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LDM Versus FDM/TDM for Unequal Error
Protection in Terrestrial Broadcasting Systems:

An Information-Theoretic View
David Gómez-Barquero and Osvaldo Simeone

Abstract—In this paper, power-based layer-division multiplex-
ing (LDM) is studied as a means to provide unequal error
protection in digital terrestrial television (DTT) systems by adopt-
ing an information-theoretic approach. LDM can potentially offer
fundamental performance gains as compared to traditional time-
division multiplexing (TDM) or frequency-division multiplexing
due to the reuse by all information layers of all the avail-
able time-frequency resources. The main use case of LDM for
terrestrial broadcasting is the simultaneous provision of fixed
and mobile services in the same channel. Since most DTT net-
works worldwide are dimensioned for fixed rooftop reception, this
paper illustrates the performance comparison between LDM and
F/TDM in terms of the capacity-coverage tradeoff of the mobile
service for a given reduction of the capacity of the fixed service
while keeping the coverage of the fixed service constant. A math-
ematical formulation, and corresponding numerical results, are
provided for different fading channels, including single-input
single-output, single-input multiple-output, multiple-input single-
output, and multiple-input multiple-output antenna systems, and
accounting also for the impact of non-ideal channel coding.

Index Terms—ATSC 3.0, digital terrestrial broadcasting, FDM,
LDM, TDM, UEP.

I. INTRODUCTION

POWER-based Layer-Division Multiplexing (LDM) has
been recently proposed as a key technology for next-

generation digital terrestrial television (DTT) standards to
simultaneously provide fixed and mobile services in the
same radio frequency (RF) channel [1], [2]. LDM may
outperform traditional approaches as Frequency-Division
Multiplexing (FDM) and Time-Division Multiplexing (TDM)
by multiplexing the fixed and mobile information layers at
different power levels across all available time-frequency
resources. This potential advantage comes at the cost of an
increased power consumption of mobile receivers, which oper-
ate during all the time and across the available frequency
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Fig. 1. Region of simultaneously achievable pairs of spectral efficiencies
for fixed and mobile transmissions using ideal codes over a Gaussian noise
channel with SNR for the mobile users, Sm, equal to 0 dB, and 15 and 21 dB
SNR for the fixed users, Sf .

bandwidth, and an increased complexity of the fixed receivers,
which need to perform interference cancelation by decod-
ing the mobile layer prior to decoding the intended fixed
information layer.

In information theory, LDM has been known to strictly
outperform F/TDM for unequal error protection (UEP) in
the presence of Gaussian noise since the seminal work by
Bergmans and Cover [3], as illustrated in Fig. 1. We recall that
UEP refers to the transmission of information layers encoded
by means of codes with different error-correcting capabili-
ties so that they can be decoded at different signal-to-noise
ratio (SNR) levels. In Fig. 1, it can be seen that the gain of
LDM increases with the difference in the SNR of the two lay-
ers, also known as the UEP ratio. Moreover, in [4], it was
shown that TDM can actually outperform LDM in the pres-
ence of suboptimal channel coding, as characterized by an
SNR gap to channel capacity. This aspect, along with the
reduced receiver complexity and the appealing simplicity of
FDM and TDM, are probably the reasons why LDM has
not yet been implemented in any wireless commercial sys-
tem. However, its recent application for DTT has renewed its
interest, making it one of the current hot topics in terrestrial
broadcasting [5].

LDM with two layers fits very well the use case of simul-
taneous transmission of fixed and mobile services in DTT
networks [6]. The first (upper) layer is intended for the mobile
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users, and is encoded with a powerful low-rate forward error
correction (FEC) code so that the mobile receivers can decode
even at SNR thresholds below 0 dB [7]. The second (lower)
layer is instead intended for fixed service. Fixed receivers need
to decode and cancel the upper (mobile) layer before decod-
ing the lower (fixed) layer. While this decoding comes at the
cost of additional computational complexity, fixed receivers
do not have the battery power constraints of mobile users.
Moreover, they are characterized by operating SNRs around
15 to 20 dB [8], that are significantly larger than the decod-
ing threshold of the mobile layer, hence potentially decreasing
the computational burden (i.e., by reducing the number of
decoding iterations of a turbo or LDPC decoder). Also, the
utilization of the same OFDM waveform structure (i.e., FFT
size, cyclic prefix and pilot pattern) for the two layers greatly
simplifies the LDM signal detection and cancelation at the
receivers [9].

Most DTT networks worldwide are dimensioned for fixed
rooftop reception. By transmitting mobile services in-band
within the same RF channel, mobile services can be easily and
gradually introduced reusing the existing content, infrastruc-
ture and spectrum, without the need of deploying a dedicated
mobile DTT network. The introduction of mobile services is
envisaged to entail a controlled capacity reduction of the fixed
service without affecting the fixed coverage. Moreover, due to
the large differences in the link budget [10], mobile services
are expected to be provided in a best-effort coverage fash-
ion (e.g., with some degree of indoor penetration, but not full
indoor coverage) [8].

