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1 Introduction

NR TDD operation has received more attention during the standardization process due to features such as self-contained slot structure, flexible duplex, etc. However, efficient FDD operation should be supported from the beginning of NR deployments. In general, FDD operation may be viewed as a reduced/constrained set of TDD operation. For example, the slot structure is limited to all DL symbols in a slot in DL band and all UL symbols in a slot in UL band. In [1], it observed that the number of HARQ processes for FDD is increased compared to TDD and blanking resources may exist that cannot be easily scheduled. An assumption in [1] is that DL slot and UL slot are exactly aligned at the gNB side. This contribution considers how to reuse existing components in NR to efficiently support FDD operation. 
2 FDD Operational Aspects 
LTE can be used as reference to analyze the difference between FDD and TDD in NR. There is a large commonality between LTE FDD and LTE TDD in most aspects, e.g. synchronization and initial access procedure, coding chain, MIMO processing, etc. The only difference between FDD and TDD comes from the different frame structure.  Then, different scheduling/HARQ timings and different HARQ transmission schemes are adopted in LTE FDD and TDD. However, the above difference doesn’t hold in NR due to the dynamic scheduling/HARQ timeline in NR. NR FDD and NR TDD can be covered by a common framework for HARQ operations. Therefore, the commonality between FDD and TDD is further improved in NR. In the following, several aspects for the design of FDD in NR are considered and the analysis indicates that mechanisms already supported in NR are sufficient. 
2.1 UL/DL slot timing
In LTE FDD, the timing of DL subframes and UL subframes are aligned at the eNB. Following the LTE FDD timing, there is no processing time between the end of UL slot and the start of next DL slot. For LTE TDD, a gap for rx-tx switching is generated at the eNB by applying a larger TA (i.e. TA offset is 624Ts=20us) to UL transmissions. As a result, an UL subframe is not aligned with ideal subframe timing for TDD. Similar principles may be extended to NR as shown in Figure 1. 
In the TDD self-contained slot structure, there is a gap between the end of sPUCCH and the start of PDCCH/DL grant in the next slot for switching time and processing time. Therefore, the gNB may decode sPUCCH quickly and schedule the same HARQ process in the next slot. If latency is a concern for FDD, it is possible to shift the UL slot left at gNB timing just as for TDD. In this way, a same HARQ process can be used in the next slot. Comparing with the gNB side FDD timing in Figure 1, a shifted FDD structure can be enabled by a larger TA and hence can be up to gNB implementation. To exploit the latency potentials for FDD compared to TDD self-contained slot structure, a shifted UL slot in FDD can be as in TDD. 
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Figure 1: Timing for FDD and TDD

Observation 1:

· To reduce latency for FDD, when needed, a larger TA can be signaled by the gNB to allow switching and processing time between the end of UL slot and the start of next DL slot. 
2.2 Number of HARQ processes
The number of HARQ processes depends on multiple factors [2]. This section considers the potential minimum number of HARQ processes required to support PDSCH/PUSCH transmission in all slots. Multiple existing mechanisms in NR could be considered to reduce the number of HARQ processes. 
Full slot scheduling

Assuming PDSCH/PUSCH transmission in full slot, the number of HARQ processes required for FDD operation assuming exact DL/UL timing alignment at gNB side is considered in [1]. In case of short PUCCH, the minimum numbers of HARQ processes are {DL, UL} = {3, 3}. In case of long PUCCH, the numbers are {4, 3}. Actually, since full slot transmission is assumed, it is impossible to support transmission on all slots with a single HARQ process even in ideal cases. Taking PDSCH as an example, once the gNB transmits a full DL slot, time is required for the UE to decode the data and feedback HARQ-ACK. The gNB also requires time to process the UE’s HARQ-ACK feedback. It is then impossible to transmit the same HARQ process in the next DL slot. From the analysis-, the minimum numbers of HARQ processes for PDSCH/PUSCH can be {2, 2} with short PUCCH and {2, 2} with long PUCCH. 
As discussed in section 2.1, a larger TA can be used to reduce the number of HARQ processes and hence reduce latency. From the example below, the ideal minimum number of HARQ processes is achievable without introducing new mechanisms for FDD operation. 
1) As shown in Figure 2, by adopting a larger TA, a gap is generated between the end of UL slot and the start of DL slot and can be used for switching and processing at the gNB. Then, the number of HARQ processes for PDSCH/PUSCH can be reduced to {2, 2}. 

[image: image2.emf]D

L  

g

r

a

n

t

DL data 0

slot

D

L  

g

r

a

n

t

DL data 1

D

L  

g

r

a

n

t

DL data 0

UL data 0

s

P

U

C

C

H

slot

Larger TA

UL data 1

s

P

U

C

C

H

UL data 0

s

P

U

C

C

H


Figure 2: HARQ operations with short PUCCH and larger TA
2) If a long PUCCH within a full slot is assumed, one more HARQ process is needed for PDSCH transmission, as shown in Figure 3. Consequently, the number of HARQ processes for PDSCH/PUSCH can be reduced to {3, 2}.
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Figure 3: HARQ operations with long PUCCH and larger TA

3) NR allows the long PUCCH duration to vary from 4 to 14 for long PUCCH. If the number of HARQ processes for PDSCH is a concern, a long PUCCH with shorter duration (<14 symbols) can be configured to allow same number of HARQ processes as for short PUCCH, as shown in Figure 4. So, the number of HARQ processes for PDSCH/PUSCH can be reduced to {2, 2} even when long PUCCH is used.
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Figure 4: HARQ operations with long PUCCH of shorter duration and larger TA

