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Abstract— Typical architectures for digital video broadcasting- Just to mention a few, major benefits of an SW architecture
terrestrial (DVB-T) modulators are based on task-specific lard-  include:
ware to adapt the baseband audio/video signal to the radio &- . . .
guency terrestrial channel. This paper describes the archéecture ._') affordable camp equipment for emergency broadcast;
of a fully-software, real-time modulator for DVB-T signals named i) €asy upgrade to DVB-T standard evolution;
Soft-DVB, which makes use of a software section developedoim i) support for high-complexity cell-based content-
scratch by the authors and integrated into the GNURadio frare- distribution networks;

work. Implementation results are shown and possible appliation iv) potential for using DVB-T as the transport layer technol

scenarios are outlined. The excellent performance achiesieby for Int ¢ ¢ | (IP)-based networks I3] i |
Soft-DVB proves the feasibility of a fully-software architecture ogy for Internet protocol (IP)-based networks [3] in rura

on a standard PC platform as a viable and profitable solution communities to address digital-divide impairments.

for next-generation DVB-T (DVB-T2) modulators. We also emphasize that migrating to SW technology at the
Index Terms— DVB-T, OFDM, software defined radio, broad- transmitter side does not call for existing user-side emeipt

casting, baseband processing, GNURadio to be modified.

This paper describes a proof of concept, low-cost
GNURadio-based modulator for COFDM DVB-T signals,
named Soft-DVB. The baseband-to-radio frequency (RF)

IGITAL VIDEO BROADCASTING (DVB), in its ter- front-end is provided by the universal software radio perip

restrial version (DVB-T), is currently the most widelyeral (USRP), a device produced by the Ettus Research LLC
deployed system for delivering standard and high definitidd]. The SW section is entirely developed by the authors,
video content to digital TV users worldwide. Although bom aintegrating structured C++ code into the GNURadio hybrid
an European initiative, with the standardization procedsdy C++/Python framework [5].
the European Telecommunications Standards Institute JETS The remainder of the paper is structured as follows. Sect.
[1], DVB-T is today already deployed or adopted in mord describes the main features of the standard ETSI DVB-T
than 70 countries [2]. Such broad set of nations include maspdulator, whereas Sect. Il provides an introduction te th
countries from Europe, Africa, the Middle East, and Oceanitelevant architectural choices of Soft-DVB. Sect. IV comsa
and some Asian countries, including India and Singapoigme details about the high-level solutions and the funatio
As a consequence, the worldwide application, along wittlocks, including the optimizations needed to reduce thm-co
the extension to handheld devices, makes ETSI DVB-T thpitational load and to reach real-time operation. The imple
mainstream broadcasting system for both free-to-air (FTA)entation results are reported in Sect. V, whereas peigpsct

I. INTRODUCTION

transmissions and conditional access content. and conclusions are outlined in Sects. VI and VII, respettiv
The main reasons for the almost worldwide application
of ETSI DVB-T lie in the high spectral efficiency and in Il. THE STANDARD ETSI DVB-T MODULATOR

the robust multipath resistance due to the orthogonal fre—-l-he ETSI DVB-T system allows one transport stream (TS)
quency division multiplexing (OFDM) technique. As of 2008, pe transmitted over the air. (Optionally, two TSs can ba<o

stat_e-of-the art techniques  for modu_la_lting the ETSI DVBsineq through the use of hierarchical modulation techrégue
T signal heavily rely upon task-specific hardware (HW) tg50h T3 is designed to carry multiple audio/video and/oa dat

implement the coded OFDM (COFDM) modulation require,;nne|s. pistribution over single frequency networksNSE
by the standard [1]. This architecture, which applies boﬂg also supported.

to broadcasting-oriented full HW modulators and to DVB- |, yis section we will briefly analyze the structure of the

T testbeds equipped with peripheral component intercann'i"‘tcomsmitter device that adapts the baseband motion picture

(PCI) boards, is widely adopted due to good performance a%ert group-2 (MPEG?2) signal to the typical multipath cadi

low cost. frequency channel, as described in [1].
However, an HW approach shows many drawbacks, that CarFig. 1 shows the functional block diagram of a DVB-T

be mitigated by resorting to a fully software (SW) solutiony,qyator. Each function block is shortly described asofod:

This research was supported in part by the MediterranearadBend o the mU|tip_IeX adapt?-tion for ?nergy diSpersa_-I (MAED)
Infrastructure (MBI). removes time domain correlation from byte-wise MPEG2
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Fig. 1. Functional block scheme for the standard ETSI DVBahsmitter [1].

