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Abstract—The relatively unused millimeter-wave (mmWave)
spectrum offers excellent opportunities to increase mobile capacity
due to the enormous amount of available raw bandwidth. This
paper presents experimental measurements and empirically-based
propagation channel models for the 28, 38, 60, and 73 GHz
mmWave bands, using a wideband sliding correlator channel
sounder with steerable directional horn antennas at both the
transmitter and receiver from 2011 to 2013. More than 15,000
power delay profiles were measured across the mmWave bands to
yield directional and omnidirectional path loss models, temporal
and spatial channel models, and outage probabilities. Models pre-
sented here offer side-by-side comparisons of propagation char-
acteristics over a wide range of mmWave bands, and the results
and models are useful for the research and standardization process
of future mmWave systems. Directional and omnidirectional path
loss models with respect to a 1 m close-in free space reference
distance over a wide range of mmWave frequencies and scenarios
using directional antennas in real-world environments are pro-
vided herein, and are shown to simplify mmWave path loss models,
while allowing researchers to globally compare and standardize
path loss parameters for emerging mmWave wireless networks.
A new channel impulse response modeling framework, shown to
agree with extensive mmWave measurements over several bands,
is presented for use in link-layer simulations, using the observed
fact that spatial lobes contain multipath energy that arrives at
many different propagation time intervals. The results presented
here may assist researchers in analyzing and simulating the per-
formance of next-generation mmWave wireless networks that will
rely on adaptive antennas and multiple-input and multiple-output
(MIMO) antenna systems.

Index Terms—Millimeter-wave, path loss, multipath, RMS de-
lay spread, small cell, channel sounder, statistical spatial channel
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I. INTRODUCTION

HE development and growth of wireless technologies in

the past decade has led to the rapid adoption of smart-
phones and tablets, and emerging wearable devices for health
and fitness. Consumers are expecting every device they have to
be connected to the network to record, transfer, view, or monitor
data. With these new technologies comes the demand for more
data, video, and content access. While the growth in wireless
devices and technologies has sky-rocketed, the spectrum avail-
able for these devices has not kept pace. Carriers and other
fixed or mobile service providers are reaching the upper bounds
of channel capacity, and the reality of a spectrum shortfall is
now becoming increasingly clear. The wireless spectrum below
6 GHz will not be enough to meet future needs, as the current
global allocation of cellular and unlicensed wireless local area
network (WLAN) spectrum is quite small when compared to
the vast spectrum available between 6 and 300 GHz [1]-[4].
In the past 40 years since the advent of the modern mobile
communications industry, clock speeds and memory sizes of
communications and computer devices have increased by 4 to 6
orders of magnitude (or more), while the carrier frequencies of
all WLAN and cellular networks have increased by less than an
order of magnitude, from 450 MHz first generation cellphones,
to today’s 2 GHz 4G/LTE systems [2], [3], [S]-[7].

The demand for content will continue growing at ex-
treme rates, such that annual mobile traffic will exceed
291.8 Exabytes (EBs) by 2019 [7], [8]. CISCO has forecasted
that mobile data traffic will increase from 2.5 EBs per month in
2014 to 24.3 EBs per month in 2019 [7]-[9]. Existing allocated
spectrum will not provide enough bandwidth for carriers to
increase capacity for meeting the growing demand, even with
smaller cells, heterogeneous networks, complex modulation
schemes and MIMO systems. By the year 2020, Nokia and
Samsung predict a 10,000x increase in traffic on wireless
networks with virtually no latency for content access [6],
[10]. With the massive impending traffic growth and a global
spectrum shortfall below 6 GHz, there are only a few potential
avenues that will satisfy the pending capacity explosion.
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Utilizing unused raw mmWave spectrum is one key en-
abling solution for meeting the extreme data demand growth.*
While mmWave spectrum offers a great opportunity to increase
capacity, little is known about the channel propagation character-
istics for mobile access networks in dense urban environments
at these carrier frequencies. In the past, nmWave spectrum was
primarily used for satellite communications, long-range point-
to-point communications, military applications, and Local
Multipoint Distribution Service (LMDS) [11], [12]. MmWave
frequencies have much smaller wavelengths, ranging from
1 mm to 10 mm, about the size of a human fingernail, whereas
4G frequencies have wavelengths that are tens of centimeters.
Smaller wavelengths at mmWave frequencies have often been
thought to result in higher attenuation (due to oxygen absorp-
tion and precipitation) through air, than that observed at today’s
cellular bands. It is true that mmWave frequencies undergo
greater free space attenuation in the first meter of propagation
once leaving an antenna, than today’s Ultra High Frequency
(UHF) cellular frequencies; however, atmospheric attenuation
across most of the mmWave spectrum only induces a fraction
of a dB to just a few dB of additional loss at a 1 km distance,
compared to UHF bands [1], [4]. Only at certain frequency
bands, such as 60, 180, or 380 GHz, do molecular resonances
create high atmospheric attenuation causing signals to attenuate
much more rapidly with distance than today’s UHF/microwave
bands. These specific high attenuation mmWave bands will
be better suited for local or personal area communications,
or “whisper radios” with coverage distances of a few meters
(m) [1]-[3]. Rain attenuation only contributes a few dB of
additional propagation path loss at mmWaves compared to free
space when considering inter-site base station distances of no
more than a few hundred meters, implying that the impact of
rain will be mollified through the use of high gain, steerable
antennas [3], [13], [14].

In late 2014, the Federal Communications Commission
(FCC) put forth a notice of inquiry (NOI) in FCC 14-154 and
FCC 14-177, to gain a better understanding of the spectrum
bands above 24 GHz for mobile radio services [15], [16].
The NOI asked more than 170 questions regarding technol-
ogy specifications, bandwidth allocations, health effects, and
more, in order to gain insight into the viability of mmWave
bands for future mobile wireless communications. Numerous
corporations and academic institutions, including the NYU
WIRELESS research center and many of its industrial affiliate
sponsors, responded to these questions to educate the FCC
about industrial and academic studies already conducted at
mmWave bands, to motivate them to open up this spectrum. In
early 2015, UK’s Ofcom sought similar public comments [17].

Aside from work conducted by authors at the University
of Texas at Austin (UTA) and New York University (NYU),
there have been relatively few published propagation studies at
mmWave bands in dense urban environments for mobile ac-
cess and backhaul communications. Many propagation studies
performed at mmWave bands for these types of applications
considered line-of-sight (LOS), point-to-point, or indoor test
scenarios. Kyrd et al. at Aalto University performed channel

*Frequencies from 30 GHz to 300 GHz are commonly known as mmWave
frequencies, although industry often uses the term mmWave to define frequen-
cies between 10 and 300 GHz [1].
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measurements in the E-band from 81-86 GHz over 5 GHz of
bandwidth for point-to-point communications in a long street
canyon environment in Helsinki, Finland [18]. Measurements
determined the channel’s average root-mean-square (RMS) de-
lay spread due to multipath scattering in the canyon environ-
ment, and compared the measurements with simulated RMS
delay spreads. The results showed very little multipath delay
spread, and yielded excellent agreement between measured and
modeled (stochastic based geometrical single-bounce model
[19]-[21]) delay spreads [18]. The difference between mean
values was only 0.027 ns, where the maximum modeled RMS
delay spread was only 0.25 ns [18]. Kyr6 et al. also performed
channel impulse response measurements by frequency sweep-
ing across the 81-86 GHz band for both a street canyon and
roof-to-street scenario [22]. Similar to [18], only a few LOS
measurements were performed to prove that the LOS compo-
nent was dominant in the channel when using highly directional
antennas [22]. The study proved that multipath exists in the
E-band channel, but extensive channel measurements for mo-
bile or backhaul were not reported.

Many studies for the 28 GHz LMDS band were conducted to
assess coverage, large-scale path loss, and fading and multipath
effects. Measurements by Elrefaie et al. showed that better
coverage was obtained for higher transmitter (TX) antenna
heights than for lower heights [23], due to less obstructions.
Violette et al. performed wideband non-line-of-sight (NLOS)
studies in the 9.6, 28.8, and 57.6 GHz bands in downtown
Denver, and measurements showed significant signal attenua-
tion (as great as 100 dB) due to large building obstructions
[24]. Penetration tests for glass with metalized layers showed
that attenuation increased by 25 to 50 dB per layer [24], [92].
The results also revealed that delay spreads were no more than
10 ns relative to the LOS component when transmitting over
500 MHz of bandwidth while using narrowbeam, linearly polar-
ized antennas. Foliage attenuation measurements at the 35 GHz
band resulted in a mean attenuation of 24.8 dB through ap-
proximately 15 m of red pine trees, and revealed a considerable
loss in excess of free space [25]. Propagation through a canopy
of orchard trees was tested using CW signals at 9.6, 28.8,
and 57.6 GHz which indicated that through the first 30 m of
foliage depth, signal attenuation over distance is linear with
approximately 1.3-2.0 dB/m of loss, and beyond this distance
attenuation was only about 0.05 dB/m, revealing that scattering
dominates propagation deep into foliage [26], [91].

The 60 GHz band has been one of the most studied mmWave
bands as it is currently used for unlicensed WirelessHD and
Wireless Gigabit Alliance (WiGig) WLAN devices [1], [27],
that offer multiple gigabits per second data rates for short range
indoor communications. A majority of measurements were con-
ducted for indoor applications due to the earliest intended use
cases (WLAN), and high oxygen absorption centered around
60 GHz [3]. However, with the 2013 FCC part 15 rule change
that greatly expanded the effective radiated power of WLAN
devices in the 60 GHz band from 40 to 82 dBm [1], 60 GHz out-
door communication for unlicensed backhaul applications has
just recently garnered great interest. Outdoor studies at 59 GHz
were conducted in Oslo city streets, and showed that a majority
of delay spreads were less than 20 ns over 7 different street
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scenarios for LOS and obstructed environments [28]. Wideband
measurements with 200 MHz of bandwidth revealed that city
streets do not cause much multipath, as the RMS delay spread
was observed to be lower than 20 ns [29]. Measurements and
models showed that path loss in LOS environments behaves
almost identical to free space, with a path loss exponent (PLE)
of 2 (i.e., power decays as the square of the distance). In regards
to path loss between 1.7 GHz and 60 GHz, Smulders et al.
showed that the most significant difference in path loss between
these frequency bands is the initial close-in free space path loss
induced by the increase in carrier frequency due to Friis’ free
space equation [29], [30]. Other outdoor measurements in a
city street environment at 55 GHz showed that power decreased
much more rapidly with distance through narrower streets com-
pared to a direct path or through wide city streets [31], and the
coherence bandwidth range of 20-150 MHz closely matched
the results by Violette et al. in [24]. Additionally, recent outdoor
studies at 60 GHz in a street canyon environment indicated that
the LOS path is most dominant but that the ground reflected
path is significant at larger distances where the LOS path may
be blocked, resulting in an overall PLE of 2.13, very close to
theoretical free space (PLE = 2) [32].

Samsung has been active in measuring mmWave channels for
future mobile communications. Initial tests were performed at
28 GHz and 40 GHz to study penetration losses for common
obstructions such as wood, water, hands, and leaves [33], [92].
Results showed that metal and water can attenuate the signal
by 30 to 40 dB when very close to the receiver (RX); however,
when moved further away, more reflected energy of the signal
was able to reach the RX with relatively widebeam antennas.
For LOS outdoor measurements at 28 GHz, a PLE of 1.98
(virtually identical to the theoretical free space value of 2)
was measured for distances up to 100 m [33]. Increased signal
strength was also reported at the RX in LOS environments
when the RX elevation was uptilted and downtilted, attributed
to captured reflected energy from both the ground and surround-
ing buildings. In NLOS environments in Austin, Texas, we
observed from angle of arrival (AOA) measurements that wider
beamwidth antennas captured more received power than higher
gain, narrower beamwidth antennas, as reported in [34]—[36].

Samsung Electronics announced in May of 2013 that they
were able to transmit data up to 1.056 Gbps at 28 GHz over
distances up to 2 km using an adaptive array transceiver with
multiple antenna elements [37]. While this early work did not
include extensive measurements, Samsung is currently using
a channel sounder that measures power delay profiles (PDPs)
from multiple directions of arrival to create omnidirectional-
like wideband channel measurements, while benefiting from
high-gain antennas (based on approaches in [38]-[41]), to
provide statistics necessary to build channel models similar to
WINNER II and 3GPP for the 28 GHz wideband urban channel
[42], [43]. Work at NYU WIRELESS described here has also
focused on providing 3GPP-like channel models, including
omnidirectional path loss models synthesized from directional
channel measurements, and statistical 3-D channel impulse
response models for directional and omnidirectional systems
for use in emerging mmWave standard bodies [1], [3], [13],
[38], [39], [41], [44]-[49].
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The vast body of previous published work used for earlier
versions of wireless technologies provides valuable insight into
best practices for measuring and modeling directional mmWave
wideband channels. Researchers have already studied direc-
tional UHF CDMA cellular radio systems [50]-[52]. Work in
[52] showed that with correlated multipath, adaptive antenna
arrays with just a few elements provided larger improvements in
performance than a switched beam system. In addition to mea-
surements, ray-tracing methods provided accurate predictions
of wireless communication channel properties, such as path
loss and RMS delay spreads, and may be used as a substitute
for propagation measurements which are time-consuming and
expensive. Further, ray-tracing is widely used to help with
site-specific deployments [1]. 3-D ray-launching uses geodesic
spheres and distributed wavefronts to simulate electromagnetic
propagation, offering a simple and accurate propagation predic-
tion method with low computational complexity [53].

Once accurate statistical models are developed for mmWave
frequencies (often with the assistance of ray-tracing to fill in
missing or sparse data), simulations for performance, capacity,
and availability can be carried out to evaluate air-interface
trade-offs. Previous work showed that with the use of real-time
DSP techniques and adaptive antenna arrays, capacity and
signal-to-noise ratio (SNR) improvements could be made for
systems at UHF bands [54], [55]. Similar simulations are
necessary for mmWave wireless systems; however, at these
higher frequencies with new adaptive antenna architectures,
there will be trade-offs on how and where processing will take
place [1], [49], [56]. More reliance on analog processing at
either or both the RF (Radio Frequency) or IF (Intermediate
Frequency) may be possible as technological advancements are
made [1], [3], [6], [43], [56]-[60].

Extensive mmWave channel propagation measurements
with thousands of recorded PDPs over a wide range of
urban microcell (abbreviated as UMi in the 3GPP standard)
and urban macrocell (UMa) [50] environments have been
conducted at UTA and NYU [3], [13], [14], [34]-[36], [39],
[44], [57], [61]-{65]. These measurements and resulting
channel models will aid researchers in the evaluation
and design of future 5G mmWave systems. This paper serves as a
detailed compilation of all mmWave measurements made by the
authors from 2011 through 2013 with the benefit of more strin-
gent data processing, experience, feedback, and requirements
received from industry and academia over the past few years.

When writing this invited paper, we realized, in hindsight, that
researchers in the channel modeling or propagation measure-
ment fields often do not standardize or even define decisions
made in their measurement or modeling approach, or their thres-
holding approach, yet such standardization yields much more
meaningful and useful results between different researchers,
allowing for easy comparisons and improvements. Thus, in
this paper, we cast all of our previous work in a single,
referenceable, standard approach for path loss (by referencing
all received powers to a 1 m close-in free space reference
distance), and elucidate practices that will allow the community
to compare propagation and channel results in a more unified
manner. For example, we provide a standard noise threshold
for multipath PDP thresholding (using a 5 dB SNR threshold).
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Section II describes the customized hardware used to per-
form the mmWave channel measurements and describes the
measurement locations and operating scenarios in the UMi
environment for each of the four bands of 28, 38, 60 and
73 GHz, in addition to UMa measurements (TX heights of
23 m and 36 m) at 38 GHz. Sections III and IV provide
measured directional and omnidirectional path loss models,
based on thousands of wideband PDPs measured in vari-
ous scenarios (outdoor mobile access and outdoor backhaul).
Section V shows the value of a simple dp =1 m path
loss model for comparing the distance extension available
through beam combining [41]. Section VI presents measured
mmWave outage studies, using randomly placed transmitters
and receivers in UMi environments. Section VII presents the
measured multipath and RMS delay spread characteristics
of mmWave channels when using steerable antennas, for
cases with arbitrary antenna steering, and also when direc-
tionally steering the antenna to the strongest arriving signal.
Section VIII provides spatial statistics of mmWave channels,
for the purpose of extending UHF/Microwave industry standard
channel models to properly reflect the observed phenomena in
mmWave channels, and we introduce a new channel modeling
concept, the spatial lobe, that characterizes mmWave outdoor
urban channels. Section IX presents characterizations of out-
door peer-to-peer (or device-to-device) channels and propa-
gation into vehicles, and Section X introduces a wideband
statistical spatial channel impulse response model based on
NLOS measured data at 28 GHz and 73 GHz in New York City.
Conclusions are drawn in Section XI.

