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1 Introduction
The need and motivation for standardized interfaces between a central unit (CU) and a distributed unit (DU) was captured in R3-161380 [1]. RAN3 TR 38.801 [2] additionally suggests multiple functional split options as identified below. 
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Figure 1: RAN functional split options in TR 38.801.
In this contribution, we analyse important considerations for standardized functional splits and provide inputs on preferred options to support multiple use cases. 
2 Discussion

2.1 Considerations for Functional Split

RAN functional splits need to be designed to cater to deployment scenarios and challenges encountered at present and anticipated in the future. Some of the critical ones and associated implications are described below:

· Support for a variety of transport network characteristics, with latencies ranging from several tens of microseconds to tens of milliseconds. 

· The split/s should further attempt to minimize fronthaul throughput requirements.

· Low interface complexity that enables independent implementations of a CU or DU and facilitate interoperability.
· Support several RAN capabilities (high RF bandwidths, coordinated processing, advanced receivers, Massive MIMO) and Use Cases (eMBB, Ultra Low Latency, V2X etc.)
2.2 Transport Throughput
Table 1 shows a representative calculation of fronthaul throughput requirements for various scenarios and split options under fully loaded traffic conditions. Cases 1-3 assume a 100 MHz carrier bandwidth and up to 800 MHz total spectral bandwidth with carrier aggregation. An LTE uplink scenario with 20 MHz carrier, 2 carrier aggregation, 8 antenna ports and 256 QAM modulation is shown as a baseline. Case 1 assumes 4 carrier aggregation, 8 antenna ports and 64 QAM representing a fairly conservative scenario. Even in this case the throughput requirements for option 8 (CPRI like PHY –RF split) is around 90 Gbps which is approximately 10 times the LTE baseline. Intra PHY option 7-1 moves basic FFT / iFFT / PRACH filter processing to DU and reduces fronthaul throughput requirement to around 60% of option 8. Option 7-2 with precoding also moved to the DU reduces this further depending on the ratio of the number of layers to antenna ports. 

Table 1: Fronthaul throughput requirement for different scenarios.

	Parameter
	LTE Baseline
	Case 1
	Case 2
	Case 3

	Carrier Bandwidth (MHz)
	20
	100
	100
	100

	OFDM Sym per sub frame
	14
	14
	14
	14

	Subframe duration (ms)
	1
	0.2
	0.2
	0.2

	FFT Size
	2048
	2048
	2048
	2048

	# of subcarriers
	1200
	1200
	1200
	1200

	# of antenna ports
	8
	8
	8
	16

	# of streams (layers)
	4
	4
	4
	8

	Bits/Sample
	8
	8
	8
	8

	Mod Order
	8
	6
	6
	8

	Max TB Size
	75375
	66392
	66392
	66392

	# of carrier aggregation
	2
	4
	8
	8

	Overhead %
	25%
	25%
	25%
	25%

	 
	 
	 
	 
	 

	 
	Fronthaul BW  (Gbps)

	Split Type
	LTE Baseline
	Case 1
	Case 2
	Case 3

	Options 2/3
	0.7
	6.0
	12.0
	23.9

	Options 5/6
	0.8
	6.6
	13.3
	26.6

	Option 7-2 (PHY Lay - PHY Pre)
	2.7
	26.9
	53.8
	107.5

	Option 7-1 (PHY Pre - PHY IFFT)
	5.4
	53.8
	107.5
	215.0

	Option 8
	9.2
	91.8
	183.5
	367.0


Despite the reduction in throughputs in intra-PHY options 7-1 and 7-2, the fronthaul throughput is still high for high-bandwidth broadband use cases. This can be seen clearly in Case 2 (8 carrier aggregation compared to 4 in Case 1) and Case 3 (16 antenna ports compared to 8 in Case 2) which require fronthaul throughput close to 50 Gbps and 110 Gbps respectively even with Option 7-2. Options 5 and 6 have similar throughput requirements which are much lower than Options 7. Higher layer splits 2/3 have the lowest BW requirements. For Case 3, options 2/3 require around 25 Gbps which is still around 2.5 times greater than the LTE baseline.

