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Gait-Cycle-Driven Transmission Power Control
Scheme for a Wireless Body Area Network

Weilin Zang and Ye Li , Member, IEEE

Abstract—In a wireless body area network (WBAN),
walking movements can result in rapid channel fluc-
tuations, which severely degrade the performance of
transmission power control (TPC) schemes. On the other
hand, these channel fluctuations are often periodic and
are time-synchronized with the user’s gait cycle, since they
are all driven from the walking movements. In this paper, we
propose a novel gait-cycle-driven transmission power con-
trol (G-TPC) for a WBAN. The proposed G-TPC scheme re-
inforces the existing TPC scheme by exploiting the periodic
channel fluctuation in the walking scenario. In the proposed
scheme, the user’s gait cycle information acquired by an
accelerometer is used as beacons for arranging the trans-
missions at the time points with the ideal channel state. The
specific transmission power is then determined by using re-
ceived signal strength indication (RSSI). An experiment was
conducted to evaluate the energy efficiency and reliability
of the proposed G-TPC based on a CC2420 platform. The re-
sults reveal that compared to the original RSSI/link-quality-
indication-based TPC, G-TPC reduces energy consumption
by 25% on the sensor node and reduce the packet loss rate
by 65%.

Index Terms—Gait cycle, RSSI, transmission power con-
trol, wireless body area network (WBAN).

I. INTRODUCTION

W IRELESS body area network (WBAN) is a promis-
ing technology that continuously collect the physiolog-

ical (e.g., the heartbeat, blood pressure, electrocardiogram data,
blood glucose, oxygen levels, and motion data) for ubiquitous
healthcare services [1], [2]. A WBAN ordinarily consists of one
sink node and several sensor nodes. The sink node, which is
typically a mobile phone or another kind of portable device,
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collect sensory data from the sensor nodes and forwards the
information to remote servers or a medical cloud platform [3]
through a public network for further processing.

Energy efficiency in WBAN technology is a significant is-
sue because most WBAN sensor nodes have limited battery
capacity, yet in order to be used in healthcare monitoring they
need to be able to for long period of time. Radio transmission is
one of the most energy consuming operations for WBAN sensor
nodes. Therefore, it is necessary to optimize the transmission
power. Reliability is also necessary for medical services because
the collected biological signals contain critical information that
can have significant effects on patient health. Wireless on-body
links are always dynamic because of body movement. For in-
stance, a sensor mounted on a limb experiences a wide range
of motion when the user is in mobility, which can result in a
large fluctuation of link quality [4], [5]. In this case, in order to
ensure the quality of the service, the transmission power must
be high enough because the channel may temporarily experi-
ence high attenuation at certain time points. As a consequence,
a static transmission power scheme can result in either poor
energy efficiency or low reliability.

In order to overcome these issues, a number of transmission
power control (TPC) protocols [6],[7] have been developed to
improve energy efficiency and reliability in WBAN by adapt-
ing the transmission power to the link state in real time. TPC
schemes in WBAN use RSSI samples associated with data pack-
ets that are sent by the transmitter to evaluate the current channel
condition, and then accordingly adjust the output power of the
transmission. An unreliable evaluation of the channel condition
can result in failure of TPC. Therefore a rapid dynamic sce-
nario, such as when the user is walking and the sensor nodes
are deployed on the limbs, pose a great challenge for evaluating
the channel condition because the acquired link state informa-
tion is always outdated by the time of the next transmission.
Unfortunately, rapid dynamic scenarios are the norm in WBAN
since users are typically in mobility. One option for solving
this problem is to send extra control packets. However, this ap-
proach introduces more control traffic leading to higher energy
consumption on sensor nodes.

Continuous body movements present a challenge for TPC,
but also result in periodic link quality fluctuation as body move-
ments are always periodic during walking or running [4]. When
data transmissions occur at the ideal point of the link quality
the transmission power is reduced and reliability is guaranteed.
In this paper we propose a novel TPC scheme that aims to ex-
ploit the periodic fluctuation of link quality by using the gait
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cycle as beacon to arrange the transmissions. The link quality
fluctuation in many node deployments, such as wrist to chest or
pants pocket to chest, is naturally time-synchronized with the
gait cycle because they are driven from the same source (the
walking movements). The proposed scheme first determines
whether the user is walking or stationary (sitting or standing).
If the user is walking, the proposed scheme acquires the user’s
gait cycle information by using the acceleration signal and learn
the relationship between the gait cycle and the time points of the
ideal channel condition. Then the transmissions are scheduled
at time points when the link is temporarily in ideal state. The
specific transmission power is determined by using received
signal strength indication (RSSI). When the user is station-
ary, G-TPC operates as conventional TPC which is sufficient
and cost-effective for the stationary scenario. To demonstrate
the advantages of G-TPC, we conduct an experiment to eval-
uate the energy efficiency and reliability of G-TPC based on
the CC2420 module. Six subjects were recruited to participate
in the experiment and a total of 4 hours of data was collected.
The experiment results reveal that compared to RSSI/LQI Based
Transmission Power Control (RL-TPC) [8], energy consump-
tion is reduced by 25% on the sensor node and packet loss rate
is reduced by 65%.

