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Abstract—This paper contains measured data and empirical been performed at cellular (900 MHz) and PCS (1900 MHz)
models for 5.85-GHz radio propagation path loss in and around frequencies (for example, [3]-[7]), but little is known about
residential areas for the newly allocated U.S. National Informa- frequencies in the NIl band (5-6 GHz). Furthermore, most of

tion Infrastructure (NII) band. Three homes and two stands of . . L
trees were studied for outdoor path loss, tree loss, and house the literature has been concerned with penetration into urban

penetration loss in a narrow-band measurement campaign that Office buildings, not residential homes.
included 270 local area path loss measurements and over 276000 Several residential radio penetration studies show that path
Instantaneous power measurements. Outdoor transmitters at a IOSS and penetration IOSS increase as the frequency increases_

height of 5.5 m were placed at distances between 30 and 210 Mpevasirvathamet al. showed how path loss for outdoor-to-
from the homes, to simulate typical neighborhood base stations )

mounted atop utility poles. All path loss data are presented graph- Ndoor propagation in a residential environment increases over
ically and coupled with site-specific information. We develop the frequency range 455 MHz-4.2 GHz [3]. Additionally,
measurement-based path loss models for propagation prediction. Aguirre et al. performed penetration loss experiments for
e i et esdonta Lot oo oy~ S8YEN NoMes n e suburbs of Chicago and reparted medar
wireless internet access, wireless cable distribution, an wireless aggregatg penetration loss values of 7.7, 11.6, a,nd 16.1 dB at
local loops. frequencies of 912, 1920, and 5990 MHz, respectively [8]. The
data compare favorably to the averaged aggregate penetration
loss of 16.3 dB into homes reported in Section IV of this
paper. Siwiak reports that penetration loss into a residential
building decreases with increasing frequency up to the 1-3-
. INTRODUCTION GHz range, where the loss is about 7-8 dB [9]. Based on
N January 9, 1997, the U.S. Federal Communicatiotge larger 5.85-GHz penetration loss values reported by our
Commission allocated a large portion of spectrum ipropagation study, it appears that residential penetration loss
the 5.150-5.350-GHz and 5.725-5.825-GHz bands. This sp&g-a function of frequency is at a minimum between 1 and
trum, spanning 300 MHz, is dedicated to Unlicensed Nationdl GHz.
Information Infrastructure (U-NII) devices and is commonly Path loss also increases for higher frequency radio waves
called the NII band [1]. It will support wireless services suchnce they enter the indoor environment. Noldesl. showed
as wireless public and private switched telecommunicatior®&, general increase in indoor path loss in the 2-17-GHz
wide bandwidth wireless local loops, internet access, and mangquency range, although the path loss between 1.7 and 4.0
future information networks for home, school, and campus useHz is roughly constant [10], [11]. At higher frequencies,
Similar frequency bands already support HIPERLAN networks line-of-sight to the transmitter becomes more important
in Europe [2]. since less power transmits through walls and diffracts around
Delivering wireless information into homes may be anorners. Consequently, indoor path loss generally increases as
important application of the new NIl band, particularly fofrequency increases.
video, internet, or computer communications. Properly de-This paper presents results on one of the most critical as-
signed wireless communication systems for the NIl band witlects of propagation for emerging consumer wireless systems:
require an intimate knowledge of radio wave propagation signal penetration around and into residential homes. The
this frequency. Numerous propagation studies have alreadgasurement campaign involved continuous wave (CW) path
b dbv R A Val . Editor for T <sion Svst loss and penetration loss measurements at 5.85 GHz in typical
(o SBEL2gpOVe by . A Vlenzuela, Eator o Transiission Systes lsidential environments during May 1997 [12]. Measurements
revised April 25, 1998. This paper was presented in part at Globecom'dagere taken at 270 locations, requiring over 276 000 power
ISydney,_ Aulstralia, N_OVGmbgf 8?\|12/ é99|8’il and ?thhde_ 1998 'EEI\'AE APrReasurement samples. A total of 5 typical suburban and rural
:ttlgrnr;gf'%n:’ fgrzgpgffzrglalnggg SNC/URSI National Radio Science Meeting; - ions were studied, including 3 houses (inside and outside)
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150-210 m >

3045 m

Fig. 1. Transmitters (TX) and receivers (RX) at different heights and separation distances.

in residential neighborhoods, 2) typical penetration loss from Then the transmitter is moved to a distance of 150-210
outdoor base stations into residential homes, and 3) pathfrom the house, and the sequence of outdoor and indoor
loss due to areas of deciduous and coniferous trees. Fromaasurements is repeated. Therefore, both TR separations
measurements, we develop empirical path loss models gwdduce the following data: a) outdoor path loss along the front
penetration loss models for 5.5 m tall outdoor transmittend back of the house at a receiver height of 1.5 m, b) outdoor
antenna heights, several different transmitter—receiver (TPath loss along the front and back of the house at a receiver
separation distances, different external home siding materidisjght of 5.5 m, and c) indoor path loss in every room of the
and a variety of foliage. home. When the data collection at a site is finished, another
Section Il discusses the experimental hardware, setup, datdware calibration is performed to verify system stability.
methodology for path loss and penetration loss measurements.
Section Il details the measurement campaign and the result®g Definition of Path Loss and Penetration Loss

propagation data. Sections IV-VIl summarize the resuIts,To measure path loss, the experiment relies on the narrow-

present models fo.r residential path loss and penetration Iogghd measurement of a continuous wave (CW) signal at 5.85
and draw conclusions.

