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Abstract 

The purpose of this project is to develop a fully worked lab experiment for third and fourth 

year students, as well as MSc students, learning about wireless communications in their 

university courses. The project uses the IEEE 802.15.4 wireless communications standard, 

implemented on a USRP 2922 (Universal Software Radio Peripheral) and XBee modules, using 

LabVIEW Communications as the programming environment.  The IEEE standard implies 

low-cost, low-transmission rate and low-energy consumption, which nowadays are regarded as 

a priority for wireless communication devices. Using SDR (Software Defined Radio) to define 

this standard is an easy and convenient way to achieve a reliable communications system. 

 

After completing this lab exercise, students will be exposed to an actual communication 

standard and will be able to see how standards are written and implemented in a real system. 

Moreover, students will be able to experience real-life O-QPSK transmission and test the 

reliability of the transceiver system by observing bit error rate (BER), constellation and eye 

graphs. Moreover, students will be able to analyze how different environments influence the 

performance of wireless communication systems. Finally, they will have the chance to 

implement the transceiver system by using actual RF modules, which are compliant with the 

802.15.4 standard. 
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1. Introduction 

The IEEE 802.15.4 wireless communication standard [1] has been defined for low-power 

devices such as IoT (Internet of Things) [2] and XBee modules [3] and allows small electronic 

projects to easily implement wireless communications over short-distances.  

 

The goal of this project is to create a fully worked lab experiment, which explains O-QPSK 

(Offset-Quadrature Phase Shift Keying) transmission [4] under the IEEE 802.15.4 wireless 

communication standard together with how an USRP-2922 [5] operates.  The USRP acts as a 

SDR (Software Defined Radio) and allows users to easily create a transceiver system, which 

can be configured to follow the 802.15.4 standard. Most of the wireless communication courses 

offered in universities tend to focus on theory and sometimes students struggle to relate it to 

practice. In order to overcome this difficulty, SDR is implemented in this project, allowing 

students to get hands-on with wireless communications [6]. SDR offers the student a quick 

learning curve but exposes them to all the practical challenges of real-life communications.  

This project is meant to simplify the steps required to create a transceiver system by only 

looking at the PHY layer [1] of the 802.15.4 standard. Much of the wireless communications, 

nowadays, is dictated by standards because transmitters need to work with receivers from 

different manufacturers [7]. This is why, this project, uses the IEEE 802.15.4 standard and 

allows students to work with a standard and to see how it is implemented into practice.  

Furthermore, the project describes how an XBee2424 module works and tests its compatibility 

with an 802.15.4 compliant transceiver system developed by using LabVIEW Communications 

edition [8]. Moreover, most of the XBee papers propose the use of a microcontroller, which 

makes the implementation of the system more difficult. This project removes the need of a 

microcontroller by using an FTDI cable, which allows Serial to USB conversion. Finally, all 

of the work is incorporated in a lab exercise format, which will be aimed to be published in the 

IEEE Hands-On Lab Exchange [9]. 

 

Chapter 2 contains all the theoretical background connected to the 802.15.4 standard, USRP-

2922, LabVIEW Communications and the XBee2424 module. 

 

Chapter 3 is the planning section of the report, which contains what tasks have to be 

accomplished in order for the project to be successful together with all the risks regarding the 

project’s failure. Moreover, it contains the time and project management techniques that are 

used in order to succeed backed up by a Gantt chart showing the flow of work. 
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 Chapter 4 shows the implementation and testing of the actual transceiver together with the 

simulator of the system and the XBee compatibility testing. 

 

Chapter 5 analyzes the obtained BER results and compares it to theoretical results to ensure 

correct system operations under the IEEE 802.15.4 communications standard.  

 

Chapter 6 is a reflection section, which talks about on the work that has been carried out.  

 

Chapter 7 contains ideas on what can be further implemented in the system to achieve a more 

advanced design and then concludes the project.  

 2. Background 

In this part of the report the basic components of the project will be described as a theoretical 

interpretation. This section will describe the IEEE 802.15.4 wireless communication standard. 

First of all, the basics of the standard itself will be explained in section 2.1. Afterwards, a more 

in-depth analys will be taken into the O-QPSK PHY layer [1] of the standard, in section 2.3, 

together with all the necessary information regarding its different parts: PPDU (Physical Layer 

Convergence Protocol Data Unit) [10] format generation, bits-to-chip mapping [1], O-QPSK 

modulation and demodulation, and half-sine pulse shaping [11]. Furthermore, LabVIEW will 

be shown as a programming tool together with its essentials in section 2.4. The USRP will be 

described as a hardware part for the project’s implementation in section 2.5. Lastly, the XBee24 

module will be analyzed in section 2.6, for further use in the project. 

2.1. Basics of the IEEE 802.15.4 standard 

This standard is used to define the physical layer (PHY), which represents the radio transceiver, 

and medium access control (MAC) sublayer characteristics for low-data-rate wireless 

communications system [1]. The standard is based on the Open System Interconnection (OSI) 

model. This project focuses only on the PHY layer as specified in the introduction. The IEEE 

802.15.4 network operates devices in the Personal Operating Space (POS), which have the 

same radio channel and form as the so-called LR-WPAN. These networks provide low-data 

rate, low-cost and short distance (around 15m radius) communication [12]. The standard also 

tries to tackle problems, which were not correctly solved by Bluetooth technology [13]. 
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2.2.802.15.4 network topologies 

 

Figure 1. Star and peer-to-peer topology examples [14]. 

 

The 802.15.4 standard for LR-WPAN has two topologies - star topology and peer-to-peer 

topology [14] - which depend on the application requirements. The two topologies are shown 

in Figure 1. In the first topology, the star network, the devices communicate directly with an 

access point (AP) or the so-called central PAN coordinator which is the primary controller of 

the PAN [15]. There is also a PAN coordinator in the peer-to-peer topology, but it differs in 

that any device can communicate with any other device as long as they are inside each other’s 

operating range. This makes the peer-to-peer topology suited for much more complex network 

formations such as mesh networking topology [1]. The devices in both of the topologies have 

either a function of an initiation point or a termination point for the networks.  

2.3.PHY layer data transmission 

Figure 2. Generating the modulated PHY payload [16]. 

 

The whole procedure of transmitting data over the PHY layer is shown in Figure 2. In order to 

produce a modulated signal, the first step is to obtain the PPDU data packet with the only 

constraint that the PHY payload has to be bigger than 72 bits (9 octets) and no longer than 1016 

bits (127 octets). This procedure is explained in section 2.3.1. Afterwards, these incoming bits 

are all mapped to chips following a fixed procedure, which will be explained in section 2.3.2. 

From this conversion, follows the O-QPSK modulation in section 2.3.3 which involves 

modulating the received chips into complex values in the I and Q phases. Furthermore, these 

complex values will be half-sine shaped (described in section 2.3.4) and then finally outputted 

to the receiving channel.  
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2.3.1. PPDU format generation 

Figure 3. PPDU packet structure [16]. 

 

Whenever data is transmitted over the PHY layer, it is transformed into a PHY payload, which 

needs to be packaged into a packet structure for synchronization and detection. The PPDU 

packet structure is comprised of several fields and is shown in Figure 3. The structure is made 

in such a way that the leftmost field is received or transmitted first. All multiple octet (byte) 

fields are transmitted or received least significant octet first and each octet will be transmitted 

or received least significant (LSB) first. This transmission order should be applied when 

transferring data between the PHY and the MAC layer. 

