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910 MHz Urban Mobile Radio 
Propagation:  Multipath Characteristics 

in New York City 

Absstrocr-Small scale  statistics  of multipath propagation in a 
heavily built-up y b a n  mobile radio environment  are  presented. The 
statistics ipver vehicle  travel  distances on  the  order of 30 m along 
streets. Measuring equipment  time  delay resolution is about 0.1 ps. 
I n ’  some  locations, paths  with significant amplitudes are ob- 
yxved with excess  delays  of 9 to 10 ps. The delay  spreads 
(Jsecond central  moment of power delay profile) in this environment 
are on the  order of 2 ps. Often  the signal at fixed  delays  has a Rayleigh- 
distributed  amplitude  but large departures  from  the Rayleigh distribu- 
tion also  occur. From  the measurements it appears reaFnable to 
model the urban  mobile radio  channel  as  a Gaussian  quasi-wide-sense 
stationary uncorrelated  scattering  channel  within a  bandwidth  of 
10 MHz and  for intervals  along the  street  of  up to 30 m. 

I. INTRODUCTION 

T HE  characteristics of  radio propagation between base 
stations and  mobile vehicles place some of  the  most 

fundamental  constraints on mobile .communication systems. 
The  main  features  of  propagation in the-  urban  mobile radio 
environment are shadowing af  the direct or line-of-sight 
propagation  path  by intervening  buildings and  multipath 
due to scatter  or reflection from buildings surrounding  the 
vehicle [ l ]  -[4]. Vehicle motion  produces  different Doppler 
shifts on scatter  paths arriving at  the vehicle from  different 
angles. The  time delays and Doppler shifts associated with  the 
multipath  propagation can  be  measured directly  by probing 
the’rnedium with wide bandwidth pulse or pulse-like trans- 
mission. 

This paper describes  some  measured  characteristics of  multi- 
path  propagation  at  910 MHz in New York  City. The  data 
presented  describe the “local’’ statistics of multipath propaga- 
tion  which cover mobile vehicle travel distances on the  order  of 
30 m. Sets of detailed  local statistics such as these for heavily 
built-up  urban areas have not  been  reported previously in the 
literature. 

11. THE MEASUREMENTS 
The  measurements were made  with a  wide-band measuring 

system that used the  correlation  properties of pseudorandom 
shift-register  sequences. The system is not a pulse system but 
the  measurements are equivalent to measurements  made using 
short  RF pulses. The  instrumentation is described in detail  in 
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Fig. 1. Map of experimental area on lower  Manhattan  Island, New 
York  City. 

Briefly, a 910 MHz carrier is phase reversal modulated  by a 
pseudorandom shift register sequence and  transmitted  from  an 
omnidirectional base-station antenna  with  an elevation  beam- 
width  of  about  18”.  For these measurements  the  antenna was 
located  on  top  of  the  120-m high  American Telephone  and 
Telegraph  building at  195 Broadwa New York City. The 
transmitter site is  marked  with  an on the  map  in Fig. 1. 
Even though  .by  most  standards  this is a  tall  building, it is lo- 
cated in an area  where many  of  the buildings surrounding  it 
are considerably  taller. Fig. 2 was taken  from  the building 
roof near  the  transmitting  antenna  looking  toward  the  finan- 
cial district (Wall Street, etc.)  in the general direction  of  the 
streets where the  data  shown  later were taken.  It is obvious 
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Fig. 2 .  Picture looking  towards  experimental area in  financial  district 
from near the  transmitting  antenna. 

from  the  picture  that  the  transmitter building is tall relative to 
the  streets  but  not tall relative to  its surroundings. 

The receiver is installed in a mobile vehicle (medium size 
modified Cortez self-propelled mobile home  about 2 $  meters 
high) and  connected  to  an omnidirectional wavelength 
vertical antenna  on  the roof. The signal received in the 
vehicle is correlated  with  a replica of  the  transmitted signal in 
two  quadrature  correlators.  The  two  correlator  amplitude 
outputs in time represent amplitude versus time  delay for  the 
low-pass quadrature  components, I(7) and Q(T),  of bandpass 
impulse responses of the propagation path  [2]. Since  trans- 
mitter and receiver logic are both driven from precision fre- 
quency  standards,  the  absolute delay reference  provided  by 
the synchronizing pulse can be  maintained to  better  than 0.05 
ps for  a few hours. The range of delays  included  in  one im- 
pulse response (the delay window) is 15 ps. This 15 ps win- 
dow  can be moved anywhere  within an  absolute delay range 
of 0 to 5 1.1 ps, which  corresponds to  path delays of 0 to  about 
15,Km. The squared  envelope of  the complex impulse re- 
sponse, p ( ~ )  = I* (T )  + Q2(7) ,  is the same power  delay  profile 
p ( ~ )  which  would be received if a triangular pulse with base 
width of 0.2 ps and  a  repetition  rate of 20 kHz were trans- 
mitted  through all equipment filters and  the propagation 
medium and  detected with a square law detector  El].  The 
delay resolution of  the  equipment is about 0.1 ps (10 MHz 
bandwidth  RF signal). 

