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1 Introduction

This report summarizes the efforts performed in Phase I of the project “A Low Cost
All-Band All-Mode Radio for Public Safety,” performed under Grant No. 2005-IJ-
CX-K018 from the National Institute of Justice of the U.S. Dept. of Justice. The
overall goal of this project is to develop and demonstrate a radio which can operate
in all bands and all modes relevant to public safety operations in the U.S., with a
special emphasis on cost. This project is documented via the project web site [1],
including a recent overview presentation [2].

In this phase of the project, we have investigated the problem and developed some
preliminary solutions with no special emphasis on cost. In subsequent stages of the
project, we will consider alternative approaches, attempt to identify and quantify
cost-performance tradeoffs, and demonstrate a prototype.

The following technical memoranda were generated during this phase of the work,
and should be considered intrinsic to this technical report:

1. “Prototyping a Software Defined Radio Receiver based on USRP and OSSIE,”
S.M. Shajedul Hasan and P. Balister, December 14, 2005. [3]

2. “An Investigation of the Blackfin/µClinux Combination as a Candidate Soft-
ware Radio Processor,” S.M. Shajedul Hasan and S.W. Ellingson, January 24,
2006. [4]

3. “Implementation Status of the SCA-Based FM Radio,” P. Balister and J.H.
Reed, January 31, 2006. [5]

4. “A Comparison of Some Existing Radios with Implications for Public Safety
Interoperability,” S.W. Ellingson, June 1, 2006. [6]

5. “Embedded Systems and SDR,” M. Robert, P. Balister and J. Reed, June 23,
2006. [7]

6. “Implementation of OSSIE on OMAP,” M. Robert, P. Balister and J. Reed,
June 23, 2006. [8]

7. “Interfacing a Stratix FPGA to a Blackfin Parallel Peripheral Interface,” S.M.
Shajedul Hasan and Kyehun Lee, July 23, 2006. [9]

8. “Requirements for an Experimental Public Safety Multiband/Multimode Radio:
Analog FM Modes,” S.W. Ellingson, July 27, 2006. [10]

9. “USRP Hardware and Software Description,” P. Balister and J. Reed, June 30,
2006. [11]

10. “A Candidate RF Architecture for a Multiband Public Safety Radio,” S.M.
Shajedul Hasan and S.W. Ellingson, September 28, 2006. [12]
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11. “An Audio System for the Blackfin,” S.M. Shajedul Hasan and S.W. Ellingson,
September 28, 2006. [13]

12. “FM Waveform Implementation Using an FPGA-Based Digital IF and a Linux-
Based Embedded Processor,” S.M. Shajedul Hasan, Kyehun Lee, and S.W.
Ellingson, September 29, 2006. [14]

13. “Measurement and Analysis of the Sti-Co Interoperable Mobile Antenna,” Kathy
Wei Hurst and S.W. Ellingson, September 30, 2006. [15]

14. “Report for the NIJ SCA Based Radio,” P. Balister, T. Tsou, and J.H. Reed,
September 30, 2006. [16]

This report is organized as follows. Section 2 describes the interoperability prob-
lem in public safety communications, and describes the manner of solution which this
work intends to provide. Section 3 summarizes the work accomplished to date, as
described in the technical memoranda listed above. Section 4 presents a “strawman”
design, which represents our current preferences as to the implementation of the radio.
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2 The User-Based Approach to Interoperability in

Public Safety Wireless Communications

This section describes the interoperability problem in public safety communications,
and describes the manner of solution which this work intends to provide. This sec-
tion is organized as follows. Section 2.1 provides a general description of public safety
wireless communications, the frequencies of interest, and the nature of the interoper-
ability problem. Section 2.2 describes “network-based” interoperability, which is in
common use in various forms today. Section 2.3 describes “user-based” interoperabil-
ity, in which it is the user radios, as opposed to the network infrastructure, which
provide interoperability. Section 2.4 describes the implementation of user-based inter-
operability using software-defined radio (SDR) technology. Section 2.5 addresses the
question of why military SDRs are probably not an appropriate avenue to user-based
interoperability in public safety applications. Section 2.6 summarizes this discussion
and itemizes the pros and cons of the proposed solution: a user-based interoperability
radio based on commercial SDR technology.

2.1 The Interoperability Problem

Wireless communications are an essential and expansive aspect of public safety oper-
ations. An introduction to public safety wireless communications is provided in [17].
Recently, the SAFECOM program of the U.S. Dept. of Homeland Security released
a document which provides a comprehensive description of the use of wireless com-
munications in public safety operations, and a summary of requirements [18].

