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ABSTRACT. This study breaks the constraint on the number raflittonal Bluetooth
connections, and develops a Windows Phone 8.1-lilsetboth communication app supporting
a multitude of end devices. A brand new transmissmntrol platform is proposed for 1-to-N
connection, as a result of a seamless integratietween ZigBee and Bluetooth. This study is
presented with the following features: (i) WindoRisone 8.1 is integrated with CC2530, (ii)
ZigBee setup parameters can be configured in a sptawne software interface and relevant
parameters can be browsed conveniently therea,tifié information integration of data and
interface is done by Bluetooth, and (iv) unlike ancomputer cable connection, parameter
settings are made easy in the presented ZigBeensyst

Keywords: ZigBee, Bluetooth, Windows Phone, CC2530, BC417.

1. Introduction

In a society with a tremendous amount of informatimobile phone has been the most
indispensable 3C technology product. Since Motod#aeloped the first mobile phone, and
IBM released the first smart phone Simon of thelevor 1992 [1], people began to overturn the
imagination of mobile phone, so that a mobile pham&s no longer a pure means of
communication. IDC statistics indicate that thebglosmart phone shipments exceeded 1.3
billion in 2014 [6], and is believed to go beyoingt in the future. In addition, according to the
statistics of market share of mobile operatingesyst by IDC in quarter 2 of 2016 [7], Android
released by Google accounts and iOS of Apple ad¢clmurthe maximum 87.6% and 11.7%,

respectively, while Microsoft, although with theghest market share of PC operating systems
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[9], accounts for as low as 2.33%. Due to a hugsiness profit, mobile communication
technology and network services have been develapedrapid race, and the demand for a
wide variety of mobile services running on variougbile operating systems is on the rise.

Bluetooth is known as one of the requisite wirelessimunication standard interfaces for
current mobile equipments, especially for smartn@so As clearly indicated in a review, most
of the common peripheral Bluetooth commoditiestmrharket, including earphones, speakers,
and so on, should take advantage of cross-platidesign. In addition, these products are
mostly developed for point to point purposes, megrthat only a small number of Bluetooth
earphones can bridge two mobile phones at the siame However, for the order service at a
food plaza of department stores and the cargo conuaiion service of logistics industry, there
Is a strong requirement that multiple end devicessbpported and mediated simultaneously.
Therefore, there is actually a commercial valuepiobing into how to break through the
shortcoming of traditional Bluetooth. Moreover, tBéduetooth Low Energy V4.0 (BLE, or
Bluetooth Smart) technology proposed by the Blutitd@pecial Interest Group (SIG) in 2010
has already been mature, and system providers rede@sed Bluetooth V4.0 related APIs in
succession for app development. Taking the cugrgmibular BLE wearable products as an
example, Google released Android Wear [2] smartivat 2014, Apple released Apple Watch
[3] later in the same year, Microsoft with the hegh market share of PC operating systems
launched a wearable product Microsoft Band [8] ostdDer 2014 for its systems after Windows
Phone was released. It is obvious that there eaisten-negligible profit to develop and then
commercialize Bluetooth-based products on today&sket, a major motivation behind this
study.

In addition, there are a much smaller number of dbws Phone apps than Android and
IOS apps, and a number of mobile device makers faanue a comparable number of
wearable products to Google and Apple. Taking Xialmm., China as an example, Mi bracelet
was released at a destructive price, such thatmidwéet was stirred, while Mi bracelet only

supports Android and iOS operating systems [5]emathan Windows Phone. In other words,
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Windows Phone has been marginalized in today’s ebitinge market, and does not appeal to a
vast majority of mobile phone makers, although Méuft made a great effort to inject new
blood into Windows Phone. In recent times, InteroétThings (loT) brings about the
development of information and communication indusat a rapid pace. Typical I0T is
basically ZigBee-based technology, and is desigoeatipport a large number of network nodes,
a clear advantage over of Bluetooth. In additiolueBoth SIG published V4.2 Bluetooth core,
a combination with the IPv6 protocol, as the gromoik of 0T in December 2014 [4], so that a
Bluetooth device can be remotely controlled vianoek as a way to break the constraints on the
number of Bluetooth links. Moreover, for a remotanitol of a V4.2 Bluetooth device via
network, a control platform must be developed atiogy to the architecture of network services
instead of Bluetooth architecture. Finally, afted.¥ is launched, relevant products are not
expected to emerge in the market until the end0d62 This is a major motivation behind this
work, and it stands as a piece of pioneering work.

