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Abstract: We explore the feasibility of Terrestrial Broadcasting in a Single-Frequency Network (SFN)
with standard 5G New Radio (56GNR) numerology designed for uni-cast transmission. Instead of the
classical OFDM symbol-by-symbol detector scheme or a more complex equalization technique, we
designed a Recurrent-Neural-Network (RNN)-based detector that replaces the channel estimation and
equalization blocks. The RNN is a bidirectional Long Short-Term Memory (bi-LSTM) that computes
the log-likelihood ratios delivered to the LDPC decoder starting from the received symbols affected
by strong intersymbol/intercarrier interference (ISI/ICI) on time-varying channels. To simplify the
RNN receiver and reduce the system overhead, pilot and data signals in our proposed scheme are
superimposed instead of interspersed. We describe the parameter optimization of the RNN and
provide end-to-end simulation results, comparing them with those of a classical system, where the
OFDM waveform is specifically designed for Terrestrial Broadcasting. We show that the system
outperforms classical receivers, especially in challenging scenarios associated with large intersite
distance and large mobility. We also provide evidence of the robustness of the designed RNN receiver,
showing that an RNN receiver trained on a single signal-to-noise ratio and user velocity performs
efficiently also in a large range of scenarios with different signal-to-noise ratios and velocities.

Keywords: OFDM; channel estimation; channel equalization; data detection; neural network; RNN;
LSTM; 5GNR; broadcasting

1. Introduction

In a Single-Frequency Network (SFN) Terrestrial Broadcasting system based on Orthog-
onal Frequency Division Multiplexing (OFDM), all broadcasting stations simultaneously
transmit the same OFDM signal over the same frequency channel. The signal propagates
through different paths and reaches the receiver at separate times, creating an “artificial”
delay spread. To compensate the different propagation delays and eliminate the ISI be-
tween received symbols, a Cyclic Prefix (CP) is appended to the transmitted symbol. The
CP length is then designed to be greater than the echoes’ temporal dispersion, which, in
turn, is related to the maximum Intersite Distance (ISD) of the considered broadcasting
infrastructure. Most recent Terrestrial Broadcasting OFDM standards are based on this
solution, such as DVB-T2 [1] and ATSC 3.0 [2].

LTE-based Terrestrial Broadcasting has also introduced two specific carrier spacings [3]
to meet the requirements of a dedicated broadcast network. The 2.5 kHz carrier spacing
with a 100 ps CP length delivers mobile services to portable and handheld receivers with
a 15 km ISD and a speed up to 250 km/h. The 0.37 kHz carrier spacing with a 300 us CP
length is designed for roof-top reception and up to a 175 km ISD.

In strongly double-selective scenarios, the classical approach to the OFDM design of
SFNs becomes progressively inefficient for the two following reasons. On the one hand, to
prevent the ISI, the CP must be kept larger than the delay spread associated with the ISD,
and at the same time, the symbol duration must be kept much smaller than the channel
coherence time to prevent the ICI. The ratio of the CP to the symbol duration, representing
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the system energy and throughput overhead, can become unacceptable. Furthermore,
the pilot density required to efficiently estimate and interpolate the channel with a small
coherence bandwidth and time becomes unacceptably high, introducing a further overhead.

Fifth-Generation New Radio (5GNR) defines OFDM numerologies designed only for
uni-cast transmission, with larger carrier spacing (a minimum of 15 kHz) and characterized
by a rather short CP (4.7 ps). In this case, with a classical OFDM receiver, it is possible
to support SENs with a maximum of only a 5 km ISD [4], not compatible with most
broadcaster infrastructures.

To support larger ISDs with 5GNR numerologies, the receiver must then be equipped
with an advanced OFDM detector capable of dealing with a large ISI/ICIL

In [5], we proposed a linear 2D filter in the frequency domain for the equalization of
the OFDM system in the presence of the ISI spanning several OFDM symbols. The results
showed that, by using the channel shortening technique in [6], it is possible to obtain with
5GNR numerologies the same performance of OFDM systems specifically designed for
SEN Terrestrial Broadcasting [3]. Those results, however, were based on a static channel
and assumed the channel impulse response is known by the receiver.

In this paper, we approach the more realistic and challenging scenario, where on
top of a strong ISI and ICIL, due to the adoption of 5GNR numerology for SFN scenarios,
the considered channel is very rapidly time-varying (mobile speed up to 200 km/h) and
unknown to the receiver.

