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Introduction
In RANP#80, New WID on Rel-16 eMTC enhancements for LTE for improved UL transmission efficiency and/or UE power consumption:
· Specify support for transmission in preconfigured resources in idle and/or connected mode based on SC-FDMA waveform for UEs with a valid timing advance [RAN1, RAN2, RAN4]
· Both shared resources and dedicated resources can be discussed
· Note: This is limited to orthogonal (multi) access schemes

In RAN1#94b, the following agreements were made on the above objective:

Agreement
In idle mode, the UE will at least consider one or more of the following attributes when validating TA (combination of multiple attributes is allowed):
· Serving cell changes (serving cell refers the cell that the UE is camping on)
· Time Alignment Timer for idle mode 
· Serving cell RSRP changes (serving cell refers the cell that the UE is camping on)
· FFS Other attributes: 
· Neighbour cell RSRP change
· TDOA of >=2 eNBs 
· TA History
· Subscription based UE differentiation
· Others not precluded (for example, attributes that need to be considered for high mobility UEs)
Note that UE power consumption should be taken into account for the FFS attributes

Agreement
Dedicated preconfigured UL resource is defined as an PUSCH resource used by a single UE 
· PUSCH resource is time-frequency resource
· Dedicated PUR is contention-free 
Contention-free shared preconfigured UL resource (CFS PUR) is defined as an PUSCH resource simultaneously used by more than one UE
· PUSCH resource is at least time-frequency resource
· CFS PUR is contention-free 
Contention-based shared preconfigured UL resource (CBS PUR) is defined as an PUSCH resource simultaneously used by more than one UE
· PUSCH resource is at least time-frequency resource
· CBS PUR is contention-based (CBS PUR may require contention resolution)

Agreement 
In IDLE mode, HARQ is supported for transmission in dedicated PUR
· A single HARQ process is supported, 
· FFS whether more than one HARQ processes are supported
· FFS: The design of the corresponding MPDCCH search space

Agreement
In idle mode, dedicated PUR is supported.
· Support for CFS PUR is FFS.
· Support for CBS PUR is FFS.

Agreement 
For UL transmission in preconfigured resource, fallback mechanism to RACH/EDT procedures is supported.

Agreement
For transmission in preconfigured UL resources, an RRC idle UE may use the latest TA that passed the validation criteria

Agreement
Pre-configured UL resources for transmission of data are indicated by RRC signaling. At least UE-specific RRC signaling is supported.

