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1 Introduction
RAN1 has been discussing various multiuser superposition schemes [1-5]. In this contribution discuss some limitations of symbol-level linear superposition of near and far user data. We propose a bit mapping approach that addresses these limitations.
2 MUST Signal Model
In this contribution, the modulation orders used for MUST users are denoted by the ordered pair (far user modulation, near user modulation). For example, (QPSK, 16QAM) represents QPSK used for far user and 16QAM used for the near user.

At present RAN1 is considering at least the following two scenarios under the “same precoder” assumption:

2.1 Scenario 1 (scalar or 1-layer superposition) 

In this case, the signal received at both the UE subject to MUST (i.e., near UE or far UE) can be written as
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 channel vector (which includes precoding at the eNB, if any), and [image: image17.png]


 is the vector that model additive WGN which has the distribution [image: image19.png]CN(0,621)



.

2.2 Scenario 2 (multi-layer superposition)
In this case, eNB transmits rank 2 signal to the near UE using a precoding matrix [image: image21.png]L pupa)




 and rank 1 signal to the far UE using the precoding vector [image: image23.png]


. Clearly, [image: image25.png]


  is the common precoding vector (or beam) used for superposition transmission.

Assuming [image: image27.png](e, 1 — ay)



 power split between the users as before, the received at either UE can be written as 
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  channel matrix corresponding to the unprecoded channel; 
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 is the signal vector transmitted to the near user;
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is the symbol transmitted to the far user; 
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 is the additive WGN process which has the distribution [image: image40.png]CN(0,621)



.
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We consider the above two scenarios only for initially. There are some other interesting scenarios which may be considered in RAN1 at a later point in time.
3 Direct Symbol Mapping

For superposition transmission, the resultant symbol [image: image49.png]X = [@pxp + Ay



 can be obtained where [image: image51.png]


 is far user’s symbol and [image: image53.png]


 is near user’s symbol and where [image: image55.png]


 and [image: image57.png]


 are separately Gray encoded as per LTE Rel-8 symbol mapping. We denote this as Direct Symbol Mapping approach. 

For example, when the near user and far user modulation are (QPSK, QPSK), Direct Symbol Mapping produces a superposed constellation with bit labels and decision boundaries as shown in Figure 2‑1. The near user bits are shown in red color and the far user bits are shown in black color. It is easy to see that across I- and Q- axes adjacent constellation symbols of the super-constellation differ by more than 1 bit – both the far user and the near user bits change. 
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Figure 2‑1 Direct Symbol Mapping for (QPSK, QPSK) and decision boundaries

In general, the resultant constellation symbols do not have Gray labelling for other modulation pairs (QPSK, 16QAM), (16QAM, QPSK), (16QAM, 16QAM), etc. with the DSM approach.
3.1 Limitations
In linear superposition transmission for MUST, the combined constellation transmitted from the eNB on a beam can be represented as [image: image60.png]X = [@pxp + Ay



. 

Suppose that [image: image62.png]


 corresponds to the [image: image64.png]


 bits of data represented as [image: image66.png](dEdE .. dF._.)
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 corresponds to the [image: image70.png]


 bits of data represented as [image: image72.png](@¥a¥..a¥ )



.

[2] proposes that [image: image74.png](dEdE .. dF._.)



 be mapped to the first [image: image76.png]


 bits of a [image: image78.png](2K + K



–QAM constellation and [image: image80.png](@¥a¥..a¥ )



 are mapped to the last [image: image82.png]


 bits. However, this approach has a limitation:

· the power split [image: image84.png](e, 1 — ag)



 will need to be fixed as a function of [image: image86.png](Kp, Ky)



 ; this takes away flexibility from eNB scheduler implementation in terms of being able to use optimal power split as a degree of freedom

The NOMA approach in [3] proposes that [image: image88.png]


 and [image: image90.png]


 be separately mapped to the respective [image: image92.png](2%
)



–QAM and [image: image94.png](2%n
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–QAM constellations. However the main drawback of this approach is that the resultant constellation is not Gray encoded and therefore may not optimal with respect to link performance. 