The main contributions of the work are: 1) a novel gait cy-
cle driven transmission power control scheme (G-TPC) which
exploits the periodic fluctuation of link quality by using gait
cycle information. Unlike conventional TPC schemes, G-TPC
both adjusts the transmission power and also schedules trans-
missions at beneficial time points, which significantly improves
TPC performance in walking scenario. The proposed scheme
offers a new way of implementing TPC for use in WBAN;
2) validation of G-TPC through an experiment in which real
world data is used. To address the challenge of the rapid chan-
nel fluctuation, we consider the node placement of ankle to pant
pocket in the walking scenario in the experiment. To faithfully
reflect the real daily life scenario, changes in activity (between
walking and standing), and variants in walking speed are consid-
ered. We believe the experiment demonstrates the effectiveness
and practicality of G-TPC.

In this study, we focus on the walking scenario. Individuals
spend a small portion of their daily life walking, however, it
remains one of the major challenges of TPC in WBAN (Sta-
tionary scenarios like sitting and standing are well managed in
conventional TPC [6], [7]). Further, to reduce power consump-
tion, the sensor node can go into standby mode when the user is
not moving in applications like pedometer, energy expenditure
estimation, pedestrian dead reckoning and real-time gait event
detection. Therefore, improving the TPC scheme in the walking
scenario can have significant benefits. The proposed scheme ex-
plores the relationship between the gait cycle and the time points
of the ideal channel condition before communication; therefore,
we do not assume any specific node placement. To acquire the
user’s gait cycle information, an accelerometer is required only
at the sink node. There is no restriction on the physiology sensor
at the sensor node.

The remainder of the paper is organized as follows.
Section II provides an overview of related works. Section III

Fig. 1. Typical WBAN TPC system.

introduces periodic channel fluctuation with experimental
investigation. Section IV focuses on G-TPC scheme, includ-
ing the system structure, user state detection, gait template ex-
traction, transmission time location and transmission power de-
termination. Section VI provides the experiment results and a
performance comparison. Section V discusses the overhead of
G-TPC with respect to buffer delay and computation load. The
final section offers concluding remarks and suggestions for fu-
ture work.

II. RELATED WORK

The transmission power control (TPC) is a well-studied re-
search area in WBAN, as it provides a simple and practical
method for achieving energy efficiency without sacrificing re-
liability. TPC schemes typically adopt a closed loop system
architecture as shown in Fig. 1. In this system, the sink node
receives the data packet from the sensor node and measures the
RSSI at each transmission cycle. According to the measured
RSSI value, the next transmission power level is calculated and
such information is feedback to the sensor node using a control
packet. Then, the sensor node can update the current transmis-
sion power level according to the feedback information. The
above procedures repeat at each transmission cycle during the
lifetime of the nodes, thus the sensor node can adapt its trans-
mission power level in the run-time to the channel condition.

There are four most representative studies [6], [7] regarding
TPC in WBAN. Xiao et al. in [6] propose a real-time reac-
tive scheme under the off-body channel condition. This scheme
measures an average RSSI value according to each received data
packet. By comparing the average RSSI value to a predefined
threshold, the real-time reactive scheme accordingly adjusts the
TPL. This study was the first to implement adaptive power con-
trol in WBAN. However, the proposed scheme is not tested in an
on-body channel whose channel fluctuation is larger than that
of the off-body channel.

The dynamic postural position inference (DPPI) mechanism
which performs adaptive body posture inference for optimal
power assignments is presented in [9]. DPPI is specific to the
on-body channel condition. It first measures the linear relation-
ship between the TPL and RSSI by sending control packets,
and then calculates a desirable TPL. The DDPI scheme can
quickly converge to the desire TPL. However, this approach is
not practical if the user is in continuous motion.

Kim et al. in [8] found that in cases where interference was
present, RSSI is not a correct indicator to determine the link
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state. They proposed a practical scheme which uses the RSSI and
link quality indication (LQI) to distinguish between attenuation
and interference. This scheme not only controls transmission
power but also avoids interference. To control the transmission
power, the proposed scheme uses a weighted average value to
indicate the link state. The experimental results show that the
proposed protocol has high energy efficiency and reliability in
the presence and absence of interference.

The scheme proposed in [7] uses short- and long-term link-
state estimations. The short-term link-state estimation was
designed to quickly adapt the transmission power, and the long-
term link-state estimation is used to stabilize the link state in the
variable link state.

In addition to optimizing the transmission power, studies in
[10] and [11] focus on the energy consumption of receiving con-
trol packets from the sink node. The studies point out that the
energy consumption of the receiving of control packets should
not be neglected and they discuss the methods for adaptively
adjusting the feedback periodicity based on the current chan-
nel environment. Lee et al. in [12] present an algorithm that
can adaptively select conservative or aggressive control mech-
anisms depending on the current channel condition. Zhang in
[13] investigates the energy saving efficiency of transmission
power control and link adaption, and points out that link adap-
tion can outperform transmission power control under a certain
condition.

