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Amaximum-likelihood-estimationmethod is proposed for extracting the attitude of a sectoring base station (BS) antenna by using
the received signal strengths observed bymultiple user equipments (UEs) in this contribution.Thismethod calculates the likelihood
function of the antenna attitude derived by taking into account the multiscale fading statistics, that is, path loss, shadowing, and
multipath fading. Depending on whether a calibration result of these fading statistics is available or not, the proposed method
can be utilized in either calibration-based estimation (CBE) or calibration-free estimation (CFE) approaches. The performance of
both methods is evaluated byMonte-Carlo simulations and real experiments.The results obtained demonstrate that the estimation
accuracy of both CBE and CFE approaches increases when the percentage of UEs in the line-of-sight (LoS) condition among all
available UEs increases and, moreover, the total number of UEs has no significant impact on the estimation accuracy. Furthermore,
the CFE exhibits more robust performance than the CBE particularly in the case where the calibration results involve uncertainties.

1. Introduction

For cellular communication networks, the intercell interfer-
ence (ICI) is one of the main causes of deterioration of net-
work coverage, system capacity, and traffic throughput [1–
3]. Beamforming and adaptive antenna techniques have been
adopted at the base stations (BSs) to alleviate the ICI [4]. In
addition, selecting appropriately the operational parameters
of the BSs in a network, that is, the antenna height, antenna
tilting, and pilot power, is also effective in improving cell iso-
lation and optimizing the coverage of the cellular system [5].

The attitude of a BS antenna is represented by the antenna
tilted elevation and azimuth. The former is defined as the
angle between the direction of the main beam of the antenna
and the horizontal plane. Positive and negative tilted eleva-
tion are usually called as downtilt and uptilt, respectively.
Properly setting the antenna downtilt and uptilt can help
reduce the ICI and, meanwhile, enhance the coverage in the
local area. The antenna azimuth, defined empirically as the
azimuth of the direction of the antenna’s main lobe with 0∘
azimuth referred to as the dueNorth, is another configuration

parameter yielding a significant effect on network coverage
and cell overlap [6]. Adaptation of antenna attitude can be
performed mechanically, electrically, or by a combination of
both approaches [7–10].

Recently, researches on adapting BS antenna attitude for
optimizing system performance have advanced quickly due
to its promising usage in cooperative communication systems
and in the self-organizing networks (SONs) with heterogene-
ous BS and user equipments (UEs) [11, 12]. The classical
“antenna tilting techniques (ATTs)” [13, 14] can be used to
direct a coverage notch intentionally to the center of horizon-
tal beam pattern of a cochannel BS antenna, based on the
principle of ICI mitigation for both interior UEs and those
located at cell edges [15, 16]. ATTs can also be applied to miti-
gate congestion in hot-spot sectors when the traffic is nonuni-
formly distributed [17, 18]. The optimal downtilt can be
determined by using a function of site spacing, antenna
height, and vertical beamwidth [19, 20] or based on the wave
propagation direction and the polarization of the signals [21].

ATTs are usually performed under the assumption that
the original antenna attitude is known in advance.This is true
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for the conventional communication networks consisting of
macro- or microcellular BSs. However, as the network archi-
tecture becomes more heterogenous, smaller BSs either fixed
or nomadic would be widely deployed, for example, in the
fourth and fifth generation communication systems [22]. In
such cases, a BS may be positioned unexpectedly in such a
way that the antenna attitude is different from the predefined
status significantly. Thus, estimation of antenna attitude is
a necessity for applying ATTs. As far as we are concerned,
the techniques for antenna attitude estimation available in
literature are either only applicable under the line-of-sight
(LoS) connection assumption in, for example, synthetic aper-
ture radar applications [23] or using oversimplified approaches
without considering the impact of multipath propagation
[24]. These methods lead to poor performance when being
applied in cellular communication environments where mul-
tiple UEs exist with significant mobilities in either LoS or
non-line-of-sight (NLoS) conditions.

To fill the aforementioned gap, we propose in this man-
uscript a novel approach of estimating the BS antenna attitude
in realistic cellular communication scenarios, based on the
received signal strength reported by multiple UEs under the
coverage of the BS. According to fading mechanisms, the
observed signal power is decomposed into multiple variables
following different probability density functions (pdfs).
Depending on whether a calibration result of these pdfs is
available or not, the proposed method can be utilized in
either calibration-based estimation (CBE) or calibration-free
estimation (CFE) approaches.The CBEmakes use of the path
loss models and the statistics of shadowing and multipath
fading predefined for specific types of environments, while
the CFE relies on only the assumption that the fading in
different scales follows certain types of distributions. The
performances of CBE and CFE are investigated by both
Monte-carlo simulations and on-field measurements. The
major contributions of our work reported here summarized
are as follows. (i) The proposed methodology is the first of
its kind of adopting the maximum likelihood (ML) principle
for estimating the BS antenna attitude; (ii) different from the
conventional methods which were assessed only by simula-
tions, our methods are proved to be effective by an extensive
measurement campaign in realistic cellular environments.

The rest of the paper proceeds as follows. In Section 2, the
model of the received signal power in the UE is introduced.
In Section 3, the maximum-likelihood-estimation for the
attitude of the BS antenna is presented. Simulation results are
elaborated in Section 4 for the performance assessment of the
proposed method. Measurement-based investigation results
are presented in Section 5. Eventually, conclusive remarks are
given in Section 6.

2. The Model of Channel Gain

Let us consider a cellular communication scenario in an
outdoor environment where the UEs are distributed in the
coverage of a BS. The signal power transmitted by the BS
is denoted by 𝑃

𝑡
. The normal direction of the BS antenna is

tilted by the direction 𝜂Tx = (𝜃Tx, 𝜑Tx), where the subscript
“Tx” refers to the transmitter which is the BS in our case;

𝜃Tx and𝜑Tx are the elevation tilting angle, that is, downtilt and
azimuth angle of the BS antenna, respectively. In this contri-
bution, we are interested in estimating 𝜂Tx which is unknown
due to some reasons, for example,mechanical errors.TheUEs
are assumed to be located in clutter environments where the
scattering caused by the objects in the UE’s vicinity is the
major source for wave propagation. AUE antenna usually has
a large half-power beamwidth for its main lobe. In addition,
the impact of the user’s hand holding the mobile phone on
the radiation pattern of the phone antenna results in the
near-omnidirectional radiation pattern [25, 26]. Therefore,
for simplicity, in our study the UE’s antenna is considered to
have omnidirectional radiation pattern andhence the attitude
of UE is irrelevant in the investigation.

