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Abstract—Terrestrial or Handheld Digital Video Broadcasting
(DVB-T/H) and Terrestrial Digital Multimedia Broadcasting
(T-DMB) are two popular broadcasting standards that enable
digital television transmissions to handheld receivers. This paper
presents a comprehensive performance comparison between the
physical layers of DVB-T/H and T-DMB when employed for
mobile communications. By exploiting a recently proposed fast
simulation model, we assess the BER of the two coded OFDM
systems in several realistic scenarios, taking into account Rayleigh
and Rice channels, different mobile speeds, inner and outer
channel coding, channel estimation, and one or two receive an-
tennas. Our comparison shows that the DVB-T/H physical layer
performance highly depends on the delay spread of the channel,
whereas T-DMB is less sensitive to the frequency selectivity of the
channel. As a result, DVB-T/H yields better performance than
T-DMB in typical Rayleigh channels with significant delay spread.
On the contrary, at high SNR, T-DMB outperforms DVB-T/H in
Rice channels with low delay spread. As a side result, we show the
performance improvement of DVB-H produced by MPE-FEC at
the data link layer.

Index Terms—BER performance, coded OFDM, DAB, Doppler
spread, DVB-H, DVB-T, ICI, T-DMB, time-varying fading
channels.

I. INTRODUCTION

IGITAL Video Broadcasting (DVB) [1], with both Ter-
D restrial (DVB-T) and Handheld (DVB-H) versions [2],
and Digital Audio Broadcasting (DAB) [3], with its multi-
media extension Terrestrial Digital Multimedia Broadcasting
(T-DMB) [4], [5], are the two leading standards for multimedia
broadcasting to mobile receivers. Initially, DAB and DVB
were conceived for complementary tasks: DAB was intended
for replacing analog audio transmissions, whereas DVB was
designed for video signals, characterized by a larger bandwidth.
However, due to the increased importance of multimedia broad-
casting, T-DMB is actually a strong competitor of DVB-T/H,
especially in those areas where DAB is already well developed.
The availability of two different multimedia broadcasting stan-
dards raises an interesting issue about T-DMB and DVB-T/H:
which one is to be preferred? In order to provide a meaningful
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answer from the technological point of view, this paper com-
pares the physical (PHY) layer performance of T-DMB and
DVB-T/H in mobile scenarios.

We highlight that the PHY layers of T-DMB and DVB-T/H
share some similarities, but have also many significant dif-
ferences. Indeed, both standards are based on orthogonal
frequency-division multiplexing (OFDM), but with different
parameters, such as the number of subcarriers, their separa-
tion, and, consequently, the overall bit rate [1], [4]. Moreover,
although both DVB and T-DMB commonly employ simple
per-subcarrier equalization and demodulation that are optimal
in time-invariant channels, in mobility conditions the intercar-
rier interference (ICI) due to Doppler spreading can produce a
different impact on the bit-error rate (BER) performance, since
DVB receivers usually perform coherent one-tap equalization,
while DAB and T-DMB receivers often adopt differential de-
modulation [6], [7]. In addition, despite T-DMB and DVB-T/H
employ similar frequency interleaving techniques, the time-in-
terleaving span is very long in T-DMB, much shorter in
DVB-H, and absent in DVB-T [1], with a consequent different
coded BER even for the same uncoded BER [8]. As a result of
the mentioned differences, a comparison of the coded BER of
these broadcasting standards is of practical interest. Besides,
DVB-H offers a further protection from Doppler effects at the
data link (DL) layer, by means of multiprotocol encapsulation
forward error correction (MPE-FEC).

A. Previous Literature and Work Motivation

Due to the popularity of DVB-T/H, DAB, and T-DMB, rele-
vant investigations about the coded BER performance have been
performed, e.g., in [6], [7], [9]-[12]. For instance, theoretical
and simulated coded BER for DAB have been presented in [6]
and [9]. However, the assumption of perfect interleaving pro-
duces a certain mismatch between theory and simulations, espe-
cially for high mobile speeds. Moreover, a theoretical extension
to T-DMB seems difficult. On the other hand, coded BER simu-
lation results for DVB-T are discussed in [7] and [10], including
the effect of channel estimation. Specifically, [10] considers the
interleaver effect but neglects the Doppler spreading, while [7]
suggests the use of time interleaving, which is indeed included
in DVB-H. Besides, the results of some field trials are summa-
rized in [12], [13] for DAB and T-DMB, and in [7], [14]-[16]
for DVB-T/H. In any case, most of the previous literature mainly
focuses on a specific standard and avoids the comparison with
alternative standards. Moreover, previous research studies as-
sume different channel models and Doppler spread, which make
it difficult to compare their results. Furthermore, possible dif-
ferences between basic definitions (such as the signal-to-noise
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ratio (SNR)) may introduce a significant bias into the compar-
ison results. Therefore, to perform a fair comparison, this paper
considers both DVB-T/H and T-DMB within the same frame-
work, assuming the same channel model and using similar pa-
rameters. Similarly, DVB-T is compared with other two digital
television broadcasting systems in [17].

B. Technical Approach for Performance Comparison

Ideally, the best approach to compare the BER performance
of DVB-T/H and T-DMB would be using theoretical analyses,
but unfortunately a closed-form BER derivation is very chal-
lenging, mainly because of two reasons. First, a major issue is
the theoretical characterization of the Doppler effect on coded
OFDM systems. Indeed, despite the Gaussian approximation of
the ICI is useful to obtain the uncoded BER [18], the same model
is inaccurate to predict the coded BER [19]. Second, the theoret-
ical BER for convolutional codes over fading channels is very
difficult to obtain, even in the absence of Doppler spread. Actu-
ally, closed-form BER expressions are available only for codes
with low memory [20]; in addition, approximated expressions
obtained from BER bounds, although tight for additive white
Gaussian noise (AWGN) channels, are typically loose for fading
channels [21]. As a consequence, at present, an accurate theo-
retical BER comparison between DVB-T/H and T-DMB looks
unfeasible, and a simulation approach seems unavoidable.

