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[bookmark: _Ref460855997]Introduction
In the previous RAN2 meetings, the support of packet duplication across legs in a multi-connectivity configuration was mentioned several times as an attractive mean to cope with the unsteady channel of high frequency links. In RAN2#96, the following agreements were captured regarding URLLC support in NR:
Agreements
1	NR design will aim to meet the URLLC QoS requirements only after the control plane signalling for session setup has completed (to eliminate the case that the UE is initially in idle)
2	DRX design will not optimised for URLLC service requirements.
FFS: Whether RLC-AM can be used to provide the URLLC service requirements, and whether any optimisations are required for this.
3: 	Multi-connectivity (e.g. with packet duplication, link selection) should be studied for achieving the reliability requirements for URLLC. 

This contribution specifically focuses on agreement 3 by providing quantitative performance results from simulations on the benefits of supporting packet duplication in a multi-connectivity configuration to improve both reliability and latency performance of NR links in both LF and HF deployments.
Discussion
Simulation settings
We have run system simulations with the setup shown in Table 1.
[bookmark: _Ref471111515]Table 1: Simulation setup
	Scenario
	63 UEs, 7 gNBs each serving 3 sectors

	Transmission direction
	DL

	Multi-connectivity configuration
	Two-leg multi-connectivity with independent schedulers and channels

	Measurements, reports
	UL HARQ ACK/NACKs, CQI

	TTI
	1 ms

	Data traffic model
	URLLC typical: 32 byte packets, interval between packets to the same UE is 50 TTIs

	Simulation run
	30s

	RLC mode
	UM

	Channel model
	Both LF and HF channel model (details below)

	Target BLER
	1%, 10%

	HARQ RTT
	8 TTI

	Number of HARQ transmissions
	1-4



For the low frequency runs (LF) we have used the ITU urban macro channel model with 3km/h UE speed.
For the high frequency channel model, we have used a LOS channel model with blockage behavior as specified in Section 7.6.4 of [1]. Specifically, we have used the blockage model A limited to the angular blocking region due to self-blocking (i.e. human/hand holding the UT); this blocking region is not spatially consistent and UE specifically generated (table 7.6.4.1-1). Thus, other blockers due e.g. to vehicular blocking are not modeled so that the presented results should be taken as conservative. In compliance with the above model, within a blockage interval, the signal to the UE experiences a 30dB loss. We have used two UE motion behaviors: low and high motion, modeled by using shorter/larger intervals of blockage/non-blockage.
Performance metrics
We have measured two performance metrics:
· end to end latency:
· including TTI transmission, HARQ retransmissions,
· excluding Rx/Tx processing latency, scheduling latency, fronthaul delay
· packet loss rate: a packet is regarded as lost  if a packet with higher SN is received
Performance results - LF
Figure 1 shows the performance results achieved with and without packet duplication for different numbers of configured HARQ retransmissions.
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[bookmark: _Ref471113703]Figure 1: Performance results from LF simulations with 1% (left) and 10% (right) target BLER
As can be observed from the left plots, in the case of a single transmission (no HARQ retransmission), the packet loss rate in single-connectivity has a good match with the target BLER, and the latency corresponds to a single transmission latency, i.e. 1 TTI = 1 ms. This can be explained by the small packet size used in the traffic model which always fits in a single transmission even with an aggressive MCS imposed by the outer-loop link adaptation to achieve 1% BLER. Hence, in an LF deployment with legacy cellular setup, the legacy system allows achieving down to ~1% packet loss rate with minimum latency. It can still be observed that configuring packet duplication on top allows further reducing the packet loss rate to zero over the simulation period (30s). Hence, even though not strictly necessary to achieve 1% packet loss rate, packet duplication can be used in complement to an aggressive link adaptation to achieve extreme reliability requirements e.g. down to 10-9 packet loss rate, which is not unusual for a backhaul link, which is one of the expected application of the NR system. On the other hand, the performance results shown with a 10% target BLER suggest one could relax the link adaptation of an URLLC service while deploying multi-connectivity to achieve both aggressive packet loss rate (1%) and minimal latency. In any case, the above plots show that packet duplication always allows achieving both better reliability and latency performance compared with an additional HARQ retransmission.
In summary, from the results of target BLER = 1%, it can be observed:

Observation 1: In an LF deployment, single connectivity alone allows achieving down to ~1% packet loss rate with minimum latency.
Observation 2: Packet duplication across two legs allows complementing the above performance to achieve extreme reliability requirements while keeping minimum latency.
From the results of target BLER = 1% and 10%, it can be observed:
Observation 3: Packet duplication across two legs always allows achieving both better reliability and latency performance compared with an additional HARQ retransmission.
A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for 32 bytes with a user plane latency of 1ms [2]. From the results of target BLER = 1%, we can see that packet duplication allows achieving 1-10-4 and a user plane latency of 1ms with legacy PHY. As a result, duplicated transmission already allows getting very close to the target with legacy PHY. Hence, with the expected PHY improvements (lower target BLER and shorter TTI), it should be easily achieved.
Observation 4: With some PHY improvements, packet duplication will easily allow achieving the URLLC reliability and latency requirements in LF.
Performance results - HF
Figure 2 and Figure 3 shows the performance results achieved with and without packet duplication for different numbers of configured HARQ retransmissions for low and high motion UE respectively.
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[bookmark: _Ref471118876]Figure 2: Performance results from HF simulations with 1% (left) and 10% (right) target BLER – high motion
Unlike in LF, the HF plots show that the packet loss rate no longer matches the target BLER in a single connectivity configuration without HARQ retransmission. This is due to the lack of MCS allowing addressing the steep signal loss during the blockage intervals (despite target BLER was observed to be met during non-blockage intervals). In practice, in single connectivity, at least one HARQ retransmission is needed to achieved the desired packet loss rate over both blockage and non-blockage intervals. But this comes at a cost beyond 60% and 100% latency increase for 1% and 10% target BLER respectively. On the other hand, duplicating the packets over another leg allows achieving the target BLER and associated packet loss within a single transmission most of the time, thus also keeping the latency close to the minimum. The performance improvement can be further captured as follows:
· Packet duplication over two legs allows improving the packet loss rate by up to a factor up to 4.5
· Packet duplication over two legs allows improving the latency by up to ~35% 
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[bookmark: _Ref471118877]Figure 3: Performance results from HF simulations with 1% (left) and 10% (right) target BLER – low motion
The performance assessments in high UE motion remain valid for low UE motion with the further observation that for 1% target BLER, additional HARQ retransmissions in a single leg fail in reducing the packet loss rate to 1%, as is the case for the high motion. This is due to longer blockage periods encompassing multiple retransmissions.  

Observation 5: In an HF deployment, the packet loss rate no longer matches the target BLER in a single connectivity configuration without HARQ retransmission.
Observation 6: In an HF deployment, duplicating the packets over another leg allows achieving the target BLER and associated packet loss within a single transmission most of the time, thus also keeping the latency close to the minimum.
Observation 7: In an HF deployment, packet duplication over two legs allows improving the packet loss rate by up to a factor up to 4.5.
Observation 8: In an HF deployment, packet duplication over two legs allows improving the latency by up to ~35%.
Observation 9: In an HF deployment, slower UE motion leads to ineffective HARQ retransmissions due to longer blockage intervals, compared with packet duplication.
Proposal 1: It is proposed to capture the above simulation results and observations in the TR.
Proposal 2: Packet duplication across legs shall be supported in a multi-connectivity configuration in NR.
Conclusion
In this contribution we showed simulation results for URLLC traffic involving single-connectivity and dual connectivity to assess the performance benefits of packet duplication across legs for such service. We derive the following observations and propose to capture the results in the TR:
Observation 1: In an LF deployment, single connectivity alone allows achieving down to ~1% packet loss rate with minimum latency.
Observation 2: Packet duplication across two legs allows complementing the above performance to achieve extreme reliability requirements while keeping minimum latency.
Observation 3: Packet duplication across two legs always allows achieving both better reliability and latency performance compared with an additional HARQ retransmission.
Observation 4: With some PHY improvements, packet duplication will easily allow achieving the URLLC reliability and latency requirements in LF.
Observation 5: In an HF deployment, the packet loss rate no longer matches the target BLER in a single connectivity configuration without HARQ retransmission.
Observation 6: In an HF deployment, duplicating the packets over another leg allows achieving the target BLER and associated packet loss within a single transmission most of the time, thus also keeping the latency close to the minimum.
Observation 7: In an HF deployment, packet duplication over two legs allows improving the packet loss rate by up to a factor up to 4.5.
Observation 8: In an HF deployment, packet duplication over two legs allows improving the latency by up to ~35%.
Observation 9: In an HF deployment, slower UE motion leads to ineffective HARQ retransmissions due to longer blockage intervals, compared with packet duplication.
Proposal 1: It is proposed to capture the above simulation results and observations in the TR.
Proposal 2: Packet duplication across legs shall be supported in a multi-connectivity configuration in NR.
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