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Introduction
Non-orthogonal transmission to multiple UEs with different SNRs, referred to as MultiUser Superposition Transmission (MUST), is illustrated in Figure 1. It has been theoretically proven to achieve increased downlink data rates and throughputs with respect to OFDMA. However, theoretical proofs have limited value since they are based on ideal assumptions, like Gaussian signaling and channel coding with infinite block length. This is the reason why, in [1], the performance of MUST is evaluated by using link-level simulations and hardware test-bed. Increased data rates for multiplexed users obtained in [1] are achieved by linearly combining the amplitude-weighted encoded and modulated messages intended for the multiplexed users before transmission.

[bookmark: _Ref414279671][image: ]
[bookmark: _Ref416266254]Figure 1. Principle of superposition coding. Dashed blocks in the near UE receiver are optional.

In systems employing MUST (see Figure 1), the far receiver demodulates and decodes its message, treating the superposed near user message as interference. The near receiver can operate according to either of:
· Demodulate and decode the far UE message, regenerate the interference caused by the far UE message and cancel it from the received signal using Successive Interference Cancellation (SIC). After SIC, the near UE message is demodulated and decoded.
· Demodulate the received signal and perform decoding of the near UE message without employing SIC.
The rate gains obtainable via an MUST approach are shown in Figure 2. RN (resp. RF) is the rate of the near (resp. far) UE; CN (resp. CF) is the maximum rate achievable by the near (resp. far) UE. OFDMA rates correspond to the dashed line. Rates achieved by MUST correspond to the solid line.
[image: ]
[bookmark: _Ref414279755]Figure 2. Achievable rate region of non-orthogonal transmission with respect to OFDMA.
OFDMA rate pairs correspond to the dashed line.

As shown in [2] through system-level simulations, MUST with near-receiver SIC provides increased throughputs with respect to OFDMA. In a SIMO system with two receiver antennas, cell throughput gains of the order of 27% and cell-edge throughput gains of the order of 34% have been reported.
A number of MUST schemes are available and should be studied, including:
1. Amplitude-weighted superposition of coded and modulated signals. 
2. Amplitude-weighted superposition of coded and modulated signals with Gray labeled superposed constellation. 
3. Codeword-level superposition using conventional Gray-labeled modulations.
In the sequel we will show that the transmitters of these three schemes can be represented using a common block structure. The differences between these schemes appear only in the way how some of these blocks are implemented.


Multiuser Superposition Transmission Solutions
A common block structure of the MUST transmitters is shown in Figure 3. The multiuser interleaver, the modulator and the scheduler are the blocks which are implemented differently in different MUST schemes and will be discussed below. 

[image: ]
[bookmark: _Ref414358530]	Figure 4. MUST transmitter.	

The scheduler receives DL CQI from the UEs and, based on the received CQI, it selects two UEs – a near (N) UE and a far (F) UE – for transmission, computes the code rates of the selected UEs, the number  or REs to be used for transmission and the modulation parameters. Modulation parameters are different in each of the considered schemes; their computation will be explained in the hereinafter.
The information words  and  of near and far UEs are independently encoded and rate-matched to obtain codewords  and . The codewords are sent to the multiuser interleaver which combines their coded bits into a -element vector  of m-bit labels (here m is the modulation order). The elements of vector  are mapped by the modulator to the symbols of the superposed constellation. The elements of the modulator output vector  are
	
	
	(1)


 Finally, symbol vector  is transmitted.

Non-Orthogonal Multiple Access (NOMA)
NOMA performs amplitude-weighted superposition of coded and modulated signals. Messages intended for different UEs are independently encoded, then multiplexed and mapped onto modulation symbols of a NOMA superposed constellation.
The multiuser interleaver operates according to the scheme shown in Figure 4, where we assume that both near UE and far UE use QPSK. In the multiuser interleaver scheme of Figure 4, label F (resp. N) indicates a bit allocated to the far (resp. near) UE. Each column corresponds to a superposed modulation symbol.  The codeword bits of the far and near UEs are combined according to the scheme in Figure 4 and then the m bits in each column of the multiuser interleaver are used to generate a label. Finally, vector  is obtained and sent to the modulator.
 
