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I. INTRODUCTION

ncreasing spectral efficiency of wireless broadcasting systems to get close to the channel capacity upper bound represents nowadays a major goal of many research projects worldwide. Techniques such as Multiple Input Multiple Output (MIMO) [START_REF] Goldsmith | Capacity limits of MIMO channel[END_REF], Rotated Constellations (RC) [START_REF] Nour | Rotated QAM constellation to improve BICM performance for DVB-T2[END_REF] and Non-Uniform Constellations (NUC) [START_REF] Barrueco | Constellation Design for Bit-interleaved Coded Modulation (BICM) Systems in Advanced Broadcast Standards[END_REF] respond to this demand providing a good tradeoff between system capacity and bandwidth usage.

A paradigmatic standardization example is the newest digital terrestrial broadcasting system called ATSC 3.0 [START_REF]ATSC Standard: Physical Layer Protocol[END_REF]. This standard adopts MIMO as an optional technology [START_REF] Gomez-Barquero | MIMO for ATSC 3.0[END_REF] and it also includes NUCs [START_REF] Loghin | Non-uniform constellations for ATSC 3.0[END_REF] to provide performance gains up to 1.8 dB (compared to classical Quadrature Amplitude Modulations (QAM)). NUCs are designed to maximize the Bit Interleaved-Coded Modulation (BICM) channel capacity [START_REF] Zoellner | Optimization of high-order nonuniform QAM constellations[END_REF] - [START_REF] Barrueco | Combining advanced constellations and SSD techniques for optimal BICM capacity[END_REF].

There are two possible NUC families: 1-Dimensional NUC (1D-NUC) and 2-Dimensional NUC (2D-NUC). 1D-NUCs were already included in Digital Video Broadcasting Next Generation Handheld (DVB-NGH) [START_REF] Gomez-Barquero | DVB-NGH: The next generation of digital broadcast services to handheld devices[END_REF] proposal. Unlike 1D-NUCs, 2D-NUCs cannot be created using two non-uniform Pulse Amplitude Modulation (PAM) signals. This implies that the in-phase (I) and quadrature (Q) components of the constellation symbols are no longer independent. As a consequence, a two-dimensional demapper (2D-demapper) must be applied to each received symbol. In addition, the number of Euclidean distances to be computed for Maximum Likelihood (ML) demapping of 2D-NUCs increases notably with respect to the one required for demapping 1D-NUCs [START_REF] Barrueco | Constellation Design for Bit-interleaved Coded Modulation (BICM) Systems in Advanced Broadcast Standards[END_REF]. This fact results into a significant increase in demapping complexity for 2D-NUCs when compared to 1D-NUCs. However, 2D-NUCs provide larger spectral efficiency gains, approaching closely to Shannon's channel capacity limit for higher constellation orders. Therefore, ATSC 3.0 includes 2D-NUCs up to 256 constellation points. Nevertheless, higher order 2D-NUCs (1K, 4K) were discarded during the standardization process due to their excessive hardware complexity.

A literature review shows abundant proposals for complexity reduction in demapping algorithms for MIMO [START_REF] Hsieh | A Lattice-Reduction-Aided Max-Log List Demapper for Coded MIMO Receivers[END_REF] - [START_REF] Qi | A Lattice-Reduction-Aided Soft Demapper for High-Rate Coded MIMO-OFDM Systems[END_REF] and RCs [START_REF] Tomasin | Low Complexity Demapping of Rotated and Cyclic Q Delayed Constellations for DVB-T2[END_REF] - [START_REF] Jafri | High-Throughput and Area-Efficient Rotated and Cyclic Q Delayed Constellations Demapper for Future Wireless Standards[END_REF]. However, to the best of our knowledge, there is only one technical contribution addressing demapping techniques for 2D-NUCs [START_REF] Fuentes | Low-Complexity Demapping Algorithm for Two-Dimensional Non-Uniform Constellations[END_REF].

This work specifically targets low complexity demappers for 2D-NUCs. A novel demapper combining two techniques based on condensation and adaptive sub-region for 2D-NUCs is proposed. It reduces latency when compared to state of art demappers [START_REF] Fuentes | Low-Complexity Demapping Algorithm for Two-Dimensional Non-Uniform Constellations[END_REF]. Moreover, it shows a reduction in the number of Euclidean distances to be computed from 79.2% to 95.4% with respect to the ML demapper for 2D-256NUCs, 2D-1kNUCs and 2D-4kNUCs. At the same time, error rate simulation results over AWGN, Rayleigh iid, DVBT-P1 and DVBT-F1 channels show comparable performance to ML demapping since the gap does not exceed 0.1 dB in all cases.

