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ABSTRACT Architecture (SCA) [2] to achieve these key properties.

The use of multiple wireless communication stanglard ~However, JTRS assumes that the waveform functignisli
today’s communication networks opens completely newProvided in a way, which can directly be applieditty SDR
opportunities for future wireless communication,g.e. hardware platform. Constraints have neither beenets
cognitive radios. However, current support for eliént for the description of ngeforms nor for_t_he getiera of
standards requires implementation of redundantwemel SW- and HW-code applicable to a specific SDR hardwa
within one handset. To cope with this issue, regear the ~Platform. The SCA makes it easier to achieve pdigb
field of Software Defined Radios (SDRs) aims atln_teroperabmty and I_oadab|l|ty, but does not qaee
implementing the waveforms in software allowingsewf €ither of these properties.

shared hardware resources. Development of such @D&s [N our previous works [1] and [3] a concept hasrbee
challenging task as both software and hardware ke Proposed for a seamless SDR design flow from a fwave
developed under tough constraints of real-time gssing, des_crlptlon to the implementation of the waveformooa_m
architecture and energy efficiency. To enable thee key ~arbitrary SDR hardware platform. The key elementhis
properties of portability, interoperability and tmbility, a ~ cOncept is the orthogonalization of the development
concept has been proposed for a seamless SDR dkesign waveform application, hardware platform and appidca

in [1]. Key element of this concept is the orthogliration to-grchitecture mapping. Por?ability is enabledabseparate
of the waveform description, the mapping to an teaby design of the SDR application and HW platform. As t
hardware platform and the platform design. In fraper, a Waveform _implementation ru_nning on different SDR HW
realization of the concept is introduced. The éffit design ~ Platforms is based on a unique waveform applicatem
of the waveform application, hardware platform andimportant step towards interoperability of differ@DRs is
application-to-architecture mapping enables faglaration already done. The key property of loadability iRiaged by
cycles during SDR development. The (semi-)automatidoading software executables on a SDR in the figliese
generation of the software and hardware implemiemst software executables can be generated with theeptsc
(on the basis of IP-blocks) enables designers ticktyu ~Waveform application and mapping. In this paper we

verify, debug and test their design decisions mutation highlight a realization of the proposed concept &y
models and on a prototype. workbench prototype allowing fast and efficient SDR

development.

This paper is structured as follows. In Section ak
overview of the proposed concept for a seamless SDR
Support of multiple wireless communication standard development is given. The main contribution of haper, a
requires multiple dedicated hardware transceivessiing ~ Workbench prototype, is described in Section lihafly, a
in a significant hardware overhead. The concef@affware  Drief case study is presented to highlight the baitias of
Defined Radios (SDRs) offers a method to cope with  this workbench.

issue by providing flexibility to support updatasdéor new

standards in the field. The design of such an Sb&highly [I. CONCEPT FOR SEAMLESSWAVEFORM
complex and challenging task, as the three keyeptigs of DEVELOPMENT

portability, interoperability and loadability have to be )
fulfilled. The JTRS Joint Tactical Radio Systgnprogram !N [1] and [3] a concept for a seamless SDR defitym has

of the US DoD has defined tHoftware Communications P€en proposed, starting at the waveform descripéind
going down to the implementation on a SDR hardware

platform. In contrast to formerly known approachies
Waveform Development Environme#8DE) ([4—6]) it is

. INTRODUCTION

This research project was performed under contviahtthe Technical
Center for Information Technology and ElectronMéTD-81), Germany
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neither limited to a single aspect of the overadisign
environment (e.g., the non-ambiguous waveform dgtszn
itself) nor to a specific tool (like Matlab/Simukirfor the
(semi)-automatic code generation). The proposedejuis
four key aspects, as depicted in Figure 1, ardolhewing:

A. Description of the Waveform Application:

The waveform application, which is typically giveas a
textual document, is represented
description. In [1] an efficient description has ehe
proposed, based on general programming
structures like sequential statements or paralbkstkd
(existing in C/C++ and VHDL/Verilog). Tasks
(blocks/nodes) represent the subfunctionality efeaeform

application. Edges between tasks characterize the data

exchange, separating the functionality and comnatiuia.
Abstracting communication allows faster
development, as developers do not have to congfder
underlying communication scheme, like FIFO imple-
mentations. Finally, the application is summarized a

topology graphwhich defines the data dependency between

tasks (Figure 2).

B. Description of the SDR Hardwar e Platform:

The description of the SDR HW platform groups the

elements into three classeprocessing element$PE),
communication architecturd€A), andmemoriefMEM).

