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ABSTRACT 

Simulink is a graphical tool provided by MathWorks to enable model-based 

design and simulation. This thesis consists of two papers which take advantage of 

Simulink features in order to model communication systems. 

The first paper employs Simulink to create projects to supplement a purely lecture 

oriented course: Communication Systems 1. The projects cover Linear systems, Analog 

modulation and Digital modulation concepts in a set of six projects. These projects have 

been designed based on Gagne's nine events of instruction to enhance their impact on 

students' learning process. The paper also outlines the advantages of this approach over 

the conventional programming or hardware based laboratories used in some universities. 

The second paper describes enhancements made to an existing Bluetooth 

communication model in Simulink. The original model is corrected by changing the 

original BER meter and then modified by incorporating Rayleigh fading channels and 

multiple slaves. The effect of fading on the Bluetooth communication protocol is studied 

with ease. 
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PAPER I 

I. Design of Simulink Projects for an Undergraduate Communications Course 

Abstract 

This paper describes a set of six Simulink based laboratory projects designed for a 

junior level undergraduate communications course. The course is traditionally a lecture 

course with no laboratory component. The authors aim to add a laboratory component to 

the course to help students to better understand and analyze the theory taught in lectures. 

The laboratory component is structured by following effective teaching strategies which 

aids reinforcement and retention of information. 

1. Background and Motivation 

An introductory communications course is the essential foundation to learn 

advanced communications topics. At Missouri University of Science and Technology, the 

Electrical and Computer Engineering (ECE) department offers a junior level 

undergraduate course: Communication Systems 1. The course is presently a three hour 

lecture course with no laboratory component. As a first course in the communication 

series, it covers a review of linear systems and introduces analog communication systems 

as well as digital baseband communication systems. The course, first reviews important 

concepts of Fourier series, Fourier transforms, power spectral density and linear systems 

which students have learnt in their preliminary courses. Next, the students are introduced 

to basic analog modulation techniques of Amplitude Modulation (AM), Frequency 

Modulation (FM) and Phase Modulation (PM) along with feedback demodulators. They 

are also taught pulse modulation, digital signaling and mUltiplexing. Then, they are 
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introduced to digital baseband transmission which covers the topics of line codes, pulse 

shaping, Inter-Symbol Interference (lSI), Zero Forcing (ZF) EquaJizer and 

synchronization. This course structure is meant to provide students with a solid 

foundation for advanced courses such as Communication Systems II, Communication 

Circuits, and Wireless Communications. 

The lecture approach to teaching communication courses can be intimidating for 

many students because of the heavy theoretical and mathematical content, compounded 

by the lack of visual aids. The students find the aforementioned concepts difficult to 

grasp with block diagrams alone. The complexity increases as the course progresses and 

the authors wanted to help students cope with the complex theory without reducing the 

standard of the course content. Empirical studies advocate the need for innovative 

techniques to help students grasp the course material 1,2,3. A number of course 

developments implement MATLAB based projects to simulate theoretical concepts4
,5,6,7 . 

Although the textbook8 provides MAT LAB examples and exercises in the form of script 

files, previous offerings of the course have found that the lecture-only format does not 

lend itself to teaching simulation. Besides, more than 50% of the students are not ready 

for the extensive MATLAB required by this approach. 

The authors hence decided to supplement the traditional lectures with hands on 

simulation experience using a model based SimuJink approach. Simulink is a graphical 

environment provided by MathWorks to enable model-based design and simulation. It 

provides an extensive set of pre-defined blocks for modeling continuous-time or discrete­

time systems or a hybrid of the two. It is an easy tool for beginners since, once the user 

has conceived a system, it can be built into a model by a simple drag, drop and 
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connecting of blocks and wIres. The models can be organized into modules in a 

hierarchical manner and display blocks can be used to visualize the results as the 

simulation runs. The model can be simulated for different parameters and users can learn 

from a 'what if approach to such simulation. Simulink is integrated with the MATLAB 

environment and so the user may also utilize MATLAB features to define inputs, store 

results for analysis or post processing, or perform functions within a model. Overall, 

Simulink permits students to bring static representations of communication systems in 

textbooks to life. Thus, Simulink was chosen as a tool which could be used to make 

theory tangible. 

