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SECTION I

INTRODUCTION

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 I and extended to

coherent radars by Metcalf and Echard 2 .

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 Echard, J. D., 1978: Coherent

Polarization-Diversity Radar 'echniques in Meteorology. J.
Atmos. Sci., 35, 2010-2019.



documentation of signal propagation phenomena. Results of many

theoretical and experimental programs were reviewed by Metcalf,

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-

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 is 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 ambiguities and limits of spatial resolution and

quantitative accuracy. We present the parameters for two radar

systems, each of which is capable of achieving some of the mea-

surement objectives. We discuss output data characteristics in

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 only to the extent

required for this presentation.

3 Metcalf, J. 1., 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 11

TARGET CHARACTERISTICS

The microphysical parameters listed in Section I are dis-

zussed 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 unique among the target classifications in having

well-defined relationships or 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 I shows the relationships of circular depolarization ratio

(CDR - the inverse of the cancellation ratio) to rainfall rate

(for an assumed drop size distribution) and to drop size (D),

based on computations by Humphries4, McCormick and Hendry' , and

Warner and Rogers5 .

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. Scientific Report MW-
90, Stormy Weather Group, McGiL[ 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 Hlendry (1), and line corresponds
to the model of Warner and Rogers (5).
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A number density 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 from 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 of Doppler frequency 2 . 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 tnis has not been proven theoretically and

probably requires pulse-to-pulse polarization agility.

Orientation 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

of 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 of the signal in the transmission

channel, the availability of the cross spectrum should facilitate

the identification ot non-Rayleigh scattering effects in par-

ticular spectral bands.

5



Propagation effects are a key factor in system design, as

they affect the maximum range of certain measurement capabili-

ties. While total attenuation is important, as with single

channel meteorological radars, differential attenuation and dit-

ferential phase shift are even more important in the case of a

dual-channel radar. These difterential propagation terms are the

differences of attenuation and of phase shift of signals propa-

gating with polarizations parallel and perpendicular to the sym-

inetry axis of the raindrops. In the context of dual-channel

radar measurements, the propagation effects appear as a signal

component in one channel due to scattering, absorption, or phase

shift of the signal of the opposite polarization as it encounters

non-spherical raindrops. Propagation effects are minimized for

horizontal and vertical polarizaLions in rain because of 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 450 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 is included only in the transmission channel. Similar-

ly, for linear 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 effect 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 applications 3 . Although the minimizing of propagation

effects 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 arc related to the measurement of the anisotropy

6



of the scattering medium, and the measurements require circular

polarization or pulse-to-pulse agile linear polarization. The

increased propagation effects encountered with circular polariza-

tion can 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 for

the received signal in the transmission channel contains the

factor

ve j(6 + 2a) + 2p e j(x + 2 T)

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 ix - tanh (C.0575AA + j (/360)A ). (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

Hosoya 6 , and the amplitude ratio (v) was derived from computa-

tions of Humphries 4 . Research aimed at separating propagation

and scattering terms in the received signals is in progress 7 .

6 Oguchi, T., and Hosoya, Y., 1974: Scattering Properties of

oblate Raindrops and Cross Polarization of Radio Waves Due to
Rain (Part II): Calculations at Microwave and Millimeter Wave
Regions. J. Radio Res. Labs. (Japan), 21, 191-259.

7 Metcalf, J. I., 1980: Propagation Effects on a Coherent
Polarization-Diversity Radar. 19th Conf. Radar Meteor., Amer.
Meteor. Soc.

7
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b. SNOW

Within this designation, we include not oil y the relatively

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

gate" snow and other ice forms such as sleet and grnupel. One

important objective of radar observations of snow is identifica-

tion, i.e., detecting snow and discrimiiating it from rain. The

extent to which this can be done varies widely according to the

type of precipitation and other factors.

The shape of snowflakes should be measurable in Lhe same ways

as that of rain drops. Ip the case of 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-defined way.

Single crystal forms may have axial ratios between 0.1 and 10,

but these rarely grow to precipitation size. Precipitating snow-

flakes tend to have more complicated shapes resulting from

multiple crystal growth regimes or from aggregation. The cir-

cular depolarization ratio obtained from measurements of such

particles at 16.5 GiIz is usually small (i.e., large cancellation

ratio), approaching -30 or -40 dh in some cases, and the cir-

cularly polarized backscatter component in tht transmission

channel is essentially unmeasurable in many situations with

existing radar equipment.

because snow particle shape is not related to size in a well-

defined way, it is not possible to est imate particle sizes

directly from shape measuremnts. Particle size will probably be

most accurately estimated trom measurements ot the Doppler fre-

quency shiftS associated with their tall speeds. An ambiguous

estimate of particle size and number density is obtainable from

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 detcrmine 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.

It has been hypothesized that precipitating snow, unlike

rain, is randomly oriented in space. One objective ot measure-

9



ments of the type contemplated in this design project is t,

verity that this is so. Thus, the capability of deriving the

complex cross spect rum 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

snowflakes tend toward random orientation as hypothesized, they

constitute an approximately isotropic propagation medium. Al-

though signals ol hiher trequencies may be measurably attenuated

in moderate to hceavy snow, differential attenuation is expected

to be small. Ditterential phase shift will also be small, except

in conditions where the particles are strongly oriented by either

aerodynamic forces (associated with crystal shape) or electric

tie Ids. Hence, the normalized quantities such as the circular

depolarization ratio, spvctral power ratio, cross correlation,

and coherency spectrum will usually provide valid information on

the scattering medium even at lon? ranges through snow, provided

t-hat the signal strength is sutfficient.

C. HA 11L

Identification ot hail can be accomplished to some extent on

the basis ot reflectivity alone, since the highest observed me-

teorological ret lectivities 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 parameters. Great. variation in reflectivity is

observed, due to the variety ot torms ot hail, such as "spongy"

ice or water-coated ice, and Mie scatter cross section variations

with hailstone size. The ettects ot these variations on the

polarization parameters is not known.

Hail at the surface is usually observed to be approximately

spherical in shape, although irregularities and deviations are

common. These irregularities give rise to signiticant depolari-

zation of both linearly and circularly polarized signals. In the

10



case of circular polarization, circular depolarization ratios ot

-10 dB or greater (cancellation ratio of 10 dB or less) have been

observed at 3 GHz. It has been hypothesized that hail aloft is

sufficiently non-spherical to be affected by aerodynamic forces

and thus to have :t 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 spectral 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 o 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. Fal l speeds of hail, rain, and

snoY 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 sufficiently 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 that hail size is determined first.

Otherwise, the size and number density are ambiguously related.

The use of two microwave frequencies (e.g., 3 and b GHz) to

measure the frequency dependence of the total backscatter has

resulted in some success in identifying hail and in determining

its size an( numbcr density.

The spatial orientation ot hail is of interest for several

reasons, and, as implied above, disagreement exists as to whether

hailstones are or are not preferentially oriented. Methods

11
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similar to those employed for r:iin 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 itself and heavy rain in the vicinity. Differen-

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

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 fall speed is a

continuous monotonic function of drop size. The dividing point

is usually taken about 200um diameter, where terminal fall speed

is about 0.8 m sec - . Weak vertical motions which are present

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 together with the measurement of reflec-

tivity may theretore be used to identify 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 depoLarizaLion ratio may be used in conjunction with

the retlectivity aind cross correlat ion to document the formation

13t
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of precipitation and to distinguish between depolarization due to

rain and due to ice crystals.

Reflectivity of clouds has been found to be approximately

proportional to the square of the liquid water content 8 .  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. Water content ut

various types of clouds ranges trom less than 0.1 gm m - 3 to

several grams per meter cubed. Typical reflectivities at micro-

wave frequencies are shown in Figure 4.

Since depolarization is negligible, both in scacring and in

propagation, ,:,cross the entire microwave region, only the power

spectrum of the signal in the "main" channel (i.e. , the channel

opposite to the transmission channel in the case ot circular

polarization) will contain useful information. Speciticaliy,

mean velocity and spectrum width provide information on the large

and small scale variations of air velocity in the cloud. In

cases where the presence of ice crystals is suspected (or cannot

be ruled out on the basis of temperature) 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 is

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 Chicago Press.
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liquid water clouds), depolarizition ratio (non-zero for suffi-

ciently non-spherical crystals), orientation pairai:&cters, and in

some cases propagation parameters. Reflectivity of 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 of the different dielec-

tric [actor for ice. A wide range of depolarization ratios are

possible as a result of the various shapes of ice crystals.

Calculations of backscaLtering 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 forces. Such effects have been ob-

served in radar backscatter at 16.5 GHz and in satellite-to-

ground communications at 20 Gh z. 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 effects in the intervening space. Dif-

ferential phase shift up to 2.5 deg km -1 was calculated from

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 of the propagation medium (from the phase of

the cross correlation between the two circularly polarized re-

ceived signals), it propagation effects are dominant. Polariza-

tion switching will be necessary to fully document situations in

which scattering and propagation effects are of comparable mag-

nitudes.

16



SECTION ii

RADAR SYSTEM ANALYSIS

A radar system analysis was performed to determine the opti-

mum transmitting frequency and other radar parameters for the

various measurement 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 is 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

so 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 Ka -

band, so that detection can occur. No one single-band radar

system will be optimum for all meteorological measurements oi

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 affecting detection of the

various meteorological targets are discussed in Subsection B, and

polarization factors influencing radar design are considered in

Subsection C. The utility of multiple-frequency observations and

frequency modulation t.echniques is discussed in Subsection D.

The results of the analysis are summarized in Subsection E.