II. WIDEBAND mmWAVE MEASUREMENT DESCRIPTIONS
AND HARDWARE SPECIFICATIONS

Wideband propagation studies at 28, 38, 60, and 73 GHz
using first null-to-null RF channel sounding bandwidths of
800 MHz and 1.5 GHz were conducted in 2011 in Austin, and
in 2012-2013 in New York City, to explore a wide range of
mobile use cases over many transmitter-receiver (T-R) separa-
tion distances, in order to create SG mmWave channel models.
The four frequency bands were chosen for testing due to the
likelihood of eventual use of this spectrum for ultrawideband
mobile radio applications (indeed, [16] and [17] have recently
suggested these bands will likely become available for mobile
use) at these carrier frequencies. The 28 and 38 GHz bands
were licensed for LMDS and backhaul communications, but
the technology was not ready for market in the 1990°s [11],
[34]. The 60 GHz band experiences excessive attenuation due to
oxygen absorption compared to other bands, but as explained in
the Introduction, is a viable and attractive option for short-range
(a few hundred meters) point-to-point (backhaul) applications
as well as indoor Wi-Fi [27], [66]. 73 GHz is centered in
71-76 GHz E-band which is presently lightly-licensed globally,
and relatively unexplored for mobile communications [10].

A. Hardware Descriptions and Specifications

Each measurement campaign used a common spread spec-
trum sliding correlator design with a double conversion super-
heterodyne RF architecture at the TX and RX, and common
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baseband/IF components. The common architecture consisted
of the baseband signal upconverted to an IF between 5 and
7 GHz, and then mixed with a local oscillator up to the corre-
sponding RF frequency for each campaign, where a pyramidal
horn antenna was connected to the RF waveguide output. The
received signal was then captured by a rotatable pyramidal horn
antenna connected to a waveguide flange input at the RX where
the signal was mixed with a local oscillator to obtain an IF
between 5 and 7 GHz, and was then downconverted back to
baseband. Pyramidal horn antennas that could be steered with
relatively high gain (> 13 dBi) were used to collect channel
data representative of future mmWave mobile devices that will
employ beam steering antennas. Detailed specifications for the
hardware used for each campaign is displayed in Table I.

B. Sliding Correlator Channel Sounder Theory and Design

A spread spectrum sliding correlator channel sounding
method was used for each of the four measurement campaigns
conducted in the mmWave spectrum (i.e. 28, 38, 60, and
73 GHz) [30], [67]-[69]. The fundamental concept of sliding
correlation uses the correlation properties of two identical
pseudorandom noise (PN) sequences at slightly different
clock speeds generated at the TX and RX, resulting in a
time dilated (bandwidth compressed) signal with processing
gain that greatly improves SNR [70]. This technique allows for
a narrowband detector while using a wideband PN sequence,
while simultaneously providing additional link margin arising
from the benefit of processing gain, so long as the channel re-
mains pseudo-static during the averaging period where the two
PN sequences slide past each other over a complete cycle [30],
[67]-[70]. In mmWave communications, modulation symbols
will have durations on the order of nanoseconds due to the
much greater channel bandwidths, hence a wideband sliding
correlator channel sounder offers an effective way to achieve
excellent ns-scale temporal resolution and good dynamic range
of the measured PDP [1], [59].

Our sliding correlator channel sounder produced a digital
PN sequence using custom printed circuit boards that housed
emitter-coupled-logic (ECL) shift registers to produce an 11-bit
maximal length code with the shift registers tapped at the
9™ and 11™ flip-flop outputs [61]. Different frequency bands
were measured by changing local oscillator frequencies, IF
frequencies, and the RF front-ends; specifications and detailed
block diagrams are given in [3], [13], [34], [61], [63], [65].

The transmitted pseudorandom binary sequence (PRBS) for
the 28 GHz and 73 GHz campaigns had an 800 MHz RF spread
spectrum first null bandwidth (we used a square-wave, non-
shaped 400 Mcps baseband PN sequence). After propagating
through the radio channel and upon reaching the RX antenna
(rotatable horn antenna), the received wideband signal was
downconverted to IF, where it was bandpass filtered, attenuated
(for maintenance of proper linear range and maximum display
range on the baseband digitizing oscilloscope detector) and
amplified with a low-noise amplifier. After amplification, the IF
signal was demodulated into its in-phase (/) and quadrature (Q)
baseband signal components [61]. Both the 7 and Q signals were
then correlated with a reference PN sequence that is identical to
the transmitted sequence but clocked at a slightly slower rate,
in order to create a time dilated cross-correlation. For example,
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TABLE I
HARDWARE SPECIFICATIONS OF THE 28, 38, 60, AND 73 GHz MEASUREMENTS

Campaign | 28GHz (2012) | 38GHz (2011) | 60 GHz (2011) | 73 GHz (2013) |
Center Frequency 28 GHz 37.625 GHz 59.4 GHz 73.5 GHz
Antenna Sweeps Yes No No Yes
Broadcast Sequence 11" order PN Code (L = 2047)

%)fpeand RX Antenna Rotatable Pyramidal Horn Antenna

TX Chip Rate 400 Mcps 750 Mcps 400 Mcps
RX Chip Rate 399.95 Mcps 749.9625 Mcps 399.95 Mcps
Slide Factor ~ 8000 20000 8000
TX Ant. Gain 24.5 dBi; 15 dBi 25 dBi 27 dBi
TX AZ Ant. HPBW 10.99; 28.8° 7.8° 7.3° 7°

TX EL Ant. HPBW 8.6%; 30° 7.8° 7.3° 7°

RX Ant. Gain 24.5 dBi; 15 dBi 25 dBi; 13.3 dBi 25 dBi 27 dBi
RX AZ Ant. HPBW 10.9°; 28.8° 7.8%; 49.4° 7.3° 7°

RX EL Ant. HPBW 8.67; 30° 7.8°; 49.4° 7.3° 7°
Antenna Polarization V-V, V-H, H-V, VoV

(TX-to-RX) H-H

Max Transmit Power 30.1 dBm 21.2 dBm 5 dBm 14.6 dBm
Max EIRP 54.6 dBm 46.2 dBm 30 dBm 41.6 dBm
Max Measurable Path 178 dB 150 - 160 dB' 150 dB 181 dB

7160 dB was used for outage study signal detection, where a signal was detectable with the measurement equipment, but
accurate PDPs could not be recorded as the signal was very close to the noise floor.

during the 73 GHz campaign, the TX code (PN code length
2047) was transmitted at 400 Mcps and the RX code was set to
399.95 Mcps, allowing for a time dilation factor, or slide factor
y, calculated to be 8 000 as follows:

Jrx 400 MHz

~ Fix —frx 400 MHz — 399.95 MHz

y =8,000 (1)
The PN sequence duration (the period 7T') of the transmitted
sequence is a function of the chip rate and length of the se-

quence: T = m x 2047 = 5.11 pus and the chip duration

is ty = 4001% = 2.5 ns. Therefore, after a time-dilated cross-
correlation with slide factor y of 8,000, the period between suc-
cessive cross-correlation peaks is: 2.5 ns x 8,000 x 2047 =
40.94 ms for the raw acquisition of one PDP. A National
Instruments USB-5133 digitizer sampled the time-dilated I and
Q cross-correlated voltages, and the corresponding received
power was recovered using National Instruments LabVIEW
software, programmed to square and add the two voltage
components /> + Q?, thereby recovering a raw PDP. Twenty
successive raw PDPs were averaged for each PDP acquisition
(40.94 ms x 20 = 818.8 ms for each recorded PDP) in order
to increase the SNR and eliminate abrupt dynamic changes
during the acquisition interval. The absolute axis of the time-
dilated PDP was recovered by dividing the measured (dilated)
PDP time scale by the slide factor y. The slide factor is related
to the RF bandwidth that can be measured compared to the
baseband bandwidth needed for reception [30]. In our case, the
baseband bandwidth for reception was 50 kHz (PN clock rate
divided by the slide factor: in this case for a 400 Mcps sequence
and a slide factor of 8 000). The use of highly-directional
steerable horn antennas at the TX and RX provided the ability to
capture directional azimuth and elevation plane measurements
over the complete azimuth plane and many elevation angles,
and provided a large link margin and system dynamic range as
compared to what is achievable with low-gain omnidirectional

antennas. From the PDPs measured at distinct azimuth and
elevation angles, multipath channel parameters were extracted
through post-processing techniques, and directional and omni-
directional channel models were formed [38], [41], [45], [65].

C. Channel Sounding Triggering and Thresholding

Typical channel sounding systems track the absolute or rela-
tive time of arrival of a propagating signal in order to determine
precise temporal characteristics of a wireless channel. A popu-
lar channel sounding technique uses a Vector Network Analyzer
(VNA) to measure the gain of the S21 parameter of the wireless
channel, discretely across a wide range of frequencies (fre-
quency swept sounding). In such a system, the TX and RX are
physically connected to the VNA through a phasing cable, for
knowledge of the precise phase at each discrete tone. Since the
VNA measurement system consists of both the source and sink,
accurate timing information is possible since the transmitted
probing signal and acquisition recording are generally triggered
via the same mechanism. Since the VNA is a one-box cable-
connected system, it is not usually used to measure large T-R
separation distances [30]. Also, the channel must be assumed
static during the wideband frequency sweep (sometimes more
than many seconds per measurement). For these reasons, VNAs
are generally relegated to indoor channel sounding [30].

Time domain channel sounding systems, such as the sliding
correlator, obtain timing information by either using exact
timing at both the TX and RX from rubidium, cesium, or global
positioning system (GPS) timing sources, or by using relative
timing information, where the RX triggers on the first arriving
multipath component (MPC) [1], [30]. Our channel sounder re-
lied upon relative timing information via a triggering algorithm
that logged free running data and time-aligned successive oscil-
loscope captures on the signal peak in a PDP window. The lack
of an absolute timing reference required us to use ray-tracing
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to synthesize the exact propagation times of channel impulse
responses received from different antenna pointing angles, so
that the statistical channel models given in Section X would
accurately account for temporal characteristics over space. In
general, the LOS component is the strongest (first arriving)
peak at the RX, and for reasonable SNR (greater than 5 dB),
NLOS signals have stable first arriving signal levels, even if
they are weaker than stronger, later-arriving MPCs. Temporal
channel statistics such as relative excess delay and RMS delay
spread do not require synchronized timing [30].

Once the raw PDPs were recorded they were thresholded
based on a 5 dB SNR threshold relative to the mean thermal
noise floor of the raw PDP, allowing us to keep a consistent
noise floor threshold across all measurements, rather than other
approaches reported in the literature [71] that use a thresh-
old relative to the maximum multipath peak. The 5 dB SNR
threshold was found for each measurement by computing the
average noise power of the last several hundred ns of each
PDP that had no detectable multipath, and we used the mean
value of the noise in order to apply the 5 dB SNR threshold
for detecting (and keeping) all MPCs in that PDP. Since all
PDPs were measured using an RX gain that was manually
adjusted to provide a large dynamic range on the received
baseband PDP, an absolute SNR threshold does not artificially
limit the sensitivity of the measured data and allows users to
properly mimic actual wideband receiver functionality that will
be implemented with automatic gain control (AGC) in future
wideband mmWave mobile devices. This stringent 5 dB SNR
thresholding was developed and applied to the measured data
after initial measurements in [3] were published, thus RMS
delay spreads and excess delays reported in [3] are larger than
those presented here, since the earlier processed measurements
included noise that has been subsequently removed (e.g., not
considered to be multipath) using the more stringent 5 dB
SNR thresholding technique. Thus, the noise thresholding of
measured channel impulse responses is critical when interpret-
ing PDP channel time dispersion results. For this reason, we
advocate that all channel modeling activities specify a particular
SNR thresholding as described above, since it is a practical
thresholding level for wideband low-cost radios that are either
non-coherent or that have typical noise figure or high phase
noise [1], and allows repeatability by others without relying
on particular measurement peaks that are widely variable for
different pointing angles, locations, or measurement systems.

D. Measurement Descriptions and Methodologies

The measurement campaigns for each frequency band in-
cluded numerous wideband multipath PDP large-scale path
loss measurements for multiple AOA and Angle of Departure
(AOD) orientations between the TX and RX, using various TX
heights and deployment scenarios. Each propagation measure-
ment campaign used mechanically steerable directional horn
antennas, where the AOD for the transmitted signal was de-
termined by the orientation of the TX antenna. Each individual
wideband channel PDP measurement of every campaign was
recorded for a specific TX and RX (TX-RX) location at spe-
cific directional antenna azimuth and elevation pointing angles
between the TX and RX. This resulted in thousands of acquired
PDPs, each one being a function of TX location i, TX height
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hrx in meters, RX location j, RX height hrx in meters, TX
antenna gain Gry in dBi, TX antenna azimuth and elevation
angles 6; and ¢; in degrees, respectively, RX antenna gain Grx
in dBi, RX antenna azimuth and elevation angles 6, and ¢, in
degrees, respectively, and 3-D T-R separation distance d in units
of meters.

The 28 and 73 GHz campaigns consisted of systematic
antenna sweeps that recorded PDPs at incremental angles
across the entire azimuth plane for several TX and/or RX
fixed elevation angles, whereas the 38 GHz and 60 GHz
measurements randomly searched for signal at various angles
in the azimuth and elevation planes, and only those PDPs with
distinguishable energy were recorded. Sweeps in the azimuth
plane at various fixed elevation planes allowed us to collect
realistic channel impulse response measurements for future
mmWave mobile devices that will take advantage of directional
beam steering antennas and algorithms. Descriptions and
specifications for each measurement campaign in each
mmWave band are now presented.

