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Abstract—This paper presents channel propagation measure-
ments and analysis of the channel characteristics of millimeter
wave (mmWave) transmission for urban cellular communication
systems, in particular in the promising 28 GHz band. For channel
propagation analysis, the urban measurement campaign was con-
ducted with a synchronously spherical scanning 28 GHz channel
sounder system, from which omni-like channel measurements
are obtained for channel modeling. From the measurements,
we analyze the spatio-temporal channel characteristics such as
multipath delay, angular statistics, and pathloss. The clustering
analysis has been done including its power distribution. Then, a
set of millimeter wave radio propagation parameters is presented,
and the corresponding channel models based on the 3GPP spatial
channel model (SCM) are also described.

Index Terms—mmWave, 28GHz, channel measurement, prop-

agation, SCM, channel model.

I. INTRODUCTION

The millimeter wave band will be a key enabling component
for fifth generation cellular communication systems (5G) to
obtain more spectrum [1], [2] and to support more data traffic
for various multimedia service. The understanding of channel
propagation characteristics in the new spectrum is essential for
developing 5G technology.

Many channel measurement campaigns and studies of the
channel characteristics in millimeter wave band have been
done. Millimeter wave systems require a large directional gain
in order to combat their relatively high pathloss compared
to systems at lower frequencies. To assess the feasibility of
millimeter wave for outdoor cellular access communications,
some measurement campaigns were conducted using the direc-
tional channel sounder in Manhattan, New York and Austin,
Texas [3], [4]. Also, research projects including industry and
academy, such as METIS [5] and MiWEBA [6], have been
launched to develop a proper 5G channel propagation model
including the mmWave spectrum. However, currently there
is no channel model at mmWave including both delay and
direction at both link ends,, i.e., double-directional wideband
channel model. In this paper, we focus on characterizing the
channel in the 28 GHz mmWave band.

The proposed channel sounder system in [7] can measure
the omni-like channel information by synthesizing angular
power delay profiles (PDPs). Because the channel sounder
operates synchronously between transmitter and receiver and
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records the time-stamps, each angular PDP can be aligned
in time using the propagation time information per measure-
ment. Using this approach, the characteristics of millimeter
wave band can be analyzed based on the synthesized omni-
directional PDPs. To extract the channel parameters from
measurements, we adapt the methodology of the statistical
spatial channel model used in WINNER II [8] and 3GPP SCM
[9].

This paper presents the most up-to-date developments
and measured results for achieving a complete 28 GHz
omni-directional spatial channel model for Non-Line-of-Sight
(NLoS) locations, based on wideband propagation measure-
ments collected in an urban area, Daejeon, Korea. We inves-
tigate how waves in the 28 GHz band propagates in outdoor
urban environment based on the extensive measurement cam-
paign. As a result, we propose the initial channel model on
28GHz mmWave band in urban cellular scenarios, which can
model statistics for double-directional channel models.

II. MEASUREMENT CAMPAIGN IN URBAN SCENARIO

The measurement campaign is performed in an urban en-
vironment in Daejeon, Korea. In the campaign, both line-of-
sight (LoS) and non line-of-sight (NLoS) locations are selected
in various positions on the street. Fig. 1 shows a bird’s eye
view of the urban area, with transmitter and receiver locations
marked; distance between transmitter and receiver was up to
200 m. The synchronous channel sounder system described in
[7] was used for channel measurements. Note that the sounder
system is resolvable up to 4 nano second separations between
paths with 250 MHz bandwidth, and equipped with high gain
horn (24.5 dBi) antennas with 10° 3dB beamwidth. The signal
is transmitted with up to 29 dBm. The transmitter was placed
on the fifth floor (15m above the ground) of the seventh-
story building and the azimuth and elevation angle range of
the transmitter horn antenna was set in the range of —60°
to 60° and —40° to 10°, respectively. On the other hand,
the azimuth and elevation angle range of the receiver horn
antenna was from 0° to 360° and —60° to 60°, respectively.
After post-processing the angular PDPs, the omni-directional
measurements were synthesized for mmWave channel model-
ing. The details of the post-processing are presented in [7]. In
the measurement campaign, channels were recorded at more
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Fig. 1. Map of the measurement campaign in urban area

than 30 different Rx locations, however, only 11 Rx locations
turned out to be valid to obtain omni-directional PDPs due to
the signal outage in other Rx locations.