Because of periodic movements of the human body, dynamic
WBAN wireless channels always present a unique periodicity
characteristic that differs from other kinds of wireless channels.
Roberts et al. in [4] investigate the periodicity characteristic of
dynamic WBAN channels and propose a new channel model in-
volving these periodicity characteristics. They found that if the
channel periodicity could be fully exploited, the radio receiving
sensitivity threshold could be significantly increased, resulting
in large power savings. Prabh et al. in [5] use channel periodicity
to arrange the transmission time of WBAN nodes under ideal
channel conditions. This scheme works on the Media Access
Control (MAC) layer, and intermittently broadcasts a chain of
probing packets to estimate the RSSI period, which introduces
additional traffic along with extra energy consumption. Zang
et al. in [14] exploit periodic body movements to reinforce the
transmission power control scheme in dynamic channel condi-
tions. However, their work is specific to a sensor node worn on
the wrist.

III. PERIODIC LINK STATE FLUCTUATION

In this section, we present the investigation of the periodic
fluctuation of on-body wireless link state (in terms of RSSI)
in walking scenario through the experiment. We use real world
measurements. Both the RSSI and acceleration signal are col-
lected at the sink node at a sampling rate of 50 Hz. They are
synchronized in time and input into a laptop via a long wire. A
person holds the laptop, allowing the participant to move freely.
All the measurements are analyzed on the laptop using Mat-
lab. Our study uses a platform with a CC2420 radio [15]. The
CC2420 is a true single-chip 2.4 GHz IEEE 802.15.4 compliant

TABLE I
SPECIFICATIONS OF THE CC2420 RADIO [15]

Transmit level Power (dBm) Consumption (mW)

31 0 31.3
27 −1 29.7
23 −3 27.4
19 −5 25.0
15 −7 22.5
11 −10 20.2
7 −15 17.9
3 −25 15.3

RF transceiver designed for low power and low voltage wireless
applications. CC2420 includes a digital direct sequence spread
spectrum baseband modem providing a spreading gain of 9 dB
and an effective data rate of 250 kbps. CC2420 supports 31
transmission power levels that can be dynamically controlled
during run-time via a register. Table I shows the typical en-
ergy consumption of CC2420. Our platform also has a three-
axis accelerometer (Freescale MMA8451Q [16]), which is used
to monitor acceleration signals at the sink node. It is a smart
micro-machined accelerometer with a 14 bit resolution to the
x-,y-,z-axis and supports ±2g, ±4g, and ±8g dynamically se-
lectable measurement ranges. The MMA8451Q sampling rate
is programmable. Six subjects (age 24.4 ± 6.05 years, height
170.2 ± 5.3 cm, and body mass index 21.1 ± 3.3 kg/m2 . three
females and three males) were recruited to participate in the
experiment.

When the WBAN user is walking, the on-body wireless link
state fluctuates as the sensor nodes move along with body move-
ments. Body movements during walking are usually periodic,
making the resultant link state fluctuations periodic. Fig. 2 il-
lustrates a 10 seconds snapshot of logged RSSI of ankle to
pants pocket (Fig. 2(a)) and ankle to waist (Fig. 2(b)) de-
ployment. Both RSSI traces exhibit a clear periodic fluctua-
tion. These channel fluctuations are not only periodic but also
time-synchronized with the gait cycle. This can be explained
as following. The subjects legs swing back and forth during
walking; when the leg with the senor node swings to the front
of the torso, the channel is line-of-sight (LOS), resulting in a
RSSI peak. During the rest of the gait cycle, the wireless link
is blocked by the torso. The deepest channel attenuation occur
when another leg swings to the front of the torso leaving the
transmitter completely behind the torso. The channel fluctua-
tion produced at other deployments such as wrist to chest or
pants pocket to chest are also periodic and time-synchronized
with the gait cycle for similar reasons.

As discussed above, the channel fluctuations are periodic and
time-synchronized with the gait cycle in many deployments.
Therefore, the RSSI peaks can be predicted by analyzing the
gait cycle information. If transmission occurs at the RSSI peaks
rather than the valleys, approximately 20 dB1 power can be

1In our experiment, the channel fluctuation (defined as the value difference
from the RSSI valleys to the RSSI peaks) is more than 20 dB from the limbs to
the torso. When the sensor node is closer to the sink such as from pant pocket
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Fig. 2. 10 seconds snapshot of measured RSSI and acceleration signal
while subject is walking with node deployment of: (a) ankle to pants
pocket, (b) ankle to chest.

saved. Periodic channel fluctuation allows us to always find the
RSSI peaks to arrange transmissions.

To present the gait cycle, the acceleration signal was collected
from an accelerometer on the sink node. To eliminate the effect
of different sink node orientation, we use the signal magnitude
vector of acceleration, La, which is insensitive to orientation.
La is calculated as:

La =
√

La2
x + La2

y + La2
z (1)

here Lax , Lay and Laz are the acceleration signal at x-axis,
y-axis and z-axis. As can be seen in Fig. 2, the acceleration
signals present a certain oscillation. When the sink node is in
the pants pocket, the acceleration signal reflects the movement
of the leg with the accelerometer (as shown in Fig. 2(a)). The
peaks in the acceleration signal correspond to the moments when
the heel strikes the ground, and follow the stance and swing
phase of the leg. When the sink node is located at the chest, the
acceleration signal reflects the movement of the torso (as shown

to chest, the corresponding channel fluctuation is about 10 dB. When both the
sensor node and the sink are on the torso, the corresponding channel fluctuation
is insignificant. Although the proposed scheme is general and applicable to
many different node placements, this study primarily focuses on the channel
from the limbs to torso as it poses a major TPC challenge.

in Fig. 2(b)). This acceleration signal shows a sequence of peaks
and valleys since the body experiences a series of upward and
downward movements during walking. All of the different kinds
of acceleration signals contain the gait cycle information. Gait
analysis is a well-researched field, interested readers can refer
to [17] for more comprehensive information.

