
Field-Measurement-Based Received Power Analysis for

Directional Beamforming Millimeter-Wave Systems:

Effects of Beamwidth and Beam Misalignment

Juyul Lee , Myung-Don Kim, Jae-Joon Park, and Young Jun Chong

To overcome considerable path loss in millimeter-
wave propagation, high-gain directional beamforming
is considered to be a key enabling technology for
outdoor 5G mobile networks. Associated with
beamforming, this paper investigates propagation
power loss characteristics in two aspects. The first is
beamwidth effects. Owing to the multipath receiving
nature of mobile environments, it is expected that a
narrower beamwidth antenna will capture fewer
multipath signals, while increasing directivity gain. If
we normalize the directivity gain, this narrow-
beamwidth reception incurs an additional power loss
compared to omnidirectional-antenna power reception.
With measurement data collected in an urban area at
28 GHz and 38 GHz, we illustrate the amount of these
additional propagation losses as a function of the half-
power beamwidth. Secondly, we investigate power
losses due to steering beam misalignment, as well as
the measurement data. The results show that a small
angle misalignment can cause a large power loss.
Considering that most standard documents provide
omnidirectional antenna path loss characteristics, these
results are expected to contribute to mmWave mobile
system designs.
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I. Introduction

Owing to the vast spectrum availability in millimeter-
wave (mmWave) bands, increasing attention has been
given to mmWave 5G [1]–[9] (and references therein). In
reviewing 5G requirements and visions [1]–[3], the authors
study the necessity of mmWave introduction for 5G. With
field measurements, the authors of [4]–[6] investigated
mmWave propagation/channel characteristics and claimed
that mmWave cellular networks can operate in outdoor
small cells. mmWave system models and protocol designs
for mobile networks were proposed in [7], [8]. In [9],
industrial pre-5G developments were introduced.
A key enabling technology for reliable mmWave links is

directional beamforming, which enables the overcoming of
severe path loss at mmWave frequencies [4]. In this paper,
we study additional power loss behaviors associated with
this type of beamforming with respect to directional
antenna reception: (1) beamwidth of directional
beamforming (antennas) and (2) angle orientation (that is,
beam-angle direction misalignment). Typical standard
reports, such as those of the 3rd Generation Partnership
Project (3GPP) [10], generally provide path loss parameters
for only omnidirectional antennas. Thus, these beamwidth-
dependent propagation behaviors will be useful tools in the
design of mmWave systems. Considering the protocol
overhead design for beam aligning, misalignment power
loss characteristics will be useful as well. Based on field
measurement data, we analyze these two effects of
beamforming on propagation loss.
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To this end, we consider situations for directional antenna
reception in multipath environments. (In typical cellular
environments, mobile terminals receive numerous multipath
signals from various directions). As shown in Fig. 1, the
wedges depict the receiving antenna directivity; the arrows
denote the incoming multipath signals. It is evident that the
multipath receiving environments in Figs. 1(a) and (b) are
the same; however, the beamwidths of the directional
antennas are not. Here, W1 < W2 is shown; hence, it is
expected that fewer multipath components will be received
with the W1 beamwidth antenna than with the W2

beamwidth antenna. Consequently, a beamwidth-dependent
power loss will occur, which will also be affected by the
multipath environment.
In this paper, we first investigate this beamwidth-

dependent power loss using 28 GHz and 38 GHz field
measurement data collected in urban high-rise
environments, where the beamwidth is parameterized by
the half-power (3-dB) beamwidth (HPBW).
Another important issue when employing directional

antennas and/or directional beamforming is beam
misalignment. When the direction of the receiving antenna
is not properly aligned, as illustrated in Fig. 2, power
losses will occur. Based on the urban 28 GHz and 38 GHz
measurement data, we investigate the amount of power
losses as a function of this misalignment. Combined with
the aforementioned beamwidth-dependent issue, the beam
misalignment power loss is considered in terms of the
directional antenna beamwidth. From our multipath-rich
urban measurement data, we observe that the maximum
power receiving direction is dependent on the beamwidth.

