Received: 21 November 2018

Revised: 28 May 2019

Accepted: 3 June 2019

DOI: 10.4218/etrij.2018-0662

FEATURED ARTICLE

ETRI Journal WILEY

Millimeter-wave directional-antenna beamwidth effects on the
ITU-R building entry loss (BEL) propagation model*

Juyul Lee!

| Kyung-Won Kim' | Myung-Don Kim' | Jae-Joon Park' |

Young Keun Yoon® | Young Jun Chong2

1Hyper—connected Communication
Research Laboratory, Electronics and
Telecommunications Research Institute,
Daejeon, Rep. of Korea

2Broadc:asting Media Research
Laboratory, Electronics and
Telecommunications Research Institute,
Daejeon, Rep. of Korea

Correspondence

Juyul Lee, Hyper-connected
Communication Research Laboratory,
Electronics and Telecommunications
Research Institute, Daejeon, Rep. of Korea.
Email: juyul@etri.re.kr

Funding information

This research was supported by the
Institute for Information & communications
Technology Promotion (IITP) grant

funded by the Korean government

(MSIT) [2017-0-00066, “Development of
time-space based spectrum engineering
technologies for the preemptive using of
frequency.”

1 |

INTRODUCTION

Assuming omnidirectional antenna reception, the ITU-R recently developed a new
propagation model on building entry loss (BEL) for 5G millimeter-wave frequency
sharing and compatibility studies, which is a simplified outdoor-to-indoor path loss
model. Considering the utilization of high-gain narrow-beamwidth beamforming, the
omnidirectional-based ITU-R BEL model may not be appropriate to predict propa-
gation characteristics for directional beamforming scenarios. This paper studies the
effects of beamwidth on the ITU-R BEL model. This study is based on field measure-
ments collected with four different beamwidth antennas: omnidirectional, 10° horn,
30° horn, and 60° horn. The measurement campaigns were conducted at two types
of building sites: traditional and thermally efficient buildings. These sites, as well as
the measurement scenarios, were carefully chosen to comply with the ITU-R BEL
measurement guidelines and the ITU-R building types. We observed the importance
of accurate beam alignment from the BEL variation range. We were able to quantify
the beamwidth dependency by fitting to a model that is inversely proportional to the
beamwidth.
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The ITU-R BEL model was developed only for omnidirec-
tional antenna reception; however, narrow-beamwidth direc-

In the course of new spectrum allocation for 5G millimeter-
wave (mmWave) systems, the ITU-R has been conducting a
frequency sharing and compatibility study since 2015 [2]. To
provide guidance, the ITU-R released a new recommendation in
2017 on a building entry loss (BEL) propagation model, which
is a simplified outdoor-to-indoor (O2I) path loss model [3,4].

tional beamforming will most likely be used to overcome the
severe free space loss at mmWave frequencies. It is known that
the propagation characteristics captured with a narrow-beam-
width antenna are different from those captured with an omni-
directional antenna, especially in multipath-rich environments
due to spatial filtering effects [5], and therefore, the BEL model
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will be affected when receiving with a narrow-beamwidth an-
tenna since receivers are typically located in multipath-rich in-
door environments. In this paper, we empirically analyze the
effect of antenna beamwidth on the ITU-R BEL model.

We conducted measurement campaigns at the 32-GHz
band, which is one of the 5G mmWave candidate frequency
bands [2], at two different building sites. These sites were
carefully selected to comply with the ITU-R building-type
classification. It should be noted that there are only two
building-type classes in the ITU-R standard [3]. Although
there were numerous debates on the building classification
during the ITU-R standardization process, it was decided to
use a simple dichotomy—differentiating between traditional
type and thermally efficient type, depending on the existence
of thermal-efficiency window materials [6]. That is why our
measurement campaigns were conducted at these two build-
ing sites. To investigate the antenna beamwidth effect on the
BEL, our measurements were obtained with several differ-
ent beamwidth antennas and were analyzed using beamwidth
synthesis techniques. The TX was fixed (outside the building)
and pointed perpendicularly to the building, while maintain-
ing a clear line-of-sight from the TX to the building facade.
The RX was moved, to the extent possible, uniformly within
the building, as per the ITU-R measurement guideline [7].

