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Abstract— Propagation measurements at 28 GHz were
conducted in outdoor urban environments in New York City
using four different transmitter locations and 83 receiver
locations with distances of up to 500 m. A 400 mega-chip per
second channel sounder with steerable 24.5 dBi horn antennas
at the transmitter and receiver was used to measure the
angular distributions of received multipath power over a wide
range of propagation distances and urban settings.
Measurements were also made to study the small-scale fading
of closely-spaced power delay profiles recorded at halfwavelength (5.35 mm) increments along a small-scale linear
track (10 wavelengths, or 107 mm) at two different receiver
locations. Our measurements indicate that power levels for
small-scale fading do not significantly fluctuate from the mean
power level at a fixed angle of arrival. We propose here a new
lobe modeling technique that can be used to create a statistical
channel model for lobe path loss and shadow fading, and we
provide many model statistics as a function of transmitterreceiver separation distance. Our work shows that New York
City is a multipath-rich environment when using highly
directional steerable horn antennas, and that an average of 2.5
signal lobes exists at any receiver location, where each lobe has
an average total angle spread of 40.3° and an RMS angle
spread of 7.8°. This work aims to create a 28 GHz statistical
spatial channel model for future 5G cellular networks.
Keywords—28 GHz, 5G, millimeter wave, RF propagation,
channel sounder, statistical spatial channel model, AOA, AOD,
lobe, angle spread, path loss, shadow fading, polar plot.

I. INTRODUCTION
Recent work has suggested the viability of mm-wave
spectrum (i.e. at 28 GHz and 38 GHz) to satisfy the
increased bandwidth demand for cellular and backhaul;
these bands provide much more spectrum and allow the use
of miniature high gain antennas [1][2][3]. Fig. 1 shows the
relationship between atmospheric attenuation at sea level
and frequency. The additional propagation attenuation at 28
GHz is about 0.06 dB/km; however, since the maximum cell
size is projected to be 200 m at 28 GHz [4], the vertical
axis of Fig. 1 can be divided (in dB) by a factor of five.
Thus, atmospheric attenuation is 0.012 dB/200 m at 28
GHz, a negligible value like cellular bands used today.
When using directional antennas, urban propagation and

Fig. 1. Air attenuation at sea level versus frequency, showing the
additional path loss due to atmospheric oxygen [2]. The white
circle highlights the 28 GHz and 38 GHz frequency bands that will be
used for future 5G wireless. The green circles (solid border) highlight
frequencies that have comparable free space (air) characteristics to
modern cellular frequencies. The blue circles (dotted border) show
frequencies with greater attenuation, which are therefore ideal for
short-range indoor communications.

rain attenuation are also not major concerns at 28 GHz
[4].
Using the mm-wave spectrum for future cellular and
backhaul networks will not only alleviate the current
spectrum shortage, but also offer multi-gigabit per second
data for each mobile user. Recent analysis has shown that
the relative power consumption of wireless devices
decreases as the RF bandwidth increases [5], implying
that future smartphones will not only have faster data
rates, but also be more energy efficient.
The commercialization of mm-wave cellular can be
realized with high-gain steerable antennas, which are
necessary to overcome the propagation challenges of
higher carrier frequencies, and to direct energy towards
optimal directions that can exploit multipath and
successfully complete a link [6]. Future smart antenna
arrays, possibly on-chip [1], will
algorithmically
determine the optimal angle of arrival (AOA) and angle
of departure (AOD). One possible beam steering method
is to use narrowband pilot tones that enable the prediction
of the spatial location of multipath based on narrowband

envelope cross-correlations [7].
The study of indoor spatial propagation of multipath
has been investigated in the past, as multipath AOA was
determined in a classroom, hallway, and parking lot using
highly directional antennas and ray-tracing techniques [8].
In [8], the azimuthal multipath distribution was found to
be highly correlated with the site-specific environment.
A
common
misconception
about
mm-wave
propagation is that a link can only be completed between
a TX and a RX in a line of sight (LOS) environment.
Previous outdoor propagation research in Brooklyn, NY
for local multipoint distribution service (LMDS) at 28 GHz
demonstrated that LOS links work well, but non line of
sight (NLOS) links do not [11]. Recent studies of the 38
GHz and 60 GHz mm-wave channels conducted at the
University of Texas [12] concluded that making links was
rare at extreme off-boresight angles (i.e. with the receiver
antenna pointed 50° or more away from the optical
unobstructed LOS direction to the TX). However, in this
28 GHz study, we see that in downtown New York City,
making links at off-boresight pointing angles is not only
possible, but very common.
II. 28 GH Z B ROADBAND CHANNEL SOUNDER H ARDWARE
AND MEASUREMENT PROCEDURE

