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FOREWORD 

The work described in this report was carried out under the sponsor- 
ship of the Deputy for Surveillance and Control Systems, Project 4530, 
by The MITRE Corporation, Bedford, Massachusetts, under Contract 
No.  F19628-73-C-0001. 
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Publication of this technical report does not constitute Air Force 
approval of the report's findings or conclusions.   It is published 
only for the exchange and stimulation of ideas. 

H. J. McLOUD, JR., LTCOL, USAF 
System Program Director 
Surveillance and Instrumentation SPO 
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ABSTRACT 

This report describes the relationship between various radar 

parameters, earth geometrical parameters and hurricane rain rate para- 

meters. An attempt Is made to Illustrate In graphical form the radar 

performance sensitivity to each parameter. These sensitivity results 

can be used as a design basis for a realistic radar system to observe 

and measure Important characterit des of a hurricane weather occurrence. 
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PREFACE 

This study has been performed on Project SEEK STORM to assist 

in defining radar parameter trade-offs which may be necessary prior 

to writing radar specifications.  SEEK STORM Is a radar development 

program which will eventually be Incorporated Into the Airborne 

Weather Reconnaissance System (AWRS). This radar must provide for 

cloud mapping of severe storms such as hurricanes so that rain 

Intensity displays of the storm cells are available for weather pre- 

diction analysis. Of particular Interest Is the diameter of a hur- 

ricane eye, thickness of rain walls, rain intensity and overall 

height of the storm profile. 

Operationally, there are further requirements for the radar to 

assist in navigation during aircraft penetration of severe storms 

and also to assist in navigation during severe weather conditions 

by providing a ground mapping capability.  Since not all of these 

requirements can possibly be satisfied with a single radar, only 

the storm contour mapping function has been considered in this 

analysis.  This function is considered the most Important and per- 

haps the more difficult requirement to satisfy. As the radar de- 

sign progresses, the capability of satisfying other requirements 

will be incorporated if this does not degrade the storm mapping 

capability. Otherwise, additional sensors will be required and 

defined later in the program. 
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1.0 INTRODUCTION 

This sensitivity analysis has been performed to determine 

sensitivity of the various radar parameters (such as, antenna gain, 

beamwldths, power transmitted, frequency, pulse width, pulse repetition 

frequency, etc.) to performance of the SEEK STORM radar. Effects of 

each parameter on the radar signal output will Indicate the extent 

to which each parameter can be vailed without degrading required 

performance. Results of this analysis will be used to Initiate a 

three-dimensional computer simulation consisting of a storm model, 

an airborne radar and earth geometry. Radar parameter selection 

for this simulation will be obtained from the results of this analysis. 



2.0 METEOROLOGICAL RADAR EQUATION 

2.1 Basic Radar Range Equation 

a 
Signal to noise ratio (—) received by a radar can be determined 

(1)       N 
by the equation 

2  2 
P S     K a 

S _ _T  (1) 
N'     3  4     — 

(47r) R  k T B NF L 

where; 

P = peak transmitted power 

G = antenna gain 

A ■ wavelength of the RF frequency transmission 

O   =  target radar cross section 

R = range to target 

k ■ Boltzmans constant 
o 

T = standard temperature 290 K 

B = receiver bandwidth 

L ■ round trip attenuation through propagating medium 

NF ■ receiver noise figure. 

2.2 Weather Radar Cross Section 

For extended targets such as rain clouds, the radar cross 

section (assuming the rain fully fills the beam) can be expressed 

as the product of radar resolution volume (V ) and the average back- 

scatter cross section of particles per unit volume (£. o.) 



v     £.   a m i   vi (2) 

Radar resolution volume can be approximated In terms of azimuth 

beamwidth ( 0 .), elevation beamwldth i6„), radar range (R) and the 

range Increment corresponding to the two-way travel time of the 

radar pulse length  ( r) as: 

CT V       ^    f   «2       \    *t       2   ■ m (3) 

where c Is the velocity of propagation of the radar signal. 

By assuming Raylelgh scattering (where the wavelength Is long 

compared to particle size) the radar cross section of each rain 

particle of diameter (D) can be written as: 

^^ IKI
2
 . (4) 

where K Is a constant dependent upon the die 

scatterers. For water at 10 C the value of 

ectrlc constant of the 

K  Is 0.93. 

2.3 Reflectivity 

Reflectivity factor (Z) Is defined as the sum of the sixth 

power of the raindrop diameters In a unit volume and may be written 

as: 

Z -  ^ D^ (5) 

Reflectivity can also be expressed as Z = a RR  where a and b 



are empirical constants and RR Is the rain rate In millimeters per 

hour. By substituting Equations (2), (3), (4), and (5) into Equation 

(1), we obtain: 

S = 
PT G2 £      Z  M2 gA  %_    ^ (6) 

N        (8)3 R2  X2 k T B NF L 

2.4 Receiver Bandwidth and Antenna Gain 

For a receiver which is matched to the transmitted pulse, the 

bandwidth can be approximated as: 

B « ^ (7) 

a8
(2) 1 

Antenna gain G can also be expressed in terms of aperture area 

_  .  47rw H „ _  47r 
G j- N - -ff—j- N (8) 

where (assuming a rectangular aperture); 

W = antenna width 

H = antenna height 

N = antenna aperture efficiency factor. 

N has been replaced for n in the reference because n is used for 
another purpose in this report. 



2.5 Parameter Sensitivity versus Signal-to-Nolse Ratio 

Equations (7) and (8) can be combined with Equation (6) to 

obtain: 

N 
K  ?        T2   Z ,„ 

R2  X2 9k    «E L 

where; 
TT5 N2 iKl 2 C 

K    (8)2 k T NF 

4 n 
If $   $     were substituted by —    In Equation (9) as 

Indicated by Equation (8) It can be seen that the S/N is proportional 
2 

to G and not G as Is normally the case with the point targets. 

This means that a weather radar Is not as dependent upon antenna 

gain as the usual target detection radar. Note also that the weather 

radar S/N sensitivity to range Is proportional to —=— whereas the 
1        R 

a point target S/N is proportional to —T  . If signal-to-nolse 

were the only criterion to use In this radar design, one can readily 

see from Equation (9) the effect of each parameter on the radar 

output. To obtain a high slgnal-to-noise level, all parameters in 

the numerator should be made as large as possible and all parameters 

in the denominator should be made as small as possible. Parameters 
2     2 

which have exponents (such as A and T ) affect the signal-to-noise 

level much more than those which do not have exponents.  The problem 

of selecting small values in the denominator to represent wavelength 



and antenna beamwidths Is subject to many theoretical and practical 

considerations which must be investigated. 

2.6 Other Considerations 

As stated, the SEEK STORM radar has both practical and theoret- 

ical requirements which are not directly considered in the radar 

range equation.  The main practical consideration is the antenna 

size.  This radar is to be mounted on a C130 aircraft and therefore 

the maximum antenna size will be constrained by the aircraft aero- 

dynamics and structures.  This study will therefore attempt to 

determine the minimum size antenna which can be used. 

Radar resolution requirements are determined by pulsewidti1 (T) 

and antenna beamwidths 0.  and 6  .  The beamwidths for a given 

aperture (W x H) are a function of wavelength (as implied in Equa- 

tion 8) which in turn is determined by frequency selected. 