Thanks to its attractive features, Simulink has been identified as an ideal tool for 

laboratory projects and has hence been adopted for teaching a variety of courses by many 

. 91011121314 F I . 1314d· ·1 .. h . gh b Instructors' , , , '. or examp e, In' Iglta commUnIcatIon t eory IS tau t y 

using Simulink exercises. However, none have attempted to introduce Simulink for 

teaching analog communication theory in core level communication courses, where 

students do not necessarily have a strong programming capability. The benefits of such a 

laboratory course are twofold. Firstly, students learn simulation, which is widely used by 

engineers in the industry to verify and validate system designs. Secondly, these 

laboratory projects have been designed following the Gagne's nine events of instruction 15 

which leads to an enhanced learning environment. Also, when compared to hardware 

based labs, such as with EMONA TIMSI6, Mobile Studio l7 and Ettus USRP I8
, Simulink 

has the advantage oflower cost and ease of maintenance. 
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2. Simulink Laboratory Projects for Communication Systems Course 

Six Simulink laboratory projects are constructed to teach Simulink skills in 

parallel with the theory. Table 1 enumerates topics covered in the six labs and the 

Simulink skills gained therein. The first two projects relate to the review of frequency 

domain analysis and linear system concepts to reinforce previously learnt basics. At this 

stage, students are introduced to the primary skill of building a model and creating 

subsystems and masks. The next two projects deal with analog communication systems. 

Here we introduce students to design techniques such as creating libraries and using 

model referencing. The last two projects are on digital baseband communication systems. 

The fifth lab also introduces the Stateflow tool of Simulink to implement complex control 

logic in Simulink and the sixth lab introduces integration of models with MAT LAB 

scripts as a formative step towards more advanced implementations in Simulink. The 

projects have been designed with a gradually increasing complexity to provide the 

necessary confidence boost to students for subsequent projects. 
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Table 1. Simulink Laboratory Projects 

Lab Topics covered Simulink skiU 

I Frequency Domain Analysis Building a Model 

II Linear Systems Subsystems & Masks 

III Amplitude Modulation Library Building 

IV Frequency & Phase Modulation Model Referencing 

V Pulse Code Modulation & Line Codes Using State flow 

VI Zero Forcing Equalizer Interacting with MA TLAB 

In this paper we discuss two of the laboratory projects. Firstly, we discuss Lab III 

(AM lab) and how it implements the features of Simulink outlined earlier. This lab is split 

into two parts, one to implement the modulation techniques and one to implement the 

demodulation techniques. Typically, the equation for an AM signal is given by, 

xc(t) = Ac [ A + a met) ] cos(2 1t fc t) (1) 

where, Ac is the amplitude of the unmodulated carrier wave Accos(2 1t fc t), met) is the 

message signal, a is the modulation index and A is the DC bias. The inclusion of a DC 

bias results in the carrier component to be included in the AM signal. Further, the Double 

Sideband (DSB) modulation and Single Sideband (SSB) modulation are variations of AM 

itself. DSB can be achieved by simply multiplying the carrier with the message signal. 

xc(t) = Ac met) cos(2 1t fc t) (2) 



6 

The SSB signal can be generated from the DSB output by the method of sideband 

filtering. The illustration in Fig.1 shows a complete model of the modulation half of the 

lab. It includes a scope for visual comparison of the modulation techniques. As can be 

seen from the figure the model is a direct translation of the equations into an intuitive 

assembly of blocks. All the blocks have been taken from the variety of block libraries 

available in Simulink. 

I Lab 3 Part A I 
I Comparison of Amplitude Modulation Techniques I 

Input signal 

Message 

AM 

DSB 

:~~:~~:~~.----:~c:J----.< [OSB) 
Multiplier 2 

SSB 

..... --,Duffer ~ 
""1 [=D=S=Bl:--~I~ I [SSB] I 

High Pass Filter 

Scopes 

D 
Compare 
waveforms 

Fig. 1 Intuitive assembly of blocks for amplitude modulation lab 

The above model can be better organized by making subsystems for the individual 

modulation techniques and then combining them to form an AM techniques subsystem. 
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This is an example of a two level hierarchy being designed in a bottom-up manner. 

Similarly, a top-down design is possible by making empty subsystems and entering 

constituent blocks into them individually. Fig.2 shows the final hierarchical model. The 

amplitude modulator can now be stored in a library to be used for other model designs, 

for example in the other half of this lab, AM demodulation techniques. In Fig.3 we see 

the compact design of the AM demodulation techniques is made possible by the 

hierarchical design feature of Simulink. 

