
3GPP TSG-RAN WG2 Meeting #104
R2-1817583
Spokane, USA, 12th – 16th November 2018
Agenda item:
11.7.4
Source:
Nokia, Nokia Shanghai Bell

Title:
On PDCP Duplication Enhancements with Combination of DC and CA
Document for:
Discussion and Decision
1
Introduction
The Study on NR Industrial Internet of Things as agreed in [1] comprises the following objective to be addressed: 

“PDCP duplication with more than 2 copies leveraging (combination of) DC and CA, whereupon data transmission takes places from at most two nodes: assessment of the gains, and if beneficial, study the associated solutions.”
To provide a foundation for further study on this topic in the future, this paper discusses the motivation of DC-CA combination for PDCP duplication, which is essentially relevant to the even more stringent latency and higher reliability required by many Industrial IoT use cases. Moreover, the paper also examines some prospective scenarios for PDCP duplication with combination of DC and CA. Finally, the potential gain mechanisms of PDCP duplication with DC-CA combination are summarized.
2
Discussion
2.1 Reliability improvements with PDCP packet duplication 
To support URLLC, 5G NR in Release-15 has adopted several new features targeting to fulfill the stringent reliability and latency requirements. In particular, PDCP-level duplication has been shown to be an effective approach in this regard. 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. 
The usefulness of PDCP duplication has been verified via simulations. For example, the results in [2] have shown that a significant reduction in the URLLC latency at the 5-nine reliability can be achieved at PDCP level with Rel-15 duplication scheme. This is indeed promising for applications that require ~1ms latency (at least in low URLLC load scenarios).  
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Figure 1. An Example of the URLLC latency gain with 5G NR Rel.15 based packet duplication (in presence of eMBB background traffic).
Nevertheless, as 5G aims to support wireless connectivity for a wide range of verticals including factory automation, Rel-16 is anticipated to tackle even more stringent requirements. This would also bring improvements to Rel.15 use cases such as Entertainment Industry [1]. Remarkably, Table 1 (as captured in [3]) has summarized requirements for some the applications with most stringent requirements, such as Motion Control, which requires 10-6 to 10-8 availability and <0.5-2.0ms E2E latency.   
Table 1 – Examples of Industrial IoT application requirements from TR 22.804.

	Case
	#UE
	Communications service availability
	Transmit period
	Allowed E2E latency
	Survival time
	Packet size
	Service area
	Traffic periodicity
	Use case

	I
	20
	99,9999% to 99,999999%
	0.5 ms
	≤ Transmit period
	Transmit period
	50 bytes
	15 m x 15 m x 3 m
	Periodic
	Motion control and control-to-control use cases

	II
	50
	99,9999% to 99,999999%
	1 ms
	≤ Transmit period
	Transmit period
	40 bytes
	10 m x 5 m x 3 m
	Periodic
	Motion control and control-to-control use cases

	III
	100
	99,9999% to 99,999999%
	2 ms
	≤ Transmit period
	Transmit period
	20 bytes
	100 m x 100 m x 30 m
	Periodic
	Motion control and control-to-control use cases

	IV
	N/A
	99.9999%
	N/A
	< 1 ms
	N/A
	N/A, but service bit rate from 150 kbit/s to 4.61 Mbits/s
	N/A
	Aperiodic
	Audio streaming for live performance


Observation 1: The new use cases targeted by Industrual IoT introduce more stringent requirements in terms of latency and reliability. 

Furthermore, it is worth noting that the metric of the so called “survival time” at application level has to be considered. For example, the motion control applications have survival time equal to transmit period, which means that from application view point, individual PDCP packet errors do not yet cause failure, while it is critical to avoid two consecutive PDCP packet errors (i.e. two or more consecutive PDCP PDUs are not delivered within the allowed E2E latency). Conversely, if the PDCP packet errors are fully uncorrelated in time, survival time relaxes the availability target at PDCP level significantly. In this case, if PDCP layer is able to deliver packets e.g. with “5-nines” reliability within the latency limit, the application level availability would be close to “10-nines”. However, if the PDCP level errors are correlated in time, which may be the case if source of error (e.g. interference, blockage, resource conflict) is present for longer than the survival time, the “6- to 8-nines” requirement may apply also at PDCP level.
Observation 2: Survival time may relax PDCP level reliability requirements, but this depends on correlation of the PDCP level errors. 

