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[bookmark: _Ref409106980][bookmark: _Ref465843822]Introduction
In Rel-15, a work item (WI) for enhancement of NB-IoT is agreed. The objective is to enhance the performance of NB-IoT by further reduction of latency and power consumption, improvement of measurement accuracy, enhancement of NPRACH reliability and range, etc. [1]. By adding support for a physical layer scheduling request (SR) the intention is to achieve further latency and power reduction in NB-IoT Rel-15. 
In the RAN1#88bis meeting, the following agreements were made regarding SR:
· SR should only be used when an NB-IoT UE is in uplink sync in RRC connected mode. 
· TA estimation should not be a design target of SR signal.
· Sending SR with HARQ ACK/NACK can serve as the baseline case for UE with DL data 
· Further designs to be considered for dedicated SR signal design are:
· Based on NPRACH signal;
· Based on NPUSCH format 2:
· Non-coherent detection based format is not precluded
· Collision handling for dedicated SR is FFS
· Design criteria for physical layer SR:
· Power consumption reduction
· Latency reduction
· Impact on legacy NB-IoT scheduling and resources
· Traffic models used and SR resource configurations should be reported together with evaluations. 

In addition, in RAN1#89 the following agreements were made:

· Piggybacked SR with HARQ-ACK is chosen between the following options, with evaluations encouraged at RAN1#90:
· Option 1: QPSK-based constellation
· Option 3: Cover code/Orthogonal sequence on ACK/NACK data symbols and/or DM-RS symbols

In RAN2#99bis the outcome of the SPS email discussion [6], was the treated and the following was agreed:

· From RAN2 perspective it seems feasible to design SPS as an alternative to PUCCH for D-SR (+BSR) in connected mode. However, there may be performance differences between SPS and Physical Layer solution, e.g. overhead, which will not be evaluated in RAN2. 
· RAN2 leaves it to RAN1 to decide what to do, e.g. whether to develop a physical channel for D-SR, or request RAN2 to develop a SPS solution for D-SR (+BSR).

