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Thesis directed by: Professor Henry R. Reed 

The prediction technique developed by the National 

Bureau of Standards has been used extensively by high­

frequency communicators. An adaption of this technique is 

used to demonstrate the type of results obtained when 

applied to the Buffalo, N. y. to Boston, Mass . (B/B) link 

fo~ January and July 1965. A new prediction technique is 

presented which will allow the HF communicator to predict 

system performance between the maximum useable frequency 

(MUF ) and the lowest useable frequency (LUF) and which is 

flexible enough to allow system parameter changes to be 

made and the effect on the overall system determined. The 

new technique is demonstrated by applying it to the B/B 

link for January and July 1965 and displaying the results 

in the form of relative gain contours, which show the 



effect on communication capability of reducing the LUF 

by increasing system gain and the increase in process gain 

that may be achieved for the purpose of raising the data 

rate or decreasing transmission error rate. Some of the 

many applications of the results of this new technique are 

presented. The results are used: (1) to facilitate the 

selection of necessary operating frequencies to provide 

communication throughout ~ 24-hour pe riod, (2) to estimate 
/ 

the severity and length of occurrence of multipath, (3) to 

investigate possible fre quency adaption, and (4) to inves­

tigate possible power adaption. 
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SECTION I 

APPLICATION OF PRESENT TECHNIQUES 

INTRODUCTION 

Several techniques1 , 2 ,8,9,lO have been developed for 

high-frequency communicators to use in predicting the 

various modes of propagation and associated signal levels 

to be expected for a given _communication system operating 

on a specified link. Although differing in detail, the 

various techniques generally involve ·a prediction of the 

signal-to-noise ratio to be expected at the receiver as a 

function of distance, time-of-day, season, degree of solar 

activity and operating frequency. The technique developed 

by the National Bure'au of Standards2 ,3, has been used exten­

sively by high-frequency communicators and an adaption of 

this technique will be used in this thesis to demonstrate 

the type of ~esults obtained when th~ technique is applied 

to a specific communication system. The prediction tech­

niques referred to above are limited in their usefulness to 

a high-frequency co·mmunicator because: ( l) They only pro­

vide information a.bout the upper and lower limits of opera­

tion (the variation within these limits can be quite large) 

and (2) It is difficult to make changes in the system 

parameters and see the resultant changes in predicted 

ope.rational oharaoteristics since the entire prediction 

1 



technique would have to be repeated for each separate 

parameter change. 

2 

This thesis will present a new prediction technique 

which will allow the high-frequency communicator to predict 

communication system performance between the upper and 

lower limits and, at the same time, be flexible enough to 

allow system parameter changes to be made and the effect 

on the overall communication system to be determined. The 

new technique will be demonstrated by applying it to a 

specific coaununioation system and displaying the results 

in a comprehensive and easy-to-use form. Some of the many. 

applications for this new technique will be presented, also, 

to demonstrate its usefulness and flexibility. 

All of the prediction techniques mentioned above can 

be applied to any high-frequency circuit but, for purposes 

of demonstration, the communication circuit to be used in 

this thesis will be between Buffalo, N. Y. and Boston, Mass. 

This relatively short high-frequency communication circuit 

is chosen because only two primary modes of communication 

are possible. Since the purpose of this thesis is to pre­

sent a new prediction technique and to demonstrate its 

application, it is felt that longer distance circuits which 

have many possible communication modes would only serve to 

complicate, needlessly, the presentation. 

The purpose of this section is to outline the proce­

dures and show the results of using the National Bureau of 

Standards prediction techniques on the Buffalo, N. Y. to 



Boston, Mass. (B/B) communication link to determine opera­

tional performance characteristics. 

GEOMETRICAL FACTORS 

Determination of the Antenna Direction and Great Cir­

cle Distance. Figure 1.1 a is a geome tric representation 

of the Buffalo-to-Boston high-frequency communication link 

where Bis Buffalo and A is Boston. In order to determine 

the proper orientation for t he antennas the· angles x and y 

must be calculated. To de te rmine the distance between A 

and B along a great circle route, s .must be determined. 

3 

A is located at longitude 71° 16' West and latitude 42° 24' 

North. Bis located at longitude 78° 44' West and latitude 

42° 57' North. Using spherical geometry x = 81° 45' West, 

y: 93° 11' East and Sis 612.93 km. Therefore, the antenna 
/ 

at Buffalo should be orientated 93° 11 1 East and the antenna 

at Boston should be orientated 81° 45' West in order to 

place them on the same great circle radio path. The 

National Bureau of Standards prediction techniques do not 

attempt to .predict off-great-circle transmission. 112 •3 

Determination of the Vertical Radiation Angle. The 

next step in analyzing the Buffalo-to-Boston HF communica­

tion link is to determine the proper vertical radiation 

angle necessary for the transmitted wave to reach the 

receiver. Since the hei3ht of the ionospheric layer that 

supports HF propagation varies from 80 km. to 420 km., 1 •2 •3 

a plot of vertical radiation angle (p) vs. ionospheric 



layer height is needed. 

A geometric representation of the Buffalo-to-B6ston 

HF link is shown in Fig. 1.1 b where 

S - arc length AB 

C - chord length AB 

f = radius of arc AB 

b'- height of ionospheric layer 

From the figure 

S: 2f8 

· e - sin-1 c/2e 

For 

Then 

B - Buffalo, N. Y. 

A - Boston, Mass. 

S - 381 mi . - 612.93 km. 

- radius of the earth= 6371 km. 

r, - S - 612 • 93 0 04810 d 2° 1' 5 I 22" ~ - 2~ - 2(6371) = · ra • = ~ 

C = 2 f sin g = 2 ( 6371) sin 612. 93 = 612. 64 km. 
2(6371) 

4 

Therefore, the error is small when assuming a flat 

earth for this llnk. Using thi s a s sumption, the calcula­

tions for the vertical radiation angle (p) are as follows: 

Since 

t1 
• --

P2 
.. --

P3 .!. -

angle OCA = 
t -1 h' an _ --

AC 

tan-1 h' 
153.2 

t -1 h' an 
1 
__ 
02 . 2 

90° when assuming a flat earth 

tan-1 h' for one-hop propagation 
306.5 

for two-hop propagation 

for three-hop propagation 



¢ 1 , ¢2, and ¢3 are plotted as functions of h' in Fig. 1.2. 

Propagation Delay Time . Figure 1.3 shows the time 

required for a transmission over a given path (one-, two-, 

three- or four-hop) to reach the receiver, given an iono­

spheric layer height. This fi gure is for the Buffalo-to­

Boston link distance of 613 km. 

A plot of predicted F2-layer height variation with 

the time of day for January and July 19654 is given in 

5 

Fig. 1.4. The E-layer height can be assumed constant at 

110 km . for prediction calculations. By using Figs. 1.3 

and 1.4, Fig. 1.5 was generated to show the tY9ical differ­

ence in delay time (multipath delay) between one-hop and 

two-hop propagation to be expected for January and July 

1965. 

The predicted one-hop and two-hop maximum multipath 

delay for July 1965 via the F2-layer will be 2.2 milli­

seconds, while the minimum will be 1.3 milliseconds. The 

predicted multipath delay for January 1965 via the F2-layer 

will be a maximum of 1.5 milliseconds and a minimum of 1.1 

milliseconds for one-hop and two-hop propagation. The 

predicted multipath delay for one-hop and two-hop propaga­

tion via the E-layer will be 0.4 milliseconds for January 

and July 1965. 

