = 2880.

According to Eq. B26a, the L-band value is lower than that required to produce Rayleigh
scintillations. The decorrelation length for the UHF system (o4/0p = 2.03) is found from
Figure 18 to be

¢ (UHF) ~ 250 m.

We next consider the Doppler spread produced by the long wave-length components of the
disturbing media. With ', Eq. A34, approximated as in Eq. A51b, we have

Kr gg

¢y = 2T°V?03 / & ko). (B23)

':'u

The only important effect is in Zp, Eq. A55. If we define

Z
N2'7r—T = ﬂ] + ﬂZ, (Bzga’)
_2VE,
p = ;s—eg e (B29b)
b = NS, (B2%)
s

B1 and B2 characterize the Doppler spread produced by the Ravleigh scintillations and
the long wavelength structure, respectively. As illustrations, Figure 19 shows f; and 5,
for the two systems discussed in Section 3, assuming L, = Vt.. As can be seen, the 3,
contribution is either very small compared to 8; or both are reasonably small so that the
total Doppler spread is quite small.

Finally, we consider the Doppler shift produced by the long wavelength component of the
disturbing media. This Doppler shift, §Vp, is given in Eq. A59 as

A G(C) - Go(T)

Ty = (B3N
&Vp 5T - (B31)
This is a Gaussian random variable with a covariance given by
Ve (Re\? , (Kak R* l
((6VD) Y= 52 (R..) o4 | C(K)K [1 cosKR_ (B31)
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where

K = Min (KR, ?1> (B34)
Ls

and X is the separation between the target and the competing clutter. As an illustration of
the magnitude of the potential Doppler shift, we will calculate the standard derivation when
the separation is the azimuthal extent of the radar footprint, X = AA. The results for
the two systems discussed in Section 3 are shown in Figure 20. Recall that the ambiguous
Doppler velocities (A/2T') for the L-band systems are 625 m/sec for the three-phase center
approach and 312 m/sec for the two-phase center approach while the corresponding values
for the UHF system are 700 m/sec and 350 m/sec, respectively.
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