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1 Introduction

In the scope of Rel.15 NR-Unlicensed SI and beyond [RP-172021] it was agreed in RAN1 #92bis to  
· Study the design changes needed to support the following channels /signals in NR-U
· PDCCH/PDSCH
· PUCCH/PUSCH
· PSS/SSS/PBCH
· PRACH
· DL and UL reference signals applicable to the operational frequency range

In this contribution we share our view on frame format for NR-U which falls in study for PDCCH/PDSCH and PUCCH/PUSCH design changes. In particular, the document emphasizes how to maximize the NR-U throughput and introduces some mechanisms to enable seamless usage of normal slot in LBT-controlled traffic while keeping low control overhead and low gNB and UE complexity.

2 [bookmark: _Ref129681832]Maximizing COT usage efficiency 
2.1 LBT impact – Partially available slots at the beginning and end of COT

In 5G NR for unlicensed bands (a.k.a. NR-U), the gNB has to perform Listen Before Talk (LBT) to assess medium availability before transmitting. LBT cat 4 is used (as for LAA and similar to WiFi) leading not only to random success but also variable duration before LBT result. Once it has performed successful LBT, it gained medium access for at most COT duration. Since the LBT end may not be aligned with the NR slot boundaries, on many occasions the LBT process may succeed between NR slot boundaries.


Figure 1 – Partially available slots in NR-U COT

Transmission thus may start at symbol boundaries within the slot. If the COT starting positions are limited to slot boundaries this could result in significant wastage of the COT resources as shown in Figure 6 below. This becomes unacceptable for an NR system operating in wide bandwidths. 
Therefore, it is proposed to maximize resource usage within NR-U COT which implies designing a frame structure which accommodate the partial slot available at COT beginning and the likely partial slot available at end of COT. 
In order to reuse as much as possible the NR existing mechanisms, an obvious solution would be to fill the partially available slots of the COT with minislots of corresponding length (NR of length 2, 4 , 7 are specified). However, this suffers a significant issue especially for the early part of the COT due to the fact that 
· the gNB can’t know the usable fraction of the first slot before winning medium access (LBT success)
· after LBT success, the gNB only have few us (less than 16us) before transmitting.
· The set of minislot sizes standardized is limited to 2, 4, 7 
Therefore, the gNB doesn’t have the time to prepare the upcoming minislot at that time and it has either to use first the shortest possible minislot duration and to schedule the adequate subsequent minislot(s) (low efficiency) or to prepare all possible minislot durations in advance and to select the appropriate one at LBT success. 
For these reasons, even if additional minislots size were standardized for NR-U, this solution would be suboptimal and impractical. 

Observation 1: 
Constraining gNB transmission start post LBT to slot boundaries (as in LTE-LAA) would result in significant wastage of the COT resources. This becomes unacceptable for an NR system operating in wide bandwidths. 

Proposal 1: 
To maximize NR-U efficiency, gNB shall start transmission at first OFDM symbol boundary following LBT success. 

Observation 2: 
Using already specified mini-slots (2, 4 or 7 OS long) to fill the partially available slots of the COT has too high overhead, doesn’t support all the partially available slot lengths and puts the burden of fast minislot scheduling onto the gNB. 

2.2 Partial slot transmission

To overcome the previously discussed issues, we consider the usage of partial slot transmission where the gNB entering LBT process pre-schedules a full slot as if there was not delay due to LBT. At LBT success gNB starts transmitting the prepared schedule using the LBT success instant (OS boundary) as the initial time for the slot. gNB or UEs will apply seamlessly the slot schedule until next slot boundary where they shall interrupt their transmission. 
This primary transmission is hence a partial TB transmission where a certain number of code blocks (entirely contained in the transmitted OS) have been transmitted while the remaining ones haven’t. Only the missing code blocks will be seamlessly retransmitted thanks to Code Block based retransmission.

Proposal 2:    
It is proposed to investigate the use of partial slot transmission for partially available slots filling within COT. 

This method maximizes the throughput for LBT-constrained traffic first because it ensures that all available OS are used within the COT, second because only the code blocks whose transmission have been deferred will be (re)transmitted in subsequent slots and third because it relies on slot format which has lowest control overhead (once PDCCH + front loaded DMRS per slot).

