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Abstract ─ An innovative adaptive mesh strategy 

based on LOLA-Voronoi (Local Linear Approximation-

Voronoi) is proposed to efficiently predict indoor signal 

propagation. This indoor high-efficiency propagation 

model (HPMO) can identify nonlinear regions to capture 

the complex behavior and achieve sufficient prediction 

accuracy when the computational cost is limited. A set 

of representative reference scenario simulation settings 

and results are reported and discussed to analyze the 

accuracy, and the efficiency of HPMO. Comparison with 

the original model based on traditional uniform mesh 

shows that the proposed method herein yields a 

considerable reduction in the prediction calculation cost 

of the complex indoor environment, while maintaining 

sufficient accuracy.  

Index Terms ─ HPMO, indoor signal propagation model, 

LOLA-Voronoi, received signal strength. 

I. INTRODUCTION
With the growing demand for indoor wireless  

LANs and personal communication networks, it is very 

important to adequately consider wireless communication 

in indoor environments. Recently, indoor localization [1-

2], wireless communication system design [3], and 

human exposure assessment [4] have become popular 

application areas for indoor electromagnetic environments. 

Therefore, efficient prediction of indoor radio wave 

propagation becomes a necessary basic step. 

A wide range of methods focused on indoor 

propagation prediction have been proposed. Deterministic 

models (such as FDTD, UTD, MoM [4-7]) have high 

accuracy, however, they are time-consuming due to the 

inherent computational complexity. On the contrary, 

empirical models (such as ITU-R, Motley-Keenan, 

Okumura–Hata, COST-231 [8-11]) have the advantage 

of rapid implementation, but the accuracy is flawed 

because the environment is simplified. In [12], multipath 

effect is considered in the model of radio channel, 

polarized channel model has also been defined within 

[13]. A modified Motley-Keenan model based on ray-

tracing was developed in [14-15], which takes into 

account both the multipath effect and beam polarization, 

thus obtaining the trade-off between accuracy and 

efficiency. Unfortunately, just uniform meshing is 

considered in this model and with higher operation 

frequency, smaller cell sizes, and more advanced 

antenna systems, radio propagation modeling becomes 

more difficult and challenging.  

To reduce the cost, a new zone-based propagation 

model based on reduced number of measurements to 

recover the indoor fingerprint database is taken in [16]. 

And a reconstruction technology based on 2D LOLA-

Voronoi (Local Linear Approximation-Voronoi) adaptive 

meshing method without any prior knowledge on the 

source antenna is developed in [17]. 

LOLA-Voronoi used in [17] is an effective 

integration of a sequential experimental design (SED). 

Unlike fixed mesh, LOLA-Voronoi could use information 

gathered from previous data points to determine the 

position of new data points adaptively [18]. The outcome 

of LOLA-Voronoi is a representative set of data samples 

that is more concentrated within those regions in which 

larger deviations from a local linear approximation have 

been calculated starting from a small initial set of 

samples. And its practical application in complex indoor 

environment remains to be solved. 

This paper aims at proposing an indoor high-

efficiency propagation prediction method based on 

LOLA-Voronoi adaptive meshing. The main contributions 

are presented here: (a) it’s the first attempt to implement 

an adaptive meshing using LOLA-Voronoi in an indoor 
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signal strength prediction developed by a modified 

Motley-Keenan model [14]; (b) the overall cost is 

reduced, while adequate accuracy is obtained in the 

computed estimation; (c) an indoor environment is 

selected as a reference scenario, and RMSE values of 

different indoor propagation models are calculated to 

verify the feasibility of the proposed model. 

This paper is organized as follows. The modified 

indoor propagation model and formulation of the LOLA-

Voronoi adaptive meshing method and the proposed 

HPMO are described in Section II. Section III describes 

the numerical simulation settings, prediction results and 

comparisons. Section IV concludes the paper. 
 

II. HIGH-EFFICIENCY PROPAGATION 

MODEL IMPLEMENTATION 

A. Modified Motley-Keenan model 

The path loss of indoor empirical propagation 

models are generally expressed as follows: 

AddLdL  )log(20)()( 0 ,                   (1) 

where L(d0) is the free-space loss at a reference distance 

d0 of 1m. d is the separation distance between transmit 

antenna (Tx) and receive antenna (Rx), A represents 

attenuation in signal strength, which tends to be variant 

in different models. 

A modified Motley-Keenan model [9] based on ray 

tracing is adopted in this work, A in equation (1) is 

mathematically expressed as: 

)log(10)log(10)
4

(log20   wwA 



,        (2)        

where λ represents the wavelength, τk, Гk are respectively 

the transmission and reflection coefficient when the  

ray encounters obstacle k, which can be calculated by 

Fresnel coefficients [19].  

The algorithm [15] uniformly divides the 2D 

research domain into a large number of nodes, and 

obtains the path loss corresponding to each node using 

the model expressed in equation (2).  

