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Abstract: This paper presents an empirical study of the uplink and downlink azimuth angle of arrival (AoA) in
an urban micro (UMi) scenario at 28 GHz. At present, most UMi measurements are conducted in the downlink
and then the uplink situation is inferred assuming channel reciprocity. Although the channel correlation coefficient
of the uplink and downlink can be as high as 0.8, this does not mean that they are the same. Only a real uplink
measurement can accurately describe its channel conditions, and this is what this study does. A receiver equipped
with a rotatable horn antenna is mounted at the base station and the user terminal, respectively, in simulating the
uplink and downlink. To improve the angular resolution, we extract the multipath components (MPCs) using the
space-alternating generalized expectation-maximization algorithm. Also, a spatial lobe approach is used to cluster
the MPCs in the power angular spectrum. By matching MPCs with objects in the environment, we find that
direct propagation and first-order reflections are dominant in line-of-sight and non-line-of-sight cases. By comparing
our measurement with those in standard channel models, we verify that the AoA of clusters follows a Gaussian
distribution in the uplink and downlink. In addition, a two-dimensional Gaussian distribution for ray AoA and
power is established to reflect their correlation.
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1 Introduction

Today, the fifth-generation (5G) cellular radio
system has been widely used around the world and
satisfies the explosive demand for mobile data ser-
vices. However, restricted to the base station (BS)
coverage and the cost of mobile network evolution,
the currently used 5G frequency bands are con-
centrated mainly at the C-band (3.3–4.2 GHz and
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4.4–5 GHz). Moreover, the continuous spectrum
of mobile business is ≤200 MHz to avoid conflicts
with other communication businesses. To overcome
the shortage of spectrum resources, millimeter-wave
(mmWave) bands are considered as a promising tech-
nology for the future (You et al., 2020). At the World
Radiocommunication Conference 2019 (WRC-19),
the frequency bands 24.25–27.5, 37–43.5, 45.5–47,
47.2–48.2, and 66–71 GHz were newly identified as
additional radio-frequency bands for international
mobile telecommunications (IMT) worldwide. The
European Commission has begun to harmonize the
24.25–27.5 GHz band for 5G systems in May 2019,
and update the relevant technical conditions applica-
ble to this band in April 2020. The State Radio Reg-
ulation of China also plans to amend the application
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regulations for 5G mmWave bands in coming years.
As a fundamental part of the mobile commu-

nication system, the mmWave wireless propagation
channel determines the optimum performance of sys-
tems (Shafi et al., 2018; Zhang JH et al., 2020).
Through the real field measurements, researchers can
effectively model the spatial-time-frequency charac-
teristics of the wireless channel. Due to the signifi-
cant propagation loss of mmWave (Zhang JH et al.,
2017), the horn antenna is widely used for power
compensation in outdoor measurements. In Rappa-
port et al. (2013), an urban measurement was con-
ducted with horn antennas at 37.625 GHz to study
the angle of arrival (AoA), delay spread, and propa-
gation loss. A measurement with bands of 500 MHz
was conducted at 28 and 38 GHz in Park et al. (2016).
Its multipath components (MPCs) in directional
channel impulse responses (CIRs) were extracted
using the space-alternating generalized expectation-
maximization (SAGE) algorithm. The delay spread
and AoA in clusters were then compared in line-of-
sight (LoS) and non-line-of-sight (NLoS) cases. In
Zhao et al. (2019), a virtual single-input multiple-
output (SIMO) measurement system was set up us-
ing a horn antenna. Based on the collected data, a
neural network channel-modeling and a simulation
framework were proposed.

However, the above studies still have two places
that need to be improved:

The first is that most mmWave channel mea-
surements simulate only a downlink condition by
setting transmitter (TX) on the rooftop and receiver
(RX) on the ground. Although the uplink channel
can be generated by swapping the arrival and de-
parture parameters of the downlink (3GPP, 2019),
the parameters are not the same. In frequency di-
vision duplex (FDD) measurements, the correlation
coefficient of uplink power angular spectrum (PAS)
and downlink PAS is 0.84, and the correlation coeffi-
cient of angular spread (AS) is 0.83 (Pedersen et al.,
1999). A rich multipath environment may weaken
the channel reciprocity (Foo et al., 2002). As for time
division duplex (TDD) measurements, the channel
situation will be disturbed by people’s movement,
vehicular traffic (Bigler et al., 1995), and antenna
height (Alatossava et al., 2007). When the measure-
ment case changes from LoS to NLoS, the correlation
coefficient of the uplink and downlink channels de-
creases by 0.02 in He et al. (2009) and decreases by

0.12 in Hamida et al. (2010).
The second is that the cluster results of the

KPower-Means algorithm cannot remain consistent
with random initialization procedures (Samimi and
Rappaport, 2016b). In addition, the KPower-Means
algorithm considers different parameters, such as the
delay, power, and angle, at the same time. Because
these parameters have different physical meanings,
their assigned weights should be different when cal-
culating the maximum close distance (MCD).