In the literature, the investigation of advanced receiver techniques for the compensa-
tion of the ISI/ICI in an OFDM system is broad, but limited to specific scenarios. For ADSL
systems, which are characterized by quasi-static channels, the authors of [7] proposed an
approach to compensate the effect of the channel within the CP in a static channel condition.
In [8,9], the authors proposed low-complexity equalizers for video broadcasting in time-
and frequency-selective channels, although the considered CP length was larger than the
delay spread. The authors in [10] studied a one-tap decision feedback equalizer for an
OFDM system with the ISI and ICI, but in a low-mobility environment. The authors of [11]
designed a more complex system for a doubly dispersive multi-carrier system and focused
on a large delay spread with an embedded channel encoder. The delay spread was within
the OFDM symbol. Notice that most of these papers assumed channel state information
is known by the receiver, a very strong assumption, especially in a mobile environment.
Furthermore, in the literature on OFDM for the wireless channel, the amount of ISI is
typically limited within one symbol period, while, in our problem, statement, it can last
several OFDM symbols. While the adoption of advanced equalization techniques may
eliminate the CP inefficiency by removing the constraint on the CP and symbol duration,
the second source of inefficiency due to the required pilot density for channel estimation
cannot be eliminated.

In this paper, we consider a more recent approach, where the totality or part of the
receiver structure is substituted by the RNN. RNNs offer an impressive capability of
adapting their behavior to solve very complex inference problems, and they have the ability
to learn and extract information from time series [12]. In this research, for the first time, we
used an RNN, bidirectional Long Short-Term Memory (bi-LSTM), in processing the 5GNR
waveform to enable Terrestrial Broadcasting.

bi-LSTM [13] is a special kind of RNN composed of two chains of concatenated
LSTM cells to which the data sequence is fed, once forward and once backward, and
finally, concatenated. The structure is similar to that of the BCJR algorithm for maximum
likelihood detection, where forward and backward recursions are performed to extract
information from the past and future observations relevant for the target variable to be
estimated. Each LSTM cell is composed of an input gate, forget gate, output gate, and one
candidate memory cell [14].

The ability of the RNN to process time sequences was investigated also in the context
of signal processing. For instance, the authors of [15] proposed a Sliding Bidirectional
Recurrent Neural Network (SBRNN) for single-carrier real-time sequence detection. The
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authors of [16] introduced a scheme for joint channel estimation and symbol detection
for an OFDM system. The work in [17] proposed a deep-learning-assisted technique for
signal detection in the up-link and fast time-varying channel with bi-LSTM. In [18], the
authors proposed a neural network architecture named Cascaded Net (CN) for OFDM
symbol equalization.

To the best of our knowledge, in the RNNs that have been proposed in the past for
OFDM systems, the authors either assumed the channel impulse response length within
the CP length (no ISI) or they did not investigate the OFDM symbol affected by the ISI and
time-varying channel jointly. Furthermore, the authors used the classical OFDM approach
for assigning specific resources for channel estimation, causing a large amount of overhead
to be imposed on the system, especially in situations where the speed of the receiver is
high and a dense pilot map is required. In most cases, the authors did not consider the
presence of an outer forward error correction technique, e.g., Low-Density Parity Check
Code (LDPC), and directly reported the bit error rate at the output of the detector as the
key performance indicator.

To remove the two sources of inefficiency, due to the excessive CP length and pilot
density, we propose a novel approach that embeds two solutions:

1.  Replacement of the channel estimator, channel equalization, and LLR computation
blocks with a recurrent neural network block;
2. Usage of superimposed pilots instead of interspersed pilots.

In the proposed receiver, the RNN detector is placed after the FFT and before the
LDPC decoding. By suitably training it offline, the designed RNN receiver shows the
appropriate flexibility to face rapid channel changes and strong ISI/ICI in a wide set of
scenarios. The paper presents the detail of the careful optimization procedure of the RNN
that led to the final design.

The rest of this paper is organized as follows. In Section 2, we provide the details of
the considered channel models for the SEN scenario and the description of the reference
classical OFDM system. We then describe our proposed receiver based on the RNN detector
and superimposed pilots, discussing its complexity. In Section 3, we optimize the hyper-
parameters of the proposed RNN detector for two SFN infrastructures. In Section 4, we
present end-to-end simulation results comparing and discussing the performance of the
proposed approach with that of the reference system. Conclusions follow in Section 5.

