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Abstract—The millimeter-wave (mmWave) band will be a
key component of fifth-generation (5G) wireless communication
systems. This paper presents radio propagation measurements
and analysis investigating the wideband directional channel
characteristics of mmWave transmission for in-building and
urban cellular communication systems in the 28 GHz band. Based
on the measurements, we analyze and model the spatio-temporal
channel characteristics such as multipath delay, angular statistics,
and path loss. In particular we investigate the clustering of
the multipath components, and investigate both the intra-cluster
and inter-cluster distributions. Based on these investigations, we
present a complete channel model suitable for system simulations
in the in-building and urban environments.

Index Terms—Millimeter wave, omni-directional channel mea-
surement, 5G cellular systems, spatial channel model, 28 GHz.

I. INTRODUCTION

Fifth-generation (5G) cellular systems are expected to use
an additional spectrum beyond the traditional wireless bands
[2]-[4] that can support more data traffic for various multi-
media services. Millimeter-wave (mmWave) bands, between
approximately 30 and 300 GHz are candidates to support
Gbps-speed wireless connections owing to the availability of
large (Z 1 GHz) bands of contiguous spectra. Consequently,
a number of groups have developed mmWave channel models
[5]-[7]. In this paper, we focus on characterizing the channel at
28 GHz, which is considered as one of the leading candidates
for such 5G systems, since numerous testbeds exist for this
band, and the Federal Communications Commission (FCC) in
the US in a recent ruling assigned this band for use in 5G
[8]. As can be seen from Friis’ equation, the free-space path
loss (FSPL) increases with the frequency when assuming a
constant-gain antenna [9]. For example, systems in the 28 GHz
band have 23 dB of additional FSPL when compared to the
conventional 2 GHz band. Therefore, the use of a directional
high-gain antenna is considered as a solution in mmWave
systems.

The propagation characteristics at mmWave frequencies
differ from those below 6 GHz, which has a significant
impact on system design efforts. For example, in the mmWave
bands, reflection is a more dominating propagation mechanism
than diffraction compared with those phenomena at lower
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frequencies [10]. As noted in earlier work [3], mmWave
signals do not penetrate most solid materials very well, while
signals at lower frequencies can penetrate more easily through
buildings. Mmwave transmission can experience significant
attenuation in the presence of dense vegetation, and the angular
and Doppler spreads are reduced with narrow transmitter
and receiver beams. In addition, the number of significant
multipath components (MPCs) associated with the mmWave
band is much lower than that in the microwave bands, a
condition known as channel sparsity [11].

Consequently, wireless systems operating in the mmWave
bands will require new air interface designs that are matched
to the special propagation characteristics of mmWave chan-
nels. While certain models are being developed within 3GPP
based on the structures of models below 6 GHz, such as the
WINNER II [12] and 3GPP SCM [13], those models were
realized under the constraint of a tight deadline, and do not
reflect all of the important properties of mmWave channels. A
need remains for further investigations and model refinements,
e.g., more detailed cluster analyses of multipath channels, as
discussed in this paper.

As a first step toward the development of mmWave cellular
channel models, it is necessary to analyze the spatio-temporal
channel characteristics such as the multipath delay, angular
statistics and path loss, and to perform the resulting channel
modeling. In this regard, some channel measurement cam-
paigns for outdoor cellular systems at mmWave frequencies
have been reported [14]-[17]. In these campaigns, a correlator-
based channel sounder with rotating horn antennas was used.
These studies, which were based on measurements performed
in the USA (Manhattan, New York and Austin, Texas), pro-
vided information about important propagation mechanisms
and angular spreads (ASs). However, the relative delays of
components measured in different directions were not directly
measured, but only synthesized with the help of ray-tracing
techniques. An omni-directional path loss model based on
those measurements was established in [18].

Omni-directional profiles were recreated using ray-tracing
techniques to recover the absolute timing [19]. In other work
[20], the path loss and delay spread (DS) were compared at
different frequencies using omni-directional antennas in urban
access scenarios. A model for predicting the path loss from
the microwave band to the mmWave band for street microcell
environments was also proposed [21]. The channel propaga-



tion characteristics were analyzed by using three-dimensional
(3D) ray-tracing simulation and compared with measurement
campaigns at 28 GHz [22]. In [23], a set of frequency-
agile path loss models for urban street canyons was presented
and discussed for both line-of-sight (LoS) and non-line-of-
sight (NLoS) channels. Several studies investigated the non-
stationarity of the path loss from ray-tracing results, presenting
a spatially consistent street-by-street path-loss model for use
in urban micro-environment (UMi) [24], [25]. For short-range
indoor mmWave links, a spatio-temporal statistical channel
model was presented in large office rooms, shopping malls,
and station scenarios at 60 and 70 GHz [26]. However, as noted
in [27], many more measurements are necessary to justify
the propagation characteristics in mmWave channels for 5G
mobile networks.