17
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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 is

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

fd 2 VRLOS/X = 2Vfsin /X (2)

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 higher transmitted power requirement or reduced

range capability.

j 18
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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 (Equation 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 elevation angle. The radar Pulse Repetition

Frequency (PRF) required to maintain unambiguous range informa-

tion is governed by the relation

PRF < c/2r( )

21
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Figure 7. Relative target velocity along rads- line of sight
(RLOS) due to fall speed, and relative circular polarization
power ratio (circular depolarization ratio) in rain, as func-
tions of radar elevation angle.
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TABLE 1. SUMMARY OF COVERAGE

PARAMETER COVERAGE

Primary Region

Azimuth 0o - 3600

Elevation 150 - 900

Range 0 - 40 km

Doppler Velocity <20 m sec - I

Secondary Region

Azimuth 00 _ 3600

Elevation 0 - 150

Range 0 - 200 km

Doppler Velocity <20 m sec - I
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where c is the velocity of light (3x10 8 m sec -1 ) and r( ) is 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( ) > 2fd  2 [2 VRLOS/ ] = 4 V RLOS f /C (3)

Solving for frequency, fo, we obtain

f < c PRF( )/(4 VRLOS/X) (4)

Figure 9 shows this result for various values of VRLOS. 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 5, 10, and 20 m sec -1 , respectively. It must be

remembered that VRLOS incorporaLes 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 radar-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 neteorological targets and propagation

media under consideration, only rain is amenable to an analytical
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n

expression for RCS. Hence, the following discussion relates

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<<X), is given by

= (w 5 /X 4 ) IKI 2 D6  (5)

where K = ( - 1)/(c + 2), A is the transmitted wavelength, D

is the diameter of the raindrop, and c is the complex dielectric

constant of water. Although c varies greatly over radar

operating frequencies, JK1 2 remains relatively constant and is

numerically equal to approximately 0.93. The total RCS for a

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 reflectivity factor Z by

the relation

5

L IKI2  Z x 10 -  (6)
4

where X is given in centimeters and Z in the customary units of

m 6m 3 . For a Marshall-Palmer9 raindrop size distribution, re-

flectivity is given by

= (2 x 10-8) 5 IKI 2 R. 6 -4  (7)

where n is reflectivity (m-1 ), R is rainfall rate (mm hr- 1 ), X is

wavelength (cm).

A graph of n versus frequency, f = c/x , is shown in Figure

9 Marshall, J. S., and Palmer, W. M., 1948: The Distribution of
Raindrops With Si/.e. J. Meteor., 5, 165-166.
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10 for rain rates of I, 5, 10, and 50 mm hr - I . 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 Atlas I0 , 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 A).

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:

= (2 x 10 - 7 ) iT5 IK1 2  R2 4  (8)

where R (mm hr -1 ) is the precipitation rate when the snow has

melted and A is in centimeters. The dielectric factor IK1 2 now

has an approximate value of 0.197. A plot of n versus f is shown

in Figure 11 for precipitation rates of I, 5, 10, 15, and 20 mm

hr - 1. 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 6 mm6 m -3 have been

observed for hail in thunderstorms. This corresponds to a re-

flectivity of n = 3x×0 4 m - , or -35 dB, at X-band. Douglas1 1

10 Wexler, R., and Atlas, D., 1963: Radar Reflectivity and

Attenuation of Rain. J. Appl. Meteor., 2, 276-280.

11 Douglas, R. H., 1964: Hail Size Distribution. Proc. 11th
Wea. Radar Conf., Amer. Meteor. Soc., 146-149.
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found that for wet hail,

Z = 16000R0 9 7 [im6 - 3 for f = 9.1 GHz (9)

Z = 42000R0 "9 6 mm6 m- 3 for f = 3 GHz (10)

and for dry hail,

Z = 420CR 0 "9 7 mm6m - 3 for t 9.1 GHz (11)

Z = 1100R 0 9 7 MM m6 - 3 for f 3 GHz (12)

Using the value 104 as a representative vaiue tur the coefficient
of R, we obtain 

-6 5 2 0 9
n 1-6 5 IK2 R0.9 -14(3

10 7T J J P (13)

where R (mm hr - 1 ) is the precipitat-ion rate when the hail has

melted and X is in centimeters.

Atlas 1 2 found for clouds,

n = (4.8x10 2) 5 JKI £2 X-4 (14)

where £4 is water content in grams per meter cubed and JK]2 = 0.93

for water clouds and 0.197 for ice clouds.

We can summarize the foregoing results for the assumed

Rayleigh scattering with the rClatiori

n A X-4(m 1 ) (15)

where:

12 Atlas, D., 1954: The Estimation of Cloud Parameters By

Radar. J. Meteor., 11, 309-317.
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S = transmitted wavelength

r = range

c = speed of light

T = pulse width

Eel = elevation beamwidth (radians)
a = azimuth beamwidth (radians)

F = noise figure

k = Boltzmann' s constant

T = temperature
-1

B = receiver bandwidth = T

L = total systell. 1s-:ses

L = total propOgL.tion losses

X is in centimeters and all other quantities are in the MKS sys-

tem of units

Propagation losses can be written as

L = e 0 .46y ( x )r (17)
p

where y(A) is the one-way loss (coefficient of attenuation) in

decibels per unit length.

Consideration is now given to the frequency dependence of the

SNR. Besides the explicit dependence of the SNR on X2, it also

depends implicitly on X through its dependen-e on n and y(X).

Wavelength can have a second order effect through its possible

influence on Pt, F, and I , but these effects will be ignored

here. The SNR can be divided into a x-dependent factor and a X-

independent factor,

SNR = K O2e0 .4y(x)r (18)

The X-independent tactor K (not to be confused with the dielec-

tric factor in the reflectivity formulations) is given by4 2 2A1O 2 PLtAG

K = (19)
512 e zFkTr 21.
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()F

SNIH/K (13) -2 y(A)r- 20 1og A (20)

Antenna parameters are, ass;umed to be varied with A in such a

manner as to render 0 and 0az constant and independent of A

Tihe propagation medium must now be specified to proceed

turther. Two scenarios are investigated: a clear air, high

humidity propagation medium, and a rain-filled propagation

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

Y(X) = G(A0) + }{(X) (21)

where YG (A) is due to absorption of radia ion by gaseous oxygen

and water, and - 1 (X) is due to attenuation of radiation by rain

present in th)e propaga t i on med i urn. In a c lear a i r

medium, yR (X)=O, and Van Vleck: has shoAn that G(A ) in dl1 krm-

is given by

_oAV A vV')
2 0.34 1 + - 2 + e+ AV1  (2+-) 2 + Av2  (2- 1 )

Av 2

+ 0.0035 p - + Av 2 (A 2+ 2 (22)

where I = 0.018, AV? = 0.049, Av, = 0.087, A is in centimeters,
I3

and p is the absolute humidity. A graph of - (X) versus A is

13 Van Vleck, J. I., 1947: Absorption of Microwaves by Oxygen

and The Absorption of Microwaves by Uncondensed Water Vapor.
Phys. Rev., 71, 425-433.
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shown in Figure 12 for p = 2) gn -3 (saturat(tfd air at ordinary

temperatures).

For (A,) = YG(X), graphs of SNR/K(dB) versus X for a clear

air medium are shown in Figuret 18 for r = 1,10,40, and 100 km.

The peaks in the SNtI/K vs. X curves occur at values of X thiat

depend on range. The values of X for whichi 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 trom 0 to 40 kin, the first maximum in

a given SNR/K vs. X curve is always greater thtan the second maxi-

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

mizes the probability of detection of meteorological targets in a

clear air propagation scenario is in the low millimeter wave

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

band or X-band.

TABLE 2. WAVELENGTH AND FRIJLULNCY FOR WPfI(C2I

NORMALIZED SIGNAL To NOISE RAT() IS

MAXIMUM (PROPAGATION THROUGH CLEAR AlIR)

First SNR/K Maximum Second SNR/K Maximum

1 0.60 cm (50 GHz)

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

40 0.80 cm (38 GHz) 2.10 cm (14.3 hit7)

100 0.85 cm (35 GHz) 2.50 cm (12.0 Gltz)

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

the propagation medium is rain-filled; i.e., yR(X) must now be

included in y(X). Burrows and Atwood14 liave given values

for fR(A) for various rain rates and transmitting frequencies.

14 Burrows, C. P., and Atwood, S. S., 1949: Radio Wave Propa-

gation, Consol idated Summary Tchn i cal Report of tho Commit tee on
Propagation, NI)I',, Academic Press, New York.
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Using these values andi interpolating between them, graphs

of y(X) versus X are shown in Figure 114 for various rain rates.

For a moderate rain rate of 12.5 mm hr-1 (1/2 in h-

graphs of SNR/K(dB) versus A for a rain-filled medium are shown

in Figure 15 for various ranges. Again, the peaks in the SINR/K

vs. X curves occur at values of X that depend on range. Th e

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 from S-band to K a-band depending

on target range. The optimum transmitting frequency band for

target ranges up t-o 40 km is apparently, from Figure 1 5, 4 GHZ to

6 GHz. In this hand oL frequencies, SNR/K does not fall below

-20 dB~ for target ranges up to 40 km. Lowe r t -requenci1es are

optimal for tairets at longer ranges. Theretore, thle Optimal

-traInsmitting, frequencyfor detect-ing hydrometeor targets in a

moderate rai ntal 1 propagation medjinm is in S-hand or C-band.

TABLE 3. WAVELENGTH AND FREX UENCY FOR, WHICH

INORMALIZED SLGNAL-TO-NOlSE RAT10 iS

MAXIMUM (PROPAGAION THROUGH MODERATE, RAIN)

r(km) SNR/K Mlaximum

1 0.85 cm (35 GHz)

10 3.3 cm (9 Gliz)

20 6.0 cm (5 (;Hz)

40 7.1 cm (4.2 GHz)

100 9.1 cm1 (3.3 G;Hz)

Graphs of SNR /K versus A for targets at the rnaXi-num range in

the k~rLimary region ot coverage (40 ki) are shown in Figure 16 for

various rdintai I r;ates. A t ransmitting frequency in X-band , K -

band , or even K -band woold (1 headuqiiat f or dletecCting met coro-

logical target-s inr a light ra iii propagar aion mledium,'.

The optlirlufl f ralsCi (I UCC hg frIec hInd S for (let ct ion Of MC-

t coro logi ca i ta rgi, ts f or variouis target rainges -in(I propaga tion
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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 cT/2. Therefore, a pulse width in the range of 0.5 to 2

microseconds seems reasonable.

Since the SNR increases with decreasing antenna 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 is inversely propor-

tional to the antenna's diameter. For example, a 0.5-degree

beamwidth at X-band requires a 14-foot antenna. Assuiring a

pencil beam such that 0 el = 0 az' a beamwidth in the range of 0.5

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

SNR of 10 dB is adequate for detection.

A rain-filled propagation medium (R = 12.5 mm hr - ,) with tne

target at the maximum range (40 kin) of the primary coverage re-

gion was chosen for the measurement scenario. A light precipita-

tion rate of 5 mm hr - 1 is chosen for Lhe precipitation targets

(rain, snow, hail), and a water content of I gm m- 3 was chosen

for the cloud targets.

