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In Time-of-Arrival (TOA) based indoor human tracking system, the human body mounted with the target sensor can cause
non-line of sight (NLOS) scenario and result in significant ranging error. However, the previous studies on the behavior of indoor
TOA ranging did not take the effects of human body into account. In this paper, measurement of TOA ranging error has been
conducted in a typical indoor environment and sources of inaccuracy in TOA-based indoor localization have been analyzed. To
quantitatively describe the TOA ranging error caused by human body, we introduce a statistical TOA ranging error model for
body mounted sensors based on the measurement results. This model separates the ranging error into multipath error and NLOS
error caused by the creeping wave phenomenon. Both multipath error and NLOS error are modeled as a Gaussian variable. The
distribution of multipath error is only relative to the bandwidth of the system while the distribution of NLOS error is relative to
the angle between human facing direction and the direction of Transmitter-Receiver, signal to noise ratio (SNR) and bandwidth of
the system, which clearly shows the effects of human body on TOA ranging.
Index Terms—TOA, Body area network, ranging error, human tracking, indoor localization, indoor location system.

I. I NTRODUCTION
OWADAYS, the rapid development of ultra wide band
(UWB) technology in the wireless industry not only
provides high data rate wireless communication, but also
realizes the precise TOA-based indoor localization. With the
awareness of localization information becoming increasingly
important for human beings, numerous potential localization
applications for indoor human tracking and positioning have
been identified. These applications are widely used for security
and health purposes such as monitoring patients in the hospital,
navigating firefighters in the burning house, locating miners in
the underground environment and even tracking soldiers in the
battle field [1], [2]. The requirement of higher localization
accuracy for indoor human tracking system on one hand
challenges the system design and device manufacturing and on
the other hand leads to in-depth investigation on the possible
sources of TOA ranging error. In typical indoor localization
system, target sensors are often mounted to the surface of
human body and the distances between target sensor and
external base stations are measured to calculate the targets
position [4].
Superior to the well-known received signal strength (RSS)
based and angle-of-arrival (AOA) based indoor localization
technologies, TOA-based localization is famous for its extraordinary accuracy and practical features [2], [3], [14]. In
a typical indoor environment, with efficient algorithm and
enough sampling, the median ranging error of RSS-based or
AOA-based localization goes up to 3 meters [6], [7]. However,
given adequate system bandwidth, the median ranging error of
TOA-based localization can be limited within 1.5 meters [3].
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For TOA-based localization, narrow impulse signals are transmitted from the target node to the reference nodes with known
location. By measuring the impulse propagation time, distance
between sensor node and base station can be easily estimated
by multiplying the propagation time with the velocity of the
signal.
In indoor environment, the accuracy of TOA ranging is
correlated to the multipath condition of the wireless channel,
since only the propagation time of the impulse in direct path
represents the actual distance. In a multipath rich environment, impulse always combines with the neighbor multipath
components [3]. The direct path is unable to be distinguished
and the most efficient way to estimate the arrival time of
received signal is to measure the arrival time of the first
peak above threshold in receive signal profile. In Line-if-Sight
(LOS) scenario, the ranging error comes from multipath error,
which is caused by combination of the direct path and its
neighboring multipath components [8]. In NLOS scenario, the
NLOS error is caused by the blockage of direct path. Compare
to the multipath error, NLOS error contributes more to the
localization inaccuracy due to the fact that the signal strength
of direct path is so strongly attenuated that it often drops below
the threshold and becomes undetectable [5], [19]. When the
direct path has been failed to be detected, the first adjacent
path over the threshold will be considered as the direct path,
leading to significant ranging and localization error.
The IEEE 802.15.6 standard defines the body surface sensor
node as a node that is placed on the surface of human skin
or at most 2 centimeters away [13]. In that situation, human
body can be regarded as a smooth and bended surface on
which the wireless signal can be diffracted and travels in the
pattern of creeping wave [10]. Consequently, apart from the
NLOS error cause by the penetration loss of human body,
the creeping wave around the surface of human body also
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contribute to the inaccuracy of TOA-based indoor localization.
Due to the complexity of penetration and creeping process of
wireless signal, it is very difficult and not necessary to solely
identify the NLOS error and ranging error caused by creeping
wave. However, knowing the joint effect of the involvement of
human body is significantly helpful in evaluating the human
tracking systems performance as well as designing localization
algorithms.
When the target nodes are mounted to the surface of human
body, the characteristics of the radio propagation channel
between target node and reference node changes according
to the involvement of the human body. In most of the indoor
human tracking systems, the target nodes are mounted on the
surface of human body and TOA ranging performs in both the
channel from body surface to body surface and the channel
from body surface to external base station. Such channels
are defined as CM3 and CM4 for body area network in
IEEE 802.15.6 standard [13], [20], [21], [22], [23]. In these
particularly channels, geometrical relationship of the human
body, target node and reference nodes lead to various type
of localization scenario. With chest mounted target sensor,
whenever the reference node is located at the side or backside
of the human, NLOS scenario can be raised in different scale
resulting in relatively huge TOA ranging error [20]. Therefore,
human body is an important source of TOA ranging error for
indoor human tracking system.
The previous studies on behave of TOA ranging error in
indoor environment provides typical and solid TOA ranging
error model, separates the ranging error of LOS scenario and
NLOS scenario [9], [12], [17] and presents statistical method
to identify NLOS scenario [19]. However, these works fail to
take the effects of human body into account and most of the
latest TOA-based human tracking researches and applications
are still based on the traditional ranging error model, suffering
from the inaccuracy caused by the human body [24], [18].
In this paper, measurements have been conducted inside
typical office environment with the target sensor mounted
to the chest of human body. The TOA ranging error is
observed to form a Gaussian distribution and the empirical
measurement results have been analyzed from the perspective
of system bandwidth, SNR, first path-to-power ratio (FNR)
and geometrical relationship of human body, target node and
reference nodes. Statistical model for the specific scenario has
been built using bandwidth, SNR and geometrical information
as parameters and the model coefficients have been properly
worked out by curve fitting. The ranging error model is
separated into LOS scenario and NLOS scenario and it also
shows the minimum SNR required for successful localization.
At the end of this paper, the ranging error model has been
validated.
The remainder of this paper is organized as follows: Section
II describes the environment, system setup and scenarios of the
measurement; Section III provides the empirical measurement
results and analysis; Section IV presents the derivation of the
detailed TOA ranging error model considering the effect of
human body. Model validation is also provided in this Section;
Section V presents our conclusions and comments on the
future work.