In this contribution, we present our ideas on resource configurations and classifications—for shared, dedicated, contention-free and contention-based resources; fixed versus bursty traffic scenarios, and how they affect the design of resources; and fallback mechanisms for grant-free uplink data transmission in pre-configured resources for Release 16+ eMTC UEs. We provide supporting simulation results demonstrating the viability of uplink multi-user MIMO transmissions at low SNRs—especially in the scenario of bursty traffic, setting the stage for ensuing designs of shared data resources for grant-free uplink transmission in pre-configured resources. Throughout the contribution, we will exclusively focus on pre-configured resources for the idle mode of operation.
Classification of pre-configured uplink resources 
Dedicated DMRS and dedicated data resource (Dedicated PUR)
This can be thought of as a baseline for grant-free pre-configured uplink resources for UEs in idle mode with a valid TA. In this setting, each UE capable of this feature is assigned a unique DMRS sequence (comprising, among other things, a cyclic shift, a Zadoff-Chu root, a comb pattern, and orthogonal cover code) and a unique resource (in time and frequency) with a certain periodicity over which it can transmit its data. In this setting, there is a one-to-one correspondence between UEs and pre-configured uplink resources.
As we will argue with simulation results, this baseline may not be the best solution from a resource overhead point of view. This is because at the low SNR regimes of operations (as is applicable to eMTC and NB-IoT), the system is “noise limited” as opposed to “interference limited”, and hence, the more UEs (than the number of receive antennas at the eNB) can be decoded without appreciable loss in “per UE performance” vis-à-vis a 1-to-1 correspondence between UEs and resources, as demonstrated in our previous paper [1], and as will be further illustrated in this paper. 
UEs that do not have data to transmit frequently (or periodically) may not need this type of resources—for such UEs, assigning 1-to-1 mapped resources are indeed wasteful from a network perspective.
Naturally, such UE-specific resources have to be assigned to a UE via dedicated RRC signalling during a time when the UE is in an RRC Connected state.  
[bookmark: _Hlk525916760][bookmark: _Hlk528938478]Proposal 1: Dedicated PUR shall be assigned to the UE via a dedicated RRC message during a connected state.
[bookmark: _Hlk528938416]Dedicated DMRS and shared data resources (CFS PUR)
This is a natural extension from the dedicated-DMRS-dedicated-data resource allocation that has been outlined above as a baseline. In this setting, a UE capable of this feature is assigned an UE-specific DMRS sequence, while multiple such UEs may be assigned a common, shared pre-configured uplink resource over which to transmit data. As an example, consider a 6 PRB resource over which 15 UEs are assigned. While all these UEs are assigned unique DMRS sequences (for example, to be used in the third symbol of every slot, in a legacy LTE uplink subframe format), they all transmit data in the same 6 PRB resource.
We propose that a configuration for grant-free pre-configured uplink resources should involve multiple UEs sharing a data resource (by assignment from dedicated RRC signaling) while using unique UE-specific DMRS sequences (also assigned by dedicated RRC). As we will see in this paper, in realistic bursty traffic scenarios, allowing multiple UEs (with unique DMRS) to share a larger resource is significantly better than partitioning (in frequency) the resources in smaller chunks to allocate across the UEs. 
We note that in both approaches outlined above (Sections 2.1 and 2.2), the UE-specific DMRS sequence may be used for contention resolution, since the sequence allows for uniquely identifying a UE. Moreover, these types of resource configurations (given by RRC) are most suitable for UEs that have a pre-determined data transmission pattern—for example, UEs that have periodic data to transmit.
[bookmark: _Hlk528935963][bookmark: _Hlk528938531]Proposal 2: Consider RRC-configured resources for CFS PUR, where, in a given resource, multiple UEs may transmit data, while using unique DMRS sequences.
Proposal 3: Study the impact of traffic conditions, operating SNRs and CE levels on how many UEs can be simultaneously served in a given CFS PUR resource; also study how many unique DMRS sequences can be accommodated per resource.
[bookmark: _Hlk528938446]Contention-based DMRS and data resources (CBS PUR)
This setting pertains to the case when there are data resources and a “pool” of pre-configured DMRS sequences for UEs capable of this feature to select from and use on-demand. This setting is of relevance for UEs that may not have periodic data to transmit—as a result, assigning UE-specific resources for them is not the most efficient solution. Moreover, even UEs with periodic traffic patterns may need to make use of these resources from time to time, if it has data that it wants to send outside of its UE-specific resources. 
In our terminology, we call this “contention-based” resources for grant-free uplink transmission in pre-configured resources, while we generally prefer to refer to Sections 2.1 and 2.2 above are “contention-free” resources, since in Sections 2.1 and 2.2, the UE-specific DMRS sequence may be used determine a corresponding UE’s transmission (note that, in 2.2, we should be operating in a regime where all simultaneously transmitting UEs may be decoded with high probability—i.e., the presence of one UE communicating shall not adversely affect, or contend with, the transmission from another UE).
Where this setting differs from Section 2.2 above is primarily in the domain of possible DMRS collision. Since the UEs randomly and independently pick a DMRS sequence from a pre-configured pool, multiple UEs may select the same DMRS sequence; as a result, careful designs are warranted in this setting to ensure that the data resource has linked to it a DMRS resource (along with sequences) that can sufficiently mitigate the probability of DMRS collisions to an acceptable level under typical traffic patterns. 
These shared, “contention-based” resources may typically be broadcast by the network in SIB.
[bookmark: _Hlk528936649][bookmark: _Hlk528938576]Proposal 4: Consider broadcast resources for CBS PUR where the UEs select a DMRS sequence from a pool of pre-configured sequences.
Proposal 5: Consider DMRS resource and sequence designs for CBS PUR that reduces the probability of inter-UE DMRS collision to within acceptable limits.





