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ABSTRACT 

This  paper  reviews  earlier  work  on  radio  propaga- 
tion  in  urban  areas,  including  data,  studies of multi- 
path  fading,  and  empirical  propagation  models.  A  model 
is  described,  for  use  with  a  digital  computer,  which 
provides  a  rapid  means of calculating  both  the  median 
attenuation  and  the  location, or path-to-path,  varia- 
ability. 

INTRODUCTION 

For many  years  land-mobile  and  broadcast  services 
were  concerned  mainly  with  the  lower  part of the  VHF 
band,  but  recently  higher  frequencies  are  allocated, 
so for  both  broadcast  and  mobile  systems  we  must  con- 
sider  frequencies  up  to  1000 MHz. 

The  random  selection of receiver  locations  for 
these  systems  results  in  greater  median  propagation 
loss than  would  occur  with  selected  sites,  and  also 
in  greater  path-to-path  variability.  Some  irregular- 
ity  in  terrain  causes  an  increase  in  the  median  field 
strength  by  breaking  up  the  destructive  phasing  between 
direct  and  reflected  radio  waves.  However,  as  terrain 
irregularity  increases, or as  buildings  and  trees  are 
added  to  the  surface,  the  signal  is  reduced  by  shadow- 
ing,  absorption,  and  scattering of the  radio  energy, 
and  there  is  also  an  increased  range  of  variation  with 
location.  These  effects of terrain  irregularity,  and 
of surface  clutter,  increase  with  increasing  frequency, 
so with  the  present  trend  toward  the  use of higher  fre- 
quencies  these  effects  become  more  and  more  important. 

In  land-mobile  systems  the  antenna  height  on  the 
mobile  unit  is  low,  usually  not  more  than  3 m above 
ground.  Between  the  base  station  and  a  mobile  unit, 
and  between  the  units  themselves,  an  ever-changing  and 
very  large  number  of  propagation  paths  are  formed  due 
to  the  motion  from  place  to  place.  This  multipath  in- 
terference  causes  the  signal  to  fade  rapidly  and  deeply 
and  can  be  a  serious  problem  in  highly  built-up  urban 
areas. 

In  addition  to  the  rapid,  multipath  type of fading 
there  is  a  variability  in  signal  level  from  one  loca- 
tion  to  another.  This  may  be  referred  to  as  path-to- 
path or location  variability.  In  urban  areas  the  loca- 
tion  variability  is  highly  dependent  on  the  type  and 
density of surface  features,  as  well  as  on  terrain  ir- 
regularity,  and  radio  frequency. 

The  problems  encountered  in  propagation  in  an ur-  
ban  environment  contain  too  many  unknown  elements  for 
complete  theoretical  modeling. For this  reason  data 
from  measurements  have  been  depended  on  in  attempts  to 
model  radio  propagation  in  urban  conditions.  Many  such 
empirical  models  have  been  proposed.  Of  these  several 
are  presented  in  the  form of curves  of  median  field 
strength  as  a  function of distance or range,  with  an 
allowance  for  path-to-path  variability. 

This  paper  reviews  much of the  available  data, 
considers  techniques  to  overcome or control  the  rapid, 
multipath  type  of  fading,  and  describes  early  and  ex- 
isting  models  for  predicting  median  propagation  loss 
and  location  variability.  A  model  is  described  which 

takes  into  account  the  dependence of transmission loss 
on  radio  frequency,  antenna  height,  terrain  irregular- 
ity  and  distance,  with  an  additional  allowance for  at- 
tenuation  in  urban  areas  as  a  function of surface  ob- 
stacles  and  radio  frequency.  This  model  is  developed 
for  use  with  a  digital  computer  and  has  been  tested 
against  available  data. 

SURVEY OF PREVIOUS  WORK 

Many  measurement  programs  have  been  carried  out  to 
ascertain  the  effects  of  shadowing  by  terrain  and  by 
natural  and  man-made  objects.  Most  of  the  results  have 
been  considered  in  terms of urban,  suburban,  and  rural 
areas. 

In  a  mobile  radio  environment  a  multiplicity  of 
signal  paths isnearly always  present.  Spatial  varia- 
tions  appear  as  changes  in  time  and  the  signal  fades 
rapidly  and  deeply,  with  depths of 30 dB  being  quite 
common.  The  fading  rate  is  proportional  to  the  speed 
of the  mobile  unit  and  to  the  radio  frequency,  with 
minima  occurring  about  every  half  wavelength.  Terrain 
features  and  natural  and  man-made  obstacles  cause  great 
attenuation,  and  an  infinitely  large  number of propaga- 
tion  paths  are  formed  as  a  result  of  the  multipath  from 
place  to  place.  In  a  highly  built-up  city,  such  as 
Manhattan,  by  far  the  most  serious  problem  in  urban 
propagation  is  the  multipath  degradation. 

