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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
IMT for 2020 and beyond [1] is envisaged to expand and support diverse families of usage scenarios and applications that will continue beyond the current IMT, which include:
· eMBB (enhanced Mobile Broadband)
· mMTC (massive Machine Type Communications) 
· URLLC (Ultra-Reliable and Low Latency Communications)
This presents new challenges and considerations for the radio multiple access (MA) to be fully scalable to support these diverse service requirements. In [2], the newly approved SI on the 5G radio access technology has one of its objectives as the following:
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain
In this contribution, we will focus on non-orthogonal MA for the new radio access, its motivations and a review of potential techniques and methods.
[bookmark: _Ref129681832]Motivations 
5G air interface is targeted to have higher transmission rates, faster access, support of larger user density, and better user experience for enhanced eMBB services. Meanwhile, it connects to new vertical industries and new devices, creating new application scenarios such as mMTC and URLLC services by supporting massive number of devices and enabling mission critical transmissions with ultra high reliability and ultra low latency requirement, respectively. 
MA is the key component in the whole physical layer chain to meet such target. In particular, the expected functionalities of MA in the respective usage scenario are further elaborated as follows: 
· eMBB
· Large network capacity: Relaxing orthogonality requirement of LTE and achieving multi-user capacity in both UL and DL by non-orthogonal resource usage.
· High user density: Easing multi-user interference so that larger user density and higher traffic load could be supported with close to single-user link quality.
· Uniform user experience: Enabling uniform user experience for both cell center and cell edge users, and even for users with high mobility.
· Easy MU-MIMO and CoMP: Relaxing the requirement on precise CSI at the transmitter to make the using multiplexing and base station cooperation more easily and more robust to network impairments such as channel and interference uncertainties.
· Mixed traffic types transmission: Enabling efficient transmission and well balanced performance for mixed traffic types, e.g., serving big and constant video packets while interacting with the transmission of low latency small packets.
· mMTC
· Massive connectivity: Resistance to multi-user interference so that massive number of connections can be supported.
· Highly efficient small packets transmission: Enabler of power and bandwidth efficient and low overhead transmission for massive small packets, either grant-free or scheduled.
· URLLC
· Ultra low latency transmission: Enabler of low latency grant-free transmission on top of short TTI design.
· Ultra high reliability transmission: Resistance to inter-user interference in grant-free transmission where user correlation and codebook collision frequently happen.
Table 1 summarizes the expected functionalities of 5G MA. 
Table 1 Expected functionalities of 5G MA in different usage scenarios.
	Usage Scenario
	eMBB
	mMTC
	URLLC

	Expected Functionalities of 5G MA
	· Large network capacity
· High user density
· Uniform user experience
· Easy MU-MIMO and CoMP
· Mixed traffic types transmission
	· Massive connectivity
· Highly efficient small packets transmission
	· Ultra low latency transmission
· Ultra high reliability transmission


Observation 1: The expected functionalities for 5G MA are different in each usage scenario and are summarized as in Table 1. 
Up to Release 13, orthogonal MA (OMA) is adopted. Though many features has been developed based on OMA to improve system capacity and user experience in eMBB scenario and to increase the number of connections and coverage for mMTC service[footnoteRef:1], it still has the following limitations to meet the requirements above due to its orthogonal design. [1:  For example, the Rel-12 NAICS feature is introduced to provide an UPT (User perceived throughput) gain of approximately 5%-20% by PDSCH interference cancelation with different types of receivers; the Rel-13 eMTC and NB-IoT are designed to use a narrow bandwidth to transmit small data for a number of UEs within possibly thousands of milliseconds.] 

