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1. INTRODUCTION 
Software Defined Radio (SDR) has played an important part in the improved efficiency of radios.  The history of SDR stems from military communications but has also influenced the commercial industry.  This report describes the SDR as well as detailing the evolution of SDR.  It is applicable to The History of Computing by showing how software/computers have influenced a communication method that started solely as hardware based.  This report is also directly applicable to me as the company I work for, TRW (which was acquired by Northrop Grumman in 2002) was a primary developer of software for the first programmable radio.  The more narrow focus, as it pertains to military aircraft communications, is important to me as my father was a Navy pilot in the 1970s.  I expect to be a more informed employee at work as well as have a better understanding of personal family history.  This paper describes what a SDR is, why it is used, and how it has benefited military aircraft communications.  This paper also has brief descriptions of other technologies and benefits.  To understand the terms used in this paper it is important to first define many of the words.

2. DESCRIPTION

Software Defined Radio(s) (SDR), sometimes shortened to Software Radio(s) (SR), has been defined by various organizations.  Wikipedia defines an SDR system as “a radio communication system which can tune to any frequency band and receive any modulation across a large frequency spectrum by means of a programmable hardware which is controlled by software.”  The Free Online Computer Encyclopedia defines it as “A wireless terminal (phone, PDA, etc.) that is reconfigurable via software.”  The SDR forum defines it as “a collection of hardware and software technologies that enable reconfigurable system architectures for wireless networks and user terminals.”  The Federal Communications Commission (FCC) established their formal definition in 2001 as “a radio that includes a transmitter in which the operating parameters of frequency range, modulation type or maximum output power (either radiated or conducted) can be altered by making a change in software without making any changes to hardware components that affect the radio frequency emissions.”  Any of these definitions make it clear that SDR is a piece of hardware equipment that is used for wireless communications in which the functionality can be altered by changing the software contained within the hardware device.

Since SDR initially evolved from military uses, it is important to understand some of the military acronyms/terms used in regards to SDR.  Integrated Communications, Navigation, Identification, and Avionics (ICNIA) was the name used for the program which produced the first programmable radio.  Jam Resistant Communications (JARECO) resulted in a system that could emulate digital voice. (Rádio) Tactical Anti-Jam Programmable Signal Processor (TAJPSP) was an Air Force program which produced a processor that was capable of performing multiple waveform operations at the same time using a modular approach.  It eventually evolved into the Joint Tactical Radio System (JTRS).  JTRS is defined in Wikipedia as “a software-defined radio for voice and data that will be backward-compatible with a very large number of other military and civilian radio systems”.  It is based on the Software Communications Architecture (SCA) which is “an open architecture framework that tells communications systems designers how elements of hardware and software are to operate in harmony within an SCA-compliant system” (Hayes).  F-22 Raptor, RAH-66 Comanche, F-35 Lightning II (Joint Strike Fighter (JSF)), and Airborne, Maritime / Fixed-site (AMF) are additional military aircraft programs that use software defined radios.
Other non-military related acronyms also need to be defined here.  An Application Specific Integrated Circuit (ASIC) is designed for a specific purpose, unlike a General Purpose Process (GPP), which is designed to be used for general computer tasks.  A Field Programmable Gate Array (FPGA) allows for re-programming the functions of the FPGA hardware by the user instead of hard-coding the functions at the manufacturer.  An Analog-to-Digital converter (ADC) takes the analog signal and converts it into a binary language the software can understand.  The Digital Signal Processor (DSP) manipulates the digital signals to perform the required functions.  Digital-to-Analog Converter (DAC) takes the computer signal and converts it into something that other parts of the radio hardware and humans can understand.  Radio Frequency (RF) is the range of frequencies that are used in radio communications; however, the term RF is commonly used as an adjective to describe a type of communication or device (i.e. “RF communications” or “RF port”).  RAdio Detection And Ranging (RADAR) uses radio waves to locate objects.  Open Systems Interconnection (OSI) 7 layer model is an architecture developed as a framework of standards for networking different equipment and applications by different vendors. It is now considered the primary architectural model for inter-computing and inter-networking communications. (OSI)
3. HISTORY

Military communications are often referred to as battlefield communications.  This communication originated as simply a method to receive or send coded signals.  Although the concept of military communications can be traced to the origins of the military itself, this paper focuses on the communications leading up to software defined radio communications. 
a. MILITARY COMMUNICATIONS