More details are added to the received EM signal 

strength P (in dB), such as transmit power and antenna 

directivity:  

)(RxTxTx dLGGPP  ,                        (3) 

where PTx is the transmit power, GTx and GRx are the 

transmitter (Tx) and receiver (Rx) antenna gains 

respectively.  

 

B. LOLA-Voronoi Adaptive meshing 

Adaptive meshing based on LOLA-Voronoi is 

aimed at selecting nodes in unexplored regions of the 

design space and adding nodes in regions which were 

previously identified to be interesting such as nonlinear 

regions [18]. These two measures are combined into a 

hybrid score to calculate each existing node: 
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where pm [m=1, 2, …, M] represents any one of the 

existing nodes, V(pm) is the size of Voronoi cell where 

pm is located, representing whether or not under-meshed 

around this point, the last fraction represents the non-

linearity behavior at pm.  
More specifically, Voronoi tessellation is an effective 

methodology to describe sampling density. It is a set of 

continuous polygons that connect the vertical bisectors 

of two adjacent line segments as shown in Fig. 1. 

 

 
 

Fig. 1. Voronoi tessellation in design space. 

 

Each cell contains only one node pm, and the cell 

size can be approximately estimated as: 

 
N

k
V m )(p ,                             (5) 

where N is the large number of randomly, evenly 

distributed Monte Carlo test points [tn, n=1, 2, …, N] 

generated in the domain, k denotes the number of test 

points closest to pm: 

'|' mmmnmn  ptpt .                     (6) 

In addition, the non-linearity can be estimated by  

the gradient g, which can be calculated by fitting a 

hyperplane through reference node pm and its ith neighbor 

),( )()( y
mi

x
mimi ppp   [i=1, 2, …, 4], the following system is 

solved by least squares: 
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where P(pmi) is the output value (here specifically refers 

to the received signal strength) corresponding to pmi, 
),( )()( y

m
x

m ggg  is the gradient that is being calculated. 

Then, the nonlinearity of the system near pm can be 

obtained by differences between the responses of the 

neighbors and the local linear approximation, using the 

following formula: 





4
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mmimmim PPO ppgppp .      (8) 

New node will be selected around the node with 

higher hybrid score according to equation (4). 

 

C. High-efficiency propagation model based on 

LOLA-Voronoi 

In order to avoid spending considerable amount of 

time and energy calculating a large number of nodes  

in [15], it is necessary to select a small number of 

interesting nodes to represent and predict the overall 

behavior of the propagation model. 

Therefore, the work-flow of the proposed HPMO is 

illustrated in Fig. 2. 

 

 
 

Fig. 2. Flow-chart of HPMO. 

 

In the design process, from two initial nodes located 

on the diagonal of the two-dimensional space, their 

corresponding signal strength value are calculated by 

equation (3), a new node will be generated around the 

node with the highest ranked score S according to 

equation (4). 

If the total number of the nodes has not yet been 

equal to the preset value M, a call is made to the model 

calculation and sequential design routine, which tends to 

select a new node to be evaluated, and the algorithm 

starts all over again. Finally, the EM signal strength 

distribution in the two-dimensional region is reconstructed 

according to the selected node and its corresponding 

output value. 

 

III. NUMERICAL RESULTS 
In this paper, all the simulation experiments are 

performed on a standard laptop with 1.6GHz CPU and 

8GB of RAM. 

 

A. Definition of indoor reference scenario  

In order to gain insight into the proposed model, the 

considered environment in this paper is an empty indoor 

environment with a very complex topology and form, 

including the size and shape of different rooms and 

corridors as shown in Fig. 3. 

 

 
(a)   (b) 

 

Fig. 3. Schematic view (a) and top view (b) of the indoor 

structure and transmitter location identification. 

 

The dot in Fig. 3 corresponds to the transmitter 

antenna [dipole], which is located at coordinates (x = 5 m, 

y = 3 m, z = 0.2 m). Specific simulation parameters are 

defined in Table 1. 

 

Table 1: Simulation parameters 

Parameters Value 

Frequency 2.4GHz 

Transmitter power 15dB(m) 

Wall permittivity 5.3 

Observation plane height 0.8m 

Observation range(x) [0m,50m] 

Observation range(y) [-5m,45m] 

 

B. Uniform meshing  

During the modeling process, in order to get better 

resolution, the uniform mesh size must be controlled 

below half the wavelength, which is due to Nyquist 

theory. As shown in Fig. 4 [mesh size of λ/2, total nodes 

of 6.4×105], the ray tracing algorithm [15] calculates 

each node to obtain a signal strength distribution map of 

the entire observation plane. 

In this indoor structure example, the grid size is 

closely related to the calculation time, as shown in Fig. 

5. The amount of computation for the exact solution of 
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the model tends to increase at an exponential rate with 

the problem size. 

