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ABSTRACT

The goal of the future terrestrial and mobile digital video broad-
casting standards is to combine diversity and spatial multiplexing
in order to fully exploit the multiple-input multiple-output (MIMO)
channel capacity. Full-rate full-diversity (FR-FD) space-time codes
(STC) such as the Golden code, that maximize the rate preserving
the diversity gain, are studied for that purpose. Most of them present
a high-complexity detection problem which results in a handicap
for their hardware implementation. Therefore, we analyze the per-
formance of a sub-optimal full-rate full-diversity 2x2 STC, whose
design reduces the complexity of the detection, as an alternative for
future MIMO broadcasting TV systems. The assessment of the pro-
posed STC code is carried out over the bit-interleaved coded mo-
dulation (BICM) scheme of DVB-T2 system which includes low-
density parity check (LDPC) codes for error correction. Finally,
soft STC list detection is studied in order to generate soft informa-
tion for LDPC decoding.

1. INTRODUCTION

Multiple-input multiple-output (MIMO) wireless communication
systems are based on signal processing with multiple antennas at
both transmitter and receiver side. MIMO processing can increase
the limits of the channel capacity, adding spatial diversity or can-
celing interference. This versatility has caused MIMO techniques
to be incorporated in many of the current wireless communications
systems. The second generation of terrestrial digital video broad-
casting (DVB-T2) [1] has been the first broadcasting standard to
include a multi-antenna system as an optional technique. This con-
sists of a multiple-input single-output (MISO) transmission scheme
for two transmit antennas based on the Alamouti transmit diversity
technique [2]. On the other hand, the DVB-T2 MISO technique is a
pure diversity approach which forms a subset of MIMO since it only
includes two antennas at the transmitter side. Therefore, DVB-T2
does not fully exploit the capacity of MIMO channels.

The proposal for the future generations of terrestrial, portable
and mobile digital video broadcasting (DVB-NGH) is the combi-
nation of the advantages of the Alamouti scheme and the multiple-
xing gain in order to approach the full MIMO diversity-multiplexing
frontier. The family of space-time codes (STC) called full-rate full-
diversity (FR-FD) are the best candidates for that purpose since they
make the most of MIMO channel capacity maximizing the diver-
sity order. There exist several FR-FD STCs in the literature but
the named Golden code [3] is considered the 2x2 FR-FD STC that
offers the best performance. In fact, its implementation in broad-
casting digital TV systems has been studied in [4]. The main dis-
advantage of Golden code arises from its very high decoding com-
plexity, which is proportional to the fourth power of the conste-
llation size. Consequently, we propose a different FR-FD 2x2 code
introduced in [5, 6] as an alternative for future broadcasting TV sys-
tems since the decoding complexity is reduced at least to the second
power of the constellation size.

The current bit-interleaved coded modulation (BICM) systems
proposed for wireless communications standards such as DVB-T2
include low density parity check (LDPC) codes for forward error
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correction (FEC). That is due to the fact that LDPC codes allow
us reliable communications close to the Shannon limit. The deco-
ding of this channel code is performed using soft information from
the conditional probabilities for all possible transmitted symbols.
Therefore, we need to detect and decode the aforementioned STCs
giving a soft solution. In this paper, we propose a list version of the
maximum likelihood (ML) detection algorithm based on [7] in order
to analyze the behavior for DVB-T2 of a 2x2 MIMO system using
different STCs: Alamouti scheme, Golden code and low complexity
FR-FD. We provide simulation results that show the performance
of these codes in typical TV broadcasting simulation environments,
such as Rayleigh and Rician channels.

This paper is organized as follows: in the next section, we
present the evaluated MIMO schemes. Section 3 describes the com-
plete DVB-T2 BICM system and the soft ML detection problem.
Later, in section 4, bit error rate (BER) performances are shown
and finally, the conclusions are drawn.

2. DESCRIPTION OF MIMO SCHEMES

In this section, we focus on the MIMO schemes which are evalu-
ated in this research work. First of all, we define the analyzed sys-
tem with M = 2 transmit and N = 2 receive antennas using matrix
notation. Next, the Alamouti transmit diversity scheme proposed
in DVB-T2 is described and finally, the FR-FD codes are presented
after stating the optimal STC design criteria for Rayleigh channels.

