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Executive Summary 

Corporate-owned radio stations use fixed-format play lists designed to attract the most listeners.  While 
this maximizes advertising revenue, it does not cater to the varying and specialized music interests of all 
consumers.  Although independent stations have, in the past, helped alleviate this problem, substantial 
startup costs keep new independent stations from entering the market.  The Internet provides a unique 
opportunity for such broadcasters.  By broadcasting online, independent stations avoid the infrastructure 
costs inherent in building radio towers and laying cable.  This advantage has lead to a current community 
of over 15,000 Internet radio stations with an average of 150,000 listeners at a given time.  Nonetheless, 
the growth of the medium is limited by the lack of portable listening devices.  Consequently, a need exists 
for an inexpensive and portable wireless device for accessing Internet radio stations via an already 
developed and widely available wireless infrastructure.  By utilizing widely available 802.11b wireless 
networks, WiRAD answers this need. 

The key technical challenge of the WiRAD is 
ensuring adequate streaming audio quality over an 
unreliable wireless connection.  This imposes a 
number of constraints on product design.  The first is 
that a wireless transmission throughput of 1 Mbit/s 
be sustained.  This allows consistent delivery of 
majority of Internet radio streams, which are 
encoded at 128 kbit/s.  The second quality constraint 
is that MP3 decoding proceed at a rate of 128 kbit/s.  
The third quality constraint is that WiRAD present 
decoded audio in 20-bit stereo at frequencies up to 
48 KHz.  In addition to these quality constraints, 
WiRAD must be portable and manufacturable.  Portability constraints include a maximum size of 10cm x 
15cm x 5cm and a minimum battery life of 3 hours.  Manufacturability constraints include low production 
cost and a retail price of less than $100. 

The outlined constraints are satisfied by a modular design incorporating inexpensive and widely available 
components.  The two main system components are a microcontroller and an 802.11b WiFi module.  
While several MCU options were examined, the Atmel AT89C51SND1C was selected due to its on-chip 
MP3 hardware decoder and USB controller.  For the WiFi module, the Airborne WLNB-AN-DP100 was 
chosen.  This module includes an application processor that implements a communication stack in a real-
time operating system.  Other various peripheral devices include an Electrically Erasable Programmable 
Read Only Memory for nonvolatile storage, a digital-to-analog converter for audio, and an antenna.  
While the EEPROM and DAC are generic devices with numerous near-identical models available from a 
variety of manufacturers, the chosen antenna was custom-designed for WiRAD.  This was necessary due 
to the lack of commercial antennas the met WiRAD's size and power constraints.  Despite this custom-
design, the antenna's microstrip design is inexpensive and easily fabricated.  With these components, 
WiRAD's total manufacturing cost is approximately $70. 

Many portable technologies, such as traditional radio and satellite radio, provide access to corporate 
streaming media.  Likewise, personal media players, such as iPod, provide access to non-streaming 
independent content.  However, WiRAD is unique in that it provides portable access to independent 
streaming media.  This suggests a variety of real-time applications outside of the music domain, such as 
listening to Internet-broadcasted sporting events, personalized news feeds, and financial data.  
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1. PROBLEM 

1.1 HISTORICAL INTRODUCTION 

In the early 1900s, radio emerged as the first broadcast medium. Early companies such as the Radio 
Corporation of America (RCA), the America Telephone & Telegraph Company (AT&T), and General 
Electric (GE) sought to provide Americans with radio equipment and broadcast programs. In 1922, 
AT&T aired the first radio commercial and established a profitable paradigm for broadcast that was 
unchallenged for nearly a century [1]. To reach the most consumers, radio stations began playing music 
catering to the tastes of the majority. This led to the evolution of large broadcast corporations such as 
Clear Channel Communications, the National Broadcast Corporation (NBC), and the American Broadcast 
Corporation (ABC). These companies bought out independent radio stations to broadcast fixed format 
play lists that garnered the most listeners and profits. While existing independent stations were being 
purchased, substantial startup costs kept new stations from entering the market. According to [2] in 2001, 
“Clear Channel rules the horizon with 1,200 stations, which generate more than $3 billion annually in 
revenues.” This absence of independent stations left radio with a homogenized corporate structure. 

The Internet boom of the 1990s provided a unique opportunity for independent broadcasters by offering a 
medium that was largely untouched by the recording and broadcast industries. By broadcasting online, 
independent stations avoided the infrastructure costs inherent in building radio towers and laying cable. 
The Internet, however, was a new technology and the applications designed to work with it were 
rudimentary compared to the Internet applications of today. The first Internet radio stations were poorly 
organized and used an amalgam of technologies, including video conferencing software and Voice over 
IP (VoIP).   

In the mid 1990s, many large-scale Internet radio services forged standards for Internet radio. RealAudio, 
launched by RealNetworks in 1995, created the first widespread Internet radio standard. This standard 
enhanced the reputability of Internet radio and led to a rise in content providers for streaming media.  
More recently, the freely available SHOUTcast plugin has allowed anyone with a copy of the Winamp 
software to host an Internet radio station, drastically increasing the number of streaming content 
providers. 

