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MAN -MADE RADIO NOISE 

PAR T  I: E STIMA TE S FOR B USINE SS, RE SIDE NTIAL, 
AND RURAL ARE A S  

A .  D .  Spaulding a n d  R ob e rt T .  Di sney* 

The Offic e of T elecommunic ation s ,  Institute fo r T ele ­
c ommunic ation Scienc e s ( OT/IT S), ove r  the pa st s eve ral 
yea r s ,  ha s ac cumulated a data ba s e  of man -made radio noi s e  
m ea sur-ement s ip th e f r e quency rang e from 2 5 0  kH z  th rough 
2 5 0  MH z taken in a numb e r  of g eog raphic al a rea s .  Thi s data 
ba s e  ha s b e en analyz ed to provide e stimate s of th e exp ected 
cha ract e ri stic s of  man -mad e radio noi s e  in bu s ine s s , r e s i ­
d ential , and rural a r ea s .  The pa ramete r s  u s ed a r e  the 
ave rag e availabl e powe r spe ctral d en sity ,  the ratio of the rm s 
to the ave rag e voltag e  of the noi s e  envelope , and the ratio of 
the rm s to th e  ave rage  logarithm of th e envelope voltag e .  
The variation of the s e param ete r s  a s  a function of f r e qu ency, 
location , and time a re shown and d i s c u s s ed .  Example s of 
amplitud e and time stati stic s of the r e c e ived man -mad e  radio 
nois e proc e s s  al so a r e  shown and di scus s ed .  The u s e  of the 
e stimat e s i s  shown ( princ ipally by refe r enc e s  in P a rt II, 
B ibliog raphy) in the solution of probl em s  enc ount e r ed in f r e ­
quency manag em ent and telecommunic ation sy stem d e s ign . 

K ey wo rds: Man -mad e radio noi s e ,  noi s e  levels,  noi s e  
cha ract e ri stic s ,  non -Gau s sian noi s e , impul s ive 
noi s e, system p e rfo rmanc e . 

�c The autho r s  a r e with the In stitute fo r T elecommunication Sc ienc e s ,  
Offic e  of T elecommunic ations,  U . S . D epa rtment of C omme r c e, 
B ould e r, C olorado 8 03 02 .  



1. INTRODUCTION 

The inte rference environment pre sent at a r e c e iving terminal of  a 

tele communications system i s  one o f  the factor s dete rmining whe the r 

or not that link of the s ystem will perform sati sfacto rily. In e ithe r 

the solution of a spectrum management problem o r  the de sign of a 

particular system, the dete rmination of sy ste m pe rfo rmanc e i s  a prime 

c on sideration . In spe ctrum manage ment,  not only i s  info rmation on 

the e ffect of the interfe renc e e nvi ronment on the p1'opo s e d  system 

necessary , but al s o  the change in the envi ronment c au s e d  by the pro ­

posed system must b e  conside re d . In the de sign o f  any p ropo s e d  

system, the s e  two e ffects  nee d t o  be considere d, though the e ffe ct of 

the envir onment on the syste m  is gene rally the p rima ry c onc e rn .  

The inte rfe rence environment will c on s i st o f  all disc rete s ignals  

pre sent othe r than the de si re d signal ( u sually refe r re d to  as  unwante d 

or unde sire d signal s}, b roadband impul s ive noi s e ,  the r ec eive r ' s own 

internally g e ne rated noi s e ,  and variou s othe r uninte nde d ra diation s .  

Often thi s c ompo s ite inte rferenc e envi ronment,  whether predominantly 

noi s e  o r  unwante d s ignal s ,  i s  re fe r r e d  to simply a s "noi se. " In thi s  

report, the impul s ive noi s e  ba ckg round will be  te rme d "noi se . "  Thi s 

radio noi se , a s  di stingui she d from unwanted signal inte rfe renc e ,  i s  a 

b road -band phenomenon often cove ring seve ral octave s in frequency, 

and its spect rum can be c on s ide re d flat a c ro s s any bandwidth that i s  

a s mall pe rc entage of  the c ente r fre quency of the re c e iving sy ste m .  

In o r de r  to e stimate the behavio r o f  a te le communications syste m  

a t  some future time ,  two type s o f  inte rfe rence  info rmation a re re ­

qui red.  One is  the dete rmination of the e ffe ct of all o f  the va riou s 

kinds of inte rfe rence environment s  on the sy ste m  under con side ration, 

and the othe r is the e stimate of the interference environment that will 

be p re sent at the time and place of a ctual sy ste m  ope ration . The latte r 

2 

' ! 



involve s a p r e diction process for estimating the characteristics of the 

e nvironment within some degree of accuracy. The primary purpo s e  

he r e  i s  t o  p rovide the be st e stimate po s sible of those characteristics 
of  the noi se  p ro c e s s  basic to system s design and analy sis . In addition, 
some guidance in the u s e  of these e stimate s in determining system 
p e rfo rmanc e i s  g iven in the t ext and in the refe renc e s. To provide a 

b ett e r  under standing of the e stimat e s, short descriptions of the data 
ba s e  u s ed fo r p r epa ring the e stimate s and the equipment employed in 

the mea sur ement p rog ram a r e  included . 

Pa rt II of the report is a bibliog raphy li sting publications which 
g ive man -mad e  noi s e  mea surement s ,  technique s of measurement, 
and system d e  sign and analy s i s  in impulsive noise environments. 

2 .  NOISE PARAM ET ER S  

The chara cte ri stic s o f  the inte rfe rence environment that dete rmine 

the pe rfo r manc e of a sy ste m  will be dependent on the mo dulation­

demodulation s cheme employe d; howeve r ,  some characte ri stic s of the 

radio noi se  proce s s  will g reatly influence the ope ration of any system 

regardle s s  of the dete ction s c heme u se d. The mo st ba sic  single 

pa ramete r of the b roadband inte r fe renc e i s  it s powe r spe ctral den sity; 

that i s ,  the noi s e  powe r pe r unit bandwidth ( OTP , 19 7 0 ) . Thi s pa ram­

e te r must be known a s  a function of time , location, and frequency and 

should be given in a fo rm which allows it to be c ompa re d  with and c om­

bine d with othe r type s of inte rfe renc e ,  such a s  unwante d signal s ,  

inte rnal r e c e ive r noi s e ,  etc . F o r  the p rope r de s ign o r  analys i s  o f  any 

mode m ,  the probability den s ity function of the dete cte d noi s e  envelope 

i s  g ene rally re quire d .  Thi s i s  gene rally g iven a s  the pe rc entage  of 

time the envelope voltage  exc e e d s  va rious voltage leve l s  and a s  such 

i s  the amplitude p robability di stribution (APD). While the APD g ive s 

the amplitude behavio r of  the noi s e  proce s s , the time behavio r i s  

3 



a l s o  of impo rtance fo r many type s of  inte rfe renc e . The time stati stic s 

mo st gene rally re quir e d  for sy ste m analy s i s  a re the autoc ova rianc e 

function , th e average  c ro s sing rate s of  the noi s e  envelope ( AC R ) ,  

pul s e  spac ing di stribution s ( PSD ) ,  and pul s e  duration d i stributions 

( PDD ) .  The la st th r e e , the AC R , PSD ,  and B DD, a re a function of 

envelop e voltag e  level . The above stati stic s a r e for the d ete cted 

noi s e  envelope; that i s ,  fo r the noi se proc e s s  as s e en by the r e c eiving 

sy stem und e r  con sid e ration ( Montg om e ry ,  1 9 54 ;  Watt et al . , 1 9 5 8 ;  

Middleton, 1 960 ;  C C IR ,  1 9 64 ,  1 9 6 6 ; Woz enc raft and Jac ob s ,  1 9 6 5 ; 

G onda ,  1 9 6 5 ;  Halton and Spaulding , 1 9 6 6; Hall , 1 9 6 6; J T AC , 1 9 6 8; 

B ello and E spo sito , 1 9 69 , 1 9 7 0 ; C rippen et al . , 1 97 0 ; Akima et al . , 

19 69 ; Omura , 1 9 69 ;  Shave r  et al . , 1 9 7 2 ;  Gillilland , 1 9 7 2 ; and oth e r s 

in Pa rt II, Bibliog raphy ) .  The e nvelope stati stic s a re re quire d since 

we a r e , in gene ral ,  dealing with a na r rowband noi s e  proce s s  (i.e . , 

de s c ribable by an envelope and pha s e ) and the pha s e  i s  unifo rmly 

di stribute d .  

The ba sic unit u s e d t o  de s c ribe the noi s e  i n  the se  pre diction s i s  

the powe r spe ct ral  den sity exp re s se d  i n  te rm s of an e ffe ctive antenna 

noi se  fa cto r ,  F ( C C IR ,  1 9 5 7 ,  19 64 ;  O T P ,  1 9 7 0 ) .  The definition of 
a 

F i s  
a 

F
a 

= 1 0  log
1 0 

f
a 

, 

whe re 

and p is the exte rnal noi se powe r available fro m  an e quivalent 
n , 

( 1 )  

( 2 )  

lo s sle s s  antenna in bandwidth b ,  in watt s ,  k i s  B oltzmann' s constant 

= 1 . 3 8 X 1 0
- 2 3  

Joule s/°K ,  T i s  the refe r enc e tempe ratur e =  2 8 8° K ,  
0 -

and b i s  the noi s e powe r bandwidth in h e rtz . 

4 
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s ionle s s  quantity , b e ing the ratio of two powe r s . The quantity f , 
a 

how eve r ,  give s ,  nume rically , th e available powe r  spectral d ensity 

in t e r m s  of kT and the availabl e powe r in te rm s  of kT b .  F o r  thi s  0 0 
rea son, one c ommonly s e e s F with unit s attached ( i . e . , dB > kT 

a o 
o r  dB > kT b ) .  

0 
R elation ( 2 )  can b e  g iven a s  

P = F + B - 2 04 dB W , 
n a 

wh e r e  P = 1 0  log p ,  B = 10 log b ,  and - 2 04 = 1 0  log kT . 
n n o 

( 3 )  

Othe r method s  c ommonly use d to exp re s s  the noi s e  powe r a re re -

late d s imply to F ( C C IR , 1 9 5 7 } .  F o r  example , fo r the ca s e  of  a sho rt 
a 

( h< <;\. ) g rounde d ve rtical monopole , the c o r re sponding ve rtical c o m -

ponent of the rm s fie ld strength i s  given by 

1 v E, = F + 2 0  log f + B - 9 5 . 5 ( dB> -�- ) , 
n a MH z rn 

( 4 )  

whe r e  E i s  the rm s fi eld str ength fo r the bandwidth b in dB> 1 �J.V /m, 
n 

f
MH z 

i s  the f r e quency in megahe rtz , and ;\. i s  the wavel ength in mete r s .  

S imila r exp r e s sions fo r E c an b e de rived fo r oth e r  antenna s .  
n 

The relation ship betwe en f and the noi s e  powe r in te rm s of an 
a 

effe ctive antenna noi s e  te mpe rature i s  given by 

f = T /T , 
a a o 

whe re T i s  the e ffe c tive antenna noi s e  te mpe rature in ° K .  
a 

( 5 )  

Sinc e the noi s e  leve l may re sult from a c ombination of noi se gen -

e rate d internal to the re c e iving system and exte rnal noi s e ,  it i s  c on ­

venient to expre s s  the re sulting noi se by means of  No rton ' s ( 19 5 3 )  

g ene ralization of F rii s '  ( 1 9 44 )  de finition of the noi se  figu re o f  a ra dio 

re c e ive r .  The sy ste m noi s e  facto r  can be de fine d in te r m s  of the 

5 



lo s se s  and a ctual te mpe rature s of  the va riou s pa rts  of the sy stem . 

L o s s  in the circuit i s  taken he re to be the ratio of available input powe r 

to ava ilable output powe r and will diffe r from the los s in de live re d 

powe r unle s s  a matche d loa d i s  u se d .  The noi s e  fa cto r of  the antenna 

c ircuit, f , i s  
c 

T 
f 
c 

= 1 + 
T 

c 
( £  

c 
- 1 )  

0 
( 6 ) 

wh e r e  £ i s  the l o s s facto r in the antenna and a s s o c iated c i rcuit , T c c 
i s  the actual tempe rature  of  the antenna circuit and nea rby ground , 

and T i s  the refe r enc e  t e mp e rature  (288°K). 
0 

Simila rly , th e t ran smi s sion line lo s s facto r ,  £
t

, and tempe ratur e , 

T
t

, will d etermine a noi s e  facto r ,  f
t

, for the t ransm i s sion line g iven 

by 

T 
f = 1 + _

t 
( £ - 1) • t T t 

0 
( 7) 

U sing a re c e ive r noi se  fa cto r of f , and as suming the rec eive r is  
r 

f re e  of  spuriou s r e spon s e s, we can u s e  F rii s' method of c ombining noi se  

figure s in ca s cade to obtain a sy ste m noi se facto r ,  f ,  including exte r ­

nal noi se ,  f , which i s  
a 

f = f + ( £  
a c 

T 
c - 1) - + £ ( £  

T c t 
0 

T 
- 1) 

T
t 

+ £ £ ( f  - 1) . 

c t r 
0 

If all te mpe rature s a re e qual to T , e quation (8) b e c ome s 
0 

f = f - l + f f f  
a c t r 

(8) 

( 9) 

The rms of the noi se  envelope voltage wa s u s e d fo r all powe r 

measurement s  taken fo r thi s repo rt . C alibration techni que s allow thi s 

rms measurement to be re fe r r e d  to the te rminal s of an e quivalent lo s s -
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l e s s  antenna and giv en in te r m s  of F in decib el s . W ith the exc eption 
a 

of the few me a surements mad e using a half wave dipole in a c o rne r 

refle cto r ,  all value s of F w e r e  obtained u s ing a sho rt ve rtical antenna . 
a 

F o r  an envelope having a dete rmini stic wave fo rm , a definite re ­

lation ship between the r m s volta g e ,  the mean volta g e , and othe r ave rag e  

value s ( such a s  the antilog o f  the me an loga rithm, ALM L ,  of the 

e nvelope voltage ) can be found .  A simple ca s e  would be a s ine wave 

modulation, and a trivial ca se would be a con stant C W  signal .  In the 

ca se  o f  a random wavefo rm such a s  that re sulting from b roa dband im ­

pul s ive noi se , no definitive re lation ship exi st s .  The ratio s of the rm s 

to the me an and ALML of the noi se envelope voltag e  va ry a s  the impul -

sive cha racte r of the noi se va rie s with time , location, and fre quency . 

A knowle dg e of the se ratio s provide u s e ful information on the impul sive 

cha racte r of  the r e c e ive d noi s e . F o r  example , the ratio of the rm s to 

the mean for white Gaus sian noi s e  i s  approximate ly 1 dB , while the ratio 

of the rm s to the A LML i s  app roximate ly 2. 5 dB . A s  the noi s e  b e c o me s 

mo re impul s ive in nature , the se ratio s will inc rea se . Thu s, if the s e  

ratio s a re known, o r  can be p r e dicte d, some info rmation can b e  infe rre d 

on the di stributi on of the in stantane ous envelope volta g e s ( APD) . Since 

the AP D is re quire d info rmation fo r dete rmining the expe cte d pe rfo rm ­

anc e of te le communication s sy ste m s ,  e stimate s of the expe cte d value s 

of the s e  two ratio s a re u s e ful . The ratio of the rm s to the mean voltage  

is  the voltage  deviation (V 
d

in de c ibe l s ) .  The  ratio of the rm s to the 

antilog -mean loga rithm of the envelope voltage i s  the log deviation ( L  
d 

in de c ibe l s ) .  F o r  d etailed d efinition s , s e e  C richlow, et al . ( 1960). 
A di rect  re lation ship between the pre dicte d moments {F

a
' V 

d
' and 

L
d

) and the mo st likely o r  expe cte d APD i s  not p re sently available fo r 

man -ma de noi s e  in a form such a s  that given fo r atmo sphe ric radio 

noi se  by C richlow et al . ( 1960) and late r a dopte d in a s implifie d fo rm 

7 



by C C IR ( 1 9 64 ) .  A g iven APD will define a uni que set  o f  moment s . 

The conve r se i s  not t rue , howeve r,  a s  a given set  o f  the three  moment s  

c ould have re sulte d from any one o f  a family o f  APD ' s .  The man -ma de 

noi s e  g ene rally i s  compo se d of cont ribution s  fro m a numb e r  of sourc e s 

and will change rapidly in cha racte r with time and location a s the noi se  

c ontribution s f rom the va riou s  s ource s change in relative a mplitude . 

On the ave rage , an APD simila r to that ob se rve d fo r atm o sphe ric 

ra dio noi se  is found for man -ma de radio noi s e . T ypical APD ' s and 

the i r  va riation s have been given for urban re sidential man -ma de ra dio 

noi se  by Spaulding et  al . ( 1 97 1 ) .  

3. E STIMA T ION ME THODS AND THE DATA BASE 

E stima te s of future man -rna de radio noi se leve l s  and othe r cha r -

a cte ri stic s of  the noi s e  p ro c e s s  can be of two fo rm s .  One i s  ba s e d  

dir e ctly o n  pa st mea sur e ment s ,  and the othe r depends o n  the c o r rela ­

tion of the noi se  with some pre dictable pa ramete r of the e nvi ronment 

for  u se a s  a "p re dicto r "  of the future noi s e . The fi r st fo rm, ba se d on 

pa st mea surement s  o f  the behavio r of the noi se at "typical" locations , 

a s sume s that the behavio r patte rn s note d will c ontinue into the future . 

The di re ct analy s i s  of  the available data ba se will then provide the 

e stimate s of  the futu re man -made ra dio noi se  conditions that will exi st 

at  othe r locations . Thi s proc e s s  ha s been u s e d  to obtain the p r e diction s 

fo r three  type s of locations :  busine s s  a re a s ,  re sidential a rea s ,  and 

rural a rea s .  The bu sine s s  a rea i s  define d he re a s  any a re a whe re the 

p re dominant u sage th roughout the a rea i s  for any type of bu sine s s. Thi s 

include s sto r e s and offic e s , indu strial pa rks , la rge shopping cente r s , 

ma in stre et s o r  highways line d with va riou s bu sine s s  ente rp ri se s ,  etc . 

The re sidential a rea i s  define d he re a s  any a rea u s e d  pre dominantly 

for single o r  multiple family dwe lling s with a den s ity of at lea st two 
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single family unit s pe r a c re and no la rge o r  busy highway s .  An o c ca ­

sional i solate d bu s ine s s  such a s  a drug sto re o r  filling station can be 

inc lude d, but a city block or m o re o f. c oncent�ate d bu s ine s s  ente rp ri s e s 

should be conside re d a busine s s  a re a . Thi s definition applie s to both 

u rban and subu rban re sidential  a rea s .  Ru ral a rea s a re define d he re 

a s  location s whe re land usa ge i s prima rily fo r a g ricultu ral or simila r 

pur suit s ,  and dwelling s a r e  no more than one eve ry fiye ac re s .  

In attempting to g roup the mea sure ment s  in the data ba se  into the s e 

cla s sifications , some a rea s we re found un suitable fo r inclu s ion in any 

of  the three g r oup s . Some notable exa mple s of the se a re a s a re inte r ­

state highways out side of the main town s o r  c itie s and fai rly la rge pa rks 

. and unive r sity campu s e s within c itie s .  The available data fo r the s e  

three  type s of  a re a s we re  not include d i n  the gene ral analy s i s  but we re 

analyz e d  sepa rately to give an indication of what might be expe cte d at 

such lo cation s .  In u sing the pre diction s ,  pe r sonal judg ment will have 

to be u se d in sele cting the " typical" a re a  c la s sification to be e mploye d 

for any spe c ific e stimate . 