Directional channel sounding, which is conducted using
a horn antenna, provides impulse responses for a specific
combination of transmit and receive directions [14]. In order
to obtain (approximate) double-directional characteristics [28],
repeated measurements of channel impulse responses (CIRs)
are required based on the rotation of such horn antennas to
cover all azimuth/elevation directions. The angular resolution
is determined by the beam width of the horn antenna; specif-
ically, in our case a 10° beam width. The antenna synthesis
allows us to establish the power delay profiles (PDPs) from
transmitter (Tx) antenna connectors to receiver (Rx) antenna
connectors. Unlike previous measurement campaigns that use
ray-tracing to align the delays of directional CIRs, we use
our recently-developed delay alignment scheme [29]-[31] with
time stamping of each directional CIR. Our constructed chan-
nel sounder can thus combine directional CIRs to analyze
double-directional power angular-delay profiles and omni-
directional path loss and PDPs in the 28 GHz band.

In [31], we used this sounder to measure sevaral sam-
ple channels on a university campus and investigated the
feasibility of communication systems in the 28 GHz band
based on these measurements. The paper presents various
features including foliage effects, signal outages, path loss and
outdoor-to-indoor (O2I) conditions on the campus of the Korea
Advanced Institute of Science and Technology (KAIST) for
outdoor scenarios. In the current paper, we present the results
of two much more extensive measurement campaigns in dif-
ferent environments, i.e., an urban environment in downtown
Daejeon, Korea, and an indoor lounge-type environment on
the KAIST campus. The emphasis of the current paper is on
the channel parameters, which - due to the larger number of
measurement points - are also more statistically significant.

To summarize the main contributions, this paper presents
a wideband double-directional channel sounding campaign at
28 GHz along with channel parameters based on clustered
channel models for two important cellular scenarios, i.e., an
urban microcell and an open indoor hall mainly for NLoS
scenarios. The remainder of the paper is organized as follows:
Sections II and III describe the sounder setup and the channel
sounding settings, respectively. Section IV details the channel
parameter extraction procedure, and conclusions are presented
in Section V.

TABLE I
28 GHzZ CHANNEL SOUNDER SPECIFICATIONS

Parameters Values

Carrier Frequency 27.925 GHz

PN Sequence Type 11th order m-sequence

PN Sequence Rate 250 Mcps
DAQ Sampling Rate 1 Gsps
Horn Antenna Gain 24.5 dBi
Horn Antenna HPBW 10 degrees

Antenna Polarization Linear polarization

Transmit Power 29 dBm max

II. SYNTHESIZED OMNI-DIRECTIONAL CHANNEL
SOUNDING

A. Directional Millimeter-wave Channel Sounder

The radio channel measurement at 28 GHz was conducted
using a wideband channel sounder capable of estimating the
PDP over a long Tx-Rx distance. The core of the sounder
is digital correlation performed as a post-processing step,
which provides multipaths with a 4 ns delay resolution by
exploiting 250 Mega chip-per-second (Mcps) pseudo-random
(PN) sounding sequences. The PN sequence consists of an
m-sequence produced by an 1lth-order shift register with
an 8.188 us sequence duration. The m-sequences are mod-
ulated to produce a rectangular-shaped binary-phase-shift-
keying (BPSK) signal. Horn antennas with a 10° half-power
beam width (HPBW) in both the azimuth and elevation planes
and a gain of 24.5 dBi are installed on the Tx and Rx sides.
On the Rx side, the sampling rate of an analog-to-digital
converter (ADC) is one giga-samples per second (Gsps),
performing four times oversampling at the baseband sequence
rate. The Tx and Rx sides have their own external reference
clocks which are synchronized by a common trigger signal
generated by a function generator fed to the two sides through
a cable connection. Table I shows the measurement system
specifications; see also the literature [31] for more details.

Given that the sounder is equipped with directional horn
antennas, the maximum measurable path loss value is approx-
imately 160 dB, typically corresponding to Tx-Rx distances of
a few hundred meters. However, it requires antenna scanning
over all possible beam pointing directions due to the narrow
beam width of the antennas - unlike a sounder using an omni-
directional antenna. Both the Tx and Rx sides are equipped
with antenna steering modules based on stepper motors that
automatically control the beam pointing direction over the
azimuth and elevation angles. Directional measurements are
performed at every 10° over the azimuth and elevation angles,
leading to a maximum of 36 and 13 angular bins, respectively.
Note that angular bins near both ends, 60° ~ 90° and
—90° ~ —60°, in the elevation plane receive such a low level
of power that they can be neglected during the measurement
process.



Fig. 1. Floor plan of the five-story building showing the Tx and Rx antenna
locations. Only a part of the total 35 Rx antenna locations are marked.

B. Synthesized Omni-directional Power Delay Profile

We use a delay synchronization technique when undertaking
the directional channel measurements by determining the time
stamps of the Tx time for each directional measurement.
Details of this technique are described in [31]; we repeat
here the essentials for the convenience of the reader. First,
the directional PDPs with noise reduction are obtained from
measurements of each beam channel. In the channel sounding
for each Tx and Rx steering angle, fifty consecutive direc-
tional impulse responses are measured and recorded. Then,
the synchronization technique allows each directional PDP to
be aligned with the same relative propagation delay of the
channel, making it possible to derive double-directional PDPs
covering all solid angles of the antenna pointing directions.
Note that the Tx and Rx are not phase-synchronized, and
time synchronization is done only within less than a chip
period, i.e., approximately the inverse of the bandwidth. Thus,
synchronization is realized by time-aligning the impulse re-
sponses in different directions, which does not imply coherent
processing. Finally, omni-synthesized PDPs are obtained by
choosing the paths having the maximum level of power at each
resolvable delay to avoid overestimating the path power. The
synthesis algorithm is experimentally verified by comparing
the omni-synthesized PDP with a measured PDP using an
omni-directional antenna in [29].