[image: ]
[bookmark: _Ref415049219]Figure 4. Generic structure of multiuser interleaver for NOMA. 

The modulator operates according to the scheme shown in Figure 5. The superposed constellation used in the modulator is obtained by linear superposition as 
	
	
	[bookmark: _Ref414374709](2)


where  (resp. ) is a symbol belonging to the constellation  (resp.  of the near (resp. far) UE and  is the ratio of transmitted power allocated to the near UE. The symbol labels of the superposed constellation are obtained by concatenation of the labels of the UE constellations: where  is the order (in bits/symbol) of the near UE constellation, and(resp) is the label of the near (resp. far) UE constellation symbol. 


[bookmark: _Ref414615446] [image: ]
Figure 5. NOMA modulator.

The modulation parameters for NOMA are the following:
· The near UE constellation: ; 
· The far UE constellation: ;
· The ratio of transmitted power allocated to the near-UE:.

An example of NOMA superposed constellation obtained when the near and far UEs use QPSK is shown in Figure 6.

[image: ]
[bookmark: _Ref414219020]Figure 6. Example of NOMA superposed constellation.

In NOMA, UE selection and power allocation are performed jointly based on a full search of possible scheduling decisions. The scheduler selects the best UE set and power allocation via full search such that a certain scheduling metric is maximized per sub-band. A more detailed description of NOMA scheduling is provided in Appendix.
NOMA receivers are shown in Figure 7. The far-UE receiver shown in Figure 7(a) performs demodulation of the received signal and then decoding of its own codeword.  The near-UE receiver shown in Figure 7(b) performs demodulation of the received signal, decoding of the far-UE codeword and then it cancels the far-UE signal from the received signal.  Finally, the near-UE receiver performs decoding of the near-UE codeword .

	[image: ]
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	(a)
	(b)


[bookmark: _Ref415083209]Figure 7. NOMA receivers. Far-UE receiver (a); near-UE  receiver (b).

Semi-Orthogonal Multiple Access (SOMA)
SOMA performs amplitude-weighted superposition of coded and modulated signals using Gray labeled superposed constellations. Messages intended for different UEs are independently encoded, then multiplexed and mapped onto modulation symbols of a SOMA superposed constellation.
The multiuser interleaver operates according to the scheme shown in Figure 8, where we assume that both near UE and far UE use QPSK. In the multiuser interleaver scheme of Figure 8, label F (resp. N) indicates a bit allocated to the far (resp. near) UE, and the bits of the far UE occupy the first two rows of the interleaver while the bits of the near occupy the last two rows of the interleaver. Each column corresponds to a superposed modulation symbol.   The codeword bits of the far and near UEs are combined according to the scheme in Figure 8 and then the m bits of each column of the multiuser interleaver are used to generate a label. Finally, vector  is obtained and sent to the modulator.
 
[image: ]
[bookmark: _Ref415059566]Figure 8. Generic structure of multiuser interleaver for SOMA. 

The SOMA modulator transmits a sequence of complex symbols drawn from a superposed constellation obtained by linear superposition as in (2), but constellation labeling is performed according to a Gray mapping which maps labels with minimum Hamming distance to constellation symbols with minimum Euclidean distance. The transmitted symbols are obtained as
	
	
	(3)


where  indicates the mapping function. Here  and  are the nth symbol far-UE and near-UE labels as shown in the scheme of SOMA modulator of Figure 9. Superposed constellation symbols  are defined as in (2).  The Gray converter transforms the labels of near UE according to Gray mapping.



[bookmark: _Ref414615541]Figure 9. SOMA modulator.

