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PREFACE

Certain commercial equipment, instruments, or materials are identified in
this paper to specify adequately the experimental procedure. In no case does
such identification imply recommendation or endorsement by the National
Telecommunications and Information Administration, nor does it imply that the
material or equipment identified is necessarily the best available for the
purpose.
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MILLIMETER-WAVE PROPAGATION CHARACTERISTICS and
CHANNEL PERFORMANCE for URBAN-SUBURBAN ENVIRONMENTS

Edmond Violette, Richard Espeland, and Kenneth C. Allen*

Measurements were performed in an urban-suburban environment
with narrowband and wideband rf probes, which include millimeter
wave frequencies, in order to study propagation characteristics
for street level paths. The primary objective of this report is
to evaluate the performance of the rf channels in these
environments for both line-of-sight and non-line-of-sight paths
and to compare a model developed for line-of-sight paths to
measurements taken in Denver, CO.

Key words: urban-suburban; millimeter wave; propagation; performance; model

1. INTRODUCTION
Since 1983, the Institute for Telecommunication Sciences has been

sponsored by the U. S. Army to study millimeter-wave propagation
characteristics for paths between mobile terminals in urban and suburban
environments. This report provides a comprehensive review of work performed
in this portion of the radio spectrum pertaining to urban-suburban paths and
includes the most recent and most informative measurements conducted in
downtown Denver, CO. A model to predict channel performance in an urban
street setting was developed, tested, and modified as necessary to best
represent the channel for the multipath situation where terminal separation
and antenna beamwidth are the principal variables.

At street level, one of the major concerns for line-of-sight (LOS) paths
is interference created between the direct signal and the reflected signals.
Reflected signals, especially from street surfaces and from building walls,
vehicles, signs, etc., can cause deep fades. This may cause the received
signal level to fall below the receiver's detection threshold or the required
signal-to-noise ratio. For wideband links (high-rate digital systems, for
example), distortion may result from reflected multipath signals because the
added propagation time delay causes information characters to overlap in time,
producing the condition known as intersymbol interference. The severity of
these problems depends upon such link parameters as path geometry, antenna
beamwidths, frequency, data rate (bandwidth), and system fade margin.

* The authors are with the Institute for Telecommunication Sciences, National
Telecommunications and Information Administration, U.S. Department of
Commerce, Boulder, CO 80303 3328.



A series of three measurement efforts were conducted over about a 3-year
period for path lengths up to 1.5 km. Data were recorded for a variety of
scenarios using two operating systems. One system used narrowband channels at
9.6, 28.8, and 57.6 GHz and the second used narrowband channels at 11.4 and
28.8 GHz and a wideband channel at 30.3 GHz. Parameters measured in addition
to received signal level (RSL) on all channels, were bit-error-rate (BER) at a
500 Mb/s transmission rate and a channel impulse response with resolution of 1
ns or better. These parameters were generally recorded as a function of path
length, antenna height, antenna polarization, and antenna beamwidth. Signal
distortion associated with multiple reflections and/or scattering components
was correlated with a resultant BER using the 30.3 GHz wideband probe
(Violette et al. 1983a; Espeland et al., 1984). Some of the measured data
provided information at 9.6, 28.8, and 57.6 GHz regarding reflective
properties of building and pavement surfaces. Also, for the same frequencies,
data were taken with narrow beamwidth scanning antennas on line-of-sight (LOS)
paths to separate multi path components and on non-LOS paths to analyze
reflected and diffracted components (Violette, et al., 1983b).

During 1984, transmissivity properties of some common building materials
were measured using the 9.6, 28.8, and 57.6 GHz probes. Following these
tests, these continuous wave (CW) probes were improved to provide sensitivity
of detection (received signal level) of approximately -132 dBm over a dynamic
range of 80 to 85 dB. With this level of probe performance, it was possible
to examine non-LOS links in the suburban environment where the energy reached
the receiver by penetration through structures and vegetation and/or by
diffraction from building edges or other objects producing scattering
components.

A third series of primarily LOS measurements in the urban environment was
conducted in Denver, CO. Both transmitting and receiving terminals were again
mounted in vans. There was an 11.4 GHz CW probe and a 28.8 GHz narrowband
probe that shared an antenna with the 30.3 GHz wideband system by using an
appropriate transducer in the feed. This instrumentation allowed the fading
characteristics of a very narrow (3 kHz) channel and a very wideband (1 GHz)
channel to be compared. More importantly, the wideband channel was used to
measure the impulse response at approximately 5-s intervals, which correspond
to intervals of about 3 m of travel by the transmitter. This impulse response
measurement directly displays signals arriving at the receiver in terms of
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path, telecommunication
For example, the impulse
be found by adding the various

amplitude and time delay to a resolution of about 1 ns. The amplitude dynamic
range allowed the detection of multipath and scattered components as much as
35 dB below the direct signal. In addition, the performance of the 500 Mb/s
channel can be analyzed by comparing the measured impulse response with the
corresponding recorded BER value. During the course of these measurements,
several locations were chosen along three different street settings, each with
varied features. Data were recorded for both narrowbeam and widebeam antennas
as well as for both linear polarizations and cross-polarized antenna modes. A
preliminary analysis of the wideband probe data has been reported (Violette et
al.,1985).

A model was developed to predict link performance in an urban-suburban
environment for LOS paths. In the computer model, the urban environment is
idealized to consist of flat streets with uniform distance between
buildings. The principal propagation paths between transmitting and receiving
antennas within a few meters of the ground are described for this
environment. The signal amplitude for each path is estimated from propagation
losses including free-space loss, clear-air absorption, and loss during
reflection from street and/or building surfaces (reflection coefficients).
The delay time is computed from each ray path length. The angle-of-arrival at
both antennas is computed for each ray path. Antenna gain patterns may be
applied to compute the amplitudes of the various rays that comprise the
received signal.

From the information computed for each ray
channels may be described in a number of ways.
response or the received signal level (RSL) may
signal components.

In actual urban environments, the relative phases of the various path
components cannot be readily predicted because of irregularities in the street
and building surfaces. By assuming random, uniformly distributed phases for
the path components, a cumulative distribution of RSL is predicted for an
ensemble of urban environments. The distribution is modeled as Nakagami-Rice
and approximated using the Weibull distribution.

Several model results are presented in this report for a variety of
parameters used to define the street geometry and propagation conditions. It
is impractical to model the actual value for r'eflection coefficients as they
vary in a complex manner with location and angle. Therefore average or typi-
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cal values of reflection loss are used in the model. These values were
determined by selecting the best fit of the model output to the measured
data. A full treatment of this modeling effort is given in Section 6.

2. EQUIPMENT AND EXPERIMENTAL CONFIGURATIONS
Over the 3-year study period, two measuring systems were available;

however, they were not used simultaneously. One system used frequencies at
9.6, 28.8, and 57.6 GHz and the other system operated at frequencies of 11.4,

28.8, and 30.3 GHz, both systems fully coherent. The transmitting and receiv
ing units of these systems were each mounted on a vehicle, thus allowing con
siderable flexibility in path length and configuration. The 30.3 GHz channel
provided a wideband probe, accomplished by upconverting the 28.8 GHz carrier
with a 1.5 GHz subcarrier modulated with a pseudorandom code generator opera
ting at 500 Mb/s. The 28.8- and 30.3-GHz channels use a common antenna at
both the transmitting and receiving ends of the link. The antennas are
equipped with feeds providing dual linear polarization. The isolation between
the orthogonal linear modes was better than 38 dB. With the wideband channel,
impulse response measurements and bit-error-rate (BER) measurements at
500 Mb/s were compiled to analyze complex propagation paths such as the urban
environment presents.

For each of the experimental studies, various link configurations were
used to optimize the several propagation factors investigated. The diagrams
in Figure 1 show four operating configurations. A description of these con
figurations and a comment on the data obtained follows:

A. Azimuthal and Elevation Scans
In this configuration, the transmitter and receiver were set at a
fixed distance and the receiving antenna was scanned either in
azimuth or elevation. The measurements to determine building and
material losses on non-LOS paths were conducted in this mode. The
transmitter terminal was also equipped for azimuthal and elevation
adjustments.

B. Horizontal Position Scan
The receiver was set on a line perpendicular to a reflecting surface
and the transmitter was moved ona line parallel to the reflecting
surface. This mode of operation was used to determine aspect sensi
tivity of the reflected signal in a folded path mode.

4
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C. Range Scan
The receiver was stationary and the transmitter was moved along a
line toward the receiver. The recorded signal represents a measure
of signal amplitude with multipath components as a function of
distance for a LOS path. This was also the most frequently used
mode for measuring BER and impulse response.

D. Edge Diffraction
The receiver was set with the antenna pointing at an edge of a path
obstruction. The transmitter, with the antenna pointing at the same
edge, was moved along a constant radius arc from line of sight to
several degrees beyond line of sight. The diffraction effects are
measured as the transmitter is moved from the exposed region to the
shadow region.

Block diagrams of the transmitter and receiver section No. 1 are shown in
Figure 2. The receiver was modified after the 1983 tests. The principal
result of these modifications was to increase the dynamic range and the
receiver sensitivity. These changes are indicated in Table 1.

The block diagram of the transmitter section of operating system No.2 is
shown in Figure 3, which includes the up converter to generate the 30.3-GHz
carrier and the high data-rate modulator. Block diagrams of the receiver
section of operating system No.2 are shown in Figures 4 and 5. The receiver
section includes the down converter at 30.3 GHz and the demodulator. The BER
receiver and impulse response cross-correlator are shown as subsections. The
BER receiver and the impulse response cross-correlator were not operated
simultaneously. The operating parameters for system No.2 are listed in
Table 2.

The bit-error-rate (BER) interval counter (set for 1 s) has a minimum
detectable error rate of 1 x 10-8• A maximum error rate of 5 x 10-1, occurs
in the nonsynchronous state.

The impulse response cross-correlator has an effective dynamic range of
35 dB and 1-ns delay resolution beyond 2-ns time delay.

A detailed description of the 30.3-GHz diagnostic probe (the instrumenta
tion for measuring BER and channel distortion) is given in a 1983 NTIA report
(Violette et al., 1983a), and the results of an impulse measurements
laboratory calibration are given in a 1985 NTIA report (Violette et al.
1985). Some of those results are included in Section 5.2 of this report.
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Table 1.

Operating Parameters for System No.1

TRANSMITTER

00

FREQUENCY

9.6 GHz
28.8 GHz
57.6 GHz

OUTPUT
(to antenna)

36 MW
20 MW
12 MW

ANTENNA
SIZE

6" X 9" Horn
2" x 3" Horn
1" x 11/2 " Horn

ANTENNA
GAIN

25 dB
25 dB
25 dB

ANTENNA
BEAMWIDTH

10°
10°
10°

RECEIVER

ANTENNA RECEIVER
FREQUENCY SIZE* GAIN BEAMWIDTH NOISE FIGURE SENSITIVITY DYNAMIC RANGE

9.6 GHZ 18" 31.0 dB 4.8° 7.5 dB -110 60 dB
**-132 80 dB

28.8 GHz 24" 42.8 dB 1.2° 5.5 dB -11 0 60 dB
**-132 80 dB

57.6 GHz 12" 43.1 dB 1.2° 6.0 dB -11 0 60 dB
**-132 80 dB

* parabolic reflectors
** sensitivity and dynamic range levels achieved with modification (1984)
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3. REFLECTION PROPERTIES
One of the major concerns when operating a millimeter-wave link at street

levels is interference between reflected signals and the direct LOS signal.
Signal interference produces fades in the received signal level (RSL) and
channel distortion which is particularly detrimental to channel performance in
high-data-rate or wideband systems.

Some of the early experiments were designed to measure specifically the
reflective properties of various building surfaces to determine the char
acteristics of signals reflected from the ground and buildings along an urban
street.

3.1 Reflections from a Reference Surface
To establish a reference with which to compare and evaluate subsequent

measurements, a 3 ft (92 cm) square aluminum flat plate was stationed 58 m
from the collocated transmitter and receiver. The test site was chosen to be
free of reflecting surfaces behind and to the sides of the plate.

The signal amplitude plots shown in Figure 6 are a directional gain plot,
us ing an az imutha1 scan (A of Fi gure 1) on a LOS path with transmitter and
receiver terminals separated by 106 m, as compared to a 3-ft square reference
reflector over a 116 m folded path with the reflector positioned perpendicular
to the path. In all such plots, the free space loss is subtracted so that the
RSL is independent of distance. A slight ground multi path fade might be
present in the 9.6 GHz reflector plot because the less than 1-m reflector
height gave insufficient clearance for the 4.8 0 antenna beamwidth. At the
higher two frequencies, no appreciable ground multipath could occur due to a
1.2 0 beamwidth for each. Also, the antenna patterns repeated very closely on
the reflected and folded path signal plots except for a slight pointing

offset.
Using the horizontal position scan configuration (8 of Figure 1), refer

ence reflector plots were recorded in Figure 7. Three separate horizontal
scans were taken with the transmitter moved by 6 m to either side of the
receiver. The heavy trace is the signal plot versus transmitter position
offset with the flat reflector oriented atn° in azimuth angle. The medium

13
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mitter and receiver collocated at the center position and with the reflector
perpendicular to the (tansmitter-receiver)-to-(reflector) line. The medium
line trace is the result of having the reflector oriented 1° from perpendicular
and the light line with the reflector at 2° from perpendicular.



and light traces that peak to the right of center were recorded with the
reflector rotated at 1° and 2° counterclockwise about its vertical axis,
respectively. These reflected signals produced a very well behaved pattern
indicating the high degree of aspect sensitivity of the flat plate, as would
be expected.

3.2 Reflections from Building Surfaces
14easurements of reflected and/or scattered signals were made for a

variety of surfaces at normal incidence for terminal-to'-reflector path lengths
of 41 mto 135 m. The exterior building surfaces used as reflectors were
metal,brick, concrete, and concrete aggregate. Both the transmilting and
receiving terminals were collocated on aline perpendiculg[ to the building,
with bdth sets 6f antennas pointihg at the building. The measurements were
made ~y recording the amplitude of the received signal during an azimuth angl~

scan (± 15°) and an elevation angle scan (± 10°) of the receiving antennas.
The results for the zero angle of incidence measurements are presented in

Table 3. Test numbers, bUilding surface, signal amplitude, path l~ngth,and

location are given in the table. Reradiated or reflected signal levels were
significantly higher for metal than for brick and concrete walls due
presumably to the high conductivity of the metal. Values were averaged as
shown in the table to indicate the approximate values of reflectivity. of the
respective surfaces. Note an apparent reduction in signal level with
increasing frequency. Most of the variability in the results is believed~due

to variations in surface roughness and because of the wide beamwidth, some
ground Inultipath may appear in the 9'.6 GHz data.

A test to determine if a surface is considered smooth is the Rayleigh
criterion (Beckman and Spizzichino, 1963).

H < 8 cos ep
(1)

where. is the angle of incidence, ~ is the rf wavelength, and H is the height
of the surface irregUlarities. This requires that the phase of the waves
refl ected from the top and bottom of the irregularity differ by les s than
~ /4. For a norma1 refl ect ion the val ue of H cannot be greater than 4, 1. 3,
and 0.65 mm for 9.6, 28.8, and 57.6 GHz, respectively, in order to fit the
smooth surface criterion. Only the metal and concrete (between the ribs)
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TABLE 3
RECORDED AMPLITUDES FROM SEVERAL SURFACES

(ZERO ANGLE OF INCIDENCE)

SIGNAL AMPLITUDE
(dB relative to free space), Path Length

Test Surface 9.6 GHz 28.8 GHz 57.6 GHz (one way. in meters)

2-0-18 Metal 0 -1 -1 50 Paint Shop
2-1-28 II +2 -5 -7 41 North American
2-1-0 II -2 -3 -1 50 Paint Shop
3-0-14 II +1 -8 -7 80 Gen. Cable
3-0-22 .. -6 +1 -9 109 §en.Cable

-1 -3 -5 (Average)

3-0-44 Brick -2 -7 -7 95 Joslins
...... (Solid)
.......

3-1-0 .. -6 -14 -8 47 II

2-0-22 Concrete -6 -11 -19 64 Neodata
(ribbed)

2-1-42 II -5 -7 -18 65 ..
2-0-42 Brick -9 -14 -18 93 RB3

(Windows.
doorway)

2-1-22 .. -12 -15 -15 135 II

2-0-10 Concrete -6 -12 -17 75 Cryogenics
Aggregate

3-0-10 II -12 -10 -20 75 ..
-8.5 -11. 25 -15.25 (Average)



surfaces come close to meeting the Rayleigh criterion at the highest frequency
and this applies only for patches that seldom exceed I-square meter. Beyond
an area of 1 square meter, none of the surfaces can be considered smooth for
any of the test frequencies used.

The effect of surface roughness is really not apparent from the indivi
dual reflection measurements, but a trend as a function of frequency does
appear from the averages shown in Table 3. These values are normalized for
path length referenced to the 106-m calibration path free of multipath

signals. This procedure permits effective reflection coefficient to be calcu
lated from the ratio of the received power that would have occurred if the
reflector were perfect, versus the power measured from the reflecting surface
in question. For this comparison method, dependence on reflector size and
antenna aperture cancel out of the calculation. Consequently, if, for
example, a 3-dB power loss was measured in Table 3, the magnitude of the
coefficient of reflection of the surface is 0.5.

Table 3 shows a large variation in effective reflection coefficients for
identical surfaces when a different path length or spatial position was used
in the measurement. The reason for these large variations can best be seen in
Figures 8 through 10. Signal amplitude versus transmitter position data were
recorded as indicated in configuration B (horizontal position scan) in
Figure 1. Figure 8 shows variations in signal amplitude as a function of
transmitter position offset (relative to the receiver), using as reflecting
surface the solid brick wall, indicated under Test Nos. 3-0-44 and 3-1-0 of
Table 3. As seen, the effective reflection coefficient is a highly variable
function of position, presumably due to large-scale roughness or unevenness of
the surface. Figure 9 shows the variations for a ribbed metal wall with 2.5 x
2.5 em vertical ridges separated by 50 cm (2 f). This surface is the same as
listed for Test Nos. 3-0-14 and 3-0-22 of Table 3.

Two scans were made for Figure 10 as shown by a heavy and a light
trace. The reflecting surface was a precast concrete wall with protruding
ribs (Test Nos. 2-0-22 and 2-1-42 in Table 3). These vertical ribs are 13 cm
wide and protrude 30 cm from the wall at 100-cm intervals. Each of the two
scans appears to show a periodicity and a mirror-image character, perhaps a
result of the regularity of the protrusions. The reflected signals begin to
roll off for the upper two frequencies at about the ± 3-m positions because of
the receiving antenna beamwidth limitations.
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These measurements indicate that most building surfaces, being relatively
rough and uneven (at millimeter wavelength) exhibit neither the high reflec
tion coefficient nor the high degree of aspect sensitivity as observed from
the reference "smoo th pl ate II for reflect ions at normal inc idence.