III. CHANNEL SOUNDING CAMPAIGNS

Channel sounding was conducted in two sites, one repre-
senting an indoor scenario similar to a small shopping mall
and another being an outdoor urban environment in Daejeon,
South Korea.

A. In-building Environment

The first channel sounding was carried out inside a five-
story building on the KAIST campus. Figure 1 shows the
measurement site for the in-building scenario. We performed
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Fig. 2. Map of the Tx and Rx locations in the urban measurement site.

the channel sounding in the space around the atrium. The
Tx antenna was positioned either on the first floor, termed
Tx positions 1 and 2, or on the third floor, referred to as
Tx position 3. Measurement campaigns were carried out for
various Rx positions on the same and different floors, with 35
Tx-Rx links in total. The measurement scenario is defined via
the indices of the Rx antenna locations, including both LoS
and NLoS channels. For example, the LoS Rx positions are in
front of Tx position 3, while the NLoS Rx positions are behind
the stairs or in the corridors. The Tx-Rx distance ranged from
10 m up to 40 m. The range of the antenna steering angles was
from 0° to 360° in the azimuth on both the Tx and Rx sides.
The elevation angle of the Tx antenna was set to the strongest
signal direction during the first antenna scanning process. On
the Rx side, the elevation angle was scanned within the range
of +£60° according to the measurement environment.

B. Urban Environment

The second channel measurement was performed in a
densely built-up urban environment in downtown Daejeon,
South Korea and was focused on a sector for one main
direction of the Tx. The Tx antenna was placed on the fifth
floor of a building at a height 15 m above the ground. Figure
2 depicts a satellite map of the Tx and Rx antenna locations
of the channel sounding. The sounding was carried out for
47-NLoS Rx antenna locations in total, among which 38
locations provided meaningful channel data sets with signals
observed; the channels at Rx positions 4, 5, 16, 17, 25, 26,
27, 31 and 46 shown in Fig. 2 experienced outages and thus
were not used for further analysis. The criterion for a signal
outage is whether the received signal power is weaker than the
minimum detectable signal level. Strictly speaking, this refers
to “channel sounding outage” rather than ‘“communication
outage:” the communication outage is related to the bandwidth,
transmit power, and beamwidth of the communication system
relative to that of the sounding system. More precisely, what
we call a signal outage here is a path loss of more than
160 dB, a value that might or might not coincide with the
communication outage. However, for the sake of simplicity,



“signal outage” is henceforth used in lieu of “channel sounding
outage” in this paper.

The receivers at Rx positions 4, 16, and 46 experienced a
signal outage due to their long distances from the Tx position.
For the other Rx locations (5, 17, 25, 26, 27, 31), however,
a signal outage occurred despite the fact that the distances
between the Tx and Rx locations were not great. This occurred
because there are no effective reflectors on the propagation
path; the signal level of the reflected path is dependent on
the reflection conditions, such as the material, thickness, and
the surface roughness of the reflector, the incident (reflection)
angle, and the number of reflections. In mmWave systems,
due to the absence of diffraction as an efficient propagation
mechanism and thus stronger shadowing variations compared
with centimeter-wave (cm-wave) systems, the probability that
locations even close to the base station (BS) can undergo an
outage is increased. Other locations at the same Euclidean
distance from the BS might receive strong signals due to the
presence of strong reflectors. Some measurements regarding
such cases were conducted and discussed in earlier work [31].

In particular, near a street crossing (Rx positions 17, 25, 27,
and 31), because the signals experienced multiple reflections
on the propagation path, the received power level was not
large enough to detect. Therefore, the increased margin might
be required against the higher shadowing outage in this case.
In addition, it can be seen that if the receiver moves along
a straight line of street canyons (Rx positions 10 - 6 - 8
- 14), the signal was still received without a signal outage
even though the distance increased from 100 m to 200 m.
This indicates that it is possible to receive a signal at a
considerable distance when the presence of a definite reflector
is maintained. This phenomenon known as the wave guiding
effect was also presented in [24].

The measured channels include various scattering environ-
ments in an NLoS setting with the Tx-Rx distance ranging
from 43 m to 209 m. The 0° azimuth was set to the west at
all Tx and Rx antenna locations. The ranges of the antenna
scanning angles were from —60° to 60° and —40° to 10°
in the azimuth and elevation domains, respectively, on the
Tx side. For all Rx positions, all meaningful signals were
observed within only these angle ranges. Therefore, to reduce
the required measurement time, the channel measurements for
other ranges in the azimuth and elevation angle axes were not
considered. The scanning ranges in the azimuth and elevation
domains on the Rx side were from 0° to 360° and —60° to
60°, respectively.

IV. CHARACTERIZATION OF 28 GHZ CHANNELS

In this section, the spatio-temporal characteristics and path
loss of the 28 GHz channel are presented in the two measure-
ment sites. They are analyzed based on the discrete form of
the synthesized omni-directional PDPs. The spatio-temporal
analysis includes the statistics of cluster and multipath com-
ponent (MPC) delays, power distribution, delay spread (DS)
and angular spread (AS) as well as the number of clusters.
An automatic clustering algorithms is introduced to derive
cluster parameters. For the convenience of the readers, a list

TABLE 11
LIST OF SYMBOLS

7 i-th pointing angle at Tx.

i j-th pointing angle at Rx.

l [-th channel tap with respect to an omni-directional PDP.
kgl Excess delay of the It channel tap.