The modulation parameters for SOMA are the following:
· The near UE constellation: ; 
· The far UE constellation: ;
· The ratio of transmitted power allocated to the near-UE:.

An example of SOMA superposed constellation obtained when the near and far UEs use QPSK is shown in Figure 10.

[image: ]
[bookmark: _Ref414219409]Figure 10. Example of SOMA superposed constellation.

Concerning scheduling, the algorithms employed in NOMA can be adapted to SOMA. A more detailed description of NOMA scheduling is provided in Appendix.
SOMA receivers are shown in Figure 11. The far-UE receiver shown in Figure 11(a) performs demodulation of the received signal and then decoding of its own codeword.  The near-UE receiver shown in Figure 11(b) performs demodulation of the received signal, collecting the near coded bits/LLRs and then performs decoding of the near-UE codeword.

	[image: ]
	[image: ]

	(a)
	(b)


[bookmark: _Ref415083660]Figure 11. SOMA receivers. Far-UE receiver (a); near-UE  receiver (b).


Rate-adaptive constellation Expansion Multiple Access (REMA) 
REMA (a.k.a. RA-CEMA) performs codeword-level superposition using conventional (e.g, LTE) modulations. Messages intended for different UEs are independently encoded, then multiplexed and mapped onto modulation symbols of a conventional M-QAM constellation.
The multiuser interleaver operates according to the scheme shown in Figure 12. Symbol F (resp. N) indicates a label bit allocated to the far (resp. near) UE codeword. Each column corresponds to a superposed modulation symbol and each row corresponds to a label bit of the superposed modulation. The first row corresponds to the label bit with higher bit-level capacity; the other rows correspond to the other label bits sorted according to a non-increasing bit-level capacity order. Here, the bit-level capacity [3] is the mutual information of each bit in the constellation labeling. The codeword bits of the far codeword are written row-wise starting from the first row according to the scheme in Figure 12. Once all the coded bits of the far-UE codeword have been written, the near-UE codeword is written row-wise. When all coded bits have been written, the rows are interleaved according to a permutation provided by the scheduler, then the m bits of each column are used to generate a label. Finally, vector  is obtained and sent to the modulator.

 [image: ]
[bookmark: _Ref414218630]Figure 12. Generic structure of multiuser interleaver for REMA.

The superposed constellations used in REMA are the LTE standard constellations. A scheme of REMA modulator is shown in Figure 13. 

[image: ]
[bookmark: _Ref415064678]Figure 13. REMA modulator.

The modulation parameters for REMA are the following:
· The superposed constellation: .

An example of REMA constellation is shown in Figure 14. It is the conventional Gray-labeled 16QAM as defined in the LTE standard [4].


[image: ]
[bookmark: _Ref415063833]Figure 14. Example of REMA constellation (16QAM).

Scheduling in REMA is based on the CQI values ( ) reported by the UEs and on the CQI table shown in Table 1 below. Each CQI value is mapped to bit-level capacities [3]  of the available modulations (where  is one of QPSK, 16QAM or 64QAM) as shown in Table 1. For QPSK modulations, the two label bits have the same bit-level capacity therefore the QPSK modulation has only one capacity value per CQI.   For QAM modulations, there are always two label bits in each capacity level, therefore in Table 1 the number of bit-level capacity values is half the number of bits per symbol.

[bookmark: _Ref404875733][bookmark: _Ref415084468]Table 1. REMA CQI table.
	CQI index
	QPSK
	16 QAM
	64QAM

	
	Bits 1&2
	Bits 1&2
(hi cap.)
	Bits 3&4
(lo cap.)
	Bits 1&2
(hi cap.)
	Bits 3&4
(mid cap.)
	Bits 5&6
(lo cap.)

