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A B S T R A C T

In-band full duplex (IBFD) communications are a potential solution to spectrum scarcity. IBFD communications
offer greater spectral efficiency than traditional half-duplex communications by transmitting and receiving on
the same frequency channel. However, IBFD operation requires overcoming the challenge of eliminating the
self-interference coupled from the transmit antenna to the receive subsystem. Knowledge of the characteristics
of the loopback propagation channel makes it easier to cancel out the self-interference. Nevertheless, complex
field trials are required to adequately characterize loopback channels, which is still lacking in the recent
literature. This paper proposes a measurement campaign in a real and ongoing broadcast transmission center
to characterize the main characteristics of loopback channels. The work proposes a set of loopback channels
based on field trials and an empirical analysis of the most relevant parameters of the channel model, such as
the Doppler spectrum, the delay spread, and the K-factor.
. Introduction

The increased demand for new applications and the augmented
onsumption of high-data-rate multimedia services drive the permanent
volution of wireless communication systems. Without a doubt, many
f the recent advances are remarkable, such as coding [1,2] or multi-
lexing schemes [3,4]. The success of many of these advances is closely
elated to the reliability of laboratory tests and field trials. Both to test
heir performance in real-world environments and to learn as much as
ossible from the environment in which they are deployed.

Concerning the physical layer (PHY), although traditional signal
rocessing has continuously improved the performance, it is already
ery close to the Shannon limit, so the improvement margin is mini-
al [5]. In addition, due to spectrum scarcity, the limitations of using

he radio spectrum must also be considered when targeting system
fficiency [6]. Techniques such as in-band full-duplex (IBFD) commu-
ications can be decisive in meeting future spectrum needs [7–9].

An IBFD system simultaneously transmits and receives signals within
he same radio frequency (RF) channel. Thus, theoretically, IBFD
ould double the spectral efficiency if compared with half-duplex
ystems [10]. The increased spectral efficiency opens the door to new
se cases and bands limited by the capacity of current half-duplex
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systems. Several authors have already proposed and evaluated IBFD in
combination with different wireless communication standards. In par-
ticular, several measurement campaigns have shown the applicability
and challenges of IBFD in diverse applications, such as Wi-Fi [11–
14], satellite communications [15,16], wearable applications [17], and
5G/6G [18–21].

One of the standard families that have evolved significantly over
the last decade is terrestrial broadcasting [22]. Traditional DTT stan-
dards are one-way (i.e., downlink-only mode), limiting the number of
possible services. This limitation has been addressed by pushing for
incorporating new IBFD-based solutions. Recent examples include the
in-band distribution link (IDL) system and the inter-tower communi-
cations network (ITCN) proposal. IDL is a one-way wireless content
distribution system that replaces the studio-to-transmitter link (STL)
via microwave or fiber [23,24]. ITCN aims to interconnect all broadcast
towers to create a communication network for control, monitoring, data
communication, localized datacast, and broadcast services [25]. IBFD
communications will be used to manage the simultaneous transmission
of the ongoing broadcast content, ITCN, and IDL data and will open
the door to future architectures [26]. Fig. 1 shows a representation
of an ITCN implementation using two transmission towers. As the
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Fig. 1. Representation of an ITCN application combining DTT content transmission
and ITCN communications between TX1 and TX2.

figure shows, two services are combined: ITCN content transmission
that interconnects the transmitters (i.e., TX1 and TX2) and each tower’s
DTT content delivery to the surrounding users.

Although IBFD-based applications have a promising future, cancel-
lation of the loopback signal or self-interference (SI) must be addressed
in realistic environments. The loopback self-interference is caused by
the signals leaking from the node’s transmission into its reception chain.
As shown in Fig. 1, each transmitter is simultaneously transmitting
(i.e., DTT content) and receiving (i.e., ITCN content). Some locally
transmitted DTT power is leaked into the ITCN antenna receiver, gener-
ating interference. Generally, IBFD communications need cancellation
modules to decrease the impact of the loopback signal [27–29]. Several
cancellation techniques are considered blind or semi-blind, not requir-
ing estimating the channel impulse response, [30–32]. Nevertheless,
most of them increase their performance when the loopback channel
is known [33,34].

As authors in [35] described, SI cancellation techniques can be
classified into three main groups: propagation, analog, and digital
domain cancellation. First, propagation domain techniques are related
to the infrastructure and the elements involved in the communications
and can be divided into passive and active techniques. On the one hand,
the passive techniques focus on optimizing the antenna systems and
minimizing self-interference coupling [36]. On the other hand, some
of the most common active techniques are impedance tuning, antenna
coupling networks, or cross-polarization controlling devices. Although
field trials have been conducted in various environments [37–40], all
studies highlight the difficulty of measurement due to complex access
and lack of characterization. In addition, the work in the literature
has only characterized the power isolation between transmitting and
receiving antennas.

Then, analog cancellation techniques refer to the signal processing
carried out in the analog domain, mainly on the RF sections of the
receiver chain. They can be developed in frequency and time domains
and offer a helpful alternative to digital domain cancellation mod-
ules with large dynamic range requirements [41]. Typically, analog
cancellation techniques improve the transmitted–received ratio for a
2

frequency band of around 15–40 dB. They are usually implemented
with passive cancellation techniques to increase the performance rate
to 80 dB [42–44]. Nevertheless, the success of the analog interference
cancellation algorithms lies in the precise knowledge of the channel
impulse response [45–47]. Therefore, proper channel estimation and
representative reference channel models are critical.