Moreover, from application view point, how long an operation can be correctly conducted continuously is also a crucial aspect. The metric such as mean-time-between-failures (MTBF) should be considered. Even if the communication service availability criteria could be met, the system may still suffer from poor reliability in terms of MTBF. For example, a motion control application with 1ms transmission interval, could fail once every 1000s (16.7minutes) while still having 6-nines availability. Although the exact requirements of acceptable MTBF has not been specified in TR 22.804, MTBF in level of tens of minutes doesn’t seem to be acceptable for many industrial applications requiring seamless and precise operations. This provides further motivation to study whether further enhancement is needed to improve reliability and latency performance for IIoT use cases. 

Observation 3: It is beneficial to study reliability enhancements which, in addition to availability, improve mean-time-between-failures. 
As aforementioned, PDCP duplication originated from Rel-15 has already been shown to be an effective mean to improve reliability, it could be serve as a good basis for prospective extension catering to Rel-16 for IIoT. In light of this, rather than limiting PDCP duplication to either DC or CA settings as in Rel-15, it is worth investigating if better flexibility and performance can be offered via combinations between DC and CA for PDCP duplication. Remarkably, by combining CA and DC, frequency diversity and spatial diversity can be jointly utilized in more flexible manner, which could be promising in terms of delivering better reliability and latency performance. 
Observation 4: PDCP-Duplication scheme in Rel-15 offers a good basis for further enhancement. In particular, frequency and spatial diversity could be jointly utilized with DC-CA Combination for PDCP Duplication.
2.2 Key scenarios for PDCP duplication with DC and CA
To evaluate whether CA-DC combination can really deliver the anticipated gain, essentially Rel.15 based PDCP duplication should be considered as a benchmark for performance comparison. Prior to delving into DC-CA combinations, here we recap that PDCP duplication in Rel-15 5G NR is limited to maximum two RLC entities, enabling PDCP duplication with either CA or DC, but not with their combination. The supported scenarios of PDCP Duplication schemes of Rel-15 are illustrated in Figure 2, both CA and DC cases are shown.
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Figure 2 - Illustration of PDCP duplication scenarios supported in Rel.15 5G NR.

For PDCP duplication based on DC-CA combination, two main scenarios can be considered:

· Scenario 1: PDCP duplication with combination of DC and CA, where >2 multi-connectivity legs are configured, and >2 of the legs may be also actively used at the time (per UE).
· Scenario 2: PDCP duplication with combination of DC and CA, where >2 multi-connectivity legs are configured, but maximum 2 of the legs are actively used at the time (per UE).

Obviously, complexity-wise Scenario 2 is more appealing as it limits the number of active legs to two (same as Rel-15), so it could be deemed as a more straightforward extension of Rel-15 scheme. Also, as compared to Scenario 1, it creates less interference while avoiding more unnecessary resource wastage. More importantly, as the scheme would switch between different leg pairs in accordance to the prevailing channel/network status, which allows it to achieve most of the reliability improvement opportunistically. Scenario 1 (as shown in Figure 3), on the other hand, activates all configured legs concurrently, but the achievable gain is questionable due to potential saturation (the gain diminishes in spite of increasing number of legs) and interference that may eventually jeopardize the overall system performance. In general, it is beneficial to avoid unnecessary duplication as otherwise the introduced additional resource usage and interference may work counterproductively on system level. Thus, the scope of should be focussed on Scenario 2, which is capable of maximizing diversity gains without introducing interference due to redundant data duplication. 
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Figure 3 Illustration of Scenario 1; PDCP duplication with 2+2 legs configured and used (per UE).
Proposal 1: Gain potential of PDCP duplication with combination of DC and CA should be studied also for the scenarios where only 2 legs per UE are active at the time.
Scenario 2 can be further divided into following sub-scenarios: 
· Scenario 2a: Inter-frequency DC with carrier switching
· Scenario 2b: Switching from inter-frequency DC to CA (and vice versa) 
· Scenario 2c: Intra-frequency DC with carrier switching
· Scenario 2d: Switching from intra-frequency DC to CA (and vice versa) 
· Scenario 2e: Switching from inter-frequency DC to intra-frequency DC (and vice versa)
These sub-scenarios are illustrated in Figure 4.
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Figure 4 Illustration of Scenario 2; PDCP duplication with >2 legs configured, but max 2 legs active (per UE).