The gain of the radio channel experienced by signals
received by a UE can be factorized as

𝑔 (ΩTx, 𝑑; 𝜂Tx) = 𝑔𝑝 (𝑑) ⋅ 𝑔𝑠 ⋅ 𝑔𝑚 ⋅ 𝑔Tx (ΩTx; 𝜂Tx) ⋅ 𝑔Rx, (1)

where the subscript “Rx” refers to the receiver which is the
UE in the case considered here, 𝑑 is the distance represented
in meter between the BS and the UE, 𝑔

𝑝
(𝑑), 𝑔

𝑠
, and 𝑔

𝑚

denote the gain due to the free-space propagation influenced
by the terrain, the shadow fading, and multipath fading,
respectively, 𝑔Tx(ΩTx; 𝜂Tx) is the BS antenna gain at the
direction of departure (DoD), that is,ΩTx when the antenna is
titled by 𝜂Tx, and finally 𝑔Rx is the UE antenna gain. Here, the
assumption that the propagation towards the UE is charac-
terized by the same DoD is applied. This is reasonable in our
case where the objects interacting with the waves are located
in the UEs’ vicinity in such a way that the DoD dispersion of
a downlink channel is so concentrated that the BS antenna
gains added to all paths impinging at the UE antenna can be
approximated by an identical BS antenna gain 𝑔Tx(ΩTx; 𝜂Tx).

The assumptions adopted here for analyzing channels
include the following.

(1) The average path loss in large-scale for an arbitrary
Tx-Rx separation can be expressed as a function of
distance:

PL (𝑑)dB = PL (𝑑
0
) + 10𝑛 ⋅ log

10

(
𝑑

𝑑
0

) , (2)

where 𝑛 is the path loss exponent (PLE) which
indicates the rate at which the path loss increases with
distance, 𝑑

0
is the close-in reference distance, which

is 𝑑
0
= 1m, and 𝑑 is the T-R separation distance [3].

(2) The shadow-fading gain 𝑔
𝑠
follows a lognormal (LN)

distribution with zero mean and standard deviation
𝜎
𝑠
[27–29]:

𝑓LN (𝑔𝑠) =
1

√2𝜋𝜎
𝑠
𝑔
𝑠

exp{−
ln (𝑔
𝑠
)
2

2𝜎2
𝑠

} . (3)

(3) The multipath fading 𝑔
𝑚
is uncorrelated with 𝑔

𝑠
and

follows the Rician (Ri) distribution with mean value
𝜇
𝑚
and scaling parameter 𝜎

𝑚
[3, 30]:

𝑓Ri (𝑔𝑚) =
√𝑔
𝑚

𝜎2
𝑚

exp{−
𝑔
𝑚
+ 𝜇
2

𝑚

2𝜎2
𝑚

} 𝐼
0
{
𝜇
𝑚
√𝑔
𝑚

𝜎2
𝑚

} , (4)
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where 𝐼
0
(⋅) denotes the zero-order modified Bessel

function of the first kind. Notice that the Rayleigh
distribution is a special case of the Rician distribution
with 𝜇

𝑚
= 0.

(4) The BS antenna gain 𝑔Tx(ΩTx; 𝜂Tx) is deterministic.

(5) The UE antenna gain 𝑔Rx is identical for all UEs.

Since 𝑔
𝑝
(𝑑), 𝑔

𝑠
, 𝑔
𝑚
, 𝑔Tx(ΩTx; 𝜂Tx), and 𝑔Rx are uncorre-

lated, the joint probability of multiple observations g =

{𝑔(ΩTx, 𝑑);ΩTx ∈ 𝑆Tx, 𝑑 ∈ [𝑑min, 𝑑max]} with STx being
a unit sphere centered at the Tx and 𝑑min, 𝑑max denoting
the minimum and maximum separation between the BS and
UEs, respectively, can be written as

𝑓 (g; 𝜂Tx) = ∏

ΩTx ,𝑑

𝑓 (𝑔 (ΩTx, 𝑑; 𝜂Tx))

= ∏

ΩTx ,𝑑

𝑓 (𝑔
𝑝
(ΩTx, 𝑑; 𝜂Tx)) 𝑓 (𝑔𝑠 (ΩTx, 𝑑; 𝜂Tx))

⋅ 𝑓 (𝑔
𝑚
(ΩTx, 𝑑; 𝜂Tx)) 𝑓 (𝑔Tx (ΩRx, 𝑑; 𝜂Tx))

⋅ 𝑓 (𝑔Rx) .

(5)

Considering that the average path loss and the BS and UE
antenna gains are all deterministic, (5) can be rewritten as

𝑓 (g; 𝜂Tx)

∝ ∏

ΩTx ,𝑑

𝑓 (𝑔
𝑠
(ΩTx, 𝑑; 𝜂Tx)) 𝑓 (𝑔𝑚 (ΩTx, 𝑑; 𝜂Tx))

= ∏

ΩTx ,𝑑

𝑓LN (𝑔𝑠 (ΩTx, 𝑑; 𝜂Tx)) 𝑓Ri (𝑔𝑚 (ΩTx, 𝑑; 𝜂Tx)) .

