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ABSTRACT

CHARACTERIZING UNCERTAINTIES IN DOPPLER MEASUREMENTS USING A DISPLACED

PuasE CENTER ANTENNA CONFIGURATION ON SPACEBORNE WEATHER RADARS

The work presented in this thesis explores a new antenna configuration for accurately
obtaining Doppler measurements from a spaceborne weather radar. Spaceborne weather
radars have the potential to observe the dynamic process of the atmosphere at a global
scale. Unlike ground and airborne radar, spaceborne radars have a unique challenge due to
high orbital velocities, which result in a decorrelation of successive pulses, adversely affecting
the ability to accurately measure the vertical Doppler velocity of clouds and precipitation [1].
A Displaced phase center antenna (DPCA) configuration has been proposed to mitigate the
effects that high platform velocity have on single antenna system on a spaceborne weather
radar. This work describes the concept of DPCA and its benefits over a single antenna
system. This thesis characterizes the performance and its uncertainty for Doppler velocity
estimation associated with the technique by simulating a spaceborne weather radar with
DPCA. Through this process it was determined that DPCA removes the decorrelation effect
that is associated with high platform velocities, resulting in a high accuracy in Doppler

estimates in both homogeneous and non-homogeneous conditions.
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CHAPTER 1

INTRODUCTION

Doppler measurements are a crucial component in characterizing the dynamic process
of the atmosphere. High levels of fidelity are required to allow the scientific community
to formulate accurate predictions of weather events [2]. While radar techniques have been
refined to accurately measure Doppler velocities of clouds and precipitation from ground and
airborne radars, spaceborne Doppler radars have a unique challenge due to the introduction
of high spacecraft velocities. As the antenna moves in space, the signal decorrelates as it
move half the diameter of the antenna. Since the velocity of the spacecraft is a fixed value
that cannot be modified once in orbit, the only free parameters left to change are the pulse
repetition frequency (PRF) and the size of the antenna. The PRF can only be so high due
to the unambiguous velocity, or the max range to which a transmitted pulse can travel from
and back while still maintaining the integrity of the signal. This means that to minimize
decorrelation due to motion between pulses, we will require a larger antenna. An infinitely
large antenna could alleviate this issue, but in practicality, the antenna can only be so
big before it’s design implementation becomes costly and take up too much space onboard
the spacecraft. But, if the radar’s antenna is not made large enough, successive pulses
quickly become decorrelated leading to a degradation of accuracy in the Doppler estimates
[1]. Advanced signal processing may help to lessen the effects, but single antenna systems
are still subject to bias resulting from reflectivity gradients within the footprint [3].

A Displaced Phase Center Antenna Configuration (DPCA) has been proposed to remove
these biases. DPCA uses a dual antenna system, in which the antennas are separated by a

distance D calculated from the radars Pulse Repetition Interval (PRI) and platform velocity.



The antennas transmit and receive are then configured in a way that allows for the phase
center of sequential pulses to be in the same location [2]. This resulting in an apparent
cancellation of the platform’s velocity, which is the largest contributor of decorrelation be-
tween pulses. To estimate the vertical velocity of precipitation from space, the dual-antenna
configuration (i.e., DPCA) is a superior alternative as it does not require a larger antenna
or more complex post processing to remove biases resulting from the high platform veloc-
ity. This method of scanning in conjunction with ground and airborne weather radars can

provide us with accurate Doppler measurements for better observations of the atmosphere.

1.1. PROBLEM STATEMENT

Over the years, innovative and creative methodologies have been developed to measure
meteorological formations of the atmosphere. One of these methods is through the use of a
spaceborne weather radar.

Spaceborne weather radars scan the atmosphere from above, in orbits at tens to hundreds
of kilometers from the surface of the Earth. A common orbit used for taking measurements
of cloud and precipitation is a Low Earth Orbit (LEO) (approximately located 450 km from
the surface of the Earth) due to its close proximity to the Earth [4]. At these heights,
the radar relative to the earth allows for higher resolution observations of the atmosphere
to be made at a global scale, which in turn improves our observation capabilities of storm
formations. Additionally, since spaceborne weather radars scan from above, they allow
us to take measurements of the atmosphere in locations with complex terrain, such as in

mountainous areas or over oceans where land is not readily available to deploy ground radars

[5]-



While spaceborne weather radars have the ability to provide meterological information
at a global scale, they present a challenge when taking Doppler measurements due to high
orbital velocity while scanning. As the platform orbits in space, the phase centers of the
antenna at each point of transmit and receive is shifted, resulting in a decorrelation effect
between consecutive pulses as shown in Figure 1.1. Calculating Doppler velocity requires
coherent measurements, meaning that consecutive echo pulses must be correlated [5]. If they

are not well correlated, the accuracy of the Doppler estimates begins to diminish.

Receive

FiGUurE 1.1. Example transmit and receive of a spaceborne weather radar
using a single antenna. The figures shows the shifting in phase centers ¢
between consecutive transmit pulses (labeled P1 and P2).



To further explore the contribution of high platform velocity in our Doppler estimates,
consider the spectrum width. In a radar bin, a dispersion of velocities occurs due to hydro-
logical processes as well as radar system parameters. This is known as the spectrum width
and is associated with a combination of factors. For ground based radars, the sources of

spectrum width can be seen as [6]

e Turbulence, which is the random relative radial motion of the scatterers, denoted
as oy

e Wind sheer, denoted as oy

e Difference of speed and fall of different sized hydrometeors denoted as o4

e The volume changing between pulses relative to the antenna motion denoted as o,

e Changes in orientation of the hydrometeors denoted as o

Since the major sources of spectrum broadening are independent of each other, the square

of the spectrum width can be calculated as

(1) o, =02+ 02+ 05+ 05+ 0}

where o, is the velocity spectrum width [6].

For o, the dominant motion is the scatterers moving with respect to the radar. The
faster the volume changes from Pulses Repition Time (PRT) to PRT (the time between
pulses), the larger the decorrelation of the signals [6]. The decorrelation between successive
samples means that there is larger spectral broadening. To further understand this, if the

volume where stationary, the resulting Doppler spectrum would be zero.



The spectrum width caused by this decorrelation can be seen as

A 0,
dro,  2acosf.4/1n2

(2) Oa

where 6, is the horizontal angle of the antenna beam axis, and o, is the width of the Gaussian

correlation function

3) oo — O

20ecos0.v/1n2

where a the rate of the antennas rotation in azimuth [6]. This is one of the main contributors
to the decorrelation of the sampled signal in ground based radars.

In spaceborne weather radars, the main contributor to decorrelation between pulses, and
in turn a spreading of the spectrum, is the high velocities introduced to the radar while in

orbit. In this case, the Doppler spread due to motion can be defined as

(4) o1 =~ 0.30,Vicosf3

where 6, is the 3-db beamwidth of the antenna, V; is the platform velocity and £ is the nadir
off-angle [5]. For our purposes, 8 will be close to zero as it provides better vertical resolution

while minimizes clutter contamination. The equation thus reduces down to

(5) o1 ~ 0.30,V,

As can be seen by the equation, the surface Doppler spectrum width depends on the angular

spread of the antenna as well as the platform velocity. For a small antenna, the beam width



is large as can be seen by

(6) 0= —-

where d is the diameter of the antenna [7]. This means that there is a larger range of theta,
so signals have a larger range of velocity and a wide spectrum. Taking the inverse Fourier
transform of the Doppler spectrum shows a narrow autocorrelation function, meaning the
signal decorrelates fast. To further this, for a wavelength of K band and an antenna size
of a few meters, the spectrum width corresponds to a few tens of meters per second. The
contribution from the antenna movement is then added to the other factors of spectrum
width as mentioned before. This result in a broad spectrum, with most of the contribution
coming from the platform velocity.

Attempts have been made to correct for this, by increasing the antenna size [8]. As
the antenna size gets larger, the smaller the spectrum becomes meaning higher correlation
between pulses. While this can provide moderate accuracy in most cloud conditions, the
spectrum still degrades under convective clouds [3]. Additionally, increasing the antenna size
may introduce other challenges such as increase in cost, additional demands on spacecraft
resources and technological challenges.

Increasing the PRF can also help reduce the effects of decorrelational by reducing the
amount of time it takes to transmit consecutive pulses, meaning that more of the antenna
will overlap between pulses [9]. But as the PRF increase, so does the range ambiguity, which
means that after a certain distance, the radar is unable to distinguish between pulses and

derive information [10]. This can be expressed as

c

(7) Rma:p = 2_fp



While these methods can alleviate some of the issues associated with estimating Doppler
measurements, the issue of high platform velocities will always be a major source of spectrum

broadening. Instead, we propose DPCA as an alternative method for Doppler estimates.

1.2. RESEARCH OBJECTIVES

This thesis aims to present an antenna configuration known as DPCA, to remove the
effects of the spacecraft’s velocity from measurements of cloud and precipitation. DPCA’s
effectiveness comes from its two antenna configuration. By configuring the antennas to
transmit and receive at different times, a common phase center is maintained between con-
secutive pulses leading to an apparent cancellation of the platforms velocity. The technique
has not been used for weather applications from space, but was introduced by [1] as a viable
alternative to the current industry standard. Additionally, DPCA has a successful history
of use in improving moving target performance in airborne radars that are subject to clut-
ter contamination, providing a strong bases to estimate the Doppler velocity of clouds and
precipitation via spaceborne weather radar [11] [12].

The research will present a comprehensive analysis of DPCA in use for Doppler mea-
surements from a spaceborne weather radar. The majority of the work will be dedicated
to characterizing the uncertainty associated with having two antennas as well as provide
an analytical comparison to a single antenna configuration. Lastly the thesis shows the

effectiveness of DPCA under non-uniform beamfilling in contrast with a single antenna.

1.3. THESIS ORGANIZATION

Chapter 2 presents a review of necessary and relevant literature for this research, with a
focus on basic principles of spaceborne Doppler weather radars, single antenna systems and

a comprehensive overview of DPCA.



Chapter 3 develops the model used to simulate DPCA and a single antenna case. This
chapter focuses on presenting the radar system configuration and creating the scatterer
plane used to simulate a spaceborne weather radar. Furthermore, the methodology used for
creating a single antenna and DPCA simulation is presented. The chapter aims to provide
the reader with a stronger understanding of how a spaceborne weather radar with DPCA
can be implemented to provide Doppler measurements.

Chapter 4 discusses the uncertainty associated with DPCA and the methodology used
to characterize it. This will entail a statistical analysis using a monte carlo like process to
derive the largest sources of error resulting from a dual antenna system. The deviations
resulting from the uncertainty will then be factored into the DPCA model to present a
more accurate representation of Doppler estimates. Afterwards an analytical comparison of
Doppler measurements between DPCA and a single antenna case will be shown.

Chapter 5 presents the concept of non-uniform beamfilling and its effects on weather
radars. The chapter will then simulate a nonuniform volume to show the effects on the radar
models for both DPCA and a single antenna system. Afterwards a comparison between the
performance of DPCA and a single antenna system under these conditions will be shown.

Chapter 6 summarizes the research shown in this thesis. It will present the findings in a
coherent manner to further prove the viability of using DPCA as an alternative to a single

antenna system as well as discuss future work.