	1
	
	
	
	
	
	

	2
	
	
	
	
	
	

	…
	…
	…
	…
	…
	…
	…

	J
	
	
	
	
	
	



For each modulation, the scheduler finds the allocation of label bits to UEs that maximizes a certain scheduling metric and then it selects for transmission the modulation that provides the highest metric. The allocation of label bits to UEs corresponding to the selected modulation determines the multiuser interleaving scheme, thereby selecting for concurrent transmission those UEs that obtain at least one label bit. Further details of the REMA scheduling algorithm are reported in Appendix.
REMA receivers are shown in Figure 15. The far-UE receiver shown in Figure 15(a) performs demodulation of the received signal and then decoding of its own codeword.  The near-UE receiver shown in Figure 15(b) performs demodulation of the received signal, collection of near coded bit LLRs and then performs decoding of the near-UE codeword .

	[image: ]
	
[image: ]

	(a)
	(b)


Figure 15. REMA receivers. Far-UE receiver (a); near-UE  receiver (b).
Conclusion
In this contribution, we describe the candidate schemes for multiuser superposition transmission. The NOMA, SOMA and REMA schemes are described. Corresponding receivers are defined and scheduling algorithms are described.
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Appendix
Scheduling algorithm for NOMA and SOMA
In NOMA and SOMA schemes, the scheduler performs joint UE selection and power allocation based on a full search of possible scheduling decisions. Each scheduling decision consists of a set of UEs and their power allocation coefficients. For each sub-band, a scheduling metric (e.g., PF metric) is computed for all possible scheduling decisions. The scheduler computes the scheduling SINR, then it computes the sub-band throughput for all candidate UE sets and power allocations. The UE set that maximizes the scheduling metric is scheduled for transmission.

Scheduling algorithm for REMA
Scheduling in REMA is based on the CQI values ( ) reported by the UEs and on the CQI table shown in Table 1 above. Each CQI value is mapped to bit-level capacities [3]  of the available modulations (where  is one of the available modulations, e.g. QPSK, 16QAM or 64QAM) as shown in Table 1. For QPSK modulations, each modulation symbol corresponds to a pair of bits with the same bit-level capacity; therefore, in Table 1 the column labeled “QPSK” has only one capacity value per CQI. For QAM modulations, each modulation symbol corresponds to four bits, two with a high bit-level capacity and two with low bit level capacity; therefore under the label “16QAM” of Table 1 we have two columns: a left column with the bit-level capacities of the high-capacity bits and a right column with the bit-level capacities of the low-capacity bits. In general, for QAM modulations with  bits per symbol, there are always two label bits in each capacity level, therefore the number of bit-level capacities is.
For each  UE), we select the row of Table 1 corresponding to its CQI value  and then we compute the weighted bit-level capacities by multiplying the elements of that row by the corresponding UE scheduler weight, obtaining the values in the  row of Table 2.

[bookmark: _Ref416266583]Table 2. Weighted bit-level capacities.
	UE index
	QPSK
	16 QAM
	64QAM

	
	Bits 1&2
	Bits 1&2
(hi cap.)
	Bits 3&4
(lo cap.)
	Bits 1&2
(hi cap.)
	Bits 3&4
(mid cap.)
	Bits 5&6
(lo cap.)

	1
	
	
	
	
	
	

	2
	
	
	
	
	
	

	…
	…
	…
	…
	…
	…
	…

	Z
	
	
	
	
	
	

	
	↓
	↓
	↓
	↓
	↓
	↓

	
	
	
	

	
	
	
	



For each column of Table 2, the maximum is found and then, for each modulation, the maximum weighted bit-level capacities are summed to obtain the weighted sum-rates,  and
	
	
	(4)


where  is one of QPSK, 16QAM or 64QAM and  is the order [bits/symbol] of modulation .
The modulation  that corresponds to the maximum weighted sum rate  is selected and used for transmission. 
The allocation of label bits to UEs corresponding to  determines the set of scheduled UEs: those UEs that get at least one bit are scheduled for transmission. The number of label bits per UE and the row permutation of the multiuser interleaving scheme (see Figure 12) are also determined according to the computed allocation of label bits to UEs. 
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