Despite the relatively low data rates required by typical URLLC use cases such as factory automation, the overall traffic density can be still high, and the capacity of a single FR1 carrier may not be sufficient to serve all the traffic. For example, in the motivation control use case, single packaging machine may have 50 active sensors/actuators within 50m2 service area, each transferring 40byte packets periodically with 1ms intervals, resulting to 16Mbit/s/50m2 [2]. Furthermore, due to tight latency and synchronicity requirements, the number of URLLC UEs to be scheduled simultaneously may be very high, and it is also desirable to be able to serve other traffic (e.g. AGVs, AR/VR) within the same service area or its’ proximity. In FR2, capacity of single carrier may be less of an issue due to wider bandwidth, but without support from a low band (FR1), reliability may be a concern e.g. due to sensitivity to various blockages. In addition, duplication within single carrier is more likely to cause interference which may caps the achievable gain. Based on all these reasons, it makes more sense to study scenarios with 2 carriers.
Proposal 2: Gain potential of PDCP duplication with combination of DC and CA should be first studied for scenarios with 2 carriers.
2.3 Gain mechanisms for PDCP duplication based on DC-CA Combinations
The extension of PDCP duplication to combination of DC and CA allows system to enjoy the gain mechanisms of CA based duplication and DC based duplication jointly, which leads to further performance improvement. In Table 2, some prospective gain mechanisms of PDCP duplication based on DC-CA combinations are summarized.
Table 2 – Examples of gain mechanisms for PDCP duplication with DC and CA.

	Gain mechanism
	Comments

	Diversity gain from multiple independently error prone transmissions
	Each link (leg) is prone to some errors, such as errors in link adaptation, and as a result BLEP/PER may exceed URLLC targets at link level. Such errors are usually uncorrelated across links, and therefore exploiting more links adds diversity gain. In particular, with DC-CA combination, frequency diversity and spatial diversity could be jointly exploited.

	Trunking gain 
	With possibilities of switching between different leg pairs, trunking gain could be attained as loading of different legs can be taken into account. Specifically, the availability of using different legs in a more flexible manner reduces the likelihood that URLLC packet has scheduling conflict with another URLLC packet. Hence, combination of CA and DC may allow to trunking gain of CA and diversity gain of DC to be further havested.

	Diversity gain against shadow fading / blockage
	Gain depends on shadowing correlation. Intra-site shadowing correlation depends on the deployment scenario and may give significant diversity gain e.g. in multi-beam, multi-TRP, multi-panel, and multi-frequency bands scenarios (e.g. FR1 + FR2).

	Diversity gain against fast fading
	Most of the frequency diversity gain can be already exploited with single wideband carrier. 


Based on these conjectured gain mechanisms, PDCP duplication based on DC-CA combination may offer promising benefits that permit 5G to achieve the stringent requirements of IIoT applications. Nonetheless, the real merits are still unclear until more detailed investigation and analysis are carried out. Hence, we think PDCP Duplication based on DC-CA combination should be further studied in a bid to understand this enhancement in a more concrete manner. Notably, the cost such as signalling overhead for control and configuration (as well as the resultant delay due to these exchanges) should be taken into account.
Proposal 3: PDCP duplication based on DC-CA combination may improve reliability, but further study is needed to verify its usefulness in practice.
3
Conclusions
This contribution discusses PDCP Duplication based on DC-CA combination as a potential direction to enhance reliability and latency performance required by IIoT use cases. In summary, we made the following observations:
Observation 1: The new use cases targeted by Industrual IoT introduce more stringent requirements in terms of latency and reliability. 
Observation 2: Survival time may relax PDCP level reliability requirements, but this depends on correlation of the PDCP level errors. 
Observation 3: It is beneficial to study reliability enhancements which, in addition to availability, improve mean-time-between-failures. 
Observation 4: PDCP-Duplication scheme in Rel-15 offers a good basis for further enhancement. In particular, frequency and spatial diversity could be jointly utilized with DC-CA Combination for PDCP Duplication.

We concluded that such scheme could be a promising approach and further proposed the following:

Proposal 1: Gain potential of PDCP duplication with combination of DC and CA should be studied also for the scenarios where only 2 legs per UE are active at the time.
Proposal 2: Gain potential of PDCP duplication with combination of DC and CA should be first studied for scenarios with 2 carriers.
Proposal 3: PDCP duplication based on DC-CA combination may improve reliability, but further study is needed to verify its usefulness in practice.
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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 3. 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
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