Results of Measurement  Programs 

Studies of the  effects of shadowing  and  multipath 
in  an  urban  area  were  begun  more  than 40 years  ago. An 
early  study’  showed  that  the  signal  transmitted  at  a 
frequency  of  34.6 MHz from  a  high  building  in  Boston  to 
a  mobile  receiver  was  quite  variable,  with  an  average 
value 12  dB  less  than  the  theoretical  flat  earth  level, 
and  a  range of f10  dB.  Surveys  in  the  Camden-Philadel- 
phia  area  at 30 and  100 MHz2 showed  the  shielding  ef- 
fect  of  the  thickly  built-up  downtown  area,  especially 
at 100 MHz. Other  early  measurements3  showed  that  chan- 
nel  5  signals  in  the  streets of New  York  City  were  far 
below  theoretical  values,  and  quite  variable  in  level, 
even  though  the  terrain  is  essentially  flat.  These 
effects  were  caused  by  the  shadows  and  multiple  reflec- 
tions  from  the  many  high  buildings.  Similar  measure- 
ments  were  made  in  New  York  City  at  frequencies of 6 7 ,  
288, 510, and 910 MHz from  a  transmitter  atop  the  Em- 
pire  State Buildinga4 A  receiving  van  moved  along  two 
radials,  one  west  over  very  hilly  country  through  sub- 
urban  areas  with  large  houses  and  trees,  and  the  other 
southwest  over  level  terrain  toward  Princeton,  New 
Jersey.  Shadowing  by  hills, o r  other  obstructions, 
had  a  steadily  increasing  effect  as  frequency  increased, 
and  in  hilly or obstructed  areas  multipath  effects  be- 
came  severe  at  510  and  910 MHz. On the  smooth  south- 
west  radial  outside  of  Manhattan  there  was  little  evi- 
dence of multipath,  while  along  the  other  radial,  es- 
pecially  in  shadowed areas,  signals  arriving  by  many 
paths  were  numerous.  Measurements  at  150  and 450 MHz 
from  a  transmitter  on  top of the  telephone  building  in 
New  York  City  to  mobile  receivers5  gave  values 20 to 
40 dB  below  calculated  smooth  earth  values.  The  mean 
excess loss was  about 30 dB  on  cross-town  streets  and 
only  about  15  dB  on  the  north-south  avenues.  In  sub- 
urban  rolling  country  the  excess loss  was  5  to 40 dB, 
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with a mean  of 23 dB. On city  streets  the  variation 
over a distance of  200 to 400 ft  was  roughly  20  to 
25  dB,  while  in  open  country  it  was  only  about  half  as 
much.  The  results of other  measurements  in  New  York 
City  have  been  reported6,’  including  those of a large 
program  carried  out  by  the  Federal  Communications  Com- 
missi~n,*~~ all  of  which  show  severe  attenuation  of 
the  signal  level,  particularly  at  the  higher  frequen- 
cies  tested. 

Studies of transmission  at  850  MHz  in  Jersey 
Citylo  show  the  effects  of  different  transmitting  an- 
tenna  heights.  In a heavily  congested  area,  with 
smooth  terrain,  the  attenuation  relative  to  free  space 
was  26  and  15  dB  with  antenna  heights of 200  and  740 
ft,  respectively.  Similarly,  in  an  area of  open  farm- 
land  the  corresponding  values  were  16  and 0 dB.  Mobile 
measurements  in  the 800 to 900 MHz  range  have  also  been 
made  in  Philadelphia  and  Washington l2 and re- 
cently  measurements  at 450 and 850 MHz  in  the  hilly 
terrain  of  Pittsburgh  have  been  reported.13 

Extensive  studies of land-mobile  services  in Ja- 
pan  have  been reported.14s15 Measurements  at  frequen- 
cies  from  200  to  2000  MHz  were  made  in  the  heart of 
Tokyo  and  its  environs.  They  show  the  effects of fre- 
quency,  antenna  height,  terrain,  and  density  of  urban 
clutter. 

