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The concept of Wireless Sensor Networks (WSN) emerged
in the last decade, with various applications proposed. It was
envisioned that the ubiquitous sensing and communication
deviceswould soonbe integrated into our daily life, to provide
information and convenience wherever and whenever we
need. However, to date, we have yet to see mass adoption of
such applications, mainly due to the lack of viable wireless
sensing devices, as well as the fragmentation of the data
storage, computing, and networking infrastructure.

Recent advances in the field of artificial intelligence, big
data, and cloud computing, as well as concurrent attempts
in standardization in low-power wireless networking and
security, are paving the way for the commercialization of
WSN applications.With the commercial ecosystem getting in
place and infrastructures becomingmature, the challenge lies
in the research and development in low-cost, miniaturized,
and self-sustaining circuits and systems, to realize sensing
andwireless communication functionalitieswhich are critical
in the future WSN landscape.

In this special issue, the latest research efforts on circuits
and systems for wireless sensing are presented. 10 research
papers are published in this issue, covering a wide variety
of topics including MAC and routing protocols for wireless
sensor networks, integrated circuits, and devices for wireless
sensors, as well as complete wireless sensor systems for
real world applications. The highlights of these papers are
summarized as follows.

“A 5V-to-3.3 V CMOS Linear Regulator with Three-
Output Temperature-Independent Reference Voltages” by

S.-F. Wang, Ming Chi University of Technology, Taiwan,
presents a power management building block for wireless
sensor nodes.The linear regulator designed and implemented
in 0.18 𝜇m CMOS technology achieves less than 2.153% of
voltage variation across temperature range from −40∘C to
120∘C with a wide range of output current between 0 and
200mA. This regulator is especially suited for providing
stable power supply for low-cost, small-size, and integrated
wireless sensor nodes.

Another circuit building block for wireless sensor nodes
is reported by Y. Zhang et al. in their paper “A 2GSps, 8-Bit
Folding and Interpolation ADCwith ForegroundCalibration
in 90 nm CMOS Technology.” In contrast to low-power, low
data-rate wireless sensing applications, wireless security and
monitoring applications require large data throughput, which
in return require high speed data convertors. In this paper,
an 8-bit folding and interpolation (F&I) analog-to-digital
converter (ADC) has been designed with 90 nm CMOS
technology.ThisADCachieves 2GS/s sampling rate, 45.93 dB
single-to-noise and distortion (SNDR), and 210mW power
consumption under 1.2 V supply. Foreground digital-assisted
calibration technique is implemented to correct conversion
error caused by circuit offset.

While CMOS technologies have been extensively used
for miniaturized circuit implementation in wireless sensor
nodes, other integrated circuit technologies are being devel-
oped rapidly, with unique features not offered by CMOS. In
the paper “High Frequency InGaAs MOSFET with Nitride
Sidewall Design for Low Power Application” by J. Mo et al.,
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an InGaAs transistor has been reported for high frequency,
low-power applications, such as radio transceivers in wireless
sensor networks. The authors introduce a novel transistor
design with nitride side-wall, achieving lower leakage current
and parasitic capacitance, which is essential for low-power
wireless sensing applications.

As the integrated circuit technology has greatly reduced
the size of the circuit by more advanced compact inte-
gration, antennas continue to dominate the overall form-
factor of wireless sensor nodes. To address this issue, a
compact antenna design is reported by X. Chen et al. in
their paper “Design of a Compact UWB Antenna with
Triple Notched Bands Using Nonuniform Width Slots.”
When ultrawideband (UWB) systems are used in wireless
sensing applications, because of wide bandwidth, they suffer
from interference from other narrowband systems including
WLAN (5.15–5.825GHz), WiMAX (3.3–3.7GHz), and ITU
X-band satellites (8.025–8.4GHz).The compact antenna pre-
sented in this work utilizes two pairs of quarter-wavelength
nonuniform width slots embedded into the radiating patch
and the ground plane to implement three notches at these
interference frequencies, therefore improving the robustness
of UWB wireless sensor networks.

Another interference rejection technique for wideband
radio receivers is reported by K. Ying et al. from Eindhoven
University of Technology, the Netherlands. In their paper
“A Nonlinear Transfer Function Based Receiver for Wide-
band Interference Suppression,” the nonlinear characteristic
of typical radio receiver is exploited to enhance, instead
of degrade, the interference suppression of receivers. An
adaptive nonlinear transfer function has been used to achieve
interference suppression at the RF stage (close to the receiver
input), which can reduce the power consumption of the
following stages in the receiver, including the ADC.With this
technique, robust and energy-efficient wireless communica-
tion channel can be established for sensor networks.

The energy consumption of wireless sensor networks
is not only determined by the power consumption of the
electronics, but also impacted by the communication pro-
tocols. Substantial amount of research has been carried
out on effective communications of the wireless sensor
network through MAC and routing algorithms. In “AH-
MAC: Adaptive Hierarchical MAC Protocol for Low-Rate
Wireless Sensor Network Applications,” A. I. Al-Sulaifanie
et al. present an adaptive hierarchical MAC protocol with
cross-layer optimization for low rate and large-scale wire-
less sensor networks. It combines the strengths of LEACH
and IEEE 802.15.4 and achieves energy efficiency, self-
configurability, scalability, and self-healing. The AH-MAC
protocol is claimed to achieve eight times better energy
efficiency while improving throughput compared to the
LEACH protocol.

In terms of routing algorithms, Y. Chen et al. report a life-
time optimization algorithm in the paper “A Lifetime Opti-
mization Algorithm Limited by Data Transmission Delay
and Hops for Mobile Sink-BasedWireless Sensor Networks.”
The proposed algorithm is compared to 3 other algorithms
(MCP_RAND, MCP_GMRE, and EASR) and it is proven to
improve network lifetime and reduce average amount of node

discarded data and average energy consumption of wireless
sensor nodes.

Another routing algorithm is reported in “Balanced
Transmissions Based Trajectories of Mobile Sink in Homo-
geneous Wireless Sensor Networks” by M. Akbar et al. Again
working with mobile sink based routing strategies, this paper
proposes two schemes for data gathering and in wireless
sensor networks, one with random movements of mobile
sink (RMS) and the other with defined movements (DMS).
Results show that RMS performs better than DMS in terms
of data collection from dense regions first and remaining
afterwards, while, in terms of stability, DMS trajectory shows
better performance.

In the paper “Affine-Invariant Geometric Constraints-
Based High Accuracy Simultaneous Localization and Map-
ping” by G. Hua and X. Tan, emphasis is placed on sensing
the ambient environment using image sensors and computer
vision algorithms. A new appearance-based loop-closure
detection method for online incremental simultaneous local-
ization and mapping (SLAM) using affine-invariant-based
geometric constraints is proposed. With this technique, 2D
imagery can be used instead of 3D graphics, and better
performance is achieved when compared to the conventional
bag-of-words based SLAM approaches.

Last but not least, a complete Internet-of-Things (IoT)
solution for food safety tracking focusing on organophos-
phorus compound detection is presented in “AMobile-Based
High Sensitivity On-Field Organophosphorus Compounds
Detecting System for IoT-Based Food Safety Tracking” by H.
Jin et al. It consists of a customized sensor front-end chip,
LED-based light source, low-power wireless link, and coin
battery, along with a sample holder packaged in a recycled
format. An android-based application is also presentedwhich
makes the absorptiometer accessible via the Internet. High
sensitivity is achieved by this organophosphorus compounds
detection system which is comparable to commercial spec-
trophotometers.

It is exciting to present this special issuewhich collects the
latest advances in circuits and systems techniques for wireless
sensing applications. We hope the articles published in this
issue will promote discussions and inspire new innovations
in the academy and the industry.
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Mobile Sink (MS) based routing strategies have been widely investigated to prolong the lifetime of Wireless Sensor Networks
(WSNs). In this paper, we propose two schemes for data gathering inWSNs: (i) MS moves on random paths in the network (RMS)
and (ii) the trajectory of MS is defined (DMS). In both the schemes, the network field is logically divided into small squares. The
center point of each partitioned area is the sojourn location of the MS. We present three linear programming based models: (i)
to maximize network lifetime, (ii) to minimize path loss, and (iii) to minimize end to end delay. Moreover, a geometric model is
proposed to avoid redundancy while collecting information from the network nodes. Simulation results show that our proposed
schemes perform better than the selected existing schemes in terms of the selected performance metrics.

1. Introduction

WSNs consist of wireless sensors/nodes, which are equipped
with a processor, a radio transceiver, a GPS, memory, and a
battery [1].These nodes are widely used in habitat and ecosys-
tem, seismic, groundwater contamination, rapid emergency
response monitoring and perimeter security surveillance,
and so forth. WSNs must be energy efficient, robust, self-
configurable, scalable, and secure. In considered WSNs,
nodes are randomly deployed in the field for sensing physical
attributes. After gathering data these nodes are supposed to
transmit it for further processing. Nodes consume energy
during sensing and transmission of data. They have limited
energy resources (batteries attached to them). If the distance
between the nodes and sink is greater, more energy will be
consumed during transmission. Moreover, energy consump-
tion of nodes is inversely proportional to the network lifetime.

There are two communication modes used in WSNs:
direct and multihop [2]. In direct communication mode, the
distant nodes consume more energy than nodes near the
sink and die soon. These dead nodes create coverage hole

leading to information loss. In multihop transmission, nodes
send data to sink through intermediate nodes and maintains
a routing table from source to destination. Intermediate
nodes receive data of faraway nodes and relay it to the sink.
This process minimizes the energy consumption of distant
nodes. However, if the network is dense, nodes near the
sink drain out quickly because of relaying faraway nodes’
data. Furthermore, clustering schemes are introduced to save
nodes energy. Whole network is divided into subnetworks
(clusters). In [3], authors propose a static clustering scheme
in which the entire network is logically divided into circular
ring shaped clusters. Each cluster has its own Cluster Head
(CH) with associated member nodes. CHs consume more
energy than member nodes as, along with their own sensed
data, they also aggregate and forward the data of other nodes
to sink. Energy is also consumed in cluster formation and
in the selection of CHs. However, in comparison with direct
and multihop transmission schemes, the clustering schemes
perform better [4].

In clustering and multihop schemes, nodes close to the
sink die quickly due to forwarding data of distant nodes. In
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this scenario, link between sink and nodes is disconnected
and sink is not able to receive data from the faraway nodes.
To balance the load on intermediate nodes, neighbors of sink
should be changed periodically. In this way maximum nodes
get chance to get closer to sink and relay data of distant nodes.

In this regard, an approach towards balanced system is the
use ofMobile Sink (MS)whichmoves inside the network area
for data gathering. MS has no energy constraints, although
nodes have limited energy. Sink mobility in the network
minimizes energy consumption among the neighboring
nodes. It also minimizes energy consumption in unnecessary
processes [5], like cluster formation and CHs selection. MS
is considered as a small vehicle which moves in the field and
collects data from nodes, either directly or via multihop. In
this way, the communication distance isminimized that leads
towards minimized energy consumption and maximized
throughput [6].

In our proposed models, we exploit MS on random
trajectory (RMS) and on defined path (DMS) by considering
network as a geometric model. Reason for selecting random
path is the presence of obstacles between MS and nodes.
MS sets priorities for dense areas and moves towards dense
areas first to collect data and then collect data from sparse
areas; such kind ofmotion is termed as density aware random
mobility. In the other scheme DMS, trajectory of MS is
defined that visits the stop in defined order and collects data
from the nodes. Different techniques in [5, 7, 8] addressed
various problemwithMS in terms of delay tolerance, network
lifetime, and throughput. Change in trajectories of MS plays
an important role on network lifetime, stability, and through-
put. We also proposed a mathematical model to support our
schemes: RMS and DMS.

The rest of the paper is organized as follows. Section 2
describes the related work. Section 3 discusses themotivation
for the proposed schemes. Section 4 contains the network
model. In Section 5 proposed methods of MS trajectories
are explained. Simulation results are presented in Section 6.
Section 7 concludes the paper and presents future directions.

2. Related Work

Clustering schemewas first introduced tomaximize through-
put and network lifetime of WSN [4]. It forms clusters in the
network field to minimize communication distance between
nodes. After the formation of clusters, CH is selected by
member nodes. CHs receive data from the member nodes,
aggregate it, and then transmit it to the sink. Network lifetime
is prolonged by increasing the data forwarding burden on
certain nodes. A model is proposed that utilized clustering
mechanism by changing the selection criteria of CH and
gave better performance [2]. Routing scheme, based on
clustering mechanism, RE-LEACH [9], works on the same
principle as LEACH; however, it considers node’s residual
energy during CH selection. Another scheme, DREEM-
ME, a static clustering based routing protocol, minimizes
the distance between nodes and CHs that ultimately saves
transmission energy. However, energy is still consumed in
periodic selection of CH. DYN-NbC [10] uses both clustering

and MS. In this protocol, sink moves to the highest node
density region, whereas, in the other regions of the network
field, clusters are formed and the CH selection is based on
LEACH criteria. Sinkmobility along with clustering balances
energy consumption to some extent; however, clustering
itself is an energy consuming process. A MS based uneven
clustering algorithm (UC-MS) is proposed in [11]. In this
scheme, CH receives data from member nodes and waits for
MS to stay at closer sojourn location for data transmission.
Here, energy consumption of CH is minimized as it sends
data at minimum distance; however, energy is still consumed
in cluster formation and in the selection of CH.

Routing schemes are used to expedite communication
between sink and nodes. In [6], authors proposed an energy
efficient use of multiple MSs which results in longer network
lifetime. They used Mixed Integer Linear Programming
(MILP) to determine the locations of sink. They concluded
that use of rigorous approach to optimize energy utilization
leads to significant increase in network lifetime. Authors used
this approach for dense field.

Amjad et al. [3] proposed a routing protocol DREEM-
ME, in which square area is divided into concentric circles
and each ring is further subdivided into four regions, whereas
central circle remains the same. Eight outer regions are
considered as clusters (four clusters are present in each
central and outer circle). Each cluster selects CH on the
basis of residual energy to gather data from member nodes.
CHs in the outermost ring forward their data through relay
from central ring’s CHs, on the basis of minimum distance.
Authors in [8] consider the problem of speed and planning
path of data mule (i.e., MS) in WSN. They consider different
situations where this problem is encountered, like modeling
the motion of a data-collecting Unmanned Aerial Vehicle
(UAV) for structural health monitoring through nodes. They
used MS to avoid multihop forwarding. These MSs can save
energy of node and latency increases. In this paper, authors
schedule MS framework to minimize data delivery latency.
They formulated the problem and proposed an algorithm
to minimize the trade-off between energy consumption and
data latency.

In some networks, received data is sent to the sink in
timely pattern. These networks are designed in such a way
that nodes buffer data for some interval. Without being over-
flow, data is sent to the sink through multihop forwarding or
direct transmission depending upon the distance between the
node and sink. These are termed as delay tolerant networks.

In [12], the authors consider the clustering technique and
data is gathered throughCHs frommember nodes.MSmoves
on a defined trajectory and collects data from the CHs. In
this way energy consumption is minimized and as a result
this scheme has increased throughput. However, CH nodes
consumemore energy during data forwarding and is depleted
soon.

MMSR is proposed in [13], where there are three MSs
deployed in the network and they gather data from differ-
ent parts of the network. MSs move on different trajecto-
ries and gather data from the nodes. Nodes send sensed
data direct to MS at minimum distance. In this way the
energy consumption of nodes is minimized. In [14], authors
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proposed a novel joint optimization framework to study the
trade-offs between delay tolerant and network lifetime in
an MS aided WSN. They also devised a heuristic to find a
hop-constrained trajectory for the MS. They also proposed
an energy efficient routing protocol, where MS for the
purpose of data gathering traverses along the fixed trajectory.
The experimental results show that the proposed algorithm
performs better in terms of network lifetime maximization.
In [15], the authors explore the problem regarding MS in
event-driven applications. There are applications of WSNs,
where MS moves with limited velocity to harvest the sensed
data from group of sensors. The data is collected in defined
time slots. The authors used convex optimization model to
support vector regression technique.

Also, in [16], two different models are proposed for life-
time maximization: delay tolerance and queue-based toler-
ance. Authors also proposed a column generation algorithm
for data transmission from nodes to MS.

Basagni et al. in [5] defined a model, in which sink moves
on predefined path. They exploit MS movement close to
different nodes to minimize the energy consumption of the
nodes. As a consequence, network lifetime increases. Authors
proposed three schemes that represent different solutions for
sink mobility. One of the schemes computes optimal sink
routes and calculates sojourn times through proposed MILP
formulation. Also, they considered realistic parameters of
WSN and sink mobility. This scheme prolongs the network
lifetime by considering MS movements depending upon
node’s transmission costs in a centralized way. In [17], authors
proposed mobility pattern of a MS that takes a discrete
form where MS stop time is greater than movement time
between two sojourn locations. This approach is investigated
for balanced traffic load with MS and it results in improved
network lifetime. They also studied the benefits of using
MS versus a static sink. Authors simulated both grid net-
work and a special in-building network with nodes forming
a ring.

By using QVF algorithm for target tracking, authors in
[18] consider the problem of secure clustering in WSNs.
They use Bayesian methods for joint selection of the optimal
sensor and detection ofmalicious node to avoid attacks. Also,
they consider the trade-off between quality of sensed data,
transmit power, and initial energy of nodes. For detecting
malicious nodes, they used the Kullback-Leibler Distance
(KLD) between the current target position distribution and
the forecasted sensor observation.

In [19], Shi et al. proposed Data Driven Routing Protocol
(DDRP) to exploit the broadcast feature of wireless transmis-
sion. Control overhead is reduced because it requires no extra
controlmessages for route learning. Overhearing of such data
packet provides the route information to the MS and nodes.

MS, in the field, helps in reducing energy utilization of
nodes by using direct transmission, whereas MS needs time
scheduling to reduce data losses. Authors in [20] presented
a model in which two MSs in a square network are present
with different defined trajectories. By introducing two sinks,
load is balanced and MSs expedite data gathering process
and as a result network lifetime is prolonged. Related work
is summarized in Table 1.

3. Problem Statement

In the literature, many MS based routing schemes have been
proposed in WSNs: (i) sink mobility based schemes, (ii)
clustering based schemes, and (iii) sink mobility along with
clustering based schemes. In Section 2, we have already
discussed some of the latest and relevant schemes subject to
the three categories like [6, 8, 11]. Moreover, the drawbacks
of all the discussed schemes are also highlighted in Section 2.
From Section 2, we identify that the existing schemes use MS
for data gathering. However, the MS based schemes do not
consider node density as a priority which leads to inefficient
data gathering resulting in less network throughput. Simi-
larly, the clustering schemes consume high energy during
formation of clusters and CH selection resulting in shortened
network lifetime. Therefore, we aim to present an MS based
routing strategy for (i) network lifetime maximization, (ii)
path loss minimization, and (iii) end to end delay mini-
mization. Moreover, we aim at a geometric model to avoid
redundancy while collecting information from the network
nodes.

4. Counter Part Schemes

We compared our proposed schemes with existing schemes
and all the schemes use direct as well as multihop commu-
nication techniques depending upon the distance from the
sink. The four schemes, that is, DREEM-ME, DYN-NbC,
FTIEE [21], and UC-MS, were used for comparison with
our proposed schemes. A brief overview of each of the four
schemes is given below.

4.1. DREEM-ME. The designed WSN is two-dimensional
with 100m × 100m. Network field is divided into three
concentric circles of 20m, 35m, and 50m radii, respectively.
Inner circle is taken as it is and is considered as a single
cluster. Each of the outer two circles is further divided into
four sectors, which result in eight clusters. Now network has
total nine static clusters. Deployment of nodes in the network
is uniform random. Each cluster has 10 nodes. The network
has 90 nodes and nine clusters. Each cluster selects its CH on
the basis of residual energy. Sink is static and placed at center.
To minimize the energy consumption, it is not mandatory
for any node to send its data to its respective CH. Nodes
of outermost clusters calculate their distance from adjacent
cluster’s CH and send data to the least distant CH. So in this
way, CHs of outermost regions send their data to sink through
multihoping. The inner circle (central) CHs are responsible
for transmission of data of outer circle. This scheme balances
the energy consumption by implementing static clustering
andnode selection of closer CH for data sendingwith optimal
CH selection by nodes.

4.2. DYN-NbC. This scheme has two features: need based
clustering and dynamic sink mobility. This hybrid technique
exploits the advantages of both features. Nodes are randomly
deployed in the area of 100m × 100m field which is further
divided into four quadrants named as 𝑄1, 𝑄2, 𝑄3, and 𝑄4.
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Table 1: Overview of existing protocols.

Scheme/features Performance achieved Flaws Comments

Energy-efficient
communication protocol
for wireless microsensor
networks [4]

Prolonged network lifetime
and increased throughput. It is
clustering based scheme that

reduces global
communication

Clustering process consumes
energy; moreover during CH
selection energy consumption
also increases. Selection of CH

here depends upon the
probability

This scheme uses adaptive
clustering and also the number of
nodes in each cluster is not fixed.
So, node density varies in each
cluster. The cluster where node
density is high load on CH

increases for relaying data and it
drains its energy quickly

Optimizing
energy-latency trade-off
in WSNs with controlled
mobility [8]

MS and data mules are used
for multihop transmission.

Latency decreases because this
scheme uses optimal path for
relaying data with the help of

data mules

Energy consumption increases
for finding optimal route.
Nodes that relay the data of
nodes which are not in the
transmission range of MS
drain the energies quickly

This scheme decreases data delivery
latency on the cost of node energy
which it uses for communication
between them for finding optimal

routes

iAM-DisCNT [12]
Prolonged network lifetime.

MS communicates and
receives data from CHs

The network has CH and MS.
More energy is consumed
during selection of CHs and
CH node gets burden of

relying data of member nodes

Nodes send the data to MS through
CHs; it increases delay in the

network

Multiple Mobile
Sink-based routing
(MMSR) [13]

It prolongs network lifetime as
well as throughput of the

network. It also reduces the
energy consumption of nodes

A maximum number of MSs
increase the network cost

This scheme balances the energy
consumption by introducing the
MSs in the network. If there are a
sufficient number of MSs in the
network, it can achieve the

performance parameters. However,
in the meantime network cost also

increases

A study on cluster lifetime
in multihop WSNs with
cooperative MISO scheme
[14]

Prolonged network lifetime
and minimizing fading
through cooperation

Energy consumed during
clustering; also CH relay other
CHs data and drain its energy
quickly; thus its lifetime is

short

For network lifetime maximization
linear aggregation is introduced,
where after aggregation amount of
data varies directly with the size of

cluster

On maximizing the
lifetime of WSNs in
event-driven applications
with MSs [15]

MS, Cost of Tour (COT) is
determined by convex

optimization, whereas, in
second part, tour region is
bounded and problem is
solved through heuristic

algorithm

End to end delay increases
while applying the heuristics

for finding the hop
constrained trajectory to MS

There are no constraints on the
number of nodes in zones (ASNs);

MS visit each zone for data
gathering that increases delay

Greedy Maximum
Residual Energy (GMRE),
OPT, and Random
Movement (RM) MS [5]

Prolonged network lifetime in
OPT, where sink locations are

optimally defined in
comparison with GMRE and

RM

Latency increases in the
GMRE and OPT as compared

to RM

Overall due to mobility network
lifetime is increased. Latency
increases as nodes send data

directly to MS

MobiRoute: routing
towards a Mobile Sink for
improving lifetime in
WSN [17]

Prolonged network lifetime,
packet delivery ratio increases

Energy consumption is greater
as compared to static sink

network

This scheme considers very small
scale network for larger networks
where node density is high; it may

not be such efficient

DDRP, MS, multihoping
DDRP reduces the protocol
overhead in comparison,
prolonged network lifetime

Energy consumed during
relaying the data of other

nodes, also in maintaining the
routing table

MS with multihoping increase data
latency. Also, nodes consume more
energy while relaying data of other

nodes
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For simplicity each quadrant is further divided into four
regions. Node density is calculated in each of the 16 regions.
Data is collected on priority basis from the region of high
node density and is achieved by dynamic movement of MS
to that region. The maximum number of nodes sends their
data to MS by direct communication and thus minimizes
the energy consumption of the network. Nodes, which are
deployed far from theMS, have towait for their turn. To avoid
this delay clustering is done in the network. Clusters formed
by the criteria defined by LEACH. In this scheme, clustering
is done whenever there is a need; therefore, it is defined
by the name “need based clustering.” CHs gather data from
the member nodes and periodically send it to MS which is
currently residing in the region of high density and collecting
data from nodes there (direct communication). By taking
the benefits of both communication schemes, DYN-NbC
achieves longer network lifetime with greater throughput.

4.3. FTIEE. This scheme proposes an efficient protocol that
reduces CH selection overhead in the network. By using
machine learning technique any node of the cluster can be a
CH. This process minimizes the energy consumption during
the repeated elections of CH. FTIEE is the hierarchical-based
protocol. In this scheme unlike other clustering techniques,
cluster shape is square and remains fixed. However, the size of
clusters may vary and follows a certain rule. Clusters located
close to sink are smaller than the clusters that are located far
from the sink. Basically, the size of the clusters increases with
increase in distance between sink and node. In this scheme,
once in the whole network lifetime clusters are formed
and afterwards CHs are selected for them. This scheme is
distributed and finds optimal CH node by learning system.
CHs are selected by using the algorithm and nodes are not
involved inCH selection.Therefore, energy consumption and
network overhead are reduced. CH selection criteria include
its current state, neighbors, and residual energy and are called𝑄-learning which uses two 𝑄-values: residual energy of the
node and distance between a node and the sink. This scheme
also improves packet delivery ratio and packet delay along
with network lifetime.

4.4. UC-MS. This scheme combines the UC algorithm with
MS and proposed a MS based uneven clustering algorithm.
This algorithm is distributed clustering algorithm and is
similar to that of LEACH. CH role is rotated among the
nodes periodically, whereas selection of CH is mainly based
on the competitive range and the residual energy of the
nodes. Initially, the protocol implemented the UC algorithm
by placing sink at the center of a network. After performing
simulations and studying the behavior for energy consump-
tion and network lifetime, MS is introduced instead of fixed
sink. MS collects fused data under similar environment. All
nodes participate in the competition of CH selection. It
is CH’s responsibility to aggregate the data received from
member nodes and forward the aggregated data to the MS.
CHs get aware of MS’s location when they receive broadcast
message from MS. Upon receiving broadcast message from
MS trajectory and the sojourn locations are set in advance.

e

r
r

ca

f

h

b
1 2

Figure 1: Overlapping regions in the sensing range.

When a CH finds the closest sojourn position of the MS,
it then sends the gathered information when MS arrives.
Nodes, present within the cluster, use multihop as well as
direct communication with CH depending upon the distance
between them. CHs are selected on the basis of residual
energy. UC-MS enhances network lifetime alongminimizing
energy consumption.

5. Network Model

In our proposed schemes, RMS and DMS, nodes are homo-
geneous in terms of initially assigned energy, that is, 𝐸0. We
consider energy consumption only during the transmission
of sensed data. A square network area is considered that is
further logically divided into sixteen small squares. Nodes
are randomly deployed in the network field. The center of
each small square is a sojourn location of MS, from where it
directly receives data from the nodes that come in its sensing
range. Sensing range of MS is a circle (i.e., 𝜋𝑟2) which is
shown in Figure 1 with dotted lines. Pause signs are labeled
with 1 and 2 and represents two sojourn locations from the
whole network field (there are total 16 sojourn locations).
For simplicity and solving the equations for geometry they
are also labeled as 𝑎 and 𝑐. The intersection area between two
circles is shown shaded in this figure. The radius of circular
sensing range is 𝑟 (=𝑟 = 𝑟) and ℎ is the distance between
two intersecting points 𝑒 and𝑓.MSmoves to the next sojourn
location and portion of previously sensed region also comes
in next circular area as shown in Figure 1. To cope with
this problem, nodes that have previously sent their data do
not participate in current transmission. To understand the
geometry of transmission ranges (shown in Figure 1) consider
the following discussion.

When MS stops at a sojourn location, it receives data
from the nodes of connected subregions that come in its
sensing range. On its forwardmovement to the next location,
the MS sensing range overlaps with the previously visited
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region which may have few common nodes. The overlapped
sensing range is shown in Figure 2 to provide more clarity.
In order to avoid surplus data reception from nodes that
have previously sent their data, a mathematical model is
formulated. Both sensing ranges have same radii 𝑟; however,
to make calculation simple, we label them as 𝑟 and 𝑟. Our
goal is to calculate the shaded overlapped region between
two sensing ranges. For this purpose, we first calculated cord
length ℎ with the help of end points 𝑒 and 𝑓, shown in
Figure 3, that is, (𝑥, 𝑦) and (𝑥, −𝑦), where ℎ = 2𝑦. Cord end
points are located at the intersection points of circles as shown
in Figure 3. Equation of first sensing range with radius 𝑟 is a
circle equation given below:

𝑥2 + 𝑦2 = 𝑟2. (1)

Equation for second sensing range with radius 𝑟 is
(𝑑 − 𝑥)2 + 𝑦2 = 𝑟2, (2)

from (1) and (2)

𝑥2 − (𝑥 − 𝑑)2 = 𝑟2 − 𝑟2
𝑥 = 𝑑2 + 𝑟2 − 𝑟22𝑑 . (3)

Putting value from (3) in (1)

𝑦 = [𝑟2 − 14𝑑2 (𝑑2 + 𝑟2 − 𝑟2)2]1/2 ,
= 12𝑑 [𝑟24𝑑2 − (𝑑2 + 𝑟2 − 𝑟2)2]1/2
= 12𝑑 [(2𝑑𝑟 − (𝑑2 + 𝑟2 − 𝑟2))

⋅ (2𝑑𝑟 + (𝑑2 + 𝑟2 − 𝑟2))]1/2
= 12𝑑 [(𝑟2 − (𝑑 − 𝑟)2) ((𝑑 + 𝑟)2 − 𝑟2)]1/2
= 12𝑑 [(𝑟 − 𝑑 + 𝑟) (𝑟 + 𝑑 − 𝑟) (𝑑 + 𝑟 − 𝑟)

⋅ (𝑑 + 𝑟 + 𝑟)]1/2 .

(4)

In the considered case radii of both circles are the same; that
is, 𝑟 = 𝑟 = 𝑟. Substituting this value in (4), we get the value
of ℎ.

ℎ = 2𝑦 = √4𝑟2 − 𝑑2. (5)

Area of lens shaped overlapping region is

𝐴 = 𝑟2𝜋 − 2𝑟2cos−1 [ 𝑑√4𝑟2 − 𝑑2 ] − 12𝑑√4𝑟2 − 𝑑2, (6)

where “𝑑” is a distance as shown in Figure 2. Also, we have
considered 𝑑 as 25 for our proposed schemes RMS and DMS.
Eventually, when MS moves onward, already sensed areas
are excluded from next location’s sensing range given by (6).
Each node delivers data to MS once during an epoch. Epoch
is defined as the time duration in which all the nodes send
their data to MS once. To elaborate the proposed schemes,
network is modeled as directed graph 𝐺 = (V,E), whereV
are vertices and E are edges. In our case we take nodes 𝑁
as vertices and edges are links between nodes and MS. We
define set of sojourn locations as 𝑆 = {𝑠1, 𝑠2, . . . , 𝑠𝑚}. For all𝑖 ∈ V and 𝑗 ∈ 𝑆, ∃(𝑖, 𝑗) ∈ E, iff 𝑖 and 𝑗 are within a square
transmission range 𝑟tx.

MS covers the entire area and directly receives data from
each node in epoch, 𝑛 = 0, 1, 2, . . .. At each sojourn location
MS collects data from nodes in its sensing range and then
moves on. Traveling time between two sojourn locations is
negligible. Link between a node and MS is represented as 𝑎𝑗.
Also, if sink sojourn location is 𝑠𝑘, then 𝑎𝑗 = 1; otherwise
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Figure 4: Incoming and outgoing data flows: (a) nodes are sending data after getting control message and (b) no communication when MS
is moving. Dashed arrow lines refer to the control packet that MS sends when it arrives at a stop.

𝑎𝑗 = 0, 𝑎𝑗 ∈ 0, 1. We maximize network lifetime by using MS
on different trajectories.

Maximize 𝑍 = ∑
𝑛

𝑡𝑛 𝑛 = 0, 1, 2, . . . (7)

subject to: ∑
𝑠𝑘∈𝑆

𝑎𝑗 (𝑠𝑘) = 1 ∀𝑗 ∈ 𝑆 (7a)
∑
𝑖

∑
𝑗

𝑓𝑛𝑖𝑗 = ∑
𝑖

∑
𝑗

𝑓𝑛𝑗𝑖 ∀𝑖 ∈ 𝑉, 𝑗 ∈ 𝑆 (7b)

∑
𝑗

∑
𝑖

𝑝𝑖𝑗 =
{{{{{{{
𝑍(∑
𝑖

∑
𝑗

𝑓𝑖𝑗) if 𝑎𝑗 = 1,
0 if 𝑎𝑗 = 0

(7c)

∑
𝑖

𝑡𝑖(∑
𝑖∈𝑁

𝐸𝑡𝑚𝑖𝑗 ) ≤ 𝐸initial

∀𝑖 ∈ 𝑁, 𝑗 ∈ 𝑆
(7d)

𝑦𝑖𝑗 ≤ 𝑅𝑖𝑗 ∀𝑖, 𝑗 (7e)
𝑛∑
𝑖=1

𝑠0,𝑖 = 𝑛∑
𝑖=0

𝑠𝑖,0 ∀𝑛, 𝑆 (7f)
𝑦𝑖𝑗, 𝑡𝑖 ≥ 0 ∀𝑖, 𝑗. (7g)

Equation (7) defines the objective function ofmaximizing
network lifetime.𝑍 is total network lifetime and 𝑡𝑘 is the time
during one epoch. Therefore, sum of 𝑡𝑛 is the total network
lifetime. Equation (7a) shows that during one epoch sink
is located at one stop for the collection of data from nodes
that are present in its sensing range. Equation (7b) describes
incoming and outgoing flow constraints shown in Figure 4.
Function 𝑓𝑗𝑖 is the amount of data sent over an edge between
the node and MS during epoch 𝑛 and 𝑓𝑖𝑗 is the hello packet
sent by MS during stay on specific sojourn location. In (7c),𝑝𝑖𝑗 denotes the collected data during the network lifetime.
Equation (7d) is the energy conservation constraint. 𝐸𝑡𝑚𝑖𝑗 is

the energy used by the nodes during the transmission of
the data towards sink, whereas 𝐸initial is the initial energy of
nodes. Equation (7e) is the rate constraint. Total information
sent over the link (𝑖, 𝑗) should not exceed the link capacity,𝑅𝑖𝑗; it is the upper bound of the transmission rate. Finally, (7f)
shows that starting and ending locations of MS are the same.

6. Proposed Schemes: RMS and DMS

The objective of our proposed schemes, RMS and DMS, is to
analyze the performance ofMS on different trajectories in the
field. RMS trajectory follows node density based randompath
(i.e., density aware motion of MS) whereas DMS trajectory
has a predefined path. OftenWSNs are used to detect foreign
chemical agents in the air and the water; DMS scheme can be
implemented for such scenarios, whereas RMS scheme can be
used in natural disasters like flood, where the MS can be any
drowned helicopter or boat. When there is an urgent need,
MS visits that place first.

Another important parameter is sojourn period of MS.
Sojourn period is the time duration for which the MS stays
at a sojourn location and collects data from the neighboring
nodes. In our schemes, sojourn period is adaptively calcu-
lated. MS moves to the next location when all nodes of the
specific subregion completely transmit data. We calculate the
sojourn period at one sojourn location as 𝑡𝑛1 = 𝑡𝑛/𝑀, where𝑡𝑛1 is single sojourn time, 𝑡𝑛 is total time of a round, and𝑀 is
total number of sojourn locations in the field. If we calculate
sojourn time of a complete trip of MS, it shows that time
consumed in gathering data during one round is

𝑡𝑘 = ∑
𝑗

𝑡𝑗. (8)

Therefore, 𝑍 = ∑ 𝑡𝑘 is the total lifetime of the network.
For RMS, MS has global knowledge of all stops on the

basis of node density. DMS trajectories are initially defined
and MS follows the fixed path.
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Figure 5: Flow chart of RMS.

6.1. RMS Trajectories. RMS trajectory is random because MS
collects data on the basis of node density as it moves from
dense to sparse region(s). This movement is also very useful
as in some cases it is difficult to follow the defined path due
to obstacles or hills.

Network field is 100m × 100m which is logically divided
into 16 equal subregions and the central point of each
subregion is the stop for MS. Sojourn stops 𝑀 are equal to
the number of partitions of field which are 16 in proposed
schemes. MS randomly collects data from the nodes, by
giving priority to highest node density region. This is due
to the fact that the chances of overflow or loss of sensed
data increase with an increase in the node density. Also, MS
directly collects data from nodes, so energy used in data
transmission is minimized. The complete functionality of
RMS is shown in (Figure 5).

The working scheme of RMS is shown in Figure 6. Logi-
cally, MS starts its traveling from dense to sparse subregion
in the network field. We also assume that traveling time is
negligible as compared to sojourn time (𝑡𝑛1 = 𝑡𝑛/𝑀).

6.2. DMS Trajectories. We assume here a square field in
which nodes are randomly deployed. Network field is logi-
cally divided into small subregions. Network field dimensions
are 100m × 100m. It consists of sixteen small squares each of
area 25m × 25m as shown in Figure 7.

Central point of each subregion is the sojourn location
of MS, moving pattern of which is predefined, and it is like
a square spiral inside a square field. This trajectory covers
the complete area of network. MS stops on a first sojourn
location and broadcasts advertisement message to all nodes
in its sensing range.

Nodes then establish a link and start data transmission.
Once data transmission is completed, MS moves to the next
location and the same procedure repeats. Working scheme of
DMS is pictorially shown in Figure 8.

All nodes send the sensed data toMS once in a round.MS
is aware of its sojourn locations and also has the knowledge
of network boundaries. Path of MS is designed in such a
way that every node is able to deliver data at a minimum
distance.
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Moreover, the network is working in a sleep awake man-
ner. Nodes get awake and transmit their data toMS,whenever
they receive a beaconmessage fromMS. Otherwise, nodes go
to sleep mode to save their energy. As the area of subregion is
small, minimum energy is used in data transmission.