3.3 Reflections from Roadways
Of primary interest in this report are the measurement and prediction of

rf channel performance in an urban-suburban area. Principal reflecting sur
faces of this environment are streets and roads; therefore, it is beneficial
to learn about the reflection properties of these surfaces. For the appli
cation of establishing a LOS communication link between two vehicular mounted
terminals, the range scan type of measurement (C of Figure 1) is most appro
priate. Several scans were recorded to study the characteristics of the RSL
caused by reflections from road surfaces only (i.e., when buildings are not
present).

Figure 11 shows a range scan where the RSL is recorded while the trans
mitter terminal is moved at a nearly constant velocity toward the receiving
terminal on an asphalt road in a rural area. The gradual increase in RSL as
the transmitter approaches the receiver is the distance squared (R2) free
space factor. When the street-reflected components are superimposed on the
direct signal, a constructive/destructive interference pattern is produced.
Also, the 57.6-GHz channel is attenuated at a rate of approximately 10 db/km
due to gaseous absorption of oxygen at the 1500 m (5000 ft) elevation.
Between 0.6 and 0.2 km of separation, the interference pattern was strongest
because the asphalt surface was well illuminated within the antenna beams. At
distances less than 0.2 km, the main beam of the 1.2° receiving antennas, at
the upper two frequencies, no longer intercepts the roadway. This becomes
true at a closer distance for the 9.6-GHz channel because the receiving beam
width is 4.8°.

Figure 12 was recorded by moving the transmitter along a gravel road.
The ground multipath fades are similar to the data over the asphalt road for
the same antenna heights. Because this road was free of traffic, a second run
was recorded to observe the repeatability of the measurements. The second run
is displaced by 10 dB to make the comparison easier. Even though the gravel
road had a very rough surface, up to 3-cm size aggregate, the ground reflec
tion at this low grazing angle appears as strong as from the asphalt road.
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stant velocity toward the receiver. Vertical antenna polarization.
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Not only are the characteristics of RSL fading patterns affected by the
antenna beamwidths and antenna heights, but also by curvature or nonflatness
of the roadway. A specials~seof the nonflat surface is shown in Figure 13
where the path profile shielded most of the ground .reflections. As the trans
mitter moved along the path (from 200 m to 350m), the roadway rose at a rate
of 3.8 m for each 100 m of run. At the 350-m point, the road crowned and
became level for the remaining 350 m. This nonflat path geometry greatly
reduced the ground multipath, even though the path was still line of sight
overall.

Additional range scan measurements were recorded for other antenna
heights and are shown in Section 6 for comparison to the theoretical model.
The conclusion from this roadway data and the prediction model comparisons is
that the reflection coef(icient for flat surfaces at very low angles is very
nearly -1.

4. NON:"'UNE-OF-SIGHT PATH MEASUREMENTS
To better understand limitations of centimeter/millimeter-wave links in

an urban-surburbanEmvirohment, it is necesary to look at non-l i ne-of-s ight
paths as well as LOS paths to determine what level of radio system design
would be required for a given communication application. Also from an
interference potential and possible covert interest, non-LOS path measurements
are important.

4.1 Common Materials as Path Obstructions
Comparative measurements of signal levels on an LOS path to signal levels

on the same path when obstructed by sheets of common building materials were
made on a 370-m path. The 4 ft x 8 ft sheets of material were large enough to
cover the antenna cluster at the receiver, which had a maximum height of 2.5
ft and a maximum width of 3.5 ft, and at the transmitter, which had a cluster
size of only 0.5 ft by 1 ft.

Table 4 shows.the added loss as the materials indicated were placed in
front of the antennas. In all but two cases more than one measurement or
reading was taken and the average of all readings was entered in the table.
Also shown are the maximum and minimum values above and below the average. In
every case, the first reading was taken with the material held 4 ft (1.22 m)
in front of the receiving antenna. A second reading was taken with the
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Table 4.

Signal Loss on Path Obstructed With Common Materials

Signal Loss (dB)
9.6GHz 28.8 GHz 57.6 GHz

Type of Obstructing Material Maximum Maximum ~1ax imum
Minimum Minimum Minimum

Commercial Absorber 38 +6 51 +3 59 +1
(Ecco Sorb CV-4) (See above) -2 -5 -4
5 readings

Sheetrock 3/8 in - 2 sheets 2 +1 2 +1 5 +1
5 readings -0 -1 -1

Plywood 3/4 in (dry) - 1 sheet 1 +1 4 +0 8 +2
4 readings -1 -1 -3

Plywood 3/4 in (dry) - 2 sheets 4 6 14
1 reading

Plywood 3/4 in (wet) 1 sheet 19 +8 32 +9 59 +2
3 readings -13 -8 -2

Plywood 3/4 in (wet) 2 sheets 39 +2 46 +2 57 +2
3 readings -2 -1 -3

Aluminum 1/8 in - 1 sheet 47 46 53
1 reading
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material 1.52 m (5 ft) in front of the recelvlng antennas, and a third was
with the material held four feet in front of the transmitting antennas. The
fourth and fifth readings were taken with the material 1.52 m (5 ft) in front
of the transmitting antennas.

A commercial absorbing material (Echo Sorb CV-4) had a specified loss of
>40 dB at 10 GHz, >50 dB at 30 GHz, and >55 dB at 60 GHz, and as seen from the
table, the measured values were reasonably near the quoted values. Both
sheetrock (plasterboard) and dry fir plywood resulted in small signal

losses. Wet plywood sheets, stored outside and with an obviously high mois
ture content, showed much higher losses and somewhat greater frequency varia
tions. There are indications of edge diffraction components that contribute
to the measured signal level. This contribution becomes important only when
the signal passing through the obstruction is very small. For example, in the
case of an aluminum sheet, no signal should penetrate, but values of only 45

to 50 dB below the LOS path were measured. This signal level is, therefore,
assumed to approach the 1imitof the loss measurement ; however, because of
~dge sharpness of the lIB-in thick sheet of aluminum, a larger diffraction
field would result than for other materials measured.

4.2 Buildings as Path Obstructions
Four buildings were used as path obstructions in these measurements.

Each building was different in terms of construction materials, architectural
des ign, and size. In each data set, the measurements were performed as a
function of the distance the transmitter and receiver were from the bUilding
and of the pointing angles of the transmitting and receiving antennas. Photo
graphs of the four buildings are shown in Figure 14. For each measurement
:Setting, the transmitter and receiver were set on aline perpendicular to the
building walls. In the photograph of Building #1, the receiver van is shown
on location at the right side of the photograph and in the photograph of
Building #4, the transmitter mounted in the pickup truck is shown in front of
th e bui 1ding.
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Building #1 Solid cement-block walls
(width=15 m, height=9 m)

Building #3 Bri~k exterior
(width=53 m! height=14 m)

Building #2 Precast concrete walls
(width=lOO m, height=8 m)

Building #4 Chromatic coated glass
(width=26 m, height=12 m)

~igure14. Photographs of the four test buildings.



The drawing in Figure 15 shows the test geometry for Test A at
Building #1. This setup is typical for each of the buildings, with only
changes in the total path length and antenna orientation (pointing to include
building edges) being different for the various tests. In Table 5 the
measured received signal levels (in dBm) are given as a function of frequency,
construction type (width of building at path intersection), and total path
1ength.

The results for Building #1, Test A, show no detectable signal above the
noise threshold (-132 dBm) on the 28.8 and 57.6 GHz channels. If the 42-m
long path were line of sight, the RSL would be -23, -20, and -38 dBm for the
9.6, 28.8, and 57.6 GHz channels, respectively. The loss through the cement
block structure was about 84 dB at 9.6 GHz and greater than 100 dB at 28.8 and
57.6 GHz. Tests Band Care RSL with the antennas still pointed directly
between terminals but at greater distances away from the bUilding walls.
These three tests indicated that this flat-roofed structure supported a lower
loss diffraction mode of signal propagation because as the path-to-building
lengths are increased, the antenna illumination of the exterior edges of the
building also increases. The conclusion is clearly demonstrated by performing
an elevation scan with the receiving and transmitting antennas and noting that
a peak signal occurs when both antennas point directly to the roof edge as in
Test O. In effect, the peak signals to the receivers are transported by a
double-edge diffraction mode.

Tests 10, 2B, 2C, and 3B show the higher values of RSL when both the
transmitting and receiving antennas were pointed directly at the roof edges.
More details of these measurements are contained in NTIA Report 85-184, pages
14-19 (Violette et al., 1985).

In test 4A, an office building with predominantly glass walls was the
path obstruction. These walls (windows) are a chromatic coated glass and
appear as mirrors (in the visible spectrum) from outside but were transparent
from the inside. With only the two exterior walls in the path (the building
was empty), surprisingly high losses of 60, 65, and 64 dB for the 9.6, 28.8
and 57.6 GHz channels, respectively, were observed when compared to an equi
valent 72-m LOS path. By comparison, these values were as much as 50 dB
higher than attenuation through tinted glass doors.
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4.3 Residential Areas
The measurements in the residential areas were of three types: dense

residential, sparse residential, and sparse residential with one terminal ele
vated. The houses in the dense residential area were mainly one-family, one
story, frame dwellings. The pictures in Figure 16 show typical residential
area houses and yards from the three test settings.

The results from these tests are given in Table 6. The received signal
levels in dBm on the obstructed paths and the loss in dB due to the obstruc
tions are listed for 9.6, 28.8, and 57.6 GHz. The loss is found by taking the
non-LOS RSL given in the table minus what the RSL would have been if the path
had been LOS. For each measurement, the antennas were pointed for maximum
signal at near on-line pointing, except for path lB. For the paths that were
non-line-of-sight, there was no easy way of determining exact on-line point
ing.

Test path 1A was a one-block-long (- 100 m) path with two one-family
dwellings and many trees on-path. The path losses, due to these obstructions,
for the higher two frequencies were 69 dB at 28.8 GHz and 70 dB at 57.6 GHz.
In test path #lB this path loss was reduced by about 30 dB by elevating the
antenna pointing 10°, roughly toward treetop level.

A 950-m LOS path, down a suburban street, was chosen for test 2A. Very
little ground clearance was available, so surface multiple components were
present along with the direct ray, as was evidenced by a substantial signal
variation when either terminal was moved by only a few meters toward or away
from the other. Test Paths 2B, 2C, and 20 had houses and trees in the fore
ground looking out from either terminal, and in addition there was a several
meter rise in the terrain between terminals. In the path selected for tests
3A, 3B, and 3C, the receiver was positioned on the crest of a hill 30 to~~O m
above the surrounding terrain. However, the transmitting antennas were look
ing toward trees and houses which obstructed the path.

For all but the LOS test, it is likely that propagation by diffraction
from roof edges and especially treetops accounted for most of the received
signal, as noted by test path lB. In test 1B the path geometry was such that
the treetops appeared in the common volume of the antenna beams of each termi
nal. A similar situation existed with the elevated receiver terminal in test
paths 3A, 3B, and 3C. When the wind was blowing, large signal fluctuations in
signal levels occurred, which were directly correlated with tree motion.
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Path #1 Dense residential

Path #2 Sparse residential

Path #3 Sparse residential (receiver on hill)

Figure 16. Photographs of residential areas.
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Table 6.
Received Signal Levels in Residential Areas

Frequency (GHz)
Path 9.6 28.8

Path #/ Length RSL LOS RSL ·LOS
Test # Area (Meters) dBm dB* dBm dB*

-
1 A non-LOS dense 100 - 73 44 - 95 69
1 B non-LOS residential Antenna - 60 33 - 66 40

Elevated 100
2 A LOS sparse 950 - 48 - 37

residential
2 B non-LOS " 1200 <-132 ? <-132 ?
2 C non-LOS " 1000 -106 57 -114 68
2 0 non-LOS " 900 -104 56 -112 67w
3 A non-LOS 650 '- 90 45 -106 64<.T1 sparse

residential
3 B non-LOS " 800 - 51 4 - 68 24
3 C non-LOS " 1450 - 84 52 - 82 33

*Loss due to obstruction (non-LOS RSL-RSL if path were LOS)

57.6
RSL LOS
dBm dB*

-114 70
- 81 37

- 67

<-132 ?
<-132 ?
<-132 ?

-113 53

- 81 19
- 91 24



In test paths 2B, 2C, and 20, no trees or buildings were in the common
volume illumination because of the high terrain near midpath. The RSL was
small or not detected in each of these tests and the propagation mode when
signals were seen probably occurred by multiple diffraction/scatter from
trees.

If, as suspected, the majority of the received signals are by
diffraction/scatter modes, the coherent bandwidth of the propagated and
detected signal would be limited by time-delay spread on the rf signal
components. Calculations using the antenna beamwidths and the geometry of
scattering components from treetops or roof edges for paths in this section
indicate the total delay spread should not exceed 5 ns, which would allow
usable bandwidths of 50 to 100 MHz depending on the type of modulation.

4.4 Diffraction from a Vertical Edge
A potential propagation mode, when buildings obscure the LOS path, is

diffraction from edges or corners. The transmission loss over a diffraction
path depends on the shape and electrical characteristics of the diffracting
edge. A corner of a building formed from poured and finished concrete was
used to make diffraction loss measurements at the three operating
frequencies. The path lengths and geometries are shown in Figure 17. Three
sets of data are presented in Figures 18, 19, and 20. These data were
measured using, respectively, locations T1 and R1, a 62-m path; T1 and R2, a
106-m path; and T2 and R2' a 146.5-m path. The solid line traces in these
figures show the measured signal amplitudes for each frequency as indicated
for horizontal-horizontal and vertical-vertical polarizations and the broken
line traces show predicted diffraction losses due to a "knife-edge."

The predicted values shown in the figures were generated from equations
based on the Geometrical Theory of Diffraction (Keller, 1962), which assumes
the incident field at the edge to be a plane wave. The gain of the diffracted
ray is assumed to falloff as 1/~, i.e., a cylindrical wave, where rd is the
distance from the edge. When the electrical field vector is polarized
parallel to the edge (VV polarization for vertical edge), the field intensity
is expected to be less in the shadow region than when the electric field
vector is polarized perpendicular to the edge. The measured data of Figures
18 through 20 show this dependence. However, the measured values gave
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Figure 17. A drawing showing the transmitter and receiver locations for the
data in Figures 18, 19, and 20.

37



1614

Predicted

Predicted

126 8 10

Distance (meters)

4

9.6 GHz
"-.I

HH",;;.--- ./ vv
-~-.::.---------- ---------..,;. ----------~-----------~ .

~---~._--

Predicted

Measured

Measured

28.8 GHz

57.6 GHz

2

HH

L vv

t ------',,"-"---, ---- -------- ------------. -.... ,...,,----- -- -----------.... _-
---- ------------ ------------VV

HH

~ ....
.: ::....'..::: ........- "- _-.::.::.:.: :.__ ___ HH

VV ~--:::: :::,-:' - L ------ -- -VV
Measured HH ""'=::: ------ --l~~---'--------------

o

0

-20

Q) -40
u
to
0-
VI

Q) -60
Q)
S-
4- 0
0......
Q)

> -20....
......
to.--
Q)
S-

a:l -40
"0........
Q)

W
"0

(Xl

::3 -60..........
.-- 00-

£
.--
to -20s::
C)....
V1

-40

-60

o 10 20 30
ANGLE (0)

Figure 18. Signal amplitude measurements from an edge diffraction for 9.6, 28.8, and
57.6 GHz. Edge to receiver distance = 35.5 m and the edge to transmitter
distance = 26.5 m.



141210

Predicted

864

Predicted

.,;;: ___ HH
"""-.::.:.------ L___ -_____ VV

HH ~----- :=--.:::.:-----=Z:.:.=-------,
----

Predicted

57.6 GHz

Measured

9.6 GHz

28.8 GHz

~H VV
< ""-':::'-:,,-..::. --:- - ... - --- ----- -- - - - .L__ -----.z--- ------------;.:...------ - ---- ---- -------------

'"'"- ..........-.. ---------
2

HH vv~-----------_L --_....L_------ -t----::.-~--------~--....t:GJO'HH
Measured

Measured

o

0

-20
.......
(])
U
ttl
Cl.
Ul -40
(])
(])
~
4-

0 -60
+-'
(]) 0>

''--
+-'
ttl

W -20
~

co
"'0........
(]) -40

"'0
:::s
+-'
''--
.---

w ~ -60
'-0 c::(

.--- 0
ttl
~

CT.
''--
(/)

-20

-40

-60

o 10
ANGLE (0)

20 30

Figure 19. Signal amplitude measurements from an edge diffraction for 9.6" 28.8, and
57.6 GHz. Edge to rey~iver distance = 79.5 m and the edge to transmitter
distance = 26.5 m.



40

C.----=:,

3530

Predicted

Predicted

25

~H VV
-- ---- -.1. ./.. _-.:;::~::-;-------.- .~ ~ ...-- -----z:.' ....-., .~

10 15 20
DISTANCE (Meters)

57.6 GHz

r~easured

Predicted

Measured

28.8 GHz

9.6 GHz

5

-, HH VV

~~< ~: ----.--:.----:.:..:::.-.:.-::-'":. :..~:..:::.:.---.:.:-~L~~-~~-..:~
HHMeasured

0
~

<V
u -20ttl
0-
Vl

<V
<V

-40~

4-

0
+>
<V

-60>
'r-
+>
ttl

0.-
<V
~

co
"0

-20
<V
"0
~

+>
'r-

-40.-
0-

~
.-

-60~ ttl
0 C

0'
r-

0V1

-20

-40

-60
II

0

o 10
ANGLE(O)

20 30

Figure 20. Signal amplitude measurements from an edge diffraction for 9.6, 28.8, and
57.6 GHz. Edge to receiver distance = 79.5 m and the edge to transmitter
distance = 67 m.



diffraction losses greater than the predicted values, particularly, as the
terminal moves further into the shadow region. This increase in loss compared
to predicted values may occur because the corner is not a "knife-edge" as
assumed in calculating the predicted values. In fact, the concrete corners
are formed such that they have a 1.5-cm flat bevel at 45° to each side.

A different path length was used for Figure 18 compared to Figure 19 by
positioning the receiver terminal 35.5 m from the edge in the first case and
79.5 m from the edge in the second case, keeping the transmitter terminal
26.5 m from the edge for both cases. As seen by comparing these figures,
there is little difference in diffraction loss as expected. The data in
Figure 20 were taken with the transmitter distance from the edge increased to
67 mand show no appreciable difference in diffraction loss for equal angles
from the grazing line. These measurements, and those in Section 4.2, demon
strate that when a link using directive antennas is operated with an
"unpenetrable" building as a path obstruction, it may be possible to establish
a usable non-line-of-sight communication link by pointing the antennas to
enhance the edge diffraction mode o~ propagation.