(6)

Here, 𝑔
𝑠
(ΩTx, 𝑑; 𝜂Tx) is obtained by averaging multiple

values of 𝑔(ΩTx, 𝑑; 𝜂Tx)/𝑔𝑝(𝑑; 𝜂Tx) observed within the
range of tens of wavelengths around the UE [27] and
𝑔
𝑚
(ΩTx, 𝑑; 𝜂Tx) is calculated by averaging the values of

𝑔(ΩTx, 𝑑; 𝜂Tx)/𝑔𝑝(𝑑; 𝜂Tx)/𝑔𝑠(ΩTx, 𝑑; 𝜂Tx) observed within the
distance of several wavelengths centered at 𝑑. Notice that the
path loss model for 𝑔

𝑝
(𝑑) may have different values for the

decay exponent constant and floating intercept depending on
the urban/suburban and LoS/NLoS scenarios [31]. Thus, in
order to calculate𝑓(g; 𝜂Tx) accurately, the path loss 𝑔𝑝(𝑑; 𝜂Tx)
for a certain UE need to be calculated by using specific path
loss models in accordance with the environment where the
BS and the UE are located.

3. Antenna Attitude Estimation Techniques

The problem at hand is to estimate the antenna attitude
parameter 𝜂Tx based on the observations g. As the UEs are
randomly distributed across the coverage sector, g, being
the observed feedback from the UEs, follows the uniform
distribution, and thus 𝑓(g) remains constant. From the
Bayesian theorem, that is, 𝑓(g; 𝜂Tx) = 𝑓(𝜂Tx; g) ⋅ 𝑓(g)/𝑓(𝜂Tx)
with the uniform priori probability of 𝜂Tx and fixed 𝑓(g), the

likelihood of 𝜂Tx, given g, that is, the posterior probability
𝑓(𝜂Tx; g), can be calculated as

𝑓 (𝜂Tx; g) ∝ 𝑓 (g; 𝜂Tx) . (7)

The ML estimate of 𝜂Tx can be obtained by solving the
following optimization problem:

(𝜂Tx)ML = argmax
𝜂Tx

Λ (𝜂Tx; g, 𝜎𝑠, 𝜇𝑚, 𝜎𝑚) , (8)

where Λ(𝜂Tx; g, 𝜎𝑠, 𝜇𝑚, 𝜎𝑚) is the objective function. Under
the assumption that 𝜎

𝑠
, 𝜇
𝑚
, and 𝜎

𝑚
are constant for all UEs

within the coverage of the BS antenna, the objective function
can be calculated, by dropping the constant components as

Λ (𝜂Tx; g, 𝜎𝑠, 𝜇𝑚, 𝜎𝑚)

= ∫

𝑑max

𝑑min

∫

STx

−
ln (𝑔
𝑠
(ΩTx, 𝑑; 𝜂Tx))

2

2𝜎2
𝑠

−
𝑔
𝑚
(ΩTx, 𝑑; 𝜂Tx) + 𝜇

2

𝑚

2𝜎2
𝑚

+ ln 𝐼
0

{{

{{

{

𝜇
𝑚

√𝑔
𝑚
(ΩTx, 𝑑; 𝜂Tx)

𝜎2
𝑚

}}

}}

}

+

ln√𝑔
𝑚
(ΩTx, 𝑑; 𝜂Tx)

√2𝜋𝜎
𝑠
𝑔
𝑠
𝜎2
𝑚

dΩTx d𝑑.

(9)

In the case where 𝜎
𝑠
, 𝜇
𝑚
, and 𝜎

𝑚
are dependant onΩTx and 𝑑,

𝜎
𝑠
, 𝜇
𝑚
, and 𝜎

𝑚
should be substituted by their functions with

respect to (ΩTx, 𝑑), respectively. For simplicity, the case where
𝜎
𝑠
, 𝜇
𝑚
, and 𝜎

𝑚
are constant is considered in the sequel. In

the CBE method, it is a prerequisite to conduct calibration
campaigns to get the correct estimate of the path loss model
𝑔
𝑝
(𝑑) and the model parameters, that is, 𝜎

𝑠
, 𝜇
𝑚
, and 𝜎

𝑚
, in

order to calculate the ML estimate of 𝜂Tx. In the calibration
campaigns, the radiation pattern of the BS antenna and
its attitude is assumed to be known in advance. Steps for
performing the CBE method are described as follows.

(1) The path loss model is established by fitting a regres-
sion line to the empirical scatter plots of the averaged
power loss expressed in decibel (dB) versus the BS-
UE separation. The average power loss is calculated
by taking the arithmetic mean of the received signal
power obtained within the distance of hundreds of
wavelengths [27].

(2) Then the shadow fading is calculated by removing
the power loss predicted by the path loss model and
taking the average of the residue within the distance
of tens of wavelengths.

(3) In addition, the multipath fading is obtained by
removing both the power loss, predicted by the path
loss model, and the shadow fading.

(4) Then the lognormal pdf and the Rician pdf are fitted
to the empirical pdfs of the shadow fading and
multipath fading, respectively.
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(5) For any fixed candidate attitude 𝜂Tx, the likelihood of
Λ(𝜎
𝑠
, 𝜇
𝑚
, 𝜎
𝑚
; g, 𝜂Tx), which has the same expression

of Λ(𝜂Tx; g, 𝜎𝑠, 𝜇𝑚, 𝜎𝑚) in (9), is maximized over
[𝜎
𝑠
, 𝜇
𝑚
⋅ 𝜎
𝑚
]. Such maximal values are collected and

the corresponding 𝜂Tx’s are recorded. Then, a specific
𝜂Tx that yields the maximum among these values is
considered to be the estimate of antenna attitude.

In the CFEmethod, only the assumption that the gains due to
shadow fading and multipath fading follow, respectively, the
lognormal andRician distributions is adopted. No calibration
is required in the CFEmethod and parameters for the specific
environment, that is [𝜎

𝑠
, 𝜇
𝑚
⋅𝜎
𝑚
], are not available in advance.

At every time, [𝜎
𝑠
, 𝜇
𝑚
⋅𝜎
𝑚
] are, respectively, obtained given the

existing signal feedbacks. Steps for calculating the likelihood
and estimating of the antenna attitude are the similar to the
CBE method.