2.1 Description of the 2x2 MIMO system

Due to the fact that DVB-T2 is an orthogonal frequency division
multiplexing (OFDM) system, STC coding is carried out in fre-
quency and space domains. If the codeword is transmitted combi-
ning two adjacent carriers of an OFDM symbol, it is named space-
frequency block coding (SFBC). On the other hand, if the code-
word is transmitted at the same carrier of two consecutive OFDM
symbols, it is called space-time block coding (STBC). In our case,
the evaluated STC codes are implemented as SFBC. If we assume
the fading channel to be quasi-static in two adjacent carriers, a 2x2
MIMO transmission can be written in the form:

Y =HX+7Z, ey

where Y denotes the 2x2 received symbol matrix for two adja-
cent carriers and two receive antennas, H denotes the 2x2 com-
plex channel matrix, X is any codeword matrix with M = 2 rows
and T = 2 columns, and finally, Z denotes the zero-mean additive
complex Gaussian noise matrix whose complex coefficients fulfill
CN (0,2062) being 6 the variance per real component.

The 2x2 codeword X can be expressed generically as:

X= [ o } = f(s1,---,50); @

X21  X22

where X is formed by a linear combination of Q symbols. As a
result, we can define the spatial rate as:
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Therefore, we can observe that SFBC codes vary the raw bit rate by
a factor of L in comparison to the single-input single-output (SISO)
system.

2.2 The SFBC DVB-T2 system

As we have stated in the introduction, the DVB-T2 standard [1] in-
cludes an Alamouti MISO transmission scheme as an optional tech-
nique. We can observe the corresponding transmission structure in
Fig. 1. Using matrix notation, the pairwise processing of symbols
s = (s1,52) can be written generically as:

_ N 52
Xal*[ ,SE S*{ }7 4)

where X; defines the 2x2 codeword matrix and * denotes complex
conjugate. The DVB-T2 SFBC technique provides the same diver-
sity order as maximal ratio combining (MRC) with one transmit
antenna and two receive antennas maintaining the same spatial rate
as a SISO system. The model can be easily generalized to N receive
antennas providing a diversity order of 2N.

Payload cells within an OFDM symbol
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Figure 1: DVB-T2 MISO transmission.

2.3 Full Rate-Full Diversity SFBC codes
2.3.1 STC design criteria

The code optimization is based on the analysis of pairwise error pro-
bability (PEP) P(X — X) which is the probability of transmitting X
and detecting X at the receiver. Assuming ideal channel state infor-
mation (CSI), Chernoff bound analyses proposed in [8, 9] lead to
two criteria in order to minimize PEP for Rayleigh fading channels:

1. Rank criterion: In order to achieve maximum diversity, the ma-
trix A = X — X has to be full rank for any codewords X and X.
Then, the code is said to have full diversity.

2. Determinant criterion: In order to obtain maximum coding
gain, the minimum of the determinants of the matrices APA
has to be maximized for all pairs of different codewords X and
X.

The forthcoming STC schemes have full diversity and a large
coding gain. They are also considered full-rate since they send as
many data symbols as the number of the system’s degrees of free-
dom MT.

2.3.2 The Golden code

The Golden code is the best full-rate full-diversity 2x2 STC which
achieves the maximal coding gain [3]. In this case, a group of four
symbols s = (s1,52,53,54) is transmitted as follows:

X 7L OC(S1+9_S3)
giﬁ i (52+9S4)

a
with @ = 155 6 = 155 o — 1 4i—ifand & = 1 +i—ib.
The main drawback of the Golden code lies on the decoding
complexity. In order to choose a detected vector §, we need a maxi-
mum likelihood detector which solves

o (S2 + QS4)

a (sl + 9S3) ’ )

8, = argmin ||Y — HX||?, (6)
S

performing an exhaustive search for all symbol vectors s =
(s1,52,53,54) which form the codeword X. The complexity of com-
puting §,,,; is exponential in the length of the symbol vector s, i.e.
O(P*), which is prohibitive for large constellation sizes P.