The PPDU packet contains the following [16]: 

 

• Synchronization header (SHR), which is used for synchronizing and locking the 

receiving device to the bit stream. From Figure 3 it can be seen that it consists 

of the preamble field and SFD field. 

 The preamble is used for obtaining the chip and symbol synchronization 

within a message and has 4 octets each of which contains 8 bits which 

equal 32 bits of all zero bits. 

Figure 4. SFD field [1]. 

 The SFD field guides the start and end frames of the sequence data and 

has an 8-bit length 0xA7 as shown in Figure 4, where Bit 0 is the least 

significant bit and is transmitted first. 
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• PHY header (PHR) containing all the frame length information. From Figure 3 

it can be seen that the PHR consists of a frame length field and a reserved bit. 

The frame length field is 7 bits and is used to specify the total number of octets 

contained in the payload. This field is combined with the Reserved bit, which is 

usually a zero, to form the full PHR field. Suppose that the PHY payload is 64 

(512 bits) octets long  convert 64 in binary  0000001 (LSB first)  add the 

reserved bit 0  obtain the PHR which is 00000010.   

• A PHY payload (PSDU field), which is of variable length and carries the data 

of the PHY packet. As described in section 2.3 the length should be between 9 

and 127 octets (72 bits and 1016 bits) [1].  The number of bits contained in this 

field must be divisible by 8 because it has to be an integer number of octets. 

 

An example of a PPDU packet structure can be the following 

00000000000000000000000000000000 (Preamble) 11100101 (SFD) 00000010 (8-bit PHR 

with a reserved 0-bit) 10...01 (PHY data packet with a length of 64 octets).  

2.3.2. Bits to chip generation 

 

Figure 5. Symbol-to-chip mapping [1]. 
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Firstly, the bits will be mapped to data symbols in the way that the 4 LSBs (b0, b1, b2, b3) of 

each octet are mapped to one data symbol, where b0 is the least significant bit, and then the 4 

MSBs (b4, b5, b6, b7) are mapped to the next data symbol [1]. This is done by converting the 

binary numbers into decimals in the range 0-15, as seen in Figure 5.  The LSBs are processed 

first and the MSBs are processed second. Afterwards, for the 2450 MHz band, every one of the 

data symbols will be mapped to a 32-chip PN sequence in such a way that the PN sequences 

are all related as shown in Figure 5. As a simple example if the bits are 1100  converts to the 

data symbol 12    generated chip sequence will be 00000111011110111000110010010110 .  

2.3.3. O-QPSK modulation 

 

Figure 6. QPSK and O-QPSK constellation - 1) QPSK [17] 2) O-QPSK [18]. 

 

The O-QPSK is known as the Offset-Quadrature Phase Shift Keying and is an improved 

version of the standard QPSK [19]. The schemes are shown in Figure 6. In QPSK there is a 

series of bits which are converted into a series of complex numbers (e.g. 00 is converted into 

1+i;  01  -1+i; etc.) which are represented as constellation points. In this scheme transitions 

from any of the constellation points can be made to any of the other constellation points in 

successive steps due to the fact that both the I and Q components change at the same time 

which leads to 0 crossings, as shown in Figure 6 – 1). These 0 crossing lead to the signal 

changing from low to high and vice-versa, which leads to the need of a very linear amplifier.  

On the other hand, O-QPSK prevents these 0 crossings by changing the I and Q components 

one at a time and delaying the Q-phase by half a symbol period [20] which removes the sudden 

phase shift change as shown in Figure 6 – 2). In other words, O-QPSK only jumps 0o and ±90o 

which leads to a constant signal amplitude (the amplitude follows the dotted line shown in 
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Figure 6 – 2)), compared to the QPSK signal amplitude, and removes the need of a linear 

amplifier. 

 

The chips acquired from the bit-to-chip generation are modulated to the carrier using the O-

QPSK. The even chips get modulated onto the in-phase and the odd chips go to the quadrature 

phase. Now, in order to form the offset, the Q-phase is delayed by Tc with respect to the I-

phase, where Tc is the inverse of the chip rate which is 32 times the symbol rate [19]. This 

offset can be seen in Figure 7.  

 

Figure 7. O-QPSK offset in the two phases [21]. 

 

An example for Figure 7 can be represented with the bit sequence 0000 which when 

transformed into a complex chip sequence will be  11011001110000110101001000101110 

 

OQPSK can be demodulated the same way QPSK is demodulated - by using coherent 

quadrature demodulation. The only difference here is that there is a delay Tc introduced to the 

Q-phase with respect to the I-phase. 

 

The O-QPSK PHY operates in 5 different frequency bands but for this project the one utilized 

is between 2400.0 – 2483.5 MHz which has 16 available channels, a data rate of 250 kbps and 

has a center frequency defined as [1]: 

𝐹𝑐 = 2405 + 5(𝑘 − 11) in megahertz, for k=11,12,..26 (1) 

2.3.4. Half-sine pulse-shaping 

In order to reduce the inter-symbol interference and to reduce the bandwidth of the modulated 

signal, half-sine pulse shaping is used which expands the rectangular pulse into a half-sine 

pulse or as mentioned in the previous section – delays the Q phase of the signal by half a symbol 

period leading to a constant signal amplitude. For the 2450 MHz band each chip is represented 

as follows [1]: 
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𝑝(𝑡) = {
sin 𝜋

𝑡

2𝑇𝑐
, 0 ≤ 𝑡 ≤ 2𝑇𝑐

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (2) 

 

Figure 8 shows the half-sine pulse shaped baseband chip sequence which corresponds to the 

example in section 3.3.2.2:  

 

Figure 8. Half-sine pulse shaped chip sequence [1]. 

 

Complex-valued chip samples, ck, have a discrete-time sequence and have the following 

continuous-time pulse shaped signal [1]: 

𝑦(𝑡) =  ∑ 𝑐2𝑘𝑝(𝑡 − 2𝑘𝑇𝑐) + 𝑗𝑐2𝑘+1𝑝(𝑡 − 2𝑘𝑇𝑐 − 𝑇𝑐)
∞

𝑘=−∞
(3) 

2.4.LabVIEW 

LabVIEW is a graphical based programming environment which is specifically designed for 

engineers and scientists [22]. LabVIEW uses a data flow model instead of using the traditional 

text-based programming which enables fast learning and understanding of the program. The 

graphical interface allows the user to easily create all kinds of systems and virtual instruments 

(VI). Data acquisition and analysis can easily be performed by using all the different tools 

provided by the program which reduces working time. By using this graphical programming 

environment, the rate of development can be easily increased while keeping the functionality 

and stability of the system. This project will use LabVIEW Communications 1.1 which is a 

special edition of LabVIEW which is created to deal with communication-related projects. 

 

LabVIEW consists of two panels: 

• Block diagram - contains the graphical programming elements (2) and the functions palette 

(1) as shown in Figure 9. 
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Figure 9. LabVIEW Block diagram. 

• Front panel - contains the user interface controls (2) of the program and the controls palette 

(1) as shown in Figure 10.  

