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Abstract: - Wireless sensor networks (WSNs) are a developing area in the modern health-care service industry.
Traditional circuit layout rules generally cannot be used for the stringent requirements of such systems due to
unstable signals and non-ideal conditions. We propose and have implemented a hardware platform to eliminate
the poor layout rules. During the design phase, our proposed design procedure can help analyze the signal
propagation conditions of the printed circuit board (PCB) design by simulating board-level signal integrity.
Moreover, this procedure leads to better layout rule parameters. A designer can effectively build a reliable
hardware platform for the design of microcontroller unit schematics with superior system performance using
our proposed layout rules. Such layout technologies are the major goal of original design manufacturers in their
overall PCB designs. Moreover, since the PCB serpentine antenna has the advantages of low cost, light weight,
simple construction, and easy integration, we used formulas and simulation software tools to analyze its
characteristics and then constructed a prototype with better performance for IEEE 802.15.4 wireless antenna
applications. Our experiments showed that the transmission distance can be greater than 18 m without any loss
of data over a WSN when using this antenna.

Key-Words: - Wireless sensor network, ZigBee, IEEE 802.15.4, Signal integrity, Layout rules, Serpentine
antenna.

1 Introduction A meander line antenna is often referred to as a
serpentine antenna due to its shape [11][12].
Because the antenna is built on a PCB substrate, it
has the advantages of low profile, light weight,
simple construction, and easy integration with other
circuit components. Therefore, a serpentine antenna
was used in this study, not only to reduce the
manufacturing cost, but also to decrease the required
layout space. A serpentine antenna for the ZigBee
2.45-GHz specification can be designed and
implemented according to published equations

Increasing numbers of studies concerning telecare
services and wireless home-care systems have been
reported in recent years. Some of these have
concentrated on hardware design, including
improving the human interface of wireless sensor
devices, detecting wireless sensor signals without
errors, and increasing signal detection ranges [1].
Some studies have focused on integrating the
hardware and communication interface so that

physiological information received from different : -
types of medical instruments is transmitted and [OI[11][13][14][15][16]. Our earlier paper discussed

integrated into the same database for analysis and the high-reliability wireless sensor network platform
display [2][3]. Other studies have focused on the with a serpentine antenna design [17].

design of the communication network structure to The remainder of this paper is organized as follows.
improve the acquisition and transmission framework Section 2 describes the background and related
so that it is more suitable to physiological signals work. Section 3 describes the system structure.
[4][5]. Other studies have concentrated on the Secqon 4 presents our results. and discussions, and
development of a physiological signal measurement Section 5 presents our conclusions.

tool so that patients can participate in all hospital
activities without any limitation while their 2 Background and related work

physiological information is recorded in real time WSNs represent a development area in the health-
[6]. care service industry. The physiological signals of
Although some studies related to wireless sensor temperature, blood pressure, electrocardiogram,
network (WSN) applications have taken place, there heart rate, and oxygen saturation (SpO,) of patients
has been little attention to building turnkey are measured by sensor devices and transmitted to
hardware platforms for these applications. IEEE WSN systems [2][3][18]. In this research, we used
802.15.4 contains two layers: the physical layer and the ZigBee wireless standard based on IEEE
the media access control layer [7][8]. Highly 802.15.4 [19]; this is a wireless personal area
reliable hardware platforms are critical in network (WPAN) with low power consumption that
determining whether a system will be stable and is able to address many devices. We also used a
work well. Low interference noise and enhanced microcontroller unit (MCU) with a low power
signal integrity are essential characteristics of consumption [20].

printed circuit board (PCB) design for high- There are two important considerations in the design
reliability platforms [9][10]. Therefore, we propose of a digital system. The first is high-speed data
a development procedure for producing high- transmission and the second is small PCB size.
reliability platforms for WSN applications. Narrow PCB traces are not ideal for high-speed data

because of the coupling noise that occurs among
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them [9][10]. When a high-speed signal is
transmitted on a PCB trace, it causes obvious
changes at the receiver input. For most electronic
products, signal integrity effects begin to be
important at clock frequencies above about 100
MHz, called the high-speed effect [9]. An engineer
without experience in high-speed digital system
design will produce an unstable system by following
only traditional design guidelines. We studied some
approaches to high-speed digital system design, and
propose a procedure to design high-speed digital
hardware platforms. Our proposed procedure
provides an analysis method using signal integrality
simulation software and helps an engineer produce a
better PCB design solution during circuit design.
This is the main goal in PCB layout technologies for
original design manufacturers (ODMs).

