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In Section 3.6 of Draft Report IWP 8/13 Rev. 2, contributions were solicited from
administrations on propagation information relevant to future land mobile telecommunications
systems. This document summarizes recently available propagation mE&sUTements «made in and

. around houses and buildings and proposes models for several characteristics of such radio channels.

E Future low-power portable radio communications systems may operate in this environment. Further

information is needed concerning propagation in this environment, particularly related to delay-
—— spread characterization--experimental data, analysis, 2nd simulation.

Fundamental limitations on portable radio system parameters and on the application of
radio link techniques result from the effects of radio propagation within and around houses and
buildings. This is & very complex and difficult radio propagation environment because the shortest
dirsct path between any pair of fixed and portable set locations is usually blocked by walls, ceilings
or other objects. Often many sttenuated propagation paths exist between any pair of locations. The
different propagation paths are produced by reflections from walls, ceilings and objects. Each path
may have a different time delay and a different stieauation. The overall result is a complex and
widely varying multipath transmission channel between fixed radio terminals (henceforth called
ports) and portable sets, Because of the complexity and variability, snalytical determinatioa of
many of the muldple-path propsgation parameters is 2ot feasible. It is usually necessary to resort to
measurements and to empirically determine statistical distributions of many of the parameters for
different locations of ports and portable sets.

Radio transmission over a port-to-portable radio link is reciprocal. That is, the iocations

~6f:signal transmission and of signal reception can be interchanged without changing the received

signal characteristics. This location interchange does not include the interchznge of the antennas

© and requires some specific conditions on antenna, receiver and transmitter impedances. It is

sufficient (but not necessary) that these impedances all be real and of the same magnitude. Because

of reciprocity, thasgliscussion can proceed on the basis of transmission in either direction without
loss of generality.

The portable rsdio emvironment is qualitatively similar to the mobile (vehicular) radio
environment.[1l (2] (31 41 (51 (6] 71 (81 % That is, propagation is dominated by the effects of skadowing
gnd reflecticns from walls, objects znd the ground. Thersfore, some of the small-scale multipath
propagation characteristics are the same in Soth eaviromments. However, in the portable
environment, astenna beights will be lower, or amtenass will be located within buildings, sad
distznces between transmitters snd receivers will be shorier thag in the mobile enviroamant. These
physical differences cause guantitative differences werveen some of the large-scale portable and
mobile propagation parameters discussed in the following sections. Since there have beea more
mobdile radic propagation measurements made, shese will be used to estend the portable rzdio
propagation picture where appropriate.
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I. Muoitipeth Time Delsy Stracture IEEE 802.4L/88-07 "
The multipsth tme delay structure, ji.e., the “echo pattern,” of portable redio
transmission chaonels csa be measured by transmitting wide-band pulse-like signals between
poteatial port and portable locations. Figure 1 illustrates measuremesnts made at 850 MHz with &
0.025 u sec. time resolution. The measurements were made between locations within 2 large
building.[10} (111 0231 The graphs show the relative average power received as a function of
propagation time delay. A messure of the widths of such averaged power delay profiles or power:
impulse responses is aeeded in order to determine limits on the digital transmission rates possible
over such radio chanpels.V! ¥ The zero references for the decibel power level and the tme delay
scales on the figures are arbitrary. '

A. Small Scale Signal Varistions

The power level at 8 particular delay in Figure la represcats the average of the power
level received at that delay for eight differeat receiver locations within a 4 foot square area.l1%! The
power values that were averaged were in power upits (watts), not in dB. The transmitter location
was fized. The power level at 3 perticular delay fluctuates from receiver location to receiver
location within a small ares and with motion of people in the aisles of the building. An example of
these fluctuating power levels is seen in Figure 2. The figure shows the eight individual
measurements of power level versus delay used to perform the averaging operation described above
to produce the resuits of Figure 1a. These fluctuating power levels are indicative of the existeace of -
propagation paths with time delays that differ by less than the resolution of the measurement.® B1{ "
For example, the measurement resolution of .025 @ seconds corresponds to 2 path distance
resolution of 25 feet. Many of the walls of rooms and aisles in the building are separated by St 10
feet, much less than the 25 foot resolution. The signals received over unresolved paths have phases
that vary many degrees with receiver location changes o the order of an inch, since the wavelength
is only 14 inches. These phase changes cause the unresolved multipath signals to add in phase at
some locations and out of phase at others, producing the observed fluctustions. The unresolved-
path signal fluctuations are similar to the fluctuations of a single-frequency signal illustrated in a
later section.

Similar wideband multipath measurements have been made in mobile radio
cavironments.31 B3 (41 (31 (61 71 (81 190 Unresolved-path signal fluctuations are shows in references 2
snd 3. The multiplicity of garesolved paths at specific delays was lustrsted by simultaneously
resolving the paths in delay and in Doppler frequency shift caused by vehicle motion. The Deppler
frequency shift of esch path is related to its angle of arrival at the receiver location.® B1 0
Reflections from room and hallway walls within buildings are expected to produce wide angle-of-
arrival distributions similar to the wide distributions observed from reflections from building walls
siong strests. * R

The unresolved paths within 2 resolved profile peak in Figure la probably result from .
reflections from walls and other objects near the transmitter or the receiver. Angles to these pearb!
reflectors are diswibuted throughout 360°. The individual peaks probably result from the attenusted
direct path snd from walls defining large open srcas or located at the eads of hallweys. Signals
arriving over the longer delayed paths all experience close-in reflections similar to those arriving
over the shorter paths. For example, if the receiver is within a room, the anresolved paths
probably result from reflections from the room walls and from objects within the room. Signals
entering the room after being reflected from a faraway wall (i.e., delayed several tenths of 2 u sec.)

are still subjected to close-in reflections within the room.

Averaging out the signal fluctuations cznsed by the phase changes of the gnrssclved
shorter paths yields s picture of the magnitndes of the reflections at varicus delays. Nearly the_
ggTie pOWEr &vVerage results from asy set of meszeurements taken within the same small arza. This
occurs because the magnitudes of the dominant reflections at the looger delays do mot change
significantly for small changes in receiver (or transmitter) location of 3 few wsveleagths, that is, for
motioa over rmall-scale distapess.
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The average received power within a small area is the integral of a power | delay profile
with proper calibration of the power density scale. That is, average power received, P,, is

}-’: = Kf P(7)d< 6))
-0

" where P(7) is the power delay profile scaled in power npits (watts), 7 is time delay 2ad K i$ the

overall power scaling factor for the profile.

The time-varying multipath trans mdgsion channel
se) b en called 2 S nTRes A S =R
kit oe SSIS homan g ¢ (151 121 131 4} (81 6T The wor gussian” (G) refers t & Gaussian
random processt!! for describing the fluctuations of the unresolved path signals at cach delay. A
Gaussian process has an envelope that is Rayleigh distributed. It was shown for mobile radio
multipath propagation that the envelope fluctuatons st & particular delay can gsually be

ot Xy, I N
S e

- .approximated well by a Rayleigh distribution.?! B! The sum of a large mumber of signals with

rendom amplitudes and uniformly distributed random phases approximates a Gaussian process. By
the central limit theorem,!'§! the spproximation continues to improve as the number of signals
increases. The portable radio muitipath channel is similar to the mobile radio chananel since both
have a large aumber of unresolved paths resulting in a large number of random signals at each
delay. Therefore, the fluctuations at each delay for portable radio channels are also expected to be
well approximated by Gaussian random Processes. '

The term "wide sense statiopary” (WSS) refers to the average or means beisg the same,
i.e., statistically stationary, for different collections of samples taken from the same area. The
random phase addition process for motions over small-scale distances results in an approximately
stationary power average at cach delay. Again, in the similar mobile radio environment, it was
shown that the power averages were approximately wide sense stationary!® ¥ over small-scale
distznces. : ~

The term “uncorrelated scattering” (US) refers to the correlation between sigral
fluctuations at different delays. The uncorrelated property results if the Doppler spectrum is
different for different delays, i.e., if the angle-of-arrival spectrum is different. Different Doppler
spectra at different delays were also shown for mobile radio channels! (3] 7} and sgain can be
expected for the portable radio environmeant.

The averaged power delay profiles, P(7), are thea the quantities needed to describe the
GWSSUS chanpels for conditions that are appropriate to digital portable radio multipath
channels.(13] (141 [15] 1T These conditions are that 1) the width of the signaling puises transmitted
over the channel is much greater than the delay spread defined later, end 2) the pulse transmissioa
rate (i.e., the baud rate) is much greater than the variation rate of the small scale signal fluctuations
(i.e., the Doppler spectrum width). If these conditions are not satisfied, low error rate transmission
is not generally possible over the chznnel. When the conditions are met, the power delay profile is
then -

?(r) = <h@®P> (2)
= <p(n) = g(D>

where the brackets < > indicale sveraging over an ensemble of small-scaie locations, the ¢
indicates convolution, the &(7) are semples of complex bandlimited bandpass impulse respanses of
the random muitipath medium, the g(7) ace samples of the complex bandpess impuise 1espo2izs of
the medinm without bandlimiting, #nd p(r) is a fuactioa represeating the bandlimiting by the
equivalent pulse of the widebaad signal used to probe the propagatiod medium. (8 U8 If the width of
7(1) is much less than the sprezd of P(7), =5 in Figure 1, the bandlimitng effect of p(1) is
insigaifigant.
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The error rates for digital transmission through multipath channels, and particularly
GWSSUS channels, are most strongly dependent on the delay spread or width of the power delay
profile defined as the square root of the second central moment.tB! (M1 [T 117) That s

. 1
J =D)*P(x) dv
delay spread = £ - (3)
f P(z) dr
[
where the average delay D is
« J@p@)dr
D=2 : O

JP(s)dr
0

The delay spread for Figure 1a is about 0.25 second.(!0) As an example, a non-equalized channel
transmitting binary biphase modulation with raised cosine pulses and differential detection (i.e.,
DPSK) would have an irreducible bit error rate!V of 10~3 for a bit rate of about 300 kilobits/second
and the 0.25 u second delay spread of Figure 1a. The irreducible error rate is the error rate that
occurs at high signal-to-noise ratios for which the noise contribution to errors is megligible. The
error rate depends somewhat on the shape of the power-delay profile; however, the effect of profile
shape is much less than the statistical uncertainty of the knowledge of the delay spread statistics that
exists because of the limited number of measurements that are available. Also, different types of
digital modulation and different pulse shapings have different susceptibilities to delay spread.
Further s&nalysis, computer simulation and laboratory experiments are nzeded to essess the
susceptibilities of the different modulations that are sppropriate candidates for portsble radio
systems.[1%1 1200

B. Large-Scale Signal Variztions

Moving the receiver (or transmitter)- to a different room (or a different street or
building) results in different dominant reflecting surfaces at longer delays and in differen*
attepuations of shorter, nearly direct, paths. Therefore, averaged power-delay “profiles from
different rooms, etc., are qualitatively and quantitstively quite different. Since the refleciion
magnitudes and the number of reflectors are different, the total average received power is differ
in different locations also.

The averaged power delay profile in Figure 1b was measured in a different location from
the ope in Figure 1a. Comparison of the two figures graphically illustrates the gross differences
between profiles measured for different transmitter-receiver locations. The relative power scales
(the power levels representing 0 dB) are also different by many 4B for Figures 1a and b.

