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1 Introduction
In RAN #71, a new SI, on New Radio Access Technology (NR) was approved [1]. One of the main deployment scenarios for the NR is enhanced mobile broadband (eMBB). For some eMBB use cases TR38.913[2] requires upto 20Gb/s on the down-link and 10Gb/s for the up-link. Key enablers for this unprecedented high capacity are high order constellations, powerful error correcting codes and massive MIMO. 
In our contribution [5] at RAN1#86, we showed than non-uniform 64QAM (NU-64QAM) constellations [3] provides better performance than uniform 64QAM in both flat and selective fading channels. In [6] at RAN1#87, we showed that NU-QAM provides greater performance gains for 256QAM and 1024QAM non-uniform constellations when used with Turbo codes. In [8], a similar performance gain was observed when 256QAM was used with LDPC codes.
Signal shaping, of which NU-QAM is one method, was also evaluated in [7] and shown to provide a performance gain relative to uniform QAM.
This contribution provides an introduction to NU-QAM in section 2 (following [6]). Section 4 shows the simulated performance of NU-QAM and compares that performance to the results of [7,8], showing alignment in the performance gain obtained through the use of NU-QAM. Our proposals are summarized in the conclusion in section 5.
2 Non-uniform QAM Constellations
A uniform constellation has points that are equally spaced along both the I and Q axes. Furthermore, the square shape of uniform constellations minimizes de-mapping complexity at the receiver. Such constellations can be de-mapped using two simple pulse amplitude modulation (PAM) de-mappers. 
Figure 1 illustrates non-uniform 256QAM (NU-256QAM) constellations whose points are non-uniformly distributed around the I-Q plane. The manner of distribution is optimized [3][4] to provide a shaping gain (over uniform constellations) given that they will be used in coded communications.  We expect the square constellation of Fig 1(a) whose shape optimization was one dimensional (1D) to perform slightly worse than the constellation of Fig 1(b) whose shape optimization was two dimensional (2D). The 1D optimized constellation of Fig 1(a) still has a square shape and so we expect the complexity of its de-mapper to be of the same order as that for a uniform constellation, significantly less than the complexity of the 2D optimized constellation de-mapper. Optimised 1D and 2D  1024QAM constellations are shown in Figure 2 
[image: image1.jpg]© o s sssssscscccs s o
© o s ececssscccc s o
© o s ecccsssccsc s o
© o s ssssssscccc s o
© o s esccssssccc s o
© © s ecccssssccc s o
© o s ececsssscc e s o
© o cscscssccsccce s o
e o s escssssscc s s o

..
..
P
oo o
oo o
oo o
© o sssssessssc s s o
o = .

15
1

Refx )



[image: image2.jpg]



Figure 1: Non-uniform 256QAM constellation optimization (a) 1D and (b) 2D
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Figure 2: Non-uniform 1024QAM constellation optimization (a) 1D and (b) 2D
 3 
NU-QAM Design and Evaluation Conditions
Performance evaluation was carried out for NU-64QAM, NU-256QAM and NU-1025QAM constellations. The  optimization details in each case are tabulated in Table 1. With these NU-QAM constellations, link layer simulations were carried out to evaluate their shaping gains. The simulation conditions are summarized in Table 2.
	Modulation
	Optimisation SNR (dB)
	TBS
	Code rate

	NU-64QAM
	15.2
	14466
	0.7

	NU-256QAM
	21.0
	19296
	0.7

	NU-1024QAM
	26.0
	24126
	0.7


Table 1:Summary of constellation characteristics
	Parameter
	Value

	Physical channel
	PDSCH

	Control channel region
	2 OFDM symbols

	System bandwidth
	5 MHz

	PRBs allocated to PDSCH
	25PRB

	FEC
	LTE Turbo code and rate matching

	Channel
	AWGN

	Channel speed
	static

	Channel estimation
	realistic

	Transmission mode
	TM1

	Number of antennas
	1Tx, 1Rx


Table 2: Link layer simulation conditions
4 
Performance Evaluation of High Order Non-Uniform Constellations
Performance evaluation was carried out for 64NU-QAM, 256NU-QAM and 1024NU-QAM constellations optimized for operation at code rates around 0.70. The details of each constellation are in the spreadsheet that accompanies this contribution. Using the simulation conditions of Table 2 the evaluated AWGN performance is compared in each case to uniform constellations in Figure 3. For the 256NU-QAM and 1024NU-QAM, both 1D and 2D constellations were simulated, since for these high order modulations, the lower decoding complexity of the 1D constellations may make them more attractive than the more complex and slightly better performing 2D constellations.
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Figure 3: Performance of 64NU-QAM, 256NU-QAM and 1024NU-QAM in AWGN
The performance gains from use of NU-QAM, over uniform QAMs also known as shaping gains are summarized in Table 3 based on the simulation results of Figure 3. The table also shows the performance gains reported in [7] and [8] for comparable MCS. The simulated performance gains observed in our simulations are in line with those reported by other companies.
	Modulation order
	NU-QAM gain over uniform
	Other reported gains

	64QAM
	0.6dB
	0.5dB [7]

	256QAM (2D / 1D)
	0.9dB / 0.6dB
	0.9dB (2D) [8]

	1024QAM (2D / 1D)
	1.1dB / 0.8dB
	-


Table 3: Performance gain of NU-QAM over uniform QAM
The following observations can be made:
Observation 1: The gain of NU-QAM over uniform QAM increases as the modulation order increases.
Observation 2: Both 1D and 2D NU-QAMs show performance gain over uniforms QAMs.

Observation 3: 2D-NU-QAM provides approximately 0.3dB greater gain than 1D-NU-QAM, with 1D-NU-QAM having a lower decoding complexity.

Based on the observed performance gain of NU-QAM from 4 companies, the following proposals are made:

Proposal 1: RAN1 should consider the use of NU-QAM constellations in NR.

Proposal 2: RAN1 should document the study of NU-QAM in the NR TR.
5 Conclusions
In this contribution, we reported the study of NU-QAM constellations for the NR while observing as follows:
Observation 1: The gain of  NU-QAM over uniform QAM increases as the modulation order increases.
Observation 2: Both 1D and 2D NU-QAMs show performance gain over uniforms QAMs.

Observation 3: 2D-NU-QAM provides approximately 0.3dB greater gain than 1D-NU-QAM, with 1D-NU-QAM having a lower decoding complexity.

From these observations, we would propose the following:
Proposal 1: RAN1 should consider the use of NU-QAM constellations in NR.

Proposal 2: RAN1 should document the study of NU-QAM in the NR TR.
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