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Abstract—This study proposes a novel measurement-based
method to predict and model three-dimensional (3-D) path loss in
indoor scenarios, which first regresses 28 GHz measurements via
median path loss modeling and then includes ordinary Kriging to
interpolate shadowing. The performance of this method is evalu-
ated by investigating the spatial structure that follows shadowing
through the semivariogram, covariance function, and correlogram
as variography tools. It is shown that semivariogram outperforms
the other statistics to describe shadowing spatial continuity in path
loss modeling in terms of the mean absolute error.

Index Terms—Indoor path loss model, Kriging, three-dimen-
sional (3-D), variography.

I. INTRODUCTION

TO QUANTIFY the reliability of coverage provided by any
base station, it is essential to understand and characterize

radio propagation factors, which consist of median path loss
and shadowing as the main path loss components for indoor
scenarios. When rigorous fit design and reliable predictions are
the principal approaches, hybrid path loss models are the best
method for estimating and analyzing radio propagation. Usually,
in these models, measurement datasets are first regressed via lin-
ear median path loss modeling and then shadowing is generated
as random variable. For accurate predictions in in-building mod-
eling it is necessary to consider the variability of the signal path
due to obstacles and scenario geometry. Therefore, shadowing
should be predicted considering the singularities associated with
the evaluated scenario.

Kriging is a powerful technique for this constraint, this analyt-
ical solution provides clear steps to go through when estimating
unknown values at unmeasured locations. Besides, prior to the
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interpolation to predict unmeasured from measured values, this
technique employs variography to explore the spatial structure
of the variable under study, in this case, to provide a suitable
description of the dispersion with respect to the nominal value
given by the in-building path loss model.

A. Related Works

In hybrid models, specifically measurement-based, measure-
ment campaigns are carried out to gain a better understanding
of path loss behavior, allowing an accurate fitting of the specific
scenario. Kriging, as a geostatistical technique, takes advantage
of these measurements to predict values at unmeasured locations
forming weights from surrounding known measured values,
considering that the closest samples have the most influence.
By looking at the spatial structure of the samples, it is possible
to calculate Kriging weights. This process is named variography
and its main goal is to explore the spatial dependence in order
to quantify it through a fitted model, which can be obtained by
plotting the semivariogram, covariance, or correlogram.

Recent works in radio propagation have employed Kriging to
interpolate path loss [1], shadowing [2]–[6], and received power
[7], [8] as part of the modeling process. All these studies have
been performed in two-dimensions and employed the semivari-
ogram as part of the variography stage, however, none of these
studies explain or justify such a choice. In consequence, it is
necessary to address and understand if the semivariogram is the
best choice to investigate graphically the spatial patterns of the
samples.

B. Our Contributions

The aim of this study is encouraged by the need to provide and
validate an accurate method to estimate three-dimensional (3-D)
path loss in indoor scenarios including Kriging as a geostatistical
technique to predict the shadowing component. Therefore, the
main contributions are summarized as follows.

1) From a complete analysis of the variography process, it
is demonstrated that the semivariogram outperforms the
other statistics to describe shadowing spatial continuity in
path loss modeling.

2) To achieve accurate predictions, Kriging strongly depends
on the use of a suitable fitted model, which is provided
by the variography results. Through the first contribution,
the best performance of Kriging is guaranteed. Then, it is
employed to predict shadowing to estimate the path loss
in a 3-D indoor scenario. We validate the accuracy of the

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0001-8215-3593
https://orcid.org/0000-0003-3098-7275
https://orcid.org/0000-0002-3821-0105
https://orcid.org/0000-0002-2586-9963
https://orcid.org/0000-0002-4911-9753
mailto:a00829220@itesm.mx
mailto:aaragon@tec.mx
mailto:leyre.azpilicueta@tec.mx
mailto:raed.shubair@nyu.edu
mailto:franscisco.falcone@unavarra.es


DIAGO-MOSQUERA et al.: 3-D INDOOR ANALYSIS OF PATH LOSS MODELING USING KRIGING TECHNIQUES 1219

Fig. 1. Indoor scenario within the library building at TEC Monterrey,
employed for the measurement campaign.

