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Aiming at the large positioning errors of traditional coal mine underground locomotive, an improved received signal strength
indication (RSSI) positioning algorithm for coalmine underground locomotive was proposed.TheRSSI value fluctuates heavily due
to the poor environment of coal mine underground.The nodes with larger RSSI value corrected by Gaussian-weighted model were
selected as beacon nodes. In order to reduce the positioning error further, the estimated positions of the locomotives were corrected
by the weighted distance correction method. The difference between actual position and estimated position of beacon node was
regarded as the positioning error andwas given a correspondingweight.The results of simulation show that the positioning accuracy
of Gaussian-weightedmodel is better than statistical averagemodel andGaussianmodel and it has a high positioning accuracy after
correcting positioning error correction. In the 10m of communication range, positioning error can be maintained at 0.5m.

1. Introduction

Due to the closed andharsh environment of coalmine and the
narrow and intricate roadway, mine transportation accidents
often occur. It always accounts for a large proportion in all
kinds of coal mine accidents. Achieving coal mine under-
ground locomotive positioning technology is significant for
reducing economic losses and transportation accidents. It
also not only can allocate resource reasonable, but also can
repair locomotive timely when it breaks down.

At present, the underground positioning technologies
are Bedford and Kennedy [1] proposed evaluation of ZigBee
(IEEE 802.15.4) Time-of-Flight-based distance measurement
for application in emergency underground navigation. Lei
et al. [2] introduced a positioning technology of underground
moving target which is based onWi-Fi (wireless-fidelity) and
Web GIS (geographic information system). It uses trilatera-
tion algorithm to calculate relative coordinate of the target.
Hongpeng Chi et al. [3] introduced a laser-based positioning
system. The laser light is reflected back to locomotive using
time difference to calculate the distance and achieve position-
ing. Gao et al. [4] proposed a locomotive position system in

coal mine which is based on the piezoelectric accelerometer,
through integrating over the collected acceleration value
of the electric locomotive and solving out the speed and
position. Zhang et al. [5] used the inertial navigation system
into the coal mine locomotive localization system. Han et
al. [6] introduced a weighted centroid localization algorithm
which is based on received signal strength indicator. It can
access to the path of decline index dynamically, and then
calculate its own location using weighted centroid algorithm.

These researches of the positioning technology pro-
vide some useful exploration for achieving the coal mine
locomotive positioning, but they have defect in practical
application. In literature [1, 2] they are simple but have low
accuracy and do not suit high-precision mine operations.
In literature [3] it is influenced by the environment and
may get larger positioning errors in harsh environment. In
literatures [4, 5] they have limits; for example, if locomotive
gets rapidly speedy, positioning accuracywill become low and
there is greater cumulative error and it takes longer time in
positioning process. In literature [6] it is achieved easily and
has better accuracy, but it is not stable and the error fluctuates
greatly with the change of locomotive location.
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According to the analysis, considering the low cost,
complexity, and without any additional hardware device of
RSSI location and arranging nodes sufficiently in the pit [7–
9], this paper uses RSSI location and makes improvement.
The positioning errors of RSSI positioning algorithm for coal
mine underground locomotive have two primary factors.
Firstly, the RSSI value is very unstable, because it is influenced
by bad environment such as diffraction, multipath, and
obstructions. Secondly, location algorithm is not precise
enough and cannot deal with some inaccurate date effectively.
The main methods of managing RSSI value are statistical
mean model, weighted model, Gaussian model, and so forth.
Literature [10] simulated several models and the results show
that the highest ranging precision is Gaussian model. Litera-
ture [11] proposed a correction algorithm based on Gaussian
anchor nodes; literature [12] proposed a D-Gaussian model,
it can filtrate variance level interference. Literature [13] used
hybrid filtering method to optimize RSSI value. This paper
presents a Gaussian-weighted model to get more accurate
distance, uses weighted least squares method to estimate
location of the locomotive, and corrects positioning error
using weighted distance correction method.