This measurement campaign was conducted around the
Polytechnic Institute of New York University (NYUPoly) campus in downtown Brooklyn, and the NYU
main campus in Manhattan. The Brooklyn TX was
located on the rooftop of Rogers Hall (eight stories
high, 40 m above ground level) with eight RX locations,
where two NLOS locations were chosen specifically to
investigate small-scale fading. The three Manhattan TX
sites were chosen to emulate future cellular base stations
with relatively low heights: two were located on the
one-story Coles Sports Center building rooftop (7 m
above ground level, with the TX located on the
northwest and northeast corners of the roof), and one
TX was located on the five-story balcony of the
Kaufman building of the Stern Business School (17 m
above ground level, see Fig. 3). All three Manhattan TX
sites used the same set of 25 RX locations, which were
chosen randomly based on the availability of AC power,
thus yielding 75 unique TX-RX locations in Manhattan
and 83 in total including Brooklyn. Multipath power delay
profiles as a function of TX and RX beam steering
directions were recorded at each RX location for which
signal could be received (28 RX locations in Manhattan). At
each RX location, the narrow beam (10° beamwidth) horn
antennas for both the TX and RX antennas were first rotated
to find the strongest received power. The 0° azimuth angles
of the TX and RX antennas were specified as the TX and
RX pointing angles that provided the strongest signal at the
RX. Then, nine different azimuth/elevation pointing
combinations were used, and complete 360° azimuthal
scans of the RX antenna were conducted in 10° increments

Fig. 3. 28 GHz cellular measurement locations in Manhattan near the NYU
campus. Three base station locations (yellow stars on the one-story rooftop
of Coles Recreational Center and five-story balcony of the Kaufman
building of Stern Business School) were used to transmit to each of the 25
RX locations within 20 to 500 m. Green dots represent visible RX
locations, and purple squares represent RX sites that are blocked by
buildings in this image. Four RX locations on the west are not shown in the
picture (including the eight RX sites in Brooklyn).

to capture PDPs. PDP measurements were taken for three
different TX azimuth angles, -5°, 0°, and +5° using a fixed
TX antenna downtilt of -10°, and for three different RX
elevations, -20°, 0°, and + 20. A 10th antenna combination
allowed us to measure AOD statistics, where the RX was
pointed in elevation and azimuth for strongest received
signal, and the TX was then swept in azimuth in 10°
increments using a fixed downtilt of -10°. For each TX-RX
antenna pointing combination at each RX location, we
measured PDPs using a 400 mega-chips per second spread
spectrum sliding correlator channel sounder with a slide
factor of 8000, a multipath resolution of 2.3 ns, and a RF
null-to-null bandwidth of 800 MHz [4]. The TX and RX
antennas were mechanically auto-steered in 10° increments
over azimuth using vertically polarized 24.5 dBi horn
antennas (3-dB beamwidth of 10.9°). Accounting for a SNR
of 10 dB, the maximum measurable path loss was 168 dB,
with a transmit power of +30 dBm applied to the TX
antenna [4].
Using LabVIEW software provided by National
Instruments, an average PDP was measured at each TX-RX
pointing angle combination at each RX location, for each
10° increment in azimuth at the RX, enabling spatial and
temporal multipath statistics to be computed, where each
average PDP was made up of 20 successive
PDPs
recorded over a four second interval.
Small-scale linear track measurements were first
conducted in Brooklyn (Figs. 4 and 6) with a step size
of 5.35 mm (λ/2) along a 107 mm (10λ) length track. The
RX azimuth angle was set to 0° when the RX antenna
pointed directly at the TX, for LOS and NLOS conditions.
At each λ/2 track position, measurements were recorded at
10° counterclockwise azimuth increments at the RX to
perform a 360° sweep with the TX azimuth held constant.
Thus, 36 PDP measurements were completed at each λ/2
position for small-scale fading analysis.
Since relatively little fading was observed for each
multipath component over the linear track, AOA and AOD

