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Abstract

Cellular and Peer-to-Peer Millimeter Wave Channel Sounding in
Outdoor Urban Environments
Eshar Ben-Dor, M.S.E.
The University of Texas at Austin, 2011

Supervisor: Theodore S. Rappaport

Millimeter wave (mm-Wave) systems have become very attractive recently as
lower frequency spectrums used for mobile device communications have been
experiencing a “spectral crunch” due to the dissemination of smartphones. Channel
characterization of the outdoor urban environment, where networks for mobile devices
require the highest data capacity, has been quite scarce and even non-existent for cellular
(rooftop to ground) setting measurements. Our project provides initial characterization of
an urban campus environment at 38 GHz in a cellular setting and 38 and 60 GHz in a
peer-to-peer setting. A sliding correlator channel sounder with 800 MHz RF bandwidth at
38 GHz and 1.5 GHz RF bandwidth at 60 GHz was constructed to measure the channel.
Directional antennas were utilized during the measurements to imitate mm-Wave systems
using beam steering antenna arrays, which also allowed for AOA statistics. Path loss and
RMS delay spread statistics are provided. Finally, an outage study was performed to test
the outage likelihood in an urban environment with many multi-story buildings.
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Chapter 1: Introduction
1.1 PROJECT PURPOSE
The end of the 20th century saw the emergence of a new form of communication
in the form of a wireless phone. The wireless device was a culmination of communication
system work starting in the early 20th century to more modern innovations of cell-based
networks that resulted in the introduction of the cellphone. Many innovative ideas had to
be amassed to realize a system with so many uncontrollable transmission and reception
characteristics. Viterbi and turbo codes, TDMA, CDMA, and many other techniques
were developed to ensure low bit-error rates and large user densities while maintaining
data rates. Additionally, the physical network was constructed to enable the
implementation of these technologies on a mass scale that spans the globe. The main
challenge for these networks always remained the uncertainty and significant variability
of the transmission channel. Statistical tools were, thus, used to describe and predict the
behavior of this randomness. A sequence of dependent steps developed for
communication system design. The hardware implemented a certain multiple-access
technique or some error-correction coding concept for which parameters are provided
from some statistical models for the channel that are finally derived from multitudes of
channel measurements. Thus, channel measurements are at the starting line for any
communication system design. This is true for the cellphone networks that were based on
countless channel measurements at 900 and 1900 MHz frequency ranges.
Academics and corporations alike developed various channel sounding
procedures that may characterize the channel in accurate, yet sufficiently simple ways.
The legacy left by the pioneers of channel sounding is clearly present today as future
communication technology generations are being developed and proposed. Indeed, as
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communication system infrastructure, networking theory, and RF technology came of age
at the end of the 20th century, future technologies such as millimeter wave
communications were being proposed as very high data rate systems. However, the path
towards millimeter wave systems still required extensive knowledge of the channel as the
starting point of the design process, in order to enable communication and networking
techniques to be implemented and a physical network to be built. Unfortunately, the cost
of a channel sounding system operating at millimeter wave frequencies and a sufficiently
portable solution to measure the outdoor channel has limited the availability of extensive
channel measurements. The RFIC and propagation lab at The University of Texas at
Austin possesses such capability to measure millimeter wave channels at 38 and 60 GHz
up to hundreds of meters or a few kilometers if clear view exists. Research completed in
this project and future on-going work has been compiling a large data set of
measurements for an urban campus environment around The University of Texas at
Austin main campus. Parts of this work have been published in [1] [2].
The research is inspired by a system being developed by researchers from
Samsung Telecommunications America developing a next generation cellular urban
network [3]. The larger unlicensed bandwidths available at millimeter wave frequencies
provide a great opportunity to overcome the bandwidth crunch at the current legacy
cellphone spectrums that have been overloaded by an increase in data usage. Even a 3%
fractional bandwidth (similar to the WCMDA band 1 bandwidth) at 30GHz yields about
1GHz of available bandwidth to service many users in a densely populated area at
broadband data rates. Besides the large leap in carrier frequencies, the system will
introduce adaptive beam steering into the communication network. The shorter
wavelengths of millimeter waves enable the integration of an antenna array in both the
mobile devices and base stations. The technique, known as beamforming, involves
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splitting the transmitted signal to many paths and introducing an electrically-controlled
phase shift to the signals which are then fed to the antenna array. The signals radiated by
the antennas add constructively in certain desired directions and destructively in others.
Using this technique, the transceivers can modify the direction that their cumulative
antenna is pointing. One significant advantage is the ability to generate highly directional
antennas, which improve the link budget that tends to be hurt by the higher free space
path loss at high frequencies. More importantly, when an obstruction appears between the
transmitter and receiver (e.g. automobile, crowd of people, tree branches, or buildings),
the beam steering technique can be applied to produce a link by rotating the beam
towards a non-line of sight (NLOS) reflector.
This research project funded by Samsung Telecommunications America and the
Army Research Laboratory intended to explore such NLOS links as well as line-of-sight
(LOS) propagation to provide information for developing beam steering algorithms and
cellular network design in urban environments. Previously unanswered questions
regarding the path loss and delay spread of these links were extensively examined.
Relationships between antenna rotation angles, separation distances, and delay spreads
are developed for the first time at millimeter wave frequencies. Lastly, an investigation of
outage (location where no received signal is detected) probability in the urban campus
environment was performed to give insight into cell size and deployment of a system
using highly directional adaptive antennas.
1.2 PROJECT GOALS
The millimeter wave channel sounding campaign concentrated on two main
themes. First, a peer to peer (or mobile to mobile) network, where users may
communicate between themselves to form a high speed connection, was examined in an
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urban campus environment. A pedestrian walkway in a courtyard area was selected since
it included many of the common features seen in urban commercial areas. These features
include foliage in the form of large and small trees, both grass and concrete surfaces, and
tall buildings surrounding the open courtyard. Moreover, there were many common
reflectors, such as lampposts, handrails, benches, and automobiles. The propagation in
this peer to peer environment was measured at 38 and 60 GHz. Along with gaining an
understanding of propagation characteristics at each of these millimeter wave
frequencies, an emphasis was placed on a comparative study between the two carrier
frequencies. Such information is invaluable for developers of high data rate mobile to
mobile networks since it can be used to determine the most appropriate carrier frequency
choice without incurring high costs of performing a channel measurement campaign. It
also suggests trends in going to higher and higher carrier frequencies as some believe that
these trends will continue [4].
A second study involved rooftop to ground (or base-station to mobile)
measurements at 38 GHz. This study imitates a cellular configuration with pico or
femtocell distribution in an urban environment. The study was done for four different
transmitter locations and 36 unique receiver locations. The transmitter locations were
chosen at various heights to determine how propagation characteristics change with the
base station height. The receiver locations were chosen to give a wide variety of urban
environments, including parking lots, “urban canyon” (multi-story buildings on both
sides of the line of sight path), building entrances, courtyards, streets, and residential
areas. At some receiver locations, the line of sight (LOS) path was partially obstructed. A
partial obstruction can vary between sparse vegetation, where the receiver on the ground
can see the transmitter, and thick vegetation or an obstructing building, where severe
shadowing occurs. In the cases that the view was blocked by a building, diffraction is
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commonly the means used to produce a boresight direction link. Finally, the effect of a
wider beam receiver antenna was examined since the mobile device is likely to be of a
wider beamwidth than the directional transmitter. Therefore, measurements completed
with a wider beam antenna are more likely to have similar characteristics to the cellular
system implementation. Whereas the described measurements concentrated on
characterizing the channel response at 38 GHz, a complementary set of measurements for
outage probability added information necessary for system design. In a sense, outage
detection measurements examined where a link is expected to be made, while the channel
measurements quantify the path loss and RMS delay spread experienced by the link.
A short set of measurements was done to examine vehicle communications at 60
GHz for its potential applications. Passenger presence in the vehicle was examined as
well as transmitter separation distances and glass window attenuation.
1.3 APPLICATIONS
The peer to peer measurement campaign was inspired by the potential for a
millimeter wave ad hoc network featuring high frequency reuse due to antenna
directionality and very high inter-user data rates. The widespread distribution of
smartphones and small tablet PCs have led to a demand for high data rate applications on
the go. The density of these devices in urban areas can lead to successful implementation
of ad hoc networks that can ease base station traffic by decentralizing data flow during
peak usage hours. Conversely, a high data rate ad hoc network can circumvent the need
for a centralized cellular system in certain situations, where it is advisable to stay away
from the provider‟s network. The mobile to mobile propagation measurement acquired
during this campaign at 38 and 60 GHz will determine the feasibility and characteristics
of an ad hoc system aimed to yield very high data rates and large user density.
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An exciting use for millimeter wave communications is as a replacement to the
spectrally overcrowded cellular networks. Figure 1 shows an example of a millimeter
wave system using electronically-steerable antenna arrays communicating with a
cellphone user. The common perception of millimeter wave signals, which prevented
their implementation in the past, is that they experience too high of an attenuation for
cellular system links and cannot be received when the LOS path is obstructed. However,
the introduction of smart phones has caused cellular carriers to dramatically increase the
density of cellular base stations into pico and femtocell arrangements. The higher base
station density greatly reduces the propagation distances over which a cellular system
operates. In addition, the recent development of many inexpensive millimeter wave
systems in CMOS [5] improve the prospects for affordable densely deployed systems in
urban commercial, residential, and campus environments. A millimeter wave cellular
system is capable of data rates from hundreds of megabytes per second to gigabytes per
second. It is quite unlikely that the capacity in current cellular systems will reach these
data rates with currently known modulation schemes and available bandwidth. Therefore,
a millimeter wave cellular system is an attractive option for overcoming the spectral
scarcity facing the cellular systems of today.
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Figure 1: Illustration of electronically steerable antenna arrays located on top of buildings
and on mobile devices. The illustration shows the potential for both cellular
communication between the mobile device and the base-station, and a
wireless backhaul system with antenna arrays communicating wirelessly.
Another use for a millimeter wave network is wireless backhaul. Presently, many
picocells and femtocells are being deployed in areas of heavy user traffic. These lowpower cells are built to increase system capacity, over few tens or hundreds of meters.
The low power levels allow greater frequency reuse, which in turn increases system
capacity. However, an increase in the number of cell sites highly complicates the
backhaul infrastructure of the cellular network. Backhaul links, which carry data between
the central switch and the base stations, are implemented using expensive fiber optical
lines. Indeed, wireless millimeter-wave communications, where the bandwidths are
substantial, could provide a less expensive backhaul method for the network carriers. In
the late 1990‟s, Local to Multipoint Distribution Service (LMDS) systems in the 20-40
GHz bands were proposed by various governments, in part, to handle backhaul wirelessly
through a multi-Gigabit per second data transmission [6]. LMDS promised the ability to
replace fiber optic cables by using the unused millimeter wave spectrum. By placing
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LMDS systems a few hundred meters apart in high traffic areas, needed backhaul
capacity can be achieved at lower initial and on-going cost, and in a much more flexible
manner, than current backhaul methods.

Figure 2: A steerable antenna beam formed using an array will enable high data
transmission and collision-avoidance systems as well as other applications.
Figure reproduced from [7].
Electronic beam steering, or beamforming, is also attractive in automobile
applications. Millimeter wave systems have been publicized as excellent radar systems
for automobile collision avoidance systems [7] [8]. Figure 2 illustrates the idea of a
steerable antenna beam scanning the front and sides of a vehicle for obstacles. Further
usage for a millimeter wave vehicular system involves inter-vehicle communications.
The short distances involved may allow for simple but high data rate communication.
1.4 LITERATURE REVIEW
Previous outdoor channel measurements at the low end of the millimeter wave
frequency range (20-60 GHz) have been done before, yet few extensive measurement
campaigns were performed. In most campaigns, the bandwidth of the probe signals was
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quite a bit lower than the bandwidth requirement of next generation systems, whereas the
system used in this project had a null-to-null bandwidth of 800 MHz at 38 GHz and 1500
MHz at 60 GHz. Moreover, most of these studies were done during the 1980s and 1990s,
when military and radar applications using discrete components were the focus.
However, since then the cellular industry changed a lot and with it came the need for new
millimeter wave networks. Therefore, extensive measurement campaigns focused on high
population density and smartphone usage areas is highly desirable. Past works allow for
comparison to the results gathered in this project and for supplementing the available
channel understanding. The following discussion of these works is summarized in Table
1 at the end of the section.
1.4.1 60 GHz Outdoor Measurements
One of the earliest 60 GHz outdoor channel measurement results came from [9] in
a short letter in 1985. [9] performed very narrowband path loss measurements using gunn
oscillators and a detector. University campus measurements were spaced from 20 to 100
meters of transmitter-to-receiver (TR) separation. The receiver was placed inside campus
buildings looking out through a window at the 1st, 2nd, and 3rd floors to a transmitter
that was moved around in the outdoor environment. Their results showed that line-ofsight path loss exponent is around 2.2 and narrowband signal fades of 15 dB and 20 dB
occur 20% and 1% of the time, respectively. The first extensive campaign came later that
year in an NTIA report [10]. A study of several outdoor suburban environments was
completed, including streets, residential areas, factories, and office parks. The first set of
measurements were performed using a continuous-wave (CW) channel sounding
technique at 9.6, 28.8, and 57.6 GHz for determining path loss in the examined
environments and attenuation due to various building materials. Several insights were
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gathered regarding the presence of signal diffraction around thin metals, people, and
buildings. However, very few measurements were made to determine the availability of
multiple paths at each measurement locations. Obstructed LOS measurements were made
with foliage being the main obstruction. Trees were seen as strong attenuators, so that a
clear LOS link was required to receive a signal above the system noise floor past 1 km.
However, they were also sources of reflection and diffraction paths. The second part of
the measurements used a wideband probe of 500 Mcps pseudonoise (PN) sequence using
sliding correlator architecture at 30.3 GHz carrier frequency. However, delay spreads
could not be accurately reported since lack of memory capacity limited undilated
measurement time to only 15ns at first and then to 25ns after an upgrade. As was shown
in their study and verified in ours, multipath may arrive at much higher delays. The
system designed in [10] was re-used for more environment specific studies for urban
streets and vegetation in later years [11] [12] [13]. Results from [12] for the received
signal variation along an urban street at the three examined frequencies is seen in Figure
3.
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Figure 3: Received signal power along an urban street at 9.6, 28.8, and 57.6 GHz using
directional antennas (from [12]).
A surge of additional work came in the mid to late 1990‟s as millimeter wave
technology became more accessible to communication systems researchers. A couple of
initial 60 GHz investigations came from a group in Germany [14] [15]. These using CW
and swept-frequency techniques to investigate path loss, RMS delay spread, and outdoor
angle-of-arrival (AOA). These were some of the first measurements showing the
availability of multiple link directions at each receiver location with a fixed transmitter. It
was found that a strong signal was received from one or two reflectors in the environment
at each receiver location. One of the first outdoor 60 GHz RMS delay spread CDFs
(Figure 4) was included in [16] generated by measurements using a vector network
analyzer (VNA) swept frequency technique done in a rural environment. The transmitter
was fixed at 0.5 m above ground with TR distances varying between 2 and 150 m. Both
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antennas were omnidirectional biconical-type. Only twenty five measurements were
taken (one at each location) with three links creating delay spreads over 100 ns.

Figure 4: Plot of RMS delay spread CDF for obstructed LOS measurement completed by
[16].
A later study in 1997 [17] examined an airport field, an urban street, and a tunnel
using a narrowband CW technique for determining path loss, and a wideband chirp
technique to measure the RMS delay spread. Channel sounding was conducted using
directional horn antennas at 59 GHz with a bandwidth of 200 MHz (e.g. a multipath
resolution of about 10 ns). It was determined from the measurement results that the path
loss exponent was between 2 and 2.5 for the outdoor channels, and RMS delay spread
was found to be below 20 ns. The system in [17] was used again in [18] to examine a ray
tracing simulation for its RMS delay spread CDF predictions. Consequently, delay spread
CDFs were measured in an urban street environment with omnidirectional antennas. A
wide street (50m) was shown to have much higher delay spread than a narrow street
(10m), where the 80% RMS delay spread was at 5ns and 27 ns for the narrow and wide
streets, respectively.
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1.4.2 Foliage Shadowing
A 1989 NTIA report [13] done as an extension of the work in [11] focused on
vegetation penetration measurements at 9.6, 28.8, 57.6, and 96.1 GHz among others. A
CW channel sounding technique was used to produce AOA profiles for transmitter and
receiver antennas inside a conifer orchard. In comparing the measurement results across
frequency, the researchers show how the scattering behavior of vegetation changes from
a smooth variation in signal power (at low frequencies) to highly variable received signal
strength (at high frequencies) as the receiver antenna is scanned in the elevation and
azimuth directions as shown in Figure 5.

Figure 5: Signal strength variation while transmitter antenna is scanned in the azimuth
direction. The measurements were done in a peach orchard by [13]. The
results show more frequent fading as the carrier wavelength decreases due to
the increasing size ratio between the tree leaves and signal wavelength.
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Indeed, this effect was also seen by [19] in power delay profiles measured indoors
at 2.5 GHz and 60 GHz. At millimeter wave frequencies, the wavelengths reach
dimensions that are much smaller than the objects which scatter them. Therefore, the set
of angles or directions at which a scatterer affects the signal is reduced. Scattering
behavior tends towards unique peaks, rather than wider scattering area. [13] noted this
behavior as causing high sensitivity in the received signal power varying with the density
of scatterers. Highly dense vegetation contains more branches and leaves that may
obstruct the signal more often (see example of tree obstruction in Figure 6). For example,
a tree in the winter time which shed its leaves will have less variable attenuation. This
observation was further confirmed by [20] who examined building reflections and
vegetation penetration at 38 GHz carrier frequency. Thick vegetation was shown to cause
15 to 35 dB of attenuation. Another 38 GHz vegetation study by [21] provided deciduous
tree attenuation values of 1-2.9 dB per meter of vegetation during dry conditions and 2.57 dB/m when the tree was wet. The wet leaves were likely to have increased in
reflectivity and absorption due to being wet. In addition, the author noted a 5 dB
variation in signal level during windy days, further confirming the sensitivity to the
position of the branches and leaves at millimeter wave frequencies. [22] examined the
wind‟s effect in a more quantitative way by making measurements at 5 and 29.5 GHz
through trees of dense and sparse leaf cover. The dense tree showed attenuation of 21dB
on average and a standard deviation in measurement of 3.1 to 4.1 dB, depending on wind
strength, at 29.5 GHz, whereas only 7 dB of mean attenuation and 0.8 dB of standard
deviation were observed at 5 GHz. The case is repeated for a sparse tree with 8 dB of
mean attenuation and 1.5 dB of standard deviation at 29.5 GHz. Similar quantitative and
qualitative analysis as well as a vegetation scattering model can be seen in the work by
[23].
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Figure 6: Image of transmitter (circled) from receiver point of view. The line of sight link
is highly dependent on the position of the receiver antenna since the random
distribution of branches and leaves can obstruct the signal significantly more
in certain parts than others. At millimeter wave frequencies, the wavelengths
are smaller than the leave size and branch thickness, so they become discrete
scatterers.
1.4.3 LMDS Frequencies (28 and 38 GHz) Outdoor Measurements
In addition to 60 GHz, two additional millimeter wave frequencies (28 and 38
GHz) were prominent during the 1990‟s and early 2000‟s due to their proposed usage in
LMDS systems. LMDS was first examined in an NTIA report [24] using the same
wideband 30.3 GHz measurement system as in [10] for initial feasibility analysis. [20]
published a study soon after. They showed that a reflection off a window with an
aluminum frame at 60m transmitter-to-receiver separation resulted in a signal of 13.7dB
below the LOS link. This result stressed the strong reflecting properties of metallic
objects in the environment. [25] was the first to measure signal strength up to a distance
of 5 km. More importantly, [25] showed the large percentage of locations were a signal
could not be received above the -111dBm system sensitivity. The percentage of locations
with sufficient received signal increased significantly with receiver antenna height.
However, the receiver antenna was only scanned in the azimuth direction with an
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elevation angle parallel to the ground, whereas an elevation angle scan may have been
able to increase the number of links, as was shown by our outage study. Another
coverage study was completed by [26] in 500 m, 1 km, and 2 km radii residential areas.
The transmitter was kept fixed on a mast at 12.5 and 25 m and the receiver was placed on
residential rooftops in the environment (one and two story houses). Figure 7 shows the
coverage probability as a function of system sensitivity (represented by the maximum
allowed path loss). A coverage probability of nearly 90% is observed for a 0.5 km cell for
a LMDS setup.

Figure 7: Coverage probability shown as a function of maximum allowed path loss (from
[26]). Cells of radius 0.5, 1, and 2 km were examined with a significant
drop-off seen for the 2 km cell.
A more in-depth channel study at 27.4 GHz began in Singapore starting with [27]
and culminating in [28]. In [27], a swept time delay cross-correlation (also known as
sliding correlator) channel sounder was constructed with a 50 Mcps pseudonoise (PN)
sequence. LOS, partially obstructed LOS, and NLOS links were examined at distances of
under 6 km with both transmitter and receiver on rooftops of buildings 13 to 25 stories
high. The transmitter used an 11 dBi vertically-polarized horn antenna for the transmitter
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and a flat panel 31dBi, 4o half power beamwidth antenna at the receiver. Most
interestingly in the study, the authors plotted RMS delay spread of the links versus the
excess path loss (above free space) incurred for these links. By doing so, they showed a
good correlation between the excess path loss of a link and its RMS delay spread (Figure
8). A maximum RMS delay spread of about 150 ns was found for this rooftop-to-rooftop
environment. Unfortunately, [27] and [28] do not uniquely show RMS delay spread as a
function of the receiver antenna pointing angle. Since an implementation of a network
requires knowledge of the specific environment in which it will be placed, understanding
the direction from which links appear and their delay spread characteristics are important.

Figure 8: RMS delay spread as a function of path loss above a reference attenuation level
studied by [27] at 27.4 GHz. [27] showed a close relationship between delay
spread and excess path loss.
A later study [29] measured reflections off a smooth limestone wall and a rough
brick wall. Here, a 7.5 ns pulse was transmitted on a carrier of 28 GHz and the delay
spread and received signal strength were examined. The results are fitted to a model of
reflection coefficient for these materials. The authors note that even the smooth limestone
has significant scattering behavior, which tends to reduce the signal strength. The reason,
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they argue, is that diffuse scattering depends on the size of the wavelength in comparison
with the depth of peaks and troughs in the uneven surface. Since a signal at 30 GHz has a
wavelength of 1 cm, the unevenness of limestone becomes apparent even though it is
seen as smooth and a good reflector at current communication frequencies of 1-2 GHz.
1.4.4 Rain and Hail Storms
Rain attenuation at millimeter wave frequencies is expected to increase as
mentioned in [30] shown in Figure 9a. The main reason for the increase in attenuation as
a function of frequency (inverse function of wavelength) is explained in [31] highlighted
by Figure 9b. The plot shows the dependence of the attenuation on the rain drop radius,
which can be more fundamentally understood as an increase in scattering when the
wavelength is at the scale of or smaller than the drop diameter. At lower frequency,
minimal reflection and refraction effects occur, although a large variation in the
permittivity of the water and air mixture exists. [31] acquired attenuation versus rain rate
measurements at 60 GHz. A common rain attenuation model is the Laws-Parsons model,
which was shown to underestimate the actual attenuation at 60 GHz at low rain rates
(where most rain drops are of small radius). However, using dystrometer (provides rain
rate and wind speed data) at both receiver and transmitter provides a modified model
named the synthetic storm model, which was shown to improve accuracy of the
attenuation model at 60 GHz. The model uses a spatially averaged rainfall rate and
considers the drop size by the relationship between drop velocity and size found from
wind speed information. For system design, another useful property of rain event
attenuation is the maximum expected attenuation and the attenuation distribution as a
function of time. A set of measurements by [30] at 35 GHz yielded a maximum
attenuation of nearly 50 dB for a 230 meter link. The attenuation was higher than 38 dB
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1% of the time and above 25 dB 10% of the rainstorm duration. Another outdoor 38 GHz
study using a sliding correlator channel sounder with a 100 Mcps PN was reported in
[32]. [32] examined building to building LMDS links for clear LOS and partially
obstructed LOS conditions during and after rain and hail storms. One expected
observation is the increased attenuation during storms with both hail and rain storms
showing up to 26 dB of additional attenuation. Less expected is the increase in multipath
components presented right before, during, and shortly after a storm. [32] cites [33]
regarding an abrupt change in atmosphere refractivity preceding a storm, which may vary
the signal path. Regarding the multipath during and after the storm, [32] hypothesizes
that once rough surfaces (such as brick) become wet their surfaces increase in reflectivity.
Cell-site diversity is a common method for reducing the variable attenuation experienced
during rainstorms [34].

(a)

(b)

Figure 9: (a) Rain attenuation increases with carrier frequency and rain rate (from [30]).
(b) Attenuation at a constant rain rate (12.5 mm/hr) increases at mm-wave
frequencies due to increased scattering by rain drops of smaller radius (from
[31]).
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Table 1: Summary of previous work in millimeter wave outdoor channel characterization.
Ref.
[9]
[11]
[12]
[13]

[14]
[15]
[16]
[17]
[18]
[20]
[21]
[22]
[25]

TX/RX
height
(m)
ground
level/2,
5.5, 7
1/1,4,6

Freq.
(GHz)

TX/RX
Ant.

60

Gain
6/20

9.6,
28.8,
57.6
30.3

BW
10o/1.2o
BW
30o/2.3o

2.15/1.8

9.6,
28.8,
57.6

BW
10o/1.2o

1/1,4,6

500 Mcps
Sliding
Correlator
CW

60

BW
omni/2o

ground/
ground

Swept
Frequency

60

BW
7o/30o
omni/
omni
BW
90o/20o

ground/
ground
0.5/0.5

60

omni/
omni

5/1.8

37.53

not
avail.

38

Gain
23/23

2stories/
ground
not
avail.

Swept
Frequency
Swept
Frequency
200 Mcps
Sliding
Corr.
200 Mcps
Sliding
Corr.
CW

5, 29.5

Gain
23.5/23.5

not
avail.

CW

28

Gain
23/23

NA/3.4,
7.3, 11.3

CW

60
60

4/2.2

Sounding
Technique

Important Results

CW

n=2.2, >15dB fades observed at 20%
of locations.

CW

Foliage loss increases substantially
from 9.6 to 28.8 GHz, but much less
so from 28.8 to 57.6 GHz.
Diffraction and reflection links made
at obstructed LOS conditions.
Multipath up to 25 ns observed.
AOA profiles with foliage
obstruction showing higher
variability in signal as freq.
increases.
AOA showed that each location had
multiple links through reflections in
the environment.
Multipath up to 1μs seen in railroad
tunnel.
<65 ns 80% of locations

CW
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2<n<2.5 for outdoor. RMS delay
spread typically below 20 ns.
80% of RMS delay spread below
5ns for narrow street and below 27ns
for wide street.
Reflection off aluminum frame
resulted in a signal only 13.7dB
below LOS.
Dry deciduous tree attenuation of 12.9 dB/m and 2.5-7 dB/m when the
tree was wet.
3.1-4.1dB standard dev. at 38 GHz
due to wind, yet only 0.8 dB of
standard deviation at 5 GHz.
Outage probability at various RX
antenna heights for 5km cell: 32%
for 11.3m, 54% 7.3m, 74% 3.4m.

Table 1 (continued)
28.8
BW
12.5, 25/
[26]
20o/2.5o variable
[27]
[28]
[32]
[31]
[30]

27.4

Gain
11/31

13 to 25
stories
high
13 to 25
stories
high
21/6

27.4

Gain
11/31

37.8

Gain
19/39

60

not
avail.

not
avail.

35

BW
21o/21o

building
to
building
link

CW
50 Mcps
Sliding
Corr.
50 Mcps
Sliding
Corr.
100 Mcps
Sliding
Corr.
CW
CW

Coverage probability of about 88%
is observed for a 0.5 km cell, 82%
for 1km, 65% for 2km.
RMS delay spread <150ns 90% of
locations.
RMS delay spread can be viewed as
increasing function of excess path
loss.
Increased number of multipath
components just before, during, and
after rain and hail storms.
Synthetic storm model needed to
modify Laws-Parsons using
dystrometer readings at TX and RX.
Attenuation >38 dB 1% of the time
and >25 dB 10% of the rainstorm
duration.

1.5 CHANNEL SOUNDING METHODS
1.5.1 Narrowband Method
Channel measurements (or channel sounding) are split between narrowband and
wideband characterizations of the channel. The most common and simplest way of
characterizing a channel is at a single frequency, also known as continuous wave (CW)
channel sounding. A low phase noise oscillator generates a single frequency that is sent
with no modulation through the channel. A simple power detector is present at the
receiver to record the received signal strength, which may vary in time as the channel
changes or as the receiver moves. The narrowband method is primarily used for
attenuation in LOS, penetration attenuation, and short distance reflection experiments.
When a single frequency is being received, a reflection of the signal may arrive at the
receiver out-of-phase with the desired signal which results in a deep fading signal. The
21

deepest fades occur when the reflected signal goes through a path that is near an odd
multiple of λ/2 (See Figure 10). This effect may be exaggerated by the short wavelengths
at millimeter wave frequencies, where the signal fade occur more often. Since a
communication system possesses a non-zero bandwidth and a rather large one in high
data rate systems, a narrowband technique does not yield all the information needed
about the channel, yet it provides a simple and highly controlled way for performing
channel attenuation experiments. Using wideband channel sounding, narrowband fading
can be demonstrated by observing the frequency domain representation of a received
wideband signal as is done in Figure 11.