Numerous measurements and channel modeling for
frequencies above 6 GHz have been recently reported and
proposed for standards [4]–[6] (and references therein). To
develop harmonized common models, researchers in
industry and academia have collectively published white
papers [11]–[13]. Moreover, 3GPP announced its first
release of channel models for frequencies above 6 GHz in
[10], and ITU-R was in the process of developing a
common model during the writing of this paper [12].
These channel models are important for system
evaluations and sharing study (for new frequency
allocations). However, to the best of our knowledge, all
the standardized models provide only omnidirectional path
loss characteristics as functions of distance and frequency.
As a practical matter, directional beamforming is almost
mandated for reliable mmWave links. Therefore, the
omnidirectional characteristics may be inadequate for the
design and evaluation of systems employing directional
antennas (or beamforming). In this paper, we investigate
the relation between the omnidirectional path loss and the
directional path loss, wherein the directional path loss is
loosely defined by path loss1) measured with directional
antennas (or beamforming).
Regarding mmWave directional beamforming, surveys

and a description of the underlying problems of beam
misalignment were provided in [3]. Based on measurements
in [14]–[17], the directional path loss was modeled in terms
of the number of multipath components by considering the
both coherent and non-coherent received power combining
[18]. Theoretical analyses of beam misalignment with
idealized antenna patterns were conducted in [19]–[22]. For
a backhaul link, beam self-alignment with combined
transmit–receive searching for proper beamforming patterns
for multilevel codebook sets was investigated in [19]. Using
a theoretical antenna pattern and a simulated multipath
environment generated in [23], a lower and upper bound on
the misalignment probability was investigated in [21] with
consideration of the training sequence length and other
system parameters. In 60-GHz line-of-sight (LOS)
environments, the impacts of beam misalignment combined
with the beamwidth were theoretically analyzed in [22].
Our measurement analysis, however, suggests that the
received power is also affected by multipath environments.
Our analysis is based on 28 GHz and 38 GHz

measurements collected in urban environments with two
types of antennas: omnidirectional antennas and rotating

W2W1

(a) (b)

Fig. 1. Beamwidth effect on the number of multipath
components affecting the received power loss (W1 < W2)
with a (a) narrow-beamwidth antenna and (b) wide-
beamwidth antenna.
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Fig. 2. Power loss in directional beamforming (antenna):
beamwidth and misalignment.

1) To describe directional path loss, path loss is used for the propagation loss
between the transmitting power and the receiving power with antenna gain/
calibration corrections; however, directionally isotropic transmission/reception is
not assumed.
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narrow-beamwidth horn antennas. We first show that
the two antenna measurements are almost identical in
an open space environment (no reflection/scattering/
diffraction except for ground reflections) when the
antenna pattern factors are properly considered. When
similar measurements are held in urban areas (with rich
reflection/scattering/diffraction environments), we show
that the path loss measurements differ, even in LOS
situations. By developing a beamwidth synthesis
algorithm, we calculate the power loss in terms of
beamwidth and misalignment angle.
Compared to our prior conference publication [24], this

paper additionally includes power loss models developed
with additional measurement data, including from a
misalignment analysis. This misalignment issue is
analyzed together with consideration of the beamwidth
issue. (A simple aspect of the misalignment issue was
analyzed in [25], [26] without consideration of the
beamwidth.) It should be noted that our analyses are solely
obtained from measurement data. Thus, the application
may be limited when the environmental situations differ
from our measurement setup. Hence, it is believed that the
present analysis results can contribute to mmWave system
development, such as feedback design, beamwidth
determination, and coverage/interference analysis. Both
28 GHz and 38 GHz frequency bands are important 5G
candidate bands. In 2016, Verizon [27] and Korea
Telecom (KT) [28] released their own 5G specifications
that can operate at 28 GHz. Moreover, ITU-R [29] and
Federal Communications Commission (FCC) [30]
announced 5G candidate frequencies between 24 GHz and
86 GHz, including 28 GHz2) and 38 GHz bands.