1) 28 GHz Measurement Descriptions: 28 GHz propagation
studies were conducted in 2012 in downtown Manhattan around
NYU’s main campus, along with a smaller study conducted in
downtown Brooklyn around the NYU Polytechnic School of
Engineering campus, with a maximum RF transmit power of
30.1 dBm over an 800 MHz first null-to-null RF bandwidth,
yielding a maximum measurable dynamic range of 178 dB.
In both studies, measurements were performed for a typical
base station-to-mobile (access) scenario with the TX antenna
on relatively low rooftops and the RX antenna located at a
mobile height (1.5 m) around common city blocks typical of a
dense urban environment. The majority of measurements were
conducted using narrowbeam TX and RX antennas, each with
24.5 dBi gain and 10.9° half-power beamwidth (HPBW) in the
azimuth (Az.) plane in both Manhattan and Brooklyn. As shown
in Table I, elevation (El.) HPBW is comparable to azimuth (Az.)
HPBW. A small subset of measurements in Manhattan were
conducted with a wider 28.8° HPBW 15 dBi gain antenna at the
RX for five locations, and an additional measurement from an
outdoor TX to an indoor RX was recorded, but the dataset is too
sparse to present here. Another small subset of measurements
were conducted in Brooklyn with a wider 28.8° HPBW antenna
at the TX, for four RX locations (using 10.9° HPBW antennas),
in addition to a small number of cross-polarized antenna mea-
surements [3], [62], [72]. Both sets of Brooklyn measurements
included automated small-scale track measurements at two
locations, in order to study small-scale spatial correlation
of fading at mmWave frequencies [62]. The narrowbeam
outdoor-to-outdoor measurements in Manhattan consisted of
over 10,000 recorded PDPs using three TX locations and
27 RX locations that were visited repeatedly for each TX
location, providing for a total of 74% TX-RX location com-
binations. For each TX-RX location combination, the RX
antenna was swept in 10° increments (approximately the an-
tenna HPBW) in the azimuth plane for three different RX
antenna elevation pointing angles and three different TX

Not all 27 RX locations were measured for each of the three TX locations
due to time, student, and equipment availability.
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TABLE II
T-R SEPARATION DISTANCES FOR SPECIFIC TX LOCATIONS AT 28 GHz IN MANHATTAN AND BROOKLYN WHERE SIGNAL WAS RECORDED.
LOS ENVIRONMENTS ARE WHEN THE TX AND RX LOCATIONS HAD A CLEAR OPTICAL PATH TO ONE ANOTHER.
NLOS ENVIRONMENTS CONTAIN OBSTRUCTIONS BETWEEN THE TX AND RX

28 GHz Manhattan Measurements (RX: 1.5 m) (TX/RX Antenna Az. HPBW: 10.9°)

TX Location (Abbr.) [height] Environment # of Locations with Signal
3 <d<
Coles Sports Center 1 (COL1) [7 m] LOS 2@lm<d< 102m)
NLOS 6 (6l m<d< 162 m)
=5

Coles Sports Center 2 (COL2) [7 m] LOS 1d 1 m)
NLOS 774 m<d< 169 m)

N 33 <d< 5
Kaufman (KAU) [17 m] LOS 3@3msds 4m
NLOS 7 (77 m <d < 187 m)

28 GHz Brooklyn Measurements (RX: 1.5 m) (TX/RX Antenna Az. HPBW: 10.9°)

Rogers Hall (ROG1) [40 m] ’ NLOS

| 5(110m < d < 135 m)

28 GHz Brooklyn Measurements (RX: 1.5 m) (TX/RX Antenna Az. HPBW: 28.8°/10.9°)

Rogers Hall (ROG1) [40 m] | NLOS

| 4(110m < d < 135 m)

azimuth angles, all with a fixed TX downtilt elevation of
—10°, where a PDP was acquired at each distinct azimuth
pointing increment at the RX. One TX antenna sweep was
conducted as well, resulting in 10 total azimuth sweeps
for each TX-RX combination. This approach allowed us to
measure the vast majority of received multipath power over
3-D, without wasting time to exhaustively measure every possi-
ble spherical pointing direction at the TX and RX. By having a
sufficient number of PDPs that substantially represented all of
the possible measured power at each location, omnidirectional
channel models were created, as described in Section IV. T-R
separation distances ranged from 31 m to 425 m, but PDPs were
not measurable beyond 200 m. Table II shows a description of
TX sites and separation distances for LOS and NLOS environ-
ments where signal was recorded for corresponding TX sites,
while site layouts and detailed descriptions of the measurement
procedures are given in [3], [62], [73]. For the remainder of this
article, 28 GHz narrowbeam measurements will refer to those
conducted in Manhattan with steerable antennas having HPBW
of 10.9° at both the TX and RX, whereas widebeam measure-
ments will refer to measurements conducted in Brooklyn using
a steerable 28.8° HPBW antenna at the TX and a 10.9° HPBW
antenna at the RX.
2) 38 GHz Measurement Descriptions:

a) Base Station-to-Mobile Access Scenario: 38 GHz cel-
lular measurements were conducted with four TX locations
chosen on buildings at the UTA campus in the summer of
2011, with a maximum RF transmit power of 21.2 dBm over
an 800 MHz first null-to-null RF bandwidth and a maximum
measurable dynamic range of 160 dB, for RX locations in the
surrounding campus using narrowbeam TX antennas (7.8° Az.
HPBW) and narrowbeam (7.8° Az. HPBW) or widebeam
(49.4° Az. HPBW) RX antennas. A total of 43 TX-RX location
combinations were measured for narrowbeam measurements
(with T-R separation distances ranging from 29 m to 930 m) and
22 TX-RX location combinations were measured for widebeam
measurements (with T-R separation distances between 29 m
and 728 m), as given in [36]. Fig. 2 in [35] presents a map of
the measurement locations of the 38 GHz campaign, where for
each TX-RX location combination, PDPs for several TX and
RX antenna azimuth and elevation pointing angle combinations

were recorded. Table I provides hardware specifications for the
38 GHz measurements. For the remainder of this article,
38 GHz narrowbeam measurements will refer to a 25 dBi gain
antenna with 7.8° HPBW at both the TX and RX, whereas wide-
beam measurements will refer to a 13.3 dBi gain antenna with
49.4° HPBW at the RX and a 7.8° HPBW antenna at the TX.

b) Peer-to-Peer Scenario: Peer-to-Peer (P2P, also called
device-to-device (D2D)) measurements were made using iden-
tical 38 GHz Ka-Band vertically polarized antennas with gains
of 25 dBi (7.8° Az. HPBW) at the TX and RX. A single TX
and ten random RX locations with T-R separation distances
ranging from 19 m to 129 m were selected around a pedestrian
walkway area surrounded by many buildings on the UTA
campus. Several PDPs for both LOS and NLOS scenarios were
recorded. The directional antennas were also rotated in the
azimuth plane, but in a systematic way to search for large
scatterers from all possible azimuthal directions [34]. A map
of the P2P measurement locations is displayed in Fig. 1 in [34].

3) 60 GHz Measurement Descriptions:

a) Peer-to-Peer Scenario: 60 GHz P2P measurements
were similar to those recorded at 38 GHz, including the same
single TX and ten random RX locations, with a maximum
RF transmit power of 5 dBm over 1.5 GHz first null-to-null
RF bandwidth and a maximum measurable dynamic range of
150 dB. Similar to the 38 GHz measurements, a set of 25 dBi
gain horn antennas (7.3° Az. HBPW) were used at the TX and
RX. See [61] and [34] for detailed descriptions of the 60 GHz
P2P measurement layout and specifications.

b) Vehicular Scenario: The 60 GHz vehicular propaga-
tion measurements were aimed at investigating car-to-signpost
and car-to-car communications at mmWave frequencies. Mea-
surements were conducted in a parking lot on the UTA campus
in 2011. The RX antenna was placed at head level of a seated
passenger, inside a standard-sized sedan automobile, and the
1.5 m high TX antenna was placed 4 m, 12 m, and 23 m away
from the car with horn antennas having 25 dBi of gain directed
from the TX to the vehicle. The T-R separation distances
represented distances corresponding to a single lane of traffic,
a two-way street, and a multi-lane highway, respectively [74].
Measurements were taken at two RX sites within the vehicle:
the driver position and a rear passenger position, as shown in
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TABLE III
T-R SEPARATION DISTANCES FOR SPECIFIC TX LOCATIONS AT 73 GHz IN MANHATTAN WHERE SIGNAL WAS RECORDED AT THE RX FOR
ACCESS AND BACKHAUL MEASUREMENTS. LOS ENVIRONMENTS ARE WHEN THE TX AND RX LOCATIONS HAD A CLEAR
OPTICAL PATH TO ONE ANOTHER. NLOS ENVIRONMENTS CONTAIN OBSTRUCTIONS BETWEEN THE TX AND RX

73 GHz Access (RX: 2 m) Manhattan Measurements (TX/RX Antenna Az. HPBW: 7°)

TX Location (Abbr.) [height] Environment # of Locations with Signal
=3
Coles Sports Center 1 (COL1) [7 m] LOS 1(d 0 m)
NLOS 7 (53 m <d< 104 m)
A 1d=>5
Coles Sports Center 2 (COL2) [7 m] LOS « 0 m)
NLOS 5091l m<d< 139 m)
N <d<5
Kaufman (KAU) [17 m] LOS 2@8m<sdssim
NLOS 9(59m<d< 181 m)
Kimmel Center 1 (KIM1) [7 m] NLOS 3(B0m<d< 190 m)
Kimmel Center 2 (KIM2) [7 m] LOS 1(d =40 m)
NLOS 1(d=182m)

73 GHz Backhaul (RX: 4.06 m)

Manhattan Measurements (TX/RX Antenna Az. HPBW: 7°)

TX Location (Abbr.) [height] Environment # of Locations with Signal
Coles Sports Center 1 (COL1) [7 m] NLOS 4(58m<d< 140 m)
Coles Sports Center 2 (COL2) [7 m] NLOS 11 (70 m < d < 148 m)

N <d< S5
Kaufman (KAU) [17 m] LOS 2@Wm<d<s54m
NLOS 9(59m<d< 181 m)
Kimmel Center 1 (KIM1) [7 m] NLOS 3G0m <d< 190 m)
2 <d<
Kimmel Center 2 (KIM2) [7 m] LOS 2Q@Tm<d<40m
NLOS 1(d=182m)

[61, Fig. 3]. NLOS paths for both receivers were measured when
the RX antennas were pointed away from the TX. Several PDPs
were recorded over all three T-R separation distances for both
RX locations [61], with both the TX and RX antennas pointed
zero degrees in elevation (on the horizon). Details pertaining to
the measurement hardware are given in Table I and [61].

4) 73 GHz Measurement Descriptions: The 73 GHz out-
door propagation measurements were conducted in downtown
Manhattan around the NYU campus, with a maximum RF
transmit power of 14.6 dBm over an 800 MHz first null-
to-null RF bandwidth, yielding a maximum measurable dy-
namic range of 181 dB. The measurements consisted of five TX
locations and 27 RX locations with a few of them repeated for
more than one TX location, for both base station-to-mobile and
backhaul-to-backhaul scenarios. RX antenna heights of 2 m
and 4.06 m were used to emulate base station-to-mobile access
and wireless backhaul scenarios, respectively. Two TX sites
were located on the Coles Sports Center rooftop (7 m above
ground level (AGL), with the TX located on the northwest
and northeast corners of the roof), two TX sites were placed
on the 2nd-floor balcony of the Kimmel center of NYU (7 m
AGL, with the TX situated on the northwest and southeast
corners of the balcony), and one TX site was located on the
fifth-story balcony of the Kaufman Business School (17 m
AGL). For each TX location, up to 11 RX locations within
200 meters® of the TX were selected, yielding a total of
36 unique mobile access and 38 unique backhaul link measure-
ment combinations (six of the mobile TX-RX combinations and
six of the backhaul TX-RX combinations experienced outage
over all distances measured). Similar to the approach used in

$One NLOS T-R separation distance was greater than 200 m (216 m) for
both backhaul and mobile measurements, but did not have sufficient received
power, thus resulting in an outage.

the 28 GHz measurement campaign, PDPs were recorded using
rotatable 27 dBi gain antennas at the TX and RX to capture
azimuthal sweeps in 8° (approximately the antenna HPBW) in-
crements using many RX antenna elevation angles for different
fixed TX antenna azimuth and elevation angles. In addition,
azimuthal TX sweeps were performed with the RX antenna
fixed in the azimuth and elevation planes. Up to ten RX
azimuthal sweeps and up to two TX azimuthal sweeps were
conducted for each TX-RX location combination for both mo-
bile and backhaul measurement scenarios, resulting in up to
540 total PDPs recorded for a single TX-RX location combi-
nation. The use of high precision gimbals enabled many more
elevation angle measurements at 73 GHz compared to 28 GHz,
via a LabVIEW GUI controller that allowed us to easily search
and find the strongest received power elevation angles. The
specifics of the measurement sweeps and detailed methodology
are given in [65]. [75, Fig. 1] shows a map of the TX locations
and surrounding RX locations for the 73 GHz measurement
campaign. Table III indicates the measurement locations and T-
R separation distances where PDPs were recorded at 73 GHz in
LOS and NLOS environments for each corresponding TX loca-
tion and scenario (backhaul or mobile) [41], and Table I pro-
vides the channel sounder hardware specifications for all
4 mmWave bands.

III. DIRECTIONAL PATH LOSS MODELS
A. Path Loss Modeling

Since directional, rotatable horn antennas were used for
the measurement campaigns in all four mmWave bands (see
Table I), we generated path loss and coverage models for
directional beamforming, e.g., directional antennas, as well as
for omnidirectional antennas (see Section IV). For link budget
and interference calculations, path loss as a function of straight
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line 3-D propagation distance is needed for system coverage
and interference analysis and design. The relationship between
propagation path loss and the 3-D T-R separation distance is
based on both the antenna heights and a straight line drawn on
a map, passing through obstructions, represented by a single
model parameter, the PLE, n, which describes the attenuation
of a signal as it propagates through a channel. Eq. (2) is
a fundamental path loss model, usable in LOS and NLOS
environments, where dp is the close-in free space reference
distance:

d
PL(d)[dB]=PL(do)+ 107log,, <d—>+xﬂ, ford>dy (2)
0

where PL(dp) is the close in free space path loss (FSPL) in
dB, and is a function of wavelength (or frequency) given by

2
1010g10<@) , with dy = 1 m for this work [30], and 7 is the

best fit minimum mean square error (MMSE) PLE over all mea-
surements from a particular measurement campaign. X, is a
zero mean Gaussian random variable with a standard deviation
o in dB, also known as the shadow factor, representing large-
scale signal fluctuations resulting from shadowing by large
obstructions in the wireless channel [30]. In previous published
mmWave work, our close-in free space reference distance path
loss models used various dg values such as 3 m [34], 4 m [65],
and 5 m [3], [13], depending on different researchers’ desires
to calibrate the channel sounder in free space using the far-
field (Fraunhofer) distance for different directional antennas.
In hindsight, standardizing to a reference distance of 1 m
would have made comparisons of measurements and models
simpler, and would provide a standard definition for the PLE.
As shown in this section, the benefit of using a dy = 1 m refer-
ence distance in (2) provides for easy comparison of various
measurement campaigns by different researchers in different
environments, and at different frequencies and use cases. In this
work, we have recast all of the measurements from the four
campaigns (published in [3], [13], [14], [34]-{36], [44], [61],
[62], [64], [65]) into path loss models that use dy = 1 m as the
FSPL anchor point, in order to standardize the use of (2) and
to help standards bodies and industry compare their respective
models.

As shown in [29], the most substantial difference in path
loss across all mmWave bands occurs in the very first meter of
propagation from the TX, motivating the use of a 1 m reference
distance in (2) for both LOS and NLOS environments. It is
a very simple matter to refer any calibrated channel sounder,
regardless of antenna gain and Fraunhofer distance, back to a 1
m free space reference distance—one simply extrapolates free
space propagation back from the Fraunhofer distance to the 1
m reference distance in the measured path loss data, after free
space calibration is performed. We have used such an approach
in this paper for all of our measurements, as it both assures
that proper far field measurements were conducted, and also
provides data for a path loss model using a standardized 1 m
close-in free space reference distance.

Emerging mmWave mobile systems will have very few users
within a few meters of the antenna (in fact, no users are likely
to be in the near field, since transmitters will be mounted on a
lamppost or ceiling), and close in users in the near field would
have such strong signals or will be power controlled compared
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to typical users much farther from the transmitter such that any
path loss error in the near-field (between 1 m and the Fraunhofer
distance) would be so much smaller than the dynamic range
of signals experienced by users in a commercial system. Fur-
thermore, in a typical mobile system with uniformly distributed
users, very few users are close to the TX antenna, meaning that
propagation model errors close to the TX have minimal impact
on system design. Using a reference distance greater than 1 m
in (2) is physically plausible for both LOS and NLOS channels,
since transmitting antennas are generally mounted in the clear
with a large zone of free space around them, and radiation
from a TX antenna will experience free space for many meters
or tens of meters before encountering clutter, but optimizing
for the best reference distance adds model complexity while
only reducing the standard deviation by less than a dB in
typical outdoor scenarios. Thus, we advocate a standardized
1 m reference distance, even if the calibration distance or free
space zone surrounding the TX antenna is greater than 1 m.