PREDICTION OF E- AND F-LAYER MUF 

All ionospheric regions affect the maximum frequency 

which will be returned to earth in a given distance but, 



' 

for practical purposes, only the F2 and E regions will be 

considered for this link. 

6 

The E region is relatively stable. Its normal varia­

tions can be predicted on· the basis of solar activity and 

the angle of the sun. Most F2- layer predictions use two 

basic parameters to express F-layer critical frequencies:1' 2' 3 

(1) The maximum frequency which will be returned if the 

signals are transmitted at t he sharpest possible angle to 

the ionosphere; i.e., at vertical incidence when the trans­

mission distance is zero. (2 ) The maximum frequency which 

will be returned at the nost oblique angle to the iono­

sphere; i.e., when the transmission distance is maximum 

for a single ionospheric reflection. The maximum distance 

is about 4,000 kmo 

Normally an estimate of frequencies having ionospheric 

support 50 percent of the time and those having ionospheric 

support 90 percent of the time are used for HF communication 

system analysis. These frequencies are called the MUF 

(Maximum Useable Frequency) and the FOT (Optimum Traffic 

F~equency), respectively. The optimum frequency (FOT) for 

F2-layer propa~ation is normally taken to be 0.85 of the 

F
2
-~mF, although this fi gure may be considerably in error. 

Although current techniques do not permit reliable 

estimates of the contribution of sporadic variations of 

the E-layer in the estimation of loss in high-frequency 

circuits, these variations often contribute to the ~1UF 

and .are usually included in the MUF computations.
11

~13 
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The general computation pro cedure involve s the assump­

tion that ionospheric l ayers are concentric to the earth 

and that ionospheric condit ions on short paths (4,000 km. 

or less) are approximated by conditions at the path mid­

point. 

The F2-layer of t he iono sphe r e is quite variable; the 

greatest deviations fro m 11 normal 11 usually occurring during 

ionospheric storms. Predictions of MUF are made for the 

monthly median values, which are equa lled or exceeded 50% 

of the days during the month, a t a spe cified time ot day. 

i1.1UF predictions are based on the sunspot nu.mbe r (which is 

a measure of solar activity), angle of the sun ( sun's ze­

nith angle), layer height, and t he location of the trans-
5 mitte r and receiver. The r unning average sunspot number 

(SS.1.T) a s used throughout this t he sis is 10 since the year 
6 1965 will be a low sunspot year . The predicted MUF's for 

January 'and July, assuming a r unning average SSN of 10 are 

shown in Figs. 1.6, 1.7, 1.8 and 1.9. 

It has been shown1 that the maxi mum f requency useable 

over routes of various l engt hs is p roportiona l to · the secant 

of the angle of incidence a t the ionized layers . This re­

lationship has been inco rporate d into a nomogram, 11 Nomograms 

Showing the Relationship Between Layer Heights, Radiation 

Angles, Wave Frequencies , and the MUF's at Standard Dis­

tances,'111 which can be used to show whether· or not a layer 

will support a radio wave at various radiation angles. The 

monthly predictions issued by the Central Radio Propagation 
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Laboratory4 for the F2 4-000 MUF and E 2000 MUF are used 

with this nomogram to determine the greatest angles for 

E-layer and F2- layer transmission. In order for an F2-

layer transmission mode to be possible during the daylight 

hours, the waves at that :::·.'.ldiation angle must be able to 

penetrate the E- layer. Tho above nomogram was used to de­

termine these E-layer pen3';:,ra.tion frequencies (E-layer cut­

off) and the results are plo~ted, F gs . 1.6, 1.7, 1.8 and 

PREDICTED ~1{EDIAl1" SYSTEM LOSS 

System loss is def ned as the ratio of the radio 

frequency power available at the receiving antenna termi­

nals relative to the input power at the transmitting anten­

na terminals. 11 Several techniques1 , 2 , 8,9,lO for predicting 

the various modes of propagation and associated signal 

leve:s have been developed. Although differing in detail, 

the various techniques generally involve an estimation of 

the power attenuation as a funct ion of distance, time of 

day, season, degree of solar activity and operating 

frequency. The method developed by P. o. Laitinen and 

G. w. Haydon has been used extensively and an adaptation of 

thi method is the basis of the prediction technique dis­

cus sed in this section. 

System loss in high- frequency communication circuits 

may be defined as follows: 
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LS - System Loss (ceclbels) 

Lrp = Free space transmission loss based on the length 

of the path being considered (decibels) 

Li = Losses due to ionospheric absorption (decibels) 

Lg - Losses due to ground c'.bsorption of the reflected 

transmission (decibels) 

GP = Path antenna gain (the swn of transmitting 

antenna gain relative to an isotropic antenna 

in the direc·::.ion of propagation and that of the 

receiving antenna in the direction of propaga­

tion) (decibels) 

L(p) = Loss associ ted with day-to-day variations in 

ionospheric and circuit parameters (statisti­

cally determ ned and dependent upon circuit 

location, day or night, path length and percent 

of days being consldered) 1 (decibels) 

In hi5h-frequency communication circuits, several 

propasation paths often are possible; a single reflection 

from the F region (lF); a single reflection from the E 

region (lE); multiple reflection from the E and F regions 

(2F, 3F, 2E, 3E, etc.). The probable paths are dependent 

upon the geometry of the circuit, involving layer heights 

and great circle distances and the relative ionization in 

the various regions. The prime.ry tre.nsmission modes and 

their respective radiation angles for the Buffalo-to-Boston 

link can be determined using tectniques outlined in Section 

I B. The results are tB.bulated for one-hop propagation, 



J anuary 1965 (Table l); t wo-hop propagation, January 1965 

(Table 2); one-hop propagati on, July 1965 (Table 3); and 

two-hop propagation, J uly 965 (Table 4). 

10 

The free space transmission loss (Lrp) i s a function 

of the great circle di stance , radiation angle and operating 

frequency. The r e sult~nt ~r edicted Lrp for the primary 

transmission modes a.nd t he i r cor:::."esponding MUF' s of FOT' s 

are found using nomogr amso 1 The results ar e tabulated in 

Table s 1, 2, 3 and 4. 

The pred cted ab sor)t.::.on loss is the combination of 

t wo lo sses: one, the avG~age loss due to ionosphe r i c 

absorption (L1 ); t wo, the average loss due t o grou..~d 

abso rption of the refle ctod trans2ission (Lg) . The iono­

spheric absorption lo ss (L1 ) i .s a function of the absorp­

tion index, radiation ans c , 3yro-frequency plus operat i ng 

fre quency and the numbe r of hops . The ground absorption 

lo ss (Lg ) is a function of t he type of ground where the 

re fle cti on oc curs ( 11 poor eo.rth 11 is used i n this the s is, 

howeve r, measurements should be ~ade to determine t he 

ac tual r elative permittivity and conductivity at the re­

fle ction points), radiation angl e and t he operating 

frequency. The resultant predicted absorp tion loss for the 

p rimary transmission modes and t heir corresponding MUF's or 

FOT' s are found using nomogr ams. 1 The results are tabu­

lated in Tables 1,2,3 and 4. 