2.3.3 Low complexity FR-FD codes

The following STC scheme, which we call FR-FD code from now
on, is designed in such a way that maximizes the aforementioned
STC design criteria and allows us to perform an optimum detec-
tion with lower complexity, which can be described in the worst
case as O (Pz). Although this sort of STC first appeared in [10],
its low-complexity detection property was not analyzed until [5, 6].
Despite FR-FD coding gain is lower than Golden coding gain, its
reduced complexity makes it a good candidate if MIMO techniques
are considered in future broadcasting TV systems. The FR-FD code
consists of a combination of two Alamouti schemes as follows:

asy + bs3
—csy —ds)

. asy + bsy
Xyrfa = csy+dsy |0 0

o _ 1=V+i(14+V7)
wnha_c_l/ﬂ,b_T

are chosen to constrain the transmit power and fulfill the STC design
criteria. In [5] it is demonstrated that optimum detection is reached
with complexity ¢(P?) and this can be further reduced by means
of sphere decoding [11]. However, we must take into account that
sphere decoder complexity is also upper-bounded by &(P?).

and d = —ib. These scalars

3. THE MIMO-BICM SYSTEM

This section describes the complete DVB-T2 system analyzed in
this work. On one hand, we describe the transmission scheme and
on the other hand, we detail the necessary soft STC detection for
channel decoding.

3.1 Transmission system

One of the main current research topics in digital TV concerns the
optimization of the MIMO-OFDM schemes in order to improve the
spectrum efficiency for high-definition television (HDTV) services.
So far, DVB-T2 [1] is the only standard in broadcasting TV sys-
tems which has included multi-antenna processing. Consequently,
we have implemented a MIMO-OFDM system over the basic chain
of DVB-T2 in order to analyze the STC codes for future propo-
sals. As it is depicted in Fig. 2, the main feature of DVB-T2 is
the great number of interleavers combined with an LDPC encoder.
This structure increases considerably the robustness of the system
making mobile reception possible. After all the interleaving blocks,
SFBC processing is included before OFDM modulation. On the
other hand, DVB-T2 allows us to increase the capacity using high
modulation orders (up to 256-QAM) and low LDPC code rates R.
The applicability of MIMO techniques in broadcasting digital
TV systems is based on the deployment of single-frequency net-
works (SFN). In SEN, multiple antennas transmit synchronously the
same signal at the same frequency carrier. The SFN networks are
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Figure 2: Block diagram of DVB-T2 system.

currently formed by SISO systems. However, DVB-T2 defines a
distributed MISO scheme where every transmit antenna of the sys-
tem is a transmitter of the SFN network. In the case of MIMO,
SFBC encoding is carried out between two adjacent cells of the
SEN network while the receive antennas are sited at the terminal as
is shown in Fig. 3.

SEN Cell 1

SEN Cell 2

Figure 3: Distributed MIMO transmission in SFN networks.

For a correct reception of the depicted transmission scheme,
the MIMO detector must provide soft-information to the LDPC de-
coder. That is achieved by means of a soft detector that we explain
in the following subsection.

3.2 Soft Detection
3.2.1 MAP Detection

The main idea of the LDPC decoding algorithm is to exchange soft
information between nodes that are linked by a parity check matrix.
The method to obtain this soft information is called maximum a
posteriori (MAP) detection and consists of taking a posteriori pro-
bability (APP) information expressed in the form of log-likelihood
ratios (LLRs) (i.e. L-values [12]). The LLR of a bit b is defined
as the logarithm of the ratio of the probabilities of the bit taking its
two possible values and can be expressed as:

Prlby = +1]

L(bk) =1In Pr[bk _ 71},

®

where the values of the bits are taken to be +1 and -1, representing
logical ‘1’ and ‘0’, respectively. We can assume that the information
bits are scrambled by means of several interleavers in such a way
that the bits within Y may be considered statistically independent.
Therefore, using Bayes’ rule, Eq. (8) can be expressed as follows:

Pr[bk =+1 |Y}

Lp(b|Y) = lnm

=La(br) +Le(B|Y), (9)

where Ly (by) and Lg(by|Y) denote the a priori and extrinsic in-
formation, respectively and k =0, ..., MT log, P — 1. The extrinsic

information conditioned to the received vector Y can be written as:

)y P(Yb)exp( r LA(bj)>

beBy 11 JE€Tkw

Lg(bi]Y) =1In (10)

r P(Yb)eXp( r LA(b.i)>

beBy; JE€Jkn

where p(Y|b) represents the likelihood function. Defining K, =
MTlog, P, By 1 represents the set of 2Ks=1 pit vectors b having
by = +1, so that,

Bk,-H :{b‘bk:'i_l}ka,—l :{b‘bk:_l}ﬁ (1

and Jy p, is the set of subindexes that can be written as

Jep=1{jli=0,....Ky—1,j #k,bj=+1}. (12)

3.2.2  Likelihood function for MAP detection

The most important part of the calculation of Lp in (9) is the like-
lihood function p(Y|b). Considering our system in (1) and follo-
wing [11], we rewrite (1) in such a way that we can observe an
equivalence with a MIMO system with M=4 and N=4 where there
is no channel interference between the sets of transmit antennas
{1,2}, {3,4} and the sets of receive antennas {3,4}, {1,2} respec-

tively. First, we define the column vectors X = [x1,x21 ,xlg,xgz]T,
- T 5 T

Y =Diy2iv12,y22]" and 2= [211,221,212,222] ", whose elements
are taken column-wise from matrices X, Y and Z respectively. Next,
we define the real-value column vector

xp = [R{xn},S{xn}, Ri{xar},. .., S {x2}] 13)

The described STC codes belong to the class of linear disper-
sion codes [13] so they can be written as Xz = GSg, where Sg co-

rresponds to the symbol vector s = [s 7s27s3,54]T expressed as (13)
and G is the real generator matrix of the STC. Then, using the new
notation, the likelihood function p(Y|b) can be written as:

< = (12
exp <7Hyr;({,(z}sk“ )
p(Y[Sg = map(b)) = NT ’ (14)
(2m0?)

where Sg = map(b) is the mapping of the vector b into the symbols
of column vector s and the equivalent channel H is obtained from
channel matrix H as H = (1/2)I ® (H® E+H* @ E*), where @
_lj { } . Only
the term inside the exponent in (14) is relevant for the calculation
of the Lg-value, and the constant factor outside the exponent can be
omitted. Therefore, with the Max-log approximation, the extrinsic
value Lg (10) becomes

corresponds to the Kronecker product and E =
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i )

1

_Ebgﬁa:i] { 2 HyR HGSRH +b[k LA [k (15)

3.2.3 List ML detection

The computation complexity of each Lg value for Golden and low-
complexity FR-FD can be expressed as &(P*) and &(P?), respec-
tively. Therefore, in the same way as the sphere decoder in hard
detection, we define the list sphere decoder based on [7] in order to
simplify the calculation of Lg. In this case we use a candidate list
& of the ML metrics

|5z —HGsz %, (16)

which provides a good approximation of (15). The list includes
1 < Ngna < P* vectors 5g which give the smallest ML metrics (16).
The number of candidates N,,,,; must be predetermined sufficiently
large in such a way that contains the maximizer of (15) with high
probability. Hence, (15) can be approximated as:

Lg(b]Y)

! s a2
2be Py ., {_7 |9 — HGSg|| +b[Tk]LA,[k]}

1
—~ ma _
2b€fﬂB {

4. ASSESSMENT OF FR-FD IN DVB-T2

This section presents the simulation results for the previously des-
cribed SFBC codes over the DVB-T2 system using a soft list de-
tector. The numbers of antennas are M = 2 and N = 2 for all the
evaluated STC codes. Therefore, in the case of the DVB-T2 MISO
technique, we have included a MRC at the receiver side so that the
diversity order is the same for all the systems. The performance has
been assessed using bit error rate (BER) curves for systems with
the same bit rate 7 = RLlog, P and the same bit energy Ej;. The
DVB-T2 parameters used in the simulations are the following:
Length of LDPC block: 64800 bits

LDPC code rate: R=2/3

Constellation sizes: QPSK, 16-QAM and 256-QAM

FFT size: 2048 carriers (2K)

e Guard interval: 1/4

1 .
S R T ST

The simulations have been carried out over a Rayleigh channel
(Typical Urban of six path, TU6) and a Ricean channel (Rural Area
of six paths, RA6), both commonly used as simulation environ-
ments of terrestrial digital television systems [14]. We consider per-
fect CSI at the receiver and non-iterative MIMO detection. There-
fore, there is no a priori information L4 (b ) and hence (17) is sim-
plified. The number of candidates has been set to N_,,q = 100 based
on [15].

