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Delay Doppler Characteristics of Multipath 
Propagation at  910 MHz in a Suburban 

Mobile Radio Environment 

AbsfractPtatistical descriptions of the time delays  and Doppler 
shifts associated with multipath propagation in a suburban mobile 
radio environment  obtained  from bandpass impulse  response 
measurements  are presented. The  measuring equipment which 
has 0.1 ps resolution in time delay and a data output  bandwidth of 
less  than 5 kHz is also  described.  For the first time small  scale 
statistics of the multipath propagation for vehicle  travel  distances 
on the  order of 30 m along streets are presented in the following 
forms: 1) average power-delay profiles made  up of over 200 in- 
dividual profiles, 2 )  cumulative  distributions of signal  amplitude 
at  fixed delays, and 3) radio  frequency Doppler spectra a t   k e d  
delays. Delay spreads for typical suburban  streets  are on the  order 
of 0.25 ps. Extreme  cases  have  paths with significant amplitudes 
at excess delays of 5 to 7 ps and  the  square root of the second 
central  moment delay spreads up to  about 2 ps. Often  the signal 
at fixed delays has a Rayleigh distributed amplitude but large 
departures from the Rayleigh distribution  also occur. RF Doppler 
spectra a t  fixed delays  indicate that  some of the multipath is from 
one relatively discrete  scattering center while at  other delays several 
scattering  centers  distributed widely in  angle are involved. The 
observed RF Doppler spectra  are  consistent with the cumulative 
amplitude  distributions at  the  same delays. 

I. INTRODUCTION 

NE of the predominant  characteristics of UHF radio 
propagat.ion in the  urban  and  suburban mobile radio 

environment is the existence of mukiple propagat,ion paths 
(mu1t.ipat.h) wit,h different,  and  varying  time delays [1> 
[3]. In  t,his environment, t.ransmission is between a fixed 
base station  antenna, usually located  on top of a building, 
and a mobile vehicle down on a  st.reet. The shortest, path 
between the base a.nd t.he mobile is usually blocked by 
intervening buildings so propaga.tion by way of scatter or 
reflection from buildings around t,he mobile is significant. 
If t,he mobile is stopped, the radio  link is relatively  stable. 
Propagation to a. moving vehicle produces a t,ime-varying 
link.  Different  Doppler  shifts  are associated with scatter 
paths arriving at the vehicle from different angles [4]. 

A good descript.ion of t,he  multipath  characteristics  can 
be obt.ained by measuring the complex bandpass impulse 
response of a mobile radio  link  as  a  function of distance 
along the direction of vehicle travel.  After processing, 
these basic measurements yield delay  Doppler pox-er 
profiles (scattering funct,ions) , average power de1a.y pro- 
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files (power impulse responses), complex correhtion of 
transfer  function  fluctuations as a funct.ion of frequency 
separation,  distributions of signal levels a t  various  delays, 
and various  other statistica.1 descript,ions of the link which 
result  from t.he multipath dela.ys. Virtually any stat.istica1 
fundion which describes the link  within the  bandwidth 
of t,he measuring system  can be obt.ained from  these 
basic complex impulse-response measurements. Values for 
parameters  such  as  delay sprea.d and coherence band- 
width  are  readily  obtained.  These  statistical  descriptars 
a,nd parameter  values  set  bounds on many communiea.- 
tions  system performance parameters  such  as FXI distor- 
t,ion in large index systems [E], adjacent.  channel int,er- 
ference levels, error rates in  digital  systems  (both  data 
and  communications), combining effehveness in some 
types of predetection combining diversity syst.ems [lS], 
and  the effectiveness of pha,se-conjugate retransmission 
systems.  Bounds  on the a.ccuracy of vehicle locating sys- 
tems  and synchronization problems in digital  systems  are 
also affect.ed by these  multipat.h  parameters.  Pulse en- 
velope measurements ha.ve been made previously [l], [2] 
in urban  areas a t  500 MHz, 1.2 GHz, and 3 GHB. These 
previous measurements describe the gross st,ructure of 
the propagation medium a t  these frequencies in urban 
areas. 

The fist  part of this  paper describes an instrumentation 
system for measuring the  instantaneous complex impulse 
response (complex amplitude time-delay profile) of 910 
MHz mobile radio links. Resolution of this system  is 
0.1 ps. The second part of the  paper presents data de- 
scribing t,he “local” multipath  statistics of a 910 MHz 
suburban mobile radio  environment.  These  unique  sets 
of detailed local statistics which cover vehicle travel dis- 
tances of tens of meters  have  not been reported previously. 
The suburba,n  delay  characteristics  are also important 
for comparison with  urban measurements. 

The obvious way to measure the complex impulse 
response or the time  delay profile for a propagation 
medium is to transmit a short RF pulse through it and 
observe the received pulse or pulses. Collecting d a h  from 
high resolution ( 1  ps or less) pulsed measuring  systems is 
difEcult because of the la.rge bandwidths  required.  Photo- 
graphic recording, which leaves the  data in a dif6cult 
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form  for processing, is usually used [l], [Z]. To simplify 
data recording and la.t.er processing, a system  with a data. 
output bandmidth compa.tible with  analog tape recording 
syst,ems (a, few kHz to a few tens of kHz) is desirable. 
Measuring syst,ems n-hich make use of the Correlation 
properties of pseudorandom  shift  register sequences [5] 
produce lon- data recording ba.ndwidths for high resolution 
time-delay  measurements. A measurement, syst,em which 
ma.kes use of these sequences but operates  in  a  different 
ma.nner than those previously described [6)-[9] is de- 
scribed here.' 

Maximal  length pseudorandom or pseudonoise shift- 
register sequences s ( t )  consist. of a series of +1 and - 1 
transitions. A short segment. of such a sequence is illus- 
trated in the  top  trace of Fig. 3(a). These sequences, 
which are produced by shift registers with internal feed- 
back,  are  not  random since their  t,ransition  points  are 
determined by logic circuits and clock pulses. A sequence 
s ( t )  repeats itself exa.ct,ly aft,er  a  time  interval T = ( F -  1) t o  
where N is the  number of bistable  elements (bits)  in  the 
shift  register a.nd to is the clock period. The minimum  time 
interval between  transitions is also io. The sequences are 
called pseudorandom because t.heir time  autocorrelation 
funct.ions, 

illustrated  by Fig. 3(b) are similar to  the autocorrelation 
of band-limited noise. The t.riangle of the autocorrelation 
has  a base width of 2to and is periodic with period T 
because of the  repeating  nature of s ( t ) .  The nea.rly 0 
portion of R,(T) has a residual or bia.s  wit.h a  magnitude 
1/(2" - 1) .  The pon-er spect.rum [lo] of t,his auto- 
correlation  function is 

whose envelope is proportional to ( sin2 d o  f) / ( d o  f) 2. 