In this contribution, we further discussion the design consideration of having a dedicated SR in NB-IoT. This is a revision of R1-1719364. 
Background and use case for physical layer SR
In Rel-13, as the expectation of NB-IoT traffic was mostly mobile initiated machine type of communication, there is no SR designed for NB-IoT. This is under the assumption that the machine type communication targeted by Rel-13 NB-IoT is usually short, and a UE would not stay in RRC_CONNECTED state for a long time. However, as there is an expectation that coming releases of NB-IoT should support more diversified types of traffic, the support of an SR in NB-IoT may be beneficial. In legacy LTE systems, if no PUSCH resource is allocated to a UE, an SR, with an associated PUCCH resource, is initiated by the arrival of UL data if the UE is in uplink sync. For a UE out of uplink sync a Random Access procedure is triggered. The periodical PUCCH resource used for the SR of a UE is configured by the eNB. 
Neither UE identity, e.g., C-RNTI, nor the size of the volume of the UL data is included in the SR in legacy LTE. Therefore, the eNB can only distinguish SRs from different UEs by using its unique UL resource configuration for SR together with the unique phase rotation of a length-12 frequency domain sequence together with the orthogonal cover code (OCC). After receiving the SR, if UL resources are available, the eNB allocates a UL grant and sends it to the UE. As the UE cannot indicate the volume of the data that it intends to send in the UL, the allocation in the UL grant should at least be the size of the buffer status report (BSR) for the UE to be able to report its UL buffer status. The eNB allocates UL resource in subsequent UL grants according to the information received in the BSR. Moreover, a UE can only send an SR when it is in uplink sync in RRC_CONNECTED mode. If the UE is out of sync, or in RRC_IDLE, a random access procedure is used for the UE to request the UL resource. More details about SR in legacy LTE can be found in section 10.1.5 in TS 36.213, section 5.4.4 in TS 36.321 and section 6.3.2 in TS 36.331. 
As discussed in [7], the use case of PHY SR is to reduce the overhead of contention-based RACH procedure. However, this highly depends on the traffic model and UE behaver assumptions. Notice that SR can only be used if the timeAlignmentTimer is still valid. Hence, when timeAlignmentTimer expires, if there is DL data, the network needs to initialize PDCCH order PRACH procedures, and if there is UL data, the UE needs to perform contention-based RACH procedures. This fact has not been considered in the discussion in [7], which leads to a wrong conclusion. Recall that the purpose of introducing PHY SR is to support more diversified types of traffic in by NB-IoT. If the UE moves fast, there is a high chance that the previous timing advance value cannot be applied, which means PHY SR cannot be used to request UL grants. On the other hand, if the PHY SR is intended for stationary users, there is no new use case comparing to Rel-13 NB-IoT that benefits from (dedicated) PHY SR. 
Observation 1 [bookmark: _Ref506478842]The contention-based RACH procedure is necessary, especially for mobile NB-IoT devices, even if the UE is configured with PHY SR in connected mode.
Both appending SR with HARQ ACK/NACK and dedicated PHY SR have been discussed in RAN1. From technical point of view, to append SR with HARQ ACK/NACK can cover most of the use case for NB-IoT, even when considering more diversified traffic types to be supported by NB-IoT. Certainly, appending SR with HARQ ACK/NACK applies to the cases when there is a DL transmission, and at the same time the UE can apply for UL resources. Notice that in NB-IoT, DL and UL transmission cannot happen at the same time, which means the UE needs to wait until the DL transmission  finishes before it can start an UL transmission, and vice versa. Certainly, as discussed in  [7], the arrival of UL data can happen at arbitrary times, but this does not imply the UE can request an UL resource at arbitrary times even if there is a dedicated PHY SR in place. A UE cannot request an UL resource when there is an ongoing DL HARQ process. In addition, if the network decides to keep the UE in connected mode for a long time, then it is the network’s responsibility to make sure the UE UL buffer is empty before releasing the UE. As the NB-IoT traffic is delay insensitive, to append SR with HARQ ACK/NACK can cover most of the use case for NB-IoT. There is not sufficient justification for introducing a dedicated SR to compliment appending SR with HARQ ACK/NACK, but the drawback of having a dedicated SR is obvious. We discuss this in detail in Section 4. 
Observation 2 [bookmark: _Ref506478859]Due to the restrictions in NB-IoT design, to append SR with HARQ ACK/NACK can cover most of the use case for NB-IoT. The benefits of having a dedicated SR cannot be well justified in NB-IoT. 
In [7], it is pointed out that dedicated SR is need for the scenario of RLC-ACK transmission, and NAS messages because appending SR with HARQ ACK/NACK cannot be used in these scenarios. It worth to point out that RLC-ACK transmission is a standard procedure even in the NB-IoT system today, as well as the NAS message exchange during ATTACH procedures. The eNB is aware that RLC AM is used and can provide the UE with an UL grant to transmit the RLC ACK. This is a predictable behavior and the eNB can easily avoid the situation mentioned in [7]. Moreover, in the deployed NB-IoT network, there is no evidence indicates that there are problems for RLC-ACK transmission and NAS messages during ATTACH. Moreover, as SR is an optional feature, but RLC-ACK transmission is mandatory. Similar observation applies for the NAS message during the ATTCH procedures. Therefore, both the UE can network should not depending on an optional feature for a mandatory feature to function correctly. Thus, it is observed that 
Observation 3 [bookmark: _Ref506478873]Dedicated PHY SR is not needed for RLC-ACK transmission and NAS messages during ATTACH procedures. 