Mobile  measurements  in  cities  in  other  parts of 
the  world  have  also  been  reported  by  several  investi- 
gators.  In  the  streets  of  London16  at 90.8 MHz  build- 
ings of normal  height  reduced  the  average  field 
strength 10 to  12  dB,  and  local  variations  were  much 
greater  with  vertical  than  with  horizontal  polariza- 
tion.  Similarly  measurements  have  been  reported  from 
Russia,  Poland,  Italy  and  West  Germany. 

In  heavily  built-up  city  areas  we  have  seen  that 
the  additional loss may  range  from  zero  to  about 40 dB, 
depending  on  frequency,  antenna  height,  angle of ar- 
rival of the  signal,  and  the  density  and  height of the 
buildings.  At  frequencies  from 40 to  250  MHz  there  is 
no  great  difference  in  signal  level  between  urban  and 
rural  areas  as  long  as  the  receiving  antenna  is  above 
local  roof  levels,  but  with  the  receiving  antenna  at 
10 m the  additional  attenuation in urban  areas  is 6 
to 16 dB depending on the  character  and  height of the 
buildings. At higher  frequencies,  450  to  1000  MHz, 
urban  attenuation  may be from  about 6 to  28 dB depend- 
ing  on  the  density  and  heights  of  the  buildings. 

Some  Height  Gain  and  Polarization  Effects 

In a land-mobile  service  the  receiving  antenna  is 
usually  only  about 3 m above  ground,  while  for a broad- 
cast  service  the  height  is  about  10  m.  The  median 
gain  when  the  receiving  antenna  is  raised  from 3 to 
10 m depends on the  frequency  and  surface  features. 
In  the  range 40 to 100 MHz  the  height  gain  is 9 to 
10 dB in  both  rural  and  urban  areas. For frequencies 
of  150 to  250  MHz  the  height-gain  is  10  to 11 dB in 
urban o r  hilly  areas,  and  about 7 dB in  flat  terrain. 
At 450  to  1000  MHz  the  height  gain  is  14 dB in  urban 
areas  and 6 to 7 dB in  the  suburbs,  while  in  irregular 
terrain  it  depends  on  terrain  irregularity,  going  from 
10 to 0 dB as  the  interdecile  range of terrain  eleva- 
tions  increases  from 10 to  500  m.  At  any  specific lo-  
cation  the  actual  height  gain  on  raising  the  receiv- 
ing  antenna  from 3 to 10 m may  be  quite  different  from 
these  median  values.  As  the  receiving  antenna  is 
raised  above  surface  obstacles a further  height  gain 
is  to be expected.  In  an  urban  area,  with  receiving 
antennas  above  local  roof  levels  no  increase  in  trans- 
mission loss  above  that  in  rural  areas  is  expected  at 

frequencies  below  100  MHz.  In  the 150 to 250 MHz  band 
there  may  be  an  additional  attenuation of 5 to  15 dB 
in  urban  areas  depending on the  density  and  height  of 
the  buildings  and  the  angle  of  arrival of the  signal  at 
the  receiving  antenna.  In  urban  areas  in  England  an 
additional 9 dB  attenuation  was  observed  in  the  range 
450 to  1000  MHz.  When  the  receiving  antenna  is  lowered 
from 3 to  1.5 m the  additional  attenuation  is  approxi- 
mately 3 dB. 

In  both  urban  and  suburban  situations,  increasing 
the  height of  the  transmitting  antenna  may  have a marked 
effect. The increased  field  can  be  related  to  the  in- 
crease  in  elevation  angle. The amount  of  attenuation 
should  depend  on  the  angle  of  approach  at  the  receiving 
antenna,  and  should  be  greater  for  low  angles  of ap- 
proach  because  the  path  length  through  intervening ob- 
stacles  is  longer.  Another  effect of raising  the trans- 
mitting  antenna  is  that  this  may  elevate  it  above near- 
by  obstructions,  such  as  tall  buildings,  which  may  prac- 
tically  block  out a whole  segment. 

The  directive  gain  patterns,  polarization,  and 
other  characteristics of antennas  are  often  greatly af- 
fected  by  the  proximity of buildings  and  vegetation. 
In  shadow  regions  at VHF the  effect of reflections  on 
vertically  polarized  signals  is  often  sufficient  to 
seriously  distort  FM  reception,  while  they  have  little 
effect  on  horizontally  polarized  signals.  It  was not- 
ed’  that  at 100 MHz  the  average loss from  nearby  trees 
was 5 to 10 dB with  vertical  polarization  and  only 2 
to 3 dB for  horizontally  polarized  signals.  Such  polar- 
ization  differences  were  not  observed  at  frequencies 
from 300 to  500  MHz.  But  even  at 900 MHz  small  sector 
signal  variations  are  greater  for  vertical  polarization 
than  for  either  horizontal or circular  polarization. 