A simple correlator for producing R,(t/k) consists of 
a multiplier  (mixer)  with  input. sequences s ( t )  and sf ( t )  
folloaed by a low-pass integrator which integmtes over 
the time  interval 0 to T.  The  factor 12 sca.les .the  rate  at, 
which the autocorrelation  function is produced  in  time. 
The sequences s ( t )  and s ' ( t )  are produced by identical 
registers  but. s ( t )  is clocked at a frequency fc and st ( t )  
is clocked at fc - Sfc. The  output of the  integrating low- 
pass  filter is R,( t /k)  where R, (7) is t,he aut,ocorrelation 
function of s ( t )  and k = ( fc/Sfc). That, is, if f c  = 10 MHz 
then to = 0.1 ps and R,(T) has  a  base  width of 0.2 ps, 
but  the R , ( t / k )  output Biangle  from the correlator  has 

at Bell Telephone  Laboratories, Holmdel, N. J. Similar equipment 
The original design of this  equipment was done by H. L. Schneider 

has been used on a  tropospheric  scatter  propagation link [16], [17]. 

a real  time base width of 0.2 X k ps. If, for  example, 
S f c  = 2 kHz then k = 5 X lo3 and R,(t/k) has a. base 
width of 1 m s .  This approach d l  work only if k is suffi- 
ciently large so that.  the difference bet,ween s ( t )  and s ' ( t )  
over 1 sequence period T is negligible. Empirically, k = 
5000 produces a good correlation with only slight. distor- 
tion (see Fig. 3 (b ) ) .  Distortion is considera.ble at, k = 
1000, but  the wa,veform still  may be adequate for many 
probing a.pplications. The  time scaling of the correlation 
fundon  also produces the desired frequency scaling of 
t.he power spectrum of the correla.t.or output..  The follow- 
ing sections describe a hardware  implementation of a 
syst,em using the principles just, described. 

Transmitter. 
Fig. 1 is a simplified block diagram of the time-de1a.y 

measuring transmitter. All frequencies used in  the  trans- 
mitter  are derived  from  a st,able (a few park  in 10" over 
an hour) 5 MHz  frequency  st.andard. -4 10 MHz  output 
from tlhe frequency  multiplier clocks a 9-bit shift  register 
which produc.es a pseudorandom sequence s ( t )  of + and 
- transitions. The sequence repeats  every 511 clock 
periods or  every 51.1 p s  in  time ([,I = 0.1 ps ,  N = 9, 
T = 51.1 p s )  . This sequence then phase-reversal modu- 
lates a 70-MHz CW carrier from  the frequency multiplier. 
This signal has a constant RF envelope with 180' phase 
transitions (i.e., + 1  or - 1) occurring at  the transit,ions 
of the modulating n-aveform s ( t )  . This  modulated signal 
is amplified and mixed T ~ t h  an 840 MHz CW carrier also 
from the frequency mult,iplier. The final amplifier pro- 
duces about 10 W average pon-er. The second mixer a.nd 
following  a.mplifiers have  a half-pon-er bandmidth of about 
10 MHz.  This  bandwidth  restriction n-hich removes some 
of the sideband  energy produces a.mplitude  variations on 
the signal. This  rounds off the sharp edges on t.he tri- 
angular correlation function produced in the receiver cor- 
relators described later.  The  radiated signal is of t,he 
form [As( t )  cos 2aFf]* a.(t), Ivhere s ( t )  is the sequence 
of + 1 and - 1 transitions, F = 910 MHz, A is an ampli- 
tude  constant, a(t)  is the impulse response of t.he ampli- 
fiers and  the a,sterisk denot.es convolution. This signal is 
radiat,ed  from a vertical broa.dside collinear a.nt.enna army 
which has an omnidirectional pattern in  azimut,h, an 18" 
beamwidt.h in  elevation and a.bout S-dB ga.in over an 
isotropic radiat.or. 

Receiver 
Fig. 2 is a simplified block diagram of the time-delay 

measuring receiver. As in the transmit.ter,  all frequencies 
used in  the receiver are  synthesized  from a. stable 5 MHz 
frequency  standa.rd. A 10 MHz clock signal from  the 
synthesizer  drives a shift  register to produce a reference 
pseudorandom sequence at the receiver m-hich is identical 
both  in  character  and  in timing xith  the  transmitter 
sequence. 

,bother identical  shift  register is driven at a 10 MHz - 
2 kHz ra.te by a.  slow  clock from the synthesizer.  This 
produces a sequence s ' ( t )  identical 1vit.h t.he transmitted 
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Fig. 1. Timedelay measuring  transmitter. 

- 

Fig. 2. Timedelay measuring  receiver. 

sequence, but  drifting slowly by  it in time.  This slow 
clock sequence s ' ( t )  is compared with t.he reference se- 
quence and reset  every 75 111s. Reset.ting of s ' ( t )  provides 
a t,iming reference for measuring delay in  the receiver 
correlators described later.  The periodically reset slow 
sequence is applied to  the two quadrature correla.t,ors. 

At t,he upper left, corner of Fig. 2, the receiver R F  input 
signal is a  sum of several  t.ransmitted wa.veforms delayed 
by different  propagation path delays T ~ .  It is of t,he form xi ais( t - ~ i )  cos (2aFt - a,), where @i = ~ R F T ; ,  F = 
910 MHz,  and  the effects of the  transmitter filter have 
been omitt.ed.  This signal is received on a quart.er-wave- 
length monopole and applied t o  a. conventional receiver 
consisting of a preselector filter, a low-noise preamplifier, 
a cryst.al mixer, and  an IF amplifier. The 840 MHz local 
oscillator is derived  from the frequency standard.  The IF 
out,put is split, in a quadrature hybrid and applied to 
t,he two correlators. 

