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Abstract: - True Software Radio (TSR) products are at the verge of revolutionizing the communication industry as we know it. The ultimate goal of traditional software defined radio (SDR) is to make it possible to seamlessly operate in multiterminal/multifrequency highly fragmented communications environments by automatically downloading software corresponding to the specifics of the communicating terminal environment. The current state of the industry is more modest. It makes possible of operation in the limited number of standards (most often in two). This paper shows what kind of fundamental features the SDR products have to possess to be called as the TSR products. It shows the evolutionary path of such products from software assisted products which are hybrid in nature and having signal processing in analogue as well as digital form to true software radio system. The later, exemplified by the first in its class TechnoConcepts, Inc. TSR systems, does all signal processing in software by converting the received signal into digital form immediately after an antenna. It provides a new qualitative leap in frequency as well as standard independence and solves the problem of incompatibility in highly fragmented communication environment. Such environment is characterized by using different frequency bands and communication standards/protocols for different services making it virtually impossible at the current time to provide vital communication services even for the critical state emergency situations.
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1 Introduction
True Software Radio (TSR) products are at the verge of revolutionizing the communication industry as we know it. The present fragmented communication environment is responsible for the severe incompatibility problems and cost overruns in providing communication services in different frequency bands or operating standards.

The TSR systems by providing all signal processing in software asymptotically approaching the ultimate SDR systems goal of seamless system operation in  multi-terminal/multi-frequency highly fragmented communications environments. It is achieved by:  converting the received signal immediately after an antenna into digital form; and dynamically downloading software corresponding to the specifics of the received signal.

  The SDR forum stipulates that the real SDR products have to possess two fundamental features – flexibility towards operational standards and independence from carrier frequencies [1]. So, with such definition at hand we are capable to redress the entire issue of Software Radio and separate the Software Assisted Radio (SAR) systems from True Software Radio (TSR) ones. According to that definition, the TSR systems possess both above mentioned features. While the most numerous first group embraces hybrid systems where only a portion of signal processing is done in SW, and a sizable portion done by analog components, only the TSR systems correspond to the spirit and expectations associated with SDR. SAR systems can be viewed as intermediate stages on the evolutionary path towards TSR. The path to that goal lies through direct down conversion from RF to baseband immediately after an antennae. Like any ideal, it can be approached asymptotically, while each iteration of new processes in microelectronics bringing closer and closer towards multiterminal/multifrequency operation. 
   SDR in a nut shell reflects the convergence of two very dynamic technologies: digital signal processing and real-time downloadable software run on very fast microprocessors. The former launched the wireless revolution, and the latter made the Internet an irreplaceable reality of the modern technical landscape. The symbiosis of both technologies became possible due to developing of fast microprocessors along with high speed, high resolution analog-to-digital converters (ADC). There are good historical reasons in different flavors of SDRs depending upon where the signal processing starts in microprocessors. In a true software defined radio (TSR) the ADCs are placed as close as possible to an antenna, putting a premium on the quality of ADCs. All subsequent signal processing of the digitized antenna output is done by fast microprocessors using downloadable signal processing SW selected according to a system operational environment. That is exactly of what was done by TechnoConcepts, Inc. By doing so the fast reconfiguration of the air interface parameters of communication terminals is becoming possible. The dynamic upgrades of new functionality in the user's terminals applications give the ability to add or remove system software components resulting in great flexibility. Such approach matches very well with the ultimate goal of SDR technology - to provide reliable operation regardless of operating environment. That speaks well in favor of TSR versus the other more easily implementable systems pursued by most companies where only a portion of signal processing is done in SW. It makes them vulnerable to changes in applied standards or to introduction of new functionality. The point of conversion of analog waveform into digital form is the main differentiator of how mature the SDR system is as well as how well it satisfies the ultimate criteria of SDR systems – flexibility. This paper explores the first steps of TSR, describes facets of the technological possibilities and tries to glance into the ‘crystal ball’ to see in what will it grow. 
2 SDR systems requirements

The specifics of system operations defines the requirements to SDR systems The most promising SDR implementation candidates, at least in terms of volumes, are wireless communications systems. So, we will concentrate predominantly on SDR implementation requirements of these systems. The estimates of processing requirements for different communication protocols depend on many factors such as implementation details including set of applications differentiating technology (video, multimedia, etc.) as well as differences in the ways the major signal processing algorithms are implemented. As a result, significant differences in required processing power are reported in different sources. Table1 shows the estimates for the resource demand in processing different protocols [2],[3]. 