In  [7] it is also pointed out that dedicated PHY SR can include BSR information to the eNB scheduler. It is argued in [7] that if we would like to include BSR information in SR appended to HARQ ACK/NACK, the increasing in the number of states indicated by SR would leads to degradation of performance. This is a similar problem for dedicated SR. There are no fundamental differences, as increasing the number of stated indicated by dedicated SR would either require more network resource, or we must sacrifice the performance.
Observation 4 [bookmark: _Ref506478886]Including BSR information to eBN scheduler is feasible both for appending SR to HARQ ACK/NACK and dedicated PHY SR. The cost for both cases are similar.   
Furthermore, in [7], it is pointed out that dedicated PHY gives the benefits that when necessary, the network can prioritize uplink grant allocation for UEs in RRC connected mode. This assumption has several flaws. In NB-IoT, a UE can only indicate a connect needs to be prioritized by indicated the UL is an exceptional report in Msg3. Therefore, if the UE really requires immediate attention, using RACH procedure is the best way to indicate this. The SR cannot be used to indicate exceptional report. Therefore, even if the UE sends an SR, the network would still arrange the resource in a normal way. Otherwise, a UE could abuse the SR function which can significantly impact the legacy UEs. Moreover, configurating dedicated SR requires excessive UL resource (as discussed in Section 4). This reduces the UL capacity, and may cause problem for legacy UEs who use RACH procedures to request UL grants occasionally. Since appending SR to HARQ ACK/NACK can cover most of the use cases of NB-IoT, the introduction of it can achieve the WID objective relating to reducing latency and UE power consumption via SR. Therefore, it is not necessary to support dedicated PHY SR.  
Observation 5 [bookmark: _Ref506478897]The introduction of dedicated PHY SR cannot help the network to decide which UE to be prioritized but it may cause significant decrease in UL capacity, which can be problematic for the legacy UEs that use RACH procedure in case of sending exceptional reports.  
Observation 6 [bookmark: _Ref506478912]Since appending SR to HARQ ACK/NACK can cover most of the use cases of NB-IoT, the introduction of it can achieve the WID objective relating to reducing latency and UE power consumption via SR.
To better understand the implications of introducing dedicated PHY SR in NB-IoT, in the following sessions, we discuss the details use case, traffic mode, and UL resource situation in NB-IoT. We also discuss alternative solutions to SR which has less impacts on the UL capacity but achieve similar or better functions than dedicated PHY SR. 
[bookmark: _Ref481067263]User distribution and traffic models
As discussed in the RAN1#88bits meeting, one problem identified is that there currently is no proper traffic model to evaluate the use case of SR, and hence the following agreement was made 
· Traffic models used, and SR resource configurations should be reported together with evaluations. 
Certainly, NB-IoT system should be further enhanced to support more diversified types of traffic, but this should be within the services that NB-IoT system is designed to offer when considering the limitations of an NB-IoT system. Therefore, typical traffic models used for LTE system level studies, e.g., traffic models used in Annex A in TR36.814 are not applicable to the MTC studies. 
Currently two types of traffic models are used for the study of MTC, one is given in TR 45.820 and another is given in TR 36.888. These two traffic models can serve at a good starting point for understanding the benefits of a dedicated SR. In this section, we briefly discuss the two traffic models, and the analyses in the following sections are based on these two traffic models. 
In Release 13, NB-IoT systems are designed to support a massive number of devices with infrequent small data file transmissions, e.g., reports from sensors or meters. The biggest data files are software or firmware updates, which is assumed to happen every 6 months in the traffic model. To be more specific, the traffic model and UE distribution model are given in the appendix in TR 45.820, in which the UE has the arriving rate as 1 day (40%), 2 hours (40%), 1 hour (15%), and 30 minutes (5%). This arriving rate applies both for DL and UL traffic. Furthermore, “Pareto distribution with shape parameter alpha = 2.5 and minimum application payload size = 20 bytes with a cut off 200 bytes i.e. payloads higher than 200 bytes are assumed to be 200 bytes”.
For DL, “The Network Command (NC) traffic model is used to model applications where an application server generates an application layer command to the device to perform an action without the need for an uplink response from the device, e.g. command to switch on the lights or to trigger the device to send an uplink report because of the network command e.g. request for a smart meter reading. It is assumed that 50% of such Network Commands will require the MS to send an application layer UL response whilst the other 50% will not generate a response in system level simulations. Moreover, for the case where there is an uplink response, there is no need for an application DL ACK for the response.”
With the enhancements in Release 14, the data rates in both UL and DL of NB-IoT have been improved. However, increasing PHY data rate does not imply that the characteristics of the NB-IoT traffic would change. As the Release 13 and 14 NB-IoT networks are dimensioned to support the above mentioned user density and traffic, the introduction of an SR should not affect, at least, the NPRACH capacity of the network, which we will discuss in the next section. 
SR in NB-IoT
In the current NB-IoT design, no dedicated SR is supported. In NB-IoT, if a UE is in RRC_CONNECTED mode, the UL SR is done via the random access procedure. As discussed above, in the legacy LTE systems, an SR can be either sent by using dedicated PUCCH resources, or appended with HARQ ACK/NACK. In this section, we discuss these two mechanisms in the context of NB-IoT in detail. 
SR appended to HARQ ACK/NACK
The following agreements were made in RAN1#89 that 
· Piggybacked SR with HARQ-ACK is chosen between the following options, with evaluations encouraged at RAN1#90:
· Option 1: QPSK-based constellation
· Option 3: Cover code/Orthogonal sequence on ACK/NACK data symbols and/or DM-RS symbols