Corresponding gNB behaviour:  
· Enable CBG HARQ
· prepare a full slot scheduling which may be bi-directional (alternatively a long mini-slot could be scheduled as well, tbc) although it can’t be transmitted in totality due to transmission start delay following LBT. 
· start transmitting the slot OS in normal order once LBT is finished, using end of LBT as initial time reference for slot (starting by OS0, OS1 …) 
· End-up first slot operations (reception or transmission) at second slot boundary (according to absolute time reference) and apply code block (CB) based retransmission method.  
· Schedule next slot 
 UE behaviour:
· Listen to PDCCH in all OS (as in mini-slot based solution)
· Read and apply DCI indication using PDCCH start as the initial time reference for the slot
· End-up slot operations (reception or transmission) at next slot boundary (according to absolute time reference) and apply code block (CB) based retransmission method.


Proposal 3:    
It is proposed to investigate the use of Code Block based re-transmission coupled to partial slot transmission for partially available slot filling within COT. 

2.3 Two means to perform Code Block-based retransmission for partial slot transmission
2.3.1 CBG-based retransmission
Due to partial TB transmission, a certain number of OS of the TB are not transmitted and the code blocks which are conveyed over these OS are not received. If a normal ACK method was applied on the TB, the full TB would be re-transmitted later. However, there is an obvious way to fix this issue nicely in applying the already standardized CBG-based re-transmission method which allows the source to re-transmit on a code block basis). The transmitter can hence re-transmit precisely the missed code blocks in a further transmit occasion. 
This ensure a full occupancy of the COT and minimum overhead, the price to pay for that is only the CBG feedback which represents few bits per TB.   




Figure 2- Partial TB transmission in DL – 4 last code blocks deferred

This applies similarly for gNB transmission abort and UE transmission abort. 



Figure 3- Partial TB transmission in UL – 5 last code blocks deferred



This method allows the gNB to adapt transparently to the variable duration of medium availability within the slot where gNB initiates LBT process. 




Figure 4- Signalling for partial TB transmission in DL




Figure 5- Signalling for partial TB transmission in UL


It also avoids the need for the gNB to prepare and store multiple slots and mini-slots formats in order to have 1 fitting in the effective slot fraction where medium is accessible to the gNB in consecutively to successful LBT.
To achieve this, devices (gNB and UE) must apply the DCI of the first slot as if it had been transmitted on a slot boundary WHILE monitoring the upcoming slot boundaries to interrupt transmission at current slot boundary. 

Observation 3:    
Partial slot transmission coupled to already specified CBG-based re-transmission enables full occupancy of the COT and minimum overhead, the price to pay for that is only the CBG feedback which represents few bits per TB.

2.3.2 Implicit CB re-transmission 
When the gNB transmits a fraction of the transport block in the fractional first slot, it is fully aware of which code blocks it transmitted, it can hence immediately re-schedule the not transmitted or partially transmitted code blocks in the subsequent slots with the normal scheduling without relying on UE’s feedback. This also allows the UEs the possibility to feedback only once for the whole transport block, instead of sending HARQ response twice. 

Similarly, implicit CBG re-transmission can be applied by the UE after partial TB transmission due to LBT delay (DL LBT or UL LBT).
This method can apply seamlessly to all partial slot transmission cases (e.g. use cases of figures 2 to 5). 

Implicit CB retransmission would have three advantages: 
· it improves the latency of the transmission by saving the ACK/NAK RTT and then response from the gNB. 
· it reduces the feedback overhead which will occur only once from the UE for the whole TB.
· Last but not least, it allows the gNB to fully utilize the COT with minimum impact to specification and even without resorting to CBG-based transmission.

Observation 4:    
Partial TB transmission coupled to Implicit CB re-transmission also enables full occupancy of the COT and minimum overhead while still relying on normal TB based HARQ (no need for CBG-based re-transmission). 