Fig. 2. Measurement equipment. (a) Transmitter. (b) Receiver.

methodology by comparing the results against measured
data.

II. EXPERIMENTAL MEASUREMENT DESCRIPTION

A. Measurement Environment

To perform feasible in-building radio propagation modeling
to proceed with confidence to the path loss predictions, radio
measurements were carried out at 28 GHz in the 4th floor of the
library of Tecnologico de Monterrey, campus Monterrey, as is
illustrated in Fig. 1. This floor of the library is an open room
that has three wooden bookcases evenly distributed in the target
area, with exterior walls built with metallic beams and glass.
Ceilings are built with drywall while the floor with concrete
covered by a carpet material. This indoor scenario enables to
carry out both line-of-sight and non-line-of-sight measurements.
The transmitter system was located at a 1.5 m height and the
receiver at 1 and 2 m heights. The measurement campaign was
planned to collect samples on a grid (42 m long and 12 m wide)
with squares of 2 m on each side, where the transmitter was
located at the center of the grid at the low end. This setting
yields 132 samples for each receiver height and a total of 264
measurements.

B. Measurement Equipment

To collect received power samples in the selected scenario,
a complete radio propagation system was deployed, as is illus-
trated in Fig. 2. The transmitter system consisted of a Rohde
& Schwarz microwave signal generator, model SMB100A, set
at an operating frequency of 14 GHz. To access the frequency
of 28 GHz, an up-converter (Farran Technologies, model FDA-
K/28) with a multiplication factor of 2 was employed. It was

connected to an omnidirectional vertically polarized antenna
with 3 dBi gain, Gtx, model SAO-2734030345-KF-S1. The
transmitter power Ptx was 24 dBm.

The receiver system was composed of a vertically polarized
omnidirectional antenna equipped with a low noise amplifier
(LNA), model SAO-2734033045-KF-C1-BL, with 30 dB of
receiver gain Grx, of which 3 dBi were from the antenna and
27 dB from the integrated LNA. The receiver was plugged into
a Keysight Field Fox N9952A microwave spectrum analyzer.

III. 3-D PATH LOSS MODELING

A. Path Loss Extraction

From the resulting power received measurements and consid-
ering the link budget of the radio propagation system, the path
loss of the links is calculated in dB as follows:

L = Ptx +Gtx +Grx − Prx (1)

where Ptx is the transmitted power, Gtx and Grx the antenna
gains employed to transmit and receive, respectively, and Prx
the measured power.

In the validation process it is necessary to quantify how well
the model predicts the path loss at specific locations, locations
which are obtained from testing dataset. Therefore, the path
loss extracted is grouped into tuning and testing datasets. This
process is based on radial sectors, where samples are extracted
from each sector keeping a 60/40 rate, 60% for tuning and 40%
for testing, following the methodology described in [5].

B. Model Tuning

For modeling median path loss L50, it is considered the
simplest form of power law model

L50 = 10n log d+ e (2)

where d is the Euclidean distance between the transmitter and
the receiver antenna, which have a 3-D coordinate system to
represent their location in the target area. The path loss exponent
n and the path loss intercept e are tuned with the tuning dataset of
the path loss measurements extracted in (1), in order to adjust the
model with specific characteristics and site details considered in
the radio measurements carried out.

C. Shadowing Extraction and Generation

The path loss also depends on the shadowing Ls, which is the
result of the sum between L50 and Ls. Therefore, it is possible
to extract the shadowing component as follows:

Ls = L− L50. (3)

To predict and quantify the shadowing component in spe-
cific locations, ordinary Kriging is employed. Through this
geostatistical technique, Kriging weights are generated for the
known shadowing values to employ it to calculate a shadowing
prediction for the location with the unknown value. To proceed,
first, the spatial structure of (3) must be explored by variography
in order to provide reliable Kriging weights.