On the other hand, when the channel is doubly selective, ac-
curate coded BER simulations involve very long running times,
mainly because of the high memory requirements caused by
the interleavers, and because of the high number of runs to av-
erage over the channel statistics. As a consequence, the number
of simulation scenarios would be rather limited. To reduce this
problem, we adopt two fast but accurate simulation models. The
first one, known as equivalent frequency-domain OFDM model
(EFDOM), is specifically tailored to DVB-T/H, and has been
derived and validated in [19]. The second model, which is ex-
ploited for T-DMB, is a simple combination of the EFDOM with
the well-known block fading model. These two models permit to
simulate the coded BER in a reasonable time, thereby extending
the number of considered scenarios.

C. Paper Structure and Notation

The rest of this paper is organized as follows. Section II in-
troduces the OFDM system model in time-varying channels,
and briefly reviews the PHY layers of DVB-T/H and T-DMB.
Section IIT presents the simulation scenario and our main as-
sumptions. Section IV describes DVB-T/H channel estimation,
while Section V extends the comparison to multiple receive an-
tennas. Section VI is devoted to simulation results and discus-
sion, and Section VII concludes the paper.

We use the following notation. Bold uppercase (lowercase)
letters denote matrices (column vectors); the superscripts *, T
H =1 denote conjugation, transpose, Hermitian, and inverse,
respectively. Ix stands for the identity matrix of size K, while
0nsx v is the M x N all-zero matrix. [x]; denotes the ith ele-
ment of x, Diag(a) is a diagonal matrix with a on its diagonal,
whereas diag(A) is the column vector containing the main di-
agonal of the square matrix A. Finally, |a| denotes the integer
floor function applied to the real number a.
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II. SYSTEM MODEL

A. Time-Varying Multipath Channels

We consider a time-varying multipath channel obtained by
discrete-time sampling of a continuous-time channel. Since
time variation implies time-selective fading, while multipath
implies frequency-selective fading, we are actually considering
discrete-time doubly-selective fading channels. The time evo-
lution of the /th channel path is expressed by

hilk] = he(kTs,lTs), 1=0 ,L—1, (1)

PIRIR

where the continuous-time channel h.(t,7) is wide-sense
stationary with uncorrelated scattering (WSSUS) [22],
L = |mmax/Ts] + 1 is the number of discrete channel
paths, 774 x 1 the maximum excess delay, T's is the sampling
period, {07 = E{|W[k]|*},l = 0,...,L — 1} represents the
power-delay profile (PDP) and %k denotes the discrete-time
temporal index.

B. OFDM System Model

We consider an OFDM system with IV subcarriers and cyclic
prefix (CP) of length Lop > L — 1. Consequently, there is no
inter-block interference (IBI) and the received signal, after CP
removal and fast Fourier transform (FFT), can be written as [23]

y(n) = FI:I(n)FHx(n) + Fw(n)
=H(n)x(n) + v(n), 2

where H(n) = FH(n)FH, H(n) is the channel matrix in the
time domain, F is the unitary DFT matrix of size N, and n
is the index of the OFDM block. Thus, the frequency-domain
noise v(n) has the same statistics of the time-domain AWGN
w(n). The N x 1 transmitted signal x(n) is obtained from the
Np-dimensional QAM data signal by inserting the Np pilots,
the N pgs Transmission Parameter Signaling (TPS) subcarriers!
[1] and the N switched-off guard subcarriers. We also define
N 4 as the number of active subcarriers, with Ny = N — Ng =
ND + Np + NTPS' In T—DMB, Np = NTPS = 0.

Typically, OFDM systems employ per-subcarrier equaliza-
tion assuming H(n) as diagonal, as it occurs when the channel
is time invariant. On the contrary, time-varying channels intro-
duce ICI that renders H(n) non-diagonal [18]. By separating the
time-invariant part of the channel from its time-varying part, we
have

H(n) = Hy (n) + Hy(n),
H(n) =Hy(n) + H;(n), 3)

where Hys (n) is the time-domain circulant matrix that contains
(on its first L diagonals) the elements of the average channel
vector hr(n) during the nth OFDM block, expressed by
hr(n) = 1/N ZQILLCCPP_I hr(k + n(N + Lcp)), where
hr(k+n(N+Lcp)) = [ho(k+n(N+ Lcp)), ... .hr—1(k+

10ur detector does not consider the TPS subcarriers, which however are in-
serted because they contribute to the ICI power.
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n(N + Lcp))]T, while Hy(n) represents the time-varying part
of the channel. In (3), the matrices Hy;(n) = FHy (n)FH and
H;(n) = FH;(n)F# have the following properties:

Hy (n) = Diag (VNFhr(n))
diag (HI<7’L)> :0N><1- (4)

Inserting (3) in (2), we obtain

y(n) =yu(n) +i(n) +v(n)
=Hy(n)x(n) + Hi(n)x(n) + v(n), ®)

where yy(n) = Hy(n)x(n) andi(n) = Hy(n)x(n) represent
the useful received signal and the ICI, respectively, in the fre-
quency domain.

In order to estimate the uncoded BER, it is widely acknowl-
edged that the ICI can be accurately modeled as an additional
AWGN with power [24]

1 = f
Prcr=1- el <N+2 Z 1Jo (27TWD(N_’5)>> , (6)

i=1

where Jy(+) is the zero-order Bessel function of the first kind, 4
is the subcarrier index, and fp = (fp/Af) = NTsfc(v/c)
is the normalized Doppler spread, where fp is the absolute
Doppler spread, A f is the subcarrier separation, fc is the car-
rier frequency, c is the speed of light, and v is the speed of the
mobile receiver in the transmit antenna direction. However the
AWGN-like ICI model is not sufficient to characterize the coded
BER [19]. This means that the ICI cannot be replaced by an
additional AWGN with power Prcr. As a consequence, more
refined models, such as those described in Section III, are nec-
essary.

C. Channel Coding and Interleaving

DVB-T/H employs a concatenated code: the outer code
is a (204, 188) shortened systematic Reed-Solomon (RS)
code, while the inner code is a rate-compatible punctured
convolutional (RCPC) code [1] with polynomial genera-
tors G = [171,133] in octal form, and constraint length
x = 7. On the contrary, DAB only has an RCPC code with
G = [133,171,145,133] and « = 7 [3]. Therefore, the
DVB-T/H inner code can be obtained by puncturing the DAB
code. A concatenated code is used also for T-DMB, where the
RCPC code of DAB is used as inner code, and the RS code of
DVB-T/H is used as outer code [4].