In  each correlator s ' ( t )  is  multiplied  times  (phase- 
reversal-modulated onto) a 70 MHz sinusoidal signal 
from the synthesizer producing a waveform s' ( t )  cos 27rfIFt. 
This signal is then amplified in  a wide-band amplifier and 
applied t.0 another  multiplier (double-balanced mixer). 
The second input. to this second mixer is t.he IF signal 
from the  quadrature  hybrid. These second mixers multiply 
the two signals producing for one quadrature correla.tor 
E; a;s(t - ~ i ) s ' ( t )  cos (2a j1~ t  - @;) cos (2af1pt) and for 

the &her correlator xi ais(t - T * ) s ' ( ~ )  sin (27rf1~t - % j )  - 
cos (27rfIFt) assuming  t,hat. the phase reference at. the 
t.ransmitt,er is the same a.s t,hat, at  the receiver. The out- 
put.s of the  integrating filt.ers are  then 

= C z aiR, (a - T ~ )  COS 

for the one correlator  and 

for the other.  Thus these  correlation  functions  peak  up, 
plus or minus depending  on phase, a t  times  proportional 
to  the  path delays ~ i .  Resett.ing t.he don- regist,er every 
75 m sets a new t = 0 reference for  a new delay profile 
every 15 ps in actual  path delay. The  reset  instant, t = 0 
is indicated by a  sync pulse from t.he logic. Thus  in  actual 
pat,h  delay, the observation window determined  by  the 
reset  interval of the slow register is 15 p s  but t,he a.mbiguit.y 
window determined by  the sequence length is 51.1 p s  
(equivalent to a. pulse-repetition frequency of a.bout 
20 000 pulses per second for a pulsed system).  The ob- 
servat,ion window can be positioned manually  anywhere 
within t,he ambiguit.y window. 

Since the  transmitt,er a.nd receiver frequency  sta.nda.rds 
drift, slowly svit,h respect t.0 each  other,  the measured 
phase is not absolute. The drift, is sufficiently slow (less 
than 360" in 10 s) so that. t.he relative path phases  are 
accurat,ely known. Also, the drift is slow enough to permit 
measurement of the Doppler  shift associated with  various 
paths  (rate of change of the Oi) t.0 an accuracy of about 
0.1 Hz as a measuring vehicle moves along a  street..  This 
is the first  time that equipment which will measure both 
delay and Doppler  shift  simultaneously  has been used to 
measure characteristics of the mobile ra.dio propagation 
paths. 

The  function 

E ( t )  = [I2 ( t )  + Q2 ( t )  Ill2 scaled by X: 
is the same  real envelope tha.t 1%-ould result from looking 
a t  the  real envelope of a single pulse of R F  transmitted 
over the same path if t.he complex envelope of the R F  
pulse a.fter passing through  the  transmit,ter  and receiver 
filters were the same as  the correlation  function R,(T) 
convolved with the complex envelope of the ba.ndpass 
representat.ion [lo] of the same filters. 

A plot of E ( t )  properly scaled in  time by the factor k 
is an envelope delay profile for  a  propagation path.  The 
corresponding plot. of E2( t )  is a. power delay profile which 
represents t.he power received as a function of pat,h 
de1a.y T.  
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Fig. 3. Pseudorandom sequence  characteristics (a) Top  trace: 

segment of s ( t )  cos ( 2 ~ 7 0  X 109). (b) Correlation  function I ( t )  
actual  segment of pseudorandom sequence s(t). Bottom  trace: 

from receiver  correlator. (c) Spectrum  analyzer  display of bottom 
trace of Fig. 3(a). 

The two complex impulse-response data  outputs have 
bmdwidths of about 1 kHz  (+ of the 10-MHz RF band- 
width  divided  by k = 5000). These  dat.a are recorded on 
a multichannel  analog tape recorder a.nd later digitized 
a,nd processed in a comput.er. 

Sampb Waneforms 

Fig. 3 shon-s act,ual  waveforms  generated  in the  trans- 
mitter  and receiver. The upper trace in Fig. 3 (a) is a 
short segment of an actual s ( t )  generated  by  the  trans- 
mitter  shift register. The lower trace is the 70 MHz 
signal  phase  reversal  modulat,ed  by the s ( t )  in the upper 
trace. 

Fig. 3(b) is  a  correlation  function I ( t )  from one of 
the receiver quadrature correlators  with the transmit,t.er 
70 MHz signa.1 fed directly into  the  quadrature  hybrid 
(transmitter  and IF amplifier filters  omitt,ed)  and  the RF 
phase  adjust-ed to yield maximum  output..  The 0.2 p s  
time scale indicated  has  been  scaled by k = 5000 ( S f c  = 
2 kHz) so it represents  the  actual  width of the probing 
signal. In t,he  time scale of the correlator  output. it  takes 
1 ms to trace  out t.he correlation  function  triangle (1 llls 
in actual correlator  output,  time  represents 0.2 /IS delay 
in the  path between transmitter  and receiver). A power 
delay profile for the  transmitter  and receiver running 
back to  back  at. 910 hfHz is shown later  in Fig. 5(b) 
with an average profile taken along  a  suburban street. 
Fig. 3(c) is a  spectrum  analyzer  display of the signal  in 
the lower trace of Fig. 3 (a). 

111. SUBURBAN MEASORENENTS 

Complex impulse-response data were recorded  in  a 
vehicle  moving  along  several  business and residential 
streets  in  suburban New Jersey (Keyport,  Hazlet, a.nd 
Middletown).  The  transmitting  antenna was located on a 
20-m tower on top of 115-m high  Crawford  Hill, X.J., 
which is about 100 m above the  suburban  area.  The tra.ns- 
mitting  antenna was a vertical  collinear array  with  an 
omnidirectional  pa,ttern  in  azimuth. The quarter-wave- 

length monopole used for  receiving  was  mounted  above 
the  metal roof of the measuring  vehicle.  1,Ieasurements 
were made at  a constant speed of 1.4 m/s. The  data 
present.ed in t.his section  are from tn-o streets.  These  two 
data  sets  represent a typical  set  and  an extreme  set. 

The characteristics of the  data set from  Annapolis 
Drive,  Hazlet,  N.J. is t,ypical of the  suburban  data.  This 
street is about. 4 km from the  transmitter  and  runs nearly 
perpendicular to a line  drawn  from the transmither to 
the st.reet.  Annapolis  Drive is about 9-m wide and  runs 
through a housing  development.  Houses are  about 12 m 
back  from the  street  and  are  separated from  each  other 
along the  street  by small (6- to 10-m wide) sideyards. 
The  homes  are mostly wood construction  with some brick 
trim.  About half of them  are  two stories and half are one 
story high.  There  are no large vacant  areas along the 
street or along  adjacent  streets. It is  about. 60 m from 
Annapolis Drive to  the backs of houses facing adjacent 
streets. All houses nit.hin several blocks are similar. The 
ground is relatively  flat  throughout the development. The 
direct  pat,h  between transmitter a,nd  measuring vehicle 
is generally  obstructed  by  intervening  homes. 