Data that includes complex impulse response components, 
synchronizing pulses, vehicle speed,  etc., were recorded on  an 
analog tape recroder  in the mobile vehicle while it was driven 
at 1.4 m/s along streets  on lower Manhattan Island, New York 
City.  These data were then sampled,  digitized,  and stored on a 
magnetic disc for  computer processing. Data  shown later are 

from Pine Street between Pearl and Williams Streets  and  from 
Water Street between  Coenties Slip and Old Slip (see Fig. 1). 
Both street locations have many tall buildings between  the 
transmitting  antenna and them,  that is, they are behind the 
tall buildings visible in Fig. 2. Direction of vehicle travel is 
indicated  by the arrows on Fig. 1. 

Pine Street is ver” narrow (10 m  between buildings on  op- 
posite sides of street) and the tall buildings on both sides form 
a  deep  canyon. Water Street is considerably wider (25 m be- 
tween buildings) but  there are many more tall buildings be- 
tween it  and  the  transmitter.  The small-scale statistical data 
from these streets are  representative of data  from such heavily 
built-up areas. The overall average delay  spreads obtained 
probably represent an upper  bound on multipath propagation 
in  such an area. 

Measurements were made between midnight  and about 5:OO 
A.M. local time  when  traffic  density was low.  The most severe 
scattering centers (longest delays and strongest  scattering)  are 
the tall buildings and  elevated  roadways  and these obviously 
are not  affected by  traffic. Cars and  trucks on the  street 
generally produce  only  minor  multipath  effects since they 
have a relatively small cross section and are also shielded from 
the  transmitting  antenna by the large structures. This  has  been 
verified in the  daytime  in heavy traffic. With the receiving 
vehicle stationary and traffic moving the major features  on the 
power  delay  profiles remain fixed in delay and amplitude. 

Individual  Envelope  Delay  Profiles 
The individual  envelope  delay profiles are plots of received 

“pulse” (receiver correlation  function)  amplitude as a functi9.p 
of  path delay  referred to a fixed  absolute  delay  reference, that 
is, they are the envelope of  the bandpass impulse response of 
the propagation  medium [ I ] ,  [2] or where p ( 7 )  was 
briefly discussed earlier. 

Fig. 3(a) is an envelope delay profile for  a line-of-sight path 
relatively free of  multipath propagation.  (Data for this  profile 
were taken in a  suburban area  free of buildings, etc.) It il- 
lustrates  the  equipment resolution and delay window. Fig. 
3(b),  (c), and (d)  are  profiles from different locations  in New 
York City, as labeled. The  horizontal scales are excess propa- 
gation delay in ps from  the minimum  delay  propagation path. 
The vertical scales are linear in amplitude (voltage). These three 
profiles are  selected bad examples that occur relatively infre- 
quently over relatively short intervals of street.  They are not 
unique however. Note  that  the  paths  with long excess delays 
are of almost  equal strength  compared  to  the  paths  with nearly 
minimum  delay.  This is largely due to “fading” of the shortgr 
delay paths  at these  locations. 

Fig. 4 contains  three sequences of individual envelope delgy 
profiles taken within a 30 m interval along Pine Street. T& 
profiles in each  sequence were taken every 10 cm along the 
street. Since the delay  reference for  the measuring system i s  
determined by stable  clocks at  both  the receiver and  trans- 
mitter and not by triggering on  the received signal, the delay 
measurements  are absolute.  For  the profiles in Fig. 4 the 
absolute  delay to  the first arriving “pulse” (the  minimum de- 
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Fig. 4. Three sequences of individual  envelope  delay  profiles from 
Pine Street. 

lay path) is 1.7 ps.  Note  that  the  paths near the  minimum de- 
lay path  exhibit  deep  and rapid fading,  indicating the existence 
of multiple  propagation  paths within the 0.1 ps resolution  of 
the  measurement.  For some  profiles the strongest path is the 
minimum  delay path  but  for  many  others  it is a path  with  ex- 
cess delay of  up  to  about 1.5 ps. The  paths  with excess  delays 
of 8 to 9 ps  are relatively stable. 