We first propose the high-reliability hardware
platform design procedure shown in Procedure
High-reliability Schematics Design(), which is
unlike the procedure for the traditional design
shown in Procedure Traditional Schematics
Design(). The electronics engineer must pay
attention to the signal integrity of the high-speed
signal and the ZigBee portions of the system in the
circuit design.

Procedure High-reliability Schematics Design()
1 Arrange specifications
2 Build the PCB stack design
3 Do {Build and Make
simulation}
4 While (Result has not met specifications)
5 Generate the layout rules

the integrity

Procedure Traditional Schematics Design()

1 Loop:
2 Build the PCB layout and then Make
hardware

3 Check system verification

4 If (Hardware has not met specifications)
5 Then Debug the hardware

6 Goto loop

7  Else (Prepare mass production)

This sequence of modification, simulation, and
checking continues until all the specifications are
met as shown in our proposed procedure. Using
such a procedure to design hardware greatly reduces
the system development time and controls the
system reliability effectively. Since the traditional
design process has no simulation stage for checking
to see if the design meets the specifications, it
requires more time to achieve an acceptable design.
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Therefore, the proposed method can reduce the
development cost and time required to create PCBs.

2.1 Circuit design and hardware specifications

A two-layer PCB structure was used in our stack
design. Figure 1 shows the major parameters: FR4 ¢,
= 4.3 [9], copper thickness = 7 mil, and dielectric
thickness = 40 mil. The characteristic impedance of
the microstrip and the propagation delay time
[9][10][14][15] are.

7 87 « In 5.98h )
" e, +1AL 08w M
t,, =1017,/0.475¢ +0.67 @)

where Z, is the characteristic impedance of the
microstrip (€2), 4 is the thickness of the microstrip
substrate (in), t,; is the propagation delay time
(ps/in), w is the width of the microstrip (in), t is the
thickness of the microstrip (in), and &, is the
effective relative dielectric constant of the material.
The tolerable range of the trace width and length
can be obtained from this characteristic impedance

formula.
W

‘ Microstrip

FR4 h

Copper layer t

Figure 1. Example of a two-layer PCB stack
structure

2.2 Serpentine antenna design rule

Figure 2(b) shows a serpentine antenna, which is
essentially a serpentine-shaped version of the line
antenna [12] shown in Fig. 2(a). Since the antenna is
manufactured on a PCB substrate, it has the
advantages of low profile, light weight, and easy
construction. It is also easily integrated with other
circuit components. A PCB line antenna is too long
for many modern applications that require a small
size. A serpentine antenna was used in this study to
reduce both the manufacturing cost and layout space.

() (b)
Figure 2. Structure of a (a) line antenna and (b)
serpentine antenna
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A PCB was used as the serpentine antenna part of
our hardware platform. The actual size of the
serpentine antenna and the ZigBee chip was 13 x
8.5 x 1.0 mm”. Figure 3(a) shows the structure of a
complete serpentine antenna, where w is the antenna
width, / is the antenna length, a is the width of a
short-terminated segment, and b is the diameter of
the line segment. Figure 3(b) shows the
configuration of a short-terminated segment, one of
the basic components of the serpentine antenna. In
the conceptual design, the four short-terminated
segments and one straight conductor shown in
Figure 3(c) are combined into one complete
serpentine antenna, as shown in Figure 3(a). In the
actual PCB design, the straight conductor is not
visible in the serpentine antenna. One short-
terminated segment and its equivalent inductor are
shown in Figure 3(d).

|
I
|
|
l A
|
|

b T, b
(a) (b)
" ("]
Short-terminated Straight Short-terminated Inductor
conductor
(c) (d)

Figure 3. Structure of the PCB serpentine antenna:
(a) complete serpentine antenna, (b) one short-
terminated segment, (c) four short-terminated
segments and one straight conductor to be combined
into one serpentine antenna, and (d) one short-
terminated segment and its equivalent inductor

There are four short-terminated segments and one
straight conductor in the serpentine antenna design.
If Z. is the essential impendence, then the
characteristic impendence Z, of one short-
terminated segment can be expressed as [14][15]
z,=% 3)
V4

