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Spatial and Temporal Characteristics of 60-GHz
Indoor Channels
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Abstract—This article presents measurement results and ments. Inthe U.S., as much as 5 GHz (from 59 to 64 GHz) is in
models for 60-GHz channels. Multipath components were re- |icense-free spectrum. In practice, site-specific prediction tech-
solved in time by using a sliding correlator with 10-ns resolution niques, such as ray tracing, are used to model millimeter-wave

and in space by sweeping a directional antenna with <7 half . . . .
power beamwidth in the azimuthal direction. Power delay profiles channels [5]. However, little literature is available to carefully

(PDPs) and power angle profiles (PAPs) were measured in various Verify the ray-tracing model with high-resolution measurements
indoor and short-range outdoor environments. Detailed multipath or to provide detailed angle-of-arrival (AOA) and time-of-ar-
structure was retrieved from PDPs and PAPs and was related to rival (TOA) parameters for the 60-GHz channels.

site-specific environments. Results show an excellent correlation The goal of this research is threefold.

between the propagation environments and the multipath channel

structures. The measurement results confirm that the majority « accurately measure the channel multipath structure by sep-
of the multipath components can be determined from image arating multipath components by their AOAs and TOAs;
based ray tracing techniques for line-of-sight (LOS) applications. « determine the origin of multipath by relating multipath

For non-LOS (NLOS) propagation through walls, the metallic AOA and TOA to site-specific information;
structure of composite walls must be considered. From the . id tical val f statisti IAOA,\ d TOA
recorded PDPs and PAPs, received signal power and statistical provide practical values ot statistica an pa-

parameters of angle-of-arrival and time-of-arrival were also rf.imeters for various prOPQQation envi.ronments, so the em-
calculated. These parameters accurately describe the spatial and pirical results may be replicated by simulators [6].

temporal properties of millimeter-wave channels and can be used getion || presents the experimental setup for the channel mea-
as empirical values for broadband wireless system design for .
60-GHz short-range channels. surements. Section Il relates the measured channel responses
Index Terms—Angular spread, delay spread, fading, mil to the propagation environments. Section 1V describes the mea-
X u ) y , ing, mil- . . .
limeter-wave propagation, multipath channels, space time channel \?vuorﬁ(d AOA and TOA parameters and Section V summarizes this
models. :

Il. MEASUREMENT SETUP
. INTRODUCTION

. oy . . A. Methods to Separate Multipath Components
DVANCED wireless systems exploit dimensions of time, P P P

frequency, and space to maximize the data rate and syster{\/lultipath components can be classified either by their AOA
capacity. Design of space-time coding, equalization, adapti& TOA. The corresponding.channel characteristics can be
antennas, and rake receiver techniques relies on accurate chd@g@rded as power delay profilgPDP) or apower angle pro-
terization of the propagation channel. Classical channel mod8 (PAP). A PDP records temporal power distribution relative
were developed for narrowband systems [1], [2]. For wirele§d m_ultipath TQA and a PAP_ records spatial power distrib_ution
systems with high data rates and directional antennas, the sniglative to multipath AOA. Wideband measurement techniques,
scale fading is more complex to characterize than for omnidiuch as a vector network analyzer or sliding correlator, are
rectional and narrowband systems of the past. More advan&&§§d to resolve multipath by their delay times. However, all
channel models which include time dispersion and angular di§éasurement systems use a band-limited probing waveform
persion have also been developed [3], [4]. and thus have limited time resolution. Even with the 10-ns
The work presented in this paper focuses on characterizat/§§olution used in this measurement campaign, the received
of 60-GHz channels both in space and time delay. The 60-GSignal pulse may still contain several multipath components and
spectrum has been proposed for future-generation broad-bHH¢F Mmay fade in a small local area. One method for decreasing
wireless systems in indoor and short-range outdoor envirddcal fading while increasing multipath resolution is to use
directional antennas at the receiver to separate multipath by
Manuscri _ o < peSpace, provided that they arrive from different directions.
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Fig. 1. Automated track system [13].
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Fig. 2. Track and spin measurement procedure.

at each other and the receiver is moved along the track
aligned with the LOS path. PDPs are taken at 80 po-
sitions along the track with a separation of a quarter

antenna elements and requires a large number of antenna ele- wavelength. This allows a spatial sampling rate of four

ments to obtain substantial spatial resolut®ynthetic aperture
radar techniquegliminate mutual coupling by using only one
antenna that moves into different locations of the array. It pro-
duces results similar to an antenna array, provided all measure-
ments are taken within the channel’s coherence time. Electronic
beamforming techniques, such as direction-finding antenna ar-

samples per wavelength along the track with a length of
20 wavelength. The purpose of the track measurements is
to study the range of small-scale signal variations of each
resolvable multipath component, as well as TOA statistics
for typical indoor applications, where transmitter and
receiver antennas are fixed and aligned on bore sight.

rays, require accurate phase measurements and elaborate pra- Spin measurements: During a spin measurement, the re-

cessing. PAPs can also be measured by mechanically rotating a
highly directional antennaThe advantage of mechanically ro-
tating a directional antenna is that no phase information is re-
quired to accomplish beam steering. At low frequencies, highly
directional antennas have large physical dimensions and present
difficulty in mechanical steering. However, at millimeter wave
frequencies, miniaturized directional antennas with large gains
are small and can be easily rotated.