Today, Internet radio has become a viable alternative to traditional radio broadcasts. In a study conducted 
by Arbitron Inc./Edison Media Research in 2006, approximately 30 million people listened to Internet 
radio over the course of a single week in January [3]. The medium, according to Steve Haarhoff in 2002, 
"[is] predominantly a workplace phenomenon” [4]. The connection between the workplace and Internet 
radio underscores the acceptance of this medium in settings where computers are at hand. 

Internet radio offers listeners the unique opportunity to choose their programming from a multitude of 
both independent and corporate owned stations. Despite the popularity of Internet radio, the medium does 
not have the portability of traditional broadcast radio and satellite radio services. By utilizing already 
widely available 802.11b wireless networks, WiRAD gives Internet radio the portability that more 
corporate controlled mediums enjoy and allows small stations to reach an audience outside of the 
workplace. 

1.2 MARKET AND COMPETITIVE ANALYSIS 

Although other portable streaming technologies exist, they are targeted at platforms inaccessible to the 
independent artist. Cellular service providers already have the infrastructure to wirelessly deliver 
streaming media and are in the process of deploying devices to process and view such media. Verizon and 
Sprint have created broadband media delivery services known as VCAST [5] and Sprint TV [6], 
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respectively. So far, these services are available only in limited metropolitan markets. Satellite radio is an 
alternative wireless streaming technology that is available in all areas. This technology has been primarily 
concentrated in car-audio and wearable receivers by XM and Sirius Satellite Radio. These two companies 
offer subscription packages for which users must pay a monthly service charge in addition to the price of 
the radio receiver and its installation. Unfortunately, these technologies suffer from the same content 
drawback as conventional radio: namely, that high costs are prohibitive to independent stations and 
broadcast slots are available only to large corporations.    

Portable media players, such as the iPod by Apple and the Zen by Creative, are another alternative to 
WiRAD. Rather than playing streaming media, audio is stored on internal drives for later consumption.  
For small storage, these devices use expensive Flash memory; for larger storage, magnetic drives with 
unreliable moving parts are utilized. In both cases, such portable media players must include expensive 
onboard storage. Additionally, the content of non-streaming devices is limited to static data, whereas 
streaming devices are capable of reporting dynamic data such as stock quotes, sports scores, and weather 
information in real time. Apple's popular iPod serves as WiRAD's main non-broadcast competitor.  
Models of the iPod media player range in cost from $69 to $399 [7] and in January of 2005, iPod sales 
had garnered $2.8 billion in gross revenue [8]. Nonetheless, at a cost of $100, the WiRAD has few 
competitors in either the streaming or non-streaming portable media technologies. 

1.3 PROBLEM STATEMENT 

A need exists for an inexpensive and portable wireless device for accessing Internet radio stations via an 
already developed and widely available wireless infrastructure. Low cost and portability are both 
necessary qualities for such a device to be competitive with traditional radio technologies and non-
streaming media players. WiRAD allows access to Internet radio stations via 802.11b while incorporating 
the design concepts of low cost and portability. The cost of WiRAD is kept low by eliminating onboard 
storage, which is used in many popular digital music players. Costs are also minimized through a design 
that incorporates a small microcontroller (MCU) used in conjunction with numerous specialized 
integrated circuits, rather than an expensive general-purpose microprocessor. 

Portability, the second characteristic necessary for WiRAD to be competitive, consists of three important 
aspects relevant to this application: battery life, size, and network compatibility. WiRAD battery life is 
addressed through power conscious use of the onboard wireless module and use of low power integrated 
circuits. Device size is also managed by careful integrated circuit selection. The final issue of network 
compatibility is trivial, due to the widespread deployment of the 802.11b wireless technology used in 
WiRAD. 

1.4 IMPLICATIONS OF SUCCESS 

With its lower infrastructure-related startup costs, WiRAD will likely completely supplant the 
underdeveloped cellular streaming media technologies. The already developed satellite radio market may 
prove more resilient. While in-home satellite radio receivers could be easily replaced by WiRAD devices, 
automotive units are less likely to be replaced due to the lack of 802.11b coverage on most highways. 
Regarding non-streaming portable media players, WiRAD, with a cost comparable to low-end iPods, is 
poised to steal much of the iPod market share, which in April of 2006 accounted for 60% of the non-
streaming portable media player market [9].   

In addition to the economic implications of large scale WiRAD deployment, there are social implications.  
These low cost wireless Internet radio receivers provide one of the most affordable outlets to the Internet 
yet. As Internet radio increases in popularity, talk shows and news programs, as well as music, will be 
added to the list of available content. It is easy to conceive of books, web pages, financial data, and many 
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other types of information being translated into this medium. Additionally, WiRAD's ability to receive 
broadcasts from a personal computer suggests numerous applications, such as a home computer using 
text-to-speech technology to read a user's email to him or her aloud. This connectivity presents users with 
an unprecedented availability of information. 
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2. DESIGN CONSTRAINTS 

The competitive market of portable audio players requires that all newcomers meet a level of quality and 
usability set by previous products. WiRAD must maintain this level of quality, even though it addresses 
the niche market of wireless Internet radio receivers. Because of the newness of this market, WiRAD 
must effectively meet the requirements of consumers to combat potential competition. The WiRAD 
design focuses on the following ten technical and socio-economical constraints. 