Table 1 Processing requirements in [Mips]

	GSM
	GPRS
	EDGE
	UMTS/WCDMA
	Wireless (OFDM) LAN

	10
	100
	1000
	10000
	5000


As you can see, the estimates in required processing power are about the order of magnitude different for different types of communication protocols. As you can see from Table 1 the current generation of GSM phones requires about 10 Mips. GPRS types systems require on the order of magnitude higher processing approaching 100 Mips. An additional order of magnitude requires for the EDGE systems. The WCDMA systems, having signal bandwidth of 5 MHz push power requirements an additional order of magnitude to 10 Gips. The new generation of orthogonal frequency division multiplexing LANs is in the same league of processing requirements with 5000 Mips. The SDR technology is expected, eventually, to offer complete programmability and reconfigurability to both multimode and multi-functional communication terminals and network nodes. The significant lack of sufficient processing power currently holds it from becoming a full-scale reality. However, unabated doubling processing power each 18 months allows hoping that SDR based multimode and multi-functional communication terminals and network nodes come to life in the not so remote future. We have to set our sights now on more realistic immediate goals of having TSR systems capable to implement a couple protocols per unit installed in environment having no problems in steady supplying tens of watts of power required for performing signal and data processing. It limits the range of current possible TSR implementations to a stationary environment such as bases stations (BS) or vehicle based systems (cars, planes, etc.). Next generation TSR components will implement Digital Signal Processing Primitives (DSPP) directly in the silicon allowing for implementation in lower power consumer devices.
An SDR suitable for commercial narrow- and broad-band applications will typically cover the frequency spectrum between 400 MHz and 6 GHz. This range embraces most of the existing and emerging standards alongside likely future developments. 
It is possible that the stronger interfering signals will cause intermodulation products (IMP) resulting far from being perfect a low noise amplifier (LNA) at an antenna output. These IMPs can interfere with a target signal and, potentially, make it undetectable. To mininimize impact of nonlinearities of LNA characteristics the sigma-delta ADC converters can be used. These converters, having a very limited quantization step size, are inherently less sensitive to system nonlinearities. Providing significant oversampling of input waveform, system designers can trade quantization noise for the spectrum width of processed signals.
3 Delta-Sigma Converters

Delta-sigma converters digitize signals by modulating the analog input into a high-speed one-bit digital data stream that is subsequently processed digitally to produce a high resolution word stream at a slower data rate.  The converter is a closed-loop system in which the order of the loop and the input bandwidth may be traded for resolution.   A plot of the ideal resolution for a given relative bandwidth and loop order is shown in Fig. 1.
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Fig. 1 A plot of the effective resolution of a delta-sigma converter for the first, second, third, and fourth order modulators using one-bit quantization.  The x-axis represents the ratio of clock rate to maximum input bandwidth (oversampling ratio).  The y-axis represents resolution in bits

TechnoConcepts, Inc. has developed a delta-sigma converter technology that is capable of operating at clock rates in excess of 5 GHz.   TechnoConcepts has further improved that technology by inventing an architecture that simultaneously extracts the modulation from an incoming wireless signal and digitizing it with extremely high resolution.  The company projects that dynamic range of 55 -100 dB is achievable using this architecture.  The performance analysis of high order sigma-delta ADC converters operating at 5 GHz shows that expected signal-to-noise ratio (SNR) depends on the operational spectrum width F and the order of delta converters. The estimated values of SNR in decibels for different converter orders as well as operational bandwidths, measured in MHz are shown in the Table 2. 

Table 2       Estimated performance characteristics of 
delta-sigma converters
	Converter order
	Second
	Third