Summary of types of pre-configured resources
In the following table we summarize the three different resource types mentioned above
Table 1: Classification of pre-configured uplink resources
	[bookmark: _Hlk525918507]
	Dedicated data region
	Shared data region

	Dedicated DMRS
	Dedicated PUR: DMRS/data configured in unicast RRC to UE, no resource sharing among UEs
	CFS PUR: DMRS/data configured in unicast RRC to UE, data region shared with other UEs

	Random DMRS
	N/A
	CBS PUR: UE picks data/DMRS resources from a set of broadcast values. Needs contention resolution



Fixed versus bursty traffic patterns
Another important aspect to keep in mind when we design pre-configured resources for grant-free uplink data transmission is the traffic pattern of the UEs in the network. Broadly, the traffic patterns that can be expected in these scenarios may broadly be grouped into two categories.
[bookmark: _Hlk528938820]Fixed traffic pattern
[bookmark: _Hlk528939003][bookmark: _GoBack]This pertains to a UE, or a group of UEs that have a pre-defined periodicity in terms of data transmission. For example, these could be stationary temperature sensors reporting temperature data at fixed intervals during the day from their fixed locations. The design of resources for such UEs may be based upon the following rationale: if there are  such UEs that transmit data with the same periodicity and at the same points in time, either (i) a shared (CFS PUR in Section 2.2) data resource or (ii)  dedicated PUR resources (as in Section 2.1)—with unique UE-specific DMRSs in both cases, may be assigned to these  UEs. The design, in such settings, needs to primarily look at how much “MIMO overloading” (for CFS PUR) may be supported in these resources, and what are the performance trade-offs with respect to dedicated PUR. As we will see, in the “noise-limited” regime of operation that is relevant to eMTC and NB-IoT UEs, a CFS PUR shared resource approach (see Table 1 and Section 2.2) generally wins out due to (a) taking advantage of “MIMO overloading” at low SNRs, thereby reducing resource overhead, and (b) harnessing frequency diversity in the system from allowing UEs to transmit in a larger bandwidth.
Bursty traffic pattern
This pertains to a (perhaps more realistic) case, where  UEs in a system access the medium to transmit data in pre-configured uplink resources independently with a probability of access . In this setting, we want to study what is an optimal way to assign pre-configured uplink resources to the UEs. Here too, as we will demonstrate, allowing more UEs to simultaneously access a larger (shared) bandwidth resource is significantly more beneficial as opposed to partitioning the resources into smaller bandwidth chunks (in other words, FDM-ing resources) to reduce “collisions” per resource chunk.
Proposal 6: Consider PUR designs to address both fixed and bursty traffic patterns.
Simulation Results
Parameters
Table 2: Performance evaluation settings for transmission in pre-configured UL resources in eMTC
	Parameter
	Value/Description

	Channel model and doppler shift 
	ETU 1Hz

	Resource Bandwidth(s)
	1, 2, 3 or 6 PRBs (contiguous)

	Traffic Pattern
	(i) Fixed, (ii) Bursty (explained in detail in Section 4.3)

	Number of repetitions in a resource
	Up to 128 repetitions (subframes)

	RV cycling pattern across repetitions
	RV0, RV2, RV3, RV1, …

	Number of UEs transmitting in (entire) resource
	Up to 6 ( channels () are i.i.d)

	Subframe format
	Same as legacy LTE—DMRS in symbol 3 of every slot

	Channel Estimation
	Perfect Channel Estimation[footnoteRef:2] [2: DMRS-based channel estimation techniques will include assigning orthogonal/non-orthogonal DMRS sequences to each UE, multiplexed across UEs in the DMRS region (e.g., within symbol 3 of each slot, per legacy LTE). The exact design of the DMRS sequence and multiplexing scheme across the UEs may have an impact on performance, which will be studied further. Candidate DMRS multiplexing schemes include the use of cyclic shifts, comb patterns, orthogonal cover codes, etc. Also, how many DMRSs are optimal per slot, is also an area which will be looked at going forward. ] 