The difference, Lp, between the quasi-minimum system 

loss (lowest hourly median lpss expected within the month) 



and the ~onthly median of the hourly median is estimated 

from a probability distribt t io~ of hourly median system 

loss. 1 For the B/ B link (a te:.1!)er2.te latitude circuit) 

this difference, L9 , ave r~ses ~bout 9 db for 50 percent 

reliability. 

11 

To determine the antenna. gain ( G9 ) one must have the 

radiation patterns for bo ~h the trans~itting and receiving 

antennas . The radiat .. on patterns should show the relation­

ship between the operat n3 fre Quency and the vertical 

radiation angle as a func t~o. o: tho antenna gain (above 

the gain of an isotropic ant e~na in free space). The 

radiation patterns should be determined experimentally in 

order to be of the greatest_ v alue, since the surrounding 

terra' n at the antenna site affects the radiation patterns 

-c,o a very large extent. Knowing the operating frequency 

and the required vertical radia~ion angle (determined in 

Sect~on I B), one can determine the antenna gain from the 

antenna radiation patterns. The detailed data required for 

determining the antenna gains for various types of antennas 

is beyond the scope of thi s t hesis; therefore, the trans-

itting and receiving antennas each are assumed t o have a 

uniform gain of 5 db, above an isotropic antenna, for all 

required vertica l radiation angles and operating f requen­

cies. 

The predicted median system l oss (L8 ) is now calcula­

ted according t o the definition 
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The results are tabulated in Tables 1,2,3 and 4. 

PREDICTED Ai:::.:osPHERI C !WISE 

In the hie;h-freque:"" " b c.:..1c. there exists a background 

of radio noise that is p::-·:.: e.:..--ily o.tmospheric in nature, but 

galactic and man- made no ~se ~lso may be important.
1 

Ga­

lactic noise only is ir.190::."tant whe n the operating frequency 

is above the critical freq_uency of the F2-layer in the 

vicinity of the receive ro P~eferably, man-made noise should 

be measured at the receiving location. Therefore, the 

radio n0ise considered iL this section will be confined to 

atmospheric noise. 

The data used in estimatir.g the distributions of at-

mospheric noise power, co:~tained in CCIR Revised Report 65, 6 

were obtained mainly from sixteen stations located through­

out the world. These sta,:,ions, with one exception, use 

standardized recordlng equipment, the ARN-2 Radio Noise 

Recorder, and are operated by a number of organizations in 

an international cooperative program. The CCIR Revised 

Report 656 will . be used to esti::::::rn.te the atmospheric noise 

power. 

First, an estimate of the 1 me/sec noise db above KTB 

is obtained using the 11 :Noise Distribution Chart 11 (CCIR Re-
1,6 

vise d Report 65) for thG proper month and time block, 

based on local time. Fext, t:1e appropriate "Atmospheric 

11, 6 .., t l d t Radio Noise Chart1 1- se .:..e ec, an en ered with the 

l me/ sec noise level o"b t,._;_ned c..bove and the operating 



13 

frequency, from which is obtained the predicted atmospheric 

noise, 1 cps bandwidth. The predic t ed atmospheri c noise is 

tabulated in Tables 1,2,3 e.nd 4. 

PREDICTED S/N AT FOT 

The total available signal po\·rer, relative to noise, 

in a one- cycle bandwidth is useful in estimating communica­

tion circuit performance. This ratio (S/ N) in decibels is 

obtained by subtracting the noise power, in decibels, from 

the available signal power . at the receiver, in decibels. 

The available signal power at the receiver, in decibels, 

equals the power available at the transmitter antenna 

terminals, in decibels, minus the median system loss, in 

decibels. In this thesis, a transmitter of 500 watts out­

put power is assumed available. The signal power available 

at the transmitter antenna would be 27 db for a 500 watt 

transmitter. The available signal-to- noise ratio now is 

calculated using the atmospheric noise power and median 

system loss calculated in the previous subsections and the 

results are tabulated in Tables 1,2,3 and 4. 

The results ·of this section would be adequate f o r a 

coin, unicator to predict the signal-to- noise ratio to be 

expected if he were able always to operate at the FOT o r 

MUF . Unfortunat~ly the co:nmunicator e:enerally does not 

have the frequency allocations necessary to follow the 

"best11 · frequencies throughout the day and night. Besides, 

it must be assumed that ~any other communicators are trying 
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ing to use the same path and hence not all will be able to 

use the 11 best" frequency. Therefore, the communicator 

should be provided with information about other possible 

frequencies and the resultant S/N to be expected when using 

his communication system. The next section will present a 

technique that provides the communicator with such infor-

mation . 



SECT ... ON II 

PRESENTATimJ OF ~rmv TECHNIQUE 

I NTRODUCTION 

Present techniques for the prediction of performance 

of high-frequency communication circuits (an example was 

presented in Section I) a~~ :imited in their usefulness to 

the communicator. A co:r.munic a tion system will not be able 

to operate a lways at t he ~:;,OT o~ :.:uF because of the limited 

number of frequencies which can be allocated to any one 

commun cation system and because of interference caused by 

other communication systens atte~pting to use the same 

frequency. Therefore, the comcuni cator must have informa­

tion availab_e on useable frequencies and performance 

characteristics below the :ruF. 

The high-frequency commu:.'l~c&tor needs a prediction 

techr-_que that presents the results in a comprehens ive 

mar_'ler and which is easy t o use. -"i.lso, it would be desir­

able fo~ the pred ction technique to be flexible enough 

that , syste parameter changes could be entered and the 

effects on the overall communication system could be 

dete1"mined. This section will present a prediction tech­

nique that will allow the high-frequency communicator to 

deter.:nine system performance below the MUF and, at the same 

time , be flexible enough to meet the needs mentioned above . 

15 
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REFERENCE ::,YSTEM D"IIFLTITION 

As the operating fre Quency is decreased, the available 

signal power normally decreases and the noise power in­

creases, resulting i~ a decreasing available signal- to­

noise ratio. As the available signal- to-noise ratio 

decreases, the circuit rel.:.o.bi_i ty is lowered. The fre­

quency, at which any fur v11e r decrease would yield an 

unacceptable reliability , is the lowest useful high fre ­

quency for the circuit (LUF). 

The Vc:).lue of the lowest useful frequency, LUF, is 

determined in part by n~tural conditions existing in the 

ionosphere and in part by the c~~racteristics of the link 

commu..n.ication equip. ent. l'!othinz c"n be done to i:nprove 

the natural state of the iono sphere, but available methods 

of improvement can be ap,lied to i mprove system component 

characteristics. Some of the parameters that might be 

changed which would affect the gain of the system are: 

fre quency, adulation technique, trans1ni tte:r :power, band­

wi 'th, required error rate, r eq_ui:.red reliabi i ty, variation 

in :r·eceiver and transmitter antenna gain (due to variation 

in required launch angle) a nd data rate. 

The basic problem is to determine the extent to which 

a communication system's useable frequency (LUF) is lowered 

f or various decreases in required system gain, but to do 

thi s first it is necessary to define a system to be used as 

a reference . After the reference system is cho~en, a re-



quired signal- to- noise ratio ~ust be se lected and the 

lowest useable frequenc ies cc.lculated. 