Figure 10: A deep fade occurs when a reflected signal path reaches the receiver out of
phase (λ/2 difference) in comparison to the direct path.
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Figure 11: Frequency response (left) of a 400 MHz received signal at a carrier of 37.625
GHz for the measured power delay profile (right). Fading is seen in narrow
frequency bands with fades as large as 30 dB present. The total energy of
the received signal, however, is not modified greatly by the narrowband
fades.
1.5.2 Wideband Methods
A full characterization of the channel is provided by wideband channel sounding
techniques, where “wideband” is defined as a probed channel bandwidth that is
sufficiently greater than the system bandwidth used in the intended application. The most
intuitive method to characterize the system is the periodic pulse technique. The impulse
response of the channel can be found by sending an impulse and receiving the resulting
signal. However, an impulse requires infinite bandwidth from both the transmitting and
receiving hardware. Fortunately, wireless applications demand bandlimited signals for
accommodating many users and networks. Thus, a pulse is generated with a first null
bandwidth that is several times the symbol rate of the application of interest. The pulse is
used to modulate a carrier [19]. The receiver captures the pulse after a path delay and any
replicas of the pulse that originate from multipath. The periodicity of the transmitted
pulse is present for characterization of the time varying response of the channel to extract
Doppler frequency shifts in a time-variant response. The hardware for a periodic pulse
channel sounder uses few components and so is relatively simple to implement. A
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common implementation has a digital circuit or comparator-based latch for generating a
short duration pulse which controls a RF (ON/OFF) switch. The switch is connected to a
signal generator (which produces the carrier frequency) and the second terminal is
connected to the antenna. An isolator (i.e. terminated circulator) may be used between the
antenna and the switch to ensure a good match and remove any system induced
reflections. This is especially critical when the antenna is connected to the hardware
through a long cable, where a reflection may induce a signal at several nanoseconds after
the original signal was sent causing artificial measured multipath. The main disadvantage
in the pulse method for millimeter wave systems is the need for very short duration
pulses, which are both difficult to generate and capture (or digitize). In addition, the
system dynamic range is set by the transmitted signal power, thermal noise which
increases with signal bandwidth, and limitation in the circuit component dynamic range.
Thus, a wideband periodic pulse system may have unacceptably low dynamic range.
The alternative to a time-domain channel sounding technique (i.e. pulse-based) is
a frequency-based technique known as swept frequency (or chirp). A time-invariant
impulse response can be exactly represented by the steady state frequency spectrum of
the channel. A continuous wave at a single frequency is sent through the channel in the
same way a narrowband channel sounder operates. In order to develop the channel
response for the full spectrum of interest, the frequencies are swept for the full bandwidth
in what is known as a chirp signal (i.e. a ramp in frequency of the signal). This technique
is very common for short range indoor channels, especially at high frequencies, such as
millimeter wave. The basic structure only requires a vector network analyzer (VNA) [35],
which is commercially built with very high dynamic range and large range of frequency
generation capabilities. Since the VNA is commercially built and verified, it requires very
low implementation time since all the complexity is dealt with by the VNA designer.
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Since millimeter wave VNAs are expensive, most researchers use a VNA with a lower
frequency range which they mix with a CW signal to reach higher frequencies as was
done in [36]. Their system diagram is shown in Figure 12.

Figure 12: Swept Frequency System using a VNA (from [36]).
A significant drawback to the system is the requirement that both receiver and
transmitter be connected through a cable to the VNA, which physically limits the
transmitter to receiver separation possible. The loss of the received signal through the
cable (which is likely to have about 1-3dB of loss per meter at 5 GHz) can be quite large
and so limit the dynamic range of the system. Thus, a swept frequency system is rarely
used in outdoor measurement, and quite less so for cellular type measurements.
1.5.3 Spread Spectrum Channel Sounding
For outdoor channels that require high TR separation distances, a time-domain
technique is preferred. In order to improve upon the dynamic range of the periodic pulse
technique, a variety of pulse compression channel sounding techniques have been
developed. The basic assertion of pulse compression is that spectrally white noise can be
correlated with a delayed version of itself (i.e. autocorrelation, Rn(τ)) to yield a delta
function [37].
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(Eq. 1)
E[ ] is the expectation operator (i.e. time average).
n(t) = noise waveform
n*(t-τ) = complex conjugate of the time delayed noise waveform
N0 = Noise Power spectral density

The noise is convolved with the channel impulse response as it passes through it.
At the receiver, the modified noise is autocorrelated with a version of itself. Since the
autocorrelation of the noise with itself yields a delta function, it can be expected that the
channel impulse response will be the result of the autocorrelation. Indeed, this is the case.
First, the noise waveform is convolved with the channel impulse response to yield
the received signal.

∫

(Eq. 2)

Then, the received signal, r(t), is multiplied by an identical copy of the complex
conjugate of the noise and time averaged to perform autocorrelation.

∫

]

(Eq. 3)

Since the channel is assumed to be time-invariant for the amount of time that the
autocorrelation is done over (i.e. the sequence period, if white noise is approximated
using a pseudonoise sequence), h(ζ) can be taken out of the time average integral.
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(Eq. 4)
∫

The dynamic range benefit of a pulse compression technique is found in the
process of applying the autocorrelation to the received signal. Any uncorrelated noise
signal will be reduced in amplitude by the correlation process; thus, reducing the noise
floor and allowing a lower received signal to be successfully detected. The increase in
dynamic range, however, comes at the expense of system complexity and the need to
perform correlation prevents real-time sounding. The system complexity arises at the
baseband, where a PN signal must be generated and a time average must occur at the
receiver. Ideal, autocorrelation of white noise will require infinite time to complete and
result in infinite sensitivity. However, real systems use a periodic PN signal with
sufficient length to increase the system dynamic range and to reduce the averaging time
so a time dependent variation of the channel can be observed. The increase in dynamic
range using a PN sequence is expressed as [38],

(Eq. 5)
where L is the sequence length (in chips).
A real-time version of the pulse compression technique was realized in [39] by
implementing a matched filter for the transmitted PN sequence using a specially designed
SAW filter since a matched filter is known to imitate the autocorrelation operation when
the filter is matched to the transmitted waveform [40]. However, practical SAW filters
are very limited in the range of responses and bandwidth, which they can be designed for.
Additionally, they do not solve the problem of the high baseband bandwidth needed by
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the analog to digital converter (ADC) in quantizing the fast changing signal. Thus, they
are unlikely to be used for high bandwidth channel sounding.
By allowing for additional system complexity and reduced real-time behavior, a
technique which maintains the high dynamic range of a compressed pulse system and
reduces the burden on the ADC bandwidth (thus, reducing the system dependence on the
ADC quantization noise) was devised. This is known as a swept-time delay crosscorrelation, or a sliding correlator, and was developed by [41] to allow recording cellular
measurements on magnetic tape (a media of quite low recording bandwidth). The sliding
correlator achieves superior multipath time resolution and dynamic range by using
pseudonoise sequences that are operated at slightly different clock speeds at the
transmitter and receiver, thereby creating an effective stretching or “dilation” of time. As
shown in [42], the multiplication of the two differently clocked PN sequences results in a
correlation term with the same triangular shape as a correlation between two same rate
PN sequences. However, while the correlation of a PN sequence with itself generates a
spectrum with 1st-null bandwidth equal to the chip rate Rc, the sliding correlator used
here has a slightly lower chip rate Rc‟ for one of the PN sequences, thereby preserving
the same correlation output shape but offering a much lower 1st-null bandwidth of RcRc‟. The sliding correlator baseband architecture uses frequency compression to
significantly ease the ADC‟s sampling rate requirements. A sliding correlator system was
utilized in this project to acquire wide band measurements using an inexpensive lower
sampling rate ADC. The sliding correlator is discussed in much greater detail in Chapter
3 (Sliding Correlator Operation).
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1.6 CHANNEL STATISTICAL PARAMETERS
1.6.1 Power Delay Profile (PDP)
Wideband sounding techniques are capable of producing power delay profiles,
which describe the response of a channel to some transmitted pulse. Ideally, the pulse is
very narrow in time, or wide in frequency, so as to approach an impulse. In the time
domain, the most common representation of the wireless channel impulse response is
using an assumption of individual paths that the signal may take in the environment [35].
The received signal from each path is a replica of the transmitted signal that is delayed by
the time it takes the signal to travel from the transmitter antenna to the scatterer and
finally to the receiver. In addition to time delay, the path will incur a signal strength
degradation, or loss, due to free space loss, penetration through materials, diffraction, and
non-unity reflection coefficient of a scatterer. Lastly, it may be the case that the signal‟s
phase will be modified by a scattering event, which will change the scattered signal‟s
phase in a discontinuous manner (e.g. an 180o phase shift is generated from a reflection
off a semi-infinite perfect electric conductor [43]. A finite series of these paths represents
the channel impulse response. For a time-invariant channel of N paths [35], the complex
baseband channel impulse response may be written as,

∑

(Eq. 6)

= Signal attenuation (or path loss) of path i
= Phase Shift of path i
= Time delay (or propagation delay) of path i
The channel impulse response is related to the complex baseband response by
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(Eq. 7)
= Carrier Frequency
The channel impulse response model can be visualized as in Figure 13.

Figure 13: An example of a channel impulse response according to the discrete paths
model.
If the transmitter and receiver possessed low directionality antennas, then the first
impulse in the channel impulse response shown in Figure 13 may have been due to the
line of sight path, which takes the most direct path and thus shortest path. In most cases
where the LOS path is not significantly obstructed, it will be received as the strongest
signal. Some scatterers in the environment are likely to reflect the radially radiated signal
towards the receiver as well, resulting in additional signal arrival times at larger delays
and weaker amplitudes.
The expected channel impulse responses can change quite a bit once the
transmitter, receiver, or both antennas are made to be of high directionality. In much of
this project, high directionality antennas were used since they have the property of
enabling angle of arrival (AOA) and direction of arrival (DOA) characterization of the
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channel by only transmitting and receiving energy from a narrow range of angles around
the antenna boresight. Using high directionality antennas has allowed for easier
identification of scatterers in the environment, which is chiefly important for
understanding of reflection properties of objects at millimeter wave frequencies. Channel
impulse responses with high directionality antennas have been found to have three main
types of links:


LOS-directed antennas



NLOS with one scatterer illuminated



NLOS with multiple scatterers illuminated

When the antennas are pointed directly at each other, there is a high likelihood
that a strong signal will be received, or the signal will be completely blocked by a large
object, such as a building. Any scatterers that may be in the path are unlikely to create
paths with signal strengths comparable to LOS and excess time delay much greater than
the probing pulse. Therefore, these links commonly have a single received pulse with low
delay spread (e.g. Figure 15a). Another low delay spread link is generated when a single
scatterer is illuminated by both antennas. A good reflecting material is a smooth metal
surface. When such a surface is irradiated, a single reflected path is created. If no other
obstructions and scatterers are found in the narrow range of angles illuminated by both
antennas, then a power delay profile similar to that of the LOS case is produced albeit
with additional attenuation due to non-unity reflection coefficient of the scatterer and the
longer path length of a NLOS path. Lastly, a NLOS link may contain several scatterers
with different path lengths. This is most likely to occur when the receiver antenna is
pointed at a large azimuthal angle (90o to 180o), where several scatterers are expected to
be illuminated. For instance, picture a street lined with street light poles as seen in Figure
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14. The receiver is near one of the light poles, yet additional light poles are present within
the receiver narrow beam. Consequently, a signal from each of the illuminated light poles
is expected to be received resulting in a large delay spread.

Figure 14: A street environment may contain light poles, which are made of metal and so
are good reflectors even for millimeter wave radiation. When the transmitter
antenna irradiates several of these light poles and the receiver antenna is
turned to a large angle (close to 180o), several strong reflected paths will be
received producing a large delay spread.
Another situation that results in large delay spread is when a double reflection
occurs. In this case, a first good reflector is illuminated by the transmitter and the
reflected signal hits a scatterer in the line of sight of the receiver directional antenna. This
path may be considerably longer than a possible shorter path that originates from a single
scatterer, such as the ground or a tree that is in the path of the transmitted signal. For such
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situations, the channel impulse response is more likely to exhibit behavior as seen in
Figure 15b.

Figure 15: (a) LOS-type impulse response. (b) Channel impulse response for a NLOS
link with multiple scatterers.
As can be seen, the channel impulse response is highly dependent on the
environment. However, a commercial product cannot be tested at all locations and
conditions at which it will be used. Thus, a statistical description of the channel is
preferred, where the product or network designer can guarantee that a proper signal will
be received and properly equalized for almost all desired locations and conditions. The
statistical parameters describe the variation in the parameters of (Eq. 6).
1.6.2 Channel Parameter: Path Loss
First, the amplitude (or loss) term is to be described. The loss is normally referred
to as path loss and the most common model to describe it is the log-distance model [35].
The model assumes a linear relationship between the path loss (in dB) and the log of the
transmitter to receiver separation distance.

(
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)

(Eq. 8)

d = separation distance
d0 = reference distance at which the base path loss is given
n = path loss exponent (describes the slope of the relationship)
This model receives its form from the free space path loss expression [35],

(

) ⇒

(

)

(Eq. 9)

λ = carrier wavelength
The free space path loss expression contains the two basic linear fitting
parameters, which are the slope with respect to distance (n = 2 for free space) and
intercept. The channel variability is essentially averaged to be described by these two
parameters. A more refined model includes shadowing and other attenuation of paths by
including a statistical standard deviation parameter in the model. This is known as the
log-normal shadowing model [35].

(

)

(Eq. 10)

Χσ is a random variable with a Gaussian distribution and a standard deviation of
σ. The standard deviation parameter is computed by finding the standard deviation of the
error terms that result from the linear fit to the data. Thus, the shadowing model provides
an expression describing the random behavior of the channel path loss.
1.6.3 Channel Parameter: RMS Delay Spread
The multipath delay is another parameter of the channel that must be described
statistically. The difficulty that late arriving multipath present is causing self-interference.
For instance, if a bit is sent every 5 ns and along with a LOS path there exists a second
path with path delay of 6ns, then the second path will be received during the time
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allocated for the next bit. Therefore, the second, longer, path will result in the first bit
interfering with the signal received for the second bit. However, if the second path is
significantly weaker than the LOS path, then the interference caused by the second path
will be negligible in comparison to the signal received through LOS. This example
suggests that not just the delay time must be considered, but also the strength of the
delayed signal. The following definitions for mean excess delay ( ̅) and RMS delay
spread (στ) are statistical quantities that describe both the amount of delay and received
power in the characterization of the channel [19].

̅

̅̅̅

∑
∑

(Eq. 11)

∑

(Eq. 12)

∑

P(nTs) = power received at time nTs, where Ts is the sampling period
τ = excess delay of multipath
̅̅̅ = second moment of excess delay

√̅̅̅
̅

(Eq. 13)

The coherence bandwidth, which is a measure of the frequency range over which
all received signals are still correlated, is commonly derived from the RMS delay spread
[19]. It is usually expressed in terms of 0.5 or 0.9 amplitude correlation. An
approximation for the coherence bandwidth exists for those percentages of correlation.

(Eq. 14)
35

(Eq. 15)
The system sensitivity to high delay spreads is highly dependent on the system
since many schemes have been developed to counteract errors due to late arriving
multipath including channel coding and equalization. Yet, it is commonly accepted that if
the symbol duration is about ten times longer than the RMS delay spread, then the
channel can be considered flat [44].
A time-varying channel is usually described by its Doppler frequency shift effect.
This is of most concern when the mobile user is moving at a high pace, such as traveling
in an automobile or train. The same effect that causes a frequency shift (or pitch change)
in the sound of a siren from an oncoming ambulance is the cause of this unwanted signal
shift. A frequency shift of even 100 Hz may have considerable impact on voice quality,
where signals are only of a few kHz.
1.7 PROJECT SCOPE
The first stage of the project involved designing, assembling, and debugging a
channel sounding system that was left unused for around a decade. A new PN generator
board and correlator designs were produced to extend the baseband bandwidth of the
system and increase its mechanical and electrical stability (Chapter 2: Channel Sounder
Hardware). Additional debugging was required for both the new designed components
and remnants of the old system. Understanding the theory behind ideal sliding correlator
operation was also of great importance in using the system correctly. Non-idealities were
also encountered and their effects analyzed (Chapter 3: Sliding Correlator Operation).
The second stage of the project involved development of acquisition and processing sets
of code (Chapter 4: Measurement Procedure). In addition, a calibration scheme was
36

devised as a revised version of a previous scheme developed in [45] by Hao Xu and
Gregory Durgin. The acquisition code was also based on an older version made by
Christopher Anderson and redone with the help of Samuel Lauffenburger and Jonathan
Tamir. The processing code was developed to generate power delay profiles (PDPs) in
absolute power terms and readily extract channel parameters, such as RMS delay spread
and path loss. The third stage involved measurement planning. The measurement plan
involved determining measurement objectives, charting the various transmitter and
receiver locations in consideration of the system limitations and desired environments,
and producing an organizational framework for naming and storing the data and related
log information. The fourth stage involved acquiring a large set of measurements at 38
and 60 GHz using the channel sounding system. Two measurement campaigns were
performed. The first was in a peer-to-peer arrangement with both antennas at ground
level (Chapter 5: Peer-to-Peer and Vehicle Measurement Results at 38 and 60 GHz). A
few vehicular measurements were also performed. The second is a rooftop-to-ground
arrangement mimicking a pico/femtocell cellular system (Chapter 6: Cellular AOA and
Outage Measurement Results at 38 GHz). The measurements were continuously analyzed
as the project progressed using the processing code developed in an earlier stage of the
project. Path loss scatter plots, cumulative distribution functions for RMS delay spread,
and various additional data visualizations were generated and analyzed. Another set of
measurements provided information regarding outage probability in an urban
environment. Conclusions were highlighted in the final chapter (Chapter 7: Conclusion).
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Chapter 2: Channel Sounder Hardware
The channel sounder architecture is a spread spectrum superheterodyne type with one IF
frequency of around 5.4 GHz. The signal that is sent over the channel is a pseudonoise (PN)
sequence. By correlating the transmitted PN signal with a replica of the PN signal generated at
the receiver, a triangular waveform is observed. The system architecture was designed in 1997
by Hughes Research Laboratories (HRL) with the collaboration of Professor Rappaport and Dr.
Hao Xu. The system has a fixed architecture to the IF and then can be connected to any up or
down converter possessing a frequency multiplier, millimeter wave mixer, and amplifier. Four
HRL assemblies were constructed for channel sounding at 38 GHz and 60 GHz, a single
transmitter and receiver pair for each frequency. Images of the 38 GHz up and down conversion
assemblies are seen in Figure 16 and Table 2 contains the assemblies‟ performance. The HRL
60 GHz assemblies are seen in Figure 17 and performance is summarized in Table 3.

Figure 16: HRL 38 GHz assemblies for upconversion (left) and downconversion (right)
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Figure 17: HRL 60 GHz assemblies for upconversion (left) and downconversion (right)
Table 2: HRL 38 GHz assemblies‟ Performance
Waveguide Output Type
Gain
1-dB Input Compression
Point
Saturated Transmitter
Power Level
Optimal LO Power Range
Current Consumption at
+15V supply

Upconverter
WR-28 (Ka-band)
60 dB

Downconverter
WR-28 (Ka-band)
-2.5 dB

-40 dBm

Not Applicable

+22 dBm

Not Applicable

+7 to +13 dBm

+7 to +13 dBm

> 1A

560 mA

Table 3: HRL 60 GHz assemblies‟ Performance
Waveguide Output Type
Gain
1-dB Input Compression
Point
Saturated Transmitter
Power Level
Optimal LO Power Range
Current Consumption at
+15V supply

Upconverter
WR-19 (U-band)
31.9 dB

Downconverter
WR-19 (U-band)
18.5 dB

-18 dBm

Not Applicable

+4.8 dBm

Not Applicable

+7 to +13 dBm

+7 to +13 dBm

> 1A

880 mA
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2.1 TRANSMITTER
Figure 18 presents the hardware components in the channel sounder transmitter for 60
GHz channel measurements. The transmitter consists of two frequency sources. One source
provided by a CW signal generator Agilent E8257D was used to generate the frequency basis for
the PN sequence clock signal. The second CW source is the HP83630A (or HP8673G for the 38
GHz system) which provides the local oscillator (LO) signal for the signal up-conversion.
Measurements at 38 GHz utilized the same transmitter configuration with minor modifications
discussed in the sub-sections 2.1.2 and 2.1.3.

Figure 18: Diagram of 60 GHz Transmitter Hardware

Figure 19: Diagram of 38 GHz Transmitter Hardware.
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2.1.1 PN Generator PCB
The PN generator board was adapted from a design by Christopher Anderson. Travis
Forbes designed and generated a layout for the new PN generator PCB. The schematic for the
signal path is included in Appendix A. The PN sequence originates by initializing the flip flops
in the shift registers (ON Semi MC100EP142FAB) to all ones when the chip is powered. Two 8bit shift registers are used to produce a total of 11 shifted bits for creating a maximal sequence
length of (211-1) 2047 [38]. The 9th and 11th bits are fed back through a XOR gate (ON Semi
MC100EP08DTG), i.e. modulo-2 adder, into the input of the first shift register flip flop to
produce the maximal length PN sequence.
In order for the shift registers to begin operating, a clock must be provided and the shifter
enabled for correct shifting operation using a RUN signal. The RUN signal is provided via a
toggle switch, as seen in Figure 20. A RC low pass filter and a driver chip (ON Semi
MC100EP16VADTG) are used to reduce glitches caused by the toggling of the switch. The same
driver is used for the input clock signal since the signal generator produces a sine wave which
must be turned into a square wave shape with defined edge transitions. Because of the clock
driver, the circuit may work for a large range of input clock power from the signal generator (-5
dBm min.). However, it is preferable to provide the driver stronger than minimum power to
minimize jitter. In addition, cable loss is a factor which may affect the sinusoid power chosen to
be generated. A power level of +5dBm seemed to be sufficient.
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Toggle
Switch

Figure 20: Circuit Schematic of RUN switch control and clock input circuitry on the PN
Generator Board.
Once the switch is flipped from STOP to RUN position, the shift registers begin shifting
and the PN sequence is generated. The output bit (i.e. state of 11th flip flop) is passed through an
output driver with a highpass filter to remove the DC bias before leaving the board towards the
IF chain. A 50Ω (or 100Ω for differential signals) termination is applied at the inputs to high
frequency chips which act on the PN signal since emitter-coupled logic (ECL) is utilized to
achieve the necessary switching speeds. The maximum rate PN which the generator board can
produce was experimentally determined as approximately 820 MHz. In order to reach higher
switching speeds, a PCB that utilizes a parallel PN combination technique can be used as
suggested in [46].
2.1.2 IF Chain
As seen in Figure 18, the PN signal first reaches the Miteq DM0408LA1 mixer for upconversion to IF of 5.4 GHz (or 5.375 GHz for the 38 GHz system). The LO frequency is the
same as IF due to the direct downconversion nature of the system and is used for both IF and RF
mixers, where a frequency multiplier is usually added before the RF mixer. A power divider
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splits the LO for its dual use at IF and RF. The Anaren 42020 power divider has about 3.4 dB of
insertion loss and isolation between the output ports of at least 20 dB. Cable loss is also
important in considering the power at which the LO must be set at since at 5.4 GHz cable loss is
significant, and so the system may vary a bit even with the replacement of one cable. The LO
power level was chosen to fall in the range required by the IF Miteq and RF mixers, which is +7
to +13 dBm after cable-induced loss. The acceptable frequency ranges for the mixer are DC2GHz for the low frequency input and 4-8 GHz for the high frequency and LO signals. Such a
wideband mixer allows for baseband inputs of up to 2 GHz with a 6 GHz LO. The mixer
conversion loss is stated as 5dB typically, yet measurements using a spectrum analyzer suggest it
is closer to 4dB.
For 38 GHz measurement, a lower LO power was used since minimizing LO leakage was
of a greater concern due to the narrower 800 MHz RF bandwidth, and the lower compression
point of the HRL upconverter reduced the need for a strong LO. Additionally, the attenuator and
isolator were removed since it was seen that they did not provide any system benefits for the 38
GHz system. Since the bandwidth of the HRL 38 GHz assemblies were narrower than at 60 GHz,
the PN chip rate was limited to 400 MHz, instead of 750 MHz used for 60 GHz measurements.
However, the 400 MHz chip rate (800 MHz RF null-to-null bandwidth) is considerably higher
than the bandwidth used in a commercial outdoor 38 GHz application, so the lower chip rate was
an acceptable choice. Finally, the LO frequency was lowered to 5.375 GHz due to improved
spurious tone rejection for the HRL receiver assembly achieved at lower LO frequency (the
spurious tone rejection is discussed in sub-section 2.3.1.
The binary phase shift keying (BPSK) modulation scheme employed is amplitude
independent, so saturation of the transmitter components is acceptable. The IF-upconverted PN
signal power is measured as -15.5 dBm. Since the input referred P1dB of the 60 GHz HRL
upconverter assembly was experimentally found as -18 dBm, this signal level is sufficiently
close to saturation for maximum power output (see Subsection 2.3.1).
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2.1.3 RF HRL Assembly
The HRL transmitter boxes contain frequency multipliers for the LO input with x6 and
x10 for 38 and 60 GHz, respectively. The LO is mixed with the input IF. The 38 GHz assembly
also possesses a power amplifier of 60 dB gain at the end of the chain to produce an output
power of +22 dBm as opposed to a +4.8 dBm maximum from the 60 GHz transmitter.
2.2 RECEIVER
2.2.1 60 GHz Receiver
The receiver diagram (Figure 21) has more components than the transmitter because of
the required analog baseband processing and the split of the signal into in-phase I and orthogonal
phase Q components. However, the downconversion process is quite similar to the upconversion.
The 5.4 GHz LO signal is generated by another signal generator HP8673G. Unfortunately, this
signal generator has a maximum power limit of +13dBm. Due to cable loss at 5.4 GHz and
insertion loss that is intrinsic to the power splitting operation, this power level is insufficient for
driving the IF and RF mixers. In order to compensate for the low power level, a Mini Circuits
ZX60-V82-S+ amplifier is placed before the Mini Circuits ZN2PD-9G power divider (3.5dB
insertion loss). The Mini Circuits amplifier has a +18 dBm output 1dB compression point and
gain of 10 dB. A wideband IQ demodulator is implemented by splitting the LO again using a 90 o
quadrature hybrid coupler Marki QH-0516. The quadrature coupler takes an input signal and
splits it into two with one of the outputs having an additional 90o phase shift. The signal splits
evenly in amplitude among the two outputs only when the fourth port (labeled “isol”) is
terminated by a matched load of 50 Ω. The coupler has 4.5dB insertion loss (1.5 dB above the
coupling ratio) with an amplitude imbalance of up to 0.5dB and phase imbalance of 2 degrees.
In the signal path, after downconversion to 5.4 GHz IF by the HRL receiver assembly, a
HP8495B variable attenuator is present. The variable attenuator controls the received power
level, so as to avoid saturating the JCA48-403 low noise IF amplifier which has +10dBm output
P1dB and 35dB gain. The variable attenuation is also employed in the calibration procedure.
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Following the amplifier, a resistive power splitter with 6dB of insertion loss splits the IF signal
into two parts to be used in IQ demodulation. Aerocom IOS-4080 isolators are added after the
power splitter to attenuate reflections of a few nanoseconds due to relatively high VSWR of the
mixer. The Marki M1-0408H mixers have input P1dB of +11 dBm and typical conversion loss of
5.5 dB. The noise and signal are ultimately band limited by Mini Circuits SLP-1000+ low pass
filters, which have a 3dB frequency of 990MHz with 20dB attenuation at 1340 MHz. Attenuators
are added to improve the pulse shape as is done with other fixed attenuators and isolators.
Once the I and Q signals were at baseband, they went into the correlator board. The
correlator PCB takes in the slow-clocked PN and amplifies it before splitting into two to be
multiplied by the I and Q baseband signals. The slow PN signal was generated with a 749.9625
MHz clock, which provided a slide factor of 20,000 resulting in low pulse distortion [47]. The
multiplied signals were then low pass filtered and amplified before leaving the correlator board.
The USB-5133 National Instruments data acquisition board (DAQ) was utilized to quantize and
acquire the signals before being captured by the computer. The NI board has an 8-bit ADC with
a maximum sampling frequency of 100 MS/s.
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Figure 21: 60 GHz Receiver Hardware
The function of the correlator is to multiply the received fast PN signal by an identical
slow PN signal generated at the receiver and then low pass filter to yield a nearly triangular
waveform. While this functionality is quite simple when the signals are present in the digital
domain, the requirement for chip rates of hundreds of MHz forces the correlation to occur in the
analog domain due to ADC constraints. For a channel sounding system, the amplitude of the
received PN sequence has significance; hence, the signal must be quantized with sufficiently
high resolution, in contrast to a communication system with BPSK modulation which require in
the range of 3 to 5 bits of ADC resolution [48].
2.2.2 38 GHz Receiver
The 38 GHz receiver architecture, shown in Figure 22, was very similar to the 60 GHz
architecture. As mentioned previously, the RF bandwidth was reduced to 800 MHz, and so
appropriate modifications were made. These include changing the baseband lowpass filters to
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ones with a lower cutoff frequency of 450 MHz (Mini-Circuits SLP-450+). The slow PN clock is
run at 399.95 MHz, which provided a high slide factor of 8000 resulting in minimal pulse
distortion. Additional modifications were necessary due to the presence of a strong spur outside
the signal bandwidth, which was saturating the IF amplifier. A bandpass filter was added to
attenuate the spur and the LO frequency was reduced slightly to 5.375 GHz since the spur
frequency increased substantially with reduced LO frequency (test results shown in subsection
2.3.1). The signal generator used to generate the LO was replaced with the Agilent E8257D
generator, which could produce a higher power level. The higher generated power level allowed
the Mini-Circuits amplifier to be removed, and so reduce any non-linear effects it may have had.