6.3. Analytical Analysis. We proposed two schemes RMS
and DMS, which collect data on priority and periodic bases,

respectively. Nodes are randomly deployed in the network.
In RMS, MS first collects data from those regions which are
denser, whereas, in DMS, trajectories for MS are predefined
and fixed. The path in DMS is predefined; however, the
nodes are randomly deployed. Therefore, we aim to optimize
three network performance metrics: (i) maximize network
throughput, (ii)minimize end to enddelay, and (iii)minimize
path loss.

The graphical analyses are carried out subject to (i)
throughput maximization, (ii) delay minimization, and (iii)
path lossminimization. For these three objectives, the bounds
are found through Monte Carlo simulations. Figures 9–
11 show the respective feasible regions (where all feasible
solutions lie) for the objective functions while respecting
their bounds. In RMS, regions with high node density send
more packets as compared to DMS. Objective function is
defining the combined throughput of both schemes in 21 ×
103 sec (time in which MS completes one trip). Combined
throughput of RMS and DMS is

TP-Combined = TP-RMS + TP-DMS. (9)

Objective function is

Maximizing TP (10a)

subject to: 0 ≤ (TP-RMS) + (TP-DMS)
≤ 167Kbps (10b)

0 ≤ (TP-RMS) ≤ 100Kbps (10c)

0 ≤ (TP-DMS) ≤ 67Kbps. (10d)

According to the bounds provided in (10b), (10c), and
(10d), Figure 9 shows the bounded region formed by inter-
secting lines 𝐿1, 𝐿2, 𝐿3, and 𝐿4. Combined throughput of
both schemes is lying within the boundaries of illustrated
region. This bounded region shows the feasible solution.
Values on each vertex are obtained as

at 𝑃1(0, 0) = 0Kbps,
at 𝑃2(67, 0) = 67Kbps,
at 𝑃3(0, 100) = 100Kbps,
at 𝑃4(67, 100) = 167Kbps.

Consider path loss (PL) for one round trip of MS in
both schemes: RMS and DMS. PL in RMS is greater than
DMS because it receives data from high node density region.
As a consequence, diffraction and reflection are greater in
this scheme. Feasible region for combined PL is shown
in Figure 10 in 21 × 103 sec. This represents the range of
maximumvalue of PL in any round ofMS (in which it gathers
data from the nodes in the network). Objective function is

Minimize PL, (11a)
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where PL-Combined = (PL-RMS) + (PL-DMS)
subject to: 0 ≤ (PL-RMS) + (PL-DMS)

≤ 20654 dB (11b)

0 ≤ (PL-RMS) ≤ 18578 dB (11c)

0 ≤ (TP-DMS) ≤ 12076 dB. (11d)

Bounded region is formed by the intersection of𝐿1, 𝐿2, 𝐿3, and 𝐿4 lines, which shows feasible region of PL
in Figure 10. These bounds are shown in (10b), (10c), and
(10d) that forms the feasible region. Values on each vertex
are obtained as

at 𝑃1(0, 0) = 0 dB,
at 𝑃2(12076, 0) = 12076 dB,
at 𝑃3(0, 18578) = 18578 dB,
at 𝑃4(12076, 18578) = 20654 dB.

Combined PL of both schemes is lying within the bound-
aries of illustrated region.

Another performance parameter is end to end delay of
RMS (D-RMS) and DMS (D-DMS) during single trip in
which MS gathers data from the field. That is represented as

D-Combined = (D-DMS) + (D-RMS) . (12)

Objective function and constraints are given as

Minimize D-Combined (13a)

subject to: 0 ≤ (D-RMS) + (D-DMS)
≤ 0.0102msec

(13b)

0 ≤ (D-RMS) ≤ 0.0080msec (13c)

0 ≤ (D-DMS) ≤ 0.0022msec. (13d)

Feasible region is shown in Figure 11 that is formed by the
intersection of 𝐿1, 𝐿2, 𝐿3, and 𝐿4 lines. The values for these
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bounds are given in (13b), (13c), and (13d). Values on each
vertex are obtained as

at 𝑃1(0, 0) = 0msec,
at 𝑃2(0.0022, 0) = 0.0022msec,
at 𝑃3(0, 0.0080) = 0.0080msec,
at 𝑃4(0.0022, 0.0080) = 0.0102msec.

D-Combined falls within the boundaries of illustrated region.
The bounded region shows the maximum value of the delay
when all the nodes are alive in the network. As the network
evolves the nodes in the network consume energy that
depends upon the distance between nodes and MS. With the
passage of time when nodes start depleting their energies
delay decreases. The feasible region represents the minimum
and maximum range of the delay.
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Figure 11: End to end delay of feasible region.

7. Simulation Results

Following performance parameters are considered to evalu-
ate the simulation results.

7.1. Performance Parameters: Definitions. For evaluating per-
formance of RMS and DMS, the following metrics are used:

(1) Network lifetime: total time duration (sec) of network
operation from start till the death of last node.

(2) Stability period: time duration (sec) from start of the
network till the death of first node.

(3) Unstability period: it is the time duration (sec) from
the death of first node till the death of last node during
network operation.

(4) Throughput: number of successfully received packets
by the MS per unit time (packet/sec).

(5) Packets dropped: number of packets dropped due to
bad link quality. We considered random uniformed
model [22] for packet dropped calculation, in which
the probability of packet drop is set to 0.3.

(6) End to end delay: Time, a packet takes, to travel from
source node to sink (sec).

(7) PL: PL includes all the propagation losses due to atten-
uation of electromagnetic waves, refraction, diffrac-
tion, and reflection, between source and sink. It is
calculated in dB.

Note. From the literature review in Section 2, the network
lifetime has been defined in many ways like total time
duration from the establishment of network till the death of
first node, the total time duration from the establishment of
the network till the death of 10% nodes, and the total time
duration from the establishment of the network till the death
of last node. In this research work, we have analyzed the
first node death time and the last node death time. The first
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Figure 12: Radio model.

Table 2: Radio parameters.

Operation Energy dissipated
Transmitter/receiver electronics 50 nJ/bit
Data aggregation 50 nJ/bit/m2

Transmit amplifier (if 𝑑 to Sink ≤ 𝑑0) 10 pJ/bit/m2

Transmit amplifier (if 𝑑 to Sink > 𝑑0) 0.0013 pJ/bit/m4

Data rate 250 kbps

node death time is also called stability period of the network.
Thus, we have chosen the last node death time as the network
lifetime.

We use first-order radio model for energy consumption
[4] and distance is taken between source node and MS.
Depending upon the distance, free space (𝑑2 power loss) and
multipath (𝑑4 power loss) channels are used. Equations for
energy consumption of 𝑘-bit packet over a distance 𝑑 are
given as

𝐸Tx (𝑘, 𝑑) = {{{
𝑘𝐸ele + 𝑘𝜀fs𝑑2 if 𝑑 < 𝑑0
𝑘𝐸ele + 𝑘𝜀mp𝑑4 if 𝑑 ≥ 𝑑0. (14)

In Figure 12, the radio model shows that the energy
consumption is directly proportional to the distance between
sender and receiver nodes. To minimize this distance, MS
plays a key role. It receives data from the nodes at minimum
distance and thusMSminimizes nodes’ energy consumption.

Radio model parameters that we used for simulations
are shown in Table 2. 100 nodes are randomly deployed
in a network. Network field is logically divided into 16
small squares of equal area, that is, 25m × 25m. Due to
random deployment of the nodes, density of nodes varies
in the subregions, where it is high; there are chances of
information loss due to data overflow. Our proposed RMS
scheme addresses this problem; that is,MS visits dense region
first, whereas DMS considers predefined paths. In both cases,
sojourn locations are defined.

7.2. Performance Parameters: Discussions

7.2.1. Network Stability. Figure 13 shows the comparison
of network lifetime of proposed and compared schemes.
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Figure 13: Stability comparison.

Each node is equipped with same initial energy 0.5 J. DMS
shows improved and extended stability period in comparison
to the other schemes. MS broadcasts a beacon, when it
stops at a particular location. Nodes which come in the
transmission range of MS receive the beacon and transmit
their sensed data. As a consequence nodes minimize their
energy consumption with the help of direct communication
with sink. This results in longer stability period as well as
network lifetime. Sink mobility in proposed scheme reduces
energy consumption to existing schemes. Moreover, the CHs
bear the burden of their respective member nodes in terms
of data forwarding and aggregation. Thus, the CHs consume
energy at faster rate as compared to normal nodes. In DMS
and RMS, we compared the mobility patterns, predefined
trajectory of MS and random trajectory from dense region
to sparse regions of the network, respectively. In RMS, nodes
from sparse regions transmit data towards the sink at larger
distance, therefore, consumingmore energy. As a result, RMS
showing shorter stability period; however, network lifetime
is similar to DMS. DREEM-ME has also longer stability
period due to uniform random distribution of the nodes
and minimum transmission distance. After 4.2 × 107 sec the
nodes in the outermost and central region drain energies and
the nodes present in the inner most region only send data
towards the sink. UC-MS has longer network lifetime than
LEACH due to the presence of MS.

7.2.2. Throughput. Throughput of proposed and compared
schemes is shown in Figure 14. The schemes with MS have
higher throughput because of direct communication between
nodes and MS and low PL. DREEM-ME and FTIEE are clus-
tering routing protocols; their throughput is less as compared
to the other four MS schemes. RMS has greater throughput
becauseMS gives priority to dense regions for data gathering;
that is, more number of nodes send data packet directly,
thereby increasing throughput. In UC-MS, CHs collect data
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Figure 14: Number of packets sent to sink.

from member nodes and wait for the control message
from MS (when it arrives on nearby stop). MS visits on
predetermined stops and directly receives data from the CHs
at aminimumdistance.This reduces the energy consumption
of CHs. DYN-NbC and UC-MS are clustering schemes with
sink mobility and are more efficient in comparison with
DREEM-ME and FTIEE. However, we further minimize
energy consumption by excluding clustering mechanism in
RMS and DMS. DYN-NbC contains clustering as well as
MS. So its throughput lies in between the throughput of
clustering schemes (FTIEE, DREEM-ME) and schemes with
MS (DMS, RMS). From the start of the network operation,
throughput of each scheme linearly increases, whereas after
the end of stability period throughput decreases. Reason for
low throughput is decreased number of alive nodes in the
network. That shows maximum possible output during one
complete trip of MS when it receives data from all nodes.

7.2.3. End to End Delay. End to end delay varies in all
schemes. In Figure 15, DREEM-ME has the least packet delay
because it is clustering scheme; number of hops for data
transmission decreases and load is well balanced among the
CHs and the member nodes. Also, it has uniform random
distribution of nodes. DREEM-ME has static clusters and
they stay the same till the end of network. Its clusters are
design in such a way that nodes interact with CHs which
further transmit data to sink at a minimum distance. Delay
of DMS is the least among the compared schemes that
have MS. In this case, MS has defined trajectory and data
is received in less time because of assumption that sink’s
traveling time is negligible between two adjacent sojourn
locations. No priority is given to any node in receiving data
from nodes when MS is present at any sojourn location. End
to end delay of RMS is greater than that of DMS because MS
randomly moves in the field to collect data. The analytical

0 1 2 3 4 5 6
0

0.005

0.01

0.015

0.02

0.025

0.03

Time (sec)

En
d 

to
 en

d 
de

lay
 (s

)

×107

RMS
DMS
DREEM-ME

DYN-NbC
FTIEE
UC-MS

Figure 15: End to end delay.

analysis of delay of both schemes during a single trip of MS
in the network field is shown in Figure 11. There, bounded
region shows the maximum and minimum values of delay.
FTIEE is a clustering scheme and it has greater end to end
delay as compared to the proposed schemes. This is because
nodes first send data to the CH and then CH forwards
the aggregated data to the sink and takes extra time (i.e.,
longer delay). It also possesses dynamic clustering which
rotates clusters after certain time, and again CH selection and
association phase occurs. That results in delay. DYN-NbC
has higher delay because it utilizes clustering as well as MS,
where clustering uses multihop communication that results
in longer delay. First the denser region on the basis of number
of nodes is selected; then remaining regions form clusters;
and CHs are selected; also, nodes association phase takes
place. In UC-MS clustering is done first; then association of
nodes occurs. The difference is CH waits for MS for data
forwarding. From the start of the network till the death of
first node, end to end delay linearly increases and afterwards
remains constant.

7.2.4. Number of Packets Dropped. Figure 16 shows that those
schemes which have high throughput also have high packet
drop probability. This model assumes that greater packets
sending rate results in greater number of packets drop.
DREEM-ME and FTIEE are clustering schemes, where nodes
sense the data and periodically transmit it to CH. CH after
receiving data from the member nodes aggregates it and
sends it to the sink. UC-MS has both clustering and MS.
First nodes send data to CH; then after receiving data from
member nodes CH waits for MS. Chances of packet drop
increase in this way. DYN-NbC has need based clustering;
however, MS is covering 25% directly. In 75% of the network
field there is clustering and CHs receive data from member
nodes and transmit it to MS. Its packet drop is less than UC-
MS in comparison. It is obvious from our proposed schemes
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that RMS has less packet drop because it receives data from
the nodes of maximum dense region on the priority basis.
DMS is visiting each region on predefined trajectories and
there are chances that in some regions nodes are waiting for
so long for MS’s arrival and ultimately drop the packet.

7.2.5. PL. In RMS, as MS moves towards dense region, the
number of packets sent by the nodes is greater. In Figure 17 PL
is shown; it increases till the nodes in the network are sensing
and transmitting the data. Throughput of RMS is greater;
therefore, PL is also greater. In DMS, PL is relatively less than
that of RMS. Combined PL of both schemes RMS and DMS
is provided in Figure 10. That shows the maximum value of
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Figure 18: Residual energy.

PL during one complete data collection round of MS (when
it receives data from all alive nodes of the network). Stability
period of DMS is greater than all compared schemes that is5×107 seconds. FromFigure 17, PL forDMS increases linearly
till 5 × 107 and after that nodes start depleting their energies
and PL curve also alters its behavior. UC-MS and DYN-NbC
both have clustering mechanism and MS. However, in UC-
MS there is higher PL as compared to DYN-NbC because it
has uneven clustering and data transmission is only through
CHs.

DREEM-ME and FTIEE both are clustering schemes;
however, FTIEE has higher PL because of dynamic clustering;
that is, shape and number of nodes associatedwith theCHare
not fixed. Some CHs have large number of associated nodes
and during data reception, propagation delay or attenuation
may occur which results in maybe increased PL.

7.2.6. Residual Energy. In all the analyzed protocols, initial
energy is the same, that is, 0.5 J. It is obvious from Fig-
ure 18 that due to noncontinuous transmissions in RMS and
DMS energy consumption is linear. In DYN-NbC, energy is
consumed during clustering and CH selection. UC-MS also
consumes more energy in cluster formation, CH selection,
and data aggregation.

7.3. Performance Parameters: Trade-Offs. We discuss the
performance trade-offs of proposed and existing routing
schemes. Also, we make the possible comparison of all
schemes under consideration. Enhancement in a perfor-
mance metric in each scheme is achieved by paying the cost
in any other performance metric as shown in Table 3. DMS
achieves higher stability period at the cost of throughput as
compared to RMS. However, end to end delay of DMS is also
less than RMS. End to end delay depends upon the number
of packets received at sink. As in RMS a larger number of
nodes (from dense region) directly transmit data to MS,
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Table 3: Performance trade-off made by protocols.

Technique Routing criteria Distinguished features Advances achieved Trade-offs Remarks

RMS MS with random
trajectory

Random deployment of
nodes. Transmit data to MS

at minimum distance

HighThroughput,
less end to end

delay

Less stability,
packet dropped, PL

Minimizing energy
consumption due to absence

of clustering

DMS MS with defined
trajectory

Randomly deployed nodes
with direct transmission to
MS on defined trajectories

Longer stability
period, less end to
end delay, less PL

Less throughput

Minimizing end to end delay,
energy consumption is
minimum due to direct
communication with MS

DREEM-ME Static clustering
and multihop

Static clustering,
transmission at minimum
distance. Uniform random

deployment of nodes

Longer stability
period, less end to
end delay, packet

dropped

Less throughput

Static clustering, transmission
at minimum distance.

Uniform random deployment
of nodes

DYN-NbC Clustering and MS

Adaptive clustering with
sink mobility in specific

regions. Random
deployment of nodes

Increased
throughput

Min stability
period, end to end

delay, packet
dropped

CH selection is on the basis of
LEACH criteria that considers

probability only

FTIEE Clustering

Fixed clustering on the
basis of distance from sink.
Machine learning criteria
for CH selection. Node
deployment is random

High stability, less
packet dropped

Longer end to end
delay

Due to fixed clustering and
machine learning technique
energy consumption of nodes
is minimized. However if sink
mobility is introduced, further

load from the CH can be
reduced

UC-MS UC and MS

Uneven clustering by
following LEACH criteria

and MS. Random
deployment of nodes

Enhanced
throughput

Stability period,
E2ED, packet
dropped

This protocol uses LEACH
criteria for CH selection

which do not consider residual
energy for CH selection

congestion in network may occur and because of this end
to end delay increases. RMS has higher throughput because
it gathers data from dense regions on priority basis at the
cost of stability period. E2ED of nodes in these schemes is
less in comparison to the UC-MS, DREEM-ME, DYN-NbC,
and FTIEE. In UC-MS nodes first send their sensed data
to the CHs and CHs wait for MS to come at their closer
stop. Once MS stops at nearer stop, CHs transmit their own
data, as well as received data. Due to waiting for MS and
multihop communication, UC-MS has higher E2ED. DYN-
NbC is also clustering scheme with MS. Its working strategy
is different from UC-MS. First the whole network is divided
into small subregions like RMS and DMS. After that highly
dense region where the number of nodes is maximum is
identified. DYN-NbC’s E2ED is less than UC-MS, however,
greater than DREEM-ME and FTIEE. For packet drop ratio
we used random uniformed model. DMS has a higher packet
drop ratio in comparison to other compared schemes because
it visits all the regions in the network on its turn. Packet drop
increases in some areas where nodes have to wait for MS for
long time period. RMS receives data from nodes on priority;
high node density regions send their sensed data earlier; as a
result, it achieves higher throughput and less packet drop. In
DMS consumption of energy is almost the same like RMS.

8. Conclusion and Future Work

In our proposed RMS and DMS schemes, the field is logically
divided into small squares to find MS locations and also to

calculate its maximum distance from the nodes. Doing this,
we achieved enhanced throughput and prolonged network
lifetime.We compared our proposed protocols withDREEM-
ME in which the field is divided into concentric circles and
depending upon the distance between node and sink, data
is either directly transmitted or via the intermediate nodes.
We also compared our proposed schemes with UC-MS and
DYN-NbC; these possess clustering as well as MS. Results
show that RMS performs better than DMS in terms of data
collection from dense regions first and remaining afterwards,
while in terms of stability, DMS trajectory shows better
performance.

In future, our goals are to explore more trajectories and
geometries of sink. We also want to introduce more than
one sink to minimize the transmission cost and prolong the
network lifetime. Also end to end QoS metric will be under
consideration for gateway selection schemes.
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A mobile-based high sensitivity absorptiometer is presented to detect organophosphorus (OP) compounds for Internet-of-Things
based food safety tracking. This instrument consists of a customized sensor front-end chip, LED-based light source, low power
wireless link, and coin battery, along with a sample holder packaged in a recycled format. The sensor front-end integrates optical
sensor, capacitive transimpedance amplifier, and a folded-reference pulse width modulator in a single chip fabricated in a 0.18 𝜇m
1-poly 5-metal CMOS process and has input optical power dynamic range of 71 dB, sensitivity of 3.6 nW/cm2 (0.77 pA), and
power consumption of 14.5𝜇W. Enabled by this high sensitivity sensor front-end chip, the proposed absorptiometer has a small
size of 96 cm3, with features including on-field detection and wireless communication with a mobile. OP compound detection
experiments of the handheld system demonstrate a limit of detection (LOD) of 0.4𝜇mol/L, comparable to that of a commercial
spectrophotometer. Meanwhile, an android-based application (APP) is presented which makes the absorptiometer access to the
Internet-of-Things (IoT).

1. Introduction

In recent years, food safety is becoming one of the most
concerned social issues.There are various factors threatening
food safety during the whole food processing procedures. For
example, organophosphorus (OP) pesticides residues have
caused serious pollution to food and environmentwith exten-
sive and sometimes improper application. With the rapid
development of wireless communication technologies and
intelligent devices, more and more Internet-of-Things (IoT)
systems are applied in the food safety tracking field. However,
the status information of food can merely be obtained by
reading prestoring data in radio frequency identification
(RFID) tag, which is inapplicable for on-field detection.
Therefore, a fast, on-field, and low cost OP detection system
is crucial for food safety.

Numerous analytical reports have been published in the
past decades on the OP determination.They can be generally
divided into two categories, nonenzymes and enzyme-based
methods [1]. The former methods mainly rely on physical
and chemical ways without biological components involved,
such as gas chromatography [2–6], nitrogen-phosphorus
detection [7, 8], high-performance liquid chromatography
[9–11], and capillary electrophoresis [12]. Normally, these
methods heavily depend on fussy instruments and are more
suitable for in-laboratory detection. The latter are called
enzyme-based biosensors. A biosensor is composed of bio-
logical molecules and transducers. Due to the specificity of
biological components for the analyte, the biosensors show
more and more potential in on-field monitoring. Two types
of enzyme are involved in such biosensors: OP hydrolase
that can directly hydrolyze OP pesticides [13–15] and acetyl
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cholinesterase (AChE) that can be inhibited by OP pesticides
[16]. The analytical method using AChE needs addition of
special substrate and detects the inhabitation rate after its
exposure to OP, thus resulting in irreversible loss in enzyme
activity [17]. Therefore, OP hydrolase based biosensor is
applied in the detection system proposed in this paper.

As for biosensor applied in on-field detection, sensi-
tivity is one of the most important characteristics. Gen-
erally biosensor consists of biological recognition element
and transducer [18], both of which have significant effect
on sensitivity. When employing enzyme as the biologi-
cal recognition element, it is essential to choose suitable
immobilization method as it would affect the sensitivity
and stability. Typically physical adsorption method is used
for immobilization. With the potential for anti-interference
and miniaturization [19], optical sensors now are widely
employed as transducers. Optical sensors can be divided into
two categories according to the light source, fluorescence-
based sensors [20] and absorbance-based sensors [19]. The
former one can detect OP concentration by measuring
fluorescence emission under excitation. However, the fluo-
rescence intensity is heavily depending on pH change, which
limits the sensitivity and response speed. The latter one
is to detect OP concentration by measuring transmission
light intensity after being absorbed by the solution. Due
to the simple principle and structure, it promises high
sensitivity and flexibility for practical application. Besides the
measurement principle, photosensitive devices and circuits
are another key factor that decides the performance of optical
sensor. Charge-coupled device (CCD) is usually used as the
photodetection sensor in commercial system to achieve high
sensitivity [21]. Nevertheless, CCD is not compatible with
complementary metal oxide semiconductor (CMOS) process
and the photocurrent readout circuit cannot integrate with
it. Therefore, the detection system based on CCD device
always has higher cost and shows a lower integrated level.
Customized phototransistor has also been used as the senor
component to improve sensitivity, which has limited dynamic
range of measurement yet [22]. With use of special process,
specific high-performance sensing components are hard to
manufacture and integrate with other circuits in system. In
spite of difficulty in improving sensing components, readout
circuits can be also optimized to achieve high sensitivity. To
improve the sensitivity of the systems, noise of the circuit
needs to be reduced including dark current, thermal noise,
flick noise, and reset noise. Therefore, different circuit archi-
tectures have been proposed to cut down the noise of circuit.
In order to lower the dark current of photodiode, a pseudo
differential photocurrent readout circuit is proposed which
is constituted by two channels [22] to detect dark current
and total current, respectively. Techniques such as capacitive
control, bandwidth control, and charge control [23] are used
to reduce reset noise. Furthermore,ΔΣmodulator and digital
filter are also utilized to process the output of capacitive
transimpedance amplifier (CTIA) [24] to achieve less noise.

Besides of high sensitivity biosensors, it is essential
to design a portable and intelligent OP detection plat-
form for on-field detection. Several schematic designs of
portable detection system have been proposed in last decade.

Cloud
On-field 
detector

Interface

Food safety specialist

4G

4G

Figure 1: Overall view of the OP on-field detection platform based
on IoT.

According to the paper-based detection sensor proposed by
Kavruk et al. [25], paper containing enzyme mixture is fixed
on a thin plastic support to recognize OP compounds, which
enhances portability observably. Nevertheless, the detection
still needs to be done by measuring color intensity on
additional instruments, which is inapplicable for on-field
detection. The other approach is to fabricate the detection
system by assembling light source, fibers, optical sensors,
and other discrete components together [26]. Based on this
idea, Choi et al. [26] employ microcontroller and printed
circuit board (PCB) to integrate discrete components, which
miniaturizes system size and enhances hardware reliability.
Besides hardware integration, computer is also employed
to control detection process [27], receive and process data
through data interface, and display detection result. By
involving computer into the detection system, it is promised
to improve the usability and intelligence of detection system,
as well as miniaturizing terminal size. However, limited by
the physical size of computer and effective range of network,
it is inapplicable to use such a system outdoors. Fortunately
with the rapid development of smart phone and wireless
communication technology, it is possible to further improve
the system in portability and usability. Figure 1 illustrates
the overview of an OP on-field detection based on IoT
platform. In this paper, main attention is focused on the
implementation of a practical, portable, and high sensitivity
OP detection system based on a customized sensor, wireless
communication technology, and smartphone application.

The OP detection system proposed in this work demon-
strates several improvements in the performance of cus-
tomized front-end sensor and the minimization of system
compared with previously reported system. In order to
achieve both high sensitivity and large dynamic range at
the same time, a sensor front-end with folded-reference is
proposed and employed. Meanwhile, photodiode is manu-
factured in conventional CMOS process and integrated in
sensor front-end chip, helpful for minimization of system.
Considering the requirement of handheld system, the system
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box is designed to be small size and light weight for high
performance in portability and mobility. By employing Blue-
tooth protocol and smartphone application, detection data
can be wirelessly transmitted to smartphone, then further
processed, and displayed on smartphone, which reduces
power consumption of the detection part. Besides, benefiting
from the high sensitivity of photodetection sensor, only
trace solution is enough to get high accuracy; hence, very
little enzyme is utilized. All of these features mentioned
above promise the proposed system to be portable with high
sensitivity and low cost.

This paper is organized as follows. In Section 2, the
whole system and details of each block are introduced. In
Section 3, the working principle and the noise analysis of
the photodetection sensor are described. Section 4 shows
measurement results of the photodetection sensor and OP
compounds detection and Section 5 concludes this paper.

2. Principle and Implementation of
Detection System

The biosensing principle mainly detects the absorbance of
the enzymatic product hydrolyzed from methyl parathion.
The diagram of the proposed absorptiometer is illustrated

in Figure 2, which is mainly composed of a meter-box and
an application software (APP) running in an android-based
smart mobile. The performance of the system is determined
by the compact optical path. In the meter-box, a narrowband
light emitting diode (LED) is used as the light source, where
intensity is programmed by the on-board microcontroller
unit (MCU) through an embedded digital-to-analog con-
verter (ADC) and a voltage-to-current converter. The light
after passing through the sample holder is detected by the
customized sensor front-end and converted into voltage
pulse width modulated (PWM) signals, which represent the
information with their pulse width. The converted voltage
pulse signals are further quantized by the on-board MCU
with its intrinsic timer. The meter-box communicates with
the paired smart mobile through a Bluetooth link. APP
operating in the smart mobile is used for controlling the
detection flow, data analysis, and results figuring.

2.1. Meter-Box Implementation. The electronic system of
the meter-box is implemented in two boards, as shown in
Figure 3(a): the exciting source board and the main board.
The exciting source board integrates narrowband LED, which
fulfills voltage-to-current conversion in a rather simple way
to power the LED. The main board shown in Figure 3(b)
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integrates the sensor front-end chip [28] as well as the
necessary current bias and voltage reference circuits, while
Coprocessor, Bluetooth low energy (BLE), system on chip
(SoC), and power management integrated circuits (ICs)
are also arranged on the other side of main board, which
communicates with themobile phone, provides an adjustable
voltage reference to exciting source board to tune the light
intensity and its on/off, and powers the sensor chip as well as
quantizing the PWM signal received from the sensor chip.

The sample holder is made of quartz glass and can be
used to store the detected solution, as depicted in Figure 3(a).
The holder is hermitical except for two circular holes on
top for injection of solutions, such as OP compounds, OP
hydrolase, and buffer solution. For the handheld system is
designed to use in the field environment and easily measure
the OP compounds, the OP compounds hydrolase is fixed
on the inner wall of the quartz glass by absorption and
the sample is hydrolyzed in the holder. The light from the
LED on the exciting source board transmits through sample
holder to sensing detector on the main board. The collected
light should completely be light modulated in theory by the
monitored solution without the unmodulated light, which
can cause measurement error.The unmodulated light mainly
comes from two sources, external leaked light leakage and
multi-internal reflecting light caused by inside wall. In order
to reduce external leaked light, a highly sealed box is built
to wrap up the whole system, showed in Figure 3(c). On the
other hand, light-absorbing material is coated on the inner
wall of the box to lower the multi-internal light reflection.
What is more, the groove in the box is used to fix the sample
holder andmake sure the optical path is the same in each test,
which is essential for the consistency of measurement results.

In this work, a blue (400 nm) LED is used. Due to its
huge power consumption, the blue LED is turned on before
each test and turned off after the test, controlled by the BLE
SoC to reduce the power consumption. A sample command
is send out from the smartphone through Bluetooth module;
Arm Cortex M0 turns on the LED. Secondly, Coprocessor
digitalizes the output of the light detection sensor and
computes the intensity of the light passing through the under-
testing sample liquid.Thirdly, after getting the concentration,
MCU sends the data to smartphone and turns off the LED.
The specific APP running the android-based smartphone
computes out the absorbance and the concentration of the
sample and reports the results. Hence, a period of the
measuring is completed.

The size of the meter-box is only 96 cm3. Because of the
smaller volume and less weight, mobility and portability of
system have been improved significantly, muchmore suitable
for field environment application. Only 3.6mL of tested
solution is needed to achieve sufficient accuracy with the help
of noise reduction operation and shorter optical path. In this
way, every test costs less hydrolytic enzyme.

2.2. Mobile APP and Operation Flow. The complete OP
compounds detection can be divided into two phases: cal-
ibrating phase and measuring phase. In calibrating phase,
two different fixed concentrations of solution are sent to the
handed system to extract the fitting function and coefficients.

The function of the fitting line is

𝑦 = 𝑘 ⋅ ln 𝜉 + 𝑏
𝑘 = 𝑦1 − 𝑦2

ln 𝜉1 − ln 𝜉2
𝑏 = 𝑦1 − 𝑘 ⋅ ln 𝜉1,

(1)

where 𝑘, 𝑏 are the slop and the liner intercept of the fitting
line and 𝜉 is the light intensity output of the photodetection
sensor. Another important parameter in OP compounds
detection, the limit of detection (LOD) is also extracted in
this calibration phase. The expressing of LOD is

LOD = 3 ⋅ 𝜎𝑘 , (2)

where 𝜎 is the standard deviation with the 0 uM concentra-
tion solution.

To extend the battery life of the meter-box, micro-
cod/APP codesign method is used. The detailed operation
flow is shown in Figure 4. The first step of operation is
to use APP to send sample start command to BLE SoC.
After the BLE SoC receives interpret ask, it sends “sampling
start” command toCoprocessor through SPI interface. Before
acknowledging interpret ask, Coprocessor is turned down,
which takes a majority of power consumption during sam-
pling operation. Receiving interpret response, Coprocessor
powers up and starts to conduct sampling command. There
are 3 steps for Coprocessor to do during sampling. First, it
realizes self-configuration. Secondly, it sends divided clock
signal to drive photo sensor. Finally, Coprocessor decodes
PMW signal received from sensor and stores converted data
in buffer. After getting enough data, the Coprocessor sends
interpret ask signal and sampling results to BLE SoC through
SPI interface before powering down. Then BLE SoC stores
data in local buffer until APP sends data read command.
When APP gets data from BLE SoC, the final result is
calculated by specific principle with data received. The data
processing includes absorbance calculation, LODcalculation,
and linearity analysis and result plot. During communication,
generic attribute (GATT) protocol is implemented to avoid
possible error caused by overflow and empty. In addition,
LED and Coprocessor, costing most power, are turned down
during free period, which realizes lower power strategy.

3. Photodetection Sensor Architecture

The main function of the sensor is converting the light
intensity to digital signal. In general, a photodetection sensor
is usually consisted of photosensitive component, current
readout circuit, and quantization circuit. The photosensitive
component converts the light intensity to photo current and
the current readout circuit converts the current to voltage.
Quantization circuit converts the voltage to digital signal.
Charge-coupled device (CCD) and photodiode fabricated
by CMOS process can be used as photosensitive compo-
nent. CCD has a higher sensitivity than CMOS photodiode.
However, CCD cannot fabricate with the readout circuit
since CCD is not compatible with the CMOS process. There
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are three different types of photodiode in standard CMOS
process including n+/p-sub, n-well/p-sub, and p+/n-well/p-
sub. In this work, the photodiode is designed with n-well/p-
sub. In terms of sensitivity, this type of photodiode performs
best because of it has wider depletion region and larger
sidewalls. The signal-to-noise ratio might be high than n+/p-
sub, p+/n-well/p-sub by a factor of 1.5 and 1.2, respectively
[30].

3.1. Architecture of Detection Sensor. The photo current can
be converted into voltage by integration through capacitor
or resistor. Capacitive feedback integration needs periodic
reset to address the saturation problem, while the resistive
feedback does not. However, capacity feedback integration is
less noisy than the resistive feedback. Hence, the capacitive
feedback integration is used in this work.

Previous works in CMOS typically utilize an ADC to
quantize the output voltage of the TIA [31], resulting in
several disadvantages. For example, a capacitive successive
approximation register (SAR) ADC can be low power but has
large area overhead. On the other hand, a sigma-delta ADC
can achieve better resolution but consumes significant power.
In this work, the voltage signal is converted into a pulse signal
for reduced complexity and lower power consumption.

The architecture of the photodetection sensor and the
interface with MCU are depicted in Figure 5. The photode-
tection sensor is consisted of a TIA with a 𝑇-type low-
leakage current switch, two comparators, a ramp generator,
and several logic circuits. For the input photocurrent is about
a few pA (10−12A), the 𝑇-type switch is essential to reduce
the current leakage. The capacitor feedback transimpedance
amplifier (CTIA) is used to convert the photocurrent to
voltage. The sequential comparators and the logical circuit
are used to convert the voltage signal to pulse width modu-
lated signal (PWM). Comparator CMP1 with fixed reference

voltage 𝑉ref2 generates the positive edge of pulse wave, while
CMP2 with folded-reference Vref1 provides the negative
edge. A MCU is used to provide the clock signal to control
the integration time and compute the pulse wave of the
output logical control circuit. One fixed voltage reference
and a folded reference instead of two fixed references are
employed in here to enlarge the dynamic range of the input
light intensity.

3.2. Operating Principle. One major problem for conven-
tional PWM-based optical detection systems is that when
the received input optical power is too small, the detector
takes excessive time to perform quantization. In order to
address this problem, this work utilizes a folded-reference
voltage rather than a fixed reference in order to decrease
integration time. Specifically, during 0 ∼ 𝑇1, 𝑉ref1 is a fixed
voltage, similar to a conventional PWM-based system.When
the output voltage of the TIA is larger (less) than 𝑉1 at 𝑇1,𝑉ref1 is a fixed voltage (ramp signal) during 𝑇1 ∼ 𝑇2. Figure 6
describes these two conditions mentioned above.

When 𝑉ref1 is a folded-reference, the expression is as
follows, with (3). The output voltage of the TIA across the
two reference voltages 𝑉ref2 and 𝑉ref1 at times 𝑡𝑟1 and 𝑡𝑟2,
respectively, is turned into a PWM signal by two compara-
tors and proceeding logical gates. The photocurrent can
be expressed as (4), where 𝐶𝑓 is the integration capacitor.
The integration time 𝑇pi required to cross the two different
voltages is expressed in (5).

𝑉ref1 = {{{{{
𝑉1 (0 < 𝑡𝑟2 ≤ 𝑇1)
(𝑡𝑟2 − 𝑇1) ⋅ 𝑉CM − 𝑉1𝑇2 − 𝑇1 + 𝑉1 (𝑇1 < 𝑡𝑟2 ≤ 𝑇2) (3)
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𝐼photo = 𝐶𝑓 ⋅ (𝑉ref1 − 𝑉ref2)(𝑡𝑟2 − 𝑡𝑟1) (4)

𝑇pi = (𝑉ref1 − 𝑉ref2) ⋅ 𝐶𝑓𝐼photo . (5)

In case 𝑉ref1 is a fixed voltage when the photocurrent𝐼photo is small, the difference between 𝑉ref1 and 𝑉ref2 is
quite large, and 𝑇pi can be very large. However, if a folded
reference is adopted, such as in expression (4), the integration
time 𝑇pi can be significantly reduced. The integration times

for conventional fixed reference and the proposed folded
reference have been simulated, which are different. As can be
seen in Figure 7, when the photocurrent is lower than 10 pA,
the integration time of the proposed reference ascends very
slowly compared with the fixed reference.

3.3. Capacitive Feedback Transimpedance Amplifier (CTIA).
The CTIA illustrated in Figure 8 consists of a feedback
capacitor, an OTA, and a low-leakage switch. In general,
the traditional switch has a leakage current of several pA
[32] due to the subthreshold current. Considering that the
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photocurrent is about a few pA, the traditional switch is not
suitable used in this work. The leakage of the transistor can
be expressed as follows:

𝐼𝐷𝑆 ≈ 𝐼𝐷0𝑊𝐿 𝑒𝑉𝐺𝑆/𝑛𝑉𝑇 (1 − 𝑒−𝑉𝐷𝑆/𝑉𝑇) , (6)

where 𝐼𝐷𝑆 and 𝐼𝐷0 are the leakage current of the transistor
and the saturate current successively,𝑊 and 𝐿 are the width
and the length of the transistor, and 𝑛 is a process related
parameter. To minimize the leakage current, a 𝑇-type switch
[33] is utilized.

