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A MIMO-Channel-Precoding Scheme for Next
Generation Terrestrial Broadcast TV Systems
David Vargas, Yong Jin Daniel Kim, Jan Bajcsy, David Gómez-Barquero, and Narcı́s Cardona

Abstract—To cope with increasing demands for spectral efficiency, Multiple-Input Multiple-Output (MIMO) technology is
being considered for next generation terrestrial broadcasting
television systems. In this paper we propose a MIMO channelprecoder that utilizes channel statistical structure and is suitable
for terrestrial broadcasting systems, while being potentially transparent to the receivers. The performance of the channel-precoder
is evaluated in a wide set of channel scenarios and mismatched
channel conditions, a typical situation in the broadcast setup. Capacity results show performance improvements in the
case of strong line-of-sight scenarios with correlated antenna
components and resilience against mismatched condition. Finally,
we present bit-error-rate simulation results for state-of-the-art
digital terrestrial broadcast systems based on DVB-NGH to
compare the performance of SISO, 2×2 and 4×2 MIMO systems
and proposed MIMO channel-precoder.
Index Terms—Multiple-Input Multiple-Output (MIMO) channels, MIMO capacity and precoding, DVB, DVB-NGH, terrestrial
broadcasting.

I. I NTRODUCTION
terrestrial broadcasting technologies are facing a
new era in which the spectrum efficiency is forced to be
significantly enhanced due to increasing scarcity and cost of
wireless bandwidth as well as high data rate content such as
HDTV (High Definition TV), the incoming UHDTV (UltraHigh Definition TV), and the pressure for all SDTV (Standard
Definition TV) services to be converted to HDTV. Future
digital terrestrial TV broadcasting systems are expected to
reach not only traditional rooftop receivers, but also portable
and mobile terminals. In the last category, smart-phones and
tablet computers face an exploding demand for mobile data
traffic which is estimated to increase 10-folds between 2014
and 2019 [1]. These key drivers motivate the development of
new digital terrestrial TV standards which rely on employing
state of the art technologies.
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MIMO is a key technology for future broadcasting systems
which increases the capacity and the signal resilience without any additional requirements on bandwidth or increased
transmission power. DVB-NGH (Digital Video Broadcasting Next Generation Handheld) is the first TV broadcasting system
to incorporate multi-antenna technology exploiting benefits of
the MIMO channel [2], [3]. Similarly, other standardization
forums such as ATSC (Advanced Television Systems Committee), ISDB (Integrated Services Digital Broadcasting), and
DVB with a future extension of DVB-T2 (Second Generation
Terrestrial) are also considering the use of MIMO technology.
In mobile reception scenarios, MIMO has a potential of up to
80% capacity increase over Single-Input Single-Output (SISO)
with DVB-NGH [2], while thanks to introduction of MIMO,
even higher capacity gains are expected in fixed rooftop
reception due to higher signal strength levels [4].
Presently, 2×2 and 4×2 antenna configurations are being
considered in the broadcast TV standardization forums. Crosspolar arrangement (antennas with orthogonal polarization) is
the preferred antenna configuration for digital terrestrial TV.
When compared with the co-polar counterpart (antennas with
the same polarization), cross-polar antennas provide higher
multiplexing gains in line-of-sight (LOS) conditions, due to
orthogonal nature of the cross-polar channel [5]–[7], and are
feasible for small handset devices. In the ultra-high frequency
range, the antenna separation required in the co-polar case
to provide sufficiently uncorrelated fading signal may exceed
typical handheld device sizes.
Increased data rates in MIMO systems are allowed through
spatial multiplexing (SM) gain that is utilized by sending independent data streams across different transmit antennas. The
performance of spatial multiplexing MIMO can be enhanced
by linearly combining the data streams across the transmit
antennas, known as precoding. DVB-NGH has applied precoding to improve performance in mobile broadcast channels
for 2 × 2 MIMO. Precoder design in this system has been
numerically assessed in terms of bit-error-rate (BER) criteria,
which requires the simulation of the complete system chain
(i.e., including MIMO demodulation and channel decoding)
and dependent of specific system parameters such as constellation order and code rate [8].
In this paper, we propose an information theoretical approach to design channel-precoders that aim to maximize the
ergodic capacity of the MIMO broadcasting system which depends only on the channel model and the target CNR (carrier to
noise ratio). The proposed channel-precoder for arbitrary number of transmit and receive antennas utilizes channel statistical
structure and is suitable for terrestrial broadcasting systems,
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Figure 1. Transmit to receive diagram block based on DVB-NGH 2×2 MIMO system and 4×2 MIMO extended physical layer. Proposed channel-precoder
is included at the transmitter in shaded box.