2. Wireless Communication Model and
RSSI Ranging Model

2.1. Wireless Communication Model of Coal Mine. Because
coal mine tunnel is narrow and has rails, the nodes cannot
be arranged anywhere. In order to collect wireless signal of
the nodes correctly, the beacon nodes are arranged on both
sides of the track and spaced in a certain distance to reduce
interference between the signals, as shown in Figure 1.

In Figure 1, Wireless AP (access point) is a node which
can communicate with other wireless AP using wireless
technology and A, B, C, and D are the beacon nodes which
are arranged on both sides of the rail. When the locomotive
is running to this location shown in Figure 1, it can commu-
nicate with beacon nodes and it is ensured that the number of
the nodes which can communicate with locomotive is greater
than or equal to 4. That ensures the calculation of exact
location. In order to guarantee the number of communication
nodes, the distance between nodes A and B should not exceed
the range of the communication; the same goes for C and D,
in Figure 1. To obtain more accurate RSSI values, the distance
between A and B or C and D can be reduced. If the distance
is short sufficiently, the number of communication nodes
may be increased to five or more and the relative cost and
complexity of the algorithm will increase.

2.2. RSSI Ranging Model. As the propagation distance of
radio signal increase, the signal strength decay. It has different
attenuation amplitude, in different environments. In WSN
(Wireless Sensor Network), the commonly used wireless
signal propagationmodels are: free space propagationmodel,
1og-distance path lossmodel,Hatamodel, log-distance distri-
bution model, and so forth [14, 15].

Log-distance distribution model can be used to calculate
the path loss when nodes received information.The model is
shown as follows:

PL (𝑑) = PL (𝑑
0
) + 10 × 𝑛 × lg(

𝑑

𝑑
0

) + 𝑋
𝜎
, (1)

where PL(𝑑) is the path loss after signal transmitting distance
𝑑, the unit of the path loss is dB,𝑋

𝜎
is a Gaussian distribution

random variable whose mean value is 0 and standard devi-
ation is 𝜎 (generally 4–10), 𝑛 is path attenuation factor and
always takes 2–5, 𝑑

0
is reference distance and usually equals

1 meter, and PL(𝑑
0
) is a path loss after signal transmitting

distance 𝑑
0
(generally 1m).

The RSSI of nodes at distance 𝑑 is

RSSI = 𝑃send + 𝑃amplify − PL (𝑑) , (2)

where 𝑃send is transmitting power and 𝑃amplify is the gain of
antenna.

Similarly

𝐴 = 𝑃send + 𝑃amplify − PL (𝑑
0
) , (3)

where 𝐴 is the RSSI at the distance of 𝑑
0
.

By (1), (2), and (3) the distance between unknown nodes
and beacon nodes can be calculated:

𝑑 = 10
((𝐴−RSSI−𝑋

𝜎
)/10𝑛)

𝑑
0
. (4)

3. Improved RSSI Positioning Algorithm of
Underground Locomotive

RSSI values show a great probability of randomness and
volatility, when the wireless signal is propagating in coal
mine. If only use formula (4) to calculate distance, 𝑥

𝜎
is

unknown and it is not a solution. Without 𝑥
𝜎
or it takes 0

the fluctuation range of positioning error is large. Obviously
this is not consistent with the positioning requirements of
underground. To reduce the positioning error RSSI value
correction is an essential part of the positioning algorithm.
So a new correctionmodel of RSSI value (Gaussian-weighted
model) is proposed.Then estimate locomotive position using
the least squares method. At last correct the estimation
position using weighted distance correction.

3.1. Correct RSSI Value. Gaussian-weighted model combines
the advantages of several models; concrete steps are as
follows.