One way to describe public safety communications is in terms of the frequency
bands which are used, and the modes of communication that are used in each band.
This summarized in Table 1. Modes include:

• TIA-603 analog FM voice [21]

• APCO Project 25 (P25) digital voice and data [22, 23]

• TIA-902 wideband data [24, 25, 26]

• Various existing commercial wireless modes, including cellular, PCS, and IEEE
802-series wireless protocols.

In the report of the National Task Force on Interoperability [27], the public safety
community identified incompatible equipment, limited/fragmented radio spectrum,
and a profusion of proprietary systems as some of the key problems that prevent orga-
nizations from conducting critical public safety radio communications in both routine
operations and in emergencies including acts of terrorism and natural disasters. The
root cause of much of this difficulty is the “stove-piped” nature of communications
networks currently used by public safety agencies. That is, whenever a public safety
organization has the opportunity to upgrade or replace an existing radio system, it
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Band Frequency [MHz] Modes Remarks

HF 25–30 TIA-603
VHF 30–50 TIA-603

138–174 TIA-603, P25
220–222 Voice/Data (not TIA-603) 5 kHz

UHF 406–512 TIA-603, P25
700 MHz 764–776 TIA-603, TIA-902, P25, 802.16(e) RL

794–806 TIA-603, TIA-902, P25, 802.16(e) FL
800 MHz 806–817 TIA-603, P25 RL

824–849 Cellular (many modes) RL
851–862 TIA-603, P25 FL
869–894 Cellular (many modes) FL

PCS 1850–1990 PCS (many modes)
ISM 2400–2483 IEEE 802.11
4.9 GHz 4940–4990 IEEE 802.11, VoIP, UMTS/TDD?

Table 1: Bands of interest to the public safety community. Compiled from [2, 10, 19,
20]. RL = Reverse link (mobile to base), FL = forward link (base to mobile).

must typically choose a single band and mode, which compromises interoperability
with organizations which have chosen differently.

The ultimate solution to this problem is likely to be through a synthesis of three
technologies: (1) open standards, (2) software-defined radio (SDR), and (3) cognitive
radio. As illustrated in Figure 1, open standards such as P25 may eventually replace
proprietary standards, leading to a situation in which the current long list of incom-
patible modes is replaced with a reduced number of straightforwardly-interoperable
modes. SDR technology enables a radio to change its mode or other operating para-
meters on-the-fly, facilitating the easy and perhaps even real-time adoption of stan-
dards different from that which the radio had originally been intended to use [28].
Cognitive radio technology allows radios to independently sense their environment
and collaborate with other radios to optimally choose frequencies, modes, and other
operating parameters automatically [29]. Employed together, these technologies may
one day lead to radio networks that “just work” – i.e., which dynamically make op-
timal choices of band and mode in response to changing conditions, and do this in a
manner which is transparent to the users.

Unfortunately, this goal appears to be be at least a decade or more away. Barriers
include the very long time required to develop and adopt standards, the immature
state of SDR and cognitive radio technology, the very long time required to accom-
modate SDR and cognitive radio concepts in the existing regulatory structure, the
cost and time required to replace equipment, and reluctance of vendors and users to
adopt new and “disruptive” technologies.
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Figure 1: A summary of the interoperability problem in public safety communications
and how it might ultimately be addressed.
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2.2 Network-Based Interoperability

In the mean time, the dominant paradigm for interoperability in public safety com-
munications has involved the use of network infrastructure. This is illustrated in
Figure 2(b). In this approach, separate radio networks are integrated through the
use of radios that are combined “back to back” and serve as relays between disparate
networks. The interconnection between the relay radios may be audio, in which case
the audio received by one radio is patched to one or more other radios for retransmis-
sion. When such devices are used explicitly to achieve interoperability across different
frequency bands, they are sometimes referred to as “cross-band repeaters.” Recently,
internet protocol (IP) based interoperability devices have become more common [20].
In this approach, audio is digitized and distributed in the form of IP packets using
standard local area network communications technology. In this case, the IP network
serves the same role as the audio switch, but with much greater flexibility, including
the ability to extend communications nets over long distances.

A serious limitation of network-based interoperability is poor support for uncoor-
dinated users, as illustrated in Figure 2(c). The problem is this: To function properly,
the relay radios used in the network interoperability device must be of the appropriate
band & mode, and must be interconnected in a manner appropriate to the anticipated
operational scenario. Thus, the users of such devices must be coordinated, meaning
the bands, modes, and manner of interconnection must be known in advance of use.
However, unusual circumstances may result in the need to support users which were
not anticipated, and thus are “uncoordinated”. For example, a fire incident may
involve local fire and police departments, whose presence would be anticipated and
therefore coordinated. However, if the incident is the result of terrorism, then federal
agencies and military forces might become involved, and it would be unlikely that
they will have been coordinated in advance. Even if this possibility were anticipated,
the additional cost involved in arranging for the use of existing network interoper-
ability devices by these exceptional users may be prohibitive. Thus, such users will
typically remain uncoordinated.

