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[bookmark: _Ref129681862][bookmark: _Ref124589705]1	Introduction
It was agreed in RAN1 meeting #86bis [1] that for New Radio (NR), the same constellation mapping as used in LTE is introduced, while not precluding other constellation mappings. It was also agreed to further study several enhancement modulation schemes for NR. One of the enhancement modulation schemes is the constellation mapping among subcarriers. It was further agreed in RAN1 NR Ad-Hoc meeting [2] that  BPSK modulation is supported for DFT-s-OFDM in NR.
In this contribution, we present the Dual-Carrier Modulation (DCM) as one type of enhancement modulation scheme. We evaluate and compare the performance of LTE QAM and DCM schemes through link-level simulation.
2	Discussion
2.1 	Introduction to Dual Carrier Modulation
QAM is probably the most widely used modulation scheme in wireless communication systems. Current LTE systems support QPSK, 16QAM, 64QAM and 256QAM. 
DCM was originally introduced to IEEE 802.11ad for OFDM PHY with MCS 13-17 for frequency diversity gain and better PER performance. IEEE 802.11ax adopted it for both High Efficiency SIGnal B field (HE-SIGB) and data transmission since DCM is robust to narrow band interference and also provides significant performance improvement for range extension and better user experience. 
DCM modulates the same set of information bits for a pair of subcarriers. The two subcarriers are typically separated far apart in frequency to exploit frequency diversity gain. For example, DCM in IEEE 802.11ad [3] modulates 4 bits () to two 16QAM symbols  and transmits them on two separate subcarriers. Here, the 4 bits () are first mapped to two QPSK symbols . Then, the matrix  is applied to convert the two QPSK symbols into two 16QAM symbols as shown below:

In general, DCM modulates  bits to two symbols based on two different mappings of  constellation points. Figure 1 illustrates an example of DCM with . As shown in this figure, four bits are mapped into two 16QAM symbols, based on two different 16QAM constellation mappings. These two 16QAM symbols are then allocated to different Resource Blocks (RB). 
In an OFDM based system, frequency diversity gain can be achieved by transmitting a message over several PRB pairs which are widely distributed across the system bandwidth. Ideally, the allocated RB separation is larger than the coherence bandwidth of channel to maximize the frequency diversity gain. However, in the case of narrowband allocations, less frequency diversity gain can be achieved since the RB separation is restricted. We will show in this contribution that even under this scenario, DCM could potentially provide more frequency diversity gain. 
In fact, for NR it is envisioned that multiple use cases will coexist in the system. Consider an exemplary deployment scenario where small cells overlay macro cells operating over the same frequency band and a narrowband user served by small cell is configured for URLLC application while a wideband eMBB user is operating in the macro cell. In this scenario, the transmissions from the URLLC user will severely interfere with a part of the allocation of the eMBB user perhaps due to high power transmission of the URLLC user who needs to maintain reliable communication. In this scenario, DCM can be employed to mitigate the effect of interference on the eMBB user. 



[bookmark: _Ref458452848]Figure 1: Dual Carrier Modulation to map 4 bits to two symbols with OFDM system

2.2  Performance Comparison of LTE QPSK and DCM
[bookmark: _Ref450071615]We investigate and compare the performance of LTE QPSK and DCM. The detailed simulation assumptions can be found in Appendix. 
We first simulate the performance of QPSK and DCM with different resource allocation schemes, specifically, the separation of the two modulated symbols in frequency domain as shown in Figure 1. In the simulations, we use coding rate ½ turbo codes and assume 2 Resource Blocks (RB) are allocated, with different separation between these two RBs in frequency domain. Hence, the information block length could be calculated as 336 bits. 
Figure 2 shows the BLER performance of DCM and QPSK under the TDL-C channel model with 11 Hz Doppler frequency and 1000 ns delay spread, while Figure 3 shows the BLER performance under the TDL-C channel model with 11 Hz Doppler frequency and 300 ns delay spread. We simulated the contiguous RB allocation, denoted by [1, 2], and the non-contiguous RB allocation, denoted by [1, 4] and [1, 8]. The notation  implies that RB with indices  and  are used. 
It is observed from both figures that DCM outperforms QPSK in all cases. The gain of DCM over QPSK increases with the increase in RB separation. This is because more frequency diversity gain could be achieved by DCM with larger separation of the two utilized RBs. For convenience, the gain of DCM over QPSK at the target BLER level of 1% is summarized in Table 1. 
Note that the channel coding gain is higher for the channels with larger delay spread (i.e., 1000ns). For example, the curves in Figure 2 generally outperform the corresponding curves in Figure 3. In other words, with the strong channel coding gain for large delay spread channels, the frequency diversity gain resulting from DCM is less significant. On the other hand, the frequency diversity gain from DCM is more pronounced for the small delay spread channels, where less channel coding gain is achieved. This explains why the gain of DCM over QPSK is more significant in the 300 ns delay spread case than in the 1000 ns delay spread case in Table 1. 
Observation 1: DCM outperforms QPSK when two RBs are utilized. The performance gain from DCM is related to RB allocations and channel delay spread.
[image: ]
[bookmark: _Ref457811085]Figure 2: BLER performance of DCM and QPSK with different RB allocations under 1000 ns delay spread channel
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[bookmark: _Ref457811087]Figure 3: BLER performance of DCM and QPSK with different RB allocations under 300 ns delay spread channel
[bookmark: _Ref457825435]Table 1: SNR gain (in dB) of DCM over QPSK with different RB allocations at the target BLER level of 1%
	RB allocation
Delay spread (ns)
	[1,2]
	[1,4]
	[1,8]

