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Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]In this contribution, the long PUCCH structure design for UCI of more than 2 bits is discussed in support of scalable length of {4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14} SC-FDMA symbols in a slot. The discussion covers cases of PUCCH with moderate payload.
The follow agreements achieved in the previous meeting [1] are listed as reference:
Agreements:
· [bookmark: OLE_LINK25][bookmark: OLE_LINK26]Long-PUCCH for moderate UCI payload with multiplexing capacity is supported

Agreements:
· [bookmark: OLE_LINK36][bookmark: OLE_LINK37]For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· If frequency-hopping is enabled,
· For each frequency-hop with less than X symbols, there is one DMRS symbol.
· X is not smaller than 4.
· For each frequency-hop with equal to or more than X symbols, there are two DMRS symbols.
· For each frequency-hop, at least one DMRS symbol is included.
· FFS: number of DMRS symbols if frequency-hopping is disabled.
· Targeting one value for X.
· FFS: The value of X
· FFS: DMRS structures

Agreements:
· Simulation assumptions for purpose of identifying the number of DMRS symbols for long PUCCH format without multiplexing capability for more than 2 bits UCI payload
· System bandwidth = 20Mhz
· Subcarrier spacing = {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 20bits, 60bits, 100 bits (only for 14 symbols long PUCCH)
· Number of RB = {1 RB} 
· Carrier frequency = 4Ghz
· Number of UEs = {1}
· UE speed: 3km/h, 120km/h, 500km/h at least for 20 bits 
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation

Agreements:
· For the format of long PUCCH supporting multiplexing of users, target to select one from:
· Alt.1: User multiplexing is realized by time-domain OCC.
· Alt.2: User multiplexing is realized by pre-DFT-OCC.
· Alt.3: User multiplexing is realized by FDM within the PRB.
· Alt.4: User multiplexing is realized by pure TDM in the slot.
· Note: Other alternatives are not precluded.
· Note: The following Simulation assumptions are recommended:
· System bandwidth = 20Mhz
· Subcarrier spacing =  {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 4bits, 10bits, 20bits, 40bits
· Number of RB = {1} 
· Carrier frequency = 4Ghz
· Number of UEs = {at least 2}
· UE speed: 3km/h, 120km/h, 500 km/h 
· Reed-Muller for 4 and 10 bits
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation
· Note: Study of the effect of impairments such as power imbalance, time/frequency errors are not precluded.



Discussion

[bookmark: OLE_LINK32][bookmark: OLE_LINK33]On PUCCH format for UCI with moderate payload supporting multiplexing of users
As agreed, Long-PUCCH for moderate UCI payload with multiplexing capacity is supported. Although the targeted payload size range and UE multiplexing capacity is not clear at this moment, it is beneficial to strive for a design which is flexible to support various use cases and scenarios under discussion, e.g. CSI report and beam measurement report for MIMO, CBG-based HARQ-ACK feedback, floating PUCCH time domain duration in dynamic TDD slots, and etc. 
Considering and extending the agreements of the previous meeting, we can preliminarily consider the following alternatives:
 •	Alt.1: User multiplexing is realized by time-domain OCC.
•	Alt.2: User multiplexing is realized by pre-DFT-OCC.
•	Alt.3: User multiplexing is realized by FDM within the PRB.
•	Alt.4: User multiplexing is realized by pure TDM in the slot.
•	Alt.5: User multiplexing is realized by FDM across PRB or PRB groups in the slot.
First of all, TDM and FDM manners are naturally supported under the scope of NR framework design at least from our understanding. Purely relying on the TDM in the slot to achieve the UE multiplexing capacity would potentially lead to coverage issue, flexibility issue and also multiplexing capacity limitation. For example, if we rely on pure TDM and only 7 SC-FDMA symbols are available for PUCCH in a certain slot, it is not possible to make proper design to accommodate multiple UEs with the agreed long PUCCH length candidates. So we have the following observation:
Observation 1: Pure TDM in a slot is not sufficient to support user multiplexing for long PUCCH carrying UCI with moderate payload. Other user multiplexing mechanism should be supported.
However, TDM or FDM can be utilized with other alternatives to make the resource allocation more flexible to various use cases. In some scenarios when the UL time domain resource are limited, or UE coverage needs to be enhanced with narrow band transmission, the UE multiplexing capacity can be extended in the frequency domain by allocation different UEs to different PRB or PRB groups. 
If the usable UL resource length for PUCCH is long enough, e.g. pure UL slot with 14 SC-FDMA symbols, TDM can be employed with other option together to achieve good UE multiplexing capacity and meanwhile support intermediate payload per UE.
Proposal 1: TDM or FDM manner can be used jointly with the other user multiplexing mechanisms for long PUCCH with moderate payload.
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                  (a) Time domain OCC                            (b) Pre-DFT OCC                   (c) FDM within the PRB
Figrue.1 Illustration of possible user multiplexing mechanisms