When a transmitter  is  located  at a clear  site  some 
discrimination  against  unwanted  signals  may be achieved 
by  the  use of orthogonal  polarization.  In an urban 
setting,  however,  where  multipath  fading  caused  by 
scattering  and  reflection  from  buildings  and  trees  is 
common,  the  resulting  field  is  largely  depolarized. 
Polarization  discrimination  exceeded  at 90% of  receiv- 
ing  sites  is 20,  14,  and 0 dB in flat,  hilly,  and moun- 
tainous  terrain,  respectively.  With  the  transmitting 
antenna  at a clear  site  the  polarization  discrimination 
at  rooftop  level  in  an  urban  area  has a 90% value of 
about 9 dB. Some  measurements  at UHF indicate  that 
there  is  slightly w r e  depolarization  for  vertically 
than  for  horizontally  polarized  waves. 

Attenuation  by  Trees 

Many  measurements  have  been  made of the  effects of 
forests  and of individual  trees  on  radio  propagation. 
Typical  dense,  and  rather  extensive  woods  are  practi- 
cally  opaque  to  radio  signals  at  UHF  and  higher fre- 
quencies,  The  signal  in  the  presence of woods  near 
the  receiving  antenna  appears  to  be  principally  that 
diffracted  over  the  trees,  but  with  less  dense  woods 
the  signal  transmitted  through  may  be  greater  than  that 
diffracted  over  them., 

A small  number of  trees, or  even a single  tree, 
can  cause  considerable  spatial  variation  in  field 
strength  at  points  within  the  shadow  zone.  When  an 
antenna  is  placed  in a grove of trees  the  signal  is 
severely  attenuated  and  the  directive  gain  pattern, 
polarization,  and  other  characteristics of the  antenna 
may  be  strongly  affected.  Measurements  made  in  jungles 
and  rain  forests  show  that  jungle  attenuation of radio 
signals  at VHF is  very  great,  and  that  vertically po- 
larized  signals  are  attenuated  about  15 dB more  than 
horizontally  polarized  fields. 

504 



Large  measurement  programs  have  been  carried  out 
in  tropical  jungles,  and  the  vegetation  has  been  mod- 
eled  as  an  imperfect  dielectric  slab.  This  so-called 
"slab  model"  represents  the  inhomogeneous,  anisotropic, 
real  jungle  as an homogeneous,  isotropic,  lossy  dielec- 
tric.  However,  the  scattering  of  VHF  radio  waves  by 
trees  is  a  significant  factor,  especially  scattering  by 
the  tree  trunks.  As  the  frequency  is  increased,  above 
100 MHz, the  trees  tend  to  act  more  and  more  as  indi- 
vidual  scatterers.  Multipath  effects  become  increas- 
ingly  significant,  and  there  is  much  more  radiowave 
attenuation  than  would  be  predicted  by  a  slab  model. 
At  VHF  and  UHF  the  large  attenuation  is  strongly fre- 
quency  dependent,  and  is  rather  insensitive  to  tree 
density. 

In  urban  areas  we  are  concerned  with  the  absorp- 
tion,  reflection,  and  scattering of radio  energy by 
trees  and  other  vegetation,  and  their  effects  on  multi- 
path  near  the  receiving  antenna.  Several  investigators 
have  observed  more  attenuation  through  woods  in  summer 
than  in  winter.  This  foliage  loss  may  be 3 to 4 dB at 
500 MHz and 10  dB or more  at 900 MHz. In  a  recent  pa- 
per" measurements  are  reported  over  a  grove  of  trees 
at  frequencies  from 80 to 3000 MHz, with  transmitter 
antenna  elevations  from 200 to 400 m. The  results  sug- 
gest  a  better  fit  to  propagation  over  an  ideal  knife- 
edge  than  over  a  smooth  earth.  At  short  receiver  dis- 
tances  a  significant  amount of signal  energy  propagates 
through  the  trees, so their  effective  height  is  less 
than  their  true  height.  This  agrees  with  earlier  ob- 
servations18 of propagation  to  low  antennas  placed  near, 
or within,  heavy  pine  forests.  Some  propagation of 
radio  energy  through  the  trees  above  the  critical  angle 
of internal  reflection  was  noted. 