Low Complexity Adaptive Demapper for Two-Dimensional Non-Uniform Constellations

This validation step includes ideal and non-ideal channel state information (CSI) conditions. The rest of the paper is organized as follows: Section II is a literature review of low complexity demapping techniques. Section III presents the characteristics of the 2D-NUCs. Section IV shows the proposed demapper analyzing the key parameters of the demapper and the complexity reduction for each code rate. In Section V the system performance of the demapper is carried out using the BICM and OFDM platforms defined in ATSC 3.0 for ideal and non-ideal CSI. Finally, section VI gathers the main conclusions of the paper.

II. LITERATURE REVIEW AND CONTRIBUTION

There are different families of demapping strategies depending on the following system features: the number of antennas, the application of signal space diversity techniques (SSD) and the specific constellation shape.

In the case of MIMO systems, two approaches have been explored. The first is based on the sphere decoder [START_REF] Viterbo | A universal lattice code decoder for fading channels[END_REF] - [START_REF] Barjau | MIMO Sphere Decoder with Successive Interference Cancellation for Two-Dimensional Non-Uniform Constellations[END_REF] while the second applies lattice reduction [START_REF] Agrell | Closest point search in lattices[END_REF] - [START_REF] Haroun | Low-Complexity Soft Detection of QAM Demapper for a MIMO System[END_REF]. Although these demappers provide low complexity for MIMO systems, their use in SISO systems is not necessarily appealing since the number of operations associated to the sphere decoder and lattice demapper remains large with respect to the number of constellation points in the SISO system.

Another group of proposals are related to the specific shape of the constellation being demapped. Several algorithms have been specifically designed for systems using Amplitude Phase Shift Keying (APSK) modulation. A simplified soft demapper was created for this modulation in satellite systems [START_REF] Xie | Simplified Soft Demapper for APSK with Product Constellation Labelling[END_REF]. This demapper decomposes the APSK into two different PAM signals which, again, is not directly applicable to 2D-NUCs. In [START_REF] Lee | Simplified Non-Square Amplitude Modulation Demapper for DOCSIS 3.1[END_REF] a simplified demapper was proposed for the Data Over Cable Service Interface Specification (DOCSIS) 3.1 [START_REF]Data-over-cable service interface specifications DOCSIS 3.1-physical layer specification[END_REF] where non-square quadrature amplitude modulation schemes are used. In this case independence between several bits of the symbol is exploited to simplify the demapping process. Unfortunately, this approach is not applicable to 2D-NUCs where all the bits are dependent.

On a different research thread, the inclusion of the RC technique in DVB-T2 and DVB-NGH led to several studies of low complexity demappers. In [START_REF] Kim | One-Dimensional Soft-Demapping Algorithms for Rotated QAM and Software Implementation on DSP[END_REF], authors reformulate the received rotated QAM as two PAM signals applying MMSE decorrelation. This technique is not applicable to 2D-NUCs because it is not possible to decorrelate I/Q components without high performance losses. Another family of demapping approaches reduces the area where Euclidean distances are evaluated. The latest proposal in this direction is a fixed sub-region demapper proposed in [START_REF] Pérez-Calderón | Rotated constellation demapper for DVB-T2[END_REF], [START_REF] Perez-Calderon | Simplified rotated constellation demapper for secon generation terrestrial digital video broadcasting[END_REF]. The result is a reduction in complexity ranging from 25% to 50% with variable performance losses. Another interesting result can be found in [START_REF] Fuentes | Low-Complexity Demapping Algorithm for Two-Dimensional Non-Uniform Constellations[END_REF] where a sub-region demapper applicable to 2D-NUCs was proposed, following the foundations set by the previous results in [START_REF] Perez-Calderon | Simplified rotated constellation demapper for secon generation terrestrial digital video broadcasting[END_REF]. This demapper provides low demapping complexity and low system performance losses when compared to the ML demapper for high code rates.