 

Figure 10. LabVIEW Front Panel. 
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2.5.USRP  

The Universal Software Defined Radio is a member of the Software Defined Radio (SDR) 

family and used as a transceiver of RF signals [23]. Figure 11 shows the design of the module.  

It utilizes Analog to Digital and Digital to Analog conversion and allows computers to act as 

radio devices with high bandwidths. The devices consist of a motherboard which is represented 

as a high-speed FPGA including sub-boards which manage different frequency ranges from 

AM radio to Wi-Fi. These sub-boards transmit data to the PC using the antennas provided. As 

a whole, this device enables engineers and scientists to create innovating systems with minimal 

requirements. The USRP uses GNU Radio framework for PHY processing [23].  

Figure 11. USRP 2922 module [24]. 

2.5.1. USRP Architecture 

Figure 12. USRP architecture [24]. 
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The USRP implies a common architecture for software-defined radios [25] as shown in Figure 

12. It combines direct conversion analog front end with ADCs and DACs. The FPGA is used 

for the digital down conversion (DDC) and digital upconversion (DUC). When receiving the 

signal reaches a highly sensitive analog front end, which can receive very small signals, and 

digitizes it using DDC to In-Phase (I) and Quadrature (Q) baseband signals. From this point, 

ADC is carried out followed by a DDC which reduces the sampling rate and packetizes I and 

Q for transmission over an Ethernet cable. When transmitting from the host PC, where I and Q 

are generated and transferred over the Ethernet cable. Here a DUC sets up the DAC after which 

I-Q mixing occurs to directly up-convert the signals and produce the RF signal, which is 

amplified and transmitted [25].  

 

Figure 13. Signal Processing in a USRP device [26]. 

The USRP transceiver device follows a simple signal processing structure described in Figure 

13. The modulated complex values is separated into I - 𝑥𝑖(𝑡)  and Q - 𝑥𝑞(𝑡)  phases  

multiplied by cos(2𝜋𝑓𝑐𝑡) and sin(2𝜋𝑓𝑐𝑡) respectively and then summed up to obtain 𝑦(𝑡) =

𝑥𝑖(𝑡) cos(2𝜋𝑓𝑐𝑡) + 𝑥𝑞(𝑡) sin(2𝜋𝑓𝑐𝑡)   multiplied by 2cos(2𝜋𝑓𝑐𝑡)  and 2sin(2𝜋𝑓𝑐𝑡) 

respectively, to obtain 𝑢𝑖(𝑡) =

2𝑥𝑖(𝑡) cos(2𝜋𝑓𝑐𝑡) cos(2𝜋𝑓𝑐𝑡) + 2𝑥𝑞(𝑡) sin(2𝜋𝑓𝑐𝑡) cos(2𝜋𝑓𝑐𝑡)  and 𝑢𝑞(𝑡) =

2𝑥𝑞(𝑡) sin(2𝜋𝑓𝑐𝑡) sin(2𝜋𝑓𝑐𝑡) + 2𝑥𝑖(𝑡) cos(2𝜋𝑓𝑐𝑡) sin(2𝜋𝑓𝑐𝑡)   using the trigonometric 

identity 2 cos(𝑥) cos(𝑥) = 1 + cos(2𝑥), 2 sin(𝑥) sin(𝑥) = 1 − cos(2𝑥) and 

2 cos(𝑥) sin(𝑥) =  sin(2𝑥)  to obtain 𝑢𝑖(𝑡) = 𝑥𝑖(𝑡) + 𝑥𝑖(𝑡) cos(4𝜋𝑓𝑐𝑡) + 𝑥𝑞(𝑡) sin(4𝜋𝑓𝑐𝑡) 

and 𝑢𝑞(𝑡) = 𝑥𝑞(𝑡) − 𝑥𝑞(𝑡) cos(4𝜋𝑓𝑐𝑡) + 𝑥𝑖(𝑡) sin(4𝜋𝑓𝑐𝑡)  Low Pass Filter the signal in 

order to remove the out of band frequency components (4𝜋𝑓𝑐𝑡) which leaves  𝑥𝑖(𝑡)̂ = 𝑥𝑖(𝑡)  

and 𝑥𝑞(𝑡)̂ = 𝑥𝑞(𝑡).   
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2.6.XBee24 module 

The XBee24 module shown in Figure 14 to provides a cost-effective wireless connection 

between devices. It allows direct programming due to its onboard microprocessor and enables 

custom application development. The Serial Peripheral Interface (SPI) provides a high-speed 

interface and easily communicates with embedded micro-controllers which decrease costs and 

working time. This module is specially designed to incorporate the 802.15.4 standard which 

makes it a perfect RF device for the project. It has two modes of operation [27]: 

• Transparent data mode - data is transmitted over-the-air to the receivers without 

being modified. It can be point-to-point communication or star. 

• Application Programming Interface (API) - data is wrapped in a packet structure 

that takes care of all the communication steps. 

The device is 802.15.4 compliant which means that it is capable of establishing a connection 

under this standard. 

 

Figure 14. XBee24 module [28]. 

3. Planning 

This chapter discusses the planning steps undertaken in order to produce a successful project. 

The project scope, success criteria and the project tasks are described in sections 4.1, 4.2 and 

4.3. Sections 4.4 and 4.5 talk about the available resources and the risks connected with the 

project development, followed by a discussion on how the time spent on the project is managed 

in section 4.6, backed up by a Gantt chart in section 4.7. 
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3.1.Project scope: 

The idea of this project is to develop a fully worked lab experiment based on the IEEE 802.15.4 

wireless communications standard for students who study this material in university. After 

being finished the project is aimed to be published in the IEEEComSoc Hands-on Lab 

Exchange website. The project is entirely constructed in the LabVIEW programming 

environment and incorporates the use of a USRP 2922 pair and O-QPSK modulation, 

demodulation, and simulation. Due to the complexity of the standard, only the PHY layer will 

be focused on. Furthermore, XBee24 modules are included in the experiment and 

communication between them and the USRP is established so that the USRP transceiver 

systems detects the communication between the XBee modules. This project is based only 

around creating a software-defined radio without implementing a real telecommunications 

system.  

3.2.Success criteria: 

In order for this project to be successful the following criteria should be met: 

• Create a fully working O-QPSK system that has a fully working transmitter and 

receiver and incorporates the 802.15.4 standard. 

• Create a simulator of the system that works without the USRP and the XBee24 

modules and aim to produce results which match the theoretical results of using the 

802.15.4 standard and more precisely the O-QPSK modulation and demodulation. 

• Characterize the BER performance of the O-QPSK used for the project and aim to 

produce values close to zero at sufficiently high SNR values. 

• Manage to detect the communication between the XBee modules with the use of 

the USRP devices. 

• Manage to set up the XBee24 modules to work with FTDI cables, without the use 

of a micro-controller. 

• Create fully worked lab notes with questions for students together with examples 

and teacher notes. 

• Manage to create a lab experiment worthy of publishing on the IEEEComSoc lab 

exchange website. 

• Manage to meet final deadline and produce the 3,000-word interim report before 

Christmas and then finish the 10,000-word report before May. 
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3.3.Project tasks: 

The whole project can be divided into the following sub-tasks, each of which will require 

different time-spans in order to be incorporated: 

 

1. Learn how to program using the LabVIEW environment by undertaking LabVIEW 

programming courses organized by the University of Southampton. 

