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s Cotiaral:

Tho objüctivas of this study are to determine reasonable s/i ratios

for high frequancy audio modulation (HF 
~
:i) Navy Tactical communications ,

to co~ pira these r a tios with current International Frequency Reg istration

Board (IFRB) specifications, and to d ilne the cf f ’ o Cts of inodif’ying

the SIR’ s. The approach taken was to develop a mathematical model

capable of relating signal , noise , interference and probability of a—

chieving required Signal—to—Noise Ratios (s
~~ ‘

s) and Signal—to—Inter-

ference Ratios (SIR’s). ~~,

The nodal selected was that developed by Sachs (attachment A—aqua—

• t ion i8)
~ 

The International Radio Consulting Committee (ccin) model

(report 264—2, para—4 , at Lach
~nent B)

2 
only considers signal and inter-

ference level and does not take noise into account. Sachs ’ model allows

for the consideration of a minimum SNR as well as an SIR threshold. The

statistical distribution of both signals are assumed to be log—normal.

The model was programmed on a Nova computer.

The data required for input to the model is:

1. Minimum detectable signal (d8rn )

2. Standard deviation of the desired signal (dB).

• 
3. Standard deviat ion of the interference (dfl) .

4. Correl ation cn:~ificient b~~
;t e e n  s

~ 
u~n~ l and interference

(—1 to ÷1).

5. I’.cce ptnhlu r~~
r i .~

J -
~I SIR thrcshc ,td (dEJ )

6. F t1uired prnhebtlity of r tehi [v1 r
~ 1 the minimum SIR threshold.

The out put of Ii ~~~~ 
1 1:; exp~ 

r : t . :! ri~ 1 level , (tilla) cxpectod

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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interference level (dBm), expected SIR (d13) and p r o b a b i l i t y  of

successful communication. (P(R+))

The minimum detectable sigula level is a receiver charac t ristic

and readily available. A typ ical level of —104 dBrn was chosen.

The standard deviation of the signal and interference is a function

of the propagation path and changes in antenna gain caused by phys ical

fluctuation of the antenna. Studies of various reports 3,4 showed

that 8—10 dB is a-reasonable range for coastal communications .

The correlation for the signal and interference levels was not

available. The CCIR assumes a value of 0.5, but there does not

seem to be any data supporting this number .

The accep table minimum SIR threshold is a direc t f unc tion of the

articulation index or articulation score. The articulation index is

a nubmer representing the proportion of unrelated syllables understood

by the average listener. The articulation score represents the per cent

of English tex t which would be unders tood by the average listener .

The relationship of these values for AN voice modulation (A3) inter—

ference to an A3 signal was analyzed by the Elec tromagnetic Compatibil ity

Analysis Center (ECAC)5 and Rome Air Development Center (RADC)6. The

• results of the ECAC analysis are contained in figures 1 and 2 and the

RADC results are shown in figure 3. Based on these studies , a minimum

F threshold level of 8 to 10 dB for English language messages appears

reasonable.

The rcguircd probab ility of achieving acceptable communication is

specified as 84°!. for most types of communications. This threshold was

utilized for this ana lysis.

~~~~~~ ~~~~~~~~~~~~~~~~~



Resul ts

The model was exorcised for ranqes 
~
f i-eaooiiablu v

~
f lu

~~
. zi -; shown in

figures 4 through 20.

The model operates using selected values of receiver minimum de-

tectable signal (MDS) , signal and interference standard deviations,

signal—to—interference threshold and correlation coeff icient. it then

stops the mean signal level in 2 dB increments starting at the MD3

level. For each increment it steps the mean interference level from

10 to 40dB below the signal level. If any value (R+) of the probability

of successful communications equals or exceeds 0.84 it prints out the

values of mean signal, mean interference level , mean SIR and the prob-

ability of successful communications.

Net~
e the effect of the choice of the correlation coefficient and the

• convergence on a single expected SIR as tha signal strength increases to

where the noise level becomes insignificant . Figures 4 through 7 show

these effects for what is probably the most optimistic case (standard

deviation (o-) of only 8 dB for signal and interference and an SIR

threshold of 8dB) . Typical results are summarized below in Table 1.

Table I

• 

- 

Typical Cases 
Required SIR (dB1

Corr . Coeff. .1 SIR THR— (dB) 
~~~