An S-band frequency of 3 GHz and an X-band frequency ol 10

GHz were chosen for the transmitting trequencies. Thus, from

Figure 15, SNR/K = -20 dB for 3 GHz and SNR/K = -31 dB tor 10 (HZ1

for the above measurement scenario. A receiver noise figure ot 5

dB and a system loss of 7 dB were chosen.

Using these parameters, we obtained the graph of 1)

versus a 2 shown in Figure 17 for the different t argets. In

the ranges of acceptable pulse widths and beamwidths, the peak

power required for detection ot the precipitation targets varies

from a low of 11.5 W to a high of 117 kW. Transmitters at 5- to

X-band with peak powers in this range ire readilv ava ilable.

However, the peatk pt -r rcq ii red for the dot ec t i or) ot c loud s

varies trom 2.57 .k to .9.3 GW. CcLar ly then, a t ransmitting,

freq uency in th(, S- io X- hand is not ade(quate for the det, ction

Ia



CLOVOS x&4O(-

P~~e~~ii 1A14-~ 8,JD (3O Gmi)

40

40 - - - R-- - 5-_ _

300

Spec i Ii e&1 oaie f pu I.owi kdtilw- -

and (I.rf~ i (II

FIJure I / Nepiri rw ak tra~n;i ttecl power P't to 'ac')iLeVe d
I 0-dfl ignTa I-t f l rat i o I or (& 1vt i on of ;ptci fi ed tar-
'Ctt; t !)roul/'I1 imIui-a ( I :) . ', im hr- ra i n It a rne of !40 kri
fo r a1 ranj'j, of bear:" d tIp. ;'ow puI ee: idth 1w



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 measurement scenario, i.e.,

shorter target range, and a clear air or light rainfall

propagation medium. For example, water cloud detection is

possible with a radar transmitting frequency in X-, Ku -, or

Ka-band and a peak power of 100 kW for cloud ranges of 10 kin or

less in a propagation medium with rainfall of 2.5 mm hr -1 or

less. Optimal cloud detection occurs in clear air, short target

range scenarios with a radar transmitting frequency in Ka-band.

Cloud detection at lower radar transmitting frequencies is

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 ZfW,

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 in 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 is possible at short target ranges in clear air or

light rainfall propagation media and with high (Ka-band) trans-

mitting frequencies. In addition to cloud detection, a frequency

in Ka-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)
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t ransmit~t ing f requencies at short range with hi gh transmi t tod

power.

C*. POLARIZATION'

The measurement of' hydrometeor shape and orientat ion parame-

ters requi res the recepti on of signals w ith po a ri/-at ion iden t i-

cal and opposi te to that of the transmi tte~d signal . The prn-

ceding subsection dealt with the detection of the "main" signal

( .,the parallel -pol an ved linear component or the opposi te-

sense circular component). Because the power in the "orthogonal"

si gnal1 ( i . , the cross-polarized linear component or the same-

sense ci rcul1ar component) is typically 10 to Ms dB or mlore he oA

that of the main signal , the sensi t ivi ty of the radar must We

increased according y over that requi red for margi nal detec tion

of the main signal. Achieving the requi red system sensitivity is

not general11y (11 Vt Y 1fic t . The. measurement o f the orthogonal

signal appears to lit, limitled primarily by the isolat ion between

the two channels- at the antenna. The accuArate interpretation of'

thre orthogonal si gria1 and of its cross-correla i on with the mainI

si gnal depend-- on IIf extent to which itV is,- contami nated, due 1(

lack of' channel isolation aid due lo depolari/i nv eltcts- in lie

propagat ion me diumr.

A inete.orologi~ul rt-' (,arh radar with polani /al ion d 'ts

should he capahiP "U 0 1r'ansrni 1 i ug and tieei vi ug r i ph and 1 e!

ci rcu lar polIa r i /,atI on aid 1 teat i)l a ri /al I h ol () ) o rb 1) t rat r

o r ie nta t ion to ma x imiv' po la r i i t i on mlea s u r'e m(n I( ea I ah1 1 iv. I-

j ~e x ample , a rLd a r W i I h h() I I ni at an1(-NI- 1d c rc uI at- p.' 'Ia r I/a N t ( 1 -

versi ty p)r ov ides-;t 0~r mx i nm m \'Sra I i 1 i t y ini ra 1indr.'I cat N Ii i

angle measu remfents, in 1 hal i I'a ,te i'I 'cat r ar ,cV

forT t he i ea su1 remenr I I IIt 1 he 1 r., t in( - hod . i r'cc I a r p') 1 1-1 "'a I I cii

is- t ransmitI.ted anrd cant inga rig ,I I!, i 1 e ci tid I rota the pha 'a>-1

the( ('ros s-Ccr'ioationr & Ih#, tI c' ie igasAI ( Crc

metho, c'anrt intg anrgl i s d I era.urc1cc v I ra nsm i I i rig 11 to a

Sa rizal.ion a nd rot tr i n p : n I I1a i /:I I i it) 1iii 1 1 1 1 ue

1). latr i va, I i on is rin ir n ivel.( I I- in: I I N , In r 14. 11hi ird m lic'I, 11 1

liear arnoi j' r'r'ua ;i r p cInr'v t j 'cru i n acef I r'a n rnr IeId se(jic1rc 111 i v,
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t hen cant i ri aug]o c (an he (10 t 2rtni ned from 1,h, ra t i ( ()I -;i gi;iuI

recei ved i n t ho Iti near a ti C i rcu Ia r (rImon gona I chan n(?ls. 1.11 !I

ical pola ri/,at ionl ('ot Id he( ts'll for a few purposesi, s uch a.

e va ii t o 1) o ! rai 11 c hit tot'c an ctif lat iorn t fc fin i q it, ,hu 1t is-; not :

impor t antt c'~ i rta I atr and 1 i n ear po I a ri. atI i ons t or I hf, t yp 1) ,

The( ma i n tI I ec(.t po larii/a I i on h ia oin the ! ho i c o t ;1n

ope ra I. i n g ra di r t rt que n c is -, h roughI de po 1 a r i /atl i on o I t Iu i g~

i n thIie p)ro()paga t ion Y me d i uin. I n to)rma t ion ahout !he neoloic

ta rget s i n th1 es t''~I ut i on :el I c an he ()1)t ui n ed t hroughi ta r tt-

induced depolarization of the s;igns1 11 howeer ,it an> Sign b

depolasri za tion oce iirs in the propaga I, i on med '! urn , t hen ta si-e t -

induced depolarization e ff e cts a re mas ke d. 11 t a rge(t de 1ol Ia r i-

zation characteristics a re des ired , theI(n te t -ra nsm it t Ing I r(-

quen cy that maximizes the rat io of the ta rgc i.In ( ued dep l a r i/a -

tion to propagation induced depo la H at ion is appropriat-e.

Depol Ian tat ion effects art- negli IgibP10 in a clear ai r propaga-

t ion med iurn. Therefore, 5z;inc target i ndtneed depola r- za ti i n

nearly independent of ope ra t i n g f req ienc Y a t, 1 e a st i n !the

Ray lei gh scat teri ng a pproxi ma t ion, any radar transmitting Ire-

quency is acceptable as far as polasrizla tion is- concerned . In' a

rain-filled propagation medium, depolarization i ncreasets 'Ai th

transmi tt ing frequency arid path I (nuth1. Therefore , Ite(, ac

allowable transmitting frequency should bt, chosen to minlrni/o-

propagation depolarization e f Iewts . ThIis i s det-mo ns trte.d i n

Figure '2 of Section I I . There, n. measure nI the ratio 01 propat-

gation-induced depolarization to target-i nduct'd depolari /.ation is

given by the quantity 2p /\). Propagation inuduced depol a r i/aton

elft. ects can be negleceted when 21p/\ v 0. 1. Thr oe from i Liirt
'~ <r V argt rang:1 ndlo radar transmtigfrqct

necss. 'vto n tga it' propacga tion de(pol a ri/SI ion efecswet i i

ra;n i.i in lile propIagation mc(di urn. For exam;' It, fot' 1'="i mm hrIt

a ni r 5 Vr. III(, tada r ope rtt i ng frequency must h-' -1 (111/ tIw 1t s
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P ropaga tion de jm Ia ri xat I flI I I I en I(ftlIt ra in (aL 1: ,(

g re at I y reducedl wi th ii 1 se 1 l I -ear po Ia r izat i o r . O Yleoet

ca 1 v, projpa I'a t (Il (Ip lri' Ion I .s (,a I vi rt ua I I v

he ItIr - iic i n wpa I aN L I '1 1 r l k I Ito l - 10 , J I U ' I Ifr ( fliil

anI ( (d t hf r(I i nd v(' t I 1 t.,) II K n i "' d, I I i4(1 . 11owe ( v tI- iI

t he targelI t is thlIi ;s 3 uvnI ce t)Ien-! i'l , ot rZI 1 11d T,( ;- , t i c-fl t ':I r -

inrduced depo la ri /.A t- i (n 1 s a. so - non III ;1 111Zod and va i Iahlo irI-t orinLL-

t io()n i s IlostI. Ii nea-ir )1 arf-i itlon is- (,t I et 1 i n 5c nfa r-LiO

whIIere tilhe ra d ar is obse-r vi1ngV ha I or s no k thrI -ou1gh ra in . iBoth1

horiz/on tal and v( r i ca I polI a r i za t. i mis mu st he t ransmi t ed to ga in

the same amoun t of po, I a r i za t io(n info rmalt ionp as i s ob t a i nab I ( wi t hi

a ci rcularly po Ia r ized -i g n al. These transmit te(d polarizations

shoumld Ne as, c 1 (S togct II I in i rae a.s ijossih I1u1 s-i -'pu Ise

polarixation agi I i ty would he des -i rahlie.

I n c)n cI u tion , whI I (I(lt l l,(ncr ri ei a of p)re(-c ip ita t ic)n

ar g e ts allo (w artn o pe rat i n,,, I re-tmenrv ini te S- to N-band range ,

po lariza tion c(ins idera t i(),- dr i vfe Ie( chio ce o1 I r1equefcy to the

1 o)we r end of I hat tpl:Irum , I . (,. ,I S-h rnd .An S -band frequenc y

is al so adequate for cloud (tetel l IlIi at short ranges With high

powe r I ra ns mi I ters - . O~pt, i mlm (-1 (1(1 (it tec I i or () C 11rs1 a t hIi ghI

t ransmi t t i ngV fr f, ( I I c i c -w I-han ld) si()r I ranrge's, and cIe a r

a ir: I me L(a s ir(,n t s( en r ioN yie li n g neglg ibl p)1()r opa ga tioCn -

indured depo Ia ri za t ion.