4.5 Urban Non-Line-of-Sight Paths
Some propagation measurements on non-LOS paths were performed in a down-!

town Denver, CO, area. In this area most buildings were more than five
stories and some were up to 30 stories high. Approximately 15 percent of the
space within each block is open and used for off-street automobile parking or
pedestrian parks. The street map in Figure 21 shows the receiver location at
the corner of 17th and California Streets and several transmitter locations
with the approximate antenna pointing for each. For these measurements, the
transmitting antenna beamwidths were all 10° and the receiving antenna
beamwidths were 4.8°, 1.2°, and 1.2° for the 9.6, 28.8, and 57.6 GHz channelsi
respectively. In general the pointing of the transmitter antennas was selected
to be either in a direction where the receiver was believed to be located, or
in a direction where open areas existed but toward distant buildings to
enhance the chances of multiple reflections producing a signal return to the
receiver.
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Figure 21. Test locations using the 9.6,28.8, and 57.6 GHz millimeter~wave

test system in downtown Denver for non-line-of-sight measurements.
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Table 7 indicates, for each frequency, the amount that the non-LOS recei
ved signal level was reduced from the level that would have been present had
the path been free space over the actual terminal separation as shown in
Column 3 of the table. The recorded values for signal-to-noise ratios account
for differences in receiver noise figures and noise temperatures at the anten
nas. Note that for some measurements the receiving antennas were fixed,
pointing directly down 17th Street (270°) and for others, where the word
"search" appears, the receiving antennas were scanned in azimuth for greatest
RSL. It was found that in most cases, the peak signals for the upper two
frequencies (narrow beamwidth) occurred at antenna positions from 12° to 15°
from the 270° down the street pointing, which suggests that these signals
arrived from reflections off nearby buildings.

Also note that no elevation scans were attempted because, with the posi
tioner used at that time, it was both difficult and time consuming to obtain
the necessary precision. The antennas were aligned for 0° elevation (parallel
to the ground). Had elevation scanning been tried, it is possible that
increased received levels would have resulted.

5. LINE-OF-SIGHT MEASUREMENTS
A large number of the measurements conducted to study mill imeter-wave

propagation characteristics in urban-suburban environments were made on line
of-sight paths on various streets in Denver, CO. The data collected during
these urban line-of-sight tests included received signal levels at all operat
ing frequencies, impulse response measurements, and bit-error-rate measure
ments. In addition to the two operating systems discussed in Section 2, which
provided two sets of narrowband frequency channels and a wideband channel,
measurements were made using narrowbeam and widebeam antennas. Both vertical
vertical and horizontal-horizontal antenna polarization were used in the
meas urements .

The results from these measurements are presented in three categories:
received signal ampl itudes, impulse response measurements, and system bit
error-rate measurements. Some special calibration and evaluation data are
included in the impulse response and bit-error-rate categories.
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Table 7.

Measurement Results for Non-line-of-sight Tests in Downtown Denver

Distance
between Pointing Received (dB relative Location

Receiver Transmitter Termi na1s Angle Si gnal to free space) in
Locations Locations (m) RX TX 9.6 GHz 28.8 GHz 57.6GHz Figune, 21

Corner of 18th &Stout 125 2700 270 0 -65 -82 Below (a)
Cal iforni a noise
&17th 25 dB(S/N) 5 dB( SIN) threshold

" " 125 search 2400 -59 -66 -47 A (b)
31 dB(S/N) 21 dB(S/N) -1 dB(S/N)

" II 125 270 0 275 0 -61 -85 Below noise A (a)
29 dB(S/N) 2 dB(S/N) thresho1 d-

" " 125 search 1350 -54 -63 -47 B (b)
~ 36 dB( SIN) 22 dB(S/N) -1 dB(SIN)~

" 18th & 370 search 1350 -39 -46 -42 B (c)
Curtis 36 dB(S/N) 30 dB(S/N) 4 dB(S/N)

" Arapahoe 150' 430 270 0 1700 -35 -47 -42 B (d)
back from 17th 43 dB( SIN) 30 dB( SIN) 3 dB(S/N)

" Arapahoe 20' 425 270 0 1250 -23 -41 -32 B (e)
back from 17th 55 dB(S/N) 35 dB(S/N) 13 dB( SIN)

11 II 425 search 1250 -15 -19 -11
67 dB(S!N) 59dB( SIN) 35 dB(S/N)

C



5.1 Received Signal Amplitudes
A signal amplitude plot for vertical antenna polarization is shown in

Figure 22 as a function of transmitter terminal position as it traveled at a
nearly constant velocity (approximately 10 km/h) , along a 0.9-km section of
17th Street in downtown Denver, CO, toward a stationary receiver terminal.
Comparative data are shown in Figure 22 for a rural asphalt road where the
transmitter terminal traveled toward the receiver terminal over a somewhat
longer span of 1.6 km. In Figure 22A the fading is caused by multipath com
ponents reflected from the building walls, signs, cars, trees, etc., in addi
tion to the street surface.. The fading seen in Figure 22B is due to the
destructive signal interference of reflections from the road surface only, as
discussed in Section 3. In both of these examples the signals were recorded
using the narrowband receivers at 9.6, 28.8, and 57.6 GHz with narrowbeam
receiving antennas of 4.8°, 1.2°, and 1.2°, respectively. The transmitting
antennas· beamwidths were all 10°.

Overall, the plots for the urban street in Figure 22 show less deep fades
between 0.1 and 0.5 km than the sa~e range on the rural road. This is due
primarily to the fact that the more numerous multipath components reduce the
probabil ity of deep nulls as compared to when only a street-reflected compo
nent and a direct ray are present. Also, even though the tests were conducted
during the early morning hours, an occasional vehicle along the downtown route
may interrupt the ground reflection for some fraction of the travel.
Generally, the antenna heights were sufficient to allow the direct ray to pass
over vehicles, but at times trucks or buses may have obstructed the path.
When the direct ray is obstructed, the signature is usually recognizable
because all channels fade simultaneously. Another difference in Figure 22 is
that between 0.5 and 0.9 km on the downtown street there are much deeper and
more numerous fades than in the rural road plot. This occurs because the
further the terminals are separated the more the building wall surfaces are
ill umi nated by the main 1obeof the antenna beams.

Further insight of the complex geometry of the 17th Street path is gained
from a review of Figure 23, a street profile, and from Figure 24(A), (B), and
(C), which are photographs of the street fronts along 17th Street in Denver,

CO.
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Denver, CO.

48



5.2 Receiver Off-Angle Pointing
A set of three runs was made along the 0.9-km path from Larimer to

Tremont to assess the impactgg~he.~eceived signal level by off-angle
receiver antenna pointing. F~'r,"th~'fi'rst run, the receiving antennas were at
0° pointing (along the transmitter-receiver line). For the second and third
runs, the receiving antennas were pointed off-angle 2° and 4°, respectively.
The resultant signal amplitudes from these three runs are shown in Figures 25,
26, and 27, in the order of increasing frequency (9.6~ 28.8~ and 57.6 GHz).

The traces in these three figures are offset to more clearly d~splay the
characteristics of each run. All traces are plotted to the same amplitude
scale and a 10-dB signal scale is indicated in each figure.

At all frequenci es, more numerous ampl itude vari ations occ urred in the
RX = -2° and RX = -4° plots compared to the direct pointing (RX = 0°) as a
result of more and larger reflections from the buildings along the street. A
succession of deep multipath fades (as a function of distance) occurred at
9.6 GHz between Curtis and Stout streets for theRX =-4° pointing, probably
becaus e the wi der 4.8 0 recei vi ng antenna beamwi dth allows the buil di ng refl ec
tions and the direct ray to be more nearly equal. The higher two frequencies
(1.2° beamwidth) produced interesting fading patterns and indicate the effec
tiveness of buildings as reflectors as they are the main received signal
source for the off-pointing runs. Information about signal characteristics in
these street scenarios may be important for narrowbeam mobile communication
systems, as good antenna alignment may not always be maintained. In addition
to signal fading, channel distortion can become a problem, if bandwidths are
extended, due to the time delay spread of the multi path signals.

5.3 Transmitter off-Angle Pointing
In order to enhance the reflections from blJildingwalls relative to the

di rectray, the transmitterantenn as were off-pointed in 10° steps. This
provided a variety of reflections that were identifiable as to nL8T1ber of wall
reflections that occurred by the angle-of-arrival at the receiving antennas.
These data were recorded with the terminals stationary and separated by
485 m. For each transmitter antenna setting (0°,10°,20°,30°), the
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recelvlng antennas were scanned (±15°). Figure 28 shows a comparison of the
"free space" antenna pattern (broken line) and the 17th Street azimuth scans
with the transmitter pointingdifectly at the receiver (TX = 0°) for all three
frequencies and both linear polarizations. From Figure 28 it is apparent that
very little detailed information on reflected signals can be ~btained with the
9.6-GHz scans because of the widebeam (4.8°) receiving antenna. However, scans
for the hi gher two frequenci es with 1. 2°-beamwi dth recei vi ng antennas show
multi path signals nicely separated. The resultant ampl itude plots for the two
hi gher frequenci es with the t ransmitteroff-poi nted and for each recei vi ng
antenna polarization are shown in Fig~res 29 and 30.

These angle plots are the result of the unique geometry resulting from
the particular transmitter and receiver locations. The amplitude of the
refl ected signal is determi ned by the angl e of i nct dence and the properti es of
the surface at the location of reflection. Nevertheless, these measurements
were primarily an effort to determine if a Brewster angle affect could be
detected. For this situation the Brewster angle should occur between 5° to
15° (varies with surface conductivity and frequency) and appear in the
horizontally polarized mode since a vertical wallis presumed the reflector
instead of a horizontal surface. In comparing the patterns with building
reflections for the tWG polarizatiGns, taking account of the sidelobe patterns
(Figure 28), there is not much evidence of a reduction in reflected signals
for the hori zontally pol ari zed mode. Either the Brewster angl e occurs at
angles near or greater than 15° because of low surface conductivity, or the
resolution of the measurements is not adequate for the amount of reduction in
the reflection coefficient. Reflection angles of arrival larger than 15° are
not 1i kel y for any normal urban street path geometry, however.

5.4 Diagnostic Measurements
At this point in the urban measurements, the instrumentation was improved

to include the diagnostic capability of a wideband channel. This measurement
system consists of narrow bandwidth channels at 11.4 and 28.8 GHz and a I-GHz
bandwidth channel at 30.3" GHz where all rf and modulation sources were fully
coherent in all three channels. A complex propagation path can be analyzed in
terms of resultant bit-error-rate and impulse response measurements with this
system in addition to, and for comparison with, received signal character
istics as a function of antenna beamwidth and polarization.
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Figure 29. Measured signal levels at 28.8 GHz with off-angle transmitter
antenna pointing of 0°, 10°, 20°, and 30°.
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Multipath fading along 17th and Champa Streets is compared according to
antenna polarization in Figures 31 and 32 by moving the transmitter terminal
along the street toward a stationary receiver terminal, as described in the
previous section. A single antenna is shared between the 28.8 and 30.3 GHz
channels using an orthomode transducer, which allows a simultaneous dual
linear output, one horizontally and one vertically polarized. When a
transmitter and recei ver channel is vertically pol ari zed, the data are 1abel ed
"VV." Fora charm ell; wt)ere both antennas aY'e horizontally polarized, the

.~ - 1r.~

labeling is "HH." One. reason for .adifference between polarizations is a
"Brewster" angle effect reducing the horizontally polarized reflected signal
from the building walls. As discussed in the previous section it is believed
that, for the frequency employed and the types of building surfaces involved,
the Brewster angle would occur at an angle greater than 8°. For the street
geometry shown in Figure 23, which is typical of most urban cases, the
vertical building surfaces do not provide many reflection opportunities at
angles steeper than 8°. In Figures 31 and 32 angles of reflections of 8° or
more can only occur for straight-line geometry at a terminal separation of
100 m or less. Wide beamwidth antennas of 30° were used at both terminals for
the two higher frequency channels so that reflection angles were not limited
up to ±15° by the antenna beams. In examining the two figures at 100-m
terminal separation and less, it appears the fade depths from "presumably"
building wall surfaces were greater for the HH mode than the VV mode, which is
contrary ~;o what is e><pected from the presence of a Brewster angl e affect.
Six such comparisons were made for the two streets shown; two slightly favored
a VV mode reflection enhancement and four favored HH mode enhancements. No
conclusion can be drawn from these results. Possibly the Brewster angle
exists at reflection angles g~eater than those attainable for the urban
situations, or the conditions at the reflecting surface are not proper (very
low conductivity) at millimeter wavelength. Testing for the occurrence of a
phase reversal with grazing angle would be a more sensitive indication. Many
linear polarization comparisons were made for the narrowbeam antennas (;2.5°)
along 17th as well as Champa, and the result showed a nearly identical fading
pattern for each polarization. This seems consistent with what would be
expected when us i ng narrowbeam antennas.
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Figure 33 shows a comparison of the RSL for a narrow beamwidth recelvlng

antenna (2.5°) at 28.8 and 30.3.GHz and the RSL using a wide beamwidth antenna

(30°) when the transmitter traveled the same path up 17th Street. It is

logical that the wide beamwidth antennas will receive more multipath

signals. With the widebeam antenna on the 28.8-GHz narrowband channel (Run

1), an increased number of strong, discrete multi path signals is suggested by

increased occurrence of fades of 20 dB or greater, as compared to the data

from the 28.8-GHz channel for Run 6. However, in the wideband channel

(30.3 GHz), results show a greatly reduced RSL variation in Run 1 (widebeam

antenna) as compared to Run 6 (narrowbeam antenna). The reason for thi sis

that several fades and enhancements exist simultaneously within the wideband

channel, greatly reducing the opportunities for deep fades that result only

when two signals of near equal ampl itude are present. The fact that many more

strong multi path sign.als occur with the widebeam antenna is confirmed in the

impul se res ponse meas uranen.ts recorded on thes e same paths and di scussed in

Section 5.5.

A set of measuranentsusing a narrowbeam receiving antenna; but with the

antennas off-pointed (horizontal plane) by 3° is shown in Figure 34. The

resultant data (DENO?) has many similarities in signal fading characteristics

to the data of Run 1 in Figure 33, which used the widebeam antennas. The

reason for the s imil arity is that when the narrowbeam recei vi ng antenna is

off-poi nted, refl ected signal components become stronger rel ati ve to the 1i ne

of--sight component causing more and deeper fades in the narrowband 28.8-GHz

channel, and the averaging of all fades within the wideband30.3-GHz channel

occurs as just described.

5.5 Impulse Response Measuranents

One of the features of the diagnostic probe is the ability to measure the
impulse response of the channel. This is accomplished by the phase modulation

of a 30.3-GHz carrier with a pseudorandom binary sequence at a rate of

500 Mb/s. The 30.3-GHz ~ignal is transmitted through the ~hannel to a recei

ver where the signal is demodulated to reproduce the 500 Mb/s pseudorandom

sequence degraded by any distortion that may have occurred in the propagation

between transmitter and receiver. At the receiver terminal, a repl ica of the

transmitted pseudorandom bi nary sequence is generated. A cross-correl at ion is

performed between the received demodulated bit stream and the replica of the
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transmitted bit stream by allowing one bit stream to slide by the other in
time as a result of a slight offset in the bit-clock rate. At the point in
time where the bit sequences ar~ identically ~ligned, an impulse is generated
with a base duration equal to two bit times. The impulse response measurement
repeats at a rate corresponding to the number of bits in the sequence or word
divided by the clock offset rate. Channel amplitude and phase dispersion
during propagation of the signal appear as amplitude and time changes in the
impulse shape. A channel is completely described by the channel impulse
response or its Fourier transform, the transfer function of the channel.
Thus, the diagnostic probe is a means of acquiring data to determine param
eters in modeling channel characteristics and predicting performance for
specific applications.

In order to assure that the impulse measurements accurately depict the
response of the channel, a controlled test with known parameters was
required. To accomplish this, physically measurable multipath signals for a
realistic range of amplitudes and delay time were generated.

Figure 35 shows the test setup for the impulse circuitry calibration.
All components, except the network between the dc to 18 GHz divider and com
biner, are part of the channel probe system. The best method found to perform
calibration measurements was to construct a set of coaxial cables cut in
1/4 ns steps to produce the actual propagation delays. The reason for s~Ch
fine steps is that the summed output of the co- and quad-phase squaring cir

cuits (El + E3' Figure 35) must be carefully balanced to produce an impulse
curve that remains constant for all possible phase delays of the received
carrier. Measuring a "direct" signal in the presence of delayed signa~ls is
the most critical test, because the phase of the 1.5 GHz reconstructed carrier
is determined by the combined vector phase of all signals to be measured.

Several adjustments are required to obtain the best compromise in main
taining a proper power level ratio between the "direct" and delayed signals
with phase shifts in the modulated carriers. Note that the combined sum-of
the-square signals (E? + E?) is recorded in the impulse measurements and

1 J
represents signal power. The phase of the reconstructed carrier injected into
the co- and quad-phase demodulators must be finely adjusted to produce nulls
in the quad-phase channel when the input carrier has a phase difference of 0°
or 180° and nulls in the co-phase channel for phase difference of ±90°. To
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maintain these relationships, line lengths were adjusted to compensate for
differences in time delays between the co- and quad-phase branches containing
the demodulator, correlator,amplifier, and squaring circuits. By performing
these adjustments carefully for all combinations of rf phase, agreement in
power levels measured via the impulse response compared to within ±l dB to the
attenuator values for two signals delayed by more than 2 ns and for amplitude
differences of less than 18 dB.

The data shown in Figure 36 are four sets of reference impulses plus
multipath signal amplitudes with electrically delayed paths of approximately
0.9, 1.5, 3.0, and 4.5 ns as indicated on the figure. The reference impulse
curve on each set marked reference is for a no multi path condition. In each
set the multi path signal was delayed a fixed amount and then the combined
ampl itude levels were recorded for multi path signal-to-reference signal ratios
of -3, -6, -10, and -13 dB. Each tracing is the resultant amplitude of a
vector addition of the reference and multipath signals. For short delays, the
presence of a multipath signal is manifest in the broadening of the trailing
edge of the impulse response. As in 36(A) , if the delay and amplitude values
of the multi path were not known, one could conclude only that multipath
signals were present, but could not predict the delay and amplitude values
with any confidence. However, when the multi path delay values reach 3 ns and
more, as shown in Figure 36(C) and (0), the multi path components become
clearly separated from the reference impulse, and both delay and amplitude
value can be assessed within the measurement accuracy.

Several sets of impulse response measurements were made along the same
17th Street path used for the received signal amplitude measurements in the
previous section. In some cases, both amplitude and impulse measurements were
recorded on the same run, with the amplitude being recorded continuously and
the impulses sampled at 6- to 10-s intervals.

The impulse response curves from a calibration path are shown in
Figure 37. These calibration data were recorded with the receiver located on
17th Street between Tremont and Court Place and the transmitter also on 17th
Street between Welton and Glenarm. These positions can be located on the
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street map of downtown Denver in Figure 38*. The 17 impulse response curves

shown in Figure 37 were recorded on the 30.3-GHz channel with both the
transmitter and receiver stationary at the locations indicated, using a 30 0

transmitting antenna and a 2.5 0 receiving antenna pointed on:line. These
curves were recorded at 10-s intervals and as would be expected from a
calibration run, each subsequent response curve is nearly an exact replica of
the previous curve. Minor variations can be attributed to changes in street
traffic during the 3-min test interval. The on-line path was clear of traffic
during this test interval.

