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1. 
Introduction

The future 5G networks are envisioned to be extremely efficient and scalable across a range of services, new industry verticals, and cost-effective deployment topologies - from macro cells to small cells across licensed and unlicensed spectrum. Adopting the appropriate multi access techniques will be a key design challenge.

From an information theory perspective, the wireless channel is a classical multiple access channel, where different transmitters and receivers share the time/frequency/spatial resources in sending data. Depending on the multiple access scheme, each user’s signal can either interfere with other users’ signal, in which case we have non-orthogonal multiple access, or not interfere with other users, in which case we have orthogonal multiple access. On uplink (UL), depending on whether user signals need to the tightly synchronized at base station receiver, we can also have synchronized multiple access and a-synchronized multiple access.
In this paper, we will focus on the discussion and comparison of different multiple access techniques for both downlink (DL) and uplink. It is important to note that the choice of multiple access technique highly replies on the service requirement, we focus on three types of services for 5G network with different service requirement
1. eMBB (Enhanced Mobile Broadband): Low latency, higher spectral efficiency/throughput
2. eMTC (Enhanced Machine Type Communications): Improved link budget, low device complexity, long device battery life (low energy consumption), support high density device deployment

3. URLLC (Ultra Reliable Low Latency Communications): High reliability (low packet error rate), low latency
The paper will start with the general description of each multiple access techniques. Then we compare multiple access for DL and UL separately, focusing on the following performance metric

· Channel capacity
· Receiver complexity
· System design complexity (scheduler, rate adaption, etc.)
· Protocol (signalling) overhead
In the end, we will provide candidates for the above three different type of services for 5G networks
2. 
Different Multiple Access Techniques
In general, there are at least four different multiple access techniques: Time Division Multiple Access (TDMA), Frequency Division Multiple Access (FDMA), RSMA (Resource Spread Multiple Access) and Spatial Division Multiple Access (SDMA) as illustrated in Figure 1. It is interesting to note that, these techniques are not mutually exclusive. In fact, with the advance of wireless communication system, nowadays, different multiple access techniques can be used together in order to combine their individual advantage for the best system performance, we will discuss this later at the end of this session. 
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Figure 1 Multiple Access Techniques
2.1 TDMA

TDMA separates the user by assigning them different time resource to transmit. TDMA is a very important technique to take advantage of the time diversity of the channel. One important characteristics of wireless channel is time varying fading. In a multi-user system, TDMA allows the scheduler to exploit the time diversity of the channel, by scheduling user at its channel peak.  
However, a system solely uses TDMA, meaning scheduling only one user at any given time, can lead to suboptimal performance, due to many reasons, including
1. In general, pure TDMA can not exploit full spatial diversity and frequency diversity of the channel

2. For eMBB DL, as we shown later, TDM cannot achieve DL broadcasting channel capacity bound

3. For eMBB UL, single user could easily be transmit power limited, hence not able to fill up the RoT (Rise of Thermal)

4. Link budget impact, at the cell edge, TDM essentially limit the power that UE can use to deliver the desired packet by limiting the time UE can transmit. Link budget will decrease linearly as TDM linearly decrease the time UE can transmit.
In summary, TDMA needs to be combined with other multiple access techniques for optimized system performance 
2.2 FDMA

FDMA separates the user by assigning them different frequency resource to transmit. FDMA requires the system to divide the whole bandwidth into multiple sub-bands (carriers, RBs, tones, etc.). 
In 3G, this division is very coarse. For example, for WCDMA (HSPA), the baseline deployment is over 5MHz carrier, multiple carries can be bundled for multi-carrier operation. This approach has many limitations, including but not limited to 1.) 5MHz is too coarse to fully exploit the frequency diversity of the channel (2) within each carrier, channel is still frequency selective (multiple path), equalizer or advanced receiver are needed to achieve high spectral efficiency. (3) Pulse shaping filter and guard band is needed to separate carriers, in WCDMA, it accounts for ~30% overhead (5/3.84).
In 4G, a more advanced FDMA, called OFDMA (orthogonal FDMA) is employed. By adding cyclic prefix into the baseband signal and applying IFFT, OFDMA turns a frequency selective channel into multiple orthogonal flat fading channels (tones). This provides many advantage, including but not limited to