It. MUl T I IIIA' ll{IKQtIvN(IIKs ANI) FlftN(Y MOM ILAT Io(N

Tn the (ieve b)pmeni-t of a meteorolog -ical remOte sensing system,

tile ( quest ion ' ar i~ as to whefle r 1 lit, r't1 re I w r1,-,l*'-(T1 ca pah1i I I .\

Weull 1w he ntanced by the joi nt 11,4- of( enIr at more- than ((ie

trellulency , -iuchI as Iw( radi:urs- orI I radar :111d a Iid(ar. lIurtleI'-

lo r( s i n ci I r (-( tI .n N, mod ta ;It i 4 11 t(chnl (lilt s; have ee used sun

1(i1 l-51li l\' twr sen;I Ipeo(lgia pli cnt iolls it is- e'sse(nt jal

4li



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 attenuationi at S-band) gives an addi-

tional estimator of the rainfall rate or water content in t (

propagation medium. Because the hackscatCr polarizaLion charac-

teristics of raindrops are nearLy independent oL radar trequency,

the use of two frequencies would not iimprove this measuiremet

capability. While a frequency in X-band, tor e.xample, would

permit better detection of smat raiindrops and or snowflakes,

such detection could also be accomplished at S-band if adCuat e

power is used. In summary, we conclude that the use of two fro-

quencies for observations of precipitation would not add signiti-

cantly to the system measurement cal)abiiity. It would, Irowever.

be useful to have a "head-to-heal" c,mparison of dual-trequency

hai.l detectin anid (W, I -(~i~inti( I h1111 detectA leO to ulO~lrst.Ind

betL er the stcb san': ve.i'~~ ol hboth *,(ciiuc2S.

iL tlie cont~exL ol c1 ou! oh)serv'at i O ,i, Llie p ssib II iv of

observations by lidar mus , be cons i rtrd, since lid ar 1,;s been

proven capdble of disci i i naj iI2, i c and I iIIi Id water c,1 Uds aI

of identifying shopes of ice pirf Icic-s in some situations.3 The
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relative capabilities of lidar and radar for the detection of

clouds were investigated by Derr. 1 5  He found that for detection

of the near edge of several model clouds a CO2 (101im) 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 information. Lidar 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

foLding. Since we contemplate the use of a low frequency for

15 Derr, V.E., 19/8: A Hasic Comparison ol Lidar and Radar for

Remote Sensing' ot Cloud;. Technical Report [Rl, 397-WPL 52,
Nat'l. Oceanic and Atmospheric Admin.
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observa tions at I oW el evat ion an gi1' s andi long, Iii.nrs, , \k( dto Not

anticipate that spectrumi folding willI he, a Jprolfl in most ,1 11 ':ti-

tions. At higher ele\tation angltes, hi ghte Ptfls cai 1b(-,

1 increase the Ii m ts ol unam i guoiio D opp I or vi ccc iit. '11j n(' 1d

fo r unambiguous measurement o) f )op 1)1e! rye 1 oc i I i e a!)) 0 2(

m Sec in severe storms kh il I ,preserv ngiv unaiamh igiioius ra ng( T, t-

format ion can be mot by mean-, (t' :1 radar1 wkh lch tral!nsmi !t at ,

frequencies in a si ngle microwave band. )neo I' '(Atinc AO 11 1

slowly enough that reflectivitymaueit (:ai tiE (At r~~nd A:!

no range amibiguity, while the o1ther is pu.] sod fas t c-noclc, t Kui

Doppler veloc it ies are measu red L1 n amf I gci is I -, , %& i t ll [A hi , 11

range al iasing. This techlnique coul d hoe i ncorporat.'d i)1t II

dual-polari vat ion rada r des ign , wi th e ither or both eqcn\

channels doubled foe- rlce-ption of two pli ctccS. ill pri i-

ciple , it would be des i ahie to have dualI-polari .'ition reception

on both frequencies, siince, in N -c ituiition Lfl vkhirh tW>;c >-tccrr>-.

were separated in range bN- a d i-st anct, e ecfcia to t-1,( ma ximm unan.-

biguous range in the Poppler channels1-, t(c lcppe \eletcjt\ ii-

formation would be unusable, wh i le( . )1 th huk'' pola r ,i 1 hi oil pa~ ra1in -

eters could still be obtained in the ref tlee tiv itv chanp, I - IV

feasibility of implementing such a des-ignl dopends, on The r'qe:

cy dependence. of' components - of t Iie ml IcroV( AN ArVc c a IitI and Liii-

tenna . In practice , the 410 of' ho) :t c ci rclii, r zinricI linei- r j)()l;1 r 1 -

'tat ion requi res diial poIa r i/it t i on on tu "ref loo y" t f- V III(.

-i nce the ref feet vi-tv i rifrmrat iin woiilid h-il ntIc-Iii h

opposite polaricat ion and t he icden t i ;i I pi)l:i ri /:t Ion spec-

t ivel y , f or the two t ranismi s.s i ci!i mode>; S fic' ost ot tI

liari/,,tion information a va i Ia h 1n 1.h , 1i Oc ivi IV y i (+;nn.:

woii I d be ccmnpl et (,' I r% i Iidta 1!1 W i 1. f t ha t ziviiai I il 1.i

cliannelis; for. rcostm:siinlI.sci-cr'-,bnI foi' 'a cnr(f

io a~i nti f . I cia ta i Inc,,~p nfec A tc irpll (n l- n111 fjccaI r 1 11

relquict11y h( -c rii fc I (1c 1fl4ii Mt:, N ~ ,c 1- an(t I cc ri ni

nforma tio ic1 n Ii i i iuIIVII c : iiti "--d t I e-

Ii iq i t I I t I r i 11 1 lT, I ci ( n 1 i- iIi:

1. 511ir ,1 o )



The use or frequency modulation techniques is o interest

because they enable mure rapid deteriiunaLionl ut average signal

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 of dual polarization

radar observations, one must consider the freqjuency-dependence of

the polarization characteristics of ra dar :omponents an Lice

extent to which performance may be degraded if the transriitted

signal bandwidth is increased. As an example, in the 16.5 Glilz

radar operated by the National Research Council (NRC) in Ottawa,

Ontario, 1 6 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. 1 7  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 or

the associated fast-scanning capability will be necessary for the

effective study of certain physical phenomena. For example, the

changes of hydrometeor polarization properties which accompany

electrical discharges have been well documented 1 8 at 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 of at few milliseconds. Hence, it is evident that the com-

plete docum,,ntation of eleciiical effects in both space and time

16 ',cCormick, G. C., ind Hlcndry, A., 1979: Techniques for the
Det enMiwit ion o tht. tPol.irizat ion PropertLes of Precipitationl.
Radio SCi., 14, 1027-104(.

17 Kretlibiel, P. R., and Kroolk, M., 1979: A Broad-Band Noise

Technique for Fast-:ica ini tg kadar Observa tions of Clouds and
CLut tr Targets. LEEE r-n.; . (;e sci. E l ct r ., GE-I7, 196-204.

18 ;icCormick, G. C., uind Iheitlry, A., 19/9: Radar Measuremnt

ot Precipitat ion-Re It ed )epuri /at ion in lhtinder!-Ltorls. I LE.
Trans. G(2osci Ele ct r . , G.-I / , 142-1 O.



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 scales 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 necessary 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 evalua-

tion of the performance of the microwave components in terms )L

bandwidth, phase stability, and dispersive (trequency-dependent)

characteristics, which are beyond the scope ot the present

study. The effective use of the data obtainable from a tast-

scanning radar requires either a much higher capacity data-pro-

cessing system or that much of the datai processing be (lone of l-

line. While a fast-scanning radar would provide measurements of

reflectivity, Doppler mean velocity and variance, and bulk po-

larization parameters within acceptable stat istical confidence

limits, it is not evident t-hat: the spectrai unct ions which are a

key part of the interpretation of the duil-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 system,

Ind that the analytical and interpretive techniquies l ready su.-

gested be further developed and refined on the basis ot real dit.i

before proceeding t-o the development of a fast-scanning ,-fliercnt

dual-channel radar.

In summ; ry , we cotc I u de t hat the coherent pol rizt. i on-d i\'r-

sity radar should be a single-frequency narrow-band system. CoV

observations of rain, the use of a multi-biand system add,; litt'

to the im2eAsurement t pol a r otion paI aile t ers n .1 ', v ei

scattering medium. 'File u,0' Of more than one frequency ba'd ,es

extendl tie ran tc of iwtisurcitentt c:tipbilit y in t erms of dt ,t ct hl ,
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scattering media, but such observations Lend to imply the use 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 similarl,,

imply that the polarization properties ot radar-detectable clouds

can be adequately measured by radar alone. Tne use of frequentc-

modulation or wideband L rdnslmi ss ion 1or reducing backscatt er
"phase noise" and achieving ai Laster scanning capai I kt L s

desirable, but likely to be difticult to implement in a coherent

dual-channel radar system. The possibility of using widebarid

microwave components to accommodate such techniques is an

important topic for further investigation.

E. S UMARY

On the basis ot the toregoing analysis, we conclude that the

transmitting t requency opt ions are S-band and Ka-band for

measurements in precipitation and in clouds, respectively. The

use of frequencies above S-band results in increasing propagation

elfects which degrade the backscatLer measurement capability in

moderate or heavier rain. Conversely, the use of frequencies

lower than Ka-band results in rapidly decreasing sensitivity to

backscatter from small hydrometeors. A matrix of measurement

scenarios is given in Table 5, and the adequacy of the two fre-

quency bands, S and Ka, for the particular scenarios is shown. A

frequency band appears for a given scenario it it is adequate for

most of the precipitation rates ((Jr water contents) and target

ranges tor that scenario. In the caes where both frequency

bands are shown, the one( appeari ig I irst is preferred .ii ma-

surenents only throug-h a c [eatr prop aga tion medium are contem-

p1 a ted , then Ktl-band is the pret up red f requenicy band tor all

tiarget types and rarges. However , meaisurements through a rain-

til. led medium wi ll rluir, ;I trl.llncy ill s-hanild ,ind a consequent

reduction ot cloud measm:uremelit Calhi I i ty.