Asmentioned in Section 2, the path lossmodel can be dis-
tinctive depending on the environments where the BS and the
UE are located. Considering that the LoS andNLoS scenarios
can be accurately distinguished by analyzing the 𝐾-factor or
delay spread of the channel [32, 33], it is natural to consider
two path lossmodels applicable for the LoS andNLoS scenar-
ios, respectively. Thus, for calibration campaigns conducted
for a specific type of environment, the estimates of the param-
eters: 𝜅 = [𝑛LoS, 𝑛NLoS, 𝜎𝑠, 𝜇𝑚 ⋅ 𝜎𝑚], are obtained, where 𝑛LoS
and 𝑛NLoS represent the path loss exponent constant in the
LoS and NLoS scenarios, respectively. Then these parameter
estimates are applied in (8) to calculate (𝜂Tx)ML when the
environment is of the same type as considered in the cali-
bration campaign. It is worth mentioning that the CBE and
CFE techniques can be implemented by taking into account
the realistic BS antenna radiation pattern under the settings of
different antenna attitude.Thismakes the techniques applica-
ble for estimating both the mechanical and the electrical tilts
in cases where the antenna pattern might be adaptive.

It is noted that signals received from the LoS path are
more sensitive to the variation of the BS antenna attitude
compared with the NLoS paths. This is reasonable since the
signals are attenuated and distorted significantly by the prop-
agation channels in the NLoS scenario, and thus the estimate
of the antenna attitude may exhibit larger variance in NLoS
than in LoS cases. Therefore, this algorithm for estimating
antenna attitude of the BS performs better in cases with larger
percentage of LoS users and is more applicable for the scenar-
ios with amultitude of LoS users, such as in the environments
of plaza, shopping mall, stadium, and playground.

4. Numerical Simulations

Monte-Carlo simulations are performed to evaluate the
performance of the CBE and CFE techniques proposed in
Section 3. A modified graph modeling method based on the
original scheme introduced in [34] is applied to generate the
synthetic propagation channels in urban environments. In
this section, we briefly introduce the graphmodeling adopted
in the simulations. Then, the evaluation results for the
performance of the CBE and CFE techniques are elaborated.

Base station
Scatterer

Scatterer Scatterer

Scatterer

Scatterer

Directional
radiation
pattern

UEK

UE2

UE1

UE3

Figure 1: An example of the propagation graph.

4.1. Graph Modeling for Synthetic Channel Generation. The
stochastic propagation-graph channel modeling has been
introduced for generating random channel realizations in
synthetic environments [34–36]. This approach relies on
the geometrical positions, the mobility, and electromagnetic
properties of scatterers that are distributed in plausible
positions in the environments of interests. It emulates the
direct propagation of electromagnetic (EM) waves from the
Tx to the Rx, from the Tx to the scatterers, from the scatterers
to the Rx, and among the scatterers due to the reverberation
of EM waves. The channel impulse responses (CIRs) are
generated by superimposing the contributions of multiple
paths where the number of the bouncing points or hops along
a path ranges from 0 to infinity.

Figure 1 illustrates a diagram of propagation graph
used in the simulations. The single BS installed with an
antenna with a directional radiation pattern emits signals
via its outgoing edges to the 𝐾, UEs, and 𝑁 scatterers
simultaneously in the environment concerned. A direct link
may exist between the BS and a UE. A scatterer adds up the
signals on its ingoing edges and transmits the result obtained
on the outgoing edges with certain weights. The signal
collected by a UE is the superposition of the signals arriving
via multiple ingoing edges. Propagation along edges with
different lengths leads to the delay dispersion of the received
signal. This effect can be calculated based on the geometrical
positions of the edge ends and themechanisms of interactions
between EM waves and scatterers, such as reflection,
diffraction, and scattering.Assuming that the responses of the
interactions are linear and time-invariant, the received signal
at a UE can be calculated via convolution with the resultant
temporal CIR or multiplication with the channel transfer
function H(𝑓) in the frequency domain. In the simulations
considered here, H(𝑓) is calculated by using the graph
modeling method modified from that described in [34] as

H (𝑓) = D (𝑓) ⊙ GLoS (𝑓) + R (𝑓)

⋅ [1 + B (𝑓) + B2 (𝑓) + ⋅ ⋅ ⋅ + B𝑛 (𝑓) + ⋅ ⋅ ⋅ ]

⋅ [T (𝑓) ⊙ GNLoS (𝑓)]
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= D (𝑓) ⊙ GLoS (𝑓) + R (𝑓) [1 − B (𝑓)]−1

⋅ [T (𝑓) ⊙ GNLoS (𝑓)] ,

(10)

where H(𝑓) ∈ C1×𝐾 contains the coefficients of channels
between the BS and totally 𝐾 UEs, D(𝑓) ∈ C1×𝐾 is the
transfer function for the direct links between the BS and
UEs, ⊙ refers to the element-wise product operation,
GLoS(𝑓) ∈ C1×𝐾 and GNLoS(𝑓) ∈ C1×𝑁 represent the BS
antenna gains for the LoS paths and for the paths between the
BS and the scatterers, respectively, and T(𝑓) ∈ C1×𝑁, R(𝑓) ∈
C𝐾×𝑁, and B(𝑓) ∈ C𝑁×𝑁 denote the transfer functions
between the BS and scatterers, the scatterers and UEs, and
among the scatterers, respectively. Notice that, in the right-
hand side of (10),D(𝑓)⊙GLoS(𝑓) counts for the contributions
of the LoS paths and R(𝑓)[1 − B(𝑓)]−1(T(𝑓) ⊙ GNLoS(𝑓))
describes the contributions of NLoS paths in the channels
from the BS to the𝐾 UEs.