2. Reference System and Proposed Approach with RNN and Superimposed Pilots

The considered OFDM system for Terrestrial Broadcasting in an SFN is shown in
Figure 1. In the following sections, we provide the details on the channel model, the
reference classical system, and the proposed approach, which includes the superposition of
the pilots and the adoption of the RNN in a part of the receiver (modification highlighted
in red in Figure 1).

2.1. Channel Model for SFN

The transmitted signal is sent through a Tapped Delay Line (TDL) channel model,
which is characterized by its maximum delay spread. The considered TDL channel model
(TDL-A) is the standard one defined in [19]. TDL-A is a challenging channel model
for a non-line-of-sight environment. It is used also for modeling an SEN by properly
scaling its maximum delay spread according to the considered ISD. In Table 1, we report
the correspondence between the maximum delay spread in the TDL-A model and the
considered ISD in the SEN for Low-Power Low-Tower (LPLT), Medium-Power Medium-
Tower (MPMT), and High-Power-High Tower (HPHT) transmission networks.
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Table 1. Correspondence between maximum delay spread and intersite distance for modeling SFNs.

Parameter LPLT MPMT HPHT
ISD (km) 15 50 125
Delay spread (us) 20 40 50
Pilot
LDPC c QAM . OFDM
b encoder modulator mﬂtersp.read/ S/P modulator
su perl m p
f
p TDL-A ch.
/16 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, K
5 LDPC LLR | _ | Single tap OFDM A
decoder comp equalizer demod. 'Y
T hii
Channel AWGN
i estimator Pilot
el floct
RNN
detector

Figure 1. The OFDM system and position of the proposed RNN detector.

In all considered scenarios, we fixed the number of receiver antennas to K = 2 and
the carrier frequency to fy = 700 MHz, a common choice for broadcasting. The considered
maximum user speed is v = 200 km/h, corresponding to a maximum Doppler frequency
fp = 5 fo = 129 Hz, with Jake’s model for the spectrum of tap coefficients.

2.2. Classical Terrestrial Broadcasting in SEN

The stream of information bits b generated by the source is encoded by the channel
encoder [20], producing the sequence of coded bits c. The encoded bits are converted to
complex signals by the QAM modulator. For channel estimation, a properly designed pilot
sequence p is interspersed with the information signals. The N parallel frequency domain
signals are converted to the time domain via the Inverse Fast Fourier Transform (IFFT), and
the CP with a suitable length is inserted to prevent the ISI (OFDM modulator block).

At the receiver side, time domain signals are received by K antennas. The OFDM
demodulators, one for each receiving antenna, convert time domain signals to N parallel
frequency domain signals. A pilot-assisted channel estimation is carried out using the
transmitted pilot symbols. The considered channel estimation algorithm in the reference
receiver uses least-mean-squares estimation and linear interpolation to obtain the channel
gains on data subcarriers. A single tap equalizer is then used to provide the equalized
signal. The LLR computation block calculates log-likelihood ratios on coded bits A, at time
n, and the LDPC decoder processes the LLR to provide estimated bits b.

It is well known that the performance of this simple receiver scheme is directly con-
nected to the trade-offs between the CP length, channel delay spread, carrier spacing, and
user mobility. In the standard design of OFDM numerology, the CP length is kept larger
than the delay spread to prevent the ISI and OFDM symbol duration 1/Af is kept much
smaller than the channel coherence time to prevent the ICI.

The 5GNR numerology with a short or very short OFDM symbol length makes possible
the symbol-by-symbol detection of the OFDM symbol even with a high speed. However,
the short CP length (4.7 us) of the 5G OFDM symbol is not compatible with the large ISD of
the Terrestrial Broadcasting scenario (see Table 1). The delay spread of SEN environments
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makes each transmitted OFDM symbol interfere with several contiguous OFDM symbols.
The ISI between OFDM symbols destroys the orthogonality of carrier spacing, and the
ICI occurs. Terrestrial Broadcasting with 5GNR numerology becomes impossible with the
classical data detection scheme.

2.3. The Proposed Approach

The blocks highlighted in red in Figure 1 summarize the proposed modifications to
the reference system.