 

 
 

Fig. 4. EM signal strength propagation map obtained by 

modified Motley-Keenan model based on uniform 

meshing. 

 

 
 

Fig. 5. The relation curve of mesh size and calculation 

time under uniform meshing. 

 

C. Adaptive meshing used LOLA-Voronoi  

In the study of electromagnetic field coverage in 

space, too fine mesh generation is not necessary. For the 

purpose of algorithm optimization and cost saving, the 

probes can be placed at interesting and representative 

positions, and then the signal strength in the entire 2D 

research area can be estimated by ordinary Kriging 

interpolation.  

To illustrate how LOLA-Voronoi identifies nonlinear 

regions while still maintaining proper domain coverage, 

the node distributions have been obtained using the 

adaptive meshing strategy and random meshing 

respectively when the number of M = 200 [Fig. 6 (a), Fig. 

7 (a)], and M = 500 [Fig. 6 (c), Fig. 7 (c)] nodes are used. 

Their corresponding prediction results are shown in Figs. 

6 (b), (d) and Figs. 7 (b), (d). 

 

 
(a)                                    (b) 

 
(c)                                    (d) 

 

Fig. 6. The distribution of nodes by the LOLA-Voronoi 

adaptive meshing and the corresponding prediction map 

when (a), (b) M=200, (c), (d) M=500. 

 

 
(a)                                    (b) 

 
(c)                                    (d) 

 

Fig. 7. The distribution of nodes by the random meshing 

and the corresponding prediction map when (a), (b) 

M=200, (c), (d) M=500. 

 

As shown in Fig. 6, as the number of nodes 

increases, the intensive subdivision always occurs near 

the wall where the signal strength value is mutated, and 

under-meshed is also avoided in other areas. Because 
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LOLA-Voronoi is always able to capture the details of 

the changes in the field, and can adaptively identify the 

location of interest while maintaining proper coverage. 

Random meshing is selected for comparison, which 

usually lead to chaotic distribution of nodes and even 

under-meshed of some regions [Fig. 7]. 

For the intuitiveness and completeness of the 

conclusion, the HPMO based on LOLA-Voronoi adaptive 

meshing is further verified by the prediction error versus 

the number of nodes [Fig. 8, 10 ≤ M ≤ 1000].  

The prediction precision could be supported by 

defining the relative error (ξ): 

2

2

ˆ

s

ss

 ,                                 (9) 

where s is the original data [Fig. 4] obtained by fine and 

uniform mesh, and ŝ  is the estimated data based on the 

several meshing nodes. In this paper, all the prediction 

errors are obtained by taking the average of the relative 

errors of equation (9) after 50 times measurement. 

 

 
 

Fig. 8. Performance Analysis—Comparison of prediction 

error between LOLA-Voronoi adaptive meshing and 

random meshing. 

 

In Fig. 8, LOLA-Voronoi adaptive meshing yields  

a certain improvement in the accuracy compared with 

random meshing. It is worth noticing that the fewer 

nodes makes the adaptive meshing more efficient than 

the random meshing, so as expected, the adaptive 

meshing strategy greatly accelerates the prediction of 

indoor propagation and keeps low prediction error by 

placing nodes in more important and interest positions. 

In order to further prove the accuracy of the 

proposed HPMO, Table 2 lists the RMSE (Root Mean 

Square Error) of indoor propagation models based on 

the benchmark simulation data of commercial software 

Altair Winprop in the same reference scenario. 

 

Table 2: RMSE of indoor propagation models 

Models RMSE(dB) 

Log-distance 7.18 

ITU-R [8] 8.46 

Multi-wall [9],[11] 4.74 

Modified Motley-Keenan [14-15] 4.65 

HPMO (0.16% of total nodes) 4.69 

 

It can be concluded from Table 2 that the HPMO 

proposed in this paper only needs 0.16% of the total 

number of nodes in the modified Motley-Keenan [14-15] 

model to reconstruct a result with the RMSE value  

of 4.69dB. It can be seen that even if the computing 

resources required by the original algorithm are reduced, 

it can still obtain sufficient prediction accuracy. 

 

IV. CONCLUSION 
In this paper, an innovative strategy for efficiently 

indoor propagation prediction has been proposed. In 

order to reduce the cost of the model program, the 

traditional dense uniform mesh method is replaced by an 

adaptive mesh method based on the output value. 

Accurately approximate the actual model based on a 

small number of interesting data points that are densely 

distributed in the nonlinear region and ensure that other 

regions are not under-meshed. Subsequently, the results 

from a representative set of numerical experiments have 

been reported and discussed to analyze the advantages of 

the proposed model in terms of accuracy and efficiency. 

The model obtained satisfactory results in the high-

efficient modeling of indoor scene, and also provided an 

important insight into the position of measuring 

equipment in actual experimental measurement. 
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