while being potentially transparent to the receivers. We focus
on channel-precoding design and performance assessment for
MIMO technology in terrestrial broadcasting systems in case
of fixed rooftop and portable outdoor reception channels. The
specific contributions of this work are as follows.
• First, we propose a MIMO channel-precoder designs that
is novel in the terrestrial MIMO broadcasting setting.
These precoder has the potential to further increase the
channel capacity when compared to equivalent unprecoded MIMO set-up.
• Secondly, we determine the capacity improvements for
recently considered 2 × 2 and 4 × 2 MIMO terrestrial
broadcasting systems over currently deployed SISO terrestrial broadcasting. Obtained results show that SISO
ergodic capacity can be increased by about 75% for both
channel with 2 × 2 MIMO, but only a minor additional
improvement compared to 2×2 MIMO can be achieved
with 4×2 MIMO in the CNR range of interest.
• Then, the performance of the proposed channel-precoder
is evaluated for fixed and portable channels and various reception conditions. A mismatched analysis allows
to evaluate the performance of the precoder when the
channel statistics do not match the precoder, a typical
situation in the broadcast set-up. Capacity results present
performance enhancements in scenarios with strong lineof-sight and correlated antenna component, and resilience
in mismatched condition.
• Finally, we present bit-error-rate (BER) simulation results
for SISO, MIMO setups and MIMO channel-precoders,
considering the state-of-the-art DVB-NGH physical layer
system. For the 2 × 2 MIMO systems, we utilize the
MIMO profile of DVB-NGH, while for the 4×2 MIMO,
we develop an extension of the DVB-NGH architecture
to 4 independent transmitted data streams. With extensive
simulation results we evaluate the performance improvements and degadations of the proposed MIMO channelprecoder in multiple environments.
The rest of this paper is organized as follows. Section II
describes the system model with transmit and receiver archi-

tectures based on DVB physical layer, and rooftop and portable
outdoor reception channel models. The optimization process
for MIMO channel-precoders is included in Section III. Numerical evaluations in terms of channel capacity and BER with
a system based on DVB-NGH physical layer are illustrated in
Section IV. Section V discusses implementation aspects of
channel-precoders for next generation broadcasting systems
and finally Section VI presents the conclusions.
II. S YSTEM M ODEL
The system model employed in this paper with the transmitter and the receiver is illustrated in Fig. 1, where the
transmitter is based on DVB-NGH physical layer standard
specification. In this paper we study two transmitter configurations with two and four transmit aerials. While the two
transmit antennas case is included in DVB-NGH standard,
the four transmit antennas case is an extension of DVBNGH physical layer. Additionally, in shaded color, an optional
MIMO channel-precoder is included at the transmitter side.
The channel model represents a fixed rooftop and portable
outdoor reception environments. A detailed explanation of
different blocks is given in the next subsections.
A. Considered Transmit Architectures
As specified in [9], the incoming bit stream is first encoded by the concatenation of a BCH (Bose-ChaudhuriHocquenghem) and LDPC (Low-Density-Parity-Check) codes
and passed through a bit interleaver that allows decorrelating
the error events at the receiver. Specifically for DVB-NGH
MIMO, the bit interleaver was designed to exploit the quasicyclic structure of the LDPC codes exhibiting low complexity,
low latency, and fully parallel design easing the implementation of iterative structures.
The interleaved code bits are then multiplexed into one data
stream (layer) per transmit antenna following a Gray labelling.
Subsequently, in the case of two transmit antennas, the modulated data streams are processed by the eSM-PH (enhanced
Spatial Multiplexing - Phase Hopping) processing block. The
eSM-PH block weights and combines each layer according
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to a specified rotation angle, and additionally, a periodical
phase hopping term is added to the second transmit antenna
to randomize the code structure and avoid the negative effect
of certain channel realizations [10]. The eSM-PH processing
for two transmit antennas is expressed in the following matrix
form [8]:



 √


√
1
0
β √ 0
sp1
= 2
0
1−β
sp2
0 ejφ(n)


 √

α √ 0
cos θ
sin θ
s1
,
sin θ − cos θ
s2
1−α
0

(1)

where s1 , s2 , sp1 , and sp2 are the input/output constellation
symbols to the eSM-PH precoding, β is the factor that controls
the power at the output of each transmit antenna, θ is the angle
of the rotation matrix, α is the factor that controls the power
allocated to each data stream, and φ(n) is the phase hopping
term at the nth QAM symbol within an LDPC codeword. The
eSM-PH precoder is designed for 6 , 8, and 10 bits per channel
use (bpcu) which correspond to the following constellations
in the first and second transmit antennas: QPSK+16QAM,
16QAM+16QAM, and 16QAM+64QAM. In addition to ease
the time-multiplexing in the same RF channel of SISO and
MIMO transmissions, three possible values of power imbalance (β) are defined: 0 dB, 3 dB and 6 dB. This deliberate
transmitted power imbalance provides a reasonable coverage
reduction for single antenna terminals while eSM-PH codes
are optimized to maintain good performance in this situation.
Specific eSM-PH parameters can be found in [8]. In this paper
we focus on the case where both transmit antennas have the
same power. The design of precoders with intentional power
imbalance is out of the scope of this paper.
In case of four transmit antennas, the transmitter spatially
multiplexes the four modulated data streams s1 , s2 , s3 , s4
which are passed directly to the cell interleaver operating at
codeword level. The cell interleaver applies a different pseudorandom permutation for every codeword to ensure a uniform
distribution of the channel fading realizations. Then, the time
interleaver interlaces symbols from several codewords over
various OFDM symbols to provide protection against selective fading. After time interleaving, the frequency interleaver
operates on an OFDM level and its function is two-fold. First
it mixes up symbols from various services and secondly, it
applies a pseudo-random permutation to break the structured
nature of the time interleaver output.
Here, the proposed MIMO channel-precoder gives the option of combining the samples among transmit layers according to a specific channel-precoding matrix per OFDM carrier,
so that
xp = Γx,
(2)
where Γ is the channel-precoder matrix derived and discussed
in further detail in Section III, and x and xp are input/output
symbol vectors to the channel-precoder with size Nr×1, where
Nr is the number of receive antennas.
Finally, before transmission across the cross-polarized antennas, the signal is passed from frequency to time domain by
IFFT operation plus guard interval insertion, which composes
the OFDM modulator.

