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Chapter 1

INTRODUCTION

Dual polarization radars have become a valuable tool in
the study of precipitation. Seliga and Bringi, [1976] have
developed a differential reflectivity technique and McCor-
mick and Hendry [1968] have developed a technique for mea-
suring circular depolarization ratio. Both methods provide
more data on the hydrometeors in the radar volume, than that
which can be obtained with a single polarization radar.

This thesis investigates both of these techniques and
present a method for measuring linear depolarization ratio
to characterize more accurately the effects of raindrops in
a satellite to earth propagation path. The radar can pro-
vide range gated data on the precipitation structure along
the path, and a dual polarized radar can measure of the de-
polarizing properties of the hydrometeors. The logical con-
clusion of such measurements, if they can be made with suf-
ficient accuracy, is that prediction of attenuation and
depolarization on a slant path from a satellite, at any fre-
quency, could be made from radar data alone. This would re-
move the need for a beacon transmission from a satellite in
order to assemble slant path propagation statistics, and

could considerably reduce the cost and difficulty of making



such measurements, since suitable beacon transmissions from
satellites are not always available.

A more exact formulation of the differential reflectivity
relationship developed by Seliga and Bringi [1976] is given,
which includes the effect of elevation angle and raindrop
canting angle. The cross-polarized backscatter from oblate
spheroidal raindrops is analyzed in a similar fashion to
derive a relationship between linear depolarization ratio
(LDR) measured in the vertical-horizontal pleans, and *45
degree planes with a dual-channel, dual linearly polarized
radar and the parameters of the rain-filled medium. Also,
circular polarization is considered and relationships bet-
ween circular depolarization ratio (CDR) and the parameters
of the rain-filled medium are investigated. These relation-
ships are shown to be equivalent to those produced by McCor-
mick and Hendry [1976].

The single scattering matrix for an oblate raindrop is
derived first, and the result is used to calculate the back-
scattered return from a collection of scatterers, in the
form of a matrix radar equation. This radar equation is
then applied to the problem of extracting drop size distri-
bution and canting angle from the measurement values ob-
tained with a dual polarization radar. The matrix radar

equation developed here is general, and can be applied to



any dual polarized radar using linear, circular or ellipti-
cal polarization.

The statistical character of the backscattered return
from a collection of scatterers is examined to provide in-
sight into the design of a radar data collection system ca-
pable of logging and analyzing dual-polarization radar data.
Finally, the dual-polarization radar development program un-
derway at VPI&SU is described. Also, a detailed description
of a new radar data collection system, needed to make dual-

polarization radar measurements is given.



Chapter II

REVIEW OF DUAL-POLARIZATION RADAR TECHNIQUES

This chapter reviews the current techniques used in dual
polarization meteorological radar studies. Although most of
these studies are concerned with the characterization of hy-
drometeors such as rain, hail, snow, and ice crystals and
their relation to storm structure, the theoretical develop-
ments put forth in these studies is readily applicable to a
better understanding of the propagation effects along a sa-
tellite-earth slant path.

Early work in dual-polarization radar involved polariza-
tion measurements of precipitation, aircraft and ground
clutter. Hunter [1954] conducted a circularly polarized ra-
dar experiment measuring the ratio of two circular-orthogo-
nal components for many types of rain. Browne and Robinson
[1952] investigated the cross-polarized signal return of the
melting band using circular polarization. Gent et al.
[1963], performed a comprehensive study of the depolariza-
tion characteristics of aircraft, precipitation and ground
clutter. These studies were limited to a simplified analy-
sis of the scattering mechanism of precipitation and its re-

lation to measured results.



A more rigorous formulation of backscattering by rain and
hail using dual-circular polarization radar techniques was
developed by McCormick and Hendry [1968] and their theory
will be outlined in Section 2.2.

The most recent technique employing linear-polarization
was developed by Seliga and Bringi [1976]. Their technique
requires the measurement of the difference in the linear
co-polarized return in the horizontal and vertical planes
and is termed differential reflectivity. This technique is
appealing because no cross-polarized channel is needed in
the radar, hence cost is reduced considerably. An outline

of their technique is given in the next section.

2.1 DIFFERENTIAL REFLECTIVITY TECHNIQUE

Seliga and Bringi [1976] developed the differential re-
flectivity technique to determine rainfall rate. Their
method involves the measurement of ZH and ZV, the equivalent
reflectivity due to horizontally and vertically polarized
transmitted waves from a radar. The differential reflectiv-
ity, defined as 10 log(ZH/Zv), occurs because of the oblate
like shape that falling raindrops take on as their size in-
creases. Their analysis assumes that raindrops take on an
oblate spheroidal shape with the axis of revolution about

the drop minor axis. The minor axis points in the vertical



direction. Also raindrops fall with no canting angle in the
plane of incidence (i.e., the plane perpendicular to the
transmitted wave). The elevation angle to the raindrops is
assumed to have little effect on this measurement technique.
A truncated, Marshal-Palmer [1948] exponential raindrop

size distribution of the form:

N(Deq) = No exp(-3.67 Deq/Do) (2.1)
where
Deq = diameter of a spherical raindrop with an
equivalent volume as that volume of an oblate
raindrop. (0.0 < Deq £ 1.0 ¢cm)
No = magnitude of the distribution
Do = median volume diameter (i.e. drops larger than

Do contribute to half the total liquid water

content per unit volume

The raindrop distortion is measured by the raindrop axial
ratio (a/b), where a is the semi-minor axis length, b is the

semi-major axis length. The axial ratio is then related to



Deq through the equations [Pruppacher and Beard, 1970]:

1.0 0<D <0.028 cm
eq —

/2

‘ . 1 |
a/b =4 [1 - (9/32)D, o V(D )?/ul 0:028 <D < 0.1cm (2.2)

. - 0.62 D 0.1<D <1.0cm
L 1.03 eq SDq S
where

p, = 1.1937 x 107 g em™ is the density of water

vapor saturated air
U = 72.75 ergs cm~? is the surface tension of
water
V(Deq) = terminal velocity of raindrops.

To determine the backscattered power, and the equivalent
reflectivity in both polarizations, Seliga and Bringi used
Rayleigh scattering theory to calculate the radar cross sec-

tions OH and GV at horizontal and vertical polarizations



respectively. The cross sections are given by:

2
16, 1’ 6 m- -1 2 2.3
o, = (=) Gx) D (cm?) (2.3)
7 2 2
16, ,m 6 m- - 1 2
o, = ()G D (em®) (2.4)
v 977 € 4 + (m2 - 1)P

where

P = 4n - 2P' = %127_ [1 - [(a/b)/e] sin~? e] 3

e = eccentricity of the principal elliptical cross
section = 1 - (a/b)?.
V = volume of the oblate raindrop = MTDa:/24

m = complex index of refraction of the raindrop.

The average backscattered power from a common pulse volume

filled with raindrops at a range r can then be expressed as:

2
(c/t%) f 9 (Deq)N(Deq)d 1)eq (2.5)

L eq -

<PH(r)>

e —

2
(c/r%) JD Oy (Deq)N(Deq)d Deq (2.6)
eq -~

<Pv(r)>

where



a
I

radar constant

N
I

range to pulse volume
By defining C* as:

¢ = c(16/9) (17 /A%, . (2.7)

equations (2.5) and (2.6) become:

<Py (r)> c* zH/r2 (2.8)

<Pv(r)> c* zV/r2 (2.9)

where the equivlent reflectivity factors are given by:

[o o]
-1
z =J p & L N(D ) dD (2.10)
i o *Tl4 + @ - 1P ed e
. 2
-1
z =j p © L N(D ) dD (2.11)
Voo ® |4 + @ - 1P e ed

From these two equations it can be seen that due to the fac-

tors P and P', 2y and ZV will take on different values. Se-
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liga and Bringi then define the shape functions

2
2
S, (m, a/b) = m -1 (2.12)
4m + (m?® - 1)P'
and
m? - 1
sy (m, a/b) = (2.13)
4m + (m? - 1P

and then noted that the parameter N, can be brought outside

the integration. Then applying the truncated limits vield:

ZH 1.0cm .
.N_o. = JO Deq SH(_m, a/b)exp(-3.67 Deq/Do) d Deq (2.14)
ZV 1.0cm 6
— = - 2.15
N Jo Deq Sv(m, a/b)exp(-3.67 Deq/Do) d Deq ( )
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Differential reflectivity is then defined as ZDR:

1.0

6
Jo 1)eq SH(m,_ a/b)exp(-3.67 Deq/Do) d Deq
ZDR = 10 log 1.0 (2.16)

6
JO Deq Sv(m, a/b)exp(-3.67 Deq/Do) d D,

q

Note that equation 2.16 is independent of N, and therefore
the parameter D, can be found directly by measuring Zpg.
Once D, is known, N, can be found by rewriting either equa-
tions (2.14) or (2.15) and solving for N,. Figure 2.1 shows

Z
a plot of Zp; and normalized reflectivity 10 logcﬁg) vs Do.

0
Seliga and Bringi [1981] have measured Zpgp values ranging

between 0 and 3 dB.

Finally, the rainfall rate can be expressed as:

1.0
= 3 -
R = 0.6m No [o Deq v(Deq)exp( 3.67 Deq/DO) d Deq (2.17)

Seliga and Bringi also considered the sensitivity of N,, and
D, to possible errors made in Zpp measurements and concluded
that this technique could provide better estimates of rain-

fall rate than single polarization radar measurements.
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Figure 2.1. ZDR(dB) and 10 log ﬁ; vs. Do(cm), from

[SeIiga and Bfingi, 1976].
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The development in Chapter 3 parallels this work and ex-
tends this technique to include the effects of canting angle

and elevation angle on ZDR measurements.

2.2 DUAL-CIRCULAR POLARIZATION TECHNIQUE -

To further develop the theory of backscattering from hy-
drometeors using dual-circular polarization, McCormick and
Hendry [1968, 1976] have developed a rigorous theoretical
treatment of this phenomenon and have conducted experiments
using a 16.5 GHz dual-channel radar. In their development,
propagation effects induced by scatterers between the radar
and those scatterers of interest are accounted for.

They first consider the backscattered field due to linear

incident polarization. This field can be expressed as:

] B W;E ]
E -YOR Sx Sxy b
- e (2.18)
R
E" s S g
y | Tyx vy || Ty
L - - -

where the t superscript represents the transmitted field
upon a scatter, the r superscript represents the received
field at a distance R = R(r, 6, ¢) from the scatterer. The
notation R(r, 6, ¢) will be described later. Yo is the pro-
pagation constant = 27/A. Sxx, Sxy, Syx, Syy are the ele-
ments of the scattering matrix of the scatterer. The scat-



14

tering particle is oriented in the coordinate axes as

defined in Figure 2.2. These scattering elements are the

same as those developed in Chapter 3. In terms of circular
polarization
— — - -
r—] 2ja t
- -24 S +4S E
E, -y R (s _~S,,~23 S _)e xSy || B+
e
= 2.19
R ( )
E T S _+S (s -s +25 8 Je A%l g ¢t
- XX yy XX yy Xy =
T | JL

where the + subscript represents right hand circular polari-
zation, and the - subscript represent left hand circular po-
larization. In this development it is assumed that the axis
of symmetry of the particle lies in the x axis. This re-
quires the phase of the diagonal terms in equation (2.19) to
be equal. Also it is assumed that the off-diagonal elements
in equation (2.19) are real by adjusting the XY plane longi-
tudinally (along the z axis). This enables equation (2.19)

to be rewritten as:

+ -Y R + +

_e 0,1/2
-t & (2.20)

where

0 = backscatter cross section = 7(S + S )2
XX yy

v,ed®= (54 - S,y 7 27 25,,)/(5,

+
* yy SYY)
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Figure 2.2. Scattering particle referred to the X,Y,Z coordinate
axis, from [McCormick and Hendry, 1975].
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o = canting angle (defined in the XY plane) of the

particle.

If the particle is small compared to the operating wavel-
ength then v, T v_ and the scatterers can be considered in
the Rayleigh region where Rayleigh scattering applies.

The radar employed by McCormick and Henry can transmit
one and receiving any two orthogonal polarizations. This is
done with a microwave circuit shown in the schematic of the
radar in Figure 2.3. The scatterer is located at coordi-
nates r, 6, ¢ denoted by R(r, 8, ¢) referenced to the Xor Yoo
2, coordinate axes. The microwave circuit can arbitrarily
divide the input power between channels 1 and 2 and arbi-
trarily phase shift the two input signals to produce two

output signals. This device is represented by the matrix;

* *
n -m

At this point the transmitted and received field must be
related to the transmitted power and received signals. The
transmitted wave amplitudes are defined as:

M

4,

and the received wave amplitude mesured at reference T in
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A - ANTENNA
MC-MICROWAVE CIRCUIT
0 -ouPLEXER )
TR-TRANSMITTER

S <-SCATTERING TARGET

A,T-REFERENCE PLANES

Figure 2.3. Schematic of.radat and target orientation with
respect to Xg, Yo» 2o coordinate axis, from

[McCormick and Hendry, 1975].



Figure 2.3 is:

R

R,

18

Assuming that the radar antenna has a one way power pattern

G(6, ¢ ) and phase pattern ¢(6,

in equation (2.20) can be expressed as:

1/2
- [ELQLJQL] exp[j o (8, ¢)]

2m v
(o]

exp(-YO R)

R

where Wo is the admittance of free space.

¢) then the transmitted field

(2.21)

ref plane A

The received am-

plitudes can be expressed as a function of the received

field in equation (2.20):

—

R

R

1

2

o

= A
2 2m

ref plane A

68, ®)Y¥

1/2

eXP(J' ¢ (6, ¢)]

-
EX

2=0

(2.22)

Combining equations (2.21) and (2.22) into equation (2.20)
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along with the microwave circuit transfer matrix results in:

2 . . m n
1 i A G(O, d)exp(2j @ (6, ¢) - 2 Y, R (901/2 .
gm R? " *
R, , v
ref plane T
j(§ + 2a)
v+ e 1 n n M1
(2.23)
(8 - * *
1 \)- eJ (6 20.) n -m Mz
| JdL — L - |ref plane A

In general only one polarization is transmitted and Rj, Ry
are normalized to the transmitted amplitudes. Hence either
M, = 1l and Mp = 0 or M; = O and My, = 1. Equation (2.23)
then expresses the measured quantities Ry, R, representing
the complex amplitudes measured in channels 1 and 2 due to
the characteristics of the scatterers illuminated by the ra-
dar. This equation must be averaged over the ensemble of
scatterers within the radar antenna beam and pulse length of
the transmitted pulse to arrive at an ensemble average of
the measured quantities. To carry this out, assumptions of
the statistical distribution of the scatterers must be made
and McCormick and Hendry assume that the signal amplitudes,
not the parameters defining the collection of scatterers,

are normally distributed. From this, the resulting quanti-
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ties are defined:

*
kjp = <RyRy >
*
k = <R.R. >
2
22 . 2 (2.24)
= >
kg = RiRy
&) = arg(klz)-

The brackets <,> represent the ensemble average of the gquan-

tity enclosed.

From equation (2.24) the final parameters can be defined:

k
CAN = 10 log Eg% =—circular depolarization ratio (2.25)
11
= 1/2 2.26
ORTT = |k, [/ (k  ky5) (2.26)
LAD = 1/2 arg(k12 - 7/2) (2.27)

where the circular depolarization ratio is a measure of the
depolarization of the scatterers, ORTT is a measure of the
degree of orientation or alignment of the scatterers, and
ALD is a measure of the apparent canting angle of the scat-
terers.

Because of the short operating wavelength of the radar

used by McCormick and Hendry, they must include propagation
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effects. This is done by noting that for any precipitation
medium there are at least two polarizations with their asso-
cited propagation constants which will pass through the med-
ium without polarization conversion. These are known as
characteristic polarizations of the medium. By transforming
the received and transmitted fields to the characteristic
polarizations as these fields pass through the propagation
medium, then the field can be expressed as functions of the
propagation constants. Therefore propagation effects can be
taken into account. It is noted that in doing this, assump-
tions of the propagation medium must be made which could
lead to misinterpretation of the received quantities. 1In
their formulation McCormick and Hendry have included the
propagation medium effects by replacing the term (1/R) exp(-yo
R) in equations (2.20) and (2.21) with the (2 x 2) matrix P
and its transpose. Details of this matrix may be found in
the literature [McCormick and Hendry, 1975].

McCormick and Hendry have uéed this technique to study
several types of precipitation with good success in gaining
further insight into the description of precipitation.

This technique is equivalent to the development presented
here and theoretical results of the presented development
using the definitions in equations (2.25) to (2.27) are giv-

‘en in Section 4.8.



Chapter III
THEORETICAL DEVELOPMENT OF A DUAL-POLARIZATION
RADAR EQUATION FOR RAIN

In this chapter the single particle scattering matrix for
an oblate raindrop is derived. The result is used to calcu-
late the backscattered return from a collection of scatter-
ers, and formulate of a matrix radar equation. In the for-
mulation of the single particle scattering matrix a geometry
was chosen to include the effects of raindrop canting angle
and of elevation angle to the raindrop. The scattering ma-
trix is developed using Rayleigh scattering approximation
which holds for this scattering problem because of the rela-
tively long wavelength (compared to raindrop size) used by
the VPI&SU radar. The study scattering effects of rain at
higher frequencies will require a more accurate scattering

model.

3.1 SINGLE SCATTERING MATRIX FOR AN OBLATE RAINDROP

3.1.1 Backscattering from an Oblate Spheroid

In this section the backscattering coefficients for an
oblate raindrop will be derived. This development is based
on the Rayleigh approximation and holds fairly well for the

wavelengths considered here.

22
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->
The scattered field E at a distance r from the raindrop,

in the far field can be expressed as [Stratton, 1941]:

2
ko exp(-jkor) N

E G- G- k)k} 3.1
where
> > >
p =| (e - eo) Edv ; E = electric field induced
v
inside the scatterer
2

o s A = free space wavelength

€, = permittivity of freespace
€ = permittivity of the scatterer
ks = unit vector in the scattering direction

Equation (3.1) holds under two assumptions. If £ is the

maximum dimension of the scatterer than k_ ¢ must be much

less than unity (k_ % << 1) and Ikg - 2] << 1. These two
assumptions imply that the scattere;)is very small compared
to the wavelength and that the induced field inside the
scatterer instantaneously follows the applied field.

With these assumptions, the scattered field can be found
by considering the internal field of the scatterer induced

by a uniform electrostatic external field. Falling rain-

drops become oblate, with an ellipsoidal shape, and can be



modeled by a dielectric ellipsoid.
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The electrostatic prob-

lem of a dielectric ellipsoid in a uniform electrostatic

field has been considered by Stratton [1941],

[1964];

and Jones

the results of their development are used here.

->
With an incident electrostatic field Eo applied to an ob-

late spheroid it can be shown that [Stutzman et al.,

1981}]:
( )
Eo n Eo 2 + Eo m
> _ 41 ab? n L m _ 3.2
P=7 * €- e, + e-¢ (1-1, (€ -¢€) (3-2)
1+ c I1 1+ c 5
L o ° J
where
a = semiminor axis lenngth.
b = semimajor axis length.
, E 9 E are the components of the incident field
on ) om
€ = eo er = permittivity of the dielectric ellipsoid.
11 =-£% [1- (1—e2)1/2 e~! arcsin e]
2,1/2 e
e = [1- (a/b)°] ; e = eccentricity of the ellipsoid
l, m, n is a right handed unit vector set in cartesian
coordinates.