Traditionally, this problem is mitigated through the loan of radios from coordi-
nated groups to uncoordinated users; alternatively, commercial means of communi-
cation such as cellular telephony or wireless local area networks might be employed.
The former is undesirable due to the resulting delay in establishing effective commu-
nications, as well as issues with cost in maintaining additional radios for this purpose
and training in the use of radios which may be unfamiliar. The use of commercial
telephony is undesirable due to it’s relative lack of robustness and potential to be
overwhelmed by an excess in demand during emergency situations.

It should be noted that increasingly versatile forms of network-based interoper-
ability are becoming available. Notable is an SDR-based approach demonstrated by
Vanu, Inc. [30]. This approach uses SDR to achieve a much more flexible and po-
tentially dynamically-reconfigurable form of interoperability. The problem remains,
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(a) (b)

(c) (d)

Figure 2: Interoperability between two disparate radio networks. (a) Two groups, us-
ing incompatible bands/modes. (b) Network-based interoperability. (c) Introducing
a new uncoordinated user. (d) User-based interoperability.
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however, that such a system is part of the local infrastructure, and therefore uncoor-
dinated users could not, in the near future at least, assume that such infrastructure
exists. Furthermore, to make such a system transparent to users requires elements
of cognitive radio technology such as automatic signal recognition and dynamic fre-
quency assignment, which are not yet mature and face significant regulatory hurdles.

2.3 User-Based Interoperability

Figure 2(d) illustrates an alternative to network-based interoperability: user-based
interoperability. In this approach, existing and emerging heterogeneous system in-
frastructure continues to operate or is installed without modification, but is accessed
in a seamless and transparent manner by means of a single radio. This radio is the
subject of this report. Users equipped with this radio would be able to communicate
in any public safety radio system, immediately and without prior coordination. Such
a radio would be immediately useful to agencies at the state and federal levels, such
as the FBI, which are frequently in the position of having to communicate on an
emergency basis with local agencies which might be using any one of the large num-
ber of possible band/mode combinations shown in Table 1. However, such a radio
would also be of great interest to local agencies as well as a means of simplifying,
standardizing, and “future proofing” radio equipment.

2.4 User-Based Interoperability via SDR

A conceptual view of a radio implementing user-based interoperability is shown in
Figure 3. From the user’s perspective, the radio behaves as if it contains many
different radios; perhaps as many as 8 different radios assuming 1 radio per band.
However, since there are frequently multiple channels of interest per band, the effective
number of radios needed to achieve truly seamless interoperability is actually much
greater. On the other hand, it is unlikely that the user would (or could) utilize more
than just a few channels at a time. For example, the user might wish to engage in data
communications simultaneously with monitoring one or more voice channels, and can
only effectively engage in voice dialog on one channel at a time. Thus, this report
presumes that a literal implementation of the architecture suggested by Figure 3 is
not necessary, or desirable. Although recent developments in device miniaturization
and integration suggest that such an approach might be possible, it would appear to
be an inefficient use of hardware.

A more attractive scheme is shown in Figure 4. In this approach, a smaller number
of radios are used, but each radio is an SDR with relatively wide tuning range and
bandwidth spanning many channels. Each SDR is capable of tuning only one band
at a time, but is capable of supporting multiple channels per band. SDR technology
is particularly attractive from the perspective that the radio depicted in Figure 4
could be designed to accommodate additional/new modes through software download.
This would facilitate evolving technical requirements such the bandwidth narrowing
associated with transition from P25 Phase I to Phase II modes. A comprehensive
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Figure 3: Conceptual view of the user-based interoperability radio.

assessment of SDR technology for public safety is documented in [31].

An important consideration in comparing the architectures suggested by Figures 3
and 4 is that each of the SDRs in Figure 4 is dramatically more complex than the
individual radios depicted in Figure 3, especially if each SDR must support all bands
shown in Table 1. For this reason, a compromise approach, incorporating aspects of
both architectures, is proposed in Section 4.

SDR-enabled user-based interoperability has already been demonstrated by Vanu
Corp., who have demonstrated all-software implementations of FM and P25 digital
voice waveforms on an iPAQ PDA interfaced to a compact RF transceiver [32, 33].
Vanu reports that the size for their P25 waveform binary file is a modest 480 KB,
takes approximately two-thirds to one second to initialize, and consumes only 24% of
the available clock cycles on the PDA’s 206 MHz StrongARM processor. This is very
encouraging with respect to the goal of developing a low-cost SDR-based user-based
interoperability radio that offers comprehensive support for all bands and modes of
interest to the public safety community.