In this letter, we take an information-theoretic approach to
the study of the performance comparison between LDM and
F/TDM as a mean to provide UEP in DTT systems. A math-
ematical formulation is provided for fading channels, includ-
ing SISO (Single-Input Single-Output), SIMO (Single-Input
Multiple-Output), MISO (Multiple-Input Single-Output) and
MIMO (Multiple-Input Multiple-Output) antenna systems, and
accounting also for non-ideal channel coding.

The primary contribution of this paper is the analysis of
the coverage-capacity performance of the mobile service for
a given reduction of the capacity of the fixed service while
keeping constant the coverage level of the fixed service. This
presentation of the results is novel, and provides a com-
prehensive understanding of the potential gain that can be
achieved by introducing mobile services in existing DTT net-
works dimensioned for fixed rooftop reception via LDM. To
the best of our knowledge, the only information-theoretic anal-
ysis applied to DTT in the literature is [9], which is, however,
restricted to SISO Gaussian channels and ideal channel coding.
Furthermore, reference [9] presents an illustrative but reduced
set of capacity-coverage results which do not shed light on
the regime of interest of guaranteed fixed coverage with con-
trolled fixed capacity reduction. As a final remark, we point out
that fixed users could experience an increased service capacity
by using scalable video coding [11], whereby the mobile ser-
vice layer carries a basic version of the content [12]. A small
reduction of the fixed coverage may be acceptable in this case,
because out of coverage fixed users would still be able to
receive the basic content. Scalable video coding has not been

considered in the paper it has a similar impact for both LDM
and F/TDM.

The rest of the paper is structured as follows. Section II
describes the system model. Section III details performance
metrics and key equations required to analyze LDM and
F/TDM in fading channel models. Section IV presents and
discusses numerical results in terms of coverage-capacity
performance. The letter is concluded in Section V.

II. SYSTEM MODEL

In this section, we describe the deployment scenario, the
channel model, the signal model for F/TDM and LDM, and
the assumptions made regarding channel coding and MIMO
transmission.

A. Deployment Scenario

We consider a DTT network in which a transmitter,
equipped with possibly multiple antennas, simultaneously pro-
vides service to fixed and mobile users over a given coverage
area in an RF channel. The analysis and results also apply to
a Single Frequency Network (SFN) formed by multiple trans-
mitters with the same total number of transmit antennas. We
denote as Mt the number of transmit antennas, and with Mm

and Mf the number of receive antennas at the mobile and fixed
users, respectively.

The mobile and fixed users are characterized by their
average SNR threshold per receive antenna, Sm and Sf , respec-
tively, in linear units, that define the coverage of the two
services for single layer F/TDM. This is in the sense that
all mobile, or fixed, users with an SNR per receive antenna
higher or equal to Sm, or Sf , are considered to be within the
covered area of the network. We assume throughout the stan-
dard operating condition Sm ≤ Sf . It should be pointed out
that the SNRs Sm and Sf are averages with respect to mul-
tipath (fast) fading. Coverage reduction due to shadowing is
conventionally accounted for by adding a power margin that
guarantees a desired outage coverage probability, e.g., 9 dB
for 95% probability at cell edge [10].

We define as Rm and Rf the mobile and fixed spectral
efficiencies in bps/Hz, respectively, and we assume the con-
ventional condition 0 < Rm ≤ Rf . We also introduce the
parameter r, with 0 ≤ r ≤ 1, to measure the capacity reduction
for the fixed service incurred as a result of the introduction
of the mobile service. This is in the sense that the capacity of
the fixed user is reduced to (1 − r) times the level that would
be achieved in the absence of the mobile service. More dis-
cussion on the spectral efficiency metrics can be found in the
next subsection.

B. Channel Model

Assuming OFDM transmission, as commonly used in DTT
systems [8], the Mu × 1 signal received at a given subcarrier
by the fixed (u = f ) or mobile (u = m) user is given as

yu = √
SuHux + zu, (1)

where we do not indicate the subcarrier index for simplicity
of notation; the Mu × Mt channel matrix Hu characterizes the
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effect of fast fading for the transmission to user u ∈ { f , m}; the
Mt × 1 vector x is the signal transmitted on the given subcar-
rier, which we assume to have unit power (i.e., E[||x||2] = 1)
so that the total transmitted power remains constant for
any number of transmit antennas; and zu is the additive
Gaussian noise with zero mean and identity covariance matrix,
i.e., zu ∼ CN (0, I).