T ABLE 1: SUMMARY OF LOBE STATISTICS, THE PROCEDURE TO
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Fig. 4. Four polar plots of 28 GHz propagation at track positions 1, 5, 10
and 21 along a 21-step linear track with λ/2 step sizes show two lobes of
received power across azimuth. Measurements are for a partially obstructed
NLOS RX environment in downtown Brooklyn using 24.5 dBi horn
antennas at both the TX and RX. The TX was placed on the rooftop of
NYU-Poly’s Rogers Hall 135 m away from the RX. Each red dot
represents the received power level at a particular RX azimuth angle. For
NLOS RX locations, a threshold of 20 dB below maximum power level
was defined for a threshold (shown as a blue solid-line circle) to determine
lobe statistics. 10 dB was used for LOS.

measurements were conducted in Manhattan without the
linear track.
III. 28 GHZ CHANNEL AOA AND AOD ANALYSIS
USING LOBES
Multipath power delay profiles were captured at each
RX and TX angular orientation, providing received PDPs
and multipath statistics as a function of azimuth angle at
both TX and RX. The received power is the area under
the PDP and may be plotted on polar plots, as shown in
Fig. 4. We define a lobe as the contiguous spread of
energy arriving or departing in the azimuth and elevation
directions, where each distinct lobe defines a principal
propagation route (e.g. spatial direction) of multipath.
Lobes are 3-D in general, but in this paper, we show lobes
as 2-D representations of azimuthal power distribution,
which may represent either AOA (arriving at RX) or
AOD (departing from TX).
Fig. 4 shows an example of received power (PDP)
measurements taken in a NLOS environment with the TX
on the rooftop of Rogers Hall and the RX at the corner of
Bridge Street and Myrtle Avenue in downtown Brooklyn,
over a small-scale 10 wavelength, 21 position track of 107
mm in length, where each incremental position is separated
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by 5.35 mm. The TX-RX separation distance was 133 m.
Fig. 4 shows energy arriving at the RX (e.g. AOA) over a
small-scale local area from two distinct directions (e.g. two
distinct lobes), where each of the two lobes has varying
angle spread and power intensity. Table 1 lists several
statistics we have defined in order to model lobes
consistently. We define ̅ as the AOA (at the RX) or AOD
(at the TX) for a particular lobe, where ̅ represents the
power-weighted mean pointing angle. We use ̅ of each
lobe to identify the single (e.g. mean) direction of energy
arrival or departure calculated by (1),
̅

∑
∑



where k is the index of a pointing angle θk (degrees) within
a lobe and P(θk) is the received power (in the linear scale,
e.g. mW) at θk.
Lobes 1 and 2 in Fig. 4 have an approximate "visual"
AOA of 0° and 230° at all track positions. However, using
(1), Lobes 1 and 2 at track position 1 have a precise AOA of

