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Introduction
In NR, one common network should be able to serve multiple services of deviated QoS requirements and HARQ configuration shall be considered to fulfil different delay requirements. This paper discusses the RRC signaling to configure the HARQ delay parameters.
In RAN1, there is still ongoing discussions regarding the relevant delay parameters for HARQ operation (exemplified in Figure 1). For instance,
· K0: Delay between DL grant and corresponding DL data (PDSCH) reception
· K1: Delay between DL data (PDSCH) reception and corresponding acknowledgement transmission on UL
· K2: Delay between UL grant reception in DL and UL data (PUSCH) transmission
· K3: Delay between ACK/NAK reception in UL and corresponding retransmission of data (PDSCH) on DL
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[bookmark: _Ref481488690]Figure 1 Illustration of HARQ delay parameters
The related RAN1 and RAN2 agreements are listed below.
In RAN1-86bis[1], there are the following agreements:
	· Timing relationship between UL assignment and corresponding UL data transmission can be (one or more of, FFS which ones)
· dynamically indicated by L1 signaling (e.g., DCI)
· semi-statically indicated to a UE via higher layer
· a combination of indication by higher layers and dynamic L1 signaling (e.g., DCI)
· For slot-based scheduling, NR specification should support the following
· DL data reception in slot N and corresponding acknowledgment in slot N+K1
· All UEs should support K1≥1 with exact values for K1 FFS
· Some UEs may support K1=0 (FFS conditions)
· UL assignment in slot N and corresponding uplink data transmission in slot N+K2
· All UEs should support K2≥1 with exact values for K2 FFS
· Some UEs may support K2=0 (FFS conditions)



[bookmark: _Toc490228483][bookmark: _Toc492469953][bookmark: _Toc492470000][bookmark: _Toc494358813][bookmark: _Toc494411346]Dynamic HARQ timing is allowed in NR.
[bookmark: _Toc490228484][bookmark: _Toc492469954][bookmark: _Toc492470001][bookmark: _Toc494358814][bookmark: _Toc494411347]Different UEs may have different processing delay capability in NR.
[bookmark: _Hlk494283487]In RAN1-87[2], one agreement to indicate the HARQ feedback timing has been reached:
	· It should be possible to dynamically indicate (at least in combination with RRC) the timing between data reception and hybrid-ARQ acknowledgement transmission as part of the DCI