III. MMWAVE CHANNEL MODELING

We focus on NLoS environments for the channel modeling
first because the NLoS condition is more critical in mmWave
cellular communications.

1) Propagation Loss Analysis: From the received power
of omni-measurements, the relative pathloss with the received
power at the reference distance (8m reference distance on
the measurement campaign) is calculated, then the absolute
pathloss model is derived by adjusting the referenced pathloss
model from the Friis’s transmission model. The measured
values of the pathloss (averaged over small-scale fading) are
shown in Fig. 2. The pathloss model is formally expressed as:

PL(d)[dB] = PL (d) + X,

_ d ey
= PLp (dy) +10n log (do) + X,

where PLy (dy) represents the free space path loss (FSPL) at
the reference distance d and the linear slope n is the path loss
exponent. The FSPL PLy (dy = 8) (= 79.46 dB) is computed
by the well-known Friis’s transmission equation. Following
the approach of [10], we choose a reference distance of d
for the line-fitting. It gives a path loss exponent 3.53 in the
NLoS conditions and it is scattered with a random shadowing
effect. Here, X, which reflects a random shadowing effect, is
a Gaussian random variable (in dB) with mean O and variance
o2,
Due to the limitation of the measurement system, the
measurable pathloss is around 140 dB in the urban measure-
ment campaign, and only 11 different channels are valid to
synthesize omni-directional PDPs and to calculate the pathloss
values. The other locations which received signal was not
detectable are considered as outage area with more than 140
dB pathloss. The analysis of path loss and SCM parameters
is performed only on the valid Rx locations. Such a path
loss model conditioned on the valid Rx locations should
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Fig. 2. Pathloss model and scatter plots for Urban Scenario measured in
Daejeon, Korea

be well combined with the corresponding outage probability
model later. Currently, all measured channels on the outage
measurement are excluded for modeling procedures in this
paper. Further, the reliability of the current path loss model
could be improved by applying the statistical path loss model
[11], [12] especially in 28 GHz cellular systems due to the fact
that the channel characteristic of 28 GHz is more sensitive to
surrounding environments than the current cellular frequencies
operating at below 6GHz.

2) Spatio-Temporal Analysis: The parameters of delay and
angular information are extracted from the measurements, and
the mmWave channel is parameterized with a statistical model,
such as log-normal distribution of delay spread. Adapting
the SCM framework, the cluster-based channel parameters in
the spatio-temporal domain are analyzed after finding clusters
with the K-Power-Means algorithm. The inter/intra-cluster
parameters are evaluated as defined in [9].
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Fig. 3. Cumulative distribution function of the number N of clusters for
Urban Scenario measured in Daejeon, Korea

The number of clusters, N, depends on propagation scenar-
i0s.Given the measured urban scenario, the average number of
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Fig. 4. (a) Probability density function of excess delays for Urban NLoS
environment, (b) probability density function of subpath delays for Urban
NLoS environment (c) power delay spectrum, (d) cumulative distribution
functions of RMS delay and subpath delay spreads.

clusters at 28 GHz is 3.62 with standard deviations of 2.54.
The corresponding cumulative distribution functions (CDFs)
of the number of clusters are shown in Fig. 3. The statistics
of the measured N is fitted to the log-normal distribution.

The temporal channel characteristics are analyzed with the
synthesized omni-directional PDPs, and the excess delay of
clusters, RMS delay spread, and the power-delay spectrum
are characterized by their statistical distributions. Fig. 4(a)
and Fig. 4(b) show that both cluster and subpath delays
(in other words, inter-cluster and intra-cluster delays) are all
exponentially distributed in the measured urban scenario. Also,
Fig. 4(c) shows the single-slope exponential decay of the
cluster powers. The RMS delay and subpath delay spreads,
ops and opg,, follow the WINNER II definition [13] and
their CDF properties are illustrated in Fig. 4(d). The majority
of measured channels have an RMS delay spread below 100
ns in the urban scenario of interest.