Digital domain techniques refer to channel modeling and digital
cancellation. Generally, digital cancellation techniques outperform ana-
log methods [48]. Software-based processes have fewer operation limits
than hardware-based ones, and several studies have demonstrated that
it is possible to overcome the 50 dB performance barrier using only
digital cancellation [23,49]. Nevertheless, as in the case of analog
cancellation, the accuracy of the loopback channel estimation is vital
for high-performing interference cancellation systems [50–52].

Considering all the above, there is a need to characterize the loop-
back channel of IBFD transmitters. Although some IBFD-related re-
search works have used loopback channel models [27,30], there is not
an accurate characterization of the most relevant aspects of a wireless
propagation channel, such as the delay spread, K-factor, and Doppler
spectrum. Only transmitter and receiver system isolation has been
studied in previous works [40]. The present study proposes a complete
characterization of a loopback channel model based on empirical data
obtained from a measurement campaign and combining various propos-
als in previous works [53–56]. To the authors’ knowledge, this paper
presents the first characterization of a loopback channel model based
on experimental measurements in an actual and ongoing transmission
infrastructure. The work presents the methodology followed during the
field trials, the results obtained when characterizing the channel, and
an analysis of different parameters that characterize the channel, such
as the Doppler spectrum, the delay spread, or the K-factor. In summary,
the technical contributions of this paper include the following:

• A new methodology for measuring and characterizing broadcast
loopback channels.

• Characterizing the loopback channel in terms of the amplitude
and the delay of the paths.

• An analysis of the obtained delay spread and K-factor values.
• Characterizing the Doppler spectrum of the loopback channel in

broadcast transmitters.
• Performance evaluation of the proposed channel models under an

ATSC 3.0 compliant transceiver chain.

The rest of the paper is organized as follows. The next section
describes the system model of the IBFD systems and the multipath chan-
nels. Then, Section 3 presents the measurement methodology followed
during the field trials. In Section 4, the obtained channel model is char-
acterized, analyzed, and discussed. Section 5 presents the performance
evaluation of the proposed channel models. Finally, the conclusions of
this paper are summarized in Section 5.

2. System model

This section presents the IBFD system model proposed in this work.
First, the general concepts of the system model are described, and later,
the tapped delay line (TDL) propagation channels are presented from
the perspective of in-band full-duplex communications.

2.1. General concepts

In-band full-duplex communications simultaneously handle data
flows in both uplink and downlink directions. Therefore, the nodes par-
ticipating in full-duplex communications are receivers and transmitters
simultaneously and within the same bandwidth. Part of the transmitted
signal will be leaked from the transmitting radiation system to the
receiving antenna, generating self-interference. From here on, we will
refer to the self-interference signal as the loopback signal (LBS). Thus,
the received signal comprises two parts, one related to the desired
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or forward signal (FWS) and the other to the loopback signal. This
situation in the frequency domain can be described as follows:

𝑌 (𝑘) = 𝑋𝐹𝑊 𝑆 (𝑘) ⋅𝐻𝐹𝑊 𝑆 (𝑘) + 𝜂 ⋅𝑋𝐿𝐵𝑆 (𝑘) ⋅𝐻𝐿𝐵𝑆 (𝑘) +𝑁0(𝑘), (1)

where 𝑋𝐹𝑊 𝑆 (𝑘) and 𝑋𝐿𝐵𝑆 (𝑘) are the desired forward signal and the
loopback signal, respectively. 𝐻𝐹𝑊 𝑆 (𝑘) and 𝐻𝐿𝐵𝑆 (𝑘) are the desired
forward signal channel response and the loopback channel response
in the 𝑘th subchannel, respectively, 𝜂 is the power ratio between the
forward and loopback signals, and 𝑁0 is the Additive White Gaussian
Noise (AWGN) noise.

The 𝑋𝐹𝑊 𝑆 information is decoded only after eliminating the loop-
back component. Several signal cancellation techniques exist for loop-
back elimination in analog and digital domains. However, these meth-
ods necessitate an accurate estimation of the loopback channel to
achieve optimal performance [27–29,33,34]. In general, a model of the
loopback signal is generated, and the channel effects (such as attenu-
ation, delay, and phase shift) are applied. Each temporal component
(tap) of the created signal to cancel can be described as follows:

𝑠(𝑡) = 𝛼 ⋅ 𝑥𝐿𝐵𝑆 (𝑡 − 𝜓)𝑒𝑗𝜙, (2)

where 𝛼 is the amplitude, 𝜓 is the time delay and 𝜙 is a phase shifter.
Subsequently, the cancellation signal is combined with the received

signal in the time domain:

𝑦′(𝑡) = 𝑦(𝑡) − 𝑠(𝑡), (3)

where 𝑦′ is the remaining signal after cancellation. In an ideal scenario,
the objective of the cancellation signal is to eliminate the impact of the
loopback signal (expressed as 𝜂 ⋅ 𝑥𝐿𝐵𝑆 (𝑡) ∗ ℎ𝐿𝐵𝑆 (𝑡)). However, seeking
an exact replica of the coupled signal is impractical. Consequently, the
signal that remains after the cancellation process can be characterized
as follows:

𝑦′(𝑡) = 𝑥𝐹𝑊 𝑆 (𝑡) ∗ ℎ𝐹𝑊 𝑆 (𝑡) + 𝑛𝐶 (𝑡) + 𝑛0(𝑡), (4)

where 𝑛𝐶 is the non-ideal cancellation residue. It is important to note
that 𝑛𝐶 represents an interfering term and does not have the same
effect as 𝑛0. This means that 𝑛𝐶 does not strictly follow a Gaussian
distribution. Specifically, 𝑛𝐶 contains a portion of the loopback signal
that has not been fully canceled, although it is attenuated compared to
the previous step (see Eq. (1)). However, depending on the effectiveness
of the cancellation technique, it may fall below the noise floor.