GHz. Narrow-band received power fluctuates over a small area
due to multipath-induced fading. However, averaging power
Il. EXPERIMENTAL SETUP along a20X circular or linear track (about 1 m for 5.850
The following section describes the methodology for mez?—Hz) yields a re_llable es'umgte of the local average power
. : . independent of signal bandwidth [13]. The average pailrer
suring path loss and penetration loss. Definitions of path IosF ) LI
X i a {hezth location is given by
and penetration loss as well as descriptions of measuremeén
procedures, sites, and hardware are included. 1 [20A

F, = 0/, P(z)dz (1)

A. Description of Measurement Procedure

Each house is measured using a standard procedure g
reference see Fig. 1). Before any data are collected at a site, ion replaces the integral in (1) if discrete power data

measurement system is calibrated. Then, an omnidirectioIE% nts are taken. We define path loss (PL) asrt® of the
CW transmitter is placed at a distance .Of 30-50 m from N8rective transmitted power to the received power, calibrating
house. The transmitter antenna, located in the clear to 3'”‘”'8{& system losses, amplifier gains, and antenna gaifipath

a lamp post or utility pole, has a height of 5.5 m. loss values reported in this paper are relative to free space

Outdoor path_loss measurement.s are _then madg around Qﬁﬁ loss at 1 m TR separation. Path loss with respect to 1 m
front and back sides of the house, first using a receiver ante space provides an easy reference for general link budget

height of 1:5 m above ground and then using a receiv(%mputations, as given by (2):
antenna height of 5.5 m. Twelve local area measurements
were recorded along the front and back of each house. Each p, = P + G + G — [Path Loss w.r.t. 1 m FS]
CW local area path loss measurement is calculated from a
narrow-band power signal averaged over a 20 wavelength + 201logy <—7r>
(1 m) track during a 5-s period using 1024 power samples.
After the first round of outdoor measurements, indoor patbhere A is wavelength (0.05 m at 5.85 GHZy; andGg are
loss measurements are made in each room using a recetv@nsmitter and receiver antenna gains in dB, &xdand Pg
with a 1.5 m antenna height (average head level). Each patie transmitter and receiver powers in dBm [13].
loss measurement is a narrow-band power signal averaged ovelle defineaggregate penetration losgAPL) as the ratio
a random track in a room. A local average is recorded fbetween the average power measured immediately outside the
every room of the house. house and the average power measured inside the house for a

here P(x) is the absolute CW power (in watts) received
ng the local area track as a function of position. A sum-

(2)
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TABLE | —40 : : :
BUILDING INFORMATION FOR THE THREE HOMES MEASURED | ﬂ
— ‘ Ul
House Name Rappaport Wocrner Tranter 5—50 ! W i |
Clonstruction Date 1994 1978 1990 T ' v »
Dimensions 1910 x 1Thm | T1.5m x 18w | 14.5m x 17m g_so
# of Floors 2 2 2 o
Basciment. No Yos Yes Fe)
. . . . ©—70
Exterior brick wood hrick 2
. . . o}
Insulation Lining paper paper foil 8 ol
Tree density light light heavy -8
. L . . |
. . . . 900 1 2 3 4 5
constant transmitter locatiof8]. Equation (3), which parallels Time (s)

the definition in [8], expresses this relationship: Fig. 2. Typical measurement record of 5 s of 5.85-GHz CW power data

captured by the receiver.
Aggregate Penetration Loss [dB]
1 N (outside)
;2% e

= 10log,q [N —
1 M (inside)
i 2j=1 T

The Tranter home differs from the previous two homes
(3) studied because it lies on a heavily wooded lot. The foliage
that surrounds the Tranter house is much more dense than the
o ) ) manicured trees of the previous suburban homes. Low level
The summation in the denominator of (3) is over the sh coexists with the dense canopies of tall trees. Hilly
interior local area power measurements taken in individuglrain surrounds the home and the lawn slopes downward
rooms, each denoted @%. The summation in the numeratorigyward the back of the yard. The homes in this neighborhood
is over the/V' exterior local area power measurements takef on heavily wooded lots of several acres, so trees will be the
immediately outside the house, each denotef;adll powers principle shadowing obstructions for propagation. The brick
are in absolute power scale (not dB values). The measuremepinter home, constructed in 1991, has two stories and an
locations of each local area are given in Section III. unfinished walkout basement. There are many windows in
the home which—with the exception of three sliding glass
doors—are covered with metal screens. The inside walls of the