We generally allow channel matrices Hf and Hm to have
different statistics, e.g., Rice for fixed users and Rayleigh for
mobile users. Moreover, the channel matrices are assumed to
vary according to stationary ergodic processes within each
coding block, which may span multiple OFDM symbols. This
channel model is well suited for systems characterized by
sufficient time-frequency diversity [14], and is hence appro-
priate for terrestrial broadcasting since the time-frequency
diversity of broadcast channels is considerably larger than
that of mobile communication systems, especially in the time
domain. For instance, typical time interleaving depths for
the current state-of-the art DTT technology, DVB-T2 (Digital
Video Broadcasting - Terrestrial Second Generation) [15],
range between 80 and 250 ms over bandwidths of 6 to 8
MHz [16] (with cyclic prefix of up to 700 μs in 6 MHz chan-
nels). More specific assumptions will be detailed in Section III.
Accordingly, we will consider as the capacity metric of interest
the ergodic spectral efficiency, which is the spectral efficiency
that can be attained in the presence of ergodic fading models.

The channel matrices are assumed to be known to the corre-
sponding receivers but not to the transmitter. This is consistent
with broadcasting systems due to the lack of an uplink chan-
nel, but it implies ideal channel estimation at the receiver side.
Practical channel estimation is generally accounted for in the
so-called implementation margin [15], which reflects the SNR
increase required by receivers due to non-ideal channel esti-
mation and synchronization. This margin should be taken into
account by the broadcaster when designing and deploying the
network. However, for LDM a non-ideal channel estimation
introduces cross-layer interference from the upper to the lower
layer [13]. This interference can be modeled as a worst-case
additional white Gaussian noise as further discussed below.

C. Signal Model

For F/TDM, OFDM subcarriers are allocated between the
fixed and mobile services so as to guarantee a given fixed
capacity reduction r of the fixed user at the given SNR cov-
erage Sf . Each OFDM subcarrier is hence either allocated to
the fixed or to the mobile service.

For LDM, instead, the transmitted signal is the superposition
over all available frequency and time resources of the upper
layer xul, intended for the mobile service, and the lower layer
xll, intended for the fixed service, as

x = √
ρulxul + √

ρllxll, (2)

where we impose the power normalization E[||xul||2] =
E[||xll||2] = 1, and the fraction of the total power allocated
to the mobile and fixed layers are defined, respectively, as
ρul and ρll, with ρll + ρul = 1. The power allocation between
the two layers is controlled by the so-called injection level, IL,

which determines the power difference between the two layers.
Following the terminology used in [9], the injection level IL
is defined so that the fraction of the total power allocated to
the mobile and fixed layers are given, respectively, as

ρul = 10IL/10

1 + 10IL/10
. (3)

and

ρll = 1

1 + 10IL/10
. (4)

The larger is the injection level, the more power is allocated
to the mobile service at the expense of reducing the power
of the fixed service. For a given fixed capacity reduction r,
an injection level IL can be found that results in the desired
capacity reduction and keeps constant the fixed coverage. The
calculation of the injection level is elaborated on Section III.

The lower (fixed) layer xll is treated as interference when
decoding of the upper (mobile) layer xul at both the fixed
and mobile users. Moreover, if successfully decoded at the
fixed user, the upper layer xul is canceled from the received
signal. This cancelation introduces cross-layer interference if
channel estimation is not ideal, hence increasing the noise
level for decoding of the lower layer. In fact, if cancelation is
performed as

yf − √
ρulĤf xul, (5)

where Ĥf is the channel estimate of the fixed channel, Eq. (1)
yields an effective noise z+ρul(Hf −Ĥf )xul. Therefore, for the
decoding of the lower layer, the interference depends on the
injection level IL and the channel estimation error. Since cur-
rent implementations can provide a channel estimation MSE
lower than -30 dB for fixed reception [9], the latter contribu-
tion is not significant at practical SNR levels and is henceforth
not explicitly considered.

D. Channel Coding

State-of-the-art DTT technologies employ rather long FEC
codewords spanning, e.g., 16,200 and 64,800 bits [15], hence
making asymptotic information-theoretic results relevant as
performance benchmarks [17]. In order to account for the
any residual channel coding suboptimality, following [4],
we define as λm and λf the SNR gaps to capacity for
the mobile service and fixed services, respectively, with
0 < λm, λf ≤ 1, with 1 (0 dB) denoting an ideal code. Note
that, in coded modulation schemes such as Bit Interleaved
Coded Modulation (BICM), this gap depends not only on the
practical FEC codes used, but also on the bit interleavers and
modulations. For instance, non-uniform constellations have
been recently proposed for next-generation terrestrial broad-
casting to reduce the gap to the Shannon limit, see, e.g., [18].
As a final remark, the implementation margin due to non-ideal
channel estimation and synchronization may not be included
in λm and λf , but is instead addressed by the broadcaster
by increasing the operating SNR, thus reducing the coverage
for the desired transmission rate or increasing the transmit
power [10].
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E. MIMO Transmission

MIMO is a key technology which is currently being con-
sidered for next generation terrestrial broadcasting systems in
order to increase the capacity without any additional require-
ments on bandwidth and transmission power [5]. Multiple
transmission elements can be realized by means of anten-
nas with cross-polar (horizontal and vertical) polarization,
which are instrumental in retaining full spatial multiplexing
capabilities in line-of-sight conditions [19].