· Limitation of single user capacity: Single user capacity per each orthogonal channel (time, frequency, subspace, sequence, etc.) is already approaching Shannon limit (the remaining distance comes from QAM constellation constraint and limited length of channel coding).
· Limited number of simultaneously transmitting users: The number of connections is strictly constrained by the number of orthogonal channels in OMA. 
· Unreliable for grant-free transmission: It is expected at least for sporadic small packets that the hand-shaking procedures for scheduling grant can be omitted to reduce control overhead and transmission latency. In such grant-free transmission mode, since symbol collision is not allow in OMA, the transmission reliability will be poor if the number of potential users for grant-free transmission is high or the traffic arrival rate is high, which will further trigger large delay (time spent in retransmission and backoff ) to resolve  collision. 
· Heavy CSI dependency for MU-MIMO and CoMP: Under practical networks setup, closed-loop MU-MIMO and CoMP did not yield the expected gain from theoretically analysis. The major reason behind this is their heavy dependency on precise CSI for closed-loop precoding. However, when network impairment such as channel aging, feedback delay, or some abrupt inter-cell interference happens, which is common case in practical networks, precise CSI is not feasible and the performance of such closed-loop MU-MIMO or CoMP degrade accordingly. 
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]To exceed the limit of OMA, non-orthogonal MA is identified as an MA technology that is tolerant of symbol collision in orthogonal channels. It can support further signal superposition in the orthogonal subspace in MU-MIMO. Making proper use of the non-orthogonality properties, non-orthogonal MA has the potential to provide the following inherent advantages over OMA even with MU-MIMO.
· Achieving multi-user capacity: To further improve the system capacity but not introducing extra resource (spectrum or antennas), non-orthogonal MA is needed. Through suitable design of constellation, symbol collision pattern, and joint multi-user receiver, multi-user capacity can be achieved, providing much larger gains over any single user capacity. 
· Supporting overloaded transmission: Non-orthogonal MA can be very beneficial to enlarge the number of connections by introducing affordable symbol collision so that the total number of connections is increased regardless of the number of orthogonal channels. In such case, the system become overloaded, meaning the number of users supported is much larger than the number of orthogonal channels for the target throughput. Again, transceiver design is important to ease the inter-user interference for good link quality.
· Enabling reliable and low latency grant-free transmission: With its robustness towards symbol collision, non-orthogonal MA, compared with OMA, can support high overloading transmission in semi-static transmission and much lower packet loss rate in grant-free transmission. In light of this, the probability for retransmission is much lower and the delay due to collision can be greatly reduced. Moreover, non-orthogonal MA could be designed with spreading codes to get time/frequency diversity protection against abrupt channel fading, on top of which the symbol constellation within the spreading block can be jointly optimized to provide extra signal space diversity for high reliable communications.
· Enabling open-loop MU multiplexing and CoMP: non-orthogonal MA supports open-loop user multiplexing. multiple users (e.g., cell center and cell edge users) can be paired to transmit together on the same orthogonal channel to improve the latency and fairness in the access. Such open-loop user multiplexing does not rely on precise CSI, so it can be more robust towards network impairments such as channel aging and user mobility. Such scheme can also be introduced across base stations for joint transmission, i.e., open-loop CoMP transmission. It may enable an edgeless user experience and meet the user-centric concept of 5G network design. Instead of gathering precise CSI from the target UE to each collaborative BS for joint precoding, with non-orthogonal MA, the collaborative BS can each selects a non-orthogonal code and jointly transmit without exchanging the CSI information with the user or with its partner, thus making the collaboration easier and more robust to network impairments such as channel aging and user mobility.
· Enabling flexible service multiplexing: In 5G base stations, different service data may demand transmission resource simultaneously, and even in eMBB scenario, there will be different types of traffic request transmission concurrently. To efficiently transmit the dynamically mixed traffic, in OMA, the legacy is to use dynamic scheduling to change the resource allocation, which consumes extra signalling overhead and may not be fast enough to meet the delay requirement for some service; while in non-orthogonal MA, due to the superposition nature, low latency small packets could be superposed on top of the big packets for a joint transmission, improving latency and reducing overhead.
Table 2 summarizes the limitation of OMA to meet the 5G MA functionality and the potential advantage of non-orthogonal MA discussed above. 