Fig. 1. Measurement system including network analyzer, power amplifier,
human body and antennas.

Fig. 2. A sample of recorded time domain channel profile that shows the first
path detection process.

II. M EASUREMENT S CENARIO
In this section, we provide details of our measurement
environment and necessary definitions for the rest of this
paper. Two major components of practical TOA-based indoor
human tracking nodes are transceiver module that supports
waveform transmission and MCU that runs the ranging and
localization algorithms. To facilitate our measurement, a vector
network analyzer (VNA) has been employed to accomplish
the waveform transmission and record the channel profile.
After that the channel profile will be parsed by post-processing
program to get the TOA ranging.
A. Measurement System
As shown in Fig. 1, the measurement system employs a
vector network analyzer (Agilent E8363), a pair of UWB
antenna (Skycross SMT-3TO10M), low loss cables and a
power amplifier (3-8GHz, 30db). The receiver (RX) antenna is
used as target sensor, which is mounted to the middle of chest
of human body with the height of 1.34 meters. The human
involved remains standing posture during the measurement.
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The transmitter (TX) antenna is used as reference node and it
is attached to a tripod with the same height as RX antenna.
During the measurement, S-parameter S21 , the transfer
function of the channel, is measured by VNA in frequency
domain with 1601 sample points. The received signal is
transferred to time domain by inverse fast Fourier transform
(IFFT) with a Hanning window applied to the time domain
received channel profile to limit the sidelobe. The first peak
can be detected by setting up proper threshold of the time
domain signal strength and the propagation time of the first
peak can be easily estimated. To guarantee the accuracy of the
first path TOA, undesirable effects of the cables, the power
amplifier, antennas and other system components are removed
through system calibration. Typical recorded channel profile
has been shown in Fig. 2 in which the first detected path
above the threshold arrived at time τ . Therefore, the estimated
distance between target sensor and reference node can be
defined as dˆ = τ × c where c is the speed of radio wave
propagation in the free space.

