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ABSTRACT

A software defined ZigBee receiver has been dedigne
implemented and tested with a commercially avadadff-
the-shelf ZigBee transceiver. This system is basedhe
software defined system-in-package (SIP) platform b
Harris Corporation (Melbourne, Florida, USA). This
platform is equipped with a high-resolution anatogdigital
converter (ADC) and four Xilinx Virtex-4 FPGAs. Aall-
digital phase-locked loop (PLL) and ZigBee demothrla
have been created to operate inside the FPGAs.ZigBee
medium access control layer is also implementeitiénan

wireless personal area networks, such #SEE
802.15.1Bluetooth, ZigBee is becoming the standard
approach for wireless sensors and embedded appfisain

the industrial, scientific and medical radio bands.
Nowadays, more and more attention has been planed o
ZigBee.

In this paper, a software defined ZigBee receivigh w
a digital IF down-converting stage and correspogdiigital
filters was built in a single Xilinx Virtex-4 FPGAA novel
all-digital PLL was also designed and implementeside
the FPGA. Unlike the contemporary digital and cidjital

FPGA to allow the system to recover the commercialPhase-locked loops (PLL) have been reported rec¢si

ZigBee signals. A simple RF front-end is composéd
commercially available off-the-shelf components sgvo for
this system. This work permits a large portiontied RF
and IF hardware chain, as well as the physicalrlayel
medium access control layer, to be reconfigurediénshe
FPGAs.
XBee ZigBee transceiver is demonstrated on theirsheal
time.

1. INTRODUCTION

Software defined radio (SDR) provides communication
devices with the ability to change the transmittaod
received waveform without physically modifying the
hardware. Typical implementations of SDR systemofuide

a general-purpose processor (GPP), digital sigradgssor
(DSP) and field programmable gate arrays (FPGAs)3IL
Since the FPGAs are capable of offloading either @PP
or DSP or both, a SDR system can be implementetusi
suitable radio frequency (RF) and intermediate desqy
(IF) stages in conjunction with the FPGAs. Howeuée
receiver depends upon the analog RF front-end &ed t
processor for the MAC sublayer implementation. islta
challenging task to map the analog RF front-endctires
and the MAC sublayer control to the FPGAs.

ZigBee [4] is a low data rate, low power, low cost,
wireless networking protocol based on fiisEE 802.15.4
standard [5] for wireless personal area network® AN).
Since this technology is simpler and cheaper thero

[9], the presented PLL did not utilize a phase deteota
loop filter. Instead, a chip balance detector basedhree
accumulators was deployed to achieve the sameidunot
the phase detector and the loop filter. The MABGIayer of
the ZigBee receiver was also modeled by using VHibd

A Streaming video source emanating from theis capable of being reconfigured easily inside HERGA.

The performance of the ZigBee receiver was valilate
part of an experiment featuring a video link betwéhis
ZigBee receiver on Harris SIP and a commercial BgB
transceiver, XBee [10] manufactured by MaxStream.

The rest of the paper is organized as follows. tiGec
2 describes the system hardware used for this SBtRpn
and the design of the analog RF front end for tbaceiver.
Section 3 presents the implementation of the PH¥rland
MAC sublayer of the ZigBee receiver. The set-ud #re
performance of the video link experiment are disedsin
Section 4. Section 5 concludes the open issuethign
research and the future work on this Harris system-
package.

2. SDR PLATFORM HARDW ARE

The SDR ZigBee receiver is divided into two separat
sections: 2.4GHzanalog RF front-end chain and the Harris
SIP.

2.1. RF Front-end
The RF front-end is composed of an antenna, a RB-ba
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Figure 1 Block diagram of the RF front-end of ZigBe
receiver.

pass filter, a low noise amplifier, a IF band-pé#tsr, a
low-pass filter, two frequency mixers, and two loca
oscillators. Significant time, flexibility and resrce savings
was achieved by using commercially available of-shelf
components. Figure 1 shows the block diagram efRRF
front-end of the ZigBee receiver.