The three homes measured were located in the town §use use plaster wallboard construction and the insulation in
Blacksburg, VA, and represented typical middle to upper claf¥ exterior walls is aluminum foil-backed. _
suburban or rural residences. For each house, we recorded RV lines of trees were also studied to determine the effec-
variety of construction and site information that could affediV® Propagation loss of trees in a neighborhood environment.
the propagation of radio waves. The following sections ("€ Stand of trees was a large row of coniferous pine trees.
the houses studied and contain brief descriptions of th&Pniferous trees are cone-bearing evergreens with needles
construction, location, and layout. Detailed home informatidl{ Scales that remain on the tree year-round. The pine tree
is summarized in Table I. A site description of the coniferod{'® measured in this paper consisted of a single row of tall,
and deciduous tree lines is also included. bushy trees in a semi-residential area, near a single-story office

The two-story Rappaport home sits atop a large hill in huilding. Each tree is approximately 10 m tall and 6 m wide

valley surrounded by mountains. Most of the houses in tHi{ ItS base.
neighborhood sit on lots of approximately one acre and anD€ciduous trees, such as oaks, maples, and beeches, bear

empty lot sits immediately to the south of the house. THEaVeS during summer months and lose them in the winter.
area is lightly wooded and the house itself has several sma}fl measurements were recorded during summertime, when
sized trees around the perimeter. The entire exterior of tfleciduous trees have their fullest foliage. The row of deciduous
home is brick. Paper-backed insulation lies within the exterii¢€S consisted of three large beech trees on the campus of
walls and interior walls use plaster on wood. Many spacioydrdinia Tech. Each tree is approximately 8 m tall and has a

windows open up the walls of the house on every side and th@2ad 5 m canopy.
majority have metal screens. The home was built in 1994.
The Woerner home was built in 1978. It is a two-stor
dwelling with wood siding. The bottom level consists of a The transmitter consists of a signal generator, an amplifier,
garage and a large, unfinished basement. In addition to wamad a discone antenna [14]. The receiver uses an omnidirec-
siding, cinderblocks cover the interior completely around thenal quarter-wave monopole antenna mounted on a copper
house at the basement level. Paper-lined insulation was ugeound plane. The received signal passes through two stages
throughout the exterior walls of the house and the interiof filtering and amplification, then into a spectrum analyzer
walls are constructed with plaster wallboard. The Woerneperating in zero-span mode. A laptop computer records the
home is in the same neighborhood as the Rappaport honmagrow-band power samples. Fig. 2 shows 5 s of CW power
and experiences similar terrain and surroundings. Large treleda taken as the receiver is moved around i20a local
have grown up very close to the house on the back side aarga. The linear average of received power values is used for
in neighboring yards. all path loss calculations.

C. Description of Measurement Sites

P. Measurement Equipment and Setup
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Fig. 3. Summary of 5.85-GHz path loss measurements at the Rappaport home.

Before initiating measurements at each of the five site] local area measurements were taken outside and inside the
two sets of calibrations were performed. First, the transmittRappaport home with the transmitter antenna at a height of 5.5
and receiver systems were connected back to back withmaDimensions and receiver locations were carefully measured
short, calibrated cable and a step attenuator, bypassing #ihehis and other sites using a tape measure.
antennas and the transmitter amplifier. Next, the transmitterFor the near TR separation, a transmitter was placed across
and receiver antennas are reconnected to the system artfleastreet at a distance of nearly 30 m from the front of the
free space calibration was performed in an open area wfibuse. Outdoor measurements with the receiver antenna on a
the antennas extended 5.5 m above ground and separated.Bym mast were made close in to the house, around the front
exactly 1 m. Overall system gain and reference path logad back sides at locations marked in Fig. 3. Outdoor receiver
with respect to 1 m free space are calculated from thesfeasurements at these locations were repeated using a receiver
calibrations, which were repeatable tol dB throughout height of 1.5 m—typical for a hand-held phone. Using Fig. 3,
the campaign. one may observe the difference in measured path loss induced

by a shadowing deciduous tree for 5.5 m and 1.5 m receiver
ll. M EASUREMENT RESULTS heights at the back corner of the house.
The same receiver locations were measured again using
This section reports path Ioss data recorded from measute-rp separation of 150 m. This time the transmitter il-

T e et At pinated te back side of he Rappapor rame. A rouse
by (2) ' a patch of trees shadowed the transmitter from all of
' the measured points at the Rappaport home and there was
a modest downward ground slope in the direction of the
transmitter. A total of 30 indoor local areas were also measured
Fig. 3 illustrates the receiver locations, the layout, and thesing the two transmitter locations. One local area path loss
measured path loss data for the Rappaport home. A totalméasurement was made in every room of the house, on the

A. Rappaport Home Results
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Fig. 4. Summary of 5.85-GHz path loss measurements at the Woerner home.