Figure 3.1 describes the geometry used in formulating equa-

tion (3.2).
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- D>

Figure 3.1. Geometry of an oblate ellipsoid with permittivity €
in free space. a = semi-minor axis length, b = semi-
major axis length.
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By examining equation (3.2) it can be seen that the inci-
dent field can be decomposed into components E. v and E
which are in the direction of the spheroidal axis of revolu-
tion and the orthogonal axis of the raindrop. Therefore let

the electric dipole moment be defined as:

> > >
- (3.3)
P ph th + Py Eov
where
(
4T ab? 1
h 3 (E‘Eo” e -¢ 1-1
o 1
1+
€ 2
| o
_lmabz(e_e) 1
Py 3 o € - eo
1+ I
€ 1

The coefficients P, and p, can be written as a function of

the complex index of refraction by making the substitutions:

- (3.4)

€E-€ =€ (m®> - 1) (3.5)
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This changes p, and p, to

2
Py ——-——4”331’ € (m* - 1) 2 (3.6)
° Il(l-m2)+m2+l
2
pv=i“_3ab_€°(mz - 1) 1 (3.7)

I.(m? -1)+1
(1

3.1.2 Geometry for Scattering by a Single Raindrop

At this point the scattering coefficients can be calcu-
lated. The scattering problem must also include the canting
angle of and elevation angle to the scatterer. Figure 3.2
shows the scattering geometry used for the oblate raindrop,
following the approach of Haworth, Watson and McEwan,

[1977]. The equatorial plane of the raindrop is defined by
unit vectors i and ;, where i .; = 0, and ; = ; . 1. The
vector 3 is in the direction of the axis of revolution of
the raindrop, and is assumed vertical. Therefore ;, 1, ;
define the vertical and horizontal planes of the raindrop,

and X, y, z is a set of orthogonal unit vectors associated

>
with the incident electric field Ei‘ The angle Y, measured



Figure 3.2.
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Scattering geometry of an oblate raindrop. V¢ is

the angle measured from the y axis to the projection
of n onto the xy plane (the plane of incidence). %
lies in the xy plane; § is the elevation angle to
the drop. [Figure drawn by Dr. T. Pratt, 1982].
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from ; axis to the projection of ; onto the plane of inci-
dence, defines the incident polarization. The angle between
ﬁ and the direction of propagation (;) is the complement of
the elevation angle §. This defines the orientation of the
incident field with respect to the raindrop coordinate sys-
tem. The incident field propagates in the ;'direction with
the field polarized in the xy-plane. The incident field can
be expressed as:

~ ~

->
= .8
Ei onx+Eoyy (3.8)

A A A A

The unit vector n can be written in terms of x, y, and z as:

A ~ ~

n=n Xx+n y+n 2z
x y z

or as a function of § and

n=cos § sin{ x + cos § cos Y y + sin § z (3.9)
> ->
From this, th and Eov can be found as follows:
> > A A
Eov = (Ei e n)n

(E n +E n)
oxX X oy 'y

i 3.10)
(nxx+nyy+nzz) (
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S E. =F_  + % h
ince Ei = th ov we have:

> > ->
= - 3.11
Eg, = B - By ( )

3.1.3 Calculation of the Backscattering Matrix

Using the results of equations (3.3), (3.6), (3.7),

(3.10) and (3.11), equation (3.1) results in:

k zeXP("jk r) -> > > -> AT

~ =2 o - . 3.12
Eg = 4T e T {phth T PEy ]:(phth * PR ks:’ ks} ( )
For the backscattering case ks = -z and equation (12) reduc-
es to:

2 .

E . ko exp ( Jkor) .
s~ 4me T

® A
2 2
+ + - -
[{p"E:“ " TPy Ty ng Pa[Fox(t %) T Foy Ty nJ}x

; o, g? ~
+'{vazox L + Eoy ny:l + phl}loy(l ng ) ¥E 0o n};l}{] (3.13)

Equation (3.13) can be written in matrix form with the sub-
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stitution of the components of equation (3.9) as:

] P 2 2
Es ) (pv ph)cos § sin® Y + Py
X k
__o
4T €,
_ 2 sin 2y
Esy (pv ph)cos § >
] L

exp(-jkor) X

_ 2 5 sin 2y ]
(pV ph)cos $ 5

2 2
(pv ph)cos § cos® Y + Py,

(3.14)

This is the backscattering equation in the far field due to

a plane wave incident on an oblate spheroid. By substitut-

ing equations (3.6) and (3.7) into equation (3.14) and de-

fining:

(m? - 1)1 - 3 I,)

(3.15)

11(m2 - D[ -1)Q - 1) +1] + m? + 1
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equation (3.14) reduces to:

EI >

Vk (m®-1)
= ° L4
4
E
| SY_|
- - F -
M cos28 sin’y + 2 !'sinzw cos?§ E
I, (1-m?)+m?+1 2 exp(-jk 1) | %
1 o (3.16)
r
M sin2y cos?$ M cos?S cos?y + 2 Eoy'
2 I, (1-m?)4m’+1 L
1 —

where .

m = dielectric constant

1/2
-1 -Q - e?) 1
Il ]: — jrcsin(e)] (gf)
1/2

e =[(1- (a/b)?)]

0, ¢y = elevation and polarization angle

r = range to the observation point

2
V = volume of the spheroid = ilfé—

By taking the limit as a -+ b the ellipsoid becomes a sphere.
This is equivalent to letting e -» O; from this it can be

shown that:
I =1
e>o 1 3 (3.17)

Then the coefficient M in equation (3.16) goes to zero and
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equation (3.16) reduces to the linear equation for either

incident linear polarization:

-ik
- 2 (‘mZ - 1) 3exP( J Or)

E E (3.18)

a
r 0
Sx,y ° (m2~+—2) X,y

This is a classical result in scattering from a dielectric
sphere [Van de Hulst, 1957]

Note that since the Rayleigh approximation is used the
scattering matrix is symmetric and the backscattered field

is equal to the forward scattered field.

3.2 BACKSCATTERING FROM A VOLUME OF SCATTERERS

In this section, a matrix formulation relating the re-
ceived power from a dual-polarized radar to the particle

characteristics within a cloud is developed.

3.2.1 The Intensity Matrix

A volume filled with scatterers, as shown in Figure 3.3,
is illuminated by a radar. The received energy is due to
the backscattered component of all N scatterers within the
volume. The volume extends from range Rl to R2 and within
the half power beamwidth of the antenna eB. The parameters

8.', ¢jg r. define the position of the jth scatterer within
J J

the volume. Initially, it is assumed that the radar tran-
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Figure 3.3. Volume filled with N scatterers illuminated by a
radar. r;, ej', ¢s;' define the coordinates of the
jth scattgrer within the volume.
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smits a continuous wave, then with the appropriate assump-
tions the results will be shown to hold for the pulsed-wave
case.

The scattered field from a single particle developed in

the previous section can be written in matrix-form:

exp(-jkor) i

B -—— % [f]E (3.19)

where E1 is the incident field, [f] is the scattering matrix
given in equation (3.14) and gé is the scattered field at a
great distance r from the scatterer.

In terms of scattefed intensity, equation (3.19) can be

written as:

* *
S S S S
B E LB
S S Sx
- - -
* *
S S S S
E2 El E2 E2
X .
L e e - e (3.20)

The symbol gx means take the conjugate transpose of matrix

E. Subscripts x and y in equation (3.14) are replaced with
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subscripts 1 and 2 respectively in the general case of two

orthogonal polarizations.

3.2.2 Calculation of Scattered Power Returned to a Radar

The radar parameters can be included in equation (3.2)
with the assumptions that the antenna gain is the same for
both polarizations and no impedance or polarization mismatch
exists in the radar antenna. Then, the intensity incident

upon the jth scatterer can be expressed as:

. G(6.,', $.")
_j_[_.l=._1___.]__gt (3.21)
] 4t rj2

where
G(ej',¢j') is the gain of the antenna as a func-
tion of g, andg,',
eJ ¢J

h

rj is the distance from the jt scatterer to the

antenna.

[g]t is the transmit power matrix:

2" =

Note that the off-diagonal terms of the transmit power ma-

trix can be complex, but are zero when only one polarization
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is transmitted at any instant of time. The diagonal terms
in this matrix correspond to the power transmitted in polar-
izations 1 and 2. The scatterer in turn, scatters this en-
ergy in all directions and the scattered intensity at the
radar antenna is expressed as equation (3.20). Combining

equations (3.20) and (3.21) results in:

G.', ¢,")
1S=—31 1" (£30p" [£,1F (3.22)
- 4m " - J
k|

where [fj] is the scattering matrix for the jth particle.
The receiving antenna (assumed the same as the transmit an-
tenna) will receive the scattered intensity multiplied by

the antenna's effective aperture A (6.', ¢j') [Stutzman and

A

Thiele, 1981], and the power available at the receiver can

be expressed as:

G(e-" ¢ ')
pT=—J3 " 3" (e12% (£.1%4A (0., 6.") (3.23)
=3 am it= 3 e J "]

3
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where

G®.', ¢.") \*
Ag(0y"s 65" =——-jTﬂ-—J— A (3.24)

gar is the received power matrix measured at
the radar antenna output due to the jth particle
in the volume; a discussion of this matrix

follows. Therefore:

2 ~2 [] ]
r_ PAJ G (qj, ¢j )

3

[£,] Pt [fj]x (3.25)

At this point the received gquantities can be related to
the scattering matrix and the transmit power. The transmit

power matrix can be written as:

A vivo

Pt = (3.26)

V2V1 VV2V2

where

*
V1V1 = power transmitted in channel 1
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(with polarization 1)

*
v,V = power transmitted in channel 2

2°2
(with polarization 2)
* *
V1V2 , V2V1 = complex power

due to both channels 1 and 2.

V is the voltage across the antenna terminals referenced to
an impedance of one ohm. The voltage notation is of no
consequence since power is of interest here.

Since we transmit in one polarization at any instant of

time, PlZ = 0, P21 = 0 and either Pll = Pl and P22 = 0 for
transmitting polarization 1 or Pll = 0 and P22 = P2 for
transmitting polarization 2. Pl and P2 are the transmit

powers (in watts) in channels 1 and 2 respectively. But in

general for a single particle let:

— —

Ba B

(8,1 = [£,] Pt [fj]x = (3.27)

21 22
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where
* * *
By = 11Uy e P g, BB+ £, (8BRS £ IR
By = £y (Ey 5|7+ fzz* BBy ) + (6" BB+ £, [E,1%)
Byp = £pp(fy, 1B |7 + £y E)E 4y, BB H R (D)
Byp = f39(Eyy [E|% + £ B + £y (6yy BB, + £y B[P

Substituting equation (3.27) into equation (3.26) yields:

G2(e.', ¢.")
_ (A2 h| |
h|

This is a generalized radar equation for any set of orthogo-
nal polarizations with the corresponding scattering coeffi-
cients. Fortunately, equation (3.27) simplifies. First,
the scattering matrix [fj] is symmetric (as shown in the

last section) for particles in the Rayleigh region. There-
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fore f,, = £,; and equation (3.27) reduces to:

B, = lf,121E 2 + 2 Re(E) £ ) T EE + |f,|%]E,]
, 2 * ) * X s
Bio = f11f12 lE |* + f11f22 EjE, + (£, BB + £558 5 [E,|
* -
By1 = B2
By, = |£,,]2|E,|2 + 2 Re(f,f,, E2E1*> + 1£,1%|E,]

Furthermore, if we transmit in polarization 1 with power 21

: 2 _ 2 _
(i.e. lVll = Pl’ |V2| = 0), then

— 2 2

Byy = |, IE1l
- 2 _ *

Bip = f11F1p [Eyl% = By (3.30)
- 2 2

Byy = £51%1E,]

Similar results hold for transmitting in polarization 2

with power P, (i.e. IVll2 = 0 and IVZF = P,). At this
point the above results will be extended to a collection of
particles within a volume.

The total scattered field from the volume shown in Figure

3.3 can be expressed as the superposition of the scattered

field from all N scatterers within the volume [Van de Hulst,
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1957] . Therefore, let:

N
=) E° (3.31)

where

E.° is the scattered field from the jth scatterer.
25

The backscattered intensity can be expressed as:
N
] E°E° (3.32a)

This double summation takes into account the contribution to
the total intensity from different scatterers. Equation

(3.32a) can be written as:

N
gjs gjs + 57 Y ESES (3.32b)
1 =

The total number of scatters N can be any positive integer
greater than 1. The first term of equation (3.32b) is the
sum of the scattered intensity from each particle. The sec-

ond term is the sum of the correlation between the scattered
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fields from two different particles. If N is very large and
the particles within the volume are not very close to each
other, as in our case, the second term will have an average
value of zero. This result is due to the random phasor sums
of the scattered field from particles with -different dis-
tances from the antenna resulting in positive and negative
correlation, hence the second term may be neglected. With
the assumptions stated above, this type of scattering is
known as independent scattering [Van de Hulst, 1957].
Therefore the received power due to all the scatterers

within the volume is given by:

N G2(8,", ¢.")
PP = (] 13 s,] (3.33)
3=1

rt J

N

3.2.3 Averaging over a Volume of Scatterers

Equation (3.33) must now be averaged over an assumed par-
ticle distribution to obtain an average received intensity

from the volume of scatters. The particle distribution for
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raindrops can be expressed as [Ishimaru, 1977]:

n(r, a, 6, s)

g(r, a, 6, s) = ~ (3.34)

where n(r,a, 6,s) is the number of scatterers per unit volume

for particles in a range r to r + dr, equivolumetric radius

]|

to a + da, canting angle 6 to 6 + df, and shape s to s +
ds. N is the total number of particles per unit volume.

Averaging equation (33) yields (assuming N is large):

<p%> = (22‘17)2{”” G2(0',0") (3(r,3.6,8)] n(r,5,0,s) drdZdeds} (3.35)

r

This equation can be simplified by assuming that the scat-
terers are uniformally distributed through the volume and
that the distribution in r is independent of (a,0,s) in

equation (3.34). The integration over dr reduces to a vo-
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lume integral taken over the complete volume. Therefore:

)
B
2m -2_ RI/ 2 ) ]
<Pfs> = (lL)Z . f J J JJJ.E_gg_A_Q_l [B(a,0,s)]
- 4m 0 -6 R *
%R
2 -
. n(;,e,s)dgaedé} r? sin B' drd6'do’ (3.36)

Before this integration can be carried out, the antenna
gain function must be approximated by a suitable function.
Probert-Jones [1962] approximated an antenna gain pattern as

a Gaussian beam shape given by:

1
8", ¢') = G_ expl-1n 2(252] (3.37)
fo) GB
where
-8 0
B B
20 23

Go = on axis gain of the radar antenna
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Using this gain function

D” [B(a, ,s)] n(a,0,s) daddds] (3.38)

A discussion of n(a, 6, s) is given in Section 4.1 and inte-
gration of 6 and s is carried out analytically in Appendix
I. The integral in the braces can be expressed as the en-

semble average of [B]. Therefore:

T8 % (R, - R
%> = (%)2 G 2 { B ][ — 1) <[B]> (3.39)

Equation (3.39) will now be shown to be true for the pulsed
wave case. Figure 3.4 shows a pulse returned from a volume
of scatterers with |Vl|2 = Pl. This represents a typical
return as seen on an A-scope display of a radar set, where T
is the transmit pulse duration. If we assume that the sam-

pled volume length is much smaller than the range to that

. - ~ 2 .
volume (i.e. Rl >> R2 Rl)' then R1R2‘. Rl . Also if

_h - . .
R2 - Rl = =3 H h = transmit pulse length in meters
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transmit pulse shape
;5 f{ envelope of return

//T\\‘~\..\\_\\ signal
. L ] . - t
0 - To 7 }" To
2Ry  2(Ry-Ry).d
c c

Figure 3.4. Pulse return from a volume of scatterers. Envelope
of return signal vs. time.



48

then equation (3.38) will hold for the pulsed case

[Ishimaru, 1977]. Equation (3.39) can now be written as:

m™ o2
r_ _ A 2 2 B h 1

where
h = TB ¢ = pulse length in meters
r = distance to the volume of scatters (r >> h)

in meters.

Equation (3.40) is a matrix formulation of the familiar ra-

dar equation. Note that transmitting only in polarization 1

results in By = |f11|2 . The radar cross section is de-
fined as:
<og> = <4n|f11|2> (3.40b)
Therefore
2 ™o 2
<p11r> S S 2[8 132] p1L<OB> (3.40c)
m?3 ° n r?

This result is identical to that given by Battan [1973].



Chapter IV
RAIN CLOUD PARAMETER MEASUREMENT USING DUAL
POLARIZATION TECHNIQUES

In the last chapter a radar equation was derived which
relates the measured quantities in a dual pol;rized radar to
the averaged scattering matrix of a collection of scatter-
ers. This chapter presents a development of the techniques
to extract parameters describing a collection of raindrops
within a pulse volume.

Modeling of the dual polarization radar equation was car-
ried out on an IBM-3020 mainframe computer. The computer
code was written in Fortran and a source listing can be
found in Appendix II. Part of this development parallels
the differential reflectivity concept introduced by Seliga
and Bringi [1976], but with the effects of canting angle and
elevation angle included. Theoretical results of differen-
tial reflectivity measurements in the 45 degree plane are
examined and it is shown that in practice real measurements
of this type would be difficult to make and yield little in-
formation about the rain filled medium. This technique
could possibly be used to detect non-symmetric particles in
the pulse volume such as hail and grauple, with asymmetries

in the *45 degree planes.

49
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Linear depolarization ratio (LDR) in the horizontal plane
and in the 45 degree plane (LDR+49 are considered next. It
is shown that LDR measurements are also difficult to make.

Measurements of LDR _, . .are shown to be possible, and informa-

45
tion about the drop size distribution can be gained with
these measurements. This technique, along with the differ-
ential reflectivity technique, provides two independent me-
ans of obtaining drop size distribution parameters. The
proposed dual-polarized radar at VPI&SU will be capable of
making both measurements simultaneously.

The last section of this chapter considers circular depo-

larization ratio.

4.1 DISCUSSION OF PARAMETERS USED TO CHARACTERIZE
RAINDROPS

Before the drop size shape and canting angle distribu-
tions can be determined, the particle distributions de-
scribed in equation (3.34) must be formulated.

The multivariate particle distribution in equation (3.34)
describes the statistical characteristics of thg rain filled
medium. It was shown in Section 3.2.3 that the range varia-
ble could be integrated out of the distribution assuming
that r was uniformally distributed, i.e. raindrops uniformly

fill the pulse volume. In order to treat the other varia-
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bles, (a, s, §) it will be assumed that they are indepen-

dent; then equation (3.34) can be expressed as

t(8) n(a) p(s)
N

ga, s, 8) = (4.1)

where

t(6) = canting angle density function

n(a) raindrop size density function

p(s) = raindrop shape density function

The raindrop shape density function is assumed to be dis-
crete. F, is the fraction of raindrops that are oblate
spheroidal and the remaining fraction (1 - F,) are spheri-
cal. For spherical drops, the scattering coefficient shown
in equation (3.18) is used. ©Note that spherical raindrops
only contribute to the power returned in the co-polarized
channel, and scatter no energy into the cross-polarized
channel of the radar. F will assume to vary from 0.6 to
1.0.

Raindrops falling at terminal velocities have been shown
to have non-spherical shapes, and to vary over some distri-
bution of size. The two parameter Marshall-Palmer drop size
distribution will be used to describe the drop size distri-

bution within the volume [Marshall and Palmer, 1948], and is
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given as:

n(a) = N_ exp(-A a) (4.2)

where (N,) is the magnitude and lambda (A) is inversely pro-
portional to the width of the distribution. The parameter a
is the equivolumetric radius of a raindrop. The parameters
to be measured are No and A. The parameter N, generally
takes on an average value of approximately 16000 (although
it does have some dependence on rain rate), while lambda can

be expressed as a rain rate [Stutzman, 1980]:

0.21

A=8.2R (4.3)

These values are based on long-term statistics of rain rate
and are generally not true for instantaneous measurements;
and shown by Cherry, et al. [1981] using the Zpr technique.
Other values of No and A for drizzle, widespread rain and
thunderstorm rain are available [Joss and Valdrogel, 1979].
Equation (4.3) will be used as an indicator of the rainrate
(e.g. A = 8.2, rainrate ~ 1.0 mm/hr; A = 3.6, Rainrate ® 50
mm/hr) .

In making ratio measurements such as YANT LDR and CDR,
the ratio of two backscattered signals is formed. Because
the parameter N, is a multiplicative factor in both back-

scattered signals, once the ratio is formed, the dependence
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of N on this ratio drops out le;ving only A in the drop
size distribution. Once A is determined, N, can be found by
rewriting one of the backscattering equations. In the fol-
lowing analysis, N, is normalized to 1.0 and thé parameter A
is varied over 1.0 to 10.0 to determine the backscattered
signals and associated ratios. Seliga and Bringi [1976]
have shown that equation (4.2) is a sufficient description
of the drop size distribution.

This distribution must be used with caution because both
N, and A are functions of rainrate [Battan, 1973]. 1In car-
rying out the ensemble average of equation (3.38) the upper
limit of integration must be chosen so that the rainrate can

be expressed as [Damosso, 1978]:

amax _ _ _ _
R =J n(a) v(a) w(a) da (mm/hr) (4.4)
(o]
where
v(a) = terminal raindrop speed
w(a) = volume of the raindrop.
Damosso [1978] has found that for a = 3.5 mm, this re-

max

lationship holds fairly well for calculating differential
attenuation and phase shift along forward propagation paths.

Seliga et al., [1981] have used Egax = 4 mm and have shown
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good results in predicting rainrates with the differential
reflectivity technique. For this analysis, Egax was chosen
to be 3.5 mm.

The nonspherical shape of falling raindrops has been stu-
died by Pruppacher and Beard [1970]. They have shown that a
distorted raindrop, if large enough takes on an oblate-like
shape. Although these drops become flattened at the bottom
surface as the drop size increases, the scattering proper-
ties (at 10 cm wavelength) of this shape are not very diffe-
rent from the equivalent oblate spheroidal drop [Warner and
Hizal, 1976]. The oblateness of a raindrop is described by

the ratio a/b, defined in Chapter 3. Morrison and Cross

[1973] give a simple relationship between a/b and a as:

a/b=1-0.13a (4.5)

where a the equivolumetric drop radius is in millimeters.
This simple equation has been shown to be in good agreement
with the relationship given by Pruppacher and Beard [1970].
Recently, many investigators have studied the problem of
randomly canted raindrops. Measurements carried out by
Semplak [1974] and a theoretigal development by Brussaard
[1976] have shown that the canting of raindrops is due to
wind forces. Oguchi [1977] gives a canting angle distribu-

tion which takes into account the longitudinal canting angle
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component and Ostberg [1976] has used a cosine-squared-dis-
tribution. A recent review, which includes the implications
of canting angle distribution on forward scattering models
along terrestrial paths, is given by Olsen [1982]. Although
a sophisticated canting angle distribution can be incorpo-
rated into equation (3.35), a Gaussian distribution of cant-
ing angles, assumed independent of the drop size distribu-
tion, will be used here. The probability density function

for canting angles is given by:

(A - A\
£(0) = —— exp -6 - 6) (4.6)
Y21 o 2 g2
where
® = canting angle: angle between the

drop major axis and horizontal as viewed

along the transmit propagation direction

o|
]

mean canting angle

0 = standard deviation of canting angle.

