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SECTION I
INTROLUCTION

Meteorological operations and research, as well as the opera-
tion of a variety of military weapons and communication systems,
require detailed knowledge of the state of the atmosphere. Of
concern for many applications are the bulk parameters of clouds
and precipitation, such as rainfall (or snowfall) rate, total
water content, and propagation parameters. Increasing sophisti-
cation of military systems and meteorological models requires
increasing information to characterize cloud and precipitation
media. Thus, there is a need for information concerning the
thermodynamic phase, shape, size, orientation, and number density
of hydrometeors. Past research has shown that these parameters
are amenable to measurement, in varying degrees of accuracy, by
polarization radar techniques. The concept underlying this ap-
proach is that the hydrometeor microphysical parameters are re-
lated to the anisotropy of either the scattering medium or the
propagation medium and hence can be deduced from measurements by
a dual-channel or dual-polarization radar. A theory for the use
of non-coherent dual-channel radars for meteorological measure-
ments was developed by McCormick and Hendry] and extended to
coherent radars by Metcalf and Echard?.

In addition to this major theoretical work, several experi-
mental programs have been undertaken to measure various micro-
physical and bulk parameters. These have aimed at identification
of hail in severe storms, improved accuracy of rainfall measure-
ment through a parameterized drop size distribution, and the

1 McCormick, G. C., and Hendry, A., 1975: Principles for the
Radar Determination of the Polarization Properties of
Precipitation. Radio Sci., 10, 421-434.

2 Metcalf, J. I., and kchard, J. D., 1978: Coherent
Polarization-Diversity Radar Techniques 1in Meteorology. J.
Atmos. Sci., 35, 2010-2019.




documentation of signal propagation phenomena. Results of many j
theoretical and experimental programs were reviewed by Metcalf, f
et al.3

On the basis of past research we have developed radar system
designs for the remote measurement of the microphysical parame-
ters listed above. Key design factors include the operating

frequency, pulse characteristics, power, and scanning capa-

“.__..-44

bility. These are determined largely by the characteristics of
the targets and the intended operational procedures. The con-
straints of scanning geometry, target properties, and radar
parameters determine the output characteristics and the require-
ments for data processing and display. An important feature of

the system is that it be coherent, to permit measurements of wind

and turbulence (as 1is accomplished by single-channel coherent
radars), and to determine the dependence of the scatterer ‘
anisotropy on Doppler frequency, through the two power spectra ‘!
and the cross-spectrum of the two signals from the dual-channel

receiver.

In presenting the system designs we begin with an overview of
target characteristics and scanning geometries, then discuss
measurement ambipguities and limits of spatial resolution and
quantitative accuracy. We present the parameters tor two radar
systems, each of which is capable of achieving some of the mea-
surement objectives. We discuss output data characteristics 1in
general terms and present schematic diagrams of system hardware.

The theory of polarization-diversity radar discussed else-
where will not be developed in detail in this report. Nomencla-
ture and symbols used herein are consistent with those used pre-
viously and by other authors and are defined cnly to the extent

required for this presentation.

3 Metcalt, J. L., Brookshire, S. P., and Morton, T. P., 1978:
Polarization-Diversity Radar and Lidar Technology in
Meteorological Research: A Review of Theory and Measurements,
AFGL-TR-78-0030, Air Force Geophysics Laboratory.
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SECTION I1
TARGET CHARACTERISTICS

The microphysical parameters listed in Section 1 are dis-
cussed below in the context of five meteorological target classi-
fications: rain, snow, hail, cloud water, and cloud ice.
Because of the various scattering, depolarization, and fall speed
characteristics of these targets, they are amenable in varying
degrees to measurement of the parameters of interest. While we
do not intend to present a comprehensive review in this section
of calculations and measurements reviewed elsewhere,3 it is use-
ful to relate radar-measurable parameters to the microphysical
parameters before proceeding to discuss other aspects of the

system designs.

A.  RAIN

Rain is wunique among the target classifications 1in having
well-defined relationships ot scattering cross section, shape,
and fall speed to drop size. Because of these relationships the
reflectivity-weighted average shape and, hence, size can be ob-
tained from either the ratio of «circularly polarized back-
scattered signals (from circularly polarized transmission) or the
ratio of reflectivities measured at two linear polarizations
aligned with the maximum and minimum dimensions of the drops.
Figure 1 shows the relationships of circular depolarization ratio
(CDR - the inverse ot the cancellation ratio) to rainfall rate
(for an assumed drop size distribution) and to drop size (D),

based on computations by Humphriesa, McCormick and Hendry1, and

Warner and RogersS.

4 Humphries, R. G., 1974: Depolarization Effects at 3 GHz due
to Rain. Scientitic Report MW-82, Stormy Weather Group, McGill
University.

5 Warner, C. W., and Rogers, R. R., 1977: Polarization-
Diversity Radar: Two Theoretical Studies. Scientitic Report Mw-
90, Stormy Weather Group, McGill University.
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Figure 1. Circular depolarization ratio due to scattering,

as a function of rainfall rate and of individual rain drop
diameter. Values in rain are those of Humphries (4). Values
due to individual drops are based on radar beam incidence
perpendicular to the drop symmetry axis; points represent the
calculations of McCormick and llendry (1), and line corresponds
to the model of Warner and Rogers (5).




A number dJdensity parameter can be obtained from the total
backscatter reflectivity, once a drop size parameter is known, by
means of the Rayleigh or Mie scattering cross section. If a drop
size distribution is assumed to be describable by two parameters,
e.g., an exponential function, then the measurements of total
reflectivity plus depolarization ratio or of total reflectivity
plus differential reflectivity (at two linear polarizations) can
be used to define the distribution,

If Doppler frequency spectra of the received signals can be
obtained trom coherent radar data and if the Doppler frequency
includes a substantial component due to raindrop fall speed, then
the ratio of the power spectra of two circularly polarized back-
scatter components may be used to derive the drop shape as a
function ot Doppler frequencyz. It has been suggested that spec-
tra of signals measured at orthogonal linear polarizations should
yield the same information as spectra derived from circularly
polarized signals, but this has not been proven theoretically and
probably requires pulse-to-pulse polarization agility.

Urientation parameters are derivable from the cross correla-
tion or the cross spectrum of two circularly polarized back-
scatter components. The magnitude of the cross correlation of
backscatter signals trom rain is generally between 0.6 and 0.9,
indicating that rain is a strongly oriented medium, and the phase
ot the cross correlation is near zero, indicating a mean canting
angle near =zero. We anticipate that some advantage will be
gained from the spectral display of these parameters, i.e.,
through the cross spectrum, although the quantitative nature of
the advantage is not known. Because the raindrop canting angle
appears as an additive term with the non-Rayleigh differential
phase shift in the exponent ot the signal in the transmission
channel, the availability of the cross spectrum should facilitate
the identitication of non-Rayleigh scattering effects in par-

ticular spectral bands.

M r e Skl 0D e 0 bt -




Propagation etfects are a key factor in system design, as
they atftfect the maximum range ol certain measurement capabili-
ties. While total attenuation 1is important, as with single
channel meteorological radars, ditferential attenuation and dit-
terential phase shift are even more important in the case of a
dual-channel radar. These ditterential propagation terms are the
differences of attenuation and ot phase shift of signals propa-
pating with polarizations parallel and perpendicular to the sym-
metry axis ot the raindrops. ln the context of dual-channel
radar measurements, the propagation eftfects appear as a signal
component in one channel due to scattering, absorption, or phase
shitt of the signal of the opposite polarization as it encounters
non-spherical raindrops. Propagation effects are minimized tor
horizontal and wvertical polarizations in rain because ot the
orientation of the propagation medium, but are non-zero because
ot the distribution of raindrop canting angles about the mean.
Differential propagation effects are maximized for 45° linear or
for circular polarizations because the orientation of the polari-
zation plane (in the linear case) or the circularity is altered
by the non-spherical drops. For circular polarization, the major
received signal has a sense of rotation opposite to the trans-
mitted polarization and is generally 10 to 30 dB above the signal
received in the transmission channel; therefore, the propagation
component 1s included only iIn the transmission channel. Similar-
ly, for 1linear polarization, the major received signal is
parallel to the transmitted polarization; therefore, the propaga-
tion effect is included in the perpendicularly polarized compo-
nent, since the propagation eftfect on the parallel polarized
signal is negligible.

These characteristics of the propagation effects have led to
the use or advocacy of linear or circular polarizations for
various applications3. Although the minimizing of propagation
eftects makes linear polarization desirable or necessary for some
purposes, the variety of measurement objectives we contemplate

appears to require the use of circular polarization. Most of

these objectives are related to the measurement of the anisotropy



of the scattering medium, and the measurements require circular
polarization or pulse-to-pulse agile linear polarization. The
increased propagation etfects encountered with circular polariza-
tion cah be viewed as an undesirable or detrimental factor in
some situations, particularly for measurements of scattering
parameters through precipitation, e.g., on the far side of a
storm. Propagation effects that dominate the backscattering
effects can provide valuable physical information about the pro-
pagation medium. For circular polarization, the formulation tor
the received signal in the transmission channel contains the

factor

j(8 + 2a) Jx 2 1) ]

[ ve 2p e .
where v is the amplitude ratio of the backscattered signals and p
is related to the total one-way differential attenuation (AA) and

differential phase shift (a¢) by the relation
p e 3X = tanh (C.05758A + j (n/360)a4). (1)

The relative significance of scattering and propagation effects
can be determined from the quantity 2p/v . Figure 2 illustrates
the ranges at which propagation effects begin to be significant,
as tunctions of rainfall rate and frequency. The propagation
parameter (p) was derived from computations of Oguchi and
Hosoyab, and the amplitude ratio (v) was derived from computa-
tions of Humphries“. Research aimed at separating propagation

and scattering terms in the received signals is in progress7.

6 Oguchi, T., and Hosoya, Y., 1974: Scattering Properties of
UOblate Raindrops and Cross Polarization of Radio Waves Due to
Rain (Part II): Calculations at Microwave and Millimeter Wave
KRegions. J. Radio Res. Labs. (Japan), 21, 191-259.

/ Metcalf, J. 1., 1980: Propagation Effects on a Coherent
Polarization-Diversity Radar. 19th Conf. Radar Meteor., Amer.
Meteor. Soc.
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B. SNOW

Within this designation, we include not only the relatively

"single crystal' snow, but also more complicated "aggre-

simple
gate'" snow and other ice forms such as sleet and graupel. One
important objective of radar observations of snow is identifica-
tion, i.e., detecting snow and discriminating it trom rain. The
extent to which this can be done varies widely according to the
type of precipitation and other tactors.

The shape of snowtlakes should be measurable in the same ways
as that of rain drops. In the case ot snow, the electromagnetic
shape may or may not be related to the physical shape, however,
and neither is related to particle size in a well-detined way.
Single crystal forms may have axial ratios between 0.1 and 10,
but these rarely grow to precipitation size. Precipitating snow-
tlakes tend to have more complicated shapes resulting from
multiple crystal growth regimes or from aggregation. The cir-
cular depolarization ratio obtained ftrom measurements of such
particles at 16.5 CGHz is usually small (i.e., large cancellation
ratic), approaching -30 or -40 dB in some cases, and the cir-
cularly polarized backscatter component in the transmission
channel 1is essentially unmeasurable in wmany situations with
existing radar equipment.

Because snow particle shape is not related to size in a well-
defined way, it 1is not possible to estimate particle sizes
directly from shape measurements. Particle size will probably be
most accurately estimated trom measurements of the Doppler fre-
quency shifts associated with their tall speeds. An ambiguous
estimate of particle size and number density is obtainable trom
the total backscatter retlectivity, and it may be that the use ot
a coherent radar will permit a derivation ot average particle
size. It may be possible to determine number densities and par-
ticle sizes it mouels can be developed to relate these parameters
to the total reflectivity and characteristics of the spectral
functions.