17 

For the communic a t ion linlt sele cted for demonstration, 

B/B, the reference syste::n c' o sen is: modulation - CW on­

off, bandwidth - 3 kc., er~or ro.te - 10- 3 errors/ sec, 

trans;:nitter power - 500 wo.tts, receiver antenna gain - 5 db 

at all frequencies and ve~0i c~l radiation angles, trans­

mi tter antenna gain - 5 db a t al frequencies and ver ical 

r adiation angles, and level of reliability - 99 percent . 

This system is selected as a reference system because: (1) 

it i s a possible syste_ for operation on the B/ B linl{, and 

(2) its S/N requirements are hi5h, whi ch gives a relative­

ly hie;h LUF. Based on the ·nodulation, CW on- off, and the 

er or rate, 10- 3 errors/sec, the S/N , at the receivlng 

antenna terminals, is chosen to be +34 db. 

The results obtained in Section I and tabulated in 

Tables 1, 2, 3 and 4 were based o:.'1 a bandwidth of 1 cps and a 

level of reliability of 50 percent . In order to apply 

those results to the operation of the reference system, it 

is necessary to convert the basi s of the re sults from a 

bandwidth of 1 cp s to 3 kc. and the leve l of reliability 

f rom 50 percent to 99 percent. To convert the base band.­

width to 3 kc, 35 db ~O log(:5,~0o) = 35 db] must be sub­

tracted from the S/ N at FOT co.lcu_ated in Section r. To 

convert the level of reliabi l ity to 99%, the "Daytime Re­

liability of Sky- Wave Circui t Below 60° Geomagnetic Lati­

tude111 graph is used· to determine th3.t 14 db must be 
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subtracted fro~ the s/ .r &.t ~OT ce.lculated in Section I. 

After the S/N at ?O~, cbta ned in Section I, is con­

verted to the reference syc~em, a signal- to-noise ratio of 

34 db would correspor,_d to ;; d::, :::~::.~ with respect to the re ­

quired signal- to- noise r&·.:. i o of the reference system. As 

an example o f the above procedure, the signal- to- noise ratio 

in decibels at the FOT rela tive ~o the reference system vs . 

time o f day, for one- hop propa5Qtion in January 1965, is 

shown in Fig. 3 . 1 . Now tha t a reference system has been 

established, the next s·~ep is to determine the gains ob­

tained , hen operating belo ·r the FOT or ADF and to reference 

these 5~ins to the reference system 3ain. 

RELATIVE G-AIN 

n Section IE the following definition of median 

system loss is given: 

LS = Lrp + L1 {· Lg - Gp -), L(:?) 

L C! 
..J 

= Syct.em loss (db) 

~::p = F:"'i..~v .:.pace tre.nnmisc: i on loss (db) 

T 
--'i = Ionospheric ab"'orpt on loss (db) 
..,. = Ground absorption loss (db) -'S 
(!_ 

""p = Total antenna gain (db) 

(2- 1) 

L(p) = Lo0s associate~ with day-to-da.y variations (db) 

n Section IE ionospheric absorption loss and ground 

absorption loss were combined into one loss called the 

total absorption loss, LA' and L(p) was determined f or the 

B/ B link t o be about 9 db fo r 50 percent re l iability . Then 
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Eq. (2- 1) becomes 

Ls = Lrp -:- LA - Gp + 9 db (2- 2) 

In Section I G the total ~v~iluble signal power (S) 

relative to noise (N) in a 1 cps bandwidth is defined as 

S/N: S - N (2-3) 

S/N = S:i.e;n~l-to-noi~.;., rc·.'v:'...O i - db 

s - s gnal power in db -
N = Atmospheric r:o~se po ·rer in db 

In Section I G the avc.il_::,le si.s,:1.al power at the receiver 

is defined as 

where 

S = Pt, - Ls 

Pt = T~ansm. tte_ po1·er "n ffo 

Ls - System loss in cb 

(2-4) 

Subs~ituting E~s. (2-2) and (2-4) i:to Eq. (2- 3), EQ~ (2-3) 

becomes 

For 

s/rT = Pt - Lrp - L + Gp - 9 db - N (2-5) 

·.:,he reference: cystem ·erir..t::ld in Section II B 

Pt = 10 log (5~) = + 27 C',b 

G p = Gt + G : + r 10 db 

To convert to a band ·wid t.h of 3 kc: - 35 db 

To convert to a reliabil~ty of 99%: - 14 db 

Therefore, for the r-~ere~:c system, Eq. (2-5) becomes 

S/ N = - 21 - Lrp - :., - ; db) (2-6) 

but, since the required signal-to-noise ratio for the 



reference system ls v 34 db, Eq. (2- 6) becomes 

S/ N = - 55 db - Lrp - LA - _r 

where 

20 

(2- 7) 

S/ N = Signal- to-noi3e ratio relative to a required 

S/ N of ·r 34 db 

The signal- to- noise r~uio def~ned by Eq. (2- 7), for the 

B/ B cor!l.!llunication linl{, •.::.11 bo cc.110 the relative system 

gain . 

Example: one- cop, c.7!::.:'lu.:,L y 1965, 0000 G) T ( See Table 1 ) 

LA = 0 db 

Lrp = _03 db 

r = - 158 db 

Using the above values i:.1 Eq~ (2-7) 

~vlative System Ga~~= -55 - Lrp - LA - N 

= -53 - 103 - O - (- 158) 

:: 0 c.:..) 

(2-7) 

By using Eq. (2-7) the re-~tive systsm gain could be 

cu::'......:·, .. 1.-ate as a :'un t or.. of the LUF for eve:"'y two hours for 

Je:r_' ;:•y and Ju_y 1965 fo::.-- the .. :/B co:!!rnunica tion 1 nk. How­

eve:::· to s mplify the co.lcula .,1.0:1 nd. to gain an insight as 

to ~o 1 tr.. various parameters affect the relat ve system 

g~~~; ·he variations of both the predicted tot: abso rption 

(L ) and the predictec. at o spheric noise ( r) w th opera ting 

freque _cy will be determ~ned. 

Absorption lo ss vari0,tion ·with frequency is calculated 

using the method described in S ction I E for every two 

hours throu gho u t t h e day for one-hop and two- hop propagat i on 
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for January and July 1965 and the results are plotted in 

Figs. 2.2 and 2 . 3. Atmospheric noise variat on with 

frequency is cal culated using the methods described in 

Section IF for every two hours throughout the day for one ­

hop and two - hop . propagation for January and July 1965 and 

the results are plotted i1: Figso 2.4 through 2.7. The 

free space transr:1issior.. lo zs (L::·p) variation with frequency 

can easily be determ :.1.ed usin5 th.:: 11 l•o:::nogram of Transmission 
1 

Loss Due to Ray- Path Distc.. ce 11
- so tl"lc.t no other simpl ifica-

tion is necessary . 

By using Eq. ( 2- 7) ~nd tr.:..s above results i·c. · s now a 

relatively easy t.?.s~,;: to a.c·cer~ine the re _ative syst m gain 

as a function of LUF for J anua:c·y and Ju_y 1965. 

=- ample: one- hop, .;u y 1965, 1600 m-1:T 

For LUF = 8.02 ~c/ s~c 

.I. 