IV. METHODS

In this section, we introduce the gait cycle driven transmission
power control (G-TPC) scheme including the system structure,
user state detection, gait cycle tracking, RSSI peak location and
transmission power determination.

A. System Overview

There are three main states in G-TPC: Original TPC, Self-
learning and Transmission. Initially, if the user is station-
ary, the system enters the Original TPC state, otherwise it
enters the Self-learning state. The user state (walking or sta-
tionary) is distinguished by the user state detection procedure.
In the Original TPC state, G-TPC sends the data packets in
the conventional TPC fashion without any transmission time
scheduling. But if the user state changes to walking, the sys-
tem immediately enters the Self-learning state. The objective of
the Self-learning state is to learn the relationship between the
gait cycle and the time points of the ideal channel condition. In
the Self-learning state, the gait cycle tracking procedure, aim-
ing at capturing each stride, begin to work and the RSSI peak
location procedure is carried out to find the optimal transmis-
sion point (RSSI peak) in a stride. Subsequently, the system
leaves the Self-learning state and enters the Transmission state
in which G-TPC scheme sends data packets at the scheduled
transmission times with the transmission power level adjusted
by analyzing the RSSI feed-backed from the receiver. In the
Transmission state, the gait cycle tracking procedure continues
to work providing the reference points for scheduling the trans-
mission time points. If the transmission power level fluctuates
across five consecutive transmission cycles, indicating the fail-
ure of the transmission time scheduling, the system returns to
the Self-learning state to repeat gait cycle tracking and the RSSI
peak location procedure. If the transmission time scheduling still
fails, indicating the related channel is not periodic or is periodic
but not time-synchronized with the gait cycle, the system goes
to the Original TPC state. The system runs on the sink node, so
the information regarding transmission times and transmission
power is sent back to the transmitter with the help of the control
packets. The state diagram of G-TPC is illustrated in Fig. 3.

In our scheme we use an accelerometer to obtain the user gait
cycle information and recognize the user state. The accelerom-
eter is only required at the sink node. There is no restriction on
the physiology sensor at the sensor node.

B. User State Detection

To detect the user state, this study uses a lightweight online
recognition method using acceleration signals [18]. The accel-
eration signals are collected on the sink node and smoothed by



ZANG AND LI: GAIT-CYCLE-DRIVEN TRANSMISSION POWER CONTROL SCHEME FOR A WIRELESS BODY AREA NETWORK 701

Fig. 3. State diagram of G-TPC scheme.

an order 3 median filter. The filtered signals are segmented in
real time using a sliding window with 2-second size and a 1-
second shift between the consecutive windows. Therefore, the
user state is detected every second.

Because walking produces a large fluctuation in the accelera-
tion signal, the first-order regression coefficient is calculated on
the acceleration samples in the sliding window as:

f(n) =

(La (n + 1)− La (n− 1)) + 2 · (La (n + 2)− La (n− 2))
2 · (12 + 22)

(2)

where La is the acceleration sample in the sliding window. The
next step is to extract the mean absolute deviation (MAD) of the
values obtained as :

MAD =
1

L− 4

tw∑
τ =tw −L−1

|f(τ)− μ| (3)

where tw denotes the time index of the current sliding window, μ
is the mean value of the f(n) in the sliding window and L is the
sliding window length. The MAD presents an excellent feature
for differentiating the motion and motionless user states. When
the user is motionless (sitting or standing), the MAD is close to 0
and it increases to more than 100 when the user starts to walk. A
threshold of 50 is adopted in the proposed scheme. If the MAD
is higher than this threshold, the current user state is recognized
as in motion; otherwise, it is recognized as motionless. Fig. 4
illustrates an example of the user state detection. The study in
[18] shows that this method has approximately 95% accuracy.
Therefore, we believe that errors in classifying user state have
negligible effects on the overall performance of our scheme.

C. Gait Cycle Tracking and RSSI Peak Location

As previously mentioned, the periodic channel fluctuation
and gait cycle are usually synchronized in time, thus the time
instance of the ideal channel can be predicted by analyzing
the acceleration signals. To achieve this, the proposed scheme
must track the on-going gait cycles and obtain the RSSI peaks
location in each stride. Moreover, the gait cycle tracking and
RSSI peak location can be applied to any oscillation pattern in
the acceleration signal due to variations in sink node locations
and the users walking habits.

Fig. 4. An example of the user state detection method. The MAD (sec-
ond row) is calculated on the real time collected acceleration signals
(first row). The corresponding user state detection results indicated by
”1” (motion) or ”0” (motionless) are shown at the third row.

Algorithm 1: Template Generation.
Require: the user activity is walking for 3 seconds.
Input:

1: Acc seg: vector of acceleration of the nearest two
seconds

2: Length: the length of acceleration template
3: Index: the index of a maximum point

Output:
4: Template: vector of acceleration template

Begin
5: Acc seg← average moving filter (Acc seg)
6: Index← argmaxi {Acc seg (end− 50 : end)}
7: Template← Acc seg (index− Length− 1 : index)

End

In the proposed scheme, a template matching method is
adopted to track the gait cycle in real time. The acceleration
template is generated one second after the user state is recog-
nized as in motion. Waiting for one second ensures that the
motion is stable. To guarantee the accuracy of template match-
ing, the template length is set as 1.6 seconds and an extreme point
(local maximum) is chosen as the end point of the template. The
algorithm of template generation is shown in Algorithm 1.