Equation (9) does take into consideration attenuation effects 

;L) of the two-way transmission of electromagnetic energy as it 

propagates in and out of the storm cells. Attenuation in decibels 

is inversely proportional to approximately the fourth power of wave- 

length.  That is, as wavelength Increases, attenuation decreases 

very rapidly. However, as wavelength increases, antenna size re- 

quired to obtain desired beamwidths necessary for good resolution 

also Increases. An increase in vertical beamwidth, in particular, 

will cause an increase in ground or sea clutter return because more 

transmitted energy is likely to be intercepted by the earth surface. 

Therefore, we not only must consider signal-to-noise levels but also 

signal-to-clutter levels.  Thus we can see that frequency and wave- 

length selection along with beamwidths and antenna size are all 



Interrelated by both theoretical and practical requirements. Once 

these parameters are determined, the transmitted peak power (P-) can 

be adjusted to obtain an optimum received signal level. Available 

airborne average power (PAvr) must also be taken Into consideration 

along with pulse repetition frequency (PRF) and pulsewldth (T) after 

the peak power requirements are determined since: 

P o PAVG (10) 
^T  T(PRF) UU; 

The pulsewldth Is dictated by range resolution requirements since 
CT 

the range resolution of extended targets Is equal to -j-  .  Figure 

1.0 Illustrates range resolution versus pulsewldth. 

Maximum pulse repetition frequency Is determined by the maximum 

range of Interest to the radar.  In the SEEK STORM radar this maxi- 

mum range of Interest Is about 250 nautical miles.  Since the round 

trip travel time of a pulse is approximately 12 microseconds per 

nautical mile; a time interval of 3000 microseconds must be present 

between succeeding pulses.  This means that the PRF should be no 

greater than 300 pulses per second. 

Both the rain return signal and the receiver noise have wide 

fluctuations about their mean (average value).  Their sum also fluc- 

tuates widely.  In mathematical terms, the variance of the pro- 

bability density function of S, N, and (S+N) Is large for single 

samples (single pulse basis).  This could result in large errors In 

estimating rain reflectivity, even if S/N ■+ <*>, 

When, however, many independent pulse samples are averaged, 

the variance decreases progressively as the number of samples In- 

creases. Under these conditions one can still obtain good estimates 

of rain reflectivity for relatively low S/N ratios. 
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This can be performed In the following manner:    Assuming a 

finite ratio S/N, Integrating many statistically Independent samples 

will result In a good estimate of  (S+N).    By Instrumenting the radar 

to provide a continuously updated value for N, an accurate estimate 

of S can now be made by subtraction.    This value of S Is directly 

proportional to the average radar rain reflectivity factor Z. 



3.0 ANTENNA PATTERN BEAMWIDTHS 

As seen from the previous section, performance of the SEEK 

STORM mapping radar depends heavily upon the characteristics of the 

antenna system. The vertical beamwldth of the antenna pattern for 

a certain wavelength Is dependent upon the height of the antenna 

and the horizontal beamwldth Is dependent upon the width of the 

antenna.  As these sizes Increase, the corresponding beamwldths 

decrease.  To determine beamwldth In the vertical or elevation 

plane, the height of storms, altitude of the aircraft and Influence 

of ground clutter must be considered.  To determine beamwldth In the 

horizontal or azlmuthal plane, angular resolution of storm cells 

must be considered. The accuracy to which the radar Is able to 

predict rain Intensity at a given point In an actual storm Is also 

a function of both the azimuth and elevation beamwldth.  To study 

these effects. It Is convenient to select a typical antenna pattern 

which Is well within present practical design capabilities. 

The prototype antenna pattern which will be used In this study 

for both the vertical and horizontal directions Is the far field 

pattern of a circular or elliptical antenna aperture Illuminated by 
(3)2 

a particular "coslne-on-a-pedestal feed pattern."    This corresponds 

to typical "dish" antenna ueslgn practice, although implementation 

by a slot array, such as the "flat-plate" type of antenna. Is pos- 

sible.  Figure 2.0 Is a graphical representation of this antenna 

2 
The selected illumination function,  0.2 + 0.8 cos trx,  causes an edge 
illumination of approximately -14 dB.     While details of patterns due 
to other illumination functions may differ somewhat,  it is  felt  that 
this particular pattern is representative of a wide class of commonly 
encountered antenna patterns. 

10 
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pattern with an Indicated 3 dB bearawidth of 2.0°.  Within limits 

which are not exceeded in this study, patterns of other beamwidths 

can be scaled from this graph.  The actual sidelobes (dashed) have 

been replaced for convenience by an approximate average level (solid 

line). The one-way pattern can conveniently be converted to a two- 

way pattern by multiplying the ordinates, in decibels, by a factor 

of two (as at the right hand margin of Figure 2.0). 

In studying Figure 2.0, particular attention should be paid 

to the first null (shown at ~ 2.5 ).  Note how rapidly the antenna 

sensitivity changes in this region:  the two-way pattern, lor instance, 

changes 40 dB in a 0.2 increment near the null. This corresponds 

to a rate of change of sensitivity in that region of 200 dß/degrte. 

Also noceworthy is the peak of the first sidelobe which is abuut 

22 dB below the main lobe on the one-way pattern and 44 dB below 

the main lobe on the two-way pattern.  The importance of these factors 

will become apparent in later discussions.  This pattern will first 

be used to analyze the system sensitivity to vertical antenna beam- 

width. 

3.1 Vertical Antenna Beamwidth 

3.1.1 Storm Height versus Radar Range 

To consider geometry of the situation, a 4/3 earth curvature 

has been assumed to compensate for atmospheric refraction of electro- 

magnetic energy.  Figures 3.0 and 4.0 illustrate how the earui cur- 

vature affects radar range versus storm height for an aircraft at 

10,000 and 22,000 feet altitude using various elevation look angles. 

The elevation look, angle is defined here as the angle measured from 

the aircraft line of sight to the radar horizon. 

12 
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A hurricane model profile   (shown In Figure  5.0)  developed from 

years of experience by the National Hurricane Research Laboratory 

Indicates storm height could be as high as 50,000  feet.     To show how 

these curves can be used, suppose the aircraft altitude were 10,000 

feet  (Figure 3.0) and the top of the vertical beam pattern was at an 

elevation  look angle of  1.5 degrees,  then a point  In  the storm at 

30,000 feet altitude could be seen out  to a range of  175 nautical 

miles.    If the aircraft were higher at say an altitude of 22,000 feet 

(Figure 4.0)  then  the same point could be seen at a  range of 183 nautical 

miles  for the same elevation look angle of  1.5 degrees.     The Increase 

in aircraft altitude does not gain a very appreciable range advantage. 

However,   these  curves do indicate how the  line of sight  radar range 

varies with storm height if the entire vertical beamwidth is to be 

uniformly filled with the storm. 