The class of PEs executes the functionality. Thassccan
be divided into programmable reconfigurable and
configurable  elements. Typical candidates  for
programmable elements are General Purpose Prosess

Source

Figure 2: Exemplary decomposition of a waveformliaggtion

Topology Graph

SDR Forum Technica

in a non-ambiguous

language

and simpler

(GPP) or Digital Signal Processors (DSP). Reconéible
elements like Field Programmable Gate Arrays (FPGA)
usually offer a higher flexibility, but a lower germance
than configurable elements like highly efficient#isation
Specific Integrated Circuits (ASIC).

Communication architecturegdescribe the data exchange
capabilities between the PEs. They are mainly dmstrby
their type (e.g. wires, point-to-point, network-on-chip) and
their interfacesto the processing elements and memories.
The class ofmemoriessummarizes all types of storage
elements.

Both, the waveform application and hardware platfor
description, which forms the basis of the applmatio-
architecture mapping is discussed next.

C. Mapping:

The mapping of a waveform application onto an &abjyt
platform has to considetemporal and spatial resource
allocations. In [1] three different cases are dain(the
notation m:n denotes that m-task are mapped ons):PE
Temporal Mapping — m:1 Mapping:

One single PE concurrently executedasks. Software
solutions typically realize the necessary schedulin
within (Real-Time) Operating Systems (RTOS/OS).
Hardware solutions are typically implemented imter
of controllers.

Spatial Mapping — 1:n Mapping:

Spatial mapping splits a single task imosubtasks
which are individually assigned to different PEs.
Thus, a spatial mapping usually leads to a parallel
execution of functionality. In this case, a spatial
scheduler, which is typically implemented on the
previous adjacent nodeaél), becomes necessary to
dispatch the work load to the different PEs.

Temporal and Spatial Mapping — m:n Mapping:
Here,m tasks are mapped ontoprocessing elements.
In some cases, th@:n mapping can be reduced to a
selection ofm:1 or 1:n mappings. In other cases, it
requires both types of schedulers at the same time,
temporal and spatial one.

D. Code Generation:
The (semi)-automatic generation of (SCA-compliant)
SW/HW implementation is based on the applicatidre t

w platform and the mapping. The concept foresees a

mechanism to assemble the software parts (e.gGRPs
and DSPs) based on the task functionalities. Thie esue

to be solved is the interfacing problem for task’s
communication. The application-to-architecture magp
along with the instantiation of communication sclesnfe.g.
based on libraries) enables automatic generaticoptimal
interfaces. Today’'s paradigm of hardware desiguises on
IP-based design [7]. We align to this IP-based giesi
concept and daot focus on a generic generation of the
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Figure 3: Workbench of the proposed concept

complete hardware or hardware blocks, e.g. from+&/@®
VHDL or Verilog. Although there is ongoing researith
this field, tools are not mature enough today aathar
limited in use.

1. WORKBENCH

The SDR design flow based on the proposed workbénch
illustrated in Figure 3. In the first two phasestbé SDR
implementation, developers describe the SDR apjita
and HW platform. These phases can be parallelized t
reduce development time. The underlying structurehe
descriptions of waveform, HW platform and mappirrg a
based on the Extensible Markup Language (XML) [8]
format, allowing easy porting between differentlsod~or
demonstration purpose and in order to reuse thghgral

environment, we integrated the workbench exemplamido (i)

CoWare’s Platform Creator Tool (PCT) [9].

In the following phase the developed applicatidaeg as a
task graph, is being mapped onto the available ¢fEke
underlying SDR HW platform.

The output is a mapping description, which is thassed to
the implementation generator along with the appbcaand
hardware platform description. The implementation
generator can be configured to assemble eitheteatr&nic
System Level (ESL) [10] model or a prototype
implementation based on Xilinx Embedded Development
Kit (EDK) [11] and its HW IP-cores. Therefore, iar be
used for verification and debugging of the SDR exyst

The analysis of the simulation model and the FPGA
prototype leads to necessary design iterationghich the
application, HW platform and/or mapping is improvéthe
workbench supports developers in accomplishing ehos

design iteration steps by the seamless design flovthe  (iii)

following sections the proposed workbench and ffferént
development phases depicted in Figure 3 are higfieli

A. Waveform Application Development Phase:

The concept introduced in [1], defines the desmipbf a
waveform application by three key aspects: (i) fiorality
description, (ii) data exchange description anyl dssembly

of all
implemented workbench covers these essential asipettte
following way:

(i) Functionality:

sub-functions into one system topology. The

It is essential that developers describe the wamefo
application in a way that generation of both, saftd
hardware code, becomes feasible. As presentecrearli
the waveform description is based on basic
programming concepts found in programming
languages. Currently the workbench support is dichit

to C, as the programming constructs of the concept
define a subset of the C language and therefore are
completely covered by the C programming language.
Nevertheless, functionality mapped on HW can be
modeled adequately later on.