Multipath  Fading 

In  a  mobile  radio  environment  the  signal  fades 
rapidly  and  deeply  as  a  result of shadowing,  reflec- 
tions  and  scattering  by  terrain,  buildings,  and  trees. 
Fading  depths of 30 dB  are  common,  with  fading  rates 
proportional  to  the  radio  frequency,  and  the  speed  at 
which  the  vehicle  travels. 

Many  studies  have  been  made  of  the  interference 
caused  by  multipath  which  may  seriously  limit  the  per- 
formance  of  wide-band  radio  systems,  and  affect  systems 
for  the  automatic  location of mobile  units.  The  char- 
acteristics  of  multipath  fading  have  been  carefully 
studied  and  described  with  a  view  to  determining  ways 
to  offset  destructive  fading. 

Several  ways  to  reduce  multipath  fading  have  been 
tested.  One of the  most  successful  is  space  diversity. 
A  recent  paperIq  surveys  various  techniques,  and  con- 
cludes  that  diversity  at  the  mobile  receiver  is  prefer- 
able.  With  suitable  diversity  the  fading  depth  is 
greatly  reduced,  from 30 dB to  about 10 dB in  many 
cases, 

PROPAGATION  MODELS  FOR  URBAN  AREAS 

Many  investigators  have  tried  to  develop  ways  to 
predict  median  values  of  propagation  loss  in  built-up 
areas,  where  buildings and  trees  may  cause  severe  at- 
tenuation of the  radio  signals.  Others  have  been  con- 
cerned  with  describing  path-to-path  variability  and 
multipath  fading  in  statistical  terms. 

Existing  Propagation  Models 

When  we  consider  the  median  path  loss  in  urban 
areas,  we  find  that  many  investigators  calculate  first 
the  propagation  loss  to  be  expected  if  the  buildings 

and  other  surface  features  were  not  present.  The  addi- 
tional  observed  loss  is  then  assumed  to  be  caused  by 
the  urban, o r  suburban,  development.  Over  rather 
smooth  terrain,  such  as  we  find  in  Manhattan,  theoreti- 
cal  plane  earth  values  have  first  been  calculated.  The 
differences  between  these  and  the  measured  values  have 
then  been  variously  referred  to  as  the  shadow  loss, 
excess  loss,  urban  factor,  clutter  factor,  etc.  In  a 
similar  manner  some  investigators  have  compared  mea- 
sured  losses  with  calculated  free  space  values. 

An early  mode120  describes  a  simplified  method  for 
calculating  propagation  over  a  smooth  spherical  earth, 
with  empirical  allowances  for  the  effects of hills  and 
buildings.  Some 10  years  later  available  data  were 
used  to  develop  a  model  based  on  the  theoretical  plane 
earth  fieldz1  to  which  a  terrain  factor  and  estimate 
of location  variability  were  added.  Other  investiga- 
torslo  calculate  the  free-space  field  reduced  by  knife- 
edge  shadow loss in  hilly  areas,  and  certain  "experi- 
ence  factors"  and  later  a  clutter  loss  as  a  function 
of angle of arrival of the  signal. 

Sets  of  propagation  curves  have  been  developed  by 
the  International  Radio  Consultative  Committee  (CCIR) 
and by the  US  Federal  Communication  Commission (FCC). 
These  show  field  strength  as  a  function of distance  for 
various  frequency  ranges,  with  correction  factors  for 
terrain  irregularity,  and  estimates of location  vari- 
ability. 

of  Japanese investigators.l' They  used  an  extended  ser- 
ies of measurements  in  Tokyo  and  its  environs  to  de- 
velop  a  series  of  curves of  median  attenuation  relative 
to  free  space  as  a  function of frequency  at  various 
distances.  These  curves,  shown  in  figure 1, are  for 
an  urban  area  in  almost  smooth  terrain  with  antenna 
heights of 200 and 3 m. This basic  prediction  can  then 
be  modified  by  a  series of correction  factors  to  ob- 
tain  a  prediction  for  the  required  situation.  Another 
study'  compared  calculated  theoretical  values  with 
observed  field  strengths  to  obtain  a  clutter  factor, C, 
which  describes  the  attenuation  caused  by  buildings 
and  trees.  This  factor  is  sensitive  to  differences  in 
urban  structure,  frequency  and  elevation  angle.  A pa- 
rameter r expresses  the  area  occupied  by  buildings, 
etc.,  as  a  percentage  of  the  total  area  in  a  unit of 
2 sq  km.  Figure 2 shows  median  values of C  as  a  func- 
tion of elevation  angle  for  frequencies  of 150 and 
7 5 0  MHz and  values of r from 1 to 50%. Figure 3 shows 
median  values  of  C  as  a  function of frequency  at  a 
constant  elevation  angle of 0.005r for  values of r from 
1 to X % ,  