The polarmioz, ion mode prcl erred 1 or most 1 measUremlltents iL s

circular, because t the rC sul,'tnit cap-,bility ol detrmining 1he

orientat-ion state ot t he sc.i I ,rer;. For a broader range O

' 4



0V

cr0

iOi

C 
I L

CCC



possible measurement objectives, it 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 wsec a beamwidth of 0.5 to 2 degrees, a pulse repetition

trequency variable from about 300 fiz to 10 kilz, and a peak power

of at least 100 kW. Full scanning capability in azimuth and

elevation is, of course, essential for the measurement 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 in 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. It is in this mode

of operation that the data rates are highest. Operation at low

elevation angles for long raige measurements, which will not be

possible at Ka-band, involves Lower pulse repetition frequencies

because of the need for large unambiguous range limits.
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S E (ALON I V

SYSTEMI CONFIGUKATION

The general Concepts di-SCLISed in thtis section are uquilI

applicable to a radar SySteml operating, aL either o-f the two lre--

quency bands identified in the preceding sect-ion. In accordarw-t

with the decision based on preliminary results of- Lhis studv, Wk.

have given detailed cons iderat ion tO coMPOneWnt 1 imi taLions iiid

availability only tor a radar system operating, at S-hanld (10) Ci:,

wavelength). The object ive of this ettort is to( present at des i,,g

for a radar sys temn which pe rmi L ts the cvCo ) ec t ion ol Jpio r))101 1 u

radar signals to quantify t1 vair et y of I id rome t eur Ocril;5k:I

parameters. The types of hyd ia L-n o rs 'Itd ;scatdp aeLrs

have been described in detailI i r i S~ t ion LI !1. ob t at in [II ,

great estL pos siblIe i n1-o rmatL i uiI ro::if e 1vd I(-tlt- 1eorI hic ks ca I t crI

s ignal1, the radar syst cm -hoo Lid he c ihk-e ,r L I' 1. il Ir 1i ..cd , 111d

polarization agile. Ih'l ' ; imp! ic;it ions )tI these Chkralc-

teristics will he discti-,,e iI ill sehtion with respecl- t

system requirements impuscd I',, Ie iw 1droiie(( -or tirgets.

1hetore proceeding to-t icht clti-i I tcrit imiot Li tit)oo it,

order. Im1posi tiori of L'!hi t'( il :1H /5 P illlsi

Lte bastebanid radar Video Si ii ~t)at I IIe ("It P111 Of tile' radar Coll-

tains both amplitude aind inii- ii t ! il.- [Or- dise Il IIma

Ltion oI thiLs signralI is t-.& 1, ve to l.. phase c I ti f ll ii.b I I 4

pulse, while the ampli i de i iturli lt on i. i!TplY f h11I' FI i.' t

the return. co heuren c e of t h( ritismi i I~ r , i i., i I rw) one, 1)11:.

to another- wilL1 depend oti Lte ACI iii I l!iId .1 it 101 Ion 01tO ra- :

dite U Idol it1 is tIeel'csirt e;0 c-oil I VWiliei cnere Wi

returns t rvi rgt ;warhglosite I.. lh5S/t
1

Ia

i-iiaximrum amh i 0011oi:; rainge ilel cmii-i fei hy' t III ;V-, eI L 1 )I1 seC repel i t. l

rateu.

Dual polar i'.ol iO!, is dtet tlii as I h. c.ih 1, 1ii 1

t'Irieouiv V e lc V i fl)" t 'if s 1it ( ) , I0 t li i I W : wa rlil1sli I t ed p Ibu

t he op pos iteclIy pt)I;t rii' d le t1 t1n. f hC lv eoitve irjll I V.11li1 I e-

i ilfno o y, e spe ci t y t I r ti r
t

i Ii ki 1 ' r a t i o T, t h ese



signals are reterred to as the "paralle" or "co-pol,ir" and t: u
"cross" components of the backscattered signal. The tern. "ur-

thogonal" is also used to describe the oppositely pol,iri.:,,

signal, but this nomenclature is a source of confusion in radar

meteorology because the term "crthogonal" has also been used to

refer to that circular polarizat ion component ot the return fro-.

rain which is opposite to the "main" signal that contains the

larger portion ot 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 si cna I in the orthogonally polarized channel,

regardless of the polarization state of the transmitted signal.

Polarization agility is the capability of rapidly changing

the polarization state of the transmitted pulse, that is, at

least as fast as the pulse repetition rate. The term polariza-

tion diversity refers only to the ability to change the trans-

mitted polarization, with no rate of change implied. Thus dual

polarization (on receive) and polarization agility (on transmit)

are different system ittributes, although either capability im-

pacts the implement at ion of the other.

Within the detiinit ion above, a radar system providing polari-

zation divers ity wi l t, eet some of the present requirements.

However, time decorrelit ion of the meteorological target occurs

Much more rapidly thlin tile ;witching period associated with po-

larization diversity and adversely affects the relationship ot

the parameters being measured. A polarization-agile system will

Ai low measurement ()t the pjarimset ,rs lb(r two transmitted polariza-

tions, spaced in t ime by tie it erpulse period. In addition, the

polarizat ion agi Ie system which is described will allow an un-

limi.ted selection ot polarizat ion modes, depending on the type ot

antenna teed selected MInd the paraneters to be controlled.

A. GERAL CONCEPTS
The polarizat ion ot an elect rl'naglet iC WaWVe Cin be describhed

by speci tying tle impl itude and elect ri ca I lphas e bet weeti t wo

spatial ly orttl gonat I lasors. Ci rlclI'll" polri zat ion caln be

5 8
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genera ted by comb infing two or thoona 1 lini lry pojj- j sr1zd~i

converse 1y , linlear fiG ar izat ion can be geneuratu d by comb ~in in ti W0

orthogonal circularly polarized , tina Is,;. I n the most un r a

sense, two or thogonall1y lo lar i ,'_(0 sir na s will produce, anI (-! I p-

t icalIly po lar i-zed wave wi th the I jm itLing1 cas es b)e ing~ c ircula an ,i d

Linear po larizat ions. These pr inc ipies are emploayed in thu rada;'r

s hown i n Fi gurec 18 t o imiple(2mv tn ta11 -poar iz ait io i i-aIg,,i It (~ ; ty, is1

thiis s y steum, t he polarizat i on ~t th1e t ra n s iitidan

signals are determined 'by the pha-se2 and aampli it dt2 t 10 1)1 ,

presenit at the two or thogona I parts o)f the U' ial m rode cii 1 lir indk

by the antenna feed s vs ter the2 '5inal d t the ouLtOL ofl ha Ihe daa

mode coupler is descrined by

ILT = 1sil ,,, + ;si!n(M + )(I~

wheur e a and j r e prcset: thei s pat ce v e c0or s, an I I,,

and fI,1 sin (wt±9 ) represent t-e h T u Ii ti ide and phas 11 t Is e

input s ignaIs . Fquation (23) [11 (e1rcdfines al 'In lipt ici 1!V

po lar Lzed wave wh ich canm be dcs cr beI- erimi I: L' fI- re

phase B and the raio K f 1  a The phasc 'anti 'jI'rpi I 1'1,1t i las

o f t he inpu t s igna L s t o t he d i. i 1 mode coule ryI)c r I

*ate l ineair and ciLrcular 1101 ir i zat Lo ta a- I ariWeS Iu

systiemn are shown in TaibLe 6. 1a athr \",. Is at -nI u

t r an smai t te2d s ign a L w11L beck eI t i ca i Iy p)o i ri .e d. The ais' a!

the polarization cL I ipse and c til I elipti i ty rC W1 wI I dkeycuid (111

both 9 and a.. if the two signiaIs ajre in phaise- or 1 80o out at

p has e, the result ing polarizat- ion wit he li neair ; tile plal due 1i

po Lar i z uto wi. 11I he du term iujitd by tLe- rk' IlAt iv amli11)l it 0de utt'

t-wo signamlls.

L, .a circular polari./(V Is plitl it tue (),I rP, t ha! tie ~ Iu

Tode coupIler , a d i " I Orent set a olar /i oll cofltiol pa 1r, lIc t crs

are required a s shIIown1 in Ta1 l '1 i . Fo r L I is: , cs e , art iligoliai I

c ir ci I ar c compo nent a ,;,r e c o iiul i i I to prouce a s ;st cml capaible ()t

tr1,Anm IIit t i ryI, " aIlI ra-,-ci in ar1l I(!,e i r C'i I inea;rly or f, 11 ipit i call v

po~Lari./c'A wave. The ii de111,1 1 ( ) iet-Weell tue t wo ar t hgn

ports atf the diial mode couilc r t'(iuutrol: thc *u:xis (t ei ther the-
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TABIA-. 63. '1bA>.SM I TTLI) P( d-Ah I /A'l' (> AS A

Ci rcular 1P11 90

Ci rcula r Lb -90C

\r t i alI anv valuec

Hr 4~-ont a myvalue-

TA 8L F 7. THb A \S.V IT'T Ll) Pl(~ /A ATI(4 A,"; A

l-LNTl'(j O c AM) , h A LI JUtLAW j.Al/II-I

Polarization (j (-degrees )

Linear a,,n: va 1le

Circuilar RH- 90

Ci rei Ilar I Ht -90 00

Elliptical any value 0 < a ('1I

umi n r(MlI 1 ir ph~ a~S andc timpD 1 (f te 1LI

IV'nni it (1' (1e r~a vm' 'ecp 1-.- aol I(V\ t ile>a

sklri/atuv c 'eil - rl I ph ( til rI tr si V fl I n I i 1(' o'

pm-kr r d i -\ i dir :nd h -ha n(.i ng the I~haIE- 1) onel (I tIeIf to it

Itlo (11:11 IP in( rif- E~p fr. Lie( ( ]e ,SlS -,I( OW (I r ei Xi 0 i r (fi) I I I

two( hl )Ir id tE S IfI a rld ;! 11 r'e(' .I I Yv 'dt j Ied( pins-( -I t1 r'
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The first hybrid tee di (i tht, i input p .r eq: ] I y ht\ oeero it '

two co0llinear out put porl S. One ()Itotit is- s il ted in'

phase and recombin ed in tio ('(1 I I i ntr arms rt tllt , ((IC ii:(i ctil- i d

tee. Tie rat i o of power availa 1l, at t e !. and H1 p)rts (1l i,t

seconld hybrid is,- det ermi ned Iby Ihe phase- di flerence be"he( l

s-ignals suppiijed to( t!, to) irput p)rts "1cordi .ng to

a n.- = tan~ (;.,"U ,

Fer the ircul"arlv poI ari zed antenna fd(,d, tihe phase ang l1 in

the poe r di vidr ont rols the, elI i ptici ty 1f the transmitted

wave , and t he, phase ang I ,- cont oIs tIlo axis- of tie re-sultant

elliptical or ]inear signal . In the case wlhere a linearly po-

]arized antenna fe ed is empl oyed, both 1 and q2 contribute to

the eli ipt icity of the resulta nt signal.