dB) q
~

dB) Strong Signal Weak Sinnal

.9 8 0 
- 

0 12 15

.5 0 . . 8 8 16 23
0 8 8 8 20 26

.9 8 10 10 13 16

.5 8 10 10 18 26
0 8 10 10 23 28

.9 10 0 8 14 25

.5 10 0 8 18 25

0 10 8 8 22 25

.9 10 10 10 15 18

10 10 10 20 20

0 10 10 10 25 30

~~~~ 
- - i ~~~~~1~ ~~~~~~



For the cases su~
c
~
arized above the nvuL

~ago required SIR f or strong

desired sign als is 15 dB and for minimal dutoctublo siqnals is 24 dO

(at tho 0.04 probability of success level). It appears from the available

data that the values ahave are reasonable ranges of values for coastal

communications.

Conclusions

1. The model used indicates that a mean SIR of 18 dO is required to

assure a 0.84 probability of successful communications with strong signals

(SNR ’S of 15 dB or more). Marg inal signals require a higher degree of

protection — on the order of 24 dB. The current IFRB standard is 22 dO

mean SIR for the type of system under discussion (see attachment c).7

2. The CCIR model is only valid for strong signals. The values used by

the IFRB assume a 0.5 correlation coef’ficiont, with no basis for this choice.

3. Knouiledgable researchers agree that the signal and interference

are positively correlated , but the degree of the correlation has not been

determined. The results are sensitive to the value of the correlation

coefficient used and its actual value should be determined.

7.
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Performance Ca l cu lated From
Measured Receiver Characterjstji

Performance Ca lcu 1a~ted From

~o~axnaj Receiver C~aractcrjstjcs

Figure 3

Notc~: 
Results above based on typ ical HI P

~
M receiver , banduidth

approximately 8 kHz.
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A R cal i st i c A ppi:oach to D efi nm g the
Probab ility 0-f M ce~i i~g Acceptable

Receiver Performance Criteria
/

1 IER1 ;hI-tT l~1. SACI-IS, StNIO }t E5t z~rR , ItlE

Ahsirzcl—A stafls(k41 ZIiIMI~
1 for ecu.btishhug (he probabi~ ty of tut-ing Expressed in units  of dB .

~hte to suicces~
1uHy co,nunut,;cate is de~elop- -d. ihe inudel is b:u-.ed 

~
un -

,c-.4I1~
ren uent c fur nit -et ng buu (h 1 55~CC~

f lC sig riat- t o-- i iuterfcrencc cr it erion S — N � r1 -

buud a s~-~cific Si~ n~ l-tO .-I;oicr cr~
lc r io n , ,ru d t~

ke s in t o ~.ccou nt flue
- S - - -I �r 2 (.)

couetl luoO th~
t cx sts in the ~ar u~

it iou,s of dcsired ~un d iuuudesired path

loss. 
~s1ierc R1 and r 1 designate signal-to-noise ratio thresholds

~~
. ~~~~~~~~~~~ 

in numeric  r at io  and dO units , respecti vely, and R2 and r2

designate s gnal-to-interfercnce ratio thresholds in numeric
OST statistically oriented interference analysis ratio and dl.t uni t s , respectively.

MmodelS genera te a receiver interk rencc -to-noise dis- Both S and I arc functions of the source levels of the
t r ibu t ion  or signal-to - interference dis t r ibut ion and then respective signals and the gains an d losses the signals wil l

compute the probability that the interference-to-noise dis- incur between the sources and the receiver in question.

tr ihut ion or the sign al- t o - int erf er cncc dis tr ibut ion exceeds ThUS , for r .onmobile systems.
some threshold cr iterion in order to identify the expected

degree of satisfa ctory communicat ion recciser performance. S(d B) = P~ + G4 + G~ — — D(!)

\~‘hen an interfer cnce-to-noise d!s~r ibU t ion  is employed , the J(dB) = F, + G~ + Gb — L1 — F (3)

implicit assumption is made that  satisfactory receiver per- svlj ere
formancc is independent of desired si gnal level. When a -

signal-to-interference distribution is used, the assumption F
~ 

and P~ desired signal and interference source levels ,

is usually made that an acceptable signal-to-no ise ratio respectively;

always exists. - 
- 

- G4 and G~ desired signal and interfer ence source antenna

Those models that treat both signal-to-noise and signal- gains , respectivel y;