A somewhat  different  a  proach  is  taken  by  a  group 

Several  investigators  have  shown  that  location 
variability  increases  with  increasing  frequency.  This 
relationship  has  been  expressed  mathematically  in  terms 
that  agree  fairly  well  in  the  lower VHF range  but  give 
estimates  of  standard  deviation  that  differ  by  more 
than 10 dB at 1000 MHz. A  recent  report22  summarizes 
much o f  the  earlier  work,  and  describes  location  vari- 
ability  as  a  function of the  parameter  hh/X,  where X 
is  the  radio  wavelength  and Ah  is a  measure  of  terrain 
irregularity.  This  relationship  was  developed  from 
data  that  was  obtained  largely  in  non-urban  areas. 

A  Computer  Prediction  Model 

Some of the  parameters  that  have  been  shown  to  be 
important  in  urban  propagation  are:  the  radio  fre- 
quency,  the  heights  of  buildings  and  trees  relative 
to the  height  of  the  receiving  antenna,  the  distance 
from  the  receiving  antenna  to  the  nearest  obstacles, 
the  uniformity  and  density  of  surface  structures,  and 
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the  possible  absorption of  radio  energy  by  such  obsta- 
cles. 

Since  the  distribution  and  shape of clutter sur- 
roundings  is  quite  irregular  we  must  consider  the  pro- 
blems  on a statistical  basis. The transmitting  antennas 
for  broadcast  services,  and  the  base  station  antennas 
for  mobile  systems,  are  usually  well  elevated  above  the 
buildings  and  trees, so we  may  consider  the  dominant 
factors  influencing  propagation  to  homes  and  mobile 
units  to  be (a) terrain  irregularities  along  the  trans- 
mission  path,  and (b) the  urban or  environmental  clut- 
ter  near  the  receiving  site.  If,  however,  the  trans- 
mitting  antenna  is  not  elevated  well  above  surrounding 
buildings,  some  attenuation  results  from  interference 
to  the  direct  transmission  path,  and  nearby  buildings 
could  block  out  whole  areas  from  adequate  service. 

We  have  developed a propagation  model  for  compu- 
terized  redictions of transmission loss over  irregular 
terrain,y3  which  is  applicable  to  broadcast  and  mobile 
services.  The  prediction  methods  are  based  on  propaga- 
tion  theory,  and  have  been  compared  with  measurements 
for a wide  range of frequencies,  antenna  heights, ter- 
rain  types, and distances.  Most of the  data  previously 
considered  were  from  open  areas,  towns,  and  small ci- 
ties.  This  model  calculates  transmission  loss,  with 
allowances  for  radio  frequency,  terrain  irregularity, 
path  length,  and  antenna  elevations.  To  this  we  can 
now  add  an  allowance  for  the  additional  attenuation 
due  to  the  urban  clutter  near  the  receiving  antenna. 
This  allowance  is a function of radio  frequency, dis- 
tance  from  the  transmitter,  and  probably  the  density 
of urban  clutter.  To  estimate  this  allowance a compar- 
ison  is  made  with  curves  through  measured  values. 

Some of the  most  widely  used  prediction  curves 
that  were  drawn  through  data  are  those of  the  CCIR, 
the  FCC,  and  those  shown  in  figure 1. These  are  all 
empirical  curves,  based  on  measurements,  and  are  to 
a considerable  extent  interrelated.  Because  these 
prediction  curves  have  been  widely  accepted  we  com- 
pared  values of attenuation  relative  to  free  space cal- 
culated  for  non-urban  areas  using  the  Longley-Rice com- 
puter  model,  with  those  read  from  figure 1, for  an 
urban  area.  For  both  models  we  assumed  rather  smooth 
terrain  with  effective  antenna  heights of 200 m and 
3 m.  Values  were  obtained  for  frequencies  from  100  to 
3000 MHz,  and  for  distances  up  to 100 km.  As  expected 
the  urban  curves  show  greater  attenuation.  The dif- 
ferences  between  the  two  models  may be considered  as 
representing  the  additional  power  loss  in  an  urban 
area,  and  referred  to  as  an  “urban  factor”.  The  values 
listed  in  Table 1 show  this  factor  for  each  frequency 
and  distance.  The  urban  factor,  UF,  increases  smoothly 
with  increasing  frequency,  and  decreases  with  increas- 
ing  distance  from  the  transmitter.  This  relationship 
can  be  expressed  quantitatively  as 