The weak aspect of this approach comes from the invariable nature of the region size since it is kept constant for all the transmission/reception scenarios. Indeed, the dimension of the region is defined empirically and it will be a fixed feature of the modulation and the coding (MODCOD) choice at the design stage. The size of the area is calculated statistically from the system performance results around the vicinity of the Low Density Parity Check (LDPC) code waterfall region. In terms of network planning, this corresponds to tweaking the broadcast system depending on LDPC code threshold for the worst supported transmission channel scenario. Concretely, the available SNR for most users will be significantly higher than the threshold SNR. Therefore due to high SNR users, the sub-region defined in [START_REF] Fuentes | Low-Complexity Demapping Algorithm for Two-Dimensional Non-Uniform Constellations[END_REF] will be often too wide in terms of possible computation volume reduction.

An additional limitation is associated to the propagation channel variations: the sub-region size optimization was carried out for a static situation and does not adapt to the channel type. This fact will result into system performance losses for some channel scenarios. Therefore, we propose an adaptive sub-region demapper for 2D-NUCs with lower complexity and better system performance than constant subregion demappers. The dimension of the region varies for each received symbol through adaptation to the characteristics of the MODCOD, perceived Signal to Noise ratio (SNR) and channel conditions.

Sub-region demappers do not provide any reduction in latency for low code rates, where they provide negligible complexity reduction. Authors in [START_REF] Fuentes | Low-Complexity Demapping Algorithm for Two-Dimensional Non-Uniform Constellations[END_REF] and [START_REF] Kwon | Simplified non-uniform constellation demapping scheme for the next broadcasting system[END_REF] propose to complement sub-region demapping with symbol condensation techniques to further reduce latency in these corresponding regions. Inspired by this proposal, we define a metric to appropriately condensate 2D-NUCs providing low demapping complexity with negligible performance losses. We propose to go one step further and limit the subregion algorithm to high SNR values, apply subregion plus condensation in the mid SNR range and keep simple condensation demapping on the low SNR range. Consequently, the demapper switches between these techniques depending on the corresponding system parameters [START_REF] Tao | Low-complexity switched soft demapper for rotated non-uniform constellation DVB-NGH systems[END_REF], [START_REF] Tao | Low Complexity Switched Soft Demapper for Rotated QAM Constellations[END_REF].

III. CHARACTERISTICS OF 2D-NUCS

2D-NUCs are characterized by the complete freedom of movement of the constellation points during the design procedure. The number of degrees of freedom (DOF) when designing a M-ary 2D-NUC, where M is the constellation order, is 2𝑀. Already designed 2D-NUCs [START_REF] Barrueco | Constellation Design for Bit-interleaved Coded Modulation (BICM) Systems in Advanced Broadcast Standards[END_REF] present quadrant symmetry reducing the number of DOFs in the optimization process to . This full flexibility in the design process implies higher complexity at the demapping stage. The I and Q components are mutually dependent and a 1D-demapper is no longer valid. 2D-NUCs make use of the 2D-demapper, which presents higher complexity than the 1D-demapper in terms of the number of Euclidean distances to be computed. While ML-based 1D-demapper computes √𝑀 Euclidean distances, the ML-based 2D-demapper computes 𝑀 Euclidean distances.

The shaping of 2D-NUCs depends basically on the SNR value and channel model as stated in [START_REF] Barrueco | Constellation Design for Bit-interleaved Coded Modulation (BICM) Systems in Advanced Broadcast Standards[END_REF]. The design factor with the largest impact of 2D-NUCs is the SNR value. The influence of the channel model slightly shifts the positions of the constellation points without modifying the overall shape of the constellation. The SNR value is directly related to the code rate. Low SNR values correspond to low code rates and vice versa. 2D-NUCs designed for low code rates present several constellation symbols situated at the same position in the constellation diagram. This sort of constellations is called condensed 2D-NUCs [START_REF] Barrueco | Low complexity and high order two-dimensional non-uniform constellations for high capacity broadcasting systems[END_REF], [START_REF] Barrueco | Condensation Methodologies for Two-Dimensional Non-Uniform Constellations[END_REF]. Condensation maximizes BICM channel capacity by favoring the capacity of the most significant bits (MSB) while sacrificing the capacity associated to the least significant bits (LSB), which in any case will be degraded by high noise values. Condensation with imperceptible capacity loss in 2D-NUCs is feasible in the low and mid code rate region.