Ideally, it would be preferable to have a constellation and bit-mapping design that satisfies the following requirements:

· R1: the resultant constellation formed by superposition of [image: image96.png]


and [image: image98.png]


 is Gray encoded 

· R2: [image: image100.png](e, 1 — ag)



 can be arbitrarily chosen by the eNB scheduler
· R3: each of the sub-constellations for  [image: image102.png]


 and [image: image104.png]


 are separately Gray encoded so that a UE implementing single-user symbol detection (e.g., far UE with signal level close to (I+N) floor) does not suffer from performance loss
In the sequel, we propose a design that satisfies requirements R2 and R3 all the time and requirement R1 whenever feasible.

4 Gray-Mapped Non-uniform Constellation 

This section contains a new proposal for bit-to-symbol mapping for Rel-13 MUST denoted as Gray-Mapped Non-Uniform Constellation (GNC).
4.1 Nested constellation structure – (QPSK, QPSK) example

Taking the specific example of 16QAM, we note that bits [image: image106.png](bg,by)



 divide the constellation into four groups each group belonging to one quadrant in the  [image: image108.png](x1%4)



 coordinate system. And bits [image: image110.png](b,,b3)



 define Gray labelled constellation points with each set for a given value of the pair [image: image112.png](bg,by)



. In other words, the pairs of bits [image: image114.png](bg,by)



 and [image: image116.png](b,,b3)



 form a nested structure where [image: image118.png](bg,by)



 constitute the “outer” part of the direct sum and [image: image120.png](b,,b3)



 form the “inner” part of the direct sum:
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Without loss of generality assume that [image: image123.png]e > ay = 1— ag



 or equivalently, [image: image125.png]e > 0.5



 (since we can swap the roles of [image: image127.png]


 and [image: image129.png]


).

We can assign bits [image: image131.png](bo,by) = (dE dF)



  to the “far” user and bits [image: image133.png](by,bs) = (d¥al)



 to the “near” user. Furthermore, the unequal power split can be made part of the symbol mapping as below:
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	which is the same as
	

	[image: image135.png]1

= {p(1-2df)[2-q(1 - 2a)] + jp(1 - 2dD)[2 - q(1 - 2d})]}





	(2)


where [image: image137.png]


 is a positive real-valued number which are subject to the following constraints:
1) [image: image139.png]2(4+q) =C



 which arises from unit constellation power requirement and

2) [image: image141.png]


 which arises from the power split requirement between [image: image143.png](bo,by)



 bits and [image: image145.png](b, b3)



 bits.
Clearly, setting [image: image147.png]


 or equivalently [image: image149.png]ap



 results in the traditional 16QAM constellation.

Since we started out from a Gray encoded constellation and applied selective “companding” (i.e., compression and expansion of different sets of constellation points), it is easy to verify that the bit labelling resulting from Eqn. (1) for[image: image151.png]


 is Gray.

Figure 3‑1 shows Gray mapping for (QPSK, QPSK) and the associated decision boundaries. The near user bits are shown in red color and the far user bits are shown in black color. Any two adjacent symbols of the super-constellation differ by only one bit since the underlying super-constellation is Gray encoded. Across I- and Q- axes the near user bits do not change and only the far user bits change. This is in contrast to direct symbol mapping where both near and far user bits change across I- and Q- axes. 

Looking at the decision boundaries for near user bits in Figure 3‑1, we can see that the number of adjacent symbols (with a different bit label) for each of the 4 symbols on the I-axis is (1,1,1,1). In comparison, the decision boundaries for direct symbol mapping in Figure 3‑1 are such that the number of adjacent symbols for each symbol along the I-axis is (1,2,2,1). So the number of adjacent symbols each symbol is smaller for Gray mapping. In hard-decision decoding, since these boundaries are used for decision-making, it is possible to show through analysis and simulations that Gray mapping leads to lower uncoded BER. The same applies for soft-decision decoding.
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Figure 3‑1 Gray mapping for (QPSK, QPSK) and decision boundaries

We can extend this approach for arbitrary combinations of constituent constellations. Like before, “near” UE and “far” UE designations are inter-changeable. “Far” user’s bits are mapped to the outer part of the resultant constellation and “near” user’s bits are mapped to the inner part of the resultant constellation. As a result the bit mapping for (QPSK, 16QAM) is not the same as that for (16QAM, QPSK) for example.

The outer bits (mapped to the far user in the above example) can be viewed as the “base layer” and the inner bits (mapped to the near user in the above example) can be viewed as the “extension layer”.