The data ba s e  u s e d  in thi s repo rt con s i st s  of  some 300  h r s of F , 
a 

V 
d

' and L 
d 

data colle cte d for ea ch pa ramete r s imultane ously on e ight 

fre quenc ie s ove r the pe riod from 1 9 6 6  through 1 9 7 1. The mea surement s  

we re ma de in s ix state s - -C olo ra do ,  Ma ryland, Texa s ,  Virginia , Wa sh -

ington, Wyoming - -and in Wa shington , D. C .  The m ea su rem ent s we r e  

made in 1 03 a rea s ; the ar ea siz e ranging f r o m  a few s qua r e  blocks in 

a bu sine s s  a r ea to s eve ral s qua re mil e s  in some of the rural locations;  

th e c rite ria u sually being that th e type of a r ea remain the same for 

any one s et of mea surement s  o r  a measurement run . The pe riod of 

mea surement fo r each mobile run va ried from approximately 15 min 

to ove r  an hour . A few stationa ry measurement s  w e r e  made fo r a 

p e riod of 24 h r s  o r  long e r .  F o r  many of the mobile run s in the bu s ine s s  
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and r e s idential a rea s ,  ave rage vehicle  d en s ity info rmation wa s  obtained 

f ro m  pa st vehicle  count s mad e by the loc al t raffic eng ine e ring g roup s 

fo r the highway s  includ ed in the a r ea of the run . D uring one pe riod , 

actual t raffic c ount s we re obtained during the mea surement p e riod . 

The mea sure ment s  u s e d  in the analy s i s for bu sine s s  a rea s we re 

re c o r de d  at 23  a r e a s  in Boulde r ,  Colo rado Sp ring s ,  and Denve r,  

C olora do ;  San Antonio ,  Texa s ;  Cheyenne , Wyoming ; and Wa shington, 

D . C .  The residential a rea data c on s i st of mea sure ment s  made at 38 

a re a s  in the citie s and suburb s of B oulde r ,  C olo ra do Spring s ,  and Denve r ,  

C ol o ra do; San Antonio , T exa s; a n d  C he yenne , W yoming . The data u se d  

for  rural a r ea s  we re re c o r de d  in 3 1  rural a rea s in C olo rado ,  Ma ryland, 

Virginia , Wa shington, and Wyoming . C ontinuou s run s we re made fo r 

24 h r s  on the ground s of the Depa rtment of  C omme rce  Boulde r Labo ra ­

to rie s .  Two lo cation s we re u se d  for the s e  run s ,  one nea r the main 

radio building and the othe r nea r  B roa dway ( the ma in highway pa s sing 

in f ront of the Labo rato ry g rounds ) .  Additional data a re in the ITS man ­

made radio noi s e  data ba se , but they we re not u se d fo r the pre sent 

purpo se because  of  the inc omplete fre quency cove rage of tho se mea sure ­

ment s  o r  be cau se of the spe ciali z e d  nature of  the individual mea sure ment s . 

T o  in sure the co mplete compatibility of all data u s e d to p rovide the 

e stimate s in thi s report,  only data re c o rde d  using the OT/ITS e quip ­

ment in the mobile radio noi s e  labo rato ry we re conside r e d. A de s c rip ­

tion of thi s e quipment and the mobile noi s e  labo rato ry i s  given in 

Appendix A . W ith the exception of the 24 -hr run s on the Boulde r Lab ­

o rato ry g rounds ,  a ll mea sure ment s  we re ma de during the daytime hour s ,  

g ene rally in the pre  -noon pe riod when atmo sphe ric ra dio noi s e  wa s at 

a low e nough leve l  so that man -made ra dio noi se wa s the p re dominant 

factor at all fre quencie s .  At time s ,  the atmo sphe ric radio noi se 

dominate d the rea ding s at the lowe r fre quenc ie s in rural a rea s ,  but 
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the s e  pe rio ds we re e dite d out of the data a s  well a s  po s s ible b e fore the 

analy s i s  wa s pe rfo rme d .  

In some in stanc e s ,  again principally i n  rural location s ,  some 

limitation at 2 5 0  MHz wa s e xpe rience d due to the re c o rding sy ste m 

noi se  facto r (Appendix A, fig . A4 ) . 

Mo st of the data we r e  re c or de d  us ing sho rt ve rtical monopole 

antenna s e s sentially at g round leve l . No atte mpt ha s been ma de h e r e  

t o  p rovide info r mation o n  the e ffe ct of antenna height o r  dire ction o f  

a rr ival o f  the man -made radio noi s e . Mea su re me nt s  during a sho rt 

run u s ing two dipole antenna s in c o rne r refle cto r s  at 2 5 0  MHz simul ­

tane ou sly with one antenna in a ve rtical and the othe r in a ho rizontal 

configuration provide some info rmation on the e ffe ct  of pola rization of 

the re c e ive d man -ma de ra dio noi se . 

The s e c ond type of e stimation involve s the c o r r e lation of the re ­

c e ive d noi se with va riou s a spe cts of the e nvi r onme nt which can be  u se d 

a s "p re dicto r s . "  The re a r e  th re e  re quire ment s  fo r a pre dicto r if it i s  

to b e  of  value in dete rmining expe cte d futu re inte rfe renc e leve l s . F i r st ,  

of  c ou r se , the noi s e  mu st c o r relate we ll with the stati stic s of  the p re ­

dicto r . The se cond re qui re ment i s  that stati stical info rmation c oncerning 

the pre dictor must be readily available , and thir d, an e stimate of the 

future  patte rn of behavio r of the pre dicto r  mu st be ava ilable . If the se  

thr e e  re quir e ment s a re met,  then an e stimate of the patte rn of  behavio r 

of the pre dicto r in the futur e  will provide an e stimate o r  pre diction of 

man -made radio noi se  inte rfe r ence fo r the same future  pe rio d.  A 

numb e r o f  po s sible p r e dicto r s  have be en inve stigate d, including obvious 

one s such a s  population den sity, ele ct rical powe r c on sumption, and 

t raffic den sity .  The mo st suc c e s sful predicto r found to date in the 

fre que ncy range above about 2 0  MHz i s  traffic den s ity ( Spaulding , 1 9 7 1 ;  

Spaulding et al . , 1 9 7 1 ) , and a method of e stimating noi s e  leve l s  from 

automotive ignition sy ste m s  nea r  main highway s  is  given in Appendix 
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B .  Thi s ,  c o mbine d with t raffic engine e ring e stimate s of  futur e  highway 

u sa ge , may provide the be st e stimate of  future  radio noi s e  leve l s  at 

many location s . 

R e lative ly good c o rrelation wa s found be twe en powe r c onsumption 

in an a re a  and the ra dio noi se powe r be low 2 0  MH z .  Unfo rtunately, in 

mo st a re a s ,  stati stic s on powe r c on sumption a re ve ry difficult , if not 

impo s s ible , to obtain . Stati stic s on population density a re rea dily 

available fo r small a rea s ( calle d a standa rd location a rea o r  SLA fo r 

the 1 9 6 0 c e n su s )  f rom the C en su s  Bureau . P opulation den s ity in a SLA , 

howeve r ,  show s ve ry poo r  c o r re lation with the noi s e  leve l mea sur e d  

i n  the SLA ( Spaulding et al . , 1 97 1 ) .  

4 . MAN -MADE RADIO NOISE E STIMA TE S 

4 . 1 Available Noi se  Powe r ,  F 
a 

In dete rmining the expe cte d man -made radio noi s e  powe r and it s 

va riation fo r any given location from mea sure ment s made at othe r loca ­

tion s ,  s e ve ral factor s must be taken into c on side ration . The main 

facto r ,  of c our s e ,  i s  the simila rity betwe en the a re a s whe re the me a sure ­

ments we re ma de and the a rea in que stion . For any pa rticula r location 

the noi se level may be due to pa rticula r sour c e s ,  such a s  fa cto rie s in 

which a la rge numbe r  of a r c  welde r s  a re e mploye d, powe r line s ,  etc . 

The e stimate s given he re a re in te rms of bu sine s s , re sidential , and 

rural a re a s ,  and a phy sical examination of the a rea in que stion shoul d 

dete rmine which of  the s e  type s of  a rea s will mo st clo sely c o r r e spond 

to the sele cte d  area . In addition to the se three  ba s ic type s of a rea s ,  

e stimate s a re a l s o  g iven for inte r state highway s  and pa rks and unive r s ity 

campu se s .  E stimate s fo r powe r  line s are  al so given .  
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4 .  1 .  1 E stimate s of F fo r Typical A rea s 
a 

U sing all a c cumulate d  data in the data ba se , the a re a s whe re 

mea sure me nt s  we re made we re divide d into the bu sine s s , re sidential ,  

and rural cla s sification s . The se divi sion s  we re cho sen be cau s e  the y  

can be ea sily de fine d and re c ognize d .  All data u s e d i n  thi s  report 

we re mea sured at g round leve l . The man -ma de noi s e  may be  quite 

diffe rent at some e levation s above g round level o r  in a re a s  that cannot 

be logic ally plac ed in one of the th r e e  cla s s e s  of a r e a s  cho s en due to 

peculia r lo cal c ondition s .  Sinc e the data given a r e  intend ed for e sti ­

mating the noi s e condition s at ave rag e location s ,  data c ontaining 

the s e  st rictly loc al ,  unusual effec t s  have not b e en u s ed .  

Afte r the divi s ion of the data into the va r iou s cla s se s ,  each set of  

data wa s analyze d  using the re c o r de d  value s of F • U sing the individual 
a 

me dian value s of the set s of  mobile run s ( see  Appendix A ) fo r each type 

of  a re a ,  a line a r  reg re s sion line wa s found by a lea st s qua r e s fit fo r 

F , in decibels  ve r su s  the log arithm of the fre quency, fo r each a rea . 
a 

The th re e reg re s s ion line s we re quite clo s e  in slope , showing le s s  than 

2 dB pe r de cade of fre quency diffe renc e . The data fo r all ca se s and all 

f re quenc ie s we re the n  c o mbine d to find the slope g iving the be st fit to 

a ll the data . A standa r d  stati stical te st fo r s ignificance in the diffe renc e s  

of the va riou s slope s ( one fo r each of the thr e e  type s o f  a re a s and one fo r 

a ll data ) showe d that the slope s  c ould all be c on side re d  e qual to -27.7 dB 

pe r de cade at the 9 5 pe r cent c onfide nce leve l .  Linea r re g re s s ion, with 

the slope constraine d to thi s  value , wa s then u s e d to obtain figure 1 .  

Figure 1 provide s a n  e stimate o f  the me dian radio noi se  powe r spe ctral 

den sity that will b e  found at that type of location a s  a function of fre quency . 

At 2 5 0  MH z ,  at rural location s e spe c ially , the sy ste m noi se figure 

( Appendix A) wa s c lo s e  to the available exte rnal ra dio noi s e . Since  a 

value relate d to s y ste m noi se i s  re co r de d  (by taking a mete r reading 
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of F with the input c onne cte d to a dummy antenna in pla c e  of the re -
a 

c o r ding antenna ) at the time of calib ration , a mean s of  approximately 

dete rmining the s y ste m noi se  factor fo r any run is available . When 

the sy stem noi s e  fa ctor and the r e c o r de d  value s we re clo s e  to the same 

leve l,  the value s we re di s c a r de d  o r  cor re cte d to re move the e ffe c t  of 

sy ste m noi s e  on the value of  F • If the re co r de d  value wa s within 
a 

0 .  5 dB of sy ste m noi s e ,  the r e c o r de d  value s we re di s ca rde d .  If the 

r e c o r de d  value wa s more than 0. 5 dB but le s s  than 6 dB ab ove sy ste m 

noi s e ,  the reading wa s c o r r e cted by c onve rting the r eading from a 

d e cib el value to a powe r valu e ,  subt racting the system noi s e  powe r 

and c onverting the diffe renc e back to a value of  F . Becau s e  of thi s  
a 

lo s s  of the lowe st  value s  at 2 5 0  MH z ,  the re i s  still an unr e solved 

que stion of wheth e r  th e - 27 . 7 dB/decade rate of cha rge of F with 
a 

f r e qu ency i s  valid to 2 5 0 MH z ,  s inc e all 2 5 0 MH z mea sured median s  

( and i n  some c a s e s , the lowe r decile  value s )  a re above the e stimated 

m edian value line . 

In a ddition to the expe cte d value s of man-ma de ra dio noi s e  at 

busine s s, re side ntial ,  and rural a re a s ,  a value for quiet ru ral a rea s 

from C C IR ( 1 9 64 )  i s  al so shown on figure 1 .  The se  value s we re ob ­

taine d from mea su re me nts at rur al locations cho sen with g reat ca re to 

in sure low leve l s  of man -ma de ra dio noi s e  and p robably repre sent a 

lowe r limit of  leve l s  to be found. Gala ctic noi s e  leve l s  a re al so shown 

on figure 1 fo r fre quenc ie s above 1 0  MH z .  The leve l of the galactic 

noi s e  will va ry g re atly between 1 0  and app roximate ly 3 0  MH z ,  depending 

upon the behavio r of the iono sphe re . Above the s e  fre quencie s ,  though, 

the leve l s  will re main quite c onstant ( C richlow et al . , 1 9 5 5 ) .  

Sinc e the figure 1 e stimate s fo r bu sine s s , re sidential, and ru ral 

locations re p re sent the ave ra g e  value s  of all simila r locations ,  the 

va r iation about the ave rage mu st be dete rmined next .  Thi s va riation 

f rom location to lo cation in simila r a rea s is indicate d by the standa rd 
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Table 1. E xpe cte d Va riation of Me dian Value s a bout E stimate s 
fo r Bu sine s s , R e sidential , and Rural L o c ations . 

F re quency Standa rd Deviation, cr, in dB 
in MH z Bu sine s s  Re sidential Ru ral 

0 . 2 5  6 . 1 2  3. 54 3. 8 9  
0 . 5 8.21 4 . 2 8  4 . 4 0  
1 . 0 2 . 33 2 . 5 2  7 .  1 3  
2 . 5 9 . 1 4  8 . 0 6 8 . 02 
5 . 0 6 . 08  5 . 54 7 . 74 

10 . 0 4 .  1 5  2 . 9 1  4 .  03 
2 0 . 0 4 . 9 3  4 . 6 5 4 . 5 3 
4 8 . 0 7 . 1 3  3. 9 8 3. 2 3  

1 0 2 . 0 8 .  7 6 2 . 73 3 . 8 2  
25 0 . 0 3.7 7 2 . 8 7  2 . 2 6 

"" 7 . 0 0  5 . 0 0 6 . 4 5 cr
T 

.,. 

:::� 
cr

T 
= Standa rd deviation of all mea sur e d  me dian s about reg re s sion 

line of figure 1 .  

deviation, cr
T

' given in table 1 .  The value of cr
T 

i s  g iven fo r each of 

the th ree type s of a re a s and is the value obtaine d by u sing the data 

at a ll fre quenc ie s to obtain the standa r d  deviation s about the re g re s sion 

line shown fo r e ach type of loc ation . 

Table 1 al so give s the standa rd deviation , cr, at each of the mea sure ­

me nt fre quencie s .  A bette r e stimate of the va riation of the me dian 

value s fo r the se  typical a re a s at any given fre quency might po s sibly be 

obtaine d by inte rpolation of the cr '  s fo r the mea sure ment fre quenc ie s 

rathe r than u sing cr
T

. 

An example of the location va riation fo r a given fre quency and 

a re a  type is shown on figure 2 .  Shown on figure 2 i s  the cumulative 

di st ribution of the me dian value s obtaine d from re sidential a re a s at 

20 MH z . Also shown i s  the e stimate fo r a re sidential a rea at 2 0  MH z 

from figure 1 and thi s e stimate plu s and minu s cr and cr
T 

( from Table 1). 
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Once the be st e stimate of  the m e dian value of F for a g iven loca-
a 

tion ha s been found, the next point to c on s i de r  i s  the va riation of F 
a 

at 

that lo cation with time . A numbe r o f  time pe rio ds a r e  o f  c onc e rn in 

dete rmining the te mpo ral va riation to be expe cte d .  The fi r st i s  the 

expe cte d va riation within a pe riod up to one hour . In the noi se mea s ­

ure ment method u s e d, 1 0- s e c  sa mpling s of the running ave rage of F 
a 

were r e c o rded whe r e  the tim e c on stant fo r the pow e r  moment ,  F , 
a 

wa s app roximately 5 0  s ec . Thu s ,  36 0 sample value s w e r e  obtained 

fo r each hour of r e c o rding tim e . Again , u s ing 1a 2 0  MH z r e s id ential 

a r ea run , a s  an example ,  figur e 3 show s a typical cumulative d i st ri ­

bution of th e individual F value s mea sur ed within an hour at a loc a-
a 

tion. The s e  value s  we re mea sured May 4 ,  1 9 67 ,  betw e en 08 3 9  and 

09 3 9  loc al standa rd tim e  in B oulde r ,  C olo rado . Al s o  shown on figur e  

3 a r e the upp e r  and low e r  de cil e value s. 

Table  2 and figure 4 show the e stimate s of  th e ratio s ,  in decib el s ,  

o f  th e uppe r d e c ile  value t o  the m edian , D , and o f  th e m edian to th e 
u 

lowe r d e cil e ,  D £. The s e  value s c an b e  u s ed to e stimat e the va riation 

of F about th e e stimat ed m edian ( from fig . 1 )  fo r p e riod s from s eve ral 
a 

minute s up to one hour . 

The data we r e  analyz ed to obtain the m edian value of F for each 
a 

m ea sur ement location and al so  the ratio in d e c ibels  of the upp e r  and 

lowe r de cile values to the m edian. F igur e 5 show s the re sult s of  thi s  

analy si s fo r all mea sur ement location s c on s id e r ed bu s ine s s  a r ea s ,  

g iving the mean value of the bus ine s s  a r ea loc ation m edians and th e 

2 7 . 7  dB pe r d ecade reg re s sion line ( f rom fig . 1 )  along with th e ex ­

pect ed va riation within an hour . The root-mean- s qua r e  of all the 

bu sine s s  location s D 
u

' s and D £ 1 s fo r each f r e quency i s  given on figur e 

5 to show the expected va riation within an hour. The same infor mation 

is given on figur e 6 fo r r e sid ential a r ea s ,  figure 7 fo r rural ar ea s ,  

figure  8 for inte r state highways ,  and figure 9 for pa rks and univ e r s ity 

c ampus e s .  
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Table 2 .  E xpe c te d  Va riation, Man -Made Radio Noi s e  Level s ,  
about the Me dian Value fo r a Location, within th e  H ou r .  

F re quency Busine s s  Area R e sidential Area Ru ral Area 

MH z Du( dB )  D,t ( dB )  Du( dB )  D,t( dB)  Du( dB) D,t(dB) 

0 . 2 5  8 .  1 6 .  1 9 . 3  5 . 0 1 0 .  6 2 . 8 

0 . 5 1 2 . 6 8 . 0 1 2 . 3 4 . 9 1 2 . 5 4 . 0 

1 . 0 9 . 8 4 . 0 1 0 . 0 4 . 4 9 . 2 6 . 6 

2 . 5 1 1 . 9  9 . 5 1 0 .  1 6 . 2 1 0 . 1 5 .  1 

5 1 1 .  0 6 . 2 1 0 . 0 5 . 7 5 . 9 7 . 5 

1 0  1 0 . 9 4 . 2 8 . 4 5 . 0 9 . 0 4 . 0 

2 0  1 0 . 5 7 . 6 1 0 . 6 6 . 5 7 .8 5 . 5 

4 8  1 3 . 1 8 . 1 1 2 . 3 7. 1 5 . 3 1 . 8 

1 02 1 1 . 9 5.7 1 2 . 5 4 . 8 1 0 . 5 3 .  1 

2 5 0  6 . 7 3 .2 6 .  9 , 1 . 8 3 . 5 0 . 8 

The next long e r time pe riod of inte re st  i s  the diu rnal va riation that 

can be expe cte d .  Since the mea sureme nt s  of man -ma de radio noi se  

c on s i s te d  of value s at  MF and HF as  well as  the highe r fre quencie s ,  

mo st o f  the mea sure ments ( all the mea sur e ment s  di s cu s s e d to thi s 

point) we re taken betwe en about 0 8 3 0 and 1 5 0 0  L ST . During thi s pe rio d, 

atm o sphe ric ra dio noi se i s  at its lowe st level and i s  lea st like ly to affe ct  

the re ading s .  The p r e diction s s o  fa r pre s ente d can,  the refo r e , be c on ­

s ide re d the value s of man -ma de radio noi s e  fo r the hour s of daylight . 