Finally, we note that the regulatory environment has in recent years become ex-
tremely favorable for multiband/multimode SDR technology. Already, a Vanu SDR-
based GSM base station has received FCC type acceptance. Thus, a radio of the
type proposed here appears to be not only technically feasible, but also well within
emerging regulatory bounds.

11



Figure 4: A more practical implementation of a user-based interoperablity radio,
using SDR.

2.5 Military SDR and the SCA

The U.S. military has interoperability issues similar to those of public safety radio,
and in response has been working to develop flexible radios of the type described here.
Currently, this is being pursued through the Joint Tactical Radio Systems (JTRS)
program [34]. Military SDR is maturing rapidly, and is now producing actual prod-
ucts [6]. At first glance, it might appear that new military SDRs, such as those
becoming available as a result of JTRS, might be the basis for an immediate solution
to the public safety radio problem. Unfortunately, military JTRS products are ex-
traordinarily expensive [6]. A major factor in the expense has to do with demanding
requirements that are unique to military uses. These include:

• Tuning range which is large and continuous, ranging from 17:1 (30–512 MHz)
to as much as 1000:1 (2–2000 MHz) for some radios. Although public safety
frequencies span a range of 200:1 (25–4990 MHz) – intermediate by comparison
– this range contains large gaps in which tuning is unnecessary.

• Severe environmental requirements.

• Severe/complex security requirements.

• Need to support waveforms which are unique to military applications.

Ironically, it is not generally true that the performance of military SDRs is signifi-
cantly better than that of conventional public safety radios, which is probably an indi-
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Figure 5: The Software Communications Architecture (SCA) (from [35]).

cation of the difficulties associated with achieving a large continuous tuning range [6].

A second aspect of military SDR that impacts suitability for public safety appli-
cations is the requirement for conformance with the JTRS Software Communications
Architecture (SCA) [35]. An graphical overview of the SCA is shown in Figure 5. The
SCA is intended to provide a unified framework for implementation of SDR software
and a consistent method for describing and interfacing to SDR hardware. From the
public safety perspective, however, SCA may be a “double-edged sword.” On one
hand, it offers a logical and consistent environment in which to develop SDR appli-
cations, and encourages waveform portability. On the other hand, SCA-based SDRs
are prone to sluggish initialization and mode switching, and tend to have expansive
memory and power requirements. A more detailed consideration of the suitability of
SCA in public safety applications is provided in [31], and our experiences with SCA
in this project are reported in [3, 5, 8, 11, 16], with Phase I outcomes summarized in
Section 3.3.2.

Even though considerable relaxation of requirements is possible for public safety
applications, and even though this process could result in a lower-cost radio with
similar capabilities, approaching this problem as a redesign of existing military SDR
radios may pose significant risk to manufacturers. A complicating factor is the limited
size of the public safety market and uncertain future of standards and regulatory
efforts that impact SDR. A goal of the project described in this report is to address
and mitigate these risks through the design of a prototype radio, so as to encourage
the involvement of a broad array of manufacturers – not just those currently familiar
with the technology – who might otherwise not be willing to invest in this market.
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2.6 Summary

This report describes the first phase of effort in a project to develop an radio that offers
comprehensive user-based interoperability for the public safety community. Specifi-
cally, the radio would be a one-for-one replacement of existing user radios with an
all-band / all-mode radio as a practical that would provide immediate relief as well
as being a means to transition to the goal architecture depicted on the right side of
Figure 1. Desireable features of this approach include the following:

• The technology exists; this is primarily a just hard design problem. In particu-
lar, the challenge may be achieving a reasonable unit cost.

• Existing systems and network architectures continue to work without modifica-
tion. The proposed radio provides a graceful transition to the goal architecture.

• Possibly simplified regulatory acceptance, at least compared to an immediate
jump to a bona fide cognitive radio solution.

• Immediate relief for first responders in a manner that does not require dramatic
changes to systems or operations

However, this approach is still not without challenges. These include:

• Significant design risk

• New security issues to manage

• New operational/planning issues to manage

• Must not be dramatically more expensive than existing technology

• Reluctant vendor support; reluctance to invest in non-recurring engineering
(NRE) required to develop such a radio.

• Reluctant user support; concern about disruptive effects of new technology.
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3 Summary of Work to Date

This section summarizes work done in the effort to develop the radio described in
the previous section. All effort has been documented in technical memoranda [3]–[16]
available at the project web site [1].

