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(ABSTRACT) 

A software package is developed for communication design 

engineers that allows for quick and accurate evaluations of 

established and proposed link designs. The package is designed to 

be used with geostationary satellites. The computer program is 

written in Microsoft Basic and uses an Apple Macintosh personal 

computer. The software package is particularly useful in the design 

of K and Ku Band satellite systems. The adverse effect of rain is 

significant for this frequency range. The program determines the 

rain attenuation loss and the increase in the system noise 

temperature due to rain. The rain induced cross-polarization 

discrimination is also calculated for systems that operate with 

frequency reuse. The program also provides a link design for a rain 

attenuated downlink based upon a specified carrier-to-noise ratio. 

The software package also calculates basic link budget equations, 

derives adjacent satellite system interference, and performs



baseband analog analysis. The software program finally determines 

the communication system availability. A link design for three 

commercial satellites is shown using the computer program. The 

communications design software package is a very useful tool for it 

provides rapid response that will save the designer valuable time in 

the design process.
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Introduction 

The satellite communications design software allows a 

communications engineer to test and evaluate link budget 

designs for geostationary satellites effectively and efficiently. 

The design computer program has ten options. These options 

include: 

1.0 Azimuth and Elevation Angle Determination 

2.0 Rain Margin Determination 

3.0 Atmospheric Absorption Estimate 

4.0 Atmospheric Attenuation Calculation 

5.0 Path Diversity Gain 

6.0 Link Budget Calculations 

7.0 Baseband Performance Calculations 

8.0 Adjacent Satellite Interference Calculations 

9.0 System Availability 

10.0 Rain Induced Cross-Polarization Discrimination 

The azimuth and elevation to a satellite must be 

determined to specify the location of the satellite when 

referenced from a particular site. The elevation is determined 

from the subsatellite point and the earth station location. The 

central angle and the path distance from the ground site to the 

satellite is also found. The azimuth is obtained from the half 

perimeter and vertex angle of the azimuth triangle. This



method, developed by Warren L. Stutzman, provides a rapid and 

convenient approach to azimuth calculations. 

The effects of rain are significant for frequencies greater 

than ten gigahertz. As more Ku band (12.5 - 18.0 GHz), K band 

(18.0 - 26.5 GHz), and Ka band (26.5 - 40.0 GHz) satellite systems 

are established the communications engineer must include rain 

attenuation loss in the link design. Rain attenuation becomes 

significant for frequencies above 10 GHz. Three methods are 

used to figure out the rain margin. These include the Crane 

global model, the Sam model and the International Radio 

Consultative Committee (CCIR) model. The noise system increase 

due to rain is determined next. Finally the effect of rain 

depolarization is calculated for each rain attenuation model. 

The atmospheric absorption estimate is based upon a 

mathematical model of empirical data. The resulting formula 

allows the designer to calculate the atmospheric loss based upon 

the elevation angle and carrier frequency. The model provides 

accurate results but is only valid for the limited frequency 

range between | and 15 GHz and elevation angles between 0 and 

90°. 

The atmospheric attenuation calculation provides a more 

accurate calculation of the effects of oxygen and water vapor 

upon satellite communication. This model is also not limited to 

the stringent frequency range as the previous estimate. The 

calculation is determined from existing atmospheric surface



conditions including surface water vapor density, temperature 

and humidity. Atmospheric attenuation represents a small loss 

when compared torain attenuation. However atmospheric 

attenuation is subsequently used to find a receiver's system 

noise temperature. 

Path site diversity gain results when two earth stations 

located in close proximity use the same Satellite transponder. 

The diversity gain helps in offsetting losses because of rain. This 

is due to the situation where one site is affected by a rain storm, 

but the other site is not. Therefore sustained communication is 

allowed between the two sites. The site diversity gain is 

calculated using two models. The Hodge model essentially 

determines the gain increase from the site separation distance 

and the rain attenuation loss. A later improved model also 

includes the effects of frequency, elevation and the baseline-to- 

path gain. 

The link budget equations are used to determine the 

carrier-to-noise ratio for the uplink, downlink and the combined 

total. The effects of intermodulation, carrier interference and 

polarization discrimination are also included. These equations 

allow the communications engineer to determine the optimal 

design based upon equipment operating characteristics and the 

specified cost allowance. © 

Baseband performance calculations are used to analyze 

FDM-FM-FMDA multichannel systems, single channel per carrier



systems and FM-FDMA television. The carrier-to-noise and 

signal-to-noise ratios are determined for the appropriate system. 

In addition the program will determine the multichannel rms 

frequency deviation and the number of channels for a given 

telephone system. 

The adjacent satellite carrier-to-interference calculation 

determines the effect that two different satellite systems would 

have upon one another. The separation angle between two 

satellites as observed from an earth station is determined. This 

angle is obtained from the subsatellite points and the path 

distance from the earth station to each satellite. The angular 

separation is used to figure out the interference of an interfering 

satellite with the interfered receive station. In addition the 

interference of an interfering earth station into an interfered 

satellite is also found. The effect of spectral interference for 

multicarrier systems is included in the final interference 

calculations. 

The system availability is determined for a satellite 

communications system. The availability of a particular piece of 

ground equipment is derived from its mean time before failure 

and its mean time to repair. These are statistical parameters 

that define the operational capability of a particular unit. The 

terminal availability is established from the product of each of 

its major component's availability. Both the transmit and 

receive terminal availability is found. The link availability is



determined from a rain rate threshold percentage. This 

threshold is determined from the uplink and downlink rain rate 

percentages. The system availability is found once the satellite 

availability is included. The system availability is obtained from 

the product of the terminal availabilities, link availability and 

the satellite availablity. The expected number of failures per 

year and hours outage per year is also determined. 

The rain induced cross-polarization interference 

determines the loss due to rain upon systems that use frequency 

reuse. Rain depolarization has the effect of reducing the 

orthogonal polarization between the communication waves. The 

discrimination is calculated from the rain attenuation, the 

effective path length and transmission coefficients. The 

transmission coefficients are derived from attenuation and phase 

shift coefficients. The horizontal and vertical cross-polarization 

discrimination is calculated. The carrier-to-cross polarization 

discrimination for circularly polarized waves is also found. 

A link budget design example using three commercial 

satellites is shown. The satellites used are the Satellite Business 

Systems (SBS) satellite, the GTE Spacenet satellite and GTE Gstar 

satellite. The link assumes the downlink is affected by rain 

attenuation. The design is based upon a minimum required 

carrier-to-noise ratio for a FM video signal. The design 

determines the required HPA output power, the transmit 

antenna diameter and the receive station gain to noise



temperature ratio.



Chapter 1.0 

Azimuth and Elevation Angle Determination 

The determination of the azimuth and elevation angle is 

necessary to plan and design a communications link with a 

satellite. These parameters specify the location of the satellite 

from the earth's station point of view. The elevation angle is a 

crucial parameter for several aspects of the link budget design 

including rain attenuation, atmospheric attenuation, and site 

diversity gain calculations. 

The elevation angle is determined from the subsatellite 

point and the earth station location. The subsatellite point is 

found by drawing a vector from the center of the earth to the 

satellite. The intersection of the vector with the surface of the 

earth defines the subsatellite point. The subsatellite point and 

the ground station location are specified in degrees latitude and 

longitude. Figure 1.1 shows the geometry of the system used to 

find the elevation angle. The symbol rs represents the vector 

from the satellite to the center of the earth. The symbol d 

represents the vector from the earth station to the satellite 

called the path distance. The symbol re represents the vector 

from the center of the earth to the earth's surface. Therefore re 

denotes the radius of the earth. These three vectors lie in a 

plane and form a triangle. The angle 9 is the central angle
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Figure 1.1 Elevation Angle Determination Geometry



between the earth station and the satellite. The central angle is 

determined from the subsatellite point and ground station 

latitude and longitude. The cosine of the central angle is given 

by! 

cos(®) = cos(L.) cos(L,) cos(l, - I.) + sin(Le) sin(L,). (1.1) 

The symbols Le and |, represent the latitude and longitude of 

the earth station respectively. The symbols L, and |, represent 

the latitude and longitude of the subsatellite points. The law of 

cosines is used to calculate the slant path distance d. The 

magnitude of this vector is shown by 

d= rgl( 1 + (re/ts)* - 2(re/rs) cos(@))]°°5 (1.2) 

The elevation angle El is shown by 

El = 8B - 90. (1.3) 

The angle B is the angle measured between the radius of the 

earth and the path distance. The elevation angle is measured 

from the local horizontal to the slant path distance. The 

difference between these two angles is ninety degrees shown in 
  

lTimothy Pratt and Charles W. Bostian, Satellite Communicatios, New York: 

Macmillan Publishing Company, 1986, pp 22 - 25.
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Figure 1.1. The law of sines is used to relate the angles 9 and B. 

The resulting relationship is shown by 

r,/sin(B) = d/sin(®) (1.4) 

Equations 1.2, 1.3 and 1.4 are then combined to form 

cos(El) = sin(Q)/[( 1 + (re/rg}? - 2(re/rs) cos(@))]°> (1.5) 

The previous elevation equations are modified for the special 

case of geosynchronous satellites. The subsatellite latitude, Lg, 

for this type of satellite is zero. The radius of the earth is 6370 

km and the geosynchronous orbital radius is 42,242 km. The 

geosynchronous version of Equation 1.1 is given by 

cos(Q) = cos(Le) cos(l, - Le). (1.6) 

The path distance (equation 1.2) to a geostationary satellite is 

therefore described by 

d = 42,242 1.02274 - 0.301596 cos(Q)]°>. (1.7) 

The elevation angle (equation 1.5) to a geostationary satellite is 

given by



11 

cos(El) = sin(@)/[ 1.02274 - 0.301596 cos(Q)|°>. (1.8) 

The geostationary central angle, path distance and 

elevation angle equations are implemented in Microsoft Basic. 

The program is written to allow an operator to enter the 

subsatellite point longitude, |,, and the earth station location, le 

and L,.. Equations 1.6 through 1.7 are then used to solve for the 

central angle, path distance and finally the elevation angle. 

The azimuth determination is based upon the spherical 

triangle.* The trigonometry of the spherical triangle is shown 

in Figure 1.2. The vertices’ labels are given by S, E and M. The 

symbol S represents the subsatellite point. The symbol E 

represents the earth station. The remaining symbol M 

represents the point where the longitude line of the earth station 

crosses the equator. The arcs of the triangle are labeled 9, c, and 

a. The arc labeled by 9 is the central angle. The arc labeled by c 

is given by 

c=|Le- Lgl. (1.9) 

The arc labeled by a is shown by 

  

2 Timothy Pratt and Charles W. Bostian, Satellite Communicatios, New York 

Macmillan Publishing Company, 1986, pp 25 - 29.
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Figure 1.2 Azimuth Calculation herical Trigonometr
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a=|1,- Iel. (1.10) 

The half perimeter of the spherical triangle is defined as 

s=0.5(a+c+ 9). (1.11) 

The half perimeter is used to determine the vertex angle A. The 

vertex angle can be determined from 

tan*(A/2) = [sin(s-Q) sin(s - c)]/[ sin(s) sin(s - a)]. (1.12) 

Thus the vertex angle is given by 

A=2 tan“!{([sin(s-@)sin(s-ILeI)I/[sin(s)sin(s-I le - 1,)}°°?. (1.13) 

The vertex angle is used to determine the azimuth from the 

earth station to the satellite. Table 1.1 shows the equations 

necessary to figure out the azimuth from the vertex angle based 

upon the geometry of the system. 

The geometry of the satellite system is input into the 

design software computer program by the operator. The 

program calculates the half perimeter of the triangle from the 

central angle, subsatellite point longitude and earth station 

location longitude and latitude. The vertex angle is determined
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from which the azimuth is found based upon the user's geometry 

selection.



Chapter 2.0 

Rain Margin Determination 

Three rain attenuation prediction models are implemented 

by the communications design computer software. The first 

model implemented is the Crane global model.> The Crane 

model is an accurate model that ts easily determined using a 

calculator. The Crane model is an estimate of the ‘total time” 

that the rain attenuation is expected to exceed a given amount. 

This estimate is found for a certain slant path over a one year 

period. The rain attenuation loss, L,, in dB is given by 

L,(dB)=(aRpPL/D)[(e(ubD) - 1)/ub] for O< Ded, (2.1) 

and by 

Le(dB)=(aRp>L/D)([(e!4PD)_1 )/ubI[xPe(VP 4) vb ]+[x>eVPD) /vb]} 

(2.2) 

ford<D< 22.5 km. 

The parameters a and b are frequency dependent coefficients. 

The analytical expressions that approximate their value are 
  

3 Tri T. Ha, Digital Satellite Communications, New York: Macmillan 

Publishing Company, 1986, pp 157 - 165. 

16
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shown by 

a=421x105f2742 for2.9 <f< 54 GHz, (2.3) 

a= 409 x 10°2f 699 for54 <f< 180 GHz, (2.4) 

b = 1.41 f-9.0779 for 8.5 <f¢ 25 GHz, and (2.5) 

b = 2.63 f-9.272 for 25 <f< 164 GHz. (2.6) 

The parameter f represents the uplink or downlink frequency in 

gigahertz. The variable Rp is the point rain rate that may be 

exceeded for P percent of the year (mm/h). The point rain rate 

is dependent upon the rain climate regions. The world Crane 

global rain climate regions are shown in Figure 2.1. The 

expanded rain climate regions for the United States are given in 

Figure 2.2. The appropriate rain region is selected based upon 

the earth station location. Then Table 2.1 is entered using the 

selected region. Table 2.1 shows the point rain rate distribution 

values for a specific percent of year that the rain rate is 

exceeded. The point rain rate Rp is obtained for the selected 

percent of year the rain rate is exceeded. 

Figure 2.3 and 2.4 shows the geometry for the rain 

attenuated satellite communications link. The parameter L is the 

slant path length in kilometers. This distance is given by 

L = D/cos(E1) for El 2 10° (2.7)
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�2�3� 

�a�n�d� �b�y� 

�L�=�-�(�r�e�f�+�H�o�)�s�i�n�(�E�l�)�+�{�(�r�e�f�+�H�o�)�*�s�i�n�2�E�l� �+� �2�r�e�f�(�H�-�H�o�)�+�H�2�-�H�o�2�)�°�>� �(�2�.�8�)� 

�f�o�r� �E�l�<�1�0�°�.� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �D� �i�s� �t�h�e� �s�u�r�f�a�c�e� �p�r�o�j�e�c�t�e�d� �p�a�t�h� �l�e�n�g�t�h� �a�n�d� �E�l� �i�s� 

�t�h�e� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e�.� �T�h�e� �v�a�r�i�a�b�l�e� �r�e�r� �i�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �e�a�r�t�h�'�s� 

�r�a�d�i�u�s�,� �w�h�i�c�h� �i�s� �e�q�u�a�l� �t�o� �8�5�0�0� �k�m�.� �T�h�e� �e�f�f�e�c�t�i�v�e� �e�a�r�t�h�'�s� �r�a�d�i�u�s� 

�t�a�k�e�s� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �o�b�l�a�t�e�n�e�s�s� �o�f� �t�h�e� �e�a�r�t�h�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �H�g� 

�i�s� �t�h�e� �h�e�i�g�h�t� �o�f� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �a�b�o�v�e� �s�e�a� �l�e�v�e�l�.� �T�h�e� �h�e�i�g�h�t� �o�f� 

�t�h�e� �0�°�C� �i�s�o�t�h�e�r�m� �i�s� �g�i�v�e�n� �b�y� �H�.� �T�h�i�s� �i�s�o�t�h�e�r�m� �i�s� �e�q�u�a�l� �t�o� �t�h�e� 

�v�e�r�t�i�c�a�l� �e�x�t�e�n�t� �o�f� �t�h�e� �r�a�i�n�.� �A�b�o�v�e� �t�h�i�s� �h�e�i�g�h�t� �l�i�q�u�i�d� �w�a�t�e�r� �d�o�e�s� 

�n�o�t� �e�x�i�s�t�.� �T�h�i�s� �v�a�l�u�e� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�g�u�r�e� �2�.�5� �u�s�i�n�g� �t�h�e� �e�a�r�t�h� 

�S�t�a�t�i�o�n� �l�a�t�i�t�u�d�e� �a�n�d� �t�h�e� �p�e�r�c�e�n�t� �o�f� �y�e�a�r� �r�a�i�n� �r�a�t�e� �i�s� �e�x�c�e�e�d�e�d� �a�s� 

�t�h�e� �i�n�p�u�t�s�.� �T�h�e� �s�u�r�f�a�c�e� �p�r�o�j�e�c�t�e�d� �l�e�n�g�t�h� �D� �i�s� �g�i�v�e�n� �b�y� 

�D� �=� �H�-�H�o�/�t�a�n�(�E�l�)� �f�o�r� �E�l� �2� �1�0�°�,� �(�2�.�9�)� 

�a�n�d� �b�y� 

�D�=� �(�r�e�p� �+� �H�o�)� �f�o�r� �E�l� �«� �1�0�°�.� �(�2�.�1�0�)� 

�T�h�e� �c�e�n�t�r�a�l� �a�n�g�l�e� �2� �i�s� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �1�.�6� �a�n�d� �a�l�s�o� �i�s� 

�e�x�p�r�e�s�s�e�d� �a�s
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�2�5� 

�Q� �=� �s�i�n�-�!�{�L�c�o�s�(�E�l�)�/�(�r�e�r�p� �+� �H�)�}� �©� �(�2�.�1�1�)� 

�w�h�e�r�e� �L�,� �t�h�e� �s�l�a�n�t� �p�a�t�h�,� �i�s� �g�i�v�e�n� �i�n� �e�q�u�a�t�i�o�n� �2�.�8� �f�o�r� �E�l� �<� �1�0�°�.� 

�F�i�g�u�r�e� �2�.�3� �s�h�o�w�s� �t�h�e� �p�r�o�j�e�c�t�e�d� �p�a�t�h� �f�o�r� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e�s� �g�r�e�a�t�e�r� 

�t�h�a�n� �o�r� �e�q�u�a�l� �t�o� �t�e�n� �d�e�g�r�e�e�s�.� �T�h�e� �s�l�a�n�t� �p�a�t�h� �i�s� �f�o�u�n�d� �f�r�o�m� �t�h�e� 

�d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �c�o�s�i�n�e� �a�n�g�l�e� �a�n�d� �i�s� �g�i�v�e�n� �i�n� �e�q�u�a�t�i�o�n� �2�.�7�.� �F�i�g�u�r�e� 

�2�.�4� �s�h�o�w�s� �t�h�e� �p�r�o�j�e�c�t�e�d� �p�a�t�h� �f�o�r� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e�s� �l�e�s�s� �t�h�a�n� �t�e�n� 

�d�e�g�r�e�e�s�.� �I�n� �t�h�i�s� �s�i�t�u�a�t�i�o�n� �t�h�e� �c�u�r�v�a�t�u�r�e� �o�f� �t�h�e� �e�a�r�t�h� �m�u�s�t� �b�e� 

�i�n�c�l�u�d�e�d�.� �T�h�e� �l�a�w� �o�f� �s�i�n�e�s� �i�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� 

�L�/�s�i�n�®� �=� �r�e�p� �+� �H�/�s�i�n�(�9�0�°� �+� �E�t�)�.� �(�2�.�1�2�)� 

�T�h�e� �c�e�n�t�r�a�l� �a�n�g�l�e� �2� �i�s� �g�i�v�e�n� �b�y� 

�Q� �=� �s�i�n �� �'�(�L�c�o�s�(�E�l�)�/�(�r�e�p� �+� �H�o� �+� �H� �-� �H�o�)�)�.� �(�2�.�1�3�)� 

�N�o�t�e� �t�h�a�t� �t�h�i�s� �r�e�s�u�l�t� �r�e�d�u�c�e�s� �t�o� �e�q�u�a�t�i�o�n� �2�.�1�1�.� �T�h�e� �l�a�w� �o�f� �c�o�s�i�n�e�s� 

�i�s� �u�s�e�d� �t�o� �s�o�l�v�e� �f�o�r� �t�h�e� �s�l�a�n�t� �p�a�t�h�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� 

�L�?� �+� �(�r�e�p� �+� �H�o�)�*� �-� �2�(�r�e�p� �+� �H�o�)�L� �c�o�s�(�9�0�°� �+� �E�l�)� �=� �(�r�e�p� �+� �H�)�*�.�(�2�.�1�4�)� 

�T�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n� �i�s� �u�s�e�d� �t�o� �s�o�l�v�e� �f�o�r� �t�h�e� �s�l�a�n�t� �p�a�t�h� �d�i�s�t�a�n�c�e� �L�,� 

�t�h�e� �r�e�s�u�l�t�s� �o�f� �w�h�i�c�h� �a�r�e� �g�i�v�e�n� �i�n� �e�q�u�a�t�i�o�n� �2�.�8�.� �T�h�e� �f�i�n�a�l



�2�6� 

�c�o�n�s�t�a�n�t�s� �i�n� �e�q�u�a�t�i�o�n�s� �2�.�1� �a�n�d� �2�.�2�,� �u�,� �v�,� �x�,� �a�n�d� �d� �a�r�e� �f�u�n�c�t�i�o�n�s� �o�f� 

�t�h�e� �p�o�i�n�t� �r�a�i�n� �r�a�t�e� �a�n�d� �a�r�e� �g�i�v�e�n� �b�y� 

�d� �=� �3�.�8� �-� �0�.�6� �I�n�R�p�,� 

�x� �=� �2�.�3� �R�p� �?�!�7�,� 

�v� �=� �0�.�0�2�6� �-� �0�.�0�3� �I�n�R�p�,� �a�n�d� 

�u� �=� �I�n�[�x� �e�V�)� �a�q�]� 

�(�2�.�1�5�)� 

�(�2�.�1�6�)� 

�(�2�.�1�7�)� 

�(�2�.�1�8�)� 

�T�h�e� �S�a�m� �m�o�d�e�l�?� �i�s� �t�h�e� �s�e�c�o�n�d� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �m�o�d�e�l� 

�i�m�p�l�e�m�e�n�t�e�d� �b�y� �t�h�e� �d�e�s�i�g�n� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m�.� �T�h�i�s� �m�o�d�e�l� �w�a�s� 

�d�e�v�e�l�o�p�e�d� �b�y� �N�A�S�A� �t�o� �p�r�o�v�i�d�e� �a� �s�i�m�p�l�e� �m�e�t�h�o�d� �o�f� �d�e�t�e�r�m�i�n�i�n�g� 

�t�h�e� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s�.� �T�h�i�s� �m�o�d�e�l� �i�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�s�l�a�n�t� �p�a�t�h� �l�e�n�g�t�h� �L�.� �T�h�e� �s�l�a�n�t� �p�a�t�h� �i�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �e�a�r�t�h� 

�s�t�a�t�i�o�n� �h�e�i�g�h�t� �a�b�o�v�e� �s�e�a� �l�e�v�e�l� �H�o�,� �t�h�e� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e� �E�l�,� �a�n�d� �t�h�e� 

�e�f�f�e�c�t�i�v�e� �v�e�r�t�i�c�a�l� �r�a�i�n� �h�e�i�g�h�t� �H�e�.� �T�h�e� �S�a�m� �m�o�d�e�l� �p�a�t�h� �l�e�n�g�t�h� 

�g�e�o�m�e�t�r�y� �i�s� �s�h�o�w�n� �b�y� �F�i�g�u�r�e� �2�.�6�.� �T�h�e� �s�l�a�n�t� �p�a�t�h� �i�n� �k�m� �i�s� �g�i�v�e�n� 

�b�y� 

�L� �=� �H�e� �-� �H�o�/�s�i�n�(�E�l�)�.� �(�2�.�1�9�)� 

�T�h�e� �e�f�f�e�c�t�i�v�e� �v�e�r�t�i�c�a�l� �h�e�i�g�h�t� �H�e� �i�s� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �h�e�i�g�h�t� 

�o�f� �t�h�e� �z�e�r�o� �d�e�g�r�e�e� �i�s�o�t�h�e�r�m� �H�.� �T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �s�h�o�w�n� �b�y� 

� � 

�4� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �3�2�7� �-� �3�3�8�.
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�2�8� 

�H�e� �=�H� �f�o�r� �R�p� �¢� �1�0� �m�m�/�h�,� �(�2�.�2�0�)� 

�a�n�d� �b�y� 

�H�e� �=� �H� �+� �l�o�g�(�R�p�/�1�0�)� �f�o�r� �R�p� �>�1�0�m�m�/�h�.� �(�2�.�2�1�)� 

�T�h�e� �0�°�C� �i�s�o�t�h�e�r�m� �i�s� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �t�h�e� �s�t�a�t�i�o�n� �l�a�t�i�t�u�d�e� �a�n�d� �i�s� 

�g�i�v�e�n� �b�y� 

�H� �=� �4�.�8� �f�o�r� �|�L�e�l� �<� �3�0�°�,� �(�2�.�2�2�)� 

�a�n�d� �b�y� 

�H� �=� �7�.�8� �-�0�.�1�|�L�e�l� �f�o�r� �|�L�e�l� �>� �3�0�°�.� �(�2�.�2�3�)� 

�T�h�e� �p�o�i�n�t� �r�a�i�n� �r�a�t�e� �d�i�s�t�r�i�b�u�t�i�o�n�,� �R�p�,� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �T�a�b�l�e� 

�2�.�1�.� �T�h�e� �S�a�m� �m�o�d�e�l� �a�t�t�e�n�u�a�t�i�o�n� �i�s� �g�i�v�e�n� �b�y� 

�A�(�P�)� �=� �a�[�R�p�]�>�L� �f�o�r� �R�p� �<�1�0� �m�m�/�h�,� �(�2�.�2�4�)� 

�a�n�d� �b�y� 

�A�(�P�)�=�a�l�R�p�]�>�(�1�-�e�7�f�2�6� �I�n�(�R�p�/�1�0�)�L�c�o�s�(�E�D�I�/� �a�i�n�(�R�p�/�1�0�)� �c�o�s�(�E�l�)�)� �(�2�.�2�5�)



�2�9� 

�f�o�r� �R�p� �>� �1�0� �m�m�/�h�.� 

�T�h�e� �p�a�r�a�m�e�t�e�r�s� �a� �a�n�d� �b� �a�r�e� �t�h�e� �f�r�e�q�u�e�n�c�y� �d�e�p�e�n�d�e�n�t� 

�c�o�e�f�f�i�c�i�e�n�t�s� �g�i�v�e�n� �i�n� �e�q�u�a�t�i�o�n�s� �2�.�3� �t�h�r�o�u�g�h� �2�.�6�.� �T�h�e� �e�m�p�i�r�i�c�a�l� 

�q�u�a�n�t�i�t�y� �0� �i�s� �1�/�2�2�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �P� �i�s� �t�h�e� �p�e�r�c�e�n�t� �o�f� �y�e�a�r� �r�a�i�n� 

�r�a�t�e� �i�s� �e�x�c�e�e�d�e�d� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �p�o�i�n�t� �r�a�i�n� �r�a�t�e� �R�p�.� 

�T�h�e� �l�a�s�t� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �m�o�d�e�l� �a�n�a�l�y�z�e�d� �i�s� �t�h�e� 

�I�n�t�e�r�n�a�t�i�o�n�a�l� �R�a�d�i�o� �C�o�n�s�u�l�t�a�t�i�v�e� �C�o�m�m�i�t�t�e�e� �(�C�C�I�R�)� �m�o�d�e�l�.�)� 

�T�h�i�s� �m�o�d�e�l� �i�s� �b�a�s�e�d� �o�n� �p�r�e�d�i�c�t�i�n�g� �t�h�e� �a�t�t�e�n�u�a�t�i�o�n� �a�s�s�o�c�i�a�t�e�d� 

�w�i�t�h� �a� �0�.�0�1�%� �r�a�i�n� �r�a�t�e�.� �A�d�d�i�t�i�o�n�a�l� �a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s�e�s� �a�r�e� �f�o�u�n�d� 

�f�r�o�m� �s�c�a�l�i�n�g� �t�h�e� �0�.�0�1�%� �r�a�i�n� �r�a�t�e� �a�t�t�e�n�u�a�t�i�o�n� �t�o� �t�h�e� �r�e�q�u�i�r�e�d� �r�a�i�n� 

�r�a�t�e� �p�e�r�c�e�n�t�a�g�e�.� �T�h�i�s� �C�C�I�R� �m�o�d�e�l� �i�s� �o�n�l�y� �v�a�l�i�d� �f�o�r� �t�h�e� �r�a�n�g�e� �o�f� 

�p�e�r�c�e�n�t�a�g�e�s� �b�e�t�w�e�e�n� �0�.�0�0�1� �a�n�d� �0�.�1�%�.� �T�h�e� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �f�o�r� 

�t�h�e� �0�.�0�1�%� �b�a�s�i�s� �p�e�r�c�e�n�t�a�g�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �f�r�e�q�u�e�n�c�y� 

�d�e�p�e�n�d�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�s� �a�,�b�,� �a�n�d� �t�h�e� �p�o�i�n�t� �r�a�i�n� �r�a�t�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�R�p�.� �I�n� �a�d�d�i�t�i�o�n� �t�h�e� �s�l�a�n�t� �p�a�t�h� �L�s�,� �a�n�d� �t�h�e� �p�a�t�h� �r�e�d�u�c�t�i�o�n� �f�a�c�t�o�r� 

�f�p� �a�r�e� �u�s�e�d� �a�l�s�o� �t�o� �f�i�n�d� �t�h�e� �0�.�0�1�%� �b�a�s�i�s� �p�e�r�c�e�n�t�a�g�e�.� �T�h�e� 

�a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s� �i�n� �d�B� �f�o�r� �t�h�e� �b�a�s�i�s� �p�e�r�c�e�n�t�a�g�e� �i�s� �e�x�p�r�e�s�s�e�d� �b�y� 

�A�o�o�1� �=�a� �[�R�p�]�>� �L�s� �P�p�.� �(�2�.�2�6�)� 

�T�h�e� �s�l�a�n�t� �p�a�t�h� �L�s� �i�s� �g�i�v�e�n� �b�y� 

� � 

�5� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �3�3�9� �-� �3�4�0�.