UF= 16.5+ 15  log(f/100) - 0.12d dB, (1) 

with  an  error of less  than 1 dB at  all  frequencies,  to 
a distance of 70 km.  At  frequencies  greater  than 500 
MHz,  and  distances  greater  than 70 km,  this  relation- 
ship  tends  to  over-estimate  the loss, because  the at- 
tenuation  decreases  somewhat  more  rapidly  with  distance 
in  this  range. 

Comparisons  were  also  made  between  the  two  models 
at  frequencies of  150 and 450 MHz  with  transmitter  ef- 
fective  heights of 30, 50, 100, 200, 600, and  1000  m. 
The  differences  between  the  two  predictions  show  little 
change  with  height  as  hte  is  increased  from 30 to 600 m. 

This  computer  prediction  model,  with  the  urban 

factor  added,  should  adequately  predict  the  median at- 
tenuation for moderately  large  cities  in  rather  smooth 
terrain.  The  median  attenuation  is  calculated  as a 
function of distance  for a desired  frequency,  antenna 
heights,  and  degree of terrain  irregularity  in  both 
urban  and  non-urban  areas. 

There  is  also a place-to-place o r  location  varia- 
bility  to  be  considered. As described  in  an  earlier 
reportz2  the  standard  deviation, UL, of this  location 
variability is a function of frequency  and  terrain  ir- 
regularity.  For  data  from  non-urban  areas,  with ran- 
domly  located  receiving  antennas,  this  relationship  is 
expressed  as 

~~=6+0.55(Ah/X)’~~-0.004(Ah/~) dB, (2 )  

where  Ah  is  the  terrain  irregularity  parameter  and X is 
the  radio  wavelength.  In  smooth  to  slightly  hilly ter- 
rain  the  frequency  dependence  is 

u $ 5  log f - 1 dB L -  ( 3 )  

fur frequencies 2 1 0  MHz.  This  is  more  variability  than 
that  observed  in  Japan  but  agrees  with  the  relationship 
shown  by Egli.zl 

To determine  the  service  area of a transmitting 
station a simple  area  prediction of transmission loss 
as a function  of  distance  may  be  used  as  described 
above.  However,  if  the  terrain  in  an  area  is  not homo- 
geneous,  the  computer  model  may  be  used  to  compute at- 
tenuation  from  point-to-point  along a large  number of 
radials  from  the  transmitter.  When  digitized  terrain 
elevations  are  available  the  profile  along  each  radial 

points  along each  radial  is  calculated.  With  this in- 
i s  computed and  the  attenuation  to a large  number of 

formation  field  strength  contours  can  then  be  drawn  to 
show  in  detail  the  redicted  service  area.  The  Longley- 
Rice  computer modely3 has  been  used  for  this  purpose  in 
automated  frequency  assignment  procedures  for  the  land 
mobile  radio  services  in  the  United  Kingdom.24 

SUMMARY AND CONCLUSIONS 

This  paper  has  reviewed  some of the  earlier  work  on 
urban  propagation  including  the  results of measurements 
by  many  investigators,  and a number  of  models  developed 
for  predicting  transmission loss in  urban  conditions. 
Some  of  the  more  important  propagation  parameters  have 
been  identified. A computerized  model  is  described  for 
predicting  median  attenuation  as a function of distance 
and  for  determining  the  service  area of a transmitting 
station,  in  an  urban  area.  Equations  are  also  given  for 
calculating  the  location  variability  as a function of 
frequency  and  terrain  irregularity, o r  for  rather  smooth 
terrain  as a function  of  frequency  alone.  This  computer 
model  provides a ready  means  for  determining  the  service 
area of a transmitter  for  broadcast  and  mobile  services. 
However, a number of questions  remain,  and  further  anal- 
ysis  and  development  are  desirable. 