We assume that each short-terminated segment is
the equivalent of one inductor effect, as shown in
Figure 3(d) [13], since they are all the same type of
trace. If the short-terminated segment is lossless, the
input impendence Z;, will be pure reactance jx,

log—
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Z =X =jZ tan ﬂ% (4)

where  is the phase constant.
Moreover, when the length of one short-terminated
segment is about half the width of the antenna, as
shown in Fig. 10(b), i.e., w/2, then tan (w/2) can
be simplified as
w w 1 wY
tanﬂz ﬂ2+3(ﬂ2j &)

since its reactance is too small to ignore. This
serpentine antenna can be a single conductor as
shown in Fig. 10(d), when its length is less than 1/4
of the wavelength [21]. If Lm is the inductance of
all short-terminated segments, then j L, can be
obtained from Egs. (3) and (4) as follows:

: . w 1 wY’

joL =NxZ, ]NZO|:ﬂ2+3[ﬂ2j } 6)
Let x4 be the permeability and & be the permittivity
[14]. Then, substituting Eq. (3) into Eq. (6), L,, can
be re-written as

_NZpwl L)y 2al 1wy
L, == {1+3(ﬂ2j}—ﬁf\’zlogb{“iﬂzj}(ﬂ

Moreover, let L; be the self-inductance of a straight
inductor of length /, expressed as

L :fl{log(4é]—l} (8)

Also, let L, be the total inductance of the serpentine
antenna, expressed as

L=L+L, =%{l[log(4éj—l}+Nwlog%{l+%(ﬁ%}f}}(9)

Here, we discuss the relationship between the
parameters and the inductance. Let L, be the self-
inductance of the line antenna, as shown in Fig. 9(a),
with the 1/4 wavelength,

L, =§%{log(§}—l}
1= C
"

Let A be the wavelength of the resonance frequency
(m), ¢ be the speed of light (3x10°* m/s), and / be the
resonance frequency (Hz) [9]. Since the idea of
replacing the line antenna with the serpentine
antenna is to reduce the size while keeping the same
resonance frequency, the inductance of the two
antennas should be the same. The total inductance
of the serpentine antenna L, is equal to the self-

inductance L, of the line antenna,
L=L,

(10)

where

(11
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By substituting Egs. (9) and (10) into Eq. (11), the
number of short-terminated segments N can be
obtained from

i)l
=

From Eq. (5), the progression can be simplified to
only the first progression, as shown in Eq. (13),
when w < ( /2). Therefore, if the width, length,
diameter, and the interval of the antenna are known,
the number of short-terminated segments is

[l [

wlogg
b

N =

(12)

N= (13)

Let the actual size of the primitive PCB serpentine
antenna be 13 x 8.5 x 1.0 mm. The PCB serpentine
antenna for the ZigBee platform can be designed
and implemented according to Eq. (13) [13]-[15].
Therefore, there are four short-terminated segments
in this primitive PCB antenna design.

3 System structure

In this study, we use the ZigBee wireless standard
based on IEEE 802.15.4 and the ZigBee Alliance
[19], which define the specifications of the network,
application, and security layers. ZigBee technology
has the slogan, “Wireless control that simply works”
[22]. Tt includes a network and application layer
architecture designed for low-power usage with a
long battery life (months to years on a single set of
batteries), a standardized protocol designed to allow
interoperability between vendors, reliability in harsh
environments, cost-effectiveness, and wireless
connectivity [23][24]. It provides two operational
bands divided into several channels, and a data rate

----- CMD-———»
Coordinator <1

Coordinator

Wireless R5-232

- ACK-—- =
(&) :
(€] .

Chiu-Ching Tuan, Hung-Li Tseng,
Yuan-Jen Chang, Chin-Hsing Chen,
H.-D. J. Jeong, Wen-Tzeng Huang

channel for monitoring and control purposes. It also
supports large networks in mesh, tree, and star
configurations. There are just two types of
components in this ZigBee application: the personal
area network coordinator (simply referred to the as
the “coordinator”) and the devices. The coordinator
is in charge of constructing the WPAN network and
allocating the network addresses. The device can
only choose and join a network that others have
already formed, and then transmit its data.

3.1 Hardware architecture design

The major system structure of our proposed WSN
system is divided into devices and coordinators, as
shown in Figure 4. The SpO, sensor is used here to
provide the system with the bio-information it
obtains from the person being tested. The
coordinator receives the bio-information packages
from the sensor devices and transmits them to the
gateway, whose function is to connect two
heterogeneous networks. The protocol used between
the coordinator and the devices will be discussed
later.