�3�0� 

�L�s� �=� �H�r� �-�H�o�/�s�i�n�(�E�l�)� �f�o�r� �E�l� �2� �1�0�°�,� �(�2�.�2�7�)� 

�a�n�d� �b�y� 

�L�s�=�2�(�H�r�-�H�o�)�/�(�[�s�i�n�2�(�E�l�)�+�2�(�H�p�-�H�o�)�/�8�5�0�0�]�°�>�+�s�i�n�(�E�l�)�)� �f�o�r� �E�<�1�0�°�.�(�2�.�2�8�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �H�r� �i�s� �t�h�e� �r�a�i�n� �h�e�i�g�h�t� �i�n� �k�m� �a�n�d� �i�s� �s�h�o�w�n� �b�y� 

�H�r� �=� �5�.�1� �-� �2�1�.�5� �l�o�g�(�1� �+� �1�0�{�b�e�l� �=� �2�7�0�/�2�5�1�)�,� �(�2�.�2�9�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �H�o�g� �i�s� �t�h�e� �s�t�a�t�i�o�n� �h�e�i�g�h�t� �a�b�o�v�e� �s�e�a� �l�e�v�e�l�.� �T�h�e� �C�C�I�R� 

�m�o�d�i�f�i�e�s� �t�h�e� �p�a�t�h� �l�e�n�g�t�h� �b�y� �a� �r�e�d�u�c�t�i�o�n� �f�a�c�t�o�r� �w�h�i�c�h� �a�c�c�o�u�n�t�s� 

�f�o�r� �t�h�e� �s�p�a�t�i�a�l� �n�o�n�u�n�i�f�o�r�m�i�t�y� �o�f� �t�h�e� �r�a�i�n� �r�a�t�e�.� �T�h�e� �p�a�t�h� �l�e�n�g�t�h� 

�r�e�d�u�c�t�i�o�n� �f�a�c�t�o�r� �r�p� �i�s� �s�h�o�w�n� �b�y� 

�f�p� �=� �9�0�/�(�9�0� �+� �4�L�g�)� �w�h�e�r�e� �L�g� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �(�2�.�3�0�)� 

�L�c� �=� �L�s�c�o�s�(�E�l�)�.� �(�2�.�3�1�)� 

�T�h�e� �s�c�a�l�e�d� �a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s� �i�s� �s�h�o�w�n� �b�y� 

�A�p� �=� �A�o�.�o�1�(�P�/�0�.�0�1�)�%�.� �(�2�.�3�2�)� 

�T�h�e� �e�x�p�o�n�e�n�t� �z� �i�s� �e�x�p�r�e�s�s�e�d� �a�s



�3�1� 

�z�=�0�.�3�3� �f�o�r� �0�.�0�0�1� �<� �P�<� �0�.�0�1�,� �a�n�d� �(�2�.�3�3�)� 

�z�=�0�.�4�1� �f�o�r� �0�.�0�1� �<� �P�<� �0�.�1�.� �(�2�.�3�4�)� 

�T�h�e� �m�o�d�e�l�s� �i�m�p�l�e�m�e�n�t�e�d� �s�h�o�w� �t�h�r�e�e� �m�e�t�h�o�d�s� �o�f� 

�d�e�t�e�r�m�i�n�i�n�g� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s�.� �T�h�e� �C�r�a�n�e� �g�l�o�b�a�l� �a�n�d� �t�h�e� �C�C�I�R� 

�m�o�d�e�l� �b�o�t�h� �i�n�c�l�u�d�e� �t�h�e� �e�f�f�e�c�t� �o�f� �l�o�w� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e�s� �u�p�o�n� �t�h�e� 

�r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n�.� �H�o�w�e�v�e�r� �t�h�e� �S�a�m� �m�o�d�e�l� �m�o�d�i�f�i�e�s� �t�h�e� �0�°�C� 

�i�s�o�t�h�e�r�m� �b�y� �t�h�e� �r�a�i�n� �r�a�t�e�.� �I�n� �a�d�d�i�t�i�o�n� �t�h�e� �S�a�m� �m�o�d�e�l� �p�r�o�v�i�d�e�s� 

�a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �i�s�o�t�h�e�r�m� �f�r�o�m� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �l�a�t�i�t�u�d�e�.� 

�S�i�m�i�l�a�r�l�y� �t�h�e� �C�C�I�R� �m�o�d�e�l� �a�l�s�o� �e�s�t�i�m�a�t�e�s� �t�h�e� �v�e�r�t�i�c�a�l� �r�a�i�n� �h�e�i�g�h�t� 

�f�r�o�m� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �l�a�t�i�t�u�d�e�.� �T�h�e� �C�C�I�R� �m�o�d�e�l� �p�r�e�s�e�n�t�e�d� �i�s� 

�o�n�l�y� �v�a�l�i�d� �b�e�t�w�e�e�n� �a� �l�i�m�i�t�e�d� �p�e�r�c�e�n�t�a�g�e� �r�a�n�g�e�.� �A� �m�o�r�e� 

�c�o�m�p�l�i�c�a�t�e�d� �p�r�o�c�e�d�u�r�e� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s�e�s� �o�u�t�s�i�d�e� 

�t�h�i�s� �r�a�n�g�e�.� 

�R�a�i�n� �i�n�c�r�e�a�s�e�s� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �a�n�t�e�n�n�a� �n�o�i�s�e� 

�t�e�m�p�e�r�a�t�u�r�e� �b�e�s�i�d�e�s� �a�t�t�e�n�u�a�t�i�n�g� �s�a�t�e�l�l�i�t�e� �c�o�m�m�u�n�i�c�a�t�i�o�n� 

�s�i�g�n�a�l�s�.�©� �T�h�e� �t�h�e�r�m�a�l� �r�a�d�i�a�t�i�o�n� �t�h�a�t� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �a�n�t�e�n�n�a� 

�s�e�e�s� �i�s� �g�r�e�a�t�e�r� �d�u�e� �t�o� �t�h�e� �t�h�e�r�m�a�l� �e�f�f�e�c�t� �o�f� �t�h�e� �r�a�i�n�d�r�o�p�s�.� �T�h�e� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �T�y� �i�n� �d�e�g�r�e�e�s� �K�e�l�v�i�n� �i�s� �s�h�o�w�n� 

�b�y� 

�T�n� �=� �2�8�0� �(� �1� �-� �e�7�A�/�4�-�3�4�)�.� �(�2�.�3�5�)� 

� � 

�6� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k�:� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �3�4�2� �-� �3�4�3�.



�3�2� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �A� �i�s� �t�h�e� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �i�n� �d�B�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �a�n�t�e�n�n�a� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �e�a�c�h� �r�a�i�n� 

�a�t�t�e�n�u�a�t�i�o�n� �m�o�d�e�l�.� 

�R�a�i�n� �a�l�s�o� �a�d�v�e�r�s�e�l�y� �a�f�f�e�c�t�s� �t�h�e� �o�r�t�h�o�g�o�n�a�l� �p�o�l�a�r�i�z�a�t�i�o�n� �o�f� 

�c�o�m�m�u�n�i�c�a�t�i�o�n� �s�y�s�t�e�m�s� �t�h�a�t� �i�m�p�l�e�m�e�n�t� �f�r�e�q�u�e�n�c�y� �r�e�u�s�e�.� �R�a�i�n� 

�d�e�p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �t�h�e� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �s�c�a�t�t�e�r�i�n�g� �o�f� �t�h�e� 

�t�r�a�n�s�m�i�s�s�i�o�n� �a�n�d� �r�e�c�e�p�t�i�o�n� �s�i�g�n�a�l� �w�a�v�e�s�.� �T�h�e� �s�h�a�p�e� �o�f� �t�h�e� 

�r�a�i�n�d�r�o�p� �a�l�s�o� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r� �i�n� �t�h�e� �e�f�f�e�c�t� �r�a�i�n� �h�a�s� �u�p�o�n� 

�t�h�e� �c�o�m�m�u�n�i�c�a�t�i�o�n� �s�i�g�n�a�l�.� �T�h�e� �C�C�I�R� �m�o�d�e�l� �f�o�r� �r�a�i�n� 

�d�e�p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �i�m�p�l�e�m�e�n�t�e�d�.� �T�h�i�s� �t�r�e�a�t�s� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� 

�r�a�i�n�d�r�o�p� �a�s� �a�n� �o�b�l�a�t�e� �s�p�h�e�r�o�i�d�.� �T�h�e� �o�b�l�a�t�e� �s�h�a�p�e� �r�e�s�u�l�t�s� �d�u�e� �t�o� 

�a�i�r� �r�e�s�i�s�t�a�n�c�e� �e�f�f�e�c�t�s� �u�p�o�n� �t�h�e� �r�a�i�n�d�r�o�p�.� �T�h�e� �a�t�t�e�n�u�a�t�i�o�n� �u�p�o�n� 

�v�e�r�t�i�c�a�l�l�y� �p�o�l�a�r�i�z�e�d� �w�a�v�e�s� �d�i�f�f�e�r� �f�r�o�m� �t�h�o�s�e� �t�h�a�t� �a�r�e� �h�o�r�i�z�o�n�t�a�l�l�y� 

�p�o�l�a�r�i�z�e�d�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �c�o�m�p�o�n�e�n�t�s�.� 

�T�h�e�s�e� �c�o�m�p�o�n�e�n�t�s� �w�h�e�n� �r�e�c�o�m�b�i�n�e�d� �r�e�s�u�l�t� �i�n� �c�r�o�s�s� �p�o�l�a�r�i�z�e�d� 

�c�o�m�p�o�n�e�n�t�s�.� �D�e�p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �n�o�t� �o�n�l�y� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� 

�r�a�i�n�d�r�o�p� �s�h�a�p�e�,� �b�u�t� �a�l�s�o� �o�n� �t�h�e� �s�i�z�e� �a�n�d� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� 

�r�a�i�n�d�r�o�p�s�.� �T�h�e� �v�o�l�u�m�e� �o�f� �w�a�t�e�r� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�l�a�n�t� �p�a�t�h� �i�s� �a�l�s�o� 

�a� �s�i�g�n�i�f�i�c�a�n�t� �f�a�c�t�o�r� �i�n� �t�h�e� �d�e�p�o�l�a�r�i�z�a�t�i�o�n� �d�e�t�e�r�m�i�n�a�t�i�o�n�.� �R�a�i�n� 

�d�e�p�o�l�a�r�i�z�a�t�i�o�n� �i�s� �m�u�c�h� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �m�o�d�e�l� �t�h�a�n� �r�a�i�n� 

�a�t�t�e�n�u�a�t�i�o�n� �b�e�c�a�u�s�e� �o�f� �t�h�e� �n�u�m�b�e�r� �o�f� �f�a�c�t�o�r�s� �t�h�a�t� �a�f�f�e�c�t� 

�d�e�p�o�l�a�r�i�z�a�t�o�n�.� �T�h�e� �C�C�I�R� �s�t�a�t�i�s�t�i�c�a�l� �m�o�d�e�l� �r�e�l�a�t�e�s� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� 

�t�o� �d�e�p�o�l�a�r�i�z�a�t�i�o�n� �a�n�d� �i�s� �s�h�o�w�n� �b�y



�3�3� 

�X�P�D� �=� �U� �-� �V� �l�o�g�(� �A�)�.� �(�2�.�3�6�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �X�P�D� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �r�a�i�n� �d�e�p�o�l�a�r�i�z�a�t�i�o�n� �l�o�s�s� �i�n� �d�B�.� 

�T�h�e� �v�a�r�i�a�b�l�e�s� �U� �a�n�d� �V� �a�r�e� �g�i�v�e�n� �b�y� 

�U� �=� �3�0� �l�o�g�(�f�)� �-� �4�0� �l�o�g�l�c�o�s�(�E�l�)�]� �-� �2�0� �l�o�g�l�s�i�n�(�2�t�)�]� �a�n�d� �(�2�.�3�7�)� 

�V� �=� �2�0�.� �(�2�.�3�8�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �r�e�c�e�i�v�e�d� 

�e�l�e�c�t�r�i�c� �f�i�e�l�d� �a�n�d� �l�o�c�a�l� �h�o�r�i�z�o�n�t�a�l�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �f� �i�s� �t�h�e� �c�a�r�r�i�e�r� 

�f�r�e�q�u�e�n�c�y�.� �T�h�e�r�e� �i�s� �s�o�m�e� �c�o�n�t�r�o�v�e�r�s�y� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �v�a�l�u�e�s� �f�o�r� 

�v�a�r�i�a�b�l�e�s� �U� �a�n�d� �V�.� �O�l�s�e�n� �a�n�d� �N�o�w�l�a�n�d� �p�r�o�p�o�s�e�d� �a� �r�e�v�i�s�i�o�n� �t�o� 

�t�h�e� �v�a�l�u�e� �o�f� �V�, �� �w�h�i�c�h� �i�s� �s�h�o�w�n� �b�y� 

�V� �=� �2�0� �f�o�r� �8�<�f�<�1�5� �G�H�z� �a�n�d� �(�2�.�3�9�)� 

�V� �=� �2�3� �f�o�r� �1�5� �<�f�<� �3�3� �G�H�z�.� �(�2�.�4�0�)� 

�T�h�e�r�e� �h�a�s� �a�l�s�o� �b�e�e�n� �d�e�b�a�t�e� �o�v�e�r� �w�h�e�t�h�e�r� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e� 

�l�o�g� �f�r�e�q�u�e�n�c�y� �t�e�r�m� �i�n� �U� �s�h�o�u�l�d� �b�e� �3�0� �o�r� �2�0�.� �T�h�e� �c�o�m�p�u�t�e�r� 

�p�r�o�g�r�a�m� �u�s�e�s� �t�h�e� �C�C�I�R� �q�u�i�c�k� �r�e�f�e�r�e�n�c�e� �m�o�d�e�l� �g�i�v�e�n� �i�n� �e�q�u�a�t�i�o�n�s� 

�2�.�3�6� �t�h�r�o�u�g�h� �2�.�3�8�.� 

� � 

�7�)�,� �A�.� �B�e�n�n�e�t�,� �"� �D�r�o�p�-�S�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n�:� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �d�i�s�c�r�i�m�i�n�a�t�i�o�n� �a�n�d� 

�a�t�t�e�n�u�a�t�i�o�n� �f�o�r� �p�r�o�p�a�g�a�t�i�o�n� �t�h�r�o�u�g�h� �r�a�i�n�, �� �C�o�m�s�a�t� �T�e�c�h�n�i�c�a�l� �R�e�v�i�e�w�,� �v�o�l�.� �1�4�,� 

�n�o�.� �1�,� �p�p�1�1�3� �-� �1�3�5�,� �S�p�r�i�n�g� �1�9�8�4�.



�C�h�a�p�t�e�r� �3�.�0� 

�A�t�m�o�s�p�h�e�r�i�c� �A�b�s�o�r�p�t�i�o�n� �E�s�t�i�m�a�t�e� 

�A� �q�u�i�c�k� �a�n�d� �s�i�m�p�l�e� �p�r�o�c�e�d�u�r�e� �i�s� �d�e�v�e�l�o�p�e�d� �t�h�a�t� 

�d�e�t�e�r�m�i�n�e�s� �t�h�e� �a�t�m�o�s�p�h�e�r�i�c� �g�a�s�e�o�u�s� �a�b�s�o�r�p�t�i�o�n� �f�o�r� �f�r�e�q�u�e�n�c�i�e�s� 

�b�e�t�w�e�e�n� �1� �a�n�d� �1�5� �G�H�z� �a�n�d� �f�o�r� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e�s� �b�e�t�w�e�e�n� �0� �a�n�d� 

�9�0�°�8� �T�h�e� �o�n�l�y� �i�n�p�u�t�s� �a�r�e� �t�h�e� �u�p�l�i�n�k�/�d�o�w�n�l�i�n�k� �f�r�e�q�u�e�n�c�y� �a�n�d� 

�t�h�e� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e�.� �T�h�e� �p�r�o�c�e�d�u�r�e� �d�e�r�i�v�e�s� �a�n�a�l�y�t�i�c� �e�x�p�r�e�s�s�i�o�n�s� 

�f�r�o�m� �e�m�p�i�r�i�c�a�l� �d�a�t�a� �t�h�r�o�u�g�h� �a� �c�u�r�v�e�-�f�i�t�t�i�n�g� �t�e�c�h�n�i�q�u�e�.� �T�w�o� 

�s�t�a�n�d�a�r�d�s� �o�f� �r�e�l�e�v�a�n�t� �a�t�m�o�s�p�h�e�r�i�c� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �u�s�e�d� �i�n� �t�h�e� 

�d�e�r�i�v�a�t�i�o�n� �o�f� �t�h�e� �a�n�a�l�y�t�i�c� �e�q�u�a�t�i�o�n�s�.� �T�h�e� �d�a�t�a� �p�o�i�n�t�s� �a�r�e� 

�o�b�t�a�i�n�e�d� �a�n�d� �p�l�o�t�t�e�d� �f�o�r� �b�o�t�h� �s�t�a�n�d�a�r�d�s�.� �T�a�b�l�e� �3�.�1� �s�h�o�w�s� �t�h�e� 

�s�p�e�c�i�f�i�c� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �s�t�a�n�d�a�r�d�s� �A� �a�n�d� �B�.� �F�i�g�u�r�e� �3�.�1� �s�h�o�w�s� �t�h�e� 

�s�u�r�f�a�c�e� �s�p�e�c�i�f�i�c� �a�t�t�e�n�u�a�t�i�o�n�,� �y�s�,� �v�e�r�s�u�s� �f�r�e�q�u�e�n�c�y�.� �T�h�e� �c�u�r�v�e� �f�i�t� 

�f�o�r� �t�h�e� �s�u�r�f�a�c�e� �c�o�n�d�i�t�i�o�n� �o�f� �s�t�a�n�d�a�r�d� �A� �i�s� �g�i�v�e�n� �b�y� 

�Y�s� �=� �0�.�0�0�4�6�6� �e�9�.�1�3�6�2�f� �(�3�.�1�)� 

�T�h�e� �c�u�r�v�e� �f�i�t� �f�o�r� �t�h�e� �s�t�a�n�d�a�r�d� �B� �s�u�r�f�a�c�e� �c�o�n�d�i�t�i�o�n�s� �i�s� �s�h�o�w�n� �b�y� 

�Y�s� �=� �0�.�0�0�4�4�2� �e�f�.� �1�1�7�8�E� �(�3�.�2�)� 

� � 

�8�D�.� �V�.� �R�o�g�e�r�s�,�  ��E�s�t�i�m�a�t�i�n�g� �A�t�m�o�s�p�h�e�r�i�c� �A�b�s�o�r�p�t�i�o�n� �a�t� �1� �t�o� �1�5� �G�H�z�, �� �C�o�m�s�a�t� 

�T�e�c�h�n�i�c�a�l� �R�e�v�i�e�w�,� �v�o�l�.� �1�3�,� �n�o�.� �1�,� �p�p� �1�5�7� �-� �1�6�3�,� �S�p�r�i�n�g� �1�9�8�3�.� 
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�T�a�b�l� �]�_� �A�t�m�o�s�p�h�e�r�i�c� �E�s�t�i�m� �A�t�m�o�s�p�h�e�r�i� �n�d�i�t�i�o�n� 

�A�t�m�o�s�p�h�e�r�i�c� �P�a�r�a�m�e�t�e�r�s� �S�t�a�n�d�a�r�d� �A� �S�t�a�n�d�a�r�d� �B� 

�V�a�p�o�r� �C�o�n�c�e�n�t�r�a�t�i�o�n� �1�1�.�1� �g�/�m� �7�.�5� �g�/�m�?� 

�S�u�r�f�a�c�e� �T�e�m�p�e�r�a�t�u�r�e� �1�4�.�6� �°�C� �2�0�.�0� �°�C� � � � � � � � 
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�3�7� 

�T�h�e� �e�f�f�e�c�t�i�v�e� �p�a�t�h� �l�e�n�g�t�h� �L�e� �i�s� �g�i�v�e�n� �b�y� 

�L�e� �=� �H�a�/�s�i�n�(�E�l�)� �f�o�r� �E�l� �>�1�0�°�,� �a�n�d� �b�y� �(�3�.�3�)� 

�L�e� �=� �2�H�a�/�(�[�s�i�n�?�(�E�l�)� �+� �2� �H�a�/�R�e�r� �]�°�>� �+� �s�i�n�(�E�l�)�}� �f�o�r� �E�l� �¢� �1�0�°�.� �(�3�.�4�)� 

�N�o�t�e� �t�h�a�t� �t�h�e�s�e� �e�q�u�a�t�i�o�n�s� �h�a�v�e� �t�h�e� �s�a�m�e� �f�o�r�m�a�t� �a�s� �e�q�u�a�t�i�o�n�s� 

�2�.�2�7� �a�n�d� �2�.�2�8�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �H�g� �i�s� �t�h�e� �s�c�a�l�e� �h�e�i�g�h�t� �o�f� �t�h�e� 

�a�t�m�o�s�p�h�e�r�e�.� �T�h�e� �v�a�r�i�a�b�l�e� �R�e�f� �i�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �e�a�r�t�h�'�s� �r�a�d�i�u�s� 

�(�8�5�0�0� �k�m�)�.� �T�h�e� �p�a�t�h� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e� �i�s� �a�g�a�i�n� �r�e�p�r�e�s�e�n�t�e�d� �a�s� �E�l�.� 

�T�h�e� �s�c�a�l�e� �h�e�i�g�h�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �t�o�t�a�l� �z�e�n�i�t�h� �a�t�t�e�n�u�a�t�i�o�n� 

�A�y� �a�n�d� �t�h�e� �s�u�r�f�a�c�e� �s�p�e�c�i�f�i�c� �a�t�t�e�n�u�a�t�i�o�n� �Y�s�.� �T�h�e� �s�c�a�l�e� �h�e�i�g�h�t� �i�n� 

�k�m� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� 

�H�a� �=� �A�v�/�Y�s�.� �(�3�.�5�)� 

�T�h�e� �t�o�t�a�l� �z�e�n�i�t�h� �a�t�t�e�n�u�a�t�i�o�n� �v�e�r�s�u�s� �f�r�e�q�u�e�n�c�y� �f�o�r� �s�t�a�n�d�a�r�d�s� �A� 

�a�n�d� �B� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�2�.� �T�h�e� �t�o�t�a�l� �z�e�n�i�t�h� �i�s� �a� �v�e�r�t�i�c�a�l� 

�m�e�a�s�u�r�e�m�e�n�t� �i�n�i�t�i�a�t�e�d� �a�t� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �h�e�i�g�h�t� �a�b�o�v�e� �s�e�a� 

�l�e�v�e�l�.� �T�h�e�s�e� �z�e�n�i�t�h� �d�a�t�a� �p�o�i�n�t�s� �a�r�e� �t�h�e�n� �u�s�e�d� �t�o� �g�e�n�e�r�a�t�e� �a� �c�u�r�v�e� 

�o�f� �t�h�e� �s�c�a�l�e� �h�e�i�g�h�t� �v�e�r�s�u�s� �f�r�e�q�u�e�n�c�y� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�3�.� �A� 

�c�u�r�v�e� �f�i�t� �i�s� �p�e�r�f�o�r�m�e�d� �u�p�o�n� �t�h�i�s� �f�i�g�u�r�e�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�c�a�l�e� 

�h�e�i�g�h�t� �i�s� �g�i�v�e�n� �b�y� 

�H�a� �=� �6�.�0�1�e�7�9�-�0�4�8�f� �f�o�r� �s�t�a�n�d�a�r�d� �A� �c�o�n�d�i�t�i�o�n�s� �(�3�.�6�)
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�4�0� 

�a�n�d� �b�y� 

�H�a� �=� �6�.�4�3�e�-�9�.�0�4�8�7�f� �f�o�r� �s�t�a�n�d�a�r�d� �B� �c�o�n�d�i�t�i�o�n�s�.� �(�3�.�7�)� 

�T�h�e� �a�t�m�o�s�p�h�e�r�i�c� �a�b�s�o�r�p�t�i�o�n�,� �A�a�,� �i�n� �d�B� �i�s� �g�i�v�e�n� �b�y� 

�A�a�=�Y�s� �L�e�.� �(�3�.�8�)� 

�T�h�e� �a�t�m�o�s�p�h�e�r�i�c� �a�t�t�e�n�u�a�t�i�o�n� �i�s� �d�e�r�i�v�e�d� �f�r�o�m� �e�q�u�a�t�i�o�n�s� �3�.�1� 

�t�h�r�o�u�g�h� �3�.�4� �a�n�d� �e�q�u�a�t�i�o�n�s� �3�.�7� �a�n�d� �3�.�8�.� 

�T�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �c�a�l�c�u�l�a�t�e�s� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� 

�a�t�m�o�s�p�h�e�r�i�c� �a�t�t�e�n�u�a�t�i�o�n� �b�a�s�e�d� �u�p�o�n� �t�h�e� �e�m�p�i�r�i�c�a�l�l�y� �d�e�r�i�v�e�d� 

�f�o�r�m�u�l�a�s�.� �T�h�e� �o�p�e�r�a�t�o�r� �s�e�l�e�c�t�s� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �s�t�a�n�d�a�r�d� �a�n�d� 

�t�h�e�n� �i�n�p�u�t�s� �t�h�e� �f�r�e�q�u�e�n�c�y� �a�n�d� �p�a�t�h� �e�l�e�v�a�t�i�o�n�.� �F�i�g�u�r�e�s� �3�.�1� �a�n�d� 

�3�.�3� �s�h�o�w� �t�h�e� �e�x�p�o�n�e�n�t�i�a�l� �c�u�r�v�e� �f�i�t� �w�i�t�h� �t�h�e� �e�m�p�i�r�i�c�a�l� �d�a�t�a�.� �N�o�t�e� 

�t�h�a�t� �t�h�e� �d�e�v�i�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �c�u�r�v�e�s� �b�e�c�o�m�e�s� �s�i�g�n�i�f�i�c�a�n�t� 

�f�o�r� �f�r�e�q�u�e�n�c�i�e�s� �a�b�o�v�e� �1�5� �G�H�z� �a�n�d� �l�e�s�s� �t�h�a�n� �1� �G�H�z�.� �T�h�e� �p�r�o�g�r�a�m� 

�e�n�s�u�r�e�s� �t�h�a�t� �t�h�e� �f�r�e�q�u�e�n�c�y� �a�n�d� �e�l�e�v�a�t�i�o�n� �s�e�l�e�c�t�e�d� �i�s� �w�i�t�h�i�n� �t�h�e� 

�s�p�e�c�i�f�i�e�d� �l�i�m�i�t�s�.