The interleaving strategies of DVB-T/H and T-DMB are
significantly different. In DVB-T/H, the outer convolutional
interleaving acts on the bytes at the output of the RS encoder,
while the inner interleaver scrambles the bits at the output of
RCPC encoder. The inner interleaver depends on the DVB
standard and mode: in DVB-T Mode 2k, there is only a fre-
quency interleaving, with the same rule for all OFDM symbols;
on the contrary, in DVB-H Mode 2k, there is also a time-fre-
quency in-depth inner interleaver that works on QAM symbols

belonging to 4 consecutive OFDM symbols [1]. The inner
interleaved data vector can be expressed by

Xsym ()

=Ppvp_rxpit(n),n €N,
Xsym (1)

= Povn i x4+ 1),x5, (4m + 2),
]T

X, (4m + 3), x5, (4m +4)] " ,m € Ny,

(N

for DVB-T and DVB-H, respectively, where x;:(n) is the Np x
1 OFDM symbol before the bit interleaver, and P py g7 and
P py p_p are suitable permutation matrices [1].

T-DMB employs the same outer convolutional interleaving of
DVB-T/H, while the inner interleaver is the same of DAB, de-
scribed in the following. DAB Mode III has separate frequency
and time inner interleaving: the frequency inner interleaver is
similar to the DVB-T inner interleaver, with the same rule for all
the OFDM symbols, whereas the time inner interleaver is more
complicated and spans a long time interval of 320 ms (i.e., 2160
OFDM symbols) [3].

III. SIMULATION MODEL

A. Channel Models for Simulations

DVB-T/H provides for a specific simulation channel model
[1], which however is deterministic and hence not suitable
for mobile scenarios. Therefore, we employ channel models
defined for mobile scenarios, taken from the COST 207 [25]. In
COST 207, channel models are first defined as continuous-time
models, and subsequently approximated by discrete-time
models with reduced number of channel taps [25]. Since
DVB-T/H and T-DMB have different symbol periods, we
choose the non-approximated continuous-time models, and we
obtain the discrete-time PDP by sampling the continuous-time
PDP.

Specifically, we focus on the Bad Urban (BU) model, whose
taps follow a Rayleigh statistic, and the Rural Area (RA) model,
for Rice channels. For the BU model, the PDP is P(7) = e 7
for0 <7 <5, P(1) = 0.5¢°7 for5 < 7 < 10,and P(7) = 0
elsewhere, with 7 in microseconds [25]. Hence, 012 is evaluated
aso? = P(ITs)/ Z,L.L:_Ol P(iTs). The number L of channel taps
depends on the sampling time 7T's and is therefore different for
the two standards. For the RA model, the line-of-sight (LOS)
component is at 7 = 0, while the non-LOS (NLOS) part of
the PDP is P(7) = ¢ 92" for 0 < 7 < 0.7, and P(7) = 0
elsewhere [25]. The time variation of the channel paths, with
Jakes’ Doppler spectrum, is obtained by the sum-of-sinusoids
method of [26].

B. Simulation Scenarios

To focus our comparison, we make some choices about the
simulation scenarios and parameters, as follows.

CO0) In both DVB-T/H and T-DMB, we consider the trans-
mission modes with lowest FFT size, i.e., the DVB-T/H Mode
2k (N = 2048) and the T-DMB Mode III (N = 256). Indeed,
since the bandwidth is fixed, the lowest FFT size corresponds to
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the largest subcarrier spacing, i.e., the greatest robustness to the
high Doppler spreads we consider. For DVB-T/H Mode 2k, the
number of active subcarriers is N4 = 1705, and therefore the
subcarrier separation is Af = 4.46 kHz (2.79 kHz) when the
bandwidth is B =~ 7.6 MHz (4.8 MHz). For T-DMB Mode III,
Af = 8kHz, since Ny = 192 and B = 1.536 MHz.

C1) In DVB-T/H, we focus on QPSK only. Indeed, in the
highly mobile scenarios we focus on, one-tap equalization of
higher-order QAM performs poorly. Besides, since T-DMB
uses DQPSK, this choice produces a similar Viterbi decoding
complexity for both standards.

C2) For each standard, we choose the CP length and the
code rates that yield similar spectral efficiencies. For instance,
DVB-T/H with CP duration Tp = T17/16 produces a spectral
efficiency &~ 0.77 bps/Hz(n ~ 1.03 bps/Hz) when the code
rate (CR) of the convolutional code is r = 1/2(r = 2/3). On
the other hand, using T-DMB with CP duration Tcp ~ Ty /4
leads to n ~ 0.74(n = 0.98) bps/Hz when the CR of the con-
volutional code is 7 = 1/2(r = 2/3). The spectral efficiency
herein calculated only considers the useful bandwidth B (guard
subcarriers are excluded).

C3) To guarantee fairness, we use the same carrier frequency
fc for both standards. We consider both fo = 800 MHz and
fc = 1.4 GHz, which are typical values for DVB-T/H and
T-DMB, respectively.

C4) In the DVB-T/H receiver, we include a simple channel
estimator. Indeed, T-DMB usually employs DQPSK differential
demodulation that implicitly estimates the channel.

C5) In both receivers, we consider a soft Viterbi decoder with
4-bits quantization. For T-DMB, before quantization, we use a
u-law compander, which is not useful for DVB-T/H.

C. DVB-T/H Simulation Model

To assess the coded BER of DVB-T/H, we exploit a fast sim-
ulation model known as EFDOM [19]. In DVB-T, the EFDOM
replaces (5) with

y(n) = A(n)x(n) +i® (n) + v(n), )

where A(n) is the N x N useful channel diagonal matrix,
i(F)(n) represents the ICI, and v(n) is the AWGN, in the
nth block. Due to the DVB-T interleaver length, each OFDM
symbol can be simulated separately, and A (n) and i) (n) are
independently generated. The specific feature of the EFDOM
is the fast generation of i(¥") (n), which is not the exact ICI i(n)
of (5) generated by the channel time variation, but it represents
the effective amount of ICI that produces the same coded BER
performance caused by the exact ICI [19].