(1) High probability of RSSI values is selected by Gaus-
sianmodel.When the unknown node receives several
RSSI values from a same beacon node, the RSSI values
with a probability density less than 0.6 (this valuemay
be due to environment) are filtered byGaussianmodel
[13]. Arrange the remaining RSSI values from small
to large: RSSI

1
≤ RSSI

2
≤ ⋅ ⋅ ⋅ ≤ RSSI

𝑚
, where 𝑚 is

number of remaining RSSI.
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Figure 1: Wireless communication model.

(2) Calculate the weight of the RSSI values of𝑚. Suppose
that 𝜇 and 𝜎

2 are the mean and variance of these RSSI
values. Consider

𝜇 =
1

𝑚

𝑚

∑
𝑖=1

RSSI
𝑖
,

𝜎
2
=

1

𝑚

𝑚

∑
𝑖=1

(RSSI
𝑖
− 𝜇)
2
.

(5)

Define the formula of weights:

𝑤
𝑖
=

1/max {𝜎2, (RSSI
𝑖
− 𝜇)
2
}

∑
𝑚

𝑖=1
1/max {𝜎2, (RSSI

𝑖
− 𝜇)
2
}
, (6)

where max{𝜎2, (RSSI
𝑖
− 𝜇)
2
} is to make the weight

value smoother. As long as the difference between
RSSI value and mean is less than the overall variance,
take 𝜎

2 to determine the weight of size. On the
contrary, it is (RSSI

𝑖
− 𝜇)
2. From (6) it can be drawn

that the larger the difference, the smaller the weight.
(3) Calculate the RSSI value after correcting. Let the

𝑚 RSSI value multiply with the weight values of
themselves; then sum the multiplied values as the
correction RSSI value. The formula is

RSSI
𝑐
=

𝑚

∑
𝑖=1

𝑤
𝑖
× RSSI

𝑖
. (7)

After correcting, formula (4) turns to

𝑑 = 10
((𝐴−RSSI

𝑐
)/10𝑛)

𝑑
0
. (8)

3.2. Weighted Least Square Method. Suppose that the coordi-
nate of locomotive is 𝐴(𝑥, 𝑦) and the coordinates of beacon
nodes 𝐴

𝑖
are (𝑥

𝑖
, 𝑦
𝑖
), 𝑖 = 1, 2, . . . , 𝑁, where 𝑁 is the number

of beacon nodes and 𝑁 ≥ 4. There are 𝑁 measurement
equations, when each beacon node can communicate with
the unknown node, which showed

𝐷
𝑖
= 𝑑
𝑖
+ V
𝑖
, 𝑖 = 1, 2, . . . , 𝑁, (9)

where 𝑑
𝑖

= √(𝑥 − 𝑥
𝑖
)
2
+ (𝑦 − 𝑦

𝑖
)
2 and V

𝑖
is measurement

error. Formula (9) is linearized and both sides are squared

−2𝑥
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2
+ 𝑦
2
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2
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2
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+ 𝑦
2

𝑖
) . (10)

Define 𝑅 and 𝑅
𝑖
: 𝑅 = √𝑥2 + 𝑦2; 𝑅

𝑖
= √𝑥2
𝑖
+ 𝑦2
𝑖
.

Formula (10) is turned to

−2𝑥
𝑖
𝑥 − 2𝑦

𝑖
𝑦 + 𝑅
2
= 𝐷
2

𝑖
− 𝑅
2
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𝑖
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𝑖
V
𝑖
. (11)

Simplifying formula (11) we can obtain the following:

h = G𝜃 + v, (12)

where

𝜃 = [𝑥 𝑦 𝑅2]
𝑇

, h=

[
[
[
[
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𝐷2
2
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2

...
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𝑁

]
]
]
]
]
]
]

]

,
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(13)

The following is the least-square solution of formula (12):

𝜃 = (G𝑇WG)
−1

G𝑇Wh = [𝜃𝑥 𝜃
𝑦

𝜃
𝑅
2]
𝑇

, (14)

where W is the inverse matrix of covariance matrix v of
Gaussian noise.