For  example,  most of the  urban  data  are  from  areas 
where  the  terrain  itself  is  rather  smooth.  What  happens 
in a city  where  the  terrain  is  hilly?  Would  this  modify 
the  “urban  factor”? A limited  amount of data  indicates 
that  this  may  indeed  be  the  case.  Measurements  made  in 
Pitt~burgh’~ were  compared  with our area  prediction. 
The  measurements  at 455 and  862  MHz  were  made  over 2 
paths  to  distances of 16  and  32  km.  For  the  shorter 
path  the  terrain  parameter Ah= 185 m and  for  the  longer 
one Ah=116 m. This  represents  quite  hilly  terrain. 
For these  paths  the  computed  attenuation  agreed  well 
with  the  measured  values,  with no addition of an  urban 
factor.  This  would  suggest  that  the  urban  factor  is 
also a function of terrain  irregularity  and  decreases 
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Table  1.  Urban  Factor: A(0kumura)-A(Long1ey-Rice) dB 

Frequency 

d  km 100 150  200  300  500  1000  2000 3000 MHz 

10  16.2 17.4 20.6 22.9 26.6 
20  13.4 15.9 18.2 20.6 24.1  29.4  36.3 
30  11.5 14.3 16.4 19.1 22.7  27.4 34.0  38.3 
40 10.9 13.4 15.3 17.9 21.5  26.0  31.9  35.7 
50  10.0 12.8 14.8 17.5 20.7  25.3  30.7  34.2 
60 9.3 12.1 13.5 16.4 19.4  24.0 29.1  32.2 
70 8.6 11.2 12.8 15.3 18.2  22.5  26.2  28.8 
80  8.0 10.6 12.0 14.2 16.4  20.0  22.7  24.3 
90 7.3 9.4 10.7 12.0 13.8  16.9  18.5  19.4 
100 6.5 7.7 8.3 10.0 11.2  13.5  14.1  15.2 

h =200m, h = 3 m  1 2 

as  the  terrain  becomes  more  irregular.  Further  study, 
including  point-to-point  predictions  along  the  two  pro- 
files,  would  help  to  clarify  this  question. 

It  would  be of considerable  interest  to  pursue  the 
question of the  effects of elevation  angle  at  the re- 
ceiving  antenna.  This  would  require  a  knowledge of the 
heights of buildings  and  trees  relative  to  the  height 
of the  receiving  antenna,  and  the  distance  to  the  near- 
est  obstacles.  When  the  angle  is  low  the  ray  path 
through  the  surface  clutter  is  long,  causing  consider- 
able  attenuation,  but  as  the  elevation  angle  is  in- 
creased  the  attenuation  decreases  rather  sharply  as  the 
path of the  radio  ray  rises  above  the  clutter.  This 
suggests  a  possible  critical  angle  above  which  the ra- 
dio  energy  is  diffracted  over  and  around  the  surface 
obstacles. 

We  have  tended  to  emphasize  the  effects of build- 
ings  and  trees  near  the  lower, or  mobile  antenna.  With 
very  high  transmitting  antennas  this  is  probably  the 
most  important  effect,  but  with  antennas  only 50 to 
80  m  high  the  proximity of very  tall  buildings  has  a 
marked  effect.  Recent  measurements  show  field  strength 
values  some  15  dB  lower  from  a  transmitter  in  an  urban 
area  than  from  one  in  a  suburban o r  residential  area 
to  receivers  in  similar  surroundings. 

In  a  higly  built-up  area,  such  as  parts of Manhat- 
tan,  the  general  propagation  model  described  in  this 
report  cannot  allow  for  the  differences  observed  along 
radial  and  cross  streets,  and  for  areas  that  are 
screened  by  very  tall  buildings.  Such  problems  would 
require  special  treatment  including  consideration of 
the  specific  situations  involved. 
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Frequency f (MHz) 

Figure 1. Predict ion  curve  for   basic  median at tenua-  
t i o n   r e l a t i v e  t o  free  space  in  urban  area 
over  quasi-smooth  terrain,   referred  to 
hte = 200 m ,  hre = 3m.  From  Okumura e t   a l .  
(1968). 

509 



ANGLE OF ELEVATION 1 radians) 
I I I I I I I I  1 I I I 

2 3 4 5 6 1 8 9 1 0  15 20 25 30 40 50 60 
DISTANCE FOR h,  =250 m OVER A SMOOTH SPHERICAL  EARTH ' km) 

(Effective  earth  Radius Factor K =4 . /3 )  

Figure 2. Median  value  of  environmental  clutter  effect 
as  a  function  of  angle  of  elevation. From 
Kinase (1969). 
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