4.2 General mapping for arbitrary constellation pairs

For arbitrary modulation pairs, GNC can be written as a linear combination of the base layer ([image: image154.png]


) and a function of base layer and extension layer ([image: image156.png]


)
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where [image: image159.png]


 is a factor that depend on the modulation orders, and
 [image: image161.png]M(dEQE ~dF._)



 and [image: image163.png]M(dFdE - dF._))



 represent the function [image: image165.png]M()



 applied to even and odd bits of the base layer [image: image167.png]


 respectively.

Function [image: image169.png]M()



 takes only +/- 1 values. As a result, the I and/or Q values of the extension layer symbol [image: image171.png]


 undergo sign inversions (equivalent to reflections of the constellation) after mapping of data bits [image: image173.png]{ay--a¥ .}



 to legacy [image: image175.png](2%n
)



–QAM constellation prior to transmission. More specifically, we can write down the function [image: image177.png]M(dyd, ...dy_,)



 for the different modulation order pairs as summarized in Table 3‑1.

Table 3‑1 [image: image179.png]


 and [image: image181.png]M(-)



 for different modulation order pairs

	(far user, near user) modulation pair
	[image: image182.png]
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	QPSK, QPSK
	2
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	16QAM, QPSK
	2
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	QPSK, 16QAM
	4
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	16QAM, 16QAM
	4
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	64QAM, QPSK
	2
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	QPSK, 64QAM
	8
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	64QAM, 16QAM
	4
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	16QAM, 64QAM
	8
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	64QAM, 64QAM
	8
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This is easily extensible to other modulation pairs including 256QAM.
Figure 3‑2 shows the block diagram of the GNC modulation mapper assuming that the far user bits are mapped to the base layer. Under bit swapping, the roles of far and near user bits are reversed as explained in [6].

This is a simple change to signal generation as compared to DSM but, as shown in the next section, provides significant gains in relation to DSM.


[image: image193.emf]M-QAM mapper 

{±1,±3,±5,…}+j{±1,±3,±5,…}

far user bits 

M-QAM mapper 

{±1,±3,±5,…}+j{±1,±3,±5,…}

near user bits 

M(· )

M(· )

even bits 

odd bits 

Re(· )

Im(· )

j

GNC symbol 

output

far user power 

scaling

near user 

power scaling


Figure 3‑2 GNC modulation mapper
5 Adaptive bit-swapping to maintain Gray mapping
For some modulation order pairs in GNC, although Gray mapping can be maintained for a range of values for [image: image195.png]


, there can exist some [image: image197.png]


 for which maintaining Gray mapping is not feasible. In other words, there is a sufficient condition for maintenance of Gray mapping under GNC as discussed below.

· In GNC mapping described above, for example for (QPSK, QPSK), in order that Gray mapping is maintained, the condition [image: image199.png]q<2



  needs to be satisfied. The same condition needs to be met for (16QAM, QPSK) and (64QAM, QPSK) as well.

· For (QPSK, 16QAM) and (16QAM, 16QAM), the condition [image: image201.png]3q < 4



  needs to be satisfied. 

· For (QPSK, 64QAM), the condition 7[image: image203.png]q<8



  needs to be satisfied.

This means that the power ratio [image: image205.png]ay
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 for Scenario 1 and the power ratio [image: image207.png]/2
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 for Scenario 2 needs to be satisfied where [image: image209.png]


is given by Table 4‑1.


Table 4‑1 Necessary condition for maintenance of Gray mapping in GNC
	Modulation pair
	[image: image210.png]




	(QPSK, QPSK)
	1

	(16QAM, QPSK)
	1/5

	(QPSK, 16QAM)
	5/9

	(16QAM, 16QAM)
	1/9

	(64QAM, QPSK)
	1/21

	(QPSK, 64QAM)
	3/7

	(64QAM, 16QAM)
	TBD

	(16QAM, 64QAM)
	TBD

	(64QAM, 64QAM)
	TBD


When the above power ratio condition is not met, the mapping in Section 3.3 leads to a non-Gray mapping if applied directly. So when the power ratio is violated, we can assign the outer bits to the near user and the inner bits to the far user. In other words, the roles of near user and far user can be swapped leading to [image: image212.png](bg, b



  and bits [image: image214.png]) = (dE,dF,...)
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. So Gray mapping can be maintained for range of power ratios [image: image216.png]’:—" € (0 \E



 where [image: image218.png]A\B



 denotes the set subtraction operation and [image: image220.png]


 is the exclusion region as given by Table 3‑3 for different modulation order pairs.
Table 3‑3 Exclusion region for Gray mapping in GNC based on [image: image222.png]o



 ratio
	Modulation pair
	Scenario 1
	Scenario 2

	(QPSK, QPSK)
	null set
	null set

	(16QAM, QPSK)
	(1/5, 9/5)
	(2/5, 18/5)

