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Introduction
In the approved SID of new RAT [1], initial work focuses on progressing in potential support of non-orthogonal waveform and multiple access. In this paper, we begin with a brief discussion of the 5G requirement on multiple access. Then several potential multiple access techniques are presented. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]5G requirement on Multiple Access
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK4][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK19][bookmark: OLE_LINK20]In order to meet the requirements for future radio access for 5G in cellular mobile communications, the design of new multiple access technologies is important to make a contribution. The requirements contain mainly KPI improvement and the support for new scenarios service, including enhanced mobile broadband (eMBB), massive machine type communications (mMTC), and Ultra-Reliable and Low Latency Communications (URLLC). 

[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Note that the requirements for uplink and downlink are always different, so better effect may be achieved to discuss the uplink and downlink independently.

[bookmark: OLE_LINK41][bookmark: OLE_LINK42]In mMTC scenario, future networks would go beyond traditional cellular services for personal use. A large chunk of traffic will derive from human-to-machine and machine-to-machine communication. The total number of machine-to-machine connections will easily be counted in the hundreds of billions.[2]

[bookmark: OLE_LINK43][bookmark: OLE_LINK44]For UL transmission, the core requirement is to accommodate a massive number of connections with sparse short message, which should be of low-cost and energy efficient to enable large scale deployment. The target for connection density should be 106 devices/km2 in urban environment. The target for UE battery life should be [15 years] [3].

The design goal of LTE is to provide high data rate services for relatively small number of users. To achieve high spectrum efficiency, LTE adopts strict scheduling and control procedure that require tight control and heavy signaling. For example, the uplink transmission of each terminal is scheduled and granted individually, mostly in orthogonal radio resources. In massive connection scenarios, the payload is very small and the number of connections is huge, the overhead of LTE becomes significant. Large overhead will increase the energy consumption of devices and the tight control mechanism tends to increase the design complexity and the cost of terminals. On the other hand, the spectral efficiency requirement is rather relaxed.

The multiple access mechanism in the uplink of IS-95, cdma2000 and Universal Mobile Terrestrial Services (UMTS) is indeed non-orthogonal. In those systems, the primary service is circuit-switch voice whose packet size is small compared to those in LTE, or even High Speed Packet Access (HSPA). The commonality of those systems is spread-spectrum: modulation symbols are spread before being transmitted. Spreading allows multiple users to share a resource pool, thus eliminating the need for resource indication for each individual user. The idea of spreading is refined in non-orthogonal access for massive connectivity, with more advanced techniques being added on top of it.

In URLLC scenario, extreme requirements on availability and reliability of transmission are emphasized, which means low error probability and low outage rate are main targets in this usage scenario. Reliability can be evaluated by the success probability of transmitting X bytes within 1 ms, which is the time it takes to deliver a small data packet from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point of the radio interface, at a certain channel quality. For example, the target for reliability should be 1-10-5 within 1ms.  The latency is also related to the error probability and corresponding HARQ process, i.e., the target for user plane latency should be 0.5ms for UL, and 0.5ms for downlink [3]
[bookmark: OLE_LINK77][bookmark: OLE_LINK78]
For a ultra-reliable system, interference is critical supposed to be avoided. From the point view of the multiple access, OMA(Orthogonal multiple access) schemes use orthogonal sub-channel to transmit data streams with no interference each other. And non-OMA schemes share the same resource pool to transmit data streams, on one hand, more data can be transmitted in unit time. On the other hand, interference suppression or elimination is needed to be done at receiver and high reliability is hard to be guaranteed. Maybe it’s a choice to combine orthogonal spreading with TDM or FDM schemes to provide more diversity gain.

[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK15][bookmark: OLE_LINK16]In eMBB scenario, higher system capacity, higher data rate, higher spectrum efficiency and bandwidth are main targets. Eg. The target for peak data rate should be 20Gbps for downlink and 10Gbps for uplink. The target for peak spectral efficiency should be 30bps/Hz for downlink and 15bps/Hz for uplink.[3]

[bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK94][bookmark: OLE_LINK45][bookmark: OLE_LINK50][bookmark: OLE_LINK86][bookmark: OLE_LINK87]For LTE, To achieve high spectrum efficiency, strict scheduling and control procedure are adopted. It costs tight control and heavy signaling. For eMBB in downlink, non-OMA schemes allow more than one date streams to transmit in the same time-frequency resource. It can improve the system capacity especially for 5th percentile user spectrum efficiency (spectrum efficiency of cell-edge users) with low complexity,  For uplink, non-OMA schemes also benefit for the gain of system capacity, but strict scheduling and control procedure may be same as LTE. 
Generally speaking, multiple access scheme evaluations could prioritize KPIs in the order: Connection density, area traffic capacity, 5th percentile user spectrum efficiency etc.[4]
Proposal 1:  Multiple access technologies for uplink transmission and downlink transmission should be discussed independently in different 5G scenario. For uplink, number of connections in mMTC scenario can be improved by non-OMA scheme.  For downlink, capacity in eMBB scenario can be improved by non-OMA scheme.
[bookmark: OLE_LINK46][bookmark: OLE_LINK47]Various Multiple Access Technologies
Various multiple access technologies are divided into two categories as follows:
1) OMA scheme: transmission of more than one layer of data for more than one UE with time, frequency and spatial layer separation.
2) [bookmark: OLE_LINK30][bookmark: OLE_LINK31]Non-OMA scheme: transmission of more than one layer of data for more than one UE without time, frequency and spatial layer separation.

[bookmark: OLE_LINK48][bookmark: OLE_LINK49]For the first category, TDM, FDM, spatial division, and CDM for downlink transmission all belong OMA scheme, According to the requirements of 5G, the enhancement of OMA scheme is FFS, e.g. the combination of TDM/FDM and CDM, spatial division and CDM. The time-frequency resources for multiple users may be pseudo orthogonal.
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]For the second category, multi-user shared access (MUSA)[2][5], non-orthogonal multiple access (NOMA)[6], sparse code multiple access (SCMA)[7], resource spread multiple access (RSMA)[8], multi-user superposition transmission(MUST)[9], and CDM for uplink transmission（eg. IS-95, cdma2000 and UMTS）all belong to non-OMA schemes. We discuss the schemes above from the aspects of uplink and downlink.
0. [bookmark: OLE_LINK28][bookmark: OLE_LINK29]Uplink Transmission
For UL transmission, the key KPI for mMTC is the huge number of connections, Eg. The target for connection density should be 1 000 000 device/km2 in urban environment [3]. 

The idea of spreading is refined in non-orthogonal access for massive connectivity. The non-orthogonal resource allocation facilitates grant-free transmission so that the system would not be strictly limited by the amount of available resources and their scheduling granularity. Several uplink non-orthogonal schemes based on spreading are described in the following: MUSA, NOMA, SCMA, RSMA.

· [bookmark: OLE_LINK54][bookmark: OLE_LINK55]MUSA 
Multi-user Shared Access (MUSA) is a non-orthogonal multiple access scheme operating in the code domain. Conceptually, each user’s modulated data symbols are spread by a specially designed sequence which can facilitate robust successive interference cancellation implementation compared to the sequences employed by traditional DS-CDMA (direct-sequence CDMA). Then each user’s spread symbols are transmitted concurrently on same radio resource by means of ‘shared access’, which is essentially a superposition process. Finally, decoding of each user’s data from superimposed signal can be performed at base-station side using SIC technology. 

The major processing blocks of MUSA transmitter and receiver are illustrated in Fig. 3. Symbols of each user are spread by a spreading sequence. Multiple spreading sequences constitute a pool from which each user can randomly pick one. Note that for the same user, different spreading sequences may also be used to different symbols. This may further improve the performance via interference averaging. Then, all spreading symbols are transmitted over the same time-frequency resources. The spreading sequences should have low cross-correlation and can be non-binary. At the receiver, codeword level SIC is used to separate data from different users. The complexity of codeword level SIC is less of an issue in the uplink as the receiver anyway needs to decode the data for all users. The only noticeable impact on the receiver implementation would be that the pipeline of processing may be changed in order to perform SIC operation.
[image: ]
Figure 3 An example of MUSA with 4 resources shared by multiple users.
[bookmark: OLE_LINK40]The design of spreading sequence is crucial to MUSA since it determines the interference between different users and system performance. Moreover, impact on the complexity of SIC implementation also needs to be considered when designing the spreading sequence. Long pseudo-random spreading sequences used for traditional DS-CDMA standard seems a good choice as it exhibits relatively low cross-correlation even if the number of sequences is greater than the length of sequences. This property is desirable since those sequences can offer a soft capacity limit on the system rather than a hard capacity limit. Note that the spreading sequences in CDMA are long spreading sequences, which is less efficient when being used in conjunction with SIC. Since the system is expected to be heavily overloaded with a large number of MTC links, the excessive spreading factor introduced by long sequence may not be suitable.