1t has been hypothesized that precipitating snow, unlike

rain, is randomly oriented in space. One objective of medsure-




ments of the type contemplated in this design project is to
verity that this 1is so. Thus, the capability of deriving the
complex c¢ross spectrum trom circularly polarized backscatter
signals is essential, although the magnitude of the cross spec-
trum or the cross correlation is likely to be rather small (less
than about 0.3). The cross correlation or cross spectrum may be
useful for classitying ice precipitation in an empirical way. If
snowt lakes tend toward random orientation as hypothesized, they
constitute 4an approximately isotropic propagation medium, Al-
though signals ot hipher trequencies may be measurably attenuated
in moderate to heavy snow, difterential attenuation is expected
to be small. Ditterential phase shitt will also be small, except
in conditions where the particles are strongly oriented by either
devodynamic forces (associated with c¢rystal shape) or electric
tields. Hence, the normalized quantities such as the circular
depolarization ratio, spectral power ratio, cross correlation,
and coherency spectrum will usually provide valid intormation on
the scattering medium even at long ranges through snow, provided

that the signal strength is safficient.

C. HAIL

Identitication ot hail can be accomplished to some extent on

the basis of retlectivity alone, since the highest observed me-
teorological retlectivities are almost always associated with
large hail. The identitication ot small hail and the interpreta-
tion of cases in which retlectivity is near the "threshold" value
tor operational hail identitication require the evaluation of
other backscatter pardmeters. Great variation in reflectivity is
observed, duc to the variety of torms ot hail, such as '"spongy"
ice or water-coated ice, and Mice scatter cross section variations
with hailstone size. The ettects ot these variations on the
polarization parameters is not known.

Hail at the surtace is usually observed to be approximately
spherical in shape, although irregularities and deviations are
common. These irregularities pive rise to signiticant depolari-

zation ot both linearly and circularly polarized signals. 1In the
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case of circular polarization, circular depolarization ratios ot
-10 dB or greater (cancellation ratio of 10 dB or less) have been
obscerved at 3 GHz. It has been hypothesized that hail aloft is
sufficiently non-spherical to be affected by aerodynamic forces
and thus to have a1 preferred orientation. If this be true, then
hail shape could be derived from either circularly polarized
signals in two receiver channels or from differential reflec-
tivity measurements using linear polarization. Either of these
measurements could be contaminated by differential attenuation,
and differential phase shitt could contaminate the circular po-
larization measurements even at 3 GHz. Such differential propa-
gation eftects are likely to be due to rain in the intervening
medium.

The size of hailstones can probably be derived only from
characteristics of Doppler spe-tral functions. Observations at 3
GHz indicate that hail is randomly oriented in space (contrary to
the hypothesis mentioned above) and thus is characterized by low
values of cross correlation or cross spectrum. If the presence
of hail can be determined in a particular frequency band of the
spectral functions, then the size of hail can be estimated from
the corresponding fall speed. Fall speeds of hail, rain, and
snow are shown in Figure 3. The use of Doppler frequency shift
to derive hail size requires that measurements be made at a radar
elevation angle sufticiently high that the Doppler component due
to fall speed is measurable. This criterion is discussed further
in Section III.

Number density ot hail can be determined from the total back-
scatter intensity, provided thuat hail size is determined first.
Otherwise, the size and numnber density are ambiguously related.
The use of two microwave frequencies (c.g., 3 and 6 GHz) to
measure the 1trequency dependence of the total backscatter has
resulted in some success in identitying hail and in determining
its size and number density.

The spatial orientation oif hail is of interest for several
reasons, and, as implied above, disapreement exists as to whether

hailstones are or are not preferentially oriented. Methods

11
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Figure 3, Fall speeds of rain, hail, and snow as functions
of hydrometcor size.
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similar to those employed for riain can be used to measure the
orientation of hail. Parameters that seem best suited for de-
riving the spatial orientation of hail are either the magnitude
and phase of the cross correlation of the spectral coherency and
phase computed from the two circularly polarized backscatter
components.

Significant attenuation can occur if hail is present, due to
both the hail itselt and heavy rain in the vicinity. Differen-

tial propagation etfects are also likely to be large, leading to

- e e o

depolarization of either linearly or circularly polarized signals
which can be measurable even at 3 GHz. The cross correlation of
circularly polarized signals may provide valuable information in
such situations since differential propagation effects appear as
an increasing magnitude of cross correlation with range. Large
values of circular depolarization ratio can be interpreted as due
to hail backscatter if tne cross correlation is small. If the
cross correlation or coherency is large, then the corresponding
large values of depolarization must be due either to propagation

effects or to oriented scatterers.

D. LIQUID WATER CLOUD
The distinction between precipitating and non-precipitating

water particles is somewhat arbitrary, given that tall speed is a

continuous monotonic tunction of drop size. The dividing point i

is about 0.8 m scc™!. Weak vertical motions which are present

is usually taken about 200um diameter, where terminal fall speed L
even in clouds of small vertical extent are sufficient to keep
these particles suspended indefinitely.

Because so-called cloud water drops are nearly spherical in
shape, they may be expected to produce negligible depolariza- |
tion. This criterion topether with the measurement of reflec-
tivity may theretore be used to identity liquid water clouds.
The formation ot precipitation should be accompanied by a gradual

increase of depolarization as well as a rapid increase in reflec-

tivity. The depolarization ratio may be used in conjunction with

the retlectivity and cross correlation to document the formation




of precipitation and to distinguish between depolarization due to
rain and due to ice crystals.
Reflectivity of clouds has been ftound to be approximately
proportional to the square of the liquid water content8. This
result implies that the size distribution of water drops in
clouds is relatively narrow, since the proportionality would be #
exact if all the drops were of equal size. wWaler content ot
various types of clouds ranges trom less than 0.1 gm m™3 o

| several grams per meter cubed. Typical retlectivities at micro- o

wave frequencies are shown in Figure 4. j
Since depolarization is negligible, both in scacccering and in
! propagation, acrouss the entire microwave region, only the power
spectrum of the signal in the "main'" channel (i.e., the channel

opposite to the transmission channel 1in the case ot circular

polarization) will contain usetul intormation. Speciticaltiy,

mean velocity and spectrum width provide intormation on the large
and small scale variations of air velocity in the cloud. In
cases where the presence of ice crystals 1s suspected (or cannot
be ruled out on the basis of tewmperature) or where the develop-
ment of precipitation is anticipted, the other spectral functions
should be available from the radar data.

E. ICE CRYSTAL CLOUDS

Ice crystals of non-precipitating size represent what 1is

perhaps the least documented class of meteorological scattering
media. Because they occur both in thin high-altitude clouds and
in the upper regions of clouds producing rain, the development of
techniques and equipment for observing them involves considera-
tion both of the scattering and propagation characteristics of
the ice crystals themselves and of the propagation characteris-
tics of other hydrometeor types.

The presence of ice crystals in clouds may be determined by
the joint use of radar reflectivity (typically lower than in

8 Battan, L. J., 1973: Radar Observation of the Atmosphere.
University of Chicapo Press.
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liquid water clouds), depolarization ratio (non-zero for sutfi-
ciently non-spherical crystals), orientation parancters, and in
some cases propagation parameters, Reflectivity ot ice crystal
clouds is approximately proportional to the square of the water
content, but is about 6.7 dB less than that for liquid water
clouds ot similar water content because ot the different dielec-
tric tactor for ice. A wide range of depolarization ratios are
possible as a result of the various shapes of 1ice crystals.
Calculations of backscattering from ice ellipsoids yield circular
depolarization ratios as large as -7.5 dB for preferentially
oriented scatterers with an axis-to-diameter ratio of 0.1.
Because ot the extreme values of axis-to-diameter ratios
which ice crystals may attain, relative to those of raindrops,
significant differential propagation effects may occur. This is
particularly true if the crystals are preferentially oriented by
aerodynamic or electrical trorces. Such effects have been ob-
served in radar backscatter at 16.5 GHz and in satellite-to-
ground communications at 20 GHz. The propagation effects ob-
served by radar were believed to be due to ice crystals too small
to be detectable; detectable backscatter from greater range re-
vealed the propagation cffects in the intervening space. Dif-

Vovas calculated from

ferential phase shift up to 2.5 deg km~
these observations; differential attenuation was negligibly
small. With the differential attenuation so small, transmission
on only one circular polarization is required to obtain the
orientation angle ot the propagation medium (from the phase of
the cross correlation between the two circularly polarized re-
ceived signals), it propagation etfects are dominant. Polariza-
tion switching will be necessary to fully document situations in

which scattering and propagation ettects are of comparable mag-

nitudes.
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SECTION 111
RADAR SYSTEM ANALYSIS

A radar system analysis was performed to determine the opti-
mum transmitting frequency and other radar parameters for the
various Imeasurement scenarios. The only system attributes
assumed a priori were coherence and polarization diversity. The
optimum radar system configuration for a given meteorological
measurement depends on the measurement scenario, including target
type (rain, snow, hail, clouds), propagation medium (clear air,
rain-filled), target range, and target elevation angle. The most
important radar parameter to be determined is the radar operating
frequency, which 1is extremely dependent on the measurement
scenario. For example, raindrop shape measurements at long range
through a rain-filled propagation medium dictate a radar
operating frequency in S-band, not only to minimize attenuation
due to propagation so that the rain in the resolution cell can be
detected, but also to minimize depolarizaton due to propagation
$s0 that raindrop shape can be accurately measured. However,
measurements of water and/or ice clouds through a clear air pro-
pagation medium necessitate a higher radar frequency, say K;-
band, so that detection can occur. No one single-band radar
system will be optimum for all meteorological measurements ot
interest.

Target ranges and elevation angles are considered in general
in Subsection A. Also considered are ambiguity trade-offs be-
tween maximum unambiguous range and maximum unambiguous Doppler
frequency. Design considerations aftfecting detection of the
various meteorological targets are discussed in Subsection B, and
polarization tactors intluencing radar design are considered in
Subsection C. The utility of multiple-frequency observations and

frequency modulation techniques is discussed 1n Subsection D.

The results ot the analysis are summarized in Subsection E.
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A. COVERAGE

The selection of area coverage for the radar is determined
primarily by desired measurements of target characteristics and
secondarily by hardware/component limitations. Because clouds
and precipitation occur within the troposphere, we selected a
nominal maximum altitude of 14 km for analysis of the radar
scanning geometry. For a measurement radar located on the sur-
face of the earth, the geometry is depicted in Figure 5. The
maximum range (using a 4/3 earth approximation) is a function of
the elevation angle, given the 14 km altitude limit, and 1is
graphed in Figure 6. Here we see a rapid increase in range at
angles less than about 6 degrees. The fall speeds for the tar-
gets of interest are indicated in Figure 3. (Cloud particles
have fall speeds less than about 0.5 m sec‘1.) The velocity com-
ponent along the radar-line-of-sight (RLOS) determines the ob-
served Doppler frequency of the target. For vertically falling
targets (towards center of earth) the velocity components along
the RLOS is proportional to the sine of the elevation angle at
which the target is observed. Since Doppler frequency is related

to the velocity by

£ = 2

d Zstin¢/A (2)

VRLos/?
the Doppler frequency increases with increasing elevation angle
and with decreasing radar wavelength. For target classification
purposes, it is desirable to obtain as much spread in Doppler as
possible. Thus, high elevation angles and/or high frequencies
(short wavelengths) are advantageous.

Slower fail-speeds are mostly associated with smaller par-
ticles and correspondingly lower reflectivity. Many target data
processing applications require both received polarizations to be
measured with significantly high signal-to-noise ratios (SNR).
This leads to a hipgher transmitted power requirement or reduced

range capability.
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An additional constraint on the measurement capability is
introduced by the angular dependence of depolarization in the
anisotropic scattering medium. This angular dependence is best
illustrated by rain, since the raindrops fall as oblate
spheroids. Depolarization due to rain will be largest when rain
is viewed at horizontal incidence and near zero when viewed ver-
tically. The power ratio for circularly polarized signals back-
scattered from rain varies as the fourth power of the cosine of
the elevation angle. The angular dependence of depolarization
and the angular dependence of the Doppler frequency due to fall
speed (kEquation 2) are shown in Figure 7. This figure implies
that analyses dependent on having both a mesurable Doppler fre-
quency component due to fall speed and a measurable depolariza-
tion ratio are restricted to elevation angles between about 15
and 45 degrees.