2.1 TECHNICAL DESIGN CONSTRAINTS 

The technical design constraints of WiRAD are listed in Table I. 

Table I: Technical Design Constraints 

Name Description 

Decoding Quality WiRAD is capable of decoding streaming audio encoded at bitrates of up to 
128 kbit/s. 

Transmission Rate The 802.11b wireless link is capable of sustaining 1 Mbit/s transfer at an 
operating frequency of 2.4 GHz and range of 30 m from a base-station.  

Battery Life The battery provides at least 3 hours continued usage before recharging. 

Portability WiRAD is less than 10 cm (W) x 15 cm (H) x 5 cm (D).  

Audio Quality WiRAD provides 20-bit stereo audio at 48 KHz. 

 

2.1.1 DECODING QUALITY 

MP3 format audio encoded at bitrates of 128 kbit/s is regarded as near CD quality [10]. It is at this bitrate 
that nearly all SHOUTcast Internet radio stations are broadcasted. Supporting bitrates of 128 kbit/s allows 
WiRAD to decode most MPEG-1 Layer 3 (MP3) format audio while placing only modest constraints on 
the wireless transmission quality. 

2.1.2 TRANSMISSION RATE 

A sustained wireless transmission throughput of 1 Mbit/s is used to deliver streaming audio at the 
supported maximum bitrate of 128 kbit/s. Such a transmission rate allows enough bandwidth to handle a 
100 percent increase in data size due to the addition of Hyper-Text Transport Protocol (HTTP) headers, 
which are utilized in the SHOUTcast protocol, to the raw data and a 300 percent safety margin. This rate 
is well within the specifications of the 802.11b wireless standard, which allow a maximum throughput of 
11 Mbit/s [11]. 

2.1.3 BATTERY LIFE 

WiRAD's battery provides three hours of continued usage. After depletion, WiRAD is recharged via 
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USB. 

2.1.4 PORTABILITY 

Dimensions of 10cm (W) x 15cm (H) x 5cm (D) place WiRAD in the same size class as Apple's iPod 
while still allowing for a 2.4GHz antenna and rechargeable battery [12]. At this size, WiRAD may be 
carried or worn comfortably. 

2.1.5 AUDIO QUALITY 

WiRAD's audio quality of 20-bit stereo audio at 48KHz allows for playback of CD-quality sound. This 
capability ensures that decoding artifacts such as "clicks" and "pops" are not introduced due to low-
frequency digital to analog conversion. This constraint limits the maximum audio-quality of the player 
and might be improved in future firmware upgrades. 

2.2 PRACTICAL DESIGN CONSTRAINTS 

The practical design constraints of WiRAD are listed in Table II. 

Table II: Practical Design Constraints 

Type Name Description 

Health and Safety Volume Restrictions Maximum volume is limited to 90 dB per 
watt meter. 

Political Streaming MP3 Licensing To cover licensing issues, WiRAD must 
use a microprocessor whose manufacturer 
pays MP3 licensing fees.   

Compatibility Software and Hardware 
Compatibility 

WiRAD uses a USB interface and is 
compatible with Windows XP and 2000.  
WiRAD can work on any existing 
802.11b/g network. 

Manufacturability Mass Production WiRAD can be easily mass produced.  

Economic Pricing WiRAD is marketed to the consumer for 
under $100. 

 

2.2.1 VOLUME RESTRICTIONS 

WiRAD is designed to ensure consumer safety. By restricting the noise level to under 90dB per watt 
meter, WiRAD eliminates the possibility of hearing loss due to long term exposure [13]. This limited 
maximum output minimizes consumer health risks and allows prolonged use of WiRAD as might be 
encountered during industrial or military use. 
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2.2.2 STREAMING MP3 LICENSING 

Any profit-producing corporation wishing to provide tools for decoding MP3 content, whether it be in 
hardware or software, must pay appropriate licensing fees to Thomson Corporation [14]. By utilizing a 
hardware MP3 decoder for which licensing fees have already been paid by the developer, WiRAD is able 
to avoid legal and political fallback from the sale of an unlicensed MP3 product.  

2.2.3 SOFTWARE AND HARDWARE COMPATIBILITY 

WiRAD incorporates a standard Universal Serial Bus (USB) interface. This allows WiRAD to be 
configured from any computer with a USB interface and makes the device software compatible with any 
operating system that supports USB communications. WiRAD is additionally hardware compatible with 
the 802.11b standard.  

2.2.4 MASS PRODUCTION 

WiRAD has many properties that contribute to its potential for mass production, such as a lack of moving 
parts and utilization surface mount chips. Additionally, WiRAD components are available in large 
quantities. All of these characteristics enhance WiRAD's manufacturability and speed deployment.  

2.2.5 PRICING 

WiRAD's list price is less than $100 dollars. This relatively low price keeps WiRAD below the price 
range of brand-name, high-end iPod music players. When compared to Apple's products, WiRAD offers 
increased capabilities at a lower price. With this competitive edge, WiRAD is poised to seize much of the 
market for portable music devices.   
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3. APPROACH 

This section provides an in-depth analysis of design alternatives of various WiRAD subsystems.  
Selection amongst the presented hardware and software approaches was based upon consideration of the 
WiRAD design constraints, as well as WiRAD's goal of providing easy and affordable wireless access to 
streaming Internet radio. 