Multiplexed HARQ ACK/NACK feedback with SR is supported in LTE. Because the SR need to be supported for UEs in all coverages, it is better to use BPSK based constellation to minimize the PAPR. Therefore, QPSK-based constellation is not preferred. 
In LTE, PUCCH format 1a is used for carrying 1-bit HARQ ACK/NACK with/without SR, and format 1b is used for 2-bit ACK/NACK with/without SR. In NB-IoT, NPUSCH format 2 is used to carry HARQ-ACK/NACK feedback. The NPUSCH format 2 follows the same structure as the PUCCH channel format 1a in the legacy LTE, e.g., BPSK modulation with 3 DM-RS in each slot. However, in the legacy LTE, when SR is multiplexed with HARQ ACK/NACK feedback, the eNB replies on energy detection for the SR, which may not be preferable in NB-IoT, especially for UEs in extended coverage. However, in LTE, to multiplex multiple UEs on the same PUCCH resource, different cover codes are used to distinguish different UEs. Here we can use the same concept, but to use different cover codes to distinguish the 1-bit HARQ ACK/NACK with/without SR. 
Proposal 1. [bookmark: _Ref490045237]Use Cover code/Orthogonal sequence on ACK/NACK data symbols and/or DM-RS symbols to carry 1-bit HARQ ACK/NACK with/without SR.
[bookmark: _Ref489981652]Dedicated SR
As mentioned before, in the current design, if a UE is in RRC_CONNECTED mode and the activity timer does not expire, when data arrives at the UE UL buffer and there is no UL grant for the UE, it should use the regular random access procedure to request UL resources, as illustrated in Figure 1. The UE should follow the regular contention resolution procedure. Therefore, compared to using a dedicated SR signal, there is significant overhead due to the transmission of msg2 and msg3 (assuming no competing UEs, and the contention resolution finishes in step 4). 
Observation 7 [bookmark: _Ref481747277]When an NB-IoT UE requires UL resources in RRC_CONNECTED mode, comparing the use of a dedicated SR signal to a random access procedure, the latter carries a significant overhead due to the transmission of msg2 and msg3 of the contention resolution procedure.