2. Research the IEEE 802.15.4 standard (O-QPSK PHY module) together with the 

USRP and XBee24 modules by researching relevant scientific sources. 

3. Create a PPDU format generator for the PHY payload together with bit-to-chip 

mapping. 

4. Design a fully working O-QPSK modulator with PN spreading code which uses 

half-sine pulse shaping. 

5. Design a demodulator for the complex value O-QPSK, which contains PPDU data 

locator using AWGN, correct signal synchronization, correct chip-to-bit 

demodulation used for producing the BER ratio, and correct waveform 

demodulation. 

6. Create a simulator for the whole system so that the practical results can be compared 

to the theoretical ones.  

7. Set up a connection between 2 XBee devices and detect the communication between 

them by using the USRP receiver module. 

8. Test the whole system, compare results and debug the system if needed  

9. Create fully worked lab notes for students and teachers which can be used in 

university. 

10. Create a 10,000-word report combining all the work done. 

3.4.Available resources: 

Everything needed for the project is either provided by the university or is available to be 

purchased online with the provided individual project budget: 

 

• The IEEE 802.15.4 standard which is available online. 

• LabVIEW courses provided by the University of Southampton. 

• USRP 2922 provided by the University of Southampton. 

• XBee24 modules and adapters available to purchase online. 
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• Past dissertation papers connected to LabVIEW and the 802.15.4 standard available 

online – Chong You – “Implementation of transceiver system under IEEE 802.15.4 

based on LabVIEW with USRP” 

• QPSK LabVIEW template code provided by Dr. Rob Maunder 

3.5.Risk assessment: 

The following risk were outlined together with their impact, probability and solution: 

• Computer may get stolen or damaged thus losing all work – High Impact – Low 

probability –  Never leave personal belongings unattended and always keep back-

ups. 

• Insufficient resources for the project – High impact – Low probability – Carefully 

research all the success criteria components and have a clear overview of all the 

required steps in order to produce a fully-working system. 

• Failure to produce a fully working O-QPSK transceiver system which correctly 

follows the IEEE 802.15.4 communication standard – High Impact – High 

Probability - Research past dissertation papers on the same topic and actively work 

with supervisor in order to debug all arising problems and keep up with the 

schedule. 

• Failure to create an O-QPSK system with a BER performance of 0. This includes 

all the parts of the system - PPDU format generation, bits-to-chip mapping, and O-

QPSK modulation and demodulation – High Impact – High Probability – Research 

past dissertation papers on the same topic and actively work with supervisor in order 

to debug all arising problems and keep up with the schedule. 

• Failure to get the XBee24 modules to work with the USRP as these modules are 

extremely complex and require a lot of understanding before being able to 

incorporate it into the whole system – High Impact – High Probability – Thoroughly 

research scientific papers connected with XBee implementation and seek 

supervisor’s help whenever issues occur. 

• Failure to generate good lab notes – High Impact – Medium probability – Carefully 

look through lab notes from different universities so as to get a good idea of what a 

good lab consists of. Furthermore, carefully breakdown the project into different 

parts so as to be able to easily make lab exercises. 
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• Falling ill – Medium impact – Medium probability – Keep after personal health and 

schedule regular check-ups. 

• Failure to meet deadlines – High Impact – Low probability – Carefully manage time 

by using different time management techniques such as Gantt charts. 

3.6.Time management  

The final deadline for the individual project is the 2nd of May which means that there are nearly 

7 months in order to produce the whole design. In order to be time efficient a project schedule 

is designed and can be seen in section 4.7.  

 

The first task undertaken is to get familiar with all the background material governing the 

project. As this is only research related, 1 week is appointed. In order to become efficient with 

LabVIEW special university organized courses are attended which have a length of 6 weeks. 

During this time the general aspects of O-QPSK modulation are programmed in the LabVIEW 

environment. First, the PPDU format generation and the bits-to-chips mapping are considered. 

For these activities 2 weeks are appointed. After completing these tasks, the O-QPSK 

modulation is implemented in a transmitter module which again has a 2-week duration. 

Afterwards, the receiver system is implemented which includes all of the O-QPSK 

demodulation components (PPDU location, synchronization, waveform demodulation and 

chip-to-bits conversion for obtaining BER ratio). As this task has the most components 4 weeks 

are appointed. When the transceiver is finished the simulator is created. For its completion 5 

weeks are appointed from which 3 will be holiday weeks and no work will be carried out. A 

progress report is required showing the work done before the Christmas holidays. This task 

requires a lot of attention and 5 weeks are appointed, allowing plenty of time for revising and 

correcting mistakes. This report will be used as a draft of the original report which will be 

written throughout the whole project’s time length – around 6 months. After the exam session 

at the end of January, the XBee implementation begins and continues for 6 weeks. When every 

aspect of the system is implemented, testing will begin for roughly 3 weeks which is enough 

time to compare the results with theoretical values and further improve the system. Finally, 2 

weeks before the deadline of the project, fully-worked lab notes will be created which will 

include exercises for students and lab notes for the teaching staff. 
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3.7.Gantt chart: 

A simple Gantt chart was generated in order to have an overview of how to proceed with the 

project. 

 

Figure 15. Gantt chart of the work process 

4. Implementation and Testing  

 

Figure 16. Transceiver schematic [29]. 

 

This section will talk about the implementation and testing of the transceiver system. Figure 

16 shows the transceiver schematic. The transmitter consists of three main components – PPDU 

format generation, bits-to-chips mapping and O-QPSK modulation with half-sine pulse 

shaping, which transform the input data into a suitable form for the USRP transmitter. Sections 

4.1 and 4.2 will talk about this in more detail. The receiver then recovers the data from the 

USRP receiver and the signal goes through O-QPSK demodulation, PPDU location and chips-

to-bits recovery. Section 4.3 and 4.4 will explain this process more thoroughly. 
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4.1.O-QPSK transmitter module implementation and testing 

 

Figure 17. Transmitter VI block diagram. 

Figure 17 shows the VI’s block diagram. There are 4 components to be described – input 

generation functions (1), modulation VI (2), USRP settings functions (3) and eye and 

constellation diagram VI (4). These components will be described in sections 4.1.1 to 4.1.4. 

The transmit button (5) ensures new data to be transmitted every time it is pressed and the stop 

button (6) terminates the execution of the program. 

4.1.1. Input generation  

 

Figure 18. Front panel visualization of the input generation. 

 

The first step to establishing the O-QPSK modulation is to generate random bits, which will be 

inputted to the modulation module of the VI. Figure 17 (1) shows this procedure. The random 

bits are generated by a function available in LabVIEW, which continuously generates random 

bits in the form of an array. The total bits per frame are inputted to the random bit generating 

function and then outputted on the front panel every time the transmit button is pressed as seen 

in Figure 18.  These generate bits then are inputted into the modulation module.  
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4.1.2. O-QPSK modulation 

 

Figure 19. O-QPSK Modulation components. 

 

The O-QPSK modulation module consists of 3 separate modules, as shown in Figure 19, which 

cover all the steps for producing PPDU format (1) then converting it to chips (2) and finally O-

QPSK modulating (3) so as to obtain the modulated complex value and samples needed for 

transmission. Each individual step is described below. These steps follow the procedure shown 

in Figure 4. 