to interference effects ignore the possible corre lation be- L~ and L~ desired signal and interference path losses,

tween the desired si gnal and the interference. This correla- resp ectively;

tion is far from none xistent , as evidenced by the path loss G~ and Gb rcceiser an tenna  gains to desired signal and

variation on lor.g-range HF links where interference signal interference , respectively;

fades will often occur at the same time as desired signal D(I) desensitizat ion of the desired signal by in-

fades, or by the negative correlation seen by a mobile terference and

receiver operating in the reg ion between desired signal and F receiver off-frequency rejection factor .

4’ undesired signal base stations. This paper is intended tO If the term D(J) is not si gnif icant , it has often been sho - -
~n

put all of these statistical concepts into perspective and Jf l  (for examp le , see [1], [2]) that , to a first-order approx ima—

part icular  to show the general ra t ionale that treats si gnal tion , S and I can he represented by

-statistics , interference statistics , and the correlation thereof .
- - - - - - -

p 
. 

-

— 1!. BAS’C ANA LY StS J p1 + p, + G
~ + g, + Gb + g~ 

— -L, — — F — f

Consider a receiving system whose perfor m ance can be 
- 

~
4)

defined on the basis of input signal-to-noi se and signal-to-
where the bars denote the expected value s of the parameters

,n t er f ~rr encc threshold criteria.  .11 is desired to specify the

I proh.ib~lity that such criteria will be met. Under these 
of (3), and the corresponding lo f le r  case te rms  rcN csent a

circumstances , acceptable system performance can be said 
samp le from a norma l  d i s t r ibu t ion  describi ng the var ia t ion

to occur when 
of that  parameter .

Equat ion (4) can be simplified to the forms

p 
- signal to f l O i S C  > -

S S + e,

s~gna1 to interference ~ R2. (I)
(5)

- 
where . 

-

- Maruuuccr ipt rcccived December 4. 1970 . S = P, + C
~ + C.

The 2t 111I0T is with SachsfFrceman A~
co

~ia:cs~ 
Inc., )lyatt cv itle,

).ld. 2O1
~

4. - 
I P~ + C1 -i- Gb L, - — F

3’ - 
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Fig. 1. Joint prob~
biIity distrIbution or S and I. assun h ilig s tat is t ical  Fig. 2. Con d it ions for meeting j crf orm ance CIitCria , ass um ina

•ndcpendcnce. - st atist ica l indcp- ~nd cnce.

and e, and e1 are samples from another normal distr ibutio n Equation ( I I )  can be reduced using the substi tution I —

such that I x to give -

2 
~~ 

2 
~ 

2 , 2 i ,
~~ 

r ,c-a,, a1, 
— 

‘ 
—

~
r2,r3, — —-------— --- exp — 

2
cr,

2 
+ cr,,

2 
+ CT11

2 + o~
2 

(6) 
2aa,,cç, j,, 2cr,,

Substi tut ing (5) into (2) gives fS_~i
_ I 

F .-. _x_
~1 dx dS. (12)

S — J V + e, �r 1 
L 2o ,,3J

• S + e, — (1 + e,) ~ 
r2. (7) 

Substitution of z = (S — S)/(..12 a,~) ifl (12) results in

111.-CALCULATIONS OF PaouAstLtrY OF SUCCESSFUL P(r 2,r 3) —--u cxp (—z 2)

Cost swNIcATtoN - ~~~~ (., )f I ~,_, 
-

Initia lly assume that the statistics associated with the 
. — 

X 
I d Ii (13)

desired signal and the stat ist ics associated with the inter- J_
~ 

CXP 
j  2a,,~I

ference signal ar e uncorrela te d. If that  is the case, then a 
-

plot of equal probability contours of S versus I would look = ---~ exp (--- z~)

something like that shown in Fig. I. The joint probabi lity ‘1i ~~~~~~~~~~~

function would be centered at (5,1), and would be described r,.,/~~ S — r — 11
by the relationship - 0 I 

-------
~~ z + —- ------

~~
---- — 1 . 4 2 (14)

I. a a,~ J

p(x,y) = 
2 

exp (-_  
~ + (8) ~shere 0(-) is the cumulative Gaussian probability distribu-

4’ 
ita ,,c,, 2 a~, Ucs tion function. Equa tion (14) can also be expressed in terms

where x and y are displacements from S and I, respectively , of the error function , giving

The plot is actuall y a three-dimensional one, with the i F — S\ 2
dimensions being S. I, and p (x,.y~. Now refer again to (2~, 

P(r2, r3) = — — erf 
~~

—