¢>f40 D Azimuth AoD associated with the [-th channel tap.

9% oD Elevation AoD associated with the [-th channel tap.

¢ZA oA Azimuth AoA associated with the [-th channel tap.

0%0 A Elevation AoA associated with the I-th channel tap.

L; Number of channel taps at the {3, j}-th angle bin.

L Number of channel taps with respect to an omni-PDP.
Cr Set of channel taps.

P; ; ()  Power delay profile for the {7, }-th pointing angle.
Nrg Number of angle bins at the Tx.

NRa Number of angle bins at the Rx.

k k-th cluster.

K Number of clusters.

Ly Number of channel taps associated with the k-th cluster.
Cp. Set of channel taps associated with the k-th cluster.

of symbols used in this paper is shown in Table II. In the
characterization, we consider taps or bins in the angular and
delay domains; the delays 7; of MPCs fall into one of the delay
bins spaced in 4 ns step, while the azimuth and elevation angle
of departure (AoD), ¢4, and 0!y, ,, and those of angle of
arrival (AoA), ¢!y, 4 and 6, ,, are described as being in one
of the angular bins with 10° step size.

A. Path Loss Analysis

Path loss is a fundamental component of radio channel
models for estimating the link budget and coverage in a
cellular network. From measured data, the path loss for each
location was estimated as

PL:PTm_PRx+GTx+GR:c7 (1)

where Pr, is the transmit power, and Pg, is the received
power derived by integrating the energy of the paths in
the synthesized omni-PDP. In addition, G, and Gpg, are
the gains of the horn antennas used during the transmission
and reception processes, respectively. For our measurement
system, Pr, = 29 dBm and Gp, = Gg, = 24.5 dBi. The
omni-directional path loss can be successfully determined by
integrating all of the powers of the synthesized paths; see
earlier work in the literature [32].

Two popular modeling approaches to fit measured PLs have
been suggested. One approach is based on a close-in free-
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Fig. 3. Alpha-beta (floating-intercept) and close-in free-space reference-
distance path loss models, and scatter plots for in-building and urban en-
vironments.

space-reference-distance (CI) path loss model, and the model
can be combined with log-normal shadowing, as follows:

PL(d)[dB] = PLr (do) + 10 - 7 log (j) +X, (2
0

where d is the two-dimensional (2D) Euclidean distance in
meters, do is the reference distance in meters, and PLp
represents the FSPL. The linear slope n is well known as
the path loss exponent (PLE), and the shadowing effect is
described by a Gaussian random variable (in dB) X with a
zero mean and standard deviation of ¢. The reference path loss
can be obtained from the Friis formula at dy = 1. In our case,
PLp (1m) = 61.4 dB.

An alternative modeling approach which has been used in
the well-known Okumura-Hata model [33], the WINNER II
model [12] and the 3GPP SCM [13] as well as the COST
2100 model [34] is to estimate the two parameters: the slope
and the intercept directly from the data. This model, known as
the alpha-beta (AB) or floating-intercept (FI) path loss model,
can be combined with log-normal shadowing as follows:

PL(d)[dB] = a+10- Blog(d) + X, 3)
where « and 3 are the least-square fits of the floating intercept
and the slope. In addition, the shadowing effect X, (in dB)
is considered as a Gaussian random variable with zero mean
and standard deviation o. The accuracy of the path loss model
can be improved, in principle, by including the fact that some
measurement points are “censored,” i.e., have receive power
below the sounder sensitivity level [35]. However, because
determination of the sensitivity level was difficult in the
rotating-antenna setup, this is not exploited in our evaluations.

Figure 3 shows a scatter plot of the path loss of the in-
building LoS and NLoS channels. With a reference distance
of 1 m, the minimum root-mean-square (RMS) error fit of

TABLE III

THE PATH LOSS PARAMETERS

In-building LoS | In-building NLoS Urban NLoS
d [m] 10 < d <40 10 < d < 60 40 < d < 200
do [m] 1 1 1
n 1.87 2.80 2.92
¢ [dB] 2.07 6.18 9.89
o [dB] 63.15 80.05 46.61
B8 1.73 1.53 3.63
o [dB] 2.06 5.79 9.83

(2) with the measurements gives PLEs of 1.87 and 2.80 in
the LoS and NLoS conditions, respectively. Figure 3 also
shows a path loss plot of the urban NLoS channels, showing
that their PLE is 2.92. When undertaking the fitting of (3)
in our measurements, we obtain {a = 63.15, 3 = 1.73} and
{a =80.05, 8 = 1.53} in the in-building LoS and in-building
NLoS cases, respectively, and {a = 46.61, 3 = 3.63} in the
urban NLoS case. The parameter 5 (= 1.53) is low for
the NLOS case, though it is physically possible (together
with a higher offset «) given the propagation mechanism of
waveguiding. The model parameters for (2) and (3) are listed
in Table III for the two measurement sites with the distance
range of validity.