2.3.1. Superimposed Pilots

One major obstacle in adopting the RNN structure is that of properly exploiting
the pilot sequence information that is provided as side information at the receiver for
performing the required channel estimation task. When using pilot sequences interspersed
with data symbols, the classical receiver exploits the knowledge of pilot positions to
perform different operations at different time/frequency resources. Channel estimation is
performed on pilot resources, while equalization, exploiting the channel estimation results,
is performed on data resources. This non-stationary behavior of the classical receiver is
incompatible with the RNN structure, which is intrinsically stationary, and information
about the pilot position is difficult to embed in such structures. For this reason, at the
transmitter side, instead of using the typical interspersing pilot technique, pilot and data
signals are superimposed. The superimposed pilot approach has been already proposed
and studied in advanced receivers [21]. At the price of introducing cross-interference
between the data and pilots, it offers several advantages. No bandwidth overhead for
channel estimation is introduced as all resources are assigned to data, and at the same
time, pilot information is available at all resources for channel estimation. The cross-
interference between the data and pilot, on the other hand, can be suitably removed by
advanced cancellation techniques. In our case, this approach also circumvents the problem
of exploiting the information on the pilot position at the RNN detector.

At the transmitter side, with superimposed pilots, the transmitted symbol at time n
on carrier m is obtained as:

Zmn = Amn V' 1 — &2 4 pna (1)

where d,;, is the data symbol and p;,, the pilot symbol. The single parameter « controls
the assigned energy ratio for the pilot and data signal.

2.3.2. A Recurrent Neural Network Detector for SEN Terrestrial Broadcasting

In our proposed receiver in Figure 1, we substituted three blocks of the OFDM detector
(channel estimator, channel equalizer, and LLR computation) with one RNN block.

The details of the RNN receiver are shown in Figure 2. The RNN includes two layers
of bi-LSTM, two dropout layers, and one output dense SoftMax for delivering the bit
log-likelihood vector.

With K receiving antennas, the demodulated OFDM symbol vector becomes r,;, =
[r11,---,"IN,---, 7K1, - - - ,TKN]n, and the vector of reference known pilots is denoted by
Pn = [P1,---, PN]n- The available observation vector at time n at the RNN input is then the
real vector v, = [R[rn, pul, S[rn, pn]] with size 2(K+1) - N.

As transmission is affected by the ISI, M consecutive OFDM symbols are included for
the data estimation, so that the input vector at time 7 to the RNNSs is given by:

e P e ] @)

The complexity and representation capability of bi-LSTM is controlled by the number
of LSTM cell units (U), which also corresponds to the size of the output of each LSTM cell.
The dropout layer is one regularization technique that is used only during network training
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and prevents overfitting [22]. The dense layer maps the output of the previous layer to the
dimensionality of the output space, which consists of N x 1, bit log-likelihood ratios:

L qi
/\l—ln<1_qi>, ®)

where g; is the i-th predicted probability of symbol “1”.

To train the RNN detector, we generated S pairs of §, and their target coded bits c;,.
At each stage of one training epoch, B pairs (a batch) from S pairs are selected randomly
and forwarded to the RNN detector. We calculated the error between the target and actual
response of the RNN detector with the binary cross-entropy loss function, which is given by:

S

6 = -

|~

1 BN
=1

‘n
N -n, =S & [Ci]' -log g + (1- C,'j) -log(1— %‘j)], (4)

i=

where B is the batch size and c;; is the target bit value. The error ¢ is then backpropagated
along the network, revising the weights via the gradient descent algorithm [23]. This
operation is repeated % times, and one epoch ends. In the next epoch, each batch is
randomly created again, from the same set of S pairs, and the operation is repeated until an
acceptable level of entropy is achieved at the end of an epoch.

Dense

An Dam— Layer Dropout
o [ ] [ ] [ ] o
Emp | F F, - == = Fy_, Fy g
) K]
£ T
g B, By 11 === "Bu-1 By | |[@m £
= =<
o 3
= s

Dropout Dropout Dropout
i l i
% = g F, Fy P
Z Z
§ Bl Bz < ===H BM « E
3 O
e e =

] || Pl o R R TR

Figure 2. Unrolled RNN detector for an OFDM system (M is odd).