I Lab 3 Part A I 
I Comparison of Amplitude Modulation Techniques I 

Messa e 

Messa g e 

AM ~~ ____ ~ r---l 
~ ______ --+I L-.J 
~r------~ 

~bUtle r hPs 
DSB ~ SSB 

H igh P ass F ilte r 

Compare 
waveform. 

Fig. 2 Hierarchical design of amplitude modulation lab 
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I Input signal : 

Message 
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C~ 
IICarner] ~ 

I [Carrier] 
From local 
oscillator 
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I Lab 3 Part B I 
I Amplitude Demodulation Techniques 

rAM 
DemodAM -

c;rMessage li AM Envelope Detector 
~ Message 

i DSe --.D oemodDse l 
Dse r- Carrier LO 

Coherent Detector --. ~ Carrier ~ 

sse sse De-modulated 

f-+ 
DemodSS:: ----' waveforms Carrier LO 

Amplitude Modulator 
Envelope Detector with Scope 

Modulator Carrier Re-insertlon 

Demodulator 

Fig. 3 Modularized AM demodulation lab 

By playing around with different parameters and settings, the students can satiate 

their curiosity about what happens when a certain parameter in an equation is changed or 

a block from a block diagram is omitted. Such an interactive interface allows the students 

to learn from a 'what if' approach. One of the post-lab questions asks students to vary the 

modulation index in order to observe over-modulation and check if correct demodulation 

is possible. 

The second lab discussed in this paper is the final lab project on ZF equalizer. The 

objective of this project is to let students implement a multi-tap ZF equalizer and to learn 

to incorporate MATLAB scripts into Simulink to make the models more attractive. The 

MATLAB required here is not as extensive as required for building the complete models 

using MA TLAB programming. 
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An N-tap ZF equalizer is a filter designed to accept a channel output response 

. eN-1) 
affected by lSI and produce an output pulse of value one wIth -- zero values 

2 

samples on either side. Let the channel coefficients constitute the matrix Pc and the 

desired equalizer output constitute the matrix Peq. The equalizer coefficient matrix C can 

be found as: 

(3) 

As a pre-lab task students are asked to find the equalizer weights when given the channel 

coefficients as [-0.05 0.2 1 0.3 -0.07] and [-0.05 0.2 -0.1 0.3 -0.07]. 

An eye diagram is a good visual representation of the system performance. It is 

constructed by plotting segments of a digitally modulated baseband signal, typically two 

symbol periods in length, so that the segments overlap. The optimal sampling time for a 

receiver is when the eye is most open. A ZF equalizer's performance can be gauged using 

an eye diagram since an eye will be more closed due to presence of lSI and the ZF 

equalizer's job is to minimize lSI and maximize the eye opening. Thus, this lab uses eye 

diagrams to view results. 

In the specimen solution discussed here, we modulate a string of binary data using 

Binary Phase Shift Keying (BPSK) modulation and then pass it through the specified 

channel and Additive White Gaussian Noise (A WGN). The received signal is equalized 

by finding the equalizer weights for a three-tap ZF equalizer and implementing them. The 

result of equalization is observed using an eye diagram. By implementing this lab 

students are able to verify their answers obtained in the pre-lab task. The complete 

Simulink model for this lab is given in Fig.4. 



I Lab 6 I I Zero Forcing Equalizer I 

~ 
BPSK 

BPSK 
Modulator 

1*1 
Eye Diagram 2 

Three Tap Zero 
Forcing Equalizer 

Equalizer 

Fig. 4 Top level template for ZF equalizer lab 
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Eye Diagram 3 

In this model, the binary stream and the BPSK modulator and demodulator blocks 

are taken from Simulink's Communications blockset library. The channel and ZF 

equalizer are user defined subsystems. The channel is constructed using a filter with the 

given channel coefficients followed by an A WGN block while the ZF equalizer is 

constructed using a MA TLAB function block followed by the equalizing filter. The 

computation of the equalizer coefficients is done using a MA TLAB function block and 

then the result is passed to the equalizing filter. The implementation of both the 

subsystems is seen in Fig.5. 