Data Types/Communication:

A key element for efficient and modular modelinghie
independence of data communication and the task’s
functionality. Communication is defined by uni-
directional edges between tasks. Bi-directionalesdg
can be modeled by pairs of unidirectional edges Th
workbench provides a communication interface faada
exchange over edges, which is based on the basic
principle of communication: sending and receivirfg o
data. Therefore, an edge element can be accessad by
universal API defined by the methodst andreceive

It is important to note that the edge element absir
the communication at the conceptual phase. Dutieg t
code generation phase an optimized communication
scheme is applied such that all edge elements are
replaced by a dedicated communication for imple-
mentation.

System Topology:

The system topology describes the complete SDR
waveform application by a task graph. As depicted i
Figure 4(a) the graphical environment of the woridie
embedded into PCT allows the definition of suctpbsa
based on tasks and edges. Developers can speeify th
parameters of each task and the location of theéstas
functionality by refering to a certain implementeti
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Figure 4: Workbench environment

B. SDR HW Platform Development Phase:

Mapping a SDR application onto a SDR HW platform
requires at least a coarse-grained model of theptitform.
Such platforms are typically Multi-Processor Systam
Chips (MPSo0Cs), which can be described with (i)
Processing Elements (i) Communication Architectuaad
(iii) Memories.

Designing such an MPSoC is a challenging taskefbes
recent research in this field has introduced a design
paradigm called Electronic System Level (ESL) [10i.
ESL designs complete system models (virtual proety
are assembled. One prominent tool-suite for suclh ES
design is CoWare’s Platform Architect (PA) [9] piding a
graphical front-end called Platform Creator ToolC(B.
Modeling the SDR HW platform has been developedh wit
respect to ESL design methodology, thus the cofsept
realization can utilize the PCT as illustrated ilgure 4.
Component libraries provide different IP blockg.e&5PPs,

Network-on-Chips (NoCs) and Memories. Developers ca 1)

assemble those blocks within the graphical envirmnto a
complete system model as depicted in Figure 4(b).

C. Application-to-Platform M apping Phase:

Mapping the application onto the HW platform is, as
previously mentioned, gemporal & spatial task mapping
Spatial mapping denotes the assignment of a taskéoor
multiple PEs, whereas a temporal mapping refershéo
allocation of a time budget on a particular PE. plap is
one of the highly crucial steps in the design cyalbere
different options have to be considered and amwtor at
least near-optimal solution has to be found. Tieegffast
exploration of different design decisions is inabie within
the mapping phase. The workbench allows investigadif
such different mapping strategies. The mappingasks to
PEs is illustrated in Figure 4(c).

The description of the waveform application does no

developers to instantiate each edge element wdédécated
communication scheme, e.g. a shared memory or & FIF
communication scheme. Similar to the assignmertasks

to processing elements, developers can assign these
communication schemes to the edge elements inphiged
manner (Figure 4(c)).

The output of the mapping phase is a descriptioralbf
relevant information for code generation of the SDR
implementation in XML format.

D. Implementation Generation Phase:

The result of the mapping phase is fed into thekivench’s
implementation generator. The generation of the SDR
implementation is separated into the generationthef
software executableshe system simulation modeind the
prototype

The generation of theoftware executablesonsists of the
following steps:

The functionality of all tasks, specified by thevdper

in the application description phase (discussed in
Section 1ll-A), is extended by implementations of
dedicated communication schemes.

Schedulers, whether temporal or spatial, are iedesit
necessary and specified.

Finally, the software executables are compiled tfer
underlying programmable device.

The advantage of the (semi-)automatic generatiorthef
software executables releases developers from tiegea
tedious tasks, allowing more time investment in
development of the task’s functionality. This achemye
allows for faster exploration and analysis of desigcisions
like different mappings.

