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DIRECTIONAL ANTENNA CHANNEL MODELING IN URBAN AREA USING RAY TRACING
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Abstract - Directional antennas are regarded as one of the key technologies to achieve higher signal quality and data rate.
Evidence has shown that the directional antenna channel features can be very different from the omnidirectional ones. There-
fore, itis essential to characterize the directional antenna channel model (DACM), since an accurate, easy-to-implement DACM
plays a vital role in the wireless network design, optimization and utilization. In this paper, we cluster the incident rays based
on the azimuth direction of arrival at the receiver and extract the features concerning the number of clusters, the distribution
of the cluster center and the cluster power ratio. The proposed DACM is derived by the ray tracing method and is feasible for a
typical urban scenario within a range of a few hundred meters. Moreover, our proposed model is verified by both ray tracing
and numerical simulations. In this paper, we present the model derivation methodology, recommend the model parameters

and offer an implementation guideline.
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1. INTRODUCTION

5G networks are born with the tags of high capac-
ity, high energy efficiency and high data rate. In the
last decades, multiple-input-multiple-output (MIMO) has
been regarded as one of the most promising techniques to
enable some of the 5G vital features [1]. Directional an-
tennas can improve propagation quality by focusing the
beam within some desired direction. We can, therefore,
achieve longer transmission distance with higher perfor-
mance and lower interference by enhancing the signal
strength in the specific direction and suppressing the sig-
nal in other directions [2]. For instance, higher frequency
bands above 6 GHz e.g. millimeter-wave (mmWave), as
part of the 5G spectrum offer huge bandwidth, but at the
same time, bring problems like high path loss, high pen-
etration loss, limited delay spread and reflection domi-
nated propagation [3]. Therefore, directional antennas
are deployed to overcome such challenges. On the other
hand, the utility of directional antennas at both traditional
and higher frequency bands can bring new challenges
to the wireless network design, development and imple-
mentation, with the increasing demand for the accuracy
of the channel modeling [4]. Moreover, the angular infor-
mation such as direction of arrival (DOA) and direction of
departure (DOD), cannot be neglected in directional chan-
nels, because they are not only important features for the
propagation model, but also affect other parameters like
path loss and delay [5]. As a result, the traditional omni-
directional channel models cannot accurately estimate a
directional antenna propagation.

Channel models are essential for wireless network design
and analysis, since they give insights into the character-
istics of the radio channel without conducting field mea-
surements, which are usually time-consuming and costly.
Among all the channel modeling methods, ray tracing, as a

geometry-based technique, can provide an accurate esti-
mation of the radio propagation with high computational
speed [6]. In a ray tracing simulation (RTS), the software
estimates possible paths between the transmitter and the
receiver depending on the environment, and offers a list
of outputs including path loss, DOA, DOD, delay etc. Fur-
thermore, even though the RTS can offer a great number
of multipath components (MPCs), it is not necessary to
deal with MPCs individually. Many measurements have
revealed that MPCs can be grouped into clusters with sim-
ilar features such as DOA, DOD or delay. Such cluster-
based channel models are more compact and intuitive
since the intra-cluster, and inter-cluster statistics can be
treated separately [7].

Considering the urge to have an accurate channel model
in a directional propagation environment, we propose a
directional antenna channel model (DACM) and also offer
a generic methodology framework for channel modeling.
In this paper, our main contributions can be summarized
as follows: 1) We derive a clustering DACM using the ray
tracing method. The model is feasible for a typical urban
scenario in which the transmitter and the receiver are a
few hundred meters apart, such as an urban microcell net-
work. 2) We cluster the MPCs based on the azimuth DOA,
and further extract the probability mass function (PMF)
of the number of clusters, the probability density func-
tion (PDF) of the azimuth cluster center and the cluster
power ratio. 3) The derived PDF expressions are simple
functions of only a few distance-independent parameters.

The remainder of the paper is organized as follows. In sec-
tion 2, aliterature review on the existing directional chan-
nel model is presented. We also present the system model
in section 3 and the ray tracing simulation method in sec-
tion 4. The proposed DACM is presented in section 5, fol-
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lowed by the simulation results in section 6. In section 7
and 8, we present a guideline for the model implementa-
tion and model verification, and we conclude the paper in
section 9.