Digital 
Filter ~I rAOON~ ~~ 

~~C~ha-nn-e~l~ AOON 

Model Channel 

~~ 
'-------' chCoeff 

chCoeff 

CJ • In Digital 
In2 Filter Out----.~ 

I MATLAB r Num Outl 
~ Function Channel 

Inl MATLAB Fen Model 

Fig. 5 Channel and ZF equalizer subsystems 

1 1 

Fig. 6 depicts eye diagrams for the distorted signal before and after the 

equalization stage. The A WGN distortion effect has been kept to a minimal value. As can 

be seen from the eye diagrams, for the first set of channel coefficients, a three tap 

equalizer can improve the perfonnance against lSI whereas for the other set of channel 

coefficients, the degradation caused by lSI is so severe that the eye closes and the 

equalizer fails to rectify it. By increasing the number of taps, students can see that a better 

perfonnance can be achieved even for the second set of channel coefficients. An 

extension of this lab involves studying the effect of using pulse shaping filters along with 

ZF equalizer to combat lSI. 
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1 5 ~ 1.5 

Iii 
<: 
<: 

'" .<::: 
U 

·1 .5 

0 5 10 15 20 10 15 20 
Tim" (1M) limo (ml ) 

2 

::: 
Iii 
<: 
<: 
OJ 

.<::: 
U 

·2 

0 20 
TIme (ms) 

Fig. 6 Eye diagrams for two sets of channel coefficients 

The scope buttons at the bottom are designed to open or close the scopes during 

simulation. They all are masked subsystems, which is a Simulink skill introduced in the 

second lab. The button functionality is implemented by using a MATLAB script. As can 

be seen this skill is essential for introducing additional functionalities to the model. 

3. Pedagogical Consideration 

Effective teaching and learning models demand an organized approach to the classroom 

teaching l5
,19,20. In 1977, Gagne provided an instructional model with focused learning 

outcomes l5
. The Gagne's nine levels of instruction are enumerated in Table 2 along with 

their corresponding learning outcomes. The six Simulink projects are created and will be 

implemented in the classroom following Gagne's model. Overall, confonning to this 

model of instruction facilitates a pedagogically rich learning environment. 



13 

Table 2. Gagne's nine events of instruction 

Event Instructional event Learning outcome 

1 Gaining Attention Reception 

2 Informing Learners of the Objective Expectancy 

3 Stimulating Recall of Prior Knowledge Retrieval to Working Memory 

4 Presenting a Stimulus Clear Perception 

5 Providing Learning Guidance Semantic Encoding 

6 Eliciting Performance Responding 

7 Providing Feedback Reinforcement 

8 Assessing Performance Reinforcement 

9 Enhancing Retention Cueing Retrieval 

Gaining attention: A brief introduction to Simulink and its benefits along with attractive 

demos capture the attention of the students. A demo exhibits the potential of the new 

technique and hence makes the students want to focus and concentrate on the matter that 

is to follow. 

Informing learners of the objectives: Learning objectives are clearly specified at the 

beginning of each project instruction. For example, the AM lab outlines learning 

objectives as simulating amplitude modulation techniques and learning to build libraries 

in Simulink. 
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Stimulating recall of prior knowledge: Lectures on theoretical concepts are given prior to 

each project. Pre-lab reading and questions are also assigned and they are required to be 

submitted at the beginning of each project. Also, each lab includes practice of Simulink 

skills learnt in previous lab projects. 

Presenting a stimulus: The objectives outlined in every project instruction, coupled with 

clear step by step procedures provide students with a direction and the necessary stimulus 

to perform the task. 

Providing learning guidance: Every project instruction begins with an example of the 

Simulink skill to be learnt. Sample outputs and theoretical results are provided to students 

for comparison with the Simulink generated results. The use of a Teaching Assistant 

(T A) to assist in lab sessions and outside the classroom Learning Enhancement Across 

Disciplines (LEAD) program reduces student to instructor ratio and improves student­

teacher interaction. 

Eliciting performance: Desired performance is elicited by designing a grading policy 

which requires projects to be performed in teams of two where individual members have 

different roles. Peer rating is used to assign individual grades. Bonus points are awarded 

for outstanding performance. 

Providing feedback and Assessing Performance: In each lab session, students can try 

varying block parameters and simulate the system to get an immediate feedback on their 

understanding of the concept. Moreover mistakes made in a simulation will give 

instantaneous feedback. The post-lab questions after each session provide a feedback on 

their progress towards the learning objectives of the course. The lab reports are promptly 

graded and returned to the students along with lab-critiques which address various factors 
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associated with understanding the material. Thus, the students receive an elaborate and 

informati ve feedback on their performance. 