The curves in Figure 39 are the result of a run along 17th Street with
the receiver stationary near the Tremont intersection and the transmitter
movi ng s1owl y along 17th Street. A narrowbeam recei vi ng antenna was used with
on....,line pointing. The curves were recorded in order starting at the bottom of
the first column moving from bottom to top in each subsequent column. The
impulse response curves recorded near the street intersections are indicated
on the figure.

A cursory examination of the curves in Figure 39 shQws the presence of
some multipath signals. These multi path signals are evident in the broadening
andreshaping of the trailing edge. Specific examples are the reshaping of
the curves at Tremont and Glenarm and broadening of curves at Welton and
Curtis. It is difficult to determine the delay and amplitude values of indi
vidual multi path signals with accuracy, but they can be estimated to fall in
the 1- to 4-ns delay range and at -15 to -25 dB below the amplitude of the
direct signal level at zero delay time.

At longer delay times, variations in patterns above the processing noise
indicate additional multipath components at relative signal levels of 20 dB or
more be'low the direct components. In Figure 39 these appear most frequently
between 8 and 11 ns and occasionally between 14 and 18 ns. At the Tremont
intersection, amultipath at about -24 dB is seen at about 20 ns. The fixed
delay spurious signals appearing at about 7 and 13 ns at a level df around
-24 dB mas k del ayed components below that 1evel. Most del ayedcomponents
occurring beyond about 2 ns in Figure 39 can be largely attributed to antenna
sidelobe response as the direct signal experienced fading due to a short

*The 17th Street path between Larimer and Tremont is also identified in
Figure 23 showing street intersections and an elevation profile.
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Figure 38. A map of the test areas in downtown Denver, CO.
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delayed (less the 1 ns) multipath component from the street surface.
The curves in Figure 40 are the result of a run along 17th street with

the receiver stationary nearthe Jremont intersection and the transmitter
moving slowly along 17th street. The test conditions were identical to those
for Figure 39 with one exception. Instead of having the receiving antenna
pointed on-line as in Figure 39, the receiving antenna was adjusted for 3°
off-pointing to the left. This off-line pointing of the receiving antenna
produced a dramatic change in the received multipathsignals in Figure 40 as
compared to Figure 39. There are many multi path signals with delays in the 8
to 10 ns range and amplitude ratios of -5 to -10 dB relative to the direct
signal. With the receiving antenna off-pointed, it is possible for the multi
path signal to be stronger in amplitude than the direct component. An example
is shown at the stout Street intersection impulse curve. The computer is
programmed to pos ition the signal .with the greatest ampl itude at 0 del ay and
for this case the direct signal, always "the first to arrive, occurred at
-3.3 ns. The impulse curves in Figure 40 are replotted in Figure 41, with
reference impul se response curves that are cross-hatched so that the multipath
segments can be more clearly identified.

In addition to the impulse response curves that were recorded using a
narrowbeam receiving antenna (2.5°), several runs were made using a widebeam
receiving antenna (30°). For these runs, on-line pointing was used. Two
examples are shown in Figures 42 and 43. Many multi path signals are present
in these data. This is not unexpected because the widebeam antenna would
illuminate both sides of the street. The delay values of the individual
multipath signals fall in the 1- to-10 ns range and the amplitude levels
relative to the direct signal are in the range from -2 to -15 dB.

Up to this point all wideband measurements with the 30.3-GHz channel"were
performed along 17th Street. Two other streets were selected for measurements
because each had differences but are very typical of an urban area. Champa
Street between 24th and 14th Streets was selected because the building wall
surfaces were much smoother and formed a more uniform 1ine along the street
than did those on 17th Street. Also Champa Street was nearly level in eleva
tion and had fewer obstructions along the street, less road signs, trees,
light poles, etc. The street width was the same as 17th Street (24 m) but the
blocks were about 127 m long instead of the 100 m of 17th Street. Wall
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surfaces are more completely filled on both sides of the street between 14th

and 19th Streets; however, between 19th and 24th Streets, buildings were more

sparse than any area previously measured in Denver. In Figure 44(A) is a

photograph of Champa Street looking from 24th Street, and Figure 44(B) is a

photograph from 16th Street toward 14th Street, where the receiver terminal

was located.

Several runs were recorded with the transmitter terminal traveling down

Champa Street toward the receiver terminal just beyond the 14th Street inter

section. With the widebeam (30°) antennas on the 28.8- and 30.3-GHz channels,

signal fading and fade depths were similar to the 17th street data up to about

19th Street. Between 19th and 14th Streets the 28.8 GHz narrowband channel

(as discussed in Section 5.4) appears to show more numerous and deeper

fading. The best display of what happened over thefh~nnel as a result of

multipath from building walls is provided by the history of impulse response

curves shown in Figure 45. By comparing this figure with the 17th Street

impulse curves in Figure 42, it is apparent that Champa Street produced more

severe wall multipath because on several response curves, taken near the

middle of the run, the multipath component equals or exceeds the direct

signal. From these observations, the assumption is that the smoother, more

uniform building wall surfaces between 19th and 14th on Champa provide more

favorable conditions for generating larger multi path component? The results

suggest that urban streets having these conditions will additiohally diminish

the performance of a mi 11 imeter-wave channel if wall refl ections are

involved.

The last series of measurements were made on BroacJW9Y, amain traffic

route through· Denver, and therefore a wider street measuring31m.between

buildings. Also, the distance between street intersections is 175 m as

compared to 100 m and 127 m of the two previous streets measured. BUildings

along the street are generally of the smaller (2. to 3 storyY office and

bus ines s types. Some open areas 1i e a long th e street, many ofwhi ch are car

or truck dealerships or for customer parking. There is very little elevation

change over the approximately 16 blocks traveled for propagation

measurements. Figure 46 show photographs of the sections near 12th Street

(top) and near 6th Street looking south on Broadway. The received signal

fading characteristics were quite similar to the other signal plots shown on

17th and Champa Streets, i.e., numerous fades with many exceeding 20 dB in

76



1.
:1 \
J!

Figure 44. Photographs of Champa Street in Denver, CO.
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Figure 45. Impulse response curves recorded along Champa Street
(22nd to 14th). Widebeam antennas were used with
on-line pointing.
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Figure 46. Photographs of Broadway Street in Denver, CO.
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depth (from 'Section 5.4). Curves of the impulse response with the transmitter
terminal traveling between 16th and 11th Streets and the receiving
terminal using the widebeam antennas stationary just beyond 11th Street are
shown in Figure 47. Amplitudes of the multipath signals seen in these impulse
curves were stronger than expected over some portions of the run. However,
there were even fewer obstructions along the street than in previous streets
and some buildings certainly presented large smooth surfaces (see. photographs)
that are the conditions conducive to strong multi path generation. Another
factor, which will be demonstrated more clearly by the model described in
Section 6, is the distance between intersections~ As can be imagined, many
potential multi path reflections are diverted from the receiver at the street
intersection. Thus, with all other conditions constant, if the ratio of
bUilding surface width to intersection width is increased, as is the case for
Broadway, the number of multipath signals from building walls for a down-the
street run will also increase.

Because of the wider separations between buildings on Broadway, a longer
multipath delay time relative to the direct signal might be expected espe
cially as the path becomes short; i.e., the reflection angles are steeper. A
study of the Broadway impulse curves does show numerous multipath components
greater than -18 dB at delay times greater than 4 ns over the last half of the
Broadway run. However, longer delayed signals are not an obvious feature in
the Broadway impul se curves when compared to s imil ar curves taken on the
narrower streets.

The last set of data was taken on Broadway between 5th Street north and
2nd Street south. In this case both terminals wereinmdtion with a separa
tion of 3 blocks (525 m) maintained as accurately as possible for the
approximately 7 block (1225 m) run. Widebeam antennas were used at both
terminals producing the impulse curves shown in Figure 48. Again there were
some very strong multipath components, at times exceeding the direct signal,
and a considerable amount of variation over the run in multi path signal
strength and delay times even though the terminals were always about the same
distance apart. The reason for making.a measurement with constant terminal
spacing while traveling along the street was the expectation that more con
sistent propagation patterns would occur in both signal fading and impUlse
display of multipath signal delays and amplitude. No consistent patterns were
evident and the signal characteristics were as random as for any run where the
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Figure 47. Impulse response curves recorded along Broadway (16th to 11th).
Widebeam antennas were used with on-line pointing.
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Figure 48. Impulse response curves recorded along Broadway with both
terminals moving while maintaining a constant 3-block
separation (525 m).
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distance between terminals varied. This emphasizes the fact that the urban
environment is very irregular and complex when a propagation path is examined
at millimeter-wave frequencies.

5.6 Bit-Error-Rate Measurements
A common measure of performance of a digital modem is in terms of bit

error rate (BER) for a given signal-to-noise ratio at the demodulator. By
mixing very wideband noise with the signal at the demodulator input, accom
plished by a link simulator developed for this purpose, a curve of BER versus
signal-to-noise ratio (SIN) was drawn. This curve is typically compared to
the theoreti calor ideal performance curve, for coherent bi phase shift keyed
(BPSK) modulation in this case. The theoretical performance curve for a
coherent BPSK, with additive Gaussian noise, is calculated from

(2)

where Eb/No is defined as bit signal energy to one-sided noise spectral power
density (Wozencraft and Jacobs, 1965). In terms of SIN, the ratio of signal
power to noise power in the signal bandwidth is

Eb/N
o

= SIN + 10 log Sign!l bandwidth (w)
blt rate (Rb) (3)

For the 500 Mb/s, BPSK, BER measurements, the signal bandwidth is determined
by a 1-GHz filter at the demodulator input. Figure 49 contains plots of the
theoretical curve and measured values of some of the important stages within
the system as well as through two rf links. The theoretical curve (#1) repre
sents a distortion-free system. With the baseband generator and bit error

receiver connected back-to-back, the Eb/No is within 1 dB of theoretical
(curve not shown). With the 1.5-GHz PSK subcarrier modulator-d~nodulator

connected back-to-back (curve #2 of Figure 49), the Eb/No departs by about
2 dB from theoretical at a BER of 10-8 , an excellent performance level.
Matched filters are adjusted for optimum BER at an Eb/No of 6 dB for the
curves shown, consistent with the probe's use as a diagnostic tool. When the

filters are optimized at an Eb/N o of 13 dB, the maximum departure from the

theoretical curve for modulator-demodulator is about 1.5 dB.
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Figure 49. Plot of BER vs. Eb/No for several system configurations.
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The third BER curve of Figure 49 indicates performance with the 30.3-GHz
up converter, the wideband 30 GHz amplifier, and the receiver down converter
connected through about 15 ft (4.5 m) of WR-28 waveguide. A departure of
about 3 dB from the theoretical curve occurred, with the greatest contributor
to increased errors being the dispersion in amplitude and phase of the 26- to
38-GHz power amplifier. The input level to the receiver down converter (bal
ance strip-guide mixer) was -44.6 dBm for the plot shown in curve #3.

The local osci llator signal for the down converter is generated by a
phase-locked,cavity~tuned multiplier and a low-noise, resistive-type
waveguide tripler stage; even so, the local oscillator (LO) phase noise
provides the noise figure limitation at the receiver. With the input level to
the receiver reduced to -61 dBm, the LO phase noise just begins to cause an
increase in the number of errors, as shown in curve #4, using the waveguide
link. The LO phase noise was not included as part of the Eb/No in plotting
this curve but it was measured as signal at the demodulator input at the
subcarrier frequency of 1.5 GHz. The noise power to generate the curves of
Figure 49 is injected at the demodulator input port.

Curve #5 results from a 250-m folded path through the atmosphere using 3
ft (91 cm) dishes for both transmitting and receiving, with a 56-cm trihedral
(90 0 corner) reflector. Again, the input to the receiver up converter was set
at -61 dBm, which is equivalent to the received level for a 100-km clear-air
path assuming atmospheric absorption to be 0.12 dB/km. As seen by the small
separation in curves #4 and #5, neither the antennas, the 250 m of atmosphere,
nor the corner reflector produced appreciable degradation in the received
signal. Curve #5, over the short atmospheric path, becomes the reference for
relative SiN and/or distortion over a path under test. Long-term stability or
the ability to reproduce the BER performance curve has been within the
measurement accuracy of the power meter or about ± 1/4 dB.

5.7 Effects of Multipath on Digital Link Performance
Multipath data taken on the 250-m folded path, using the 30.3 GHz,

500 Mb/s, coherent BPSK was compiled to give a view of mUltipath effects. To
achieve a controlled multipath condition,a second trihedral reflector was
mounted next to the main reflector. The second reflector, which provides the
multipath signal, was attached to a milling head allowing adjustments to
fractions of a wavelength (four crank turns per centimeter). Figure 50
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Figure 50. BER in the presence of multipath signals due to SIN and
to intersymbol interference for a SIN of 11 dB and a
direct-to-multipath signal ratio of 7 dB.
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contains a plot of contributions to BER by SiN variations and intersymbol
interference as a function of the time delay of a multi path signal relative to
the direct signal normalize~.to bit duration. For this plot, the direct-to
multipath signal ratio (R1/R2) is 7 dB. With no multi path present and an 11
dB signal-to-noise ratio, set by injecting wideband noise at the demodulator
input, a BER of 5 x 10-7 was measured. At zero multi path delay, the change in
BER is due only to SIN changes with an average BER of about 1.5 x 10-6. This
average BER is greater than the no-multi path case because fades of 5.1 dB and
enhancements of only 3.2 dB occur for a R1/R2 of 7 dB. Since a pseudorandom
sequence bit generator is used to produce the data stream, the amplitude
variations diminish as the multi path delay extends to I-bit duration. Hence,
the errors are due to SiN change as shown by the narrow hatched lines marked
"BER due to SIN only." Amplitude variations as a result of multipath at delay
times greater than one bit duration are small. Some additional amplitude
variations in the system are due to cw components in the signal used for
reconstructing the carrier.

Errors due to intersymbol interference for this multi path case
(Figure 50) are shown to diverge from zero delay, beginning at the BER
(5 x 10-7) for a no-multi path state. This indicates that there is no inter
symbol interference contribution at zero multipath delay relative to the
di rect signal. As the mul ti path del ay increases, the maximum and mi nimum
contribution from intersymbol interference is shown by the broad-spaced hatch
lines extending to coincide with the total contribution of errors at a delay
time equal to I-bit duration. Part of the errors attributed to intersymbol
interference are the result of the composite of the direct signal and multi
path signal producing a phase shift· in the reconstructed carrier. As shown in
Figure 4, the reconstructed carrier is manually phase adjusted to provide a
zero reference to the phase detector in the demodulator for recovery of the
baseband signal. This composite signal phase shift is cyclic at the rf rate
and the resultant phase error accounts for part of the maximum-minimum BER
excursions. A similar process occurs with the reconstruction of the bit rate
clock, which is also modulated at the rf rate by multi path signals.
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The BER due to a multi path signal is dependent on the channel SIN and the
strength of the multipath signal. For a direct-to-multipath signal ratio of
8 dB, Figure 51 shows measured and extrapolated values of BER as a function of
SIN compared to a curve showing system performance without a multi path
signal. All values plotted are for a case where the multi path signal delay is
I-bit duration or greater. The measured points using the passive reflectors
to generate multi path are indicated by the small circles on the figure. These
points include minimum, average, and maximum BER as a result of the multi path
signal being continuously varied in delay time over several rf cycles.

Bit error rate versus SIN curves are extrapolated from measured data, for
three different ratios of direct-to-multipath signal level in Figure 52. An
estimated scale of R1/R2 starting at 7 dB and extending to 00, which is the no
multi path state, is included for the case where the multi path delay time is 1
bit duration or greater.

Multipath signals in a high data rate channel have a serious effect on
data transfer rates due to increased errors. This treatment of multi path
involving a single discrete signal may not always be representative of an
actual path. Several components of multi path may occur or numerous scatterers
may exist such as those arising from reflections from irregular terrain.
However, the measurements made for thi s report wi 11 provide a good reference
of channel degradat i on for the conditi ons that may be :~n:ed:untered on LOS paths
along city streets.

5.8 Bit-Error-Rate Measurements in Urban Environments
Several sets of bit-error-rate measurements were made along various

Denver street paths. Generally, both received signal level and BER were
recorded simultaneously. The measured range of BER is from a maximum of
5 x 10-1 to a mi nimum of 2 x 10-8. A value of 5 x 10-1 means 50 percent
errors occurred, or that the chance for a wrong decision is equal to the
chance for a correct decision. A minimum resolution in BER.of 2 x 10-8 means
an error count period of 1 s was used. If a 10-s count period were used a
minimum resolution of 2 x 10-9 would be available; a 100-s period gives 2 x
10-10 and so on. But for thi s experiment, sampl es at ,greater than 1-s
intervals would omit too much detail and, therefore, were not used.
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Figure 51. BER as a function of SIN for a direct-to-multipath signal
ratio of 8 dB for multipath delays greater than 1 bit
duration.
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Figure 52. BER as a functio~ of SIN for direct-to-multipath
signal ratios (R]/R2) from 7 to 13 dB for multipath
delays greater tnan 1 bit duration.
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Received signal level and BER data were recorded along the 17th street
path using the narrowbeam antenna at the receiver, and the results are dis
played in Figure 53. The BER data indicated that errors are a result of a
combination of signal-to-noise ratio reduction and intersymbol interference
from time-delayed multi path signals since the BER peaks do not exactly corre
late with signal fades but they do occur when fading is active. Some of the
high peak BER's near the end of the run suggest greater intersymbol inter
ference effects. The impulse response characteristics showing samples of
multi path components for the 17th Sreet path appear in Figure 40. As stated

in the discussion of Figure 39, the multipath delay components occur betwe~.en

1 and 4 ns at an amplitude of 15 to 25 dB below the direct signal and are
mainly a result of antenna sidelobe response. However, considering the high
data rate (500 Mb/s), while using a 2.5° receiving antenna accurately pointed
toward the transmitter, the channel performance was very good as indicated by
the fact that the errors did not exceed the minimum detectable rate during

most of the run.
A widebeam (30°) receiving antenna was installed for the 28.8 and the

30.3 GHz channels, and the BER experiment was repeated along 17th Street. In
the change to the widebeam receiving antenna, the system gain was reduced by
about 24 dB, which is directly reflected in the SIN of the channels. The
result of this gain loss placed the BER at near 1 x 10-2, with no fades pre
sent when the transmitter was located at the most distant point in the run.
This condition of marginal SIN, in terms of BER performance, produced a high
degree of sensitivity of the BER to signal fading as can be seen in Figure 54
where the transmitter traveled along 17th Street toward the receiver near
Welton Street. In comparing the signal level and BER plots, almost a direct
inverse correlation is seen up to approximately Champa Street where intersym
bol interference begins to influence the BER as well. An example of the
presence of intersymbol interference is most easily seen where the BER goes to
a maximum (5 x 10-1) at signal levels higher than points where BER's are less
than 5 x 10-1 as indicated on Figure 54 (interval #1 compared to
interval #2.) In interval #1, the BER varied from about 1 x 10-2 to 1 x 10-1

at signal levels up to 15 dB less than during interval #2 where the data were

totally random (BER at 5 x 10-1).
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A second BER plot, where the transmitter traveled along Champa Street, is
shown in Figure 55. The results for Champa Street are very similar to
17th Street, except for the much larger excursions in BER on Champa Street
ov.er the 1ast two blocks. Referri ng to the impul se curves for Champa Street
(Figure 45) we find the longer delayed multi path components to be very strong
over the same two-block area (19th through 17th Streets), which is consistent
with the high BER observed.

