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1. Introduction 
This contribution discusses mapping of UL control channels in time, focusing on TDD operations on an unpaired spectrum. In the RAN1#86 meeting, subframe and slot have been defined as follows:
· Subframe

· Already agreed upon

· Assume x=14 in the reference numerology for subframe definition (for normal CP)

· FFS: y=x and/or y=x/2 and/or y is signalled
· Slot

· Slot of duration y OFDM symbols in the numerology used for transmission

· An integer number of slots fit within one subframe duration (at least for subcarrier spacing is larger than or equal the reference numerology)

As per the agreements, subframe becomes a timing reference of slots and frame structures, and slots accommodate the frame structures for DL/UL switching and transmission of physical layer signals and channels [1]. As multiple numerologies are supported in NR, different slot durations can be configured in a cell. Accordingly the frame structures employed in the slots can scale in time and the signals and channels should fit into the scaled slots. 
2. UL control mapping
In LTE, physical uplink control channels (PUCCH) are transmitted on both edges of the UL transmission bandwidth with spanning the whole subframe duration, and physical uplink shared channels (PUSCH) are placed between the two PUCCH frequency regions. This structure is applied in both FDD and TDD operation cases. A reason to place the PUCCH resource on the frequency edges is to enable single carrier transmission of PUSCH without being split by PUCCH regions located in the middle, especially for the cases that a PUSCH transmission takes a large bandwidth. In cases a UE has to transmit UL data and UCI simultaneously in the same subframe, the UCI is piggybacked on PUSCH along with the UL data, and the UE drops the PUCCH transmission and transmits only the PUSCH.
In NR, time domain multiplexing of DL data and UL control is mainly considered at least for TDD operations on an unpaired spectrum, as shown in Figure 1. With adopting OFDM waveform in both NR DL and UL, UL transmission does not need to be single carrier transmission. Regardless, the TDM multiplexing of DL data and UL control is beneficial to achieving low latency from DL data scheduling to HARQ-ACK reception at the gNB. This is because HARQ-ACK feedback from the UE can start at the end of a slot and thus the UE can have an additional time margin of almost a slot length compared to the LTE structure that PUCCH transmission starts from the start of a subframe. If UE capability allows, a certain UE may be able to transmit HARQ-ACK feedback in the same slot as having received the DL data, which corresponds to the 1st slot in Figure 1 for an example. Also, by adopting a short duration for the UL control, reception of the HARQ-ACK at the gNB can be completed early. 
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Figure 1. NR UL control channel mapping at the end of slots.
In Figure 1, the reference numerology is assumed to be 15 kHz and the slots with 1 ms and 0.5 ms durations are configured from a network perspective. Although not shown in the figure, slots of different durations can be configured on other frequency blocks and for the discussion purposes, we focus on the example shown in Figure 1. As discussed in our companion contribution [2], 14 OFDM symbols per slot is assumed. The slot durations and DL/UL part durations are scaled in accordance to the subcarrier spacing applied in the respective slots, with keeping the number of OFDM symbols per slot unchanged. UEs which are capable of supporting both 15 kHz and 30 kHz can be scheduled in either slot. In order to minimize the resources dedicated to UL control channels and thus not usable for other purposes, the network should be allowed to not configure any UL control resource in some slots (e.g., 2nd slot in Figure 1) and instead can utilize the resource for DL/UL traffic data to maximize the network throughput and peak data rate. 
Any type of uplink control information (UCI) to be defined in NR, such as HARQ-ACK, CSI (channel status information), BI (beam related information), RI (rank indicator), PMI (precoding matrix indicator), SR (scheduling request), etc., can be sent via UL control channels. A set of multiple UCI types can be sent on UL control channels for efficient UCI feedback from the UEs and this is discussed in more detail in our companion contribution [5]. 
As an alternative structure, UL control channel resource can be configured at the beginning of a UL part as shown in Figure 2 below, without being limited to the end of the slots. This mapping of the UL control channel is beneficial to reducing the latency from CSI or SR feedback to the DL or UL data scheduling by the gNB.  Other UCI types can be considered as well to be sent at the beginning via the starting UL control channel if benefits are identified. Similarly, in FDD operations on a paired spectrum, placing UL control resources at the beginning of a slot on uplink can be considered in order to reduce the latency. 
[image: image2.emf]P