A stride point is defined as the point in time where the tem-
plate is found very similar to a part of the real time acceleration
signal. By detecting the time point of each stride, the system
can effectively track the on-going gait cycle. The user may
change walking speed, causing variations in stride length. Thus,
some certain popular similarity measures, such as Euclidean
Distance and Cross Correlation which require that two se-
quences have the same size, has poor efficiency in this applica-
tion. Instead, Dynamic Time Warping (DTW) which has long
been known in the speech processing community, can be used to
measure the similarity between two sequences that may spread
or compress in time. A variation of DTW is subsequence DTW



702 IEEE JOURNAL OF BIOMEDICAL AND HEALTH INFORMATICS, VOL. 22, NO. 3, MAY 2018

Fig. 5. (a) Acceleration template. (b) Acceleration samples of four
strides collected by the accelerometer at the users pants pocket. Note
that the walking speed increases from 1.16 seconds per stride to 0.98
seconds at the second stride. (c) Template distance values corresponds
to the top row of the accumulated cost matrix C . The red dash lines indi-
cate that local minimums in distance values correspond to stride points
even when the stride length changes.

(sDTW) [19], which is used to locate a subsequence within a
longer sequence that optimally fits the template. In our study, the
sDTW is implemented to locate a subsequence of the real time
collected acceleration signal which is similar to the template
signal.

Suppose an acceleration template of length n have been
generated, and the real time acceleration signal of length m
is collected as the user is walking. We use time series Q
and S to represent the template signal and real time acceler-
ation signal respectively, as: Q = q1 , q2 , . . . , qi , . . . , qn and
S = s1 , s2 , . . . , si , . . . , sm . The sDTW algorithm constructs an
n-by-m distance matrix d, where each element (i, j) contains
the Euclidean distance d(qi, si) between two points qi and si . A
warping path is a set of cost matrix elements that defines a map-
ping between Q and S with an accumulated cost. An optimal
warping path has the lowest accumulated cost among all possi-
ble choices. This path can be found efficiently using dynamic
programming. To do this, an accumulated cost matrix C, which
represents the accumulated costs of warping the template to
parts of a real time acceleration signal, is built from the distance
matrix d as follows. The first column and the last row of matrix
C are built as C (i, 1) =

∑i
k=1 d (qk , c1), ∀i ∈ {1, . . . n}

and C (n, j) = d (q1 , sj ), ∀j {1, . . . m}, and the remaining
elements are calculated using the recursive function: C (i, j) =
min {C (i− 1, j − 1) + C (i− 1, j) + C (i, j − 1)}+
d (qi, si), ∀i ∈ {1, . . . n− 1}, j ∈ {1, . . . m− 1}.

The first row of the accumulated cost matrix C is the total
accumulated cost for warping template Q to each point in real
time acceleration signal S. Therefore, the local minimums of
the first row of C can be used to indicate the stride point. Fig. 5
shows an example of locating the stride point using sDTW.

In our scheme, a sliding window is used to hold the accel-
eration samples. Every 20 ms (the time interval of the accel-
eration sample), a new acceleration sample is input into the
sliding window, while the oldest one is dropped. The win-
dow length is set as 2 seconds so one entire template (1.6 s)

Algorithm 2: Gait Cycle Tracking.
Input:

1: Temp acc: vector of acceleration template
2: Ts : time interval of acceleration samples
3: Win acc: slide window for holding the acceleration

samples
4: Tdtw : the time point of performing sDTW
5: Tcurrent : the current time point

Output:
6: Tstr : the time point of current detected stride
7: T

′
str : the time point of last detected stride

8: C: resulted accumulated cost matrix from sDTW
algorithm

9: current stride period: the current stride period
Begin
10: Tdtw ← time point of the last sample in acceleration

template + 500 ms
11: while receive an acceleration sample do
12: Win acc← {newsample,Win acc (2 : end)}
13: if Tcurrent == Tdtw then
14: C = sDTW (Temp acc,Win acc)
15: if Tc < Tdtw + (arg mini (C (1, :))− length

(Win acc))× Ts − 700 ms&&15 <
arg mini (C (1, :)) < 85 then

16: T
′
str ← Tstr

17: Tstr ← Tdtw + (arg mini (C (1, :))−
length (Win acc))× Ts

18: stride period← Tstr − T
′
str

19: Tdtw ← Tdtw + 80 ms
20: else
21: Tdtw ← Tdtw + 80 ms
22: end if
23: end if
24: end while
End

can be covered. Gait cycle tracking is realized by perform-
ing the sDTW between the acceleration samples in the sliding
window with the template at every 80 ms time step. A small
time step, i.e. 20 ms (the time interval of one acceleration sam-
ple), increase the computation load, while a large time step
cannot properly seize each stride. In our study, we empirically
set the time step as 80 ms. As mentioned, the sDTW algorithm
is used to measure the similarity and produces an accumulated
cost matrix C. A minimum point p0 can be found in the first
row of matrix C as p0 = arg mini {C (1, :)}, where i is the
element index in C(1, :). There are some random dips around
the minimum point, resulting in false minimum point detec-
tion. In the gait cycle tracking algorithm, we use the condition
15 < arg mini (C (1, :)) < 85 to ensure that the minimum point
is fully covered by the sliding window. This guarantee the ac-
curacy of the algorithm. The time point of current stride can be
obtained according to the start-time of the slide window. Conse-
quently, the stride period can be calculated as the time interval
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between the last and current stride point. The gait cycle tracking
procedure is summarized in Algorithm 2.