�C�h�a�p�t�e�r� �4�.�0� 

�A�t�m�o�s�p�h�e�r�i�c� �A�t�t�e�n�u�a�t�i�o�n� �C�a�l�c�u�l�a�t�i�o�n� 

�T�h�e� �a�t�m�o�s�p�h�e�r�i�c� �a�t�t�e�n�u�a�t�i�o�n� �c�a�l�c�u�l�a�t�i�o�n� �p�r�o�v�i�d�e�s� �g�r�e�a�t�e�r� 

�a�c�c�u�r�a�c�y� �o�v�e�r� �t�h�e� �a�t�m�o�s�p�h�e�r�i�c� �a�b�s�o�r�p�t�i�o�n� �e�s�t�i�m�a�t�e�.� �T�h�e� 

�a�t�t�e�n�u�a�t�i�o�n� �c�a�l�c�u�l�a�t�i�o�n� �i�s� �a�l�s�o� �n�o�t� �s�u�b�j�e�c�t� �t�o� �t�h�e� �s�t�r�i�n�g�e�n�t� 

�f�r�e�q�u�e�n�c�y� �l�i�m�i�t�s� �a�s� �w�a�s� �t�h�e� �e�s�t�i�m�a�t�e� �m�e�t�h�o�d�.� �T�h�e� �p�r�o�c�e�d�u�r�e� �f�o�r� 

�d�e�t�e�r�m�i�n�i�n�g� �a�t�m�o�s�p�h�e�r�i�c� �a�t�t�e�n�u�a�t�i�o�n� �i�s� �b�a�s�e�d� �u�p�o�n� �s�c�a�l�i�n�g� 

�a�f�f�e�c�t�e�d� �p�a�r�a�m�e�t�e�r�s� �f�r�o�m� �t�h�o�s�e� �e�s�t�a�b�l�i�s�h�e�d� �a�t� �a� �s�t�a�n�d�a�r�d� 

�c�o�n�d�i�t�i�o�n� �t�o� �t�h�e� �e�x�i�s�t�i�n�g� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�?� �T�h�e� �a�t�m�o�s�p�h�e�r�i�c� 

�l�o�s�s� �L�a� �i�s� �g�i�v�e�n� �b�y� 

�L�a� �=� �[�L�a� �+� �c�7�(�2�1� �-� �T�o�)� �+� �b�p�(�p�o�-�7�.�5�)�]�/�s�i�n�(�E�l�)�.� �(�4�.�1�)� 

�T�h�e� �z�e�n�i�t�h� �o�n�e�-�w�a�y� �a�t�t�e�n�u�a�t�i�o�n� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �p�a�r�a�m�e�t�e�r� 

�L�a ��.� �T�h�e� �v�a�l�u�e�s� �f�o�r� �t�h�e� �z�e�n�i�t�h� �a�t�t�e�n�u�a�t�i�o�n� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�1�.� 

�T�h�e� �a�l�t�i�t�u�d�e� �i�s� �t�h�e� �s�t�a�t�i�o�n� �h�e�i�g�h�t� �a�b�o�v�e� �s�e�a� �l�e�v�e�l�.� �F�i�g�u�r�e� �4�.�1� �m�a�y� 

�b�e� �a�l�s�o� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �t�o�t�a�l� �(�o�n�e�-�w�a�y�)� �z�e�n�i�t�h� �a�t�t�e�n�u�a�t�i�o�n�.� 

�T�h�e�s�e� �v�a�l�u�e�s� �a�r�e� �o�b�t�a�i�n�e�d� �f�o�r� �a� �m�o�d�e�r�a�t�e�l�y� �h�u�m�i�d� �a�t�m�o�s�p�h�e�r�e�.� 

�T�h�e� �a�t�m�o�s�p�h�e�r�i�c� �c�o�n�d�i�t�i�o�n�s� �t�h�a�t� �a�p�p�l�y� �i�n�c�l�u�d�e� �a� �s�u�r�f�a�c�e� �w�a�t�e�r� 

�v�a�p�o�r� �o�f� �7�.�5� �g�/�m�3� �a�n�d� �a� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�1�°�C�.� �T�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �c�o�r�r�e�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �c�r� �i�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �4�.�2�.� �T�h�e� 
� � 

�9� �T�r�i� �T�.� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 

�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �8�9� �-� �9�3�.� 

�4�1



�4�2� 

�T�a�b�l�e� �4�.�1� �T�y�p�i�c�a�l� �O�n�e�-�W�a�y� �C�l�e�a�r� �A�i�r� 
�T�o�t�a�l� �Z�e�n�i�t�h� �A�t�t�e�n�u�a�t�i�o�n� �V�a�l�u�e�s� 

� � 

�A�l�t�i�t�u�d�e� �(�k�m�)� 
�E�a�r�t�h� �S�t�a�t�i�o�n� �H�e�i�g�h�t� 
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� � � � 

�o�y� �0� �0�.�5� �|� �1�.�0� �2�.�0�]� �4�.�0� 

�1�0� �0�.�0�5�3� �|� �0�.�0�4�7� �|� �0�.�0�4�2� �|� �0�.�0�3�3�]� �0�.�0�2� 

�1�5� �0�.�0�8�4� �|� �0�.�0�7�1� �|� �0�.�0�6�1� �|� �0�.�0�4�4�]� �0�.�0�2�3� 

�2�0� �0�.�2�8� �|� �0�.�2�3� �|� �0�.�1�8� �|� �0�.�1�2�]� �0�.�0�5� 

�3�0� �0�.�2�4� �|� �0�.�1�9� �|� �0�.�1�6� �|� �0�.�1�0�]� �0�.�0�4�5� 

�4�0� �0�.�3�7� �|� �0�.�3�3� �|� �0�.�2�9� �|� �0�.�2�2�]� �0�.�1�3�5� 

�8�0� �1�.�3�0� �|� �1�.�0�8� �|� �0�.�9�0� �|� �0�.�6�2�]� �0�.�3�0� 

�9�0� �1�.�2�5� �|� �1�.�0�1� �|� �0�.�8�1� �|� �0�.�5�2�]� �0�.�2�2� 

�1�0�0� �1�.�4�1� �|� �1�.�1�4� �|� �0�.�9�2� �|� �0�.�5�9�]� �0�.�2�5� � � � � � � � � � � � � 
� 



�u�w� 
�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

� � 
�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

� � �1� �Q�k�m� �L�a�n� 

�,� 

�/� 

�J� 

�,� 

�S�t�e�n�d�e�r�d� �D�e�v�i�e�t�i�o�n� �w�i�t�h� 
�S�u�r�f�e�c�e� �T�e�m�p�e�r�e�t�u�r�e� �e�n�d� 

�
 
�
 

� � 
�
 
�
 

�
 
�
 

�H�e�g�n�t�s� �o�f� �|� �8� 

�4�,�0� 

 �� 
�\� 

�\� 
 �� 

�y� �|� 
 ��_� 

�
 
�
 

� � 
� � 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

� � 

� � 
�
 
�
 

� � � � 
�
 
�
 

�
 
�
 

� � 
�
 
�
 

�
 
�
 

� � 
� � � � 

� � 
� � 

�
 
�
 

� � � � � � 
� � 

� � � � 
�
 
�
 

�a
� 

�;� 
�x

�3
 �� 

�
o
�
e
�
 
�
a

�
 

�|� 
�
i
�
g

�
 

 �� 
�v

�~
�~

�S
� 

�\� 
�\� 

�S
�A

� 

�a�e� 
�s�s� 

�\�-� 
�a�N� 

�
r
�
s
�
 

�|� 
�4�}� 

�2�2� 

�p
�a

� 
�t� 

�i� 
�{�-� 

�T�p� 
�<

�2
� 

�:� 

�P�p� 
�f�o�f� 

�
a

�
 

�2
� �£�]� �|� �i�l� 

 ��5
�3

� 
�e

�r� 

�5� 
�a�2� 

�|� 
�8� 

�8� 
�-� 

�,� 
 �� 

�S� 
�8� 

�8� 
�(�@

�P�)�)� 
�=

�N
�O

�L
�L

�V
�O

�N
�I�L

�L
�V

� 
�H

�L�I�N
�S

�Z
� 

�(�A
�V

�M
�-�3

�N
�O

�)� 
�T

�W
�L

�O
�L

� 

�3�0� �5�0� �6�0� �7�0�8�0� �9�0�1�0�0� �1�0� 
�F�R�E�Q�U�E�N�C�Y� �(�G�H�z�)� 

�F�i�g�u�r�e� �4�.�1� �A�t�m�o�s�p�h�e�r�i�c� �A�t�t�e�n�u�a�t�i�o�n



�4�4� 

�p�a�r�a�m�e�t�e�r� �T�)� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�u�r�f�a�c�e� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �i�n� 

�d�e�g�r�e�e�s� �c�e�n�t�i�g�r�a�d�e�.� �T�h�e� �t�e�r�m� �c�r�(�2�1� �-� �T�y�)� �a�c�c�o�u�n�t�s� �f�o�r� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�u�r�f�a�c�e� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� 

�s�t�a�n�d�a�r�d�,� �w�h�i�c�h� �i�s� �2�1�°�C�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �b�p� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �w�a�t�e�r� 

�v�a�p�o�r� �d�e�n�s�i�t�y� �c�o�r�r�e�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�.� �T�h�e� �d�e�n�s�i�t�y� �c�o�r�r�e�c�t�i�o�n� 

�f�a�c�t�o�r�s� �a�r�e� �a�l�s�o� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�2�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �p�o� �r�e�p�r�e�s�e�n�t�s� 

�t�h�e� �s�u�r�f�a�c�e� �w�a�t�e�r� �v�a�p�o�r� �d�e�n�s�i�t�y�.� �T�h�e� �t�e�r�m� �b�p�(�p�o�-�7�.�5�)� �a�c�c�o�u�n�t�s� 

�f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�u�r�f�a�c�e� �w�a�t�e�r� �v�a�p�o�r� �d�e�n�s�i�t�y� �a�n�d� 

�t�h�e� �s�t�a�n�d�a�r�d�,� �w�h�i�c�h� �i�s� �7�.�5� �g�/�m�3�.� �T�h�e� �v�a�p�o�r� �d�e�n�s�i�t�y� �i�s� �g�i�v�e�n� �b�y� 

�P�o� �=� �h� �e ¬�,�/�0�.�4�6�(�T�9�+�2�7�3�)�.� �(�4�.�2�)� 

�T�h�e� �v�a�r�i�a�b�l�e� �h� �i�s� �t�h�e� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y�.� �T�h�e� �t�e�r�m� �e�g� �i�s� �t�h�e� 

�s�a�t�u�r�a�t�e�d� �p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e� �o�f� �w�a�t�e�r� �v�a�p�o�r� �(�N�/�m�2�)� �c�o�r�r�e�s�p�o�n�d�i�n�g� 

�t�o� �a� �l�o�c�a�l� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �T�p�.� �A�n� �a�p�p�r�o�x�i�m�a�t�i�o�n� �o�f� �t�h�e� 

�p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e� �i�s� �g�i�v�e�n� �b�y� 

�e�s� �=� �2�0�6�.�4�3�e�l� �0�.�0�3�5�4�T� �(�°�F�)� �(�4�.�3�)� 

�T�h�e� �d�e�s�i�g�n� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �a�t�m�o�s�p�h�e�r�i�c� 

�l�o�s�s� �f�r�o�m� �e�q�u�a�t�i�o�n�s� �4�.�1� �t�h�r�o�u�g�h� �4�.�3�.� �H�o�w�e�v�e�r� �t�h�e� �o�p�e�r�a�t�o�r� �i�s� 

�g�i�v�e�n� �t�h�e� �o�p�t�i�o�n� �o�f� �e�n�t�e�r�i�n�g� �t�h�e� �s�a�t�u�r�a�t�e�d� �w�a�t�e�r� �v�a�p�o�r� �d�i�r�e�c�t�l�y� 

�a�s� �o�p�p�o�s�e�d� �t�o� �c�a�l�c�u�l�a�t�i�n�g� �a�n� �e�s�t�i�m�a�t�e�.� �T�h�e� �s�a�t�u�r�a�t�e�d� �p�a�r�t�i�a�l



�4�5� 

�T�a�b�l�e� �4�.�2� �W�a�t�e�r� �V�a�p�o�r� �D�e�n�s�i�t�y� �a�n�d� 

�T�e�m�p�e�r�a�t�u�r�e� �C�o�r�r�e�c�t�i�o�n� �C�o�e�f�f�i�c�i�e�n�t�s� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � 

�F�r�e�q�u�e�n�c�y� �W�a�t�e�r� �V�a�p�o�r� �D�e�n�s�i�t�y�}� �T�e�m�p�e�r�a�t�u�r�e� 
�(�G�H�z�)� �C�o�r�r�e�c�t�i�o�n� �b� �C�o�r�r�e�c�t�i�o�n� �c�y� 

�1�0� �2�.�1�0� �x� �1�0�3� �2�.�6�0� �x� �1�0�°�*� 

�1�5� �6�.�3�4� �x� �1�0�°� �4�.�5�5� �x� �1�0�-�4� 

�2�0� �3�.�4�6� �x� �1�0�°� �1�.�5�5� �x� �1�0�7�3� 

�3�0� �2�.�3�7� �x� �1�0�°� �1�.�3�3� �x� �1�0�7�3� 

�4�0� �2�.�7�5� �x� �1�0� �1�.�9�7� �x� �1�0�-�3� 

�-�2� �3� 
�8�0� �9�.�5�9� �x� �1�0� �5�.�8�6� �x� �1�0� 

�9�0� �1�.�2�2� �x� �1�0�°�!� �5�.�7�4� �x� �1�0�7�3� 

�1�0�0� �1�.�5�0� �x� �1�0�°�!� �6�.�3�0� �x� �1�0�7�3� � � � � � � � 



�4�6� 

�p�r�e�s�s�u�r�e� �o�f� �w�a�t�e�r� �v�a�p�o�r� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �s�a�t�u�r�a�t�e�d� �s�t�e�a�m� 

�t�a�b�l�e�s�,� �!�°� 

� � 

�1�0� �G�o�r�d�o�n� �j�J�.� �V�a�n� �W�y�l�e�n� �a�n�d� �R�i�c�h�a�r�d� �E�.� �S�o�n�n�t�a�g�,� �F�u�n�d�a�m�e�n�t�a�l�s� �o�f� �c�l�a�s�s�i�c�a�l� 

�t�h�e�r�m�o�d�y�n�a�m�i�c�s�,� �N�e�w� �Y�o�r�k�:� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �I�n�c�.�,� �1�9�7�6�,� �p�p� �6�4�5� �-� �6�5�0�.



�C�h�a�p�t�e�r� �5�.�0� 

�P�a�t�h� �S�i�t�e� �D�i�v�e�r�s�i�t�y� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �r�a�i�n� �c�a�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�m�p�e�d�e� �a� 

�c�o�m�m�u�n�i�c�a�t�i�o�n�s� �l�i�n�k� �b�e�t�w�e�e�n� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �a�n�d� �t�h�e� �s�a�t�e�l�l�i�t�e�.� 

�S�i�t�e� �p�a�t�h� �d�i�v�e�r�s�i�t�y� �t�s� �o�n�e� �m�e�t�h�o�d� �o�f� �r�e�d�u�c�i�n�g� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� 

�c�o�m�m�u�n�i�c�a�t�i�o�n� �o�u�t�a�g�e�s� �b�e�c�a�u�s�e� �o�f� �r�a�i�n�.� �T�w�o� �e�a�r�t�h� �s�t�a�t�i�o�n�s� �a�r�e� 

�l�o�c�a�t�e�d� �i�n� �c�l�o�s�e� �p�r�o�x�i�m�i�t�y� �s�u�c�h� �t�h�a�t� �t�h�e�y� �a�r�e� �c�a�n� �c�o�m�m�u�n�i�c�a�t�e� 

�t�h�r�o�u�g�h� �t�h�e� �s�a�m�e� �t�r�a�n�s�p�o�n�d�e�r�.� �S�i�n�c�e� �h�e�a�v�y� �r�a�i�n� �o�c�c�u�r�s� �i�n� 

�S�p�a�t�i�a�l�l�y� �l�i�m�i�t�e�d� �a�r�e�a�s�,� �t�h�e�r�e� �i�s� �a� �g�o�o�d� �c�h�a�n�c�e� �t�h�a�t� �b�o�t�h� �s�i�t�e�s� �w�i�l�l� 

�n�o�t� �b�e� �e�q�u�a�l�l�y� �a�f�f�e�c�t�e�d�.� �T�h�i�s� �p�r�o�b�a�b�i�l�i�t�y� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �s�i�t�e� 

�s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e�.� �S�i�t�e� �d�i�v�e�r�s�i�t�y� �i�s� �a� �m�e�t�h�o�d� �o�f� �d�e�t�e�r�m�i�n�i�n�g� 

�t�h�e� �l�i�n�k� �b�u�d�g�e�t� �g�a�i�n� �w�h�e�n� �t�h�e� �c�o�m�m�u�n�i�c�a�t�i�o�n�s� �s�y�s�t�e�m� �e�m�p�l�o�y�s� 

�t�w�o� �s�i�t�e�s�.� �T�h�e� �d�i�v�e�r�s�i�t�y� �g�a�i�n� �i�n�c�r�e�a�s�e� �i�n� �d�B� �i�s� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �a�n� 

�e�m�p�i�r�i�c�a�l� �m�o�d�e�l�,� �d�e�v�e�l�o�p�e�d� �b�y� �H�o�d�g�e�,�!�!� �a�n�d� �i�s� �s�h�o�w�n� �b�y� 

�G�p� �=� �a�(�1� �-� �e�b� �4�)� �(�5�.�1�)� 

�T�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �a �� �a�n�d� �b�'� �a�r�e� �g�i�v�e�n� �b�y� 

�a�'�=�L�,� �-� �3�.�6�(�1� �-� �e�°�-�9�-�2�4�L�r�)� �a�n�d� �(�5�.�2�)� 

� � 

�1� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k�:� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �3�4�5� �-� �3�4�6�.� 

�4�7



�4�8� 

�b�'� �=� �0�.�4�6�(� �1� �-� �e�-�0�.�2�6�L�r� �)�,� �(�5�.�3�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �L�;� �i�s� �t�h�e� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s� �i�n� �d�B�.� �T�h�e� 

�p�a�r�a�m�e�t�e�r� �d� �i�s� �t�h�e� �s�i�t�e� �s�e�p�a�r�a�t�i�o�n� �i�n� �k�m�.� 

�A�n�o�t�h�e�r� �e�m�p�i�r�i�c�a�l� �m�o�d�e�l� �i�n�c�l�u�d�e�s� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� 

�f�r�e�q�u�e�n�c�y�,� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e� �a�n�d� �t�h�e� �b�a�s�e�l�i�n�e�-�t�o�-�p�a�t�h� �a�n�g�l�e�.�!�4� 

�T�h�e� �d�i�v�e�r�s�i�t�y� �g�a�i�n� �o�f� �t�h�i�s� �m�o�d�e�l� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� 

�G�p� �=� �G�g�G�r�G�E�i�G�y�.� �(�5�.�4�)� 

�T�h�e� �t�e�r�m� �G�g� �i�s� �s�h�o�w�n� �b�y� 

�G�g� �=� �a�(�1� �-� �e�b�)�.� �(�5�.�5�)� 

�T�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �a� �a�n�d� �b� �a�r�e� �e�x�p�r�e�s�s�e�d� �b�y� 

�a�=�0�.�6�4�L�,� �-� �1�.�6�(�1� �-�e�7�9�-�!�1�L�r�)� �a�n�d� �(�5�.�6�)� 

�b� �=� �5�.�8�5�(�1� �-� �e�(�9�-�9�8�L�r�)�.� �(�5�.�7�)� 

�T�h�e� �f�r�e�q�u�e�n�c�y� �g�a�i�n� �G�f� �i�s� �s�h�o�w�n� �b�y� 

�G�r� �=� �1�.�6�4�e�-�9�.�0�2�5�f� �(�5�.�8�)� 

� � 

�1�2� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k�:� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �3�4�6� �-� �3�4�7�.



�4�9� 

�T�h�e� �e�l�e�v�a�t�i�o�n� �g�a�i�n�,� �G�r�p�,� �i�s� �g�i�v�e�n� �b�y� 

�G�E� �=� �0�.�0�0�4�9�2�E�l� �+� �0�.�8�3�4�.� �(�5�.�9�)� 

�T�h�e� �b�a�s�e�l�i�n�e�-�t�o�-�p�a�t�h� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �G�y� �a�n�d� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� 

�G�u� �=� �0�.�0�0�1�7�7�y� �+� �0�.�8�8�7�.� �(�5�.�1�0�)� 

�T�h�e� �b�a�s�e�l�i�n�e� �i�s� �t�h�e� �s�t�r�a�i�g�h�t� �l�i�n�e� �t�h�a�t� �j�o�i�n�s� �t�h�e� �t�w�o� �s�i�t�e�s�.� �T�h�e� 

�b�a�s�e�l�i�n�e�-�t�o�-�p�a�t�h� �a�n�g�l�e� �w�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �l�a�w� �o�f� �c�o�s�i�n�e�s�.� 

�T�h�i�s� �a�n�g�l�e� �i�s� �g�i�v�e�n� �b�y� 

�c�o�s�-�!�(�p�a�)�=� �(�d�2� �+� �d�y�4� �-� �d�o�2�)�/�2� �d� �d�y�.� �(�5�.�1�1�)� 

�T�h�e� �p�a�t�h� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �f�i�r�s�t� �e�a�r�t�h� �s�t�a�t�i�o�n� �t�o� �t�h�e� �s�a�t�e�l�l�i�t�e� �i�s� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �d�;�.� �T�h�e� �p�a�t�h� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�e�c�o�n�d� �e�a�r�t�h� 

�S�t�a�t�i�o�n� �t�o� �t�h�e� �s�a�t�e�l�l�i�t�e� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �d�z�.� �T�h�e� �v�a�r�i�a�b�l�e� �d� 

�r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�i�t�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e�.� 

�T�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �i�m�p�l�e�m�e�n�t�s� �b�o�t�h� �m�o�d�e�l�s�.� �T�h�e� 

�p�r�o�g�r�a�m� �c�a�l�c�u�l�a�t�e�s� �t�h�e� �e�l�e�v�a�t�i�o�n� �a�n�g�l�e� �a�n�d� �d�i�s�t�a�n�c�e� �o�f� �e�a�c�h� �s�i�t�e� 

�t�o� �t�h�e� �s�a�t�e�l�l�i�t�e�.� �T�h�e� �p�r�o�g�r�a�m� �a�l�s�o� �e�s�t�i�m�a�t�e�s� �t�h�e� �s�e�p�a�r�a�t�i�o�n� 

�d�i�s�t�a�n�c�e� �b�a�s�e�d� �u�p�o�n� �e�a�c�h� �e�a�r�t�h� �s�t�a�t�i�o�n� �l�a�t�i�t�u�d�e� �a�n�d� �l�o�n�g�i�t�u�d�e� 

�l�o�c�a�t�i�o�n� �w�h�e�n� �t�h�e� �e�x�a�c�t� �d�i�s�t�a�n�c�e� �i�s� �n�o�t� �k�n�o�w�n�.� �O�n�e� �d�e�g�r�e�e� �o�f� 

�l�a�t�i�t�u�d�e� �i�s� �e�q�u�a�l� �t�o� �6�0� �n�a�u�t�i�c�a�l� �m�i�l�e�s� �o�r� �6�9� �s�t�a�t�u�t�e� �m�i�l�e�s�.� �T�h�e� 

�d�e�g�r�e�e�s� �o�f� �l�o�n�g�i�t�u�d�e� �v�a�r�y�.� �O�n�e� �d�e�g�r�e�e� �o�f� �l�o�n�g�i�t�u�d�e� �e�q�u�a�l�s� �o�n�e



�5�0� 

�d�e�g�r�e�e� �o�f� �l�a�t�i�t�u�d�e� �a�t� �t�h�e� �e�q�u�a�t�o�r�.� �A�t� �4�5�°� �n�o�r�t�h� �l�a�t�i�t�u�d�e� �o�n�e� 

�d�e�g�r�e�e� �o�f� �l�o�n�g�i�t�u�d�e� �e�q�u�a�l�s� �4�9� �s�t�a�t�u�t�e� �m�i�l�e�s�.� �A�t� �o�n�e� �m�i�l�e� �f�r�o�m� 

�t�h�e� �p�o�l�e� �o�n�e� �d�e�g�r�e�e� �o�f� �l�o�n�g�i�t�u�d�e� �i�s� �o�n�l�y� �3�0� �y�a�r�d�s�.� �T�h�e� �p�r�o�g�r�a�m� 

�a�s�s�u�m�e�s� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �t�s� �i�n� �t�h�e� �4�5�°� �n�o�r�t�h� �l�a�t�i�t�u�d�e� �r�e�g�i�o�n� �a�n�d� 

�e�q�u�a�t�e�s� �o�n�e� �d�e�g�r�e�e� �o�f� �l�o�n�g�i�t�u�d�e� �a�s� �4�9� �m�i�l�e�s�.� �W�h�e�n� �t�h�e� �e�x�a�c�t� 

�s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �i�s� �k�n�o�w�n�,� �t�h�e� �d�e�s�i�g�n�e�r� �c�a�n� �i�n�p�u�t� �t�h�a�t� 

�s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �d�i�r�e�c�t�l�y�.� �T�h�e� �o�p�e�r�a�t�o�r� �i�n�p�u�t�s� �t�h�e� �s�a�t�e�l�l�i�t�e� 

�a�n�d� �s�i�t�e� �p�o�s�i�t�i�o�n�s�,� �t�h�e� �l�i�n�k� �f�r�e�q�u�e�n�c�y�,� �a�n�d� �t�h�e� �s�e�p�a�r�a�t�i�o�n� 

�d�i�s�t�a�n�c�e� �w�h�e�n� �i�t�s� �v�a�l�u�e� �i�s� �a�v�a�i�l�a�b�l�e�.� �T�h�e� �d�i�v�e�r�s�i�t�y� �g�a�i�n� �i�s� �t�h�e�n� 

�d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �e�q�u�a�t�i�o�n�s� �5�.�1� �t�h�r�o�u�g�h� �5�.�1�1�.