Enhancing retention: Each project utilizes some basic concept learnt in an earlier project 

or lecture. For example, the ZF equalizer lab uses the subsystem and masking skill learnt 

in the AM lab. This repeated use of prior knowledge to build projects helps students 

retain information. 

4. Evaluation 

These laboratory projects are ready to be tested and will be implemented in class 

during Spring2011. Planned assessment tools are entry, mid-term and exit surveys, to 

understand how the students are coping with the introduction of a lab component. Also, 

students are asked to list the difficulties faced by them during the projects, in their lab 

reports, thus providing regular feedback on individual projects. Data will be collected and 

analyzed to ascertain the effectiveness of this approach. It will be compared to the data 

from previous lecture only offerings of the course. The projects will be further refined 

over upcoming semesters by incorporating feedback obtained from the students. We 

anticipate these Simulink projects to transform the dry theory into vivid illustrations and 

thus increase retention and stimulate students' interest. 

5. Summary 

In summary, this paper introduces the benefits of Simulink to teaching a 

communications course. Six Simulink laboratory projects are discussed in brief. Also, the 

implementation of effective teaching methods with this laboratory course is explained. 

Therefore, a twofold benefit of ingrained fundamentals and an enhanced simulation skill 

set is achieved with the proposed course. 
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The main goal of this paper is to present a tool for modeling communication network 

architectures. With the advent of Cross-layer design techniques for wireless networks, the 

conventional modeling tools prove inadequate. Here we use Simulink Matlab to simulate 

the physical layer and baseband layer of Bluetooth as an example. The use of the same 

tools can be extended to simulate the physical and link layers of any network standard. 

1. INTRODUCTION 

The methodology of layered protocol design for communication networks has dominated 

research of the communications community for the past few decades. The layered design 

outlines the different layers of networking protocols and their relationship with each 

other. The traditional approach of designing a network stack has always been to treat the 

different layers as separate entities. Each layer performs specific operations to achieve an 

operational network stack with acceptable perfonnance. The TCP/IP [I] is a 5 layered 

model followed popularly in the communications industry. 

However the technical challenges of wireless networks cannot be met with a 

layered design approach. Cross-layer protocol interactions, when used appropriately, can 

lead to increased network efficiency and better QoS support [2]. A Cross-Layer Design 
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(CLD) is particularly important for any network using wireless technologies, since the 

state of the physical medium can significantly vary over time. Adaptation of the 

application should be possible based on the underlying channel and network 

characteristics [2]. A protocol design which does not follow a reference layered 

communication architecture is considered a CLD with respect to the particular layered 

architecture. 

Recently the CLD approach has attracted great attention smce it has made 

possible many exciting emergmg technologies which would not have not have been 

possible with the traditional layered protocol structure. The increasing interest sterns from 

its potential to provide significant increase in end to end throughput, scalable network 

performances and satisfactory quality of service [3]. 

The influence of layered protocol approach has resulted in a significant gap 

between Simulink and NS2 which are used for PHY-layer and MAC-layer simulations 

respectively. This makes cross layer research difficult. Our final goal is to develop a tool 

that would link the two and enable simulation and performance evaluation of cross layer 

designs. 

Although CLD can involve cooperation and state information sharing between all 

layers, however we opted to focus on joint design of Physical, MAC and Network layers. 

We chose an existing Bluetooth model in Simulink Matlab which simulates the 

physical and baseband layers of the Bluetooth standard. In Section 2, we give a brief 

overview of those parts of the Bluetooth standard which are relevant to our simulation 

model. In Section 3, we discuss the original model. In Section 4, we describe our 

modeling approach with the original model as a basis. Section 5 describes the evaluation 
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and analysis of simulation results thus obtained. Concluding remarks are offered In 

Section 6. 

2. BLUETOOTH STANDARD 

The Bluetooth specification [4], [5] specifies the architecture as consisting of 

physical layer (PHY), Baseband layer (BB), Link Manager Layer (LM) and Logical Link 

and Adaptation Protocol (L2CAP) and a Host Controller Interface (HCl). 

Bluetooth supports both voice and data transmission. Bluetooth vOIce 

transmission is called Synchronous Connection Oriented (SCO) and data transmission is 

called Asynchronous Connection Less (ACL). This paper presents the simulation results 

for DMI (Data Medium rate) packets of ACL transmission. 