II. Measurement Overview

1. Channel Sounder

We built a wideband channel sounder operating at
28 GHz and 38 GHz that can explore 500-MHz spatio-
temporal characteristics. The multipath delay resolution is
2 ns and the path loss measurement range is 170 dB.3)

The sounder itself can transmit (equivalent isotropic
radiated power (EIRP)) 29 dBm and 21 dBm for 28 GHz
and 38 GHz measurements, respectively, and it can be
amplified with directional antennas. As shown in Fig. 3,

the sounder includes the following units for both TX and
RX:

• Positioner unit, which includes 28 GHz and 38 GHz
radio frequency (RF) modules and can support either a
horn or an omnidirectional antenna.

• Antenna servo unit, which generates servo signals for
horn antenna rotations with 1° accuracy.

• Signal processing unit, which performs intermediate
frequency (IF)/baseband processing, including timing
synchronization.

• PC control unit, which serves as the interface for
operation/monitoring.
Figure 4 illustrates the anechoic chamber antenna

pattern measurements of our 10° HPBW horn antennas.
Their directivity gains are 24.40 dBi and 24.64 dBi for the
28 GHz and 38 GHz antennas, respectively.

2. Measurement Campaigns

We conducted measurement campaigns at two sites in
the Republic of Korea: Buan and Daejeon. The Buan site
is an open empty area; therefore, all links were LOS and

(a) (b)

Horn
antenna
PC control

unit
Antenna

servo unit

Signal
processing

unit

Positioner
unit

Positioner
unit

Fig. 3. 28 GHz and 38 GHz mmWave channel sounder system:
(a) TX part and (b) RX part.
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Fig. 4. Anechoic chamber antenna radiation pattern
measurements of 10° HPBW antennas used for 28 GHz
and 38 GHz measurements.

2) To be specific, the ITU-R candidate band near 28 GHz is 24.25 GHz–
27.5 GHz [29].

3) This measurement range is calculated from the detectable channel impulse
response (CIR) power range considering the automatic gain controller (AGC)
dynamic range. For analysis, we used path loss data having less than 140 dB to
provide a sufficient margin for the noise floor and other aspects.
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were not disturbed by shielding materials (such as
reflection/scattering objects) in the Fresnel zone. This
resulted in two-ray propagation behavior. The Daejeon
site is a typical urban area with rectangular street grids.
Figure 5 shows the measurement site environments.
Details are provided below.

A. Buan Measurements

Located in Jeonbuk Province, Republic of Korea, Buan
comprises flat land that was reclaimed from the ocean for
agricultural purposes. We placed the transmitter (TX) and
receiver (RX) in an open area so that no objects, such as
poles, buildings, trees, or traffic signs, could transgress
the TX and RX measurement routes, as illustrated in
Fig. 5(a). We fixed TX and moved RX along a straight-
line path. We used a 30° HPBW antenna at the TX, as
well as both a 10° HPBW horn and an omnidirectional
antenna at the RX, in which all antennas were installed at
a 2.5-m height.

B. Daejeon Measurements

The Daejeon measurements were obtained in the Dunsan
district area, as shown in Fig. 5(b). It is a downtown area
composed of flat, regular street grids (24 m–35 m street

widths) surrounded by high-rise buildings (20 m–35 m
building heights). The locations of TX and RX are marked
in the figure depending on the LOS/NLOS scenarios. To
emulate typical urban micro-cellular (UMi) scenarios, we
installed the TX antenna at a 10-m height and the RX
antenna at a 1.5-m height. At TX, we installed a 30°
HPBW horn antenna. At RX, we installed both a 10°
HPBW antenna and an omnidirectional antenna. The
horn antenna was rotated at 10° steps. The number of
measurement points and the measurement distance ranges
are listed in Table 1.