Seve ral 24 -hour continuou s runs have been ma de on the g rounds of the 

De pa rtment of Comme r c e , B oulde r Labo rato rie s .  Some of the s e  run s 

we re made at the end of wing 1 nea r  the pa rking a r ea s .  The hourly 

me dian value s of F r e c o r de d  on Ap ril 27 -28 , 1 9 7 1 ,  a re shown on 
a 

figure 1 0. Thi s pa rticula r run wa s sta rte d at 0 9 3 0 , L ST on Ap ril 27  

and ende d  at 09 0 0  LST on April 2 8 .  Seve ral item s  are  notewo rthy on 
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thi s figur e . Fi r st a re the relatively high leve l s  cau s e d by atm o s phe ric 

radio noi s e  betwe e n  1 8 0 0  on April 27  to 0700 on April 28 on the th re e  

l owe r fre quencie s ,  and to a le s se r-de g ree , p re sent in the 2 0  MHz 

value s .  A peak i s  ob se rve d between 1 6 00 and 1 7 0 0  on the 2. 5 and 

5 MHz, but not on the 2 5 0kHz .  Thi s would indicate two thing s .  The 

level s  th roughout the day on 2 5 0 kHz pr obably a re dete rmine d by the 

atmo sphe ric ra dio noi se rathe r than man-ma de . The peak on 2.  5 and 

5 MH z probably is a true man-ma de radio noi s e  level and wa s a s soc iate d 

with powe r line s s inc e it wa s not nea rly a s  pre dominant ( though notic e ­

able ) on the four highe r fre que ncie s. The low , rathe r steady leve l s  on 

1 02 MH z at 8 to 10 dB p robably we re cau s e d  by a combination of  s et 

noi se  and galactic noi se . Set noi se wa s mea sur e d  at 7. 4 dB , and the 

expe cte d galactic noi s e  would be 6 ± 2 dB. C ombining the se two value s 

would give an expe cte d leve l of  9 .  8 ± 1 dB . The balance of the value s 

shown on figure 1 0  pr obably a re all p re do minantly man-ma de radi o  

noi se.  The data shown o n  figure 1 0  fo r 0 .  2 5 ,  1 0 , and 48  MH z a re al so  

shown on figure 1 1  and c ompa re d with the data re c o rde d  on Ap ril 1 9  and 

2 0, 1 9 67 ,  and on May 1 1  and 1 2, 1 9 7 1 .  Mo st of the noi s e  re co rde d  on 

2 5 0  kHz wa s atmo sphe ric in o rig in though the lowe r value s r e c o r de d  on 

Ap ril 29 and 3 0 , 1 9 67, we re from man-made noi se .  P e rhap s the mo st 

inte re sting featur e of thi s figure i s  the high spike on May 12 ,  1 9 7 1 ,  at 

4 8  MH z and the c o rre sponding high rea ding on 2 0  MH z. Thi s pa rticula r 

run wa s sta rte d at 1 0 5 5  LST , but daylight saving time wa s in e ffe ct ,  

and the clock time wa s 1 1 5 5  M DST . Since only 5 min of re c o rding s 

we re u s e d to obtain thi s value , the me dian wa s g re atly influen c e d  by 

the he avy traffic den sity of e mploye e s '  leaving fo r lunch. The hourly 

me dian s on fre que ncie s of 2 0  MH z and above a re gene rally influenc e d  

by beg inning of wo rk, lunch hour , and end o f  wo rk time s ,  though the 

e ffe ct i s  s omewhat hidden whe n  the me dian value fo r the whole hou r i s  

c onside red. The May 1 2  re c o rding sugg e sts  that a 5 -min me dian could 
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b e  expe cte d  to inc rea se by some 1 5  dB nea r a pa rking lot during a 

peak t raffic pe riod .  The expe cte d gala ctic noi se leve l i s  shown fo r 2 0  

and 48 MHz. The lowe st  le ve l s  o n  both of the se frequenc ie s we re 

g re atly influence d  by thi s  type of noi se.  While it appe a r s that the 1 9 67 

data a re g ene rally lowe r than the 1 9 7 1 data , no significant yea rly t rends 

can be e stabli she d on thi s ba s i s. It i s  inte re sting to note that the day ­

to-day va riation shown he re i s  conside rably le s s  than that pre dicte d 

within the hour a s  indicate d by the de cile value s fo r bu sine s s  a rea s ,  

figure 5 ,  and re sidential a rea s ,  figure 6 . 

A continuou s  thre e -day run wa s ma de with the mobile ra dio noi s e  

labo ratory parke d  o n  the DOC Boulde r Labo ratorie s g rounds nea r  

B roadway ( a main highway on the ea st side of  the Labo rato rie s ) . The 

diurnal va riation of the noi se  mea su re d  at thi s location is shown on 

figure 1 2 .  The days shown a re W e dne s day afte rnoon, Octob e r 2 5 ,  1 9 67 ,  

through Satu rday mo rning , Octobe r  2 8 ,  1 9 67 .  The leve l s  re c o r de d  a r e  

g re atly influen c e d  by traffic patte rn s at thi s location, a s  i s  di s cu s se d 

in g reate r detail in Appe ndix B .  The repeatability of the diu rnal va ria ­

tion from such a location can b e  seen from figure 12 . The 24 -hr pat ­

te rn show s little va riation on the thr e e  wo rk day s --We dne s day, Thur s day, 

and F riday . It i s  e spe c ially inte re sting to note the same patte rn i s  

repeate d on Satur day afte r 08 0 0 ,  but that the 11mo rning ru sh hour noi se , 11 

betwe e n  0 6 0 0  and 0 8 0 0, i s  not pre sent on Saturday, a nonwo rkday for 

mo st . C o mpa ring figur e s 1 1  and 1 2 ,  quite g ood ag re e ment i s  found for 

the mea su re me nt s  betwe en 0 1 0 0  and 040 0  whe n  t raffic on B roa dway i s  

at the lowe st . Fo r the re st o f  the day, the noi s e  ne a r  the highway i s  5 

to 1 0  dB highe r than the noi se at the end of wing 1 ,  which i s  s eve ral 

hundre d fe et from the highway . 

F o r  c e rtain a rea s  whe re a ctivitie s a re sea s onal { re s o rt a rea s ,  

indu strial a rea s whe r e  the work i s  sea sonal such a s  canne rie s ,  e tc . ) , 
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an e stimate of  the sea sonal va riation of the man-made ra dio noi s e  levels  

may be  re qui re d .  In some a re a s  thi s va riation can be e stimate d on the 

ba s i s  of  a change in the type of a rea . The a r ea may be conside re d a 

bu sine s s  a r e a  if the inc rea s e d  activity cau se s an inc re a s e  in the bu si ­

ne s s  o r  indu strial activity during a given sea s on and e s se ntially a 

re sidential o r  rura l  a re a  during the balance  of  the yea r .  Since thi s 

sea sonal va riation i s  so de pendent on a ctual location u sage , no gene ral 

e stimate s of sea s onal va riation can be given. 

The long e st time pe rio d of inte re st i s  the change of noi s e  leve l s  

fro m yea r t o  yea r. H e re again, g rowth i n  a given a re a  may chang e the 

g ene ral nature so that the a rea may go from rural to re sidential o r  

re sidential to busine s s  ( o r in a few ca s e s ,  the reve r se )  in a pe rio d of 

one yea r  or mo re . The refo r e , long-range e stimates can to some ex ­

tent be p re di cate d on g rowth potential s  in the a rea. T rends in the 

inc rea se in ele c tric powe r c on sumption and the numbe r of  regi ste re d 

automobile s ( both po s sible pre dicto r s  of man -ma de noi se)  a re g iven 

fo r the Unite d State s a s  a whole in J TA C  ( 1 9 6 8 } .  Thi s type of  info rma ­

tion indicate s that the total man-ma de inte rfe rence i s  inc rea sing in the 

Unite d State s but doe s not provide data he lpful in e stimating the noi s e  

e nvironment a t  a give n location. In a we ll e stabli she d bu sine s s  a rea 

whe re st reet s a re already c rowde d with vehicle s ,  the annual change 

will be ve ry small. Fo r example , mea surement s  we re ma de by ITS 

in downtown Wa shington, D . C . , in 1 9 6 0 and repeate d in 1 9 6 6. The com ­

pa rison of the two set s  of re c o rding s showed that the change in man ­

made radio noi se  wa s  ne gligible ove r the 6-y r pe rio d .  The level at a 

g iven loc ation in the a re a va ried by a s  much a s  8 dB betwe en the two 

set s of mea sur e me nt s ,  but the me dian value fo r the a rea inc rea s e d by 

le s s  than 2 dB in the 6-y r  pe riod. Sinc e va riation s of the se  magnitude s 

a re found on a day -to -day ba s i s ,  even in a s ingle a rea , the y cannot be 

c onside re d  significant ove r the 6 -yr pe rio d. During thi s same pe riod, 
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the numbe r  of automobile s reg i ste r e d  in and nea r  Wa shington, D . C . , 

inc rea se d conside rably a s  did the population. The mea sure d ra dio  

noi se  wa s p r e do minantly from powe r di st ribution line s at the lowe r 

fre quencie s and from vehi c le ignition syste m s at the highe r fre quencie s .  

Ove r the 6-yr pe riod, no maj o r  change wa s made to the powe r di stri ­

bution sy ste m and only mino r chang e s in type s of bu sine s s  and amount 

of powe r supplie d  in the a r ea. It probably i s  rea sonable , the refo r e , to 

expect  little chang e in the man -ma de radio noi s e  leve l s  at the lowe r 

fre quenc ie s.  Imp rove ment in ignition noi s e  suppre s sion te chni que s 

u se d  by the manufa cture r s  ove r thi s pe rio d  would explain some of the 

lac k  of inc re a se in the mea sur e d  level s at the highe r fre quenc ie s . 

Sinc e the str e e t s  we re a l re a dy c rowde d in 1 9 6 0 ,  vehicle den s ity in that 

pa rticula r a r e a  wa s not change d  to any la rge extent by the g reate r 

numbe r of ca r s  in the la rg e r  a re a s . Thi s doe s not irnply that the man ­

ma de radio noi s e  re maine d con stant in sur rounding a re a s .  A rea s that 

we re rural in 1 9 6 0 and we re deve lop e d  into re sidential o r  bu sine s s  

a re a s  by 1 9 6 6 , a re a s whe re t raffic den sity showe d  la rge  inc rea se s ,  

and a rea s that change d i n  cha racte r and/o r  whe re powe r con sumption 

inc rea se d dra stically probably would have shown an inc rea s e  in the 

man-ma de noi s e  leve l s . 

All of the me a sure ment s  u s e d  in obtaining the above e stimate s 

we re made u s ing a ve rtical omnidi re ctional antenna and, the refo re ,  

st rictly speaking can be c on s ide re d  only a s  e stimate s of  the ve rtical 

c omponent of the ra dio no i s e . Ve ry few data a re available on the re ­

lation ship betwe en the ve rtically and horizontally pola rize d c o mponent s . 

The info rmation that i s  available indicate s that on the ave rage the re  

p robably is  ve ry little diffe renc e  in  the r m s  leve l  of  the two component s .  

The AMA ( 1 9 7 1 )  and Doty ( 1 9 7 1 )  show peak voltage  mea surement s on 

indivi dual automobile s and an a r ray of automobile s using a log pe riodic  
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antenna in a hori zontal  and ve rtical c onfiguration with the cente r line 

of the antenna at a height of 1 0 ft and mea su ring ove r a fre quency 

range from 20 MH z to 1 GH z .  The se mea sure me nt s  indicate that the 

ve rtical co mponent may b e  highe r than the hori zontal c omponent be ­

tween 3 0  and 3 6 MH z and betwe en 2 1 0  MH z and 1 GH z ,  and the re  may 

be a s  much a s  1 0 dB diffe rence at c e rta in fre quencie s .  Doty al s o  

s how s the hori zontal component a s  much a s  5 dB highe r in the fre quency 

range f rom 6 3 to 2 1 0  MH z .  The spe ctrum wa s swept from 2 0  MH z to 

1 GHz in approximate ly 6 min with the antenna in a horizontal po sition 

fo r one swe e p  and the n  in a ve rtical po s ition fo r the next . 

The re sult s of a small sa mple of mea sure ment s  ma de r e c e ntly by 

IT S at 2 5 0 MH z u s ing two halfwave dipole s in c o rne r refle cto r s  1 0 ft 

above g round a re given in figure 1 3 .  Two sho rt run s we re ma de with 

one antenna in a ho ri zontal and the othe r in a ve rtical configuration. 

The mea sure me nt s  we re made simultane ously on the two c onfiguration s. 

Dur ing one run, the antenna s we re sepa rate d by a di stanc e of 1 0 ft, 

while antenna sepa ration wa s 5 0 ft during the othe r run . The offset  of  

0 .  5 59 dB in the e quation fo r the line a r  reg re s sion line i s  no doubt due 

to a slight diffe rence in gain s etting s in the two channe l s . E ven though 

a fai r  amount of sp read about the re g re s s ion line i s  note d, the be st  

e stimate of the diffe renc e between the ve rtical and ho riz ontal component s 

i s  le s s  than 1 dB . Admitte dly,  both of the se sample s a re relative ly 

small and, the refore , may o r  may not be repre s entative of the effe ct s 

of pola ri zation . 

All of  the above can be u s e d  eithe r in a quantitative o r  qualitative 

way to a s se s s  the be st e stimate of the leve l of the ave rag e  powe r of the 

man -ma de ra dio noi s e  fo r a given location and its va riation within 

va riou s time frame s .  
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4 .  1 . 2 Powe r Line s 

A numbe r  of local feature s may influenc e g reatly the man -ma de 

radio noi se level at a given lo cation . One such feature i s  the p roximity 

of e le ctric powe r di st ribution line s .  At and below the middle of  the HF 

band, a la rg e pa rt of the re c e ive d noi se  is g e ne rate d by or propagate d  

along powe r line s . E ven in the VHF and UHF band s ,  howeve r ,  nea rby 

powe r line s ,  e spe c ially high voltage line s ,  can be the source  of the 

pre dominant man -ma de ra dio noi s e . The mobile ra dio noi se  labo rato ry 

ha s be en u s e d  to mea sure the de c rea se in powe r line noi se  a s  a function 

of di stanc e from the powe r line . Figure s 14  and 1 5  show example s of 

such mea surement s  fo r two powe r tran smi s sion line s .  The se mea sure ­

ment s  we re ma de sta rting di re ctly unde r the powe r  line and moving 

pe rpendicula r to the powe r line until the noi se  de c rea s e d  to the ambient 

leve l in the a rea . One set of mea sure ments  wa s ma de fo r a 2 5 0 kV 

line locate d in a rural a rea of the state of Wa shington. The 0 .  5 MH z 

me a su re ment s  a re shown on figure 1 4 .  Anothe r  set  o f  mea sure ment s  

wa s ma de fo r a 1 1 5 kV line in a rural a rea i n  the state o f  Wyoming . 

The re sult s of the 1 0 2 MH z mea surement s  a re shown on figu re 1 5 .  

Both sets  of mea surement s  we re ma de using sho rt ve rtical whip anten ­

na s .  The phys ical he ight of  the 0 .  5 MH z antenna i s  0 .  0 0 3  A ,  and the 

height of the 1 02 MH z antenna i s  0 . 1 7  A .  When unde r the powe r line , 

the lowe st  c onducto r wa s app roximate ly 1 5  ft above the top of  the anten ­

na . B e cause  of  the antenna s u se d, the fall off of the noi se  with 

de c rea sing di stanc e nea r the line i s  almo st c e rtain to be due to the 

antenna patte rn rathe r  than a de c re a se in the actual field. A c ompa ri ­

son with figure 1 indicate s that, fo r an ave rag e location , the powe r line 

noi s e  from a 2 5 0 kV line at 0 .  5 MH z would b � e qual to the expected 

ambi ent noi s e  level at di stanc e s  of  approximately 29 0 m in bu sine s s  

a r ea s ,  3 2 0 m in r e sidential area s ,  and 3 5 0 m in rural a rea s .  Al so ,  the 
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expected ambi ent noi s e  at 1 02 MH z and the 1 1 5 kV pow e r  line noi s e  

would b e  e qual at approximat ely 1 3 0  m in a bu sine s s  a r e a ,  1 8 0 m in a 

r e sidential area ,  and 240m in a rural ar ea . The s e  p robably a r e  good 

" rule -of -thumb1 1  di stanc e s  to u s e  in e stimating th e effect of nea rby 

pow e r  line s .  

Figure 1 6 show s the re sult s of  mea surement s taken along a 1 1 5 kV 

line in rural Wyo ming , pa rallel to the line ,  und e r  the line , and 4 0 0  m 

f rom it . The figure shows the re sults for eight mea sure ment f re ­

quenc ie s ,  the value s fo r each f re quency be ing the me dian value of 

value s taken along approximately 1 mile of the tran smi s s ion line . Al s o 

shown on figure 1 6  i s  the g ene ral rural noi se cha ra cte ri stic from 

figure 1 .  The 1 1 5 kV line of figu re s 1 4  and 1 5  ha d ste el towe r s  whe re ­

a s the 1 1 5  kV line of figure 16 wa s simila r but u s e d  woo den towe r s . 

The above type s of mea sure me nt s  we re ma de fo r five H -frame ,  

1 1 5 kV powe r t ransmi s s ion line s  in the Boulde r a re a ,  each line being 

mea sure d at mo re than one location . Figu re 1 7  summa rize s the s e  

mea sure ment s ,  g iving the de c re a se in noi s e  powe r a s  a function of the 

pe rpendic ula r di stanc e from the line s .  R e  suit s a re shown fo r seven 

me a su rement fre que ncie s ,  0 .  2 5  MH z to 2 5 0  MH z . The re sult s shown 

g ive the expe cte d value s ,  ba se d on the mean value s of the mea sure ­

ment s  of the five line s .  The re sult s o f  figure 1 indicate that F de -
a 

c rea se s with inc rea s ing fre que nc y  at  about 2 7 . 7  dB pe r de c a de of 

f re quency . The mean value of  all the mea surement s  taken unde r the 

five H fra me , 1 1 5 kV line s ,  and at a di stanc e of 1 6 mete r s  from the 

line s a re shown on figure 1 8  along with a lea st s qua r e s fit to th e 

mea sure ment s ,  with the slope re stricte d to 27 . 7  dB pe r de cade . Al s o  

shown on figure 1 8  i s  the standa rd deviation, cr
F 

, fo r the se  mea sure -
a 

ments . The IT S data ba se doe s  not c ontain any info rmation on the 

e ffe ct of highe r volta ge powe r line s .  Howeve r ,  in a r e c ent report 

( C rippen , 1 9 7 1 ) , mea surement s on a 5 0 0 kV line ind ic ated that , in 
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the HF region� th e effects of the power lin e could b e  notic ed in a rural 

area out to a distanc e of 4 00 m .  
The noi se from powe r line s will va ry ove r wide limit s depending 

on the condition of the line and insulato rs,  type of suppo rts ,  etc . Va ria ­

tion also will be note d with weathe r change s .  For example , during 

periods of precipitation. raindrops or snowflake s hitting the line can 

cau se a corona di scharge to take place .. The highe st noi se level s  

probably will be noted at th.e beginning of a rain sto rm afte r a dry ,  windy 
pe riod when the in sulator s  have bec ome cove re d with du st. When the 

rain mixe s with the dust and before sufficient rain ha s fallen to wa sh 

the insulators, ve ry strong di scharge s. a c ro s s  the insulator s will take 
place .. The line voltage appea rs to have le s s  effect on the level of the 
radiate d noise than the c on struction and c ondition of the line . The lowe r 
voltage di stribution line s will often be noi sie r  than the high voltage 
transmis sion line s .  Thi s could be due to a ba sic de sign philo s ophy, 
age and. c ondition of the line . or a diffe rence in line ha rdwa re de sign . 
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4 .  2 The Ave ra ge and Loga rithmic Moment s ,  V and L d d 

A s previously mentione d, the ratio of the rm s to the ave rage en ­

velope volta g e ,  V 
d

' in de c ibe l s ,  and the ratio o f  the r m s  to the antilog 

of  the ave rage  loga rithm of the enve lope voltage , L 
d

' in de cibel s ,  a re 

indicative of the impul sive nature of the noi s e  ( C richlow et al . , 1 9 6 0 ) . 