An alternative to the close-in free space reference distance
path loss model is the floating intercept, or alpha-beta model
of (3) used in the WINNER II and 3GPP channel models
[50], [76]. This model has no physical reference or basis, but
merely fits the best line to the measured data (via a least-squares
regression) to create a floating intercept linear equation model
[14], that is only valid over the specific distances for which
measurements were made.

PL[dB] = a + 10 - Blog,o(d) + X, 3)

In (3), « is the intercept in dB, 8 is the slope, and X,; is a zero
mean Gaussian random variable with a standard deviation o
in dB. A common error made by engineers when interpreting
path loss models is to assume that 8 is the same as PLE—it
is not. B simply serves to be a particular value of slope that
offers the best fit to a scatter plot of data, and has no physical
basis or frequency dependence whatsoever [1], [14], [77]. B
only has a physical meaning, like PLE, when « is set equal
to the free space reference distance close to the antenna. As
discussed in [14] and [48], the standard deviation is reduced
by only 1 dB or so when using (3) instead of using (2) with
do = 1 m, yet there is no physical basis for (3), and different
researchers cannot immediately extract insightful information
from two model parameters, o or 8. Given that both (2) and (3)
typically have 7 to 12 dB of standard deviation (not a terribly
good model, albeit a simple one), we believe it makes sense
to use a single parameter model for dp =1 m in (2) [48],
rather than to have every propagation researcher create their
own model where « and 8 have no physical relevance.

Both the close-in free space reference distance model and
floating intercept model may be used to characterize mmWave
channels in both LOS and NLOS environments, but we advo-
cate the use of (2) with dp = 1 m for mmWave path loss channel
modeling, because of the simpler form, the physical basis, and
the additional benefit of having an agreed-upon standard that
is usable with reasonable accuracy across many environments,
scenarios, and frequency bands.

While early cellular UHF models used 1 km or 100 m as
the dy reference distance due to tall base station antennas that
were “in the clear” and provided larger cell sizes, 1 m is more
relevant for mmWave since there are generally no obstructions
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TABLE IV
PATH LOSS TERMINOLOGY FOR DIRECTIONAL PATH LOSS MODELS

Setting
LOS

Description

Path loss when the TX and RX antennas are
pointed at each other, aligned on boresight, with
no obstructions between them.

NLOS Path loss when the TX and RX antennas are
separated by obstructions and there is no clear op-
tical path between the antennas. This scenario also
includes the case where the TX and RX antennas
have a clear line-of-sight path to one another, but

the antennas are not aligned on boresight.

Path loss for the unique antenna pointing angles
(in the azimuth and elevation planes) resulting
in the strongest received power for each specific
TX-RX location combination. This results from
the single strongest measured PDP from the NLOS
data at each TX-RX location combination.

NLOS-best

around antennas within the first meter, and cell sizes will have
radii up to a few hundred meters [1], [30].

B. Mobile Access and Backhaul Directional Close-in Free
Space Reference Distance Path Loss Models

The directional propagation models for 28, 38, and 73 GHz
based on our measurements were formed from all measured
antenna pointing angles between the TX and RX antennas.
Base station-to-mobile (access) measurements were conducted
at 28, 38, and 73 GHz, and base station-to-base station (back-
haul) measurements were conducted at 73 GHz. Table IV de-
scribes the terminology used for directional path loss models.
Fig. 1 shows measured data and close-in free space reference
distance (dp = 1 m) directional path loss models for the 73 GHz
hybrid (RX heights of 4.06 and 2 m) measurements, for each
setting described in Table IV. Fig. 1 plots path loss obtained
by integrating the power under PDPs obtained from all of the
individual unique antenna pointing angles between the TX and
RX over all measurements. The close-in free space reference
distance dgp = 1 m yields 69.8 dB path loss in the first meter of
propagation at an RF carrier frequency of 73.5 GHz, and is the
y-axis anchor point for the MMSE fit.

Table V provides the close-in free space reference distance
(dp = 1 m) directional path loss models of (2) for the different
28, 38, and 73 GHz campaigns. The LOS PLE for the 28 and
38 GHz campaigns are comparable, as they are 7 = 1.9. The
smaller ¢ value for 28 GHz LOS measurements can be attri-
buted to different channel types (NYC vs. Austin) as compared
to 38 GHz measurements. As for the 73 GHz LOS PLE being
approximately 7 = 2.3 for all scenarios, this can be attributed
to the difficulty in aligning very narrowbeam directional horn
antennas perfectly on boresight for the T-R separation distances
measured, and this indicates the sensitivity of beam pointing
in future mmWave wireless systems. To improve LOS field mea-
surements, laser pointers can be used to ensure boresight align-
ment, or a power-alignment scheme between the TX and RX
antennas may be employed. Overall, the LOS PLEs for the 28,
38, and 73 GHz measurements compare well with the theoreti-
cal FSPL of n=2 (20 dB of attenuation per decade of distance).

For NLOS conditions with narrowbeam antennas, the
38 GHz campaign had the smallest (least lossy) directional
PLE of 3.3, compared to 4.5 for 28 GHz and 4.7 for all
73 GHz channels. The UTA measurements only looked for
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73 GHz Directional Path loss vs. Distance in Manhattan with RX Height: 2 m & 4.06 m
Using 27 dBi, 7" 3dB BW TX and RX Antennas

; NLOS
NLOS-best
170 LoS
== Ny os = 47,0y os = 12.6 dB =4
= = = MyLos-pest = 37> OnLos-pest = 11-1 B
150 N os = 23,0, 45 =6.1dB

1301

Path Loss (dB)

110

70 A I A
10 20 30 200
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Fig. 1. 73 GHz directional close-in free space reference distance (dy = 1 m)
path loss models for the hybrid scenario with RX antenna heights of 2 m and
4.06 m in Downtown New York City. Each red cross represents NLOS path loss
values measured at each unique antenna pointing angle between the TX and
RX (provided signal could be received), blue diamonds represent the particular
TX-RX pointing angle that resulted in the lowest path loss measured for each
specific NLOS TX-RX location combination, and green circles represent LOS
path loss values.

strong paths (stronger than were encountered on the antenna
sweeps at 28 and 73 GHz), and the campus has more foliage,
more undulating terrain, and is less urban than New York City,
thus the transmitted signal did not encounter as many blockages
in the propagation channel. The shadow factor or standard de-
viation about the mean path loss line is comparable for all three
frequency bands, around 10 dB, although the standard deviation
increases with carrier frequency. The 73 GHz NLOS PLEs for
each TX height scenario are all larger than the narrowbeam
and widebeam NLOS PLEs at 28 GHz, and are also greater
than the narrowbeam and widebeam NLOS PLEs at 38 GHz in
Austin. Because 73 GHz signals have shorter wavelengths than
28 GHz and 38 GHz, the propagating wave attenuates more
as it encounters rough surfaces of buildings that cause diffuse
scattering, as well as undergoing 8.3 dB more path loss in the
first meter of free space propagation compared to 28 GHz.

As presented in Table IV, the NLOS-best setting is for
the single strongest received power antenna pointing angle
orientation between the TX and RX antennas for each NLOS
TX-RX location combination (i.e. the lowest measured path
loss for each location). That is, NLOS-best is equivalent to
directional beamforming (BF) using the best single beam at
both the TX and RX. From the measured path loss values at
each location an MMSE NLOS-best line is fit to the NLOS
data to generate models following (2). Path loss models, when
considering the strongest received power pointing angles, show
a decrease in attenuation (much better coverage), compared to
the arbitrary pointing angle models at each frequency. Future
mmWave adaptive array algorithms will be used to deter-
mine these preferred pointing angles at both the TX and RX
[1], [6], [78]. When using the single strongest beam angles,
Table V shows the PLE reduces by 7 dB, 6 dB, and 10 dB
per decade of distance for the 28 GHz, 38 GHz, and 73 GHz
NLOS narrowbeam measurements, respectively, compared to
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TABLE V
DIRECTIONAL CLOSE-IN FREE SPACE REFERENCE DISTANCE (dy = 1 m) PATH LOSS MODELS (EQ. (2)) FOR BASE STATION-TO-MOBILE (ACCESS)
AND BASE STATION-TO-BASE STATION (BACKHAUL) SCENARIOS. PLE IS THE PATH LOSS EXPONENT AND ¢ IS THE STANDARD DEVIATION OF THE
ZERO-MEAN GAUSSIAN RANDOM VARIABLE (SHADOW FACTOR). HPBW Is THE 3 DB BEAMWIDTH OF THE TX AND RX ANTENNAS, G IS THE GAIN
OF EITHER THE TX OR RX ANTENNA, AND / IS THE HEIGHT ABOVE GROUND OF EITHER THE TX OR RX ANTENNA. THE 2 m, 4.06 m, AND COMBINED
2 m AND 4.06 m RX HEIGHTS FOR THE 73 GHz MEASUREMENTS ARE THE ACCESS, BACKHAUL, AND HYBRID SCENARIOS, RESPECTIVELY

Directional Close-in Reference Distance Path Loss Models for dp =1 m

TX/RX Grx/Grx hys(m) hix(m) LOS NLOS NLOS-best
HPBW (°) (dBi) PLE | o [dB] | PLE | & [dB] | PLE | & [dB]
28 GHz (Man.) 1097109 | 245/245 7,17 15 1.9 1.1 4.5 10.0 3.8 9.3
28 GHz (BK.) 28.8 7/ 10.9 157245 40 - - 4.1 7.1 3.5 3.3
. 78778 25725 1.9 4.6 33 12.3 2.7 10.2
38 GHz (Austin) | oo a T as/133 | 2% 19 199135 [ 28 | 103 |24 | 79
2 2.2 52 47 12.6 3.6 10.6
73 GHz (Man.) 717 27127 7, 17 4.06 2.4 6.3 4.7 12.7 3.7 11.2
2,406 | 2.3 6.1 47 12.6 3.7 11.1
TABLE VI

DIRECTIONAL FLOATING INTERCEPT PATH LOSS MODELS AT 28 GHz, 38 GHz, AND 73 GHz. o IS THE FLOATING INTERCEPT,
B Is THE SLOPE OF THE LEAST SQUARES LINE, AND ¢ IS THE STANDARD DEVIATION OF THE ZERO-MEAN
GAUSSIAN RANDOM VARIABLE (SHADOW FACTOR) ABOUT THE LEAST SQUARES LINE

Directional Floating Intercept (alpha-beta) Path Loss Models
TX/RX Grx/Grx LOS NLOS NLOS-best
o . hrx(m) hrx(m)
HPBW (°) (dBi) aldB] | B |oldB] | a[dBl]| B |oldB] | «[dB] | B | o [dB]
28 GHz (Man.) | 10.9/10.9 | 24.5/24.5 7; 17 15 453 2.9 0.04 57.6 4.7 10.0 41.2 4.7 8.9
28 GHz (BK.) 28.8/710.9 157245 40 ’ - - 144.7 0.2 7.1 158.2 -1.1 2.2
38 GHz (Austin) 78178 251725 8: 23: 36 15 68.8 1.7 4.4 125.4 0.55 8.3 107.8 0.8 7.8
7.8749.4 25/13.3 73.3 1.5 3.1 108.4 | 0.80 7.3 92.3 1.1 6.3
2 126.2 -1.2 4.4 122.6 1.8 11.2 43.2 4.9 10.3
73 GHz (Man.) 717 27127 7,17 4.06 126.2 -1.1 4.8 114.2 2.3 11.5 34.6 5.5 10.6
2; 4.06 1279 | -1.2 4.6 118.2 2.1 11.3 38 5.3 10.5

arbitrary pointing angles. This reduction in attenuation is sig-
nificant and motivates beam combining and beamforming at
mmWave frequencies in order to improve link margin and
SNR, and can also result in lower RMS delay spreads [1],
[44], [49], [64], [72]. Antenna beamwidth at the RX also
impacts the received signal level, as Table V shows that 38 GHz
PLEs are lower for widebeam RX antennas, as they were able
to capture energy in a wider azimuth spread than narrowbeam
antennas in a NLOS setting, but did not capture signals with
high path loss due to the smaller antenna gain. This reduces the
dynamic range of the measurement system (due to lower an-
tenna gains) compared to the use of narrowbeam RX antennas.
A comprehensive list of the minimum, average, and maximum
directional pathloss values for each NLOS TX-RX combination,
as well as RMS delay spread data, tested for the 28 GHz
and 73 GHz campaigns are given in [49].

C. Mobile Access and Backhaul Directional Floating
Intercept Path Loss Models

The floating intercept model of Eq. (3) is a least squares fit
to the propagation data without a constraint, over the range
of measurement distances, but does not have a physical basis
because there is no physically-based anchor point like in the
close-in reference distance model (2). The close-in free space
reference distance model can be extended past the measured
T-R separation distances because it is referenced to a known
FSPL; however, the floating intercept model cannot, since (3)
is a best fit line to a set of data with a form similar to Eq.
(2), but with no physical basis for the values of « and S.

For the 28 and 73 GHz campaigns, T-R separation distances
ranged from approximately 50 to 200 m for the NLOS floating
intercept model, whereas the 38 GHz measurements had dis-
tances ranging from 29 m to more than 900 m. The floating
intercept model finds a slightly better fit to measured data
without a constraint and usually results in a slightly lower
standard deviation (shadow factor: o) about the best fit line on
a scatter plot, although in most cases the difference is much less
than 1 dB [14], [38], [94].

The values in Table VI have no physical basis as is clearly
seen by the fact that some of the best fit line slopes B are
close to zero or even negative, caused by fitting a least squares
line over a large range of path loss values measured over many
T-R separation distances [14]. In some cases, the slope (8) of
the best fit line for NLOS pointing angles with the strongest
power is larger than the close-in reference distance PLE for
the NLOS-best models. The floating intercept model is also
very sensitive, such that even changing some post-processing
techniques or noise floor thresholding can significantly change
the values computed for these unique pointing angle models;
therefore, at mmWave frequencies, we propose to use the close-
in free space reference distance model with a 1 m reference
distance due to its physical basis, stability, and the benefit of
having a standard model to compare many measurements and
scenarios from groups worldwide.

IV. OMNIDIRECTIONAL PATH LOSS MODELS

Directional path loss models are important for systems using
narrowbeam directional antennas since mmWaves will take ad-
vantage of beamforming and beam combining techniques [49].
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However, standards bodies have historically been interested in
omnidirectional models, especially for NLOS channels, since
all legacy wireless systems have used quasi-omnidirectional
antennas at the user equipment (UE), and arbitrary antenna
patterns and MIMO processing may be easily analyzed and
simulated with omnidirectional models. In this section, omnidi-
rectional close-in free space reference distance (do = 1 m) path
loss and floating intercept models are presented. The raw data
used to compute omnidirectional path loss models at 28, 38 and
73 GHz are provided in tabular form in [94]. To create these
models, the received power from unique pointing angle com-
binations between the TX and RX antennas for each TX-RX
location combination were synthesized. Originally, directional
measurements were made for i TX locations and j RX
locations for arbitrary TX antenna pointing angles 6; and
¢; in the azimuth and elevation planes, respectively, and
for arbitrary RX antenna pointing angles 6, and ¢, in the
azimuth and elevation planes, respectively. Received power (or
area under a PDP) was measured at every unique TX and
RX azimuth/elevation antenna pointing angle combination for
every distinct TX-RX location pair. The 6 and ¢ angle values
for every distinct pointing angle combination correspond to re-
ceived power Pr; (0, ¢, 0;, ¢;) for every directional measure-
ment. TX and RX antenna gains (in dB) were removed for each
received power level Pr; (6, ¢r, 0;, ¢;) such that Pr; ;(6;, ¢y,
01, ¢1) = Pri j(0,, ¢r, 61, &) — Grx — Gry. Then for each dis-
tinct TX-RX location combination measured, the received pow-
ers for each and every unique TX and RX azimuth and elevation
angle combination (with antenna gains removed) were summed
together in linear scale (mW) to recover an omnidirectional
received power from which an omnidirectional path loss model
was computed. The omnidirectional received power can be
synthesized in this way because each narrowbeam angle spread
measured over the entire 47 steradian sphere can be regarded
as an orthogonal non-overlapping spatial segment, obviating
the need to de-embed the antenna pattern when calculating
the omnidirectional received power. We proved the accuracy of
this approach by carefully studying and comparing the summed
versions of adjacent directional measurements that were sepa-
rated by HPBW increments. Additionally, the measured data at
28 GHz showed that using nine adjacent 10.9° HPBW antennas
in the azimuth and elevation plane yields virtually identical
received power (area under the PDP) as using one 28.8° HPBW
antenna (where the HPBW of the widebeam antenna is about
three times that of the narrowbeam antenna), which further val-
idates the synthesizing method. Thus, for each TX-RX location
pair, omnidirectional path loss was recovered from the unique
pointing angle received powers using

PLi,j[dB] = Pti,j[dBIn]

—101ogio| DD D " Prij (0n,. b1 Oy 41) IMWI | (4)
z oy x w

where Pt; ; is the transmit power in dBm. A more detailed de-
scription of how the directional measurements were aggregated
together to create omnidirectional models similar to those in
[39] and [40] was presented in [38]. The LOS and NLOS ter-
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TABLE VII
PATH LOSS TERMINOLOGY FOR OMNIDIRECTIONAL PATH LOSS MODELS
Setting || Description
LOS Path loss when there is a clear optical path between
the TX and RX site.
NLOS Path loss when the TX and RX sites are separated by
obstructions and there is no clear direct path between
the antennas.

minology for the omnidirectional model follows the traditional
sense and is explained in Table VII.