IV. VARIOGRAPHY AND KRIGING INTERPOLATION

To investigate and quantify the spatial structure, empirical
tools such as semivariogram, covariance function, and correlo-
gram can be employed.
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A. Variography: Spatial Modeling

The empirical semivariogram is computed as follows:

γ (h) =
1

2N (h)

N(h)∑
i = 1

(zi − zi+h)
2 (4)

where N(h) is the number of pairs within the lag interval h, zi
is the known value at 3-D location i, and zi+h is another known
value separated by a lag h from i. In other words, h is a vector that
represents the separation distance between two spatial locations.

The empirical covariance is calculated as follows:

C (h) =
1

N (h)

N(h)∑
i = 1

zi · zi+h −mi ·mi+h (5)

where mi and mi+h are given by the following:

mi =
1

N (h)

N(h)∑
i = 1

zi, mi+h =
1

N (h)

N(h)∑
i = 1

zi+h. (6)

And the empirical correlation is computed as follows:

ρ (h) =
C (h)√
σi + σi+h

(7)

where σi and σi+h are given by the following:

σi =
1

N (h)

N(h)∑
i = 1

(zi −mi)
2, σi+h

=
1

N (h)

N(h)∑
i = 1

(zh −mi+h)
2. (8)

When the empirical functions (4), (5), and (7) are graphed
versus the lag distance h, the semivariogram, the covariance
function, and the correlogram tools are obtained. These tools
provide information about the spatial correlation of the known
data; however, all possible distances are not covered by the
empirical functions, therefore, it is necessary to fit a theoretical
model, which is what is actually used to develop the Kriging
weights. This model must be a continuous function to guarantee
positive Kriging variances.

Considering the accuracy of the results assessed for path loss
modeling in [5], the exponential function is selected to provide a
semivariogram fitting. Consequently, the semivariogram model
is expressed as follows:

γexp (h) = s ·
(
1− e−3h/r

)
(9)

where s is the sill, the semivariance value at which the semi-
variogram yields a plateau, and r is the range, the separation
distance at which the semivariogram reaches s.

If the spatial dependency of the measured known values
is analyzed by employing the covariance function, the fitting
model, resulting from the variography, is calculated considering
that the covariance function obeys the following relationship:

C (h) = σ2 − γexp (h) (10)

where σ2 is the variance of the variable under consideration
z, and γexp(h) is the exponential function described in (9).

Therefore, the fitting model when covariance function tool is
selected is as follows:

Cexp (h) = s · e−3h/r. (11)

Similarly, when the correlogram tool is employed, it obeys
the following relationship:

ρ (h) =
C (h)

σ2
(12)

where C(h) is the function described in (11). Once the cor-
responding values are replaced in (12) the fitting model is
calculated as follows:

ρexp (h) = e−3h/r. (13)

At this point, it is clear that there are three options of statistical
tools for modeling the spatial patterns of measured samples
through a fitted model f(h) computed by (9), (11), or (13),
depending on the tool selection, where s and r are calculated
by fitting a least-squares regression analysis to the empirical
values.

Going on the variography, the binning process is adopted for
spatial modeling. Over this process, properly neighbor samples,
as described in [5], will restrict how far and where to look
for the samples to be used in the prediction, for this process
a distance separation matrix between all measured locations is
created as D. Toward selecting a suitable lag h and placing
a maximum lag limit on the calculation of (4), (5), and (7),
it is important to understand this process. Since the estimated
values in the variography tend to become more erratic with
increasing distances, boundaries are necessaries to analyze D.
The maximum lag limit is the maximum distance that is going
to be considered and is calculated as the half of the maximum
distances reported in D, while h determines the lag interval
considered to find measured neighbors, which is calculated as the
mean of the minimum distance extracted from D. For instance,
zi − zi+h in (4), is grouped based on their corresponding lag
interval h—resulting in N(h) pairs—up to the maximum lag to
calculate (4) for each separation distance reported in D.