	1000
	0.43
	0.5
	0.65

	300
	0.08
	0.86
	1.3



Next, we simulate the performance of QPSK and DCM at different channel coding rates. Here, we assume the RB [1, 8] allocation scheme is used. Figure 4 and Figure 5 show the BLER performance of DCM and QPSK at Turbo coding rates of ½, ¾ and 5/6, under the TDL-C channel model with 11 Hz Doppler frequency and 1000 ns delay spread and TDL-C channel model with 11 Hz Doppler frequency and 300 ns delay spread, respectively. 
It is observed from both figures that DCM modulation outperforms QPSK modulation for all cases, and the gain of DCM over QPSK increases with the increase of channel coding rate. This is because the channel codes at higher coding rates have less error correction capabilities and the DCM scheme then takes the role of utilizing frequency diversity. The gain of DCM over QPSK at the target BLER level of 1% is summarized in Table 2.
Observation 2: DCM outperforms QPSK when two RBs are utilized. The performance gain from DCM increases with increasing channel coding rate.
Overall, we observe that DCM outperforms QPSK at least for the simulated range of channel coding rates and information block lengths. Hence, it could benefit the new radio system at the proper MCS levels (especially in the high channel coding rates regime) for certain use cases. 
Based on the above observations, we propose to further evaluate the DCM, as well as its extension to Multi-Carrier Modulation (MCM), which modulates the same set of information bits for multiple subcarriers.
Proposal: DCM, as well as its extension to MCM, could be further evaluated for new radio.
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[bookmark: _Ref457834219]Figure 4: BLER performance of DCM and QPSK at different channel coding rates under 1000 ns delay spread channel
[image: ]
[bookmark: _Ref457834221]Figure 5: BLER performance of DCM and QPSK at different channel coding rates under 300 ns delay spread channel

[bookmark: _Ref478041822]Table 2: SNR gain (in dB) of DCM over QPSK at different channel coding rates at the target BLER level of 1%
	Coding Rate (CR)
Delay spread (ns)
	1/2
	3/4
	5/6

	1000
	0.65
	3.91
	5.96

	300
	1.3
	6.29
	7.47




3	Conclusion
In this contribution, we investigated QPSK and DCM modulation schemes, and compared their performance through link-level simulations. Our simulation results show that:
Observation 1: DCM outperforms QPSK when two RBs are utilized. The performance gain from DCM is related to RB allocations and channel delay spread.
Observation 2: DCM outperforms QPSK when two RBs are utilized. The performance gain from DCM increases with increasing channel coding rate.
Hence, we propose the following: 
Proposal: DCM, as well as its extension to MCM, could be further evaluated for new radio.
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Appendix: Simulation Assumptions
[bookmark: _Ref447041864]Table 3 Simulation assumptions for performance comparisons 
	Parameter
	Value

	Waveform
	CP OFDM 

	Subcarrier spacing 
	15 kHz

	System Bandwidth
	10 MHz

	Resource block (RB)
	12 subcarriers (180 kHz)

	RB allocations
	[1,2], [1,4], [1,8]

	Channel
	TDL-C with 11 Hz Doppler and 1000 or 300 ns delay spread

	Modulation
	QPSK and DCM

	Coding rate
	1/2
	3/4
	5/6

	Info. block length (Bits)
	336 
	504
	560

	Coding scheme
	Turbo

	Decoding algorithm
	Max-log-MAP
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