The large differences between power-delay profiles show that the muitipath propagation
process is only approximately statistically stationary (guasi-stationary) over small ereas &nd is
highly son-stationary over large distances, {rom room to room, from building to building, etc.

Since the single parameter, delay spread, dominates irreducible radio link error rate,
two-step modeling of the multipath channels i appropﬁate.m 8] Small srees can be modzled as
GWSSUS chzanels and their power-delay profiles and delay spreads determined. Thesn distribudons —
of deley sprzad can be used to determise the highest bit rate providing the desired error
performancs over 8 specified fraction of the cversll portable radic eavironment.
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two office buildings differing in linear dimensions by more than & factor of three.!2) The solid curve
(1) shows the delay distribution measured within the larger building, while the dotted curve (2)
shows the distribution messured within the smaller building. The distributions ere similar, and the

worst-case time delays observed for the larger (250 nanoseconds)
are pearly identical. This could be caused by reflections from 2 hill
building.

and smaller (220 nanoseconds)
immediately behind the smaller

Figure 4 shows the cumulative distribution of delay spread (solid curve 1) measured at
the smaller office building over paths from locations within the building to simulated port locations
within a few hundred feet outside the building.!'! The dotted curve (2) shows the corresponding
distribution messured for similar inside-to-outside paths at & two-story residence on a one-acre flat
lot. The distributions are similar, with worst-cas¢ delay spreads around 320 pancseconds.

The presesce of s strong direct path between the

transmitter and receiver can

significantly reduce the time delay sprgad observed. Figure § shows cumulative disaibutions of
delay spread in the large office building of Figure 3, when the receiver was in an aisle and the
transmitter was in the same sisle or one of its rooms (one zisle coverage), and in the sdjacent aisles
and rooms as well (three zisle coversge).’2! The maximum delay spread observed drops to under
100 nsnoseconds in the former csse. This gesult has been seen consistently in all similar

measurements.

The measurements above and all others from references 10,11, and 12, other similar

measurements in bouses and other buildings, and the mobile rad

io measurements in residential

areas'3] suggest that bit rates of a few bundred kilobits/second should be usable for ports inside

buildings and for outside ports having antenna beights less than 30
on the order of 1000 feet.

It should be noted that delay spreads are often several
environments with base station antenna heights of a hundred fest

feet and ranges to portable sets

microseconds in mobile radio
or more and distances between

base-stations and mobiles of over a mile. The high basec station antennas strongly illuminate
reflecting surfaces (walls, hills, etc.) several miles away. Buildings betwzen base stations and
mobiles sometimes eattenuate shorter, more direct, paths more than paths to the farther-away
reflectors. Thus, the far-out paths cause propagation delays of many microseconds and can be

gignificant in overall received power delay profiles for such meb
gntenpa heights for ports result in greatly reduced illumination
because intervening attenuating objects (buildings, hills, etc.) are o0

increase the relative sttenuation to faraway reflectors. These effects
delay spread values cbserved in the portable radio esvironment &s
environment.

ile radio chbaancls. The lower
of faraway reflecting surfaces
re likely to exist. Also, shorter

port-to-portable distances decrease the attenuation of more direct and shorter reflection paths and

produce the significantly lower
compared to the mobile radic

In summary, the small-scale multipath time-delay characteristics that depend largely on

wavelength and uniform angle-to-arrival distributions are similar
environments. These small-scale characteristics include the characte

for portable aand mobile radio
ristics of the signal fluctuations

at specific delays thst are consistent with the GWSSUS channel description and were discussed in
the previous secton. In confrast, the large-scale multipath parameters that depend on the gross
structure (locations and megnitudes) of geflecting surfaces are significantly different for portable

and mobile radio emviromments. These large-scale charscteristics
spread and higher order ceaira]l moments of the averaged powe
different GWSSUS chaznels.

. Narrowband Propagaticn Characteristics

The time-delay structure and delay spread described in

include average power, delay
r-delay profiles that represent

the previous section limit tme

transimission rate and thus the bandwidth of signals transmitted over the multipath chanaels. Cnoe

the signal bandwidth is resiricted to being much less than V{delay
delay cprzad, then narrowband aig
signal bandwiddh Hmitaion 2382k
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with frequency throughout the bandwidth of the signal. That is, the muitipath signal variation or
fading becomes pearly flat over the signal bandwidth. Tbe transfer function is, of course, the
Fourier transform of the bandpass impulse response, g(7), discussed in Section L.A. For the
copditions that the width of p(r) is much less than the delay spread, the measured
h(7) ;} [gu(]-r) ¢ p(x) = g(s), and the transfer fusction is approximately the Fourier tramsform of
h(r).

The narrowband signal statistics appropriate to flat fading narrowband chansnels then can
be determined from single-frequency transmission measurements.

A. Small-Scale Multipath Effects

Narrowband signals transmitied between portable sets and ports either inside or outside
buildings experience large amplitude and phase variations as the portable sets move over small-scale
distances on the order of a wavelength. These variations are a result of the random phase additions
of the signals arriving over many paths. The paths include the resolved and unresolved paths
illustrated and discussed in previous seftions. The parrowband signal variations are caused by the
same random phase mechanism as the variation at specific delays caused by unresolved paths.

An example of measurements of the eavelope of single frequency small-scale variations is
shown in Figure 6. The signal level recording was made at 900 MHz by moving a small antenna 2
. distance of 4 feet within a building.?!) The transmitting and receiving antennas were copolarize| : -
i.e., oriented with like polarization. A Rayleigh distribution is usually a good approximation for
the statistics of the envelope of multipath signal variations.!V @1 221 3] Figure 7 shows cumulative
signal envelope distributions measured at 815 MHz for several small areas (4 feet square) within
and outside a bouse.?2) Signal envelopes measured in small areas that have walls blocking the direct
path between transmitter and receiver are approximately Rayleigh distributed. Thbe envelope
distribution from the outside arca departs significantly from Rayleigh because of a strong direct
path. The areas with stronger direct paths experience higher signal levels than those that have
well-blocked direct paths. The low-signal areas dominated by multipath are those of most concern
in determining portable radio system coverage and performance. Therefore, departures from
Rayleigh for large-signal areas will pot affect the accuracy of the Rayleigh model for most system
acalysis applications. - s :

The multipath signals received in the low signal arcas can be modeled!! 4] g5
y:(z, 1) = L(z) R(z, t)e/or /¢ )

-

where y.(z, t) is the copolarized received signal, @ = 2=f with f the carrier frequency, ¢ is im. | .
and the sntenna is assumed to be moving in translation in the z direction. The amplitdde function
or envelope R(z, t) is Rayleigh distributed with a stationary meas (or median) of unity withir
small-scale arealll (211 (221 141 231 where the power delay profile is stationary as discussed earh. .
The Rayleigh probability density function, 7 (r), is given'!) 5 by

p() = e ©)

where the median is 1.1774VN and the mean is ‘\/ 35’1- = 1.25 VN. In (5), the phase, $(z, 1), is

‘g resultant from a number of paths that are masny wavelengths long, as in mobile radio. Therefore,
it is reasomable to expect any value of $(z,7) to be equally likely,!!! i.e., &(z, 1) is uvoiformly
distributed from 0 to 2w. Often $(z, 1) experiences mearly = abrupt changes as the signal eavelope
goes through nulls. The ¢ variation in ¢ and R result from motion of objects in the propagation
paths, i.e., trees blowing in the wind, doors opening, people moving, and occurs with 203-mOving—
antenpas. The z variation results from antenns motion and cen be replaced in (5) by z = v¢, where
vy is the snienna velocity. Ia most portable radio savironments, the time variaton resuiting from
modon of amtenpas is gaifizant'y greater thas that sesulting from motion of objests. Together,

»{s JN¢ % e P . 2ot P s oy e H
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R(r) e7%0 &I% = u(s) cos wt  + jy(f) sis ¢t and w(r) and y(1) are independent and Gsussian
distributed. The variable L(z) ia (5) represents the large-scale signal level variation discussed
carlier, i.e., the variation from room to room, house to house, inside to outside, over large-scale

distances. Large-scale variations are discussed in a following section.
1. Spatial Correlation end Space Diversity ;

From Figure 6 it is evident that two antennas separated by a few inches, i.c., a fraction
of s wavelength at 900 MHz, would not likely be in a deep signal pull simuitsnecusly. This lack of
correlation of signal levels for spatially separated anteanas is the basis of space diversity used to
mitigate small-scale multipath signal variations.!! 25 :

Space diversity and diversity combining for the mobile radio environment and for other
multipath environments for systems with fired antenna oricntations have been extensively studied.™!
25) The diversity performance for fired antenna orientations depends a) on the method used to
combine the signals from two or more antennas, i.c., selection of the best signal or cophasing of
signals from constant gain or verisble gain receiverst!! 2%, and b) on the spatial correlation of the
signal envelope variations for the different antennas. The spatial correlation p(Az), for the small
scale Rayleigh gistributed envelope variations is given by

p(Az) = R(z, 1) R(z+Az,0) : ™

where Az is the antenna separation and the overbar indicates sn average. For mobile radio
environments with the angle of arrival of multipath signals uniformly distributed over 0 to 2w, the
correlation is small for antenna separations on the order of A4 or greater.l!! P8 As discussed
carlier, the angle-of-arrival distribution for multipath in the portable radio environment is expected
to be similar to the distribution in the mobile radio eavironment. However, handheld portable
radio equipment will not have a fixed antenna orientation. Therefore, portable radio diversity will
be considered sgain with respect 10 both spatial signal variztions and antenns angular variations in a
later section.

2. Freguency Effects

The small-scale multipath effects result from phase addition of signals arriving over many
paths distributed randomly in angle of arrival. The phases associsted with the various paths are
 functions of carrier frequency, £, and path lengths.!!] Thus, the distance scale of the signal veriation
pattern in space represented by Figure 6 is s linear function of freguency. The null spacing is on
the order of half wavelength, M2. The correlation function , p(°), in (7) is invariant when
pormalized to waveleagth!! over &t leasta 10 to 1 frequency range. That is, p(AzN\) is invariant
with frequency. The envelope variations remain Reyleigh distributed at any frequency as long &S
the physical eavironment produces severe multipsth propagation that includes many propsgadon
paths.