Figure 22: Receiver schematic for 38 GHz channel measurements.
2.2.3 Correlator Design
The correlator board was meant to achieve multiplication and subsequent low pass
filtering with minimal degradation of the system dynamic range and sensitivity. Two correlators
circuits were constructed for the project. The first correlator was a PCB design with a block-level
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circuit schematic seen in Figure 23 (full Schematic is contained in Appendix A). The PCB-based
correlator was used during the 60 GHz measurement campaign due to its ability to correlate the
PN sequences successfully up to a chip rate of 780 MHz. High bandwidth amplifiers are used to
ensure that the mixers, which implement analog multiplication at high frequencies, receive a
sufficiently strong signal. RFMD SGA-4186Z GaAs amplifiers in a SOT package were used in
the design. The data sheet specifies about 9dB gain over the DC-1GHz band with a 3dB noise
figure. The I and Q received fast PN signals enter the mixers‟ high frequency inputs, whereas the
slow PN goes through a resistive (6dB) power splitter Susumu PS1608GT2-R50-T5 and then to
the mixers‟ LO input. The Mini Circuits SYM-63LH mixers have a bandwidth of 1-6000 MHz
for the LO and high frequency inputs and DC-2GHz for the low frequency terminal. The loss of
the PN signal‟s DC-1MHz frequency band (due to the high pass characteristic of the mixers) was
assumed to be insignificant since only a small fraction of the overall signal energy is contained in
it. The high pass characteristic limits the system, in that low chip rate PN signals will be heavily
distorted. However, normal system operation isn‟t expected to have such low rate signals, yet
circuit testing at times requires very low chip rates to enable certain test setups with the available
equipment. Once the received PN and slow PN signals have been multiplied they are
subsequently low pass filtered to maintain only the low frequency replica of the correlated PN
spectrum, as described in Chapter 3. A low pass filter with a first pole at 120 kHz and a second
pole at 960 kHz was constructed. The first pole location determines the largest allowable chip
rate difference for the system (since ideal filter BW is equal to the difference in chip rates), so it
was kept higher than the chip rate offset used in the measurements to allow for different slide
factors. The second pole was added to improve the rejection of high frequency self-noise and
thermal noise. The filter was implemented using two OP-AMP stages. The second stage
provided an additional 20 dB of voltage gain in addition to filtering.
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Figure 23: Correlator board block-level circuit schematic.
The second correlator is built of SMA connector discrete components, as opposed to the
surface mount PCB components used in the first correlator. Discrete components are better
shielded and more stable than their PCB counterparts, although they lack the design flexibility of
PCB components. Figure 24 shows the components and coaxial cable connection used in the
discrete components correlator. The structure of the correlator is essentially the same, where the
received PN I and Q signals are amplified and then multiplied with the slow PN. Mini-Circuits
ZX60-14012L+ wideband RF amplifiers were used. They are specified to provide 10 dB of gain
at a frequency range of 0.3 MHz to 14 GHz. The same amplifier is used to amplify the slow PN
signal, which is subsequently passed through a 6 dB Aeroflex 1515 power splitter so it can be
mixed with both I and Q signals. The mixers are Mini-Circuits ZLW-1-1+ and have an operating
frequency range of 0.1-500 MHz. The frequency limitation on the mixers imposes a maximum
chip rate limit of 500 MHz when using the discrete component correlator. Filtering of the mixer
output generates the correlation peak that is then acquired by the NI data acquisition unit. An
elliptical filter by Kiwa is used with a cutoff (half power) frequency of 100 kHz. The filter has
steep transition band and high stop band rejection as detailed in Table 4. The discrete component
correlator was used in the 38 GHz measurement campaign.
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Figure 24: Discrete components correlator block diagram.
Table 4: Kiwa low pass filter transition and stop band shape.
Frequency (kHz) Attenuation (dB)
100
-3
120
-20
140
-35
160
-63
200
-85
2.3 HARDWARE CHARACTERIZATION & TESTING
2.3.1 HRL Assemblies Characterization
At the beginning of the project, we lacked certain information regarding the HRL
assemblies, which were constructed in 1997, and initial tests suggested that the information
which was provided was inaccurate. Therefore, a characterization of the HRL assembly was
undertaken. Before any tests can be performed on the HRL assemblies, the loss of connectors,
cables, and adapters must be determined so it may be de-embedded from the measurement result.
The cable loss was determined by providing a sinusoid from a signal generator at a known power
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level and measuring the received power with a spectrum analyzer. The same procedure was used
in determining loss of all other components.
2.3.1.1 38 GHz
The main characteristics of interest regarding the HRL upconverter are the gain, output
power (i.e. power delivered to antenna), and input compression point. The test setup for
measuring the HRL upconverter involved sending a signal using the HRL upconverter and
antenna to a reference antenna that is cable connected to an Agilent PNA (aka VNA or vector
network analyzer), which is capable of measuring the received power of a signal. The reference
antenna configuration was tricky since a reference antenna and waveguide to coax adapter
weren‟t available at the time. A solution involved using the center conductor that is protruding
from the end of a cable as a simple ~λ/4 monopole antenna (see Figure 25). The cable itself is a
2.4mm coaxial cable, which reaches cutoff at 54 GHz. One difficulty with the approach was the
lack of characterization of the monopole antenna. Yet, it is safe to assume that the gain is not
much higher than 5dB for a monopole antenna and considering that the conductor isn‟t ideally
aligned to receive maximum energy 0dB is a reasonable assumption to within a few dB.

Figure 25: Center conductor of 2.4mm coaxial cable acting as a monopole antenna of near 0 dBi
gain (left). The 2.4mm coax cable was connected to a PNA to measure the received
signal power (right).
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The cable loss of the 2.4mm coax was de-embedded by performing a 2-port calibration
with the calibration standards of the PNA, which moved the measurement reference plane to the
end of the cable. The transmitter antenna was placed 1.5 meters away from the end of the cable
(as seen in the figure below) to ensure that far field conditions are met. Therefore, a pathloss of
67.4 dB is incurred at 37.4 GHz, which is the chosen test tone for the test. In order to generate a
37.4 GHz test tone, the IF input frequency was set to 5 GHz to be mixed with the upconverter
LO of 32.4 GHz. Lastly, according to specifications, the sectorial horn antenna (connected to
HRL box) has a gain of 19dB. Using this information, the measured power at the VNA was
converted to output power at the input to the transmitter antenna (i.e. P TX (dB) = PRX + PL –
GTXant).

Figure 26: The HRL upconverter and transmit antenna on the left send a signal to the monopole
coax cable antenna on the right.
The de-embedded data is plotted (Figure 27). The input power was swept from -80 to -20
dBm. The plot shows output power and upconverter gain (calculated by finding the difference
between the output power and the input power). A linear response is seen with a gain (i.e. slope)
of 60 dB until the 1-dB compression point is reached at -40 dBm input IF power. The transmitter
power level finally saturates at +22 dBm. The same test was done for LO power levels of +6.7
and +12.7 dBm with very little difference between the two cases. Thus, the response isn‟t
dependent on the LO power as long as it remains within the preferred power range.
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Figure 27: Output RF Power from 38 GHz HRL Upconverter versus input IF power into the
upconverter. The converter gain is calculated from the difference between output
and input power levels. Plots show that the performance varies very little as the LO
power is modified from +6.7 to +12.7 dBm.
Another important parameter is the frequency response flatness of both the up and down
converters. Since both HRL assemblies will be used in conjunction during the measurements, it
is best to discuss their combined frequency response. The converters were used to transmit a tone
a distance of 18.5 meters. The transmitter was connected to an LO of 6.7 dBm at 5.4 GHz, which
gets converted to 32.4 GHz internally. The transmitter also took an IF input of -40 dBm whose
frequency was swept. The receiver was connected to an LO of 6.7 dBm as well, and the IF
output was connected to a spectrum analyzer to measure the received tone power. The result is
shown in Figure 28. The frequency response has large variations above 38 GHz and below 36.9
GHz. Thus, it is desired to operate within this range for maximum flat frequency response.
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Figure 28: The combined frequency response of the 38 GHz HRL assemblies suggests that the
maximum flatness is achieved below 38 GHz.
Several spurs were detected on the IF output of the 38 GHz HRL downconverter starting
even when no signal was being received. The highest spur was at a power level of about -10
dBm with a frequency dependence on the LO frequency as described in Table 5. The spurs were
being passed to the IF chain, where they were pushing the IF amplifier into compression since
the amplifier has 35 dB of gain and an input compression point of +10 dBm. Hence, a -25 dBm
signal was sufficient to compress the amplifier. A variable attenuator at IF was capable of
reducing a signal that is stronger than -25 dBm, so as not to compress the amplifier. However,
when a weak signal was received, the amplifier was being desensitized by the spurs and the
received signal could not be correctly captured. Fortunately, the spurs were outside the signal
bandwidth, which was +/- 400 MHz around 5.375 GHz. Therefore, a sharp cutoff bandpass filter
covering 3 to 6 GHz was added to remove the spurs before they enter the IF amplifier. The
downconverter‟s IF output was again viewed on the spectrum analyzer and the rejection of the
spurs was confirmed.
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Table 5: Frequency of strongest spur as a function of LO frequency showing a 0.1 to 0.6 GHz
relationship due to the 6x frequency multiplier of the LO inside the HRL
downconverter.
LO Frequency (GHz)
5.3
5.4
5.5

Spur Frequency (GHz)
7.37
6.77
6.17

2.3.1.2 60 GHz
Unlike the 38 GHz testing, a known reference antenna was available for 60 GHz
measurements being the open-ended V-band (WR-15) waveguide which was simulated in CST
Microwave by Felix Gutierrez to have 7dBi boresight gain. The simulation result is seen in
Figure 29. The waveguide was connected through a V-band waveguide to 1.85mm coax adapter
and a 1.85mm cable to the Agilent E8257D Synthesizer. The synthesizer excited the waveguide
through a three foot 1.85mm coaxial cable and a coax to waveguide adapter at a frequency of 59
GHz with a swept power level. The open-ended waveguide used in the test is shown in Figure
30.

Figure 29: Open-ended WR-15 waveguide simulated in CST Microwave to have 7 dBi boresight
gain.
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Figure 30: Open-ended WR-15 waveguide used a reference 60 GHz antenna.
The downconverter assembly was provided an LO of 5.4 GHz at power levels +9.7 dBm
and +12.7 dBm. In order to test the downconverter over the maximum power range, the antennas
were brought to the minimum far field distance (1.5 meters). A measurement performed in the
near-field will have coupling effects, which will limit the usability of the data at far-field
distances and make it very difficult to calculate received power level since pathloss and antenna
gains are not available for near field. The loss in the 1.85mm cable at 59 GHz was determined
from the W.L. Gore & Associates test data for the cable (SN 04589078). The insertion loss at 59
GHz was 5.4dB.
An input RF power sweep yielded the plot shown in Figure 31. The downconverter gain
was found from the difference between measured output and RF input power after losses due to
free space propagation and cabling were accounted for. The 60 GHz HRL downconverter was
18.5 dB, where the differences in the response due to LO power level were minimal.
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Figure 31: Characterization of the 60 GHz HRL downconverter using a reference antenna with
RF input power swept and measured output IF power for two LO power levels.
In a similar manner to the 38 GHz combined HRL response, the linearity and frequency
response were evaluated by sending a tone at IF to the upconverter and measuring the IF power
at the output of the downconverter using the Agilent E4407B spectrum analyzer. For linearity
measurements, the IF tone was set at 5 GHz and its power level was swept, whereas the IF tone
power was kept at -10 dBm and swept in frequency to generate the frequency response.
As seen in Figure 32, the linear response of the HRL up and down converters yielded a 1dB input compression point of -18 dBm and a combined gain of 50.4 dB. Using the previously
measured value of 18.5 dB for the gain of the downconverter, the 60 GHz upconverter gain was
calculated as 31.9 dB. The frequency response is presented in Figure 33, where a 4.7 dB
amplitude variation is observed from 58.6 GHz to 60 GHz.
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Figure 32: Power output versus power input curve when sending a signal from the 60 GHz HRL
upconverter to the 60 GHz HRL downconverter.

Figure 33: Frequency response of the 60 GHz HRL assemblies. The amplitude difference from
58.6 GHz to 60 GHz is 4.7 dB.
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2.3.2 Antenna Beamwidth Characterization
The antenna half power beamwidth is an important parameter when performing channel
measurements since it determines the range of directions from which multipath can be captured
by the antenna. Hence, accurate knowledge of the beamwidth was needed for performing the
measurements. The HRL upconverter assembly was used to generate a 37.7 GHz tone from a
5.45 GHz tone provided by a signal generator and the HRL downconverter assembly brought the
tone back to 5.45 GHz. The received power level was measured by a spectrum analyzer. The
transmitter was pointed towards the receiver at boresight to have a set amount of radiation
impinging on the receiver antenna. The receiver antenna was placed on a rotary stage with a
highly accurate stepper motor and rotated in the azimuth direction by 0.5 degree increments
(Figure 34). Since the antennas are symmetric in the x, y, and z dimensions, it is reasonable to
assume that their radiation patterns are symmetric. Therefore, the pattern was measured in 0.5
degree increments moving in a counterclockwise direction off-boresight (we define these angles
as negative where boresight is zero degrees) and 5 or 10 degree increments moving in a
clockwise direction off-boresight (positive angles).

Figure 34: Antenna beamwidth characterization setup with a stationary transmitter providing a
fixed power level impinging on the receiver antenna, which is accurately rotated in
place by a rotary stage.
The measured antenna patterns for the Ka-band narrowbeam (25 dBi gain) and wider
beam (13.3 dBi gain) horn antennas are displayed in Figure 35 and Figure 36. As expected the
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pattern of the higher gain antenna is much narrower with a half power beamwidth of 7.8 o in the
azimuth direction. The lower gain horn antenna reaches the half power point at 24.7o, which
yields a beamwidth of 49.4o since the antenna is symmetric.

Figure 35: Measured antenna pattern of the narrowbeam (25 dBi gain) Ka-band horn antenna.

Figure 36: Measured antenna pattern of the wider beam (13.3 dBi gain) Ka-band horn antenna.
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2.3.3 Antenna Gain Test
While the manufacturer of the antennas provided values for their gains, suspicions
regarding the true gain of the low gain antenna were raised during measurements. Therefore, it
was desired to measure the antenna gain in our laboratory.
The three antenna method described by [49] is one of the most accurate antenna
measurement techniques when a known reference antenna is not available. Similar to most other
antenna measurement techniques, it is uses the Friis free space transmission formula,
(

(Eq. 16)

)

The free space measurement of the received power at a known separation distance
between two antennas is repeated three times using different antenna combinations. The
combinations are: Antenna A with antenna B, A with C, and B with C. The resulting system of
equations is,
(

)

( )

(Eq. 17)

(

)

( )

(Eq. 18)

(

)

( )

(Eq. 19)

The equations can be solved for the individual antenna gains.
(Eq. 20)
(Eq. 21)

(Eq. 22)
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The measurement power was made using a VNA exciting a source antenna and detecting
the received power from the receive antenna. The VNA performs highly accurate ratio
measurement of the received Pr to transmitted Pt in the transfer parameter |S21|2. Loss and
reflection in cables connecting the VNA to the antennas are removed using a SOLT calibration
with standards provided by the VNA vendor. Additional loss in the coaxial cable to waveguide
adapter is removed by connecting the two adapters used in the measurement back-to-back
(Figure 37) and removing the loss from the measured power ratio (|S21|2). In order to ensure free
space propagation, microwave absorbing material was placed in areas that may cause a
reflection. Since the antennas were placed at the same height off the ground (1.18 m), a two-ray
model will predict that reflections may occur around the midpoint between the antennas. Thus,
the absorbing material was placed on the ground and to both sides of the line of sight path
between the antennas around the halfway point. Additional absorbing material was added behind
the antennas to avoid double reflections from objects directly behind the antennas.

Figure 37: Back to back coax to waveguide adapters measurement setup for de-embedding
adapter loss.
The de-embedded combined gains aAB, aAC, and aBC are shown in Figure 38 and the final
calculated individual antenna gains are plotted in Figure 39. The average gain between 37 to 38.5
GHz for the three antennas used in the experiment is specified in Table 6 as well as the
manufacturer specification for gain.
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Figure 38: Combined gains for the three antenna combinations aAB, aAC, and aBC.

Figure 39: Calculated individual antenna gains using the three antenna method.
Table 6: Manufacturer specified and measured antenna gains.
Antenna Name

Antenna Type

A
B
C

Ka-band
Ka-band
Ka-band

Manufacturer Spec.
Gain (dB)
25
25
10
63

Measured Gain (dB)
24.5
24.8
13.3

2.3.4 Free Space Test of System
The ultimate test of the system is its response when used in the field. A common test for
the system‟s accuracy is a free space test. The transmitter and receiver are separated by a
sufficient distance to ensure far field interaction for the wave propagation. The environment in
the vicinity of the antennas should possess minimal reflections, so that free space propagation
can be closely approximated. The received power measured by the channel sounder system
should be within a few dB of the theoretical value of the path loss predicted by the free space
path loss formula stated in Chapter 1 Eq. 9. Figure 40 shows an instance of a free space test
performed during the 38 GHz measurement campaign at a separation distance of 5 meters. The
predicted free space path loss for the carrier frequency and distance used in the test was 77.93
dB, which nearly matched the measured path loss of 77.89 dB. Therefore, the system was
deemed to be operating correctly.

Figure 40: PDP for a 38 GHz 5 meter separation free space test completed before a rooftop to
ground measurement set.
2.3.5 LO Synchronization Investigation
LO synchronization through phase locking signal synthesizers to a reference 10 MHz
frequency is commonly needed to avoid amplitude modulation of the received signal. The
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amplitude‟s dependence on the LO phase offset is a well-known result from communication
theory [40]. The amplitude of the received signal is reduced by cos(θ), where θ is the phase
offset. Common methods for achieving LO synchronization are [19]:


Cable connection between signal generator’s 10 MHz references
o Requires BNC cables of sufficient length.
o Loss and phase shift through cables limits length.



GPS Disciplined Ovenized Oscillators
o A GPS signal may be difficult to maintain in an urban environment where multistory buildings obstruct large sections of the sky.
o Requires more than 30 minutes to stabilize.



Atomic Clock
o Bulky and very expensive.
o Long Stabilization time.



Broadcast and Recover Carrier
o Works only when a signal is successfully received with sufficient SNR.

All these methods have some disadvantages which led us to consider an alternate
approach. Since the frequency references of the transmitter and receiver signal generators are not
phase locked, they tend to have a randomly varying phase offset. The assumption of randomness
is quite commonplace as it is extensively used when discussing clock jitter, for example [19].
Due to the random phase offset behavior, it was proposed that the received signal may be
acquired multiple times and time averaged to remove the effect of varying LO phase offset.
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The following test procedure was followed to examine whether averaging consecutive
received PDPs would yield a stable response. First, PDPs were acquired while the synthesizers‟
10MHz frequency references are cable connected using a 30 foot BNC cable. The PDPs were
generated using the sliding correlator system where the transmitter is physically connected to the
receiver at IF frequency of 5.4 GHz. The PN chip rate is set to 500 MHz. Variable attenuation
level is set to 50dB to allow for signal variation by operating within the linear range of the
system. One hundred PDPs were acquired consecutively. A set of four PDPs corresponding to 1,
10, 20, and 100 averaged PDPs were generated from the set of one hundred. Second, the
synthesizers‟ 10MHz references were disconnected. One hundred PDPs were again acquired
shortly after (~4 minutes) they were disconnected. Another set of one hundred PDPs was
acquired one hour after the disconnection.
2.3.5.1 Observations
The difference between synchronized and unsynchronized synthesizers is clear when
viewing the real-time received signal on an oscilloscope. The PDP peak value moves up and
down when unsynchronized, while a highly stable PDP peak is produced when the frequency
reference is shared by the synthesizers through a cable connection. The highly stable peak
implies that minimal averaging of the waveform is needed to produce an accurate measurement.
Figure 41 shows a randomly collected PDP (from each set of hundred acquired PDPs) for
each synchronization situation examined. In this case, PDPs acquired with synchronized
synthesizers and unsynchronized after 4 minutes of disconnection are similar, while the
unsynchronized after 1 hour of disconnection is about 6 dB lower. It is important to note that the
unsynchronized after 4 minutes, also, experienced much variation in its peak height to the same
extent observed in the 1 hour disconnection case. It is mere coincidence that this single PDP
lined up with the synchronized situation.
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Figure 41: The effect of synchronization on the acquired PDP. A single randomly selected PDP
(from a set of hundred consecutively acquired PDPs) is shown for the case of
synchronized LOs (blue). The signal generators‟ frequency references where
disconnected and PDPs are shown for 4 minutes after disconnection (green) and one
hour after disconnection (red). The lack of synchronization clearly affected the peak
value of the PDP once an hour has passed since the disconnection of references.
To examine the effect of averaging, firstly, 10 PDPs were averaged for each of the
situations, as seen in Figure 42. The main peaks for all situations are the same within 0.5dB.
Averaging 20 and 100 PDPs produces similar results, as seen in Figure 43 and Figure 44.
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Figure 42: Effect of averaging in reducing amplitude variability due to unsynchronized LOs.
Example with 10 PDPs averaged.

Figure 43: Effect of averaging in reducing amplitude variability due to unsynchronized LOs.
Example with 20 PDPs averaged.
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Figure 44: Effect of averaging in reducing amplitude variability due to unsynchronized LOs.
Example with 100 PDPs averaged.
The results show that synthesizers do not need to be synchronized in order to capture
accurate PDPs as long as ample averaging is applied. The main disadvantage of the averaging
technique is when Doppler shifts must be examined. In such a case, the need for even 10
averages for acquiring a single PDP will reduce the Doppler resolution to around 1 Hz (defined
as the reciprocal of the period between new PDP acquisitions) using a chip rate of hundreds of
MHz and slide factor of several thousand. On the other hand, because of the stability of a
synchronized LO system, it can acquire accurate PDPs with no averaging, or minimal number of
averages. This can allow for a Doppler resolution of 8 to 20 Hz. However, Doppler effects were
not examined in this study. If Doppler was to be investigated, a reduced slide factor is preferred
to realize more frequent signal peaks and LO synchronization is suggested.
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Chapter 3: Sliding Correlator Operation
3.1 SLIDING CORRELATOR CONCEPT
The sliding correlator architecture, also known as swept-time delay cross-correlation, was
first used by D. Cox [41] to record a received signal of 10 MHz bandwidth on an analog tape
medium, which has a recording bandwidth of only “a few kHz to a few tens of kHz” according to
Cox. Cox was able to use the analog tape for recording the 10 MHz signal by essentially
producing a frequency compression of the received signal through cross-correlation of a received
PN sequence with an identical PN sequence of a slightly slower chip rate. Cox recognized that a
periodic signal, such as the pseudonoise (PN) sequence, can be written as a Fourier series (delta
functions in frequency domain) with a fundamental frequency of Rc/L, where L is the length of
the sequence and Rc is the PN chip rate; hence, the multiplication (as part of the cross-correlation
at the receiver) of two identical PN sequences with slightly varying rates results in a mixing
products of the two Fourier series. The fundamental frequency of the “frequency compressed”
(i.e. lowest frequency) mixing product is Rc-Rc’/L. A subsequent low pass filter that sustains only
the lowest frequency replica of the signal up to its first-null (at Rc-Rc’) ensures that all other
mixing products are removed. The resulting frequency compression is seen in the time domain as
a time-dilation of the signal. While the cross-correlation of identical rate PN sequences results in
a pulse of width 2/Rc, correlation of the PN sequences with slight difference in chip rate will
produce a pulse of width 2/Rc*Ks (where Ks is called the slide factor and defined as Rc/Rc-Rc’).
A mathematical treatment can be found in several texts [35] [42] [50]. The discussion
below follows the treatment in [42]. First, a PN sequence can be written as a pulse train of L
chips.
∑

(

)

(Eq. 23)

where ai is a binary 0 or 1 depending on the chip value (of -1 or +1) and Tc is the chip width with
the first chip starting at t=0.
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Since the PN sequence repeats in time, it can be exactly written as a Fourier series which
is simply converted into the frequency spectrum for the PN signal to yield,

∑

( ) (

)

∑[

]

(Eq. 24)

Because of the periodicity of the PN, the spectrum has components only at discrete
frequencies with the fundamental frequency of Rck/L. Thus, k, in a sense, represents the
frequency and it can be seen that the spectrum‟s envelope is set by the sinc(k/L) term. This term
comes from the rectangular pulse shape of the chips. The slower chip rate PN sequence has the
same form as (Eq. 24) with a chip rate denoted as Rc’.
The multiplication of the two PN signals in time is equivalent to convolving their
frequency spectrums. The resulting expression is shown in (Eq. 25)
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(Eq. 25)
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The mixing products of interest in this expression occur when k=-k’. At these k values,
impulses are present at multiples of (Rc-Rc’)/L. Moreover, a sinc squared envelope is produced
for the desired values of k. The expression in (Eq. 26) states the desired part of the spectrum, Qd.
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[42] plots the desired (Qd) and undesired (Qc) components of the signal that result after
multiplication in the time domain for both the frequency and time responses (Figure 45).

Figure 45: Plots showing the desired Qd and undesired Qc parts of the multiplied PN sequences
with L = 31 and Rc’ = 0.99Rc in (a) frequency domain and (b) time domain. (Plots
from [42])
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As seen in Figure 45a, the desired and undesired components overlap since neither is
bandlimited. However, a low pass filter can eliminate much of the energy from the undesired
signal. A reasonable choice of cutoff frequency is at the first null of the desired component since
it eliminates much of the undesired energy and keeps the great majority of the desired signal
energy. The amount of the desired signal that is filtered-out, however, must be carefully chosen
since the more high frequency energy that is removed from the desired signal the greater would
be the shape degradation in time. A perfect sinc squared envelope, which is generated from the
multiplication of the two PN sequences as seen in (Eq. 26), will result in a perfect triangular
wave in the time domain. Yet, once the high frequencies are filtered a ripple may be induced in
the time waveform since filtering using a boxcar filter is the same as convolving in the time
domain with a sinc function. The ripple may be mistakenly considered as multipath in the
channel or simply hide true multipath signals arriving close in time to the first received signal.
Therefore, the filter cutoff and order should be experimented with to determine an appropriate
filter for the specific sliding correlator system used.
3.2 NOISE IN A SLIDING CORRELATOR
3.2.1 Thermal Noise
Thermal noise is a significant noise process when a weak signal is received, and so sets
the sensitivity of a receiver. The thermal noise power is known to be equal to kTB, where B is the
frequency limitation imposed by filters in the system. The channel sounder, as well as the HRL
60 GHz assemblies, is approximately bandlimited to 1.9 GHz around the carrier. At room
temperature of 300 K, a thermal noise of 1.38e-23*300*1.9e9 = 7.9*10-12 W is produced at the
input of the receiver antenna, which may be expressed as -81 dBm over the 1.9 GHz bandwidth.
A bandwidth of 900 MHz is available at 38 GHz which results in -84.3 dBm noise power. As
thermal noise passes through a downconverter (or any other amplifier chain), its amplitude is
multiplied by the amplifiers‟ gains since the amplifier cannot distinguish between in-band noise
and signal. Additional noise is added to the signal from each component in the downconverter
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and is expressed by the noise factor (F) of the component, or alternatively by the noise figure
(NF) which is 10log(F) [51]. The noise figure of the HRL downconverters can be found using a
simple measurement using a spectrum analyzer and integrating the power within the band of
interest (900 MHz for 38 GHz system, and 1.9 GHz for 60 GHz system).
The 60 GHz HRL downconverter was provided DC power, so its amplifying components
will provide gain. The gain is needed to increase the noise power level high enough that it may
be measured by the spectrum analyzer, which itself has a minimum sensitivity above the thermal
noise level. The output integrated noise level from the 60 GHz HRL downconverter is the sum
(in dB) of the thermal noise, gain, and noise figure of downconverter components. Therefore, the
measured integrated noise of -49 dBm implies a total gain plus noise figure of -49-(-81) = 32 dB.
Since the gain is known from previous tests (discussed in Chapter 2) as being 18.5 dB, then the
noise figure can be surmised as 32-18.5 = 13.5 dB. The same experiment could not be done
accurately for the 38 GHz HRL downconverter since it does not contain an amplifier, which was
needed to measure the noise power. Without sufficient amplification at RF, the noise level falls
below the spectrum analyzer‟s measurement sensitivity.
3.2.2 Noise Spreading
After the two PN signals (slow and fast chip rates) are multiplied by each other at the
correlator circuit, the thermal noise present from the downconversion chain will be reduced
because of the PN spreading effect on signals which are uncorrelated to the sequence [40]. A
bandlimited signal has an in-band power spectral density (PSD) with normalized (i.e. total
integrated power of unity) magnitude of 1/(2Rbb), where Rbb is the baseband bit rate (or
information rate) (see Figure 46a). A spreading sequence has an in-band level of 1/(2Rc), where
Rc is the spreading sequence‟s chip rate (see Figure 46b). Figure 46c demonstrates the spreading
process in the frequency domain, which is a convolution of the PSDs (i.e. multiplication in the
time domain). The spread PSD has magnitude of 1/4RcRbb at baseband frequency range of -Rbb to
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Rbb. By applying an ideal low pass filter to bandlimit the signal to baseband frequencies, the total
remaining power is,

(Eq. 27)

Figure 46: Spreading of a normalized signal of bit rate Rbb at baseband using a spreading
sequence of bit rate Rc. Once the baseband signal is spread, a filtering operation is
performed to yield a lower magnitude at baseband frequencies than of the nonspread signal.
Thus, the uncorrelated signal drops in magnitude by Rbb/Rc due to the spreading
operation. On the other hand, a PN sequence that is multiplied by an identical PN sequence will
result in a time-periodic peak with normalized power of 1. For a sliding correlator, the ideal
filtering operation will bandlimit the signal to the frequency difference between PN sequences,
i.e. Rc-Rc'. Thus, the baseband bit rate (Rbb) is equal to Rc-Rc'. Finally, the spreading sequence is
the PN sequence at the receiver, which has a bit rate of Rc'. Thus, the reduction in power level of
in-band uncorrelated signals and the unchanged power of a correlated PN sequence leads to an
effective gain, known as processing gain.
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(Eq. 28)

In-band noise will experience the same spreading phenomena, where Pn will be spread by
the receiver Rc' PN sequence and filtered by a near ideal filter with Rc-Rc' bandwidth. For
example, a slide factor of 1000 (Rc/Rc-Rc' = 1000) yields a processing gain of 30dB using (Eq.
28).
3.2.3 PN Sequence Correlation Self-Noise
The first source of self-noise (i.e. noise generated by the correlation process) encountered
in performing a PN sequence correlation is due to the non-zero DC value of the time waveform
when the PN sequences do not overlap [40]. It is desired that the output of a channel sounder is
exactly zero when a pulse isn‟t received. For a direct sequence spread spectrum system, this
means that a zero output is provided when PN sequences are non-overlapping. However, spread
spectrum theory says that correlation of non-overlapping PN sequences results in a DC value of
1/L, where L is the length of the sequence [40]. Fortunately, this DC offset can be easily removed
from a measured waveform by AC coupling.
The second source of self-noise is unique to the sliding correlator. As discussed in [50]
and shown in Section 3.1, the output of a multiplication of two identical PN sequences with
different chip rates contains the desired sinc squared frequency response centered at DC and
replica distortion terms centered at integer multiplies of Rc/L (shown in Figure 47). The
distortion terms are of the same magnitude and shape as the desired output. The presence of
these distortion terms is unavoidable since they are fundamental to the sliding correlator
operation. However, in order to ensure that minimal power from the distortion terms enters the
band of interest, which is defined as the 1st null bandwidth of the pulse (Rc-Rc'), the distortion
terms must be sufficiently separated from the DC-centered pulse.
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Figure 47: Frequency spectrum of output to a multiplication of two identical PN sequences with
slightly different chip rates (from [50]). This plot was produced for Rc = 15 MHz,
L=63, and slide factor of 1000.
The important parameter for improving the distortion term rejection can be derived by
setting an upper limit on the amount of in-band distortion allowed. The separation of the 1st null
frequency of the desired output to the peak of the adjacent distortion term is used to express the
dependence of the in-band distortion on system parameters since this separation should be
maximized for reducing the self-noise.