To supplement the knowledge of uplink chan-
nels, we design an uplink experiment in this study.
As shown in Fig. 1a, an omnidirectional antenna is
placed at the user terminal (UT) side to act as a
TX, and a rotatable horn antenna is placed at the
BS side to receive the signal. The downlink mea-
surements are conducted at the same positions. As
shown in Fig. 1b, a sector antenna is placed at the
BS side to simulate the TX, and a rotatable horn an-
tenna is placed at the UT side to act as the RX. To
overcome the shortcomings of the KPower-Means al-
gorithm, we use the time cluster-spatial lobe (TCSL)
method to cluster MPCs in a lobe shape in the spa-
tial domain. This approach was proposed in Samimi
and Rappaport (2016a, 2016b), and decouples the
time and space dimensions by extracting temporal
and spatial statistics separately. The TCSL method
is originally used to cluster the scanning PAS, which
may reduce the spatial resolution of MPCs (Jiang
et al., 2017). In this case, we extract MPCs by the

Fig. 1 Illustration of the uplink (a) and downlink (b)
in this study
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SAGE algorithm and then cluster them in a lobe
shape in the spatial domain. Using this method, the
angular resolution of MPCs changes from 5◦ to 1.25◦,
and the intra-cluster angular characteristics can be
modeled. Based on the cluster results, we have the
following findings:

1. The relationship between the cluster width
and power is modeled by an exponential function.

2. The AoA distribution of the cluster is more
in line with the Gaussian distribution.

3. A two-dimensional Gaussian distribution is
proposed to describe ray AoA and power.

2 Measurement campaign

2.1 Measurement environment

This series of measurements was conducted in
a typical UMi environment at Beijing University of
Posts and Telecommunications (BUPT). The envi-
ronment layout is as shown in Fig. 2. The BS an-
tenna is on the top of Science Hall (building 1) with
a height of 12.4 m above the ground. UTs are placed
at 10 different positions, and their antenna height is
1.8 m above the ground. The two-dimensional dis-
tance between the BS and the UT is between 25.5 m
(position 1) and 164 m (position 8). All UT positions
are divided into LoS and NLoS cases. Among them,
positions 1, 3, 4, 5, 6, 7, and 8 are in the LoS case.
Positions 2, 9, and 10 are in the NLoS case because
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Fig. 2 Top view of the measurement environment
from the Baidu map

of the obstructions from buildings 1 and 2.

2.2 Measurement system

Measurements are performed by a broadband
realtime spread-spectrum channel sounder (Jiang
et al., 2020). A pseudo-noise (PN) sequence with
a code length of 511 is generated at a 400-Mbaud
symbol rate on the TX side. The output power
reaches 24 dBm with the help of a power amplifier.
On the RX side, the sampling rate of I/Q data is
1.2 GS/s, and the minimum detectable signal level is
−107 dBm when equipping a low-noise amplifier.

We use the “directional antenna scanning”
method to obtain the arrival angle information in
the uplink and downlink. The antenna parameters
are illustrated in Table 1. The uplink is as shown in
Fig. 1a. A biconical antenna is used at UT to trans-
mit the signal, and a horn antenna is mounted on a
rotator on the BS side to receive signals. Because
the horn antenna height is only 30 cm above the roof
wall, the alternative angle of depression is limited
from 0◦ to −20◦. During the measurement, the horn
antenna points to three elevation angles: 0◦, −10◦,
and −20◦. The horizontal scanning range is from 0◦

to 360◦, and its rotation step is 5◦.

Table 1 Antenna parameters (Tang et al., 2018)

Type φ3dB(◦) θ3dB(◦) Gain (dBi)

Horn 11 10 25
Biconical 360 40 3
Sector 92.19 40.15 9

The downlink condition is as shown in Fig. 1b.
To simulate the real transmission situation at the
BS, we use a sector antenna to enhance the coverage.
During the measurement, its direction always points
to the UT. A rotatable horn antenna is located on
the UT side. Its horizontal scanning range is from
0◦ to 360◦ with a rotation step of 5◦. The elevation
angle of the horn antenna is set differently to receive
the strongest signal:

1. The elevation angle points at 0◦, 10◦, and 20◦

when the UT is at positions 2, 3, 4, 5, 6, 7, 8, 9, and
10.

2. The elevation angle points at 40◦, 50◦, and
60◦ when the UT is at position 1.
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3 Power angular spectrum of the ar-
rival angle

The azimuth power angular spectrum reflects
the power distribution on the angular domain. This
characteristic is affected by the reflector positions.
Its distribution is defined to follow the wrapped
Gaussian distribution in channel standards.