B. Large-Scsle Variations

The mean or median of the emall-scale Rayleigh-distributed multipath variations is
approximately statistically stationary within small-scale arsas.?2 That is, the multipath veriztions
_ gre statiopary within arcas where the overall mnldpsth structure remains relatively coastant and
therefore the average power-delay profile is siationary. When the overall multipath structure is
different, i.e., there are differest reflection coefficients and/or different nurcbers of paths, the
sverzge power is differest as represznted by the &verage of the multipath variations. This
sarrowband sverage is the same as the &rea under the sverage power-delay profile (1). This &
sccountsd for in (5) by normalizing to uaity either the mean or median of the Rayleigh distributed

variation, R(-) and representing the large-scale variation by L(z2)-

1. Distance Dependence
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feet. The vertical scile on the figure is distance, 2, between port locations and small arces within
which there is small-scale portsble set motion. The data points are from several different port
locations and several different small arcas inside and around 8 bouses in relatively fiat terrain. The
small arcas were 4 feet square and include locations on first and second floors, in basements, and
outside close to the houses. The port antennad beight was 27 feet above ground. Tbe dotted line
represents equivalent free space propagation, (V/z%), between port and portable locstions. The other
straight lines are least-square regression lines through the dats points indicating 8 strong
dependence on distance in the highly scattered data. For all the dats, the regression line slope is
£-45, indicating L(z) proportiosal to P

Figure 9 is & scafter plot similar to Figure 8, but of median 815 MHz signal levels
measured in 8 two-story officeNtaboratory building with 2 long straight corridor."! The circles and
squares represent median signal levels measured between locations in corridors and offices or
1sboratories opening off the corridors. Unfilled circles and squares indicate messurements made
with transmitter and recciver ob the same floor. The least-square regression line slope for these
measurements is ;-3-6, Filled circles and squares indicate measurements made with transmitter and
receiver on adjacent floors. The least-square regression line slope for these measurements is 2739,
The similar slopes suggest 8 relatively constant jsolation between floors. The value of this cross-
floor isolation is 26 dB at 150 feet. Mceasurcments in other buildings suggest that this relatively -

large value may be due to the presence of solid steel concrete pour forms in the floors. v

The "X" symbols in Figure 9 indicate median signal levels measured with both
transmitter and receiver on the main corridor, withia optical line of sight. Except at the extreme
ends of the corridor, only 2-4 dB of rapid signal variation was observed, suggesting the presence of
s single domioant propagation path. The reccived signal level is greater than the free-space level
over the entire distance 3pan (by up to 11 dB in the 50- to 125-fcot distance range), suggesting
channeling of energy by the corridor. .

An important inference from Figure 9 is that the received signal level can decrease
sbruptly by 25 ¢3 or more at the transition from the corridor to an adjoining room is made (a
distance of 20 feet or less).

Other measurements have been made in the 800 to 900 MHz range between locations
(port and portable) entirely within large buildings.® (28] The results show similar scatter of
measured values about 8 distance-dependent regression line. Distance dependences ranging from
sbout z-2 to z~5 were observed for typical office and laboratory buildings with values of z=4ors”3
gppearing to be typical.

2. Statistics of Large-Scale Varigtion

After removal of the distance dependence from data representing L(z), the remaini
variation is approximately normally (Gaussian) distributed in dB, with a mean of 0. This is shown
for the Figure 8 data in Figure 10.

These empirical observations suggest modeling L{z)asa log-normally distributed random
variable with & mean that varies with distance. That is, define a BEW random varisble U(z) as

U(z) = 10 logyc L%(z) - (8
Then U(z) is Gaussian (pormally) distributed with prébability density

1 o
folw) = —g= e [- @-myne?] ©)

where the standard deviztion, o, is in dB and the mean, m, in dB varies with distance as

~
pod
=2
et

= = 10 log;e (2°) .
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For example, the residential data from Figures 8 and 10 are represented by a = —45 and ©
betweesn 10 and 11 dB. ‘

The excess rate of change of signal level over the free space rate of -2 is partially
accounted for by the reflection from the ground.® &4 29 For propagation between two points
scparated a distance z and at beights &, and h, sbove flat ground, the power density, P, at a receiver
point relative to the transmitted power density, P, at the other point is given byf*4! 20

B4 |2
2 2 sin [ e ] : (11)

For large z, ( 2 > 1000 feet for typical port and portable heights), this approaches P/P; a 2%,
Additional variation is probably due to additional attenuation resulting from reflection from and
propagation through intervening houses and trees. The additional attenuation may be better
represented by & dB/distance, i.e., an <% or 10~%, variation rather than by a power-law variation,
2", since the pumber of attenusting objects (bouses, trees, etc.) increases more Of less uniformly
with distance, however, this has not been experimentally demonstrated. If this is true, the range of
distances may be limited over which a given value of a and z~* spproximates the distance
dependence of L(z).

The description of L(z) as a log-normally-distributed random variable with a distance-
dependent mean as in (8-10) is qualitatively the same as the description for mobile radio
environments.!!) 311 The magnitude of the distance-dependence exponent appears a little greater end
the standard deviaztion somewhat larger for the measurements in the portable environment. The
stronger distance depeadence is probably a result of the lower port antenna beights with respect o
ground and the deeper immersions of the port anteanas within the buildings and trees. The larger
standard deviation undoubtedly results from the variability of the sdditional attepuation through
walls into the interiors of houses and buildings.

3. Effect of Antenna Height

The major overall effect of varying the height of either the port or portable anteana ina
residential environment occurs because of the proximity of the ground.®) The beight effect is
illustrated in equation (11). This remains true for small changes in height that do not result in 2
major change of the antenna in relation to its surrounding scattering environment; that is, as long as
the height changes do not involve transitions through the beight of trectops and houses. For typical
port and portable beights and distances generally greater than 1000 feet, PP, in (11) becomes
proportional to h%. That is, P /P, changes by 6 dB for a height change of either port or portable
antenna by a factor of 2. Of course, this deterministic ground cffect has sandom variation
superimposed beczuse of the effect of the muitiple propagation paths.

The effect of antenna height above ground is illustrated in Figure 11. The open 0 and +
dsta points indicate signal medians from measurements in and arcund 4 houses at 815 MHz.? The
ordinate of a data point represents the median signal measured in 2 four-foot-square ares for a port
location using a 27 foot high port antepna, &s in Figure 8. The abscissa of the point represeats the
median sigoal measured for the same four-foot-square srza and the same port locstion, but using a
12.5 foot bigh port sntenna. Port to portsble distances, z, were greater than 1000 feet. The solid
and dasbed lines represent equation (11) assuming that the randomsess of the signal veriations is the
same for both satepna heights. The solid data points and the = represent sverages of all
measurements outside, inside houses on the first flocr, and in basements as indicated on the figure.
The tight cluster of the data around the lines is copsistent with the expectstion from grousnd
reflection.

4. Freguency Effects
The frequency dependeace of the mean, m, in (10) is made up of szveral factors. One of

.. 2zhh,
the factors for residental areas i3 the 5?_'-1‘{---“?1—-1 term ia the power dzpsity st g esceiver incadon
AZ )
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caused by reflection from the ground (see 11). Anpother factor is the proportionality to A2 of the
effective area, A,, of a small ( on order of —;— or less ) dipolel®® or small loop antenna. Received

signal power, equivalent to [y.( I of (5), is the product of the power density, P,, in (11) and 4, of
the receiving antenna. For large separations, z, i.e., for ¢ > 1000 feet, and for typical port &nd
portable A, and h,, the sin? term can be replaced by the square of its argument.- Then P, A, is
independent of X in this large z limit since the A2 in A, cancels the 1A% in P,. For residential areas,
this leaves only multipath propagation and attenuation through walls for frequency-dependent
factors. The ground reflection situation is not clear, bowever, whea both the port and portabie
antennas are located within a large building.

Available data related to frequency dependence of the mean (or equivalently the median
for the Gaussian process) for the portable radio environment are very limited. For mobile radio
environments with 600 foot base station anteona heights, Reference 1 indicates that the median
large-scale sttenuation in urban areas ficreases weakly with frequency between 100 MHz and 30
GHz. The increase is about 4 dB between 100 MHz snd 10 GHz. An increase in average
attenuation with frequency is, of course, a decrease in mean signal, m, with frequency. This mobile
radio situation is somewhat indicative of the multipath effects outside buildings, at least in an urban
environment.

Building penetration attenuation was measured at 860 MHz, 1550 MHz and 2570 MH. .
for 25 houses in 5 different cities.33 These measurements suggest a decrease in mean signal, m, of
about 2 dB between 860 MHz and 1550 MHz and of about 1 dB from 1550 to 2570 MHz because of
the building walls. Of course, in addition to this building attenuation, the frequency-dependence
factor for the multipath attenuation between port locations and houses needs to be determined. The
mobile radio situation discussed in the previous paragraph is somewhat indicative of the frequency
dependence of the multipath environment external to the buildings.

Measurements at 940 MHz and 60 GHz locations within buildings were reported.* They
were pot concurrent measurements and only qualitative comparisons can be made. However, the
signal levels were markedly lower at 60 GHz and the suthors made coverage ostimates for 1
milliwatt transmitters. In a building with metal partition walls, estimated coverage at 940 MHz
extended about 2 rooms from a port location in a room i.e., a distance of about 30 feet. For a
similar environment, estimated coverage at 60 GHz was only within the same room eand the
immediately adjacent ballway. In frame buildings with plasterboard walls, estimated 940 MHz
coverage was sbout 100 feet. For similar buildings, 60 GHz coverage extended oanly to adjacent
rooms. These results include all transmission factors between port and portable locations within th -
buildings.

The cited portable radio measurements and the mobile radio estimates are sot direc”
comparable; however, the available information suggests that the mecan in (10) decreas..
significantly with frequency sbove 1 GHz for portable radio ezvironments.

Measurements at 57 MHz, 177 MHz and 575 MHz were reported™s for many locstions
on rooftops and within large buildings in New York City. Cumulative signal level distributions
from these measurements cen be used to infer relative average signal levels between areas cutside
and sreas inside the large buildings. The relstive levels were about 2 or 3 dB stronger at 575 MHz

than at 177 MHz. The levels were about 2 dB stronger at 177 MHz than at §7 MHz.

Measurements at 460 MHz and 890 MHz were reporied between outside locations and
tocstions inside a building.!S! The parameter meesured was excess sftenuation, i.e., the sttenuation
cavsed by the building, ground, stc., in sddition to the free space, f2 2, attenuation. The results
for this one building suggest sa excess attenuetion of 3 or 4 dB grester at 460 MHz than st 390
w(Hz. This suggests an average signal level of about 2 dB greater at 460 MHz than at 890 MHz
when the 5.7 4B for the free spece f2 ratio is included. These meesurements sre not directly
comparable with the building attenuadon messuroments since they include all path effects.
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with frequency below 500 MHz. As with many of the propagation effects, the freguency
dependence of m is probably also 2 function of the type and construction of buildings. Any overall
effect, then, can only be obtained by averaging over many building types and constructions, which
will result in a large stendard devistion around the average.

§. Correlation and Macroscopic Space Diversity

Portable sets within a region of ports often could be served from more than one port,
particularly when located at pearly maximum distance from the nearest pom.m] The buildings and
other obstructions slong the paths from & portable set to the different pearest ports are likely to be
different. These obstruction differences can be expected to cause different large-scale signal
veriations for the different paths,ml that is, the large-scale variations can be expected to be partially
uncorrelated. The selection of the port-to-portable path resulting in the best signal could provide
diversity to mitigate the large-scale or macroscopic signal variations. The effectiveness of this
macroscopic diversity depends on the correlation among the large-scale signal variations for the
different ports. -

The curves in Figure 12 from Reference 38 show cumulative signal level distributions for
measurements of large-scale signal variations made within and around 8 bouses.*] The curves
compare 2 branch and 3 branch selection macroscopic diversity with the signal distributions for a
single port (i.e. 1 branch). The 2 branch diversity selects the best large-scale signal between pairs
of ports; the 3 branch selects the best from sets of 3 ports. The signal levels accumulated sre the
median levels from four-foot-square &rcas as described for Figure 8. The subsct of dats
accumulated for Figure 12 has nearly the same 10 dB standard deviation as the overall data set
shown in Figures 8 and 10. The dashed theoretical macroscopic diversity curves in Figure 12
assume that the large-scale signal variations can be separated into two parts, 1 and p. One part of
the variation, 1, is correlated among the ports while the other part, p, is uncorrelated. For the
dashed curves in the figure, the uncorrelated part of the signal variation was assumed to have a
standard deviation, o,, of 8 dB contributing to the overall standard deviation of oy = 10 dB. The
theoretical model assumed that the ] and p signal parts were independent so that the total standard
deviation was related to the standard deviations of the parts as

o = cg + ot ' (12).