If only one half of the beam were to Intercept the storm, then 

an error in measuring the reflectivity factor of approximately 3 dB 

would occur because with no aprlorl knowledge,  the radar must assume 

100% beam filling.     While the highest part of the vertical beam pat- 

tern should subtend storm heights for good measurement accuracy of 

reflectivity,   the lowest portion of the pattern is likely to inter- 

cept the ground if  the total vertical beamwidth  is  too wide.    It is 

therefore, necessary to consider how sea clutter affects system per- 

formance at ranges less than the radar horizon and how earth shadowing 

affects performance at ranges greater than the radar horizon. 

3.1.2    Signal-to-Clutter 

3.1.2.1    Beam Fill Factor 

At all radar ranges up to the radar horizon distance (see 

Figure 6.0) power radiated by the antenna toward the surface of the 

15 



(M 
N 

I 

Figure 5.0      HURRICANE   STORM   MODEL 

16 



200 r 

(00 ■                                  ^z 

70 [                                                   /^ 
SO [                                                                    yS 

0m* ^T 
\- jf 
U h                                                                                     ^^^ 
111 ^r 
E s 
o   so s 
z s 
< f 
(0 f 
3 f 

2    20 f 
I f 
1- / 
-' y 
U / 
o / 
3 M 
»- f 
h    o _                                                                    / 
_l i 
< / 
H / 
b.      7 / 
< / 
K / 
O / 
£    s / 
< 

/ 

3 
■        / 

2 

1  1 1 1 I ; i  
100 200 300 400 

DISTANCE   TO  HORIZON (NAUTICAL MILES) 

Figure 6.0     AIRCRAFT  ALTITUDE VERSUS DISTANCE TO HORIZON 

17 



ground or sea below is partially scattered back toward the radar. 

If sufficiently large, this clutter return will interfere with the 

identification and measurement of the signal returned by the storm 

since the radar is unable to discriminate between two targets lying 

in the same range cell. For the SEEK STORM radar, all clutter return 

will be assumed to be sea clutter since this system is primarily 

being designed to obtain data on hurricanes before they reach land. 

The geometry of these two competing targets is diagrammed in 

Figure 7.0 which approximates the radar volume to be rectangular 

instead of elliptical.  The sea return is due to backseatter from 

area A.  This is approximately a rectangle whose length (parallel to 
CT 

the range direction) is -s-, the range resolution cell size.  Its 

width is R • ÖA, where R is the radar range and $.   is the effective 

azimuth beamwidth.  The total radar cross section due to area A is 
* o 

a        = O    k; a    is  the radar cross section per unit geometrical area 
sea t,\ 

According to the most recent studies , the value of a    is -40 dB for 

the present problem.  This number is correct for horizontally polarized 

transmission and reception, frequencies between S and C band, and a 

fully developed sea under hurricane conditions (sea state //7). 

The storm radar signal return is assumed to be due to backscatter 

from rain uniformly distributed throughout a volume V.  The latter 

is approximately a rectangular prism of base area A.  Its ht'lght is 

h = R • or,, where Ö is the effective antenna elevation beamwidth. 
E        E 

a is pronounced "slgma super zero," since the "o" is a superscript 
(not an exponent). 

18 
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The radar cross section of the rain is then a    .    " ^ * V, where n 
rain 

is the radar cross section per unit volume, called radar reflectivity. 

The relationship between rainfall rates (RR) and 1) are shown in 

Figure 8.0 for various frequencies.  These curves were computed from 

the empirical equations: 

Z - 289 RR1,4 (11) 

5 U2 
n*TI-JM  z (12) 

Equation (11) is an empirical formula which was obtained Irom the 

National Hurricane Research Laboratory and is a result of statistical 

studies performed by that facility on hurricane storms.  Figure 9.0 

illustrates the relationship between Z and RR as indicated by Equa- 

tion (11). 

If area A and volume V are illuminated with equal radar power 

density, the power returned will be a function of the summation of 

the two radar cross sections since A and V are at the same radar 

range.  Inasmuch as it is the rain which is of primary interest, 

its return is identified as "signal" (S).  The sea return, being 

unwanted, is identified as "clutter" (C).  The ratio of the two 
S 

returns is thus the "signal-to-clutter ratio" (—) which can be 

written as: 

O 
S        rain 
C      a -\ 

V 
A sea (13) 

4 
These equations assume a hypothetical situation where all of the beam 
volume is filled with rain and the beam is hitting the ground at a 
point where equal radar power density is illuminating both the rain 
and the ground. 

20 
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C T 
The rain volume V Is approximately -y (Rö.) (R9 ). The sea area A 

Is -*- RS .  Equation (11) can now be written as: 

S    R0E 5 f - n -^ (14) 

Note that this equation shows signal-to-clutter to be completely 

Independent: of azimuth beamwldth and pulse length. Since the para- 

meters n, R and o0 are uncontrolled variables! the signal-to-clutter 

sensitivity becomes dependent upon selection of elevation 

beamwldth. This neglects elevation pointing of the antenna which 

naturally also affects S/C ratio.  If in Equation (13) the area A is 

zero, then signal-to-clutter is no problem because the S/C ratio would 

be infinite. This suggests that perhaps the beam should be kept up 

(off the ground). Figures 3 and 4 show the extent of the elevation 

angle on the highest part of the vertical beam due to storm heights 

of interest if all of the vertical beairvidth is to subtend the clouds. 

We must now determine how much of the beam can illuminate the ground or 

sea and still maintain a reasonable S/C ratio. A 10 dB to 20 dB 
g 
-^ ratio is considered reasonable for this application.  In areas of 

no rain (such as between rain bands) a different clutter criterion 

must be used.  In this region, the radar will interpret the sea 

clutter return as rain.  This will result in two basic sources of 

error.  The first is simply an indication of rain in a no rain area. 

The second error occurs when rain attenuation must be taken into 

account.  The erroneous rain indication could result in an excessive 

attenuation estimate causing large error in rain prediction. 

These equations assume a hypothetical situation where all of the 
beam volume is filled with rain and the beam is hitting the ground 
at a point where equal radar power density is illuminating both the 
rain and the ground. 
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If the center of a beam Is pointed at a fixed elevation and the 

(boreslght) beamwldth Is allowed to Increase, then at distances less 

than the horizon (Figure 6.0) some portion of the beam Is eventually 

Intercepted by the earth surface.  This means that not all of the 

R(L distance (Equation 14) Is being subtended by storm rain clouds 

and therefore not all of the antenna beamwldth Is contributing to 

signal return from rain alone.  The portion of the beam which Inter- 

cepts the ground will add sea clutter return.  Also when the top 

part of the beam Is higher than the storm rain clouds, the upper 

portion of the arc length R^L Is not contributing to signal return. 

Furthermore, under thesi conditions the rain and sea surface are not 

being Irradiated at equal power density.  To take these factors Into 

consideration we muat  Introduce a "beam fill factor" (BFF). 

The BFF Is defined as the ratio of beam power Intercepted by 

the rain to the total effective beam power on a two-way basis. 

To determine the BFF It Is necessary to relate a typical antenna 

beam pattern such as Is shown In Figure 2 to the percentage of power 

due to an Incremental Increase of angle from boreslght which Is 

transmitted In that beam pattern.  This energy relationship to angle 

from boreslght has been calculated and Is Illustrated in Figure 10. 