Since the MIMO gain increases as a function of the
SNR [19], the potential benefit of MIMO is expected to be
greater for rooftop reception than for mobile and portable
reception. Based on this, for the fixed service, and hence
for the lower layer, we assume throughout that a capacity-
achieving MIMO space-time/frequency scheme is adopted,
under the standard practice in broadcasting of equal power
allocation across the transmit antennas1. We observe that
the capacity-achieving scheme depends on the number of
antennas at the transmitter and receiver side. For instance, if
Nt = Nf , Spatial Multiplexing (SM) achieves capacity. We
refer to [20] also for further discussion on capacity-achieving
schemes. We also emphasize that we allow for capacity-
achieving space-time/frequency schemes to operate with given
SNR gaps to capacity as discussed above. Finally, we point
to [21] for a discussion on the first standardized 2 × 2 MIMO
terrestrial broadcasting scheme in DVB-NGH (Digital Video
Broadcasting - Next Generation Handheld) [22], known as
enhanced spatial multiplexing with phase hopping.

For the mobile service, in line with current standardization
proposals [22], we consider three possibilities: (i) orthogonal
space-time block coding, such as Alamouti coding for Nt = 2
and Nm = 1; (ii) frequency pre-distortion schemes, where the
same signal is sent across all transmitting antenna elements
with a different pre-distortion sequence, such as enhanced
SFN (eSFN) [23]; (iii) capacity-achieving coding, such as
SM [21]. Note that, by definition, the last scheme outper-
forms the previous two, which are considered here due to
their simpler implementation that has made them preferred
candidates for standardization [19]. We also observe that the
main benefit of frequency pre-distortion schemes such as eSFN
is that the pilot density does not need to be increased, as
opposed to orthogonal space-time block coding schemes such
as Alamouti [23]. Finally, we observe that MISO Alamouti
coding is implemented in actual terrestrial broadcasting stan-
dards in the frequency domain [15], [22], although in the
following we will use the more common terminology of
space-time coding.

III. LDM VS. FDM/TDM FOR UEP
INFORMATION-THEORETIC ANALYSIS

In this section, we provide a mathematical framework
for the evaluation of the performance of F/TDM and LDM
for the simultaneous provision of mobile and fixed services
in the same time-frequency resources. As discussed in the

1In the case of correlated channel matrices, equal power allocation may
not be optimal, see, e.g., [20].

previous section, we assume the capacity-achieving trans-
mission scheme, as determined by the number of antennas,
for the lower layer (fixed service), and we treat orthogo-
nal space-time block coding, frequency pre-distortion and
capacity-achieving schemes for the upper layer in separate
subsections. Throughout, the derived equations apply to any
number of antennas Nt, Nf and Nm and hence to SISO, SIMO,
MISO and MIMO. Moreover, the derivation of the spectral
efficiency formulas follow from standard information theo-
retic arguments that are only mentioned here when additional
details are needed with respect to standard treatments as in the
textbook [24].

A. Performance Metrics

In this subsection, we consider orthogonal space-time cod-
ing for the upper layer. We recall that, when Nt = 2,
orthogonal space-time coding amounts to Alamouti coding,
which achieves a maximum rate of one. The rate of an orthogo-
nal block space-time code measures the number of information
symbols per transmitted symbol. Generalizing to larger Nt,
orthogonal block space-time block codes are known to have
maximal rate [25]

RSTC(Nt) = Nt/2 + 1

Nt
(6)

for Nt even and

RSTC(Nt) = (Nt+1)/2+1
Nt+1 (7)

for Nt odd.
For reasons that will be clarified below, here we assume

that the channel matrices satisfy the following stochastic
dominance assumption:

Pr [||[Hf ]nm ||2 ≥ x] ≥ Pr [||[Hm]nm ||2 ≥ x] (8)

for all x ≥ 0, where [H]nm represents the nmth row of the
channel matrix H. This is satisfied, for instance, if both chan-
nels have the same statistics, or in the conventional case of
i.i.d. Rice fading channels for the fixed service and i.i.d.
Rayleigh channels for the mobile channel with the same
average power [26].