Average Power  Delay Profiles 
Sampled  individual  power delay profiles  pi(Tk)  were com- 

putedbypi(Tk) = I;(Tk) + Q?(Tk) where  the i orders  the  set of 
profiles  along the  street and k orders  the delay samples of each 
profile. A specified delay Tk is the same propagation delay 
from  transmitter to receiver for all profiles of a given profile 
set.  The profiles shown in the previous figures were plots of 
individual p i ( r )  for various values of i. 

An average power delay profile P(Tk)  for a Set of N consecu- 
tive individual  profiles is then  computed as 

r N  

where h(Tk) is the  bandpass impulse response discussed in [2] . 

300 PROFILE 
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Fig. 5. Average power delay profile from Pine Street. 
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where M is the  index of the last  sample along the delay axis 
which has a significant amplitude  and k = 1 is a point before 
the minimum arrival delay rA at which the profile amplitude 
is insignificant. The  locations of k = 1 and M are chosen so 
that moving the k = 1 point to smaller delay values or moving 
the last  sample to larger delay values does not  affect  the value 
of D e .  Average excess  delay is related to  the average ranging 
error  that would  occur  in narrowband CW phase ranging 
systems [5]. 

The square root  of  the second central  moment  is  one pos- 
sible measure of the delay  spread S or width  of a  power  delay 
profiie. It is calculated 

where the  parameters are as defined  previously. Other mea- 
sures of  width,  such as delay between  outer - 3  dB or - 10 dB 
points are also useful from some  profiles. Delay spread  sets 
limits  on  many  communication system performance  param- 
eters, as indicated  in [ 11 . 

Fig. 5 is an average power delay profile from Pine Street, 
New York  City.  The  horizontal axis is excess delay with  the 
zero  set at  approximately  the  minimum delay path  which is 
an  absolute delay of 1.7 ps. This  profile is the average of 
300 consecutive individual profiles,  including those  in.Fig. 4, 
covering about 30 m of travel  along the  street.  The vertical 
scale is linear in dB relative to  the  maximum.  The  total 
power received from  paths  with excess delay less than 1.5 p s  is 
much greater than  that  from  paths  with excess delays of 8 to 
10 ps .  Thus  the  effects of these extreme  paths will not be as 
great on  the average as would be the case for nearly  equal re- 
ceived powers  at 0 and 9 ps excess delays. This  fact is further 
illustrated  by the delay  spread of 2.5 p s  for  this profile (see 
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TABLE I 
.. , .-_ -- . .  

Average Average Minimum Delay Profile Profile Number 
Excess Absolute Absolute Spread Width Width of 

Profile Delay Delay ., Delay S -3 dB -10 dB Profiles 
Location (ps) .sa (PS) (ps) G U S )  (ps) Averaged :""' 

-- 
Pine Street 1.9  3.6 6:; 2.53 

1.5 9.6 300 
Water Street, 1 1.6  4.3 1.95 0.14 3.3 270 
Water Street, 2 2.4  5.3 2.9  2.19 0.8 I .4 210 

. .  

Table I). (Two discrete  equal strength  paths  with excess de- 
lays of 0 and  9 p s  would have a  delay  spread of 4.5 ps.) 

The average power delay profile  in Fig. 6 is an average of 
270 consecutive individual profiles covering a 27 m interval 
along Water Street.  The excess delay axis 0 is at  an  absolute 
delay of  2.72 ps.  

Table 1 summarizes the characteristics of  the profiles  in 
Figs. 5  and  6  along with  another  one  from a  nearby location, 
2, on Water Street. Absolute  delay is calibrated to  about kO.1 
W. 