2.3.3. Discussion on RNN Detector Complexity

One of the major issues that prevents the adoption of RNNs as a substitute of the
classical receiver structure is their complexity. The number of operations in each of the M
cells in a single layer of bi-LSTM (F), corresponding to the number of trainable parameters,
is given by:

F=2x4x(IxU+U>+U), (5)

where [ is the size of the input vector to each bi-LSTM layer. In our RNN in Figure 2,
I = 2(K+1)- N for the first layer and I = 2- U for the second layer. The complexity
of the RNN increases then linearly with the increasing size of input vector I and the
sequence length M, but quadratically with the number of units. The output dense layer
complexity amounts to n;, x 2 x U and is negligible. In this study, we fixed the number



Electronics 2022, 11, 3130

7 of 15

of units to U = 400 based on the work of [17]; all optimizations were performed based on
this value, but according to further results presented in the final section of Table 2, similar
entropy losses were obtained using lower values for the number of units. Using U = 100,
although the training time increased, the performance became slightly better. In this case,
the complexity of the system was reduced by a factor 1/16.

3. Optimization of RNN

In this section, we define the system parameters of the RNN. Then, the RNN parame-
ters are optimized separately for one LPLT and one HPHT network.

3.1. RNN System Parameters and Preliminary Data Generation for Training

For the RNN, we considered a system with 12 OFDM carriers with a carrier spacing of
15 kHz, yielding a system bandwidth of 180 kHz (one resource element in 5G New Radio)
for link-level simulations. This small bandwidth was chosen to facilitate the RNN training
process and can be increased to practical values for broadcasting, such as 10 MHz, in which
case, the complexity of the receiver increases linearly by replicating the RNN detector for
each resource block.

The OFDM symbol length is 71 ps, including the normal CP (4.7 us). We used the
4-QAM constellation (1, = 2) corresponding to 24 coded bits transmitted per symbol.

The TDL-A channel model has 20 pus and 50 us delay spreads, which are standard
values for emulating LPLT and HPHT networks with 15- and 125-kilometer ISDs (see
Table 1). We fixed the number of receiver antennas to K = 2 and the carrier frequency to 700
MHz. The receiver speeds used for generating the training pairs were equal to 160 km/h
for LPLT and 3 km/h for HPHT, which make the maximum Doppler shift around 103
and 3 Hz, respectively. Ten million pairs (y,,c,) at a fixed SNR = 5 dB were generated
for parameter optimization and offline training, one for the LPLT network and one for the
HPHT network. The ADAM optimizer [24] was used for training the RNN detector with
a learning rate of 0.001. At the end of the training phase, we then generated two RNNSs,
one trained at 160 km/h for LPLT and one trained at 3 km/h for HPHT. These two RINNs
are those used in all results reported in the final section. The Matlab platform was used to
generate the input data sequences and output labels of the RNN. The RNN training was
performed using Keras, a Python interface for the Tensorflow library. The trained RNN was
then imported into MATLAB to check the system end-to-end performances.

3.2. RNN Preliminary Hyper-Parameter Optimization for LPLT Network

The target free hyper-parameters for optimizing the proposed RNN system are the
value of « for pilot superposition, the length M of the input vector to the RNN, and the batch
size B used for training. In the preliminary optimization step, we randomly generated 100 k
arrays of §, with SNR =5 dB and speed 160 km/h, each with size M, and corresponding
target bits ¢ from the data pairs created in the previous step. We then trained the network
with 90 k arrays of §,, and the trained RNN detector was tested with the final 10 k of y,,.

Some relevant results of the optimization campaign are reported in Table 2 for the
LPLT network. In the second column of the table, we report the minimum binary cross-
entropy (9), and in the third column, the epochs were the minimum reached, to show the
amount of time required for optimization.

Fixing B = 4096 and M = 15, the assignment & = 0.5 provided minimum cross-entropy
loss for the test data sequences.

Regarding the optimization of the length of the input observation window M, since
the RNN performs both tasks of channel estimation and equalization, M is expected in
general to be related to both the coherence time of the channel and the delay spread. In our
scenario, having fixed a« = 0.5 and B = 4096, the best trade-off was obtained for M = 15.

We finally examined the effect of batch size B for the RNN detector, with M = 15
and & = 0.5. Training the RNN detector with a larger batch size provided a lower binary
cross-entropy loss.
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Based on this initial parameter optimization, in the final RNN, we set &« = 0.5, B =
4096, M =15, dropout to 0.5, and U = 400. To improve the performance, we increased the
training set S to two million for each epoch, keeping the final 10k pairs for testing (last line
in Table 2).

Considering that the RNN complexity is driven by the value of U, we also checked
the network performance by reducing U. Results are reported in the third part of Table 2. It
turned out that, in this case, reducing U may require a longer training time (third column
of the table), but can lead to a network with better performances and lower complexity.