354.4° and 235.6°, respectively.
As shown in Table 1, we define a lobe as a shape on a
polar plot of received signal (e.g. multipath) power,
wherein each lobe has statistics such the lobe angle
spread (LAS) (the span of RX or TX azimuth angles over
which the lobe has energy and thus exists), and the root
mean square deviation (RMS) of LAS (which denotes the
angle spread across azimuth of a lobe over which most of
the total lobe power is received). These statistics and their
computation methods are given in Table 1, including the
particular values of these statistics for the set of all lobes
measured at all Manhattan locations that had sufficient
signal strength (at 6 LOS and 22 NLOS RX locations).
The measured data revealed the average and standard
deviation of the number of lobes found in all Manhattan
measurements was 2.5 and 1.7, respectively, and can be
well modeled as an exponential random variable about the
mean (2.5) number of lobes. The average and standard
deviation of the LAS (defined in Table 1) for all
Manhattan locations that could be measured was 40.3°
and 42.5° respectively, and is well modeled as an
exponential random variable about the mean. The AOA
̅ over all Manhattan locations was found to perfectly
match a uniform distribution between 0° and 360°.
The azimuthal distributions of multipath signals as
described by spatial lobes is one important part of a
proper statistical spatial channel model (SSCM) for
cellular communications at 28 GHz, but it is also
important to model the propagation in the time domain
(e.g. multipath propagation in time) [9][10]. We define a
multipath cluster as a group of multipath components
within a PDP for a particular RX and TX antenna spatial
angle such that a cluster represents signal energy travelling
closely together in time and angular space. Note that for
channel modeling purposes, the beam pointing angle may be
defined simply as a lobe (e.g. the RMS LAS about the
AOA), or as a sampled portion of a lobe about the AOA, or
may be defined in terms of the RX antenna pattern (e.g.
beamwidth) and its orientation. An important statistic for a
PDP is the number of clusters in a PDP. A cluster is defined
by its initial arrival time, that is, the propagation time of the
first arriving multipath component within a cluster, the
cluster time spread, the cluster internal RMS delay spread,
the multipath amplitude distribution of the cluster, the
number of multipath components contained within each
cluster, and the inter-arrival time distributions of multipath
components within a cluster. We can also statistically model
void arrival times, (e.g. time intervals between two
consecutive clusters in a PDP). Finally, we define a path as
the strongest multipath component within each cluster. A
path is defined by its amplitude, and its excess or absolute
propagation time delay within the cluster. Table 2
summarizes the above definitions.
Fig. 5a shows the relative propagation times of the
power received at Angle 1 of 350° and Angle 2 of 230° (e.g.
Lobes 1 and 2, respectively) of the polar plot in Fig. 4 at
Track Position 1, corresponding to the PDPs with the

Fig. 5 a) Superimposed PDP of two individual received PDPs, where each
PDP comes from a different AOA at the same RX location. The PDPs
displayed are from the polar plot in Fig. 4 at a partially obstructed NLOS
environment RX in downtown Brooklyn at Track Position 1 at 28 GHz,
shifted in time according to their absolute propagation times. The multipath
signals from Angle 1 arrived before those of Angle 2 (i.e. multipath
arriving at different times from two distinct lobes). The absolute
propagation times were found using manual ray-tracing, thus allowing
alignment with absolute timing of multipath signals at the RX, independent
of AOAs. b) Case 1 illustrates a situation where the receiver is not able to
recover absolute propagation times of arrival, resulting in all PDPs aligned
to the same point (first arriving multipath) in time. Case 2 illustrates a
situation where the receiver is able to distinguish absolute propagation
times across azimuth, thus keeping track of the absolute temporal
distribution of received power.

Fig. 6. PDPs measured over a 10λ linear track. The TX was on the rooftop
of Rogers Hall in downtown Brooklyn, and the RX was on Bridge Street
(135 m away from the TX). The TX and RX were pointed for maximum
signal power. Track step size was λ/2 using 24.5 dBi horn antennas with 3dB beamwidth of 10.9°.