In this paper, limited elevation-angle resolution, the spatial
channel characteristics are analyzed only in azimuth. Note
that the angle resolution in observed channels is limited to
10 degree in azimuth angle due to the limitation on channel
sounder [7] First, the statistics of angles are analyzed. Fig. 5(a)
and Fig. 5(b) show PDFs of the measured cluster angle-of-
departure (AoD) and the cluster angle-of-arrival (AoA) in the
urban environment, where Laplacian distributions are overlaid
as the best fit for the measurement data. The AoD and the
AoA spreads (casp and oas4) are illustrated in Fig. 5(c)
along with their CDFs. The average AoD and AoA spreads in
the urban scenario are 5.12° and 25.16°, respectively.
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Fig. 5. (a) Probability density function of the cluster AoD, (b) probability
density function of the cluster AoA (c) cumulative distribution functions of
AoD and AoA spreads, (d) AoA standard deviation versus average bin power
relative to total received power.

From the measured data, there is a relationship between
direction and path-power, namely that the standard deviation of
each cluster direction depends on the relative cluster power in
the measurement . Fig. 5(d) illustrates the curve fit for the stan-
dard deviations of the AoA obtained using uniformly spaced
bins of the received power in the urban environment. The
corresponding standard deviation, o, 4,4, can be expressed
as follows:

On,AoA = A- (]- — exp (B : |Pn,dB'r|)) 5 (2)

where P, g5, < 0 is the relative power of the nth cluster in
dBr with respect to the total received power and the parameters
A and B are dependent on a specific scenario.

From the spatio-temporal analysis, statistical characteristics
of mmWave channel is parameterized and modeled. Due to the
page limitations, only a part of the entire results are covered

in this paper, and more detailed analysis will be introduced in
[14].

IV. MMWAVE CHANNEL MODELING AND VERIFICATION
A. Channel Modeling

In this subsection, we summarize the steps for generating all
MPCs to simulate small scale fading in NLoS environments.
Procedures similar to 3GPP SCM [9] and WINNER II model
[13] are applied on the basis of measurement results and
the model is extended to cover mmWave systems up to 250
MHz bandwidth with our proposed subpath delay/AoD/AoA
distributions. Note that the model is valid in UMi scenario,



which is modeled up to 200m in the separation between Tx
and Rx.

1) Large scale parameters:

For notational convenience we define six cross-correlation
coefficients between the four large scale parameters as

follows: p12 = p(logops, Xs) = 02801, p3 2
plogoasp, Xo) = 00070, pia = p(logoasa, Xo)
= 02380, pos 2 p(logoasp,logops) = 0.6549,
P24 2 p(ogoasa,logops) = 0.8273, and psy 2

p(ogoasp,logoasa) = 0.5678. The large scale parame-
ters are multiplied with a transform matrix to impose cross
correlation between them:

1/2
1 pi2 p13 pua /
1 )
T = | P12 Pis P24 7 3)
P13 P23 P34
pia p2a p3a 1

where the square root matrix is generated using the Cholesky
decomposition. Using the transform matrix T, correlated
Gaussian random variables are generated following the WIN-
NER model procedures [13]. Then, the RMS DS, AoD spread,
AoA spread and shadow fading are realized as log-normal
random variables with parameters summarized in Table. I

2) Cluster delays: With the correlated delay spread gener-
ated in the previous step, random delays (71, ..., 7n) for each
cluster are determined by

Ton = —Tpsopslny,, mn=1,...,N, 4

where y, (n = 1,...,N) are i.i.d. random variables with
uniform distribution ¢/ (0, 1). The generated delays are ordered
in a descending manner so that 7y > 7y_1 > --- > 71. The
delays are normalized as

Tn = Tn — T1, @)

forn=1,...,N.
3) Cluster powers: Each cluster power, which is defined as
sum of all path powers in a cluster, is obtained by