The scparation of o, snd o, with o, = 8 dB for the dashed curves in Figure 12 provides 2
reasonable fit to the data in the portion of the distributions pear 1%. Otber subsess of the avaiisble
data having differing values of o are also fit well with this model using o, = 8 4B.0*¥

C. Crosspolarization Conpling

The reflecting end scattering of radio signals in the multipath propagation environment
also couple power from the trsasmitted polarization into the crossed (orthogonal) polarization. At
any receiving point, the power in the crossed polarization also arrives over paths with different time
delays end different angles of errival. The multipath signal received on a erosspolarized antenna,
y.(z,?), can be modeled similarly to the copolarized signal in (5) as

y(zst) = XELERz,1)e’™ * 1447 (13)

where the corresponding variables have the same properties as the eopolarized signal varizbles in
(5). The subscript x indicates the variable is associated with the crosspolarized signal. R,() and
&.( ) have the same statistical distributions and normalizations as R( ) and &( ), but they may have
different instantanecus values. The variable X (z) is a slowly varying crosspolarization coupling —
coeificient??! ™) with variation on the scale of L(z). Tbat is, X(z) represears the large-scale
crosspolarizstion coupling averaged over the small-scele variztions.
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point represents X(z) for a 4-foot-square small srea. In the region of low signal levels, the
crosspolarization couplings ere all grester than -6 dB and range up to0 slightly over 0-dB. Some of
the scatter in the data is due to measurement error and statistical uncertainty. Similar measurements
in large buildings™ show even larger values of crosspolarization coupling. Measurements in Tokyo
o5 sidewalks also yiclded values in the -5 to -7 dB range.[*% :

1. Random Orientation and Antenna Diversity

Changes in the orientation of portable radio antennas could superimpose additional signal
variations on the multipath variations.!l 42! This could occur because of polarization misalignment,
if there were little crosspolarization coupling. A well-disciplined user who has great need for
portsble communications, ¢.g., 8 policeman or fireman, might be expected to bold a handset
antenna in a fixed orientation; however, such an orientation restriction is not likely to be accepted
by a casual general user. A person using a portzble communications set can readily change its
orientation through any vertical or borizontal angle. Such a wide range of angular varistion will
result in essentially random orientstiof” of the sntenna or antennas. The effects of the random
orientation on the signal are mitigated by the crosspolarizstion coupling in the muldpath
propagation medium. Antenna diversity can further reduce the orientation effects as well es
mitigating the small-scale multipath signal variations.

Cumulative distributions of relative signal-to-noise ratio (S/N) in Figure 14 illustra. -
signal improvements from crosspolarization coupling and diversity. These distributions were
obtained by computer simulation*! [42] gsguming that multipath propagation signals arrive at a
portable set location in the horizonta! plane but uniformly distributed in azimuth angle around the
location. The Rayleigh distribution would result from moving & fixed-oriented vertically polarized
antenpa through a region excited by 2 vertically polarized fixed sntenna (e.g., 2t a port). The
distribution labeled "2 Br Mobile Select” would result from the use of selection diversity, ie.,
always sclecting the antenna with the strongest signal, between two such fixed oriented antennas
separated by A\/4 and moving in the same multipath region. The diversity improvement results
because of the low spatial correlation of the multipath signal variation discussed earlier. The solid,
dashed, snd dotted distributions would result from the following radio link coedition: a) the use of
selection diversity between a vertically polarized and a horizontally polarized sntenna at a port, k) a
single antenna on & randomly oriented portable set and c) cross polarization coupling X (z) in the
multipath with the values lsbeled on the curves. The two distributions to the left of the Rayleigh
distribution and labeled 1D or 1L and v or h are for one antcnna (a dipole or a loop) on a8 randomly
oriented portable set and either & vertically polarized or a horizontally polarized antenna on & pert.
Crosspolarization coupling is cither -6 dB or 0 dB as labeled. The curves illustrate th
following: a) a decrease in the percentage of time spent at low signal levels (large negative S/N
values) resulting from selection diversity and from increased crosspolarization coupling and b).~~
increase in percentzge of time spent at low signal levels because of the random orientation.

2. Polgrization Diversisy

References 41 and 42 and Section C.1 sbove discuss the improvement in link reliability
obtainable from polarization diversity. Reference 39 indicates that crosspolarization coupling is
sear 0 dB over paths with no line-of-sight component. Later measurements'4?) show that signals
received on orthogonal polarizations have low instantaneous correlations and may be used as inputs
to any form of diversity combiner.!!] 25) Figure 15 is an example of signals received simultaneously
‘ot 815 MHz over & nop-line-of-sight path within an office building on two orthogonal polarizations.
A dual-polarized microstrip patch receiving antenna was used, with identical patterns on both
polarizetions. The linearly-polarized transmitter was scanned over a 4-foot square to make the
messurement. The low correlation and searly-equal power levels on the two polarizations are
evident. -

Asn example of similar mezsurements ovar line-of-sight psths down 8 corridor is shows in
gure 16. Measurcmenis over such paths show less fluctuation end much lower crosspolarization
I
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Figure 17 is a histogram of the correlation coefficient between polarizations observed in 2
large number of measurements such as those of Figures 15 and 16. The measurements presented are
for paths within office buildings; however, identical results were observed for residential imside-
outside paths. Over pon-line-of-sight paths, the correlation coefficieats observed were always low
enough for polarization diversity t0 provide pearly ideal diversity gain.[! 5! For paths with a strong
line-of-sight component, polarization diversity would provide protection against random handset
orientation.

— 13-
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Figure Captions

Averasge Relative Power Received as 8 Function of Time Delay for a Probing
Transmitter and Receiver Located in Different Places in s Large Building. Tbe
Transmitter and Receiver Locations Were Obscured from Each Other by Walls.

Average Relative Power Received as a Function of Time Delay Similar to Figure la.
For Figure 1b, the Transmitter and Receiver Were Located in Different Places in the
Building than They Were for Figure la.

Individual Profiles of Relative Power Received as a Function of Time Delay Used to
Make Up the Average Profile of Figure 1la. The Power Scale Has Been Greatly
Compressed From the Scale Used in Figure la.

Cumulative Distributions of Time Delay Spread for Propagation Paths Within a Large
and a Small Ofﬁce\BuildinE. The Solid Curve is the Delay Distribution for the Larger
Building. The Dotted Curve is the Delay Distribution for the Smaller Building, Which
Had Linear Dimensions Less Than One-Third Those of the Larger Building.

Cumulative Distributions of Time Delay Spread for Propagation Paths from Several
Port Locations to Rooms Inside 2 Small Office Building and a House. The Solid Curve
is for Measurements in the Office Building. The Dotted Curve is for Measurements in
the House.

Cumulative Distributions of Time Delay Spread for Propagation Paths Within a Large
Office Building. The Solid Curve is for Measurements Between a Corridor and Rooms
Opening Off the Corridor. The Dotted Curve is for Measurements Between a
Corridor and Offices Opening Off That Corridor and Adjacent Corridors.

Small Scale Variations of a Narrowband Signal at 900 MHz as an Antenna is Moved at
Different Heights in the Multipath Environment within & Building.

Cumulative Signsl Eavelope Distributions for Four Small Arees Inside and Outside a
House. The Measurements Were Made at 815 MHz.

Scatter Plot of Median 815 MHz Signal Levels for Many Small Areas Within and
Outside 8 Houses. Measurcments Were Made from Different Port Locations &t
Different Distances from the Houses.

Scatter Plot of Median 815 MHz Signal Levels Along & Corridor of a Small Office
Building. Measurements Were Made Along the Corridor and Beiween the Corridor
and Adjoining Offices on the Same and on Adjacent Floors.

Cumulative Distributions of Large Scale Signal Veriations (Scastter) in Figure 8 after
Removal of the Overall Regression Line Distance Dependence.

Compaerison of Median Signal Levels from Small Arees for Port Aptenna Heights of 27
Feet and 12.5 Feet. Xessurements Were Made at 815 MHz in Small Aress Within and
Around 4 Houses.

Cumulstive Distributions of Median Signal Levels from Small Aress for Port Antennas
Located at Different Apgular Locations Around 8 Houszs. The Curves Labeled 2
Rranch and 3 Branch Indicate the Selection of the Best Signal in & Small Area from
Either 2 or 3 Different Port Locadoss, Respectively. The 2 and 3 Brasch
Distributions Indicate the Effectivensss of Selection Macroscopic Diversity as
Discussed in the Text.

Searter Plot of Crosspolarization Couplirg &s 3 Function of Median Copolarized Signal
Level. Measurements Were Mads at B1S MHz Within 2nd Around § Houses.
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Figure 14

Figure 15 '

Figure 16

Figure 17
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Computer-Simulated Cumulative Distributions of Relative Signal-to-Noise Ratio for
Different Antenna and Crosspolarization Conditions Discussed in the Text. The
Distributions Indicate the Effects of Random Antenna Orientation, Crosspolarization
Coupling and Microscopic Selection Diversity.

Small Scale Varistions of 8 Narrowband Signal Transmitted at 815 MHz on One Linear
Polarizatiop and Received Simultaneously on Two Linear Orthogonal Polarizations.
The Transmitter and Receiver Locations Were Obscured from Each Other by Walls.
The Two Signals Have Nearly Equal Average Powers and are Nearly Uncorrelated.

Small Scale Signal Variations Received Simultaneously on Two Linear Orthogonal
Polarizations e&s in Figure 15. The Trassmitter and Receiver Locations were Within
Line of Sight Along & Corridor. The Copolarized Signal Has Little Fluctuation and is
Much Stronger than the Crosspolarized Signal.