3.4. Noise Analysis. There are many kinds of noise in the
photodetection sensor including shot and 1/𝑓 noise in the
photodiode, thermal, and 1/𝑓 noise in the CTIA and the two
comparators, charge injections in the switch. The correlated
double sampling (CDS) adopted in the sensor reduces noise
of charge injection. The operation amplifier needs to be
designed carefully to reduce the thermal and 1/𝑓 noise.
The n-well/p-subphotodiode has high noise compared to
the n+/p-sub and p+/n-well/p-sub [34], possibly due to the
larger photocurrent than the other photodiode.Thehysteresis
comparator is adopted in the circuit to reduce the jitter when
the output voltage is converted to pulse wave. After the pulse
wave is digitalized by the counter in MCU, the data is sent
to a digital filter to get a better performance. In the circuit,
parameters such as feedback capacitor and integration time
need to be selected to meet noise and current-to-voltage gain
requirement.

Noise of integrator and photodiode is

𝑑𝐼𝐷2 = 2𝑞𝐼𝐷𝑑𝑓
𝑑𝐼𝐷𝑓2 = 𝐼𝐷𝐾𝐹𝐷𝐴𝐷

𝑑𝑓𝑓 𝑑𝑓. (7)

There are two main kinds of noise, shot noise 𝑑𝐼𝐷2 and
the 1/𝑓 noise 𝑑𝐼𝐷𝑓2 in the photodiode [35].

𝑒𝑀2 ≈ 4𝑘𝑇(2/3𝑔𝑚 )𝑑𝑓 + 𝐾𝐹𝐹
WLC𝑜𝑥2

𝑑𝑓𝑓 . (8)

Another noise source is the thermal and 1/𝑓 noise of the
operation amplifier which could be expressed in (8).

Other types of noise in the photodiode include dark
current and the thermal noise of the parasitic resistance. It can
be expected that the shot noise and the 1/𝑓 noise are positive
correlation with the photocurrent.

The main noise of integrator is the thermal noise and
the 1/𝑓 noise. The influence of the charge injection is still
necessary to take into consideration. There are two phases in
the photodetection including reset phase and the integration
phase. For the transmission function of the two phases are
different, the noise is analyzed separately.

(1) Reset Phase. During reset phase, the switch is off; the
integrator is set to unit gain.Theoutput noise of the integrator
can be expressed as follows:

𝑆V,𝑟𝑠𝑡 = 𝑒𝑀2 + 𝑒V12 + 𝑒V22 + 𝑒diode2, (9)

where 𝑒𝑀, 𝑒V1, and 𝑒V2 denote the thermal noise and the1/𝑓 noise of the operating amplifier, comparators 1 and 2
in Figure 9, 𝑒diode is produced by the photodiode, and the
expressing is

𝑒diode2 = (𝑑𝐼𝐷2 + 𝑑𝐼𝐷𝑓2)𝑌𝑀2 . (10)

𝑌𝑀 is the admittance of the photodiode. The input
referred current noise during reset is

𝑆𝐼,𝑟𝑠𝑡 = 𝑆V,𝑟𝑠𝑡 ⋅ ( 𝐶𝐹𝑇int)
2 . (11)

(2) Integrating Phase.During the integrating phase, the output
current of the photodiode is integrated in the feedback
capacitor𝐶𝑓. If the integration time is 𝑇int, the output voltage
of the integrator is [34]

𝑉out (𝑡) = 1𝐶𝐹 ⋅ 𝑖pc ⋅ (𝑢 (𝑡) − 𝑢 (𝑡 − 𝑇int)) . (12)

𝑖pc is the photocurrent and the 𝑢(𝑡) is the unit step signal.
To better understand the frequency character of the noise, the
Laplace transformation of the integrator in Figure 10 is

𝐿( 1𝐶𝐹 ⋅ 𝑖pc (𝑡) ⋅ (𝑢 (𝑡) − 𝑢 (𝑡 − 𝑇int)))
= 1𝐶𝐹 ⋅ 𝑆 ⋅ 𝑖 (𝑆) ⋅ (1 − 𝑒−𝑇int ⋅𝑆) .

(13)

The power spectral density (PSD) of the output of the
integrator is

𝑆𝑉,int = (𝑒𝑀2 + 𝑒diode2) ⋅ ( 𝑌𝑀𝐶𝐹 ⋅ 𝑆 ⋅ (1 − 𝑒−𝑇int ⋅𝑆))
2

+ 𝑒V12 + 𝑒V22.
(14)
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From equation above, the input referred current noise is

𝑆𝐼,int = 𝑆𝑉,int ⋅ ( 𝐶𝐹𝑇int)
2

𝑆𝐼,int = (𝑒𝑀2 + 𝑒diode2) ⋅ ( 𝑌𝑀𝑇int ⋅ 𝑆 ⋅ (1 − 𝑒−𝑇int ⋅𝑆))
2

+ (𝑒V12 + 𝑒V22) ⋅ ( 𝐶𝐹𝑇int)
2 .

(15)

The compromise between noises, current-to-voltage gain,
sample rate, and sensitivity are taken into consideration.
Increasing the area of photodiode can increase the photocur-
rent.

From the equation above, longer integration time of the
CTIA will reduce the input referred current noise, but the
sample rate of the photocurrent sensor will reduce either.The
parasitic capacitance will increase the input current noise.
Increasing the feedback capacitance of the CTIA can improve
PSD of the output of integrator. In this work, the integration
time is 20mS and feedback capacitor is 200 fF.

4. Measurement Results

4.1. Reagent Preparation. The sodium tetraborate (ST, pH
9.18) is got from Shanghai Hongbei Reagent Co., Ltd. (Shang-
hai, China) and used as buffer solution. Methyl parathion is
got from Sigma (St. Louis, MO, USA) and is used directly
without purification. Methyl parathion is dissolved in the
mixture of water and ethanol and stored at temperature 4∘C
before use.

4.2. Sensor Chip Characteristics. The measurement setup of
the chip is shown in Figure 11(a). A tungsten lamp is used as
the light source, exhibiting a wide spectral range and high
stability in the output optical power. The tungsten lamp is
connected to amonochromator that can produce amonolight
with adjustable optical power. Then the monolight from the
monochromator is sent to the common end of a 𝑌-type
optical fiber bundles. The 𝑌-type optical fiber bundles have
two split ends with equal optical power each other. One
split end of the 𝑌-type optical fiber bundles is connected to
a commercial optical power meter (Thorlabs PM100D) for
quantizing the input incident power and the other split end
of the 𝑌-type fiber is connected through an attenuator to
the proposed sensor chip. After calibrating the ratio of the
outputs of the two optical fibers, the amount of optical power
attenuated by the attenuator can be obtained. The clock is
generated by a microcontroller (MSP430F149, TI) and the
1.8 V power supply is generated by a low dropout regulator.
The output PWMsignal from the proposed sensor chip is sent
to a signal acquisition board (PXI-6542, NI) and the data is
later postprocessed in MATLAB.

The optical detection sensor chip was implemented in
a 0.18 𝜇m CMOS process. The power consumption of the
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increasing incident power at 400 nm and a 20ms exposure time.
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Figure 12: Photocurrent versus incident power at 400 nm with a
20ms exposure time.

entire sensor is 14.5 𝜇W. Because the enzymatic products
show the highest absorption at around 400 nm,we choose the
monolight for analysis, centered at 400 nm.

The lowest power that can be detected by the chip at a
signal-to-noise ratio (SNR) of 0.8 dB is 3.6 nW/cm2. A total
of 25 optical powers were measured from 3.6 nW/cm2 to
13.9 𝜇W/cm2, for a total dynamic range of 71.7 dB. The chip
was run at a reset frequency of 50Hz with an exposure time
of 20ms.

During the measurement of the customized sensor chip,
a 10MHz clock signal in the signal acquisition board was
used to digitize the PWM signal of the optical sensor. For

integration capacitor of 200 fF, the measured photodiode
responsivity was 0.075A/W at 400 nm, approximately 21.3%
of the maximum sensitivity at 760 nm.

The out signal without any light stimulus (dark signal)
was measured with an integration time of 9.7 s and an
integration capacitor of 200 fF.This dark signal is expressed as
a ramp from 0.5V to 1.3 V during the integration period.This
implies a dark signal of 82.4mV/s, at the output of the TIA,
with an input referred dark current of 16.5 fA. Considering
the pixel area of 3.84 × 10−4 cm2, this equates to a dark current
intensity of 0.043 nA/cm2.

The measured sensitivity of the n-well/p-subphotodiode
is shown in Figure 11(b). The peak responsivity wavelength
was between 700 nm and 800 nm. More than 50 pulse width
samples were collected at a particular optical power and
measured by the power meter. Their mean and standard
deviation were computed and plotted in Figure 11(c), where
SNR is defined as their mean divided by their standard
deviation. Figure 12 provides the relationship of themeasured
photocurrent and incident power, in which the photocurrent
is calculated bymeasuring the pulsewidth and deduced based
on (4) and (5).

4.3. p-Nitrophenol Detection. In order to do system-level test,
a system measurement environment illustrated in Figure 13
is introduced instead of a fixed system box, because exciting
board and sensor board will be changed during test to
realize different input intensity and multisensor stability test,
respectively.
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Figure 14: p-Nitrophenol detection with different photodetection
sensor (1 × 10−6mol/L = 1 𝜇M).

In the test, p-nitrophenol, which is the hydrolysis product
of methyl parathion, is used as reagent during the measure-
ments for the system stability, which includes multisensors
stability test, different input light intensity stability test, and
long term stability test.

The detection sensor consistency check and different
input light intensity stability test are shown in Figures 14 and
15, respectively. Four random photodetection sensor samples
were used to measure six different concentrations of p-
nitrophenol from 0 to 9 × 10−6mol/L. The linear relationship
of the results based on four different photodetection sensors is
all above 0.97 and the LOD is below 0.20 × 10−6mol/L. As for
the absorbance at 0.5, the concentrations estimated from the
linear relation from Figure 14 range from 0.4841 × 10−6mol/L
to 0.5018 × 10−6mol/L, which shows very little difference,
illustrated in Table 1.Meanwhile, the linear relationship of the
measurement results with different input light intensity is all
above 0.99 as shown in Table 2. The difference between the
estimated concentrations from the Figure 15 at absorbance
0.6 ranges from 0.6041 to 0.6641. It can be inferred that the
deviations of detection results based on different proposed
sensors can be neglected and the variations in a range of
the intensity of the exciting optical power also have enough
low impact on the detection. Those will enable detection
solution with the proposed sensor for disposable applications
in future.

4.4. Methyl Parathion Detection. The methyl parathion
hydrolase (mpd) cloned from Stenotrophomonas sp. was
got by traditional biological engineering methods and its
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Figure 15: p-Nitrophenol detection with different input light inten-
sity (1 × 10−6mol/L = 1 𝜇M).

Table 1: Character of p-nitrophenol detection with different pho-
todetection sensor.

Identifier Linear relationship Analytical conc.
(10−6mol/L)

Chip 1 0.9924 0.4841
Chip 2 0.9797 0.5113
Chip 3 0.9919 0.4869
Chip 4 0.9762 0.5018

Table 2: Character of p-nitrophenol detection with different input
light intensity.

Input light intensity Linear
relationship

Analytical conc.
(10−6mol/L)

Data 1 (1.6𝜇W/cm2) 0.9985 0.6641
Data 2 (1.3𝜇W/cm2) 0.9987 0.6227
Data 3 (0.9 𝜇W/cm2) 0.9974 0.6135
Data 4 (0.7 𝜇W/cm2) 0.9903 0.6423
Data 5 (0.4 𝜇W/cm2) 0.9939 0.6041

enzyme activity has been studied in detail in the literature
[26–28, 30]. The enzyme can hydrolyze the p-nitrophenyl
organophosphate compounds into yellow p-nitrophenolate
ions and be applied in biosensing system for detection
of organophosphate compounds. In this design, the organ
phosphorus hydrolase (OPH) is immobilized on the inner
surface of the solution holder by the method of physical
adsorption. In this utilized adsorption method, the enzyme
solution is injected into the holder to incubate for enough
time followed by pouring out the enzyme from the holder
solution. This method can maintain good enzymatic activity
due to no chemical modification on the enzyme molecules
and is very easy to perform. One possible problem of this
adsorption method is that the enzyme is absorbed loosely
on the inner wall of the holder and is easier to leak.
However, thorough experiments discover that the quality
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Figure 16: Methyl parathion detection in the proposed system.

Table 3: Comparison of the limit of detection of OP compounds.

Parameter This work [1] Sensors
(2012)

[29] Sensors and
Actuators (2015)

Detection
method

Optical
absorption
(@ 405 nm)

Optical
absorption
(@ 400 nm)

Optical
absorption
(@ 400 nm)

Key
technologies

Mobile-based
system with
CMOS

photodiode

PIN-FET Spectrometer
with CCD

LOD 0.4 × 10−6mol/L 4 × 10−6mol/L 0.199 ×
10−6mol/L

of this physical adsorption method could be guaranteed in
a week at least by operating incubation for enough long
duration. Therefore, the thin enzyme film can be prepared
beforehand and then stored under low temperature before
use, which will simplify the processes of on-field detection
definitely.

To verify its effectiveness for OP compound detection,
methyl parathion (one type of OP compound) is used as
origins under detection. The used methyl parathion concen-
tration values were designed in a range of 0 to 6 × 10−6mol/L
with 7 levels and the time for analysis ranged fromoneminute
for the first sample to several minutes for the last sample.
Test result illustrated in Figure 16 shows the significant linear
relationship up to 6 × 10−6mol/L (𝑅2 = 0.9652). The limit of
detection (LOD) is estimated at 0.4 × 10−6mol/L.

The main characteristics of this work versus those pub-
lished recently are given in Table 3. In this design, the
electronic system for detection ismainly based on customized
integrated chip in which the electronic modules are inte-
grated into one chip by very large scale integration (VLSI)
methods, thus reducing the noise from the electronics and
the interference coupled into the sensing chain, improving
the sensitivity with smaller value of LOD, comparing with
[1]. The method reported in [29] can get the lowest value
of LOD reported so far for paraoxon detection using optical
absorbance spectrometry or chemical colorimetry. However,
since its colorimetric analytical method is based on the
reduction of p-nitrophenyl substitute compounds by sodium
borohydride accompanied with thermal enhancement up
to almost 80∘C, the progress of analysis needs at least 40

minutes, which is too slow for the on-field application.
Furthermore, its requirement for poisonous and dangerous
chemical material (NaBH4) during the analysis challenges
the management/control for poisonous materials. As a result,
although the value of LOD achieved in this work is a little
higher than that of [29], the analysis progress seems very
simple and does not require any dangerous chemical material
to bring on-field.

5. Conclusion

The proposed photodetection sensor incorporates pulse
width modulation with a folded reference, achieving a large
dynamic range, high sensitivity, and low power consumption.
Based on this photodetection sensor, a mobile-based high
sensitivity absorptiometer is presented to detect organophos-
phorus (OP) compounds for Internet-of-Things based food
safety tracking. The system is suitably applied in the field
environment with the following reasons. Firstly, the enzyme
is immobilized in the recycled holder in advance. It is very
convenient for use because only sample under detection
needs to be added to the holder. Secondly, the absorptiometer
is rather compact and consumes low power with the supply
of a coin battery. Meanwhile, its detection flow is integrated
in the embedded code and android-based APP, while the
detection results and intermediate raw data could be pushed
into the cloud for record through a mobile, which further
simplifies the operation during the on-field detection. In the
end, it should be noted that the absorbance of OP will be
affected by temperature variations and it can be addressed
with calibration.
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In𝑥Ga1−𝑥As devices have been widely researched for low power high frequency applications due to the outstanding electron
mobility and small bandgap of the materials. Regrown source/drain technology is highly appreciated in InGaAs MOSFET, since it
is able to reduce the thermal budget induced by ion implantation, as well as reduce the source/drain resistance. However, regrown
source/drain technology has problems such as high parasitic capacitance and high electric field at gate edge towards the drain
side, which will lead to large drain leakage current and compromise the frequency performance. To alleviate the drain leakage
current problem for low power applications and to improve the high frequency performance, a novel Si3N4 sidewall structure was
introduced to the InGaAs MOSFET. Device simulation was carried out with different newly proposed sidewall designs. The results
showed that both the drain leakage current and the source/drain parasitic capacitance were reduced by applying Si3N4 sidewall
together with InP extended layer in InGaAs MOSFET. The simulation results also suggested that the newly created “recessed”
sidewall was able to bring about the most frequency favorable characteristic with no current sacrifice.

1. Introduction

InGaAs MOSFET technology has been widely investigated
for low power applications [1–7]. By using the regrown
source/drain method, very low source/drain ohmic con-
tact can be obtained [8–11] with highly doped material
and reduced gate-source/gate-drain distance. However, high
source/drain parasitic capacitance prohibits the InGaAs
MOSFET from boosting the frequency performance due to
the high-𝑘 dielectric layer between the gate contact and the
regrown source/drain contact. Besides, while high electron
mobility is appreciated, III-V MOSFETs suffer from large
drain leakage current when high electric field is applied
[12–16]. To address these problems, a novel Si3N4 sidewall
was introduced between the gate contact and the regrown
source/drain. It is able to reduce the parasitic capacitance
and the drain leakage current under high electric field.
Different Si3N4 sidewall structures were proposed including
one normal sidewall indicated as “spacer 1” and the other
“recessed” sidewall together with InP extended layer, indi-
cated as “spacer 2.” Device simulation was carried out using
Atlas [17] to evaluate drain leakage current and frequency

performance. The “spacer 1” is able to effectively reduce
the drain leakage current, while the “recessed spacer 2”
can significantly decrease the parasitic capacitance without
compromising the on-state performance.

2. Design Consideration and Motivation

In this paper, we proposed InGaAs MOSFET structures with
Si3N4 sidewall. Standard regrown source/drain MOSFETs
only have one high-𝑘 layer between the gate metal and the
source/drain, which forms high parasitic capacitances 𝐶𝑔𝑠
and 𝐶𝑔𝑑 according to 𝐶 = 𝜀0𝜀/𝑡, prohibiting the device
from attaining high frequency performance. To reduce the
parasitic capacitance, we propose to insert a novel Si3N4
sidewall layer between the gate metal and source/drain. The
effective dielectric constant for the parasitic capacitance was
therefore lowered and the dielectric thickness was increased,
leading to smaller parasitic capacitance. Besides, InGaAs
MOSFETs suffer from high drain leakage current [18–20],
especially with the gate length scaling, due to the band-to-
band tunneling effect caused by the high electric field at
gate edge towards the drain side [21–23]. To deal with the
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band-to-band tunneling problem, different solutions have
been proposed, including adding larger bandgap material
between the channel and regrown source/drain and lowering
the doping level of the interfacial layer between the channel
and the regrown source/drain. Here we propose a novel
approach to solve the band-to-band tunneling problem by
introducing a sidewall structure. With the insertion of the
sidewall along the source/drain, the electric field would be
modulated thus relieving the leakage problem. As a side
effect, however, the insertion of the Si3N4 would enlarge the
gate-to-source and gate-to-drain distance and thus increase
the source/drain access resistance. Another Si3N4 sidewall
structure “spacer 2” was then proposed to avoid the access
resistance increase.

3. Simulation and Analysis

Device simulation without sidewall and with two different
sidewalls was carried out using basic InGaAs MOSFET
structure, and the three different structures were shown,
respectively, in Figures 1(a), 1(b), and 1(c). The MOSFET
structure consisted of a 10 nm In0.53Ga0.47As channel on
top of a In0.52Al0.48As buffer layer, grown on InP substrate.
The regrown source/drain consisted of a thin InP layer and
a 70 nm highly doped InGaAs layer. A 7 nm HfO2 layer
was used as high-𝑘 gate oxide as well as the insulating
layer between the gate contact and the regrown source/drain
contact. Two sidewall structureswere studied: one is a normal
sidewall along the InP/InGaAs side, which is indicated as
“spacer 1” and shown in Figure 1(b), and the other is a
novel “recessed” sidewall along the InGaAs side only, aligned
to the extended InP head, which is indicated as “spacer
2” and shown in Figure 1(c). Basic simulation models such
as “BGN” (Bandgap Narrowing model), “CVT” (Lombardi
model including𝑁, 𝑇, and 𝐸 effects), and “SRH” (Shockley-
Read-Hall model) were used, and the sidewall processing
damage was not considered during the simulation.

Electric field simulation results for devices without side-
wall and with Si3N4 sidewall were shown in Figures 2(a)
and 2(b), respectively. The highest electric field was found
at the gate edge towards the drain side. Comparing the two
structures, the device with sidewall had a smaller electric
field (4.4 × 107 V/cm) than the device without sidewall (4.8× 107 V/cm), which is favorable for reducing drain leakage
current. From the transfer characteristics shown in Figure 3,
where the black curve represents the device without spacer,
the blue curve represents the device with “spacer 1,” and
the pink curve represents the device with “spacer 2”; the
device with sidewall “spacer 1” reduced the drain leakage
current by more than 2 orders than the one without sidewall
from 10−8 A to 10−10 A, although the drain saturation current
was compromised due to the increased access resistance𝑅ac induced by the sidewall, as indicated in the inserted
illustration in Figure 1(a). Sidewall “spacer 2” showed almost
the same transfer characteristic as that without sidewall, since
Si3N4 was on top of the extended InP drain layer, and its
electric field modulation capability was screened by the InP
layer.Theparasitic capacitance simulation results were shown
in Figure 4(b), where the set of solid curves represent the

𝐶𝑔𝑠 values and the set of open curves represent the 𝐶𝑑𝑠
values, showing that 𝐶𝑔𝑠 and 𝐶𝑑𝑠 were significantly reduced
from 3 × 10−15 F/𝜇m to 1 × 10−15 F/𝜇m by the Si3N4 sidewall
according to 𝐶 = 𝜀0𝜀/𝑡, where 𝜀 is the dielectric constant of
the sidewall, and 𝑡 is the dielectric thickness. The dielectric
constant of Si3N4 is much smaller (𝑘 = 4–7) than that of
HfO2 (𝑘 = 16–22), which increased the effective dielectric
constant for parasitic capacitance. Besides, the insertion of
10 nm Si3N4 added up to the total dielectric thickness and
thus further reduced the parasitic capacitance. The sidewall
“spacer 2” showed slightly higher parasitic capacitance than
sidewall “spacer 1” since only the recessed part along the
InGaAs source/drain side has sidewall, and there existed only
high-𝑘 HfO2 between gate electrode and InP source/drain.
Figure 4(a) showed the gain simulation results, where the
set of solid curves represent the current gain 𝐻21 values
and the set of open curves represent the unilateral power
gain 𝑈 values, from which the cut-off frequency 𝑓𝑡 and
the maximum oscillation frequency 𝑓max can be extracted.
While the current gain was smaller for device with sidewall
“spacer 1” due to its higher access resistance and smaller
transconductance (𝑓𝑡 = 𝑔𝑚/2𝜋(𝐶𝑔𝑠 + 𝐶𝑔𝑑)), the unilateral
power gain for the device with sidewall “spacer 1” caught
up with the one without sidewall due to reduced 𝑔𝑚 and
increased capacitance influence (𝑓max ≈ (𝑓𝑡/8𝜋𝑅𝑔𝐶𝑔𝑑)1/2).
The device with sidewall “spacer 2” showed the highest
current gain and unilateral power gain among the three
structures since the recessed sidewall helped to decrease the
parasitic capacitance effectively while it barely added up to
the access resistance.

The influence of the thickness of both “spacer 1” and
“spacer 2” sidewalls was studied, verified from 2 nm to 10 nm.
The log 𝐼𝑑-𝑉𝑔 characteristics for “spacer 1” were shown in
Figure 5 for different Si3N4 sidewall thickness, where the
black curve represents the device with spacer 1 of 2 nm, the
red curve represents the device with spacer 1 of 4 nm, the
green curve represents the device with spacer 1 of 6 nm, the
blue curve represents the device with spacer 1 of 8 nm, and
the pink curve represents the device with spacer 1 of 10 nm.
It is observed that the drain leakage current was improved
from 10−8 A, 3 × 10−10 A, 1 × 10−10 A, and 7 × 10−11 A to 4 ×
10−11 A with increasing Si3N4 thickness. This could be due
to the effective electric field modulation at gate edge towards
the drain side by the use of Si3N4 sidewall. The current gain
and unilateral power gain were shown in Figure 6(a). Both
the current gain and the unilateral power gain decreased
slightly with the increasing thickness of Si3N4 sidewall. It can
be explained that at increasing sidewall thickness from 2 nm
to 10 nm, sidewall induced access resistance led to increased
transconductance degradation, which overran the parasitic
capacitance reduction from 2.2 fF/𝜇m, 1.8 fF/𝜇m, 1.6 fF/𝜇m,
and 1.4 fF/𝜇m to 1.3 fF/𝜇m, as shown in Figure 6(b).

The same thickness variation study was carried out on
sidewall “spacer 2,” as shown in Figure 7, where the black
curve represents the device with spacer 2 of 2 nm, the red
curve represents the device with spacer 2 of 4 nm, the
green curve represents the device with spacer 2 of 6 nm,
the blue curve represents the device with spacer 2 of 8 nm,
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Figure 1: InGaAsMOSFET structures (a) without sidewall, (b) with sidewall “spacer 1,” and (c) with sidewall “spacer 2” for Atlas simulation.
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Figure 2: Electric field simulation of InGaAs MOSFET (a) without sidewall and (b) with sidewall “spacer 1.”
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Figure 6: (a) Current gain, unilateral power gain versus frequency (solid: current gain𝐻21; open: unilateral power gain 𝑈), and (b) parasitic
capacitances 𝐶𝑔𝑠 and 𝐶𝑔𝑠 versus frequency (solid: 𝐶𝑔𝑠; open: 𝐶𝑔𝑑) of InGaAsMOSFET with sidewall “spacer 1” thickness variation from 2 nm
to 10 nm.

and the pink curve represents the device with spacer 2
of 10 nm. It is observed that, for “spacer 2,” the Si3N4
sidewall thickness barely affected the drain leakage current,
since the extended InP layer prevented the sidewall induced
access resistances from increasing. As shown in shown in

Figure 8(a), the current gain and the unilateral power gain
increased with the recessed sidewall thickness, which was
mainly due to the parasitic capacitance reduction from
2 fF/𝜇m to 1.5 fF/𝜇m with constant transfer characteristics,
shown in Figure 8(b).
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Figure 8: (a) Current gain, unilateral power gain versus frequency (solid: current gain𝐻21; open: unilateral power gain 𝑈), and (b) parasitic
capacitances𝐶𝑔𝑠 and𝐶𝑔𝑠 versus frequency (solid:𝐶𝑔𝑠; open:𝐶𝑔𝑑) of InGaAsMOSFET with sidewall “spacer 2” thickness variation from 2 nm
to 10 nm design.

4. Proposed Device Processing

The proposed sidewall structures show promising elec-
tric characteristics according to the device simulation. The
InGaAs MOSFET structures without Si3N4 sidewall, with

Si3N4 sidewall “spacer 1,” and with Si3N4 sidewall “spacer
2” can be fabricated using the main processing steps shown
in Figure 9, which is compatible with normal device fab-
rication. The epitaxial layers were prepared by Molecular
Beam Epitaxy (MBE) that consists of InP substrate, InAlAs
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buffer layer, InGaAs channel, and InP cap layer from the
bottom to the top. Dummy gate using negative resist HSQ
was patterned at first to define the gate length (step (1));
then, highly n+ doped InGaAs source/drain regrowth was
carried out using Metal Organic Chemical Vapor Deposition
(MOCVD) (step (2)). After that, HSQ was removed. For
“spacer 1” structure, InP cap layer was etched right after

HSQ (step (3b)), while InP cap layer was kept for “spacer 2”
structure (step (3c)). The etching selectivity between InP and
InGaAs can be well controlled by using HCl based chemical
solution, as shown in Figure 10, where an illustrative InP
pattern was fabricated on the InGaAs surface by perfect wet
etching. Si3N4 was then deposited using Plasma Enhanced
Chemical Vapor Deposition (PECVD) and etched using
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Figure 11: SEM image of Si3N4 sidewall realized along the InGaAs side.

Reactive Ion Etching (RIE) to form the sidewall along the S/D
for both structures (steps (4b) and (4c)). An experimental
Si3N4 sidewall is obtained using this technique, as shown
in Figure 11, where a vertical Si3N4 can be observed along
the InGaAs side. After that, high-𝑘 gate oxide was realized
using Atomic Layer Deposition (ALD) after (NH4)2S surface
treatment for “spacer 1” structure (step (5b)), while high-𝑘
was deposited after InP cap etching for “spacer 2” structure
(step (5c)). Gate metal was then carried out followed by
source/drain metal patterning. Similar device processing can
be found in papers [24, 25].

5. Conclusion

In this paper, a novel Si3N4 sidewall structure was introduced
to the regrown source/drain based InGaAs MOSFET tech-
nology. By relieving the electric field at gate edge towards the
drain side, the new sidewall structures can reduce the drain
leakage current to achieve low standby power consumption.
It is also able to improve the potential frequency performance
by reducing the parasitic source/drain capacitance. Different
Si3N4 sidewall structures including a normal sidewall and
a “recessed” sidewall with extended InP layer were studied
with varied Si3N4 sidewall thickness. The normal sidewall

structure can effectively reduce the drain leakage current but
may incur increased access resistance, compromising the fre-
quency performance. As a compensation for this side effect,
the novel “recessed” sidewall structure with extended InP
layer plays a role in reducing the parasitic capacitancewithout
sacrificing the on-state performance, which can further boost
the frequency performancewith the Si3N4 thickness increase.
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To improve the lifetime of mobile sink-based wireless sensor networks and considering that data transmission delay and hops are
limited in actual system, a lifetime optimization algorithm limited by data transmission delay and hops (LOA DH) for mobile sink-
based wireless sensor networks is proposed. In LOA DH, some constraints are analyzed, and an optimization model is proposed.
Maximum capacity path routing algorithm is used to calculate the energy consumption of communication. Improved genetic
algorithm which modifies individuals to meet all constraints is used to solve the optimization model. The optimal solution of
sink node’s sojourn grid centers and sojourn times which maximizes network lifetime is obtained. Simulation results show that, in
three node distribution scenes, LOA DH can find the movement solution of sink node which covers all sensor nodes. Compared
withMCP RAND,MCP GMRE, and EASR, the solution improves network lifetime and reduces average amount of node discarded
data and average energy consumption of nodes.

1. Introduction

Wireless sensor networks (WSNs) are usually composed of
sensor nodes and sink nodes. Sensor nodes are distributed
independently in space and used to collaboratively monitor
the physical and environmental conditions, such as tem-
perature, voice, vibration, pressure, and movement. Sink
nodes are used to collect, process, and send the data of
sensor nodes. WSNs are applied to many aspects of daily
life, such as building structural health monitoring, remote
health diagnosis, precision agriculture, home automation,
smart grid, and smart transportation. In short, WSNs have
great application values and market values.

In WSNs, sensor nodes are powered by batteries, which
can not be renewed or charged in most applications [1].
Therefore, in order to realize longer network lifetime, sensor
nodes have to adjust their perception, processing, commu-
nication, and other activities in energy-saving way and fully
use battery energy [2]. But in staticWSNs, locations of sensor
nodes are fixed, and default communication mode is many-
to-one hop-by-hop communication mode. No matter how

to adjust the algorithm, there will always be the following
problems: sensor nodes which close to sink node forward
more data of other sensor nodes, consume energy quickly,
and fail prematurely. This problem is often regarded as hot
spot problem of wireless communication or hole problem of
sink node [3]. In order to deal with that problem, movement
of sink node is introduced. The movement of sink node
can balance energy consumption among sensor nodes and
connect split area of network.

In the algorithm researches of optimal network lifetime
for mWSNs (mobile sink-based wireless sensor networks),
some achievements have been obtained. Some scholars
consider single-hop or multihop data collection, select the
existing data collection algorithms, and focus on finding
the movement paths of sink node to optimize network
lifetime. For example, [4] proposes RCC (range constrained
clustering algorithm). According to the distances among
sensor nodes, several circles which cover all sensor nodes are
found. The radius of every circle does not exceed maximum
communication distance and the center of circle is the center
of cluster. Concorde solver is used to calculate the shortest
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pathwhich traverses all centers of clusters, and themovement
path of sink node is obtained. Reference [5] proposes ODT
(optimal deadline-based trajectory algorithm). Considering
deadline-based and event-centered applications, decision
tree and mixed integer programming model are established,
and the MOSEK optimization package is used to solve the
model to obtain energy-saving movement path. Reference
[6] proposes EASR (energy-aware sink relocation algorithm).
EASR selects maximum capacity path algorithm (MCP)
as routing algorithm to collect data. When two relocation
conditions are met, sink node starts to find next sojourn
location with maximum weight and move. Reference [7]
proposes WRP (weighted rendezvous planning algorithm).
According to the hops to nearest RP (rendezvous point) and
numbers of child nodes, WRP calculates weights of all sensor
nodes, selects some sensor nodes with large weight as RP
points, and uses TSP algorithm to obtain the shortest path
of sink node which traverse all rendezvous points.

Some scholars assume that the movement path of sink
node is known and focus on studying the network lifetime
optimization algorithms in communication protocol layers,
such as data link layer, network layer, and cross-layer. For
example, [8] proposes a mathematical derivation method,
which can obtain optimal data throughput and maximum
network lifetime when sink node moves to some RPs. Ref-
erence [9] proposes an optimization model, which considers
network lifetime optimization problem with gathering data
at several key locations and does not consider mobile data
collection of sink node. Through Lagrange decomposition
algorithm, the optimization model can be divided into 2
submodels, which can be solved separately to obtain optimal
solution.

Some scholars study the sink node’s path selection and
network lifetime optimization algorithm at the same time.
For example, [10] proposes GMRE (greedy maximum resid-
ual energy algorithm), considering the factors such as initial
location of sink node, data collection routing, and sojourn
times to establish mixed integer linear programming model.
When residual energy of sensor nodes around neighbor
location is larger than residual energy of sensor nodes around
current location, sink node moves to neighbor location to
collect data. References [11, 12] use data formulae to represent
constraints, such as sink node’s movement, energy consump-
tion of nodes which is not more than initial energy, and
amount of received and perceived data which are equal to the
amount of sent data. Then optimization model is established,
and the optimal solution is obtained by commercial software
and cutting-plane algorithm. Reference [13] considers fence
distribution of sensor nodes and dividesmonitoring area into
9 subareas. In each subarea, energy consumption of each
location is calculated by Manhattan routing, and the location
with the largest energy consumption is sojourn location of
sink node.

In [4, 5, 7–9, 11–13], the algorithms need to gather and
analyze the information of all sensor nodes. In [6, 10], the
algorithms only gather and analyze the local information
of neighbor sensor nodes. Therefore, computational time of
algorithms in [4, 5, 7–9, 11–13] is longer than computational
time of algorithms in [6, 10] under the same conditions,

but algorithms in [4, 5, 7–9, 11–13] are better suited for
nonuniform distribution scenes of sensor nodes. Moreover,
[4–13] do not consider limited data transmission delay or
hops at the same time, and they assume that data storage
capacity of sensor node is infinite. Taking into account the
actual systems of WSNs, there are three situations. Firstly,
large data transmission hops easily lead to packet loss of some
sensor nodes and even cannot realize their communication
with sink node; therefore, data transmission hops cannot be
large. Secondly, the hardware cost of sensor node is limited,
and its data storage capacity is also limited. Thirdly, due to
limited data storage capacity, long data transmission delay
will cause a large number of discarded data. At the same
time, in some applications, such as dangerous environment
monitoring and disaster monitoring, long data transmission
delay makes sensed data valueless. Therefore, data transmis-
sion delay should not be too long. According to limited data
transmission delay, hops, and storage capacity inmWSNs and
considering some scholars’ point of view, lifetime optimiza-
tion algorithm limited by data transmission delay and hops
(LOA DH) for mWSNs is proposed. According to the above
three situations, LOA DH extracts the constraints, such as
data transmission time constraints, node coverage constraint,
data transmission constraints, energy constraint, and grid
selection constraint and establishes an optimizationmodel of
network lifetime.When themodel is further processed, MCP
algorithm and improved genetic algorithm are used to solve
the optimization model. The scheme of sojourn grid centers
and sojourn times for sink node can be obtained tomaximize
network lifetime. Data of sensor nodes are collected by sink
node along the calculated optimal movement path. LOA DH
can fully cover sensor nodes, improve network lifetime,
reduce average amount of node discarded data and average
energy consumption of nodes, and guide other optimization
methods based on the optimal solution.

The rest of the paper is organized as follows. In Section 2,
constraints are given and optimization model is established.
The solution of model is given. In Section 3, algorithm imple-
mentation is proposed and time complexity of LOA DH is
analyzed. In Section 4, the simulation results are presented.
In Section 5, the paper is concluded.

2. Algorithm Principle

In LOA DH, assume that

(1) single sink node is considered; if there are some sink
nodes, the monitoring area is divided into subareas of
the same number; then lifetime optimization problem
of multiple sink nodes is converted into some lifetime
optimization problems of single sink node;

(2) the monitoring area can be divided into several grids;
sink node can stay at any grid center to collect data;

(3) sensor nodes and sink node are equippedwith GPS or
Beidou satellite positioning module to get their own
locations;

(4) maximum number of data transmission hops can not
be infinite and is a constant 𝑘; namely, sensor nodes
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sense data every interval; if they are in the k-hops
communication range of sink node, they send data to
sink node through parent node; otherwise, they are in
sleep state and periodically wake up to sense data and
store the data;

(5) in stationary or mobile state, sink node can collect
data; the mobile data collection process of sink node
is composed of several static data collection processes
at sojourn grid centers for a period of time;

(6) network data transmission delay is defined as the sum
of sojourn times of sink node at sojourn grid centers
when moving along the path once; the delay can not
be infinite; it is a constant; thatmeans,when sinknode
moves along the path once, the sum of sojourn times
of sink node at sojourn grid centers should not exceed
defined maximum data transmission delay;

(7) storage capacity of sensor node is certain; when
total amount of nontransmitted sensed data is more
thanmaximum storage capacity, sensor nodes discard
oldest sensed data and store last sensed data;

(8) energy of all nodes is limited with a unified energy
consumption model, but energy of sink node can be
replaced;

(9) sensor nodes are fixed and isomorphic, which means,
all sensor nodes have the same performance.