CHAPTER 2

BACKGROUND

Doppler weather radars are remote sensing devices that are essential for monitoring the
kinematics of storm formations. These instruments transmit pulses of microwave energy
into the atmosphere which are then reflected and collected at the radar receiver. Using
these returns we can computing Doppler velocity, which allows us to see and understand the
motion of clouds and precipitation. This information in turn giving us better insight into
the formation of weather events and can be useful in the detection of tornadoes, hurricanes,
etc. Doppler spaceborne weather radars have the advantage of taking measurements from
above the atmosphere. This allows the radars to profiling meteorological events in regions
that are difficult for ground based weather radars to operate in. Areas such as the polar caps
regions where land is sparsely separated and constantly changing as well as over oceans where
land is not available to deploy stable weather radars over long periods of time [13]. Using
spaceborne weather radars to measure cloud and precipitation to collected meteorological
moments from space, such as reflectivity, the standard metric for return power in weather
radar, has allowed for storm profiling at a global scale. Though significant advances in the
field of meteorology have been made due to spaceborne weather radars, obtaining accurate
Doppler measurements still remains a technical challenge due to high platform velocities
introduced while the radar is in orbit.

Decades of weather research using radar systems have refined our ability to collect in-
formation on cloud formations, the effects of aerosol on the atmosphere, early detection of
storm developments over the ocean and more [8]. Ground radars have been shown to produce

high accuracy in returns, but are limited to regional coverage. Spaceborne weather radars



on the other hand have the potential to provide us with global coverage, but are currently
limited in accuracy due to high platform velocities (7500 m/s at LEO) that produce wide
Doppler spectrum. While mitigation techniques can improve the Doppler velocity estimates,
the effects of the high spacecraft velocity will always be an issue single antenna systems will
have to face [13].

DPCA provide a viable solution to reducing effects of high spaceborne weather radar
velocities on Doppler measurements. Properly configured transmit and receive on the leading
and following antenna can effectively cancel the seen platform velocity by making the phase
center between concurrent pulses the same. Since the Doppler spectrum width is a factor
of beamwidth and velocity, canceling out the velocity greatly reduces the spectrum width
[5]. This fixes the root problem as opposed to treating the symptoms of the single antenna
implementations that have been implemented to-date for spaceborne weather radar.

The goal of this chapter is to a provide a review of basic principles of spaceborne Doppler
weather radars. Additionally this chapter will present the concept of DPCA on a spaceborne

weather radar for taking Doppler measurements from space.

2.1. REVIEW OF SPACEBORNE DOPPLER WEATHER RADAR

Pulse Doppler weather radar in space is a critical tool for observation and investigation
of weather phenomena with near global coverage. They can be used to measure volumes of
precipitation at different locations in the atmosphere by transmitting a series of microwave
pulses using a directional antenna as can be seen in Figure 2.1. The pulses are generated
from the radars transmitter at a pulse duration, or pulse width on the order of microseconds

and are separated by a pulse repetition interval (PRI) determined by the number of pulses
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transmitted in a second [6]:

1 second

8 PRI =
(®) # of pulses per second

If the radiated pulses come in contact with a surface, the transmitted signal backscatters in
all direction, with the majority of the signal returning in the line of sight of the transmitter.
Using the duration of time it takes for the pulse to be transmitted and received (T) as well
as the constant for the speed of light (c), it is possible to determine the range at which the

target can be seen The range of the particle may be determined by:

@ =5

The spacecraft continues to move in the along track direction at a speed of Vp. The dis-
tance the spacecraft travels in this direction during the round trip travel time of the radar’s

transmitted pulse, and the subsequent received echo, is:

(1()) D, = V;?T

where D, is the distance at which the radar receives the echo and V,, is the platform velocity
[14].

In weather radar, the returned signals are a collection of echos from a large amount of
different hydro-meteors. Since the echos cannot be collected individually by the radars re-
ceiver, the return signals are instead clustered into resolution volumes, separated by discrete

range gates at a resolution sized by the radars pulse width 7

(11) Tres = —

11



Using this information, the radar calculates the discrete range time delays (75) (the time
delay of a sampling gate) to use as the sample time for a gating circuit. The received signals
at each gate are then computed as the sum of all the scatterers inside the resolution volume

[6]. Spaceborne weather radars observe at nadir or at off-nadir angle, depending on the

Distance between TxandRx, &+ &4 |

AD=23m @
..... ~ Flight Path

platform Velocity,
y_=7650m/s
p

Incident
Angle, 8

Footprint

F1GURE 2.1. Visualization of basic spaceborne weather radar principles: the
transmit and receive of an antenna direced at a weather target, with the added
specular contributions from the surface

application. A radar pointed at geodetic nadir is pointing perpendicular to a surface defined

12



by a ellipsoidal model of the earth while at off-nadir the antenna is pointed at an angle away
from geodetic nadir. To further this, vertical profiles of storms are taken from above the
Earth. This meaning that the echos collected from the atmosphere can have contributions
from the surface of the earth. The surface can contribute significant specular reflections to
the backscattering echos of the precipitation if pointed at geodetic nadir. This can in turn
contribute clutter to the return echo from the hydrometeors and saturate the receiver [4].
To correct this, for a single antenna system with a single footprint, the antennas are points
slightly off nadir. For a scanning systems (which provide more coverage), the antennas are
required to be pointed closer to nadir as it provides better vertical resolution and minimizes
clutter contamination. To obtain a more accurate representation of the hydro meteors, it
is necessary to have a high vertical resolution. With this in mind, a balancing act must be
made to minimize the surface returns while still maintaining a high vertical resolution [4].
Usually this is done by positioning the antennas as close to nadir as possible.

The beam sent out by spaceborne weather radars is known as a footprint. This in essence
is the area illuminated by the radar on the targeted object. The footprint is usually a function
of the antenna size, which is related to the antennas beam width, 6,. For a system with a
single footprint,the radar observes along-track, meaning in the forward direction of the flight
path. Radars with multiple footprints can perform cross-track scanning, in which the scan

direction goes from left and right. the size of the full scan can be seen as the antenna swath.

2.2. CALCULATING MEAN POWER OF RECEIVED SIGNALS

One of the key measurements in characterizing weather echos is reflectivity factor. This
section will provide a basic background on the computation of mean power as well as show a

partial derivation of the weather radar equation. The weather radar equation is the standard

13



equation used to describe the return power from the volumetric scatterers. The main goal of
the derivation is to show all of the different components needed to characterize the returns
in the radar simulator.

The signals transmitted or received by a radar are typically narrow band signals. The

complex signals can expressed as

(12) s(t) = [I(t) + JQ(E)]e>™o! = a(t)eiDes?mfot

where I and Q are the in-phase and quadrature (or the imaginary and real) components, a(t)
and «(t) represent the amplitude and phase modulations and f, is the ”carrier” frequency.
If the carrier frequency term, exp(j2m fot) is suppressed, the complex envelope of the signal

can be computed as:

(13) V(t) = I(t) + jQ(t) = a(t)e™®

Thus the transmit signal can be written as

(14) s1(t) = Uy, (t)e?m ot

where Uy, (t) is the transmitted waveform. The received signal can be written as

(15) 5. (t) = Vi.(t)ed /ot

where V,.(t) is the received voltage [15].
For a single point scatterer of a meteorological event, the received signal is a function of

the transmitted waveform. For a continuous wave (CW) radar, the received voltage can be

14



seen as

_AGVE

(16) Vilt) = S0 (s)e

where A is the wavelength, GG is the gain of the antenna, r is the range of the target with
respect to the radar, P; is the power transmitted by the transmitter, s is the scattering
matrix element of a spherical particle and 2kyr is the phase shift due to the targets range

from the radar. Using the equation given in (9) we can express the received signal as

AG\/FLL —j52kor 527 fo
(17a) sp(t) = iy (S)eI2hor gi2mfot

(17b) :Ae—j27rfo‘r€j27rf0t

where A is the amplitude (denoted as the factor: %(S ), ko in the wavenumber in free
space = 2w/ = 27 fo/c and T = 2r/c. Since the transmitted signal is pulse continuous wave

(CW) at frequency fo, then s,.(t) = exp(j2m fot), meaning that the received signal can be

represented as

(18a) 50 () =Asy(t — 1)
(18b) =AU, (t — 7)e/?mo(t=7)
(186) :Ae—jQWfoTUtr (t _ 7.)ej27rfot

Using (9), the equation for the received voltage of a single moving particle can be seen as

[15]

(19) Vi (t) = Ae 72T, (t — 1)

15



A meteorological event will have more than a single moving particle. Each of the particles or
the scatterers in the volume, return a value that constructively or deconstructively interfere
with each other, producing a composite phasor sample or complex voltage sample. Using (13)
the value, or the received voltage, can be expressed as the discrete sum of the contributions

for the individual particles or

(20) Vi(t) = Z Ap(Ti; )e 2T, (t — 1)

where Ay is the scattering amplitude of the kth particle, f; is the operating frequency of the
radar (function of wavelength A and c speed of light), the range time, 7, = 2ry/c (1 is the
instantaneous location for the kth particle) and Uy, (t — 73) is the transmit waveform shifted
by the range-time delay for a particle (73) [15].

A key measurements used in weather radar to classify intensity of returns is power.
It corresponds to the received voltage, V,(t), which relates back to the scattering cross
section per unit volume of precipitation. The received voltage V,.(t) from each scatterer is
a stochastic, or random process as the location and scattering amplitude is random at any
given time [6]. Due to this, the covariance of power can be taken as the variance of V.(t).
The equation for mean power can be shown by first using the general expression for V,.(t1)

and V,.(t9) or

(21a) Vi(t)) = Agl(miit)e " Uy (ty — )
k
(21D) Vilts) = A(tmita)e " Uyt — 70)

Let t; = to = t and use the lag-0 covariance to calculate mean power.

16



VOV = 3 [Au(ms DU (¢ = m)?

k=m

0D A O (= Tt = i)

k#m

(22)

The power is then taken as the expected value of V*(¢)V,.(t) or

(23) P (t) =< [V:(t)|"

The received power in this situation is referenced to the antenna port. As mentioned
previously the phase angle 6y is uniformly distributed and independent and identically dis-
tributed (iid) random variables, meaning that the expectation of the double sum will disap-
pear since e/(@m—%) = ( [15]. The position and amplitude of the scatterers are independent
of each other, meaning that the amplitudes A, and phases 6, are independent leading to

< |V,(t)]* > being expressed as

(24) Po(t) =< [V()F >= ) < [ Au(nis ) |Usr(t2 — 7) P
k

As mentioned previously, the amplitude of a scatterer can be expressed as %(S).

Replacing into (24) gives

_ >\2 G247|Sy|?
(25) > < ”' 0t = )2

k

This in turn begins to take the form of the weather radar range equation.

17



The weather range equation is the general equation used to relate the radars received
power to the characteristics of the scatterering medium in a volume [15]. It is made up of the
transmit power P;, the gain of the antenna G,, the beamwidth 6,¢,, the dielectric constant
of water |K,|?, the equivalent reflectivity factor Z.(rg) , and the range to hydrometer, 7q.
Using these variables we can compute an estimation of the returned power as can be seen

n:

o () [ () g

The mean power of a weather signal can also be estimated by averaging the instantaneous

power samples, i.e

hUI>

X
27 = — P,

(27) N ;

where P, = |V[n]|* and V[n] is the samples of the signal V(¢) In this case we are averaging

in time while the previous analysis was an average over space of many hydrometeors.

2.3. DOPPLER OVERVIEW

The majority of this thesis focuses on implementing DPCA to reduce Doppler velocity es-
timation uncertainty by mitigating the effects of the platform velocity. This section provides
an overview of Doppler measurements and its uses in weather radar.