The  data from  American Legion Drive,  Keyport,  N.J., 
contain multipath  with  the largest excess delays  (greatest 
delay  spread) of all the  suburban  data  taken.  This  street 
is about 5$ km from the  transmit.ter.  The data presented 
la.t.er  were taken at a place where the  street makes an 
oblique angle  wit,h  a  line dra.n.n to t,he transmitter. 
American Legion Drive is about 60 to 90 m behind a 
business district;  there  are no buildings  facing  American 
Legion Drive  itself. The side of the  st.reet  away from the 
transmitter  runs a.long a  waterfront.  The  street is level 
but, is situated in a depression in the surrounding  land 
area.. The  direct  pat,h from the  transmitt,er to American 
Legion Drive is obstructed by  an intervening  business 
district, (Keyport). which consists  mostly of t h e e  story 
commercial buildings of various types of construction. 
The buildings are on land  about 4 to 6 m above  t.he street. 

For  t,he  delay data presented,  zero  delay has been 
shifted to  an  arbitrary absolute  delay  reference  point but 
all  delay profiles of a given data  set have  their  zero at  the 
sa,me absolute  delay. That is,  zero  delay is arbitrary for 
each d a h  set but  it is set a t  a fixed absolute  delay  value 
for an entire  dat.a  set.  This  is possible because  synchro- 
nism betxeen  transmitter  and receiver is maintained  by 
stable  frequency  sources and  not  by  an  arbitrary trigger 
level on the received impulse response. 

Individual Envelope Deluy 

An individual  envelope  delay profile is a  plot of received 
“pulse”  amplitude as a function of path. delay  referred 
to a k e d  absolute  delay  reference, that is, it is the en- 
velope of a bandpass  impulse response of the propagation 
medium. Examples of some envelope  delay profiles are 
shown in  Fig.  4. The horizontal scale is actual propagation 
time  delay  from an arbitrary fixed delay  reference. The 
individual  delay meeps occur at a rate of a.bout 10 per 
meter of travel along the  street  (about 10 ern of street 
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TIME DELAY - 
Fig. 4. Individual envelope delay  profiles from Annapolis Drive. 

betmeen sweeps). The sequences start at t,he  upper  left 
corner of a  set  and progress down and  to  the right  along 
t,he  st,rips. 

The individual  envelope  delay profiles in  Fig. 4 are 
from  Annapolis  Drive.  For  this street most of the signifi- 
cant  multipath occurs within  t.he &st microsecond after 
the minimum  delay  pa.th (attenuated  direct or diffraction 
path). For  any specified fixed delay, the envelope fades 
rapidly  as a funct,ion of distance  along the  street.  This 
deep  fading  even occurs at the  time delay  for  t,he  minimum 
delay  path.  Fading of t.he signa.1 at one delay does not 
appear to be correlated  with  fading at  other  delays. 
Sometimes the minimum  delay path signal is weaker than 
the  multipath (for  example  3rd, loth,  15th,  and  20th 
traces  up from bottom of third  strip over  from left)  and 
sometimes the  entire  signal  fades as illustrated  by  the  12th 
trace  up  from  t,he  bottom of the &rip  on  t,he  right  side. 
These total fades  indicate loss of signal  over the  entire 
10-MHz  bandwidth of the probe  signal.  This  rapid  (over 
a fen: cm of travel) a,nd  deep  fading  in  addit.ion to  the 
other evidence presented  lat.er  suggests  t,he exist,ence of 
multiple path int.erference z~ithin the 0.1 p s  (30 m) resolu- 
t.ion of the probe  signal and suggests that several paths 
exist  with path lengt,h differences wit.hin 30 m of each 
other. 

Average Power Delay Profiks 

The individual outputs I ( t )  and &(I) of the receiver 
mere sampled  with an  %bit analog-to-digital  converter 
and  stored on a disc for further processing. Simultaneous 
sampling of bot,h I ( t )  and &( t )  from a multichannel 

analog tape was done  a.t a sca.led ratme  equiva.lent to 0.02 
p s  of propagation  delay bet-seen samples. Time synchro- 
nism mas maintained with  the sweep sync  which ~ ~ - a . s  also 
recorded on an analog  channel.  Sampled  individual power 
delay profiles pi ( r k )  were then computed  by 

p i ( ~ k )  = I i " ( n )  + Q ? ( T ~ )  

where the  subscript i orders the set. of profiles (sweeps) 
along the  street  and k orders the  delay samples of each 
profile. A specified de1a.y ~k is the same  propa,gation  delay 
from  t.ransmitt,er to receiver for  all profiles of a  given set.. 
Note that 

pi (7%) = E? ( T k )  

where the Ei (7)  are envelope profiles as  illustrated  in 
the preceding  section. An average power de1a.y profile 
P ( n )  for a set of N consecutive  individual profiles is 
then computed as 

I N  
N P ( T k )  = -x I ) i ( T k )  = ( 1  h ( T k )  12)i 

where h . ( T k )  is the bandpass  impulse response [lO)-[l2]. 
These profiles can be described by severa.1 para.meters. 

The  center of gravity or  first  moment of the profile with 
respect to  the first  a,rrival  delay is a measure of t,he 
average  delay D. Avera.ge delay  is  ca.lculated by 

where M is the index of the  last sample  along the delay 
axis which has a significant  amplitude and k = 1 is an 
arbitrary point before the minimum  arrival  delay T A  

chosen so that  the profile amplit,ude is insignificant. The 
locations of k = 1 and X are chosen so that moving the 
k = 1 point to smaller  delay  values  or  moving the  last 
sample to larger  delay va.lues does not  affect, the value 
of D. Average  delay is related to  the ranging  error which 
would occur  in  narrow-band CW phase  ranging  systems. 

The square  root of the second cent,ral  moment  is  one 
possible measure of the delay  spread S or width of a 
power delay profile. It. is calculat.ed as 

where the parameters  are as defined previously.  Other 
measures of width  such  as  delay  between  out,er - 3 d B  
or - l 0 a B  points  are also useful  for some profiles. Dela,y 
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spread  sets limits on many  communication  system per- 
formance  parameters  as  indicated  in  the  introduction. 