The two hybrid junctions in the I ossless power divider in-

fluence -Lhe purity of the transmitted wave and the channel iso-

lation of the receiver. For near-spherical raindrops, one compo-

nent of the reflected signal will in many cases be more than 10

dB below the ctler. Since the ratio of the powers in the two

orthogonal channo t, is one of t he major parameters to be

measured, polarizati on puri ty and c(lannel isolation must be main-

tained to prevent large measurement, errors. It is instructive,

fty" he purpose of doseribing Ithe purily of the transmitted and

r'ece ved signal.s lo- de termi no tie phase error present at t lie

onutput ports of the, hybrid tees. The phase angle of the tc,.

output signals from the F. and 1t ports is gi ven by

p = tan -1_ _)

where- a is, the ratio of th, vol tage,- present at the two coll i near

input ports and p is the phase di I t(,rence t)etw(,n the tw) vol -

tages. 'h(n ;p is near 90 degree'-s, the phas, ang le is primari ly

etormin ,d by lh, power r'a ie ( , at tllit i ntllI port S -'wO l. I

halanc, and propr phas4in. ot liet si na is mllsI Nt, maintaine'd al

tihf dual mode ('ollplet'o pre-( rvt, till ;llr-mont lcllracy. t s()r lh ,
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reason, it is important that some futo ot power monitoring be

included in the radar system.

B. RADAR CONFIGURATION

A radar sy;tem using the conctqpts described above is shown i!,

Figure 19. If pulse-to-pulse polarization agill ty is ta he

achieved, electronic phase shifters must be used to provide the

high switching r-ites. The power hiandling capability of viec-

tronic phase shifters is limited to 100-200 kW peak fur non-

reciprocal devices and to 25 kW peak for reciprocal. devices.

Peak power of the ordcr of I mW is necessary to ac};ieve th de-

sired measurement objectives. The polarizatjoni switching mus!t

therefore be accomplished at low power levels, and the res~iting

signals must be amplified to the required level. Be*:ause the

microwave amplifiers in the system do not atlow reciprocAl propa-

gation of the received signals, two identic, I puIzarIza ion net-

works must be used. The first network is ,red to coiitroL the

desired power balance and phase relat iotshi' between the two

signals applied to the dual mode coupler. The ,;econd polariza-

tion network is used in the receiver to derive the parallel and

cross polarized components of the backscatrered signal.

Accurate phase and amplitude tracking characteristics must be

maintained in both transmitter amplifier 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 t,,, be

injected into the receiver tor calibration. Power ba lince

etising and autowitic correction 2;houl J a Iso be incI 1ded.

The tra smI t ,r sh,,n %' ; .! s re in Fi ure 19 coT) t ai ns the

necess .ry o:,ci I;rt or ;, pr:re ,< i ,s, Indt 'Iu ipl ,ir s t,

gener ite the :ai ni L to be trtnsini I t,, t I ,cai ' sci I i.,tor

,di; I (I , and h(2 F co kt rent Tre( ,I - ,rc e tT "[(,I rS-I , t ()!

t , iii-pi;a. . (I) .i , "U es et t!L ' CeI

( ,s

,Iz;,n ,[
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SECTION V

ANTENNA CONSIDERATIONS

A study was performed to determine some of the tradc-otfs

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. in 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, Ka, C, and S band operations were considered.

The desired beamwidth of the antenna is about 1.00.

A. ANTENNA TYPES

This study was restricted to considering only reflector type

antennas since a mechanically scanned, narrow beam antenna is

adequate for the intended application. The flexibility of an

electronically scanned array is not needed and the price of this

option is very hi.h. The ,intennas of pril ary interest for this

;appIication are parabolic and a e c ir , in ret 'eL -C Lors in ei t her

center ted r offset le:d gcom tries.

1 . PARABULOIDS

The paralhoLoid is the most commrunL y usc d reflector type he-

caus4. it wi I produce a high-gaii pencil -64eam with ('lit, lW

sidelobes when properly fed Irom the focal pJint. The parabol ic

6 5



ant enna had its birth in 1888 wit trhe cpUrUi Me tLS of- fieinrCi cn

tiertLz, arid the propert-ies ut pi)arah oi I ik :i it i,as hav bee e21(41 xten-

sively studied both theoreL ical Iby and uxjeii:vnta I I y s15Cck IA .rIl

War 1 1. Tne tol1lowine, d i-S cuLwL i S or ln tu toWara ) L;tI

characteristics of thu aItemIIU I 0lCc t a 15 is Lhc !':ajkor aIrtc, ol

uncertainty in thu performlanice 0,) tte' an ten; si's turn~e unldkr S

JoneS1S tUdiLed the p)olariZat01 j)i pr 1) erw ', at a2' C I rc u ir

symmetric paraboloid that- i-s I eu Dy a 1nr Ci c r ri c

its focus. lie found that the cross-polarized pattern of such

antenna systems consists o[ four major Lobes symmetrically lo)-

cated along the 450 planes (i.e.*, between trie principal

planes) . Figure 20) Shows the Level of these lobes as calculated

by Jones , neglect iog aiperture blocKage produced by thu f eed .

Also presented iii Figure 20 are recent calICulat ions by Bodnar "0

f -or the case of ai paraboloid locus fed by a pyramidal horn, again

neglecting b bOCKage. The pyramidal norn is much more Comimon \'

used at microwave and millimeter wavelengi ,ths than is ain electric

d ipo 1 (, and s o i t miore near by re pres e nts the cCro0S S- polIa r ized

pertormance expected from lhe anltenna uinder s tu dy . Ttle -10 d3 d

and -20 db pyramidal horns represents cases where t he apertumre

si150 of: the horn has been seClecd SO that the ho(rn) illI bunMit ionI

taper plus t hu( spa ce Loss taper produceS co!!mbiloud edgeQ i I IUMi I -

t ions of -10 dB andl -20 dii, respectively. Not ice f-rom Figure 201

that thie level ot I he cross -p01 ar ixd lobes dCCreaIse M0ilo 00 -

-al by as t-he Locail length 01 the rel lctor is inc ruased an0( thaIt

a heav ier edge t ape(2r pr LoduLC I owu r cross - polari ze-d leveis.

Al so, lower cross-polairizat ion is, p)redict ed lor ai pvraimid:I horn

than for anl C le CC d ip ole teed . Fo r exatmpI.e; -tor a -20 ih

pyramidal horni and a reCf lUCt or having"1 1 mci 1 IlIengt 11 t o d i amete(.I

19 j ones , F,. M. T. , I1) 54: l'arajho i d -(e I burt r anid fly:)erhIbooi
Lens Antennas, I Rh iTrans . Antelna Pop~. A'-2 1 1 9-1 27.

20 ho odn ar , 1). G3. , 1980: Cross -P1ol.iar i sd nairaicter is tics of
Monop)Julse Diff erence iPat turns, I 1, ',t"/A P- S Int1 Symmp. , ()LeheCC
Caniat;i , June 2-6.
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r

ratio (f/D) of 0.25 or 1 .0, the cross-pola ri cd lobes are -18 di,

and -40 dB, respectively, w Lii t I rs)c I t lie co-pollr i a iz cd ; in

beam peak.

Figure 20 shows thaL a long t oc I Ingti ret l ct or in , ti-

junction with a highly tapered t ee( 1i- i ,riLion is 0ciuircu

produce low cross-pola'ized loLe,. Tt :i i I c,. k ,

produces lowe r7 co- po la_ rized s id l , t! t,' I , u,,, I v C-

sired. However, Ln 2 Use of a lnll, local ull ,,t it I' CO5 W ,

high feed taper requires a large teed. A larve ecd, in turn,

produces increased blockage of the energy retlected by the par,-

boloid which in Lurn increases the co- and cross-polarized side-

lobes.

'Elie effects of blockage can be reduced or e imiiiatu-, by using

an offtset ref lector geometry in wh ich the feud i3 UiI Led Lo Ilu-

inmate only a portion of the paraboloid that does noL include thn_

central area where the teed is located. Energy reflc Lted by ti,

paraboloid then does not strike the feed. Chu and Turrin 2 l nave

analyzed tne cross -polarized characLeristics of ottse L se ed ptra-

oloids, and Figures 21, 22, and 23 present some ot thCir re-

suits. Their feed is pointed at an angle ot 0 troi the axis o'

tne retlector, and 0 is the halt-angle subtended by the outer
c

edge ot the reflector at the focus.

Figure 21 shows that cross polarization is reduced by illu-

minrating the paraboloid as close to its axis as possible. Figure

22 shows that when o = 0 Ot cro.ss-pola rized charac Leristics; arc0 c

very similar to the -20 dIB pyramidal horn curve of the center-ted

paraboloid shown in Figure 20.

The precedil rg discussion is bilicd oil tle use of a linearly-

po Iar i :ec1d I Fi i gure 23 ) r est.s dit i for a ci rculir lv-

polarized iced. For at ci reri rly pol Iari-ed Ieed, no cross-

poL,-rizat ion is n'(iierat ed theoreticdily, blit the ri ght and leIt

21 Ghu , T. S. ind Turr in, R. I. , 1913: 1kj.p t i l oll

Pro1 erties ot ()I I[set Ret lector Anternn, Ir. i.l'n.s. eMr IAn
Pro g. , AP-2I, 339-3/4'.
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circularly polarized beams are squlinted on opposite sides ot

boresight in the ottset plane of Lne cefiector. This etfec- can

be reduced by increasing the local lungttn or tue tel hlctor or it

can be compensated for in the data reduction1 process.

