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Abstract—The design of broadcasting networks operating in
a single frequency way is challenging due to the difficulty of
predicting the performance in a frequency selective channel,
caused by natural multipath and echoes coming from different
transmitters. In this paper we resort to the use of frame error
rate prediction metrics (also known as effective SNR metrics)
to characterize the performance gain (or loss) under different
multipath and SNR regimes in a simplified scenario with two
transmitters. The analysis shows clearly that receivers with a
dominant line of sight reception and high SNR are more sensitive
to the presence of echoes, while those users in low SNR or strong
multipath conditions are easily enforced by the insertion of a
second transmitter.

Index Terms—Single frequency network, Effective SNR met-
rics, broadcasting

I. INTRODUCTION

Single Frequency Networks (SFN) are broadcast networks
where different transmitters radiate the same waveform simul-
taneously. This network structure offers clear advantages over
the classical Multiple Frequency Networks (MFN), as different
transmitters emitting the same information in nearby locations
can use the same frequency channel and, therefore, a higher
frequency reuse factor is attained. Most modern broadcasting
systems like DVB-T [1], DVB-T2 [2], Multimedia Broadcast
Multicast Services (MBMS) in LTE [3], and even hybrid
terrestrial-satellite systems like DVB-SH [4] support an SFN
configuration.

This single frequency operation is possible by the use of
Orthogonal Frequency Division Multiplexing (OFDM) with a
sufficiently long Cyclic Prefix (CP): if all the signals from
the different transmitters arrive inside the CP interval, then
the presence of multiple transmitters has the effect of creating
an artificial multipath (due to the reception of different SFN
echoes), from a receiver point of view.

The particular structure of SFN has also changed the way a
broadcast network is planned: on the one hand, the length of
the CP, the separation between transmitters (which determines
the maximum delay between different contributions) and the
radiated power have to be carefully selected so that non-
negligible signal replicas always arrive inside the CP interval;
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on the other hand, the coverage region, which is usually
defined in terms of Frame Error Rate (FER), is not easy to
characterize due to the difficulty of mapping Channel State
Information (CSI) to the actual FER in OFDM systems oper-
ating over multipath channels, since average Signal to Noise
Ratio (SNR) is not a good metric to characterize reception
quality.

In this paper we resort to the use of FER prediction metrics,
or Effective SNR Metrics (ESM) [5], [6] to compare the
performance of a receiver under SFN and MFN operation. This
kind of metrics, together with the statistics of the received
signals, allows us to characterize analytically the impact of
the SFN structure in the receivers, achieving larger insights
than empirical measurements. Particularly, we will focus on
a simple scenario with two transmitters, and characterize the
effect the network structure has depending on the operational
point, defined in terms of SNR and multipath regimes. We
conclude that the SFN operation is beneficial for receivers
with a low SNR or strong multipath environment, while those
users operating under strong Line of Sight (LOS) and high
SNR suffer some performance loss due to the reception of
two different echoes.

II. PRIOR WORK

The study of SFN is quite extensive in the literature, and
can be roughly divided into two well differentiated groups.
On the one hand, those works related to the design and
analysis of SFN systems, that are basically mathematical and
simulation-based: in [7] a comparison between the ATSC and
MBMS systems is performed; in [8] the insertion of a local
transmitter conveying its own information by means of the use
of hierarchical constellations in a hybrid terrestrial satellite
network is studied; in [9] a similar framework is presented,
but in this case from the point of view of a cellular cognitive
network. On the other hand, several measurement campaigns
[10], [11] were performed in order to measure the performance
of receivers in the presence of different transmitters. In any
case, there seems to be a huge gap between the two groups
of papers: while the former consists basically on performing
average SNR studies to validate the proposed designs, the
latter empirically shows that the presence of echoes in SFN
can be an important degradation factor.

Only recently published works showed the importance of
taking into account the underlying multipath channel when



designing SFN: in [12] a quality prediction metric, very similar
to the Mutual Information ESM [5], was used to determine the
average SNR threshold for coverage under different multipath
(both natural and artificial - SFN echoes) environments.
Although providing a useful tool for SFN planning, this
work does not offer analytical insights on the effect of SFN
operation. In [13] analytical expressions for the Exponential
ESM in Rician channels with two transmitters were obtained,
although the work was focused on analyzing mechanisms to
overcome the degradation due to the presence of echoes. In
this work, our objective is to identify those receivers that
experience a performance gain due to the SFN operation
depending on two main factors: SNR regime and multipath
environment.