To the best of our knowledge, the O2I propagation mea-
surements date back to 1959 [8], in which the building pen-
etration losses at 35 MHz and 150 MHz were reported to be
20 dB-25 dB on average. Since then, the O2I propagation
characteristics have been studied in various aspects and fre-
quency bands below 6 GHz [9-11] (and references therein).
Most of them were concerned with building penetration losses
as a function of building materials and structures. In addition,
the recently published [12—16] reported the O2I characteris-
tics for mmWave frequency bands. Based on these studies, in-
cluding [17], COST 231 [18], WINNERs [19,20], 3GPP [21],
and ITU-R (Study Group 5), [22] adopted the O2I propagation
characteristics in their standard specifications. Independently,
another group in the ITU-R (Study Group 3) [3] recently re-
leased O2I propagation loss characteristics and named it BEL.
However, as noted above, all of these reports including [3]
do not consider the impact of antenna beamwidth. This may
provide unrealistic predictions when a directional high-gain
narrow-beamwidth reception is employed in multipath-rich
indoor environments. In our prior conference publication
[1], we initially investigated the same issue, namely impact
of beamwidth on the BEL, based on the measurements con-
ducted at one TX location only. Although the general conclu-
sion is similar, the statistics (from empirical analysis) may not
be accurate since the prior work was investigated with only a
limited dataset. In this work, however, we have tried to collect
sufficient measurement data (by varying the TX locations and
RX location uniformly in the building) to perform an improved
statistical analysis and provide more solid results.

2 | PRELIMINARIES

To begin with, we briefly review the ITU-R BEL model
[3], which was developed by the ITU-R Study Group 3
(Propagation). Note that there is another ITU-R group (Study
Group 5), which developed an O2I model [22,23] that is simi-
lar to the 3GPP O2I model [21]. Besides these, there are other
standardized models such as COST 231 [18] and WINNERSs
[19,20], which are also similar to the 3GPP model. Therefore,
along with the ITU-R BEL, we also review the 3GPP O2I
model in this section.

2.1 | TheITU-R BEL model

The ITU-R defines the BEL as “the additional loss due to
a terminal being inside a building” [7], in which the details
of measurement guidance are also provided. Based on the
theoretical definition and the measurement guidelines, the
ITU-R gathered over 6000 measurement data points on 40
frequency bands and discussed how the model should be
parameterized, in order to develop appropriate propagation
models for frequency sharing and compatibility studies for
5G mmWave bands [3,24]. The BEL model was decided to
be a statistical model considering “equal probability of loca-
tion at any point within a building” without assuming a spe-
cific TX and RX arrangement with respect to a building [3].
By compiling the measurement data and harmonizing various
opinions, it was decided to divide buildings into two classes,
namely “traditional buildings” and “thermally efficient build-
ings,” which can be determined from the building materials
and not from the actual construction year [3,4]. Regarding
the incidence angles to the building, only the elevation angle
dependency was considered [3]. The current version of the
ITU-R standard considers only clear line-of-sight from the
TX to the building facade [3], while cluttered BEL (ie, com-
bining clutter loss and BEL) is left to a future work.

Based on the harmonization, the ITU-R released its first
version of the BEL model in Recommendation ITU-R P.2109
in 2017, which is valid for frequencies between 80 MHz and
100 GHz, in a cumulative distribution function for the proba-
bility p (O <p < 1) [3]:
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u =L, +L,, &)
Hy=w+xlogof, (6)
oy =u+vlogf, (N
o, =y+zlogf, ®)

where f is the operating frequency in GHz, F~ l(p) is the in-
verse cumulative normal distribution, and Lj, is the median
loss for the horizontal paths, which is given by

Lh=r+slog10f+t(10g10f)2, )

and L, is the correction for the elevation angle 6 of the path at
the building facade given by L, =0.212|6|. All the parameters
for the traditional and thermally efficient buildings are listed
in Table 1. Further details about the ITU-R BEL model are
referred to [3] and some measurement information used to
derive the model can be found in [24].