3.3. Correct Positioning Error. Because weighted least square
method cannot correct some positioning error which is
caused by some inaccurate date, estimated location must
make further correction and calculate more precise location.
The method is weighted distance correction. Estimate the
position of beacon nodes as unknown nodes and then the
difference of coordinates between estimated position and
actual position as the positioning errors and give them
appropriate weight. Finally calculate correction value. There
are 3 steps.

(1) Every beacon node is used as unknown node to
estimate its own estimated position and calculate the
error between estimated position and actual position.
Suppose that the estimated position is (𝑥

𝑎𝑖
, 𝑦
𝑎𝑖
)which

is calculated by the way of above. So the positioning
error is

𝑒
𝑖
= [

𝑥
𝑖
− 𝑥
𝑎𝑖

𝑦
𝑖
− 𝑦
𝑎𝑖

] . (15)

(2) Determine the weights of localization errors of every
beacon node. Because in the coal mine the closer the
distance between beacon node and unknown node,
the more similar of environment and the closer the
positioning errors, its weight should be greater. The
weights of 𝑁 beacon nodes which are involved in
positioning are defined as follows:

𝑘
𝑖
=

1/ (1 + 𝑑
𝑖
)

∑
𝑁

𝑖=1
1/ (1 + 𝑑

𝑖
)
, (16)

where 𝑑
𝑖
is the distance from unknown node to 𝑁

beacon nodes. They are calculated by formula (8).
(3) Calculate the final location coordinate.The correction

values are obtained by multiplying formulae (15) and
(16). Consider

𝑒 =

[
[
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[

[

𝑒
𝑥
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∑
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𝑘
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]
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. (17)

So the final positioning coordinates of unknown node
(locomotive) are

𝑥 = 𝜃
𝑥
+ 𝑒
𝑥
,

𝑦 = 𝜃
𝑦
+ 𝑒
𝑦
.

(18)

3.4. Select Better Beacon Nodes. Selected beacon node also
has a great influence on the positioning error. A feature of
the wireless signal is path loss when it is spread; the closer
the distance between the node and locomotive, the smaller
the path loss and the smaller the effect of various positioning
error [16]. Equation (4) shows that the RSSI value is greater
when it has closer communication distance. So the beacon
nodes of bigger RSSI value are selected. These beacon nodes
have more decision power to the location of the locomotive
that can improve the positioning precision of the algorithm.
The specific process is as follows.

(1) When the number of beacon nodes is larger or equal
to 4 which is communication with the locomotive
𝑁
0

≥ 4, arrange the RSSI values. Select ahead of 𝑁

(4 ≤ 𝑁 ≤ 𝑁
0
) RSSI values as beacon nodes and

involve in the calculation of the next step.
(2) When𝑁

0
< 4, space some time and continue to signal

until 𝑁
0
≥ 4. Then execute step (1).

4. Process of Improved Algorithm

From the above analysis to improved algorithm for coal mine
locomotive positioning, we can know that the process is
divided into the following steps.

(1) Before receive positioning signal, beaconnodes calcu-
late their own positioning errors using formula (15).
Then they wait for positioning.

(2) After the positioning signal is emitted by locomotive,
the nodes that can communicate with locomotive
send the positioning errors which are calculated by
step (1); then the locomotive records them. Do it
repeatedly and record RSSI values. These exact RSSI
values of each node can be calculated by formula (7).

(3) These RSSI values are arranged and select the number
of𝑁RSSIwhich is larger than others as beacon nodes.

(4) These RSSI values are translated into distance by
formula (8).Then estimate the initial position of loco-
motive. At last determine the location of locomotive
by formula (18).