B. Ordinary Kriging for Shadowing Generation

Then, when the spatial patterns have been modeled by fitting
a theoretical function f(h), ordinary Kriging employs it to
interpolate known data and predict values at unsampled locations
by solving the following equation:

k = V −1 · v (14)

where the matrix V is composed by the values resulting from
f(h) with h as the distances between the pairs of measured
points, the vector v contains the result of compute the distance
of each measured locations to the prediction location and substi-
tuting it as the lag h in f(h), and k is composed by the Kriging
weights λi and the Lagrange multiplier l.

When calculating (14) the weights are found and the predicted
value ẑ0 at unmeasured place is provided by the following:

ẑ0 =

N(h)∑
i=1

λi · zi . (15)

Fig. 3 shows an example of shadowing-aided predictions
employed by the variography tools when a random 60/40 is
selected (considering the radial grouping process). In Fig. 3,
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Fig. 3. Shadowing prediction results obtained by variography analysis.

TABLE I
PATH LOSS PREDICTIONS PERFORMANCE

tuning and testing dataset locations are plotted with black and
red dots, respectively.

V. 3-D PATH LOSS PREDICTIONS

For 3-D indoor path loss predictions, particular data features
are required, considering the aim of aided-shadowing Kriging,
the variable z described in Section IV corresponds to the shadow-
ing for the tuning dataset extracted in (3) from the measurements.
Thus, to predict path loss at specific location in the 3-D indoor
space, the next model is followed:

L̂ = 10n logd+ e+

N(h)∑
i = 1

λi ·Lsi. (16)

One of the aims of this study is encouraged by the fact that
on the performance of feasible and accurate Kriging interpo-
lation processing, there is no explicit research to understand
and correctly select the best statistical tool to be employed
in the preliminary variography process. For this reason, the
performance of the variogram, the covariance function and the
correlogram is analyzed by comparing the predicted path loss
values L̂i with the measured path loss Li at the remaining test
locations tN, in terms of the mean absolute error (MAE), which
is given by the following:

MAE =
1

tN

tN∑
i = 1

∣∣∣Li − L̂i

∣∣∣ . (17)

For a reliable analysis, 1000 iterations are assessed to extract
different 60/40 groups for tuning and testing dataset through
the radial algorithm described for the path loss extraction. Each
value presented in Table I is obtained as the 1000-result average
for each statistical tool employed in the variography process.

Furthermore, once the 1000-samples are performed the results
of the Kriging-aided model is presented for the tools analyzed

Fig. 4. CDFs of MAE over path loss predictions based on the three tools.

Fig. 5. Path loss prediction versus measurement results for the testing dataset.

in terms of the cumulative distribution function (CDF) for the
MAE in Fig. 4.

According Table I and Fig. 4, it can be seen that employing
semivariogram and correlogram for shadowing spatial modeling
improves the accuracy of Kriging at 28 GHz. With an MAE of
2.7 dB, the semivariogram guarantees the high level of confi-
dence of the spatial modeling, thus, when it is employed, the
proposed model achieves accurate path loss indoor predictions
at 28 GHz. However, even though the covariance function has
the highest MAE, it is still a small error of 2.81 dB for indoor
path loss predictions compared to other hybrid models available
in the literature [9].

Considering the profitable results when semivariogram is em-
ployed as a statistical tool for variography process in shadowing
predictions, Fig. 5 shows the predicted path loss with the model
here described and the path loss extracted from measurements
at the testing locations, as well as the fitting lines for each case.

VI. CONCLUSION

The aim of this study seeks to evaluate the performance of the
specific tool used in variography as part of the Kriging-aided
shadowing predictions for indoor path loss modeling. Specif-
ically, we focused on whether the choice of semivariogram,
covariance function or correlogram as a statistical tool influences
the improvement of the path loss estimation accuracy. The novel
knowledge obtained through this work is that in an indoor
scenario, correlogram achieves an almost equal performance of
semivariogram, even though semivariogram is validated as the
most accurate tool to describe shadowing spatial continuity in
enclosed spaces for 3-D path loss modeling at 28 GHz.
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