The dotted curve Indicates the beam pattern which is included for 
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orientation purposes only.  The abscissa is a normalized scale of 

angle from boresight.  #„ is any 3 dB beamwidth of interest and 0 

is the angle from boresight. The angle 0 is designated 0 to represent 

the angle from boresight to the top of the storm.  (?" is used to 

designate the angle from boresight to the earth tangent for weather 

beyond the radar horizon and from boresight to the sea surface (at 

the range of interest) for weather nearer then the radar horizon. 

To illustrate how this curve is used, (refer to Figure 11.0) 

suppose the vertical beam pattern is 3 degrees wide at the 3 dB 

points of the one-way pattern (Ö, ■ 3 ).  Assume that the boresight 

axis is pointed such that the top of the rain clouds are 1/2 degree 

above the boresight at the range of interest and that the angle from 

boresight to the earth surface which is shading some of the lower 

part of the beam is 1 degree.  For this case 0 = +0.5 and 0 = 1.0 . 

These two values of 0 are first normalized to the 3 dB beamwidth 

(—=—*» +.166 and —^-    ■  -.333).   The value of +.166 corresponds 

to the 70% power value in Figure 10.  This means that 70% of the 

two-way power exists between the extreme bottom of the beam and the 

top of the rain clouds.  To take the earth shadowed area into con- 

sideration, the -.333 point corresponds to 17% of the two-way power. 

The percentage of beam energy which is intercepted by the rain cloud 

is therefore 53% (70 - 17 = 53%).  The value of BFF in this case 

would be 0.53%. 

To determine angular intercept points for various vertical beam- 

widths at different aircraft altitudes and at different boruslght 

look angles it is convenient to use charts as shown in Figures 12, 

13, and 14.  These charts show the vertical profile of earth geometry 

for aircraft at 4400, 10,000 and 22,000 feet.  The elevation look 

angles with respect to the radar horizon tangent for each aircraft 

altitude are also shown. 
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To determine effects on beam fill factor with changes In the 

vertical antenna beamwidth, assume the aircraft Is at 10,000 feet 

altitude (Figure 15 Illustrates this geometry).  The antenna bore- 

sight look angle is one degree above the radar horizon and a storm 

height of 30,000 feet is assumed at a range of 120 nautical miles. 

We will allow the vertical beamwidth Ö- to increase from 2 to 6 

in two degree steps.  Figure 15 shows the top of the storm 1.35 

degrees (9    * +1.35 ) above the boreslght and the ground shades the 

bottom part of the beam one degree (0 ■ -1.0 ) below the boreslght 

axis. With these angles the percentage of power intercepted by the 

cloud can be determined from Figure 10.  We are assuming the storm 

is much wider than the antenna azimuth beamwidth.  Table I below 

shows the results of these calculations. 

03 *+ */^ 

Cloud Height 

% BFF dB , 0" 
0/ 
X 03 

Earth 
Shad- 
ing 

BFF 
% 

Total BFF 

%          dB 

2° 1.35 .675 96 - .2 1.0° .5 7.5 88.5 - .56 

4° 1.35 .338 82 - .9 1.0° .25 24.0 58 -2.36 

6Ü 1.35 .225 73 -1.4 |l.0o .167 32.0 41 -3.86 

TABLE I 

EXAMPLE OF BEAM FILLING FACTORS 

The 0 and 0 are used to designate portions of the beam subtended 

by storm height and earth shaded area.  BFF and ^FF ar.; the cor- 

responding beam fill factors.  Total BtF is determined by subtracting 

BFF~ from BFF .  It must be pointed out that the portion of BFF 

which is due to »hading by the earth can be determined from aircraft 

position and beam geometry and, therefore, signal returns can be 

compensated for this portion of the BFF.  However, since the height 
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of the storm Is not known, that portion of the BFF caused by cloud 

height cannot be compensated for In the fignal return.  Note that 

as the vertical beamwldth increases from 2° to 6° the BFF due to 

cloud height varies from -0.2 dB to -1.4 dB.  If the cloud height 

should be only 20,000 feet, the corresponding BFF values would vary 

from -1.2 to -2.3 dB.  Evidently, all other things being equal, 

greater rloud heights tend to increase the BFF. 

The cloud height BFF is an indirect measure of error in measuring 

rainfall rate. At non-attenuating wavelengths (below 3000 MHz) for 

every dB below zero of BFF, the error in measuring rain rate is ap- 

proximately 0.7 dB.  This result is derived from Equation 11 where 
1 4 

Z =• 289 RR  .  Solving for the rain rate: 

1      0.715 

** ^ 289 ^      160 

Taking logs of both sides, log RR -  (0.715 log Z)  -  log 160 

and differentiating d(log RR)  = O.715d(log Z) 

d (l0S RR) = 0.715 
d (log Z)    U,/i:> 

Log RR and log Z are proportional to RR and Z when the latter are 

expressed in decibels. 

While Equation (11) is the expression preferred by NHC for use 

with hurricane rain, other radar ubdervations of rainfall have re- 

sulted in exponents of RR varying from 1.38 to 1.6.  The rate of change 

of RR per dB of Z can thus vary from 0.73 to 0.63 dB.  A calculation 

of rain rate error in percent versus variation in BFF (for non-at- 

tenuating wavelengths) is shown in Figure 16. From this figure we 

see that a BFF of -2.3 dB will make the measured rain rate appear to 
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be 69% of the correct value.  Once the allowable error In rain rate 

measurements is established taking all factors (including attenuation) 

into consideration, Figure 16 can be used to establish a minimum 

tolerable BFF. Later in this report we will show the effect of BFF 

on the estimation of rain rate when an attenuating wavelength is 

utilized. 

It must be remembered that the above derivation pertains to non- 

attenuating wavelengths.  If the SEEK STORM radar is to utilize a 

wavelength which is attenuated by rain then the main error contri- 

bution due to BFF will be in the estimation of attenuation which will 

severely affect estimates of rain intensity.  The reason for this is 

that any technique which attempts to correct for attenuation and 

thus obtain a better estimate of reflectivity to get rain intensity 

must determine how much attenuation is encountered as the beam pro- 

pagates in and out of the storm cells.  If the total beam is not 

filled the estimate of attenuation will be in error which will create 

larger errors in attenuation correction with attendent large error 

in reflectivity estimates and rain intensity. 
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3.1.2.2    Beam Integration Factors and Beam Depression Factor 

To express the signal-to-clutter ratio under more realistic 

conditions than used to write Equation 14 we must use more rigorous 

mathematics.     Figure 17 illustrates  the geometry.    This is a cross 

section view of the beam pattern which  is assumed to be circular. 