Doppler radars use the principles of the Doppler effect. In short, the Doppler effect is
the observable frequency shift that occurs when a wave is reflected off a moving target [16].
This is proportional to the radial velocity of the object with respects to the position of the

radar, i.e

18



(28) Ja=

where v, is the radial velocity and f; is the Doppler frequency. As mentioned previously,
hydrometer volumes are a conglomeration of scatters, each with different velocity vectors.
Moving particles in the volume impart different Doppler shifts based on their own radial
velocities. Additionally, each moving particle backscatters energy to the receiving antenna,
leading to a distribution of energy at each valid Doppler velocity bin. This is called the
power spectral density (PSD) or the Doppler spectrum; a power weighted distribution of
radial velocities from individual scatterers. The estimate of the mean Doppler velocity can
be inferred by computing the expectation of energy in the Doppler spectrum for all velocities
in [-v,, v,), or equivalently, from the lag-1 estimate of the autocorrelation function [6].

The spectrum of a signal is given by a Fourier transform which decomposes the signal
into its frequency components. This means that the power spectral density of a stochastic
signal, such as a return echo from a hydro meteor, decomposes the signal power into various
frequencies. The power spectral density can be defined as

1 9
(29) S(w) = lim ——B{|Fler(@)]P}

where E is the expectation of F|xr(t)], the time-limited Fourier transform shown as

T

(30) Flar(t)] = / R(t)e ! dt

-T

x(t) is the wide sense stationary random process.
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The power spectral density can also be computed by taking the Fourier transform of the

autocorrelation of the signal x(t).

(31) S(w) = / b R(t)e 7“'dt

where r(t) is the auto-correlation function.
There is a one to one correspondence between Doppler frequency and the radial velocity
as shown by the equation for a doppler frequency spectrum for a single scatterer moving

—

with a constant velocity @ (velocity component parallel to the incident beam direction (i - )

(32) S(f) = (=5 D3(f + =~

where Jb(—g, 2) is the bi-static scattering cross section of a particle and ¢ is a Dirac delta
function. With this equation it is possible to see that there is a one to one correspondence
between Doppler frequency and the radial velocity (velocity component parallel to the inci-
dent beam direction (i - 7). With this, f = 2i- 7 A = —2v/X defines the radial velocity axis
for the PSD, referring to the Doppler velocity spectrum.

In [6] it is shown that the shape of the Doppler spectrum is approximated by a Gaussian

shape and can be defined as

S (1)
(33) S(f)_af\/ﬁ p[ T ]
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By using the transformation, the corresponding Doppler velocity spectrum is

(34) S(v) =

]
exrp | —————
ouV 2T b 202
where o = —Af/2 and or = (N2)o,.
Again, assuming that the Doppler spectrum is Gaussian-shaped. the autocorrelation

function can also be derived as

2.2

—8r2olT Amor
(35) R(7) = Spexp (T) exp |:—] S }

Since in pulse Doppler, only samples of the signal are available, the autocorrelation function

is sampled at a time T apart, given by

o n=12,...,N

_ 2 2 2T2 AronT.
(36) R(n) = Spexp (M) exp [— Zron s}

N2 77
where n is the lag.
Using the returns off the receiver v[n|, we can compute the auto correlation function at

lag 1, which is given by

(37) R() = % S Vit DVHn):0 <1< N

n=0

The autocorrelation function can be used to compute the mean velocity of the sampled
signal. If the Doppler spectrum is symmetric about a mean frequency f, then the mean fre-

quency can be derived from the autocorrelation. Thus the mean frequency can be computed
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as

arg[R(1)]

(38) f=—

where arg stands for the argument of a complex number and ¢ is time. The mean velocity

can thus be computed as

(39) 0= arglR(1)

For pulse pair estimates, the voltages are N time samples of the received signal space T

apart [15]. Using the lag 1, the autocorrelation function can be seen as

A | N2
(40) R[1] = N V(in+)V*(n);
n=0
The velocity can then be estimated as
(41) 0= oarglR(1)
U= arg

The spectrum width can be computed using the magnitudes of the autocorrelation at zero

lag and lag one computed as such

#2) e [ﬁi?i]

These are the fundamental equations of acquiring weather signals with pulse Doppler weather
radar. In the next section, we will clarify the challenges of Doppler measurements with

spaceborne weather radars.
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2.4. DIFFICULTIES IN SPACEBORNE DOPPLER WEATHER RADARS

In a radar bin, a dispersion of velocities occurs due to hydrological processes as well as
radar system parameters. This is known as the spectrum width and is associated with a
combination of factors. In spaceborne weather radars, the main contributor to decorrelation
between pulses, and in turn a spreading of the spectrum, is the high velocities introduced to

the radar while in orbit. The Doppler spread due to motion can be defined as

(43) o1 ~ 0.30,V,

where 6; is the 3-db beamwidth of the antenna, V; is the platform velocity [5]. As can be
seen by the equation, the surface Doppler spectrum width depends on the angular spread of
the antenna as well as the platform velocity. For a small antenna, the beam width is large

as can be seen by

(44) o= 2

where d is the diameter of the antenna [7]. This means that there is a larger range of theta, so
signals have a larger range of velocity and a wide spectrum. As the antenna size gets larger,
the smaller the spectrum becomes meaning higher correlation between pulses. While this
can provide moderate accuracy in most cloud conditions, the spectrum still degrades under
convective clouds. Additionally having a large antenna can produce other complications on
board a spacecraft, such as requiring more resources.

Another option is to increase the PRF relative to the antenna. The PRF though can only

be scaled so much as it is bound by the thickness of the atmosphere layer to be monitored.
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For precipitation measurements, this results in:

! :PRT>g

(45) PRF c

where PRT is the pulse repetition time, and H is the extent of range interval with nonzero
backscatter. This can be assumed to be 20 km or less for space borne measurements of
clouds and precipitation. This results in a max PRF of 8000Hz (which is not practical to
operate at) [3].

While these methods can alleviate some of the issues associated with collecting Doppler
measurements, the issue of high platform velocities will always be a major source of spectrum
broadening. Instead, we propose DPCA as an alternative method to performing Doppler

measurements from a spaceborne weather radar.

2.5. DISPLACED PHASE CENTER ANTENNA

Displaced Phase Center Antenna (DPCA) has been widely used for clutter mitigation in
airborne radar . It was originally proposed by General Electric (GE) for correction of the
butterfly effect, a phenomenon in which clutter leakage formed a wing-shaped pattern on a
plan position indicator (PPI) display [17]. Due to the airborne radars velocity component,
the clutter spectrum becomes broad when pointed abeam, leading to the effect. To correct
for this, the idea was to use two beams, a leading and following beam which allowed for
the signal to be received at the exact same point angle. This in turn produce an apparent
cancellation of the forward velocity of the airborne radar.

Though the method had not previously been used for Doppler measurements from space,
the idea was proposed by [2] as a means to remove the high platform velocities causing

a degradation in returns from single antenna configurations. The concept is similar to its
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use for clutter mitigation, but instead intended to remove the ambiguity between platform
Doppler and target Doppler.

DPCA requires two along track antennas as opposed to the conventional single antenna
configuration. By cleverly spacing your two antennas a certain distance between each other
and choosing a pulse repetition time (PRT) to match the platform velocity, you are able
to create a common phase center between sequential pulses, leading to a removal of the
decorrelation effect seen by single antennas. From the perspective of the radar pulses, proper
use of the DPCA technique will make the platform seem as if it were not moving [2].

Two DPCA implementations have been proposed. In mode 1, Figure 2.2, the leading
antenna transmits a pair of pulses (separated by the PRT), hits the surface, and after a time,
the leading antenna receives pulse 1 while the following antenna receiving pulse 2 a certain
time later [2]. For this configuration to work, the platform must move half the distance

separating the antennas during a PRI. The distance between pulses is calculated as

(46) D,ip2 =V, x PRT

Since the transmit between pulses is half the antenna size, the distance between antennas

must be twice the size.

(47) Dyeps = 2V, x PRT

While this configuration is potentially less complex (only one antenna will be transmitting,
resulting in less hardware needing to be implemented), it may present a design issue due to

the antennas requiring a larger platform area to accommodate the separation distance. One
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of the benefits we would like to include with DPCA is a smaller antenna area. Due to this,

a second configuration, or mode 2 is introduced.

Distance between TX,, and
TXp, = PRT*V,

Distance between TX;and
2xalitude

RXp:f*VS

D,., = 3.825m

FicURE 2.2. DPCA mode 1 scan strategy.

In mode 2, both the leading and following antennas transmit and receive as seen in Figure
2.3. This strategy requires additional hardware to implement, but has the added benefit of
reducing the separation distance between antennas by a factor of two [2]. Transmit between

pulses are to happen at the same position in space, meaning that the PRI can be increase
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by a factor of two. The antenna separation distance for DPCA Configuration 2 is:

(48) D =V, * PRT

While both DPCA modes can provide accurate Doppler measurements from space by
effectively mitigating the platform velocities, we will be focusing all of our analysis on DPCA

mode 2 for practicality of use onboard a satellite in terms of size.

Receive

-
-
-
-

-
-
"——
.

Distance between TX,, and
TXp, = PRT*V,

Distance between TX, and

2+alitude
RXp = A

D, =1.9125m

sep

Ficure 2.3. DPCA mode 2 scan strategy
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FIGURE 2.4. example of how transmit and receive of DPCA would work. The
top figure shows DPCA mode 1. Here we can see that pulse one and pulse
two are separated by half the distance. In DPCA mode 2, the lower figure,
the transmit time is at exactly one full PRT, meaning that transmit happens

at the same spot.
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CHAPTER 3

DPCA SIMULATOR

This chapter describes the model used to simulate DPCA mode 2. DPCA mode 2 al-
ternates transmit and receive as can be seen in the discussion in Chapter 2. The goal is
to create a simulator that characterizes the performance of the DPCA radar observation
strategy for a system operating in LEO, while taking into account known sources of error
that could arise with a two antenna configuration. The simulator will also contain a single
antenna variation to provide an analytical comparison between the performance of DPCA
and the current single antenna technique used in spaceborne weather radars. Additionally,
to minimize biases in the comparison between the two cases, the simulation between the
single antenna and DPCA will be performed under the same ideal conditions, with the only
variations coming from the antenna.

The simulation will follow a typical method, in which the return signal is computed by
taking the sum of the weight of each simulated scatterer that is illuminated by the radars
transmitter. Some examples of these simulators can be seen in, [18], [19], [20], [21]. The idea
is to create a surface with scatterers, calculate the weight of each surface scatterer illuminated
by the transmitted pulse and coherently sum the received signal to get an accurate estimate
of the return signal for the volume. While models may differ in the amount of detail added
such as the type of antenna waveform, how the scatterers are generated, etc, they all follow

the same idea. In our case, the model will consist of four different portions:

e The system parameters and characterization
e construction of the scatterer plane

e simulation of a single antenna/DPCA mode 1 or 2

29



e Analysis of the return voltages

The following sections contain necessary information to show how the model was constructed.

3.1. SYSTEM PARAMETERS AND CHARACTERIZATION

This section focuses on showing the radar parameters used to simulating DPCA and a
single antenna. Defining the system requires four key aspects: the positions and attitude
space, transmit characteristics of the radar, the properties of the antenna, and the waveform.

