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1	Introduction
In this contribution we outline the basic requirements and proposed working assumptions for moving forward with the 5G scheduler functionality. In this effort, we aim for a generic scheduler framework that offers the necessary flexibility for supporting the different services and scenarios outlined in 3GPP TR 38.913 [1].
Section 2 outlines the scheduler functionality requirements, and the related motivation, while Section 3 concludes the contribution with a set of proposals.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]2	Scheduler design fundamentals and requirements
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]2.1 	Basic scheduler considerations
The basic functionality of network controlled dynamic scheduling (as known also from LTE) is assumed to be adopted for 5G, where the eNB controls time-frequency transmission resources for the its users to transmit, or receive, transport blocks. The scheduling instructions from the eNB is issued to the UEs by transmitting downlink control information carrying UE specific scheduling information for downlink allocation and uplink transmission grants. Leading to the following proposal:
Proposal 1: Network controlled dynamic scheduling is the default scheduling mechanism, where the network informs the UE of the allocated time-frequency resources for transmission of transport blocks via downlink control information carrying UE specific scheduling information for downlink allocations and uplink grants.
The scheduler shall be able to efficiently allocate radio resources to the users in coherence with their QoS requirements, available data for transmission, radio conditions, etc. This means that the scheduler shall support a large dynamic range in allocated radio transmission resources per grant, as well as transport block sizes. As an example, eMBB is known to have large dynamic range of the user plane data payload sizes to be scheduled, ranging from only several tens of bytes (e.g. for application layer control messages; TCP ACK’s, so-called “keep alive” message, etc.) to many mega-bytes of data for large data file transmissions. In fact, measurements from today’s LTE network with MBB traffic shows a significant fraction of small to medium size scheduled transport blocks. Similarly, mMTC and URLLC typically require scheduling of payloads from tens of bytes to thousands of bytes, depending on the exact application. Leading to the following:
Proposal 2: The scheduler functionality shall support scheduling of payloads from few tens of bytes up to very high transport block sizes occupying the full carrier bandwidth using the highest modulation order and minimal error correcting coding.
As known from LTE, the scheduler shall support single-user and multi-user MIMO, i.e. scheduling of multiple transport blocks to the same or different users on the same (or partly overlapping) physical layer radio resources. For such cases with overlapping transmissions on the same time-frequency radio resources, options for assistance to support interference suppression and/or cancellation shall be investigated, leading to the following proposal:
Proposal 3: Support for scheduling of overlapping transmissions on the same physical layer time-frequency resources to the same or different users shall be supported, including potential assistance to facilitate efficient interference suppression and/or cancellation.    
Efficient use of radio of radio resources is obviously a priority. This means the network should be able to schedule its users to efficiently utilize the available radio resources. Given Proposal 2, this sometimes means scheduling only a single user on the full system bandwidth (given there is sufficient data), to some-times scheduling larger number of users, some of which may require only few transmission resources for sending small to moderate size transport blocks. Hence, the scheduler shall support scheduling of only a single user up to simultaneous scheduling of a potentially large number of users. This essentially calls for flexible design of resources for transmitting scheduling grants, as the required transmission resources for scheduling grants will vary accordingly. In fact, it is a known problem from LTE that the system some-times suffers from control channel (PDCCH or E-PDCCH) blocking [2]-[5], preventing efficient use of all radio resources when desirable to scheduler larger number of users. For 5G, we should aim at a more flexible scheduling grant design that overcome such problems. The exact value for how many users should be simultaneously schedule per carrier naturally depends on the carrier bandwidth, carrier frequency, and anticipated service composition (detailed value is FFS). In summary, this leads to the following proposal:
Proposal 4: The scheduler shall support multiplexing of larger number of users (say N users) per carrier to ensure efficient radio resource usage. This calls for a highly scalable design of radio resources for transmitting scheduling grants to avoid control channel blocking. The exact value of N depends on the carrier bandwidth, carrier frequency, etc. 