Standard deviation of canting angle is assumed to be in the
range of 0 to 10 degrees, and the mean canting angle is as-

sumed to vary from 15 degrees. Further work is needed in

this area.
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To study the effects of apparent canting angle on the
measured quantities, the following discussion relates the
canting angle 6 to the polarization angle y. In Figure 3.2
the canting angle is defined as the angle between the hori-
zontal axis and the semimajor axis of the raindrop in the
plane of incidence. Canting angle can also be defined as
the angle between the vertical axis and the semiminor axis
of the raindrop in the plane of incidence since this angle
is equal to 6. The second definition above is used since
the projection of g onto the x, y plane is used to define
the polarization angle Y. By considering the polarization

angle Y to have a Gaussian distribution, the probability

density function of 6 can then be found by defining:

8=y -y (4.7)
where
' = defined polarization angle (i.e. y' =0
degrees or ' = 90 degrees)
Yy = a random variable with mean J and standard
deviation ow.
Therefore by making the substitution ¥ = 06 + {¥' in equations

(3.14 and 3.15) and nothing that the canting angle distribu-
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tion in equation (4.6) becomes [Davenport, 1970]:

— 2
£(9) =____];_exp l:-(e -HL; v ) jl (4.8)
vyam o 20w

A direct relationship can now be seen by comparing equations

(4.6) and (4.8) and noting that

6=y -y

o= | (4.9)

It is now possible to infer the apparent mean canting an-

gle of the raindrops from radar measurements.

4.2 SCATTERING MATRIX FOR DUAL LINEAR ORTHOGONAL
POLARIZATION RADARS

From the development of the scattering matrix in Section
3.1 and the radar equation in Section 3.2, the following de-

finitions will be made:
<P™> = — <B> (4.10)

where

)\2"632 h
C = radar constant = (ZF) T 1in2 CE)
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and
.. =X >
11 Z 11
r,_ C
Pyp > = 32 B2’
<. %> =S <5 >
12 > =72 P12 (4.11)
r, _ C
a1 =32 Bay”
P;5 91 can be complex quantities. [B] is given in equation

(3.27). A dual linearly polarized radar will transmit in
one polarization with power P1 and receive in the same po-
larization (co-polar) and also the orthogonal polarization
(cross-polar). Then, it transmits the orthogonal polariza-
tion with power P2 = P1 and similarly receives co and cross
polarized components. A theoretical development for this

radar can be carried out using the simplified equations for

[B] (equation 3.30). Thus, transmitting polarization 1:

r, _C 2 2 -

Py > =g e 15 P+ <|E 5> - F)
r, _ C 2

<p22 > = = [<|f12| > Fo] (4.12a)
ro tx._ C *

Prp > = By > =gz [<fyy £>F

where

£ o=k 2 (@® - 1)

= spherical raindrop scattering coefficient
s o 2
(m® + 2)
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Then transmitting polarization 2:

P> =g [K[E, 5
<. %> =& [<|f, |P>F +<|f ¢ (1 -F)] (4.12b)
22 r 22 o s o
r, _ C *
Byy > = gF [<fy £y Fl

where fll' f12' f22, f21 are given in Section 3.1.3. The
scattering coefficients can now be related to radar measure-
ments of the co and cross signal for both polarization.

From equations (4.12a, 4.12b) it is seen that for transmit-
ting in polarization 1, the measured co and cross signals

correspond to <Pllr> and <P_. '> respectively, while the

22
phase information (i.e. the phase difference of the cross-

polar and co-polar signal) is contained in the off-diagonal
terms <P12> or <P21>. For transmitting in polarization 2

the co and cross-polar signals correspond to <P,,> and <P._.>

22 11
, respectively, and the phase information is contained in

the off-diagonal terms.

4.3 TRANSFORMATION TO CIRCULAR AND ELLIPTICAL
POLARIZATIONS

No stipulation has been made about the defined axis of
polarization thus far in this chapter. At this point the
only requirement is that the transmitted polarizations be

orthogonal. Thus, this development is valid for linear,
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circular or elliptical polarization. The scattering coeffi-
cients were derived using linear polarization, but through
the appropriate congruent transformations [Bickel, 1965],
the linear polarization scattering matrix [f] can be trans-
formed to a circular polarization scattering matrix [f]cor
elliptical polarization scattering matrix [f]e‘

To transform [f] for different polariztions, let:

(£1, = Q (£1Q (4.13)

where if i = circular polarization

and if i = elliptical polarization

Q = R(B) H(a)
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where

cos B -sin B
R(B) =

sin B cos B

" B = rotational operator

cos a j sin a
H(a) =

j sin o cos O

o = ellipticity operator

Note that if B = 0 and a = +/-( 17 /4), the elliptical polari-
zation then reduces to left/right hand circular polarization
respectively. These transformations will be necessary if
the non-ideal nature of the radar antenna is to be taken
into account. Whether we desire to use linear or circular
polarizations, in practice the polarization will be ellipti-
cal. The circular representation of the scattering matrix
[f]c is used by McCormick and Hendry [1975] and in Section
4.8 will show that the development here using [f] instead
of [f]c is equivalent to their theory. In searching for a
new technique, linear polarization was investigated, and an-
tenna effects were neglected. For any practicle analysis of
a dual-polarized system antenna effects should be included
by using the rotational and elliptical transformations shown

above.
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4.4 2z

To determine the drop size distribution using the differ-

MEASUREMENTS

ential reflectivity technique including the effects of ele-
vation angle and canting angle, we will assume the radar re-
ceives <PH> and <PV>’ due to horizontally and vertically
polarized waves. For y' = 0 degrees and for transmission in

polarization 1:

r
= < > =
Py = <Fpp
c k°2 2 2 7 2
Tz N éo [(Pv - ph) cos® § sin® O = ph] >F +
1
2 2
e 2 BB - r ) (4.14)
° m?+2
and for transmission in polarization 2:
r=
<P, = <Ry, >
k * L )
55 < 4T € [(Pv - ph) cos® 8§ cos? 6 + ph] > Fo +
o
-
2 2
e 2= - 7)) (4.15)
° m? +2 o

Next an equivalent reflectivity for both polarizations is

defined as:

o r? (4.16)
Zy = @) By ' '
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r’ 4.17
ZV = (—C—) <PV> ( . )

Zpr is defined by [Seliga and Bringi, 1976]:

Y ZH
R = 10 log@;ﬁ (4.18)

ZD .

The parameter lambda can be found independently of N,
the radar constant, ¢, and range r. N, can be found by re-
writting either equation (4.16) or (4.17) to solve for N,.

An investigation of the effect of elevation angle, cant-
ing angle distribution parameters, and shape distribution on
ZDR measurements was done with the computer model. The re-

sults are presented in the following sections.

4.4.1 Elevation Angle Effects

In making ZDR measurements to estimate rain rate over a
large area the elevation angle must be close to zero de-
grees. In this case equations (4.14) and (4.15) can be ap-

proximated (assuming that the mean canting angle is small)

as:

CHEB LN (4.19)
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2
>F + <
o

k21‘112-].

2
>(1-F) (4.20)
m? + 2 °

This approximation was used by Seliga and Bringi [1976].
However, to extend this technique to slant paths dependence
of ZDR measurements on elevation angle must be taken into
account. Figure 4.1 shows a plot of ZDR vs. lambda for
different elevation angles. 1In this plot it is assumed that
the mean and standard deviation of canting angles is 0.0 de-
grees and the fraction of oblate raindrops is 1.0. Eleva-
tion angles of 0, 15, 30, and 45 degrees are considered. As

the elevation angle increases ZD decreases; this happens

R
because at larger elevation angles, oblate raindrops tend to
look more like spherical raindrops. This plot shows that
for elevation angles less than 15 degrees ZDR decreases less
than 0.1 dB for rain rates between 1-100 mm/hr. For eleva-
tion angles greater than 15 degrees, ZDR measurements will

then result in errors of greater than 0.1 dB and hence un-

derestimate lambda and rain rate.
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ZDR (DB) VS. LAMBDA

4.0

§ = elevation angle

F' = 1.0
0.

o = 0.0°
9 = 0.0°

'ZDR (DB)

0.0 T I T

0.0 2.5 5.0 7.5 10.0
LAMBDA

- Figure 4.1. Zpgp vs. lambda for elevation angles of 0, 15, 30,
and 45 degrees.
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4.4.2 Canting Angle Effects

The differential reflectivity concept developed by Seliga
and Bringi [1976, 1978] assumes that oblate drops fall with
zero canting angle. This assumption will hold if the cant-
ing angle is distributed close to zero. The more exact mo-
del presented here include the effects, although small, of
canting angle.

Figure 4.2 shows a plot of Zpp vs. lambda with different
mean canting angles. The standard deviation of canting an-
gle is zero degrees and the fraction of oblate raindrops is
1.0. This plot shows that for rainrates in the range 1 to
120 mm/hr (8.2 £ A € 3.0) an error of less than 0.1 dB is
incurred if the mean canting angle is approximately *10 de-
grees. Canting angles of this magnitude are thought to be a
worst-case example of canted raindrops. Figure 4.3 shows a
plot of Zpr Vs- lambda for different standard deviations.
The mean canting angle is zero and the fraction of oblate
raindrops is 1.0. This plot shows that for a standard devi-
ation of 10 degrees an error of less than 0.1 dB is incurred

for rainrates between 1 and 120 mm/hr.
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ZDR(DB) VS. LAMBDA

4.0
F =1.0
[}

¢ = 0.0°

§ = 0.0"

Z0R (DB)

-0.0 2.5 " 5.0 7.5 10.0
LAMBDA

- Figure 4.2. ZpR vs. lambda for canting angles of 0, *5, and
+10 degrees. '
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ZDR (DB) VS. LAMBDA

4.0
9 = 0.0°
F =1.0°
o
S = 0.0°
3.0
o
= 2.0
[ =4
(=]
~N
1.0
0.0 T r T
0.0 2.5 5.0 7.5 10.0
LAMBDA

Figure 4.3. Zpp Vs. lambda for standard deviations in canting
angle of 0 and 10 degrees.



69

4.4.3 Effects of the Assumed Shape Distribution

Figure 4.4 shows a plot of Zp vs. lambda for different
fractions of oblate raindrops. The mean canting angle and
standard deviation of canting angle are assumed to be 0.0.
This plot shows that significant error (£ 0.7 dB) can be in-
curred for an assumed fraction of oblate raindrops between
(0.6-1.0). A value of 0.6 and 1.0 represent extreme cases.
These two values probably bound Zpr for a given rain rate.
Measurement of Zpp should fall within these bounds. Furth-
er investigation in this area is needed to more accurately

characterize effects of drop shape on ZDR measurement.
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ZDR (DB) VS. LAMBDA

® = 0.0°
g =0.0°
§ = 0.0°

L T I
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0.0 2.5 . 7.5 10.0
LAMBDA

Zpr vs. lambda for fractions of oblate raindrops of
0.6 and 1.0.
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4.5 ZDR MEASUREMENTS IN THE 45 DEGREE PLANE

.By setting y' equal to 45 degrees, Zpr Measurements can

be carried out in the 45 degree plane as follows.

Z . =10 log 22 (4.21)
45 =45 '

where

+45 = equivalent reflectivity received in channel 1,

Z._45 = equivalent reflectivity received in channel 2
The 6 term in equations (4.14) and (4.15) now become ] +-%.
Therefore <EH> becomes <P+45> and <PV> becomes <P_45>
Theoretical results of 2Z measurements were examined us-

DRys

ing the computer model and are shown in Figures 4.5 and 4.6.
For both plots the fraction of oblate raindrops is assumed
to be 1.0. Figure 4.5 shows Z2pg in the 45 degree plane vs.
canting angle for lambdas of 8.2 (rainrate ~ 1 mm/hr) and
3.0 (rainrate = 120 mm/hr). The standard deviation of cant-
ing angles is assumed to be 0.0 degrees. This plot shows
that in order to obtain mean canting angle information near
0.0 degrees, 2 must be measured very accurately but as

DR,5

the mean canting angle diverges from 0.0 degrees, ZDR be-

45
comes more dependent on A. If A is known from ZDR measur-
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ments, the slope of the curves in Figure 4.5 can be deter-

mined. Then, if ZDR can be measured, mean canting angle
45
can be obtained. This method however is thought to be unsa-

tisfactory because of the relative error involved with esti-

mating A and measuring ZDR . Figure 4.6 also supports this
45

vs. lambda for different canting an-
DRys

gles. In this plot, the standard deviation of canting angle

point by showing Z

is zero degrees and the fraction of oblate raindrops is 1.0.
The plot shows that at higher rainrates (R > 10 mm/hr

5.0) the range of Z.DR45 values increases about 1.0 dB. If
the mean canting angle is distributed about zero degrees,
the ZDR45 measurement will most likely be made with a very
low signal to noise ratio becoming worse as the rainrate in-
creases. This technique could possibly be used to detect

non-symmetric particles with asymmetries in the +45 degree

planes.

4.6 LDR MEASUREMENTS

Linear depolarization ratio LDR was examined as a possi-
ble technique to determine raindrop parameters. With this
technique, a cross-polarized channel is needed to measure
the cross-polarized return. In this development LDR is der-

ived as follows. For transmission in polarization 1 (with
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" Pigure 4.5.. ZDR‘5 vs. ‘canting angle for lambda of 8.2 and 3.0

corresponding to rainrates of 1 and 120 mm/hr.
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v' = 0 degrees)

r C 2 2 :
Pll (;7)[ Iflll Fo + |fs| (1 Fo)] co-polarized return

2

.
SF 4 < m°-1
o

m2+1

k 2
C o _ 2¢ . 27 2
z )H W e, [(p-p;)cos 3sin“0 + P! k

2
>(1-F°):|. (4.22)

< > = — < 2) = - =
Py = lflzl F_ = cross-polarized return

2> F} (4.23)
o

k p—
C [e] _ 2 sin 26
(rZ)[(I 4T € (p,~Py) cos™d =

Then LDR is defined as:

LDR = 10 log

- (4.24)

Note that in LDR measurements, the range dependence drops

out but this is not true for the radar constant C. In gen-
eral the radar constant will be different for the co-polar-
ized and cross-polarized channels. Care must be taken when

interpreting LDR measurements (as well as circular depolari-
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zation ratio measurements) and an accurate calibration of
both receiver channels is needed, to obtain a reliable esti-
mate of LDR. Since y' = 0, equation 4.22 is the LDR mea-
sured in the horizontal plane (i.e. cross-polarized compo-
nent is received in the vertical plane and the co-polarized
comonent is received in the horizontal plane). LDR measure-
ments in the vertical plane can similarly be defined but
will not be examined because the cross-polarized return for
vertical polarization is smaller than for horizontal polari-
zation.

The results of an examination of LDR for the horizontal
polarization case are shown in Figures 4.7 and 4.8. These
plots show LDR vs. canting angle for different values of A.
The standard deviation of canting angle is zero degrees in
Figure 4.7 and 10 degrees in Figure 4.8 and the fraction of
oblate raindrops is 1.0. For these two cases, LDR can be
measured (2 -26.0 dB) only for very high rain rates and very
large canting angles. The cross-pdlarized signal measured
in this fashion is too weak to measure. This suggests that
if linear polarization in the 45 degree plan is transmitted,
simultaneous measurements of the return in the vertical and

horizontal plane could be made. From this, 2 could be

DR

measured with negligible cross-polarization effects in these

planes.
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LDR (DB) VS. CANTING ANGLE (DEG)
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Figure 4.7.
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LDR vs. canting angle for lambda of 8.2, 3.6, and 3.0
corresponding to rainrates of 1, 50, and 120 mm/hr.
Standard deviation of canting angle = 0 degrees.
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LDR vs. canting angle for lambda of 8.2 and 3.0
corresponding to rainrates of 1 and 120 mm/hr.
Standard deviation of canting angle = 10 degrees.
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4.7 LDR MEASUREMENTS IN THE 45 DEGREE PLANE

It was shown in the last section that LDR measurements in
the horizontal plane are difficult to obtain due to the weak
cross-polarized signal return. Transmitting in the %45 de-

gree planes, will increase the cross-polarized signal, mak-

ing LDR measurements in the #45 degree planes (LRD+45) an at-
tractive technique. The theoretical results of LDR.+45 can
be examined by setting y' = ig in equations (4.22) and

(4.23). This was done in the computer model and the results

are shown in Figures 4.9-4.12.

4.7.1 Canting Angle Effects

Figures 4.9 and 4.10 show plots of LDR, vs. canting an-

45
gle for different values of lambda. Figure 4.9 shows LDR
being asymmetric about 0.0 degrees canting angle with a
slowly varying peak occuring at about +5.0 degrees canting
angle. Figure 4.10 show this same characteristic for LDR
except with the peak occuring at about -5.0 degrees canting
angle. This occurs because as the rain drop is rotates from
negative canting angles to positive canting angles, the co-
polarized return decreases nonlinearly in amplitude while
the cross-polarized return increases nonlinearly. In form-
ing the ratio, LDR+45 the maximum occurs at a point diffe-
rent from zero degrees canting angle. This holds true for

LDR_,s -
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Figure 4.9. LDR ;5 Vs. canting angle for lambda of 8.2, 3.6, and
3.0 corresponding to rainrates of 1, 50, and 120 mm/hr.
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Figure 4.10. ‘LDR_45 vs. canting angle for lambda of 8.2, 3.6,
and 3.0 corresponding to rainrates of 1, 50, and
120 mm/hr.
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Note that LDRM5 takes on a range of about 8 dB for lamb-
da in the range of (8.2 to 3.0) or rainrates approximately
between 1 to 100 mm/hr. This observation along with the
small dependence that LDRi45 has on canting angle suggests
that this technique can be used to determine drop size dis-

tribution parameters. This is examined in the next section.

4.7.2 Measurement of Lambda in the Drop Size Distribution

The last section pointed out that LDR,,; can be used to
determine drop size distribution parameters. This technique
was modeled and the results are shown in Figures 4.11 and
4.12 by plotting LDR4y,5as a function of mean canting angle.

Figure 4.11 shows LDR vs. lambda for mean canting an-
gles of -10.0, 0.0, and 10.0 degrees. The standard devia-
tion of canting angle is zero degrees and the fraction of
oblate raindrops is 1.0. This plot shows that for lambda
between 8.2 and 3.0 (rainrate between 1 and 120 mm/hr) LDR+45
varies by less than 1.0 dB for canting angles between +10
degrees. Also, LDR+451ies in a measurable range for these
rainrates. The extreme cases of *10 degrees mean canting

angle serve as bounds in which LDR+ should fall. Note that

45
the LDR+45curve for +10.0 degrees canting angle lies closer
to the LD&%S curve for 0.0 degrees canting angle than does

the LDR+45curve for -10.0 degrees canting angle. This is
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due to the offset in the peak of the curves shown in Figure
4.9. A maximum LDR,,s5 curve should occur for a mean canting
angle of about +5.0 degrees. Similar results hold for LDR_,q
except the LDR_45 curve for -10.0 degree canting angle is
closer to the LDR_45 curve for 0.0 degrees thanis the LDR_,g
degree curve for 10.0 degree canting angle.

Figure 4.12 shows LDR,,5 Vvs. lambda for the fraction of
oblate drops of 0.6 and 1.0. 1In this plot the canting angle
and the standard deviation of canting angle are zero de-
grees. This plot shows that there is approximately a 2.0 dB
difference in the two curves for lambda between 8.2 and 3.0.

This serves as a bound in which LDR will fall.

4.7.3 Measurement of Apparent Degree of Orientation

It was shown in Section 2.2 that a measure of the appa-
rent degree of orientation ORTT is possible by examining the
normalized magnitude of the correlation between the two or-
thogonal circular returns. Similarly ORTT for the 45 degree
linear polarization case can be defined as follows for tran-

smitting polarization 1:

(4.26)



86

where <P__%> , <P Ts are defined in equations (4.22) and

11 22

(4.23) with ¢' = 7/4 and <P_."> is defined as

12
r c * * ) sin 2(9 + -E)
P27 =7 {<(pv Py ) cos” O 2 .
- 2 in2(80 + &
[(pv ph) cos® § sin“ (6 + 4) + ph]>} (4.27)

This has been done and the results are shown in Figure
4.13. ORTT vs. the fraction of oblate raindrops is shown
for lambdas of 8.2 and 3.0. It is assumed that the mean
.canting angle and standard deviation of canting angle is 0.0
degrees. From this piot, it can be seen that the degree of
alignment can be approximated over a range of rain rates
from 1 to 120 mm/hr with reasonable accuracy. The curves
shown in Figure 4.13 are equal to the circular polarization
case shown in Figure 4.16. This is true for the ideal case
of all the raindrops being aligned with 0.0 degrees canting
angle and standard deviation of canting angle equal to 0.0
degrees also. This is not true however, is the drops are
allowed to be distributed about some mean canting angle.
This causes ORTT for the 45 degree linear case to change,
but for the circular case, ORTT is invariant to canting an-

gle effects. This is shown in the next section.
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This technique should produce accurate estimates of
lambda, given an accurate characterization of the radar's
dual-channel receiver and antenna in the radar are done.