Since the RSSI peak has an arbitrary phase between two ad-
jacent stride points, the RSSI peak location in the stride period
(defined as the period between two adjacent stride points) must
be estimated after the gait cycle is tracked. To this point, the
transmitter sends probing packets to the sink node at a fre-
quency of 25 Hz for one stride period. At the sink node, we
apply a moving average filter of order 3 on the collected RSSI
sample to remove the noise. A maximum value is located on
the filtered signal. To enhance the G-TPC robustness, the RSSI
peak location is defined as the center point of the RSSI peak
formed by the samples with value higher than 80% of the RSSI
maximal value in a stride period. After determining the corre-
sponding RSSI peak area, the RSSI peak location is decided.
It should be noted that this location is defined as a ratio with
respect to the stride period, and remains unchanged at different
walking speeds. For example, suppose a RSSI peak location is
25% of a stride period. If the stride period is 1000 ms, the RSSI
peak is then located at the 1000× 25% = 250 ms away from
the stride point. If the walking speed is increased, making the
stride period shorten to 900 ms, the system automatically up-
dates the RSSI peak location according to the new stride period
(900× 25% = 225 ms away from the beginning of the stride).
The system can always track the users gait cycle. Therefore, the
system is able to predict the beneficial transmission time points
with the RSSI peak location information.

The RSSI peak locating procedure introduces additional en-
ergy consumption since some control packets are transmitted.
This procedure is performed only one or two times if the node
placement remains unchanged, making the energy consumption
negligible when compared to the overall energy consumption
of the WBAN node. For this reason we do not consider the en-
ergy consumption of the RSSI peak locating procedure in this
study. The use of the sDTW algorithm incurs an approximately
300 ms computation lag in our scheme (because of the condition
15 < arg mini (C (1, :)) < 85 in the gait cycle tracking proce-
dure). Thus the next transmission time point is actually derived
from the gait cycle information of the last stride. Because the
people tend to walk at certain speed for a period of time, the
computation lag does not have a significantly negative effect on
G-TPC.

D. Transmission Power Determination

At the point when the on-going gait cycle is being tracked and
the RSSI peak location has been obtained, the sink node is then
capable of predicting the beneficial transmission time points by
monitoring the local acceleration signals. Since all algorithms
are running on the sink nodes, the information of the predicted
transmission time point of the next packet is sent back to the
transmitter with the control packet at each transmission cycle.
The transmitter can transmit the packets at these time points
with the transmission power determined as follow.

At each transmission time, the transmission power level is
determined by the feedback information from the receiver as in
RSSI/LQI Based Transmission Power Control (RL-TPC) [8].

First, the current channel state is evaluated by calculating the
weighted average RSSI, denoted as E [x], of the n latest samples
in (4) as:

E [x] =
w(x1) · x1 + w(x2) · x2 + · · ·+ w(xn ) · xn

w(x1) + w(x2) + · · ·+ w(xn )

=
∑n

i=1 w(xi) · xi∑n
i=1 w(xi)

(4)

where xi represents the RSSI value of the i-th sample in a
received sequence including n latest samples. A smaller i rep-
resents a more recently received value and w (xi) = αi−1 is the
weighting coefficient of xi indicating that the more recent sam-
ples are weighted heavier than the older samples. The calculated
E [x] is compared to the predefined target threshold, since it is
an appropriate indicator that reflects the current channel state
in dynamic scenarios. A target margin bound by the upper and
lower threshold must be set. If the resulting E [x] is higher than
this upper threshold, the transmitter decreases the power level
by αdown . Likewise, if E [x] is less than the lower threshold,
the power level is increased by αup . The output power remains
unchanged if the E [x] is within this target margin. The values
of αup and αdown are set to 1 and 3 in this study.

It should be noted that the channel fluctuation at some node
deployments is not periodic or the periodic fluctuation is not
time-synchronized with the gait cycle. Further, the RSSI peak
location procedure may not extract the correct location. If either
of these situations occurs, the adjusted transmission power is not
able to be kept stable. Therefore, if the transmission power lev-
els keep fluctuating across five consecutive transmission cycles,
the system performs the RSSI peak location procedure again.
If the transmission power levels still cannot be kept stable af-
ter the procedure is performed two times, the system adopts
the conventional transmission power control scheme without
performing transmission times scheduling.

The proposed scheme can have the adverse impact of an
increase in buffer delay since the system needs time to perform
the on-line learning procedure and the buffered packets need to
wait for the scheduled transmission time. To reduce this adverse
impact, when its waiting time exceeds a certain threshold the
packet is forced to transmit using the conventional TPC protocol.
According to the latency requirement in ISO/IEEE 11073 Draft
for Point-of-Care (PoC) medical devices [20], the threshold is
set as 3 seconds. Further, if there are more than two packets at
the buffer, two packets are sent sequentially to the sink at the
scheduled time. It is possible to send at least two packets at one
RSSI peak point because the RSSI signal resides at a high level
(no less than 90% of the peak value) for about 15 ms while the
airtime of a completed communication is less than 5 ms.