Histogram of Correlation of Small Scale Signal Variations Received Simultanecusly on
Two Linesr Orthogonal Pdtarizations, as in Figures 15 and 16. Little Correlation is
Seen for Paths Obscured by Walls. Higher Correlation is Seen for Paths Where the
Transmitter and Receiver were Within Line of Sight.
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THE PORTABLE RADIO PROPAGATION ENVIRONMENT
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In Section 3.6 of Draft Report IWP 8/13 Rev. 2, contributions were solicited from
administrations op propagation information relevant to future land mobile telecommunicadons
systems. This document summarizes recently svailable propagation measurements .made in and
around bouses and buildings and proposes models for several characteristics of such radio chansnels.
Future low-pcwer portable radio commuzicatons sysiems may operate in this environment. Further
information is needed codcerning propagetion in this eavironment, particularly related to delay-

spread characterization--experimental data, analysis, and

Fundamental limitetions on porisble radio sy

simulation.

stem parameters and on the applicadon of

radio link technigues result from the effects of radio propagation within and around bouses and
buildings. This is & very complex end difficult radio propsgation ecvironment because the shoriest
direct path between any pair of fixed and portable set locations is usually blocked by walls, ceilings
or other objects. Often many afieavated propagation paths exist between any pair of locatioas. The
different propzgation patis are produced by reflections from walls, ceilings and objects. Each path
may have a different time delay and a different sttesuation. The overall result is a complex :nd
widely varying multipath Hassmission ctannel between fixed radio te;mirals (beacefurth called
ports) and port:dle sets. Eccanse of the complexity and variability, analytical determination of

many of the muldple-path propsgetion parzmeters is 20t
measurements and to empirically determine statistical d
diffcrent locations of ports and portsble sets.

feasible. It is usually necessary to resort to
istributions of many of the parameters for

Radio transmission over a port-to-portable radio link is reciprocal. That is, the locatons
of signal transmission and of signal reception can be interchanged without changing the received

signal cbaracteristics. This location interchange does o

ot include the interc*:znge of the antennas

and requires some specific conditons on antesna, receiver and trapsmiiter impedances. It is

sufficient (but not necessary) that these impedances al b
of reciprocity, thawgiscussion can pioceed on the basis
loss of geperality.

e real and of the same magnitude. Because
of transmission in either direction without

The portable radio environment is qualitatively similar to the mobile (vehicular) radio
environment.[1) (21 (31 141 (51 (6) 1) 181 O1 That is, propegstion is dominated by the effects of skadowing
and reflections from walls, objects and the ground. Therefore, some of the small-scale multpath
propagation characteristics are the same in both environmentss. However, in the pc. able

environment, antenna beights will be lower, or asten

nzs will be located within buiidings, «=d

distances between transmitters and receivers will be shorter than in the mobile environment. These
physical differences cause quantitative differences between some of the large-scale portable and
mobile propagation parameters discussed in the following sections. Since there bave beea wmore
mobile radio propagation measurements made, these will be nsed to extend the portable rzdio

propagation picture where appropriate.

Yoost porsable and mebile radio moasurements have beca msde st {regueniiss oear
-7

1 GHz. These results ca de eanzpolzied w'k sone confidiziz over d froquency ¢
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L. Maoltipeth Time Delay Stroctore

The multipath time delay structure, i.e., the “echo patters,’ of portable radio
traasmission channels can be measured by trassmirting wide-band pulse-like signals berween
poteatial port and portable lccadons. Figure 1 illustates peasuremeats made at 850 MH: with &
0.025 » sec. time resolution. The measuremedts were made berweea locatons within a large
building.[!0) 1111 {31 The grapks show the relative average power received as 8 function of
propagation time delay. A messure of the widths of such averaged power delay profiles or power
impulse responses is aceded in order to determine limits on the digital ransmission rates pcssibie
over such radio channels.Vl @ The zero references for the decibel power level and the tme delay
scales on the figures are arbitrary.

A. Small Scale Signal Varistions

The power level at 2 particular delay in Figure la represents the average of the power
level received at that delay for eight differeat receiver locations within a 4 foot square area.1% The
power values that were averaged were in power units (wartts), not in dB. The transmitter location
was fized. The power level st 8 particular delay fluctuates from receiver location to receiver
location within a small area and with motion of people in the aisles of the building. An example of
these flucruating power levels is seen in Figure 2. The figure shows the eight individual
measurements of power level versus delay used to perform the sveraging operation described above
to produce the results of Figure 1a. These fluctuating power levels are indicative of the existeace of
propsgation paths with dme delays that differ by less than the resolution of the messurement.? ¥
For example, the measurement resolution of .025 p seconds corresponds to & path distance
resolution of 25 feet. Many of the walls of rooms and aisies in the building are separated by S to0 10
feet, much less than the 25 foot resoludon. The signals received over anresolved paths have phases
that vary many degrees with receiver location changes on the order of an inch, since the wavelength
is only 14 incbes. These phase changes cause the usresolved multipath sigaals to add in phase at
some jocations and out of phase at others, producing the observed fluctuations. The unresolved-
path sig-al fluctuations are similar to the fluctuations of 8 single-frequeacy signal illustrated in 8
later section.

 Similar widetand multipath measurements Bave becn made is mobile radio
caviropments.[3 131 i4) 151 161 7 (8] 9] Unresolved-path signal fluctuations are shown in references 2
and 3. The multiplicity of saresolved paths at specific delays was illustrated by simultaseously
tresolving the paths in delay and in Doppler frequency shift caused by vehicle modon. The Doppler
frequency shift of each path is related to its angle of arrival at the receiver location.® 31 0
Reflections from room and ballway walls within buildings are expected to produce wide angle-of-
arrival distributions similar to the wide distributions observed from reflections from building walls
siong srees. ‘

The uoresolved paths within 8 resolved profile peak in Figure la probably result from
reflections from walls and othes objects acar the transmitter or the receiver. Angles to these nearby
reflectors are distributed throughout 360°. The individual peaks probably result from the attenuasted
direct path and from walls defining large open areas ot located at the eads of ballways. Signals
arriving over the longer delayed psths all experience close-in reflections similar to those arriving
over the shorter paths. For example, if the receiver is within a room, the poresolved paths
probably result from reflections from the room walls and from objecs within the room. Signals
entering the room after being reflected from a faraway wall (i.e., delayed scveral tenths of a p sec.)
are still subjected to close-in reflections within the room.

Averaging out the signal ﬂuctn:rioﬁs cansed by the phase changes of the unresolved

shorter paths yields s picture of the magnitndes of the reflections st various delays. Nearly the_

seme power average results from any set of measurcments taken within the same small area. Tais
occurs because the magnitudes of the dominant reflections st the longer delays do pot change
signifi- antly for small changes in receiver (or transmitter) location of 8 few wgveleagths, that is, for

moticn over :zall-scale distances.

P
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The average received power within 8 small area is the integral of a power delay profile
with proper calibration of the power density scale. Thatis, average power received, P, is

P, = Kf P(7)d1 %))
]

where P (1) is the power delay profile scaled in power units (watts), 7 is time delay aod K i§ the
overall power scaling factor for the profile. )

The time-varying multipath :rms?uion channel represeste
7 ST T 14 1151 21 131 141 151 {6 The Tetd “Gaussian” (G) refers to 8 Gaussian
rasdom process!!! for descriding the fluctuations of the unresolved path signals st cach delay. A
Gaussian process has an cavelope that is Rayleigh distributed. It was shown for mobile radio
multipsth propagation that the envelope fluctustions at 8 particular delsy can usually be
approximated well by a Rayleigh dismibution.?) 3 The sum of a large oumber of sigaals with
random amplitudes and uniformly distributed random phases approximates 8 Gaussian process. By
the ceatral limit theorem, !¢! the approzimation continues to improve as the pumber of signals
increases. The portable radio muitipath chanpel is similar to the mobile radio channel since both
have a large pumber of pnresolved paths resulting in a large pumber of random signals at each
delay. Therefore, the fluctuations at each delay for portable radio channels are also expected to be
well approzimated by Gaussian random processes.

d by s power sslay P

TR A : Ay

-

The term “wide sease stationary” (WSS) refers to the sverage or means beisg the same,
j.e., statistcaily statiosary, for different collections of samples taken from the seme area. The
raad..m phase addition process for motions over small-scale distances results in an approximately
s1atl. pary power average st each delay. Agaip, in the similar mobile radio eavirozment, it was

shown that the pcwer averages were approximately wide sense stationary!® 1) over small-scale
distances.

The term “nzcorrelaied scattering” (US) refers to the correlation between signal
flucrustions at different delays. The uncorrelated property results if the Doppler spectrum is
different for different delays, i.e., if the angle-of-arrival spectrum is different. Differenat Doppler
spectra at different delays were also showa for mobile radio channels’ 31 T} and e2gain can be
expected for the portable radio eavironment.

The averaged power delay profiles, P(7), are then the quantites seeded to describe the
GWSSUS channpels for conditions that are appropriate to digital portable radio muldpath
cbanpels 13 114] (151 17 These conditions are that 1) the width of the sigpaling pulses Tansmirted
over the chansnel is much greater than the delay spread defined later, and 2) the pulse ransmissio
rate (i.e., the baud rate) is much greater than the variation rate of the small scale signal fluctuations
(i.e., the Doppler spectrum width). I these conditons are not satisfied, low error rate transmission
is not generally possible over the channel. When the conditions are met, the power delay profile is
then

P(x) = <ph(nP> @)
= <p(1) * (0>

where the brackets < > indicaie sveraging over an ensemble of small-scale locadons, the e
indicates coovolution, the A(r) are samples of complex bandlimited bandpass impulse responses of
the random multipath medium, the g(v) are samples of the complex bandpass impulse respoases of
the medium without bandlimiting, and p(7) is 8 function representing the bandimiting by the
equivaleat pulse of the wideband signal used to probe the propagation medium. 6 18 If the width of
p(1) is ouch less than the spread of P(s), as in Figure 1, the tacdlimiting effect of p(7) is
irsigaificant.
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The ertor rates for digital transmission throrgh multpath cbannels, and particularly
GWSSUS channels, are most strongly dependent on the delay spread or width of the pcwer delay
profile d:fined as the square root of the second central moment.[B) (141 (151 117) That s

e 1
I (s-D)?* P(<) dv

delay spread = J 3) -

[P ds
0

where the average delay D is

« J@p@) e
D=2

< @)
f P(s) d=
]

The delay spread for Figure 1a is about 0.25 p second." As an example, 8 pon-equalized channel
transmitting binary bipbase modulation with raised cosine pulses and differential detection G.e.,
DPSK) wouid bave an irreducible bit error rate'™ of 1072 for a bit rate of about 300 kilobits/secand
and the 0.25 p second delay spread of Figure 1a. The irreducible error rate is the error rate that
occurs at high signal-to-noise ratios for which the noise contribution to errors is negligible. The
error rate depends somewbhat on the shape of the power-delay profile; bowever, the effect of profile
shape is much less than the statistical uncertainty of the knowledge of the delay spread statstcs that
exists because of the limited number of measurements that are available. Also, different types of
digital modulation and different pulse shapiogs bave different susceptibilities to delay spread.
Further saalysis, computer simulation and laboratory experiments are nceded to essess the
susceptbilifes of the different modulations that ase appropriate cancidates for portsble radio
systems.[19 120)

B. Large-Scale Signal Varistions

Moving the receiver (or transminter) to & different room (or a different street or
building) results in different dominant reflecting surfaces st longer delays and in differen’
attesuations of shorter, pearly direct, paths. Therefore, averaged power-delay profiles fre—
different rooms, etc., are qualitatively and quantitatively quite different. Since the reflecti..
magnitudes and the number of reflectors are different, the total average received power is different
in different locations also. .

The averaged power delay profile in Figure 1b was measured in a different location from
the ope in Figure 1a. Comparison of the two figures graphically illustrates the gross differences
berween profiles measured for different transmitter-receiver locations. The relative power scales
(the power levels representing 0 dB) are also different by many dB for Figures 1s and b.

The large differences between power-delay profiles show that the multipath propagation
process is only approximately statistically stationary (quasi-statiopary) over small areas and is
highly non-stationary over large distances, from room to room, from building to building, ete.