Table 2 The limitation of OMA and the potential advantage of non-orthogonal MA.
	Usage Scenario
	OMA
	Non-orthogonal MA

	Comparison between OMA and non-orthogonal MA to meet the 5G MA requirement
	· Limitation of single-user capacity
· Limited number of simultaneously transmitting users
· Unreliable for grant-free transmission
· Heavy CSI dependency for MU-MIMO and CoMP
	· Achieving multi-user capacity
· Supporting overloaded transmission
· Enabling reliable and low latency grant-free transmission
· Enabling open-loop MU multiplexing and CoMP
· Enabling flexible service multiplexing


Observation 2: Non-orthogonal MA can have advantage over OMA in many aspects as summarized in Table 2, which deserves careful investigation in 5G NR.

Non-Orthogonal Multiple Access Methods
As is agreed in [2] that the potential non-orthogonal MA considered in 5G will be based on OFDM waveform, its general framework could be described by Fig. 1. In general, the non-orthogonal feature can be introduced in either the power domain only or in the hybrid code and power domain.
[image: ]
Figure. 1 General framework for non-orthogonal multiple access.

Along this framework, in the following subsections, we will discuss the features of each category and whether they can fulfill the functionality and requirements required from a 5G non-orthogonal MA.
Power Domain Non-orthogonal Multiple Access
In power domain non-orthogonal MA, each multiplexed data layer is assigned with a power ratio, and then directly superposes on each resource element (RE), so the symbol collision pattern is the same of each RE and is equal to the number of data layers superposed together, as shown in Table 3 below.
Table 3 Power domain non-orthogonal MA
	Operation on each data layer
	Features
	Example of Collision Pattern
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MUST is an example of power domain only non-orthogonal MA, which has been studied in [3] and approved as WI in RAN#71 [4]. It mainly targets at downlink system throughput enhancement and cell edge performance improvement[footnoteRef:2].  [2:  The MUST schemes can be categorized into three categories [3]. In MUST Category 1, Coded bits of two or more co-scheduled UEs are independently mapped to component constellation symbols but the composite constellation does not have Gray mapping. In MUST Category 2, coded bits of two or more co-scheduled UEs are jointly mapped to component constellations and then composite constellation has Gray mapping. In MUST Category 3, coded bits of two or more co-scheduled UEs are directly mapped onto the symbols of a composite constellation (the power domain superposition is done implicitly during the bit-to-symbol mapping). Due to the need of joint mapping between user’s coded bits, MUST Category 2 and 3 can only be applied in DL. So when talking about UL, we refer to MUST Category 1. 
] 