6. URBAN MILLIMETER-WAVE PROPAGATION COMPUTER MODEL

The urban-propagation computer model was developed to predict major
propagation modes and effects of LOS paths at street level in an urban
environment and to compare the results to measured data. Our objective was to
have the predictions display the same characteristics and have the same
statistics as the measured data. The comparison of the model predictions to
measured data would then serve several purposes. First, it helps to identify
propagation effects that cause features observed in the data, i.e., the
measured data are better understood. Secondly, it shows how the model can be
improved to better account for the propagation effects actually observed,
i.e., the limits of the model are better understood. After this is
accomplished, the model can be used to predict the propagation effects of
different scenarios. This is, of course, the real value of the model--the
'ability to predict results without having to measure them.

Measur,ements reported from the 1983 studies (Violette et al., 1983a) show
that the received signal was dominated by a LOS ray and a street reflected ray
and that additional rays reflected from the walls of the buildings along the
street were important. The model was developed to account for these propa
gation modes.

6.1 Description of the Model
In order to make the model mathematically tractable and not more complex

~than necessary, an idealized physical model of the urban environment is
used.
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6.1.1 Physical Model
In the idealized model, the street is assumed to be perfectly flat. The

building walls are also assumed to be perfectly flat and the width of the
street, i.e., the distance between building walls, is constant. Figure 56
depicts the idealized environment. Thus, we end up with a waveguide that is
open on one side. Figure 57 shows several streets used for experimental
meas urements.

This idealized physical model simplifies a complexenvironment but pre
serves the basic elements that have the greatest effect on propagation. The

shallow reflection angles involved in the geometry make this possible. The
effects of variations i nbuil di ng distance from the street center, cross
streets, and scattering from objects are discussed later.

6.1.2 Mathematical Model
To develop the mathematical model, geometrical optics or ray theory is

used. The received signal is assumed to consist of the sum of a number of
rays. These rays arrive at the antenna either directly from the transmitter
or after reflection from the street and walls. Specular reflection is assumed
with a single coefficient of reflection for all wall surfaces and the same or
a different value used for the street surface.

Cross streets were accounted for by letting rays go down the crOss street
(lost power) rather than be reflected to the receiver. In general, this
resulted in model predictions that did not match the measured data as well as
when no cross streets were assumed in the model. This weakness in the model
can be easily understood and is discussed later.

The idealized physical model makes the accounting of all the possible
rays from the transmitter to the receiver simple. The reflections from the
street and walls are dealt with by using the image space. Multiple images of
the receiver rather than of the transmitter are used here. That is, a ray
reflected from a wall appears to be arriving at an image of the receiver
beyond the wall.
Ray Geometry

The coordinate system convention is shown in Figure 58(A). In
Figure 58(B) and 58(C), the locations of the receiver images are shown along
with the ray paths. Each receiver image in Figure 58(B) corresponds to one
ray path to the real receiver. Each image is given a double index. The first
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Figure 57. Photographs of street fronts along 17th Street in
Denver, CO.
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index, N, gives the number of wall reflections. A negative or positive sign
corresponds to the first reflection being to the left or right of the trans
mitter, respectively, when looking toward the receiver. Thus, all the images
for which this index is negative are to the left of the transmitter and all to
the right are positive. The second index, M, indicates whether or not the ray
has reflected from the street. A value of positive one means the ray is not
refl ected from the street and the image is above ground 1evel. A val ue of
negative one indicates the ray is reflected from the street and the image is

,
below ground level. The index (0,1) corresponds to the real receiver location

and the direct line-of-sight ray.
The geometry of each ray is easily computed from the location of each

receiver image and the sum of the rays is found by looping through the double
index of the images.

The location of the transmitter is (Xt,O,Zt) as shown in Figure 58. The
location of the receiver shown in the same figure is (X r ' Yr , Zr) and the
street width is W. The receiver is a distance Yr down the street from the
transmitter. The location of each receiver image is given by

X(N,M} = W(N + (1 - (-1}N}/2) + Xr (-l}N (4)
Y(N,M) = Yr (5)
Z(N,M} = MZ r (6)

where Nand Mare the first and second indexes of the image, respectively, as
defined above.

The length of each ray is given by

.j 2 2 . 2L = (X-Xt) + Y + (Z-Zt) , (7)

where the index arguments have been dropped from the coordinate locations of
the receiver image. The horizontal length of each ray, i.e., the length of
the ray projected onto the x-z plane is

(8)

The azimuthal angle (in the x-y plane) of the ray from the transmitter to
the receiver is

... ,-. ,+ r

at = arctangent((X-Xt}/(Y-Yt}}
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where a negative angle is to the left and a positive angle is to the right~

The azimuthal angle from the receiver to the transmitter is
Nar = at (-I) (10)

where the N dependence accounts for the change in direction of each reflection
from the walls. A negative angle is to the left and a positive angle is to
the right again when looking toward the other' terminal.

The elevation angle from the transmitter to the receiver is

St = arctangent((Z-Zt)/Lh) (11)
and the elevation angle from the receiver to the transmitter is,'c

Sr = -MSt · (12)

The elevation angles are measured with respect to the horizontal, with"a posi
tive angle being above horizontal and a negative angle below horizontal.

The formul a for the true angl ebetween two intersecti ng 1in es i n three~

dimensional space,

is very useful here. The variables AI, Bl, and Cl are the direction ratios of
the first line and A2, B2, and C2 are the direction ratios of the second
line. The direction ratios can be thought of as the change in each of the
linear geometric coordinates when moving from one end to the other of an
arbitrarily fixed length of the line. The set of direction ratios for each
line can be multiplied by arbitrary constants with no effect on the true angle
given by (13). This formula is easily derived from the dot product of the two

line segments.
Using (13), the angle of reflection from the street with respect to the

normal to the street is found to be
as = arccosine((Z-Zt)/L). (14)

The angles of reflection from the walls with respect to the normal to the
walls are all equal, as can be seen in Figure 58, and again are found from

(13) to be
aw =arccosine((X-Xt)/L). (15)

A ray to the recei ver image with first index N has a total number of
reflections from the walls equal to the absolute value of N. These reflec
tions alternate between the left and right walls so that the x-coordinate, Xw'
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equals 0 or W. If N>O, the images are to the right so that the first reflec
tion is from the right wall. The x-coordinate of the Ith reflection point is
then gi ven by

Xw = W(I - (1)1)/2), for N>O. (16)

The other coordinates are given by

for N>O, (17)

and

Zw = IZt + (IW-X t )(Z-Zt)/(X-Xt )I , for N>O.
When N<O,the images are to the left and the first reflection
wall. The x-coordinate of the Ith reflection is then given by

(18)

is from the 1eft

Xw = W(1 + (-1) 1)/2),

The other coordinates are given by

and

for N<O.

for N<O,

(19)

(20)

(21)

For the street (ground) reflection (M = -1), the z-coordinate is, of
course, zero, Zs = O. The y-coordinate is given by

The derivation of the real x-coordinate of the ground reflection is somewhat
more complex because of the folding in the image space along the x-axis. In
the image space, the x-coordinate of the ground reflection in the image space
is given by

Another useful variable is given by

Is = Int (X's/W) - u(-N) ,
, ,
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where u(x) denotes the unit-step function operating on x, i.e., u(x) = 0 if x
<= 0 and u(x) = 1 if x > O. Int denotes the integer function. This variable
is the index of the image of the street in which the ground reflection occurs
and is zero for the real street. If Is is odd, the street image is reversed,
i.e., a mirror image. If Is is even, the image has the same left and right
directions as the real street. See Figure 58(C). The x-coordinate location
of the ground reflection in the real street is given by

and
for even Is'

for odd Is'

(25 )

(26)

Ray Ampl itude
In the model developed here for the idealized environment, the ray ampli

tude is determined by a number of factors: the transmitter power, Pt , the
transmitter and receiver antenna gains, Gt and Gr , the losses due to reflec
tion from the walls and street, Lr , the absorption due to water vapor and dry

air, La' and, of course, the free-space loss, Lf. The ray amplitude, A, at
the receiver is therefore given by

where all the quantities are in dB (A and Pt in dBm).
The free-space loss is

Lf = 20 10g(4TIL/A) = 32.45 + 20 10g(FL)

(27)

(28)

where A is the wavelength, L is in meters and the radio frequency, F, is in
gigzhertz.

Assuming parabolic dish antennas, the antenna gains for the ray depend on
the antenna patterns and the angles between the ray and the boresights of the
antennas. Real antenna patterns could, of course, be used, but for sim
plicity, the antenna patterns are approximated by sinc functions of the true
angles between the ray and the boresights (sinc(x) = sin(x)/x). Then, only a
boresight gain and beamwidth are necessary to define each antenna pattern.
The antenna patterns are approximated by

"
G(ab) = G + 1010g(sincL (Kab)) (29)
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where G is the gain of the antenna along the boresight, ab is the true angle
between the boresight and the ray, and K is a constant determining the beam
width of the antenna. Suppose the antenna pattern to be approximated has a
3 dB beamwidth of Bw. Then because 20log(sinc(v)) = -3 dB when v = 1.39,
KBw/2 must equal 1.39, so that

K = 2. 78/Bw- (30)

The true angle, ab between the antenna boresight, having an azimuthal angle of

Ba and elevation angle of Be' and the ray, is found from (13) using the appro
priate direction ratios. For the transmitter, the direction ratios are

Al cos (Ba) cos (Be) (31a)
Bl sin (Ba) cos (Be) (31b)
Cl si n (Be) (31c)

A2 cos (at) cos (at), (32a)
B2 sin (at) cos (at), (32b)

and
C2 = sin (at) . (32c)

(33a)
(33b)

= cos (ar ) cos (ar ),
sin (ar ) , cos (ar ),

For the receiver, the first three direction ratios are given by (31)
where Ba and Be are now the azimuthal and elevation angles of the boresight of
the receiving antenna. The last three direction ratios for the receiver are
given by

A2
B2

and
(33c)

For the idealized physical model , separate but constant coefficients of
reflection are used for the walls and street. The phase of the reflection
coefficients is assumed to be 180°. The magnitude is treated as a loss given
in decibels. The total loss in decibels due to reflections is then given by

;"j

the wall reflection loss multiplied by the number of wall reflections plus the
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street reflection loss, if there is a street reflection. With the wall' and
street reflection losses given in decibels by Cw and CS ' respectively, the
loss due to reflection is

where again u(-) is the unit step function as defined above.
The clear-air absorption loss is

(35)

where L is the length of the ray and aa is the attenuation rate in decibels
per kilometer as computed based on the model of Liebe (1985).
Ray Phase

The phas e of each ray is determi ned by its 1ength and its refl ect i on from
the walls and street. The ray phase at the receiver is given by

8 = 2~L/A + ~(INI + u(-M)) (36)

where a phase shift of ~ has been assumed for each reflection.
Received Signal Level

The s; gnal at the rece; ver ; s model ed as cons; sti ng of the sum of all the
possible rays from the transmitter to the receiver. In (27), the ray ampl i
tude is given in dBm (at the output of the receiving antenna). In order to
sum the rays, the amplitude, a, of each ray in arbitrary linear units is
needed. These two measures of ray amplitude are related by

and
A = 2010g(a)

a = 10A/ 20 .

Using (27), (36), and (38) the rays may be summed as

(37)

(38)

S = (39)

The received signal amplitude in dBm is then

As = 201 og (\ SI).
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Effect of Variations in Building Walls
Variations in the bUilding walls such as differences in building

materials, surface roughness, windows and doors, etc., will in the real world
cause the reflection coefficient for the walls to vary along the street. This
variation is not accounted for in the above model for the ray amplitude.
These same features will also cause scattering and diffraction of the milli
meter waves into the receiving antenna as will other objects in the
vicinity. These effects are not included in the specular reflection model,
but more will be said about them below.

In figure 57, it can be seen that the variation in the distance of the
buildings from the street center becomes geometrically insignificant after a
few blocks' distance. A Fresnel zone of reflection several blocks away would
have a large horizontal extent encompassing a great deal of surface
roughness. The surface variation within the Fresnel zone can be thought of as
effecting the phase and amplitude of the reflected ray but not significantly
altering the geometry of its reflection. That is, the phase and amplitude of
a ray will in reality depend on the point of reflection. The gaps in the
walls due to cross streets can also be considered to modulate the phase and
amplitude of the reflected ray since the horizontal extent of the reflection
Fresnel zone is greater than the cross street width for paths longer than
about 300 m.

6.1.3 Cumulative Distribution of the Received Signal Amplitude
The model, as it has been developed above, predicts a single value for

received signal amplitude based on the summation of a number of ray paths
between the transmitter and receiver as determined by the link geometry. Of
course, as discussed above, the variations in the walls of a real street would
result in ray phases and amplitudes that would cause the received signal level
to deviate significantly from that predicted by the idealized model. The
signal level predicted from the idealized model is not even the expected value
of the received signal level. It is a unique value determined by the
particular phases and amplitudes of the summed rays. At best, it could be
hoped that the signal level would behave similarly in a qualitative sense to
real received signal levels as a function of receiver location, frequency,
etc.
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Because the propagation situation of a real street would be so complex
that it would not be practical to predict an exact received signal level for
arbitrary locations of the transmitter and receiver, it is desirable to pre
dict the cumulative distribution of the signal level for an ensemble of real
streets. That is, for all streets of a particular approximate width, what
would be the distribution of the received signal level as the transmitter and
receiver are moved from street to street maintaining the same link geometry
within the streets? Equivalently, what would be the distribution of the
received signal level if the transmitter and receiver were kept in the same
relative position to each other and to the sides of the street, but were
moving down the street? This sort of statistical estimate of the received
signal level can be made using the idealized model.

Some information about the relative phase of the rays can be retained and
therefore improve the estimate of the signal level. In particular, since the
surface of the street is rather uniform and in many places approximately flat,
the prediction from the idealized model of the relative amplitude and phase of
the direct line-of-sight ray and street reflected ray is probably close to
what would be measured on a real street. Therefore, the sum of these two rays
is treated as a known component of the received signal.

Next, it is assumed that the relative phase of the wall-reflected rays is
uniformly distributed from 0 to 2n because of the random deviation of real
building walls from the idealized geometry. In addition, it is assumed that
the summation of these rays is not dominated by anyone ray. That is,
although the amplitudes of the rays are random, no one ray has an amplitude so
large that it unduly influences the sum. Then the magnitude or amplitude of
the sum of the wall-reflected rays has a Rayleigh distribution.

The Rayleigh distribution is named after Lord Rayleigh (1894) who first
derived it for the sum of a number of waves with independent uniformly distri
buted phase. The Rayleigh distribution is given by

2 - 2p(ISwl<z) = 1 - exp(-z law)' z > 0 (41)

where ISwl is the amplitude and aw
2 is the average power of the sum of the

wall-reflected rays. The average power of the sum is the sum of the powers of
the wall-reflected rays given by
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(42)

Converting to decibels by using

Aw = 20log( ISwl) (43)
to substitute for the amplitude in the complement of (41) gives the complemen
tary Rayleigh decibel distribution,

(44)

which gives the probability that the received signal amplitude in dB will be
greater than Z. It is convenient to solve (44) for Z in terms of p giving the
quantile

Z(p) = 10log(-ln(p)) + 10l0g(aw
2) (45)

so that the signal level exceeded p fraction of the time can be determined.
This equation is especially convenient for computing mean and median signal
levels and confidence intervals. The second term on the right-hand side of
(45) is the average power in dBm and is exceeded lie (..0.368) fraction of the
time. The median signal level is exceeded one-half the time by definition and
from (45) is found to be 1.59 dB less than the average signal level.

Now, the recei ved si gnal can be estimated as the sum of a known or con
stant component (direct plus street-reflected ray) and a Rayleigh distributed
component (wall-reflected rays). The distribution of a constant plus a Ray
leigh distributed component is known as the Nakagami-Rice or Ricean distri
bution (Nakagami, 1940; Rice, 1945). There is one parameter, C, for the
Nakagami-Rice distribution. This parameter is the ratio in dB of the power in
the constant component to the average power in the Rayl ei gh component.
When C = -00, the distribution is Rayleigh. When C = +00, the received signal
is a constant. The Nakagami-Rice distribution normalized to the median is
shown plotted on "Rayl ei gh paper" in Fi gure 59.

The power in the known component (direct and street-reflected ray) of the
signa1 is

a2
= lao 1exp (-j80 1) + aO _l exp (-j8o _1 12 . (46)c , , , ,

The parameter C is then given by
C = 20log(ac/aw). (47)
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Because the computation of the Nakagami-Rice distribution involves the
evaluation of Bessel functions and it depends on the parameter C in a non
trivial way, a convenient approximation is desirable. As can be seen in
Figure 59, the Nakagami-Rice distribution is approximately a straight line on
Rayleigh paper with its slope depending on the parameter C. The Weibull
distribution (Weibull, 1951) plots as a straight line on Rayleigh paper with
an arbitrary slope equal to -a, where a is a parameter of the distribution.
Therefore the Wei bull distribution can be used to approximate the Nakagami
Rice distribution (at least over the range of probabilities from 0.001 to
0.999).