Actually, the key point for reducing a number of HARQ processes is to generate a gap between the end of UL slot and the start of DL grant. Any scheme that can generate the above gap can be used to support reduction of HARQ processes. For example, gNB may configure UE to monitor DL grant in a CORESET not starting from symbol 0. Then, at least one symbol for switching and processing at the gNB is always available so that the numbers of HARQ processes for PDSCH/PUSCH are {2, 2} with short PUCCH and {2, 2} with long PUCCH, as shown in Figure 5. Symbol 0 is still applicable for CORESET for other UEs not requiring short latency and/or smaller number of HARQ processes. A combination of above discussed alternatives is also possible and can be up to gNB implementation. 
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Figure 5: HARQ operations with long PUCCH of shorter duration 

Observation 2:

· For full slot scheduling, the number of HARQ processes for PDSCH/PUSCH can be reduced to {2, 2} and {2, 2} for short and long PUCCH respectively. 
· Mechanisms already supported by NR are enough to handle HARQ processes reduction, when needed
Partial slot scheduling

NR supports flexible start/end OFDM symbols for PDSCH/PUSCH transmissions. The number of HARQ processes can be further reduced by limiting the length of PDSCH/PUSCH compared to full slot scheduling. As shown in Figures 6 and 7, the numbers of HARQ processes for PDSCH/PUSCH are {1, 1} and {2, 1} for short and long PUCCH, respectively. Such ideal minimum number of HARQ processes is achievable without introducing new mechanisms for FDD operation. It is assumed that partial PDSCH and long PUCCH with short duration cannot be into a same single slot, otherwise, the number of HARQ process can also be 1 for long PUCCH. 
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Figure 6: HARQ operations with short PUCCH and larger TA
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Figure 7: HARQ operations with long PUCCH and larger TA

Observation 3:

· For partial slot scheduling, the numbers of HARQ processes for PDSCH/PUSCH can be reduced to {1, 1} and {2, 1} for short and long PUCCH respectively which are the minimum possible numbers. 
· Mechanisms already supported by NR are enough to handle HARQ processes reduction when needed.
According to the above discussions, a summary of the number of HARQ processes for full/partial slot scheduling is provided in Table 1. In conclusion, ideal minimum numbers of HARQ processes for FDD operation are achievable by current mechanisms supported in NR for all the cases. 

Table 1: Number of HARQ process for full/partial slot scheduling
	
	Type of PUCCH
	DL/UL
	Number of HARQ processes

	
	
	
	Ideal values
	Values from [1]
	Values supported by current NR mechanisms

	Full slot scheduling
	short
	PDSCH
	2
	3
	2

	
	
	PUSCH
	2
	3
	2

	
	long
	PDSCH
	3 or 2*
	4
	3 or 2*

	
	
	PUSCH
	2
	3
	2

	Partial slot scheduling
	short
	PDSCH
	1
	2
	1

	
	
	PUSCH
	1
	2
	1

	
	long
	PDSCH
	2
	3
	2

	
	
	PUSCH
	1
	2
	1


* 3 for long PUCCH with 14 symbols, 2 for long PUCCH with less than 14 symbols
2.3 Blanking resources

As discussed in [1], a drawback for the options for partial slot transmission in section 2.2 is the blanking of resources. However, the issue can be easily overcome by use of mini-slot transmissions. According to RAN1 progress, the prioritized lengths of mini-slots are 2, 4, 7. This allows a sufficiently fine granularity to fill up the blanking resources. The mini-slot can be scheduled to the same UE having partial slot transmission or can be scheduled to a different UE. As shown in Figure 8, by proper coordination among UEs, all DL/UL resources can be useable. 
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Figure 8: Mini-slot to maximum resource usage

Observation 4:

· Mini-slot scheduling can be used to fill up any blanking resource of partial slot scheduling to avoid resource waste. 
3 Conclusions
In this contribution, we provide our views on potential issues to optimize FDD operations. It is observed that existing NR components can efficiently support FDD operations in term of latency and resource efficiency. We make the following observations. A summary on minimum number of required HARQ processes are provided in Table 1. 
Observation 1:

· To reduce latency for FDD, when needed, a larger TA can be signaled by the gNB to allow switching and processing time between the end of UL slot and the start of next DL slot. 
Observation 2:

· For full slot scheduling, the number of HARQ processes for PDSCH/PUSCH can be reduced to {2, 2} and {2, 2} for short and long PUCCH respectively. 
· Mechanisms already supported by NR are enough to handle HARQ processes reduction, when needed
Observation 3:

· For partial slot scheduling, the numbers of HARQ processes for PDSCH/PUSCH can be reduced to {1, 1} and {2, 1} for short and long PUCCH respectively which are the minimum possible numbers. 
· Mechanisms already supported by NR are enough to handle HARQ processes reduction when needed.

Observation 4:

· Mini-slot scheduling can be used to fill up any blanking resource of partial slot scheduling to avoid resource waste. 
Table 1: Number of HARQ process for full/partial slot scheduling
	
	Type of PUCCH
	DL/UL
	Number of HARQ processes

	
	
	
	Ideal values
	Values from [1]
	Values supported by current NR mechanisms

	Full slot scheduling
	short
	PDSCH
	2
	3
	2

	
	
	PUSCH
	2
	3
	2

	
	long
	PDSCH
	3 or 2*
	4
	3 or 2*

	
	
	PUSCH
	2
	3
	2

	Partial slot scheduling
	short
	PDSCH
	1
	2
	1

	
	
	PUSCH
	1
	2
	1

	
	long
	PDSCH
	2
	3
	2

	
	
	PUSCH
	1
	2
	1


* 3 for long PUCCH with 14 symbols, 2 for long PUCCH with less than 14 symbols
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