1) F/TDM: Given a fixed capacity reduction r, the ergodic
spectral efficiency achievable by the fixed service is given by

RF/TDM
f = (1 − r)E

[
log det

(
I + λf

Sf

Nt
Hf HT

f

)]
, (9)

since, apart from the (1− r) term, this is the expression of the
capacity with SNR gap λf on the fixed channel in the presence
of equal power allocation across the antennas (see, e.g., [20]).
Note that this expression holds irrespective of the transmission
scheme used by the mobile user. Assuming that the mobile
layer uses orthogonal space-time block coding and maximum
ratio combining (MRC) at the receiver side for processing of
the signals received by multiple antennas, the ergodic spectral
efficiency can be written as [20]

RF/TDM
m = rRSTC(Nt)E

[
log

(
1 + λm

Sm

Nt
||Hm||2

)]
. (10)
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2) LDM: For a given injection level IL, and hence given
a power allocation (ρul, ρll), the mobile spectral efficiency
obtained with LDM, orthogonal space-time block coding and
MRC at the receiving end, can be calculated as

RLDM
m = RSTC(Nt) ·

· E

⎡

⎣log

⎛

⎝1 + λm

Nm∑

nm=1

ρul
Sm
Nt

||[Hm]nm ||2
1 + ρll

Sm
Nt

||[Hm]nm ||2

⎞

⎠

⎤

⎦. (11)

A proof of this fact can be found in Appendix A. We observe
that the denominator in the expression (11) represents the
interference from the lower layer when decoding the upper
layer.

Due to the assumption (8) of stochastic dominance on
the channel matrices Hf and Hm, along with the mentioned
assumption Sm ≤ Sf , it can be proved that the transmission rate
given by Eq. (11) can be decoded also by the fixed user (see
Appendix B). Therefore, given a fixed capacity reduction r, the
injection level IL is calculated by evaluating ρll (see (4)) as

ρll = min
{
ρll ≥ 0 : RLDM

f

≥ (1 − r)E

[
log det

(
I + λf

Sf

Nt
Hf HT

f

)]}
, (12)

where the fixed-user spectral efficiency is calculated, similar
to (9), as

RLDM
f = E

[
log det

(
I + λf ρll

Sf

Nt
Hf HT

f

)]
. (13)

The condition (12) ensures that the fixed spectral efficiency
is no smaller than a fraction (1 − r) of the spectral efficiency
that would be attained in the absence of the fixed service.

B. Frequency Pre-Distortion at the Upper Layer

In this subsection, we consider a frequency pre-distortion
scheme such as eSFN [23] for the upper layer. For analo-
gous reasons as in the previous section, here we assume that
the channel matrices satisfy the stochastic dominance assump-
tion (8), in which, however, [H]nm should be interpreted as the
sum of the elements of the nmth row of the channel matrix H.
This sum represents the fact that the (same) signal transmit-
ted by all transmit antennas is received by the nmth receive
antenna at the mobile with an equivalent channel gain equal
to the sum [H]nm . Based on this consideration and following
the same arguments as in the previous subsection, it can be
seen that the formulas derived for orthogonal space-time block
coding are valid also for eSFN with the following two caveats:
(i) In (11), it should be set RSTC(Nt) = 1 since frequency pre-
distortion schemes come with no rate loss; (ii) The notation
[H]nm should be interpreted as the sum of the elements of the
nmth row of the channel matrix H.

C. Capacity-Achieving Transmission at the Upper Layer

In this subsection, we consider the ideal case in which
capacity-achieving transmission strategies, such as SM for
Nt = Nm [21], are used at both upper and lower layers (with
possible SNR gaps). Unlike the previous two subsections, here

we make the simplifying assumption that the channel matrices
for fixed and mobile users have the same statistics. Stochastic
dominance conditions, such as (8), that guarantee decoding of
the upper layer at the fixed user as long as successful decod-
ing occurs at the lower layers could be identified as done for
the schemes considered above. However, this would require a
more technical discussion that is deemed to be out of the scope
of this contribution. We refer to [26] for some discussion on
related ongoing research.

1) F/TDM: The ergodic spectral efficiency achievable by
the fixed service, RF/TDM

f , is the same described in the previous
subsection and is given by Eq. (9). The ergodic spectral for
the mobile service is similarly calculated as

RF/TDM
m = rE

[
log det

(
I + λm

Sm

Nt
HmHT

m

)]
. (14)

2) LDM: Accounting for the interference caused by the
lower layer, the ergodic spectral efficiency for the mobile
service is given by (see, e.g., [27])

RLDM
m = E

[

log det

(

I + λmρul
Sm

Nt
HmHT

m·

·
(

I + ρll
Sm

Nt
HmHT

m

)−1
)]

, (15)

where matrix that is inverted accounts for the interference from
the lower layer.

Under the said assumption on the channel matrices, and
recalling the assumed inequality Sm ≤ Sf , the upper layer can
be decoded also at the fixed service, and hence the ergodic
spectral efficiency can be calculated using (12) and (13).

