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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.
In our contribution [1], we discussed four classic Multiple Access techniques that can be used to optimize 5G network performance, namely
· Orthogonal Multiple Access
· TDMA (Time Division Multiple Access)
· (O)FDMA (Orthogonal Frequency Division Multiple Access)
· SDMA (Spatial Division Multiple Access)
· Non-Orthogonal Multiple Access (NOMA)
· RSMA (Resource Spread Multiple Access), and 
· SCMA (Sparse Code Multiple Access)
The choice of Multiple Access technique highly relies on the service requirement, we focus on three types of services for 5G network with different service requirement
· eMBB (Enhanced Mobile Broadband): Low latency, higher spectral efficiency/throughput
· mMTC (massive Machine Type Communications): Improved link budget, low device complexity, long device battery life (low energy consumption), support high density device deployment
· URLLC (Ultra Reliable Low Latency Communications): High reliability (low packet error rate), low latency
In this paper, we will discuss the evaluation proposal of different Multiple Access schemes for 5G. 
Before we get into full blown system evaluations/comparison of various multi-access schemes, it would helpful to have simple analytic evaluations such that we can gain enough insight on the pros and cons of various schemes. This might be enough to make some decisions, without immediately start the system level implementations of all proposals. In Section 2, we list two comparisons for eMBB and mMTC use cases, respectively.
In cases we really see a need to further dive into full system level simulations of some candidate proposals, we propose to first agree on some important assumptions, key metrics, as well as a commonly agreed baseline before the system simulation. These include:
· Traffic Model
· Link to System Model
· System layout: including cell topology, pathloss model, UE dropping model, etc. 
· eNB scheduling strategy
more details are provided in section 3.
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Rather than going directly to the full blown system level simulations, some decision can be potentially made through rather simple analysis (although at high level), which can still provide enough insight on the pros and cons. In this section, we list two example strategies
.
Capacity Analysis for eMBB (OMA vs NOMA)
For simplicity, we can assume a simple 2 user model.
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.




We consider a system with static channel, two users. Let and  be the maximum received power constraint for user 1 and 2 respectively.  is the Gaussian noise spectral density. Without loss of generosity, we normalize the total system bandwidth . We consider the following four schemes with different receiver complexity, the last scheme is the scheme that can achieve two-user MAC capacity bound.
Non-Orthogonal multi-access with non-SIC receiver
When we consider the other user’s signal as noise and do not cancel, the achievable rate region is given as


Non-Orthogonal multi-access with SIC receiver
If we first decode one user, make a hard decision and subtract it from the received signal, the union of the following two rate regions is achievable.




Orthogonal multi-access with SIC/non-SIC receiver


With OFDMA, there is no need for advanced receiver because two users are orthogonal in frequency domain. The receiver design is very simple. Scheduler needs to allocate bandwidth to two users. The sum capacity can be maximized with water filling bandwidth allocation, which essentially allocates the bandwidth proportional to and. Capacity region is the union of the followings


Non-Orthogonal multi-access with joint receiver
It is known that with a joint receiver, non-orthogonal multi-access can achieve two-user MAC capacity bound which is given by Error! Reference source not found.
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Figure 1 shows the two-user MAC capacity region for different design. We choose , but the choice of different system operation point will not change the fundamental observation here. It can be seen that both NOMA with SIC receiver and OFDMA with non-SIC receiver can achieve MAC capacity bound. Clearly, non-SIC receiver is much easier to implement and its performance is much easier to be predicted than an SIC receiver. In summary
1. OFDMA (SC-OFDMA) allows simple receiver to be used to achieve corner point on MAC channel capacity bound.
2. OFDMA needs enough frequency resolution to assign bandwidth proportional to the received signal each user can create.
3. With enough frequency resolution, OFDMA can allow multiple users to transit simultaneously, which increase the probability of filling up the system IoT (RoT) target.
So far, for high spectral efficiency, OFDMA (SC-OFDMA) is one candidate that gives good performance/complexity trade off. It is important to know that, SISO channel is assumed so far. 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. 
DL eMBB