B. Measurement Procedure

In this measurement campaign, a mechanically steered direc-
tional antenna was used to resolve multipath components. An
automated system was used to precisely position the receiver
antenna along a linear track and then rotate the antenna in the
azimuthal direction. The track system is shown in Fig. 1. The
precisions of the track and spin positions are less than 1 mm and
1°, respectively [13]. When a highly directional antenna is used,
the system provides high spatial resolution to resolve multipath
components with different AOAs. The sliding correlator tech-
nigue was used to further resolve multipath components with
the same AOA by their TOAs. The spread spectrum signal had
a RF bandwidth of 200 MHz, which provided a time resolution
of approximately 10 ns.

ceiver is moved along the linear track to four different
positions. The spatial separation between two successive
positions is five wavelengths. At each position, the re-
ceiver antenna is rotated in azimuth froftd 360° with

a step size of 5and PDPs are recorded at each of the
72 angular steps. Then, a local average is calculated from
the measurement results at four different positions. The
local average helps to remove any residual small-scale or
time-varying fading that may occur at individual positions.
The averaged PDPs and PAPs are processed to obtain the
AOA and TOA statistics of the channel. Definitions of the
statistical parameters are presented in Section IV-A and
the measurement results are presented in Section IV-B.
The purpose of the spin measurement is to obtain the com-
plete spatial-temporal characteristics of the channel. The
general results provide deep understanding of the wave
propagation in a local area. The measured results can also
be applied to verification of ray tracing channel estima-
tion, position location algorithms, and statistical channel
models for both fixed and mobile indoor wireless applica-
tions.

C. Antenna Patterns

To measure and model different propagation environmentsFor this measurement campaign, an open-ended waveguide

the measurements were taken in various locations (site informgth 6.7-dB gain was used as the transmitter antenna and a horn
tion is described in Section II-D). At each location, btitfick  antenna with 29-dB gain was used as the receiver antenna. These
measurementndspin measurementgere performed as shownantennas were chosen to emulate typical antenna systems that
in Fig. 2. have been proposed for millimeter-wave indoor applications,
» Track measurements: During a track measurement, tivbere a sector antenna is used at the transmitter and a highly
transmitter and receiver antennas are pointed directlirectional antenna is used at the receiver. Both antennas are
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Antenna Pattern for Open-ended Waveguide transmitter was fixed in one corner of the room. The receiver
30 90 was placed in two different positions: in the opposite corner of

: 60 @I the room and the center of the room. Location 4 was in a class-
- room in Whittemore Hall with dimensions of 8:47.1x 4.3 m.

120

- : The transmitter was fixed in one corner of the room. The re-
150 /.. : - O %Qq ceiver was placed in four different positions: the center and the
Tl ) . % TR other three corners of the room.

Locations 5 and 6 were chosen to study NLOS propagation
from a hallway to a room and from a room to an adjacent room,
respectively. In location 5, the receiver was in a laboratory with
dimensions of 11.% 5.1x 4.3 m. The transmitter was placed
in the hallway. Two different positions were measured. In one
L : R o~ position, the transmitter and receiver antennas were separated
210\ : SydaeeC” by a plasterboard wall with metallic studs inside. In the other

! : Co position, the antennas were separated by the glass door. In loca-
. tion 6, the transmitter and receiver were placed in two adjacent
: 300 rooms separated also by a plasterboard wall with metallic studs
270 inside. The dimensions of the rooms are 1%.5.1x 4.3 m and
Fi ) g%x 4.3x 4.2 m. For both walls, the metallic studs are sepa-

g. 3. Theoretical and measured antenna patterns for the open-ende .

waveguide. rated by 40 cm (16 in).
Locations 7 and 8 were outdoor locations. Location 7 was

] ) ] ) in a parking lot with no cars. The only possible scatterers were
vertically polarized and mounted on adjustable tripods abae amp posts. This location was selected to perform free-space

1.6 m above the ground. The theoretical half power beamwidifigipration and antenna pattern measurements. Location 8 was
(HPBW) are 90 in azimuth and 125in elevation for the 0pen- near the exterior stone wall of Durham Hall. The transmitter and
ended waveguide and #h azimuth and 5.8in elevation forthe recejver were placed along the wall with a separation of 2 to 5 m
horn antenna. _ between the antennas. Both antennas were 3.5 m from the wall.
The antenna patterns were measured by sweeping the antefiidsimple propagation environments of locations 7 and 8 were
under testin an empty parking lot and plotting the peak receiveflosen to verify the system performance.
power at each pointing angle. In order to reduce the potential €frje main rationale of choosing these eight locations was to
fects of measurement noise, this spin measurement was repegtgdide a variety of different propagation scenarios for the mea-

four times for each antenna to generate an averaged antennagaksments and also to provide controllable environments for
tern. As an example, the measured and theoretical antenna Bﬁ%ilysis and site-specific channel modeling.

terns for the open-ended waveguide are presented in Fig. 3. The
theoretical pattern is based on the E-field integration method
and it produces an accurate H-plane pattern in the front hemi-
sphere [14]. The measured antenna pattern agrees well with the
theoretical prediction in the front hemisphere. As the measu- Power Angle Profiles

ments show, the leakage into the back hemisphere is negligiblernis section investigates the correlation between the propaga-

240

I1l. RELATING MULTIPATH STRUCTURE TOPROPAGATION
ENVIRONMENTS

(at least 25 dB below the peak power). tion environments and the multipath AOA. Measured PAPs are
imported into the site-map to identify the origin of each multi-
D. Site Description path Component.