first and second levels, with receiver antenna heights atyard that blocks the entire front of the Woerner home from
constant 1.5 m. the transmitter. Notice the large difference in path loss along
the front of the house between the 1.5 m and 5 m receiver
heights. All of the high receivers are blocked by the large
deciduous tree in the neighboring yard. Once again, the 1.5 m
Fig. 4 shows the receiver locations, the layout, and theceivers experience less path loss because of the line-of-sight
measured path loss data for the Woerner home. A total ghth underneath the tree.
68 local area measurements were made at this home. The ne@ig. 4 also illustrates the indoor path loss relative to 1 m
CW transmitter was placed at a distance of 30 m behind three space for both transmitter configurations. Note that the
house. Two large trees in the backyard lay between the gth loss in the cinderblock wall basement is comparable to the
m transmitter and the side of the house. The line of receivigsth loss on the first floor of the home for the 30 m transmitter.
locations on the back side of the house were parallel witowever, the walkout basement is directly illuminated on the
the rear wall of the house and were sandwiched between theside by propagation underneath the trees. The first floor,
large deciduous trees and the home. Fig. 4 shows a surprisifiich actually corresponds to the 5 m outdoor receiver height,
amount of attenuation for the 5-m-high receiver due to the shielded by the tree canopy.
tree canopy. The 1.5-m-high receiver locations have a line-
of-sight to the transmitteanderneaththe bushy tree canopy.
Consequently, path loss is almost identical to free space valles
at these head-level locations. The receiver and transmitter configurations for the 84 local
The far transmitter was placed 210 m from the Woernarea measurements taken at the Tranter home are shown in
home in an open field. The principle shadowing elemeni&g. 5. The near transmitter was placed 48 m in front of the
for the receiver locations are houses and trees. In particulaouse on the other side of a heavily wooded area. The trees
there is a large deciduous tree in the next-door neighboitsfront of the Tranter home are forest-like. Unlike the typical

B. Woerner Home Results

Tranter Home Results
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Fig. 5. Summary of 5.85-GHz path loss measurements at the Tranter home.

neighborhood trees at the Woerner home, foliage in this afg@alB more loss than the brick Rappaport home. Unlike the
is dense at all heights. The smaller difference in path loss forevious houses studied, the Tranter home has aluminum foil-
1.5- and 5.5-m-high receivers along the front side of the horbacked insulation around the entire house. This thin conductive
demonstrates how trees attenuate uniformly as a functionsbfield likely accounts for the additional loss.

receiver antenna height for this home. The transmitter was

moved down the street to a distance of 160 m from th®. Coniferous and Deciduous Trees

Tranter hpme and rr?easuremer?ts were repeated. The 5"r"n?fig. 6 shows the site sketch of the pine tree row with mea-
high receivers experience marginally more path loss than g0 nath loss values. Measurements were made at receiver
1.5 m receivers, most likely due to higher concentrations %tenna heights of 1.5 and 5.5 m. The back-side path loss
the tree canopy at the higher level. _ exhibits a received power drop in excess of 10 dB when
Fig. 5 also illustrates indoor path loss for both transmittelympared to the front side. Unlike many deciduous trees in
configurations. For the near transmitter, path loss decreaggs residential neighborhoods, there is still significant loss
in rooms that are farther from the transmitter. This treng the 1.5-m-high receiver; there is no line-of-sight opening
is interrupted by the relatively low path loss measuremeghderneath the pine tree canopy.
of 56.8 dB in Bedroom 2. Bedroom 2 is furthest from the The row of deciduous trees comprised of three large beech
transmitter, but additional tree-scattered power enters into tfi€es. The canopies of the beech trees cleared the ground by
room through a large sliding glass door on the left side @f-1.5 m. The transmitter was placed in a parking lot across
Fig. 5. the street and had a line-of-sight to the front side receiver
When compared to outdoor path loss values, penetratimeations. For measurements at a height of 5.5 m, Fig. 6
through the brick exterior into the Tranter home incurs aboshows significant attenuation in the range of 12-16 dB for
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e when a receiver at a height of 1.5 m is raised to 5.5 m
\L @- and becomes shadowed by a tree. Close-in shadowing by a
/ -? hou;g, on the other hand, exhibi.ts apywhere from 2.—13 dB
additional path loss when the receivetdsveredfrom a height
of 5.5-1.5m.
g | = i 2) Propagation at Different Floors:All of the homes stud-

.‘? /Sm ied had at least two floors. There was no significant difference
in path loss measurements between 2nd and 1st floor measure-
ments. While the second floor may have benefited from less

15m rooftop diffraction loss from neighboring homes, it aldost

more power from treetop foliage attenuation.

Not surprisingly, the path loss was noticeably greater in
5m Rx Ant. Path Loss . i
Tx e A P s pasement areas. Typically, each basement showed an addi
tional 6-10 dB of path loss when compared to measurements

all values in dB w.r.t. Im FS .
on the first floor of the home. Both basements measured were
unfinished and at least partially underground.

3) Effect of Windows on Penetrationin general, windows
provide a low-attenuation path for radio waves to enter a home.
However, the majority of all windows in the homes studied
were covered by metal screens, which appeared to attenuate
propagation. The exceptions were rooms with sliding glass
doors. Most sliding glass doors provide a large aperture which
is never more than half-covered by a metal screen. Rooms
with sliding glass doors showed consistent decreases in path
loss throughout the measurement campaign.