The average poxer transmission  factor L can be found 
by summing the average received power a t  all delays n 
which receive significant power. That is 

M 
L p Lo P ( 7 k ) .  

The  constant Lo must be determined by absolute cali- 
bration of received power through  the  data recording and 
digitizing syst,em.  For the purpose of compa.ring avera.ge 
profiles with  the same Lo, t,he absolute  value of Lo is not 
required so it has  not been determined  for the dat,a pre- 
sented; only relative  values of L are given. 

Fig. 5 (a) is a series of average power delay profiles 
from Annapolis Drive.  The horizontal axis is excess propa- 
gation  delay  with t,he zero set at approxima,tely the 
minimum possible propagation path delay  from  trans- 
mitter t,o receiver TA. Each profile is the average of 30 
consecutive individual profiles covering about. 3 m of 
travel along the  street.  The vertical scales for the different 
profiles are displaced vertically  along Fig. 5 (a) but t8he 
relative  magnitudes of the profiles with  respect to their 
scales have been preserved. That is, the maximum of 
profile number 1 is 505 compared t.0 a  maximum  value of 
profile 2 of 1000. The vertica.1 scales are  logarithmic in 
pon-er. The a,verage profiles are  ordered in t.he same  way 
t)hat  the  sets of individual profiles were taken a,long the 
street.  Tha.t is, avera,ge profile 1 contains  individual pro- 
files 1 t,hrough 30, average profile 2 contains  individual 
profiles 31 through 60, etc., n-here individual profiles 1 
through 210 occur consecutively along the street.. The 7 

, average profiles in Fig. 5 (a) a.re very similar. This indi- 
cat.es that.  the 210 individual profiles for  the 21 m of 
street are samples of a random process with good &ation- 
ary properties in t.he wide sense (stationary  means).  The 
overall a.verage profile for the 21 m of street should be a 
good description of the process. It is interesting to n0t.e 
that, over the 3-m section of street represented by profile 
7, the reflection or scatt.er path at 0.2 p s  is slightly  stronger 
on the average than  the minimum  delay path at 0 (the 
direct or diffraction path obstructed by houses, etc.) . 

The average power delay profile in Fig. 5(b) is the 
overall average of the 7 average profiles (210 individua,l 
profiles along 21 meters of street) of Fig. 5(a).  The ver- 
tical scale on the left is logarithmic in pon-er and  on  the 
right  linear in dB. The dashed  curve  is the porn-er delay 
profile for the  transmitter  and receiver running  back to 
back  (the characteristic “pulse” of the probe)  including 
all filters, the  tape recorder and  data processing equipment 
but not including any propagation anomalies. The multi- 
path profile is significa.ntly wider than  the probe. The 
power concentration  from the minimum path delay, 0 to 
about 0.15 ps,  is  probably due to  the obstructed  direct 
path, re0ect.ion or backscatter  from the fronts of houses 
on  the opposite side of the street,  from  the  transmitter 
and oblique reflection or scatter from the sides of houses 
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Fig. 5. (a) Average  power  delay  profiles  from Annapolis Drive. 
Each  profile is an average of 30 consecutwe mstantaneous  profiles 

instantaneous profiles. (b) Overall  average of power delay profiles 
(3 m of street). Profiles 1 through 7 are consecutive sets of 30 

in Fig. 5(a). (c) Average  power delay profiles from  American 
Legion Drive. 
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TABLE I 
AVERAGE POWER DELAY PROFILE cE4RACTERISTICS-ANSAPOLIS DRIVE 

Average Delay  Delay Profile Proae Relative Relative 
Delay to Spread Width Widtb Transmission  Magnitude 

Average D Maximum S -3 dB -10 dB Factor L of Maximum 
Profile b-4 (PSI  (N) (N) (dB) (dB1 

1 0.17 0.04 0.25  0.22 0.42 
2 0.13 0.06 

- 2 . 0  
0.20  0.18  0.36 =O 0 

-3 .0  

3 0.11 0 0.22 0.20 0.36 0 
4 0.12 0 0.23 0.20 0.40 0 0  

-0.1 
-0.4 

5 0 .  i7 0.08 0.24 0118 0.38 
6 0.19 

-1.5 
0.04 

-2 .2  

7 
0.29 

0.23 
0.20 

0.14  0.31 
0.50 -3 .4  

0.24 
-4 .2  

0.74  -4 .2   -5 .6  
Average 0.15 0.02 0.24 0.22  0.38  -1.4  -2.1 

between t.he transmitt.er  and  the  street..  Recall that houses 
are 12-m back  from a 9-m  wide street so the vehicle was 
about 18 m in front of the houses. This would result in 
36 m or 0.12 ps excess delay for back  scatter  or  refledion 
from t,he house on  the 0pposit.e side of t,he st.reet  from  the 
tzansmitter.  The bulge  on the profile at 0.4 p s  appea.rs to 
be backscatter from the backs of houses  which face towards 
Colby  Lane, the  street which runs parallel and  adjacent 
to Annapolis  Drive a.nd  wa.s opposite the  t,ransmitt.er.  The 
backs of t,hese houses which  faced  away  from the measur- 
ing vehicle were about. 60 m  from t,he measuring vehicle. 
The power minimum  at. 0.5 p s  is the open street, Colby 
Lane, whose centerline %-as about. 75 m  from the measur- 
ing vehicle. The secondary power concentrat.ion at  0.65 /IS 

is probably  backscatt,er  from  the  fronts of the houses 
facing  Colby  Lane  on  the  other side of the  street. (dis- 
tance ~ 9 0  met,ers from  measuring  vehicle). The cause of 
the slight peak at 1.5 p s  is not known but t.he rapid de- 
crease of power after 1.5 p s  is proba.bly due to  the  fact 
t.hat  the  ground  begins to slope don-nhill a t  about 240 m 
from  Annapolis  Drive  and scattering objects were no 
longer of sufficient. height to reflect energy back. These 
conjectures on the cause of the  features  seen in Fig. 5(b) 
assume that single scattering  predominates.  Multiple 
scattering would make  feature  interpret,ation impossible. 
Multiple scatt.ering is probably insignificant for the first. 
0.25 p s  or so, but.  it  may become significant at longer 
delays. 