The band-pass filter with center frequer2y5GHz
and 200MHz bandwidth is used as a pre-selective filter.
The RF signal is down-converted T@MHz first IF stage
and filtered by a band-pass filter with ZDMHz center
frequency and2MHz bandwidth. The low noise amplifier
enhances théOMHz IF signal for the next IF stage. In the
second IF stage, the signal is down-converte@Mbiz and
fed into the high-resolution ADC.

2.2. Harris Software Defined SIP Board

The Harris SIP is a software defined radio featyraamong
other things, a high-resolution analog to digitahweerter
with 14-bit of resolution, four XilinxXC4VLX60Virtex-4
FPGAs [11], and a Texas Instruments DaVinci pramess
The processor on SIP is capable of configure aftivaie-
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Figure 2 Block diagram of Harris SIP board.

OQPSK is a variant of phase-shift keying modutatio
using four different values of the phase to tramsnBy
offsetting the timing of the odd and even bits ime dbit-
period, or half a symbol-period, the in-phase anddyature
components will never change at the same time.thén
constellation diagram, it can be seen that the gakh#t is
limited to no more tha®0 degree at a time rather than the
180 degree phase-shift for quadrature phase shiftnigeyi
The DSSS modulation technique multiplies the dagid
transmitted by a “noise” signal. This noise sigigla
pseudorandom sequencelofnd 4 values, at a frequency
much higher than that of the original signal, thgre
spreading the energy of the original signal intanach
wider band. The XBee RF module is a ZigB&eEE
802.15.4compliant solution that satisfies the unique needs
of low-cost, low-power wireless sensor networks.

3.1. PHY Layer Implementation

defined the whole system. The recovered data can be ZigBee receiver architecture has been designethke

delivered to a computer through a wired Ethernet pa
the SIP. Figure 2 shows the block diagram of tlaerid
SIP board.

3. ZIGBEE RECEIVER IMPLEMENTION

The IEEE 802.15.4standard employs an offset quadrature
phase shift keying (OQPSK) modulation with a haties
pulse shaping for signals transmitted in thdGHzISM
frequency band. A direct sequence spread spe¢D@8S)
coding with processing gain of eight is obtainedusjng
sixteen quasi-orthogonal codes, each composed ildy-th
two chips and encodingrbit data. The chip rate BMcps
and the raw data rate obtained280Kbps Each32-hit
code is divided into twd6-bit sub-codes that are separately

the maximum advantages of the processing powehef t
Harris SDR hardware platform. This architecturegeisses
the carrier synchronization, IF down-conversioittefing,
quadrature demodulation, chip synchronization
dispreading inside a FPGA. A simplified block dig of
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Figure 3 Block diagram of the ZigBee receiver struire
on Harris SIP.



the ZigBee receiver is shown in Figure 3. Thébit
digitized IF signals from the ADC is down-convertedthe
in-phase, earlier in-phase, later in-phase and rquae
base-band signals. The three in-phase signalsdiférent
time offset are directed into a chip balance deiaanodule
to determine the phase offset between the carridrthe
local oscillator. This module controls the numallic
controlled oscillator (NCO) to remove the phasesetff The
in-phase and quadrature signals are sent to chgctoes to
achieve the chip synchronization. The de-spreadiadule
recovers the bits after obtaining the correct
synchronization.

3.2. Data Packets Processing Implementation

The IEEE 802.15.4PHY and MAC layer frame structures
have been designed to keep the complexity to anmoimi
and to make packets sufficiently robust for trarssioin on
a noisy channel. The data frame for IEEE 802.15.sas
been designed to recover the transmitted source fdain
the demodulated ZigBee data with layer-specificdees
and footers. Figure 4 shows the structure of tia frame
[5][14]. It consists of PHY layer header, MAC saipér
header, data payload and a frame check sequente
PHY layer header contains a preamble sequencetes ffigr
packet detection and chip synchronization, a frdeianiter
byte for indicating the start of the packet and lsgn
synchronization, and a frame length byte for infioigmthe
length of the packet. The MAC sublayer headeruites
frame control bytes, a sequence number byte ancssidg
field bytes. The data payload is the data to . s§he
frame check sequence bytes are for cyclic redurydetmeck.