Measurement scenarios can be partitioned into LOS or NLOS
scenario by whether the human body is blocking the direct line
between TX and RX. To help classify these two scenarios, we
define the relationship between θ and physical scenario S as
follow:
{
N LOS, θ ∈ [0o , 90o )
S=
(2)
LOS,
θ ∈ [90o , 180o ]
2) SNR
In the measurements, the transmit power PT X of VNA has
been set from 0 to -40 dBm by 10dBm per step to model the
effect of human body on TOA ranging error in different SNR
condition. In order to obtain SNRLOS , RX antenna is attached
to a tripod with the same height as TX antenna in the same
position as depicted in Fig. 3 and the pure background noise in
the typical indoor environment of our measurement has been
measured. SNRLOS is then calculated by using PT X and the
background noise. The SNR subset SNRLOS is defined as
follows:
¯ RLOS = {71.5dB, 62.0dB, 52.4dB, 42.3dB, 32.4dB}
SN

B. Settings
The measurement was performed in Room 233 of Atwater
Kent Laboratory, an office building located in Worcester
Polytechnic Institute, Worcester, MA, US. As shown in Fig. 3,
this room is medium size with dimensions of approximately
18 × 12 meters and filled with desks, chairs, large windows
and blackboards. The TX antenna is located near the wall and
the distance between TX and RX antenna is fixed to 5m. TOA
ranging error e can be then defined as:
e = dˆ − d,

(1)

where dˆ is the distance estimation in our measurement and d
is the actual distance, 5m.
Measurement cases can be described using a scenario-based
approach. A measurement case set, denoted by:

Fig. 3. Measurement scenario with the angle θ defined as the horizontal angle
between human facing direction and the TX-RX direction.

Case = {θ, SNRLOS , W }
is composed of a subset W which is the indoor human
tracking system bandwidth, a SNR subset SNRLOS which is
the SNR without taking into account the effects of human
body and an angle subset θ which represents the geometrical relationship of human body and TOA-based localization sensors. A specific case of our measurement can be
Case = {30o , 62.0dB, 1GHz}. For each measurement case,
the ranging error can be then defined as: Êθ,SNRLOS ,W . Over
600 TOA ranging errors are obtained in each case to guarantee
the validity of the measurement result and definition and
settings of three subsets are introduced as follow:
1) θ
As shown in Fig. 3, the geometric relationship among
human body, TX and RX is defined as the horizontal angle
between the facing direction of the human body and the
direction of TX-RX. Measurements are performed in every
30o as shown in Fig. 3 and the subset θ is given by:
θ̄ = {0 , 30 , 60 , 90 , 120 , 150 , 180 }
o

o

o

o

o

o

o

Fig. 4. Sample distribution of TOA ranging error with PDF curve fitting,
Case = {120o , 62.0dB, 3GHz}.
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3) W
Four popular UWB bandwidths ranging from 500MHz up
to 5GHz are used in our measurements to analysis the effect of
bandwidth on TOA ranging error for indoor human tracking.
The system bandwidth subset W can be given by:
W̄ = {5GHz, 3GHz, 1GHz, 500M Hz}
III. R ESULT A NALYSIS
The general observation for our measurement is that the
TOA ranging for every measurement case forms Gaussian
distribution no matter in LOS scenario or NLOS scenario. The
curve fitting result for sample result has been shown in Fig. 4
in which the Gaussian PDF has been proved to be the best fit
line.
A. Geometrical Relationship
To better understand the effect of geometrical relationship
on TOA ranging error, the mean and variance of the Gaussian
distribution have been further investigated. Fig.5(a) and (b)
shows the relationship between the mean and variance of TOA
ranging error and the horizontal angle θ. As is mentioned in
the previous sections, when θ ∈ [90o , 180o ], we define it as the
Mean VS. q and SNR