4.1.2.1. PPDU format generation 

 

Figure 20. PPDU format generation. 
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The PPDU format generation function contains three parts – error checking (1), frame length 

generation (2) and PPDU generation (3) as shown in Figure 20. 

4.1.2.1.1. Error checking 

Figure 20 (1) shows the error checking component for generating PPDU. The error checking 

part ensures that the incoming bits from the input generation in section 4.1.1. are following the 

IEEE 802.15.4 standard which specifies that the PHY input must be no larger than 1016 bits 

(127 octets), no smaller than 72 bits (9 octets) and must be divisible by 8 as described in the 

section 2.3. The error propagates throughout the whole PPDU format generation sequence and 

when the PHY does not meet the requirements, an error message is displayed. 

 

When the inputted PHY is 1…1(1020 bits) the execution of the program is stopped and the 

following message is displayed: 

 

Figure 21. PHY payload is too long error message. 

 

With a PHY input of 1…1 (64 bits) the VI stops execution: 

 

Figure 22. PHY payload is too short error message. 
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Inputting 1…1 (74 bits) leads to:

 

Figure 23. PHY payload is not divisible by 8. 

4.1.2.1.2. Frame length generation 

Figure 20 (2) shows the frame length generation of the PPDU format. The PHY payload length 

is divided by 8 due to the fact that the frame length in octets as seen in Figure 2. An array is 

then created which has a length equal to the divided PHY payload length.  The array is then 

unpacked to a 7-bit binary data format by using a LabVIEW unpack bit function with the LSB 

being formatted first. The output of this function is the generated PPDU frame length, which 

meets the requirements stated in section 2.3.1. 

4.1.2.1.3. PPDU output generation 

As it can be seen from Figure 20 (3), the SHR which contains the Preamble (32-bits of 0’s) and 

the SFD (1110010) are concatenated into an array together with the PHR, which contains the 

generated in section 4.1.2.1.2  frame length and a reserved bit which is always a 0, and the 

generated in section 4.1.1. PHY payload input (PSDU field) in order to form an array 

representing the PPDU format output. 

 

Figure 24. PPDU output generation front panel visualization. 
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When the example from section 2.3.1. is inputted, the correct PPDU sequence is generated 

where the first 32-bits are the Preamble field of all 0’s as seen in Figure 24. This PPDU then 

goes as an input to the bits-to-chips module as shown in Figure 17. 

4.1.2.2. Bits-to-chips mapping 

 

Figure 25. Bits-to-chips mapping block diagram. 

 

The bits-to-chips mapping module contains 3 components – error-checking (1), bits-to-chip 

conversion (2) and the chip map (3) which the 32-length symbol chips specified in section 

2.3.2. All of these components are described in the following sections. 

4.1.2.2.1. Error checking 

The error checking procedure shown in Figure 25 (1) follows the same steps as the one 

described in section 4.1.2.1.1. The only difference here is that the size of the generated PPDU 

is checked to see if it is divisible by 4 because the chip mapping is done first to the 4 LSB and 
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then the 4 MSB. If the input, let’s say 000001, is not divisible by 4 an error is displayed -  

Number of bits cannot be divided by 4. This can be seen in Figure 26. 

 

Figure 26. Number of bits cannot be divided by 4 error message. 

4.1.2.2.2. Actual Bits-to-chips mapping 

Figure 25 (2) shows how the PPDU format is first packed to integers per 4 bits (LSB first) by 

using the LabVIEW’s pack bits function. These integers are then packed in an array by using 

a for loop, which loops for each integer received. Afterwards this array is used to define the 

rows of the array indexing function which outputs one of the 16 different chip value sequences 

described in section 2.3.2 (3). Finally, the output of the array indexing function is concatenated 

with a 0 initialized shift register in order to produce the chip value output which is then inputted 

to the O-QPSK module as seen in Figure 17. When the data symbol 12 (1100) from Figure 5 

is inputted the correct chip value is obtained as seen in Figure 27. The input here is in the form 

0011 because the LSB goes first. 

 

Figure 27. Correctly outputted chip sequence. 
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4.1.2.3. Actual O-QPSK Modulation 

 

Figure 28. O-QPSK modulation module block diagram. 

 

In order to achieve correct O-QPSK modulation as described in section 2.3.3, 3 steps are needed 

– half-sine waveform generation (1), I and Q phase shift separation and offset data length 

generation (2). 

4.1.2.3.1. Half-Sine waveform generation 

Figure 28 (1) shows the procedure of generating a half-sine waveform which will be used as 

an individual template for the actual bits transmitted and modulated in section 4.1.2.3.2. The 

first step is to multiply the user defined samples/chip value by 2 in order to satisfy the 

transmission on both the I and Q phases. Afterwards, the ordinal position of the samples/chip 

is obtained by dividing the newly obtained value by the iteration count of the for loop. 

Multiplying by π defines the phase of the sampled sine waveform. This is then inputted to a 

Sine function, which computes the sine value and then sends the waveform to the I and Q 

phases as shown in Figure 28. 
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Figure 29. Generated half-sine waveform. 

 

When inputting 12 samples/chip a perfect upper half-Sine waveform is obtained as seen in 

Figure 29. The gap, in the end, represents the connection point of the following waveform. 

4.1.2.3.2. I and Q phase shift and offset generation 

Figure 28 (2) represents the actual I and Q modulation together with the offset generation 

needed in order to acquire the O-QPSK signal described in section 2.3.3. Firstly, the chips 

generated in section 4.1.2.2.2 are compared with either a 1 or a 0. From sections 2.3.3 and 

2.3.4, it is clear that 1 represents the positive part of the Sine waveform and 0 represents the 

negative. These values are then assigned either to the negative part of the sine wave by 

multiplying it by -1 or to the positive part of the 0sine wave by multiplying it by 1. The number 

of inputted chips is then divided into odd and even values by using a quotient and remainder 

function where the even bits go the I phase and the odd bits go to the Q phase. Arrays are built 

for both the I and Q phases. 

 

In order to obtain the offset between the I and Q phases a 0 valued array is initialized for each 

of the chip’s transmissions. Afterwards, this array is concatenated with the arrays of I and Q, 

thus obtaining the I and Q waveforms. These waveforms are then transformed into a single 

complex value  which then goes as an input to the Eye and Constellation diagram module, and 

the USRP settings functions as shown in Figure 17. 
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The obtained I and Q waveforms, when using the chip sequence given in section 2.3.3, are 

shown in Figure 30. 

 

Figure 30. I and Q waveforms. 

 

By comparing these results with the theoretical in sections 2.3.3 and 2.3.4, and Figure 8, it can 

be clearly seen that the modulator correctly generates half-sine waveforms, where the Q phase 

has a delay of Tc, where Tc is the inverse of the chip rate and follows the principles of O-QPSK 

modulation from the IEEE 802.15.4 standard. 