[bookmark: OLE_LINK88][bookmark: OLE_LINK89]Therefore, short spread sequence with relatively low cross-correlation would be very helpful to MUSA. Since the grant-free transmission can minimize the overhead of control signaling, users should generate the spreading sequence locally without the coordination by base station. For MUSA, a family of complex spreading sequence can be studied which would achieve relatively low cross-correlation at very short length. Complex sequence exhibits lower cross-correlation than traditional pseudo random noise (PN) since it utilizes additional freedom of the imaginary part. The real and imaginary parts of the complex element in the spreading sequence are drawn from a multi-level real value set with uniform distribution. For example, for a 3-value set {-1, 0, 1}, every bit of the complex sequence is drawn from the constellation depicted in Fig. 4 with equal probability.

[bookmark: OLE_LINK90][bookmark: OLE_LINK91]Figure 4 The elements of the complex spreading sequence 
It should be noted that the spreading sequences of MUSA are different from the spreading codes in low density spreading (LDS) [10] in the sense that MUSA spreading does not have low density property. While low density codes can reduce the complexity of advanced symbol-level detectors such as message passing algorithm, codeword-level SIC somewhat reduces the need of advanced symbol-level detectors.
Typical deployment scenario is that a large number of users are distributed across the entire cell. To keep the signaling overhead low, no closed-loop power control is implemented to compensate for the fast fading. Because of this, the received signal to noise ratio (SNR) of different users tends to be widely distributed, the so called near-far effect. This is actually a favor to MUSA since users with high SNR can be demodulated and decoded first, and then subtracted from the received signals.

· NOMA
[bookmark: OLE_LINK66][bookmark: OLE_LINK67]As shown in Fig. 5, the near UE1 and the far UE2 transmit their data with the same time-frequency resource. The power of received signal for UE1 is always higher than received signal for UE2. At the BS, signal of UE1 can be directly decoded. For signal of UE2, SIC of UE1 signal is needed and then decoding UE2 signal. 

Figure 5 Uplink NOMA with SIC applied at BS receiver.
· SCMA
[bookmark: OLE_LINK56][bookmark: OLE_LINK57]It’s a kind of code division non-OMA scheme using spreading processing at the transmitter and MAP processing at the receiver. SCMA uses low density or with sparse non-zero element sequence to reduce the complexity of MPA processing at the receiver. 
In SCMA, bit streams are directly mapped to different sparse codewords as illustrated in Fig. 6, where each user has a codebook and there are 6 users in Fig.6.. All codewords in the same codebook contain zeros in the same two dimensions, and the positions of zeros in different codebooks are distinct to facilitate the collision avoidance of any two users. For each user, 2 bits are mapped to a complex codeword. Codewords for all users are multiplexed over four shared orthogonal resources, e.g., OFDM subcarriers. 

Figure 6 An example of SDMA with 6 users of 150% loading.
The key difference between Low density spreading and SCMA is that a multi-dimensional constellation for SCMA is designed to generate codebooks, which brings the “shaping” gain that is not possible for LDS. In order to simplify the design of multi-dimensional constellation, a mother constellation can be generated by minimizing the average alphabet energy for a given minimum Euclidian distance between constellation points, and also taking into account the codebook-specific operations such as phase rotation, complex conjugate, and dimensional permutation. 

· RSMA
Fig. 7 shows an example of RSMA, where all users use the same frequency and time resources to transmit to the base station, regardless of the number of concurrent users. In other words, each user’s transmission power can be spread over all the available time and frequency resources.

Fig. 7 also shows 3 examples of orthogonal multiple access. In frequency division multiple access (FDMA), each user is assigned a dedicated frequency resource to transmit, and different users will not transmit on the same frequency simultaneously. As the number concurrent users increase, each user will be assigned a smaller chunk of the frequency resource. Similarly, in time division multiple access (TDMA), each user is assigned a dedicated time resource to transmit, and different users will not transmit at the same time simultaneously. Therefore, as the number of users increase, each user will be allocated shorter duration. In real systems, there is typically a constraint on the smallest frequency resource that is assigned to each user. For example, in existing LTE systems, each user will be assigned at least 1 resource block (RB) of 180 kHz. Assuming 1.08 MHz allocated spectrum, the system can at most FDM 6 users, beyond which TDM scheme need to be used. This is illustrated by the FDMA+TDMA scheme in Fig. 7. Examples of existing orthogonal multiple access systems include GSM, LTE.
[image: ]
Figure 7 Different multiple access schemes
Observation 1: Non-OMA scheme can improve the number of connections for mMTC scenario in uplink transmission.
0. Downlink Transmission
[bookmark: OLE_LINK101][bookmark: OLE_LINK102]For DL transmission, the key KPI for eMBB is the capacity. It is well-known that non-orthogonal user multiplexing schemes outperforms orthogonal multiplexing schemes, and performs better fairness in aspect of capacity. Therefore, for eMBB, adopting non-OMA scheme is an important approach to improve the system capacity especially for the capacity of cell-edge users by multiple access technology, but not by antenna technologies.