In summary, to achieve optimal loopback cancellation performance,
minimizing the cancellation term (𝑛𝐶 ) is necessary, which is closely
tied to the effectiveness of the associated signal processing. The overall
performance varies based on the specific algorithm [41], but a consis-
tent rule applies the more accurate the channel estimation, the better
the performance. Therefore, obtaining a realistic characterization of the
loopback channels remains crucial.

2.2. TDL channels

Time-varying and multipath propagation channels are generally de-
scribed using TDL models. A TDL model consists of discrete paths with
specific amplitude and delay. In addition, each path has an associated
Doppler spectrum modeling the time-variability of the path amplitude.
The generic TDL model can be described as [57]:

ℎ(𝑡, 𝜏) =
𝑁−1
∑

𝑘=0
𝑎𝑘(𝑡)𝛿(𝜏 − 𝜏𝑘), (5)

where 𝑁 is the number of paths, 𝑎𝑘 represents the time-varying signal
𝑘th reflected path, and 𝜏𝑘 is the relative delay of the reflected path.
In this case, 𝑘 = 0 represents the direct signal from the transmitter, so
there is no relative delay (i.e., 𝜏0 = 0).

𝐻𝐹𝑊 𝑆 and 𝐻𝐿𝐵𝑆 can be modeled following the mathematical struc-
ture of TDL models (as in Eq. (5)). However, the direct and the loopback
3

channels have several differences due to the nature of the use case.
In particular, due to the infrastructure of transmission towers, 𝐻𝐹𝑊 𝑆
will have a more substantial multipath effect than 𝐻𝐿𝐵𝑆 . This effect
is typically appreciated in the root mean square (RMS) delay spread
(𝜏𝑅𝑀𝑆 ) since it measures the channel’s average delay spread. Therefore,
the difference between the 𝜏𝑅𝑀𝑆 measured for both channels, 𝐻𝐹𝑊 𝑆
and 𝐻𝐿𝐵𝑆 , is as follows:

𝜏𝑅𝑀𝑆,𝐹𝑊 𝑆 ≫ 𝜏𝑅𝑀𝑆,𝐿𝐵𝑆 . (6)

If we analyze 𝜏𝑅𝑀𝑆 in more detail, we can conclude that the
delay and the amplitude of the received paths define the final 𝜏𝑅𝑀𝑆
value. Consequently, the difference between 𝐻𝐹𝑊 𝑆 and 𝐻𝐿𝐵𝑆 can be
described as:

𝑁𝐹𝑊 𝑆 ≫ 𝑁𝐿𝐵𝑆 , (7)

where 𝑁𝐹𝑊 𝑆 and 𝑁𝐿𝐵𝑆 are the number of paths in the forward and
loopback channels, respectively. Furthermore, the maximum delay of
the reflected paths will be higher in the forward channel:

max𝐹𝑊 𝑆 (𝜏𝑘)≫ max𝐿𝐵𝑆 (𝜏𝑘). (8)

Lastly, one of the particular characteristics of the loopback channel
in TDLs is the first path received (k=0). Since although in both 𝐻𝐹𝑊 𝑆
and 𝐻𝐿𝐵𝑆 , the first path is the beam with the highest energy, they do
not have the same characteristics. Generally, in the direct channel, the
first path is the line-of-sight component, while in 𝐻𝐿𝐵𝑆 , it is not line-
of-sight since the transmission and reception radiating systems are in
the same tower but disoriented.

3. Measurement system

This section presents the methodology proposed for empirical data
recording. In particular, the field trials’ basic design and hardware
equipment are presented. This measurement campaign was carried out
on a transmitter site of a network operator (Itelazpi) [58]. This com-
pany provides radio, television, and public communications services.

Fig. 2 shows a conceptual diagram of the measurement methodology
followed during this work, while Fig. 3 presents the actual implemen-
tation at the transmission center. The first element in Fig. 2 is signal
generation. The reference source is a DVB-T2 signal. Some configurable
parameters of the DVB-T2 emission are critical to getting the best
channel characterization. QPSK 1/2 was used as the modulation and
coding rate to generate a robust transmission signal. Then, we selected
a high FFT size (i.e., 32 K) to have the highest possible number of
subcarriers and, therefore, to increase the channel frequency definition.
Table 1 presents the rest of the waveform generation parameters. The
measurement system creates a pre-recorded file with In-phase and
Quadrature (IQ) samples to be fed into the transmitting antenna using
a Dektec DTU-215 (output bandwidth 8 MHz, output power −49 to
−18 dBm). After passing through the transmitter site loopback channel,
the received signal IQ components are recorded using a vector signal
analyzer. The modulator and the generation software are identified in
Fig. 3 using a red dashed box.

An additional amplification stage and channel filtering are required
before feeding the test signal into the site transmission system. The
amplifier is a Promax DT-730 [59] with a gain equal to 52 dB, whereas
the channel filtering is tuned to channel 27 on the UHF band. The
amplifier is highlighted in yellow Fig. 3.

Además, habrías que destacar que
As shown in Fig. 4, the measurements were carried out in a real and

ongoing transmission center with two radiating systems. The highest
transmission system (i.e., TX 1, in Fig. 4) is installed at the height of
25 m, whereas the second transmission system (i.e., TX 2, in Fig. 4) is
23 m high. Each transmission system can be used in a single frequency.
In particular, the center frequency of TX 1 is 522 MHz, while TX 2 uses
514 MHz. The radiating system installed on the tower comprises four
sectors (i.e., panels located at 50◦, 140◦, 230◦, and 320◦), and each sec-
tor uses two panels per bay, improving directivity on the vertical plane.
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Fig. 2. Block diagram of the complete transmission-reception chain implemented for the channel measurement campaign.
Fig. 3. Transmission-reception chain implementation using hardware equipment. The
three principal stages for channel measuring are highlighted: signal generation,
amplification, and recording.