The omnidirectional close-in free space reference distance
path loss models are presented for LOS and NLOS environ-
ments as described by parameters in Table VIII, along with a
NLOS floating intercept model. Fig. 2 shows the omnidirec-
tional LOS and NLOS close-in reference distance (dp = 1 m)
FSPL models and the NLOS floating intercept model for the
73 GHz hybrid scenario. The LOS PLE for the hybrid case is
n = 2, consistent with theoretical FSPL of 20 dB per decade of
distance. The standard deviation about the mean FSPL line is
relatively low at 4.8 dB. The computed NLOS PLE was 3.4
meaning that with omnidirectional and isotropic 0 dBi gain
antennas at the TX and RX, a 73 GHz wideband signal will
attenuate by 34 dB per decade of distance. Fig. 2 also shows the
omnidirectional NLOS floating intercept model with a slope of
2.9 and standard deviation of 7.8 dB, only 0.1 dB less than the
close-in reference NLOS omnidirectional FSPL model, show-
ing that the alpha-beta model does not meaningfully reduce
the standard deviation. While the slope of the NLOS floating
intercept model is lower than the close-in reference distance
PLE, it is only valid over the ~50 m to 200 m measurement
range. A path loss model at 1.9 GHz for the NLOS environment
in San Francisco using omnidirectional antennas with a base
station antenna height of 3.7 m and a mobile RX antenna height
of 1.7 mis also displayed in Fig. 2 with a PLE of 2.6 and a stan-
dard deviation of 7.7 dB [79]. This comparison to the 73 GHz
path loss line shows that the PLEs are not vastly different. The
difference lies in both the additional free space path loss in the
first meter of propagation attributed by Friis’ free space path
loss equation where path loss is proportional to the square of
the carrier frequency, as well as additional attenuation by the
environment at mmWave frequencies. Fig. 2 shows that 8 dB
per decade of distance more loss is experienced at 73 GHz than
at 1.9 GHz. This difference in the propagation at mmWaves can
be made up by using directional, high gain antennas in addition
to beamforming and beam combining techniques [49], [64].

Given the omnidirectional path loss parameters for 28, 38,
and 73 GHz in Table VIII, it is apparent that the LOS PLEs are
almost identical to true FSPL of n = 2. The NLOS omnidirec-
tional PLEs are significantly lower compared to the directional
models, where for 28 GHz measurements the NLOS omnidirec-
tional path loss is 11 dB and 6 dB per decade of distance lower
compared to the narrowbeam and widebeam directional cases,
respectively. At 38 GHz, the NLOS omnidirectional path loss
is 5 dB and 4 dB per decade of distance lower compared to the
narrowbeam and widebeam models, respectively. The greatest
difference between directional and omnidirectional path loss
models is at 73 GHz. The access, backhaul, and hybrid NLOS
omnidirectional path loss values are all 10 dB per decade of
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TABLE VIII
OMNIDIRECTIONAL CLOSE-IN FREE SPACE REFERENCE DISTANCE (dg = 1 m) AND FLOATING INTERCEPT PATH LOSS MODELS FOR ALL
MEASURED DATA FOR BASE STATION-TO-MOBILE (ACCESS) AND BASE STATION-TO-BASE STATION (BACKHAUL) SCENARIOS.
o IS THE FLOATING INTERCEPT, 8 IS THE SLOPE OF THE MMSE LINE, AND o IS THE STANDARD DEVIATION OF THE
ZERO-MEAN GAUSSIAN RANDOM VARIABLE (SHADOW FACTOR) ABOUT THE LEAST SQUARES BEST FIT LINE
FOR THE RANGE OF DISTANCES SPECIFIED FOR EACH FREQUENCY BAND. MAN. STANDS FOR MANHATTAN

Omnidirectional Path Loss Models (dg = 1 m)
TX/RX seenario TX Ht. | RX Ht. | NLOS Meas. LOS NLOS NLOS (Floating)
(m) (m) Range:d(m) ["PLE [ o [dB] | PLE [ 0 [dB] | a [dB] | B [ o [dB]
28 GHz (Man.) Narrow/Narrow 7,17 1.5 61<d<187 2.1 3.6 34 9.7 79.2 2.6 9.6
23 61<d<150 2.0 24 2.8 9.1 39.1 4.0 8.9
36 75<d<377 1.9 3.6 2.6 10.8 1222 | 0.1 9.2
Narrow/Narrow 1.5

23; 36 61<d<377 1.9 34 2.7 10.5 100.9 1.0 9.6

38 GHz (Austin) 8;23;36 29<d<377 1.9 44 2.7 10.1 96.2 1.3 9.1
23 d=101 1.8 2.4 2.6 - - - -
Narrow/Wide 36 15 75<d<728 1.8 1.8 22 4.1 81.7 1.5 34
23; 36 75<d<728 1.8 2.1 23 4.9 88.6 1.2 34
8;23:36 29<d<728 1.8 32 23 74 88.2 13 57

Access 2 48<d<190 2.0 52 33 7.6 81.9 2.7 7.5
73 GHz (Man.) Backhaul 7,17 4.06 50<d<190 2.0 42 35 7.9 84.0 2.8 7.8
Hybrid 2;4.06 | 48<d<190 2.0 4.8 34 7.9 80.6 2.9 7.8

73 GHz Omnidirectional PL Model 1 m — Manhattan
for Hybrid (RX at 2 m and 4.06 m AGL)
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Fig. 2. 73 GHz omnidirectional close-in free space reference distance (dy =
1 m) and floating intercept (NLOS) path loss models for the hybrid scenario
with RX antenna at heights of 2 m and 4.06 m in New York City. Blue squares
represent NLOS omnidirectional path loss values and red diamonds represent
LOS omnidirectional path loss values. An omnidirectional NLOS path loss
model for the 1.9 GHz band measured in San Francisco is also displayed on
the figure for comparison [79].

distance lower than their respective directional models. The
73 GHz campaign had a larger data set and explored many
more azimuth and elevation plane combinations between the
transmit and receive antennas that were used to create the
omnidirectional model, perhaps resulting in a more accurately
synthesized model. With more narrowbeam measurements in
the azimuth and elevation planes at 28 and 38 GHz, we would
expect the omnidirectional PLEs to be slightly lower compared
to their respective directional PLEs, like in the 73 GHz cases.
We note that the data suggests PLE tends to increase slightly
with frequency in a given environment, meaning that higher
mmWave frequencies experience slighty more loss per distance
due to the environment (in addition to the dominant first

meter free space loss). This is most likely due to more rough
surface/diffuse scattering and less reflectivity in the physical
environment as the wavelength shrinks.

Similar to the directional floating intercept path loss models,
the omnidirectional floating intercept path loss models have no
physical basis. As noticed for the NLOS directional floating
intercept models, the NLOS omnidirectional floating intercept
models also reveal a small reduction in the shadow factor
(o), but the changes are minimal (typically less than one dB).
In addition, the floating intercept model is only valid over
the T-R separation distances measured during the campaign,
whereas the close-in free space reference distance model can be
extended, due to its physical basis, to distances farther than the
measurement range. The floating intercept model parameters
for the 28 and 73 GHz campaigns are slightly different here than
those described in [40], due to an updated PDP thresholding
algorithm that uses a more stringent 5 dB SNR threshold, and
by separating the TX-RX path loss data points by RX antenna
height, as described in [38]. The values in Table VIII can
be used to model the propagation environment, using simple
equations with a 1 m free space reference distance as shown for
the general form in Eq. (5).

PL(envr, f,, d)[dB] = FSPL(f.,dy = 1)
+ Nenvr,f, * 1010g10(d) + X5 (envr,fc) [dB] (5)

where:

FSPL(f;, do = 1)[dB] = 20log,, <:/—’;) ©6)

for distances d, speed of light ¢ and the environment (envr),
whether LOS or NLOS, and for the appropriate carrier fre-
quency, f. The omnidirectional models presented here are use-
ful for mmWave standards bodies and have not been previously
presented over so many frequency bands in a unified format.
Using (5) and data such as given in Table VIII, the optimum
averaged PLE value in (2) can be found for an operating
environment (e.g, LOS or NLOS) or scenario (e.g., UMi or
UMa) over many frequencies and distances by computing the
path loss, in dB, for each measurement campaign (table entry),
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and then subtracting out the 1 m free space path loss for each
campaign. It is important to compute the PLE in (2) based
on the propagation beginning at 1 m (with the first meter of
free space path loss subtracted out), and to not be tempted to
simply average PLE values across frequencies, since the first
meter of propagation can induce 32 to 72 dB of loss from
1 to 100 GHz. In other words, the first meter of propagation has
an important, physically-based frequency-dependent effect that
should not be averaged, but should be represented separately
as shown in (5), where the PLE represents the environmental
effects of propagation (which become slightly more lossy at
higher mmWave frequencies). Solving for the optimum PLE
in (2) is done by subtracting the first meter of free space
propagation loss from the path loss data, and then finding a
MMSE fit on all of the path loss data (with 1 m free space loss
removed) over all frequencies and distances simultaneously.
Using (2) for a particular operating environment or scenario can
provide an accurate, stable, robust, and yet very simple path loss
model over a wide range of mmWave frequencies. The simple,
one parameter close-in free space reference distance path loss
model given by (2) and (5) could be of value to standard
bodies, since it is physically based and standardizes around an
inherent 1 m free space reference distance that is frequency
dependent. Optimizing (2) to find the best-fit close-in reference
distance, or using a table lookup procedure for PLE values at
different frequencies, or using a PLE value that is a function of
frequency and/or distance to minimize the shadowing standard
deviation, and adding loss parameters to account for the envi-
ronment or frequency are all possible variations of the close-
in free space reference distance model. More measurements,
however, are needed to validate its accuracy in comparison to
other models.

V. BEAM COMBINING

As the mmWave wideband regime continues to grow, it is
apparent that the number of antenna elements on a device will
increase as the RF carrier frequency increases. In conjunction
with this, high gain directional antennas are envisaged as crucial
elements in order to detect mmWave signals with reasonable
SNR. Since devices will employ very directional, high gain
antennas, beam combining techniques and beamforming algo-
rithms will need to be developed to actively search for and
find the strongest departing and incoming directional beams
at the TX and RX, respectively [49], [64]. By determining the
strongest received power angle combinations, multiple antenna
elements can be used to increase the SNR of the incoming
signal, and may reduce the path loss observed at the RX, com-
pared to any arbitrary antenna pointing angle. Work presented
in [44], [64], [72] shows the reduction in PLEs when combining
the few strongest beam powers at the RX for 28 and 73 GHz
for both coherent and non-coherent beam combining. Re-
ducing the PLE is synonymous with extending the cover-
age distance of a cell. While the results in [44], [64], [72]
showed beam combining for different reference distances and
for the NLOS environments described in Table IV, here
we present all beam combining results following the NLOS
descriptions presented in Table VII (does not include non-
boresight LOS measurements) with respect to a 1 m close-in
free space reference distance.
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Beam combining may be performed coherently or non-
coherently. Most current wireless systems are coherently based;
however, this does not mean that future 5G and mmWave sys-
tems will necessarily be coherent. Coherent beam combining
assumes multipath components at different angles can be time-
aligned and is performed by taking the square root of the
strongest individual total received powers in Watts from PDPs
recorded for a given TX-RX link, summing together the equiva-
lent voltages, and then squaring the summed result. Only unique
angle combinations are used here such that the same beam is not
considered twice. The method for determining received power
for coherent beam combining is shown in Eq. (7):

N 2
Pcoherent = . \/Fl
i=1

where P; are the individual strongest received powers from
unique TX-RX antenna pointing angle combinations, and N
is the number of strongest beams considered. Non-coherent
beam combining assumes detection of each unique beam and
then sums the received powers in Watts of the strongest beam
combinations:

@)

N

P ®)
Combining the strongest directional beams for each NLOS
TX-RX location combination results in reduced PLEs and
shadow factors as presented in Table IX, and are all with
respect to a 1 m close-in free space reference distance. Table IX
also shows distance extension exponents (DEEs) used to
determine the extended distance where a user would experience
the same path loss for combining the best beams compared to
the single best beam [41], [44], [72], and is shown in (9), where
d denotes the coverage distance:

Phon-coherent =

©)

DEE
d(multibeam) = [d(l beam)]

where the path loss experienced at a distance d(i peam) for
the single best beam, is the same path loss experienced at a
distance d(multibeam)y When combining multiple beams, and is
determined using the DEEs specified in Table IX.