LOS

1

10

(W=5GHz)
SNRLOS=71.4db
SNRLOS=62.0db
SNRLOS=52.4db

Mean of TOA Ranging Error

SNRLOS=42.3db
SNRLOS=32.4db
0

10

-1

10

-2

10

0

30

60

90

120

150

180

q

(a)
Variance VS. q and SNRLOS (W=5GHz)

1

10

SNRLOS=71.4db
SNRLOS=62.0db
SNRLOS=52.4db

0

Vaiance of TOA Ranging Error

10

SNRLOS=42.3db
SNRLOS=32.4db

-1

10

-2

10

-3

10

-4

10

0

30

60

90

Fig. 6. Sketch of creeping wave phenomenon around human body. (a):
Section of a male adult torso from 3D human body model. (b): creeping wave
phenomenon when θ = 0o . (c): creeping wave phenomenon when θ = 30o .
(d): creeping wave phenomenon when θ = 60o .
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(b)
Fig. 5. Effect of θ and SNRLOS . (a):Variation of the mean of TOA ranging
error. (b):Variation of the variance of TOA rangign error.

LOS scenario, which means the human body is not blocking
the direct line between TX and RX. In that scenario, both
mean and variance of the TOA ranging error are relatively
stable, indicating that the horizontal angle θ has little effect
on the TOA ranging error distribution because the direct path
always exists and the first path we observed in the time domain
channel profile can be regarded as the direct path itself.
In the pre-defined NLOS scenario where θ ∈ [0o , 90o ),
dramatic change of both the mean and variance can be found
and both mean and variance of the TOA ranging error decrease
with the increment of angle θ. As Fig. 6(a) shows, when
the TX is located in the center of human torso and RX is
located at the surface of middle chest at the same height of
TX, the software simulation using FDTD method proved that
the pathloss of the TX-RX link is as large as 56.2dB. Based
on that result, the total penetration loss of human body can be
over 80dB [25]. With such a huge attenuation, the direct path
that penetrates the human body will be no longer detectable
and the creeping wave can be regarded as the dominant of the
TOA ranging error.
Fig. 6(b), (c) and (d) shows the creeping wave around
human body with various value of horizontal angle θ. The
creeping wave initiates from the TX and travels along the dual
direction around the human body. With the increment of angle
θ, the length of the blue ray decreases while the length of the
red ray increases. As a result, the blue ray turns out to be
less attenuated and becomes the first arrival path at the RX.
Since [15] argues that for every radian of angle θ there will be
18dB more attenuation and around 0.4ns delay of the creeping
wave, with larger angle θ the TOA ranging error is supposed
to be smaller. The above discussion reasonably explained the
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measurement result shown in Fig. 5(a) and (b).
B. Effect of Bandwidth
Bandwidth is a critical feature to the precision of TOA
based localization system. To further analyze the effect of
bandwidth on TOA ranging error, additional measurement has
been conducted at different system bandwidth and the subset
W has been expanded to:
W̄expanded = {50M Hz, 100M Hz, 200M Hz, 300M Hz,
500M Hz, 1GHz, 1.2GHz, 1.5GHz, 2GHz, 2.5GHz,
3GHz, 3.5GHz, 4GHz, 4.5GHz, 5GHz}
As we expected, when the bandwidth drops, both mean
and variance of TOA ranging error increase. Fig. 7 shows
that given 5GHz system bandwidth, the mean of ranging error
can be limited within 0.1934 meters while given only 50MHz
bandwidth, the mean error raises up to several meters. When
the bandwidth is larger than 1GHz, the order of magnitude
of variance remains under 0.2 meter. However, for 50MHz
bandwidth, the variance dramatically runs up to more than 5
meters.
The empirical experiment result shows that there exists a
threshold of bandwidth over which the increment of bandwidth
no longer benefits the localization performance. That threshold
is investigated by zooming in the 2GHz to 4GHz frequency
band. As can be seen in Fig. 7, at approximately 3GHz, we
obtain the minimum value of mean of TOA ranging error,
while at around 3.5GHz, the minimum variance of the TOA
ranging error can be observed. For bandwidth more than
3.5GHz, performance can be hardly ever further improved by
providing larger bandwidth.