The effect of wave propagation along an edge in the graph
as shown in Figure 1 can be calculated to be a multiplicative
coefficient:

𝐴
𝑒
(𝑓) = 𝑔

𝑒
(𝑓) exp (−𝑗2𝜋𝜏

𝑒
𝑓 + 𝑗𝜙) , (11)

where 𝜏
𝑒
denotes the time duration of the propagation along

the edge, 𝜙 is a random initial phase which follows a uniform
distribution on the interval [0, 2𝜋), and 𝑔

𝑒
(𝑓) represents

the propagation coefficient which can be calculated based
on the free-space propagation loss, reflection coefficient, or
diffraction coefficient, depending on whether the edge is
involved in D(𝑓), R(𝑓), B(𝑓), or T(𝑓). For the detailed
information on how 𝑔

𝑒
(𝑓) is calculated, the readers are

referred to [35].
The advantage of the graph model-based simulation lies

in the low-complexity, as the CIR can be calculated analyti-
cally, and its capability of reproducing the specular-to-diffuse
transition of the CIRs [34]. Furthermore, an environment can
be easily modeled by the location matrices formed by involv-
ing the information of visibility and the locations of the BS,
scatterers, and UEs. It has been shown in [34, 36, 37] that, by
appropriately tuning the model parameters, such as the
exponent-decay constant of the path loss and including deter-
ministic methods of computing diffraction coefficients, the
CIRs obtained by graphmodeling exhibit power delay profiles
consistent with the real ones compared to the conventional
ray-tracing-based method with tractable complexity. Fur-
thermore, the applicability of the stochastic graph modelling
has been widely validated in a variety of works, for example,
the simulations of static in-room channel [35], body area
channels [38], high-speed-railway channels [39], and multi-
link channels in indoor distributed antenna systems [36], as
well as the analysis of MIMO channel’s rank properties and
capacity [40].

4.2. Simulated Environments and Specifications. In the simu-
lations, an urban environment is considered where multiple
scatterers are distributed as depicted in Figure 2. The green
solid diamond in the figure represents the location of the BS
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Figure 2: Propagation graph representation of the BS and densely
and sparsely distributed scatterers for simulations.

Table 1: Parameter settings for simulation.

Parameter Setting
Transmission bandwidth 20MHz
Carrier frequency 2.6GHz
Total UE locations 2000
BS antenna height 20m
Height of scatterers 1–35m
Height of UEs 1–35m
Signal to noise ratio 30 dB
Half-power beamwidth in azimuth 53∘

Half-power beamwidth in elevation 79∘

Reflection loss 0.7

antenna with height of 20m. The red blocks denote the
scope of the locations of scatterers densely distributed on
the facades of buildings with significant physical extents. The
buildings’ heights range from 0 to 35m. The blue circles
represent the slightly distributed scatterers corresponding to
trees and bushes in the environment. The UEs are located
randomly in the environment and their locations are assumed
to be known. Table 1 reports the relevant parameter settings
adopted in the simulations for generating the propagation
graphs. Notice that since the BS antenna is surrounded by
scatterers within a wide range of heights, someUEs are in LoS
conditions with respect to the BS antenna and the others are
in the NLoS conditions.

A directional antenna is considered in the BS side in the
simulations in order to imitate the effect of sectoring coverage
with different antenna attitude. Figure 3 illustrates the hori-
zontal and vertical radiation pattern of the BS antenna. It can
be observed from Figure 3 that the half-power beamwidth of
the antenna is 79∘ in azimuth and 53∘ in elevation, which
are close to the parameters of realistic BS antennas used in
practice. In the simulations, propagation channels between
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Figure 3: Normalized horizontal and vertical radiation patterns of
the BS antenna adopted in the simulation.

the BS and the UEs are generated with the main beam
of the BS antenna directed towards specific downtilt 𝜃Tx
and azimuth angle 𝜑Tx. Considering that, in most cases the
downtilt 𝜃Tx is of more interest to be estimated than the
azimuth angle 𝜑Tx, we fix 𝜑Tx = 0

∘ and adapt 𝜃Tx within the
range of [0∘, 8∘] below the horizontal plane in the simulations.

4.3. Simulation Results and Analyses. To implement the CBE
technique, the calibration is necessary to obtain path loss
models and the statistics of shadow fading and multipath
fading. In the simulations for the calibration, CIRs are
generated for UEs in both LoS and NLoS scenarios by
using a BS antenna with omnidirectional radiation pattern.
Figures 4(a) and 4(b) show the examples of channel power
delay profile (PDPs) obtained in, respectively, LoS and NLoS
scenarios, where the direct distance between the BS and UE
equals 350m and the signal to noise power ratio (SNR) is
set to 30 dB. It is evident from Figure 4(a) that the power
of the LoS component is dominant in the PDP in the LoS
scenario and, for NLoS case shown in Figure 4(b), multipath
propagation effect is more serious as the LoS path no longer
exists.

Figures 5(a) and 5(b) illustrate the scatter plots of path
loss versus the BS-UE separation 𝑑 for the LoS and NLoS
scenarios, respectively. Regression lines expressed as 𝑔

𝑝
(𝑑) =

20 × log
10

𝑑 + 44.5 and 𝑔
𝑝
(𝑑) = 23 × log

10

𝑑 + 64.4 are
adopted to fit the empirical data for LoS and NLoS cases,
respectively. It can be observed from Figures 5(a) and 5(b)
that the path loss varies differently versus 𝑑 for LoS and
NLoS scenarios. This reveals the necessity of modeling the
fading statistics for the LoS and NLoS channels separately.
Furthermore, it is worth to mention that the parameters of
the fitted lines in Figures 5(a) and 5(b) have values similar
to those specified for the LoS and NLoS path loss models
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Figure 4: Simulation comparison of PDPs for LoS and NLoS
scenarios with similar distances.

in the WINNER II standards [41]. Figures 6(a) and 6(b)
depict, respectively, the empirical pdfs of the shadow fadings
expressed in dB and of multipath fadings in the linear scale
without distinguishing whether UEs are in LoS or NLoS
scenarios. It can be observed that the empirical distributions
of the shadowing and multipath fading can be well fitted
with the normal and Rician distribution, respectively. The
parameters of the fitted pdfs are reported in the legends of
Figures 6(a) and 6(b).

