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ABSTRACT

This article introduces a 3D space-time-space blome
for future terrestrial digital TV in single frequen
networks. The proposed 3D code is based on a déayse
structure designed for inter-cell and intra-celaap time
coded transmissions. We show that this new strectsir
particularly efficient for SFN environments whatevhe
location of the receiver. It is then suitable foefl, portable
and mobile reception.

Index Terms- OFDM, MIMO, Space-Time-Space codes.

1. INTRODUCTION

Broadcasting digital TV is currently an area ofeimive
development and standardisation activities. Teehiyicthe
terrestrial broadcasting is the most challengiaggmission
system among the existing digital broadcastingesystdue

new 3D space-time-space (STS) block code for SFN
environment. The use of a second space dimensiduei$o
SFN. The proposed code is based on the combinafion
double layer: one layer corresponds to an intdr-8dl
coding, the second corresponds to an intra-celt@iing.

This paper is structured as follows. Section 2 diess SFN
architecture. In section 3 we describe the trarsioms
system model. Section 4 gives the receiving modh w
iterative receiver. In section 5 we discuss theiahaof
different MIMO schemes considered in this paper tral
corresponding simulation results. Section 6 coreduthe
paper.

2. DELAYSAND POWERSIN SFN SYSTEM S

Consider a MIMO-OFDM communication system using
(2xM;) transmit antennas (Tx) arllr receive antennas
(RX) in an SFN environment. Such a system could be
implemented on two different sites in an SFN systesing

M Tx by site as shown in Figure 1. Classically, iRNS

to the presence of strong echoes. The problem besomarchitectures, the different antennas transmithat same
even more difficult when broadcasters deploy singlénoment the same signal on the same frequency. Mere,

frequency networks (SFN) [1] in order to increase t

propose to apply a space-time block code (STBChaerc

number of TV channels in the allocated frequencyetween different antennas in both sites.

bandwidth. SFN are based on the simple additiolowér
power transmitters at various sites throughoutcineerage
area. In an SFN, several transmitters transmihatsame
moment the same signal on the same frequency. Jdralb
channel is then modelled as a time-dispersive atlanith
a long impulse response. Because it is desirabliepdoy
SFN with lower transmitted powers, increased ki¢saand
better performance, new multiple input multiple poit
(MIMO) with orthogonal frequency division multiplaag
(OFDM) transmission systems have to be designed
ensure such transmission conditions.

Against this background, a new European CELTIC quipj
calledBroadcast for 21 Century(B21C) was launched [2].
It constitutes a contribution task force to theleetions
engaged by the digital video broadcasting (DVB)jgrb
and should give a real support for the conclusians
decisions for a future second generation of teis¢dDVB
called DVB-T2. Particularly, it concerns MIMO-OFDM
schemes for high definition (HD) TV services.

The work presented in this paper has been cartiedithin
the framework of the B21C project. The contributadrthis
work is multifold. First, a generalized frameworls i
proposed for modelling the effect of unbalanced g@mw
received from different transmitting antennas. Thisa
critical problem in SFN with mobile and portableeption.

M; antennas

M, antennas

to
Figurel- SFN network with unequal received powers

For the SFN to work properly, the time offset beawehe
different received signals must be less than thatidun of
the guard interval time inserted in the OFDM motala
As a starting point, let us assume that each sitdshone
antenna and that the receiver receives signals tooth
antennas. The time offset between the signalsweddiom
each site antennas could be seen as a superpasitibe
time offset between transmitters’ signals (the aigtime
delay between the transmitting antennas) and trabktime
offset between each transmitter and the receivie. first
offset is generally negligible since the transmittere
synchronized with an ultra stable reference like g¢iobal
positioning system (GPS). The second offset coeldden
as follows. When the mobile terminal (MT) moves hirit

Secondly, we analyze and compare some of the mosne cell, it receives signal from its own cell amta but also

promising MIMO-OFDM systems
broadcasting for future terrestrial digital TV widgual but
also unequal received powers. Eventually, we prepas

in the context of from the neighbouring cell antenna. Since the MThag

equidistant to both antennas, the signal receiveh feach
one will be delayed according to the position of MT.