2D-NUCs designed for the mid code rate region present circular shaping due to the maximization of the BICM channel capacity and to the application of quadrant symmetry. For high code rates, the constellation points are uniformly distributed along the constellation diagram. The shaping of 2D-NUCs for high code rates is similar to the uniform QAM.

IV. PROPOSED DEMAPPER

In this section we define a condensation metric and present a study of the most appropriate value to provide low demapping complexity with negligible impact on performance for low code rates. For mid and high code rates, we propose an adaptive sub-region demapper. The combination of the two demapping techniques called Switched Condensed and Adaptive Sub-Region (SCASR) demapper is proposed providing lower demapping complexity than state of art 2D-NUC demappers with negligible impact on performance for all the code rate range. All the results shown in this section have been obtained using a fully compliant ATSC 3.0 BICM transceiver with 300 FEC blocks of length 64,800 bits [START_REF] Michael | Bit-interleaved coded modulation (BICM) for ATSC 3.0[END_REF]. Low density parity check (LDPC) code options (R=2/15 to R=13/15) included in ATSC 3.0 [START_REF] Kim | Low-density parity-check codes for ATSC 3.0[END_REF] are used.

A. Condensed Demapper Optimization

The condensed demapper takes advantage of the condensation applied to the 2D-NUCs designed for low and mid code rates [START_REF] Fuentes | Low-Complexity Demapping Algorithm for Two-Dimensional Non-Uniform Constellations[END_REF], [START_REF] Barrueco | Low complexity and high order two-dimensional non-uniform constellations for high capacity broadcasting systems[END_REF]. When designing a condensed demapper, the most important parameter is the condensation degree (or number of merged points) to be applied to the 2D-NUCs. Most of the 2D-NUCs included in ATSC 3.0 do not present complete condensation. Indeed, points are not merged, but close to each other.

The Euclidean distance between adjacent points is used as metric for condensation. Fig. 1 shows the bit error probability difference between the ML and the condensed demapper for different metric values (0.05, 0.1, 0.15 and 0.2). The bit error probability is calculated for the SNR threshold at LDPC waterfall region. ATSC 3.0 2D-256NUCs are analyzed for all code rates over AWGN and Rayleigh iid channels using the ATSC 3.0 BICM chain.

The condensed demapper presents similar bit error probability to the ML demapper for the four metric values and low code rates up to R=7/15. In this region, 2D-256NUCs present the highest condensation degree. From R=8/15 to R=13/15 code rates the bit error probability for 0.15 and 0.2 metrics increases significantly. Condensation applied to 2D-256NUCs within this code rate range behaves poorly. The bit error probability penalty is even higher in the case of the Rayleigh iid channel. For both channels, the metrics 0.05 and 0.1 present similar error probability to the ML demapper (except for 0.1 at R=11/15 code rate for Rayleigh iid channel).

Fig. 2 shows the reduction in terms of percentage of the number of Euclidean distances to be computed in the condensed demapper with respect to the ML demapper for all code rates. The complexity reduction increases with the value of the condensation metric. However, as shown in Fig. 1, the system performance gets worse as the metric increases. We propose to use a metric value of 0.05 as the best tradeoff between demapping complexity and system performance.

B. Adaptive sub-region demapper

The second demapper submodule makes use of the design methodology of 2D-NUCs [START_REF] Barrueco | Constellation Design for Bit-interleaved Coded Modulation (BICM) Systems in Advanced Broadcast Standards[END_REF]. As shown in Section III, 2D-NUCs are obtained as a function of the operating SNR and the considered channel model. An adaptive sub-region demapper with a variable region size depending on these two parameters is proposed. The size varies for each received constellation symbol.