�C�h�a�p�t�e�r� �6�.�0� 

�L�i�n�k� �B�u�d�g�e�t� �C�a�l�c�u�l�a�t�i�o�n�s� 

�T�h�e� �g�o�a�l� �o�f� �a� �s�a�t�e�l�l�i�t�e� �s�y�s�t�e�m� �i�s� �t�o� �e�n�s�u�r�e� �t�h�e� 

�c�o�m�m�u�n�i�c�a�t�i�o�n�s� �l�i�n�k� �i�s� �r�e�l�i�a�b�l�e� �a�n�d� �s�u�s�t�a�i�n�a�b�l�e�.� �S�a�t�e�l�l�i�t�e� �l�i�n�k� 

�b�u�d�g�e�t� �e�q�u�a�t�i�o�n�s� �p�r�o�v�i�d�e� �a� �m�e�t�h�o�d� �t�h�a�t� �p�r�e�d�i�c�t�s� �t�h�e� �a�b�i�l�i�t�y� �o�f� �a� 

�s�y�s�t�e�m� �t�o� �s�u�p�p�o�r�t� �s�a�t�i�s�f�a�c�t�o�r�y� �c�o�m�m�u�n�i�c�a�t�i�o�n�s�.� �T�h�e� 

�p�e�r�f�o�r�m�a�n�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �b�o�t�h� �t�h�e� �s�a�t�e�l�l�i�t�e� 

�u�p�l�i�n�k� �a�n�d� �d�o�w�n�l�i�n�k�.� �T�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� �s�y�s�t�e�m� �u�p�l�i�n�k� �e�n�s�u�r�e�s� 

�t�h�e� �g�r�o�u�n�d� �s�t�a�t�i�o�n� �i�s� �a�b�l�e� �t�o� �t�r�a�n�s�m�i�t� �a� �s�i�g�n�a�l� �o�f� �s�u�f�f�i�c�i�e�n�t� �p�o�w�e�r� 

�i�n� �o�r�d�e�r� �f�o�r� �t�h�e� �s�a�t�e�l�l�i�t�e� �t�o� �r�e�c�e�i�v�e� �t�h�a�t� �s�i�g�n�a�l�.� �A� �m�a�j�o�r� 

�c�o�m�p�o�n�e�n�t� �i�n� �t�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� �u�p�l�i�n�k� �p�o�r�t�i�o�n� �i�s� �t�h�e� �e�a�r�t�h� 

�s�t�a�t�i�o�n� �a�n�t�e�n�n�a�.� �T�h�e� �t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �g�a�i�n�,� �G�r�y�,� �i�s� �g�i�v�e�n� �b�y� 

�G�t�x� �=� �n�T�(�4�N�A�/�w�?�2�)�.� �(�6�.�1�)� 

�T�h�e� �v�a�r�i�a�b�l�e� �n�t� �i�s� �t�h�e� �t�o�t�a�l� �e�f�f�i�c�i�e�n�c�y� �o�f� �t�h�e� �a�n�t�e�n�n�a�.� �S�o�m�e� 

�f�a�c�t�o�r�s� �t�h�a�t� �a�f�f�e�c�t� �t�h�e� �a�n�t�e�n�n�a� �e�f�f�i�c�i�e�n�c�y� �a�r�e� �t�h�e� �m�a�i�n� �r�e�f�l�e�c�t�o�r� 

�i�l�l�u�m�i�n�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�,� �t�h�e� �r�e�f�l�e�c�t�o�r� �s�u�r�f�a�c�e� �t�o�l�e�r�a�n�c�e� �e�f�f�i�c�i�e�n�c�y�,� 

�t�h�e� �p�h�a�s�e� �e�f�f�i�c�i�e�n�c�y�,� �a�n�d� �t�h�e� �s�p�i�l�l�o�v�e�r� �e�f�f�i�c�i�e�n�c�y�.� �T�h�e� 

�s�u�b�r�e�f�l�e�c�t�o�r� �a�n�d� �s�u�p�p�o�r�t� �s�t�r�u�c�t�u�r�e� �b�l�o�c�k�i�n�g� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �t�h�e� 

�f�e�e�d� �s�y�s�t�e�m� �d�i�s�s�i�p�a�t�i�v�e� �e�f�f�i�c�i�e�n�c�y� �a�l�s�o� �a�d�d� �t�o� �t�h�e� �t�o�t�a�l� �a�n�t�e�n�n�a� 

�5�1



�5�2� 

�e�f�f�i�c�i�e�n�c�y�.�!�3� �T�h�e� �t�o�t�a�l� �e�f�f�i�c�i�e�n�c�y� �i�s� �g�e�n�e�r�a�l�l�y� �t�a�k�e�n� �t�o� �b�e� �a�b�o�u�t� 

�s�i�x�t�y� �p�e�r�c�e�n�t�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �A� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�p�e�r�t�u�r�e� �a�r�e�a� �o�f� 

�t�h�e� �a�n�t�e�n�n�a�.� �T�h�i�s� �i�s� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� �d�i�s�h�.� �T�h�e� 

�r�e�m�a�i�n�i�n�g� �v�a�r�i�a�b�l�e� �w� �i�s� �t�h�e� �f�r�e�e� �s�p�a�c�e� �w�a�v�e�l�e�n�g�t�h� �t�h�a�t� �i�s� �e�q�u�a�l� 

�t�o� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �s�p�e�e�d� �o�f� �l�i�g�h�t� �i�n� �m�/�s�e�c�?� �a�n�d� �f�r�e�q�u�e�n�c�y� �i�n� 

�h�e�r�t�z�.� �T�h�e� �s�p�e�e�d� �o�f� �l�i�g�h�t� �i�s� �e�q�u�a�l� �t�o� �3� �x� �1�0�8� �m�/�s�e�c�.� �T�h�e� 

�t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �g�a�i�n� �e�q�u�a�t�i�o�n� �i�s� �r�e�w�r�i�t�t�e�n� �i�n� �d�B� �f�o�r�m�a�t� �a�n�d� �i�s� 

�s�h�o�w�n� �b�y� 

�T�h�e� �v�a�r�i�a�b�l�e� �f�y� �i�s� �t�h�e� �u�p�l�i�n�k� �f�r�e�q�u�e�n�c�y� �i�n� �G�H�z�.� �T�h�e� �v�a�r�i�a�b�l�e� �D�r�y� 

�i�s� �t�h�e� �a�n�t�e�n�n�a� �d�i�a�m�e�t�e�r� �i�n� �m�e�t�e�r�s�.� �T�h�e� �r�e�c�e�i�v�e� �a�n�t�e�n�n�a� �g�a�i�n� �h�a�s� 

�t�h�e� �s�a�m�e� �f�o�r�m�a�t� �a�s� �t�h�e� �t�r�a�n�s�m�i�t� �g�a�i�n�.� �T�h�e� �r�e�c�e�i�v�e� �a�n�t�e�n�n�a� �g�a�i�n� 

�i�s� �g�i�v�e�n� �b�y� 

�G�r�x� �=� �2�0�l�o�g�(�1�0�.�5� �f�g� �D�r�x�)� �+� �1�0�l�o�g�(�n�z�)�.� �(�6�.�3�)� 

�T�h�e� �v�a�r�i�a�b�l�e� �f�g� �i�s� �t�h�e� �d�o�w�n�l�i�n�k� �f�r�e�q�u�e�n�c�y� �a�n�d� �D�p�,� �i�s� �t�h�e� �r�e�c�e�i�v�e� 

�a�n�t�e�n�n�a� �d�i�a�m�e�t�e�r�.� 

�T�h�e� �f�r�e�e� �s�p�a�c�e� �l�o�s�s� �a�c�c�o�u�n�t�s� �f�o�r� �t�h�e� �w�a�y� �e�n�e�r�g�y� �i�s� �s�p�r�e�a�d� 

�o�u�t� �a�s� �t�h�e� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �w�a�v�e�s� �t�r�a�v�e�l� �f�r�o�m� �t�h�e� �t�r�a�n�s�m�i�t�t�i�n�g� 

� � 

�1�3� �T�e�i� �T�.� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 

�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �7�7�.



�5�3� 

�s�o�u�r�c�e� �t�h�r�o�u�g�h� �t�h�e� �m�e�d�i�u�m� �o�f� �s�p�a�c�e�.�!�4� �T�h�e� �f�r�e�e� �s�p�a�c�e� �l�o�s�s� �i�s� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �L�r�,� �a�n�d� �i�s� �s�h�o�w�n� �b�y� 

�L�e�s� �=� �[�w�/�4�1�I�d�]�°�2�.� �(�6�.�4�)� 

�T�h�e� �v�a�r�i�a�b�l�e� �d� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �p�a�t�h� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �e�a�r�t�h� 

�s�t�a�t�i�o�n� �t�o� �t�h�e� �s�a�t�e�l�l�i�t�e�.� �T�h�e� �f�r�e�e� �s�p�a�c�e� �l�o�s�s�,� �i�n� �t�h�e� �d�B� �f�o�r�m�a�t�,� �i�s� 

�g�i�v�e�n� �b�y� 

�L�e�s� �=� �9�2�.�4�5� �+� �2�0�1�0�g�(�f�o�y�7�)� �+� �2�0�1�0�8� �(�d�y� �m�)�.� �(�6�.�5�)� 

�T�h�e� �f�r�e�q�u�e�n�c�y� �i�s� �e�n�t�e�r�e�d� �i�n� �G�H�z� �a�n�d� �t�h�e� �p�a�t�h� �d�i�s�t�a�n�c�e� �i�n� �k�m�.� 

�T�h�e� �c�o�n�s�t�a�n�t� �t�e�r�m� �9�2�.�4�5� �a�c�c�o�u�n�t�s� �f�o�r� �t�h�e� �s�p�e�e�d� �o�f� �l�i�g�h�t� �v�a�l�u�e�,� 

�a�n�d� �t�h�e� �4�m� �t�e�r�m�.� �T�h�i�s� �c�o�n�s�t�a�n�t� �a�l�l�o�w�s� �t�h�e� �o�p�e�r�a�t�o�r� �t�o� �e�n�t�e�r� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �i�n� �u�n�i�t�s� �o�f� �g�i�g�a�h�e�r�t�z� �a�n�d� �t�h�e� �p�a�t�h� �d�i�s�t�a�n�c�e� �i�n� �u�n�i�t�s� �o�f� 

�k�i�l�o�m�e�t�e�r�s�.� 

�T�h�e� �s�y�s�t�e�m� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �c�a�l�c�u�l�a�t�e�d� �t�o� �f�i�n�d� �t�h�e� 

�c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�.� �T�h�e� �s�y�s�t�e�m� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� 

�c�o�m�p�r�i�s�e�d� �o�f� �t�h�e� �a�n�t�e�n�n�a� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e� �l�o�w� �n�o�i�s�e� 

�a�m�p�l�i�f�i�e�r� �t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e� �l�i�n�e� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� �l�i�n�e� 

�l�o�s�s�.� �N�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �a� �c�o�n�c�e�p�t� �t�h�a�t� �p�r�o�v�i�d�e�s� �a� �m�e�a�n�s� �o�f� 

�c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �t�h�e�r�m�a�l� �n�o�i�s�e� �g�e�n�e�r�a�t�e�d� �b�y� �a�c�t�i�v�e� �a�n�d� �p�a�s�s�i�v�e� 

� � 

�1�4� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k�:� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�1�0�.



�5�4� 

�d�e�v�i�c�e�s� �i�n� �t�h�e� �r�e�c�e�i�v�i�n�g� �s�y�s�t�e�m�.� �!�5� 

�T�h�e� �a�n�t�e�n�n�a� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� 

�a�m�b�i�e�n�t� �a�n�d� �a�t�m�o�s�p�h�e�r�i�c� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e� �s�k�y� �n�o�i�s�e� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� �s�i�d�e�l�o�b�e� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� 

�a�t�m�o�s�p�h�e�r�i�c� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �T�,�;�,�,� �i�s� �g�i�v�e�n� �b�y� 

�T�a�t�m� �=� �l�o�l�l� �-� �1�/�L�a�t�m�)�,� �w�h�e�r�e� �(�6�.�6�)� 

�T�y� �i�s� �t�h�e� �a�m�b�i�e�n�t� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �d�e�g�r�e�e�s� �K�e�l�v�i�n� �a�n�d� �L�a�t�m� 

�i�s� �t�h�e� �a�t�m�o�s�p�h�e�r�i�c� �a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s� �i�n� �r�a�t�i�o�.� �T�h�e� �a�m�b�i�e�n�t� �n�o�i�s�e� 

�t�e�m�p�e�r�a�t�u�r�e� �i�s� �u�s�u�a�l�l�y� �2�9�0�°�K�.� �T�h�e� �a�t�m�o�s�p�h�e�r�i�c� �l�o�s�s� �i�n� �r�a�t�i�o� �i�s� 

�s�h�o�w�n� �b�y� 

�L�a�t�m�=�1� �0�l�L�a�l�d�B�)�/� �1�0�1�.� �(�6�.�7�)� 

�T�h�e� �s�k�y� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �T�g�y�y� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�g�u�r�e� �6�.�1�.� �T�h�i�s� 

�f�i�g�u�r�e� �s�h�o�w�s� �t�h�e� �s�k�y� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �v�e�r�s�u�s� �f�r�e�q�u�e�n�c�y�.�!�6� 

�T�r�a�n�s�m�i�s�s�i�o�n� �w�a�v�e�f�o�r�m�s� �c�o�n�t�a�i�n� �s�o�m�e� �e�n�e�r�g�y� �i�n� �t�h�e� 

�g�e�n�e�r�a�t�e�d� �s�i�d�e�l�o�b�e�s�.� �T�h�e� �e�n�e�r�g�y� �w�i�t�h�i�n� �t�h�e�s�e� �s�i�d�e�l�o�b�e�s� �c�a�n� 

�c�a�u�s�e� �s�o�m�e� �n�o�i�s�e� �i�n�t�e�r�f�e�r�e�n�c�e� �t�o� �a�d�j�a�c�e�n�t� �s�y�s�t�e�m�s� �i�n� �a�d�d�i�t�i�o�n� �t�o� 
� � 

�1�5� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k�:� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�1�3� �-� �1�1�7�.� 

�1�6� �L�o�u�i�s� �J�.� �I�p�p�o�l�i�t�o�,� �R�.� �D�.� �K�a�u�l� �a�n�d� �R�.� �G�.� �W�a�l�l�a�c�e�,� �P�r�o�p�a�g�a�t�i�o�n� �E�f�f�e�c�t�s� 

�H�a�n�d�b�o�o�k� �f�o�r� �S�a�t�e�l�l�i�t�e� �S�y�s�t�e�m�s� �D�e�s�i�g�n� �(�N�A�S�A� �R�e�f�e�r�e�n�c�e� �P�u�b�l�i�c�a�t�i�o�n� �1�0�8�2�)�,� 

�W�a�s�h�i�n�g�t�o�n� �D�.�C�.� �:� �N�a�t�i�o�n�a�l� �A�e�r�o�n�a�u�t�i�c�s� �a�n�d� �S�p�a�c�e� �A�d�m�i�n�i�s�t�r�a�t�i�o�n�,� �1�9�8�1� �p�p� �3�3�4�.
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�5�6� 

�i�n�c�r�e�a�s�i�n�g� �t�h�e� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �i�t�s� �o�w�n� �s�a�t�e�l�l�i�t�e� �s�y�s�t�e�m�.� �T�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �n�o�i�s�e� �c�a�u�s�e�d� �b�y� �t�h�e� �s�i�d�e�l�o�b�e�s� �T�s�q�j�p� �i�s� �t�y�p�i�c�a�l�l�y� 

�2�0�°�K�.� �T�h�e� �a�n�t�e�n�n�a� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �g�i�v�e�n� �b�y� 

�T�a�n�t� �=� �I�s�k�y�/�L�a�t�m� �+� �T�a�t�m� �+�T�s�d�i�b�.�-� �(�6�.�8�)� 

�F�i�g�u�r�e� �6�.�2� �s�h�o�w�s� �t�h�e� �r�e�c�e�i�v�e� �s�y�s�t�e�m� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� 

�c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �e�f�f�e�c�t�i�v�e� �a�n�t�e�n�n�a� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �g�i�v�e�n� 

�b�y� 

�T�a�n�t�e�f�r� �=� �T�a�n�t�/�L�t�i�i�n�e�.� �(�6�.�9�)� 

�T�h�e� �e�f�f�e�c�t�i�v�e� �l�i�n�e� �t�e�m�p�e�r�a�t�u�r�e� �n�o�i�s�e� �i�s� �s�h�o�w�n� �b�y� 

�T�i�i�n�e�,�e�f�f� �=� �T�i�i�n�e�l�l� �-� �1�/�L�t�i�n�e�l�.� �(�6�.�1�0�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �T�i�n�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �r�e�c�e�i�v�e� �c�h�a�n�n�e�l�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �l�i�n�e� 

�l�o�s�s�e�s� �a�r�e� �s�h�o�w�n� �b�y� �L�i�n�e�.� �T�h�e� �l�i�n�e� �l�o�s�s�e�s� �i�n� �e�q�u�a�t�i�o�n�s� �6�.�9� �a�n�d� 

�6�.�1�0� �a�r�e� �i�n� �r�a�t�i�o�.� �T�h�e� �a�m�p�l�i�f�i�e�r� �s�t�a�g�e�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.�3�.� 

�T�h�e� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �f�i�r�s�t� �s�t�a�g�e�'�s� �l�o�w� �n�o�i�s�e� �a�m�p�l�i�f�i�e�r� �i�s� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �p�a�r�a�m�e�t�e�r� �T�i�n�a� �a�n�d� �i�t�s� �g�a�i�n� �b�y� �G�u�n�a�.� �T�h�e� 

�n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�e�c�o�n�d� �s�t�a�g�e�'�s� �l�o�w� �n�o�i�s�e� �a�m�p�l�i�f�i�e�r� �i�s� 

�s�h�o�w�n� �b�y� �T�2�,�N�n�a� �a�n�d� �i�t�s� �g�a�i�n� �b�y� �G�2�p�n�a�.� �T�h�e� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� 

�o�f� �t�h�e� �t�h�i�r�d� �s�t�a�g�e ��'�s� �l�o�w� �n�o�i�s�e� �a�m�p�l�i�f�i�e�r� �i�s� �e�x�p�r�e�s�s�e�d� �b�y� �T�3�L�N�A



�5�7� 

�>� �Q
�U

�R
�]�d� �d�U

�D
�d�I�I�J�O

�Y
� 

�
 
�
 

�
 
�
 

� � �I�D
�A

�I�I�N
�I�D

�Y
� 

�¢�-� 

� � 
�
 
�
 � � 

 ��a
�y

� 

�
 
�
 

� � 
�o�u�l�]� 

� � 
�
 
�
 

�D
�A

�I�J�I�O
�J�J�O

 ��O
�U

�l�]� 
�L� 

�}� �u�e� 

�e
�u

�u
�d

�U
�u

�y



�5�8� 
�
 
�
 

�S�o�s�e�l�§� �J�o�i�j�m
�d�u�r�y� 

�W
�o�j�s�k�g� 

�e�u�u�o�j�u�y� 
�A

�l�O
�0�0�y� 

�C
�O

� �O
�I�n�s�l�y� 

�Y�N�1�T�g� �=�o�i�n�j�e�r�o�d�w
�a�y� 

 � �� �@
�p�=�o�i�n�j�e�r�o�d�w

�a�y� 
�Y

�N
�i�=

�o
�n

�y�e
�r�o

�d
�w

�a
�y� 

�V
�N

�I� �E
�Q

�=
�u

�l�e
�y

� 
�W

�h�o� 
�u

�r�e
� 

�
 
�
 

�
 
�
 

�J�o�r�j�i�j�d�u�y� 
�9�3�8�1�S

� 

�P
�I�U

� 
�L� 

� � 
� � � � 

�l�o�i�j�i�j�d�w
�y� 

�9�3�8�1�S
� 

�p�u�o�s�s�s� � � 
�
 
�
 

�
 
�
 

�Y
�N

�I�p ��u�l�e�n� 
�
 
�
 

� � 
�I�o�1�j�i�j�d�w

�y� 
�O

�S
�I�O

�N
� 

�M
�O

�T
� 

 ��a
�y

� 

� � 
�
 
�
 

�y
�n

�o
� 

�L� 
� � 

�o�3�e�1�s� 
�a�3�e�1�s� 

�9�3�e�1�S
� 

�P
�i�e� 

�p
�u

�z� 
�I�S�|� 

�X�Y� 
�L

� 
�+� 

�L
�t� 

�
L
�
F



�5�9� 

�a�n�d� �i�t�s� �g�a�i�n� �b�y� �G�3�p�n�a�.� �T�h�i�s� �c�o�n�v�e�n�t�i�o�n� �w�o�u�l�d� �c�o�n�t�i�n�u�e� �f�o�r� �t�h�e� 

�t�o�t�a�l� �n�u�m�b�e�r� �o�f� �s�t�a�g�e�s� �c�o�n�t�a�i�n�e�d� �w�i�t�h�i�n� �t�h�e� �r�e�c�e�i�v�e�r�.� �T�h�e� 

�r�e�c�e�i�v�e�r� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �g�i�v�e�n� �b�y� 

�T�r�x� �=� �T�L�N�A� �+� �1�2�/�G�L�N�A� �+� �T�3�/�G�2�L�N�A� �G�L�N�A�T�.�.� �(�6�.�1�1�)� 

�T�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �s�t�a�g�e� �g�a�i�n� �i�s� �u�s�u�a�l�l�y� �m�u�c�h� �g�r�e�a�t�e�r� �t�h�a�n� �o�n�e� 

�t�h�u�s� �t�h�e� �r�e�c�e�i�v�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �s�h�o�w�n� �b�y� 

�T�R�x� �*� �T�L�N�A� �(�6�.�1�2�)� 

�T�h�e� �t�o�t�a�l� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �t�h�e�r�e�f�o�r�e� �e�x�p�r�e�s�s�e�d� �b�y� 

�T� �s�y�s� �=� �T�a�n�t� �+� �T�l�i�n�e�(�L�i�i�n�e� �-�1�)� �+� �T�L�N�A�L�t�i�n�e�.� �(�6�.�1�3�)� 

�T�h�e� �r�e�c�e�i�v�e�r� �a�n�t�e�n�n�a� �G�/�T� �r�a�t�i�o� �i�s� �t�h�e� �r�a�t�i�o� �b�e�t�w�e�e�n� �t�h�e� �r�e�c�e�i�v�e�r� 

�a�n�t�e�n�n�a� �g�a�i�n� �a�n�d� �t�h�e� �s�y�s�t�e�m� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �t�h�e� �o�u�t�p�u�t� �o�f� 

�t�h�e� �a�n�t�e�n�n�a�.� �T�h�e� �G�/�T� �r�a�t�i�o� �i�s� �g�i�v�e�n� �b�y� 

�G�/�T� �=� �G�r�x�/�T�a�n�t� �+� �T�h�i�n�e�(�L�i�i�n�e� �-�1�)�+� �T�L�N�A�L�I�i�n�e�-� �(�6�.�1�4�)� 

�T�h�e� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �i�s� �n�o�w� �d�e�t�e�r�m�i�n�e�d�.� 

�T�h�e� �g�e�n�e�r�a�l� �f�o�r�m�a�t� �f�o�r� �t�h�e� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �d�e�n�s�i�t�y� �r�a�t�i�o� �i�s� �g�i�v�e�n� 

�b�y



�6�0� 

�C�/�k�T� �=� �[�P�i�x� �G�t�x�/�(�L�p�s�L�a�t�m�k� �I�[�G�e�x�/�T� �r�l�.� �(�6�.�1�5�)� 

�T�h�e� �c�o�n�s�t�a�n�t� �k� �i�s� �B�o�l�t�z�m�a�n�n�'�s� �c�o�n�s�t�a�n�t� �a�n�d� �i�s� �e�q�u�a�l� �t�o� �1�.�3�8�x�1�0�-�2�3� 

�J�/�K�.� �T�h�e� �p�r�o�d�u�c�t� �t�e�r�m� �P�t�y� �G�t�y� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� �E�I�R�P�t�,�,� �t�h�e� 

�e�f�f�e�c�t�i�v�e� �i�s�o�t�r�o�p�i�c� �r�a�d�i�a�t�e�d� �t�r�a�n�s�m�i�t� �p�o�w�e�r�.� �T�h�e� �t�e�r�m� �P�t�y� 

�r�e�p�r�e�s�e�n�t�s� �t�h�e� �t�r�a�n�s�m�i�t� �p�o�w�e�r�.� �T�h�e� �t�e�r�m� �G�t�x� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 

�t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �g�a�i�n�.� �E�q�u�a�t�i�o�n� �6�.�1�5� �i�s� �r�e�w�r�i�t�t�e�n� �i�n� �t�h�e� �d�B� 

�f�o�r�m�a�t� �f�o�r� �t�h�e� �d�o�w�n�l�i�n�k�.� �T�h�e� �d�o�w�n�l�i�n�k� �C�a�r�r�i�e�r�-�t�o�-�N�o�i�s�e� �d�e�n�s�i�t�y� 

�r�a�t�i�o� �i�s� �g�i�v�e�n� �b�y� 

�C�/�k�T�g� �=� �E�I�R�P�s�a�t�,�s�l�g�p� �-� �L�e�s�g�l�a�p� �-� �L�a�t�m�l�y�p� �-�M�d�l�g�p� �-� �O�B�O�l� �4�5� �+� �G�/�T�l�y�p� 

�-�1�0� �l�o�g�(�N�c�a�r�r�T�)� �+� �2�2�8�.�6� �(�6�.�1�6�)� 

�T�h�e� �t�r�a�n�s�m�i�t� �E�I�R�P� �f�o�r� �t�h�e� �d�o�w�n�l�i�n�k� �o�r�i�g�i�n�a�t�e�s� �f�r�o�m� �t�h�e� �s�a�t�e�l�l�i�t�e�.� 

�T�h�e� �p�a�r�m�e�t�e�r� �E�I�R�P�s�a�t�.�s�5� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�a�t�e�l�l�i�t�e� �t�r�a�n�s�m�i�t� 

�s�a�t�u�r�a�t�i�o�n� �i�s�o�t�r�o�p�i�c� �r�a�d�i�a�t�e�d� �t�r�a�n�s�m�i�t� �p�o�w�e�r�.� �T�h�e� �p�a�r�a�m�e�t�e�r� 

�O�B�O� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�a�t�e�l�l�i�t�e� �a�m�p�l�i�f�i�e�r� �o�u�t�p�u�t� �b�a�c�k�-�o�f�f�.� �T�h�e� 

�s�a�t�e�l�l�i�t�e� �t�r�a�v�e�l�i�n�g� �w�a�v�e� �t�u�b�e� �a�m�p�l�i�f�i�e�r� �(�T�W�T�A�)� �m�u�s�t� �b�e� �b�a�c�k�e�d� 

�o�f�f� �f�r�o�m� �t�h�e� �s�a�t�u�r�a�t�e�d� �o�p�e�r�a�t�i�n�g� �p�o�i�n�t� �i�n� �a� �m�u�l�t�i�c�a�r�r�i�e�r� �s�y�s�t�e�m�.� 

�T�h�e� �m�u�l�t�i�c�a�r�r�i�e�r�s� �g�e�n�e�r�a�t�e� �i�n�t�e�r�m�o�d�u�l�a�t�i�o�n� �p�r�o�d�u�c�t�s� �w�h�i�c�h� 

�c�a�u�s�e� �n�o�n� �l�i�n�e�a�r� �d�i�s�t�o�r�t�i�o�n� �i�n� �t�h�e� �a�m�p�l�i�f�i�e�r�s� �f�o�r� �f�r�e�q�u�e�n�c�y� 

�d�i�v�i�s�i�o�n� �m�u�l�t�i�p�l�e� �a�c�c�e�s�s� �(�F�D�M�A�)� �s�y�s�t�e�m�s�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �M�g�,� �t�h�e� 

�d�o�w�n�l�i�n�k� �m�a�r�g�i�n�,� �a�c�c�o�u�n�t�s� �f�o�r� �e�q�u�i�p�m�e�n�t� �d�e�g�r�a�d�a�t�i�o�n� �f�r�o�m



�6�1� 

�o�p�e�r�a�t�i�o�n�a�l� �u�s�e� �a�n�d� �p�e�r�f�o�r�m�a�n�c�e� �l�o�s�s� �d�u�e� �t�o� �t�h�e� �e�f�f�e�c�t�s� �o�f� �a�g�e�.� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �n�c�a�r�r�T� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�u�m�b�e�r� �o�f� �c�a�r�r�i�e�r�s� �w�i�t�h�i�n� 

�t�h�e� �t�r�a�n�s�p�o�n�d�e�r�.� �T�h�e� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �i�s� �f�o�u�n�d� 

�f�r�o�m� �t�h�e� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �d�e�n�s�i�t�y� �r�a�t�i�o� �a�n�d� �t�h�e� �c�a�r�r�i�e�r� 

�b�a�n�d�w�i�d�t�h� �B�y�.� �T�h�e� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �(�C�/�N�g�)� �r�a�t�i�o� �d�o�w�n�l�i�n�k� �i�s� 

�s�h�o�w�n� �b�y� 

�C�/�N�q�g� �=� �C�/�k�T�g� �-�1�0�l�o�g�(�B�y�)�.� �(�6�.�1�7�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �B�y� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �c�a�r�r�i�e�r� �b�a�n�d�w�i�d�t�h� �i�n� �H�e�r�t�z�.� 

�T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �c�o�m�p�u�t�a�t�i�o�n�s� �a�r�e� 

�a�c�c�o�m�p�l�i�s�h�e�d� �i�n� �a� �s�i�m�i�l�a�r� �m�a�n�n�e�r� �t�o� �t�h�a�t� �o�f� �t�h�e� �d�o�w�n�l�i�n�k�.� �T�h�e� 

�d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �d�e�n�s�i�t�y� �r�a�t�i�o�,� �e�q�u�a�t�i�o�n� �(�6�.�1�5�)�,� �i�s� 

�r�e�w�r�i�t�t�e�n� �w�i�t�h� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �u�p�l�i�n�k� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �u�p�l�i�n�k� 

�c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �d�e�n�s�i�t�y� �r�a�t�i�o� �i�s� �g�i�v�e�n� �b�y� 