B. MIMO Channel and Models
We first consider the set-up where the transmitted signal
passes by a multipath (i.e., frequency-selective) and static (i.e.,
time-invariant) cross-polarized MIMO channel. The crosspolar channel can be expressed in general form [11]:
r
r
K
1
(3)
H̄× +
H̃× .
H=
1+K
1+K
In equation (3), H̄× and H̃× are the LOS and NLOS (nonline-of-sight) channel components which take into account local scatters and the K factor describes the power ratio between
them. H̄× and H̃× can be decomposed into H̄× = X̄ H̄ and
H̃× = X̃ H̃ to explicitly describe the depolarization effects1 .
The X̄ and X̃ matrices describe the energy coupling between
cross-polarized paths. In the fixed rooftop and portable outdoor
channel models considered in this paper, the cross-polar ratio
for the vertical and horizontal polarizations has the same value,
i.e. same signal leakage from vertical to horizontal polarization
and from horizontal to vertical polarization. When the MIMO
paths are correlated due to the environment, the matrices H̄
and H̃ have the following expression:
vec(H̃) = R̃1/2 vec(H̃w )
,
vec(H̄) = R̄1/2 vec(H̄w )

(4)

where R̃ and R̄ are the Nt Nr×Nt Nr covariance matrices (with
Nt being the number of transmit antennas) which describe
the correlation between the channel paths of the LOS and
NLOS components, respectively. The terms R̃1/2 and R̄1/2
are the Cholesky decomposition of the covariance matrices
and H̃w and H̄w are i.i.d zero-mean complex Gaussian random
matrices of size Nr ×Nt .
1) Modified Guilford Rooftop Channel Model - MGM:
This channel characterizes a rooftop reception environment,
based on the model in [12] and extracted from a channel
sounding campaign in Guildford, UK [13] of a MIMO 2×2
channel with cross-polar antennas arrangement. The MGM
(Modified Guilford Channel) in [14] is made up of 8 taps
with different values of delay and power gain. While the first
tap is Rice distributed with K factor, the rest are Rayleigh
distributed. Each tap has a specific X factor (cross-polar power
ratio) describing the energy coupling between cross-polarized
paths. The model also exhibits spatial correlation between the
antennas represented with a covariance matrix per tap. The
MGM is characterized by a prominent LOS component with
low X values, i.e., low coupling between vertical an horizontal
components. The overall values for the K and X factors are 5
and 0.03, respectively. The transmit antennas are co-located in
a single transmitter site which cause at the receiver locations
impinging signals with same strengths, arriving at the same
time, and with no frequency offsets due to a common transmit
local oscillator [10].
2) Next Generation Handheld Portable Outdoor channel
model - NGH PO: The MIMO NGH channel models [15]
characterize mobile and portable reception and extracted from
a measurement that took place in Helsinki (Finland) 2010.
1 Operator

represents the Hadamard of element-wise multiplication

where Ĥw and Ȟw are independent instances of i.i.d zeromean complex Gaussian random matrices. The MGM model
suggests a β = 0.5 value for the NLOS. In this paper we will
study different correlation values γ for the LOS in the [0, 1]
range. Although the correlation between channel components
from different polarizations is low [11], higher correlation
values are observed between channel components with the
same polarization [16]. Furthermore, strong LOS scenarios
produces high correlated channels components [17], [18].
C. Receiver Architecture
The signal distorted by the channel is received by two crosspolarized antennas. Referring to Fig. 1, the received streams
are first processed by the OFDM demodulator, which essentially discards the guard interval and performs an FFT. In the
baseband, the complex output vector of the OFDM demodulator is given by y = Hx + w, where H is the Nr ×Nt channel
matrix in frequency domain, x is the Nt×1 transmitted vector,
and w ∼ CN (0, σ 2 I) is Nr ×1 additive circularly symmetric
complex Gaussian noise, where σ 2 is the noise power. In
Fig. 1, this effective channel H is denoted by the dashed box.
In this paper we assume perfect knowledge of CSI (channel
state information) at the receiver side. However, a practical
receiver implementation estimates the channel response from
each transmit antenna with known orthogonal pilot signals sent
multiplexed with the data [19]. Therefore, the receiver needs
to estimate four and eight channel responses for the 2×2 and
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These models were used during the DVB-NGH standardization
process to evaluate performance of the MIMO schemes in
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vec(Ḧw ) = γvec(H̄w ) + 1 − γ 2 vec(Ȟw )
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Figure 2. Channel frequency responses of a MIMO 4×2 without precoding
(top) and with precoding (bottom) in the MGM channel model.

