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Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]This contribution proposes and evaluates the use of dual–connectivity (DC) and multi-connectivity (MC) architectures with packet duplication across multiple links to ensure high reliability such as required to support URLLC. Packet duplication can be used to reduce the latency and increase the reliability for both the user data and control signalling and can be used instead of link selection.  The same techniques can also improve mobility robustness including in challenging scenarios such as high mobility and ultra dense deployments.  
Discussion
[bookmark: _Toc423019661][bookmark: _Toc423019946][bookmark: _Toc423020275][bookmark: _Toc423020292][bookmark: _Toc423020300]In RAN2#96, it was agreed that packet duplication and link selection using the multi-connectivity architecture should be studied for achieving the reliability requirements for URLLC.  
In URLLC use cases, packets must be correctly received with ultra high reliability, which can be 99.999% , within the required latency target.  Since the latency target may be as low as 1 ms, existing techniques, such as HARQ, may not be sufficient and may exceed the latency requirement.  
[bookmark: _Ref471204671]Evaluation of packet duplication for high reliability
Dual-connectivity (DC) and Multi-connectivity (MC) architectures can be used to satisfy the reliability requirement by ensuring that a UE always has at least two links to different access nodes. One way to enable DC/MC is to use the 3C architecture option where there is one common PDCP entity.
In the DC/MC architecture illustrated in Figure 1, DL packets (UP and CP) can be sent from the MgNB to the SgNB over the Xn interface.  UL packets are received at the MgNB from the SgNB over the Xn interface.

 
Figure 1:  Protocol stack for dual connectivity architecture 3C.
The PDCP layer in the transmitter is responsible for duplicating the packets .  The PDCP layer in the receiver is responsible for detecting the packet duplication and forwarding a single packet to the upper layers.  
The call flow for the DL and UL transmission using duplicate packets is illustrated in Figure 2.  

        
[bookmark: _Ref471202463][bookmark: _Ref471202456]Figure 2:  Call flow for DL and UL transmission using packet duplication in multi-connectivity.
For UL transmission, the UE sends duplicate packets to multiple access nodes.  The packets are forwarded by the RAN nodes to the PDCP function in the MgNB over the Xn interface. The PDCP function detects the packet duplication and forwards a single packet to the upper layers.
For DL transmission, the PDCP function performs the packet duplication. The duplicate packets are received by multiple access nodes over the Xn interface and forwarded to the UE. The UE detects the packet duplication and forwards a single packet to the upper layers.
In order to determine the optimum number of links that minimizes the overall radio transmission resource usage while satisfying the URLLC reliability requirements, several scenarios are considered for analysis with the following assumptions:
· Target reliability is 99.999%.
· HARQ is not used (i.e. latency due to retransmissions exceed the latency requirements).
· No RLC ARQ (i.e. RLC ARQ UM is used).
· Average DL SNR from macro node (MgNB) is 0, 5 and 10 dB. 
· Average DL SNR from small cell node(s) (SgNB) is macro SNR + delta SNR, where delta SNR is 0, 2 and 4 dB. 
· MCS is selected based on the target BLER per link to achieve the required reliability.
· Channel model:  EVA70 (channels for different links are independent).
· Bandwidth:  20 MHz (i.e. 100 RBs available).
· Number of links:  1, 2, 3 and 4 (if one link is used then it is assumed that the link with the highest average SNR is selected).  
· Transport block size:  1000, 2000 and 4000 bits. 
· Ideal backhaul (i.e. latency over Xn interface is within the latency requirement).
· Inter-cell interference is not taken into account.
In order to efficiently utilize the transmission links and radio resources with packet duplication, it is necessary to minimize the total number of RBs used over all links while satisfying the reliability requirement. With multiple links it is possible to use a higher MCS index per link, targeting a less stringent BLER value for a given SNR than using a single highly reliable link targeting a much lower BLER value.
In addition to satisfying the overall reliability requirement, the use of multiple links with MCS selection enables a reduction in the number of RBs necessary per link for a given TBS value and consequently, minimizes the total number of RBs used over all links.
The results of the analysis are illustrated in the following Tables 1-3.  The values in the tables indicate the total number of RBs required for satisfying the reliability target of 99.999% over all links for different sets of SNR and TBS values. In the cases where the BLER target over each transmission link and the total number of allocated RBs for a given TB size are unable to meet the reliability requirement the entry in the tables is indicated as “outage”. 
The entries marked in 'red' indicate the scenarios where the total number of RBs used over all links with packet duplication is lower than those used over a single link with the link selection scheme. In these scenarios the optimum number of links that minimizes the total number of RBs is greater than 1, implying packet duplication is more efficient in terms of resource usage than link selection. 
Table 1:  Showing the optimal number of links that minimizes the total number of RBs under the URLLC reliability constraint when the average SNR in DL from MgNB is 0 dB and from SgNB(s) is 0 dB ± Δ0, 2 and 4 dB.
[image: ]

