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Introduction
This contribution provides overview on DL control channels for NR and have detailed discussion for PDCCH.

Functional Description on DL Control Channels
This section summarizes physical downlink control channels that is envisioned for NR. Reference signal for demodulating the control channels are not covered here.
· Physical Slot Format Indicator Channel (PSFICH)
· PSFICH carries slot (TTI) format indicator every slot such as:
· Uplink centric
· Downlink centric
· Blank
· Full-duplex
· PSFICH can also potentially carry other time-critical information such as the numerology.
· It provide faster delivery of time-critical information to facilitate self-contained slot processing [1] so that UE can prepare subsequent processing (e.g., PDCCH/PDSCH demodulation, PDCCH/uplink data transmission and etc.)
· The content of PSFICH should be available for everyone (i.e., broadcast). 
· It should reside on the first symbol in the slot and should not span into subsequent symbols for faster decoding at UE.
· Encoding/modulation should be robust and simple enough for efficient processing.
· Physical Downlink Control Channel (PDCCH)
· PDCCH carries Downlink Control Information similar to LTE.
· PDCCH also provides LTE PHICH functionality (ACK/NACK for PUSCH).
· Physical Keep Alive Channel (PKACH)
· PKACH carries one-bit information for 
· Acknowledgment to Uplink Measurement Indication Channel (UMICH) for contention resolution and radio link monitoring
· Indication such as paging, on-demand SI etc.
· For details, see [2].
· Physical Cell Identity Channel (PCICH)
· PCICH carries PCI for the serving cell (or TRP) in uplink based mobility.
· For details, see [2].
Proposal 1: Agree on the need of PSFICH for NR.
Discussion for PDCCH
Multi-part PDCCH
This contribution assumes the slot structure shown in [3], i.e., control region in the beginning of the slot followed by the data region for UE to receive or transmit data. It is proposed that the RS for PDCCH is transmitted on the 1st symbol in DL control region to expedite the processing of channel estimation before processing PDCCH.
Potentially certain DCI (PDSCH scheduling/PUSCH grant) can be split into two parts, i.e., carried on different PDCCH symbols especially to help eNB timeline for single interlace transmission. Each part can be decoded separately but the entire DCI information will be retrieved together to pass pruning for DCI.
· Two parts can contain different information for PDSCH scheduling/PUSCH grant such as:
· 1st part
· Processing-time-critical information: PDSCH/PUSCH allocation, rank information
· 2nd part
· Data-processing-dependent information: NDI/RV/MCS
· Search space for the 2nd part could be inferred from the 1st part.
· Multi-part DCI transmission can have the following options.
· 1st part is transmitted on the 1st symbol in DL control region and 2nd part is transmitted on the 2nd symbol in DL control region.
· 1st part is transmitted on the 1st symbol in DL control region and 2nd part is transmitted in the data region for DL centric slot.
· DCIs other than PDSCH scheduling/PUSCH grant are single part and could be associated with either the 1st or 2nd symbol in DL control region
· 1st symbol PDCCH carries time-critical control:
· e.g. DL assignment for self-contained DL centric slot (2 or more interlaces)
· 2nd symbol PDCCH carries non-time critical control:
· E.g. DCI for UL burst in DL centric slot  still has much of the time budget for processing
· DCI for subsequent slots  E.g. prescheduling info, control applying to next slot
Note that multi-part PDCCH has independent coding every symbol. Multi-part PDCCH comes at the expense of less efficient coding overhead. Thus, the trade-off between performance loss and PDCCH scheduling flexibility needs to be taken into account.
Proposal 2: RS for PDCCH is transmitted on the 1st symbol in DL control region in each slot.
Proposal 3: Consider the multi-part PDCCH structure.

Control channel capacity
Assuming 30 kHz subcarrier spacing and 0.5 ms slot (TTI), the number of available symbols is 14. One of the main question is how many symbols should be allocated for DL control region.
In order to provide a reference for control channel capacity, 10 MHz LTE with 2 control symbols with 2 port CRS is chosen. In that case, the number of available CCE for LTE is 27. For NR, we assume 16 RE is allocated for PSFICH (similar to LTE PCFICH). The number of available CCEs assuming that CRS exists only on the 1st symbol in DL control region is shown in Table 1 with respect to each system BW. Given that NR is targeting higher transmission BW, 8% of guard band was chosen as an example. As seen in the table, it is observed that 1 symbol DL control region alone is not enough to achieve similar control channel capacity to 10 MHz LTE unless system BW is very large. Thus, it is proposed to consider 2 symbol DL control region or 1 symbol DL control region with additional control channel in the data region.
In addition, given that very tight processing timeline is considered for NR, it is proposed not to consider dynamically configurable number of control symbols in NR. In other words, there is no need to have PCFICH in NR.
Proposal 4: Consider 2 symbol DL control region or 1 symbol DL control region with additional control channel in the data region.
Proposal 5: Do not consider dynamically configurable number of control symbols.