�C�/�k�K�T�,� �=� �E�I�R�P�s�a�t�e�t�x�l�y�n� �-� �L�e�s�y�l�a�p� �-� �L�a�t�m�l�g�p� �-� �M�u�l�g�p� �-� �I�B�O�l�g�p� �+� 

�+� �G�/�T� �s�a�t�l�y�p� �-�1�0�l�o�g�(�n�e�a�r�r�E�)� �+� �2�2�8�.�6� �(�6�.�1�8�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �E�I�R�P�s�a�t�e�t�x� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�a�t�u�r�a�t�i�o�n� �t�r�a�n�s�m�i�t� 

�p�o�w�e�r� �f�o�r� �t�h�e� �t�r�a�n�s�m�i�t� �t�e�r�m�i�n�a�l�.� �T�h�e� �a�c�t�u�a�l� �t�r�a�n�s�m�i�t� �p�o�w�e�r� �i�s� 

�g�i�v�e�n� �b�y� 

�E�I�R�P�e�t�x� �=� �E�I�R�P�s�a�t�e�t�x�z� �-� �I�B�O� �(�6�.�1�9�)



�6�2� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �E�I�R�P�e�t�x� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �E�I�R�P� �o�f� �t�h�e� �t�r�a�n�s�m�i�t� �e�a�r�t�h� 

�s�t�a�t�i�o�n�.� �T�h�e� �t�r�a�n�s�m�i�t� �s�t�a�t�i�o�n� �E�I�R�P� �i�s� �s�h�o�w�n� �a�l�s�o� �b�y� 

�E�I� �R�P�e�t�x� �=� �H�P�A�I�|�g�p� �+� �L�w�v�e�d�l�g�p� �+� �G�t�x�l�g�p� �(�6�.�2�0�)� 

�I�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �o�u�t�p�u�t� �o�f� �t�h�e� �h�i�g�h� �p�o�w�e�r� �a�m�p�l�i�f�i�e�r� 

�(�H�P�A�)� �a�n�d� �t�h�e� �t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �g�a�i�n� �(�G�x�)�.� �A� �f�a�c�t�o�r� �t�h�a�t� �a�f�f�e�c�t�s� 

�t�h�e� �H�P�A� �i�s� �t�h�e� �w�a�v�e�g�u�i�d�e� �l�o�s�s�,� �L�y�v�g�a�g�.� �T�h�e� �w�a�v�e�g�u�i�d�e� �l�o�s�s� 

�i�n�c�r�e�a�s�e�s� �t�h�e� �r�e�q�u�i�r�e�d� �t�r�a�n�s�m�i�t� �o�u�t�p�u�t� �p�o�w�e�r�.� �T�h�e� �t�e�r�m� �I�B�O� 

�r�e�p�r�e�s�e�n�t�s� �t�h�e� �i�n�p�u�t� �b�a�c�k�-�o�f�f�.� �T�h�i�s� �i�s� �t�h�e� �a�m�o�u�n�t� �t�h�e� �s�a�t�e�l�l�i�t�e� 

�T�W�T�A� �i�n�p�u�t� �v�o�l�t�a�g�e� �i�s� �b�a�c�k�e�d� �o�f�f� �f�r�o�m� �t�h�e� �s�a�t�u�r�a�t�i�o�n� �p�o�i�n�t� �t�o� 

�e�n�s�u�r�e� �l�i�n�e�a�r� �a�m�p�l�i�f�i�e�r� �o�p�e�r�a�t�i�o�n�.� �T�h�i�s� �r�e�d�u�c�e�s� �t�h�e� �a�d�v�e�r�s�e� 

�e�f�f�e�c�t�s� �o�f� �i�n�t�e�r�m�o�d�u�l�a�t�i�o�n� �i�n�t�e�r�f�e�r�e�n�c�e� �g�e�n�e�r�a�t�e�d� �i�n� �t�h�e� �s�a�t�e�l�l�i�t�e� 

�T�W�T�A�.� �T�h�e� �G�/�T� �t�e�r�m� �i�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �s�a�t�e�l�l�i�t�e� �r�e�c�e�i�v�e� �g�a�i�n� �a�n�d� 

�t�h�e� �s�a�t�e�l�l�i�t�e� �n�o�i�s�e� �t�e�m�p�e�r�a�t�u�r�e�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �f�a�c�t�o�r� �t�h�a�t� �a�f�f�e�c�t�s� 

�t�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �d�e�n�s�i�t�y� �r�a�t�i�o� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� 

�c�a�r�r�i�e�r�s� �i�n� �a� �m�u�l�t�i�c�a�r�r�i�e�r� �s�y�s�t�e�m�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �N�c�a�r�r�E� 

�r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�u�m�b�e�r� �o�f� �c�a�r�r�i�e�r�s� �t�r�a�n�s�m�i�t�t�e�d� �b�y� �t�h�e� �e�a�r�t�h� 

�S�t�a�t�i�o�n�.� �T�h�e� �n�u�m�b�e�r� �c�a�r�r�i�e�r�s� �t�r�a�n�s�m�i�t�t�e�d� �b�y� �t�h�e� �g�r�o�u�n�d� �s�i�t�e�,� 

�N�c�a�r�r�E�,� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �e�q�u�a�l� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �c�a�r�r�i�e�r�s� �i�n� �t�h�e� 

�s�a�t�e�l�l�i�t�e� �t�r�a�n�s�p�o�n�d�e�r�,� �N�c�a�r�r�T�.� �T�h�e� �s�a�t�e�l�l�i�t�e� �m�a�y� �h�a�v�e� �a�d�d�i�t�i�o�n�a�l� 

�u�s�e�r�s� �w�h�i�c�h� �w�o�u�l�d� �i�n�c�r�e�a�s�e� �t�h�e� �n�u�m�b�e�r� �o�f� �c�a�r�r�i�e�r�s� �i�n� �t�h�e� 

�s�a�t�e�l�l�i�t�e� �t�r�a�n�s�p�o�n�d�e�r�.� �T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �(�C�/�N�y�)� �r�a�t�i�o� �i�s� 

�g�i�v�e�n� �b�y



�6�3� 

�C�/�N�y� �=� �C�/�k�T�y� �-�1�0�l�o�g�(�B�y�)�.� �(�6�.�2�1�)� 

�T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �c�a�n� �b�e� �a�l�s�o� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� 

�s�a�t�e�l�l�i�t�e� �s�a�t�u�r�a�t�i�o�n� �f�l�u�x� �d�e�n�s�i�t�y� �a�s� �o�p�p�o�s�e�d� �t�o� �t�h�e� �t�r�a�n�s�m�i�t� 

�s�t�a�t�i�o�n� �E�I�R�P�.� �T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �d�e�n�s�i�t�y� �r�a�t�i�o� �m�a�y� �b�e� 

�f�o�u�n�d� �f�r�o�m� 

�C�/�K�T� �=� �F�l�u�x�c� �+� �(�G�/�T� �)�s�a�z� �-�1�0�l�o�g�(�4�1�/�w�2�)� �-� �M�u� �+� �2�2�8�.�6�.� �(�6�.�2�2�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �F�l�u�x�,� �i�s� �t�h�e� �s�a�t�e�l�l�i�t�e� �s�a�t�u�r�a�t�i�o�n� �c�a�r�r�i�e�r� �f�l�u�x� 

�d�e�n�s�i�t�y�.� �T�h�e� �f�l�u�x� �d�e�n�s�i�t�y� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �t�r�a�n�s�m�i�t� �s�t�a�t�i�o�n� �E�I�R�P�.� 

�T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �g�i�v�e�n� �b�y� 

�F�l�u�x�.� �=� �E�I�R�P�e�t�x�/�4�1�d�*�L�a�t�m�N�c�a�r�r�-� �(�6�.�2�3�)� 

�T�h�e� �s�t�a�t�i�o�n� �t�r�a�n�s�m�i�t� �p�o�w�e�r� �i�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �e�q�u�a�t�i�o�n� �6�.�2�3� 

�w�h�e�n� �t�h�e� �s�a�t�u�r�a�t�e�d� �f�l�u�x� �d�e�n�s�i�t�y� �i�s� �g�i�v�e�n�.� �T�h�e� �t�r�a�n�s�m�i�t� �p�o�w�e�r� �i�s� 

�s�h�o�w�n� �b�y� 

�P�t�x� �=� �F�l�u�x�c�4�d�2�L�a�t�m�N�c�a�r�c�/�G�t�x� �.� �(�6�.�2�4�)� 

�T�h�e� �c�o�m�m�u�n�i�c�a�t�i�o�n�s� �d�e�s�i�g�n� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �u�s�e�s� �t�h�e� 

�b�a�s�i�c� �l�i�n�k� �b�u�d�g�e�t� �e�q�u�a�t�i�o�n�s� �t�o� �d�e�t�e�r�m�i�n�e� �s�a�t�e�l�l�i�t�e� �s�y�s�t�e�m



�6�4� 

�p�e�r�f�o�r�m�a�n�c�e�.� �S�p�e�c�i�f�i�c� �e�q�u�a�t�i�o�n�s� �a�r�e� �u�s�e�d� �b�a�s�e�d� �u�p�o�n� �t�h�e� 

�o�p�e�r�a�t�o�r� �s�e�l�e�c�t�i�o�n�.� �T�h�e� �d�e�s�i�g�n�e�r� �u�s�e�s� �t�h�i�s� �s�e�c�t�i�o�n� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �u�p�l�i�n�k�,� �d�o�w�n�l�i�n�k� �a�n�d� �t�o�t�a�l� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�.� �T�h�e� 

�s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e� �d�o�e�s� �n�o�t� �c�o�m�p�u�t�e� �t�h�e� �i�n�t�e�r�m�o�d�u�l�a�t�i�o�n� 

�i�n�t�e�r�f�e�r�e�n�c�e�.� �T�h�e� �i�n�t�e�r�m�o�d�u�l�a�t�i�o�n� �i�n�t�e�r�f�e�r�e�n�c�e� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� 

�s�p�e�c�i�f�i�c� �t�o� �t�h�e� �s�a�t�e�l�l�i�t�e� �s�y�s�t�e�m� �h�a�r�d�w�a�r�e� �d�e�s�i�g�n�.� �T�h�i�s� 

�i�n�t�e�r�f�e�r�e�n�c�e� �d�e�p�e�n�d�s� �o�n� �t�h�e� �n�u�m�b�e�r� �o�f� �c�a�r�r�i�e�r�s�,� �t�h�e� �p�o�w�e�r� �l�e�v�e�l� 

�o�f� �t�h�e� �c�a�r�r�i�e�r�s� �a�n�d� �t�h�e� �p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �c�a�r�r�i�e�r�s�.� �A�l�s�o� �t�h�e� 

�p�a�r�t�i�c�u�l�a�r� �T�W�T�A� �t�r�a�n�s�f�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� 

�i�n�t�e�r�m�o�d�u�l�a�t�i�o�n� �i�n�t�e�r�f�e�r�e�n�c�e� �c�a�l�c�u�l�a�t�i�o�n�s�.� �T�h�e� �o�p�e�r�a�t�o�r� �i�s� �g�i�v�e�n� 

�t�h�e� �o�p�t�i�o�n� �o�f� �e�n�t�e�r�i�n�g� �t�h�e� �i�n�t�e�r�m�o�d�u�l�a�t�i�o�n� �i�n�t�e�r�f�e�r�e�n�c�e� �w�h�e�n� �i�t�s� 

�v�a�l�u�e� �i�s� �k�n�o�w�n�.� �T�h�e� �o�p�e�r�a�t�o�r� �a�l�s�o� �m�a�y� �u�s�e� �t�h�e� �p�r�o�g�r�a�m� �t�o� 

�c�a�l�c�u�l�a�t�e� �t�h�e� �r�e�q�u�i�r�e�d� �t�r�a�n�s�m�i�t� �p�o�w�e�r� �f�o�r� �a� �s�p�e�c�i�f�i�e�d� �t�r�a�n�s�m�i�t� 

�a�n�t�e�n�n�a� �d�i�a�m�e�t�e�r�.� �T�h�e� �a�p�p�r�o�p�r�i�a�t�e� �H�P�A� �p�o�w�e�r� �i�s� �f�o�u�n�d� �f�o�r� �i�t�s� 

�a�s�s�o�c�i�a�t�e�d� �t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �d�i�a�m�e�t�e�r� �w�h�e�n� �t�h�e� �t�r�a�n�s�m�i�t� �E�I�R�P� �1�s� 

�h�e�l�d� �c�o�n�s�t�a�n�t�.� �T�h�e� �a�n�t�e�n�n�a� �s�i�z�e� �i�s� �v�a�r�i�e�d� �f�r�o�m� �o�n�e� �t�o� �t�w�e�l�v�e� 

�m�e�t�e�r�s�.� �T�h�e� �o�p�e�r�a�t�o�r� �m�a�y� �a�l�s�o� �c�h�o�s�e� �a�n� �o�p�t�i�o�n� �t�h�a�t� �d�e�t�e�r�m�i�n�e�s� 

�t�h�e� �r�e�q�u�i�r�e�d� �H�P�A� �p�o�w�e�r�,� �t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �d�i�a�m�e�t�e�r� �a�n�d� �t�h�e� 

�r�e�c�e�i�v�e�r� �s�t�a�t�i�o�n� �G�/�T� �r�a�t�i�o� �f�o�r� �a� �r�a�i�n� �a�t�t�e�n�u�a�t�e�d� �d�o�w�n�l�i�n�k�.



�C�h�a�p�t�e�r� �7�.�0� 

�B�a�s�e�b�a�n�d� �P�e�r�f�o�r�m�a�n�c�e� �C�a�l�c�u�l�a�t�i�o�n�s� 

�T�h�e� �r�e�q�u�i�r�e�d� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� 

�s�p�e�c�i�f�i�e�d� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�s� �a�n�d� �v�i�c�e� �v�e�r�s�a�.� �I�n� �a� �f�r�e�q�u�e�n�c�y� 

�m�o�d�u�l�a�t�e�d� �s�c�h�e�m�e� �w�i�t�h� �m�u�l�t�i�p�l�e� �c�h�a�n�n�e�l�s� �t�h�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� 

�r�a�t�i�o�! �� �i�n� �d�B� �i�s� �s�h�o�w�n� �b�y� 

�S�/�N� �=� �(�C�/�N�)� �+� �1�0�l�o�g�(�B�i�p�/�b�)� �+� �2�0�l�o�g�(�f�r�m�s�/�f�m�a�x�)� �+� �P�+� �W�.� �(�7�.�1�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �A�f�r�m�s� �i�s� �t�h�e� �0� �d�b�m� �t�e�s�t� �t�o�n�e� �r�m�s� �d�e�v�i�a�t�i�o�n� �f�o�r� 

�s�i�n�u�s�o�i�d�a�l� �m�o�d�u�l�a�t�i�o�n�.� �T�h�e� �m�a�x�i�m�u�m� �f�r�e�q�u�e�n�c�y� �i�s� �d�e�s�i�g�n�a�t�e�d� 

�b�y� �f�m�a�x�.� �T�h�e� �p�s�o�p�h�o�m�e�t�r�i�c� �w�e�i�g�h�t�i�n�g� �f�a�c�t�o�r� �i�s� �s�h�o�w�n� �b�y� �P�.� �T�h�i�s� 

�w�e�i�g�h�t�i�n�g� �f�a�c�t�o�r� �i�s� �u�s�e�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �t�h�a�t� 

�a�l�l�o�w�s� �t�h�e� �r�e�c�e�i�v�e�r� �o�r� �h�u�m�a�n� �l�i�s�t�e�n�e�r� �t�o� �r�e�s�p�o�n�d� �d�i�f�f�e�r�e�n�t�l�y� �t�o� 

�n�o�i�s�e� �i�n� �d�i�f�f�e�r�e�n�t� �p�a�r�t�s� �o�f� �t�h�e� �a�u�d�i�o� �s�p�e�c�t�r�u�m�.� �T�h�e� �p�r�e�e�m�p�h�a�s�i�s� 

�f�a�c�t�o�r� �W� �a�l�s�o� �i�m�p�r�o�v�e�s� �t�h�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�.� �P�r�e�e�m�p�h�a�s�i�s� 

�a�n�d� �d�e�e�m�p�h�a�s�i�s� �f�i�l�t�e�r�s� �a�r�e� �u�s�e�d� �t�o� �r�e�d�u�c�e� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y� 

�c�o�n�t�e�n�t� �o�f� �t�h�e� �m�o�d�u�l�a�t�i�n�g� �s�i�g�n�a�l�.� �N�o�i�s�e� �a�t� �t�h�e� �h�i�g�h�-�f�r�e�q�u�e�n�c�y� 

�e�n�d� �o�f� �t�h�e� �i�n�p�u�t� �s�p�e�c�t�r�u�m� �i�s� �d�e�m�o�d�u�l�a�t�e�d� �w�i�t�h� �a� �g�r�e�a�t�e�r� �o�u�t�p�u�t� 

�t�h�a�n� �n�o�i�s�e� �a�t� �t�h�e� �l�o�w� �f�r�e�q�u�e�n�c�y� �e�n�d�.� �T�h�e� �f�i�l�t�e�r�s� �a�r�e� �u�s�e�d� �t�o� 

�s�u�p�p�r�e�s�s� �t�h�i�s� �g�r�e�a�t�e�r� �o�u�t�p�u�t� �t�h�e�r�e�b�y� �i�m�p�r�o�v�i�n�g� �t�h�e� �s�i�g�n�a�l�-�t�o�-� 
� � 

�1�7� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k�:� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�6�4� �-� �1�6�7�.� 

�6�5



�6�6� 

�n�o�i�s�e� �r�a�t�i�o�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �b� �i�s� �t�h�e� �c�h�a�n�n�e�l� �b�a�n�d�w�i�d�t�h�.� �T�h�e� 

�t�r�a�n�s�m�i�s�s�i�o�n� �b�a�n�d�w�i�d�t�h� �B�i�f� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �C�a�r�s�o�n�'�s� �r�u�l�e�.� �T�h�e� 

�b�a�n�d�w�i�d�t�h� �i�t�s� �s�h�o�w�n� �b�y� 

�B�i�p� �=� �2�(�f�A� �+� �f� �m�a�y�)�.� �(�7�.�2�)� 

�B�a�n�d�w�i�d�t�h� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �f�r�e�q�u�e�n�c�y� 

�d�i�v�i�s�i�o�n� �m�u�l�t�i�p�l�e�x�i�n�g�/�f�r�e�q�u�e�n�c�y� �m�o�d�u�l�a�t�i�o�n� �(�F�D�M�/�F�M�)� 

�t�e�l�e�p�h�o�n�e� �s�i�g�n�a�l�s� �u�s�i�n�g� �e�q�u�a�t�i�o�n� �7�.�1�.�1�8� �T�h�e� �c�h�a�n�n�e�l� �b�a�n�d�w�i�d�t�h� 

�f�o�r� �a� �t�e�l�e�p�h�o�n�e� �s�y�s�t�e�m� �i�s� �t�y�p�i�c�a�l�l�y� �3�.�1� �k�H�z�.� �T�h�e� �F�D�M� �p�e�a�k� 

�f�r�e�q�u�e�n�c�y� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �f�a�.� �T�h�e� �p�e�a�k� �f�r�e�q�u�e�n�c�y� �i�s� �r�e�l�a�t�e�d� 

�t�o� �t�h�e� �0� �d�b�m� �t�e�s�t� �t�o�n�e� �r�m�s� �f�r�e�q�u�e�n�c�y� �d�e�v�i�a�t�i�o�n�,� �A�f�r�m�s�.� �T�h�i�s� 

�r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �g�i�v�e�n� �b�y� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �g� �i�s� �t�h�e� �p�e�a�k�-�t�o�-�r�m�s� �r�a�t�i�o� �m�o�r�e� �c�o�m�m�o�n�l�y� 

�k�n�o�w�n� �a�s� �t�h�e� �p�e�a�k� �f�a�c�t�o�r�.� �T�h�e� �p�e�a�k� �f�a�c�t�o�r� �i�s� �t�y�p�i�c�a�l�l�y� �3�.�1�6� �f�o�r� �a� 

�l�a�r�g�e� �n�u�m�b�e�r� �o�f� �t�e�l�e�p�h�o�n�e� �c�h�a�n�n�e�l�s�.� �W�h�e�n� �a� �s�m�a�l�l� �n�u�m�b�e�r� �o�f� 

�c�h�a�n�n�e�l�s� �i�s� �i�m�p�l�e�m�e�n�t�e�d� �a� �v�a�l�u�e� �o�f� �6�.�5� �m�a�y� �b�e� �u�s�e�d� �f�o�r� �t�h�e� �p�e�a�k� 

�f�a�c�t�o�r�.� �T�h�e� �F�D�M� �l�o�a�d�i�n�g� �f�a�c�t�o�r�,� �!� �i�s� �g�i�v�e�n� �b�y� 

�1� �=� �l�o�g ��!� �[�(�-�1� �+� �4�l�o�g�(�n�)�)�/�2�0�]� �f�o�r�n�<�2�4�0�,� �a�n�d� �(�7�.�4�)� 
� � 

�1�8� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k�:� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�6�7� �-� �1�7�4�.



�6�7� 

�1� �=� �l�o�g�-�'�{�(�-�1�5� �+� �1�O�0�l�o�g�(�n�)�)�/�2�0�]� �f�o�r� �n� �2� �2�4�0�.� �(�7�.�5�)� 

�T�h�e� �t�e�r�m� �l�A�f�r�m�s� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �r�m�s� �f�r�e�q�u�e�n�c�y� �d�e�v�i�a�t�o�n�.� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �n� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �t�e�l�e�p�h�o�n�e� �c�h�a�n�n�e�l�s�.� �T�h�e� 

�m�a�x�i�m�u�m� �f�r�e�q�u�e�n�c�y� �i�s� �a�l�s�o� �r�e�l�a�t�e�d� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �t�e�l�e�p�h�o�n�e� 

�c�h�a�n�n�e�l�s�.� �T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �g�i�v�e�n� �b�y� 

�f� �m�a�x� �=� �4�2�0�0�n�.� �(�7�.�6�)� 

�T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �u�s�e�f�u�l� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� 

�t�e�l�e�p�h�o�n�e� �c�h�a�n�n�e�l�s� �t�h�a�t� �a� �p�a�r�t�i�c�u�l�a�r� �s�y�s�t�e�m� �c�a�n� �s�u�p�p�o�r�t�.� �T�h�e� 

�n�u�m�b�e�r� �o�f� �c�h�a�n�n�e�l�s� �f�o�r� �a� �p�r�o�p�o�s�e�d� �s�a�t�e�l�l�i�t�e� �i�s� �b�a�s�e�d� �u�p�o�n� �a� 

�g�i�v�e�n� �C�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �a�n�d� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�.� 

�T�h�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �f�o�r� �a� �s�i�n�g�l�e� �c�h�a�n�n�e�l� �p�e�r� �c�a�r�r�i�e�r� 

�(�S�C�P�C�)�!�9� �i�s� �g�i�v�e�n� �b�y� 

�S�/�N� �=� �(�3�/�2�)�(�C�/�N�)�(�B�r�i�p�/�f�£� �m�a�x�)�(�A�f�/�f� �m�a�x�)�?�.� �(�7�.�7�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �A�f� �i�s� �t�h�e� �p�e�a�k� �t�e�s�t�-�t�o�n�e� �d�e�v�i�a�t�i�o�n�.� �T�h�e� �C�a�r�s�o�n�'�s� 

�r�u�l�e� �b�a�n�d�w�i�d�t�h� �B�j�f� �i�s� �s�h�o�w�n� �b�y� 

�B�i�F� �=� �2�(�A�f� �+� �f� �m�a�x�)�.� �(�7�.�8�)� 

� � 

�1�9� �T�e�i� �T�,� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 

�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �2�0�2� �-� �2�0�3�.



�6�8� 

�T�h�e� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �i�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� 

�r�a�t�i�o� �u�s�i�n�g� �e�q�u�a�t�i�o�n� �7�.�7�.� 

�T�h�e� �F�M�-�F�D�M�A� �t�e�l�e�v�i�s�i�o�n� �p�e�r�f�o�r�m�a�n�c�e� �i�s� �e�x�p�r�e�s�s�e�d� �i�n� 

�t�e�r�m�s� �o�f� �p�e�a�k�-�t�o�-�p�e�a�k� �l�u�m�i�n�a�n�c�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�.�2�9� �T�h�e� 

�t�e�l�e�v�i�s�i�o�n� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �i�s� �g�i�v�e�n� �b�y� 

�(�S�/�N�)� �p�-�p� �=� �6�(�C�/�N�)�(�B�i�g�/�f� �m�a�x�)�(�A�f�r�m�s�/�f�m�a�x�)�?� �P� �W�.� �(�7�.�9�)� 

�T�y�p�i�c�a�l� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �F�M�-�F�D�M�A� �t�e�l�e�v�i�s�i�o�n� �f�o�r� �f�i�x�e�d� �s�a�t�e�l�l�i�t�e� 

�s�e�r�v�i�c�e� �a�r�e�,� �f�m�a�x� �=� �4�.�2� �M�H�z�,� �A�f�r�e�m�s� �=� �1�3�.�8� �M�H�z�,� �B�i�g� �=� �3�6� �M�H�z�,� �a�n�d� 

�P�W� �=� �1�2�.�8� �d�B�.� �T�y�p�i�c�a�l� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �D�i�r�e�c�t� �B�r�o�a�d�c�a�s�t� �S�y�s�t�e�m�s� 

�(�D�B�S�)� �t�e�l�e�v�i�s�i�o�n� �c�h�a�n�n�e�l�s� �a�r�e�,� �f� �m�a�x� �=� �4�.�2� �M�H�z�,� �A�f�r�m�s� �=� �7�.�8� �M�H�z�,� 

�B�I�F� �=� �2�4� �M�H�z�,� �a�n�d� �P�W� �=� �1�2�.�8� �d�B�.� �T�h�e� �o�u�t�p�u�t� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� 

�r�a�l�i�o� �i�s� �g�i�v�e�n� �b�y� 

�(�S�/�N�)� �=� �(�C�/�N�)�+�1�.�7�6�+�1�0�l�o�g�(�B�y�R�/�f� �m�a�x�)�+�2�0�l�o�g�(�A�f�e�m�s�/�f�m�a�x�)�+�P�+�W�.�2�!� 

�(�7�.�1�0�)� 

�T�h�e� �b�a�s�e�b�a�n�d� �F�D�M�-�F�M�-�F�M�D�A� �p�e�r�f�o�r�m�a�n�c�e� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� 

�u�s�e�d� �t�o� �f�i�g�u�r�e� �o�u�t� �t�h�e� �s�i�g�n�a�l�-�t�o�-�n�o�i�s�e� �a�n�d� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�s� 

�f�o�r� �m�u�l�t�i�c�h�a�n�n�e�l� �s�y�s�t�e�m�s�.� �T�h�e� �o�p�e�r�a�t�o�r� �s�e�l�e�c�t�s� �w�h�e�t�h�e�r� �t�o� 

�c�a�l�c�u�l�a�t�e� �t�h�e� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �u�s�i�n�g� �t�h�e� �F�D�M� �m�u�l�t�i�c�h�a�n�n�e�l� 
� � 

�2�0� �T�r�i� �T�.� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 

�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �2�0�4�.� 

�2�1� �T�i�m�o�t�h�y� �P�r�a�t�t� �a�n�d� �C�h�a�r�l�e�s� �W�.� �B�o�s�t�i�a�n�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�s�,� �N�e�w� �Y�o�r�k�:� 

�M�a�c�m�i�l�l�a�n� �P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�7�6� �-� �1�7�9�.