The angles 0    and 9    are  the angles  from boreslght  to  the  top of  the 

storm and the sea surface.    The angle    ß    is that azimuth portion of 

the beam which is subtended by the sea surface.     Equation 14  must now 

be written as: 

S 
C 

JQ J-i 

0*   9 (0) 
G^     (ö,0)    dÖ    d0 

-9  (0) 

/ 

+  0c 
2  Jl 

(15) 

(0 ; 0" ) dö 
0c 

2 

The double integration in the numerator represents  the summation of 

all  two-way beam power subtended by  the rain clouds.     The denominator 

represents  the  integration of  that part of  the beam power intercepted 

by  the  sea surface at 0  .     In order  to obtain normalization of  this 

equation which will facilitate numerical integration and eliminate  the 

necessity  for including absolute power,   this equation can be written 

as: 

S 
C 

n R 

cro 

[G2  (0. 0)] 

|G2   (0,  0)] 

11 G    ( 0.  0  )  d0 d0 

G       (0, 0) 

(0;  0 ) 
G2     (0,  0 ) 

J G~  (0; 0 
) A6 

G'   (0;   0  ) 

(16) 
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which can be reduced by notation to: 

6 
s rjR    (BIF1)   (03) 

0°    (BDF)     (BIF2) (17) 

BIF. and BIF» can be called beam Integration factors and BDF is called 

the beam depression factor.  BIF. Is a factor which represents that 

part of the total beam power which is subtended by the rain cloud 

normalized to the antenna gain at boresight all on a two-way basis. 

BIF™ is a factor which represents that part of the beam power which 

is intercepted by the sea surface at 0 , normalized to the antenna 

beam power at zero degrees azimuth and 0 elevation.  The BDF is a 

factor which normalizes the beam power at zero degrees azimuth and 

0 to the beam power at boresight.  Calculations of the factors BIF- , 

BIF-, and BDF have been performed and the results are shown in Figures 

18, 19, and 20.  For each of these curves the angle 0 has been normalized 

to the -3dB one-way antenna beamwidth.  For this reason the angle 

6~  has been added to Equation 17 to denormalize the factors.  This 

allows the curves to be utilized for any beamwidth of interest.  The 

Integration was performed on the beam pattern shown in Figure 2. 

These results will allow calculations of signal-to-clutter 

ratios.  We will assume the same conditions as previously.  Namely, 

range is 120 nautical miles, aircraft altitude is 10,000 feet, cloud 

height of 30,000 feet, a boresight look angle of +1 and a vertical 

beamwidth varying from 2 to 6 in 2  Increments.  Figure 15 illustrates 

the geometry.  A rain rate of 10 millimeters per hour will also be 

assumed and the S/C calculation will be performed for frequencies 

of 3000 megahertz (X = 10 r.m) and 5000 megahertz ( X = 6 cm). 

0« in this equation is the elevation 3 dB beamwidth. 
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Figure 18.0     BIF,  VERSUS NORMALIZED BEAM ANGLES 
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Figure 8 indicates a radar reflectivity (*? ) of -77 dB/m-1 for 10 

centimeters wavelength and -68 dB/m" for 6 centimeter wavelength at 

a rain rate of 10 nun/hr.  Equation 17 can now be used with the aid 

of Figures 18, 19, and 20 to determine the S/C ratios.  As previously 

mentioned a value of -40 dB will be used for a   .     Table II shows 

the results of these calculations. 

03 BIF BIF2 BDF 
5000 MHz 

S/C 
1  (DB) 

3000 MHz 
S/C 

(DB) 

2° .83 .76 .26 18.35 9.35 

4° .50 .76 .73 13.65 4.65 

6° .37 

  

.76 .86 13.42 4.42 

TABLE II 

SIGNAL TO CLUTTER VERSUS BEAMWIDTH AND FREQUENCY 

These results indicate fairly acceptable values of S/C 

at C-Band but not acceptable at S-Band which indicates that clutter 

can be a serious problem for the SEEK STORM radar.  For the example 

shown the storm is assumed to be infinite in azimuth.  Therefore, 

the variation in S/C ratio as the beamwidth increases does not depend 

only upon non- beam filling in elevation but also on the increasing 

azimuth extent of the storm.  To appreciate the effect ground clutter 

has upon rain rate estimates let us calculate an equivalent reflec- 

tivity for the sea clutter and equate this to rain reflectivity. 

Equation 17 can be written as: 
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<; Z       (BIFj) 
R        — (18) 

C        zc 

where ZR is the actual rain reflectivity and the product Z    (BIFi) 

represents the radar measured rain reflectivity.     Zr is the equivalent 

rain reflectivity of the clutter assuming a full beam filling situation. 

For a rain rate of 10 mm/hr the reflectivity of rain from Figure 

9.0 is ZR - 7000.    If we take the S/C values for the 6° beamwidth 

case shown in Table II which have a BIFj of  .37,  calculations of 

equivalent reflectivities  (Z )  at 5000 and 3000 MHz can be performed 

using Equation 18.    At 5000 MHz the equivalent Z    is 118 and at 

3300 MHz the Z    is 940.    From Figure 9.0 these arc equivalent to 

rain rates of 0.3 and 2.4 mm/hr. 

From the conditions calculated the results appear to indicate 

that signal-to-clutter could be expected to present some problems 

in rain rate estimation particularly at S-Band.    As previously stated 

attenuation effects could also cause large errors in rain rate 

estimation because clutter returns will be interpreted as rain and 

therefore be used to estimate erroneously total path attenuation. 

This does not appear to be a problem, however,  since attenuation at 

5000 MHz for rain rates in the order of 0.3 mm/hr is only .001 dB/NM. 

If there were 100 nautical miles of sea clutter this would cause an 

error in attenuation estimation of only 0.1 dB.    Attenuation of 

2.4 mm/hr at 3000 MHz over a path length of 100 nautical miles is 

also about   .1 dB. 
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To see how signal to clutter varies as the boreslght angle 

Is depresued  from a relatively high elevation angle toward the earth 

tangent refer to Figure 21.0.    This set ot curves was calculated 

using Equation  17 and Figures 18,   19,  nrd 20.    The calculations assumed 

similar conditions as previously.     (0-    »    2°,  R    =    120 NM,    a0    - 

-40 dB,   ^ =    -68 dB at 5000 MHz and   *7 =    -77 dB at 3000 MHz.)    Note 

that in both cases as the elevation angle is increased the S/C also 

increases.    The curves become asymptotic at a point where  the effective 

beam power is no longer illuminating the sea surface.     At  low elevation 

look angles  the S/C ratio is  the lowest value.     It is  apparent that 

a minimum elevation bearawidth is only necessary to insure  that the 

beam is  filled with rain clouds and that ground clutter should not 

be considered an influencing factor for selection of elevation beam- 

width. 

3.2    Horizontal Antenna Beanwidth 

Beamwidth of the antenna pattern in the horizontal plane is 

determined from azimuth  resolution requirements and the target rain 

cloud characteristics.     In the SEEK STORM radar a hurricane eye must 

be detected and resolved at relatively long distances.     In order to 

arrive at a basic quantitative understanding of the antenna arimuth 

beamwidth requirements,  a hurricane model similar  to  that shown in 

Figure 5.0 is  postulated and this  is used  to investigate azimuth 

beamwidth. 

3.2.1    Beamwidth versus Angular Resolution 

The storm eye is assumed to have a radar reflectivity of zero. 

The surrounding eye wall is wider in azimuth than the entire radar 

beam.     The eye wall  reflectivity is constant and sufficiently large 
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so that some maximum signal level will be assumed when the entire 

radar beam Is intercepted by the eye wall.  The radar pulse length is 

very much smaller than the diameter of the eye. 