After a preamble sequence is received, a matched fi
is used for detecting the frame delimiter byt 100101".
Once the frame delimiter byte is detected, the necgived
byte, frame length byte, is use to set a packetivieg
count-down counter. This counter controls the fleraj the

2 1 4 to 20 n 2
Frame | Sequence |Addressing Data Efg’c‘i
Control Number Fields Payload
Sequence
4 1 1 5+ (4 to 20)+n
Start of
Preamble Frame
Sequence Frgme Length MAC Sub-layer Data Packet
Delimiter

11+ (4 to 20)+n

PHY Diata Packet

Figure 4 Structure of the ZigBee data frame.

MAC sublayer packet. Since only non-encrypted data
frames are transmitted for the real-time video ratethe
frame control bytes and the sequence number byiebea
ignored. Another matched filter is used to deteemf the
packet is sent to this specific receiver. The nexeived
one hundred bytes, the maximum length of the daytopd,

are sent to a remote computer through EthernetceShe
video data does not require high accuracy, theicycl
redundancy check can also be omitted. The wholignled

the PHY layer and MAC sublayer of the ZigBee reeeiv

chip was implemented in one Xilinx Virte4L X60 FPGA on the

Harris software defined SIP board, which occuBe347
slices out 0f26,624(11%), 3,659flip-flops out 0f53,248
(6%), 4,125 4input LUTs out 0f53,248 (7%) and 24
multipliers out of64 (37%) . Due to the tight timeline of
this project, certain optimizations have been aditt The
design can be further improved in several aspedtsch
will be discussed in the next section.

4. EXPERIMENT AND FUTURE WORK

An experiment designed to validate the functiogatit the
FPGA-based ZigBee receiver is shown in Figure 5. A

T commercial ZigBee device, XBee shown in Figure &sw

connected with a camera througs-232 The streaming
video taken by the camera was fed to the XBee as th
transmitting source data. XBee transmitted theBggy
signals through the antenna over the wireless aiannhe
FPGA-based ZigBee receiver received the signals;
recovered the transmitted data; and presents tleera t
remote computer through Ethernet. Figure 7 shdwes t
recovered video signals. It can be observed thatsarrors
occurred at the data recovering process. Thesegseare
mainly caused by the carrier frequency jitter of kBee
signal that moves out of the tracking range of réneeiver
PLL. A rotating chip detection structure was depld to
reduce the impact of this kind of errors. As tasult, the
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Figure 5 Experimental setup of the ZigBee SDR link.




Figure 6 MaxStream XBee transceiver.

number of required slices was increased f@&%to 11% of
26,624slices. To reduce the chip utility, one of theufet
improvements is to increase the frequency trackémge of
the all-digital PLL. Another improvement in the doé
could be the filter structure. For simplicity, élters in this
receiver are in full parallel structure and run48MHz in
the current design. A pipelined filter structurenazduce
the number of multipliers from twenty-four to fouoy
reusing the high-speed multipliers.
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5. CONCLUSION

In this paper, a ZigBee receiver was implementethe
ample resources on the Harris SDR SIP made it plest
implement a software defined IF down-converting and
reconfigurable PLL in the FPGA. The performancehef
ZigBee receiver was determined to be comparabieabof
commercial ZigBee products. As a result of thigskyother
wireless communications systems (such as Bluetooth,
Wireless USB andEEE 802.11b/g) as well as their MAC
sublayers can be easily implemented on the Harfs S
Further studies will be directed toward the usepaiftial
reconfiguration and the wuse of reconfigurable
modulation/demodulation elements.
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