L rp 

: - 173 db (Fig. 2o7) 

: 17.2 db (F~:. 2.3) 

Subst~t· ting the abovu va~uec ~n =q. (2-7) 

.elative System G~in = - 55 -Lro--L .. - .i.T 

- - 55 108 - :7.2, 173 

= 7.2 db 

F _ LUF: 7o0 me/ sec 

~ : - 72.5 db (Fig. 2.7) 

L - 22. 0 db (Fig. 2.3) 

Lrp ~ 107 db (Nomogra. 1 ) 

· Substi·.:. t n3 t.he above values in Eq. ( 2-7 ) 

(2- 7 ) 

• 
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Relative System Ga~~ - 55 Lrp 

107 

LA N (2-7) 

= - ::5 22 + 172.5 

= - __ .,5 db 

For LUF = 6.0 oc/sec: 

N : -172.5 db (F:5. 2.7) 

LA : 28.5 db (Fig. 2.3) 

Lrp = 106 db ( ro!llo s:..·-.., •• 1 ) 

Substituting the abov3 Vc..lues n Eq. (2-7) 

Relative System G~in = - 55 - 106 - 28.5 + 172.5 

For LUF = 5.0 me/ sec 

N = - 173.0 db (F:.0• 2o7) 

L = 37.0 db (Fig~ 2.3) 

- _05 db ( ~ornos:.-arn1 ) 

Sub ... t tu:i:.:i.ng the abov0 v s.lu6.., :.n Eq. ( 2-7) 

_ la~ive System - ~~~ = -55 - 105 - 37 

: -22l- .. O db 

173.0 

Us:.:.'l · this J.:rl::'orrr.ation, the ::-"::.""t::.., .a gain cur-ve for one-

hop July :.9,..5, 1600 GlIT is pJ.otted .... n Fig. 2. 1. Similar 

ca2.culatio:.'ls a:::>G made for every two hours for January and 

July 1965 and the results are ::_-:iJ.0·~ t.ed in Figs . 2. 8 through 

2.1_. 

LUF RELATIVE GALT CONTOUFS 

In order to illustrate the effect of increasing or 

decreasing system gain on the overall operation of a 

communication link, LUF relative gain contours could be 
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plotted. This p lot sho;.1ld include the FOT, ?-'.illF and E - layer 

cut-off curves in order to determine the relative gain 

curve limits. 

The B/B commun.ication linlr will be used to demonstrate 

· the LUF relative gain contours. After the FOT, '1UF and E­

layer cut-off curves are plotted, t1e relative gain contours 

are added. By using the relative gain vs. frequency (LUF) 

curves, Figs. 2.8 throu5h 2.11, relative gain contours for 

every five decibels are p::!.ot J:,ed and the results are shovm 

for one-hop and two-hop :9: ... ope_r-c,t::..on for January and July 

1965 in Figs. 2.12 thy-01.:.:~:1 2ul5. These relative gain con­

tou: s serve to show tn2 e:fect on communi cation capability 

of reducing the LUF by incre~sing system gain. Conversely, 

they show also the incre~:..se in process gain that may be 

achieved at certain periods foy· the l)Urpose- of· raising the 

data rate or decreasin3 t~ansm1ssion error rate. 

Figures 3.12 throug":l 3 .. 15 can be used if the signal­

to-noi se requ rements of a given system are related to the 

req_u:::..:::'cd signal- to-no::.se ratio fo:r tl::e reference system. 

For example? a system using fraquency-shift-keying (FSK} 
. .. 

for r::odu_c:e,:1..on, a bandw dth o ~ 2 kc/sec, the same antennas 

and r·eliabili ty requirements as the B/B reference system 

will operate at a 10-3 error rate with 5 db less required 

S/N than the reference system. The LUF for this FSK system 

is the 5 db contour shovm in Figs. 2.12 through 2.15. Con­

verse y, if the operation of the FSK system is maintained 

along the O db reference contour, 5 db excess gain or a S/ N 



24 

of 5 db ore is available to reduc0 the error rate, in­

crease the data rate or lot·rer the tr.:1:1smitted power. lJiany 

more applications exist for the relative gain contours 

developed in this section and the ~ost io)ortant of these 

applications w 11 be presented i:.. the next section. 



SEC:'IO:tT -----"' . . ~- -

APPLICATION OF ? 7 :,f.TIV"S GADT CO:i'.JTOU:{S 

FP.EQlJE.i.JCY .ll.LL0CATI0i.1J ANALYSIS 

In order to operate any communication system it is 

necessary to have frequencies assigned by a central com­

munication control center or the Federal Communication 

Commission. Therefore, it is necessary to ma!rn a frequency 

allocation request fror.... ·::,he ccr..trol center or the FCC 

stating what e.nd how ::>..any fr-. .o ~ucr..c::...es ar·e needed and to 

justify the request for· ,:,hose :t!'·Gqucr..cies. The relative 

ge..in contours develo:p ..... c. ..!..n Ssc·::,:..on II ( for such a system as 

the 2.bove descr·ibed B/B linlc) can be used to fac li ta te 

the ~vlection of the f~aquenc~es to be requested and as a 

ju ·e,i:"':..cation for the ::-·cques·.:.o 

The hree require~e:;~·cs for- c.. t:....,1;..,J.ble frequency are: 

1. Tae freque 1-:cy IT.u.S t be bc:..ow the MUF. 

2. r:.:he f:::."eQuer.cy r.iu.:,t be above the E-layer 

cut- ff. 

3 ~ '..:'r.2 frequency must be above the LUF. 

vr.aen at l east one f:cequ&r:.cy satisfies the three 

re~uiremo_ vu , co~munication is possible. If no single 

frequency s~tisfies each of the three requirements, commu­

nication with the system gain and required reliability is 

not possible. 

25 
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By using the rel&tive guin contours generated for a 

particular communication linlr, an analysis of useable 

commu~ication time can be made. In order to demonstrate 

the procedure and the resu-ts of such an analysis, the 

rela. ti ve gain conto m."s c ::.,. :.:-~. ::...:::: in Se ction II for the B/B 

communication linl{· will be u3ed. 

The communicator must determine first whic~ frequency 

bands are available for hls use and then select a repre­

sentativG frequency witl1L1 ec1ch of these bands. The ten 

representative frequenc:!. 0~ cho s,:;n :Co:." the B/B 1:..:.1..K are as 

follows: 7.75, 6.85, 5.90, 5.23, ~.85, 4~55, 3.80, 3.25, 

2.70 and 2.15 ' ·/ < -'" _ .. <..,; 1,,,1\:rVUI 

t·.'r ,., ..:-,.., . .,qU"'""C. "" ar . t · d ' __ _ .;..;.:,e __ t;;; 1;:;._ -'"'-" e e..'l ere on t.he 

relative gc._n contou:.· :·or onc-;'1op p:."opa5ation January 1965 

as show·_';. ::..:.--_ ~ie;. 3 o L 3y us_:.-::: whe hig. est useable fre­

quency ~ railable at any o:.· .. e :.. i~s :.t is poss:.ble to i.leter-

to communicate t.h::·ou3hoU"'G a 21:---hour· period. 7he results 

of this a:.';.alys_.., cc..~ b:- C'.Ji.we:c1..vntly displayed as sho,,m in 

com:r:u::.'lico:.:.o::· can 

expect to es·c.abllsh successf~l cot'1:r.1u..ni cat~on (::.n Ji:.-nuary 

19o,..5 v·· ,.._ pro·o·· ,. .. ~~--·on) uz.i:crr the ten freq.ue·ncie "· ia one-~op l~0~u~ ' U -