�6�9� 

�r�m�s� �f�r�e�q�u�e�n�c�y� �d�e�v�i�a�t�i�o�n� �(�l�A�f�p�m�s�)� �o�r� �t�h�e� �F�D�M� �p�e�a�k� �f�r�e�q�u�e�n�c�y� 

�(�f�a�)�.� �T�h�e� �o�p�e�r�a�t�o�r� �c�a�n� �s�e�l�e�c�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�u�l�t�i�c�h�a�n�n�e�l� �r�m�s� 

�f�r�e�q�u�e�n�c�y� �f�r�o�m� �t�h�e� �s�i�g�n�a�l� �a�n�d� �c�a�r�r�i�e�r� �t�o� �n�o�i�s�e� �r�a�t�i�o�,� �m�a�x�i�m�u�m� 

�b�a�s�e�b�a�n�d� �f�r�e�q�u�e�n�c�y�,� �b�a�n�d�w�i�d�t�h� �a�n�d� �l�o�a�d�i�n�g� �f�a�c�t�o�r�.� �T�h�e� 

�o�p�e�r�a�t�o�r� �c�a�n� �a�l�s�o� �c�h�o�s�e� �t�o� �f�i�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �t�e�l�e�p�h�o�n�e� 

�c�h�a�n�n�e�l�s�.� �T�h�e� �n�e�x�t� �p�o�r�t�i�o�n� �o�f� �t�h�e� �p�r�o�g�r�a�m� �p�r�o�v�i�d�e�s� �S�C�P�C�-�F�M�-� 

�F�M�D�A� �s�i�g�n�a�l� �a�n�d� �c�a�r�r�i�e�r� �t�o� �n�o�i�s�e� �r�a�t�i�o� �c�a�l�c�u�l�a�t�i�o�n�s�.� �T�h�e� 

�r�e�m�a�i�n�i�n�g� �o�p�t�i�o�n� �d�e�t�e�r�m�i�n�e�s� �F�M�-�F�M�D�A� �t�e�l�e�v�i�s�i�o�n� �s�i�g�n�a�l� �t�o� �n�o�i�s�e� 

�r�a�t�i�o� �c�a�l�c�u�l�a�t�i�o�n�s�.



�C�h�a�p�t�e�r� �8�.�0� 

�A�d�j�a�c�e�n�t� �S�a�t�e�l�l�i�t�e� �I�n�t�e�r�f�e�r�e�n�c�e� �C�a�l�c�u�l�a�t�i�o�n�s� 

�A� �s�a�t�e�l�l�i�t�e� �c�a�n� �i�n�t�e�r�f�e�r�e� �w�i�t�h� �a�n� �a�d�j�a�c�e�n�t� �s�y�s�t�e�m� �w�h�e�n� �t�h�e� 

�p�o�w�e�r� �c�o�n�t�a�i�n�e�d� �w�i�t�h�i�n� �a� �s�i�d�e�l�o�b�e� �i�n�t�e�r�f�e�r�e�s� �w�i�t�h� �t�h�e� �r�e�c�e�i�v�e� 

�s�i�g�n�a�l� �o�f� �t�h�e� �a�d�j�a�c�e�n�t� �e�a�r�t�h� �s�t�a�t�i�o�n�.� �C�o�n�v�e�r�s�e�l�y� �t�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� 

�s�i�g�n�a�l� �o�f� �o�n�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �c�a�n� �i�n�t�e�r�f�e�r�e� �w�i�t�h� �t�h�e� �a�d�j�a�c�e�n�t� 

�s�a�t�e�l�l�i�t�e� �r�e�c�e�i�v�e�r�.� �T�h�e� �F�e�d�e�r�a�l� �C�o�m�m�u�n�i�c�a�t�i�o�n�s� �C�o�m�m�i�s�s�i�o�n� �(�F�C�C�)� 

�h�a�s� �s�e�t� �g�u�i�d�e�l�i�n�e�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�i�s� �t�y�p�e� �o�f� �i�n�t�e�r�f�e�r�e�n�c�e�.� �T�h�e� 

�r�e�g�u�l�a�t�i�o�n�s� �s�p�e�c�i�f�y� �t�h�a�t� �t�h�e� �s�i�d�e�l�o�b�e� �e�n�v�e�l�o�p�e� �l�e�v�e�l� �r�e�l�a�t�i�v�e� �t�o� 

�t�h�e� �n�o�r�m�a�l�i�z�e�d� �p�e�a�k� �g�a�i�n� �m�u�s�t� �m�e�e�t� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�r�i�t�e�r�i�a�:� 

�G�(�d�)� �=� �2�9� �-�2�5�l�o�g�(�d�)� �f�o�r� �1�<� �d�<� �4�8�°� �a�n�d� �(�8�.�1�)� 

�G�(�d�)� �=� �-�1�3� �f�o�r� �4�8�%�a�.� �(�8�.�2�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �0� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �a�n�g�u�l�a�r� �s�e�p�a�r�a�t�i�o�n� �b�e�t�w�e�e�n� �t�w�o� 

�g�e�o�s�t�a�t�i�o�n�a�r�y� �s�a�t�e�l�l�i�t�e�s� �a�s� �o�b�s�e�r�v�e�d� �b�y� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n�.� �T�h�e� 

�s�e�p�a�r�a�t�i�o�n� �a�n�g�l�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �p�a�t�h� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� 

�e�a�r�t�h� �s�t�a�t�i�o�n� �t�o� �t�h�e� �s�a�t�e�l�l�i�t�e�s� �a�n�d� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �s�a�t�e�l�l�i�t�e�s�.�*�*� �F�i�g�u�r�e� �8�.�1� �s�h�o�w�s� �t�h�e� �s�y�s�t�e�m� �g�e�o�m�e�t�r�y� 

�u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�a�t�e�l�l�i�t�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e�.� �T�h�e� �s�a�t�e�l�l�i�t�e� 

�s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �d�s�e�p� �i�s� �d�e�r�i�v�e�d� �b�y� �u�s�i�n�g� �t�h�e� �l�a�w� �o�f� �c�o�s�i�n�e�s� 
� � 

�2�2� �T�r�i� �T�.� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 

�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�4�2� �-� �1�4�7�.� 

�7�0



�7�1� 

� � � � � �E�a�r�t�h� �S�t�a�t�i�o�n� 

� � 

� � 

� � 

� � � 
� � � � 

� � 

�S�a�t�e�l�l�i�t�e� �1� �i� 
�o�s� �G�e�o�s�t�a�t�i�o�n�a�r�y� 

�a� �S�a�t�e�l�l�i�t�e� �2� �O�r�b�i�t� 

�F�i�g�u�r�e� �8�.�1� �A�d�j�a�c�e�n�t� �S�a�t�e�l�l�i�t�e� �I�n�t�e�r�f�e�r�e�n� �e�o�m�e�t�r



�7�2� 

�a�n�d� �i�s� �s�h�o�w�n� �b�y� 

�d�s�e�p�2� �=� �d�1�*� �+� �d�2�*� �-�2� �d�l� �d�2�c�o�s�(�a�)�.� �(�8�.�3�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �d�l� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� 

�t�o� �o�n�e� �o�f� �t�h�e� �s�a�t�e�l�l�i�t�e�s�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �d�2� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 

�d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�a�m�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �t�o� �t�h�e� �a�d�j�a�c�e�n�t� �s�a�t�e�l�l�i�t�e�.� 

�T�h�e� �s�e�p�a�r�a�t�i�o�n� �d�i�s�t�a�n�c�e� �i�s� �a�l�s�o� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �g�e�o�s�t�a�t�i�o�n�a�r�y� 

�r�a�d�i�u�s� �r� �a�n�d� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �s�a�t�e�l�l�i�t�e�s�,� �8�,� 

�m�e�a�s�u�r�e�d� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �e�a�r�t�h�.� �T�h�e� �s�e�c�o�n�d� �s�e�p�a�r�a�t�i�o�n� 

�d�i�s�t�a�n�c�e� �c�a�l�c�u�l�a�t�i�o�n� �i�s� �s�h�o�w�n� �b�y� 

�d�s�e�p�*�=�2�r�?� �-�2�r�¢�c�o�s�(�8�)�.� �(�8�.�4�)� 

�E�q�u�a�t�i�o�n�s� �8�.�3� �a�n�d� �8�.�4� �a�r�e� �c�o�m�b�i�n�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �0�.� �T�h�e� 

�s�e�p�a�r�a�t�i�o�n� �a�n�g�l�e� �s�e�e�n� �b�y� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �i�s� �t�h�e�r�e�f�o�r�e� �g�i�v�e�n� �b�y� 

�@� �=� �c�o�s�!� �[�(�d�1�2� �+� �d�2�2� �-�2�r�2� �(�1� �-� �c�o�s�(�B�)�)�}�/�2� �d�l� �d�2�)�.� �(�8�.�5�)� 

�T�h�e� �c�a�r�r�i�e�r�-�t�o�-�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �i�s� �d�e�t�e�r�m�i�n�e�d� �i�n� �a� �s�i�m�i�l�a�r� 

�m�a�n�n�e�r� �a�s� �t�h�e� �l�i�n�k� �b�u�d�g�e�t� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�s�.� �T�h�e� �u�p�l�i�n�k� 

�c�a�r�r�i�e�r�-�t�o�-�i�n�t�e�r�f�e�r�e�n�c�e� �i�s� �s�h�o�w�n� �b�y� 

�(�C�/�I�)�u�=�(�E�I�R�P�!� �I�B�O�1�)� �-� �(�E�I�R�P�2�-�I�B�O�2�)� �+� �G�r�y�,� �-� �(�2�9�-�2�5�1�0�g�(�d�)�)� �+� 

�+� �G�u� �-� �G�u �� �(�8�.�6�)



�7�3� 

�T�h�e� �p�o�s�t�s�c�r�i�p�t�s� �1� �a�n�d� �2� �r�e�f�e�r� �t�o� �t�w�o� �s�a�t�e�l�l�i�t�e� �s�y�s�t�e�m�s�.� �E�a�r�t�h� 

�S�t�a�t�i�o�n� �2� �t�r�a�n�s�m�i�s�s�i�o�n�s� �a�r�e� �i�n�t�e�r�f�e�r�i�n�g� �w�i�t�h� �s�a�t�e�l�l�i�t�e� �1� �r�e�c�e�p�t�i�o�n�.� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �E�I�R�P�!� �i�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �i�s�o�t�r�o�p�i�c� �r�a�d�i�a�t�e�d� �p�o�w�e�r� �o�f� 

�e�a�r�t�h� �s�t�a�t�i�o�n� �1�.� �E�I�R�P�2� �i�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �i�s�o�t�r�o�p�i�c� �r�a�d�i�a�t�e�d� �p�o�w�e�r� 

�o�f� �e�a�r�t�h� �s�t�a�t�i�o�n� �2�.� �N�o�t�e� �t�h�a�t� �t�h�e� �s�a�t�u�r�a�t�e�d� �f�l�u�x� �d�e�n�s�i�t�y� �m�a�y� �b�e� 

�u�s�e�d� �i�n� �p�l�a�c�e� �o�f� �t�h�e� �E�I�R�P� �i�n� �e�q�u�a�t�i�o�n� �8�.�6�.� �T�h�e� �v�a�r�i�a�b�l�e� �I�B�O� �i�s� �t�h�e� 

�i�n�p�u�t� �b�a�c�k� �o�f�f� �f�o�r� �e�a�c�h� �r�e�s�p�e�c�t�i�v�e� �s�a�t�e�l�l�i�t�e�.� �T�h�e� �p�a�r�a�m�e�t�e�r� �G�r�x�,� 

�i�s� �t�h�e� �o�n� �a�x�i�s� �t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �g�a�i�n� �o�f� �t�h�e� �i�n�t�e�r�f�e�r�i�n�g� �e�a�r�t�h� 

�s�t�a�t�i�o�n�(�2�)�.� �T�h�e� �t�e�r�m� �G�u� �-� �G�u �� �i�s� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �a�n�t�e�n�n�a� �g�a�i�n�.� 

�T�h�e� �t�e�r�m� �G�u�'� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �s�a�t�e�l�l�i�t�e� �a�n�t�e�n�n�a� �g�a�i�n� �o�f� �t�h�e� 

�i�n�t�e�r�f�e�r�e�d� �s�a�t�e�l�l�i�t�e�(�1�)� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�f�e�r�i�n�g� �e�a�r�t�h� 

�s�t�a�t�i�o�n�(�2�)�.� 

�T�h�e� �c�a�r�r�i�e�r�-�t�o�-�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �o�f� �t�h�e� �d�o�w�n�l�i�n�k� �i�s� �s�h�o�w�n� 

�b�y� 

�(�C�/�I�)�d� �=� �(�E�I�R�P�s�a�t�.�s�!�-�O�B�O�1� �)�-�(�E�I�R�P�s�a�t�.�s�3�2�-�O�B�O�2�)� �+� �G�r�R�x� �+� 

�-� �(�2�9�-�2�5�l�o�g�(�a�d�)�)� �(�8�.�7�)� 

�T�h�e� �i�n�t�e�r�f�e�r�e�d� �s�a�t�e�l�l�i�t�e� �i�s� �s�a�t�e�l�l�i�t�e� �1�.� �T�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� �o�f� 

�s�a�t�e�l�l�i�t�e� �2�,� �t�h�e� �i�n�t�e�r�f�e�r�i�n�g� �s�a�t�e�l�l�i�t�e�,� �i�s� �d�e�g�r�a�d�i�n�g� �t�h�e� �r�e�c�e�p�t�i�o�n� �o�f� 

�e�a�r�t�h� �s�t�a�t�i�o�n� �1� �f�r�o�m� �i�t�s� �r�e�s�p�e�c�t�i�v�e� �s�a�t�e�l�l�i�t�e�.� �T�h�e� �p�a�r�a�m�e�t�e�r� 

�E�I�R�P�s�a�t�s� �i�s� �t�h�e� �s�a�t�u�r�a�t�i�o�n� �E�I�R�P� �o�f� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �s�a�t�e�l�l�i�t�e�.� �T�h�e� 

�o�u�t�p�u�t� �b�a�c�k�-�o�f�f� �f�o�r� �e�a�c�h� �s�a�t�e�l�l�i�t�e� �i�s� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �t�e�r�m� �O�B�O�.



�7�4� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �G�p�,�x� �i�s� �t�h�e� �o�n�-�a�x�i�s� �a�n�t�e�n�n�a� �g�a�i�n� �o�f� �e�a�r�t�h� �s�t�a�t�i�o�n� �1�,� 

�t�h�e� �i�n�t�e�r�f�e�r�e�d� �s�i�t�e�.� 

�W�h�e�n� �a�s�y�s�t�e�m� �e�m�p�l�o�y�s� �m�u�l�t�i�p�l�e� �c�a�r�r�i�e�r�s� �p�e�r� �t�r�a�n�s�p�o�n�d�e�r� 

�t�h�e� �c�a�r�r�i�e�r� �t�o� �i�n�t�e�r�f�e�r�e�n�c�e� �e�q�u�a�t�i�o�n�s� �(�8�.�6� �a�n�d� �8�.�7�)� �m�u�s�t� �b�e� 

�m�o�d�i�f�i�e�d�.� �T�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� �e�q�u�a�t�i�o�n�s� �m�u�s�t� �i�n�c�l�u�d�e� �t�h�e� �c�a�r�r�i�e�r� 

�p�o�w�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �i�n�t�e�r�f�e�r�e�n�c�e� �o�f� �b�o�t�h� �s�a�t�e�l�l�i�t�e� �s�y�s�t�e�m�s�.� 

�T�h�e� �c�a�r�r�i�e�r� �p�o�w�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �c�a�r�r�i�e�r� �p�o�w�e�r� 

�i�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �i�n�t�e�r�f�e�r�e�d� �s�i�g�n�a�l�.� �T�h�i�s� �v�a�l�u�e� �i�s� �t�h�e�n� 

�m�o�d�i�f�i�e�d� �b�y� �t�h�e� �c�a�r�r�i�e�r� �b�a�n�d�w�i�d�t�h� �o�f� �t�h�e� �i�n�t�e�r�f�e�r�i�n�g� �s�i�g�n�a�l�.� �T�h�e� 

�r�e�s�u�l�t�s� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �c�a�r�r�i�e�r�-�t�o�-�i�n�t�e�r�f�e�r�e�n�c�e� �e�q�u�a�t�i�o�n�s�.� 

�F�i�g�u�r�e� �8�.�2� �s�h�o�w�s� �t�h�e� �p�o�w�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�i�e�s� �f�o�r� �t�h�r�e�e� 

�t�y�p�e�s� �o�f� �c�a�r�r�i�e�r�s�,� �q�u�a�d�r�a�t�u�r�e� �p�h�a�s�e� �s�h�i�f�t� �k�e�y�i�n�g� �(�Q�P�S�K�)�,� �F�D�M�-�F�M� 

�a�n�d� �T�V�-�F�M�.�2�3� �T�h�e� �o�n�e�-�s�i�d�e�d� �p�o�w�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �S� �f�o�r� �a� 

�O�P�S�K� �c�a�r�r�i�e�r� �i�s� �g�i�v�e�n� �b�y� 

�S� �=� �1�0� �l�o�g�(�2�C�T�p�)�.� �(�8�.�8�)� 

�T�h�e� �c�a�r�r�i�e�r� �p�o�w�e�r� �i�n� �a�n� �i�n�f�i�n�i�t�e� �b�a�n�d�w�i�d�t�h� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �C�.� 

�T�h�e� �t�e�r�m� �T�p� �i�s� �t�h�e� �b�i�t� �d�u�r�a�t�i�o�n� �a�n�d� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �r�e�c�i�p�r�o�c�a�l� �o�f� 

�t�h�e� �b�i�t� �r�a�t�e�.� �T�h�e� �Q�P�S�K� �c�a�r�r�i�e�r� �i�s� �n�o�r�m�a�l�l�y� �f�i�l�t�e�r�e�d� �s�u�c�h� �t�h�a�t� �i�t�s� 

�b�a�n�d�w�i�d�t�h� �B� �i�s� �g�i�v�e�n� �b�y� 

�B� �=� �T�p�/�0�.�6�.� �(�8�.�9�)� 
� � 

�2�3� �T�r�i� �T�.� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 

�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�4�9� �-� �1�5�1�.
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�7�5� 

� � � � 
�6�0�-�M�b�p�s� 

�Q�P�S�K� 

� � 

�1�2�0�0�-�C�h�a�n�n�e�l� 
�T�V�-�F�M� �F�O�M�-�F�M� 

�1� �L�.� �a� �|� �j� 

�0� �§� �1�0� �1�§� �2�0� 

�F�r�e�q�u�e�n�c�y� �f�r�o�m� �t�r�a�n�s�p�o�n�d�e�r� �c�e�n�t�e�r� �(�M�H�z�)� 

�w� �:� �V�-



�7�6� 

�F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �b�a�n�d�w�i�d�t�h� �f�o�r� �a� �6�0� �M�b�p�s� �s�y�s�t�e�m� �i�s� 

�3�6� �M�H�z�.� �T�h�e� �t�o�t�a�l� �c�a�r�r�i�e�r� �p�o�w�e�r� �i�n� �t�h�e� �c�a�r�r�i�e�r� �b�a�n�d�w�i�d�t�h� �i�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �6�7�%� �o�f� �t�h�e� �c�a�r�r�i�e�r� �p�o�w�e�r� �i�n� �a�n� �i�n�f�i�n�i�t�e� 

�b�a�n�d�w�i�d�t�h�.� �T�h�e�r�e�f�o�r�e� �e�q�u�a�t�i�o�n� �8�.�8� �r�e�d�u�c�e�s� �t�o� 

�S� �=� �1�0�l�o�g�(�2�T�p�/�0�.�6�7�)�.� �(�8�.�1�0�)� 

�T�h�e� �o�n�e� �s�i�d�e�d� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �o�f� �a� �F�D�M�-�F�M� �c�a�r�r�i�e�r� �i�s� �g�i�v�e�n� �b�y� 

�S� �=� �C�/�2�V� �(�2�1�(�A�)�?�}�.� �(�8�.�1�1�)� 

�T�h�e� �v�a�r�i�a�b�l�e� �A� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �r�m�s� �m�u�l�t�i�c�h�a�n�n�e�l� �d�e�v�i�a�t�i�o�n� �(�H�z�)� 

�a�n�d� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �m�u�l�t�i�c�h�a�n�n�e�l� �l�o�a�d�i�n�g� �f�a�c�t�o�r�,� �|� 

�a�n�d� �t�h�e� �0�-�d�b�m� �r�m�s� �t�e�s�t�-�t�o�n�e� �d�e�v�i�a�t�i�o�n�,� �A�f�r�-�m�s�.� �M�o�s�t� �o�f� �t�h�e� 

�c�a�r�r�i�e�r� �p�o�w�e�r� �i�s� �c�a�p�t�u�r�e�d� �w�i�t�h�i�n� �t�h�e� �c�a�r�r�i�e�r� �b�a�n�d�w�i�d�t�h� �a�s� 

�o�p�p�o�s�e�d� �t�o� �a� �Q�P�S�K� �c�a�r�r�i�e�r�.� �T�h�e� �p�o�w�e�r� �s�p�e�c�t�r�a�l� �d�e�n�s�i�t�y� �o�f� �a� �T�V�-� 

�F�M� �c�a�r�r�i�e�r� �i�s� �a�p�p�r�o�x�i�m�a�t�e�d� �t�o� �b�e� �a� �c�o�n�s�t�a�n�t� �a�r�o�u�n�d� �t�h�e� �c�a�r�r�i�e�r� 

�f�r�e�q�u�e�n�c�y�.� �T�h�e� �c�o�n�s�t�a�n�t� �i�s� �-�5�9� �d�B�/�H�z� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �c�a�r�r�i�e�r� 

�p�o�w�e�r�.� �S�i�m�i�l�a�r� �t�o� �t�h�e� �F�D�M�-�F�M� �c�a�r�r�i�e�r�,� �m�o�s�t� �o�f� �i�t�s� �p�o�w�e�r� �i�s� �a�l�s�o� 

�c�a�p�t�u�r�e�d� �w�i�t�h�i�n� �t�h�e� �c�a�r�r�i�e�r� �b�a�n�d�w�i�d�t�h�.� 

�T�h�e� �o�p�e�r�a�t�o�r� �i�n�p�u�t�s� �t�h�e� �s�u�b�s�a�t�e�l�l�i�t�e� �p�o�i�n�t� �a�n�d� �e�a�r�t�h� �s�t�a�t�i�o�n� 

�l�o�c�a�t�i�o�n� �f�o�r� �b�o�t�h� �s�y�s�t�e�m�s�.� �T�h�e� �a�n�g�u�l�a�r� �s�e�p�a�r�a�t�i�o�n� �a�s� �v�i�e�w�e�d� 

�f�r�o�m� �f�i�r�s�t� �e�a�r�t�h� �s�t�a�t�i�o�n� �i�s� �c�o�m�p�u�t�e�d�.� �T�h�e� �o�p�e�r�a�t�o�r� �m�a�y� �t�h�e�n



�7�7� 

�e�n�t�e�r� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �e�a�c�h� �s�y�s�t�e�m� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� �o�f� �t�h�e� �r�e�f�e�r�e�n�c�e� �s�y�s�t�e�m� �i�n�t�o� �a�n�o�t�h�e�r�.� �T�h�e� 

�o�p�e�r�a�t�o�r� �a�l�s�o� �m�a�y� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� �f�r�o�m� �a�n�o�t�h�e�r� 

�s�y�s�t�e�m� �i�n�t�o� �t�h�e� �r�e�f�e�r�e�n�c�e�.



�C�h�a�p�t�e�r� �9�.�0� 

�S�y�s�t�e�m� �A�v�a�i�l�a�b�i�l�i�t�y� 

�A�n� �i�m�p�o�r�t�a�n�t� �c�o�n�s�i�d�e�r�a�t�i�o�n� �i�n� �t�h�e� �s�a�t�e�l�l�i�t�e� �l�i�n�k� �d�e�s�i�g�n� �i�s� 

�s�y�s�t�e�m� �o�u�t�a�g�e�s�.�*�4� �T�h�e�s�e� �o�u�t�a�g�e�s� �m�a�y� �b�e� �d�u�e� �t�o� �r�a�i�n�,� �w�h�i�c�h� �c�a�n� 

�c�a�u�s�e� �s�i�g�n�i�f�i�c�a�n�t� �d�e�g�r�a�d�a�t�i�o�n� �f�o�r� �f�r�e�q�u�e�n�c�i�e�s� �a�b�o�v�e� �1�0� �G�H�z�.� 

�A�l�s�o�,� �o�u�t�a�g�e�s� �c�a�n� �b�e� �c�a�u�s�e�d� �b�y� �e�q�u�i�p�m�e�n�t� �f�a�i�l�u�r�e� �a�n�d� �t�h�e� �t�i�m�e� �i�t� 

�t�a�k�e�s� �t�o� �c�o�m�p�l�e�t�e� �t�h�e� �r�e�p�a�i�r�.� �A�n�o�t�h�e�r� �c�o�n�s�i�d�e�r�a�t�i�o�n� �w�h�i�c�h� 

�a�f�f�e�c�t�s� �s�t�a�t�i�o�n� �o�u�t�a�g�e� �t�i�m�e� �i�s� �p�l�a�n�n�e�d� �m�a�i�n�t�e�n�a�n�c�e�.� �T�h�i�s� 

�p�r�e�v�e�n�t�i�v�e� �m�a�i�n�t�e�n�a�n�c�e� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �s�o�m�e� �e�q�u�i�p�m�e�n�t� �a�n�d� 

�e�n�a�b�l�e�s� �t�h�e� �u�n�i�t� �t�o� �o�p�e�r�a�t�e� �w�i�t�h� �s�u�s�t�a�i�n�e�d� �p�e�a�k� �p�e�r�f�o�r�m�a�n�c�e�.� 

�T�w�o� �i�m�p�o�r�t�a�n�t� �c�o�n�c�e�p�t�s� �t�h�a�t� �a�i�d� �t�h�e� �d�e�s�i�g�n�e�r� �i�n� �t�h�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �s�y�s�t�e�m� �o�u�t�a�g�e� �i�s� �t�h�e� �m�e�a�n� �t�i�m�e� �b�e�f�o�r�e� 

�f�a�i�l�u�r�e� �(�M�T�B�F�)�,� �a�n�d� �t�h�e� �m�e�a�n� �t�i�m�e� �t�o� �r�e�p�a�i�r� �(�M�T�T�R�)�*�>�.� �T�h�e� 

�m�e�a�n� �t�i�m�e� �b�e�f�o�r�e� �f�a�i�l�u�r�e� �i�s� �t�h�e� �p�e�r�i�o�d� �f�r�o�m� �t�h�e� �s�t�a�r�t� �o�f� 

�e�q�u�i�p�m�e�n�t� �o�p�e�r�a�t�i�o�n� �u�n�t�i�l� �t�h�e� �u�n�i�t� �e�x�p�e�r�i�e�n�c�e�s� �f�a�i�l�u�r�e�.� �T�h�e� 

�m�e�a�n� �t�i�m�e� �t�o� �r�e�p�a�i�r� �i�s� �t�h�e� �t�i�m�e� �i�t� �t�a�k�e�s� �t�o� �c�o�m�p�l�e�t�e� �r�e�p�a�i�r�s� �t�o� 

�t�h�e� �u�n�i�t� �a�n�d� �r�e�s�t�o�r�e� �i�t� �t�o� �o�p�e�r�a�t�i�o�n�a�l� �s�t�a�t�u�s�.� �T�h�e�s�e� �t�i�m�e�s� �a�r�e� 

�S�t�a�t�i�s�t�i�c�a�l� �i�n� �n�a�t�u�r�e� �a�n�d� �a�r�e� �b�a�s�e�d� �u�p�o�n� �d�a�t�a� �c�o�l�l�e�c�t�i�o�n� �a�n�d� 

�s�t�u�d�i�e�s� �o�n� �p�a�s�t� �p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �u�n�i�t� �a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �c�a�l�c�u�l�a�t�e�d� 

�f�r�o�m� �t�h�e�s�e� �m�e�a�n� �t�i�m�e�s� �a�n�d� �i�s� �g�i�v�e�n� �b�y� 
� � 

�2�4� �T�r�i� �T�.� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 

�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�7�7� �-� �1�7�8�.� 

�2�5� �E�r�n�e�s�t� �S�i�m�o�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s� �a�n�d� �V�S�A�T�S�,� �D�a�l�l�a�s�,� �T�e�x�a�s�:� �S�p�a�c�e�-� 

�2�0�0�0�,� �1�9�8�9�,� �p�p� �A�-�3�.�1� �-� �A�-�3�.�1�4�.� 
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�7�9� 

�A�u�n�i�t� �=� �M�T� �B�F�y�n�i�t�/�(� �M�T�B�F� �y�n�i�t� �+� �M�T�T�R�y�n�i�t�)�-� �(�9�.�1�)� 

�T�h�e� �f�a�i�l�u�r�e� �r�a�t�e�,� �L�a�m�d�a� �i�s� �t�h�e� �r�e�c�i�p�r�o�c�a�l� �o�f� �t�h�e� �m�e�a�n� �t�i�m�e� �b�e�f�o�r�e� 

�f�a�i�l�u�r�e� �(�M�T�B�F�)�.� �T�h�e� �u�n�i�t� �a�v�a�i�l�a�b�i�l�i�t�y� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� 

�o�f� �t�h�e� �f�a�i�l�u�r�e� �r�a�t�e� �a�n�d� �i�s� �s�h�o�w�n� �b�y� 

�A�u�n�i�t� �=� �1�/ ¬�1� �+� �(�L�a�m�d�a�y�n�i�t�)�(� �M�T�T�R�u�n�i�t�)�)�.� �(�9�.�2�)� 

�T�h�e� �t�e�r�m�i�n�a�l� �a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� 

�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �e�a�c�h� �o�f� �i�t�s� �u�n�i�t�s�.� �T�h�e� �c�o�m�p�o�n�e�n�t�s� �t�h�a�t� �c�o�m�p�r�i�s�e� 

�t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �t�e�r�m�i�n�a�l�s� �i�n�c�l�u�d�e� �t�h�e� �o�u�t�d�o�o�r� �u�n�i�t�,� �t�h�e� �i�n�d�o�o�r� 

�u�n�i�t�,� �t�h�e� �a�n�t�e�n�n�a� �a�n�d� �i�n�t�e�r�f�a�c�i�l�i�t�y� �l�i�n�k�.�2�®� �T�h�e� �t�e�r�m�i�n�a�l� 

�a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �f�o�u�n�d� �f�r�o�m� �t�h�e� �p�r�o�d�u�c�t� �o�f� �e�a�c�h� �o�f� �i�t�s� �r�e�s�p�e�c�t�i�v�e� 

�u�n�i�t� �a�v�a�i�l�a�b�i�l�i�t�i�e�s�.� �T�h�e� �t�e�r�m�i�n�a�l� �a�v�a�i�l�a�b�i�l�i�t�y�,� �A�T�e�r�m� �i�s� �g�i�v�e�n� �b�y� 

�A�t�e�r�m� �=� �A�o�p�u� �A�r�p�u�U� �A�A�N�T� �A�I�F�L�.� �(�9�.�3�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �A� �i�s� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �t�h�a�t� �p�a�r�t�i�c�u�l�a�r� �u�n�i�t�.� �T�h�e� 

�t�e�r�m� �O�D�U� �i�s� �t�h�e� �o�u�t�d�o�o�r� �u�n�i�t� �a�n�d� �t�h�e� �t�e�r�m� �I�D�U� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 

�i�n�d�o�o�r� �u�n�i�t�.� �T�h�e� �a�n�t�e�n�n�a� �i�s� �s�h�o�w�n� �b�y� �A�N�T� �a�n�d� �t�h�e� �i�n�t�e�r�f�a�c�i�l�i�t�y� 

�l�i�n�k� �b�y� �I�F�L�.� �T�h�e� �e�x�p�e�c�t�e�d� �n�u�m�b�e�r� �o�f� �f�a�i�l�u�r�e�s� �p�e�r� �y�e�a�r� �c�a�n� �b�e� 

�c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �L�a�m�d�a�,� �t�h�e� �f�a�i�l�u�r�e� �r�a�t�e�.� �T�h�e� �n�u�m�b�e�r� �o�f� �f�a�i�l�u�r�e�s� 
� � 

�2�6� �E�r�n�e�s�t� �S�i�m�o�,� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s� �a�n�d� �V�S�A�T�S�,� �D�a�l�l�a�s�,� �T�e�x�a�s�:� �S�p�a�c�e�-� 

�2�0�0�0�,� �1�9�8�9�,� �p�p� �4�.�1� �-� �4�.�3�4�.