Before measuring the uplink and downlink, we
calibrate the system and obtain CIRs at each point-
ing angle as (Gao et al., 2016)

hi,j,k(τ) =

Li,j,k∑

li,j,k=1

αli,j,kσ(τ − τli,j,k), (1)

where i, j, k are the indices of the azimuth angle,
elevation angle, and measurement position, respec-
tively. Their maximum values are 72, 3, and 10, re-
spectively. li,j,k is the path index, and its maximum
is Li,j,k. αli,j,k is the complex magnitude and τli,j,k
is the delay. To have the scanning PAS of each mea-
surement position, the CIR of each pointing angle is
summed as

PASi,j,k =

∫
‖hi,j,k(τ)‖2 dτ. (2)

The horn antenna rotation measurement can
also be viewed as a SIMO measurement. CIRs that
result from different pointing angles are synchronized
using the same clock (Zhan et al., 2018; Zhang PZ
et al., 2018; Lv et al., 2019). In this way, the SAGE
algorithm can be used to estimate the delay and an-
gular information (Fleury et al., 1999), and the spa-
tial resolution increases from 5◦ to 1.25◦. The expres-
sion of the spatial-temporal CIR can be rewritten as

hk(φ, θ, τ) =

Lk∑

lk=1

αlkσ(φ− φlk)σ(θ − θlk)σ(τ − τlk),

(3)
where φ and θ are the estimated azimuth and eleva-
tion angle, respectively. Only three elevation angles
are scanned on the UT/BS side, which is not suf-
ficient to obtain all elevation information. We just
focus on the azimuth angles in the following. The
SAGE PAS at the kth measurement position is ex-
pressed as

PASk(φ) =

∫∫
‖hk(φ, θ, τ)‖2 dθdτ. (4)

We plot the uplink and downlink PAS of posi-
tions 1, 2, 4, and 10 in Fig. 3. Note that scanning

PASs and SAGE PASs belong to two different cat-
egories. For the scanning PASs, we select the mini-
mum value among all received uplink and downlink
powers as the divisor, and then use the power of
different angles to divide this minimum value. Its
calculation is shown in Eq. (5). The SAGE PASs are
calculated in a similar manner, as shown in Eq. (6).
However, because the antenna pattern has been elim-
inated in the SAGE PASs, its minimum power is
lower than that of the scanning PASs, which causes
the SAGE PASs to have a larger dynamic range in
Fig. 3.

PASscani,j,k
= 10lg

⎛

⎝ PASi,j,k
min
i,j,k

(PASi,j,k)

⎞

⎠ , (5)

PASsagek(φ) = 10lg

⎛

⎝ PASk(φ)

min
k,φ

(PASk(φ))

⎞

⎠ . (6)

From Fig. 3 we can see that the power difference
between the uplink and downlink is between 2 dB
and 9 dB in scanning PASs and between 6 dB and 20
dB in SAGE PASs. The minimum power is different
in scanning PASs and SAGE PASs; one reason is that
different TX antenna types are used in the uplink and
downlink. The sector antenna gain is 6 dBi greater
than the biconical antenna gain, which makes the
power difference ≥6 dB in SAGE PASs.

By matching SAGE PASs with the environment,
we can infer the dominant propagation directions of
clusters in Fig. 4. It can be seen that the clusters
in LoS cases contain mainly direct paths and first-
order reflections. We summarize the percentage of
the power of the direct path and first-order reflec-
tions in LoS cases in Table 2. From this table, we

Table 2 Percentage of power of the direct path and
first-order reflections in LoS cases

Position
Percentage of power

Uplink Downlink

Dir FR Dir FR

1 97.05% 2.95% 90.08% 9.91%
3 99.61% 0.39% 82.83% 15.77%
4 100.00% 0.00% 93.75% 6.25%
5 86.44% 13.56% 96.32% 3.68%
6 99.44% 0.56% 97.08% 2.92%
7 100.00% 0.00% 92.57% 6.66%
8 100.00% 0.00% 99.64% 0.36%

Dir represents the direct path; FR represents the first-order
reflections
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Fig. 3 Power angular spectrum (PAS) at four typical positions. In the sub-figures, the left one is the uplink
condition, and the right one is the downlink condition. (a) Scanning PAS at position 1 (LoS); (b) PAS of
SAGE at position 1 (LoS); (c) Scanning PAS at position 2 (NLoS); (d) PAS of SAGE at position 2 (NLoS);
(e) Scanning PAS at position 4 (LoS); (f) PAS of SAGE at position 4 (LoS); (g) Scanning PAS at position 10
(NLoS); (h) PAS of SAGE at position 10 (NLoS)
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Fig. 4 Multipath components (MPCs) matching between the power angular spectrum and the environment:
(a) MPCs of position 2 (NLoS); (b) MPCs of position 4 (LoS)
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can see that the power percentage of the direct path
is between 86.44% and 100%, and the remnant power
is caused mainly by first-order reflections. The re-
ceived MPCs at the BS side are concentrated within
90◦, and there is no wave coming from the back of
the antenna. This observation is consistent with the
results in Rappaport et al. (2013). The dispersion
of the downlink AoA in LoS and NLoS cases is sim-
ilar. However, the distribution of the uplink AoA is
more diffuse in NLoS cases. The range of the AoA
increases to 120◦. The first- and second-order reflec-
tions reign in all propagation types in NLoS cases,
but the power of second-order reflections is very lim-
ited, and is only 0.13% of the total received power at
position 2.

4 Azimuth angle spread of arrival

The angular spread can adequately reflect the
fluctuation of angles. When modeling the channel
angular information, we need to know the distribu-
tion of the PAS, but the standard deviation of the
distribution is also important. The angular spread
and standard deviation are similarly significant and
the angular spread can be derived from the standard
deviation.