Table 2:  Showing the optimal number of links that minimizes the total number of RBs under the URLLC reliability constraint when the average SNR in DL from MgNB is 5 dB and from SgNB(s) is 5 dB ± Δ0, 2 and 4 dB.
[image: ]

Table 3:  Showing the optimal number of links that minimizes the total number of RBs under the URLLC reliability constraint when the average SNR in DL from MgNB is 10 dB and from SgNB(s) is 10 dB ± Δ0, 2 and 4 dB.
[image: ]
From the above analysis, the following can be observed:
Observation 1:  Packet duplication can reduce the overall radio resource usage while satisfying the URLLC requirements.
Observation 2:  Using packet duplication in the DC/MC architecture, the optimum number of links that minimizes the radio resources depends on the average SNR of the best link and the delta SNR of the other links.  
Observation 3:  Packet duplication more efficiently utilizes the radio resources when the average SNR of the best link is typically low (i.e. cell edge scenario).
Observation 4:  Packet duplication also improves the radio resource utilization for high average SNR when the TB size is relatively small.
The analysis was made for scenarios in which HARQ could not be used because of its excessive delay.  If HARQ can be performed within the URLLC latency bound then the optimum number of links required can be reduced.  Conversely, if inter-cell interference is taken into account then the optimum number of links is expected to increase over those shown in the tables.  
Since the greatest improvement in resource utilization occurs when the SNR is low, packet duplication can ensure that the reliability requirement is satisfied even during handover.  
Packet duplication during handover
The handover interruption time impacts both the reliability and latency.  In order to reduce the probability of RLF during mobility, enhancements to the handover procedure are necessary.  If the UE is at the cell edge, initiating a handover to the target node too early may result in a RLF of the target node.  Similarly, if a handover is initiated too late then a RLF may occur at the source node.  In order to ensure that there is no packet loss due to handover and to minimize the probability of RLF, simultaneous communication with both the source and target nodes with redundant transmission can provide resilience to link failure.  It also reduces UP latency due to link failure detection and recovery. 
In the handover scenario when the duplicate packets from the UE are received at both the source and target nodes, the duplicates can be removed either i) at the PDCP function of the target MgNB or ii) at the upper layers. That is, packets arriving within a latency bound from the source MgNB to the target MgNB via Xn can be detected and removed by the PDCP function at the target MgNB. Packets that may potentially exceed the latency bound over the Xn are forwarded directly by both the source and target MgNB nodes to be detected and removed at the upper layers.  
In order to ensure seamless handover of the MgNB, a make-before-break handover procedure should be used. For URLLC use cases, the UE should establish connectivity to the target MgNB before releasing the RRC connection to the source MgNB to allow for packet duplication via both MgNBs during a mobility event.
During a normal handover of UE connectivity from the source MgNB to a target MgNB, the UE will have only one link available for communication (data and RRC signaling), since the UE is required to release the RRC connection of the source MgNB before it establishes a new RRC connection to the target MgNB.  In this case, the target reliability cannot be satisfied with a single link.  Hence, simultaneous transmission of data and RRC signaling with links towards both the source and target MgNB throughout the handover will ensure higher reliability.
The analysis that is used to illustrate the benefits of using packet duplication can also be used to show the benefits of using simultaneous radio connections during a handover.  Figure 3 illustrates the average SNR from the source MgNB and the target MgNB during a handover.  

  
[bookmark: _Ref469063372]Figure 3:  Average SNR from source MgNB and target MgNB during handover.