This results into a delayA7 between the two received layer is seen between the antennas separatedrbithin
signals from both antennas or equivalently betwéwn one site. For the first layer, a space time blowdtec(STBC)
channel impulse responses (CIR) between the tramssi Scheme is applied between the 2 signals transniifteghch
and the receiver. The delays are directly relaedhe site antennas. In the second layer, we use a se89BC
distances between the transmitters and the recancthus encoder for each subset M signals transmitted from the
to the signal strength ratio at the receiver. Assgman same site. For the first layer (respectively theosd layer),
equal transmitted poweP, at each antenna, the receivedthe STBC encoder takds (respectivelyM) sets of data

power from each antenna is: complex symbols and transforms them into aU2x
(respectivelyM1xV) output matrix according to the STBC
P = & ) scheme. This output is then fed toM@xOFDM modulators,
i d’ (1) each usingd\. subcarriers. The double layer encoding matrix

is then described by:
where d; is the distance between the receiver andithe 2 2
transmitter and is the propagation constant which depends XD = [Xn e Xy j
on the transmission environment. The delay of e@tR X@ ... X®
between théth transmitter and the receiver is: 2 Y

d, qu,ll(sl’ S\/I ) tee qu,lv (S.’ %/l ) (5)
AT, =— @) X = : . :
I pq : . :
whereg, is the light celerity. foama(SoS) = famv (%)

Without loss of generality, let us assume that finst
transmitter site is the reference site. Substigudinfrom (2)
in (1), the CIR delay of théth link (i.e. between théth  a function of the input complex symbas and depends on

transmitter and the receiver) with respect to thierence the STBC encoder scheme. The time dimension of the

In (5), the superscript indicates the laydr,, (S, -.-S )is

antenna can be expressed by: resulting 3D code is equal tty XV and the resulting
-5 . . LxM
—t d coding rate iR = .
A7 = (10100 - 1}—1 @) J U xV
C Ant. 1
wherep; is the received power difference (expressed in dB) o
between the signal received from the referenceasitethe

signal received from thigh transmitter. It is given by:

Source }—bx{ Encoder%’ Interleaver H Mapper @ Eil’fi : Ant. M
Aloe] =-1om og, [ & o o

1 Figure 2- MIMO-OFDM transmitter.

In the sequel, we will assume that the power remkivom |n order to simplify the transmission model, theuble
the refererr]nfs anrt]enna is equal to 0 IolB and thamiri]edi ish layer encoding matrix given in (5) will be repreteh by
greater thard,; whateveri. It is a real situation where the _ - o .

MT is closer to its own cell antenna than otheeangs. In X= [Xm]where Xe (71, 2M5 =1,...UxV) s the
this case is neither than the power attenuation factoroutput of the double layer STBC encoder on a given
between theth transmitter and the MT. As a consequencesubcarriern. In other words, the layers construction is
the transmission model becomes equivalent to @syefith  transparent from transmission model viewpoint. Moer,
unbalanced powers received from each site antetinas.  we setQ=LxM as the number of the complex symbols at the
now consider thatM{>1 and Mg>1, the choice of an input of the double layer STBC encoder and weTlsgtxV
adequate MIMO scheme should then be based on thiés the number of the corresponding output symidle.ST
imbalance in SFN environment and should be adedoate coding rate is theR =Q/T. In order to have a fair analysis
inter-cell and intra-cell environment. This will bhe and comparison between different STBC codes, theasi
subject of section 4 where we propose a 3D STS codewer at the output of the ST encoder is normalibgd
adapted for such situations. 2xM-.