4.1.3. Eye and Constellation Diagrams 

 

Figure 31. Eye and Constellation module block diagram. 
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This section of the transmitter contains five components as shown in Figure 31. In order to get 

the period between two samples, the sample rate, and its reciprocal must be obtained. This is 

done in Figure 17 by multiplying the chips per second and the samples per chip followed by a 

reciprocal function, which obtains the seconds per sample (1). The chips per second values are 

obtained from the IEEE 802.15.4 standard – 250 kbps (section 2.3.3) with every 4 bits of PPDU 

being converted to 32-length symbols leads to a chip rate of 2,000,000. This value must be 

constant meaning that  
𝑠𝑎𝑚𝑝𝑙𝑒𝑠/𝑠𝑒𝑐𝑜𝑛𝑑

𝑠𝑎𝑚𝑝𝑙𝑒𝑠/𝑐ℎ𝑖𝑝
= 2 000 000 . This value is then inputted in the cluster 

properties function (3) which defines the initial time, the time between two samples and sample 

amplitude of each sample initialized in the cluster (2). The data from the Cluster Properties 

function is used as an input to a constellation diagram function(4) and an eye diagram function 

(5), which plot the constellation and eye diagram of the incoming signal. With 2 samples/ chip 

inputted the following diagrams are plotted on the Front Panel: 

 

Figure 32. Eye and Constellation diagrams. 

 

From these results, it can be seen that the constellation diagram correctly represents the O-

QPSK modulated signal and that the transition between two diagonally opposite phases passes 

through an intermediate phase removing the ±180o phase shift as described in section 2.3.3. 

The eye diagram is a “perfect” open eye showing that the transmitted data follows the 

constellation circle. 

4.1.4. Transmitter USRP settings 

From Figure 17 the functions that set up the USRP can be seen. The first step is to create a 

transmission (Tx) session for the specified in the IP address device and output a session handle. 



32 

 

This session handle is then used as an input to a function which configures the sample rate, 

carrier frequency and gain of the USRP transmitter and again outputs a session handle for the 

next function, which writes the modulated complex values obtained in section 4.1.2.3.2 to the 

transmission channel. Finally, a close function is used to close the session handle to the specific 

design. 

4.2.O-QPSK transmitter testing 

 

Figure 33. USRP-2922 transmitter 

 

Figure 33 shows the hardware setup of the transmitter. An Ethernet cable (1) is connected to 

the PC and the USRP device. The device also has a Tx antenna (2) which is used to, later on, 

communicate with the receiver device.  

 

On the front panel of the transmitter module, the carrier frequency is set to 2.405 GHz, 

samples/chip to 2, samples/second to 4 000 000 (in order to obtain a data rate of 250 kbps) and 

total bits as 512. Then the transmit button specified in section 5 is pressed the following data 

is observed: 
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Figure 34. Front panel transmitter visualization. 

 

 

Figure 35. I and Q samples from the transmitter testing. 

 

By comparing the results of these figures and the obtained data from the previous sections, it 

can be determined that the transmitter correctly modulates O-QPSK signals under the 802.15.4 

standard. 
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4.3.O-QPSK receiver module implementation 

This section will discuss the implementation of the receiver module VI together with all of its 

components 

 

Figure 36. Receiver module block diagram. 

 

Figure 36 shows the two main components of the receiver module, mainly the USRP settings 

(1) and the demodulation VI (2). This section will describe them in more detail throughout the 

next sub-sections. The stop button (3) terminates the program. 

4.3.1. USRP settings 

The USRP settings shown in Figure 36 (1) have the similar structure as the ones explained in 

section 4.1.4. The difference here is that there is a special initiation function used to start the 

Rx acquisition together with a function, which fetches the session data of the transmitter, and 

outputs the data needed for the demodulation VI. The IP address of the USRP receiver should 

be specified for finding a connection on the PC. Furthermore, carrier frequency, samples per 

second and the gain of the received signal have to be defined. 
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4.3.2. O-QPSK demodulation 

 

Figure 37. Demodulator block diagram. 

 

Figure 37 shows that the demodulator consists of 8 elements – signal detection (1), PPDU 

location (2), original SHR modulation (3), original chip detection (4), synchronization (5), 

original and received SHR waveform generation (6), chips-to-bits conversion (7) and received 

PHY payload generation (8). The following sub-sections will describe the process of 

demodulation in more detail. These components will be tested in section 4.4 with the whole 

receiver system. 

4.3.2.1.Signal detection 

As it can be seen in Figure 37 (1) the real part of incoming signal IQ is compared with a 

threshold sample magnitude value which is determined by the user so as to detect the actual 

signal. When the signal is detected a Boolean switch lights up on the front panel of the receiver. 

4.3.2.2.PPDU location 

 

Figure 38. PPDU frame location. 
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After the actual signal is detected, the next step is to locate the PPDU frame. The problem with 

this detection is that when the frame is detected, it is not sure whether the whole PPDU data is 

in that frame. This is why feedback nodes are used, as shown in Figure 38, so as to extract the 

adjacent frames together with the actual frame in an array which then goes into the 

synchronization VI as shown in Figure 37 and is also used for obtaining the received bits later 

on. 

4.3.2.3.Original SHR modulation 

 

Figure 39. Original SHR modulation block diagram. 

 

Figure 39 shows the procedure followed to obtain the theoretical values of the modulated SHR 

in order to obtain the start point of the PPDU format. The SHR values mentioned in section 

2.3.1 are transformed to chips and then O-QPSK modulated in order to output the theoretical 

SHR values, which are then used to obtain the received SHR waveforms and later in used for 

the chips-to-bits conversion as shown in Figure 37. 

4.3.2.4.Original chips detection 

 

Figure 40. Original chips mapping modulation 
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It is not enough to only obtain the original SHR value, in order to output the PHY payload the 

received PPDU format must be restored in bits form. This is done by firstly obtaining the 

modulated chip matrix complex value as seen in Figure 40. The chips map is obtained by O-

QPSK modulating every row of the chip map   based on the chip mapping procedure explained 

in section 2.3.2. 

4.3.2.5.Signal Synchronization 

 

Figure 41. Synchronization block diagram. 

 

As seen in Figure 41 the synchronization is used to obtain cross-correlation of the synchronized 

SHR values obtained in section 4.3.2.3 and the signal incoming from the transmitter by 

detecting each of their positions. This value (h) is then used in obtaining the received signal 

waveforms and the actual bits transmitted as seen in Figure 37. 

4.3.2.6.Original and Received SHR waveform generation 

 

Figure 42. Original and received SHR waveform generation block diagram. 

 

As it can be seen in Figure 42 the theoretical SHR values (section 4.3.2.3) are used to obtain 

the original SHR waveform both in the I and Q phases. In order to obtain the received SHR 
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waveforms, the received IQ samples are divided by the cross-correlation value, obtained in 

section 4.3.2.5, which eliminates the rotation of the samples caused by the channel. The 

waveforms are then outputted on the UI of the front panel. These components will be tested in 

section 4.4 in order to determine the accuracy of the system. 

4.3.2.7.Chips-to-bits conversion 

 

Figure 43. Chips-to-bits conversion block diagram. 

As seen in Figure 43 this section consists of a cross-correlation function, which judges the 

similarity of the received PPDU and the chip matrix complex value, obtained in section 4.2.3.4. 

This is done so that the modulated PPDU values can be successfully converted into a bits form 

thus being able to display the transmitted bits together with the transmitted PHY payload. This 

output bit stream is then inputted into the Received PHY payload generation VI as shown in 

Figure 37. 