For the proposed VPI&SU radar, this technique as well as the
2 technique can be simultaneously employed to independent-

DR

ly measure parameters of the drop size distribution.

4.8 CDR MEASUREMENTS

Circular depolarization ratio CDR, associated parameters,
and phase measurement with a dual-circular polarization ra-
dar was examined. This technique is used by McCormick and
Hendry [1968] and this development is equivalent to their
technique. In this development CDR and the associated par-
ameters such as apparent degree of orientation ORTT, and
phase measurement between the co and cross polarized signal
return is derived as follows. Using the transformations
shown in Section 4.3 it can be shown that the scattering ma-

trix of an oblate raindrop due to incident circular polari-



89

zation can be written as:

[£],

£.. - £

11 22 12
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Therefore the scattered field can be written as:

where

Ei,S
RC

i,s
Ec

4T €
o

fll—fzz—ZJf

11750

L

incident and scattered right hand circular
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The received power due to the collection of raindrops can be
achieved by applying the development of the matrix radar
equation in Section 3.2. Then equation (4.10) can be writ-

ten for the ciruclar polarization case:

C
< > = < > .
P> = 27 <B, (4.30)
where
r, _ C
P17 T3 B
T C
< > = < >
Pyy 7 =77 By
(4.31)
< s =L < >
Pip 7 =27 "By

C
<p21r> = <B >

The matrix gc can be related to the linear scattering coef-

ficients by making the following definitions:

fllc = £ - -2 £,
£ - - - 4.32
22 £11 - fp T 23 £y ( )
f19 =5y = f1 t Ey

Cc C

and noting that for transmitting right hand circular polari-
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zation

C
B =l|f |2 (4.33)
22 4'712
C
B, =L¢ *¢ -5 "
21 4 "11 21 12
Cc Cc Cc C

It is noted that for circular polarization, the definition
of co and cross polarized signal return is different than
that for linear polarization. This is due to the opposite
propagation directions for the scattered and incident
fields. For transmitting right hand circular polarization,
the co polarized return is defined as the left hand circular
polarization return (orthogonal to that which was transmit-
ted) and the crosspolarized return is defined as the right

hand circular polarization return. Therefore

F

r, . ¢ 2, _97 -
® =3 [<]flll > ] = cross return

T c 2 Fo 2
<P, > = = [<|f12c| >+ <|fs| > (1 - Fo)] = co return

* c . F *
r r o r "
= = —] = < > ;

Pra 7= By = <fyy fy >l = Py (4.34)
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The phase and degree of apparent orientation parameters is

contained in <P12r>.

From equation (4.34) the following can be defined:

<P11 >
CDR = 10 log (4.35)
<p_ %>
22
fIm(<P12r>)
Phase = - arctan = (4.36)
Re(<P12 >)
r
<2,
ORTT = - 12 —73 (4.37)
(<P >y ™)

All of these parameters can be measured provided an accurate
calibration of the dual-channel radar is performed. Similar
results hold for transmitting left hand circular polariza-
tion.

An examination of CDR, phase and ORTT was carried out for
transmitting right hand circular polarization and the re-

sults are shown in Figures 4.14 - 4.16.
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It is noted that in using circular polarization, the re-
turn amplitudes in the co and cross polarization field is
invariant to canting angle, only the relative phase varies
with canting angle parameters. The phase must be referenced
to the coordinate axis of the raindrop and can only be det-
ermined through actual measurement and calibration of the
radar. A discussion of the calibration procedure is given
by McCormick and Hendry [1979]. 1In this development, the
polarization angle ¥y = 0.0 degrees and the standard devia-
tion is set to 0.0 degrees and the elevation angle is also
set to 0.0 degree.

Figure 4.14 shows a plot of CDR vs. lambda for the frac-
tion of oblate drops equal to 1.0 and 0.6. Note that these
curves are the same as the case for LDR45 (Figure 4.12).
This is true because for the ideal case (i.e. mean canting
angle, and standard deviation of canting angle = 0.0 de-
grees) the scattering characteristics for circular and li-
near polarization at 45 degrees are equal. In general rain-
drops are distributed about some mean canting angle and
therefore LDR45 if not equal to CDR. Because CDR does not

depend on canting angle as does LDR4 it is thought that

5 ’,
CDR is a better technique for measuring lambda.
The phase between the co and cross polarized return for

the circular polarization case is shown in Figure 4.15. It



94

COR (DB) VS. LAMBDA

-12.0
-14.0 -
-16.0
~18.0
-20.0 -

- -22.0-

-24.0 -

CDR (DB)

-26.0 -
-28.0 -
-30.0 -
-32.0 -

-3'4.0—

8 = 0.0°
¢ = 0.0°
6 = 0.0°

F =1.0
o

-36.0
0

o

Figure 4.14.

]
5.0
. LAMBDA
CDR vs. lambda for fractions of oblate raindrops
of 0.6 and 1.0.

.0 2.5 7.5 10.0



(DEG)

PHARSE

PHASE

95

(DEG) VS. CANTING ANGLE (DEG)

30.0

25.0

20.0

15.0—

10.0

5.0

0.0—

-5.0

-10.0

-15.0—

-20.0-

-25.0

-30.0

? = 0.0°
¢ = 0.0°
§ = 0.0°

A=8.2 and 3.0

-15.

Figure 4.15.

0 -11[25-7[5 -3.5 0[0 3(5 7[5 11[25 15.

|

(93]
o

HETA (DEG)

Phase vs. canting angle for lambda of 8.2 and 3.0
corresponding to rainrates of 1 and 120 mm/hr.



96

is noted here that the phase is invariant to the drop size
distribution parameter A therefore, if the phase measurement
can be calibrated accurately then the mean canting angle can
be found with this measurement.

Figure 4.16 shows a plot of the apparent degree of orien-
tation ORTT vs. the fraction of oblate raindrops F, for
lambda equal to 8.2 and 3.0 (or rain rates between 1 and 120
mm/hr). From this plot it is seen again ORTT for the circu-
lar polarization case is equal to ORTT for the 45 degree 1li-
near polarization case only for the ideal case of zero de-
grees canting angle and zero degrees standard deviation of
canting angle. For the linear polarization case ORTT is a
function of canting angle and will vary. Since circular po-
larization is invariant in amplitude to canting angle, mea-
suring ORTT with circular polarization is thought to be su-
perior to linear polarization.

In conclusion of this analysis, circular polarization is
needed in order to perform canting angle measurements but an
accurate calibration of the dual channel receiver and anten-
na characteristics is needed. Drop size distribution mea-
surements can also be carried out by measuring CDR and it is
thought that this technique is more accurate than LDR45
technique because of the independence of CDR on canting an-

gle effects. The LDR45 technique does provide useful infor-
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mation about precipitation parameters though, and can be
used to make similar measurements as is done with the CDR

technique.



Chapter V

RADAR SAMPLING CONSIDERATIONS

5.1 RADAR DATA COLLECTION

In order to measure and subsequently analyze the returned
signals from a collection of scatterers, a data collection
system of some form must be employed. This system is tasked
with providing as much information about the returned echoes
as possible while doing so efficiently and introducing neg-
ligible error. Because of the random nature of the received
intensities and the required accuracy of the subsequent ana-
lysis of these intensities, a radar data collection system
needs special consideration in its implementation.

This chapter addresses some of these considerations by
investigating the statistical characteristics of a random
fluctuating echo and the differential reflectivity radar
signal. In light of these considerations, Chapter 6 offers
a detailed design of a data acquisition system which will
replace/upgrade the existing data acquisition system, along
with a description of the unique antenna feed system devel-

oped at VPI&SU.

99
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5.2 STATISTICAL CHARACTERISTICS OF RADAR SIGNALS AND
SIGNAL SAMPLING CONSIDERATIONS

5.2.1 Uncorrelated Samples Case

Chapter 3 showed that the backscattered field from a dis-
tribution of scatterers within a pulse volume is incoherent
and that the average intensity is the sum of the intensities
resulting from each scatterer. 1In the next two sections,
the backscattered signals are assumed to be due to a scat-
terer-filled pulse volume bounded by the half power beam-
widths of the radar antenna and one half the transmitted
pulse length. The path is divided into N range gates and
that for each transmitted pulse an instantaneous sample for
each range gate is taken and represents the amplitude (A) of
the returned echo due to the pulse volume centered around
any one of N range gates. Expressions for the average am-
plitude and average intensity of the returned signal due to
a transmitted pulse have been developed by Marshall and
Hitschfeld [1953]. In their work, the statistical charac-
teristics of the amplitude of the returned pulse from a dis;
tribution of scatterers is modeled as a narrow-band Gaussian
process. This is reasonable because its spectral width is
small compared to the transmit frequency; From this model
probability density functions of (A), the amplitude, (A?)

the intensity and log(A?) were developed. It was then shown
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that little information can be gained from a single sample
of these quantities due to the large widths of the corres-
ponding density functions. The corresponding variance of
the intensity samples is comparable with their mean.

In order to reduce the sample variance, a number of inde-
pendent samples must be averaged. Marshall and Hitschfeld
[1953] derived the density function p(JK) where JK is the

average of a sum of intensity samples given by

1 K 2
S 5.1
Je = % .Z A, ( )
i=1
and
K KJ
PUY = — 35 e - =5 (5.2)
@A) - 1! A?
and

A% = mean squared value of the received amplitude

A plot of p(Jg) is given in Figure 5.1. As K increases, the
width of p(Jg) and hence the variance decreases. The case

for K=1 results in an exponential density function. Mars-
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hall and Hitschfed determined p(JK ) numerically for

log
1 K
J == Y log (A,)? (5.3)
K K . i
log i=1
and the result was very close to p(Jg). For large values of

K the curves are identical.

5.2.2 Correlated Samples Case

The results shown above are based on independent samples.
Then the variance (SAZ) of the sample mean amplitude can be
shown to Be reduced by a factor of 1/K [Davenport and Root,
1958], K being the number of samples taken. This is termed
variance reduction. But when the samples are highly corre-
lated, the variance of the samples is approximately the var-
iance of the amplitude regardless of the number of samples
taken.

In general, samples from a distribution of scatterers are
not independent. Their correlation is described by the au-
tocorrelation function RA(T) where T is the time difference
between samples. Some properties of the autocorrelation
function are: a) that a maximum value of RA(T) occurs at T
=0 and R (0) =c%f; the variance, and b) RA(T) is an even

function; c¢) RA(r) is the inverse Fourier transform of the



104

power spectral density SA(f) of the amplitude A. The param-
eter can be put in terms of multiples of the pulse repeti-

tion frequency (PRF) by letting

T=1t =3¢ (5.4)

where t, = period of the PRF.

The power spectral density S,(f) is directly proportional
to the Doppler spectrum of the received echo. This is a
function of the random reorientation of the scatterers with-
in the pulse volume due to raindrop velocity, turbulent air
motion, wind shear, and parameters associated with the ra-
dar, i.e., antenna pattern, elevation angle to the scatter-
ers, transmit frequency, receiver characteristics, etc.

Although the sample variance is not reduced by 1/ for
partially correlated samples it can be written as [Davenport

and Root, 1958]:

~ -1 .
2 _ A 2 1 ; - A2 5.5
a, =t L Q- [RGE £) - A%] (5.5)
. i=1
where
OAZ = true variance of A
A2 = mean squared value of A.



105

This expression shows that the second term contributes to
the sample variance significantly if the samples over a
large number of pulses are correléted, i.e. RA(ito) = 1
for large i. If %,(ito) <~ 0 for i 2.2 then the sample vari-
ance approaches E%— and variance reduction is realized.

A measure of the spread of the autocorrelation function
RACI) is termed the decorrelation time. It is generally de-
fined as Tq- the time required to make RA(T) drop to 1l/e of
RA(O)'

Evaluation of Td requires many parameters and is too
complex to treat here. The main point here is that little
information is gained in averaging over a minimum number
samples with a small sampling period, and that if the sam-
pling period is large the time required to collect a large
number of independent samples may be longer than the time in
which the statistics of the signal change. A more detailed
analysis of this phenomena can be found in Nathanson [1969]
and Lhermitte [1963]. In the analysis of raindrop scatter-
ers, Td is in the range of 5 to 30 milliseconds for the

transmit frequency of 2.8 GHz.

In summary a radar data acquisition system should be ca-
pable of employing a pre-selected number of samples in det-
ermining the average received intensity with a sample spac-
ing within an acceptable range. The proposed design will

meet these requirements.
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5.3 STATISTICAL CHARACTERISTICS OF THE DIFFERENTIAL
REFLECTIVITY RADAR SIGNAL

Accuracy is very critical in differential reflectivity
measurements because of the small range of wvalues ZDR can
take on, typically 0-3 dB. 1In order to determine the sample
statistics of Z[; a model was constructed by Bringi et al.
[1980]. In their model both the horizontal and vertical re-
turn amplitudes (AH’ AV) are narrow band Gaussian noise pro-
cesses with different mean squared values (OHZ, OVZ). The

normalized ratio is formed:

_ A%
Ayl 9y

(5.6)

u

and the density function p(u) is examined. p(u) takes on

the form of a bivariate-chi distribution with two degrees of
freedom, and a cross-correlation coefficient p. An estimate
of ZDR (ZDR in their notation) is determined by assuming AHi’

AVi (where i = 1,M) form a paired set of independent sam-

ples of horizontal and vertical polarization returns. A
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square-law estimator

il
2|
(= =

N

[ e F<4 RN e]

N D

(5.7)

=
e

DR

==
& | A

.
-
[

and a log-ratio estimator

} 10 log |— (5.8)

are examined. The standard deviation of ZDR in dB was then
considered and plotted against the number of samples M for
different cross correlation coefficients p for both the
square-law estimator (Figure 5.2a) and the log-ratio estima-
tor (Figure 5.2b). This figure shows that for high correla-
tion between each paired set of horizontal and vertical re-
turns, the estimate variance or sample variance decreases.
The square law estimator has a smaller sample variance than
the log ratio estimator for a given M and p. Although the
square-law estimator, resembling a square law detector in
the receiving chain of a radar, out performs the log-ratio

estimator, the log-ratio estimator is of interest because it
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has the characteristic of a conventional log-receiver which,
in general has a greater dynamic range than a square-law re-
ceiver.

The theoretical results were supported by measurements of
ZDR for various storm conditions with the Chilbolton radar
located in the U.K. and with the CHILL radar located in Ok-
lahoma. Details of both radars can be found in Bringi et
al. [1978] and Hall [1981]. For the Chilbolton radar, hor-
izontal and vertical returns were separated by 1.6 millise-
conds resulting in an estimated cross correlation coeffi-
cient of about 0.97. The time between successive horizontal
or vertical returns was 3.2 milliseconds. Their results
show that a statistical model of this type is adequate in
investigating ZDR statistics and that mean values of Z,p
(using a log-receiver) can be obtained within a standard er-
ror range of 0.1 to 0.3 dB using approximately 60 indepen-
dent samples.

The data used in the above analysis may not have achieved
independence between succeeding returns (in this case 1 =
3.2 milliseconds) hence the number of samples may be larger
than 60 for 0.1 to 0.3 dB accuracy in Zpg measurements.

In order to carry out Zpp measurements of this type using

a log-receiver, horizontal and vertical returns which are

correlated must be obtained by a radar that switches polari-
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zations rapidly (on a pulse by pulse basis), stores indivi-
dual returns in a range gate buffer and later forms samples
of Zpr from M paired sets of independent returns. With this
in mind, the proposed radar/data acquisition system design
will allow partial correlation between horizontal and verti-
cal returns. It will also permit ZDR estimates from hori-
zontal and vertical returns, with arbitrary time seperation.
An investigation of the autocorrelation function between
successive samples and the cross correlation function bet-
ween successive vertical and horizontal returns resulting in
a cross-correlation coefficient less than 0.9 should be car-
ried out. This will determine how fast the transmit polari-
zation must be switched and how many samples must be obtain

to achieve a desired accuracy on ZDR measurements.



Chapter VI

DUAL-POLARIZATION RADAR DEVELOPMENT PROGRAM

To utilize the theoretical developments described in pre-
vious chapters, a program to upgrade the original VPI&SU ra-
dar design has been implemented. The main goal of the pro-
gram is to develop a dual-polarization radar capable of
measuring Zpr, LDR and relative phase using a combination of

linear polarizations. The program is being carried out in

three phases:

I. Slow Polarization-Switching Radar capable of
measuring ZDR from horizontal and vertical
planes.

II. Fast Dual-Polarization-Switching Radar capable
of measuring ZDR in H-V plane and the 45°-135°
planes.

III. Fast Dual-Polarization-Switching Radar capable
of measuring the parameters in II and measuring
the crosspolarized components of amplitude and
relative phase in four orthogonal planes.

Phase I 1is currently in operation and phase II is scheduled
to be completed by August 1982. The next three sections
will briefly describe the radar hardware used in the pro-
gram.

This chapter will consider the feed system implementation

and also give a detailed design of the new radar data acqui-
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sition system. Considerations of the RF-front end, down
converting circuitry, log-amplifier and phase extraction

circuitry at IF will not be covered in this thesis.

6.1 ORIGINAL VPI&SU RADAR SYSTEM

The original VPI&SU radar was designed to collect single
polarization backscatter data along the SIRIO path (11.6°
elevation) and the COMSTAR path (46° elevation). The data
acquisition system uses a hardwired TTL digital integrator.
An eight-bit analog-to-digital converter and fast sample-
and-hold circuit quantizes the received intensity, after
log-amplification. A pulse repetition frequency of 375 Hz
and a transmit pulse of 0.8 microseconds are used. The data
acquisition system divides the slant path into 128 range
gates, starting one kilometer from the radar and numbered
consecutively up the slant path. Each range gate has a se-
lectable length of 500 meters or 125 meters, used for the
SIRIO or COMSTAR satellite link slant paths respectively. A
sampling scheme accumulating 64 samples per range gate with
13.3 milliseconds between each sample is used. Details of
the VPI&SU radar are discussed by Marshall et al. [1981]
and a detailed description of the original data acquisition

system is given by Alliss et al. [1980].
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6.2 SLOW-POLARIZATION SWITCHING RADAR SYSTEM

In order to carry out differential reflectivity measure-
ments using the existing radar a slow polarization-switching
scheme was developed to operate with a slightly modified
data acquisition system. A total of 64 samples per range
gate is accumulated for one polarization; this takes 0.86
seconds. The polarization is then switched to the orthogo-
nal state; switching takes about two seconds to complete.
Then data collection resumes for another 0.86 seconds. From
this set of samples, one ZDR value is calculated. This pro-
cess takes three seconds. Although paired sets of correlat-
ed returns of orthogonal polarization are not measured, it
is thought that Zpg measurements of some value can be made.
In an earlier study using this polarization switching tech-
nique, Seliga, et al. [1981] have shown that more accurate
estimates of rainfall rate can be made by measuring ZDR in
this fashion than estimating rainfall rates from the reflec-
tivity 2.

The unique feature of this polarization switching scheme
is in the antenna feed system. The radar antenna was origi-
nally designed to have a conical scan capability by insert-
ing an offset of about 0.7 degrees from boresight in the
splash-plate feed assembly. This assembly was then rotated

about the boresight to produce a conically-scanned antenna
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pattern. Another of the original features of this feed sys-
tem is that linear or circuit polarization could be select-
ed. This is achieved by launching linear polarization into
a circular waveguide containing a three-stub polarizer. By
changing the angle of incident linear polarization relative
to the plane of symmetry of the polarizer, the desired po-
larization is developed and radiated toward the target.

With linear polarization (set by a linear polarization
launcher in the plane of the polarizer stubs), the polarizer
has no effect and vertical or horizontal polarization re-
sults. When the incident linear polarization is set to *45
degrees relative to the plane of the polarizer stubs circu-
lar polarization results.

The feed system was adapted to give switched linear po-
larization by removing the offset angle from the feed and
inserting a second polarizer in the rotating section of the
feed. Figure 6.1 shows the modified feed system. The ori-
ginal, fixed polarizer-adjustable launching stub hardware is
set to generate circular polarization which is incident upon
the second polarizer in the rotating section. The second
polarizer converts the circular polarization back to linear
polarization. The resulting linear polarization angle is a
function of the angle of rotation of the rotatable section

of the feed.
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The scanner motor rotates the splash plate-second
polarizer assembly by operating at a reduced current level.
This allows the motor to turn at a slow rate from an initial
starting position. Two rubber-backed stops on the station-
ary assembly allow the splash-plate assembly to rotate
through 90 degrees; with correct adjustment of the second
polarizer, horizontal and vertical polarization results.
Interchanging two phases of the three-phase power input to
the scanner motor reverses the rotation direction. An opti-
cal sensor on the scanner motor shaft indicates feed posi-
tion.