	(QPSK, 16QAM)
	(5/9, 5)
	(10/9, 10)

	(16QAM, 16QAM)
	(1/9, 9)
	(2/9, 18)

	(64QAM, QPSK)
	(1/21, 7/3)
	(2/21, 14/3)

	(QPSK, 64QAM)
	(3/7, 21)
	(6/7, 42)


When Gray mapping is violated due to the power allocation at the scheduler, there are two options:

· Option 1: Maintain GNC mapping with or without bit swapping as described earlier

· Option 2: Fall back to direct symbol mapping
This topic is considered in further detail in [6].
6 Simulation results

Figure 4‑1 shows uncoded BER for the near user / far user data bits for (QPSK, QPSK) with both direct symbol mapping ([image: image224.png]X = [@pxp + Ay



 using Rel-12 LTE symbol mapping for [image: image226.png]


 and [image: image228.png]


) and GNC assuming [image: image230.png]ap



 which results in uniform 16QAM constellation. MCS5 is used for both users. Log-MAP LLR generation for symbol detection and ideal channel estimation are used. Static channel was simulated. GNC mapping results in about 2dB gain relative to DSM at 10% BLER for the near user’s data. Since near users’ data rate dominates the cell average throughput this link gain can translate into system-level gains. On the other hand, there is no significant performance difference for far user’s data bits which means that GNC performs as good as DSM for the far user.

The gain can be explained by the fact that the near UE bits in neighboring quadrants have Hamming distance larger than 1 for direct symbol mapping while it is equal to 1 (due to underlying Gray encoding) for GNC. So this is the same as the gap in UC BER performance for bits [image: image232.png](by,by)



 in a uniform 16QAM constellation for Gray vs. non-Gray mapping since [image: image234.png]ap



 was chosen. On the other hand, for the far user’s data bits, the performance is primarily determined for example by the Euclidean distance between two sets: (1) Set 1: the set of constellation points in quadrant (+,+) and (2) Set 2: the set of constellation points in quadrant (+,-) and this remains unchanged between direct symbol mapping and Gray mapping.
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Figure 4‑1 (QPSK, QPSK) with MCS5 for both far and near users for static channel

We next consider the non-uniform case with [image: image238.png]ap



 with MCS7 (QPSK) for far user and MCS14 (16QAM) for the near user. The uncoded BER and BLER plots are shown in Figure 4‑2. GNC provides almost 4dB gains for the near user relative to DSM while the far user performance is as good as with DSM.
	[image: image239.emf]0 5 10 15 20 25 30

10

-3

10

-2

10

-1

10

0

SNR (dB)

UBER

UBER: AWGN, LogMAP, MCS(7, 14), alpha0.6_

 

 

DSM - far UE

DSM - near UE

GNC (swap OFF) - far UE

GNC (swap OFF) - near UE


	[image: image240.emf]0 5 10 15 20 25 30

10

-3

10

-2

10

-1

10

0

SNR (dB)

FER

FER: AWGN, LogMAP, MCS(7, 14), 



F

 = 0.6

 

 

DSM - far UE

DSM - near UE

GNC (swap OFF) - far UE

GNC (swap OFF) - near UE




Figure 4‑2 (QPSK, 16QAM) with (MCS14, MCS7) for (far user, near user) for static channel

In light of the gains achievable with GNC, it is proposed that
Proposal: Adopt GNC approach for bit-mapping for Rel-13 MUST.
Contribution [4] has a more comprehensive set of simulation results.
7 Conclusions
In this contribution, we discussed some limitations of the Direct Symbol Mapping approach in MUST and proposed a scheme that ensures Gray mapping for the superposed modulation symbols. We also showed that GNC scheme leads to large link-level gains. 
Proposal: Adopt GNC approach for bit-mapping for Rel-13 MUST.
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