The optimum coverage areas for the desired target measure-
ments are also limited by a combinaton of range and power con-
straints. Optimum coverage parameters are summarized in Table
1. The remainder of the radar system analysis was based on pro-
viding primary area coverage. Measurements at lower elevation
angles and greater ranges will be possible within the constraints
of propagation effects and an increasing spatial resolution in-
crement. However, the capability to make all desired measure-
ments at long range will be limited.

Range and Doppler ambiguities are to be avoided or a method
for resolving them must be incorporated into the radar design.
Under the assumption of the 14 km altitude maximum, the maximum
range to the targets as a function of elevation angle was given
in Figure 6 versus eclevation angle. The radar Pulse Repetition
Frequency (PRF) required to maintain unambiguous range informa-
tion is governed by the relation

PRF < ¢/2r(¢)
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Figure 7. Relative target velocity along rada- line of sight
(RLOS) due to fall spced, and relative circular polarization
power ratio (circular depolarization ratio) in rain, as func-
tions of radar elevation angle.




TABLE 1. SUMMARY OF COVERAGE

PARAMETER COVERAGE

Primary Region

Azimuth 0° - 360°
Elevation 15° - 90°
Range 0 - 40 km
Doppler Velocity <20 m sec-!

Secondary Region

Azimuth 0° - 360°
Elevation 0 - 15°
Range 0 - 200 km

Doppler Velocity <20 m sec"!
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where ¢ is the velocity of light (3x108 m sec‘]) and r{(s) 1is the
range of interest. Figure 8 illustrates the PRF constraints as a
function of elevation angle. At the horizon the PRF is con-
strained to be less than 307 Hz, while above 50 degrees elevation
PRF can exceed 10,000 Hz. The radar designs in the following
sections accommodate this wide range of values.

For unambiguous Doppler measurements, the PRF must be at
least twice the maximum Doppler frequency. Using the PRF con-

straint versus elevation from Figure 8,

PRF(4) > 2ty = 2 [2 VRLOS/A] 4 VeLos fo/c (3)
Solving for frequency, f,, we obtain
£y, £ ¢ PRE(O)/ (4 Vi g9/ (4)

Figure 9 shows this result tor various values of Vpygg. For the
primary measurement area of 40 km range and a nominal minimum
elevation angle of 15 degrees, the frequencies of the radar
should be less than 56, 26, and 13 GHz for line-of-sight veloci-
ties of S, 10, and 20 m scc‘1, respectively. It must be
remembered that Vi g incorporates the components of velocity due
to the fall speed and horizontal wind, and applications of the
frequency constraint curves should account for expected veloci-
ties along the vradar-line-of-sight, not necessarily absolute

maximums.

B. DETECTION

Target detectability is a basic criterion for meteorological
radar measurements. ‘larget detection depends on the target radar
cross section (RCS), radar characteristics such as transmitting
frequency, peak power, pulse width, beamwidth, etc., and propaga-

tion effects. Of the meteorological targets and propagation

media under consideration, only rain is amenable to an analytical
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expression for RCS. Hence, the f{ollowing discussion relates

B

primarily to rain and secondarily to other target types.
For simplicity, detection criteria for rain was based on a
spherical raindrop model. The RCS for a single spherical rain-

drop, assuming Rayleigh scattering (D<K<1), is given by

R R,

)
; o = (n°n%) Ik [< Db (5)
f where K = (e - 1)/(e + 2), » 1is the transmitted wavelength, D
; is the diameter of the raindrop, and ¢ is the complex dielectric
constant of water, Although ¢ varies greatly over radar

operating frequencies, ]Kl2 remains relatively constant and is 3

'

f

!

{ numerically equal to approximately (.93. The total RCS for a
f

large group of spherical raindrops in the resolution volume
(cell) of the radar is determined by summing the RCS of raindrops
in that volume. The reflectivity (n) is defined as the total RCS
per unit volume and is related to the retlectivity factor Z by

the relation

no= — |k{¢ zx 10710 (6)

where A is given in centimeters and Z in the customary units of
mm®m=3.  For a Marshall-Palmer? raindrop size distribution, re-

flectivity is given by

8 5

no= (2 x 1078 #2 |k|Z RV :ON7H 7)
where n is reflectivity (m’]), R is rainfall rate (mm hr']), A is
wavelength (cm). ,
} A graph of n versus frequency, t = ¢/x , 1is shown in Figure

9 Marshall, J. S., and Palmer, W. M., 1948: The Distribution of
Raindrops With Size. J. Meteor., 5, 165-1606.




10 for rain rates of 1, 5, 10, and 50 mm hr=1. The solid lines
in Figure 10 indicate the range in which the Rayleigh approxima-
tion to the backscatter is valid. The broken lines are continua-
tions of the Rayleigh scattering approximation into regions where
Mie scattering effects can generally not be neglected. Also
plotted are the values of n for the various rain rates at f = 16,
24.2, and 35 GHz; these points are based on Z-R relationships
calculated by Wexler and Atlaslo, which were based on Mie back-
scattering cross sections. As expected, the Rayleigh scattering
approximation is poorest at large rain rates (large drop sizes)
and high frequencies (short ).

An analysis of snow reflectivity is not possible due to the
irregularity of the size and shape of snowflakes. However, from
various snowfall measurements, the following empirical relation
has emerged:

noo= (2 x 1077y 72 [K|Z REATH (8)

where R (mm hr’l) is the precipitation rate when the snow has
melted and X is in centimeters. The dielectric factor ]K|2 now
has an approximate value of 0.197. A plot of n versus f is shown
in Figure 11 for precipitation rates of 1, 5, 10, 15, and 20 mm
hr=!. Note that snow reflectivity is greater than rain reflec-
tivity for all but the negligible precipitation rates; this is
because snow falls much slower than rain, and the number density
of snowflakes must be greater than that of rain drops to achieve
an equivalent precipitation rate.

Reflectivity factors as high as Z = 4x10% mm® m=3 have been
observed for hail in thunderstorms. This corresponds to a re-

flectivity of n = 3x10"4 m", or -35 dB, at X-band. Douglas]1

10 Wexler, R., and Atlas, D., 1963: Radar Reflectivity and
Attenuation of Rain. J. Appl. Meteor., 2, 276-280.

1"

Douglas, R. H., 1964: Hail Size Distribution. Proc. 11th

Wea. Radar Conf., Amer. Meteor. Soc., 146-149.




REFLECTIVITY, CROSS-SECTION PER UNIT VOLUME (dB relative to 1 m 1)

TRANSMITTING FREQUENCY (GHz)

Figure 10. Reflectivity of rain. Solid lines represent Rayleigh
scattering approximation over its range of validity. Broken lines
are extrapolations of Rayleigh approximation to higher frequencies.
Dots are calculated for Mie scattering.
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Figure 11. Reflectivity of snow, based on Rayleigh scattering.
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found that for wet hail,

2 = 16000877 w73 for £ = 9.1 GHz (9)

¢ = 42000R%"?% mm®m™3 for £ = 3 Ghe (10)
and for dry hail,

z = 42008°°%7 ™3 for t = 9.1 GHe (1)

AR ]1OOORO'97 mmbm'3 tor £ = 3 CHz (12)

Using the wvalue 104 as a representative value tour the coetticient
of R, we obtain

-6 5

y y -/
no=107% 22 k|4 RU-Y N

(13)

where R (mm hr']) is the precipitation rate when the hail has

melted and X is in centimeters.
Atlas'? found for clouds,

12

) n? |K}2 M 4 (14)

n = (4.8x10°
. ) 9 ,
where M is water content in grams per meter cubed and [K|< = 0.93
for water clouds and 0.197 tor ice clouds.
We can summarize the tforegoing results for the assumed
Rayleigh scattering with the rclation

4

n=A X (m_]

) (15)

where:

12 Atlas, D., 1954: The Estimation of Cloud Parameters By
Radar. J. Meteor., 11, 309-317.




(SNR) as a

other radar

hydrometeor

a hydrometeor

where:
P( =
G =

Mois in crams

The radar

- 5 2 .6 -6.1.6 .
A = (2x10 8) w N H1 L. H.69X10 Hl tor rain
- s 22 -5
A= (2¢1077) 12 [K1% R = 1.21x1077R4 tor snow
-6 5 : 9 -5 0.97 . .
A= 0™ k2 v o sLonx1oT0RY Y for bail
0 9 .

.- 5 o o 1.37x107 M~ for water c¢louds

A= (4.8x107 7)) oY R MY = 0.9
DLRAXITO M for ice ¢louds

A is in centimeters,

B is in millimeters per hour, and

per meter cubed.

equation, which gives the signal-to-nol=se ratio
function of radar and target parameters, must he con-
sidered to cetermine the values ot the transmitting frequencey and
parameters that maximivze the probability ot detecting
targets. The single pulse SNR for a radar detecting

target is

- 2 0
10 4}‘1(3‘“11\’)\“

SNR = —— — (16)
By 4
(4n) FRTHEr 1, | P

o

transmitted power

‘)
antenna gain = 07 /(9 0 4
a s A ol ar)
reflectivitly
8]
volume of resolution cell = (w/4)r” 8y, (CU/2)




= transmitted wavelength

range

0 R >
i

= speed of light

—
|

pulse width

= elevation beamwidth (radians)

m
}—

= azimuth beamwidth (radians)

fw
N

= noise figure

= Boltzmann's constant
temperature

= receiver bandwidth = 1—1

= total system lusses

r"mt—‘txr—iwn:mcp
f

= total propagation losses

gl

A is in centimeters and all other quantities are in the MKS sys-
tem of units

Propagation losses can be written as

Lp - eQ.A6Y(X)r (17)

where y()) 1s the one-way loss (coefficient of attenuation) in
decibels per unit length.

Consideration is now given to the frequency dependence of the
SWR. Besides the explicit dependence of the SNR on Az, it also

depends implicitly on X through its dependence on n and y(X).

Wavelength can have a second order effect through its possible
influence on Py, F, and L, but these effects will be ignored
here. The SNKR can be divided into a A-dependent factor and a ai-

independent factor,
SNR = Ka“2e0-4Y (VT (18)

The r-independent tactor K (not to be confused with the dielec-
tric factor in the reflectivity formulations) is given byv

1 -4 2 2
| 10 "n7P

£ T Ac
K = (19)

; w2
512 810, FkIroL,




or

SNR/K(dB)Y = =2 y(A)r - 20 log A (20)

Antenna parameters are assumed to be varied with A in such a
manner as to render 061 and eaz constant and independent of A .
The propagation medium must now be specified to proceed
further, Two scenarios are investigated: a clear air, high
humidity propagation medium, and a rain-filled propagation

medium. The coefticient of attenuation, y(Ax), can be written as

Y(r) = YG(A) oy, () (21)

where YC(A) 1s due to ahsorption of radiation by gaseous oxygen
1

and water, and YH(A) is due to attenuation of radiation by rain

presoent in the propagation medium, In a clear air
medium, YR(A)=O, and Van Vlock13 has shown that yC(X) in dB km"1
is given by
Av Av Av
_ =2 1 2 2 3
g = ATH0B [y gy 2B b 5
AT+ Av (2+Xx 7)7 + Av; (2-%2 7)7 + Av
1 2 2
Av,3 A\),g
+0.0035 p | ——3 — 5 f T3 = 5 b e22)
(A7 =0.741H)° + v, (A 7+0.741)° + avg
where Av] = 0.018, Av? = 0.049, Av? = 0,087, X is in centimeters,
and p is the absolute humidity. A graph of yc(x) versus x is
1

13 van Vieck, J. H., 1947: Absorption of Microwaves by Oxygen
and The Absorption of Microwaves by Uncondensed Water Vapor.
Phys. Rev.,, 71, 425-433.




shown 1in Figure 12 for p = 20 gm m—3 (saturated air at ordinary
temperatures).