C. Measurement Considerations and Assumptions

Owing to time and equipment constraints, our
measurements were conducted under several assumptions.

a. No elevation plane consideration

With our equipment, it required approximately 10 to
15 minutes in rotating a horn antenna through 360° in the
azimuthal direction for a fixed elevation angle (36 steps
with the 10° beamwidth antenna measurements).
Considering the number of measurement points listed in
Table 1, we rotated the horn antenna only in the azimuth
direction while fixing the elevation angle to 0°. That is,
our multipath component (MPC) analyses were performed
in a two-dimensional manner, although the TX-RX
separation distance was measured in a three-dimensional
manner. The HPBWs (of our horn antennas) in the
elevation direction were identical to those in the azimuth
direction, that is, 10° HPBW.

b. Omnidirectional power radiation from TX

Although we were interested in the omnidirectional
propagation characteristics, we installed a horn antenna at

RX (10°)

(a)

(b)

TX (30°)

TX

TX

RX

Transmitter (TX)
LoS position of receiver (RX)
NLoS position of receiver (RX)

50 m

100 m

180 m

Fig. 5. Measurement site environments and scenarios: (a) Buan
measurements and (b) Daejeon measurements.

Table 1. Number of TX-RX measurement samples and distance.

Freq.

(GHz)

Link

type

Ant.

type

Buan

measurements

Daejeon

measurements

# pts
Distance

(m)
# pts

Distance

(m)

28

LOS
Omni 655 10–1,450 650 55–171

Horn 2,970 12–1,940 24 55–171

NLOS
Omni N/A N/A 700 43–127

Horn N/A N/A 30 53–127

38

LOS
Omni N/A N/A 650 55–171

Horn 1,882 10–1,745 24 55–171

NLOS
Omni N/A N/A 700 43–127

Horn N/A N/A 30 53–127
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the TX (while installing an omnidirectional antenna at the
RX) to extend the range of the measurement distance. To
mimic the omnidirectional antenna setup, however, we
carefully chose the antenna location, beamwidth, and its
boresight direction, including tilting angles associated
with surrounding environments. Figure 5(b) shows the TX
antenna beam direction in yellow shaded regions. We
assumed that the same amount of radiation power would
be directed if we installed an omnidirectional antenna at
the same TX locations.

D. Stable Clock Synchronization between TX and RX

Although we were interested in the received power
analysis in this study, we strived to achieve stable
synchronization for power delay profile calculations. Both
TX and RX parts of our sounder had rubidium clocks and
auxiliary circuits for an absolute time reference and a
pseudo-noise (PN) sequence synchronization between the
TX and RX. We examined the time-dependent impacts on
the synchronization accuracy when the TX and the RX
rubidium clocks were disconnected. As depicted in Fig. 6,
an approximately 9.5 ns (49.6 ns per 5 h) timing drift
occurs every hour. This equates to approximately a
0.16 ns timing error occurring each minute. We believed
that this would be acceptable for our power delay profile
calculations.

E. Quasi-Static Environmental Variation during Horn-
Antenna Rotation

We conducted major measurement campaigns in urban
areas; nevertheless, we assumed that the multipath channel
environments were static during a complete rotation of the
horn antennas. By using a directional scanning method
involving the rotating of a horn antenna, we are unable to
capture MPCs simultaneously from all directions. To

minimize the effects of environmental variations, we
conducted the campaigns in a non-rush hour period when
few pedestrians were on the sidewalk and the traffic was
minimal.
Combined with a limited number of measurement sites,

these assumptions may have limited the applicability of
the analysis results. However, these same assumptions
were widely accepted when measurement data were
provided from rotating horn antenna measurements [4],
[6], [14]–[19], [31]–[34].