3.2 MCU and ZigBee design structure

Figure 5 shows the structure of the MCU, which has
serial peripheral interface (SPI) and universal
asynchronous receiver transmitter (UART) modules,
and ZigBee. Each device includes the signal
processing circuits [20], a ZigBee transceiver [20],
and an SpO, sensor. The signal processing circuits
contain a processing unit with some interfaces. The
ZigBee transceiver receives remote signals or
transmits the data obtained from various sensors to
remote mobile phones or computers. The bio-
information sensor is used to measure the
physiological signals from patients. There are two
major components: the ZigBee transceiver chip and
the PCB serpentine antenna.

+ §
Rl SpO, Sensor 1
-"‘,"7_"' Device 1
L SpO, Sensor 2
Device 2
: + i
SpO, Sensor n
Device n

Figure 4. Our proposed system structure

E-ISSN: 2224-266X

186

Issue 6, Volume 11, June 2012



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

Development Board
Wireless Link

A

SPI

SPI Module |- >

MCU
MSP430

UART Module

1 RS-232

PCB
Serpentine
Antenna

ZigBee
Chip
UZ2400

H‘,

SpO, Sensor

Figure 5. Block diagram of our proposed sensor
hardware platform

3.3 Circuit design and hardware specifications

The design procedure of the WSN hardware
platform followed our proposed approach. The
Interrupt, SO, SI, SCLK, and SEN signal lines
between the MCU (MSP430) and the ZigBee
transceiver (UZ2400) are shown in Figure 6
according to specifications for constructing our
system schematics [20][25]. The physical size of the
PCB was 50 x 50 mm’. All chips worked at a
voltage within the accepted range of tolerances
according to the specifications. If the voltage of a
signal were higher than the specifications, the chip
would be unstable and render the system unstable.
The system power source was VDD = 3.3 V and the
system ground was VSS = 0 V. Table 1 shows the
output high and low working voltages of the
MSP430 [20], and Table 2 shows the accepted
working range between the high and low voltages of
the UZ2400 [25]. Most of the signals in this design

are output by the MCU and input to the ZigBee chip.

The output high- and low-level voltages of the
MSP430 are referred to as VOH and VOL,
respectively [20], and the input high- and low-level

voltages of the UZ2400 are VIH and VIL,
respectively [25].
PCB
Interrupt
SO
>0 6;2}31?:0 — lv]:/ls?iso
mm
SCLK
SEN
50 mm
Figure 6. Partial schematic of communications
between MSP430 and UZ2400 [20] [25]
Table 1. MSP430 output working voltage [20]
Description Min. |Max. |Units
VOH | output high voltage | 3.05 | 3.3 | V
VOL | output low voltage 0 |025| V
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Table 2. UZ2400 input working voltage [25]

Description Min. | Max. | Units
VIH input high voltage |1.65| 3.6 | V
VIL input low voltage |-0.3]0.66| V

4 Results and discussion

4.1 PCB signal integrity simulation and analysis
After obtaining all the necessary requirements of the
PCB parameters, the simulation parameters listed in
Table 3 were used in the simulation software.

The simulation gives the layout rules, and the
workable width and length of the signal traces to
meet the specification requirements. The rising and
falling ZigBee wave affected by the MCU can be
obtained from these layout rules. Figure 7 shows the
signal integrity variations for a trace width of 10 mil.
The various ZigBee VIH and VIL values are
dominated by the VOH and VOL of the MCU under
seven trace lengths of 0.2, 0.5, 1.0, 1.5, 1.6, 1.7, and
1.8 in. Figures 7(a) and 8(b) show the simulated
results of VIH rising waves for VOH = 3.3 V and
VOH = 3.05 V, respectively. Figures 7(c) and (d)
show the simulated results of VIL falling waves for
VOL =0V and VOL = 0.25 V, respectively.

Table 3. PCB analytical parameters

PCB parameters Simulation parameters Units
Trace width 8,10,12, 14 mil
Trace length | 0.2,0.5,1.0,1.5,1.6,1.7,1.8 | in