III. CHARACTERIZATION OF THE SFN GAIN

We consider an SFN scenario where a receiver is inside the
area of influence of two different transmitters. Let us denote
by h, and g, the impulse responses of the channel from
the first and second transmitter, respectively, to the receiver
under study, by N the number of OFDM carriers, by x,
the (common) time domain signal, with E |z,|* = 1, and by
wy, ~ CN (0, 02) the received thermal noise. If we assume
an overall channel length shorter than the CP, the received
time-domain signal after CP removal is

yn:(hn+g71)®xn+wnn:1~--Na (H
and the corresponding signal after the Fast Fourier Transform
(FFT) operation is

Ye=(Hp+G) Xe + Wi k=1...N 2)
with Yy, Hy, Gk, X; and Wy the N-points FFT of y,, h,,
Jn> Tn and w,, respectively. With this, the SNR at the k-th
carrier is
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while the SNR in an MFN network with the receiver attached
to the first transmitter would be
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Based on these quantities, we can define the Exponential ESM
(EESM) of the SFN and MFN networks as
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respectively, with 3 a parameter that has to be tuned according
to simulations or measurements, and the SFN gain as
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A. Derivation of the quality metric

In this section we present a brief sketch of the derivation of
an approximation to the EESM (5). The complete derivation
and some examples showing the accuracy of this approxima-
tion can be found in [13].

Let us consider that both channels H, and G} have
LOS and non-LOS (NLOS) components, so that the channel
coefficients are identically distributed according to Hj ~
CN (e7%, K1) and Gy ~ CN (o, a® K1), where 6, ~
U [0,27) represents the (assumed to be random) phase be-
tween the LOS contributions, K is the Rician-K factor, as-
sumed to be the same for the channels from both transmitters,
and o? is the LOS power arriving from the second transmitter.

The EESM approximation consists on approximating the
mean in (5) by an expected value:
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where the expectation is taken over the random multipath and
the angles 6y, and has the following closed form expression:
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where Iy denotes the zeroth order modified Bessel function
of the first kind. The EESM for MFN can be obtained from
the previous equation just by setting @ = 0. Note that this
approximation is deterministic, while the original 4 was a
random variable. The approximation is going to be better for
increasing values of N, but it is quite accurate for moderate
number of carriers, as shown in [13].

In the following, we will analyze the power regime and

multipath response influence on the SFN gain.
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B. AWGN channel
If no multipath is present, then we have that H; = e/%,
2
Ay=1+a®~ L log

Gk = a, and the SFN gain is
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This equation has a very clear interpretation: 1 + o is the
power gain due to the rece()tion of signal from two different

transmitters, while "Tj log ( I (252’1
fact that we are transforming an AWGN channel into a
multipath one by the insertion of the SFN operation. In any
case, it is quite difficult to obtain some insight from the

previous equation, as the SFN operation will be preferred to
the MEN one if
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so we will analyze the performance in the high and low SNR
regime.
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1) Low SNR: In this case, we can approximate for x — 0
[14]

1
Ip(z) =1+ sz (11)
and
log(1+z) =z, (12)
leading to
2
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2) High SNR: In the high SNR regime, we can approximate
[14]
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so the limit SFN gain reads as
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In this case, values of o < 2 will lead to a lower EESM value,
with the SFN performing worse than the MFN. Note that this
case is expected to be very common, as o < 1 implies that a
receiver is associated to the transmitter from which is receiving
a higher power.

We conclude that for an AWGN channel the SFN outper-
forms the MFN in the low SNR regime, while the opposite
effect is found in the high SNR regime.

C. Rayleigh channel

The Rayleigh channel has only NLOS component or, equiv-
alently, Hy ~ CN (0,07), G ~ CN (0,0203). In this case,
the SFN gain is

log( ﬁah(lJra ))
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It is clear that in this case the SFN is going to provide a better
result, since Gy, + Hj, ~ CN (0, (1 + 042) 0%), thus resulting
in a power gain of . This power gain has different effects on
the SFN gain, which is measured in terms of ESM, depending
on the SNR regime.

(16)

1) Low SNR: For low SNR values, we can approximate
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so we arrive to the same result as in the AWGN channel:

lim Ay =1+ a2

020

(18)

2) High SNR: If the SNR is sufficiently high, then we have

that
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This asymptotic behavior of the SFN gain is related to the fact
that for a Rayleigh channel the EESM increases logarithmi-
cally with SNR, so in the high SNR regime an SNR increase
(which is the effect of the SFN under Rayleigh channels) has
a very small effect in the EESM.

We conclude that for a Rayleigh channel the SFN is always
preferred to the MFN, specially for low SNR, although in the
high SNR regime both network structures have approximately
the same effect.
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D. AWGN + Rayleigh channel

In an SFN structure it is common to have high LOS
reception with a nearby transmitter while receiving some
diffuse multipath components from a far-off transmitter. In
this case, one of the channels is AWGN (H; = 1) and the
other is Rayleigh distributed (G, = CN (O, 03)), thus leading

2

to an overall Rician channel. Now, if we define 4y £ % the

average SNR due to the multipath component, and 5, £ 2
the average SNR caused by the direct component, we have

that the MFN EESM is 4¢ = while the SFN EESM is
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so we can find two different contributions to the ESM:

e The LOS component f’iﬂrl is similar to the one in
AWGN, but in this case the NLOS contribution acts as
an additional noise source (it could be thought as a self-
interference term).