2. LITERATURE REVIEW

In the existing literature, standard models draw great at-
tention since they are regulated and agreed on by organi-
zations across the world 8,9, 10]. Among all the standard
models, cooperation in science and technology (COST)
models are widely accepted. The different COST channel
modelse.g. COST 207, COST 231, COST 259, COST 273 and
COST 2100 were developed to address specific objectives
in various application fields [8, 9, 10, 11, 12].

COST 259 has a three-layered framework structure, spec-
ifying 13 radio propagation environments considered in
the analysis of performance in wireless systems [8, 13]. It
clusters MPCs in the delay domain and models the chan-
nel by distance-dependent path loss, shadowing fading,
and power-delay-angular-profile. Adopting the hierarchy
of modeling concepts similar to COST 259, the COST 273
model provides two significant achievements: 1) New
scenarios for multiple-input multiple-output (MIMO) are
defined; and 2) the clusters are considered differentlyi.e.,
apart from local clusters and single clusters, twin clusters
are introduced to simulate multiple-bounce interactions
[9]. Moreover, the COST 2100 model extended the COST
273 model by the novel developments of the polarization
of the channel, dense multipath components and multi-
link aspects [10].

Apart from the aforementioned standard models, some
other directional models widely adopted by researchers
include analytical models, stochastic models and ray trac-
ing models [14]. Analytical models mathematically de-
scribe the channel without considering the specific geog-
raphy of the environment, such as the independent and
identically distributed (i.i.d.) model [15] and the Kro-
necker model [16]. Stochastic models characterize the
radio propagation between transmitters and receivers
by using stochastic scatterings [3, 17]. Most of them
are geometry-based models but are not limited to a spe-
cific site. The COST models mentioned above are also
stochastic models. The last classification, ray tracing
models, highly depend on the radio propagation environ-
ment with a limited range of validity. However, ray trac-
ing models can extract the propagation parameters (path
loss, DOD, DOA, and so forth) accurately [18, 19].

Although there are plenty of directional channel mod-
els characterizing the propagation from various perspec-
tives, some papers focused on the delay or delay-DOA
domain [3, 8, 9], while some papers considered a non-
clustering DOA domain [20, 21]. However, the number of
papers focusing on the azimuth DOA clusters and the clus-
ter power profile are limited. By contrast, our paper cap-
tures the features of the azimuth DOA in clusters. In our
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proposed model, the clustered DOA features are extracted
independently from the delay or other channel parame-
ters. Therefore, our model is in a relatively compact form
and focuses on the azimuth DOA domain.

3. SYSTEM MODEL

In this section, we present the transmitter and the re-
ceiver system model considering only one base station
(BS), and multiple mobile stations (MS). Additionally, we
illustrate the virtual city models used in the RTS.

3.1 Transmitter and receiver system model

A basic system layout model is shown in Fig. 1. We con-
sider an omnidirectional transmitter as the BS, located at
Lgs = [x,,y,] and N MS randomly and uniformly placed
within the area, located at fixed positions Lys = [x,,,y,],
n = 1,..., N. The height of the BS is hgg, and all the MS
have an identical height of hys. Such a system layout is
able to capture the propagation features from 360° at var-
ious distances. We also propose a local coordinate system
for each MS in section 4, and the electromagnetic proper-
ties of the simulated BS and MS can be found in section
6.
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Fig. 1 - System model. The station at the center in red is the base station,
and the devices in blue are the mobile stations.

3.2 Virtual urban scenario

Different types of environments have a significant impact
on the channel model. For the typical urban scenario we
are interested in, it has dense buildings with a relatively
small number of large open areas like lakes and parks. Al-
though there is some afforestation in the urban environ-
ment, it is out of proportion with buildings. Apart from
these aforementioned urban features associated with the
building layout, another key factor taken into considera-
tion is the materials of the buildings. The reason is that
the materials affect the electrical conductivity and resis-
tivity, leading to a significant impact on the electromag-



netic (EM) propagation. In our RTS, we set the build-
ing material as one-layer concrete and the terrain as wet
earth. For simplicity, we consider a flat terrain and ne-
glect the afforestation, which is acceptable since it is a typ-
ical urban environment. As for the building layout, we fol-
low the Recommendation document proposed by the In-
ternational Telecommunication Union (ITU) [22]. Three
parameters, U,, Uﬁ, and Uv detailed in Table 1 are used
to generate a virtual random city model. The PDF of the
building height follows a Rayleigh distribution [22]

hexp(3tz)
il = —g7—

2|

&)

where h is the building height in meters.