It is known that ZigBee supports a great numbenetivork nodes, but unfortunately a
smart phone is not equipped with a ZigBee interf&e the contrary, Bluetooth, as a standard
interface of a smart phone, was developed withnaerent limitation on the number of links.
More importantly, Bluetooth development environmieas been already well developed. In this
paper, a way is found to preserve the advantagéplremove the disadvantage, of ZigBee and
Bluetooth. In another aspect, ZigBee communicatian be enabled directly on a smart phone
as a consequence of a seamless integration betvatleriechnologies, and a ZigBee network
topology can be built for multipoint connection ilementation via a router, not in compliance
with Bluetooth V4.2. In addition, ZigBee is com@it free of a complicated mechanism and a
high time cost for matching a Bluetooth device, &nds well characterized by the fast response
and the security of Bluetooth communication. Fiyalccording to a deep as well as wide
survey on smart phone operating systems, Windovesi€Is found to be smaller in size than
Android and iOS, and the issue of Bluetooth commaton on Windows Phone is hardly

addressed in literature, highlighting the significa of this study. To be brief, a Windows Phone
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8.1 App is presented in this work, and a Windowsrfehbased control platform is developed as
well as a way to seamlessly integrate ZigBee anget®bth and to break the congenital
limitation on traditional Bluetooth multipoint commication.

2. System Framework and Technologies Involved

2.1 Hardwar e Architecturefor Bluetooth 1-to-N Transmission
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Figure 1 Framework of the presented Bluetooth M-tibansmission system
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Demonstrated in Fig. 1 is a schematic diagram & pmesented Bluetooth 1-to-N
transmission system and the hardware architechaeedf. It mainly involves developing a
Windows Phone 8.1 App for establishing a Blueto@tbmmunication protocol and a
transmission control, and involves normalizing adéboth packet transfer for Serial Port Profile
(SPP) Bluetooth setup file at a mobile terminaleTdoordinator is developed using a CSR
BC417 Bluetooth chip and a TI CC2530 chip, bothkdieh by Universal Asynchronous
Receiver/Transmitter (UART). BC417 converts a Bha¢h packet into UART protocol data,
which are sent at 9600 Baud to CC2530, and CC2&3@ssa feedback packet within the system
via UART to BC417. The feedback packet is conventéd a Bluetooth packet and then sent to
the Windows Phone 8.1 terminal, so Bluetooth magks transmission jobs. CC2592 is a

2.4GHz RF preamplifier, amplifying the signals reee from CC2530, with a power gain of
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+22 dBm at the maximum output power, leading toeatended communication range of a
ZigBee system [10]. Each ZigBee end device is qupdpwith a CC2530 chip. CC2530 takes
control of the core of an end device, including teéeeption and processing of ZigBee packets.
The parameter settings stored in the internal Ftashbe viewed after carrying out planned
work, such as taking a call, ZigBee parameter setbp flicker, power on/off of a buzzer and a
vibration motor. The control signals of these peeials are exported from the built-in general
purpose I/0 (GPIO) of CC2530. When an end deviaalled, the user can be notified by these
modules, and the 1-to-N Bluetooth transmission rodiet is implemented based on ZigBee

technology accordingly.