« The NLOS component % log (1 + $7) is the same as in

the Rayleigh case.

Like in the previous channels, we will analyze the overall SFN
gain in high and low SNR.

1) NLOS effect in low SNR: We will write 5y = syn,
YL = $7r, and calculate the ESM gain with respect to an
AWGN channel with only the LOS component. In this case

Gl + 4 log (1+ Bsn)
SYL
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so in the low SNR regime, once again, we have a positive
SEN gain.



2) NLOS effect in high SNR: Following the same approach
as in the low SNR case,

SYL
Bsyn+1

+ 4 log (1+ Bsn)
SYL
As in the high SNR regime the SFN EESM # (20) increases

logarithmically while the MFN EESM 4y = Z increases
linearly.

A% = lim =0. (22)
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E. Effect of SNR regime for general fading channels

From the previous section we can extract that in the low
SNR regime the SFN gain is always greater than zero, while
in the high SNR regime the results depend on the underlying
channel structure. In this section, we present a general result
that explains the behavior of a family of ESMs (including the
EESM) for general fading channels in high and low SNR: for
low SNR values, the EESM tends to the average SNR, while
for high SNR values it tends to the minimum SNR.

Proposition 3.1: Let

1
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be an ESM with the following properties:
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Proof: The proof for the low SNR case is straightforward,
and follows after applying a Taylor expansion of the ESM (23)
around 0 and using property (24). We can study the high SNR
case by writing Y& = tY%, Ymin = tJmin and making ¢ tend to

infinity, so
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where (i) is due to (25) and (i) is due to (26). [ |

This proposition generalizes and explains some of the
results in the previous sections: on the one hand, in the low
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Fig. 1. Evolution of the SFN gain A% with the average SNR, for different

K factors.

SNR regime the SFN outperforms the MFN, as the fact of
receiving useful signal from different transmitters increments
the average SNR and, therefore, an increment on the ESM is
produced. On the other hand, for high SNR values the effect
of creating an artificial multipath channel due to the SFN
operation is more important, as the ESM follows the minimum
SNR value. Therefore, if the fact of incrementing the average
received power implies an increment in the variations of
the channel (like in the AWGN+AWGN or AWGN+Rayleigh
cases) the MFN is expected to be preferred to the SFN.

IV. NUMERICAL RESULTS

We have numerically evaluated the derived expressions to
observe the evolution of the SFN gain with the average SNR
and the Rician K factor, as well as to verify the predicted
asymptotic behavior. We assume for simplicity that both
channels Hj and G, have the same Rician K factor, although
the SFN gain can be also computed for different K factors just
by using (8). In all cases, the EESM parameter S was set to
Bapsk = 0.66, which is the result of fitting the EESM function
(5) to the Mutual Information Effective SNR Metric curve [5]
for a QPSK constellation, and the parameter « = 1/1/5, i.e.,
the power received from the first transmitter is five times the
one recewed from the second transmitter. Moreover, we define
70 ~ Z x—1 Yo,k as the average SNR in the MFN scenario.

In Figure 1 we can see the evolution of the SFN gain with
the average SNR for different K values. As predicted, in
the low SNR regime the gain is positive and equal for all
channels, while for higher SNR values the behavior is highly
dependent on the Rician factor: while for low K values the
gain is always positive and rapidly tends to zero, for stronger
LOS environments there is an increasing loss at moderate
SNR values. Note that the gain in all Rician channels tends
to zero as the SNR increases due to the fact that, as shown
in Section III-D, in the high SNR regime the ESM increases
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Fig. 2. Contour plot of the SFN gain A% (in dB) for different values of

average SNR and K factor. The thick line delimites the region with a negative
SFN gain.

logarithmically and, therefore, the behavior is similar to that
of a Rayleigh channel.

In Figure 2 there is a contour plot of the SFN gain as a
function of the average SNR and Rician factor. We can see
that, as predicted, the receivers operating in the high SNR
and large K region suffer some degradation due to the SFN
operation, while those receivers working in a strong multipath
environment or in the low SNR regime benefit from the power
gain provided by the second transmitter.

These results provide an analytical justification of the mea-
surements in [15], and predict that the degradation in strong
line of sight environments does not happen in the low SNR
regime as shown in [16] for the cognitive radio channel, for
example, where it was shown that channel state information
is not important in the low SNR regime, or in [17, Fig. 2] for
the AWGN channel.

V. CONCLUSIONS

In this paper we have characterized the performance gain
(or loss) due to SFN operation depending on the SNR regime
and multipath environment. We conclude that the power gain
provided by the SFN structure is beneficial for receivers
operating under diffuse multipath or low SNR conditions,
while in those scenarios with high SNR and strong LOS the
presence of SFN echoes degrades the reception quality.
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