Similar to UL analysis, we assume that the service starts in RRC_CONNECTED state. We consider a system with static channel, two users. Without loss of generality, we assume the receiver signal power is the same,. Noise spectral density is for two users respectively. The whole bandwidth is normalized to 1.We consider the following three schemes, the last scheme is the scheme that can achieve two-user broadcast channel capacity bound.
Single UE TDM
The achievable rate region is given as


Two UE OFDMA 
The capacity region is give by the union of all the possible power and bandwidth allocation


Superposition Coding
It is known that superposition coding can achieve the two user broadcasting channel capacity bound Error! Reference source not found.. The user at low SNR decodes its packets assuming the packet for high SNR user is interference. The high SNR user first decodes the low SNR user packet, then cancel the packet and decode its own packet. The capacity region is given by
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Figure 2 shows the two-user broadcasting channel capacity region for different design. The left figure is for two user with the same SNR (0dB), the right figure is for two users with large difference in SNR (20dB and 0dB). It is clear to observe 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 Error! Reference source not found., 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. 

Link budget vs Capacity Trade-off for mMTC (OMA vs NOMA)
One of the key design goals for future networks is the support for large numbers of low power devices (referred to as Wide Area IOE or massive MTC), where devices typically have limitation on peak transmission power due to cost and deployment constraints. Some devices may not have a power amplifier or instead only have a very low cost amplifier, and need to operate on a small battery for multiple years (i.e., it is expected that the battery would outlast the life of the device). Some devices are deployed underground or in basements leading to large path loss. Therefore, link budget is a key design parameter.
For simplicity, we assume a multi-cell network including base stations and symmetric equal grade of service (GoS) users with the same data rate requirement (i.e., all users are symmetric). For example, each user needs to send  bits every  ms, leading to a nominal rate of  kbps. We also assume the following:
· : total frequency bandwidth to be shared by all users.
· : nominal rate for each user in [bit/sec].
· : number of receiver antennas at the receiver.
· : inter-cell interference factor.
· : intra-cell interference cancellation efficiency.
· : noise power spectral density
· : number of users per cell
· : the minimum ratio of energy per bit over  to achieve the required bit-error-rate (BER) performance, assuming additive white Gaussian noise (AWGN) channel.
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For RSMA with equal GoS users, assuming ideal power control, each user’s received power  at the base station should be equal. In order to meet certain block error rate (BLER) requirement, the received signal need enough signal-to-noise ratio (SNR):
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Where is the required bit-level SNR. Note that  is typically a function of the per-user spectral efficiency. Specifically, from Shannon formula
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For RSMA, since each user’s signal is spread across the whole time and frequency resources, the per user spectral efficiency does not change as the number of users increase, and

Equation 2‑3
For large , Equation 2‑1 gives
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The received power can be further expressed as:
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Where  represents over-the-air (OTA) propagation loss, and  represents the accumulated effects of other fixed gains, including receive antenna gain, transmit antenna gain, penetration loss, shadowing, etc. 
Combine Equation 2‑4 and Equation 2‑5, we have
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The link budget,, is defined as the maximal allowed OTA path loss in decibel (dB). From Equation 2‑6
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[bookmark: _Toc425248857][bookmark: _Toc425344866][bookmark: _Toc425350757][bookmark: _Toc425501614][bookmark: _Toc425504198][bookmark: _Toc425715630][bookmark: _Toc425778877][bookmark: _Toc425855238][bookmark: _Toc425864968][bookmark: _Toc425945397][bookmark: _Toc425960004][bookmark: _Toc426033906][bookmark: _Toc426113057][bookmark: _Toc426128201][bookmark: _Toc426129900][bookmark: _Toc426131816][bookmark: _Toc426146549][bookmark: _Toc426368292][bookmark: _Toc426466127][bookmark: _Toc426479680][bookmark: _Toc426482666][bookmark: _Toc426491345][bookmark: _Toc426525860][bookmark: _Toc426528787][bookmark: _Toc426539050][bookmark: _Toc426539773][bookmark: _Toc426621735][bookmark: _Toc426644478][bookmark: _Toc426739433][bookmark: _Toc426920344][bookmark: _Toc427064908][bookmark: _Toc427065075][bookmark: _Toc427076288][bookmark: _Toc427116266][bookmark: _Toc427150399][bookmark: _Toc428452673]Link budget for FDMA
For FDMA, each user’s allocated frequency resource, , is inversely proportional to the number of users, therefore, the per user spectral efficiency increases as the number of users increase
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Since there is no inter-cell interference for orthogonal multiple access, for each user we have