2.1. Physical Layer 

The PHY of Bluetooth operates in the 2.4GHz ISM band. It uses Frequency 

Hopping Spread Spectrum (FHSS) technique to combat interference from other 

communication systems operating in the same frequency range. The physical channel is 

divided into slots of 62511S, each with a new hop frequency. The data undergoes Gaussian 

Frequency Shift Keying (GFSK) modulation. 

2.2. Baseband Layer 

The BB provides a point to point or point to multi-point connection between 

Bluetooth enabled devices. Up to one master and seven slaves can be sharing a single 

physical channel forming what is referred to as a piconet. The BB protocol provides the 

basic Automatic Repeat request (ARQ) protocol [1]. The link controller in the BB is 
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responsible for the encoding and decoding of packets from the data payload and 

parameters related to the physical channel, logical transport and logical link. 

2.3. Link Manager and L2CAP Layers 

The LM controls and negotiates all aspects of link setup between devices. The 

L2CAP provides services to higher level applications. 

2.4. Data Transmission 

Data transmission differs from voice transmission in one essential fact that no 

errors are allowed. If an error is detected the packet is required to be retransmitted. In 

Bluetooth, packets are sent repeatedly by the transmitter until an acknowledgement is 

received from the receiver notifying that the packet was received error free. The 

incoming packets are tested for Cyclic Redundancy Check (CRC) [6] to determine 

correct reception. This is the Automatic Repeat request (ARQ) technique. 

There are a variety of ACL packet types available for transmission. Depending on 

whether the data is Forward Error Correction (FEC) encoded or not the packets can be 

segregated into data-medium (OM) rate and data-high (OH) rate respectively. The OMI 

packet carries information only in a single time slot. The payload can be between 1 to 18 

bytes of data plus 16 bits of CRe. The data and the CRC bits of this packet are 2/3 FEC 

encoded. The OHI packet is similar to the OMI packet except that it does not undergo 

FEe. Thus it can carry 1 to 28 bytes of information plus 16 bits of CRe. Similarly the 

OM3, DH3 and DM5, OH5 packets occupy 3 and 5 slots respectively and carry more 

data than the basic single slot packets. 

The OMl packets incorporate FEC in conjunction with CRC to enable the 

receiver to correct errors in the received packet. The purpose of FEC is to reduce the 
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frequency of retransmissions by correcting the recurring error patterns. Only when an 

error pattern which cannot be corrected is received does the receiver request for 

retransmission. The receiver sends acknowledgements back to the transmitter by setting 

the ARQN status bit in the header info of the return packet. ARQN=l signifies successful 

transmission and ARQN=O signifies unsuccessful transmission. 

2.5. Piconet Concept 

Piconet by definition is a collection of devices occupytng a shared physical 

channel where one of the devices is the piconet master and the remaining devices are 

connected to it. Devices in a piconet use a specific frequency hopping pattern, which is 

algorithmically determined by fields in the device address and the clock of the master. 

There is a physical link between each slave and the master. Physical links are not 

formed directly between the slaves in a piconet. The physical link between a master and a 

slave device is active if a default ACL logical transport exists between the devices. Upto 

7 active slaves and upto 255 parked (inactive) slaves can be accommodated in a single 

piconet. There is only one single master in one piconet. The master polls the slaves on a 

per slot basis [4]. 

3. ORIGINAL BLUETOOTH MODEL 

The Simulink Matlab B1uetooth model simulates a full duplex communication 

link with an acknowledgement scheme. It consists of one master device and one slave 

device. Each has a pair of transmitter and receiver. Figure 1 shows the overall model. 
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Simulink allows for the simulation of PHY and BB layers with the use of 

common blocks from the Simulink library. However the control logic elements such as 

the acknowledgement schemes of the logical link of BB cannot be developed using 

traditional blocks. This control logic is incorporated using Statefiow, which is a finite 

state machine design tool provided in Simulink [7]. It al10ws graphic design of states and 

the transitions between them. The state changes are event driven and are triggered by 

events in the physical layer. 

The model includes a channel block which can be configured to have pure 

A WGN or A WGN along with interference from a nearby 802.11 b device. We shall 

evaluate the results for the pure A WGN channel which would serve as a reference for 

further modifications. The model provides displays for Bit Error Rate (BER), channel 

spectrum, timing diagram and trigger signals, enabling thorough analysis of performance. 