IV. RESULTS AND DISCUSSION

In this section, we present numerical results so as to provide
insights into the performance comparison of LDM and F/TDM
as means to provide mobile and fixed DTT services in the
same RF channel. The comparison is performed in terms of
the trade-off between capacity, as measured by the spectral
efficiency, and coverage, as determined by the SNR Sm, for the
mobile service, given a tolerated fixed capacity reduction r at
a given coverage SNR Sf . We first present illustrative results
for the case of a single transmit antenna and up to two receive
antennas for both ideal channel coding, that is, with λm =
λf = 0 dB, and practical channel coding with an SNR gap to
capacity. Finally, we present some illustrative results for the
case of two transmit antennas with ideal and practical channel
coding. We note that a deployment with two transmit and two
receive antennas correspond to the most common envisaged
implementation for MIMO DTT systems [19].

A. Single Transmit Antenna, Ideal Channel Coding

In this subsection and the next, we set Nt = 1 and assume
an i.i.d. Rayleigh channel for the mobile users and an i.i.d.
Rice channel for the fixed users with a line-of-sight K-factor
of 10 dB. Note that this assumption satisfies the condition (8).
Moreover, we focus here on ideal channel codes, i.e., we set
λm = λf = 0 dB.
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Fig. 2. Reduction of the capacity of the fixed service with LDM as a function
of the injection level for different values of the fixed SNR Sf (Nt = Nf = 1,
λf = 0 dB).

We first investigate the effect of the injection level on the
capacity reduction r for the fixed service when using LDM.
To this end, Fig. 2 shows the capacity reduction r of the fixed
service with LDM for Nf = 1 as a function of the injection
level for three Sf values, namely 15, 18 and 21 dB. Note that
Sf =15 dB is the operating point of the first-generation DTT
standard ATSC, and Sf =18 dB is the most common operating
point for the DTT networks deployed in Europe, and it may
also be representative for next generation ATSC systems due
to improvements in receiver technology (e.g., noise factor) [8].
It is seen that a larger injection level, and hence a larger power
allocation to the mobile service, clearly decreases the fraction
of fixed capacity (1 − r) that can be achieved for any given
fixed coverage (we note that negative values of the injection
level imply that more power is allocated to the fixed service
than to the mobile service). Moreover, for a given capacity
reduction of the fixed service r, the required injection level
is seen to increase with the fixed SNR Sf . In particular, for
realistic values of injection level, from 3 to 10 dB, the required
value is observed to be about 1 dB larger for every 3 dB
increase in Sf .

As a result of the discussion above, the LDM gain compared
to F/TDM is expected to increase with the fixed SNR Sf , since
the cross-layer interference of the fixed service on the mobile
service is reduced for a larger injection level. We observe that
an increase in the fixed SNR can also be achieved by increas-
ing the number Nf of receive antennas at the fixed user. In
fact, with MRC the average received SNR increases by a fac-
tor Nf . Therefore, as also further discussed below, the LDM
gain is expected to grow with the number Nf of receive anten-
nas. We also note that this argument does not apply to an
increase in the number Nt of transmit antennas, which does not
cause an increase in the average received SNR under the given
assumption of no channel state information at the transmitter.

Fig. 3 shows the capacity-coverage trade-off of the mobile
service for LDM and F/TDM for either one or two receive
antennas at the fixed and mobile users, and for two different
values of the reduction r of the fixed service capacity, namely

Fig. 3. Mobile capacity-coverage trade-off for LDM and F/TDM for r = 25%
and r = 50% capacity reduction of the fixed service (Nt = 1, Nf = 1,
λm = λf = 0 dB, Sf = 18 dB).

r = 25% and r = 50%. Note that, for Nf = 1, the injec-
tion level values required for LDM to achieve those capacity
reductions are 2.7 dB and 8.9 dB, respectively, from Fig. 2.
The figure shows that LDM outperforms F/TDM in all cases
under the assumption of ideal channel coding. That is, for a
given operating SNR Sm of the mobile service, LDM provides
a mobile spectral efficiency increase over F/TDM (capacity
gain); and, conversely, for a given target spectral efficiency of
the mobile service, LDM provides a reduction in the required
SNR Sm (coverage gain). As explained, the reason for this
gain is the more efficient use of the available frequency and
time resources of LDM, despite the interference introduced
by the upper layer on the lower layer. It is also interesting to
note that the coverage gain is larger for smaller values of the
capacity reduction of the fixed service, e.g., for Nf = Nm = 1,
the maximum coverage gain in Fig. 3 is 6.0 dB for r = 25%,
and 3.9 dB for r = 50%.

Another important conclusion from Fig. 3 is that, when the
mobile users have multiple antennas, LDM provides larger
gains over F/TDM, yielding capacity gains even for Sm =
Sf = 15 dB. The reason is that MRC across the receive
antennas at the mobile user produces an increase of the signal-
to-interference plus noise ratio (SINR), where interference
accounts for the lower layer, and not merely an increase in the
SNR. This translates into an increase in the channel capacity,
as demonstrated with a simple argument in Appendix C.