4×2 schemes, respectively2 . The two received streams are then
frequency, time and cell de-interleaved to undo the transmitter
operations and fed to the MIMO demodulator which provides
soft information about the transmitted code bits. We note
that in the case of two transmit antennas with eSM-PH, the
MIMO demodulator takes into account eSM-PH processing.
LLRs (Log-Likelihood Ratios) for the transmitted code bits are
calculated using the received data streams and CSI. Next, the
LLRs are de-interleaved and processed by the LDPC decoder
that runs several iterations of the sum-product algorithm before
outputting its decisions to the BCH decoder.
III. D ESIGN OF MIMO-C HANNEL -P RECODERS FOR
D IGITAL T ERRESTRIAL TV S YSTEMS
Due to the lack of feedback channel from the receiver to
the transmitter - as in cellular systems - and differing channel
realizations at different locations of the broadcasting network,
conventional MIMO-precoding that maximizes capacity of
individual MIMO link cannot be employed in the broadcasting system. On the contrary, our precoding design exploits
common statistical structure found in the overall broadcast
network such as statistical distribution of the channel, correlation between antennas, and LOS conditions. Our precoder
design aims to maximize the ergodic capacity of the MIMO
broadcasting system and depends only on the channel model
and the target CNR.
2 Compared with SISO, the amount of pilot information has to be doubled
and quadrupled for 2×2 and 4×2 MIMO schemes, respectively. This amount
of pilot information reduces significantly the available spectral efficiency in
mobile scenarios since denser patterns are needed to sample the time-variant
channel, e.g., 8, 3% and 16, 6% of pilots assumed for SISO and MIMO 2×2 in
DVB-NGH, respectively. This situation improves in static/portable reception
(as the one studied in this paper) where sparser pilot patterns can be supported
due to time-invariability of the channel e.g.,1% for SISO DVB-T2 UK mode,
2% for 2×2 MIMO, and 4% for 4×2 MIMO.
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decomposition [25], where U is the unitary matrix whose
columns are the eigenvectors of Q, and Λ is the diagonal
matrix whose diagonal entries are the corresponding nonnegative real eigenvalues. Consequently, the optimal channelprecoder which maximizes the system ergodic capacity is
given by:
1
(8)
Γ = UΛ 2 ,

Table I
S IMULATION PARAMETERS .
System Parameters
FFT size
Guard interval
LDPC block length
Code rate
Constellation
Mapping
Channel estimation

Value
32K
1/128
16200 bits
5/15, 8/15, and 11/15
256QAM - SISO
16QAM - MIMO 2×2
QPSK - MIMO 4×2
Gray labelling
perfect receive CSI

and the carrier input to OFDM modulator in Fig. 1 is precoded
as xp = Γx. With the precoding, the power per transmit
antenna is given by diag E{xp x†p } where

We first recall the ergodic capacity of MIMO channel with
no information at the transmitter, perfect CSI at the receiver
and zero-mean Gaussian distributed inputs as [20]:


ρ
C = EH {log2 det INr +
HH† },
(6)
Nt
where ρ is the CNR in linear units, INr is the identity matrix
of size Nr × Nr , the superscript † denotes the conjugate
transposition, and the statistical expectation operator E is over
all possible channel realizations. Equation (6) provides with
the maximum achievable system rate with diminishing error
probability as the transmission duration tends to infinity. This
definition is convenient for fast fading channels or for long
codeword transmission in which the channel can be assumed
to be sufficiently averaged.
The previous definition assumed perfect CSI at the receiver
with no information at the transmitter. However, the broadcast
network tends to exhibit common channel characteristics such
as predominant LOS (i.e., high K factor) in rooftop environment, or correlation between antenna paths [4]. Inspired
by [20]–[24], we design MIMO channel-precoder that attempts
to adapt the transmission signal characteristics to the channel
statistics to increase the ergodic capacity in MIMO digital
terrestrial TV systems. Our approach of exploiting the channel
statistics can provide significant capacity improvements for
users with strong LOS component and/or correlation among
antennas, while preserving similar area coverage for receivers
with dominant multipath environment, i.e., low K factor,
and uncorrelated antenna paths. The optimization problem is
mathematically defined as:
maximize
Q0 s.t.