Table 1: Number of CCEs available for PDCCH in NR
	System BW [MHz]
	RS overhead for PDCCH 33%
	RS overhead for PDCCH 50%

	No. Symbols in DL control region
	1
	2
	1
	2

	5
	2.3
	6.6
	1.6
	5.9

	10
	5.2
	13.7
	3.8
	12.3

	20
	10.9
	27.9
	8.0
	25.1

	80
	44.9
	113.1
	33.6
	101.7



Broadcast/Unicast PDCCH
RAN2 recently agreed that minimum SIB (MSIB) needs to be broadcast [4]. It implies that NR need to support both broadcast/unicast PDCCH.
For broadcast PDCCH, it is expected that the coverage should either omni or pseudo-omni. For unicast PDCCH, it can be omni/pseudo-omni or beamformed for the targeted UE. For both broadcast and unicast PDCCH, it is proposed to consider 2 port SFBC and CDD as a candidate transmit diversity scheme. Reference signals for PDCCH can be assumed to be on the same (virtual) antenna ports as SFBC/CDD.
· Broadcast PDCCH
· Carries MSIB
· Reference signals can be potentially shared over multiple broadcast PDCCHs.
· Unicast PDCCH
· Carries OSIB, data control
· Reference signals may not be shared over multiple unicast PDCCHs targeting different UEs, given that they may be on different beams.
Proposal 6: Consider 2 port SFBC and CDD as a candidate diversity scheme for PDCCH.

Subband PDCCH
NR is expected to have a larger system bandwidth (BW) compared to LTE. In LTE, PDCCH spans across the entire system bandwidth. DL control BW that a UE has to process has large implications on processing and power. NR should allow UE to operate with BW which is smaller than the system BW. In that sense, not all UE categories may be capable of supporting the entire system BW supported by gNB. Thus, it is proposed that the carrier BW (system BW) be divided into subbands with 5/10/20 MHz granularity. Different subbands can have different configurations with following attributes.
· UE specific search space / Common search space
· CCE can be localized/distributed within a subband.
· Omni / Beamformed
· For omni subband, UE can have a wideband RS processing over the subband.
· For beamformed subband, UE should have per REG/CCE level RS processing.
· Single / Multi-part control
Each UE can monitor only a subset of configured subbands among the system BW to reduce search complexity. A common search space subband can be set as the default subband upon initial access (indicated by MIB).
Proposal 7: NR shall allow a smaller BW UE to operate in the system. Minimum UE BW can be [5] MHz.
Proposal 8: Introduce the subband concept for PDCCH search space with the above attributes per subband:

PDCCH search space
To further reduce the complexity for PDCCH decoding and improve the timeline, it is proposed to consider fewer hypotheses of blind decoding for PDCCH.
In LTE, there are 44 blind decodes.
· UE specific: (6xAL1; 6xAL2; 2xAL4; 2xAL8) x (2 DCI lengths) = 32
· Common: (4xAL4; 2xAL8) x (2 DCI lengths) = 12
There could be multiple ways to reduce the number of hypotheses.
· Limit the DCI length options via quantized DCI length
· Use nested search space for each subband (example shown in Figure 1)
· Reduce the number of options for each aggregation level compared to LTE
Proposal 9: Consider fewer hypotheses for PDCCH blind decoding based on the presented ways.

[image: ]
Figure 1: Illustration of nested search space
Flexible DCI
To further improve PDCCH efficiency/performance, aggregating PDCCH for multiple UEs can be also considered. For example, UEs on a given AL can be coded together as shown in Figure 2. Pros for this approach are coding gain, flexible DCI size, potential reduction in number of blind searches and ICIC. This implies that additional MCS/message-size/resource size need to be informed to the UEs which may be the additional burden.
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Figure 2: Illustration of Flexible DCI
Proposal 10: Consider flexible DCI multiplexing PDCCH for multiple UEs.

UE power saving
For non-time critical data transmission, we can consider pre-indication / cross slot scheduling (UL/DL) for the purpose of UE power saving. Pre-indication control refers to control information that does not apply to the immediate slot but for subsequent slots. With pre-indication, dynamic BW switching can be also allowed for UE power saving between active/non-active traffic.
Note that RF BW determines the sampling rate. ADC/BBF power consumption is significant. Thus, significant power saving can be achieved if (i) UE’s full BW >> monitored control subband BW, (ii) Percentage of no DL assignment is significant, but not bursty enough to switch to DRX mode.
UE in power saving mode may also negotiate not monitoring common search space and to monitor only the UE specific search space.
Proposal 11: Introduce pre-indication / cross slot scheduling (UL/DL) PDCCH.
Proposal 12: Introduce dynamic BW switching.

Conclusions
This contribution has provided overview on DL control channels for NR and has had detailed discussion for PDCCH. The following proposals have been made.
Proposal 1: Agree on the need of PSFICH for NR.
Proposal 2: RS for PDCCH is transmitted on the 1st symbol in DL control region in each slot.
Proposal 3: Consider the multi-part PDCCH structure.
Proposal 4: Consider 2 symbol DL control region or 1 symbol DL control region with additional control channel in the data region.
Proposal 5: Do not consider dynamically configurable number of control symbols.
Proposal 6: Consider 2 port SFBC and CDD as a candidate diversity scheme for PDCCH.
Proposal 7: NR shall allow a smaller BW UE to operate in the system. Minimum UE BW can be [5] MHz.
Proposal 8: Introduce the subband concept for PDCCH search space with the above attributes per subband:
· UE specific search space / Common search space
· CCE can be localized/distributed within a subband.
· [bookmark: _GoBack]Omni / Beamformed
· For omni subband, UE can have a wideband RS processing over the subband.
· For beamformed subband, UE should have per REG/CCE level RS processing.
· Single / Multi-part control
Proposal 9: Consider fewer hypotheses for PDCCH blind decoding based on the presented ways.
· Limit the DCI length options via quantized DCI length
· Use nested search space for each subband (example shown in Figure 1)
· Reduce the number of options for each aggregation level compared to LTE
Proposal 10: Consider flexible DCI multiplexing PDCCH for multiple UEs.
Proposal 11: Introduce pre-indication / cross slot scheduling (UL/DL) PDCCH.
Proposal 12: Introduce dynamic BW switching.
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