One good feature for such superposition transmission with adaptive power allocation is its simplicity. For the two data layers to be superposed in MUST, except the joint modulation, there is almost no big change in the physical layer procedures at the transmitter side. At the receiver side, multi-user detector such as symbol level IC, codeword level IC (CWIC) or ML is applied. 
However, also because of such simplicity, besides power difference, there is no other means to differentiate data symbols from different data layers. Such heavy dependency on the power imbalance between the superposed symbols may limit the scheduling flexibility, i.e., it limits the number of users that could be paired together, and puts constraints on the SNR gap the paired users shall have. When more than 2 user’s signals are superposed, it is difficult to keep the SNR gap between any two users to be large enough, and it is hard to decide the optimal power imbalance values for each layer of the signals. In this case, without any code domain spreading, neither CWIC nor ML could have good detection performance.
Moreover, this method of superposition does not provide enough protection especially for small packets transmission, which is considered a typical traffic type in scenarios such as mMTC. If a deep fading happens on the allocated RB, the transmission of both signals may fail. In this case, if fast scheduling is used to track the channel per RB granularity, the overhead is too large to afford. Instead, an alternative is to consider code domain spreading to increase the diversity for the transmission of such small packets and to limit the scheduling overhead to a reasonable level. Similar protection is also useful for cell edge users since the uncertainties in inter-cell interference could easily fail the transmission of the cell edge users if without code domain protection. Therefore, code domain spreading could be a useful method to increase the robustness towards channel and interference uncertainties on top of power domain superposition. 
For UL, despite the fact that the channel randomness could offer extra differentiation on top of power imbalance between users, power domain non-orthogonal MA even with full ML receiver still faces with the problems from channel and interference uncertainties. The problem would be worse when grant-free transmission is adopted in which the symbol collision pattern on each RE is changing all the time and is thus not foreseeable. In this case, the diversity protection from the code domain spreading becomes crucial in achieving and maintaining the good performance.
As we can see, the uncertainties in symbol collisions may limit the usage scenario for power domain non-orthogonal MA like MUST. In order to extend the usage scenarios of non-orthogonal MA, we need the robustness in the case of symbol collision uncertainty from code domain. So we have 
Proposal 1: Code domain non-orthogonal design is needed in addition to the power domain superposition to deal with channel and interference uncertainties.
Hybrid Code and Power Domain Non-orthogonal MA
In code domain non-orthogonal MA, each multiplexed data layer is assigned with one non-orthogonal code, which is usually a spreading code in frequency or time, and the symbol collision pattern depends on the code design, as shown in Table 4. In hybrid code and power domain non-orthogonal MA, each multiplexed data layer is assigned with both a spreading code and a power ratio. The spreading code keeps the symbol collision pattern defined in the code domain, while the power ratio further tunes the power allocation for better overall performance (mainly needed in DL).
Table 4 Code domain non-orthogonal MA
	Operation on each data layer
	Features
	Example of Collision Pattern
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The basic feature for code domain non-orthogonal MA is the spreading. Different spreading code design can lead to different symbol collision patterns and different multi-user receivers. 
One way is to directly combine OFDM with non-orthogonal spreading code [5]. In this case, we say the system can support overloading (i.e. the number of supported data layers is larger than the number of orthogonal channels). Though the symbol collision pattern for such non-orthogonal design is still full collision on each RE, the receiver could exploit the good structure in the spreading code (e.g., low correlation)  to decode with enhanced performance and reasonable complexity. 
When the overloading factor gets very high, it is hard to keep low correlation between the increasing number of sequences, and the detection performance may get degraded. Similar situation may also happen in the grant-free transmission. In particular, the random selection of sequence at each user may cause sequence collision, which will also destroy the original low correlation structure and result in performance loss. In either of the two cases, ML type detector has to be applied to guarantee robust detection performance, resulting in higher receiver complexity. Therefore, a solution that can maintain the symbol collision to a moderate level is more favorable.
In such scenarios, it will be a good idea to consider sparseness (intently putting “0” in the spreading code and keeping the number of non-zero tones low) in the non-orthogonal spreading code design to maintain the symbol collision to a moderate level so that the inter-layer interference could be smaller and the receiver complexity would be reasonable. In this case, low complexity message passing algorithm (MPA) [6] could be employed at the system to accommodate higher overloading while still getting near ML detection performance with reasonable complexity. So we have
Proposal 2:  Sparse spreading is an important feature in the code domain design to enable high level of overloading with close to ML detection performance and reasonable detection complexity.
In general, the spreading code design, with its varying degree of sparseness, has the potential capability to offer coding gain for spectrum efficiency improvement. However, the linear repetition of QAM symbols on the spread tones could not exploit such potential. In this case, we have proposed advanced modulation schemes as part of the code domain non-orthogonal design to further improve the constellation constraint multi-user capacity region. A companion contribution with details can be found in [7]. 

Conclusions
In this contribution, we discussed the motivation and the promising benefits of introducing a non-orthogonal multi-access for the new radio. We have also analyzed the different categories of non-orthogonal MA methods. The following are proposed:
Observation 1: The expected functionalities for 5G MA are different in each usage scenario and are summarized as in Table 1. 
Observation 2: Non-orthogonal MA can have advantage over OMA in many aspects as summarized in Table 2, which deserves careful investigation in 5G NR.
Proposal 1: Code domain non-orthogonal design is needed in addition to the power domain superposition to deal with channel and interference uncertainties.
Proposal 2:  Sparse spreading is an important feature in the code domain design to enable high level of overloading with close to ML detection performance and reasonable detection complexity.
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