3.1 FUNCTIONAL OVERVIEW  

WiRAD is a portable audio device equipped with a wireless module that allows users to listen to Internet 
radio stations over WiFi.  After connecting to a station, the WiFi module streams MP3 data to the MCU, 
where it is decoded and sent to a digital-to-analog converter (DAC) and, finally, to an audio jack.  A 
battery powers all hardware.   

The selection of Internet radio stations can be programmed as presets via USB.  In the field, the user can 
navigate up and down the list of presets in increments of one and ten, as well as increase and decrease the 
volume.  There is also a button that resets the WiFi connection in order to force reevaluation of the 
strongest nearby WiFi network.  Every user key-press results in an audio cue being played from an 
external electrically erasable programmable read-only memory (EEPROM).  This functionality is 
illustrated in Fig. 1. 

 

Fig. 1:  Functional overview diagram 
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3.2 HARDWARE DESIGN 

3.2.1 MICROCONTROLLER 

3.2.1.1 MICROCONTROLLER APPROACHES 

The central processing requirement of this project is to interface the various system components.  Such 
interfacing involves data movement, not intense computation.  Consequently, an MCU was chosen for 
this task, rather than a full-fledged microprocessor.  Additionally, the low cost and simplicity of an MCU 
solution contributes to the economic and manufacturability practical design constraints . 

The chief factors involved in MCU choice were cost, clock speed, program memory, random access 
memory (RAM), and on-chip capabilities.  Initial efforts focused on Microchip's PIC series of MCUs.  
While these MCUs exhibit adequate clock speeds at low cost, very few contain on-chip USB controllers 
and none contained on-chip MP3 hardware decoders.  If a PIC-based design had been pursued, these 
functions would almost certainly have been delegated off-chip.  The additional cost, complexity, and 
component count of this design precluded the use of PIC MCUs. 

The search for greater on-chip functionality yielded the Atmel AT89C51SND1C.  This MCU is intended 
for use in portable consumer electronics devices and includes an on-chip USB controller and MP3 
hardware decoder.  The Atmel device also contained more program memory and RAM when compared to 
the PIC.  Table III contains a summarized comparison. 

Table III: MCU Comparison [15,16] 

 PIC18F45J10 Atmel AT89C51SND1C 

Maximum clock speed 40 MHz 20 MHz 

Program memory 32 KB 64 KB 

RAM 1 KB 2 KB 

Price $4.25 $9.00 

Integrated USB No Yes 

Integrated MP3 decoder No Yes 

 

As a result of superior on-chip functionality and increased memory, the Atmel AT89C51SND1C was 
chosen for this design.   

3.2.1.2 ATMEL AT89C51SND1C DETAILS 

The Atmel AT89C51SND1C is an 8-bit 8051 architecture MCU available in an 80-pin surface-mount 
package.  It includes 2304 bytes of internal RAM, 64KB of program memory, and 4KB of boot flash 
memory.  In addition to the on-chip USB controller and MP3 hardware decoder, the AT89C51SND1C 
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also contains specialized hardware for serial peripheral interface (SPI), two-wire interface (TWI), 
multimedia card (MMC) interface, and a full duplex universal asynchronous receiver and transmitter 
(UART) [15].  Fig. 2 presents a functional diagram of the AT89C51SND1C. 

 

Fig. 2: Functional overview of AT89C51SND1C [15] 

The AT89C51SND1C satisfies all related design constraints.  The on-chip MP3 decoder is capable of 
decoding 128kbit/s audio streams as outlined by constraint 2.1.1.  The hardware decoder also satisfies 
constraint 2.2.2, which dictates that appropriate MP3 licensing fees be paid, by including MP3 licensing 
fees in the MCU cost.  Additionally, this MCU contributes to the USB compatibility constraint in 2.2.3 by 
providing an on-chip USB controller . 

3.2.2 WIFI 

3.2.2.1 WIFI APPROACHES 

WiRAD's WiFi aspect is its most significant innovation when compared to conventional media players.  
In an effort to ensure manufacturability, speed, and processor independence, three approaches to 
achieving WiFi connectivity were explored.   

The first method explored was to utilize a radio frequency (RF) transceiver and a software TCP/IP stack 
implemented on the MCU.  While the manufacturability of such a design is high due to simple component 
circuitry, this method exhibits no independence from the MCU, which would necessarily be involved in 
the movement of each bit.  Speed would also be severely limited with this design due to processor 
dependence. 

The second approach for achieving WiFi connectivity studied was the use of a commercial USB to WiFi 
adapter.  While this method exhibits slightly more processor independence than the first approach due to 
the ability of such adapters to buffer data, it still requires that a TCP/IP stack be implemented on the 



WiRAD: Wireless Internet Radio   Page 10 of 37 

ECE 4512/4532: Design I December 1, 2006 

MCU.  In addition to this dependence, a design utilizing this method would not be manufacturable due to 
the nature of commercial adapters. 

The final studied WiFi approach was the use of a WiFi module with an embedded application processor.  
Such devices run a real-time operating system (RTOS) implementing a TCP/IP stack and allowing the 
WiFi module to operate independently of an external MCU.  Additionally, the speed of such modules is 
comparable to equivalent commercial adapter solutions, and their manufacturability is high. 