For y(A) = YG(A), graphs of SNR/K(dB) versus x for a clear
air medium are shown in Figure 13 for r = 1,10,40, and 100 km.
The peaks in the SNR/K vs. A curves occur at values of A that
depend on range. The wvalues of 2 for which these peaks occur,
for A>0.5 cm, are given in Table 2.

In the primary region of coverage (as defined in Subsection
A) where target ranges vary from O to 40 km, the first maximum in
a given SNR/K vs. XA curve is always greater than the second maxi-

mum. Thus, in this region, the transmitting frequency that maxi-

mizes the probability of detection of metecorological targets in a

clear air propagation scenario is in the Jow millimeter wave

band, or K, -band. The next optimum operation frequency is in Ku—

g

band or X-bhand.

TABLE 2. WAVELENGTH AND FREQUENCY FOR WHICH
NORMALIZED SIGNAL TO NOISE RATIO IS
MAXIMUM (PROPAGATION THROUGH CLEAR AIR)

r (km) First SNR/K Maximum Second SNR/K Maximum
1 0.60 cm (50 GHz)

10 0.75 cm (40 GHz) 1.85 em (16.2 GHz)

40 0.80 ¢m (38 GHz) 2.10 em (14.3 GHZz)

100 0.85 ¢m (35 GHz) 2.50 em (12.0 GHz)

The coefficient of attenuation is given by FEquation (21) if

the propagation medium is rain-filled; i.e.
14
d

, YR(X) must now be

included in y(X). Burrows and Atwoo have given values

for YR(A) for various rain rates and transmitting frequencies.,

14 Burrows, C. R., and Atwood, S. S., 1949: Radio Wave Propa-
gation, Consolidated Summary Technical Report of the Committee on
Propagation, NDRC, Academic Press, New York.
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Figure 12. Attenuation coefficient for absorption by oxygen
and water vapor.
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Using these values and interpolating between them, graphs
of y(1) versus X are shown in Figure 14 for various rain rates.

For a moderate rain rate of 12.5 mm hr~! (1/2 1in hr“),
sraphs of SNR/K(dB) versus x for a rain-filled medium are shown
in Figure 15 tor various ranges. Again, the peaks in the SNR/K
vs. X curves occur at values of A that depend on range. The
values of A at which these peaks occur are given in Table 3.

The optimum operating frequency for transmitting through a
rain-filled medium is anywhere trom S-band to K, -band depending
un target range. The optimum transiwitting frequency band for
tarpet ranges up to 40 km is apparently, from Figure 15, 4 GHz to
h GHz. In this band ol frequencies, SNR/K does not fall below
-20 db lor target ranges up to 40 km. Lower frequencies are

optimal for targets at longer ranges. Theretore, the optimal

transmitting trequency for detecting hydrometeor targets in a

moderate raintall propagation medium is in S-band or C-band.

TABLE 3. WAVELENGTH AND FREQUENCY FOR WHICH
NORMALIZED SIGNAL-TO-NOLSE RATLO IS
MAXIMUM (PROPAGATLION THROUGH MODERATE RAIN)

r(km) SNR/K Maximum
1 0.85 cm (35 GHz)
10 3.3 cm (9 GHz)
20 6.0 com (5 GHz)
40 7.1 cm (4.2 GHz)
100 9.1 cm (3.3 GHz)

Graphs of SNR/K versus X tor targets at the maximum range in
the primary region ot coverage (40 km) are shown in Figure 16 for
various raintall rates. A transmitting frequency in X-band, K-
band, or even K -band would be adequate tor detecting meteoro-
logical targets in a light rain propagation medium,

The optimum transmitting frequency bands tor detection of me-

teorological tarpgets ftor various tarpet ranpes and propagation
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Figure 14, Attenuation coefficient due to absorption by
atmospheric gases and rain.
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scendarios  are summarizea in Table 4. The choice of one trans-
mitting ftrequency tor all measurement scenarios is obviously an
exercise in compromise. lhe adequacy ot chosen trequency cuan
be evaluated by determining whether an adequate SR ror detection

can be obtained tor each tarpet rain, suow, hail, clouds) at

that trequency. Raddl  palveacl orfs sucn ab o palse length, bear-
width, and peak power amst e opcciliod Detore cdaloeulatlng e
SNK tor a given measurenent scenario. Thercviore, the rdnges of

acceptable pulsce widths and beamwrdths nd an adeguate SR for
detection will now be specitied. Then tor a4 chosen radar fre-
Guency and measurement  scenario,  the pedx power required for
detection of ecach target will be determined as a function of
acceptable pulse widths and bemwnwidrns. [t the pedk power thus
determined is within an acceptable (attalnadle) range, then the

chosen trequency will be adequate.

TABLE 4. OPTIMUM TRANSMEITTING FREJUENCY BANDS
FOR METEOROLOGLCAL TARGEL DETECTLON

PRKOPAGATION SCENAK]TO

i ht doderate
Target Ranges Clear Alr Raintali Raintall
Near (0-2 km) Low mm, K, £, K,
Primary Coverage Low min, K, Koo KU, x L
Reglion (0-40 km)
Far (40-100 km) K,» Kyo X X C, S

Sthee the SNK increases as the square of the pulse width, a
wite pulse would be desirable to enhance detection probability.
s

LS, i wide pulse is desirable tor coherent radars, since

ceneral vy coberence is o lost during pulse rise and fall times.

P, the el ot iee amount  ob o time that coherence is maintained

vionte 0 palse ancereases with pulse widrh, and coherent boppler

Y

b




processing capability is enhanced. Range resolution, ct/2, is a
factor that drives the pulse width down. However, this is not
generally a problem in weather radars since the along-range di-
mension of meteorological targets tend to be large compared

to c¢t/2. Therefore, a pulse width in the range of 0.5 to 2

microseconds seems reasonable.

Since the SNR increases with decreasing anienna beamwidth, a
small beamwidth would be desirable to enhance detection proba-
bility. However, a lower bound on beamwidth is required to keep

antenna size reasonable, since beamwidth 1is inversely propor-

tional to the antenna's diameter. For example, a 0.5-degree
beamwidth at X-band requires a 1l4-foot antenna. Assuming a
pencil beam such that 8.1 = 04, A beamwidth in the range of 0.5

to 2 degrees (8.7 to 35 mrad) secems reasonable. A single pulse

SNR of 10 dB is adequate for detection.

A rain-filled propagation medium (R = 12.5 mm hr']) with the
target at the maximum range (40 km) ot the primary coverage re-
gion was chosen for the measurement scenario. A light precipita-

1

tion rate of 5 mm hr~' 1is chosen for the precipitation targets

(rain, snow, hail), and a water content ot 1 pgm m™3 was chosen
for the cloud targets.

An S-band frequency of 3 GHz and an X-band frequency ot 10
GHz were chosen for the transmitting trequencies. Thus, trom
Figure 15, SNR/K = -20 dB for 3 GHz and SNR/K = -31 dB tor 10 GHz
for the above measurement scenario. A receiver noise {igure ot 5
dB and a system loss of 7 dB were chosen.

Using these parameters, we obtained the graph ot P,
versus 82/r2 shown in Figure 17 tor the different tarpets. In
the ranges of acceptable pulsc widths and beamwidths, the peak
power required for detection ot the precipitation tarpgets varies
from a low ot 11.5 W to a4 high ot 117 kW. Transmitters at S- to
X-band with peak powers in this range dare readily available.
However, the peak power regquired tor the detection ot clouds
varies trom 2.57 MW to 39.3 GW. Cleariy then, a4 transmitting

trequency in the 5- 1o X-band is not adequate for the detection
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of clouds in the above measurement scenario. A 15 to 30 dB
reduction in the required peak power is needed to bring it down
to a realistic range attainable by radar transmitters. This
reduction would have to be balanced by a corresponding increase
of 15 to 30 dB elsewhere in the radar equation to maintain a 10
dB SNR. Instead of a SNR/K = -20 dB, SNR/K must now be no
smaller than -5 dB for the same measurement scenario. Cloud

detection thus requires a different medasurement scenario, i.e.,

shorter target vrange, and a clear air or light rainfall
propagation medium. For example, water cloud detection 1is
possible with a radar transmitting frequency in X-, K, -, or

K,-band and a peak power of 100 kW for cloud ranges of 10 km or
1

less in a propagation medium with rainfall of 2.5 mm hr~' or
less. Optimal cloud detection occurs in clear air, short target
range scenarios with a radar transmitting frequency in K,-band.

Cloud detection at lower radar transmitting frequencies 1is
also possible at shorter target ranges with the high power trans-
mitters currently available at those frequencies. For example,
with an operating frequency of 3 GHz and a peak power of 1 Mw,
the maximum cloud detection range is approximately 6 km for a one
microsecond pulse width and a one-degree beamwidth.

In conclusion, while no one transmitting frequency is optimum
for detecting all meteorological targets 1in all measurement
scenarios, a transmitting frequency in the S- to X-band range is
adequate for detecting all precipitation targets for all propaga-
tion scenarios and all the target ranges depicted in Table 4.
(X-band frequencies may prove inadequate for very long-range
targets in the moderate rainfall propagation scenario.) Cloud
detection 1is possible at short target ranges in clear air or
light rainfall propagation media and with high (K, -band) trans-
mitting frequencies. In addition to cloud detection, a frequency
in K -band is optimal or adequate for precipitation target detec-
tion in some other measurement scenarios, such as clear air/light
rainfall in the primary coverage region and moderate rainfall at

short ranges. Cloud detection is also possible at low (S-band)




transmitting frequencies at sbhort range with high transmitted

power.,

C. POLARIZATION

The measurement of hydrometeor shape and orientation parame

|

!

ters reguires the reception of signals with polarization identi
cal and opposite to that of the transmitted signal, The pre-
ceding subsection dealt with the detection of the "main" signal
(i.e,, the parallel-polarivzed linear component or the opposite-
sense circular component). EBecause the power in the "orthogonal”
signal (i.e., the cross-polarized linear component or the same-
sense circular component) is typlcally 10 to 30 dB or more below
that of the main signal, the sensitivity of the radar must be
increased accordingly over that reguired for marginal detection
ot the main sipgnal. Achieving the required system sensitivity is
not generally difficult. The measurement of the orthogonal
signal appcars to be limited primarily by the isolation between
the two channels at the antenna. The accurate interpretation of
the orthogonal signal and of its cross-correlation with the main
signal depends on the extent to which it is contaminated due to
lack of channel isolation and due to depolarizing effects in the
propagation medinm.