Since the single parameter, delay spread, dominates irreducible radio link error rate,
two-step modeling of the multipath channels is appropriate.?! 8] Small areas can be modeled as
GWSSUS ch-apels and their power-delay profiles and delay spreads determined. Then distributions
of delsy sprzad can be used to determine the highest bit rate providing the desired error
perfoimance cver 2 specified fzaction of the overall portable radio eavirorment.

pread measured ot 850 MHz sre thc=a in

Frunites of such distitutioss of dolay
e e Lrbutiope of Sme delay iproad deusiied in
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two office buildings differing in linear dimensions by more than s factor of three.!!? The solid curve
(1) shows the delay distribution measured within the larger building, while the dotted curve (2)
shows the distribution measured within the smaller building. The diswibutions sre similar, and the
worst-case time delays observed for the larger (250 sanoseconds) and smaller (220 nanosecoads)
are pearly ideptical. This could be caused by refiections from a hill immediately bebind the smalier
building. ’

, Figure 4 shows the cumulative distribution of delay spread (solid curve 1) measured 8t
the smaller office building over paths from locations within the building to simulated port locations
within 8 few bundred feet outside the building.!'! The dotted curve (2) shows the corresponding
disribution measured for similar inside-to-outside patbs at & two-story residence on a ope-acre flat
lot. The distributions are similar, with worst-case delay spreads around 320 pancseconds.

The presesce of a strong direct path between the transmitter and receiver can
significantly reduce the time delay spread observed. Figure S shows cumulative distributions of
delay spread in the large office building of Figure 3, when the recciver was in an aisle and the
transmitter was in the same aisle or ope of its rooms (one aisle coverage), and in the adjacent aisles
and rooms as well (three aisle coversge).l'’2) The mazimum delay spread observed drops to under
100 nawcscconds in the former case. This result bas been seen copsistently in all similar
measurements.

The measurements above and all others from references 10,11, and 12, other similar
measurements in bouses and otber buildings, and the mobile radio measurements in residential
areas'® suggest that bit rates of a few bupdred kilobits/second should be usable for ports inside
buildings and for outside ports baving antenas beights less than 30 fect and ranges to portable sets
on the order of 1000 feet.

It sSould be poted that delay spreads are often several microseconds in moebile radio
envirovmenis with base station antenna heights of a bundred feet or more and distances beiw:en
base-stations end mobiles of over a mile. The high base station antennas strongly illumipete
refi-cting surfsces (walls, hills, etc.) several miles away. Buildings between base stations and
moebiles sometimes ettesuste chorter, more direct, paths more than paths to the farthcr-away
reflectors. Thus, the far-out psths cause propagation delays of many microseconds and can be
significant in overall received power delay profiles for such mobile radio cbannels. Tbhe lower
amieana beights for ports result in greatly reduced illumination of faraway reflecting surfaces
because interveaing artenuatisg objects (buildings, hills, etc.) are more likely to exist. Also, shoster
port-to-portable distances decrease the attepuation of more direct and shorter reflection paths and
ipcrease the relative aftenuation to faraway refiectors. These effects produce the significantly lower
delay spread values observed in the portable radio esvironment &s compared to the mobile radic
environment.

In summary, the small-scale multipath time-delay characteristics that depend largely on
wavelength and uniform angle-to-arrival distributions are similar for portable and mobile radio
epvironments. These small-scale characteristics include the cbaracteristics of the signal flucruations
at specific delays that are consistent with the GWSSUS channel description and were discussed in
the previous section. In contrast, the large-scale multipath parameicrs that depend on the gross
structure (locations and magnitudes) of reflecting surfaces are significantly different for portzbie
and mobile radio environments. These large-scale charscteristics include average power, delsy
spread and higher order central moments of the averaged power-delay profiles that represcat
different GWSSUS channels.

0. Narrowband Propagstion Characteristics

Thbe time-delay structure and delay spread described in the previous section limit the
transmission rate and thus the bandwidth of signals transminted over the multipath channels. Croe
the signal bandwidth is restricted to being much less than V(delay spread), i.e., pulse width >>
de'ay epread, thes aarrowtznd sigaa) desariplecs snd seatstcs bezome of greater interest. The

.
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with frequency througbout the bandwidth of the sigoal. That is, the multipath signal variation of
fading becomes pearly flat over the signal bandwidth. Tbe transfer function is, of course, the
Fourier transform of the bandpass impulse response, g(7), discussed in Sectiop I.A. For the
conditions that the width of p(r) is much less than the delay spresd, the mcasured
h(7) [:) "“(]1') ¢ p(1) = g(s), and the transfer function is spprozimately the Fourier transform of
k(7)1

The narrowband signal statistics appropriate to flat fading sarrowband channels then can
be determined from single-frequency transmission measurements.

A. Small-Scale Multipath Effects

Narrowband signals transmitied between portable sets and ports either inside or outside
buildings experience large amplitude aad phase variations as the portable sets move over small-scale
distances op the order of a wavelength. These variativas are & result of the random pbase additons
of the signals arriving over many paths. The paths include the resolved and unresolved paths
llustrated and discussed in previous seltions. The parrowband signal variations are caused by the
same random pbase mechanism as the variation at specific delays caused by unresolved peths.

An example of measurements of the envelope of single frequency small-scale variations °
shown in Figure 6. The signal level recording was made at $00 MHz by moving & small antenna a

distance of 4 feet within a building.?!) The transmitting and receiving antennas were copolarized, . .

i.e., oriented with like polarization. A Rayleigh distribution is usually a good approximation for
the statistics of the envelope of multipath signal variatiops.!) BV 2! 23] Figure 7 shows cumulative
signal envelope distributions measured at 815 MHz for several small arcas (4 feet square) within
and outside a bouse.2 Signal envelopes measured in small arcas that have walls blocking the direct
path between transmifter and receiver are approximately Rayleigh distributed. Tbe eavelope
distribution from . the outside ares Jeparts sigoificantly from Rayleigh because of a strong direct
path. The areas with stonger direct paths experience higber signal Jevels than those that have
well-blocked direct paths. The low-signal arcas dominated by multipath are those of most coneern
in determining portable radio system coverage and performance. Therefore, departures from
Rayleigh for large-signal arcas will not affect the accuracy of the Rayleigh model for most system
analysis applications.

The multipath signals received in the low signal areas can be modeled!!! P4 gg
y:(z, 1) = L(2) R(z, t)e/or*I4CD )

.

where y.(z, ¢) is the copolarized received signal, @ = 2uf with / the carrier frequency, ¢ is Gim
and the antenna is assumed to be moving in translation in the 2 direction. The amplitdde funct
or envelope R(z, 1) is Rayleigh distributed with a statiopary mean (or median) of unity withio 8
small-scale arealll (21 22 24 [23) where the power delay profile is stationary as discussed earlier.
The Rayleigh probability density function, p(r), is given'! 35 by

P = & el (6)

where the median is 1.1774VN and the mean is '\/ _12}_\!_ = 1.2§ VN. In (5), the phase, &(z, 1), is

a resultant from a number of paths that are many wavelengths long, 8s in mobile radio. Therefore,
it is reasonable to' expect any value of é(z, 7) to be equally likely," ie., (s, ) is vniformly
distributed from 0 to 2=. Often é(z, 1) experiences pearly abrupt changes as the signal envelope
goes through sulls. The 7 variation in & and R result fr: m motion of objects in the propagation
paths, i.e., trees blowing in the wind, doors opening, people moving, and occurs with noa-moving=—
antcnpas. The z variation results from antenna motion and can be replaced in (§) by z = w1, where
v is the snienpe velocity. In most portable radio esvironmesnt, the time vseriatiop resviiing from
ipodon of asicapas i iipnifizantly grezter thas that resulting from moticn of objests. Together,
B{e) J¥D a3 -t iopiments & compief Gamsian  raudom  orocess. Tmat i,
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R(r) e/ ¢J% = (1) cos wt  + jy(1) sip &t and u(1) and y(1) are independent and Geussian
distributed. The variable L(z) in (5) represens the large-scale sigaal level variation discussed
carlier, i.e., the variation from room to room, house to bouse, inside to outside, over Jarge-scale
distances. Large-scale varistions are discussed in a following section.

1. Spatial Correlation end Spoce Diversity

From Figure 6 it is evident that two antennas separated by a few inches, f.e., a fraction
of s wavelength at 900 MHz, wouid not likely be in a deep signal null simultaneously. This lack of
correlation of signal levels for spatially separated anteasas is the basis of space diversity used to
mitigate small-scale multipath sigaal variations.!! (5 :

Space diversity and diversity combining for the mobile radio environment and for other
multipath environmeats for systems with fired antenna orientations have bees extensively studied. !t
(25] The diversity performance for fizgd antenna orientations depends 8) on the method used to
combine the signals from two or more antennas, i.e., selection of the best signal or copbasing of
signals from constant gain or variabie gain zeceivers!!! 257, and b) on the spatial correlation of the
signal envelope variations for the different antennas. The spatial correlation p(Az), for the small

scale Rayleigh distributed envelope variations is given by
p(A2) = R(z, 1) R(z+ Az,p) )

where Az is the antenna separstion and the overbar indicates an average. For mobile radio
environments with the angle of arrival of multipeth signals uniformly distributed over 0 to 2w, the
correlation is small for astenna separatons on the order of M4 or greater.!!! B8 Aj discussed
carlier, the angle-of-arrival distribution for multipath in the portable radio environment is expected
to be similar to the Jisuibuton in the mobile radio environment. However, bandheld portable
radio equipment will not bave @& fixed astezoa orieptation. Tberefore, portable radio diversity will
be considered again with respect 10 both spatial signal variations and antenna angular variatioas in 8
later seciion.

2. Freguency Effects

The small-scale multipath effects result from phese sddition of signals arriving over many
paths distributed randomly in angie of arrival. The phases associated with the various paths are
functions of carrier frequency, f, and path Jengths.!!) Thus, the distance scale of the signal varistion
pattern in space represenied by Figure 6 is a linear function of frequency. The pull specing is on
the order of balf wavelength, L\2. Tbe correlation function , p(-), in (7) is invariant when
pormalized to waveieagih!! over at least 2 10 to 1 frequency range. That is, p(Az/A) is invariant
with frequency. Tbe ecvelope variatiops remain Rayleigh distributed at asy frequency as long &s
the ptysical eavironment produces severe multipath propagstion that includes many propagaizon
paths.

B. Large-Scale Varistions

The mean or median of the small-scale Rayleigh-distributed multipath variatioas is
spproximately statistically statiopary within small-scale areas.® That is, the multipath variations
are statiopary within arcas where the overall multipsth structure remains relatively constant xnd
therefore the average power-delay profile is siatiopary. When the overall multipath structure is
different, i.c., there are different reflection coefficieats and/or different numbers of paths, tbe
average power is different as represeated by the average of the multipath varistions. This
parrowband average is the same 28 the area under the average power-delay profile (1). This is
account=d for in (5) by pormalizing to unity eitber the meas or median of the Rayleigh distribut:d

varistion, R(-) and repiesenting the large-scale vaziation by L(2).