2.2 | The 3GPP O2I Model

Likewise, the 3GPP provides O2I building penetration loss
characteristics in its standard TR 38.901 [21]:

Lagpp om =Ly + Loy +Lin+ N (0, 07) (10)

where L, is the basic outdoor path loss, L, is the building
penetration loss, L;, is the building inside loss, and N de-
notes the normal distribution with the variance af,. Compared
to the ITU-R BEL, the last three additive terms in (10) corre-
spond to the building entry loss, That is,

Lagep_prr, = Lo + Lin + N0, 67), (11)
TABLE 1 ITU-R BEL model parameters [3]
Thermally

Parameter Traditional building efficient building
r 12.64 28.19

s 3.72 —3.00

t 0.96 8.48

u 9.6 13.5

v 2.0 3.8

w 9.1 27.8

X -3.0 -2.9

y 45 9.4

Z -2.0 -2.1
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where

‘material_i

N
Ltw=ani—1010gloZ(p,-><10 10 ) (12)
i=1

where L,; denotes the additional loss for the nonperpendic-
ular incidence (however, no further description can be found
in [21]) and p; is the proportion ratio of the i-th material such
that ¥ | p;= 1. Unlike the ITU-R BEL model, the 3GPP O2I
model can include various building material loss characteris-
tics as follows:

L

‘material_i — amaterial_i +b material _i f > (1 3)
where dpaerial i AN Dyyieria ; are material-dependent con-
stants, for example, Ly,s=2+ 0.2f for standard multipane
glass, Ligr_glass =23 +0.3f for IRR glass, and Leyperee =5 + 4f for
concrete [21].

The 3GPP O2I model provides two exemplary cases for
low-loss and high-loss models by (14) and (15), respectively,
where d,py_;, is the minimum of two uniform random vari-
ables between 0 and 25 m for urban cases.

Leoncrete

I‘V ass
Lap 551 Lowioss =5 — 1010g;, <0.3 10750 40710755 )
+0.5d,p 5, + N, 4.42), (14)

LR _glass Leoncrete

-0 4+0.3-107 -0

L3GPP7BEL,High—loss =5-10logy, <0-7 -10

+0.5d,p 1, + N'(0,6.5%)

N——

5)

Although a direct comparison between the ITU-R BEL
model and the 3GPP model is difficult, since the building
materials and the building types are not compatible, Figure 1
shows a comparison of the two models when the operating fre-
quency is set to 32 GHz. It can be seen that the ITU-R models
have wider BEL ranges, although the median values are similar
(the max difference between the ITU-R BEL traditional model
and the 3GPP O2I BEL low-loss model is about 2 dB). Note
that [25] also deals with O2I model comparisons including
the ITU-R and the 3GPP O2I models. However, their ITU-R
model is from [22] (developed by Study Group 5), and not from
[3] (developed by Study Group 3). It should be noted that the
model developed by Study Group 5 is a simple variation of the
3GPP model, whereas Study Group 3 developed their model
from scratch by gathering numerous measurement data [3,24].

3 | MEASUREMENT OVERVIEW

We built a 32-GHz mmWave wideband channel sounder
(center frequency of 32.4 GHz and bandwidth of 500 MHz)
by adding new RF parts to the existing base-band and IF parts
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——ITU-R BEL Traditional —— ITU-RBELThermally-efficient
- - - 3GPP O2I BEL Low-loss - - - 3GPP O2I BEL High-loss
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FIGURE 1 Comparison between the ITU-R BEL model and the
3GPP O2I BEL model when the operating frequency is 32 GHz

TABLE 2 RX Antenna gain

Antenna (HPBW) Antenna gain (dBi)
10°-horn antenna 27.0
30°-horn antenna 15.6
60°-horn antenna 9.7
Omnidirectional antenna 5.8

of the 28- and 38-GHz sounders [26] (details about the other
sounder specifications can be obtained from [26]). By using
this 32-GHz sounder, our BEL measurements were con-
ducted with four antennas (listed in Table 2) at the RX to in-
vestigate the antenna beamwidth' effect.

The BEL measurement campaigns were conducted in two
ETRI office buildings (denoted by Building A and Building
B) as shown in Figure 2. These buildings were initially con-
structed with similar concrete/windows and similar indoor
structures. However, the exterior of Building B was recently
renovated with metal-coated dual-layer windows, while the
interior was unchanged. According to the ITU-R building-
type classification [3], Building A is classified as a traditional
type and Building B is classified as a thermally efficient
type. As can be seen in Figure 2, Building A has six stories
and Building B has five stories. The planar dimensions are
72 m X 25 m and 58 m X 27 m for Building A and Building
B, respectively.

As shown in Figure 2, there are trees in front of the build-
ings, which can clutter the TX signals. To avoid such clutter
and other obstacles between the TX and the building facade,
we installed the TX antenna high on a lift as illustrated in
Figure 2. The measurement guide in the current ITU-R
Recommendation [7] requires a clear line-of-sight condition

1Throughout the paper, the beamwidth is calculated using the half-power
beamwidth (HPBW).