4) Effect of Insulation on Penetrationinsulation can play
an important part in radio wave penetration since it fills
every exterior wall of a home. The highest penetration loss
was observed in the Tranter home, the only house with foil-
backed insulation. The Rappaport home, a comparable brick
- 5 house with paper-backed insulation, and the Woerner home,

(b a wood siding house with paper-backed insulation, exhibited
Fig. 6. Summary of 5.85-GHz path loss measurements for stands of ded@lss penetration loss. Measurements indicate that foil-backed
uous and coniferous trees. insulation may add as much as 4 dB to the penetration
loss. This dependence on insulation type suggests that the

locations behind the trees. This large attenuation is absenirafismission of electromagnetic waves through solid walls is
a receiver height of 1.5 m, even though the rim of the bro&h important mode of home penetration.
canopy blocked the optical line-of-sight for some locations. 5) Tree Effects:Deciduous trees, such as beeches or

The clearing underneath the tree provided a strong propagatiBaPles, can be potent shadowers at 5.85 GHz. The wavelength
path with line-of-sight characteristics. at 5.85 GHz is 5 cm—Iless than the largest dimension

of most leaves. Tree shadowing becomes critical in older
neighborhoods, where the canopy is thick and developed and
E. A Summary of Measured Data Trends concentrated at rooftop level. In many cases, it is easier to
Before providing detailed analysis in Section 1V, we assgropagate underneaththe canopy to ground level receivers.
ciate path loss data with site-specific information, revealinghis behavior suggests that deciduous trees appear to be
trends that would otherwise lie hidden in the raw data. Béfloating masses” and typically introduce 10-13 dB of loss in
low are several general measurement-based observations &gess of free space path loss.
summarize residential propagation at 5.85 GHz. Thick stands of coniferous trees, such as pines, attenuate
1) Receiver Antenna Heightdvlany of the 5.5-m-height a propagating radio wave at 5.85 GHz every bit as much as
receiver antenna measurements showed considerably nibgir deciduous counterparts. Unless intentionally pruned, pine
path loss than measurements at a height of 1.5 m, largely diges grow much thicker at the base than leaf-bearing trees. The
to treetop shadowing. However, rooftop receivers appear to i@asurement results show comparable loss in excess of free
beneficial in areas that are shadowed by houses instead of trepgace at all receiver heights with typical values ranging from
Under these conditions, measurements with 5.5 m receividr to 16 dB.
masts showed consistently less path loss when compared to
ground-level receivers. The increase in received power most
likely comes from decreased rooftop diffraction loss. Section The following section presents general analysis of the
IV shows there is typically 8-12 dB additional path lossneasured path loss data. This includes regression models for
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Fig. 7. Path loss scatter plot for all the residential measurement data (not including data from tree lines).

different transmitter and receiver configurations, average shad¥ig. 7 presents a path loss scatter plot for all indoor and
owing effects by houses and trees, and aggregate penetratiotdoor measurement data. In this scatter plot, all house data
loss into homes. are processed together. Linear regression using a minimum

Each path loss value reported in this paper has been calmean square error (MMSE) criterion is used to estimafer
lated from the linear average of hundreds of local area powadt the indoor and outdoor measurements at the residential
samples (see Section Il). For comparison, several tables thaimes. The path loss exponemt, is found to be 3.4 for
contain setsof path loss values provide both a linear averageeasurements inside the home and 2.9 for measurements made
and a dB average of the path loss measurements. A lin@gsst outside the home. The standard deviation is 8.0 and 7.9
average is calculated by first converting the path loss valugB, respectively, for outdoor and indoor measurement data in
from the dB scale to an absolute value. The mean of tlkég. 7. Notice that the value of increases as the receiver goes
absolute path loss is computed and converted back to a fil8m outdoor to indoor environments due to penetration loss.
value by takingl0log,,(), resulting in the linear average. A Table Il summarizes the MMSE path loss exponent and
dB average is computed as the mean of the individual dBandard deviation for the variety of transmitter—receiver con-
measured values without conversion to the absolute scale. Tigerations measured in the experiment and provides specific
dB average tends to deemphasize the large variations from thedels for each of the measured houses. For both indoor and
mean, whereas a linear average may be heavily skewed by on&door locations, the level or height of the receiver has
or two extreme values. Both approaches are comparable wiséatistically significant effect on the path loss exponent
only small variations exist in the averaged data, as is the case
for most of our local area path loss values.

B. House Shadowing

A. Path Loss Exponents Some of the houses were measured with receiver locations
Path loss can be described by the distance-dependent guttboth the transmitter and shadowed sides of the house. The
loss model effects of close-in house shadowing (excess loss induced by

L d a receiver on the side of the house opposite the transmitter
PL(d) [dB] = PL(dy) [dB] + 10nlog;, <d—> (4) compared to a receiver on the same side of the house as the
0 transmitter) were studied in this configuration by comparing
where PL(d) is the average path loss value in dB at a TRhe average path loss on both sides of the home. Table IlI
separation ofl, PL(dp) is the path loss in dB at a referencdists the differences in dB between the linearly averaged
distanced, = 1 m, andn is the path loss exponent thatpath loss on the transmitter and shadowed sides of a house
characterizes how fast the path loss increases with increadiog two different receiver heights. For example, the linear
TR separation [13]. For free space propagatiorequals 2. average of path loss w.r.t. 1 m FS on the back side of the
Obstructions between the transmitter and receiver as well Rappaport home with 150 m TR separation is 65.9 dB for
multipath propagation change thevalue in practice. the 5.5-m-height receivers. Along the front, with the house
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TABLE I in received signal power when moving from the front to the
SUMMARY OF PATH Loss EXPONENTS FORVARIOUS TRANSMITTER-RECEIVER back of the tree line, in addition to the free space path loss.
CONFIGURATIONS AT 5.85 GHz L5ING 5.5 m TRANSMITTER HEIGHT. . | .
It is computed from the linearly averaged path loss values on