Generally, angular spread calculation involves
the minimum second-order central moments of the
circular-shift PAS. Here we adopt the method in
3GPP (2019) to calculate the ASA at the kth

position:

φASAk
=

√

−2ln

(∣∣∣∣

∫
exp(jφ)PASk(φ)dφ∫

PASk(φ)dφ

∣∣∣∣

)
. (7)

The power weighted mean AoA is given by

μφk
= arg

{∫
exp(jφ)PASk(φ)dφ

}
. (8)

The LoS and NLoS ASA results are plotted in
Fig. 5. We can see that the ASA is larger in down-
link conditions for most measurement positions (po-
sitions 1, 3, 4, 6, 7, 8, 9, and 10). Only positions 2
and 5 have a larger ASA in uplink conditions. We
use φASA,diff to represent the ASA difference between
the uplink and downlink. As shown in Table 3, the
positive φASA,diff ≤ 6◦, but the negative values are
between −0.8◦ and −42.1◦. After taking the average
of all φASA,diff , we obtain the mean ASA values of
the uplink and downlink as 13.3◦ and 28.8◦, respec-
tively. Their ASA difference is −15.6◦. We also com-
pare our results with those of the 3GPP TR 38.901
model and mmMAGIC model in Table 4 (Peter et al.,
2017). Although the 3GPP TR 38.901 model is ap-
plicable for mmWave, its ASA results are all larger
than our measurement results except for the uplink
in NLoS cases. A more significant ASA difference
between the LoS and NLoS cases is observed in our

Fig. 5 Angular spread at LoS and NLoS positions

Table 3 Parameters of the uplink and downlink

Position
φASA(◦) μφ(◦) Number of clusters cASA

Uplink Downlink φASA,diff Uplink Downlink Uplink Downlink Uplink Downlink

1 (LoS) 13.1 38.5 −25.4 233.5 59.8 3 6 4.1 2.4
2 (NLoS) 9.4 8.2 1.2 242.1 123.2 6 7 2.3 1.2
3 (LoS) 11.2 53.3 −42.1 268.4 78.1 5 7 2.8 6.2
4 (LoS) 5.1 15.9 −10.9 154.8 334.8 4 7 1.8 2.5
5 (LoS) 28.7 23.6 5.1 262.4 89.4 4 4 3.9 3.6
6 (LoS) 5.2 20.3 −15.0 96.4 273.4 4 7 1.5 3.1
7 (LoS) 4.5 22.8 −18.3 145.9 327.2 3 10 2.3 2.8
8 (LoS) 6.6 7.4 −0.8 94.6 269.3 2 7 2.4 1.5
9 (NLoS) 37.1 74.2 −37.0 217.4 121.8 4 4 4.6 8.7
10 (NLoS) 11.7 24.2 −12.5 280.4 68.9 5 5 3.2 2.3
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Table 4 Comparison with standard models (3GPP, 2019; Samimi and Rappaport, 2016a; Peter et al., 2017)

φASA(◦) Number of clusters cASA

Case Uplink Downlink Uplink Downlink Uplink Downlink

LoS NLoS LoS NLoS LoS NLoS LoS NLoS LoS NLoS LoS NLoS

TR 38.901 13.7 15.6 41 49.3 12.0 19.0 12.0 19.0 3.0 10.0 17.0 22.0
mmMAGIC 28.6 7.6 25.5 27.5 2.0 3.0 2.0 3.0 3.0 10.0 15.0 22.1
TCSL − − − − 1.9 1.6 1.8 1.6 8.5 9.0 10.5 10.1
Our measurement 10.4 19.2 26.3 37 3.5 5 6.9 5.3 2.7 3.3 3.1 4.1

“−” means the value is not defined in the model. According to the channel reciprocity, the 3GPP TR 38.901 and mmMAGIC
models consider the αASA and cASA in the uplink as equal to the αASD and cASD in the downlink, respectively, and the cluster
numbers are the same in the uplink and downlink

measurement, which means that the reflections play
a more critical role in mmWave channels. The ASA
values for the mmMAGIC model vary slightly except
for the uplink in NLoS cases (only 7.6◦), and no nat-
ural conclusions can be drawn from the mmMAGIC
model.

The power-weighted mean AoAs are plotted in
Fig. 6. It can be seen that the mean AoAs of the
uplink and downlink are symmetrical. For easier ex-
pression in polar diagrams, we assume the line con-
necting 180◦ and 0◦ is the x axis, the line connecting
270◦ and 90◦ is the y axis, and the point with zero
radii is the original point. From Fig. 6a we can see
that the power-weighted mean AoA of the uplink and
downlink are symmetrical around the original point
in LoS cases, which means that the direct path is the
dominant part in received signals. As for the NLoS
cases in Fig. 6b, the mean AoAs are symmetrical
around the x axis, which is caused by the first-order
reflection. As shown in Fig. 2, buildings 1 and 2 are
parallel with the y axis, and provide the main reflect-
ing power. If higher-order (higher than first-order)
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Fig. 6 Distribution of power-weighted mean angles in
azimuth: (a) mean azimuth angles of LoS positions;
(b) mean azimuth angles of NLoS positions

reflections carry the dominant power in the scene,
power-weighted AoAs will not distribute symmetri-
cally around the x axis.