Value s of  V 
d 

and L
d 

a re available from the same set s of mea sure ­

ment s  use d to obtain the e stimate s of F • The se data we re sepa rate d 
a 

into the same g rouping s a s  the value s of F • Two bandwidth s we re u se d 
a 

in taking the mea sur e ment s ,  4 kH z  and 1 0  kH z . The ea rlie r mea sure -

ment s  we re all ma de using thE: 1 0  kH z  bandwidth . An analog tape re ­

c o r de r  ( Appendix A ) wa s a dde d to the mea su rement capability which 

limite d the bandwidth that could be  u s e d  to 4 kH z .  The re fore , all of 

the latte r mea sure ment s  we re ma de u s ing the 4 kH z  bandwidth . Sinc e 

the value s of V 
d 

and L 
d 

fo r ra dio noi s e  a re dependent on bandwidth, the 

data we re fu rthe r sepa rate d into subgroup s of 4 kH z  and 1 0  kH z data . 

The mean s of the individual location me dian value s fo r ea ch subg roup 

_ a re shown plotte d on figure s 1 9  th rough 2 2 .  Figure s 1 9  and 2 0  show 

value s of V d and L
d

, re spe ctively, for me a sure ment s  ma de in a 4 kH z  

bandwidth fo r the three  type s of  a rea s .  Figure s 2 1  and 2 2  a re the c o r ­

re sponding mea sur ement s  ma de using a 1 0  kH z  bandwidth . The value s 

of V 
d 

and L
d 

fo r white Gau s sian noi s e , which a re inde pendent of band ­

width and fre quenc y,1 a re al so shown on figure s 1 9  through 2 2 .  A s  with 

the value s of F , the re i s  a fai rly la rge va riation of the me dian value s 
a 

f rom location to location in a pa rticula r type of a rea . Thi s va riation 

i s  indicate d in table 3 whe re the sta:J;lda rd deviations of V d( o-V ) and 
d 

L
d

( o-
Ld

) a re shown fo r the variou s  type s of a r ea s ,  bandwidth s ,  and 

fre que nc ie s .  

A s can b e  seen from figu re s 1 9  th rough 2 2 ,  the re i s  a definite dif ­

fe renc e in the cha racte r of the noi s e  in the three type s of a rea s .  While 
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Table 3 .  Va riation of the Me dian Value of � and L 
d 

with Location 

fo r a Given Fre quency and BandwH�:\h 
Standa rd De viation of V d' crV ( dB )  

d 
F r e quency Busine s s  Are a s  Re s idential Area s Rural A rea s 

( MH z )  
B W  B W  BW BW BW BW 

4 kH z 1 0 kH z  4 kH z 1 0 kH z 4 kH z 1 0 kHz 

0 . 2 5  1. 6  2 . 2 1 . 1 1 . 8 0 . 6 1 . 0 
0 . 5  1 . 2 2 . 6 0 . 2 1 . 2 0 . 6 0 . 6 
1 . 0  1 . 0 0 . 9 2 . 3 
2 . 5 2 . 5 2 . 6 1 . 6 2 . 6 2 . 0 1 . 7 
5 1. 3  1 . 1 1 . 4  1 . 3 0 . 5  1 . 0 

1 0  1 . 5 1 . 9  0 . 9  
20 2 . 2 1 . 8 1 . 4  1 . 4  1 . 4  0 . 9 
48 1 . 6 1 . 4  1 . 8 1 . 8 1 . 4  0 . 4 

1 02 1. 4 1 . 8 1 . 3 
2 5 0  0 . 7 0 . 5 0 . 5 

Ave rage 1 . 6 1 . 8 1 . 2 1 . 5 1 . 0 1 . 1 

Standa rd De viation of L 
d

' a L ( dB )  
d 

F r e quency Bus ine s s  A re a s  R e sidential Area s Rural Area s 
( MHz )  

B W  B W  BW BW BW BW 
4 kH z 1 0 kH z  4 kH z 1 0 kH z 4 kH z 1 0 kHz 

0 . 2 5  3 .  1 3 . 7 1 . 2  2 . 7 1 . 3  1 . 1 
0 . 5  2. 7 4 . 3 0 . 6 2 .  1 1 . 2 1 . 1 
1 . 0 1. 3 1 . 2  3 . 2 
2 . 5 4 . 2 4 . 2 1 . 8  3 .  5 2 . 3 2 . 9 
5 1 . 8 2 . 0 2 . 0 1. 8 0 . 9  1 . 4  

1 0  2 . 1 2 . 5 1 . 3 
2 0 3 . 3 3 . 2 2 . 3 2 . 4  1 . 9 1 . 0 
48 2 . 5 2 . 7 2 . 2 2 .  7 1 . 4  0 . 5 

1 02 2 . 2 2 . 6 2 . 8 
2 5 0  1 . 1 1 . 0 0 . 6 

Ave rage 2 . 6 2 . 9 1 . 6 2 . 0 1 . 6 1 . 6 
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the re i s  c on s ide rable ove rlap, c onside ring the value s in table 3 ,  the 

gene ral trends a re fai rly well de fine d .  Figure s 2 3 ,  fo r bu sine s s  

a rea s ,  24 , fo r re sidential a rea s ,  and 2 5 , fo r rural a rea s , give the 

expe cte d me dian value s of V 
d 

and L
d

. The solid line is the e stimate 

fo r a 4 kHz bandwidth and the da she d fo r 1 0 kH z .  The se a re e stimate s 

for th e m ean of the individual location median value s .  The e stimate s 

are  ba s ed on l e a st s qua r e s polynomial fit s to the m ea surement data . 

As with F , the di stribution of th e loc ation m edian s ,  in decib el s ,  can 
a 

b e  r ep r e s ent ed quite w ell by a no rmal di stribution . The value s of cr
V d 

and 0 .  shown in table 3 c an b e u s ed in the same manne r a s  cr
F 

in 
Ld a 

table 1 to dete rmine the probability of a m edian value occur ring at any 

location within a pa rticular typ e  of a rea . 

The r e  will be a va riatio n  about the lo cation me dian w ith time at any 

g iven location, which will g ene rally be la r ge r than the va riation f rom 

location to location . Again ,  a s  w ith F , thi s va riation within an hou r 
a 

c an be repre sente d quite clo s e ly by a skewe d no rmal di st ribution , de -

fine d by the me dian and uppe r and lowe r de cile value s . U s ing the s a me 

2 0  MH z re sidential a rea re c o rding s u s e d  to obtain within the hour va ria ­

tion of F
a 

( fig . 3 } , a di stribution of the 1 0 - se c  rea ding s o f  V 
d

i s  s hown 

on figure 26 and of L d on figure 27 . The se  di st ri butio n s  a re typic al of 

tho se g ene rally found in bu s in e s s and re sidential a rea s .  The di s t ri -

bution s found in rural a rea s wi ll have the same fo rm but will u sually be 

much flatte r .  The ratio,  in de cibel s ,  of the uppe r de c ile to the me dian 

value of the di stribution shown on figure 2 6  i s  4. 8 dB . The ave rage 

value of thi s ratio for 2 0  MH z rural a rea data i s  0 .  8 dB .  Simila rly, 

the ratio of the uppe r de cile to the me dian fo r the di st ribution o f  the L 
d 

value s in figure 27 is 7 .  0 dB , while the c o rre sponding ru ral ave ra ge 

value is 1 .  0 dB . 

4 6  



Inte r state highways and pa rks and unive r sity campu s e s we re 

analyze d  sepa rate ly fo r value s of V 
d 

and L 
d

. The re suit s a re shown 

on figure s 28  fo r V 
d 

and 29 fo r L 
d

' with the me a sure ment bandwidth 

indicate d .  The re sult s fo r both V 
d 

and L
d 

from the inte r state highway 

mea sure n:1e nts  a re simila r to the bu sine s s  a rea e stimate above 1 0  MH z 

and simila r to the rural a re a  e stimate at lowe r fre quenci e s .  Thi s i s  to 

be  expe cte d, s inc e the man -ma de noi s e  i s  cau se d p re dominante ly by 

ignition syste m s  at the highe r fre que nc ie s and powe r line s at the lowe r 

fre que nc ie s .  

The pa rk and unive r sity campu s  curve s appea r to fall some whe re 

betwe e n the re sidential and rural curve s .  Mo st pa rks and campu s e s 

have somewhat re stricte d tra ffic patte rn s and fe w ove rhead powe r line s 

and would be expe c te d, the refo re ,  to approa ch the g ene ral rural c ondi -

tion s .  

A s  with the value s of F , the value s o f  V and L we re mea sure d 
a d d 

using a sho rt ve rti cal antenna . The re i s  e ven le s s  infor mation on the 

effect of pola rization on V 
d 

and L
d 

than th e r e i s  on F
a

. At the time the 

2 5 0  MH z data shown on figure  1 3  w e re recorded , th e value s  of V 
d 

fo r 

the two antenna s w e r e  al so rec o rded . The s e  data a r e  shown plott ed on 

figure 3 0  along with the b e st fit r eg r e s sion line . As c an be s e en, the 
value of V 

d 
for the ve rtical c o mponent i s  g enerally lar g e r than the value 

fo r the ho rizontal co mponent . The r e c o rd ed man - mad e radio noi s e  in 

thi s ca s e  wa s almo st exclu s ively from autom otive ignition system s .  

Thi s r elation ship would ind icate that th e ve rtical co mponent wa s mo r e  

impul s ive  fo r ignition noi s e  than the ho ri zontal c omponent . Howeve r ,  

th e sampl e s ize  wa s ext r em ely s mall { 1 7  s et s  o f  10 s ec mea surements ) . 

Two c ompute r plot s of the r e lation ships betwe en the th re e moment s ,  

Fa ' V 
d

' and L
d

, a re inte re sting . The high deg re e  of cor relation be ­

twe en V and L i s  shown on figu re 3 1.. The value s of 67 3 V d  and the 
d d 

c o r re sponding L 
d 

location me dian s obta ine d by c ombining the data fo r 
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a ll fre quenc ie s and location s a re plotte d .  Since  the value s of  both V d 

and L a re dependent upon the in stantaneou s va riation s of the noi s e  
d 

envelope , a fai rly high c o rrelation between the two value s would b e  

e xpe cte d. With a s  high a c o r relation coefficient ( r = 0 .  9 4 }  a s  wa s ob ­
taine d, the value of  V 

d 
may give an ade quate de finition fo r the mo st 

likely AP D a s  wa s found to be the ca se  with atmo sphe ric ra dio noise 
( C richlow et al. , 1 9 6 0 ; CCIR,  1 9 64 ) .  Figure 32 show s the lac k  of c o r ­

relation between V d and F
a

. The ve ry low c o r re lation coe fficient 

( r  = - 0 .  07 } shown by the 67 3 pai r s of V
d 

and F indicate s that the cha r -
a 

a cte r of  the noi se , that i s  the i;mpul sive nature  o r  in stantane ou s envelope 

va riations , is  not de pendent upon the powe r leve l .  It i s  a function o f  the 
type s and numb e r  of sourc e s o f  the compo site man -ma de ra dio noi se and 
the i r  di st ribution about the re c e iving antenna and not of the actual re ­

c e ive d powe r leve l .  

Sinc e man - mad e  noi s e i s  white ( flat sp ectrum ove r  no rmal c o m ­

munications  bandwidth ) , the value s e stimated fo r F a re ind ep end ent of 
a 

bandwidth a s  long a s  bandwidth s limited to a few p e rc ent of th e c ent e r  

f r e quency a r e  c on s id e red . Sinc e the value s o f  V 
d 

and L
d 

a r e d ep end ent 

on bandwidth , the e stimate s g iven h e r e ar e  only applic able to th e s e  

mea surement bandwidth s . 
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4 .  3 Amplitud e and T im e  Stati stic s 

In o rd e r  to dete rmine s y st em p e rformanc e , mor e d etail ed stati sti ­

c al info rrnation about the r e c e ived noi s e wavefo rm i s  g ene rally r e qui r ed 

than that given by F
a

' V
d

, and L
d

. Som e  example s  of such detailed 

stati stic s of th e r e c eived wavefo rm a r e given in thi s  s ection . 

Exampl e s  of the noi s e  envelope amplitud e p robability di stribution 

a re given on figur e s  3 3 -3 7 . The APD '  s shown are plott ed r elative to 

the pow e r  mom ent ( in dB r elativ e  to the rm s env elope voltag e ) .  The 

APD shown in figu re 33 wa s m ea sured in a 4 kH z  bandwidth and at a 

c ente r frequency of 4 8  MHz . The mea sur ement c ov e r ed a 5 -min pe riod 

and wa s mad e  at th e inte r s ection of 28th St reet and Arapaho e ,  Bould e r ,  

C olo rado , du ring the evening rush hour ( 1 65 5 - 1 7 0 0  L ST ) .  The level ,  

becau s e  o f  the high traffic d ensity at th e time , i s  quit e high , having 

b e en m ea sured at 4 3 . 5 dB above kT . Thi s i s  approximately 1 dB 
0 

highe r  than the e stimated upp e r  decile  value for bu s ine s s  a r ea s .  Th e 

value of V
d 

fo r thi s  particula r distribution i s  5 . 4 dB . Th e APD ' s  of 

the man -mad e radio noi s e  mea sur ed at 1 02 MHz in a 4 kH z bandwidth 

at G rand C oule e  D am is  shown on figur e 34  and at Bould e r ,  C olo rado , 

on 3 Oth St r e et b etw e en Walnut and P eak on figur e 3 5 . An APD measured 

in a ru ral a r ea in the state of Wa shington i s  shown on figur e 3 6 .  The 

ab s enc e of any nea rby,  high no is e sourc e preclud e s  th e occurr enc e of 

the ve ry high noi s e  spike s even at the 0 .  0 0 0 1  pe rc ent point . The rang e 

of APD ' s  g iv en he r e  for bu sine s s  areas  ( fig s . 34  and 3 5 )  to rural ( fig . 

3 6 ) c an b e  c on s id e r ed typic al for thi s  frequency and bandwidth . 

Th e distribution s m ea sur ed along inter stat e 8 0  a s  shown on figur e  

3 7 exhibit s c onsid e rably g r eate r dynamic rang e than any o f  th e oth e r  

APD ' s  shown . Thi s p rinc ipally i s  c aus ed b y  the low rural background 

noi s e l evel with th e high noi s e  impul s e s  from the t raffic on the highway 

sup e rimpo s ed .  Thi s APD wa s  m ea sur ed at 48 MH z using a 1 0  kH z 

6 3  



b andwidth . Th e inc rea s e  in bandwidth , 4 kH z  to 1 0 kH z ,  will al so  in ­

c rea s e  th e dynamic rang e of th e noi s e envelop e voltag e . 

The  APD ' s  a r e  plotted on probability coo rdinat e s  with an ab s c i s sa 

s cale such that a R ayleigh d i st ribution ( the  envelope di st ribution for a 

white Gau s s ian noi s e  proc e s s )  plot s a s  a straight line with a slope of 

- 1/2 . The V lev el of a R ayleigh d i stribution i s  approximately at 
rm s 

the 3 6  p e r c ent point . A Rayl eigh envelope di stribution fo r Gaus sian 

noi s e  i s  al s o  shown on figur e  3 3 .  Note that the lower  amplitud e ,  highe r 

pe r c entag e portion s of all the APD ' s a r e  R ayleigh in cha racter . Even 

the mo st impul s ive noi s e  will be c ompo s ed of thi s  Gaus sian backg round 

with the high nois e pul s e s  sup e rimpo s ed upon it . T ypical APD 1'8 and 

their  va riations fo r r e s id ential a r ea s fo r 2 .  5 ,  1 0 , 2 0 ,  and 4 8  MH z and 

a 1 0 -kHz bandwidth have b e en giv en by Spaulding et al . ( 1 9 7 1 ) .  

The radio noi s e  g ene rated int e rnal to th e rec eiving sy stem ( antenna 

c ir cuit lo s s e s ,  rec eiver  noi s e ,  etc . ) i s  Gaus sian in characte r  and will 

combine with th e exte rnal noi s e .  For  all the distribution s shown , the 

rec eiving sy stem noi s e wa s well b elow th e man -mad e  noi s e  level . That 

i s ,  th e inte rnally g ene rated noi s e  had no effect on the mea sured distri ­

bution s .  

A numb e r  of 6 -min analog tape recording s ( s e e  Appendix A)  of the 

pre  -detection noi s e  p ro c e s s  have b e en mad e . The rec o rding s w e r e  

d etected ( to obtain th e noi s e envelope } ,  digiti z ed ,  and computer  analyz ed 

to obtain detailed envelope statistic s .  

T wo example s of the analysi s of the s e  analog r e c o rding s are  shown 

on figure s 3 8 -4 3  and figure s 44 -5 1 .  Th e fir st example i s  fo r a noi s e 

sample r ec o rd ed in a 4 kH z  bandwidth at 2 5 0  MH z .  The recording wa s 

mad e in a bu sine s s  a r ea in Colorado Sp ring s ,  C olo rado , June 5 ,  1 9 7 0 ,  

0 8 5 7 -09 0 3  MST . A randomly select ed 2 0 0  m s ec po rtion of the dig itiz ed 

envelope i s  shown on figure 3 8 ,  while figur e 3 9  show s the autoc ova rianc e 

for thi s  ZOO m s ec sample .  Note that fo r sho rt p e riod s of time ( 'T < 1 0 0  m s ec )  
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the noi s e  appea r s  to b e  unc o r r elated . Thi s i s  g ene rally , but not al ­

way s ,  the c a s e . The APD for thi s 6 -min recording i s  shown on figur e  

4 0 .  Al so  shown b y  the da shed Rayleigh di stribution o n  figur e  4 0  i s  the 

system ( rec eiving , reco rding , playback, and dig itizing ) noi s e  level . 

The ave rage  c ros s ing rate cha racte ristic ( AC R )  i s  shown on figure 4 1 ,  

while figur e s 4 2  and 4 3  show the pul s e  duration di st ribution s ( PDD ) and 

the pul s e  spac ing dist ribution s ( P SD ), re spectively . 

The s ec ond example ,  al s o  in a 4 kH z bandwidth , wa s  reco rded at 

4 8  MH z in a D enve r ,  C olorado , r e sid ential a rea . Two randomly s elected 

2 00 m s ec sample of  the dig itiz ed envelope a r e  shown on figur e s  44 and 

4 6 , and figur e s  4 5  and 4 7 g ive the c o r r e sponding auto c ova rianc e func ­

tion s .  Note th e low level C W  signal p r e s ent on the s econd s ample 

( fig s .  4 6  and 4 7 ) .  The APD , ACR ,  PDD ' s ,  PSD ' s , fo r th e 6 -min re ­

c o rding a r e  given on figure s 4 8 ,  4 9 , 5 0 ,  and 5 1, r e spectively . 