Dielectric _ _ .
thickness top and bottom =7, FR4 =40 | mil
& 4.3

187

These simulation results are also listed in Tables 4
and 5. They show that VIH and VIL will not meet
the specification when the trace length is greater
than 1.7 in and VOH = 3.3 V, i.e., VIH will exceed
the UZ2400 working maximum of 3.6 V in that case.
It is more difficult to control the impedance of
longer traces where signal reflection will cause
more overshoot, undershoot, and ringing noise to
exceed the normal working range. Therefore,
according to these simulation results, the layout rule
is that the trace length should be no more than 1.6 in.
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In some cases, the layout length of the trace will be
more than 1.6 in and longer than the working
specification defined in the simulation rule. This
means that the layout rule must be revised to change
the trace width to meet the working requirements.
The simulation tool was also used here to determine
the relationship between the trace length and
spacing. Figures 6(a) and (b) show the simulation
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results for trace lengths of 1.7 and 1.8 in,
respectively, for VOH = 3.3 V and VOL =0 V at
the MCU, and for trace widths of 8§, 10, 12, 14, and
16 mil. The simulation results of Figs. 6(a) and (b)
are tabulated in Tables 6 and 7, respectively. The
results indicate that a trace width of 8—10 (8—12) mil
cannot be met for trace lengths of 1.7 (1.8) in.

Table 4. Comparison of VOH and VIH for different lengths with trace space = 10 mil

Trace Length (in) VOH=33V ‘ VOH=3.05V .
VIH (max.) VIH (min.) VIH (max.) VIH (min.)

0.2 3.31 3.24 3.06 2.99
0.5 3.38 3.21 3.12 2.96
1.0 3.53 3.12 3.26 2.89
1.5 3.48 3.15 3.22 291
1.6 3.54 3.10 3.27 2.87
1.7 3.61 3.04 3.34 2.81
1.8 3.69 2.98 3.41 2.76

Note: Values in bold are greater than the working maximum voltage of 3.6 V.

Table 5. Comparison of VOL and VIL for different lengths with trace space = 10 mil

VOL=0V VOL=0.25V

Trace Length (in) VIL (max.) (r\rlliIrI;.) VIL (max.) (r\rlliIrI;.)
0.2 0.01 -0.01 0.26 0.24
0.5 0.09 —0.08 0.34 0.19
1.0 0.18 -0.23 0.41 0.04
1.5 0.15 —0.18 0.39 0.08
1.6 0.20 -0.24 0.43 0.03
1.7 0.26 -0.31 0.49 —0.04
1.8 0.32 -0.39 0.54 -0.11

Note: Values in bold are below the working minimum voltage of —0.3 V.

Table 6. Comparison of VOL and VIL of different trace widths for trace length=1.7 in

Trace space VOH=33V VOL=0V
(mil) VIH (max.) VIH (min.) VIL (max.) VIL (min.)
8 3.68 2.99 0.31 —0.38
10 3.61 3.04 0.26 -0.31
12 3.57 3.08 0.22 —0.28
14 3.53 3.11 0.19 —0.23
16 3.50 3.13 0.17 —0.20

E-ISSN: 2224-266X

188

Note: Values in bold are above or below the specifications.

Issue 6, Volume 11, June 2012




Chiu-Ching Tuan, Hung-Li Tseng,
Yuan-Jen Chang, Chin-Hsing Chen,

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS H.-D. J. Jeong, Wen-Tzeng Huang
40 F 4.0 E
S 3 - T T
35 F E
; SN~ | A A s
30 ¢ / %0 VA
s 25 ¢ 225 | ]
® 20 220 ¢ i
IR I il il el S5
= o E — —— -
10 £ /B e r—rr———, 10 [ J 0.2inch —05inch — 1.0inch |
0 F // LSinh — 16inch — 17 inch E // 1.5inch —1.6inch — 1.7 inch
05 F o : ’ 05 — 1.8 inch i
£ — 1.8 inch £
0.0 & 00 -
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Time (ns) Time (ns)
(a) (b)

35 ¢ 35

30 FA\N\---—- — 0.2 inch — 0.5 inch 1.0 inch|| TOF - — -

95 £ 1 1.5inch — 1.6 inch — 1.7 inchi 3.0 E \\ (l)g iggﬂ _ (l)g iggﬂ _ ig 12237
TN 25 F \ — 1.8 inch I
E/ 2.0 £ Z, f \

o E . £
EREN % 15 |
G F E
> 10 ¢ S 10 ©

05 | : \

00 F

-05 ©

0 1 2 3 4 5 6 7 8 9 10
Time (ns) Time (ns)
(©) (d)

Figure 7. Four simulation results for seven trace lengths with trace spacing = 10 mil for (a) VOH =33 V,
VIH rising waves, (b) VOH = 3.05 V, VIH rising waves, (¢c) VOL = 0 V, VIH falling waves, and (d) VOL =
0.25 V, VIH falling waves
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Figure 8. Simulation of five trace widths for VOH = 3.3 V and VOL = 0 V at the MCU for trace lengths of (a)
1.7 in and (b) 1.8 in