For DVB-H, where the time inner interleaver spans a su-
perblock of 4 consecutive OFDM blocks, the EFDOM is ex-
pressed as

y(m) = A(m)x(m) +i"(m) + v(m), )

where y(m) and x(m) are 4N x 1 vectors representing the
received and transmitted signals, respectively, while A(m) is
a4N x 4N diagonal matrix representing the time-invariant part
of the channel, and i) (m) and v(m) are the ICI and AWGN,
respectively, in the mth superblock. In this case, to preserve the
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same coded BER of the exact system, the EFDOM requires a
joint generation of A(m) and i) (m) [19].

D. DAB and T-DMB Simulation Model

For DAB and T-DMB, due to the long time interleaver, the
EFDOM would be unmanageable, since A(m) would have
size 2160N x 2160N. Anyway, we can efficiently simulate
the time-varying channel by exploiting a simple block-fading
model, introducing a suitable temporal correlation among the
blocks. In other words, the time-varying channel is approxi-
mated as time invariant within the OFDM block, maintaining
the time variation from block to block. This way, the complexity
of the channel generation is reduced of a factor N 4+ L¢p.
This correlated block-fading model, denoted with simplified
EFDOM, is expressed by

y(n) = B(n)x(n) +i®)(n) + v(n), (10)
where i(%)(n) and v(n) are N x 1 vectors representing the ICI
and the AWGN, respectively, in the nth OFDM block, while
B(n) is the N x N frequency-domain diagonal matrix that
contains a randomly generated time-invariant channel realiza-
tion with the same PDP of hy(n). The time variation from
block to block is generated as in [26] using the block-normal-
ized Doppler frequency fp = (N + ch)fTD.

Differently from the EFDOM used for DVB-T/H, the simpli-
fied EFDOM for DAB and T-DMB only approximates the cor-
relation between the channel values of different OFDM blocks.
Anyway, there exists a close agreement between the coded BER
of the exact DAB and of the simplified model [27]. This good
accuracy is maintained in the T-DMB case, which also includes
RS outer coding.

IV. DVB CHANNEL ESTIMATION AND EQUALIZATION

In DVB-T/H systems, pilot-aided channel estimation can ex-
ploit fixed and scattered pilot subcarriers [1]. We only consider
the Ng(n) scattered pilots, with pilot indexes in Is(n) = {i €
No : 7 = 3(Nmoda) +12p,p € N, i < N4}, because their reg-
ular spacing simplifies the channel estimation. For convenience,
we express the N4 X 1 transmitted vector as

x(n) =xp(n) + xs(n) + Xor(n), (11)
where X p(n) is the data vector, Xg(n) is the vector of scattered
pilots, and Xo7(n) is the vector that contains both unused pilots
and TPS. In (11), Xp(n) is obtained by inserting the Np ele-
ments of Xy, (n) in the Np data positions, while the remaining
N 4 — Np elements are zero. Similarly, [Xs(n)]; is nonzero only
when i € Is(n), and its value is +4/3 as defined in [1]. In
the same way, Xor(n) has No(n) + Nrpg nonzero elements,
where No(n) = Np — Ng(n) is the number of pilot subcarriers
we do not use in the channel estimation. Actually, X(n) in (11)
is the transmitted vector in (5) after the guard band removal, as
expressed by x(n) = Gx(n), where G is the N4 x N matrix
that removes the N guard subcarriers.

Many pilot-aided equalization techniques have been pro-
posed for OFDM in doubly-selective channels [28], which
however require a complex time-variant channel estimation.
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Aiming at low complexity, we focus on time-invariant equal-
ization techniques developed for low Doppler scenarios [29],
[30]. For the same reason, we avoid two-dimensional channel
estimation methods [31], and we consider frequency-domain
interpolation techniques that estimate h(n) = diag(Hy(n)).

A. Linear Interpolation

Linear interpolation (LI) is simple and widely employed in
commercial devices. In this case, for each subcarrier, the fre-
quency-domain channel response is obtained by a weighted av-
erage of the values estimated on the two closest pilot subcarriers
[32].

B. Least-Squares Fitting

Least-squares (LS) fitting produces the maximum-likelihood
estimate [29] and the minimum variance unbiased estimate [33],
when a unique OFDM block is used, without prior knowledge
about channel and noise statistics. LS fitting works on a sub-
vector ys(n) expressed by

ys(n) = Diag (S(n)xs(n)) ' S(n)Gy(n),

where S(n) is the Ng(n) x N4 submatrix of Iy, that selects
the elements corresponding to the Ng(n) scattered pilot posi-
tions. Typically, the channel length L is assumed known [32].
Therefore, we define the matrix Fy = GF[IL, OLX(N_L)]T,
which contains the first L columns of GF, and its submatrix
Fg 1.(n), which contains the Ng(n) rows of Fr, corresponding
to the scattered pilot positions. By these definitions, the LS fre-
quency-domain channel estimate is expressed by

hrs(n) = Fr (FLL(n)Fs 1 (n)) " FE (n)ys(n).

Clearly, the matrix inverse can be precomputed and stored.

(12)

13)

C. Cardinal Interpolation

Cardinal interpolation (CI) is a trade-off between the sim-
plicity of LI and the good performance of LS fitting. In this case,
the frequency-domain channel estimate is obtained as

CI corresponds to frequency-domain zero filling plus IDFT, rep-
resented by Fg 1.(n), and a subsequent F 1, which removes the
time-domain replicas introduced by zero filling and performs
a DFT to come back in the frequency domain. Please observe
that CI is less complex than LS fitting, since it does not require
any matrix inverse. Moreover, differently from LI, CI leads to
a perfect estimate in the absence of noise and ICI, as long as
L < N/12, due to the Nyquist-Shannon theorem.

D. Equalization

Since we focus on QPSK, we compensate only for the esti-
mated phase of the channel, as expressed by

Keo(n)]; = [y(n)]; e 7¢O (15)

where Xpo(n) is the equalized OFDM symbol, h(n) is the
channel estimate, and ¢ is the subcarrier index. This way, the

equalized data is weighted by the channel gain, which is a relia-
bility index that can be exploited by soft convolutional decoding
techniques [34].

V. RECEIVER DIVERSITY

In this section, we extend our comparison between DVB-T/H
and T-DMB to multiantenna devices. Specifically, we consider
the spatial diversity at the receiver, which can greatly enhance
the BER performance, while preserving low complexity. Moti-
vated by practical implementation constraints, we consider only
two receive antennas.