(

)

(Eq. 29)

where Ks is the slide factor.
In the following analysis, only the nearest distortion terms (one for positive and another
for negative frequencies) are considered, since they have the highest in-band magnitude of all
distortion terms, and all values are normalized to the peaks of the sinc squared envelopes (as was
done in Figure 47). The distortion side-lobes that lie inside the band are those which will remain
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after filtering, so the integration is performed in-band that is equal to a frequency range of two
times the chip rate difference (for the positive and negative frequencies within the pass band) as
visualized in Figure 45a.

(

)

∫

(

)

(Eq. 30)

where ΔRc is the chip rate difference Rc-Rc'.
(Eq. 30) is evaluated numerically in MATLAB since it isn‟t integrable and the results are
shown in Figure 48 as a function of fsep normalized to the passband bandwidth (Rc-Rc').

Figure 48: The integrated in-band distortion power as a function of the separation between the
desired signal and distortion terms, fsep. The integrated power is normalized to the
integrated in-band signal power and the separation is normalized to the bandwidth
of a single pulse (Rc-Rc').
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Since the envelope of the sinc squared function decreases monotonically according to the
function 1/(πf )2, an approximation of (Eq. 30) is expected to take the form of an integral of 1/f 2,
which does have a closed form solution. Indeed, Figure 48 shows that an integration of the
function 1/(πf/(Rc-Rc’))2 approximates (Eq. 30) very well. The closed-form expression of the
approximation is found from performing the following integration.

∫
(

)

((

)

)

(Eq. 31)

where Ks/L = Rc/L/ΔRc.
Using the approximation in (Eq. 31), a signal to distortion ratio (SDR) can be written.
The signal power is defined as the power within the band (-ΔRc to +ΔRc) and is calculated by
numerically integrating the desired signal‟s PSD.

∫

(

)

(Eq. 32)

Therefore, the SDR can be written after simplification as,
((

)

)

(Eq. 33)

This expression shows the importance of the slide factor to sequence length ratio. The
distortion power is approximately dependent on the square of the ratio. For instance, a channel
sounder with a slide factor of 10000 and PN sequence length of 1023 (Ks/L = 9.78) has a SDR of
26.3 dB. Non-idealities in the shape of the PN waveform at higher chip rates and in the correlator
circuit components make slide factor to length ratios that are much greater than ten difficult to
achieve in the current channel sounder. Finally, it should be stressed that the distortion behavior
is analyzed here in the frequency domain with no mention of the time domain behavior. Indeed,
79

the in-band distortion power would modify the in-band spectrum of the correlated PN sequences.
Variations in the spectrum of the signal due to the distortion would appear as multipath in the
time domain. However, the SDR cannot be taken as the system dynamic range since the
distortion power will be spread over all the different distortion peaks generated in the time
domain. Instead, it may be understood as the ratio of the signal to the worst case distortion peak.
3.2.4 Quantization Noise
An important limitation for nearly all mixed signal systems is the analog to digital
converter (ADC) resolution. (Eq. 34) represents the RMS quantization noise power, where the
quantization noise is assumed to be uniformly distributed between -1/2LSB and +1/2LSB, and is
spectrally white [52].

(Eq. 34)
where Δ is the voltage difference between adjacent ADC levels and is equal to VFS/2N (VFS = full
scale voltage, N = number of ADC bits).
Using (Eq. 34) and assuming an input sinusoid signal of peak-to-peak swing equal to the
full scale ADC voltage, a signal-to-quantization noise (SQNR) ratio can be found [52].

(

)

The current data acquisition board uses an 8-bit ADC. According to Expression (9), the
maximum SQNR achieved by the system is 49.9 dB. Although the sliding correlator does not
deal with a sinusoidal input, its waveform is quite similar to half a sinusoid during the time of the
correlation peak. The NI USB-5133 data acquisition card sets the ADC voltage range as [-Vref/2,
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+Vref/2]. The energy (area under voltage squared curve) of a triangular peak which rises from
zero to Vref/2 during the time at which the peak is occurring can be expressed by,

(

)

(Eq. 35)

where Twidth is the duration of the triangular peak.
(Eq. 35) can be utilized for the case of a finite time triangular peak by assuming an
approximately constant quantization noise with time since the quantized waveform changes
quickly and has a large swing.

(

)
(Eq. 36)

(Eq. 36) predicts an identical SQNR for the sliding correlator situation of a triangular peak.
3.2.5 CONCLUSION
The noise sources listed in this section were:


Thermal noise



Self-noise (due to distortion terms of sliding correlation)



Quantization noise
In addition, the operation of spreading, which reduces thermal noise, provides the system

with increased dynamic range when weak signals are received. In order to mitigate these noise
sources, the following actions can be performed:


Use components with low noise figures
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Increase Ks/L ratio



Increase the resolution of the ADC used in data acquisition
When designing a sliding correlator channel sounder, noise sources should be considered

carefully. Noise sources may decrease the channel sounder dynamic range below an acceptable
amount and cause unexpected behavior if not properly accounted for.
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Chapter 4: Measurement Procedure
While understanding the channel sounder hardware is important, measurements require
many additional pieces of equipment, preparation of logging procedures, and generating data
acquisition and processing code. This chapter first introduces several pieces of equipment and
explains the procedure of their usage during measurements. The standard log sheet is discussed
and its fields are explained. Since the amount of acquired data was substantial, directory
hierarchy and file naming conventions were implemented. A calibration procedure is detailed
and the expression for calculating received power from a measured PDP is derived. Data
acquisition was performed using LabVIEW code (known as a VI). The user interface is
explained in detail. Finally, MATLAB code was written to process the measurements and
produce processed PDPs.
4.1 EQUIPMENT
There were several pieces of equipment that were used for setting the antenna position
and direction, and logging the measurement details. In order to firmly hold the antennas up at
heights between 1 and 2 meters off the ground, a camera tripod was used with a 3-way pan-tilt
head (shown in Figure 49). The HRL assemblies (on which the antennas are placed) were fitted
with a mounting head that is then attached to the head of the tripod. The tripod head can be
rotated in the azimuth, elevation, and tilt directions. While the azimuth and elevation angles were
used heavily throughout the measurement campaign, the tilt of the antenna was not varied.
However, the vertically polarized antennas used in the project can be positioned as horizontally
polarized by changing the tilt by 90o, which provides the flexibility to perform measurements
with either antenna polarization. Stability of the tripod was maintained by opening its legs to
their second locking position and extending the legs completely. The resulting wide base yielded
a stable configuration.
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Figure 49: Tripod (top left) with a 3-way pan-tilt head (top right) used to firmly hold and
position the antennas. The mounting head is connected to the HRL assembly at the
bottom (bottom left) using a screw that threads through both the mounting head and
bottom of HRL assembly and terminated with a nut inside the assembly (bottom
right).
A measuring tape is another important piece of equipment. It was used to set the antenna
heights to the desired height above ground and for ensuring that the proper antenna separation
for in-close free space test is met. For long distance measurements, as was needed for transmitter
to receiver separation distance measurements, a range finder was used (Figure 50). The range
finder can measure up to 600 meters reliably with a 1 meter resolution. In areas where the line of
sight between receiver and transmitter was blocked or was larger than the range of the range
finder, the separation distance measurement was broken into multiple measurements. A distance
measurement was first performed at a location that was within the range of the range finder and
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where unobstructed sight of the transmitter could be obtained. Subsequently, a distance
measurement from that location to the receiver location was performed and the two distances
were added. Additional distance measurements may be required if a location with both
transmitter and receiver unobstructed sight is not present. The transmitter and receiver heights
were further measured using an altimeter (Figure 50). The antenna heights have been shown in
[25] as well as in this project to have a significant effect on the channel characteristics and the
number of locations where LOS and NLOS links can be made. Thus, accurate recording of the
relative antenna heights is an important part of rooftop to ground (or cellular) measurements.

Figure 50: Range finder (picture on left) for measuring transmitter to receiver separation
distances, and altimeter (right) for measuring height of transmitter and receiver.
Channel sounding requires spatial averaging for local area (in the range of a few tens of
wavelengths), which is done by acquiring a PDP at each point on a track that defines the local
area. The antenna is moved on the track to be positioned for each of the local area measurements.
While the measurements for this project were on going, an automated track was being
constructed. In the meantime, the local area measurements were done by manually moving the
antenna around a track. The chosen track had a circular form with 8 points (45o increments). The
radius of the circle was chosen to yield a 10λ separation between each track position. Circles and
track positions for 38 and 60 GHz were marked on a piece of wood seen in Figure 51. The piece
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of wood was placed on the ground at the measurement location and a PDP was acquired at each
antenna position on the track. The radius of the circles can be calculated by equating the circle
circumference to 80λ (8 times 10λ separation).

⇒

(Eq. 37)

Figure 51: Circular track with track positions indicated for 60 and 38 GHz measurements. The
separation between track positions is 10λ.
4.2 LOG MEASUREMENT INFORMATION
Information, such as antenna gain, chip rate, slide factor, TX/RX antenna heights, is
needed to correctly understand and apply the raw measurement results. The form on which these
pieces of information are recorded is a paper log sheet that is filled in the field during
measurements as well as in an electronic log that automatically records the information provided
as input. More information on filing the information in the electronic log is provided later in the
chapter under the section discussing the LabVIEW data acquisition code (4.5). The electronic log
mirrors the physical log to improve the accuracy of logging by writing the information in
multiple locations. The paper log sheet can be seen in Appendix B.
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The first page of the log contains information pertaining to calibration. The log has fields
for the experimenter to enter the date and time of the calibration and which calibration method
was used (the various calibration methods are discussed later in the chapter). The sliding
correlator parameters of chip rate and slide factor are also recorded. Then the data acquisition
parameters of sampling rate and number of recorded samples per PDP are written. Details
pertaining to the calibration procedure include the RX attenuation setting range used and the
attenuation step size. The calibration results are recorded as well. Additional information that is
specific to the cable connected and free space calibrations is included in the bottom of the page.
The measurement information log sheet is on the second page of Appendix B. It includes
measurement identification data, such as measurement number, date and time, type of
measurement (i.e. LOS, NLOS, AOA, Doppler, etc.), TX/RX location, and written location
description. Measurement setup information follows for antenna type and gain, carrier frequency,
PN chip rate, slide factor, TX/RX height, transmitted output power (at input to TX antenna),
track used. Acquisition details follow to state the sampling frequency, number of recorded
samples, calibration file used for the measurements, number of consecutively acquired PDPs that
will be immediately averaged before saving the waveform, and number of separate PDPs that
will be acquired and saved for Doppler analysis. Specific measurement information comes last
since it is modified frequently. It includes transmitter to receiver separation, receiver attenuation
setting, transmitter and receiver pointing angles off boresight in the azimuth direction and
elevation angles (with the horizon acting as a reference). Lastly, additional information can be
recorded in the Notes entry. It was used in this project to indicate what potential scatterers were
illuminated by the transmitter and receiver antennas. The most heavily modified sections of the
measurement log sheet are at the bottom of the log‟s second page for the specific measurement
information (antenna angles and attenuation setting) and top of the page (measurement
identification by number, TX/RX locations, and description).
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4.3 FILE NAMING AND ORGANIZATION
A coherent and consistent file naming convention coupled with appropriate directory
hierarchy is essential for ease of processing and locating measurement data files. Indeed,
hundreds of measurements (or thousands once each track position is counted) are collected and
stored during a channel sounding campaign. A researcher must be able to gather important
information from the file name, in order to speed up data analysis and measurement verification.
First, the directory hierarchy is developed (see Figure 52). The highest level of the
hierarchy consists of a description of the environment type. In this project, two urban
environments were explored. These are the peer-to-peer (or mobile-to-mobile) communication
channel, which has both the receiver and transmitter antennas near ground level, and the rooftopto-ground (or base station-to-mobile) communication, where the transmitter antenna is placed on
top of a multi-story structure. Moreover, the RF center frequency at which the measurements are
acquired is concatenated to the name as a number, i.e. 38 for 38GHz. One level down in the
hierarchy are directories named after the transmitter location. These names commonly represent
the initials of the campus building which were adjacent to the transmitter location or the building
rooftops on which the transmitter resided. Images of the transmitter location are included within
each of these directories.

Figure 52: Directory hierarchy for organizing measurement data.
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The next level represents receiver locations. These are numbered, rather than named,
since their positions are not as unique as the transmitter locations. A bird‟s eye view image of the
measurement area is present in the transmitter location directories to identify the physical
position of each numbered receiver location. In addition, images of the receiver location are
present inside each receiver location directory. Inside each receiver location directory lays the
individual measurement directories. A measurement includes data from all local-area tracks for a
specific transmitter and receiver angle combination for that particular receiver and transmitter
locations. The measurement numbers refer to the order at which measurements were taken. This
is done for record keeping reasons. Log sheets (such as the one shown in the Appendix) are filled
during the measurements and so numbering measurements chronologically allows for unique
identification of data collected during a day‟s work. Moreover, if the validity of a set of
measurements is questioned, the chronological ordering provides a simple way of identifying
consecutive measurements. The track number folders are at the lowest level of the hierarchy.
Each of the track folders contains the raw ASCII text file data as well as the electronic log text
file containing important measurement information.
While the directory hierarchy facilitates fast searching of data and simple file reading
instructions for processing, the bulk of the most important information is contained in the file
name. The following information was determined as required for properly identifying the
contents of the file:


Input channel (I or Q)



Transmitter location name



Receiver location number



Transmitter to Receiver separation



Transmitter azimuth and elevation angles



Receiver azimuth and elevation angles
89

The file name is automatically generated from parameters entered into the LabVIEW
acquisition VI. For example, the filename:
I_TxRLM_Rx1_142m_Tx(Az-20)(EL10)_Rx(Az50)(EL-10).txt
represents the raw data file of the I channel acquired at RLM building transmitter location and
receiver location 1 with 142 meters transmitter-to-receiver separation at transmitter angles of 20o azimuth/+10o elevation and receiver angles of +50o azimuth/-10o elevation.
These conventions of directory hierarchy and file naming reduce the burden of working
with a large database which must be easily and intuitively analyzed.
4.4 CALIBRATION
A calibration procedure was utilized in the project, in order to calculate the absolute
received power from the measured PDP waveform. The received signal strength is quantified by
a quantity proportional to the area under the PDP (I2 + Q2) curve, which is calculated by simply
summing all the measured PDP samples. This quantity is here referred to as “area,” or “area
under PDP curve.” The absolute received power is the desired quantity for determining path loss
of the signal since it can be subtracted from the transmitted power (plus antenna gain) to get the
incurred path loss.
Before and after each measurement day the transmitter and receiver carts are brought
adjacent to each other to perform the calibration. The general calibration procedure involves
transmitting the upconverted PN signal from transmitter to receiver at a known transmitted
power level. The signal transmission can occur through cable, waveguide, or free space
propagation as will be explained later. The receiver chain contains a variable attenuator, which is
usually used for adjusting the IF received signal level to avoid saturation of IF and baseband
components as the signal power varies. Yet, during calibration, the variable attenuator is used to
manually vary the signal power through the receiver IF components. A measurement is done at
each attenuation level and the area under the PDP is saved to form a plot (in dB) as seen in
Figure 53. The resulting plot is investigated by the experimenter to determine the linear range of
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the plot, which matches the linear range of the receiver IF components. The voltage values in the
linear range should be noted, so that channel measurements can be taken only when the channel
sounder is operating at its linear operating range.

Figure 53: Example of a calibration plot showing the area under the PDP curve (in dB) vs.
attenuation level. This plot was produced using an IF cable-connected calibration
(which is independent of whether the system used the 38 or 60 GHz HRL
assemblies). The experimenter is to recognize the beginning and end points of the
linear region.
A linear fit is produced for the values in the linear range of the resulting plot to yield a
slope, Scal, and intercept, Int, as seen in Figure 54a. Several steps are then taken to produce a
formula for the received power during a channel measurement. First, it should be recognized that
the area parameter is the independent variable from which the received power should be
calculated. Therefore, area should be placed on the horizontal axis. The axes in Figure 54a are
flipped (Figure 54b) to place area on the horizontal axis and attenuation level on the vertical axis.
Second, the received power must be written as a function of the attenuation and known
transmitter power, Pcal, to form a direct relationship between the measured area under the PDP
and the absolute received power. In order to generate the relationship between attenuation and
received power, the assumption is made that a 1dB increase in the variable attenuator setting is
equal to a 1dB decrease in received power (Figure 54c). The stated assumption leads to the
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expression of received power as known transmitted power minus attenuation in dB, Pcal - Atten.
Subsequently, the expression of the attenuation in terms of the area under the PDP is substituted
into the received power expression to yield Pr = Pcal – Scal/Area + Int/Scal. Lastly, the absolute
received power versus area under the PDP is plotted for a channel field measurement with an
attenuation setting (Attenset). An additional term must be added to account for the different
attenuation settings used during the channel field measurement. Since there is a -1 dB/dB
relationship between the power and attenuation, the variable attenuator setting during the field
measurement is added back to the received power.

Figure 54: (a) A plot for the area under the PDP (in dB) vs. attenuation level plot is generated
from the calibration. A linear fit to the part of the curve that shows a linear trend is
performed to yield a slope, Scal, and intercept, Int. (b) The axes are flipped to have
attenuation on the vertical axis and area on the horizontal axis. (c) Received power
is expressed in terms of attenuation and known transmitted power (Pcal). The
calibration linear expression of attenuation in terms of PDP area is substituted for
attenuation in the received power formula. (d) During a channel field measurement
the receiver attenuator may be set to some value, Attenset, which must be added back
as part of the received power.
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The calibration method described above can be performed in three different
configurations. The most preferred calibration method involves replacing the antennas on the
receiver and transmitter by a cable connection with known loss at the carrier frequency, referred
to as a back to back calibration method. The back to back method allows for very accurate
knowledge of Pcal, or the power received at the receiver RF input. The cable connection occurs at
RF and so the method is further referred to as RF cable-connected calibration. However, channel
sounding systems that operate at millimeter wave frequencies often utilize waveguide feeds to
the antennas, as is the case in ours, and require highly phase stable cables due to the sensitivity
increase with reduced wavelength. Thus, an alternate method was preferred. One approach is to
retain the antennas on both transmitter and receiver and generate a link through free space
propagation. The environment between the antennas must be benign (i.e. lacking reflections) to
ensure that a free space propagation model (path loss exponent of 2) can be applied. The
antennas must be in the far field. The separation distance should be greater than the boundary
distance of the near field (Eq. 38) for both of the antennas combined [53].

(Eq. 38)
R = far field boundary distance
D = aperture size of the antenna
λ = wavelength of carrier
For example, the aperture size of the 25 dBi gain U-band rectangular horn antenna is 5.78
cm. At 60 GHz carrier frequency (5 mm wavelength), the far field region boundary is 1.34
meters for a single antenna. Thus, the separation between the antennas must be greater than 2.68
meters. The separation is usually rounded up to 3 meters for ease of use. For 25 dBi gain Kaband rectangular horn antennas, a separation distance of 5 meters was used.
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This method is referred to as free space calibration and has the advantage of removing
any need to modify the system for calibration purposes. The main disadvantage is the assumption
of free space propagation since reflections in the environment may cause the received power to
be higher or lower than predicted by the free space path loss model. However, a reflection-free
environment is not difficult to achieve and increasing antenna heights reduces ground reflections.
It has been observed that indoor carpeting dampens the ground reflection at millimeter wave
frequencies, so it is preferred to perform free space calibration in an open indoor area. When
using high directionality antennas, care must be taken to accurately position the boresight of the
antennas facing each other since the antenna gain changes rapidly from its boresight value for
high directionality antennas.
A third method is referred to as IF cable connected calibration. It involves measuring the
IF output power from the transmitter at the point it is fed to the RF upconverter and determining
the cable loss at the IF frequency in a similar way to the RF cable connected calibration. IF
cable-connected method removes some of the complexity and possible variation in the free space
method by allowing for a stable and fully characterized cable connection. At the IF frequency,
calibration can be done more readily and with less sensitivity than RF. The disadvantage is that
the RF downconverter is not in the path of the calibration. Therefore, separate characterization
must be performed for the RF downconverter to ensure that it does not enter non-linear
operation. The IF cable connected calibration was selected due to its repeatability and simplicity.
Calibrations using the IF cable connected calibration were more consistent and allowed for
simple diagnosis of any hardware issues that have come up during the measurement campaign.
4.5 DATA ACQUISITION SOFTWARE CODE
The data acquisition code was written in LabVIEW due to its simple interface with the
National Instruments DAQ and excellent graphical user interface options. An earlier version
existed from a previous project [19], yet many modifications were made to the user interface,
measurement logging, and file naming. Sam Lauffenburger and Jonathan Tamir have made these
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revisions to streamline data acquisition (a manual written by Sam Lauffenburger is present in
Appendix C).
A project file was created named „Channel Sounder DAQ.lvlps‟ which should be initially
opened by the user. A list of VI files (LabVIEW code files) in the project is presented to the user.
The main data acquisition file is called „Channel Sounder DAQ.vi‟ and should be opened, as
well as the measurement information input form that is named „Measurement Information.vi‟.
The front panel (user interface) of „Channel Sounder DAQ.vi‟ is seen in Figure 55 and the front
panel of „Measurement Information.vi‟ is seen in Figure 56. The front panel of „Channel Sounder
DAQ.vi‟ contains many inputs, so understanding its structure is important to ensure that all
required inputs are entered as desired.

Figure 55: Front panel of „Channel Sounder DAQ.vi‟ used in all data acquisition tasks.
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Figure 56: Front panel of 'Measurement Information.vi' used to input certain information for
logging.
The user should first fill all sections pertaining to the current measurement. These are
partly in “Measurement Information.vi.” The inputs on the left side are for the system
configuration, such as slide factor, carrier frequency, and transmit power, as well as acquisition
details such as sampling rate and number of consecutive PDPs to acquire and average. At the top
middle of the form, an input field exists for the file path. The acquisition uses an automatic
directory creation and file naming system as detailed in Subsection 4.3 (File Naming and
Organization). The bottom right includes additional information regarding the antennas used
(Ka-band antennas were used for 38 GHz measurements), environment type input field (i.e. peerto-peer or rooftop-to-ground), and the transmitter location classified by a campus building name.
The measurement information page is usually modified once at the beginning of the
measurement day. The information that must be changed regularly during the measurement day
is found in the Channel Sounder DAQ VI. On the left side, four boxes exist for entering integer
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quantities that are used to keep the current receiver location, measurement, and track numbers as
well as the receiver attenuation required to keep the measurement within the linear range.
Additional measurement information for the RX and TX antennas pointing angles is found on the
top right of the front panel along with the TR separation. At the middle, a graph is present, which
displays the waveform of the most recently triggered event. The DAQ‟s vertical range is set right
below the graph, where the number (in volts) represents the full range of the ADC. Since the
middle of the ADC range is set to 0V, so it can acquire both positive and negative voltages, the
ADC‟s vertical range should be set to at least twice the peak value of the waveform as to avoid
clipping. On the other hand, the vertical range should be maintained as low as possible without
clipping to reduce the quantization noise (improve resolution) of the ADC. The NI USB-5133
DAQ is capable of having a vertical range as low as 20mV, which yields a bit resolution of
78μV. The trigger level is another value that is routinely modified since it sets the voltage that
the signal must pass, in order to be captured by the DAQ card. The channel on which the trigger
is applied can be chosen under Trigger Channel. Several graph axes modification features are
available. For quick and rough scaling of the voltage and time axis, a set of knobs can be rotated
under the graph. Further to the right, the “Zoom X?” and “Zoom Y?” buttons override the knobs
and allow the user to enter the desired range for the plot. Any DAQ-related error that may occur
will be displayed on the bottom right under “DAQ Message,” where the most common error is
that the signal failed to pass the trigger level. This message occurs when the trigger is set too
high or no signal is detected. If it is believed that a signal should be detected, it is beneficial at
times to stop the VI by hitting the red stop button and running it again. Once all the settings are
in place a measurement can be acquired by clicking the Acquire Waveform button at the top left.
Before a measurement can be acquired, however, the user must either enter the
calibration values in the input fields at the bottom of the Channel Sounder DAQ VI (in the fields
with the white background) and click on the “Override Calibration Values” button. If a
calibration had not yet been performed, the user should first click on the orange Calibration
Routine button to open the Calibration Acquire VI (see Figure 57). The pop-up page contains
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some setup information at the bottom, which is needed to correctly process the measurements
and calculated received power. The calibration type (Free space or cable-connected) is chosen by
the flip switch at the bottom left. It should be noted that not all calibration information fields
must be filled since the free space measurement requires different inputs than the cable
connected calibration.
Free Space Calibration Inputs:


Slide factor and chip rate for sliding correlator



Antenna Gain (T+R) – The total boresight gains of the transmitter and receiver antennas
plus any gain/loss incurred by the receiver HRL assembly.



Carrier Frequency



TX power – power at input to transmitter antenna (this is not EIRP)



TR Separation – reference distance that was chosen to satisfy the far field criterion

Cable-Connected Calibration Inputs:


Slide factor and chip rate for sliding correlator



TX power – power at the transmitter IF output going to the receiver



Cable Loss – average loss over the IF band due to the cable that is used to connect the
transmitter IF output to the receiver IF input.
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Figure 57: Calibration Acquire VI for performing the calibration routine.
The calibration involves manually changing the RX variable attenuator setting and
matching the setting in the drop-down menu at the top left of the Calibration Acquire VI. The
measurement is taken as normal by setting the trigger level and vertical range before clicking the
ACQUIRE CAL DATA button. Once all calibration measurements have been acquired the user
will click the red exit button. The software processes the results and produces a pop-up with a
plot showing the area under the PDP curve versus the attenuation setting. The user examines the
plot to determine the lower and upper range for the attenuation setting that result in linear
operation. These values are entered and the OK button is pressed. The calibration values are
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automatically entered into the Channel Sounder DAQ VI fields at the bottom with the grey
background.
Once a measurement is acquired a processed PDP (using provided calibration data) is
produced in a pop-up window. The PDP time and voltage values can be saved by clicking the
Save Data button. The pop-up window must be closed using the red Done button in order to
continue to the next measurement. Due to the processing, the software doesn‟t allow a
measurement acquisition to occur without calibration values, either entered manually (using the
override button) or automatically (after the calibration routine).
4.6 DATA PROCESSING CODE
Once the data is acquired several steps must be undertaken to process the results to yield
the desired channel parameters. Three pieces of code are run to yield these parameters as well as
a PDP. The MATLAB source code is present in Appendix D. The first piece of code is intended
for generating the IF cable-connected calibration results of Scal and intercept values named
cal_if.m. At the beginning of the code, input parameters are specified. The data acquisition
information of number of sampling points and sample rate is entered. The system parameters of
PN chip rate, slide factor, and total antenna gain (transmitter + receiver) are given. The IF
transmitter power, IF cable loss, and attenuation values (i.e. attenuation settings used during the
calibration) are entered as well. The lowpass filter‟s cutoff frequency and order are specified.
The lowpass filter is applied in a short function called mylpf() which generates an FIR filter
using the MATLAB fir1 function. Pcal is calculated using the input values. Another input field is
the „Rel_noise‟ variable, which stands for relative noise. This parameter is utilized in
thresholding the generated PDP before the area under the PDP curve summation is performed. If
thresholding was not applied, the power available from noise will have a significant impact on
measured area under the curve at high attenuation settings. Therefore, the value specified in
„Rel_noise‟ sets the threshold level relative to the signal peak strength. For example, a value of
20 implies that all values that are more than 20 dB below the maximum value of the PDP will be
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set to a number near zero (10-20 was selected as sufficiently low). This threshold is later applied
to the generated PDP at each attenuation level using the function clean_data(). Beforehand, a for
loop is run to generate these PDPs. The „filenom‟ variable contains the file path where the I and
Q channel data is present. The data is then imported using a textscan() function and subsequently
filtered. The PDP is finally produced by squaring the I and Q data waveforms and adding them
together to generate the envelope, or received instantaneous power. The next for loop thresholds
the PDPs and integrates them placing the results in the variable „pow.‟ The code then generates a
plot for the area under the PDP versus the attenuation setting (seen previously in Figure 53). The
user is to look at the plot or the values in „pow‟ to determine the linear range of operation. The
low and high index values of the linear range are then entered into the variables „lin_low‟ and
„lin_high‟ and the code is run once more to yield values for intercept and Scal.
The second set of code is for finding the free space test‟s reference path loss, which is
used as a leverage point for all path loss measurements. The same types of parameters provided
in the calibration code are needed here. Additional input parameters are also present, such as the
attenuation setting applied during the measurement („Atten_set‟) and absolute threshold level
(„Abs_noise‟) which sets the threshold at that exact dBm/ns value. The file path is entered in a
similar manner and the undilated time vector is calculated by dividing the actual measured time
by the slide factor. With the PDP generated, a thresholding step is done and then calibration is
applied to calculate received power using the final formula derived in Figure 54. Multiplying the
PDP by the ratio of the received power (in mW) to the measured area under the curve, the values
of the PDP are converted into the true power levels of mW per time bin. At this point another
thresholding step is applied so that the absolute threshold can be used if appropriate. The
thresholding function clean_data() determines which threshold is higher (relative or absolute)
and uses that one to set all values below that threshold to near zero. The next step involves
determining the beginning of the received signal, so the PDP can be plotted with the correct
excess delays. The function peaking() finds all peaks in the thresholded PDP. The first peak that
is identified should be the first arriving path, and so the time vector is modified by subtracting
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the time at which the initial peak arrived; thus, setting t = 0 to the time at which the first signal
component arrived. A final processing step is performed on the PDP to change its power values
from power per bin to power (dBm) per nanosecond. In a sense, the power per nanosecond value
can be used to quickly determine an approximate received power from the PDP. The quantity
means that if this signal level was received for a full nanosecond then this dBm quantity will be
the received power in that nanosecond time period. Finally, the free space test PDP and path loss
are saved and the PDP is plotted (as seen in Figure 58).

