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1
Introduction
The Study on NR Industrial Internet of Things as agreed in [1] comprises the following objective to be addressed: 

“Resource efficient PDCP duplication e.g. coordination between the nodes for PDCP duplication activation and resource efficiency insurance, avoiding unnecessary duplicate transmissions etc.”
This paper discusses the resource efficiency problem and solution space highlighting the impact on the network interfaces.
2
Discussion
2.1 Resource efficiency issues with PDCP packet duplication 
5G NR URLLC support defined in Release 15 comprises a set of features to ensure the stringent reliability and latency targets, among which PDCP-level duplication is an important feature. Duplicating the data through same CG (CA) or different CGs (DC) allows the reception of multiple copies of the same data, thereby, improving the reliability through frequency diversity and repetition. However, the improved performance is obtained at the expense of an increased number of transmissions in the network, and consequently an increase in cell load, interference level and queueing delays. Furthermore, the additional resources used for duplication are unnecessary most of the times, i.e. when the primary transmissions are successful. As an example, if the BLER target for first transmissions is set to 1%, on average 99% of the duplicate transmissions will be redundant. Table 1 summarizes the tradeoff between gains and cost associated to data duplication.
	Data duplication gains for a given UE
	Data duplication costs for the network

	· Improved latency (if parallel transmission fails)
· Improved reliability (if parallel transmission fails):
  Outage Pduplication = Outage Pleg1 ⋅ Outage Pleg2,

  where Outage P = outage probability
	· Increased radio resource utilization 
· Increased interference 
· Increased buffering delay


Table 1. Summary of gains and cost associated to data duplication.

The baseline system level performance achieved with Release 15 URLLC when adopting packet duplication is depicted in  Figure 1, according to the assumptions given in Appendix A. It shows that a significant reduction in the URLLC latency at the 5-nine reliability (i.e. 99.999%) can be achieved at the cost of roughly doubling the radio resources consumed. This confirms that enhancements to the radio resource efficiency of packet duplication should be introduced to better reap the gains and avoid wasting large amount of radio resources which can potentially outweigh the benefits.
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Figure 1. Illustration of the URLLC latency gain and radio inefficiency of packet duplication.
2.2 Potential solutions and impact to network signaling
In the previous section we have discussed the key challenges to benefit from data duplication and pointed out that the amount of duplication used in a cell should be carefully limited to achieve higher transmission efficiency, with the aim of avoiding that the duplication costs outweigh the benefits. Although in some cases, the RAN3 discussion may need to wait for the guidance from other groups (e.g. RAN2), in this section we start discussing some potential solutions and their impact to the network signalling.   

Proposal 1: Mechanisms to reduce the total amount of packet duplication and particularly unnecessary duplicate transmissions should be introduced.
An effective mean to avoid unnecessary duplicate transmissions (i.e. redundant packets which were already received successfully at UE), is to ensure faster discarding of these unnecessary copies which are buffered at the network side. In fact, in Release 15 NR, signalling of discard indications and successful delivery indications are supported over Xn/F1, based on the reception of the UE HARQ acknowledgment by the corresponding transmitting node [38.425]. In principle this makes possible PDCP PDU flushing at lower layers, however, such indications may be too slow in light of the tight delay budget of URLLC (i.e. 1 ms). Depending on the deployment, the redundant packets may have already left the buffer and been transmitted when accounting for realistic constraints such as processing and signaling latency delays.
Observation 1: When exploiting the current network signaling, the network nodes involved in the duplication may not be aware that PDCP PDUs were successfully received by the UE timely enough – making in-network discard largely unfeasible under realistic constraints.
In addition, the presence and prioritization of duplicate packets may result in queuing delay for other traffic and/or users depending on the load conditions. This may be undesired from the perspective of achieving optimal overall system performance. According to Release-15, the duplicating node is aware of whether a certain PDCP PDU is a duplicate or not and could apply some differentiation based on this information. However, it may be beneficial that the node hosting PDCP provides assistance information to the node hosting the secondary RLC entity to adjust scheduling decisions and radio resource allocation. For instance, there could be situations where it would be beneficial to hold back a duplicate packet until further indication is received on the status of the other copy of the packet (i.e. received or not received by the UE), whereupon the duplicate is either discarded or immediately transmitted. This way a better control of the tradeoff between the minimization of resources used for duplicates - resulting in minimizing the queuing delay (for other traffic) -  and the avoidance of URLLC performance degradation could be achieved. 
Observation 2: Additional information from the node hosting PDCP to the node hosting the secondary RLC entity appears beneficial in order to assist scheduling decisions related to duplicate packets with the aim of maximizing URLLC performance while minimizing its resource consumption. 