ρ
†
EH {log2 det INr +
HQH }
Nt

(7)

trace(Q) = Nt
where the statistical expectation is over all realizations of
MIMO channel H, and Q is the covariance matrix of the transmitted vector x. While the first constraint keeps the positive
semi-definite property of the covariance matrix, the second
constraint maintains constant sum power for any transmit
antenna dimension, i.e., trace(Q)/Nt = 1. With strong error
correcting codes, such as LDPC codes used in the considered
MIMO system, capacity optimization criterion is the preferred
metric [22].
Once the capacity maximizing Q is obtained from (7), it
can be further decomposed into Q = UΛU† by the eigen-

E{xp x†p } = E{Γxx† Γ† } = ΓE{xx† }Γ†
1

1

= ΓΓ† = UΛ 2 Λ 2 U† = Q

(9)

because for i.i.d. column vector x, E{xx† } = INt . Thus, the
power allocation per transmit antenna in this precoded MIMO
system is given by diag (Q) /Nt . Consequently, this channelprecoding allocates different power per transmit antenna. However, for all the solutions proposed in this paper, the maximum
power imbalance between any pair of transmit antennas is
lower than 0.5 dB that can be considered negligible.
Equation (7) describes a convex optimization problem because log-determinant is a concave function over positive
semi-definite matrices and expectation is a linear operator.
Hence the optimal value can be calculated numerically by
using standard convex optimization techniques [26]. Direct
computation of the optimization problem, however, is still
computationally expensive due to the large degrees of freedom
in the MIMO-channel matrix H found in the broadcasting
systems. Consequently, we propose below a semi-analytical
solution with low computational complexity, to obtain MIMO
channel-precoders based on ergodic capacity3 for a generic
MIMO transmission system of dimension Nt ×Nr .
1) MIMO-Channel-Precoder Based on Mean-Optimality:
Now we derive a new channel-precoder - as the best of our
knowledge - with near-optimal performance in the considered
broadcast TV channel. This method is based on averaging perchannel-realization optimal covariance matrices. First, slightly
abusing terminology, let H̃ be a possible channel realization.
For this specific channel realization, the solution Ũ matrix is
given by the eigenvector matrix of H̃† H̃ and the solution Λ̃
matrix is given by the following water-filling solution:


σ2
(10)
λ̃k = max µ −
, 0 , k = 1, 2, . . . , Nt ,
d˜k
where λ̃k is the k th diagonal entry of Λ̃, d˜k is k th eigenvalue
of H̃† H̃, σ 2 is the noise power, and water-filling parameter
3 For the case of quasi-static or slow fading, in which one codeword is
affected by one channel realization, the appropiate measure is the -outage
capacity with the following expression: C , sup{R | Pr{CH < R} < }
where CH is the capacity of a specific channel realization, and Pr{CH < R}
is the probability that CH is lower than rate R. The -outage capacity can be
interpreted as the minimum rate C that can be achieved at the (1 − ) 100%
of the channel realizations. The optimization of channel-precoders based
on outage capacity requires a different approach to the one proposed in
this paper and is thus beyond the scope of this paper. For the interested
reader references [27] and [28] provide results related to the optimization of
transmission techniques based on outage capacity.
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Figure 3. Ergodic capacity in bits per channel use vs. the CNR in dB for
MGM (a) and NGH-PO (b) channel models with SISO, MIMO 2 × 2 and
MIMO 4×2. For the MIMO 4×2 channels the LOS correlation γ = 0, i.e.,
no correlation. (Note that the gain of MIMO 4×2 over MIMO 2×2 is higher
for the NGH-PO channel.)

Figure 4. Ergodic capacity in bits per channel use vs. CNR in dB for MGM
(a) and NGH-PO (b) channels with 4×2 MIMO and LOS correlation γ = 1.
Unprecoded system, precoded MIMO with Jensen and MO precoders are
illustrated. (Note that in this case of full LOS correlation, the precoding gains
are higher for the MGM channel model.)

µ is chosen such that λ̃1 + λ̃2 + . . . + λ̃Nt = Nt . The meanoptimal covariance matrix is then obtained by averaging along
all per-channel optimal covariance matrices:

instead of maximizing the ergodic capacity expression in (7),
we maximize a tractable upperbound obtained through the
following derivation:


ρ
E{log2 det INr +
HQH† }
Nt


(13)
ρ †
= E{log2 det INt +
H HQ }
Nt


ρ
E{H† H}Q ,
(14)
≤ log2 det INt +
Nt

QMO = E{ŨΛ̃Ũ† },

(11)

where the statistical expectation is over all possible channel
realizations. The resulting MIMO-channel-precoder for the
mean-optimal solution is given by
1
2
ΓMO = UMO ΛMO
,

(12)

where UMO and ΛMO are the eigenvector and eigenvalue
matrices, respectively, of the mean-optimal covariance matrix
QMO . The proposed algorithm has low computational complexity and it is a simple tool to optimize the performance of
generic MIMO channels which exhibit any kind of correlation
between antennas and/or LOS condition.
Fig. 2 shows sample channel frequency responses of a
MIMO 4×2 without (top) and with precoding (bottom) under
the MGM channel. The precoder does not affect significantly
the selectivity of the channel response but modifies the mean
power of the effective received channels.
2) MIMO-Channel-Precoder Based on Jensen’s Inequality:
For comparison and completeness, we have also considered
a MIMO precoder based on Jensen’s inequality [29], which
was previously used for precoder designs in cellular systems
with feedbacks [22]. This second precoder is used for the
first time for digital broadcasting TV systems. In this design,

where (13) is due to log-determinant identity, log det(I +
AB) = log det(I + BA), and (14) follows from the Jensen’s
inequality and the concavity of the log-determinant function
over positive semi-definite matrices. Optimizing (14) can be
done through well known waterfilling algorithm [29]. Consequently, the solution UJ matrix is given by the eigenvector
matrix of E{H† H} and the solution ΛJ matrix is given by
the water-filling solution:


σ2
(15)
λk = max µ −
, 0 , k = 1, 2, . . . , Nt ,
αk
where λk is k th diagonal entry of ΛJ , αk is the k th eigenvalue
of E{H† H}, σ 2 is the noise power, and water-filling parameter µ is chosen such that λ1 +λ2 +. . .+λNt = Nt . Finally, the
MIMO-channel-precoder solution based on Jensen’s inequality
is given by:
1
(16)
ΓJ = UJ ΛJ2 .
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This precoding maximizes (14) instead of the ergodic capacity,
and consequently leads to a tractable lowerbound to the true
channel-precoding capacity.
Channel-precoders in (7), (12), and (16) improve performance of the transmission in ergodic sense. In the broadcasting
set-up the multiple receiving users can suffer different propagation conditions. Therefore, in the next sections we evaluate
the channel-precoders performance (gains and degradations)
with various channel environments and channel-precoder missmatched condition, i.e., channel statistics differ from the ones
used to optimized the channel-precoders.
IV. P ERFORMANCE G AINS FOR MIMO AND
C HANNEL -P RECODING IN D IGITAL T ERRESTRIAL TV
In this section we provide capacity and physical layer
simulation results to evaluate the performance gains thanks
to MIMO and proposed MIMO channel-precoding in digital
terrestrial TV systems in various environments.
A. MIMO Capacity Benefits
Fig. 3 shows the ergodic capacity in bits per channel use
vs. the CNR in dB for the effective channel for the considered
SISO, MIMO 2×2 and MIMO 4×2 transmission discussed in
Section II. We use the MGM and NGH-PO channels described
in II-B1 and II-B2, respectively. For both channels, using
2 × 2 MIMO increases the capacity of SISO at all CNRs,
however, the gains start to be significant in the medium to high
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Figure 7. Ergodic capacity in bits per channel use vs. Riciean K factor
with 4 × 2 MIMO under MGM channels and CNR values of 0, 5, 20 and
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CNR range (10−30 dB) due to array, diversity and especially
multiplexing gains. Further increasing the number of transmit
antennas to 4 does not provide significant improvement in
both channels. This is due to no additional multiplexing gain
is achieved, and only additional diversity is obtained [30].
However, the gain of MIMO 4×2 over MIMO 2×2 is higher for
the NGH-PO channel. This is because of the higher X value
in the NGH-PO channel which provides higher diversity gain.
B. Additional Capacity Gains from MIMO Precoding
Fig. 4 shows the ergodic capacity in bits per channel use
vs. CNR in dB for 4 × 2 MIMO system with no precoding,
Jensen-precoder and the MO (Mean-Optimality) precoder under MGM (a) and NGH-PO (b) channels. Channel-precoding
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is optimized for this specific channel statistics with full LOS
correlation, i.e., γ = 1. It can observed that, compared to the
unprecoded 4×2 MIMO, the MO-precoder 4×2 MIMO provides
an extra 1.6 bits per channel use under MGM channel and an
extra 0.7 bits per channel use uder NGH-PO channel at 25
dB of CNR. On the other hand, while the channel-precoder
solution based on Jensen’s inequality outperforms unprecoded
system and MO-precoder at low CNRs, it converges to unprecoded system at high CNRs.
Results in Fig. 5 present 2×2 MIMO performance where
the use of Jensen and MO precoders show no enhancement
at all CNRs. This is due to the low correlation of the MIMO
paths in the 2 × 2 case. More generally, the performance of
channel-precoding in MIMO systems with the same number
of transmit and receive antennas converges to an unprecoded
system as the CNR increases [22].
In Fig. 6 we present the ergodic capacity in bits per channel
use for unprecoded and precoded 4×2 MIMO system against
the LOS correlation parameter γ under MGM channel (left)
and the NGH-PO channels (right). Here, the channel-precoders
are designed for every γ value and target CNR of 0, 10,

20 and 30 dB. Therefore, Fig. 6 analyzes the performance
when the channel statistics match the channel-precoder. Here,
for both channels and CNRs the channel-precoding gain over
unprecoded system increases with increasing γ factor, and
furthermore higher gains are achieved for the MGM channel. Note that the ergodic capacity with channel-precoding
converges to unprecoded system at γ = 0, i.e., no LOS
correlation between the two 2 × 2 MIMO channels. At low
CNRs, Jensen precoder has the best performance but converges
to an unprecoded system as as the CNR increases. On the
other hand, the MO-precoder outperforms unprecoded system
for medium to high γ values and for all studied CNRs. It is
worth noting that higher ergodic capacity can be achieved in a
system with channel-precoding and correlated LOS than in an
unprecoded system with uncorrelated LOS. Similar conclusion
can be extracted from reference [31] for a 4×2 MIMO system.
Next, Fig. 7 presents ergodic capacity in bits per channel
use vs. the Riciean K factor of the MGM channel with 4×2
MIMO system and CNR values of 0, 5, 20 and 30 dB.
Three values of LOS correlation γ are studied, γ = 0 (no
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Figure 10. Bit error rate vs. CNR for NGH-PO (upper) and MGM (bottom)
channel models with code-rates 5/15, 8/15 and 11/15. Unprecoded MIMO
with spatial multiplexing 4 × 2 with different LOS correlation γ values is
illustrated.