The messages sent for military communications are referred to as “signals”.  These signals must also be encoded to ensure the enemy does not interpret the message.  In 1860, Major Albert Myer, founded the U.S. Army Signal Corps.  This was a special division of the military that focused primarily on the development of military communications technique.  The first coded message technique was the “wig-wag”. (United) It used line of sight communications and flags/torches to send signals during the civil war.  It was used until 1912.  Morse Code was also used in the late 1800s and early 1900s.  Another method for “over the air” communications was the use of homing pigeons.  In World War I, the U.S. Army Signal Corps enlisted pigeons to carry messages.  The Signal Corps also contributed to the first wireless telegraph in the Western Hemisphere.  Another form of coded communications used by the military was the use of “Code Talkers”.  These were Native American soldiers that used a coded version of the Navajo language during World War II to communicate messages across normal radio or telephone transmission lines.  In the last half of the 20th century technology advanced greatly, and now the military uses digital radios to encrypt the data and communicate the information between land, air, and sea.
b. RADIO COMMUNICATIONS

The history of radio communications dates back to the 1800s.  There is much dispute over who actually invented the first radio, but it is fact that both Nikola Tesla and Guglielmo Marconi held U.S. patents for their radio inventions (see Figure 1 from Wikipedia).  Their inventions came about at the turn of the 20th century.  The term “radio” comes from the verb “to radiate”.  It refers to the electromagnetic radiation of energy.  Radio communications comes from the word “Radiotelegraphy” which is the transmission of information using radio instead of wires as were used with electrical telegraphs.  In the mid-1900s digital radios were introduced.  Digital radio communication paved the way for SDR. 
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Figure 1 - Radio Invention Timeline

c. MILITARY AIRCRAFT COMMUNICATIONS

Military communication, as it pertains to avionics, has evolved to allow for lighter radios that have more functions.  Military aircraft communications began by using analog radios and eventually evolved to use SDR.  In fact, SDR technology was developed specifically to improve military aircraft communications.  
A first hand account of the use of analog radios is depicted in the excerpts from a personal interview with LCDR David R. Burrill (Ret).  His experience is from “flying in the (1970s) in A-4B (Figure 2) and A-4C model aircraft configured for utility support missions, not combat missions.”
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Figure 2 - A-4B “Skyhawk”
Excerpts from the interview:

Q. How did you keep transmissions secure?

A. “The range of detection of transmissions depended on altitude, strength of transmitting signal, and atmospheric conditions.  For example, if flying at 20,000' msl, I could communicate with a ship or ground station out to about 125 NM at sea before losing contact. Range of signal strength varied slightly from aircraft to aircraft . . . I might assign my wingman to make voice reports for the flight, if my radio was weaker than his.  It was important to communicate tactical data on discrete frequencies rather than on common ones.  Transmission security consisted of using classified tactical frequencies. The radio console in the cockpit allowed 20 preset frequencies in addition to a manual rotary dial up changer.  Anyone, with a UHF receiver within range could monitor whatever frequency they dialed up. . . If they had a UHF transmitter, or "transceiver", they could also broadcast out on that frequency.  In those days it took fairly sophisticated radio receivers to monitor all UHF frequencies at the same time, and most of our adversaries didn't have that capability, yet.  So, security was increased by changing frequency just before transmitting tactical information.  We usually had up to 6 or 8 tactical frequencies assigned to our individual mission that were assigned individual color codes, during preflight briefings.  So, when you arrive at your operating area, if you want to talk on a private frequency, the flight leader just says, Alfa Flight Go Orange, and each pilot would dial in the classified frequency. 

I didn't have encryption devices on board the aircraft I was flying . . . When we wanted to say something private over the air, we used ‘Falcon Codes’, similar to police radio codes.  A typical statement might be: ‘Do you want me to save you a seat at happy hour?’ which might be ‘Falcon 23’ the response could then be an open broadcast of ‘Affirmative’ or ‘Negative’.  Seating for Happy Hour was usually pre-arranged in the air at Miramar.”
Q. How many different radios did you have in your plane?

A. “Usually, (we only had) one UHF radio and one VHF radio.  We didn't use the VHF radio much, so it wasn't required to be operable for any of our flights.  We could monitor the VHF emergency frequency, to listen to civilian aircraft emergency calls.  If the UHF radio went out, we usually had to execute our Lost Comm procedures from that point on.  We couldn't fix the radio in flight.”
Q. How did you know that another aircraft was a Friend or Foe?
A. “Our missions were primarily controlled by a ground or shipboard site.  Their radar identified contacts, using (Identification Friend or Foe) IFF codes, and they would inform us what a contact was.  The aircraft I flew didn't have on board IFF detection equipment.  Some of the aircraft we flew missions with did have that capability and could relay that info to us by voice.  My aircraft did not have radar, except that which was associated with the radar altimeter, which gave a height above ground level.”
Q. Did you have indicators when your communications or navigation equipment did not work?