Cumulative Distribution of Signal Level at Fixed Delays 
The  amplitude  at fixed  delays for a series of individual en- 

velope delay profiles,  such as in Fig. 4 ,  is observed to  fluctuate 
(to fade) from profile to  profile. This fading was also observed 
in profiles taken  at  910 MHz in suburban areas [ I ]  and in  urban 
areas at  450 MHz with wider (1/2 p s )  probing pulses [3] and is 
attributed  to unresolved multiple propagation  paths.  The 
actual distributions of signal level at several fixed  delays for 
the 300 profiles  whose average profile is Fig. 5  are plotted 
in Fig. 7. The solid straight  line in Fig. 7 is for a Rayleigh 
distribution.  The  distributions  for  the signals at 0 p s  and  0.82 
ps approximate a Rayleigh distribution  within  about 2  dB over 
a 30 dB range. The  paths  with excess  delays of  8.02  and  9.34 
p s  are relatively stable with  total  amplitude  fluctuation of less 
than 15 dB (less than 10 dB at  9.34 ps). On Fig. 5 the sym- 
bols 0, 0,  0, and and the  letters R or NR refer the  data  at 
the  indicated delays to  the  distributions  on Fig. 7.  The R  and 
NR indicate Rayleigh and non-Rayleigh distributed signal 
fluctuations, respectively. The row of  open squares at  99.67 
percent on Fig. 7 are quantization  effects  due  to  the small 
finite sample (299 samples out  of 300 is 99.67  percent). 

Doppler Spectra a t  Fixed Delays 
Scattered signals arriving at  the measuring vehicle will be 

Doppler shifted  by  different  amounts depending on  the angle 
that  the arrival path makes with  the  direction  of vehicle 
travel [8]. When the Doppler shift is expressed in units of 
cycles/m of vehicle travel, it is not  dependent on actual vehicle 
velocity. (Conversion to  units of Hz requires  only  multiplica- 
tion by vehicle velocity  in m/s.) Signals arriving from  scatters 
directly  ahead  of the vehicle will be shifted higher  in fre- 
quency (positive)  by the  maximum  amount l / X  where X is 
the wavelength of the signal; those directly  behind will be 
shifted negatively by the same amount. 

Since the  equipment used in this  experiment uses quadrature 
coherent  detection  and stable frequency references, the R F  
carrier Doppler  shifts associated with various scatter  paths can 

AVERAGE  POWER DELAY  PROFILE 

WATER STREET. NYC 
BETWEEN COENTIES AND OLD SLIP 

30 PROFILE  AVERAQE 
13 METERS OF STREET) 

-40 -I_ ' ' 
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Fig. 6. Average power delay  profile from Water Street. 
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Fig. 7. Cumulative signal level distributions at fixed  delays from 
Street. 

Pine 

be measured.  This  Doppler  shift information is useful  in com- 
munication system  analysis and  for  further resolving the  multi- 
path  structure  of  the media, since paths having nearly the same 
time delay can be separated if they arrive from  different 
angles. For  example, if an adaptive  equalizer were built to  
equalize the  multipath  on a  mobile radio  channel  for wide- 
band digital data,  the  bandwidth of the  data signal and  the 
spread  in  time  delays  of the  paths  would  determine  the  number 
of taps required on  the equalizer but  the  Doppler  shifts as- 
sociated with  the  paths  determine  the  rate  at which the  tap 
gains must be adjusted, i.e., the  equalization  rate required. 

Fig. 8(a) is the R F  Doppler  spectrum  of  the signal at  the 
fixed excess  delay of 0 p s  for  the  30 m of  street represented in 
Fig. 5. It was obtained by complex  Fourier  transforming  the 
measured Zi(7) and Qi(7) samples at 0 p s  delay for i = 1 to  300 
after  they  had been  multiplied  by  a  Hamming window  to re- 
duce  spectrum sidelobes. The lower horizontal scale is fre- 
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Fig. 8. (a)  RF  Doppler  spectrum  at 0 ps excess  delay on Pine Street. (b) RF  Doppler  spectrum  at 8.02 ps excess delay on 

Pine Street. 

quency  offset  from  center  frequency (910 MHz) in cycles/m of 
travel. The  approximate  maximum possible plus and  minus 
shifts  are indicated by the vertical dashed lines. The vertical 
scale is a logarithmic relative power ‘scale. Since the Doppler 
fre’quency  shift is proportional to  the cosine of the angle of 
arrival of the incoming wave referred to  the  direction of 
vehicle travel, the  frequency scale can be converted to  an angle 
of arrival scale. This angle of arrival scale is the  upper  hori- 
zontal scale on the figure. The angle specifies  a  cone only so it 
is not possible to  differentiate  between  paths arriving from  the 

right or  left. Noise and  spurious responses are about 30 dB 
below the spectral maximum. Hamming  window  sidelobes  are 
about 40 dB  below the  maximum. Vehicle velocity  could not 
be held constant  within  the  spectrum  resolution of the sample 
and  the  equipment  frequency  stability.  The general “multiple 
peaked” nature of the overall spectral peaks is due  to dis- 
continuities in  measuring vehicle velocity which  result from 
irregularities  in the  street surface. 