. . # of Meas.  # of each side of the tree line. The stands of trees can be treated
IHEOS;’“ﬁg“”‘“’“ n_ o (dB) | Locations Homes as partitions of attenuation which can be applied to many of
Overall 34 8.0 46 3 the partition-based models outlined in later sections.
First Floor 3.5 8.3 58 3
5 Szm“d Floor 3.3 73 38 3 D. Aggregate Penetration Loss (APL)
utdoor
Overall 29 79 147 3 Aggregate penetration loss (APL) is defined by (3) as the
L5m 29 90 73 3 ratio of the linear averages of outdoor power to indoor power
R"’-5m t 30 64 i 3 for a given transmitter location. The averaged indoor power
appaport . . .
First Floor 35 o7 23 ! is taken over a[l of the indoor measured pomts. The averaged
Second Floor | 3.5 7.4 10 1 outdoor power is taken over measured locations on the side of
1.5m 31102 26 1 the houseclosestto the transmitter t@void house shadowing
5.5m 30 65 21 1 effectd8]. Received data for both 1.5- and 5.5-m high antennas
Woerner are used
First Floor 3.2 6.2 8 1 i .
Second Floor | 3.3 7.7 99 1 Table Il shows all of the aggregate penetration loss values
1.5m 29 82 22 1 for the homes studied. The average value of 16.3 dB compares
. f’-5tm 31 62 20 ! favorably to the median value of 16.1 dB obtained by Aguirre
r;‘?rjir Floor 36 6.9 3 1 et al. at the same frequency [8]. Note that APL represents a
Second Floor | 3.4 3.1 97 1 gross average outdoor-to-indoor loss for all rooms inside the
1.5m 27 6.4 26 1 home. It is important to note that APL is different than the loss
5.5m 28 53 26 L in excess of free space due only to the exterior wall, which
is explored in Section V.
TABLE 1lI
ATTENUATION (IN dB) FOR CLOSE-IN SHADOWING OF A SINGLE HOUSE AND V. PARTITION-DEPENDENT PROPAGATION ANALYSIS
AGGREGATE PENETRATION Loss (APL) VALUES FORALL HoMES AT 5.85 GHz . )
UsING 5.5 m TRANSMITTER HEIGHT. N/A DENOTESLOCATIONS THAT WERE In propagation analysis, the path loss exponenthat
NOT MEASURED FORSHADOWING LOSS WITH EXTERNAL RECEIVERS. minimizes the standard deviation is useful for gaining quick
Shadowing Loss insight into the general propagation at 5.85 GHz. These
Home ?OR sep | 5.5m };X (dB) 1-°m§>§ (dB) | APL (dB) methods often lead to large, unacceptable standard deviations
Rappaport fﬁgin ioé I;é 123 for prediction at specific locations. To decrease the standard
Woerner ™ 30m 111 573 31 Fieviatiop for a predic.tion and extract usefql propagatiqn
210m N/A N/A 7.2 information about the site, a more comprehensive propagation
Tranter 48m 17.2 19.0 21.1 model is needed []_5], [16]
160m N/A N/A 15.3
Linear Average 16.3 23.6 16.3 .
dB Average | 153 20.5 14.4 A. Least-Squares Formulation

Finer propagation models ugartition-dependent attenua-

. . . . ion factors which assume:, = 2 free space path loss with
shadowing the receivers, the linear average is 76.7 dB. ﬁ] ditional path loss based on the objects that lie between the

difference between the two path loss values, 10.8 dB, esumat%;esnsmitter and the receiver [17], [18]. For the outdoor-to-

the effective loss of close-in shadowing by the Rappapor oor propagation environment, these objects may be trees
house. The measurement locations for the far transmitté'?g bropag ! ) Y '
ooded patches, house exteriors, or series of plasterboard

at the Tranter and Woerner homes did not permit hou¥& )
. : walls. The path loss with respect to 1 m free space at any

shadowing calculations. . o . .

The linear and dB average of all close-in, single-hous%'ven point is described by the equation
shadowing loss are shown at the bottom of Table Il for each PL(d) = 20log,o(d) + a x Xoq +b x X, - -- (5)
receiver height. Clearly there is a 5—6 dB advantage to using
a tall receiver at a location shadowed by a house. Rooftéfnere a, b, etc., are the quantities of each partition type
diffraction gives every shadowed 5.5 m receiver addition@etween the receiver and transmitter akid, X;, etc., are
power over its 1.5 m counterpart in Table IIl. their respective attenuation values in dB [18].