As a result of its processor independence, competitive speed, and superior manufacturability, the final 
solution of a WiFi module with an embedded application processor was chosen. 

3.2.2.2 AIRBORNE WLNB-AN-DP100 DETAILS 

The particular WiFi module chosen was the Airborne WLNB-AN-DP100.  This module includes an on-
board 16-bit 120 MHz RISC application processor with 128KB static RAM (SRAM) running a RTOS 
with web server, TCP/IP stack, command interface, and an 802.1x supplicant.  Interfacing with an 
embedded application, in this case the Atmel AT89C51SND1C, is accomplished via SPI [17].  Fig. 3 
presents a functional diagram of the WLNB-AN-DP100. 

 

Fig. 3: Functional overview of WLNB-AN-DP100 [17] 

The WLNB-AN-DP100 satisfies all related design constraints.  The raw data rate of this module is 
11Mbit/s, well above the 128kbit/s rate dictated by constraint 2.1.2.  Additionally, this module satisfies 
the manufacturability constraint of 2.2.4, in that it is easily integrated into embedded applications, such as 
WiRAD, for mass production .  

3.2.3 ANTENNA 

3.2.3.1 ANTENNA APPROACHES 

Antennas come in a variety of shapes and sizes suitable for sundry applications.  The chief factors in 



WiRAD: Wireless Internet Radio   Page 11 of 37 

ECE 4512/4532: Design I December 1, 2006 

antenna selection include directionality and weight.  Table IV compares the three major portable antenna 
technologies.  

Table IV: Antenna technologies 

 Wire Aperture Microstrip 

Omnidirectional No Yes No 

Lightweight Yes Yes Yes 

Common applications Mobile phones Microwave Aircraft, Spacecraft 

 

Wire antennas come in various shapes such as a dipole, loop, and helix.  Wire antennas, and helix wire 
antennas in particular, are commonly used for broadband applications and exhibit omnidirectional 
performance. 

Aperture antennas are lightweight directional antennas.  The most common forms of aperture antennas are 
horn and rectangular waveguide. 

Microstrip antennas consist of a metallic patch on a grounded substrate.  The metallic patch can take 
many different configurations; however, the rectangular and circular patches are the most popular because 
of ease of analysis and fabrication.  These small, durable antennas are simple and inexpensive to fabricate 
using modern printed-circuit technology.  Microstrip antennas are low efficiency, low power, and have a 
narrow bandwidth.  

Of these, aperture antennas were immediately eliminated because of their highly directional nature; 
WiRAD must receive information regardless of the direction it is facing.  This left the wire and microstrip 
antennas.  Table V compares two commercial antennas we considered. 
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Table V: Comparison of commercial wire and microstrip antennas [18, 19] 

 2.4 GHz 5.5dBi HyperGain  

HG2405RD-NM 

2.4 GHz 8dBi HyperGain  

HGV-2409P 

Technology Helix Wire Microstrip 

Frequency 2400-2500 MHz 2400-2500 MHz 

Gain 5.5dBi 8dBi 

Impedance 50�  50�  

Weight 20g 180g 

Dimensions 221 (L) x 13 (D) mm 114 (L) x 114 (W) x 23 (H) mm 

Polarization Vertical Vertical or Horizontal 

Cost  $10.00 $23.99 

 

While the helix wire antenna is superior in cost and weight, the microstrip antenna offers a greater gain, 
more versatile polarization, and dimensions more suitable for the WiRAD form factor.  Additionally, 
microstrip antennas can be easily designed and manufactured, as opposed to more complicated helix wire 
antennas.  This property offsets the price advantage of helix wire antennas by reducing production costs 
for microstrips to $.50.  Consequently, it was decided that a microstrip antenna would be designed and 
manufactured. 

3.2.3.2 MICROSTRIP ANTENNA DETAILS 

The microstrip antenna consists of a patch antenna as illustrated in Fig. 4 and a ground plate separated by 
a dielectric as illustrated in Fig. 5.  

 

Fig. 4: Square patch antenna 
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Fig. 5: Microstrip antenna [20] 

For a patch antenna, several dimensions are needed to construct the design.  With a dielectric constant of 
the substrate re = 4.4, a substrate height (distance between patch antenna and ground plate) of 1.5cm, and 
a resonant frequency of 2.4 GHz, the length (L) and width (W) of the patch antenna were derived in the 
following equations. 

The wavelength of the resonant frequency was found by the following equation. 
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Using the wavelength found above, the width of the actual patch antenna needed was: 
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The effective dielectric constant of the patch was then found by the following equation.  

( ) ( ) ( ) ( )
7973.2

15.0
80.3

121

1
2

14.4
*

2
14.4

121

1
2

1
*

2
1

2

1

2

1
=

�
�

�
�
�

� +

-+
=

�
�

�
�
�

� +

-+
=

cm
cm

h
W

rr
eff

ee
e  

An area of dielectric material must surround the patch antenna.  The extended incremental length of the 
patch, LD , was found by the following equation. 
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The actual length of the patch was found by the following equation. 
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An effective antenna operates at a power return loss of less than -10dB [21].  After the construction of the 
antenna, test results were obtained through a simulation in HFSS to verify that the antenna operated 
effectively at the broadband frequency of 2.4 GHz. 