Defining how the radar will act in space is crucial for correct transmit and receive of the
system. It is necessary to take into account how the earths orbit affects the radar, what the
orbital height is and the attitude (orientation of the platform in space) corresponding to the
radar. Orbital weather radar concepts operate at LEO, or an orbital height on the order
of 450km. Given the height, it is possible to calculate the forward velocity of the platform
by using the orbital velocity formula. This value is necessary to choose an appropriate PRI
as well as to determine the separation distance needed between the forward and following
antenna for DPCA. The equation follows as:

Gme 1/2

(49) Usc = m

with G,,. being the gravitational constant, r. being the radius of earth, and tx, being the
orbital height leading to an orbital velocity of 7650 m/s [7]. For this research, the attitude
(yaw, pitch, roll), is assumed to always be normal to the earth or at (0,0,0). Though the
attitude may change during operation, the analysis is outside of the scope of this thesis.
The transmit characteristics of the antenna are presented next. The radar operates at Ka
band (35.75 GHz) using a PRI of 250 us. The notional radar used is a monochromatic-pulse

to allow for simplicity. Additionally, the antennas for DPCA will use a 1.6m dish while the
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single antenna system will use a bm dish, plausible for a single antenna configuration in

space. The antenna pattern is estimated using a sinc? function with first sidelobes level at

One Way Antenna Pattern: 0.35 degree Sinc
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FIGURE 3.1. Estimated antenna pattern using a sinc® function.

-20db . The antenna is also made to be circularly symmetric and have a normalized boresight
gain of 1 (0 dB) as can be seen in Figure 3.1.

The waveform used for our simulation is a mono-pulse waveform created from a Hanning
window, a window function used to weight values in a window of time [22]. The Hanning

window can be computed as

(50) w(n) = 0.5(1 — cos(Zw%)), 0<n<N
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Using this equation, we compute the waveform as:

w(n)

ij:o [w(n)[?

(51) Winp =

The waveform can thus be seen in Figure 3.2

- Mono-Pulse Waveform
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FIGURE 3.2. Mono-pulse waveform.

3.2. SCATTERER PLANE

This section focuses on building the scatterer plane for simulating a uniformly distributed
volume. This can also be used to construct a non-uniform volume to characterize the effects
of non-uniform beamfilling in DPCA as will be shown in Chapter 5.

The bounds of the scatterer plane are defined first. The plane must be large enough
to contain the full antenna pattern (sidelobes included). As so, the bounds of the scatterer
become a function of the antennas 634,. The volume can be thought of as a three dimensional

object in the Cartesian plane. As shown in Figure 3.3, the z direction corresponds to the
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height (h) of the volume, while x and y correspond to the length and width. The maximum

Scatterer Volume

Altitude froij

ground
Scatterer
z volume
y height (h)
x - > I Cross track

Along track

Ymin Ymax Xmin
< >

Cross track Along track

F1GURE 3.3. Diagrams showing how the scatterer plane is created.

vertical size of the plane (z directions) is chosen as an arbitrary value spanning from -1000
to 1000m to allows for a large sampling size. The width, or the y bounds are determined
from calculating the width of the swath. Using the bottom left diagram in Figure 3.3, the
maximum and minimum values can be calculated using simple geometry. The maximum

width is calculated as
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(52) Ymaz = thztan(e)

While the minimum width is calculated as

(53) Ymin = —2tztan(d)

with .. being the altitude of the spacecraft from the surface and 6 as the 034,.

The minimum length of the x bound is calculated similarly to the minimum y bound.
But unlike the maximum y bound, the maximum x bound is calculated as a factor of the
width of the swath as well as the platform velocity and duration of transmit time during
flight. This can be seen in the bottom right graphic in Figure 3.3. the final calculation can

be seen as

(54) Tmaz = 2tz.tan(0) + ts, * v,

with tg, being the total integration period for N pulses and v, being the velocity of the
platform.

Once the surface bounds are defined, we can create the scatterers for a uniform volume
and for non-uniform beamfilling. For the uniform scatterer, the position of the scatterers is

randomly generated via a uniform distribution as defined by

1
b—a

(55) U= for zela, b
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Adding in the surface bounds, the equation can be seen as:

(56) Py =unif(b,a)* [maxy, . —ming, .| +ming, .

An example of the final scatterer can be seen in 3.4.

Surface scatterers

Height (m

Along Track (m) -1 10

Cross Track (m)

F1cURE 3.4. Uniformly distributed scatterer plane

For the non-uniform beamfilling, we are creating a line across the cross track dimension
using a scatterer weight of 1. As opposed to the uniform case, the non-uniform scatterer is
2 dimensional. For simplicity, the scatterers are placed where the cross track is equal to 0

and the height is equal to 0, thus creating our scatterer planes.

3.3. SIMULATION

The simulations for a single antenna and DPCA both compute the return signal by

taking the sum of the weight of each simulated scatterer that is illuminated by the radars
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transmitter. First the distance of the scatterer relative to the radar is computed using:

(57) R, = \J(tw; — 2} + (b2, — y)? + (12, — 2)?

where tz,, tx, and tz, is the radars location with respect to the along track, cross track
and altitude from the ground. Next we must find the portion of the antenna pattern that is
radiating each point scatterer to obtain the correct gain. To do this we must calculate the
¢ and 0 angle of the antenna pattern relative to the location of the scatterer. The geometry

can be seen in Figure 3.5.

Z (altitude)

tx
A

4

phi_spherical —

theta_spherical ¢~ \ —— Y(CT)

FiGURrE 3.5. Diagram showing geometry of angles for the antenna pattern

For each scatterer, this can be done using:

(58) phi = atan(—(tx, — z)/(tx, — 2))

36



and

(59) theta = atan2((tx, —y)/(tz, — 2))

Next the return power of the scatterer is computed using the radar equation as shown in
Chapter 2. Once the return power has been computed, the complex voltage for each is

calculated using the equation:

(60) Amp = Pr'/? « U x e 2P

where the k is the wave-number which is equal to 2 x 7 % A, P, is the return power and U is
the antenna pattern. This is then done for each scatterer and added together by range gate.

Both antenna configurations follow the same process, except for in the location at which
consecutive scans happen. For a single antenna, the transmit location of each pulse happens
at a distance equal to the platform velocity multiplied by the PRI, or for our simulations, at
a distance of Ags + 1.9125m, where Ay, is equal to the current position of the radar. For
DPCA, the transmit locations between consecutive pulses are the same meaning that pulse

1 = pulse 2 = Ags + 1.9125m.

3.4. ANALYSIS

The last section of the model collects the complex voltages to compute our desired radar
moments. For our analysis, the radar products that we are focused on is return power,
Doppler velocity and the Doppler spectrum width using the equations provided in Chapter

2.
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3.5. SUMMARY

In this chapter, we examine how the spaceborne weather radar model is built to simulate
DPCA and a single antenna system. In the single antenna case, each pulse will correspond to
a different location in space, meaning that the pulses will not be well correlated when com-
puting the Doppler moments. Using DPCA, the transmit and recieve between consecutive
pulses will occur in the same place, resulting in a correlated signal. In the next chapter, we
will focus on characterizing DPCA by showing how possible deviations in the configuration

in a real life situation can affect the estimated Doppler moments.
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CHAPTER 4

CHARACTERIZATION AND ANALYSIS OF UNCERTAINTY

ASSOCIATED WITH DPCA

DCPA is an effective technique for removing the high velocity contribution introduced
in spaceborne weather radars. In theory, a spaceborne radar properly configured to use
DPCA will results in a vertical Doppler velocity of 0 m/s. As mentioned in Chapter 2, by
having a common phase centers between pulse pairs, the spacecraft will appear stationary.
This feature removes the spectrum broadening due to motion, that was the largest source of
velocity estimation error in a single antenna configuration. While DPCA has the potential
to do this, imperfections can arise in a real implementation. Mounting the two antennas
onto the platform can result in deviations in the antenna separation distance, as well a
mispointing of the following antenna in relation to the leading antenna as seen by Figure
4.1. The resulting effect will lead to differences in the section of volume being illuminated
between concurrent transmit pulses as seen in Figure 4.2. Factors such as thermal expansion
and deviations in the platform velocity (relative to the ground) can change the points of
transmit between consecutive pulses. Since all the aforementioned sources of error are a
function of the separation distance between the antennas (platform velocity is function of
separation distance, and the thermal expansion and the mounting imperfection can change
the separation distance), and mis-pointing (mounting imperfections), we use them as a proxy
to characterize the uncertainty in DPCA.

The analysis on error in DPCA followed a Monte Carlo like methodology, in which the
positioning of the antennas were simulation over a large number of mis-pointing and separa-

tions distances. For a 1.6 antenna configuration at Ka-band, we used 15 different separation
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F1GURE 4.1. Diagram showing the possible error associated with DPCA.

distances varied between 1.8 - 2.0 m and 15 different pointing angles varied between -0.2deg -
0.2deg in relation to the pointing of the forward antenna (nadir). To remove any variability,
the separation distance and antenna mis-pointing is simulated over one realization (a uni-
formly distributed volume scatterer generated by a uniform distribution). The experiment is
then repeated using many different scatterer realizations to show how changing the volumes
affects the Doppler returns.

This chapter will first shows the performance of DPCA under ideal conditions for the
notional system design described in Chapter 3, in the hopes of validating that the simulator
follows theory, as well as to provide a baseline for our future analysis. This will include a
discussion of the radar moments that are used to show the performance of DPCA, as well as

a statistical analysis of possible deviations from using different scatterers. Afterwards, the
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FI1GURE 4.2. Diagram showing how mis-pointing between the antennas and
a change in separation distance affects the volume scanned.

chapter will show the process used to model and simulate the sources of error in DPCA. We
will characterize the uncertainty caused by the separation distance between antennas and
the angle mis-pointing relative to the leading antenna. The chapter will first characterizing
the two sources of errors independently (keeping one variable constant while changing the
other) followed by characterizing the effects of deviations in both variables simultaneously.
Once characterized, an analytical comparison between DPCA and a single antenna case will

be shown.
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4.1. CHARACTERIZING DPCA WITH AN IDEAL NOTIONAL RADAR CONFIGURATION

Before showing how DPCA performs under various error sources, it is important to
show the performance of DPCA in an ideal configuration. As mentioned previously, the
largest contributor of Doppler velocity and spectrum broadening is the high platform velocity
introduced as the radar orbits the Earth [2]. DPCA removes this velocity by configuring
the two antennas to transmit and recieve at the same location in space. This is done by
first transmitting pulse 1 using the forward antenna and then transmitting pulse 2 using the
following antenna. To accurately do this, the antennas must be separated a distance which

can be determined by the PRT and the platform velocity (V},).

(61) Dyep =V, % PRT

To calculate the orbital velocity, we can use the equation for orbital velocity:

(62) v, =

where G is the gravitational force, M, is the mass of the earth, r. is the radius of the earth
and h is the orbital height in relation to the earth [7]. In our simulation, the radar is in an
LEO orbit, located 450km above the earths surface. Using this, we can calculate the orbital
velocity to be approximately 7,640 m/s. The PRT is chosen to be 250 us for our simulation.
By using (61), we calculate the ideal separation distance to be 1.9125m.

In our simulation, we are using a normalized static scatterer with weight equaling to 1,
meaning that the other factors that affect velocity and spectrum width are gone. Using this
logic, the resulting Doppler velocity and spectrum width should be equal to 0 m/s at an

ideal configuration.
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To show this, we simulate DPCA at its ideal configuration and compute our 3 key radar
moments: return power, mean Doppler velocity and Doppler spectrum width. Return power
is the first metric computed. As mentioned in Chapter 2, the mean return power can be

estimated via the lag-0 autocorrelation estimate, or
(63) Power = 10log,o(R(0))

where R(0) is the lag-0 auto-correlation estimate from 100 pulses. For simplicity, the mean
power (average of 100 pulses) will be referred to as power. The next radar moment computed
is the mean Doppler velocity (referred to as Doppler velocity). Again, since we are using a
static volume scatterer with a normalized weight, the only contribution of Doppler velocity
can come from the platform. Since DPCA cancels out the platform velocity, the resulting
velocity can be seen as 0 m/s. The last radar moment computed is the spectrum width,
which shows the distribution of velocities. Since there is no velocity component, the Doppler
spectrum can be seen as 0 m/s. To prove this, the range profile of power, velocity and
spectrum width is plotted and shown in Figure 4.3.