As is shown in Figure 1, hollow circle represents sensor
node. Yellow square represents grid center which sink node
does not stay at. Red square represents sojourn grid center
which sink node stays at. Sink node cyclicallymoves along the
movement path calculated by LOA DH and keeps collecting
data at sojourn grid centers with different sojourn times until
one sensor node’s energy exhausts. But LOA DH still needs
to solve the following two problems. Firstly, mathematical
formulae are needed to represent the constraints, such as
data transmission time constraints, node coverage constraint,
data transmission constraints, energy constraint, and grid
selection constraint. Optimization model is required. Sec-
ondly, each individual needs to meet all constraints. Genetic
algorithm is required to be improved; then optimal solution
is obtained.

2.1. Constraint Analysis. In mWSNs, considering data trans-
mission delay, data transmission hops, storage capacity, node
energy, and movement speed of sink node are limited, data
transmission delay constraints, node coverage constraint,
data transmission constraints, energy constraint, and grid
selection constraint are, respectively, extracted out. The con-
straints are as follows.

2.1.1. Data Transmission Delay Constraints. Data transmis-
sion delay should not be too long; therefore, the sum of
sojourn times of sink node moving along the path once
should not be longer than defined maximum data transmis-
sion delay.

∑
𝑝

𝑡𝑝 ≤ 𝑡delay, (1)
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Figure 1: Grids in the monitoring area and movement path of sink
node.

where 𝑡𝑝 represents sojourn time of sink node at sojourn
grid center p; 𝑡delay represents defined maximum data trans-
mission delay. Mobile data collection process of sink node
consists of static data collection processes when sink node
stays at several sojourn grid centers for a period of time;
therefore, sojourn time of sink node at grid center 𝑝 should
not be less than the time of sink node moving between
adjacent grid centers.

𝑡𝑝 ≥ 𝑑𝑝
V
, ∀𝑝, (2)

where 𝑑𝑝 represents the distance from grid center 𝑝 to next
sojourn neighbor grid center.

2.1.2. Node Coverage Constraint. When sink node stays at a
grid center, it collects data of sensor nodes whose transmis-
sion hops to sink node are not more than defined threshold.
Badmovement path of sink nodemay lead some sensor nodes
not to communicate with sink node. Those nodes are called
isolated nodes. Therefore, it is necessary to analyze node
coverage constraint and eliminate isolated nodes.(𝑃𝑥𝑖, 𝑃𝑦𝑖) represents location coordinates of sensor node𝑖. (𝑔𝑥𝑝, 𝑔𝑦𝑝) represents sojourn location coordinates of cur-
rent sink node. 𝑑𝑔𝑝𝑖 represents the distance from sensor node𝑖 to sojourn location𝑝of sink node.𝑑𝑖𝑗 represents the distance
from sensor node 𝑖 to neighbor sensor node 𝑗.The calculation
formulae of 𝑑𝑔𝑝𝑖 and 𝑑𝑖𝑗 are as follows:

𝑑𝑔𝑝𝑖 = 2√(𝑃𝑥𝑖 − 𝑔𝑥𝑝)2 + (𝑃𝑦𝑖 − 𝑔𝑦𝑝)2

𝑑𝑖𝑗 = 2√(𝑃𝑥𝑖 − 𝑃𝑥𝑗)2 + (𝑃𝑦𝑖 − 𝑃𝑦𝑗)2, 𝑗 ∈ 𝑁𝑖,
(3)

where 𝑁𝑖 represents the set of all neighbor sensor nodes
which are in the single-hop communication range of sensor
node 𝑖.
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When sink node stays at grid center p, data transmission
hops between each sensor node and sink node are

ℎ𝑝𝑖 = {{{
1, 𝑑𝑔𝑝𝑖 < 𝑑max

min
𝑗∈𝑁𝑖

(ℎ𝑝𝑖𝑗) , 𝑑𝑔𝑝𝑖 ≥ 𝑑max, (4)

where ℎ𝑝𝑖 represents minimum transmission hops from
sensor node 𝑖 to sink node. 𝑑max represents maximum
communication distance of sensor node,

ℎ𝑝𝑖𝑗 = {{{
1 + ℎ𝑝𝑗 , 𝑑𝑖𝑗 < 𝑑max

∞, 𝑑𝑖𝑗 ≥ 𝑑max. (5)

The judgment formula (6) judges whether sensor node 𝑖 is in
the 𝑘-hops communication range of sink node.

𝐶𝑝𝑖 = {{{
1, ℎ𝑝𝑖 ≤ 𝑘
0, ℎ𝑝𝑖 > 𝑘, (6)

where 𝑘 represents maximum data transmission hops of sink
node. 𝐶𝑝𝑖 represents state symbol. If 𝐶𝑝𝑖 = 1, sensor node 𝑖 is
in the 𝑘-hops communication range of sink node. Otherwise,
sensor node 𝑖 is not in the range.

In the data collection process, all sensor nodes are
required to communicate with sink node and send data to
sink node.There is no isolated node; therefore, node coverage
constraint is

∑
𝑝

𝐶𝑝𝑖 ≥ 1, ∀𝑖. (7)

2.1.3. Data Transmission Constraints. In an actual system of
WSNs, sensor nodes keep sensing data from time to time. If
a sensor node is not in the data collection range of sink node,
the sensed data should be put intomemory.When the needed
stored data exceedsmaximum storage capacity, the latest data
replaces the oldest data. Therefore, when sink node stays at
grid center 𝑝, data transmission constraint of sensor node is

0 ≤ 𝐶𝑝𝑖 𝑔𝑝𝑖 ≤ 𝑏𝑝−1𝑖 + 𝑡𝑝𝑆𝑖, ∀𝑖, (8)

where 𝑔𝑝𝑖 represents maximum amount of transmission data
of sensor node 𝑖 when sink node stays as grid center 𝑝. 𝑆𝑖
represents sensing rate of sensor node 𝑖. 𝑏𝑝−1𝑖 represents the
remaining amount of stored data of sensor node 𝑖 before sink
node starts to collect data at grid center 𝑝.

When sink node has collected data at grid center 𝑝, the
remaining amount 𝑏𝑝𝑖 of stored data of sensor node 𝑖 is
𝑏𝑝𝑖
= {{{

𝑏th, 𝑏𝑝−1𝑖 + 𝑡𝑝𝑆𝑖 − 𝐶𝑝𝑖 𝑔𝑝𝑖 ≥ 𝑏th
𝑏𝑝−1𝑖 + 𝑡𝑝𝑆𝑖 − 𝐶𝑝𝑖 𝑔𝑝𝑖 , 0 ≤ 𝑏𝑝−1𝑖 + 𝑡𝑝𝑆𝑖 − 𝐶𝑝𝑖 𝑔𝑝𝑖 < 𝑏th,

∀𝑖,
(9)

where 𝑏th represents maximum storage capacity of sensor
nodes.

2.1.4. Node Energy Constraint. Sink node cyclically collects
data along the selected path until one sensor node’s energy
exhausts, and energy consumption of nodes should not be
more than initial energy. Therefore node energy constraint is

(𝑇∑𝑝 𝐶𝑝𝑖 𝑡𝑝𝑒𝑝𝑔)∑𝑝 𝐶𝑝𝑖 𝑡𝑝 ≤ 𝐸in, ∀𝑖, (10)

where 𝑇 represents network lifetime, 𝐸in represents initial
energy of sensor nodes, and 𝑒𝑝𝑔 represents energy consump-
tion of sensor node 𝑖 in unit time when sink node collects
data at grid center 𝑝. 𝑒𝑝𝑔 is related to the adopted data routing
algorithm.

2.1.5. Grid Selection Constraint. After sink node completes
collecting data at initial location 𝑝1, it finds and moves
to next neighbor grid center to collect data. Sink node
searches, moves, and stays in turn, until data transmis-
sion delay constraints are not satisfied. Therefore, the vec-
tor 𝑃 of grid centers which sink node moves through is(𝑝1, 𝑝2, . . . , 𝑝V, . . . , 𝑝𝑁V), where 𝑁V represents the number of
grid centers which sink node moves through. When data
collection at location 𝑝𝑁V is completed, sink node turns
around and collects data in the reverse direction along the
movement path.Therefore, the formula to judge two adjacent
grid centers is as follows:

𝐿𝑝V ,𝑝𝑤
= {{{{{

1, 2√(𝑃𝑥𝑝V − 𝑃𝑥𝑝𝑤)2 + (𝑃𝑦𝑝V − 𝑃𝑦𝑝𝑤)2 ≤ 𝑑𝑝0, others,
(11)

where 𝐿𝑝V ,𝑝𝑤 is a symbol and represents whether grid centers𝑝V and 𝑝𝑤 are neighbor centers. If 𝐿𝑝V ,𝑝𝑤 = 1, grid centers𝑝V and 𝑝𝑤 are neighbor centers. Therefore, grid selection
constraint can be represented as follows:

𝐿𝑝V ,𝑝V+1 = 1, ∀𝑝V ∈ {𝑃 − 𝑝𝑁V} . (12)

2.2. Optimization Model Establishment. Themobile data col-
lection process of sink node can be divided into several static
data collection processes at sojourn grid centers for sojourn
times. Therefore, based on the analysis of the constraints and
the hypothesis of LOA DH, optimization problemof network
lifetime with limited data transmission delay and hops can be
transformed to the network model in Figure 2. 𝐽𝑖 represents
sensor node 𝑖. According to energy consumption of sensor
node 𝑖, lifetime of sensor node 𝑖 is

𝑇𝑖 = 𝐸in∑𝑝 𝐶𝑝𝑖 𝑡𝑝𝑒𝑝𝑔∑𝑝 𝐶
𝑝
𝑖 𝑡𝑝. (13)

Network lifetime is

𝑇 = min
𝑖
(𝑇𝑖) . (14)
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Figure 2: Data collection chart of sink node.

According to the network structure in Figure 2, optimiza-
tionmodel of network lifetimewith limited data transmission
delay and hops is

max
𝑃

min
𝑖

(𝑇𝑖)
s.t. constraints (1) , (2) , (7) , (8) , (9) , (10) , (12)

𝐶𝑝𝑖 ∈ (0, 1) , 0 ≤ 𝑏𝑝𝑖 ≤ 𝑏th.
(15)

2.3. Optimization Model Solution. Genetic algorithm is a
search algorithm of biological evolution simulation process
based on population. It can find maximum number of
disjoint complete coverage set, which effectively searches
the solution and reduces computation time [14]. Therefore,
genetic algorithm is selected to solve the optimization model
(15). But conventional genetic algorithm is not suitable for
solving and needs further improvement. Then improved
genetic algorithm is used to solve the optimization model
(15). In the improved genetic algorithm, an individual is
composed of grid centers and sojourn times, which means
the individual is

𝑅 = ((𝑝𝑥1, 𝑝𝑦1, 𝑡1) ; (𝑝𝑥2, 𝑝𝑦2, 𝑡2) ; . . . ;
(𝑝𝑥𝑁V , 𝑝𝑦𝑁V , 𝑡𝑁V)) . (16)

𝑁𝑀 represents the number of individuals,𝑁𝑔 represents
the number of iterations, 𝛼1 represents cross probability of
grid center location,𝛼2 represents cross probability of sojourn
time, 𝛽1 represents mutation probability of individual, and𝛽2 represents mutation probability of gene. max𝑃min𝑖(𝑇𝑖) is
selected as fitness function, and the implementation steps are
as follows.

Step 1 (iteration number 𝑔 = 0, and current individual
parameters are initialized, such as 𝑚 = 0, 𝛼1, 𝛼2, 𝛽1, 𝛽2). 𝑁𝑀
individuals with full coverage of sensor nodes are initialized.
The specific implementation method is as follows. Firstly, a
grid center is randomly selected as initial location, and a
neighbor grid center is also randomly selected as next sojourn

location. When the number of selected grid centers exceeds
threshold value or all neighbor grid centers are selected as
sojourn locations, the selection ends and a movement path is
obtained. Nextly, whether the movement path accords with
constraints (7) of model (15) is analyzed. If the movement
path does not match constraints (7) of model (15), isolated
nodes exist. The grid center covering the most isolated nodes
is found and some unselected grid centers are added to make
the movement path in accordance with constraint (12) and
the increasing path length should be the shortest. When
the length of the movement path is larger than threshold
value, the first part of the path which equals threshold value
is selected and judged whether covering all sensor nodes.
Finally, if the path does not match constraints (7) of model
(15), the algorithm abandons the path and starts to search a
new path. Otherwise, according to selected movement path,
an individual vector is obtained, and the sum of all sojourn
times at randomly generated sojourn grid centers is not
longer than maximum data transmission delay. Repeating
the above operation, 𝑁𝑀 individuals are obtained and each
individual fully cover all sensor nodes.

Step 2 (𝑔 = 𝑔 + 1). According to the individual, MCP
data routing algorithm [6] is used to calculate the objective
function (14) and obtain the fitness of all individuals. That
means, sink node stays at grid center 𝑝 for time 𝑡𝑝 and uses
MCP to collect data of sensor nodes in its communication
range. When sink node moves to next grid center, each
sensor node uses formula (9) to update its own remaining
amount of stored data. Repeating the above operation until
sink node completes a round of data collection along the grid
centers of the individual, formula (14) is used to calculate
network lifetime. Obviously, the calculation method accords
with formula (10).

Step 3 (selection). The optimal individual is selected from
current population (maximum fitness) as an individual of
next generation.

Step 4 (cross). According to the selection strategy based on
fitness proportion, one individual is selected from current
population and crossed with current optimal individual to
form a new individual. That is, minimum gene length 𝑁𝑐1
of the two cross individuals is calculated, and 𝑧1 = 1. Then
the following operation is repeated𝑁𝑐1 times to obtain a new
individual: a random number between 0 and 1 is generated;
when the random number is less than cross parameter 𝛼1,
grid center location of 𝑧1th gene in current optimal individual
is selected; otherwise, the grid center location of 𝑧1th gene
in another individual is selected; anther random number
between 0 and 1 is generated; when the randomnumber is less
than cross parameter 𝛼2, sojourn time of 𝑧1th gene in current
optimal individual is selected; otherwise, sojourn time of 𝑧1th
gene in another individual is selected; 𝑧1 = 𝑧1 + 1.
Step 5 (mutation). A random number between 0 and 1 is
generated. If the random number is larger than mutation
probability 𝛽1 of individual, go to Step 6. Otherwise, 𝑧2 = 1
and the individual length value 𝑁𝑐2 is calculated according
to Step 4. The following operation is repeated 𝑁𝑐2 times to
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Figure 3: One modified example when the individual violates
constraint (12).

obtain a mutated individual: a random number between 0
and 1 is generated; when the random number is less than
mutation probability 𝛽2 of gene, a new gene is generated to
replace 𝑧2th gene in the individual; 𝑧2 = 𝑧2 + 1.
Step 6. The individual correction method is used to make
individual meet constraints (1), (2), (7), and (12) as much
as possible. If the individual does not meet constraints (1),
(2), (7), and (12), the individual is abandoned. The specific
method is as shown in Figure 3.

(1) When the individual violates constraint (12), dupli-
cate grid center is searched and deleted, and TSP
algorithm is used to calculate the path vector which
traverses all grid centers in the individual. If the
distance between two adjacent elements in the current
path vector is larger than the distance 𝑑𝑝 between
two adjacent grid centers, several interval grid centers
are needed. Grid centers which let sink node have
the shortest path are selected and added between
the two adjacent elements, and initial sojourn time𝑑𝑝/V of each selected grid center is added to obtain
a new individual. For example, according to the grid
division in Figure 1, as shown in Figure 3(a), gene(𝑝𝑥12, 𝑝𝑦12, 𝑡12) with duplicate grid center is deleted
and the individual is rearranged with TSP algorithm.
As shown in Figure 3(b), (𝑝𝑥18, 𝑝𝑦18) is not neighbor
grid center of (𝑝𝑥7, 𝑝𝑦7); then two genes are found
and added into the individual.

(2) When the new individual violates constraint (7),
isolated nodes are searched and grid centers are added
to make the increased movement distance be the
shortest. If the distance of the movement path is
larger than the threshold value, the first part of the
path which equals threshold value is selected and
judged whether covering all sensor nodes. If isolated
nodes exit, the individual will be abandoned and go
to Step 2; if not, initial sojourn time 𝑑𝑝/V of each
new grid centers is added. For example, according to
the grid division in Figure 1, if the individual includes
movement path 7-12-13-14-9-8 and there are isolated
nodes in grid 21, then grid 17 is found to eliminate
isolated nodes, and grid 18 is added tomeet constraint
(12). A new movement path is 7-12-17-18-13-14-9-8. If
length of the movement path is longer than threshold
value (such as 6), the first part 7-12-17-18-13-14 of

the path is selected. If the first part covers all sensor
nodes, sojourn time 𝑑𝑝/V is added and new individual
is obtained, else the individual is abandoned and go to
Step 2.

(3) When one sojourn time of new gene violates con-
straint (2), the sojourn time is modified to be 𝑑𝑝/V;
if sum of all sojourn times in new individual violates
constraint (1), all sojourn times adjust to 𝑡𝑝;𝑚 = 𝑚+1.

𝑡𝑝

=
{{{{{{{{{{{{{

𝑑𝑝
V
+ (𝑡𝑝 − 𝑑𝑝/V) ∗ (𝑡delay − 𝑁V𝑑𝑝/V)∑𝑝 (𝑡𝑝 − 𝑑𝑝/V) , ∑

𝑝

𝑡𝑝 > 𝑡delay
(𝑡𝑝𝑡delay)∑𝑝 (𝑡𝑝) , ∑

𝑝

𝑡𝑝 < 𝑡delay,
∀𝑝.

(17)

Step 7. If 𝑚 is less than 𝑁𝑀, return to Step 4. If 𝑔 is less
than 𝑁𝑔, return to Step 2. Otherwise, the optimal sojourn
grid centers and sojourn times of sink node with maximum
network lifetime are obtained. Solution process completes.

3. Algorithm Implementation

As is shown in Figure 4, when network starts, LOA DH uses
the following steps to search path and collect data.

Step 1. Sink node broadcasts information query package.
Afterwaiting a period of time, it receives location information
of all sensor nodes and adds to information table of sensor
nodes.

Step 2. Sink node initializes all parameters and randomly
generates𝑁𝑀 individuals which meet constraints (1), (2), (7),
and (12).

Step 3 (𝑔 = 𝑔 + 1). Sink node uses MCP routing algorithm
to calculate the energy consumption of sensor nodes in the𝑘-hops communication range of each sojourn grid center in
the movement path and calculate node lifetime and network
lifetime.

Step 4. Sink node performs selection, cross, and mutation
operations. An individual of optimal fitness is selected to
cross and form a new individual, and it probably mutates.

Step 5. Sink node modifies the new individual to meet
constraints (1), (2), (7), and (12), 𝑚 = 𝑚 + 1. If 𝑚 is less than𝑁𝑀, go to Step 4. Otherwise, if 𝑔 is less than𝑁𝑔, go to Step 3.
Step 6. Sink node broadcasts routing information package
and moves and collects data according to the selected move-
ment path and sojourn times.

Step 7. Sensor nodes monitor routing information package.
According to different routing information packages of sink
node and neighbor sensor nodes, sensor nodes select into
data transmission state or sleep state. If sensor node is in data
communication range of sink node, it selects father node to
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send data to sink node. Otherwise, sensor nodes are in sleep
state. They wake up periodically, sense data, and store the
data.

Time complexity of LOA DH is analyzed. Time complex-
ity of LOA DH is the same as time complexity of improved
genetic algorithm. The improved genetic algorithm mainly
includes two parts, such as calculation of individual fitness
and generation of new individual.The first part is to calculate
the energy consumption and storage capacity of all sensor
nodes by using MCP data routing algorithm at all sojourn
locations in each individual; namely, the time complexity isΘ(𝑁𝑔𝑁𝑀𝑁𝑉𝑁2𝑛), where𝑁𝑉 represents the average number of
genes in individuals and𝑁𝑛 represents the number of sensor
nodes. The second part is to generate new individuals which
meet constraints (1), (2), (7), and (12). According to Step 6 of
Section 2.3, time complexity of second part isΘ(𝑁𝑔𝑁𝑀𝑁2𝑉 +𝑁𝑔𝑁𝑀𝑁𝑉𝑁𝑛 + 𝑁𝑔𝑁𝑀𝑁𝑉).𝑁𝑉 is far less than𝑁𝑛; therefore,
time complexity of LOA DH is Θ(𝑁𝑔𝑁𝑀𝑁𝑉𝑁2𝑛). Due to
use of improved genetic algorithm to solve the optimization
model, time complexity of LOA DH is not low and is more
influenced by the number of sensor nodes.

4. Simulation Implementation and Analysis

4.1. Simulation Parameters. In sensor nodes of actual WSNs,
the energy consumption of data process and calculation and
control package communication such as information query
package, routing information package, and transmission data
query package are relatively small; therefore only energy
consumption of data sensing and communication is consid-
ered during simulation process. Energy consumption model
which is adopted in the current academic field is used for all
nodes.

𝐸𝑓 = 𝑔𝑖𝑗𝐸elec + 𝑔𝑖𝑗𝜀𝑓𝑠𝑑2𝑖𝑗,
𝐸𝑗 = 𝑔𝑖𝑗𝐸elec, (18)

where 𝐸𝑓 represents energy consumption of node data
transmission, 𝐸𝑗 represents energy consumption of node
data reception, 𝑔𝑖𝑗 represents the amount of data which
sensor node 𝑖 needs to send to neighbor sensor node 𝑗, 𝐸elec
represents energy consumption parameter of communication
circuit, and 𝜀𝑓𝑠 represents energy consumption parameter
of signal amplification. Meanwhile, the movement time of
sink node between adjacent grid centers is 𝑑𝑝/V. In order to
facilitate the representation, 𝑑𝑝/V is defined as a unit of data
transmission delay. Then maximum data transmission delay
is constant 𝑡𝑑, which also means the movement path of sink
node is made up of no more than 𝑡𝑑 grid centers.

During simulation process, simulation parameters in
Table 1 are used to simulate and calculate network lifetime,
average node energy consumption, average amount of node
discarded data, and node coverage rate, where network
lifetime is defined as minimum value of working times of all
sensor nodeswhen first sensor node exhausts energy. Average
node energy consumption is defined as the ratio between
average value of energy consumption of all sensor nodes and
network lifetime. Average amount of node discarded data is

Network starts

Sink node broadcasts information query
package and receives location information

of all sensor nodes

Sink node initializes all parameters, such as

Sink node performs selection, cross, and
mutation operations

Sink node modifies new individual to meet
constraints (1), (2), (7) and (12), and

Sink node moves and collects data according
to the selected movement path and sojourn

times

No

. Sink node calculates the energy
consumption of sensor nodes based on MCP

routing algorithm

Yes

No

Yes

Sensor nodes select into data transmission
state or sleep state according to routing

information

g = 0, m = 0

g = g + 1

m = m + 1

m < NM

g < Ng

Figure 4: Work flow chart of LOA DH.

defined as the average value of discarded sensed data during
maximum data transmission delay 𝑡𝑑. Node coverage rate is
defined as the ratio between number of sensor nodes covered
by data collection and all sensor nodes when sink nodemoves
along the selected path.

4.2. Simulation Results and Analysis. Parameters in Table 1
are selected. 80, 100, 120, 140, 160, 180, and 200 are cho-
sen as number of sensor nodes. 10 random distribution
topologies of sensor nodes are generated, and then LOA DH,
MCP RAND, MCP GMRE [10], and EASR [6] are used to
calculate network lifetime, average node energy consump-
tion, average amount of node discarded data, and node
coverage rate.Those values are averaged as simulation results
of algorithms. The movement path of sink node under 100
sensor nodes is taken as an example to illustrate character-
istics of movement path selection in multiple distribution
scenes, such as random uniform distribution of sensor nodes
in the whole area (node distribution scene 1), random
uniform distribution of sensor nodes in part area (node
distribution scene 2), and random Poisson distribution of
sensor nodes in part area (node distribution scene 3). In those
scenes, data routing algorithms of LOA DH, MCP RAND,
MCP GMRE, and EASR areMCP in which sink node gathers
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Table 1: Simulation parameter table.

Parameter Value
Energy consumption parameter of
communication circuit 𝐸elec

50 nJ/bit

Energy consumption parameter of signal
amplification 𝜀𝑓𝑠 100 pJ/bit/m2

Number of grids 𝑛 ∗ 𝑛 10 ∗ 10
Movement speed of sink node V 5.5m/s
Data sensing rate of sensor node 𝑆𝑖 100 bit/s
Data storage capacity of sensor node 𝑏th 32 kbit
Side length of grid 𝑑𝑝 100m
Number of individuals𝑁𝑀 50
Number of iterations𝑁𝑔 50
Maximum communication radius of
nodes 𝑑max

200m

Cross probability of grid center location𝛼1 0.5

Cross probability of sojourn time 𝛼2 0.5
Mutation probability of individual 𝛽1 0.25
Mutation probability of gene 𝛽2 0.05
Maximum number of data transmission
hops 𝑘 3

Maximum data transmission delay 𝑡𝑑 25
Side length of network simulation area 1000m
Initial energy of sensor nodes 𝐸in 100 J

data of sensor nodes in its 𝑘-hops communication range.
MCP RAND randomly selects a grid center from neighbor
grid centers as next sojourn location.

4.2.1. Algorithm Comparison in Node Distribution Scene 1.
There are 100 sensor nodes randomly distributed in the
monitoring area of 1000m ∗ 1000m. All algorithms are
executed with simulation parameters in Table 1 to obtain the
movement path of sink node. Movement path analysis shows
that movement path of sink node selected by MCP GMRE
and EASR always cluster in a subarea, without considering
all sensor nodes. Movement path of sink node selected by
MCP RAND is randomly good and bad. Movement path
of sink node selected by LOA DH has better effect. As is
shown in Figure 5, star represents sojourn grid center of sink
node, and circle represents sensor node. When sensor nodes
are distributed randomly and uniformly in the monitoring
area, according to the distribution of sensor nodes, LOA DH
finds a movement path consisting of 25 grid centers. The
movement path is mainly in the rectangular region whose
four vertices are (200m 200m), (200m 800m), (800m
200m), and (800m 800m). The movement path avoids
entering the border region and expands movement range of
sink node, which let all sensor nodes have opportunity to
communicate with sink node and optimize network lifetime.

As is shown in Figure 6, LOA DH considers the location
distribution of sensor nodes, establishes network lifetime
optimization model limited by data transmission delay and
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Figure 5: Movement path of sink node in node distribution scene 1.

hops, uses MCP routing algorithm to collect data, and
improves genetic algorithm to solve the optimization model
(15) to obtain optimal solution. The solution reduces and
balances node energy consumption and prolongs network
lifetime. Movement paths of sink node in MCP GMRE and
EASR are easy to fall into the boundary of the monitoring
area, and movement path of sink node in MCP RAND has
characteristic of randomness; therefore, network lifetime of
LOA DH is much longer than MCP RAND, MCP GMRE,
and EASR algorithms.

As is shown in Figure 7, in LOA DH, sink node finds
an optimal movement path in the monitoring area. When
sink node collects data along themovement path, each sensor
node has opportunity to appear around and far away from
sink node. The energy consumption of data communication
is reduced in part hub sensor nodes. Therefore, average node
energy consumption of LOA DH is lower thanMCP RAND,
MCP GMRE, and EASR algorithms. Because of randomness
of sink node’s movement, average node energy consumption
of MCP RAND has large fluctuation.

As is shown in Figure 8, LOA DH makes node cover-
age constraint one of movement path selection constraints,
which requires that sink node fully covers all sensor nodes
in the monitoring area. On the other hand, MCP RAND,
MCP GMRE, and EASR only allow sink node to move in
local area.Therefore, node coverage rate of LOA DH is 100%,
which is higher than MCP RAND, MCP GMRE, and EASR
algorithms.

As is shown in Figure 9, in LOA DH, the selected move-
ment path allows all sensor nodes to have opportunity to
communicate with sink node and remove isolated nodes.
Therefore, communication time between each sensor node
and sink node is enhanced, while data storage pressure is
reduced, and amount of sent data is improved. Therefore,
LOA DH has minimum average amount of node discarded
data, MCP RAND and EASR are higher, and MCP GMRE is
the highest.
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scene 1.
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Figure 7: Comparation of average node energy consumption in
node distribution scene 1.

In conclusion, when sensor nodes obey random uniform
distribution in the monitoring area, according to location
and other information of sensor nodes, LOA DH finds an
optimal movement path which fully covers sensor nodes and
obtains sojourn times. LOA DH improves network lifetime
and reduces average amount of node discarded data and
average node energy consumption.

4.2.2. Algorithm Comparison in Node Distribution Scene 2.
Assume that there is no sensor node in the rectangular
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Figure 8: Comparation of node coverage rate in node distribution
scene 1.
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Figure 9: Comparation of average amount of node discarded data
in node distribution scene 1.

region whose four vertices are (500m 0m), (500m 1000m),
(1000m 500m), and (1000m 1000m). 100 sensor nodes obey
random uniform distribution in other areas. LOA DH is
executed with simulation parameters in Table 1 to obtain
a movement path of sink node which avoids the nonnode
distribution area. As is shown in Figure 10, sink node accesses
coverage area of sensor nodes in turn and, meanwhile, avoids
selecting grid centers in nonnode distribution area as sojourn
locations.
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scene 2.

As is shown in Figure 11, LOA DH can obtain opti-
mal movement path of sink node and sojourn times at
sojourn grid centers. The path avoids nonnode distribu-
tion area; therefore, network lifetime of LOA DH is higher
than MCP RAND, MCP GMRE, and EASR algorithms.
Meanwhile, the selected movement path avoids nonnode
distribution area. The concentrated distribution of sensor
node reduces communication energy consumption. There-
fore, when the number of sensor nodes is the same, network
lifetime of LOA DH in node distribution scene 2 is longer
than that in scene 1. In those two scenes, network lifetime
of MCP RAND, MCP GMRE, and EASR is almost the same.
The simulation results of average node energy consumption,
node coverage ratio, and average amount of node discarded
data of LOA DH in node distribution scene 2 are almost
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Figure 12: Movement path of sink node in node distribution scene
3.

the same like in scene 1. Therefore, related content is not
elaborated repeatedly and can refer to Section 4.2.1.

4.2.3. Algorithm Comparison in Node Distribution Scene 3.
There are 100 sensor nodes and four points. The four points
are (750m 250m), (750m 500m), (750m 750m), and (500m
750m). There are 25 sensor nodes which obey random
Poisson distribution in the vicinity of each point. LOA DH
is executed with simulation parameters in Table 1 to obtain
the movement path of sink node. As shown in Figure 12, the
movement path of sink node concentrates in node intensively
distributed area, and sojourn times of part grid centers are
relatively longer.

As shown in Figure 13, network lifetime of LOA DH is
much longer than other algorithms, because LOA DH can
find optimal movement path of sink node and sojourn times
at sojourn grid centers. LOA DH has less node communica-
tion energy consumption because of intensively distributed
sensor nodes. Therefore, with the same number of sensor
nodes, network lifetime of LOA DH in node distribution
scene 3 is longer than that in scene 1 and scene 2. The
simulation results of average node energy consumption, node
coverage ratio, and average amount of node discarded data of
LOA DH in node distribution scene 3 are almost the same
like in scene 1. Therefore, related content is not elaborated
repeatedly and can refer to Section 4.2.1.

In conclusion, in the three node distribution scenes,
according to location and other information, LOA DH can
obtain optimal movement path of sink node and sojourn
times. Compared to MCP RAND, MCP GMRE, and EASR
algorithms, LOA DH fully covers all sensor nodes and has
the longest network lifetime and least average amount of node
discarded data and average node energy consumption.

5. Conclusion

According to limited data transmission delay and hops
in mWSNs, algorithm assumption is proposed, and data
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formulae are used to represent constraints and optimiza-
tion model. Next, MCP routing algorithm is selected to
calculate node energy consumption when sink node stays
at sojourn grid centers. Improved genetic algorithm is used
to modify individual to meet all constraints and iteratively
calculate to obtain optimal solution.Thirdly, implement steps
of LOA DH are proposed. Finally, simulation parameters
of algorithms are given. Performances among LOA DH,
MCP RAND, MCP GMRE, and EASR are compared and
analyzed.

Simulation results show that, in the monitoring area,
when sensor nodes obey random uniform distribution in
whole area, random uniform distribution in part area, and
random Poisson distribution in part area, according to node
location and other information, LOA DHcan find an optimal
movement path of sink node and sojourn times. Therefore,
network lifetime is improved. Sensor nodes are fully covered,
and average node energy consumption and average amount
of node discarded data are reduced. But using improved
genetic algorithm, LOA DHhas high time complexity.There-
fore, next stage is to find a distributed solving algorithm of
optimizationmodel, which can reduce time complexity of the
algorithm.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this article.

Acknowledgments

This work was supported by National Natural Science
Foundation of China under Grant no. 61501403, Zhejiang
Provincial Natural Science Foundation of China under Grant
no. LY15F030004, and Zhejiang Provincial Public Welfare

TechnologyApplication andResearch Project of China under
Grants no. 2016C33038 and no. 2015C33028.

References

[1] C. Zhu, L. Shu, T. Hara, L. Wang, S. Nishio, and L. T. Yang,
“A survey on communication and data management issues in
mobile sensor networks,”Wireless Communications and Mobile
Computing, vol. 14, no. 1, pp. 19–36, 2014.

[2] J. A. Khan, H. K. Qureshi, A. Iqbal, and C. Lacatus, “Energy
management in wireless sensor networks: a survey,” Computers
and Electrical Engineering, vol. 41, no. 1, pp. 159–176, 2015.

[3] A. Waheed Khan, A. H. Abdullah, M. H. Anisi, and J. Iqbal
Bangash, “A comprehensive study of data collection schemes
usingmobile sinks in wireless sensor networks,” Sensors, vol. 14,
no. 2, pp. 2510–2548, 2014.

[4] A. K. Kumar, K. M. Sivalingam, and A. Kumar, “On reducing
delay in mobile data collection based wireless sensor networks,”
Wireless Networks, vol. 19, no. 3, pp. 285–299, 2013.

[5] F. Tashtarian, M. H. Yaghmaee Moghaddam, K. Sohraby, and
S. Effati, “ODT: optimal deadline-based trajectory for mobile
sinks in WSN: a decision tree and dynamic programming
approach,” Computer Networks, vol. 77, no. 2, pp. 128–143, 2015.

[6] C.-F.Wang, J.-D. Shih, B.-H. Pan, and T.-Y.Wu, “A network life-
time enhancement method for sink relocation and its analysis
in wireless sensor networks,” IEEE Sensors Journal, vol. 14, no.
6, pp. 1932–1943, 2014.

[7] H. Salarian, K.-W. Chin, and F. Naghdy, “An energy-efficient
mobile-sink path selection strategy for wireless sensor net-
works,” IEEE Transactions on Vehicular Technology, vol. 63, no.
5, pp. 2407–2419, 2014.

[8] W. Liu, K. Lu, J. Wang, G. Xing, and L. Huang, “Performance
analysis of wireless sensor networks with mobile sinks,” IEEE
Transactions on Vehicular Technology, vol. 61, no. 6, pp. 2777–
2788, 2012.

[9] Y. Yun, Y. Xia, B. Behdani, and J. C. Smith, “Distributed
algorithm for lifetimemaximization in a delay-tolerant wireless
sensor network with a mobile sink,” IEEE Transactions on
Mobile Computing, vol. 12, no. 10, pp. 1920–1930, 2013.

[10] S. Basagni, A. Carosi, E. Melachrinoudis, C. Petrioli, and Z. M.
Wang, “Controlled sink mobility for prolonging wireless sensor
networks lifetime,”Wireless Networks, vol. 14, no. 6, pp. 831–858,
2008.

[11] M. E. Keskin, I. K. Altinel, N. Aras, and C. Ersoy, “Lifetime
maximization in wireless sensor networks using a mobile sink
with nonzero traveling time,”TheComputer Journal, vol. 54, no.
12, pp. 1987–1999, 2011.

[12] B. Behdani, J. Cole Smith, and Y. Xia, “The lifetime maximiza-
tion problem in wireless sensor networks with a mobile sink:
Mixed-integer programming formulations and algorithms,” IIE
Transactions (Institute of Industrial Engineers), vol. 45, no. 10,
pp. 1094–1113, 2013.

[13] K. Lee, Y.-H. Kim,H.-J. Kim, and S. Han, “Amyopicmobile sink
migration strategy for maximizing lifetime of wireless sensor
networks,”Wireless Networks, vol. 20, no. 2, pp. 303–318, 2014.

[14] X.-M. Hu, J. Zhang, Y. Yu et al., “Hybrid genetic algorithm
using a forward encoding scheme for lifetime maximization of
wireless sensor networks,” IEEE Transactions on Evolutionary
Computation, vol. 14, no. 5, pp. 766–781, 2010.



Research Article
Affine-Invariant Geometric Constraints-Based High
Accuracy Simultaneous Localization and Mapping

Gangchen Hua and Xu Tan

School of Software Engineering, Shenzhen Institute of Information Technology, Shenzhen, China

Correspondence should be addressed to Xu Tan; xutan@nudt.edu.cn

Received 30 September 2016; Accepted 25 December 2016; Published 9 February 2017

Academic Editor: Hao Gao

Copyright © 2017 Gangchen Hua and Xu Tan. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

In this study we describe a new appearance-based loop-closure detection method for online incremental simultaneous localization
and mapping (SLAM) using affine-invariant-based geometric constraints. Unlike other pure bag-of-words-based approaches, our
proposed method uses geometric constraints as a supplement to improve accuracy. By establishing an affine-invariant hypothesis,
the proposed method excludes incorrect visual words and calculates the dispersion of correctly matched visual words to improve
the accuracy of the likelihood calculation. In addition, camera’s intrinsic parameters and distortion coefficients are adequate for this
method. 3Dmeasuring is not necessary.We use themechanism of Long-TermMemory andWorkingMemory (WM) tomanage the
memory. Only a limited size of theWM is used for loop-closure detection; therefore the proposedmethod is suitable for large-scale
real-time SLAM.We tested ourmethod using the CityCenter and Lip6Indoor datasets. Our proposedmethod results can effectively
correct the typical false-positive localization of previous methods, thus gaining better recall ratios and better precision.

1. Introduction

Simultaneous localization and mapping (SLAM) is widely
used to generatemaps for localization or autonomous robotic
navigation.