V. EXPERIMENT RESULTS AND PERFORMANCE EVALUATION

In this section, we evaluated the performance of the proposed
G-TPC in an experiment. For the performance evaluation, we
considered a WBAN where the sensor node is attached on the
ankle and transmits the sensory data to the sink node placed
on the subject’s pants pocket. We chose this node placement
for evaluation since it best addresses the challenge of rapid dy-
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Fig. 6. Activity pattern used in the experiment.

TABLE II
MEAN GAIT CYCLE TIME (SECOND)

Normal walk case Fast walk case

Subject 1 1.076 0.967
Subject 2 1.140 1.061
Subject 3 1.034 0.967
Subject 4 1.31 1.140
Subject 5 1.035 0.957
Subject 6 1.085 0.990

namic channel fluctuation. The experiment setup is introduced
in Section III. On a computer, Matlab was used to analysis the
collected data.

In the experiment subjects carrying the WBAN nodes were
asked to walk on a pedestrian footpath in a prescribed activity
pattern shown in Fig. 6. The activity pattern consisted of 60
seconds of walking at a normal speed (5 km/hour), 10 seconds of
standing, 60 seconds of fast walking (6 km/hour) and 10 seconds
of standing. This pattern was repeated six times in one test,
which lasted approximately 20 minutes. Each subject was asked
to perform the test twice. This resulted in approximately 4 hours
of data including 12332 strides in total (The strides are manually
labeled and the mean gait cycle time are summarized in Table II).
In this study, data packets were generated every second. In the
original RL-TPC the sensor node sends a data packet when it is
generated, resulting in a one second transmission cycle. During
each transmission cycle, the sink node determines the next TPL
and a control packet is fed back to the sensor node with the TPL
information. In the proposed G-TPC scheme, the sink node
determines the transmission time and feeds it back to the sensor
node if the user is walking. At the sensor node, the generated
data packets are first held in buffer and are transmitted at the
scheduled time. If the user state is static, the G-TPC scheme
operates in conventional fashion as the original RL-TPC. The
target RSSI threshold range is set as -85 dBm and -80 dBm in
both cases.

We use the following error measurement criteria to evaluate
the accuracy of stride point detection in the gait cycle tracking
procedure. The false positive rate (FPR) is computed as the
percentage of total number of false detected stride points (the
detected stride points which are not the true ones) out of the
total number of manually labeled stride points (gold standard):

FPR =
∑

false detected stride points∑
labeled stride points

(5)

Similarly, the false negative rate (FNR) is computed as the
percentage of the number of undetected stride points (the true

TABLE III
ERROR MEASUREMENT RESULTS OF STRIDE POINT DETECTION

FPR FNR

Subject 1 0.24% 3.6%
Subject 2 0.21% 4%
Subject 3 0.19% 3%
Subject 4 0.2% 4.2%
Subject 5 0.24% 3.3%
Subject 6 0.25% 4%

Fig. 7. Transmission power levels of the original RL-TPC and G-TPC.

stride points which are missed by gait cycle tracking procedure)
out of the total number of manually labeled stride points

FNR =
∑

undetected stride points∑
labeled stride points

(6)

The error measurement results are summarized in Table III,
From this table we observe that the FPR and FNR is lower than
0.25% and 4.2%, according to the performance evaluation of
packet loss rate and power consumption per packet on sensor
node (are introduced later), the accuracy of the stride point
detection is sufficient for the proposed G-TPC scheme.

Fig. 7 shows the transmission power levels of RL-TPC and
G-TPC of subject 1. The rest of the results are similar and are
omitted here. The transmission power levels of RL-TPC dras-
tically fluctuate between 3 and 31 due to the unstable wireless
link. For RL-TPC, the current link state is obtained by probing
the channel with data packets and then adjusts the transmis-
sion power according to the current link state. Therefore the
channel coherent time must be much longer than the interval
of the transmission times. However, in the walking scenario,
the on-body wireless channel fluctuates quickly and drastically
(especially when nodes are deployed on the ankle or on the
wrist), and the feedback packets fail to reflect the rapidly vary-
ing link states in real time, causing invalid transmission power
adjustments. Moreover, even if RL-TPC can track the channel
variations, high transmission power levels are also necessary
when the packets are transmitted at a poor point of the varying
channel.

Most of the time the transmission power levels of G-TPC are
at the lowest level. The TPL only rises at transitions between
user states and the TPL decreases quickly when the user state is
stable. In order to make a fair comparison, we also calculate the
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Fig. 8. Energy consumption of the original RL-TPC and G-TPC on the
sensor node.