2. CASSEGRAIN

A Gassegrain antenna is a double ret lector antennia cu'ls s: i:>

ot a paraboloidal main retlector and d nyperboloidli u-r -

tor. One of the major advantages ot a CassegraLn antena: is th-L

its tolded optics system produces a more compa:cL Ecc anicai

structare than does a paraboloid antenna for equivalent foca1

lengths. The other major advantage of the Casegrain antenna is

that t.he feed ard the microwave plumbing are conveniently locte i

behind the main reflector, presenting no blocKage and providing

easier access to these comporienLts than in a tront-feed paraho-

loidal antenna.

Hannan 2 2 and Wong 2 3 have shown that the perforiance of a

Cassegrain antenna is the same as that of an equivalent para-

boloid antenna; therefore Figures 20 through 23 can also be v -ed

for a Cassegrain antenna by inserting the equivalent focal length

for f. Since the focal length or the equivalent paraboloid an-

tenna is usually much larger than that ot the Local length or tnC

main reflector, the cross-polarization properties of1 the Cassc-

grain antenna will be superior. Again, an o ttset geometry

eliminates feed and sub-retlector blockage a nd, thus produces su-

perior electrical pertormance at the expense ot a more complex

and hence costly, mechanical sturcture.

22 Hannan, P. W. , 1 )1 di c 1-owa\'e AnIt-na )er IVed I 1o;' t [ he
Cassegrain Telesicope, [RETlrAins. Antennas J1ropag5., AP-9 , 140-153.

23 Wong, W. C., 1973: On 'th tL'F iivdalent Id ahola Technique 1l1 1
Predict The Per Iri-anct, Character ist i o, ts t a (X;segr-<iinian 'SY ter
With an Ottset te.d, jiAlV Tran. Atennas 'ro ., AP-21 , 1 )b-
1 7,.
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enough focal length. tiecause such an approach ina y produce iii

antenna that is too larg e, alternate approaches have been con-

s idered by a number ot inves tigaitors. It a proper comonfation o)I

waveguide modes could be g enerated in a feed, ,cross-pola-ri-

zation-free antenna co ulId (tieorutically) be obt ained I

number2 4 ' 25 of ditterent- dIes lgiis have been proposcd and1 impile-

nented Lo accomplish this.

In the so-called Potter born ,24 the sidelobes and cross-pu-

larized energy radiated by the TIL, mode of a circular aperture

are partially cancelled by adding in opposite phase a small por-

tion oftTM.1 mode which 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 coni1cal horn.

The Potter feed works reasonably well for center fed reflec-

tors. For oftsetL reflectors, however, a third mode must be added

shsown by Nudge 2 5 . Nudge presented experimental data showing

thait iis tni-mode feed can give as much as N0 dB cross-polariza-

tion suppression over that achievable with a Potter type feed.

C. NI' PLUMBING

TWO RI' Channels are requi red for the system: one for carrying

trauismitter power to the antenna and this same channel and one

other for carrying, received signals from the antenna to the two

receivers. Both ot these channels mu-st be phase and amplitude

matched. if both the receivers and the transmitter are located

below the pedestal , then two dual channel r-otary jointLS are

needled -on e f or thu az imuth axis and one lor thle elevat ion

ax is . Rotary joint-s have notoriously had phaise tracking chiraic-

24 Pott er , P . D). , 1963: A New Horn Antenna1, ,;ith Sulpp1ressed

Si 1(2elobe; ;And 1"(1-A I haniwidtlu , Mm crowavt, Journal, VI, (No. 6)
11-78.

)- N ldgeu, A. W. ,id Adii idi, N4. A. , 1976: Of11 set -ParaibolIi c-
He L Lec 1-r Atennais: kev i ew, Pro-c. ILE'-J, 06, 1 592-1 bl 8.
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in ccus 5-p()lari.'ed ,erl toCr'unce thall the opt imUl] ufLtennu reculti-

mended in Subsetcti On F.

The S-band antenna ;hould o izodi iedl in one uk thie flL ia

three ways to permit simul-aneous dual polarize6 operation:

1I. Center feed paraboloid with receivers at fLne 17Dcai

poi) nt.

2. Center feed paraboloid with rt-iceivers lod ted btciinu LC

refet1oct or.

3. Cassegrain ret lector witn receivers behind tne re-

t lee tor r.

Tnese three options need to be examined in termis of blockage,

polarization accuracy, mechanical compatibility, and cost to

determine the most, desired approach. The adIvantages 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 frame radoine on the polarization performance of the

radar should also be analyzed. These effects might establish a

limit on achievable cross-polarization performance.
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A. C ON C lVTF

Th e d (2 L eIL d Jt Lp )r o es2s neg r t2qu I )r em;1(2nt ji L t beud( ltaT,I I u

bj thu :fesrnetSCenArio, i k2 , t-he LypeC Of et rn md1<

Linder obseCri-at i on and] t he s caitn 1i:ii Pod cu 1 t he r A Ji r .

genicraI t he d ata processIing wi I 1_ inclu rde th e e-t ~at: i on o

av.erage parametLers -of the ruceived signals s-uch as avt.r,1ge power,

ml~ean Doppler velocities, cruss-covarianee of the t.wo rUceUi VeUd

s i rail; , and parame t ers deritved from the:-; e and Lhe computai onla

the correspond ing spectral tune tIiom; , name 1', the two power Spec-

trai the c coss-spec t rum, and othr Ituttu t ions de r iv (d f rot' I,

these Then avtirage Pa rame t-u( rs can he( coinpu ted I n rel - t i me t or

d isplay and reco)rd ed [1 l a ILur a tdy . The uoImpo taion o f s pee -

tra I functions in rea il- timie wll requ ire larg~er comrputton

caipaci ty , and cart probably be done more ef I-ee t- -1-e] I ot t - 1 ii( i

suchl ana Lys is is requi red i n rio re t hat a t cv; r ange gati es .

The basice meas uremnent eapabi I it ies ot a- coherenit circularly ;-

polarized dual -channel radar are summai rized in 'lab IcS. tier e I

a nd W, are the r e ci vc:d powe rs, n tue L parI:, ie I pa- 1i r iz at i on

(Ltransm is s tn clhannel a ri nd c ros a3 - 1no I:a r j I t 11i (op pos i t e C. iann I )
res;pectively , and W is thle eross-cova r lce, toll owing the rnot:;-

tioni of Mc Coricek And Rend ryl S. and t ~ re the cur rcapon: Inug

power s pee Ira and S 1 2 i s the cross - tpeeL ruin of the t we rece Iived

s ignaIs . l1te table a iso i ndieat es the suonsiiirv ncasu,_remunt

caw:)-ibILies of t .ion-coherent dual --channe1 raidar ind] a cowrr i:

:;i51 a -('c ha'ie 1, raidar ( lietuse. t he a1 1r ge2r c i re c a 1 1r I y polIa r 1 z( 11

S i J~i1 Sa 5'Oe e- k2;Vhe Cro ; 1 i rie e:hAnrwl , I t is- V- ;Mnd

;Ir re eI Let I ent t te .av era-,ge I power 1 11 an power spe) ctL ruIill

1-0 ) h 11- t Sb . TsI pal r1 II t. d' oid In I o rs one can Iui

he c' r c',i r I- di,)'.,I i 'It mo rI-,to Wit /W, , Ti-te cross,-correlit-i (n

1 ~tW 4, I 111;mLt I VJ/W, Vit cth iS 'Is i in the st tdy o!

/i7



prop agat ion et tects ,a" d thIIe spectr-al pU~ ra r Is ''1 a I I I I I

quantI it ies .

TABLF. S. Cl~ilM\i AIAI! 11>;4 A

(JOH! lFNT 1)1Al -UHiANNMI. Pi AP.

dual1-chani 1

Coherent Single-channel Ye, S., 1

W 12, (1)

The maximum ut ili ty of the coherent dua I cha nn radar can h- e

real ized in cond it.ions Under wh ich the D opple r ye 1 e'i ty \ ofl II],,,

a t i gn t f i cant componen t due to fa 1 I speed , so I hat va ri a t i en 1

Doppler velocity can he relIatLed to va r iat i ons i n h yd i-eme, f .)r

s ize . These eond i t i.ons requ ire (I ) th a t some I ra ct i n el t ihe

detectable hydrometeors be preci pi tat ion-si/ed , anrd (2) thal I !I(

observations be made at a rel ativelyV high elevation angle 1 .. ,

in the primary coverage region disCU.ssed in Sectioen I I I. ht

spectral funct ions will be mos-t Useful unlder1 thlese ce)nd ens

At low elevation angles, the spectrum widthi will be determi nec

mai nly hy winrd shei ,a r and turbulIence, a ni tIhe ha c k,;ca t I e r d

i gna I s due to hyd rome 1eors- of a ny gi yn s ic w i a ) ap4n r

dli st ri buterd across the spectrum. One would expec !X)~iindecr

conit ionis that the spec5'tra).Il)V' c rati Sl P an 11(1 W I~ si c I

c ss c r rela I i on SV ! ( i )I . Ai I I i e till i ?)'rl t un t (1 us ,I

l)e)p;ler freqluecvy and hlencp (onlai n ni" inht rmalkin lwymnd it

ccrulain('d in the ci rcuilar dpomliri/a ion cutic W ,M and I he

c(ess-c o rreImlIt lol W



r\ I' s'i t t r t l !axI ('-flme tUa I I) (c t I v'2- w I I (le(&!fl]] fit Z

s canIT)i n g mode, O. i n az imu t~ h al Ii tIx( d e I tv at r , or in1 -1 -~

SiOl a t fixed ai h. .a We ecOmelnId that eIt scanning mode he

under computer control anid tat the cnt rol onit i ncoror-a i

several pre-programd scn qu ('nlcO with1 'or ' spendir da-

process i ng ttLl C' t iof nr . FOr' X aXIT! 1) 1 u , t he cnr).Iu I a t i onl ()fI t(-a n

Dop 1 'r v Io, .i tN for hot I cln nu] S li ght b- d(. tir'a hl I itt theI, Cas-

of observ..t t ions at high ol evat inon angles whereas t h se woo (d he

redundant at low eluvat ion anglos. Thle, oper'atar wontI d L theI

solE- all opn rat ing mode , .je:(( i ty ce rta in paramete rs, such a.; th0

angu, ar ii rits ,n a sec tor sca n , and soI ect cerrtain qua,,it it i -s (1

be ( cripit ('I l a nl di pl a 'ed.