1. Disiance Dependeace
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feet. The vertical scile oo the figure is distance, z, between port locations ssd small arcas within
which there is small-scale poriable set motion. Tbe data points are from several different port
locations and scveral different small areas inside and around 8 Bouses in relatively fat terrain. The
small areas were 4 feet square a0d include locations on first and second floors, in basements, and
ouside close to the houses. The port astenad beight was 27 feet above ground. Tbe dotted live
represents equivalent free space propagaton, (Vz?), between port and portable locations. The other
straight lines are least-square regression lines through the data points indicating 8 strosg
dependence on distance in the highly scanered data. For all the data, the regression line slope is
£~4S, indicating L(z) proportional to 2743, ‘

Figure 9 is a scatter plot similar to Figure 8, but of median 815 MHz signal levels
measured in 8 two-story office/laboratory building with a long straight corridor.B” The circies and
squares represent median signal levels measured between locations in corridors and offices or
laboratories opening off the corridors. _Unfilled circles and squares indicate measurements made
with transmitter and receiver on the same floor. The least-square regression line slope for these
measurements is 236, Filled circles and squares indicate measurements made with transmitter asd
receiver on adjacent floors. The least-square regression line slope for these measurements is g3,
The similar siopes suggsst 8 relatively constant isolation between floors. The value of this cToss-
floor isoistion is 26 dB at 150 feet. Meesurements in other buildings suggest that this relatively
large value may be due to the presence of solid steel concrete pour forms in the floors.

The °X"~ symbols in Figure 9 indicate median signal levels measured with both
transmitter and receiver on the main corridor, within optical line of sight. Except st the extreme
ends of the corridor, only 2-4 dB of rapid signal variation was observed, suggesting the presence of
a singie domipant propagaton path. The received signal level is grester than the free-spece ievel
over the entire distance span (by up to 11 dB in the 50- to 125-fcot distance racge), Suggcsting
chznneling of energy by the corridor. -

An important inference grom Figure 9 is that the received signal level can decresse
sbruptly by 25 ¢3 or more 8t the transition from the corridor to an adjoining room is made (a
distance of 20 fect or less).

Other measurements have been made in the 800 to 900 MHz range between locations
(port and portable) entrely within large buildings.® (28] The results show similar scatter of
measured values about 2 distance-dependent regression lie. Distance dependecnces ranging from
about 272 to 2-6 were observed for typical office and laboratory buildings with values of z7¢ or 2~3
appearing to be typical.

2. Statistics of Large-Scale Varigtion

After removal of the distance dependence from data representing L(z), the remaining

variation is approximately pormally (Gaussian) distributed in dB, with a mean of 0. This is shown -

for the Figure 8 data in Figure 10.

These empirical observations suggest modeling L(z) as 8 log-pormally distributed random
variable with s mean that varies with distance. Thatis, define 8 pew random varieble U(z) as

U(:) = 10 logc L3(2) - (8)
Then U(s) is Gaussian (pormally) distributed with probability density

fote) = == e |- (x-my20?] ©®

where *he standard Jeviaton, o, is in dB and the mean, m, in dB varies with distance as

= c 10 log;c (%) . : (10)
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For example, the residential data from Figures 8 and 10 are represented by a = —4.5 and ©
between 10 and 11 dB. h

The excess rate of change of signal level over the free space rate of 272 is partially
sccounted for by the reflection from the ground.®: 241 @i For propagation berween two points
scparated a distasce z and at beights A, snd A, sbove fiat ground, the power density, P, at a receiver
point relative to the transmitted power density, P,, at the other point is given byi=4i 30

:.L - _5_ Y 2uhh, .
7, ) sin [-—_).z ] ! (1)

For large 2, ( 2 > 1000 feet for typical port and portable heights), this approacbes P/P, a Fa
Additional variation is probably due to additiopal attenuation resulting from reflection from and
propsgation through intervening bouses and trees. The additiopal attepuation may be better
represented by a dB/distance, i.e., a8 &7 or 10-*, variation ratber than by a power-law varisation,
2, since the number of attenuating objects (bouses, trees, etc.) increases more or less uniformly
with distance, bowever, this has not been experimentally demonstrated. If this is true, the range of
distances may be limited over which a given value of a and 2~* approximates the distance
dependence of L(2).

The description of L(z) as 2 log-normally-distributed random variable with a distance-
dependent mean as in (8-10) is qualitatvely the same as the description for mcbile radio
eovizonments.!’ 1) The magnitude of the distance-dependence exponent appears a little greater and
the standard deviation scmewhat larger for the measurements in the portable environment. The
stronger distance dependence is probably a result of the lower port antenpa beights with respect to
ground and the deeper immersions of the port anteanas within the buildings and trees. The larger
standard deviation wodoubiedly results from the variability of the sdditional attepuatiop through
walls into the interiors of houses and buildings.

3. Effect of Antenna Heighs

The major overall effect of varying the beight of either the port or portable antenna ina
residential environmnent occurs because of the proximity of the ground.® The bheight effect is
illustrated in equation (11). This remains true for small changes in beight that do pot result in 8
major change of the antenna in relatioa to its surrounding scaftering environment; that is, as long as
the beight changes do pot involve transitions through the beight of treetops and bouses. For typical
port and portable beights and distances generally greater thas 1000 feet, P,/P, in (11) becomes
proportional to h%. That is, P/P, changes by 6 dB for a height cbange of citber port or portable
antenns by a factor of 2. Of course, this deterministic ground cffect bas rasdcm variation
superimposed because of the effect of the multiple propagation paths.

The effect of antenna beight above ground is illustrated in Figure 11. The open 0 and +
data points indicate signal medians from measurements in and around 4 bouses at 815 MHz.%% The
ordinate of a data point represents the median signal measured in a four-foot-square arca for s port
location using & 27 foot high port antenna, ss in Figure 8. The abscissa of the point represents the
median signal measured for the same four-foot-square arca and the same port location, but vsing
12.5 foot high port sntenna. Port to portable distances, z, were greater than 1000 feet. The solid
and desbed lines represent equation (11) assuming that the randompess of the signal variations is the
same for both antenns beights. The solid dsta poirts and the e represent averages of all

‘ measurements outside, inside houses on the first floor, and in basements as indicated on the figure.

The tight cluster of the data around the lines is consistent with the expectation from ground
reflection.

4. Frequency Effects
The frequency dependence of tbczm;m. m, in (10) is made up of sev-:al factors. Ope of
k-1

the factors for residential areas is the sia?] -—\---——'-] term ip the paw=r £2#c0y 8t g rroziver 1 ealfun
LS 4 )
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caused by reflection from the ground (see 11). Asotber factor is the proportiopality to A2 of the
effective ares, A,, of & small ( on order of % or less ) dipole™? or small loop antenna: Received

signal power, equivalent to y.( ))? of (5), is the product of the power density, P,, in (11) and 4, of
the receiving antenna. For large separations, z, i.e., for z > 1000 feet, and for typical port and
portable A, and h,, the sin? term can be replaced by the square of its argument.. Then P, A, is
independent of A in this large z limit since the A% in A, cancels the 122 in P,. For residential areas,
this leaves oaly multipath propagation and attepuation through walls for frequency-dependent
factors. The ground reflection situation is not clear, however, when both the port and portabie
antennas are Jocated within s large building.

Available data related to frequency dependence of the mean (or equivalently the medias
for the Gaussian process) for the portable radio epvironment are very limited. For mobile radio
epvironments with 600 foot base station anteana beights, Reference 1 indicates that the median
large-scale attenustion in urbas aress fhcreases weakly with frequency between 100 MHz and 30
GHz. The increase is about 4 dB between 100 MHz and 10 GHz. An increase in sverage
attenuation with frequency is, of course, 8 decrease in mean signal, m, with frequency. This mobiie
radio sitvation is somewbhat indicative of the multipath effects outside buildings, at least in an urbs~
environment. ‘

Building penetration attepuation was measured at 860 MHz, 1550 MHz and 2570 MHz
for 25 bouses in § different cities.!®¥) These measurements suggest & decrease in mean sigoal, m, of
sbout 2 dB between 860 MHz and 1550 MHz and of about 1 dB from 1550 to 2570 MHz because of
the building walls. Of course, in sddition to this building attesuation, the frequency-dependence
factor for the multipath attenuation between port locations and bouses needs to be determined. The
mobile radio situation discussed in the previous paragraph is somewbat indicative of the frequency
dependence of the multipath environment external to the buildings.

Measurements at 940 MHz and 60 GHz locations within buildings were reporied.> They
were pot copcurrent mezsurements and only qualitative comparisons can be made. However, the
sigoal levels were markedly lower at 60 GHz and the autbors made coverage estimates for 1
milliwatt transmitters. In a building with metal partition walls, estimated coverage at 940 MHz
extended about 2 rooms from 8 port location in a room i.c., a distance of about 30 feet. For a
similar environment, estimated coverage at 60 GHz was only within the same room and the
immediately adjacent ballway. In frame buildings with plasterboard walls, estimated 940 MHz
coverage was sbout 100 feet. For similar buildings, 60 GHz coverage extended only to adjacent
rooms. These results include all ransmission factors between port and portable locations within th
buildings.

The cited portable radio measurements and the mobile radio estimates are pot direcuy
comparable; bowever, the available information suggests that the mean in (10) decreases
significantly with frequency above 1 GHz for portable radio eavironmests.

Meassurements at 57 MHz, 177 MHz and 575 MHz were reported™S for many locations
on rooftops and within large buildings in New York City. Cumulative signal level distributions
from these measurements can be used to infer relative average signal levels between areas outside
and areas inside the large buildings. The relative levels were about 2 or 3 dB stronger at 575 MHz
than at 177 MHz. The levels were about 2 dB stronger at 177 MHz than at 57 MHz.

Measurements at 460 MHz and 890 MHz were reported between ousside locations and
locations inside a building.”® The parameter measured was excess attepuation, i.e., the attepuation
caused by the building, ground, etc., in sddition 1o the free space, 2 >, attepuation. The results
for this one building suggest an excess sttenuation of 3 or 4 dB grester at 460 MHz than st 890
MHz. This suggests an average signal level of about 2 dB greater at 460 MHz than at 8950 MHz
when the S.7 @B for the free space f2 ratio is included. These measurements are pot directly
comparable with the building aftepustion messurcments since they include all path effects.

The frequency Gopende s ~0 o 7 inw 1 GHz is less clear then siove
~oo@anit taggest Fiut e zuy Twecoce 0 oW 1 3~ 10 500 MEa Tut it oLy st £
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with frequency below 500 MHz. As with many of the propagation effects, the freguency
depeadence of m is probably also 3 function of the type and construction of buildings. Any cverall
effect, then, can only be obtained by averaging over many building types and constructions, which
will result in 8 large standard deviation sround the sverage.