Equation 2‑9
By substituting Equation 2‑5, we have 
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Note that in FDMA,  increases as the number of users increase, as shown by Equation 2‑2 and Equation 2‑8. 
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For TDMA, each user’s signal can spread over the whole frequency resource, however, each user’s allocated transmission time is inversely proportional to the number of users. Therefore, the effective data rate, , increases with the number of users. The per-user spectral efficiency is the same as FDMA:

Equation 2‑11
Therefore, the  requirement in TDMA is the same as FDMA. Similarly, for each user


Equation 2‑12
By substituting Equation 2‑5, we have
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Comparing Equation 2‑10 and Equation 2‑13, TDMA has an extra penalty of  dB in link budget compared to FDMA, due to the TDM factor of , as shown by the second log-term in the equations.
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To illustrate how the link budget scale with increasing number of users under different multiple access schemes, we consider the following scenario: all users are symmetric, i.e. equal GoS with same path loss, and each user need to transmit 250 bits every 10ms, and the corresponding nominal data rate is  kbps. 
Common assumptions in the link budget comparison are listed in Table 2‑1.
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	Bandwidth [MHz]
	1.08

	Num RxAnt
	2 or 4

	UE Tx Power [dBm]
	0

	UE TxAnt Gain [dBi]
	-1

	Noise PSD [dBm/Hz]
	-174

	Inter-cell Interference factor (f)
	0.5

	BS Noise figure [dB]
	5

	LogNormal Shadowing margin [dB]
	6.9

	Penetration loss [dB]
	20.00

	BS Rx Loss (cable, connector) [dB]
	2

	BS RxAnt Gain[dBi]
	17

	Backoff from Shannon ebno [dB]
	3



Figure 2‑3 compares the link budget versus different number of concurrent users per cell assuming 2 receiver antennas at the base station. For the FDM+TDM case, we assume each user is allocated 180 kHz. Therefore the system can at only FDM 6 users simultaneously. For more than 6 users, the system needs to TDM them. For example, when there are 6 users per cell, each user can transmit the payload of 250 bits in 10ms. When there are 12 users, each user needs to finish the transmission in 5ms. Specifically, when there are 60 users in the system, each user needs to finish transmission in 1ms, which corresponds to the LTE sub-frame length without bundling. While for 6 users, each user can repeat the 1ms sub-frame 10 times, which correspond to bundling factor of 10 in the LTE context. The bundling improves link budget, at the cost of reduced capacity.
The link budget of FDM+TDM is strictly worse than that of FDMA. When there are 60 users per cell, the loss is 10dB due to the TDM factor of 10, as explained by the second log-term in Equation 2‑13.
The link budget of RSMA without interference cancellation (i.e., ) is better than FDM+TDM before reaching the pole capacity, due to less  requirement. On the other hand, the larger intra-cell interference finally leads to lower pole capacity. Specifically, the pole capacity of RSMA is reached when the expression inside last log-term equals 0 in Equation 2‑7, i.e.
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With interference cancellation, however, the pole capacity of RSMA is substantially improved. As shown by Figure 2‑3, when 50% of the intra-cell interference is cancelled (i.e. ), RSMA has comparable pole capacity as the FDM+TDM scheme, and has better link budget. However, it is still worse than FDM scheme, where each can be assigned arbitrarily small frequency. 
Note that in practice, the FDM scheme with arbitrarily small frequency will suffer from lack of frequency diversity in multipath fading scenarios. In addition, FDM will also require extra scheduling overhead.
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In addition to interference cancellation, another important factor impacting the link budget is the number of receive antennas. As shown by Equation 2‑14, pole capacity of RSMA increases linearly with the number of receive antennas. For orthogonal schemes, however, the pole capacity increases more slowly, as  also increases with the number of users increase.
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To illustrate the impact of receive antennas, Figure 2‑4 plots the link budget with the same configuration as in Figure 2‑3, except increasing the number of receive antennas from 2 to 4. The gap between RSMA and FDM+TDM further increases, and the pole capacity of RSMA doubles, regardless of interference cancellation. 
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eMBB
Design goal of eMBB is to improve spectral efficiency and reduce latency. Our view is that fundamental building block of eMBB is still OFDMA hybrid with TDM scheduling. On top of that, to achieve further performance improvement, there is a need to evaluate SDMA with mMIMO. There might also be need to consider potential use of non-orthogonal schemes if there is clear benefit.
For SDMA, we are referring to Massive MIMO deployment including SU-MIMO (Single-user MIMO) and MU-MIMO (Multi-user MIMO). In practical deployment, the number of receive and transmit antenna can be very different due to limited size of UE device. Under such scenario, MU-MIMO is especially important to increase the degree of freedom in the system for improving spectral efficiency.
We believe the usage of non-orthogonal Multiple Access in the context of eMBB DL is in essence Superposition Coding (SPC). However, as a fair comparison baseline, we think the evaluation need to consider other techniques that can take advantage of multi-user diversity, such as sub-band scheduling and MU-MIMO, as SPC inevitably increases receiver complexity as well as complicates the link adaption.
eMBB DL SDMA