In DVB-T/H, we exploit the spatial diversity by maximal-
ratio combining (MRC), which is known to be SNR-optimal for
perfect channel estimation and in absence of ICI [35]. Thus, we
express the MRC output as

e (n) = (B (n)FL (n) + B (n)FEo(n)
(B m)ya (n) + B (n)y2(n))

where we use subscripts to distinguish the two antenna chan-
nels, and the superscript” to denote an estimate. Since the ma-
trices Hy(n) and Hy(n) are diagonal, the MRC in (16) is done
on a per-subcarrier basis, which induces a limited complexity
increase.

On the other hand, in T-DMB, due to the differential
demodulation, the channel estimate is not available, and con-
sequently MRC cannot be used. However, other combining
techniques are possible [36]. In this paper, we consider the
equal-gain combining (EGC), which captures almost the same
diversity of MRC [37]. The EGC output is expressed by

(16)

%sac(n) = 3 {yi(n—1) O yi(n) +y3(n—1) O yo(n)},
a7
where ® stands for the element-wise product. Clearly, per-sub-
carrier processing and low complexity are maintained.

To assess the BER performance, we have to generate two
spatially correlated channels h; 1 [k] and h; 5[k], where [ is the
channel tap index and £ is the time index. This is done by im-
posing to the spatial channel vector hy[k] = [hy 1[k], hi2[k]]T a
covariance matrix C equal to

C = E{nKnf K]} = [1 ”] (18)
p 1]’
where for simplicity we have assumed p as real. In this view,

the two spatially correlated channels are generated from two
independent auxiliary channels h; 1[k] and h; o[k] as

{hu[k]} _ V2 [m —m} {’v”vl[’“]} .19

hi,2[k] 2 [VT+p VI—=p | [lolk]

VI. COMPARISON BETWEEN DVB-T/H AND T-DMB

In our comparison, we mainly monitor the coded BER, at the
output of either the Viterbi decoder or the outer RS decoder.
Although we focus on the PHY layer, in a few cases we also
consider the DL layer BER performance at the output of the
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summarized in Table 1.

Doppler spread f, =~

TABLE I
SYSTEM PARAMETERS
T-DMB DVB-T/H DVB-T/H
Mode III 2k @ 5 MHz | 2k @ 8 MHz
FFT size N 256 2048 2048
Active subcarriers N4 192 1705 1705
Data subcarriers Np 192 1512 1512
Bandwidth B (MHz) 1.536 4.7573 7.6116
Channel separation B, (MHz) 1.75 5.00 8.00
Subcarrier spacing A f (kHz) 8.00 2.79 4.46
Sampling frequency fs (MHz) 2.048 5.714 9.143
Block duration Ty (us) 125.00 358.40 224.00
CP duration Top (us) 31.00 22.40 14.00
Modulation 7/4-DQPSK | QPSK QPSK
Bit rate r;, (Mbps) (CR r =1/2) 1.1342 3.6592 5.8547
Bit rate r, (Mbps) (CR r = 2/3) 1.5123 4.8789 7.8062
Spectral efficiency 1 (bps/Hz) (CR r = 1/2) 0.7384 0.7692 0.7692
Spectral efficiency n (bps/Hz) (CR r = 2/3) 0.9846 1.0256 1.0256
MPE-FEC decoder. The system parameters we focused on, are 100 —— - - :
% <% —©-DVB-H, 1/2, TI, LI
~ —B-DVB-H, 1/2, LI
1071 @ DVB-H, 1/2, ICSI |}
—<-DVB-H, 2/3, LI
A. Rayleigh Channels With High Delay Spread ——T-DMB, 1/2
1072 —7—T-DMB, 2/3, Tl
Fig. 1 shows the BER at the output of the Viterbi decoder 1-DMB, 2/5
of T-DMB and DVB-H (8 MHz) systems in the Rayleigh BU T 108
channel, for a mobile speed v = 150 km/h and a carrier fre- @
quency fc = 800 MHz. This corresponds to a normalized 1074
1.9% for T-DMB, and f, ~ 2.5%
for DVB-H. For comparison purposes, we include the BER ob- 107}
tained when v = 0 km/h, i.e., in time-invariant channels, de- &
noted with “TT” in Fig. 1. Please note that this inner T-DMB 10 ) 5 10 15 20 25 30

system (inner convolutional code without outer RS coding) cor-
responds to a DAB physical layer. The SNR for any data subcar-
rier is defined at the FFT output (2). Fig. 1 displays that, when
v = 150 km/h and the convolutional CR is r = 1/2, DVB-H
with LI performs similarly to T-DMB. Specifically, T-DMB
outperforms DVB-H at high SNR, while DVB-H presents a per-
formance advantage at low SNR. On the contrary, when the con-
volutional CR is r» = 2/3, T-DMB outperforms DVB-H at low
SNR. Howeyver, it should be noted that the LI channel estimation
penalizes DVB-H, with an SNR penalty of roughly 3 dB with
respect to ideal channel state information (ICSI). It is interesting
to note that, in case of fixed reception (i.e., without mobility),
DVB-H exhibits a better BER performance than in mobility sce-
narios, because of the absence of the ICI; on the other hand, in
fixed scenarios, T-DMB presents a much worse BER than in
mobility conditions (2 dB SNR loss), because T-DMB loses the
time diversity advantage provided by the long time interleaver
in time-varying scenarios.