	SNR[dB] for F = 30 MHz
	55
	80

	SNR[dB] for F = 20 MHz
	65
	90

	SNR[dB] for F = 10 MHz
	75
	100

	SNR[dB] for F = 2 MHz
	100
	


4 Architecture of TSR  
     Architecturally TSR is best defined as the software implementation of the radio transceiver receiving digitized down converted signals from an antennae. Such transceiver was traditionally implemented in hardware with analogue or digital  electronic  circuits. Digitization of the wireless signals functionally at the antenna in TSR systems dramatically simplifies the implementation of transmitters and receivers. The conventional analog architecture typically uses a “double conversion” scheme, which first converts the incoming signal to an intermediate frequency (IF) and then proceeds to extract the information from the IF signal. The major signal amplification as well as the automatic gain control is typically produced by bulky discrete analog components at IF. Such type of architecture utilizes multiple analog interfaces and thus can be prone to severe crosstalk.  Furthermore, since the waveform decoding is generally done in the analog domain, the receiver can only process one type of signals.  In contrast, the “software radio” implementation has a single analog interface, eliminating conventional analog crosstalk. The major appeal of the direct down conversion receivers (DDCR) in TSR systems versus traditional superheterodine type receivers is the low cost and simplicity. It is especially true for the broadband receivers typical for the CDMA or WCDMA cellular systems. It can be implemented in a single integrated circuit vs. the bulky discrete component filters required for the superheterodine receivers.  The architecture requires few external analog components and can be programmed to process any type of signal or multiple types of signals. The transceiver of TSR is powered by delta-sigma data conversion chips capable to operate at clock rate in excess of 5 GHz. The architecture of TSR has to be able to accommodate operation in different environments characterized by different standards, carrier frequencies, power levels and bandwidths. 
5 Software Definable Radio Benefits

    One major drawback that an analog architecture has is that the incoming signals must undergo multiple stages of amplification and mixing before having its information extracted (demodulated).  It results in elevating the noise floor and limiting the sensitivity of the receiver.  In contrast, the software radio architecture utilizes no analog processing and thus the noise floor is only limited by the resolution of the A/D converter itself.  The ability of a receiver to process signals without producing unacceptable level of noise or distortion is characterized by the parameter dynamic range.  A conventional analog receiver typically has 40 – 50 dB of raw dynamic range. The dynamic range of about 100dB is possible for TSR systems due to elimination of signal cross talk as well as minimization of the quantization noise level and ability to trade signal bandwidth for the quantization noise level.

     As was shown in Figure 1, delta-sigma converters with 5 GHz clock rates have the capability of capturing > 20 MHz signals with as many as 14 effective bits of resolution (86 dB of dynamic range).  Used in GPS applications, TechnoConcepts’ true software radio technology has the potential for directly capturing and processing C/A and P -coded signals and recover navigation information by digitally processing the GPS signals to ameliorate the effects of natural and man-made noise and distortion (including the effects of Doppler shifts and jamming signals).  Furthermore, unlike other types of A/D converters with a fixed resolution, delta-sigma converters can be reprogrammed to trade off resolution for bandwidth (i.e., change the receiver design to accommodate more than 20 MHz bandwidth at fewer than 14 bits or less than 20 MHz bandwidth at more than 14 bits).  All of this can be done without a change in the hardware 
configuration. The description of other possible applications of the TSR technology follows.

    What makes the TechnoConcepts approach in SW radio implementation stand out compared to others, is placement of its high performance, high resolution ADC just after an antenna. This eliminates replacement of costly analogue receiver/transmitter components each time when a new feature or new modified standard has to be implemented.  Potentially it might save billions of dollars to service providers in addition to providing high performance frequency agile system operation. Its flexibility stems from ability to recognize protocol type of incoming signal and use appropriate SW to process it. TechnoConcepts has already demonstrated 100 dB dynamic range using CMOS technology at a clock rate of 10 MHz and recently demonstrated roughly 50 dB dynamic range in its preliminary demonstration system using GaAs technology at a clock rate of 1.8 GHz.  These results are shown below in Fig. 2.
 [image: image2.png]Poms Spaani Dy

20005 105

[

£e=875 MHz / g KHz / felock=1750 MHz

1590 [

Yo
00

T

Em

=4

B

)
s




Fig. 2  GaAs MESFET technology A/D converter at a clock rate of 1.75 GHz with 50 dB dynamic range.
6 Applications

Software radio makes possible many new types of network architectures as well as business models.  A few examples are given here. In Fig. 3 a single protocol cellular phone is being connected to a variety of networks through a software radio base station that serves both as a repeater and (when necessary) as a protocol translator.  In this particular application of software radio technology, software radio handsets are not required to achieve universal access, at least in the nationwide context.
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Fig. 3 A software radio base station used as a relay/translator for a single protocol handset.