 

Fig. 6: Return loss (dB) simulation of microstrip antenna 

This antenna satisfies the related design constraint of portability, in that the size of the antenna is within 
the volume limitations outline in 2.1.4.  The antenna's low cost also contributes to satisfaction of the 
economic constraint in 2.2.5.  As shown in Fig. 6, the antenna’s compatibility with the 802.11b standard 
(2.4 GHz) satisfies the compatibility constraint in 2.2.3 . 

3.2.4 POWER SYSTEM 

3.2.4.1 BATTERY APPROACHES 

The WiRAD technical design constraint in 2.1.3 dictates that WiRAD's battery provide three hours of 
continuous usage before recharging .  To establish the battery rating necessary to support such usage, the 
current draws of the main system components were considered in Table VI. 
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Table VI.:Major component current draws 

 Max current draw 

WiFi module (3.3V) 450mA 

Atmel microprocessor (3.3V) 35mA 

Protection circuit (3.7V) 5mA 

LEDs (3.3V) 10mA 

Total 500mA 

 

With these current draws, three hours of battery life would require a 1500mA battery.  A 100% error 
margin was built into this estimate, and batteries in the 3000mA range were evaluated.  The three battery 
technologies considered were nickel cadmium (NiCd), nickel metal-hydride (NiMH), and lithium ion 
polymer (LiPo).  These technologies are compared in Table VII. 

Table VII: Battery comparisons [22] 

  NiMH  NiCd LiPo 

mAH 3000 3000 2700 

Weight 260g 215g 70g 

Charge cycles 400 800 500 

Cost $10.99 $6.27 $12.19 

 

While all considered batteries had comparable mAH ratings, the NiCd battery was found to be superior in 
cost and charge cycles.  Despite these advantages, the lighter LiPo battery was chosen in order to satisfy 
WiRAD's portability constraints .   

3.2.4.2 CHARGING APPROACHES 

The two considered charging approaches were wall transformer and USB.  Since a USB connector was 
going to be included to facilitate device configuration regardless of charging method, the USB charging 
method was chosen to help satisfy WiRAD's portability constraints by minimizing external connectors.   

Another charging consideration was the possibility of overcharging.  Overcharging is a safety risk in that 
it can cause battery overheating or explosion.  Consequently, a protection circuit was required to keep the 
battery from overcharging.  While a customized analog circuit could have been designed to meet this 
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need, an integrated circuit solution was chosen for small package size and affordability.  

3.3 SOFTWARE DESIGN 

3.3.1 DEVELOPMENT APPROACHES 

Establishing a development environment was the first major obstacle associated with the decision to use 
the Atmel MCU.  While the support structure for the PIC MCUs includes free use of a C compiler, 
multiple device programmers, and a large hobbyist community, development choices for the 
AT89C51SND1C consist of high-price development suites and open source tools of questionable 
usability. 

Furthermore, differences between the major compilers ensured porting difficulty and occluded the 
possibility of changing compilers after an initial decision was made.  These differences primarily 
consisted of syntax for language extensions.  Language extensions are special compiler directives that 
convey items such as data pointer size, heap location, total program memory, special function register 
(SFR) locations, and interrupt vectors.  Each compiler has its own syntax that must be followed if the 
environment is to understand a MCU's sub-architecture.  Consequently, much consideration was given to 
the three major 8051 architecture compilers. 

The first considered compiler for the 8051 architecture was the Small Device C Compiler (SDCC). SDCC 
is a small, command-line, open source compiler maintained and originally written by Sandeep Dutta. 
While this compiler would have functioned for WiRAD purposes, it was difficult to install and configure. 

The next considered compiler was Keil uVision3.  Keil, unlike the SDCC, is a Windows compatible 
graphical development suite.  It has the additional advantage of being the environment in which the demo 
source code for the AT89C51SND1C is written.  While this seems like the obvious choice for a 
development environment, economic concerns played a large role in the decision not to use the Keil 
environment; a single Keil license costs $2,000. 

The IAR Embedded Workbench (IAR) was the final 8051 architecture compiler explored.  Like Keil, IAR 
is also a graphical development environment that enjoys all of the same advantages over SDCC.  
However, Mississippi State University (MSU) was able to provide the WiRAD team with an on-site 
license for development efforts.  While IAR is unsupported by the sample software and source code 
associated with the AT89C51SND1C, extensive porting efforts yielded equivalent routines under this 
compiler.  Consequently, IAR was chosen for the WiRAD development environment. 
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3.3.2 PHYSICAL MODEL 

In Fig. 7 is a conceptual model of WiRAD's user interface, useful in understanding the interface software 
approach of this section. 

 

Fig. 7: Physical model 
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3.3.3 FLOWCHART 

The flowchart of Fig. 8 illustrates WiRAD's states and state transitions. 

 

Fig. 8:  State flowchart 
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3.3.4 USE CASES 

As an aid to the software design process, possible WiRAD use cases were brainstormed and proper 
system response was formulated.  Some of these use cases illustrate best-case operating conditions; these 
are termed "sunny-day" use cases.  Others illustrate worst-case operating conditions; these are termed 
"rainy-day" use cases. 