B. Single Transmit Antenna, Practical Channel Coding

Fig. 4 shows the mobile spectral efficiency difference
between LDM and F/TDM for Nt = 1 as a function of SNR of
the mobile service for practical codes with an SNR loss factor
λm = λf of −1 dB and −3 dB. The case with ideal channel
coding (λm = λf = 0 dB) is also shown as a reference.

In the figure, it can be seen that, when considering practi-
cal channel coding, F/TDM can actually outperform LDM in
some cases. The loss is observed when the mobile SNR, Sm,
is close to the fixed SNR, Sf , that is, when the UEP ratio
is small. Nevertheless, state-of-the art terrestrial broadcasting
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Fig. 4. Mobile spectral efficiency difference between LDM and F/TDM as a
function of the mobile SNR for r = 50% reduction of the fixed capacity and
ideal (λm = λf = 0 dB) and practical channel coding with λm = λf = −1 dB,
−3 dB (Nf = 1, Sf = 18 dB).

Fig. 5. Mobile capacity-coverage tradeoff for LDM and F/TDM for
r = 50% fixed capacity reduction (Nt = 2, Nf = 2, Sf = 18 dB,
λm = λf = 0 dB).

systems currently perform very close to the ideal limit, about
1 dB in AWGN channel [15]; and, although the gap to channel
capacity is larger for Rayleigh channel [22], next-generation
systems will further reduce the gap, including very low SNR
values [18]. Hence, a figure of λm = λf = −1 dB may be real-
istic for both layers. For these values of the SNR gaps, LDM
outperforms F/TDM in all the scenarios considered in Fig. 4.

C. Multiple Transmit Antennas, Ideal Channel Coding

Fig. 5 illustrates the capacity-coverage trade-off of the
mobile service as a function of the SNR Sm in case the
transmitter has Nt = 2 antennas. For the mobile service,
we consider the performance with Alamouti coding, fre-
quency pre-distortion (eSFN) and SM. As discussed, for
the fixed service, capacity-achieving schemes are assumed
throughout (i.e., SM). In the figure, it can be seen that the
capacity gain provided by SM can only be leveraged for
medium-to-high SNRs. For very low SNRs of around 0 dB,

Fig. 6. Mobile spectral efficiency difference between LDM and F/TDM as a
function of the mobile SNR for r = 50% reduction of the fixed capacity and
ideal (λm = λf = 0 dB) and practical channel coding with λm = λf = −1 dB,
−3 dB (Nt = 2, Nf = 2, Nm = 2, Sf = 18 dB).

the performance is closely matched by Alamouti, which allows
for a simpler receiver implementation. It can also be observed
that Alamouti slightly outperforms frequency pre-distortion.
As mentioned, the main benefit of frequency pre-distortion
schemes such as frequency pre-distortion is that the pilot den-
sity does not need to be increased [23]. However, if the two
LDM layers share the pilot sub-carriers [9], this would not
represent an additional overhead if the lower layer already
uses them for spatial multiplexing, and hence Alamouti should
be preferred [28], although the difference compared to a
frequency pre-distortion scheme is quite small.

D. Multiple Transmit Antennas, Practical Channel Coding

Fig. 6 shows the spectral efficiency difference between
LDM and F/TDM with practical channel coding for a
2 × 2 MIMO system where spatial multiplexing is used for the
fixed service, and Alamouti, frequency pre-distortion (eSFN)
or spatial multiplexing is adopted for the mobile service. In the
figure, it can be observed that F/TDM can outperform LDM
when considering non-ideal channel coding if the UEP ratio
between the SNR of the fixed and mobile users is not big
enough, as shown for one transmit antenna in Fig. 4. It can
be also appreciated that the gain of LDM is slightly larger for
Alamouti, and smallest for spatial multiplexing.

V. CONCLUSION

In this paper we have analyzed from an information-theory
point of view the potential gain of LDM versus FDM/TDM
as means to provide mobile and fixed services in the same
RF channel in digital terrestrial broadcasting systems. The
obtained results demonstrate that, under the assumption of
ideal channel coding, LDM outperforms FDM/TDM in both
capacity and coverage performance of the mobile service,
in the regime of a given capacity reduction of the fixed
service with a constant fixed service coverage. For realis-
tic channel coding implementations, with a gap to Shannon
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capacity of 1 dB, LDM still outperforms FDM/TDM. Another
interesting conclusion of this study is that the performance
gain of LDM increases with the number of receive anten-
nas at both fixed and mobile users. Moreover, regarding
the use of 2 × 2 MIMO, the adoption of Alamouti for the
mobile (upper) layer is seen to be preferred when considering
the performance-complexity trade-off, although the difference
compared to frequency pre-distortion schemes is quite small.