5 Cluster of azimuth angle of arrival

5.1 Number of clusters

During signal propagation, MPCs that are
caused by the same reflector or propagate in the same
LoS direction arrive in cluster form. The paths be-
longing to the same cluster have similar large- and
small-scale characteristics. To simplify channel mod-
eling complexity, the standard models always use the
clusters as the minimum modeling unit. Then we can
construct a complete wireless channel by summing all
clusters. Before modeling the channel, we first need
to classify the clusters as accurately as possible.

To avoid the misconvergence of the KPower-
Means algorithm due to a random initialization pro-
cedure, we use the TCSL method to cluster MPCs in
the spatial domain (Samimi and Rappaport, 2016a,
2016b). The spatial lobe (SL) here denotes a strong
direction of arrival (or departure) where energy is re-
ceived contiguously in the azimuth and/or elevation
dimensions.

The TCSL method is originally used for the
scanning PAS. The spatial information of the chan-
nel is modeled in a lobe shape (Fig. 7). Each lobe
is constructed using the angles whose power is larger
than the threshold. According to Samimi and Rap-
paport (2016a), the power threshold is set to −10 dB,
which relates to the maximum received angle power.
From Fig. 7 we can see that there are two lobes in
the uplink and three lobes in the downlink. Some
effective lobes below −10 dB are aborted. Although
we can lower the threshold to obtain these lobes, we
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cannot tell whether they are real MPCs or are just
caused by the horn antenna pattern.

To solve this problem, we apply the TCSL
method to the SAGE PASs, which have already re-
moved the horn antenna effect. The PASsagek(φ)

is split into lobe-shaped clusters when the AoA in-
terval of MPCs is larger than the rotation step (5◦

in our measurement). The orange sectors in Fig. 8
represent the lobe-shaped clusters. The numbers of
clusters in the uplink and downlink are shown in Ta-
ble 3. The average numbers of clusters are 4 and 6
in the uplink and downlink, respectively. In the LoS
cases, the number difference of clusters between the
uplink and downlink is 3.3. In the NLoS cases, the
maximum number difference is only 1. Because the
reflection channels constructed by the surrounding
buildings are similar to a spatial filter, the signals
in NLoS cases have less freedom in the propagation
direction. Although there are many reflective ob-
jects around the UT, most of them will form high-
order reflections in NLoS cases. Because we know
that high-order reflections decay quickly in mmWave
bands, the remnant power comes mainly from the
first-order reflections after passing this spatial filter.
Therefore, the cluster numbers of uplinks and down-
links are similar in NLoS cases.

We also compare our measurement with the
standard models in Table 4. The results show
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Fig. 8 Cluster results of AoA at position 1: (a) uplink;
(b) downlink
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that the number of clusters obviously decreases in
mmWave bands. Because the 3GPP TR 38.901
model is derived from the data sets between 0.5 GHz
and 100 GHz, it has the largest number of clusters in
the UMi scenario—12 in LoS and 19 in NLoS cases.
The mmMAGIC model focuses on the bands from 6
to 100 GHz and has 2–3 clusters. The TCSL model
is based on the measurements at 28 GHz and 73
GHz and has the smallest mean number of lobes,
distributed from 1.6 to 1.9. The number of lobe-
shaped clusters in our measurement is between 3.5
and 6.9, which is significantly smaller than that in
the 3GPP TR 38.901 model. The largest number
of clusters appears in the downlink LoS case, which
contradicts the common sense that the number of
clusters is smaller in the LoS condition. In our opin-
ion, the number of clusters should correlate with the
number of scatterers around the transceiver, rather
than the LoS or NLoS conditions. For example, even
though position 7 is an LoS point, it can still have a
large number of clusters because of the rich scatter-
ers around it. We summarize the reference results of
UMi scenarios in Table 5. From the table, we can see
that the number of clusters is between 2.2 and 6.5 in
LoS conditions, and between 2.3 and 10.33 in NLoS
conditions. These values are obviously smaller than
those in the 3GPP TR 38.901 standard model.

Table 5 Average cluster number in UMi scenarios

Reference
Frequency Cluster number

(GHz) LoS NLoS

Ko et al. (2017) 28 − 4.58
Nguyen et al. (2016) 15 5.67 10.33

28 6.50 10.33
Park et al. (2016) 28 2.20 2.30

38 5.90 6.60
Zhang PZ et al. (2020) 28 − 4.46

39 − 3.35
28 3.50 4.80
39 2.60 3.82

5.2 Cluster width and cluster power in lobe-
shaped clusters

Cluster width is an important parameter in
lobe-shaped clusters. It reflects the angle occupa-
tion of each cluster.

After clustering the MPCs, we can determine
the cluster width Wn,k and cluster power Pn,k. The
subscript {n, k} means the nth cluster at the kth
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measurement position. The mean width of the clus-
ter is 18.3◦ in the uplink and 21.3◦ in the downlink.
We assign all clusters to four ranges according to
their widths:

(1) R1 : 0◦ ≤ Wn,k < 10◦.
(2) R2 : 10◦ ≤ Wn,k < 30◦.
(3) R3 : 30◦ ≤ Wn,k < 60◦.
(4) R4 : Wn,k ≥ 60◦.
Then, the number of clusters that belong to each

range is recorded. For example, the number of clus-
ters that belong to R1 in the uplink is represented
by NUL

R1
, and its percentage is derived as

PerUL
num,R1

=
NUL

R1∑4
i=1 N

UL
Ri

× 100%. (9)

The cluster number percentage in the downlink
is calculated by the same method, but the super-
script is changed to DL.