(A)

FIGURE 2 Buildings for BEL measurements: (A) Building A
and (B) Bulding B
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FIGURE 3 BEL measurement setup: (A) Vertical view and (B)
horizontal view
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from the building to the TX. Figure 3 shows schematic draw-
ings of our measurement setup. In Figure 3A, the antenna
heights (from the ground) of the TX and the RX are the same,
which is denoted by Ay (=hzy). The distance from the TX
antenna to the building facade is denoted by dry pyiiging: The
height of the RX antenna from the floor is denoted by hgx.
These parameters are listed in Table 3. As shown in Figure
3B, we tried to collect the RX measurement samples uniformly
within the building (actual RX sample points are shown later
in Figures 5 and 6, along with the measurement results). Thus,
the RX points include various office areas, corridors, com-
puter labs, and conference rooms as shown in Figure 4. At each
RX location, an omnidirectional antenna and horn antennas
(listed in Table 2) were used for data collections. All the horn
antennas were rotated in 10° steps, regardless of the antenna
beamwidth. The TX antenna beamwidth (HPBW) was 30°. To
consider near-perpendicular incidences on the building facade,
we moved the position of TX along with the RX position. As
shown in Figure 3B, we divided the measurement area into
several regions, and then moved the TX when the region of
RX was changed, instead of moving the TX for each individual
RX point to save measurement time. While configuring the
measurement setup, the vertical and horizontal locations of the
TX antenna was aligned with a laser pointer.

4 | MEASUREMENT RESULTS &
ANALYSIS
4.1 | BEL measurement data processing

According to the ITU-R guideline in [7], there are two meth-
ods for calculating BEL: (a) the excess path loss from the free
space loss and (b) the path loss difference from the outside
references. Due to security constraints, we were not able to

FIGURE 4 Various indoor
environments for BEL measurements:

(A) Corridor, (B) conference room,

(C) computer lab, and (D) open space office

measure the outside reference level; hence, we followed the
former method:

LBEL = PLmeasurement - PLfree’ (16)
where PL ., curement 1S the path loss measurement at an indoor
RX point and PL,. is the relevant free space path loss, that is,
PL;.. =201log,, (4Xx 10°zfd/c), d is the distance between the
TX and the RX, c is the speed of light, and f'is the operating
frequency in GHz. That is, this BEL measures the additional
loss due to the presence of the building (both the exterior and
the interior structures). At every RX location, the BEL is calcu-
lated with (16) and then statistical tools are applied.

4.2 | Directional and omnidirectional BEL
characteristics

Figures 5 and 6 show the BEL measurement results collected
with the 10° horn and the omnidirectional antennas, respec-
tively. It can be seen that we have divided five regions for
Building A and three regions for Building B, which is heu-
ristically determined by considering the TX distance to the
building, the TX antenna beamwidth, and the indoor structure.
At each region, the location of TX was fixed at one marked
position while the RX was moved to various positions in the
region, as illustrated. The direction and length of the arrows

TABLE 3 Measurement configuration

Building A Building B
drX-building (M) 33 38
hrx(=hgx) (m) 11.7 14.7
hgx (M) 1.5 1.5
# of RX measurement points 79 100
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in Figure 5 indicate the direction and strength of the received
power, respectively. The color codes illustrate the calculated
BEL values. The “X” marks in the figures denote outages. It
can be seen that there are many outage points, especially in
the omnidirectional measurements (Figure 6). This is due to
the small antenna gains (listed in Table 2). Because of the out-
age issues with the wide beamwidth antenna measurements
(not only the omnidirectional antenna but also the 30° and 60°
horns), we apply the beam synthesis algorithm [5] to generate
the other beamwidth BEL characteristics, while utilizing the
un-outaged 30°-horn, 60°-horn, and omnidirectional antenna
measurements for beam synthesis calibration.

Figure 7 provides two facts about the directional BEL mea-
surements. First, the variation range of BEL depending on the
antenna angle directions is generally large, for example, when
the 10°-beamwidth reception is employed, it is 18 dB—46 dB
for Building A and 24 dB-53 dB for Building B. Although

(A)

T
sf e
- r HHH
B> D
D07 lj XEPTx
- (=3 = 3
. D03 ELTLS - x
e FT o F
¥ 4 L E
T b3 iim
- - - Gy
/ L

sm

the variation range decreases as the receive beamwidth in-
creases, variations of more than 20 dB can occur with the
60°-beamwidth reception. This implies the importance of
beam alignment when a directional antenna/beamforming is
utilized to minimize the building entry loss, even in a mul-
tipath-rich indoor environment. Second, the BEL has a strong
dependency on the overall propagation loss. As can be seen
in Figure 7, the lower ends in the BEL variation range in-
creases as the overall loss increases, which is plausible since
the BEL is calculated by the difference between the overall
loss and the free space loss as in (16).