Table 7. Comparison of VOL and VIL of different trace widths for trace length = 1.8 in

Trace space VOH=33V VOL=0V
(mil) VIH (max.) VIH (min.) VIL (max.) VIL (min.)
8 3.76 2.92 0.37 —0.46
10 3.69 2.98 0.32 -0.39
12 3.64 3.02 0.28 -0.34
14 3.60 3.06 0.24 —0.30
16 3.56 3.09 0.21 —0.26

Note: Values in bold are above or below the specifications.
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These simulation results show that VIH and VIL can
be obtained to meet the specifications when the
trace length is equal to 1.7 in and the trace width is
greater than 12 mil. Moreover, VIH and VIL will
meet the specifications when the trace length is
equal to 1.8 in and the trace width is greater than 14
mil. Because 14 mil gives the minimum acceptable
performance, a trace width of 16 mil will be
somewhat more reliable. Therefore, the simulation
results lead to the three PCB layout rules below.
Following these layout rules during system
implementation will result in a high-reliability
platform with an optimal PCB stack.

Rule 1: When the signal trace width is 10 mil, the
signal trace length must be no more than 1.6 in.

Rule 2: When the signal trace length is in the range
1.6-1.7 in, the width of the signal trace must be
greater than 12 mil.

Rule 3: When the signal trace length is in the range
1.7-1.8 in, the width of the signal trace must be
greater than 16 mil.

4.2 PCB signal integrity experiments

The major purpose of a better layout is to improve
the system stability and reliability. A layout
engineer can complete the PCB layout for a high-
stability platform using the proposed layout rules.
Figures 9(a) and (b) show the physical layout of the
top and bottom MCU layer configuration,
respectively, and Figures 9(c) and (d) show the
physical layout of the top and bottom ZigBee PCB
layer configuration. The ZigBee portion will be
discussed later.

Figures 10(a), (b), and (c) show the simulated and
prototype values for the SO, SCLK, and Interrupt,
respectively. The layout lengths of the SO, SCLK,
and Interrupt were 0.41, 0.22, and 1.03 in,
respectively, all following the proposed layout rules.
Although VIH in the prototype was equal to 3.3 V

“oo19tutu-030-8
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and the equivalent value from the simulation was
3.05 V, the prototype measurement still met the
requirements of the specifications with a 0.3-V
margin. Because all parameters of the simulation
result represent ideal conditions, no errors exist in
the impendence, component characteristics, or
temperature. In contrast with this ideal case, errors
do exist in the measured parameters of PCB
impendence, instrument error (without instrument),
and component characteristic error temperature.
Hence, the measured and simulated results were
somewhat different, as shown in Fig. 8. Although
this difference was small, the major criterion to be
evaluated is whether the measured results meet the
specification. If so, the layout rules can be accepted
for this platform.

4.3 PCB antenna design and simulation

The “RF input” is the signal input port of the
ZigBee chip, and the “GND” is connected to the
ground. We used an Agilent ADS2005A advanced
design system to simulate the resonance frequency
of the primitive PCB antenna. Table 8 shows the
parameters of the primitive design, and Fig. 11(b)
shows the primitive simulation results of the
serpentine antenna. The resonance frequency was
2.52 GHz and S11 was —10.25 dB. This resonance
frequency does not meet the ZigBee specifications.
The simulation results in Fig. 11(b) and the
experimental results in Fig. 14(b) indicate that the
primitive design antenna parameters cannot meet the
specification requirements and must be improved.

Table 8. Primitive design parameters

T1 | W1 | W2

Antenna Parameters L1

Units (mm) 1 1.5 | 1.5 5

Figure 9. Physical layout configuration: (a) top layer of the MCU PCB, (b) bottom layer of the MCU PCB, (c)
top layer of the ZigBee PCB, and (d) bottom layer of the ZigBee PCB
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Figure 11. Primitive serpentine antenna (a) design and (b) simulation results
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Figure 12. Relationship of the resonance frequency and S11 in the simulation phase to different parameters: (a)
T1=0.5,1.0,or 1.5 mm; (b) W1 =0.5, 1.0, 1.5, or 2.0 mm; (c) W2 =0.5, 1.0, 1.5, or 2.0 mm; and (d) L1 = 4.0,