[bookmark: _Hlk494283633]In RAN1-89[3], there is one agreement regarding K0
· All Rel.15 UE supports minimum value of K0 equal to 0, i.e., DL assignment and the scheduled DL data are in the same slot. 
[bookmark: _Hlk490204450]In RAN1-AH#2 2017, there are further the following agreements:
· For NR, RAN1 should consider the UE processing time(s) in terms of symbols (N1, N2) together with absolute time (in us), instead of slots (K)
· N1: the number of OFDM symbols required for UE processing from the end of NR-PDSCH reception to the earliest possible start of the corresponding ACK/NACK transmission from UE perspective.
· N2: the number of OFDM symbols required for UE processing from the end of NR-PDCCH containing the UL grant reception to the earliest possible start of the corresponding NR-PUSCH transmission from UE perspective.
· Note the timing advance is not included in N1 and N2
· FFS whether other aspects, e.g. UE UL/DL switching time, etc. are included in N1 and N2
· FFS between the following for each combination defined in the next slide
· Opt 1: UE reports N1 and N2 as UE capability
· Opt 2: Fixed values of N1 and N2
· UE is not expected transmit anything in uplink if the network set the values of K1 and/or K2 without leaving sufficient time for UE processing
[image: ]
[bookmark: _Ref487458337]Figure 2 Illustration of N1 and N2
N1 and N2 is exemplified in Figure 2.
[bookmark: _Toc487120276][bookmark: _Toc487120275][bookmark: _Toc490228485][bookmark: _Toc492469955][bookmark: _Toc492470002][bookmark: _Toc494358815][bookmark: _Toc494411348]RAN1 will investigate UE processing time using new parameters N1 (in OFDM symbol) and N2 (in OFDM symbol) instead of K1 (in slot) and K2 (in slot).
From recent RAN1 AdHoc #3 [4], it is still being discussed on the candidate values for these parameters. Compared to the previous version of this document more details on the HARQ parameters are provided in section 2.1.
[bookmark: _Ref178064866]Discussion
For the 4 HARQ delay parameters above, currently it is being discussed in RAN 1 on which parameters shall be dynamically indicated to the UE and the candidate values for the parameters. Dynamical indication of the delay parameters allows more flexibility for scheduling behavior of the scheduler at the cost of large DCI size. Hence, we shall carefully analyze which parameter and its candidate values shall be selected for HARQ operation. Below is an analysis on the requirements of different delay parameter settings:
-	For K0, it was agreed that K0=0 should be supported by all UEs similarly as LTE, which means the PDSCH is transmitted in the same slot as the corresponding PDCCH. In NR, there is also operation bandwidth reconfiguration requirement for a UE. For instance, a UE may be firstly configured to be operated over a smaller subband within a large carrier bandwidth for UE power saving. However, when the UE requires high data rate, the UE should be reconfigured to be operated in a larger bandwidth. There are multiple options to reconfigure the UE bandwidth: RRC signaling, MAC CE or physical layer signaling, within which RRC signaling and MAC CE has much larger delay and overhead than PDCCH. By indicating a delay via K0 (e.g. K0=1) in PDCCH, the signaling delay for a UE to open up its operation bandwidth can be minimized and the UE can still get time budget to finish the operation bandwidth opening up. UE4 in Figure 3 shows timing example of UE bandwidth adaptation.
[bookmark: _Toc490228486][bookmark: _Toc492469956][bookmark: _Toc492470003][bookmark: _Toc494358816][bookmark: _Toc494411349]Adaptation of K0 facilitate dynamic operation bandwidth adaptation of a UE.
-	For N1 and N2, it is important to have the possibility for ‘same slot’ ACK for DL data transmission and the ‘same slot’ grant and UL data transmission in order to support delay sensitive services, e.g. N1=1, N2=1. Some low-end UEs may support a minimum of e.g. N1=12 and N2=12; the values should at least be significantly smaller than LTE to get a latency gain. Note that, even if the UE is capable of transmitting data or ACK per N2=1/N1=1, there might be reasons, e.g. coexistence with TD-LTE or avoiding unnecessary UL/DL switching, when the NW wants the ACK at a later time instant. In Figure 3, scheduling of UE 1 and UE 3 exemplifies low latency DL/UL data transmission by setting N1 and N2 respectively; scheduling of UE 2 exemplifies to avoid unnecessary UL/DL switching. 
[bookmark: _Toc490228487][bookmark: _Toc492469957][bookmark: _Toc492470004][bookmark: _Toc494358817][bookmark: _Toc494411350]Adaptation of N1 and N2 enables quick configuration of short transmission delay.
[bookmark: _Toc490228488][bookmark: _Toc492469958][bookmark: _Toc492470005][bookmark: _Toc494358818][bookmark: _Toc494411351]Adaptation of N1 and N2 can reduce the UL/DL switching overhead at dynamic TDD operation.
-	For K3, it is a pure gNB implementation issue when scheduled HARQ feedback is applied. The network can schedule the HARQ feedback for DL data transmission when necessary. There is no clear benefit to dynamically indicate K3 value for HARQ feedback in DL assignment for DL data transmission at the cost of large DCI size.
[bookmark: _Toc490228489][bookmark: _Toc492469959][bookmark: _Toc492470006][bookmark: _Toc494358819][bookmark: _Toc494411352]It is not necessary to configure K3 with explicit signalling.
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[bookmark: _Ref481064876]Figure 3 HARQ delay parameter setting in HARQ operation
[bookmark: _Toc484591097][bookmark: _Toc484591098]From above discussions, it can be concluded that uniform delay for HARQ operation in LTE cannot be reused in NR due to various requirements of either latency requirement of service or radio performance improvements (e.g. spectrum efficiency, UE power saving etc). Considering this, a set of candidate values for some parameter shall be identified in RRC spec. From the defined candidate values for one HARQ delay parameter, the RRC can further select a subset of candidate values for the HARQ delay parameter for a UE according to the requirements of service latency and/or radio performance. 
At scheduling, the scheduler can dynamically determine which values are applied for HARQ delay parameters for the scheduled data transmission. Then the gNB can indicate the determined values to the UE via corresponding index instead in DCI. Compared to indicate the absolute value in DCI, indicating an index for a delay parameter means:
-	Good flexibility because the RRC conditionally configure the candidate value corresponding to an index value.
-	Good future compatibility because it is easy to add/remove candidate value for one HARQ delay parameter in future if necessary.
[bookmark: _Toc490228490][bookmark: _Toc492469960][bookmark: _Toc492470007][bookmark: _Toc494358820][bookmark: _Toc494411353]Good flexibility and future compatibility can be achieved to preconfigure candidate values for a HARQ delay parameter (K0, N1 and N2) via RRC
HARQ parameters in RRC
In RAN1, it was agreed that K0=0 should be supported, which means PDCCH and associated PDSCH can be transmitted in the same slot as in LTE. RAN1 are still working on the candidate values for these parameters considering the processing capability of UE. From RAN2 perspective, the signalling framework can be investigated without having the exact values available. The proposed signalling framework assumes the following steps:
0.	There is a large set of candidate timing values, larger than what can be efficiently indicated in DCI. They are represented in the IEs "*-DataInfo" below. We assume RAN1 will come up with these values which are represented by the parameters xi, yi, zi, respectively.
1.	The gNB configures the UE with a set of possible timing values. They are represented by the IEs "*-dataList" below. These values can be chosen depending on delay requirement, numerology, UE capability, alignment of HARQ A/N feedback for multiple transmissions, TDD duplexing for example. The length of these lists should match the number of codepoints for the corresponding field in DCI. In the example below the maximum length is 8, but it is up to RAN1 to decide on this, and the value 8 is chosen arbitrarily.
2.	During the scheduling, the gNB selects the exact timing values for the upcoming transmission. These values are taken from the sets configures in step 1 and they are represented in DCI as codepoints to the sets.
This example provides great flexibility, but can be scaled down depending on the number of timing values developed in RAN1. For example, for K0, only 0 has been agreed and that value also provides the shortest delay. If RAN1 comes to the conclusion that only one value is supported in Rel-15 the corresponding list (Dl-assignment-to-DL-dataList in this case) can be replaced by a single value.
HARQ-Config ::=	SEQUENCE {
	-- FFS: Is this timing information applicable to the entire PDCCH or could it be different per CORESET?
    -- FFS: Is there a default timing (to be used at least until first reconfiguration). Are the fields optionally present?
    timing  SEQUENCE {
        dl-assignment-to-DL-data        Dl-assignement-to-DL-dataList,
        ul-assignment-to-UL-data        Ul-assignment-to-UL-dataList,
        dl-data-to-UL-ACK               Dl-data-to-UL-ACKList
	}