The ave rag e c ro s sing rat e ,  AC R ,  i s  the ave rage numb e r  of po sitive  

c ro s sing s of given level s by the noi s e  envelope .  At the highe r  level s ,  

a po sitive c ro s s ing of a level can b e  consid e r ed to c o r re spond to the 

o c cur r enc e at the rec eiv e r  input of a noi s e  pul s e  of amplitud e g reate r 

than that level . The maximum numbe r  of po s itive  c ro s sing s d epend s 

on the rec eiv e r  bandpa s s  and noi s e  cha racte ristic s .  Additional AC R 

mea surement s have b e en given by AC LMR S ( 1 9 6 6 ) .  

The pul s e  duration i s  the tim e that th e  noi s e  pul s e  i s  above a pa r ­

ticula r envelope voltag e  level . That i s ,  at a given level , it i s  th e time 

b etwe en the po sitive c ro s s ing of  the level and th e next negative c ro s sing . 

The curve s on figur e s 4 2  and 5 0  show the perc ent ( probability X 1 0 0 )  

o f  pul s e s  who s e  duration s a t  the ind icated level a r e  e qual to o r  g r eate r 

than the time indic ated by the ordinate . 

The pul s e  spacing i s  the time from a negative c ro s sing of a given 

level by the noi s e  envelope to the next po sitive c ro s sing of that level . 

The curve s on figur e s  4 3  and 5 1  show the di st ribution of the s e  tim e s  

65 



fo r va riou s l evel s .  If man -mad e noi s e  wa s c ompo s ed of pul s e s  occur ring 

randomly a c c o rding to a Pois son distribution, th e pul s e  spacing d i stri ­

bution s would b e  exponential at th e high e r  envelope level s .  An expon ­

ential di stribution plot s a s  a straight line of slope - 1  on the coo rdinate s 

u s e d  for figure s 4 2 ,  4 3 ,  5 0 ,  and 5 1 . As c an b e  s e en from figur e s  4 3  

and 5 1 ,  th e pul s e  spacing d i st ributions at the highe r l evel s and wide r  

spacing s ar e not exponential . Thi s  ind icate s  c o r r elation in the noi s e  

p ro c e s s  fo r the s e  long e r  time pe riod s .  

The s e  sample s of the variou s amplitud e and time stati stic s given 

h e r e  a r e  fo r guidanc e to provide some in sight into the cha ract e ri stic s 

of  the noi s e proce s s .  They a r e  not , how eve r ,  intend ed to b e  e stimate s 

of the stati stic s fo r all type s of man -mad e radio noi s e . While th e s e 

a r e  example s of th e stati stic s that will b e  found , th ey a r e  not ave rag e 

value s but strictly the r e sult s of the analy sis  of a few sampl e s .  The 

statistic s for the variou s type s of man -made radio noi s e  enc ount e r ed 

in the environm ent will va ry with tim e ,  location , f r e quency,  and the 

rec eiving sy stem . 
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5 . USE OF THE MAN -MADE NOISE E ST IMA TE S  IN DE TE RMINING 
SYSTE M PE RFORMANCE 

The u s e fulne s s  of the man -ma de radio noi se prediction s given he re 

will be dete rmine d by the deg r e e  to which they a re appli cable to the 

s olution of fre quency mana g e ment o r  s y ste m de sign p roble m s . W e  now 

have a mean s o f  e stimating the ave rage powe r, the ave rage  envelope 

voltage , and the ave rage log of the envelope voltage a s  a function of 

location, tim e ,  and fre quency . The que stion of what c an be done with 

the se pa ra mete r s  to provide an e stimate of the pe rformance of a system 

that i s  go ing to ope rate i n  an environment de s c ribe d  by the pa rame te r s  

mu st be c on s i de re d .  

The fir st dete rmination that c an be ma de i s  whethe r o r  not the 

sy ste m will be limite d by thi s type of noi s e  and, if s o ,  fo r what 

pe r centage of time thi s  i s  likely to b e  the ca s e . The re a re seve ral 

lim itation s that might p revent the s y ste m from ope rating sati sfa cto rily . 

Let u s  fir st con s id e r  oth e r  typ e s of noi s e exte rnal to the re c eiving s y s ­
tern .  At the lowe r fre quencie s ,  that i s  at HF and b elow , atmo s phe ri c 

radio noise often will be the limiting type of inte rfe rence fo r a fairly 
la rge pe rcentage of  the time , e spe c ially in rural a rea s . A compa ri s on 

of the p r e dicte d leve l s of atmo sphe ric radio noi s e  fo r a given location 

and fo r va r i o u s  time s a s  g iven by C CIR ( 1 9 64 )  with the expe cte d man ­

ma de noi s e  will dete rmine the choic e  between the s e two type s of ex ­

te rnal radio noi se to use in the particular de s ign calculations to be made . 

Sinc e both type s o f  noise  have simila r characte ri stic s ,  i . e . , impul sive 

noi s e  spike s supe r impo s e d  on a white Gau s sian noi se ba c kg round, a 

compa ri s on of the F value s g ene rally will pr ovide suffi cient info rma -
a 

tion on the relative impo rtanc e of the two . At the highe r fre quenc ie s 

whe re di stant sky -wave propagation will not be pre s ent, the atmo sphe ric 

radio nois e  can alm o st always be ne gle cte d .  Only the nois e  from local 

a ctivity will inte rfe re unde r the se c on dition s . In s o m e  ca s e s whe re 
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high reliability c i r cuits a re be ing c onside red, it may be ne ce s sa ry to 

dete rmine the e ffe ct of local thunde r sto rm a ctivity . In g ene ral,  local 

a ctivity will have the e ffe ct of di s rupting the sy ste m for seve ral milli ­

seconds anywhe re from two to three  time s a minute to once eve ry 5 min 

ove r a pe riod from 1 5 min to about 2 hr s .  In a rea s of  high thunde r sto rm 

activity, thi s inte rmittent inte rfe rence may o ccur a s  much a s  0. 5 pe r ­

c ent to 1 pe rc ent of the yea r .  Sinc e such ci rcuits g ene rally a r e  de ­

s igned to op e rate s ati sfacto rily with a tim e availability of 0 .  9 5  (CCIR , 
1 9 6 6 ) ,  th e  effect of local thund e r sto rm activity usually can b e  neglected 

at the s e  highe r fre quenc i e s .  

The s e c on d  type of noi s e  to c onside r i s  galactic radio noi s e . At 
some location s ,  thi s may b e  the c ontrolling type of noi se fo r a la rge 

pe rcentag e  of the time at any fre quency above 20 MH z ,  but usually the 

man -ma de radio noi s e  will be highe r than the gala ctic noi s e  up to some ­

pla c e  betwe en 1 0 0  to 3 00 MH z .  The p r e di cte d curve o f  gala ctic radio 

noi s e  r e c e ive d on a s ho rt ve rtical antenna i s  shown on figure 1 ( from 

C C IR ,  1 9 64 ) .  While the va riation of  thi s type of noi s e  will b e  only about 

± 2 dB with location and time fo r thi s antenna ( C ri c hlow et  a l . , 1 9 5 5 } ,  
the level a t  the te r minal s of any na r row b e a m  antenna c a n  va ry c on ­

side rably , depending upon the pa rt of the sky within the antenna beam . 
Fo r an antenna pointing in a fixe d di re ction relative to the ea rth, the 

va riation s of the galactic noi s e  leve l ,  if thi s  i s  the p re do minant noi s e ,  

c an b e  mea sure d e a sily a s  va riou s pa rt s o f  the galaxy pa s s  th rough the 

antenna beam.  Onc e  thi s patte rn ha s been found for a one -yea r cycle , 

it gene rally will b e  repe ate d with only mino r va riations . The la rge st 

va riation would be due to the sun pa s sing through the antenna beam if 

a 0 .  5° ( o r  le s s )  b e amwidth we re u s ed .  If the galactic noi s e info rmation 

i s  re quire d p rio r to the in stallation of a highly dire ctional antenna , the 

expe cte d  leve l s  can be calculate d u s ing sky te mpe ratu re cha rt s and 

knowing the antenna cha racte r i stic s .  Gala ctic noi s e  is Gaus sian in 
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cha racte r ,  and thi s  must b e  c onside red wh en compa ring it with man ­

mad e radio noi s e .  That i s ,  even though the F value fo r the man -mad e 
a 

noi s e  may b e  b elow th e F value fo r th e  g alactic noi s e ,  the impuls ive 
a 

natu re of th e man - mad e noi s e  can r e sult in noi s e  pul s e s g reatly exc e ed -

ing the g alactic noi s e  level . 

If an omnidire ctional antenna i s  u s ed o r  any type of directional 

ant enna u s ed in a p o s ition whe re the g round i s  in the antenna beam , 

the rmal noi s e  from the g round , b eing at r efe renc e temp e ratur e ,  mu st 

al so  b e  c on s id e red . Howeve r ,  th e only time that thi s c ont ribution is of 

any cons e quenc e i s  when the exte rnal noi s e  from all oth e r  sour c e s  i s  

e qual to o r  l e s s  than an F value of 6 dB . Thi s type noi s e  i s  al so 
a 

G au s sian in cha racte r ,  and , th e r efo r e , the APD i s  R ayleigh . 

Con side ration mu st al s o  be g iven to the noi s e  facto r of  the re c e iving 

system including antenna c i rcuit lo s se s ,  t ran smi s sion line l o s s e s ,  and 

the noi s e  figure of the re c e ive r,  including any preamplifie r s  o r  lo s sy 

c ir cuit s .  In gene ral , the r e c e iving syste m  noi s e  figu re doe s not ne e d  

to b e  much lowe r than the expe cte d exte rnal  noi s e . If it i s  much highe r 

than the expe cte d exte rnal noi s e ,  re de s ign o r  improvement in the sy ste m 

noi s e  figure gene rally will allow imp rovement in the pe rfo r manc e  of the 

communication s sy ste m .  Othe r fa cto r s  ( s ignal fading cha ra cte ristic s ,  

inte rmodulation p roduct s ,  ove rloa d cha ra cte ri stic s ,  e tc . ) may be the 

limiting factor in the syste m .  If thi s  i s  the c a s e , e quipment o r  sy ste m 

re de sign may de c rea s e  the se  proble m s . 

If it ha s b e en e stabli she d  that man -ma de ra dio noi s e  will be the 

lim itation to the ope ration of the system unde r conside ration, the sys ­

te rn pe rfo rmanc e in the pre dicte d envi ronment must be dete rmine d. In 

o rde r  to make thi s dete rmination, a knowle dg e  of  how the sy stem will 

ope rate in va riou s noi s e  envi ronments  i s  ne c e s sa ry . The re quire d 

s ignal -to -no i se ratio ( SNR )  will b e  dependent on the cha racte r of the 
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a dditive noi s e  and the cha ra cte ri stic s o f  the sy ste m  unde r conside ration. 

When the SNR r e quir e d  to give sati s fa ctory s e rvice  in the expe cte d type 

of  envi ronment ha s be en dete rmine d, the re qui re d signal powe r at the 

te rminal::;  of  a los sle s s  re c e iving antenna ( a s suming all c ircuit s will 

affe ct the s ignal and noi s e  in the same manne r )  can be found by 

P = F + B + R - 2 04 dB W 
s a 

whe re P = the r e quired signal powe r at the rec eiving antenna te rminal s 
s 

and R = the signal -to -no i se ratio , in dB , re qui re d  fo r sati sfa cto ry s e r -

vic e . The value of F u se d  he re can be  the e stimate d value fo r some 
a 

pe rcenta g e  of  time ba s e d  on the me dian predicte d value fo r the lo cation, 

the de c ile value g iven fo r that type o f  location, and an e stimate of the 

expe cte d  diu rnal va riation . Thi s  will the n  provide an e stimate of the 

pe rcenta g e  of time that the re quir e d  s igna l -to -no i s e  ratio ( and sati s ­

facto ry s e rvic e )  will be a chieve d .  The difficult pa rt ,  of cour s e , i s  

dete rmining the re quire d SNR . Some value s of re qui re d SNR ' s  fo r c e r ­

tain sy stem s have b e en e stabli shed by the Int e rnational Radio C on sulta ­

tive C ommitte e  ( C CIR ) ,  The Electronic s Indu st ri e s As soc iation ( EIA) , 

the Fede ral C ommunication s C ommi s s ion ( FC C ) ,  etc . The s e  value s 

often a re g iven ba s ed on the a s sumption that the interfe ring noi s e  i s  

Gau s sian . Impul s ive noi s e  will affect sy stem p e rfo rmanc e quite dif ­

fer ently, and thi s  mu st b e  taken into ac c ount when u s ing the s e  SNR ' s .  

The da shed line on figure 3 3  i s  the envelope d i st ribution fo r Gau s s ian 

noi s e  with the sam e  rms value a s  the impuls ive man - mad e noi s e  sample 

shown . If the SNR fo r s ati sfacto ry ope ration in a G au s sian noi s e  environ ­

ment i s  u s ed when th e  actual environment i s  pr edominantly man -mad e 

noi s e ,  an e r ro r  of s eve ral d e c ibels  in r e quir ed s ignal pow e r could b e  

obtained .  F o r  example , c on s ide r a bina ry nonc oh e rent f r e quency shift 

keying (NC F SK )  s y stem for which a bit e rror  of 1 0 -4 o r  le s s  i s  r e quired . 
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F o r  thi s system, the probability of bit e r ror is  given by one half the 

probability that the in stantane ou s no i s e  envelop e l evel exc e ed s  the signal 

lev el (Montgome ry ,  1 9 54 ) .  Th e r efo r e , from figure 3 3 ,  th e  r e qui r ed 

SNR to achieve this p e rfo rmanc e i s  9 .  5 dB fo r  G au s s i an noi s e ,  whil e 

for man -mad e  impul s ive noi s e ( shown on fig . 3 3 )  a 2.9 dB SNR is r e ­

quir ed to achiev e thi s  s a m e  p e rfo rmanc e .  

Two exampl e s  of m ethod s u s ed to find sy stem pe rfo r manc e in atmo s ­

ph e ric radio noi s e a r e  g iven in C CIR ( 1 9 64 ) . By u s ing the value s of F , 
a 

V d '  and Ld g iven h e r e ,  the same typ e of analy s i s  c an be pe rfo r m ed 

for man - mad e r adio noi s e .  
The application of the amplitude stati sti c s of man -made ra di o  

noi s e  i n  dete rmining s y stem pe rfo rmance ( i . e . ,  the re qui re d  SNR ) is � 

well docume nte d in Pa rt ll, Bibliog raphy, of thi s repo rt , e spe c ia lly 

fo r va riou s type s of dig ital c ommuni cation s s y ste m s .  E xam ple s of 
wo rk in thi s a re a  have b e en given by Shave r e t  al . ( 1 9 7 2 ) ,  G illilla nd 

( 1 9 7 2. ) , B ello and E spo s ito ( 1 9 69 ,  1 9 7 0 } ,  Akima et al . ( 1 9 69 ) , Omura 

( 1 9 69 ) ,  H alton and Spaulding ( 1 9 6 6 ) ,  B ello ( 1 9 65 ) ,  G onda ( 1 9 65 ) , and 

Lindenlaub and Chen ( 1 9 65 ) .  Th e s e r ef e r enc e s  sp e c ify th e dete rmina -
tion of sy ste m  p e rfo rmanc e in impul s ive noi s e .  

6 . MA THE MA T IC A L  M ODE L ING OF THE NOISE PR OCE SS 
A numbe r of s che me s have been deve l ope d in the pa st to improve 

the ope ration of va rio u s  tele c o mmunication s s y s te m s  ope ra ting in the 

p r e sence o f  noi se environment s .  In the de sign of opti mum dete ction 

s cheme s ,  the noi s e  u sually ha s b e e n  a s sume d to b e  Gaus sian fo r la c k  
of a b e tte r m o de l  that c o uld b e  handle d mathe matically . Thi s wa s the 
ca s e  e ven though it ha s long b e en re cogni z e d  that the Gau s s ian mo de l  

i s  ra r e ly found unle s s  the l im iting noi s e  i s  due t o  noi s e inte rnal t o  the 
r e c e iving s y ste m o r  from gala cti c ra dio noi s e . Se ve ral me tho ds have 
b e e n  devi s e d fo r p rovi ding bette r ope ration in the p re s en c e  o f  i mpul s ive 
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noi se . Howeve r, all of the mo re commonly u s e d  of the s e  sy ste m s ,  

e . g . , wideband noise  limiting o r  clipping , hole punching , smea r -de ­

smea r ,  etc . , approache d the p roble m by attempting to make the noi s e  

le s s  impul sive o r  more Gau s sian in cha ra cte r s o that the available de ­

te ction s cheme would be ope rating in the type of  noi se fo r which it wa s 

optimi ze d.  While the se metho ds do improve syste m  ope ration unde r 

c e rtain c ondition s ,  much g reate r imp rovement can be obta ined by 

de signing the syste m to match the noi s e . 

F o r  good system de sign and the dete rmination of the optimum re ­

c e iving s y ste m,  more info rmation about the noi s e  i s  r e qui r e d  than 

gene rally can be obtaine d from mea surement s . The re fo re , a mathe ­

matical model fo r the rando m noi se pro c e s s  ( a s  seen by a rec e ive r )  

mu st b e  develope d .  The p roblem i s  to develop a mode l  fo r the noi s e  

that :  ( 1 )  fit s all the ava ilable mea sure ment s ,  ( 2 )  is  phy sically meaning ­

ful when the noi se sourc e s ,  thei r  spatial dist ribution, etc . a re 

c on side re d, and { 3 )  i s  simple enough so  that the re qui re d  stati stic s can 

be  obta ine d fo r solving the signal dete ction proble m .  In sho rt, the 

p roble m i s  to do fo r the non -Gau s sian man -ma de noi s e  c hannel what 

stati stical c ommunications the o ry ha s a chieve d fo r the Gau s sian channel .  

Many atte mpt s have been ma de in the pa st to model na r rowband 

impul s ive noi s e  proce s se s ( Fu rut su and Ishida ,  1 9 6 0 ; Bowen, 1 9 6 3 ;  

B e c kman, 1 9 64 ; Galej s ,  1 9 6 6 ;  fo r example ) .  The s e  mode l s  a re e s ­

sentially simila r to each othe r  in that they take the re c e ive d noi s e  to 

be  c ompo se d of a sum of  filte re d impul se s who s e  amplitude and o c currenc e  

in time follow va riou s p robability di st ribution s .  While the above fo rm s 

a re motivate d well phy s ically and can b e  ma de to fit mea sure d fir st -

o rde r stati stic s { APD of the noi s e  envelope and AC R ,  fo r example ) ,  

they have seve ral di sa dvantage s a s  fa r a s  the s ignal dete ction p roble m 

i s  c once rne d .  Fo r  example , the s e  form s gene rally a s sume independ -

e nc e  in the noi se which i s  not alway s the ca se . They a re not dire ctly 
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relatable to the physical cha ra cte ri stic s of  the noi s e  sou r c e s ,  and the 

r e sulting stati stic s a re s o  mathe matically complicate d that no atte mpt 

ha s b e en ma de to apply the m  to s ignal dete ction proble m s . 

Va riou s e mpirical mode l s  have been develope d and relate d  to 

mea su re ment s  of impul s ive noi s e  ( e spe cially fo r atmo sphe ric noi s e ) . 