We compared the path loss results of this work with those
of other measurements at 28 GHz. In one earlier case [16],
the path loss parameters {1 = 3.4, = 79.2, 8 = 2.6} were
obtained for outdoor NLoS measurements. For the indoor
NLoS case in another study [36], the parameter values of
{m,a, 8} were 2.7, 51.3 and 3.5, respectively. Note that in
those papers, the omni-directional path loss was synthesized by
superimposing all of the directional PDPs obtained from beam-
pair measurements. Although the measurement environment
and the method used for the path loss analysis are different,
the parameter values of the CI model are similar to each other
in both indoor and outdoor scenarios. On the other hand,
the parameter values for the AB path loss model are quite
different in the two scenarios; the existence of two parameters
means that the two parameters can appear quite differently
even though the curves they describe are quite similar within
the distance range of validity. Note that with any measurement-
based model, it is important for the distance range in which
the AB model is applied be limited to the range in which the
measurement campaigns are conducted. The single parameter
n describing the CI model can be more easily compared
between different measurement campaigns.

There are also many more path loss measurement results
for indoor environment at mmWave frequency bands. For 73
GHz indoor measurements, PLEs were 1.3 and 3.2 for LoS
and NLoS scenarios, respectively, when applying the CI path
loss model [36]. For the NLoS case when using the AB path
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loss model, the parameter values of {«, 3} were 76.3 and
2.7, respectively. In [37], PLEs were observed under various
propagation conditions at 58 GHz, which were in the range
0.18 - 1.17 for LoS environments, and were in the range
2.67 - 5.45 for NLoS environments. Note that the AB path
loss model was used in that paper. [38] and [27] provide a
summary of PLEs presented in the previous literatures for
indoor environments at 60 GHz. In that paper in which the
CI model was adopted, the average PLEs were 1.6 and 1.7 for
office LoS and generic LoS environments, respectively. On the
other hand, in the case of NLoS measurements, the values were
3.4 and 3.3 for office and generic environments, respectively.
In addition, it was noted that there is no significant difference
of the PLE between the use of directional or omni-directional
antennas [27].

In addition, the LoS probability is analyzed to complete the
path loss model from the measurement data for an in-building
LoS environment. The LoS probability represents how often
there is a direct path between the Tx and Rx, which has
a frequency-dependent feature [39]. For the LoS probability
characteristic, two distance-dependent models are considered
in this work. The first model is the d1/d2 model which is a
distance-dependent exponential function with two parameters
dl and d2 [40],

Pros (d) =min (dy/d, 1) [1 —exp (d/dz2)]+exp (d/d2), (4)

where d is the 2D distance in meters between Tx and Rx. The
second model is the LoS probability model used in WINNER
II in scenario B3 (indoor hotspot), as follows [12]:

1, d < ds
Pros (d) = )

exp[— (d — dg) /d4], d > d3

For both models, the parameters can be optimized to fit a given
set of data according to a minimum RMS criterion. From our
data, we obtain {d; = 5.83,ds = 9.61,d3 = 9.52,d, = 10.0}
in the shopping mall-like indoor environment: the measure-
ment samples were divided into bins of 5 m size, and the LoS

probability was calculated as the ratio of the number of LoS
points to that of LoS plus NLoS points for each bin from the
measurement results. In Fig. 4, the two models are compared
with the measurement data. Although the WINNER model
(RMSE = 0.1137) in (5) provides better performance than the
d1/d2 model (RMSE = 0.1754) in (4), there is a need for
additional and complementary measurement campaigns for an
accurate comparison. Moreover, the parameters for each model
can be updated from additional measurements. Based on the
parameters, such as path loss, shadow fading (signal outage)
and LoS probability, the deployment density of the BSs can
be planned.

B. Clustering the MPCs

It is well established that MPCs have a tendency to oc-
cur in clusters, i.e., groups of MPCs that have similar an-
gular and delay characteristics. Such clusters can often be
attributed to physical (geometrical) groups of objects that
are in close proximity to each other, and are surrounded by
empty space. Clusters can be identified either visually in the
multi-dimensional power spectrum [41] or automatically using
clustering algorithms. In this paper, we use the KPowerMeans
algorithm [42] for the iterative automatic clustering of the
measured MPCs at a given location, which has been used in
a large number of papers investigating cluster-based channel
models. This algorithm uses the multipath component distance
(MCD) as a metric for clustering by minimizing the sum
of the MCDs between MPCs and their cluster centroids. To
determine the optimum number of clusters, the Kim-Park
(KP) method [43] is used. Figure 5(a) shows the exemplary
clustering of MPCs using the KPowerMeans algorithm, in
which three clusters can be observed.