The signal received at the radar when the antenna beam is entirely 

filled by rain in the eye wall, will be taken as the return signal 

reference (zero decibels).  As the beam scans in azimuth toward the 

center of the eye, larger and larger parts of the beam will be inter- 

cepted by the eye.  Since the eye returns no power (by definition: 

zero reflection coefficient) the total received power will tend to 

decrease until the antenna boresight axis points at the center of 

the eye.  At this point in the scan, minimum energy is received.  If 

the scan is continued in the same direction, the received power will 

increase until it again reaches zero decibels. 

The antenna beam energy pattern shown in Figure 10 will also be 

used in this portion of the study.  As a reference the "effective 

azimuth bearawidth" (0  ,-) will be defined as that beamwidth in which 
eff 

99 percent of the total two-way power resides within the beam pattern. 

For the antenna pattern chosen in this study, ö rf 
= 2.24  (3~, 

where 6    is the 3 dB beamwidth. 

As a starting point, the diameter of a hurricane eye will be 

assumed to subtend an angle (€)  which is smaller than the 3 dB azimuth 

beamwidth.  Let € =  •36öeff, i.e., (£ = 0.8#j),  Figure 22 (a) 

through 22 (f) illustrate this beam position relative to a hurricane 

eye wall as the beam is moved from the center of the eye toward the 

left. This angle has been normalized with respect to 6„ so that 

results can be applied to any 3 dB beamwidth. 
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Percentage of two-way power for the various portions of the beam 

pattern have been determined from Figure 10 and are also shown for 

each beam position. The amount of power received from the eye walls 

as a percent of the total power available has been plotted In Figure 23 

as a function of beam position.  Beam position (¥>) has been expressed 

In terms of the 3 dB beamwidth #„ and the angular extent of the eye 

diameter (£).  In the lower part of Figure 23 the same curve Is plotted 

In decibels.  Note that for this example (I.e., when the storm eye Is 

smaller than the effective beamwidth f) ri,)  a null at the centT of the 
err 

eye would only be about 6 dB down from a signal which would be received 

If the entire beam were subtended by rain in the eye wall.  A 6 dB 

null is not considered very acceptable for detection of hurricane 

centers.  A 10 to 20 dB null will more likely be required. 

Similar calculations have been performed for cases vhere t = B cf 

and € » 6aCf     Results of all these calculations are shown In 
ert 

Figure 24.  Note that as we scan through the hurricane eye a very deep 

null will be obtained if the angle subtended by the eye diameter e 

is greater than or equal to the effective beamwidth.   If the effective 

beamwidth overlaps the eye diameter by only 25% the null is about 15 dB. 

To show how this null varies with the 3 dB antenna beamwidth 

refer to Figure 25.  A -15 to -20 dB null would require the normalized 

3 dB beamwidth to be about 0.5, (ö3 = 0.5).  Figure 26 is a curve 

of range versus e for a 10 nautical mile hurricane eye diameter.  This 

curve shows that £ at 150 nautical miles would be 3.8 degrees.  If 

this angle is used in the above relation, (^3 = 0.5).  A 3 dB beam- 
T 

width (#_) of 1.9 degrees would be required to obtain a -15 to -20 dB 

null from a 10 nautical mile diameter eye at a 150 nautical mile range. 

This means that the SEEK STORM radar azimuth angular beamwidth should 

be designed to be less than 2 degrees and smaller if possible because 
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this analysis Is a relatively simplified model of a true hurricane 

storm where side lobe levels and ground clutter are major Influencing 

factors which have not been considered.  This single model may not 

therefore mirror the true radar meteorological situation with sufficient 

realism to permit any final conclusions as to ultimate resolution 

capability. 

Also not taken Into consideration In this discussion of azimuth 

beamwidth Is the effect of vertical BFF.  Since the hurricane type storm 

does have a finite height to the rain walls It Is obvious that at times 

some portions of the vertical beamwidth due to vertical beam filling will 

be contributing to backscatter while other portions are not.  It has 

been shown in the discussions concerning the vertical beamwidth that 

errors in estimating rain rate from reflectivity factor are apparent 

when the beam is not uniformly filled with rain clcuds. It has also 

been shown that as the beamwidth becomes narrower effects of BFF tend 

to decrease. 

The effect of azimuth beamwidth on preserving the shape of a 

rain cell and accurately predicting rain intensity In the cell is 

perhaps an even greater constraint on azimuth beamwidth than the eye 

location requirements discussed above. 

A simplified example will be given to demonstrate the pro- 

blem.  Figure 27 shows two rain cells (A and B) with a rain rate 

of 100 mm/hr at an approximate range of 100 nautical miles from 

the radar. The radar is assumed to have a beamwidth of 0.02 

radians so that the beam extent at the range of cell A is 2 nau- 

tical miles.  Figure 28(a) illustrates the radar rain rate esti- 

mate as the beam scan is azimuth. This case shows effect of azimuth 

smearing with no attenuation. Figure 28(b) illustrates the same 

with attenuation. Each one degree in azimuth represents a hori- 

zontal distance of 2 nautical miles for the case considered. The 
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AZIMUTH   ANGLE 

(a)    RAIN  RATE   ESTIMATE  CELL A  AND B 
WITH NO ATTENUATION (f = 3000 MHZ) 

(b)   RAIN  RATE  ESTIMATE  CELL   A AND B 
WITH ATTENUATION (f =5250 MHZ) 

Figure 26.0    AZIMUTH   DISTORTION OF RAIN CELLS 
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steeper slope on the rain rate estimation curve for cell B In Figure 

28(b) Is caused by the attenuation of energy through cell A.  It Is 

obvious that the finite radar beamwidth not only distorts the external 

dimensions of the rain cell, but also the distribution of rain within 

the cell.  Both of these effects tend to worsen as we estimate dimensions 

and rain Intensities of cloud cells which are further out In range. 

The amount of distortion and rain rai-i  error which result depend upon 

the gradient of rain rate within the cloud cells.  The case considered 

assumes a step function of rain rate which Is doubtful to exist In 

nature. This example however, has been presented to demonstrate 

another consideration which can affect resolution. 

3.2.2 Azimuth Scan Rate versus Number of Pulses Sampled 

As the antenna beam scans In azimuth pulses are being transmitted 

and received by the radar. The number of pulses received from the 

target at each instantaneous beam position and range Increment can be 

Integrated in the receiver.  If enough Independent samples of the rain 

cloud are obtained the amplitude of the Integrated pulses can be related 

to rain Intensity at the particular range Increment.  In the case of 

rain, the radar must deal with an Incoherent target.  This Is because 

the configuration of the ensemble of rain drops Is changing constantly 

as a result of the random motion of the drops with respect to each 

other.  As a result, the backscattered power will fluctuate rapidly. 

In a noise-like manner. 

We are, however, Interested only In the average power backscattered 

by the rain cloud since this average power Is a measure of the reflecting 

Z which Is proportional to the rain rate RR.  We cannot rely on the 

power average returned by one or even only a few pulses.  In order to 

decide how many pulses and how much time are required to obtain a 
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meaningful average, the statistics of the echo from a large number 

of Independent scatterers in motion must be examined. 

As regards the minimum time Interval at which Independent samples 

of the echo can be obtained, this Is dependent upon relative motion 

of the rain drops and the wavelength of the radar. For C-Band, the 

decorrelatlon time Is of the order of 10 milliseconds, for S-Band, 
C9) 

about 20 milliseconds.  '  Atlas (op. cit) shows that 25 Independent 

radar samples of a given rain volume permit calculation of the true 

average value of reflectivity within ±2 dB 95% of the time. He also 

indicates that this is ehe best obtainable from a practical point 

of view. 