Fig. 2 presents some simulation results for a mobile speed
v = 300 km/h, hence the corresponding Doppler spread values
are doubled with respect to Fig. 1. From Fig. 2 we observe
that, at low SNR, DVB-H with LI is capable to achieve better
BER performance than T-DMB, when the two systems employ
the same » = 2/3 convolutional code. However, the overall
DVB-H BER performance is worse in practical SNR ranges, due
to higher channel estimation errors. Indeed, the BER penalty
jointly induced by ICI and channel estimation errors, is highly

SNR (dB)

Fig. 1. BER performance of DVB-H at 8 MHz and T-DMB, at the output of
the Viterbi decoder (inner BER, i.e., excluding outer RS coding). Rayleigh BU
channel, fc = 800 MHz, v = 150 km/h(f,, = 0.019 for T-DMB, [, =
0.025 for DVB-H). For TI cases, v = 0 km/h.

reduced using LS channel estimation, which is able to capture
the performance advantage of DVB-H at any practical SNR. As
a result, DVB-H with LS channel estimation significantly out-
performs T-DMB. Since we are considering the performance
at the output of the Viterbi decoder, it is interesting to focus
on the typical target BER 2 - 10~%, which would correspond to
the quasi-error-free (QEF) performance for the MPEG-2 layer
in the DVB-T standard [1]. In this case, DVB-H with LI has
roughly the same BER of T-DMB, while LS and CI can both
provide 1 dB of SNR advantage. Moreover, we observe that, as
in Fig. 1, the BER performance of T-DMB with = 1/2 is sim-
ilar to that of DVB-H with LI and » = 1/2; on the other hand,
when r = 2/3, T-DMB performs worse than DVB-H with LS.
This confirms that DVB-H tends to outperform T-DMB in this
scenario. We remark that the BER could be further reduced by
the outer RS codes, as will be evident in the next figures. Note
that in this scenarios the DVB-T BER performance is very close
to DVB-H one.

Figs. 1 and 2 also highlight how the channel estimation
technique affects the DVB-H BER performance. Specifically,
while DVB-H with LI channel estimation performs similarly to
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Fig. 2. BER performance of DVB-H at 8 MHz and T-DMB, at the output of
the Viterbi decoder (inner BER, i.e., excluding outer RS coding). Rayleigh BU
channel, fc = 800 MHz, v = 300 km/h(f,, = 0.038 for T-DMB, [, =
0.050 for DVB-H).

T-DMB, using LS (or CI) is highly beneficial and consents to
outperform T-DMB. The capability of DVB-H to outperform
T-DMB could be surprising, because T-DMB has a smaller
normalized Doppler spread f than DVB-H, and hence a
reduced ICI power, and also because the T-DMB interleaver
is much longer. The reason is that T-DMB adopts a DQPSK
modulation, which is not well suited for fast time-varying
channels, where the channel has significantly changed after
a single OFDM block duration. From our comparison, we
can conclude that the SNR penalty of T-DMB due to the
time-domain differential (noncoherent) demodulation is more
significant than the gain given by the reduced ICI power and
by the increased time diversity. This is also due to the long
PDP of the Rayleigh BU channel that supplies a considerable
frequency diversity and partially compensates for the reduced
time diversity of DVB-T/H caused by the shorter interleaver.

Figs. 3 and 4 illustrate the BER performance of DVB-H on the
Rayleigh BU channel for the same speeds of Figs. 1 and 2, using
different channel estimation techniques, and convolutional CR
r = 1/2. We include the BER of the inner DVB-H codec, as well
as the BER after outer RS coding. Also in this scenario, the BER
of DVB-T is not shown because it is indistinguishable from that
of DVB-H. We observe that the effect of the ICI on the Viterbi
BER performance is noticeable only for very low BER, well
below the QEF threshold 2 - 10~*. Figs. 3 and 4 also show that
the channel estimation method has a significant impact on the
BER performance. Therefore, the effect of channel estimation
errors can be more relevant than the effect of the ICI induced
by Doppler spread. Specifically, in this scenario, LS estimation
provides an SNR gain of roughly 1 dB with respect to the simple
LL

For comparison purposes, Fig. 4 also shows the BER in a Rice
RA channel with Rice factor K = 5 dB, for an inner DVB-H
system at v = 300 km/h. Surprisingly, it can be noted that,
despite the moderately high Rice factor, the BER is much higher
than in Rayleigh BU channels, because of the reduced frequency
diversity due to the lower delay spread of the RA channel. This
behavior will be highlighted also in the next subsection.

10° . : :
G —8— LI, BU, inner
=7~ LS, BU, inner
1 -O-LI, BU, outer
10 - LS, BU, outer[d

BER

2 4 6 8 10 12 14 16 18 20
SNR (dB)

Fig. 3. BER performance of DVB-H at 8 MHz, at the output of the Viterbi
decoder (inner) and of the outer RS decoder. Convolutio_nal CRr = 1/2,
Rayleigh BU channel, fc = 800 MHz, v = 150 km/h(f,, = 0.025).
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Fig. 4. BER performance of DVB-H at 8 MHz, at the output of the Viterbi
decoder (inner) and of the outer RS decoder. Convolutional CR r = 1/2,
Rayleigh BU or Rice RA channel with k' = 5 dB, fo = 800 MHz, v =
300 km/h(f, = 0.050).

B. Rice Channels With Low Delay Spread

Similarly to Figs. 3 and 4, Figs. 5 and 6 display the BER of
DVB-H systems in RA channels with Rice factor K = 0 dB,
for v = 150 km/h and v = 300 km /h, respectively. Evidently,
there exists a performance degradation of DVB-H in RA chan-
nels. Moreover, despite the augmented ICI, we can observe a
better BER performance for higher Doppler spreads. This appar-
ently strange behavior can be explained by the fact that wireless
channels with short delay spreads as the COST 207 RA are rep-
resented by few taps in the discrete delay domain (from 4 to 7 for
DVB-T/H, 2 for T-DMB). Thus, the consequent high correla-
tion in the frequency domain can largely degrade the DVB-T/H
BER performance. In fact, the high correlation between con-
tiguous subcarriers of a single OFDM symbol makes the fre-
quency interleaver scarcely effective, leading to the presence of
error bursts that degrade the correcting capability of convolu-
tional codes [38]. This means that the fading experienced by the
system, in the absence of an effective (long) time interleaver,
becomes similar to a block fading. Summarizing, the DVB-H
performance loss in RA with respect to BU is, obviously, not
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Fig. 5. BER performance of DVB-H at 8 MHz, at the output of the Viterbi
decoder (inner) and of the outer RS decoder. Convolutional CR r = 1 /2, Rice
RA channel with K = 0dB, f¢ = 800 MHz, v = 150km/h(f , = 0.025).