3. TRANSMISSION MODEL 4. RECEIVING M ODEL

Figure 2 depicts the transmitter modules at eadh. si We assume that the transmitter and receiver areqigr
Information bits b, are first channel encoded, randomlysynchronised. Moreover, we assume perfect chariagd s
interleaved, and fed to a quadrature amplitude fadidm  information (CSI) at the receiver. The signal reedion the
(QAM) module. The SFN transmission system involvingsubcarriern by the antenng is a superposition of the
the 2 sites as describedrigurel could therefore be seen as transmitted signal by the different antennas miigiip by

a double layer scheme in the space domain. Thedyreris  the channel coefficientd); ;[N to which white Gaussian

seen between the 2 sites separatedbym. The second ) ) i
noise (WGN) is added. It is given by:



%Jm=2J§hdeh+wam (6)

wherey;[n] is the signal received on tmth subcarrier by
the jth receiving antenna during thith OFDM symbol
duration. hjj[n] is the frequency channel coefficient
assumed to be constant durifiggymbol durationsy[n] is
the signal transmitted by thiéh antenna andv[n] is the
additive WGN with zero mean and variancg/A\ In the
sequel, we will drop the subcarrier indexfor simplicity.
By introducing an equivalent receive  matrix

MgxT .
Y OC"®" whose elements are the complex received

symbols expressed in (6), we can write the recesigdal
on thenth subcarrier on all receiving antennas as:

Y =HPX+W )

whereH is the Mg,2M+) channel matrix whose components
are the coefficientdy;, P is a (M,2My) diagonal matrix

eglgi, X is a (M, T)

complex matrix containing the transmitted symbqgl§. W
is a Mg, T) complex matrix corresponding to the WGN.

Let us now describe the transmission link with aegal
model independently of the ST coding scheme. Warsep
the real and imaginary parts of the complex symibgisit
vectors {s;: g=1,... Q}, of the outputsX of the double layer
ST encoder as well as those of the channel matriand
the received signa¥. Let s;r and 5, be the real and
imaginary parts ok, The main parameters of the double
code are given by its dispersion matricdg and V
corresponding (not equal) to the real and imagimenys of

X respectively. With these notation§js given by:

Q
X =Z(Sq,DUq t qu,DVq)

g=1
We separate the real and imaginary partS,of andX and
stack them row-wise in vectors of dimensions @2L),

(2MgT,1) and (M+T,1) respectively. We obtain:
tr
$=[8:: 800 00 85 |

tr
Y =[ Yoo Ve Yo YooY Maro | @)

containing the signal magnitud

®

tr
X= [X(l,l)D’ Xagor= R, 10 X, 1 ):J

wheretr holds for matrix transpose.

Since, we use linear ST coding, the vectaran be written
as:

Xx=Fs (10)

where F has the dimensions N&T, 2Q) and is obtained
through the dispersion matrices of the real andginaay
parts ofX [3][4]. As we change the formulation efx, and
y in (9), it can be shown that vectaxsandy are related
through the matrixG of dimensions (RIRT, 4M;T) such
that:

i

y =GQx+w (11)

The matrixQ is a (M+T, 4M;T) diagonal matrix whose
components are given by:

B, =JP 2T(p-1+1<i< 2ZT.p 12)
p=1,..,2M,

Matrix G is composed of blocksG;; (j=1,...Mg;

i=1,...,2My) each having (B,2T) elements given by:

Rino Nine

Rino iy
0

0
0

Rino
Rina

0

Mo
o 0o .-
" O, (13)

.0
0 Mo Mins
0 Rijo Mo

Now, substitutingc from (10) in (11), the relation between
y ands becomes:

0
0
0
0
0

0

O O O o o o

(2r.2m)

y =GQFs+w=G_ s+w (14)

G is the equivalent channel matrix betwesandy. It is
assumed to be known perfectly at the receiving. side

Am.l\L
El Demapper
3 H LLR comp.) Delnterleaver;
Ant. MR\E
&
H Interleaver

Figure 3- Iterative receiver structure

Now, the detection problem is to find the transedttiates
given the vectoy. The optimal receiver is based on joint ST
detection and channel decoding operations. Howsueh
receiver is extremely complex to implement and egu
large memory for non-orthogonal (NO) STBC codesusTh
the sub-optimal solution proposed here consistsaof
iterative receiver where the ST detector and cHanne
decoder exchange extrinsic information in an iteeatvay
until the algorithm converges. The iterative detechown

in Figure 3 is composed of a MIMO equalizer, a depes
which is made up of a parallel interference caecgPI1C),

a log likelihood ratio (LLR) computation [5], a $afiput
soft-output (SISO) decoder [6], and a soft mappdrthe
first iteration, the demapper takes the estimagedbslsS,

the knowledge of the chann€ly, and the noise variance,
and computes the LLR values of each of the cod¢sl bi

transmitted per channel use. The estimated symBadse

obtained via minimum mean square error (MMSE) rfiittg
according to:

PIC
detector

SISO
Decoder

Estimated bits

Soft
Gray Mapper|

Sp=

g" (G, L +02) "y (15)



Table 1- Simulations Parameters

where gt,; of dimension (#MgT, 1) is thep” column 0fGeq

(1=p=2Q). §p is the estimation of the real pag ¢dd) or
imaginary part|§ even) ofs, (1=g<Q). Once the estimation

of the different symbols, is achieved by the soft mapper at

the first iteration, we use this estimation for thext
iterations process. From the second iteration, edopm

PIC operationfollowed by a simple inverse filtering

(instead of MMSE filtering at the first iteration):

Number of subcarriers 8K mode

(I:?(i';(; R. of convolutiona 1/2. 2/3, 3/4

Polynomial code generatar (133,141)

Channel estimation perfect

Constellation 16-QAM, 64-QAM, 256-QAM
Spectral Efficiencies n=4 and 6 [b/s/Hz]

9p =y- Geq,pép Table 2- Different MIMO schemes and efficiencies
~ ~ (16) Spectral " .
§, = o' ggyp Efficiency ST schemeST rateR| Constellation| R
PP Alamoulti 1 64-QAM | 2/3
where Geqp of dimension (®IgT, 2Q-1) is the matrix n=4 SM 2 16-QAM 1/2
G with its p" column removed§, of dimension (R-1, [bi/Sec/Hz] | Golden 2 16-QAM | 1/2
1) is the vectorSestimated by the soft mapper with {8 3D codg 2 16-QAM | 172
entry removed. Alamouti 1 256-QAM | 3/4
=6 SM 2 64-QAM | 1/2
5. CHOICE OF MIMO SCHEMES [bit/'Sec/Hz] | Golden 2 64-QAM 1/7
The aim of this section is to judiciously build theoposed 3D code 2 64-QAM 1/2
double layer 3D STS code so that the resulting MIMO
scheme behaves efficiently in an SFN context. Wenth ~ 5.2.Double Layer case
need to choose the adequate ST coding scheme lp@pp Considering the whole double layer space domain

each layer of our 3D code. In the sequel, we censide
orthogonal Alamouti code [7], the space multiplexii$M)

scheme [8] and the Golden code [9]. The first sahésn
considered for its robustness, the second is ardnk and
the third one is a full rank full diversity code.

5.1.Single Layer case: inter-cell ST coding

In the case of single layer reception iMy=1, the second
layer matrixX® in (5) resumes to one element. The MIMO
transmission is therefore achieved by the set efamtenna
in each site. Due to the mobility, the MT is assdnte
occupy different locations and the first layer Sdheme
must be efficient face to unequal received poweos.equal
received powers, we assume that the powers of xr@tin
(11) are equal to 0 dB. To identify the most effit ST
code under that conditions, simulations have baarunder
with the parameters of a DVB-T system (see TableT g
spectral efficiencies 4 and 6 [b/s/Hz] are obtairfed
different ST schemes as shown in Tabl€igure 4gives the
required E/N, to obtain a bit error rate (BER) equal t6*10
for a spectral efficiencyn=4 [b/s/Hz]. In this figure, we
assume that the transmission from a transmittirtgranai

to a receiving antennpis achieved for each subcarrier
through a frequency non-selective Rayleigh fadingnnel.
Moreover, since we have one antenna by site, wg;s6ét
dB and we changg= f,. As expected, this figure shows
that the Golden code presents the best performahesn
the Rx receives the same power from both sites (i.
S1=$>=0 dB). Whenp, decreases, Alamouti scheme is ver
efficient and presents only 3 dB loss in terms exfuired

Ey/Ng with respect to equal received powers case. Indee

for very small values off, the transmission scenario
becomes equivalent to a transmission scenario wité
transmitting antenna.