Table 2. RNN parameter optimization. Minimum binary cross-entropy loss of the validation data set
for the LPLT SFN.

Parameters Minimum Loss (9) Minimum Epochs
a =025 0.4043 33
a=05 0.3774 32
«=0.75 0.442 40
M=7 0.3953 38
M=15 0.3774 32
M =21 0.3972 38
B =64 0.3921 20
B = 256 0.3839 15
B = 4096 0.3774 20
U =400 0.3774 32
u =200 0.3576 96
U =100 0.3481 271

final LPLT RNN 0.25 56

3.3. RNN Hyper-Parameter Optimization for HPHT Network

The described LPLT parameter optimization was repeated for the HPHT network (see
Table 3). In this case, the SNR was still fixed to 5 dB and the speed was set to 3 km/h.

We optimized parameter « with M = 9, B = 4096, and U = 400. The minimum
cross-entropy loss was obtained with a#=0.5, which is the same result obtained for the
LPLT network. Then, we optimized M fixing a« = 0.5. The value M =9 provided the best
performance.

Due to the larger delay spread, as expected, the minimum loss obtained for HPHT
was larger than that obtained for the LPLT RNN. For training the final network, setting
M =9,a=05, B=4096, and U = 400, we increased S to three million (last line of Table 3).

Table 3. RNN parameter optimization. Minimum binary cross-entropy loss of the validation data set
for the HPHT SFN.

Parameters Minimum Loss (9) Minimum Epochs
=025 0.5057 27
x =05 0.3926 32
x=0.75 0.415 37
M=7 0.4067 33
M=9 0.3926 32
M=11 0.3952 30
M=13 0.3939 31
M=15 0.3931 31
M=17 0.3973 30
M=19 0.4009 29
M=21 0.4099 32

final HPHT RNN 0.28 56
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4. End-to-End Simulations Compared to a Reference Classical System

In this section, we present the performance of the two RNNs optimized in the previous
section against a classical reference system, whose system parameters are described in the
next subsection.

4.1. Classical Reference System Numerologies and Pilot Signals

The Third Generation Partnership Project (3GPP) specified two numerologies in Long-
Term Evolution (LTE) evolved Multimedia Broadcast Multi-cast Service (eMBMS) to address
the requirements of a dedicated broadcast network. The first one, with a carrier spacing of
2.5 kHz with a 100 us CP length, is designed for the LPLT SEN with a maximum ISD of
15 km. This solution provides high mobility supporting up to 250 km/h for broadcasting
scenarios.

The second one, with a carrier spacing of 0.37 kHz and a 300 us CP length, is designed
to support the conventional HPHT SEN up to a 175 km ISD, targeting fixed roof-top
reception. The performances of these systems in some typical broadcasting scenarios
are available in [3,25].

Using the fixed bandwidth of 180 kHz considered for the RNN-based system, the
number of carriers for the two systems is N = 180/2.5 = 72 and N = 180/0.37 ~ 486,
respectively.

The suggested pilot pattern in [26] to support the time-varying characteristic of the
TDL-A channel requires 1 out of 4 resources allocated for the pilots, with pilot resource
frequency spacing F; = 2 and time spacing T; = 2. These values are reduced to 1 out of 6
in the roof-top scenario (F; = 3, T; = 2).

4.2. End-to-End Simulation for LPLT and HPHT SFN

The transmitted information throughput T (bits/s) of an OFDM system can be written
as
T=Rsxn, -Nx(nxre), (6)

where R; is the OFDM symbol rate, 7 is the waveform efficiency, a factor smaller than one
that accounts for the system overhead, and 7, is the code rate. The values of the parameters
in Equation (6) differ for the two considered systems due to the different strategies for pilot
insertion and different CP overheads. In our RNN system, the overhead is only due to
the 5GNR CP insertion, and the efficiency amounts to #gryn = 15/16 = 0.9375; for the
LPLT reference system, it is the product of the CP efficiency (400 us/500 us) and the pilot
efficiency 3/4, so that, overall, the efficiency is ¢ = 0.6.

To have a fair performance comparison, we fixed the same throughput, so that we
adjusted the code rate 7. of the two systems to have a fixed product 77 x .:

réc)qc = rERNN)nRNN — réc) = 1.5625 - rg

RNN)

The performance comparison of the two systems (RNN system with 15 kHz 5GNR
numerology, classical system with 2.5 kHz), in terms of the BER at the output of the 5GNR
LDPC decoder, is shown in Figure 3. For both systems, we used an LDPC encoder with
codeword block size 20k and a layered LDPC decoder with 25 iterations.