A total of 33 spin and track measurements in e|ght dif- Examples of the received PAP results are shown in Fig. 4
ferent locations were measured on the Virginia Tech campii@ propagation within a room, in Fig. 5 for propagation in a
Locations 1 and 2 were typical building hallways. Locatiofiallway, and in Fig. 6 for propagation into rooms.

1 was in the hallway on the forth floor of Durham Hall. The PAPs exhibit strong correlation with the propagation
Durham Hall is a four-story concrete building, which wagnvironment. The following observations were made from the
built in 1997. The hallway dimensions are 192.1x 4.3 m. recorded PAPs.

(In this section, all the dimensions are given in the order of ¢ Propagation within a roomAs shown in Fig. 4, when an
length, width, and height.) Location 2 was the hallway on the  LOS path exists, the strongest multipath component is al-
second floor of Whittemore Hall. The hallway dimensions are  ways from the LOS direction. The value of the maximum
54.7x 2.9x 4.3 m. For both locations, the transmitter was multipath power is given ag in decibels per meter in the
fixed at one end of the hallway. Several receiver positions legend. Powers of the other small multipath components
were chosen at separations ranging from 5 to 60 m from the are given in decibels in the polar plots in the figure relative
transmitter. All receiver positions had LOS to the transmitter. to the maximum power. LOS and the first-order reflected

Locations 3 and 4 were in small to medium-sized rooms. Lo-  waves contribute the majority of the multipath compo-
cation 3 was in a conference room on the forth floor of Durham  nents (the order of reflection refers to the number of re-
Hall. The dimensions of the room are 6&5.9x 4.3 m. The flections that a multipath component goes through before
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antenna heights, the hallway geometry, and the dielectric
properties of the reflecting surfaces. Results from [17]
show that, at 60 GHz, the reflection coefficient for typ-
ical floor is roughly 0.3 for incident angles less thart 10
Using this result and our measurement setup, the estimated
power of the reflected wave from the floor is at least 16
dB and 14 dB below the LOS component at separations of
50 m and 60 m, respectively. When the receiver antenna
is sweeped in azimuth, these reflected waves are added to
the LOS power at zero degree of AOA. The effects of these
reflected waves are thus negligible. At distances less than
50 m, the effects are even smaller.

Propagation through walltd=ig. 6 shows the measurement
results for NLOS propagation into rooms. In both loca-
tions, the radio wave propagates through a composite wall
with metallic studs. Results indicate that the metallic studs
have strong impact on the millimeter-wave propagation. In
location 5, the metallic studs do not obstruct the LOS path.
Measurement results show that the penetration loss is 9 dB
through the wall between the room and the hallway. The

Fig.4. AOA measurements for propagation within aroom (location 4), relative
power levels shown on polar plots, and peak multipath powémgven in text.
Rays are shown only for locations 4.2 and 4.4 in the figure, although a similar
procedure can be performed for all the locations.

strongest multipath component is still from the transmitter
direction. Other major multipath components are reflected
waves from the metallic bookshelves. The multipath en-

it reaches the receiver). For example, in the center location
4.2 (as shown in Fig. 4), there are only three strong mul-
tipath components: one is the LOS component, the other
two are first-order reflected waves from the side walls. The
reflected wave from “wall 2" is 19 dB below the LOS com-
ponent. The blackboard appears to be a strong reflector.
The reflected wave from the blackboard is only 8 dB below
the LOS path. There are more multipath components re-
ceived in the corner locations of the room. In location
4.4, the multipath components consist of LOS component,
first-order reflected waves from “wall 2" and the black-
board, and the second-order reflected wave from “wall 2”
and the blackboard. Similar analysis was performed for lo-
cations 4.1 and 4.3. At location 4.1, the strong reflection
of the blackboard resulted in a multipath component with
comparable power as the LOS component.

Propagation in a hallwayFig. 5 shows the measurement

ergy seems to be more diffuse in their AOAs in this NLOS
case as compared to the LOS propagation within a room
(Fig. 4). Reflections/scattering of the radio wave from the
studs also contribute to the multipath components.

In location 6, the metallic stud obstructs the LOS path
and the measurement results show that the penetration loss
through the wall and the blackboard is as high as 35.5 dB.
Since the LOS path was highly attenuated, the maximum
multipath power is assumed to be from the reflected path
through two glass doors. Other strong multipath compo-
nents might come from scattering from the large plotter or
the studs in the wall.