construction, two ST coding schemes have to bgregito
each layer of the proposed system. In this papemestrict

our study toMy =2 Tx by site. We propose to construct the
first layer with Alamouti scheme, since it is theosh
resistant for unequal received powers case. In a
complementary way, we propose to construct the rebco
layer with the Golden code since it offers the estilts in

the case of equal received powers. After combinatiothe

2 space layers with time dimension, (5) yields:

a(s+6s) a(s+05s) a(stdy a( s0 3
j;(s3+§s;4) E(q+§§) ;;( s+6 §) E( $+0 é
X= Vil -a'(s+08) -d (5+0's) & (sv6 9 (o y @7
];(g+§§) —;(§+§'§) - ;‘7(:§+§ §) ;( §-¢§ é
Whereg:1+\/g,é=l—€,a=l+j(l—H), c_r:1+j(1—5).
2

Since the distancd between the transmitting antennas in
one site is negligible with respect to the distabBc@igure
1), the power attenuation factors in the case of3lucode
are such thag,= f,= 0dB andf= Ss= 4. Figure 5 shows
the results in terms of required/H, to obtain a BER equal
to 10* for different values of and 3 STBC schemes i.e. our
proposed 3D code scheme, the single layer Alamenudi
the Golden code schemes assuming Rayleigh i.icqiinecy
channel coefficients. In this figure, the valfieorresponds
to B, for the single layer case and fo=5; =, for our 3D

Code. Figure 5 shows that the proposed schemenpsethe
Ypest performance whatever the spectral efficienuy the

fg’;\ctor p. Indeed, it is optimized for SFN systems and
nbalanced received powers. H&-12 dB, the proposed
3D code offers a gain equal to 1.8 dB (respectialyB)
with respect to the Alamouti scheme for a spectral



efficiency n=4 [b/s/Hz] (respn=6 [b/s/Hz]). This gain is Application to HIPERLAN/2”, Proc IEEE Int. Conf. on

greater when it is compared to the Golden code ckier, Communications, pp.664-668, 2002.

the maximum loss of our code due to unbalancedvete [6] J. Hagenauer, and P. Hoeher, “A Viterbi algorithithw
powers is equal to 3 dB in terms qf &,. This means that it soft-decision outputs and its applications,” in ®rof
leads to a powerful code for SFN systems. Figugvés IEEE Global Telecommunications Conf., pp. 1680-

the same kind of results with a MIMO COST207 TU-6 1686, Nov. 1989.
channel model [10]. We assume in this case thaMthds
moving with a velocity of 10 km/h and the distankef the
reference antenna is equal to 5 km. The CIRs betwee : "
different transmitters and the MT are delayed atiogr to Areas in Communications, vol. 16, no. 8, pp. 14858,
. . Lo Oct. 1998.
(3). Once again, The results highlight the supgyiaf the o . i
proposed 3D code in real channel models. The gaiofi [8] G. J. Foschini, “Layered space-time architecture fo

about 1.5 dB for a spectral efficiengqyg4 [b/s/Hz] and 3.1 wireless communication in a fading environment when
dB for a spectral efficiency=6 [b/s/Hz] using multi-element antenna,” Bell Labs Tech. dl, ¢,

. no. 2, pp. 41-59, 1996.

[9] J.-C. Belfiore, G. Rekaya, and E. Viterbo, “Thedgi
code: a 2 x 2 full-rate space-time code with
nonvanishing determinants,” IEEEans. in Information
Theory, vol. 51, no. 4, pp. 1432-1436, Apr. 2005.

1 [10] COST 207 Report, Digital land mobile radio

[7] S.M. Alamouti, “A simple transmit diversity technig
for wireless communications”, IEEE J. on Selected
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6. CONCLUSION

In this paper, a new 3D STSBC is presented. lased on a
double layer structure defined for inter-cell amdra-cell
situations by adequately combining the Alamoutieaad

the Golden code performance. We showed that our
proposed scheme is very efficient to cope with equml
unequal received powers in SFN scenarios whatewer t
receiver position.

Figure 5- Required Eb/NO to obtain a BERZ16ouble layer
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