1) Concept and functional diagram of adaptive sub-region demapper

The adaptive sub-region demapper is based on computing the Euclidean distances between the received symbol and the symbols inside a square sub-region of the constellation diagram with a determined length. In the case of 2D-NUCs, we propose a square sub-region varying with the operating SNR and considered channel model. In this way, the length of the sub-region closely fits the design conditions of each 2D-NUC, providing an efficient demapping process. A graphical description behind the idea of the adaptive subregion demapper is shown in Fig. 3a and Fig. 3b. For simplicity, the optimal 2D-16NUC for 8 dB of SNR is considered. This constellation is composed of 16 symbols S i where i = 1…16. Each symbol has one I and Q component associated S Ii and S Qi . Fig. 3a shows a graphical representation of the sub-region demapper for components I and Q. For the I component, the sub-region is limited by the I components of the constellation symbols inside the sub-region of length 2d centered at ry, where ry is the real part of the received symbol. In this case, these components are S I1 , S I2 and S I3 . The real part of the transmitted symbol is represented as rx. The same applies for the Q components, being S Q1 , S Q2 and S Q6 the Q components of the symbols inside the sub-region. Fig. 3b shows the sub-region in the constellation diagram and the symbols inside it. The transmitted symbol is represented as x and the received symbol as y. Symbols S 1 , S 2 and S 6 are inside the sub-region for the particular x and y symbols.

2) Length of the square adaptive sub-region demapper

The value of the length of the sub-region is based on having, at least, the transmitted symbol inside the sub-region. Constellation symbols situated at the limit of the sub-region are also included. Equation [START_REF] Goldsmith | Capacity limits of MIMO channel[END_REF] shows the calculation of the received symbol in a communication system with Gaussian noise for a determined channel.

𝑦 = ℎ𝑥 + 𝑛

(1

)
Where y is the received symbol, x the transmitted symbol, n the noise value (in this case Gaussian noise is assumed) and h the fading coefficients of the channel. All the parameters are complex values. Manipulating (1), the position of the transmitted symbol x is obtained as:

𝑥 = 𝑦 ℎ - 𝑛 ℎ (2)
The first term 𝑦 ℎ refers to a zero forcing equalization. Manipulating the second term in (2), we derive the length of the sub-region d in (3). This length is calculated for each received symbol, i.e., it adapts to the channel and noise variations.

𝑑 = | (𝑙+𝑗𝑙)𝜎 ℎ | ( 3 
)
Where σ is the standard deviation of the Gaussian distribution and l is the maximum random value which determines the percentage of values that lie within a band around the mean in a normal distribution. As shown in (3), the value of the length is directly proportional to the noise value. The higher the noise value the higher the length value and vice versa.

3) Design of adaptive sub-region demapper

The adaptive sub-region demapper presents a series of special cases. The first case is considered when there is no symbol inside the sub-region. In this case, the length of the sub-region is increased until at least, two symbols are inside. Second, in the calculation of the log-likelihood ratio (LLR) values for each transmitted bit, the conditional probability of receiving y given that the bi transmitted is 0 p(y|bi is 0) and the conditional probability of receiving y given that bi transmitted is 1 p(y|bi is 1) are needed. However, it can occur that for a determined bi all the symbol values inside the sub-region are 0 or 1 for that particular bit. In this case, taking into account that a FEC soft decoder performs better under pessimistic assumptions (consider one symbol as if it was closer than its real position) the conditional probability of the missing bit value is calculated for the furthest symbol inside the subregion. This can derive into both conditional probabilities with the same value if the Euclidean distances are the same for both bit values. This is solved by increasing the length value and forcing that there are, at least, two symbols with different Euclidean distances.

This solution performs efficiently for low and mid code rates (up to R=9/15). However, for higher code rates, system performance gets worse. For low code rates, the sub-region covers mainly the totality of constellation points and this demapper does not reduce complexity. For high code rates the sub-region only covers part of the constellation diagram and the case explained above in which one bit value is not inside the sub-region commonly happens for the two MSBs. In this case, another approach is proposed: compute the Euclidean distance from the received point y to the origin of the constellation diagram (0+0j) since it represents the intersection of the four quadrants. This option requires only one Euclidean distance to be computed. As shown in Section V, this solution has negligible impact on the demapping complexity and system performance.

Fig. 4 shows the percentage reduction in the number of Euclidean distances to be computed w.r.t. ML demapper. For low code rates, limited reduction is observed. In this zone, where the noise components are high, the length of the subregion is highly increased gathering almost all the constellation points. In the region of mid code rates, as the noise value is lower, the number of points inside the subregion is lower and the number of Euclidean distances to be computed is reduced. High code rates present the highest complexity reduction as the length of the sub-region is highly reduced.