4.5,5.0,5.5, or 6.0 mm

From Eq. (13), we see that the four parameters T1,
W1, W2, and L1 of the PCB serpentine antenna can
be analyzed to determine the relationship of the
resonance frequency and S11 in the simulation
phase. First, parameter T1 can be adjusted to
determine the major frequency, as shown in Fig.
12(a). The simulation results indicate that a wider
T1 produces a lower resonance frequency and lower
S11. After determining the major frequency, we can
adjust W1 and W2 to obtain better performance. A
wider W1 and W2 also reduce the resonance
frequency and S11, as shown in Figs. 12(b) and (c).
Although W1 and W2 can be used to adjust S11,
they also affect the major 2.45-GHz frequency.
Finally, because L1 can be used to offset the
resonance frequency, a narrower L1 increases the
resonance frequency, as shown in Fig. 12(d). That is,
L1 can adjust the resonance frequency back to 2.45
GHz. Our results indicate that parameter T1 can be
used for rough adjustments of the resonance
frequency, and W1 and W2 can be used to adjust
S11. Then parameter L1 can be used to fine tune the
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resonance frequency. Figures 12(a), (b), (c), and (d)
show the analysis for different parameters: T1 = 0.5,
1.0,or 1.5 mm; W1=0.5,1.0, 1.5, or 2.0 mm; W2 =
0.5, 1.0, 1.5, or 2.0 mm; and L1 = 4.0, 4.5, 5.0, 5.5,
or 6.0 mm, respectively. Moreover, Procedure
Adjust the parameters() shows the procedure for
adjusting the parameters for the PCB serpentine
antenna.

Procedure Adjust the parameters()

Do {Adjust T1}

While (f is not 2.45 GHz)

Do {Adjust W1 and W2}

While (S11 is not optimal)

Do {Adjust L1}

While (fis not 2.45 GHz)

In contrast with the primitive design parameters of
Table 8, Table 9 shows the final parameters of the
serpentine antenna after adjustment. These produce
an antenna with better performance that can meet
the ZigBee specifications with a resonance
frequency of 2.45 GHz, bandwith of 100 MHz, and
high S11 of —14.87 dB, as shown in Fig. 13(b). This
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Issue 6, Volume 11, June 2012



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

figure also shows the results of the simulation and
the original design for the sake of comparison.

Table 9. Our design parameters for the serpentine
antenna

Antenna parameters T1L [ T2 |W1 | W2
Units (mm) 1.0 | 1.5 | 1.0 1.5
Antenna Parameters W3 | W4 | L1 L2
Units (mm) 1.5 [1.0 |50 |55
(a)
—&Final — —Measre —— Original — - Measure Orignal

200

400
500 1
200

-10.00

S11 (dB)

-12.00

-14.00

-16.00
2.30

2.35

240 245 250
Frequency (G Hz)
(b)
Figure 13. Primitive serpentine antenna (a) design
and (b) simulation results

2.55 260

4.4 Experimental measurement of the
serpentine antenna
Figures 14(a), (b), and (c) show the measurements

of the XZ-, YZ-, and XY -plane radiation patterns at
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2.45 GHz, respectively. Figure 14(d) shows the
measurement of the physical antenna and Fig. 14(e)
shows the three-dimensional measurement of the
radiation pattern at 2.45 GHz. The measured
radiation pattern can be summarized as follows. The
peak gain of the serpentine antenna at 2.45 GHz was
about 2.4 dBi, the efficiency was 71.24%, the
directivity was 3.87, and the mean effective gain
was —2.30 dBi.

Moreover, Table 10 shows the S11 performance of
the simulated antenna compared with that of the
actual prototype for the primitive design of Fig. 11(a)
and our approach of Fig. 13(a) built using the
parameters in Tables 8 and 9, respectively. The
performance was measured using an Advantest
R3765CG network analyzer. Figure 13(b) compares
the results of the final design simulation (indicated
by “Final”) and prototype (indicated by “Measured”)
with those of the primitive design simulation
(indicated by “Original”) and primitive prototype
(indicated by “Measured Original”). Table 10
indicates that the resonance frequency of the
primitive design did not meet the ZigBee
specifications in either the simulation or the
primitive prototype. Compared with the primitive
design, these results show that the differences
between the simulated and measured values of S11
of the final antenna for different frequencies over a
100-MHz bandwidth were less than 1 dB, thus
meeting the ZigBee requirements.

45 Real prototype structure

Figure 15(a) shows the actual size of our ZigBee
platform with the serpentine antenna; Fig. 15(b)
shows the physical system configuration, one
gateway, one coordinator, and two SpO, devices
[26]. The coordinator hardware is the same as that
of the devices; only the firmware is different.