5. Simulation and Experiment

UsingMATLAB simulation platform for experiment, in order
to make the simulation results more in line with the actual
environment of locomotive, we selected a plane of 5m ×

100m and arranged nodes on both sides of the track. ZigBee
technology is used as wireless communication technology.
Because it shows low power consumption, low cost, short
time delay, large network capacity, reliability, and security and
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Figure 2: Relationship between the number of RSSI of a single node
and ranging error.
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Figure 3: Comparison of the ranging error of RSSI.

can meet the need of mine. Suppose the initial coordinate of
locomotive is (0, 0), path attenuation factor 𝑛 is 3.5, 𝐴 takes
−45 dB, 𝑋

𝜎
is Gaussian distribution whose mean is 0, and

standard deviation𝜎 is 6.The speed of the locomotive is about
5m/s. Six beacon nodes were in range of communication.
Firstly, it will increase the communication and calculation

Table 1: Comparison of the ranging error.

Error/m Statistical mean
model

Gaussian
model

Gaussian-weighted
model

Average error 2.2708 1.1689 0.9213
Maximum error 3.0328 1.8512 1.6789

time of locomotive. Secondly, it will cause more interference.
The simulation is divided into the following three aspects.

(1) Compare correction models of RSSI value. Com-
pare ranging accuracy among statistical mean model,
Gaussian model, and Gaussian-weighted model. If it
has higher ranging accuracy, its correction of RSSI
values is more precise. The result is shown in Figures
2 and 3.
Figure 2 is a relationship between the number of RSSI
of a single node and ranging error and communi-
cation radius is 20m. The number of RSSI values
of a single node has a great influence on ranging
accuracy. When the number of RSSI value increases,
the cost of the location is higher and the positioning
accuracy increases. It can be seen from Figure 2 that
the accuracy of the three models is increased, as the
number of RSSI value increases, particularly within
100 the errors fall fastest. The Gaussian-weighted
model has the highest ranging accuracy and the error
decline is most obvious. When the number of RSSI
values is more than 100, ranging error decreased
slowly significantly and the positioning error of three
models becomes closer. When the number of RSSI
values is taken to 500, ranging error is very similar.
From the above analysis, it is best to take 100 as
the number of the RSSI values in this simulation.
That costs less and the Gaussian-weighted model
maintains high ranging accuracy.
Figure 3 shows the comparison of ranging error of
the three models. The number of the RSSI value
of each node is 100. As can be seen from Figure 3,
the error of statistical mean model is maximum and
the maximum ranging error is 4.5m, approximating
10% of measurement distance.The error of Gaussian-
weighted model is minimum and the maximum
ranging error is 3m, approximating 7% of measure-
ment distance.With the expansion of communication
radius, ranging errors of three models are increased.
The error of statistical mean models fluctuates bigger
and grows faster than the other two models. In order
to obtain more accurate data, we took the commu-
nication radius 20m and did experiment repeatedly
to calculate the average error. The specific data are
shown in Table 1.
The results can be taken from the experiment that
the highest ranging precision is Gaussian-weighted
model. Its average error is less than 1m within
communication radius of 20m and maximum error
does not exceed 2m. The lowest ranging precision
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Table 2: Comparison of the positioning error.

Communication radius 5m 10m

Ranging model Statistical
mean model

Gaussian
model

Gaussian-weighted
model

Statistical
mean model

Gaussian
model

Gaussian-weighted
model

Positioning error
(without correction)/m 0.4780 0.3526 0.3645 1.0838 1.0126 0.8213

Positioning error
(correction)/m 0.4215 0.3215 0.3187 0.8838 0.6126 0.5213

Communication radius 20m 40m

Ranging model Statistical
mean model

Gaussian
model

Gaussian-weighted
model

Statistical
mean model

Gaussian
model

Gaussian-weighted
model

Positioning error
(without correction)/m 1.9421 1.5765 1.3569 5.3751 3.4548 3.0521

Positioning error
(correction)/m 1.6421 1.1765 0.9569 4.3751 2.7548 2.0521
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Figure 4: Comparison of these positioning algorithms with or without positioning error correction.

is statistical mean model. Its average ranging error
already exceeds 2mwithin the communication radius
of 20m. Gaussian model is between them; compared
to the statistical mean model the error is more stable.
So themost accurate correctionmodel of RSSI value is
Gaussian-weightedmodel and its error is more stable.