3.1 Frequency Bands of Interest

Following guidance from the sponsor, acting on input from an advisory committee
consisting of public safety communications professionals, it was decided at the begin-
ning of the project to limit the frequency range of interest to bands above 50 MHz;
i.e., not to include 25–50 MHz. Thus, the total frequency range of interest is from
138 MHz to 4.99 GHz. This is fortunate, as the effort required to include the 25–
50 MHz band would dramatically increase the difficulty of the design, as discussed
below.

3.2 Radio Frequency Design

The starting point for the RF hardware was the design from a recently completed
project to build a “Matrix Channel Measurement System” (MCMS), an instrument
developed for studies of multiple antenna radio systems [36, 37]. MCMS tunes contin-
uously from 250 MHz to 6 GHz and supports 40 MHz digitized bandwidth. Although
a straightforward revision to change the tuning range to cover 138 MHz to 4.99 GHz
is possible, we decided tha that this was probably not the best course of action. There
are two reasons.

The first reason is evident from an examination of the frequency coverage re-
quirements, as shown in Figure 6. Note that the spectrum used for public safety
applications is relatively concentrated into just a few, relatively narrow contiguous
“chunks” of spectrum. Furthermore, note that bands above 1 GHz are mode-specific:
Specifically, the spectrum around 2 GHz is exclusively commercial PCS, the spectrum
around 2.4 GHz is exclusively wireless networking using the IEEE 802.11 family of
protocols, and the spectrum around 4.9 GHz is similarly intended for broadband data
applications. Although one could argue that in each band many different protocols
could possibly be used, it is also true that technology already exists for effectively
handling the multiple modes possible within a band. In the PCS band, for example,
existing chipsets already support multiple protocols; e.g., CDMA and GSM in a sin-
gle phone. Likewise, single chips now increasingly support IEEE 802.11b, 802.11g,
and WiMAX; or GSM, GPRS, EDGE and WCDMA; over very large tuning ranges,
despite the fact that these are very different protocols; for example [38, 39].

This is in contrast to the spectrum below 1 GHz. Below 1 GHz, the use of analog
FM as well as the wide- and narrowband variants of the P25 digital voice proto-
cols is not limited to any particular range of frequencies, and the potential exists for
simultaneous operation of all three in close spectral proximity to each other and to
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Figure 6: Public safety frequency requirements from Table 1 plotted on a frequency
axis. The bottom plot is the same data plotted on a log10 scale.
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broadband data modes, for example in the 700 MHz band. Unlike the situation above
1 GHz, public safety wireless modes below 1 GHz are not particularly band-specific
and no off-the-shelf solution simultaneously addresses the problem of multiple bands
with large tuning ranges.

As anticipated in Section 2.4, this suggests an architecture which is a compromise
between Figures 3 and 4. In particular, we see an advantage in implementing the
dual-SDR architecture shown in Figure 4 for coverage below 1 GHz, and covering the
remaining bands above 1 GHz using existing band-specific chipsets.

The second reason for deviating from a literal implementation of the architecture
described in Figure 4 pertains to the problem of antennas. In a nutshell, it is un-
realistic to expect that all bands from 138 MHz to 4.99 GHz can be implemented
using a single antenna. It may be possible to cover bands below 1 GHz using a sin-
gle antenna. In fact, we investigated one commercially-available antenna, the Sti-Co
“Mobile Interoperable Antenna,” that is claimed by the vendor to allow communica-
tions simultaneously on three bands: 150–174 MHz, 406–512 MHz, and 806–896 MHz
[15]. As explained in our report, this antenna already has significant limitations. The
design is intended for vehicular (roof) mounting and is not suitable for a handheld
radio. Furthermore, it does not seem likely that the design concept could be extended
to include bands above 1 GHz. On the other hand, this is perhaps not a serious prob-
lem as the antennas traditionally used to implement communications on bands above
1 GHz – e.g., stub monopoles, patches, and planar inverted-“F” antennas – are very
compact and relatively convenient to implement as separate, discrete antennas.

Taking into account the chipset support issue described above, this suggests an
approach in which the three bands above 1 GHz each incorporate separate antennas
and chipsets, and the bands below 1 GHz share a single monopole-like antenna by use
of an RF multiplexer – perhaps a triplexer – interfaced to SDRs. Proceeding along
these lines, [12] describes an RF architecture for an SDR RF block that covers the
138–894 MHz range. As mentioned above, this design is a modification (simplifica-
tion, actually) of the MCMS design, and is likely to be overkill from a performance
perspective and more expensive than necessary. Thus, we are also looking into dif-
ferent approaches, including several recently developed single-chip direct conversion
receivers and transmitters. Section 4 describes a strawman plan to incorporate these
RF downconverters and upconverters into the overall radio design.