Because on Rayleigh paper, the Rayleigh distribution is a straight line
with a slope of -1 and the Weibull distribution is a straight line with slope
-a, the quantiles of the Weibull decibel distribution are easily found from

(45) to be
- 2Z(p) = a10log(-ln(p)) + 10log(a w). (48)

Notice that the median signal level is now 1.59a dB less than the average.
To approximate the distribution of the signal level by the Weibull

distribution, the nontrivial relationship between a and C must be known.
Although, the relationship between a and C could be derived by matching the
standard deviation or variance of the Wei bull and Nakagami-Rice distributions,
the interdecile range is used here. The interdecile range, AZ', is the differ
ence between the signal levels exceeded 0.1 and 0.9 fractions of the time.
The interdecile range of the Weibull distribution is easily found from (48) to
be

AZW= 13.3954a. (49)
The interdecile range for the Nakagami-Rice distribution has been given by
(Hufford and Ebaugh, 1985) as shown in Figure 60. The values of the inter
decile range for the Nakagami-Rice distribution have been given by (Rice, et
al., 1967) and are presented in the table following.
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Figure 59. Nakagami-Rice distributions drawn on Rayleigh paper. The
parameter C is the constant-to-scattered ratio in decibels.
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Figure 60. The interdeci1e range of the Nakagami-Rice distribution.
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TABLE 8
The Interd~cile Range of the Nakagami-Rice Distribution and the Parameter C

C ~ZN

-00 13.3954
-10 13.3729
- 6 13.2619

o 12.0049
6 7.6021

10 4.9193
16 2.4884
20 1.5726
25 0.8850
30 0.4978

+00 0

A function fitting the table above giving ~Z as a function of C is
needed. It is convenient to choose the function

~ZN = 13.3954/(t + 1) (50)

since it approaches 13.4 as t goes to zero and 0 as t goes to +00. Now, t

needs to be a function of C such that it goes to zero as C goes to -00 and
to +00 as C goes to +00. The function t = exp(C) satisfies this requirement but
a more complicated dependence on C can be achieved if t = exp(g(C)) is used
where g is a function such that as C goes to +00 or -00, g also goes to
+00 or -00, respectively. A polynomial of odd order with a positive coefficient

for the highest power term satisfies this requirement. The value of the

constant term of the polynomial is found to be -2.15565 from (50) using the

value of ~ZN at C= O. A third order polynomial such that

(51a)

was used to fit (50) to the data in Table 8 with a resultant root-mean~square

error of about ~.002 dB for the interdecile range with the coefficient values

and

go = -2.1556515,

gl = 0.3801766,
92 = -0.01295302,
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g3 = 2.145651 x 10-4.

Using (46) and (47) then gives

a = 1/{t + 1)

---- --~-- -----. -- -----

(51e)

(52)

where t(C) is defined by (51), completing the information necessary to use the
Weibu11 distribution to estimate the statistics of the received signal ampli
tude for an ensemble of streets.

It is important to note that the average power in (42) is computed for
the idealized model in which the loss due to a wall reflection is constant for
each reflection. This is not the case in the real world; the question arises
immediately of how to estimate the power in the Rayleigh component when the
reflection loss varies from reflection to reflection in the real world. It is
the average power of the sum of the rays reflected from the real walls that is
needed to compute C and predict the statistics of a signal in the real
world. Fortunately, it can be assumed that the reflection losses are statis
tically independent because of the surface irregularities. Then, it is simple
to show that if the constant reflection loss, Cw' equals the average reflec
tion loss of the real street, the average power computed in (42) equals the
average power of the sum of the wall-reflected waves in the real street. In
this case, the distribution as derived should give a good estimate of the
expected signal level and confidence intervals when one knows beforehand the
width of the street and the locations of the end terminals with respect to the
building walls and each other.

6.2 Computer Model Capabilities
The model developed in the previous section was encoded in Fortran to run

on an HP 1000 computer and later on an IBM PC. The program begins with a menu
that allows the user to select the particular output he would like
calculated. The user then enters the parameter values needed for the chosen
output that describe the street environment and equipment specifications.

Because each reflection decreases the amplitude of the ray, rays with
many reflections can be neglected. The user chooses the maximum number of
wall reflections for which ray paths should be computed. This maximum is the
upper limit on the index N in the summation in (39). This maximum is limited
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to 10 by the computer program. If 3 reflections were chosen as the maximum,
then 14 rays would be used. They are the direct line-of-sight ray, the ground
reflected ray, three rays without a ground reflection that are reflected from
the right wall first (1, 2, and 3 reflections), three more rays to the right
with ground reflections, and finally the rays reflected first from the left
wall that correspond to the previous six rays reflected first from the
ri ght.

Although all six outputs of the program are described below, only three
of these output types (range scan, angle scan, and impulse response) are used
for direct comparison between the measured and predicted (model data) in
Section 6.4.
Ray Table

The ray table output provides useful information about the characteris~

tics of each ray that enters into the calculation of the received signal
level. Figure 61 is an example ray table output. The rays each have an index
(M, N). The first index, M, describes whether or not the ray is reflected
from the ground before reaching the receiver. If Mis -1, the ray is
reflected from the ground. If Mis 1, the ray is not reflected from the
ground. The second index, N, is the number of reflections from the walls. If
N is negative, the ray is reflected first from the left wall. Otherwise, the
ray is reflected first from the right wall. The program uses this same index
system for all calculations involving the path of the rays.

The ray table describes each ray that arrives at the receiver. The first
piece of information listed is the ray length, which determines the free space
and absorption losses as well as the delay time to the receiver. The table
also describes the angles of departure and arrival at the respective
antennas. These angles determine the antenna gain factor for the amplitude of
the ray. The table also lists the angle of reflection from the street and
from the bUildings as well as the geometric coordinates of each reflection
location. The effect of cross streets is approximated by assuming that when a
wall reflection is located at a cross street, there is no reflection and the
ray is lost (goes down the cros~ street). In other words, if a y-coordinate
of the wall reflection is greater than the beginning y-coordinate and less
than the ending y-coordinate of a cross street, it is lost and not included in
the computation of the received signal amplitude. In Figure 61, two rays are
identified as having gone "down a cross street." In practice this method of
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SIlM!IARY OF PARAMETERS

Index Description
1. Maximum number of wall reflections (intec;er)
2. Distance between build inc; walle (m)
3. TX distance from left wall (m)
5. TX he ic;ht from street (m)
6. RX distance from ric;ht wall (m)
7. RX distance from TX (m)

11. RX heic;ht from street (m)
43. Are cross streets to be used (1-Y88,0-no)
44. Distance from TX to first cross street (m)
45. Distance between cross streets (m)
46. Width of cross street (m)
47. Plot distribution: (O-no, 1-yes)
48. Plot distribution eeparately: (O-no, i-yes)
49. Plot actual value: (O-no, l-ye.)
50. confidence interval (decimal)

Value
2.000

24.000
5.000
2.150
5.000

100.000
1.800
1.000

10.000
76.000
24.000

0.000
1.000
1.000
0.900

THIS RAY WENT DOWN A CROSS STREET.

TABLE OF RAY PATHS

Z
2.11
1.94

Z
1.98

Y
10.42
60.42

Ray Length: 100.001
0.000 E1evation- -0.201
0.000 Blevation- 0.201

THIS RAY WENT DONN A CROSS STREET.

RAY INDEX. 1,-2 Ray Length: 110.924
Transmitter: Azimuth- -25.641 Elevation- -0.181
Receiver : Azimuth- -25.641 Elevation- 0.181
Angle of reflection froe buildinc;e- 25.641
Locations of reflection points. X

0.00
24.00

RAY INDEX: 1,-1 Ray Lenc;th: 100.499
Transmitter: Azimuth- -5.711 Elevation- -0.200
Receiver : Azimuth- 5.711 Elevation- 0.200
Angle of reflection fro. buildings- 5.710
Locatione of reflection points. X Y

0.00 50.00

R~Y INDEX: 1, 0
Transmitter: Azimuth
Receiver : Azi.uth
LINB OF SIGHT RAY

Z
1.74
0.24
0.00

Z
0.18
0.00,

Y
50.00
54.43

Y
10.42
60.42
54.43

X
0.00
0.44

x
0.00

24.00
21.13

RAY INDEX: -1,-1 Ray Length: 100.576
Transmitter: Azimuth"" -5.711 Elevation'" -2.251
Receiver : Azimuth- 5.711 Elevation- -2.251
Angle of reflection from buildinc;s~ 5.706
Angle of reflection from street- 2.251
Locations of reflection pointsl

RAY INDEX: -1,-2 Ray Length: 110.994
Transmitter: Azimuth~ -25.641 Elevation~ -2.039
Receiver I Azimuth~ -25.641 Elevation- -2.039
Anc;le of reflection from bui1dinc;s- 25.623
Angle of reflection froll street- 2.039
Locations of reflection pointsl

......

......
U1

z
0.00

Z
1.98

RAY INDEX: -1., 0
Transmitter: Azimuths 0.000
Receiver : Azimuth- 0.000
Angle of reflection from street
Locations of reflection pointe.

Ray Lenc;th: 100.078
Elevation- -2.262
Elevation- -2.262
2.262

X Y
5.00 54.43

RAY INDEX: 1, 1 Ray Lenc;th: 106.977
Transmitter: Azimuth- 20.807 Elevation- -0.187
Receiver : Azimuth- -20.807 Elevation- 0.187
Angle of reflection frod buildings- 20.807
Location. of reflection point.: X •

24.00 50.00

Z
2.01
1.84

Y
39.58
89.58

RAY INDEX: 1, 2 Ray Lenc;th: 110.924
Transmitter: Azimuth- 25.641 Elevation- -0.181
Receiver : Azimuth- 25.641 E1evation- 0.181
Ans1e of reflection frod bui1dinc;s- 25.641
Locations of reflection points. X

24.00
0.00Z

0.18
0.00

Y
50.00
54.43

X
24.00
22.32

RAY INDEX: -1, 1 Ray Lenc;th: 107.050
Transmitter: Azimuth~ 20.807 Elevation- -2.115
Receiver : Azimuth= -20.907 Elevation- -2.115
Angle of reflection from buildinc;s- 20.792
Angle of reflection fro1l street- 2.114
Locations of reflection points:

RAY INDEX. -1, 2 Rey Lenc;th: 110.994
Transmitter: Azimuth- 25.641 Elevation- -2.039
Receiver : Azimuths 25.641 Elevation- -2.039
Angle of reflection from bu!ldinc;ss 25.624
Angle of reflection from street- 2.039
Locations of reflection points: X Y Z

24.00 39.58 0.59
0.00 89.58 1.39

16.87 54.43 0.00

Fi gure 61. An example of ray table output with input parameter listing.



accounting for the effects of cross streets results in discontinuities in the
received signal level. Ignoring the cross streets gives outputs that look
more like measured data.
Range Scan

The range scan output mode predicts the distance dependence of the
received signal level. The receiver is moved back from the transmitter along
the y-axis while the transmitter remains fixed. For each receiver location
the computer calculates the path of the rays between the transmitter and
receiver. The computer plots received signal level in dBm ys. distance in
meters. Figure 62 is an example range scan output. Expected signal level and
confidence intervals are also available.
Frequency Scan

The frequency scan mode predicts the received signal level as a function
of the frequency. Both the receiver and the transmitter remain in fixed
positions. The computer cal~ulates the signal level over a user~defined

frequency interval. Zero bandwidth is assumed. Because the relative phase of
the rays depends on the frequency, the signal level varies with frequency. A
plot of signal level versus frequency is shown in Figure 63. Again, expected
signal level and confidence intervals are available.
Angle Scan

The signal level as a function of either the azimuth or elevation angle
of the receiving antenna is estimated. Like the frequency scan mode, the
receiver and the transmitter locations remain fixed. The user defines the
azimuth or elevation angle interval. The antenna gain for each ray changes as
a function of the antenna angle. The output is a plot of the received signal
level as a function of azimuth or elevation angle. Figure 64 depicts an
azimuth angle scan output. Again, expected signal level and confidence inter
vals are available also.
Angles of Arrival

The angle-of-arrival mode shows the angles of arrival at the receiver and
the relative strengths of the rays. The transmitter and the receiver remain
fixed. The output consists of dots on theazimuth-elevati~n plane represent
ing the rays. The relative size of the dots gives the r~lative amplitude of
the rays. The computer can calcula.te the ray amplitude with or without consi
dering the antenna gains. Figure 65 shows angles-of-arrival plots with
antenna gains considered. The plot shows the effects of the antenna pointing.
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Index
1
2.
3.
5.
6.
8.
9.

10.
11.
12.
16.
17.
18.
22.
26.
27.
28.
32.
36.
38.
39.
40.
41
42.
43.
44.
45.
46.
47.
48.
49.
50.

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
Minimum distance from TX to RX (m)
Maximum distance from TX to RX (m)
Step size in distance from TX to RX (m)
RX height from street (m)
Radio Frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (o=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no, l=yes)
Confidence interval (decimal)

200 400 600 800 1000

Figure 62.

DISTANCE (meters)

An example of range scan output with input parameter listing.
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Value
4.000

24.000
5.000
2.150
5.000

500.000
1.800

10.000
60.000
0.100

30.000
17.000

0.000
0.000
2.400

17.000
0.000
0.000

18.500
1.000
1.000

83.000
50.000
20.000

0.000
10.000
76.000
24.000

0.000
1.000
1.000
0.900

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from 1eft wall (m)
TX height from street (m)
RX distance from right wall (m)
RX distance from TX(m)
RX height from street (m)
Minimum radio frequency (GHZ)
Maximum radio frequency (GHZ)
step in radio frequency (GHZ)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees) ,
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power .(dBm)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (o=no, l=yes)
plot distribution separately: (O=no, l=yes)
plot actual value: (O=no, l=yes)
Confidence interval (decimal)

Index
1.
2.
3.
5.
6.
7.

11.
13.
14.
15.
16.
17.
18.
22.
26.
27.
28.
32.
36.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
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Figure 63. A plot of signal level vs. frequency and. input parameter listing.
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SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
RX distance from TX (m)
RX height from street (m)
Radio Frequency (GHZ)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
Minimum RX elevation angle (degrees)
Maximum RX elevation angle (degrees)
Step size in RX elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Minimum RX azmuthal angle (degrees)
Maximum RX azmuthal angle (degrees)
Step size in RX azmuthal angle (degrees)
Transmitter power (dBm)
Receiver noise figure (dB)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
Width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot. distribution separately: (O=no, l=yes)
Plot actual value: (o=no, l=yes)
Confidence interval (decimal)

Index
1.
2.
3.
5.
6.
7.

11.
12.
16.
17.
22.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35 •
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

............
~

AZIMUTH ANGLE (degrees)

Figure 64. A plot of signal level vs. azimuth angle and input parameter listing.
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4.000

24.000
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1.800

28.800
30.000
17.000

0.000
2.400

17.000
0.000
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0.010
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30.000
0.100

18.500
6.000
1.000
1.000

83.000
50.000
20.000

0.000
10.000

100.000
10.000

1.000
1.000
1.000
0.900

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
RX distance from TX (m)
RX height from street (m)
Radio Frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
Minimum RX elevation angle (degrees)
Maximum RX elevation angle (degrees)
Step size in RX elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Minimum RX azmuthal angle (degrees)
Maximum RX azmuthal angle (degrees)
Step size in RX azmuthal angle (degrees)
Transmitter power (dBm)
Receiver noise figure (dB)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (o=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no. l=yes)
Confidence interval (decimal)

Index
1.
2.
3.
5.
6.
7.

11.
12.
16.
17.
22.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
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N
o

AZIMUTH ANGLE (degrees)

Figure 65. A plot showing angles of arrival data and the input parameter listing.



The angle-of-arrival plot can be used to improve antenna pointing. The
plot indicates where to look for possible rays. Especially in the case of
narrowbeam antennas, this information makes maximization of the received
signal level possible as well as aiding in the avoidance of undesired delayed
components. For example, if the ground-reflected ray destructively interferes
with the line-of-sight ray, the plot provides information that helps align the
antenna on a possibly stronger building-reflected ray.
Impulse Response

The impulse response mode plots the amplitude and delay time of the
rays. The delay time of each ray is determined from the path length of the
ray. The ray that arrives first appears at time zero. All other rays appear
at the difference between its delay time and the delay time of the first ray
(the line-of-sight ray). The computer plots the signal level relative to the
strongest ray (the line-of-sight ray). The strongest ray has a signal level
of 0 dB. Figure 66 shows an impulse response plot.

6.3 Parameter Dependence
As discussed in Section 6.2, for each of the six types of computer out

puts, a set of parameter values must be specified. In this section, the
outputs of the computer program model are examined for their dependence on
some of the input parameters such as frequency, antenna beamwidth, etc. The
selected outputs demonstrate the propagqtion effects of these parameters and a
possible means to improve performance of a communication link in an urban

environment.
6.3.1 Effect of Losses at Reflecting Surfaces

To demonstrate the effect of reflection losses, four range scans were
chosen. In these scans, shown in Figure 67, the received signal level is
plotted as a function of distance. The only values changed in this figure
were the loss for street reflection (Index 38) and loss for wall reflection
(Index 39). The summary of parameters for Figure 67(A) is shown in
Figure 68. In Figure 68, the reflection loss values for both the street and
the walls were set at 50 dB in order to effectively eliminate all reflection
components from the street and the walls. With no reflections, only the
direct component contributes to the received signal level displayed in
Figure 67(A). The decreasing level with increasing distance results from
free-space loss.
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SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
RX distance from TX (m)
RX height from street (m)
Radio Frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Receiver noise figure (dB)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
Width of cross street (m)

Index
1.
2.
3.
5.
6.
7.

11.
12.
16.
17.
18.
22.
26.
27.
28.
32.
36.
37.
38.
39.
40.
41.
42.
43.
44.
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N
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Figure 66. An impulse response plot and input parameter listing.
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Index
1.
2.
3.
5.
6.
8.
9.

10.
11.
12.
16.
17.
18.
22.
26.
27.
28.
32.
36.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
Minimum distance from TX to RX (m)
Maximum distance from TX to RX (m)
Step size in distance from TX to RX (m)
RX height from street (m)
Radio Frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance fromTX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no, l=yes)
Confidence interval (decimal)

Figure 68. The input parameter list for Figure 67A.
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Value
3.000

24.000
5.000
2.150
5.000

50.000
950.000

1.000
1.800

28.800
30.000
17.000

0.000
0.000
2.400

38.000
0.000
0.000

18.500
50.000
50.000
83.000
50.000
20.000

0.000
10.000
76.000
24.000

0.000
1. 000
1. 000
0.900



In Figure 67(B), Index 38 (loss for street reflection) was changed from
50 dB to 1 dB. This produced a strong street- (ground-) reflected component,
which when mixed with the direct component shows a destructive/constructive
interference pattern. The dashed line shows the superimposed direct
component.

In Figure 67(C), Index 39 (loss for wall reflection) was also changed
from 50 dB to 1 dB and the loss for street reflection remained at 1 dB. Now
the received signal level is the combination of the direct component, the
ground-reflected component, and several wall-reflected components resulting in
even more rapid fading. The final pattern in this set, Figure 67(D), resulted
from an increase in the wall-reflection loss to 6 dB. Realistic values for
the street reflections are estimated to be between 0.5 and 3 dB and between
0.5 and 6 dB for wall reflections as judged from the measured data.
Comparisons of measured data and model predicted ouptuts are presented in
Section 6.4. As observed in Figure 68, the maximum number of wall reflections
for these plots was set at three (Index 1).

6.3.2 Frequency Dependence
The received signal level as a function of frequency shown in Figure 69

was produced using the parameter values indicated in the summary. The losses
for street reflection and wall reflection were both set at 50 dB. With these
high reflection losses, only the direct component is received. The displayed
curve between (5 and 80 GHz) results from the free-space loss factor (20 log
ft). The additional signal loss centered at 60 GHz, which reaches a maximum
of 6 dB for a 500 m path, is due to the oxygen absorption line. Perhaps a
more realistic example of how signal level may depend on frequency is shown in
Figure 70, where losses of 1 and 3 dB are used for street and wall
reflections, respectively.