Proposal 2: Additional information should be exchanged between the network nodes involved in data duplication for a given DRB to reduce the total amount of packet duplicates transmitted to the UE.

Although RAN2 input is needed to clarify some of the exact parameters to be exchanged, RAN3 could progress by initiating the discussion around the signaling framework suitable to convey the discussed additional information and whether there could be any limitations.
Proposal 3: RAN3 is kindly asked to investigate the signaling framework to convey such additional information, including means to indicate to hold back a duplicate packet at a node until a further indication is received to either timely transmit or discard the duplicate packet.

3
Conclusions
In this paper we have discussed the resource efficiency challenges of packet duplication and proposed potential solution directions highlighting the impact to Xn and F1 network interfaces. Accordingly, we have made the following conclusions and observations:

Proposal 1: Mechanisms to reduce the total amount of packet duplication and particularly unnecessary duplicate transmissions should be introduced.

Observation 1: When exploiting the current network signaling, the network nodes involved in the duplication may not be aware that PDCP PDUs were successfully received by the UE timely enough – making in-network discard largely unfeasible under realistic constraints.
Observation 2: Additional information from the node hosting PDCP to the node hosting the secondary RLC entity appears beneficial in order to assist scheduling decisions related to duplicate packets with the aim of maximizing URLLC performance while minimizing its resource consumption. 

Proposal 2: Additional information should be exchanged between the network nodes involved in data duplication for a given DRB to reduce the total amount of packet duplicates transmitted to the UE.

Proposal 3: RAN3 is kindly asked to investigate the signaling framework to convey such additional information, including means to indicate to hold back a duplicate packet at a node until a further indication is received to either timely transmit or discard the duplicate packet.
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Appendix A: Simulation assumptions

The simulations have been carried out in the 3GPP HetNet small cell scenario 2A [TR 36.872], using a system level simulator supporting a high degree of realism. The main simulation parameters are shown in Table 2. 

Table 2. Simulation parameters.
	Parameter
	Value

	
	Macro layer
	Small cell layer

	Layout 


	Hexagonal grid
7 sites, 3 sectors per site, case 1
Wrap around
	4 small cell cluster per macro sector.

(Cluster uniformly random within macro geographical area and small cells uniformly random within cluster area)

	Carrier frequency
	2 GHz 
	3.5 GHz 

	System bandwidth
	10 MHz
	10 MHz

	Total BS TX power 
	46 dBm
	30 dBm


	Channel Model
	3D-Uma
	3D-Umi

	BS antenna pattern 
	3D, cf. TR 36.814
	Isotropic

	BS antenna height
	32 m
	10 m

	UE 
	30 UEs: 2/3 UEs randomly and uniformly dropped within the clusters, 1/3 UEs randomly and uniformly dropped throughout the macro geographical area. 
20% UEs are outdoor and 80% UEs are indoor.

	Receiver
	2x2 LMMSE IRC

	TTI length 
	Short TTI, i.e. 0.143 ms (2 OFDM symbols)

	Traffic model
	URLLC: 3GPP FTP Model 3; packet arrival rate according to a Poisson arrival process, is varied to obtain different URLLC load level; packet size = 50 byte.
eMBB: full buffer traffic

	Link adaptation
	Modulation and coding selected instantaneously for average BLEP of 0.1%. Outer loop link adaptation compensation is conducted to ensure tight compliance with BLEP.

	HARQ and scheduling
	URLLC transmissions have priority over eMBB.
Retransmissions have priority over new transmissions. HARQ RTT = 4 TTIs.  

	Number of URLLC packet samples 
	5 million