Panels are Rymsa 6xAT15-250, which are composed of four dipoles.
Each panel has a 3 dB beamwidth of 61◦ and 27◦ in the horizontal and
vertical planes, respectively, and a gain of 11.1 dB referenced to the 𝜆/2
dipole. These panels have a dimension (i.e., width × height × depth) of
483 × 264 × 983 mm and a weight of 13 kg. It should be highlighted
that as a fully operational broadcast site, each radiating system delivers
a set of specific RF channels. In our case, we used TX 1 as the main
transmitter; therefore, the working frequency was 522 MHz. One of the
main challenges of measuring in real broadcasting facilities is having
an adaptable receiver. In this case, we used a single panel for the signal
reception (see Rx in Fig. 4). The distance between the transmission
4

Table 1
Summary of the configuration parameters used for signal
generation.

Parameter Value

FFT size 32 k
Guard interval 1/16
Bandwidth 8 MHz
Pilot pattern PP2
Modulation QPSK
Code rate 1/2
L1 Modulation BPSK
Rotated cons. No
#Superframes 1
#Frames per superframe 2
#Data symbols 63
Superframe length 488 ms

system used (i.e., TX 1) and the receiver antenna was 10 m, meaning
that the antenna was installed at 15 m. All the radiating systems have
horizontal polarization.

The signal passed through a bandpass filter on the reception side
to remove potential external co-channel interferences. A vector signal
analyzer (Anritsu MS2690 A) sampled the received signal. This stage
is identified by a dashed blue line in Fig. 3. The measured IQ data
are recorded on a 32-bit float binary format. An automatization pro-
cess is applied to take periodical recordings of the received signal.
Five seconds of the signal are recorded each minute, and overall, the
measurement process lasts one hour.

The measurements were taken twice to record data in two scenarios
and UHF channels. In the first case, the receiving antenna was ori-
ented to an open area (car parking area). This antenna configuration
is displayed in Fig. 4. The second measurement was recorded after
rotating the receiver antenna 180◦ on the horizontal plane (the antenna
points to a mountainous area). This way, two different propagation
channels for the loopback path should be discussed. From now on,
the propagation path where the antenna is facing the car parking will
be called Loopback Channel Model 1 (LCM1), and the channel facing
the mountain area will be referred to as Loopback Channel Model 2
(LCM2).

The recorded data underwent offline post-processing using special-
ized software for demodulating and decoding the DVB-T2 signal [60].
This process yielded detailed insights into all decoding stages, including
channel estimation based on scattered pilots in both time and frequency
domains. The software platform offers various time and frequency
interpolation methods, with linear interpolation being the preferred
choice recommended by the DVB-T2 implementation guidelines [61].
The selection of the pilot pattern significantly influences the granularity
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Fig. 4. The ongoing broadcast transmission tower during the measurement campaign.
The transmission radiating system (TX 1 and TX 2) and the portable receiver (RX) are
identified.

Fig. 5. Measured signal isolation using TX 1 and TX 2 and different antenna separation
between transmitter and receiver.

of the estimated channel impulse response and associated Doppler
mode. In our case, we configured the transmission signal with the
PP2 pilot pattern (see Table 1), which involves a low separation of
pilot-bearing carriers (𝐷𝑥 = 6) and a low sequence length in symbols
(𝐷𝑦 = 2). This configuration provides the highest channel informa-
tion (approximately 8.33% scattered pilot overhead) while minimizing
the number of required symbols among all possible pilot patterns.
For further details about the DVB-T2 receiver platform, refer to the
source [60].

Finally, we carried out some signal isolation measurements to test
the accuracy of the designed methodology in the transmission tower.
The transmission power was set to 30 dBm, and the signal isolation
was calculated as the difference between the transmitted signal power
and the received power in the channel bandwidth. Fig. 5 shows the
5

Fig. 6. Representation of the average loopback channel model LCM1 and LCM2.

Algorithm 1 Channel modeling algorithm.
1: Define: 𝑛𝑝. The number of paths of the resulting channel model;
2: Define:𝑁 . The number of samples in the average channel response;
3: Define: ℎ𝑓 = ℎ𝑓,1, ..., ℎ𝑓,𝑁 . Set of 𝑁 samples in the frequency

domain response;
4: Initialization: Calculate ℎ𝑓 from the DVB-T2 receiver platform

channel estimations;
5: ℎ𝑡 = 𝑖𝑓𝑓𝑡(ℎ𝑓 );
6: while 𝑁 > 𝑛𝑝 do
7: 𝑚𝑖𝑛𝑝𝑜𝑠 =Position[min(|ℎ𝑡|)];
8: ℎ𝑡(𝑚𝑖𝑛𝑝𝑜𝑠 − 1) = ℎ𝑡(𝑚𝑖𝑛𝑝𝑜𝑠 − 1) + ℎ𝑡(𝑚𝑖𝑛𝑝𝑜𝑠);
9: remove(ℎ𝑡(𝑚𝑖𝑛𝑝𝑜𝑠));

10: 𝑁 = 𝑁 − 1;
11: end while

results using TX 1 and TX 2 and different TX-RX antenna separa-
tions. Minimum signal isolation is close to 70 dB, while the maximum
reaches 85 dB. Moreover, increasing the antenna separation increases
the isolation, indicating correct behavior. Additional information on
the methodology for calculating signal isolation, signal power strength
levels, and variability can be found in [40].

4. Channel model characterization and analysis

This section shows the main results obtained from the loopback
channel characterization. First, the obtained channel model is de-
scribed, and then some relevant channel characteristics are derived:
Doppler spectrum, delay spread, and K-factor.