The se mode l s  do not rep re sent the noi se p ro c e s s, but only the mea sur ed 

stati stic s of the proce s s  and, the re fo re ,  a re not , in gene ral ,  applicable 

to dete rmining optimum sy ste m s  fo r the pa rticula r noi s e  unde r consid ­

e ration . The s e  mode l s  have been u s e d  to dete rmine the pe r fo rmanc e 

of va riou s suboptimum re c e ive r s . R e fe renc e  to all the above work can 

be found in the Bibliog raphy, Pa rt II, of thi s repo rt . 

Hall ( 1 9 68 )  ha s deve lope d a diffe rent model  fo r impul sive phenomena 

and applie d it to s ignal dete ction proble m s  c on s ide ring LF atmo sphe ric 

noi s e .  Thi s mode l ,  in modifie d fo rm,  al so  ha s be e n shown to be 

app rop riate for HF atmo sphe ric noi se and some kinds of man -ma de 

noi se  ( Di sney and Spaulding , 1 97 0 ) .  While optimum re c e iving structure s 

have been de rive d and the pe rfo rmance obtaine d, the Hall model i s  not 

e a sy to re late to the phy sical environment . The refo re ,  the prope r value s 

of the pa ramete r s  that spe c ify the model  a re difficult to obtain . Al s o, 

the mode l  ha s infinite va rianc e fo r a phys ically app rop riate range of 

value s .  R e c ently, G io r dano and Habe r ( 1 9 7 2 )  de ve lope d an exc ellent 

model  fo r atmo sphe ric noi s e  ba s e d  on the di stribution s and cha ra cte r ­

i stic s of the noi se sourc e s ,  and the i r  app roach might b e  applic abl e to 

man -mad e  radio noi s e p roblem s .  

R e cent wo rk at O T/ITS ha s led to th e d evelopm ent of a stati stic al ­

pny sical model  fo r man -ma de noi se ( Middleton, 1 9 7 2 ,  1 9 7 3 ,  1 9 7 4 ) .  

Thi s model i s  ba s e d  on the actual phys ical pa ramete r s  of  the inte rfe renc e 

e nvironment ( sour c e  di stribution s in spa c e  and time ,  sourc e wave fo r m s ,  

propagation, etc . ) . R e c e ive d wave fo rm stati stic s have b e en de rive d for 
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thi s mode l ,  and they pre sently a re being co mpa re d  with me a sure me nts .  

Wo rk on the analy s i s  of syste m  pe rfo rmance ,  de riving of optimal de ­

te ction s che me s ,  obtaining the pe rformanc e of  the s e  optimal structure s ,  

wavefo rm d e sign s , etc . i s  in p rog re s s  at OT/ITS u sing thi s  ba sic sta ­

tistical model . 

7 .  C ONC LUSIONS AND DISC USSION 

E stimat e s  of the level s of man -mad e radio noi s e  that will occur 

at  locations and time s in  th e futu r e  hav e  b een given . The s e e stimat e s 

we re  obtained from th e analy s i s  of th e OT data ba s e  of m ea sur e m ent s 

mad e ove r the pa st s eve ral year s .  A method fo r obtaining the avail -

able noi s e  powe r  at a r e c eiving location from th e automotive traffic 

d en s itie s in th e vic inity of thi s  location ha s b e en d eveloped . Al s o ,  m ea s ­

ure ment s  showing th e noi s e powe r to b e expected f rom high voltag e 

t ran smis sion line s have b e en includ ed .  Some indication rega rding the 

r elationship b etwe en the ho riz ontal and ve rtic al component s  of the noi s e 

field ha s al s o  b e en g iven . 

E stimat e s  of the ave rage  and ave rag e logarithm of the noi s e  env e ­

lop e voltage  a r e  given fo r two bandwidth s ,  1 0 kH z  and 4 kH z . It ha s 

b e en shown that the paramete r s  V 
d 

and L 
d 

a r e  highly c o r related ,  but 

that the noi s e  l evel , F , i s  unco r related with the noi s e  impul s ivene s s  
a 

( a s  cha ract e ri z ed by V 
d

) . In addition, example s  of  d etail ed amplitud e 

and time stati stic s of  th e r e c eived noi s e  p ro c e s s  have b e en shown . 

Whil e the OT /ITS data ba s e  i s  undoubtedly the la rg e st s ingle  

s ourc e of noi s e data available ,  i t  i s  still a relatively s mall sampl e c on ­

s id e ring the few a r ea s actually inve stig ated .  One c an a sk if the r e sult s 

g iven a re typical of  all c itie s sinc e mo st of the bu s ine s s  and re sid ential 

a r e a  m ea surement s w e r e  mad e in m edium or s mall s i z e  m etropolitan 

a rea s .  The r e  app ea r s  to b e  no really good way of r elating the man ­

mad e noi s e  data to what would b e  found in a la rg e metropolitan a r ea 
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such a s  New York City o r  Lo s Ang e l e s  until compatibl e  mea su r em ent s  
in this type of area a re available for compari son . H owev e r ,  the fol ­

lowing rea sons seem to indicat e  that , with c a r e ,  th� e stimate s given 

here will be applic abl e : In g �neral ,  th e  noi s e  i n  the busine s s  and r e s id en ­

tial a rea s s e e m s  to b e  p rincipally due to the noi s e sourc e s  within a 
fairly short distanc e of the r e c eiving location . Thi s i s  evid enc ed by th e  

sub stantial chang e s  i n  noi s e  level that take pla c e within a bloc k when 

mobile mea sur ement s  a r e  b eing taken ( Spaulding et al. , 1 9 7 1 ) .  A small 

a rea within a busines s a r e a ,  a s  larg e a s  it i s  homog eneou s Jc should not 

have too diffe rent characte ri stic s ,  wh ethe r  it i s  in Bould e r ,  C olorado , 

o r  New Y ork C ity . As long a s  t raffic d en sitie s ,  pow e r  di st ribution 

system s ,  and oth e r  man -mad e radio noi s e  sourc e s  a r e  c o mpa rab l e  and 
the g ene ral c ha ra c t e r  of th e  ar ea s i s  th e  s am e ,  th e numb e r  o f  add itional 
noi s e . sourc e s  in the larg e r  population a r e a c annot be inc r e a s ed g re atly 

per block . Th e only exc eption might po s s ibl e b e  the p re s enc e of num e r ­

iou s high - ri s e  offic e building s ,  such as exi st in some New Yo rk C ity 

bu sine s s  a r ea s . In an a rea wh e r e  f r e eway s mus t  c a r ry la rg e numb e r s  

of veh icle s moving at a relatively high s p e ed ,  th e amount of traffic c ould 
be con sid e rable higher,  a s  might be th e c a s e wh en c ompa ring D enve r 

with , say , Los Angele s .  How ev e r ,  when c on s id e ring the bu s in e s s  a r e a s 

of the s e  two loc ation s , the st reet w idth s and s p e ed lim it s a r e  c o mparabl e ;  

thu s ,  traffic d en sity c annot va ry by a la rg e amount , sinc e t raffic c on ­

g e stion i s  found at both plac e s .  F ro m  th e s e  consid e ration s ,  it s e e m s 

rea sonabl e to expect the noi s e  e sti m at e s to b e  a s  valid fo r New Y o rk 

C ity a s  fo r,  s ay ,  Albuque rque ,  New M exi c o ,  even though th e r e  i s  a tw enty ­

to -one population d iff e r enc e .  

Mo st of the rural data w e r e  taken in the spa r s ely populat ed a r ea s  

of the we ste rn Unit ed State s .  C ompa ri son with data f rom th e few rur al 

a r ea s  mea sured in th e ea ste rn United Stat e s do e s not s e e m to show 

94 



s ignificant diff e r enc e s , s in c e  the s e  value s w e r e  within the rang e of 

va riation s found from plac e to pla c e  in th e w e ste rn a r e a s . The p r e s enc e 

of nea rby powe r line s ,  how eve r , should b e  c onsid e r ed in all a r e a s  but 

e sp e ci ally in rural a r ea s  and at fre quenc i e s b elow about 2 0  MHz .  

The analy s i s  in thi s report indicat e s that the noi s e  pow e r  dec rea s e s  

with inc r e a s ing f r e qu ency at a rate of 2 7 . 7  dB/d ec ad e . Wheth e r  thi s  

same trend c ontinu e s at fre qu enc i e s  ab ove 2 5 0 MH z i s  unknown; in fact 

the 2 5 0 MH z value s would sugg e st that the noi s e  powe r might not d e ­

c re a f;) e  a s  rapidly , o r  even dec rea s e  at all , with inc r ea s ing f r e qu ency 

for fr e quenc i e s  abov e about 1 0 0  MH z .  The r e  a r e  some c ontentions that 

the man -mad e  radio noi s e  f ro m ignition s y stems will show a p eak b e ­

twe en 3 0 0  and 5 0 0 MH z .  Howeve r , the AMA p eak mea sur ement s  on 

ind ividual c a r s  do not b e a r  thi s  out , although peak value s c annot b e  

r elated to the rec eived noi s e  powe r . Al s o ,  the 2 5 0  MH z OT /ITS value s  

may b e  high b e c au s e  of the editing proc e s s  nec e s s itated by the r ec o rding 

system noi s e  facto r at thi s  f r e qu ency . 

The r e sult s g iven in thi s r epo rt can only give  e stimate s of the man ­

mad e noi s e  at ave rag e  o r  typic al lo c ation s and at g round l evel . Any 

strictly local unusual effects must  al so  be c on s id e r ed .  For exampl e , 
OT /IT S pe r sonnel found st rong elevator c ontrol noi s e  at 1 .  7 GH z to b e  

th e pr edominant s ourc e of  int e rfe r enc e a t  the top of a n  1 8 - sto ry building , 
noi s e  from c ompute r s  and pe riph e ral e quipment to b e  even highe r  than 

t raffi c  no i s e  on the highway near the build ing s at the old NB S site in 
W a shington, D . C . , and that the high e st noi s e  s ourc e at P ow Main, 

Ala ska , wa s a b eacon light on top of a 2 0 0 -ft tow e r .  

In 1 9 67 the autho r s  of thi s repo rt p r epa r ed an e stimate of the man ­

mad e radio noi s e  expected in u rban, suburban, and rural locations for 
JTAC ( 1 9 68 ) .  Sinc e  the p r e s ent e stimate s show a s  much as a 1 0  dB 
diff e r enc e f rom th e p r eviou s JT AC e sti mate s  and s inc e the J T  AC 

e stimate s have b e en wid ely us ed , a compari s on of the two s ets  of 
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e stimate s i s  in o rd e r  he re  and is  shown in figure 5 2 .  Note the s c ale 

chang e fo r th e thr e e  type s of a rea s on thi s  figur e to provid e  s epa ration 

of the s et s  of  curve s .  Th e fir st notic eable diffe renc e i s  in the shape of 

the JT AC curve s with a b r eak betwe en 1 0  and 20  MH z .  Thi s oc cur red 

when data w e re c o mbined f ro m  m ea surement s mad e by va riou s inve sti ­

g ato r s  at differ ent time s ,  loc ations , and f r e quenc ie s ,  with no one s et 

of d ata c ove r ing th e whol e  fre quency rang e .  The b r eak s e emed not 

unlikely at th e time sinc e b etw e en 1 0  and 2 0  MH z the p r edominant noi s e 

s ourc e s  chang e from tho s e  a s s o c iated with pow e r  line s  to automotive 

ignition system s .  It app ea r s  now , though , that the real c au s e  wa s due 

to the tim e and loc ation va riation , the inc o mplet e f r e quency c ove rag e 

of the mea surements , and the attempt to r elate di s similar paramete r s .  

The next obvious diffe r enc e i s  in the nom enclatu r e  u s ed to de sc rib e  

the typ e s  o f  a r ea s . The de signation s of bu sine s s , r e sid ential , and rural 

w e r e  cho s en in plac e of urban , subu rban, and rural ,  sinc e the latte r 

a re ba s ed more  on political divi s ion s than on the u s e s  of the a r ea .  

Fo r example ,  u rban i s  within the limit s of a c ity , while suburban i s  

c on sid e r ed t o  b e  a fairly populou s a rea su r rounding a c ity but out s ide  

the c ity limit s .  H ow eve r ,  the man - made radio noi s e  is  simila r fo r 

r e s id ential a r e a s  o r  for bu sin e s s  a r ea s ( shopping c ente r s ,  manufactu ring 

and s e rvic e loc ations ) , wheth e r  they a r e  within the political boundarie s 

of a c ity o r  in a subu rban a rea . The refo r e ,  the new d e s ignations are  

mo re  d efinitive and c an b e  bette r identified and d e s c rib ed without the 

ambiguiti e s  a r i s ing from u s ing the previous de signation s . 

The analys i s  of  additional data ha s d ec r ea s ed the differenc e b e ­

twe en the av e rag e value s fo r the thr e e  typ e s  of a r ea s .  A good pa rt of 

thi s d iffe renc e r e sult s from the fact that the J T AC rural curve b elow 

2 0  MH z wa s g r eatly influenc ed by the inclu sion of the C C IR man -mad e 

rural noi s e  data ( C CIR , 1 9 64 ) .  In the p re s ent analy s i s , the s e data 

we r e  not inc lud ed in the g ene ral rural area e stimat e s  sinc e the data 

9 6  



w e r e  f ro\ location s c a r efully selected in each c a s e  to b e  a s f re e  of man ­

mad e radio noi s e a s  po s sible . In addition ,  th e data ba s e  fro m  the s e 

locations far exc e eded th e amount of data collected at all oth e r  rural 

locations and would g ive undue influenc e to an e stimat e utilizing all 

rural data in one g roup . Altog ethe r ,  a much bett e r  e stimate of the man ­

mad e radio noi s e  ant it s location and tempo ral va riation s should b e  

obtained from the pre s ent e stimate s  than fro m  the J T AC value s .  
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APPE NDIX A 

MEASUREMENT METH OD S USED T O  OB T AIN THE D AT A  B ASE 

Data u s e d in thi s repo rt were  obtaine d using the OT /IT S mobile 

ra dio noi s e  lab . The exclu sion of othe r data wa s fe lt ju stifie d, not on the 

ba si s of the validity of the othe r data , but be cau s e  of lack of c ompatibility 

with data u s e d in thi s repo rt . In many in stance s  pa ramete r s  have b e e n  
mea sure d ( e . g . , peak or qua s i  peak)  which by the m s e lve s do not p rovide 

suffic ient info rmation fo r fre que ncy management o r  sy stem de sign c on ­

s ide ration s and, without furthe r info rmation about the noi s e  proce s s  

from which the 1ne a sure ment s  we re obtaine d, cannot be relate d to othe r 

pa ramete r s of the ra dio noi se . In g ene ral , othe r mea sure ment s  pro ­

vide d info rmation at only one o r  two fre quenc ie s ,  and atte mpting to 

combine the s e  mea sure ments  with othe r s  prove d  futile s inc e fre quenc y ,  

tim e ,  and lo cation stati stic s we re hope le s sly inte rmixe d .  

Sinc e the enti re data ba se u s e d  he re came from mea sure ments  

taken with the OT/IT S mobile ra dio noi se lab , a de s c ription of  the no� s e  

lab and the e quipment involve d, a s  well a s  some info rmation o n  mea sure ­

ment te chnique s ,  may p rove helpful in providing a bette r  unde r standing 

o f  the pre diction s . Thi s appendix i s  p rinc ipally a de s c ription of  thi s 

fac ility and it s a dvantage s and limitations fo r u s e  in obtaining an a de quate 

man -made radio noi s e  data ba se . The mobile labo rato ry consists  oi a 

t ra cto r and van . The tra cto r utiliz e s  a full die s e l  eng ine and wa s pu r ­

cha se d  unde r the MIL - spec ifications fo r a quiet vehicle . A dditional noi se 

suppre s sion wa s a dde d afte r delive ry; e . g . , suppre s sion on windshie ld 

wipe r moto r ,  alte rnator and c ontrol s ,  whe el bea ring s ,  etc . A die sel  

gene rato r s et wa s in stalle d betwe en the cab  and the fifth whe el  to  provide 

powe r fo r mobile o r  remote ope ration . A low -boy type s e mitraile r 

van i s  us e d s o  that a two -mete r -high ve rtical antenna on the van r oof 
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will clea r powe r and telephone line s that might b e  encounte re d during 

mobile mea sure ment s . The van ha s an exte rio r a luminum skin with the 

roof a c ting a s the g roUI)d plane fo r the re c e iving antenna s .  The van i s  

heate d and a i r  - conditione d for te mp e ratur e stability , thus p rovid ing fo r 

me a sure me nt stability afte r approximately a half -hour e quipment wa rm ­

up pe rio d .  

T h e  mea suring - r e c o r ding sy ste m i s  shown in the block diag ram figure 

A I.  Any e ight of the ten nominal re c o r ding fre quencie s can b e  u s e d  

s imultane ou s ly .  The ten fre quencie s we re cho sen with approximate ly 

o ctave spacing s b etw e en 2 5 0  k.I-Iz and 2 5 0  MH z .  As shown on figu re  A l , 

the s e  f r e quencie s a re 2 5 0  and 5 0 0  k.I-I z , 1 ,  2 .  5 ,  5 ,  1 0 , 2 0 ,  5 0 ,  1 0 0 ,  and 

2 5 0  MH z .  R e latively clea r channel s  we re u s e d  when po s si ble , e .  g . , 

the WWV gua rd bands . Limite d f re quency a djustment about the nominal 

f re quencie s  i s  p rovi de d  to a s s i st in tuning away from signal s in the 

r e c o r ding channel s . Two r e c e iving antenna s a re u s e d,  2 mete r and 

0 .  5 mete r ve rtical whip antenna s .  The e ight lowe r fre quencie s a re 

r e c o rde d  from the 2 --mete r antenna , and the two highe r  fre quenc ie s 

a re re c o r de d  from the 0 .  5 mete r antenna . E ach antenna i s  conne cte d 

to a pa s sive c oupling unit which p rovide s s ome p re sele ction and give s 

5 0  n output s fo r the preamplifie r s . 

The ba sic  data source in the van i s  the s et of e ight noi s e  

receive r s  and mete ring strip s . E a ch of the s e  mea sure s the rm s 

envelope voltage , the ratio betwe en the rm s and the ave rage voltage  

(V 
d

) '  the ratio betwe e n  the rm s and the ave ra ge of the loga rithm of the 

voltage ( L
d

} ,  and the ratio betwe en qua si  -peak voltage and rms voltag e  

( Q
d

} . The qua si -peak dete cto r  u s e s a 1 m s  cha rging tim e c onstant and 

a 1 6 0 m s  dis cha rge time c onstant . Currently the r e c e ive r s  a.re  modifie d 

gene ral purpo se  supe rhetrodyne communication s re c e ive r s ,  and the 

mete ring st rip s a re of  a running ave rage type with time c onstant s  in the 
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5 0 - 1 0 0 s e c  rang e . The rec eiver s ,  a s  mod ified , ope rate with a 4 kHz 

effe ctive noi s e  bandwidth ( the original noi s e  bandwidth wa s 1 0 kHz ) .  

All channel s have p r eamplifie r s  such that th e sy stem noi s e  figure ( ex ­

cluding antenna lo s s e s )  i s  l e s s than 5 dB . The instantaneou s dynamic 

range is app roximately 8 5  dB , 5 0  dB above and 3 5  dB below the rm s 

voltag e . The r e c o rding rang e s  of the ave rag ed value s a r e  7 0  d B  fo r 

the rm s voltag e , 2 0  dB for Vd , 3 0  dB fo r L
d

, and 3 0  d B  fo r Q
d

. 

The data r e c o rding sy ste m  c onsists  of an analog multiplexe r ,  an 

A -D conve rte r ,  a digital multiplexe r ,  and an IBM -compatible inc re ­

mental digital tape re c o r de r .  E ach of the 3 2  ave rag e d  dete cto r output s 

( rm s ,  V 
d

' L 
d

' and Q
d 

on each of e ight channe l s )  are  sample d eve ry 

1 0  s e c ,  and the value s a re re c o rde d.  Time , location, and channel status 

a re a l s o  re co r de d  at the 1 0  - se c  inte rval s .  