Fig. 8(b) is the equivalent RF Doppler spectrum  at  8.02 ps 
delay. The relative power scale is referred to  the same level as 
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Fig. 8(a). At  8.02 p s  the average received power is about 2.3 
dB below the average received power at 0 p s  (see Fig. 5) but 
the  maximum value of  the  two spectra [Fig. 8(a)  and (b)] are 
nearly the same.  These  observations are not inconsistent  be- 
cause there is a  significant amount of power spread out over a 
relatively large frequency range at 0 excess delay but  at  8.02 
ps the power is very concentrated in frequency.  The  total 
power integrated over the  entire Doppler range can be greater 
then even though  the maxima are equal. Spectra  at  other  de- 
lays have different  maximum values. Independent  accurate 
measurement of vehicle velocity,  recorded  simultaneously with 
the  data, indicate that changes of velocity on  the  order  of  that 
required to  produce  the broadening of one peak into  the 
jagged series of peaks near the maximum negative Doppler  shift 
in Fig. 8(b) did occur  during the  data  run. 

On Fig. 5, the  letter S above the profile at 0 and 8 p s  
indicates the position of these spectra on the delay  profile. 
The associated t and - indicate the direction (t is up in fre- 
quency) of  the  frequency shift of  the strongest  peak  in the 
Doppler spectrum  at  that delay. The t and - signs and  arrows 
at  other delays on Fig. 5 indicate the direction of shift of the 
strongest  peak for spectra not included  in  this  paper. 

It is interesting to speculate on the sources of reflection or 
scatter  that  produce  the  dominant  features on a  power  profile, 
taking into  account  the  map (Fig. I), knowledge of  the  en- 
vironment, and the RF  Doppler  spectra. For  example,  at 
excess delays of 0 to  about 0.5 p s  in Fig. 5 most of the energy 
arrives from ahead of the vehicle (t Doppler  shift). This energy 
is “forward” scattered  or reflected from buildings ahead of the 
vehicle. The weakness of  the signal at 0 excess delay, the 
severe shadowing of the vehicle on Pine Street,  and  the  fact 
that  the measured  absolute  delay appears slightly greater than 
the  map distance to  the  street suggest that  this minimum  delay 
path is also due  to reflection from a  building  ahead of and 
very close to the vehicle. Most of the energy from 0.8 p s  on 
out in excess delay  comes from  directly behind the vehicle (ap- 
proximately maximum negative Doppler  shift).  This is con- 
sistent with  the  fact  that  the  end  of Pine Street is blocked off 
by buildings at Broadway so that single reflection paths  with 
excess delays greater than 0.7 ps are not possible from ahead of 
the vehicle. Backscatter from buildings between the vehicle 
and the East River accounts  for  the  paths  between 0.5 and 1.5 
p s .  A single reflection path  from  structures along the East 
River first  occurs at  about 1.5 p s  excess delay. Thus,  the de- 
crease in scattered power from 1.5 p s  to about 8 p s  is caused 
by the East River open area. Note also that even if Pine Street 
were not blocked  off at Broadway, this decrease of scattered 
power would probably occur because the Hudson River open 
area would start  at  about  2.0 p s .  Paths in the 2 to 6 p s  region 
are probably  due  to multiple  reflections. The  strong  paths 
near 8 p s  excess delay correspond  to  the first  reflections from 
the “leading edge” of Brooklyn. The near  maximum negative 
Doppler  shift  indicates that  the energy  reflected from Brooklyn 
is traveling straight down  the  street  from behind the vehicle. 
Paths  with greater than 8 p s  excess delay  result’ from tall 
stryctures  further along the  waterfront  or back from  the  water 
in Brooklyn.  The relatively strong  path  at 6 p s  does not  cor- 

respond to any known  structure in the East River. It could 
be caused by a  ship but is more likely due  to  multiple reflec- 
tions. 