A. “There were no indicators that the radio wasn't working.  It would go out without warning, and usually stay out the rest of the flight, unless it only affected certain frequencies, then we had to troubleshoot to determine if it worked on selected frequencies only.  The indicator that Navigation equipment had gone out was when the needle on the gage either spun around continuously or locked on one course heading and wouldn't change.  That could be dangerous if the pilot didn't recognize it soon enough.”
Q. Do you remember ever having to change radios between flights because the new operation you were about to fly required a radio with different functions/channels?

A. “No, that didn't happen on my watch. That was more likely to happen in multi-engine aircraft that might be working with a submarine or a secure (encrypted) net. We were basically stuck with the 20 pre-set frequencies on our channel selection or we had to manually dial up the 4-digit frequency on the rotary style frequency selector. It was possible for maintenance crews on the ground to change the preset channels, which was done on some deployments where we had to work with test and evaluation contractor controllers, such as at NAS Point Mugu.”
The cockpit view of the A-4E (Figure 3) shows how instrumentation was completely analog.  Eventually digital radios and later SDRs were used.
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Figure 3 - View of A-4E Cockpit Instrumentation
d. SOFTWARE DEFINED RADIOS

Military communications changed dramatically due to the advancements in SDR developed by TRW.  They developed the software and some of the hardware for the first SDR program.  Radios became software-defined in the 1970s.  The ICNIA program began in the late 1970s, and the first unit was built in 1985 (Figure 4).  ICNIA was initiated by the U.S. Air Force Avionics Laboratory to develop architecture to support multifunctional, multiband airborne radios. (Nguyen)  It was developed as a concept validation program and never meant for mass production.  Next was the development of the TAJPSP.  This program was initiated in the late 1980s.  It eventually developed into a program called SPEAKeasy (Figure 5).  TRW has also worked on aircraft programs that used their SDR, notably “F-22 Raptor”, “RAH-66 Comanche”, and “F-35 Lightning II (JSF)” (Figures 6-8, respectively).
In 1995, a significant event in the history of SDR occurred.  “Hardware became reprogrammable in the form of FPGAs”. (Hale)  Bob Hale, a product lead on Comanche and engineer on the original ICNIA program recalls how FPGAs replaced ASICs in the mid-1990s and allowed for great advancements in the later SDR programs.  FPGAs allow for quicker development as, unlike ASICs, they can be modified during system development as well as in the field.  These advancements in SDR technology contributed to the evolution of SPEAKeasy to what has become the JTRS program.  JTRS is being developed using standard architecture from the SCA.
JTRS originally had four “Clusters”.  Cluster 1 is primarily for ground radio communications for the army.  However, it also supports the Air Force Tactical Control Party and Army Helicopter fleet.  Cluster 2 is the portion of JTRS that provides the Handheld and Manpack radios.  Cluster 3 provides radios for Maritime and Fixed-site platforms.  Cluster 4 covers the Airborne platform.  In November of 2003, Clusters 3 and 4 merged to “enable synergy in the design process, and maximize the possibility of hardware commonality, if not at the system level, then at least at the module or component level”. (JTRS)  Figure 9 is a representation of a JTRS radio.  The design varies significantly based on Cluster.  Also, this design is still under development and the figure does not represent the most recent designs.
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Figure 4 – ICNIA




Figure 5 - SPEAKeasy - Phase I
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Figure 6 - F-22 Raptor
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Figure 7 - RAH-66 Comanche
[image: image10.png]


[image: image11.png]


[image: image12.png]



Figure 8 - F-35 Lightning II (JSF)
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Figure 9 - JTRS (NextGen)
4. TECHNOLOGY OVERVIEW

Military aircraft communication of today is not limited to just relaying coded signals.  Radios must perform multiple functions that are normally performed by a collection of individual hardware devices.  The functions include: encrypted voice/data messaging, anti-jammed communication, networking, identification, navigation, etc.  These functions can now be performed with different software applications, instead of requiring different hardware configuration for each.  It is valuable to understand basics of the hardware as well as the software used in an SDR.
a. OPERATING PRINCIPLES