�8�0� 

�f�o�r� �a� �p�a�r�t�i�c�u�l�a�r� �t�e�r�m�i�n�a�l� �i�n� �o�n�e� �y�e�a�r� �i�s� �f�o�u�n�d� �f�r�o�m� �t�h�e� �p�r�o�d�u�c�t� �o�f� 

�t�w�o� �t�e�r�m�s�.� �T�h�e� �f�i�r�s�t� �t�e�r�m� �i�s� �t�h�e� �s�u�m�m�a�t�i�o�n� �o�f� �t�h�e� �f�a�i�l�u�r�e� �r�a�t�e�s� 

�f�o�r� �e�a�c�h� �o�f� �i�t�s� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �s�e�c�o�n�d� �t�e�r�m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� 

�h�o�u�r�s� �i�n� �a� �y�e�a�r�.� �T�h�e� �o�u�t�a�g�e� �h�o�u�r�s� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� 

�u�n�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �a� �u�n�i�t�.� �T�h�e� �u�n�a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �g�i�v�e�n� �b�y� �|� �-� �A�y�n�i�t�.� 

�T�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �u�n�a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �h�o�u�r�s� �i�n�a� 

�y�e�a�r� �r�e�s�u�l�t� �i�n� �t�h�e� �o�u�t�a�g�e� �h�o�u�r�s� �p�e�r� �y�e�a�r�.� �T�h�e� �o�u�t�a�g�e� �h�o�u�r�s� �p�e�r� 

�y�e�a�r�,� �H�r�y� �i�s� �e�x�p�r�e�s�s�e�d� �b�y� 

�H�r�y� �=� �(�8�7�6�0�)�(�1�-�A�u�n�i�t�)�/�1�0�0�.� �(�9�.�4�)� 

�T�h�e� �s�y�s�t�e�m� �a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� 

�t�r�a�n�s�m�i�t� �a�n�d� �r�e�c�e�i�v�e� �t�e�r�m�i�n�a�l� �a�v�a�i�l�a�b�i�l�i�t�y�,� �t�h�e� �l�i�n�k� �a�v�a�i�l�a�b�i�l�i�t�y�,� 

�a�n�d� �t�h�e� �s�a�t�e�l�l�i�t�e� �a�v�a�i�l�a�b�i�l�i�t�y�.� �T�h�e� �l�i�n�k� �a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �t�h�e� �p�e�r�c�e�n�t� �o�f� �y�e�a�r� �r�a�i�n� �r�a�t�e� �i�s� �e�x�c�e�e�d�e�d�,� �P�.� �T�h�e� �a�v�e�r�a�g�e� 

�p�r�o�b�a�b�i�l�i�t�y� �t�h�r�e�s�h�o�l�d�,� �P�p� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �s�u�m� �o�f� �t�h�e� �p�e�r�c�e�n�t� �o�f� 

�y�e�a�r� �r�a�i�n� �r�a�t�e� �e�x�c�e�e�d�e�d� �f�o�r� �t�h�e� �u�p�l�i�n�k� �p�r�o�b�a�b�i�l�i�t�y�,� �d�o�w�n�l�i�n�k� 

�p�r�o�b�a�b�i�l�i�t�y� �a�n�d� �j�o�i�n�t� �p�r�o�b�a�b�i�l�i�t�y�.� �T�h�e� �j�o�i�n�t� �p�r�o�b�a�b�i�l�i�t�y� �(�r�a�i�n� �o�n� 

�b�o�t�h� �u�p�l�i�n�k� �a�n�d� �d�o�w�n�l�i�n�k�)� �i�s� �n�o�r�m�a�l�l�y� �n�o�t� �a�v�a�i�l�a�b�l�e� �a�n�d� �i�s� 

�u�s�u�a�l�l�y� �n�e�g�l�e�c�t�e�d� �w�h�e�n� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �u�p�l�i�n�k� �a�n�d� �d�o�w�n�l�i�n�k� 

�p�r�o�b�a�b�i�l�i�t�i�e�s� �a�r�e� �s�m�a�l�l�.� �I�f� �P�e� �i�s� �t�h�e� �l�i�n�k� �o�u�t�a�g�e� �w�h�e�n� �r�a�i�n� 

�a�t�t�e�n�u�a�t�i�o�n� �e�x�c�e�e�d�s� �P�p� �t�h�e� �l�i�n�k� �a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �g�i�v�e�n� �b�y



�8�1� 

�T�h�e� �s�y�s�t�e�m� �a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �s�h�o�w�n� �b�y� 

�A�s�y�s� �=� �A�T�e�r�m�r�y� �A�T�e�r�m�p�y� �A�L�i�n�k� �A�S�a�t�-� �(�9�.�6�)� 

�N�o�t�e� �t�h�a�t� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �f�a�i�l�u�r�e�,� �s�a�t�e�l�l�i�t�e� �f�a�i�l�u�r�e�,� �a�n�d� �l�i�n�k� 

�o�u�t�a�g�e� �a�r�e� �m�u�t�u�a�l�l�y� �i�n�d�e�p�e�n�d�e�n�t�.� 

�T�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �a� �r�e�d�u�n�d�a�n�t� �s�y�s�t�e�m� �i�s� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d�.� 

�T�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �a� �r�e�d�u�n�d�a�n�t� �u�n�i�t� �d�e�p�e�n�d�s� �u�p�o�n� �e�i�t�h�e�r� �u�n�i�t� �o�r� 

�b�o�t�h� �b�e�i�n�g� �o�n� �l�i�n�e�.� �T�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �w�h�e�n� �o�n�e� �u�n�i�t� �o�n� �l�i�n�e� �i�s� 

�A�u�n�i�t�(�l� �-� �A�u�n�i�t�)�.� �T�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �w�h�e�n� �b�o�t�h� �u�n�i�t�s� �a�r�e� �o�n� �l�i�n�e� �i�s� 

�A�u�n�i�t�(�A�u�n�i�t�)�.� �T�h�u�s� �t�h�e� �r�e�d�u�n�d�a�n�t� �a�v�a�i�l�a�b�i�l�i�t�y� �f�o�r� �t�h�e� �c�a�s�e� �w�h�e�r�e� 

�o�n�e� �o�r� �b�o�t�h� �u�n�i�t�s� �a�r�e� �o�n� �l�i�n�e� �i�s� �s�h�o�w�n� �b�y� 

�A�R�e�d� �=� �2� �A�u�n�i�t�(�1�-�A�u�n�i�t�)� �+� �A�u�n�i�t�*�=� �A�u�n�i�t�(�2� �-� �A�u�n�i�t�)�.� �(�9�.�7�)� 

�T�h�e� �d�e�s�i�g�n� �s�o�f�t�w�a�r�e� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �g�r�o�u�n�d� 

�s�t�a�t�i�o�n� �c�o�m�p�o�n�e�n�t�s� �b�a�s�e�d� �u�p�o�n� �t�h�e� �m�e�a�n� �t�i�m�e� �b�e�f�o�r�e� �f�a�i�l�u�r�e� �a�n�d� 

�t�h�e� �m�e�a�n� �t�i�m�e� �t�o�r�e�p�a�i�r�.� �T�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �t�h�e� �t�r�a�n�s�m�i�t� �a�n�d� 

�r�e�c�e�i�v�e� �t�e�r�m�i�n�a�l� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�r�o�d�u�c�t� �o�f� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� 

�c�o�m�p�o�n�e�n�t� �a�v�a�i�l�a�b�i�l�i�t�y�.� �T�h�e� �o�p�e�r�a�t�o�r� �e�n�t�e�r�s� �t�h�e� �l�i�n�k� �o�u�t�a�g�e� �P�e� 

�t�o� �f�i�n�d� �t�h�e� �l�i�n�k� �a�v�a�i�l�a�b�i�l�i�t�y�.� �F�i�n�a�l�l�y� �t�h�e� �s�y�s�t�e�m� �a�v�a�i�l�a�b�i�l�i�t�y� �i�s� 

�d�e�t�e�r�m�i�n�e�d� �o�n�c�e� �t�h�e� �s�a�t�e�l�l�i�t�e� �a�v�a�i�l�a�b�i�l�i�t�y� �i�s� �i�n�c�l�u�d�e�d�.



�C�h�a�p�t�e�r� �1�0�.�0� 

�R�a�i�n� �I�n�d�u�c�e�d� �C�r�o�s�s�-�P�o�l�a�r�i�z�a�t�i�o�n� �D�i�s�c�r�i�m�i�n�a�t�i�o�n� 

�M�a�n�y� �s�a�t�e�l�l�i�t�e� �s�y�s�t�e�m�s� �u�s�e� �f�r�e�q�u�e�n�c�y� �r�e�u�s�e� �t�o� �d�o�u�b�l�e� �t�h�e� 

�O�p�e�r�a�t�i�n�g� �c�a�p�a�c�i�t�y�.� �F�r�e�q�u�e�n�c�y� �r�e�u�s�e� �a�l�l�o�w�s� �t�w�o� �u�s�e�r�s� �i�n� �a� �g�i�v�e�n� 

�g�e�o�g�r�a�p�h�i�c�a�l� �a�r�e�a� �t�o� �o�p�e�r�a�t�e� �w�i�t�h� �t�h�e� �s�a�m�e� �f�r�e�q�u�e�n�c�y�.� 

�F�r�e�q�u�e�n�c�y� �r�e�u�s�e� �i�t�s� �i�m�p�l�e�m�e�n�t�e�d� �w�i�t�h� �e�i�t�h�e�r� �s�p�a�t�i�a�l� �d�i�v�e�r�s�i�t�y� �o�r� 

�p�o�l�a�r�i�z�a�t�i�o�n� �d�i�v�e�r�s�i�t�y�.� �S�p�a�t�i�a�l� �d�i�v�e�r�s�i�t�y� �i�s� �u�s�e�d� �w�h�e�n� �t�w�o� �u�s�e�r�s� 

�a�r�e� �l�o�c�a�t�e�d� �i�n� �d�i�f�f�e�r�e�n�t� �g�e�o�g�r�a�p�h�i�c�a�l� �r�e�g�i�o�n�s�.� �P�o�l�a�r�i�z�a�t�i�o�n� 

�d�i�v�e�r�s�i�t�y� �i�s� �u�s�e�d� �w�h�e�n� �b�o�t�h� �u�s�e�r�s� �a�r�e� �i�n� �t�h�e� �s�a�m�e� �g�e�o�g�r�a�p�h�i�c�a�l� 

�r�e�g�i�o�n�.� �O�n�e� �u�s�e�r� �o�p�e�r�a�t�e�s� �w�i�t�h� �h�o�r�i�z�o�n�t�a�l� �p�o�l�a�r�i�z�a�t�i�o�n�.� �T�h�e� 

�o�t�h�e�r� �u�s�e�r� �o�p�e�r�a�t�e�s� �w�i�t�h� �v�e�r�t�i�c�a�l� �p�o�l�a�r�i�z�a�t�i�o�n�.� �T�h�e� �i�s�o�l�a�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �o�r�t�h�o�g�o�n�a�l� �p�o�l�a�r�i�z�a�t�i�o�n�s� �m�u�s�t� �b�e� �s�u�f�f�i�c�i�e�n�t� �t�o� 

�m�i�n�i�m�i�z�e� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �i�n�t�e�r�f�e�r�e�n�c�e�.� �H�o�w�e�v�e�r� �r�a�i�n� �c�a�n� �h�a�v�e� 

�t�h�e� �e�f�f�e�c�t� �o�f� �d�e�g�r�a�d�i�n�g� �t�h�i�s� �i�s�o�l�a�t�i�o�n� �d�u�e� �t�o� �i�t�s� �d�e�p�o�l�a�r�i�z�i�n�g� 

�e�f�f�e�c�t�.�2 �� �F�i�g�u�r�e� �1�0�.�1� �s�h�o�w�s� �a�n� �o�b�l�a�t�e� �r�a�i�n�d�r�o�p�.� �A�i�r� �r�e�s�i�s�t�a�n�c�e� 

�c�a�u�s�e�s� �t�h�e� �r�a�i�n�d�r�o�p� �t�o� �t�a�k�e� �o�n� �t�h�i�s� �o�b�l�a�t�e� �s�h�a�p�e�.� �T�h�e� �a�n�g�l�e� �2� �i�s� 

�t�h�e� �c�a�n�t�i�n�g� �a�n�g�l�e� �a�n�d� �i�s� �t�h�e� �t�i�l�t� �a�n�g�l�e� �o�f� �t�h�e� �r�a�i�n�d�r�o�p� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �t�h�e� �l�o�c�a�l� �h�o�r�i�z�o�n�t�a�l�.� �T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �a� �l�i�n�e�a�r� 

�p�o�l�a�r�i�z�e�d� �w�a�v�e�f�o�r�m� �c�a�u�s�e�s� �a�m�p�l�i�t�u�d�e� �a�n�d� �p�h�a�s�e� �a�t�t�e�n�u�a�t�i�o�n� �o�f� 

�i�t�s� �h�o�r�i�z�o�n�t�a�l� �a�n�d� �v�e�r�t�i�c�a�l� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �a�t�t�e�n�u�a�t�e�d� �w�a�v�e�s� 

�c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �a� �m�a�t�r�i�x� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�0�.�2�.� �T�h�e� 
� � 

�2�7� �T�r�i� �T�.� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 
�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�7�0� �-� �1�7�7� 
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�8�5� 

�r�e�s�u�l�t�i�n�g� �a�t�t�e�n�u�a�t�i�o�n� �w�a�v�e� �c�o�m�p�o�n�e�n�t�s� �a�r�e� �g�i�v�e�n� �b�y� 

�E�y� �=�(�T�x� �c�o�s�?�(�Q�)�+�T�y�s�i�n�2�(�Q� �)�J�E�q�+�(�(�T�z�-�T�y� �)�s�i�n�(�®� �)�c�o�s�(�Q�)�J�E�y� �a�n�d� �(�1�0�.�1�)� 

�E�y� �=�(�(�T�y�-�T�y�)� �s�i�n�(�Q�)�c�o�s�(�Q� �)�J�E�y�+�(�T�x� �s�i�n�2�(�Q�)�+�T�y� �c�o�s�t�(�Q�)�J�E�y�.� �(�1�0�.�2�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r�s� �E�y� �a�n�d� �E�y� �r�e�p�r�e�s�e�n�t� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �a�n�d� �v�e�r�t�i�c�a�l� 

�c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� �w�a�v�e�s�.� �T�h�e� �t�e�r�m�s� �E�y� �a�n�d� �E�y� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �a�t�t�e�n�u�a�t�e�d� �w�a�v�e� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �p�a�r�a�m�e�t�e�r�s� �T�x� 

�a�n�d� �T�y� �a�r�e� �t�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�v�e�r� �a�n� �e�f�f�e�c�t�i�v�e� �r�a�i�n�f�a�l�l� 

�s�l�a�n�t� �p�a�t�h� �l�e�n�g�t�h� �L�e�.� �T�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �a�r�e� �g�i�v�e�n� �b�y� 

�T�y� �=�e� �f�A�x�-� �i�B�w�L�e� �a�n�d� �(�1�0�.�3�)� 

�T�y� �=� �e� �l�A�y� �~� �i�B�y�)�L�e�,� �(�1�0�.�4�)� 

�T�h�e� �r�a�i�n�f�a�l�l� �s�l�a�n�t� �p�a�t�h� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �C�r�a�n�e� �g�l�o�b�a�l� 

�m�o�d�e�l� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �L�y�,� �a�n�d� �i�s� �g�i�v�e�n� �b�y� 

�L�e� �=� �L�r�e�(�d�B�)�/�a�R�p�?�.� �(�1�0�.�5�)� 

�T�h�e� �c�o�n�s�t�a�n�t�s� �a� �a�n�d� �b� �a�r�e� �t�h�e� �f�r�e�q�u�e�n�c�y� �d�e�p�e�n�d�e�n�t� �c�o�e�f�f�i�c�i�e�n�t�s�.� 

�T�h�e� �p�o�i�n�t� �r�a�i�n� �r�a�t�e� �i�s� �g�i�v�e�n� �b�y� �R�p�.� �T�h�e� �a�t�t�e�n�u�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� 

�a�r�e� �g�i�v�e�n� �b�y� �A�,� �a�n�d� �A�y� �t�h�a�t� �a�r�e� �i�n� �u�n�i�t�s� �o�f� �n�e�p�e�r�s�/�k�m�.� �T�h�e� 

�p�h�a�s�e� �c�o�e�f�f�i�c�i�e�n�t�s� �a�r�e� �g�i�v�e�n� �b�y� �8�,� �a�n�d� �B�y� �t�h�a�t� �a�r�e� �i�n� �u�n�i�t�s� �o�f� 

�r�a�d�/�k�m�.� 

�T�h�e� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �d�i�s�c�r�i�m�i�n�a�t�i�o�n� �i�s� �t�h�e� �r�a�t�i�o� �o�f� �p�o�w�e�r



�8�6� 

�r�e�c�e�i�v�e�d� �f�r�o�m� �t�h�e� �p�r�i�n�c�i�p�a�l� �p�o�l�a�r�i�z�a�t�i�o�n� �t�o� �t�h�a�t� �r�e�c�e�i�v�e�d� �b�y� �t�h�e� 

�o�r�t�h�o�g�o�n�a�l� �p�o�l�a�r�i�z�a�t�i�o�n� �f�r�o�m� �t�h�e� �s�a�m�e� �s�i�g�n�a�l�.� �T�h�i�s� �i�s� �e�q�u�a�l� �t�o� 

�t�h�e� �c�a�r�r�i�e�r�-�t�o�-�c�r�o�s�s� �p�o�l�a�r�i�z�a�t�i�o�n� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �w�h�e�n� �t�h�e� 

�v�e�r�t�i�c�a�l� �a�n�d� �h�o�r�i�z�o�n�t�a�l� �c�o�m�p�o�n�e�n�t�s� �h�a�v�e� �t�h�e� �s�a�m�e� �p�o�w�e�r�.� �T�h�e� 

�h�o�r�i�z�o�n�t�a�l� �a�n�d� �v�e�r�t�i�c�a�l� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �d�i�s�c�r�i�m�i�n�a�t�i�o�n� �i�s� �s�h�o�w�n� 

�b�y� 

�X�y� �=� �2�0�l�o�g�(�{� �[� �l�(�T�x�/�T�y�)�+�t�a�n�2�Q�]� �]� �/� �[� �(�T�x�/�T�y�-�1�)�t�a�n�Q�1�]�}�,� �a�n�d� �(�1�0�.�6�)� 

�X�y� �=� �2�0�l�o�g�(� �[� �|�(�T�x�/�T�y�)�t�a�n�2�0�+�1�]�]� �/� �[� �|�(�T�x�/�T�y�-�1�)�t�a�n�Q�l� �]� �}�.� �(�1�0�.�7�)� 

�T�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �r�a�t�i�o� �i�s� �s�h�o�w�n� �b�y� 

�T�y�/�T�y� �=� �e�(�-�4�A� �-� �j�A�B�)�L�e�,� �w�h�e�r�e� �(�1�0�.�8�)� 

�A�A� �=� �A�x�-�A�y� �a�n�d� �(�1�0�.�9�)� 

�A�G� �=� �B�y�-�B�y�.� �(�1�0�.�1�0�)� 

�T�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �a�t�t�e�n�u�a�t�i�o�n� �A�A� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�g�u�r�e� �1�0�.�3�.� 

�F�i�g�u�r�e� �1�0�.�3� �i�s� �t�h�e� �p�l�o�t� �o�f� �d�i�f�f�e�r�e�n�t�i�a�l� �a�t�t�e�n�u�a�t�i�o�n� �v�e�r�s�u�s� 

�f�r�e�q�u�e�n�c�y�.� �N�o�t�e� �t�h�a�t� �t�h�e� �a�t�t�e�n�u�a�t�i�o�n� �u�n�i�t�s� �a�r�e� �l�i�s�t�e�d� �i�n� �t�h�i�s� 

�f�i�g�u�r�e� �a�s� �d�B�/�k�m�.� �T�h�i�s� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �8�.�6�8�6� �n�e�p�e�r�s�/�k�m�.� �T�h�e� 

�d�i�f�f�e�r�e�n�t�i�a�l� �p�h�a�s�e� �s�h�i�f�t� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�g�u�r�e� �1�0�.�4�.� �F�i�g�u�r�e� 

�1�0�.�4� �i�s� �t�h�e� �p�l�o�t� �o�f� �d�i�f�f�e�r�e�n�t�i�a�l� �p�h�a�s�e� �v�e�r�s�u�s� �f�r�e�q�u�e�n�c�y�.� �N�o�t�e� �t�h�a�t� 

�t�h�e� �p�h�a�s�e� �u�n�i�t�s� �i�n� �F�i�g�u�r�e� �1�0�.�4� �a�r�e� �l�i�s�t�e�d� �a�s� �d�e�g�/�k�m�.� �T�h�e�s�e� �u�n�i�t�s� 

�m�u�s�t� �b�e� �c�o�n�v�e�r�t�e�d� �t�o� �r�a�d�/�k�m� �t�o� �u�s�e� �e�q�u�a�t�i�o�n�s� �1�0�.�6� �a�n�d� �1�0�.�7�.
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�1�5�0� �m�m�/�h� 
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�1�0� �2�0� 

�F�r�e�q�u�e�n�c�y� �(�G�H�z�)� 
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�F�i�g�u�r�e� �1�0�.�4� �D�i�f�f�e�r�e�n�t�i�a�l� �P�h�a�s�e� �s�h�i�f�t



�8�9� 

�F�i�g�u�r�e�s� �1�0�.�3� �a�n�d� �1�0�.�4� �g�i�v�e� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �a�t�t�e�n�u�a�t�i�o�n� �a�n�d� �p�h�a�s�e� 

�f�o�r� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� 

�p�r�o�p�a�g�a�t�i�o�n� �a�n�d� �r�a�i�n�d�r�o�p� �s�y�m�m�e�t�r�y� �Y� �a�x�i�s� �i�s� �n�i�n�e�t�y� �d�e�g�r�e�e�s�.� 

�T�h�i�s� �a�n�g�l�e� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �s�y�m�b�o�l� �w�p�.� �T�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� 

�a�t�t�e�n�u�a�t�i�o�n� �a�n�d� �p�h�a�s�e� �f�o�r� �t�h�e� �e�a�r�t�h� �s�t�a�t�i�o�n� �i�s� �e�s�t�i�m�a�t�e�d� �f�r�o�m� 

�F�i�g�u�r�e�s� �1�0�.�3� �a�n�d� �1�0�.�4� �w�h�e�n� �t�h�e� �a�n�g�l�e� �p�s� �i�s� �n�o�t� �n�i�n�e�t�y� �d�e�g�r�e�e�s�.� 

�T�h�e� �o�p�e�r�a�t�i�o�n�a�l� �d�i�f�f�e�r�e�n�t�i�a�l� �a�t�t�e�n�u�a�t�i�o�n� �i�s� �g�i�v�e�n� �b�y� 

�A�A� �=� �c�o�s�*�(�E�l�)� �(�A�A� �|� �_�9�9�9�)�.� �(�1�0�.�1�1�)� 

�T�h�e� �o�p�e�r�a�t�i�o�n�a�l� �d�i�f�f�e�r�e�n�t�i�a�l� �p�h�a�s�e� �a�t�t�e�n�u�a�t�i�o�n� �i�s� �g�i�v�e�n� �b�y� 

�A�B� �=� �c�o�s�*�(�E�l�)� �A�B�l�y�-�9�9�°�.� �(�1�0�.�1�2�)� 

�T�h�e� �p�a�r�a�m�e�t�e�r� �(�A�A� �w�-�9�0�°�)� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�g�u�r�e� �1�0�.�3�.� �T�h�e� 

�t�e�r�m� �(�A�B�l�y�-�9�9�°�)� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�g�u�r�e� �1�0�.�4�.� �T�h�e� �p�a�t�h� �e�l�e�v�a�t�i�o�n� 

�i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �v�a�r�i�a�b�l�e� �E�l�.� 

�W�h�e�n� �t�h�e� �p�o�l�a�r�i�z�e�d� �w�a�v�e�s� �a�r�e� �n�o�t� �a�l�i�g�n�e�d� �t�o� �t�h�e� �l�o�c�a�l� 

�h�o�r�i�z�o�n�t�a�l� �a�n�d� �v�e�r�t�i�c�a�l�,� �t�h�e� �r�a�i�n� �c�a�n�t�i�n�g� �a�n�g�l�e� �2� �i�s� �r�e�p�l�a�c�e�d� �w�i�t�h� 