1. Allow full exploitation of the frequency diversity
2. Minimize the guard band needed between each sub-carriers (tone)

3. Turn a frequency selective channel into flat fading channel, which is more friendly for SDMA (MIMO) 

Due to the advantage of OFDMA, we will use FDMA and OFDMA interchangeably.
It is important to note that even though OFDMA is suitable for large size traffic or high data rate where control signalling overhead can be negligible, for small burst transmissions which may have lower spectral efficiency requirements, OFDMA may be unnecessary and in some cases inefficient, as we will discuss later.

2.3 NOMA
RSMA separates the user by assigning them different signatures to transmit over the same frequency at the same time. So far, both OFDMA and TDM are orthogonal multiple access techniques, while RSMA can be used to describe non-orthogonal multiple access in general. In this subsection, we will focus on two RSMA techniques: CDMA (Coded Division Multiple Access) and SCMA (Sparse Code Multiple Access).
2.3.1 RSMA
CDMA uses orthogonal spreading codes to create orthogonal channels within the same transmitter, and use scrambling code with good correlation properties to separate different transmitters (on DL it means different cells, on UL it means different devices). As later we can show, similar to OFDMA, CDMA is a linear unitary precoding scheme which preserves the channel capacity. However, one major disadvantage of CDMA is the self-interference caused by frequency selective (multi-path) channel. To achieve high spectral efficiency, equalizer or even more advanced receiver need to be employed. Consequently, in the MIMO deployment, CDMA is not very friendly to be combined with SDMA.
2.3.1 SCMA

RSMA [1] can be viewed as an variant of CDMA in the sense that 

1. It uses the low-density signature CDMA (LDS-CDMA) technique, where each user’s signal is spread by a sparse signature sequence.

2. For each non-zero entry in the signature sequence, the modulation can be designed independently to optimize the performance

The main advantage of SCMA is that, the sparsity of its signature sequence simplifies the advanced receiver design. Sparsity of the SCMA code allows the simpler Message Passing Algorithm (MPA) to achieve near MAP performance. 
However, there are still complexity/practicality concern for SCMA, including (1) Even though MPA is a faster, iterative MAP decoder, it is still quite complicated compared to linear receiver (2) The performance of SCMA highly relies on the modulation used for each non-zero entry in the signature sequence, therefore, code design is complicated (3) Due to the high non-linearity of the MPA receiver, rate prediction and adaption can be complicated as well.  

2.4 SDMA

SDMA separates the user by assigning them different spatial signatures in a MIMO system. For example, both 3G and 4G cellular system has design to exploit the diversity and multiplexing gain from MIMO channel. SDMA can also be viewed as a special form of RSMA where signatures are designed spatially. We listed it separately because MIMO (MU-MIMO, Multi-user MIMO) is a very important technique to achieve high spectral efficiency.
At high SNR, for the spectral efficiency to increase linearly, SNR has to increase exponentially. In this case, degree of freedom becomes very important to achieve high spectral efficiency. With proper precoding design, SDMA can create multiple orthogonal (or near orthogonal) spatial sub-channels to increase the degree of freedom. Each spatial sub-channel can operate at lower SNR, hence more linear capacity region. Therefore, sum capacity can be significantly increased.
At low SNR, with proper beamforming, SDMA can improve the receive SNR (array gain) and reduce its variance (diversity gain) for better coverage at the cell edge.
More importantly, much better system performance can be achieved with SDMA by enabling MU-MIMO. Due to the limited size of device, number of antennas at the device side has more limitation than the number of antennas at the base station side. For point to point MIMO channel, its degree of freedom is limited by the minimum number of receiver and transmit antenna. However, with MU-MIMO, this limitation can be lifted. By carefully pairing and designing the spatial signature used for multiple users, the system performance can be further improved and will only be limited by the larger number of antenna at base station side.
Another thing to note is that, SDMA performance can be limited under a frequency selective channel due to self-interference caused by multi-path. Hence, it is very nature to have SDMA deployed on top of OFDMA for better system performance
Summary
So far, in this section, we discuss the different Multiple Access techniques. In a wireless communication system with frequency selective, time varying fading, channel with multiple transmit and receive antenna, as well as multiple users, there are many channel/user characteristic that can be exploited to optimize the system performance, including but not limited to, frequency diversity, time diversity, spatially diversity, etc. Hence, different Multiple Access techniques have to be combined together to achieve best performance. 
So far, to achieve the best spectral efficiency, OFDMA+SDMA+TDMA is the state of art approach. These three Multiple Access techniques are orthogonal schemes (in practice, SDMA is not perfectly orthogonal). As we discussed before, choice of Multiple Access relies on the service requirement. There are at least two concerns, which we will also cover later