From the results in Table IX [1] it is obvious that coherently
combining the beams with the strongest measured powers
for a particular location reduces the PLE more than non-
coherently combining. When coherently combining beams, the
resulting PLE may sometimes be lower than the omnidirec-
tional PLE. Non-coherent combining is the same procedure
used for determining the omnidirectional path loss models
shown in Table VIII (simply summing the powers), and it is
expected that the non-coherent PLE would converge to the
omnidirectional PLE as the number of beams increases. When
comparing the PLE for any arbitrary pointing angle with respect
to (w.r.t.) a 1 m close-in free space reference distance versus
coherently combining the four best unique beams to determine
the PLE, significant reductions in the PLE are noticed for all
frequency bands, but the distance extension effect as defined
in [41] may not be apparent. For instance, the path loss ob-
served at 200 meters for the single (strongest) best measured
beam at 28 GHz is also observed at a distance of 450 m
when coherently combining the four strongest measured beams,
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TABLE IX
DIRECTIONAL CLOSE-IN FREE SPACE REFERENCE DISTANCE (dy = 1 m) BEAM COMBINING PATH LOSS MODELS AT 28 GHz, 38 GHz,
AND 73 GHz IN NLOS ENVIRONMENTS. PLE IS THE PATH LOSS EXPONENT, o IS THE STANDARD DEVIATION OF THE ZERO-MEAN
GAUSSIAN RANDOM VARIABLE (SHADOW FACTOR) ABOUT THE MMSE LINE, Beams IS THE NUMBER OF MEASURED BEAMS USED FOR THE
COHERENT AND NON-COHERENT BEAM COMBINING PROCEDURE, AND DEE [41] IS THE Distance Extension Exponent USED TO DETERMINE
THE EXTENDED COVERAGE DISTANCE WHEN COMBINING MULTIPLE BEAMS. THE ARBITRARY POINTING ANGLE PLES ARE ALSO DISPLAYED
FROM TABLE V TO COMPARE THE MODELS FOR BEST (STRONGEST MEASURED) BEAMS AND ANY ARBITRARY BEAM

NLOS Directional Beam Combining Path Loss Models (dop = 1 m)
Frequency TX Height RX Height TX / RX
(m) (m) Antenna
HPBW
PLE (Over all angles) = 4.556
Coherent Non-Coherent
Beams | PLE o [dB] DEE PLE o [dB] DEE
28 GHz (Man.) 7, 17 1.5 10.9° / 10.9° 1 3.812 9.1 - 3.812 9.1 -
2 3.548 9.1 1.074 | 3.692 9.2 1.033
3 3.406 9.2 1.119 | 3.631 9.2 1.050
4 3.307 9.2 1.153 | 3.591 9.2 1.062
PLE (Over all angles) = 3.295
Coherent Non-Coherent
Beams | PLE o [dB] DEE PLE o [dB] DEE
7.8° /7.8° 1 2.801 12.2 - 2.801 12.2 -
2 2.653 10.9 1.056 | 2.756 11.5 1.016
3 2.579 10.6 1.086 | 2.741 11.4 1.022
4 2.531 10.3 1.107 | 2.731 11.3 1.026
38 GHz 8, 23; 36 = PLE (Over all angles) = 2.826
Coherent Non-Coherent
Beams | PLE o [dB] DEE PLE o [dB] DEE
7.8° / 49.4° 1 2.588 8.9 - 2.588 8.9 -
2 2.363 7.9 1.095 | 2.497 8.3 1.036
3 2.257 7.3 1.147 | 2.461 7.9 1.052
4 2.191 6.9 1.182 | 2.443 7.8 1.060
PLE (Over all angles) = 4.687
Coherent Non-Coherent
Beams | PLE o [dB] DEE PLE o [dB] DEE
2 1 3.728 7.6 - 3.728 7.6 -
2 3.466 7.3 1.076 | 3.613 7.4 1.032
3 3.327 7.2 1.121 | 3.557 7.3 1.048
4 3.235 7.2 1.152 | 3.523 7.3 1.058
PLE (Over all angles) = 4.660
Coherent Non-Coherent
Beams | PLE o [dB] DEE PLE o [dB] DEE
73 GHz 7,17 4.06 7° 7/ 7° 1 3.823 8.9 - 3.823 8.9 -
2 3.578 8.5 1.067 | 3.718 8.6 1.028
3 3.446 8.1 1.110 | 3.667 8.3 1.043
4 3.353 7.8 1.140 | 3.632 8.1 1.053
PLE (Over all angles) = 4.675
Coherent Non-Coherent
Beams | PLE o [dB] DEE PLE o [dB] DEE
2: 406 1 3.779 8.4 - 3.779 8.4 -
’ 2 3.578 8.0 1.072 | 3.670 8.1 1.030
3 3.446 7.7 1.115 | 3.616 7.9 1.045
4 3.353 7.6 1.146 | 3.582 7.8 1.055

corresponding to a DEE of 1.153 [41]. The distance extension
factor (DEF) was also derived in [41] that resulted in a DEF
of 2.25 when coherently combining the four single strongest
measured beams at 28 GHz. The reduced PLEs for the 38
GHz campaign are not as significant as the 28 GHz and
73 GHz campaigns because fewer measurements were made
(perhaps because only one or two substantially strong beams
were detected at some locations) and the environment was
less cluttered, meaning that a smaller number of MPCs would
reach the RX with significant energy. As shown in Tables V and
IX, the PLEs determined through antenna beam searching
and combining are much smaller than the PLEs for pointing
antennas in arbitrary directions, and this is an important fact

for mmWave 5G communications systems. Note that the
angular search for power in the 28 GHz and 38 GHz mea-
surements was less extensive than at 73 GHz, where a larger
portion of the 47 steradian sphere was measured. It should also
be noted that we systematically found the strongest received
power angle combinations between the TX and RX antennas at
73 GHz such that our measurements sweeps covered the az-
imuth and elevation planes with the most energy. Overall, these
results show that for any mmWave band, coherently combin-
ing beams can significantly improve the SNR of the received
signal as seen in Table IX, where coherently combining the
best four beams for the 73 GHz case with a 2 m RX height
reduces the signal attenuation by approximately 14.5 dB per
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Fig. 3. Maximum coverage distance at 28 GHz for a system with 129 dB
maximum measurable path loss (with O dBi gain antennas at the TX and RX)
and a 5 dB SNR as a function of the TX and RX antenna gains, for PLEs ranging
from two to five. The two solid vertical lines correspond to 15 dBi and 24.5 dBi
antennas used at both the TX and RX in the 28 GHz outdoor measurements [3].

decade of distance. Reducing the PLE extends the coverage
distance or increases SNR that enables higher order modulation
constellations [1].

High gain directional antennas are a departure from today’s
cellular systems that generally use omnidirectional receivers at
the handset and widebeam antennas at the base station. More
flexibility exists for systems at mmWave frequencies to use
many more high gain directional antennas, because the form
factor is so much smaller at higher frequencies [1], [4], [5],
[34], [78]. Fig. 3 modified from [3] displays the maximum
coverage distance attainable at 28 GHz for a system with
129 dB maximum measurable path loss (before accounting for
antenna gains) and a 5 dB SNR as a function of different TX
and RX antenna gains, with PLEs ranging from two to five. It is
apparent from the figure that for a specific PLE, the maximum
coverage distance grows exponentially with increasing TX-RX
antenna gains, indicating that the use of high gain directional
steerable antennas along with beam combining and beamform-
ing algorithms will allow for new degrees of freedom in radio
link management [1], [43], [44], [57].

VI. mmWAVE OUTAGE STUDIES

Extensive outage studies are necessary to determine cover-
age distances and system configurations for mmWave wireless
communications networks. Due to the extra attenuation in free
space path loss at mmWaves because of the “first meter” loss
attributable to the increase in frequency, as well as environ-
mental and rain attenuation, it is predicted that cell radii of
several hundred meters will provide favorable coverage with
dense base station and UE deployment in urban areas, to reach
multi-Gbps speeds [3], [80]. A 200 m cell radius means that
the distance between base stations (i.e., inter-site distance) is
400 m. However, it is predicted that 5G mmWave systems will
have multiple access points on every street corner in dense
UMi environments [3], [10]. Previous work for outage studies
at mmWaves, specifically the LMDS band around 28 GHz,
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showed poor coverage distance, high signal attenuation, deep
fading, and unfavorable multipath conditions for cell radii 300
m or greater [81]. Other work by Seidel and Arnold showed
that building obstructions at LMDS frequencies are a major
limitation in providing good coverage in a cell [11]. They did
show that the LOS component was very strong, but that NLOS
conditions were unfavorable. Their limiting view was based on
cell sizes that were on the order of several kilometers at the
time. With the concept of compact cells due to smaller form
factors and newer technologies, more positive assertions can be
made from the data given here.

An outage study at 38 GHz conducted in the summer of 2011
on the UTA campus provided probabilities for path loss measur-
able up to 160 dB [80]. Table X displays the outage probabil-
ities from [80], for coverage distances within 200 m and up to
500 m, for base stations with heights of 18 m and 36 m. The
coverage regions for both transmitters are shown in [80, Figs. 2
and 3]. The study revealed that all locations within 200 m of
the base station (LOS and NLOS) had detectable signal for a
system with 160 dB maximum measurable path loss [35].

An outage study at 28 GHz in downtown Manhattan was
first mentioned in [3] and then presented in [82]. Some of the
initial results reported in [82] were incorrect, as some outages
were computed for distances up to 200 m, and some were
computed using all locations with distances up to 425 m. Those
numbers are corrected here in Table XI for T-R separation
distances up to 200 m, and up to 425 m for the 28 GHz
measurement campaign. The 50% outage value in Table XI for
KAU includes many locations that would not be used in a
practical installation, due to obvious blockage by tall buildings.
Using a 90 degree azimuthal coverage zone, the outage was
found to be less than 20% for this TX [82]. As described in [82],
two transmitters at heights of 7 m and one TX at a height of
17 m, with RX heights of 1.5 m were used to measure outage
with maximum measurable path loss of 178 dB for recordable
links and acquirable PDPs, with outage probabilities displayed
in Table XI. It is important to keep in mind that only three differ-
ent fixed elevation angles were used at the RX, and only one TX
elevation angle was used, meaning that the very “best” elevation
angles at the TX and RX were not necessarily found in the
28 GHz campaign (this was done in the 73 GHz campaign).
While the 28 GHz measurement locations were chosen arbitrar-
ily, mmWave systems lend themselves to site-specific deploy-
ment so that outages can be predicted ahead of deployment.
Outage probabilities using data in Table XI were computed to
find the probability of an outage pourage, and the probabilities
of LOS, or NLOS link as a function of T-R separation distance,
similar to the model presented in [39], where three states are
chosen for the statistical model having the form:

poutage(d) — max (()’ 1 — exp—aoutd+boul) (10a)
Pros(d) = (1 = Poutage(d)) exp~ o (10b)
Pnros(d) = 1 — poutage(d) — pros(d) (10c)

where the parameters ajys, dour, and by, are determined by
fitting the equations to the empirical data via maximum like-
lihood estimation. The results are based on 74 unique TX-RX
location combinations measured for outage. The form of these
equations is similar to those found in [83] and [84]. Fig. 4 shows
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TABLE X
38 GHz OUTAGE PROBABILITIES IN AUSTIN, TEXAS OUT TO 500 m [80]. PL STANDS FOR PATH LOSS (FROM [35], [80])

TX Location

eight (m eight (m o Outage > o Outage >
TX Height (m) | RX Height (m) | % O (PL>160 dB) | % O (PL>150 dB)

TX 1 ENS 36
1.5

TX 2 WRW 18

18.9% (all d); 52.8% (all d);
0% (d < 200 m) 27.3% (d < 200 m)

39.6% (all d); 52.8% (all d);
0% (d < 200 m) 10% (d < 200 m)

TABLE XI
28 GHz OUTAGE PROBABILITIES IN NEW YORK CITY FOR T-R SEPARATION DISTANCES
UNDER 200 m AND FOR ALL T-R SEPARATION DISTANCES UP TO 425 m [82]

TXID [ hyx (m) [ hpx (m) |

# of RXs

| % Outage (PL > 178 dB) |

COLI 7 10 (d <200 m) 20.0%
25 (d <425 m) 68.0%
CoL2 7 15 9 (d <200 m) 11.1%
25 (d <425 m) 68.0%
KAU 17 20 (d <200 m) 50.0%
24 (d <425 m) 58.3%
39 (d <200 m) 33.3%
(0} 1l Out =
veratt Vulage 74 (d <425 m) 64.9%
28 GHz Link Probability TABLE XII
1 P 28 GHz AND 73 GHz OUTAGE PROBABILITY PARAMETERS [39], [83], [84]
P
osl P os Frequency | Vagu | Dout | 1/ajos
o 28GHz | S0m | 18 | 50m
P s (ML MSE: 0.038)
0.6-- - =P og*PyLos (ML MSE: 0.041)[ 73GHz | 455m | 33 | 37m

PL(state,d)
I
»

0.2

0 50 100 150 200 250 300 350 400
T-R Separation Distance (m)

Fig. 4. 28 GHz outage probabilities in New York City for T-R separation
distances up to 425 m including measured data and synthesized models [39],
[82]. The maximum likelihood mean square error (MSE) is displayed for both
fitted curves.

the fractions of outage types for the three observable states in
bins of 25 m as well as the probability density functions in
Eq. (10) (parameter values are shown in Table XII). Note that
Fig. 4 and corresponding values in Table XII differ from those
that appear in [39], the result of [39] blending bin widths to-
gether for 50 m rather than 25 m. In addition, the outage model
in Table XII and Fig. 4 uses an updated database with more
TX-RX combinations for outage.

A similar outage study was conducted for the 73 GHz mea-
surement campaign [82], and is updated here. Table XIII dis-
plays the outage information for TX height diversity for ranges
up to 216 m, as one TX-RX combination tested was farther
than 200 m for both mobile and backhaul measurements. Link
probability for the 73 GHz campaign was dependent upon
observing a signal with 181 dB maximum measurable path
loss. Table XIII shows outages for specific transmitters for the
mobile and backhaul scenarios in addition to overall outage
for the mobile, backhaul, and hybrid scenarios. Fig. 5 displays
an outage probability graph for 73 GHz and Table XII shows
the estimated parameters, similar to the 28 GHz outage proba-
bilities. The outage results show that mmWave coverage with

The 28 GHz measurements used a limited
number of fixed elevation pointing angles
when compared to the 73 GHz measure-
ments, resulting in more outages at 28
GHz than at 73 GHz. We would expect
similar if not slightly less outage proba-
bilities at 28 GHz as compared to 73 GHz,
as a function of distance, if identical
locations and similar antenna pointing
approaches were used at both frequencies.

high gain directional antennas is sufficient for distances up
to 200 m for a Manhattan environment in which the 28 and
73 GHz measurements were conducted.

Using the 28 and 73 GHz measurements from this paper as
a test case, a novel site-specific ray tracing method given in
[93] was shown to provide excellent prediction for the LOS and
NLOS probabilities, offering a better fit than (10). Raw data
for 28, 38 and 73 GHz omnidirectional path loss that includes
outage information are found in [94].

VII. MULTIPATH COMPONENTS AND RMS
DELAY SPREAD AT MmWAVE

A. Multipath Effect

In the early days of wireless communications, multipath was
considered a negative aspect of the propagation channel due to
intersymbol interference (ISI). However, researchers over time
have developed algorithms and systems to take advantage of
multipath. MmWave systems in NLOS dense urban environ-
ments will use beam combining and beamforming techniques,
as described in Section V, to exploit multipath fading in the
environment, in perhaps different ways than current 4G/LTE
systems do [49]. Numerous antenna elements at the RX will
be used to increase the received SNR or reduce interference
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TABLE XIII
73 GHz OUTAGE PROBABILITIES IN NEW YORK CITY FOR T-R SEPARATION DISTANCES UP TO 200 m AND OVER ALL DISTANCES
MEASURED FOR MOBILE (hgx = 2 m), BACKHAUL (hgy = 4.06 m), AND HYBRID (MOBILE + BACKHAUL) SCENARIOS [82]
[TXID |  hrx m) [hex m) | #of RXs [ % Outage (PL > 178 dB) |
11 (d <200 m) 27.3%
COLI 7 11 (d <216 m) 27.3%
8 (d <200 m) 25.0%
coL2 7 9 (d <216 m) 33.3%
11 (d <200 m) 0.0%
KAU 17 ) 11 (d <216 m) 0.0%
3 (d <200 m) 0.0%
KIMI 7 3 (d <216 m) 0.0%
2 (d <200 m) 0.0%
KIM2 —
7 2 (d <216 m) 0.0%
. 35 (d <200 m) 14.3%
Overall Mobile Outage 36 (d <216 m) 67%
7 (d <200 m) 42.9%
COLI 7 7 (d <216 m) 42.9%
13 (d <200 m) 15.4%
CoL2 7 14 (d <216 m) 21.4%
11 (d <200 m) 0.0%
KAU 17 4.06 11 (d <216 m) 0.0%
KIM1 7 ’ 3 (d <200 m) 0.0%
3 (d <216 m) 0.0%
3 (d <200 m) 0.0%
KiM2 7 3 (d <216 m) 0.0%
37 (d <200 m) 13.5%
Overall Backhaul Outage 38 (d <216 m) 58%
. 72 (d <200 m) 13.9%
Overall Hybrid Outage 74 (d <216 m) 63%
73 GHz Link Probability 28 GHz Manhattan Narrowbeam NLOS: # of Multipath vs. T-R Separation
! | -PLOS c 30 ! ! ! ' I Max # of Multipath
-PNLDS 5 : O Mean # of Multipath
= : © Overallu=4.7
0.8 -P utage = 20 o —“ N
_Pfo;g(ML MSE: 0.071) 2
T o6l = = =P Py o (ML MSE: 0.010) ‘5 10l
g I+
s 0 b N o N N
!L_I 60 80 100 120 140 160 180 200
o~ 041 T-R Separation (m)

0.2f

0
0 50 100 150 200
T-R Separation Distance (m)

Fig. 5. 73 GHz outage probabilities for the hybrid scenario in New York City
for T-R separation distances up to 216 m [39], [82]. The maximum likelihood
mean square error (MSE) is displayed for both fitted curves.

via beam combining or beamforming techniques, by combin-
ing multipath from many AOAs and excess delays [49]. It is
expected that tens to hundreds of miniature on-chip electrically
steerable antennas will be used in mmWave devices to find the
strongest multipath AOAs at the RX for improving SNR, and to
extend coverage distances [78].