After the ZigBee network has been established, the
coordinator can obtain the bio-information from the
sensor devices and then transmit this information to
PCs or to the gateway. Figure 16 shows the user
interface for real integration measurements in which
the SpO, sampling rate and heart rate are set to 3
and 75 times per second, respectively. The pulse
curve can be obtained from the SpO, sensor, and the
heart rate can be measured from the pulse curve [26].
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Figure 14. Measurements at 2.45 GHz: (a) XZ-plane radiation pattern, (b) YZ-plane radiation pattern, (¢c) XY-
plane radiation pattern, (d) physical antenna, and (e) three-dimensional XY -plane radiation pattern

Table 10. Comparison of simulated and experimental S11 values of the primitive design and our approach for

the final PCB serpentine antenna
2.4GHz 2.45GHz 2.5GHz
Primitive Our Primitive Our Primitive Our
S11 . . .
design approach design approach design approach
Simulation(dB) -4.41 -11.17 -6.37 -14.87 -9.89 -10.34
Experiment (dB) -4.87 -10.28 -7.12 -15.61 -9.78 -10.04
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Figure 15. (a) Actual hardware platform with the serpentine antenna and (b) actual system configuration

4.6 Wireless sensor performance evaluation
It is important that this structure operate in real time.
The coordinator allocates the transmission space and
the protocol between it and a device in four phases,
as shown in Figure 2. When the coordinator is ready
to receive data, it sends a CMD to the device, which
sends the data immediately. The gateway then sends
out the data it receives from the coordinator. A
completed transmission cycle requires 16.5 ms in
the system structure shown in Fig. 2. The
coordinator requires 4 ms to send a CMD to the
device; each device takes 4 ms to respond with an
ACK and 4.5 ms to transmit the data back to the
coordinator. Finally, the coordinator requires 4 ms
to send an ACK to the device. This means about 60
packages are possible each second for a
transmission rate of about 38 Kbps.
In beaconless mode [21], the ideal transmission rate
is about 140 Kbps achieved by not using any ACKs.
In our design, one data set takes 4.5 ms to send, so
our full-speed transmission rate is about 142 Kbps
in beaconless mode [21]. In the actual design, the
transmission rate is as expressed as

T

data

T .+T +T

cmd ack data
for sending one complete data set, which requires
the time for CMD, ACK, data, and ACK, or 7.,
Tucks Tiaa» and T,y, respectively. Therefore, the
transmission rate of our design is about 35.6 (about
142/4) Kbps. In Eq. (14), SysSpeed is the actual
transmission speed, 7., is the CMD time, Ty, is
the transmission time of the physical data, and
FullSpeed is 142 Kbps.

SysSpeed = * Fullspeed

+T

ack

One set (time) contains 4 bytes: identification (ID),
Type, Datal, and Data2. The ID is used to
distinguish the different users, the Type is used to
distinguish the kind of sensor, and the two data
bytes are available to store information. Because the
transmission data of the SpO, sensor and the heart
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rate detection are combined into one set with the
sampling rate set to 75 times per second, the
transmission rate is 75 (times/s) x 4 (bytes/time) x 8
(bits/byte) = 2.4 Kbps. Since the maximum
transmission rate of our system is 35.6 Kbps, there
can be 14 sensors operating at full speed. Our
experiments showed that the correct package
transmission rate was more than 97.5% when the
transmitting distance was less than 18 m.

—_
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Packet Corrent Rate (%)

50

0 2 4 6 8 10 12 14 16 18 20
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Figure 17. Explanation of correct transmitted rate

5 Conclusions

Traditional layout rules cannot meet the exacting
requirements of WSN system applications due to
unstable signals and non-ideal factors. We proposed
and implem¢h#dd a hardware platform with a high-
reliability design that circumvents this problem.
First, our simulation and experimental results
showed that designers can greatly reduce system
development time as well as control system
reliability using our method. Using the proposed
procedure to design a PCB serpentine antenna for
ZigBee applications (100-MHz bandwidth at a 2.54-
GHz resonance frequency) resulted in a difference
of less than 1 dB between the simulation and the
experimental prototype results. This will quickly
lead to a practical PCB serpentine antenna. Our
proposed design will reduce the cost because it
requires less time than the traditional design. Our
experiments showed that the system transmission
distance can be greater than 18 m without any loss
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of data. This proves that our method can be an
effective approach to hardware design. This method
will thus be quite useful to ODMs in the design of
PCB platforms.
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