Multiplying the decorrelatlon times cited above by 25, one arrives 

at sampling periods of 0.25 and 0.5 seconds for C and S-Band, respectively. 

From an elementary viewpoint, the beam ought to dwell on the target that 

long.  Since a continuous scanning motion is desirable, however, let 

us assume the beam may move a fraction of a beamwidth (such as 1/4 

bearawidth) during the time in question.  If the azimuth beamwidth is 

2 degrees this leads to scanning angular velocities of the order of 

one degree per second at S-Band or about one minute for a 60 degree 

scan.  Should this turn out to be an undesirably long period, the 

sampling time can be shortened by obtaining decorrelated rain samples 

more quickly than by just waiting for the raindrop ensemble to "re- 

shuffle." Applicable methods Include frequency shifting, range shifting 

and beam scanning. 
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In the frequency shift method, the transmitted wavelength Is 

shifted between successive pulses so that the electrical length (and 

hfince, the phase) between the Individual scatterers is changed by a 

significant amount.  It has been shown    that a frequency shift- 

pulse length product of unity is adequate.  Hence, given a lya  pulse, 

a frequency shift of 1 MHz is sufficient for decorrelatlon. 

The range shift method relies on the demonstrated fact (Atlas, 

op. cit) that the signals from adjacent range bins are uncorrelated. 

Hence, these can be used to form at least part of the required average, 

at the sacrifice of some range resolution.  For example, if 1 nautical 

mile resolution is adequate, and a 1/is pulse is used, the inherent 
CT 

range resolution is: -^- = 492 feet.  Hence, a range interval of 
60fi0 

1 nautical mile can yield —Tqör *  12 Independent samples. 

Finally, scanning the antenna beam also produces decorrelatlon 

to the extent that a part of the target scanned at one beam position 

vanishes from view on one side of the beam while a corresponding new 

part comes into view on the other side.  If, for example, the beam 

could be moved by one whole bearawidth in one interpulse period, two 

successive samples, although from the same range, would be completely 

decorrelated. 

While all three of the above techniques tend to produce indep- 

pendent samples, it appears that one or all methods could be utilized 

depending upon the particular FRF, antenna scanning velocity and 

azimuth map cell size which is selected.  Since various investigators 

indicate the decorrelatlon time can vary from 5 to 20 nilliMeconHs 

at S-Band there appears to be a considerable area for iudBenient in 

parameter selection when deteriuinimg azimuth scanning rate from 

FRF, pulse width, the number of independent samples integrated and 

the number of independent samples obtained in a given time period. 
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A number of Integrators exist or have been proposed for carrying 

out the required averaging process. Regardless of which combination 

of signal processing techniques Is selected It appears that the 

azimuth scan rate of the SEEK STORM radar will be slow enough to 

require some range compensation due to relative change In aircraft 

position from the beginning of the scan to the end of the scan.  Ul- 

timate selection of scan rate cannot be determined until a specific 

signal processing approach Is chosen. 

3.3 RF Frequency 

Factors affecting selection of RF frequency Include attenuation 

(with all Its resulting complications) and antenna size.  Antenna 

size Is also determined by bearowidth requirements which have been 

discussed.  This section will discuss both attenuation and antenna 

size as they affect the selection of an RF frequency. 

3.3.1 Attenuation 

A major Influence on the choice of operating frequency must be 

the effect of attenuation due to rain clouds. Medhurst    has shown 

the attenuation per unit distance to be very strongly dependent on 

frequency.  Figure 29 Illustrates this Information for various rain 

rates.  Some of these data have been used to plot the attenuation 

factor (a) curve In Figure 30 from which can be read the attenuation 

(In decibels/kilometer) due to 50 mm/h rain In the frequency band of 

Interest. Also shown In this figure are the variations In gain, beam- 

width and wavelength assuming a 6 foot diameter antenna.  Note that 
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between 3.1 and 5.5 GHz the attenuation per unit distance Increases 

by a factor of 10, when measured In decibels. To describe the full 

effect of this, It Is necessary to realize that both attenuation and 

path length appear as exponents In the equation for path loss (L): 

. OCX 
ke 

where:  k Is a constant and x Is the total distance. 

This quantity has accordingly been computed for a set of specific 

examples with the results shown In Figure 31.  Here rain rate has 

been assumed to be constant over a total path length of 100 km 

(50 km = 28 nautical miles radar range). The loss factor shown Is 

In each case the factor by which transmitter peak power would have 

to be multiplied in order to obtain the same slgnal-to-nolse ratio 

at the radar, as would have been the case In the absence of any at- 

tenuation.  This factor, generally speaking, can be seen to be rel- 

atively small at 3000 MHz, moderate to sizeable for 4620 MHz, and 

very large Indeed for 5450 MHz. 

The evident non-linearity of attenuation with rain rate is due 

to differences in drop size distribution for the different rain rates. 

To illustrate the sensitivity of attenuation to frequency selection 

further, refer to Figure 32.  These curves show attenuation and 

antenna bearawldth versus frequency for a range interval of 50 nautical 

miles which is assumed to have a rain rate of 50 mm/hr.  Note that as 

the frequency is decreased from 5450 MHz to 4200 MHz a total round 

trip attenuation decrease of 18.7 dB is experienced.  For the same 

frequency decrease the antenna bearawldth for a given aperture size 

(6 feet diameter) increased from 1.96  to 2.5 .  This shows that an 
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Increase by a factor of 74 In signal to noise ratio can be achieved 

while suffering only 27.5% Increase In beamwldth by decreasing fre- 

quency 23%. 

(9) 
It has also been pointed out    that even when the beam Is fully 

filled with rain clouds, relatively large errors In rain rate estimates 

can be encountered with attenuation compensation techniques. 

To Illustrate how the BFT affects errors In estimating rain 

Intensity at attenuating wavelengths, assume there are two rain bands 

A and B, which are each 10 nautical miles wide In range as shown in 

Figure 33.  The 3 dB beamwldth (one-way) Is assumed to be 2 degrees 

and the boreslght look angle Is at 1 elevation above the earth tan- 

gent.  Assume that both rain bands have a rain rate of 50 mm/hr.  The 

BFF Is obtained from the normalized angles 0 / Ö- ■ 0 and 0" / 0« " 

-.5.  From Figure 10 this gives BFF+ - 50% and BFF~ » 7%.  The 

total BFF = 50 -7 » 43%, or -3.7 dB.  Figure 16 Indicates this 

would represent a rain rate of 56% of true (28 mm/hr) If earth shading 

compensation Is neglected.  This Is the rain rate which the radar 

signal would Indicate from the reflectivity factor.  From Figure 29 

it can be seen that attenuation through one nautical mile of 28 mm/hr 

rain rate at 5000 MHz is 0.08 dB.  Therefore, the Indicated two-way 

path attenuation through a 10 nautical mile rainband would be: 

0.08 x 10 x 2 =  1.6 dB. 
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Attenuation through 50 mm/hr rain at 5000 MHz is 0.18 dB/NM.  Thus 

the actual attenuation of energy in the lower portion of the beam 

would be 0.18 x 20 - 3.6 dB. 