(2) Comparison of positioning error. Firstly, compare
positioning accuracy of statistical meanmodel, Gaus-
sian model, and Gaussian-weighted models with or
without weighted distance correction. The result is
shown in Figure 4. Secondly, the positioning accu-
racies are compared with different numbers of the
beacon nodes. The result is shown in Table 3.
From Figure 4(a) it can be seen that the minimum
positioning error is Gaussian-weighted model and

with the increasing of communication radius it grows
more stable.Themaximumpositioning error is statis-
tical mean model and the error is not stable enough.
Gaussian model is between the other two models and
the error grows stable.

Comparing the positioning error of Figures 4(a) and
4(b), it can be seen that if algorithm is corrected by
weighted distance correction, it is more accurate than
without correcting. Gaussian-weighted model is the
best. At a communication radius of 40m, error of
Gaussian-weighted model is reduced 33%, while the
statistical mean model and the Gaussian model are
reduced 19% and 22%. The specific comparison data
is shown in Table 2.
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Table 3: Comparison of the positioning error with different beacon
nodes.

The size of 𝑁 4 6 8 10
Statistical mean model 1.7708 16589 1.5913 1.5237
Gaussian model 1.4028 1.2012 1.1189 1.0756
Gaussian-weighted model 1.2617 0.9636 0.9337 0.9165

Algorithm of literature [6]
Algorithm of literature [12]
Algorithm of literature [13]
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Algorithm of this paper
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Figure 5: Comparison of the positioning error among different
algorithms.

In Table 3, communication radius is 20m. From
Table 3 it can be seen that positioning error is small
when the number of beaconnodes increased. Butwith
the increase of beacon nodes, the reduced amount of
positioning error is decreased, particularly Gaussian-
weighted model. This is because the amount of cal-
culation of Gaussian-weighted model is larger than
the Gaussian model and the statistical meanmodel. It
will cost more time to perform the calculation when
the beacon nodes are increased. So positioning error
will become large when the locomotive is moving.
From Table 3 and considering the cost, 6 is the most
appropriate choice.

(3) For comparison of positioning algorithm, compare
these algorithms of literatures [6, 11–13] and this paper
in the same environment; the simulation result is
shown in Figure 5. As can be seen from Figure 5,
the positioning accuracy of this paper is highest.
The algorithm of literature [6] has high positioning
accuracy within 25m. Out of 25m, its positioning
grows faster than others. The other three algorithms
have higher positioning error than this paper, but they
are more stable than in the literature [6].
The results of above experiment show that in the case
of positioning error correction Gaussian-weighted

model has highest positioning accuracy. The smaller
the communication radius, the less the positioning
error is. When the communication radius is 10m,
the positioning accuracy can be maintained at about
0.5m.

6. Conclusions

(1) This paper analyzes a number of factors of locomotive
positioning errors for coal mine and proposes a
coal mine locomotive positioning algorithm based on
RSSI. Because the RSSI value in coal mine is very
unstable, it is corrected by weighted-Gaussian model.
This model combines the advantages of Gaussian
model and weighted model. It has high ranging
precision in the coal mine of harsh environment.

(2) Just using weighted least square method to estimate
the position of locomotive cannot reduce the impact
of some inaccuracy dates effectively. Correcting the
estimated position is necessary. This paper proposes
a weighted distance correctionmethod.The position-
ing errors of each beacon node are calculated using
Gaussian-weighted model and weighted according to
the distances from locomotive to the beacon node.
The closer the distance is, the greater the weight is.

(3) The algorithm which is proposed is simulated by
MATLAB. The results of experiment show that
Gaussian-weighted model is the best model. In the
case of positioning error correction, positioning error
is descendant while communication radius is the
same and the minimum positioning error is less than
0.5m.
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