Othe r e quipment available include s a di st ribution mete r ( DM - 2 )  

which can b e  u s e d to obtain the AP D  o r  the AC R ,  giving mo re de taile d 

noi s e  info rmation on any one of the 8 channe l s . The DM - 2  utiliz e s  

1 5  leve l  dete cto r s  spa c e d  at 6 dB inte rva l s . C ounte r s  a t  each leve l  

a c cumulate the time the noi s e  wa s above ea ch level when mea suring the 

APD o r  the numbe r  of po s itive c ro s sing s at ea ch level whe n mea suring 

the ACR . When u s e d with the data r e c o r ding s y stem, the counte r s  a re 

read eve ry 1 0  s e c ,  and the re sult s a re re c o r de d  on the inc re mental 

tape re c o r de r .  The 1 5  leve l s  can be divide d so that pa rt of the 1 5  

channel s  can be  u s e d to obtain APD info rmation and the balanc e can b e  

u s e d  t o  obtain ACR info rmation . The DM -2 will ope rate o n  the output 

of any of the re c e ive r s, but can b e  u s ed on only one fr equ enc y  channel 

at a tim e . The DM - 2  c ontain s built -in calib rato r s  and powe r supplie s ,  

a s  we ll a s di rect  vi sual rea dout s ,  and i s  often u s e d sepa rately in a 

manual mode fo r obtaining the AP D o r  ACR fo r ra dio noi s e  sample s 

obta ine d by othe r re c o r ding means . 

A3 



An FM tap e r e c o rd e r  i s  u s ed with sp e cial a s sociated c i rc uitry to 

p rovid e analog re c o rd ing s of the p r edetection noi s e  proc e s s .  The analog 

tape s y stem ( AT S )  is  d e s igned to reco rd ac curately wid e dynamic rang e 

electromagnetic noi s e s ignal s .  Up to thr e e  noi s e channel s can b e  re ­

c o rd ed simultaneously . The system ha s  a bandwidth of 4 kH z and a dy­

namic rang e of 9 0 dB . The wide dynamic rang e i s  achieved by taking the 
I 

logarithm of the high e r  l evel s , thus d e c rea s ing the dynamic rang e of the 

s ignal r e c o rded on tape . The lowe r 3 0  dB of the dynamic rang e i s  

handled linea rly th roughout the sy stem , while the uppe r  6 0  dB i s  log ­

c ompr- e s s ed into an eff e ctive 1 0  dB rang e . C on s e quently , th e s ignal 

r ec o rd ed on the tape will  r e qui re only a 4 0  dB dynami c rang e .  The tap e  

rec o rd er ,  op er ating i n  it s F M  mode at 6 0  ip s ,  will ad e quately handle a 

4 0 dB dynamic range , and mo s t  of it s accuracy i s  in the upp e r  pa rt of 

the dynamic range whe re it i s  ne eded to r ec ove r ac curately the log ­

compr e s s ed portion of the s ignal . 

The noi s e  to b e  r ec o rd ed i s  obtained f rom the IF output of a r e ­

c eive r ,  with a 4 kH z  bandwidth , tuned to the d e sired f r equenc y .  The 

noi s e  s ignal i s  translated to z e ro fr equenc y by two balanced mixe r s ,  

with local o s ci:llato r s  supplying the sine and c o s ine component s of the 

IF . Thi s re sults  in two output s ,  each of which will have component s  in 

the rang e of d - e to 2 kH z . Thi s mixing s che me give s a bandwidth who s e 

low e r  limit i s  d - e ,  without lo s ing phas e  info rmation ( i . e . , without d e ­

t ecting ) .  The s e outputs ar e  comp r e s s ed and rec o rded . 

T h e  r e c o rd ed outputs c an be  re c ove r ed u sing complimenta ry cir ­

cuit s ( providing the antilog of the log -comp r e s s ed po rtion} to obtain the 

o riginal 9 0 dB dynamic range of  the noi s e . The s e  two output s ( one 

c re ated by mixing with the s ine c omponent and the oth e r  with the c o s ine 

component}  a r e  mixed with a sine and c o s ine lo cal o s cillato r ,  r e spec ­

tively ,  and add ed tog eth e r .  Thi s give s  the o rig inal noi s e  c ente red on 

an IF , which may o r  may not b e  the s ame a s  the original IF . 
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The re c o r ding and playba ck system c onsi sts of the tape recorde r, 
the auxilia ry r e c o rding ele ct ronic s ( mixe r s , local o scilla'tQrs , log com ­

p re s so r s ,  e tc . ) ,  and the auxiliary playback ele c tronic s ( antilog expande r s ,  
mixe r s ,  local o s cillator s , etc . ) . Figu re A2 show s a block diagra m  of 

the analog re cording sy stem . 

The a dvantage  of such a system are  con side rable . Enough dynamic 
range i s  available to make accurate re cor ding s of the high amplitude 

impul se s  which oc cur relatively infre quently but still contain most of 
the ene rgy in the noi s e  p roce s s . The noi se can be played back at any 
de s i re d  c ente r  fre quency,  with the original pha se info rmation retained. 
Thi s make s it useful for sy stem simulation studie s and detaile d analysi s 
by c ompute r data system s too la rge or expen sive to be car ried in the 

van . Softwa re ha s been developed which obtains all of the above -men ­
tione d  ( se ction 2 )  a mplitude and time stati stic s  from such re cording s .  

The u se of a well -analyze d noi se sample in system simulation studie s 
p rovide s an a c curate mean s of comparing the o retical pe rfo rmance with 

actual pe rfo r mance .  

Anothe r available pie c e  of  e quipment mea sure s the c o r relation coef ­

ficient betwe en two noi se envelope s .  Thi s e quipment ha s  be en use d to 

obta in information on spatial and directional cor relation, and the cor ­

re lation between the ve rtical and ho rizontal components of the noi se . 
The c o rrelator i s  a wide dynamic range device with inputs at 4 55 kHz. 
It not only provide s the product of the two channels ,  but mea sure s the 
ave rage voltage and rms voltage in each channel, which i s  ne ce s sa ry  

t o  obta in the corre lation coefficient and pe rmit s combining 1 0 - sec cor ­

relation data to calculate the c o r relation coe fficient for la rge r time 

inte rval s .  Thi s e quipment ac curate ly handle s noi se info rmation ove r a 

7 0 dB instantane ou s dynamic rang e . Automatic gain control and inte ­

g rate -and -dump c i rcuitry a re re sponsible for the wide dynamic range 
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p e rfo rmanc e of thi s d evic e .  The c o r relation c o effic ient C 
1 2  

b etwe en 

the two r e c e ived noi s e  wavefo r m s  i s  

c 1 2 = 
( A l ) 

wh e re v 1 and v 
2 

a r e  the d etected input s to the two channel s and ( · )  d e ­

note s the tim e  ave rag e .  Many c omme rc ial c o r r elato r s  p rovid e only the 

fir st te rm of th e num e rato r .  If the noi s e  proc e s s  i s  stationa ry ove r the 

p rope r time pe riod ( o r  if one ha s a mean s  of c ontinually replaying the 

s am e  noi s e  s ampl e s ) ,  th e d enominato r c an b e  mea sured and sy stem 

g ains s et to make the d enominato r = 1 .  If the s ignals ar e  al s o  z e ro ­

m e an s ignal s ,  then th e c o r r elation c o effic ient do e s reduc e to one t e r m ,  

( v 1 v
2

) . Unfo rtunately , a radio noi s e  envelope i s  neithe r ze ro -mean 

nor stationa ry ove r the p rope r tim e pe riod , nec e s sitating m ea surement 

of all of the quantitie s  nec e s s a ry to calculate ( A l ) .  

E quation ( A l ) may b e  r ewritt en a s  

( A2 )  

Putting thi s  mo re explic itly in te rm s of the quantitie s which the c o r ­

relato r mea sure s ( fig . A3 ) ,  we have 

( A3 )  
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whe re 

v v 
rm s 1 rm s 2  

( A4 ) 

E quation ( A3 )  g ive s  th e c o r relation c o e ffic ient fo r a s ingle 1 0 - s ec  pe riod , 

b a s ed on th e quantitie s mea su r ed in that p e riod . The c o r relation c o ef ­

fic ient fo r any long e r  tim e pe riod c an b e c omputed from the five value s 

r ec o rd ed each 1 0  s ec in the following manne r .  The c o r r elation c o ef ­

fic ient , C 1 2 T , for some time pe riod , T ,  c onsi sting of n 1 0 - s ec pe riod s 

i s  

c
l Z T  

n 
1 

n B .  n D 
6 B . C .D .  - - 6 _

1 6 i 

i= 1 1 1 1 n i= l A
i i= l E .  

1 

n n B  a n  n D a 2 
6 B 2 _ .!. 6 _i 6 D 2 _ .!. 6 _i, � . ) k �= 1  i n (i= l AJj [i= l i n c= l  EJ ]  

( A5 ) 

The calib ration e quipm ent c o mplet e s  the no rmal van installation . 

The p r imary c alib ration relate s the rm s output to F , the e quivalent . a 
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noi se powe r spe ct ral density available from a short, lo s sle s s  antenna . 

All othe r cal ib ration s  a re maintaine d relative to thi s value . The ba sic 

calib ration fo r the rm s channel s  con s i st s  of two step s .  One step i s  the 

calibration of the sy stem from the p rea mp input to the r e c o r de d  output 

by means  of a known input from a noi s e  diode . Thi s provide s a r e la ­

tion ship between the r e c o rde d  volta g e  leve l and F , re quire d at  the pre -
a 

a mp input to give the output reading . Sinc e both the noi s e  p ro c e s s  and 

the calib ration sourc e  a r e  b road -band phenomena , the calib ration with 

the noi se dio de eliminate s  any bandwidth proble m s  in obtaining an 

a c curate calib ration. The s e c ond step in the ba sic calib ration proce ­

dur e  i s  to dete rmine the antenna cir cuit lo s s e s  up to the preamp .  Thi s 

i s  a c c o mpli she d by u s ing a C W  g ene rato r c onne cte d fi r st to a pe rmanently 

in stalled  calib ration stub antenna and then conne cte d to the preamplifie r 

input, whe re the noi se diode c alib ration signal i s  inj e cte d .  By knowing 

the re lation betwe en the two C W  input s ,  the s elf -impe dance of the 

antenna and the calib ration stub, and the mutual impe dance betwe en the 

two ,  the antenna cir cuit lo s se s  can be dete rmine d (Ahlbe ck et al . , 19 5 8 , 

' ' In struction Book fo r AR N  - 2  Radio Noi se R e c o r de r , ' '  NB S R e po rt 5 54 5 ) .  

The calib ration o f  the othe r thre e moment s  i s  a c compli she d by setting 

the gains such that, for a C W  signal , V 
d

' L d ' and Qd a r e all e qual to 

ze ro.  The DM -2 i s  calib rate d by relating one of the 1 5  leve l s  relative 

to a g iven rm s value , which in turn can be r e late d to the available powe r 

fro m a lo s sle s s  antenna . The same type of calib ration i s  u s e d  on the 

analog tape r e c o r ding syste m  by r e c o r ding a C W  re fe rence level  on the 

tape which i s  r e late d to the noi se rm s level . 

C alib ration mea sur e ment s a re ma de at the beginning and end of 

each run . While the re c o rding e quipment ha s be en stabilize d a s  much 

a s po s sible , some va riation in gain may o c cur ove r the mea sur ement 

pe rio d.  The two calib rations a r e  ave rage d to find the calib ration 

facto r s to be u s e d for a block of data . 
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The a c cura cy of the re c o r de d  data will depend on the pre c i s ion of  

the mea suring/re c o rding e quipment and the calib ration a c cu ra c y .  The 

ove rall a c cura cy of the system is  within ± 2 dB for the ba sic  available 

powe r mea sure ment .  The a c cura cy of the othe r mea sure ment s  i s  with ­

in ± 0 .  5 dB relative to the powe r mea sureme nt .  

The de sign c r ite ria u s e d in e stabli shing the sensitivity of the re ­

c o r ding e quipment wa s ba s e d  on natural noi s e  leve l s  expe cte d and the 

lowe st value s of man -ma de ra dio noi s e  expe cte d .  A compa rison o f  the 

sy ste m  noi s e  fa ctor a chieve d at each fre quency with the de sign c rite ria 

i s  shown on figure A4 .  The lowe st atmo sphe ric ra dio noi s e  expe cte d  in 

the Unite d State s ( C C IR ,  1 9 64 }  o c cur s during the winte r 08 0 0 - 1 2 0 0  time 

blo ck.  Thi s i s  the atmo sphe ric noi s e  curve shown . Al s o  from C CIR 

( 1 9 64 ) ,  the Galactic radio noi s e  curve and the quiet ru ral  curve fo r man ­

ma de radio noi s e  a re shown . Since we obtaine d thi s  man -made noi s e  

curve from data re corde d  a t  our wo rld -wide netwo rk o f  atmo sphe ric 

radio noi s e  r e c o r ding station s ,  whe re each s ite wa s carefully cho sen 

to  b e  a s  fre e of  man -ma de ra dio noi s e  as  po s sible , lowe r leve l s  we re 

not expe cte d  to be enc ounte re d whe n  u s ing the mobile noi s e  lab . The 

de sign c rite ria ,  the r e fo re ,  wa s the highe st of the s e  th re e  curve s at 

each nominal re co rding fre quency . Thi s wa s fa i rly well a chieve d ex ­

cept at 2 5 0 MH z ,  whe re a 7 dB noi s e  fa cto r wa s obtained .  In some 

rural a re a s ,  the 2 5 0  MH z exte rnal man -made ra dio noi s e  wa s found to 

b e  e qual to or even le s s  than the sy stem noi se  fa cto r .  

The p re s ent ra dio noi s e  mea suring capability i s  limite d in fre quenc y 

rang e , with 2 5 0  MH z being th e highe st available channel . Som e m ea s ­

urement s  of man - mad e r adio noi s e  have b e en mad e at f r e quenc ie s up to 

2 .  5 GH z ( Automobile Manufacture r s  As sociation , 1 9 69 ,  1 9 7 0 ,  and 1 9 7 1 ;  

Anz ic , 1 9 7 0 ) .  A g reat d eal of information about the va riou s r e qui red 

amplitud e and time stati stic s is need ed at the s e  high e r  f r e quenc ie s .  To 
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d at e ,  even the mo st b a s ic paramete r s  ( such a s  power spect ral density) 

a r e  little known a s  to va riation with tim e  and loc ation . 

P re s ent mea sure ment bandwidth s a re limite d to 4 kH z  by the IF 

band limiting in the r e c e ive r s . Thi s p robably i s  a de quate fo r fre quencie s 

up through the HF band. F o r  mea sure me nt s  at VHF and hjghe r fre ­

quencie s ,  conside rably wide r bandwidth s should b e  u s e d .  While the 

e ffe ct of bandwi dth r e duction on s ome of the noi s e  stati stic s can b e e sti ­

mated ( Spaulding et  al . , 1 9 6 2 ) ,  extrapolating ra dio noi s e  stati stic s 

mea sure d in a na r rowe r bandwidth to tho s e  that would have b e en p re s ent 

in a wide r bandwidth can b e  que stionable s inc e s ome info rmation on the 

noi s e  pro c e s s  i s  lo st in bandlimiting . The re for e ,  bandwidth s app roxi ­

mately e qual to the wide st expecte d bandwidth u s e d  in the va rious fre ­

quenc y rang e s g ene rally should be  u s e d  fo r r e c o rding the ra dio noi s e  

info rmation . Exc e pt for u s e  with the cor relato r ,  only ve rtical mono ­

pole antenna s have be en u s e d .  Additional antenna configuration s should 

be e mployed to obtain dir e ction and pola rization info rmation . 

Mo st of the data taken with the ra dio noi s e  labo rato ry ha s been 

unde r mobile ope rating c ondition s .  Afte r sele ction of an a rea to be 

m e a su red ,  a route wa s layed out in bus ine s s  or re sidential a r e a s  to in ­

clud e all st r e et s  o r  highway s  in the area  if the whole a rea wa s homo ­

g eneou s .  If not , an att empt was mad e to s eparate the diffe r ent typ e s  

of a rea s .  Onc e the route wa s lay ed out , at lea st two run s w e r e  mad e , 

if po s sible , with th e noi s e labo rato ry going in oppo site directions on the 

two runs . In some a rea s  thi s  wa s not po s sibl e due to the p r e s enc e of 

one -way str e et s . In the rural a rea s ,  only one run wa s gene rally ma de 

ove r a given route . 

Fixe d -location mea surement s have b e en ma de us ing e ithe r s e lf ­

c ontaine d powe r or  comme rcial powe r fo r e quipment ope ration . Addi ­

tional p re caution s  have been ne c e s sa ry when us ing comme rcial powe r 
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to in sure that the tempo ra ry powe r line i s  not a sourc e of  the re co rde d  

noi se .  When fixe d -lo cation mea surement s  a re ma de , the analysi s of 

the s e  data is s e pa rate d from the analy s i s  of the mobile data . 

The choice  of fre quencie s to be us e d  fo r any given set  of mea sure ­

ments and the choic e of rec ording s to b e  mad e will d epend upon the 

p rima ry purpo s e  of  th e mea surements . A full s et of eight f requenc ie s 

i s  u s e d  fo r each mea sur e ment run unle s s  a channel i s  u s e d  fo r the ana ­

log tape r e c o rde r  or  the di stribution m ete r r e c o rding s which gene rally 

will leave only seven channe l s  fo r the moment mea su rement s . The 

moment s  always a re mea sure d simultane ously on the channe l with the 

tape re co rding s o r  di stribution reco rding s .  
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APPE NDIX B 

THE U SE OF TRAFFIC DE NSITY INFORMATION AS A 
NOISE PREDIC TOR 

The leve l s  and othe r characte ri stic s of  man -made radio noi s e , 

a s ha s b e en s e en ,  a r e quit e va riable with loc ation and time .  It i s  not 

fea sible to make long -te rm mea sure ment s  at all po s s ible locations ,  

and the r e fore  some pre diction o f  the noi s e  i s  nee de d  fo r locations whe re 

re c e iving te rminal s of va riou s c ommunication s syste m s are  planne d . 

A s  ha s been shown, a g ene ral e stimate of  the noi s e  environment can be 

obtaine d by a s suming that the cha racte ri stic s of  the noi se  will be the 

same a s  tho s e  mea sure d at anothe r place  s imila r in nature to the par ­

ticula r a rea of  inte r e st .  If a dditional information i s  available fo r the 

r e ceiving te rminal location on distribution of noi se s ourc e s an.d the a m ount 

of radiation from the se  sourc e s ,  a much bette r e stimate of the ra.dio 

noi se envi ronment c ould be obta ine d. Going one step furthe r ,  a valid 

e stimate o f  future change s in the se  s our c e s would give a good e stimate 

of the expe cte d future environment .  It i s  not g ene rally po s sible to 

a ctually catalog all noi se  s ou rc e s in a g iven area that would affe ct a 

given s y ste m .  

In 1 9 68 the In stitute fo r T el e communication Sc ienc e s  co mpleted a 

q etail ed noi s e  mea surement p rog ram in San Antonio , T exa s . The noi s e  

mea su r ements we r e  mad e  und e r  mobil e c ondition s on mo st of the 

tho roughfa re s within specified a r ea s c alled SLA' s ( stand a rd loc ation 

a re a ) . The SLA' s a r e  a r ea s d efined by th e C en s u s B u reau for c ounting 

population and g ene rally va ry betwe en 1 and 5 s qua re mile s in area . 