A meteorological research radar with polarization diversity
should be capable of transmitting and receiving right and le it
circular polarizations and  linear volarization  of arbitrary
orientation to maximivze polarization measurement capability.  For
example, a radar with both Tinear and circular polarisation di-
versity  provides the maximum  versatility in raindrop canting
angle measurements, in that gt Jeast three methoas are avildablce
for the measurement ., In the first method, clreular polarization
is transmitted and canting angle i determined from the phase ot
the cross—correlation of the two received signals, In the second
method, canting angle is determined by transmitting lincar juo-
larivzation and rotating the planc of polarization until the de-

polarivzation is minimivzod. Finally, an the thivrd method, 16 baoth

linear and cirenlar polarizotions arc transmitiod sequential iy,




then canting angle can be determined from the ratic of Signal:
received in the linear and circular orthogonal channels. BRI PR
tical polarirvation could be useful for a few purposes, such  das
evaluation ot rain clutter cancellation techniques, but is not o«
important as circular and linear polarizations for the type of
measurements we contemplate,

The main effect  polarization has on the choice o an

)

operating radar treguency is through depolarization ot the signo
in the propagation medium. Information about the metcorological
targets in the resolution cell can be obtained through targct-
induced depolarization of the signal. However, it any signal
depolarization occurs in the propagation mecium, then target-
induced depolarization effects are masked. It tarpcet depolari-
zation characteristics are desired, then the transmitting fre-
guency that maximivzes the ratio of the targcet induced depolariza-
tion to propagation induced depolarivation is appropriate.
Depolarization effects are negligible in a clear air propaga-
tion medium. Therefore, since target induced depolarirzation 1s
nearly independent of operating frequency, at  least in the
Rayleigh scattering approximation, any radar transmitting {fre-

1

quency 1s acceptable as far as polarivzation is concerned. in u
rain-filled propagation medium, depolarivation increascs with
transmitting f{freguency and path length, Thercfore, the lowest
allowable transmitting frequency should be chosen to minimize
propagation depolarization effects. This is demonstrated in
Figure 2 of Section Il1. There, 2 measure ot the ratio of propa-
gation-induced depolarization to target-induced depolarization is
¢iven by the quantity Z2p/v. Propagation induced depolarirsation
effects can be neglected when 2p/v < 0.1.  Theretore, from Figure
2, o stort fLarget ranges and low radar transmitting froquencies are

necessary to negate propagation depolarisation offects when light
: : ; ; ; : PR -1

rain i1s in the propagation medium, For example, for E=2 mm hr

and r = 56 km, the radar operating froquency must be 4 Gl oor less

foor 2n/v < 0.1,
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Propagation depolarization  «¢tlects througi raln  can o b
greatly reduced with the use of Vincar polarization. Theoreti-
cally, propaygation depoiaricsation ot fcets  can Hie virtually
climinated i1t the plane of polarisation as alipned with one o
the mean principal axcs ol the raindrops; 1l.e., the poluaricuation
vector 1= aligned with, or at ripbl angles 1o, the mean canting
angle ot the vaindrops in the propayation medium, However ) it
the target is this same collection of raindrops, tion targe? -
induced depolarization i1« also minimivzed and available Informua-
tion is lost., lincar polarisation is etfective in scenarios
where the radar is observing hail or snow through rain. Both
horivzontal and vertical polarizations must be transmitied to gain
the same amount of polarization information as is obtainable with
a circularly polarized signal. These transmitted polarizations
stiould be as close together In time us possible. l'ulse-to-pulse
polarization agility would be desirable.

In conclusion, while dcetection c¢riteria of  precipitation
targets allow an operating trequency in the S5« to X-band range,
polarization considerations drive the cholce of frequency to the
lower end of that spectrum, i.c., to S-band. An S-band frequency
is also adeqguate for cloud detection at short ranges with high
power transmitters. Optimim c¢loud detection occurs at  high
transmitting frequencios (Ky-bundy, short ranges, and c¢lear
air: a measurcement scenario vielding negligibhle propagation-

induced depolarization.

D. MULTIPLE FREQUENCIES AND FREQUENCY MODULATTON

In the development of a metcorological remote sensing syvstem,
the question arises as to whether the measurement capability
would be enhanced by the joint use of sensors at more than one
frequency, such as two radars or o a radar and o lidar. Furthoer-
more, since freguency modulation technigues have been usced suc-
cesstully tor several moteorological applications it s essential
to consitder therr possible utabity in the context of a coherent

dual-channel yadar,




There are two facets of the multiple frequency question:
first, whether the use of two (or more) transmitting frequencies
provides any increase in the capability of measuring or deriving
the parameters of interest at a given point, and second, whether
it is desirable to operate two or more sensors of different char-
acteristics at the same time to observe a wider range of hy-
drometeor types.

Multiple frequency radar observations have been used for the
detection of hail, based on the frequency-dependent scattering
and attenuation characteristics of hail and rain. The hail de-
tection capability is based on Mie scattering characteristics of
hail and on the greater attenuation encountered in both rain and
hail at the higher microwave frequencies (C-band and X-band). To
the extent that the Rayleigh scattering approximation is valid,
the information obtained from the scattering medium is redundant,
except that the attenuation encountered at the higher frequency
(relative to the negligible attenuation at sS-band) gives an addi-
tional estimator of the rainfall rate or water content in the
propagation medium. Because the backscattler polarization chardc-
teristics of raindrops are nearly independent ot radar trequency,
the use of two frequencies would not improve this medsurement
capability. While a frequency in X-band, tor example, would
permit better detection of small raindrops and ot snowflakes,
such detection could also be accomplished at S-band if adeyuate
power is used. In summary, we conclude that the use of two fre-
quencies for observations of precipitation would not add signiti-
cantly to the system measurement capability. It would, nhowever,
be useful to have a "head-to-hcad" comparison of dual-tfrequency
hatl detection and dual<chauncl hatl detection to understand
betrer the strengths anag weaknesses ol both techniques.

In the context of clioud observations, the possibilicv of
observations by lidar must be considered, since Iidar has been
proven capable ot discriminating ice and liquid water clouds and

of identifying shapes of ice particles in some situations.3 The

49




relative capabilities of lidar and radar for the detection of
clouds were investigated by Derr.'®> He found that for detection
of the near edge of several model clouds a CO2 (10um) lidar was
superior to various radars in all cases, except when rain was
present. The lidar superiority over a short-wavelength radar was
no greater than about 7 dB in any of the cases. In the scenario
of 1,000 m penetration into a cloud at a distance of 5,000 m to
the near edge, the results were mixed. Derr suggested that joint
observations with radar and lidar were desirable for investi-
gating the development of clouds and the onset of precipitation
within them.

For measurement of the shape and orientation of cloud water
drops or ice crystals, we must consider not only detection cri-
teria but also the relative capabailities for obtaining polariza-
tion-related intormation. LLidar measurements typically have
included the depolarization ratio and, in some cases, the signal
intensity or reflectivity. The pulse characteristics of lidars
permit the interrogation of a given array of hydrometeors only
once and thus do not allow the derivation of the signal cross-
correlation. The average orientation angle of the scatterers
would be derivable by successive observations at varying polari-
zations. Radars operating at pulse repetition frequencies of
several hundred hertz or more obtain a series of observations of
a given array of hydrometeors, i.e., before the scatterers move
through the resolution cell. From the time series, one can ob-
tain the power spectra and cross-spectrum in addition to the
average power, depolarization ratio, and cross-correlation. Thus,
the advantages of lidar lie mainly in extending the measurement
capability to clouds of low water content and small crystals or
drops, rather than in enhancing the measurement capability in the
situations where target detection by radar is adequate.

Multiple frequencies have also been used to resolve ambigui-

ties of Doppler velocity measurements resulting from spectrum

tolding. Since we contemplate the use of a low frequency for
15 Derr, V.E., 19/78: A Basic Comparison of Lidar and Radar for
Remote Sensing ot Clouds. Technical Report ERI 397-WPL 52,

Nat'l. Oceanic and Atmospheric Admin.
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The use ot frequency modulation techniques 1is ot interest
because they enable more rapid determination ot average sipgnal

characteristics by reducing the '"phase noise" in the received

signals associated with the random relative motion of the

scatterers in phase space. In the context ot dual polarization ,
radar observations, one must consider the tfrequency-dependence of .
the polarization characteristics of radar components and the
i extent to which performance may be degraded [ the transmitted
signal bandwidth 1is increased. As an example, in the 16.5 GHz
radar operated by the National Research Council (NRC) in Ottawa, |
Ontario,16 the frequency stability requirement is determined by
the bandwidth of the turnstile junction in the antenna feed,
which is about 0.1 per cent of the center frequency, or + 8
MHz. Hence, the NRC antenna design is incompatible with the use
of wideband techniques such as that used by Krehbiel and :
Brook.17 Alternative antenna designs, discussed in Section V,
will permit the use of wideband transmission. The use of wide-
band or frequency-modulated transmission and the achievement ot
the associated fast-scanning capability will be necessary for the
effective study ot certain physical phenomena. For example, the
changes of hydrometeor polarization properties which accompany
electrical discharges have been well documented!8 a4t time scales
of the order of one second at fixed antenna position. Reflec-
tivity changes associated with electrical discharges have been
measured by Brook (private communication) at time scales of the
order ot a few milliseconds. Hence, it is evident that the com-

plete documentation ot electirical eftects in both space and time

16 MeCormick, Go Co, and Hendry, A., 1979: Techniques tor the
Determinat ion ot the Polarization Properties of Precipitation,

17 Krehbiel, P. R., and Brook, M., 1979Y: A Broad-Band Noise
Technique tor Fast-Scdanning Radar Observations of Clouds and
Clutter Targets. 1EEE Trans. Geosci. klectr., GE-17, 196-204.

18

decCormick, Go ., and hendry, A., 1979:  Radar Measurement

ot Precipitation-Related oepolarization in Thunderstorms. TLERL

Trans. Geosci. Klectr., Gh=17, 142-150.
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will require a rapid scanning capability. The incorporation of
measured Doppler velocity data into computer models of severe
storms requires observations at much shorter time scalc¢s than are
presently available and hence requires that fast-scanning capa-
bility be available in a future generation of meteorological
Doppler radars. It will eventually be necessdary to incorporate
polarization-related parameters into computer models for verifi-
cation and updating of cloud and precipitation physical parame-
ters; this will require that the polarization parameters be
available with high temporal resolution.

The implementation of fast-scanning capability into a dual-
polarization polarization-agile system requires detailed evaluu-
tion of the performance of the microwave components in terms ot
bandwidth, phase stability, and dispersive (trequency-dependent)
characteristics, which are beyond the scope ot the preseut
study. The effective use of the data obtainable from a tast-
scanning radar requires either a much hipgher capacity data-pro-
cessing system or that much of the data processing be done otft-
line. While a fast-scanning radar would provide measurcements of
reflectivity, Doppler mean velocity and variance, and bulk po-
larization parameters within acceptable statistical contidence
limits, it is not evident that the spectrai tunctions which are a
key part of the interpretation of the dual-polarization back-
scatter can be computed with acceptable accuracy from fast-
scanning radar data. Hence we recommend that the dual-polariza-
tion capability be implemented initially in a narrow-band sy=tem,
and that the analytical and interpretive techniques already suap-
gested be further developed aud retined on the basis ot real data
before proceeding to the development of a fast-scanning c¢oherent
dual-channel radar.

In summary, we conclude that the coherent polarization-diver-
sity radar should be a single-frequency narrow-band system. tor
observations ot rain, the use of a multi-band system adds Titt'le
to the measurement  of  polarization  parameters 1n a4 piven

scattering medium.  The use of more than one frequency band doces

extend the ranpe of measurement capability in terms ot detectable

-




scattering media, but such observations tend to imply the usce ot
multiple measurement systems, rather than the incorporation of
the total capability into a single system. The limited polari-
zation capabilities of lidar relative to those of radar similarly
imply that the polarization properties of radar-detectable clouds
can be adequately measured by radar alone.  ine use of trequency-
modulation or wideband transmission tor rveducing backscatter

"phase nolse" and achieving a taster scuanning capabilitly s
desirable, but likely to be ditticult to implement in a coherent
dual-channel radar system. The possibility of using wideband
microwave cowmponents to accommodate such techniques 1is an

important topic for turther investigation.

E. SUMMARY

On the basis ot the toregoing analysis, we conclude that the
transmitting trequency options are S-band and K, -band ftor
measurements in precipitation and in clouds, respectively.  The
use ot frequencies above S-band results in increasing propapation
etfects which degrade the backscatter measurement capability in
moderate or heavier rain. Conversely, the use of frequencies
lower than K,-band results in rapidly decreasing sensitivity to
backscatter from small hydrometeors. A matrix of measurement
scenarios is given In Table 5, and the adequacy ot the two fre-
quency bands, 5 and Ky, tor the particular scenarios 1s shown. A
trequency band appears for a given scenario it it is adequate for
most of the precipitation rates (or water contents) and target
ranges tor that scenario. In the cases where both frequency
bands are shown, the one appearing tirst is preterred. It mea-
surcements  only through a clear propagation medium are contem-
plated, then K -band is the preterred ftrequency band tor all
target types and ranges. However, measurements throuph a rain-
tilled medium will require a frequency in S-band and a4 consequent
reduction ot cloud measurcment capability.