Figure 58: PDP generated by the free_space_test.m MATLAB code showing the calculated path
loss.
The individual measurements are processed with a similar code named processing.m. The
thresholding and attenuation setting values should be entered for each measurement. In addition,
the measurement number is entered to the variable „Meas_num‟ to facilitate saving of the
processed data into a set of variables containing the relative path loss, PDPs, and RMS delay
spreads. The number of tracks for the measurements need also be entered in „tracks‟ to allow all
tracks to be read individually and have a PDP generated for each within the for loop. The tracks
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PDPs are averaged to generate a local area spatial average. The same thresholding, calibration,
and time vector modification procedures are followed as the free space test code. The processing
code also calculates the RMS delay spread for the thresholded PDP. A plot of the processed PDP
with relevant information is produced (Figure 59). This plot is then manually saved onto the hard
drive. The processing code is used for all other measurements and the resulting values for path
loss and RMS delay spread are plotted in various ways to provide insight to the channel
properties.

Figure 59: PDP of a measurement produced by processing.m MATLAB code showing the
measurement details, as well as calculated channel parameters: path loss with
respect to 5 m reference free space path loss and RMS delay spread (στ).
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Chapter 5: Peer-to-Peer and Vehicle Measurement Results at 38 and 60 GHz
Millimeter wave peer-to-peer ad hoc networks have been previously suggested for indoor
applications [54] due to the substantial available unlicensed bandwidth available around 60 GHz
and the belief that mm-wave propagation imposes path losses that are too high for NLOS links.
However, the negative view in which mm-wave systems have been seen does not have sufficient
experimental basis and, indeed, work done here and by others in characterizing the outdoor
channel indicate that links of tens of meters can be reliably made. Millimeter wave ad hoc
networks will provide access for application developers to many data intensive operations that
may not be possible currently. In a densely populated urban environment, ad hoc networks can
improve connectivity of a cellular system by having one peer that is completely blocked from the
base station being able to connect to the base station through another peer. Ad hoc networks have
also been suggested for vehicular communications [8], where vehicles may communicate with
each other to report an accident up ahead or a stationary wireless access point sending
information to passing vehicles (as seen in Figure 60).

Figure 60: Vehicle communication using an ad hoc network or a wireless access point (from [8]).
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Our work examined peer-to-peer communications in a courtyard surrounded by several
multi-story buildings on The University of Texas at Austin campus. Measurements were made
with both the 38 and 60 GHz channel sounders and the results from both sets of measurements
are compared. Additionally, stationary vehicle measurements were made in a parking lot with a
transmitter outside a vehicle and the receiver inside a parked vehicle. Passengers were placed
inside the vehicle to determine whether reflections off passengers provided sufficiently strong
signal to maintain a link.
5.1 INITIAL INVESTIGATION OF THE MM-WAVE CHANNEL
Initial propagation measurements in the outdoor courtyard at 60 GHz investigated the
ability to steer both the transmitter and receiver antennas off of a LOS path while maintaining a
link. The narrow beamwidth of the antennas (7.7o) imitate a highly directional beamforming
array. The transmitter and receiver antennas were separated by 18.5 m with unobstructed line-ofsight (LOS), seen in Figure 61. The receiver antenna was rotated 360o across the entire horizon
(azimuth) by 20o increments to find received signal power and multipath as a function of receiver
antenna pointing angle for the case where the transmitter was pointed directly at the receiver.
The receiver rotation angle was then scanned twice more in a full circle for transmitter antenna
pointing angles of +30o and -30o off the straight line path to the receiver. Several metallic objects
present in the measurement environment are circled in Figure 61 since they were determined as
good reflectors at 60 GHz.
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Figure 61: Photo of campus measurement with surrounding buildings, trees, light posts, and
handrails. Metallic objects were found to be useful reflectors that can be exploited
in non-LOS conditions (circled in photo).
The top of Figure 62 shows received power versus receiver azimuth rotation angle for 60
GHz measurements with a T-R separation of 18.5m. The figure contains a curve for each
transmitter antenna orientation. The boresight orientation (0o), which has the transmitter pointing
towards the receiver antenna, contains two main peaks. The first, as expected, occurs when the
antennas face each other and a second peak when the receiver faces the opposite direction from
the transmitter (at 180o). The peak at 180o was verified to originate from a light post that stood
in-line with the transmitter as circled in Figure 61.

106

Figure 62: (top) Angle of arrival measurements from the campus courtyard at 60 GHz carrier
frequency show received power versus receiver antenna rotation angle in azimuth
direction for three transmitter antenna orientations. (Bottom) A typical LOS and
NLOS PDP demonstrate the typical increase in multipath spread and path loss when
transmitter and receiver antennas are not pointed at each other.
A +30o transmitter beam heading, as measured from the line between the transmitter and
receiver, caused the transmitter to point towards a metallic railing and several trash cans. A peak
is seen in Figure 62 when the receiver antenna was pointed at -40o toward those same objects.
PDPs for typical LOS and NLOS antenna orientations are shown (bottom of Figure 62) with the
NLOS orientations exhibiting a higher multipath spread and lower received power. This result,
which was typical, shows the usefulness of metallic objects in exploiting NLOS communications
at 60 GHz with beam steering. It is important to note that at most T-R pointing angle
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combinations, NLOS links are too weak or do not exist. Thus, a better measurement approach
was to vary both the transmitter and receiver antenna orientations to find NLOS paths created by
reflective objects, much like an adaptive array would work. The approach reduces measurement
time by considering that the reflections are sparse. Hence, each reflecting object was measured
once for a particular transmitter antenna angle. By making measurements at only particular
angles, a full AOA measurement can be avoided without losing much information about the
angle of arrival. Thus, we sequentially pointed the transmitter antenna towards different potential
reflectors, and then swept the receiver azimuth angle over 360o on the horizon to find signals.
5.2 LINK SEARCHING PROCEDURE
In order to characterize the various LOS and NLOS links present at each receiver
location, the narrowbeam horn antennas were systematically steered in the azimuth direction
(similar to a beam-steering antenna array). For LOS links, the transmitter and receiver were first
pointed directly at each other, corresponding to azimuth scanning angles of 0o for both the
transmitter and receiver, as pictured in Figure 63. As discussed in Chapter 4, a full measurement
required eight local area measurements on a circular track. At each track position, the receiver
antenna was rotated towards the transmitter to ensure the maximum (boresight) antenna gain was
used. In practice, the receiver antenna was rotated very little to accommodate for the change in
position since the small variation in antenna placement on the track was negligible in comparison
to the TR separation distance.
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Figure 63: LOS links had the transmitter boresight direction pointed at the receiver position and
vice versa.
Next, the transmitter antenna was pointed at the direction of a scatterer. Then, the
receiver antenna was steered to point towards that same scatterer. If a link was successfully
established, a measurement was recorded. Similar to the LOS measurement, the antenna was
steered towards the likely reflector at each position on the track, as seen in Figure 64. The
change in the antenna pointing direction was minimal for these NLOS measurements as well
since nearly all scatterers were further than 3 meters away and the circular track diameter was 20
cm. Once all track measurements were completed the transmitter orientation was left fixed on the
scatterer and the receiver antenna was steered a full 360o to find and measure any additional links
due to double-reflections or other propagation events. These additional links were found at most
receiver locations, with one or two additional receiver angles at 60 GHz, and one to three
different receiver angles at 38 GHz, although at substantially lower (10-20 dB typ.) signal
strength. All peer-to-peer receiver locations had a LOS path to the transmitter and, as a
consequence, no outages were found for the peer-to-peer measurements.
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Figure 64: As the receiver was moved around the track at each location, it was re-oriented to
point at the presumed multipath source.
5.3 EXPERIMENTAL DESIGN
5.3.1 Peer-to-Peer Measurements in a Courtyard
5.3.1.1 Measurement Hardware
For the peer-to-peer study, the transmitter and receiver antennas were placed on tripods at
1.5 meters above the ground to emulate a person holding a mobile device. High gain antennas
were used at both the transmitter and receiver to increase the link margin and ascertain the angle
of arrival. Vertically-polarized standard horn antennas with 25 dBi gain were chosen. The Uband (60 GHz) horn antennas had 7.7o half power beamwidth and the Ka-band (38 GHz) horn
antennas had 7.8o beamwidth. Since the 60 GHz HRL assembly possessed higher bandwidth, the
chip rate used was 750 Mcps (1.33 ns temporal resolution) compared to 400 Mcps (2.33 ns
resolution) for the 38 GHz. However, the 38 GHz transmitter had a power amplifier which
allowed for a transmitted power of +22 dBm (or +47 dBm effective isotropic radiated power,
EIRP), whereas the 60 GHz transmitter was only able to deliver about +5 dBm (or +30 dBm
EIRP).
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5.3.1.2 Measurement Environment
A single transmitter and ten receiver locations with different distances from the
transmitter were chosen around a pedestrian walkway area surrounded by buildings of 1 to 12
stories. The transmitter was placed 20 meters away from ENS, which is a 7 story high building.
The receiver was moved to locations with distances of 19 to 129 meters from the transmitter.
Figure 65 shows the courtyard area where peer-to-peer measurements were acquired from ENS
building towards the west and from the perspective of MBB building towards the east. The
locations in Figure 65 offered typical urban reflectors and scatterers such as automobiles, foliage,
brick and aluminum-sided buildings, lampposts, signs, and handrails. These reflectors are
detailed in Table 7 for measurements taken at each location. The buildings labeled as CSA and
ACA are unique in that they are temporary one story structures with aluminum-sided walls and
roof, unlike the rest of the building which are covered in brick or cement.

Figure 65: Overhead images of peer-to-peer measurement area with transmitter location marked
as TX and receiver locations as RX#. The aerial photograph on the left shows the
area looking from ENS towards the west, whereas the photograph on the right is
from the perspective of MBB towards the east. CSA and ACA are one story high
temporary buildings with aluminum-sided walls and roof.
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Table 7: A summary of the receiver locations for peer-to-peer 38 and 60 GHz measurements.
NLOS links were made with reflections off the objects listed.
RX Loc. #

TR Sep. (m)

Important Reflecting objects for RX location
Metal sign, lampposts, ACA (aluminum-sided), trash can,
handrail

1

19

2

91

Bicycles, CSA (aluminum), lampposts, MBB (cement)

3

74

Bicycles, ENS (brick), lampposts, foliage

4

62

Lampposts, bicycles, PAT (brick), CSA (aluminum)

5

50

Lampposts, bicycles, handrail

6

37

Lampposts, CSA (aluminum), handrail

7

30

Metal sign, metal posts, handrail, tree trunk and leaves, fire
hydrant, CSA, trash cans, ACA

8

41

Lampposts, CSA, fire hydrant, trash cans, metal sign, trees,
bicycles

9

55

Bicycles, CSA, RLM (brick), trash cans, ACA

10

129

CSA, lampposts, MBB (cement), RLM (brick), handrail,
granite wall next to MBB, automobiles, bicycles.

Reviewing Table 7 provides a sense of the object in the environment which promote
multipath and accommodate NLOS through reflections. The most common objects to produce
reflections were all metallic. There were over ten lampposts in the environment and a reflection
off a lamppost was found in nearly all receiver locations. The lamppost horizontal cross-section
was on the order of 15 cm, which is about 20 wavelengths at 38 GHz compared to less than one
wavelength for cellular frequencies. Thus, they are expected to be better reflectors at the
millimeter wave regime than traditional cellular. The same is true for common objects in the
environment, such as handrails, bicycles, bicycle rakes, trash cans, and handrails. Reflections
were additionally facilitated by the presence of the CSA and ACA aluminum-sided buildings on
the far north and south parts of the courtyard area near the transmitter location. NLOS links
made by reflecting off brick walls were rare at 60 GHz, but more frequent at 38 GHz. However,
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both frequencies exhibited a strong reflection off the smooth granite wall present around the
stairs outside the MBB building near receiver location 10. The cement portions of the MBB
building were also found to have reasonable reflectivity at 38 GHz similar to brick.
The PDPs of all measurements acquired for the peer-to-peer channel at 60 and 38 GHz are
presented in Appendix F.
5.3.2 Vehicle Measurements in a Parking Lot
The second set of ground-level measurements explored inter-vehicle propagation
representative of roadside signposts or car-to-car communications at 60 GHz carrier frequency.
The receiver antenna was placed inside a standard-sized sedan automobile (2003 Mitsubishi
Galant), which was located at distances of 4, 12, and 23 meters away from the outdoor
transmitter. The transmitter-to-receiver (T-R) separation distances were chosen to approximate
the separation of a lane of traffic, a two way street, and a multi-lane highway. Measurements
were taken at a parking lot on The University of Texas campus. Figure 66 shows the
measurement environment and setup, where the transmitter antenna was 1.5 m above ground and
the receiver antenna was at head level for a seated passenger in the car. An expanded overhead
view of the measurement environment is provided in Appendix E. The same hardware used in
the peer-to-peer measurements in a courtyard at 60 GHz was used for the vehicle measurements.
For the targeted use-case, we sought to determine the characteristics of LOS propagation
and of the link generated by reflecting off the automobile passengers at 60 GHz. Measurements
were made with two passengers in the vehicle corresponding to locations of the driver and a rear
passenger, as shown in Figure 66. The outdoor transmitter antenna was pointed in the direction
of the vehicle, while the in-vehicle receiver horn antenna was first pointed straight at the
transmitter and then steered towards each seated passenger. Measurements showed that NLOS
paths, indeed, could be made when the receiver antenna pointed toward the seated passengers,
while other orientations resulted in undetectable signals.
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The PDPs of all measurements acquired for the vehicle channel at 60 GHz are presented
in Appendix G.

Figure 66: Top view of the vehicle measurement set-up. The receiver was placed inside the
vehicle at each of the two locations shown, where NLOS paths were identified by
rotating the receiver antenna. Passengers were seated at the front and right rear
passenger seats shown by the circles in the bottom diagram. Measurable reflections
occurred off the seated passengers.
5.4 MEASUREMENT RESULTS
5.4.1 Peer-to-Peer Channel in Outdoor Courtyard at 38 and 60 GHz
5.4.1.1 AOA
An important part of AOA type channel measurements is the distribution of antenna
pointing angles which were used in making links. Figure 67 shows a scatter plot of the receiver
and transmitter azimuth angles that resulted in successful links. The plot shows a concentration
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in the second and fourth quadrants. On the right side of Figure 67, it is demonstrated that both
antennas were pointed at or near the same reflector when their azimuth angles were of opposite
sign. The results showed that single bounce scattering was more likely to produce a link than
double bounce scattering, which were the links inside the first and third quadrants of the plot.
While few links are made with both antennas at extreme angles (>50o or <-50o), 51% of the 38
GHz and 31% of the 60 GHz links were made with one of the antennas at such extreme angles.
The lower number of available 60 GHz links and the lower percentage of large azimuth angle
links in the same environment confirm larger absorption by scatterers and higher path loss as
compared to 38 GHz, and also may be due to lower transmit power used at 60 GHz as compared
to that used at 38 GHz.

Figure 67: This scatter plot shows the azimuth angle combinations that resulted in links for the
outdoor peer-to-peer channel. 51% of the 38 GHz and 31% of the 60 GHz links
were made with one of the antennas at an extreme (>50o or <-50o) angle. Note more
links are made at 38 GHz than at 60 GHz for identical locations.
5.4.1.2 Path Loss
Both LOS and NLOS links were studied for the 38 and 60 GHz peer-to-peer channel.
NLOS links resulted in much higher path loss, typically ranging from 15 to 40 dB greater than
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free space LOS paths (See Figure 68 and Figure 69). Figure 68 shows a path loss scatter plot for
the 60 GHz peer-to-peer channel, and gives path loss exponents for all LOS links, all NLOS
links, and for the strongest (best) NLOS link out of all unique antenna pointing combinations at
each receiver location. All path loss measurements were based on a common free space close-in
anchor/reference distance of 3 meters at which the free space reference path loss is 77.5 and 73.5
dB for 60 and 38 GHz, respectively. A minimum mean squared error linear fit to the relative path
loss versus log of the TR separation distance was made to get a path loss exponent with a fixed
intercept at 3 m anchor distance at which 0 dB relative path loss is incurred. The 60 GHz LOS
links have a path loss exponent of 2.25, slightly greater than free space and a standard deviation
of 2 dB. The LOS path loss exponent being slightly greater than 2 is due to atmospheric
absorption of 60 GHz [55]. For millimeter wave systems using beam-steering antenna arrays,
once the LOS path is completely blocked, the beam will be steered until the strongest NLOS link
is identified. Thus, we considered the strongest NLOS link that can be made at each location, as
this link is the one which future systems will need to select. Figure 68 and Figure 69 indicate
advantages for systems that can find the strongest NLOS link over those which receive a random
NLOS link. Figure 68 shows the strongest 60 GHz NLOS links have a path loss exponent of
3.76, as compared to 4.22 when all possible NLOS links are considered. The stronger NLOS
links were also characterized by lower RMS delay spreads.
Figure 69 shows a path loss scatter plot for the 38 GHz peer-to-peer channel, which
exhibited free space LOS propagation (n = 2). Interestingly, NLOS links for the 38 GHz channel
had a slightly greater path loss exponent of 4.57 than 60 GHz peer-to-peer NLOS links when all
NLOS links were considered, but a slightly better path loss exponent of 3.71 when considering
only the strongest NLOS links at each location. Considering Figure 67, Figure 68, and Figure 69,
we can infer that differences in specular scattering exist between 38 and 60 GHz. The longer
wavelength of 38 GHz results in rough surfaces appearing more smooth [56], so that the same
environment will provide more links created through scattering off rough surfaces at 38 GHz,
and with less free space loss than at 60 GHz. Therefore, at 38 GHz, many more links (some very
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weak) are made as compared to 60 GHz. When the best path is selected, we see the path loss for
identical beamwidth antennas in 38 GHz and 60 GHz NLOS channels are similar (n=3.71 @
38GHz vs. 3.76 @ 60GHz).

Figure 68: Scatter plot of the measured path loss values relative to 3 m free space path loss for
the 60 GHz outdoor urban peer-to-peer channel.

Figure 69: Scatter plot of the measured path loss values relative to 3 m free space path loss for
the 38 GHz outdoor urban peer-to-peer channel.
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5.4.1.3 RMS Delay Spread
Figure 70 shows the cumulative distribution function (CDF) of the RMS delay spreads
measured for the peer-to-peer channel at both 38 and 60 GHz. From the plot, it is apparent that
LOS links do not show any resolvable multipath, with differences between 60 GHz and 38 GHz
links attributable to the difference in the chip rates. Notably, the 38 GHz channel was
characterized by higher RMS delay spreads compared to the 60 GHz channel, with mean RMS
delay spreads of 23.6 ns and 7.4 ns for the 38 and 60 GHz channels, respectively. The maximum
and average RMS delay spreads were more than 3 times higher for the 38 GHz channel. This is
likely due to lower free space path loss and more objects in the environment serving as scatterers
at 38 GHz than at 60 GHz. The plot shows the expected and maximum values for the RMS delay
spread.

Figure 70: CDF of the RMS delay spread for the 38 and 60 GHz urban outdoor peer-to-peer
channels.
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Figure 71 shows a scatter plot of measured RMS delay spread vs. the sum of the absolute
values for the azimuth pointing angles of the transmitter and receiver antennas for each link over
all locations. The plot reveals that large scanning angles at the transmitter or receiver (or both)
exhibit high RMS delay spread paths more often than narrow scanning angle paths. This is likely
due to the greater travel distance of NLOS links formed with large or extreme azimuth pointing
angles (greater than 50o), and hence the larger number of objects illuminated by the transmitter
for these links. This is an important trend for beam-steering algorithm development, as wide
scan-angle links will require greater channel equalization than shorter LOS links.

Figure 71: Larger absolute azimuth pointing angles at the receiver, transmitter, or both are
associated with probabilistically higher RMS delay spreads. Fit lines are added to
illustrate the increased mean RMS delay spread.
Figure 72 shows a scatter plot of RMS delay spread versus excess path loss (i.e. path loss
above the measured LOS path loss at each receiver locations). The figure reveals that a
relationship exists between the RMS delay spread of a link and its excess path loss above free
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space. Links with low excess loss were commonly found to be caused by a single reflection off a
metallic object in the environment. Since diffuse scattering is minimal for such links, strong
received signals are present with typically low signal spread. Our measurements suggest that the
highest RMS delay spreads are expected when both mobile devices are relatively close to each
other, but when the transmitter and receiver must steer to steep azimuth angles to establish a link
(for example, when the LOS path is blocked by a wide object). Additionally, the results suggest
that higher transmit powers may increase the number of NLOS links, yet these links often also
possess higher RMS delay spreads and are more lossy. Therefore, transmit power should be
rigorously selected with beamwidth to give the best tradeoff of range versus required system
complexity, data rate, and processing power.

Figure 72: Higher excess path loss (i.e. path loss in excess of the measured average distantdependent LOS path loss) is associated with higher RMS delay spreads.
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5.4.2 Vehicle 60 GHz Measurements
PDPs were acquired for several passenger configurations and antenna locations at LOS
conditions within an automobile as was described in Section 5.3.2. Table 8 contains relative path
loss (above 3 m reference free space path loss) and RMS delay spread data for the vehicular 60
GHz measurements. The average path loss exponent for LOS vehicle environments within a 23
m T-R range was 2.66 and is slightly higher than that of the peer to peer 60 GHz measurements.
It is interesting to note that the windows of the vehicle were raised during the measurements, and
an offset attenuation of about 6dB was observed for the vehicle LOS results with windows up
compared to the predicted free space path loss. This is reasonable when compared to 60 GHz
penetration loss results for glass [57], and explains the slightly higher LOS path loss exponent.
The NLOS antenna pointing paths yielded a very high path loss exponent of 7.17 due to the
shielding effect of the car body, and RF absorption inside the vehicle. Scattering from passengers
provided some propagation but at much weaker received power levels in NLOS vehicle
situations than LOS propagation paths into the vehicle.
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Table 8: Path loss and RMS delay spread data for all vehicle propagation measurements at 60
GHz.
Meas.
#

RX Antenna
Location

7
8
9
10
11
12
1
2
3
13
14
15
4
5
6
17
18

Driver
Driver
Driver
Rear passenger
Rear passenger
Rear passenger
Driver
Driver
Driver
Rear passenger
Rear passenger
Rear passenger
Driver
Driver
Driver
Rear passenger
Rear passenger

Object to which
RX ant. is
pointing to
TX antenna
Rear passenger
Front passenger
TX antenna
Rear passenger
Front passenger
TX antenna
Rear passenger
Front passenger
TX antenna
Rear passenger
Front passenger
TX antenna
Rear passenger
Front passenger
Rear passenger
Front passenger

TR sep.
(m)
4
4
4
4
4
4
12
12
12
12
12
12
23
23
23
23
23

PL
above
3m (dB)
9.41
53.77
39.85
9.44
41.51
42.52
16.23
48.62
48.80
17.84
44.01
52.50
20.44
54.80
50.99
53.93
59.72

RMS Delay
Spread (ns)
0.64
1.84
1.09
0.64
0.83
0.75
0.66
1.27
12.3
0.70
7.45
1.56
0.73
2.32
8.84
3.81
0.98

High RMS delay spread (>5 ns) was observed for a few of the links at TR separations of
12 and 23 m when the receiver antenna was pointed away from the transmitter towards one of
the passengers. The strongest peak in the NLOS PDP and one of the shortest paths from
transmitter to receiver was the reflection off the seated passenger. However, there were a few
weak reflections off far away parked automobiles, motorcycles, and a metal shed that were
present in the parking lot, which resulted in high RMS delay spreads with the highest being 12.3
ns.
5.5 CONCLUSION
Short distance (up to hundred meters), ground-level outdoor communication is a yet
unutilized resource for achieving a highly connected wireless future envisioned by many today.
We examined two potential application spaces. The peer-to-peer channel at 38 and 60 GHz
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showed to possess many objects off which the signal can be reflected when LOS path is
obstructed. The lower 38 GHz frequency tended to have better reflection characteristics due to
objects seeming smoother at the lower frequency. However, the higher reflectivity also led to
RMS delay spreads at 38 GHz that were much higher than 60 GHz with the average value being
about 4 times greater. Vehicle communications was the second application space. Reflections off
the seated passengers in the vehicle were weak but observable once the receiver antenna was
pointed in their direction.
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Chapter 6: Cellular AOA and Outage Measurement Results at 38 GHz
As shown in the literature review presented in Chapter 1, there has not yet been an
attempt to characterize the millimeter wave bands in a cellular setting, where the transmitter is
elevated two or more stories above the ground and the receiver is placed near the ground in
random locations in the environment. While previous measurements yield some information,
they would lack full characterization of near-ground receiver positions. The ground reflection
and foliage obstruction may be substantially different. In addition, pedestrians, vehicles,
lampposts, and many more objects are potential scatterers (as shown in the previous chapter)
near the receiver position, yet they are not present near the transmitter. The difference in
surrounding for the receiver and transmitter is unique to the cellular setting, and so cannot be
well characterized in rooftop to rooftop (LMDS-type) measurements or peer-to-peer (ground to
ground) measurements. Since no standards have been yet made for cellular millimeter wave
communication systems, it is useful to vary different system parameters to examine the change in
propagation. In this study, we varied the transmitter height, which was placed at positions
equivalent to 2, 5, and 8 stories. Moreover, we used two different horn antennas for the receiver.
The first antenna selected was of high gain and narrow beamwidth and another of low gain and
wider beamwidth. The trends observed in the results may be used to compare future system
designs and network deployments.
6.1 AOA MEASUREMENT DETAILS
6.1.1 Measurement Locations
The transmitter was placed at four locations within The University of Texas at Austin
campus. At each location, the transmitter antenna was mounted on a tripod 1.5 m above the roof
toward the building‟s edge. A map showing the positions of all transmitter and receiver locations
is presented in Figure 73. There were a total of 36 unique receiver locations in the environment
with seven locations being measured from two different transmitter locations for a total of 43
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unique TX-RX location combinations. The receiver locations represented typical outdoor urban
cellular environments, in which a user may have clear LOS to the transmitter, partially
obstructed LOS due to foliage and building edges, or NLOS links produced through a reflection.
Pictures from the perspective of the receiver towards the transmitter location at each receiver
position are provided in Appendix H. For each transmitter location, about eleven receiver
positions were chosen for measurements with the 25 dBi receiver antenna, and about five of the
locations for each transmitter position were revisited and measured with the 13.3 dBi receiver
antenna. The 25 dBi receiver antenna locations ranged from 29 m to 930 m from the transmitter.
The 13.3 dBi antenna locations were between 70 m and 728 m from the transmitter.
The first transmitter location was on the northern edge of a five-story rooftop (23 m)
labeled as WRW with the location code name WRW-A. An image of the environment from the
transmitter perspective is presented in Figure 74 on the top left. Eleven receiver locations were
examined from WRW-A with six being partially obstructed (2 of 6 were obstructed for the 13.3
dBi measurements). Table 9 contains the TR separation and the objects obstructing the LOS path
if any. As mentioned previously, the LOS path can be viewed from the images in Appendix H.
Table 9: TR separation and LOS obstruction for all receiver locations with the WRW-A
transmitter location.
LOS Obstructed by

Measured for both
RX antennas?
Y

Rx Loc.

TR Sep. (m)

1

74

Nothing

3

115

Thin Foliage

N

4
2
18
6
20
7
8
22
24

139
61
145
265
150
70
163
203
101

Thin Foliage
Edge of ENS Building
Thick Foliage
Nothing
PAT Building
Nothing
Nothing
Nothing
Thick Foliage

Y
N
N
Y
N
Y
N
Y
Y
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The next two transmitter locations were along the northern (ENS-A codename) and
eastern (ENS-B codename) edges of the rooftop of an eight-story building (36 m) labeled as
ENS. The environments pictured from the perspective of the transmitters are on the top right for
ENS-A and bottom right for ENS-B in Figure 74. For ENS-A, five of the eleven receiver
locations were obstructed and two of the five selected receiver locations for the 13.3 dBi RX
antenna measurements were obstructed (additional details provided in Table 10). For ENS-B,
three of the eleven receiver locations were obstructed (detailed in Table 11).
Table 10: TR separation and LOS obstruction for all receiver locations with the ENS-A
transmitter location.
Rx Loc.