4.3.2.8.Received PHY payload generation  

 

Figure 44. Received PHY payload generation function block diagram. 
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As it can be seen in Figure 44 the received PHY payload generation function is used to extract 

the actual frame length information from the PPDU format so that the correct form of the PHY 

payload values can be obtained. This is done by extracting the first seven-length bits (LSB 

first) of the output bit stream form section 4.3.2.7 and then outputting an array which is actually 

the PHY payload with the newly defined frame length. This PHY payload is also used to 

calculate the BER of the system later on. 

4.4.O-QPSK receiver module testing 

 

Figure 45. Receiver system set up. 

 

Figure 45 shows how the receiver system is tested where the set up is the same as the one 

shown in Figure 33 with a difference that here a second USRP device is used as a receiver. The 

MIMO (Multiple Input Multiple Output) cable is used to share the Ethernet connection between 

the devices. 

 



40 

 

The frequency of the receiver is set to 2.405 GHz, samples/chip to 2, the samples/second to 4 

000 000 which responds to the settings applied to the transmitter in section 5.2 in order to 

obtain a bit rate of 250 kbps. The sample threshold is set to 0.001.  

 

Figure 46. Front panel of receiver module. 

 

By inspecting Figure 56 it can be seen that the receiver correctly demodulates the transmitted 

data. The signal detected ? (1) Boolean lights up when the data is transmitted which shows that 

the input detection described in section 4.3.2.1 works as described. It can be seen that the 

waveforms of both the I and Q phases of the received SHR are similar to the original samples 

which proves that the function described in sections 4.3.2.3, 4.3.2.5 and 4.3.2.6 function 

correctly. They are not exactly identical due to the fact that the transceiver is being subject to 

changing channel environments. When the input and output PHY (3) and  are compared it can 

be seen that the values are identical and match the input PHY in Figure 34, which shows that 

the chip-to-bit conversion in the demodulator works. Finally, by observing the BER result (4), 

which is 0, it can be concluded that the receiver can successfully receive signals from the USRP 

transceiver device. 
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4.5.O-QPSK simulator implementation and testing 

 

Figure 47. Simulator block diagram. 
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This section will look at the design and testing of the simulator module. As seen in Figure 47 

the simulator is based on the design of the transceiver system without the use of USRP devices. 

Flat fading channel, AWGN mixing and a random delay are included into the design. The 

modulator and demodulator of the transceiver are copied in the simulator in order to make sure 

that the simulation is of the real hardware implementation.  This simulator is designed to 

achieve theoretical bit error rates (BER) with different channel parameters so that the reliability 

of the designed system under the IEEE 802.15.4 can be proved. Section 4.5.1 talks about the 

design process and section 4.5.2 tests the simulator. 

4.5.1. Simulator design 

As it can be seen from Figure 47 the input generation and modulation (1) are the same as the 

ones shown in section 4.1. Here the data bits have to be between 72 and 1016 to meet the 

requirements stated in section 3.1. The 2nd part of the simulator is the actual simulation of the 

channel. First, it adds a random delay to the system, followed by fading function, which mixes 

the received waveform with the generated fading channel (Rayleigh fading). Afterwards, the 

signal goes through AWGN function. This function adds noise to the waveform based on the 

equation 𝑁0 = ∑|𝑠𝑖|
2 ÷

𝐸𝑏

𝑁0
 where ∑|𝑠𝑖|

2 = 𝐸𝑏   𝑁0 = 𝐸𝑏 ×
𝑁0

𝐸𝑏
= 𝑁0  where 

𝐸𝑏

𝑁0
 (3) is 

defined by the user. This value is also used in the 6th element in order to calculate the average 

BER. The channel simulation also includes a carrier frequency offset function, which is used 

to test how much carrier frequency offset can the system sustain before the BER goes to 1. The 

demodulator of the simulator (4) is the same as the one described in section 4.3.2. The only 

difference is that the PPDU location from Figure 37 – (2) is removed in order to sample the 

frames one at a time to obtain a reasonable BER. Finally, the BER is calculated and a BER plot 

(5), based on a minimal number of error (5), is displayed on the front panel. 

4.5.2. Simulator testing 

 

Figure 48. Simulator testing. 
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As it can be seen from Figure 48 the PHY payload bits can generated and demodulated through 

different fading channels with AWGN. This means that the average BER value and the BER 

plot can be obtained in different channel conditions. In this case 512 bits (1) are selected with 

2 samples/symbol (2) and 4 000 000 samples/second (3) in order to meet the 250 kbps data rate 

specified in section 2.3.3. The Eb/N0 (4) represents the SNR and is directly connected to the 

BER ratio. In this simulator an Eb/N0 offset (5) is used in order to simplify the UI. When the 

minimal errors (7) value is increased the BER plot becomes smoother and the average BER 

value more precise but the program takes longer to simulate. Different sample values, fading 

channels (9), carrier frequency offsets (8) and  are discussed in section 5. 

4.6.XBee modules set-up and implementation 

This section will discuss the steps undertaken to implement the XBee modules into the 

transceiver system.  

 

Figure 49. XBee connection to the PC using FTDI cables. 

 

Figure 49 shows the set-up of the connection between the XBee devices and the PC. The 

modules are connected to the PC via FTDI cables (1). The FTDI cables have 10 wires for serial 

connection each serving a different purpose. For this project, only 6 of them are needed: 

 GND (black) – Device ground supply pin. 
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 POWER (red) – Power output which can be customized to output +3.3V or +5V. 

 RTS (green) – Request to send control output (Handshake signal). 

 CTS (brown) – Clear to send control output (Handshake signal). 

 TXD (orange) – Transmit asynchronous data. 

 RXD (yellow) – Receive asynchronous data. 

The XBees are connected to FTDI cables via adapters (2), which have the same pin set-up and 

serve as a convenient interface for the modules. 

 

Figure 50. XCTU user interface. 

 

In order to interface the XBee modules with the PC a free multi-platform application, called 

XCTU [30], is used. The program is specially designed for XBee modules and offers a simple-

to-use graphical interface as shown in Figure 50.  The first step for interfacing with the XBee 

modules is to detect the devices (1). When detected they appear as separate icons in the Radio 

Modules field (2). In order to establish a connection between the XBee’s, their channels (3) 

and PAN (Personal Area Network) have to have the same value. Here the channel value goes 

from 0x0B to 0x1A (11-26) which represent the channel numbering discussed in section 2.3.3. 

Furthermore, the destination address DH and DL (5 and 6) on one of the XBees have to be 
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identical to the serial numbers SH and SL (7 and 8) on the other XBee and vice-versa. In order 

to meet the 802.15.4 network topology requirements described in section 2.2, one of the XBee 

modules is set to be a PAN coordinator (9) in order to establish a star topology. Finally, the 

console working mode (10) is entered so that data can be inputted and transmitted between the 

devices. This is shown in Figures 51 and 52. 

 

Figure 51. Coordinator sending data (blue) and receiving data (red). 

 

 

Figure 52. End device receiving data (red) and sending data (blue). 
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4.7.Transmission detection between the USRP receiver and the XBee modules 

This section will describe how the receiver module described in section 4.3 detects data the 

transmission data from the communication of the two XBees. The receiver module is 

configured in the same way as described in section 4.4. The carrier frequency is set to 2.405 

(equation 1 in section 2.3.3) in order to match the XBee channel used, which in this case is B 

(11 in decimal). 