The polarization mode preterred tor most measurements is

circular, because ot the resultant capability ot determining the

orientation state ot the scatterers, For a broader range ot
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possible measurement objectives, 1t is desirable to have avail-
able both circular and linear polarizations with variable orien-
tation.

Other desirable radar parameters include a pulse width of 0.5
to 2 usec a beamwidth of 0.5 to 2 degrees, a pulse repetition
trequency variable from about 300 Hz to 10 kHz, and a peak power
of at least 100 kW. Full scanninyg capabilicty in azimuth and
elevation 1is, of course, essential for the weasurement objec~
tives.

The implementation ot these design parameters is expected to
be essentially similar at the two proposed frequencies. A des-
cription of the suggested microwave system is presented in Sec-
tion IV and antenna design factors are discussed in Section V.
The data system described iIn Section VI can be used with either
radar, since operation at either of the two recommended frequen-
cies will involve measurements at relatively high elevation
angles and high pulse repetition frequencies. 1t is in this mode
ol operation that the data rates are highest. Operation at low
elevation angles for long range measurements, which will not be

possible at K, -band, involves lower pulse repetition frequencies

because of the need for large unambiguous range limits.




SECTLON 1V
SYSTEM CONFIGURATION

The general concepts discussed in tiis section are equally
applicable to a radar system operating at either of the two tre-
quency bands identified in the preceding section. 1In accordance
with the decision based on prelimindary results ol this study, we
have given detailed consideration Lo component limitations and
availability only tor a radar system operating at S-band (10 om
wavelength). The objective of this ettort is to present o design
tor a radar system which permits the collection ol uappropriate
radar signals to quantify o variety ot hydrometceor aicropivysica!
parameters. The types of hydromcteors and associated purameters
have been described in detall in Sccerion L. To ubtain the
preatest possible intormation trom the nydrometeor backscatter
signal, the radar system should be cobierent, dual polariced, .nd
polarization agile. The desipgn dmplications ot these charac-
teristics will be discussed in this section with respect 1o
system requirements imposed Ly tne bydromcteor tarpels,

Betore proceeding turther, clavitication ot terminolopy is in
order. Imposition ol coherence on the radar system means  that
the baseband radar video si;nal gt the outpur ot the radar con-
tains both amplitude and phasce inrovie ron. e phase tatorma-
tion ot this signal is velative to thoe phase ot the fransmtted
pulse, while the amplitude intormation is simply the mapnitude ol
the return. Coherence of (he transmitted signal trom one pulse
to another will depend on the actual implementation ot the trane-
nitter module and Is necessitated only  when  concerned  with
returns from tdrgets at ambipuous vanpes, .e., panpes beyond he
maximum ambi;uous range determined by the svstem pulse repetition
rate.

Dual polarization s detined as  the capability ot symol-
tancously recceiving tne same poiarteation as was transmitroed plus
the oppositely polavized vetnrn, 'n the conventional vadar ter-

minoloy

HJo

cspecially with reterence to tinear polarization, these
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signals are reterred to as the 'parallel"” or "co-polar' and tac
"cross' components of the backscattered signal. The tern "or-
thogonal’™ 1is also used to describe the oppositely polarized
signal, but this nomenclature is a source ot confusion in radur
meteorology because the term "orthogonal' has also been used to
refer to that circuluar polarization component ot the return trow
rain which is opposite to the "main" sipgnal that contains the
larger portion of the backscattered power. We shall use the

terms "'parallel polarized" or '

‘co-polar" to refer to the received
signal in the transmission channel and "cross-polarized'" to refer
to the received signal in the orthogonally polarized channel,
regardless of the polarization stiate of the transmitted sipnal.

Polarization agility 1is the capability of rapidly changing
the polartization state of the transmitted pulse, that 1is, at
least as tast as the pulse repetition rate. The term polariza-
tion diversity reters only to the ability to change the trans-
mitted polarization, with no rate of change implied. Thus dual
polarization (on recceive) and polarization agility (on transmit)
are different system attributes, although either capability im-
pacts the implementation ot the other.

Within the definition above, a radar system providing polari-
zation diversity will mecet some of the present requirements.
However, time decorrelation of the meteorological target occurs
much more rapidly than the switching period associated with po-
larization diversity and adversely aftects the relationship of
the parameters being measured. A polarization-agile system will
allow measurement ot the parameters for two transmitted polariza-
tions, spaced in time by the interpulse period. In addition, the
polarization apile system which is described will allow an un-
limited selection ol polarization modes, depending on the type ot

antenna teed selected and the parameters to be controlled.

A.  GENERAL CONCLPTS

The polarization ot an clectromagnetic wave can be described
by specitying the amplitude and electrical phase between two

spatially orthogonal phasors. Circular polarization can b




generated by combining two orthogonal lincarly poluarized signals,
conversely, linear polarization can be generated by combinimg two
orthogonal circularly polarized sipnals. In the most senera)
sense, two orthogonally polariced signals will produce an oliip-
tically polarized wave with the limiting cases being circular and
linear polariczations. These principles are employed in the radar
shown in Figure 18 to implement o polarization-agile sysren.  In
this system, the polarization ol the transwitted and reccivead
signals are determined by the phasce and amplitude ol the sipnals
present at the two orthogonal ports of the duaal mode coupler and
by the antenna feed system. The sipnal at the output of ihe dual

mode coupler is described by

ET = thsin Wt + stin(mt + 0) (1)
where 1 and  j  represent  (he  space  vectors, and n]sin ol
and kK,sin(wt+9) represent the auplitude and phase o Che two
“

input signals. Fquation (23) in general defines an elliptically
polarized wave which can be desceribed i terms ol the veia! Lve
phasce # and the ratio H]/EQ = . The phasce and amplitnde ratios
of the input signals to the dual mode coupler veguired (o sener-
ate linear and circular polarization tor o Vioncar anmienna feed
system are shown in Tabte 6. tor other values ot ond a2, the
transmitted signal will be elliprically polariced.  The axis oy
the polarization ellipse and the ellipticity ratio will depend on
both 8 and a. If the two signals arve in phase or 180Y out ot
phase, the resulting polarization wil! be lincar; the plance o
polarization will be determined by the relative amplitudes ot the
two signals,

[t a circular polarizer is placed at the oarput o! the dial
mode coupler, a ditferent set of polarization control parameters
dare required as shown in Table 7. For this case, orthogondl
circular components are combined to produce a system capable ot
transmitting and receiving any Jdesirved tincarly or eilbiptically
polarized wave. The phase angice (9) between the two orthoponal

ports of the dual mode coupler controls the axis of either the
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etliptical or the linear ~tygnad, und o controls the eliipticy oy

ratio.

TABLE 6. TRANSMITTED POLARIZATION AS A
FUNCTION QF & AND « FOR A TINFAIILY POLARTZED FEID

Polarivzation Soidepgrecs ) 4

Tinear 45" 0 1

Linear -45°% 120 1

Circular KHY 90 1

Circular LK ~G0 1

Vertical any value 0

Horirsontal 1iny value o 4
1

TABLE 7.  TRANSMITTED POLARIZATION AS A

FUNCTION OF ¢ AND o FOGR A CTRUULARLY POLARIZED FLEG

Polarization U (degrees) a

[Linear any value 1

Circular RH a0 O :
Cirenlar ITH -90 oo

Elliptical any value 0cadl T

"hus, controlling the phase and amplitude of the sionals ol

the inrut of the dual mode coupler allows a very versatile seoeloo-

4

ticn of polurisations, 1

Polarization rcontrel ot the radar sthown in Pigure 180 95

accomplisued by changing the phase ol tie sivnals in the lossless

‘

power divider snd by ~hanging the phase ol one of  the signals to

the dun ! moide couptor, e dosstless power divider s ocomposed ot
¢

two hybrid tees and au elccotronically controiled phase shitter,
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The first hybrid tee divides the input power equally between its

two collinear output ports, Gne  of  tie ontpuls is shiifred in
phase and recembined in the collinear arms of the sccond nhybrid
tee. The ratio of power available at the T and H ports of 1lhe
second hybrid is determined by the phase diftference betweon thie

signals supplied to the two 1nput ports according to

I
H

For the eircularly polarized antenna feed, the phase angle “q in

the power divider controls the ellipticity of the transmitted

wave , and the phase angle controls the axis of the resultant

v
elliptical or lincar signal. in the case where a linearly po-
larized antenna feed is emploved, both ¢y and ¥o contribute to
the ellipticity of the resultant signal.

The two hybrid junctions in the lossless power divider in-
fluence the purity of the transmitted wave and the channel iso-
lation of the recelver. For near-spherical raindrops, one compo-
nent of the retflected signal will in many cases be more than 20
dB below the other. Since the ratio of the powers in the two
orthogonal channels 1s one of the major parameters to he
measured, polarivation purity and channel isolation must he main-
tained to prevent large measurement errors. It is instructive
for the purpose of describing the purity of the transmitted and
received signals to determine the phase error present at the
output ports of the hybrid tees. The phase angle of the two

output signals from the F and H ports is given by

1 2u sing
& = tan —_— (25)
where o is the ratio of the voltages present at the two collincar

input ports and 3 is the phase difference between the two vol-

tages. When 4 is near 00 degrees, the phase angle is primarily
; . 2
determined by the power ratio o7, at the input ports., Power

balance and proper phasing of these signals must bhe maintained at

the dual mode coupler to prescerve measuremoent accuracy. For this
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reason, it 1is important that some foru of power monitoring he

included in tne radar system.

B. RADAR CONFIGURATION

A radar system using the concepts describhed above is shown in
Figure 19. If pulse-to-pulse polarization apgility is to Dbe
achieved, electronic phase shifters must be used to provide the
high switching rates. The power handling capability of c¢lice-
tronic phase shifters is limited to 100-200 kW peak for non-
reciprocal devices and to 25 kW peak for rveciprocal devices.
Peak power of the order of 1 mW is necessarv to achieve the de-
sired measurement objectives. The polarizaticn switching must
therefore be accomplished at low power levels, and the resalting
signals must be amplitied to the required level. Because the
microwave amplifiers in the system do not allow reciprocal propa-
gation of the received signals, two identical polarizaiion net-
works must be used. The first network is uved to controi the
desired power balance and phase relationship between the two
signals applied to the dual mode couplcer. The second polariza-
tion network is used in the receiver to derive the parallel and
cross polarized components of the backscattered signal.

Accurate phase and amplitude tracking characteristics must be
maintained in both transmitter amplificer chains and between the
phase shifters in the transmitter and receiver. A directional
coupler (not shown) is included at the output ot the circulators
to provide for power monitoring and to allow a test signal to be
injected into the receiver tor calibration. Power balance
sensing and automatic correction should also be included.

The transmittrer shown s o0 bloek in Fipure 19 contains the
necessiry  oscillators, phase  locw loops, and multipliers  to
generate Lhe signal to be transmitted, the local oscillator
signal, and the !V coberent phase retorence for medasurcement  of
the in-phase (1) and greadraoare @)y components ot the recelved

. Vo
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SECTION V
ANTENNA CONSIDERATIONS

A study was performed to determine some of the trade-offs

involved in realizing the antenna portion of the coherent polari-
zation diversity radar. This evaluation included (1) the RF
plumbing required to obtain dual switchable polarization, (2) the
method of switching, (3) the impact of utilizing different fre-

quency bands, as well as (4) the type of antenna itself.