Several of the pa.rameters which describe the 7 average 
profiles in Fig. 5 (a)  and  the overall average profile in 
Fig. 5(b)  are  tabulated in Table I. In this  table  average 
delay and  delay to  the profile maximum are  relative to 
the 0 on the  delay axes of the figures (the minimum 
propagation path  delay).  The profile widths  are  given 
between the -3-dB and - 1O-dB points of the profiles. 
The relat.ive transmission fa.ctors are  relative to  the pro- 
file with  the  largest transmission (lowest path “loss”) 
and  the  relative magnitudes of the maxima a.re given 
relative to the profile with  the  greatest maximum. The 
delay  spread  and  width  parameters  have all been calcu- 
lated without. removing t,he convolutional effects of the 
finite width probe  (dashed  curve).  The calculations [13] 
indicate  that if the measured  delay  spread including 

probe effects is great,er than 0.2: p s ,  the  act,ual  delay 
spread of the medium  without  probe  effects is within 
0.02 p s  of the measured value. This  fact  has  been  furt,her 
substantiated  and will  be reported  later in a paper  which 
compares t,he probe and  the measurement in t.he frequency 
domain. The  error decreases with increasing delay  spread. 
Since t.he delay  spread  varies more tha.n 0.02 ps from 
street  to  street.  and from location to locatZion on the same 
street, correction for t.his small  discrepancy is not  war- 
ra.nt.ed. 

Fig. 5(c) is a set of average power delay profiles from 
American Legion Drive.  These profiles are ext.reme among 
the  suburban  data  but  are not. unique in t.heir character- 
istics. The  three different. sets of data  points indica.te 
three profiles each of which is the  average of 120 consec- 
utive  indwidual profiles covering  about. 12 m of street. 
In order  along the  street  the profile indicated  by  the 
0 was f is t ,  immediately followed by t,he 0, and  then 
the A .  Again, these three profiles are quit.e similar indi- 
cating that t.hey are averages of samples  from  a  relatively 
st.ationary  random process. The solid curve is the overall 
average of t.he three profiles indicated  by  the  data points. 
This profile  is an average of 360 instantaneous profiles 
covering 36 m of the  street..  The power concentration at 
the minimum  propagation pa.th delay (0 on  the  relative 
delay scale) is almost as narrow as  the  unspread probe 
“pulse.” The  concentration at 1.1 p s  is also quite narrow. 
The  pat,hs associated with  these  maxima  appear discrete 
within the 0.1 p s  resolut,ion of t.he equipment.  The multi- 
path from 4 p s  t.o almost 7 p s  a.ppears to be associated 
wit.h  a, multitude of unresolvable reflecting surfaces. An 
interest-ing feature, however, is t.hat the maximum a t  
4.3 p s  a.nd the one at  5.4 p s  are  separated  by t,he same 1.1 
p s  delay as  the first t xo  maxima at 0 and 1.1 p s .  Table I1 
summarizes the  characteristics of the profiles in Fig. 5(c). 

Cumulative Distributims of Synal  Level at Fired Delays 
The series of individual  envelope  delay profiles in Fig. 4 

show considerable amplitude  fluctuation or fading at all 
delays. Fa.ding of successive  power de1a.y profiles taken 
a t  450 MHz  with  a 0.5 ps resolution pulse probe  was also 
observed by Young and Lacy [l]. They deduced t,hat 
the fades were caused by RF phase cancellation among 
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TABLE I1 
AVERAGE POWER DELAY PROFILE CHARACTERISTICS-AMERICAN LEGION  DRIVE 

Average  Delay  Delay  Profile  Profile  Relative  Relative 
Delay 

D Average  Maxlmum s -3 dB -10 dB  Factor L of Maximum tp Spread  Widt.h Width Transmission  Magnitude 

Profile c.4 .cus) cus) 6) b s )  (dB)  (dB) 
~ 

0 2.10  0.01  2.11  1.22  4.96 
0 1.55  0.01  1.96  1.18  4.38 0 0 

-2.6  -4.1 

A 2.18  1.08  2.06  1.16  4.58 -1.1 -2.2 
Average 1.90 0.01 2.05  1.20  4.50 -1.1 -2.3 

signals  propagating along unresolved paths.  Fig.  4 illus- 
trate  that  the fading still exists with the factor of 5 better 
delay  resolution (0.1 ps) used in t.his experiment. 

To  the aut.hor’s knowledge, the  distribution of signal 
a.mplitude a t  fixed delays  for  such high resolut.ion time 
delay data t.aken  in a mobile radio  environment.  has not 
been  presented previously. Cumulative  distributions of 
signal amplitude  have been obtained a t  many k e d  delays 
for this collection of suburban  data. 

Fig. G(a) shows examples of such  amplitude dist.ribu- 
tions for the same Annapolis Drive data used to produce 
Fig. 5 (bj . The distributions  are  plotted  on  Rayleigh 
coordinat.es. A  Rayleigh  distribution appea,rs as a st,raight 
line with  the specific slope of the dashed line on these 
coordinates. The X on Fig. 6(a) are  the  distribution of 
the 210 signal amplitude samples at  the minimum propa- 
gation  pat,h  delay  marked by  the left arrox a t  0 relative 
delay  on Fig. 5 (b) . This signal spent more time a t  lower 
signal levels than a Ra,yleigh distributed signal would. 

The 0 on Fig. G(aj  are for the signa.1 a t  0.12 ps (right 
arrow) on Fig. 5(bj.  At this  delay the effects of signal 
a t  0 delay  are  about. 16 dB down on the probe “pulse.” 
The 0 closely  follow the Rayleigh slope straight line. 
This suggests that quite  a few scatter pat,hs nit,h independ- 
ent RF phases contribut,e t.0 t.he overall signal received 
at this  delay.  Note that even though  the mean signa.1 
levels at. 0 ps and 0.12 ps are  nearly  equal, the distribu- 
tion of levels is quite different,. This  situat.ion does not 
always exist. and for some sections of suburban  streets 
the signal a t  t,he minimum propaga.tion path delay is also 
Rayleigh  distributed. 