It is interesting to note that not all the reflections from
the metallic studs are significant. In Fig. 6, for example,
only studs on the left side of the LOS path resulted in
strong reflections. This is due to the shape of the metallic
stud as shown in Fig. 6. Only the wave impinging on the
smooth side of the stud results in strong reflections.

results of location 2 in the hallway. For all the measure- These measurement results clearly demonstrate a strong cor-
ment positions, the strongest multipath component carffiation between the propagation environments and the multi-
from the LOS direction. For location 2.1, the main multiPath channel structure. The following general conclusions can
path components are LOS and the reflected waves from @ made from all the measurement resullts.

sidewalls. Location 2.2 is near the intersection of two hall- « For LOS applications, free space propagation and reflec-

ways. The LOS component and reflected waves from side-
walls are still strong but became more diffusive. A strong
multipath component came from the corner of room 257.
As shown in locations 2.3, 2.4, and 2.5, when the sepa-
ration further increases, the reflections from the sidewalls
became insignificant. The reflection from the other end
of the hallway became stronger. Results from location 2.5
clearly show the LOS and the reflected wave components.
Note that with the increase of the separation distance,
the reflected wave components from the floor or ceiling
can become significant. The strength of the reflected wave
depends on the antenna beamwidth, antenna polarization,

tion are the dominant propagation mechanisms. When
there are no strong reflectors in the propagation envi-
ronment, the reflected multipath components are at least
10 dB below the LOS component. LOS component and
first-order reflected waves contribute a majority of the
received signal power. Strong multipath components can
result from strong reflectors, such as metallic furniture.
When strong reflectors are present, the reflected wave
can be comparable to the LOS component. Image-based
ray tracing can be used to estimate the channel multipath
structure at millimeter-wave frequencies. For installa-
tion purposes or a rule-of-thumb estimation, LOS and



624

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 3, APRIL 2002

Propagation in Hallway. L= 54.7 m, W =29 m, H=4.3 m.
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components. As a result, the multipath channel structure
may become more diffuse than in LOS environments.
When radio waves propagate through plasterboard walls,
metallic studs within the wall must be considered. Pen-
etration loss through the composite wall depends on the
position and orientation of the studs within the wall.
Results of penetration loss measurements are presented
in Section IV-E. As shown in the measurement results
from locations 5 and 6, reflection and scattering from the
metallic studs may result in strong multipath components.
More detailed analysis of the effects of different walls on
short-path propagation can be found in [15] for 900 MHz,
in [16] for 3.0 GHz, and [12], [17] for 60 GHz.

It is worth noting that millimeter-wave systems are mainly
proposed for LOS applications. The measurement results and
analysis show that site-specific propagation models, such as ray-
tracing, can be used to precisely image the space-time channel
for LOS applications.

IV. STATISTICAL PARAMETERS OF THECHANNEL

Site-specific prediction requires detailed knowledge of the
propagation environments. When such information is not avail-
able, statistical models can be used to describe general channel
properties which are useful for system design or for algorithm
testing. This section presents the statistical parameters distilled
from all the measurements in different locations. The measured

Fig. 6. AOA measurements for propagation into rooms (locations 5 and @arameters include received signal power, TOA parameters and

relative power levels given in polar plots, and peak multipath powergiven

in text.

first-order reflections may be taken into consideratioﬁ\'

AOA parameters.

Definition of the Statistical Parameters

based on the site geometry. For more accurate predictionsPath Loss and Received Signal Powdrhe free-spacpath
ray-tracing with second-order or third-order reflectionfossat a reference distance df is given by

may be used.

« For NLOS applications, the direct path can be highly
attenuated and become comparable to reflected multipath

)

PLy, (do) = 20log <47;d°>
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where X is the wavelength. Path loss over distantean be Mean excess delay and rms delay spread are the statistical
described by the path loss exponent model as follows: measures of the time dispersion of the channel. Timing jitter
g and standard deviation afando .- show the variation of these
PL(d)[dB] = PLy, (do) (dB) + 10nlog;, <_> (2) Pparameters over the small local area.
do These TOA parameters directly affect the performance of

igh-speed wireless systems. For instance, the mean excess

herePL(d) is th thloss value ata TR t hf
wherePL(d) is the average path loss value ata TR separa lon & lay can be used to estimate the search range of rake receivers

d andn is thepath loss exponeithat characterizes how fast theand the rms delay spread can be used to determine the maximum

path loss increases with the increase of TR separation. The K gﬁsmission data rate in the channel without equalization. The

loss values represept the signal power loss from the transmq %ing jitter and standard deviation parameters can be used to
antenna to the receiver antenna. These path loss values do

d donth ; . the't itted level #%rmine the update rate for a rake receiver or an equalizer.
epend on the antenna gains or the trahsmitied pOWETIEVeIS. POk n - parameters:AOA parameters characterize the direc-

any given transmitted power, the received signal power can Ik?(?nal distribution of multipath power. The recorded AOA pa-

calculated as rameters include angular spre@dangular constrictiory, max-
BT i fading angled and maximum AOA direction. An-
P,(dBm) = P,(dBm) + G,(dB) + G,.(dB) — PL(d)(dB) (3) ™M™ mas; , ,