The appearance-based SLAM type is characterized by
low-cost solutions. Moreover, SLAM based on visual features
provides abundant information for use in matching and
recognition.

Almost all appearance-based SLAMs are pure bag-of-
words approaches that extract SIFT [1] or SURF [2] descrip-
tors from images and then match descriptors by brute force
method or NNDR [3] and so forth to calculate likelihood
between two locations.

The biggest challenge for improving the precision and
recall ratio of loop-closure detection is that the false-positive
localization loop-closure hypothesis selection score is higher
than the false-positive localization.This results in acceptance
of false-positive localizations and rejection of false-negative
localizations.

Likelihood calculations between two places are the most
decisive factor for establishing a loop-closure hypothesis. But

in many conditions a pure bag-of-words approach cannot
effectively calculate the likelihood between places.

Our proposedmethod attempts to improve the likelihood
calculation results by appending the geometric constraints
of visual words to the classic pure bag-of-words likelihood
calculation. The geometric constraints include order and
acreage constraints, which are designed as affine-invariant
geometric constraints. Therefore, the proposed method can
work well even though the viewpoint is significantly changed.
Thismethoduses amemorymanagement approach similar to
those in [4, 5] for real-time processing and uses SURF for its
visual descriptors; descriptors are matched by NNDR [3].

In this paper, we describe the more accurate likelihood
calculation to improve the loop-closure detection perfor-
mance. By establishing an affine-invariant hypothesis, the
proposed method excludes incorrectly matched visual words
and calculates the dispersion of correctly matched visual
words to improve the accuracy of the likelihood calcula-
tion. Section 2 reviews some previous pure bag-of-words-
based approaches and their typical problems. In Section 3,
we describe the proposed method. Section 4 presents our
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(1) Previous methods’ false-positive localized location: many incorrect matches between different locations.

(2) Previous methods’ false-negative localized place: excepting ground truth, there are incorrect matches between too many different locations.

Figure 1: Examples of two problems occur in [4, 5, 7, 8] on the basis of CityCenter [14] dataset. (1) illustrates that, because too many words
are matched between two different locations incorrectly, previous pure bag-of-words systems treat two different locations as the same place.
By using the proposed method, 0 match is accepted. So the proposed method can solve this problem. (2) shows Raw-Likelihood (without
normalizing) compression between [5] and the proposed method. Although the ground truth obtains the highest likelihood, because there
are incorrect matches between two many different locations, those noises result in that the ground truth is rejected by previous pure bag-of-
words systems incorrectly. The proposed method prevents noises and retains the peak of ground truth and thus the proposed method can
accept the ground truth correctly.

experimental results. In Section 5, we discuss our proposed
method’s advantages, disadvantages, and outlook.

2. Related Work

References [4–8] present some typical pure bag-of-words
approaches.

Cummins and Newman [6] proposed a rapid method
based on the probabilistic bailout condition for appearance-
only SLAM. But this approach’s precision and recall ratio are
not satisfactory.

Kawewong et al. [9] proposed amethod that tracks robust
features in a sequence of images, called position-invariant
robust features (PIRF). They also proposed two online-
incremental-appearance-only methods for SLAM PIRF-nav
[7] and PIRF-nav2 [8] based on PIRF. Regarding PIRF’s
robustness, themethods in PIRF-nav andPIRF-nav2 perform
satisfactorily in dynamic environments. Compared with the
method in [6], the precision and recall ratio also improved
significantly.

However, PIRF-nav and PIRF-nav2’s processing time for
loop-closure detection cannot be controlled very well. The
processing time increases as the map’s scale increases. In

addition, because PIRF-extracted robust features persist in a
sequence of images, many useful features are ignored. This
can cause significant loss of visual features, particularly, in
indoor low resolution datasets such as Lip6Indoor [10].Thus,
it is difficult to improve the performance of PIRF-nav and
PIRF-nav2.

Labbé and Michaud [4, 5] proposed a method based on a
short term memory (STM) and Long-TermMemory mecha-
nism calledRTAB-map. It can optimize the processing time of
SLAMby controlling the processing speed effectively without
increasing the processing timewhen themap’s scale increases.

However, because of the problems shown in Figure 1, it is
difficult to improve RTAB-map’s recall ratio.

RTAB-map is the best vision-only SLAM method cur-
rently available and probably represents the limit of perfor-
mance possible for pure bag-of-words approaches.

FAB-MAP3D [11] is a SLAM method that combines a
pure bag-of-words approach with 3D geometric constraints.
It works better than the FAB-MAP [6], but it requires 3D
measurement information about each visual word.

The proposed method attempts to design geometric
constraints for appearance-only SLAM without any 3D mea-
suring.
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Figure 2: Framework of likelihood calculation on the basis of geometric constraints.

Unlike RANSAC [12] and PROSAC [13], the proposed
method estimates an affine-invariant hypothesis and calcu-
lates the likelihood between two places without any random
elements.Thus the proposedmethod ismore stable and better
suited for situations in which only few words match.

3. Proposed Method

This section presents our new likelihood calculation method
having geometric constraints. We also include a brief expla-
nation of the loop-closure hypothesis selection. Figure 2
shows the likelihood calculation of the proposed method.

3.1. Image Undistortion. Sometimes a camera lens will cause
significant distortions; undistorted images are necessary to
establish an affine-invariant hypothesis.

To produce undistorted images, we must establish the
camera’s requisite intrinsic parameters (𝑓𝑥, 𝑓𝑦, 𝑐𝑥, 𝑐𝑦), radial
distortion coefficients (𝑘1, 𝑘2), and its tangential distortion
coefficients (𝑝1, 𝑝2) by calibration. It is easy to calibrate and
undistort a camera using OpenCV [15]. Intrinsic parameters
and distortion coefficients are stable for certain cameras.
More details are available in OpenCV documents.

Since the real world is not flat, real world images do not
strictly abide by the affine-invariant constraint. However, for
the most part, landmarks in images can be considered to be
in a flat environment.

3.2. Order Constraint. We designed a distance order con-
straint to exclude incorrectly matched visual words.

As illustrated in Figure 3, (𝑑 → 𝑑) is an example of incor-
rect matching. We first calculate 𝑎’s relative distance vector

a

b

c

d
e

a

b

c

d

e

Figure 3:𝑊 = (𝑎, 𝑏, 𝑐, 𝑑, 𝑒) and𝑊 = (𝑎, 𝑏, 𝑐, 𝑑, 𝑒) are matched
visual words between two images. However, the matching (𝑑 → 𝑑)
is incorrect.

𝐷𝑎, which is sorted from nearest to farthest. 𝐷𝑎 = (𝑏, 𝑐, 𝑑, 𝑒)
and𝐷𝑎 = (𝑑, 𝑏, 𝑐, 𝑒). Except for 𝑑 and 𝑑,𝐷𝑎 = 𝐷𝑎 .

Similarly,𝐷𝑑 = (𝑒, 𝑐, 𝑏, 𝑎) and𝐷𝑑 = (𝑏, 𝑎, 𝑐, 𝑒). Despite
being matched visual words, 𝐷𝑑 and 𝐷𝑑 are significantly
different.

We designed an offset-based linear formula to calculate
diff(𝐷𝑖, 𝐷𝑖). The offset’s definition is shown in Figure 5. We
also define diff(𝐷𝑖, 𝐷𝑖) in (1). In Figure 4, diff(𝐷𝑎, 𝐷𝑎) =0.25, and diff(𝐷𝑑, 𝐷𝑑) = 11/16. Therefore, the higher diff
indicates that the probability of an incorrect matching is
higher. diff(𝐷𝑖, 𝐷𝑖) can be used to distinguish correctly and
incorrectly matched visual words.

diff (𝐷𝑖, 𝐷𝑖) = ∑𝑛𝑘=1 offset𝑘𝑛2 . (1)

Please note that diff(𝐷𝑖, 𝐷𝑖) is not an affine-invariant
quantity and is sensitive to noise percentage. So we cannot
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Figure 4: Offset’s calculation. At first find a word in 𝐷𝑖’s corre-
spondingmatchedword in𝐷𝑖 , and then calculate the offset between
corresponding IDs.

set a certain threshold eliminating incorrectlymatched visual
words for large-scale SLAM. Using a normalized diffnormal is
one candidate. We normalized diffs using its mean 𝜇diff and
standard deviation 𝜎diff .

Our proposed method uses kd tree-based [16] FLANN
[17] to establish relative distance vectors𝐷s when descriptors
are extracted. All extracted words are used for establishing𝐷s and these vectors are retained for further queries. When
required, these vectors eliminate all mismatched words by
calculating expression (1) to establish new vectors for the
processing of order constraint. The original vectors do not
change.

In Figure 4,𝑑 and𝑑 are excluded andwe can obtain a cor-
rected set of words𝑊𝑜𝑐 = (𝑎, 𝑏, 𝑐, 𝑒) and𝑊𝑜𝑐 = (𝑎, 𝑏, 𝑐, 𝑒).

However, the only order constraint is not strict enough
for a highly accurate likelihood calculation. We designed an
acreage constraint to establish an affine-invariant hypothesis
based on𝑊𝑜𝑐 and𝑊𝑜𝑐.
3.3. Acreage Constraint. An example of an affine invariant is
illustrated in Figure 6. Although, from 𝑖 to 𝑗, the coordinates
of𝑊 and𝑊 changed significantly, the proportional relation-
ship of the acreage illustrated in the figure did not change; that
is, not only 𝑆𝑎𝑜𝑏/𝑆𝑎𝑏𝑐𝑑 = 𝑆𝑎𝑜𝑏/𝑆𝑎𝑏𝑐𝑑 , but also 𝑆𝑎𝑜𝑏/𝑆𝑎𝑏𝑐 =𝑆𝑎𝑜𝑏/𝑆𝑎𝑏𝑐 , 𝑆𝑎𝑜𝑏/𝑆𝑎𝑜𝑐 = 𝑆𝑎𝑜𝑏/𝑆𝑎𝑜𝑐 , and so forth.

𝑆𝑎𝑜𝑏𝑆𝑎𝑏𝑐𝑑 =
𝑆𝑎𝑜𝑏𝑆𝑎𝑏𝑐𝑑 . (2)

Therefore, when the affine-invariant proportional rela-
tionship of acreage has been found, an affine-invariant
hypothesis can be established.

We propose a method to establish an affine-invariant
hypothesis based on results of the order constraint. First, we
calculate a total area:

𝑆Σ = 𝑛−1∑
𝑖=1

𝑆𝑖,𝑜,𝑖−1, (3)

where 𝑜 is the center of gravity of𝑊:
𝑜 = ∑𝑛𝑖=1 𝑤𝑖𝑛 . (4)

We then define the deviation of two pairs of visual words
according to an affine-invariant hypothesis:

Dev𝑖,𝑗𝑎𝑖 =
1 −

𝑆𝑖𝑜𝑗/𝑆Σ𝑆𝑖𝑜𝑗/𝑆Σ
 . (5)

Dev𝑖,𝑖𝑎𝑖 = 0, if Dev𝑖,𝑗𝑎𝑖 < 𝑇𝐴𝐶 and this establishes an affine-
invariant hypothesis. Because 𝑇𝐴𝐶 is a robust affine-invariant
threshold, a certain 𝑇𝐴𝐶 is suitable for large-scale SLAM.

In fact, 𝑜 is important in the establishment of the affine-
invariant hypothesis. The Dev𝑖,𝑗𝑎𝑖 is meaningful only in the
sense that 𝑜 is built by visual words that obey the affine-
invariant constraint. After processing the order constraint,
the incorrectly matched words have been eliminated, but the
noise remains.

3.4. Likelihood Calculation. After the above processing
(𝑊 → 𝑊𝑂𝐶 → 𝑊𝐴𝐶), only correctly matched words remain.
Now it is possible to calculate a geometric constraints-based
likelihood 𝑠𝑐𝑔(𝑧𝑡, 𝑧𝑐) between the testing and current place.

𝑠𝑐𝑔 (𝑧𝑡, 𝑧𝑐) = 𝑆Affine ∗ 𝑆Dispersion, (6)

where 𝑧𝑡 is the testing place and 𝑧𝑐 is the current place. 𝑆Affine
is the proportion between 𝑊𝐴𝐶’s size and the sum of the
matched word pairs.

𝑆Affine = size of (𝑊𝐴𝐶)𝑁pair
, (7)

where𝑁pair is the number ofmatched word pairs between the
two places. 0 ≤ 𝑆Affine ≤ 1.𝑆Dispersion is dispersion of the affine-invariant words-
based parameter for estimating the likelihood between two
places.

𝑆Dispersion =
{{{{{{{{{{{{{

𝐷𝐷 − 1, 𝐷 ≤ 𝐷 ≤ 2𝐷𝐷𝐷 − 1, 𝐷 ≤ 𝐷 ≤ 2𝐷
0, 𝐷 ≥ 2𝐷 or 𝐷 ≥ 2𝐷,

(8)

where

𝐷() = ∑𝑛𝑖=1 𝑤()𝑖 − 𝑜()𝑛 . (9)

Apparently 0 ≤ 𝑆Dispersion ≤ 1.
In [4, 5], the likelihood calculation formula is

𝑠 (𝑧𝑡, 𝑧𝑐) =
{{{{{{{{{{{

𝑁pair𝑁𝑧𝑡 , 𝑁𝑧𝑡 ≤ 𝑁𝑧𝑐𝑁pair𝑁𝑧𝑐 , 𝑁𝑧𝑐 < 𝑁𝑧𝑡 ,
(10)

where𝑁𝑧𝑡and𝑁𝑧𝑐 are the total number of words of the signa-
ture 𝑧𝑡 and the compared signature 𝑧𝑐, respectively. However,
since this method attempts to obtain a low likelihood, it may
cause a false-negative localization. But for pure bag-of-words-
based approaches, because precision is hard to control there
is no alternative but to choose low likelihoods.

We propose a new likelihood calculation method com-
bined with 𝑠𝑐𝑔(𝑧𝑡, 𝑧𝑐):

𝑆Combined = 𝑠𝑐𝑔 (𝑧𝑡, 𝑧𝑐) ∗ 𝑁pair𝑁𝑧𝑡 + 𝑁𝑧𝑐 . (11)
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Figure 6: Processing flow of acreage constraint. Input:𝑊𝑜𝑐,𝑊𝑜𝑐 are corresponding pairs already flitted by order constraint. Output:𝑊𝑎𝑐,𝑊𝑎𝑐
are corresponding pairs processed by acreage constraint. 𝑜, 𝑜 are center of gravity of 𝑊𝑎𝑐,𝑊𝑎𝑐. 𝑊𝑎𝑐,𝑊𝑎𝑐 and 𝑜, 𝑜 are used to establish
a likelihood between two locations. Left part of figure is the first step of the algorithm. This step is obtaining credible 𝑜 and 𝑜. It will be
converged when size of𝑊tmp and𝑊tmp did not change and obtain credible 𝑜 and 𝑜. The convergence is achieved rapidly (after 2∼3 loops
and then it gets converged) because, during establishing credible 𝑜 and 𝑜, some correct matching may be rejected (overfitted). Right part of
Figure 6 presents the processing of attempting to retrieve incorrectly rejected matching on the basis of credible 𝑜 and 𝑜.
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Localized place Query place

Figure 7: Typical false-positive localized place in Lip6Indoor data set. Although the query place (right) matches only a part of the localized
place (left), pure bag-of-words approaches do not calculate likelihood based on matched acreage.

This likelihood calculation method is fairer than [4, 5].
In addition, since geometric constraints are added to the
calculation, the proposed method achieves better accuracy.

3.5. Brief Summary of Loop-Closure Hypothesis Selection. The
proposed method uses a loop-closure hypothesis selection
method similar to that in [5]. We update the Bayesian filter
by the following recursion formula:

𝑃 (𝑆𝑡 | 𝐿𝑡)
= 𝜂𝑃 (𝐿𝑡 | 𝑆𝑡) 𝑡𝑛∑

𝑡=−1

𝑝 (𝑆𝑡 | 𝑆𝑡−1 = 𝑖) 𝑝 (𝑆𝑡−1 | 𝐿𝑡−1) , (12)

where 𝑆𝑡 = 𝑖 is the probability that 𝐿 𝑡 closes a loop with a past
location 𝐿 𝑖 and 𝑆𝑡 = −1 is the probability that the current
place in the STM is a new place. 𝑝(𝐿𝑡 | 𝑆𝑡) is important
for this formula, being a normalized likelihood by the mean𝜇 and standard deviation 𝜎, which the proposed method
significantly affects.∑𝑡𝑛𝑖=−1 𝑝(𝑆𝑡 | 𝑆𝑡−1 = 𝑖)𝑝(𝑆𝑡−1 | 𝐿𝑡−1) briefly
describes the likelihood, which, due to space limitations, we
cannot describe in detail. Please refer to [4, 5].

When 𝑝(𝑆𝑡 = −1 | 𝐿𝑡−1) is lower than the loop-closure
threshold 𝑇loop, the loop-closure hypothesis will be accepted.

𝑃 (𝐿𝑡 | 𝑆𝑡 = −1) = 𝜇𝜎 + 1. (13)

Please note that when 𝜇 is too high the loop-closure
hypothesis will be rejected, although the probability of a high
loop-closure hypothesis is very high. This may cause false-
positive localizations.

4. Experiments

We performed our calculations using aMacBook Pro, i7 with
16GB RAM. The application is written in C++. We tested
our method by two well-known datasets: Lip6Indoor and
CityCenter.

4.1. Lip6Indoor. Figure 7 shows that a typical false-positive
localized place occurs in pure bag-of-words approach such as
[5, 6, 8]. After processing by the proposedmethod, geometric
constraints for two places 𝑆Dispersion = 0.12, the false-positive

Table 1: Results of experiment Lip6Indoor.

Recall Precision
Average

processing time
(per frame)

The proposed
method 99.55% 100% 731.7ms

RTAB-map [5] 98% 100% 678.2ms
FAB-map [6] 23.6% 100% 588.6ms
PIRF-nav2.0 [8] 77.3% 99.4% 103.2ms

loop-closure hypothesis is rejected by the proposed method.
The resolution of 388 images in this dataset is 240 × 192.
Compared with [5], the proposed method improved the
recall proportion by only 1.55%. But as the recall proportion
increases in [5], precision decreases rapidly. For a 100%
recall proportion of [5] precision is 63%, but the precision of
our proposed method is 87.5%. Table 1 shows the results of
Lip6Indoor dataset.

References [6, 8] are faster than [5], but their recall
proportion is low. After comparison between the proposed
method and [5], an average of 53.5ms additional processing
time is required for each frame. The maximum processing
time for one frame using our proposed method is 825.3ms.
Because this dataset is captured at 1HZ, the proposedmethod
can be processed in real time.

4.2. CityCenter. In the CityCenter dataset, since our method
has effective control, we obtained a higher recall proportion.
The resolution of 2474 images in this dataset is 640 × 480.
Every two images were captured simultaneously at the same
location.

The recall proportion cannot be further increased because
in some scenes (like jungles) there are too many similar
words. The proposed method failed in these types of scenes.
With too many incorrectly matched pairs, a bad affine-
invariant hypothesiswas established. Table 2 shows the results
of CityCenter dataset.

The maximum processing time for one frame of the
proposed method is 1780.7ms. The dataset is captured at
approximately 0.5Hz, so the proposed method can also be
processed in real time in this dataset.
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Table 2: Results of experiment CityCenter.

Recall Precision
Average

processing time
(per frame)

The proposed
method 86.2% 100% 1570.1ms

RTAB-map [5] 81% 100% 1375.2ms
FAB-map [6] 43.32% 100% 233.2ms
PIRF-nav2.0 [8] 80% 99.4% 426.3ms

5. Conclusion and Future Studies

These experiments showed that our proposed method can
work better than pure bag-of-words-based SLAMapproaches.
We proved that 2D geometric constraints are an effective
way to break the bottleneck and improve the accuracy of
appearance-based SLAM.

Although the proposed method works well for the most
part, it cannot handle some problems. In particular, one
typical problem is toomany similar words in the same image.
Methods to solve this problem are being considered. One
possible solution is to increase NNDR [3] threshold to avoid
repeated features more effectively. This step should reduce
false-positive ratio of descriptors matching but causes more
false-negative avoiding. Then, use the proposed method to
construct affine-invariant hypothesis based on features
matched by higher threshold. Lastly, test avoided repeated
features by affine-invariant hypothesis to retrieve potential
correct matches.

Today, high-performance handheld smart phones are
very popular. Because the proposed method does not require
any 3D measuring to achieve high robustness while using
handheld devices, it may be applied to many types of plat-
forms, for navigation by pedestrians.
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Wideband receivers for multistandards operation can simplify the system and lower the cost. In a wideband receiver, the tolerance
of large interference signal within the operating band is important. Traditional frequency-domain filtering suffers from lacking in
filtering capability for in-band interference signals. This paper describes a receiver system exploiting nonlinear transfer function.
Based on the fundamental nonlinear theory, the receiver with nonlinear method can provide frequency-independent filtering for
large blockers and linear amplification for weak desired signals simultaneously.The interference suppression performance depends
on the amplitude discrimination between the envelope of the large and small signal.The operation of the nonlinear receiver is based
on the amplitude of the interferer envelope. A feedforward path is designed to extract the envelope information of the interferer and
a feedback path is added to keep track of the environment. With frequency-independent filtering, the nonlinear receiver system
enhances both in-band and out-of-band linearity, thus enabling wideband multimode operation.

1. Introduction

Wireless communication systems are developing to provide
higher speed with reliability under the increasing amount
of daily usage [1]. In a mobile handset device, several
wireless communication standards are supported, such as
2G/3G/4G, Bluetooth, WiFi, GPS, and NFC [2]. In general,
there are two solutions for multiple standards operation. One
is narrowband solution and another is wideband solution.
In the narrowband solution, multiple narrowband receiver
front-ends and off-chip surface-acoustic-wave (SAW) filters
are required. In the wideband solution, a single wideband
receiver covers the spectrum of interest. The wideband solu-
tion is widely applied in the design of software-defined radios
(SDR) [3–8] and reconfigurable receivers [9–12]. However,
the wideband operation introduces wideband interference
problems. The interference comes from the simultaneous
operation of multiple radios with multiple standards. The
transmitted signal generates interference through the poor
isolation between transmitter and receiver in the same device.
Also, the transmitted signal generates interference for other

devices if they have active receivers operating at the same
time.

The multiradio coexistence scenario [13, 14] is shown
in Figure 1. In Figure 1, there are three wireless terminals.
Terminal #1 is amultiradio device. Terminal #M and terminal
#N are single-radio devices. Terminal #1 has both a receiver
and a transmitter. The receiver in terminal #1 is receiving
information with wireless standard A, while the transmitter
in terminal #1 is transmitting with wireless standard B.
Terminal #M and terminal #N are transmitting information
throughwireless standardsMandN, respectively. In this case,
the receiver in terminal #1 is plagued by the transmitting
signal fromeither the transmitter in terminal #1, terminal #M,
or terminal #N. In this scenario, the term “victim” is used
for the receiver in terminal #1, and the term “aggressor” for
transmitters in terminal #1, terminal #M, and terminal #N.
The input spectrum at the receiver antenna in terminal #1
is shown accordingly. Due to the difference of wireless stan-
dards and coupling paths, the interference signals received at
the receiver antenna are different in frequencies and power.
The interference signal from the collocated transmitter in the
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Figure 2: Frequency allocation of different wireless standards from 1800MHz to 2700MHz.

same device (terminal #1) is usually much stronger because
of the small size of a handset device.

The lack of RF filtering after antenna generates problems
for wideband operation. The problems can be divided into
three categories: distortion, phase noise, and power con-
sumption. It can be extremely harmful if the strong interferer
is located close to the desired signal or at harmonic frequency
of the desired signal. Firstly, if the interferer is too large, it
leads to desensitization of the receiver. Secondly, when the
interferer mixes with LO phase noise, it poses additional
noise in the receiver band. That noise is proportional to
the interferer power [7, 8]. The receiver’s blocker NF under
reciprocal mixing can be expressed as

NFblocker ≈ −174 [dBm/Hz] + 𝑃𝑏 [dBm]
+ 𝐿𝜔 {Δ𝜔} [dBc/Hz] , (1)

where 𝐿𝜔{Δ𝜔} is the LO phase noise at the interferer offsetΔ𝜔 and 𝑃𝑏 is the interferer power. Thirdly, in order to handle
a large interferer, the linear receiver should have a large
dynamic range, which would increase the receiver’s power
consumption. However, if some interference suppression can
be provided at the RF stage, all three problems are alleviated.

This paper presents a nonlinear receiver topology with
frequency-independent interference tolerance. Based on the
information of envelope amplitude of the interferer, the
receiver is able to provide suppression at RF frequency for
large interferers. It can achieve both good IB and OOB lin-
earity, thus making it suitable for the multiradio coexistence
scenario. The suppression at RF frequency also alleviates the
requirements for the following receiver circuit blocks and

saves the overall power consumption.The paper is organized
as follows. Section 2 classifies different interference cases and
reviews priorworks.The fundamental theory of the nonlinear
concept is presented in Section 3. The system modeling and
analysis of nonlinear interference suppression for local inter-
ference are carried out in Section 4. Section 5 discusses the
nonlinear interference suppression for general interference
by extracting envelope information. The nonlinear receiver
system operation undermultiple large interferers is discussed
in Section 6. Conclusions are drawn in Section 7.

2. Interference Cases and Review of
Prior Works

2.1. Interference Scenarios and Cases. There are several wire-
less standards operating in a mobile handset device. Fig-
ure 2 illustrates the frequency allocation of different stan-
dards supported in mobile devices, starting from 1800MHz
to 2700MHz. In this frequency range, there are several
dominant communication standards, which are FDD LTE,
TDD LTE, WiFi, Bluetooth, and WiMAX, and so forth.
The frequency spectrum is allocated differently for different
countries and regions [1, 15–17]. Several key points are
observed here. Firstly, the smallest frequency separation
between uplink and downlink of FDD LTE is 20MHz.
Secondly, the smallest frequency separation between WiFi
and LTE is 12MHz. Thirdly, FDD LTE, TDD LTE, WiFi,
Bluetooth, and WiMAX share a large frequency spectrum.
Therefore, the multiradio coexistence in this frequency range
requires filtering for interferers located very close to the
desired signal in frequency domain.



Journal of Sensors 3

LNA

LO

IF

Off-chip On-chip

Figure 3: Simplified system architecture of a conventional narrow-
band receiver.

The interference scenarios can be divided into two classes
in terms of physical distance, namely, collocation and prox-
imity. The collocation scenario refers to that multiple radios
are placed in the same physical unit that the interferers are
generated locally inside the device. The transmitting power
of LTE user equipment is 24 dBm. The measured antenna
coupling for collocated 915MHz patch antennas is roughly
20 dB in worst case [13].

The proximity scenario happens when multiple devices
are placed very close.The transmitting signal from device #A
generates interference for receivers in other devices. There-
fore, the interferers are generated externally, for example,
from the use of LTE small cell access points and low-power
WiFi routers [18]. The typical transmit power of an access
point is around 20 to 30 dBm. The free space loss at 2.4GHz
for a distance of 0.5m is 34 dB.Therefore, for both scenarios,
the interference power can as strong as several dBm.

The interference scenarios of interest can be summarized
into three cases.

(1) Out-Of-Band Interferers. Interferers are using different
standards and far away in frequency.

(2) Interferers from Other Standards and Close in Frequency
(Tens of MHz), for Example, WiFi and LTE Coexistence. This
case includes interferers generated locally in the same device
due to antenna coupling and externally from other devices.
Both interferers’ power can be several dBm.

(3) Interferers from the Same Standard, In-Band (IB) Inter-
ference, for Example, WiFi/WiFi, LTE/LTE, and FDD LTE
UP/DN. This case includes interferers generated locally due
to TX leakage of FDD/FD systems and externally from other
devices. TX leakage on RX depends on the isolation provided
by the duplexer. Both interferers’ power can be several dBm.

2.2. Interference Cancelling/Filtering Methods. In a conven-
tional narrowband receiver as shown in Figure 3, RF signals
and interference are bandpass-filtered by an off-chip SAW
filter after the receiver antenna. In this way, the unwanted
OOB interferers are filtered out. When the SAW-based
filters are omitted after the receiver antenna, the receiver
needs to provide blocker filtering and harmonic rejection
function to meet the target of wireless communication
specifications.

In FDD communication systems shown in Figure 4(a),
a duplexer [19] is placed after the single antenna to allow
bidirectional communication of receiving and transmitting
signals.The functions of the duplexer are to providematching
band selection and to attenuate the transmitter leakage

at the receiver input for avoiding desensitization of the
receiver. The duplexer relies on frequency-selective filters for
isolation and band selection, which often means high-Q and
off-chip.

Figure 4(b) shows an analog cancellation technique [20]
for locally generated interference signals. Based on priorly
known information of the transmitting signal and modeling
of the coupling path, a replica interference signal can be
subtracted at the input of the receiver, while the desired signal
remains unaffected. However, the technique fails to deal with
unknown interference signals. The adaption of modeling of
the coupling path can also be power hungry at RF frequency.

Instead of the conventional LNA-first approach, recent
works [4, 21] suggest directly connecting the receiver antenna
to a CMOS passive mixer. This approach is referred to as
mixer-first approach and is shown in Figure 5. There are
four CMOS switch paths after the antenna, followed by RC
low-pass filters (LPF). The switches are controlled by four
path nonoverlapping 25% duty-cycle LO signals. The CMOS
switches are favored for its high linearity, wide tuning range,
and bidirectional response-translational property. The LPF
at baseband is translated to a bandpass filter (BPF) at RF
frequency and it can achieve much higher quality factor
at RF than by using on-chip LC components. However,
the interference filtering is limited by the switch resistance,
accuracy of duty-cycle of LO signals, and the baseband filter
order. It also suffers from limited isolation between RF and
LO ports.

The simplified system architecture of a two-path feedfor-
ward cancellation receiver [22, 23] is shown in Figure 6(a).
It is based on the upconversion of baseband filters. In the
main path, both desired signal and unwanted interferer are
amplified. In the auxiliary path after downconversion, the
desired signal lies at DC and is filtered out by passing through
a high-pass filter. The interferer is upconverted again and
subtracted at the output of the LNA. The auxiliary path is
identical to a high-Q notch filter centered at the desired
signal frequency. This approach has a better input matching
and better isolation between RF and LO port. However, the
LNA linearity becomes a bottleneck for the tolerance of large
interferers.

The simplified system architecture of a frequency-
translational noise-cancelling receiver [6] is shown in Fig-
ure 6(b). The receiver consists of two separate passive-mixer-
based downconversion paths. The passive mixer downcon-
verts the RF current to baseband. A transimpedance amplifier
(TIA) then converts the in-band current back to voltage.
Therefore the voltage gain is avoided at RF until baseband
filtering is provided. The 3 dB noise figure brought by the
matching resistor in the main path now can be cancelled
by the auxiliary path. The Gm block is implemented as a
CMOS inverter with small load impedance in order to handle
large swings at the input. The frequency-translational noise-
cancelling receiver achieves to provide blocker tolerance,
good OOB linearity, input matching, and low noise at the
same time. However, the system’s interference filtering is
limited in the same way as in mixer-first approaches and also
the IB linearity is poor in the presence of a large in-band
blocker.
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3. Fundamental of Nonlinear
Interference Suppression

Nonlinear transfer functions [24–26] behave fundamentally
different from linear transfer functions. The nonlinear trans-
fer function does not obey the rule of superposition. The
signals passing through a nonlinear system can undergo dif-
ferent operations. Also, nonlinear systems do not necessarily
require large power consumption to handle a large signal.
The fundamentals of a nonlinear system make it a possible
candidate to deal with interference tolerance.

3.1. Time- and Frequency-Domain Behavior Analysis. The
input and output signals in frequency and time domain for
various conditions are illustrated in Figure 7. When a large
signal (single-tone) is passing through an ideal linear system
as shown in Figure 7(a), the signal is amplified linearly at
the output. When the same input signal is passing through
a conventional compressive nonlinear system as shown in
Figure 7(b), the signal gets distorted at the output and 3rd-
order harmonic is generated. Figure 7(c) shows a specially
tailored nonlinear system with a third-order polynomial
transfer function. When the large signal passes through, the
fundamental tone of the large signal is completely removed
at the output, while a 3rd harmonic is created. The process
can be described using the following mathematical equations
(2)–(6). The nonlinear transfer function is described as

𝑦 (𝑡) = 𝑐1𝑥 (𝑡) + 𝑐3𝑥 (𝑡)3 . (2)

The input signal is defined as a strong sinusoidal signal with
amplitude 𝐴LS and frequency 𝜔LS:

𝑥 (𝑡) = 𝐴LS sin (𝜔LS𝑡) . (3)

The output signal 𝑦(𝑡) is equal to
𝑦 (𝑡) = [𝑐1𝐴LS + 𝑐3 3𝐴3LS4 ] sin (𝜔LS𝑡)

+ 𝑐3𝐴3LS4 sin (3𝜔LS𝑡) .
(4)

If choosing

𝑐3 = − 4𝑐13𝐴2LS , (5)

the output becomes

𝑦 (𝑡) = −𝑐1𝐴LS3 sin (3𝜔LS𝑡) . (6)

Furthermore, the nonlinear transfer function does not
obey the rule of superposition. Therefore, the large signal
accompanied with a (much weaker) signal passing through
the nonlinear system can undergo different operations. The
situation is illustrated in Figure 7(d). At the output, the large
signal at fundamental frequency is suppressed completely,
while the fundamental tone of the weak signal is amplified.
3rd harmonics are generated for both large signal and weak
signal. Besides, an intermodulation (IM) term arises with the
same power as the output of the fundamental tone of theweak
signal. The intermodulation term is the result of nonlinearity
and convolution between input signals and introduces noise
folding into the signal band [26], whichwill be discussed later.

Therefore, based on the envelope amplitude of the large
interferer, the specially tailored nonlinear transfer function
enables large interference suppression. When the amplitude
of the large interferer changes, for example, modulated
interferers, the nonlinear transfer function should be altered
correspondingly to maintain the suppression. The nonlinear
interference suppression can be considered as a notch filter
in amplitude domain. The adaption of the nonlinear transfer
function in amplitude domain is equivalent to the adaption
of a frequency-domain notch filter. When the interferer
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Figure 7: Input and output of a large (single-tone) signal in frequency and time domain when passing through (a) ideal linear system, (b)
conventional nonlinear system, (c) proposed nonlinear system, and (d) proposed nonlinear system accompanied with a weak signal.
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large signal suppression when the amplitude of large signal changes.

amplitude is similar to or smaller than the wanted signal, the
transfer function can be switched to a linear one.

The adaption is shown in Figure 8. The nonlinear inter-
ference suppression relies on the amplitude discrimination
between the strong signal and the weak signal. This is
similar to frequency-domain filtering that relies on the
relative frequency difference between input signals. In this

way, the nonlinear interference suppression method enables
frequency-independent filtering.

3.2. Nonlinear Transfer Characteristics for Large Interference
Suppression. To derive the general requirements of a nonlin-
ear transfer function for interference suppression, the input
signal 𝑥(𝑡) is defined here:

𝑥 (𝑡) = Int (𝑡) + 𝑠 (𝑡) ,
Int (𝑡) = 𝐴LS (𝑡) sin [𝜔LS𝑡 + 𝜑LS (𝑡)] ,
𝑠 (𝑡) = 𝐴SS (𝑡) sin [𝜔SS𝑡 + 𝜑SS (𝑡)] ,
𝐴SS = 𝐴SS

 ≪ 𝐴LS = 𝐴LS
 ,

(7)

which consists of a strong interference signal Int(𝑡) and a
much weaker desired signal 𝑠(𝑡), with their corresponding
amplitude, frequency, and phase information. The input is
fed to a memoryless nonlinear system with transfer function𝑦 = 𝑓(𝑥). By applying Fourier analysis to the output signal,
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the effective gain of the fundamental component of the strong
signal 𝐺LS can be expressed as

𝐺LS = 1𝐴LS ⋅ 𝜋 ∫𝜋
−𝜋

𝑓 (𝐴LS sin 𝜃) ⋅ sin 𝜃 𝑑𝜃. (8)

The transfer function 𝑦 = 𝑓(𝑥) can be expressed as the sum
of odd and even functions:

𝑓 (𝑥) = 𝑓odd (𝑥) + 𝑓even (𝑥) . (9)

For (8) to equal 0, the transfer function can only consist of
odd-order terms. Equation (8) becomes

𝐺LS = 2𝐴LS ⋅ 𝜋 ∫𝜋
0
𝑓odd (𝐴LS sin 𝜃) ⋅ sin 𝜃 𝑑𝜃. (10)

For the entire integration interval 𝜃 ∈ [0, 𝜋], sin 𝜃 ≥ 0 always
exists, which means 𝑓odd(𝐴LS sin 𝜃) must change sign in this
interval. Therefore, the transfer function 𝑦 = 𝑓(𝑥)must have
at least one zero crossing in each interval 𝑥 ∈ [−𝐴LS, 0)
and 𝑥 ∈ (0, 𝐴LS]. The third zero crossing is at the origin
because of odd-order symmetry. Chebyshev polynomials are
found to fulfill the requirement for such nonlinear transfer
functions to provide large signal suppression [27]. It is also
clear that the transfer function 𝑓(𝑥) is also a function of𝐴LS,𝑦 = 𝑓(𝑥, 𝐴LS). If the input interference has varying envelope
amplitude, for example, modulated interferer, the transfer
function should be adapted according to the instantaneous
value of the interferer envelope amplitude.

3.3. Consequence for Weak Desired Signal. The effective gain
of the fundamental component of the weak signal 𝐺SS can be
expressed as

𝐺SS = ∫𝐴LS
−𝐴LS

𝜕𝑓 (𝑥)𝜕𝑥 ⋅ PDFsine (𝑥) 𝑑𝑥. (11)

From (11), 𝐺SS is a function of 𝐴LS, probability density
function (PDF) of the sinusoidal Int(𝑡) and 𝑓(𝑥). Both 𝐺LS
and 𝐺SS depend on the amplitude of Int(𝑡) and transfer
function 𝑦 = 𝑓(𝑥), while the phase or frequency of Int(𝑡)
and 𝑠(𝑡) is irrelevant. In case there is no large interference or
only small interference exists, the system transfer function
can be switched to a linear one, resulting in conventional
compressive receiver behavior.