1. On DL, it has been shown that non-orthogonal Multiple Access (SPC) can achieve capacity bound what is better than the orthogonal Multiple Access. However, in practice, to take advantage of frequency diversity (sub-band scheduling), time diversity (TDM scheduling) and spatial diversity (MU-MIMO scheduling), scheduler needs enough users to choose from. The same user pool has to be used for non-orthogonal Multiple Access. With the limited size of use pool, what additional benefit non-orthogonal Multiple Access can bring to the system still remains to be studied.
2. So far we discussed the high spectral efficiency design. There are also service like eMTC which only requires low spectral efficiency, low device complexity and power consumption. Orthogonal multiple access OFDMA+SDMA+TDMA needs tight synchronization among users on UL, which incurs signaling load. As we will discuss later, it may not be the best choice for eMTC service especially on UL.
3. 
Multiple Access Techniques for 5G 
In this section, we discuss the Multiple Access techniques for 5G. It is important to point out that given a conventional linear time invariant channel with block transmission. The channel capacity can be written as
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 is the linear block precoder at the transmitter. It is easy to show that any unitary precoder gives the same channel capacity. Among all unitary precoders, the one that diagonalize 
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simplifies system design by creating multiple orthogonal sub-channels. This makes the receiver as well as capacity-achieving scheme design much easier. Under such scenario, a MAP receiver degenerates into a linear receiver. OFDMA is essentially the design that orthogonalize the multiple path channel by introducing cyclic prefix and makes channel matrix 
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circular. Additionally, given the total transmit power constraints, OFDMA has the potential to achieve water filling power loading, taking full advantage of the frequency diversity, to maximize channel capacity. Naturally, OFDMA also makes MIMO (MU-MIMO) design more tractable by removing the multiple-path interference. In summary, OFDMA is a very important building block when the design goal is to maximize spectral efficiency. Other Multiple Access techniques (TDMA, SDMA, and RSMA) can be built on top of OFDMA for better performance.
We will discussion the Multiple Access techniques for each service that 5G network needs to deliver.
3.1 UL eMBB

The design goal of eMBB is to deliver large amount of data at high spectral efficiency. So we assume that the service starts in RRC_CONNECTED state, in which UL of different users has already been synchronized.
So far, for high spectral efficiency, OFDMA (SC-OFDMA) is one candidate that gives good performance/complexity trade off. When MIMO communication is deployed, it is very important to take full advantage of the spatial diversity/multiplexing created by MIMO channel. MU-MIMO is especially important when the difference between the number of receiver and transmit antenna is large. 
3.2 DL eMBB