	Transport Block Size and Modulation Order
	176 bits TBS with QPSK

	Number of eNB Rx antennas
	2



Simulations for fixed traffic scenarios
In this setting, we consider that there are 6 UEs that simultaneously transmit data in pre-configured uplink resources of total bandwidth 6 PRB. We compare the performance of FDM-ing the 6 UEs into 1 PRB resources each, versus using varying degrees of “sharing”—i.e., the “per UE” performance when 2 UEs share a 2 PRB resource, 3 UEs share a 3 PRB resource and all 6 UEs share the entire 6 PRB resource. The results (for 64 CE repetitions) are presented in Figure 1. The Figure suggests that in the reliability regimes of interest (BLER ~ ), resource sharing versus resource partitioning is a better solution. As mentioned before, this is explained by the better harnessing of frequency diversity at larger resource bandwidths (reflected in the slopes of the curves), as well as better robustness to superposed transmissions, owing to a more “noise-limited” regime of operation (lower per-subcarrier SNR) in the larger bandwidth setting.
[image: ]
Figure 1: Resource sharing vs resource partitioning in fixed traffic environments.
Simulations for bursty traffic scenarios
In this setting, we consider that there are  UEs that want to access the medium to transmit uplink data in pre-configured resources. Each UE has an independent probability of accessing the medium, given by  i.e., . The “total” resource that these UEs can use is a contiguous 6 PRB block. In our evaluations, we wish to study what kind of resource allocation strategy works best for these UEs, under such bursty traffic scenarios. To this end, we adopt the following multi-step approach:
1. We perform link-level simulations where 1,2,3,4,5 and 6 simultaneous UEs access 1 PRB, 2 PRB, 3 PRB and 6 PRB resources with 64 repetitions—thus, for each resource granularity we consider, we have link-level data on BLER when any number from 1 to 6 UEs access such a resource.
2. We aim to depict the performance that a given UE sees in a bursty-traffic environment—as a result, for every value of UE transmit power, we run a Monte-Carlo simulation of 10000 iterations, where in each iteration, we generate a number from 0 to 19, according to the i.i.d  based process for each of the “other” 19 UEs.
3. For each value of UE transmit power, we determine the “Traffic-aware BLER” by taking the average over these 10000 iterations (where, within each iteration, we read the interpolated link-level data for the corresponding number of UEs accessing the system—we always declare an error when more than 6 UEs access the medium, in our example)
4. In the Monte-Carlo simulation in Step 2, we note that when all  UEs are sharing the entire 6 PRB resource, the “per-resource”  remains ; when an UE is assigned to use a smaller resource (with the purpose of avoiding collisions within a resource), the  is reduced by the FDM ratio. For example, when each UE uses a 1 PRB resource (FDM ratio = 6), the probability that a UE accesses the particular PRB in question is .
5. We also make sure, that when comparing performances across different resource sizes, we use proper UE power normalization—i.e., for fairness, when a UE transmits in a 1 PRB resource, its “SNR” (on a per subcarrier basis) is  that when it is transmitting over a 6 PRB resource; in our results, the x-axis represents Normalized UE power, as opposed to per-subcarrier SNR, for a fair comparison.

[image: ]
Figure 2: Resource sharing versus resource partitioning in bursty traffic environments

Figure 2 depicts the Traffic-Aware BLER performance under different FDM ratios, as described above. From the figure, it is clear that under such bursty traffic scenarios, it is much more beneficial to let all the UEs share the entire 6 PRBs, as opposed to fragmenting the resources into smaller chunks to avoid collisions. This, as alluded to before, is primarily attributed to two factors: (i) the larger the bandwidth of the resource, the lower the coding rate (for a given TBS) and the lower the “per subcarrier SNR”—i.e., in a larger bandwidth resource, the “noise-limited” mode of operation is more pronounced than in a smaller bandwidth resource—as a result, even though there are statistically more UEs simultaneously transmitting over a larger bandwidth, its “robustness” in handling such simultaneous transmissions is better than that over a smaller bandwidth resource even with statistically fewer simultaneous transmissions occurring; (ii) transmitting over a smaller bandwidth resource, such as 1 PRB, suffers from a lack of harnessing of the frequency diversity available in the system. When a transmission spans a larger bandwidth, the frequency diversity in the system is better harnessed.
The performance benefits outlined in Figure 2 is significant: in going from a 1 PRB resource per UE, to a 6 PRB resource per UE, the power savings per UE is greater than 3 dB at a BLER of . It is also worth noting that this analysis is somewhat on the conservative side: we have declared the situation of greater than 6 UEs accessing the medium at a time as an error event—our link-level simulations indicate that at these settings, a 6 PRB system can probably handle more than 6 simultaneous transmissions (this will be explored in more detail in future contributions).
Another interesting insight that can be drawn from the results in Figure 2 is the overhead benefits that are achieved from using shared resources vis-à-vis assigning a 1-to-1 mapped resource sets for UEs: in this example, (assuming a minimum granularity of 1 PRB for a TBS of 176 bits), one would need to assign a 20 PRB resource to avoid any potential collision among UEs; in contrast, we are able to serve 20 UEs in a 6 PRB resource with negligible loss in per UE performance. 
[bookmark: _Hlk528934120]Observation 1: CFS PUR allows for efficient resource usage (with respect to dedicated PUR) with negligible loss in UE performance. 