For measured data at a known site, the unknowns in (5) are
the individual attenuation factor¥,,, X,, etc.. One method
. . . to _calculate the attenuation factors is to minimize the mean-
The coniferous stand of trees exhibited an attenuation (Suare error of measured versus predicted dafa.fépresents

1t6.5hd5 ﬁ: af qeéght (')Ith.?j m_dand an tattznufattlon thll‘Sd e path loss w.r.t. 1 m FS measured at ttielocation, then
alaheigntof L.> m. The deciduous stand ot rees showe easurements will result in this system of equations:

attenuation of 12.8 dB at a height of 5.5 m and an attenuation
of 4.4 dB at 1.5 m. Each attenuation is calculated as the loss P, =20logo(d1) +a1 x X+ by x X+ - (6)

C. Tree Line Shadowing
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P, =20logo(de) + a2 X Xy + b2 x Xj - - TABLE IV
PARTITION FREQUENCY, DISTANCE, AND 5.85 GHz RTH Loss
W.R.T.1 m FREE SPACE FOR THE30 m TRANSMITTER AT THE
RAPPAPORT HOME USING AN OUTDOOR 5.5 m TRANSMITTER HEIGHT.

Pn =20log o(dy) +any X Xo + by x X+ (7)

TR
: . . . P Small Brick Int. | Sep. | PL
This system can be written more elegantly in matrix notation: Location | Tree Ext. Wall | (m) | (dB)
AT = j— 20log;o(d) (8) 1 0 0 | 22 | 313
Qutdoors 2 1 0 0 22 33.4
where Front Side 3 0 0 0 23 | 32.4
5.5m height 4| 0 0 0 | 25 | 337
Py dy Xa 50 0 0 0 | 27 |38
. P - do . X, 6 0 0 0 29 | 32.0
g=1 .1, d=1| .|, =1 . |, I 1 0 0 22 [ 313
. . . Outdoors 2 0 0 0 23 25.9
Py dn X. Front Side 3| 0 0 0 25 | 27.3
1.5m height 4 | 0 0 0 | 27 | 321
and 5| 0 0 0 | 29 | 320
1st Floor
“ 21 1 Living Room | 1 10 | 32 |401
A= 4z D2 v 22 ©) Front Hall | 0 1 0 | 30 |39.6
I Lo o Office | 0 1 0 32 | 416
Stairs 0 1 0 3 45.8
an by ooz Bathroom | 0 1 1| 35 | 467
. L dry | 0 1 1| 35 | 437
The vectorZ is the unknown quantity in (8) but cannot be L{:E?h; 0 ) 5 | 38 |319
solved immediately because there are more measured points in Dining Room | 1 1 0 | 38 | 423
¢ than unknowns ir¥. Multiplying both sides by the transpose Family Room | 0 i 2 | 41 | 519
of A yields a tractable linear matrix equation: 2nd Floor ,
Front Bed 1 1 0 32 44.4
AT AZ = AT 5 = 201loe, - (d)]. 10 Rear Bed 1| 1 1 ] 38 | 51.2
[p 810( )] ( ) Bathroom 0 1 2 38 51.7
Equation (10) represents a system called tieemal equa- ﬁ:ﬁj’e}i j 8 ! é ‘;3 igg
tions [19]. Solving the normal equations—taking the proper —
. ; ) . . > N I IS PN
precautions against ill-conditioned matrices—simultaneously X i | 7

minimizes the mean-squared error with respect to all values in
Z. Since these data represent large-scale path loss, which tends
to a log-normal distribution, the mean-squared error criterioftansmissionthrough the house was not as important as
as well as mean and standard deviation comparisons, are bag@door multipath scattering. Including these house-shadowed

on the dB values of path loss. The resulting attenuation valuggations in the calculation would distort the physical meaning
produce predictions that match measurements with a near-zgfQhe attenuation values.

mean and a small standard deviation error. The calculation results in attenuation values of 3.5 dB for
the small deciduous tree outside, 4.7 dB for the interior plaster

B. Example of Attenuation Factor Calculation walls, and 10.2 dB for the brick exterior. Once all of tiie

at Rappaport Home values are solved, the mean square error (or variance) of the

This subsection presents a sample attenuation factor calg¥stém can be calculated by
lation using data for the 30 m transmitter at the Rappaport )
home. Attenuation in addition to ideal free space path loss o |A“7+20 logyo(d) — 7 (11)
for this environment is attributed to three types of objects: . . -
the small tree in the front yard, the exterior brick wall, an% comparison of the optimized predictions to measurements
the interior plaster walls. By looking at the house site ank EUS‘E mﬂ?e r?oe;/ms; r;g;rgf o?ejggor? |Ssta|rr11€[j${|c\j/edi\|/rl1?:téort]h§f
floor plan (Fig. 3), the TR separation and quantity of ea

" - . rocedure minimizes mean-square error between measured and
partition between the transmitter and receiver were record%é) q
in Table IV predicted data.

Consider the receiver location in Rear Bedroom 1. The front -

yard tree, the exterior brick wall, and one plaster wall [i&+ Summary of Partition Values

between the indoor receiver and the outdoor transmitter. AtA summary of all partition-based model results is shown in
the row corresponding to this measurement, a 1 is placédble V. The values can be used by any of the partition-based
in each column in Table IV, since one of each obstructiomodels described in the next section. The attenuation values in
type lies between the transmitter and receiver. This proceddiable V represent loss in excess of free space, which is the loss
repeats for all of the measured locations. Notice that thireduced by the obstruction in addition to the ideal free space
back side outdoor receiver locations were omitted from thpath loss(n = 2). Each overall attenuation value is a dB
calculation; the preliminary data in Section Il showed thaverage of previously calculated partition-based attenuations.
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TABLE V prediction. Several models are presented in this section which

SUMMARY OF ALL ATTENUATION VALUES ( Loss INEXCESs OFFREE SPACE) AT explain how to use the information gathered in this paper.
5.85 GHzwITH OUTDOOR TRANSMITTERS AT 5.5 m HEIGHT ABOVE GROUND. . . . .