Table 1 - Parameters for generating a virtual random city model

Ratio of land area covered by buildings to total
U, : .
« land area (dimensionless)
U Mean number of buildings per unit area
s (buildings/km”)
A variable scaling the building height PDF, de-
U, fined by a Rayleigh distribution given by (1) (di-
mensionless)

Fig. 2 shows a Manhattan grid layout for the software-
generated city. Cubic buildings are uniformly distributed
within a square area with side length .S m. All buildings
share the same square cross-section, B x B m?2, and fixed
street width W m. Both B and W can be obtained from

U, and Uz as B = 1000, /%, and W = 1900 — B 23]
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Fig. 2 - A virtual random city generated based on ITU-R parameters.

In this paper, we consider not only software-generated
virtual city models but also real urban footprints. The
RTS in a real urban environment can give us more prac-
tical and reliable insights into the results. We export the
footprints and terrain map of the central business district
(CBD) area in Melbourne, Australia from online databases
[24, 25]. The Melbourne CBD scenario is used for the veri-
fication of our proposed directional channel model in sec-
tion 8.
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4. RAY TRACING SIMULATIONS FOR DACM

A ray tracing simulator, Wireless InSite®, is used for the
radio propagation modeling in this paper. It predicts
radio frequency (RF) signal propagation, as well as EM
field in a specific environment and offers a list of output
results, including propagation paths between each pair
of transmitter and receiver, received signal power, mag-
nitude and phase of E-field, DOA, DOD etc. The major
ray propagation mechanisms are line-of-sight(LoS), re-
flection and diffraction. Scattering is neglected due to the
building layout and transmission parameters in this case.
Since radio propagation mainly interacts with buildings
and terrain in the urban environment, the transmission
through objects is also neglected for simplicity. It is rea-
sonable because we are not interested in indoor propaga-
tion, nor indoor-to-outdoor propagation. As a result, our
simulation involves a mixture of LoS and non-line-of-sight
(NLoS) propagation. Fig. 3 shows a pair of BS and MS in
Melbourne CBD from the ray tracing simulator as an ex-
ample. Cubes shaded blue at various height represent the
buildings, and the dark green layer at the bottom is the
terrain. The green and red cubes are the BS and the MS re-
spectively. In this case, the MS is 600 m away from the BS.
The colorful lines are the propagation paths (rays) from
BS to MS. Such colors indicate the power level of each ray.
Since hyg is identical for all the MS and the terrain is rel-
atively flat in our environment, there is little variation in
the elevation angle. As a result, we focus more on the az-
imuth angle ¢. The MS itselfis the pole of the local angular
coordinate system. The LoS direction from the MS to the
BS is defined as the angular axis at ¢ = 0°, and ¢ increases
counterclockwise from -180° to 180°.

Fig. 3 - The local coordinate system in the ray tracing simulator (simu-
lation environment: Melbourne CBD).

The output data from RTS is further processed by Matlab®.
We quantify the parameters for the proposed channel
model from curve fitting. The final verification is given by
the ray tracing results as well as the numerical results by
Matlab® Monte-Carlo simulations. A brief process of the
methodology of our DACM is shown in Fig. 4.



Ray tracing simulations

Statistical modelling of
received directional rays

Channel model parameter
quantification
Verification of the model
with ray tracing and
Monte-Carlo simulations

Fig. 4 - The methodology of directional antenna channel modeling.

5. DIRECTIONAL ANTENNA CHANNEL
MODELING

In this section, we propose the directional antenna chan-
nel model. Firstly, we will introduce the clusters of the
rays at the receiver. Then we will present the channel
model with three key parameters: 1) the number of clus-
ters and its PMF; 2) the cluster center (in degrees) in the
azimuth domain and its PDF; 3) the cluster power ratio
(in dBm) and its PDE.