4.1. Path model

An averaging process has been followed to decrease the impact of
additional noise added to the channel input response captured by the
DVB-T2 receiver platform. In addition, as will be shown in Section 4.2,
the averaging process is feasible because of the low channel variability
of the measurements (the Doppler effect is negligible). Fig. 6 shows the
results for both LCM1 (blue line) and LCM2 (red line). As expected, the
channel impulse responses concentrate most energy in the first path.
Later, both channels show reflected paths between 0.3 μs and 1 μs.
Then, the channel response falls, and after 1.5 μs, a flat response can
be assumed. Moreover, the amplitude difference after 1.5 μs with the
maximum (𝑡 = 0) is between 20–25 dB.

Fig. 6 displays a channel model associated with each case under
analysis (i.e., LCM1 and LCM2). The study by Candel et al. [62] has
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Fig. 7. Combined representation of the average channel models LCM1 and LCM2 in linear units and the obtained channel approximations using 6 and 12 taps for each channel
model.
Table 2
Description of the obtained channel models in terms of tap delay and amplitude.

Taps Tap delay (μs) Tap amplitude (dB)

LCM1 6 0, 0.11, 0.22, 0.44,
0.55, 0.66

0, −6.6, −6.7, −8.0,
−8.1, −4.2

LCM1 12 0, 0.11, 0.22, 0.33, 0.44,
0.55, 0.66, 0.77, 0.98, 5.47,
6.13, 6.78

0, −6.6, −8.7, −10.9, −8.0,
−8.1, −6.0, −11.1, −10.0, −10.6,
−14.1, −10.3

LCM2 6 0, 0.11, 0.22, 0.55,
0.77, 0.88

0, −5.3, −5.7, −5.3,
−9.0, −4.2

LCM2 12 0, 0.11, 0.22, 0.33, 0.44,
0.55, 0.77, 0.88, 2.19, 4.16,
8.10, 12.69

0, −5.3, −6.8, −11.9, −9.4,
−7.5, −9.0, −8.1, −12.7, −11.3,
−12.2, −12.5
been used as a reference to translate the loopback channel function into
a channel model with a determined number of paths, amplitude, and
phase values. A pseudo-code summary of the algorithm is presented in
Algorithm 1.

The algorithm starts defining some relevant parameters, such as
the number of paths used to model the loopback channel (i.e., 𝑛𝑝),
the number of samples that compose the average channel response
(i.e., 𝑁), and the complex values of the frequency domain average
channel (i.e., ℎ𝑓 ). During the initialization stage, we compute the
average channel in the frequency domain by taking the mean of all
channel estimation values obtained from the DVB-T2 receiver platform.
Each channel sample in the frequency domain is averaged to perform
this operation. The cost of this operation is determined by the number
of samples in the frequency domain (𝑁) and the number of channels
obtained during the estimation phase (𝑀). As a result, the averaging
cost is 𝑂(𝑁 ⋅𝑀). Afterward, the first operation for the channel model
is to obtain the time domain response (i.e., ℎ𝑡) by applying the inverse
fast Fourier transform (IFFT) to the frequency domain response. Next, a
loop is executed while the number of channel samples (i.e., 𝑁) is higher
than the number of paths of the loopback channel model (i.e., 𝑛𝑝). In
each loop lap, the algorithm finds the position of the ℎ𝑡 sample with the
lowest amplitude (see Line 7) and adds the minimum sample value to
the adjacent sample (see Line 8). Then, it removes the sample with the
lowest amplitude from the average channel response (see Line 9) and
decreases the number of samples in the average channel response due
to the removal (see Line 10). Finally, when the while loop finishes, ℎ𝑡
contains a set of 𝑛𝑝 samples with the most representative time domain
response information.

The algorithm’s cost primarily depends on 𝑁 , as this parameter
determines the number of iterations in Algorithm 1. Consequently, the
algorithm’s complexity can be expressed as 𝑂(𝑁). However, both com-
ponents must be combined when incorporating the loopback channel
averaging as part of the total cost. Thus, the overall algorithmic cost
can be expressed as 𝑂(𝑁 ⋅𝑀 +𝑁).
6

As described in Algorithm 1, the number of taps used to model
the channel is a predefined value. The loopback channel has a low
multipath effect due to its characteristics, so 𝑛𝑝 can be a low value. To
be sure to choose a representative value, we have used other existing
and widely used channels in the literature as a reference. In particular,
several models such as Typical Urban-6 (TU-6), Portable Indoor (PI),
and Portable Outdoor (PO) channels [63] have been characterized
with 6 or 12 taps and their performance accuracy has been widely
demonstrated. Consequently, Fig. 7 shows the channel approximations
obtained with Algorithm 1: LCM1 in Fig. 7(a) and LCM2 in Fig. 7(b).
Moreover, Fig. 7 also shows two approaches for each channel using 6
and 12 taps.

In addition, based on the obtained channel impulse responses in
Fig. 7, most of the channel energy is in the first μs, which implies that
fewer approximation taps are required than in high multipath effect
channel models. The main reason for using two different approaches is
the complexity involved in each of them. Using the model based on six
taps in any other communication simulator is less expensive than the
12 taps model, especially from the computational cost point of view.
However, the more taps used to model, the more closely it resembles
the actual channel. For this reason, we have proposed two different
models for the loopback channel that can be adapted to the needs and
conditions of each particular case.