Given the expression of effective gain of strong signal and
weak signal, the output of the nonlinear transfer function
using method described in [28] becomes

𝑦 (𝑡) = 𝐺LS ⋅ Int (𝑡) + 12 [𝐴LS ⋅ 𝜕𝐺LS𝜕𝐴LS
+ 𝐺LS] ⋅ 𝑠 (𝑡)

+ 12 [𝐴LS ⋅ 𝜕𝐺LS𝜕𝐴LS
− 𝐺LS] ⋅ IM (𝑡) ,

(12)

in which the first term is the remaining residue of strong
interference, the second term is the desired signal output, and
the third term is the intermodulation (IM) product between
the strong and weak signal. The IM product is given by

IM (𝑡)
= 𝐴SS (𝑡) sin [(2𝜔LS − 𝜔SS) 𝑡 + 2𝜑LS (𝑡) − 𝜑SS (𝑡)] . (13)
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Figure 9: Zig-zag transfer function (grey) for an interferer with
envelope amplitude of𝐴LS. By limiting 𝑎 to zero, the zig-zag function
has an infinite slope in the zero-transition region 2. The creation of
the zig-zag transfer function can be considered as shifting the linear
transfer (black) in 𝑦-axis in opposite directions in regions 1 and 3.

With complete interference suppression, 𝐺LS = 0, the
desired signal output and the IM term have the same
magnitude, which explains the frequency-domain behavior
in Figure 7(d). When the nonlinear transfer function is set
for full suppression at amplitude 𝐴LS, the weak signal at 𝜔SS
is mirrored to the frequency component at 2𝜔LS − 𝜔SS. On
the other hand, the noise at 2𝜔LS −𝜔SS is folded to the desired
signal frequency. If the frequency difference between strong
signal and small signal |𝜔LS − 𝜔SS| is small, the cross talk
introduces noise penalty of 3 dB. If the frequency difference
is large and the circuit is narrowband, the noise penalty is less
than 3 dB.

3.4. Transfer-Specific Characteristics. To further analyze the
nonlinear operation and consequences, a specific nonlinear
transfer function is chosen here. As shown in Figure 9,
the zig-zag function is created by high order Chebyshev
polynomials. By limiting 𝑎 to 0, it has infinite slope in the
zero-transition region 2. The mathematic expression of the
zig-zag function is

𝑓 (𝑥) =
{{{{{{{{{{{

𝐺lin ⋅ 𝑥 + 𝐴clip, if 𝑥 < −𝑎
(𝐺lin − 𝐴clip𝑎 ) ⋅ 𝑥, if − 𝑎 ≤ 𝑥 ≤ 𝑎
𝐺lin ⋅ 𝑥 − 𝐴clip, if 𝑥 > 𝑎,

(14)

where 𝐺lin is the slope of the function in regions 1 and 3. For
complete suppression at amplitude 𝐴LS, based on (8),

𝐺LS = 𝐺lin − 4𝐴clip𝜋𝐴LS
,

𝐴clip,supp = 𝜋4𝐴LS𝐺lin.
(15)
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Based on (11), assuming a unity amplitude interferer for
simplicity, the first-order small signal gain 𝐺SS,1 becomes

𝐺SS,1 = ∫−𝑎
−1

𝐺lin ⋅ 𝑑𝑥𝜋√1 − 𝑥2
+ ∫𝑎
−𝑎
(𝐺lin − 𝐴clip𝑎 ) ⋅ 𝑑𝑥𝜋√1 − 𝑥2

+ ∫1
𝑎
𝐺lin ⋅ 𝑑𝑥𝜋√1 − 𝑥2

= 𝐺lin𝜋 [𝜋 − 2𝜋4𝑎 arcsin (𝑎)] ,
lim
𝑎→0

𝐺SS,1 = 𝐺lin2 .

(16)

The dependence of 𝐺SS,1 on the value 𝑎 of the zero-transition
region 2 in the zig-zag function is shown in Figure 10. The
normalized small signal gain varies little with change of value
a, which can be explained by the weighting function of the
PDF of the sinusoidal input waveform in (11). Because the
PDF of a sinusoidal waveform is high near the edges and
low in the center, the circuit is forced to operate mostly
near the edges in large signal operation. So the derivative of
the zig-zag function in regions 1 and 3 plays a bigger role
in 𝐺SS,1. Therefore, the weak desired signal will experience
amplification if 𝐺lin > 2 and (15) is satisfied. However the
large signal suppression is decreasing with increasing 𝑎, since
the zig-zag function deviates more from the original setting.

The third-order small signal gain 𝐺SS,3, assuming 𝑎 is
approaching zero, can be calculated using

lim
𝑎→0

𝐺SS,3 = ∫𝐴LS
−𝐴LS

𝜕3𝑓 (𝑥)𝜕3𝑥 ⋅ 𝑑𝑥𝜋√1 − 𝑥2 = − 𝐺lin16𝐴2LS , (17)

leading to:

𝑉IIP3 = √
4𝐺SS,13𝐺SS,3

 = √323 ⋅ 𝐴LS. (18)

So, the IIP3 of the nonlinear system using the ideal zig-
zag transfer function is approximately 10 dB higher than the
amplitude of strong interferer signal.

3.5. Noise Properties of Noiseless Nonlinear Transfers. Based
on (11), the output signal power can be calculated as

Output signal power = 𝐴SS ⋅ 𝐺SS
2

= 𝐴SS
2 ⋅


∫𝐴LS
−𝐴LS

𝜕𝑓 (𝑥)𝜕𝑥 ⋅ 𝑑𝑥
𝜋√𝐴LS

2 − 𝑥2

2

. (19)

As shown in Figure 9, the derivative of the zig-zag transfer
function changes sign between different regions, resulting
from the requirement for three zero crossings. The circuit
will experience constructive behavior in regions 1 and 3 and
destructive behavior in region 2.
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Figure 10: The influence of zero-transition region 𝑎 on normalized
small signal gain 𝐺SS,1 using zig-zag transfer function for nonlinear
interference suppression.

However, for output noise power, all regions lead to
additive behavior because the noise is white. So the output
noise power can be calculated by

Output noise power

= ∫𝐴LS
−𝐴LS


𝜕𝑓 (𝑥)𝜕𝑥 ⋅ V𝑛

2 ⋅ 𝑑𝑥
𝜋√𝐴LS

2 − 𝑥2 ,
(20)

where V𝑛 is the standard deviation of the Gaussian noise
voltage.

Based on (19) and (20), the noise folding penalty brought
by the nonlinear transfer function can be calculated by (21),
in which the numerator is the output noise power and the
denominator is the output signal power when the input signal
is equivalent to noise voltage:

𝐹 = Output noise power
Output signal power𝐴ss=V𝑛

=
V𝑛2 ⋅ ∫𝐴LS−𝐴LS 𝜕𝑓 (𝑥) /𝜕𝑥2 ⋅ (𝑑𝑥/𝜋√𝐴LS

2 − 𝑥2)
𝐴SS

2 ⋅ ∫𝐴LS−𝐴LS (𝜕𝑓 (𝑥) /𝜕𝑥) ⋅ (𝑑𝑥/𝜋√𝐴LS
2 − 𝑥2)

2
.

(21)

If the transfer function𝑦 = 𝑓(𝑥) is a noiseless linear function,
that is,𝑓(𝑥) = 𝑐1𝑥, as shown in Figure 9 (black), (21) becomes

𝐹linear = ∫𝐴LS
−𝐴LS

𝑐12 ⋅ (𝑑𝑥/𝜋√𝐴LS
2 − 𝑥2)

∫𝐴LS−𝐴LS 𝑐1 ⋅ (𝑑𝑥/𝜋√𝐴LS
2 − 𝑥2)

2
= 1, (22)

since there is no spectrum mirroring and high frequency
terms in a linear transfer function. If the transfer function is a
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noiseless 3rd Chebyshev polynomial as shown in (2) and (5),
(21) becomes

𝐹3 rd = ∫𝐴LS
−𝐴LS

𝑐1 − 4𝑐1𝑥22 ⋅ (𝑑𝑥/𝜋√𝐴LS
2 − 𝑥2)

∫𝐴LS−𝐴LS (𝑐1 − 4𝑐1𝑥2) ⋅ (𝑑𝑥/𝜋√𝐴LS
2 − 𝑥2)

2

= 3.
(23)

That is equal to a noise figure (NF) of 4.77 dB, resulting
from the noise folding from the mirroring product and 3rd-
harmonic component.

If the transfer function is a noiseless zig-zag nonlinear
function as shown in (14) and (15) and shown in Figure 9
(grey), assuming a unity amplitude interferer for simplicity,
the numerator in (21) becomes

Numerator = ∫−𝑎
−1

𝐺lin
2 ⋅ 𝑑𝑥𝜋√1 − 𝑥2

+ ∫𝑎
−𝑎

𝐺lin − 𝜋 ⋅ 𝐺lin4𝑎

2 ⋅ 𝑑𝑥𝜋√1 − 𝑥2

+ ∫1
𝑎

𝐺lin
2 ⋅ 𝑑𝑥𝜋√1 − 𝑥2

= 𝐺lin
2 [1 + ( 𝜋8𝑎2 − 1𝑎) ⋅ arcsin (𝑎)] .

(24)

The denominator in (21) becomes

Denominator = ∫
−𝑎

−1
𝐺lin ⋅ 𝑑𝑥𝜋√1 − 𝑥2

+ ∫𝑎
−𝑎
(𝐺lin − 𝜋 ⋅ 𝐺lin4𝑎 ) ⋅ 𝑑𝑥𝜋√1 − 𝑥2

+ ∫1
𝑎
𝐺lin ⋅ 𝑑𝑥𝜋√1 − 𝑥2


2 = 𝐺lin

2 ⋅ [1
− arcsin (𝑎)2𝑎 ]2 .

(25)

The noise factor of a noiseless zig-zag transfer function
becomes

𝐹zig-zag = 1 + (𝜋/8𝑎2 − 1/𝑎) ⋅ arcsin (𝑎)
1 − (arcsin (𝑎)) /2𝑎 . (26)

Equation (26) is plotted in dB scale in Figure 11. By decreasing𝑎, the NF increases steadily. This is because, by decreasing𝑎, the nonlinear zig-zag function has sharper zero transition
in region 2, introducing more noise from high frequency
components folding onto the signal frequency. By increasing
a, NF keeps decreasing as fewer high frequency noise com-
ponents fold to the signal band. The NF almost decreases to
zero at large 𝑎 value. However, this result is meaningless since
the transfer function at larger 𝑎 value is totally different from
an ideal zig-zag function and (15) is no longer satisfied.
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Figure 11: The influence of zero-transition region 𝑎 on noise figure
(NF) using zig-zag transfer function for nonlinear interference
suppression.

Figure 12: PCB including the nonlinear interference suppression
(NIS) IC implementation.

4. Nonlinear System Modeling and Analysis

4.1. System Architecture. A 1.8GHz RF amplifier with linear
mode and nonlinear mode operation was implemented in a
140 nm CMOS technology. The nonlinear mode operation is
enabled for frequency-independent interference suppression,
while the linear mode is for linear amplification when no
large interference is present. In the presence of a 0 to 11 dBm
interferer, the interferer is suppressed by more than 39 dB
[27]. The PCB including the nonlinear RF amplifier IC
implementation is shown in Figure 12.

Figure 13(a) shows the system diagram of applying the
nonlinear method to the multiradio coexistence in the same
device.The highlighted are the key subblocks in the nonlinear
receiver system, including NIS, cross-correlation mixer, LPF,
ADC, DAC, Magnitude, and NIS Control subblocks. To
derive the exact amplitude information of the interferer, the
baseband 𝐼 and 𝑄 signal from the transmitter are fed to
the Magnitude subblock. The Magnitude subblock models
the path loss between transmitter baseband and receiver
antenna and is connected to a subblock named NIS Control.
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Figure 13: The system diagram of (a) the proposed NIS operation in a multiradio platform and (b) a conventional narrowband receiver with
off-chip SAW filter.

The NIS Control subblock interfaces a DAC that steers the
control signal 𝐴clip to the NIS subblock, where the nonlinear
suppression is performed. This path can be recognized as a
feedforward path. Based on the interferer information from
transmitter baseband, the feedforward path gives the correct
control signal with accuracy and speed.

On the other hand, a feedback path is also needed to
model the coupling changes between the transmitter antenna
and the receiver antenna.Therefore, a mixer is placed around
the NIS subblock to provide cross-correlation between the
input and output of the NIS subblock. Assuming the inter-
ferer is the dominant signal, the cross-correlation measures
how much the residue interference remains after nonlinear
suppression, representing the errors in control signal 𝐴clip.
The cross-correlation signal is fed back to the NIS Control
subblock to form a feedback path. The feedback path only
requires low speed because environment changes slowly,
while the feedforward path should be fast enough to update
the control signal with the changes of the interferer envelope
amplitude.

A conventional narrowband receiver with off-chip SAW
filter is shown in Figure 13(b) for a comparison of interference
tolerance with the nonlinear receiver system in a later
section. Both receivers are assumed with direct conversion
architecture.

4.2. NIS Modeling and Analysis. The nonlinear receiver
system is modeled in Advanced Design System (ADS). The
NIS, cross-correlation mixer, NIS Control, and Magnitude
subblocks are modeled with symbolically defined devices.
The downconversionmixer uses ideal mixer component with
ideal 𝐼/𝑄 demodulation. The baseband filter is set as a 4th-
order Butterworth filter with a bandwidth determined by the
data rate of the wanted signal. The amplifier is set as ideal
30 dB gain broadband amplifier.

16-QAM modulation scheme is used for both the inter-
ferer and the desired signal with raised cosine pulse shaping
and a roll-off factor of 0.5. The basebands 𝐼 and 𝑄 of both
signals have a data rate of 20Mbps. The weak signal lies at
1.825GHz (𝑓𝑠) with −50 dBm power and the strong signal at
1.870GHz (𝑓𝑖) with 10 dBm power. The frequency separationΔ𝑓 between the input signals is 15MHz. The input spectrum
is shown in Figure 14(a).

Table 1: Interference suppression limitations.

Interference
power (dBm)

Interference
suppression at RF

(dB)
EVM (%) SNR (dB)

−30 20 14.4 17
−20 42 3.7 29
−10 56 1.9 34
0 66 1.9 34
10 80 2.9 31

The output spectrum of the NIS subblock is shown in
Figure 14(b). As shown in Figure 14(b), the fundamental
tone of the weak signal remains, while the fundamental tone
of the interferer is totally suppressed. The intermodulation
terms lies at 2𝑓𝑖–𝑓𝑠 and its bandwidth depends on the
convolution of the wanted signal and the interferer. The
interference suppression by NIS subblock is about 80 dB.
After passing to the baseband, the signal is amplified by
1000 times, while the interferer residue and intermodulation
term are further suppressed, as shown in Figure 14(c). The
constellation diagram of the baseband output is shown in
Figure 15. The corresponding error vector magnitude (EVM)
is 2.82%, which corresponds to a signal-to-noise ratio (SNR)
of 31 dB. 16-QAM modulation requires a SNR of 17.6 dB to
achieve a symbol-to-error ratio (SER) of 10−3 [29], which is
achieved here.

As pointed out before, the interference suppression at RF
stage by nonlinear transfer function is based on the amplitude
discrimination between the interferer and the wanted signal.
To illustrate the influence of the relative power ratio, the input
signals are kept the same except the interferer power is swept
from −30 dBm to 10 dBm. The results of RF suppression,
EVM, and SNR at baseband output are shown in Table 1.
For an increasing interference power, larger interference
suppression at RF is achieved with a better EVM and SNR
at baseband output.

The probability densify function (PDF) of the instanta-
neous power of the modulated interferers for input power
and the PDF of the wanted signal are shown in Figure 16. It
is observed that when the relative power ratio between the
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Figure 14: The frequency spectrum of (a) input at receiving antenna, (b) output of NIS subblock, and (c) baseband output.

interferer and the wanted signal is as low as 20 dB, the PDF
of the instantaneous power of the interferer overlaps with
that of the wanted signal. Therefore the nonlinear system is
incapable of distinguishing one from another, thus leading
to the limited suppression performance of the interferer and
distortion of the desired signal. When the relative power is
even lower, the NIS subblock output is completely flooded by
noise and distortion.

The limitation for complete interference suppression
also comes from baseband filtering for signals outside the
baseband bandwidth.The baseband filtering is determined by
the baseband filter design such as order and power.

The cross-correlation mixer output spectrum is shown
in Figure 17. The output spectrum has convolution products
at DC and intermodulation frequency. As the interferer is
totally suppressed in this case, the output spectrum at DC
and intermodulation frequency is low. If the interferer is only
partially suppressed, the mixer output at DC will reflect the
error in the control signal. The intermodulation term would
also be bigger but discarded because the speed of the feedback
path is slow.

For simplicity, the 3rd-order harmonic generated by the
nonlinear receiver with nonlinear transfer function is not

shown here. It can be removed by frequency-domain filters
and harmonic rejection mixers to avoid harmonic mixing.

4.3. Comparison of Linear and Nonlinear Receiver. The sys-
tem diagrams of a nonlinear receiver system with proposed
nonlinear interference suppression and a conventional nar-
rowband linear receiver are shown previously in Figure 13.
The downconversion mixer and baseband circuitry are set
as exactly the same for a fair comparison on interference
tolerance. The low noise amplifier (LNA) in the conventional
linear narrowband receiver is configured as ideal component
andunit gain.That is same for the setting of nonlinear transfer
function to provide unit gain for the desired signal.Therefore,
in the modeling of the conventional linear narrowband
receiver in ADS, the LNA is simply removed. The SAW filter
after the antenna is set with a center frequency at the signal
frequency, a passband bandwidth of 200MHz and a stopband
bandwidth of 220MHz with 40 dB attenuation. Again the
same input signals are used here, a 16-QAM interferer with
10 dBm power and a 16-QAM weak wanted signal with−50 dBm power.

The signal-to-interference ratio (SIR) is used here to
characterize the interference tolerance and influences on
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Figure 15: Baseband output constellation diagram of the nonlinear
receiver system.
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Figure 16: Probability density function of the instantaneous power
of the interferer from −30 dBm to 10 dBm and probability density
function of the instantaneous power of the wanted signal with−50 dBm power (light blue).

the linear and nonlinear receiver. Initially the SIR at the
input of the receiver is −60 dB. The SIR at the input of
baseband ADCs should be at least higher than zero, so
that the signal is amplified while the interferer is largely
suppressed. The suppression of interference signal before
ADC is beneficial since it alleviates signal aliasing. Besides,
the residue interference also needs extra ADC resolution bits
to quantize the total input at baseband A DCs. According to
[14], one additional ADC bit should be added for every 6 dB
decrement of SIR, which will lead to a huge increase in ADC
power consumption.

The comparison of SIR at baseband output of the linear
receiver and the nonlinear receiver versus frequency separa-
tion between large interference andwanted signal is shown in
Figure 18.The SIR of the linear receiver is achieved completely
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Figure 17: The frequency spectrum of cross-correlation mixer
output.
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Figure 18: SIR of baseband output of the linear receiver (blue)
and the nonlinear receiver (red) versus the frequency separation
between input signals.

by the SAW filter and baseband 4th order LPF. Between the
edge of the passband and stopband of the SAW filter, the SIR
of the linear receiver increase sharply as the interference falls
outside the SAW filter passband. The SIR of the nonlinear
receiver is achieved with the help of nonlinear interference
suppression. The SIR of the nonlinear receiver has a positive
value and is higher than the SIR of the linear receiver.
Since the nonlinear interference suppression is frequency-
independent, the increase of SIR curve of the nonlinear
receiver is similar to that of the linear receiver. However,
since both input signals have 20MHz bandwidth, both SIR
do not increase exactly like a 4th-transfer function. As the
frequency separation Δ𝑓 between the input signals increases,
the available suppression provided by the baseband filter is
limited by the noise floor, which leads to a saturated value
of SIR for the nonlinear receiver. The SNR at the baseband
output of the nonlinear receiver system is shown in Figure 19.
The SNR is 20.2 dB at Δ𝑓 of 1MHz and converges to 42 dB
when Δ𝑓 increases.
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5. NIS Modeling for General Interference

5.1. System Architecture for General Interference Suppression.
To extend the nonlinearmethod to the suppression of general
large interference, the envelope amplitude of the interference
needs to be extracted. The system architecture for general
large interference suppression is shown in Figure 20.

The feedforward path starts from the receiving antenna
and consists of an envelope extraction subblock followed
by LPF to derive the amplitude information. The envelope
extraction subblock can be implemented as self-mixing
mixers or diodes. The extracted envelope contains noise
received by antenna, the envelope information of the desired
signal, and the envelope information of interferer. However,
as the focus of this work is the coexistence of large interferer
and weak desired signal, the envelope of the wanted signal
behaves as noise and small disturbance to the control signal𝐴clip.

5.2. NIS Modeling and Analysis. Here the desired signal is
assumed as a 16-QAM modulated signal with raised cosine
pulse shaping and a roll-off factor of 0.5. The baseband 𝐼
and 𝑄 signals have a data rate of 10Mbps. The interference
is a QPSK signal with same pulse shaping and a data rate
of 2.5Mbps for basebands 𝐼 and 𝑄. The weak signal lies at
1.825GHz (𝑓𝑠) with −50 dBm power and the strong signal at

1. 870GHz (𝑓𝑖) with 10 dBmpower.The input spectrum of the
nonlinear receiver is shown in Figure 21(a).

The output spectrum of NIS subblock is shown in Fig-
ure 21(b). It is observed that the fundamental component of
the weak signal remains, while the interference signal is only
partially suppressed. The nonlinear interference suppression
at RF is about 40 dB. Therefore more filtering at baseband is
needed. The baseband filter order is increased to 6th order.
After passing the baseband circuitry, the signal is amplified by
30 dB, while the interference residue and the intermodulation
term are further suppressed, as shown in Figure 21(c). The
constellation diagram of the baseband output is shown in
Figure 22. The EVM at the baseband output is 5.4%, which
corresponds to a SNR of 25 dB.

The limited suppression at RF is a result of inaccuracy
of the extracted interference envelope. Figure 23 shows
the comparison of frequency spectrum between the input
interferer envelope and the control signal for NIS subblock.
The spectrum of the control signal is quite the same at DC
compared to the interferer envelope spectrum.However there
is an intermodulation term at Δ𝑓. The intermodulation term
is the result of convolution between the input signals in
frequency domain. Thus a LPF is needed after the envelope
extraction subblock to filter out the intermodulation term.
However there is a tradeoff between the filtering of the
intermodulation term and the delay introduced by the filter.
The filter bandwidth could be set small to filter out the
intermodulation term completely, while it will introduce a big
delay on the control signal. On the other hand, if the filter
bandwidth is set large so that there is little delay introduced,
the residue of the intermodulation term brings error to the
control signal.

The amount of interference suppression versus LPF band-
width (𝐹LPF) is summarized in Table 2. With larger 𝐹LPF,
smaller delay is introduced, and the interference suppression
is increasing. To compensate the delay of the control signal,
a delay block can be added before the input of NIS subblock.
With the corresponding delay compensated, the interference
suppression is decreasing when 𝐹LPF is increasing, as more
intermodulation error is allowed to the control signal. Nev-
ertheless, the delay block is not easy to implement at RF
frequency for a wideband operation. Therefore, the main
limitation of interference suppression is still the amplitude
discrimination between the large interferer and the weak
signal.

6. NIS Operation under Multiple
Large Interferers

In Sections 4 and 5, the working principle of NIS is modeled
and analyzed if one local large interferer or one external large
interferer is present. In this section, the interference scenario
that multiple large interferers, either locally or externally
generated, is encountered. The working principle of NIS
under such interference scenario is discussed here.

The interference scenario is shown in Figure 24, in which
multiple interferers are present. The weak desired signal is
shown in red (𝑓sig), the local interferers are shown in black
and usually are the dominant signal (𝑓int1 and 𝑓int2), and
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Figure 21: The frequency spectrum of (a) input at receiver antenna, (b) output of NIS subblock, and (c) baseband output.

Table 2: Trade-off of 𝐹LPF on interference suppression.

𝐹LPF (MHz) Intermodulation (dBm) Delay (ns) Suppression without delay (dB) Suppression with delay (dB)
5 −90 36 30 52
10 −69 18 38 50
20 −60 8 46 45

external interferers are shown in blue (𝑓int3 and 𝑓int4). The
grey line indicates the RF bandwidth of aNIS receiver system.
In this case, the worst scenario is that the two large local
interferers INT1 and INT2 saturate the receiver, and the
3rd-intermodulation (IM3) product between them is exactly
located on the desired signal frequency. Besides, although
external interferers INT3 and INT4 are not as powerful as
local interferers, they may also saturate the receiver chain.

The NIS operation principle under multiple interferers is
illustrated in Figure 25. The local interferers are dominant
interferers so they should be filtered out first. Since the
local interference envelope is priorly known information,
one NIS circuit block can be enabled for suppressing each
corresponding local interferer. Therefore the NIS operation
prevents the receiver from saturation.

The influence of IM3 product on signal distortion is
not alleviated as it happens before the large interferers are
suppressed and theNIS operation relies on nonlinear transfer
function. On the other hand, for receiver or RF circuit, once
IIP3 is known, IM3 at any other power level can be calculated.
For every 1-dB increase of the IIP3 point, the corresponding
IM3 product drops by 3 dB [30]. Based on (18), the nonlinear
zig-zag transfer function based receiver has an IIP3 10 dB
higher than the interferer envelope amplitude 𝐴LS, which
should help lower the IM3 product amplitude.

Besides, the nonlinear receiver can implement frequency-
translational filtering techniques atmixer and baseband stage,
as shown in Figures 5 and 6. Therefore, besides amplitude-
domain filtering at the RF stage, the receiver also has
frequency-domain filtering at mixer and baseband stage.
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Figure 22: Baseband output constellation diagram of the nonlinear
receiver system for general large interference suppression.

Interference envelope spectrum
NIS Control spectrum

20 40 60 80 1000
Frequency (MHz)

−150

−100

−50

0

50

PS
D

 (d
Bm

/H
z)

Figure 23: The frequency spectrum of envelope of the interferer
(blue) and control signal for NIS subblock (red).

The frequency selectivity at the RF input depends on LO
frequency sweeping range and baseband filtering order. That
helps alleviate the IM3 problem, depending on the frequency
spacing between the wanted signal and interferers.

A final NIS circuit block can be enabled if still large
external interferers exist. Since the external interferers are
usually smaller in power compared with the local ones, it is
only necessary to deal with the dominant external interferer.
The envelope extraction circuit blockwill extract the envelope
of the dominant external interferer and feed it to the NIS
circuit block to partially suppress the external interferer, as
discussed in Section 5. In this way, the influences of large
interferers are largely alleviated.

7. Conclusion

Thenonlinear receiver with adaptive nonlinear transfer func-
tion has been proposed for multiradio coexistence problems

fsig fint1 fint2 fint3 fint4 fint

. . .

Figure 24: Illustration of NIS operation principle with multiple
large interferers accompanying weak desired signal (red). The
interferers include local interferers (black) and external interferers
(blue).

Downmixing
& baseband

A int1 A int2 AEXT

NIS NISNIS

Figure 25: Illustration of NIS operation principle with NIS blocks
for each local large interferer.

in wideband receivers. It relies on the amplitude information
of the interference signal and enables frequency-independent
filtering, thus improving in-band and out-of-band linearity
for wideband operation. With the nonlinear method, the
interference suppression is achieved at the RF stage, which
relieves the requirement and power consumption for the
following circuitry in the receiver chain. With this method,
the interference envelope should be tracked continuously
to adjust the nonlinear transfer function accordingly. An
adaption method for envelope extraction is proposed and
cosimulated with the RF receiver. The limitations for inter-
ference suppression are identified. From the analysis, the
main limitation of interference suppression is the amplitude
discrimination between large and weak signals. In the sit-
uation of external interference suppression, the accuracy of
the extracted envelope is affected by the LPF filter. Therefore
the input frequency separation and bandwidth limit the
performance of interference suppression. From system level
simulation, a large interference suppression is achieved, and
positive SIR can be achieved at the input of baseband ADCs.
Therefore the ADC resolution requirement is relaxed and the
aliasing product is alleviated.
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A single channel 2GSps, 8-bit folding and interpolation (F&I) analog-to-digital converter (ADC) with foreground calibration in
TSMC 90 nm CMOS technology is presented in this paper. The ADC utilizes cascaded folding, which incorporates an interstage
sample-and-hold amplifier between the two stages of folding circuits to enhance the quantization time. A master-slave track-and-
hold amplifier (THA) with bootstrapped switch is taken as the front-end circuit to improve ADC’s performance. The foreground
digital assisted calibration has also been employed to correct the error of zero-crossing point caused by the circuit offset, thus
improving the linearity of the ADC. Chip area of the whole ADC including pads is 930 𝜇m × 930 𝜇m. Postsimulation results
demonstrate that, under a single supply of 1.2 volts, the power consumption is 210mW. For the sampling rate of 2GSps, the signal
to noise and distortion ratio (SNDR) is 45.93 dB for Nyquist input signal.

1. Introduction

High-speed (GSps),media-resolution (6∼8 b), and low power
analog-to-digital converters (ADCs) are essential in realizing
high-speed communication systems, test equipment, radar,
and radio astronomy systems. For example, the millimeter-
wave-based wireless personal area network (WPAN) allows
very high data rate application (>2Gbps). Multi-GSps and
5∼8-bit ADCs are highly demanded and essential in these sys-
tems [1]. Another example would be that high-speed ADCs
are the core elements in the digital oscilloscopes; they usually
have a resolution of more than 8 bits and a sampling rate
of over 1 GSps, even 20GSps [2]. However, increased device
mismatch, decreased supply voltage, and excessive power
consumption prevent current GSps single channel CMOS
converters from being extended to 8 bits. Flash and folding
ADCs are the primary candidates for GSps applications due
to their high conversion speed and low latency. Although

the flash architecture has been used in the highest speed
ADCs, it suffers from the severe disadvantage that it requires2𝑁 comparators for 𝑁 bits of resolution, which results in a
substantial area and power penalty starting at the 8 b level. As
a result, pipelined folding and interpolation (F&I) has been
adopted in our proposed design of 2GSps, 8-bit ADC.

For medium and high resolution ADCs, the folding
factor 𝐹F and interpolation factor 𝐹I should be large as the
comparators and folding amplifiers can be eliminated by a
factor of 𝐹F and 𝐹I, respectively. However, it is inappropriate
to realize large folding and interpolation factor in a single
stage. Therefore, cascaded folding and interpolation should
be taken. In the proposed design, folding and interpolation
factors have been selected to be 3 × 3 and 2 × 8 to balance
the system area, the speed, and the performance. Interstage
sample-and-hold amplifiers (SHAs) are adopted to enhance
the quantization time. Foreground digital assisted calibration
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Figure 1: Diagram of the proposed ADC.

is also adopted to improve the performance of ADC caused
by device mismatch, the impact of gain error, and other
nonideal factors, while at the same time it uses the small sized
transistors in order to maintain its speed advantage.

The rest of the paper is organized as follows. In the next
section, key circuits and digital calibration of the ADCwill be
presented; Section 3 shows the layout and system simulation
results of the design. Conclusions will be drawn in Section 4,
and acknowledgements are in the last section.

2. Circuit of the Proposed ADC

The proposed ADC is a single channel circuit as shown in
Figure 1. The upper part is the main circuit and the under
part is the calibration circuit. For the main circuit, the coarse
and the fine channel quantify the signal from the front-end
track-and-hold amplifier (THA), respectively, and deliver the
quantization signal to the 8 D Flip-Flop (DFFs) to get the
final results. The fine channel is much more complicated
than the coarse channel. It is composed of 19 preamps (1
for redundancy), two F&I stages (6 for the first stage with
folding factor 𝐹F1 = 3 and interpolation factor 𝐹I1 = 2;
4 for the second stage with folding factor 𝐹F2 = 3 and
interpolation factor 𝐹I2 = 8), and 12-interstage SHA to
enhance the quantization time, 32 comparators, and 32-spark
code elimination circuit and fine coding circuit. The coarse
channel is composed of 6 preamps, 6 comparators, 7 DFFs,
and coarse coding. There is also a synchronization circuit to
make sure that the result is correct.

The under part is the calibration circuit and it includes the
logic control, the counter, the DFF array, and the digital-to-
analog converters (DACs). This will be explained further in
Section 2.4.

2.1. The Front-End THA. For gigahertz sampling rate opera-
tion, it is preferred to have a front-end THA as it can improve
the dynamic performance of an ADC. By holding the analog
sample static during digitization, the THA largely removes
errors caused by skews in clock delivery to a large number
of comparators, signal-dependent nonlinearity, and aperture
jitter [7].
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Figure 2: The designed pipelined THA.

The designed THA takes the open-looped architecture,
as it is presented in Figure 2. The bootstrapped switch is
adopted as its equalized resistance has little to do with the
input voltage, thus improving the THA’s linearity. Also, its
overdrive voltage is larger than the normal MOS switch, so
the equalized resistance is smaller, and the sampling rate can
be improved.

As the designed THA should be working at 2GSps while
having a resolution of over 8 bits, a slave THA has been
designed after the master THA, shown in Figure 2. The slave
THA tracks and holds the signal of the master THA. As the
input signal of slave THA is less varying than the original
input signal, the linearity requirement of the slave stage is
much easier to realize than the master stage. To gain a large
bandwidth for the THA, the slave stage also takes the boot-
strapped switch, but much easier than its master counterpart.

The simulation results demonstrate that the master-slave
THA has a good performance. For clock of 2GHz, its SNDR
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performance for different input signal frequency is shown in
Figure 3. Simulation results demonstrate that the THA’s signal
to noise and distortion ratio (SNDR) is better than 61.5 dB up
until the Nyquist input frequency.

2.2. Folding and Interpolation Network. With the analog
preprocessing, the F&I architecture can better balance the
ADC’s area, power, and performance. The preamplifier array
generates the original zero-crossing points, but they are never
enough. As can be seen in Figure 1, the two-stage cascaded
F&I was taken in this design with interstage SHA circuit in
between.These two stages are similar so they can be discussed
together.With the help of F&I network, enough zero-crossing
point will be generated while the system area and power are
much smaller than its flash counterpart.

The first key element in designing the folding circuit is
that it should have enough bandwidth tomake sure signal can
be settled within the limited time especially for ultra-high-
speedADCs. Second, it should have a certain gain to suppress
the offset of next stage. Third, its offset should be controlled
within a limited amount.

Figure 4 is the proposed F&I network.M1–M6 is the input
differential pair as the folding factor is 3. M7 andM8 have two
roles, first to insulate the signal from the input. Second, as the
drain of three MOSFET is connected, its output capacitance
is very large. With small sized M7 and M8, the bandwidth of
the folding circuit can be increased.The AC simulation of the
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folding circuit is shown in Figure 5. The gain is 5.382 dB and
its −3 dB bandwidth is close to 4.9GHz, suited for the ADC.

2.3.The Spark Code Elimination and Latch Circuit. In the fine
channel, the cycled thermometer code is produced after the
comparator array and should be coded into the digital output.
Like its flash counterpart, because of the process mismatch
and comparator’s metastability, the continues 1s will have
some 0s in between; this is called spark code or bubbles. The
spark code will cause quantization error in ADCs, no matter
what kind of coding it takes.

In [8], the merits and demerits of rom-coding and gray-
coding are compared. According to its conclusion, the rom-
coding is taken in this design. First the thermometer code
should be translated into 1-of-n code, as the possibility of
2nd order spark code can be neglected as compared with the
first-order spark code; usually the three-input AND gate will
be used to eliminate the spark code. Also, before the rom-
coding, a latch stage should be added. If not, there will be
error as the delay of different modules can be different. For
this design, 32 latches will be needed, and they will take up a
lot of area and power dissipation.

To save area and power, a novel four-input AND gate
is created instead of the three-input AND gate, shown in
Figure 6. Its three inputs are the same as the three-input
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AND gate; the added fourth input is the clock signal to do
the signal latch. Simulation results demonstrate that the four-
input AND gate can eliminate the spark code and at the same
time latch the signal while use less area and power.

2.4. The Foreground Calibration Circuit. With CMOS tech-
nology scaling down, it is possible to build faster and
low power digital circuit. However, because of the lower
supply voltage, smaller intrinsic gain, and serious transistor
mismatch, analog circuit does not benefit as much as its
digital counterpart. Thus using the digital circuit to improve
the analog performance became more and more fascinating.
Here the foreground digital assisted calibration is presented
to calibrate the zero-crossing point error, thus improving
the performance of the folding and interpolation ADC.
Although the background calibration seems better because it
will not interfere the main circuit, in this design foreground
calibration is adopted. The reasons are listed in here: (1) the
background calibration is much more complicated and it will
take much more area and power consumption; (2) for the
folding and interpolation ADC, its offset is not sensitive to
the temperature change and environment. In [3], test results
demonstrate that the INL of ADC hardly changed within
50 hours since being powered up. Also, in [9], the author
demonstrate that, for 10-bit folding ADC, for temperature
change from 0 to 100 degree, the SNDR change is only 0.9 dB.
Figure 7 is the diagram of the proposed foreground digital
assisted calibration circuit and its connection to the main
circuit.

The calibration happened when it is powered up. The
offset of the preamplifier, the folding, and interpolation
network and the comparator array will be measured and
stored in the DFF arrays. When the ADC goes into normal
operation, the voltage stored in the DFF arrays will go

through the DACs to be analog and compensate the ADC’s
offset.

The calibration circuit contains following important
modules:

(1) The calibration clock generation circuit: it receives the
calibration trigger and controls the whole calibration
process. The key point for the circuit is that the
generated 16 calibration pulses should not have any
overlap.

(2) The 5-bit counter: it can add or subtract according to
the comparator results to get the correct digital offset
code. It is the core of the calibration circuit.

(3) The DFF array: the DFF array can be used to store
the offset voltage in digital form. As one channel of
preamp calibration needs five DFFs, as mentioned
above, there are 16 channels which need to be cali-
brated, so altogether there are 80 DFFs used in here.

(4) The digital-to-analog converters (DACs): the DACs
are used to translate the stored digital form offset into
analog and compensate for the actual offset of the
ADC.Here, the simple binary currentDAC is adopted
to reduce power and area.