In Figure.1, the rest three options are illustrated by diagrams and processing chain.
· Alt.1: User multiplexing is realized by time-domain OCC
· As shown in Figure.1 (a), this is a LTE PUCCH format 3-like multiplexing method. The size of coded bits per user depends on the frequency domain subcarrier number. The UE multiplexing capacity depends on the time domain spreading code length, which is decided by the PUCCH duration per frequency hop.
· Alt.2: User multiplexing is realized by pre-DFT-OCC
· As shown in Figure.1 (b), this is a LTE PUCCH format 5-like multiplexing method by employing CDM in virtual frequency domain. The size of coded bits per user depends on the usable SC-FDMA symbol number, frequency domain subcarrier number and reusing factor. The UE multiplexing capacity is decided by the reusing factor, i.e. the OCC length before the DFT. 
· Alt.3: User multiplexing is realized by FDM within the PRB
· As shown in Figure.1 (c), this is a more straight forward user multiplexing scheme. For each UE, the allocated subcarrier within a PRB can be distributed (e.g. the comb pattern in the figure) or consecutive. Size of coded bits per user mainly depends on the usable SC-FDMA symbol number and frequency domain subcarrier number. The UE multiplexing capacity is decided by the reusing factor in frequency within a PRB.

To show the tradeoff between size of coded bits and user multiplexing, Table.1 lists some examples of concrete implementations of each alternative. It can be observed that the time-domain OCC method provides fixed coded bits size for each UE in fixed bandwidth. The user multiplexing capacity is extended by the length of the PUCCH symbol number. With the data in Table.1, Figure.2 gives some intuitive impression between coded bit size and user multiplexing achieved by both pre-DFT OCC and FDM within a PRB. 

Table.1 The dependency of coded bits number, multiplexed user number and UCI symbol number for each alternative
	Assume one PRB in frequency domain, one frequency hopping is applied. QPSK modulation.
	Coded bits No. per UE (bits)
	Multiplexed user No. 
	UCI SC-FDMA symbol No. in PUCCH

	Alt.1 time-domain OCC
	48
	5
	10

	
	48
	4
	8

	
	48
	3
	6

	
	48
	2
	4

	Alt.2 pre-DFT-OCC
	120
	2
	10

	
	80
	3
	10

	
	60
	4
	10

	
	40
	6
	10

	
	96
	2
	8

	
	64
	3
	8

	
	48
	4
	8

	
	32
	6
	8

	
	72
	2
	6

	
	48
	3
	6

	
	36
	4
	6

	
	24
	6
	6

	
	48
	2
	4

	
	32
	3
	4

	
	24
	4
	4

	
	16
	6
	4

	Alt.3 FDM within the PRB
	120
	2
	10

	
	80
	3
	10

	
	60
	4
	10

	
	40
	6
	10

	
	96
	2
	8

	
	64
	3
	8

	
	48
	4
	8

	
	32
	6
	8

	
	72
	2
	6

	
	48
	3
	6

	
	36
	4
	6

	
	24
	6
	6

	
	48
	2
	4

	
	32
	3
	4

	
	24
	4
	4

	
	16
	6
	4




Figure.2 Supported coded bits size and reusing factors in terms of the usable UCI symbol number for Alt.2 and Alt.3 in Table.1

In our view, supporting of PUCCH with ten(s) of bits UCI payload and some UE multiplexing capacity is a starting point for design. This can cover reasonable range of UCIs for certain typical use cases. Moreover, if a whole PRB is allocated without UE multiplexing, the supported payload size could be rather large and it is not so efficiency for small to intermediate payload size. So ten(s) of bits payload size gives some room to pursue better resource efficiency by multiplexing UEs into a PRB. In this sense, one or a set of payload size of coded bits needs to be identified to support prioritized use cases. In our view, a number around 48 bits can be a starting point as it can efficiently support UCI bits from 10 to 22 in LTE. 
Alt.1 shows good feature of stable coded bit size for all the UCI symbol lengths. However, for Alt.2 and 3, it is impossible to identify a fixed coded bits size for every UCI symbol length. It is possible to identify a range of coded bits size around 48 by changing the reusing factor for each UCI symbol. Thus, if a fixed coded bits size is one of the design targets for long PUCCH format with moderate payload. Alt.1 is simpler for the standardization effort. Also, it is friendlier to the UE implementation since the channel coding procedure and parameters are more predictable. Based on the above analysis, we have the following proposal:
Proposal 2: For long PUCCH with moderate payload, the supported payload size should be identified firstly.
· If a fixed value around 48 bits is valid, time domain OCC is at least supported due to simpler implementation and standardization efforts. 
· If more flexible tradeoff between payload sizes, UE multiplexing and coverage enhancement is required, pre-DFT OCC and intra-symbol FDM can be further considered.