Va riou s SLA' s we r e  cho s en to give a s wide a rang e of popul ation d en ­

sity a s  po s sibl e . Figur e  B l  show s , a s  an example , the lac k  of c o r -

r elation at 5 MH z betwe en the ave rag e noi s e  l evel , F , within an 
a l-L  

SL A and the population d ensity o f  that SLA . 
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all F value s  m ea sur ed within an SLA .  Similar re sult s we r e  obtained 
a 

at the oth e r  f r e quenc ie s of measurement ( 2 5 0 kH z to 4 8  MH z ) .  F igure 

B2 show s the linea r  reg r e s sion of F at 4 8  MHz fo r 26 tho roughfa re s 
a!J. 

with th e ave rag e hourly t raffic c ount . H e r e , F d enote s the m ean of 
a!J. 

all F value s  m ea sur ed along the tho roughfa r e .  The traffic count wa s 
a 

obtained by ave raging the traffic c ount s at va riou s locations along the 

tho roughfa r e s .  Th e s e c ount s we r e  obtained f rom pa st t raffic rec o rd s . 

F igur e B 3  show s the c o r relation c o effic ient and it s 9 5  p e rc ent c onfid enc e 

bound a s  a function of fr e qu ency for F ve r su s  the ave rag e vehic ula r 
a!J. 

d en sity fo r all the measurement s  taken ( Spaulding et al . , 1 9 7 1 ) .  Mo re 

r ec ent mea sur ement s have shown the sam e high c o rr elation at 1 02 and 

2 5 0  MHz . Figure B4 al s o  show s th e c o r r elation of noi s e level with 

traffic density . Thi s figur e show s thr e e  day s  of continuous mea sur e ­

ments taken 1 0 0 ft from the c ente r of B roadway . B roadway i s  the high ­

way directly to the ea st of the D epa rtment of Comme r c e , B ould e r ,  

L aborato r ie s .  C ompa ring the traffic c ount ( 1 0  log vehic le s/h r )  with th e 

r ec eived noi s e  powe r ,  one s e e s obviou s c o rr elation at 2 0  and 4 8  MH z 

and an obvious lac k  of c o r r elation at 1 0  MHz . At 1 0  MH z ,  the noi s e  i s  

p rima rily due t o  pow e r  line s in the a rea . Figur e B4 show s the " in stan ­

taneou s "  c o r r elation for a g iven highway, that i s , the traffic d ens ity 

wa s mea sur ed simultane ously with the noi s e  mea surement s . Figu re B 3 , 

on the oth e r  hand , show s th e c or r elation of th e ave rag e mea sured F 1 s 
a 

along a la rg e numb e r  of tho roughfa re s with th e ave rag e traffic den sity 

on the s e  tho roughfa re s  ( for  the time of day fo r which the mea sure ment s 

we r e  taken) obtained f ro m  pa st traffic stud ie s .  

T raffic c ount s  for most  highway s g ene rally a r e available f rom 

t raffic or highway engine ering departm ent s .  Al so the exp ec ted g rowth 

and chang e in t raffic patterns are  u s ed fo r highway planning and a re 

available . U sing thi s information , an e stimate of the man - mad e noi s e 
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levels  can be obtaine d fo r pre sent t raffic conditions and for change s  due 

to expe cte d change s in t raffic density . 

W e  can make use  of the a dditivity of powe r to calculate the re ceived 

noi se  at a di stance ,  d, from a highway . If many highways ,  o r  many 

lane s of one highway a re involve d, the total powe r spe ctral density can 

be obtaine d by a dding the contributions from each . The refo re ,  without 

lo s s  of  gene rality , we will conside r a single highway, straight and in ­

finite in extent . Of course , the automobile s fa r away ( along the high ­

way )  from the rece iving point of inte re st c ontribute negligible powe r to 

the total . 

T o calculate the rec eived noi s e  powe r spe ctral dens ity at a di stance , 

d, from a highway , let x be the powe r spe ctral den sity ra diated from a 

s ingle automobile a s  mea sure d at some di stance ,  d . Figure s B 5 and m 
B6 show the di stribution of the radiated powe r spe ctral density, F , a 
from 9 58  individual automobile s mea sure d by OT /ITS at 5 0 ft fo r fre -

quencie s of 2 0  and 48 MH z .  A log no rmal di stribution ( dB value s no r ­

mally di stribute d) i s  a good approximation fo r the di stribution of x , and 

figure s B5 and B 6 show the be st fit no rmal di stribution, along with it s 

mean, f.L( dB ) ,  and standa rd deviation, a( dB ) .  

The di stribution of y ,  y = 1 0  log x ,  i s  

2 
( ) -=1� exp [ -

( y - f.L )  J p y = rr:n'!Tn- 2 J 
"' ""' ' ' "'  20" . .  

The refore ,  the di stribution of x i s 

_oo s:; Y s:; oo • 

4 . 343  [ 1 2] p(x )  = xaJ 2TI exp -
20"2 ( 1 0 log x - j..L ) , 0 s:; x s:; oo  , 

( B  1 )  

( B 2 )  

and the mean value o f  x ,  x ,  and the va riance of x ,  Va r [x ] ,  a re given by 

x =  
2 

1 0 
0 .  1 f.L + 0 .  0 1 1 50" 
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a nd 
2 2 

Va r [ x  J = ( 1 0 o . 2 1-1 + o . 023 cr ) ( t oo .  0 2 3 cr  _ 1 )  ( B4 ) 

Sinc e ,  fo r  sur fa c e  wave propagation and fo r di stanc e s  and fr e quenc ie s 

o f  prima ry inte re s t  h e r e  ( above 2 0  MH z ) ,  the re c e ive d powe r fa ll s off 

e s s entially a s di s tanc e to the fou rth pow e r ( N o rton, 1 9 5 9 ) , the powe r ,  

p . ,  re c eive d from the ith c a r a long the highway i s  
1 

x . d  4 
1 m  ( B 5 )  

whe re d i s  the pe rpendicula r di stanc e from the point of inte re st to the 

highway, d i s  the di stanc e ( outs ide the induction fie ld) at whi ch x wa s 
m 

mea sur e d ,  and s .  i s  the di s tance along the highway to the ith ca r .  
1 

At lowe r fre quencie s ,  the powe r will fall off a s  di stanc e s qua red 

( No rton, 1 9 5 9 ) , at le a st for the c l o se r ca r s which contribute mo s t  of 
the powe r .  W e  will,  the r e fore , conside r  the total re c e ive r pow e r ,  pT , 
to be g iven by 

p = �  p = � x (  
T . L.  i . �  i 

1= -OO 1::: -oo 

d 2 t 
m ) 

d2 
+ s .  2 

1 

( B 6 ) 

whe re t = 1 or 2 and the x .  a re lo g no r mally di stributed.  Depending o n  
1 

the situation ( i . e . , c a r den sity , di stance of inte re st ,  etc . ) ,  w e  might 
expe c t  the total powe r ,  pT , to be approximately no rmally di stributed 
via the c e nt ral limit the o re m .  Thi s  approximation will be valid fo r 

value s of pT a round the mean value of pT ' but obviou sly cannot b e  c o r ­
rect  ve ry fa r  out on the tail s of the a c tual di s t ribution of pT . In any 

c a s e ,  we want to c alculate the mean and va rianc e of pT . 

The spa c ing between ca r s  will have s ome di s t r ibution. In t ra ffi c 

studie s ,  the ca r spa c ing s a re taken u s ually to be e ithe r e qual o r  e x ­

p onentially di s t ribute d .  Whi c h  ca r spa c ing a s sumption i s  be st  will 
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depend on the pa rticular traffic s ituations . We  will evaluate the mean 

and va riance of pT ( B 6 )  for both ca se s ,  starting with e qual ca r spacing , 

s ; i . e . , s . = i s . 
1 

and 

The mean and va riance of  p a. re ,  the re fore , 
T 

CXI d 2 I. 
PT = x L ( 2 

m ) i= -CXI d + ( i s )  

CXI 

Va r [ pT ] = Va r [x ]  . L ( 
1 =  -CXI 

given by 

( B 7 )  

( B 8 ) 

F o r  I. = 1 and 2 ,  the above summations can be evaluated in clo s e d  

form b y  the standa rd methods of contour integ ration and succe s sive di£ ­

fe rentiation ( se e  also Wheelon , 1 9 54 ) .  The  re sult s a re 

and 

CXI I i::: - CXI  

d 2 
m 

--=�---= = 2 2 d + ( i  s )  

TTd 2 
m 

s d 
TTd coth ( - ) 
s 

TT 2d 4 
TTd m coth ( - ) + 2 2 s 2 s  d 

2 TTd c s ch ( - ) ,  
6 

CXI c. 2 3 3 TT d  
6 

3TT2d 6 
\ ( m ' m TT d  m 

. L 2 . 2 ) -· --'-5- c oth ( -) + 2 4 1::: -CXI d + ( 1 S ) 8 S d S 
8 S d 
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(X) 

d 2 
4 

5TTd 8 5TT
2d 8 

. \ ( 2 
m

. 2 ) = __ 
m_7 coth ( TT_d_ ) + 

2 n;, 1i-�(X) d + (1 s )  1 6s d s 1 6 s d 

2 Tid c sch ( - ) s 

TT3 d 8 

m 2 Tid Tid + -3�5:-- c s ch ( - )  coth ( - ) 
4 s d s s 

TT4d 8 

m [ 4 Tid + 
4 4 

c sch ( - ) 
24 s d s 

2 Tid 2 Tid J + c sch ( - ) coth .1( - )  • s s ( B 1 2 )  

Note , now, that fo r d/s > 1 ,  coth ( TTd/s ) Rl 1 and c s ch ( TTd/s ) Rl 2 exp( -TTd/s )  

Rl 0 , s o  we obtain the simple re sult s ( fo r  the ca s e  d/s > 1 )  
for ( B9 ) :  

for ( B  1 0 ) :  

for ( B l l ) : 

and for ( B 1 2 ) :  

Tid 2 

I � sr;{ 
Tid 4 

\ "' m 

L = 2 s  d3 

3TTfl 6 
\ ,...., m 
L.. = 5 8 s  d 

5TTd 8 

\ ,..._, m 

L = 1 6 s d7 
( B l 3 ) 

We can now ea sily compute pT and Va r [ pT ] from the di stribution 

of powe r radiate d  from individual vehicle s fo r whicheve r propagation 

law ( £  = 1 ,  2 )  i s  appropriate . 
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A s  an exa mple du ring quie t  hou r s , c on s ide r ( fig . B4 ) 4 8  MHz at 

0 3 0 0, Thu r s da y .  The traffic c ount wa s about 3 1 . 6 vehicle s pe r hou r .  

The spe e d  limit o n  B roa dway , whe re the mea surement s  we re take n, i s  

3 5  mph; the r e fo r e , 

s = 
5 2 8 0 X 3 5  

= 5 8 5 0  ft/vehicle • 3 1 . 6 

Sin c e  the di stanc e at which the mea sure me nt s  w e re made ( 1 00 ft) i s  le s s  

than s ,  we cannot u s e  the appr oximation ( B  1 3 )  and mus t  u s e  ( B  1 0 ) .  F ro m  

figu re 6 w e  have , fo r 4 8  MH z ,  � = 2 0 . 2 d B  a n d  cr = 1 0 . 8 dB . So from ( B 3 ) , 

x =  1 0
3 ' 3 6  

= 2 17 0 kT ( 1 kT = 3 . 9 7 x 1 0
- 2 1  watt s

) 
o o H z  

• 

F ro m  ( A l O) ,  with d = 1 0 0 ft, d = 5 0 ft , s = 5 8 5 0  ft, we obtain 
m 

(X) d 2 2 L ( 2 
m 

2 
) = 0 .  06 27 • 

i= -oo d + ( i S ) 

The re fo r e , 

p = 2 1 7 0  X 0 .  06 27 
T 

= 1 3 6 kT 
0 

The a ctual mea sur e d  value wa s 1 8  dB > kT . Like wi s e , at 0 3 0 0 ,  Thur s -
0 

day , fo r 2 0  MH z ,  we obtain P
T 

= 3 0 . 6 dB > kT 
0

, while the mea sure d 

value wa s 3 1 dB > kT . 
0 

I£ we now con s id e r  4 8  MH z ,  08  0 0 ,  Thur sday , we obtain from ( B  1 0 )  

( with x = 2 1 7 0 kT , d = 1 0 0 ft , d = 5 0 ft ,  s =  1 8 5 ft ) that P
T

= 2 1 . 8 dB 
o m 

> kT
0

, while th e mea su r ed value wa s 2 6 . 5 dB . The P
T 

plu s one standa rd 

d eviation [f rom ( B 1 2 ) ]  i s  2 8 . 5 dB . 
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In gene ral, the lowe r mea sured value s a re match e d  quite well by 

the calculated value s ,  but the calculate d value s a r e  sub stantially lowe r 

( up to 8 dB ) than the mea sured value s during the busie st portions of the 

day .  Thi s i s  due , in pa rt a t  least, t o  noi s e  c ontributions from the many 

noi se  source s othe r than the automobile pre sent on the laboratory 

g rounds during the wo rking day. The re a re al so many othe r cons ide ra ­

tions which we will di scu s s  later .  

W e  will now evaluate the mean of p T  ( B 6 )  whan the car spacing s are 

exponentially di stribute d .  The di stribution of s . i s  ( P a r z en ,  1 
i -1 s .  I ) _ 1 - s .  s p( s . - . e 1 , 1 s 1( i - 1 ) ! 

1 9 62 )  

{ B 14 ) 

and the mean value of s . i s  given by i s .  Then , with E d enoting th e m e an 
1 

value ope ration, 

Now 

2£ { 1 � - ( 1 'f. ] ' = dm E [x]  U + 2 ./-. E L 2 2 )  } • d 1= 1 d + s .  

00 I. 00 00 I E[  ( 2 
1 

2 ) J = L s 
i= 1 d + s i i= 1 0 

1 

i -1 
1 z -z/s 

---..,..2-J.,... • e dz • 

( d2 + z ) s 1( i - 1 ) 1  

( B 1 5 )  

{ B l 6 )  

Inte rchanging summation and integration, w e  obtain the gene ral re sult 

from { B 1 5 )  and ( B 1 6 ) ,  

d 2£ 
- _ ,...L m 
PT = x zr + 

d 

2£ d ( 2£ - 2 ) ! rr . 

s 22£ -2(; - 1 ) ! ( £. - 1 ) ! dU. - l ] . 
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Note , that,  with the exce ption of the te rm d 
21 /d

21
, ( B l 7 )  is  identical 

m 
to ( B 1 3 ) . The te rm d 

21 
/d

21.
, howeve r ,  as  we  will di scus s late r ,  often 

m 
dominate s .  While the above ( B 1 7 )  g ive s  the mean value of p

T
, the 

va riance appea r s  to be much more difficult to calculate and i s  not done 

he r e . 

On figur e  B4 , again ,  e quation B 1 7 , with £ = 2 ,  g ive s  an ave rage  

value of F of  2 1 .  5 dB c ompa r ed with the pr evious value of  2 1 . 3 dB > 
a 

kT fo r 03 0 0 ,  Thu r sd ay ,  4 8  MHz . Likewi s e , ( B 1 7 )  give s 3 0 . 8 dB > kT 0 0 
c ompa red with the p reviou s 3 0 . 6 dB fo r 03 0 0 ,  Thu r sd ay ,  2 0  MH z . F o r  

4 8  MH z ,  08 0 0 , Thur sday , ( B l 7 )  give s 2 4  dB > k T  c ompa red with the 
0 

p reviou s 2 1 . 8  d B . W ith the v e ry limited mea surem ent s available ,  it 

would appear that ( B l .7 )  giv e s  a som ewhat mo re  accurate pr ediction of 

the mean value of p
T 

fo r high t raffic dens ity . 

In the above analysi s ,  the re a r e  a numbe r  of point s to conside r .  

Fir st, w e  note that the r e sult s a re  heavily de pendent on the propagation . 

Re sult s have b e en given for I. = 1 and 2 ,  i . e . ,  inve r se di stance s qua r e d  

and inve r se di stance t o  the fourth powe r . W e  would expe ct I. = 1 to 

a pply for low fre quencie s and I. = 2 to apply at the highe r fre quencie s 

for the di stance s  of inte r e st,  but re cent mea surement s ( Shafe r et al . , 

1 9 7 2 ) at  9 0 0 MH z by RCA have indicate d that,  in an urban a rea , I. can 

va ry anywhe re betwe en 0. 7 5 and 2 .  25  fo r the di stanc e s of inte re st .  

Onc e  one de cide s what p ropagation law fit s hi s s ituation, good approx ­

imations probably can be  made by inte rpolating betwe en the re sult s 

g iven he r e  fo r inte g e r value s of I. . 
In spite of the clo s e  fit betwe en the lowe st  mea sure d noi se value s 

and the predicte d value s , the r e sults a re ba se d on the a s sumption that 

the re  i s  e s se ntially always one automobile at a di stance ,  d, from the 

re c e ive r . Thi s i s  the d 21. /d
21 

te r m s  in ( B 1 7 )  and i s  a l s o  inhe rent in 
m 

( B 9 )  th rough ( B  1 2 ) .  The re sult i s that thi s te rm dominate s , giving 
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e s sentially the same p
T 

fo r any traffic de nsity between 1 0  and 2 0 0  

vehicle s/hour ( at normal spe e ds } .  Fo r prope r conside ration o f  ve ry 

low traffic dens itie s , thi s a s sumption would nee d  to be modifie d. The 

analys i s  g ive s re sult s [( B 1 3 }  and ( B 1 7 }] which should be  valid for rela ­

tively high traffic den sitie s .  

In o r de r  to u s e  the above re sult s ,  knowle dg e of the powe r ra diated 

from individual automobile s i s  r e quire d.  F r om ( B 3 } the mean and 

standa rd deviation s of F a re r e quir e d  for any pa rticula r fre quency of 
a 

inte re st .  The re  appe a r s to  be ve ry little such info rmation ( othe r than 

that g iven he re ) available . Mea surement s  of individual automobile s 

have been made by the Automobile Manufa cture r s A s sociation ( AMA , 

1 9 69 ,  1 9 7 0, 1 9 7 1 ) , but,  in gene ral, pa ramete r s  othe r than powe r we re 

mea su re d; in any c a s e ,  a ve ry limite d numbe r of individual vehicle s 

we re mea sure d .  Detaile d mea sure ments of individual vehicle s we re 

recently ma de by Stanfo rd R e s ea r ch In stitute (Sh ephe rd et  al . , 1 9 7 3 ) .  

R e fe renc e s to some ea rli
_
e r  mea sure ment s  can b e  found in the bibliog ra ­

phi e s ( Pa rt II of thi s  rep o rt and Thomp s on ,  1 9 7 1 ) .  
In gene ral,  the simple re sult s g iven he re  can be us e d  to obtain 

g oo d  app roximations of the noi se at a r e c e ive r s ite due to automotive 

traffic in the a rea . .  A s  with any such p re diction method, howeve r ,  the 

p rope r input stati s tic s must be  available . He re , the re qui re ment i s  

for only the mean and va rianc e o f  the powe r spe ctral den sity ( in dB at 

s ome mea surement di stance ) radiate d from individual vehicle s fo r the 

fre quency of  inte re st .  The traffi c density ( ca r s /h r )  and the ave rage 

s pe e d  mu st, of cour s e ,  also  be known . 

F inally, it should b e  note d that .all the mea sur e ment s  re fe rre d to 

here  were  ma de with ve rtical monopole antenna s .  Fo r  othe r ante nna s 

the ba sic expre s sion ( B 6 ) can be modified by the antenna gain patte rn. 

When thi s i s  done , the analy s i s  can be ca r rie d through exactly a s  be ­

for e ,  but ,  except for spe cial ca se s ,  the re sulting summation s (and 
integ ration s )  re quire nume rical evaluation. 
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