We report results with two target throughputs T1 = 114 kbit/s and T2 = 162 kbit/s.

For T1, the corresponding code rate for the RNN system is rgliNN) = 0.34 and that required
for the reference classical system is rg(i) = 0.53. For T2, rEIENN ) = 048 and rgg) =0.75.

The results acquired for the classical system are aligﬁed with the results found in [25]
for similar scenario settings. At BER = 1073, the RNN provides a gain of 2 dB for T1 and a
gain of 4 dB for T2. Notice that the RNN system with larger throughput T2 (green curve)
also outperforms the classical system with lower throughput T1 (blue curve). Although the
receiver was trained at SNR = 5 dB, its performance remained excellent at different SNR
values.
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We also investigated the flexibility of the designed RNN, trained at a fixed speed of

160 km/h and SNR = 5 dB, for other mobile speeds. The results are depicted in Figure 4 for

the same throughput of 138 kbit/s, corresponding to r((:RNN) =041 and rgc) = 0.64.

100

107 E

K o2t

=@="T1: RNN, rc’1:0.34
=@ T1: Classical, rc,1:0.53
=@=T2: RNN, rC,2:0.48
=@ T2: Classical, rC72:0.75

10
5
SNR
Figure 3. LPLT (ISD = 15 km). Performances of the RNN vs. classical Terrestrial Broadcasting system

with two throughputs (T1 = 114 kbit/s, T2 = 162 kbit/s) and a fixed speed of 160 km/h.

The RNN receiver performed better than the classic receiver at all speeds. The results
showed that the RNN receiver, in addition to flexibility under different SNRs, has also high
flexibility with respect to user mobility.

We evaluated the performance of the second trained HPHT RNN and compared it
with that of the second classical system designed for the HPHT scenario and a speed of 120
km/h. In this case, the pilot efficiency of the classical system increased to 5/6 and the CP
efficiency to 2700/3000, so that its waveform efficiency increased to 7 = 0.75.

The end-to-end simulation results for throughput systems T1 = 93 kbit/s and T2
= 110 kbit/s are depicted in Figure 5. For the first throughput T1, the RNN code rate

was rEIiNN) = 0.276 and the classical system code rate was rgcl) = 0.34. For the second
throughput T2, 75" = 0.34 and (G = 0.41.
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100 —
== RNN,40kmph
I =& (Classical,40kmph
Poe == RNN,120kmph
M Classical,120kmph
107 ¢ b N Ay = RNN,200kmph
i A2 Classical,200kmph

L ] \ . ~
10 -4 1 1 1 1 1
0 1 2 3 4 5
SNR
Figure 4. LPLT (ISD = 15 km). Performances of the RNN vs. classical Terrestrial Broadcasting system
for the same throughput (138 kbit/s) and different user speeds. réRNN) = 0.41and rEQ = 0.64.

In this case also, the result showed that the RNN system outperformed the classical
system, although the gain was reduced because of the increased efficiency of the classical
system. At BER = 1073, 1.2 dB and 2.3 gains were observed for T1 and T2, respectively.

Although we trained the RNN at a fixed velocity (3 km/h) and a fixed SNR (5 dB), also
in this case, the RNN showed robustness at a high speed (120 km/h) and different SNRs.
Notice that the classical system in this case was designed for fixed roof-top reception. No
numerologies in eMBMS are provided for HPHT and mobile users. Its performances were
still reasonable at 120 km/h for low-order modulation. The system however would provide
unacceptable losses for higher-order modulation, due to the excessive symbol length (3 ms),
incompatible with the time coherence of the channel.

The classic system can provide near-optimal performance for an SFN with a symbol-
by-symbol detector by properly adjusting the OFDM length and proper allocation of the
CP and pilot signals. In the classical approach, the OFDM numerology is designed to avoid
the ISI and ICI and the pilot density is chosen to achieve a satisfactory channel estimation.
This approach, however, becomes inefficient in the considered scenarios wherethe same
delay spread is very large (HPHT) and the coherence time is small due to the user mobility.