Figure 11. Bit error rate vs. CNR in dB for NGH-PO channel model with
code-rates 5/15, 8/15 and 11/15. MIMO with simple spatial multiplexing 4×2
and MIMO with simple spatial multiplexing 4 × 2 with MO-precoder for
γ = 0.8 (upper) and γ = 1.0 (bottom).

correlation), γ = 0.8 (medium to strong correlation) and γ = 1
(full correlation). The performance of the channel-precoders
is studied in mismatched condition, i.e., the channel statistics
differ from the ones used to design the precoders. In the case
of γ = 0, channel-precoders have the same performance to
unprecoded system at all studied CNRs and K values. For the
other two γ cases, the ergodic capacity of channel-precoding
increases with increasing K factor. As observed in Fig. 4(a)
Jensen precoder outperforms MO precoder at low CNRs while
MO-precoder outperforms Jensen precoder at higher CNRs.
In this mismatched analysis we can observe that channelprecoders still provide better performance than unprecoded
system even in the event of mismatched K. Note that in the
extreme case of K = 0 the channel-precoders still provide an
improvement. This is is because, even though there is no LOS
component in the channel, the channel-precoders are able to
exploit the correlation of the NLOS component.

X defined in Subsection II-B2 and Subsection II-B1. Further
simulation parameters are specified in Table I, where the
precoded MIMO systems used the designed MO-precoder with
fixed channel paramters (fixed K, X and LOS correlation γ
factors). Perfect CSI at the receiver side is assumed. We select
code-rates 5/15, 8/15 and 11/15 to evaluate the performance
of the different schemes at low, mid and high code-rates.
Additionally, we use on each transmit antenna a 256QAM
constellation for SISO, 16QAM constellation for 2×2 MIMO,
and QPSK constellation for 4×2 MIMO. In particular, 8 bits are
transmitted per channel use for all antenna configurations with
an effective rate of 2.58, 4.18 and 5.78 bits per channel use,
respectively when taking into account error control coding4 .
First in Fig. 8 and Fig. 9 we compare the performance of
SISO, MIMO SM (unprecoded) 2×2, MIMO eSM-PH (NGH
precoding) 2 × 2 and unprecoded 4 × 2 MIMO with LDPC
code rates of 5/15 (left), 8/15 (center) and 11/15 (right)
under NGH-PO (Fig. 8) and MGM (Fig. 9) channels. For the
unprecoded MIMO SM 4×2 case, both channels have zero LOS
correlation (γ = 0). For both channels, MIMO schemes show a
significant gain compared to SISO. Applying NGH precoding
to MIMO 2×2 provides an advantage over the unprecoded case
in the NGH-PO channel (since NGH precoding was optimized

C. BER Performance for Different Transceiver Designs
To complement the channel capacity results presented in
the previous subsections, we have also simulated BER performance of the considered MIMO systems described in
Section II.
We used the MGM rooftop and NGH-PO MIMO cross-polar
channel as described in Section II-B with values of K and

4 This spectral efficiency does not take into account the loss due to
signalling, synchronization, pilot insertion, and guard interval.
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Figure 12. Bit error rate vs. CNR in dB for MGM channel model with coderates 5/15, 8/15 and 11/15. MIMO with simple spatial multiplexing 4×2 and
MIMO with simple spatial multiplexing 4×2 with MO-precoder for γ = 0.8
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for this channel), but it does not for the MGM channel. It is
interesting that while MIMO NGH 2 × 2 provides better or
similar performance to unprecoded 4×2 MIMO in the NGHPO channel, for the MGM channel MIMO 4×2 outperforms
MIMO NGH 2×2.
Here, in Fig. 10 we investigate the unprecoded 4×2 MIMO
performance degradation due to LOS correlation under MGM
(top) and NGH-PO (bottom) channels . One can observe that
the performance degrades with increasing γ factor for both
channels. However, this degradation is higher in the MGM
channel.
In Fig. 11 and Fig. 12 we compare the performance of 4×2
MIMO with the MO-precoder and the unprecoded case in the
NGH-PO and MGM channels, respectively. LOS correlation
values γ = 0.8 and γ = 1.0 are included. In both channels we
can observe that MO-precoding provides improved or similar
performance to unprecoded system at code rate 5/15 but incurs
in an increasing performance degradation with increasing code
rate.
To explain the performance dependence with the code rate
of the MO-precoding, we present in Fig. 13 the probability
density function (pdf) of the LLR values at the output of
the MIMO demodulator for a MIMO 4×2 with and without
MO-precoding under the MGM channel model with 15 dB
(top) and 25 dB (bottom). First, it can be observed that
MO-precoding affects the distribution of LLR values. With