10° : : .
—8—LI, RA, 0, inner
=7 LS, RA, 0, inner

4 =O- LI, RA, 0, outer
107 <)-LS, RA, 0, outer |3
—#%—Cl, RA, 0, outer
——LI, RA, 5, inner
1072
o
L
m
1073
1074}
10—5 L L L L L L

8 10 12 14 16 18 20
SNR (dB)

ot

0 2 4

Fig. 6. BER performance of DVB-H at 8 MHz, at the output of the Viterbi
decoder (inner) and of the outer RS decoder. Convolutional CR » = 1/2,
Rice RA channel with K = 0 dB or K = 5 dB, fo = 800 MHz, v =
300 km/h(f, = 0.050).

due to the greater LOS path, but it is caused by the frequency
diversity loss produced by lower delay spreads.

Figs. 7 and 8 exhibit the BER performance, at the output of
the RS decoder, of T-DMB and DVB-H (at 5 MHz) on a Rice
RA channel with Rice factor K = 10 dB, when v = 150 and
v = 300 km/h. Now we assume that the carrier frequency is
fc = 1.4 GHz, which leads to f, ~ 3.4% and f, ~ 6.7% for
T-DMB, and f, ~ 7.0% and f, ~ 13.9% for DVB-H. We ob-
serve that T-DMB largely outperforms DVB-H at high SNR, be-
cause of the longer time interleaving. On the other hand, at low
SNR, DVB-H outperforms T-DMB. Moreover, by increasing
the speed from v = 150 to v = 300 km/h, DVB-H shows
improved BER performance, because the enhanced time diver-
sity exploited by the outer interleaver counterbalances the BER
degradation induced by the ICI power increase. Indeed, when
v = 300 km/h, DVB-H outperforms T-DMB not only at low
SNR, but also at medium SNR. In addition, it is evident that also
in this scenario the LS channel estimation provides a significant
SNR gain (about 2 dB) with respect to LI. These results confirm
that the type of channel estimation plays a relevant role in de-
termining the DVB-T/H performance. Note also that, although
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Fig. 7. BER performance of DVB-H at 5 MHz and T-DMB, at the output of
the outer RS decoder. Rice RA channel with K = 10 dB, fo = 1.4 GHz,
v =150 km/h (f , = 0.034 for T-DMB, f,, = 0.070 for DVB-H).
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Fig. 8. BER performance of DVB-H at 5 MHz and T-DMB, at the output of
the outer RS decoder. Rice RA channel with X' = 10 dB, fo = 1.4 GHz,
v =300 km/h (f,, = 0.067 for T-DMB, f,, = 0.139 for DVB-H).

not shown in Figs. 7 and 8, DVB-T in this scenarios slightly un-
derperforms DVB-H.

Figs. 9 and 10 present the BER performance of T-DMB and
DAB (i.e., inner T-DMB) for the Rice RA channel with K =
0 dB and for the Rayleigh BU channel, assuming a CR r = 1/2
and r = 2/3, respectively. We observe that, differently from
the DVB-H performances of Figs. 3—6, the RS code of T-DMB
is always very effective, in both Rayleigh and Rice channels.
Indeed, although T-DMB experiences less frequency diversity
than DVB-H, the very long time interleaver of T-DMB cap-
tures great part of the time diversity offered by the channel,
reducing the BER sensitivity to the PDP, especially for high
values of Doppler spread. In particular, such a long interleaver,
which spans 2160 OFDM symbols, makes it possible to consider
the channel almost ergodic, enabling for T-DMB the good cor-
recting capability of the RS code, which, contrarily to what hap-
pens with DVB-T, greatly mitigates a deep channel fade. As a
consequence, the BER curves for T-DMB in Rice and Rayleigh
channels follow similar trends, provided that the Rice factor is
modest. In a nutshell, the lower sensitivity of T-DMB to the
channel delay spread produces a performance gain with respect
to DVB-T/H when the frequency diversity is limited.
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Fig.9. BER performance of T-DMB at the output of the Viterbi decoder (DAB)
and of the outer RS decoder. Rayleigh BU or Rice RA channel with K = 0 dB,
fe = 1.4 GHz, CRr = 1/2, v = 150 km/h(f,, = 0.034) and v =
300 km/h(f, = 0.067).
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Fig. 10. BER performance of T-DMB at the output of the Viterbi decoder
(DAB) and of the outer RS decoder. Rayleigh BU or Rice RA channel with
K =0dB, fc =1.4GHz, CRr = 2/3,v = 150 km/h(f, = 0.034)
and v = 300 kmn/h(f, = 0.067).

Although we mainly focus on the PHY layer, we now turn
our attention to the DL layer performance of DVB-H, which
includes a further coding protection denoted with MPE-FEC.
Fig. 11 displays the BER performance at the output of the
MPE-FEC decoder for a DVB-H system which employs a
simple LI channel estimation, assuming a Rice RA channel
with Rice factor K. This scenario is particularly challenging
for DVB-H systems, because of the scarce frequency diver-
sity. We remark that the MPE-FEC is an RS code with CR
rupE—rEc = 191/255, and consequently the DL layer
efficiency npr of DVB-H is roughly 0.75 times the PHY layer
spectral efficiency 7).

Fig. 11 shows that in all the considered scenarios the
MPE-FEC is highly effective in reducing the error rate. Specifi-
cally, MPE-FEC counterbalances the lack of temporal diversity
of DVB-H caused by the short inner interleaver. Indeed, when
the MPE-FEC interleaver acts on 1024 codewords, the inter-
leaver depth is about 1519 OFDM blocks. Therefore, thanks
to the additional coding, DVB-H with LI channel estimation is
able to perform similarly to T-DMB also in Rice RA channels
with low delay spread. For instance, by comparing Fig. 11
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Fig. 11. DL layer BER performance of DVB-H at § MHz at the output of the
MPE-FEC decoder. Rice RA channel with ' = 0 dB or K = 10dB, fc =
1.4 GHz, convolutional CR r = 1/2 orr = 2/3,v = 150 kmm/h(f, =
0.025) or v = 300 km/h(f, = 0.050).

with Fig. 9, when K = 0 dB and v = 300 kmn/h, for a
target BER of 105, DVB-H with LI and convolutional CR
r = 2/3(npr =~ 0.77) performs similarly to T-DMB with
r =1/2(n = 0.74). In the same scenario, DVB-H outperforms
T-DMB at lower BER, whereas T-DMB outperforms DVB-H
at greater BER. However, it should be noted that DVB-H is
employing the simple LI channel estimation and hence its per-
formance can be improved further, as shown in Figs. 5 and 6.
From Fig. 11, we also observe that the performance of DVB-H
with MPE-FEC when v = 150 km/h is practically identical to
that obtained when v = 300 kin/h: this behavior also happens
in the three cases not shown in Fig. 11, i.e., when K = 10 and
when r = 2/3. Moreover, additional information about the
performance of MPE-FEC can be obtained, e.g., in [14], [16].