L. . IM iPIKMINTAT I ()N

Thu block dI agra t 6 igu re 25 1'ryser ts a dua I procea .or

approach to monitor'in , tho radar and dat a recording. The tW)

color di sp [ays /terminaIs us(, ide ntical har'dwa'e . he radar con-

trol uni t operates in a rtal-time priority interrupt mode; , I

,:on tro] '-iradir parame -,ters, s-;pecf ieie, scanning pattirns , elc . 1'e

dataL processi ig ini t opura ts II non-real -t ime ; i t perI(, frmm;

signal I procssi rg operat ions for data vri f ication or :l:a Iyy i.

'The recording and sampling of the, data are c((ntrol I,,d h,' the

radar nLtrol uin I ; the actual paramreter elect ions aro. input by

tlhe u.er from th(, t ermi na I T 1,)W da rate (,lta i t I s(;).hI i.

ani rina posi t I *f , rtilgr g to pos i t igate , sarpll i rig 'onfi i gur al in)),

I't.P , ar, r'(oi'd d op' a di i al tal". YI- il ual rel l!'n gn i l l

.s r''ol'ded on a wideibatid lapie unit . lle speci i cat ion (ot I 's

i deha id ul i t as tW, a na l og or A ig i t at I nma s I h d e i' 1 1)(, d P t r, I

,,t . ar , ,ro~ m t ihlt,

[ t r+ p i r. o ll ro( I(t4 ; o}. u ' ' < l+ :;, n :1 r < t ~ + 't i l

:ln~(, '' , - ,' I I ' "" r 1 h: ' ( i , . : .11, 'I , ] \ l ' .t r ' ' * ! : l ] .I 
!

'1w 1 ?r c np Ih

A r'' .r.
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The da ta p)rcesso-)r urli t S seec ts, \a user ot 1 1 in

algor i thin or- se t of ( agr i t lims to proc ess t he daI t. t)('pe 11d3 Ig I Osh

the p roces ;o r spee(d , wi th cust p)r )po)r t ion a I to an i n creas ti

speed , some ( or al o nf t he a va iahI a Lgo r i tIim-s can ie tv1an 1n

near-rea 1 -t ime(. Oujtputs from t he da t a p)rocesso( r an i t ca (I I'

displayed in color. Fo r e xamv:pIe,:

I . Colo0r coelamp i 1tide or i n tecns, i t, N, vyE r's is ra a e on) a r

a z im uthI scan(h)

2. Ampi t ude ve ri-;us ra nge( a t f ixe(,d azi in u t I/elItv a in poshI-

t i onIt, bothI p() la r i /. at it Si

3. SpectralI data i n sc(-ann ing (wr it-~d modes, s i ngli o)r N)i.

polari zat i )11iS

4 (orr(- lat on qatte

There is an imipi emen Ia1. ion cost siay j ga- inl wirig the (111a]

unit appr-oach. A se(,t () real -tit 11)1 st tar andnnva-Iim

sof tware , needed tio mnattel' what. appvo)aeh i>- as' (I , hut ,i n I t(

single price.C-sov~ concept , both must be'R mde to( -ptr e 1 ile I h),'I t V

with appropriate links and priori tie-,. 'A i IhI the* (lua I 1pri(-ssso

approach , the I i ik ing sch twa r,( neied bfbI ~ f hi ihif dd and jy1011k

ef ficiency can be bui It into eanch ain ;i Two- (( wI t d i s IIit ';s al h('

more complete knowl edge of ra da r' pl rira ~n cI and (1,,ta %\(.r, I I ca -

t i (n . Wi th i t (rchanriable micqr Csv tit, rn:i 1 wI i hol ()t

one ain i t st ilIl pe rmi tIs ra dar' opera t I )n ad 1( d:1 n a 1,i I I c I I onT
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CONCLUSlUIS AND RECONM ENDATlON;

A. CONCLUSION S

Two radar systelhms of similar configuratiol, operating IaI

widely different transmitting trequencies, ire pustu[Liied tr

measurement of hydrometeor polarization cIharacterisLics. AI )-

band radar is opt imum for miea !;u r 2rilen L at back sc : t CI- I rkn

hydrometeors in a precipication medium. K-bard radar is opti-

mum for measurements of backscattezr fro) clouds through a c Iar

medium. The primary criterion for operating frequency wa:; tiime

radar preprocessing detection capability, expressed in terms ol

signal-to-noise ratio, at the maximum range of measurements.

Additional criteria included propaation ctiect.s ,iid the opera-

tional scenario, e.g., long-range sarveiliance or short-range

measurement of Doppler frequency-related parameters.

The lower frequency regime has the advant ages or long-rany,e

detection, low signal ,:tenuationi eveni in heavy rain, anid low

depolarization due to difterential attenuation and dilterun itla

phase shift along the propagation path. 'shus a - band , th e

parameters derived from the rece'i vi-c s igna s in most cases arC

va)id represenitations ot the scatt-eri n), Me lJ 11M. Tihc operat ioI,,

capabilities of such a radar inclt de measurement of Doppi ,r wind

speed (as with a single-chanilul coherent radar) , dcrivat io ol

raindrop size distribut-Lonts, sep:sraLtior of Doppler commmpunc td tue

to fall speed and to air ve C i ty In some c5 (ses , and ,t. eCt ion ()I

hail in rain. biscr iLmnitia ion (I!- ,rio mfid ri i i ; t , Ii)Ii (W Cl 0 l ,

has; is of dit I eri I, t I I ,spokee :, and It I c. i vity, . I t Io(I t 1he'

Cltpahi 1 i t-y f or inc oa n, po I .i i /.At iWI I-Ipa CL- 11inm t v m si C.om Ia

lini ted . I rimisin I t trI t po w( r i, s f i ,,h . i , C .1., SiV .l,

hu~n(Iret! kil luwst (I ( ? 1i t(2 ! i ,,I I c )Imld,. .ji ii (2I I pus :i uIC ~t

r iiges.

Th u i ,'!,r I r ie cy r e,.m-.; ( - I l ) i - n ccss.try to t a) n

[I( r -. t I ; w 1.I( ' ca l 1 r () T'p CJ] 1 u(dMT ; (



ot K.-band will periliL Measiurement ot Doppler ve ocity paraleter s

in clouds and discrimination between ice and liquid cloud par-

ticles. Estimates of target size and number density will lb

based on retlectivity derived trom the "main" channel signal. If

the ic2-, crystals -ire strongly oriented by aerodynamic or electri-

cal forces, then idditional information can be durived fro, the

scattering and propagation parameters. The i;iterpreLation 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 Ka-band radar is

capable of measuring scattering parameteis in rain. This capa-

bility overlaps that of an S-band radar, but is complicated at

Ka-band due to Mie scattering effects and to propagation eftects

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, SI /S 2 , and the cross-spectrum, S1 2. These

spectral functions contain information on the distribution of

shapes, sizes, and orientation parameters ot the hydrometeors.

if hydrometeor fall speed contributes significantly to the

Doppler trequency spread of the received signals, as could occur

in rain, then measured shape parame ters can be related to rain-

drop size. In cLouds[ and in radar observat ions at low elevation

angles, the Doppler Crequency spread should be dominated by tur-

bulence or wind shear, and the backscr ter characteristics asso-

ciated with any particular size or type of hydromet Uor should be

distributed across the frequency dom.ain ol tile signals. In these

sit nations, the spee r'l I power ralt io and the cross-spict runt: can

be expected t( yield no intoria.tion beyond tha1t (dtrivablc trolnI

the (tepolarizat ion rat ii ind the cross-covri aInce. Any dcviat ion

A - -.



in these functions from the expec ted f requency-independence,

however, should yield some inuformat ion on mi r )ph)ysical prtc

ters.

A radar operating at either S-band or V1 -adshou'Ld havft a
pulIse width of 0.5 to 2.0 uis, a bku.im'width W! 0. to 2.0 dce,'recs,

a peak transmitted power ot at least 10)0 kW, ;i pulse relpct. i iofl

frequency variable between 300 Az and 10C kiz, and Nil s canniQ,

capability in azimuth and elevation mngles. Operation ina

singlu freqency batnd is sufficient for- observiiion o! thbe polarl-

zation characteristics of precipitation or clouds at S-baind or

Ka-band, respectively. Current technological capobi I ities iii

radar components are sufficient t o ach i (vu the se s)eI f i c a -

tiofl5 . In -.rticular, antenna designs can tic developed whLich

should give dual-po Larization perf~ormance (purity across beam,

isolation between channels) better than that achieved by iieLeu-o-

logical research radars at present.

B. -RECOiIMEN DATUIONS

We recommend that serious consideration be given to the A~

velopment of radar systems at both S-band and Ka -hand wr ::c.,-

surement of hydrorneteor microphysical pa,'rameters in pre-LCioitar 1(n

and clouds. Our invest igation has3 shown that such deve 1 0it-! 1,

technologically feasible and will yield signitf i cant ivnces in

MuLeorologica 1. measurement capab Li It I . A., the deveo pmtie ol fe

radar systems proceeds , experimlental progi ams ShoulId he codu <

using exist ing radars having some o t the capab i Ii t 1 es dsus"V

in this repurt. Such programs wi I pe'mi t the develoci n:

,ralytical techniques , the (leute(-rmiinat i ()n o t t ht lit i t 'o

various derivedi pranieters anid I inc; ions Ifor r-seireb tr (WIA

tional purpunes , and. the ei laat iun ot part ici"ar radar pcr-

torriatice paramicte-s.

In addition " the use of exl s tAiT radarvs fr uxp r inoemi

p)r og "ramt Ts , the1 ) pus s I I j .a 1 nod( i tfy ii' M It -i e r .1 s t o . i !Ii c "!

t Ie- cobI c r e t I i I a I -c! r( I T 1gjre en i ; I i t ; I-oil] (I I)W p j Veil

detai led study. In prt icilar, o,;r rl:irrV - a o ie



3-bar,d DoppLer radar being installed by Air Force Geophysics

Laboratory indicates that this radar can bc modified to yield

satisfactory performance as a dual-channel systei. ThLs approach

to the radar system development offers the advantages of 'using,

components of the existing radar and using the AFGL data pro-

cessLng system for much of the real-time processing anc di.s-
p'.ay. The further study of this development option must address

(;) the expected performance limits associated with partii.lsr

technical approaches, (2) logistical considerations, (3) cali-
bration and error-compensation procedures, and (4) specific re-.

quireirents foc real-time displays and off-line data processing.

_,6
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