The specific values of the channel taps are in Table 2. The table
describes each tap’s time location (tap delay in μs) and amplitude
(tap amplitude in dB). LCM1 and LCM2 present multipath components
with significant delay. In particular, the last taps of LCM1 are located
between 5-7 μs and around 12 μs for LCM2. However, these taps are
less relevant than the energy received with a short delay and become
noticeable only when the number of modeling taps rises from 6 to 12.
Furthermore, short delay echoes are related to direct loopback leakage.
In contrast, long delay echoes are created by multipath reflections of
the loopback signal due to the environment. In addition, it should be
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noted that, in general, both channels present short-distance echoes.
In particular, results are aligned if we compare the results with the
channel models used in order DTT standardization processes. Other
channel models, such as DVBT-P [61] or the TU-6, present most of the
received power concentrated within the first few μs. Channel model
proposals like the ones developed for DVB-H [63] show the same
behavior, where, in addition to the TU-6 channel model, two additional
channels were proposed (i.e., Portable Indoor and Outdoor channels, PI
and PO), characterized by 12 taps, and concentrate most of the channel
energy in the first taps.

4.2. Doppler spectrum

A full characterization of the channel model requires a description
of the time evolution of the received signal components. Several works
have modeled the Doppler power spectral density (PSD) in different
applications such as mobile-to-mobile [64], vehicle-to-vehicle [65],
and other systems. Several classical models are widely accepted to
model PSDs in transmission/reception chain simulations (e.g., Jakes,
Laplacian, Gaussian, or flat Doppler spectrums) [66].

Classical models do not always fit the real-time evolution of the
propagation channel. In those cases, authors usually model their system
with empirical data. For example, authors in [53,54] presented their
PSD model with empirical measurements. Based on the characteristics
found in the obtained data, the authors defined their PSD with a Dirac
delta for 𝑓 = 0 Hz and exponential fittings for both the negative and
ositive frequencies. In particular, the PSD model was mathematically
efined as follows:

(𝑓 ) =

⎧

⎪

⎨

⎪

⎩

𝑎 exp(𝑏𝑓 ) − 𝑐, 𝑓𝑚𝑖𝑛 ≤ 𝑓 < 0
𝛿(𝑓 ), 𝑓 = 0
𝑑 exp(−𝑒𝑓 ) − 𝑔, 0 < 𝑓 ≤ 𝑓𝑚𝑎𝑥

(9)

where 𝑎, 𝑏, 𝑐, 𝑑, 𝑒 and 𝑔 are positive constants, 𝑓 is the Doppler
frequency (Hz), and 𝑓𝑚𝑎𝑥 and 𝑓𝑚𝑖𝑛 are the maximum and minimum
frequency values. 𝑏 and 𝑒 represent the exponential decay (the lower
alues, the broader spectral characteristics). 𝑐 and 𝑔 are related to
he asymptotic values for infinite negative and positive frequencies,
espectively. Then, 𝑎 and 𝑑 account for the relative value of the curve

for the 𝑦-axis concerning the asymptotic values for infinite frequencies
given by 𝑐 and 𝑔. This way, the PSDs are obtained in dB/Hz after
ormalization concerning the main component, which is obtained for
= 0 Hz.
The PSD models described by Eq. (9) accurately represent the

oppler spectrum of pseudo-static environments. This is because the
tatic component (i.e., 𝑓 = 0 Hz) contains most of the power, and

as we move away from that point, the power drops rapidly. For this
7

work, Eq. (9) was used as a reference PSD model because broadcast
environments exhibit these characteristics. The Doppler spectrum ex-
hibits minimal variability in environments with few mobile elements
and highly directional communications. As a result, the 𝑓 = 0 Hz
component is the most significant of the spectrum.

Since the PP2 pilot pattern has been selected, we have a channel
estimation for every two symbols (i.e., 𝐷𝑦 = 2). So, the channel
estimation period can be calculated as follows:

𝑇𝑒𝑠𝑡 = 𝐷𝑦 ⋅ (𝑇𝑈 + 𝑇𝐺) = 2 ⋅ (3.584 + 0.224) = 7.616 ms, (10)

here 𝑇𝑈 and 𝑇𝐺 are the symbol time and the guard interval, respec-
ively. The exact values are defined in [61]. Therefore, the Doppler
requency range can be calculated as follows:

𝐷 = ±1
2
⋅

1
𝑇𝑒𝑠𝑡

= ±65.65 Hz, (11)

where the ends of the range are the maximum and minimum Doppler
frequencies (i.e., 𝑓𝑚𝑎𝑥 = +65.65 Hz and 𝑓𝑚𝑖𝑛 = -65.65 Hz).

Fig. 8 shows the PSDs and the exponential fitting corresponding to
the measured data for LCM1 (see Fig. 8(a)) and LCM2 (see Fig. 8(b)). As
can be observed in the figure, the measured data best fit in the center
of the 𝑥-axis (i.e., for 𝑓 = 0 Hz) in both cases. The main reason for this
effect is that the measured data variability is higher when the Doppler
frequency increases than in the principal component. In addition, the
specific fitting parameters of these two examples are included in the
PSD definitions of the following Eqs. (12) and (13):

𝑆𝐿𝐶𝑀1(𝑓 ) =

⎧

⎪

⎨

⎪

⎩

13.9 exp(0.13𝑓 ) − 42.1, 𝑓𝑚𝑖𝑛 ≤ 𝑓 < 0
𝛿(𝑓 ), 𝑓 = 0
13.3 exp(−0.12𝑓 ) − 41.9, 0 < 𝑓 ≤ 𝑓𝑚𝑎𝑥

(12)

𝑆𝐿𝐶𝑀2(𝑓 ) =

⎧

⎪

⎨

⎪

⎩

13.5 exp(0.08𝑓 ) − 38.6, 𝑓𝑚𝑖𝑛 ≤ 𝑓 < 0
𝛿(𝑓 ), 𝑓 = 0
13.7 exp(−0.09𝑓 ) − 38.2, 0 < 𝑓 ≤ 𝑓𝑚𝑎𝑥

(13)

LCM2 presents a lower exponential decay (see 𝑏 and 𝑒) than LCM1.
Focusing on the mean value of 𝑐 and 𝑔 parameters, which gives an idea
of the power density for the highest and lowest frequencies, it is slightly
higher in LCM2.