input stream by performing a bit-level XOR with a(if not all) signal processing is performed digitally via SW
pseudo-random binary sequence (PRBS). The propeutines. By inspecting Fig. 1, it is possible to identifyeth
PRBS is generated via a feedback shift register (FSR)st two blocks as the only strictly HW components required.
by a generator polynomial; Hence, in the spirit of designing a fully-SW DVB-T modulator

« theouter encodeperforms Reed-Solomon (RS) encodinghe architecture selected for Soft-DVB only consists of the
at byte level and in systematic form. The chosen code idrant-end as the HW section, whereas all the other functiona
RS(204,188), obtained by shortening a RS(255,239). Thiocks are implemented through SW modules.

main purpose of the RS code is to mitigate the impact Amidst all the possible solutions to realize Soft-DVB, the
of the error bursts produced at the receiver side by ti@yURadio paradigm [5] has been selected for the SW section,

Viterbi algorithm; o _ whereas the USRP produced by Ettus Research LLC [4] has
« the outer interleaveraims to minimize correlation be- heen chosen for the HW section. The remainder of this section
tween the residual errors at decoding time; reports the main motivations and implications of both chsic

« the inner encodermerforms convolutional encoding and
puncturing to achieve quasi-error-free (QEF) transmis-
sion.

« the inner interleaverprovides support for hierarchical 5. The Sw section: The GNURadio paradigm
modulation and fairness in assigning the payload bits to
the OFDM carriers, i.e., it prevents certain bits from the The main motivations that led us to choose the GNURadio
original TS from being constantly assigned to the samgymework lie in the efficiency and high flexibility provided
set of OFDM carriers with unsatisfactory signal-to-noisgy this solution. GNURadio is an open source project aimed
ratio (SNR); at developing SDR terminals [5]. In particular, this prajec

« the mappermodulates the encoded bits onto QPSK, 16srovides a collection of software modules to perform the
QAM, and 64-QAM constellations. Both non-hierarchicaiain operations for signal processing. It is interestingaee
and hierarchical modulations are supported, thus allowifiggt the GNURadio paradigm currently gathers a very active
two different TSs with different error performance to beyoridwide community of developers building their projects
transmitted simultaneously; around this platform.

« frame adaptation (FA)provides insertion of all needed The GNURadio framework is split in two wide areas.

;erjgrirﬂ;ir?'e?nsést{rﬁggéﬁargﬁés’cl;?ﬁgr?rczmghIirr?m-ap The first one makes use of the C++ programming language,
. L ying IM%fhile the latter one exploits the flexibility provided by the
mation upon the transmission parameters being impl
mented. This operation is called transmission parame
signaling (TPS);

« the OFDM modulationblock adds virtual carriers and
performs an inverse fast Fourier transform (IFFT) wit
2048 (2k) or 8192 (8k) subcarriers.;

« guard interval insertionnserts the guard interval (cyclic
prefix) required by the duration of the channel impuls
response.

« the digital-to-analog (D/A) conversionnterpolates the

egFthon scripting language. Although C++ and Python are
oth objected-oriented languages, the first one is compiled
whereas the latter one is interpreted. Due to the different
IE)erformance, C++ is devoted to all the operations concgrnin
signal processing within a block, whereas Python is used to
instantiate and connect different blocks together. Theaise
Python is particularly attractive, since it makes the whole
Sroject flexible and easily reconfigurable.

The entire Soft-DVB baseband signal processing is per-
signal, thus producing an analog signal: formed via SW within the host computer. Consistently wité th

. the RF front-endshifts the basesband 1/Q analog signal t¢NURadio general architecture, we make use of the Python
the proper carrier frequency of the desired TV channefCriPting language to build up the GNURadio *flowgraph” of
Soft-DVB, i.e., the functional block diagram in Fig. 1. As we

will show in Sect. 1V, the need for high efficiency in a real-
time context is met by writing each signal processing block

As stated in the introduction, Soft-DVB represents a prooiin C++. This approach in fact provides high performance, and
of-concept DVB-T modulator designed following the softerar also allows us to have the full control over the computationa
defined radio (SDR) paradigm. In an SDR architecture, maafficiency of the modulator.