�t�h�e� �r�a�i�n� �c�a�n�t�i�n�g� �c�o�m�p�o�n�e�n�t� �a�n�g�l�e� �¢�.� �T�h�e� �c�a�n�t�i�n�g� �c�o�m�p�o�n�e�n�t� 

�a�n�g�l�e� �¢� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �t�i�l�t� �a�n�g�l�e�,� �0�.� �T�h�e� �r�a�i�n� 

�c�a�n�t�i�n�g� �c�o�m�p�o�n�e�n�t� �a�n�g�l�e�,� �¢� �i�s� �g�i�v�e�n� �b�y� 

�¢�=�9�+�0�9�.� �(�1�0�.�1�3�)



�9�0� 

�T�h�e� �r�a�i�n� �c�a�n�t�i�n�g� �a�n�g�l�e� �2� �i�n� �e�q�u�a�t�i�o�n�s� �1�0�.�6� �a�n�d� �1�0�.�7� �i�s� �r�e�p�l�a�c�e�d� 

�b�y� �¢� �w�h�e�n� �t�h�e� �w�a�v�e�s� �h�a�v�e� �a� �p�o�l�a�r�i�z�a�t�i�o�n� �t�i�l�t�.� �F�i�n�a�l�l�y� �t�h�e� �r�i�g�h�t� 

�a�n�d� �l�e�f�t� �h�a�n�d� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �d�i�s�c�r�i�m�i�n�a�t�i�o�n� �f�o�r� �o�r�t�h�o�g�o�n�a�l� 

�c�i�r�c�u�l�a�r� �p�o�l�a�r�i�z�a�t�i�o�n�s� �i�s� �g�i�v�e�n� �b�y� 

�X�c� �=� �2�0� �l�o�g�l�I�T�s�/�T�y� �+� �L�N�/�[�I�T�x�/�T�y� �-� �1�1�.� �(�1�0�.�1�4�)



�C�h�a�p�t�e�r� �1�1�.�0� 

�C�o�m�m�u�n�i�c�a�t�i�o�n�s� �L�i�n�k� �B�u�d�g�e�t� �D�e�s�i�g�n� 

�T�h�e� �c�o�m�m�u�n�i�c�a�t�i�o�n�s� �l�i�n�k� �b�u�d�g�e�t� �d�e�s�i�g�n� �s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e� 

�i�s� �u�s�e�d� �t�o� �d�e�s�i�g�n� �t�h�r�e�e� �s�a�t�e�l�l�i�t�e� �l�i�n�k�s�.� �T�h�e� �f�i�r�s�t� �d�e�s�i�g�n� �i�s� 

�i�m�p�l�e�m�e�n�t�e�d� �w�i�t�h� �t�h�e� �S�a�t�e�l�l�i�t�e� �B�u�s�i�n�e�s�s� �S�y�s�t�e�m�s� �(�S�B�S�)� 

�s�a�t�e�l�l�i�t�e�.�*�8� �S�a�t�e�l�l�i�t�e� �B�u�s�i�n�e�s�s� �S�y�s�t�e�m�s� �i�s� �a� �s�p�e�c�i�a�l�i�z�e�d� �c�o�m�m�o�n� 

�c�a�r�r�i�e�r� �t�h�a�t� �p�r�o�v�i�d�e�s� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �t�e�l�e�c�o�m�m�u�n�i�c�a�t�i�o�n�s� 

�s�e�r�v�i�c�e�s�.� �S�B�S� �o�p�e�r�a�t�e�s� �f�o�u�r� �K�u�-�b�a�n�d� �s�a�t�e�l�l�i�t�e�s�.� �T�h�e� �t�e�c�h�n�i�c�a�l� 

�s�p�e�c�i�f�i�c�a�t�i�o�n�s� �f�o�r� �t�h�e� �S�B�S� �s�a�t�e�l�l�i�t�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�1�.�1�.� �T�h�e� 

�s�u�b�s�a�t�e�l�l�i�t�e� �p�o�i�n�t� �i�s� �9�5�°�W�.� �T�h�e� �s�a�t�e�l�l�i�t�e� �l�i�n�k� �i�s� �d�e�s�i�g�n�e�d� �b�a�s�e�d� 

�u�p�o�n� �a� �r�e�q�u�i�r�e�d� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o�.� �I�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �r�a�i�n� 

�a�t�t�e�n�u�a�t�i�o�n� �e�x�i�s�t�s� �o�n� �t�h�e� �d�o�w�n�l�i�n�k�.�*�?� �T�h�e� �l�i�n�k� �w�i�l�l� �b�e� �u�s�e�d� �f�o�r� 

�F�M� �v�i�d�e�o�.� �T�h�e� �m�a�x�i�m�u�m� �f�r�e�q�u�e�n�c�y� �i�s� �4�.�2� �M�H�z�.� �T�h�e� �p�e�a�k� 

�f�r�e�q�u�e�n�c�y� �d�e�v�i�a�t�i�o�n� �i�s� �1�3�.�8� �M�H�z�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �C�a�r�s�o�n�'�s� 

�b�a�n�d�w�i�d�t�h� �i�s� �3�6� �M�H�z�.� �T�h�e� �F�M� �d�e�t�e�c�t�o�r� �t�h�r�e�s�h�o�l�d� �i�s� �1�0� �d�B�.� �A� �6� 

�d�B� �m�a�r�g�i�n� �i�s� �a�l�l�o�c�a�t�e�d� �f�o�r� �e�q�u�i�p�m�e�n�t� �d�e�g�r�a�d�a�t�i�o�n� �a�n�d� 

�p�r�o�p�a�g�a�t�i�o�n� �e�f�f�e�c�t�s�.� �T�h�u�s� �t�h�e� �r�e�q�u�i�r�e�d� �C�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �i�s� 

�1�6� �d�B�.� �T�h�e� �t�r�a�n�s�m�i�t� �s�t�a�t�i�o�n� �i�s� �a�t� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� �T�h�e� 

�t�r�a�n�s�m�i�t� �e�a�r�t�h� �s�t�a�t�i�o�n� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �a�r�e� �a�s� �f�o�l�l�o�w�s�:� 

�L�o�n�g�i�t�u�d�e� �8�0�.�4�3�8�°�W� 
� � 

�2�8� �A�l�f�r�e�d� �T�.� �B�a�r�n�e�s�,� �T�h�e� �1�9�8�5� �S�a�t�e�l�l�i�t�e� �D�i�r�e�c�t�o�r�y� �7�t�h� �A�n�n�u�a�l� �E�d�i�t�i�o�n�,� �B�e�t�h�s�e�d�a� 

�M�d�:� �P�h�i�l�l�i�p�s� �P�u�b�l�i�s�h�i�n�g� �I�n�c�.�,� �1�9�8�5�,� �p�p� �2�8� �-� �3�0�.� 

�2�9� �T�r�i� �T�.� �H�a�,� �D�i�g�i�t�a�l� �S�a�t�e�l�l�i�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�:� �M�a�c�m�i�l�l�a�n� 

�P�u�b�l�i�s�h�i�n�g� �C�o�m�p�a�n�y�,� �1�9�8�6�,� �p�p� �1�7�8� �-� �1�8�5�.� 
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�T�a�b�l�e� �1�1�.�1�;� �S�B� �l�l�i�t�e�_� �T�e�c�h�n�i�c�a�l� 

�9�2� 

�h�a�r� �r�i�s�t�i� 
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� � 

�O�w�n�e�r�:� �S�a�t�e�l�l�i�t�e� �B�u�s�i�n�e�s�s� �S�y�s�t�e�m�s� 

�F�r�e�q�u�e�n�c�y� �B�a�n�d�:� �1�2�/�1�4� �G�H�z� 

�R�e�c�e�i�v�e�:� �1�4�.�0�2�5�-�1�4�.�4�6�6� 
�T�r�a�n�s�m�i�t�:� �1�1�.�7�2�5�-�1�2�.�1�6�6� 

�T�r�a�n�s�p�o�n�d�e�r� �B�a�n�d�w�i�d�t�h�:� �4�3� �M�H�z� 

�P�o�l�a�r�i�z�a�t�i�o�n�:� �L�i�n�e�a�r� 

�A�n�t�e�n�n�a� �C�o�v�e�r�a�g�e�:� 
�(�B�e�a�m� �E�d�g�e� �E�I�R�P�)� �4�3�.�7� �d�B�W� 

�R�e�c�e�i�v�e� �C�o�v�e�r�a�g�e� �(�G�/�T�)�:� �+�/�-� �2� �d�B�/�K� 
� � 

�S�i�n�g�l�e� �C�a�r�r�i�e�r� �S�a�t�u�r�a�t�i�o�n� 
�F�l�u�x� �D�e�n�s�i�t�y�:� 

�-�1�6� �t�o� �-�8�2� �d�B�/�m� 
� � 
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�N�u�m�b�e�r� �o�f� �T�r�a�n�s�p�o�n�d�e�r�s�:� �1�0� 

�T�W�T�A� �P�o�w�e�r� �O�u�t�p�u�t�:� �2�0� �W�a�t�t�s� 

�D�e�s�i�g�n� �L�i�f�e�:� �7� �y�e�a�r�s� 
� � � � �S�e�r�v�i�c�e�s� �(�F�S�S�)�:� �V�o�i�c�e�,�d�a�t�a�,�v�i�d�e�o� 
� � � 
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�L�a�t�i�t�u�d�e� �3�7�.�2�2�9�°�N� 

�H�e�i�g�h�t� �a�b�o�v�e� �s�e�a� �l�e�v�e�l� �0�.�6�4�0� �k�m� 

�O�°�C� �i�s�o�t�h�e�r�m� �3�.�9� �k�m� 

�T�h�e� �r�e�c�e�i�v�e� �s�t�a�t�i�o�n� �i�s� �a�t� �V�i�e�n�n�a�,� �V�i�r�g�i�n�i�a�.� �T�h�e� �r�e�c�e�i�v�e� �e�a�r�t�h� 

�s�t�a�t�i�o�n� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �a�r�e� �a�s� �f�o�l�l�o�w�s�:� 

�L�o�n�g�i�t�u�d�e� �7�7� �.�2�2�°�W� 

�L�a�t�i�t�u�d�e� �3�8�.�9�1�°�N� 

�H�e�i�g�h�t� �a�b�o�v�e� �s�e�a� �l�e�v�e�l� �0�.�1�5�0� �k�m� 

�O�°�C� �i�s�o�t�h�e�r�m� �3�.�6� �k�m� 

�T�a�b�l�e� �1�1�.�2� �l�i�s�t�s� �t�y�p�i�c�a�l� �i�n�p�u�t� �o�u�t�p�u�t� �b�a�c�k�-�o�f�f� �r�e�l�a�t�i�o�n�s�h�i�p�s� �f�o�r� �a� 

�s�a�t�e�l�l�i�t�e� �t�r�a�v�e�l�i�n�g� �w�a�v�e� �t�u�b�e� �a�m�p�l�i�f�i�e�r� �(�T�W�T�A�)�.� �T�h�e� �e�a�r�t�h� 

�S�t�a�t�i�o�n�s� �w�i�l�l� �u�s�e� �a� �1�4�/�1�2� �G�H�z� �s�a�t�e�l�l�i�t�e� �l�i�n�k�.� �T�h�e� �s�a�t�e�l�l�i�t�e� �a�n�d� 

�e�a�r�t�h� �s�t�a�t�i�o�n� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �d�i�s�c�r�i�m�i�n�a�t�i�o�n� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� 

�3�0� �d�B�.� �T�h�e� �c�a�r�r�i�e�r�-�t�o�-�a�d�j�a�c�e�n�t� �s�a�t�e�l�l�i�t�e� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �i�s� �3�2� 

�d�B� �f�o�r� �b�o�t�h� �t�h�e� �u�p�l�i�n�k� �a�n�d� �d�o�w�n�l�i�n�k�.� �T�h�e� �c�a�r�r�i�e�r�-�t�o�-�a�d�j�a�c�e�n�t� 

�c�h�a�n�n�e�l� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �2�9� �d�B� �f�o�r� �b�o�t�h� �t�h�e� 

�u�p�l�i�n�k� �a�n�d� �d�o�w�n�l�i�n�k�.� �T�h�e� �a�t�m�o�s�p�h�e�r�i�c� �a�n�d� �t�r�a�c�k�i�n�g� �l�o�s�s� �i�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �1�.�5� �d�B� �f�o�r� �b�o�t�h� �t�h�e� �u�p�l�i�n�k� �a�n�d� �d�o�w�n�l�i�n�k�.� �T�h�e� 

�c�l�e�a�r� �s�k�y� �T�W�T�A� �i�n�p�u�t� �b�a�c�k�-�o�f�f� �i�s� �3� �d�B�.� �T�h�e� �c�l�e�a�r� �s�k�y� �T�W�T�A� 

�o�u�t�p�u�t� �b�a�c�k�-�o�f�f� �i�s� �0�.�3� �d�B�.� 

�T�h�e� �d�e�s�i�g�n� �p�r�o�c�e�s�s� �i�s� �b�e�g�u�n� �b�y� �e�s�t�a�b�l�i�s�h�i�n�g� �t�h�e� �a�l�l�o�c�a�t�i�o�n� 

�o�f� �o�u�t�a�g�e�s�.� �S�i�n�c�e� �m�o�s�t� �s�a�t�e�l�l�i�t�e�s� �a�r�e� �d�o�w�n�l�i�n�k�-�l�i�m�i�t�e�d� �a� �g�r�e�a�t�e�r� 

�o�u�t�a�g�e� �i�s� �p�l�a�n�n�e�d� �f�o�r� �t�h�e� �d�o�w�n�l�i�n�k�.� �T�h�e� �p�e�r�c�e�n�t� �r�a�i�n� �r�a�t�e� 

�e�x�c�e�e�d�e�d� �f�o�r� �t�h�e� �u�p�l�i�n�k� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �a�t� �0�.�0�5�%�.� �T�h�e� �p�e�r�c�e�n�t� �r�a�i�n
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�T�a�b�l�e� �1�1�.�2� �T�y�p�i�c�a�l� �I�n�p�u�t�-�O�u�t�p�u�t� �B�a�c�k�-�o�f�f� �R�e�l�a�t�i�o�n�s�h�i�p� 

�o�f� �A� �S�a�t�e�l�l�i�t�e� �T�W�T�A� 

� � 
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�I�n�p�u�t� �B�a�c�k�-�o�f�f� �(�d�B�)� �O�u�t�p�u�t� �B�a�c�k�-�o�f�f� �(�d�B�)� 

�2�0� �1�0� 

�1�8� �0�9� 

�1�6� �i�)� 

�1�4� �0�6� 

�1�2� �4�.�7� 

�0�9� �2�.�5� 

�0�6� �1�.�0� 

�0�3� �0�.�3� 

�0�0� �0�0� �{�S�a�t�u�r�a�t�i�o�n� 

�-�2� �0�.�2� �{� �O�v�e�r�d�r�i�v�e� 

�-�4� �;� �0�.�7� �{� �O�v�e�r�d�r�i�v�e� � � � � � � � 
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�r�a�t�e� �e�x�c�e�e�d�e�d� �f�o�r� �t�h�e� �d�o�w�n�l�i�n�k� �i�s� �s�e�t� �a�t� �0�.�1�%� �y�i�e�l�d�i�n�g� �a� �t�w�o� �t�o� 

�o�n�e� �r�a�t�i�o�.� �T�a�b�l�e� �2�.�1� �i�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �p�o�i�n�t� �r�a�i�n� �r�a�t�e� �b�a�s�e�d� 

�u�p�o�n� �t�h�e� �g�i�v�e�n� �p�e�r�c�e�n�t�a�g�e�s�.� �T�h�e� �p�o�i�n�t� �r�a�i�n� �r�a�t�e� �t�h�a�t� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �0�.�0�5�%� �r�a�i�n� �r�a�t�e� �e�x�c�e�e�d�e�d� �i�s� �2�2� �m�m�/�h�.� �T�h�e� 

�p�o�i�n�t� �r�a�i�n� �r�a�t�e� �t�h�a�t� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �0�.�1�%� �r�a�i�n� �r�a�t�e� �e�x�c�e�e�d�e�d� �i�s� 

�1�5� �m�m�/�h�.� 

�T�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �i�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�z�i�m�u�t�h�,� 

�e�l�e�v�a�t�i�o�n�,� �r�a�i�n� �m�a�r�g�i�n� �a�n�d� �r�a�i�n� �i�n�d�u�c�e�d� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� 

�i�n�t�e�r�f�e�r�e�n�c�e� �f�o�r� �l�i�n�e�a�r� �f�r�e�q�u�e�n�c�y� �r�e�u�s�e�.� �T�h�e� �t�r�a�n�s�m�i�t� �s�t�a�t�i�o�n� 

�a�z�i�m�u�t�h� �a�n�d� �e�l�e�v�a�t�i�o�n� �i�s� �2�0�3�.�2�4�°� �a�n�d� �4�4�.�2�1�°� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� 

�C�r�a�n�e� �g�l�o�b�a�l� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �a�t� �B�l�a�c�k�s�b�u�r�g� �i�s� �4�.�6� �d�B�.� �T�h�e� 

�a�s�s�o�c�i�a�t�e�d� �s�y�s�t�e�m� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e� �i�s� �1�8�2�.�9�2�°�.� �T�h�e� �r�a�i�n� 

�c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �d�i�s�c�r�i�m�i�n�a�t�i�o�n� �i�s� �2�1�.�6�5� �d�B� �a�n�d� �2�1�.�8�9� �d�B� �f�o�r� 

�h�o�r�i�z�o�n�t�a�l� �a�n�d� �v�e�r�t�i�c�a�l� �p�o�l�a�r�i�z�a�t�i�o�n�s�.� 

�T�h�e� �r�e�c�e�i�v�e� �s�t�a�t�i�o�n� �a�z�i�m�u�t�h� �a�n�d� �e�l�e�v�a�t�i�o�n� �i�s� �2�0�7�.�0�5�°� �a�n�d� 

�4�1�.�3�1�°� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �C�r�a�n�e� �g�l�o�b�a�l� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �a�t� 

�B�l�a�c�k�s�b�u�r�g� �i�s� �2�.�4�5� �d�B�.� �T�h�e� �a�s�s�o�c�i�a�t�e�d� �s�y�s�t�e�m� �t�e�m�p�e�r�a�t�u�r�e� 

�i�n�c�r�e�a�s�e� �i�s� �1�2�0�.�6�7�°�.� �T�h�e� �r�a�i�n� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �d�i�s�c�r�i�m�i�n�a�t�i�o�n� �i�s� 

�2�3�.�6�6� �d�B� �a�n�d� �2�3�.�8�5� �d�B� �f�o�r� �h�o�r�i�z�o�n�t�a�l� �a�n�d� �v�e�r�t�i�c�a�l� �p�o�l�a�r�i�z�a�t�i�o�n�s�.� 

�T�h�e� �l�i�n�k� �i�s� �c�o�m�p�u�t�e�d� �b�a�s�e�d� �u�p�o�n� �t�h�e� �r�e�q�u�i�r�e�d� �c�a�r�r�i�e�r�-�t�o�-� 

�n�o�i�s�e� �r�a�t�i�o�.� �T�h�e� �l�i�n�k� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�r�e� �f�i�r�s�t� �d�e�s�i�g�n�e�d� �a�s�s�u�m�i�n�g� 

�u�p�l�i�n�k� �r�a�i�n� �o�n�l�y�.� �T�h�e�n� �t�h�e� �l�i�n�k� �i�s� �d�e�s�i�g�n�e�d� �a�s�s�u�m�i�n�g� �d�o�w�n�l�i�n�k� 

�r�a�i�n� �o�n�l�y�.� �T�h�e� �r�e�c�e�i�v�e� �s�t�a�t�i�o�n� �G�/�T� �r�a�t�i�o� �i�s� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d� �f�o�r� 

�t�h�e� �c�o�n�d�i�t�i�o�n� �w�i�t�h� �r�a�i�n� �a�f�f�e�c�t�i�n�g� �t�h�e� �d�o�w�n�l�i�n�k�.� �T�h�e� �r�e�c�e�i�v�e� 

�a�n�t�e�n�n�a� �g�a�i�n�,� �t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �g�a�i�n�,� �t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �d�i�a�m�e�t�e�r



�9�6� 

�a�n�d� �H�P�A� �o�u�t�p�u�t� �p�o�w�e�r� �i�s� �f�o�u�n�d�.� �T�h�e� �t�r�a�n�s�m�i�t� �a�n�t�e�n�n�a� �g�a�i�n� �i�s� 

�r�e�l�a�t�e�d� �t�o� �t�h�e� �r�e�c�e�i�v�e�r� �g�a�i�n� �b�y� �t�h�e� �s�q�u�a�r�e�d� �r�a�t�i�o� �o�f� �t�h�e� �u�p�l�i�n�k� 

�a�n�d� �d�o�w�n�l�i�n�k� �f�r�e�q�u�e�n�c�i�e�s�.� �T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �v�a�l�i�d� �w�h�e�n� �b�o�t�h� 

�a�n�t�e�n�n�a� �t�o�t�a�l� �e�f�f�i�c�i�e�n�c�i�e�s� �a�r�e� �e�q�u�a�l�.� 

�T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �w�i�t�h� �u�p�l�i�n�k� �r�a�i�n� �o�n�l�y� �i�s� 

�2�2�.�0�7� �d�B�.� �T�h�i�s� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �b�a�s�i�c� �l�i�n�k� �b�u�d�g�e�t� 

�e�q�u�a�t�i�o�n� �i�n�c�l�u�d�i�n�g� �t�h�e� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n� �l�o�s�s�.� �T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-� 

�t�o�-�n�o�i�s�e� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �i�s� �d�e�t�e�r�m�i�n�e�d� �a�s�s�u�m�i�n�g� �t�h�a�t� �r�a�i�n� �d�o�e�s� 

�n�o�t� �o�c�c�u�r� �a�t� �t�h�e� �i�n�t�e�r�f�e�r�i�n�g� �s�o�u�r�c�e�.� �T�h�i�s� �i�n�t�e�r�f�e�r�e�n�c�e� �t�h�e�n� 

�c�o�n�s�i�s�t�s� �o�f� �t�h�e� �c�a�r�r�i�e�r�-�t�o�-�a�d�j�a�c�e�n�t� �s�a�t�e�l�l�i�t�e� �i�n�t�e�r�f�e�r�e�n�c�e�,� �c�a�r�r�i�e�r�-� 

�t�o�-�a�d�j�a�c�e�n�t� �c�h�a�n�n�e�l� �i�n�t�e�r�f�e�r�e�n�c�e� �a�n�d� �s�a�t�e�l�l�i�t�e� �a�n�t�e�n�n�a� �c�r�o�s�s�-� 

�p�o�l�a�r�i�z�a�t�i�o�n�.� �T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �i�s� �a�l�s�o� �r�e�d�u�c�e�d� �b�y� 

�t�h�e� �u�p�l�i�n�k� �r�a�i�n� �a�t�t�e�n�u�a�t�i�o�n�.� �T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� 

�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �a�s�s�u�m�i�n�g� �u�p�l�i�n�k� �r�a�i�n� �o�n�l�y� �l�e�s�s� �t�h�e� �u�p�l�i�n�k� �r�a�i�n� 

�a�t�t�e�n�u�a�t�i�o�n� �i�s� �2�0�.�8� �d�B�.� �T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� 

�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �a�s�s�u�m�i�n�g� �u�p�l�i�n�k� �r�a�i�n� �o�n�l�y� �i�s� �t�h�e�r�e�f�o�r�e� �1�8�.�3�8� 

�d�B�.� �T�h�e� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �w�i�t�h� 

�u�p�l�i�n�k� �r�a�i�n� �o�n�l�y� �i�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �r�e�q�u�i�r�e�d� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� 

�r�a�t�i�o� �m�i�n�u�s� �t�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o�.� 

�T�h�e� �r�e�q�u�i�r�e�d� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �i�s� �1�6� �d�B�.� �T�h�e� �d�o�w�n�l�i�n�k� 

�c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �i�s� �1�9�.�7�5� �d�B�.� �T�h�e� 

�d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �w�i�t�h� �u�p�l�i�n�k� �r�a�i�n� �o�n�l�y� �t�s� 

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �c�a�r�r�i�e�r�-�t�o�-�a�d�j�a�c�e�n�t� �s�a�t�e�l�l�i�t�e� �i�n�t�e�r�f�e�r�e�n�c�e�,� 

�c�a�r�r�i�e�r�-�t�o�-�a�d�j�a�c�e�n�t� �c�h�a�n�n�e�l� �i�n�t�e�r�f�e�r�e�n�c�e� �a�n�d� �t�h�e� �s�a�t�e�l�l�i�t�e



�9�7� 

�a�n�t�e�n�n�a� �a�n�d� �e�a�r�t�h� �s�t�a�t�i�o�n� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n�.� �T�h�i�s� �d�o�w�n�l�i�n�k� 

�i�n�t�e�r�f�e�r�e�n�c�e� �m�u�s�t� �b�e� �m�o�d�i�f�i�e�d� �b�y� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�c�l�e�a�r� �s�k�y� �o�u�t�p�u�t� �b�a�c�k�-�o�f�f� �a�n�d� �t�h�e� �r�a�i�n� �a�f�f�e�c�t�e�d� �o�u�t�p�u�t� �b�a�c�k�-�o�f�f�.� 

�T�h�e� �r�a�i�n� �a�f�f�e�c�t�e�d� �b�a�c�k�-�o�f�f� �r�e�s�u�l�t�s� �w�h�e�n� �t�h�e� �e�f�f�e�c�t� �o�f� �r�a�i�n� 

�a�t�t�e�n�u�a�t�i�o�n� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �c�l�e�a�r� �s�k�y� �i�n�p�u�t� �b�a�c�k�-�o�f�f� �f�o�r� �r�a�i�n� �o�n� 

�t�h�e� �u�p�l�i�n�k�.� �T�h�e� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �w�i�t�h� 

�u�p�l�i�n�k� �r�a�i�n� �o�n�l�y� �i�s� �2�2�.�2� �d�B�.� �T�h�e� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-� 

�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �i�s� �s�u�b�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� 

�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� 

�i�s� �2�2�.�8�3� �d�B�.� �T�h�e� �G�/�T� �o�f� �t�h�e� �r�e�c�e�i�v�e� �s�t�a�t�i�o�n� �w�i�t�h� �u�p�l�i�n�k� �r�a�i�n� �o�n�l�y� 

�i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �b�y� �u�s�i�n�g� 

�l�i�n�k� �b�u�d�g�e�t� �e�q�u�a�t�i�o�n�s�.� �T�h�e� �G�/�T� �i�s� �3�4�.�8�6� �d�B�/�K�.� �T�h�e� �t�r�a�n�s�m�i�t� 

�s�t�a�t�i�o�n� �E�I�R�P� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �s�a�t�e�l�l�i�t�e� �f�l�u�x� �d�e�n�s�i�t�y� �a�n�d� �t�h�e� 

�a�t�m�o�s�p�h�e�r�i�c� �a�n�d� �t�r�a�c�k�i�n�g� �l�o�s�s�.� �T�h�e� �E�I�R�P� �i�s� �8�1�.�9�8� �d�B�W�.� 

�T�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �w�i�t�h� 

�d�o�w�n�l�i�n�k� �r�a�i�n� �o�n�l�y� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-� 

�n�o�i�s�e� �p�l�u�s� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �p�l�u�s� �t�h�e� �u�p�l�i�n�k� �r�a�i�n� �m�a�r�g�i�n�.� �T�h�e� 

�u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �i�s� �2�2�.�9�8� �d�B�.� �T�h�e� 

�d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �w�i�t�h� �d�o�w�n�l�i�n�k� 

�r�a�i�n� �o�n�l�y� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�r�e�q�u�i�r�e�d� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �r�a�t�i�o� �a�n�d� �t�h�e� �u�p�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� 

�p�l�u�s� �i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o�.� �T�h�e� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-�n�o�i�s�e� �p�l�u�s� 

�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �i�s� �1�6�.�9�7� �d�B�.� �T�h�e� �d�o�w�n�l�i�n�k� �c�a�r�r�i�e�r�-�t�o�-� 

�i�n�t�e�r�f�e�r�e�n�c�e� �r�a�t�i�o� �w�i�t�h� �d�o�w�n�l�i�n�k� �r�a�i�n� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e