Dl-assignment-to-DL-dataList ::= SEQUENCE (SIZE (1..8)) OF Dl-assignment-to-DL-dataInfo

Dl-assignment-to-DL-dataInfo ::= ENUMERATED {x0, x1, x2, ..., xn} –- FFS Values from RAN1

Ul-assignment-to-UL-dataList ::= SEQUENCE (SIZE (1..8)) OF Ul-assignment-to-UL-dataInfo

Ul-assignment-to-UL-dataInfo ::= ENUMERATED {y0, y1, y2, ..., ym} –- FFS Values from RAN1

Dl-data-to-UL-ACKList ::= SEQUENCE (SIZE (1..8)) OF Dl-data-to-UL-ACKInfo

Dl-data-to-UL-ACKInfo ::= ENUMERATED {z0, z1, z2, ..., zk} –- FFS Values from RAN1

}

[bookmark: _Toc481678355][bookmark: _Toc492469977][bookmark: _Toc492470008][bookmark: _Toc492472286][bookmark: _Toc493843782][bookmark: _Toc493843978][bookmark: _Toc494297557][bookmark: _Toc494358806][bookmark: _Toc490074410][bookmark: _Toc494383239][bookmark: _Toc481144062][bookmark: _Toc481674484][bookmark: _Toc494411354]RRC is used to configure a set of values for each HARQ delay parameter (K0, N1, N2). 
[bookmark: _Toc493843783][bookmark: _Toc493843979][bookmark: _Toc494297558][bookmark: _Toc494358807][bookmark: _Toc494383240][bookmark: _Toc494411355]The candidate values for each HARQ delay parameter depends on the input from RAN1.
In case of carrier aggregation, different carriers can be configured with different numerologies, and different numerology may have different processing delays in number of slots or OFDM symbols considering the OFDM symbol / slot length is different for different numerologies. Hence, it seems not feasible that the same HARQ delay parameter configuration can be always feasible for carriers of different numerologies. 
[bookmark: _Toc493843980][bookmark: _Toc492472287][bookmark: _Toc493843784][bookmark: _Toc494297559][bookmark: _Toc494358808][bookmark: _Toc494383241][bookmark: _Toc494411356]The HARQ delay parameters are configured per serving cell. 
Conclusion
In section 2 we made the following observations:
Observation 1	Dynamic HARQ timing is allowed in NR.
Observation 2	Different UEs may have different processing delay capability in NR.
Observation 3	RAN1 will investigate UE processing time using new parameters N1 (in OFDM symbol) and N2 (in OFDM symbol) instead of K1 (in slot) and K2 (in slot).
Observation 4	Adaptation of K0 facilitate dynamic operation bandwidth adaptation of a UE.
Observation 5	Adaptation of N1 and N2 enables quick configuration of short transmission delay.
Observation 6	Adaptation of N1 and N2 can reduce the UL/DL switching overhead at dynamic TDD operation.
Observation 7	It is not necessary to configure K3 with explicit signalling.
Observation 8	Good flexibility and future compatibility can be achieved to preconfigure candidate values for a HARQ delay parameter (K0, N1 and N2) via RRC

Based on the discussion in section 2 we propose the following:
Proposal 1	RRC is used to configure a set of values for each HARQ delay parameter (K0, N1, N2).
Proposal 2	The candidate values for each HARQ delay parameter depends on the input from RAN1.
Proposal 3	The HARQ delay parameters are configured per serving cell.
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