To continue the characterization of DPCA, different configurations of static volume scat-
terers (realizations) are tested. A realization can be made in a way that can result favorably
or unfavorably to DPCA, leading to an inaccurate representation of its performance. To
characterize this, we use the law of large numbers, which states that the mean resulting from
a large number of experiments should be close to the expected value of the performance. In
our analysis, we calculate the mean by using 200 different realizations. The mean of power,

mean velocity and mean spectrum width can be computed using the equation

(64) W= Z A,
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FI1GURE 4.3. Diagram showing the power, velocity and spectrum width result-
ing from an ideal DPCA configuration. Since DPCA cancels out the apparent
platform velocity and since the scatterer volumes are static, no velocity com-

ponent is present. Leading to a velocity of 0 m/s and a spectrum width of 0
m/s.

where A is a placeholder for power, velocity and spectrum width and N is the number of
the realizations. While the mean gives a reference or the expected performance of DPCA as
the scatterer volume changes, it is also important to characterize the dispersion of values.
To do this the standard deviation is computed. The standard deviation allows us to see the

performance of DPCA under its worst cases scenarios. The equation can be computed as

N
1
= s —— A — 2
(65> O std N —1 31 | n :u|

where i is the mean of the power, velocity or spectrum width. First we compute the mean
of power. Since the location of the volume scatterer does not change, the max power should
remain at 90m below the surface. To validate this, the mean power for the 200 realizations
is computed using (59) and plotted on Figure 4.4 Next the standard deviation of the 200

realizations is computed using (60). As can be seen the power deviates by a maximum
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of 1.6 dB. This meets expectation since if the scattererers are clustered in one location,
the resulting power return would be larger. Finally a plot of the mean plus the standard
deviation is shown to give a better visual representation of the tolerance in Figure 4.4. As can
be seen, the max power remains at 90m below the surface and remains relatively consistent

throughout each realizations.

Range Profile of Mean Power for 200 Realizations, Ideal Case
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FIGURE 4.4. The figure shows the range profile of the statistical computations
of mean power. The top plot shows the mean power for 200 realizations, the
middle plot shows the standard deviation for power and the bottom one shows
the mean +/- the standard deviation.

Next we compute the statistics for velocity. The characterization of velocity for 200
realizations follow the analysis of power. The mean of the velocity, the standard deviation
and the mean + /- the standard deviation can be seen in Figure 4.5

As expected, since there is no apparent velocity component from the scatterer or the
radar, the mean velocity component is 0 m/s for the mean and standard deviation. Regard-
less of the scatterer configuration, the samples between pulses are maintained at the same
location. Additionally, the scatterers and the radar are seen as not moving, meaning that

there should be no velocity component.
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Range Profile of Mean Velocity for 200 Realizations, Ideal Case
[ | [ I -
| © x=90.00m y =-0.00m/s

-

o

1 | L l 1 |
20 40 60 80 100 120 140 160 180
Excess Range (m)

Range Profile of Standard Deviation of Velocity for 200 Realizations, Ideal Case
I T I I I

-
o

-

T
| © x=90.00m y =0.00m/s

| 1 1 1 | |
20 40 60 80 100 120 140 160 180
Excess Range (m)
Range Profile of Mean +/- Standard Deviation of Velocity for 200 Realizations, Ideal Case

N
o

-

O mean + std = 0.00m/s
o © mean - std =-0.00m/s.

o

1 1 1 |
20 40 60 80 100 120 140 160 180
Excess Range (m)

N

Mean Velocity (m/sMean Velocity (m/sMean Velocity (m/s)
\ Lo .
o

FIGURE 4.5. The figure shows the range profile of the statistical computations
of mean velocity. The top plot shows the mean power for 200 realizations, the
middle plot shows the standard deviation for power and the bottom one shows
the mean + /- the standard deviation.

Next the spectrum width for 200 realizations is computed. Just as previous the mean,
standard deviation and mean + /- standard deviation are computed and shown in Figure 4.6

As can be seen, the spectrum width results in a 0 m/s velocity, which follows the same
logic as velocity. Since there are no moving parts, the correlation between pulse pairs should
be perfect, resulting in no velocity contribution. Though the plots for power, velocity and
spectrum width were shown over range, We must identify the range gate at which the
maximum echo power from the volume is received. The reasoning for this is that the max
power will be the point at which the full antenna beamwidth is encapsulating the volume.
This can be visually represented byFigure 4.7 .

From Figure 4.3 and Figure 4.4, we see that the max power is located at 90 meters below
the surface. Thus all of our analysis will be made at that point as it will provide the most
accurate representation of how DPCA performs. In the case of the ideal configuration, the

spectrum width and velocity at that range are 0 m/s.
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Range Profile of Mean Spectrum Width for 200 Realizations, Ideal Case
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FIGURE 4.6. The figure shows the range profile of the statistical computa-
tions of mean spectrum width. The top plot shows the mean power for 200
realizations, the middle plot shows the standard deviation for power and the
bottom one shows the mean + /- the standard deviation.

As can be seen by the analysis in this section, the simulator is functioning correctly
according to theory. Since there is no apparent movement from the scatterer or the radar,
there are no velocity components, resulting in a Doppler velocity and spectrum width of 0
m/s. This proves that at an ideal configuration, DPCA completely removes the difficulties
encountered by single antenna systems. Additionally, this section provided a baseline to the

performance of DPCA before accounting for any uncertainties in DPCA.

4.2. CHARACTERIZING UNCERTAINTY ASSOCIATED WITH THE SEPARATION DISTANCE

BETWEEN ANTENNAS

Now that the previous section calculated the performance of DPCA at its ideal case, we
can begin analyzing the uncertainty associated with DPCA. As mentioned, the two variables
we are going to vary is the mispointing and the separation distance of the antennas. To

begin, the variables resulting in uncertainty within DPCA are characterize independent of
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FIGURE 4.7. Diagram showing the point at which the full antenna beamwidth
is encapsulating the volume scatterer

each other. While separation distance and mispointing are variables associated with the
antennas, they can each effect DPCA in a different ways (i.e. one could produce a higher
spectrum width, etc.). Additionally, by simulating each variable separately, we can use the
information to identify any dependencies between the sources of error. With that being said,

the effect of antennas separation distance on DPCA is simulated first.
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The antenna separation is a function of the antennas PRI as well as the forward platform
velocity of the radar. If the along track antennas are separated a distance that does not
equal the chosen PRI or velocity (61), or if the separation distance is changed due to outside
factors as mentioned previously, the transmit of pulse 1 and pulse 2 will happen at different

locations in space as can be seen in Figure 4.8.
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F1GURE 4.8. Diagram showing the transmit location of pulse 1 and pulse
2 when the separation distance between leading and following antenna are
different from ideal. AD is the error in the separation distance which causes
a shift in the location of transmit between pulses.
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To obtain a realistic characterization of the effects separation distance has on DPCA,
we varied the error by a max of 6.25% from the ideal case of 1.9125m. This results in a
separation distance spanning between 1.8 and 2 meters.

The process for computing our radar moments follows the same logic as for the ideal
case. First the power, velocity and spectrum width at each range gate is computed for
each separation distances. To remove any variations between the ideal case and uncertainty,
the same realizations were used throughout the analysis. Additionally, only the threshold
separation distances are plotted as they use the most information about how DPCA performs.

The first metric compute was the power for 1 realization at the 15 different separation
distances. Since the volume scatterer location and intensity remains the same, the power
profile should not vary significantly as we change the separation distance as can be seen in
the first figure in Figure 4.9. Additionally, as seen in the figure, the location of max power
stays the same since the height of the scatterers relative to the radar does not change. With
this, all of our analysis will be focused on 90 m below the surface.

Once we validated power, a velocity plot of a single realization is made to show how the
threshold cases effect the performance of DPCA relative to the ideal. This can be seen in
the second figure of Figure 4.9. Looking at the figure, for all separation distances tested,
the velocity converges to approximately 0 m/s. This plot shows that while the separation
distance is not exactly at nominal (or the ideal case of 1.9125 m), the decorrelation between
pulse pairs at our threshold cases are low enough to where the resulting velocity is close to
zero. While increasing or decreasing the separation distance may eventually result in larger
velocity, at a systems level, the likelihood of having such high separation error is relatively

low.
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Range Profile of Power For Varying Separation Distance
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FIGURE 4.9. Range profile of power, velocity and spectrum width for different
antenna separation distances. The resulting deviation in each of the radar
moments follows a linear trend as the separation distance changes. Due to
this, only the max, min and ideal case are plotted as they provide the most

useful information when characterizing the effects of separation distance on
DPCA.

The last moment computed is the spectrum width. The spectrum width can be seen
as the standard deviation of the velocity distributions inside a volume, meaning that the
value for spectrum width will always be positive. Since a change in separation distance
decorrelates the pulse pairs, we expect to see a marginal increase of the spectrum width at
its max and min as shown in Figure 4.9. As can be seen, the max spectrum width at 90m
below the surface is approximately 1.3 m/s. Unlike velocity, the spectrum width increases
quickly as the separation distance deviates from nominal. As the separation distance error
increases, the correlation between pulses degradates, resulting in a larger distribution of
velocities caused by white noise from the decorrelated portion of the signal.

Just like the ideal case, DPCA with varying separation distance will be simulated over
200 realizations. This will provide a more accurate characterization of its performance under

different scatterer configurations. The analysis follows the same format, with the mean,
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standard deviation, and the mean plus or minus the standard deviation being computed for
power, velocity and spectrum width. The mean power and standard deviation is computed

in the same fashion as previously and plotted in Figure 4.10
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FIGURE 4.10. Diagram showing the mean, standard deviation and mean + /-
the standard deviation of power for 200 realizations for varying separation
distance and a mispointing at nominal.

As can be seen, the mean power for the threshold and ideal separation distances is
approximately 61.1dB. Additionally, the standard deviation is approximately 1.4 dB for
each separation distance, showing consistency in power returns. The mean + /- the standard
deviation is plotted in Figure 4.10 The mean and standard deviation for all the separation
distances tested were almost identical, leading to a plot that looks like only a single value.

The mean velocity and standard deviation is computed in the same way as for the ideal
case and plotted in Figure 4.11. In the first plot in the figure, we can see that the mean of
200 realizations results in a velocity that approximately 0 m/s. While this does present good
results, it only assumes the expected value of DPCAs performance over a large number of

tries. To get a more accurate characterizations, we plot the standard deviation to show how
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Range Profile of Mean Velocity For 200 Realzations with Varying Separation Distance
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FIGURE 4.11. Diagram showing the mean, standard deviation and mean + /-
the standard deviation of velocity for 200 realizations for varying separation
distance and a mispointing at nominal.

separation distance can affect the return velocity in DPCA as can be seen in the second figure
of Figure 4.11. The maximum deviation seen is actually 0.18m/s. The final characterization
of its performance can be seen in Figure 4.11 As in the ideal case, the resulting velocity
is exceptionally low, showing that the range in separation distance does not produce any
substantial effects to the performance of DPCA.