The adaptive sub-region demapper proposed in this section provides high demapping complexity reduction in the region of mid and high code rates with negligible performance loss. A complexity reduction from 60% for R=7/15 to 95% for R=13/15 is achieved. In order to decrease the complexity for low and mid code rates, a combination of the adaptive subregion and condensed demapper is proposed (Section IV C).

4) Determination of points inside the adaptive sub-region

The efficient determination of the points inside the subregion is a key aspect. We propose a methodology based on finding the closest constellation symbol to the received symbol. Then, a comparison process starting from this symbol is performed in order to determine the first point outside the sub-region.

The procedure is explained for one axis (I) and the methodology is then repeated for the other axis (Q). First, a sign check of the I component of the received symbol is performed in order to determine the quadrant. Next, dichotomy process is applied to the real part of the constellation points in order to determine the closest constellation point to the received point. The dichotomy process consists of dividing the set of I components into two subsets with equal number of components. The I component of the received symbol is compared with the limit value of the two subsets. A subset is chosen based on this comparison. An iterative procedure is performed until there is only one I component in the subset. This I component belongs to the closest symbol. Next, starting from the I component of the closest constellation point, comparisons are performed between the real part of the constellation symbols and the value of the length of the sub-region. In this way, the number of comparisons performed is reduced, i.e., the number of the points inside the sub-region plus the first one outside the region having a larger value than the considered length.

5) Determination of l value

The next step consists of determining the most suitable value of l. We approximate (3) to a normal distribution to set l = 3 as initial value. In this way, we assume that the transmitted symbol will be inside the sub-region in a high percentage of time. Then, an iterative procedure is performed to obtain the optimal value of l. Table I shows the study carried out to determine the optimal value of l with the lowest demapping complexity jointly with system performance losses below 0.1 dB. Steps of 0.1 are considered for the determination of the l value. Results from Table I show that for l = 3.6, the performance penalty of the adaptive sub-region demapper w.r.t. the ML demapper is below 0.1 dB for all code rates. For R=2/15 and R=6/15 a value of l = 3 also provides a negligible performance penalty and the same applies for R=10/15 code rate with l = 3.3. These values imply lower demapping complexity than for l = 3.6 (in the range of 2 -5% lower demapping complexity). For simplicity and targeting a hardware implementation, we take l = 3.6.

It is important to note that the value l = 3.6 is also valid for the ATSC 3.0 OFDM platform under ideal CSI. However, for non-ideal CSI the same study has been done obtaining a new value of l = 5.

C. Switched condensed and adaptive sub-region demapper

Being a combination of the two proposed demapping techniques, the combined SCASR demapper applies the metric value of 0.05 for the underlying condensed demapper and l = 3.6 for the adaptive sub-region demapper. For these parameters, observed performance remains within 0.1 dB from the ML demapper. Fig. 5 shows the functional diagram of the SCASR demapper. The first block corresponds to the decision block where, depending on the code rate, either one or both demappers are switched on. The criteria depend on the code rate range: for the code rates of R=2/15 and R=3/15 only the condensed demapper is applied. From code rates R=4/15 to R=10/15, both demappers (condensed and adaptive subregion) are used. From code rates of R=11/15 to R=13/15, only the adaptive sub-region demapper is used.

Fig. 6 shows the reduction in terms of percentage of the number of Euclidean distances to be computed w.r.t. ML demapper. The SCASR demapper presents a demapping complexity reduction ranging from 77% to 95% for the AWGN channel. This reduction ranges between 79% and 93% in the case of the Rayleigh iid channel. For this latter channel type, the fading coefficients and the SNR value (higher than in the AWGN channel for error-free decoding) increase the length of the sub-region.

The influence of the condensed demapper is remarkable for low code rates as it provides low demapping complexity. The adaptive sub-region demapper performs at its best for high code rates. In the range of mid code rates, both demappers have similar influence in the complexity reduction.

D. Hardware implications

The additional hardware complexity of the SCASR demapper w.r.t. the ML or Max-Log demappers is the calculation of the length of the sub-region and the constellation points inside the sub-region. Regarding the calculation of the parameter d, the remarkable operations in terms of hardware requirements are one multiplication and one division. The multiplication can be easily implemented via an addition since the SNR is constant for all the received symbols. The division can be considered equivalent to an Euclidean distance computation and it is taken into account in the complexity analysis in Section V. The rest of operations are comparisons or additions which are negligible if compared with Euclidean distance computation.