The original data acquisition system was modified to col-
lect data only when the feed is in position. Polarization
state (vertical or horizontal) is determined by monitoring a
reversing relay driving the scanner motor.

This switching scheme is currently in operation and has

shown considerable promise in making differential reflectiv-

ity measurements.
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6.3 PROPOSED FAST-POLARIZATION SWITCHING SYSTEM

Several different schemes for rapidly switching between
two orthogonal states have been devised. Hall [1981] uses a
rotary waveguide switch employing a high speed shutter feed-
ing a turnstile to obtain a switching time of 1.6 millise-
conds. Although this scheme performs well, a complex
switching system is needed. A fast electronic switch using
ferrite devices has been used and provides very fast polari-
zation switching times ( 5 microseconds) [Mueller, 1981].
This switch also performs very well but is limited in its
power handling capability and is very expensive.

The unique fast-polarization switching scheme developed
at VPI&SU does not perform as well as the switches described
above with regard to switching times but is relatively inex-
pensive and easy to implement. The design is identical to
that of the slow-polarization switching scheme except that
the splash-plate is free to rotate and the scanner motor op-
erates at 1800 RPM (30 Hz). The feed position indicator
will produce a pulse every time the feed is in position to
emit vertical polarization. A phase lock loop circuit,
locked to this 30 Hz signal, will generate the transmitter
trigger and polarization information used in the data acqui-
sition system. A description of this circuit follows in

Section 6.4.3.
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With a rotation rate of 30 revolutions per second, the
time between horizontal and vertical returns would be 8.33
milliseconds. This should allow partial éross-correlation
between horizontal and vertical returns. As we noted in
Section 5.3, an analysis of the cross-correlation coeffi-
cient for horizontal and vertical polarization samples
spaced 8.33 milliseconds apart should be carried out in ord-
er to determine the expected error in Zpgr Measurements. If
the rotation rate is doubled (3600 RPM) the time between
horizontal and vertical returns is halved. Rotation of the
splash plate assembly at this speed could be difficult and
therefore it is suggested that if only the second polarizer
is rotated, a rotation rate of this speed (or even faster)
éould be achieved. This requires the development of a new
feed system which could be expensive.

In addition to transmitting and receiving both vertical
and horizontal polarization, the feed system will also tran-
smit and receive in the 45 degree, 135 degree planes. This
feature is included in the feed system to investigate dif-
ferential reflectivity and cross-polarization measurements
in these two planes and to verify the theory for this form
of measurement presented in Chapter 4. This feature is im-
plemented in the phase lock loop circuit described in Sec-

tion 6.4.3.
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The fast dual polarized switching radar can be
implemented by replacing the fixed polarizer-adjustable-
launcher with a turnstile. 1If the turnstile is configured
to transmit circular polarization then this is equivalent to
the Phase II system except that the orthogonal channel (the
cross-polarized component) can be extracted easily. It is
difficult to measure the cross-polarization return when
transmitting in the vertical or horizontal plane but infor-
mation in this channel for the 45 degree or 135 degree po-

larization case could be of value.

6.4 RADAR DATA COLLECTION SYSTEM CONFIGURATION

This section briefly describes the radar data acquisition
system on a system level and how it will interface with the
processing equipment used at the VPI&SU Satellite Tracking
Station. Also, a description of the phase lock loop circuit
used to synchronize the feed system is given. Details of
the radar system operation will not be covered in this the-
sis.

A block diagram of the radar data collection system is
shown in Figure 6.2. The S-100 microcomputer, STD microcom-
puter and the phase lock loop circuit will be covered in the
following subsections while the data acquisition system will

be covered in Section 6.5. A description of the PDP-11 min-
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icomputer and the details of hardware associated with the
propagation experiments can be found in [Bostian, et al.,

1980].

6.4.1 S-100 Microcomputer

The S-100 microcomputer system will function in the ca-
pacity as a front-end processor to the PDP-11 minicomputer
which is used to control, monitor and collect data from all
the ongoing propagation experiments. The S-100 will sample
signal data, rain gauge data, and weather data, along with
accepting radar data from the data acquisition system, re-
format these values and pass them to the PDP-11 computer for
storage. In addition to real time processing of propagation
data, the S-100 system will interface with a digitizer which
will record previously collected propagation data from strip
charts. Table 6.1 lists the main features of the S-100 mi-
crocomputer. Additional information can be found in [Inter
Systems, 1981]. The S-100 system will interface with the
STD microcomputer through two I/0O ports. The S-100 micro-
computer will also be used to develop software for the STD
microprocessor as well as to store and possibly process ra-
dar data. Programs developed on the S-100 microcomputer
used to operate the radar will be down-line loaded into the

STD microcomputer for execution. This enables a variety of
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Table 6.1.

S-100 Microcomputer Features

Type: Ithica 840H
CPU: One Z80A Processor (6 MHz operating speed)
Memory: a) 40 M byte Unformatted Hard Disk

b) 12 M byte Cassette Cartridge
c¢) 8 inch single density single side floppy disk
d) 512 K byte Random Access Memory

Input/Output: 2 Serial I/O Ports
Various Parallel I/O Ports
Printer

Software: CPM Operating System
Pascal Compiler
Assembler
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experiments to be developed in software and provides the
flexibility of conducting radar experiments under computer

control.

6.4.2 STD Microcomputer

The STD microcomputer extracts data from the data acqui-
sition system and may perform some processing in the form of
range normalization, accumulation, real time display, etc.
Once data is in the appropriate form it is passed to the
S-100 for storage.

The STD microcomputer bus system architecture was chosen
because many STD microcomputer products are available from a
variety of manufacturers, and this system enables the hard-
ware to be reconfigured at a relatively low cost. The mini-
mum system configuration consists of a Z80A (4 MHz) CPU
board with 8K bytes of on board ROM and 4 K bytes of on
board RAM; a universal parallel I/0 board, used for the
S-100 system interface; and a special interface board used
for the data acquisition system interface. A description of
these boards can be obtained from Pro-Log Corporation
[1981]. Information concerning the Z80 A cpu can be found
in [Z2ilog, 1978]. Additional functions can be implemented
by including the appropriate I1/0 (A/D-D/A converters, seri-

al, parallel I/O) and developing software on the S-100 com-
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puter to drive the I/0. A real time display of reflectivity
or differential reflectivity be implemented in the STD mi-
crocomputer using two D/A converters. One D/A converter may
drive the x axis with range gate position and the other may
drive the y axis with measured signal level data for each
range gate.

A memory and I/0 map of the STD microcomputer is shown in
Figure 6.3. Output ports 70H to 7FH are decoded by the in-
terface board and are used to set parameters in the data ac-
quisition system and the phase lock loop circuit. Also,
some output ports are reserved for handling the reset se-
quence in the STD microcomputer. The reset sequence allows
the STD microcomputer to start program execution (upon re-
ceiving a reset) at up to seven selectable memory locations.
The operator can then load up to seven programs into the STD
microcomputer and select which program to execute. Note
that some programs can be permanently located in ROM and
some dynamically located in RAM through down-line loading
from the S-100 system. In order to do this, the eight res-
tart locations (O, 8, 16, 24, 32, 40, 48), termed restart
locations 0-7, must be programmed in ROM as follows in Table
6.2. The restart location will be set by a thumbwheel
switch located on the front panel next to a reset push but-

ton. See Figures 6.15, 6.16 for the detailed schematic of



rlemory Mar

6eT

# Byles o 8k 16x 24Kk sek. &sk
wexideemel — o «/000N 6ol £000¥ FFEFH
Add,ess 2FFFH v 14dd.] gls
RAM H B
RoM . . : ' '
Choue 2716 2825 mor) | (So7 Poir | rmusable fcht jcha tcks v by Ueable
204 1kxg ' ' '
®an) . Vo <<
R R4
STD LP Mewory Dda A:'uiufl;“
l (on cPU B-arJ) —'| i‘_ S’r‘m Mewmory —"
' Spece
] Z/O Map
Biasry Addr. o 2 I3 96 e s60 92 234 3ss
Mexidecimal
Address © 20/ yon o BOH AoH coH EOH FF&
Usable Usable
'DacoJcJ Odpx&' __l l_‘_
Poct Addvess
Spece Sor Dots
A¢‘«'n‘lfwv-s,¢‘hm mur,/[/a

Figure 6.3. Memory and I/0 map of the S§TD microcomputer.

I"af

/2783 ors [stad 144 |




126

Table 6.2.

Assembly language code required for restart select option.

Restart
Location Address Instruction Comments
0 0000,0001H OouT 7B,A s Check if restart vector
;s flag is set, if so
; execute a restart x.
0002,0003,0004H JP BOOTSTRAP ; If not set jump to boot-
3 strap program.
8 0008,0009H ouT 7C,A s Restart vector flag was
; set and the restart
3 vector was set to 1.
3 Clear restart flag.
000A,000B,000CH JP PROGRAM1 ; Jump to program one.
16 0010H,0011H ouT 7C,A ; Restart vector flagset
; and restart vector was
; set to 2. Clear restart
; flag.
0012,0013,0014H JP PROGRAM2 ; Jump to program two.
48 0030,0031H OouT 7C,A s Restart vector flag was
; set and restart vector
;s was set to 7. Clear
; restart flag.
0032,0033,0034H JP PROGRAM7 ; Jump to program seven.
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the interface board. Assuming that all seven programs are
located in memory, the restart location is selected and the
reset push button is depressed causing the Z80A CPU to exe-
cute the instruction located at OOH. This output instruc-
tion causes (Al6), a one-shot, to pulse if the restart ena-
ble switch (also located on the front panel) is on and
causes the RST X instruction to be executed; X is the res-
tart location value (1-7). Program execution then jumps to
the appropriate restart location and executes another OUT
instruction. This operation disables the restart location
selection until the rest push button is depressed again.
Finally, the JP PROGRAMX is executed completing the restart
sequence and passing control of the processor to the code
located at Program X in memory (ROM or RAM).

The RAM used to store the accumulated values of data are
accessed by the STD microcomputer between memory locations
4000H - S5FFFH, for all four channels. Each channel contains
four polarization states with up to 256 range gates per po-
larization. Each range gate takes up two bytes in memory to
realize up to 16 bits of accuracy. Details of how the pro-
cessor handles the range gated data will be given in Section
6.5.

The RAM located on the CPU board resides in memory loca-

tions 2000H to 2FFFH. ROM is located on the CPU board and
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resides in memory locations from OH to 1FFFH. Locations OH
to 34H must be programmed as shown before in Table 6.2. Ad-
ditional memory may be placed in the STD microcomputer sys-

tem between locations 6000H to FFFFH.

6.4.3 Polarization Synchronization/PRF Generation

The polarization synchronization circuit consists of a
phase lock loop circuit which provides a constant clock sig-
nal to a bank of counters. The counters provide an address
input to a ROM which will provide the polarization state in-
formation, the PRF sync pulse which drives the data acquisi-
tion system, and a transmit trigger which fires the tran-
smitter at the PRF of 480 Hz. A schematic of the
polarization synchronizer is shown in Figure 6.4. The syn-
chronizing pulse on the input to the circuit is generated in
the feed position sensing circuit located in the feed assem-
bly. A sync-pulse is input to the polarization synchroniza-
tion circuit every time the feed rotates through vertical
polarization resulting in a 30 Hz signal for a feed rotation
rate of 1800 RPM. This signal is divided by two with flip-
flop (Al) to produce a 15 Hz square wave. This signal is
then input to the PLL circuit (AZ2).

The other input to the PLL is the signal generated by the

divide by 720 circuit. The PLL output (VCO output) is a
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21.6 KHz square wave. Flip-flop (A3) divides this signal by
2 to generate a 10.8 KHz square wave. This signal drives
the divide by 720 circuit to close the loop and is also used
to drive a second bank of counters. Note that the 10.8 KHz
signal provides one transition for every degree that the
feed rotates. The second bank of counters divides this sig-
nal by 360 to obtain an address of the counter output which
is used to access the ROM (Al5). The ROM outputs are used
to drive the data acquisition system and the transmitter. A
truth table showing the contents of the ROM is shown in Ta-
ble 6.3. Note that the transmit trigger fires the transmit-
ter about every 22.5 degrees of feed rotation resulting in
16 transmit pulses per revolution (or 480 Hz PRF). A polar-
ization synchronization timing diagram is shown in Figure
6.5. The PRF sync drives the data acquisition system so
that data is collected on every other transmit pulse result-
ing in the collection of data at 0O, 45, 80, 135, 180, 225,
270, and 315 degrees rotation from local vertical. The po-
larization state indicates the feed polarization in for the
most recent transmit trigger and PRF sync pulses. With this
setup, two returns per polarization are received for one re-
volution of the feed; therefore 60 samples per polarization

can be accumulated each second.
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Table 6.3.

Polarization synchronizer/PRF generator. ROM truth table.

e o
ROM Output S ROM Output S
. Lol ol
Address | Transmit | PRF | Polarization -3 Address | Transmit | PRF | Polarization ]
Input | Trigger | Sync. State § Input | Trigger | Sync. State 5
0 0 0 00 v : : : : 135°
1 1 1 00 . 3 . .
2 1 1 00 179 1 1 11
. . . : 180 0 0 00
. . . H 181 1 1 00
21 1 1 00 . . . .
22 0 1 00 . . . :
23 0 1 00 201 1 1 00
. s . * . 202 0 1 00
: : : . 203 1 1 00
44 1 1 00 . . . .
45 0 0 01 45° : : . .
46 1 1 ol 224 1 1 00
. . . . 225 0 0 01 45°
: : : : 226 1 1 o1
66- 1 1 01 . . : .
67 q 1 01 . : . .
68 1 1 01 246 1 1 01
. . . ’ 247 0 1 (138
. M . : 248 1 1 01
89 1 1 oL . . . .
90 0 0 10 90° : : . .
91 1 1 10 269 1 1 01
. - . . 270 0 0 10 H
. . . : 271 1 1 10 ’
111 1 1 10 . . . .
112 Q 1 10 : : . .
113 1 1 10 291 1 1 10
. e . . 292 0 1 10
. : . : 293 1 1 10
134 1 1 10 . . . .
135 ] 0 - 11 135° . . N .
136 1 1 11 . . . .
: . : . 314 1 1 10
156 1 1 - 11 315 0 0 11 135°
157 0 1 11 316 1 1 11
158 1 1 11 . . . .
: : : : 358 1 1 11
359 1 1 1
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In addition to the synchronization of a set of four po-
larizations, this circuit also can rotate this set %45 de-
grees from vertical. This allows the operator to rotate the
linear polarization angle in real-time to investigate rain-
drop oblateness and symmetry. This is achieved by loading
an offset into the second bank of counters every time the
sync pulse is present. This causes an offset in the actual
polarization to take place. For example: If the counter is
loaded with zero during a sync pulse then V, 45, H, 135 de-
gree polarization results; if the counter is loaded with an
offset of -10 then -10, 35, 80, 125 degree polarization re-
sults. The input to the counters is set by writing the off-
set value to output port 7DH with the STD microcomputer.
This causes latch (A4) to latch the offset word present on
the DAS data bus. The offset word consists of the MSB (D7)
as the sign bit; O = negative, 1 = positive, and 7 least
significant bits (D0 - D6) as the magnitude of the offset
word.

This circuit along with the unique feed design provides a
simple way to control the linear polarization angle of the
transmit pulse at a far less expense than the switching

technique used by others.
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6.5 DATA ACQUISITION SYSTEM

This section completes the chapter with a description of
the data acquisition system. This system, under control of
the STD microcomputer, accepts up to four video channels on
input, converts these signals to a digital format, and accu-
mulates these values in memory. Each channel is independent
of the other channels and all channels operate in parallel
during data collection. The video signals input to this
system will be a co-polarized return, cross-polarized re-
turn, and two quadrature components of the correlation of
the co- and cross-polarized returns from which phase infor-
mation is extracted. Note that only one channel is needed
to make differential reflectivity measurements though.

A control circuit drives a common bus structure shared by
all channels and provides the timing signals to the channels
as well as interfacing with the STD microcomputer and the
polarization synchronization circuit.

The data acquisition system was designed with the previ-
ous considerations discussed in Sections 5.2 and 5.3 along
with some practical considerations which include:

I. Flexibility - capable of easily reconfiguring
the hardware and software to accomodate a
variety of experiments.

II. Implementable - designed with simple archi-
tecture and standard components.

III. Inexpensive - total cost of the system as small
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as possible without sacrificing performance.

6.5.1 Modes of Operation

The data acquisition system (DAS) has two modes of opera-
tion. They are: a) the data collect mode and b) the data
transfer mode. During the data transfer mode, the STD mi-
crocomputer has control of the data acquisition system. The
microcomputer's address, data, and control bus are connected
to the data acquisition system address, data, and control
bus enabling the STD microcomputer to access the DAS memory
(which accumulates the range gated data) with read/write op-
erations. Also, in this mode the STD microcomputer can mo-
dify the parameters of the DAS by writing the parameter to
the appropriate output port. During the data collection
mode the DAS control circuit has control of the DAS bus, and
the STD microcomputer is then free to process previous data.
The DAS control circuit uses the PRF sync signal to start
the data collection process for all range gates for each re-

turn while in the data collection mode.



136

6.5.2 Control Circuit and Timing Sequence Generation

During the data collection mode period, the control cir-
cuit assumes control of the DAS bus and directs the appro-
priate control signals to all channels. Also it keeps track
of which range gated data is being collected and counts the
number of samples being collected.

Data collection begins when the PRF sync signal is logi-
cal true, setting flip-flop (All) in Figure 6.7. This caus-
es the Q output to go high and the scan reset to become in-
active. This enables the sequencer to generate the correct
timing sequence. Figure 6.6 shows a schematic diagram of
the sequencer, which is active during the data collection
mode. The clock (Al) generates a 10 MHz square wave which
is input to the AND gate (Al0) and two counters (A3 and A4).
These counters form the blanking range length measured from
the radar to the first range gate, and are loaded with a
blanking range (BR) parameter (0-255) from the STD microcom-
puter through latch (A7). This is done by writing this par-
ameter to output port 70H during the previous data transfer
period.

Once the scan reset goes inactive (low) the counters (A3,
A4) begin to count down to zero (from the range blanking
parameter value). After BR+1l cycles of the clock, a borrow

in (A4) occurs and this clears flip-flop (All) on Figure 6.6
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thereby enabling the AND gate AlO to pass the clock signal.
The output of (Al0) is complementary and is used to: a)
count through the sequence ROM address and b) latch the out-
put of the sequence ROM (A2) at the correct time. This
method "pipelines" the sequence ROM addressing and allows
the address input to change while holding the data output
constant. The sequence sequence ROM (A2) has a bank of out-
put latches built in. The address is formed by counters
(A5) and (A6) which count from zero up to 127. The ROM (A2)
has 512 words which are eight bits wide. The two most sig-
nificant bits of the input address to the ROM.(A2) are
latched by (A8) which is controlled by the STD microcomputer
writing a range gate length (RGL) parameter (0-3) into out-
put port 71H.

The output sequence of the ROM (A2) is shown in Figure
6.9. The sequence ROM address, generated by counters (AS
and A6), sequences the ROM to produce the active low timing
signals: HOLD, A/D CONV, MEMRQ, RD, WR, LATCH RAM OUT,
ADDRESS INC and Range Gate RESET signals. The HOLD and A/D
CONV signals cause the sample and hold and the analog-to-di-
gital in each channel to sample the video and convert this
to a 12 bit digital word which is input to one input of the
digital accumulator. See Figures 6.11-6.14. This takes ap-

proximately 2 microseconds. While this is going on (shown
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by the A/D status signal shown in Figure 6.9), the previous-
ly accumulated value is retrieved from the DAS memory and
latched with the LATCH RAM OUT signal to the other input of
the digital accumulator. The new sample for one range gate
is then added to the previously accumulated data almost im-
mediately and then this result is returned to the same memo-
ry location. Once this sequence is finished the memory ad-
dress, generated by counters (Al7) and (Al8) in Figure 6.7,
is incremented by one to point to the next range gate. Then
a Range Gate RESET pulse causes counters (A5) and (A6) to
reset to zero and thereby reinitiate the sequence for the
next range gate.