III. Effects of Directional-Antenna Beamwidth on
Received Power

This section investigates the beamwidth-dependent
received power with our omnidirectional and horn-antenna
measurements. Two examples are provided: (1) the case
when the propagation loss of the omnidirectional
measurements and those of the narrow-beamwidth horn
antenna measurements were nearly identical to the Buan
measurements (open areas); (2) the case when the two
propagations differed from the Daejeon measurements
(urban high-rise environments). By utilizing the
measurement data, we developed an algorithm that
synthesized an arbitrary beamwidth propagation loss and
determined that the additional loss in the Daejeon
measurements was due to the horn-antenna beamwidth.
The synthesis algorithm is a modification of the
omnidirectional synthesis algorithms in [32]–[35] with an
incorporated beamwidth effect.

1. Directional-Antenna Measurements versus
Omnidirectional-Antenna Measurements

We compared the directional-antenna measurements and
the omnidirectional measurements collected in the two
different environments: the open area (Buan measurement
data) and the urban area (Daejeon data). It was expected
that the measurements in the open area would follow the
two-ray reflection model and would not be affected by the
antenna beamwidth since there would be only two
propagation paths incoming from the same direction.
However, the urban measurements were expected to
exhibit different behaviors since there would be numerous
multipaths from various directions.
Figure 7 shows the 28 GHz open-area measurement

data comparison along with the theoretical two-ray model
over distances ranging from 1.4 km to 1.6 km. Since the
TX and RX antenna heights are identical, denoted by hant
in our measurement setup described in Section II-2, the
two-ray model can be expressed as:

Measurement time (s)
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×104

Fig. 6. Timing synchronization accuracy measurements.
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where d is the TX-RX separation distance, k is the
wavelength, and Γ denotes the reflection coefficient.
The two measurements show no meaningful difference;
nonetheless, they nearly align with the theoretical model
curve. It should be noted that open-area measurements
with a single horn antenna at 60 GHz were shown in [36]
and compared with those of the two-ray model. In this
study, we employed not a single antenna, but two different
beamwidth antennas, and we experimentally showed
that the two measurements were identical in an open
area.
Figure 8 shows the 28 GHz and 38 GHz Daejeon

(urban) measurement data. The area is a typical multipath-
rich environment, as described in Section II-2. The figure
shows that the omnidirectional antenna measurements
have smaller propagation losses than the horn antenna
measurements on account of the spatial filtering of
multipaths caused by the narrow-beamwidth antenna. To
illustrate the multipath effects from our measurement data,
we plotted the power angular delay profiles (PADP)
shown in Fig. 9, which were captured at distances of
120 m for LOS and 80 m for NLOS in our 28 GHz data.
These profiles show that multipath signals from various
angle directions with different delays are incoming for
both LOS and NLOS situations. Even in LOS, as shown in
Fig. 9(a), we can observe that relatively strong signals are
spread over some range of angles, which causes the
difference between the horn antenna measurements and
the omnidirectional antenna measurements. Since more
multipath components are spread in NLOS, the difference

between the omni-path loss and the horn-path loss will be
larger, which agrees the results in Fig. 8.
Table 2 lists the quantitative differences between the two

antenna measurements. The differences will be further
evident by demonstrating that the differences between the
synthesized omnidirectional characteristic from the horn
antenna data and that of the actual omnidirectional data
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Horn antenna measurements
Omni antenna measurements
Theoretical two-ray model
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Fig. 7. Comparison between directional-antenna path loss and
omnidirectional-antenna path loss with 28 GHz Buan
measurements (open area).
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Fig. 8. Comparison between directional-antenna path loss and
omni-directional-antenna path loss with the Daejeon
(urban) measurements: (a) 28 GHz measurements and
(b) 38 GHz measurements.
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become insignificant. As described in Section I, the
directivity gain of the horn antenna was compensated when
calculating the path loss. The boresight of the horn antenna
was directed to the maximum power receiving direction for
the horn-antenna measurements used in Fig. 8.
These two measurement results suggest that the

propagation characteristics with a narrow-beamwidth
directional antenna may not follow the omnidirectional
characteristics, depending on the surrounding environment,
even though most standards provide propagation
characteristics only for omnidirectional antennas. In
mmWave systems, to overcome severe free-space path
losses, the use of high-gain (with a narrow beamwidth)
directional beamforming (directional antennas) is generally
unavoidable. From the perspective of system design and
evaluation in mmWave systems, beamwidth-dependent
propagation characteristics are to be considered in
designing reliable mmWave links. To establish the relation
between the omnidirectional propagation loss and the
narrow-beamwidth characteristic, we developed a synthesis
algorithm by utilizing the narrow-beamwidth horn antenna
measurements given in the next subsection.