It is known that when two users have large SNR difference, non-orthogonal superposition coding has the potential to achieve better performance than the orthogonal (TDM, FDM) design. It is important to note that non-orthogonal superposition coding can be implemented on top of OFDM waveform. In fact, in LTE MUST study, user signals are superimposed at the modulation symbol level [3], while for SCMA, the user signals can be superimposed based on joint design of low density spreading sequence and the modulation.
However, it is also important to note that for superposition coding to show performance advantage, scheduler needs to pair two users with distinctively different SNR. This, in general, needs the system to have enough number of users with large data downloading. This can be viewed as one use case of multi-user diversity. Meanwhile, system performance optimization also calls for multi-user diversity to exploit other characteristics of the channel, such as frequency diversity (sub-band scheduling), spatial diversity (MU-MIMO). In fact, it has been shown during the LTE MUST study that, with sub-band scheduling, gain from SPC is reduced compared to wideband scheduling. With the limited size of user pool and deployment of massive MIMO, it remains to be studied what the gain from SPC is on top of other techniques that can be used to optimize the system performance, including but not limited to sub-band scheduling, SU-MIMO, MU-MIMO. 
3.3 UL/DL mMTC

mMTC has distinctively different service requirement compared to eMBB. High spectral efficiency is not the most critical design goal for eMTC service, instead, link budget and receiver complexity/power consumption are more important. For applications dominated by short data bursts like eMTC, a key design challenge is scalability to massive number of active devices with low device complexity, low power consumption, and extended coverage.
Due to the long duty cycle of mMTC service, it naturally calls for the design to put mMTC device in a RRC state similar to RRC_IDLE where synchronization to the network is not needed in order to save battery. So for mMTC discussion, we focus on the scenarios where UE starts from the RRC state similar to RRC_IDLE. A limiting factor for the existing cellular systems to achieve high spectral efficiency is often the substantial signaling overhead to setup radio connection before any user data transmission. Let us consider a Mobile Originated (MO) transmission from RRC_IDLE state
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Figure 4: Signaling procedure to set up radio connection

Figure 4 illustrates the signaling procedure, through which an idle device sets up radio connection with the network before transmitting payload data:

A. Device wakes up from idle state and first acquires timing through the primary and secondary synchronization sequences (PSS/SSS)
B.  Device decodes physical broadcast channel (PBCH) to extract master information block (MIB) information, as well as acquire the system frame number (SFN). The MIB is typically broadcast every 40ms.
C. Device reads system information block (SIB), to extract basic network configurations to start random access. This includes at least reading SIB1 and SIB2 information in order, which are typically broadcast periodically every 80ms and 160ms, respectively.
D. Device starts the random access and RRC connection procedures, which includes 4 steps
a. Device sends random access preamble.
b. Base station responds with uplink resource and adjust device’s uplink timing.
c. Device responds with identity for potential contention resolution.
d. Base station confirms the selected ID and resolves contention.

E. Device initiates network attach request to register to the network. Depending on whether it is initial attach, this step includes series of operations including authentication and security context setup at MME and base station, and default bearer setup at service gateway and PDN gateway.  

F. Device starts transmitting payload data.

As we can see, there is a lengthy signaling procedure before a device can starts transmitting payload data. Such overhead is beneficial to allow large amount of data to be efficiently transmitted. However, for small data transactions such as eMTC service, the signaling overhead can be inefficient. 