V. PERFORMANCE EVALUATION

A. Demapping complexity and system performance

In this section, the system performance of the proposed SCASR demapper is analyzed. As a contribution, in this paper the results of a low complexity demapper for 2D-256NUCs are presented using, for the first time, a fully compliant ATSC 3.0 OFDM transmitterreceiver chain. The transmitted signal is composed of 300 FEC blocks with 64,800 bit length. Four different channel models are simulated: AWGN, Rayleigh iid for the BICM system and DVB-T P1 (Rayleigh) and DVB-T F1 (Rice) [START_REF] Etsi | Digital Video Broadcasting (DVB); Implementation Guidelines for a Second Generation Digital Terrestrial Television Broadcasting System (DVB-T2)[END_REF] for the OFDM system. Four different code rates In all channel conditions, results from Table II show that the SCASR performance is comparable to the ML demapper with a negligible gap (under 0.1 dB). Meanwhile, complexity reduction from 6% to 27% w.r.t. the state of art demappers for 2D-NUCs [START_REF] Fuentes | Low-Complexity Demapping Algorithm for Two-Dimensional Non-Uniform Constellations[END_REF] and from 79.2% to 95.4% w.r.t. the ML demapper is obtained.

Table III extends the results for non-ideal CSI. The value of l is 5 as explained in Section IV B5. All the interleavers defined in ATSC 3.0 for single PLP are used, the pilot pattern is SP12_2, 16K FFT is used and the guard interval is 1024 samples. The pilot boosting is 4.7 dB. Two-dimensional channel estimation based on the Discrete Fourier Transform (DFT) method [39] is performed jointly with frequency and time filtering.

Results in Table III validate the proposed SCASR demapper under non-ideal CSI. The percentages of the demapping complexity reduction are quite similar to the ideal CSI case (from 8.7% to 23% w.r.t. [START_REF] Fuentes | Low-Complexity Demapping Algorithm for Two-Dimensional Non-Uniform Constellations[END_REF] and from 71.8% to 93.7% w.r.t. the ML demapper). The corresponding performance penalties on DVB-T P1 channel conditions are 0.1 and 0.2 dB for R=10/15 and R=13/15 code rates respectively.

B. Extension to 2D-1kNUC and 2D-4kNUC

The main problem for high order 2D-NUCs (1k and 4k), is their design and demapping complexity. Indeed, proposed NUCs in ATSC 3.0 for these constellation orders are 1D-NUCs. As a contribution, the system performance and complexity reduction of the SCASR demapper for such high order constellations is presented. In a previous work, the authors proposed in [START_REF] Barrueco | Low complexity and high order two-dimensional non-uniform constellations for high capacity broadcasting systems[END_REF] 2D-1kNUCs and 2D-4kNUCs. 2D-1kNUC for R=5/15 code rate and 2D-4kNUC for R=3/15 code rate are used in this study. Ideal CSI is considered.

Results in Table IV validate the use of the SCASR demapper for high order 2D-NUCs. Demapping complexity reduction ranges from 96.5% to 99.7% (AWGN) and from 96% to 99.1% (Rayleigh iid). In all cases, performance penalty remains within 0.1 dB from the ML demapper. High order 2D-NUCs could be taken into account in future communications systems with the use of low complexity demappers such as the SCASR demapper.

VI. CONCLUSIONS

In this paper, a novel low complexity demapper switching between two different demapping techniques based on condensation and on adaptive sub-region (SCASR) is proposed for 2D-NUCs. First, the main characteristics of the 2D-NUCs are identified in order to design a demapper which adapts to these characteristics. Clear criteria are proposed for The first contribution of the work is the design of an adaptive sub-region demapper closely suited to the shaping of 2D-NUCs. The dimension of the sub-region with best compromise between performance and complexity is proposed. The design and functional diagram of the demapper are also defined. This demapper presents high demapping complexity reduction for high and mid code rates.

For low code rates, the use of a condensed demapper is proposed. A metric to appropriately condense 2D-NUCs to provide low demapping complexity with negligible impact on performance represents the second contribution.

In order to validate the proposed SCASR demapper, simulation results are presented using a fully compliant ATSC 3.0 OFDM transceiver. Obtained performance remains within 0.1 dB from the ML demapper. Meanwhile, a significant reduction in the number of computed Euclidean distances ranging from 79.2% to 95.4% is obtained when compared to the ML demapper. When other 2D-NUC demapping proposals are considered, the SCASR demapper still shows lower complexity (from 6% to 27%) and performs better (degradation always below 0.1 dB).