In the COST 259 models, e.g., [44], [45], the number of
clusters is a random variable whose distribution parameters
depend on the environment and propagation scenario. Our
measurements support this model given that the average num-
bers of clusters were 3.52 and 4.58 for the in-building and
urban scenarios, respectively. The corresponding cumulative
distribution functions (CDFs) of the number of clusters are
shown in Figs. 5(b) and 5(c), where the positive Poisson
distributions are also illustrated as the best fit for both the in-
building and urban measurement data. Note that the average
numbers of clusters for our in-building and urban scenarios
are significantly smaller than those from the results below
6 GHz, such as 3GPP [13], WINNER 1II [12] and ITU-R
[40], with channel sparsity (also called multipath sparsity)
at the mmWave bands. The channel sparsity conditions have
noticeable effects on spatial multi-user (MU) multiplexing
in (massive) MIMO communication systems. In [46], it was
shown that the number of independent MPCs at mmWave
frequencies is typically limited and that the channel vectors
are not independent and identically distributed (i.i.d) Rayleigh
but rather correlated fading channels. In another study [47],
it was found that when users are close to each other, they
share the same cluster. This results in a spatial correlation
between user channel vectors, with subsequent deterioration of
the optimal system performance in realistic designs of the MU-
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(a) An example of clustering algorithm: three clusters of MPCs from the synthesized omni measurements at the position of RX 13. Cumulative

distribution functions of the number N of clusters for (b) the in-building NLoS environment and (c) urban NLoS environment.
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MIMO systems, especially in mmWave outdoor propagation
channels.

C. Cluster Characteristics in the Delay and Power Domains

1) Cluster delays: The delay-domain characteristics of clus-
ters are analyzed based on inter-cluster delays, root-mean-
square delay spread (RMS DS), and PDPs. Following the
well-known Saleh-Valenzuela model [48], we model the inter-
cluster delays as random variables. Figures 6(a) and 6(b) show
histograms of the inter-cluster arrival times for all clusters
in the in-building and urban scenarios. It was found that the
exponential distributions are well matched with the histograms
and that the decay rate parameter values are 0.032 ns~!
and 0.016 ns~! for the in-building and urban environments,
respectively.

The cumulative distribution functions (CDFs) of the DSs
in the in-building and urban scenarios are illustrated in Fig.
6(c), where the log-normal distributions have been overlaid
as the best fit when considering the in-building and urban
measurement data together, revealing that most channels have
DSs lower than 100 ns and 200 ns for the in-building and
urban environments, respectively. The average corresponding
DSs are 18.91 ns and 55.43 ns for the in-building and urban

scenarios, respectively. The present DSs of omni-PDPs are
not longer than those of currently used cellular frequencies
[12], [13]. This is in good agreement with the fact that
the distances between Tx and Rx at mmWave frequencies
are shorter than at cmWave or current cellular frequencies.
Because the DS increases approximately with the square root
of the distance (compare [45] and [49]), a reduced DS is in
line with expectations.

Note that the average DS value (55.43 ns) for the outdoor
scenario from our omni-directional measurements is signifi-
cantly greater than the DS value (17.4 ns) in an earlier study
[16], where the directional DS was computed. This stems
from the fact that as more signals are transmitted in multiple
directions, more signals are received within a wide range
in time. This was also noted in [31], where a comparison
between omni-directional and directional DSs was conducted.
In another study [50] as well, both directional and omni-
directional RMS DS values were introduced, showing that in
such an environment that the mean DS values are 17.4 ns and
40.9 ns, respectively at 28 GHz. The difference in the mean
DS values between our work and the aforementioned study
[50] is due to the difference in the geometry of environment
and possibly the means used to obtain the values. Note that
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the DS values in [50] use ray tracing to synthesize their omni-
directional profiles, as mentioned in that paper.

However, in the indoor measurements, the average DS
value in this work is similar to those from the directional
measurements in [36], which were 18.91 ns and 17.7 ns,
respectively. This may be due to the fact that the propagation
space is relatively small such that the signals are received
within a limited time range, even in the case of omni-
directional transmission. Further, note that the measurement
environment in that study [36] (a common office) is somewhat
different from those in this work (in-building locations similar
to a small shopping mall). In short, the average DS value on
the Rx side becomes significantly larger when transmitting
multiple beams as compared with the case of single beam
transmission, especially in an outdoor environment.

2) Cluster power: In general, the power of clusters de-
pends on their excess delays, and this relationship should
be determined by the measurements. In many cases [45],
[48], [51], an exponentially decaying PDP is considered as
a good model, and this is also shown in our measurements.
Figures 7(a) and 7(b) illustrate the PDPs of our in-building
and urban channels from which the single-slope-exponential
power decay of the cluster powers was observed. Here, the

cluster powers were normalized with respect to the power
of the first cluster at each measurement position. The decay
constants of the cluster power in dB per nanosecond for
the in-building and urban environments are —0.045 dB/ns
and —0.022 dB/ns, respectively. Additionally, the probability
density functions (PDFs) of the cluster shadowing factor for
each case are presented in Figs. 7(c) and 7(d), respectively,
with the Gaussian distribution as their best fit.

3) Intra-cluster delays: The large bandwidth of mmWave
systems to achieve the extremely high delay resolution calls
for an accurate model of intra-cluster MPC delays (called sub-
path delays in the 3GPP SCM). Histograms of the inter-path
delays within each cluster from measurements in both the in-
building and urban environments are shown in Figs. 8(a) and
8(b), respectively. They follow an exponential distribution in
both cases and are thus well-aligned with the Saleh-Valenzuela
model. The intra-cluster DS opg,; due to subpaths for the k-
th cluster is computed using the paths in the cluster. The mean
(i.e., averaged over different clusters) values of the intra-cluster
DS, denoted by opg. = E[ops] are 3.90 ns and 12.86
ns, in the in-building and urban scenarios, respectively. The
corresponding CDFs are also plotted in Fig. 8(c).