§. Correlation and Macroscopic Space Diversity

Portable sets within a region of ports often could be served from more than one port,
particularly when located at pearly maximum distance from the pearest ports.m] The buildings and
otber obstructions along the paths from 8 portable set to the different pearest ports are likely to be
differeat. These obstruction differences can be expected to cause different large-scale signal
variations for the different pa!hs.ml that is, the large-scale varistions can be expected to be partally
uncorrelated. The selection of the port-to-portabie path resulting in the best signal could provide
diversity to mitigate the large-scale or macroscopic signal variations. The effectiveness of this
macroscopic diversity depends on the correlation among the large-scale signal variations for the
different ports. -~ '

The curves in Figure 12 from Reference 38 show cumulative signal level distributions for
measurements of large-scale signal variations made within and around 8 bouses.?4 The curves
compare 2 branch and 3 branch selection macroscopic diversity with the signal distributions for a
single port (i.e. 1 branch). Tbe 2 branch diversity selects the best large-scale signal between pairs
of ports; the 3 branch selects the best from sets of 3 ports. The signal levels accumulated are the
median levels from four-foot-square arcas as described for Figure 8. The subset of data
sccumulated for Figure 12 bas pearly the same 10 dB standard deviation as the overall data set
shown in Figures 8 and 10. Tbe dashed theoretical macroscopic diversity curves in Figure 12
assume that the large-scale sigoal variations can be separ:ted into two purts, 1 and p. Ope part of
the variation, 1, is correlated among the ports while the other part, p, is uncorrelated. For the
dasked curves in the figure, the uncorrelated part of the signal variaton was sssumed to have 2
standard deviation, 0,, of 8 dB contributing to the overall standard deviation of o7 = 10 48. The
sheoretical model assumed that the 1 and p signal parts were independent so that the total siandard
deviaton wes related to the standard devietions of the parts &s

of = c} + of (12).

The separation of o, and o, with 0, = 8 dB for the dasbed curves in Figure 12 provides a
reasocable fit to the data in the portion of the distributions near 1%. Otber subses of the available
data baving differing values of o are also fit well with this model using o, = 8 4B.B¥

C. Crosspolarization Coupling

The reflecting and scattering of radio signals in the multipsth propagation eavironment
also couple power from the transmitied polarization into the crossed (orthogonal) polarization. At
any receiving poiot, the pewer in the crossed polarization also arrives over paths with different time
delays and different angles of arrival. Tbe multipath signal received on a crosspolarized antenna,
y,(z,1), can be modeled similarly to the copolarized signal in (5) as

yi(2) = XELEIR ™ * 1440 (13)

where the corresponding variables bave the same properties as the copolarized signal variables in
(5). The subscript x indicates the variable is associated with the crosspolarized signal. R,( ) and
é,( ) bave the same statistical distributions and normalizations as R( ) snd (), but they may have
different instantaneous values. The varisble X(z) is a slowly varyiog crosspolarization coupling
coefficient’®) ) with variation on the scale of L(z). That is, X(z) represents the large-scale
crosspolarizstion coupling averaged over the small-scale varistions.

Tignre 13 is g seatter pio* .f erorpcisfizaton coupling X(z) as 8 fenciion of L(s)
meerurad ia s0d zzoved 8 L cies.- 52 L{z) scale is the s2r2e 28 that o= Figure 8. Eu:d Srla
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point represents X(s) for s 4-foot-square small area. In the region of low signal levels, the
crosspolarization couplings are all greater than -6 dB and range up to slightly over 0 dB. Some of
the scatter in the dats is due to measurement €707 and statisscal uncertainty. Similar measurements
in large buiidings™ sbow even larger values of crosspolarization coupling. Measurements in Tokyo
on sidewelks also yiclded values in the -5 to -7 dB range.[?

1. Random Orientation and Antenna Diversity

Cbanges in the orientation of portable radio antennas could superimpose additional signal
variations on the multipath variations.! %! This could occur because of polarization misalignment,
if there were little crosspolarization coupling. A well-disciplined user who has great need for
portable communications, e.g., 8 policeman or firemas, might be expected to bold 2 handset
antenns in 8 fixed orientation; bowever, such an orientation restriction is not likely to be accepted
by a casual general user. A person using & portable communications sct can readily chbange its
orientation through any vertical or borizoatal angle. Such a wide range of angular variation will
result in essentially random orientatiod of the antenns or antennas. The effects of the random
oriéntation on the sigpal are mitigated by the crosspolarization coupling in the multipath
propagation medium. Antenna diversity can further reduce the orientation effects as well
mitigating the small-scale multipath signal variations.

Cumulative distributions of relstive signal-to-noise ratio (S/N) in Figure 14 illustrate (.
signal improvements from crosspolarization coupling and diversity. These distributions were
obtained by computer simulation!!’ 13! assuming that multipath propagation signals arrive at a
portable set location in the borizontal plane but uniformly distributed in azimuth angle around the
location. The Rayleigh distribution would result from moving a fixed-oriented vertically polarized
antenca through a region excited by a vertically polarized fixed sntenna (e.g., 8t a port). The
distribution labeled "2 Br Mobile Select” would result from the use of selection diversity, ie.,
always selecting the antenna with the strongest signal, between two such fixed oriented antennas
separated by A\/4 and moving in the same multipsth region. Tbe diversity improvement results
because of the low spatial correlation of the multipath signal variation discussed earlier. The solid,
dashed, snd dotted distrib-tions would result from the following radio link condition: a) the use of
selection diversity between a vertically polarized and a horizontally polarized antenns at a port, b)e
single antenna on a randomly oriented portable set and c) cross polarization coupling X(z) in the
multipath with the values labeled on the curves. The two distributions to the left of the Rayleigh
distribution and labeled 1D or 1L and v or A are for ope antenna (a dipole or a loop) on 8 randomly
oriented portable set and either & vertically polarized or a borizontally polarized antenna on a peft.
Crosspolarization coupling is cither 6 dB or 0dB as labeled. The curves illustrate **
following: a) a decrcase in the percentage of time spent at low signal levels (large pegative L .
values) resulting from selection diversity and from increased crosspolarization coupling and b) an
increase in percentage of time spent at low signal levels because of the random orientation.

2. Polarization Diversity

References 41 and 42 and Section C.1 above discuss the improvement in link reliability
obtainable from polarization diversity. Reference 39 indicates that crosspolarization coupling is
pear 0 dB over paths with no line-of-sight component. Later measurements's®) show that signals
received on orthogonal polarizations have low instantaneous correlations and may be used as inputs
to any form of diversity combiner.!!] 25) Figure 1S is an example of signals received simultancously
at 815 MHz over a non-line-of-sight path within an office building on two ortbogonal polarizations.
A dual-polarized microstrip patch receiving astenna was used, with identical parterns on both
polarizations. The linearly-polarized transmitter was scanped over 8 4-foot square to make the
messurement. The low correlation and searly-equal power levels on the two polarizatons are
evident. -

An example of similar mersuremedts OVer line-of-sight paths down a corridor is shows in
Figure 16. Mecasurcmens over such paths show less flucruation and much lot er erosspelarizeiion

'-”"’f-";"‘f,
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Figure 17 is 8 histogram of the correlasosn coefficient betw een polarizatiozs observed in 8
large sumber of measurements such as those of Figures 15 asd 16. The measurements presenied are
for paths within office buildings; bowever, identical results were observed for residential inside-
outside paths. Over pop-line-of-sight patbs, the correlation coefficients observed were always low
enough for polarization diversity to provide pearly ideal diversity gain.i!! 5 For paths with a sosg
line-of-sight component, polarization diversity would provide protection against random bandset
orientation N
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Figure Captions

Average Relative Power Reczived as 8 Function of Time Delay for a Probing
Transmitter and Receiver Locsted in Different Places in a Large Building. Tbe
Transmitter and Receiver Locations Were Obscured from Each Other by Walls.

Aversge Relative Power Received as 8 Function of Time Delay Similar to Figure la.
For Figure 1b, tbe Transmitter and Receiver Were Located in Different Places in the
Building than They Were for Figure la.

Individual Profiles of Relative Power Received as & Function of Time Delay Used to
Make Up the Average Profile of Figure la. The Power Scale Has Been Greatly
Compressed From the Scale Used in Figure 1a.

Cumulstive Distributions of Time Delay Spread for Propagstion Paths Within a Large
and a Small Office Building. Tbe Solid Curve is the Delay Distribution for the Larger
Building. The Dotnted Curve is the Delay Distribution for the Smaller Building, Which
Had Linear Dimensions Less Than Ope-Third Those of the Larger Building.

Cumulative Distributions of Time Deley Spread for Propagation Paths from Several
Port Locations to Rooms Inside 8 Small Office Building and a House. The Solid Curve
is for Measurements in the Office Buiiding. The Dotted Curve is for Measurements in
the iJouse.

Cumulative Distributions of Time Delay Spread for Propagation Paths Within a Large
Office Building. The Solid Curve is for Mcasuremen?s Between a Corridor and Rooms
Opening Off the Corridor. Tbe Dotted Curve is for Measurements Beiween &
Corridor sad Offices Opening Off That Corridor and Adjacent Corridors.

Smell Scale Variations of a8 Narrowband Sigoal at 900 MHz as an Anteana is Moved at
Different Heights in the Multipath Environment within a Buiiding.

Cumulative Signal Eavelope Distributioss for Four Small Arees Inside and Ovutside a
House. The Measurements Were Made at 815 MHz.

Scatter Plot of Median 815 MHz Signal Levels for Many Small Areas Within and
Outside 8 Houses. Measurements. Were Made from Different Port Locations at
Different Distances from the Houses.

Scatter Plot of Median 815 MHz Signal Levels Along a Corridor of a Small Office
Building. Measurements Were Made Along the Corridor and Between the Corridor
and Adjoining Offices on the Same and on Adjacent Floors.

Cumulative Distributions of Large Scale Signal Variations (Scatter) in Figure 8 after
Removal of the Overall Regression Line Distance Dependence.

Comparison of Median Signal Levels from Small Arcas for Port Antenna Heights of 27
Feet and 12.5 Feet. Measurements Were Made at 815 MHz in Small Areas Within and
Around 4 Houses.

Cumulative Distributions of Median Sigoal Levels from Small Areas for Port Antezes
Located at Different Angular Locations Around 8 Houses. The Curves Labeled 2
Branch and 3 Branch Indicate the Selection of the Best Signal in 8 Small Area from
Either 2 or 3 Different Port Locatons, Respectively. The 2 and 3 Brench
Distributions Indicate the Effectiveness of Selection Macroscopic Diversity as
Discussed in the Text.

S:artes Plot of Crosspolarization Coupling s 8 Function of Median Copolaiized Signal
Level. Measure=eats Were Mede st E15 MHz ¥ithin snd Arnund 8 Houses.
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Figure 14

Figure 15

Figure 16

Figure 17
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Computer-Simulated Cumulative Distributions of Relative Signal-to-Noise Ratio for
Different Antenna and Crosspolarization Conditions Discussed in the Text. The
Distributions Indicate the Effects of Random Antenna Oriestation, Crosspolarization
Coupling and Microscopic Sclection Diversity.

Small Scale Varistions of s Narrowband Signal Transmitted at 815 MHz on Ope Lineas
Polarization and Reczcived Simultancously on Two Linear Orthogonal Polarizatons.

The Transmitter and Receiver Locations Were Obscured from Each Othér by Walls.
The Two Sigoals Have Nearly Equal Average Powers and are Nearly Uncorrelated.

Small Scale Signal Variastions Received Simultaneously on Two Linecar Orthogonal
Polarizations as in Figure 1S. The Trassminer and Receiver Locatiops were Within
Line of Sight Along a Corridor. The Copolarized Signal Has Little Fluctuation and is
Much Stronger than the Crosspolarized Signal.

Histogram of Correlation of Small Scale Signal Variations Received Simultaneously on
Two Linear Orthogonal Pdtarizations, ss in Figures 1S and 16. Little Correlation is
Seen for Paths Obscured by Walls. Higber Correlation is Seen for Paths Where the
Transmitter and Receiver were Within Line of Sight.
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