Fig. 9. Packet loss rate of the original RL-TPC and G-TPC.

energy consumption (in terms of mJ/packet) on the transmitter
side for successful delivery of one data packet, based on the
power consumption of various transmission power levels pre-
sented in Table I. The length of the data packet is set at 128
Bytes and the data rate is 250 kbps. The calculation of energy
consumption is only for the sensor node alone since the object
of the power control scheme is to save the battery power of the
sensor node. This is due to the fact that the sensor nodes bat-
tery capacity is typically small because of the miniaturization
requirement and the need to operate for a long period of time,
while the sink node always has large battery capacity and thus
has less of an energy constraint. The packet loss is calculated to
evaluate the reliability. There is no well-accepted symbol error
probability model for this communication scenario. To give a
better performance evaluation to the proposed scheme in this
study we chose a RSSI threshold of -90 dBm to calculate the
packet loss by referring to the experimental results published
in [7]. Specifically, the packet loss number is the number of
packets whose RSSI is lower than -90 dBm [11]. The results
of the comparison of energy consumption and PLR between
RL-TPC and G-TPC are shown in Figs. 8 and 9. The average
PLR of 6 subjects is 3.28% and 9.44% in G-TPC and RL-TPC,
respectively. The average sensor node energy consumption of 6
subjects is 0.1057 mJ/packet and 0.1406 mJ/packet in G-TPC
and RL-TPC, respectively. Thus, compared to the original RL-
TPC, G-TPC reduces energy consumption by 25% on the sensor
node and reduce packet loss rate by 65%.

TABLE IV
BUFFER DELAY OF SIX SUBJECTS IN G-TPC

Buffer delay (second)

Subject 1 0.92
Subject 2 0.98
Subject 3 0.85
Subject 4 1.12
Subject 5 0.88
Subject 6 0.97

In the proposed scheme, the extra power consumption on
the sink node is in collecting the acceleration signal, which is
0.06 mw (Freescale Semiconductor [16]). Consider the aver-
age power consumption saving for the sensor node is (0.1406 –
0.1057) mJ/packet = 0.0349 mw in our experiment, more power
is consumed on the sink node. However, the sink node usually
has more energy resource than sensor node, take the smart phone
as example, the battery capacity is usually more than 3000 mAh
(37.8 kJ). If the accelerometer operates 8 hours per day, total
1.152 J energy (0.06 mw× 8× 60× 60 s) is consumed, which
takes a tiny portion of the battery capacity. So the power con-
sumption on the sink node introduced by the proposed scheme
has negligible impact to recharge time interval of the sink node.
Moreover, if the sink node already has application which re-
quires the acceleration signal, (such as fall detection, abnormal
movement detection, pedometer, energy expenditure estimation
and human activity detection, etc.), the proposed scheme can
take advantage of the existing acceleration signal for free.

VI. A DISCUSSION OF THE BUFFER DELAY AND THE

COMPUTATIONAL LOAD IN G-TPC

G-TPC scheme has demonstrated good performance with re-
spect to PLR and energy consumption. However, this causes a
buffer delay and computational cost. There are two reasons for
the buffer delay introduced by G-TPC scheme: 1) a set-up time
is required for the gait cycle tracking operation; 2) the transmit-
ter only sends packets at the most beneficial time point in each
stride (while the conventional TPC sends packets immediately).
The average buffer delays of the six subjects using G-TPC are
shown in Table IV. G-TPC scheme restricts the buffer delay
below a predefined threshold by the mechanism described in
Section IV.

The computation load is dominated by the sDTW calculation
we used to track the gait cycle. The time complexity of sDTW
is O(MN) where M and N are the length of the sliding win-
dow and the acceleration template, respectively. In the proposed
scheme, we set M as 96 and N as 80, leading to a time com-
plexity of O(7680). The gait cycle tracking should be applied in
the sink node which has powerful computing ability and large
battery capacity. The energy savings we consider is only related
to the sensor node which has a small battery capacity due to
miniaturization and is required to operate for a long time. We
provide two suggestions as follow to reduce the computation
load if the device being used cannot meet the requirements of
the computation complexity.
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1) Adopting a Modified DTW: An algorithm named
Piecewise Dynamic Time Warping (PDTW) [21], takes advan-
tage of the fact that most time series can be efficiently approxi-
mated by a piecewise aggregate approximation, can be adopted
to speeds up the computation. The time complexity for PDTW is
O(MN/c2), where c is the ratio of the length of the original time
series to the length of its piecewise aggregate approximation. A
speedup of O(c2) is thus obtained.

2) Performing the Gait Cycle Tracking in a Longer Time
Interval: To achieve the best performance, in this study we per-
form the gait cycle tracking operation every 80 ms. Considering
that people tend to walk at certain speed for a period of time,
the gait cycle tracking operation can be triggered only when the
TPL is not stable at the low level, to calibrate the transmission
time points.

VII. CONCLUSION

In WBAN, body movements can result in rapid dynamic
channel conditions and severely degrade the performance of
conventional TPC schemes. To remedy this problem, G-TPC
exploits the periodicity characteristic of body movements to
predict the time points of ideal channel conditions in walking
scenario by using the gait cycle information. This results in sig-
nificant reductions in the transmission power. When the user
is motionless, G-TPC operates as a conventional TPC scheme,
since it is sufficient for motionless scenarios. To better evalu-
ate the performance, a combination scenario that include both
walking (at different speeds) and standing was considered in our
experiment. The results reveal that energy consumption can be
reduced by 25% on the sensor node and the packet loss rate can
be reduced by 65% compared to the original RL-TPC. Future
work in this area should include extending this scheme to other
daily activities like running and ascending/descending stairs.
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