Finally, the issue of the exclusion of the 25–50 MHz band should be addressed. It
should be noted that including this band would dramatically complicate the design
of the radio. A rough measure of the difficulty of a receiver design is the fractional
bandwidth over which the radio must tune.1 Reducing the minimum frequency from

1This is due to the fact that many of the impairments that radios encounter pertain to frequency
content at harmonics or products of frequencies which the radio receives, transmits, or uses as part
of its design. The greater the fractional bandwidth, the more complex the problems become.
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138 MHz to 25 MHz is a five-fold increase in this ratio. In fact, the bottom (log-
scale) plot in Figure 6 shows the problem from the perspective of a receiver designer:
Accommodating the 25–50 MHz span introduces difficulty comparable to that of cov-
ering the entire span from 138–894 MHz. This issue directly impacts the antenna
interface problem as well: It is quite unlikely that any antenna that performs satis-
factorily in the 25–50 MHz band will be suitable for use at higher frequencies, thus
the advantage in having a radio that covers both spans is not great.

3.3 Digital / Baseband Design

We have considered two approaches to the implementation of the digital/baseband
processing. One approach is centered on the use of the Analog Devices Blackfin em-
bedded processor running the µClinux operating system [4], using a custom FPGA-
based design as a digital IF subsystem [9]. The second approach is centered on the use
of the Open Source SCA Implementation: Embedded (OSSIE), Virginia Tech’s imple-
mentation of the SCA, implemented on the Texas Instruments OMAP processor [8].
The first approach represents a somewhat traditional design approach, whereas the
latter potentially leverages the advantages of the SCA, such as waveform portability.

3.3.1 Blackfin/µClinux Approach

In this approach, digital IF processing is implemented completely on an Altera Stratix-
class FPGA. The FPGA accepts 120 MSPS A/D output and outputs a swath of
spectrum from the digital passband in complex baseband form at 468.75 kSPS. The
FPGA firmware is custom Verilog HDL developed by our team. This is accepted
by the Blackfin processor using a glueless asynchronous transfer using the Blackfin’s
parallel port interface (PPI). The Blackfin runs the µClinux operating system and
the applications are developed in the C programming language. Recently, we demon-
strated an FM receiver application in which the FPGA output is demodulated and
delivered to a speaker via an embedded audio codec processor. The binary foot-
print of the application is 103 KB, and the total memory footprint of this application
(including the operating system and memory which is dynamically allocated by the
application) is estimated to be 42.4 MB. The total dynamic memory available to the
Blackfin processor, implemented as on-board (but off-chip) SDRAM, is 64 MB. A
detailed description of this design is provided in [14] and all source code and support
files are available via the project web site [1].

3.3.2 OMAP/SCA Approach

In this approach, digital IF processing is implemented using the Ettus Research
Universal Software Radio Peripheral (USRP), which uses an Altera Cyclone-class
FPGA. The USRP’s FPGA accepts 64 MSPS A/D input and outputs a swath of
spectrum from the digital passband in complex baseband form at 250 kSPS. The
FPGA firmware is provided by the vendor. This FPGA output is via a USB 2.0 serial
interface. As an interim step, baseband processing is not implemented on the OMAP
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processor, but rather on a personal computer running the Linux operating system.
Currently, we have demonstrated SCA-based FM receiver and transmitter applica-
tions which process audio through the PC’s sound card. The memory requirements
of this implementation have not yet been determined. Efforts to port this application
to the OMAP embedded processor are not yet complete. Additional integration of
the OSSIE SCA implementation into the OpenEmbedded application development
environment for the OMAP is required. Also, the OMAP implementation in use is
unable to accept a sample rate greater than 25 kSPS; thus, a revision to the USRP
firmware will be necessary to reduce its output sample rate. A summary of the cur-
rent state of this development is provided in [16]. OSSIE and source code specific
to this application are available via Virginia Tech’s version control system (access
instructions provided in [16]).
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4 Strawman Design

The efforts and findings reported in the previous section have lead us to some con-
clusions about a preferred implementation of the desired radio. A block diagram of
this current “strawman” design is shown in Figure 7.

4.1 Antenna System

As discussed in Section 3.2, the design of the antenna is at least as significant a
problem as the design of the radio. If the radio is to be used for receive only, then
good matching between the antenna and the radio is not essential (although never-
theless important for sensitivity) and a single broadband or multiband antenna may
be a reasonable option. If the radio is to transmit, however, then good matching
is required in order to mitigate the reflection of transmitted power into the receive
sections of the radio. As discussed in Section 3.2, it is proposed to implement the
PCS, 2.4 GHz, and 4.9 GHz bands using separate signal paths, each with their own
antenna. This is reasonable even for handheld radios because these antennas can be
very compact and tightly integrated into the case of the radio (as are antennas used by
most modern mobile phones and computers). However, antennas for the bands below
1 GHz will be too large to be implemented as other than traditional monopole-like an-
tennas. At the same time, it is undesirable to implement more than one such antenna.