In Fig. 4 and Fig. 5 we compare the aforementioned STC
schemes using the DVB-T2 system over TU6 and RA6 channels,
respectively. Two different bit rates have been used in the analysis:
n =8/3 and n = 16/3. These correspond to the configurations of
Table 1.

As we can observe in Fig. 4, FR-FD code and Golden code
achieve a higher gain than the DVB-T2 MIMO system for n =
16/3. However, the DVB-T2 scheme has a better behavior than the
full-rate codes for 1 = 8/3. On the other hand, the performance of
FR-FD is 0.3 dB worse than Golden code. Therefore, FR-FD code
provides a good performance with lower detection complexity.

In Fig. 5, where we have a channel with line of sight (LOS),
both FR-FD code and Golden code provide a lower performance
than the DVB-T2 MIMO scheme. In this case, the gain between
FR-FD and Golden codes is also maintained.

—a— X, 15CAM
—+— X, 160N
X, 25BOAM
+><' 4 OPSK
——X, OPSK

—B— X, 16QAM

Figure 4: BER curves of 2x2 MIMO-BICM schemes based on
DVB-T2 system over the TU6 channel.

—o— K, 160AM
— X, 160AM
—a X 2660AM
gﬁxf o OPSK
——X, OPSK

—a— X, 160AM

Figure 5: BER curves of 2x2 MIMO-BICM schemes based on
DVB-T2 system over the RA6 channel.

5. CONCLUSIONS AND FUTURE WORK

In this paper, we have analyzed the performance of a sub-optimal
2x2 FR-FD code with low complexity detection for its possible
implementation in future broadcasting TV systems. This code
fully exploits the MIMO channel capacity comparing to the cu-
rrent MISO scheme defined in DVB-T?2. The result comparisons of
MIMO-BICM systems with the same bit rate and bit energy show
that FR-FD code achieves a higher performance gain in Rayleigh
channels than the current DVB-T2 MISO system combined with a
MRC technique at the receiver for high bit rates and that is reduced
in low bit rates. Furthermore, it provides similar performance as
Golden code with lower detection complexity. On the other hand,
both FR-FD and Golden codes provide a reduction of the perfor-
mance in LOS environments, being worse than the DVB-T2 Ala-
mouti scheme with MRC for the analyzed bit rates. This is due to
the fact that these codes have been designed for Rayleigh channels
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Table 1: Configurations according to the bit rate.

Bitrate () | STC scheme | Spatial rate (L) | Code rate (R) | Constellation size (P)
16/3 Alamouti 1 2/3 256-QAM
16/3 Golden 2 2/3 16-QAM
16/3 FR-FD 2 2/3 16-QAM
8/3 Alamouti 1 2/3 16-QAM
8/3 Golden 2 2/3 QPSK
8/3 FR-FD 2 2/3 QPSK

following the STC design criteria. Therefore, they could be opti-
mized for Ricean channels.

Despite the reduction of performance in LOS scenarios in com-
parison to the DVB-T2 MIMO scheme, FR-FD code allows us to
use higher constellation sizes and hence, to increase the capacity
for HDTV system reducing the detection complexity.

As future work lines, we propose the definition of FR-FD codes
for Ricean channels, which are very common in terrestrial broad-
casting TV scenarios, as well as the evaluation of the behavior of
the system in SFN networks with different transmitter power. More-
over, we can analyze the number of candidates N, that is nece-
ssary to obtain a good performance and the inclusion of an iterative
process between the STC and LDPC blocks decoding in order to
reach near-capacity.
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