Finally the mean spectrum width and standard deviation is computed in the same way
as for the ideal case and plotted in Figure 4.12. The max of the mean spectrum width can
be seen at around 1.28 m/s, which matches relatively closely to the spectrum width of 1
realization. Again, to further characterize, the standard deviation of the spectrum width is
shown in the second figure of Figure 4.12. The max standard deviation can be seen as 0.34
m/s. To show the full effects of the variability of spectrum width, the mean +/- standard

deviation is plotted in Figure 4.12 As mentioned before, the higher the spectrum width is,
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Range Profile of Mean Spectrum Width For 200 Realzations with Varying Separation Distance
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FIGURE 4.12. Diagram showing the mean and the standard deviation of spec-

trum width when only separation distance is varied over 200 realizations.

the larger the decorrelation between pulses is, resulting in a larger distribution of velocities.

In this case, the max spectrum width is 1.629 m/s at 90m below the surface.

4.3. CHARACTERIZING UNCERTAINTY ASSOCIATED WITH MISPOINTING BETWEEN

ANTENNAS

The next variable we characterize is the mis-pointing in the along track direction of the
following antenna in relation to the leading antenna. When a mis-pointing happens, the
transmit location between pulses is approximately in the same location, but the area being

illuminated between pulses changes as shown in Figure 4.13.

To begin the analysis, we simulated the antenna at a pointing angle from -0.2 to 0.2

degrees from nadir or approximately half the beamwidth of the antenna. (the direction

in which the leading antenna is pointing). This results in a maximum offset deviation of

approximately 57% of the beamwidth for the notional radar configuration. Our first metric

computed is power. The range profile of power should follow the same trend as the ideal case
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FI1GURE 4.13. Diagram showing how mis-pointing between the antennas af-
fects the volume scanned.

and for varying separation distance since the location of the scatterer has not changed. This
mean that the max power should remain consistently at 90m below the closest distance to
the surface for the duration of the simulation. To validate this, a range profile of power for
the max, min and ideal case for mispointing are computed and plotted in Figure 4.14. As
predicted, the power follows the same bell curve from previous analysis with a max power
located at the 90m range gate. The Doppler velocity is plotted next. Looking at the second
plot in Figure 4.14 90m below the surface, the effects can be seen as negligible, resulting in

a max velocity of -0.055 m/s.
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FI1GURE 4.14. Diagram showing the power, velocity and spectrum width when
mispointing is varied.

Next the spectrum width is plotted. Since a mispointing decorrelates the pulse pairs, we
expect to see a marginal increase of the spectrum width at its max and min just like in the
separation distance. This can be seen in the third figure of Figure 4.14.

As in separation distance, the spectrum width can be seen to increase as the mipointing
angle error increases. Since the correlation between pulses is larger in the mispointing, the
seen spectrum width is higher. Looking at the max and min values at 90m below the surface,
the spectrum width can be seen at a max of 3.651 m/s.

Just like in the ideal case, different volume scatterers have the potential to change the
performance of DPCA when varying the separation distance. To accommodate for this,
DPCA was again simulated with varying separation for 200 realizations. The analysis follows
the same as for the ideal case, with the mean, standard deviation, and the mean plus or minus
the standard deviation being computed. While the location of max power should remain
at 90m below the surface through each realization, we compute the mean and standard

deviation to provide additional validation as shown in Figure 4.15 The mean power remains
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consistent throughout the mispointing angles. The standard deviation shows a relatively
consistent change, with a standard deviation of approximately 1.4 dB at 90m below the
surfaceas shown in Figure 4.15.
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F1GURE 4.15. Diagram showing the standard deviation of power when only
mispointing is varied over 200 realizations.

This follows logic since the scatterers can be more dense in certain areas leading to
changes in the max power seen at 90m below the surface. Finally the mean plus or minus
the standard deviation is shown in Figure 4.15 The mean and standard deviation for all the
mispointing were almost identical.

The mean velocity is computed and plotted in the first figure in Figure 4.16. The max
mean velocity can be seen as approximately 0 m/s while the standard deviation shows a
variation of 0.157 m/s. As can be seen, the maximum deviation seen is actually 0.18m/s,
leading to a maximum velocity of 0.18 m/s as seen in the figure.

Finally the mean and the standard deviation of spectrum width is compute and plotted

as shown in Figure 4.17
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FIGURE 4.16. Diagram showing the mean velocity and the standard deviation
of velocity when only mispointing angle is varied over 200 realizations.
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FI1GURE 4.17. Diagram showing the mean and standard deviation of spectrum
width when only mispointing is varied over 200 realizations.

The mean of the spectrum width show a lower velocity value then for a single realization.
To see if this is accurate, the standard deviation is computed and plotted as shown in the

second plot. As seen, the standard deviation of spectrum width is at approximately 0.4 m/s.
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This results in a max spectrum width of 3.7 m/s. In a real implementation, the pointing
angle would more than likely not have such a high degree of error after manufacturing,
calibration, etc. Regardless, the characterization is still performed at a mispointing angle

approximately half the size of the beamwidth.

4.4. CHARACTERIZING UNCERTAINTY OF SEPARATION DISTANCE AND MISPOINTING

SIMULTANEOUSLY

In a real life implementation of DPCA, there is a high likelihood that more than one
sources of error will present itself at a given time. Due to this, it is necessary to characterize
how a combination of separation error and mispointing error can affect the performance of
DPCA. To do this, we simulate every combination of the 15 mispointing and 15 separation
distance errors. In total, this resulted in 225 simulations per realization, or 45000 simulations
for the 200 realizations.

To provide a more detailed and focused characterization of uncertainty on DPCA, the
analysis will focus on computing the mean and standard deviations for each of the radar
moments at the location of max power. As previously determined, the location of the max
of the mean power for each of the realization can be observed at 90m below the surface as
shown in Figure 4.18. Additionally, the changes in mean power as separation distances and
mispointing varies remains relatively the same, with a value of approximately 61 dB as seen
in (a) of Figure 4.19. The standard deviation for power follows a relatively consistent change
of around 1 dB, varying by a small margin as the rear antenna offset error increases as show
in (b). Therefore, all of our analysis will be obtained using the returns at 90m below the

surface.
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FIGURE 4.18. Diagram showing the location of max power for all the different
separation distances and mispointings. As can be seen by the plot, all of the

realizations are 90m below the surface (Om being the surface of the surface
scatterer).

Figure 4.20 A shows a 3-D plot characterizing the mean velocity estimates from the
200 surfaces at the different antenna mispointings. At the ideal case we see a near zero
velocity which aligns with expectations- the platform velocity is canceled using the DPCA
technique. As the separation distance and antenna mis-alignment moves away from the ideal
conditions, a bias in the mean velocity is observed. With these offsets, the vertical velocity
profile begins to see some degradation in performance due to increased velocity uncertainties
from the surface returns. But as can be seen, at the threshold cases of a separation distance
deviation of approximately 1.05 from the nominal and rear antenna pointing offset of 0.5 of
the beamwidth, the effect introduced result in a relatively low degradation of the velocities

with a maximum vertical velocity bias of 0.8 m/s.
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Mean of Power for 200 Realizations
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FIGURE 4.19. (A) Plot of the mean power for 200 Realizations with varying
separation distance and mispointing.

(B) Plot of the standard deviation of mean power for 200 Realizations with
varying separation distance and mispointing
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Mean Velocity for 200 Realizations
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FIGURE 4.20. (A) Plot of the mean velocity for 200 Realizations with varying
separation distance and mispointing.
(B) Plot of the standard deviation of velocity for 200 Realizations with varying
separation distance and mispointing
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To further evaluate the velocity estimator performance with DPCA, consider the standard
deviation of the velocity estimate from the 200 surface realizations. The standard deviation
measures the variation in the estimates among the realizations. From the plot of standard
deviation for DPCA on Figure 4.20 B, the variance is the smallest at ideal conditions. As
the misalignment between antennas diverges from the ideal case, there is an increase in the
velocity estimate’s standard deviation because the areas illuminated by the two antenna
are increasingly different, resulting in higher levels of decorrelation between pulse pairs.
If the antenna separation is also varied from the nominal, an extra velocity component
due to spacecraft motion presents itself. Both of these effects lead to additional velocity
estimation uncertainty which is consistent with a higher standard deviation of the velocity
estimates. Even so, the standard deviations of the velocity estimates are relatively low, with
the threshold cases resulting is a max standard deviation of 0.22 m/s.

By adding the standard deviation to the mean, we can characterize the expected range
of velocity estimates. Consider the ideal and threshold cases for antenna separation distance
and pointing misalignments to visualize the velocity estimate uncertainty in Figure 4.21.
From these plots, our maximum velocities error is approximately 1 m/s for the worst case
scenario.

The same analysis can be performed on the resulting spectrum width. Figure 4.22 A
shows a 3-d plot characterizing the mean spectrum width for 200 surfaces as we vary the
antenna from the nominal case. As the separation distance and mispointing deviate from
the ideal case, we can see an increase of the spectrum width as the correlation between pulse
pairs dwindles. At the threshold cases of a separation distance deviation of approximately
1.05 from the nominal and rear antenna mispointing of 0.5 of the beamwidth, the uncertainty

results in a max mean spectrum width of around 3.9 m/s.
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Mean and Standard Deviation of Velocity at Varying Seperation Distances

—Separation Distance, Fraction of Nominal = 0.9412m
—Separation Distance, Fraction of Nominal = 1.0000m
— Separation Distance, Fraction of Nominal = 1.0458m

o
3)
T

Velocity (m/s)
o
T

o
)]
T

15 ! L L )
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Rear Antenna Mispointing, Fraction of HPBW
()
15 Mean and Standard Deviation of Velocity at Varying Mispointing

—Mispointing Fraction of HPBW = -0.2000
—Mispointing Fraction of HPBW = 0.0000
—Mispointing Fraction of HPBW = 0.2000

o
3

Velocity (m/s)
o

15 | I I | | I | I
0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05

Separation Distance, Fraction of Nominal
(B)

FIGURE 4.21. (A) Plot of the mean spectrum width for 200 Realizations with
varying separation distance and mispointing.
(B) Plot of the standard deviation of spectrum width for 200 Realizations with
varying separation distance and mispointing

To further calculate the uncertainty, the standard deviation is computed to measure the
variance between realizations. From Figure 4.23 B, we can see that the standard deviation
increases in the same pattern as the distribution of the mean spectrum width. From the plot
of standard deviation for DPCA on Figure 4.23 B, the standard deviation is close to zero

at ideal conditions. When the mispointing is held constantly at ideal and the separation
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Mean of Spectrum Width for 200 Realizations
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FIGURE 4.22. (A) Plot of the mean spectrum width for 200 Realizations with
varying separation distance and mispointing.
(B) Plot of the standard deviation of spectrum width for 200 Realizations with
varying separation distance and mispointing
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Mean and Standard Deviation of Spectrum Width at Varying Mispointing

“---:Z:::::::::Z:::::::::::::::::::::::::::::::::::_MiSPOinting='0'57140

35| —Mispointing = 0.0000°
Mispointing = 0.5714°

w

Velocity (m/s)
N

N [;]

T T

-
o
T

'
1
1
1

0
0.94 0.95 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04
Separation Distance, Fraction of Nominal
(a)

Mean and Standard Deviation of Spectrum Width at Varying Seperation Distances

— Separation Distance, Fraction of Nominal = 0.9412
— Separation Distance, Fraction of Nominal = 1.0000
— Separation Distance, Fraction of Nominal = 1.0458

Velocity (m/s)
N
T

0.5
0 |
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Antenna Mipointing (degrees)
(B)

FIGURE 4.23. (A) Plot of the mean spectrum width for 200 Realizations with
varying separation distance and mispointing.
(B) Plot of the standard deviation of spectrum width for 200 Realizations with
varying separation distance and mispointing

distance is varied, we can see a less rapid change in the variance of the spectrum width
as compared to a mispointing. This makes sense since the maximum mispointing error
produces a larger decorrelation than the separation distance. For separation distance, when
it is varied, an additional velocity component due to the spacecrafts forward motion resulting

in more uncertainty in the distribution of velocities, leading to a broader spectrum. Even so,
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the standard deviation is low, resulting in a max of 0.4 m/s. Adding the standard deviation
to the mean gives us a more accurate characterization of DPCA when uncertainty from
separation distance and a mispointing are introduced.