( ) i ) «(dB) (dB) (d)(dB) (3) gular parametera, v andd,,, .. are defined based on the Fourier
where G, and G, are transmitter and receiver gains, respeéansform of the angular distribution of multipath powe(?)
tively. In this measurement campaign, the transmitted pom,{é18]
level was 25 dBm, the transmitter antenna gain was 6.7 dB, and

the receiver antenna gain was 29 dB. A= ]1— ||F1||2 (11)
TOA Parameters:TOA parameters characterize the time dis- V |77
persion of a multipath channel. The calculated TOA parameters HF0F2 _ F12H
include mean excess delag){rms delay spread-(), and also T — (12)
timing jitter (§(z)) and standard deviation\(z)), in a small [0l — [l
local area. Parameters ®fando. are given as [6] 6 o :%Phase{ FyF — Ff} (13)
ﬁ: P where
== 4) 2
S P, L, = / p(6) exp(jnb)dh. (14)
i=1 0
o, =1/72 — (7)2 (5) L, is the ny, Fourier transform ofp(6). As shown in [18],
N angular spread, angular constriction, and maximum fading
S Pir? angle are three key parameters to characterize the small scale
72 =1 (6) fading behavior of the channel. These new parameters can be
N P used for diversity techniques, fading rate estimation, and other
El ! space-time techniques. Maximum AOA provides the direction

) ) of the multipath component with the maximum power. It
where F; and; are the power and delay of the, multipath ¢4 pe used in system installation to minimize the path loss.

component of a PDP, respectively, ads the total number of petajled measured values of these parameters are presented in
multipath components. Section IV-B.

Timing jitter is calculated as the difference between the max-
imum and minimum measured values in a local area. Timing Results of Measured Statistical Parameters

jier &(x) and standard deviatiod(z) are defined as [13] Atotal of 8848 wideband PDPs and 94 PAPs were recorded in

M M the eight locations, of which 2080 PDPs were recorded through
8(x) = max {zi} - P {zi} (7) linear track measurements and 6768 PDPs through spin mea-
- surements.

Alz) =y/z? = (7)? (8) A summary of the measurements are presented in Table |

M z; for spin measurements and in Table Il for linear track mea-
T = i (9) surements. The presented parameters are averaged results from

i=1 individual PDPs taken in a small local area. They represent the

- M z? statistical temporal and spatial characteristics for the measured
= M (10)  60-GHz channels. Sections IV-C to IV-E provide details about

AOA parameters, TOA parameters, and the received signal
wherez; is the measured value for paramete( or o) in the POWer.

iy;, Measurement position of the spatial sampling &hds the 1) AOA Statistics:

total number of spatial samples in the local area. For example, ¢« Angular distribution of multipath poweAngular spread,

for the track measurement&] was chosen to be 80. A, characterizes the angular distribution of the multipath
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TABLE |
SPIN MEASUREMENTS TRANSMITTER—RECEIVER SEPARATIONS (TR) IN m, TIME DISPERSIONPARAMETERS (7 AND &) IN NS, ANGULAR DISPERSION
PARAMETERS (A AND ) ARE DIMENSIONLESS MAXIMUM FADING ANGLE (f1,.x) AND AOA OF MAXIMUM MULTIPATH (max AQOA) IN DEGREES

RATIO OF MAXIMUM MULTIPATH POWER TOAVERAGE POWER (Peak/Avg) IN dB AND MAXIMUM MULTIPATH POWER (Prax) IN dBm

Site Info # | TR 7 o, A ¥ | oz %i £ "1‘)’: P..oe | Comments

11} 5 80.0 | 14.7 || 0.46 | 0.83 | -80.7 -4.0 12.3 | -14.9

1.2 ) 10 || 52.0 | 18.8 | 0.44 | 0.74 | -86.6 4.0 12.0 | -18.2
LOS, hallway 1.3 20 || 8.9 | 40.1 )] 0.56 | 0.28 | -61.9 8.0 145 | -28.8
Durham Hall | 1.4 | 30 || 116.6 | 38.7 || 0.42 | 0.22 | -66.4 5.0 14.7 | -28.3 | open area

1.5} 40 || 84.9 | 60.0 ] 0.69 025 | 43 5.0 13.9 | -38.2

1.6 | 50 || 52.1 | 26.1 0.66]0.26 | 8.2 10.0 13.3 | -38.2

17160 || 53.2 |30.3]0.78)0.36 | 4.0 2.0 13.2 | -40.8

211 5 51.0 | 20.7 || 0.48 | 0.88 | -73.5 5.0 12.5 -13
LOS hallway 22| 10 62.1 | 294 || 0.66 | 0.79 | -72.3 21.0 11.4 | -21.7 | intersection
Whittemore 23120 || 90.7 | 146 |( 0.36 | 0.43 | -73.8 4.0 12.9 | -29.8

241 30 || 41.2 {123 |( 0.41 | 0.15 | -64.8 10.0 13.8 | -31.7

25) 40 || 83.7 | 53.8 || 0.72 ]| 0.19 | 5.0 1.0 13.2 | -36.0
LOS, room 31|42 426 | 16.2 || 0.86 | 0.64 | -79.2 0.0 12.5 | -11.8 | corner
Durham Hall | 3.2 | 3.3 || 47.7 | 17.5 || 0.81 | 0.70 | -79.1 5.0 13.1 | -12.1 | center

41 71| 466 |13.0 ] 0.84 | 0.55|-88.0 | -60.0 12.3 | -26.8 | corner
LOS, room 421381 64.3 | 13.3 ]] 0.62]0.74 | -89.6 -1.0 13.1 | -25.6 | center
Whittemore 43| 52 )} 66.3 | 17.7 |} 0.73 | 0.84 | -35.2 49.0 14.0 | -30.4 | corner,l to Tx