TR Sep. (m)

4
17
9
6
13
12
20
19
14
21
25

75
118
122
200
295
200
159
110
85
291
270

LOS Obstructed by
Thick Foliage
ECJ Building
Nothing
Nothing
Thick Foliage and CPE building
Nothing
ENS Roof's Edge
Nothing
Nothing
Nothing
Thick Foliage
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Measured for both
RX antennas?
Y
N
Y
Y
N
N
N
Y
N
N
Y

Table 11: TR separation and LOS obstruction for all receiver locations with the ENS-B
transmitter location.
Rx Loc.
11
28
29
30
21
31
33
34
35
36
37

TR Sep.
(m)
728
284
377
132
295
282
245
410
448
570
930

LOS Obstructed by
Nothing
Moderate Foliage
Thin Foliage
Nothing
Nothing
Thick Foliage
Nothing
Nothing
Nothing
Nothing
Nothing

Measured for both
RX antennas?
Y
Y
Y
N
N
N
N
N
Y
N
N

The last transmitter location (at the northeastern corner of ECJ building, codename ECJ)
was closer to the ground, at approximately 8 meters above a parking lot, which was used during
the vehicle 60 GHz measurements, and a busy four lane avenue (image from transmitter
perspective can be viewed at the bottom left of corner of Figure 74). Table 12 contains the
receiver location details for ECJ transmitter location.
Table 12: TR separation and LOS obstruction for all receiver locations with the ECJ transmitter
location.
Rx Loc.
14
15
16
5
10
25
26
27
31
32

TR Sep.
(m)
70
29
53
104
65
185
156
49
225
135

LOS Obstructed by
Nothing
Thick Foliage
Diffraction around concrete ledge
Diffraction around concrete ledge
One-story high wall
Thick Foliage
Thick Foliage
Nothing
Thick Foliage
Nothing

127

Measured for both
RX antennas?
Y
Y
Y
Y
N
N
Y
Y
N
N

Figure 73: Map of the northeastern corner of The University of Texas at Austin campus showing
the transmitter and receiver locations.
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Figure 74: Images of the four transmitter locations looking towards their environments: WRW-A
(top left), ENS-A (top right), ENS-B (bottom right), ECJ (bottom left).
6.1.2 Measurement Hardware
A 400 Mcps chip rate was used for the cellular measurements at 37.625 GHz carrier
frequency. A 7.8° beamwidth Ka-band vertically polarized 25 dBi horn and a 49° beamwidth
Ka-band vertically polarized 13.3 dBi horn antenna were used as receiver antennas. A 7.8°
beamwidth Ka-band vertically polarized 25 dBi horn antenna with 22 dBm applied to the
antenna input (+47 dBm EIRP) was used for the transmitter during all measurements. The
system used a slide factor of 8000 to provide a temporal resolution of 2.33 ns and 158 dB of path
loss sensitivity.

129

Highly directional antennas at the transmitter and receiver enabled scanning in both
azimuth and elevation angular directions to establish links, similar to a steerable antenna array.
At each receiver location, measurements were conducted for one to fourteen unique transmitterreceiver antenna angle combinations that resulted in links. For the LOS and partially obstructed
LOS links, the transmitter and receiver antennas were pointed toward each other. The NLOS
links were found using a manual steering approach described in the previous chapter, except that
the elevation angles were scanned as well. The same track used for peer-to-peer measurements
was used for the cellular measurements. Also, the same time and spatial averaging was
performed for each measurement.
The PDPs for all cellular measurements at all receiver and transmitter locations are
included in Appendix I.
6.2 CELLULAR AOA MEASUREMENT RESULTS
6.2.1 Angle of Arrival Distributions
Since millimeter wave systems are expected to utilize beam steering antenna arrays [3]
[55], information on the angle of arrival should play an important role in the design of the
antenna array and steering circuitry. Using the previously described method (in Chapter 5) for
finding unique links by steering the receiver and transmitter antennas in azimuth and elevation
directions, distributions of angle of arrival were generated for each transmitter location. The
AOA distributions were separated by transmitter (i.e. base station) location due to the variable
nature of the environment surrounding each transmitter location and in order to determine trends
related to the transmitter height.
A scatter plot showing all the receiver and transmitter azimuth angle combinations for all
the links made in the WRW-A transmitter location is shown in Figure 75. In order to better
analyze the distribution of links, a histogram of the number of links for each receiver azimuth
angle in a 10o range is also presented in Figure 75 on the right side of the plot. The distribution
of transmitter azimuth angles is shown below the plot in Figure 75. As was discussed in Chapter
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5, rotation of a given antenna in a clockwise manner (looking from above) designates positive
angles and a counterclockwise rotation was given a negative angle designation. Only
measurements performed with the 25 dBi receiver antenna are included in the azimuth angle
histograms since the antenna‟s narrowbeam is better suited for angle of arrival information. In
addition, the 13.3 dBi antenna measurements were done in the same locations as the 25 dBi
measurements, and so will not contribute additional information about the distribution of angles
of arrival in the channel.
The transmitter azimuth angle distribution in Figure 75 was very narrow with only 1.7%
of the links having an angle off-boresight larger than 30o. The concentration of transmitter
azimuth angles near boresight can be explained by the positions of scatterers in the environment.
Since the transmitter is up high looking past the edge of the roof it is located on, the number of
nearby scatterers is low. Hence, potential scatterers are almost exclusive to areas closer to the
receiver antenna, which commonly has a wide array of objects around it [58]. The transmitter is
thus forced to point in the general direction of the receiver. Indeed, as seen in Figure 75, the
distribution for the receiver azimuth angles is spread significantly more, although the majority of
receiver angles are still concentrated near boresight since these links tend to travel shorter
distances and have less extreme reflection angles. For the receiver, 70.7% of the links had
azimuth angles below 45o.
A site-specific effect can also be observed in the distribution of links for WRW-A. There
are many more links for positive receiver azimuth angles than negative angles. The reason for
this asymmetry is the location of the transmitter antenna with respect to ENS building. ENS is to
the north of WRW (as seen in Figure 76), which is the same direction that the transmitter is
pointing to, and the transmitter location is almost exactly aligned with the western side of ENS.
For the majority of locations, the receiver was placed in the courtyard seen in the WRW-A image
in Figure 74. Therefore, there was a larger open area to the right of the receiver (the westward
direction) than to its left where ENS was blocking most of the eastern direction as seen in Figure
76. In fact, the presence of ENS and other nearby multi-story buildings (e.g. ECJ, PAT, RLM)
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reduced the number of large receiver azimuth angles by narrowing the view of the receiver
antenna from both sides. This is especially true for receiver locations 4, 6, and 8.
The scatter plots and histograms for ENS-A and ENS-B transmitter locations are shown
in Figure 77 and Figure 78, respectively. An even tighter distribution of transmitter azimuth
angles was observed since the increase in transmitter antenna height led to longer TR separation
distances and fewer scatterers in the vicinity of the transmitter. However, the building spacing in
the environments of ENS-A and ENS-B was much greater (as seen in Figure 74) than WRW-A.
Therefore, a larger spread of receiver azimuth angles was observed for the ENS locations than
WRW-A with 53.3% and 66.1% of the links being less than 45 o off-boresight for ENS-A and
ENS-B, respectively. The longer TR separations of ENS-B were the reason for the lower number
of receiver azimuth angles above 45o.
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Figure 75: Scatter plot of RX and TX azimuth angles for the links made in WRW-A. The
distribution of links as a function of transmitter azimuth angle off-boresight
direction for the 25 dBi measurements-only is seen below the scatter plot and the
distribution of links as a function of receiver azimuth angle is seen to the right. The
distribution includes all links made in a 10o increment with the link count around
zero including all links that satisfy -5 ≤ x < +5.

Figure 76: Environment of WRW-A transmitter location. The transmitter position was nearly
lined-up with the western side of ENS thus reducing the number of reflections
coming from the receiver‟s left (eastern direction).
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Figure 77: Scatter plot and distribution of RX and TX azimuth angles for links made in ENS-A.

Figure 78: Scatter plot and distribution of RX and TX azimuth angles for links made in ENS-B.
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ECJ transmitter location was the lowest in height amongst the transmitter locations at
only 8 meters above the covered area. It should be expected that the lower antenna height would
yield results that resemble the peer-to-peer distribution more than the higher transmitter
locations. As can be seen in Figure 79, there were several links made with transmitter azimuth
angles above 30o, yet still only 11.5% of the links were included in that category. 64.8% of the
receiver azimuth angles were below 45o for ECJ, which is higher than ENS-A. The ECJ area
covered the parking lot and main road sections that were within about 100 m from the transmitter
location and several receiver locations near the residential area. At receiver locations near the
transmitter, many scatterers where identified, including those at large angles off-boresight. On
the other hand, fewer links of large receiver angles were found for the residential area receiver
locations since these areas were heavily shadowed by trees at the height of the transmitter
antenna thus incurring additional penetration loss that placed certain large angle links below the
system sensitivity.

Figure 79: Scatter plot and distribution of RX and TX azimuth angles for the links made in ECJ.
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Fewer large (>60 or <-60) receiver azimuth angle links were made with the wider beam
receiver antenna (13.3 dBi) due to its lower gain and higher loss incurred by paths that require
large receiver azimuth angles since they tend to travel longer distances. Therefore, a receiver
with a wider beam antenna would require a narrower range of steerable angles. Regardless, it
was found that the distribution of links varies from environment to environment and according to
the transmitter height. A lower height is expected to yield a greater range of transmitter azimuth
angles. The environment tends to control the distribution of receiver azimuth angles since the
majority of scatterers are closer to the receiver position. Two environments that reduced the
receiver azimuth angles that could make a link are the courtyard area of WRW-A, where multistory buildings on both sides of the receiver limited the directions from which a signal may
arrive, and the residential area in front of ECJ that was heavily shadowed by tall vegetation.
6.2.2 Cellular Path Loss
Three types of links were deemed important for the proposed mm-Wave cellular system
that uses steerable beam antenna arrays. These are the clear line-of-sight (LOS), partially
obstructed LOS, and non-LOS (NLOS) links. The clear line of sight link is defined as a link
formed when no objects are in the direct line between transmitter and receiver. The partially
obstructed LOS link occurs when the direct path passes through foliage or requires a slight bend
(diffraction) around an edge of a building or a rooftop ledge. NLOS links are those that occur
through reflections off objects in the environment. The receiver and transmitter usually would
prefer the LOS or partially obstructed LOS link since it tends to have the lowest path loss as seen
for WRW-A results shown in Figure 80. However, if the direct path is blocked, the second most
used link would be the NLOS link with the lowest path loss, which we refer to as the best NLOS
link. Path loss scatter plots for each transmitter location with both 25 and 13.3 dBi receiver
antennas are shown in Figure 80, Figure 81, Figure 82, Figure 83 for WRW-A, ENS-A, ENS-B,
and ECJ, respectively.
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The path loss exponents depend somewhat on the environment. For example, the
transmitter location that had the least number of obstructed LOS links was at ENS-B, which had
the lowest LOS (including both clear and partially obstructed links) path loss exponents of 2.01
and 2.03 for the 25 and 13.3 dBi RX antennas, respectively. In contrast, the transmitter location
with the most obstructed LOS links was ECJ, which had the highest LOS path loss exponents of
2.99 and 2.74. Another environment dependent quantity is the variability in the LOS direction
path loss, as expressed by the standard deviation of the error of fit lines used for the LOS path
loss data. The error standard deviations for all fit lines are provided at the bottom right corners of
all the scatter plots. By comparing ENS-B and ECJ LOS links, it is apparent that highly
obstructed regions such as ECJ tend to have a more variable LOS path loss than the less
obstructed environment presented to ENS-B. While ENS-B had modest variation in LOS path
loss from its fit lines of 6.56 and 5.31 dB for the 25 and 13.3 dBi RX antennas, respectively, ECJ
had a much higher variation of 13.92 and 12.46 dB. WRW-A and ENS-A had similar path loss
characteristics since on the most part their environments were similar despite the 13 m
transmitter height disparity. Table 13 summarizes the path loss and error standard deviation
results shown in the scatter plots.

Table 13: Summary of path loss exponents and error standard deviations for all transmitter
locations and RX antennas.
13.3 dBi RX Antenna

25 dBi RX Antenna

TX Loc.

nLOS

σnLOS

nNLOS-best

σnNLOS-best

nLOS

σnLOS

nNLOS-best

σnNLOS-best

WRW-A

2.13

8.14dB

2.54

7.74dB

2.25

6.51dB

3.29

11.63dB

ENS-A

2.16

8.78dB

2.52

7.82dB

2.38

14.12dB

3.20

8.97dB

ENS-B

2.03

5.31dB

2.40

5.27dB

2.01

6.56dB

2.70

5.54dB

ECJ

2.74

12.46dB

2.97

11.16dB

2.99

13.92dB

4.17

8.9dB
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Figure 80: Path loss scatter plot with 5m anchor point for WRW-A with 25 and 13.3 dBi. MMSE
fit lines are provided for the LOS path links, where the path may have been partially
obstructed by foliage or required a slight diffraction around the edge of a building,
and the lowest path loss NLOS links (best NLOS) at each receiver location.

Figure 81: Path loss scatter plot with 5m anchor point for ENS-A with 25 and 13.3 dBi.
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Figure 82: Path loss scatter plot with 5m anchor point for ENS-B with 25 and 13.3 dBi.

Figure 83: Path loss scatter plot with 5m anchor point for ECJ with 25 and 13.3 dBi.
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Path loss data for measurements from all transmitter locations using the high gain 25 dBi
RX antenna are plotted in Figure 84. In this plot, clear and partially obstructed LOS links are
explicitly stated to check that clear LOS path loss was near that of free space (n = 2) as expected,
which indeed was the case with clear LOS path loss exponent being 1.89. The slightly lower than
free space path loss was likely the result of ground reflections and other scatterers (such as
foliage) near the direct path. Moreover, breaking the LOS path loss exponent into clear LOS
conditions and arbitrary conditions (either clear or partially obstructed) gives a sense of the effect
of the partially obstructed links on the path loss exponent. The distinction was not made for each
transmitter location due to the insufficient amount of LOS obstructed links data for a single
location to make accurate statements. However, when all measurements are considered, it is
apparent that while several partially obstructed LOS links incurred significant shadowing of up
to 30 dB, the majority of partially obstructed LOS links were shadowed by 20 dB or less. The
path loss exponent for all LOS direction links was 2.30 using the 25 dBi RX antenna. The NLOS
measurements were considerably weaker than LOS links by up to 50 dB, yet a reasonably strong
NLOS link (i.e. within 10 dB from the LOS link) was found in virtually all locations. Thus,
while the path loss exponent for all NLOS links was 3.86, a path loss exponent of 3.20 was
calculated when only the strongest (best) NLOS links at each receiver location were considered.
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Figure 84: Path loss scatter plot using 25dBi Rx antenna at 38 GHz. LOS and NLOS
measurements have path loss exponents of 2.30 and 3.86, respectively, while the
best NLOS links have a path loss exponent of 3.2.
Figure 85 shows the path loss scatter plot for the measurements acquired using the wider
beam 13.3 dBi receiver antenna. The path loss exponents for clear LOS and both clear and
partially obstructed LOS are 1.90 and 2.21, respectively, while the exponent for NLOS
measurements is 3.18. The best NLOS paths have an exponent of 2.56. Notably, the 13.3 dBi
receiver antenna provides lower path-loss exponents for obstructed and NLOS links, in
comparison to measurements obtained with the 25 dBi receiver antenna. The low NLOS path
loss was caused by the remnant energy received from the LOS direction path due to the large
beamwidth and fewer captured links above 60 dB relative path loss due to the lower antenna
gain. The path loss exponent observed for obstructed boresight direction links (i.e. partially
obstructed LOS) was slightly lower due to the increase in scattering and diffracting paths which
were captured by the receiver antenna. For instance, the signal may take multiple paths when
passing through a tree, and a wide beam antenna is more likely to capture a greater number of
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those paths than a narrow beam antenna. However, the difference is quite small, and the
additional antenna gain of a narrowbeam antenna more than compensates for the higher path loss
it incurs in partially obstructed LOS conditions.

Figure 85: Path loss scatter plot using 13.3 dBi RX antenna at 38GHz. Lower NLOS and
partially obstructed LOS path loss exponents were observed due to increase in
scattering and diffracting links captured by a wider beam antenna.
The path loss results for all 38 GHz cellular measurements are summarized in Table 14.
Table 14: Summary of path loss exponents and error standard deviation for all 38 GHz cellular
measurements.
25dBi RX Ant.

13.3dBi RX Ant.

LOS

NLOS

LOS

NLOS

Path Loss
Exponent

2.30
(clear 1.90)

3.86
(best: 3.20)

2.21
(clear 1.89)

3.18
(best: 2.56)

Path Loss
std. dev. (dB)

11.6
(clear 4.6)

13.4
(best 11.7)

9.4
(clear 3.5)

11.0
(best 8.4)
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6.2.3 Cellular RMS Delay Spread
6.2.3.1 Transmitter Location Comparison
Investigation of four different transmitter locations in an urban environment help in
determining the range of RMS delay spreads to be expected in a variety of situations. A
cumulative distribution function (CDF) for links at each transmitter location and for all the
locations together is shown in Figure 86 using a 25 dBi receiver antenna. Some location specific
variations were observed as ENS-B had the lowest mean RMS delay spread (10.4 ns) versus the
highest mean delay spread of 17.5 ns at ECJ. As was mentioned in the path loss discussion
above, differences in environment and TR separations made these two transmitter location links
quite different from each other. Another noticeable trend is the 99-percentile values, which show
that WRW-A had significantly lower maximum RMS delay spreads (65.4 ns at 99%) than the
other environments. The possible reason for WRW-A having fewer very high RMS delay spread
links is that none of the WRW-A receiver locations were near a street, while the three other
transmitter environments contained some receiver locations that were near a street. The street
was found to be a good environment for yielding high RMS delay spreads since it has many
metallic objects spaced in nearly regular intervals for long distances. For example, a street may
be lined with parked vehicles for tens of meters. In addition, a street has many light poles,
moving vehicles, and street signs, all of which have been found as good reflectors during the
peer-to-peer propagation study.
The dependence on receiver antenna can be surmised by comparing the results in Figure
86 to Figure 87, which plots the CDFs for each transmitter location using the 13.3 dBi RX
antenna. The lower gain antenna clearly had a strong effect on the ENS-B links (4.8 ns mean and
18.5 ns at 99%). Indeed, the lost antenna gain was felt the most at ENS-B due to the longer TR
separations. The lower system gain when using the 13.3 dBi antenna led to fewer multipaths
arriving with sufficient power to be detected by the channel sounder. The other transmitter
locations had similar distributions with both the 25 and 13.3 dBi antennas.
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Figure 86: RMS delay spread CDFs for each transmitter location and a CDF for all the measured
links using the 25 dBi RX antenna. The expected and 99-percentile values for each
CDF are displayed on the plot.

Figure 87: RMS delay spread CDFs for each transmitter location and a CDF for all the measured
links using the 13.3 dBi RX antenna. The expected and 99-percentile values for
each CDF are displayed on the plot.
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6.2.3.2 Delay Spread of LOS versus NLOS Links
The CDFs of the RMS delay spreads for LOS and NLOS paths for all transmitter
locations using each receiver antenna are shown in Figure 88. The delay spreads with each
antenna were nearly identical in distribution when all measurements are considered. Most LOS
measurements had the minimal RMS delay spread, on the order of 1.1 ns due to the pulse shape
(i.e. finite pulse width), with one partially obstructed LOS link resulting in a maximum of 15.5
ns. The NLOS measurements exhibited higher and more varied delay spreads, with a mean of
14.3 ns (for 25 dBi receiver antenna) and 13.7 ns (13.3 dBi receiver antenna). The maximum
NLOS RMS delay spreads were 255 and 166 ns for 25 and 13.3 dBi receiver antennas,
respectively. Nonetheless, more than 80% of the NLOS links had RMS delay spreads under 20
ns and 90% under 40 ns.

Figure 88: RMS delay spread CDF for all 38GHz measurements. Measurements using 25dBi and
13.3dBi antennas show nearly identical delay spread CDFs.

145

6.2.3.3 Trends in RMS Delay Spread
In order to better understand the source of high delay spread links, the dependence of the
RMS delay spread should be explored. Below we discuss three trends observed, which could be
used to evaluate the likelihood of high RMS delay spread for different environments and receiver
locations.
RMS delay spread as a function of excess path loss (i.e. path loss in excess of the
predicted free space loss) is shown in Figure 89. As seen, weaker signals had probabilistically
higher delay spreads since multipath components become more prominent for weaker signals.
However, the relationship between RMS delay spread and path loss was site-specific, as shown
by the wide range of RMS delay spreads. For both antenna configurations, the RMS delay spread
initially increases with excess loss and subsequently falls slowly. The peak RMS delay spreads
occur at a lower excess loss for the 13.3 dBi antennas than the 25 dBi counterpart due to their
lower gain. A low gain antenna is capable of capturing energy from more directions, yet fewer of
the arriving multipath components are above the system sensitivity. Thus, the maximum RMS
delay spread occurs at the best trade-off between antenna gain, which limits the number of
multipath components above sensitivity level, and beamwidth, which determines the number of
multipath components collected by the antenna.
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Figure 89: RMS delay spread vs. excess path loss above free space predicted loss for 38GHz.
Weak signals exhibit high delay spreads as weak multipath become important.
RMS delay spreads for the 25 dBi and 13.3 dBi receiver antennas are plotted as a
function of TR separation in Figure 90. Generally, delay spread and TR separation are inversely
proportional. As the separation increases, the signal strength decreases, and so multipaths drop
below the minimal detectable signal level, lowering the RMS delay spread. A similar effect was
observed previously when comparing the CDFs of ENS-B for 25 and 13.3 dBi receiver antennas
(Figure 86 and Figure 87). Both higher propagation loss and lower gain contribute to lower RMS
delay spread. The TR separation trend may play a role in future system design, as directional
antennas can be used to maintain a low-interference link over large distances.
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Figure 90: RMS delay spread as a function of TR separation at 38GHz. Delay spread decreases
over long paths since multipath drops below system sensitivity.
Figure 91 shows the RMS delay spread as a function of combined antenna pointing
angles, where the combined angle at each measurement is the sum of absolute transmitter and
receiver azimuth angles off boresight plus the sum in elevation angle between the transmitter and
receiver antennas. The elevation angle sum is zero when the antennas are pointing in the
boresight direction (i.e. LOS). As expected, RMS delay spread increases with combined angle, as
steeper angles are correlated with a higher number of signal bounces from the transmitter to the
receiver. At small angles, both antennas exhibit low variance in delay spread. The antenna
beamwidth did not seem to affect this trend.
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Figure 91: RMS delay spread vs. off-boresight angle combination for 38GHz. The delay spread
increases as the antennas point further away from boresight.
As seen in Figure 90 and Figure 91, RMS delay spread is inversely proportional to TR
separation distance and directly proportional to combined off-boresight angle. To study the
importance of these two opposing trends, we introduce the arc length of a particular
measurement, defined as the product of the TR separation and the combined off-boresight angle
(in radians). Figure 92 shows RMS delay spread vs. arc length over all measurements. As the
plot shows, there is an inverse relationship on a large scale from 0 to 3000 m-rad. This
decreasing trend matches that of Figure 90, indicating that TR separation distance is more
important than off-boresight angle over large arc-lengths in determining RMS delay spread.
However, a close-up of the plot for values below 300 m-rad (mostly measurements of up to 200
m TR separation distance) suggests an opposite trend. In fact, at low arc lengths, the plot
resembles Figure 91, implying that the combined off-boresight angle is of higher importance.
The transition point for this urban campus environment occurs at approximately 400 meterradian, where distance begins dominating angle.
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Figure 92: RMS delay spread vs. arc length over all 38GHz measurements. The trend is
decreasing, indicating that distance prevails over angle in determining delay spread.
However, a close-up of low arc lengths shows the angle playing a larger role in
determining delay spread.
As the above trends show, the maximum RMS delay spreads can be predicted using
information about the link. They show that a stronger signal would tend to have lower path loss
since the strongest component dominates the delay spread. Therefore, low path loss links which
are good for transmitting very high data rates are not expected to have high RMS delay spread,
which should motivate the use of millimeter wave technology. However, when strong links are
not present, a limit on the RMS delay spread could be developed from knowledge of the antenna
pointing angles that would be needed to obtain a link. Because of the increase in RMS delay
spread as a function of the pointing antenna angles, the mobile device should prefer a link of
small angle to a link of similar strength at a large angle (>90o). Finally, when considering the cell
edge, where the TR separation may be nearly a kilometer in some instances, the results show that
expected RMS delay spreads are very low. Thus, less equalization is required near the cell edge.
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The reduced power and latency for equalization of these cell edge links can be put to use in other
processing areas, such as additional error coding.
6.3 OUTAGE MEASUREMENT DETAILS
Another open question of great importance for a cellular millimeter wave system in dense
outdoor urban settings is the extent of cell coverage for a given transmitter height. The AOA
studies discussed above showed that NLOS (non-line-of-sight) paths exist and can be used to
increase coverage, but that they are highly dependent on the receiver‟s environment. In addition,
foliage obstruction and reasonable diffraction around buildings were observed to cause
noticeable shadowing, yet sufficient signal strength usually passed the obstruction.
Two transmitter locations on the rooftops of adjacent buildings on The University of
Texas at Austin campus were used for this study. At each location, the transmitter antenna was
placed at a height of 1.5 m above the roof and positioned at the middle of the roof‟s western
edge. The low antenna height above the rooftops limited visibility at the base of each building as
well as toward the eastern direction of each building due to shadowing by the roof edge.
Therefore, the measurement campaign targeted applications in which a base station is positioned
on a multi-story building, rather than the traditional approach, which places the cellular base
station on a mast. The first transmitter location was on an elevated part of the Engineering
Science Building (ENS) rooftop, which is at a height of 36 m (8 stories) above ground (TX
location codename ENS-C). The second transmitter location was on the lower level of the roof of
WRW at a height of 18 m (4 stories) above ground (TX location codename WRW-B). The
significant height difference was chosen to evaluate how the outage probability varies as a
function of transmitter height.
The investigated region lies within the university campus and represents an urban area
with short distances between densely packed multi-story buildings, a large number of vehicles
and trees, and active construction zones. Figure 93 displays the distribution of buildings in the
region. The overlaid topographic contours indicate 55 feet of elevation variation for the
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randomly chosen receiver locations. Construction zones are shaded in yellow. Metallic
construction cranes of approximately 50 m height were present in the zone labeled DCS.
Buildings are indicated with their three-letter initials.

Figure 93: A map showing the investigated region of the campus of The University of Texas at
Austin. Topographic contours show the increase in elevation in the western
direction. Construction zones are shaded in yellow.
For each of the two transmitter locations, the same set of receiver locations were tested
for outage. In order to ensure random selection of receiver locations, a grid consisting of 20 m by
20 m squares was drawn on an overhead site map. The grid consisted of 23 squares in the eastwest direction and 37 squares in the north-south direction, which is the equivalent of 460 m by
740 m area. There were 340 m going to the west of the transmitters and at least 300 m going to
the north and south of the transmitter locations. A random number generator was used to select
about 20% of the grid squares at random. Then, the squares were examined to determine which
locations lay outside buildings and in approachable areas. The resulting 53 selected receiver
locations represent 6.2% of the measurement area. Considering that the campus environment at
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The University of Texas is densely populated to the point that approximately 50% of the area is
occupied by buildings, the outdoor area covered in these measurements is at approximately
12.4% of the total. For each receiver location, the directional antennas (7.9o half power
beamwidth) at the receiver and transmitter were exhaustively scanned in both azimuth and
elevation angular directions to search for the presence of a received signal with less than the
maximum measurable path loss of 160 dB at 800 MHz RF bandwidth. Note that the high
measureable path loss of the spread spectrum sliding correlator system is higher than most
realizable commercial systems. For instance, the system developed by [3] is predicted to work up
to 150 dB of path loss at 500 MHz RF bandwidth. Thus, we recorded the path loss at each
receiver location to assess outage probability for lower system sensitivity.
6.4 OUTAGE MEASUREMENT RESULTS AND ANALYSIS
Nearly all receiver locations were within 400 m of the first transmitter location on the
roof of ENS. Figure 94 marks this transmitter location with an orange star. The 53 receiver
locations are marked with circles. The color of each circle indicates whether a link with less than
150 dB path loss was made (green circle), an outage occurred (red), or a weak link above 150 dB
path loss was made (yellow). The shaded regions are ground locations not obstructed by
buildings from the view of the transmitter. As expected, all receiver locations with a clear LOS
and those locations that were only obstructed by foliage produced strong links. More
surprisingly, links were also made at most of the obstructed locations within the measured 400 m
cell of the first transmitter location. Only 18.9% of the locations resulted in outages based on a
system sensitivity of 160 dB path loss. Notably, all locations within 200 m of the transmitter
received a measurable signal. However, certain locations within a 200 m radius were sufficiently
obstructed to result in a more than 150 dB path loss. The number of these weaker received power
areas is significant enough that a lower sensitivity system would have experienced an outage at
27.3% of the measured locations within a 200 m radius of the first transmitter location and
52.8% outages overall. Nevertheless, certain obstructed areas at transmitter-to-receiver
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separation of over 300 m were covered from the first transmitter location with less than 150 dB
path loss (e.g. locations near BLD, west of ENS, where diffraction above the roofs of the
obstructing buildings was possible).
Obstructed links of more than 300 m were also made for the second transmitter location,
which was 18 m above the ground on the roof of WRW. Figure 95 shows the second transmitter
location and receiver locations with the same approach used in Figure 94. As expected for the
lower elevation, links over 300 m were made less frequently than at the first transmitter location,
resulting in an outage rate of 39.6%. But, just as for the first transmitter location, the second
transmitter location enabled all links within a 200 m cell. Additionally, the lower transmitter
position benefited from a larger number of suitable reflectors in the environment for links under
200 m, since the vertical angle of incidence from the second transmitter location to a given
reflector was reduced compared to incidence from the first transmitter location. This led to a
lower number of links with TR separation under 200 m that had more than 150 dB of path loss at
the second TX location than at the first TX location (10% compared to 27.3%). For lower system
sensitivity, outages would have occurred at 52.8% of the receiver locations for the second TX
location. The nearly identical outage probability for the two transmitter locations with the lower
system sensitivity can be understood by comparing Figure 94 and Figure 95. Many of the distant
receiver locations at which the first transmitter location on ENS produced links are seen as
outages from the second transmitter location on WRW, while the second transmitter location has
a higher coverage rate to its nearby surroundings. Comparing the two transmitter locations, we
find the first resulted in a lower outage probability for longer-range links over 200 m, while the
second led to a tighter cell with lower outage probability within 200 m of the transmitter. Table
1 summarizes the outage probability for each transmitter location based on system sensitivity.
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ENS-C

WRW-B

Figure 94: Outage map for ENS transmitter
location (36 m high) showing
receiver locations (circles) with
colors corresponding to a link with
less than 150 dB path loss (greenfilled), no detectable signal, i.e.
outage (red), or a link with more
than 150 dB path loss (yellow).
Shaded areas correspond to regions
where no building obstructed the
transmitter‟s view of the ground. An
outage occurred at 18.9% of the
randomly selected receiver locations,
while no outages were present within
a 200 m radius from the transmitter.
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Figure 95: Outage map for WRW
transmitter location (18m
high). The lower transmitter
height significantly reduced the
number of links made resulting
in outage at 39.6% of the
receiver locations. However,
like the ENS transmitter
location, none of the receiver
locations within a 200 m radius
off the transmitter were
outages.