Resource overhead in dedicated and shared allocations
To further illustrate the benefits of using shared resources for uplink data transmission in pre-configured resources, we compare the total resource overhead with dedicated as well as shared resources to maintain the same quality of service per UE. Specifically, we select a certain performance level for each UE (determined by the tuple (BLER, UE-power)) in a group of  UEs accessing dedicated/shared resources per different (shared and bursty) traffic patterns and compare the total resources (in terms of RBs) that are required to meet the desired performance level. 
For a dedicated allocation, we assign a dedicated 1 RB resource (per repetition) to each UE; for the shared allocation, we have all the UEs share a common 6 RB resource (per repetition). Using data from our link level simulations for different repetition numbers, we then determine the total required time-frequency footprint of the resources for different scenarios.
It is naturally expected that such an overhead comparison between dedicated and shared resource allocations will skew progressively favourably towards a shared resource allocation as the traffic pattern becomes bursty with more UEs in the system accessing the resources with ever smaller probabilities—this is because, by definition, a dedicated allocation does not design for the sporadic nature of the traffic; as long as there is an UE to be configured with pre-configured uplink resources, the UE is given its own dedicated resources.
While the bursty traffic scenarios in Table 2 indeed reflect this expected phenomenon (for 20 UEs accessing the medium i.i.d with a 5 percent probability of access, a dedicated assignment of 1 RB per UE requires 5.88 times more resources than a shared assignment over 6 RBs), it is worthwhile to note that even under a deterministic traffic pattern—where 6 UEs access the medium together at the same time—a dedicated resource assignment of 1 RB per UE requires 1.71 times more total resources than a shared assignment of 6 UEs over a common 6 RB resource.

Table 3: Resource savings from shared allocations. This scenario compares the resources required to achieve a (symmetric) BLER of  at a power level of dB per UE, under different traffic patterns, for both dedicated and shared resource allocations. Each UE has a 176-bit TB which is transmits using QPSK modulation.
	
	Total required resources (Dedicated PUR)

	Total required resources (CFS PUR)