In the statistical SCM, we can consider the delay, AoD and
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AoA of the subpaths as random variables or fixed values. If

we model the intra-cluster delay v as a random variable, its

probability density function (PDF) is an exponential function:
A

1
fo(v) 2 —— exp (—” ) : ©6)
ODS,c ODS,c

where v > 0. We also denote the CDF of f, (v) as F, (v).
Because the cluster size is finite in actual environments, it
makes sense to define an effective interval for the intra-cluster
delays. In this regard, we use a constrained version of f, (v)
to generate clear clusters and to limit the cluster size in the
delay domain, as follows:

fo(v')

/ €
Fv(vupper)a 0 S v S ,Uupp t

fuor (V) 2 7

0, v/ > v"PPT v/ <0

In this equation, v"PP®" is determined to satisfy the following
condition:

VEW? - (EW)’ =ciops..

We set the above parameter c¢; to 0.95 and assume that the
power of a cluster is equally divided between their subpaths.

D. Cluster Characteristics in the Spatial Domain

In double-directional channel models, angle models are
based on circular AS statistics obtained from real-world mea-
surements. Accordingly, 0° is newly defined as the mean
direction used for the computation of the circular AS in
contrast to the angle defined during the channel sounding
process.

1) Cluster AoDs/AoAs: Figure 9 shows the distributions
of the measured cluster AoA and AoD in the in-building and
urban environments. As the best model with the corresponding
mean square error (MSE) criterion, a Laplacian distribution is
overlaid. It should be noted that the best-fit model at 28 GHz
differs from that in the conventional cellular bands under 6
GHz, where wrapped Gaussian distributions are used [12].

Additionally, the statistics pertaining to both the inter-cluster
AoD and AoA spreads (ASD and ASA) were analyzed in the

in-building and urban environments. With an arbitrary angle
shift denoted by A, the inter-cluster ASA and ASD, 0454
and o 45D, are calculated by taking into account the circularly
symmetric properties of azimuth angles. The measured inter-
cluster ASA and ASD are plotted in Fig. 10(a) in the form
of CDFs. The average inter-cluster ASDs in the in-building
and urban measurements are 15.02° and 7.68°, respectively,
while the average corresponding ASAs are 32.16° and 31.39°,
showing greater values than the ASDs. It was found that these
spread values are slightly lower than those of the current
cellular frequencies [12], [13]. It was also found from the
measurements that the standard deviation of the cluster AoA
from the reference direction, i.e, 0°, depends on the cluster
power relative to the total power. Note that this relationship
was introduced in [52]. Figures 10(b) and 10(c) illustrate the
curve fits for the distributions of cluster AoAs obtained using
uniformly spaced bins of the received power in the in-building
and urban environments, respectively. The corresponding stan-
dard deviation, 0y, 404, can be expressed as follows:

On,AoA = A- []- — €xp (B : |Pn,dBr|):|a (8)

where P, 4, (< 0) is the relative power of the n-th cluster in
dBr with respect to the total received power and the parameters
A and B are specific to each environment [53].

2) Intra-cluster AoDs/AoAs and subpath power: The intra-
cluster ASD and ASA are used to determine the intra-cluster
AoD/AoA offsets, 0y, m, A0p and Oy m 404 for the n-th cluster
and m=1,2, ..., M, with M being the number of subpaths,
considered as a fixed parameter for a specific environment or
random variables. The power of a cluster could be equally
divided among M subpaths, or more precisely, the power
of each MPC within a cluster can be modeled as random
variables. In Fig. 11, the PDFs of normalized power levels
belonging to each MPC are presented from our measurements
in the two environments. The normalized power refers to
the ratio of the power of each MPC to the power of the
corresponding cluster. As shown in Fig. 11, when sorting the
normalized power levels in descending order, the power of the
each MPC in dB scale within a cluster follows the truncated
log-normal distribution in both cases.
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The AoA/AoD offsets can be modeled as random vari-
ables or as fixed values as long as the measured intra-
cluster ASD and ASA are reproduced correctly. Figure
12 shows the PDFs of the measured intra-cluster AoDs
and AoAs in the two environments. Similarly to the clus-
ter AoD/AoA depicted in Fig. 9, a Laplacian distribu-

tion models the PDF best. The measured intra-cluster ASD
and ASA of the in-building and urban environments have
mean values {casp.c = E[0aspk|,0a54,c = E[0asakl},
of {4.33°,5.94°} and {5.82°,15.56°}, respectively. Note that
intra-cluster ASs smaller than the beam width of the horn
antennas on the Tx and Rx sides were roughly calculated and
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based on subpaths which appear across several adjacent angu-
lar bins; the subpaths were resolved in the delay domain owing
to the large bandwidth of the sounder. If highly precise intra-
cluster AS values are required for any specific application,
it should be considered that the limited angular resolution

of the channel sounder has an impact on the intra-cluster
spreads. Thus, a ray-tracing analysis and/or measurements
with a narrower beam width for our measurement scenarios
would be needed to obtain more reliable intra-cluster spread
values.