2.3 Transport Latency
Options 6 to 8 have tight latency requirements due to being tied to a centralized HARQ loop. If the HARQ designs for NR and LTE are similar, the fronthaul latency for NR would scale depending on the TTI ratio between LTE and NR. Assuming typical LTE fronthaul latency budget of 150 – 200 μs (Option 8 using CPRI), the corresponding fronthaul latency for Cases1-3 using Options 6-8, this would be around 50 μs. 
For options 4/5, latency requirements are expected to be in several 100s of μs to low ms range because HARQ loop is no longer a constraint but there would be some latency constraints due to real-time aspects of RLC. 
The latency requirements for higher layer splits (Options 2/3) are much relaxed in the 5ms to 10 ms range being constrained only by end to-end throughput performance requirements. RAN latency budget is part of the TCP RTT budget and impacts overall performance. Figure 2 shows representative TCP throughput vs. RTT for different Packet Loss Rates (PLR) under idealistic core network assumptions. Also among splits that have similar latency requirements, the split that can provide better reliability provides better end-to-end throughput performance. Among Options 2 and 3, option 3 provides better transport reliability due to ARQ being located in CU and therefore preferable in terms of throughput but may involve a higher interface complexity. 
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Figure 2: TCP Throughput vs. RTT.
Table 2: Representative latency requirements for Cases 1-3.

	Split
	Latency for Cases 1-3
	Comment

	Options 2-3
	5 – 10 ms
	Limited by e2e performance

	Options 4-5
	0.5 – 3 ms
	Limited by real-time RLC functionality

	Options 6-8
	~ 50 μs
	Limited by HARQ loop


Table 2 summarizes latency requirements for Cases 1-3. CU – DU transport latency requirement also has a direct impact on the density of CUs required to service a given area. Assuming fiber is used for fronthaul transport and typical fiber latency of 5 μs/km, Figure 3 plots the number of CUs required per 100 km radius service area vs CU – DU RTT budget. Going from typical LTE PHY-RF (CPRI) fronthaul budget of 200 μs to Case1-3 split options 6-8 requirement of 50 μs increases the number of CUs required by 40 times. This translates to a higher CU and fiber density for split options 6-8.
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Figure 3: # of CUs per 100 km radius service area vs RTT.

2.4 RAN Capabilities

Table 3: RAN Feature Comparison.

	3GPP Split #
	CU – DU Split
	DL CoMP
	UL CoMP
	Centralized Scheduling
	LTE-NR Interworking

	Option 2
	PDCP – RLC
	N
	N
	N
	Y

	Option 3
	Hi RLC – Lo RLC
	N
	N
	N
	Y

	Option 5
	MAC Hi – MAC Lo
	N
	N
	Y
	FFS

	Option 6
	MAC – PHY
	Y
	Y (Part)
	Y
	N

	Option 7-2
	PHY Lay – PHY Pre
	Y
	Y (Part)
	Y
	N

	Option 7-1
	PHY Pre – PHY IFFT
	Y
	Y
	Y
	N

	Option 8
	PHY – RF
	Y
	Y
	Y
	N


Table 3 compares some salient RAN capability features for different split options. 
Lower split options 7-1 and 8 provide ability for coordinated processing including Joint Transmission (JT) and Joint Reception (JR) etc.  Options 7-2 and 6 may be able to provide a partial set of those features. LTE-A coordinated processing features are proven to be useful for frequencies below 6 GHz to improve RAN spectral efficiency and would be a necessary feature for eMBB at < 6GHz. 
However the usefulness of coordinated processing techniques for mmWave frequencies is debatable and still unproven.  Given the high transport requirements to achieve these spectral efficiency gains at high-bandwidth mmWave frequencies, higher layer splits seem to be more suitable for broadband at mmWave frequencies. Higher layer splits also provide a natural point for traffic aggregation and interworking with LTE. 

Options 5 and 6 provide for centralized scheduling and multi-cell carrier aggregation with relaxed fronthaul throughput requirements. However Option 6 has tight control plane latency requirements due to HARQ processing in the CU. Option 5 where HARQ processing is moved to the DU while scheduling is retained at the CU relaxes latency constraints. However the separation of PHY and MAC leads to a complicated interface for both options 5 and 6. The benefits of centralized scheduling without integrated PHY relative to interface complexity and options 2/3 is not clear and needs to be studied.

2.5 Preferred Split Options

Table 4 summarizes high level split recommendations based on above considerations. A minimum of 2 splits (one High, and one Low) are necessary to cater to multiple considerations above, and a third (Mid Layer) split could be considered for added benefits. 

Table 4: RAN Split recommendations.