Figure 6.9 shows the case for a range gate length of 500
meters, which takes 33 clock cycles to complete. For range
gate lengths greater than 500 meters, the Range Gate RESET
is not asserted until more than 32 clock pulses have oc-
cured. Therefore, extending the range gate length is equi-
valent to inserting "no-operation" (ROM output-FFH) in ad-
dress locations between the ADDR INC operation and the Range
Gate RESET operation. This is programmed into different
blocks of the ROM, with each block being 128 locations,
therefore the range gate length (RGL) parameter (RGL=0-3) is
used to select which block of memory in the sequence ROM to

execute. It is suggested that the first block (0-127), ac-
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cessed by setting RGL=0, be used for 500 meter range gate
length and programmed according to the sequence shown in
Figure 6.9. The second bloék accessed by setting RGL=1
could be programmed for 750 meter range gates by inserting
"no-operations" between locations 160 and 177 and then pro-
gramming the Range Gate Reset operation at location 178.
The same sequence is programmed into locations 128-159 as
programmed into locations 0-30. A similar procedure is done
for locations 256-383 and 384-512 to realize four selectable
range gate lengths. If less than 500 meter range gates are
needed for more resolution along the slant path, an A/D con-
verter with a fast conversion time (< 1.0 microsecond) must
be used. To achieve faster conversion times, a 10 or 8-bit
A/D converter must be used, at the expense of accuracy. One
segment of the ROM could be designated to operate with a
smaller range gate length (say with only 20 operations pro-
grammed into the sequence ROM) and selected with the RGL
parameters when the faster A/D circuits are being used.
Magnitude comparators (A22) and (A23) in Figure 6.7 com-
pare the memory address with a range gate number (RGN) paf-
ameter latched by (A24). The RGN parameter is used to se-
lect the number of range gates used for all polarization
states and is set by the STD microcomputer writing the RGN

parameter (1-255) into output port 73H.
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The sequence described above continues until the memory
address equals RGN parameter and generates an output pulse
on pin 6 of (A23). This causes the bank of counters (Al9,
A20, A21) to count down one, and presets flip-flop (All) in
Figure 6.7 causing the scan reset to go low, stopping the
range gate counting sequence. Since the flip-flop (All) has
been preset, the sequence will not continue until the next
PRF sync pulse. Figure 6.10 shows this for the case when
data for 20 range gates (RGN=20) are collected.

Counters (AlS, A20, A21) decrement one for each sequence
through the set number of range gates, and serve as sample
counters. This bank of counters then counts four counts be-
fore one complete sample for each range gate in four polari-
zations is complete. The sample number parameter loaded
into this counter bank is latched by latch (A25). The SN
parameter is used to select the number of samples used for
all polarization states and is set by the STD microcomputer
writing the sample number (SN) parameter (1-255) into output
port number 74H.

The SN parameter is counted down until the desired number
of samples are accumulated and a borrow occurs at the 6utput
of counter (A21). This clocks flip-flop (Al2) which inhi-
bits any more PRF sync pulses from entering the system, re-

loads the SN parameter into counters (Al19, A20, A2l1) and
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signals the STD microcomputer that data is ready. At this
point the STD microcomputer must put the system in the data
transfer mode and extract the accumulated data from the DAS
memory.

Figure 6.8 shows the interface circuit between the DAS
bus and the STD microcomputer bus. Inverters (Al4), NAND
gate (A33), decoder (A34), and OR gate (A9), decode the STD
microcomputer output port addresses 70H to 77H. Buffers
(A32, A31, A30) buffer the data and address bus to/from the
STD microcomputer and are active during the data transfer
mode. Buffers (A29, A26) buffer the address bus to the DAS
memory during the data collection mode. Note that the po-
larization state (generated by the polarization synchroniza-
tion circuit) form the two most significant bits of the DAS
address bus during the data collection mode. The state is
latched with one-shot (Al3) just after the PRF sync pulse is
true. Data selector (A27) selects part of the STD microcom-
puter control bus during the data transfer mode or part of
the sequencer output during the data collection mode. Buf-
fer (A28) buffers additional control functions generated by
the STD microcomputer (IORQp, SYSRESp, BUSENp) or the se-
quencer output (HOLD, A/D CONV, LATCH RAM OUT) and the data

collect-transfer signal (C/T').
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If fewer than 16 samples are being accumulated to com-
plete one scan an optional four-bit shift of the analog-to-
digital converter output is possible to realize full accura-
cy of the data that is tranferred to the STD microcomputer.
Also if only one sample is to be collected, then no accumu-
lation is needed. Only the most recent sample is needed to
be stored in the DAS memory. These functions are implement-
ed by executing an output 75H instruction in the STD micro-
computer during the data transfer mode. This causes flip-
flops (A35) to preset forcing the SHIFT signal to become
true (low) and change the A/E signal to the ; state (low).
This shifts the A/D converter output four bits and therefore
disables the divide by 16 function built into the digital
integrator, see Figure 6.13. Also since the P function is
selected, new data is directly passed to the memory and not
added with previous values stored in the DAS memory. Exe-
cuting an output 76H instruction in the STD microcomputer
causes the A/D converter to be stored or added to the 12
least significant bits of the DAS memory and executing an
output 77H instruction causes the digital integrator to add
new samples to the previous samples being collected, there-
fore placing the DAS into normal operation. A detailed dis-

cussion of the digital integrator is found in Sectin 6.5.3.
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6.5.3 Digital Integrator and A/D Converter

The digital integrator performs the accumulation and sto-
rage of range gated data for all four polarizations. The
analog-to-digital (A/D) converter converts the sampled video
signal into a 12 bit digital word. Figures 6.11-6.13 show a
schematic diagram of the digital integrator and Figure 6.14
shows a schematic diagram of the A/D converter circuit.

Figure 6.11 shows the DAS memory which holds the range
gated data for four polarizations (one channel). Memories
(Al1-A5) are 1024 x 4 bit RAM storage devices which must be
set to zero during the initialization process. The two most
significant DAS address bits of the RAM (As', Ag') form the
polarization state. The 8 least significant bits of the DAS
address form the range gate number (0-255). Buffers (A6)
and (A7) are used to select the 16 most significant bits
(MSB) of the DAS memory. The output of buffers (A6, A7) are
tied to the 8 bit DAS data bus. The High/Low signal is tied
to the STD microcomputer address bit A;. When Ay is O then
buffer (A7) is active and the low-order byte of the 16 most
significant bits are selected. If AO is 1 then buffer (A6)
is active and the high-order byte of the 16 most significant
bits are selected. Therefore all even address location in

the STD microcomputer memory space 4000H to S5FFFH access the

low order byte of the 16 MSB of the DAS memory and all odd
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address locations in the STD microcomputer memory space
4000H to S5FFFH access the high-order byte of the 16 MSB of
the DAS memory. Buffer (A8) will cause zeros to be written
into RAM (A5) whenever the STD microcomputer performs a me-
mory write operation to the low-order byte in the DAS memo-
ry. DAS address bits Alo' and All’ form the channel select
portion of the address and are active during the data trans-
fer mode. They are used by the STD microcomputer to access
the DAS memory in series as shown in the memory map in Fig-
ure 6.3. Two straps are provided on the input of NAND gate
(Al7) to program the hardware for channels 1-4. During data
collection Ald muiAll'are inactive and all four channels op-
erate in parallel.

Figure 6.12 shows the memory-accumulator interface. When
the DAS memory is read during the data collection mode, it
is latched with latches (A18-A20) to provide the accumulator
with the previously sampled data. Once the A/D converter
provides the accumulator with new data and the addition has
taken place buffers (A9-All) are enabled to write the accu-
mulated value back into the DAS memory.

Figure 6.13 shows the accumulator. Adder (A21) and ar-
ithematic units (AU) (A22-A25), along with the look-ahead

carry circuit (A26), are configured to add 20 bits of previ-

ous data (from the DAS memory) and 12 bits of new data (from
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the A/D converter). The A/P' signal, under STD microcompu-
ter control causes the (AU) to add previous data to new data
(A/P'=1) or to pass the new data (A/P'=0) to the memory.
Data selectors (A27-A30) perform the A/D output 4 bit shift
through the SHIFT signal under STD microcomputer control.
Figure 6.14 shows the analog-to-digital converter cir-
cuit. The sample and hold circuit (A2) samples the video
input and provides a constant analog voltage to the A/D con-
verter input. The A/D converter (Al) quantizes this value
in a conversion time of 2 microseconds. Once this is com-
plete, the A/D converter output is latched by latches (A4)
and (A5). Voltage regulators (A6) and (A7) provide regulat-
ed power (*15V) to (Al) and (A2). R7 provides an offset ad-
justment for (A2) and R8 and R9 provide an offset and gain

adjustment for (Al).

6.5.4 STD Microcomputer Interface

The STD microcomputer interface is intended to fit on a
4.5" x 6.5" standard STD microcomputer board and take up one
card slot in the STD microcomputer. This card's function is
to process the restart sequence (described in Section
5.5.2), to allow the STD microcomputer read/write access to
the data acquisition system memory, and to control the DAS

mode of operation.
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Figure 6.15, 6.16 show a schematic diagram of the
interface circuit. Buffers (Al, A2, A3) buffer the data and
address bus to/from the DAS and are active during the data
transfer mode. Inverter (Al0), NAND gate (All), decoder
(A9) and OR gate (Al3) decode output ports 78-7FH. When an
output 78H instruction is executed, this causes flip-flop
(A7) to preset, placing the DAS in the data collect mode and
executing an output 79H instruction causes flip-flop (A7) to
clear, placing the DAS in the data transfer mode. This
function is provided to allow manual access and control of
the DAS. In the data collect mode, the address decoding
circuitry (A10, Al2, Al3, Al4) and the data and address buf-
fers are inactive. During data transfer mode the buffers
are active and the address decoding circuitry generates the
BUSEN and MEMEN signals to the DAS every time the processor
accesses memory address space 4000-5FFFH. Inverter (Al8) on
Figure 6.15 drives a Data Collect Mode indicator on the
front panel. Buffer (A4) buffers the STD microcomputer's
control bus to the DAS and is active during the data trans-
fer mode.

Executing an output 7AH instruction causes flip-flop (AS8)
in Figure 6.16 to clock a high on its Q output enabling a
pulse from the one-shot (Al7) to travel through the NOR gate

(Al13). This enables the data acquisition system to collect



156

I :;l 12 - —p-
— 41 F
I; <
14 -
=2 e 34 —
Tm_ 24es248 Cpe
PILSINE
= i1
3, = _
An D AT L ire
h ]
< [
As ﬂ,:; e Ape
L] I -
L1
Ay ’ N c* "‘:: Aps
13
Az
L
=
R [
Ay Rpe
:? S29E
7 410 rve
LS W .
SiSEES r_l 74LS32
&\j 7918 20
ves l"'.? R[Ang(c.
o B [— Lo
]
2 QAQ 7] 2a
2l £y EAY
] >
Ird
M'b €| =
| LS
INTAR Erer1
A10 Al0 -
ZORR e Jwesty
79,228
79L32% 79¢532
BuseN
10 6D o froont pand
) T er) T 3
Aa— IHLE2E r4q1508 ! ‘,‘,//-'c.ud’
A AR L
A3 sV
An— ! (344
(&) ]
NHRS 23T vals MeNRCy
= B 3
3 A““ I3 "‘A‘:‘
7%L52485
(X2
waArTeR Al STD -DAS Tniefue
: C;r.u-;ft
A8 A ) (Buifar [DecodeA
PR sf2vte2 [oPslhad (552

Figure 6.15. STD-DAS interface (Buffer/Decoder).



T T 7 (svikl ow Rt T . oy
v — o 0— _6_1--: (s Eesfort En:t‘lj(? Swith (ﬁ,‘,,?f fima o Dte Teody tned
2.2¢a 6K
r6 100pF Sk (‘l:ulerfuﬁ Tive ves2® c;ml" . ‘:sv 2415444
cz e o Reget s cim) ¢ R i
- - e O <-<|r DATA READY,
Mne| 7vesz2y 74/¢$32 aﬂl"l‘ AIO
S, A O . vy
3 AR
S 'S
[ X3V)
sv ot a
SYSRES AR rresx
S. a
29L524 > X
\ 45N
B
INTAK ﬂ T ’
/] _{
It sys s
- n il
Dy A6 |iE Te
Dﬂ
c.ts 245
7 797Ls248
IOoRQ
s gy I_ . —4
2.2ka AR (Switeh o Feont ﬁ""“b ) STD ™S Toterh
INTRQ Restart Locotion Sulect . Tie
Civcuit
(Lutervipt [Cesta, t Sel.)

29uLs08

4 |24[82|opsfsiecl 242

Figure 6.16. STD-DAS interface (Interrupt/Restart Select).

LST



158

data. When the DATA READY signal is true, meaning that the
data acquisition system has acquired a sampled set of data,
and flip-flop (A8) has been clocked, an interrupt request
will be generated. The STD microcomputer will be programmed
to acknowledge this as a mode I interrupt and vector to lo-
cation 66H and execute the interrupt service routine. Dur-
ing this time the processor will acknowledge with an INTAK
signal which causes flip-flop (A7) in Figure 6.15 to place
the DAS in the data transfer mode. Then the STD microcompu-
ter has control of the DAS memory and will move the contents
of locations 4000H to 5000H (for one channel: 1locations
4000H to 43FFH) to another section in memory (for one chan-
nel: locations 2000H-23FFH). After this is done the STD
microcomputer must zero the DAS memory, or preset a range
normalizing term in each location, before commanding the DAS
to collect more data by executing an output 78H instruction,
returning the DAS to the data collect mode.

NAND gate (AlS5), one-shot (Al6) in Figure 6.15 and In-
verter (Al8) serve to insert wait states into the processor
state sequence in case that the DAS memory cannot respond
fast enough to the memory read/write cycle time of the pro-
cessor. This is provided but most likely not needed; if it
is not needed, then the "B" input on one-shot (Al6) in Fig-

ure 6.15 should be tied low instead of tied high.
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The interface circuit automatically places the DAS into
the data transfer upon receiving a system rest (SYSRES) sig-

nal from the processor.

6.5.5 Design Implementation

Special consideration must be given to the construction
of the data acquisition system. First a suitable enclosure
which provides good RF shielding must be used to package the
STD microcomputer, polarization synchronization circuit and
the data acquisition system. This is needed because of the
large ambient EM radiation present when the radar transmit-
ter is on. The half-rack enclosing the existing DAS should
be modified for this use.

The STD microcomputer will fit in a 8-slot card rack
mounted close to the DAS hardware. Connections to the front
panel or a CRT connector to the rear panel are made with
flat cable connected to an I/0O board. Two parallel I/O
ports are connected through the rear panel to the S-100 sys-
tem in the same fashion. Power to the STD microcomputer is
furnished by a common power supply located at the bottom of
the half rack, through a suitable power harness.

A 56 connection flat cable less than approximately 2-3
feet in length will be used to interface the STD microcompu-

ter and the DAS hardware. Also a 14 connection flat cable
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is needed to interface the polarization synchronization cir-
cuit to the DAS hardware.

The DAS should be constructed in its own card rack and
have enough card slots with 100-pin sockets to accomodate up
to four channels of video input. These card slots should be
wired together to form a mother board bus structure enabling
all four channels to operate in parallel. The polarization
synchronization circuit should fit on a single board and
also mounted in this rack taking up one card slot with the
feed positioning signal input provided with coaxial cable.
The control circuit should take up approximately two card
slots and provide the bus signals through the mother board
to the channels.

Each channel should take up approximately two card slots,
one slot being the digital section and the other being the
analog section. The A/D output from the analog section is
passed to the digital section through a 14 connection flat

cable. Analog signals are connected to each channel through

coaxial cable.

This totals to at least eleven card slots connected to a
common motherboard. Power will be supplied to the DAS from
the common power supply through a power harness.

Each board in the DAS will‘be constructed using wire wrap

techniques with the exception of parts of the polarization
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synchronization circuit and the analog section in each can-
nel. Due to the presence of analog signals in these sec-
tions, printed circuit board techniques should be used. For
all boards, plenty of by-pass capacitors and possibly some
inductors should be used to provide power supply filtering.

This is critical in the analog section in each channel.



Chapter VII

CONCLUSIONS

An improved formulation for radar backscatter from a vo-
lume of oblate spheroidal raindrops has been developed, tak-
ing account of the beam elevation angle and the raindrop
canting angle. The formulation is in terms of scattering
coefficients in a matrix, and can be applied to systems us-
ing linear, circular, or elliptical polarization. It has
been shown that the general form reduces to results previo-
suly published in the literature for linear polarization
differential reflectivity (ZDR) and for circular polariza-
tion depolarization ratio (CDR).

Analysis of the linear polarization case for a dual-po-
larization radar which can transmit and receive orthogonal
linear polarizations in the *45 degree planes shows that the
drop size distribution can be obtained from measurements of
LDR with the radar.

This technique can be used to verify differential reflec-
tivity (ZDR) measurements. Analysis of the circular polari-
zation case for a dual polarization radar which can transmit
and receive circular polarizations show that both the drop
size distribution and the drop mean canting angle can be ob-

tained from measurements of CDR and the relative phase bet-
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ween the co and cross-polarized return. The calculation of
attenuation and depolarization of a radio signal from a sa-
tellite along a co-located path can be improved considerably
by the knowledge of these parameters of the rain in the
path. Similar measurements of ice cloud parameters should
also be possible.

Finally, the dual-polarized radar development program at
VPI&SU was discussed and a detailed design of a new radar
data collection system was given.

With the theory of dual-polarization radar measurement
and the practical implementation of such a radar described
within this thesis, a more accurate characterization of the

propagation effects along a satellite to earth path'can be

carried out.
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APPENDIX I

AVERAGING OVER RAINDROP PARAMETERS
1.1 Linear Polarization Case

The backscattered power due to a volume of falling raindrops is

§g?> =-£% <B> (A.1)

where

2
22 Go T eB hz

C = radar constant = W 8 1n 2 GEﬁ
hz = pulse length of transmit pulse (m)
GB = half-power beamwidth (rad)

Go = on axis antenna gain f

<B> is calculated, given the elevation angle , drop size and

canting angle distributions.

Transmitting in polarization 1 with P;l =1, P;z = 0 results in:
S |£.,]? (A.2)
Bip it Tl ’
- * A.3
Byo = 1o £y (4.3)
_f * _ * 4
By1 T 11 f21 T By (4.4)
where
Kk 2
= o - 2 s 2
£4 e, [}pv ph) cos® § sin? y + pé} (A.5)
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Kk 2
- 0 - 2 2
f22 i c [}pv ph) cos® § cos® y + pgj (A.6)

Kk 2
f

- _o _ 2 sin 2y
127 %21 Tme, (p, = Py) cos® § == (4.7

f

ko = 2m/X ; )\ = free space wavelength (m)
€o = permittivity of free space
§ = elevation angle (rad)
U] = polarization angle (related to the canting angle)
w3
p, = L2 @ - 1) 2 (A.8)
° 11(1—m2)+m2+1
4m al 1
P, = n3a e:o(rn2 -1 = (A.9)
I (m®*-1) +1
1
m = complex index of refraction
a = equivolumetric radius
I, = glf P-Q@- e2)1/2 e”! sin”! e] (A.10)
e =[1-(1L-0.1=)21%2 (A.11)
B11 can be. expressed as:
*
= 4 " 2 _ 2
B.1 ]:cos § sin w(|pv| 2 Re(pvph ) + lphl )

. *
+ cos? § sin? (2 Re(pvph ) - |ph|2) + |ph|2:] (A.12)
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and B22 (the cross-polar component) is:

k'o

2 *
B, = —>— cos* § sin’_ 2 lp |2 - 2 Re(p.p, ) + |p |2 (A.13)
22 G4t € )2 2 v v h h
o)

and the off-diagonal term containing the phase is:

y

0 2 * 2 4
B,, = ———— | (|p_|*> - 2 Re(p_p, ) + |p, |?) cos* & -
2L 4m e )2 v v'h h
o
. 1 . * sin 2
1/4(sin 2y - 7 sin 4y) + (ph P, - ]phlz) cos? § ———E—Jk (A.14)

Bll’ B22, B21 must be averaged. This is done by computing

© <>y

B.1.22,21 2@ 0, s) dO da ds (A.15)

shape 0 <6>-a

The integration over 6 is carried out analytically but the
integration over a will be done numerically. The integration over a
shape distribution is done by assuming a discrete distribution which
has N Fo oblate shaped raindrops and N(1 - Fo) spherical raindrops.
Spherical raindrops only contribute to the co-polarized return, and
is independent of canting angle parameters. All the distributions are

assumed to be independent:
n(a, 8, s) = t(8) n(a) P(s) (A.16)

The integration over canting angle is carried out first. The canting
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angle (8) is related to the polarization angle | by:
6=yv-yY' or Yy=6+7yY' (A.17)

where ' defines the reference from which the polarization
state is determined (i.e. y = 0° horizontal polarization, y = 90°

vertical polarization) y is a random variable as is 0.
Therefore assuming that 6 is Gaussian distributed the integration over
6 can be written as:

<9>+0

2
J 1 xp -6 -6°" de (A.18)

B — e
11,22,21 2
<§>-q 2T ovam 20

To carry out this integral a substitution is made; let:
u=6-906 or O =u+286 (A.19)
Therefore

u+ B +YP) =u+y" 3 P =0+y' (A.20)

<
]

Using equations (A.12-A.14, A.18 and A.19) and defining

= 4 2 _ * 2
a = cos' § (lpvl 2 Re(pvph ) + [ph[ ) (A.21)
- 2 * 2
b =2 cos“§ (Re(pvph ) Iph| ) (A.22)
c = |p,l* (a.23)
K Y
d=—"2 (A.24)

(4w eo)2
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e' = [ p*—| Iz]coszcs (A.25)
PpPy Py '
2
s = kol' m -1 a® ; s = scattering coefficient
m? + 2 for spherical raindrops
then B11,22,21 become:
By, = dla sin®(u+9") +b sin®(a + Y") + c]F_+ s(1 - F) (A.26)
_ sin 2(u + Y")
322 d |a 4 Fo