2.2 Softwar e Architecturefor Bluetooth 1-to-N Transmission

A coordinator software operation system involvesadarocessing, memory access, I/O
control and a packet processing composed of Bltetpacket reception/transmission and
ZigBee packet transfer, as illustrated in Fig.r2tdrms of data processing, CC2530 receives a
Bluetooth packet, following which the packet contenanalyzed, converted and sent to the
system for the purposes of interface control amgs&to ZigBee parameters stored in Flash, etc.
If a specific packet is about to be forwarded toZigBee end device, the coordinator
encapsulates the required data, handed to a ZigBeket sending program and waiting for
sending. Besides, in a coordinator hardware arctoite, as illustrated in Fig. 1, the program is
designed to provide a CC2592 processing functiantfansmitted signals amplified by a

CC2592 RF preamplifier to which relevant I/Os aiduits are connected.
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Figure 2 Software architecture of the presenteddinator

lllustrated in Fig. 3 is the software architectwwe an end device, analogous to the
coordinator one in Fig. 2, but a UART module isluged for end device parameter
configuration and as a system debugging interfadbe future. For comparison purposes, each
end device is equipped with a Bluetooth module, Whddows Phone 8.1 supports Bluetooth
for either point to point parameter settings onsraission control. In addition, each end device
Is powered by a lithium ion polymer battery, anolugt-in 12-Bit analog digital converter (ADC)
I/O is provided by CC2530, by means of which thedsg voltage can be detected. The moment
the battery voltage goes below a threshold; the igsalerted to charge the end device so as to

avoid disoperation.

2.3 System Communication Protocol

Fig. 4 illustrates a Bluetooth communication praideetween Windows Phone 8.1 and the
coordinator, and a ZigBee communication protocdiween the coordinator and end devices,
including communication process, packet content aribus forwarding mechanisms. When
Windows Phone 8.1 has a Bluetooth packet availdriesending, the system calculates the

packet length for sending, meaning that the samgtheis not shared by all the packets.
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Therefore, the packet length is calculated as &gtazthecking mechanism, say, the length of 1
byte is 1. The overall packet length is calculagetj put in the first field of a packet, waiting
for the packet sending notification. In additiodu@&ooth sends the packet content in turn, and
the ACK Monitor is enabled, which is a move differdrom Packet Reception, a subsystem
receiving packets. When a packet is sent out, t&& Monitor checks whether a feedback
packet is received from the coordinator within agfed time span. If Packet Reception does
not receive any packet in a timely manner, the A@#hitor notifies the system to resend the
packet, so as to guarantee the accuracy of thalbggstem operation. If Packet Reception does
as expected receive a packet opportunely, the Prateessing processes the packet content. The
system updates a user interface each time afteregpsong, and notifies stopping the ACK
Monitor, meaning that a feedback packet has beenepsed. The system will not send the

packet again, so as to guarantee the integritgebverall system operation.
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i
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Controller
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Figure 3 Software architecture of an end device
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Figure 4 System transmission process

Finally, when the ACK Monitor is in operation, imder to avoid packet loss, the system sends
the packet again at regular intervals. If a feeldljzacket is not received after a packet is sent
many times, the ACK Monitor stops sending the padke to time out, and notifies the system
to update the user interface, so that the usevaseathat the coordinator has not been connected
to Bluetooth correctly, so as to perfect the presgsautonomy of this system. However, when
Windows Phone 8.1 receives a packet, the systeds @ content of the first packet field as
the content length of the packet. The system stihiepacket content in Buffer, and calculates
the actual packet length. When the actual length pdcket content equals the estimated packet
length, the Buffer reads the whole packet conteiat ttme, and the packet content is processed

by a data handler.
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3. System Presentation and Experimental Validation

3.1 System Hardware

A TI's SmartRFO5 Evaluation Board is employed ire thardware development of a
coordinator. As the hard core, CC2530-CC2591EM getmected to peripheral 1/0O devices via
the 1/0 Connector. A CSR BC417 Bluetooth modules geinnected externally as a jig-tool for
parameter settings of the coordinator or an endcde¥ finished coordinator is configured as
represented in Fig. 5, involving a mobile powerupleft, a jig-tool for a Bluetooth device,
center, and a coordinator, right. The USB Porthef ¢oordinator can be used as a power input,
and is able to connect a Bluetooth module or @gaj- Hence, the coordinator USB Port is
connected to a Bluetooth module, Windows Phonec8rilbe connected to a Bluetooth device
by means of Bluetooth communication, and can comcate with CC2530 as well, so as to
handle a one to many call or internal setting ef¢bordinator.

