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Introduction
In RAN1 #84b, it was agreed that non-orthogonal multiple access schemes should be investigated, and contention-based/grant-free non-orthogonal multiple access should be studied at least for mMTC uplink [1][2].
In this contribution, we provide further design details of the resource spread multiple access (RSMA) as mentioned in [3], as well as the usage scenarios. The purpose of this document is to give a high level design frame work of the RSMA design, specifically at physical layer. As we will see, certain design details still remain open or subject to further optimizations/improvement at this stage.
[bookmark: _Ref450908963]High level description of RSMA
[bookmark: _Ref378529477]In RSMA, a group of different users’ signals are super-positioned on top of each other, and each user’s signal is spread to the entire frequency/time resource assigned for the group. Different users’ signals within the group are not necessarily orthogonal to each and could potentially cause inter-user interference. Spreading of bits to the entire resources enables decoding at signal level below background noise/interference.
RSMA uses combination of low rate channel codes and scrambling codes (and optionally different interleavers) with good correlation properties to separate different users’ signals. Depending on the application scenarios, it can include:
· Single carrier RSMA: optimized for battery power consumption and coverage extension for small data transactions by utilization single carrier waveforms, very low PAPR modulations. It allows grant-less transmission and potentially allow asynchronous access.
· Multi-carrier RSMA: optimized for low latency access for RRC connected state users (i.e., timing with eNB already acquired) and allows for grant-less transmissions.
Block diagrams of these two modes are illustrated in Figure 1
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[bookmark: _Ref450484425]Figure 1 RSMA block diagrams
Although RSMA sharing quite some similarities with the traditional DS-CDMA, there are several differences as follows:
· It supports multi-carrier mode (i.e. modulation symbols on tones) for certain use cases.
· The single-carrier mode is strictly single carrier with TDM data and control channels, as well as using selected low PAPR modulations for coverage extension and UE battery power saving.
· Not relying on different Walsh codes (or spreading factors) to separate users, but utilize low rate channel codes to fully leverage coding gains.

Single Carrier RSMA
As discussed in above section, the single carrier mode of RSMA will be optimized for the uplink mMTC type of applications with the following design goals:
a) It should support large coverage extension, with maximal coupling loss (MCL) no less than 164dB.
b) It should allow transmit devices to operate at optimal power amplifier (PA) efficiency point, so as to maximally extend battery life. 
a. E.g. battery life on the order of 10 years is expected from AA battery (3800 mAh) with 
c) It should support massive number of devices within the network (10^6 or higher per cell) without causing too much extra control signalling overhead to the network. 
d) Waveform should be largely reusable across FDD and TDD deployment.

Notice that for the mMTC service types, high spectral efficiency is not required as in other use cases, such as eMBB. Table 1 illustrates the supportable spectral efficiency at various MCL. As we can see, the achievable spectral efficiency for mMTC uplink are generally in the low (or mid) range.

[bookmark: _Ref450768176]Table 1 supportable spectral efficiency with different coveragies
	(1) Tx Power (dBm)
	23
	20
	20
	20

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174

	(3) eNB Receiver noise figure (dB)
	5
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	1.08E+06
	1.08E+06
	1.08E+06
	1.08E+06

	(6) Effective noise power
=(2) + (3) + (4) + 10log(5) (dBm)
	-108.67
	-108.67
	-108.67
	-108.67

	(7) required SINR (dB) per RxAnt
	-32
	-35
	-25
	-15

	(8) Receiver sensitivity (dBm)
=(6) + (7)
	-140.67
	-143.67
	-133.67
	-133.67

	(9) MCL
=(1) - (8)
	163.67
	163.67
	153.67
	143.67

	(10) spectral efficiency (bit/sec/hz)
Assume 2 RxAnt and 3dB backoff from Shannon
	9.1E-04
	4.6E-04
	4.6E-03
	4.5E-02


