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1 Introduction
In this contribution, we discuss our view on UL control channel in short duration. We focus on multiplexing with other UL channels and UL signals. Proposals are summarized in the conclusion.
2 Discussion
2.1 [bookmark: OLE_LINK11][bookmark: OLE_LINK12]UL control channel multiplexing
[bookmark: OLE_LINK7]Multiplexing order is based on sequence lengths and cyclic shifts (if SC-FDMA is applied). It is generally said that the number of supportable cyclic shifts is given by the ratio between the delay spread and the symbol period, and that the multiplexing order of the sequence is linearly proportional to the RS length. Thus, longer RS implies larger multiplexing order. On the other hand, the sequence overhead decreases the number of data subcarriers, i.e., increases the encoding rate. Larger encoding rate loses error rate. The optimal tradeoff should be considered via the desirable multiplexing order.


Figure 1 PUCCH design examples

[bookmark: OLE_LINK13][bookmark: OLE_LINK17][bookmark: OLE_LINK8]If RS-based PUCCH is adopted, then the RS sequence length ( is considered. For example, the LTE PUCCH format 1x has three RS symbols (36 REs) per LTE slot. The multiplexing order is  per slot, where  is the number of allowable cyclic shifts. We think that at least similar multiplexing order as LTE should be supported in the NR because the number of PUCCH transmission in one slot can be increased due to mini-slot and cross-slot scheduling. In this case, it is desirable that comparable number of subcarriers are allocated in the one PUCCH symbol. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK15][bookmark: OLE_LINK3][bookmark: OLE_LINK20]If sequence-based PUCCH is adopted, then the sequence length () itself determines the multiplexing order. For example, 48 REs (4 PRBs) are allocated by a PUCCH resource, then  sequences can be orthogonally multiplexed. To express UCI of  bits, the  sequences should be reserved, and the multiplexing order is given by the sequence length  by . The value  should be low enough to keep sufficient multiplexing order.
In addition to orthogonal multiplexing, we have to consider non-orthogonal multiplexing to compare the above two schemes because the cross correlation performance also depends on the sequence length  or . Assuming that the Zadoff-Chu base sequence is applied, the cross correlation decreases as the sequence length increases. However, the number of base sequences are fixed to 30 (or 60 if sequence-shift is used) regardless of its length and it implies that the increased sequence length does not increase the number of sequences but with decreased cross correlation. Thus, comparing the above two schemes, the multiplexing order can be studied further in the interference-limited scenario. As we are discussing UL channel multiplexing with UL control channel, both intra-cell interference and inter-cell interferences can be jointly considered to assess the UL control channel multiplexing order.
[bookmark: _Ref474096682]Proposal 1: Inter-/intra-cell interferences should be considered to study the multiplexing capability.

2.1.1 Multiplexing with UL data channel
According to the previous agreements, two solutions have been described. Either a UCI can be mapped onto a UL data channel or simultaneously both UL control channel and UL data channel can be transmitted. When UCI is jointly encoded with or piggyback UL data channel, it is well suited for UL coverage limited UE, and the detailed channel encoding procedure should be further studied. Those UCI encoding and the specific RE mapping onto the UL data channel should guarantee the target performance requirement.
[bookmark: _Ref471737534]On the other hand, UEs near the serving gNB can be configured to transmit UL data channel and UL control channel in the same time resource. The concept of the same time resource should be further clarified. In the previous meeting and the succeeding email discussion, the definition of a mini-slot is not agreed yet, but roughly speaking, a UL mini-slot will be a scheduling unit for UL data. Thus, a UL control channel should span at least one mini-slot in the time domain to increase the resource efficiency, i.e., the remaining symbols in the mini-slot are not used for the data. In addition, the serving gNB should indicate UL control subbands which do not overlap with UL data subbands in the mini-slot (FDM) to guarantee orthogonal multiplexing. However, as shown in Figure 2, the serving gNB needs not put UL control subbands at edge of UL spectrum for UEs whose capable UL bandwidth is far less than UL system bandwidth. Some of UL control subbands may be configured in the middle of UL spectrum, and the UL control channel design should consider such scenario where the UL control subband and the UL data subband can overlap. 
[bookmark: _Ref474096714]Observation 1: UL control subband may be configured in the middle of UL spectrum