greatest received power within the lobes. Since our
measurement system sequentially measured multipath over
10° azimuth increments and did non-coherent detection, we
did not have absolute propagation time delays for each
arriving PDP, as the first arriving multipath component was
used to trigger and establish the relative time delay as zero
for all PDPs. This limitation is illustrated as Case 1 in Fig.
5, where we have used ray in conjunction with city 3-D
maps to synthesize absolute propagation times of the
strongest multipath PDPs to yield the desired Case 2 [4].
Future measurements using cesium clock standards and
synchronization will ensure true propagation times for all
PDPs, removing the need to synthesize absolute propagation
times with ray-tracing. Case 2 shows the desired situation
where the receiver distinguishes the absolute time delays of
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all arriving multipath at all angles, enabling completely
accurate characterization of both angular and temporal
statistics of the wireless channel that may be used for any
type of antenna or beamforming/MIMO analysis (e.g. an
omni-directional channel model) [4].
Fig. 6 shows small-scale PDP measurements in a NLOS
location. For the strongest, first arriving multipath
component, the maximum instantaneous received power
along the track was -64 dBm/ns, while the minimum was
-68 dBm/ns, demonstrating little fading with a ± 2 dB
fluctuation about the mean power level at a given AOA.
As shown in Figs. 4 and 6, the small scale fading is
negligible over 10λ distance and constant AOA, suggesting
that developers of future wideband modems can expect little
fading within small-scale movements of 10 wavelengths
(0.107 m). With beam-steering and MIMO techniques,
antennas will be pointed over azimuth and elevation angles
to exploit the strongest powers.
Most links between TX and RX occured within ± 100°
for the TX azimuth, accounting for 91.6% of the total
number of viable links of 168 dB path loss or less, and
within ± 160° for the RX azimuth, accounting for 90.6% of
the total number of links. These show that there are microcellular urban environments such as Manhattan that offer
many viable combinations of TX-RX azimuth angles to
capture and exploit the abundance of multipath, conditioned
upon using highly directional steerable antennas and
beamforming algorithms at both the TX and RX.
Fig. 7 shows the distant-dependent lobe path loss for all
lobes measured in Manhattan, at all measureable locations
and angle orientations for both the TX and RX. The lobe
path loss (LPL) was found with respect to a 5 m free space
reference lobe, and a best-fit distant-dependent path loss
model was used to determine the path loss exponent and
shadowing factor. In Fig. 7, the measured lobe power was
subtracted from the 5 m free space reference lobe total

Fig. 7. Manhattan lobe path losses (LPL) with respect to a 5 m free space
reference lobe as a function of TX-RX separation distance at 28 GHz. The
solid black line is the MMSE best line fit through the lobe path losses. The
theoretical maximum lobe power of the free space reference lobe at 5 m
was subtracted from every total lobe power to recover the lobe path loss.
The lobe path loss exponent is 5.52 and the shadow factor is 10.9 dB.

Fig. 8. Cumulative Distribution Function of the lobe shadow fading (blue
dots) in Manhattan at 28 GHz. The average and standard deviation of the
shadow fading are 0.5 dB and 10.9 dB, respectively. The shadow fading
distribution follows a lognormal distribution (normal distribution with dBvalues) (black solid line). Shadow fading at distance d is found by
subtracting the MMSE lobe path loss from the actual lobe path loss.

power, thus recovering lobe path loss. The 5 m free space
reference lobe is defined as the reference lobe that is
measured (or found theoretically) when the TX and RX are
on boresight to one another, with the RX in the Fraunhofer
region. A free space reference lobe has well defined
properties against which we can compare any measured
lobe from New York City. The total lobe power is
calculated by summing the received powers (in the linear
scale) at every 10° angular increment across the reference
lobe using a LOS threshold of 10 dB below boresight
received power level. We found that the 5 m reference LAS
was 20° since the 24.5 dBi RX antenna gain decreased by
10 dB at ±10° from boresight. The corresponding power

received on boresight (i.e. 0°) was added (in the linear
scale) to the total power received at ±10°, and the total lobe
power at 5 m free space was found to be 4.7 dBm with a
maximum transmit power of 30 dBm. The received power
in LOS and NLOS environments was observed to generally
vary over 10 dB and 20 dB dynamic ranges, respectively,
because the received multipath signals in a LOS
environment arrive from most RX azimuth directions and
are much stronger than multipath signals propagating in
NLOS environments, in which energy arrives at just a few
main directions of arrivals. The lobe path loss exponent was
n = 5.52 using the MMSE method, and the shadow factor
was 𝜎 = 10.9 dB. These values are similar to path loss
exponents reported in [4]. The lobe path loss exponent is
high because the reference lobe power is much stronger than
any lobe power measured in Manhattan. The decay of lobe
power over space (i.e. the energy propagating in a main
spatial propagation route from the TX to the RX) decays
significantly when comparing it to the 5 m free space
reference lobe power.
Fig. 8 displays the cumulative distribution function
(CDF) of the shadow fading in all Manhattan locations. The
shadow fading was computed by taking the difference
between all the measured lobe path loss values and the bestfit distant-dependent mean lobe path loss line of n = 5.52.
The shadow fading fits well to a lognormal distribution (a
normal distribution with dB-values), with a mean of 0.5 dB
(close to zero mean) and a standard deviation of 10.9 dB.
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