5.1 Clusters of the incident rays

The received signal propagated in a directional antenna
channel model can be characterized by the summation of
the clusters, and each cluster can be further characterized
by the summation of all the rays within the cluster:

=

m

M
T(Ti,m7¢i,m7ﬂi,m) = Z ri,m<7—i,ma¢i,maﬂi,m) (2)

m=1 i
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—
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where 7, ¢ and 3 are the delay, DOA and power ratio of
the received signal respectively, the subscript m and i rep-
resent the corresponding parameters of the m-th clus-
ter and the i-th ray. The terms 7| (7 1, @i ms 3, m) and
(7T, m» @i m> Bi m) Tepresent the received signal of each
ray and each cluster, respectively. We define that at one
receiver, the cluster number is ), and the number of rays
within each cluster is %,,.

Fig. 5 shows an example given by one MS located 600 m
away from the BS in a virtual random city environment.
In particular, Fig. 5(a), Fig. 5(b) and Fig. 5(c) illustrate
the cluster classification considering clustered rays in the
ray tracing simulator, the delay domain and the azimuth
DOA domain, respectively. As expected, the received rays
are clustered in both delay domain and angular domain.
The clusters in both domains have some similarities to a
certain degree. However, the cluster division in two do-
mains does not always share the exact consistency since
multiple complex factors in the scenario are responsible
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for the result of 7 and ¢. It is common in the existing lit-
erature that the authors start analyzing the channel from
the delay domain, and the azimuth spread has some cor-
relation with the delay [8, 9]. In this paper, we believe
that it is worthy of focusing more on the features of the
directionality of the wireless channel.

(a) Visualized clustered rays in the ray tracing simulator.
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(b) Clustered rays in the delay domain.
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(c) Clustered rays in the azimuth domain.

Fig. 5 - An example of the rays in clusters with respect to 7 and ¢.

To further characterize the clusters of ¢, we define the
cluster gap, w, as the shortest angular distance between
two clusters in degree. In other words, if the DOA of two
neighboring rays has a gap greater than w, these two rays
fall into two clusters. Noting that in our system model in
section 3, we consider MS located at random positions.
However, the final results show that the distance between



MS and BS does not have a significant impact on our re-
sults. The main reason is that we set the simulation area
as a square with a side length of 1.6 km, and farthest dis-
tance from MS to BS is 600 m. The distance variation in
our simulation is not very big, but it is enough to cover a
reasonable range. In other words, our model is distance-
independent, valid for a range of a few hundred meters,
such as an outdoor urban microcell scenario. In the fol-
lowing parts of this section, the directional channel model
is represented with two carrier frequencies, 2 GHz and 28
GHz, to cover both examples of microwave and mmWave
spectrum.

5.2 Number of clusters

Once the cluster gap w is set, all the rays at one receiver
can be grouped into M clusters in the azimuth domain.
M is characterized by its PMF, P(M = 1), i=1,..,5, pre-
sented in Table 2.

Table 2 - Probability mass function of M

L » [ 1 [ 2 [ 3 [ 4 [ 5 |
2GHz | 0.2496 | 04389 | 0.2551 | 0.05419 | 0.002193
28GHz | 03821 | 03836 | 0.2005 | 0.03124 | 0.002588

5.3 Cluster center

To further outline the azimuth feature of the clusters, we
introduce cluster center, ¢,,, as the average azimuth of all
the rays within the same cluster

_ Zijiml (bz

m
where &, is the total number of rays within the same
cluster. ¢, is the DOA per ray within this cluster in de-
gree. Then based on our RTS, we extract the PDF of ¢, as
a piecewise exponential function,

ayexp(—by (b, +90)), —180 < ¢, < —90
_ Jajexp(by¢y), 90 < ¢, <0
f¢(¢m) a alexp(_bld)m)? 0< ¢m <90
asexp(by (¢, — 90)), 90 < ¢y, < 180.
€9

To make (4) right continuous and symmetric on ¢, = 0,

Ay = f¢(¢m = —90) = a,exp(—90b,) (5)

Table 3 - Parameters of f(¢y,)

l e ‘ a ‘ by ‘ by
2GHz | 0.005658 | 0.01340 | 0.007666
28 GHz | 0.007494 | 0.02485 | 0.02121

ITU Journal: ICT Discoveries, Vol. 2(1), 19 November 2019

Parameters obtained by curve fitting are presented in Ta-
ble 3. Noting that due to the curve fitting, we end up with

the result for the model such that Lllsso Jo(m)doy, ~ 1.