2. Beamwidth-Dependent Received Power
Synthesization from Directional Antenna
Measurements

In the development of standardized omnidirectional-
antenna channel models, there have been several algorithm
proposals for synthesizing omnidirectional characteristics
from rotational scanning horn-antenna measurement data
[32]–[35]. Although some differences exist, such as the
level of information that is merged to yield synthesized
characteristics, all proposed algorithms are limited because
they are applicable only for omnidirectional characteristics,
not for certain beamwidth characteristics. Based on the
general ideas in [32]–[35], however, we devised an
arbitrary beamwidth synthesizing algorithm by including an
estimation of the boresight direction to maximize the

received power with a given beamwidth. To estimate the
maximum received power direction for a given beamwidth,
our algorithm was developed to synthesize the power sum
from the PADP over the beamwidth interval.
In our measurement setup specified in Section II-2, both

the beamwidth of the horn antenna and its rotation step
were set to 10° for non-overlapping scanning. We devised
the positioner to align the rotational axes (both horizontal
and vertical directions) to the horn antenna vertex. With
this positioner rotation and a proper synthesis algorithm,
which are discussed below, Fig. 10 shows the synthesized
antenna pattern compared with the original horn antenna
pattern. The horn antenna pattern is from our 28 GHz 10°
HPBW antenna shown in Fig. 4. The synthesized antenna
pattern has ripples, as shown in Fig. 10, since we rotated it
in 10° steps. If we rotated it with a smaller step, the
synthesized pattern would be close to a circle. Considering
the measurement and data processing limitations, we
assumed that the effects of these ripples were negligible.
We now consider an algorithm for beamwidth-

dependent propagation loss. Let h/(s) be the channel
impulse response (CIR) of the azimuthal angle /
direction. Then, the /-directional power delay profile can
be obtained by squaring the CIR:

PDP/ðsÞ ¼ jh/ðsÞj2: (2)

The PDP/(s) can be viewed as a power angular delay
profile (PADP) when / is measured in sufficiently
small steps. The relationship to the regular PDP can be
obtained by

PDPðsÞ ¼
Z
u
PDPuðsÞ

XK
k¼1

Xðu� kxÞ; (3)

where K and x denote the number of rotation steps and
the rotation step size, respectively, and Ω( � ) denotes the
horn antenna pattern. Figure 11 illustrates a comparison of
the actual omnidirectional PDP measurements and the
synthesized PDP measurements using the PADP data
shown in Fig. 9. It is apparent that, in both LOS and
NLOS cases, the dominant components are well matched.

Table 2. RMSD of the synthesized path loss from the actual
measurements.

Freq. (GHz) Link type

RMSD

Omni vs
horn (dB)

Omni vs
synthesized
omni (dB)

28
LOS 2.76 0.91

NLOS 7.38 3.00

38
LOS 3.25 1.82

NLOS 6.84 2.98

Synthesized omni. ant.pattern
Single horn ant. pattern

180°

225°
270°

315°

0°

45°135°

90°

0 0.5

Fig. 10. Synthesized (normalized) antenna patterns.
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To minimize the effects of noise and spurious signals,
we set the threshold from the peak power and also from
the noise floor level, as suggested in Recommenda-
tion ITU-R P.1407 [37], where the thresholded PDP
is denoted by gPDP/ðsÞ. By integrating gPDP/ðsÞ delay
s, we can calculate the received power for direction
/ as:

P/ ¼
Z
s

gPDP/ðsÞ: (4)