 
Considering that mMTC UL traffic are characterised as small data burst (100~1000 bits), even with the most aggressive assumption of finishing transmission within one TTI of 0.5ms (current expected subframe length for NR eMBB design), the highest effective rate required does not exceed 1000/0.5ms = 2mbps. Therefore, the required bandwidth per channel for the mMTC type of traffic is on the order of a few mega-hz (e.g. 1 mHz, 2 mHz, etc), with exact design still open at this stage. 
In addition, the network should have the flexibility of assigning one or more such channels within the whole system band through broadcasting messages, depending of the system loading, device density, and mMTC traffic pattern.
The single carrier RSMA try to achieve the above design goals through the following optimizations:
1. Using single carrier waveform to reduce PAPR of the transmitted signal and allow device transmit at higher PA efficiency point. 
2. TDM different channels (pilot, control, data).
3. Employ very low PAPR modulation to further increase PA efficiency.
4. Support very low rate channel code to maximize coding gain and reduce EbNo.
5. Support asynchronous and grant-less transmission to reduce control signalling overhead.
Low PAPR modulations
In this section, we specifically discuss the “Low PAPR modulation” block as shown in Figure 1 (a). 
To maximize devices’ power amplifier (PA) efficiency, it is desirable to operate the PA in the non-linear region close to saturation point. This requires the transmitted waveform to have very small (ideally at 0dB) PAPR. In addition to use TDM channel structure, single carrier RSMA also adopts very low PAPR modulations with very simple transmitter and receiver architecture, as shown in Figure 1 (a). 
Specifically, we list a few example modulations candidates in this section. More comprehensive discussion of single carrier waveform can be found in [4] (other candidates or optimizations are also possible).
Low PAPR QAM 
In this section, we give two examples of low PAPR QAM with very simple transmitter and receiver implementations. Notice that other modulations can also be considered and integrated into the single-carrier RSMA design.
Filtered -BPSK
[image: ]
[bookmark: _Ref450830521]Figure 2 Filtered -BPSK
Figure 2 illustrates the filtered  –BPSK modulation. The concatenation of  –BPSK and the cx1 smoothing filter provides very low PAPR, almost close to constant envelope, as shown in Figure 3. 
The output of the channel code is further spread and scrambled with user specific binary scrambling code. The user specific scrambling code enables non-orthogonal and grant-less uplink transmission from different devices. Further, in FDD deployment, the same waveform also allows the devices to have asynchronous access to the network with searcher at eNB.
Since the smoothing filter can be equivalently viewed as part of the channel, the receiver doesn’t need any knowledge of the smoothing filter used by the transmitter. Therefore, we can easily leverage legacy receiver, such as Rake receiver (as shown in Figure 6), frequency domain equalizer, or even successive interference cancellation (SIC). Receiver complexity is the same as regular BPSK demodulation.
Also notice that if the FIR smoothing filter is chosen to have 3 taps or less, there is no ISI between neighbouring symbols (or chips) due to the  rotation. 
Figure 3 compares the PAPR of filtered  –BPSK to other existing low PAPR single carrier QAM modulations. All waveforms are further 8x over-sampled with RRC pulse. The reference QPSK modulation also includes a root-raised cosine pulse shaping filter (to control OOB emission).  HPSK scrambling, which is used in UMTS, can further reduces the PAPR of QPSK modulation at the cost of reducing spectral efficiency. Notice that   –BPSK gives lower PAPR than QPSK with HPSK, even without the smoothing filter. The application of the smoothing filter further reduces the PAPR to 1dB. Specifically, the smoothing filter taps used in Figure 3 is set to  just as an example. Further optimization of the filter taps can be done.
The filtered  –BPSK modulation, as shown in Figure 2, can support the same spectral efficiency as GMSK or BPSK (1-bit/symbol). 
[image: ]
[bookmark: _Ref450837097]Figure 3 PAPR comparison
Because of the low PAPR, the transmitted signal with Filtered  –BPSK can be pushed very aggressively to the PA saturation point to maximize PA efficiency, without causing much spectrum regrowth in OOB emission. Table 2 below compares the ACLR of various single carrier waveforms using a simplified PA clipping model [6]. All the modulations have been normalized to the same total bandwidth: . Notice that  –BPSK gives the lowest ACLR with different clipping thresholds.
[bookmark: _Ref450903402]Table 2 ACLR comparison for various single carrier modulations/waveforms
	ACLR [dB]: 5% guardband on both sides

	Waveform
	Clip at 1dB
	Clip at 2dB
	Clip at 3dB
	Linear

	SC-FDM 72 tones (with 5% WOLA)
	-25.47
	-28.36
	-31.92
	-39.02

	SC-QPSK
	-30.34
	-33.51
	-34.28
	-34.28

	Filtered  –BPSK
	-37.05
	-37.04
	-37.04
	-37.04

	GMSK
	-33.61



As a summary, the main advantages of filtered  –BPSK are:
· Much lower PAPR than regular QAM modulations (including BPSK, OQPSK, etc).
· Much lower ACLR compared to other schemes.
· Very simple tx waveform synthesis: comparable to regular BPSK synthesis without the need of using DFT or IFFT operation
· Very simple receiver design: re-use the regular BPSK demodulator. The smoothing filter applied at transmitter is transparent to the receiver.
· Can easily support asynchronous and scrambling/spreading operation.


Filtered Offset-QPSK (OQPSK)
Similar idea of smoothing filter can be applied to OQPSK modulation as well and can achieve the same spectral efficiency (i.e. 1-bit/symbol) and PAPR as the filtered  –BPSK. However, since adjacent symbols (or chips) on OQPSK don’t necessarily map to orthogonal dimensions, there could be ISI between adjacent symbols even with a 3-tap smoothing filter.