[bookmark: _Ref477771126]Figure 1 Procedure when an NB-IoT UE requires UL resources in RRC_CONNECTED mode
As mentioned before, in a legacy LTE system, the resource for the SR is configured periodically for a UE. This is to ensure the UE would have resources available when data arrives in its UL buffer. From an overhead point of view, the overhead of having dedicated UL SRs in LTE is not significant, as the SR only carries 1-bit information, and the available UL bandwidth in LTE is large. However, since the useful UL bandwidth of NB-IoT is only 180 kHz per carrier, a relatively large amount of UEs need to be supported, and the requirement in supporting high coverage is resource demanding if we assume a similar density of dedicated SR resources in NB-IoT as in legacy LTE, the SR overhead is significant. 
Observation 8 [bookmark: _Ref481747280] If the same periodicity of dedicated SR resources in NB-IoT is assumed as in legacy LTE, the overhead is significant due to the large amount of NB-IoT UEs requiring high coverage over a limited available bandwidth of an NB-IoT carrier. 
Furthermore, the Rel-13 and Rel-14 UEs are not aware of the newly designed SR signal. Therefore, if a periodic dedicated SR signal is introduced, the scheduler should avoid collision between the dedicated SR signal and the regular UL traffic of legacy Rel-13 and Rel-14 NB-IoT UEs. Given that for a UE in bad coverage its UL transmission usually takes long time, in the worst case, one UL transmission may need to be broken into two or more transmissions to avoid collision with SR signals. This certainly introduces overhead for the NPDCCH in the downlink to schedule the segmented UL traffic. 
Observation 9 [bookmark: _Ref481747281] Due to the periodicity of the dedicated SR signal, it may segment the UL transmission of legacy Rel-13 and Rel-14 UEs. Hence, the introduction of a dedicated SR may cause significant overhead for the NPDCCH downlink scheduling of the segmented UL traffic, especially for UEs in bad coverages. 
As pointed out in [3], one solution to the abovementioned problem is to use the reserved NPRACH resources. This would have the minimum impact on the legacy NB-IoT UEs. The disadvantage of this solution is that it requires additional NPRACH resources to be configured in the network. Based on the current traffic model, we have the following calculations regarding the NPRACH usage. The NRPACH configured in a cell should satisfy the regular NB-IoT traffic. The random access preamble collision probably is calculated as