The goal for SDR engineers is to build a device that receives an analog signal, converts it to digital, processes that signal, and converts it back to analog in as few steps as possible.  The ideal SDR must also be capable of changing its functionality without any hardware changes.  This concept is applicable to military and commercial communication devices.  SDR radios are possible by using a similar design technique to that of modern computers.  Originally computers came equipped with limited functions and specific software that only worked on that hardware.  Additional features required additional hardware.  Also applications could not be loaded by the user.
Today computers use a layered architecture approach, specifically “OSI 7 Layer Model”.  “Each layer is reasonably self-contained, so that the tasks assigned to each layer can be implemented independently. This enables the solutions offered by one layer to be updated without adversely affecting the other layers.” (OSI)  It is this architecture that allows for plug-and-play devices and the loading or upgrading of applications well after the hardware was originally configured.  The physical layer, Layer 1 of this architecture, in a SDR includes the radio hardware as well as the interfaces to the software.  The software is contained at the lower levels.
b. HARDWARE INTERFACES

A radio contains a transmitter and receiver.  A simplistic explanation of a radio transmitter is a device that puts a voice frequency message onto an RF signal and transmits that message over the air.  This is done by converting the mechanical vibrations of the voice message to electrical pulses, amplifying those pulses, modulating that message onto an RF carrier (by mixing the signal with an oscillator), amplifying that RF signal, and transmitting it via an antenna (Figure 10).  A radio receiver is a reverse of the process.  The received RF signal is amplified and filtered; the voice message is detected (separated) from the RF signal; it is amplified then converted to mechanical vibrations which represent the message (Figure 11).  

Digital radios digitize the message with an ADC and manipulate the digital signal with a DSP (see Figure 12).  The message can also be encrypted by combining it with a coded digital signal.  The DSP block is much more complex for SDR, but this report only shows that processing at a high level. 
[image: image14.png]Micraphone

D

Speech
Amplifier

[-p/Modulator

[p{Oscillator

Ly

Frequency|
Multiplier

Epl

Power
Amplifier

Amennai ,

FM Transmitter




Figure 10 - Simplified FM Transmitter Block Diagram
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Figure 11 - Simplified Receiver Block Diagram
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Figure 12 - Simplified Digital Radio Block Diagram (used on SDR systems)
c. BENEFITS OF SOFTWARE DEFINED RADIOS

One of the most important benefits from SDR is the reduction of size and weight.  Designers of military aircraft constantly try to add functions/capabilities to without weighing down the aircraft.  It is readily apparent from Figures 4-10 that the physical size (weight) has been steadily decreasing with the use of SDR.  From the discussion with the former military pilot (Section 3-c), it was clear that his aircraft was only capable of performing one function, voice transmission.  His aircraft would have required multiple radios to perform the functions described in the Waveforms section.  SPEAKeasy was able to emulate more than ten existing radios for different functions by using SDR technology.  SDR reduces “Loss Comm” conditions.  It is no longer necessary to install two radios to perform two different functions on an aircraft.  Each radio can perform both functions.  Thus, a backup radio can be installed.  This allows for continued operation when one radio fails.  Also, the software performs many of the functions below autonomously.  The pilot only needs to monitor the digital displays to gather information.  This allows the pilot to focus on maneuvering the aircraft.
d. WAVEFORMS

The noun “radio” refers to the device used for transmitting and receiving RF signals.  The term “wireless” refers to a method used for radio communications.  A waveform is literally the shape of a signal (including, but not limited to radio signals).  However, today the term “waveform” is used to describe the functionality being performed.  SDR hardware can have many waveforms.  Previously, it was a one-to-one relationship (for each desired waveform, an individual radio was required).  The following waveforms are a sample of those used on SDR:  IFF, ILS, TACAN, TTNT, UHF, and WNW.  IFF – Identification Friend or Foe uses a protocol contained in the transmission to determine whether a contact is enemy or ally.  The radio performs IFF autonomously.  ILS – Instrument Landing System provides information to the pilot.  TACAN - Tactical Air Navigation gives the pilot information as to his range (distance) and bearing (direction) to/from a beacon.  TTNT - Tactical Targeting Network Technology is a network that supports the goal of locating, identifying, targeting, and attacking enemy targets anywhere at any time.  UHF – Ultra High Frequency communication is the standard voice transmission method.  WNM – Wideband Network Waveform is a single RF networking protocol waveform with different variations depending on spectrum allocation and access rights.
All of these functions can be performed within a single SDR system but not necessarily simultaneously.  For some waveforms, the software must be modified “on-the-fly” to perform the different functions.
5. CONCLUSION

Computers influence in radios in the form of the SDR greatly advanced military aircraft communication.  The benefits are now being seen in the commercial industry in the form of wireless products such as cell phones and wireless Personal Device Assistants (PDAs).  SDR units in the aircraft will continue to grow smaller and become more compatible with SDR units in different military branches.  Eventually, there can exist a single hardware configuration for all SDR units contained in every military aircraft.  This concept can apply to commercial industry as well.  Cell phone users will no longer have to be concerned with which network their phone is compatible with.
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