	Loss factor from using Dedicated PUR


	6 UEs accessing resources together
(i.e., )
	(1 RB/UE/rep  6 UEs)  120 reps
= 720 RBs
	6 RB/rep  70 reps
= 420 RBs
	1.71

	20 UEs accessing resources with i.i.d 
	(1 RB/UE/rep  20 UEs)  120 reps
= 2400 RBs
	6 RB/rep  68 reps
= 408 RBs
	5.88



[bookmark: _Hlk528937031]Observation 2: For a desired UE performance level, significant resource overhead reductions can be obtained by using CFS PUR vis-à-vis dedicated PUR.
Proposal 7: Support CFS PUR for uplink data transmission in preconfigured resources.
Retransmission and Fallback
In this section, we outline possible options and procedures that may apply when a transmission in a pre-configured UL resource by a UE fails to be decoded at the eNB. The procedures outlined here focus on “contention-based” shared resources (CBS PUR resources in Table 1, as detailed in Section 2.3), but much of the content presented also applies to dedicated resources (Dedicated PUR and CFS PUR resources in Table 1, as detailed in Sections 2.1 and 2.2). 
At a high level, after a UE selects a resource (from the pre-configured resource sets for grant-free UL transmission), picks a DMRS sequence, and transmits data to the eNB, it may wait for a response from the eNB within a certain window of time—similar to a random-access response in legacy random access procedure. Depending on whether it receives a response—and if it does, depending on the contents of the response message—the UE may either (i) perform a HARQ retransmission using the same resources and DMRS sequence as the first time, (ii) receive a new dedicated grant for retransmission, (iii) perform a (UE initiated or eNB initiated) fallback to legacy PRACH-based random access or to the Early Data Transmission (EDT) mode introduced in Release 15. The response message from the eNB, if received, may also contain additional information, such as timing advance refinements and power control updates.
It is important to keep in mind that whether or not the eNB sends back a response that the said UE can interpret will depend upon whether or not the eNB can detect the presence of the DMRS sequence that was chosen by the UE for the first transmission in the pre-configured UL resources. If the eNB cannot detect the DMRS sequence transmitted by the UE, it doesn’t have a way to figure out that there was data transmission associated with that DMRS sequence from a UE; as a result, it cannot send back a (negative) acknowledgement to the UE. If, however, the eNB detects the presence of the said DMRS sequence, even if it cannot decode the data associated with the DMRS, it can send a response (in PDCCH and/or PDSCH)—tied to that DMRS—that can be interpreted by the said UE (and potentially by other UEs that may have selected the same DMRS sequence). If the UE fails to receive a response tied to the DMRS sequence, it may—of its own accord—initiate a retransmission (in the same, or newly selected pre-configured resource), perform a power ramp-up, or fall back to a legacy transmission mode. The possible procedures outlined in the above paragraphs are illustrated in the flowchart (from a UE perspective) in Fig.3.
Proposal 8: Study mechanisms and procedures for retransmissions and fallback to PRACH/EDT, the determination of which may depend upon an eNB response message tied to the DMRS sequence used by a UE.
Proposal 9: Study possible additional information conveyed by the aforementioned eNB response message—for example, timing advance refinements and power control updates.
Proposal 10: In case of eNB response initiated fallback to PRACH/EDT, consider skipping the initial steps (for example, skipping transmitting a legacy PRACH preamble) of the fallback mode whenever possible.
Further RAN2 aspects—resource management and release
In a companion RAN2 paper [2], we discuss the RAN2 impact and necessary design aspects that need to be addressed by RAN2 in enabling this feature. The contribution covers important aspects such as
1. Resource assignment procedures via RRC messages
2. Maintaining and updating configurations via RRC Connection Release messages
3. Mechanisms to ensure adequate fidelity of RRC Connection Release messages
4. Mechanisms for UE-initiated and network-initiated release of pre-configured resources

The interested reader is encouraged to read the companion RAN2 contribution [2] for further details on the above.

[image: ]
Figure 3: Flowchart describing the retransmission and fallback mechanisms from a UE perspective

Summary of Proposals and Observations
Proposal 1: Dedicated PUR shall be assigned to the UE via a dedicated RRC message during a connected state.
Proposal 2: Consider RRC-configured resources for CFS PUR, where, in a given resource, multiple UEs may transmit data, while using unique DMRS sequences.
Proposal 3: Study the impact of traffic conditions, operating SNRs and CE levels on how many UEs can be simultaneously served in a given CFS PUR resource; also study how many unique DMRS sequences can be accommodated per resource.
Proposal 4: Consider broadcast resources for CBS PUR where the UEs select a DMRS sequence from a pool of pre-configured sequences.
Proposal 5: Consider DMRS resource and sequence designs for CBS PUR that reduces the probability of inter-UE DMRS collision to within acceptable limits.


Proposal 6: Consider PUR designs to address both fixed and bursty traffic patterns.
Observation 1: CFS PUR allows for efficient resource usage (with respect to dedicated PUR) with negligible loss in UE performance. 
Observation 2: For a desired UE performance level, significant resource overhead reductions can be obtained by using CFS PUR vis-à-vis dedicated PUR.
Proposal 7: Support CFS PUR for uplink data transmission in preconfigured resources.
Proposal 8: Study mechanisms and procedures for retransmissions and fallback to PRACH/EDT, the determination of which may depend upon an eNB response message tied to the DMRS sequence used by a UE.
Proposal 9: Study possible additional information conveyed by the aforementioned eNB response message—for example, timing advance refinements and power control updates.
Proposal 10: In case of eNB response initiated fallback to PRACH/EDT, consider skipping the initial steps (for example, skipping transmitting a legacy PRACH preamble) of the fallback mode whenever possible.
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