In the simulations, the effect of the directive radiation
pattern with specific downtilt is considered when generating
individual propagation paths between scatterers and the BS
antenna. Both the CBE and the CFE methods are applied to
estimate 𝜃Tx based on the received signal strength reported by
UEs in either LoS or NLoS conditions. Figure 7 demonstrates
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Figure 5: Path loss models extracted for the simulation results
obtained in LoS and NLoS scenarios.

the objective function Λ(𝜃Tx; g, 𝜎𝑠, 𝜇𝑚, 𝜎𝑚) calculated in one
simulation snapshot where the true downtilt 𝜃Tx is set to 4

∘.
It can be observed from Figure 7 that the maximum of the
objective function is achieved at 𝜃Tx = 4

∘. Thus, the downtilt
of the BS antenna is correctly estimated in this snapshot.

To illustrate the performance of the CBE and CFE
techniques more visually, Figure 8 compares the true BS
antenna radiation pattern 𝑔Tx(ΩTx) with 𝜃



Tx = 4
∘ observed

by UEs under the assumption that they are all in the
LoS conditions, with the estimate 𝑔Tx(ΩTx) calculated with
candidate downtilt 𝜃Tx = 4

∘ based on the received signal
strengths reported by UEs in either LoS or NLoS scenarios. It
can be observed that the true and the estimated BS radiation
patterns look similar to each other. However, by careful
examination, we found that the estimated radiation pattern
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Figure 6: Scatter plots of the empirical pdfs of shadow fading and
multipath fading observed by all UEs regardless of LoS and NLoS
scenarios.
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Figure 8: The original and estimated BS antenna radiation patterns.
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Figure 9: The RMSEEs of antenna downtilt versus the percentage of the LoS users with the total number of users as a parameter.

appears more blurred than the true counterpart at the low-
gain portions of both patterns which are colored in green
or blue in Figures 8(a) and 8(b). This may be due to two
reasons: first, the random variation of the shadow fading and
multipath fading can lead to the uncertainty in 𝑔Tx(ΩTx);
second, the assumption adopted in the estimation that the
DoDs of all paths between the BS and a UE are identical to

the DoD of the LoS path is inaccurate and introduces some
errors in calculating 𝑔Tx(ΩTx).

Figures 9(a) and 9(b) illustrate, respectively, the root
mean square estimate errors (RMSEEs) of the antenna down-
tilt 𝜃Tx, denoted by RMSEE(𝜃Tx) obtained by using the CBE
and CFE methods versus the percentage of LoS UEs among
all UEs with true 𝜃Tx = 4

∘. The total number 𝐿 of the UEs is
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Figure 10: The RMSEEs of the antenna downtilt versus the percentage of the UEs in the LoS positions among all available UEs.

considered as a parameter ranging from 200 to 1000. It can be
observed from Figures 9(a) and 9(b) that, for both methods,
the RMSEE(𝜃Tx) decreases linearly with respect to the LoS
percentage. Specifically, when the LoS percentage is beyond
70%, the RMSEE(𝜃Tx) decreases to zero regardless of 𝐿. The
value of 𝐿 exhibits insignificant impacts on the behavior of
RMSEE(𝜃Tx). Additionally, we observe from Figure 9(a) that,
for the CBE method, when the percentage of LoS users is
less than 50%, the RMSEE(𝜃Tx) increases along with 𝐿. In the
cases with the LoS percentage equal to 10%, the performance
obtained with the least number of users considered, that is,
𝐿 = 200, turns out be the best among all choices of 𝐿.
This phenomenon is unobserved when the CFE method is
applied, as illustrated in Figure 9(b) where the RMSEE(𝜃Tx)
graphs versus the LoS percentages are indistinguishable for
various 𝐿. The effect that the CBE is more sensitive to the
value of 𝐿 than the CFE may be due to the reason that
the calibrated path loss models and statistical parameters are
more accurate in the cases where more UEs are considered.
When 𝐿 reduces, the deviations between the true model,
including the parameters, and the calibration results increases
and leads to larger RMSEE (𝜃Tx) consequently.

Figures 10(a) and 10(b) depict, respectively, RMSEE(𝜃Tx)
obtained by using the CBE and CFE methods versus the
percentage of the UEs in the LoS positions among all
considered UEs. The true 𝜃Tx is a parameter ranging from 1

∘

to 8∘. It can be observed from Figures 10(a) and 10(b) that the
RMSEE(𝜃Tx) obtained with the CBE and CFE decreases with
respect to the LoS percentage for all values of 𝜃Tx considered.
Furthermore, the value of the true 𝜃Tx also significantly
influences the performance of both methods. To be specific,
less RMSEE(𝜃Tx) is obtained for larger 𝜃Tx. This is reasonable
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Figure 11: RMSEE(𝜃Tx) versus 𝜃Tx obtained by using the CFE
method and two CBE methods which make use of, respectively,
“desirable” or “fixed” calibration results.

since the number of the UEs that are distributed in the main
beam of the antenna increases along with 𝜃Tx. In addition, it
is evident by comparing Figures 10(a) and 10(b) that the CBE
and CFE methods exhibit quite similar RMSEE(𝜃Tx) graphs.
We postulate that this is because, in most cases, the assumed
types of distributions for shadowing and multipath fading
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(a) Tx (b) Rx

Figure 12: The photographs of the Tx and Rx in the measurement campaign.

(a) LoS/NLoS positions visually identified (b) LoS/NLoS positions identified by checking
delay spread

Figure 13: Comparison of the LoS/NLoS positions visually identified and detected based on delay spread.

that the CFE method relies on contain the equivalent infor-
mation as those carried by the calibration results adopted in
the CBE method. As a result, the CBE method does not yield
improved performance, compared with the CFE method.

Figure 11 compares the graphs of RMSEE(𝜃Tx) versus 𝜃Tx
obtained by using the CFE method and two CBE methods
which make use of, respectively, “desirable” or “fixed” cali-
bration results. Here, “desirable” refers to the situation where
the CBE is performed by using the path loss model and
fading statistics calibrated with BS antenna downtilt set to
be identical to the unknown 𝜃Tx, and “fixed” denotes the
case where the calibration results are obtained with a fixed
BS antenna downtilt which is unnecessary to be identical
to the exact 𝜃Tx. It can be observed from Figure 11 that if
the calibration campaign is not carried out with BS antenna
downtilt equal to the exact 𝜃Tx to estimate, the CFE method
is superior to the CBE in terms of lower RMSEE(𝜃Tx). Notice
that, in real cases where 𝜃Tx is unknown, it is impossible

to determine which calibration result is “desirable.” Thus, in
such cases the CFE method is more preferable than the CBE
method for attitude estimation.