IIl. SOFT-DVB ARCHITECTURE
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Fig. 3. DUC functional block scheme [5].

thus yielding an RF central frequency

frr =4fpac + fouc = 554 MHz, 1)

which corresponds to channel 31 UHF. As a consequence, we
will use this frequency for our DVB-T test transmissionse(se
B. The HW section: The USRP device Sect. V for further details).
. . ) o ~Another limitation in using the USRP is given by the speed

The USRP is a device designed within the GNURadigf the interface with the host computer. In fact, its perfaroe
project [S5] and produced by Ettus Research [4]. As a consg-cyrrently limited by the USB 2.0 bus transfer rate. For
quence, it perfectly fits the GNURadio framework considereghmmercial chipsets, the maximum reliable transfer speed o
for the SW section. Furthermore, t_h(_e USRP has been selegligd pus id Rymaz = 32 Mbyte/s. When sampling ag- Mz
for Soft—DVB du_e to thg goo.d.efflme.ncy of the device andpannel using a sampling frequengy = 8 Msample/s, the
because of its high quality/pricing ratio. most accurate sample representation is

In the following, a short description of the main operations R
performed by the USRP is given. The output of the trans- Npjp = —222
mission chain depicted in Fig. 1 is the stream of I/Q samples s
computed by the host computer. The interface between the SWn order to represent d6- MHz bandwidth, the sample
and the HW section is represented by the universal serial basolution can be reduced from 16 to 8 bits. However, this
(USB), which conveys the output samples to the HW sectioyields a loss in quantization SNR equal 48 dB, which
represented by the USRP. is definitely not acceptable for any RF transmission. Thus,

As already stated in the introduction to this section, thgccording to [1], an8-MHz band forces us to implement
USRP implements the last two blocks in the functional scheme?- MHz DVB-T channel. Nonetheless, it is interesting to
of Fig. 1, namely D/A conversion and RF front-end. It ig10te that the next version of USRP, which is currently under
composed of amotherboard(for the D/A conversion) and development, will remove the USB bottleneck by using gigabi
a daughterboard(for the RF upconversion)_ The functiona|etherne'[. This feature will allow Soft-DVB to broadcast a
scheme for the motherboard is sketched in Fig. 2. Once th# 8-MHz channel just by slightly upscaling the sampling
samples are delivered to the URSP, they are interpolated fi§quency, without any change to the code.
means of the field programmable gate array (FPGA) section,
then they are upconverted by the digital up converters (DUUCs IV. SOFT-DVB IMPLEMENTATION
and finally they are sen_t to th_e two digital-to-analpg cotessr High-level description
(DACs) to produce a signal in the analog domain.

The analog signal is then upconverted and amplified t%Y
the daughterboard. During our test activity, and still a& t 9 :
. o : t}) the authors to have full control over the computational
time of writing this paper, no front-end has been ma

available from Ettus Reserach LLC that can cover the DVB- iciency of the mod_ulato_r. The only exce_ption Is represent
T VHF/UHF spectrum without requiring modifications to the y the OFDM block, in which the fast Fourier transform (FFT)

HW. A daughterboard covering such needs is currently un g performed py making use O.f _the qlgorlthm deyeloped n
i ; 'j As shown in Table I, each digital signal processing (PSP
development. Therefore, given the contingent lack of prop

HW solutions, we use the USRP in combination with tthOCk reported in Fig. 1 is directly mapped into one of the
“RAciaT Y C oft-DVB C++ DSP blocks.
BasicTX" daughterboard, which is not meant to operate , .

. S . DSP blocks are assembled and configured via a Python
above 250 MHz [6]. Even though this solution is heavily riot named Soft-DVB which also controls the USRP
suboptimal, we use the fourth spectral replica of the DAEP -PY;
output, appl_ylng a preliminary shift of pyc = 42 MHz via IMany bargain chipsets actually provide a maximum througfigulower
the DUC (Fig. 3). The DACs operate dbac = 128 MHz, than this limit.

Fig. 2. Functional block scheme of the USRP motherboard [5].