Being limited to one antenna, and nevertheless requiring a good match at all fre-
quencies of interest, a RF multiplexer will be required. An RF multiplexer is a device
which separates the bandwidth presented at one port into multiple smaller band-
widths, and is typically bidirectional with good impedance characteristics within the
available bandwidth. Here, we believe that a triplexer (a 3-port multiplexer) will be
sufficient. The triplexer should be tailored to the impedance characteristics of the an-
tenna, although most commercially-available multiplexers simply assume a standard
impedance.

As mentioned above, we evaluated a commercially-available antenna-triplexer
combination that is presently being marketed to the public safety community [15].
We found that although the antenna-triplexer combination performs as promised on
most counts, the frequency coverage is less than what is required in this project, and
we have some doubts about the pattern characteristics of the antenna. In the context
of this project, we believe it will be very difficult to prevent the design of the an-
tenna/multiplexer combination from limiting the performance of the overall system.
For this reason, we intend to implement the ability to bipass the triplexer, if desired,
and use instead individual antennas connected directly to triplexer inputs.

4.2 Sub-GHz Front End (SGFE)

Assuming a triplexer is used below 1 GHz, a system will be required for duplexing
receive and transmit as well as switching radios to triplexer input bands. This system
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Figure 7: Strawman Design.
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Figure 8: Sub-GHz front end (SGFE). “Lo,” “Mid,” and “Hi” refer to the three
triplexer input bands.

is referred to as the sub-GHz front end (SGFE) in Figure 7. A possible design of the
SGFE is shown in Figure 8. RF downconverters (RFDCs) and an RF upconverter
(RFUC) are connected to band-specific processing using a 3× 2 and 3× 1 RF switch,
respectively. For each band, Figure 8 shows receive and transmit being combined
using a circulator; however, combinations of switches and isolators may be desired
or required instead. The path for each band includes a low-noise amplifier (LNA)
in the receive path and a power amplifier (PA)in the transmit path. This allows
the LNA and PA to be optimized for the frequency band, and removes the need to
implement these separately in each RFDC and RFUC, which would be redundant and
would require more expensive and exotic devices in order to support the full sub-GHz
tuning range.

4.3 RFDCs and RFUC

For bands below 1 GHz, it is proposed to implement two RFDCs and one RFUC.
Each would have an instantaneous bandwidth on the order of 40 MHz. This makes it
possible to receive many channels simultaneously in up to two widely-separated bands.
Since it is difficult to imagine a scenario requiring simultaneous transmission in two
widely separated bands below 1 GHz, only 1 RFUC is proposed. The RFDCs produce
real-valued A/D output corresponding to a digitized analog IF, and the RFUC does
the same in reverse.
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4.4 Digital IF & Baseband Processing

A DDC is a device – typically a single chip – which accepts sampled analog IF, tunes
within the digital passband, and outputs a complex baseband signal with selectable
bandwidth and sample rate. At the beginning of this phase of work, we were uncer-
tain as to whether in this application it was best to implement this functionality in
an FPGA (as described in 3.3.1) or using special function chips (as described in [36]).
Our current preference is the latter, given the recent dramatic improvement in the
capabilities and relatively low cost of these components. Currently, we are investi-
gating the Analog Devices AD6636 DDC [40], which accepts input up to 150 MSPS,
outputs up to 4 independent tuned outputs, and costs about $30 in 1k quantity –
significantly less than the cost of an FPGA with sufficient resources to implement the
same functionality. Comparable DUC chips are available.

As described above, bands above 1 GHz would utilize band-specific chipsets, which
offer a much greater degree of integration and effectively leverages market forces which
produce devices with the desired features. In all cases though, the common interface
to subsequent processing would digital pre-detection IF at complex baseband. This
interface would be through an FPGA, which for narrowband protocols would be pri-
marily a routing instrument, but for wideband waveforms, such as CDMA, would be
used for computation-intensive operations such as despreading.

As in the preliminary work described in 3.3, all subsequent processing, including
modulation/demodulation of narrowband waveforms and symbol-rate processing of
wideband waveforms, would be preferentially implemented in a software-defined man-
ner in the embedded microprocessor. However, to the extent that is practical and
cost-effective to do so, some of these functions could be off-loaded to the FPGA.