· MUSA for downlink
Note that MUSA for downlink [11] is different from the technology of MUSA for uplink, it’s a kind of power domain division multiple access technology. It aims at improving the capacity with fairness for center UEs and cell-edge UEs . At transmitter, symbol level superposition with gray mapping is processed, at receiver, symbol level successive interference cancellation (SIC) is carried out for the near user, besides, superposition spreading, and new constellation design are also considered for performance gain over OFDMA system.
· MUST
RAN1 identified three MUST categories, and the work item is to specify downlink multi-user superposition transmission scheme(s) for MUST category 2. 
MUST Category 2: Superposition transmission with adaptive power ratio on component constellations and Gray-mapped composite constellation. Further, Superposition transmission with multiple transmission power ratios or with single transmission power ratio & legacy constellation for co-scheduled MUST users in each constellation combination.
A MUST UE receiver is assumed to be capable to cancel or suppress intra-cell interference between co-scheduled MUST users for the following cases.
Case 1: Superposed PDSCHs are transmitted using the same transmission scheme and the same spatial precoding vector 
Case 2: Superposed PDSCHs are transmitted using the same transmit diversity scheme.
Case 3: Superposed PDSCHs are transmitted using the same transmission scheme, but their spatial precoding vectors are different. 
Observation 2: MUSA for downlink or MUST could be an effective approach to improve the capacity for eMBB in downlink transmission. 
· Enhancement in MBMS[12]
[bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK71][bookmark: OLE_LINK72]In MBMS scenarios, very high SINR and broad SINR variation can be obtained for superposed received signal power. An additional layer with lower power is attached to the common layer. As a result, all MBSFN UEs can decode the common layer, while many the UEs with high receiving SINR can decode both the common layer and the additional layer. Therefore, for MBMS, non-OMA multiple access technology can be potentially used to increased peak data rate and spectral efficiency.
[bookmark: OLE_LINK73][bookmark: OLE_LINK74]Observation 2：For MBMS, non-OMA multiple access technology can be potentially used to increased peak data rate and spectral efficiency.
[bookmark: OLE_LINK92][bookmark: OLE_LINK93]Performance evaluation for MUSA
Here we provide performance evaluation for MUSA uplink for further discussion. 
Link level simulation
Multi-user link level simulations are performed to evaluate the performance of the proposed MUSA scheme [8]. To compare the number of connections, MUSA and LTE are evaluated using the same simulation assumptions, which are described in Table A.1 in the Appendix. 
The simulation scenarios for MUSA and LTE with multi-user multiplexing are shown in Fig. 8. For MUSA, the same 4 physical resource blocks (PRB) defined in LTE system are used by multiple users in a grant-free manner.  Three-level complex spreading code with length of 4 is used. For LTE, 4 users are simulated, each occupying one PRB. The spectral efficiency in LTE simulation is the same as that for MUSA with 100% user load. 
Here, the user load is the ratio of the number of users to the number of resources. For MUSA, each modulated symbol is spread by a complex spreading code of length L to be transmitted on L time and/or frequency resources. If the number of users is K, user load can be defined as K/L. And user overloading occurs when K is more than L.
[image: ]
Figure 8 Simulation scenarios for MUSA and LTE with multi-user multiplexing

Fig.9 shows the BLER performance of LTE and MUSA with different user load. From the simulation results, it can be observed that the BLER performances of MUSA do not significantly degrade even when the user load gets as high as 400%, and is better than the performance of LTE, because the former could benefit from the diversity. So MUSA could work in a high user overloading scenario, and the number of supported connections of MUSA can be 4 times than LTE. 