D

C

C

H

P

U

C

C

H

P

U

C

C

H

P

D

C

C

H

PUSCH

(15 kHz)

1 ms

0.5 ms

1 ms

PUSCH

(15 kHz)

PDSCH

(15 kHz)

1 ms

P

U

C

C

H

P

D

C

C

H


Figure 2. NR UL control channel mapping at the start of UL parts.
As discussed in this section, the gNB can configure the UL control channel resource either at the beginning of a UL part or at the end of a slot. Also, some slots may not have any UL control channel resource configured. It is noted that configuring a UL control channel resource in a UE specific manner on a confined frequency resource is not precluded either. Based on the observations and discussions, we propose the followings regarding the mapping of UL controls onto slots. 
Proposal 1 (UL control mapping)
· UL control channel can be sent at the end of a slot.

· UL control channel can be sent at the beginning of a UL part.

· FFS: UL control channel can be sent both at the beginning of a UL part and at the end the slot.
· Some slots may not have any UL control channel by gNB configuration.
3. UL control region duration 

In Figure 2 above, the UL control channel in the 2nd slot has longer duration than the UL control region in the other slots. Use of multiple OFDM symbols when transmitting a UL control channel can enhance coverage of the UL control channel significantly. It should be noted that use of a single OFDM symbol for NR UL control channels with 15 kHz subcarrier spacing results in fourteen times decrease in the power budget for a NR UL control channel, compared to LTE PUCCH which utilizes all the fourteen SC-FDMA symbols in a subframe. Although this link budget gap can be reduced in cases that beamforming is applied for the NR UL control channels, beamforming gain can vary depending on deployment scenarios and especially, the issue would be more conspicuous in sub-6 GHz frequency bands. In this regard, the gNB should be able to configure multiple OFDM symbols in UL control region and for UEs in coverage limited situations, a UL control channel should be configurable to span multiple OFDM symbols. 
Shifting the perspective, Figure 3 illustrates a case that multiple OFDM symbols are configured in UL parts due to FDM multiplexing of different numerologies from the network perspective. As guard period should be aligned between the numerologies to some extent, the alignment can result that UL parts corresponding to a large subcarrier spacing, e.g., 30 kHz and 60 kHz in the figure, contains multiple OFDM symbols although the UL part of 15 kHz subcarrier spacing has a single OFDM symbol for an example. Therefore, regardless of the UL coverage issue addressed above, it seems efficient to support a structure of non-data UL parts containing multiple OFDM symbols. The non-data UL parts can consist of multiple OFDM symbols which could be used wholly for UL control channel transmission or a combination of UL reference signals (SRS, DMRS) and UL control channel symbols. 
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Figure 3. Multiple OFDM symbol in UL Part due to FDM multiplexing of different numerologies.
Based on the discussions in this section, we propose the followings regarding the duration of UL control region.
Proposal 2 (UL control region duration)
· UL control region refers to a set of contiguous OFDM symbols configured for UL control channels within a slot.

· Multiple OFDM symbols can be configured in a UL control region. 

· A UL control channel may span one or more OFDM symbols within a UL control region.

4. Conclusion 

In this contribution, we have discussed NR UL control channel mapping in time and proposed structures to multiplex UL control channels in TDM with other DL and UL physical channels. low latency, minimization of constantly configured resources, UL control coverage and other important NR requirements have been taken into account. Based on the observations and discussions, we propose the following for the UL control channel mapping onto slots in NR. 
Proposal 1 (UL control mapping)
· UL control channel can be sent at the end of a slot.

· UL control channel can be sent at the beginning of a UL part.

· FFS: UL control channel can be sent both at the beginning of a UL part and at the end the slot.

· Some slots may not have any UL control channel by gNB configuration.

Proposal 2 (UL control region duration)
· UL control region refers to a set of contiguous OFDM symbols configured for UL control channels within a slot.

· Multiple OFDM symbols can be configured in a UL control region. 

· A UL control channel may span one or more OFDM symbols within a UL control region.
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