A second set of data is shown in Figure 71, also to emphasize the fre
quency dependence on the received signal. These displays are received signal
level as a function of distance (range scans) at three discrete frequencies.
These frequencies, 9.6, 28.8, and 57.6 GHz, were used in the measurements
program and were also used in the comparison of measured versus model data in
Se ct ion 6. 4.
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SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
RX distance from TX (m)
RX height from street (m)
Minimum radio frequency (GHz)
Maximum radio frequency (GHZ)
Step in radio frequency (GHZ)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth(degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
Width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no, l=yes)
confidence interval (decimal)

Index
1.
2.
3.
5.
6.
7.

11.
13.
14.
15.
16.
17.
18.
22.
26.
27.
28.
32.
36.
38.
39.
40.
41.
42.
43.
44.
45.
46 •
47.
48.
49.
50.

.....
N
Q)

FREQUENCY (GHz)

Figure 69. Received signal level as a function of frequency and the input parameter list.
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SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
RX distance from TX (m)
RX height from street (m)
Minimum radio frequency (GHz)
Maximum radio frequency (GHz)
Step in radio frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual :value: (o=no, l=yes)
Confidence interval (decimal)

Index
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Figure 70. A second data set showing received signal level as a function of frequency and input
parameter 1is t.
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A first observation is that. ;the number of fades per unit length of path
increases with frequency. This is understandable since the rate of change of
the relative phases of the different rays is proportional to frequency
(inversely proportional to wavelength).

A summary of the input parameter values used for Figure 71(A) is given in
Figure 72. Only the operating frequency was changed for Figures 71(B) and
71(C).

6.3.3 Beamwidth Dependence
The beamwidth affects the signal by determining the antenna illumination

at the transmitter and receiver.
Outputs produced to demonstrate the effect of antenna beamwidth are shown

in Figure 73. For comparison, to emphasize the effect of antenna beamwidth,
the data in Figure 73(B) were produced by changing only the receiving antenna
beamwidth from 2.4 0 to 30 0 and the receiving antenna gain from 38 dB to
17 dB. Two effects are observed from these figures. The first is the change
in received signal level because of the 21-dB gain difference. The second
effect is the increased number of wall reflected components in Figure 73(B) as
indicated by the rapid signal changes along with deep fades and strong
enhancements. The ground reflected component is essentially unchanged by the
change in receiving antenna beamwidth.

6.3.4 Path Geometries
The parameters that affect path geometries are street width, street

intersections, the position of the transmitter and receiver in the street, and
the height of the antennas above ground. The data in Figure 74 demonstrate
the effect of the relative positions of the transmitter and receiver in the
street as indicated in the adjacent drawings. The summary of parameter values
for Figure 74(A) is given in Figure 75. The signal in Figure 74(A) is a
composite of the direct component, the ground-reflected component, and wall
reflected components from the near side of the street. In Figure 74(B) the
wall reflected components are decreased because of the very narrowbeam antenna
used at the receiver. The signal in Figure 74(C) is a combination of ground
reflected and wall-reflected components, plus an attenuated direct component
because of the of misalignment of the antennas. As indicated in the drawings,
the antennas are pointed parallel to the street.
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2.
3.
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8.
9.

10.
11.
12.
16.
17.
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27.
28.
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39.
40.
41.
42.
43.
44.
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46.
47.
48.
49.
50.

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
Minimum distance from TX to RX (m)
Maximum distance from TX to RX (m)
Step size in distance from TX toRX (m)
RX height from street (m)
RadioFrequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX' ant. elevation angle-tdegrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Loss for streeLr~f-lection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature~--(eelsius)
Are cross streets to be used (l=ye$,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no, l=yes)
Confidence interval (decimal)

Figure 72.. Computef input parameter list for Figure 71A .
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Value
3.000

24.000
5.000
2.150
5.000

50.000
950.000

1.000
1.800
9.600

30.000
17.000

0.000
0.000
2.400

38.000
0.000
0.000

18.500
1.000
1. 000

83.000
50.000
20.000

0.000
10.000
76.000
24.000

0.000
1.000
1.000
0.900
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Figure 73. Range scan data to show the effect of antenna beamwidth.
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Figure 74. Range scans to demonstrate the effect of the relative position of
the transmitter and receiver in the street (transmitter beamwidth
is 30°, receiver beamwidth is 2.4°).
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Index
1.
2.
3.
5.
6.
8.
9.

10.
11.
12.
16.
17.
18.
22.
26.
27.
28.
32.
36.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TXdistance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
Minimum distance from TX to RX (m)
Maximum distance from TX to RX (m)
Step size in distance from TX to RX (m)
RX height from street (m)
Radio Frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa) .
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no, l=yes)
Confidence interval (decimal)

Value
3.000

24.000
5.000
2.150
5.000

50.000
950.000

1. 000
1. 800

28.800
30.000
17.000

0.000
0.000

30.000
17.000

0.000
0.000

18.500
1.000
1. 000

83.000
50.000
20.000

0.000
10.000
76.000
24.000

0.000
1. 000
1. 000
0.900

Figure 75. Computer program parameter values used to generate Figure 74A .
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The parameter values in Figures 76(A), (B), and (C) are identical to
Figures 74(A), (B), and (C), with the exception of the receiver beamwidth.
For these figures, the receiver beamwidth is increased to 6°. The signal
levels in Figure 76 are similar to the signal levels for corresponding
terminal positions in Figure 74, except that the reflected components are
stronger. Again in Figure 77, the only parameter change is to increase the
receiver beamwidth from 6° to 30°. Now the strong, wall-reflected components
are very numerous. The effect of terminal positions is still evident in these
figures.

The traces in Figures 74, 76, and 77 were all run with no cross streets
included. The data in Figure 78 are presented to show the effect of cross
streets on the received signal level as a function of path distance.
Figures 78(A) and (C) are duplicates of Figures 77(A) and (B). Figures 78(B)
and (0) are the same as Figures 78(A) and (C) except that cross streets are
present (Index 43). A point to remember is that only the wall-reflected
components are affected by the presence of cross streets. Only slight
differences are observed between the two fading patterns in Figure 78(A)
(without cross streets) and Figure 78(B) (with cross streets). This result is
due to the non-symmetry of the terminals relative to the side of the street.
Contrasting results are seen in Figures 78(C) and (0), where perfect street
symmetry exists by placing the terminals in the middle of the street.
Comparing Figure 78(0) to 78(C) shows that for several distance intervals all
wall-reflected components are lost at the cross street intersections. Figure
78d is an example of how the loss of rays down side streets gives unrealistic
results.

6.4 Measured Results vs. Model Predictions
Extensive measurements of propagated millimeter-wave signals in urban and

rural areas are reported in the earlier sections of this report. In this
section, for 1ine-of-sight paths, comparisons are made between the measured
results and model predictions where the model parameters are chosen to best
match the actual measurement conditions. These data are presented as sets for
comparison.

134



28.8 GHz

Receiver

Receiver

-:-~.,.
975 lOOO

~~-
r .1 I
o 25 50 950

Distance (meters)

Transmitter

T>.:ansmitter

Transmitter Receiver

-~E----;~~'"
I I i
o 25 50 950 975 1000

Distancelmeters) j':'

200 400 600 800 1000

DISTANCE (meters)

28.8 GHz

200 400 600 800 1000

DISTANCE (meters)

28.8 GHz

200 400 600 800 1000

DISTANCE (meters)

-20.0

S -30.0
lXl
2-
-l -40.0w
>
W
-l -50.0
-l
<:
Z
0 -60.0.....
tI)

Q
w -70.0
>.....
w
u

-80.0w
~

A. -90.0
0

-20.0

S -30.0
lXl
2-
-l -40.0w
>
W
-l -50.0
-l
<:
Z
0 -60.0.....
tI)

Q
w -70.0
>.....
w
u

-80.0w
~

B. -90.0
0

-20.0

S -30.0
lXl
2-
-l -40.0w
>
W
-l

-l
-50.0

<:
Z
0 -60.0.....
tI)

Cl
~ ·-70.0
.....
w
u
w -80.0
~

C.
-90.0

0

Figure 76. Range scans to demonstrate the effect of the relative position of
the transmitter and receiver in the street (transmitter beamwidth
is 30°, receiver beamwidth is 6°).
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6.4.1 Range Scans
The data set on the left side in Figure 79 shows measured results

recorded at 9.6, 28.8, and 57.6 GHz on a nearly flat asphalt road in a rural
area. The transmitting antennas had a 10° beamwidth and were 2.15 m above the
road surface and the receiver antennas were 4.8°, 1.2°, and 1.2° respectively
at 9.6, 28.8, and 57.6 GHz and were 3.25 m above the road surface. The data
on the right side are predicted results for each frequency·and were obtained
by selecting model parameters to match the operating conditions for the
measured data. The table of parameter values used for the three frequencies
are listed in Figure 80. To simulate an open road with no structures at the
sides of the road, the loss for wall reflections was set at 50 dB (Index 39)
and there are no cross streets (Index 43).

In general, the measured and predicted data compare quite well at each
frequency, remembering that the model assumes a perfectly flat, uniform,
reflecting road surface and that the antennas are always aligned parallel to
the road at their respective heights, whereas for the measurements, the road
was not perfectly flat nor was the reflecting surface necessarily uniform.
The signal roll-off on the 28.8-GHz and 57.6-GHz traces at short distances
occurs because with antennas at different heights and receiving antenna beam
widths of only 1.2° the on-line pointing is not maintained as the vehicles
separation is shortened.

The second set of rural area data is shown in Figure 81. The measurement
conditions for this set were identical to the set in Figure 79, except that
the receiving antennas were 1.00 m above ground instead of 3.25 m. Again, the
general shape of the traces agree, but there are fewer fades in Figure 81.

The measured results in Figure 82 are from runs along 17th Street in
Denver (urban area) using a medium beamwidth antenna (10°) at the transmitters
and a narrow beamwidth (4.8°) receiving antenna at 9.6 GHz. The operating
conditions were similar (antenna beamwidth and antenna heights) to those in
Figure 81. The actual difference was the presence of the buildings and cross
streets in Denver as opposed to the open fields of the rural area. To model
an urban street setting, the parameter values for the three runs in Figure 82
were chosen as indicated in Figure 83. The street dimensions were selected to
match the physical size of 17th Street and the cross streets. The loss for
wall reflection was set at 6 dB to produce a match with the measured data.
The measured and predicted data are paired in Figure 82. The set at the top
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Figure 79. Range scan data sets to compare measured results (left side) with
the computer model predictions (right side). Rural area (trans
mitter height =2.15 m, receiver height =3.25 m).
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Index
1.
2.
3.
5.
6.
8.
9.

10.
11.
12.
16.
17.
18.
22.
26.
27.
28.
32.
36.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
Minimum distance from TX to RX (m)
Maximum distance from TX to RX (m)
Step size in distance from TX to RX (m)
RX height from street (m)
Radio Frequency (GHZ)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no, l=yes)
Confidence interval (decimal)

Value
4.000

24.000
12.000

2.150
12.000
50.000

950.000
1. 000
3.250
9.600

10.000
25.000

0.000
0.000
4.800

31. 000
0.000
0.000

15.500
0.500

50.000
83.000
50.000
20.000

0.000
10.000
76.000
24.000

0.000
1. 000
1. 000
0.900

Value
4.000

24.000
12.000
2.150

12.000
50.000

950.000
1. 000
3.250

28.800
10.000
25.000

0.000
0.000
1.200

42.800
0.000
0.000

13.000
0.500

50.000
83.000
50.000
20.000

0.000
10.000
76.000
24.000

0.000
1.000
1. 000
0.900

Value
4.000

24.000
12.000
2.150

12.000
50.000

950.000
1.000
3.250

57.600
10.000
25.000

0.000
0.000
1. 200

43.100
0.000
0.000

20.800
0.500

50.000
83.000
50.000
20.000

0.000
10.000
76.000
24.000
0.000
1. 000
1. 000
0.900

Figure 80. Computer model parameter values for the three frequencies used in Figure 79.
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Figure 81. Range scan data sets to compare measured results (left side) with
the computer model predictions Crightside). Rural area (trans
mitter height ~ 2.15 m, receiver height ~ 1.00 m).
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Figure 82. Range scan data sets to compare measured results (left side)
with the computer model predictions (right side). Urban area
(transmitter height = 2.15 m~ receiver height = 1.8 m,
9.6 GHz).
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Index
1.
2.
3.
5.
6.
8.
9.

10.
11.
12.
16.
17.
18.
22.
26.
27.
28.
32.
36.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall {m)
TX height from street (m)
RX distance from right wall (m)
Minimum distance from TX to RX (m)
Maximum distance from TX to RX (m)
Step size in distance from TX to RX (m)
RX height from street (m)
Radio Frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
Width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no, l=yes)
Confidence interval (decimal)

Value
4.000

24.000
5.000
2.150
5.000

50.000
950.000

1.000
1.800
9.600

10.000
25.000

0.000
0.000
4.800

31. 000
0.000
0.000

15.500
1.000
6.000

83.000
50.000
20.000
1. 000

10.000
76.000
24.000
0.000
1.000
1. 000
0.900

Value
4.000

24.000
5.000
2.150
5.000

50.000
950.000

1.000
1.800
9.600

10.000
25.000

0.000
-2.000

4.800
31. 000

0.000
0.000

15.500
1. 000
6.000

83.000
50.000
20.000
1. 000

10.000
76.000
24.000

0.000
1.000
1. 000
0.900

Value
4.000

24.000
5.000
2.150
5.000

50.000
950.000

1. 000
1. 800
9.600

10.000
25.000

0.000
-4.000

4.800
31. 000

0.000
0.000

15.500
1.000
6.000

83.000
50.000
20.000

1.000
10.000
76.000
24.000

0.000
1. 000
1.000
0.900

Figure 83. Computer model parameter values used for the 9.6 GHz data in Figure 82 with
(0°), (_2°), and (_4°) pointing.



is with the pntennas adjusted for on-line pointing. The middle and bottom set
show results when the receiving antenna off-pointed at 2° and 4°, respec
tively, to the left (toward the far-side of the street). The off-pointing of
the receiving antenna enhances the wall-reflected components. As with the
rural data, again the pattern agreement is good. The major differences appear
in a more uniform display of multipath in the predicted data and an over
emphasis of the effect of cross streets as seen between 420 m and 460 m. The
data in Figures 84 and 85 are similar to Figure 82. The principal differences
are operating frequency and receiving antenna beamwidth. The measured and
predicted results in Figure 84 are for 28.8 GHz using a 1.2° recelVlng
antenna, and th~ results in Figure 85 are for 57.6 GHz, also using a 1.2°
receiving antenna.

The final sets of measured and predicted range scan data at 28.8 GHz are
shown in Figure 86, which compares the narrowbeam (2.4°) and the widebeam
(30°) receiving antenna results.

The important features of these data are the increase in number and depth
of fades due to wall reflections associated With the wider beam antennas.

6.4.2 Azimuth Scans
The data set in Figure 87 compares measured and predicted receiver

azimuthal scan results at 9.6, 28.8, and 57.6 GHz for a path length of
485 m. The model parameter values for the predicted data are given in
Figure 88. These are the same parameters as used for the on-line pointing in
Figures 82, 84, and 85. For the measured and predicted data in Figure 87, the
receiver was 5 m from the right-hand street wall (pos itive angle values) and
19 m from the left-hand wall (negative angle values). In each azimuth scan
the multipath signal levels are larger on the left side of the scan. These
data sets show good agreement considering the id~alized model geometry and the
non ideal characteristics of the measurement scenario. Even better agreement
would be expected had the computer model antenna side lobes been more repre
sentative of the measurement antenna pattterns. The data set in Figure 89
compares the measured and computed patterns. Observe that in the computed
patterns, the side lobes are symmetrical and well~defined, whereas the side
lobes of the measured patterns are neither symmetrical nor well-defined and
are much lower relative to the main lobe, particularly for the 28.8 and 57.6
GHz channels. A better representation of the antenna pattern might greatly

improve the comparison of the azimuth scan predicted data and the measured

144



(Measured) (Predicted)
-10.0 .....,...,-:-r"'T-r'..,...,....,....,....,....,r-;--r--,.,-,.,-,.,-,.,.,....,....,....,...~,

70 0 LJ-l-'-l....l...l....:....:...l...l...:...J'.:...J'....l.'...l...:.'..J..'...:..'.J....L.,,-,-.c...:....J
- . 0 200 400 600 800 1000

DISTANCE (METERS)

28.8 GHz

0°
~ -20.0
:::
..J
g: -30.0
U.l
..J

..J
<: -40.0
Z

"Vi
o -50.0
U.l

~
U.l
U -60.0
U.l
Q::;

28.8 GHz
0°

-60.0

- 70.0 LJ-l-'-l....l...l....:....:...l...l...'-'-l--L..J....J...J............l..J...l-l-:...J

o 200 400 600 800 1000

DISTANCE (METERS)
- 30.0 :r:-,.,..,r,,..-,r"'--"--'"...,..,..,...,....,....,..,.,-...,....,...,....,....,....,...,...,

S
lJ:l
~ -40.0

....:l
~

G:i -50.0
....:l

....:li -60.0

~.....
ell
Q -70.0
~
;>-.....
(3 -80.0
~

~

28.8 GHz

_2°

I~ •

II~I ,I

~ -40.0

..J

g: -50.0
U.l
..J

..J
<: -60.0
z
2
CIl

o -70.0
U.l
>-U.l
U -80.0
U.l
Q::;

28.8 GHz

_2°

- 90.0 LJ-l-'-l....l...l....:....:...l...l............,--L..J....J...J.............1-J-.:..J.-l-l

o 200 400 600 800 1000

DISTANCE (METERS)

200 400 600 800 1000

DISTANCE (meters)

-40.0 ..........,....,....,........,....,..........-,....,....,,..,...,..,....,....,.......,....,....,....,..~ -40.0 r-T"':''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''-''''

Q -80.0
~
;>-.....
(3 -90.0
~

~

-100.0 LJ-l-'-l....l...l....:....:...l...l............,--L..J....J...J............l..J...l-l-l-l

o 200 400 600 800 1000

DISTANCE (METERS)

28.8 GHz

_4°

200 400 600 800 1000

DISTANCE (meters)

-100.0
0

~ -50.0
:::
..J
g: -60.0
U.l
..J

..J
<: -70.0
z
2
CIl

6 -80.0
U.l
>
U.l
U-90.0
U.l
p:;

28.8GHz

_4°

-70.0

S
lJ:l
~ -50.0

145

Figure 84. Range scan data sets to compare measured results (left side)
with the computer model predictions (right side). Urban area
(transmitter height = 2.15 m, receiver height = 1.8 m,
28.8 GHz).
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Figure 85. Range scan data sets to compare measured results (left side)
with the computer model predictions (right side). Urban area
(transmitter height = 2.15 m, receiver height = 1.8 m,
57.6 GHz).
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Figure 86. Range scan data sets to compare measured results (left side) with
the computer model predictions (right side). Urban area
(transmitter height = 2.15 m, receiver height = 1.80 m, 28.8 GHz
and 30° transmitter antenna beamwidth.
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Figure 87. Azimuth scan data sets to compare measured results (left side) with
the computer model predictions (right side). Urban data (trans
mitter height =2.15 m, receiver height = 1.8 m,485 m path).
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1.0

Index
1.
2.
3.
5.
6.
7.