Table 15: A comparison of the outage statistics for the two transmitter locations.
Transmitter
Location

Height

TX 1 ENS-C

36 m

TX 2 WRW-B

18 m

% Outage for
< 160 dB
path loss
18.9% all,
0% < 200 m

% Outage for
< 150 dB
path loss
52.8% all,
27.3 % < 200 m

39.6% all,
0% < 200 m

52.8% all,
10% < 200 m

Links were established through both diffraction and reflection. The use of directional
antennas at both the transmitter and receiver allowed us to record the direction towards which the
signal was transmitted and from which it arrived at the receiver. From the antennas‟ orientations,
we concluded that diffraction around vertical building edges was a source of many links.
Diffraction also occurred around horizontal roof edges, e.g. when the radiation sent by a
transmitter was diffracted around the edge of the roof of a lower building. Diffraction around
roof edges occurred repeatedly for the first transmitter location due to its 36m height. Figure 96a
visualizes one such occurrence for a receiver location next to the MAI Building at the
southwestern edge of the measurement region. With the transmitter located up high on ENS, a
link was successfully made by diffracting around the lower WEL and PAI Buildings, even
though 390 m and three buildings stood between the receiver and transmitter. On the other hand,
this link was not established at the lower second transmitter location WRW due to WEL being
higher than the second transmitter location, as seen in Figure 96b. Diffraction over building roofs
largely explains the lower outage probability for the higher transmitter location and is the reason
why many distant links, such as those near the BLD Building, were made.
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Figure 96: An example of how diffraction allows for long distance obstructed links to be created
for high transmitter locations as opposed to low locations. The receiver location
next to MAI Building received a measurable signal from the ENS transmitter (36m
high), yet not from the lower WRW TX location (18m high). The elevation incline
is approximated with a linear up-grade to the receiver location that is 14 m higher
than the transmitter building ground level elevation.
While diffraction is common and sometimes the only mechanism for receiving a signal at
an obstructed location, many links were created through reflections off buildings in the
environment. Indeed, strong links were observed at several locations through reflection when
diffraction yielded a very faint signal or none at all. For instance, when the transmitter was
positioned at ENS and the receiver was located in an area obstructed by RLM Building (which is
4 stories higher than ENS), diffraction around the corner of RLM yielded a measureable signal of
more than 150 dB path loss. However, once the transmitter and receiver antennas were rotated
toward the cement-walled MBB Building (to the west of ENS) a signal of 133 dB path loss was
measured (17 dB improvement). The same phenomenon was observed when the transmitter was
located on the roof of the WRW Building: as seen in Figure 97, three receiver locations south of
CPE building (north end of the map) at a separation distance of around 260 meters all resulted in
strong links. For all three locations, the receiver and transmitter antennas were pointed in the
direction of the brick-walled ECJ building. The image in Figure 97 represents the signal path
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from the transmitter antenna located on the rooftop of WRW following the orange and then
green arrows once the signal is reflected off ECJ. Consequently, the reasonable reflectivity of
cement and brick buildings at 38 GHz can increase a cell‟s size significantly and motivates sitespecific cell design for millimeter wave cellular systems.

Figure 97: In many cases when the receiver location was obstructed, reflections provided higher
received power paths than diffraction paths. One such example involves the link
produced from WRW transmitter location to three receiver locations south of CPE
building from a reflection off the brick-walled ECJ Building (pictured). The arrows
represent the signal path.
Notably, outages beyond 300 m were clustered for the first transmitter location. For
example, Figure 94 shows that while most receiver locations near the PAI and WEL Buildings
were outages, those near BRB and BLD Buildings provided strong links. The dependence of
diffraction, reflection, and outage clustering phenomena on the transmitter location adds
credence to the value of site-specific planning for development of millimeter-wave cellular
systems.
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6.5 CONCLUSION
The AOA measurement campaign investigated propagation characteristics of the 38 GHz
cellular links. It yielded information regarding the angle of arrival, which may be used for
improved design of antenna beam steering algorithms. In addition, it provided path loss and
RMS delay spread of clear LOS, partially obstructed LOS, and NLOS links in an urban
environment. The receiver locations were positioned in various urban environments, such as in a
courtyard surrounded by multi-story building, next to a busy street, and in a residential area. Cell
coverage information was accumulated through the outage measurement campaign, where the
receiver was moved throughout the dense urban campus environment to find at which locations a
signal could be received.
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Chapter 7: Conclusion & Future Work
7.1 PROJECT OVERVIEW
The intent of the project was to provide a qualitative and quantitative insight into
millimeter wave outdoor channels, so hardware designers and network planners have an idea of
the propagation characteristics at these little explored frequencies. The first stage of the project
involved testing of existing hardware, fixing and modifying of said hardware, and design of
PCBs for PN sequence generation and PN cross-correlation. Furthermore, data acquisition and
processing code was written in LabVIEW and MATLAB, respectively. Once the hardware and
code were ready, measurements commenced. First, ground level communications were
examined. Ad-hoc (i.e. peer-to-peer) networks were deemed as an important application space
for the high data rates and limited range (<1km) of projected millimeter wave systems.
Measurements at 38 and 60 GHz carrier frequencies were conducted in a courtyard area in The
University of Texas at Austin campus at an area that was surrounded by multi-story buildings.
The environment was representative of urban areas due to the buildings‟ size and density and
available reflectors, which included lampposts, metal signs, bicycles, trees, buildings, and
automobiles. Vehicle communication at 60 GHz was also explored with a receiver antenna
placed within a compact sedan and scanned to provide AOA information. The most extensive
measurement campaign was for the cellular channel at 38 GHz, where the transmitter was placed
on four different elevated locations (varying between 8 and 36 meters in height) and the receiver
was positioned in various locations within the urban environment. The receiver was scanned in
the azimuth and elevation directions to yield channel information for clear LOS, partially
obstructed LOS, and NLOS links. A cellular outage study was also performed to provide an
indication of coverage in a 400 meter TR separation region from the base station when
directional antennas are used for both transmitter and receiver.
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7.2 SUMMARY OF RESULTS
7.2.1 Peer-to-Peer Measurements
When clear LOS conditions existed, the peer-to-peer channel possessed little to no
multipath that was within 30dB of the direct path component. Thus, the RMS delay spread at
both 38 and 60 GHz was minimal (approximately equal to the RMS delay spread of the channel
sounder probing pulse width), as listed in Table 16. Because of higher atmospheric absorption at
60 GHz, the LOS path loss exponent (n = 2.25) was noticeably higher than free space. The
NLOS links were more numerous at 38 GHz due to the reduced diffusive scattering off various
rough materials when the wavelength increases. Therefore, more multipath was captured for the
38 GHz measurements with the result of significantly higher RMS delay spreads. The average
delay spread for 38 GHz was 23.6 ns versus only 7.4 ns for 60 GHz. The NLOS links were found
to be weaker by 10 to 40 dB from the LOS links. When considering the best NLOS path at each
receiver location, a path loss exponent of 3.71 and 3.76 for 38 and 60 GHz measurements,
respectively, was found. While the NLOS links are significantly weaker, they are sufficient to
maintain a link once the LOS path is completely obstructed.

Table 16: Summary of peer-to-peer measurement results for path loss and RMS delay spread.
LOS

Path Loss
NLOS

RMS Delay Spread
LOS
NLOS

38 GHz

n = 2.0
(σ = 3.79dB)

n = 4.57 (σ = 11.7dB)
nbest=3.71 (σ = 8.6dB)

1.2ns avg.
1.3ns max.

23.6ns avg.
122ns max.

60 GHz

n = 2.25
(σ = 2.0dB)

n = 4.22 (σ = 10.1dB)
nbest=3.76 (σ = 10.2dB)

0.8ns avg.
0.9ns max.

7.4ns avg.
36.6ns max.

7.2.2 Cellular Measurements
The cellular measurements were similar to the peer-to-peer measurements in their
methodology, yet were done in a larger variety of locations and environments. Additionally, the
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measurements were performed first with a narrowbeam, high gain (25dBi) receiver antenna and
then about half of the measurement locations were redone using the wider beam 13.3dBi receiver
antenna. A summary of the path loss and RMS delay spread results is provided in Table 17.
About half of the measured locations had at least a partial obstruction to the LOS path,
commonly obstructed by foliage or a building edge, which resulted in a reduced path loss
exponent (n = 2.30 with 25dBi RX antenna, n = 2.21 with 13.3dBi RX antenna) from the LOS
direction. However, the shadowing can be quite variable as is apparent from the standard
deviation of the error of the path loss fit line, which was 11.6 dB with the 25 dBi antenna and 9.4
dB with the 13.3 dBi antenna. Similar to the peer-to-peer measurements, NLOS links were
weaker than LOS paths, but yielded good signal strength in some situations. The RMS delay
spread was nearly identical for the two receiver antennas. Although the 13.3 dBi antenna has a
wider beam that can receive a larger number of multipath, its lower gain caused the weaker
(longer path length) multipath to be below the system noise floor and so go undetected.

Table 17: Summary of cellular measurements for path loss and RMS delay spread with 25 and
13.3dBi RX antennas.
25dBi RX Ant.
LOS

NLOS

13.3dBi RX Ant.
LOS

NLOS

Path Loss
Exponent

2.30
(clear 1.89)

3.86
(best: 3.20)

2.21
(clear 1.90)

3.18
(best: 2.56)

Path Loss
std. dev. (dB)

11.6
(clear 4.6)

13.4
(best 11.7)

9.4
(clear 3.5)

11.0
(best 8.4)

RMS Delay
Spread (ns)

1.5 avg.
15.4 @99%

14.3 avg.
133 @99%

1.9 avg.
15.5 @99%

13.7 avg.
117 @99%

The outage measurements confirmed many of the channel-related observations made in
the AOA-type cellular study. Two outage criteria were used. The first assumed a system capable
of incurring a maximum path loss of 160 dB loss and the second assumed a lower sensitivity
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system that is capable of incurring 150 dB of path loss. As seen in Table 18, the higher
transmitter location had outages happen at 18.9% of the receiver location versus the much higher
39.6% of the lower transmitter location due to the ability of the higher transmitter to diffract
above rooftops of lower buildings. However, many of the longer links are quite weak, so once a
lower sensitivity system was considered the outage probability was the same. For receiver
locations of less than 200 m TR separation, no outages were observed at 160 dB maximum path
loss and only 10% outages for the lower transmitter height for 150 dB maximum path loss. Thus,
cells in dense urban environments can be expected to perform quite reliably up to at least 200 m
TR separation.

Table 18: A comparison of the outage statistics for the two transmitter locations.
Transmitter
Location

Height

TX 1 ENS-C

36 m

TX 2 WRW-B

18 m

% Outage for
< 160 dB
path loss
18.9% all,
0% < 200 m

% Outage for
< 150 dB
path loss
52.8% all,
27.3 % < 200 m

39.6% all,
0% < 200 m

52.8% all,
10% < 200 m

7.3 FUTURE WORK
While the completed measurement campaign generated significant insight and data,
additional measurements may be desired to further characterize the channel. Dynamic channel
characteristics may be of interest for the mobile receiver. Furthermore, a larger collection of
environments, including suburban and office parks, may be of interest depending on the
proposed millimeter wave system deployment. Currently, work has been done by Yijun Qiao to
automate the measurements using an automatic track and data acquisition code, which would
facilitate larger data sets and more efficient data collection. Finally, channel models and network
level analysis should be performed to best use the channel measurement data.
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Appendix A
Circuit Schematic of PN Generator Board's Signal Path
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Circuit Schematic of Correlator Board.

A

B

A
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Circuit Schematic of power supply circuits of correlator PCB
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Appendix B
Cal. Log File Name
Date and Time
Type (Cable or Free
Space)
Chip Rate (MHz)
Slide Factor
Samp. Freq. (MHz)
# of Samples
Rx Attenuation Range
(dB)
Attenuation Step
PRcal (dBm)
Slope
Intercept
Notes / Comments

Information for IF Cable Connected Calibration
IF Tx Pow. (dBm)
Cable Loss (dB)

Information for Free Space Calibration
Carrier Freq. (GHz)
RF Tx Pow. (dBm)
T-R distance (m)
Total Antenna Gain, GR+GT
(dB)
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Measurement #
Date & Time
Type (AOA, PL, Doppler,
material, shadowing, etc.)
Location #
Location Description
(Environment, Tx/Rx
positions, obstructions)
Tx/Rx Antennas (type,
gain)
Carrier (GHz)
Chip Rate (MHz)
Slide Factor
Tx/Rx Heights (m)
Tx Pow. (dBm)
Track(orientation, steps)
Samp. Freq. (MHz)
# of Samples
Cal file name
PDP Averages
# of PDPs for Doppler
T-R distance (m)
Rx attenuation setting
(dB)
Tx off-boresight angle
(azi/elev)
Rx off-boresight angle
(azi/elev)
Time between PDP
acquisitions
Notes / Comments
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Appendix C

Channel Sounder Code User Guide
LabVIEW Data Acquisition and PDP Post-Processing
Sam Lauffenburger
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1.0 INTRODUCTION
This User Guide describes the proper use and theory behind two LabVIEW virtual
instruments (VIs) that are used in conjunction with the millimeter-wave broadband
channel sounder. Our team chose to use LabVIEW for the data acquisition and
processing on this project because the easily understood users interface, and the ability to
easily connect a computer to the data acquisition board. To briefly explain, a virtual
instrument is a LabVIEW program that runs on the user‟s computer. Every VI has a front
panel where the data is input, and a block diagram on which the logic for the code is
implemented. The first VI that will be mentioned is “Channel Sounder DAQ.vi”.
“Channel Sounder DAQ.vi” connects to a National Instruments USB-5133 board and
stores the I and Q channels from the channel sounder onto the computer‟s hard disk,
along with a log file describing the data acquisition. In addition to storing the I and Q
channels, it also processes the data and presents the user with a graph of the signal‟s
power delay profile (PDP). The data processing also calculates the Mean Excess Delay
and the RMS Delay Spread and displays it in the same window as the PDP. The user has
the option to save the PDP graph in a text spreadsheet file. “Channel Sounder DAQ.vi”
also allows the user to run a calibration routine to determine the linear range of the
system for precise calculations. The results of the calibration routine are important for
calculations in the PDP processing mentioned before, as well as the post-processing that
will be mentioned later.
The other VI that will be described in this User Guide is “PDP Post Processing.vi”. This
VI allows the user to process data that has been acquired at an earlier time. The user can
simply select the location on disk where the measurement files are stored, and the VI will
generate the power delay profile graph for the averaged waveforms at a specific location.
Much like “Channel Sounder DAQ.vi”, this VI will also calculate the Mean Excess Delay
and the RMS Delay Spread, and it will save the PDP waveform in a text spreadsheet file.
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2.0 CHANNEL SOUNDER DAQ
As mentioned in the introduction, “Channel Sounder DAQ.vi” is responsible for
acquiring and saving the I and Q channel waveforms, saving measurement information in
a log file, performing a calibration routine to characterize the linear range of the system,
and processing the acquired data to determine a PDP graph and the values for Mean
Excess Delay and RMS Delay Spread.
2.1 Instructions for Use
Before running the main VI, it is important to make sure that the latest version of NI
SCOPE has been downloaded. NI SCOPE can be downloaded at:
http://sine.ni.com/nips/cds/view/p/lang/en/nid/12638. The version of NI SCOPE used in
development of Channel Sounder DAQ was version 3.4. Before running the main VI, the
user should make sure that the data acquisition board is connected to the computer, and
that the board actually has signals being inputted to channel 0 and channel 1. The main
three steps of successfully using Channel Sounder DAQ are: data input, the calibration
routine, and the actual data acquisition. Before taking any of those steps, the user should
see a waveform appearing on the Acquisition Graph. If there is no waveform, the
program will halt after a short duration, and there will be an error message saying,
“Driver Status: (Hex 0xBFFA2003) Maximum time exceeded before the operation
completed. Elaboration: Possibly no trigger received.” At this point, the user must
troubleshoot with the channel sounder equipment until a waveform appears on the graph
(see section 2.5 for more information).
2.1.1 Data Input
When running the Channel Sounder DAQ code, the user will see a plethora of controls
and data inputs on the front panel. This section will give a short description on the
purpose of each control on the front panel, moving from left to right across the front
panel. All of the inputs on the front panel are either used to set the parameters of the data
acquisition, or are used in processing the waveform data. NOTE: It is important to
accurately input this data before performing calibration or data acquisition. Figure 1
shows the front panel of Channel Sounder DAQ, where the data will be input.
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Figure 1: The front panel of Channel Sounder DAQ.vi
Location Number – refers to the location at which the current data is being acquired, see
section 2.2 for more information
Track Number – refers to the track at which the data is currently being acquired, see
section 2.2 for more information
Receiver Attenuation – refers to the additional attenuation that the user may put at the
receiver to place the signal level within the linear range of the downconverter
Vertical Range – the range of voltages at which the DAQ board will acquire data (the
ADC range is approximately from –Range/2 to +Range/2. It is important to not make
this too low, or the board will clip the upper voltages of a signal. If it is made too high,
the board will have poor resolution. The best value to set the vertical range is a little
higher than double the signal‟s highest peak.
Trigger Channel – sets the channel that the DAQ board will look at to trigger and start a
data acquisition
Trigger Level – sets the voltage level at which the DAQ board will trigger and start
acquiring data. This is to prevent acquiring noise rather than the signal the user is
interested in. It is best to set this value as high above the noise levels as possible. Be
173

sure not to set the trigger higher than the vertical range. Also, if the trigger is set higher
than the highest peak of a signal, the board will not acquire a signal and the code will halt
with a waiting for trigger error.
Slope – lets the user choose whether the signal will be triggered on the upward slope of
the curve, or the downward slope of the curve
Filter – this button will turn on the filter to remove high frequency noise. NOTE: turning
on the filter only affects the preview graph and does not affect the actual data acquisition
that gets stored on the disk.
Position – moves the waveform horizontally along the x-axis of the Acquisition Graph
Timebase – determines at what values there will time divisions on the Acquisition Graph.
If Zoom X is turned off, this will also automatically change the range of the x-values
displayed on the graph.
Volts/Div – determines how many volts per division there will be on the y-axis of the
Acquisition Graph. If Zoom Y is turned off, this will also automatically change the range
of the y-values displayed on the graph
Min Sample Rate – sets the sample rate at which the board will acquire data
Slide Factor – this value is the Fast PN Chip Rate/(Fast PN Rate – Slow PN Rate). It is
used for data processing calculations
Chip Rate (MHz) – this value is the Pseudo Noise generator clock rate
PDP Averages – this number sets how many times the code will acquire waveforms and
average them to get one averaged waveform measurement. A reasonable number to set is
20 averages.
# of PDP’s to Acquire – this number sets how many different waveforms will be
acquired and saved to disk. This is not to be confused with PDP Averages. For example,
if the “PDP Averages” control is set to 50, the “# of PDP‟s to Acquire” control is set to 1,
and the “Acquire Waveform” button is pressed, the code will acquire 50 waveforms,
average them together, and place the averaged result into one channel I measurement file
and one channel Q measurement file. On the other hand, if the “PDP Averages” control
is set to 1, the “# of PDP‟s to Acquire” control is set to 50, and the “Acquire Waveform”
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button is pressed, the code will acquire one waveform and save it into the channel I and
channel Q measurement files. When the code is finished there will be 50 channel I
measurement files and 50 channel Q measurement files.
Noise Threshold (Absolute) - sets a value as a non- moving threshold to distinguish noise
from actual signal
Noise Threshold (Relative to Peak) (dB) - sets a noise threshold relative to the largest
peak in the signal
File Path – sets the file path at where the acquired data will be placed. The user should
navigate to the folder on disk where the user desires the data to be stored, and click the
“Current Folder” button.
Channel 0 Position and Channel 1 Position – this control offsets the amplitude of the
waveform in order to view multiple waveforms at the same time
Channel 0 Waveform and Channel 1 Waveform – turns the waveform displayed on the
Acquisition Graph on and off. NOTE: turning the waveform off only visually turns off
the channel on the preview graph, the actual acquisition code will still acquire and store
data for both channels.
Resource Name – this is the name that the code looks for when trying to connect to the
data acquisition board. Most of the time, the name should be “Dev1”. If “Dev1” gives
you an error, try “Dev2”. If “Dev2” is also not working, open up the National
Instruments Measurement and Automation Explorer. Open up the “Devices and
Interfaces” tab on the left hand side of the window and look for the name of your NI
board. The resource name should be in quotes next to the product name.
Vertical Coupling – on occasion, the DC level may not be zero. Setting vertical coupling
to AC takes the average noise level down to zero, and setting it to DC leaves the noise
level as is.
Zoom X and Zoom Y – clicking these buttons will allow the user to manually set the
ranges of the Acquisition Graph
Override Calibration Values – after performing calibration, values for Calibration
Power, Slope, and Intercept that will be outputted on the front panel of the Channel
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Sounder DAQ VI. The calculated power, slope, and intercept are important and
necessary for processing the acquired data. The “Override Calibration Values” button
lets the user input his or her own calibration values. If the button is pressed, the code will
use the inputted values rather than the calculated values. Realistically, the “Override
Calibration Values” button will be more useful in allowing the user to not have to redo
the calibration routine every time they stop and restart the code. Stopping and restarting
the code will clear the calculated values, so it is important to write down the calibration
values in case the code crashes and the user needs to input them manually.
Measurement Information Button – Clicking the “Measurement Information” button
will cause a pop-up window that will allow the user to input more information about the
system. The inputs in the pop-up window are not used for parameters in data acquisition
or as values for data processing. The data is simply stored in the log file for future
reference. If the user does not care about the extra reference information in the log file,
this step may be skipped.
2.1.2 Calibration Routine
Calibration is an essential part of processing the data waveforms and getting meaningful
power delay profiles. The calibration routine will calculate a power, a slope, and an
intercept to characterize the system.
On the Channel Sounder DAQ front panel, make sure that a waveform is visible on the
Acquisition Graph. Then, the “Calibration Routine” button can be pressed, causing the
front panel of the Calibration Acquire VI to appear. Figure 2 shows the front panel of the
Calibration Acquire VI. The Calibration Acquire VI has a similar format to the Channel
Sounder DAQ VI. There is a preview graph, and several inputs that must be set in order
to acquire data. First, and very importantly, the user should flip the “Type of
Measurement” switch to the correct setting. “Free Space” refers to calibration taken with
antenna, and “Cable Connected” refers to calibration data taken with a back to back
connection. Adjust the Vertical Range and the Trigger Level, as well as the graph ranges,
until the signal on the preview graph looks acceptable. Then, the user must input
appropriate values into the inputs on the front panel. Those not mentioned before are:
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T-R Separation (if Free Space) (m) – this refers to the distance between the transmitter
antenna and the receiver antenna, this value is only important if the user is performing
free space calibration
Tx Power (dBm) – the power level that the system is outputting to the transmitter
antenna, or at transmitter mixer output for cable connection
Antenna Gain (T + R) (if Free Space) (dB) – the total antenna gain from the transmitter
and receiver antennas
Carrier Frequency (if Free Space) (GHz) – refers to the frequency of the signal that is
transmitted from the transmitter to the receiver
Cable Loss (if Cable Connected) – this refers to the extra attenuation added by the cable
connecting the transmitter and the receiver, this value is only important if the user is
performing cable connected calibration
NOTE: The File Path input will automatically be set to the value set on the Channel
Sounder DAQ front panel. The user only will need to change the File Path if they want
to store the calibration data in a different location than where the actual acquisition data
will be stored (see section 2.2 for more information on the file format convention).

177

Figure 2: The front panel of the Calibration Acquire VI
After the waveform looks acceptable and the data is inputted, the user can begin to
acquire the calibration data. Acquiring the data is a four step process:
1.

Set the attenuator on the receiver to the next appropriate value.

2.

Change the “Rx Attenuation Setting” on the front panel of Calibration Acquire to
match the attenuation value.

3.

Adjust the Trigger Level and Vertical Range so that the signal looks good, and
click “ACQUIRE CAL DATA”. If the data acquisition was successful, the
computer will produce a beep.

4.

Repeat steps 1-3 for as many receiver attenuations as the user wishes. The more
acquisitions, the better, but it is not necessary to do an acquisition for every
attenuation setting in the drop down menu.
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After the last acquisition, click “EXIT”. A “Channel Sounder Calibration Plot” should
pop up with a plot of the voltage vs. attenuation for each acquisition taken above. Simply
identify the linear portion of the plot line, and input the minimum and maximum
attenuations that bound the linear segment. Click “OK” and the program will calculate
the power, slope, and intercept, and return to the front panel of Channel Sounder DAQ.
The user should now see values in the “Calculated Calibration Power”, “Calibration
Intercept”, and “Calibration Slope” indicators in the lower right hand corner of the front
panel. Record these values.
2.1.3 Data Acquisition
After the user has properly entered the data on the front panel and has input proper
calibration data, the data acquisition process is quite simple. For a given location, place
the receiver antenna in the first track location and adjust the Trigger Level and the
Vertical Range until a good waveform appears on the Acquisition Graph. The user may
need to adjust the attenuation setting on the receiver. Make sure the “Receiver
Attenuation” control on the front panel matches the receiver attenuation on the actual
receiver cart. Also, make sure the “Location Number” and “Track Number” match the
location and track of the measurement (see section 2.2.1 for information on the difference
between a location and a track). After the user has verified all the inputs are correct, the
“Acquire Waveform” button may be pressed. After the waveform has been acquired, the
computer will beep, and the power delay profile for the acquired waveform will pop up
on the screen. If the PDP looks acceptable, click “SAVE PDP” to save the power delay
profile in the track folder as “PDP.txt”. If the PDP does not look acceptable, click
“DONE” and take the measurement again. When taking the measurement again with the
same track and location values, the program will check to make sure the user wants to
overwrite the old files.
2.2 File Organization
This section explains the organization of the files and the folders that Channel Sounder
DAQ creates to store the data acquisition files. It also explains the terms “Location” and
“Track”.
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2.2.1 The Difference Between a “Location” and a “Track”
The names “Location” and “Track” can be confusing to a user who is unaware of the
conventions assumed in Channel Sounder DAQ. In short, a “Location” is an actual new
location where measurements are being taken, and “Tracks” are small changes of position
in a particular location. For example, in Location 2, there may be 8 Track measurements
(data acquisitions) that characterize the location. Figure 3 shows a visualization of tracks
vs. locations.

Figure 3: Visualization of the differences between Locations and Tracks. The
different Locations are the blue circles and the different Tracks are the red circles.
2.2.2 File Storage on Disk
This section describes the way that the files generated by Channel Sounder DAQ are
stored on the computer‟s disk. The base file path is the file path to the folder that the user
inputs on the front panel of Channel Sounder DAQ. The “Location” folders are inside of
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the base folder (“Location 1”, “Location 2”, etc…) Inside of each Location folder are the
“Track” folders for that location. And finally, inside of each Track folder are the actual
measurement and log files (“Channel I 1.txt”, “Channel Q 1.txt”, “log.txt”, and
“PDP.txt”) Also, assuming that the calibration data is stored at the same base file path,
the base folder will also contain a folder called “Calibration Data”. Inside the
“Calibration Data” folder are folders for all the attenuation settings at which calibration
measurements were taken (“0 dB”, “25 dB”, etc…) Much like the Track folders, in each
attenuation folder is the measurement and log files (“Channel I.txt”, “Channel Q.txt”,
“Calibration Log.txt”). Figure 4 gives a visual representation of the file storage structure.

Figure 4: Visualization of the File Organization of measurement and calibration
files in Channel Sounder DAQ. (All boxes are folders except for the boxes labeled
with the extension “.txt”)
2.3 Code Flow (Pseudocode)
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This section gives a brief overview of the operation of the code. This section is divided
into four parts: VI hierarchy, preview acquisition, calibration routine, and data
acquisition/processing.
2.3.1 VI Hierarchy
This figure and key shows the hierarchy of the VIs under Channel Sounder DAQ.
NOTE: This hierarchy does not include the niScope VIs that are part of the NI SCOPE
driver.
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Figure 5: The VI Hierarchy
2.3.2 Preview Acquisition
The preview acquisition code is the code that is running for most of the time that Channel
Sounder DAQ is running. This code continually acquires a waveform and displays it on
the Acquisition Graph. This part of the code, contained in Channel Sounder DAQ.vi,
also serves as a host VI to the entire program. Calibration and data
acquisition/processing branch off from the code in this section. Here is a step by step list
of the preview acquisition process:
1.

First, the code will call niScope Initialize.vi to initialize the connection
with the data acquisition board.

2.