5. Experimental Investigation

5.1. Measurement Equipment and Campaign Specifications.
To evaluate the performances of the CBE and CFE methods,
experimental investigations have been conducted. Figures
12(a) and 12(b) illustrate, respectively, the photographs of the
Tx and the Rx used in the measurement campaign. The Tx,
located on the rooftop of a 7-storey building, was applied
as a BS. The Rx, loaded on a trolley which moved in the
ground level, is considered as a UE. The Tx made use of a
universal software-defined radio peripheral (USRP) of type
N210 broadcasting repetitively a pseudonoise sequence with
Gaussian-pulse-shaping and quadrature phase shift keying
(QPSK) modulation through a directional planar antenna as
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Figure 15: The map of the environment, the location of the Tx
antenna, and the routes along which the Rx moves during the
measurements.

shown in Figure 12(a). In the Rx side, another USRP received
the signals through a dipole antenna under the control of
the GNU radio software. A global positioning system (GPS)
module was installed in the Rx to record the longitudes and
latitudes of themeasurement locations. Furthermore, a power
amplifier with output signal power up to 37 dBm was used in
the Tx.

Themeasurement campaigns, including those applied for
the calibration of the path loss models and fading statistics,
have been conducted in the Jiading Campus of Tongji
University, Shanghai, China, in January 2014. The campus is
a typical urban scenario with densely distributed buildings
and plants. Figure 15 illustrates the map of the part of the
campuswhere themeasurementswere performed.The yellow
asteroid shown in Figure 15 represents the Tx location and the
green arrowhead points to the due North direction. During
the measurements, the Rx loaded in a trolley moved at a
walking speed of 3 km/h along predefined routes as depicted
in Figure 15. Once the Rx moved away from its previous
location by 3m, data acquisition was activated and lasted for
1 s. The signal bandwidth was 10MHz. The carrier frequency

Table 2: Parameter settings used in the measurements.

Parameter Setting
Antenna frequency band 1.710–2.5 GHz
Antenna voltage standing wave ratio ≤1.5
Effective antenna gain 12.3 dBi
Gain of power amplifier 37 dBm
BS height 25m
Center frequency 2.4GHz
Transmitting bandwidth 5MHz
Transmitting power 20 dB
Receiving bandwidth 10MHz
Moving speed of UE 3 km/h
Total UE number 1100
BS antenna downtilt 𝜃Tx 3∘, 5∘, 6∘, 8∘, 10∘

BS antenna azimuth 𝜑Tx 115∘

Horizontal half-power beamwidth 56∘

Vertical half-power beamwidth 14∘

Coverage distance 𝑑
𝐶

476m

was 2.4GHz. Table 2 reports the setting parameters of the
measurements. In themeasurement campaign, the Rxmoved
along the same routes for totally seven times. In five of them,
the Tx antenna downtilt 𝜃Tx was set to 3

∘

, 5
∘

, 6
∘

, 8
∘, and 10∘,

respectively, and in the other two the Tx antenna azimuth
𝜑Tx was set to 25∘ and 0

∘, respectively. Here, a direction
with 𝜑Tx = 0

∘ coincides with the due North direction.
The measurement data was applied to estimate the CIRs by
correlating the received signals in baseband representation
with the calibrated PN sequence which was obtained by
directly connecting the USRPs in the Tx and the Rx.

5.2. Evaluation of LoS Detection Based on Delay Spread. The
delay spread is defined as the second central ordermoment of
the normalized PDP of a channel [41]. It has been found that
the delay spread of NLoS channels can be several times larger
than that for the LoS cases in a residential environment [33,
42]. Inspired by these results, we use the delay spread as an
indicator to distinguish LoS and NLoS channels. In order to
find out a suitable threshold of delay spread which is applica-
ble to determine whether the LoS exists for the environment
of interest, measurement campaign was carried out where the
Rx is on the playground and the Tx is deployed on the top of
one building. During the measurements, the locations have
LoS connections to the Tx which were visually identified.
Figure 13(a) illustrates the locations of the measurements
on the playground, among which those with brown and
blue spots indicate, respectively, the visually identified LoS
and NLoS positions. In order to find the most appropriate
value for the threshold delay in LoS/NLoS detection, the
correct identification percentage is investigated with respect
to different candidates of threshold delay spread. Figure 14
depicts the graph obtained, where the correct detection
percentage achieves themaximumof 85%when the threshold
delay spread is chosen to be 55 ns. Figure 13(b) shows the
LoS/NLoS detection results obtained by applying 55 ns as
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a threshold value for delay spread. By comparing Figures
13(a) and 13(b), it is obvious that, in most locations, the LoS
situation is correctly identified.Thus, practically, we use 55 ns
as the delay spread threshold for LoS/NLoS detection based
on the CIRs. Figure 15 depicts all measurement locations of
the measurements where the LoS exists only in the locations
marked by yellow spots. The pink star shows the location of
Tx.