For making a call to end devices, a call bell systie developed using the aforesaid
SmartRFO5 Evaluation Board and CC2530EM. Howevacesthe I/O Connector does not get
involved in Bluetooth communication, only ZigBee used for the communication to the

coordinator.

Bluetooth vee—bm
Module Coordinator
BC417 l—GND

VCC—|

Power
Supply  Lg—anp

Figure 5 Final form of the presented coordinatat hardware configuration
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As a way to avoid any missed call for end devicersisthe device is equipped with a
vibration motor, a flickering LED and a buzzer, ainnected to CC2530, and the call bell
system is designed and then implemented. When dndewice receives a packet from the
ZigBee coordinator, specific jobs are performedoading to the internal settings of the device,

which will be described later. Demonstrated in [Eigs the final form of a set of end devices.

Figure 6 Final form of end devices

3.2 Windows Phone 8.1 Software

There are three sets of software programs develégetVindows Phone 8.1 software,
which are call bell system, coordinator setting @mdl device setting software programs. As
illustrated in Fig. 7, a real keyboard and a sesegment display in the original coordinator can
be completely replaced using the user calling sarywas long as the coordinator is configured
as demonstrated in Fig. 5. Accordingly, the usdlinca software can communicate with
CC2530 directly via Bluetooth. To call an end devimumber, all it takes is to type a phone
number directly on the touch screen, and then psef®e Send button. The coordinator can be
controlled by a mobile phone directly after a castiom is made, as long as it is covered within
the communication range. Using a forwarded ZigBaekpt to call an arbitrary end device, the

aim of 1-to-N Bluetooth transmission control platfodevelopment is reached.
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>

Guset Call System 0

Figure 7 Initial screen of the Windows Phone 8Lzl system software

Table 1 Instructions on end device operations s$yethe coordinator wirelessly
Data Function

801 | Call all the receivers to shut down.

805 | Enforcedly call all the receivers to look for aeaer.
806 | Call receiver 1 at regular intervals of 10 secotodest
transmission range.

807 | Turn off the buzzer ringing calling function.

808 | Turn on the buzzer ringing calling function.

809 | Turn off off-limits ring (turn off buzzer only).

810 | Turn on off-limits ring (turn on buzzer only).

This system is designed able to call an arbitrawy @evice, and a broadcast mechanism is
developed to set the functions of an end devicether words, an end device must be covered
within the coordinator communication range, anddhannel of an end device is the same as the
PAN ID of the coordinator. Once the codes listeda@ble 1 are imported into a set of Windows
Phone 8.1 calling software programs by the cootdmé#he functions installed in an end device
can be controlled at the same time by a ZigBeedwast, so that an end device is set up at a
time. In this way, the ZigBee-based 1-to-N Bluektotrtansmission control platform, providing
function settings of an end device wirelessly, lbartompleted easily by a mobile phone.

As referred to previously, the ZigBee system isgiesd able to set relevant parameters in

such a way that an arbitrary device can communiedéteall the others. As a way to fulfill such
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requirement, a set of coordinator setting softwpregrams, analogous to a background

mechanism, is developed.
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Serial Number 200615 Serial Number
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Read Data Write Data