B21 =d a{%[sin 2(u + Y") - -]2; sin 4(u + IJ)"))} + _e7'_ sin 2(u + Y") Fo

(A.27)
Using the appropriate trigonometric identities and recognizing that any
term containing a sin(nu) factor will contribute zero to the integral
taken over symmetric limits, which is the case here since we assume
that the standard deviation 0 is small enabling the limits of inte-
gration to be taken from e, 311,22,21 can be written as (dropping all

sin(nu) terms):

By = d[:a{%(3 - 4 cos 2u cos 2Y" + cos 4u cos 4Y")}
+ b{lz‘-(l - cos 2u cos 2y} + {lFo + s(1 - Fo) (A.28)
arl "
By, = d[Z{E(l - cos 4u cos &) )}:]F° (A.29)
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B21 = d]:a{%(cos 2u sin 2y" + %— cos 4u sin 4111")}
1
+ %— cos 2u sin 20" Fo (A.30)

Collecting terms:

= - _1. " _a_ "
B11 d[ 2(a + b) cos 2Y" cos 2u + g Ccos 40" cos 4u
+3a+lb+ F +s(1 -F) (A.31)
8 2 Cl¥o 7 8 ) :
B22 = d_%(l - cos 4Y" cos Au{JFo (A.32)
B, = d-}3-+ El) sin 2y" cos 2u - 2 sin 4" cos 4ulF (A.33)
21~ Y% T2 8 o

At this point the integral in equatién (A.18) can be carried out by

assuming 0 is small and extending the limits of integration to *© and

using the integral forms:

o2

J g exp(-ﬂzxz) cos gx dx= § /j exp{%) (A.34)
n N

J £ exp(-n®x?)dx = % T (A.35)

Combining equations (A.34) and (A.36) in carrying out the integration

over 8 in equations (A.31) - (A.33) gives:

1 "
<B11>6 = d[— E(a + b) cos 2y exp (-262)

+ % cos &" exp (-802) + 3 a+ 1 b + c]Fo-!-s(l - Fo) (A.36)

8 2
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_
<B,,%g = d.§---% cos 4Y" exp(-SOzi]Fo (A.37)
<B,.> =d—(§.+.e_') in 20" (_202)
2179 = 4| + ) sin 2T exp
- %~sin 4y exp(-SOzi]Fo (A.38)

Transmitting in polarization 2 results in:

*
B11 = f21 f12 (A.39)
=f ,f * 40
B2 T fa2t2 (A.40)
B., = £ "f (A.41)
12 22 "12 :
Since f12 = f21 then B11 for polarlé?tion 2 is equal to B22 for
polarization 1. Therefore:
< > = a _a " _Qn2
B11 5 d{8 3 cos 4Y" exp(-8o )}Fo (A.42)
Following the same steps previously given for polarization, the
components of B can be written as:
<B,.>, = d l(a + b) cos 2" exp(-202) +2 cos G exp(—802)
22 § 2 _ 8
+32a+lb+c|F +s@-7F) (A.43)
8 2 o o
and
_ a6 e' , " 2 a . " 2
<B,,>, = d|(- + =) sin 2" exp(-20°) + < sin 4Y" exp(-80°)|(F (A.44)
12 6 4 2 8 o
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for ' =0 ; Y" =6 and transmitting in
polarization 1 results in.horizontal polarization
and transmitting in polarization 2 results in
vertical polarization.

Note:

Integration over the drop size distribution is done numerically.
This is done in a computer program, shown in Appendix II. The functions
a, b, ¢, e' are integrated seperately and then combined in equations

(A.36) - (A.38) to give the coefficients B By letting ' =

11,22,21°

90° results in transmitting in polarization 2. 1In addition to the

calculation of B11,22,21

this program to determine the backscattered power in dBm.

; the radar constant and range are input to

1.2 Circular Polarization Case

The scattering matrix equation for linear polarization is

— — — b B e ~—

Ex —jkor f].1 f12 Ex

_e
== (A.45)

ES
7

f

21

f

22

Py S

To represent circular polarization as a function of linear polarization:

_ _ _ - - -
BS . A i
Erc -k T Lo=di it b 1] Bee
_e 1
-+ — & (A.46)
BS i
E 1 4 . )
LC 301 £a1fg | S

where the subscript RC represents right hand circular polarization and
LC represents left hand circular polarization. BS represents the back-

scattered field.
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Or
[~ ] B 17 ]
g_BS £ -f, -j(f..+f.) f + (£ y [|E. 1
RC -k T 1175973 oy 11723 (E19=F 5y RC
= e ° (.]_'.)
r 2
BS i
Ec Bty i (Ey~f15) £y =Fopti (E1 % 5) | B
(A.47)
Since only Rayleigh scattering is considered f12~= le
BS . i
Erc -3k x £1175723E,  fy,*E, Erc
1
=& 3 (A.48)
BS . i
Ec £117E0) 117890723805 || Epe

e — - — -

This gives the backscattered circularly poalrized field in terms
of the incident circularly polarized field and the linear polarization
scattering coefficients.

By defining:

f11c =i fn -2t
f10 = =1y (A.49)
Cc c
fzzc =i i taf,
Equation (A.48) becomes:
BS | i
E
RC -3k T f11 - f12 || Bre
e Cc C
= (—) (A.50)
BS i
Elc £1 fa2 || EBrc
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Applying equation (A.l) to equation (A.50) and transmitting in right

hand circular polarization (considering all scatterers oblate):

- 1 2
By =fy fn = glEy | (Cross)
(o] Cc Cc Cc
_lf *f 1
Bao =% t12 In (Co) (4.51)
(o4 (o] Cc
B =1g *g -3 *
21 4 11 21 12
Cc (o4 Cc

In terms of the linear polarization scattering coefficients:

2 _ 2 2 _ * *
R L R £ 0 L I SO PV LN "+ 25(£,, £ 12 - f; £

If11
c

11

* *
- 23(Eyf . = £, £1,) * 4|f I (A.52)

* *
Note that f__f + f22fll =2 Re(fllf22 )

11522 g
£ £~ £ *f = 2i Im(f..£ "
11f10 ~ g £1p = 23 Im(E, 8,0
£ ¥ *¢ = 2§ Im(f
£of10 — B £15 = 23 Im(£, £, %
2 _ 2 2 _ *
Ifll [ lflll + |f22| 2 Re(fllfzz )y - 4 Im(f 12 )
2
+ 4 Im(f, £, *y + 4l£,] (A.53)
-1 2 2 *
Bllc AL 2R Re(fn 22 M - In(f,,£15)
2
+ Im(f,, f,, *y + | £ 2| (A.54)
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B

Similarly

11

22
c

12

where

11
c

21
C
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£ + |f + 2 Re(f__f )

— 2 2
2~ £ 22| 11722

2 2
al® 15,5 + Re(f 1%22 %

2
- |f22| 25 Im(f,f,, ) + 2j f12 (£, +

*

- it

1
'Z(lfll

= 2 _ 2
% - 155,15 - d(tme 15,5

transmitting left hand circular polarization:

-1 *
=% 5 1o (Co)
c C
=_1_ *_l Z
i T2 T2 = 3lf | (Cross)
c Cc
_l * _ *
=% % f15 =By
C Cc
=1 2 . 1 *
4([f11| + |f22| ) + Re(f 22 )

(A.55)

(A.56)

£22)

(A.57)

*

-f..£..)

12 ~22

(A.58)

(A.59)

(A.60)

(A.61)

(A.62)
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-1 2 *
Bzzc =3l F 50D - Re(f 1522 Y - Im(£,,85 )
2
+ Im(f, £, *y + |f12| (A.63)
- l_ 2 _ 2y _ i.. * * *
P1a_ e 17 - HEgpl®) - m(Ey £y ) + £, 61y + £y ) (B84
2 2 . .
Iflll ’ |f22| s fllfl2 , and f22f12 are defined for the linear

polarization case and

Hh
|

1 *
£13800 = d[Z(IPv|2 - 2 Re(ppy ) * |ph|2) cos” 8(1 - cos? 2y)
2 * ] *
+ cos® 8(Re(p,p ) + j cos 2y Im(p,p_))
+ |Ph|2 (1 - cos? §)] (A.65)

In terms of a, g, h, k, and Y:

*
fllf22 = d[%(l - cos? 2y) + g+ j cos 2y h + k] (A.66)

Let Y =u+7y" , Y" =06+ "

£f. " = [ - X(1 + cos 4(u + M)
11522 A 2

+ j cos 2(u+ Y")h + g + k] (A.67)
Integrating over u as was done for the linear polarization case

. 2-cos 4" exp(- -802) + jh cos 2y" exp(- -20%) + g + k]

*
1fyy = dlg -

(A.68)
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The parameters g, h, and K are:

Re( * 28
PP, ) cos

g =
h = Im( * 2
= Im(p, P, ) cos
= 2 - 2
k lph' (l cos 6)
Note that:
|f |2 + lf |2 = 2d[§ cos 4LY" exp(-802) +.§ a + l-b + el
11 22 8 8 5
- , )
|£111% = [£5,|? = -d[(a + b) cos 2" exp(-20*)]

oo Transmitting RHC polarization:

(A.69)

(A.70)

(A.71)

(A.72)

_ 1 .a n _Qr2 .:il:
Bllc > d[8 cos 4" exp(-8°) + 8 a + > b + c]
-'% Re{d[% - %-cos " exp(-80%) + jh cos V" exp(-20%) + g + k]}
+ d[% --% cos 4yY" exp(-SOZ)] (Cross)
1.2 " —a52 3 1
B22c =3 d[8 cos 4" exp(-80°) + g 2 + > b + c]

1

(Co)

+3 Re{d[—g- - % cos 4" exp(-802) + jh cos 2" exp(-20%) +g + k]}

(A.73)
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321c = - % d[(a + b) cos 2y" exp(-202)] (A.73)

—-% Im{df% —'% cos 4" exp(-802%) + jh cos 2y" exp(-202%) + g + k]}

*
+ jd[(% + 32—) sin 2y" exp(-202)] (A.74)

and transmitting LHC polarization:

d[% cos 4J" exp(-80%) + %-a + %

[oo)
1l
N

11 b + c]

+-% Re{d[% --% cos 4" exp(-802) + jh cos 2y" exp(-202%) + g + k]}

(Co) (A.75)

- Ll,2 " -802) + 3 a4 L

B22c > d[8 cos 4" exp(-80°) + 8 a-+ 5 b + c]
1 a a " 2: . " 2
- E'Re d[§'- g cos 4" exp(-80°) + jh cos 2Y" exp(-20°) + g + k]
a a " 2

+ dfg - g cos 4" exp(-807)] (Cross)  (A.76)

B, =- % d[(a + b) cos 2V" exp(-202)]
c
- %-Im{d[% —-% cos 4Y" exp(-802) + jh cos 2y" exp(-202) + g + k]}
e'*
- jd[(% +=5-) sin 29" exp (-202) ] (A.77)

These equations can be reduced further by noting:

N oaqrd_ 2 " _a~2
Re{fllf22 } = d[8 g cos 4" exp(-80°) + g + k]
{£.£.7} =4 29" 202
Im 11800 1 = [h cos 2y" exp(-20°)]
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Therefore including the shape distribution and transmitting RHC polarization:

a2+ b _gqg_k 78
Bllc = d[4 + Z + ) 2]F0 (Cross) (A.78)

g2 +bLceLa Kk -
B22C = d[4 + 4 + 7 + > + 2]Fo + s(1 Fo) (Co) (A.79)

= - s h é_ E " - 2
B21C = -d[(] > + Z + 4) cos 2" exp(-20°)

*
.,a  e' . " 2
+ J(Z‘ + —-2—) sin 2y" exp(-20 )]F0 (A.80)

and transmitting LHC polarization:

a2+ b gk _ A.81
Bllc = d[4 + 4 + > + > + 2]Fo + s(1 Fo) (Co) ( )
B = d[-"i + b +£_49. -IE]F (Cross) (A.82)

22c 4 4 2 2 270

= - 3 _11 a .12 . " - 0'2

BlZC = -d[(j 2 + 4 + 4) cos 2y" exp(-20°)
*

- 3E 3;—) sin 29" exp(-20%)]F, (A.83)



APPENDIX II
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PROGRAMMER: D. P. STAPOR

FEBRUARY 12, 1982
REVISED TO INCLUDE CIRCULAR POLARIZATION MAY 16, 1982.

VERSION 1.3

THIS PROGRAM CALCULATES THE BACK-SCATTERED POWER RECEIVED BY A
DUAL-POLARIZATION RADAR USING LINEAR OR CIRCULAR POLARIZATION. THE
AVERAGE OVER THE CANTING ANGLE DISTRIBUTION HAS BEEN CARRIED OUT
ANALYTICALLY AND THE AVERAGE OVER THE DROP SIZE DISTRIBUTION HAS
CARRIED OUT NUNERICALLY. A DISCRETE SHAPE DISTRIBUTION IS ALSO

.SPECIFIED. THE BACKSCATTERED POWER 1S DUE TO A PULSE VOLUME

FILLED WITH RAINDROPS, LOCATED A DISTANCE R FROM THE RADAR.

IMPLICIT REAL*8 (A-H,0-Z)
EXTERNAL PHA, PVA, RPHV, Al PHV, PSPHA

REAL*8 CO(70),C1SO(70), PHASE(70),CROS(70),RE(70),Al(70)
REAL*8 PR1(70),PR2(70),ZDR(70), THDEG(70)

REAL*8 RECOR(70),AIMCOR(70),0RTT(70)

REAL*8 K,NO, |1, LAMBDA, KK

COMPLEX*16 M,MR, PH, PV, EE, RPX, RPXC, CORR

REAL X(52),Y(52)

REAL XNAME(6,7),YNAME(6,9),XNAM(6), YNAM(6)

COMPLEX SJ
DATA YNAME/' 't co! gDB)',' LIN','EAR ', ',
1 ,'ROSS!', ' (DB' Yy L , '"NEAR', ' ',
1! 'co (','DB) 'CIRC' 'ULAR', "' ',
1! CR' 10ss ','(DB)',' CIR','CULA','R ',
1! ’ ','LDR ','(DB)', ! ',
TLoo nERLmEILL L
1 COR ','(DB)’, , ’
1! P, 'HASE' ' (DE','G) L',"INEA','R ',
1 ' PH','"ASE ','(DEG',') CI','RCUL','AR '/
DATA XNAME/' EL','EVAT','ION ','ANGL','E (D','EG) ',
'POLA' 'RIZA', "TION',' ANG','LE (', 'DEG)'
! 'RAlN' 'RATE',' (MM','/HR)',
1 LAM' ‘BDA l 1 l

- - . -

!
CA' 'NTIN' 'G AN';'GLE ','(DEG!, ) '
,'IGMA',' (DE','G) !

’
’
»
’
FRAC' 'TION' ' OF ','OBLA','TE D','ROPS 7

- d b d b b

COMMON/ABC/ RR, LAMBDA, IRAIN
COMMON/DEF/ MR

CONSTANCE:
Pl = 3.141592653589793

DEG = P1/180.
SJ = (0.0,1.0)
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C RADAR PARAMETERS
c
IFLG = 0
IPLT = 0
READ(5,990) NAME1, NAME2
990 FORMAT(2AlL)
READ(5,996) ISET, IOUTPT
996 FORMAT(12,8X,11)
997 CONTINUE
READ(5, 10, END=998) G, THB, TAU, POW, FREQ, ELEV, PSI
10 FORMAT(7F10.4)
IF(1OUTPT.EQ.2)GO TO 160
IF(IFLG.EQ.0) CALL PLOTS(0,0,0)
IF(IFLG.EQ.0) CALL PLOT(2.0,3.0,-3)
160 CONTINUE
IFLG = 1
IPLT = IPLT + 1

c
WRITE(6,11)
1 1 FORMAT( //’ PR TR R R TR R R Y YRR R )
WRITE(6,12)
12 FORMAT(/,' MATRIX RADAR EQUATION CALCULATION PROGRAM',//,
1 ' RADAR PARAMETERS:',/)
WRITE(6,13) G, THB, TAU, POW, FREQ, ELEV, PS|
13  FORMAT(' ANTENNA GAIN = ',F8.2,' DB /4
1 ' ANTENNA BEAMWIDTH = ',F8.2,' DEGREES',/,
1 ' TRANSMIT PULSE-LENGTH =.',F8.2,' MICROSECONDS',/,
1 ' TRANSMIT POWER = ',F8.2,' KILOWATTS',/,
1 ' FREQUENCY = ',F8.2€' GHZ',/,
1 ' ELEVATION ANGLE = ',f8.2,' DEGREES',/‘
1 ' POLARIZATION ANGLE = ',F8.2,' DEGREES')
c
C CONVERT RADAR PARAMETERS TO USEABLE QUANTITIES
c
G = 10.0**%(G/10.0)
THB = THB*DEG
H = TAU#*3,0E02
POW = POW#1000.
WAV = 0.3/FREQ
K = 2.0%Pl/WAV
c
C ASSUME COMPLEX INDEX OF REFRACTION AT 5 DEG C AND FREQ = 2.8 GHZ.
c

READ(5, 144) M
144 FORMAT(F10.4,F10.4)
MR = M¥*#*2
READ(S,145) IRAIN
145 FORMAT(11)
IF(IRAIN.EQ.1) READ(5,51) RR
IF(IRAIN.EQ.2) READ(5,52) NO,LAMBDA
51 FORMAT(F10.4)
52 FORMAT(2F10.4)
READ(5,51) FO
READ(5,52) THTA,SIG
READ(5,51) RANGE
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c

C PLOT TYPE:

c

C X AXIS-

C IVAR = 1 ELEVATION

C IVAR = 2 PS|

C IVAR = 3 IRAIN = 1 RAINRATE

C IVAR = 3 IRAIN = 2 LAMBDA

C IVAR = 4 THETA

C IVAR = 5 SIGMA

C IVAR =6 FO

Cc

C Y AXIS-

C 10UT =1 CO (LINEAR)

C I0UT = 2 CROSS (LINEAR)

C I0UT = 3 CO (CIRCULAR)

C 10UT = 4 CROSS (CIRCULAR)

C I0UT = 5 LDR, RE(CORR), IM(CORR), MAG(CORR)
C I10UT =6 ZDR

C IOUT = 7 CDR, RE(CORR), IM(CORR), MAG(CORR)
C I0UT = 8 PHASE (LINEAR)

C I10UT = 9 PHASE (CIRCULAR)

c

C XSTR = STARTING VALUE OF X AXIS
C XSTP = STOPPING VALUE OF X AXIS
c )

READ(5,53) IVAR, I0UT
53  FORMAT(11,9X%,11)
READ(5,52) XSTR,XSTP

C
C N = NUMBER OF DATA POINTS
C
N =35
c
XLNTH = 4.0
YLNTH = 5.0
C

XINC = (XSTP = XSTR)/FLOAT(N = 1)
FVALX = XSTR

DVX = (XSTP = XSTR)/XLNTH

X(N+1) = FVALX

X(N+2) = DVX

X(1) = SNGL(XSTR)

(o}
C WRITE(6, 14) IVAR, IOUT

C 14 FORMAT(/,' IVAR = ',11,' 10UT = ',11,/)
C

C

OUTPUT RAIN CLOUD PARAMETERS
C

WRITE(6,17)
17 FORMAT(/,' RAIN CLOUD PARAMETERS:',/)
WRITE(6,23) M
23 FORMAT(' COMPLEX INDEX OF REFRACTION',/,
1'M=(',F8.2,',',F8.2,")")
WRITE(6,20) FO
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20 FORMAT(' FRACTION OF OBLATE RAINDROPS = ',F8.2)
WRITE(6,21) RANGE

21 FORMAT(' RANGE TO CLOUD = ',F8.2,' KILOMETERS')
RANGE = RANGE*1000.
WRITE(6,29) THTA,SIG

29 FORMAT(' CANTING ANGLE = ', F8.2,' DEGREES',/,

1 ' STANDARD DEVIATION = ',F8.2,' DEGREES')

IF(IRAIN.EQ.1) WRITE(6,22) RR
IF( IRAIN.EQ.2) WRITE(6,24) LAMBDA,NO

24 FORMAT(' LAMBDA = ',F9.3,/,' NO = ',F9.3,/)

22 FORMAT(' RAINRATE = ',F8.2,' (MM/HR)',/)

C
C CALCULATE THE RADAR CONSTANT
C

PSI = PSI*DEG

THTA = THTA*DEG

SIG = SIG*DEG -
ELEV = ELEV*DEG

C
RC = POW*(WAV/(U.*P|))*#2#(G*THB)*#2*H*P|/(16.*ALOG(2.0))
IF(IRAIN.EQ.1) RC = RC*16000.0
IF(IRAIN.EQ.2) RC = RC*NO
C WRITE(6‘60) RC
C 60 FORMAT(' RC = ',E10.4,/)
C
C CALCULATE THE INTEGRATION OVER THE DROP SIZE DISTRIBUTION
C -
C |PH|*#2, |PV|#*##2 RE(PH*CONJG(PV)), IM(PH*CONJG(PV)) ARE COMPUTED
¢ =
AP = 1,0E-06
BP = 3.5
DEL = 1.0E-06
IMAX = 20
IZDR = 1

31 CONTINUE
IF( IVAR.EQ.2.0R. IVAR.EQ.4.0R. IVAR.EQ.5.0R. IVAR.EQ.6) GO TO 211
IF( IVAR.EQ.1) ELEV = XSTR*DEG
IF( IVAR.EQ.3) GO TO 210
GO TO 211
210 IF(IRAIN.EQ.1) RR = XSTR
IF{ IRAIN.EQ.2) LAMBDA = XSTR
211 1 = 1
32 CONTINUE

CALL SMPSN(PHA,AP,BP,DEL, IMAX,S11, PHE,NN, | ERROR)

CALL SMPSN(PVA, AP,BP,DEL, IMAX,S11, PVE,NN, | ERROR)

CALL SMPSN(RPHV,AP,BP,DEL, IMAX, SI1,RPHVE, NN, | ERROR)
CALL SMPSN(AIPHV,AP,BP,DEL, IMAX,SI1,AlPHVE, NN, | ERROR)
CALL SMPSN(PSPHA,AP,BP,DEL, IMAX,SI11, PSPHE, NN, | ERROR)

PHE = DCADRE(PHA,AP,BP,0.0, 1.0E-06, ERROR, | ERROR)
PVE = DCADRE(PVA,AP,BP,0.0,1.0E-06, ERROR, | ERROR)
RPHVE = DCADRE(RPHV,AP,BP,0.0,1.0E-06, ERROR, | ERROR)
AIPHVE = DCADRE(AIPHV,AP,BP,0.0,1.0E-06, ERROR, | ERROR)
PSPHE = DCADRE(PSPHA,AP,BP,0.0,1.0E-06, ERROR, | ERROR)

i n

[eXoXoNoXoXe]
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IF(IERROR.EQ.0) GO TO 200
| F(1ERROR.NE.O) WRITE(6,201)

201 FORMAT(' AN ERROR OCCURRED IN THE INTEGRATION ROUTINE')
STOP

200 CONTINUE

C
C CALCULATE THE COEFFICIENTS AA,BB,CC,DD, EE, GG, HH, KK
C
AA = DCOS(ELEV)*#*4#*(PVE - 2,0%RPHVE + PHE)
BB = 2.0*DCOS(ELEV)#*#2#(RPHVE - PHE)
CC = PHE
DD = K¥**4
EE = DCOS(ELEV)**2#*(DCMPLX(RPHVE,AIPHVE) - PHE)
GG = DCOS(ELEV)**2*RPHVE
HH = DCOS(ELEV)#*#2*A|PHVE
KK = PHE*(1.0 - DCOS(ELEV)**2)

TESTING

c
c
c WRITE(6,800) AA,BB,CC,DD,EE,GG, HH, KK
C 800 FORMAT(/,1X,'AA = ',E12.4,/,' BB = ',E1z.u,/" cc = ',E12.4,/,
c 1 ' DD ' E12.4,/,"' EE ',E12.4,',',E12.4,/,"' GG = ',E12.4,/
c 1 ' HH = ',E12.4,/,"' KK = ',E12.4,/)

C .