3.3.4.1 SUNNY-DAY USE CASES 

The use case in Fig. 9 illustrates normal WiRAD operation; i.e., the device is powered on and begins 
streaming a station. 

 

Fig. 9:  Sunny Day - Power on and off while not connect to a PC 

Fig. 10 illustrates WiRAD operation upon the changing of a station. 
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Fig. 10:  Sunny Day - User changes stations while not connected to a PC 

Fig. 11 illustrates WiRAD operation when connected to a PC for charging and configuration. 

 

Fig. 11:  Sunny Day - Power on while connected to a PC 

3.3.4.2 RAINY-DAY USE CASES 

The use case in Fig. 12 illustrates WiRAD operation when a preset station cannot be contacted. 
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Fig. 12:  Rainy Day - Power on with unresolved URL while not connected to a PC  

Fig. 13 illustrates WiRAD operation when power runs out. 

 

Fig. 13:  Rainy Day - Power on and battery power runs out 

Fig 14. illustrates WiRAD operation when the device is powered on but no presets are programmed. 
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Fig. 14:  Rainy Day - Power on with no preset stations 
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4. EVALUATION  

WiRAD was subjected to rigorous testing in order to ensure satisfaction of performance and safety 
constraints.  This section is divided into test specifications and test certifications.  Each of these sections 
is further subdivided into simulation testing, hardware testing, software testing, and system testing. 

The tests specified in this section are designed to evaluate the satisfaction of the technical design 
constraints of Table VIII. 

Table VIII: Technical Design Constraints 

Name Description 

Decoding Quality WiRAD is capable of decoding streaming audio encoded at bitrates of up to 
128 kbit/s. 

Transmission Rate The 802.11b wireless link is capable of sustaining 1 Mbit/s transfer at an 
operating frequency of 2.4 GHz and range of 30 m from a base-station.  

Battery Life The battery provides at least 3 hours continued usage before recharging. 

Portability WiRAD is less than 10 cm (W) x 15 cm (H) x 5 cm (D).  

Audio Quality WiRAD provides 20-bit stereo audio at 48 KHz. 

 

4.1 SIMULATION 

4.1.1 ANTENNA 

The antenna was simulated in Ansoft High-Frequency Simulation Software (HFSS), the industry standard 
for high-frequency electromagnetic simulation.  The antenna was evaluated with the following metrics: 

1. current distribution, 

2. far-field radiation pattern, 

3. return loss, 

4. peak directivity, 

5. peak gain, 

6. input impedance 

7. and standing-wave ratio. 

Acceptable results of the current distribution simulation may be found in Fig. 15. 
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Fig. 15: Current distribution  

Acceptable results of the far-field radiation pattern simulation may be found in Fig. 16. 

 

Fig. 16: Far-field radiation pattern 
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Acceptable results of the return loss simulation may be found in Fig. 17. 

 

Fig. 17: Return loss 

Acceptable results of the peak directivity simulation may be found in Fig. 18. 

 

Fig. 18: Peak directivity 
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Acceptable results of the peak gain simulation may be found in Fig. 19. 

 

Fig. 19: Peak gain 

Acceptable results of the input impedance simulation may be found in Fig. 20. 

 

Fig. 20: Input impedance 
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Acceptable results of the standing-wave ratio simulation may be found in Fig. 21. 

 

Fig. 21: Standing-wave ratio 

4.2 HARDWARE 

4.2.1 MICROCONTROLLER  

The MCU is essential to basic WiRAD functionality and proper operation is implied in the technical 
design constraints of Table I.  MCU operation is particularly relevant to the decoding quality and audio 
quality constraints.  The MCU's 16 MHz clock indicates the availability of instruction cycles to process 
128 kbit/s and provide a mechanism for interrupts at a frequency of 48 KHz for the 20-bit stereo digital-
to-analog converter. 

Proper MCU operation was tested in two steps: 

1. 16 MHz oscillation was measured on the MCU X1 and X2 clock pins. 

2. A test program for flashing an LED was programmed to the MCU via the USB bootloader and 
verified to work. 

The passing result of the first test is shown in Table IX. 

Table IX: Expected and measured MCU clock frequencies 

Expected Frequency Measured Frequency Percent Error 

16.000 MHz 16.000 MHz 0% 
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The passing result of the first test is shown in Table X. 

Table X: Expected and observed "led_flash.c" output 

Expected Output Observed Output 

blinking LED blinking LED 

 

4.2.2 WIFI MODULE 

The WiFi module is essential to basic WiRAD functionality and proper operation is implied in the 
technical design constraints of Table I.  This testing was also necessary to ensure a minimum WiFi 
transmission rate of 1 Mbit/s. 

The WiFi module was powered on in isolation from the MCU at a distance of 30 m from the WiFi access 
point in order to test operation.  The module's on-chip application processor allows operation in a 
standalone mode independent of MCU control.  Proper operation was tested by using a web browser to 
connect to the module.  The module responded with a webpage displaying wireless status information.  
This status information, along with the fact that a connection was achieved at all, was used to verify 
proper operation of the WiFi module. 

The passing result of this test can be seen in Fig. 22. 