Clearly, for the eMTC design optimization, it is very critical to reduce the signaling overhead as well as user power consumption before user can transmit data on UL. From Multiple Access perspective, Step D is necessary for orthogonal multiple access schemes, since resource assignment and devices’ uplink timing adjustment are required to achieve orthogonality among the transmitted signals from different devices. With non-orthogonal RSMA, devices don’t need to wait for the network to assign dedicated frequency or time resource for transmission, and different devices’ signals can overlap with each other and yet still be recovered at the base station. In addition, different devices’ signals can be asynchronous to each other. In fact, it is even preferable to have asynchronous transmission from different devices for detection purposes. These properties make non-orthogonal RSMA a favorable choice for grant-less transmission of small data. As we can also observe from Figure 2 that, non-orthogonal RSMA can also achieve the MAC channel capacity region with advanced receiver. 
Depending on the detailed implementations, different devices’ signals can be separated at the base station either by using different scrambling codes, or by using different interleaves. For illustration purposes, we simply assume users are separated by different scrambling codes for the rest of the document. In addition, due to the good correlation properties of scrambling codes (e.g. those generated by maximum length sequences), two signals can be well separated even when using the same scrambling code as long as they are asynchronous. eMTC devices can potentially transmit at any time with RSMA. However, to reduce the search complexity at the base station, we only provide finite number of access slots for device to start transmission. Note that this is a much looser synchronization requirement than what is required in step D, without any timing adjustment from base station, since base station searcher typically searches a relatively large window around each access slot.
Another thing we would like to point at is that one design goal for eMTC is extended link budget with limit device transmit power, this mean the receiver has to operate at low SNR, or the system has to operate at very low spectral efficiency. A packet will take up to several second to deliver at cell edge. From the link level perspective, transmit the signal using wideband is beneficial because it gives the signal more frequency diversity to combat the burstiness of interference, frequency selectivity of the channel. With wideband transmission of the signal, no-orthogonal Multiple Access is a nature solution in order to increase the system capacity. Otherwise, if we enforce the orthogonal Multiple Access, only a small number of users can transmit at any given time, and the full system may not work at full potential (IoT).
Similar consideration exists for DL, for small data transactions, setting up RRC connections and performing UL synchronization can be too costly and negatively impact the device battery life. For small Mobile Terminated (MT) payload, it is desirable to avoid RRC connection setup and UL synchronization procedure.
3.4 UL/DL URLLC
The URLLC service requires high reliability and low latency delivery of data packet. It is reasonable to assume that URLLC starts in RRC_CONNECTED state. Hence the design goal is similar to the eMBB which call for the scheme with high channel capacity. Note that the channel capacity here is the outage capacity due to the requirement from URLLC. We think the choice for Multiple Access can be similar to eMBB, while more design focus should be put to improve the channel outage capacity (tail behavior)
4. 
Conclusion

In this subsection, we try to give summary of pros and cons of each Multiple Access techniques in Table 1. For the mMTC service with low bursty data, operating at low SNR region, RSMA is a good candidate to achieve good complexity and capacity trade off. For the eMBB service that requires high spectrum efficiency, different Multiple Access techniques need to be combined together for best performance. Based on the discussion, we summarize the Multiple Access technique candidate for different 5G service in Table 2.
Table 1: Comparison of different Multiple Access techniques
	Multiple Access
	Channel 
Capacity
	Receiver
Complexity
	Protocol 
Overhead
	Link Adaptation
Complexity

	TDMA
	Needed for time diversity
(time varying channel)
	-
	-
	Low

	FDMA
	Easiest to achieve capacity
Needed for frequency diversity
(frequency selective channel)
	Simple
	Overhead needed for connection 
setup and UL synchronization
	Low

	RSMA
	Single Carrier 
RSMA
	Can achieve capacity for flat fading channel
Not good for frequency diversity
(frequency selective channel)
	Low SNR: Simple match filer
High SNR: EQ/Adv. receiver needed 
for frequency selective channel 
	Low overhead
	Low

	
	RSMA + FDMA
	Can achieve channel capacity with advanced receiver
	Advanced receiver 
needed
	Overhead needed for connection 
setup and UL synchronization
	high due to 
non-linear receiver

	SDMA
	Needed for Spatial diversity
(MIMO channel)
	Linear/adv.  receiver 
needed to handle inter-stream interference
	-
	High due to multiple 
hypothesis (precoder) testing


Table 2 Multiple Access candidate for 5G network
	 
	UL 
	DL
	Comments

	eMBB
	(SC-)OFDMA 

+SDMA + TDMA
	OFDMA 

+SDMA + TDMA
	FFS:  the gain from non-orthogonal SPC (e.g. SCMA) on top of sub-band scheduling and MU-MIMO 

	mMTC
	Small payload: 
single carrier RSMA
	Large payload: 
OFDMA
	Small payload: 
May consider ways avoid RRC connection setup (FFS)


	uRLLC
	Synchronized OFDMA/ 
RSMA
	OFDMA 
	FFS: SDMA (SU-MIMO, MU-MIMO) gain
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