	Split
	Option
	Transport Requirements
	Ideal for Use Cases
	I/F

Complexity

	High
	2 (PDCP – RLC) or

3 (High RLC – Low RLC)
	Latency : 5 -10ms

I/F BW : similar to user BW
	Fixed Wireless Access (FWA) 

eMBB at mmWave,

Massive MIMO
	Low

	Low
	7 (High Phy-Low Phy)

(7-1 and 7-2)
	Latency : 10s of us

I/F BW : ~ 3x-10x  user BW
	eMBB at < 6GHz

High Order MIMO (<6GHz)

Co-ordinated Processing
	Moderate


Higher layer split options 2 and 3 are suitable for fixed wireless access (FWA), eMBB at mmWave frequencies and massive MIMO use cases. Lower layer split options 7-1 and 7-2 are best suited for coordinated processing, eMBB and higher order MIMO at < 6 GHz frequencies.
Observation 1: A minimum of 2 splits, one high-layer and one low-layer are necessary to cater to multiple use cases.

2.5.1 High Layer Split: Option 2 / Option 3

Higher layer split options provide following benefits:
· Support transport network latencies of several ms, enables larger site aggregation on CU & interface throughput requirements comparable to user traffic.

· Key enabler for practical implementations of mmWave and massive MIMO technologies

· Supports LTE-NR interworking

Within the higher layer options, the following points merit consideration:
· Option 2 PDCP-RLC split is very similar to the interface considered for Dual Connectivity in LTE and lends itself to a low complexity interface since it represents a natural protocol boundary. 

· Option 2 may need to additionally consider reliable delivery & flow control over transport networks that is currently not a function between PDCP and RLC
· Option 3 intra-RLC split with RLC ARQ functionality in CU and real-time RLC functionality in DU provides a natural split between real-time and non-real-time functionality 
· Option3 benefits from ARQ function being location at CU, which can also ensure transport reliability and hence improved end-to-end throughput performance. However, the split may involve additional interface complexity and may need to consider need for reliable transport network delivery when RLC-UM mode is used.

Observation 2: High layer split options 2 and 3 have similar transport requirements. Option 3 provides improved transport reliability while option 2 interface (similar to existing LTE DC) may easier to implement in short term. 
Proposal 1: Either Option 2 or Option 3 should be considered for standardization. 
2.5.2 Lower Layer Split: Option 7-1 / Option 7-2
Lowe layer split options enable cooperative processing and improved spectral efficiency especially at frequencies < 6 GHz. 
Within the lower layer options, the following points merit consideration:
· Options 7-1 and 7-2 involving addition of some PHY functions to the DU (like FFT/iFFT) enables transmission of frequency domain symbols resulting in a much more efficient fronthaul interface relative to Option 8 (time domain streaming interface). 

· Option 7-1 (FFT/iFFT/PRACH filtering at DU) enables simple, well understood functionality to be incorporated at the DU, whilst retaining the ability for advanced receivers to be implemented at the CU. 

· Option 7-2 (iFFT/Res. Mapping/Precoding at DU) enables further reduction in transport throughput compared to Option 7-1 in downlink by moving precoding function to the DU. This makes the transport theoughput proportion to number of layers rather than number of antennas. This could be very useful for higher order MIMO systems. 

· Use of Option 7-2 for uplink processing involves additional interface complexity due to exchange of filtering weights between CU and DU. Also Option 7-2 somewhat limits performance of advanced receiver techniques like JR. This could increase interface complexity or performance trade-offs in some scenarios relative to option 7-1. 
Observation 3: An asymmetric split using 7-2 for DL and 7-1 for UL could provide transport throughput savings in DL whilst maintaining simplicity of interface and high performance advanced receivers in uplink.
Proposal 2: Lower layer split 7-1 for DL and UL should be considered for standardization.
Proposal 3: Asymmetric PHY split (7-1 for UL, 7-2 for DL) should be considered to enable greater fronthaul efficiency and implementation of advanced receivers.
3 Conclusions and proposals

RAN functional splits involve a trade-off between transport throughput/latency requirements, interface complexity and enablement of advanced RAN capabilities. Objective therefore should be define a few standardized splits/interfaces that cater to multiple use cases. 
Observation 1: A minimum of 2 splits, one high-layer and one low-layer are necessary to cater to multiple use cases. 

Observation 2: High layer split options 2 and 3 have similar transport requirements. Option 3 provides improved transport reliability while option 2 interface (similar to existing LTE DC) may easier to implement in short term. 

Observation 3: An asymmetric split using 7-2 for DL and 7-1 for UL could provide transport throughput savings in DL whilst maintaining simplicity of interface enabling and high performance advanced receivers in uplink.
Proposal 1: Either Option 2 or Option 3 should be considered for standardization. 
Proposal 2: Lower layer split 7-1 for DL and UL should be considered for standardization

Proposal 3: Asymmetric PHY split (7-1 for UL, 7-2 for DL) should be considered to enable greater fronthaul efficiency and implementation of advanced receivers.
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