= 2 byte/sample= 16 bit/sample  (2)

To achieve real-time operation of the transmitter, all the
nal processing blocks have been developed from scratch



TABLE |

MAPPING OFDVB-T BLOCKS INTO SOFT-DVB C++ BLOCKS. File
Post Modulation
DVB-T block Soft-DVB C++ block . -
MAED dvb maedbb . B AT A Tl (A
outer encoder dvb.ocoderbb o 2
outer interleaver dvb.ointerleavebb ®
inner encoder dvb.icoderbb 2 ,f L
inner interleaver dvb.iinterleaverbb -4 T
-4 -3 -2 -1 0 1 2 3 4
mapper dvb.mapperbc MHz
frame adaptation dvb.insertrefsig.cc |
OFDM gr.fit_vce, dvb.inservica.cc
guard interval insertion dvb.insertgi-cc Fig. 4. Spectrum of the digital signal at the output of thetramsmputer.

interpolation rate and the RF channel center frequency. Therurther benefits are achieved by improving the way DSP
Soft-DVB version referred to in this paper implements aithélocks exchange data. For instance, preferring vectorized
a7 or an8-MHz DVB-T channel with non-hierarchical 16- data structures to scalar structures reduces the number of
QAM mapping, convolutional coding ratg/3 and OFDM input/output connections of single blocks. The vectoridath
guard intervall /4. As stated in [1], this yields a useful bitratestructures are assembled and disassembled within eadksploc
for our transmission ofi1.612Mb/s. All other transmission without relying on external tasks, although they are presen
parameters combinations are easily achievable with min@id generally useful) in GNURadio. Additional reduction i
changes to the code. As an example of the flexibility providede computational load is achieved by reducing the number of
by GNURadio hybrid Python/C++ framework, a differenprocessing blocks to to be exactly those described in thd ETS
guard interval can be set just by sending a single parameesB-T standard (as depicted in Fig. 1), therefore maintagni

to the top-level Pyhton script. This script will automatiga the flexible structure described in Sect. IV-A.
assemble a new flow-graph containing the block suitable

for the chosen guard interval, without further modifying th V. EXPERIMENTAL RESULTS
transmission chain.

The implementation results described in this paper areReal-tlme functioning of Soft-DVB has been validated at

: . . : hie Laboratory of DSP for Communications of the University
btained | PC and without el ISP s of Ih
oblained on a single core and WIthourt Using any par f Pisa. As described in Sect. lll, the signal is calculated

lel computing strategy. In the future releases of Soft-DVE, L
pting g9y the host computer. The spectrum of the output digital

we will take advantage of the cell processor-aimed parall . . . . o .
9 P P nal is presented in Fig. 4. As can easily be verified, its

computation tools planned for next GNURadio releases (fg . : . . O
further details, see Sect. VI). shgape is consistent with typical spectra of OFDM transroissi

schemes.
) _ At the end of the SW section, the signal is sent via USB2.0
B. Reaching real time performance to the USRP and carried by the BasicTX front-end to the

The first working draft of Soft-DVB was obtained aftereceiver via a50-Q2 coaxial cable. Experimental tests have
about two thirds of the development process, without takidmeen performed using two different receivers: i) an off-the
computational performance into account. This draft versishelf digital TV set-top-box, namely the Access Média
could correctly generate a standard DVB-T signal in abogit 6STBL3012; and ii) a typical USB-pen DVB-T receiver, namely
times the amount of time required by real-time transmissiothe Pinnacl® PCTV USB Stick 70e. We have used a TS

The critical resource to achieve real time performanceds tbbtained by recording a transmission by RAI (the Italianlgub
computational power of the host computer, whereas Soft-DMBoadcaster). The output of the Access Media STB L3012
is definitelynot a memory-demanding application. Therefords shown in Figure 5. Both receivers can easily and quickly
the most effective optimizations are those that trade affreé acquire the MPEG TS synchronization byte and report a BER
processor unit (CPU) time for memory occupancy. A typicdlelow 10~°.
example is the Galois finite field (GF) multiplier involved in GNURadio “realtime scheduling” prevents Soft-DVB from
RS encoding, where the computation is really heavy but theing interfered by other processes. Hence, Soft-DVB can
set of possible result is limited — just 256 possible values regularly feed the USRP with a continuous sample stream,
aGF(28). Using a precalculated array impacts very profitablgnsuring real-time operation in the presence of concurrent
in terms of performance gain. The same principle is appbed applications. Typical performance has been evaluatedigfiro
functions such as PRBS generation, TPS data and redundaseyeral transmission cycles with minimum duration of 30
calculation, constellation mapping, multiple permutaidn minutes. In its current version, Soft-DVB runs flawlesslglre
the interleaver, and also when slicing bytes into the singiiene on a3.0- GHz Intel® Pentium IV processor, draining
bits for blocks working at bit level. Furthermore, convedi 83% of its computational power. Fig. 6 reports the CPU
bit-level operations into byte-level actions proves to énas percentage used by Soft-DVB, as measured by GNOME on a
dramatic impact on computational performance. Fedora6-equipped PC.
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Fig. 6 shows another interesting performance metric, mamel
the memory usage, which confirms the statements providecﬂf{ag'ce i
Sect. IV-B. Although Soft-DVB is a CPU-hungry applicationsoft-DVB.
due to the presence of several computation-intensive bJock
the memory demand is moderate. As can be seen in our tests,
the whole transmission chain (from the input TS to the outp@hannel and using different constellations, coding rayesyd
Signa|) requires a memory amount lower thHanMViB. intervals. In terms of commercial applications, a IargEdl
Further encouraging results have been obtained testirtg S&fW transmission facility can be replaced by a high computing
DVB on an entry-|eve| genera| purpose |aptop, name|y apwer platform (SUCh as the Cell BE) running multlple Soft-
HP® Compagq nx6310. The current version of Soft-DVB run®VB instances at full DVB-T channel capacity.
real-time on this HW, equipped with &.46- GHz Intel® Furthermore, the strong cost reduction yielded by Soft-
Celeron M CPU. As a conclusion, DVB-T modulation is likelyPVB fully SW architecture makes it possible to increase the
to be feasible even on very low-end, extremely cheap mashiriéimber of DVB-T modulators that a provider could deploy.
through marginal optimization effort. Similarly, runnimgany This possibility may suggest to switch to a cellular-based
Soft-DVB instances on a heavily multicore CPU is expectaddeo distribution network, in which a large number of geer