el(:;, wed
1 

fo~ 12.1 hours wi th 2-::i overall syster.1 gain of 

0 db {this 
18 

-i.,-:i-c,h respect. to the reference system estab-

1 shed in section II B) ,:"'.'.lie·_ co:::":."es90:1.ds to a signal-to­

noise ratio at the rece:ver terminals of 34 db. Figure 3.2 

shows that commu_nicat~on could be established for an addi­

tional Li .• o hours but at [;, system gain of -5 db or a S/N of 
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29 db. In the :'"'emainin.:.; 7. 9 hcu.::-·s of the day communication 

could be accomplished at a syst0 .. gs.in of -10 db or a 

si5n2.l-to - noise ratio of 22+ db. This analysis, using the 

relative gain contours and ten selected frequencies, en­

c.ble s tr~e co, mun.ice.tor to c.etcr!l!ine the amou_ t of use able 

communication time available and the signal- to-noise ratio 

to be expected durin3.this ti~e~ If ~he ~nalysis demon-
\ 

etrated above is applied to thEJ rem:.::.inin[ relative gain 

contours developed in Se c~ior.. ~., t~e results are as shovm 

in Figs. 3.2 and 3.3 . 

.1.:'ext, a tr~c.e-off r;-:. 1. c.y ~·"l0t. _6. 02 cor.ductcd using 

ot·ier rep re 2sntati ve fy·2 :_t.C!!c ::. :. .:. to c':eteY·mine 1,-rhether the 

same comr. unication use t:i.. :-.s E'"r:d s yste::::! cain ce.n be achieved 

wi·c,h fe:re::· freq_uencies. Tl:.e ·"-: : f Y's";c:_ue:c:cies chosen for the 

trade-otr study are as :.-0::..10.:..,: 2 70, 3.85, 4.85, 

5.85 c....r..c. 7.45 me/sec. U'""::.ng 1.,::ese :: ~.x f':.'"'ec:1.:encies, the 

analy sis demonstratec. abcve i ~ :=-ie-Je a ted a!ld. results are 

o'no i ~ in ~1~s ).~ a~_d -_.). ~ • .., ' -~ J; 0 • • .l.O ..,, 

3 .. 3 ·with :E<'igs. 3.L, and 3.5 sho"!r t h e.~ almost as uch usec.ble 

co:2~unicatio::;. -c,::..~s;; _s uv s,_lab:...e ·.·r i ·c.. the six frequencies 

chosen for the trade-of~ ~tudy as with the ten frequencies. 

It CE;.n be s~own that these six frequencies are the minimum 

nUi.. ber of frequencies necessary for communication without 

substantial loss in useable coill, unication time . A request 

by the communicator for a frcquE::r..cy allocation of these 

six frequencies would be based on the above anal ys s . 
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In order to describs t.he sevecity of the multipath 

propagation encountered on the B/3 ~:gh-fre~uency lin!.{ it 

is _'lecesst..ry to define w::.o.t :i.s consi(:_ered "mild nul tipath 11 

ar1d 11 severe r:ml tir,ath11
• If tv·o sig::::i.c.ls appe2..rine; at the 

receive~ at the same inst~~t dirfer by 8 db o~ less in 

relative gain this Hill bs called 11 severe multipath11 condi­

tion. If the two sis::1a:s c.if::'e:" by more than 8 db but less 

than 12 db in relative g~.: n, s ... ,.c:-:. uill be ce.lled 11 :nild 

mul t pa th" condition. :?or· '.:! if.:~_o.ls differin6 by core than 

_2 db "Ghe in-.:.er·::'e::c·.:.l.ce :.:: :;0nsic.c,:r·ed to be ne5ligible or 

a cone.it.ion of" no '-''i..ll.tip~.u:1. is ~e.:.d to cxL,c. By using 

the definit ons given abo\ e a prcc~c"Gion as to ~he s~verity 

of the "· ul tip a th to be encounte!"·-...d. o __ 0ne B/B linlc will be 

rn&de. 

3y us:L 3 the r·el[:!.tiv0 ...;a:...::-. c1..~:.-·v-s, it is possible to 

estim::1:.:.e the seve::-·!.·cy o:· t:;.e 1m.:.~ °':-i)at.h bet~·.reen the one-hop 

and t•::o-hop :nodes. This e~·0:l..r.a1:,.:.on :..s me.de u.r.i:12; t,h(:; 

definitions stated &.bovc.. !:o,..re1c-:c·, it ::r.ust. be not.ed tha'G 

the clefL'1.:.. tions and hen.~...:; J.:.he p:.:'."e · ic·cions are ba.sed on the 

&ssu~;~:..c~ that the signals ~rrive at the rec0iver at the 

~~.e i~~tant. Arrival of the sicnals at the -~ceiver at 

C;.iff(,r·en·c. times due to dif:.:'0re~1.cc in t::..._:.a requi:"ed to 

Jropac~te over ~iffere~t ,L~ sis di~cus~e~ in Section I c. 

By using the relative 5ain cu:f·ves (Figs. 2.8 through 

2.11) a11d the d&fi:-.ition o: · rn· lti.? ,.'~: severity given above, 

?iss. 3. 6 through 3. 9 can b develoy:i 6. to show the severity 
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of r-ul ti_pz. th enco~1tered, -:or e ~c:1 :.ho hour :::ioriod throus}1-

ot: t the day, between the o::.e-hop and t>:ro-hop propa6ation 

w.odes . It can be seen fr·o!!J. the !Y.r.ultipath curves; F 5s. 

3. 6 th:r·ouc;h 3 G 9, that a, no m.ul t:i.pa th cond:'... tion, based on 

the dcf'i:'litions and cone.::. ".:.ions s"'.:,s.te:.d above, exists for 

implies that it is poss:'._"'..Jle to:.: a com._·_unicator to use this 

rec;ion of no multipath for· an e~:-1'., :."e 24-hou::· period if he 

has the necessa~·y assi u~0 f:::.··.:-~1.:encies and. syst8! 5i1-ins at 

his di spo s0.l. This fr.sc_t'.~--C/ b · nd of :.-io p::-ed.ict0d. m.ul ti -

path (for the 3/B l:'...r~: ), on the a.v0ra5e, lays bet't:reen 

0. 93 :: FOT and the . FOT fo:.· J .... EU:l_·y ar..d Ow 75 X FO ~:.1d the 

FOT for Jw.y. 