PT; (1) = exp (—Tn (TDS — 1)) . 10_X"/10, (6)
TDSODS
where X,, (n =1,..., N) are i.i.d. Gaussian random variables
with mean O and standard deviation ox, which reflects a
random shadowing effect on the per-path powers. (Refer to
Fig. 4(d) for the value ox) Then, path powers are normalized
so that the total path power for all N paths is equal to

/

Pn (Tn)

~ . 7
;1 Py, (T0)

P, (mn) =

4) Cluster AoAs: From the cluster angular characteristics
shown in Fig. 5, it is useful to model the cluster AoA as a
function of its relative power, which can be mathematically
formulated by the inverse Laplacian function. In this regard,

random mean AoAs (¢1, 40D, - - -
clusters can be determined by

,©N.A0p) for each of the N

Pn,AoA = Un(ﬁn,AoA + V’ru n=1,..., N, (3

where

Py
) . ©)]

Pn,Aoa = —K In| ———=
Pn,A0A ASA04sAIn (max P

Here, U, is a discrete random variable with the set of {—1,1}
and V,, is the Gaussian random variable with mean O and
standard deviation o 454/7.

5) Cluster AoDs: Similarly to the cluster AoA as described
above, random mean AoDs (¢1,404, - - -, PN, 404) for each of
the IV clusters can be generated according to

Pn,AoD = Un@n,AoD + Vn7 n= 1a s 7N7 (10)

where

P,
— . 11
max (P,) ) (an

6) Subpath delays (mmWave band extension): For the deter-
ministic subpath delay model originally proposed in [9], [13],
the mth subpath delays of the nth cluster is generated from
the following formula:

@n,a0oD = —KaspoaspIn (

Tnom = Tn + ODS,c " Om, (12)

where m =1, ..., M and a,, is obtained from Table II.

7) Subpath AoDs and AoAs: For the deterministic subpath
AoD and AoA models, the mth subpath AoD and AoA of
the nth cluster are respectively generated from the following
formulas

13)
(14)

©n,m,AoD Pn,AoD + 0AoD,c * ﬁm;

Pn,m,AcA = Pn,AdoA T T4oAc" B,

where m =1, ..., M and [3,, is obtained from Table II.
The key SCM parameters mentioned in this section are
shown in Table I for the urban NLoS measurement scenario.

TABLE II
SUBPATH DELAY AND ANGLE OFFSETS WITHIN A CLUSTER FOR 1 RMS
DELAY AND ANGLE SPREADS (M = 10)

Offset delays o, [ns] Offset angles By, [°]
Subpath number, m
Exponential distribution Laplace distribution
1,2 0/0.0502 + 0.0318
3,4 0.1393 / 0.2485 + 0.2034
5,6 0.3857 / 0.5621 + 0.4463
7,8 0.7985 / 1.1394 + 0.8951
9, 10 1.7148 / 3.4265 + 1.9894




TABLE I
KEY SCM PARAMETERS FOR THE URBAN NLOS MEASUREMENT SCENARIO (N =4, M = 10)

HDS €DS DS HASD EASD HASA EASA KASD KASA OASD,c OASA,c ODS,c P12 P13 P14 P23 P24 P34
Urban | -7.893 | 0488 | 1.309 | 0.675 | 0203 | 1304 | 0314 | 1.582 | 1828 | 4.23° | 884° [ 545ns | 0.2891 | 0.0070 | 0.2389 | 0.6549 | 0.8723 | 0.5678
Comparison of Delay Spread in Urban Scenario V. CONCLUSION
,
O aiat In this paper, we analyzed the radio propagation char-
0.9r 1 T .
© acteristics at 28 GHz based on a measurement campaign
=] . .
O 0.8 1 with a synchronous channel sounder system. Essential channel
S ol | parameters were successfully extracted and modeled using the
g measurement data and furthermore the corresponding channel
L 08r | model for the urban scenario is also presented. The presented
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B. Channel Model Verification

The channel model based on the measurement campaign is
verified by comparison with the original measurement data.
We checked the delay spread and AoA/AoD spreads of the
channel model output and the measurements. Fig. 6 shows the
comparison of the CDFs of these parameters, and find it is
reasonably matched for the delay spread. However, the angle
spread is mismatched in low values, because of the deficient
number of measurable paths on measurement data.
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