Fig. G(b) is a similar set of signal level distributions 
for the  data shown in Fig. 5 (e). The V and are dis- 
tributions  from  delays  near the power concentration  at. 0 
on t.he avera,ge power delay profile. These h - 0  dist.ribu- 
tions generally follow the Rayleigh  distribution (solid 
lines) but departures  up to 3 dB occur at lo\\- signal 
levels. The solid triangles A representing the dist.ribution 
of signal level a t  0.12 ps and  the solid squares  for  the 
0.24 ps signal level fit the Rayleigh lines very well. The 
power concentration at 1.14 ps did not  appear  to  fluctuate 
as much as the others  in  the series of individual envelope 
delay profiles. This  qualitative impression is subshnti- 
ated  by  the  distribution represented by  the open triangles 
which indicat,es a total fluctuation  range of only 18 dB. 
This  type of distributiou could be produced by a pre- 
domina.nt path interfered  with by one or more randomly 
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Fig.  6. (a)  Cumulative signal amplitude  distributions  from An- 
napolis  Drive. (b) Cumulative  signal  amplitude  distributions 
from American Legion Drive.  (Distributions  from 360 individual 
profiles from 56 m of street.) 0 at delay = 0 or first  arrival, 

,AS, A a t  delay = 1.14 ,AS, 0 at delay = 4.26 NS, and sohd  lmes 
A at delay = 0.94 ps ,  A at delay = 0.12 ,AS, a t  delay.= 0.24 
are  Rayleigh  distributions. 
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phased wea.ker paths or by one predominant, path experi- 
encing an  amplitude cha.nge due t,o change  in  sca,t,tering 
angle as  the vehicle moved down t,he street.  The  distri- 
but,ion at 4.26 p s  is uithin 3 dB of the Rayleigh  line  over 
a large  portion of t.he  distribut,ion. 

Each  distribution  in Fig. 6(b) is made up of 360 sam- 
ples. The ba,nds of data points a t  high  probabilities  in 
bot,h  Figs. 6(a)  and  (b) are  due to  the finite  number of 
samples. For example, 1 sa.mple out, of 360 is 99.72 percent. 

Doppler  Spectra at Fixed  Delays 

Scattered signals  a.rriving at the measuring vehicle will 
be Doppler  shifted by different, amounts depending on 
the angle  t.hat the arrival  path makes wit.h the direction 
of vehicle travel.  When the Doppler shift is expressed in 
unit.s of cycles per  meter of vehicle travel, it. is not depend- 
ent on act.ual vehicle velocity.  (Conversion to units of Hz 
requires only multiplication by vehicle ve1ocit.y in  m/s.) 
Signa.ls arriving  from  scat.ters  directly  ahead of the 
vehicle will be shifted  higher  in  frequency  (positive)  by 
t.he  maximum  amount 1 / X  where X is t,he  wavelength of 
the signal; t,hose directly  behind will be shifted  negatively 
by  the sa.me a.mount.. 

Since the equipment. used in this experiment uses 
quadmture coherent,  detection and  stable  frequency ref- 
erences, the Doppler  shifts  associated  with  various scatter 
paths can be measured.  This  Doppler  shift,  information  is 
useful  in  communication  syst.em amlysis  and for further 
resolving the  multipath  structure of t.he  media since paths 
having  nearly the same  t,ime  delay  can be separated if 
they  a.rrive  from  different angles. 

Fig. 7(a,) is the  RF Doppler  spectrum of the signal  a.t 
the fixed delay of 0.04 p s  for the 36 m of street represent,ed 
in  Fig. 5(c).  It. was  obtained  by complex Fourier  trans- 
forming t-he measured li (.) and Qi (.) samples a t  0.04 p s  
delay  for i = 1 to 360 aft.er they  had been multiplied  by 
a Hamming window to reduce  spectrum sidelobes [14]. 
The horizont.a.1 axis  is  frequency  offset  from  cent.er  fre- 
quency (910 MHz) in cycle per  meter of tra.ve1. The 
approximate  maximum possible plus and minus shifts are 
indicated  by  t.he  vertical  dashed lines. The  left vertica.1 
scale is a logarithmic power scale; the right.  vertical  scale 
is linear  in dB relative to  the  spectral maximum. Noise 
and spurious responses are  about 30 dB below the  spectral 
maximum. Ha.mming window sidelobes are  about 40 dB 
below the maximum. Vehicle velocity could not be held 
constant wit.hin the  spectrum resolution of the sample 
and  the equipment,  frequency stabi1it.y. The general 
“double  peaked” nature of the overall  spectral  peaks  is 
proba.bly  due to a discontinuity  in  measuring vehicle 
velocity.  Independent  rough  checks  on vehicle velocity, 
recorded  simultaneously wit.h the  data,  indicate that 
changes of velocity  on the order of that required to pro- 
duce the peaks at + 1.3 and + 1.2 did  occur.  Nevertheless, 
the velocity was held sufficiently constant to ensure that 
the overall power concentration from +1.2 to +1.3 was 
produced by  a different  scattering  cent,er than that from 
+0.8 to +1.0. These  two  (possibly  more)  scattering 

SPATIAL FREWMCV I CYCLES i METER I 

(dl 
Fig. 7. RF Doppler spectra from American Legion Drive.  (a) At 

0.04 ps relat,ive delay (maximum of average  power delay profile). 

4.26 ps relat,ive delay. 
(b) At 0.24 p s  relative delay. (c) At 1.14 ps relative delay.  (d) At 

centers a.re within 3 dl3 of each  other.  Other  less  intense 
centers  are  indicated  a.t +0.5 to  +0.6 and from there on 
down to  about - 1.0 c/m. In  the positive  direction 
+2.6 is about  the end of this smttered power spectrum. 
The received power a.t 0.04 p s  delay  is quite  concentrated 
between +0.8 and f1.3 c/m which  corresponds  gener- 
ally to  the angle  between the vehicle line of travel  and 
the  tra.nsmitter. As t,he vehicle moves a.long a street, 
signals  from  scattering  centers  may become more or less 
intense as the angle to  the vehicle changes. Some spectral 
broadening  due to this amplitude  modulation  may  occur 
but  it is thought to be small. (The spectral  broadening 
due to  the 36 m sample window with  the Hamming window 
is on the order of 0.05 c/m  wide; a signa.1 going from 
0 to max to 0 in 3 m of travel would be broadened to 
about 0.3 c/m  width  and  its  amplitude would be reduced 
at least 7 dB below the value it would have if it  +ere 
present  over the entire 36 m.) Spectra.1 broadening  due to 
amplitude  modulation is difficult to  distinguish from other 
broadening  in this measurement. 