43 |

As mentioned above, we performed the beamwidth-depend-
ent BEL analysis with the beamwidth-synthesized data from
our 10°-horn antenna measurements, which were collected in

Beamwidth-dependent directional BEL

BEL (dB)

BEL (dB)

(B)

b7

! XBWB,
w16 [
* xBw{ES]

12 53, XBIOBIXBII  XBMB32 XBHB *B1

T T
[
oL LR B
E|E Lh npEE .
g BPRE 4

LR B

BEL (dB)

BEL (4B)

30

(B)

FIGURE 6 BEL measurements with the omnidirectional antenna: (A) Building A and (B) Building B



Rl ETRI Journab WiLEY-12
’ _____ Building A - - - Building B ‘ We applied the beamwidth-synthesis algorithm in [5] to
generate the beamwidth-dependent directional BEL charac-
30 m W Sy *ﬁ Feristics. Or.le ke)’f idea of t.he. beamwidth-synthesis. algorithm
é; 6 “H! Tr’! H!”W l LL is th? consuderatlog of Pomtmgf thf? antenna boresight to the
b N w., i ‘. i maximum power direction, which is dependent on the oper-
Eé 40 | L i ating beamwidth. Therefore, we re-calculated the boresight

20 L l direction when the operating beamwidth was varied, that is,

100 140 150 . P+ W,/2
Overall propagation loss (dB) Drmax = a1 m(l?;lx J P, A7)
p=¢—W,;/2
(A)

B where W, is the synthesized beamwidth (as described before,
= 50 T“r this should be in the HPBW) and P, is the directional re-
T 60 ] ceived power in the g-direction collected with the 10°-horn

2 400 . antenna. With this maximum power direction, the W, -beam-
= ol 1 | width directional received power can be calculated by
100 1o 120 130 140 150 » P+ Wy /2 »
Overall propagation loss (dB) Wy ™ L = G = W, /2 ¢ (18)
(B) With this received power, the directional path loss can be calcu-
: : : lated using the conventional method of dividing with the trans-
_ 80 - Tl maam T mit power. Since we had actual measurement data obtained
F‘é 60 |- ~= ‘ml; }‘*TT{’ ﬂi erm | Hf using 30° and 60° horns and an omnidirectional antenna, we
2 40 - Tj:‘f‘l’\ el 3‘ ?@’#j Lﬂ M: e - compared the synthesis data to thF actual measurements and
~ ! " AR il IIL L; e observed that the two datasets are in good agreement.
20 "L ;L%{Q——"L = | | | 7] Figure 8 shows the 10°-horn antenna directional BEL and
100 110 120 130 140 150 the omnidirectional BEL statistics in comparison with the
Overall propagation loss (dB) ITU-R BEL models. It can be seen that the CDFs from our two
© omnidirectional reception data are generally close to the two
ITU-R models, respectively. From this, we infer that our mea-
T T T T surement environments (building materials and inside building
s 8017 h environments) and the environments in the ITU-R models are
%, 60 - N in agreement. We can see that the 10°-directional reception
E 40 |- - ‘}_ﬂ_‘ﬂ?ﬁ; S data deviate from the omnidirectional reception data for both
sl o e | traditional and thermally efficient buildings. Although we did
== | | | not explicitly plot the other beamwidth directional reception
100 110 120 130 140 150

Overall propagation loss (dB)
D)

FIGURE 7 BEL variation for various pointing angle directions
and the relationship with the overall propagation loss: (A) 10°
-beamwidth reception, (B) 30° -beamwidth reception, (C) 60°
-beamwidth reception, and (D) omnidirectional reception

10° rotation steps, despite conducting the measurements with
several beamwidth antennas such as 10°, 30°, 60° horns, and
an omnidirectional antenna (listed in Table 2). This is because
the measurement data obtained using the 10°-horn antenna
have fewer outage points than the data obtained using the
wider-beamwidth antennas. Note that the outage points were
assigned to the highest observed loss value to ensure that all
the measurement locations are used in the statistical analysis.

data (to prevent the graph plots from becoming messy), we
observed that the other beamwidth data are monotonic with
respect to the beamwidth in between the omnidirectional and
10°-directional data. Thus, the existing ITU-R BEL model
does not provide accurate BEL information depending on the
antenna beamwidth. To ensure that the median statistics (when
the probability is 0.5 in the CDF curves) is more specific, the
BEL variation with respect to the antenna beamwidth can be il-
lustrated as in Figure 9. That is, as the antenna beamwidth var-
ies from 10° to omnidirectional, the BEL difference is 5.27 dB
and 5.23 dB for Building A and Building B, respectively.