precoding, the LLRs take, with high probability, either small
(i.e., low bit reliability) or high absolute values (i.e., high
bit reliability). Without precoding the LLR values are more
uniformly distributed. The strong reliability for some of the
LLR values with precoding can be connected with the improved performance at low code-rates. When channel coding
is used, previous works in [32], [33] have shown that while
diversity techniques improve performance at high code-rates,
they can degrade the performance at low code-rates. MOprecoding reduces the diversity of the LLR values in favour
of enhancing the reliability of some of the transmitted bits,
which can be exploited by the diversity of the channel code
at low code-rates.
Finally, in Fig. 14 the performance of MO-precoder 4 × 2
MIMO is analysed in the case of mismatch condition with K
factor where the precoder statistics and true channel statistics
differ. This is common situation in the broadcasting set-up
since different users can experience channels with different
reception conditions and therefore different channel statistics.
Here, we compare the gain over unprecoded 4×2 MIMO in
the NGH-PO channel with two values of γ equal to 0.8 and
1.0. We study the performance of code rate 5/15 since higher
ones provided poor performance for channel-precoding. The
gain increases for both values of γ with increasing K factor.
It is interesting to note that for this low code-rate even in the
extreme case of K = 0 (where there is no LOS component)
the channel-precoder still provides a gain of about 0.5 dB. This
is because the precoder is still able to exploit the covariance
matrix of the NLOS components which also has some degree
of correlation (cf. section II-B3).
V. I MPLEMENTATION A SPECTS
Transmission techniques transparent to receiver terminals
provides flexibility to network operators for the introduction
of new schemes to the existing receiving population in its
network. Transparency for channel-precoding can be achieved
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Figure 14. CNR gain in dB vs. K factor for MIMO 4×2 with MO-precoder
over MIMO 4×2 without precoding in NGH-PO channel with code-rate 5/15.
MO precoder is designed for fixed K = 5, (mismatched case).

by placing it after the insertion of the pilot symbols which are
required to estimate the channel response at the receiver. In
this case, the receiver needs to estimate the effective channel
formed by the combination of the precoder plus channel.
If the channel-precoding varies along the frequency domain
it can impose a performance degradation if the resulting
channel selectivity cannot be estimated at the receiver. To
overcome this, the channel-precoder can be placed before the
pilot insertion removing transparency to receiver terminals.
Here, the receiver estimates the true channel response and
the demodulation process takes into account the precoding
applied at the transmitter end. Alternatively, a precoder with no
variation in frequency domain could be transparent to receivers
and without imposing an additional distortion to the channel
frequency response.
If channel-precoder is designed in a per carrier basis,
different powers are allocated along the carriers in frequency
domain. For the solutions reported in Section III, the maximum
power variance in frequency direction is lower than −40 dB
which can be considered is sufficiently low. To remove any
power variation in frequency domain of the transmitted signal
a single channel-precoder could be designed at the cost of
some performance loss.
The complexity at the transmitter side due to precoding is a
per carrier complex matrix multiplication of dimension Nt×Nt
by Nt ×1. Similarly, the receiver needs to perform a matrix
multiplication of dimension Nr ×Nt by Nt ×Nt . If channelprecoding is designed per carrier, the coefficients can be stored
at both the transmitter and receiver in a look-up table. When
the inclusion of channel-precoding is transparent to receivers,
there is not any associated complexity increase at the receiver
end.
VI. C ONCLUSION
In this paper we have derived a MIMO channel-precoder
that exploits the specific channel statistics such as correlation
between antennas or/and the LOS component which frequently
happens in digital terrestrial TV broadcasting systems. The
channel-precoder performance has been evaluated in a wide

set of scenarios and mismatched channel conditions with
channel models extracted from channel sounding campaigns
characterizing MIMO cross-polar transmission in the UHF
bands. Numerical evaluations show that, for the considered 4×2
MIMO systems, the proposed channel-precoding can provide
significant capacity improvements for users with strong LOS
component and correlated MIMO paths, while preserving similar area coverage for receivers with dominant multipath and
uncorrelated components. Furthermore, the proposed transmission technique is potentially transparent to consumer receivers
easing the implementation with digital terrestrial TV networks
employing MIMO.
Finally, we have assessed the performance of practical
MIMO systems and compared it against SISO using the DVBNGH physical layer. Our results show that for the 2×2 MIMO
scheme based on DVB-NGH and for an extended version
with spatial multiplexing to support 4 transmit antennas,
MIMO can provide significant CNR reductions. Comparison
of unprecoded 4×2 MIMO against MIMO eSM-PH 2×2 shows
that while using 4 transmit antennas improves the performance
under the fixed rooftop channel, it loses performance in
the portable outdoor environment. For the proposed MIMO
precoder system, performance evaluation show that for low
code rates, enhancements can be achieved in the case of strong
LOS correlation and resilience against mismatched condition
with the channel statistics, a typical situation in the broadcast
set-up. These results show that the capacity gains due to
precoding can be translated into lower error rates or increased
coverage in MIMO-based digital terrestrial TV.
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