2.2 	Potential of using different TTI sizes
It is well known from the existing literature that there are fundamental tradeoffs between scheduling users to maximize their spectral efficiency, coverage, latency, or reliability [6]-[7]. In theory, this calls for flexible scheduler functionality that allows scheduling each link (user) in coherence with its desired optimization target. One option allowing the former, is to design 5G to support scheduling with different TTI sizes [8]. Scheduling latency critical data (e.g. URLLC) with a short TTI size obviously a priority. However, scheduling all users with a very short TTI is not optimal. Using long TTIs allows us to benefit from larger coding gains, and it also imposes lower control (scheduling grant) overhead. This comes, however, at the expense of latency increase; in that respect, the usage of longer TTIs is more beneficial for eMBB and mMTC users for which the required data rate may be high and the latency requirements are less stringent. Setting the TTI size per scheduling grant furthermore offers the possibility to optimize the eMBB services using the Transmission Control Protocol (TCP). During the initial data transmission session, the end-user experienced performance is primarily determined by the RTT due to the slow start TCP procedure (TCP flow control). Therefore, it would be advantageous to first perform scheduling of the eMBB TCP users with short TTIs, followed by longer TTI sizes when reaching steady state operation. On a similar note, it may be desirable to schedule a user with different TTI sizes in the uplink and downlink. As an example, a coverage limited UE in macro-cellular setting may require a TTI size of ~1ms to maintain uplink reception, while a shorter TTI size could be used in the downlink. Hence, the following proposal:
Proposal 5: The benefit of being able to schedule users with variable TTI sizes shall be further assessed, including options for asymmetric link operation, where a user is scheduled with different TTI sizes in the downlink and uplink (especially relevant for macro-cellular scenarios at lower carrier frequencies).
2.3 	UE scheduling grant monitoring
The scheduler framework for 5G shall naturally be designed to have reasonable UE complexity. That means that the search space for reception of scheduling grants shall be controllable, with reasonable UE complexity and energy (battery) consumption. In this context, it is proposed to consider efficient time-frequency domain DRX to avoid that UEs always have to search over the full system bandwidth and/or in all subframes for scheduling grants (see e.g. the example in [8]). As an example, it is unnecessary to have a UE with a moderate data rate connection monitor the full carrier bandwidth of e.g. 100Mz; while it would be sufficient to only monitor a fraction of the carrier bandwidth to save power. Similarly, a URLLC UE should monitor for scheduling grants on a fine time resolution to fulfil the corresponding latency requirements, while a mMTC and eMBB UE could be configured to monitor for scheduling grants on a coarser time-resolution. Finally, low cost mMTC devices may not have the capability to monitor large system bandwidths, and hence should be able to receive their scheduling grant on a fraction of carrier bandwidth only. These considerations leads to the following proposal: 
Proposal 6: The UE effort for searching for scheduling grants (i.e. downlink control channel detection) shall be manageable. Both in terms of number of search options, energy consumption, etc. Shall support time-frequency domain DRX functionality to avoid that UEs always have to search over the full system bandwidth and/or in all subframes for scheduling grants.
3	Conclusion
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]The contribution is concluded by summarizing our initial proposals for 5G scheduler design as listed below. It is recommended that these proposals are taken as working assumptions when moving forward with the 5G scheduler design. 
Proposal 1: Network controlled dynamic scheduling is the default scheduling mechanism, where the network informs the UE of the allocated time-frequency resources for transmission of transport blocks via downlink control information carrying UE specific scheduling information for downlink allocations and uplink grants.
Proposal 2: The scheduler functionality shall support scheduling of payloads from few tens of bytes up to very high transport block sizes occupying the full carrier bandwidth using the highest modulation order and minimal error correcting coding.
Proposal 3: Support for scheduling of overlapping transmissions on the same physical layer time-frequency resources to the same or different users shall be supported, including potential assistance to facilitate efficient interference suppression and/or cancellation.    
Proposal 4: The scheduler shall support multiplexing of larger number of users (say N users) per carrier to ensure efficient radio resource usage. This calls for a highly scalable design of radio resources for transmitting scheduling grants to avoid control channel blocking. The exact value of N depends on the carrier bandwidth, carrier frequency, etc.
Proposal 5: The benefit of being able to schedule users with variable TTI sizes shall be further assessed, including options for asymmetric link operation, where a user is scheduled with different TTI sizes in the downlink and uplink (especially relevant for macro-cellular scenarios at lower carrier frequencies).
Proposal 6: The UE effort for searching for scheduling grants (i.e. downlink control channel detection) shall be manageable. Both in terms of number of search options and energy consumption. Shall support time-frequency domain DRX functionality to avoid that UEs always have to search the full system bandwidth and/or subframes for scheduling grants.
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