The purpose of the evaluation is to understand the performance of SU-MIMO and MU-MIMO under deployment of large number of antennas especially at NodeB side. We will first list the key evaluation assumption that we think will have the most impact on the results. Then we will proceed with the key performance metric to look at
Key Evaluation Assumptions
· Antenna configurations (number of Tx and Rx antennas)
· MIMO SCM channel mode choice
· Receiver assumptions and model (linear MMSE, MMSE+SIC or more advanced receiver)
· Model of CSI, which can include channel estimation error, quantized precoder design, etc. 
· Scheduler consideration: Wideband scheduler or sub-band scheduler
· System loading condition 
· Full buffer: number of users in the system
· Bursty traffic: Resource Utilization, or average of number of DL users with non-empty buffer
Key Performance Metric
· Full buffer
· User throughput CDF (median, tail throughput and fairness comparison)
· Average number of beams scheduled on DL
· Bursty traffic
· UE perceived throughput (user experience) CDF (median, tail and fairness comparison)
· System capacity (outage user percentage). Bursty traffic model can be elastic (for each user, new burst is generated only when the previous bursty is delivered), non-elastic (for each user, new burst is generated with fixed distribution without looking at buffer status)
· For non-elastic bursty traffic, outage UE can be defined as its average served throughput is lower than the average offer load (meaning buffer starts to accumulates statistically for this user)
· As part of above metric, we want to emphasize the importance of looking at cell edge UE performance (full buffer throughput, bursty perceived throughput), especially in the deployment when UE can have very large pathloss. Large number of Tx (NodeB) antennas can be very helpful in providing good performance at cell edge.
eMBB UL SDMA
eMBB UL SDMA is very similar to eMBB DL SDMA, in addition, we need to look at IoT and RoT as well. 
Key Evaluation Assumptions
· Antenna configurations (number of Tx and Rx antennas)
· MIMO SCM channel mode choice
· Receiver assumptions and model (linear MMSE, MMSE+SIC or more advanced receiver)
· Model of CSI, which can include channel estimation error, quantized precoder design, etc. 
· Scheduler consideration: Wideband scheduler or sub-band scheduler
· UL power control model (target IoT, received power, etc.)
· System loading condition 
· Full buffer: number of users in the system
· Bursty traffic: Resource Utilization, or average of number of UL users with non-empty buffer
Key Performance Metric
· Full buffer
· User throughput CDF (median, tail throughput and fairness comparison)
· Average number of beams/users scheduled on UL
· Bursty traffic
· UE perceived throughput (user experience) CDF (median, tail and fairness comparison)
· System capacity (outage user percentage). 
· For non-elastic bursty traffic, outage UE can be defined as its average served throughput is lower than the average offer load (meaning buffer starts to accumulates statistically for this user)
· As part of above metric, we want to emphasize the importance of looking at cell edge UE performance (full buffer throughput, bursty perceived throughput), especially in the deployment when UE can have very large pathloss. Large number of Rx (NodeB) antennas can be very helpful in providing good performance at cell edge.
· For each case, also need to compare the IoT, RoT and effective IoT (considering the interference rejection capacity with multiple Rx antennas). 
eMBB DL NOMA
eMBB DL NOMA actually refers to superposition coding. Different SPC schemes might be considered if there is convincing benefit. For example superposition on modulation level as in LTE study, or using SCMA.
Key Evaluation Assumptions
· Antenna configurations (number of Tx and Rx antennas)
· Receiver assumptions and model (linear MMSE, MMSE+SIC or more advanced receiver)
· Model of link adaption especially when receiver is highly non-linear like the one needed by SCMA
· Scheduler consideration: Wideband scheduler, sub-band scheduler, MU-MIMO scheduler
· The number of users that can be superimposed in each TTI
· System loading condition 
· Full buffer: number of users in the system
· Bursty traffic: Resource Utilization, or average of number of DL users with non-empty buffer
Key Performance Metric
· Full buffer
· User throughput CDF (median, tail throughput and fairness comparison)
· Average number of users scheduled UL
· Bursty traffic
· UE perceived throughput (user experience) CDF (median, tail and fairness comparison)
· System capacity (outage user percentage). 
· For non-elastic bursty traffic, outage UE can be defined as its average served throughput is lower than the average offer load (meaning buffer starts to accumulates statistically for this user)
· We would like to emphasize that the baseline should be sub-band scheduler with MU-MIMO. We have the view that, for eMBB use cases with large data burst and high spectral efficiency requirement, orthogonal Multiple Access has complexity advantage over non-orthogonal Multiple Access especially at the receiver side. So orthogonal Multiple Access shall be exploited first before seeking for non-orthogonal Multiple Access.
eMBB UL NOMA
Our view is that, for eMBB use cases, UL NOMA is useful only when scheduler cannot fill up the IoT (RoT) target, or the RoT is very uneven across the wideband that lead to low spectral efficiency. With sub-band scheduling and enough frequency resolution, scheduler has high chance to schedule enough number of users to even out and fill up the RoT. On top of that, MU-MIMO can provide more scheduler choices and allow more users to transmit.
So instead of proceeding with UL NOMA evaluation, we feel the need to first justify the need for eMBB UL NOMA by consolidate a deployment scenario, where even with fine frequency resolution, sub-band and MU-MIMO scheduling, the system still cannot reach IoT/RoT target. 