where L is the number of random access opportunities per second, and  is the random access attempts per second per cell. From the traffic model given in TR45.820, in one second around 6.13 UEs would have access request in a cell, and 88.5% UEs are with MCL less than 144 dB, 8.9% UEs are in-between 144 dB and 154 dB MCL, and 2.8% UEs are in a MCL in-between 154 and 164 dB. Therefore, the random access attempts per second per cell is 5.4, 0.54, and 0.17 for the above MCL levels. Considering a 1% NPRACH collision probability, 540, 54 and 17 random access opportunities per second are needed for each MCL level. 
For UEs with less than 144 dB MCL, 2 repetitions are needed for their PRACH resources, and 540/36 = 15 sets of 36 tone PRACH resources are needed per second. Similarly, for UEs in between 144 dB and 154 dB MCL, 8 repetitions are needed for their NPRACH resources, and 2 sets of 36 tone NPRACH resources are needed per second. Considering long CP is used for NPRACH, in total per second (15*2*6.4 + 2*8*6.4) *36/48/1000 ~= 22% UL resources will be used for the NPRACH configurations of these two groups of UEs. For UEs with MCL larger than 154 dB, 32 repetitions are needed for NPRACH. As calculated above 17 random access opportunities per second should be provided for UEs with MCL larger than 154 dB. Notice that NPRACH resources can only be allocated in a multiple of 12 tones, so to simplify the configuration, we assume one set of 24 tones NPRACH resource are configured per second. In this setting, for UEs with MCL larger than 154 dB, the length of the NPRACH is 204.8 ms in time when the long CP is assumed. This consumes around 10% of the UL resource. Therefore, in total, 32% of the UL resources are already used for NPRACH. 
Observation 10 [bookmark: _Ref481747283] In order to satisfy the capacity needs of NB-IoT NPRACH when targeting a 1% collision rate, currently 32% of the UL resources should be configured for NPRACH. 
Based on the traffic model given in TR45.820, we plot the CDF of the number of simultaneously connected devices in Figure 2. This is based on the setting that a 4 seconds inactivity timer is assumed, and 50% of the UEs that associated with higher layer acknowledgements have an extra of 3 seconds connection time. As we can see, it is common that 40 to 50 UEs are in RRC connected mode simultaneously. 
[image: ]
[bookmark: _Ref481162818]Figure 2 cdf of the number of simultaneously connected devices
In the following discussion, we assume 40 simultaneously connected UEs, and each of them needs to be configured with a unique resource for SR. Among the 40 UEs, 35 UEs are with are with MCL less than 144 dB, 4 UEs are in-between 144 dB and 154 dB MCL, and 1 UE is with MCL larger than 164 dB. 
In legacy LTE, SR is configured with the following periodicities 1, 2, 5, 10, 20, 40, and 80 milliseconds. We use some of the configurations as example. Notice that not all the configurations are compatible with NB-IoT, if part of the NPRACH resources are reserved and used for SR. Based on the NPRACH density, it is likely SR with periodicities of 1, 2, 5, 10 milliseconds cannot be supported in NB-IoT due the length of the NPRACH preambles, especially for UEs in extended coverage. Moreover, for UE’s with MCL larger than 154 dB, it is not even possible to configure SR with periodicity of 80 ms. Therefore, in the following calculations, we do not configure SR for UEs with MCL larger than 154 dB.  
Observation 11 [bookmark: _Ref481747287]  Due to the length of the NPRACH preambles, it is difficult to support all the periodicities of SR supported in legacy LTE.   
Taking 20 ms and 80 ms as examples, we analyse the resource usages in the UL for SR when part of NPRACH resources are reserved and used for SR. Considering the number of users in different coverage, and the possible configurations of NPRACH preambles, for UEs in good coverage, 36 tone PRACH resources are configured per 20 ms for UEs with MCL less than 144 dB for SR. This takes 50*2*6.4 *36/48/1000 ~= 48% UL resources for SR. In this case, due to the length of the NPRACH preamble, it is not possible to configure SR for UEs with MCL more than 144 dB.  
If 36 tone PRACH resources are configured per 80 ms for UEs with MCL less than 144 dB, it would take 12.5*2*6.4 *36/48/1000 ~= 12% UL resources. As the minimum number of tones can be configured for NPRACH is 12, we consider one set of 12 tones are used for UEs per 80 ms for UEs with MCL between 144 dB and 154 dB. It takes 12.5*8*6.4*12/48/1000 ~= 16% UL resources. Therefore, in total around 28% UL resources are needed for SR. From the discussion above, even with the longest SR periodicity in LTE, there is still an excessive UL capacity reduction when introducing SR. Recall that, in total, 32% of the UL resources are already used for NPRACH. Therefore, if 20 ms periodicity of SR is configured, only 20% of the UL resource is left for NPUSCH. 
Observation 12 [bookmark: _Ref481747288]  In the worst case, only 20% of the UL resource is left for NPUSCH if dedicated SR is configured.   
In [4], it is proposed to divide an N-repetition NPRACH resource block into multiple SR resource blocks. In this way, the resource usage for dedicated SR can be reduced. However, the discussions in [4] did not consider several other facts. First, as discussed above, for UEs in good coverage, only 2 repetitions are needed for the NPRACH, and 88.5% UEs are with MCL less than 144 dB. For these UEs to benefit from dedicated SR, the number of repetitions to be used should be big enough for the BS to detect the dedicated SR signal. However, in an interference limited system, as already discussed in previous meetings, e.g. in [5], that the NPRACH false detections is dependent on overlapping NPRACH radio resources in neighbouring cells, if the number of repetitions is reduced, the chance of false detection is going to increase. This also applies to the dedicated SR, if we would to divide an N-repetition NPRACH resource block into multiple SR resource blocks. 
Observation 13 [bookmark: _Ref490045165]  Dividing an N-repetition NPRACH resource block into multiple SR resource blocks would increase the false alarm rate for dedicated SR, especially for the NPRACH resources with short repetitions. 
For the NPRACH resource with larger number of repetitions, as certain number repetitions are expected for a given coverage, dividing an N-repetition NPRACH resource block into multiple SR resource blocks would not provide the enough coverage for some of the UEs. Therefore, the eNB still needs to find resources to configure the SR signal for UEs in bad coverage.  
Observation 14 [bookmark: _Ref490045181]  Dividing an N-repetition NPRACH resource block into multiple SR resource blocks would decrease the coverage of the SR. Therefore, it would result in UEs in good coverage are consuming resources for SR with UEs in extended coverage. 
Notice that to have a reasonable false alarm rate and coverage of the SR, a larger number of repetitions sometimes are needed. However, such NPRACH configurations are only available for UEs in extended coverage. Given the fact that the percentage of the UEs in extended coverage is very small, the NPRACH resources with larger number of repetitions are configured very infrequent. Therefore, there are only few opportunities for the UE to send SR, e.g., once or twice per second. One can argue that the dedicated SR signals do not need to be configured very often, due to the NB-IoT traffic’s delay tolerant nature. However, this also contradicts the purpose of the dedicated SR signal, which is intended to inform the eNB to allocate UL resources for a UE in a timely manner. This was exactly the argument in Rel-13 that no dedicated SR was needed for NB-IoT, since the existing NPRACH procedures in RRC Connected mode can serve the purpose for infrequent UL resource requirement. 
Observation 15 [bookmark: _Ref481747291]The existing NPRACH procedures in RRC Connected mode can already serve the purpose for infrequent UL resource requirement.  
One can also argue that the SR can be configured in a best effort manner or only for the UEs with certain services that have frequent UL transmission. However, this is difficult to achieve in the current design. In the current NB-IoT design, there is no QoS class identifier support in NB-IoT. Hence, all UEs are served in a best effort way in the scheduler at the eNB. Therefore, the eNB does not have enough knowledge of choosing which UE should be configured with dedicated SR. 
Observation 16 [bookmark: _Ref481747292]  Due to limited knowledge at the eNB scheduler, it is difficult for the eNB to determine how and when it should configure SR for a given UE. Hence, the UE may not be able to benefit from its dedicate SR configurations.  
Therefore, due to the traffic model assumed for NB-IoT systems, the benefit of introducing a dedicated SR signal in NB-IoT UL is not clear at this moment. However, its drawbacks are obvious. 
Observation 17 [bookmark: _Ref481747297]  For the current NB-IoT system, the introduction of a dedicated SR signal has obvious drawbacks comparing to its benefits. 
Alternative solutions to dedicated SR
BSR and Semi-Persistent Scheduling
In RAN2#99bis the outcome of the SPS email discussion [6], was the treated and the following was agreed:

· From RAN2 perspective it seems feasible to design SPS as an alternative to PUCCH for D-SR (+BSR) in connected mode. However, there may be performance differences between SPS and Physical Layer solution, e.g. overhead, which will not be evaluated in RAN2. 
· RAN2 leaves it to RAN1 to decide what to do, e.g. whether to develop a physical channel for D-SR, or request RAN2 to develop a SPS solution for D-SR (+BSR).

Based on the RAN2 agreement, we further discuss the use of Semi-Persistent Scheduling (SPS) instead of a dedicated PHY SR. In the current NB-IoT design, BSR is supported.  The eNB can poll the UE to identify whether a UE requires a UL grant (i.e. the UE is configured to provide a BSR after a certain timer and the eNB can as it sees fit provide the UE with UL grants to control when and how these BSRs are received) or the UE triggers a random access procedure when there is no uplink resources to transmit the MAC CE. This is seen to be sufficient based on the traffic model assumed by NB-IoT, and if a UE requires urgent UL resources, e.g., to send an alarm type of exceptional report, it can only initiate NPRACH transmission as discussed in Section 2. 
One of the concerns of using BSR is the excessive overhead of transmitting the MAC CE, and therefore it is preferred that dedicated SR to be used instead for the UE to request UL resource. However, after the UE send dedicated SR, it still needs to report its buffer status in the subsequent UL messages for the eNB to understand what is the proper UL grant size. Therefore, using the dedicated SR cannot significantly reduce the overhead of sending the MAC CE. Therefore, the SR is just a flag and in a way an intermediate step to achieving an UL grant with which the UE can transmit the full BSR in order for the eNB to give it an appropriate UL grant for the transmission of the user-plane payload. That is, it would be even better if the eNB would straight away receive BSRs from the UEs that remain in RRC_CONNECTED. There are periodic BSRs and regular BSRs. To minimize control signalling overhead it is not desired that UEs periodically report zero uplink buffer and instead the BSR is only triggered when new data arrives. BSR is supported for NB-IoT but only short BSR and since there is no equivalent PUCCH for NB-IoT the BSR will always trigger a random access unless the UE already has an UL grant.
Observation 18 [bookmark: _Ref490045327]  BSR is already supported and SR is just an intermediate step to transmitting BSR.
However, the problem is that the regular BSR will as in Rel-13 operation trigger a random access procedure since there is no uplink resources to transmit the MAC CE. UL semi-persistent scheduling (SPS) could however be used for this. In Rel-13 NB-IoT SPS is not supported but there is a Rel-15 WI-objective to introduce it also for NB-IoT:
· Study and, if found beneficial, support UL/DL semi-persistent scheduling [RAN2, RAN1, RAN4]
With the skipUplink-feature introduced in Rel-14, UEs would not have to transmit anything (i.e. padding) unless new data arrives in the UL buffer and a BSR MAC CE has been generated. That is, exactly like a dedicated new SR signal but without the intermediate/extra step of transmitting the SR (1 UL + 1 DL). There would be no increase in UE power consumption when not used.
Further, the SPS grant is cancelled once the timeAlignmentTimer expires. That is, once the UE is no longer considered to be uplink time aligned the SPS grant will be released and the UE reverts to using random access when SR is triggered as agreed by RAN1 (“SR should only be used when an NB-IoT UE is in uplink sync in RRC connected mode”). 
In the same way as for a dedicated physical SR-signal, very frequent SPS resources (i.e. short semiPersistSchedIntervalUL) would lead to an unacceptably high system overhead. It is likely that the operator configures the network based on the expected traffic to optimize for latency (short interval) or maximum system capacity (long interval). In case the traffic is expected to occur very seldom, the UE would use RA when a SR is triggered as in Rel-13 operation. (Since the RA procedure is initialized immediately it is questionable if a new dedicated physical SR-signal would have any latency advantage for SR resource periodicities with acceptable system overhead. The latter would have reduced signalling but on the other hand need to wait for the next upcoming SR resource, assuming the same periodicity for NPRACH and SR resources).
Note that the UE power consumption reduction with this approach would be larger than using a dedicated physical SR-signal, since the intermediate step of the SR is omitted as indicated in Figure 3 below.
Observation 19 [bookmark: _Ref490045343]  Regular BSR with SPS & skipUplink, and appending Scheduling Request to HARQ-ACK, and RA, sufficiently cover the most important use cases considered in Rel-15.

[image: ]
[bookmark: _Ref488315303]Figure 3 Signal reduction of BSR only compared to physical signal

In summary, very high system overhead caused by either very frequent dedicated SR resources or SPS resources is not feasible and, hence, UE power consumption should be the main focus of this WI-objective (latency is further addressed by the early-data WI-objective without any system overhead drawbacks). Here it is proposed that short-lived connections could adequately be addressed by appending SR to HARQ-ACK, long-lived connections with BSR either triggering random access or transmitted with SPS, depending on the expected periodicity of traffic arriving in the buffer. UEs remaining long enough in RRC_CONNECTED such that the timeAlignmentTimer expires would be addressed by random access as in Rel-13 operation. 
In [7], it argues that if SPS is used instead of dedicated SR, the overhead is big to send the BSR. The comparison in  [7], however, is biased.  The assumption in [7] is based on the fact that the dedicated SR can carry the BSR information. But as we have already discussed, to carrying more information in dedicated SR would require either more UL resources, or a longer SR signal. Therefore, the assumption in [7] that the length of dedicated SR is comparable to the current NPRACH signal does not hold. It would be very surprising the SR can carry the same information as NPUSCH with much less transmission time. Moreover, the discussion in [7] only assume the smallest TB of 16 bits is used for BSR reporting. This is a very pessimistic assumption, as if the UE has something in the UL buffer, the network would like it to send some of the data, if not all, together with the BSR. And reserving resource for larger TB does not necessary consumes more resource, especially for UEs in good coverage, which most of the UE would be according to the UE distribution mode in TR 45.820. Moreover, as discussed before, the use of dedicated PHY SR has direct impacts on NPRACH, as it reduces the NPRACH capacity of legacy UEs, and indirect impacts on NPUSH as the total UL resource is reduced, and the normal NPUSH transmission can take longer time due to postponing. 

Observation 20 [bookmark: _Ref506478975]Comparing dedicated PHY SR, BSR using SPS has less impacts on the overall system, which for dedicated SR there are both impacts on NPRACH and NPUSCH. 

Proposal 2. [bookmark: _Ref506478807]Consider SPS support with skipUplink for NB-IoT for use with regular BSR instead of dedicated PHY SR. 