The maximum and average number of resolvable MPCs at
arbitrary antenna azimuth and elevation pointing angles as a
function of T-R separation distance for the 28 GHz narrow-
beam measurements in Manhattan in a NLOS environment are
displayed in Fig. 6. The maximum and average number of
resolvable MPCs at arbitrary antenna azimuth and elevation

Fig. 6. 28 GHz unique antenna azimuth and elevation pointing angle NLOS
maximum and mean MPCs as a function of T-R separation distance for
narrowbeam antenna measurements in Manhattan. The overall mean number of
MPC:s over all TX-RX antenna pointing angle combinations and T-R separation
distances is also presented.

pointing angles as a function of T-R separation distance for
73 GHz base station-to-mobile access and backhaul measure-
ments in a NLOS scenario are displayed in Fig. 7.

A peak-finding algorithm rather than a binning technique
was used to determine the number of MPCs in each PDP at
both 28 GHz and 73 GHz. For the 28 GHz measurements,
the average number of MPCs follows a uniform trend over
all T-R separation distances with a mean value of 4.7 over
all unique pointing angles and distances. At 73 GHz, the
average number of MPCs detected at any unique pointing angle
for NLOS is generally uniform for both access and backhaul
measurements, and the mean value over all unique pointing
angles and distances is 3.3 and 2.9 for access and backhaul,
respectively. Because the mobile RX is lower to the ground, the
signal may encounter more ground reflections. When rounding,
there are on average three resolvable MPCs detectable for any
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Fig. 7. 73 GHz unique antenna azimuth and elevation pointing angle NLOS
maximum and mean MPCs as a function of T-R separation distance for
narrowbeam antenna access and backhaul measurements. The overall mean
number of MPCs over all TX-RX antenna pointing angle combinations and
T-R separation distances is also presented.

unique antenna pointing angle combination between the TX and
RX at 73 GHz in a NLOS environment.

Overall, there are more resolvable MPCs as a function of
T-R separation distance in NLOS environments at 28 GHz
compared to 73 GHz, attributed to stronger signals (less free
space loss in the first meter) and the larger wavelengths at
28 GHz, which allow the signal to reflect more and scatter
less. The 73 GHz signals have a smaller wavelength and a
higher possibility of getting caught in tiny building cracks and
rough surfaces, leading to diffusion. Another key observation is
that for both the 28 and 73 GHz measurements, the maximum
number of NLOS MPCs detected at an arbitrary pointing angle
combination between the RX and TX decreases with distance.
This does not necessarily mean that there is less multipath at
farther T-R separation distances; this observation is more likely
attributed to the noise floor of our detection system since MPCs
become weaker as the T-R separation distance or propagation
path distance increases.

B. RMS Delay Spread with Directional Antennas

RMS delay spread is an important characteristic of a radio
propagation channel [85]. The RMS delay spread values
presented here are for LOS environments at 28 and 73 GHz, in
addition to NLOS environments at 28, 38, and 73 GHz.
Measurements across all three bands consistently show that
when directional antennas are used, the LOS channel provides
virtually no delay spread (the RMS delay spread is the width
of the channel sounder’s impulse response). This is clear from
Fig. 11 (below) [41], [49]; however, if antenna beams are
not aligned on boresight in LOS environments, RMS delay
spreads much greater than 50 ns can occur [13], [72]. For the
narrowbeam (Manhattan) and widebeam (Brooklyn) 28 GHz
measurements, the RMS delay spread cumulative distribution
functions (CDFs) follow similar trends. From Fig. 8, it is
apparent that 90% of the RMS delay spreads were below
50 ns for both narrowbeam and widebeam measurements,
with the widebeam antenna providing slightly more delay
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Fig. 8. 28 GHz NLOS directional RMS delay spread CDFs and as a function
of T-R separation distance for narrowbeam (Manhattan) and widebeam (Brook-

lyn) antenna measurements.
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Fig. 9. 38 GHz NLOS directional RMS delay spread CDFs and as a function
of T-R separation distance for narrowbeam and widebeam antenna measure-
ments in Austin.

spreads below 40 ns, and with a larger mean delay spread of
17.4 ns for narrowbeam in Manhattan, compared to 15.6 ns for
widebeam in Brooklyn. The slightly larger mean RMS delay
spread for narrowbeam measurements can be attributed to the
tail behavior of larger values due to the larger dynamic range of
our 28 GHz channel sounder system with higher gain antennas
compared to the reduced path loss measurement range using a
widebeam TX antenna in Brooklyn. Fig. 8 also displays the
RMS delay spreads as a function of T-R separation distance,
and is distributed relatively uniformly across all distances for
narrowbeam measurements.

Fig. 9 shows the RMS delay spread CDF for the 38 GHz
narrowbeam and widebeam measurements. For 38 GHz, it is
apparent that 90% of the RMS delay spreads are below 40 ns
for both narrowbeam and widebeam measurements, similar
to 28 GHz measurements. In addition, the mean RMS delay
spread is 11.4 ns for narrowbeam and 7.7 ns for widebeam
measurements. The RMS delay spread as a function of T-R
separation distance follows a decreasing trend as the T-R
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Fig. 10. 73 GHz NLOS directional RMS delay spread CDFs and as a function
of T-R separation distance for narrowbeam antenna access and backhaul
measurements in Manhattan.

separation distance increases. This is expected in a less clut-
tered environment like Austin since the farther the separation
distance, the more the signal will be attenuated in the absence
of large scatterers, thus falling below the detectable range of the
system.

Fig. 10 shows the RMS delay spread for the access and
backhaul scenarios at 73 GHz for the NLOS unique pointing
angle scenario. The trend here shows that a majority of the
RMS delay spreads are below 25 ns for unique pointing angle
measurements. The access measurements have a slightly larger
mean RMS delay spread, and this can be attributed to more
reflected paths reaching the RX at a lower height, as compared
to backhaul RX antenna heights. Similar to the 28 GHz and
38 GHz bands, at 73 GHz it is apparent that the RMS de-
lay spread decreases as the T-R separation distance increases,
but the urban New York City measurements do not decrease
as rapidly, due to the scattering and reflections from large
buildings.

The mean RMS delay spreads at 38 and 73 GHz are smaller
than at 28 GHz, due to the more reflective environment of Man-
hattan and greater energy being scattered at lower mmWave fre-
quencies (where the first meter of free space path loss is lower).
Wavelengths at 73 GHz are smaller than at 28 and 38 GHz,
giving rise to more diffuse scattering during propagation which
results in weaker paths not detectable at the RX. A normalized
mean square error (NMSE) [90] method is employed to fit a
simple exponential model to the distribution of measured RMS
delay spread values at 28, 38, and 73 GHz, by setting the
empirical mean RMS delay spread values (from the CDFs of
measured data) equal to the mean of the exponential model. The
distribution parameters and goodness of fit (GOF) are given in
Tables XIV, XV, and XVI, where the NMSE GOF measure
ranges from —oo to 1, where —oo indicates a poor fit, and
1 indicates a perfect fit. It can be seen that the range of RMS
delay spread values are reasonably well modeled by a simple
exponential distribution.

RMS delay spread and maximum excess delay (MED)
spreads from PDPs may be useful for designing mmWave
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TABLE XIV
28 GHz RMS DELAY SPREAD DISTRIBUTION FIT AND GOODNESS OF
FIiT ViaA NMSE

| 28 GHz (10.9° Az. HPBW RX) RMS Delay Spread Goodness of Fit |
GOF
0.60
0.35

Distribution
exponential (u = 17.4 ns)
exponential (u = 15.6 ns)

Location
Manhattan (10.9° Az. HPBW TX)
Brooklyn (28.8° Az. HPBW TX)

TABLE XV
38 GHz RMS DELAY SPREAD DISTRIBUTION FIT AND GOODNESS OF
FIT viA NMSE

| 38 GHz (7.8° Az. HPBW TX) RMS Delay Spread Goodness of Fit |

RX Antenna GOF
Narrowbeam (7.8° Az. HPBW) 0.40
Widebeam (49.4° Az. HPBW) 0.83

Distribution
exponential (1 = 11.4 ns)
exponential (u = 7.7 ns)

TABLE XVI
73 GHz RMS DELAY SPREAD DISTRIBUTION FIT AND GOODNESS OF
FIT viA NMSE

|73 GHz (7° Az. HPBW TX & RX) RMS Delay Spread Goodness of Fit|
GOF
0.46
0.57

Distribution
exponential (1 = 11.1 ns)
exponential (1 = 9.4 ns)

Scenario
Access
Backhaul

directional systems that rely on beam searching algorithms.
Temporal statistics for the best unique antenna pointing di-
rections at the TX and RX in the elevation and azimuth
planes that result in the lowest path loss may be useful
for standards contributions. For both the 28 and 73 GHz
bands, RMS delay spread, MED 10 dB down from the max-
imum peak, and MED 20 dB down from the maximum peak
were determined for the TX-RX beams that resulted in the
lowest path loss over all locations, and are displayed in
Table XVII, with comprehensive tables for each TX-RX
location combination given in [49].

Fig. 11 shows the RMS delay spread CDFs for the single
strongest PDP for each TX-RX location combination for the
28 and 73 GHz access measurements! [41]. Both 28 and
73 GHz LOS measurements show that a majority of the
RMS delay spreads are below 2 ns. In NLOS environments,
90% of the RMS delay spreads are below 60 ns and 20 ns
when considering the unique antenna pointing angle with the
strongest received power for the 28 GHz narrowbeam and
73 GHz mobile measurements, respectively. The 73 GHz
backhaul measurements follow the same trend in LOS and
NLOS environments as the 73 GHz mobile measurements.
From Table XVII we can see that the minimum RMS delay
spread, MED 10 dB, and MED 20 dB for the LOS environment
are comparable at both 28 and 73 GHz and their various
scenarios. The same holds true for the minimum NLOS values
for each band and the various scenarios. The values presented
in Table XVII provide insight for systems that systematically
search for the strongest TX and RX antenna pointing angles that
result in low RMS delay spreads (so that simple equalization
methods may be used). The temporal statistics for these strong

1Five locations were used for the 28 GHz statistics as the sixth LOS location
had a larger than normal RMS delay spread (153.5 ns) since the TX and
RX antennas were not properly aligned on boresight for that T-R separation
distance.
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TABLE XVII
THE MINIMUM, MAXIMUM, AND MEAN RMS DELAY SPREAD, MED 10 dB DOWN FROM THE MAXIMUM PEAK, AND MED 20 dB DOWN FROM
THE MAXIMUM PEAK, FOR THE DIRECTIONAL BEAMS WITH THE LOWEST PATH LOSS FROM THE 28 AND 73 GHz MEASUREMENTS.
MED 10 dB REFERS TO MAXIMUM EXCESS DELAY 10 dB DOWN FROM THE MAXIMUM PEAK, AND MED 20 dB
REFERS TO MAXIMUM EXCESS DELAY 20 dB DOWN FROM THE MAXIMUM PEAK

Delay Spreads for Directional Beams with Lowest Path Loss
Environment LOS
RMS Delay Spread (ns) MED 10 dB (ns) MED 20 dB (ns)
Freq. Scenario min max mean min | max | mean | min max mean
28 GHz | Narrowbeam | 0.83 | 153.6 0.857 44 | 3629 | 76.1 5.0 | 405.7 85.3
73 GHz Access 0.81 1.7 1.2 4.3 25.1 124 | 49 25.8 13.8
73 GHz Backhaul 0.93 1.9 1.5 4.6 24.7 195 | 7.6 28.2 22.6
Environment NLOS
RMS Delay Spread (ns) MED 10 dB (ns) MED 20 dB (ns)
Freq. Scenario min | max mean min | max | mean | min max mean
28 GHz | Narrowbeam | 0.96 | 165.1 25.7 S.1 | 221.3 | 53.7 | 6.3 | 1384.8 | 152.2
28 GHz Widebeam 1.4 20.0 7.1 5.4 18.6 8.9 11 171.6 56
73 GHz Access 092 | 303 7.1 4.3 952 27.1 55 159.1 39.1
73 GHz Backhaul 092 | 485 5.6 44 | 169.6 | 226 | 49 171.3 30.7

CDF of RMS Delay Spreads for Single Strongest
Beam Power Over All Locations
T T L T T T T
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Fig. 11. 28 GHz and 73 GHz Access CDFs of RMS delay spreads for the
single strongest received power for each TX-RX location combination that
resulted in the lowest path loss in LOS and NLOS environments [41].

directional beams may help define the channel matrix used to
describe the LOS and NLOS mmWave channels.

VIII. SPATIAL STATISTICS FOR MmMWAVE CHANNELS
A. Spatial Lobes

MmWave transmissions will be very directional as a result
of the high-gain antennas needed at the base station and mobile
handset to make up for the increased free space path loss, a
major shift from today’s fixed sectorized cells and omnidirec-
tional receivers. Our 28 GHz and 73 GHz measurements have
revealed that energy tends to depart and arrive at a few principal
AOD and AOA spatial lobes, where we define a spatial lobe
to represent a main direction of arrival (departure) at which
groups of traveling MPCs arrive (depart) over a contiguous
range of angles in azimuth and elevation over several hundreds
of nanoseconds. Spatial lobes model the phenomenon of spatial
directionality in mmWave channel characterization, and have
been used successfully to model the 2-D and 3-D spatial
channels at 28 GHz based on our field measurements [3], [13],
[45], [46], [62], [65].

3GPP and WINNER II channel models represent spatial
clusters of MPCs by assigning one group of traveling MPCs
to one random AOA. We have observed from field measure-
ments that multiple groups of multipath clusters can arrive at
the same unique pointing angle in azimuth and elevation but
at different time delays, and we therefore generalize spatial
clusters into spatial lobes, where a spatial lobe can receive
more than one traveling cluster. This observation was possible
due to the measurement system of Table I that enables 2.5 ns
MPC resolution and highly directional channel measurements,
thus enabling the detection of clusters of MPCs over several
hundreds of nanoseconds in excess delay.

Channel characterization of the impulse response has thus far
focused on modeling the time domain, the AOA in the azimuth
plane [86], [87], and/or the AOA and AOD in the azimuth and
elevation planes [76], [88], to account for directionality at the
TX and RX. We generalize this by introducing directionality
at the TX and RX, in both the azimuth and elevation planes,
by extracting spatial lobe statistics from field measurements.
Spatial lobe statistics are easily extracted from 3-D power
spectra by defining a power threshold, where all contiguous
power levels above such a threshold belong to one 3-D spatial
lobe [45], [46], [62]. This spatial thresholding technique allows
us to extract RMS lobe angular spreads, a new statistic that
quantifies directional spreads at the TX and RX.