Then the code must get all the necessary data for acquisition from the
front panel and pass it into Acquire for Display.vi, which will acquire
waveform arrays from the board.

3.

If the filter button is pressed, the code will filter the waveforms with FIR
lowpass filters.

4.

The code will adjust the vertical position of the waveforms with Shift
Position.vi, and then plot the acquired waveforms on Acquisition Graph.
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5.

Graph Format.vi will process the inputs on the front panel that set the X
and Y ranges on the graph and adjust Acquisition Graph accordingly.

6.

A case structure will check to see if the “Calibration Routine” button has
been pressed, and if so, the program will jump into Calibration Acquire.vi.

7.

A case structure will check to see if calibration has been performed and if
the “Acquire Waveform” button has been pressed. If so, then the code
will begin the data acquisition process.

8.

A case structure will check to see if the “Measurement Information”
button has been pressed. If so, the code will run Log Data In.vi, which
will allow the user to input data about the system that will be stored in the
log file that will generated.

9.

One last case structure will check to see if the “Override Calibration
Values” button is pressed. If so, the code will use the calibration values
that the user has inputted on the front panel. If not, the code will use the
calibration values calculated by Calibration Acquire.vi.

2.3.3 Calibration Routine
As mentioned above, the calibration routine is run once the “Calibration Routine” button
has been pressed. Immediately upon beginning the calibration routine, a new front panel
will open, and the user will need to input data. Here are the steps of the calibration
routine:
1.

In exactly the same way as mentioned in the Preview Acquisition section,
the code acquires a preview waveform, filters it if necessary, sets the
ranges for the Acquisition Graph, and plots the preview waveform.

2.

Based on whether the user has selected free space or cable connected
calibration, the code will calculate the calibration power using two
different equations (see section 2.4 for more information on these
equations)
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3.

Each iteration of the code, a case structure will check to see if the
“ACQUIRE CAL DATA” button has been pressed. If it has, the data
acquisition process will begin.

4.

The code will call Acquire.vi to acquire the waveforms, and then will pass
the waveforms into average pdp‟s.vi to be averaged.

5.

The code will separate the waveform array into a channel I array and a
channel Q array and save those along with a Calibration Log file in Save I
and Q.vi.

6.

The actual acquired waveform will be filtered and each channel (I and Q)
will be squared and added together to make an array that is equivalent to I2
+ Q2.

7.

Integrate Array.vi will take the I2 + Q2 array and average under its curve
(integrate). That area will be converted to dB and stored in an array that
stores each area under the curve acquired for each attenuation setting.

8.

The area array, as well as a corresponding attenuation array are bundled
together and put in order from lowest attenuation to highest attenuation.
Repeat attenuation measurements are discarded so there is only one area
measurement for each attenuation setting.

9.

The ordered and bundled attenuation and areas are passed into Plot
Calibration Data.vi to be plotted.

10.

In Plot Calibration Data.vi, the user selects the linear range of the plot.
New attenuation and area arrays are created with only the attenuation
levels that are within the user-defined linear range.

11.

Linear Fit Coefficients.vi takes these arrays and calculates a slope and an
intercept based on the linear plot line formed by the array data.

12.

This slope and intercept data, as well as the calibration power calculated
before are the final outputs of the calibration routine.

2.3.4 Data Acquisition and Processing
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The code flow in this section begins after the user has calibrated and has pressed the
“Acquire Waveform” button on the front panel of Channel Sounder DAQ.vi.
1.

The code calls Track Data Acquire.vi, which acquires a waveform, splits
the data into channel I and channel Q arrays, saves the channel I and
channel Q data in a text file, generates and saves a log file for the
measurement, and finally outputs the channel I and channel Q waveforms
as arrays.

2.

The channel I and channel Q waveform arrays are passed into Filter and
Split Arrays.vi. In Filter and Split Arrays.vi, the waveforms are filtered
with an FIR filter and the final output of the VI is a time array, a filtered I
array, and a filtered Q array.

3.

These three arrays are passed into Process Data and Display PDP Host.vi,
which is the host VI for the rest of the data processing.

4.

In Process Data and Display PDP Host.vi, the filtered I array and filtered
Q array are squared and each element is added to form the PDP array.
That array, as well as all the information needed for post-processing, is
passed into Process Acquisition Data.vi. Process Acquisition Data.vi
calculates the Mean Excess Delay and the RMS Delay Spread, and plots
the power delay profile.

5.

In Process Acquisition Data.vi, first, Peak Detector.vi creates an array of
all the peaks in the input waveform array.

6.

The code then finds the highest peak, and converts its voltage value to dB.

7.

The code then goes through the peak array and finds the first peak that is
within 15 dB of the highest peak. The time at which this peak occurs is
considered time = 0 or t0.

8.

The time at which time = 0 is used to calculate the Time Dilation array,
which is on the x-axis for the power delay profile. The equation for the
Time Dilation array is:
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9.

The input PDP array is passed into Integrate Array.vi. This calculates the
area under the PDP curve (integration). We will call this area Ameasured.

10.

The received power is calculated. We will call this power Pr (in dBm).
The equation is:

11.

The Absolute Power received value is calculated. We will call this
Pabsolute. The equation is:

12.

The PDP values are modified as dBm per time bin. We will call this
PDPpower. The equation is:

13.

A for loop goes through each element in the newly calculated PDPpower
array, and sets each element that is below either the absolute or relative
noise threshold to zero. (Absolute threshold is converted from dB using
10log10(1E-9 * slidefactor * sample rate) + Absolute NT. Relative
threshold is converted using Max value of PDPpower*10-relativeNT/10)

14.

The mean excess delay is then calculated using this equation:
∑
∑
where,
(the integration is done using Integrate Array.vi)
nstart is necessary since t0 is set at the middle of the first received pulse, and
the entire pulse should be considered. Therefore nstart is equal to half the
pulse width.

15.

The second moment of the mean excess delay is calculated with a similar
equation:
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∑
∑
16.

The RMS Delay Spread is then calculated using the equation:
√

17.
equation:

The final PDP array as dBm per ns, PDPper_ns, is calculated using the
)
where,

18.

Plot PDP‟s.vi displays the plot of PDPper_ns vs. time dilation array. It also
displays the Mean Excess Delay and RMS Delay Spread.

2.4 List of Equations
This section will simply list the equations used to process the acquired data.
Calibration (Cable Connected):

Calibration (Free Space):
)

PDP Array:
FIR Filters:

Time Dilation Array:
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where, t0 is the time of the first peak in the waveform that is within 15 dB of the
highest peak.
Received Power:

Absolute Power:

PDP Power Array:

Mean Excess Delay:
∑
∑

where,
Second Moment of Mean Excess Delay:
∑
∑
RMS Delay Spread:
√
PDPper_ns:
)
where,
2.5 Common Errors
This section will look at two common error messages that may (and probably will) occur
during operation of Channel Sounder DAQ. The first error message, shown in figure 5,
occurs when a data acquisition times out. A data acquisition times out when it has
received no signal for in a certain amount of time. This error does not cause the program
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to crash, it only stops execution. The user can troubleshoot on the hardware when this
error message occurs, and click “Continue” once they think they have figured out why no
signal was being sent to the board. The most common solution to the timeout error is to
lower the trigger. This is because the trigger is set to a higher value than the highest peak
of the signal.

Figure 6: This error occurs when a data acquisition times out
The second error listed in this section is less common than the first, but still will most
likely occur the first time a user uses Channel Sounder DAQ. This type of error is a
device initialization error, shown in figure 6. This error occurs when the LabVIEW code
is unable to connect to the data acquisition board. There are several reasons that
LabVIEW could fail to make a connection to the data acquisition board. One reason
could be that the board is not plugged in properly, or that the board is damaged in some
way. It is important to make sure that the USB ports are connected to both the board and
the user‟s computer. It is also important to make sure that the LED light on the board is
turned on, and that the NI SCOPE driver is downloaded on the user‟s computer. NI
SCOPE can be downloaded at: http://sine.ni.com/nips/cds/view/p/lang/en/nid/12638.
The version of NI SCOPE used in the development of Channel Sounder DAQ was
version 3.4. The most common reason for connectivity issues between LabVIEW and the
data acquisition board is an incorrect name in the “Resource Name” input box. The
default value is “Dev1”. If the error shown in figure 6 occurs, the user should try
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changing the “Resource Name” input from “Dev1” to “Dev2”. If the error is still
occurring, the user should open the National Instruments Measurement and Automation
Explorer. The “Devices and Interfaces” tab on the left hand side of the window will have
a list of the devices associated with the user‟s computer. The correct resource name will
be in quotes next to the data acquisition board name.

Figure 7: This error occurs when LabVIEW is unable to connect to the data
acquisition board
3.0 PDP POST PROCESSING
“PDP Post Processing.vi” is able to process the measurement files generated by Channel
Sounder DAQ. After processing, PDP Post Processing will calculate and display the
power delay profile, the mean excess delay, and the RMS delay spread. It will also store
these values in a PDP measurement file. It is important to note that this code processes
an averaged power delay profile for a single location rather than one for each track like in
Channel Sounder DAQ.
3.1 Instructions for Use
Operating this VI is very straight-forward compared to operating Channel Sounder DAQ.
The VI does not connect to any external board, so there are fewer things that could go
wrong. When running PDP Post Processing, the front panel should look like Figure 7.
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Figure 8: Front panel of PDP Post Processing.vi
The “Data Directory” indicator shows the folder at which PDP Post Processing will look
for Track folders to process. The “Track Measurements” window lists the Track folders
to be processed.
First, the user should click the “Change Data Directory” button to select the location to
process. It is very important that an actual measurement location is selected, or the code
will crash. The user should double-click on a location folder and select “Current Folder”.
The user has been successful if a list of the track folders appears in the “Track
Measurements” window. Then the “Process All Tracks” button may be pressed. The
code will display an averaged power delay profile for the measurement location, as well
as the Mean Excess Delay and the RMS Delay Spread. At this point, the user may save
the power delay profile. Clicking “PDP SAVE PATH” will allow the user to select the
folder in which to save the PDP file (“Location PDP.txt”). If no file path is selected, and
“SAVE PDP” is pressed, the program will default to saving Location PDP.txt under the
Location folder.
3.2 Code Flow (Pseudocode)
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The code flow of this section is obviously very similar to the code flow for the processing
section of Channel Sounder DAQ. The only main difference is that the track waveforms
for the location are averaged together to form the one waveform array that is processed.
1.

At the front panel of PDP Post Processing.vi, the code waits for the user to
take an action.

2.

If “Change Data Directory” is pressed, the code will cause a pop upwindow to prompt the user for a location to find track measurement
folders.

3.

Once the file path is selected, the code will display the track folders in the
“Track Measurements” window, and wait for the user to click “Process All
Tracks”.

4.

When the user presses the “Process All Tracks” button, the code runs
TrackProcessorHost.vi, which performs the processing.

5.

In TrackProcessorHost.vi, first, a for loop goes through each track folder
and opens the Channel I 1.txt and Channel Q 1.txt files. NOTE: For
simplicity, if multiple PDP files are stored in a track folder, PDP Post
Processing will still only use the first PDP‟s acquired (Channel I 1.txt and
Channel Q 1.txt).

6.

GetIAndQChannels.vi will open the measurement files and filter the
waveforms.

7.

The filtered I and Q channels are squared and summed to make a PDP
waveform. Because of the for loop, each iteration forms a new PDP
waveform. These waveforms are put into a two-dimensional array.

8.

The two-dimensional array is passed to Averaging Track Arrays.vi, which
creates a PDP array that is the average of the other arrays. This array will
now be referred to as the input waveform array. NOTE: The steps below
are exactly the same as steps 5-18 taken in section 2.3.3.

9.

In Process Acquisition Data.vi, first, Peak Detector.vi creates an array of
all the peaks in the input waveform array.
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10.

The code then finds the highest peak, and converts its voltage value to dB.

11.

The code then goes through the peak array and finds the first peak that is
within 15 dB of the highest peak. The time at which this peak occurs is
considered time = 0 or t0.

12.

The time at which time = 0 is used to calculate the Time Dilation array,
which is on the x-axis for the power delay profile. The equation for the
Time Dilation array is:

13.

The input PDP array is passed into Integrate Array.vi. This calculates the
area under the PDP curve (integration). We will call this area Ameasured.

14.

The received power (Pr) is calculated in dBm. The equation is:

15.

The Absolute Power received value is calculated. We will call this
Pabsolute. The equation is:

16.

The PDP values are modified as dBm per time bin. We will call this
PDPpower. The equation is:

17.

A for loop goes through each element in the newly calculated PDPpower
array, and sets each element that is below either the absolute or relative
noise threshold to zero. (Absolute threshold is converted from dB using
10log10(1E-9 * slidefactor * sample rate) + Absolute NT. Relative
threshold is converted using Max value of PDPpower*10-relativeNT/10)

18.

The mean excess delay is then calculated using this equation:
∑
∑
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where,
(the integration is done using Integrate Array.vi)
nstart is necessary since t0 is set at the middle of the first received pulse, and
the entire pulse should be considered. Therefore, nstart is equal to half the
pulse width.
19.

The second moment of the mean excess delay is calculated with a similar
equation:
∑
∑

20.

The RMS Delay Spread is then calculated using the equation:
√

21.

The final PDP array as dBm per ns, PDPper_ns, is calculated using the
equation:
)
where,

22.

PlotPostPDP.vi displays the plot of PDPper_ns vs. time dilation array. It
also displays the Mean Excess Delay and RMS Delay Spread.

3.3 Common Errors
In PDP Post Processing, there are two main errors that are common for the user to make.
The first error is that the user may press the “Process All Tracks” button before selecting
a file path. This will cause an error like the error in figure 8. It is important to select a
file path by pressing the “Change Data Directory” button before processing the tracks.
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Figure 9: The error message that will occur when the user tries to process the
tracks without selecting a file path.
The other main error that can occur is if the user selects a file path, but the file path does
not lead to an actual location folder. Figure 9 shows the error message that occurs in this
situation. To prevent this error, the user should be certain that he/she is selecting a
correct file path. When a correct location folder is selected, the user should see the track
folders listed in the “Track Measurements” window.

Figure 10: The error message that will occur when the user selects an incorrect file
path.
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Appendix D

cal_if.m
Num_Of_points=60000; %number of sampled points
samp=2e6; %sampling rate
slide=8000; %sliding factor
fc=400e6; %chip rate
filtercut=fc/slide; %LPF cutoff frequency
filorder=174;
%filter order
%%
Txpow=-5.7; %Power at output of transmitter at IF (dBm)
cable_loss=0;
atten=0:5:70; %attenuation settings
%%
ref_atten=cable_loss; %reference attenuation
Pcal=Txpow-ref_atten;
%Received IF power
%read and filter data files to generate PDPs
for n=1:length(atten)
filenom = ['C:\eshar\Channel Sounder Stuff\Measurements\ENS-B\9-9-2011 ENS-B
Rooftop\pre-measure IF calibration\Calibration Data\',num2str(atten(n)),'
dB\Channel I.txt'];
nom=fopen(filenom,'r');
x=textscan(nom,'%f,%f',Num_Of_points);
t=x{1,1};
z=mylpf(x{1,2},filorder,filtercut,samp); %low pass filter
[I(n) indI(n)]=max(abs(z)); %find peaks
pdpI(n,:)=z;
filenom=[filenom(1:length(filenom)-5), 'Q.txt'];
nom=fopen(filenom,'r');
x=textscan(nom,'%f,%f',Num_Of_points);
z=mylpf(x{1,2},filorder,filtercut,samp);
pdpQ(n,:)=z;
[Q(n) indQ(n)]=max(abs(z)); %find peaks
pdp(n,:)=pdpI(n,:).^2+pdpQ(n,:).^2; %generate PDP
[P(n) indP(n)]=max(pdp(n,:)); %find peaks
time(n,:)=(t-t(indP(n)))/slide;
%undilate the time vector
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end
%%
Rel_noise=22; %relative noise threshold level in dB
for n=1:length(atten)
%remove noise with absolute and relative thresholds
pdpflat=clean_data(pdp(n,:),10^(-Rel_noise/10),0);
pow(n)=10*log10(sum(pdpflat));
%area under pdp curve
end
%% Set the indices of the linear range
lin_low=9;
lin_high=14;
%generate linear fit to linear portion of the plot
coef=polyfit(pow(lin_low:lin_high),atten(lin_low:lin_high),1);
Scal=coef(1);
intercept=coef(2);
plot(atten,pow)

clean_data.m
function y1=mylpf(Timesignal,order,corner,sampfreq)
%filtered signal=mylpf(Timesignal,order,corner,sampfreq)
b = fir1(order,corner/sampfreq);
d = dfilt.dffir(b);
y1 = filter(d,Timesignal);
end

free_space_test.m
%%Data Acquisiton and System Configuration Inputs
Num_Of_points=60000;
%Number of sampled points in data file
samp_rate=2e6;
%sampling rate for acquisition
slide=8000;
fc=400e6;
Txpower=22;
AntGain=50;

%slide factor
%PN chip rate
%output power at input to transmitter antenna (in dBm)
%Transmitter and receiver antenna gains

%%
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%Filter Bandwidth and order
filtercut=fc/slide;
filorder=174;
Ts_ud=1/(samp_rate*slide); %undilated sampling period (i.e. one time bin duration)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Tplot=200e-9; %maximum plot time
dT=20;
%time tick marks on plot
Atten_set=30; %Attenuation Setting during measurement
Abs_noise=-115; %absolute noise floor (in dBm/ns)
Rel_noise=30; %noise below peak
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
mod_noise=Abs_noise-10*log10(1e-9/Ts_ud);
dBm/bin

%modified absolute noise floor in

filenom=['ENSpeer2peer38\RX Location 1\free space test\Location 1\Channel I 1.txt'];
nom=fopen(filenom,'r');
x=textscan(nom,'%f,%f',Num_Of_points);
t=x{1,1};
z=mylpf(x{1,2},filorder,filtercut,samp_rate);
pdpI=z;
filenom=[filenom(1:length(filenom)-7), 'Q 1.txt'];
nom=fopen(filenom,'r');
x=textscan(nom,'%f,%f',Num_Of_points);
z=mylpf(x{1,2},filorder,filtercut,samp_rate);
pdpQ=z;
pdp_fs=pdpI.^2+pdpQ.^2;

%generate PDP = I(t)^2+Q(t)^2

time=t'/slide; %undilate time
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Processing for power and finding delay spread
pdpflat=clean_data(pdp,10^(-Rel_noise/10),0); %remove noise with absolute and
relative thresholds
Ameas=sum(pdpflat); %area under curve
Pr=Pcal-Scal*Atten_set-1/Scal*10*log10(Ameas)+intercept/Scal; %receive power using
calibration
pdppow=pdpflat*10^(Pr/10)/Ameas; %convert pdp values to power per time bin
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pdpclean=clean_data(pdppow,10^(-Rel_noise/10),10^(mod_noise/10));
with absolute and relative thresholds

%remove noise

[indpeak heightpeak]=peaking(pdpclean,20,2*10^-18); %find peaks
max_peak=max(heightpeak);
timed = time-time(indpeak(1)); %set beginning of signal to time zero
ind_1st_pulse=indpeak(1)-round(1.5/fc/Ts_ud); %start of 1st received pulse (represented
as the index)
pdp_per_ns=10*log10(pdpclean)+10*log10(1e-9/Ts_ud); %normalize pdp to dBm per ns
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Saving & Plotting
fs_indy=indpeak(1);
fs_pdp=pdp_per_ns;
fs_PRX=Pr;
fs_PL=-(Pr-Txpower-AntGain);
fclose('all');
plot(timed*1e9,pdp_per_ns,'LineWidth',2.5)
peaky=max(pdp_per_ns);
bottom=peaky-Rel_noise;
if peaky-Rel_noise<Abs_noise
bottom=Abs_noise;
end
xlabel('Excess Delay (ns)','FontSize',18)
ylabel('Received Power (dBm/ns)','FontSize',18)
text(90,peaky-20,['PL = ', num2str(fs_PL),'dB'],'FontSize',24)
set(gca,'FontSize',20)
grid on

peaking.m
function [index height]=peaking(signal,num_pts,threshold)
%[index height]=peaking(signal,num_pts,threshold)
%num_pts = number of points to compare to around each point to find local
%extrema.
%threshold = peaks of magnitude (absolute value) below the threshold value
%are ignored.
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num_peaks=1;
for n=num_pts+1:1:length(signal)-num_pts-1
if abs(signal(n))>threshold %compare with threshold
%%find max value in a local area of n-num_pts to n+num_pts
if abs(signal(n))==max(abs(signal(n-num_pts:n+num_pts)))
%%save peaks that were found
index(num_peaks)=n;
height(num_peaks)=signal(n);
num_peaks=num_peaks+1;
end
end
end
end

processing.m
%%Data Acquisiton and System Configuration Inputs
Num_Of_points=60000;
%Number of sampled points in data file
samp_rate=2e6;
%sampling rate for acquisition
slide=8000;
fc=400e6;
Txpower=22;
AntGain=50;

%slide factor
%PN chip rate
%output power at input to transmitter antenna (in dBm)
%Transmitter and receiver antenna gains

%%
%Filter Bandwidth and order
filtercut=fc/slide;
filorder=174;
Ts_ud=1/(samp_rate*slide); %undilated sampling period (i.e. one time bin duration)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Inputs varying with each measurement
TxLoc='ECJ'; %TX location name
Tplot=500e-9; %PDP plot maximum time
dT=50e-9;
%PDP time axis tick mark separation
RxLoc=27;
TRdist=49;

%RX location number
%TR separation distance

Atten_set=20; %Attenuation Setting during measurement
Meas_num=523; %Current Measurement Number
meas_start=523; %First measurement Number processed in the set
%Antenna pointing angles [TXazimuth TXelevation RXazi RXele]
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Ang=[0

-7.5

0

7.5];

Abs_noise=-100; %absolute noise floor (in dBm/ns)
Rel_noise=29; %noise below peak
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Read files and produce PDPs
mod_noise=Abs_noise-10*log10(1e-9/Ts_ud); %modified absolute noise floor in
dBm/bin
tracks=8; %number of tracks in the measurement
pdpI=zeros(tracks,Num_Of_points);
pdpQ=zeros(tracks,Num_Of_points);
pdp=zeros(tracks,Num_Of_points);
I=zeros(1,tracks);
Q=zeros(1,tracks);
P=zeros(1,tracks);
indI=zeros(1,tracks);
indQ=zeros(1,tracks);
indP=zeros(1,tracks);
pdpavg=zeros(1,Num_Of_points);
%set path of files that are being processed
path=['C:\eshar\Channel Sounder Stuff\Measurements\ECJ\8-29-2011 ECJ
Rooftop\25dBi RX\Rooftop2ground\ECJ\Rx Location ', num2str(RxLoc),'\Measurement
',num2str(Meas_num)];
for n=1:tracks
%regular expression used to acquire file name.
trackpath=ls([path, '\Track ',num2str(n)]);
trackpath=trackpath';
trackpath=trackpath(:);
[filestart fileend]=regexp(trackpath','I[a-zA-Z0-9_()-\.]*?.txt');
%file name for channel I data file
filenom=[path, '\Track ',num2str(n),'\',trackpath(filestart:fileend)'];
nom=fopen(filenom,'r');
x=textscan(nom,'%f,%f',Num_Of_points);
t=x{1,1};
z=mylpf(x{1,2},filorder,filtercut,samp_rate);
[I(n) indI(n)]=max(abs(z));
pdpI(n,:)=z;
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[filestart fileend]=regexp(trackpath','Q[a-zA-Z0-9_()-\.]*?.txt');
%file name for channel Q data file
filenom=[path, '\Track ',num2str(n),'\',trackpath(filestart:fileend)'];
nom=fopen(filenom,'r');
x=textscan(nom,'%f,%f',Num_Of_points);
z=mylpf(x{1,2},filorder,filtercut,samp_rate);
pdpQ(n,:)=z;
[Q(n) indQ(n)]=max(abs(z));
pdp(n,:)=pdpI(n,:).^2+pdpQ(n,:).^2;
[P(n) indP(n)]=max(pdp(n,:));

%generate PDP = I(t)^2+Q(t)^2

pdpavg=pdp(n,:)+pdpavg;
end
time=t'/slide; %undilate time
pdpavg=pdpavg/tracks;

%average track PDPs

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Processing for power and finding delay spread
pdpflat=clean_data(pdpavg,10^(-Rel_noise/10),0); %remove noise with relative noise
threshold before summation
Ameas=sum(pdpflat); %area under PDP
Pr=Pcal-Scal*Atten_set-1/Scal*10*log10(Ameas)+intercept/Scal; %calculate receive
power using calibration
pdppow=pdpflat*10^(Pr/10)/Ameas; %convert pdp values to power per time bin
pdpclean=clean_data(pdppow,10^(-Rel_noise/10),10^(mod_noise/10));
with absolute and relative thresholds

%remove noise

%The received power is calculated again once the absolute noise threshold was applied.
%min(pdp_2ndmin) = minimum value of pdpclean excluding thresholded values which
were set to zero
pdp_2ndmin=pdpclean;
for m=1:length(pdpclean)
if pdpclean(m)==1e-20
pdp_2ndmin(m)=1;
end
end
%new relative noise level
Rel_noise=10*log10(max(pdpclean))-10*log10(min(pdp_2ndmin));
203

pdpflat=clean_data(pdpavg,10^(-Rel_noise/10),0); %remove noise with absolute and
relative thresholds
Ameas=sum(pdpflat); %area under curve
Pr=Pcal-Scal*Atten_set-1/Scal*10*log10(Ameas)+intercept/Scal; %calculate receive
power using calibration
pdppow=pdpflat*10^(Pr/10)/Ameas; %convert pdp values to power per time bin
pdpclean=clean_data(pdppow,10^(-Rel_noise/10),10^(mod_noise/10)); %remove noise
with absolute and relative thresholds
[indpeak heightpeak]=peaking(pdpclean,20,10^-18);
max_peak=max(heightpeak);

%find all peaks of pdp

timed = time-time(indpeak(1)); %set beginning of signal to time zero (i.e. 1st peak above
threshold)
ind_1st_pulse=indpeak(1)-round(1.5/fc/Ts_ud); %start of 1st received pulse (represented
as the index)
last_ind=ind_1st_pulse+round(Num_Of_points/2)-100; %last index value
%% Statistical values
%mean excess delay spread = tau
tau(Meas_nummeas_start+1)=sum(timed(ind_1st_pulse:end).*pdpclean(ind_1st_pulse:end))/sum(pdpcl
ean(ind_1st_pulse:end));
tau2=sum((timed(ind_1st_pulse:end).^2).*pdpclean(ind_1st_pulse:end))/sum(pdpclean(i
nd_1st_pulse:end));
%RMS delay spread = sigma
sig(Meas_num-meas_start+1)=sqrt(tau2-tau(Meas_num-meas_start+1)^2);
pdp_per_ns=10*log10(pdpclean)+10*log10(1e-9/Ts_ud); %normalize pdp to dBm per ns
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Saving & Plotting
indy(Meas_num-meas_start+1)=indpeak(1); %index of first peak in PDP
pdpsave(Meas_num-meas_start+1,:)=pdp_per_ns(ind_1st_pulse:last_ind); %save PDP
PRX(Meas_num-meas_start+1)=Pr; %received power
PL(Meas_num-meas_start+1)=-(Pr-Txpower-AntGain)-PLref;
%path loss above
PLref
fclose('all');
figure(1)
peaky=max(pdp_per_ns);
plot(timed*1e9,pdp_per_ns,'r','LineWidth',2.5)
bottom=peaky-Rel_noise;
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if peaky-Rel_noise<Abs_noise
bottom=Abs_noise;
end
axis([-1.5e9/fc timed(indpeak(1)+round(Tplot/Ts_ud))*1e9 bottom peaky])
xlabel('Excess Delay (ns)','FontSize',28)
ylabel('Received Power (dBm/ns)','FontSize',28)
text_pos=300;
text(text_pos,peaky-(peaky-bottom)*0.05,['\sigma_{\tau} = ',
num2str(round(sig(Meas_nummeas_start+1)*1e9*100)/100),'ns'],'FontSize',24,'BackgroundColor','w')
text(text_pos,peaky-(peaky-bottom)*0.12,['PL_{rel-5m} = ',
num2str(round(PL(Meas_nummeas_start+1)*100)/100),'dB'],'FontSize',24,'BackgroundColor','w')
text(text_pos,peaky-(peaky-bottom)*0.19,['Measurement
',num2str(Meas_num)],'FontSize',24,'BackgroundColor','w')
text(text_pos,peaky-(peaky-bottom)*0.26,[num2str(TRdist),' m TR
distance'],'FontSize',24,'BackgroundColor','w')
text(text_pos,peaky-(peaky-bottom)*0.33,['TX: ', num2str(Ang(1)),'^o/',
num2str(Ang(2)),'^o'],'FontSize',24,'BackgroundColor','w')
text(text_pos,peaky-(peaky-bottom)*0.4,['RX: ', num2str(Ang(3)),'^o/',
num2str(Ang(4)),'^o'],'FontSize',24,'BackgroundColor','w')
text(text_pos,peaky-(peaky-bottom)*0.47,[num2str(Atten_set),' dB RX
attenuation'],'FontSize',24,'BackgroundColor','w')
title(['Tx Location:',TxLoc,', RX Location ',num2str(RxLoc)],'FontSize', 30)
set(gca,'XTick',(0:dT:timed(indpeak(1)+round(Tplot/Ts_ud)))*1e9)
set(gca,'FontSize',20)
grid on
hold off
figure(2)
%plots the PDPs of all the track individually
plot(timed*1e9,10*log10(pdp'))
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Appendix E
Pictured below is a drawing of the parking lot environment in which vehicle propagation
measurements were made. White boxes represent metallic surfaces, grey boxes are
concrete surfaces, and blue boxes are glass surfaces. The receiver was placed inside a
sedan automobile with the transmitter moved to 4, 12, and 23 meters away from the
vehicle on the drawn green axis. The inset image on the bottom right is an aerial
photograph of the measurement area.
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60 GHz Vehicle Measurement PDPs
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