4.5 Higher-Level Functionality, including Security and Con-
trol

Without some careful attention to detail in the design of the higher-level function-
ality of the radio, it is possible that the powerful new capabilities could be abused,
unintentionally or intentionally. Potential issues are addressed below.2

One concern is that the availability of an expanded set of frequencies and modes
must not lead to a breakdown in network discipline. Specifically, authorized personnel
must retain the ability to (a) constrain the capabilities of users, (b) maintain contact
with users even as they access other bands and modes, and (c) override band/mode
privileges as needed to maintain positive control over the network. To facilitate this,
we envision a number of simple measures:

2This section is adapted from the material originally presented in the project proposal, and is
repeated here in order to include it as part of the formal project documentation.
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• Preset Lock-ins & Lock-outs. In this rudimentary scheme, the radio can
be programmed with preset “lock-ins” (band/mode combinations that the ra-
dio must serve) and “lock-outs” (band/mode combinations that the radio is
prohibited from serving).

• Scan duration latency limits. The radio can be programmed to limit the
amount of time spent searching for activity on other channels, so as to prevent
the possibility of a user being left unaware of communication on higher-priority
modes/channels.

• Away duration latency limits. The radio can be programmed to limit the
amount of time spent actually receiving or transmitting on lower priority chan-
nels. This precludes, for example, the possibility of a low-priority, long dura-
tion, high bandwidth data communication on an TIA902 mode from preventing
a priority voice transmission on a P25 voice mode from being heard.

• Digital recording and automatic playback of activity on alternate fre-
quencies/modes. For example, consider a user monitoring two voice nets
simultaneously. If a transmission arrives on one channel while the user is listen-
ing to a transmission on another channel, then the radio records the unattended
channel and plays it back automatically as soon as the transmission on the other
channel ends. There are of course limitations to this functionality; for exam-
ple, the two channels must be simultaneously within the 40 MHz instantaneous
bandwidth of the radio, and the scheme fails if both channels are continuously
active.

• Commanded modification of privileges from a remote location. This
feature would exploit the ability of the radio to use existing, secure data trans-
port mechanisms supported by 802.11 to pass instructions to radios. Just as it is
possible to send encrypted e-mail between computers on the internet, it would be
straightforward to include an off-the-shelf secure mechanism for remotely con-
trolling or reprogramming radios through their ability to use an 802.11 mode.

Another concern is the need for security mechanisms to ensure that the radios
cannot be intentionally or unintentionally misused, “hacked” over the air, or exploited
to the detriment of public safety organizations if stolen or reverse-engineered. For a
conventional single-band, single mode radio, this is not so great a concern because the
amount of mischief that can be created by a single radio is limited. A single all-band,
all-mode radio, however, could be exploited to create much greater havoc. A lapse
in physical security, e.g., a stolen radio, could be mitigated by requiring entry of a
unique pass code upon power-up. Because static pass codes can be compromised, it
would be desirable to use a “rolling pass code” system in which the pass code changes
periodically (e.g. daily) in some pseudo-random fashion so that future codes cannot
be guessed and must be obtained from a network manager. A more sophisticated
approach is to build in a “remote override” capability via the 802.11-based secure
control mechanism identified above.
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4.6 Other Specifications

Here we summarize other specifications of the radio that we will be developed in
future phases of effort.

• Bands: Per Table 1, except for 25–50 MHz (as discussed in Section 3.1).

• Modes: Ability to support all modes expected to be used in each band. How-
ever, we intend to implement only TIA-603 (analog half-duplex narrowband FM
voice) [10], the narrowband (6.25 kHz) CQPSK-based P25 digital voice mode
[23], and a rudimentary (PHY-only) 802.11b waveform.

• Ability to operate on multiple channels simultaneously, as described above.

• Voice and Ethernet I/O.

• User-transparent VoIP direct to audio, with no additional terminal equipment
required.

• Size, weight, and power all comparable to a laptop computer

4.7 Other Possibilities

We intend to continue to monitor developments in the wireless industry in order to
be aware of useful new technology as it becomes commercially available. We antic-
ipate a number of developments over the next few years that could potentially lead
to dramatic improvements or simplifications of the radio of interest here. Of partic-
ular interest are developments in direct conversion RFICs with large tuning range,
which could dramatically simplify the RFDCs and RFUCs. Other architectures which
could lead to higher levels of integration and simplification have been reported re-
cently [41, 42], and we will continue to monitor the progress of those.

It is also possible that switches and filters based on microelectromechanical sys-
tems (MEMS) technology are refined and suitable devices become commercially avail-
able. In particular, RF MEMS switches with power handing up to 5 W could be used
to dramatically simplify the design of the SGFE, and might be employed to develop
a reconfigurable antenna that might avoid many of the difficulties discussed above.
Also, there is some possibility that antennas with improved bandwidth characteristics
might become available (e.g., [43] indicates some progress in this direction), which
would also simplify the antenna interfacing problem.
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