5.4 Cluster power ratio

The power per cluster can be solved by two sub-problems,
the total received power, P, at the MS, and the power dis-
tribution among M clusters. In this paper, we are more
interested in the latter problem. For the first one, based
on the specific scenarios, the P, calculation can be solved
by many widely accepted omnidirectional path loss mod-
els in the existing literature, such as the log-normal shad-
owing model, two-ray model, Okumura-Hata model etc.
In this paper, we do not recommend any path loss expo-
nent or shadowing parameters, because the main contri-
bution from us is the directional features of the power at
the receiver end. To model the power per cluster, we de-
fine a cluster power ratio as

Note that 0 < B, < l,andif M = 1, B, = 1. For
other cases given M > 1, we find that no matter what
the value of M is, the PDF of 3, follows a U-shape dis-
tribution, which can be very well fitted by Kumaraswamy
distribution [26].

M=1

(6 |M) {dﬁc 1( _ﬂc)dfl, M > 1.

(7)

A summary of ¢ and d parameters conditioned by M is
listed in Table 4. Another important condition of the
power ratio is that the summation of all the 5, at one MS

. M
is1,>  Bn=

Table 4 - Parameters of 3,

’ P [ M=2 [ M=3 [ M=4 [ M=5 |
c [ e [ d [ c [ df c [ d]c ] d]
[ 2GHz [ 017 [ 037 [ 015 [ 045 [ 0.20 [ 0.55 [ 0.03 | 0.50 |
[ 28GHz | 017 [ 037 | 012 | 055 | 0.05 | 050 | 0.01 | 0.55 |

6. SIMULATION RESULTS

In the RTS, we consider the system models presented in
section 3 using the parameters in Table 5.

We generate five realizations of the virtual city models
with the same set of U, Uﬂ and UA/, and launch RTS in
five such environments to average the randomness. At
each MS, we consider the maximum of 100 incident rays.
However, the power of some rays can be low, so that they
hardly contribute to the total received signal. Therefore,
we remove such rays with power below a threshold, P =
-150 dBm. The RTS returns ¢, in the output files and the



Table 5 - Simulation parameters

U,=03
ITU-R urban parameters Uz =500 buildings/km2
U,=15
Virtual city side length (.5) 1600 m
BS height (hg) 30 m
MS height (hys) 1.5m
Number of MS () 3771
BS transmit power (P,) 20 dBm
Carrier frequency (f.) 2 GHz, 28 GHz
Cut-off power (P ) -150 dBm
Max rays per MS (RMAX) 100
Cluster gap (w) 50°

data can be clustered by sophisticated algorithms such as
hierarchical clustering once the shortest distance w is set
up. Then M and ¢, can be determined consequently. Fi-
nally when taking all MS into consideration, P(M') and
J4(¢m) can be obtained by calculating their PMF and PDF
respectively. Fig. 6 shows the comparison of the direc-
tional channel model and the RTS results regarding ¢,,.
Adjustments on the curve fitting parameters have been
made to have f(¢,,) symmetric on ¢, = 0 and right con-
tinuous. The final step is to model the power per clus-
ter. We use the E-field strength per ray from RTS to solve
this problem. The total received power per MS is P, =
Zfil P;, and the power per clusteris P, = Zfi"‘l P; [27],
where P, is the time averaged received power in watts of
the i-th ray, calculated by the E-field components:

\N2F 2
Pp=""1\E +E,. 8
% 87'("'70 | 0,1 + (;5,1‘ ( )
A2 F . )
_ ’qfe’iejd)e,i + ]\4¢7i63¢¢,i 2 (9)