The Fig. 4 show a similar concept for automobiles.  In this case, the car has a “dual mode” transceiver that is capable of transmission and reception using a proprietary protocol and is also capable of receiving navigation signals from the Global Positioning System (GPS). 
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Fig. 4  A software radio communicator used to enable an automobile to access any wireless network.

In broadband applications that are bandwidth intensive, TCI’s Software Radio technology allows service providers to dynamically utilize unlicensed frequency domains to meet additional client needs when saturation has been realized on a certain frequency domain. In the following Fig. 5, the residential customers could be receiving video feeds on unlicensed frequency domains while the business customer locations concurrently receive video feeds on licensed frequency domains.
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Fig. 5 Use of TSR in residential and business cases
7 Benefits of adopting TCI’s True Software Radio Technology

Carriers and network operators struggle each year to keep pace with the unprecedented demand for wireless connectivity and services through deployment of new base stations with the latest technological improvements and through retrofitting existing networks. Both efforts require the carriers and network operators to spend tens of billions of dollars on the latest equipment and highly specialized software. A single XSR module from TCI can handle five (5) times more voice traffic than traditional hardware and can handle the more lucrative new high speed data and video traffic linked to the wireless Internet without requiring any additional hardware or software. The XSR can handle any protocols in the licensed and unlicensed frequency range from 1 MHz to 5.6 GHz. Adopting organizations receive financial benefit from substantially lower annual maintenance costs – software downloads vs. hardware retrofits – TCI estimates significant annual cost savings, aggregating several million dollars over the three year life cycle of a base station.
True Software Radio (TSR) technology can be applied in several other areas.  Among them are the following:

Cellular Base Stations:  Cellular service has been historically limited to once-a-decade upgrades of equipment because of the tremendous costs involved.  A wireless network infrastructure based on TSR technology can now be upgraded to new standards more quickly and at a lower cost saving hundreds of millions of dollars in equipment maintenance and upgrades simply by carrying out inexpensive software changes.  Just as an individual or business can update a software program used on a PC, cellular providers can easily and quickly. 
Military Uses:  The U.S. military has significant radio interoperability problems.  In a joint allied effort, it is not unusual for one country’s radio system to be incompatible with another country’s. TSR can solve the problem in a simple manner so that on the battle field if an English soldier needs to communicate with a Polish soldier the only language barrier will be the actual spoken one – not one from the radio equipment.

Public Safety:  As with the military, local, state and federal agencies that respond to public safety situations also have radios that do not communicate with each other.  In effect, the agencies, who are all trying to help deal with the same emergency, simply cannot “talk” to each other or share database information.  Since there is no way to know in advance when these “first responders” will have an emergency that requires a response, TSR technology can provide a flexible and rapid solution so that these workers can communicate directly with each other.  This would have been greatly welcomed during the blackout that affected the northeastern part of North America in 2003 or events on September 11, 2002. 

Consumer Devices:  TSR enables the development of wireless consumer devices that can communicate with different wireless systems; operate over licensed and unlicensed frequency domains; and support current as well as future technological standards and services.  It can be applied in:
· Cellular Phones ;
· Television;
· HDTV – TSR based systems may play significant role in the conversion of both analog and digital transmissions to HDTV.
8 Conclusion
The ideal software defined radio (SDR) products have to possess two fundamental features – flexibility towards operational standards and independence from carrier frequencies of received signals. Two quite different lines of SDR products are emerging. The first one – Software Assisted Radio (SAR) is a hybrid kind, where a portion of signal processing (usually at high and intermediate frequencies) is done in hardware and the rest – in software. Such systems are capable to satisfy only one criteria – partial independence on standards while still dependable on analog components for filtering and other signal processing operations making them reconfigurable but not frequency agile. The True Software Radio (TSR) systems use direct down conversion from RF to baseband immediately after an antennae. As a result they satisfy both above mentioned criteria. Such systems correspond to the spirit and expectations put on SDR. Like any ideal, it can be approached asymptotically, while each iteration of new processes in microelectronics bringing closer and closer towards multiterminal/multifrequency operation. In that respect the TSR system offered by TechnoConcepts, Inc. (TCI) can be viewed as the first harbinger in the hopefully large flock to come in the immediate future.  The list of the TSR potential applications crosses boundaries of many technologies including HDTV, GPS navigation, civilian and military wireless communication, public safety organizations, etc. That list will expand and grow as time will go by. It is up to you, the reader, to pick up the torch and expand that list. We are counting on you!!!
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