2.4 Maximizing COT usage efficiency - Overhead comparison

As stated above, partial slot transmission can be applied either based on standard CBG re-transmission or on implicit CBG retransmission. It is applied at the cost of a certain overhead, namely CBGTI overhead (for standard CBG re-transmission only) and partially transmitted code block overhead: 
· signaling overhead corresponds to 6 bits in DCI (6 bits of CBGTI) compared to typical unicast DCI of 44bits (+ 16 bits CRC). This is negligible vs the number of bits transmitted within a slot and it doesn’t exist for implicit CBG re-transmission method.
· code block retransmission overhead which corresponds to the retransmission of a codeblock which was already partially transmitted before Tx interruption 
average_overhead = 0.5*code block
  
Mini-slots based approach suffer from incomplete COT occupancy (due to mini-slots size restrictions) and DMRS overhead (DMRS included in each mini-slots) and DCI overhead. DCI overhead is neglected in following considerations.
 
	Nbr of OS in partially available slot 
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	

	Occupied OS by minislots
	2
	2
	4
	4
	6
	6
	6
	9
	9
	11
	11
	13
	13
	

	Minislots config
	2
	2
	2+2
	2+2
	2+4
	2+4
	2+4
	2+7
	2+7
	2+2+7
	2+2+7
	2+7+4
	2+7+4
	

	Minislot overhead (DMRS only)
	0
	0
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	1
	1
	1
	1
	

	Minislot occupancy loss
	0
	1
	0
	1
	0
	1
	2
	0
	1
	0
	1
	0
	1
	

	Minislot loss & overhead
(in OFDM Symbols) 
	0
	1 OS
	0.5 OS
	1.5 OS
	0.5 OS
	1.5 OS
	2.5 OS
	0.5 OS
	1.5 OS
	1 OS
	2 OS
	1 OS
	2 OS

	Partial slot transmission loss & overhead 
(in Code Blocks)
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB
	0.5 CB



Table 1 – Loss of resource for partial slot vs mini-slots (due to unoccupied OS, additional DMRS and re-transmissions)

	Mini-slots
	Partial Slot Transmission

	All cases
	MIMO 1 layer
	MIMO 2 layers
	MIMO 4 layers

	85.1
	93.3
	96.6
	98.3






Table 2 – Maximum efficiency of COT (%) for partial slot transmission and mini-slots approaches

Table 1 shows that partial slot transmission method has a small and fixed loss & overhead of 0.5 Code Block whichever the size of the TB, while mini-slots have higher loss & overhead corresponding to numbers of OFDM Symbols. 
In other words, Partial slot transmission method has a significantly lower baseline loss & overhead and in addition it scales down when TB size increases, as opposed to mini-slots method which has higher baseline overhead and doesn’t scale down (Table 2).   

Observation 5:    
Partial slot transmission has significantly higher baseline efficiency than mini-slots. In addition, it scales up when TB size increases (up to 98.3% vs 85.1% for mini-slots).   

3 Conclusions
In this contribution, partial Transport Block transmission is discussed for partially available slots within COT. This procedure can be used for NR-U coupled either with CBG-based re-transmission or with implicit Code Block re-transmission. Following observations and proposals have been made in this contribution. 

Observation 1: 
Constraining gNB transmission start post LBT to slot boundaries (as in LTE-LAA) would result in significant wastage of the COT resources. This becomes unacceptable for an NR system operating in wide bandwidths. 

Observation 2: 
Using already specified mini-slots (2, 4 or 7 OS long) to fill the partially available slots of the COT has too high overhead, doesn’t support all the partially available slot lengths and puts the burden of fast minislot scheduling onto the gNB. 

Observation 3:    
Partial slot transmission coupled to already specified CBG-based re-transmission enables full occupancy of the COT and minimum overhead, the price to pay for that is only the CBG feedback which represents few bits per TB.

Observation 4:    
Partial slot transmission coupled to Implicit CB re-transmission also enables full occupancy of the COT and minimum overhead while still relying on normal TB based HARQ (no need for CBG-based re-transmission). 

Observation 5:    
Partial slot transmission has significantly higher baseline efficiency than mini-slots. In addition, it scales up when TB size increases (up to 98.3% vs 85.1% for mini-slots).   
[bookmark: _GoBack]
Proposal 1: 
To maximize NR-U efficiency, gNB shall start transmission at first OFDM symbol boundary following LBT success. 

Proposal 2:    
It is proposed to investigate the use of partial slot transmission for partially available slots filling within COT. 

Proposal 3:    
It is proposed to investigate the use of Code Block based re-transmission coupled to partial slot transmission for partially available slots filling within COT. 
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