44 142§ 77.8 {13.3 || 0.78 | 0.72 | -38.2 -49.0 14.2 | -28.6 | corner,l to Tx

5124 49.1 {214 | 0.81 ] 0.13 { -76.3 0.0 12.0 -6.0 | LOS
Hallway to 52|24 | 41.6 | 181 ] 0.74 | 0.44 | -89.6 5.0 10.3 | -14.1 | through wall
room 53124 | 958 | 14.6 |{ 0.63 ] 0.40 | -88.1 0.0 12.1 -5.6 | LOS

54124 | 8.3 |16.0 {{ 0.68 | 0.27 | 72.3 5.0 11.9 -8.9 | through glass
Room to room | 6.1 | 3 42.7 | 16.6 || 0.80 | 0.40 | -25.3 52.0 11.5 | -36.4 | through wall
LOS, outdoor | 7.1 | 1.9 || 41.3 | 17.4 || 0.12 | 0.97 | -81.2 2.0 13.9 | -15.0 | Tx pattern
parking lot 721 1.9 || 56.6 | 16.1 || 0.49 | 0.94 | -66.7 20.0 8.5 | -29.9 | Rx pattern
LOS, outdoor | 81| 2 244 | 7.7 || 0.26 | 0.76 | -66.3 3.0 13.9 | -10.1 | near Durham Hall

power. It ranges from O to 1, with O indicating multi-
path coming from a single direction and 1 indicating no
clear bias in the multipath AOA [18]. Measurement re-
sults show that the angular spread ranges from 0.36t0 0.78
for hallway measurements, 0.62 to 0.84 for room mea-
surements, from 0.63 to 0.81 for indoor NLOS propaga-
tion, and 0.12 to 0.49 for outdoor measurements with few
nearby obstructions. These measurement results show a
clear increase of the angular spread from the least cluttered
outdoor environments to obstructed NLOS indoor envi- e
ronments. In the hallway where multipath components are
mainly constrained along the LOS path, the angular spread
is smaller than thatin rooms. Also, with the increase of dis-
tance along the hallway, the angular spread increases, in-
dicating more multipath coming from different directions
which have powers comparable to the LOS component.
These angular spread values accurately reflect the corre-
lation between the propagation environments and the mul-
tipath angle of arrival distributions.

Angular constriction Angular constrictiony indicates
how multipath components are distributed along two
directions. It ranges from 0 to 1, with 1 indicating
multipath energy equally distributed in two directions.
High angular constriction results were observed for close
distances in the hallway and in the outdoor measurements
near Durham Hall. This is the result of distribution of
multipath energy between LOS and strong reflected wave
components.

Maximum fading angteMaximum fading anglef,,ax
shows the direction of the receiver motion required to
achieve maximum fading rate. In the far side of the
corridor (locations 1.6 and 1.7, for example), the received
signal consists of an LOS path along the corridor and a
reflected path from the end of corridor. These two com-
ponents have opposite directions and thus the maximum
fading angle is along the LOS path (close f§.dn the
near side of the corridor (such as locations 1.1 and 1.2),
the main multipath components are from a LOS path and
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TRACK MEASUREMENT RESULTS TR SEPARATIONS (TR) IN m, TIME DISPERSIONPARAMETERS (7 AND ;) IN NS, VARIATIONS OF TIME
DISPERSIONPARAMETERS (67, AT, 60 AND Ao ) IN NSAND AVERAGE RECEIVED POWER (P;..) IN dBm

Site Info LOC# | TR T or o7 AT éo, No, P, Comments

1.1 5 1.20 | 6.95 6.33 191 | 120 | 0.29 | -13.7

1.2 10 | 6.16 | 5.88 | 5.06 120 | 6.16 | 1.73 | -20.3
LOS,hallway 1.3 20 | 32.61 | 47.25 | 32.89 | 8.43 | 32.61 | 9.02 | -36.6
Durham Hall 1.4 30 | 15.50 | 31.15 | 10.16 | 3.43 | 15.50 | 5.69 | -31.2 open area

1.5 40 | 27.60 | 37.04 | 25.89 | 881 | 27.60 | 9.76 | -40.5

1.6 50 | 46.42 | 28.17 | 36.70 | 8.10 | 46.42 | 10.73 | -42.8

1.7 60 | 6.38 | 22.57 | 5.99 1.82 | 6.38 | 1.57 | -41.5

2.1 5 | 222 | 624 | 7.52 238 | 222 | 0.73 | -16.7

2.2 10 | 278 | 648 | 824 | 261 | 278 | 0.82 | -24.4 intersection
LOS, hallway 2.3 20 | 23 | 4.56 7.81 2.55 | 2.30 | 0.55 | -32.86
Whittemore 24 30 | 22.02 | 33.87 | 13.17 | 4.60 | 22.02 | 6.30 | -34.7

2.5 40 | 77.3 | 45.07 | 105.04 | 34.41 | 77.30 | 25.86 | -36.3
LOS, room 3.1 4.2 1 0.74 | 4.8 6.20 1.88 | 0.74 | 0.20 | -12.1 corner
Durham Hall 3.2 33 ] 092 | 4.9 5.97 1.87 | 092 | 0.23 | -12.9 center

4.1 7.1 | 2.74 | 472 | 11.16 | 3.08 | 2.47 | 0.36 | -29.7 corner
LOS, room 4.2 38| 24 4.98 | 11.11 | 3.17 | 2.40 | 0.47 | -24.2 center
Whittemore 4.3 52 |12.88 [ 31.10 | 26.36 | 6.86 | 12.88 | 2.95 | -56.2 corner, . to Tx