The types of polarization considered were dual circular and

dual linear. The radar must be able to transmit using one po-
larization and be able to receive the same polarization that was
transmitted, as well as the cross polarization. 1In addition, the
radar should be able to transmit either of the two orthogonal
polarizations. For example, the radar might transmit vertical
polarization and receive both vertical and horizontal polariza-
tion. It might then switch to transmitting horizontal polariza-
tion and still receive both vertical and horizontal polariza-
tions. Initially, because the frequency of operation had not

been finalized, K C, and S band operations were considered.

a?

The desired beamwidth of the antenna is about 1.0°.

ANTENNA TYPES

application are parabolic and Casseprain retlectors in either

This study was restricted to considering only reflector type

antennas since a mechanically scanned, narrow beam antenna 1is
adequate for the intended application. The flexibility of an
electronically scanned array is not needed and the price of this

option is very hipgh.  The antennas of primary interest tor this

center fed or offset fed geometries.

1. PARABOLOILDS

The paraboloid is the most commonly used retlector type be-

cause it will produce a high-pain pencil-beam with quite low

sidelobes when vroperly fed trom the focal point.  The parabolic
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antenna had 1its birth In 1888 with the cexperviments of Heinricen
Hertz, and the properties of parabolic antennas have been exten-
sively studied both theoretically and experimentally since worlu
War 1I1. Tne following discussiun is oriented Ltowdrd polarization
characteristics of the autennas since tnis s the major arca ot

uncertalnty in the pertormance ot the antenne system under study.

Jones!'? studied the polarization properiies ot & circulariy
symmetric paraboloid that 1s leu by o snort electric dipoeie at
its focus. He found that the cross-polarized pattern of such
antenna systems consists of four major lobes symmetrically lo-
cated along the 45 planes (i.e., between tne principal
planes). Figure 20 shows the level of these lobes as calculated
by Jones, neglecting aperture blockage produced by the feed.
Also presented in Figure 20 are recent calculations by Bodnar 29
tor the case of a paraboloid focus fed by a pyramidal horn, again
neglecting blockage. The pyramidal horn 1s much more commoniy
used at microwave and millimeter wavelengths than 1s an electric
dipole, and so it wore nedarly represents the cross-polarized
pertormance expected trom the antenna under study. The -10 db
and -20 dis pyramidal horns represents cases where the aperture
size orf the horn has been selected so that the horn illumination
taper plus the space luss taper produces combined edpge illumina-
tions of -10 dB and -20 dB, respectively. Notice trom Figure 20
that tnhe level ot the cross-polarized lobes decrease monotoni-
cally as the tocal length ot the retlector is increased and tnat
a  heavier codpge tuper produces lower cross-polarized levels.
Also, lower cross-polarization is predicted tor g pyramidal horn
than tor an electric dipole teed. For example; tor a -20 dB

pyranidal horn and a4 reflector having o tocal length to diameter

G . . .
19 Jones, k. M. T., 1954 Paraboloid Retlector and Hyberboloid
Lens Antennas, [KE Trans. Antennas Propap., Ab-2, 119-127,

20 bodnar, D. G., 1980: Cross-Polarized Characteristics of
Monopulse Ditterence Patterns, 1ERE/AP-S Int'l. Symp., Quebec,
Canada, Junc 2-6.
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ratio (/D) ot 0.25 or 1.0, the cross-polarized lobes are -18 Jdb
and -40 dB, respectively, with rvespect to the co-polarieed main
beam peak.

Figure 20 shows that a long tocal lenptn retlector in coen-
junction with a highly tapered teed iLilumination is reguirea o
produce low cross-polarized Lobes. The nigh teed teper aiso
produces lower co-polarized sidclobes, wioleh  is usuasly  Go-
sired. However, tne use ot a long tocal length resfecior ang
high fteed taper requires a large tceed. A larpe teed, in turn,
produces increased blockage of the enerpy retlected by the para-
boloid which in turn increases the co- and cross-polarized side-
lobes.

The effects of blockage can be reduced or eliminated by using
an oftset reflector geometry in which the fecd is vilted to iliu-
minate only a portion of the paraboloid that does not include the
central area where the teed is located. knergy retlected by tho
paraboloid then does not strike the feed. Chu and Turrin?! nave
analyzed tne cross-polarized characteristics of oftsct red parva-
polvids, and Figures 21, 22, and 23 present some of their re-
sults. Their teed is pointed at an angle ot b, troi the axis ot
the reflector, and 0. is the halt-angle subtended by the outer
edge of the reflector at the tocus.

Figure 21 shows that cross polarization is reduced by illu-
minating the paraboloid as close to its axis as possible.  Fipure
22 shows that when 0= 8, the cross-polarized chardacteristics are
very similar to the -20 dB pyramidal horn curve of the center-fed
paraboloid shown in tigure 20.

The preceding discussion is based on the use of a4 linearly-
polarized tecod. Figure 23 presents data tor a circularlv-
polarized teed. For a circelarly polarized teed, no cross-

polarization is penerated theoretically, but the right and lett

21 Chu, T. S. and Turrin, R. H., 19Y773: Depo Larisat 1on
Properties ot Ottset Retlector Antennas, [nhhk Trans. Antennas
Propag., AP-21, 339-345.
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circularly polarized beams dre squinted on opposite sides ot
boresight in the ottset plane of tne reflector. This etfect can
be reduced by increasing the tocal lengtn ot the retlector or it
can be compensated for in the dala reduction process.

2. CASSEGRALN

A Cassegrain antenna is a double reflector antenna coasisting
of a paraboloidal main retlector and « hyperboloidal sco-retice-
tor. One of the major advantages ol a Cassepraln antenna s thal
its tolded optics system produces a more compact mechanical
structure than does a paraboloid antenna tor equivalent tocal
lengths. The other major advantage of the Casegraln antenna is
that the feed and the microwave plumbing are conveniently locited
behind the main reflector, presenting no blockage and providing
easier access to thesc components than in a front-teed parabo-
loidal antenna.

Hannan22 and WOng23 have shown that the performance of a
Cassegrain antenna 1is the same as that ol an equivalent para-
boloid antenna; theretfore Figures 20 through 23 can also be  -ed
tor a Cassegrain antenna by inserting the equivalent focal length
for f. Since the focal length ot the equivalent paraboloid an-
tenna is usually nuch larger than that ot the tocal length ot the
main reflector, the cross-polarization properties of the Casse-
grain antenna will be superior. Again, an ottset geometry
eliminates feed and sub-retlector blockapge and, thus produces su-
perior electrical pertormance at the expense of a more complex

and hence costly, mechanical sturcture.

22 Hannan, P. w., 1901: Microwave Antennas Derived trom the
Casscegrain Telescope, [RE Trans. Antennas Propag., AP-9, 140-153.

23

Wong, W. C., 1973: On The bguivalent Parabola Technigue To

Predict The Pertormance Characteristics ot a Cassegrainlian System
Witn an Otisct PFeed, kbl Trans. Antennas Propap., AP=-21, 16&-

177,




B, FLEEDS

The type ot teed used with a reflector antenna can

¢

(A ‘1

significant atfect on the overall cross-polarised pertorrane oo

thie antenna. Typical teoeds tor retloctor antenras snelade o -
poles, pyramidal horos, and multi-mode Forne. T hedav o o
ecach of these with a parabololdal retlector 1s descoribhed bajou,
A Cassegrain antenna can be analvzed dn e vms of o cgaivie b
p:tr:xh-»l()id"“)'j"’“):g and SO 15 not explicitly treated e,

1. DIPOLE FREDS

Dipole tecds are typlceally used at UHE trogionctes it e low

althougl they have been used {or some applications at nlerowsge i
frequencies. lipoles arce gencrally unsatistactory from o prac-
tical point of view since they have uncgual L-plapne and H-planc
bheamwidths and have bhipgh backlobe radiation. Combaninge scevera] l
dipoles 1nto an array can reduace the backliobe radiation and pro-
vide beamwidtl control to atitann tapered rllumination ot thee
reflector, The resulting teed, however, s relatively pogrron-
band. hual, linearly polarized operation cun he obtarned o
separately feeding two crossed dipoles.  Dipols teeds are porglar
from a theoretical point ot view since they sreo roelative sy o
to analyze. Dipole teeds are not recommendea for the anterided J,

application duc to the practical difticaltics Just menticacd,

2. PYRAMIDAL HORNS
The pyramidal horn is the most commonly  a=cd teod 1o
tor antennas at microwave trequencices -incee 10 adjows onde
control of the F-plane and H-plane Tlluminations of e
tor. hual lincar potarization can  be

pyvramidal horno owith oo commercially availlabiie dast nods

ducer, Pual  crreular polarization 1o discussed andor
plumbing  ocction, Fivnre Y00 soaows toaet o a v
nrodiec a2 o b al amprovemens in e ak o Ll e
AN Yot
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enough focal length. gecause such an approach may produce an
antenna that 1is too large, alternate approaches have been con-
sidered by a number ot investigators. [t a proper combination or
waveguide modes could be gencrated in a feed, o cross-polari-
zation-free antenna could (tneoretically) be obtained; o
number24,22 of ditferent desipns have been proposcd and imple-
mented to accomplish this.

In the so-called Potter horn,24 the sidelobes and cross-po-
larized energy radiated by the TE;; mode of a circular aperture
are partially cancelled by adding in opposite phase a small por-
tion ot TM;y mode wnhich has nearly identical sidelobes and cross-
polarized patterns. Potter generated this higher order waveguide
mode by using a discontinuity in the slope of the inside wall of
a conical horn.

The Potter feed works reasonably well for center fed reflec- )
tors. For oftset retlectors, however, a third mode must be added i
as shown by KUdgCZS. Rudge presented experimental data showing i
that nis tri-mode feed can give as much as 20 dB cross-polariza-

tion suppression over that achievable with a Potter type feed.

C. RF PLUMBING

Two RF channels are required for the system: one for carryving

transmitter power to the antenna and this same channel and one
other for carryinyg received signals from the antenna toe the two
receivers. Both of these channels must be phase and amplitude
matched. 1f both the receivers and the transmitter are located
below the pedestal, then two dual channel rotary joints are
needed, one for the azimuth axis and one ftor the elevation

axls. Rotdary joints have notoriously bad phase tracking charac-

24

Potter, P. D., 1963: A New Horn Antenna with suppressed
sidelobes and kqual beamwidth, Microwave Journal, VI, (No. 6),
/1-78.

25 Rudpe, A W. and Adatia, N. A., 1978: Ot iset~Parabolic-

Rellector Antennas: vaicw,_ﬁruv. LBk, 66, 1597-Toly.
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teristics., THis provlem combaned wit) Loy warvep il dee rans P roas
! 3 H

the teed o the (ransmitter and rocoervers  sodicoaten Tt iy

recveivers should be mounteo on the antenna . tnly by oaoe et toe T
recelvers on the antenna, and proeforabibey or toe Tecd ) cnn o =
quate phase and amplitude accuracy be obtalinea, as 0 rogul e

for good cros=-polarization performance,

v DUAL-POLARIZATTION GENERATLON

A dual-polarized teed can be implementoed 1w nurhber obowee
including a dual mode transducer or o tharnstile duncetion input to
a waveguide horn, The dual mode tran=ducor arprose e Tecs -
mended because it bhandles Ligh power, las pood phase anc ampli-
tude matchiing, and provides good isolation boelween ports.
addition, these units are avatlable ot t—tinosnc Dt raost Weve -
cuide bands.  This approach is also more trosdbond thoen tiy turn-
stile junction.

The teced itsel! can be cither dual lircariy polarizoed op aual
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In cross-polariced pertormance than the optilmum cntenna reconi-
mended 1n Subsection i,
The S-band antenana should be modified in one oi the tollowing

three ways to permit simulcaneous dual polarized operation:

1. Center teed parapoloid with recelvers at  the Iocal
point.
2. Center feed paraboloid with reccivers located benind tie

reflector.

3. Cassegrain reflector with receivers benind the re-

flector.