Similarly to the intra-cluster delays, the intra-cluster
AoD/AoA can also be modeled as random variables or fixed
values. The random intra-cluster AoD and AoA models are
expressed by the PDFs of §4,p as following:

 V2]8a0p] ) ©

A
f640p (040D) =
OASD,c

1
————— exp
\@UASD,C (

where —0co < d4,p < 00; this also applies to the intra-
cluster AoA model. The CDFs of fs,,,, (04,p) are denoted as
Fs .. (040p). In the same manner used with the random intra-
cluster delay model, it is necessary to define effective intervals
for the intra-cluster AoD and AoA to limit the clugter size in
the spatial domain, where constrained PDFs f b 5y oD ) are
used to generate distinct clusters in the channel model outputs
as follows:

AoD (5:40[)) é

’

Fsa0p <6A°D) 5/ < 5bound
172'F5A D(féko%‘d)’ AoD| = YAoD
o o

f(;’
0,

Saon| > S5
(10)

bound

where 0705 is determined to satisfy

E[§% ] =ca0aspe.

The constant cs is set to 0.95. The same model is applicable
to the intra-cluster AoA.

E. Cross Correlation Properties between Channel Parameters

As observed in Section IV, log-normal distributions describe
large scale parameters well. Moreover, large scale parameters,
i.e., the inter-cluster ASD, ASA, DS (on the log scale) and
shadow fading (SF, in dB) are generally correlated with each
other [54]-[56]. These findings allow us to generate large scale
parameters based on correlated Gaussian random variables.
The cross correlation coefficient between random variables X
and Y is obtained according to the following equation:

N _ _
X (X, —X) (Y, - ¥)
p(X,Y) = N"S‘ = (an
X (X, - %) 8 (¥ - 7)’

Here, X,,, and Y,  denote the ns-th measured samples for
X and Y, and X and Y denote the sample means of X and
Y with the set size of Ng, respectively. As an example, a set
of scatter plots for large scale parameters in the in-building
scenario is shown in Fig. 13, with the linear fitted line from
the measured data. Table IV presents the cross correlation
coefficients of the in-building and urban scenarios.

Based on our 28 GHz measurements, the cross correlations
of large scale parameters tend to be similar in both the
in-building and urban scenarios; negative cross correlations
between SF and the other parameters are observed, while
positive correlations are shown between ASD and DS, DS and
ASA, and ASA and ASD. It can also be observed that the cross
correlations between SF and other parameters are lower than
those between DS and AS in all of the measured environments.

Some discussions indicating the cross-correlation results in
Table IV are as follows. First, a negative cross correlation
is obtained between DS and SF; as observed in an earlier
study [49], it is well known that when a signal whose power-
delay spectrum has an exponential distribution (a decaying
function) undergoes deep fading (negative SF), the power
levels of the dominant paths are weakened, which leads to a
uniform distribution (higher DS). Note that although the cross
correlation value is slightly larger in the urban environment,
where deep fading is relatively more likely to occur, the
correlation values between SF and DS are not so large in
the two scenarios. Second, between SF and ASA, a negative
cross correlation is also observed. This situation is similar
to the principle applied in the case of a correlation between
SF and DS: as SF becomes smaller, ASA becomes larger.
If a receiver is in an environment with more scattering and
with more distant scatterers, such as a street crossing, a small
negative or even positive cross correlation would be obtained
(higher ASA). This finding coincides with the result showing
that the negative correlation is more pronounced in the case
of the urban measurement, where the scattering environment
is more limited. This phenomenon can also be extended for
ASD and SF.

Third, the observation that there is a positive cross corre-
lation between DS and AS (ASD/ASA) is plausible because
many signal components may broaden the delay and angular
domains simultaneously. Due to the fact that a low AS
(ASD/ASA) engenders a high correlation between received
signals by spatially separated antennas and a low DS results
in a wide coherence bandwidth, in terms of system design
processes, space or frequency diversity gains may be highly
correlated. Therefore, a positive correlation between DS and
AS might mean that for achieving a particular diversity order,
we can not add up the spatial and frequency diversity order, but
have to anticipate that they can be simultaneously bad at the
same time. However, it was found in this work that the cross
correlations between DS and AS are much lower in urban mea-
surements compared with in-building measurements. Finally, a
positive cross correlation between ASA and ASD is observed,
indicating that the mechanism causing angular (azimuthal)
dispersion at the receiver is related to the mechanism leading
to angular dispersion on the Tx side. In Table IV, the channel
model parameters obtained in this work are also summarized.

V. CONCLUSION

In this work, radio channel measurements and analyses are
conducted to explore the characteristics of mmWave channels,
in particular in the 28 GHz band. A correlator-based channel
sounder with automatically scanning horn antennas for 28 GHz
was used to perform directional measurements. The omni-
directional channels can be synthesized by aligning different
directional PDPs using associated time stamps. A set of
mmWave channel parameters based on a clustered channel
model is presented for two important cellular scenarios, i.e.,
an urban microcell and an indoor open-hall mainly for NLoS
scenarios. The sounding measurements were performed in the
Korea Advanced Institute of Science and Technology (KAIST)
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campus and urban areas of Daejeon, South Korea. Extensive
channel sounding campaigns in the NLoS in-building and
urban environments led to statistically reliable channel pa-
rameters for the two environments at 28 GHz. We provide a
detailed cluster analysis of multipath channels such as delay,
angle and power distributions of the inter- and intra-cluster
paths. The presented mmWave propagation characteristics in-
cluding channel parameters will provide further understanding
of mmWave radio channels and opportunities for designing
mmWave communication systems.
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