UCI contents and mapping
As mentioned previously, due to the new features in NR, the long PUCCH should be capable to support various types of UCIs with high range of payload size:
- In support of MIMO schemes and beam management procedure, CSI feedback, beam measurement report and beam failure recovery request need to be included in the new UCI types or PUCCH formant for NR;
- In support of CBG based ACK/NACK feedback, CA and dynamic HARQ-ACK feedback timeline, high range of ACK/NACK bit width carried by PUCCH can be foreseen.
Simply jointed encoding everything and mapping to the PUCCH resource is the most straight forward way to accommodate all the use cases. However, this design is against the merit of pipeline processing at both UE and gNB side. The channel coding process can not start until everything is ready, which includes channel/interference estimation based on the configured CSI processes, CRC check for every CBGs and TBs of each scheduled PDSCH in different CCs and slots. Each of them consumes larger calculation resource than the LTE era. Considering the gNB antenna scale and total CBG number, it is just inefficient for a UE to wait until everything is ready. On the gNB side, the processing of MIMO-based PDSCH scheduling, beam management and also CBG-based retransmission will all be delayed due to the late arrival of all the UCI bits. This is not friendly to the parallel processing and latency reduction, which is important for NR to handle various types of services. Thus, depending on different use cases, UCI bits can be grouped, separately encoded and sequentially mapped to PUCCH resources. For example, serial ACK/NACK bit encoding and mapping is friendly to fast CB processing pipeline on the fly. Another example could be that the MIMO related CSI/beam report and ACK/NACK can be decoupled, separately encoded, and transmitted sequentially. In this way, ACK/NACK can be transmitted first to reduce HARQ delay, or ACK/NACK can be transmitted later to provide additional processing time in self-contained operation. Thereby, based on the above analysis,
Proposal 3: For a single UE, support TDM for multiple long PUCCHs for UCI of more than 2 bits, which are grouped, encoded and sequentially mapped to PUCCH symbols to achieve better flexibility and benefit the pipeline processing.

Conclusions
In this contribution, we provide analysis of channel structure for NR long PUCCH design for UCI of moderate payload considering a set of design principles and requirements. To sum up the discussion and proposals:
Observation 1: Pure TDM in a slot is not sufficient to support user multiplexing for long PUCCH carrying UCI with moderate payload. Other user multiplexing mechanism should be supported.
Proposal 1: TDM and FDM manner are supported as complementary of other user multiplexing mechanisms for long PUCCH with moderate payload.
Proposal 2: For long PUCCH with moderate payload, the supported payload size should be identified firstly. 
· If a fixed value around 48 bits is valid, time domain OCC is at least supported due to simpler implementation and standardization efforts. 
· If more flexible tradeoff between payload sizes, UE multiplexing and coverage enhancement is required, pre-DFT OCC and intra-symbol FDM can be further considered.
Proposal 3: For a single UE, support TDM for multiple long PUCCHs for UCI of more than 2 bits, which are grouped, encoded and sequentially mapped to PUCCH symbols to achieve better flexibility and benefit the pipeline processing.


References	
Chairman’s Notes of 3GPP TSG RAN WG1 Meeting #90

4 Sym.	2 user	3 user	4 user	6 user	48	32	24	16	6 Sym.	2 user	3 user	4 user	6 user	72	48	36	24	8 Sym.	2 user	3 user	4 user	6 user	96	64	48	32	10 Sym.	2 user	3 user	4 user	6 user	120	80	60	40	image3.emf
UCI 

payloads

Channel 

encoding

Scrambling

Modulation

DFT

IFFT

Tone 

mapping

SC-FDMA 

symbol

DFT

IFFT

SC-FDMA 

symbol

DMRS

IFFT

SC-FDMA 

symbol

DFT

IFFT

SC-FDMA 

symbol

DFT

IFFT

SC-FDMA 

symbol

…

… …

…

6 modulated symbols 

are mapped to each SC-

FDMA symbol in this 

example


image1.emf
UCI 

payloads

Channel 

encoding

Scrambling

Modulation

IFFT

DMRS

DFT

IFFT

w(1)

w(i)

…...

DFT

IFFT

DFT

IFFT

w(j)

w(n)

DFT

IFFT

…

… … …

Mapping all the modulated 

symbols to each SC-FDMA 

symbol

Time domain 

OCC


image2.emf
…

UCI 

payloads

Channel 

encoding

Scrambling

Modulation

6 modulated symbols 

are mapped to each SC-

FDMA symbol in this 

example

w(1)

w(n)

DFT

IFFT

SC-FDMA 

symbol

…

DMRS

IFFT

SC-FDMA 

symbol

…

w(1)

w(n)

DFT

IFFT

SC-FDMA 

symbol

…

… …

Pre-DFT OCC