1.4 42| 21.3 | 33.94 31.5 7.4 21.3 | 543 | -57.9 corner, t to Tx

5.1 2.4 ] 0.83 | 5.50 241 | 069 | 0.83 | 0.32 | -5.5 LOS
Hallway to 5.2 24 | 246 | 741 2.61 0.84 | 246 | 0.94 | -14.3 through wall
room 5.3 241 071 | 5.36 1.30 | 041 | 0.71 | 0.25 | -6.7 LOS

54 |24 116|519 185 | 061 | 116 | 0.36 | -9.1 through glass
Room to room 6.1 3 | 10.67 | 1472 ] 23.07 | 6.62 | 10.67 | 1.30 | -12.8 LOS

6.2 3 |14.82 | 21.78 | 34.30 | 857 | 14.82 ] 3.37 | -48.3 through wall
LOS,outdoor 8.1 2 7.63 | 2459 10.24 | 266 | 7.63 | 1.75 -2.4 | near Durham Hall

two reflected paths from the sidewalls. The maximum
fading angle would be roughly perpendicular to the LOS
path. The measurement results show maximum fading
angles of—80° and —86° for locations 1.1 and 1.2 and «
8.2 and 4.0 for locations 1.6 and 1.7, respectively.
These results agree well with the expected values.
Direction of maximum multipath poweMaximum AOA
shows the arrival direction of the strongest multipath com-
ponent at the receiver. Measurement results show strong
dependence of the maximum AOA on the propagation en-
vironments. For all LOS locations, almost all maximum
AOAs are close to the LOS path withik5°. In locations

6.3 and 6.4, the spin measurements were taken with the
track orthogonal to the transmitter direction. The max-
imum AOAs are at 49and—49°, which are the exact di-
rections of the LOS paths. For NLOS locations, the max-
imum AOA is dependent on the specific propagation en-
vironments as discussed in Section llI.

Peak to averagpower ratia Peak to average power ratio

characterizes the power of strongest multipath as com-2) TOA Statistics:Channel

This ratio gauges the increase of the received signal power
by pointing the directional antenna in the maximum AOA
direction.

Peak multipath poweiPeak multipath power is the power
level of the strongest multipath component as deduced
from all the pointing angles of the receiver antenna.
Received signal power level depends on the transmitter
power level and the receiver attenuator settings. There-
fore, the power level may change from location to
location. We shall concern only the relative power for the
same location. For hallway measurements at location 1,
for example, the peak multipath power level decreases
significantly with the increase of the separation at short
distances. At large separation, such as at locations 1.5,
1.6, and 1.7, the peak multipath power remains almost
constant. Similar trends were observed for the total
received power. This indicates the waveguide effect of
the long hallway. Detailed analysis on the received signal
level is presented in Section IV-E.

measurement results are

pared to the average received power from all directionlsighly dependent on the propagation environments and the
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measurement system setup. Results from Tables | and Il shole@ations, the maximum multipath component has a power level
significant decrease of TOA delay statistics obtained from tlieat is higher than the averaged power. The trends of signal level
track measurements compared to the spin measurements.db@nges are the same for both the maximum multipath power
example, the mean excess delay from the track measuremeamts the average received power. These trends are summarized
in location 1.1 is only 1.2 ns, while it is 80.0 ns from the spims following:
measurements. When transmitter and receiver antennas arg Waveguide effectsFor hallway measurements, the re-
aligned, such as track measurement at location 1.1, the main
multipath component is the LOS component. Other multipath
components are largely attenuated by the directional antenna,
forcing the excess delay to be close to zero. However, if the
antennas are not aligned and pointing into different directions,
such as in spin measurements, the LOS path is attenuated and
becomes comparable to the reflected multipath components,
resulting in a significant increase of time delay parameters.

Therefore, for propagation research and system deployment,
it is important to use channel propagation characteristics with
consideration of the system setups. Table Il provides channel
parameters for systems with aligned antennas, while Table |
presents results for systems with antennas pointing in arbitrary
directions such as in a mobile environment.

Next, we summarize the measurement results from TOA mea-
surements.

RMS delay spread: When the receiver antenna is pointing
into different directions, the delay spread is in the range of
7.5 nsto 76.46 ns for hallways and 10.89 ns to 41.01 ns for
rooms. The measured delay spreads are in agreement with,
the measurement results in [19], where typical measured
delay spreads for indoor 60-GHz channels range from 15
ns to 70 ns. When the receiver antenna is fixed, the delay
spread is significantly smaller. Typical ranges are from 4.6
to 47.3 ns in the hallways and from 4.7 to 33.9 ns in the
rooms.

Mean excess delay: When the receiver antenna is rotating,
the measured is in the range of 41.2 to 116.6 ns for hall-
ways, 42.6 to 77.8 ns for rooms, 41.6 to 91.8 ns for propa-
gation from room to hallway and from room to room, and
24.4 to 56.3 ns for short distance outdoor measurements.
In the hallway measurementsjncreases significantly in

the open area near the elevator, such as in location 1.4.
Significant reduction of delay was also observed when the .
antennas were aligned and fixed.