The compiled software executables can be execaotbedth,
simulation and prototype, without any modificatiofghe
generation of software executables is followed itlyee the
generation of the ESL system simulation model (Bect

2)

3)

specify the exact communication mechanism, which!I-E) or the prototype (Section IlI-F).

developers have to take care of. The workbenchwallo
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Figure 6: Prototyping Phase

E. Simulation Phase:

The workbench utilizes the build-in capabilities BET to
generate a simulation model out of the SDR HW ptatf
description. Processing elements, communicatiorhi-arc
tectures and memories are instantiated by
corresponding simulation model allowing simulatioithe
complete system. Simulation allows developers toudeand
analyze their SDR HW platform and application. 12] the
capabilities regarding analysis and debugging wiutition
and prototyping is discussed in detail. Typicallhe
technique of Transaction Level Modeling (TLM) isliaed
for system simulation, which abstracts the commation
such that simulation of a complete system getstiasrhe
language used for system modeling is mostly Systgr8;
which is a HW oriented extension for C++. Pleaste ribat
the workbench expects the existence of TLM simoilati
models. Development of such models is not in tlepemf
this paper or the workbench. The only exceptiomasle for
hardware accelerators: As previously mentioned Isitiun
can make use of abstracting the system, which allthe
generation of hardware
simulation purposes. The functionality is encapsada
within a SystemC block, which allows developergtickly
investigate different design decisions by simulatio
However, these models can only be generated farlation
and can not be used in the later prototyping.

F. Prototyping Phase:

Fast prototyping is essential to verify functiosafrectness
and to investigate real-time effects as well asrandtion of
the SDR with other wireless communication devidexiay,

HW prototyping can be efficiently performed usingel&

Programmable Gate Arrays (FPGAs). One of the major

vendors of FPGAs, Xilinx [14] provides a tool calle

Embedded Development Kit (EDK) for IP block based

FPGA designs.
The proposed workbench bridges the gap betweek $ite
design and the Xilinx EDK in an automatic manneststhat

their

IP-blocks out of C-code for

consistency is ensurkdas long as HW IP blocks and
simulation models are consistent. Figure 5 depfatsbasic
principle of this step, which is split into two pg®s, named
the front-end and back-end phase. In the frontghrase the
description of the application, the HW platform atit
mapping is parsed and an Intermediate RepresemtgdR)

is generated. The back-end generates the Xilinx 'EDK
configuration applying user- and vendor-specificppiag
rules for each IP block. These rules describe tiation
between the HW IP block and the simulation modéie T
generic structure of front- and back-end allowsurfeit
support for other ESL and/or FPGA tools by simply
replacing the front- and/or back-end. The output
configuration can then be used to compile the FP@&sign
and to run the system on the FPGA prototype in rotde
verify the SDR system in a real-time environment.

IV.CASE STUDY

The following case study has been realized asta#sg for
our workbench. A simple waveform has been seleated
testcase to keep the design complexity reasonabiée w
putting the focus on the investigation of the SDR
development flow aspects. Therefore, the wavefooasd
not include channel coding, interleaving, pilotdrtgon, etc.

In this section we focus only on the receiver part.

The waveform application is depicted in the upgmdr part

of Figure 6 and consists of the following elements:

PCT environment

‘SDR waveform application view
' =
i

RE
Lep

Buttons/
LED

SDR HW platform view

nnnnnnn
. T
Bridge Control

DDR
Memory

!
.
XILINX EDK

Figure 5:Case study

! Please note that there exists an initiative c&BtRIT [15], which
defines a common data structure between IP veradlomsing exchange of
IP blocks between different tools and use caseweMer, this is at the
time of this paper not mature and still in develepin
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e Channel source, providing complex 1Q samples aBased on these descriptions the implementation rgtare

an intermediate frequency (IF)

« Digital down conversion (DDC) from IF to the
baseband Matched filter (MF)

« Frequency error estimation

»  Frequency error correction

e Channel sink

can (semi-)automatically assemble an ElectronicteBys
Level (ESL) model and/or FPGA prototype design.
Simulation of the ESL model allows developers tbuwg
verify and analyze their complete SDR. Prototypaighe
generated FPGA design in a real-time environmeotval
efficient verification and debugging of the SDR. @p of a

This waveform has been mapped on a SDR hardwaremall case study we have highlighted the capadslitif the

platform based on Xilinx ML402 FPGA [14] board. $hi
platform comprises:

e Signalion SRFC RF board [16]

e Xilinx Microblaze processor [14]

* Hardware accelerator for MF and DDC

e OPB bus (communication architecture)

e On-chip block memories (BRAM)

*  VGA output

proposed workbench and methodology.

In future we will concentrate on applying the woekish on
larger examples with more realistic waveforms, dtge
MIL-STD-188-110B [17]. Additionally we will invesgate
the key issue of portability for SDRs in depth.
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