From Fig. 9a we can see that the cluster width is
concentrated mainly in [0◦, 10◦). The width of some
clusters is 0 because there is only one ray in these
clusters. The percentage of these clusters is 10%
and 12.5% in the uplink and downlink conditions,
respectively. The percentage of clusters whose width

(a)
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10.9%

Uplink
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7.7%
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≥60
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≥60

Fig. 9 Percentage of cluster width (a) and cluster
power (b) in different ranges

is ≤30◦ is similar in the uplink and downlink, but the
proportion is significantly different when the cluster
width is ≥30◦. In downlink conditions, more clus-
ters are distributed in the R4 range. The small dis-
tance between the UT and the reflectors increases the
effective reflection surface area. Correspondingly,
more clusters with large widths appear in downlink
conditions.

The average cluster powers of the uplink and
downlink are −11.4 dB and −8.9 dB, respectively.
The percentage of different power ranges is also cal-
culated. For example, the power percentage of R1 is
derived as

PerUL
power,R1

=
PUL
R1∑4

i=1 P
UL
Ri

× 100%, (10)

where PUL
R1

is the summed power of clusters belong-
ing to R1 in the uplink. From Fig. 9b, we can see
that although the number of clusters in R1 is very
large (≥50% of the total number), their occupied
power proportion is very small (≤0.3%). The clus-
ters whose width is ≥30◦ have ≥90% of the total
power.

To explore the relationship between cluster
width Wn,k and cluster power Pn,k, we use an ex-
ponential function to fit the curve:

Wn,k = p1exp(p2Pn,k), (11)

where p1 and p2 are the fitting parameters. From
Fig. 10, we can see that the cluster width increases
with the cluster power. In the uplink, p1 = 67.12

and p2 = 0.0503. The growth rate is a little higher
in the downlink condition, with p1 = 72.08 and p2 =

0.0517.

Fig. 10 Relationship between cluster power and clus-
ter width
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6 Azimuth angles of arrival of clusters
and rays

6.1 Generation of cluster AoAs

Generation of the cluster angle is an important
step in wireless channel simulations. It affects the
small-scale features of the simulated channel. There
are two approaches for determining the cluster AoA.
The first uses the distribution of composite PAS of
clusters. This approach is adopted by the ITU-R
M.2412 (ITU-R, 2017), 3GPP TR 38.901, and WIN-
NER II standard channel models. In this approach,
the composite PAS follows a certain distribution,
such as the wrapped Gaussian or Laplacian (Nie
et al., 2008), and then generates the cluster angle
with the foreknowledge of clutter power. The sec-
ond approach generates the cluster angle using its
own distribution without considering cluster power
(Luo et al., 2014; Zhang JH et al., 2014). This ap-
proach is adopted by the TCSL, QuaDRiGa v2.2.0
(Jaeckel et al., 2019), and mmMAGIC models. In
this section, we verify these two approaches using
our measurement results.

In the WINNER II and 3GPP TR 38.901 stan-
dard channel models, the AoA of the nth cluster is
generated as

φn = Xnφ
′
n + Yn + φLoS, (12)

where Xn is a random variable with uniform dis-
tribution to the discrete set of {−1, 1}, Yn ∼
N

(
0, (φASA/7)

2
)
, and φLoS is the AoA of the LoS

direction. As in the explanation of the WINNER II
and 3GPP TR 38.901 models, the azimuth composite
PAS of all clusters is modeled as a wrapped Gaussian
distribution, and φ′

n is determined by applying the
inverse Gaussian function:

φ′
n =

1

Cφ
2 (φASA/1.4)

√
−ln

(
Pn/max

n
(Pn)

)
, (13)

where Pn is the normalized power of the nth cluster,
φASA is the root mean square (RMS) angular spread
of the AoA, and Cφ is a scaling factor related to the
cluster number and the K factor. When the unit
of power is identified as dB, the composite PAS in
the azimuth will change into a quadratic function as
shown in Fig. 11.

Because the cluster number and the angular
spread are different in the uplink and downlink, the
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Fig. 11 An example of the composite PAS in the
azimuth of all clusters
In this composite PAS (Meinilä et al., 2009), φLoS = 0◦, the
random variable Yn is neglected, and the maximum power
is set to 0 dB

composite PASs vary significantly in these two con-
ditions. The composite PASs of different measure-
ment positions are plotted in Fig. 12. The maxi-
mum power of the PAS is set to 0 dB, and the maxi-
mum power angle is aligned at φn = 0◦ to leave out
the effect of φLoS. From Fig. 12a we can see that
many uplink clusters (positions 3, 4, 8, and 10) dis-
tribute only at one side of the φLoS, but according to
Eq. (13), the generated angles should distribute on
both sides of φLoS because the random variable Xn

(a)

(b)

AoA (º)

AoA (º)

Fig. 12 Composite PASs of clusters at different mea-
surement positions: (a) uplink; (b) downlink
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uniformly distributes to the discrete set of {−1, 1}.
The main reason for this is our measurement envi-
ronment. There is no building on the east side of
the BS to produce reflections; thus, the clusters dis-
tribute only on one side of the PASs. Although this
unsymmetrical distribution rarely occurs in down-
link conditions, as shown in Fig. 12b, only the PASs
of positions 4 and 10 are single-side distributed in the
downlink, and their PASs have a longer trail than the
uplink due to the larger φASA.