Different models emphasize different aspects of propagation.

. Loss | o | Ao For maximum utility, it is important to know the tradeoffs of
Partition (dB) | (dB) | (dB)
. each model.
HOIHG exteriors
Brick! 12.3
Rappaport lfome, 30m TX | 10.2 | 2.6 | 3.1 A. Path Loss Exponent Models
Rappaport Home, 150m TX | 14.8 | 2.1 | 4.5 The simplest method of propagation prediction is the path
Brick 16.4 loss exponent model, given in (4). This method may use
Tranter Home, 48m TX 16.1] 3.4 ) 3.9 different path loss exponents for outdoor or outdoor-to-indoor

Tranter Home, 160m TX | 16.6 | 3.2 | 4.5 ) . \ .
rapter Home, ST ? propagation to predict the mean received signal strengths.

Wood Siding! 88 1 351 09 Actual path loss tends to be log-normally distributed around

Cinderblock wall 22 | 35 | 64 the predicted path loss [17]. Values for the path loss exponent

Subterrancan basement 31 and standard deviation are given in Table Il. This method only
Tranter Home, 48m TX 3¢\ 34 137 requires knowledge of TR separation and is meant for rough
Tranter Home, 160m TX 29 3.2 2.7

estimates of signal strength.

Home Interior

Plaster walls 4.7 .
Rappaport Home, 30m TX 4.7 2.6 1.1 B. Path Loss Exponent Models With
Rappaport Home, 150m TX | 4.6 2.1 0.8 Aggregate Penetration Loss
Plasterboard walls 4.6 Adding penetration loss into the path loss exponent model
Tranter Home, 48m TX 3.6 | 3.4 | 19 increases its accuracy for outdoor-to-indoor propagation. In
Woerner Home, 30m TX 5.6 1 35 | 1.2 this model, the outdoon value is used to estimate received
Foliage Shadow signal strength outside the home. Aggregate penetration
Small deciduous tree 35 | 26 | 05 lossis added to the outdoor result to obtain the indoor received
Large deciduous tree 10.7 power:
Woerner Home, 30m TX 9.0 3.5 1.7
Ve : 3| 332
S o Bl Pa=Pr o+ Gr+ Gr ot 2000z | - (1)
Large coniferous tree 13.7 d
tree line, 5.5m RX 16.4 - - — 10nout 1Og10 <—> — APL (12)
tree line, 1.5m RX 11.0 - - I'm

 paper-backed insulation

“foil-backed instlation The aggregate penetration loss, APL, is chosen from Table llI

based on the house exterior.

Aggregate penetration loss differs from the penetration
For example, the attenuation of 4.7 dB listed unédmster loss defined by the partition-based model. APL represents
walls is an average of the attenuations calculated for the tvam average difference between the indoor and outdoor path
different TR separations used at the Rappaport home. Ndtess, regardless of the location inside the house, and does not
however, the consistency of results for all plasterboard take into account the specific number of walls or height above
plaster walls calculated from measurements. All attenuatignound. The partition-based penetration loss is defined as the
values lie between 3.6 and 5.6 dB, implying that the typicglath loss differences between two locations that lie on the
value of 4.7 dB may be a near-optimal value for interior wallsnmediate inside and outside of the exterior wall.
in any home.

The right-hand column of Table V, labeleNs, represents C. Partition-Based Outdoor-to-Indoor Model

the change in optimal standard deviation between measureq.he error (i.e., standard deviation) of path loss using ex-

versus predicted values for a modsith and without the onent models for outdoor-to-indoor propagation may be too
specified partition. For example, the model in the previOLPs propag Y

o . . reat for widespread neighborhood deployment of a wireless
section included a partition for the brick wall of the Rappapoﬁ gvork. A pseudodeterministic method uses the partition-
e

) ) e
home and resulted in a measured versus predicted stan .
deviation error of 2.6 dB. If the partition for the brick Wallcgaé{ d path loss model given by
was removed from the model and new optimal partition values A N
were calculated, then the standard deviation error would in- Pr = Pr + Gr + Gr + 20logy <4—(i> — ZXi (13)
crease by 3.1 dB, according to Table V. The valie roughly 4 i=1

gauges the importance of the specific partition to the mOde\lzvhere X, is the attenuation value (chosen from Table V)

of the ¢th obstruction intersected by a line drawn from the

transmitter to the receiver point. An outdoor obstruction may
The data extracted from the previous two sections are usef@l a deciduous or coniferous tree, a section of terrain, or a

for residential outdoor-to-indoor link design and interferendeouse. An indoor obstruction is usually a wall. This model

VI. SUMMARY OF MODELS FORPROPAGATION PREDICTION
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