Fig. 7. Effect of system bandwidth on TOA ranging error. Origin frequency
band ranges from 50MHz to 5GHz and the 2GHz-4GHz band has been
zoomed in.

C. Power
As can be seen from Fig. 5(a) and (b), the signal to noise
ratio also has a strong influence on the TOA ranging performance. Both mean and variance increase with the decrement of
SNR. Fig. 5 also shows that, in 500MHz, the worst bandwidth
option in subset W, the mean of TOA ranging error exceeds 1.4
meters and the variance even also goes beyond 1.65 meters.
Apart from SNR, first-peak-to-noise-ratio (FNR) is another
significant metric to evaluate the performance of TOA-based
human tracking systems due to the fact that TOA estimate
thoroughly relies on the detection of direct path. Particularly
in the NLOS scenario, if the direct path is attenuated but
still detectable, its referred to as detected-direct-path (DDP)
scenario in which the ranging error remains acceptable even
though it slightly increases. On the contrary, if the direct path
completely disappears and becomes undetectable, the first peak
above threshold will be regard as the direct path, resulting in
a huge undetected-direct-path (UDP) ranging error for NLOS
scenario.
Fig. 8 shows the relationship between SNR, FNR and angle
in NLOS scenario. Mean of ranging error has been added
to the figure for better illustration. As can be seen from
the figure, mean error reaches the maximum value when

Fig. 8. Relationship between SNR, FNR and angle θ. TOA ranging error has
been provided as a reference.

human body completely block the direct path and at that
time, the largest decrement of power of first path (FNR) is no
more than 22dB. Since our threshold is defined much lower
than the expected minimum power of first arrival path and
previous research shows that the UWB signal suffers from
approximately 80dB [25] attenuation when penetrating the
human body we conclude that the direct path that penetrate
the human body is not detectable and the creeping wave along
the surface of human body is the detected first path.
IV. M ODELING THE TOA R ANGING E RROR
The previous section provides general explanation of the
effect of human body on the indoor TOA based human tracking system. However, to facilitate the design and evaluation of
practical applications, quantitative explanation is required. To
fulfill the demand, we build mathematical model for the effect
of human body on TOA ranging error.

6

2

3

mNLOS, SNRLOS =71.5

s 2NLOS, SNRLOS=71.5

2.5

s 2NLOS, SNRLOS=62.0

mNLOS, SNRLOS =62.0

s 2NLOS, SNRLOS=52.4

mNLOS, SNRLOS =52.4
mNLOS, SNRLOS =42.3

2

s 2NLOS, SNRLOS=42.3

2

mNLOS, SNRLOS =32.4

s 2NLOS, SNRLOS=32.4
Fitting k 2(SNRLOS=71.5)=0.018

Fitting k 1(SNRLOS =62.0)=0.16

Fitting k 2(SNRLOS=62.0)=0.012

1.5

Fitting k 1(SNRLOS =52.4)=0.23

sNLOS

Fitting k 1(SNRLOS =42.3)=0.40

Fitting k 2(SNRLOS=52.4)=0.007

2

mNLOS (m)

Fitting k 1(SNRLOS =71.5)=0.21
1.5

Fitting k 2(SNRLOS=42.3)=0.312

Fitting k 1(SNRLOS =32.4)=2.52

1

3

sNLOS vs. cos (q) (W=5GHz)

mNLOS vs. cos (q) (W=5Ghz)
2.5

Fitting k 2(SNRLOS=32.4)=2.523

1

0.5

0.5

0

0
0
[cos 3(90o)]

0.125
[cos 3(60o)]

0.6495
[cos 3(30o)]

3

cos (q)

0
[cos 3(90o)]

1
[cos 3(0o)]

0.125
[cos 3(60o)]

0.6495
[cos 3(30o)]

3

cos (q)

(a)

1
[cos 3(0o)]

(b)

Fig. 9. Linear fitting results of µLOS and

2
σLOS

vs.

cos3 (θ).

(a): µLOS vs.

cos3 (θ).