 

Figure 53. Receiver detection of the communication between the XBee devices. 

 

By inspecting Figure 53 and comparing it with Figure 46, it can be seen that the receiver module 

successfully detects the communication between the two XBees from Figures 51 and 52. The 

signal detection button lights up and waveform samples are obtained. However, the data 

obtained is not the correct representation of the transmission due to the fact that the carrier 

offset frequency between the USRP device and the XBees is too high which leads to high BER 

results as explained in section 5.3. 
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5. BER Results 

This section presents BER results obtained from the simulator described in section 5.5, which 

tests the transceiver system designed in section 4, under the IEEE 802.15.4 standard with 

different flat fading channels, sample rates, frequency offsets and SNR values. All of these 

parameters can be defined on the front panel of the simulator as described in section 4.5.2. The 

BER plots and values obtained with all these parameters can be compared with academic 

literature, thus guaranteeing the reliability of the designed system. 

5.1.BER results with different flat fading channel conditions 

Two different Rayleigh fading conditions are observed, namely block narrowband fading and 

uncorrelated fading, where Rayleigh fading is model of a propagation environment on a RF 

signal. 

 

512 bits  are selected with 2 samples/symbol and 4 000 000 samples/second and the SNR is set 

between 10 and 20 dB. BER performance is obtained  on BER versus Eb/N0 (dB). 

 

Figure 54. Simulator BER results obtained for narrowband (1) and uncorrelated fading (2). 

 

Figure 55. BER values of IEEE 802.15.4 [31] 
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By comparing Figure 54 and 55 it can be seen that the simulation results are similar with the 

theoretical values for a BER plot, which proves that the module correctly calculates the BER 

under different channel fading profiles. 

5.2.BER plots under different SNR ratios  

In this case BER plots are obtained with the SNR going from 0 dB to 15 dB. No fading is 

chosen and  512 bits  are selected with 2 samples/symbol and 4 000 000 samples/second. 

 

Figure 56. Simulated BER plots with SNR ratios having values between 0-10 dB (1) and 5-15 

dB (2). 

 

Figure 56 shows that the BER decreases as the SNR increases. This is so because the higher 

the Eb/N0 ratio, the less the transmitted signal is affected by noise. This leads to a small error 

probability. By comparing these results with Figure 55 it can be seen that the simulation BER 

plots follow the same tendency of having a high BER for low SNR and decreasing as Eb/N0 

increases. 

5.3.BER plots with different frequency offsets 

The carrier frequency offset represents the difference between transmitting and receiving 

frequency and when it increases over a certain value the BER worsens due to the fact the gap 

between transmitted and received signal becomes very large. 
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No fading is chosen and 512 bits  are selected with 2 samples/symbol and 4 000 000 

samples/second and the SNR is set between 10 and 20 dB. BER performance is obtained  on 

BER versus Eb/N0 (dB). Frequency offsets of 2 000 Hz and 3 500 Hz are chosen. 

 

Figure 57. Theoretical BER value in AWGN for O-QPSK transmission [32]. 

 

Figure 58. Simulated BER results for CFO of 2000 (1) and 3500 (2). 

 

Figure 58 shows that as the CFO increases the BER performance worsens because the 

transmitted data is affected by the channel conditions more seriously. When compared with 

Figure 57 it can be seen that the simulated results produce worsened BER plots.  This degrading 

BER performance can be observed in section 5.7 where the high CFO between the XBee and 

the USRP produce erroneous results. 
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5.4.BER plots with different sample values 

According to the IEEE 802.15.4 standard the data rate for transmitting in the 2.4 GHz has to 

be 250 kbps. In order to obtain this the chip rate has to be set to 2 000 000 as described in 

section 4.1.3.  

 

No fading is chosen and 512 bits  are selected with 0 CFO and the SNR is set between 10 and 

20 dB. The samples/second values are 4 000 000 and 8 000 000, paired with 2 and 4 

samples/chip respectively. BER performance is obtained  on BER versus Eb/N0 (dB).  

 

Figure 59. Theoretical BER plots for different number of samples [33]. 

 

Figure 60. Simulated BER plots for 2 samples/chip (1) and 4 samples/chip (2). 
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From Figure 60 it can be seen that the more samples generated, the less the signal is affected 

by the channel conditions. This is so because when more samples are generated from the 

modulator, more complex values are received by the demodulator for a more precise restoring 

of the PHY payload. The BER plots from Figures 59 and 60 are close to identical and show the 

same tendency thus proving the correct operation of the system. 

6. Reflection 

This section will comment on how well the planning section (section 3) has been followed 

and if all of the task, criteria and time management tasks have been achieved. 

6.1.Project scope and success criteria 

The project successfully meets the scope specified in section 3.1 together with all of the success 

criteria listed in section 3.2. It creates a fully-worked lab experiment for students and is entirely 

based on the IEEE 802.15.4 standard. LabVIEW and the USRP modules have been 

successfully combined in order to create a transceiver system. Furthermore, the simulator 

module correctly proves the operation of the system by achieving results close to the theoretical 

ones. Finally, the detection of the communication between the XBee modules has been 

achieved.  

6.2.Project tasks and resources 

Every task listed in section 3.3 has been achieved and all of the resources have been used to 

their full extent. 

6.3.Project risk assessment and time management 

All of the proposed risks have been carefully noted and all difficulties encountered have been 

dealt with as planned. Debugging problematic software components has proven to be the most 

difficult aspect of the project and is something that the author will work on for his future 

engineering endeavors by carefully backtracking all of his work and focusing on each element 

rather than trying to debug the whole system.  The schedule for the project, proposed in section 

3.1, has been followed with little or no changes. 

7. Conclusion 

This project successfully implements a transceiver system under the IEEE 802.15.4 standard 

by using LabVIEW, USRP and XBee modules. The system carefully follows and implements 

the steps required to achieve O-QPSK modulation and demodulation, and then uses these 

components to create a transmitter and receiver which when combined with the USRP modules 
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creates the transceiver system.  Furthermore, a simulator is created which tests the reliability 

of the system without the use of USRP modules and shows the BER performance of the system. 

Finally, the communication between two XBee modules is detected using the receiver module 

of the system. 

7.1.Project value 

The above described project is meant to serve as a lab exercise for university students learning 

about wireless communications. It provides explanations of each step required to build a 

communications system based on the IEEE 802.15.4 standard. Furthermore, it incorporates a 

simulator module, which can be used to prove the reliability of the designed transceiver system. 

What is more, it allows the user to test the system using actual RF modules and detect 

communication between them and the transceiver. Finally, this project can be used as a test 

platform for system designers who will use the 802.15.4 standard. 

7.2.Future work 

For the future development of the project, the MAC layer [1] of the IEEE 802.15.4 standard 

will be incorporated in the design as for now the design focuses only on the PHY layer. The 

MAC layer uses the information of the PHY layer so that it can complete the transmission 

between the devices.  

 

Figure 61. PHY and MAC layer of the 802.15.4 standard [1]. 

Figure 61 shows how the MAC layer is formed based on the PSDU field of the PHY layer. The 

future work for the project will change the components of the design in order to combine both 

PHY and MAC layer information thus establishing full wireless communication between the 

device. 
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