To reflect the narrow antenna beamwidth effect on the
ITU-R BEL, we consider the overall beamwidth-dependent
directional BEL model as given below:

Lo W) =Ly +ALgey (W) @B) (49
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—— ITU-R BEL traditional —— ITU-R BEL thermally-efficient
- - = Omnidirectional reception in A - - - Omnidirectional reception in B
-----10°-directional receptionin A ----- 10°-directional reception in B
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FIGURE 8 Comparison between ITU-R model and measurements
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40 |- et S
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0 45 90 135 180 225 270 315 360

Beamwidth (°)

FIGURE 9 BEL variation with respect to antenna beamwidth
forp=0.5

where L"B‘E{{i denotes the omnidirectional BEL that can be
obtained with the existing ITU-R BEL model in (1) (or the
existing 3GPP O2I model in (11)), and ALy, denotes the ad-
ditional loss due to the antenna beamwidth effect. As we de-
rived the beamwidth-dependent path loss model for outdoor
urban environments in [5], we examined our measurement
data and found that ALgg; is inversely proportional to the
beamwidth. By fitting the following model to the measure-

ment data, we obtained the fitting parameter as in Table 4.

1 1

————), 100<W,<360".
W, 360°> ® (20)

ALBEL(W¢) =n <

TABLE 4 Constant  for W ,-beamwidth directional BEL

Building n RMSE (dB)
A 62.11 1.08
B 54.90 0.86
A & B combined 58.00 0.94

Proposed model
6 —— Measurement

ALgg (dB)
B
|
|

2 ]
0 ‘ :
0 50 100 150 200 250 300 350
Beamwidth (°)
(A)
8
. Proposed model
% 6 —— Measurement
N
2 af :
5
< 2 7
0 \ ! I I I
0 50 100 150 200 250 300 350

Beamwidth (°)
(B)

FIGURE 10 Comparison between the measurement data and the
model: (A) Building A and (B) Building B

6 I I
—— Building A

51 - - - Building B B
-=- Combined Buildings A & B

ALgg (dB)
W
|

\ :
0 45 90 135 180 225 270 315 360
Beamwidth (°)

FIGURE 11 Beamwidth effect on the BEL

Figure 10 shows a comparison of the modeling result with
the actual measurements for several locations.

As can be seen in Table 4 (as illustrated in Figure 11),
the difference in the constant parameter # between Building
A and Building B is not significant. This is because the
beamwidth effect is relevant to the surrounding indoor en-
vironment inside the buildings, whereas L‘é“éﬁi captures the
building-type differences. That is, the beamwidth-depen-
dent characteristics are relevant to the number of multipaths
captured by the corresponding beamwidth antenna (and
not by the building type), since the directional gain factor
is assumed to be normalized. The captured multipaths are
dependent on the surrounding environments of the receiver
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(our two selected buildings have similar indoor materials
and structures, but different exterior as described before).
We obtained a single constant # by simultaneously fitting
the measurement data of both Building A and Building B
as in Table 4. As can be seen in Figure 11, the combined
parameterized model does not deviate substantially from the
individually parameterized models.

S | CONCLUSION

To accommodate a narrow-beamwidth directional beam-
forming in the omnidirectional-based ITU-R BEL models,
we conducted a measurement campaign at two office build-
ings with various antennas. By analyzing the measurement
data, we observed that the directional BEL variations are
relatively large, and hence, we realized the importance of
accurate beam alignment. We also observed that the BEL
statistics are dependent on the antenna beamwidth, regard-
less of building type. This is more relevant to the indoor
environment near the receiver antenna. Both traditional
and energy-efficient buildings are modeled together to ob-
tain the beamwidth-dependent BEL behaviors. We believe
that this model will provide helpful information on BEL
interference evaluation and O2I propagation characteristics
when a narrow-beamwidth directional antenna is employed.
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