B 87

where Ey ; and E ; are the § and ¢ components of E-field
of the i-th ray, M and v are the magnitude and the phase
of the ray, A is the wavelength, 7, is the impedance of free
space (377 €2) and F' is the overlap of the frequency spec-
trum of the transmitted waveform and the spectrum of
the frequency selectivity of the receiver [27]. The power
ratio in (6) can be rewritten as:

) . 2
Ziml |M0~ieﬂ"/}9,i + Md)’ie]w(b.i

B = S e (10)
S (Moo & My sebe

Two examples of the curve fitting for K (53,,) given M = 2,
f.=2GHzand M = 3, f. = 28 GHz are shown in Fig. 7.

7. DACM IMPLEMENTATION STEPS USING
SOFTWARE TOOLS

The proposed directional channel model in this paper en-
ables readers to calculate the distributed azimuth and
power in clusters. Such information can be helpful when
directional features play an important role in the de-
sign and analysis of the wireless channel, for example,
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Fig. 6 - The curve fitting of f,(¢y,) at 2 GHz and 28 GHz.

some 5G direction-based applications. We summarize the
model in two phases, the directionality of the clusters and
the power distribution. The guideline for the model im-
plementation is in Algorithm 1.

Algorithm 1 DACM implementation steps

1: Get system set-up parameters, f,, N
2: for each Receiver n do
3:  Getnumber of clusters ), following the PMF in Ta-
ble 2
4 forallm € M do
5 Get ¢,, following (4)
6: Condition: MAX(¢,, — 1) <w,m = 2. M
7 Get 3., following (7)
g Condition: Y\ f, =1
9: P < BmP:
10: end for
11: end for

8. DACM VERIFICATION

To verify our model, we propose two methods, ray trac-
ing simulated verification by Wireless Insite® and numer-
ically simulated verification by Monte-Carlo simulations.
For the former method, we consider both virtual city (VC)
models generated by Matlab® and an actual Melbourne
CBD footprint imported from online databases [24, 25].
The system model for the verification follows the same
set-up as section 3. Then we choose N = 500 receivers
uniformly from RTS set-up to join the verifying calcula-
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Fig. 7 - Examples of the curve fitting for K(5,,).

tion. For the latter method, we simulate the channel fol-
lowing Algorithm 1. The receiver number is also N and
the simulation follows the steps in section 7. A compari-
son of these verifying cases, RTS (VC), RTS (Melb), simu-
lated model and the channel model can be found in Fig. 8.
In both of the sub-figures, the scattered dots are the veri-
fication results, and the colors, red, yellow and green rep-
resent the RTS in a virtual city, the RTS in Melbourne CBD
and the numerical results respectively. The solid blue line
is the proposed directional channel model. The carrier
frequencies are 2 GHz for Fig. 8(a) and 28 GHz for Fig.
8(b). The three verification cases match the model very
well in both figures. Actually, we have verified every case,
including ¢,,, 8,, conditioned by each M at two frequen-
cies. All the cases have shown a high level of matching.
However, only two examples are depicted in this paper.

9. CONCLUSION

In this paper, we presented a statistical clustering DACM
for a general urban scenario. It can benefit the directional
wireless network design, optimization and utilization in
substance since the channel features can be estimated by
merely a few distance-independent probability distribu-
tion parameters. The model is proposed in three key as-
pects, the number of clusters, the cluster center distribu-
tion and the cluster power ratio distribution at two car-
rier frequencies, 2 GHz and 28 GHz. We have concluded
that for both frequencies, these three parameters share
similar features but with notable differences. Compared
with 2 GHz, 28 GHz tends to bring relatively equal prob-
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Fig. 8 - Examples of the channel model verification on ¢, and 3,,,.

ability of the cluster number if M < 3, but these clus-
ters are more concentrated at the LoS direction, and the
power distribution is more uneven. Future works can be
extended from the 2D model to a 3D air-to-ground chan-
nel model, which brings more interest to the elevation an-
gle. Also, the clustering algorithm and the modeling of the
root mean square delay will be studied to make the DACM
more completed.
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