To verify whether our angle power spectrum is
consistent with that in the standard model, we also
use a quadratic function to fit PASs in Fig. 12. Sur-
prisingly, the R2 values in most curve-fitting results
are negative, which means that our PASs are more
subject to a uniform distribution than to a wrapped
Gaussian distribution. Only the curve-fittings of po-
sitions 1, 7, and 8 in uplink conditions have positive
R2 values, and their range is from 0.8603 to 1. This
is because positions 1, 7, and 8 have a small number
of clusters (no more than 3), not because they obey
a wrapped Gaussian distribution.

Using the distribution of the cluster angle to
generate the AoA is another alternative method.
The azimuth angles are created from a Gaussian nor-
mal distribution in the mmMAGIC model, and from
a uniform distribution in the TCSL and QuaDRiGa
v2.2.0 models. Here, we also use our results to test
these two distributions. As shown in Fig. 13, the
uplink AoA distribution is more similar to a Gaus-
sian distribution and the downlink AoA distribution
is like a uniform distribution. To determine the AoA
distribution in a more precise way, we use the one-
sample Kolmogorov-Smirnov (KS) test to determine
the quality of the distribution fittings. The p value
in the KS test is the probability of observing a test
statistic as extreme as, or more extreme than, the ob-
served value under the null hypothesis. Small values
of p cast doubt on the validity of the null hypothesis.
The p values of the measurement are listed in Ta-
ble 6, and we can see that the Gaussian distribution
is an appropriate description for the cluster AoA in
uplink and downlink conditions.

Table 6 p values of the KS test in the measurement

Condition
p

Gaussian Uniform

Uplink 0.2829 0.1119
Downlink 0.5519 0.3319
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Fig. 13 Distribution of the cluster AoA in the uplink
(a) and downlink (b)

6.2 A new model for ray AoA and power

There is also a modeling element that is smaller
than the cluster in wireless channel models. This
element is called a “ray” in the ITU-R M.2412, 3GPP
TR 38.901, and WINNER II models, and a “subpath”
in QuaDRiGa and mmMAGIC models. Here, we use
“ray” to represent this smallest modeling element and
discuss the generation of its AoA and power.

In standard models, the processes of deriving
ray angles and power are considered as two indepen-
dent steps. For ray angles, the ITU-R M.2412, 3GPP
TR 38.901, WINNER II, and QuaDRiGa channel
models use the same method. They split the cluster
into M rays; the typical value of M is 20. Then,
ray angles are defined as having a small angle drift
around the cluster angle. For example, the AoA of
the mth ray in the nth cluster is derived as

φn,m = φn + cASAαm, (14)

where cASA is the cluster-wise ASA, and αm is the
offset factor of the mth ray. cASA is decided by the
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scenario type. The values of αm for the 20 rays are
restricted as in Table 7. In the mmMAGIC model,
for the generation of ray AoAs, Eq. (14) can be used
as well, but the offset factor has a different definition.
It is calculated as

αm =

⎧
⎪⎪⎨

⎪⎪⎩

ln

(
2m

M

)
/
√
2, m < M/2,

−ln

(
2 (M −m)

M

)
/
√
2, m ≥ M/2.

(15)

Table 7 αm in the ITU-R M.2412, 3GPP TR 38.901,
WINNER II, and QuaDRiGa models

Ray number m αm Ray number m αm

1, 2 ±0.0447 11, 12 ±0.6797

3, 4 ±0.1413 13, 14 ±0.8844

5, 6 ±0.2492 15, 16 ±1.1481

7, 8 ±0.3715 17, 18 ±1.5195

9, 10 ±0.5129 19, 20 ±2.1551

The number of rays is restricted to 20 for LoS
and 26 for NLoS in the mmMAGIC model. In the
TCSL model, the number of rays is defined to follow
the discrete uniform distribution, M ∼ DU[1, 30].
The AoA of the mth ray in the nth lobe is generated
as

φn,m = φn +Δφ, (16)

where Δφ ∼ N(0, cASA).
The parameter cASA is very important in the

generation of ray AoAs in different models. We cal-
culate the mean cASA for each position and list the
results in Table 3. By averaging the cASA for the up-
link and downlink, we compare our results with those
of the standard models in Table 4. A smaller cASA is
observed in the TCSL model and our measurement.
We both cluster the MPCs in a lobe shape, but our
measured cASA is smaller, and is only one-third of
that of the TCSL model. The MPC extraction pro-
cess sharpens the lobes. Another interesting finding
is that the link condition does not have a high impact
on the cASA in the TCSL model and our measure-
ment. The cASA just varies from 8.5◦ to 10.1◦ in
the TCSL model, and varies from 2.7◦ to 4.1◦ in
our measurement, but in the 3GPP TR 38.901 and
mmMAGIC models, the cASA changes from 3◦ to
22◦. This is because the 3GPP TR 38.901 and mm-
MAGIC models consider the power, delay, and angle
simultaneously when clustering the MPCs. These
characteristics are all affected by the link condition.