In summary, the results presented in this section indicate that most
of the Doppler spectrum density is concentrated in 𝑓 = 0 Hz. In
fact, in both Doppler PSDs (i.e., LCM1 and LCM2), increasing the
Doppler frequency to 𝑓 = 1 Hz implies a power fall of 20 dB, and
they have an asymptotic behavior at around 40 dB. Therefore, we can
assume that the observed loopback channel models are static. This
conclusion may be generalized to other broadcast centers due to the
similarities in the application use cases (i.e., fixed transmission and
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Table 3
Empirical values of Delay Spread and K-factor.

𝜏𝑚𝑒𝑎𝑛 (ns) 𝜏𝑅𝑀𝑆 (ns) 𝐾-factor (dB)

LCM1 41.59 151.56 9.93
LCM2 16.73 49.67 13.31

reception antennas, low reflective area, or high isolation). Nevertheless,
the Doppler analysis may differ from Fig. 8 in non-broadcast use cases
such as broadband communications (i.e., 5G/6G) since their application
target is urban areas with many mobile users/objects. In addition,
bad weather conditions such as wind and storms may also affect the
Doppler spectrum due to the tower swinging. Nevertheless, conducting
channel measurements in those weather conditions implies extremely
high risk for the hardware equipment and technical workers who climb
through the transmission tower. Consequently, channel modeling of
bad weather conditions was not feasible in this work. However, for
future work, these complex scenarios can be modeled as demonstrated
in the study by Hong et al. [27]. Their work models the impact of
tower swing due to wind on the Doppler spectrum. Consequently, the
spectrum variations proposed by the authors could be integrated into
the spectra defined in Eqs. (12) and (13).

4.3. Additional channel parameters: delay spread and K-factor

Most channel models provide Delay Spread and K-factor calcula-
tions. Those figures will describe the dispersion in time of the received
energy at the receiver. In general, the Delay spread is used to analyze
the relevance of the multipath propagation to the total received time
energy.

The mean Delay Spread can be interpreted as an average metric to
characterize the difference between the time of arrival of the earliest
significant multipath component and the time of arrival of the last mul-
tipath components [67]. In addition to 𝜏𝑚𝑒𝑎𝑛, the RMS delay spread is
lso used (𝜏𝑅𝑀𝑆 ), which is also known as the root of the second central
oment of the normalized delay power density spectrum. The reference

quations for obtaining these parameters can be found in [68].
The calculation of the Delay Spread can be complemented with the

ading K-factor. This parameter is defined as the ratio of signal power in
he dominant component over the scattered and reflected signal power.
onsequently, it determines the distribution of the received signal
mplitude [69]. The K-factor calculation method considered here for
eference comparison purposes is the one recommended by ETSI [61].
able 3 summarizes Delay Spread’s and K-factor’s empirical results.

In general, LCM1 and LCM2 loopback channels present short delay
preads (mean delay spread below 50 ns in both cases). The maximum
MS delay spread is close to 150 ns. These results are compatible with

he short distances between the transmitting and receiving antenna.
n addition, it should also be highlighted that LCM2 presents an even
horter mean and RMS delay spread values if compared with LCM1.
his result is in line with the measurements shown in Fig. 7 (solid
lue line) since the channel impulse response of LCM1 shows a higher
mplitude than LCM2 between 4 μs and 8 μs.

In both channels (LCM1 and LCM2), most of the received power
s concentrated in the first path. Furthermore, it should also be noted
hat LCM2 has less power dispersion than LCM1 since the calculated K-
actor is always more significant than that calculated for LCM1. These
esults align with the delay spread calculations, where LCM1 has shown
higher delay spread than LCM2 due to the channel impulse response

mplitude between 4 μs and 8 μs.

. Channel model performance evaluation

The main goal of this section is to measure the channel models’ per-
ormance in realistic transceiver chains. Hence, we have implemented
8

complete ATSC 3.0 transmission-reception chain and tested all the
Table 4
Parameter summary of the ATSC 3.0 transceiver chain.

Parameter Value

Bandwidth 6 MHz
FFT Size 16 k
Guard Interval 1/16
Outer FEC BCH
Inner FEC LDPC
Modulation QPSK, 16-NUC, 64-NUC
Code rate 3/15, 7/15, 12/15
Equalization Ideal
MIMO No
LDM No
SNR step 0.05 dB
#Seeds 1000

proposed channel models to analyze how they affect the transmitted
signal.

Table 4 summarizes the most relevant parameters describing the
simulated ATSC 3.0 transceiver. It should be highlighted that ATSC 3.0
uses two consecutive Forward Error Correction (FEC) techniques: Bose–
Chaudhuri–Hocquenghem (BCH) as outer coding and Low-Density Parity
Check (LDPC) codes as inner coding. In addition, we have not con-
sidered optional configurations such as Multiple-Input Multiple-Output
(MIMO) or Layered Division Multiplexing (LDM) to analyze the purest
ATSC 3.0 structure and not to introduce additional effects to the
transmission chain. Concerning the modulation and the code rate of the
transmitted signal, three different configurations have been selected to
test channel models combined with different signal robustness levels:
QPSK 3/15 (high robustness and low data rate), 16-non uniform
constellation (NUC) 10/15 (mid robustness and mid data rate), 64-NUC
12/15 (low robustness and high data rate).