Constant envelope modulations
[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Another important class of low PAPR modulation is the constant envelop modulations, with GMSK and MSK being the most popular examples used in BT/BTLE and ZigBee, respectively. These modulation schemes achieve the lowest PAPR of 0dB and can maximize the PA efficiency. The supportable spectral efficiency is 1-bit/symbol, which is the same as BPSK.
In this section, we explain how constant envelope modulations can be easily integrated into the single carrier RSMA with scrambling/spreading, using GMSK as an example.
The waveform synthesis at the transmitter follows exactly the block diagram as shown in Figure 1 (a), except that the “low PAPR modulation” block is implemented as the GMSK modulator shown in Figure 4. Notice that a differential decoder is typically introduced to avoid “double error” effect associated with some specific receiver implementation.
[image: ]
[bookmark: _Ref450859012]Figure 4 GMSK modulator with differential decoder

As proved in [5], the GMSK signal can be very well (>99% energy captured) approximated by a PAM modulation with a known pulse shape spanning 4 modulation symbols. Therefore, the receiver implementation can be greatly simplified, and easily integrated with subsequent de-scrambling and de-spreading operations. Such principle is illustrated at a high level in Figure 5.
[image: ]
[bookmark: _Ref450861151]Figure 5 Approximate GMSK transmission by effective ISI channel

The importance of this approximation is that the GMSK modulation at the RSMA transmitter can be transparent to the RSMA receiver, which will simply estimate the effective ISI channel, and apply any traditional receiver, such Rake receiver, FDE receiver, and then descramble/despread the signal as if it is a QAM modulated signal. Figure 6 gives an example implementation using legacy Rake receiver. Notice that receiver does not need to assume any GMSK modulator information. Other receiver types can also be applied, such as FDE receiver.
[image: ]
[bookmark: _Ref450862198]Figure 6 Example Rake receiver architecture
As a summary, the main advantages of GMSK (or other constant envelope modulations) are:
· 0dB PAPR.
· Simple tx waveform synthesis as have been implemented widely in BTLE/GSM
· Can use very simple receiver design. Including legacy Rake receiver, FDE, etc.
· Can easily support asynchronous and scrambling/spreading operation.

. Frequency domain equalization
As explained in the above sections, both the smoothing filter in the filtered  –BPSK modulation, or the Gaussian filter in the GMSK modulation can be equivalently viewed as part of the propagation channel, and are transparent to the receiver. The remaining part of the transmitted signal are simply segments of binary sequence with CP inserted at beginning. Notice that this is equivalent as the special case of SC-FDM waveform, where the DFT size equals the IFFT size. Therefore, the receiver at eNB side can simply utilize the existing FDE architecture already available for the regular SC-FDE uplink signals. At the same time, from UE side, the corresponding waveform synthesis is much simpler than the general SC-FDM, without the need of any DFT/IFFT operation.
Low rate channel codes
As mentioned in section 2, RSMA will prioritize the usage of low rate channel code to fully leverage the coding gain, except in the very low spectral efficiency region where capacity scales linear with power (and repetition accounts for most of the gain). Specifically, in the link level performance comparison in [7], we have been using an example rate-1/10 LDPC code. Other codes and even lower rate LDPC codes are also being considered.
Multi-carrier RSMA
Different from single-carrier RSMA, multi-carrier RSMA focus on different class of applications where:
· Access delay is most important
· Devices are in good coverage, and has enough power head room. Therefore, power saving is not the first priority.
· Devices are already in synchronization with the network.
Potential use scenario includes the 1st uplink transmission (or initial access) of uRLLC. Since the uRLLC applications typically also have much higher residual BLER requirement, it is more efficient to allow for multiple (at least two) transmissions. One possible solution is to allow a very fast 1st transmission without waiting for a dedicated grant from the network, and simultaneously send request for dedicated grant for retransmission in case the 1st transmission fail. 
Since the devices are assumed to be already in sync and good coverage, we can use the grant-less multi-carrier RSMA to reduce the access delay of the 1st transmission for those uRLLC devices. A scheduled retransmission (when needed) can further bring down the overall BLER to the desired target. 
Conclusions
In this contribution, we provide a high level description of resource spread multiple access (RSMA), and briefly discuss the two different modes as well as their suggested use scenarios, respectively.
Proposal 1: single-carrier RSMA with low PAPR modulation (including filtered  –BPSK, GMSK, etc.) provides good balance of transmitter/receiver complexity, low PAPR, low ACLR, and is a good candidate for mMTC uplink scenario. 
Proposal 2: multi-carrier RSMA enables short access delay, and is a good candidate scheme for uRLLC uplink scenario. 
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