111. CONCLUSIONS 
Small scale statistics of  multipath propagation at  910 

MHz in  a heavily built-up  area have been presented. In some 
locations  paths  with significant amplitudes are observed 
with excess  delays of 9 to 10 p s .  The delay spreads 
(dsecond central moment  of power delay profile) for these 
areas are 2 to 2 ps .  For excess delays up to 1 or 2 p s  con- 
siderable energy arrives, via paths  at different angles to  the 
vehicle, which cannot be resolved by the 0.1 ps resolution 
probe. This  results  in  envelope  fading at fixed excess delays as 
the vehicle moves along a street.  The fading is approximately 
Rayleigh distributed. Although the inference is not  unique 
[6]  the Rayleigh-distributed  envelope suggests modeling of  the 
process as a Gaussian random process. Correlation of  the fad- 
ing envelope at  different excess delays has  not been com- 
puted  but visual inspection of sequences of individual envelope 
delay profiles suggests that  the correlation is very low.  Also, 
the Doppler  spectra at  different delays are quite  different. All 
Doppler  spectra cutoff  abruptly  at spatial  frequencies of 
+l/h.  Thus,  from  the results of the delay and Doppler mea- 
surements  it appears reasonable to model the  urban mobile 
radio  channel as a Gaussian quasi-wide-sense stationary un- 
correlated  scattering  channel [7], at least within  a bandwidth 
of 10 MHz and  for intervals  along  a street  of up to 30 m. 
Usually for intervals of over 50 to 100 m of travel along a 
street  the  multipath scattering process becomes grossly non- 
stationary as dominant  scatterers and  shadowing features 
(buildings, etc.) change. It appears that  joint  distributions  of 
average received power  and  delay spread for a  collection of 
average power  delay  profiles would be useful in computing 
system  performance on a  statistical basis over a large area. 
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The Elevation Angle of Mobile Radio 
Signal Arrival 

Abstract-Field measurementsof mobile radio signals have shown that 
signal arrival is concentrated  in elevation angles lower than  16”.  This 
suggests.use of an omnidirectional antenna with vertical directivity, in- 
stead of  the usual whip antenna, to increase average signal strength as a 
further improvement in the advantages of diversity  reception. 

I .  INTRODUCTION 

F OR a  long time mobile  radio  engineers have tried  hard  to 
find ways to reduce signal fading and increase average  sig- 

nal strength. As we know, all kinds  of diversity schemes  can 
meet  the above requirements and give a certain  improvement in 
signal. Now in addition  to  the diversity schemes, there are some 
other ways that reduce the signal fading or increase the signal 
strength. Several years  ago, Lee [l] investigated the mobile 
radio signal fading from a directional  antenna  with  different 
azimuthal  half-power  beamwidths  of 45”, 26”, and 13.5O. He 
found  that using directional  antennas did help  in reducing the 
signal fading, but  not  in increasing the average signal strength, 
as the half-power beamwidth  of  the  directional  antenna be- 
came narrower.  The reason for  no  improvement  in  the average 
signal strength was that  the  directions of the mobile  radio 
signal arrival at  the mobile antenna were more  or less uniformly 
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distributed in the  horizontal plane. It  turned  out  that  the 
greater the directivity of the  antenna,  the smaller the  portion 
of the  incoming signal received. Hence no increase in  the 
average signal strength was obtained. Is there some other  kind 
of antenna  that can be’used to increase the average sign4 
strength in  a diversity scheme to gain additional signal strength? 
Before answering this  question we should investigate the ele- 
vation angle of arrival of  mobile radio signals while the mobile 
unit is moving on the  streets. We would  like to know if the 
signal arrival is concentrated  in a narrow elevation angle above 
the  horizontal. If so, we may‘use an omnidirectional  antenna 
with ver-lcal  directivity  (which suppresses high angle radiation) 
pointing  horizontally in order  to  increase’the average signal 
strength. This is the d m  of  this paper. 

11. ANALYSIS 

For investigating the elevation angle of signal arrival, we may 
use any  omnidirectional  antenna  with vertical  directivity  in 
which gain is referred to the  whip  antenna.  Then we observe 
the mobile  radio signals received from  the vertical-directivity 
antenna  and  the  whip  antenna while the  mobile  unit is moving. 
If there is no difference in  the signal strengths  between  two 
antennas, it means that  the signal arrival is uniformly spread 
over the elevation angles. It can  be seen as the vertical direc- 
tivity of  the  antenna is increased, the  proportion  of signal re- 
ceived from higher elevation angles is reduced.  Hence no  in- 
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