[bookmark: _Ref474175436]	Figure 2 Example of UL control channel subband with UL data channel	

Some concerns may arise. In the case where a single UE transmits both UL data channel and UL control channel, the transmission power will vary. It is responsible for a serving gNB not to outage the transmission power of each channel, i.e., serving gNB configures to capable UEs only. In the case where UL data channel and UL control channel are multiplexed in some resource such as a part of PRBs, the interference condition can vary if those channels collide. As Figure 2 illustrates, the interference hypothesis will vary due to some colliding symbols, and it degrades the detection performance. This is because the serving gNB estimates the UL channel response by DM-RS and the different interference hypothesis in DM-RS RE and in data RE will degrade the decoding performance of UL data. In this sense, it would be desired if UL control channel and UL data channel have the same time granularity.
[bookmark: _Ref471737693]Observation 2: UL control channel should be aligned in the mini-slot boundary.
If UL data can hop in the frequency domain within a mini-slot, then the above reasoning needs refinements. If either one of UL data channel or UL control channel hops, then the interference hypothesis would be different and should be estimated in each portion of frequency resource. This will increase the DM-RS overhead for both UL data channel and UL control channel. Thus, the same hopping time granularity could be applied to reduce the additional DM-RS overhead.
[bookmark: _Ref471737697]Proposal 2: UL control channel and UL data channel have same time granularity for frequency hopping.
2.1.2 Multiplexing with sounding RS
Since the sounding RS is being discussed in the other agenda, the focus is to support the beam-centric transmission efficiently. Any specific design for sounding RS should consider multiplexing other channels/signals. In this section, we assume that sounding RS symbol is transmitted using consecutive PRBs. We mainly focus on one UL control symbol transmission.
For one UL control symbol, unlike LTE always has two PRBs for PUCCH, the shortened format cannot be defined. Instead, the predetermined priority rule drops the less important transmission, i.e., drop the sounding RS and choose the UL control channel to transmit. If some UE is capable to transmit both sounding RS and UL control channel using the indicated transmission power, then the UE can be allowed to do so. The serving gNB is responsible for balancing carefully the ratio of transmission power. 
[bookmark: _Ref471737537]Observation 3: Priority rule can choose either sounding RS symbol or UL control channel symbol.
The sounding subband should visit all subbands within the UL system bandwidth. This is because the UL channel response should be available for UL link adaptation. The collection of sounding subband from all connected UEs of a serving gNB can span a majority of system bandwidth. Since the UL control subband for a given UE should guarantee the performance requirement, in such case it would be desirable to orthogonally multiplex the sounding RS subbands. Additionally, we can consider further interference mitigation between sounding RS subbands and UL control subbands.


Figure 3 Example of UL control channel subband with sounding channel
One of solutions to allow full overlap of each subband. In the case of full overlap, the interference mitigation technique should also be considered. To this end, we should design the UL control channel and sounding RS together. If the sounding RS symbol is specified similar to the LTE at least for below 6 GHz, then we can assume that the sounding RS sequence is derived from a CAZAC sequence with UE-specific cyclic shifts and the RE mapping follows the configured RPF. The UL control channel symbol can also be described as a one dimensional sequence that spreads one or two HARQ-ACK bits. In addition, in the overlapped PRBs in the UL control subband, subcarriers of sounding RS collide to UL control channel. In this case, to avoid this collision, it is beneficial to allow zero power on those UL control channel subcarriers and to adapt the spreading factor for UL control channel. 
[bookmark: _GoBack]In other words, we propose to allow the same design principle for sounding RS for at least one UL control channel symbol case. Using this approach, the UL control symbol and the sounding RS symbol will show the similar interference mitigation performance. If the serving gNB configures UL control subband as similar to one of sounding RS subbands, the UL control subband and sounding subband can be multiplexed. Even with UL control channels in the same UL control subband, the different zero power subcarriers can orthogonalize the interferences. In this case, the RE mapping should avoid the zero power resources and the UCI can be encoded with the corresponding code rate.
[bookmark: _Ref471737701]Proposal 3: UL control channel introduces rate matching behaviour.
2.2 Performance of UL control channel bandwidth in 1 symbol duration
In this section, we have evaluation result on the UL control channel of 1 symbol. The parameters are listed in Table 1. We modelled frequency selective fading to carry one QPSK symbol. The interference and RS power boost are not modelled.