~~~~
;—) 

~~~ 

-

- rewri ttcn as follows: - - ‘. •

S � ,-
~ 

+ N ,-
, 

- 
(9) ‘ exp (—z

2
) - - -

f . - 

- 
(ci — ~~~~~~~~~

• 
- S � J+ r 2 (IO~ -

- - (a-
where r3 is the min imum acceptable signal level. These 

- crf 
~~

—

~

- z + 
_

~~~~~~~
__ _ _  dz . (I5~

equations can be superimposed on Fig. 1 to give Fig. 2. 
V a,,

Only that  portion of the gra~ li left unshaded in Fig. 2 Equation (14) represents the basic equation for evalu ating

m eets the required performance criteria. The total  prob- the probability of successfu l commun i c at ions  sshen the

abi l ity of the criter ia being met is equal to the volume under signal and interference statistics arc uncor rela t ed.  The

the unshaded curve and bounded by the p(x,~) 0 plane method of t rea t ing  this  s i tuat i on has often been to disregard

and the planes denoted by (9) and (10). This volume can be the si gnal-to-noise requirement and define the preceding

expressed as probability by the expre : ~ion

I f~D f (S— S)21 I 
-

.

P(r2, r3) —-— I exp l— ---——---,---— I . .P(r2) — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

2nu,,a,, J,, L 2o’,, j  - ~~~~~~~~~~~~ + a,,
2 - 

-

J .
cxp [_ ~~

_-_.!)_ } ~-ii a’s. t i i  - . 
. 

J
cxp {..i

:_
~~~T!~]!] dz. (16)

2(1,,~ — 19 — - ,, 2(r,, -I- a,, )

- -~~~

-

~~~~--~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ±
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d for various salues of Fg. 6.- Normalized gra p h o t (15 ) for S -— 1

~ 
0 2nd for rk~ ’~ satues

S —  L o ,, = c,,= e ; r 2 — 0 ;n,
~~~

(
~~

-— 1).”~
; n -

~
(r a -- S)ia.

This is a two-d imens ional repre sentat ion of sqcccssful corn- equat ion:  
-

inunic at io r i , as illustr ated in Fig. 3. - -

It c~tri hc shown that the latter equation ~ vec the same p(x ,y) 
-______

r esult as i; obtained from (14) ‘r (15). for the case where 21ure,clc,.j(l — p
2
)

the v ;t l u e  of r3 in (15) is -—~
, and C’(r 3) 0.’ However , 

/ 2 2 ‘ 
2

the direct use of(15) takes care oIbhth signal-to-interf erence cxp f 
— -