VI. APPENDIX A: DERIVATION OF EQ. (11)

We concentrate here on the special case Nt = 2 in order to
simplify the notation. The proof for any Nt follows along the
same lines. For the case Nt = 2, the Alamouti scheme is used
for the upper layer. Alamouti operates across two successive
channel uses, i.e., subcarriers, say j = 1, 2. The signal received
in a channel use, i.e., subcarrier, j, at user u ∈ { f , m} can be
written, from (1) and (2), as

yu[ j] = √
ρulSuHuxul[ j] +

(√
ρllSuHuxll[ j] + zu[ j]

)

︸ ︷︷ ︸
zeff ,u[ j]

,

where we have emphasized that dependence on j of the
transmitted signals and noise and we have assumed that the
channel does not change in the block of two subcarriers
over which Alamouti coding takes place. When decoding the
upper layer, the lower layer signal xll[ j] is treated as com-
plex Gaussian noise with zero mean, covariance matrix I/2,
where the factor 1/2 accounts for the power allocation across
the two antennas, and independent across j. As a result, the
effective noise observed at each receive antenna nu, namely
[zeff ,u[ j]]nu is Gaussian with zero mean and power equal
to 1 + ρllSu||[Hm]nm ||2/2. Note that the effective noise is
correlated across the receive antennas. Here we neglect this
correlation, hence obtaining a lower bound on the maximum
achievable rate (see, e.g., [27]).

The signal received across the two channel uses j = 1, 2 at
any antenna nu can be written, following, e.g., [24], as

[
[yu[1]]nu

[yu[2]]∗nu

]
= √

ρulSu

[
[Hu]nu,1 [Hu]nu,2
[Hu]∗nu,2

−[Hu]∗nu,1

][
u1
u2

]

+
[

[zeff ,u[1]]nu

[zeff ,u[2]]nu

]
,

where [u1 u2]T is the vector of information symbols transmit-
ted by the Alamouti scheme with power 1/2. Then, projecting
into the kth column of the channel matrix, we obtain the
signal [24]

√
ρulSu||[Hm]nm ||2uk + wk,

where the noise wk has power 1 + ρllSu||[Hm]nm ||2/2.
The resulting SNR is hence ρulSu||[Hm]nm ||2/(2(1 +
ρllSu||[Hm]nm ||2/2)). Performing MRC across the receive
antennas – the effect of which is to obtain an SNR equal to
the sum of the SNRs at the individual antennas (e.g., [24]) –
completes the proof.

Fig. 7. Total spectral efficiency difference between LDM and F/TDM
(Nt = 1, Nm = Nf = N, Sm = Sf = S).

VII. APPENDIX B: UPPER LAYER DECODING

FOR THE FIXED USERS

In order to prove that the upper layer can be decoded at the
fixed user as long as it can be decoded at the mobile user, one
needs to ensure that the right-hand side of (11) is no smaller
when evaluated by substituting the fixed channel matrix Hf

to the mobile channel matrix Hm. To see this, note that the
quantity being averaged in (11) is a non-decreasing function
of each norm ||[Hu]nm ||2. Therefore, condition (8), along with
Sm ≤ Sf , guarantees that the average with respect to Hf can
be no smaller than that over the mobile channel matrix Hm.
Note that the same argument applies to both orthogonal space-
time coding and frequency pre-distortion schemes. Moreover,
using the same line of reasoning, one can conclude that the
upper layer can be decoded at the fixed user as long as it
can be decoded at the mobile user, under the assumption
of equal channel matrix distributions, also for the case of
capacity-achieving schemes at the upper layer.

VIII. APPENDIX C: LDM GAIN FOR SIMO

In this appendix, we provide a simple argument to demon-
strate that the gains of LDM over F/TDM increase with the
number Nm of receive antennas at the mobile user. We con-
sider the case Nt = 1, Nf = Nm = N and Sm = Sf = S with
ideal channel coding, and focus on a simple AWGN model in
which the channel gains are equal to one for all channels. This
is done in order to make the argument more transparent. MRC
is carried out at the mobile user across the receive antennas.

For F/TDM, under the said assumption, the total spec-
tral efficiency RF/TDM

m + RF/TDM
f can be easily calculated,

from (10) and (9), as log(1 + SN) for any r. Instead, for
LDM, the total spectral efficiencyRLDM

m + RLDM
f is given,

from (11) and (13), as

log

(
1 + N

ρulS

1 + ρllS

)
+ log(1 + ρllNS).

showing that the difference between the LDM and F/TDM
spectral efficiencies is given by

log

(
1 + N

ρulS

1 + ρllS

)
+ log

(
1 + ρllNS

1 + NS

)
.
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Fig. 7 illustrates that the difference is always positive, and that
it increases with the number of receive antennas and the SNR,
although the gain as a function of the SNR tends to saturate.
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