 

Fig. 22: Wireless module status page 
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The SPI connection between the module and the MCU was next tested by monitoring these lines on an 
oscilloscope.  The "Read Configuration" command was chosen as the test command.  Because of the 
number of lines involved in SPI communication, this test was conducted as three separate oscilloscope 
captures.  The first captured the clock on one channel and the master-in/slave-out on another channel.  
The second captured the clock on one channel and the master-out/slave-in on another channel.  The third 
captured the slave-select line.  A composite capture can be found in Fig. 23. 

 

Fig. 23: Composite oscilloscope capture of SPI bus 

In this capture, the command byte of '01000000' can be seen as well as the module's response '11110000' 
which indicates that both the read and transmit buffers are full and both the read and transmit interrupts 
are enabled. 

4.2.3 BATTERY 

To ensure adequate battery life as dictated by design constraints, charge/discharge testing was conducted.  
The battery was charged from initial depletion to full capacity through a standard USB port as illustrated 
in Fig. 24. 

 

Fig. 24: Charging circuit 
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It was then discharged through a 5 � , 2 W resistor to simulate WiRAD's current draw. 

Results of these tests can be found in Table XI. 

Table XI: Expected and measured charge/discharge times 

 Expected Measured Percent Error 

Charge Time 6 hours 9 hours 50% 

Discharge Time 5 hours 4.5 hours 10% 

 

While there was a large error in the predicted battery charge time, this figure is expected to vary 
depending on the number of USB-powered devices on a given hub.    

4.2.4 ANTENNA 

The antenna was connected to the WiFi module (in standalone mode).  Both were tested together by using 
telnet to access the WiFi module and validate the signal strength at a distance of 30 m.  Results of this test 
may be found in Table XII. 

Table XII: Commercial vs. custom antenna performance 

 Commercial Antenna Custom Antenna 

Transmit Rate 1 Mbit/s 1 Mbit/s 

Communications Quality 62 dBm 60 dBm 

Signal Level -41 dBm -30dBm 

Noise Level -54 dBm -86 dBm 

 

While the primary motivations for custom-designing an antenna were size and cost, the above functional 
tests were necessary to ensure that antenna quality was not degraded to the point where transmission rate 
and decoding quality constraints could not be satisfied. 

4.3 SOFTWARE 

4.3.1 DEVICE FIRMWARE 

The device firmware was evaluated on the basis of usability in accordance with the use cases and state 
flowcharts enumerated in 3.3. 
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4.3.2 DESKTOP CLIENT SOFTWARE 

4.3.2.1 SAVING AND LOADING CONFIGURATIONS 

The WiRAD desktop client application is designed to manage profiles of station presets.  The client 
application allows for this interaction with simple "Save Configuration", "Save As", and "Load 
Configuration" commands located in the File Menu. 

To test this process, a new profile was created using the option from the File menu.  A number of stations 
were then created using the New button at the bottom of the menu.  After population, this profile was 
saved using the Save Configuration option.  To test the integrity of the saved file, the application was 
closed and reopened and the previously saved profile was loaded using the Load Configuration option.  
The original profile was recorded and then compared to the profile that appeared after the load operation.  
This may be seen in Fig. 25. 

 

Fig. 25: Profile management options 

4.3.2.2 STATION EDITOR 

The Station Editor is used to create a new preset station or edit an existing preset station.  To test the 
Station Editor, a new profile was created and then the New button was pressed, causing an information-
less Station Editor to appear as illustrated in in Fig. 26. 
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Fig. 26: Blank station editor window 

From here, a station name and preset number were chosen.  Also, a number of potential relays were 
associated with the station.  To verify that the station list was updated correctly, the Apply option at the 
bottom of the window was selected and it was verified that the appropriate station information changed in 
the main station window. 

The next step tested the Station Editor’s ability to edit an existing station.  A station was created and data 
was recorded; this station was then edited by pressing Edit in the main station window.  It was then 
verified that the Station Editor appeared with existing information as illustrated in Fig. 27. 

 

Fig. 27: Station editor opening an existing station 

4.3.2.3 APPLICATION INTEROPERABILITY 

To verify that the application worked properly on Java-enabled platforms, the application was tested on 
multiple Windows and Linux machines with the Java Runtime Environment (JRE) installed.  
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Compatibility was achieved with all systems. 

4.4 SYSTEM 

4.4.1 AUDIO THROUGHPUT 

WiRAD audio throughput was tested in conjunction with device firmware by attempting to receive 
progressively higher resolution MP3 streams at various distances. 

Qualitative results of stream-quality by bitrate are recorded in Table XIII. 

Table XIII: Quality by bitrate 

Bitrate (kbps)  

16 24 32 48 56 64 96 128 

Clicks/Pops     X X X X 

Halts      X X X 

Speed Distortion       X X 

 

4.4.2 CONFIGURATION WITH DESKTOP CLIENT 

When both WiRAD and the testing PC were running, a USB connection was establish between the two 
via USB cable.  The WiRAD desktop client application was opened and a profile loaded. The preset order 
of each station was then recorded.   

To test that the data transfer was successful, after an allowable period of time had passed, the USB 
connection between WiRAD and the PC was removed and it was verified that WiRAD contained the 
configured presets. 
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Appendix A: Product Specification 

 