The simulation results showed that a single trained network has great flexibility with
respect to both the SNR and user speed. For HPHT, the network trained at 3 km/h provided
excellent results at 120 km/h. For LPLT (see Figure 4), the trained network at 160 km/h
provided excellent performance for a large set of speeds.
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Figure 5. The end-to-end simulation for different throughput systems (T1 = 93 kbit/s) and (T2
= 110 kbit/s) at a fixed speed of 120 km/h and a large ISD (125 km ISD). The RNN with 5GNR
numerology and trained at 3 km/h and the classical system with a 0.37 kHz carrier spacing with a
long cyclic prefix of 300 ps.

5. Conclusions and Future Work

In this paper, we investigated the use of an RNN-based detector to support SFN
Terrestrial Broadcasting. We considered the very challenging scenario where the 5GNR
OFDM numerology with a short cyclic prefix (4.7 us) and large carrier spacing (15 kHz) is
used in SEN scenarios characterized by a very large delay spread (up to 50 ps). Furthermore,
we considered high mobility scenarios with an unknown channel at the receiver, so that,
also, channel estimation was critical.

The importance of this research comes from the fact that it is not possible to meet the
requirements of SFN Terrestrial Broadcasting with the current 5GNR numerology and a
classical symbol-by-symbol OFDM receiver. The possibility of using the existing 5GNR
numerology for delivering broadcasting services from SEN infrastructures is indeed of
great importance for broadcasters.

Previous research on SFNs mostly focused on the design of the classical OFDM
system, with an ISI-/ICI-free symbol-by-symbol detection scheme. They designed new
numerologies, cyclic prefix lengths, and pilot signals based on new SFN scenarios. Results
on advanced, but “classical” techniques for SENs with 5GNR numerology are not available
in the literature, to our knowledge.

We proposed two ingredients for the solution, the superposition of pilots on the data
at the transmitter to eliminate the pilot overhead in largely selective channels and the
adoption of a suitably trained RNN at the receiver to deal with the large ISI and ICI at
the receiver. The superposition of pilots also allowed us to efficiently use and train the
RNN. The proposed RNN structure includes two cascaded bi-LSTM networks. In our
solution, the RNN substitutes the channel estimation and equalization blocks, while the
powerful outer LDPC channel decoder is kept as part of the receiver structure. The RNN
thus provides the bit log-likelihood ratio to the following decoder, and the cost function
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for training the RNN is changed accordingly. The hyper-parameters of the proposed RNN
were optimized for generating two trained RNNs for the LPLT and HPHT SFN scenarios.

While some advanced equalizer solutions and even RNN-based receivers were pro-
posed in past literature for OFDM, no one has considered the full problem related to the
SEN as we stated, and no one has investigated the combined approach of the superposition
of pilots and an RNN to solve the channel estimation and equalization problem.

We compared the end-to-end performances of the proposed approach with respect to
the classical approach, used in OFDM standards such as DVB-T and ATSC. In the classical
approach, OFDM numerology is designed to avoid the ISI and ICI and pilot density is
chosen to achieve a satisfactory channel estimation. This approach becomes progressively
inefficient in the considered scenario, where, at the same time, the delay spread is very
large (HPHT) and the coherence time is small due to the user mobility. We used as the
key performance indicator the BER after LDPC decoding and, consequently, that delivered
to the end user. This KPI is the most relevant one in the evaluation of the physical layer,
and the reported gains translate into energy savings and/or a throughput increase for the
broadcasters.

The proposed approach largely outperforms the classical system, explicitly designed
for the considered SFN scenarios, in all mobile scenarios. We also demonstrated the
flexibility of the proposed scheme in different scenarios, as we provided evidence that a
single RNN, trained at a fixed SNR and user speed, provides excellent performances in
large ranges of SNRs and user speeds.

Possible future investigations related to the considered problem include:

¢  Adoption for a mobile SFN with 5GNR numerology of other types of advanced, but
classical receivers, maybe combined with pilot superposition to increase the system
efficiency.

*  Reduction of the complexity of the RNN. The proposed structure based on bi-LSTM
is well suited for the receiver, but probably oversized, as it was proposed for solving
more complex problems. A deeper investigation of the required RNN features would
probably lead to simpler structures together with a better understanding of the rela-
tionships of the RNN with the classical advanced receivers based on the MMSE and
MLSE.

*  The investigation of system performance with higher-order modulations, yielding
higher spectral efficiencies.

*  The scaling of the proposed receiver solution to the practical bandwidth used in
broadcasting.

. The flexibility of a single trained RNN also for different network infrastructures (i.e.,
ISD) and, consequently, different delay spreads.
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