Beep Vibrate Blink Beep Vibrate Blink
O out of Range Alarm O out of Range Alarm

Write Data Completed. Device No Response

Read Data Write Data Read Data Write Data

Figure 8 Setting menus of the Windows Phone 8.Idioator setting software

The coordinator is configured as represented in%ignd a click on the "Connect" button
has the phone connected to a Bluetooth device. Gnrmwected, the button displays
"Connected". If Bluetooth is detected as off, a-pppmessage is displayed to remind the user to
turn on the Bluetooth communication, after whicle tBluetooth setup menu of a Windows
Phone is displayed. The moment the Bluetooth conmatian is turned on, the Bluetooth
device is connected, and "Read Data" is clickedread the internal parameters of the
coordinator immediately, including type, numberrsien, channel, PAN ID, ringing, ringing
time, buzzer stop, vibration switch, LED flashedaut of range alarm. The packet content is
analyzed right after data reading, the interfaceupslated immediately, and “Read Data
Completed” is displayed on the red status boxabtittom of the menu. As illustrated in Fig. 8,
“Device No Response” is displayed, in response ¢coramunication failure with CC2530 after
the connection. Once the data are read successfiidyUl enables "Write Data" and "Write
SN" functions, direct clicks on the gray numeribakes and the switches underneath to modify

or to change relevant parameters according to #®’'surequirement. In case of an input
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parameter out of range, the system corrects thenpeier value automatically or reminds the
user to re-input the parameter. When the paranmetafification is completed, the modified
parameter content can be sent to CC2530 by a dickKWrite Data". Table 2 gives the

respective parameter range of the coordinator.

Table 2 Coordinator parameter setting range

Channedl | PANID @ Alarm Type Alarm Time

11 - 26 01-99 1-7 6-54

Beep Vibrate Blink Out of RangeAlarm | Serial Number
ON/OFF ON/OFF ON/OFF ON / OFF 000000 - 999999

> 7 3 0212 > 7% > 7%

BUREERE P BRRERE CSR417 BRI E CSR417

Product RTGCO5R Product RTGCO5R Product RTGCO5R
Version 0.6.A Version 0.6.A Version 0.6.A
Serial Number 150622 Serial Number 150622 Serial Number 150622
Battery Voltage 3.84 V Battery Voltage 3.84 V Battery Voltage 3.91V
Low Battery Alarm 3.60 V Low Battery Alarm 3.60 V Low Battery Alarm 3.60 V
Channel PAN ID Receiver Number]| Channel PAN ID Receiver Number Channel PAN ID Receiver Number|
i o
Alarm Type Alarm Time Alarm Type Alarm Time Alarm Type Alarm Time
1| o [ | .
Serial Number  Calibration Volt. Serial Number  Calibration Volt. Serial Number  Calibration Volt.

v/| Blink v/| Blink v/| Blink
Out of Range Alarm Self Test Out of Range Alarm Self Test I:‘ Out of Range Alarm Self Test

Read Data Completed. Write Data Completed. Battery Voltage Calibrated.

Read Data Write Data Read Data Read Data

Figure 9 Setting menus of end device setting soéwa

Using the interface illustrated in Fig. 9, the paeders of an end device can be set through
broadcast by an input code issued by the coordinRceiver Number is another parameter in
addition to the common internal ones of the coattin and each end device is allotted a
receiver number. Once a calling packet is receiaed, the packet number matches its number,
a call is made instantly to an end device on a iti@mdthat the corresponding receiver number
matches the packet number. These parameter settargde read by a mobile phone, and
written in the end device. The battery voltage mfead device can be detected and represented
as the “Battery Voltage” in the interface, with efallt voltage of 3.6V, to see whether the end

device has adequate power or not. The functionb€@dion Voltage is designed to calibrate the
13
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voltage detected. A click on the "Cali. Volt." bort enables the phone to send a reference
voltage to the end device for the update of théebaparameters, and the calibrated voltage is
fed back and updated in the mobile phone. As ilust in Fig. 9, "Battery Voltage Calibrated"

is displayed in the red status column after théebatalibration. Table 3 gives parameter setting

range for an end device.

