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1 Introduction
Due to the small antenna aperture at high carrier frequencies, larger numbers of antennas become realizable compared to traditional cellular communications systems that operate at carrier frequencies below 6GHz or even in the MHz regime. However, the power consumption of digital-to-analog converters (DACs) that would be required at each antenna element renders a fully digital system prohibitive. Therefore, hybrid systems are envisioned with a limited number of DACs.
To overcome the near-field loss in mmWave spectrum and also to mitigate the noise floor arising from the increased transmission bandwidths at mmWave spectrum, analog beamforming is used to increase the link budget by decreasing the coupling loss. These analog beams, stemming from phased antenna arrays, however, impose scheduler restrictions as opposed to traditional, fully digital systems. Specifically, the number of analog beams is restricted by the number of individually controllable phased arrays at the transmitter and/or the receiver. Moreover, analog beams span the entire instantaneous bandwidth—versus digital beams which can be per subband or even subcarrier—meaning that in intra-band CA, the scheduler restrictions from analog beamforming extend across carriers. Hence, frequency-division multiplexing, e.g., PRB level scheduling as in LTE, has to be replaced by time-division multiplexing whereby at any given time the analog beam is wideband, however, at different times different analog beams can be employed.
In addition, due to the large number of antennas made possible through the small antenna aperture at mmWave spectrum, transmissions at these carrier frequencies are highly directional. As a consequence, the number of users that can simultaneously be served by an analog beam is rather small. Hence, multiplexing of multiple users either requires a large number of individually controllable phased arrays or, alternatively, users have to be multiplexed in time.

Out of these considerations, two important agreements were made during the NR study item:

A.) The NR frame structure should support both slots and mini-slots [1]
B.) NR should support dynamic reuse of at least part of resources in the control resource sets for data for the same or a different UE, at least in the frequency domain [2]
The issue was furthermore discussed during the work item phase and led to the following agreement during the second NR ad-hoc meeting. 
	Agreements:
· For downlink, UE can be informed about the first DMRS position of the PDSCH between the following:

· Fixed on the 3rd or 4th symbol of the slot (for, a.k.a, slot-based scheduling)

· 1st symbol of the scheduled data (for a.k.a non-slot-based scheduling)

· FFS: if special handling is needed for the case where some of the PRBs of the symbol of the scheduled data is overlapped with the other signals/channels

· FFS: When the UE is configured both slot-based scheduling and non-slot-based scheduling, the first DMRS position of the PDSCH can be changed between the 3rd or 4th symbol of the slot and 1st symbol of the scheduled data



Further progress, however, especially in regard to B.) above, is outstanding and this contribution addresses some of the open aspects of efficient NR operation in mmWave systems with analog beamforming. 
2 Resource sharing between PDCCH and PDSCH
As explained in the introduction, NR will generally serve a small number of users, possibly one, within the narrow beam width of an analog beam (also known as “pencil beam”) and moreover, multiplexing of users will mostly be achieved by time-division multiplexing. Figures 1 through 4 illustrate the various operational modes that can be envisioned assuming the aforementioned pencil beams for both slot based and mini-slot based transmissions. 
Now referring to Figure 1, due to the narrow beam width, a single user may be served by a given analog beam at a given time instance. Due to the small number of users scheduled per TTI, in this example a single user, the reserved control resources are heavily underutilized. Even if the CORESET was dimensioned to serve a single user, and hence the reserved control resources would not be underutilized, due to the vast spectrum available in mmWave frequencies, the CORESET would only span a small chunk of the overall transmission bandwidth. This is exemplified in Figure 1. 
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Figure 1: Slot based transmissions with non-rectangular allocations
Per the agreement during the study item, B.), NR supports dynamic reuse of at least part of resources in the control resource sets for data for the same or a different UE, at least in the frequency domain [2]. In other words, FDM of data and control on a given OFDM symbol, particularly at the beginning of a slot for slot based transmissions—but also for self-scheduled mini-slots of length 1 OFDM symbol—is agreed to be supported. 

Two options have been discussed via email discussion. The first one, depicted in Figure 1 above, allows for non-rectangular PDSCH allocations where the PDSCH starting symbol is identical to (or precedes) the OFDM symbol on which the scheduling PDCCH is transmitted. Similar to LTE EPDCCH procedures, the PDSCH is rate matched to the reserved control resources, viz., CORESETs, resulting in the non-rectangular allocation in Fig. 1. 
Another option, that was discussed, is to preclude non-rectangular allocations as in Fig. 2 and to use mini-slots to achieve the agreed frequency-division multiplexing of data and control. The drawbacks of this variant are manifold and obvious and have already been discussed via said email discussion. For once, control overhead is significantly increased, as in addition to the actual slot based transmission additional mini-slot based transmissions need to be scheduled. 
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Figure 2: Slot based transmissions with only rectangular allocations
The following is observed: 
· In the general case, more than one mini-slot transmission are required to obtain the same spectral efficiency as in option 1. Thereby, scheduling overhead is furthermore increased. And while there is no control channel capacity issue due to the small number of users within one pencil beam, overall efficiency of the system is still reduced as the additional control resources could otherwise have been used for data transmissions. 
· Moreover, said additional mini-slot transmissions can generally not be used to serve other users due to the wideband restriction of the analog beams. 

· In addition to the increased control overhead, efficiency is further reduced by increased reference signal overhead as each mini-slot will require its own DMRS transmissions whereby in option 1 a single DMRS can be used for the non-rectangular allocation.

Hence, in light of the numerous drawbacks of alternative 2, we propose to specify support of non-rectangular allocations as depicted in Figure 1. 

Note that the same benefits apply to mini-slot based transmissions as exemplified in Figures 3 and 4. As explained in the introduction, mini-slots are a premier use case for the enhanced mobile broadband 5G NR will offer in mmWave spectrum. Due to the hardware limitations arising from hybrid systems with a limited number of DACs, scheduling will be vastly simplified by time-division multiplexing of users with wideband allocations. In the example in Figures 3 and 4, three mini-slots for three users are cross-scheduled from a CORESET at the beginning of a slot. In Figure 3, the same narrow pencil beam is used for data and control to a given UE whereas in Figure 4, PDCCH transmissions in the CORESET are transmitted using a wider beam compared to the pencil beams of the data transmissions. Hence, user 1 and 2 can be multiplexed on the second OFDM symbol whereby their data transmissions are TDM’ed using different analog beams. Wider beams will increase the robustness of the control channel transmissions but require separate beam management for data and control. Additionally, transmission over wider (effective) beams may require usage of multiple separately controllable phased arrays. Hence, it is beneficial to support non-rectangular allocations even for mini-slots as depicted in Figure 3. 
Note that the agreed support of mini-slots of length 1 OFDM symbol require such a behaviour already. 
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Figure 3: Mini-slot based transmissions with non-rectangular allocations
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Figure 4: Mini-slot based transmissions with only rectangular allocations
Proposal: Non-rectangular PDSCH allocations that are rate-matched around control resources are supported for both slot and mini-slot based transmissions. 
3 Conclusion

This contribution discusses several alternatives to support the agreed dynamic reuse of at least part of resources in the control resource sets for data for the same or a different UE, at least in the frequency domain. After analysing the benefits and drawbacks of all solutions, the following is proposed:
Proposal: Non-rectangular PDSCH allocations that are rate-matched around control resources are supported for both slot and mini-slot based transmissions. 
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