In the simulation, one of the sixteen preamps’ differential
channels were made to be different. From Figure 8 it can be
seen that the channel goes into calibration in 250 ns. Because
of the mismatch, at first the differential output of the pream-
plifier is larger than 150mV, when the calibration ended, the
output approaches zero, and the output of the comparator
changes between 0s and 1s.The stored offset in this DFF array
is between 10101 and 10110, shown in Figure 9.The simulation
results demonstrate that the calibration circuit works all right.
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Table 1: Postsimulation results of F&I ADC and comparison with others.

Performance [3] [4] [5] [6] This work
Technology 0.18 𝜇m CMOS 0.18 𝜇m CMOS 90 nm CMOS 90 nm CMOS 90 nm CMOS
Supply (V) 1.8 1.8 1 1.2 1.2
Clock (GHz) 1.6 1 2.7 1 2
SFDR (dB) 56 68.6 28.87 50.84
SNDR (dB) 46 56.5 33.6 27.35 45.93
Power (mW) 774 1260/channel 50 7.65 210
Area (mm2) 3.6 49 (dual ADC) 0.36 0.063 0.865

Figure 10: Layout of the F&I ADC.
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Figure 11: The spectrum of the ADC (Nyquist @2GSps).

3. Layout and Simulation Results of the ADC

The ADC is designed in TSMC 90 nm CMOS technology.
The layout is presented in Figure 10. Its area is 930 𝜇m ×
930 𝜇m. For the sampling rate of 2GSps, Nyquist input signal
frequency, the FFT results show that the effective number
of bits (ENOB) is 7.338 bit, presented in Figure 11. For input

signal frequency smaller than 1GHz, the SNDR is better than
45.93 dB, which shows that the ADC has a good dynamic
performance.

The ADC’s performance and comparison with other
published ones are presented in Table 1.

4. Conclusions

In this paper, a single channel 2GSps, 8-bit F&I ADC with
foreground calibration in TSMC 90 nm CMOS technology
is presented. The ADC utilizes cascaded folding, with fore-
ground digital assisted calibration to correct the error of zero-
crossing point caused by the circuit offset. Chip area of the
whole ADC including pads is 930𝜇m × 930 𝜇m. Postsimu-
lation results demonstrate that, under a single supply of 1.2
volts, the power consumption is 210mW. For the sampling
rate of 2GSps, the SNDR is 45.93 dB for Nyquist input.
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A compact printed UWB antenna with triple band-notched characteristics is proposed. Instead of conventional uniform width
slots, two pairs of quarter-wavelength length nonuniform width slots are embedded into the radiating patch and the ground plane
to achieve triple notched bands at 3.5, 5.5, and 8.1 GHz. A parameter study is performed to examine the effect of widths and lengths
of the slots on the band-notched characteristics. It indicates that the centre frequencies and the bandwidth of notched bands can be
controlled by tuning the physical parameters of the slots. Frequency domain measurements including return loss, antenna transfer
function, group delay, and gain of the proposed antenna have been carried out. Corresponding results demonstrate that compact
UWB antennas with multiple notched bands can be obtained by using nonuniform width slots.

1. Introduction

Since the spectrum of 3.1–10.6GHz was released by the
Federal Communication Commission (FCC) for commercial
applications, ultrawideband (UWB) systems have attracted
more andmore attention, due to theirmerits of high data rate,
low power consumption, and good immunity to multipath
interference. A wide range of investigations have been done
on UWB antennas which play key roles in UWB systems.
Printed UWB antennas have advantages over some others
owing to their low profile, conformability, and easy fabrica-
tion property [1–3].

However, UWB system design faces many challenges,
the serious one of which is interference with other coexist-
ing narrow band communication systems such as WLAN,
WiMAX, and ITU X-band satellite communication sys-
tems operating in 3.3–3.7 GHz, 5.15–5.825GHz, and 8.025–
8.4GHz, respectively. This problem can be overcome by
using an antenna with inherent band-notched characteristic
rather than adopting an extra filter which may increase the
complication, area, and cost of a UWB system. A popular
method to realize A band-notched function is to embed
a uniform width slot into the radiation element [4–6] or
the ground plane [7–9] of the UWB antennas. However,

these antennas only have one or two notched bands; thus,
potential interference from other narrow bands can not
be filtered out. Multiple band-notched antennas have been
realized by introducing multiple band-notched elements [10,
11] or a single element [12, 13]. Nevertheless, among most
antennas mentioned above, there are three issues. Firstly, in
order to incorporate more band-notched elements, too much
area is occupied. This does not satisfy the demand on the
miniaturization of UWB systems. Secondly, due to mutual
coupling among band-notched elements, the feature of each
element is not independent. This increases the difficulty of
UWB antenna design. Thirdly, a spurious resonance leads
to a limited operating bandwidth which does not cover the
wholeUWBband from3.1 to 10.6GHz.Therefore, an effective
approach should be provided to adjust the characteristic of
each notched band according to a specification.

In this paper, a compact UWB antenna with triple
notched bands is proposed. Instead of a uniform width
slot which only creates a single notched band, a pair of
nonuniform width slots are inserted symmetrically into the
radiating patch to achieve dual notched bands at 3.5 and
8.1 GHz.The centre frequencies of the two notched bands can
be adjusted flexibly by carefully tuning the widths and lengths
of the slots. Besides, another pair of nonuniform width slots
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Figure 1: Configuration of the proposed antenna.
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Figure 2: Photograph of the fabricated prototype for (a) the proposed antenna and (b) the reference antenna.

are embedded symmetrically into the ground plane to obtain
a notched band at 5.5 GHz. The proposed method of using
nonuniform width slot can be readily realized and retains the
compact size of a UWB antenna.

2. Antenna Configuration

As shown in Figure 1, the proposed antenna consists of a
radiating element with three staircases on the front side and
a ground plane with a rectangular notch on the back side
for optimum impedance matching. The patch is fed by a 50-Ω microstrip line of 1.67mm width terminated with a SMA
connector.Thewhole antenna is fabricated on aRogers 4350B
substrate with a relative permittivity of 3.66, a loss tangent
of 0.0037, and a thickness of 0.762mm. A pair of quarter-
wavelength nonuniform width inverted L-shaped slots are
symmetrically embedded on the radiating patch to create
the dual notched bands with centre frequencies of 3.5 and
8.1 GHz, while another pair of quarter-wavelength nonuni-
form width straight slots corresponding to the notched band
centred at 5.5 GHz are etched into the ground plane.

The optimized physical parameters of the proposed an-
tenna are as follows:𝑊 = 25mm,𝐿 = 30.2mm,𝑊𝑝 = 18mm,𝐿𝑝 = 12mm,𝑊𝑠1 = 14mm,𝑊𝑠2 = 10mm,𝑊𝑠3 = 7mm,𝐿𝑠1 = 𝐿𝑠2 = 𝐿𝑠3 = 2mm,𝑊𝑓 = 1.67mm, 𝐿𝑓 = 12.2mm,𝑊𝑛 = 3mm, 𝐿𝑛 = 2.2mm, 𝐿𝑔 = 12mm, 𝑊1 = 1mm,𝑊2 = 0.2mm, 𝐿1 = 𝐿2 = 8.5mm, 𝑊3 = 0.2mm, 𝑊4 =0.75mm, and 𝐿3 = 𝐿4 = 3.6mm. The proposed antenna
is symmetrical with respect to the longitudinal direction.
Moreover, a reference antennawithout slots butwith the same
parameterswas also fabricated andmeasured for comparison.

3. Results and Discussion

The proposed antenna was designed and optimized using
CST Microwave Studio and a simulation cycle took about
half an hour with a quad-core server. Finally, the proposed
antenna and reference antenna were fabricated andmeasured
using a vector network analyzer Agilent E5071C. Figures 2(a)
and 2(b) show the photograph of the proposed and reference
antenna, respectively. Both simulated and measured return
loss curves for the proposed antenna are shown in Figure 3.
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Figure 3: Simulated and measured return loss curves for the proposed and reference antenna.

For comparison, results of the reference antenna are also
presented in Figure 3. It can be seen that the proposed
antenna has an ultrawide operating band from2.7 to 12.3GHz
for 𝑆11 ≤ −10 dB, which covers the entire UWB band.
Furthermore, as predicted, triple desired notched bands of
3.19–3.97GHz, 5.16–5.85GHz, and 7.88–8.59GHz for 𝑆11 >−10 dB are achieved. If we want to further improve the
reflection coefficient, an extra resonant structure can be
added which resonates at the notch frequency. In conclusion,
the proposed antenna successfully avoids interference with
WLAN, WiMAX, and ITU X-band satellite communication
systems and retains an ultrawideband performance.

A parameter study is performed to further understand
the effects of widths and lengths of the nonuniform width
slots on the triple band-notched characteristics. Simulated
return loss values for the proposed antenna in terms of𝑊1
and 𝑊2 are shown in Figure 4(a). It is observed that as𝑊1 decreases from 1.2 to 0.6mm and 𝑊2 increases from
0.1 to 0.6mm, the nonuniform width slots on the patch
convert to uniform width slots and the ratio between the first
and third notched band centre frequencies increases from
2 to 3. As shown in Figure 4(b), with the increase of 𝐿1
and 𝐿2 from 7.5 to 9mm, the first and third notched band
centre frequencies shift down from 3.95 to 3.29GHz and from
9 to 7.47GHz, respectively, while the ratio between them
is almost unchanged and maintains about 2.27. By tuning
either the widths or the lengths, the first and third notched
band centre frequencies can not be altered independently.
However, as shown in Figure 4(c), through carefully adjusting
the widths and the lengths together, the third notched band
centre frequency can be changed freely with the first notched
band centre frequency fixed at 3.5 GHz.Moreover, if the third
notched band acts as a spurious resonance and is not desired,
one can push it up away from the UWB band to maintain
the UWB performance of the antenna by enlarging the ratio
between𝑊2 and𝑊1. Thus, an effective approach is provided
to flexibly adjust the position of the dual notched bands

Table 1: Various slots on the patch.

Slot
𝑊1 𝑊2 𝑊2/𝑊1 𝐿1 𝑓𝑟1 𝑓𝑟3 𝑓𝑟3/𝑓𝑟1𝐿2
(mm) (mm) — (mm) (GHz) (GHz) —

I 1.2 0.2 0.17 8.8 3.5 7.5 2.1
II 0.6 0.2 0.33 7.9 3.5 8.9 2.5
III 0.6 0.6 1 7 3.5 10.5 3
IV 0.2 0.6 3 6 3.5 12.1 3.5

introduced by the nonuniform width slots or to eliminate the
third notched band, if it is undesired. Relative parameters
of various slots on the patch with different widths and
lengths are listed in Table 1. The effect of 𝐿3 and 𝐿4 on the
centre frequency of the second notched band is presented in
Figure 5(a). By altering 𝐿3 and 𝐿4 from 3.1 to 4.6mm, the
centre frequency decreases from 6.2 to 4.4GHz. It is worth
noting that the centre frequency of the second notched band
is also influenced by 𝑊3 and 𝑊4 significantly, as indicated
in Figure 4(b). In addition, Figure 5(c) reveals that the
bandwidth is also controllable by carefully tuning the length
and width of the slots together. An interesting phenomenon
is also found that, for the same centre frequency, larger ratio
between𝑊4 and𝑊3 results in shorter slot length. As shown
in Table 2, compared to an conventional uniform width slot,
the length of a nonuniform width slot (𝑊4/𝑊3 = 10) can be
reduced by 31.8%. Therefore, a nonuniform width slot can be
incorporated in limited space by adjusting the ratio between
the widths of different segments.

In order to understand the behavior of the nonuniform
width slots, especially at the triple notched bands, surface
current distributions at 3.5, 5.5, and 8GHz are simulated and
illustrated in Figures 6(a), 6(b), and 6(c), respectively. It is
clear from Figure 6(b) that the surface current distribution at
5.5 GHz is mainly concentrated on the slots embedded into
the ground plane, while it is very week on the radiating patch
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Figure 4: Simulated return loss values for the proposed antenna with (a) various widths (𝑊1, 𝑊2), (b) various lengths (𝐿1, 𝐿2), and (c)
various widths and lengths (the first notched band is fixed at 3.5 GHz).

Table 2: Various slots on the ground.

Slot
𝑊3 𝑊4 𝑊4/𝑊3 𝐿3 Length BW 𝑓𝑟2𝐿4 Reduction
(mm) (mm) — (mm) (%) (MHz) (GHz)

V 0.5 0.5 1 4.4 0 800 5.5
VI 0.3 0.75 2.5 3.8 13.6 720 5.5
VII 0.1 1 10 3 31.8 600 5.5

as well as the ground plane. As illustrated in Figures 6(a)
and 6(c), the current at 3.5 and 8GHz is large on the slots

inserted into the patch, while it is very small on the patch and
the ground. This demonstrates that both the notched bands
at 3.5 and 8GHz are generated by the same pair of slots on
the patch. Furthermore, it can be observed from Figure 6(c)
that, beside the node (Node I) at the open end of the slots
on the patch, there is another node (Node II) at the turning.
Accordingly, the third notched band at 8GHz is generated by
the second-order resonance of the nonuniformwidth slots on
the patch.

Simulated and measured radiation patterns for the pro-
posed antenna in XY- and ZX-plane at 4.5 and 7GHz are
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Figure 5: Simulated return loss values for the proposed antenna with (a) various widths (𝑊3, 𝑊4), (b) various lengths (𝐿3, 𝐿4), and (c)
various widths and lengths (the second notched band is fixed at 5.5 GHz).

displayed and compared in Figures 7(a) and 7(b).The antenna
has good and stable omnidirectional radiation patterns with
a noncircularity less than 5 dB in ZX-plane and nearly
dumbbell-shaped radiation patterns in XY-plane. Transfer
function and group delay were measured by using a pair of
identical proposed antennas mounted on two ports of the
VNA face to face with a distance of 150mm. The measured
results are shown in Figure 8, compared with the results of
reference antenna without notched bands. It can be seen that
the transfer function is almost flat from 3 to 10GHz with a
variation less than 5 dB, while triple notched bands at 3.5,
5.5, and 8GHz with transfer gain reduction of −30, −15, and−20 dB are observed. As shown in Figure 8, the group delay

keeps constant over the entire UWB band with a fluctuation
less than 1 ns except for variations in the notched bands.
This characteristic reveals that the proposed antenna has an
excellent phase linearity which results in less signal distortion
[14]. Figure 9 presents the gains of both the proposed and
reference antennas. As observed, sharp reduction occurs at
each notched band as expected, and the maximum gain
suppression is 12 dB at 3.5 GHz.

4. Conclusion

A compact printed UWB antenna has been proposed and
analyzed in detail. Triple notched bands were achieved by
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using two pairs of novel nonuniform width slots inserted
into the radiating patch and the ground plane instead of
conventional uniformwidth slots.The first and third notched
bands at 3.5 and 8.1 GHz are generated by the first and second
resonance of the slots, respectively. By carefully tuning the
widths and lengths of the slots together, the centre frequencies
and bandwidths are controllable. Furthermore, compared
to conventional uniform width slot, the entire length of
nonuniform width slot can be reduced by 31.8% for the
same resonant frequency. This feature is suitable for the
miniaturization of UWB antenna. Therefore, the proposed
antenna based on nonuniform width slots is expected for

miniature UWB systems with immunity to multiple narrow
bands interference or for multiband applications.
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This paper proposes an adaptive hierarchical MAC protocol (AH-MAC) with cross-layer optimization for low-rate and large-scale
wireless sensor networks. The main goal of the proposed protocol is to combine the strengths of LEACH and IEEE 802.15.4 while
offsetting their weaknesses. The predetermined cluster heads are supported with an energy harvesting circuit, while the normal
nodes are battery-operated. To prolong the network’s operational lifetime, the proposed protocol transfers most of the network’s
activities to the cluster heads while minimizing the node’s activity. Some of the main features of this protocol include energy
efficiency, self-configurability, scalability, and self-healing.The simulation results showed great improvement of the AH-MAC over
LEACH protocol in terms of energy consumption and throughput. AH-MAC consumes eight times less energy while improving
throughput via acknowledgment support.

1. Introduction

A wireless sensor network (WSN) consists of a large number
of collaborating devices called sensor nodes. Each sensor
node is capable of sensing, computation, and communica-
tion. The function of these nodes is to sense its surrounding
environment, collecting data about one or more physical
phenomenon and forwarding it through multiple paths to
a central node called sink or base station for further pro-
cessing. WSNs have been used for environment monitoring,
healthcare, structure health monitoring, military, and many
other applications [1]. These sensor nodes rely on the use of
small and limited energy batteries to supply electrical energy
to these devices. Batteries need to be replaced or recharged
regularly whenever it is depleted. This regular maintenance
could easily become the greatest cost of installing a wireless
sensor network for many applications [2].

Replacing or recharging batteries is not preferred or
unfeasible for two reasons: the rising cost of regular main-
tenance when a large number of devices are deployed over
a wide region. Sometimes the nodes may be not reachable,

that is, when they are embedded in building materials or
deployed in a hazardous region such as those used in volcano
monitoring and toxic regions or deployed in a hostile region
for somemilitary applications.Thus, the lifetime of the sensor
network is limited by the lifetime of the nodes’ battery. To
prolong the network’s lifetime, energy should be optimized in
all aspects. Although the latest developments in reducing the
size of electronics have enabled the development of low-cost
and low-power sensor networks, still the energy consumption
is a great challenge.

During the past decade, the research community pro-
posed many solutions to prolong the lifetime of the sensor
nodes. One of these techniques is to use duty cycling strategy
where the different units of the sensor node are switched offor
entered low-power (sleep)modewhen they are inactive [3, 4].
Another approach is to design energy-aware medium access
control protocols (MACs) and routing protocols [5]. Data
fusion and aggregation is another approach to reduce the
number of transmitted packets in the network by removing
packets that carry redundant data for the same region [6,
7]. Despite the fact that previous solutions reduce energy

Hindawi Publishing Corporation
Journal of Sensors
Volume 2017, Article ID 8105954, 15 pages
http://dx.doi.org/10.1155/2017/8105954

http://dx.doi.org/10.1155/2017/8105954


2 Journal of Sensors

consumption to extend the network lifetime and/or increase
the time period between battery replacements, it does not
resolve the problem completely.

Recently, a promising solution has been proposed to
overcome energy limitation of sensor nodes by exploiting the
wasteful energy surrounding the node and converting it to
useful electrical energy that can directly power sensor node
or supplement the storage device [8–10].This process is called
energy harvesting or power scavenging.The characteristics of
an energy harvesting circuit are strongly related to the activity
of the transceiver and MAC protocol design. Therefore, an
efficient MAC protocol is necessary for minimizing the cost
of the harvesting circuit.

This paper proposes a completely scalable, configurable,
and self-healing WSN that incorporates energy harvesting
at a reasonable cost. The main features of this system
are longevity without requiring human intervention, self-
configurability, scalability, and self-healing. The proposed
system is suitable for low-ratemonitoring applications and/or
event-driven alarm systems. Our contributions are summa-
rized as follows:

(1) A new energy-efficient MAC protocol is developed
for large-scale hierarchical topologyWSN.The cluster
heads are provided with energy harvesting source
while the rest of the nodes are battery-operated.

(2) Node’s activity is minimized and limited to uploading
their data to the cluster head in order to maximize
their respective lifetime.

(3) A simple and efficient procedure is used to join the
network and recover the synchronization with lost
parent.

(4) Intercluster communication feature is incorporated to
expand the network’s coverage area.

The paper is organized as in the following order: Section 2
will review the main sources of energy waste and attributes
of the MAC protocols. Section 3 will explain the design
challenges and characteristics of the common protocols used
in large-scale WSN. The details of the proposed system will
be discussed in Section 4, while the results and the conclusion
will be presented in Sections 5 and 6, respectively.

2. Wireless Sensor Node

2.1. Sensor Node Architecture. A wireless sensor node is
designed for sensing, data acquisition, localized processing,
and wireless communication. The main units of sensor node
are shown in Figure 1. The transceiver has been identified as
one of the units that consume the most power in the sensor
node. It dominates the power budget at 60% consumption
of the total available energy and determines the lifetime of
the sensor network [11]. The power consumption is evaluated
by different parameters such as voltage supply, transmitting
current, receiving current, and current at power-downmode.
The range of power consumption in modern transceivers is
40–600mW (Table 1). Generally, the communication subsys-
tem has an energy consumption that is much higher than the

Sensing unit Processing unit Communication unit
(transceiver)Sensor 1 ADC

Sensor N ADC

Microcontroller
Storage

Transmitter 
Receiver

Power supply

· · ·

Figure 1: Sensor node architecture [13].

computation subsystem. It has been shown that transmitting
one bit may consume as much as executing a few thousands
instructions [12].

2.2. Source of Energy Wastage. Designing an energy-efficient
MAC protocol plays a vital role in reducing energy con-
sumption due to its direct control over the RF module.
Since sensor nodes are assumed to be disposed when they
are out of a battery, the low-power consumption is a major
requirement in the design of communication protocols for
sensor networks. During the operation of WSN, the major
sources of energy waste are as follows [14, 15].

(1) Collisions. When a node receives more than one packet
simultaneously, all packets that cause the collision have to be
discarded and retransmitted which subsequently increase the
energy consumption.

(2) Overhearing. This source of energy dissipation occurs
when a sensor node wastes energy by receiving a packet that
is intended for a different destination.

(3) Control Packet Overhead. Data packets in WSNs are
usually small; therefore, headers and other types of overhead
(such as control messages, like RTS, CTS, SYNC, and ACK)
imply a high level of energy waste.

(4) Idle Listening. Idle listening occurs when a node listens to
the channel for a possible reception. It is a source of major
waste of energy in WSNs where it usually consumes 50%–
100% of the energy required for the receiving process.

(5) Overemitting. Overemitting is caused when the message
delivery fails due to the destination node’s inactivity.

2.3. MAC Performance Metrics and Attributes. MAC proto-
cols designed for wireless LANs have been optimized for
maximum throughput, low delay latency, fairness, and low
overhead. The low-energy consumption has been relegated
as a secondary requirement [16]. Wireless sensor networks
employ performance metrics that differ from those of con-
ventional data networks. It emphasizes low-power consump-
tion and low cost as opposed to data throughput or channel
efficiency [1].

MACprotocols are influenced by a number of constraints.
A good protocol for WSNs should consider a set of perfor-
mance attributes and make a trade-off between them. The
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Table 1: Electrical characteristics of common transceivers used in WSNs.

Module Voltage (V) Frequency (MHz) Data rate Kbps Output power (dBm) Current consumption𝐼TX (mA) 𝐼RX (mA) 𝐼𝑆 (𝜇A)
CC2520 1.8–3.6 2400 250 +5 33 22 1
CC2420 2.1–3.6 2400 250 0 18.8 17.4 20
JN5148 M00/03 2.3–3.6 2400 250 +2.5 15 17.5 2.6
JN5148 M04 2.7–3.6 2400 250 +18 110 23 2.6
nRF2401 1.9–3.6 (3) 2400 0–1000 0 18 10.5 0.4
XBee-pro ZB 2.7–3.6 (3.3) 2400 250 +18 220 62 <10
nRF905 1.9–3.6 (3) 433/868/915 50 +10 12.5 9 2.5
MRF49XA 2.2–3.8 433/868/915 256 +7 15 11 0.3
CC1101 1.8–3.6 300/433/868/915 1–500 +12 30 14.7 <1
CC1120 1.8–3.6 300/433/868/915 1–200 +16 45 22 <1
most important attributes can be found in references [17, 18]:
The first attribute is energy efficiency. To prolong the network
lifetime, energy-efficient MAC protocols should be carefully
designed. The second attribute is collision avoidance which
determines when and how a node can access themedium and
send its data. Collisions are not completely avoided but all
MAC protocols avoid frequent collision.The third and fourth
attributes which are closely related are scalability and adapt-
ability to changes. Changes in network size, node density,
and topology should be handled rapidly and effectively such
that the network connectivity and topology can be recovered.
Other attributes such as latency, throughput, and bandwidth
utilization may be regarded as secondary attributes in the
context of sensor networks.

3. WSNs Design Challenge

3.1. Direct versus Multihop Transmission. The transmission
power of wireless radio is proportional to the distance
squared or even higher order. Thus, long distance direct
transmission consumes too much energy. Also, the lim-
ited communication range of sensor nodes prevents direct
communication between each sensor node and the sink
[15]. Therefore, forwarding data by several relaying nodes
(multihop) will consume less energy than direct transmission
[19, 20]. However, this reduction in power consumption
incurs several problems that greatly influence network design
and performance.

One of the problems that affect the network’s lifetime is
the nodes in the vicinity of the sink. These nodes which are
closer to the sink lose their energymuch quicker because they
utilize their energy to relay the data from any other nodes
through the network to the sink and sending their own data
as well. This problem is known as the “sink neighborhood
problem” [21]. This problem leads to premature network
disconnection because most of the sink’s neighbors’ energy
is fully depleted and the sink is isolated from the rest of the
network [22]. Other possible disadvantages of multihop data
communication are as follows:

(i) The delay caused by relaying a packet through mul-
tiple hops is more than with direct communication
[23].

(ii) Multihop communication increases network traffic.

(iii) Multihop routing introduces significant overhead for
topology management and medium access control
[24].

Direct communication performs better than multihop
communication paradigm.The only problem that needs to be
tackled is the limited energy of sensor nodes. So, providing
sensor nodes with sufficient power using energy harvesting
techniques will improve the performance of the network and
simplify network design from multiple perspectives.

3.2. Network Topology. WSNs can be broadly classified into
the flat andhierarchical topology. In a flat topology, eachnode
plays the same role and has the same functionality as other
sensor nodes in the network [19, 20]. To prolong the network’s
operational lifetime, each node should be provided with an
energy harvesting circuit. In many applications where a large
number of sensor nodes (several hundred or even thousands)
are deployed, this approach seems to be unfeasible because
it may increase the total cost of network installation to an
unacceptable level.

In a hierarchical topology, nodes organized into groups
called clusters. Each cluster selects a node that serves as the
cluster head (CH).TheCH is responsible for collecting sensor
data from its members, aggregating them and transmitting a
summary to the sink directly or through another CH [25].
Clustering is a key technique in improving network’s lifetime,
reducing energy consumption and increasing network scala-
bility. Other advantages of clustering schemes are as follows
[23, 26]:

(i) The aggregation process eliminates redundant and
highly correlated data, thus minimizing the total
transmission power, and conserves the communica-
tion bandwidth.

(ii) CH rotation balances the energy-exhausting load
between all of the nodes.

(iii) Using multilevel power transmitter reduces packet
collision and interference in cluster-scale and net-
work-scale communications.
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(iv) Clustering reduces the size of the routing table by
localizing the route setup within the cluster.

(v) The energy of non-CH nodes is conserved by reduc-
ing their rates of energy consumption.

Cluster-based protocols consist of four stages: cluster
head (CH) selection, cluster formation, data aggregation, and
data communication. In the CH selection phase, the CH can
be selected randomly or based on some criteria such as the
residual energy of the node and the number of its followers.
In the cluster formation phase, each non-CH will decide to
join the nearest CH based on the strength of the received
signal. After that, eachCHwill create aTDMAschedule for its
members to transmit their respective data within their time
slot to prevent packet collisions. In data aggregation phase,
the CH performs some signal processing functions in a way
that all information can be aggregated in only one message,
and the resulting packet will be forwarded to the sink.

3.2.1. LEACHProtocol. Oneof themost common examples of
clustering based protocol is Low-Energy Adaptive Clustering
Hierarchy (LEACH) protocol [27]. LEACH assumes that
all nodes within a cluster are synchronized and they can
control their transmission power and reach one sink. Within
each cluster, the sensor nodes communicate using direct
sequence spread spectrum (DSSS) to limit the interference of
other clusters. Since the CH depletes its energy faster than
non-CH, the role of CH is rotated so that uniform energy
dissipation in the network is obtained. LEACH is capable of
achieving a reduction of energy dissipation at a factor of 8
compared to other protocols. However, this comes at the cost
of many drawbacks and limitations. The main disadvantages
of LEACH protocol are as follows [28, 29]:

(i) Overhead associated with the death of a CH. When a
CH dies, the whole cluster becomes inactive during
the remaining steady-state phase, even if several
nodes inside the cluster have enough energy to func-
tion.

(ii) LEACH assumes one-hop communication between
the nodes and their CH and also among the CHs and
the sink. This causes the sensor nodes to consume
large amounts of energy when transmitting messages
and also limit the geographical area covered by the
sensor network.

(iii) LEACH requires tight synchronization which is
included as part of the protocol and will require
additional energy and overhead to accomplish.

(iv) Cluster formation and restructuring can take a long
time during which the sensor nodes consume energy
and will be incapable of performing any useful task.

(v) It does not work well in applications that require
multihop to cover a large area.

Many modified versions of LEACH protocol have been
proposed to improve its performance and overcome certain
limitations and drawbacks.

Centralized LEACH (LEACH-C) [30] moves the respon-
sibility of electing a CH to the sink to improve the per-
formance by distributing the cluster heads throughout the
network. During the setup phase, each node sends to the
sink its remaining energy and location. The sink then runs
a centralized cluster formation algorithm to determine the
clusters for that round. However, since this protocol requires
location information for all sensors in the network (normally
provided by GPS), it is not seen as robust protocol.

In the two-level LEACH (TL-LEACH) [31], the CH
collects data from the cluster members and relays the data to
the sink through another CH that lies between the CH and
the sink.Thus, the network can be expanded to cover a larger
area.

Self-Organizing Slot Allocation (SRSA) [32] was another
attempt at improving the LEACH protocol in terms of energy
efficiency and network scalability.The SRSA protocol utilizes
multiple sinks instead of only one, which is the case of
the original LEACH protocol. Thus, CHs can communicate
directly with the nearest sink which significantly reduces the
transmission energy.

Energy-LEACH (E-LEACH) [33] improves the CH selec-
tion procedure. Like LEACH, it is divided into rounds. In the
first round, all nodes have the similar probability of beingCH.
However, after the first round, the remaining energy of each
node differs, and the node with high residual energy will be
selected as CH rather than those with less energy.

V-LEACH [34] proposed a solution to the problem of
CH failure. When the CH dies, the cluster becomes useless,
and because of this, the information collected by the node
members will not reach the sink. The protocol uses vice-CH
that takes the role of the CH when the main CH dies.

3.2.2. IEEE 802.15.4. Another approach that can be used to
implement the hierarchical topology network is to use IEEE
802.15.4 cluster-tree network [35]. IEEE 802.15.4 is proposed
for low-rate Wireless Personal Area Networks (WPAN). Two
types of devices are used: full function device (FFD) which
can act as a PAN coordinator, coordinator, or end-device
(node) and reduced function device (RFD) that plays the
role of normal node. The IEEE 802.15.4 standard specifies
a physical layer that operates in the unlicensed industrial,
scientific, and medical (ISM) radio bands.

The MAC layer specifies three access methods. Random
access with the coordinator always listens, while the RFDs
engage the unslotted CSMA. In slotted access method, the
coordinator sends out beacon frames consisting of a number
of contention slots followed by an inactive period. Frame-
based access with the coordinator reserves an additional
number of Guaranteed Time Slots (GTS) for specific RFDs
with real-time communication requirements. The standard
does not detail how multiple coordinators should operate
together (e.g., should they tune the length of their beacon
intervals?), leaving it up to individual and groups of vendors,
such as the ZigBee alliance, to fill this void.

The protocol in cluster-tree mode uses superframe struc-
ture (Figure 2), where a TDMA-based period is used for
guaranteed access, while a contention-based period is used
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Figure 2: Beacon based frame structure in IEEE 802.15.4.

for nonguaranteed access. The coordinator operates in the
beaconmode tomaintain the synchronization of time frames.
All nodes can turn off their respective radios and enter a sleep
state during an inactive period.

IEEE 802.15.4 uses 16 slots in the active period of its
frame and the coordinator should remain awake during these
slots waiting for the possibility of arriving packets. For many
low-rate applications where each node transmits a packet
every several minutes, most of the time the coordinator is in
RX state without receiving any useful data. However, IEEE
820.15.4 can adjust the frame length to increase the inactive
period to conserve energy in this case. This scheme may
not be suitable for applications requiring low latency such as
alarm systems because the delay produced by the network is
high. Another disadvantage of IEEE 802.15.4 scheme is the
slots in the framenot being efficiently utilizedwhich increases
the energy consumption of the coordinator.

3.3. Energy Harvesting. Energy harvesting refers to harness-
ing energy from the surrounding environment or other
energy sources and converts it to electrical energy [10].
There are many sources of energy that can be used to
power autonomous microelectronic devices, for example,
environmental vibrations, thermal sources, solar, and electro-
magnetic waves. In general, the main sources of energy that
can be used to generate electrical signals are as follows [11, 36]:

(i) Light energy: captured from sunlight or room light via
photo sensors, photo diodes, or solar panels.

(ii) Mechanical energy: from sources such as a car engine
compartment, trains, ships, helicopters, bridges,
floors (offices, train stations, and nightclubs), speak-
ers, window panes, walls, household appliances
(fridges, washing machines, and microwave ovens),
pumps, motors, compressors, chillers, and conveyors.

(iii) Electromagnetic energy: from inductors, coils, and
transformers.

(iv) Thermal energy: waste energy from furnaces, heaters,
and friction sources.

(v) Radio frequency: microwaves, infrared, cell phones,
and high power line emissions.

(vi) Human body: a combination of mechanical and ther-
mal energy naturally generated from bioorganisms or
through actions such as walking and sitting.

Energy harvesting provides a viable alternative to design
and implement long-lasting wireless sensor networks. The

sporadic nature of ambient energy leads to using one or more
storage devices to accumulate energy whenever it is available
to be used later. The type and capacity of storage devices are
highly dependent onharvesting technology, intended lifetime
of the sensor network, and application requirements (average
power and duty cycle). Therefore, two different cases can be
distinguished:

(i) Short term deployment sensor networks (several
months): In this case, a primary battery is sufficient.
The size and capacity of such battery are determined
as a function of average power consumption by sensor
node.

(ii) Long-lasting WSNs (several years or even decades):
they require energy harvesting technology with
supercapacitor due to their long lifetime, or a combi-
nation of a rechargeable battery and super capacitor.

The direct comparison between different harvesting tech-
nologies seems to be hard because there is a large number of
parameters that affect the performance of harvesting circuits,
for example, harvested power, output voltage, circuit size and
complexity, cost, and lifetime.

The solar panel is the most common technology used
today because it has low cost while providing higher energy
density. However, it has the disadvantage of being able to gen-
erate energy only when there is sufficient sunlight or artificial
light. The optical energy source is highly dependent on time,
weather condition, and location. Another disadvantage is that
it cannot be integrated with microelectromechanical systems
(MEMS) technology.

The goal of this work is to minimize energy requirement
for both nodes and cluster heads regardless of the type
of harvesting circuit used. Minimizing energy requirement
enables us to use simple and cost-effective harvesting circuit.
The proposed protocol is based on the hypothesis that the
cluster head is provided with energy harvesting while the
rest of the nodes are battery-operated to keep the cost of the
system within reasonable levels. For example, a solar panel
with 500 Joule supercapacitor seems to be ideal for long-
lasting WSN.

4. Proposed Protocol (AH-MAC)

4.1. Motivations behind AH-MAC. The main goal of the
proposed MAC is to combine the strengths of LEACH and
IEEE 802.15.4 while offsetting their weaknesses. In order
to optimize the performance of the MAC protocol, many
aspects should be considered: first, the duty cycle should be
optimized to keep the nodes in sleepmode for longer periods
of time.This can be achieved by decreasing the active time of
the CH within the frame.

In contrast to the IEEE 802.15.4, the AH-MAC restricts
the active period of the CH to one slot. The child nodes
contend to access the channel after receiving the beacon.
Increasing the probability of packet collision may be the
main side effect of this scheme. However, it can be tackled
by adjusting the schedule of the next transmission for all
followers. In addition to reliable transmission, ACK packet
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Table 2: Main features of AH-MAC, LEACH, and IEEE 802.15.4.

AH-MAC LEACH IEEE 802.15.4
Beacon mode Yes No Yes
TDMA schedule No Yes Yes
Association required CHs only All nodes All nodes
Active time 1 slot N slot N slot
Intercluster routing support Yes No Yes
Network size Unlimited Limited Unlimited
ACK support Yes No Yes

can be utilized to provide information about the next time the
node will upload its data. Unlike LEACHwhich requires four
phases to run regularly (Section 3.2), the CH selection phase
in AH-MAC is not required to do so because the CHs are
predetermined. The cluster formation phase is needed only
once during network initialization andwhenever the follower
loses the connection with its parent. This modification
conserves considerable amounts of energy.

Keeping nodes synchronized with their parent is another
source of energy waste in LEACH and IEEE 802.15.4. Every
node should wake up at least once during each frame to
receive the beacon from the parent even if there is no data to
upload. AH-MAC modifies this synchronization scheme by
keeping the node in sleep mode unless the node has new data
to send. To reduce idle energy, the node schedules its wake up
prior to the next beacon from its parent.

Like IEEE 802.15.4, AH-MAC adopted the intercluster
communication, where the CH can forward its data to
another CH that is closer to the distant sink. This feature will
reduce the total energy consumption as well as increasing the
network coverage area. Table 2 summarizes the main features
of the three protocols.

The structure of AH-MAC consists of the following:

(1) One sink is used to collect and process the received
data from the network nodes.

(2) CH is provided with energy harvesting circuit and
carries out most network activities.

(3) The basic node which is battery powered with limited
capabilities is used to collect data from the region of
interest and upload it to its parent (associated CH).

(4) Both types of nodes are deployed in the region of
interest randomly or in the delimited manner as
shown in Figure 3.