Fig. 7(b) is the equivalent RF Doppler  spectrum at 
0.24-ps delay. The relative power and dB scales are re- 

Nintendo Exhibit 1039 
Page 009



634 

ferred to  the same level as Figure ?(a,).  At 0.24 p s  the 
average received pon-er is about 13.5 dB below the a.ver- 
age received porn-er a t  0.04 p s  (see Fig. 5 (e) )  this is 
reflect.ed in  the overall lower power levels seen in the 
Doppler  spectrum of Fig. 7(b).  The major  spectral com- 
ponents  are still about  10 dB above noise and spurious. 
This situation  with several  concentrations of pon-er dis- 
tributed  throughout  the  spectrum is consist,ent with  the 
Rayleigh  amplitude  distribution  for the signal a t  0.24 ps 
in  Fig. 6(b) .  

The spect.ral plot  in Fig. 7(c) is  from  t,he  major pon-er 
concentration  at. 1.14 p s  in Fig. 5 ( e ) .  Only one major 
Doppler  shifted spect.ra1 peak is evident at almost the 
maximum possible positive Doppler shift,. This indicates 
a strong reflector ahead of t,he vehicle and is  consistent 
with  the  amplitude  distribution in Fig. 6(b).  The shallow 
fading is probably due to changes in  amplitude of the 
reflected wave with angle from the reflecting surface  and 
may be caused by  either surface irregularities or the finit.e 
size of the reflector. 

Fig. 7(d) is a similar RF Doppler  spect,rum for 4.26 p s  
delay on Fig. 5(c).  Three major clusterings of scattered 
pon-er are  evident. The irregular structure a.nd width of 
these  clusters indicat.e t,hat. they  are associated with 
groups of scattering cent.ers (very  rough surfaces or groups 
of buildings or maybe  even sides of small hills) and  not 
with  individual  smooth reflectors. The  scattering cent,er 
at about 0 Doppler shift, must  be  almost a t  right angles 
to the  path of vehicle travel. The positive shifted  center 
must lie ahead of the vehicle at  an angle of about 55” 
to  the  path of the vehicle and  the negative  shifted one 
behind it at an angle of about 35”. 

The Doppler  spectra in Figs. 7(a)-(d) are cross sec- 
tions of a total delay  Doppler  scattering  function [TI, 
[l5]. These sections along nit.h Fig. 5(c) illustrate  the 
dominant  features 11-hich n-odd be seen in  such a function. 
Specifically, the  total spread in frequency and delay  are 
illustrated. 

117. S ~ M A R Y  

The bandpass impulse response measuring equipment 
described has been very useful for measuring  multipath 
delay and Doppler cha,racteristics at 910 MHz in a sub- 
urban mobile radio  environment. The 0.1 p s  resolution 
in  delay and resolution in Doppler  frequency  shift ha.ve 
provided quantit.ative  descriptions of the propagation 
medium d i c h  are useful in communications syst.em anal- 
ysis and have provided additional  insight int.0 the phys- 
ical nature of the  multipath.  The low (kHz)  bandnidth 
of the dat.a  output  has made data recording and  inter- 
facing  with digit,al data processing equipment rela.tively 
ea.sy. This ea.se in data processing has  permitted  much 
more detailed  analysis of the  data tha.n  has  been possible 
in previous mobile radio  time  delay experiments. 

For the first time small scale st,atistics of the mu1tipat.h 
for vehicle travel  distances on the order of 30 m a.long 
streets  are available  in the following forms: 1) average 
power-delay profiles made up of over 200 individual pro- 
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files, 2) cumulat.ive distribut.ions of signal a.mplit.ude a t  
fixed delays, a.nd 3) radio  frequency  Doppler  spectra. a t  
fixed delays. 

Dat.a  from Annapolis Drive,  Hazlet, K.J., is  typical of 
the  suburban d a h .  Second central  moment  delay  spreads 
are  on  the order of 0.25 ps.  pon-er delay profiles 
tend  to  have pon-er concentrat,ions  on t,he order of 0.25-1s 
\vide just. after  the minimum propagation path delay 
between transmitter  and receiver. The most, intense scat.- 
tering a.ppears to be from buildings along the  street in 
t,he immediate  vicinity of t.he vehicle. Signal st.ill arrives 
a.t a reduced level for  delays of over 1 ps .  Because of t.he 
relatively large delay  associated nit,h these loxv-level signal 
components  t,hey  contribute significantly to  the delay 
spread  pammeter.  Cumulative signal level distribut,ions 
at fixed delays  are  often  Rayleigh but significant, depar- 
t.ures from the Rayleigh  are  not  unusual. 

Da.t.a from American Legion Drive,  Keyport., X.J., is 
a sample of an  exheme  but  not unique  set of suburban 
d a h .  It is more nearly like data from urban  areas. Scat- 
tering seems to be from discret.e objects fart.her a m y  
from the vehicle since significant poxer concentrations 
are seen in the poxver delay profile out  to excess delays 
of 6 or 7 /IS. The second moment  delay  spread along this 
section of street is about 2 p s  and  the average de1a.y is 
also about 2 p s  aft.er the minimum  propagation  pat,h  delay. 
Cumula.tive signal level dist.ributions at k e d  delays  are 
oft.en Rayleigh but some discrete paths exhibit  distribu- 
tions  with  a much smaller fading  range than t,he Rayleigh 
distribution.  St.atistics for this section of street are rela- 
tively  st.ationary for longer t,ravel dist,ances than for the 
more typical  suburban  situations.  This is consistent, nit.h 
t.he fact  that.  in t.he more typical case the  dominant scat- 
ters  are in close to t.he vehicle and large changes  in angle 
to the scatt.ers occur for short vehicle travel  distances. 
For the more ext.reme case, the dominant.  scatt,ers  are 
hundreds of meters axay so angular changes are  much 
smaller for an equivalent vehicle tra.vel dist.ance. For t,he 
extreme case t,he vehicle is more nearly in the  “far field” 
of t.he scatters.  The R F  Doppler  spectra resolve the 
a.ngles from the vehicle (within  a  txo-fold ambiguit.y) t.0 
scat.terew  having nea,rly the same delay. Some of the- 
power concentrations  appear to be discrete both in t.he 
delay and  the Doppler coordmates. This  indicates that 
only one scatt,erer or scattering  center is involved. Ot,her 
significant power concent.rations at relatively long delays 
have several discrete  Doppler  components shift.ed both 
posit.ive and nega.tive. These mult.iple pa.t.hs at nearly  the 
same delay produce rapid  fading of the high resolution 
“pulse” envelopes as t.he vehicle moves along the  street. 
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