Figure 2 zooms in on the pair of transmitter and receiver in one of the devices. 

Figure 3 shows some of the displays available for visual aid. 

For modeling purposes it has been assumed that a connection has already been 

estab1ished between the master and slave and the synchronization process is complete. 

3.1. Cbannel Block 

The channel consists of an A WGN block and a Free Space Path Loss (FSPL) 

block. The A WGN block induces A WGN based on the input signal strength and the 

FSPL block accounts for the path loss experienced by the signal with varying distance 

between the master and slave devices. If the channel is configured for presence of 

802.11 b interference, then a block for the same is also present. 
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3.2. Transmitter Section 

It consists of a transmitter controller block which computes CRC bits from the 

transmitted data bits and appends them to the payload. There are 144 payload bits and 16 

CRC bits constituting the final 160 bits. At the start of every slot the ARQN bit is 

checked. If the ARQN bit indicates successful transmission for the previous data packet it 

transmits a new packet, else it retransmits the previous packet. This control logic is 

constructed with Stateflow diagram. The next block performs FEC on the data. The final 

block frames the data and includes Header Error Correction (HEC) and then transmits the 

data onto the channel. 

Rx. 

~ 
Hop Generation 

Transminer 

<Rx Frame OK> 
<Get_Ne-"_PaCk 

<R>< ARQN> 

Fig. 2: Transmitter and Receiver modules inside a device 

Diagnostics 
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3.3. Receiver Section 

The first block defi"ames the received packet and perfonns error checks on it. The 

packet is checked for data integrity. Verification of receiver address and HEC is 

conducted and FEC is carried out on the infonnation bits. Then CRC is carried out to 

check for residual errors. The ARQN bit is set to zero incase errors still persist and the 

packet is rejected. This decision making is also perfonned with a Stateflow diagram. The 

BER and throughput are computed in the BER meter block. 

Ii ·35 /1 I - - Channel Speclrum I 
3.40 \ .t .45 / 
::I ::r.-""'"'-'"'V"\ .......... ..........-"J \--..-'--_.....,........- ............. .......... -.".....---_~ 'V'"' - ____ ......... ______ ~ ........,.. .,....,....._............_ __ ...... 
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Frame' B63 Frequency (MHz) 

Fig. 3: Spectrum, Timing diagram and Spectrogram scopes of the model 

4. MODIFIED BLUETOOTH MODEL 

Each of the following sub-sections presents certain modifications made to the 

original model. 
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4.1. BER Meter 

The original model had a BER meter which checked for errors only after the 

retransmission assured of a correct packet. Hence the BER meter was checking for any 

residual errors. This mostly would turn out to be close to zero with the exception of 

highly noisy links. Hence it did not reflect the true nature of the channel conditions. A 

modification was made to the model by incorporating a BER check which takes the 

retransmissions into account. Thus both the BER and the throughput values shall be a 

realistic estimate of the loss due to errors and consequent retransmissions. 

4.2. Increased Number of Slaves 

The model originally included only one slave. The number of slaves was 

increased to three as seen in FigA. The master can choose which slave to transmit to and 

communicate with that slave for the length of the simulation. To allow for such a 

modification, a change was made in the way a packet is deframed. In the original model, 

at the receiver end, the packet's address field was not checked before performing further 

processing. This has been modified to the address field being checked first and only if the 

address is found to match that of the device can the processing of the data be carried out. 

4.3. Rayleigb Fading Channel Incorporated 

The channel for Bluetooth piconet environments is typically known to be slow 

and flat Rayleigh fading [8], [9]. A Rayleigh fading block was added along with the 

AWGN block as seen in Fig.5. The Doppler frequency is normalized and set to 4Hz 

which would translate to a speed of O.5m1s which is typically jogging speed and could be 

the worst case scenario for a Bluetooth network. 
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The model was tested for OMl packet transmission. In case of DMI packets, the 

packets get accepted only if the Header Error Check (HEC), device address and CRC are 

correct. Otherwise the packet is ignored. This can happen in the case of a CRC fail or 

even in case of a duplicate packet. 

The model was tested through a range of Signal to Noise (SNR) values in order to 

calculate throughput and BER in pure AWGN channel and then compared with Rayleigh 

fading channel. Essentially retransmission is a waste of bandwidth and reduces the 

throughput of the network. In data transmission, it is the throughput that needs to be 

observed more carefully than the BER. The throughput reduces if the packet needs to be 

retransmitted often. 