mMTC
Design goal of mMTC is to improve link budget, reduce device complexity, reduce device power consumption and support high density device deployment. 
The purpose of the evaluation is to compare different Multiple Access techniques for the best trade off between complexity and capacity. We will first list the key evaluation assumption that we think will have the most impact on the design as well as results. Then we will proceed with DL and UL evaluation discussion separately
Key Evaluation Assumptions
· Traffic model for both MO and MT
· DL and UL bursty size distribution
· Burst inter-arrival distribution 
· Design goal
· Device battery life minimum requirement
· Device density minimum requirement
· Maximum Coupling Loss (MCL) requirement
· For certain bursty traffic, the delay requirement
· We assume device start from state similar to RRC_IDLE. If device needs to enter RRC_CONNECTED state, need to model signaling overhead for call setup as well as the overhead for synchronization
· Device power consumption model
mMTC UL
For mMTC UL, our view is that there are two main comparing point
1. Using orthogonal Multiple Access (OFDMA) or non-orthogonal Multiple Access
2. [bookmark: _Ref446925305]With NOMA, using simple approach (single carrier RSMA) or using more complicated approach like SCMA.
It is important to note that with orthogonal multi-access, UL synchronization is needed and effectively, UE needs to switch from RRC_IDLE state to RRC_CONNECTED state. For sending small packet, evaluation is needed to compare the tradeoff by carefully modeling the overhead associated with call setup and synchronization. 
Additionally, since battery power saving and range extension are primary optimization goals for mMTC use cases, the multiple access scheme that enables the most PA efficient waveform is much more favorable. 
Last, both transmitter and receiver processing complexity need to be considered, especially transmitter (device) complexity, since it directly impact battery power as well.
Key Performance Metric
· Device power consumption (complexity), battery life
· Need to account for all the overhead, including signaling, synchronization.
· Packet drop rate, if some traffic in bursty model has delay requirement
· Supportable device density 
· Cell edge performance, MCL.
mMTC DL
Similar to mMTC UL, the concern is whether device needs to enter RRC_CONNECTED state in order to receive small packet. We have the view that OFDMA may be good enough as DL synchronization is achieved automatically with SCH channel, and there could be larger MT packets in DL (e.g. firmware update) even for the mMTC use case.
Key Performance Metric
· Device power consumption (complexity), battery life
· Need to account for all the overhead, including signaling
· Packet drop rate, if some traffic in bursty model has delay requirement
· Supportable device density for deployment
· Cell edge performance