[image: ]
Figure 9 BLER performance of LTE and MUSA with different user load in UMa channel scenario

System level simulation
System level simulations with multi-cell network and small packet traffic model are performed. The detailed simulation assumptions are described in Table A.2 in the Appendix. Grant-free MUSA and grant-free SC-FDMA(single carrier frequency division multiple access) are evaluated. For Grant-free MUSA, the data of each user is spread over the same set of 4 PRBs with a randomly generated complex spreading code, while for grant-free SC-FDMA the data of each user is transmitted in one of the 4 PRBs, which is randomly selected. 
[image: ]
Figure 10 Packet loss rate of grant-free MUSA and SC-FDMA as a function of traffic load per sector
Fig. 10 shows the packet loss rate statistics of grant-free MUSA and grant-free SC-FDMA as a function of traffic load per sector. Both frequency reuse factor 1 (FR1) and frequency reuse factor 3 (FR3) are evaluated. 
Here, the traffic load per sector is obtained by configuring the number of active users per sector. Since the inter-arrival time of the traffic for each user is a Poisson distribution with mean value of 80ms, the traffic load per sector could be defined as the number of users per sector divided by the mean inter-arrival time of the traffic, which represents the number of packets per millisecond. When a small packet arrives, the user would transmit in a grant-free manner, the packet is lost if the transmission fails.
From the simulation results, it can be observed that, for frequency reuse factor 1, grant-free MUSA could support the traffic load of 3.5 packets/ms at packet loss rate 10%, while grant-free SC-FDMA only support the traffic load of about 1.25 packets/ms at the same packet loss rate. Because user collision would happen in grant-free SC-FDMA if two or more users select the same PRB, the packet loss rate increases rapidly as the traffic load increases. MUSA with large number of complex spreading codes which have relatively low cross-correlation is more suitable for grant-free accessing.
For frequency reuse factor 3, grant-free MUSA could support the traffic load of 5 packets/ms at packet loss rate 1%, which is much better than the performance of 1 packet/ms at packet loss rate 1% with frequency reuse factor 1. It is because that the latter experiences more serious inter-cell interference. User collision has a large impact on the performance of grant-free SC-FDMA, the improvement with frequency reuse factor 3 is less significant.
Therefore, from the link level and system level simulation results, we can see that, the MUSA scheme can be potentially used to support massive connected devices with low cost and low power consumption in mMTC scenario.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal 2: MUSA can be used to support massive connections for mMTC scenario.
 
Conclusion
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]In this contribution, we discuss several potential multiple access techniques for 5G requirement..  We have the following observations and proposals:

Observation 1: Non-OMA scheme can improve the number of connections for mMTC scenario in uplink transmission.
Observation 2: MUSA for downlink or MUST could be an effective approach to improve the capacity for eMBB in downlink transmission.
Observation 3：For MBMS, non-OMA multiple access technology can be potentially used to increased peak data rate and spectral efficiency.
Proposal 1: Multiple access technologies for uplink transmission and downlink transmission should be discussed independently in different 5G scenario. For uplink, number of connections in mMTC scenario can be improved by non-OMA scheme.  For downlink, capacity in eMBB scenario can be improved by non-OMA scheme.
Proposal 2: MUSA can be used to support massive connections for mMTC scenario.
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Appendix: Simulation assumptions
Table A.1  Link level simulation assumptions 
	Parameters
	Assumptions

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Number of used PRBs
	4 PRBs

	Modulation and coding
	QPSK, LTE Turbo 1/2

	Spreading code
	Tri-level complex spreading code with real part and imaginary part coming from {-1, 0, 1}, randomly generated, code length is 4

	Antenna configuration
	1Tx, 2Rx, uncorrelated antennas

	User SNR distribution
	Long term received SNR of multiple users are equal

	Channel scenario
	Urban macro-cell scenario

	UE speed
	3 km/h

	Channel estimation
	Ideal

	HARQ
	Not Modeled

	Receiver
	MMSE-SIC for MUSA; MMSE for LTE



Table A.2 System level simulation assumptions
	Parameters
	Assumptions

	Network layout
	Hexagonal cell, 19 cells with 3 sectors per cell

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Inter-site distance
	500 m

	Channel scenario
	Urban macro-cell scenario

	Traffic model
	Small packet, size of 20 bytes, inter-arrival time is a Poisson distribution with mean value of 80ms

	Scheduler
	Grant-free scheduler

	Modulation and coding
	QPSK 1/2

	Spreading code
	Tri-level complex spreading code with real part and imaginary part coming from {-1, 0, 1}, randomly generated, code length is 4

	Retransmission
	Not modeled

	Antenna configuration
	SIMO, 1Tx, 2Rx, uncorrelated antennas

	UE max Tx power
	23 dBm

	Uplink power control
	LTE uplink power control, P0 = -95dBm, alpha = 1

	Channel estimation
	Ideal

	Receiver
	MMSE-SIC for MUSA; MMSE for SC-FDMA
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