Table 3 End device parameter settings
Channel  PANID ' Alarm Type Alarm Time Recelver Number Beep

11-26 ' 01-99 1-7 6 - 54 01-99 ON / OFF
Vibration Blink Out of RangeAlarm | Serial Number | Calibration Voltage
ON/OFF = ON/OFF ON / OFF 000000 - 999999 Variable by Battery

3.3 System Transmission Authentication

The corridor area on the 6th floor of the BusinAsgsninistration Building of St. John's
University is chosen as a space for field tess & "T" shaped and not a fully open space. The
test is made with 2.4GHz signals at ultra high @estcy (UHF) band. As illustrated in Fig. 10,
Nodes A, B and D are deployed at the very corneteeobuilding, while Node C is within the
visual range of other nodes. A Bluetooth point-toap test is made by Windows Phone 8.1
together with end devices via Bluetooth commundisgtand the test result is listed in Table 4.
As can be found therein, Node D fails to receiy®meket sent from Nodes A and B, as 2.4GHz
UHF signals are unlikely to penetrate through aties i.e. a signal transmission between two
nodes along a nonlinear path or beyond a visuaerasm likely to be interrupted. In contrast, a
successful transmission is demonstrated in theofesst cases.

Subsequently, a test is conducted on the effecibremunication range as follows. The
coordinator stays at Node C within the visual raofyether nodes. Windows Phone and an end
device can move freely to arbitrary nodes. As disteTable 5, the coordinator is found able to
relay a Bluetooth signal to a ZigBee system, megiivat a successful packet reception and
transmission is achieved in any test case anddhenunication range can be well extended as

expected.
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Figure 10 A full view of the corridor on the 6tlodr of the Business Administration Building, St.
John's University

Table 4 Bluetooth point-to-point test result

Master (Send) Slave (Receive) Result
Windows Phone | Bluetooth End Device
NodeA Node B Success
NodeA Node C Success
NodeA Node D Fail
Node B Node C Success
Node B Node D Fail
Node C Node D Success
Table 5 Bluetooth-ZigBee hybrid network topologgtteesult
Windows Phone | Coordinator | End Device | Result
Node A Node C Node B | Success
Node A Node C Node D Success
Node B Node C Node A | Success
Node B Node C Node D Success
Node D Node C Node A | Success
Node D Node C Node B Success

4. Conclusion and Discussion

The proposed system architecture is designed aewl tbalized as an innovative and
unprecedented piece of work, involving a composigamsmission topology, a transmission
protocol, packet format and processing programseldped on Windows Phone 8.1. The
features are listed below:

(1) A Bluetooth packet is converted into a ZigBee sigrsang the composite hybrid topology,

as a way to extend the Bluetooth communicationeang
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(2) The time delay due to prior matching required aditional Bluetooth can be eliminated by
a ZigBee communication control, all the end devigethe same system can receive signals
on a condition that they are lie within the comnuation range of the coordinator, and the
constraints on the quantity of the connected Bhigt@nd devices can be broken.

(3) Windows Phone is employed to control a great nunabexnd devices seamlessly simply
through a one-time match with a Bluetooth devicel there is little transmission delay time
consequently.

(4) For illustration purposes, the presented one-toynialnetooth communication mechanism
is implemented in a version above Windows Phonéus,actually it is developed as a
cross-platform technology and hence supports aperating systems.

(5) The smart phone is not equipped with a ZigBee comaation interface, while instead it
can communicate with a ZigBee device in this astdtiire.

It is experimentally validated that the communicatibetween Windows Phone and
CC2530, between ZigBee devices and a data progesgchanism can work seamlessly, and a
complete set of Windows Phone Bluetooth commurooasioftware programs are developed.
This study stands as a piece of pioneering worKaiwan, using Windows Phone 8.1 as a
system development platform. Finally, Bluetootmsig are bridged by this architecture with an
extended communication range compared to a tydstaétooth communication, and the
congenital defects in Bluetooth can be remediedheycharacteristics of ZigBee. A routing
device, supporting a large number of nodes, isdidkd to be developed, and is expected to
offer an extended communication range in the fytwsng a regular ZigBee system. A
succession of research projects are definitely dided by the authors as an extended

application of this work.
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