Directional spatial statistics can be used to model spatial
directionality at both the TX and RX. Table XVIII shows the
3-D RMS lobe angular spreads extracted from our 28 GHz
and 73 GHz field measurements, in both LOS and NLOS en-
vironments (where 3-D RMS lobe angular spread is defined in
[46]), using a —10 dB lobe threshold. Field measurements pro-
vided enough data to separate the NLOS scenarios by different
frequencies, while the LOS measurements were too few (only
three locations at 28 GHz, and six locations at 73 GHz), moti-
vating us to pool measured data from both frequencies to find
statistics (e.g. model parameters) for a joint frequency scenario.
The LOS RMS lobe azimuth spreads are on average slightly
larger than the NLOS RMS lobe azimuth spreads, indicating
that energy arrives in narrow lobes at the RX, while being more
distributed over space and stronger in LOS environments (see
Figs. 17 and 18). In NLOS environments, the 28 GHz 3-D lobe
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TABLE XVIII
SUMMARY OF 3-D SPATIAL LOBE STATISTICS FOR JOINT 28 GHz AND 73 GHz LOS, 28 GHz NLOS, AND 73 GHz ACCESS NLOS ENVIRONMENTS,
OBTAINED USING A -10 dB LOBE THRESHOLD [46]

Frequency Scenario LOS NLOS
Joint 28-73 GHz | 28 GHz [ 73 GHz
AOA RMS Lobe Azimuth Spread (u [°], o [°]) (7.0,4.2) (6.8,4.8) | (3.7,2.3)
AOA RMS Lobe Elevation Spread (u [°], o [°]) (7.0,4.7) 6.7,2.3) | (2.2,1.7)

TABLE XIX
38 AND 60 GHz P2P CLOSE-IN FREE SPACE REFERENCE DISTANCE (dg = 1 m) DIRECTIONAL PATH LOSS MODELS. PLE IS THE PATH LOSS
EXPONENT, ¢ IS THE STANDARD DEVIATION OF THE ZERO-MEAN GAUSSIAN RANDOM VARIABLE (SHADOW FACTOR)
ABOUT THE MMSE LINE. 60 GHz VEHICULAR MODELS ARE ALSO PRESENTED

P2P Directional Path Loss Models (dp = 1 m)

LOS NLOS NLOS-best

Frequency | TX Height (m) | RX Height (m) | PLE | o [dB] | PLE | o [dB] | PLE | o [dB]
38 GHz 15 15 2.0 3.8 3.9 10.6 33 7.7
60 GHz 2.2 2.0 3.6 9.0 33 9.2

Vehicular Directional Path Loss Models (dp = 1 m)

LOS NLOS NLOS-best

Frequency | TX Height (m) | RX Height (m) | PLE | o [dB] | PLE | o [dB] | PLE | o [dB]
60 GHz 1.5 1.5 2.5 3.5 54 14.8 5.0 10.9

azimuth spreads are larger than at 73 GHz, indicating that 28
GHz propagation is more spatially prominent than at 73 GHz,
i.e., stronger energy comes from a larger number of angles at
lower mmWave frequencies. The 73 GHz measurement system
uses an increased overall measurement range to offset some
additional free space loss as compared to the 28 GHz system
(see Table I), hence the smaller angular spreads at 73 GHz may
be due to the narrower TX antenna, as well as to increased
environmental scattering that dampens energy over a wider field
of view.

IX. PEER-TO-PEER AND VEHICULAR
CHANNEL RESPONSES

Wideband P2P measurements as described in [34] were
conducted at UTA along a pedestrian walkway surrounded by
buildings at both 38 and 60 GHz, over T-R separation distances
ranging from 19 to 129 meters. Similar to the directional path
loss models presented for base station-to-mobile (access) and
base station-to-base station (backhaul) scenarios described
in Section III, directional path loss models with respect to a
1 m close-in free space reference distance are presented in
Table XIX. The LOS boresight-to-boresight measurements
yielded measured PLEs and shadow factors of 2.0 and 3.8 dB,
and 2.2 and 2.0 dB, at 38 GHz and 60 GHz, respectively,
indicating a relatively good fit to free space propagation
(n =2) with small large-scale signal fluctuations resulting
most likely from coherent combining of the direct LOS
path and ground-bounces. The NLOS measurements showed
increased signal attenuation over distance, with measured PLEs
and shadow factors of 3.9 and 10.6 dB, and 3.6 and 9.0 dB,
at 38 GHz and 60 GHz, respectively, resulting from random
signal level fluctuations caused by large scatterers such as
building surfaces and trees. The slight increase of the LOS
PLE at 60 GHz, above free space, is expected due to increased
oxygen absorption [34], [61]. When selecting the strongest
beam at each measured TX-RX location, the specific increases
in link margin over distance are 6 dB/decade and 3 dB/decade
at 38 GHz and 60 GHz, respectively.
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Fig. 12. 38 and 60 GHz directional antenna P2P RMS delay spread CDF and
as a function of T-R separation distance.

TABLE XX
38 GHz AND 60 GHz P2P RMS DELAY SPREAD DISTRIBUTION FIT AND
GOODNESS OF FIT viIA NMSE

| P2P RMS Delay Spread Goodness of Fit

Frequency Distribution GOF
38 GHz (7.8° Az. HPBW TX & RX) |Exp (1 = 23.6ns)| 0.67
60 GHz (7.3° Az. HPBW TX & RX) | Exp (u = 7.4ns) | 0.76

Fig. 12 shows the P2P RMS delay spread CDFs and RMS
delay spreads as a function of T-R separation distances, ob-
tained from the 38 GHz and 60 GHz P2P measurements.
The 60 GHz RMS delay spreads are much lower than the
38 GHz RMS delay spreads. This can be accounted for with two
explanations. First, the 60 GHz transmit power was only 5 dBm
whereas the 38 GHz transmit power was 22.1 dBm, thus weaker
components that the 38 GHz system detected were not able to
be detected by the 60 GHz system. Second, air attenuation a
60 GHz is much greater than at 38 GHz and scattering
is also more diffuse, resulting in less detectable energy.
Table XX shows the exponential distributions that were fit to
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the empirical RMS delay spread values from the P2P measure-
ments at 38 GHz and 60 GHz. The mean values of the empirical
RMS delay spread CDFs were used to generate exponential
distribution models using the NSME method, and the corre-
sponding GOF measures between the modeled and empirical
distributions are given in Table XX at both 38 GHz and 60 GHz.

The mean value of the RMS delay spreads for all vehicular
measurements was 2.7 ns. Overall, the results are favorable
for short-range communications in a vehicle-to-vehicle or
in-vehicle mmWave system. The NLOS PLE of 5.4 (see
Table XIX) is rather high for the 60 GHz vehicular scenario
as the signal attenuates by 54 dB/decade of distance, due to
signal blockage of other vehicles and within the vehicle, and
increased oxygen absorption, but short range communications
such as P2P and vehicular to vehicular (V2V), will be able to
withstand such loss.

X. 28 GHz mmWAVE WIDEBAND CHANNEL STATISTICS

The 28 GHz propagation measurements were used to create
a 3-D statistical channel impulse response model capable of
generating omnidirectional PDPs and 3-D power spectra at the
transmitter and receiver, which recreated the statistics of the
measured channels [45], [46]. Previous work considered 2-D
channel models, which have been reported in [1], [45], [46], and
were used for mmWave system-wide simulations and capacity
analyses in a MIMO system, showing that multiple beams
can be exploited to achieve significant spatial multiplexing
and beamforming gains from MPCs departing from multiple
distinct directions at the base station [49].

Among the many results discovered, it is worth mentioning
that energy was observed to arrive at distinct spatial lobes
[45]. Field measurements revealed that MPCs not only travel
close together in space and time, but can also arrive at the
receiver at much larger delays than previously considered in
current UHF/Microwave channel models, when taking high-
gain directional horn antennas into account.

The widespread 3GPP and WINNER II channel models do
not distinguish a spatial cluster from a time cluster. In our
model, we introduce concepts of time clusters and spatial lobes,
where a spatial lobe can receive multiple time clusters, as
observed from field measurements with high-gain antennas.
Intra-cluster statistics revealed that time clusters are subdivided
into smaller microscopic subpath components, whose power
levels exhibited (on average) an exponential fall-off behavior as
shown in Fig. 16. This phenomenon was found in both LOS and
NLOS environments as displayed in Figs. 13 and 14 at unique
pointing angles. Fig. 14 illustrates cluster subpaths as measured
from a unique RX antenna pointing angle. Five distinct time
clusters and intra-cluster subpaths can be observed occurring at
discrete excess time delays.

Fig. 15 shows a PDP obtained at a unique azimuth and
elevation pointing angle combination, clearly showing two
groups of MPCs arriving at excess delays of 0 ns and 360 ns,
with the two time clusters composed of multiple intra-cluster
subpaths. It is worth mentioning that previous published work
used intra-cluster subpaths to successfully model the indoor
multipath channel [86], [87], [89]. In our work, a group of
MPCs traveling close in time and space are referred to as a
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delays [45], [46].
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Fig. 14. Typical power delay profile measured at a unique pointing angle in a
LOS environment for a T-R separation distance of 31 m. In this PDP, multiple
time clusters and intra-cluster subpaths are observed.

time cluster, or temporal cluster [45]. Time statistics were
extracted by defining a minimum inter-cluster void interval of
25 ns, and subsequently counting the number of time clusters,
the number of intra-cluster subpaths, and extracting cluster and
subpath power levels in synthesized 3-D omnidirectional PDPs
[45], [46]. This simple clustering scheme can resolve multipath
channel dynamics in great detail within the smallest multipath
time resolution offered by the 3GPP and WINNER models
(20 ns) [50] [76], and is easily adjustable to resolve temporal
statistics over arbitrary time resolutions using a different
minimum inter-cluster void interval. Multipath components
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a function of intra-cluster subpath delay obtained from the 28 GHz synthesized
omnidirectional PDPs in NLOS, extracted using a 25 ns minimum inter-cluster
void interval. The power levels are observed to fall-off exponentially. Random
fluctuations in power levels may be added using a lognormal random variable
with o = 6 dB [46].

tend to arrive at the receiver at many different time delays and
angular directions (a result of walkways and streets between
buildings, that have typical spatial dimensions of 8 m—roughly
25 ns in propagation delay) in the dense urban propagation
environment). The inter-cluster void interval is adjustable and
may differ depending on city street layout dimensions. The
clustering approach provided models for the time cluster and
intra-cluster subpath power levels, yielding an accurate fit to
the empirical omnidirectional RMS delay spreads over a large
ensemble of simulated PDPs. Note that our previous work
considered a 2.5 ns minimum inter-cluster void interval when
considering synthesized omnidirectional PDPs in 2-D [45].
We subsequently found this was too small of a value to obtain
accurate RMS delay spread tail behavior in monte carlo
simulations. Spatial lobe statistics were extracted by applying
a —10 dB threshold with respect to the maximum received
power angular segment in the 3-D power spectrum [46], while
a —20 dB power threshold was used in [45]. We found a

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO. 9, SEPTEMBER 2015

LOS Polar Plot

ou
330° 30
-0
,Qwo- Q\c
300° Pod \ 60°
L L 4
b ,6
R v o
7 d\“ﬁ bt
e ] 76 08P 56
d o 4
o 4
LSl C S S W \
] \b ? o \b
i -
240° ! Sal 2 1200
\\‘ ,'fl \o
&
210° 150°
180°

T-R Separation: 54 m

Fig. 17. 28 GHz LOS polar plot for a T-R separation distance of 54 m showing
that energy arrives in all measured directions within a 10 dB dynamic range.
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Fig. 18. 28 GHz NLOS polar plot for a T-R separation distance of 77 m show-
ing that energy arrives at distinct AOAs, motivating the use of beamforming
and beam combining in mmWave MIMO systems.

—10 dB threshold in space is more meaningful for keeping the
salient features of a model built from a vast amount of measured
data. In our work, we de-coupled time and space by extracting
temporal and spatial statistics independently, and then assigned
time clusters in a random manner to spatial lobes in order to
re-couple the time and space dimensions to produce an accurate
joint spatial-temporal channel model (see Step 12 in [46]).

Our 3-D stochastic channel models follow from the 3GPP
and WINNER II models, and include simple extensions to
account for intra-cluster delays and power levels (based on
our field data), and also provide a detailed methodology for
generating segmented AOD and AOA power spectra with a 1°
resolution in the azimuth and elevation planes. Accurate repro-
duction of measured channel PDPs and a complete step-by-step
procedure for generating mmWave omnidirectional PDPs and
power spectra has been presented in [46].

There are significant differences in the spatial properties of
LOS and NLOS mmWave channels. Figs. 17 and 18 show
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two typical polar plots obtained from measurements in a LOS
and NLOS environment, respectively, where each ‘dot’ cor-
responds to the total received power (area under the PDP)
at each measured unique pointing angle in azimuth, and at
an elevation of 0° (parallel to the horizon). The contrast in
spatial power variation encountered in LOS environments as
compared to NLOS environments as displayed in Figs. 17 and
18 is significant, indicating a great deal of azimuthal sparsity of
energy and more sharply defined AOAs in NLOS environments.

XI. CONCLUSION

This paper presents the first combined contribution of wide-
band mmWave outdoor propagation measurements and channel
models at 28, 38, 60, and 73 GHz for base station-to-mobile (ac-
cess), base station-to-base station (backhaul), peer-to-peer, and
vehicular (V2V) scenarios. The measurement results include
channel characteristics such as path loss models for each fre-
quency, multipath delay spread, number of multipath com-
ponents, outage probabilities, and initial mmWave statistical
spatial channel model (SSCM) statistics. In general, path loss
exponents are larger in New York City than in Austin due
to the highly populated urban environment of the former, but
are not markedly different from today’s UHF cellular systems.
Directional and omnidirectional path loss models were both
presented with respect to a 1 m close-in free space reference
distance. Using a close-in reference distance path loss model
is advantageous because of the standard use, the frequency de-
pendence, and the ease by which measurements across different
bands and scenarios may be compared, whereas the alpha-
beta model is only sufficient across the specific measurement
range and is difficult to use for comparison at different fre-
quencies or environments. The omnidirectional PLE ranges
from 1.8 to 2.1, and from 2.4 to 3.5 in LOS and NLOS
environments, respectively, at 28, 38, and 73 GHz, not much
different than today’s UHF/Microwave path loss models. The
measurements and models provided here suggest that PLE
tends to increase slightly with an increase in frequency for
a given environment, due to the diffuse scattering of signals
with smaller wavelengths. The close-in reference distance path
loss models allow comparisons using the Distance Extension
Exponent (DEE) and Distance Extension Factor (DEF) for
either increasing SNR or extending coverage distance when
combining beams with the strongest received powers. Coher-
ently combining the four best measured beams at both 28 and
73 GHz has shown that coverage distance can be extended by
more than a factor of 2.

Multipath has proven to be advantageous in increasing SNR
and signal strength in current 4G/LTE systems, but it is still
up for debate whether mmWave systems will employ the same
algorithms and technologies. The average number of resolvable
MPCs in any arbitrary antenna pointing direction is larger at
28 GHz (4.7) than 73 GHz (3.3) in NLOS environments for the
base station-to-access scenario, likely due to the larger wave-
length and more pronounced reflected and scattered energy at
28 GHz. The average NLOS RMS delay spread for 28, 38, and
73 GHzis 17.4,11.4,and 11.1 ns, respectively, using arbitrarily
pointed narrowbeam antennas in the base station-to-access sce-
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nario, and decreases when widebeam antennas are used. The
mean NLOS RMS delay spreads below 20 ns compare well
with previous outdoor measurements at 60 GHz [28]. RMS
delay spread is generally inversely proportional to the T-R sep-
aration distance in less urban environments such as Austin, and
is much larger in New York City than in Austin, because of the
highly reflective dense urban environment. We have also shown
that the single strongest directional link between the TX and
RX in dense urban environments often results in the link with
low RMS delay spread, and this knowledge will be important
for future mmWave systems that will be highly directional with
numerous antenna elements. The outage studies show better
coverage at 38 GHz in Austin than in New York City at 28 GHz
and 73 GHz, since New York City is a dense urban environment
with tall buildings that provide more obstructions in propa-
gating paths. However, studies at all three bands show that a
majority of links can be made for T-R separation distances less
than 200 m.

The first 3-D measurement-based mmWave wideband sta-
tistical channel impulse response model and key parameters
were presented for 28 GHz propagation. Indoor and small-scale
outdoor measurements are currently under way for the 28 and
73 GHz bands to build a larger database of mmWave mea-
surements and to generate more diverse models. The data and
models presented in this article will allow for the development
of channel models and system analysis for next-generation
mmWave small cell wireless communications systems, and
may assist in the global comparison of models from other
researchers.
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