~~~ 
— - - —

~~~~~~~ 
-f-- — ~P~~

_ 
+

~n ’ s 1~na1-to-iioise criteria and is thus the more general ~t 2(1 — p
2
)  C,,

2 a,,o,, C,,

- 

- 

Il 
-

tJii ~~ r the circumstances where corrclati~n b~twccn S

a r r ~ I cxkts, (8) c~tn be c pressed as the fol lowing 
wh ere p  c,,,!C,ci,, is the correla t ion coerncient between

- 
e, and c1, and a,,,~ is the standard  dev iation of the corre l ated

A r ,  i i -  r r ’t i r ~g unrc a:r41 i- ~enhiIy can te  est:ib)ishr4by virtuC of this sarlations. An equivalent to Fig. 2 for the corr elated C41sC
e~~~~Ii ty. i t t  iitenii’ y i- o!ien found u~

etuP w hen C arr s~
iIr, ;

~ssurnp— . - —-
*k- ; s d r C  r~np~nyed and ~ 

will appear as in 1-ig. 4. A simil ar development to that

previousl y described has been applied to this case as well
t sp  ( — a ’) cr1 (ni — 1’) if : -~

f crf - 

and h as result ed in the re la t ionshi p g ven by the fol lowing

. 

— 2 0 —  
-
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eq ua t ion: - 
t ioti s  in path le n gt h s as sschl , and it is ito loti ~ er reasonal ;lc

(C’ assume that l~ and I~ arc norm all y dk t i  ibule d. Thus (l ie

J’ (r2 r3) —
i
--— I exp ( z~) joint  p ro hab ih ty  cu r ves  must  be clevcl op~d using other

~i; Jfr,—Sl/ -/ ., ’ t han  G au s s~~t i i  i c l a t t o i t s l t i p s .  This nonn i o r mal  consider a t ion
- 

— is also t rue if th e dc s cn s i t i i at io i i  para m eter D(I) is r iot

-0  
f~~~~~~~~

r -
~~~~~~~~~~ + - ‘~ - - - ‘J if:. i t i s t gn i f i c a n t .  -

I Cj~~1 — g -- 
- 

- -  IV. Co~ci ustoNs 
.

- - 
(1 
~ Equation (18) deseloped in this paper is a m ore ~eher al

Note that  (18) reduces to (14) where p 0. r epresentat ion of the prob~h il i ty  of successfu l coinmunica-

E 1ua t ion (18) can obviousl y he plot t ed in a va~iety of t ion than  is cu st omari l y used iii LM C anal ysis. It takes into
ways. Fig. 5 indicates a normalized graph of the equat ion s account p: rfo tn iat ic e  tn n hi t : ~uons due to both si~ r .al-to-
showing the relationshi p between P(r2,r3) and r~ for various interf erenc e and sign ah-to-nois ~ cr i t er ia  not being exceeded ,
values of S — I, and for fixed values of a,,/a,,, r2, and p. and thus  avoids the strong signal assumptions of (16) . It
It hig~

-di ghts again the sensitivity of P(r2,r3) to the receiver also cons iders the degree of corre lation that  exists between

signal-to-noise threshold. signal and interfere n ce var ia t io n s  (when this can be spec-

Fig. 6 shows the relationshi p between Pfr2, r3) and r~ for ifled) and is therefore not restr icte d to the usua l uncorrelat ed
various values of correlation coefficient p, and for a selected case.

set of values of u,f a ,,, r2, and S — 1. it gives an indication

of the extent to which correlation betwe en signal and inter- 
EFLRE.~

( 1iS 
-

ference statistics ssi fl influence the probability of success ~~ 
~~m r ~~~~

1 
n’~C

1

~nt~r ( I B Y  h R  RADc-
full y communicating. TR-66- t , sec . 1.