For non-ideal CSI, similar performance results and complexity reductions as for ideal CSI are still obtained. An extension of this demapper is proposed for high order 2D-NUCs showing a complexity reduction of up to 99.7% with respect to ML demapping.

Thanks to this proposal, the design of broadcasting systems which closely match Shannon's channel capacity limit for high spectral efficiency ranges becomes within feasible reach. 
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 21 Fig. 2. Percentage of the Euclidean distances reduction between the ML and condensed demapper for ATSC 3.0 code rates

  Fig. 3. a) In-phase and quadrature representation of the adaptive sub-region demapper for 2D-16NUC at 8 dB. b) Constellation diagram representation of the adaptive sub-region demapper for 2D-16NUC at 8 dB. c) Functional diagram of the adaptive sub-region demapper
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 4 Fig. 4. Percentage of the Euclidean distances reduction between the ML and adaptive sub-region demapper for ATSC 3.0 code rates for the AWGN and Rayleigh iid channels.

  R=2/15, R=6/15, R=10/15 and R=13/15). In the OFDM system, all the interleavers defined in ATSC 3.0 for single Physical Layer Pipe (PLP) are used. TableIIshows the results for ideal CSI. No pilots are used and perfect synchronization is considered.Complexity results consider the mean of all of the computed Euclidean distances along the simulation duration.
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 6 Fig. 6. Percentage of the Euclidean distances reduction between the ML and condensphere demapper for ATSC 3.0 code rates for the AWGN and Rayleigh iid channels.
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 5 Fig. 5. Functional diagram of the SCASR demapper

TABLE II SYSTEM

 II PERFORMANCE AND DEMAPPING COMPLEXITY REDUCTION OF THE SCASR DEMAPPER FOR IDEAL CSI

			Code rate [x/15]
	Channel	Parameter	R=2 R=6 R=10 R=13
		ML: SNR [dB]	1.7 10.6 17.2	22.3
	AWGN	SCASR Losses [dB]	<0.1 <0.1 <0.1 <0.1
		Complexity Reduction [%]	93.4 82.5 88.9	95.4
		ML: SNR	2.9 12.9 20.1	26.7
	Rayleigh iid	SCASR Losses [dB] Complexity Reduction [%]	<0.1 <0.1 <0.1 <0.1 93.7 80.2 83.9 93.2
		ML: SNR	2.3 12.5 19.7	26.6
	P1	SCASR Losses [dB]	<0.1 <0.1 <0.1 <0.1
		Complexity Reduction [%]	93.7 79.2 81.5	92.2
		ML: SNR	1.3 10.5 17.1	22.3
	F1	SCASR Losses [dB]	<0.1 <0.1 <0.1 <0.1
		Complexity Reduction [%]	93.7 80.1 86.7	94.6

TABLE III SYSTEM

 III PERFORMANCE AND DEMAPPING COMPLEXITY REDUCTION OF THE SCASR DEMAPPER FOR NON-IDEAL CSI

			Code rate [x/15]	
	Channel	Parameter	R=2 R=6 R=10 R=13
		ML: SNR [dB]	3.4 13.3 20.3	27.7
	P1	SCASR Losses [dB]	<0.1 <0.1	0.1	0.2
		Complexity Reduction [%]	93.7 74.2 75.2	90
		ML: SNR	2.2 11.1 17.5	22.8
	F1	SCASR Losses [dB]	<0.1 <0.1 <0.1 <0.1
		Complexity Reduction [%]	93.7 71.8 78.7	91.1

TABLE IV SYSTEM

 IV PERFORMANCE AND DEMAPPING COMPLEXITY REDUCTION OF SCASR DEMAPPER FOR HIGH ORDER 2D-NUC

			Constellation order & code
	Channel	Parameter	2D-1kNUC	rate 2D-4kNUC
			& R=5/15	& R=3/15
	AWGN	SCASR Losses [dB] Complexity Reduction [%]	<0.1 96.5	<0.1 99.7
	Rayleigh	SCASR Losses [dB]	<0.1	<0.1
	iid	Complexity Reduction [%]	96	99.1
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