Next, we strive to identify the maximum received power
direction for a given beamwidth, W/, which can be
obtained by maximizing the integrated power in angle
domain within a W/ range:

/̂peak ¼ argmax
/

Z /þW/
2

u¼/�W/
2

Pu

XK
k¼1

Xðu� kxÞ: (5)

Note that /̂peak, the maximum received power direction,
depends on beamwidth W/. Then, we calculate the
synthesized the W/ beamwidth received power as:

PW/ ¼
Z /̂peakþ

W/
2

u¼/̂peak�
W/
2

Pu

XK
k¼1

Xðu� kxÞ: (6)

The conventional path loss can be calculated as:

L d;W/

� � ¼ 10 log10
PW/

Ptransmit
þ n; (7)

where Ptransmit and ξ denote the transmit power and the
correction/impairments (such as the cable loss, antenna gain),
respectively. Using the synthesis algorithm, the original
horn-versus-omni comparison shown in Fig. 8 changes to
Fig. 12, where the two measurements are comparable. The
root-mean-square-difference (RMSD) is listed in Table 2.

Note that we provide the assessment of the synthesis
algorithm by comparing with our actual omnidirectional
antenna measurements. Although [32]–[35] proposes
omnidirectional synthesis algorithms, they do not provide
comparisons with actual omnidirectional measurements.

3. Propagation Loss as a Function of Beamwidth

We write the overall propagation loss, in dB domain, as
a sum of omnidirectional-antenna path loss Lomni and
narrow-beamwidth beamforming loss DLBW:

Loverall d;W/
� � ¼ LomniðdÞ þ DLBW W/

� �ðdBÞ: (8)

Since Lomni can be referred to the typical omnidirectional
path loss models such as [10], [38], our focus is on
the additional loss term DLBW. By examining our
measurement data, we observed that this additional loss does
not depend on the TX-RX distance (Figure 13 shows that
DLBW’s at d = 65 m, 100 m, 130 m are overlapped for all
scenarios). In fact, the distance factor is captured in Lomni.
We also observe that the additional loss term is inversely
related to the beamwidth. Thus, we consider the following
model and fit it with our measurements:

DLBW W/

� � ¼ g
1
W/

� 1
360�

� �
; 10� �W/ � 360�; (9)

where W/ denotes HPBW in degrees. The fitting results
are listed in Table 3 and plotted in Fig. 13. These fitting
results are limited to applications in urban environments
since this additional loss is a multipath-related factor
affected by the receiver surrounding environment. As
observed in the fitting plots, the model agrees with the
field measurement data.
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IV. Power Loss due to Beam Misalignment

This section investigates another aspect of additional
propagation loss due to beam misalignment, which is
also associated with beamforming (directional antenna
uses). This additional loss, denoted by DLmis-aligned, is
defined by the deviation from the maximum received
power:4)

DLmis�alignedðh; d;W/Þ ¼ Lðh; d;W/Þ
�min

h
Lðh; d;W/Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

peak power at d with beamwidth W/

; (10)

where L(h, d, W/) denotes the W/ beamwidth directional
propagation loss at rotational angle h and distance d. The
second term, minimizing L with respect to h, corresponds
to the maximum power at distance d and with beamwidth
W/. It would be more appropriate to express DLmisaligned

in terms of misaligned angle Dh, which can be calculated
by

Dh h; d;W/
� � ¼ h� argmin

h
L h; d;W/
� �

: (11)

The beam misalignment issue combined with the
beamwidth is now examined. In Section III-2, it was

shown that the maximum received power direction is
dependent on beamwidth W/, even in LOS environments,
as shown in Fig. 14.
Figure 15 shows the measurements of additional power loss

due to beam misalignment. We can observe that the average
power loss is almost symmetric with respect to Dh. The power
loss increases as |Dh| increases and becomes saturated for a
large |Dh|, whose value depends on beamwidth W/. When the
beamwidth is small, a slight misalignment incurs considerable
power loss. We can also observe that the power loss is
inversely proportional to the beamwidth. Based on these
observations, we consider the following model:

DLmisaligned ¼
ljDhj 1

W/
� 1

360�

	 

; jDhjW/

� f;W/ �Wlim

m 1
W/

� 1
360�

	 

; jDhj

W/
[ f;W/ �Wlim

0; W/ [Wlim;

8>><
>>:

(12)

where l, m, f, and Wlim are model fitting parameters. Their
fitting results are listed in Table 4.
Figure 16 illustrates how the misaligned power loss

behaves in terms of the misaligned angle Dh when the
beamwidth is fixed to W/ = 10� (we select W/ = 10� for
illustration since the HPBW of the antenna is also 10°)
along with the antenna pattern. Owing to the multipath
nature of the measurement environments, the increment of
the additional loss with respect to Dh is smaller than the
antenna pattern behavior. This behavior is more evident in
NLOS situations. This implies that the beam misalignment
analysis performed solely with antenna patterns may
produce erroneous results, especially when numerous
multipaths are received from various directions. The
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Table 3. Fitting parameter ƞ for urban environments.

Freq. (GHz) Link type ƞ RMSE (dB)

28
LOS 17.70 0.16

NLOS 64.03 0.33

38
LOS 16.44 0.25

NLOS 46.49 0.42
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Fig. 14. Beamwidth-dependent maximum power-receiving
direction for the LOS in Fig. 9(a).

4) The maximum power reception occurs when the propagation loss is
minimized.
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model in (12) can be depicted in a piecewise linear model
for a fixed beamwidth, as Fig. 16 shows.
Figure 17 shows the behavior of the misaligned power

loss in terms of beamwidth W/ for fixed misaligned angles

Dh = 10�, 30�, and 60�. We also plot the model in (12) for a
fixed Dh to illustrate the validity of the model compared with
the measurement results. In both Figs. 16 and 17, it is
evident that a considerable power loss can result with a small
beam misalignment, especially when the beamwidth is small.

V. Conclusion

Based on mmWave measurement data analysis, we
investigated two aspects of additional power losses that can
occur with directional beamforming, specifically with
directional antennas. The first was the beamwidth effect
associated with multipath-rich propagation environments.
We observed that a narrowing beamwidth can decrease the
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Table 4. Beam misalignment power loss fitting parameters for
urban environments.

Freq.
(GHz)

Link
type

Fitting parameters
RMSE
(dB)µ

(dB)
m

(dB/°)
f

Wlim

(°)

28
LOS 3.75 62.12 68.79 239.69 9.21

NLOS 2.37 62.11 68.77 239.69 5.29

38
LOS 3.34 62.11 68.78 239.68 8.83

NLOS 3.23 62.11 68.78 239.68 5.25

Slope μ

∆θ (°)

∆
Lm

is a
lig

ne
d 

(d
B)

28 GHz LOS
28 GHz NLOS
Antenna pattern

0

10

20

30

40

50

60
–100 –75 –50 –25 0 25 50 75 100

Threshold ζ

Constant ν

38 GHz LOS
38 GHz NLOS
Piecewise linear model

Fig. 16. Beam misaligned power loss behavior (for a fixed
beamwidth) with respect to misaligned angle in an
urban environment.
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power reception on account of the spatial filtering of
multipath components. Usually, it is advised that high-gain
directional beamforming (by narrowing the beamwidth) is
employed in an mmWave system design to overcome
severe free-space loss. However, our observation revealed
the requirement to balance the directivity gain increases
(with a narrowing beamwidth) against the power loss due
to this narrowing beamwidth. The second aspect was the
effect of beam misalignment. Our analysis results showed
that more precise beam alignment is required for smaller
beamwidth antennas. Considering that directional (narrow-
beamwidth) beamforming is expected to be employed
for 5G mmWave mobile systems, we believe that these
investigations will be helpful for predicting more accurate
propagation behaviors.
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