Transmitting user data during random access procedures
In RAN1#89 meeting, the following observation is agreed that 
· From RAN1 perspective, it is beneficial to support early data transmission for NB-IoT UEs with any coverage
Therefore, it can be expected that the feature of transmitting user data during random access procedure can be specified. As discussed in Section 4.2, currently the SR in NB-IoT is done via the random access procedure. Therefore, if the UE can transmit user plan data already during the random access procedure, it can also cover some of the use cases that we are expecting from dedicated SR. 
Observation 21 [bookmark: _Ref490045356]Regular BSR with SPS and skipUplink, transmitting user data during random access procedures, and appending scheduling request with HARQ-ACK and random access, cover the most important use cases considered in Rel-15.
Therefore, considering the important use case in Rel-15 and resource usage, it is proposed that 
Proposal 3. [bookmark: _Ref490045308]Dedicated SR is not introduced in Rel-15.

Conclusions
Based on the above analysis and discussions, we have the following proposals and observations:
Proposal 1   Use Cover code/Orthogonal sequence on ACK/NACK data symbols and/or DM-RS symbols to carry 1-bit HARQ ACK/NACK with/without SR.
Error! Reference source not found.  Error! Reference source not found.
Proposal 2 Consider SPS support with skipUplink for NB-IoT for use with regular BSR instead of dedicated PHY SR.
Proposal 3   Dedicated SR is not introduced in Rel-15.

Observation 1 The contention-based RACH procedure is necessary, especially for mobile NB-IoT devices, even if the UE is configured with PHY SR in connected mode.
Observation 2 Due to the restrictions in NB-IoT design, to append SR with HARQ ACK/NACK can cover most of the use case for NB-IoT. The benefits of having a dedicated SR cannot be well justified in NB-IoT.
Observation 3 Dedicated PHY SR is not needed for RLC-ACK transmission and NAS messages during ATTACH procedures.
Observation 4 Including BSR information to eBN scheduler is feasible both for appending SR to HARQ ACK/NACK and dedicated PHY SR. The cost for both cases are similar. 
Observation 5 The introduction of dedicated PHY SR cannot help the network to decide which UE to be prioritized but it may cause significant decrease in UL capacity, which can be problematic for the legacy UEs that use RACH procedure in case of sending exceptional reports.
Observation 6 Since appending SR to HARQ ACK/NACK can cover most of the use cases of NB-IoT, the introduction of it can achieve the WID objective relating to reducing latency and UE power consumption via SR.
Observation 7	When an NB-IoT UE requires UL resources in RRC_CONNECTED mode, comparing the use of a dedicated SR signal to a random access procedure, the latter carries a significant overhead due to the transmission of msg2 and msg3 of the contention resolution procedure.
Observation 8	If the same periodicity of dedicated SR resources in NB-IoT is assumed as in legacy LTE, the overhead is significant due to the large amount of NB-IoT UEs requiring high coverage over a limited available bandwidth of an NB-IoT carrier.
Observation 9	Due to the periodicity of the dedicated SR signal, it may segment the UL transmission of legacy Rel-13 and Rel-14 UEs. Hence, the introduction of a dedicated SR may cause significant overhead for the NPDCCH downlink scheduling of the segmented UL traffic, especially for UEs in bad coverages.
Observation 10	In order to satisfy the capacity needs of NB-IoT NPRACH when targeting a 1% collision rate, currently 32% of the UL resources should be configured for NPRACH.
Observation 11	Due to the length of the NPRACH preambles, it is difficult to support all the periodicities of SR supported in legacy LTE.
Observation 12	In the worst case, only 20% of the UL resource is left for NPUSCH if dedicated SR is configured.
Observation 13   Dividing an N-repetition NPRACH resource block into multiple SR resource blocks would increase the false alarm rate for dedicated SR, especially for the NPRACH resources with short repetitions.
Observation 14  Dividing an N-repetition NPRACH resource block into multiple SR resource blocks would decrease the coverage of the SR. Therefore, it would result in UEs in good coverage are consuming resources for SR with UEs in extended coverage.
Observation 15	The existing NPRACH procedures in RRC Connected mode can already serve the purpose for infrequent UL resource requirement.
Observation 16	 Due to limited knowledge at the eNB scheduler, it is difficult for the eNB to determine how and when it should configure SR for a given UE. Hence, the UE may not be able to benefit from its dedicate SR configurations.
Observation 17	 For the current NB-IoT system, the introduction of a dedicated SR signal has obvious drawbacks comparing to its benefits. 
Observation 18  BSR is already supported and SR is just an intermediate step to transmitting BSR.
Observation 19  Regular BSR with SPS & skipUplink, and appending Scheduling Request to HARQ-ACK, and RA, sufficiently cover the most important use cases considered in Rel-15.
Observation 20 Comparing dedicated PHY SR, BSR using SPS has less impacts on the overall system, which for dedicated SR there are both impacts on NPRACH and NPUSCH.
Observation 21  Regular BSR with SPS and skipUplink, transmitting user data during random access procedures, and appending scheduling request with HARQ-ACK and random access, cover the most important use cases considered in Rel-15.
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