The simulation environment was set with the following conditions: 

(1) EblNo: Ranging from 0 dB to 18 dB 
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(2) Simulation time: T = 27 seconds 

(3) Maximum number of packets transmitted in either direction: 43200 

(4) Normalized Doppler frequency: 4 Hz 

Although the bit rate is as high as 1 Mbps, the maximum throughput of the DMI 

packet is 128 kbps [7]. This can be calculated as 160 bits of information every other slot. 

That is 160/2 *625 Ilsec = 128 kbps. The throughput can be increased if the 

communication is carried with other data packets like DHI which do not have FEe 

overhead, however, this would not be feasible in a noisy environment. 

Figure 6 illustrates the BER plots of a Rayleigh fading channel compared against 

pure AWGN channel for the first slave and the master. Figure 7 illustrates the throughput 

for the master and slave for both the cases. Figure 8 illustrates the number of 

retransmissions at both the master and slave devices in both the type of channels. 

10° 
BER plot 

10" 

10'2 

10,3 
a:: 
w 
!Xl 

10" 

10,5 
- Slave AWGN 
-Master AWGN 

10,6 --Slave Rayleigh 
--Master Rayleigh 

10'7 
0 2 4 6 8 10 12 14 16 18 

Eb/No (dB) 

Fig. 6: BERpiot 



Throughput plot 
140 

--Slave AWGN 

120 --Master AWGN 
--Slave Rayleigh 

'Vi' 100 
--Master Raylei gh 

Q. 
.0 
~ 
'-' 80 ..... 
::J 
Q. 

..I:: 
Cl 60 ::J 
0 ... 

..I:: 
~ 40 

20 

00 2 4 6 8 10 12 14 16 18 
EblNo (dB) 

Fig. 7: Throughput plot 

104 Retransmission analysis 
2.5 r

x --'----,-------.--,----,----,.-----;:=!===:::J====~~ 

11/ 
s::: 
o . iii 
11/ 

2 

·E 
11/ 1.5 
s::: 
~ 
~ ..... 
o ... 
G> 
.0 
E 
::J 
Z 0.5 

2 

--Master AWGN 
--Slave AWGN 
--Master Raylei gh 
--Slave Rayleigh 

4 6 8 10 12 14 16 18 
EblNo (dB) 

Fig. 8: Re-transmissions plot 

31 



32 

The BER, throughput and re-transmission comparison of the other two slaves is given 

in a tabulated form in Table 1 and Table 2. 

Table 1: Slave 2 performance measures 

Eh/No BER Throughput(kbps) Retransmissions 

0 0.2904 0 8541 

2 0.2320 0.3152 11086 

4 0.1756 3.1382 13201 

6 0.1266 13.2150 13739 

8 0.0892 32.0240 12341 

10 0.0609 53.6590 9964 

12 0.0399 73.2980 7454 

14 0.0255 89.7660 5393 

16 0.0159 102.610 3622 

18 0.0101 111.460 2287 

The BER curve for the pure A WGN channel falls to zero by 18 dB of EblNo 

while that for the Rayleigh fading channel is of the order of 10-2 at 18 dB of Eb/No. 

In the case of throughput, the maximum throughput of 128 kbps is reached at 14 

dB for pure A WGN channel while that for the Rayleigh fading channel is around 112 

kbps. 
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The retransmissions plots explicitly show a sharp decrease in number of 

retransmissions with the increase in EblNo. Although the retransmissions increase in the 

initial stages the operation is still correct. The initial noise floor is so high that the ARQN 

bit could also be received in error causing the transmitter to transmit a new packet 

although the original packet was found to be in error. 

Table 2: Slave 3 performance measures 

EblNo BER Throughput(kbps) Retransmissions 

0 0.2899 0 8522 

2 0.2318 0.3151 11179 

4 0.1753 3.0424 13179 

6 0.1283 13.0960 13869 

8 0.0890 32.1360 12306 

10 0.0608 53.8900 9952 

12 0.0408 73.7190 7535 

14 0.0258 89.9440 5404 

16 0.0159 102.440 3646 

18 0.0102 111.610 2294 
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6. CONCLUSIONS 

Simulink proves to be an enabling platform to simulate the PHY and link layers of 

a protocol standard. The performance can be measured in terms of BER and throughput. 
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