For mobile s -stems the vari at ions in L~ and L~ will not (2) 
rnu n icati on receivers,” IF E E 7~~~ ~ I t ~~~~~~ c t v ~l

only be due to propagation fading effects , but also to saria- EMC-11 , May 1969 , pp. 90-97.

f’ oto :

This paper has been corrected in accordance with correspondance in

IEEE transactions on e’,ectromnagnetic compatibility, Vol. EIIC—1 4, No. 2

Play, 1972, pp 74—78
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3.2 J) istribuli t ’:z ,viti
~ 
i~
i u n  hour

In Re;mrt 266—2 it is sug~e-
~tr d tha t  the shor l-tcrn- m s-ar ations (wi t h in  a h a l f  J our or an

hour) follow time Ray le gli d is t r ibut ion .

All time s ta t i s t i c a l  v a r i a t i o n s  consider ed above refer to the hourly ncdia n values. To
assess, in -a more comp lete fashion , the po~sihiliti es of interfer ence , the qr i r t s i - ;nax i r ~ urn value

of the field s tmc n gUi  du r ing  time coum ~e of ant hour  may ss dl l ave to be consider ed .

At any g i s e r n  poin t  of necep t ion , the ann ual m ed ran  vaj u e  of the rat io  between the hourly -

quasi -rn a-dmnum (100/.) value and the hour ly m ed ia n  sabr e , varies l i t t l e  f r nn ;m one yea r to
another. This rat io  is , ho~sese r, a f u n c t i o n  of the d i s tance rin d the  f ie qi ten cy .  The study of
t im e median value of this  ra t io , based 0mm a large oura h er  of ni rasu r erne n ts  made during the

cotri se of several years, sh ows that  it increases with t :ie frequency and th a t  i t  de~rcrrs e s when
the distance increases . I) :pendiug upon the distance and the frequency , this value  varies
between approximatel y 6 d1~ and 3 dii for medium frequencies (band 6) and between 4.5 dB
and 2 dR for low frequencies (band 5).

}Jowever , for distances where single—hop propag ation is no longer possible (above about

2000 km), this ratio no longer obeys an obvious law , but i t s  median value remains in genera l
below 6 dli for med ium frequencies and around 2 d~ for low frequencies.

4. Formula for estimatin g t ime wanted-to-- interfering signal rati o It

Consider a particular receivin g location , at a distance D,, from the wanted transmitter
of power F,, and at a distance D~fr om t hcio te r f er ing t ransrni t te r of power P,, and cons dcr -

an interval of one hour , the m id-point of which corresponds to the local times II ,, and if,,
of the mid-points of the path of the wanted and unwanted transmis sions , then tim e ratio R (fl
in dB betwee n the wanted hourly median signal level r i nd the in t cr ferin

~t hourly median
signal level , exceeded for a percentage T greater than 50% of the hours of the yea r when the
value R is exceeded , can be calculated for a non-direct ional  receiving an tenna  from the

following formula:

R (T) = F,1,, (50) — F,1,, (50) — 
~/~~ ? ( T )  -I- 

~u,,2 ( l O 0 — T )+ 2 p~j j , , (T) ~ ,,1 (100 --- T)  (4)

where p represents the correlation between the cha rges in hourly median values for the

wanted and interfering signal propagation paths. In t i r e  absence of measurem ents of this

fac tor p. ii is suggested that  it be set eq u tl to 0-5 in us ing equation (4).

it shoul d be nGted that ~~~ and 
~~~ 

always base opposite si gns ari d that the mn inirs
sign before the radical in (4) is associated wi th  the prac t ical situation norm ally encountered ,
where the time availability T of satisfactory service is greater t it an 507. 

-

Str ictly speaking, equati on ~4) is applicable only to the extent that a log-normal
d istribution describes the data. J-Iosvever. for the di stributions encountered in pract ice, the
formula is an adequate approximation. It neglects the rapid variations of both the wanted
and interfering si’;.,,nts.

5. Temporal var iations of the field strengths -

* s.i combined influence of tire hour and season

Fig. 6 provides a correct ion of the hourly median as a fun ction of the hour at the mid-
point of the path. lhmt this correction lenin is itself no more than a year )>- median derive d -

from results obt ain ed with different frequencies and at - all t imes of the year. The sprea d of
the correctio n , shown in Fi g. 7 is, t herefore, very great Its value can , 1--owever , be rendered
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