(b):

2
σLOS

vs.

cos3 (θ).
k2 vs. SNRLOS

k1 vs. SNRLOS
4.5

k 1,w=5GHz

3

k 2,w=5GHz
k 2,w=3GHz

k 1,w=3GHz

4

k 1,w=5GHz

3.5

Fitting,w=5GHz
Fitting,w=3GHz
Fitting,w=1GHz
Fitting,w=0.5GHz

2

k 2,w=1GHz
k 2,w=0.5GHz

k 1,w=0.5GHz

2.5

Fitting,w=5GHz
Fitting,w=3GHz
Fitting,w=1GHz
Fitting,w=0.5GHz

3

k

k

1

2

2.5
1.5

2

1.5

1

1
0.5

0.5

35

40

45

50

55

SNR

60

65

0

70

35

(dB)

40

45

50

55

SNR

LOS

60

65

70

(dB)

LOS

(a)

(b)
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A. Modeling TOA Ranging Error for body mounted sensors
Based on the above discussion, TOA ranging error can be
defined as the combination of multipath error and the NLOS
error which includes the effect of penetration loss and creeping
wave. As a result, the TOA ranging error is given by:
e = ϵM + δ(PN LOS (θ) − 1) × ϵN LOS

(3)

where ϵM is multipath error, ϵN LOS is NLOS error. δ(x) is
the impulse function, given by:
{
1, x = 0
δ=
(4)
0, x ̸= 0
According to (2), probability PN LOS is employed to classify
the LOS and NLOS scenario, which can be defined as:
{
1, θ ∈ [0o , 90o )
PN LOS (θ) =
(5)
0, θ ∈ [90o , 180o ]

To model the multipath error for body mounted sensors, the
measured data of LOS scenario (θ ∈ [90o , 180o ]) are used to
determine the distribution parameters. Our measurement result
shows that for each bandwidth employed in the subset W ,
the ranging error forms a Gaussian distribution. Therefore the
multipath error can be modeled as:
2
ϵM = G(µM,W , σM,W
)

(7)

where G is a Gaussian random variable with mean µM,W
2
2
and variance σM,W
. The values of µM,W and σM,W
varies
according to the system bandwidth and typical values have
been listed in Table I.
1) ϵN LOS
According to (3), In the NLOS scenario, the TOA ranging
error ϵN LOS can be given by:
ϵN LOS = eN LOS − ϵM

(8)

According to (3), in the LOS scenario, the TOA ranging
error equals to multipath error:

where eN LOS is the ranging error. Based on our previous
observation, both eN LOS and ϵM correspond with Gaussian
distributions. Therefore, eN LOS can be also modeled as a
Gaussian random variable, given by:

eLOS = ϵM

2
ϵN LOS = G(µN LOS , σN
LOS )

(6)

(9)
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where the mean and variance of the random variable, µN LOS
2
and σN
LOS can be given by:

2
2
2
σN
LOS = σeN LOS − σLOS

0.9

(11)

where µeN LOS is the mean of eLOS and σe2N LOS is the variance
of eLOS . As can be seen from Fig. 5, the plot of both µN LOS
2
and σN
LOS in our measurements result share a similar trend
with the function cosa (θ). Concequentely, after mathematical
work, for given W and SNRLOS , we model both µN LOS and
2
3
σN
LOS as a linear function of cos (θ) as follows:
µN LOS = k1 × cos3 θ

(12)

2
3
σN
LOS = k2 × cos θ

(13)

Measured ranging error
Simulated ranging error

0.8
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where k1 and k2 are the slope of the linear functions. Fig. 9(a)
and (b) shows the fitting results of eLOS and σe2N LOS versus θ
when W = 5GHz. As depicted in Fig. 9, k1 and k2 increase
as SNRLOS declines, indicating that the effects of body-caused
NLOS error is relatively severe in low SNR conditions. We
believe that in low SNR situation, path detection is rather
challenging because of the difficulty in properly setting up a
threshold and detection failure occurs more frequently. The
coefficients k1 and k2 can be then modeled as a rational
function of SNRLOS as follows:
k1 =

k2 =

aW
SNRLOS − SNRT hrd,W

(14)

bW
SNRLOS − SNRT hrd,W

(15)