[bookmark: _Ref474175484]Table 1 Evaluation assumptions
	Parameter
	Value

	Channel model
	TDL-A

	UCI bits
	2 bits (QPSK)

	Subcarrier spacing
	15kHz

	System bandwidth
	20 MHz (100 PRBs)

	Antenna configuration
	1Tx, 2Rx (uncorrelated)

	Channel estimation
	Practical

	Sequence for RS or spreading
	LTE based

	Interference
	Not modelled

	PRB index selection
	Randomly selected

	UL control channel bandwidth
	6 PRBs (72 subcarriers), 3 PRBs (36 subcarriers)

	RS power boost
	0 dB



We compared two schemes, i.e., RS based UL control channel and sequence based UL control channel. The RS based UL control channel consists of RS REs and UCI REs. For fair comparison, we set the same number of REs. When the UL control channel subband is 72 REs long, different RS overheads such as 1/7, 1/3, and 1/2 are evaluated. When the UL control channel subband is 36 REs long, RS overhead 1/3 is evaluated. For sequence based scheme, 72 REs and 36 REs are evaluated. 
For 72 REs, sequence based scheme performs better than low RS overhead (1/7 and 1/3) and worse than 1/2 in terms of 1% error rate. With poor channel estimation, the spreading gain may not be achieved. It is shown that 72 length of 1/7 RS overhead performs worse than 36 length of 1/3 RS overhead even with the higher spreading gain. 
[bookmark: _Ref474177318]Observation 4: For 2 bit payload, the sequence-based scheme may or may not perform better than the RS-based scheme depending the RS overhead.

Comparing different bandwidth, we assume the same transmission power. Thus, narrower UL control channel may have higher EPRE. We can observe performance difference between 72 length of 1/3 and 36 length of 1/3 are not bigger than 3 dB at 1% error rate. In practice, the serving gNB may configure proper operating power to achieve the target performance.
[bookmark: _Ref474177324]Observation 5: To optimize the error rate, appropriate RS overhead should be considered to reduce channel estimation.

[bookmark: _Ref474177392]Proposal 4: The RS overhead should be configurable if the RS-based scheme is used.

[image: ]
Figure 4 Performance comparison of different UL control channel structures

3 Conclusion
In this contribution, we observe the followings:
Observation 1: UL control subband may be configured in the middle of UL spectrum
Observation 2: UL control channel should be aligned in the mini-slot boundary.
Observation 3: Priority rule can choose either sounding RS symbol or UL control channel symbol.
Observation 4: For 2 bit payload, the sequence-based scheme may or may not perform better than the RS-based scheme depending the RS overhead.
Observation 5: To optimize the error rate, appropriate RS overhead should be considered to reduce channel estimation.
Based on those observations, we made the following proposals:
Proposal 1: Inter-/intra-cell interferences should be considered to study the multiplexing capability.
Proposal 2: UL control channel and UL data channel have same time granularity for frequency hopping.
Proposal 3: UL control channel introduces rate matching behaviour.
Proposal 4: The RS overhead should be configurable if the RS-based scheme is used.
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