Timing jitter and standard deviation: Due to the small
wavelength of 5 mm at 60 GHz, the radio channel may
vary significantly within a small area (on the order of
20 wavelengths). Measurement results show high timing
jitter and standard deviation for the measured excess delay
and rms delay spread values of all locations. These results
present a quantitative measure of the channel variations in
a small local area.

3) Received Signal PowerDue to the high diffraction and
penetration losses, the millimeter wave channel is mainly de-
termined by LOS path and reflected paths. The received signal
power largely depends on the antenna pattern, antenna align-
ment, and propagation environments. The maximum multipath
power from the spin measurements shows the power level of the
strongest multipath in all AOA directions. The average power
presented in the track measurements shows the spatially aver-
aged power with both antennas aligned. For the majority of the

ceived signal power decreased rapidly when the TR
separation was increased from 2 to 20 m. After 20 m, the
received signal power did not decrease appreciably with
the increase of the distance. This trend was observed from
both location 1 and location 2 hallway measurements. For
instance, the received powers at locations 1.5, 1.6, and 1.7
were almost the same, although TR separation changed
from 40 to 50 and 60 m, respectively. This is due to the
waveguide effects of the radio wave propagation along
the corridor at further separations. At small distances, the
reflected wave components are rejected by the directional
receiver antenna and waveguide effect is not dominant.
However, at long distances, reflected wave components
are close to the LOS path and are received by the receiver
antenna. The total received field is stronger than it should
be from free space propagation and the transmitted wave
propagates in a guided fashion. The interplay of the
antenna pattern, site geometry and reflected wave compo-
nents can be explained using the power zone theory [20].
Antenna effects and power zone thedtthen directional
antennas are used, the majority of the radiated energy is
concentrated along the LOS path. Power zone plots are
developed to characterize the power concentration. When
TR separation is relatively small, no obstacles intersect the
power zones. And, therefore, the received signal power is
mainly from LOS path. As a result, with an increase in
distance, the received signal power decreases with a path
loss exponent close to 2. However, when TR separation is
large, sidewalls of the hallway and the floor are close to
the main power zone and reflected power contributes to
the total received power. The received signal consists of
both LOS component and reflected components along the
corridor.

Penetration lossedMeasurements through glass door and
interior walls in locations 5 and 6 showed power losses of
8.8 and 35.5 dB through two composite walls and a loss of
2.5 dB through a glass door. These results indicate that the
guantity and position of the metallic studs within the com-
posite wall are important factors to determine the penetra-
tion loss. When the studs are not blocking the transmis-
sion path, the penetration loss is 8.8 dB, comparable to
the loss through a plasterboard wall [17]. When the stud
is blocking the transmission path, the penetration loss is
35.5 dB, comparable to the loss through a concrete wall
[12], [21]. Rule-of-thumb penetration loss values are pre-
sented in Table IlI.

Scatter plot of path loss values: The total path loss from the
transmitter to the receiver was calculated from the mea-
surement results. The scatter plot is presented in Fig. 7. As
shown in Fig. 7, for LOS propagation, the path loss values
are close to the free-space path loss values. For NLOS
propagation, high penetration loss values can resultin high
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TABLE I
MEASURED PENETRATION LOSSES ANDRESULTS FROM LITERATURE

order and second-order reflections seems to be sufficient for
channel prediction for LOS applications. Metallic furniture and
objects must be considered in the ray tracing model. Measure-

Material Penetration loss | Ref. .
Composite wall with stads not in the path | 88 ments thrqugh composue wal!slshovy that the wall structure can

- - - be a crucial factor in determining signal power level as well
Composite wall with studs in the path 35.5 dB . ..

as multipath structure. Statistical parameters, such as angular

Glass door 2548 spread, peak AOA, and maximum fading rate angle were mea-
Concrete wall 1 week after concreting 73.6 dB [12] sured and related to the multipath models. The measured power,
Concrete wall 2 weeks after concreting 68.4 dB (12] AOA, and TOA parameters agree well with the theoretical ex-
Concrete wall 5 weeks after concreting 46.5 dB (12] pectations. These measurement results not only present impor-
Concrete wall 14 months after concreting 28.1 dB (12) tant empirical values for 60-GHz system design and a funda-
Plasterboard wall 54 to 8.1 dB 17 mental basis for ray tracing development and verification, but
Partition of glass wool with plywood surfaces | 9.2 to 10.1 dB [17] a_Iso prO\{iQe a better underStanqing of the radio wave propaga-
Partition of cloth-covered plywood 3.9t0 8.7dB 7] tion at millimeter-wave frequenCIeS'
Granite with width of 3 cm >30 dB [21]
Glass 1.7 to 4.5 dB 21] ACKNOWLEDGMENT
Metalized glass >30dB [21] The authors would like to thank Dr. J. Schaffner for his in-
Wooden panels 6.2 to 8.6 dB (21] valuable contribution in designing the measurement system and
Brick with width of 11 cm 17dB [21] Dr. G. Durgin, E. Lao, B. Henty, J. Aron, and Dr. P. Cardieri for
Limestone with width of 3 cm >30dB [21] their great assistance in the measurement campaign. Thanks are
Concrete > 30 dB [21] also due to the anonymous reviewers for their insightful tech-

nical comments.

Scatter Plot of the Path Loss for All Locations
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