where aW , bW and SNRT hrd,W are the coefficients depend
on system bandwidth W . One thing worth mentioning is that
SNRT hrd,W shows the threshold of SNRLOS for TOA ranging
in body-caused NLOS scenario. If the SNR goes below the
threshold in our model, reception faliaure of the reference
nodes dramatically increases and peak detection becomes very
difficult. Values of aW , bW and SNRT hrd,W are calculated by
curve fitting and shown in Table I. Fig. 10(a) and (b) shows
the fitting results of k1 and k2 versus SNRLOS when system
bandwidth W = 5GHz.
If we put together equation (12), (13), (14) and (15), ϵN LOS
can be finally modeled as:
2
ϵN LOS = G(µN LOS,W , σN
LOS,W )

(16)

where
µN LOS,W =

2
σN
LOS,W =

SNRLOS

aW
× cos3 (θ)
− SNRT hrd,W

(17)

SNRLOS

bW
× cos3 (θ)
− SNRT hrd,W

(18)

(b)
Fig. 11. Comparison between empirical measurement result and software
simulation result using the model presented above. (a): Comparison of CDF
in LOS scenario. (b): Comparison of TOA ranging error in NLOS scenario,
Case = {0o , 62.0dB, 3GHz}.

B. The General Model of TOA Ranging Error
According to analysis and the fitting results above, the
overall model of TOA ranging error for body mounted sensors
is given by:
e = ϵM + δ(PN LOS − 1) × ϵN LOS
2
2
= G(µM,W , σM,W
)+δ(PN LOS −1)×G(µN LOS,W , σN
LOS,W )
(19)
2
where µN LOS,W and σN
are
defined
in
(17)
and
(18).
LOS,W
The values of all the coefficients of the model have been shown
in Table I.
Validation of the general model has been provided in Fig.
11. In Fig. 11(a), the complementary CDF of the empirical
measured TOA ranging error of LOS scenario has been
compared with the CDF of software simulated ranging error
given system bandwidth of 3GHz. In Fig. 11(b), we compared
the TOA ranging error of NLOS scenario with the software
simulated ranging errors in Case = {0o , 62.0dB, 3GHz}.
Both comparison shows that the simulated data has close
agreement with the empirical data and we can therefore, prove
the validity of our general model of TOA ranging error.
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TABLE I
PARAMETERS FOR THE TOA RANGING

W (GHz)
5
3
1
0.5

µM,W (m)
0.010
0.009
0.072
0.138

2
(m)
σM,W
0.005
0.001
0.058
0.143

V. C ONCLUSION
In this paper, we introduce a TOA ranging error model
for body mounted sensors based on the measurements in
a typical office building. This model separates the ranging
error into multipath error and NLOS error, which is caused
by the penetration loss of the human body and the creeping
wave around human body. Both multipath error and NLOS
error are modeled as a Gaussian variable. The distribution of
multipath error is related to bandwidth of the system while the
distribution of NLOS error is related to the angle between the
human facing direction and the direction of TX-RX, SNR and
bandwidth of the system, which clearly shows the effects of
human body on TOA ranging. The comparison between the
empirical ranging error and simulated ranging error depicts
close agreement, proving the validity of the TOA ranging error
for body mounted sensors.
The contribution of this paper is three-folded. First and
foremost, this paper is the first one that considers the effect
of human body on TOA ranging error of indoor human
tracking system. Secondly, creeping wave phenomenon has
been discussed in the result analysis section. Last but not
the least, it is the first time that the horizontal angle θ has
been selected as a parameter instead of the frequently used
distance between TX and RX in the literature. We are currently
at the initial phase of this research and our ultimate goal is
to fully understand the effect of human body and eliminate
the inaccuracy raised by human body. As for future work,
since with a chest mounted sensor, the human body can be
regarded as a symmetric structure and the range of angle θ
can be limited within 180o . Whenever the sensors are attached
to human wrist and ankle or even located in the pocket, the
symmetry will no longer exist. We intend to research how
the location of target sensor influences the TOA ranging error
in the coming future. Moreover, wireless channel model for
typical indoor environment has been widely used in current
localization applications. To further improve the localization
accuracy and especially enable the raytracing technique with
human body module, we also plan to model the combined
channel with human body for UWB frequency band.
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