Fig. 9 shows the results obtained with the four proposed channel
models (see Table 2) in terms of bit error rate (BER) vs. signal-to-noise
ratio (SNR). Each modulation and code rate configuration also includes
the simulation of the AWGN channel model to use as a reference. The
first evident takeaway from the results is that the proposed loopback
channels affect the transmitted signal more strongly than the AWGN
model. This means that for a fixed SNR value, all the LCM channels
present a lower BER value. In particular, the difference between AWGN
and the LCM models increases when the required SNR increases. While
a variation below one dB is observed in Fig. 9(a), the difference
increases up to three dB in Fig. 9(c). Another relevant conclusion is that
using 6 or 12 taps to model the channel slightly affects the performance.
The channel models based on six taps perform better than those based
on 12. This effect is due to the location of the additional taps in the 12-
tap models. In fact, when the number of taps used for channel modeling
increases, the model shows a higher multipath effect. This issue was
already detected in Table 2. Nevertheless, as the multipath effect can
be considered short (between 5-7 μs in LCM1 and around 12 μs in
LCM2), the influence of the number of taps in the channel modeling
is always below one dB. The maximum difference can be observed
when transmitting a 64-NUC 12/15 signal through LCM2. Finally, the
last relevant conclusion obtained from Fig. 9 is the different perfor-
mances regarding LCM1 and LCM2. The difference between LCM1 and
LCM2 increases when the required SNR increases. Particularly, while
very similar results are shown in Fig. 9(a), the variation between the
models increases up to two dB in the low robustness configuration (see
Fig. 9(c)). This conclusion aligns with the results observed during the
delay spread calculation (see Table 3), where a higher multipath effect
was detected in LCM1, and, therefore, the transmitted signal is more
affected by the channel.

It is important to note that the performance curves shown in Fig. 9
assume ideal channel estimation. These curves illustrate performance
and deviation relative to the AWGN channel, which is solely based on
the channel structure. However, several channel-related parameters can

influence these curves. For instance, if a different Doppler spectrum



Measurement 234 (2024) 114792I. Bilbao et al.
Fig. 9. Performance evaluation of the loopback channel models using an ATSC 3.0 transceiver. AWGN channel model is used as a reference.
model is used, it may result in slower convergence of the curves. This
is particularly true when most Doppler power is not centered around
𝑓 = 0 Hz. Another significant difference would arise from using a non-
ideal channel estimation. In such cases, errors are introduced, which
can be modeled as additional noise in the system. Consequently, this
fact causes all cases to shift to the right in the graph, implying that
a higher available SNR would be required for a given BER value.
Nevertheless, a complete transmission-reception chain is required for
a complete non-ideal self-interference cancellation. This implies a self-
interference channel estimation and cancellation (non-ideal), followed
by a channel estimation stage to recover the transmitted signal.

Finally, we have detailed some recommendations for the correct use
of the measured channels based on the data shown in this section and
on the field trial conditions:

• The four channels presented in this work describe loopback chan-
nels exclusively.

• Although both loopback channels present a similar delay-ampli
tude path relation, the measurement configuration differed. There-
fore, we recommend using LCM2 to replicate mountainous areas
and LCM1 for the rest of the cases.

• For more realism, it is recommended to use the 12-tap-based
channels. Consequently, the 6-tap channels are reserved for cases
where channel complexity is a crucial requirement.

6. Conclusions

This article empirically characterizes the loopback channel for in-
band full-duplex communications. In particular, the authors propose
loopback channel models obtained in an operational broadcast trans-
mission center. Two different channel models have been proposed
depending on the orientation of the receiver antenna. Then, analysis
and discussion are presented regarding several channel parameters,
namely the Doppler spectrum, the delay spread, and the K-factor.

Different channel models are proposed here depending on the rel-
evant paths (i.e., 6-taps and 12-taps). The characterization includes
the definition of each path’s amplitude and delay. During this process,
we have concluded that most channel energy is concentrated in the
first microsecond of the signal. Moreover, the last taps of LCM1 are
located between 5-7 μs and around 12 μs in the case of LCM2. The delay
spread analysis showed shallow values in both cases, although LCM1
had higher values than LCM2. The mean delay spread in both cases is
below 50 ns, and the maximum RMS delay spread is below 150 ns.
A similar conclusion is obtained from the K-factor analysis, where
LCM1 presents a value 3–4 dB higher than LCM2. Finally, we have
also analyzed the Doppler PSD of the loopback channel and concluded
that the distribution that best fits the real Doppler spectrum is a Dirac
delta for 𝑓 = 0 Hz and exponential decay functions for the remaining
frequency. This model means that most of the Doppler spectrum density
is concentrated in 𝑓 = 0 Hz; therefore, the loopback channel is almost
static.

The analysis, definition, and characterization of the loopback chan-
nel model fill a gap that the in-band full-duplex communication designs
9

have had during the last years. In fact, to the best of the authors’ knowl-
edge, this is the first paper presenting the characterization of a loopback
channel model based on experimental measurements in an authentic
and active broadcast facility. This study enlarges the knowledge of the
full-duplex research community, especially in broadcast environments.
In addition, the proposal of these new channel models provides a
new tool for developing and validating in-band full-duplex solutions
since any researcher can use them during the simulation stage or the
channel emulation. Doubtlessly, using these channel models increases
the realism of future full-duplex developments.

Since the study was conducted at a specific transmission center, and
although it represents many current broadcast centers, future work is
needed to ensure the models’ suitability to other scenarios, such as
MIMO environments. We have planned future work to broaden the
study’s applicability. We aim to repeat the measurements in other
transmitter centers to compare and analyze the models’ universality.
Additionally, we will develop a characterization that incorporates the
environment and can be replicated using ray tracing software.
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