4.2. Network Setup and Operation. AH-MAC protocol uses
the beaconmode where the time axis is divided into repeated
segments called frames. Each frame is further subdivided into
two parts: active and inactive periods which are adjusted by
the designer (Figure 4(a)). The active period is used by the
parent CH to send the beacon and allows its follower to send
association request or upload data, while the latter is used by
associated CHs for similar purposes. This mechanism pro-
vides synchronization between the parent and its followers as
well as preventing beacons collision. The number of follower

CHs that can be associatedwith one parent can be determined
from the following relation:

𝑁ch = 𝑇frame𝑇active − 1, (1)

where 𝑁ch is the maximum number of CHs that can be
associated with a single parent, 𝑇frame is the frame interval,
and𝑇active is the amount of time the parent CH remains active
in the frame (aka slot). For each parent CH, the number
of followers that can upload their data is defined by the
packet rate and beacon rate parameters. Nominally, it can be
estimated by

𝑁follower = 𝑇pkt𝑇frame
. (2)

𝑁follower is themaximum number of followers (nodes and
CHs) that can be associated with one parent, while 𝑇pkt is
the interval between two generated packets. The maximum
number of basic nodes (𝑁nodes) that can join a cluster is
defined by

𝑁nodes = 𝑁follower − 𝑁ch. (3)

Assuming that the CH is sending one beacon every
second and each node is generating 1 packet perminute, if the
active period is adjusted to 0.1 Sec, the frame is divided into
10 slots. The parent CH uses the first slot while up to nine
children CHs use the rest of the slots. The period between
two generated packets is 60 beacons (i.e., nominally 60 nodes
(𝑁follower) can upload their data to the parent). Thus, the
total number of followers (𝑁ch + 𝑁nodes) should not exceed
60 which is the maximum cluster size for this scenario. In
Figure 3, the CH2 has five followers (two CHs and three
nodes).

At the beginning of network operation, the sink starts
sending beacon at the beginning of its slot. The content of
beacon frame is shown in Figure 5. After the active period
has elapsed, it goes to sleep until the beginning of the next
frame. The first child CH starts sending its beacon in second
slot. The second child uses the third slot and so on. This
mechanism of slot assignment prevents the beacons from
colliding and cluster interference. At any time, one cluster is
active while other clusters in the vicinity are in sleep mode.
Each CH wakes up twice every frame: first in the slot of its
parent to keep the synchronization with it and upload its data
and second during its own slot to send beacon and allow its
followers to upload data packets.

4.2.1. Cluster Head Operation. When the CH is switched on
for the first time, it scans the channel for SCAN LENGTH
time to locate the best parent. The CHs who are close to the
sink will choose the sink as a parent, while those who are
further will choose the CH that has minimum distance to
the sink as a parent. The parent selection mechanism is done
by utilizing DFS (distance from the sink) field in the beacon
packet, which defines the distance of current CH from the
sink. Sink sets its DFS to 0, and the subsequent CHs increase
it by one to construct a multiring network structure.
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Figure 5: Beacon frame format in AH-MAC.

When the scan timer expires, the CH chooses the best
parent based on the minimum DFS. Then, it waits the next
beacon from the candidate parent to request association. If
the parent has an empty slot in frame, it will be assigned
to the new follower. Otherwise, the association request will
be rejected. In order to avoid rejection and conserve energy,
each parent with empty slots will set the ACCEPT bit in
the beacon frame, allowing other CHs to request association;

otherwise, the follower will choose another parent. After the
association is accomplished, a new follower CH will wake up
in its slot and starts sending beacon frame with a new DFS
(DFSparent + 1) as shown in Figure 4(b). This process will be
repeated for all other CHs in the network.

The pseudocode in Algorithm 1 explains the CH joining
process. Lines (1)–(5) initialize variables and initiate scan
timer. The first part of the RECV BEACON procedure (lines
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(1) procedure start scan()
(2) best parent addr = 0XFFFF; min dfs = 255; scan timer = ON
(3) wake after(0) ⊳ wakeup now
(4) start scan timer(0, SCAN LENGTH) ⊳ scan timer starts now and will fire after SCAN LENGTH
(5) end procedure
(6) procedure recv beacon(src, dfs, accept)
(7) if scan timer then
(8) if (dfs <min dfs & accept) then ⊳ replace current parent
(9) min dfs = dfs
(10) best parent addr = src
(11) end if
(12) if (my parent addr == best parent addr) then ⊳ restore synchronization with last parent
(13) stop scan timer()
(14) scan timer = OFF
(15) end if
(16) end if
(17) if scan timer then
(18) return
(19) end if
(20) if (not associated) then
(21) sleep after(slot time)
(22) wake after(𝑇frame)
(23) send associate request packet()
(24) else if (data available) then
(25) sleep after(slot time)
(26) wake after(my slot ∗ slot time) ⊳ wake up in my slot to start my frame
(27) try send data()
(28) else
(29) sleep after(0)
(30) wake after(my slot ∗ slot time)
(31) end if
(32) end procedure
(33) procedure scan handler() ⊳ called when scan timer is fired
(34) if (best parent addr < 0XFFFF) then
(35) my parent addr = best parent addr
(36) my dfs = min dfs + 1
(37) scan timer = OFF
(38) else
(39) sleep after(0)
(40) start scan timer(random delay, SCAN LENGTH)
(41) end if
(42) return
(43) end procedure

Algorithm 1: Cluster head join algorithm.

(7)–(16)) shows how theCH chooses the best parent based on
DFS criteria. When a beacon is received from the previous
lost parent, the scanning process is stopped and a new
association will be requested. Otherwise, the current parent
will be recorded as the best candidate if its DFS is less
than that of the current candidate. In lines (33)–(43), the
CH processes the information from the last scan after the
scan timer expires. If no parent is found, the CH goes to
sleep and wakes up randomly to repeat the scanning process.
Finally, lines (20)–(31) clarify the behavior of the follower CH
toward the parent beacon during network operations.

4.2.2. Node Operation. The behavior of the basic node differs
from that of CH in such a way that the power consumption

is minimized. Choosing a parent CH is an adaptive process.
The association process is combined implicitly in the data
transmission phase. Initially, the node uses the information
inside the beacon packet to decide which CH can accept new
followers. When the CH receives data packet from the new
node, it records it as new follower or rejects the association
through ACK packet.

At the beginning of the node’s operation, it starts scanning
the channel for SCAN LENGTH time. During this time, the
node receives beacons from all the neighboring CHs. When
the scan timer is expired, the best parent will be chosen based
on the received signal strength indicator (RSSI). Then, the
node goes to sleep after completing the data transmission
phase.
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(1) procedure start scan()
(2) best parent addr = 0XFFFF; best rssi = 0; scan timer = ON
(3) wake after(0) ⊳ wakeup now
(4) start scan timer(0, SCAN LENGTH) ⊳ scan timer starts now and will fire after SCAN LENGTH
(5) end procedure
(6) procedure recv beacon(src, rssi, more) ⊳more bit in CTRL byte
(7) if scan timer then
(8) if (rssi > best rssi & more) then ⊳ replace current candidate parent
(9) best rssi = rssi
(10) best parent addr = src
(11) end if
(12) if (my parent addr == best parent addr) then ⊳ restore synchronization with last parent
(13) stop timer()
(14) scan timer = OFF
(15) end if
(16) end if
(17) if scan timer then
(18) return
(19) end if
(20) if (data available) then
(21) sleep after(slot time)
(22) wake after(beacon frame) ⊳ wake on next frame to send more data
(23) try send data()
(24) else
(25) sleep after(0)
(26) end if
(27) end procedure
(28) procedure scan handler() ⊳ called when scan timer is fired
(29) if (best parent addr < 0XFFFF) then
(30) my parent addr = best parent addr
(31) scan timer = OFF
(32) else
(33) drop packet()
(34) sleep after(0) ⊳ sleep now and wake up when new packet is available
(35) end if
(36) return
(37) end procedure

Algorithm 2: Node join algorithm.

Whenever a new data is available, the node schedules its
wake-up prior to the next parent’s beacon. The scan process
is initiated and stopped when the beacon from the current
parent is received to commence the transmission phase. If
the parent is lost, the scanning process will continue and
an alternative parent will be selected. This mechanism aims
to solve the problem of connection lost with the parent.
Algorithm 2 explains how the normal node joins the network.
It is similar to that of the CH with two exceptions: RSSI
criterion is used rather than DFS and the association request
is omitted.

Each cluster head can limit the number of associated
nodes or block further association when the number of
followers reaches themaximum limit.This is done by utilizing
the MORE bit in CTRL byte (see Figure 5 and Algorithm 2).
When the number of follower’s reaches the limit, this bit is set
to “0” and every node receiving the beacon will ignore this
parent during the scanning process and choose another one.
This mechanism balances the load among the cluster heads
evenly.

4.2.3. Node’s Failure. The nodes in WSN are susceptible to
failures due to running out of energy. In the case ofCH failure,
the node stopsworking until the energy storage is replenished
by the harvesting circuit and it joins the network again as
a new CH. Regarding the associated CHs, after consecutive
number of lost beacons, they start the scanning process to
select an alternative parent while the nodes tackle this issue as
explained in Section 4.2.2. On the other hand, when the node
runs out of energy, it simply stops working, but it can send
an alarm signal to the sink before their energy is depleted
completely.

5. Performance Evaluation

TheNS2 software (version 2.35) was used to evaluate the per-
formance of the AH-MAC. 100 sensor nodes were uniformly
distributed in an area measuring about 100 × 100 m2. The
sink is located at (0, 0). Table 3 lists the main parameters
used in the simulation scenario. Two-data-packet format is



10 Journal of Sensors

Table 3: Simulation setting parameters.

Simulation time 3600 sec
Number of nodes 100
Area 100 × 100m2
Number of CHs 5
Platform TI-CC1120
Beacon rate 1 sec
Packet rate 2 packets/min
Beacon Packet size 20 bytes
Data packet size (CH) 36 bytes
Data packet size (node) 28 bytes
ACK packet size 14 bytes
Active period 0.05 sec

Table 4: CC1120 main characteristics.

Tx current 26mA (0 dBm)–45mA (14 dBm)
Rx current (normal mode) 22mA
RX current (sniff mode) 2 mA
Idle current 1.3mA
Sleep current <1 𝜇A
Input voltage 2–3.6V
Data rate 1.2–200Kbps
Frequencies 164–960MHz

supported: one for uploading sensed data from the nodes
to the CH and another packet format for the aggregated
data in CH. Choosing RF parameters impacts the node’s
performance and lifetime. In this work, the parameters of the
transceiver CC1120 are used. This chip is the state-of-the-art
product from Texas Instrument (TI).

The performance was evaluated and compared to the
LEACH protocol. LEACH is nonstandard protocol and very
well accepted in the sensor network community. A large
number of proposed protocols [37–46] in the literature were
comparedwith it.Thismotivates us to comparewith the same
reference protocol. The source code of LEACH protocol in
the mannasim package was modified to adopt the CC1120
parameters rather than the unlimited output power and zero
idle energy as done in the original LEACH.

5.1. TI-CC1120. The CC1120 device from Texas Instrument
[47] is a fully integrated single-chip radio transceiver
designed for high performance at very low-power and low-
voltage operation in cost-effective wireless systems. The
device is mainly intended for the ISM (Industrial, Scientific,
and Medical) frequency bands. The CC1120 provides exten-
sive hardware support for packet handling, data buffering,
burst transmissions, clear channel assessment, link quality
indication, and Wake-On-Radio. Table 4 tabulates the main
characteristics of this transceiver. Throughout this work,
channel data rate and the carrier frequency are set to
200Kbps and 868MHz, respectively.

Table 5: Performance evaluation of AH-MAC versus LEACH.

AH-MAC LEACH
Total energy consumption (Joule) 102 785
Delivery ratio 93% 78%
Node energy consumption (Joule/node) 0.25 —
CH energy consumption (Joule/CH) 15.67 7.85

Quick startup time enables CC1120 to use few preamble
bits. This feature is utilized by sniff mode to dramatically
reduce the current consumption while the receiver waits for
data. Due to the fact that the CC1120 device can wake up
and settle much faster than the duration of most preambles,
it is not required to be in the RX mode continuously while
waiting for a packet to arrive. Instead, the enhanced Wake-
On-Radio (eWOR) feature can be used to periodically put
the device into sleep mode. By setting an appropriate sleep
time, the CC1120 device can wake up and receive the packet
when it arrives and suffers no performance losses. This
sequence removes the need for accurate timing synchroniza-
tion between the transmitter and the receiver. It lets the user
trade off current consumption between the transmitter and
receiver.

5.2. Performance Results. The initial energy of nodes is set
according to the case study. Throughout this evaluation, the
CHs in AH-MAC are assumed to have unlimited energy
because they are supported by an energy harvesting source.
The round time of the LEACH is adjusted so that each node
acts the role of CH once during the simulation time.

Table 5 lists the performance results of both algorithms
for a one-hour simulation. It is obvious that AH-MAC
outperforms LEACH by a greater margin in terms of energy
consumption and the delivery ratio. Delivery ratio is the
ratio of the successfully received packets by the sink to the
total data packets originating from all sources. All nodes in
LEACH played the role of CH so that they consume high
energy (7.85 Joule). In AH-MAC, basic nodes consume very
low energy (0.25 Joule) compared to that consumed by CH
which is 15.67 Joule. Figure 6(a) shows the progress of total
energy consumption of both protocols during simulation
time. AH-MAC can achieve about an 8x reduction in energy
compared to the LEACH protocol.

Figure 6(b) shows the nodes’ lifetime for both protocols.
The initial energy of the nodes is set to 0.5 Joule except for
the CHs in AH-MAC. At the beginning of the simulation,
all of the nodes are active and they participate in network
traffic, TDMA schedule is relatively large, and the node
consumes 0.066W when it is in receiving mode (Table 4).
Also, the nodes farther from the sink consume energy at
a much faster rate because more energy is required to
transmit their data. For all the above reasons, the first set
of the CHs shortly depleted their energy (tens of seconds).
This abrupt change cannot be shown clearly on the graph
unless it displayed individually. In both protocols, the nodes
set the transmission power according to their respective
distances from the parent. Therefore, the nodes with similar
rates of energy consumption will run out of their energy
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Figure 6: Performance evaluation of AH-MAC versus LEACH.
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simultaneously. This leads to the appearance of steps in both
plots and also explains why they are not smooth.

In Figures 6(c) and 6(d), the network traffic is used to
evaluate the performance of both protocols in terms of total
energy consumption anddelivery ratio.The energy consump-
tion in AH-MAC increased linearly against the exponential
increment in LEACH. However, the latter provides better
delivery ratio than AH-MAC in high rates because AH-
MAC is designed and optimized for low-rate applications.,
but increasing the beacon rate in AH-MAC improves the
delivery ratio at the cost of higher energy consumption.

Figure 6(e) shows the unique feature of AH-MAC in
supporting intercluster communication which extends the
coverage area of the network. AH-MAC can span across the
much larger area, while LEACH is limited by the maximum
transmission range of the transceiver regardless of the num-
ber of clusters used. In AH-MAC, the coverage area depends
on the number of clusters, the location of the CHs, and the
transmission range of the transceiver.

Based on the results of comparison of both protocols, the
following are noticed:

(1) In low-rate applications, AH-MC outperforms
LEACH protocol in terms of delivery ratio and
energy consumption.The latter provides better deliv-
ery ratio in high packet rates (>1 pkt/Min). However,
the delivery ratio of AH-MAC can be improved at
the cost of increasing the energy consumption.

(2) The frame length in the LEACH is variable and
depends on the cluster size. The CH remains active
throughout the frame. Unlike LEACH, the active time
of CH in AH-MAC is limited to one slot. This saves a
considerable amount of energy in AH-MAC.

(3) Energy consumption resulting from network over-
head in LEACH is high because four phases are done
regularly (see Section 3.2). In AH-MAC, the network
overhead is optimized and it is required only one time.
Also, all phases are not required. This optimization
saves a considerable amount of energy in AH-MAC.

(4) The ACK support in AH-MAC enhances the network
throughput, so a larger number of packets are received
by the sink.

(5) AH-MAC successfully minimizes energy consump-
tion of the nodes at the cost of increasing the energy
consumption of CHs. This strategy results in longer
network lifetime.

Regarding the performance evaluation of AH-MAC
against IEEE 802.15.4, it is expected that AH-MAC can out-
perform IEEE 802.15.4. Two reasons lead to this assumption.
Firstly, the length of the active period in IEEE 802.15.4
is much longer than the AH-MAC which is restricted to
one slot. This saves considerable amount of cluster head’s
energy. Secondly, the nodes in IEEE 802.15.4 should wake up
periodically to keep the synchronization with their parents
while the node in AH-MAC wakes up only when new data is
available and prior to the beacon of its parent to reduce idle
energy.
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Figure 7: Effect of frame length on AH-MAC performance (all
graphs are normalized to the point where the frame length = 1.0 Sec).

The author in [48] estimated the energy consumption of
the nodes in IEEE 802.15.4 environment. A mesh topology
of 26 nodes is used with different packet size payload. The
minimum energy consumption reported in his work was
1.1 Joule (20 bytes payload) for a 300 Sec simulation time
while the node in AH-MAC requires 0.25 Joule for one-
hour simulation. This elemental comparison highlights the
performance improvement of AH-MAC protocol over the
standard.

5.3. Impact of Frame Length on AH-MAC Performance. The
frame length parameter in AH-MAC is variable and adjusted
depending on the traffic load and cluster size. Figure 7
shows the effect of varying frame length on two performance
metrics: energy consumption and the total number of packets
received by the sink. All graphs are normalized to simplify the
performance analysis. The reference values are chosen at the
point where the frame length is set to 1 Sec. For example, the
normalized value of the total energy (𝐸𝑡 norm) is computed
using (4), and all other normalized metrics are computed
with similar manner.

𝐸𝑡 norm (𝑥) = 𝐸𝑡 (𝑥)𝐸𝑡 (1) 𝑥 = frame length. (4)

Figure 7 shows that doubling the beacon rate increments
cluster head energy consumption to 173% of its reference
value. However, this increment is partially compensated by
the reduction of node’s energy to 83%. As a result of this, the
total energy is increased to 165%.

Short frame allows the CH to send more beacons which
result in more slots being available for the followers to
upload their data, decrease collisions (higher throughput),
and increase power consumption. Moreover, the scanning
period of the nodes is reduced which results in lower energy
consumption and longer lifetimes.Themain drawback of the
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Table 6: AH-MAC performance (packet rate = 0.2 pkt/min, frame
length = 2 Sec).

Normal mode Sniff mode
Energy (J) Power (𝜇W) Energy (J) Power (𝜇W)

CH 14.71 4090 1.65 458
Node 0.21 58 0.04 11

short frame is the increased cost of the harvesting circuit
due to the need for a higher storage capacity with sufficient
amount of harvested energy.

On the other hand, setting the beacon rate to 0.5 packet/
sec will reduce CH’s energy consumption to 52% at the cost of
increasing the node’s energy to 140%. This reduction of CH’s
energy will result in simpler harvesting circuit at the cost of
shorter network lifetime. A compromise is required between
energy harvesting cost and the network’s lifetime.

5.4. AH-MAC Performance in Low-Rate Applications. The
motivation behind AH-MAC is to design an energy-efficient
MAC protocol for low-rate monitoring systems such as
environmentalmonitoring. In such an application, each node
generates one packet every five minutes.The duty cycle of the
nodes is about 0.3%.The frame length can be adjusted to 2 Sec
to reduce the cost of harvesting circuit. Taking advantage of
the sniff mode, the idle energy can be reduced dramatically.
Table 6 shows the performance of the network under these
stipulated conditions.

In Table 6, 14.71 Joule represents the average energy
consumption of cluster head during one-hour simulation.
This is equivalent to the CH average power of 4090 𝜇W.
Multiplying 14.71 Joule by 24 hours results in 350 Joule/day
which is the energy required for one-day operation. A simple
solar panel with a supercapacitor of 500 Joulewill be sufficient
for the cluster head to operate continuously several days
without needing to be replenished.

The results show that the energy consumption of normal
node is very low.Thismeans it can last for several years before
battery replacement is needed. However, CH consumes
much higher energy and energy harvesting is necessary for
perpetual operation.

6. Conclusions

This work proposed an energy-efficient hierarchical MAC
protocol (AH-MAC) for low-rate wireless sensor network
applications. The protocol supposes that the cluster heads
are supported by energy harvesting source for perpetual
operations while the rest of the nodes are battery-operated.
The cluster head operates in beacon mode and supports
intercluster communication. A robust and energy-efficient
algorithm is proposed to either join the network or recover
the synchronization with lost parent. The resulting network
has many features such as longevity, self-configurability,
scalability, and fault tolerance.

Comparing the performance of AH-MAC with well-
known LEACH protocol shows great improvement to the

AH-MAC in many aspects such as energy consumption,
throughput, load balancing, cross-layer optimization, and
network overhead traffic.

The performance evaluation of AH-MAC in low-rate
applications shows that a harvesting circuit that accumulates
350 Joule per day is sufficient for perpetual operation.Normal
nodes consume very low energy and this means it can last for
several years when two AAA batteries are used.
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This paper presents a 5V-to-3.3 V linear regulator circuit, which uses 3.3 V CMOS transistors to replace the 5V CMOS transistors.
Thus, the complexity of the manufacturing semiconductor process can be improved.The proposed linear regulator is implemented
by cascode architecture, which requires three different reference voltages as the bias voltages of its circuit. Thus, the three-output
temperature-independent reference voltage circuit is proposed, which provides three accurate reference voltages simultaneously.
The three-output temperature-independent reference voltages also can be used in other circuits of the chip. By using the proposed
temperature-independent reference voltages, the proposed linear regulator can provide an accurate output voltage, and it is suitable
for low cost, small size, and highly integrated system-on-chip (SoC) applications. Moreover, the proposed linear regulator uses
the cascode technique, which improves both the gain performance and the isolation performance. Therefore, the proposed linear
regulator has a good performance in reference voltage to output voltage isolation.The voltage variation of the linear regulator is less
than 2.153% in the temperature range of −40∘C–120∘C, and the power supply rejection ratio (PSRR) is less than −42.8 dB at 60Hz.
The regulator can support 0∼200mA output current. The core area is less than 0.16mm2.

1. Introduction

Over the last few years, theminiature sensor, themedical elec-
tronic, and the portable electronic products are increasingly
popular [1–3]. In order to make these products easy to use,
easy to carry, and easy to promote, the demands of these prod-
ucts are small size, low cost, low power, and integrated several
functions on a chip. Therefore, reducing the size and cost of
these products is an important research direction. The tradi-
tional miniature sensor and medical electronic and portable
electronic products utilize the external linear regulator to
convert the input voltage to the required voltage. And the
external linear regulator usually has large size and high cost,
which do not meet the requirements of the miniature sensor
and medical electronic and portable electronic products.
Based on these reasons, on-chip linear regulator is required
to meet the low cost and small size requirement.

In most of CMOS process, in order to reduce the com-
plexity and the cost of themanufacturing semiconductor pro-
cess, manufacturers do not provide high voltage transistor.
For example, a typical 0.18 𝜇m CMOS process usually does

not provide 5V transistor. Thus, a 5V-to-3.3 V linear regula-
tor circuit, which uses the 3.3 V CMOS transistors to replace
the 5VCMOS transistors, is important, because it can reduce
the cost and the size of products effectively.

Moreover, the miniature sensor and the medical elec-
tronic products usually need accurate reference voltages and
supply voltages to improve the accuracy of the miniature
sensors andmedical electronics. A complex electronic system
usually needs many different reference voltages to support
the requirements of the different circuits on a chip. Those
reference voltages need to have a good characteristic to cover
temperature variation.

According to the above concepts, a full on-chip 5V-
to-3.3 V CMOS linear regulator [4] with three-output
temperature-independent reference voltages has been pro-
posed in this paper, which can achieve the requirements of
high accuracy, small size, low cost, low power, stable output
voltage, and three-output temperature-independent accurate
reference voltages.Thus, it is suitable for theminiature sensor
and medical electronic and portable electronic applications.
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Figure 1: The conventional linear regulator.

2. Proposed Circuit

A linear regulator typically consists of several parts [5–8]: an
error amplifier circuit, a temperature-independent reference
circuit [9], a feedback resistance network [10, 11], pass tran-
sistors, and output capacitors [12]. The error amplifier circuit
and temperature-independent reference circuit are the most
important components of linear regulator, which are dis-
cussed below.

2.1. Error Amplifier Circuit. Theerror amplifier circuit usually
dominates the performance of linear regulator [13, 14], espe-
cially for the gain of error amplifier, which can influence the
performances of line regulation, load regulation, and power
supply rejection ratio (PSRR). However, the characteristics
of error amplifier usually make trade-off between gain and
current consumption. Therefore, how to design an error
amplifier with both high gain and low current consumption is
important.

The conventional linear regulator is shown in Figure 1.
The gain of error amplifier in a typical regulator can be
approximately calculated by

𝐴 typical = 2 × gm1a × 𝑅1a × gm2a × 𝑅2a, (1)

where gm1a is the transconductance of transistors M1 and
M2 and gm2a is the transconductance of transistors M5 and
M6, and those stages are common-source topology. 𝑅1a is the
output resistance of devices M3 andM4, and 𝑅2a is the output
resistances of devices M7 andM8. However, the conventional
5 V-to-3.3 V linear regulator in Figure 1 cannot be imple-
mented by using the 3.3 V transistors.Moreover, (1) shows the
gain of the error amplifier in Figure 1. It shows that if we
want to increase the gain of the error amplifier, increase of
the transconductance of gm1a and gm2a is inevitable, and it
requires more quiescent current.

Figure 2 shows the proposed linear regulator, which uses
the cascode technique in the design.The drop of input voltage
is dispersed by the cascode transistors. Thus, the proposed
circuit can use the 3.3 V CMOS transistors to replace the 5V
CMOS transistors. In this case, the gain of error amplifier in
the proposed regulator can be approximately calculated by

𝐴proposed error amplifier

= 2 × gm1b × 𝑅1b × gm2,cascode stage × 𝑅2,cascode stage, (2)

gm2,cascode stage

≈ gm15ro15 [ro17 (gm17 + gmb17) + 1]
ro15ro17 (gm17 + gmb17) + ro15 + ro17
= gm16ro16 [ro18 (gm18 + gmb18) + 1]
ro16ro18 (gm18 + gmb18) + ro16 + ro18 ,

(3)

𝑅2,cascode stage ≈ (gm19 + gmb19) (ro19ro21)
= (gm20 + gmb20) (ro20ro22) , (4)

where gm1b is the transconductance of transistors M11 and
M12 and gm2,cascode stage is the transconductance of cascode
transistors M15, M16, M17, and M18. This stage provides large
transconductance and high input-output isolation. 𝑅1b is the
output resistance of transistors M13 and M14. 𝑅2,cascode stage is
the output resistance, which is composed of devicesM19,M20,
M21, and M22. This stage is also a cascode stage, which pro-
vides high impedance for output load. To compare (1) and (2),
the proposed linear regulator increases the gain for the error
amplifier without increasing current dissipation. In other
words, compared with the conventional topology, the pro-
posed error amplifier can achieve the same gain with less cur-
rent. Moreover, the common-gate stage circuit (M17 and M18
in Figure 2) also improves the reverse isolation performance
between output voltage and reference voltage.Thus, nomatter
whether the output load has changed or not, the input refer-
ence voltage will not be disturbed. And the reference voltages
also can be used for other circuits on the chip, simultaneously.

2.2. Multioutputs Temperature-Independent Reference Circuit.
The temperature-independent reference circuit is perhaps the
most important component in the mixed-signal integration
chip. It provides the accurate reference voltage for many
blocks in the chip. Moreover, it determines the accuracy of
the measured signals.

In Figure 2, the proposed linear regulator needs three
accurate reference voltages (𝑉ref 0.8, 𝑉ref 1.7, and 𝑉ref 3.3),
simultaneously. The conventional temperature-independent
reference circuit uses the operation amplifier to achieve
conversion between different reference voltages. However,
these additional operation amplifiers not only consume the
power but also increase the chip area. Figure 3(a) shows the
conventional temperature-independent reference circuit, and
Figure 3(b) shows the conventionalmethod of the conversion
between different reference voltages.

Figure 4 shows the proposed temperature-independent
reference circuit, which is also implemented by cascode
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Figure 3: The conventional temperature-independent reference circuit and reference voltage conversion circuit.

architecture. Therefore, it can use the 3.3 V CMOS transistor
to replace the 5V CMOS transistor. The cascode architecture
also provides a stable current source to resistance and BJT.

The conventional temperature-independent reference
circuit adds negative temperature coefficient and positive
temperature coefficient with proper weighting to get a zero
temperature coefficient. However, the proposed reference
voltages conversion circuit uses different technique. In Fig-
ure 4, the first temperature-independent reference voltage,𝑉ref 1.7, is generated by the above technique, the second

temperature-independent reference voltage,𝑉ref 0.8, is gener-
ated by𝑉ref 1.7-𝑉gsMn1, and the third temperature-independent
reference voltage, 𝑉ref 3.3, is generated by 𝑉ref 1.7-𝑉gsMp1.

In otherwords, the proposed reference voltage conversion
technique is implemented by the NMOS gate-source voltage
drop and PMOS gate-source voltage rise. Furthermore, the
proposed reference voltage can get accurate reference voltages
by adjusting 𝑅2 and 𝑅3. According to the above technology,
the three-output temperature-independent reference voltages
circuit is proposed, which provides three accurate reference
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voltages simultaneously.The three-output temperature-inde-
pendent reference voltages also can be used in other circuits
of the chip. Compared to standard voltages conversion cir-
cuit, shown in Figure 3(b), the proposed voltages conversion
circuit is implemented without additional operation ampli-
fiers, which reduce the power consumption and the chip area.
So, it is suitable for low cost, low power, small size, and highly
integrated system-on-chip (SoC) applications.

3. Measurement and Simulation Results

The linear regulator and three-output temperature-inde-
pendent reference voltages circuit is designed with a TSMC
0.18 𝜇m CMOS process with 5V supply voltage.

Figure 5 shows themeasurement results of output voltage,
which is operated in the range of environmental temperature
between −40∘C and 120∘C. The output voltage variation of
proposed linear regulator is less than 2.153%. It verifies that
the relationship of output voltage and environmental temper-
ature is very small.

In general, the settling time is an important specification
of linear regulator. It is the time required for an output to
reach stability when the load is changed. Thus, we measure
the dynamic voltage change and current change responses
from light load to heavy load as shown in Figure 6 and from
heavy load to light load as shown in Figure 7. Figures 6 and 7
also show that the settling time of the proposed linear regu-
lator is less than 50 ns. Figure 8 shows the PSRR measured
results of the proposed linear regulator at 60Hz. In this
experiment, the input noise frequency was fixed at 60Hz,
and the measurements were made at the output port (𝑉𝑜).
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Figure 5: The relationship of the output voltages and the environ-
mental temperatures.
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Figure 6:The experimental results of dynamic response, the output
voltage 𝑉𝑜, and the output current from 200 to 0mA (horizontal
scale: 100 ns/div; vertical scale: 500mV/div and 200mA/div).
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voltage 𝑉𝑜, and the output current from 0 to 200mA (horizontal
scale: 100 ns/div; vertical scale: 500mV/div and 200mA/div).
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Figure 8: The PSRR of the proposed linear regulator, the input
voltage 𝑉DD, and output voltage 𝑉𝑜. (horizontal scale: 10ms/div;
vertical scale: 1000 and 20mV/div, from top to bottom).

The input noise amplitude is AC 1V at input port (𝑉DD).
It verifies the PSRR performance of the proposed linear
regulator is 42.85 dB at 60Hz, which can prove against of AC
(household power) noise rejection. Figure 9 shows the PSRR
performance at difference input noise frequencies. They
verify the proposed linear regulator has good PSRR perfor-
mance. Figure 10 shows the simulation results of three-output
temperature-independent reference voltages. Because we did
not put measured points for these three-output temperature-
independent reference voltages during the chip design, in
here, we only show the simulation results of the proposed
three-output temperature-independent reference voltages.
It is verified that the proposed circuit can provide three
temperature-independent reference voltages simultaneously.
When the temperature changes between −40∘C and 120∘C,
the amount of 3.3 V, 1.7 V, and 0.8V reference voltages range
is less than 0.424%, 1.462%, and 1.219%, respectively.

The chip micrograph of the proposed linear regulator is
shown in Figure 11. The total area is 0.38 × 0.42mm2. A sum-
mary of the proposed linear regulator’s characteristics is given
in Table 1. Finally, we compare the proposed linear regulator
with the other existing linear regulators in Table 2, which
demonstrates that the proposed linear regulator has larger
output current, smaller load regulation, faster settling time,
and smaller chip area than the other linear regulators. More-
over, the reference voltages and bias circuit usually were not
discussed in the other existing linear regulator papers. This
paper discusses reference voltage circuit and linear regulator
circuit together, whichmakes the high integrity of the circuit.
In addition, the proposed circuit also has accurate output
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Table 1: The specifications of proposed linear regulator.

5 V–3.3 V liner voltage regulator
Technology TSMC 0.18 𝜇m CMOS
Supply voltage (V) 5
Output voltage (V) 3.3
Maximum output current (mA) 200
Temperature range (∘C) −40∼120
Temperature dependence (ppm/∘C) 284
Quiescent current (𝜇A) 247.6
Settling time (ns) 50
PSRR (dB) −42.85@60Hz
Chip size:𝑊 (mm) × 𝐿 (mm) = mm2 0.38 × 0.42 = 0.16

voltage in different environmental temperatures, and it also
can provide three temperature-independent reference volt-
ages simultaneously, which can improve the accuracy of the
miniature sensors and the medical electronics products.
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Table 2: The comparison of the proposed linear regulator to other existing linear regulators.

Specifications 2007 [4]
TCS-I

2010 [6]
TCS-II

1998 [7]
JSSC

2010 [10]
Microelectronics This work

Process 0.35 𝜇m
CMOS

0.5 𝜇m
CMOS

2 𝜇m
CMOS

0.35 𝜇m
CMOS

0.18 𝜇m
CMOS

Supply voltage (V) 3 4.2 1 1.8 5

Quiescent current (𝜇A) 65 (without
reference
circuit)

50 (without
reference
circuit)

23 (without
reference
circuit)

492 (without
reference circuit)

247.6 (with
reference
circuit)

Load regulation (mV/mA) NA 1.2 0.4 0.013 0.4

PSRR (dB) −53
(1 KHz) N/A NA NA −42.85

(60Hz)
Settling time 15 us 4 us 70 us 50 ns 50 ns
Maximum output current (mA) 50 100 50 180 200
Chip size (mm2) 0.12 0.263 1.375 0.205 0.16

Figure 11: The chip microphotograph of the proposed linear
regulator.

4. Conclusions

The proposed linear regulator utilizes the cascode technique
to improve the gain and to achieve high line regulation,
load regulation, and power supply noise rejection ratio. The
proposed circuit uses the 3.3 V CMOS transistors to replace
the 5V CMOS transistors.Thus, the complexity of the manu-
facturing semiconductor process can be improved.Moreover,
the proposed linear regulator can significantly raise the accu-
racy of the signals. Hence, it is suitable for highly integrated
products such as the miniature sensor and the medical
electronic and the portable electronic products.

Competing Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The author would like to thank the National Science Council
and the Chip Implementation Center of Taiwan for the

project support, chip implementation, and chip measure-
ment.

References

[1] D.-S. Kim, S.-J. Jang, and T.-H. Hwang, “A fully integrated
sensor SoC with digital calibration hardware and wireless
transceiver at 2.4GHz,” Sensors, vol. 13, no. 5, pp. 6775–6792,
2013.

[2] D. Liu, R. Wang, K. Yao, X. Zou, and L. Guo, “Design and
implementation of a RF powering circuit for RFID tags or other
batteryless embedded devices,” Sensors Journal, vol. 14, no. 8, pp.
14839–14857, 2014.

[3] W.-Y. Chang, C.-C. Huang, C.-C. Chen, C.-C. Chang, and C.-
L. Yang, “Design of a novel flexible capacitive sensing mattress
for monitoring sleeping respiratory,” Sensors, vol. 14, no. 11, pp.
22021–22038, 2014.

[4] R. J. Milliken, J. Silva-Mart́ınez, and E. Sánchez-Sinencio, “Full
on-chip CMOS low-dropout voltage regulator,” IEEE Transac-
tions on Circuits and Systems I: Regular Papers, vol. 54, no. 9, pp.
1879–1890, 2007.

[5] G. W. den Besten and B. Nauta, “Embedded 5V-to-3.3V voltage
regulator for supplying digital ICs in 3.3V CMOS technology,”
in Proceedings of the 23rd European Solid-State Circuits Confer-
ence (ESSCIRC ’97), pp. 52–55, September 1997.

[6] A. Garimella, M. W. Rashid, and P. M. Furth, “Reverse nested
miller compensation using current buffers in a three-stage
LDO,” IEEE Transactions on Circuits and Systems II: Express
Briefs, vol. 57, no. 4, pp. 250–254, 2010.

[7] G. A. Rincon-Mora and P. E. Allen, “A low-voltage, low
quiescent current, low drop-out regulator,” IEEE Journal of
Solid-State Circuits, vol. 33, no. 1, pp. 36–44, 1998.

[8] Z. Du, X.-S. Mei, and M.-X. Xu, “Modelling and analysis of a
new piezoelectric dynamic balance regulator,” Sensors, vol. 12,
no. 11, pp. 14671–14691, 2012.

[9] Y.-H. Lam and W.-H. Ki, “CMOS bandgap references with
self-biased symmetrically matched current-voltage mirror and
extension of sub-1-V design,” IEEE Transactions on Very Large
Scale Integration (VLSI) Systems, vol. 18, no. 6, pp. 857–865, 2010.

[10] J.-J. Chen, B.-H. Hwang, and Y.-S. Hwang, “A dual-loop shunt
regulator using current-sensing feedback techniques,” Micro-
electronics Journal, vol. 41, no. 12, pp. 840–844, 2010.



Journal of Sensors 7

[11] J.-J. Chen, M.-S. Lin, C.-M. Kung, and Y.-S. Hwang, “Low-
quiescent-current fast-response current-feedback shunt regu-
lator,” in Proceedings of the IEEE Asia Pacific Conference on
Circuits and Systems (APCCAS ’08), pp. 530–533,Macao, China,
December 2008.

[12] J.-J. Chen, M.-S. Lin, H.-C. Lin, and Y.-S. Hwang, “Sub-1V
capacitor-free low-power-consumption LDO with digital con-
trolled loop,” in Proceedings of the IEEE Asia Pacific Conference
on Circuits and Systems (APCCAS ’08), pp. 526–529, Macao,
China, December 2008.

[13] K. N. Leung and P. K. T. Mok, “A capacitor-free CMOS low-
dropout regulatorwith damping-factor-control frequency com-
pensation,” IEEE Journal of Solid-State Circuits, vol. 38, no. 10,
pp. 1691–1702, 2003.

[14] W.Oh andB. Bakkaloglu, “ACMOS low-dropout regulator with
current-mode feedback buffer amplifier,” IEEE Transactions on
Circuits and Systems II: Express Briefs, vol. 54, no. 10, pp. 922–
926, 2007.