':1he next step is ·.:.o -c::.kE: ir..-co account the c-c,ual 

frac._ue:.1.cias ass~___;:.'led to "'.::,he co:!! ... U!:icator when deter;::iining 

the ::eve:."i ty of the ir.u::.-c .. ipc.th :)re s&r:.t and the length of 

tic e the . ul ti'I)a:.:'1 is er__~cunter:; • _n or~e~ to de~onstrate 

t:1.e ~~oce~u~e ~n~ tho rosu:ts of ~uch ~n ~ialysis, the 

( ,..,-,.., 3 1) .c, ···_,.,...,,.,'":)/:a co ,.,, ,,.,.,~,..,.,t 'o,., ,~ . .,..,, ,.,"il ~ -"-J• • _ Q_ v .. -V __; ...... ~---v<..,., - _.., ---J.~- vl-

i:.O~, ... ,.:.~e:." v!2- tc. t:10 :ou2. tipe:ch p:. ecL ct::.on cu::·ve s, F'i 0 s. 3. 6 

z.nd. 3. 7. By us ins the sa,,.e ·.::,ech::liq_ue th"'" i:. 1.lc.:..S usea to 

dcte_m.ir~ co:..-nunication UE:e tir:1.e (Section I!I ), it is 

~J os~::. ble ·co c!.t.. termir-.e f::-·0.1. the .:iul tip a.th prediction curves 

r 'Fi.:,s ~ 3. 6 and 3. 7) the severity of r.ml tip a "th and the 

ler..0 v~ of t~~e it is present. The results of th~s analysis 

can be co~1veniently displ~yed e.s shown in Fie; . 3 . 10 . This 



technique is then applicu 

sho1·m in Fig. 3. lOo 

Suly :'...965 and the results 

30 

F'gure 3.10 shows a good. deal less clear transmission 

ti1:r:0 (!lo r.aultipat __ ) is available than is indicated by 

exam ning the multipath predict'.~on curves, Figs . 3.6 and 

3.7. Such is to be expect 0 d si~ce ?i~. 3.10 is based on 

specific assigned frequc::.'lc.ies 1:,:1ich limit the ability of 

the system to track the clear transmission band near the 

It should be noted ~.:.....,o ::':eom :5"'ig" 3 o 10 that the 

occurrence of severe r:m~·-.,:':>ath cc:::c.:..·~ions are confined to 

nigh~ti~e periods,., Th:...8 . .sari_s '.:,hat in o::-C:..;:;r to experi­

mentally 0valuate an ac..1.)t,:i.Ve ...,y3tem under seVE";Y'e multipath 

cond.i t,:.o::..--i0 t would be :i::ocessc.ry to conduct a large part 

of a~ exper mente.l pro~r3,u at nie;hto Up to nine hours 

(p:c-.sd::..cted) of sever;:; 2·~,h,ipa:i:,:".L conditions wi 1 exist 

dur·:.ns ·c..he winter ~or:·;:.hs, i-:hi:..c as few as t1:o hours of 

seve:.r·e mul tip a t'l con.di tio.r_s 1.-r:.ll exist c.u:.'."·1n0 the winter. 

c~r:.eral .t.s-oects 21:..: Scoue... ?r·2·· :'..o-~ _., sections have 

desc::·l.b::;d the environment-a:!.. condi tione ~ _ med a propaga-

tion. phenomer!a that affect hie;r1.-frequc, __ ~J commun.ication 

trans:.ni ssio:'ls. These have been in reference particularly 

to the B/B lin..~ but are considered here to be representative. 

Buch factors as have been discussed may be referenced best 

as t~1.e geometrical factors in high-frequ ncy system defini-
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·::.:..o:.'2 

error· r.:.-c,o and av~::..la.bl..,.· pc· .. e:."', t .• c :.."'~ r su_ ts acfini te co· 

cc_ ts ~s to the poss·b_ 

v!i t:;. the aid of t,he relc.·.:.ive 

__::.s.in co~tou:::·s t:.1at have 00c:-.. deve=..opcc" such adjusta·..,_e 

can ..,3 considered s.:.c·e ..,·.:,~ ·::. These 

:; __ ·e pr-es :.:-1.ted i::1 a como•.-:hc.:::. r·cle.t::.ve 01~der the.t reflects 

1. ::':.·vc:uency ( ~ 

2. _-o" re:. ( - r: ··l· ·a·; . .., ·· .,_ · .,_ . .., .. · ·- .,., ~ - l.\.:; u· -·- _,, ---'.V-- '-'"-" \..--• ,._J ___ 1;..,1., ~·clawions). 

-c,i.ne ) • 

5. Cod.i::15 St:.·t.'. "ct:.::·~. 

• .i; ··c··· . J) ..... - - ... . 
In t,]:-_e -"'"':.e.tive e;ai s..,c ·.~.:.o:r.i. , .., __ contourz 

Fr·eo .daution. _ :1e r-0:.a·i:.1ve ca.in contours as 

( ...,, . ,., ? - ? -:·' y> r.'..., • _ ~.; • _ • -~ vl1- :>U0u 

e. gln.:c-.!.ce tl:.o :1e d :i.'O:."' fr0q· 0r.c.f :: · aption. 

2.15) show at 

To obtain a 

24-hour a~~P~~v~ cysten t~ ~10,e of these gain contours 
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stcp1.., of 5 db 

c.ra ·_olo-;-.+.""d _,:.o ,_" t'1e , - , _ v vv 1 ,i on2-o.o) eLG. ·_,,:c,-.r..op transCTissions for 

re::>::ce sent frequency t:::-..:: .. :cci:.::,:,ior.. ::."c:qu:..rei~ents per hour to 

a·~~ ~ · · d · ... --!va.J..n :;., const..,.r:t _::,e:.":·~"- .:::,.. .• -:-c e..::.-·-3 pr.::seTce in E'i;:s. 3.11 

The basic e.sstl!!).:-:,·.::,io~ here is that a const~nt 

c:ignal-to-noise rc..tio at tt.ce r·cceiver :.!lput und.e:'." all f&ding 

and multi-oath conditions :.·ill _.1_·oduc.;e constant pe:rformance. 

but ,..,, 0 , ...-c., n 
or"' pro-

.......... 
_v is obvious 

tr-.~t r.1:ch is ·.,:) be gc.ir:ed by a .;o:n:nun -

i...., o· ---~ .c-aer -;:,o 
'T•h,._ C . ' f ··-'- 0·1 ·0 _·;,J.'.·;f'·• ~- 1- 1- t.·_.,.,I"'O''_'.'-"- 3.14) -·"' Ons·::,ar:."s:. pe:r·_·o;·.il.;:..!:C8 CO.!..!.u :. - .., __ _, v.i '-'-_ 

8h ·,· .. • .. y,...:... 
- '-'--C.. u [;_ 

· · , ·ou-, d -:,, "' ,., ,·.c, h.1"Vc.. :., v,e. rJ ·!_, ,.r;-. e or.:l!lunicc:;:.o::· :. - -·'"'" "" v - c., v - - --- _ 

·e1 · 
1 

t - ~ c;, 1c-ioC' 0 --,.:i a co.:o.1i'lu1:icatl.on .;:, -"--c·cJ.on of ... 1-oca c.:O. r:.", _t.v- ·- ·., ..;.. .• ,., 

~owever, the degree 

Of' " ' oYe~ y i. ,· ·· ..:,,d by T)1C conctri c 
- IY·cqu<:)ncy c.dc.ot:..o.'l :..s ,~eV:.- ""-- --··-v" ·- - - -

t
" · +---u, _,,..a.- +,,.,"" .,..,ec~ss······y r-=-,.·u 
..!.O!": of the h:.5h-freq_uancy 3?0C -,.1. ·" ..;.ci v • .lv -- "' v.- CtJ -

-·1oc"hio~ of fixed operc~ional frequencies . 
._:;...L Chu- •• 

~y i +i-.e r·ela+_i vc 52 i:,::, co~tourz 3et1ero.ted for a 
- us :.13 v:! V 

- e.:r•t.; C''i <';) r .-.o·mmu""~ c., Hori lil1Z e.:1c: the S)vC:..fic 0.SSi[.ned 
- 1,,..,~....,.c;" V -·- J.~- o .. ...,_ -

-f"•-n 1 .:.-eC!t:Gncies for· th:1t l:l.r .. ·: 
an ane.lysis 

of frequency adaption 

the procedure and the 
can be made. In order to 
.,,...e - . - .· "' t''le ,,..,., 1<C11:,i ve o:ain contours 
.1. SUJ.i:,S Of such an c:::.:1-'f.:.J....,, ;.· .. v--•~ i:.; 
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pr·()scn-,:.ed in S...:;ct::.on _:i: ::o:.' ·.:, _e :/s co::Ei1unication lirLl.c •rill 

b~ use 

The tech_ :.cue 1:.0 oc ..!:::Gd ~n r.._s c.nalysi.:: 1.s essen-

and B. 

c~·.:.cr tl1e cix frequen-

For each ~requency it is 

_9oss:.ble to aeter: ir.e ··:.~ ··~ ··,_::--:.:.c~ ~ - :.":;_c . ..,ive system e:ain 

as one atteipts to cc~ 

o ... this ~.:.1 .. 