Just as in velocity, consider the ideal and threshold cases for antenna separation distance
and pointing misalignments to visualize the spectrum width as shown in Figure 4.21. Looking
at the ideal and threshold cases for antenna separation and mispointing, we can see that there

is a maximum spectrum width of 3.8 m/s.

4.5. DPCA vs SINGLE ANTENNA CASE

Once the sources of error in a DCPA configuration are characterized, the next step is
to compare it with a single antenna (used here a plausible best-case reference standard for
single antenna Doppler measurements). The simulation for the single antenna case follows
the same principle as for DPCA. We generate a surface with scatterers, calculate the returns
at the receiver due to each scatter, and coherently sum the received signals. To remove
any biases when comparing the two configurations, we simulated the models under the same
conditions as DPCA, i.e. same PRF, frequency, orbital altitude, waveform, scatterer, etc,
with the only difference being the antennas.

In DPCA, we are using an 1.6m long antenna at a beamwidth of 0.35deg at a frequency
of 35.75GHz. For a single antenna, we chose an antenna that is around 5m in size, which is
plausible for a spaceborne weather radar at LEO operating at 35.75 GHz. Since we are using
the same frequency, the resulting beamwidth can be calculated at 0.112deg, or approximately
a scaling of 3x the beamwidth of the antennas used for DPCA. With this, the simulation is

ran using the same 200 volume scatterers that were used for DPCA.
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Characterization of Velocity
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FIGURE 4.24. Doppler velocity of single Antenna vs DPCA performance at
ideal DPCA configuration

In Figure 4.24, we show the velocity profile between both configurations using the ideal
DPCA conditions. The plots for both single antenna and DPCA show the mean velocity with
the standard deviation for 200 surface realizations. As can be seen by Figure 4.24, DPCA
with ideal conditions, significantly outperforms the single antenna, with a Doppler velocity
of 0 m/s. This Follows logic, since DPCA has a 0 m/s velocity when perfectly configured.
In the case of a single antenna, the Doppler returns can be seen to deteriorate due to the
forward velocity decorrelatinng the signal between pulse pairs. The max velocity can be seen
at 2.5 m/s.

For a more realistic comparison between the two scenarios, the worst case scenario for
a DPCA configuration is used (dual 1.6m antennas are separated by a deviation of 4.6%
from the nominal case and antenna pointing mis-pointing at 40% of the beamwidth). Since
a single antenna does not have to deal with the uncertainty introduced by DPCA, we will be
comparing the worst case scenario of DPCA, with the same returns used when comparing

to an ideal case. As can be seen in Figure 4.25 though, DPCA still outperforms the single
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Characterization of Velocity
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FIGURE 4.25. Doppler velocity of single antenna vs DPCA performance at
worst case DPCA configuration

antenna case by a large margin. For the single antenna, a maximum velocity uncertainty of
2.5 m/s is estimated, while for DCPA, the maximum uncertainty is 0.8 m/s. Using the ACCP
SATM Rev. E as a guideline [23] [24], it can be seen that a single antenna configuration
does not meet vertical velocity uncertainty requirement of less than 2 m/s, while the DPCA
configuration does by a large margin.

To continue with the anaylsis for DPCA and a single antenna system, the spectrum
width for each are compared. High platform velocity is the predominant source or spectrum
broadening in single antenna spaceborne weather radars. While single antennas greatly suffer
from it, DPCA has the advantage of removing the apparent velocity (or substantially reduces
it). Using the same analysis as before, the corresponding figures show the results of spectrum
width for DPCA and a single antenna. Figure 4.26 shows the spectrum width of the 5m
antenna and DPCA at its idea configuration. As mentioned previously, the pulse pairs in

DPCA are correlated perfectly, resulting in a spectrum width of 0 m/s. As for a single
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FIGURE 4.26. Spectrum width of Single Antenna vs DPCA at best case
DPCA configuration

antenna systems, the spectrum width is shown to suffer greatly in performance, resulting in

a max spectrum width of 5.6 m/s. This can be seen Figure 4.27
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FIGURE 4.27. Spectrum width of Single Antenna vs DPCA at worst case
DPCA configuration
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To show a more accurate representation of DPCA, the spectrum width at its least ideal
is computed and plotted as can be seen in Figure 4.27 While the spectrum width does seem
to increase, the resulting value for spectrum width can be seen at around 3.8 m/s. As for
the single antenna case, a spectrum width of 5.7 m/s, which is significantly higher

Though DPCA does have added uncertainty due to the antennas, it still seems to outper-
form a single antenna configuration. For the single antenna case to produce better results, it
would be neccessary to increase the size of the antenna, but, this again, would never resolve
the main issue resulting in spectrum broadening, which is the high platform velocity while

in orbit in space.

4.6. SUMMARY

In this section, we characterized the uncertainty of DPCA resulting from the antennas. As
opposed to a single antenna, DPCA has two antennas, resulting in possible error coming from
the spacing and mispointing between the antennas. If the antennas are properly configured
the radar will appear to not be moving between transmit pulses. Since we are using a
static scatterer, this means the resulting Doppler velocity will converge to 0 m/s. But, in
a real life scenario, there is always some amount of error that presents itself. By varying
the mispointing and separation distance between the antennas, we can characterize the two
largest sources of error, to better see how DPCA performs at the worst possible case. From
the analysis, we were able to show that DPCA performs significantly better than a single

antenna system and fall well under the ACCP requirement of a velocity less than 2 m/s.
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CHAPTER 5

ErrecTs OF NON-UNIFORM BEAM-FILLING

To simplify the analysis of rainfall cases, it is assumed that the distribution of scatterers
will be uniform inside a resolution value. This is referred to as uniform beamfilling. As such,
the previous chapter focused its analysis on discussing and characterizing the effects that
antenna misalignment has on the performance of DPCA when using a uniformly distributed
scatterer volume. In this instance, we constructed a scatterer volume that was horizontally
uniform over a range of approximately 4km to encapsulate the entirety of the antennas
footprint. While this analysis is representative of a homogeneous rain event, it will not hold
for convective rain events where the distribution of rain is not homogeneous [25]. In these
cases, gradients in the radars reflectivity are presented in the radar footprint as can be seen
in the diagram on Figure 5.1. This phenomenon is known as Non-uniform beamfill (NUBF').

In Doppler spaceborne weather radars, the non-uniformity within the scatterer volume
will weigh the frequency shift differently due to the high platform velocity, resulting in a
distorted Doppler spectrum. This will then lead to a reduction in accuracy when computing
the vertical Doppler velocity of the scatterer volume [25]. While NUBF presents a challenge
to accuracy of Doppler velocity estimates for single antenna spaceborne weather radars,
DPCA presents a a solution to minimize or even eliminate velocity estimation bias due to
its two antenna system. Since DCPA results in an apparent cancellation of the platform
velocity due to the high correlation between pulses, the performance of DPCA should not
degrade when NUBF is present.

In this chapter we will show how non-uniform beamfilling affects the performance of

DPCA. Like the previous chapter, we will characterize the effects uncertainty has on DPCA
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under inhomogeneous distributions of scatterers within the radar’s observation volume. Ad-
ditionally, to provide a baseline comparison, we will simulate NUBF on a single antenna
system and provide a comprehensive comparison between the performance of the two con-

figurations.

5.1. SIMULATING NON-UNIFORM BEAMFILLING

Simulating NUBF can be achieved by a volume of scatterers that is distributed non-
uniformly in the along track direction. In the case of our simulation, the radar footprint is
approximately 3km for DPCA (1.9m antenna) and 880m for a single antenna (5m antenna),
meaning that we needed a to create a scatterer volume that was smaller than 880m in the

along track. To accomplish this, we created two different volumes: a single point scatterer
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Single Point Scatterer: NUBF
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FIGURE 5.2. (A) Plot of the single point scatterer used to simulate NUBF.
(B) Plot of the column of scatterers used to simulate NUBF

and a vertical column of scatterers, both with a size of 1m in the along track and cross track
direction and with a velocity of 0 m/s as can be seen in Figure 5.2.

After creating the scatterer plane, the simulation was set up to have the same radar
parameters as in Chapter 4 to remain consistent throughout the experiments (100 pulses,

PRT of 250us, platform velocity of 7650 m/s, etc). We then ran the simulation and flew the
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platform from -1.5km to 1.5km in the along-track direction, with 0 m being the center point,
where the point scatterer and column of scatterers are located. By having the scatterer in
the middle of the simulation, we can see the effects of NUBF as we move the radar towards
and away from the volume. In total, this resulted in about 32 simulated along-track positions
for both DPCA and a single antenna.

After completing the simulation, the return voltages are used to calculate the radar
moments of interest to characterize its performance.. Just as in Chapter 4, we compute
power, Doppler velocity and spectrum width as our metrics for characterizing DPCA under
NUBF. For this analysis, the velocity and spectrum width will refer to the mean of the 100
pulses per scan.

The next section focuses on showing the performance of DPCA with NUBF. Here we will
show how DPCA performs in comparison to a single antenna case by using a single point
scatterer and a column of scatterers as our volume. Additionally, this chapter will show
how DPCA performs under uncertainty from the antennas, similar to the analysis done in

Chapter 4.