URLLC
Design goal of URLLC is for ultra reliable and ultra low latency packet delivery. We assume that data transaction starts from RRC_CONNECTED state. We will first list the key evaluation assumption that we think will have the most impact on the design as well as results. Then we will list the key performance metrics. For URLLC, we do not separate DL and UL in this document
Key Evaluation Assumptions
· Traffic model for both MO and MT
· DL and UL bursty size distribution
· Burst inter-arrival distribution 
· Design goal
· Packet error rate requirement
· Delay requirement
· Interference variation: constant full buffer interference or bursty interference
Key Performance Metric
· Delay and residual packet error rate CDF
· URLLC system capacity (pure URLLC user), 
· A user in outage can be defined as more than a certain percent (e.g. 2%) packets are dropped due to delay bound
· System outage can be defined as more than a certain percent (e.g. 2%) users in outage
· Mix of URLLC and eMBB users
· eMBB user throughput statistics with increased number of URLLC user.
· URLLC user delay and residual packet error rate
· Also interesting to evaluate the need for MU-MIMO
Conclusion
In this paper, we discuss the evaluation proposal for different Multiple Access schemes, focusing on three types of services for 5G network, namely eMBB, eMTC and URLLC. 
Proposal 1: different multi-access candidates can be evaluated/optimized for different use cases, such as eMBB, eMTC and uRLLC. However, it is recommended to start with analytic comparisons before directly going to full blown system level simulations. This can include, but not limited to:
· Capacity analysis for NOMA vs OMA for eMBB
· Link budget vs capacity trade-off for mMTC
· Signaling overhead for NOMA vs OMA for mMTC

Proposal 2: If there is a clear need to do system level simulations for evaluation/decision, agreement has to be made regarding the evaluation assumption that is listed section 3, then different scheme can be compared focusing on the key performance matric list above in section 3.

Reference
[1]. [bookmark: _Ref446925309]R1-162202, “Candidates of multiple access techniques”, Qualcomm Incorporated
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