The conditions during handover are similar to the channel conditions for the scenarios that show a large gain for using packet duplication in the analysis of section 2.1.  During a handover of the source MgNB, the average delta SNR between the source MgNB and the target MgNB is small and the average SNR for the best link is typically low.  
From the above analysis, it can be concluded that packet duplication can be used during handover using simultaneous radio connections with the source and target nodes.  With packet duplication, the target reliability can be achieved with lower overall resource usage.  
The seamless handover procedure with radio connections to both source and target MgNBs is illustrated in Figure 4.  

  
[bookmark: _Ref469159006]Figure 4:  Seamless handover procedure with RRC transmission diversity and data duplication towards the source and target nodes.  
In the above handover procedure, when the condition for handover is satisfied, the source MgNB sends an RRC connection reconfiguration for establishing a radio bearer to the target MgNB. In this case, the UE maintains a radio connection and RRC connection with the source MgNB. After the RB to the target node is established, packet duplication can be used for both data and RRC signaling.
When the condition for releasing the source node is satisfied, the source node (and optionally the target node) sends an RRC connection reconfiguration command to complete the RRC connection to the target node. Once the RRC connection is established to the target node the UE detaches from the source node. 
Proposal 1:  Packet duplication is supported through the dual-connectivity and multi-connectivity architectures.  
Proposal 2:  The PDCP function in the transmitter supports packet duplication and the PDCP function in the receiver supports duplicate packet removal.  
Proposal 3:  Packet duplication can be used on the control plane to obtain RRC diversity and on the user plane to satisfy the high reliability requirement e.g. for URLLC. 
Proposal 4:  During a handover of the source MgNB, it should be possible to initiate transmission via a connection to the target MgNB before the RRC connection to the source node is released.  In order to minimize the probability of RLF, it should be possible for the UE to send duplicate packets (data and RRC signalling) to both source and target MgNB nodes.
[bookmark: _Toc423019950][bookmark: _Toc423020279][bookmark: _Toc423020296]Conclusion
Based on the above discussion, we propose the following:
Proposal 1:  Packet duplication is supported through the dual-connectivity and multi-connectivity architectures.  
Proposal 2:  The PDCP function in the transmitter supports packet duplication and the PDCP function in the receiver supports duplicate packet removal.  
Proposal 3:  Packet duplication can be used on the control plane to obtain RRC diversity and on the user plane to satisfy the high reliability requirement e.g. for URLLC.  
Proposal 4:  During a handover of the source MgNB, it should be possible to initiate transmission via a connection to the target MgNB before the RRC connection to the source node is released.  In order to minimize the probability of RLF, it should be possible for the UE to send duplicate packets (data and RRC signalling) to both source and target MgNB nodes.

[bookmark: _Toc423020280]
3GPP
image2.emf
UE SgNB MgNB

UL Tx (data or signaling)

DL Tx (data or signalling)

Remove duplicate 

packets

Remove duplicate 

packets

Duplicate packets and send 

on multiple links

Duplicate packets and send 

on multiple links


Microsoft_Visio_2003-2010_Drawing2.vsd
UE


SgNB


MgNB


UL Tx (data or signaling)


Remove duplicate packets


Duplicate packets and send on multiple links


Duplicate packets and send on multiple links


DL Tx (data or signalling)


Remove duplicate packets



image3.emf
1 Link 2 Links 3 Links 4 Links

0dB - 

Δ

4dB Outage Outage Outage

107

4

0dB - 

Δ2

dB Outage Outage

70 87

3

0dB Outage Outage

69 54

4

0dB + 

Δ2

dB 36 41 59 65 1

0dB + 

Δ

4dB 36

32

51 65 2

0dB - 

Δ

4dB Outage Outage Outage

228

4

0dB - 

Δ2

dB Outage Outage

167 170

3

0dB Outage Outage

135 140

3

0dB + 

Δ2

dB Outage Outage

115 164

3

0dB + 

Δ

4dB Outage

90 103 132

2

0dB - 

Δ

4dB Outage Outage Outage Outage >4

0dB - 

Δ2

dB Outage Outage Outage

344

4

0dB Outage Outage

273 284

3

0dB + 

Δ2

dB Outage Outage

233 214

3

0dB + 

Δ

4dB Outage

112 173 214

2

TBS      

(bits)