70 CONTINUE -
IF(IVAR.EQ.1.0R, IVAR,EQ.3) GO TO 212
IF(IVAR.EQ.2) PS| = XSTR*DEG
IF(IVAR.EQ.U4) THTA = XSTR¥DEG
IF(IVAR.EQ.5) SIG = XSTR*DEG
IF(IVAR.EQ.6) FO = XSTR

212 CONTINUE

CALCULATE THE RETURN POWER
PCO = CO SIGNAL AFOR LINEAR POLARIZATION

PCROS = CROSS SIGNAL FOR LINEAR POLARIZATION
RPX = OFF DIAGONAL TERM FOR LINEAR POLARIZATION

(eXoXoNoloXoNe]

PCO = (=-1.%(AA+BB)/2.*DCOS(2.%( THTA+PS| ) )*DEXP(=2.%SIG##*2)
1 +AA/8.*DCOS(4.*(THTA+PS| ) )*DEXP(-8.*S|G**#2)+AA*3 . /8. +BB/2.
1 + CC)*FO + PSPHE*(1.- FO)

PCROS = FO*AA/8.*(1.-DCOS(U4.*(THTA+PS|))*DEXP(=-8.#SIG**2))

(2N 9]

RPX = FO¥*((AA/4.+EE/2.)*DSIN(2.*(THTA+PSI|))*DEXP(-2.*SIG*¥*2)
1 -AA/8.*DSIN(U4.*(THTA+PSI| ) )*DEXP(-8.%*SIG**2))

PCOC = CO SIGNAL FOR CIRCULAR POLARIZATION
PCROSC = CROSS SIGNAL FOR CIRCULAR POLARIZATION
RPXC = OFF DIAGONAL TERM FOR CIRCULAR POLARIZATION

(el oXoXeoXe]

PCOC = (AA/4., + BB/4. + CC/2. + GG/2. + KK/2.)*FO +
1 PSPHE*(1.0 - FO)
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PCROSC = (AA/4. + BB/U4. + CC/2. - GG/2. - KK/2.)*FO

RPXC = (=1.%*(SJ*HH/2. + AA/4. + BB/U.)*DCOS(2.*(THTA + PS1))*
DEXP(-2.#SIG**2) + SJU*(AA/U. + DCONJG(EE)/2.)* :
DSIN(2.*(THTA + PS|))*DEXP(-2.#SIG**2))*FO

CORR = COMPLEX CORRELATION FACTOR
RECOR( 1) = REAL PART OF THE CORRELATION COEFFICIENT
IMAGINARY PART OF THE CORRELATION COEFFICIENT

AIMCOR( 1)
ORTT(!) =

;PPARENT DEGREE OF ORIENTATION

CALCULATE THE CORRELATION BETWEEN THE CO AND CROSS SIGNALS

85

86

SAVE

207
208

IF(IOUT.EQ.7) GO TO 85
CORR = RPX/DSQRT(PCO*PCROS)
RECOR( 1) = DREAL(CORR)
AIMCOR( 1) = DIMAG(CORR)
ORTT(!) = CDABS(CORR)

GO TO 86

CORR = RPXC/DSQRT( PCOC*PCROSC)
RECOR( 1) = DREAL(CORR)
AIMCOR( 1) = DIMAG(CORR)
ORTT(1) = CDABS(CORR)
CONT I NUE

REAL AND IMAGINARY PARTS TO CALCULATE THE PHASE

IF(IOUT.EQ.9) GO TO 207
REPX = DREAL(RPX)

AIEPX = DIMAG(RPX)

GO TO 208

REPX = DREAL(RPXC)
AIEPX = DIMAG(RPXC)
CONT INUE

STORE OUTPUT IN VARIABLES CO(1), CROS(!1),RE(}),AlI(1)

NOTE
(THE

205

THAT THE ADDED FACTORS IN ( PRCDD ) ARE TO CONVERT MM-6 TO M-6
180.0) AND TO CONVERT DBW TO DBM (THE 30.0).

PRCDD = 10.0*DLOG10(RC*DD/RANGE¥**2) - 180.0 + 30.0
IF(1OUT.EQ.1.0R. IOUT.EQ.5.0R, IOUT.EQ.6.0R. IOUT.EQ.8)
CO(1) = PRCDD + 10.0*DLOG10(PCO)

IF(I10UT.EQ.3.0R. IOUT.EQ.7.0R. IOUT.EQ.9)

CO( 1) = PRCDD + 10.0*DLOG10( PCOC)

IF(IOUT.EQ.4.0R. IOUT.EQ.7.0R, IOUT.EQ.9)

GO TO 205

IF(PCROS.LE.1.0E-30) GO TO 25

CROS(1) = PRCDD + 10.0%DLOG10( PCROS)

GO TO 26

CONT INUE

| F(PCROSC.LE.1.E-30) GO TO 25

CROS( 1) = PRCDD + 10.0*DLOG10(PCROSC)

GO TO 26
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25 CROS(1) = =300.0

26 CONTINUE
CISO(1) = CROS(1) = CO(1)
IF(CISO(1).LT.-40.0) CISO(1) = -40.0

Cc

C CALCULATE THE PHASE

C
IF(REPX.EQ.0.0) GO TO 80
PHASE(1) = -1.*DATAN2(AIEPX, REPX)/DEG
GO TO 81

80 PHASE(!) = 90.0

81 CONTINUE
RE( 1) = (RC*DD/RANGE#**2)#(REPX)*1.0E-15
Al(1) = (RC*DD/RANGE*#*2)#*(AIEPX)*1.0E-15
X(1+1) = SNGL(X(1) + XINC)
IF(1ZDR.EQ.1) PRI(I) = CO(1I)
IF(1ZDR.EQ.2) PR2(1) = CO(!)
PSIDEG = PSI/DEG
THTDEG = THTA/DEG
ELVDEG = ELEV/DEG

Cc

C TESTING

C

(o} WRITE(6 800) I,P SIDEG THTDEG SIG ELVDEG CO(I) AA, BB CC, PSPHE, FO

C 800 FORMAT( L2, PSI’ ,F7.2, THETA‘ F8 2‘ SI1G=" F6. 1

C 1 ' ELEV=' F6 1,! CO- F7 2,'! AA‘ ,E8.2,' BB=",E8.2, '’ cc=',€8.2,

C 1/, PSPHE’ ,E8.2, FO‘ F6 1)

C -
IF(IVAR.EQ.1.0R, IVAR.EQ.3) GO TO 213
IF(IVAR.EQ.2) PSI = PSI + XINC*DEG
IF(IVAR.EQ.4) THTA = THTA + XINC*DEG
IF(IVAR.EQ.5) SIG = SIG + XINC*DEG
IF(IVAR.EQ.6) FO = FO + XINC
I =1 + 1
IF(1.GT.N) GO TO 74
GO TO 212

213 CONTINUE

C
IF(IVAR.EQ.1) ELEV = ELEV + XINC*DEG
IF(IVAR.EQ.3) GO TO 215
GO TO 214

215 1F(IRAIN.EQ.1) RR = RR + XINC
IF(IRAIN.EQ.2) LAMBDA = LAMBDA + XINC
214 CONTINUE
I =1 +1
IF(1.GT.N) GO TO 74
IF(1VAR.EQ.1) GO TO 200
IF(IVAR.EQ.3) GO TO 32
74 IF(IOUT.EQ.1.0R.I0UT.EQ.2.0R. IOUT.EQ.3.0R. IOUT,.EQ.4.0R
1 .IOUT.EQ.5.0R. IOUT.EQ.7.0R. IOUT.EQ.8.0R. IOUT.EQ.9) GO TO 71
IF(IZDR EQ.2) GO TO 71
IF(IZDR.EQ.T) PSI = PSI + 90.0*DEG
| =
IZDR =2
IF(IVAR.EQ.1) ELEV = XSTR*DEG



71
73

231
232

240

2u1

991
401
402

165

400
156
157

192

IF(IVAR.EQ.1) GO TO 200
IF(IVAR.EQ.3) GO TO 31

GO TO 70

CONT INUE

DO 73 J=1,N

ZDR(J) = PR1(J) - PR2(J)

DO 232 1=1,6

IF(IVAR.EQ.1) XNAM(1) = XNAME(1,1)

IF( IVAR.EQ.2) XNAM(1) = XNAME(1,2)

IF( IVAR.EQ.3) GO TO 231

IF(IVAR.EQ.U4) XNAM( 1) = XNAME(1,5)

IF( IVAR.EQ.5) XNAM(1) = XNAME(1,6)

IF( IVAR.EQ.6) XNAM( 1) = XNAME(1,7)

GO 10 232

IF(IRAIN.EQ.2) XNAM(1) = XNAME(1,4)

IF( IRAIN.EQ.1) XNAM(1) = XNAME(1,3)

CONT I NUE

DO 240 i=1,N

IF(IOUT.EQ.1.0R. IOUT.EQ.3) Y(1) = SNGL(CO(1))
IF(IOUT.EQ.2.0R. IOUT.EQ.4) Y(1) = SNGL(CROS(!))
IF(10UT.EQ.5.0R. 10UT.EQ.7) Y(1) = SNGL(CISO(I))
IF(IOUT.EQ.6) Y(1) = SNGL(ZDR(1))
IF(10UT.EQ.8.0R. IOUT.EQ.9) Y( 1) = SNGL(PHASE(1))
CONTINUE ,

DO 241 1=1,6 -

IF(IOUT.EQ.1) YNAM(1) = YNAME(1,1)
IF(10UT.EQ.2) YNAM(1) = YNAME(1,2)
IF(1OUT.EQ.3) YNAM( 1) = YNAME(1,3)
IF(IOUT.EQ.4) YNAM( 1) = YNAME(I,U4)

IF( IOUT.EQ.5) YNAM(1) = YNAME(1,5)
IF(IOUT.EQ.6) YNAM(1) = YNAME(1,6)
IF(1OUT.EQ.7) YNAM(1) = YNAME(1,7)
IF(1OUT.EQ.8) YNAM( ) = YNAME(,8)
IF(10UT.EQ.9) YNAM(1) = YNAME(1,9)

CONT INUE

WRITE(6,991) NAME1, NAME2
FORMAT(/,1X,'OUTPUT DATA FILE NAME = ',2Al4,' OUTPUT',/)
WRITE(6,401) XNAM, YNAM

FORMAT(/,' X AXIS: ',6AH,' Y AXIS: ',6Al4,/)

WRITE(6,402) IPLT, ISET

FORMAT(/,' PLOT ',12,' SET ',12,/)

IF(1OUT.EQ.5.0R. I0UT.EQ.7) WRITE(6,165) (1,X(1),Y(1),RECOR(1),
AIMCOR( 1), ORTT(I) 1=1;N)
FORMAT(' X(', 12 JF10.4,' Y(1) = ',F10.4,"' RE(COR) =

F10.4, IM(COR) = F10 y,' ORTT = ',F10 L)
IF(IOUT NE.5.AND,. IOUT NE. 7) WRlTE(6 400) (I,X‘I | Y(l) 1=1,N)
FORMAT(' X(',13,') = ',F10.4, ',13,') = F10 L)

WRITE(10,156) NAMEI NAME2
FORMAT(':READ ',2AL,' OUTPUT A1')
WRITE(10,157) ISET

FORMAT('//GO.FT',12,'FO01 DD *')
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163
162

158
161

998

193

IF(IOUT.NE.5.AND. IOUT.NE.7) WRITE(10,162) (X(1),
IF(10UT.EQ.5.0R. IOUT.EQ.7) WRITE(10,163) (X(1),Y

— —

1 AIMCOR(1),ORTT(1),1=1,N)

FORMAT(5( F10.4,5X))
FORMAT(F10.4,5X, F10.4)

WRITE(10, 158)

FORMAT('/#")

GO TO 997

CONT INUE

FCTOR = 1.0

CALL FACTOR(FCTOR)

CALL PLOT(0.0,0.0,-3)

CALL SYMBOL(1.7,-1.5,.12,4HPLOT,O0.
CALL SYMBOL(1.8,-1.85,.12,3HSET,0.
PSET = FLOAT(!SET)

PIPLT = FLOAT(IPLT)

CALL NUMBER(2.3,-1.5,.12,PIPLT,0.,-1)

CALL NUMBER(2.3,-1.85,.12,PSET,0.,-1)

CALL SCALE(Y,YLNTH,N,1)

CALL SCALE(X,XLNTH,N,1)

CALL AX1S(0.0,0.0,XNAM, 2L, XLNTH, 0.0, X(N+1),X(N+2))
CALL AX1S(0.0,0.0,YNAM, 24, YLNTH,90.0,Y(N+1),Y(N+2))
CALL LINE(X,Y,N,1,0,0)

CALL PLOT(8.5,0.0,-3)

GO TO 997

IF(IOUTPT.EQ.2) STOP

CALL PLOT(9.0,0.0,999)

sToP .

END -

4)
»3)

FUNCTION SUBPROGRAMS

10

REAL FUNCTION RDIST(A)

REAL*8 RR,NO,LAMBDA,RDIST, A
COMMON/ABC/ RR, LAMBDA, IRAIN
IF(IRAIN.EQ.2) GO TO 10

RDIST = DEXP(-8.2*RR*#*(-0.21)%A)
RETURN

RDIST = DEXP(-LAMBDA*A)

RETURN

END

REAL FUNCTION PHA(A)

REAL*8 A, PHA,RDIST

COMPLEX*16 PH

PHA = CDABS(PH(A))**2*RDIST(A)
RETURN

END

REAL FUNCTION PVA(A)
REAL*8 A, PVA,RDIST

COMPLEX*16 PV

PVA = CDABS(PV(A))*#*2*RDIST(A)
RETURN



10

194

END

REAL FUNCTION RPHV(A)

REAL*8 A,RPHV,RDIST

COMPLEX*16 PH, PV

RPHV = DREAL(PH(A)¥DCONJG(PV(A)))*RDIST(A)
RETURN

END

REAL FUNCTION AIPHV(A)

REAL*8 A,RDIST,AlPHV

COMPLEX*16 PH, PV

AIPHV = DIMAG(PH(A)*DCONJG(PV(A)))*RDIST(A)
RETURN

END

REAL FUNCTION PSPHA(A)
REAL*8 A,RDIST, PSPHA

COMPLEX*16 PSPH

PSPHA = CDABS(PSPH(A))*#2*RDIST(A)
RETURN

END

COMPLEX FUNCTION PSPH(A)
REAL*8 A

COMPLEX*16 PSPH,MR
COMMON/DEF/ MR

PSPH = (MR-1.)/(MR+2. )*A*“3
RETURN

END

COMPLEX FUNCTION PV(A)

REAL*8 11,V,A,E

COMPLEX*16 MR, PV

COMMON/DEF/ MR

IF(A.EQ.0.0) GO TO 10

V = A¥#3/3,

E = DSQRT(1. = (1. = 0.1%A)*#2)

|1 = (1. - DARSIN(E)*(DSQRT(1. - E*E)/E))/(E*E)
= VH(MR = 1.)%(1./(11%(MR = 1.) + 1.))

RETURN

PV = 0.0

RETURN

END

COMPLEX FUNCTION PH(A)
REAL¥*8 11,A,V,E
COMPLEX*16 MR, PH
COMMON/DEF/ MR
IF(A.EQ.0.0) GO TO 10

v = A##3/3,

= DSQRT(1. = (1. = 0.1%A)*¥2)
|1 = (1. - DARSIN(E ) (DSQRT(1. - E*E)/E))/(E*E)
PH = V#(MR = 1.)%(2./(11%(1. = MR) + MR + 1.))
RETURN
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PH = 0.0
RETURN
END

INTEGRATION BY SIMPSONS RULE

19

20
22

23
24

25

26

27
28

29
30

SUBROUT INE SMPSN(F,A,B,DEL, IMAX,SI1,S,N, |ER)

IMPLICIT REAL*8 (A-H,0-Z)
EXTERNAL F

S11=0.

$=0.

N=0

BA=B-A

IF(BA) 20,19,20

I ER=1

RETURN

IF(DEL) 22,22,23

1ER=2

RETURN

1F( IMAX=1) 2u,24,25

I ER=3

RETURN

X=BA/2.+A

NHALF=1

SUMK=F (X )*BA*2, /3,
S=SUMK+( F(A)+F(B))*BA/6.
DO 28 I=1, IMAX -
S11=S -
S=(S-SUMK/2.)/2. -
NHALF=NHALF*2.

ANHLF=NHALF

FRSTX=A+( BA/ANHLF)/2.
SUMK=F( FRSTX)

XK=FRSTX

KLAST=NHALF-1

F INC=BA/ANHLF

DO 26 K=1,KLAST
XK=XK+F I NC

SUMK=SUMK+F ( XK)
SUMK=SUMK#*2. *BA/ (3. *ANHLF)
S=S+SUMK

I F(DABS(S-S11)-DABS(DEL*S)) 29,29,28
CONT INUE

1ER=U

GO TO 30

I ER=0

N=2*NHALF

RETURN

END
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DUAL-POLARIZATION METEOROLOGICAL RADAR:
THEORY AND DESIGN
by
Daniel P. Stapor
(ABSTRACT)

An improved formulation for radar backscatter from a vo-
lume of oblate spheroidal raindrops is developed, taking ac-
count of the beam elevation angle and the raindrop canting
angle. The formulation is in terms of scattering coeffi-
cients in a matrix, and can be applied to systems using li-
near, circular, or elliptical polarization. The general
formulation reduces to results previously published in the
literature for linear polarization differential reflectivity
(ZDR) and for circular polarizétion depolarization ratio
(CDR).

Analysis of the linear polarization case for a dual-po-
larization radar which can transmit and receive orthogonal
linear polarizations in the horizontal-vertical (HV) planes,
and the (+45) degree planes are considered. Results are
presented showing the effect raindrop parameters have on 2
, and linear polarization ratio (LDR) measured in (HV) and
(245°) planes. Analysis of the circular polarization case
for a dual polarization radar which can transmit and receive
circular polarizations is also considered. Results show

that LDR measured in the (*45°) planes is similar to CDR.



The dual-polarized radar development program at VPI&SU
was discussed and a detailed design of a new radar data col-
lection system is given.

With the theory of dual-polarization radar measurement
and the practical implementation of such a radar described
within this thesis, a more accurate characterization ot the
propagation effects along a satellite to earth path can be

carried out.
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