11.
12.
16.
17.
22.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

SUMMARY OF PARAMETERS

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
RX distance from TX (m)
RXheight from street (m)
Radio Frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
Minimum RX elevation angle (degrees)
Maximum RX elevation angle (degrees)
Step size in RX elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Minimum RX azmuthal angle (degrees)
Maximum RX azmuthal angle (degrees)
Step size in RX azmuthal angle (degrees)
Transmitter power (dBm)
Receiver noise figure (dB)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)
Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
width of cross street (m)
Plot distribution: (O=no, l=yes)
Plot distribution separately: (O=no, l=yes)
Plot actual value: (O=no, l=yes)
Confidence interval (decimal)

Value
4.000

24.000
5.000
2.150
5.000

485.000
1.800
9.600

10.000
25.000

0.000
4.800

31. 000
0.000

-5.000
5.000
0.010
0.000

-15.000
15.000

0.100
15.500

6.000
1.000
6.000

83.000
50.000
20.000
1. 000

10.000
76.000
24.000

0.000
1. 000
1. 000
0.900

Value
4.000

24.000
5.000
2.150
5.000

485.000
1.800

28.800
10.000
25.000

0.000
1.200

42.800
0.000

-5.000
5.000
0.010
0.000

-15.000
15.000

0.100
13.000

6.000
1. 000
6.000

83.000
50.000
20.000
1.000

10.000
76.000
24.000
0.000
1.000
1. 000
0.900

Value
4.000

24.000
5.000
2.150
5.000

485.000
1.800

57.600
10.000
25.000

0.000
1. 200

43.100
0.000

-5.000
5.000
0.010
0.000

-15.000
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0.100
20.800
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1. 000
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1. 000
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1. 000
1. 000
0.900

Figure 88. Computer model parameter values used for the three frequencies in Figure 87.
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Figure 89. Azimuth scan data to compare measured results (left side)
with computer model antenna patterns (right side).
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data and also provide better agreement in the range scan and impulse response
areas.

6.4.3 Impulse Response
The last of the comparisons between measured results and model predic

tions is with the impulse response data. These comparisons are not as easy to
make as were the range scans and the azimuthal scans because of the differ
ences in display. Examples of measured data are discussed in detail in Sec
tion 5 of this report and are shown in Figure 36. The impulses in Figure 36
are the result of a controlled experiment, where the delay value and amplitude
of the multi path components are preset. The cross-correlation technique used
in the measured data process broadens the impulse response according to the
limits imposed by the data rate and processing bandwidth. The response at
zero is the direct or reference signal, and the multipath impulse response
delay is measured relative to reference (center-to-center). The amplitude of
the multipath impulse response is also measured relative to the reference
(peak-to-peak).

The data in Figure 90 are impulse response data generated by the computer
model. In this display, the computer plots the line-of-sight ray with an
amplitude of zero dB at zero time (which is the reference for all other
rays). All multipath rays are shown as a line indicating relative amplitude
and delay. The identification of the rays (lines) in Figure 90 was made from
a ray table.

The data in Figure 91 are a sampling of model predicted outputs. The
summary of parameters is shown in Figure 92. The transmitter-receiver separa
tion is 300 m. The transmitter antenna beamwidth is 30° and the receiver
beamwidth is 1.2°. The antennas are arranged for on-line pointing (zero
degrees in Index 22 and 32) and the model is set for solid walls (no cross
streets, Index 43). In Figure 91(A), all the mUltipath rays (except the
ground-reflected direct and the I-hop, left components) are more than 30 dB
below the reference. By comparison, in Figure 91(B), where the receiving
antenna has been broadened to 30°; all the multipath rays are well above
30 dB. The list of summary parameters for Figure 91(B) is in Figure 92(B). A
second comparison is between Figures 91(A) and 91(C). In Figure 91(A), the
azimuthal angle was 0° and in 91(C) the azimuthal angle was -3°. This
receiver antenna pointing change caused an increase in the mUltipath rays of
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Figure 90. Impulse response data generated by the computer prediction model.
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Figure 91. A set of model predicted impulse response data, with parameter values
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pointing.
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SUMMARY OF PARAMETERS

Index
1.
2.
3.
5.
6.
7.

11.
12.
16.
17.
18.
22.
26.
27.
28.
32.
36 •
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

I-'
<..n
.j::o

Description
Maximum number of wall reflections (integer)
Distance between building walls (m)
TX distance from left wall (m)
TX height from street (m)
RX distance from right wall (m)
RX distance from TX (m)
RXheight from street (m)
Radio Frequency (GHz)
TX ant. beamwidth (degrees)
TX antenna gain (dB)
TX ant. elevation angle (degrees)
TX ant. azmuthal angle (left-neg., degrees)
RX ant. beamwidth (degrees)
RX antenna gain (dB)
RX ant. elevation angle (degrees)
RX ant. azmuthal angle (left-neg., degrees)
Transmitter power (dBm)

'Receiver noise figure (dB)
Loss for street reflection (dB)
Loss for wall reflection (dB)
Atmospheric Pressure (kPa)

.. Relative Humidity (Percent)
Temperature (Celsius)
Are cross streets to be used (l=yes,O=no)
Distance from TX to first cross street (m)
Distance between cross streets (m)
Width of cross street (m)

(a)
Value
4.000

24.000
5.000
2.000
5.000

300.000
2.500

30.300
10.000
25.000

0.000
0.000
1.200

42.800
0.000
0.000

13.000
6.000
1.000
1.000

83.000
50.000
20.000

0.000
10.000
76.000
24.000

(b)
Value
4.000

24.000
5.000
2.150
5.000

300.000
1.800

30.300
30.000
17.000

0.000
0.000

30.000
17.000

0.000
0.000

18.500
6.000
1.000
1. 000

83.000
50.000
20.000

0.000
10.000
76.000
24.000

Figure 92. Summaries of computer parameter values. Summary (a) is used for Figures 90
and 91 A and Summary (b) is used for Figure 91 ~.
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about 20 dB relative to the direct signal.
As observed in Figure 90, the multipath rays (impulses) occur in pairs.

The first ray is the line-of-sight ray or the direct multipath ray and the
second (slightly delayed) raY in each pair is the ground-reflected
component. In Figure 91(0), the loss for street reflection (Index 38) was
increased to 50 dB from 1 dB in Figure 91(C). This parameter change
identifies the ground reflected components in Figure 91(0), which are reduced
by 49 dB. The parameter values for Figure 91(E) are the same as for
Figure 91(C), except that cross streets (Index 43) are used in Figure 91(E)
and not used in 91(C). For this particular path length and street geometry,
the components between 10 and 45 ns are lost at the cross streets. In
reality, the model output probably more severely crops the multipath ray
response at street crossings than what happens at a street crossing for an
actual path, as indicated in the measured data. This is because in the
geometrical ray model used here, a ray can be completely lost down a side
street while in the physical case the cross street probably only reduces the
energy reflected from the Fresnel zone straddling the cross street.

The comparisons between the measured impulse response data and the model
impulse response outputs are of three types. These are: (a) widebeam trans
mitter antenna and narrowbeam receiver antenna with on-line (0°) pointing,
(b) widebeam transmitter antenna and narrowbeam receiver antenna with off-line
(-3°) receiver antenna pointing, and (c) widebeam transmitter antenna and
widebeam receiver antenna with on-line (0°) pointing. Because of the lack of
resolution in the measured data, particularly for short delays and for closely
spaced delays, the measured data and predicted data must be compared with
these features in mind.

The impulse data in Figures 93 and 94 were recorded using a widebeam
transmitting antenna and a narrowbeam receiving antenna with on-line (0°)
pointing. The path length for each impulse response is indicated on the
right. For comparison, the model predicted rays for corresponding conditions
are superimposed on the 100-m, 120-m, and 140-m responses of Figure 93 and on
the 300-m, 320-m, and 340-m responses of Figure 94. As observed in Figure 93,
the model predicted rays are of short delay and low amplitude, and would
contribute very little to the overall shaping of the direct ray component of
the impulse responses. In Figure 94, the predicted rays are significantly
increased in amplitude but of even shorter delay and these rays also
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Figure 93. A set of measured path impulse response data, centered on a l20-m
path, with model predicted rays as indicated.
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Figure 94. A set of measured impulse response data, centered on a
320 m path, with model predicted rays as indicated.
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contribute very little to the shaping of the direct ray component of the
impulse response.

The second set of measured and predicted data are shown in Figures 95 and
96. The measured impulse response data in these figures are displayed as a
direct ray (shaded portion) and a composite direct ray and mu1tipath
components (contour is defined by a sol id 1ine). System parameters and path
geometry were the same as in Figures 93 and 94, except that the receiving
antenna was off-pointed by 3°. By off-pointing the receiving antenna, recep
tion of the wall-reflected rays was enhanced. This reshaped the direct ray
impulse response and created additional impulses in the 5- to 15-ns region.
Again, in this set of data, there is a general correspondence between the
measured and predicted results.

The final set of measured and predicted data are in Figures 97 and 98.
For this set, both antennas were widebeam (30°) and were pointed on-line. In
this set, as in the other two, there is a general correspondence between the
measured and predicted results.

7. SUMMARY AND CONCLUSION
Jwo basic types of measurements were made. The first type of measurement

in vol ved non-1 ine-of-s ight paths and the characteri zat ion of reflect ion/trans
missi6n properties of selected building materials. The second type of
measurement involved 1ine-of-sight paths for which mu1tipath from various
urban structures was examined. The two sets of measurements are summarized
separately below.

7.1 Non-Line-of-Sight Paths
Three CW signal probes, at 9.6, 28.8, and 57.6 GHz, were used to evaluate

propagation characteristics of non-1ine-of-sight paths. In suburban areas,
with residential homes, trees, and shrubs obscuring the direct paths, very
high attenuations were experienced and tended to increase as a function of
frequehcy. At the upper two probe frequencies, the added path loss for these
types of obstructions were often greater than 60 dB above what the loss would
have been were the path line of sight. Elevating one terminal clearly reduced
the loss even though the path still contained a large number of obstructions.
The primary difference in the elevated terminal path was that there were
opportunities for common illumination of edges, mainly trees or rooftops, by
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Figure 95.

Delay Time (ns)

A set of measured impulse response data centered on a l20-m path
with 3° receiving antenna off-pointing. The model predicted rays
are superimposed on the 100-, 120-, and l40-m paths.
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Figure 96. A set of measured impulse response data centered on a 340-m path
with 3° receiving antenna off-pointing. The model predicted rays
are superimposed-on-fne 300-, ~20-, and 340-m paths.

160



-15 -10 -5 o

Delay Time (ns)

5

Rays

Rays

10

80 m

I 100 m

~
I

120 m

160 m

15

Figure 97. A set of measured impulse response data centered on a l20-m path
with a 30° receiving antenna beamwidth. Tbe model predicted rays
are supertmposed on the 100-, 120-, and140.,.m paths.
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Figure 98. A set of measured impulse response data centered on a 320-m
path with a 30° receiving antenna beamwidth. The model pre
dicted rays are superimposed on the 300-, 320-, and 340-m paths.
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the antennas of each terminal. For this condition, most of the signals were
propagated by the edge diffraction and/or scattering mode, which is charac
terized by a considerable amount of signal scintillation, especially if trees
are the diffractor and a wind is present. But the time delay spread from the
edge contribution would only be expected to be a few nanoseconds, so a
coherent bandwidth of perhaps up to 100 MHz could be sustained if a sufficient
signal level was present.

Measurements were also conducted using the same frequency probes with
large office buildings obstructing the path. Similar results were found as
those described above. Attenuation through most structures was very large,
showing increased attenuation with increasing frequencies. In most cases no
signal could be detected through steel-reinforced concrete or brick-type
buildings indicating a signal attenuation in excess of 90 dB. Again, if an
edge diffraction mode from a roof or even a double-edge diffraction mode were
used, detectable signal levels could be achieved. The coherent bandwidth for
an edge diffraction channel of this type would probably be in tens of mega
hertz. Both coherent bandwidth and system gain improve as the antenna beam
widths are narrowed; however, illuminating a common volume becomes
increas ingly difficult so a practical trade-off is necessary if such anappl i
cation is to be used.

Buildings that have large areas of window glass have lower attenuation
and a detectable signal appears on paths directly through the building. An
exception to this is when ultraviolet and infrared reflecting glass is used,
which have metalized coatings. In this case, the signal attenuation increases
from 25 to 50 dB for each metalized glass layer in the path.

The conc 1us ion from the non-l ine-of-s i ght mea'surements conducted in thi s
report is that the amount of signal penetrating typical obstructions in urban
and suburban areas would be too small to provide a communication 1ink without
elaborate hardware to increase sensitivity. But if the highest point between
two terminals were illuminated by each antenna, a usable link might be
possible by edge diffraction or even multiedge diffraction propagation

modes.
7.2 Line-of Sight Paths

Because of the confined surroundings in an urban/suburban environment and
the existence of many flat surfaces, such as building walls, roadways, signs,
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cars, trucks, etc., reflected signals playa major part in propagation charac

teristics of a 1ine-of-sight communication channel.
Measurements were conducted to learn more about the properties of such

reflecting surfaces at millimeter-wave frequencies.
Data were recorded to determine the reflection coefficient of building

walls at normal incidence. As would be expected, the reflection coefficients
were a direct function of the conducti vity and smoothness factors of the
reflecting surface. Not only does the smoothness criterion apply for sma11
scale roughness (relative to the wavelength of the measuring probe), but also
the larger surface illuminated by the antenna beams may not be flat and the
effective reflector gain is reduced relative to a flat-plate type reflector.
It was found that if a transmitter moved parallel to a building surface, the
returned signal level varied by as much as 15 to 20 dB from the gain pattern
determined by the same procedure using a known flat-plate reflector. There
fore, the effective reflection coefficient for large building surfaces is very
much a function of terminal position because of the large-scale
irregularities. It was not unusual for the magnitude of the effective coeffi
cient of reflection to vary from 1 to 1/10 for only a meter or two shift in
terminal positions in the normal incidence mode.

In the case of a real link application along a street lined with build
ings, the angle of incidence (0) on the reflecting surface approaches 90°
(near grazing angles.) The criterium for surface smoothness includes the
functions 11cos 0, and, therefore, as the angle of incidence becomes larger,
the surface as seen by the radio wave appears smoother and the reflection
coefficient becomes larger. This fact was supported by the data as reflec
tions from street and building surfaces at very shallow angles along the path
produced reflection coefficients of nearly -1.

Even with relatively narrowbeam antennas (2.5°), at heights above the
street of 2 to 3 m, multi path signals from the street surface produced fades
in excess of 30 dB. Because of the small angle between the direct path and
the street at midpath, the delay time difference was likewise small. As the
terminal distance is closed from a 1-km separation, only a few fades of this
magnitude occur (the number is proportional to frequency, but two or three
were observed for a 30-GHz carrier). With these small delay times (much less
than 1 ns) for multi path from the street, the channel distortion is low, or
conversely, the available bandwidth is large, in excess of 500 MHz or a data

164



~ ~~~-~--------~--- ~-~--~- --~ -- ~~ - ----~------~. - -- -- ~ --~-

rate of around 250 Mb/s using PSK modulation. Multipath reflection from
building walls and other reflecting surfaces along the side of the street,
with narrowbeam antennas in the system, generally had amplitudes that were
15 dB or more below the direct signal at delay times not greater than 10 ns.
These low 1evel mult i path signals wi 11 cause some channel degradation at
bandwidths above 100 MHz or about a 50 Mb/s data rate. The worst-case
distortion will occur when the interference between the direct signal and th~

street reflection produces a deep fade allowing the longer delay multipath
signal to approach the amplitude of the direct signal.

From the measurements performed, our find.:i-ngs indicate that for a 1ine
of-sight millimeter-wave link up to 1 km in length along an urban street using
accurately pointed narrowbeam antennas (;;; 2.5°), a nearly 100~percent rel iable
channel would be available for bandwidths up to 100 MHz if a 30 dB fade margin
were provided. If the terminals are mobile, maintaining accurate coupling
between terminals may be difficult: An antenna misalignment of 1° or 2° would
cause degradation of the channel, but a reduction in the system bandwidth
requirement may permit satisfactory performance for this condition. For near
optimum channel performance of a communication link propagating along an urban
street, the data taken in Denver suggests, as a rule of thumb, that the
antenna beamwidth be twice the expected antenna pointing error.

For situations where the locations of other terminals are not known (such
as in mobile units) or if several separate terminals are employed and require
simultaneous reception, widebeam antenna coverage is needed. In order to
examine channel performance for such condit ions, antennas with 30° beamwidth
were used in measurements on the along-the-street path and multipath signal
amplitudes and delay times were recorded. For these antenna beamwidths,
multipath signals equal to the amplitude of the composite direct plus st~~et

reflected signal often occurred wlth a delay time of 10 ns relative to the
direct signal. Consequently, a link using a 30° beamwidth antenna can support
a bandwidth of about 10 MHz or a data rate of about 5 Mb/s with a BER less
than 1 x 10-7 on a 1ine-of-sight urban street path if a 30 dB fade margin were

provided. _~~-~-~~

Additional information on channel performance was obtained from an
experimental diagnostic probe operating at 30.3 GHz with a PSK modulation of
500 Mb/s. This probe was applied to street paths in Denver, CO, and BER
estimates were extrapolated from the data. Also, using the same probe

165



channel, impulse responses were measured, which provide the actual multipath

amplitudes and time delay data.
With this probe, linear antenna polarizations were compared to determine

if millimeter-wave propagation in an urban environment shows any dependence on
polarization. In particular, the Brewsters angle effect for shallow angle
reflections was examined to determine if reflected signal levels could be
reduced by selecting an appropriate polarization. The conclusion is that for
the condition found in the Denver streets on LOS paths, reflected signal power
was not a function of antenna polarization at grazing angles up to 8°.

A propagation model was developed for the urban street path. Values of
coefficient of reflection and mUltipath amplitudes and delay times were
derived from the measured data and incorporated into the model to adjust path
parameters. The model was given the geometry of the street and the rf para
meters of the 1ink and the results were compared to the measured data. The
fit to the measured data was very good, and it is felt that a good estimate of
channel characteristics and performance can be obtained when these basic
parameters are used. Plots or tabulations of multi path amplitudes and delay
times, channel fading, and impulse response characteristics can be computed as
a function of distance between terminals. This report contains several
examples of the measured data versus model comparisons.
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