These three options need to be examined in terms of blockage,
polarization accuracy, mechanical compatibility, and cost to
determine the most desired approach. The advantages and dis-
advantages of a dual linear versus a dual circularly polarized
feed tor the S-band antenna should be delineated. The effects of
a metal space ftrame radome on the polarization pertormance of the

radar should also be analyzed. These eftects might establish a

limit on achievable cross-polarizaction pertormance.

T




SECTHON

DATA ¢R0CESS NG AND RKADAER CONTROL

A, CONCRPTS

The detalied Jdata processing regnirements will be determined
by the measurcement scenario, i.e., the type of scattering moediun
under observation and the scanning mode of  the radar. in
general, the data processing will include the computation of
average parameters of the received signals such das averapge power,
mean Doppler velocities, cross-covariance of the two received
signals, and parametevs derived from these and the computation ot
the corresponding spectral tunctions, namelyv, the two power spec-
tYa, the cross-spectrum, and  other  tunctions derived from
these. The average parameters can be computed in real-time tor
display and recorded ftor later study. The computation ol spec-
tral functions in real-time will require larger computationa:
capacity, and can probably be done nore effectively oft-line it
such analysis is required in nore than a tew range gates.

The basic measurement capabilities ot a cobierent circularly-
polarized dual-channel radar are sumnarized in Table 8. Heve wy
and Wy are the received powers 1n the parazilel polarization
(transmission channel) and cross-polarization (opposite channel),
respectively, and W is the cross-covariance, tollowing the nota-
tion of McCormick and chdry‘. Sy and 5o are the corresponcing
power spectra and Sy, Is the cross-spectrum of the two received
signals. The table also indicates the supsidiary measurement
capabilities of a1 non-coherent Jdual-channel radar and a coheront
sinsic-channel radar. (Because the larger civeularly polarizod
signal is receilved in the cross-polarized channel, it is W and
Ly thedtare crpitvalent Lo the average power and power speclru
obtaincd  frowm o single-chinnel lincaviv-poliarized coherent
radair.) From these basic parameters ond functiors one can torm
the circular depolarization ratio Wy/W,, the cross-correlation

\»}/(\W,NL,)I//‘, the quantity W/W, which s usetn! in the study o




propagation eftects, and the spectral counterparts of all thcese

quantities.

TABLE B.  MEASUREMENT CAPABLDITLES OF A
COHERENT DUAD =CHANNEL BADAR

Non—-coheren:

dual-chianted

Wy S0
Colierent Single-channel W, S,01)
W Sy (1 )

The maximum utility of the coherent dual-channel radar can be
realized 1n conditions under which the Doppler velocity contiains
a significant component due to fall speed, so that variations in
Doppler velocity can be related to variations in hydrometoor
sivze., These conditions require (1) that some fraction ot the
detectable hydrometeors be precipitation-sived, and (2) that tne
observations be made at a relatively high elevation angle, 1.¢,,
in the primary coverage roeogion discussed in Section 1171, Thie
spectral functions will be most usetful under these conditions,
Al low elevation angles, the spectrum width will be determined
mainly by wind shear and turbulence, and the backscattlered
signals  due  to  hydrometeors of  any  given sivze will  appear
distributed across the spectrum. One would expect under theso
conditions that the spectral power ratio H]/S:! and the spectral
cross-correlation  5..,/(5, Sii)] /Wil be unitorm funct lons  of

Doppler freguencey and hence contain no information bevoend that
contained in the circnlar depolarivzation ratio “]/M” and e

cross-correlation W/(wlwu)l/z.
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A piven st ot experimental  objectives will determine o
scanning mode, e.p., in azimuth a4t tixced elevation, or in elevia-
tion at fixed azimuth, We o recommend that the scanning mode be
under computer control and that the control anit incorporadie
several pre-programmed  scan seguences with covrrvesponding dato-
processing  tunctions. For examplie, the computation ol mean
Doppler velocity for both channels might be desirable in the casc
of observations at high elevation angles whereas these would bhe
redundant at low elevation angles, The  operater would then
select an operating mode, =pecity certain parameters, such as the
angular lirits on a secctor scan, and select certain quantitics to

be computed and displayed.

E.  IMPLEMENTATION

The block diagran of VFigure 25 presents a dual processor
approach to monitcering the radar and dats recording. The  two
color displays/terminals usce identical hardware. The raduav con-
trol unit operates in a real-time priority interrupt mode; >t
controls radur parameters, specilies scanning patterns, ete.  The
data processing unit operates in non-real-time; it performs
signal processing operations for data verification or analysis,

The recording and sampling of the data are controlled by the
radar control unit; the actual parameter selections are input by
the uscer from the terminal.  The Tow data rate gquantities such as
antenna posirtion, range gate positions, sampling configuration,
cltes, are recorvded on oa digital tape. The actual roeturn signnl
is recorded on oo wideband tape unit, The specitication of this
widehand unit as to analogr or digital remains to be determined,

boott, are compatible,

i ther Picronrocessors. are  chosen tast onouprt o the rodar
copt ol ot et conecivab by have encaeh capebhi ity tao proce:ss
Al oarre b it o covmp b tormates o ces ampe it ude vernas range )
arnve o ot byt G et (e, Meat apd ovariance es b tes
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Figure 25 Block diagram of radar control and data processing
system.,




The data processor  unit  selects, via usoer  control, Hn
algorithm or set of algorithms 1o process the data.  Depending on
the processor speed, with cost proportional to an incredse in
speed, some or all of the available algorithms can be vun in
near-real-time. Outputs from the data processer unit caon be
displayed in color. For example:

1. Color c¢oded amplitude or intensity versus range on an

azimuth scan (PP1).

2. Amplitude versus range at fixed azimuth/celevation posi-

tion, both polarivzations,

3. Spectral data in scanning or fixed modes, single or both

volarizations.

4. Correlation gquantities.

There is an implementation cost savings in using the duoal
unit approach. A set of real-time software and non-real-time
software s needed no matter what approach 1= uscd, but, Iin the
single processor concept, both must be made to operate togetner
with appropriate links and priorities. With the dual processor
approacit, the linking software need not bhe developed, and more
efficiency can be built into each unit.  Two color displays allow
more complete knowledge of radar pertormance and data verificua-
tion. With interchangeable microprocessors, the maltunction of

one unit still permits radar operation and dota collection,




StECTLIoN VIL
CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

Two radar systews of similar configuration, operating ut

widely different transmitting frequencies, are postulated tor
measurement of hydrometceor polarization characteristics, Alr S-
band radar 1is optimun for measurements ot backscatter from
hydrometeors in a precipitation medium. £ K, -band radar is opti-
mum for measurements otf backscatter from clouds through a clear
medium. The primary criterion for operating frequency was the
radar preprocessing detection capability, expressed in terms ol
signal-to-noise ratio, at the maximum range of measurements.
Additional c¢riteria included propagution ctiects and the opera-
tional scenario, e.g., long-range surveillance or short-ranpe
measurement of Doppler frequency-related parameters.

The lower frequency regime has the advantages of long-rauge
detection, low signal .ttenuation even in heavy rain, and low
depolarization due to difterential attenuation and ditterential
phase shift along the propagation path. Thus at  S-band, the
parameters derived from the received sipgnals In most cdses are
valid representations of the scattering medium.  The operat ionil
capabilities of such a radar include measurement of bDoppler wind
speed (as with a single-channcl coherent radar), derivation ol
raindrop size distributions, separation of Doppler components due
to fall speed and Lo air velocity in some cases, and Jdetection ol
hatl in rain. Discrimination of asnow ond rain i possible on the
hasis of dittering tall speeds and rvetlectivity, although the
capability for measuring polarization pargmeters in snes would be
limited. [t transmitted power is nhigh cnough, .., soveral
hundred kilowatts, detcection ol cloude will be possible it shert
ringes.

The higher trogquency regiae (B -band) 1s necessary to obtain

adequatc crpnal=to-noise ratfos tor Lackscatter trom clouds. Use
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of K,-band will permit measurement ot Doppler veloclity parameters
in clouds and discrimination between ice and liquid cloud par-
ticles. Estimates of target size and number density will be
based on retlectivity derived trom the "main' channel signal. It
the ico crystals are strongly oriented by aerodynamic or electri-
cal torces, then dditional information can be derived from the
scattering and propagaticn parameters. The iaterpretation of
such measurements will depend strongly on the measurement
scenario and the physical processes affecting the propagation and
scattering media. At very short ranges, a K,-band radar is
capable of measuring scattering parametecs in rain. This capa-
bility overlaps that of an S-band radar, but is complicated at
K;-band due to Mie scattering cffects and to propagation efrects
which increase rapidly with range.

The coherent dual-channel radar offers several advantages
over the joint use of a coherent single-channel radar and a non-
coherent dual-channel radar. The measurement of dynamical and
physical parameters by a single radar allows considerable simpli-
fication of system design and operation. In addition to the
Doppler spectrum and average signal parameters, information is
available from the coherent dual-channel radar through the spec-
tral power ratio, S1/S59, and the cross-spectrum, S19- These
spectral functions contain information on the distribution of
shapes, sizes, and orientation parameters of the hydrometeors.
[f hydrometeor fall speed contributes significantly to the
Doppler trequency spread of the received signals, as could occur
in rain, then measured shape paramcters can be related to rain-
drop size. 1In clouds and in radar observations at low elevation
angles, the Doppler (requency spread should be dominated by tur-
hulence or wind shear, and the backscatter characteristics asso-
ciated with any particular size or type of hydrometeor should be
distributed acrouss the Lrequency domain of tne sipnals.  In these
situations, the spectril power ratio and the cross-spectrum can
be expected to yield no intornmation beyond that derivable trom

the depolarization ratio and the cross-covariance.  Any deviation

- Ps 0 A B »Mwnwﬂlﬂ’h{%vmn




in these tfunctions from the expected frequency-independence,
however, should yield some information on wmicrophysical pararie-
ters.

A radar operating at e¢ither S-band or £, -band should have a
pulse width of 0.5 to 2.0 us, a beamwidth ot 0.5 to 2.0 deprecs,
a peak transmitted power ot at least 100 kW, i pulse repetition
frequency variable between 300 Hz and 10 kHz, and tull scanning
capability in azimuth and elevation angles. Operation 1n &
single freqency band is sufficient for observation of the polari-
zation characteristics of precipitation or clouds at S-band or
Ky-band, respectively. Current technological capabilities in
radar components are sufficient to achieve these specifica-
tions. In purticular, antenna designs can be developed which
should give dual-polarization performance (purity across beam,
isvlation between channels) better than that achiceved by meieov-o-

logical research radars at present.

B. RECOMMENDATIONS

We recommend that serious consideration be given to the de-

velopment of radar systems at both S-band and K -band ltor mea-
surement of hydrometeor microphysical parameters In precipitation
and clouds. Our investigation has shown that such development 1y
technologically teasible and will yield significant advances in
meteorological measurement capability. As the development ot new
radar systems proceeds, experimental progrars should be conducied
using existing radars having some ot the capabilities discussed
in this report. Such programs will permit the development o
analytical techniques, the aetermination ot the utitits  of
various derived porameters and fuanctions torv rescarch or opera-
tional purvoses, and the evalaation ot pavticular radar per-
formance parameters.

£

In addition to the use of existing radars for experimental

programs, the possibility o moditving existing ralas to adhicve
ttie coherent Jduagl-chinel measarcerent capasitity stould be piven

detatled studv.e In particalar

, our o proelibminery oevaluat ton b the




>-barnd Doppler radar being installed by Air Force Geophysics
Laboratory ind.cages that this radar can be modified to yield
satisfactory performance as a dual-channel system. This approach
to the radar system development offers the advantages of using
components of the existing radar and using the AFGL data pro-
cessing system for much of the real-time processing and dis-
pl.ay. The further study of this development option must address
(V) the expected performance limits associated with particilar
technical approaches, (2) logistical considerations, (3) cali-

bration and error-compensation procedures, and (4) specific re-

quirements tor real-time displays and off-line data processing.
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