to be highly profitable. Further details on this solution areurpose PCs implement many low power DVB-T transmitters,
discussed in Section VI. each delivering different video streams within differestls.

This would make a true video on demand (VOD) offer possible

over the existing DVB-T infrastructure.

. . Another appealing feature of possible evolutions of Soft-
In the last few months, developers within the GNURad@VB, equipped with future releases of the USRP (e.g., the

project have been working on a new parallel architecture gfcoming USRP2) and a multithreaded version of the SW

this framework, providing software radio programmers WitQection, is represented by transmitting two adjacent VH#FU

the tools needed to access the huge raw computational POWgEnnels with only one host PC and one front-end. This solu-
of the Cell BE processor [8]. This architecture is expec®d {io |eading to a6- MHz bandwidth, allows for simultaneous

be part of GNURadio releases planned for the near future. QQ,<smission of two different DVB-T services e.g., DVB-
the Cell BE platform,lothe accessible computing power Wit anq its upcoming evolution, DVB-T2. This architecture is
be approximately - 10° floating point operations per secondy, s gujtable to provide next-generation broadcastingewtt

(flops), which is approximately 30 times the computing POWe{,, sing notable impairments to existing DVB-T users.
of the machine used to test the current version of Soft-DVB. o ¢ rther application of Soft-DVB is represented by the

Thus, assuming the number of flops as a proper metric fﬁ&ssibility of running single instances of Soft-DVB on |@md
the system computational capability, some hypothesestabgh chines. This solution allows for broadcasting two starda
the potentiality of a Cell BE-based Soft-DVB system can bgafinition TV channels in a “camp transmission” scenaridt; su

drawn. able for emergency civil protection purposes, and to prvid

Considering the current Soft-DVB computational needs Quyjices to limited land areas during abroad missions ofesrm
be fully parallelized and distributed among the various-pre, non-governmental organizations (NGOs).
cessing cores of the Cell BE, a bunch of USRPs is supposed to

allow about 3011.612-Mb/s DVB-T multiplexes to be broad-
cast. This solution yields a total throughput $8.36 Mb/s,
which is suitable for broadcasting about 70 standard d&fimit This paper described the architecture of a fully-software,
MPEG2 channels. Higher throughputs are achievable by upw-cost real-time DVB-T modulator, named Soft-DVB, de-
scaling the sampling frequency to that required f&-&1Hz veloped using the GNURadio hybrid C++/Python framework.

System status measured on a Fedora6 PC while oneD8Bft-
s running. The “python” entry displays the resesrconsumed by

VI. PERSPECTIVES

VIl. CONCLUSIONS



The promising results achieved by Soft-DVB point out that
full software solution for ESTI DVB-T signal generation istn
just feasible, but also shows high flexibility, good perfamme
and ease of implementation.

Soft-DVB represents a competitive solution to provide botl
small and large transmissive capability, with ease of ugpgra
to new forthcoming extensions of the DVB-T such as DVB;
T2. The software approach, along with the cost reductiaifjts
allows for completely novel architectures, which directhgult
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