Now as the beam energy approaches rainband B the BFF is again 

-3.7 dB and the actual loss in reflectivity is 7.3 dB (3.7 dB BFF 

loss from rain band B + 3.6 dB attenuation loss through rain band 

A).  The radar can compensate for 1.6 dB of this loss due to radar 

derived attenuation through an estimated RR of 28 mm/hr.  Therefore, 

the error factor in reflectivity for the radar measurement on the 

second rainband would be -7.3 + 1.6 » -5.7 dB.  From Figure 16 this 

causes a 40% RR factor or an estimated RR of 20 mm/hr, as opposed to 

the actual RR of 50 mm/hr.  Thus it is obvious that non-beam filling 

can cause very large errors in rain rate estimates even though estimated 

attenuation is used to compensate reflectivity measurements. 

Since both resolution and rain rate measurements are of concern 

to the SEEK STORM radar design, it is apparent that a compromise 

between attenuation affects and resolution will be necessary.  To 

gain an appreciation for this compromise, antenna size and beamwidth 

at various frequencies will be discussed. 

3.3.2 Antenna Size 

From a practical viewpoint the antenna configuration will be 

dictated by the ultimate size of radome which can be mounted on the 

WC-130 aircraft.  Preliminary work in this area has indicated the 

following candidate antenna sizes:  7 feet high (H) by 16 feet wide 

(W), 5 x 12 feet and 4 x 10 feet.  By using Equation 8, Section 2.4 

and assuming an efficiency N of 50%, calculations of corresponding 

antenna gains and azimuth and elevation beamwidth have been performed 
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for frequencies of 5500, 4400, and 3300 MHz. Results of these 

calculations are shown In Table m. Note that maximum variation in 

gain for all cases is 9 dB. 

F H(ft) W(ft) QPB» *AZ ÖE1 

5500 7 16 44 .8° 1.7° 

5 12 41 1.1 2.3 

4 10 39 1.31 2.9 

4400 7 16 42 1.0 2.1 

5 12 40 1.4 2.9 

4 10 38 1.6 3.7 

3300 7 16 40 1.4 2.8 

5 12 37 1.8 3.9 

4 10 35 2.2 4.9 

TABLE III 

ANTENNA PARAMETERS 

Azimuth beamwidth varies from 0.8 degrees to 2.2 decrees. Ac- 

cording to Figure 24 the 3 dB beamwidth should not exceed ]. 8 degrees 

Elevation beamwidths vary from 1.7 to 4.9 degrees.  Study o£ the 

elevation beamwidth indicate a requirement for not more than 2 degrees 

and preferably smaller.  From this table it appears that a best com- 

promise between attenuation considerations and resolution requirements 

may be the 7 x 16 foot antenna size operating at a frequency near 

4400 MHz. 

7 

Assumes: e 

Since;   6 

.956 .. and e = 3.8 
eff 

eff " 2-24e3 
3-8 «1.8° 

'3  .95(2.24) 
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3.3.3 Transmitter Peak Power 

To determine the required transmitter peak power Equation 8 shown 

In Section 2.5 will be utilized. This equation can be rewritten as: 

S/N R2 X2 eA eE L p  .    N R A A__E_L (19) 
T 

T2  Z 

where; 

K 
IT
5
 N2 

(8)2 k T NF 

3 
and TT Is the single pulse signal to noise ratio. 

The following assumptions will be made: 

S/N - 13 dB (20:1 ratio), 

T  =1 microsecond 

Z  =7 (10 ) (or 25 x 10  ) m6/m (assumes a target cloud of 10 

(or 25) mm/hr rain rate at 250 nautical miles range as shown 

In Figure 9.0), 

N      = 50% at erture efficiency, 
.    ,2 
|K| - i, 

-23 k  = 1.38 x 10   watts/o ,  Boltzman's constant, 

NF = 7 dB noise figure, 

T  » 300 0K receiver temperature, 
Q 

c  = 3 x 10 meters/sec (velocity of light), 

R  ■ 250 nautical miles (4.63 x 105 meters), 
L  = Total losses.  (Due to both the radar and the propagation path. 

Radar RF losses assumed to be 3 dB.) 

69 



To Illustrate how peak power requirement varies the following 

antenna sizes taken from Table III will be studied: 

7 x 16 feet at 5500, 4400, and 3300 MHz 

5 x 12 feet at 5500, and 4400 MHz 

Calculations of peak power for these five cases have been performed 

and the results are shown In Table IV. Under columns labeled no 

attenuation only the 3 dB of radar loss Is Included. Target rain rates 

of 10 and 25 mm/hr were assumed to consider the effect of attenuation 

(which varies with frequency) by Intervening rain of Intensity and 

extent typical of a severe hurricane. The attenuations resulting from 

this model are taken Into account in the columns of Table IV which are 

labeled "with Attenuation". These peak power figures are considerably 

higher and Indicate that peak power requirements using C-Band can 

become very impractical. 

INC ATTENUATION WITH ATTENUATION    1 

CASE 

ANTENNA 
SIZE 

HxW(FEET) 
FREQUENCY 

MHz 

eA 
DEGREES 

eE 
DEGREES 

PP 
10mm/h 

PP 
25 mm/h 

PP 
10 mm/h 

PP 
25 mm/h 
Target Rain 
Rate 

1 7 x 16 5500 0.8 1.7 86 kW* 24 kW 86 MW* 24 MW 

2 5 x 12 5500 1.1 2.3 158 kW 44 kW 158 MW 44 MW 

3 7 x 16 4400 1.0 2.1 208 kW 58 kW 3.1 MW .87 MW 

4 5 x 12 4400 1.4 2.9 392 kW 109 kW .58 MW 1.6 MW 

5 7 x 16 3300 1.4 2.8 696 kW 194 kW 1.9 MW .53 MW 

*MW 

*kW 

MEGAWATT 

KILOWATT 

TABLE IV 

PEAK POWER VARIATIONS 
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With proper pulse processing a 10 dB lower signal to noise ratio may 

be usable.    If range resolution is sacrificed and a pulse width of 

perhaps 6 microseconds is used instead of one microsecond this would 

reduce the peak power by a factor of 36.    The above factors combined 

would reduce the peak power by a factor of 360.    Table V shows how the 

combined signal processing techniques and change in pulse width could 

alter the peak power requirements, for the condition of full inter- 

vening rain attenuation.    This table Illustrates  the large decreases 

in peak power requirements which can be obtained by parameter and signal 

processing variations. 

REQUIRED PEAK POWER (KILO- 
WATTS) WITH PARAMETER CHANGES 
AND SIGNAL PROCESSING 

CASE 

ANTENNA 
SIZE 
(FEET) 

FREQUENCY 
(MHz) 

TO DETECT 
10 mm/hr 

TO DETECT 
25 mm/hr 

1 7 x 16 5500 240 66.7 

2 5 x 12 5500 440 122 

3 7 x 16 4400 8.6 2.4 

4 5 x 12 4400 16 4.4 

5 
7 x 16 3300 5.3 1.5 

TABLE V 

PEAK POWER VARIATIONS 
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