However, in the lobe-shaped cluster method, we con-
sider only the power and the angle, which weakens
the effect of link conditions.

The ITU-R M.2412, 3GPP TR 38.901, and
WINNER II channel models uniformly distribute the
power of clusters to each ray:

Pn,m =
Pn

M
. (17)

In the mmMAGIC model, the ray power is de-
termined by the exponential function:

P
′
n,m = exp

(
−Δτn,m

rμ − 1

rμcDS

)
, (18)

where Δτn,m is the relative delay of the ray, rμ is the
delay distribution proportionality factor, and cDS is
the intra-cluster delay spread. Then P

′
n,m is normal-

ized to ensure that the summed cluster power equals
Pn:

Pn,m = Pn

P
′
n,m∑M

m=1 P
′
n,m

. (19)

The power generation of rays in the TCSL model
is similar to that in the mmMAGIC model, but
Eq. (18) needs to be rewritten as

P
′
n,m = Pn,0exp

(
−Δτn,m

γ

)
10

Un,m
10 , (20)

where Pn,0 is the average power of the first received
rays, γ is the delay constant, and Un,m is a lognormal
random variable following Un,m ∼ N(0, σU ).

In this part, we try to find the relationship be-
tween the ray AoA and power. The ray AoA and
power are plotted together in Fig. 14. In each clus-
ter, the largest ray power is normalized to 0 dB,

−50 0 50
AoA (°)

−60

−40

−20

0

Po
w

er
 (d

B)

Uplink

Downlink

Fig. 14 Distribution of ray AoAs and power
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and its corresponding AoA is aligned to 0◦. From
Fig. 14, we can see that the ray power in the uplink
and downlink are similar to a normal distribution,
which is different from the definition in standard
models. In addition, we see a correlation between
the ray AoA and power. To verify this correlation
and find a more suitable method of generating ray
AoA and power, we propose a multivariate Gaussian
distribution model. Its joint probability density is as
follows:

p (x1, x2)=
1

2π |Σ| 12
exp

{
− 1

2

[
(x−μ)

T
Σ−1 (x−μ)

]}
,

(21)
where x = [φn,m, Pn,m], μ is the mean vector of
x, and Σ is the covariance matrix. After fit-
ting our results in Fig. 15, μ = [−2.5,−38.2] and

Σ =

[
254.4 −2.6

−2.6 193.2

]
in the uplink. The covariance

of ray AoA and power is −2.6, which is smaller than
1% of ray AoA/power self-variance. Thus, it is rea-
sonable to believe that ray AoA and power are dis-
tributed independently in the uplink, while in the

(a)

(b)

5

AoA
 (º

)

AoA
 (º

)

Fig. 15 Joint probability density function (PDF) of
ray AoAs and power in the uplink (a) and downlink
(b)

downlink, μ = [−1.1, 36.8] and Σ =

[
546.1 23.9

23.9 157.6

]
.

The covariance of ray AoA and power increases to
23.9, which verifies the correlation between the ray
AoA and power.

In the proposed model, we establish a two-
dimensional Gaussian distribution for the ray power
and angle, which is more random in angle distri-
bution, and verifies the correlation between the ray
power and angle. Another advantage of this model is
that it does not need the delay distribution to decide
the ray power. The proposed model can simultane-
ously generate the ray power and angle.

7 Conclusions

This study has presented spatial characteristics
in the uplink and downlink through a measurement
conducted in a UMi scenario at 28 GHz. To improve
the MPC resolution, we use the SAGE algorithm
to extract multipath information and delete the ef-
fect of rotatable horn antennas. By matching the
PASs of the AoA in the uplink and downlink, we
find that the first-order reflection and direct paths
reign in all propagation types. Moreover, because
there are more scatterers near the UT end, the di-
rections of the arrival wave are more diffuse, and the
superposition of MPCs is more severe in the down-
link. To construct the connection between the TCSL
model and the 3GPP 38.901 model, we cluster the
MPCs in a lobe shape. Compared with the 3GPP TR
38.901 and mmMAGIC models, the TCSL model and
our measurement have a smaller number of clusters
and smaller intra-cluster ASA. Furthermore, the link
conditions (uplink or downlink, LoS or NLoS) have
little effect on angular characteristics because the
lobe-shaped cluster method considers only the PAS.
The power in the lobes is continuous, and there are
few intervals in the clustered lobes. Finally, we study
the generation of clusters and ray AoAs. We find that
the measured PAS of the AoA does not always obey
the wrapped Gaussian distribution in the 3GPP TR
38.901 model. Generating the AoA of clusters as a
Gaussian distribution is a recommended method. In
addition, we propose to use a multivariate Gaussian
distribution to generate ray power and AoA, which
can reflect the correlation between the ray AoA and
power.
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