C. Spatial Diversity

We now focus on the effect of using two receive antennas,
where p denotes the correlation coefficient. Obviously, when
p = 1, there is no spatial diversity, since the channels are iden-
tical. However, when p = 1, both MRC and EGC supply a
3 dB SNR gain, because the two useful signals add construc-
tively, while the two independent noise terms add incoherently.
As far as DVB-T/H systems are concerned, we only consider
DVB-T with LI, because this is the worst scenario, i.e., the sce-
nario that mainly requires a performance improvement. There-
fore, this scenario is particularly suitable to show the great di-
versity gain that can be achieved using two receive antennas.
Moreover, since LI is the easiest channel estimation, any prac-
tical DVB-T receiver should perform better or equal in respect
of channel estimation. As explained in Section V, MRC (16) is
used for DVB-T, while EGC (17) is employed for T-DMB.

Fig. 12 presents the inner BER of T-DMB (i.e., DAB) with
convolutional CR r = 2/3 and the inner BER of DVB-T with
LI and r = 1/2, assuming Rayleigh BU channels in a high-mo-
bility scenario (v = 300 km/h). These results clearly point
out the beneficial impact of multiple receive antennas on the
performance. Noteworthy, the spatial diversity greatly reduces
the effect of the ICI, leading to a reduced BER floor. Although
the diversity gain is maximum for uncorrelated channels, where
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Fig. 12. BER performance of DVB-T at 8 MHz with » = 1/2 and T-DMB
(DAB) with r = 2/3 at the output of the Viterbi decoder, for two receive an-
tennas. Rayleigh BU channel, fo = 800 MHz, v = 300 km/h (f , = 0.038
for T-DMB, f,, = 0.050 for DVB-T).
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Fig. 13. BER performance of DVB-T at 8 MHz with r = 1/2 and T-DMB
(DAB) with r = 2/3 at the output of the Viterbi decoder, for two receive an-
tennas. Rice RA channel with K’ = 10 dB, fc = 800 MHz, v = 300 kin/h
(f , = 0.038 for T-DMB, f,, = 0.050 for DVB-T).

p = 0, our simulations interestingly show that for DVB-T there
is a substantial performance gain even for highly correlated
channels, i.e., when p = 0.9; this result should greatly push
manufacturers to exploit multiple antennas. In the case of
T-DMB, we observe a diversity behavior similar to DVB-T in
uncorrelated channels.

The BER curves of Fig. 13 are obtained in a scenario similar
to Fig. 12, assuming a Rice RA channel with K = 10 dB.
Fig. 13 reveals that Rice channels lead to improved BER
performance with respect to the Rayleigh case of Fig. 12. This
result is consistent with those obtained from single-antenna
receivers. However, it should be noted that, differently from
Fig. 12, Fig. 13 does not exhibit any BER floor, at least when
the BER exceeds 10~ 7. Indeed, in the Rice case, the power
of the random part of the channel is reduced with respect to
the Rayleigh case. Therefore, the ICI power is reduced too. In
addition, with respect to Fig. 12, in Fig. 13 the BER curves
for different values of p are closer to each other. In fact, when
the Rice factor is high, the mean value of the first path of the
channel is high. As a consequence, it is easy to verify that
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the statistical correlation between the first paths (i.e., those
with LOS) of the two channels is quite significant even when
the correlation coefficient p (i.e., the covariance) is zero. This
high correlation is responsible for the similar performances at
different values of p.

Another observation derived from Figs. 12 and 13 is related
to the effect of the correlation coefficient p. Specifically, in the
Rayleigh case of Fig. 12, the BER in moderately correlated
channels (p = 0.5) is close to the BER in uncorrelated channels,
while in the Rice case of Fig. 13 there is a non-negligible per-
formance gap. Furthermore, differently from Fig. 12, in Fig. 13
the BER in heavily correlated channels (p = 0.9) is very close
to the BER in maximally correlated channels (p = 1). There-
fore, we can conclude that the impact of the channel correlation
on the ultimate BER performance seems to be different for Rice
and Rayleigh channels: this is partially surprising as evidenced
in [39].

VII. CONCLUSIONS

To the best of our knowledge, this is the first paper that has
presented a detailed comparison of the coded BER performance
in high-mobility scenarios of two popular broadcasting stan-
dards, DVB-T/H and T-DMB. Focusing on Rice and Rayleigh
doubly-selective fading channels, we have illustrated that
DVB-T/H and T-DMB (and DAB) behave differently as the
channel type changes. First, the DVB-H performance highly
depends on the delay spread of the channel, while T-DMB is
much less sensitive to the delay spread. Indeed, in T-DMB,
the limited frequency diversity of low delay-spread channels is
compensated by the higher time diversity provided by the long
time interleaver. In a nutshell, DVB-H outperforms T-DMB
in Rayleigh channels with high delay spread. On the contrary,
at high SNR, T-DMB generally outperforms DVB-H in Rice
channels with low delay spread. It is worth noting, however,
that MPE-FEC highly improves the DVB-H performance.

In our comparison, we have also included the effect of dif-
ferent channel estimation techniques for DVB-T/H. We have
shown that LS fitting leads to a BER performance close to that
obtained with ideal channel knowledge. On the other hand, the
SNR penalty produced by LI can be justified by the simplicity
of interpolation. In the middle, CI represents an alternative and
appealing technique with both good performance and moderate
complexity.

We have also shown that spatial diversity can greatly boost
the BER performance also in time-varying scenarios. Simula-
tion results for DVB-T/H with MRC and for T-DMB with EGC
have been presented for two receive antennas. Interestingly, the
performance gain given by two receive antennas remains sig-
nificant, also when the channels are correlated. This means that
improved performance is feasible even using small-size mobile
terminals.

As aconcluding remark, we believe that this thorough and fair
analysis and comparison, though mainly focused on the PHY
layer, can clarify, to system designers and operators, the specific
merits of the two systems, highlighting the main performance
differences in mobile channels.
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