SNR (MeNB = 0dB, 

SeNB = 0dB +/- 

Δ

xdB

1000

2000

4000

Optimal Number 

of Links

Total Number of RBs used


image4.emf
1 Link 2 Links 3 Links 4 Links

5dB - 

Δ

4dB 36

32

40 60 2

5dB - 

Δ2

dB 36

30 32

40 3

5dB 36 36

30 32

3

5dB + 

Δ2

dB 36

30 28 32

3

5dB + 

Δ

4dB 23

17

26 26 2

5dB - 

Δ

4dB 81

74 77

94 2

5dB - 

Δ2

dB 81

68 65 77

3

5dB 81

70 60 60

3

5dB + 

Δ2

dB 61

58

65 65 2

5dB + 

Δ

4dB 45

42

49 50 2

5dB - 

Δ

4dB Outage

112 135 167

2

5dB - 

Δ2

dB Outage

106 115 149

2

5dB Outage

122 114 116

2

5dB + 

Δ2

dB Outage

106 101 120

2

5dB + 

Δ

4dB 71 76 84 90 1

TBS      

(bits)

SNR (MeNB = 5dB, 

SeNB = 5dB +/- 

Δ

xdB

1000

2000

4000

Total Number of RBs used

Optimal Number 

of Links


image5.emf
1 Link 2 Links 3 Links 4 Links

10dB - 

Δ

4dB 14 18 21 20 1

10dB - 

Δ2

dB 14 15 17 17 1

10dB 14

12 12

16 2

10dB + 

Δ2

dB 10 13 14 14 1

10dB + 

Δ

4dB 9 12 14 14 1

10dB - 

Δ

4dB 29 35 40 41 1

10dB - 

Δ2

dB 29 29 32 32 1

10dB 29

26 24

28 3

10dB + 

Δ2

dB 20 25 27 28 1

10dB + 

Δ

4dB 17 22 25 25 1

10dB - 

Δ

4dB 45 68 75 77 1

10dB - 

Δ2

dB 45 56 61 62 1

10dB 45 46 48 52 1

10dB + 

Δ2

dB 38 49 49 50 1

10dB + 

Δ

4dB 33 42 47 47 1

TBS      

(bits)

SNR (MeNB = 10dB, 

SeNB = 10dB +/- 

Δ

xdB

1000

2000

4000

Total Number of RBs used

Optimal Number 

of Links


image6.emf
SNR to Target 

MgNB

SNR to Source 

MgNB

Average 

SNR

Time/Distance

Region where packet 

duplication is required

Simultaneous 

Radio Connections

Release RRC 

Connection to Source 

MgNB


Microsoft_Visio_2003-2010_Drawing3.vsd
SNR to Target MgNB


SNR to Source MgNB


Average SNR


Time/Distance


Region where packet duplication is required


Simultaneous Radio Connections


Release RRC Connection to Source MgNB



image7.emf
UE

Source 

MgNB

Target 

MgNB

Establish RRC Connection

Criteria for seamless handover satisfied

Data

RRC Connection Reconfig 

(establish RB only)

Establish Radio Bearer

Data

Criteria for releasing source satisfied

RRC Conn. Reconfig. (complete the 

RRC connection to target)

Detach from 

source MgNB

(Packet Duplication)

Complete RRC Connection to Target MgNB


Microsoft_Visio_2003-2010_Drawing4.vsd
Detach from source MgNB


UE


Source MgNB


Target MgNB


Establish RRC Connection


Criteria for seamless handover satisfied


Data


RRC Connection Reconfig (establish RB only)


Establish Radio Bearer


Data


Criteria for releasing source satisfied


RRC Conn. Reconfig. (complete the RRC connection to target)


(Packet Duplication)


Complete RRC Connection to Target MgNB



image1.emf
NR-RLC

NR-MAC

NR-PHY

NR-RLC

NR-MAC

NR-PHY

NR-PDCP

NR-RLC

NR-MAC

NR-PHY

NR-RLC

NR-MAC

NR-PHY

NR-PDCP

MgNB SgNB UE

Xn


Microsoft_Visio_2003-2010_Drawing1.vsd
NR-RLC


NR-MAC


NR-PHY


NR-RLC


NR-MAC


NR-PHY


NR-PDCP


NR-RLC


NR-MAC


NR-PHY


NR-RLC


NR-MAC


NR-PHY


NR-PDCP


MgNB


SgNB


UE


Xn



