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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#86b meeting [1], the following agreements on modulation were achieved:
· The same constellation mapping as used in LTE (i.e. QPSK, 16QAM, 64QAM and 256QAM) is introduced, while not precluding other constellation mappings
· Note that there might be possibility to exclude some of above constellation mapping based on the further study
· Enhancement modulation schemes for further study include
· Higher order modulation in conjunction with MIMO
· Constellation mapping among subcarriers
· Other constellations (e.g., non-uniform QAM) 
· Coded modulations
· Spatial modulation
· Mappings of bits to symbol(s)
· Rotated-QAM up to BPSK, QPSK
· -QAM (0<k<=1)
· FFS k (e.g., k = 0.5 for BPSK, 0.25 for QPSK)
· Constellation Interpolation
· Note: Other modulation schemes or combinations of the above schemes are not precluded
· Note: Proponents should describe the details of the receivers
The proposed enhanced modulation schemes aim at different targets, e.g., achieving larger diversity or lower PAPR. In this contribution, we present a simple signal shaping scheme that allows to approach the AWGN channel capacity with standard QAM constellation mappings and binary channel codes.
Signal Shaping for QAM Constellations
In order to achieve the capacity of the AWGN channel, the transmit signal must be Gaussian distributed. The use of uniformly distributed QAM symbols with optimal coded modulation (CM) leads to a shaping loss of up to 1.53 dB for high order constellations. Bit-interleaved coded modulation (BICM) with parallel bit-wise demapping as currently employed in LTE leads to an additional loss. The achievable spectral efficiencies (SE) for 64QAM are illustrated in Figure 1.
Observation 1: BICM with 64QAM as used in LTE entails an SNR loss of more than 1 dB for the spectral efficiency range between 2 and 5 bit/use.
In the following, we discuss two methods to improve the performance of BICM based on geometric and probabilistic shaping.
Non-Uniform Constellations (NUC)
Non-uniform constellations have been recently adopted for the next-generation terrestrial broadcast standard ATSC 3.0 [2]. The QAM constellations are optimized for each target SNR by maximizing the BICM capacity for uniformly distributed bits. Two examples for different spectral efficiencies are shown in Figure 2, and the achievable SE with optimized NUCs is included in Figure 1.
Observation 2: The performance of BICM can be improved by using non-uniform constellations (NUC), but there remains a gap to the capacity with Gaussian transmit signal.
[image: ]
[bookmark: _Ref465340993]Figure 1: Spectral efficiency (SE) for an AWGN channel with Gaussian transmit signal and 64QAM with coded modulation (CM), bit-interleaved coded modulation (BICM), non-uniform constellations (NUC), and probabilistically shaped coded modulation (PSCM)
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[bookmark: _Ref465945782]Figure 2: Non-uniform 64QAM constellations optimized for code rates 10/15 (left) and 13/15 (right)
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[bookmark: _Ref465947659]Figure 3: Probabilistic shaping of regular 64QAM
Note that, in contrast to standard Gray-labeled QAM, the constellations in Figure 2 do not allow for a simple independent demapping of the real and imaginary part. Therefore, one-dimensional NUCs for each real dimension were also studied in [2], which provide a reduced shaping gain.
Probabilistically Shaped Coded Modulation (PSCM)
As an alternative to geometric shaping, it is also possible to adjust the probabilities of the constellation points such that they follow an approximate discrete Gaussian distribution, as illustrated in Figure 3. The achievable SE of this probabilistically shaped coded modulation is also shown in Figure 1.
Observation 3: Probabilistically shaped coded modulation (PSCM) enables BICM to close the gap to the capacity with Gaussian transmit signal.
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[bookmark: _Ref465340999]Figure 4: Block diagram of PSCM transmitter and receiver
A block diagram of the proposed PSCM transmitter and receiver is shown in Figure 4. The main difference to conventional BICM is the distribution matcher that maps the uniformly distributed data bits to bit streams with a desired distribution, which determine the amplitudes of the transmitted QAM symbols. The forward error correction (FEC) encoder generates additional parity bits, which are uniformly distributed and determine the signs of the transmitted QAM symbols. This results in an approximately Gaussian distributed transmit signal using the same constellation mapping as in LTE.
At the receiver, the QAM demapper calculates the bit-wise log-likelihood ratios (LLRs) based on the observed receive signal taking the non-uniform transmit symbol distribution into account. These LLRs are fed to the FEC decoder as in conventional BICM, and the decoder output is finally mapped back to data bits by the distribution dematcher. Note that both the distribution matcher and dematcher correspond to simple one-to-one mappings, which can be efficiently implemented. 
[bookmark: _Ref129681832]Conclusions
Observation 1: BICM with 64QAM as used in LTE entails an SNR loss of more than 1 dB for the spectral efficiency range between 2 and 5 bit/use.
Observation 2: The performance of BICM can be improved by using non-uniform constellations (NUC), but there remains a gap to the capacity with Gaussian transmit signal.
Observation 3: Probabilistically shaped coded modulation (PSCM) enables BICM to close the gap to the capacity with Gaussian transmit signal.
These observations lead to the following proposal:
Proposal 1: Study signal shaping methods for higher order modulation.
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