5.3. Measurement Results

5.3.1. Performance of theCBEMethod. Themeasurement data
collectedwith different settings of 𝜃Tx is used to calibrate 𝜅 for
specific downtilts, which are applied in the CBE method to
estimate 𝜃Tx. Results show that the CBEmethod provides the
lowest RMESS(𝜃Tx)with 𝜅 obtainedwith 𝜃Tx = 3

∘ and returns
the largest RMESS(𝜃Tx) with 𝜅 obtained with 𝜃Tx = 10

∘. This
performance degradation is probably due to the less accuracy
of 𝜅 when the calibration is performed with large antenna
downtilt; for example, 𝜃Tx = 10

∘. When 𝜃Tx increases up
to a certain level, the region covered by the antenna main
beam shrinks and, as a result, the number of UEs with strong
received signals decreases, leading to a lower SNR which
deteriorates the calibration accuracy. To avoid selecting the
calibrated 𝜅 with a specific 𝜃Tx, we propose a modified CBE
which finds 𝜃Tx by maximizing the aggregated likelihood
function of 𝜃Tx calculated based on all available calibrated 𝜅.
Figure 16 compares the RMSEE(𝜃Tx) obtained by using the
modified CBEmethod and two original CBEmethods which
utilize 𝜅 obtained with 𝜃Tx = 3

∘ and 10∘, respectively. It
can be observed from Figure 16 that the performance of the
modified CBEmethod is close to the best performance which
can be achievable by using the original CBE method.

5.3.2. Performance Evaluation for the CFE Method. The per-
formance of the CFE method is also evaluated based on the
measurement data collected with different settings of 𝜃Tx. To
investigate the stochastic behavior of RMSEE(𝜃Tx), the CFE
is applied in multiple snapshots. In each snapshot, a certain
number of measurement locations is randomly selected from
all locations, and the received signal strengths obtained
from these locations, including LoS and NLoS scenarios, are
applied to estimate 𝜃Tx. Figure 17 illustrates the RMSEE(𝜃Tx)
versus the percentage of the LoS locations out of all selected
locations, with the value of the true 𝜃Tx ranging from 3

∘ to
10
∘. It can be observed from Figure 17 that the RMSEE(𝜃Tx)

decreases when the percentage of the LoS locations increases.
This is consistent with the simulation results illustrated in
Section 4.3. Furthermore, it is also observed that, for a fixed
percentage, the RMSEE(𝜃Tx) increases when the true 𝜃Tx
increases. We postulate that this is due to the fact that, with a
larger 𝜃Tx, the BS antenna radiation pattern is more subject to
the distortions caused by the premises around the BS in such
a way that the true antenna radiation pattern is significantly
different from that adopted in the CFE method.

It is worth mentioning that the observation of larger
RMSEE(𝜃Tx) when 𝜃Tx increases in the experimental inves-
tigation is contradictory to the simulation results shown in
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Figure 17: The RMSEEs of antenna downtilt 𝜃Tx obtained by using
the CFE method versus the percentage of the UEs in the LoS
conditions among all UEs.

Figure 10(b) where lower RMSEE(𝜃Tx) is obtained when 𝜃Tx
increases. Our conjecture of the reason of such a difference
is that, in the experiments, the performance degradation due
to the distorted antenna radiation pattern, which was not
considered in the simulation, may be more severe than the
performance improvement which benefited frommore users
being involved when 𝜃Tx increases and, consequently, the
RMSEE(𝜃Tx) deteriorates.
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∘ and 25∘, respectively.

To our knowledge,most conventional studies focus on the
influence of the antenna downtilt and provide only empirical
equations of the optimal downtilt angle of the antenna, rather
than an estimation procedure as what we proposed in the
our work. Furthermore, rare literature is related to estimating
the BS antenna attitude, except for optimal antenna attitude
(downtilt) calculation based on the following equations [19,
20]:

𝜃opt = arctan(
ℎBS − ℎMS

𝑑
𝐶

) +
𝜃
−3 dB
2

, (12)

𝜃opt = 3 [ln (ℎBS) − 𝑑𝐶
0.8

] log
10

(𝜃
−3 dB) , (13)

where ℎBS and ℎMS denote the height of the BS and UEs,
respectively, 𝑑

𝐶
represents the coverage distance, and 𝜃

−3 dB
means the vertical half-power beamwidth. Equation (12)
leads to significant overestimation or underestimation with
regard to the optimal downtilt angle. For the method in
(13), the parameters adopted are quite site-specific, which
reduce its applicability in general cases significantly. In the
measurement, using the statistics in Table 2, the optimal
antenna downtilt can be calculated by using (12) and (13) to
be 9.86∘ and 9.17∘, respectively, for different practical antenna
downtilts.These results yield larger estimated errors than our
proposed method obviously.

The performance of the CFE method in estimating 𝜑Tx
is also investigated in two measurements where the true
𝜑Tx = 0

∘ and 25∘ are specified, respectively. Figure 18 depicts
the objective functionsΛ(𝜑Tx; g, 𝜎𝑠, 𝜇𝑚, 𝜎𝑚) calculated for the
two measurements. It can be observed that the maxima of
the objective functions, enclosed by ellipses in Figure 18, are
located at 𝜑Tx = 5

∘ and 23∘ for the two cases, respectively.
Since the antenna azimuth can be varied within the range
significantly larger than that of the downtilt, the estimate with

absolute estimation error less than 5∘ may still be considered
to be satisfactory in practice.

6. Conclusions

In this paper, a maximum-likelihood-based algorithm has
been derived and used to estimate the attitude parameters,
that is, the tilt directions of antennas at the BS based on the
received signal strengths reported by multiple UEs located
within the coverage of this BS. Depending on the availability
of calibration campaigns, this algorithm can be utilized in
either calibration-based estimation (CBE) or calibration-free
estimation (CFE) of antenna attitude based on the empirical
distributions of path loss, shadowing, and multipath fading.
The CBE method relies on accurate path loss models and
fading statistics extracted from calibration campaigns, while
the CFE method makes use of only the general assumptions
that the multipath and shadow fading gains follow the Rician
and lognormal distributions, respectively. The performance
of both methods was evaluated by using Monte-Carlo sim-
ulations, where a random-propagation-graph method has
been applied for generating the channels impulse responses at
multiple UEs’ locations in an urban environment.The results
demonstrated that the estimation accuracy for BS antenna
attitude increases whenmore UEs with LoS connections with
the BS antenna are considered. Experimental results obtained
by processing measurement data demonstrated that the
CBE method implemented by aggregating multiple objective
functions provides more robust performance. Furthermore,
without calibrations the CFE method still provides estimates
of antenna downtilt and azimuth angle with errors tolerable
from practical point of view.
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