5.2. NON-UNIFORM BEAMFILLING RESULTS: SINGLE POINT SCATTERER

The first test case in simulating NUBF for DPCA and a single antenna is a volume that
consists of single point scatterer. A single point scatterer is the best non-homogeneous field
to use for initial testing of the performance of DPCA due to its simplicity. Since there is
only one scatterer, there will only be its contribution to the measured. While the spectrum
width cannot be computed since there is only 1 scatterer with a velocity contribution in the

volume, we can still see how the Doppler velocity is affected.
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To begin we simulate the single antenna case to provide us our baseline. As before, we
compute the power and velocity using the equations described in Chapter 2 and 4. Since a
single antenna has a large forward velocity contribution, the correlation between pulse pairs
is low. As shown in the previous chapter, this resulted in a large degradation of accuracy
in our Doppler estimates. In the case of NUBF, the forward velocity even further degrades
the performance as the weighting of the frequency shift for the point scattterer differs as can

be seen in the first plot in Figure 5.3. The velocity profile can be seen to vary between the
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F1GURE 5.3. The figure shows the results from a single antenna system sim-
ulated using 1 point scatterer located at Om. The top plot shows the mean
Doppler velocity profile while the bottom plot shows the mean power.

unambiguous velocity of the radar between -7 m/s and 7m/s with a 0 m/s velocity as the
spacecraft flies directly above the scatterer. The power as shown in the second plot increases
as we move towards the scatterer and decreases in the same fashion as it flies away from it.
As shown by the plot, the single antenna case performs quite poorly under NUBF conditions
as compared to the uniform beamfilling. With this, we have our baseline to compare DPCA

with.
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Next DPCA is simulated at ideal conditions (A separation of 1.9125m between the leading
and following antenna, and both antennas pointing at nadir). The largest contribution of
error in measured scatterer velocity, as can be seen by the single antenna case, is the platform
velocity. Since DPCA removes the apparent spacecraft velocity due to its high correlation
between pulses, the effects of NUBF should be minimal. This means that for the duration of
the flight, we should see a near 0 m/s Doppler velocity. Additionally, we should see a steady
increase in power as we approach the scatterer and a steady decrease as we move away from
it. The peak power should also be seen at the point in which the spacecraft is right above
the scatterer. To demonstrate this, we simulate DPCA at ideal antenna conditions, and

calculate the power and velocity as can be seen in Figure 5.3. As expected, the Doppler
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F1GURE 5.4. The figure shows the results from DPCA simulated using 1 point
scatterer located at Om. The top plot shows the mean Doppler velocity profile
while the bottom plot shows the mean power.

velocity for DPCA remained consistently at 0 m/s for the duration of the flight. The power,
as shown by the second plot in Figure 5.4, also follows expectation resulting in a symmetrical

increase and decrease of power as we fly across the scatterer.
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To further our proof of DPCAs advantage over a single antenna case, we simulate DPCA
with uncertainty. As in Chapter 4, we vary our separation distance between 93% to 1.045%
of the nominal and our rear antenna mispointing angle by about half a fraction of the the
HPBW. As expected, the Doppler velocity estimates reduce in accuracy as we vary the
separation distance towards its corner case as can be seen from the first plots in Figure 5.5

For a separation distance of 1.045 of the nominal, and a mispointing of +/- 57% of the
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FiGURE 5.5. The figure shows the results of DPCA with uncertainty using
1 point scatterer located at Om. The top plot shows the mean Doppler ve-
locity profile while the bottom plot shows the mean power. The separation
distance is expressed as a ration of the nominal while the antenna mispointing
is represented as a fraction of the HPBW.

HPBW, we can see a linear increase in the velocity through the duration of the flight. For
a separation distance of 0.94 of the nominal, and a mispointing of 4/- 57% of the HPBW,
we can see a linear decrease through the duration of the flight. This follows reason since as
we increase the separation distance from nominal, the location at which antenna 2 transmits
happens before the location at which antenna 1 transmits. In other words, the velocity

change of the scatterer as seen between pulses should be negative before we fly over the
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scatterer and positive as we fly past the scatterer. The inverse logic can be applied to the
separation distance that is 0.94 of the nominal. The contribution of the mispointing can
be seen as much smaller than the effects of separation distance. This makes sense since
the effects of platform velocity impact the Doppler estimates significantly more in NUBF
as can be seen by comparing the Doppler velocity of a single antenna scanning a uniform
volume vs a non-uniform volume. If the antenna separation is off from nominal, than an
apparent platform velocity will be introduced into DPCA. It will not be as significant as for
a single antenna, but enough to reduce the accuracy of the Doppler measurements. With
that being said though, the Doppler estimates for DPCA still greatly outperform a single
antenna system.

The power on the other hand, can be seen to change as we mispoint the following antenna.
As we point the antenna forward, the power is higher at the start of the flight as compared
to the end as seen in the second plot in Figure 5.5. This makes sense since to the positive
angle results in the antenna illuminating the scatterer closer to its boresight before being
directly over the scatterer. As it passes it though, it illuminates less of the scatterer as would
a nadir pointing antenna. The inverse logic can be applied to a mispointing of -57% of the
HPBW.

As mentioned above, DPCA greatly outperforms a single antenna when computing our
Doppler estimates. In a single antenna, we are seeing Doppler velocities of up to 7 m/s, while
in DPCA at its worst, we are seeing a max Doppler velocity of 3 m/s. The next section
expands on NUBF and shows how DPCA and a single antenna perform when a column of

scatterers are used to simulate NUBF.
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5.3. NON-UNIFORM BEAMFILLING RESULTS: COLUMN OF SCATTERER

To further show the performance of DPCA when NUBF is present, we simulated DPCA
and a single antenna with a column of static scatterers located at Om in the along track
and cross track direction, and spanning from 500m to 10km in the horizontal direction. The
volume can be seen in plot B of Figure 5.2. Since there is more than one scatterer present
in the volume, we are able to show how NUBF affects the Doppler velocity and the velocity
spectrum.

As before, we simulated the single antenna case using a column of scatterers to provide
a baseline comparison. Again, since the platform velocity is so high in the single antenna
case, we expect to see a high Doppler velocity as well as a large spectrum as can be seen

in Figure 5.6. As can be seen, the resulting radar moments are noisy, producing unreliable
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FIGURE 5.6. The figure shows the results of a single antenna using a column
of scatterer located at Om in the along track direction. The left plot shows
the power, the middle plot shows Doppler velocity while the right most plot
shows the spectrum width.

returns for the power, velocity and spectrum width.
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Next DPCA is simulated at ideal conditions. As mentioned before, DPCA at its ideal
configuration result in a near perfect correlation between pulses. This in turn removes the
platform velocity contribution, which should result in a Doppler velocity and spectrum of 0
m/s. To test this out, we computed the power, Doppler velocity and Spectrum width using
the return voltages after simulating DPCA. As can be seen by Figure 5.7, the velocity and
spectrum width converge to 0 m/s. To further prove the viability of DPCA to providing

Ideal case
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F1cURE 5.7. The figure shows the results of DPCA at ideal using a column
of scatterer located at Om in the along track direction. The left plot shows
the power, the middle plot shows Doppler velocity while the right most plot
shows the spectrum width.
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accurate Doppler measurements under NUBF, we added the possible uncertainty from the
antennas. Just as in the single scatterer simulation, we are varying the antenna separation
distance and mispointing. To provide a better visual representation of the results, only the
corner cases are shown as they provide the worst possible performance of DPCA. To begin,
Figure 5.8 shows how DPCA performs when the separation distances is 1.04 of the nominal
and the mispointing is +/-57% of the HPBW. As can be seen, the velocity seems to degrade

in a similar manner as seen in the single point scatterer case. Since the separation distance
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Sep = 1.04, Mis = 57%
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FIGURE 5.8. (A) Shows the power, velocity and spectrum width when DPCA
is at a separation distance of 1.04 of the nominal and a mispointing of 57% of
the HPBW.

(B) Shows the power, velocity and spectrum width when DPCA is at a separa-
tion distance of 1.04 of the nominal and a mispointing of -57% of the HPBW.

is greater than the ideal, the velocity should increase as it flies towards and away from the

column of scatter. The spectrum width converges to 0 m/s.
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Figure 5.9 shows how DPCA performs when the separation distances is 0.94 of the nom-
inal and the mispointing is 4 /-57% of the HPBW. As can be seen, the velocity also seems to
follow a similar trend to that of the single point scatterer. Since the separation distance is
less than the ideal, the velocity should decrease as it flies towards and away from the column
of scatter. The spectrum width converges to 0 m/s.

As can be seen by the analysis presented in this section, DPCA outperforms the single
antenna case by a large margin. In the single antenna, we are seeing a max velocity of 8
m/s, while in DPCA we are seeing a max velocity of 3 m/s using its most unideal antenna
configuration of a mispointing of 57% of the HPBW and a separation distance of 0.94 or
1.04 of the ideal. Overall, DPCA show promise for accurately measuring Doppler estimates

under the conditions of NUBF.

5.4. SUMMARY

In this section, we showed how DPCA performed when NUBF was present. By using a
single point scatterer and a column of scatterer points, we were able to simulate the effects
on Doppler estimates for both a single antenna and DPCA. To further our analysis, we also
showed how DPCA performed under high levels of uncertainty, that could present itself in
a real implementation. From the analysis, we were able to see that DPCA outperformed a
single antenna system by a large margin even under worst case conditions. The max velocity
that we saw using DPCA was around 3 m/s, while the max velocity seen in the single antenna
case was around 8 m/s. Overall, DPCA seems like a viable to prevent the effects of NUBF

when taking measurements from a spaceborne weather radar.
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Sep = 0.94, Mis = 57%
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FIGURE 5.9. (A) Shows the power, velocity and spectrum width when DPCA
is at a separation distance of 0.94 of the nominal and a mispointing of 57% of
the HPBW.

(B) Shows the power, velocity and spectrum width when DPCA is at a separa-
tion distance of 0.94 of the nominal and a mispointing of -57% of the HPBW.
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CHAPTER 6

SUMMARY AND FUTURE WORK
6.1. SUMMARY

Taking accurate Doppler measurements of the atmosphere from space is an ongoing issue
of extreme importance. Extremely high levels of fidelity are required to allow the scientific
community to produce accurate predictions of weather events. While ground and airborne
radars have been refined to provide accurate measurements of the atmosphere, spaceborne
weather radars are limited in their abilities due to high platform velocities introduced by the
orbit of the spacecraft around Earth. If the antenna is not made large enough, successive
pulses are not well correlated, resulting in a degradation in the accuracy of Doppler measure-
ments. While techniques have been used in an attempt to reduce the effects of high platform
velocities, the inherent problem of uncorrelated pulses still remains a big issue. With this,
a displaced phase center antenna configuration has been proposed to remove these biases
introduced by the high platform velocities.

The objective of this thesis was to show the effectiveness of using a displaced phase
center antenna configuration for taking Doppler measurements from space over current im-
plementations. First the concept of DPCA was described and translated over for use in
spaceborne weather radars. To demonstrate the effectiveness of DPCA for taking Doppler
estimates from space, simulations were ran using both uniform and non-uniform volumes.
In an attempt to provide a more accurate representation of how DPCA would perform in a
real life situation, this work focuses on characterizing the uncertainty associated with DPCA
in a real life implementation. DPCA relies on 2 antennas to remove the apparent platform

velocity causing the bottleneck in current spaceborne Doppler estimates. Due to this, it
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is necessary to understand how changes in the antennas position could affect the Doppler
measurements taken using DPCA. By varying the separation distance of the antennas, and
varying the mispointing of the following antenna in relation to the leading antenna, we were
able to provide a full characterization of the uncertainty brought upon by DPCA. Finally, an
analytical comparison between the accuracy of taking Doppler measurements using a single
antenna system and DPCA is shown. As can be seen in the research, DPCA outperforms
current spaceborne weather radar implementations by a significant margin. This is made
especially clear when showing the effects NUBF has on the accuracy of Doppler estimates

using a single antenna vs DPCA.

6.2. FUTURE WORK

Future work on DPCA that are outside of the scope of this thesis are suggested in this
section. This includes additional characterizations, more robust scatterer volumes which
simulate real weather events and further implementations to the radar hardware.

DPCA’s mains sources of error come from the antennas. This work focused on character-
izing two of the most significant sources of error, the separation distance and mispointing of
the following antenna in relation to the forward. Additionally, DPCA can obtain additional
sources of uncertainty from the attitude of the spacecraft as it orbits the Earth. This can
most significantly be seen in deviations from the Yaw of the spacecraft. It is possible that
the contributions from this could reduce the accuracy of DPCA by a small margin.

The tested volumes in this work consisted of static scatterers distributed uniformly and
nonuniformly. A more robost approach would be to generate a moving scatterer to emulate
the dynamic process of the atmosphere. By doing so, it would be possible to get a more

accurate understanding of how DPCA could perform under convective and stratiform rain.
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Pulse compression techniques could be added to future simulations to quantify its uses
in spaceborne weather radars using DPCA. Pulse compression is a widely used technique in

ground based radars that could potentially be used in DPCA to improve the range resolution.
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