_··elativc 52.:...n :'or e&.c._ ~ 

throu__,h 3 .18. 

t .,.,.,,. 
l...- IC, 

By us:.::e; t.h:.. £ ·.:.cc __ .• 

abcv\,;. 

, ' o--·,:, ::. 24-hot::r :xr·iod. 

·--o· .' variation of 

., " -, l"'I - .... , ... __ "' 

·(,o deter-

·c.o p:..c -

s r bed 

constant f~aQLc~cy con-

f ·,; r.: -.;; ,,- a.,, 
\ - -1...-1-'" _, 0 -- -- 3.22) for co8muni-

..,,_ ,.. 

... -c..J -, 01 n .,,,.- ·.• ')'"' 
:) • - - t;, __ ....._ ..I • _;::: ' ... how the 

ma.::~ ...... : nal-t.o-no:...se rat:...os. ~he -:.o.., t f:c·vquent frequency 

t. _:.. s :... ..;.. i.-:he~'l the iono s ')::' 

cha:."l~es in io .izatio. 

:J.ig:it provide anothe 

i , ' 

ince 

~c-:::--~_:o:'...:."._: its most ra:pid 

, . :-:..- .:.." to these scenarios 

J) u:. .:. : frequency c lection 



,- --~--OC~"'~iO:':.. ::·e quo s ts. 

~s ovicenced :n ~ho 

-;.ro ~ve 1"' ..... . ..... .. ' 

-- c;,_, le~st. one caeo a dcc:..,::on H&.S .• :".:.':e to shift to the 
~""' ':'I-'· 

T. is is at 

cut-o:·f o:· ·.:.r.e tuo-hop po.th at the higher 

--- :~o ·t, 

~-180 , :·or the !;.-hour ~er·-c1.. in .r ___ u"·-··y i':·om ::...500 to 1900, 

CIT. t .,, ... t · • a·,., .:.pproxinate L~ a· .... :.o.:s :.rn.s c..cc..,-, eu :.:o::· ope:"a ion at 

c. lo 11;;~ 

_VJ-e.. Dotent5.c.:.::.y ~ild multi -

'v·.:o hours 
Path du:r··'. ---._.... - ~ v .......... 

the tuc-:1.op pa:ch 

..... ~ .... " 
-'"-u-v 

.-- ..,1·.:.t _ _..·,:._0::. c.t -c,1.-_.:a lower 

T. e 
_.,, 
... :r·e·· 1.._U -:!.Cy :!:°~-· 

:.e_:_-.,-...~,... 1 1 ( •• ,, 19-;.,) .. , ..., d8,!l0:'°J.Strc.t::..:'18 thc.t 
c--- , __ o,::a.~c._, 9 co - '".- '"'·'J - -

fr·c .. ,,,,, ,
01 

--~v··._.-:_·'. ._,,_:-: .:,,_::.·.:.in_ ath, cc.n provide a 
_v . .:;,,'!:'!CJ C..C."")t,_._on, ;;'. - -- - ' 

r·.:. ~: .. ou:..d be ::.c/c..od. ere that 

. t ,, .... .-
0

v; , -cl "t.,·_..; e;onsequc!1.·c ""' o.:ptive deci-
s.;.. 1..1u.V- ..... '-"1oo 

a ..... o Cc.ted ::'::·0qi.:.cncie s. 
_ .. :..,:.:_:. 3.:-..9 -~he col:i.d line c.dapt ve 

:."':reau ... ..,d to a higher i'req_uency to 
· ency p::1.th cot~ld ':!C'J,3 ..• ovu 
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- ?OT if ·::.:1.e 

a :t'req_ue~1cy z-pac :.13 ot l c/ .:-::c the alternate :,rocedure was 

'>The 1 freque::.1.cy ad::..ptiorl 

co.n provide L,ola:tion :r::'o . .: s.svore :nul tip a th ef::'ects r11odu-

lation 2.nd data rates ri~.::::.y ::e r1eJ_d constant, otherwise one 

of tl:.e se pa!"·e.t'1et0r·s vou:c to aid t~ansmissions 

at thc."t tir::i. ~ 

G0~1..r>a~J.J J -'v.: ·· application of high-

e,_".::,t.ou~;:-1 sor:1c _.,::·0·9os2,_.., <.1:..d o.ctuc..i. ap_:ili ca.tions have been 

?he b~sic need for 

Cor..ck::..:cr::. fJO\·:er- ope.:·a tion s re)resenta ti ve of ;1illions 

of c"'.ol:...::::.::·s 1-:or·th of' :..nst,c.llcd ee;_ui:_:,ment. Therefor·e, the. 

pa.t ~ _ :.~n f'o:."' e.ds.p·.:.ion defi::..i tion -chat is obt.air..ed fr·om the 

er~v:....~·0:-:::1-sntal 1.:..odel .... u,s:':':s-:.s thc.t the consequent diurnc::,l 

variation in availa~le power at the receiver be used to 
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:,:::-·ovi.de ~::.1.c:."GE.sud C.at.J. :.:-'c.:.te s dur·L:6 f t:.VO::'.'o.ble ti!!l.e s of the 

~hercfore~ the prem~se ta~Gn here is that outside of 

specif:..c L~):)licD.t:!.on, a JO ·:e:. ... -i.imited system is cssu.rr-.ed c>.nd 

bonus -;,,o SU"l)I)Ol'"'t incr2.'.lse,:::. d&.T,c~ :.•:\.: u-.:.. 01., incroased pcrforu1-

an.cc: 1 or bo·:::.b ... Ty,ical c::.r·v~,c t::-.:.t L:.clicate such r;ain 

subsection, 

n • -, 1~ " 1,.. 3 l" ;.· l. 5S • ) • ::, "C,i.1.Y·O UC5r1 • O. 

:r.::;:.·c ).c·onou.nced in Janue.ry 

1965 bsc:..1...1 so o:r ::-1eG.rly Cl'..\,L:u .. ·.~::. ::10 -l~.y.s:." o:;;01.,atlon. The 
I ~ 

-rill. 0::: :.'".i.O-c.6d t:1a·.::, tl:.2· :: : . .. .:::::· cx.-:..-·e. tion oxpe:c::..ence s a 

.'.l:., ,._- •: .... :.::·~:. tne day '-ncl 6 db during 
I 
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