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1
Introduction
Previous RAN3 discussions on low-layer split options resulted in a number of possible implementation descriptions. However, these discussions have not been exhaustive and the provided guidelines do not consider all the possible split realizations. Several more plausible implementation variants exist, each being advantageous for a particular type of scenario.
In this contribution, the example of Option 7 (intra-PHY split) is taken and possible split realizations are analysed in detail. This contribution shows how different implementation choices may be driven by different fronthaul interface requirements, HW capabilities and algorithm implementations. The choice of Option 7 is purely for example purposes, while the exercise could have been carried out for any low layer split.
Having in mind the large number of meaningful splits possible, it is concluded that RAN3 should refrain from standardizing split Option 7. Such conclusion can be extended to all low-layer splits, with similar arguments. 

2
Benefits of different intra-PHY split realizations
Three downlink (DL) and two uplink (UL) sub-variants of split Option 7 are described in TR 38.801 [1], splitting the transmitter/receiver chain functions between the central (CU) or distributed unit (DU). However, the aforementioned list of intra-PHY split options is not exhaustive, since additional meaningful splitting options exist. The set of intra-PHY CU-DU cut-off points stretches between the cut-off points of Option 8 (PHY-RF) and Option 6 (PHY-MAC). The main drawback of Option 8 is the high fronthaul throughput requirement (tens of gigabits), while the price for fronthaul throughput reduction provided by Option 6 is less possibilities for joint processing, aka resource pooling. Consequently, a split anywhere in between the two border cases is a trade-off and interplay between DU cost, fronthaul throughput and joint processing possibilities. 
Figure 1 shows the gNB receiver chain (i.e. UL case) and possible low-layer functional splits between the CU and DU. The advantages of individual intra-PHY (i.e. Option 7) split options shown in Figure 1 are discussed below, where all considerations refer to the UL case. The UL case was chosen because the amount of UL processing in the gNB exceeds the amount of DL processing and due to the fact that conclusions are easily portable to the DL case. 


Figure 1: The gNB receiver chain. The intra-PHY functional split alternatives are marked with dashed lines
Split A (after cyclic prefix (CP) removal and fast Fourier transform (FFT)): the removal of CP and guard subcarriers results in significant throughput reduction compared to Option 8 (guard carriers in LTE, for example, account for about 40% of all subcarriers). This split enables joint processing performance in the CU equal to the one of Option 8, because Interference Rejection Combining (IRC) can still be applied in the CU. IRC is a highly-efficient joint reception technique, where signals from different antennas are combined, in order to increase the signal-to-interference-and-noise ratio. An additional incentive for Split A is a simpler and cheaper DU, because efficient FFT implementation is possible on dedicated hardware, and eventual central placement of the FFT module would not result in significant pooling and load balancing gains, especially due to the fact that FFT processing is not traffic-dependent.  

Split B (after digital beamforming (BF)): the relative fronthaul throughput reduction is even more drastic than the one achieved by replacing Option 8 with Split A. The price for this throughput saving is a reduction of maximum achievable joint processing gain, which drops by roughly 50% with respect to the Split A, because Split B allows only Maximum Ratio Combining (MRC) joint reception (IRC is not possible with Split B and higher splits). The practical consequences of such joint processing decrease is that the DUs will need to be dimensioned for much more processing power, bringing the DU costs up. 
An inherent benefit of this split, with respect to split A, is that the DU has more information useful for coordinated beam management, but where, at the same time, the CU needs to be intelligent enough to take decisions on beam policies. An additional complication when it comes to low-layer split interface standardization is the fact that analog and digital beamforming imply different ordering of functional blocks in the gNB receiver chain. For instance, in case of analog beamforming, the FFT and BF block would change places, and the information content flowing between the CU and DU would differ substantially in these two cases. Despite the superior performance of digital and hybrid beamforming, analog beamforming is generally considered cheaper and will dominate the future products featuring large number of antennas.
Split C (after resource element demapping): the removal of unused resource elements cuts the fronthaul bitrate requirement further. Moreover, this cut-off is also the boundary between per cell and per user processing, meaning that the fronthaul throughput depends on the actual load and statistical multiplexing gain can be achieved at the CU. Another benefit of this split option is power saving because user data processing resources at CU (excluding those in charge of random access) can be in dormant state when there are no active users in the cell. Split C enables distributed massive Multiple-Input Multiple Output (MIMO) and all Coordinated Multipoint (CoMP) schemes without heavy data exchange. Similar to Split B, Split C allows for the use of MRC for joint reception, so maximum achievable joint processing gain is again roughly 50% lower than the maximum gain achievable by Split A. As for Split B, such lower processing gain in CU implies higher costs in the DU.
Multi-user detection is done at the CU, which is good not only because of higher processing capabilities available in the CU, but also due to the inherent spatial diversity (signals received via different radio access points). Finally, the DU has the possibility of applying different quantization methods to samples from different physical channels, where better resolution is given to channels with higher-order modulations. 

Split D (after demodulation and equalization): fronthaul throughput is further reduced because reference symbols and synchronization signals are used for equalization in the DU. This is the first point in the receiver chain where the throughput depends on the number of spatial layers, instead of the number of antennas, since MIMO processing is done in the DU. Another advantage of Split D over previous splits is that, if precoding generation for the DL is done at DU, the channel state information (CSI) used for precoding is more up-to-date. In other words, the CSI input used for precoding, which is obtained in the UL branch, does not have to be sent to the CU – it can be immediately fed to the precoder in the DL branch. Consequently, the correlation between the actual and estimated channel state will be higher, resulting in better communication reliability. In terms of joint reception, this option allows for the use of Selection Combining (SC), which implies that the maximum achievable processing gain reduces to about 25% of the gain provided by Split A. In this split option the DU would have the highest cost, but the advantage would be that of even lower fronthaul throughput.
This split option is suitable for scenarios where joint reception would yield little gain, such as topologies with strong (not necessarily physically large) separation of transmission points, e.g. indoor deployments or street canyons. Meanwhile, joint scheduling, interference coordination and path management are still feasible. On the other hand, previous investigations [2] have shown that the gain of joint transmission and joint reception (i.e. PHY layer cooperative techniques) drops significantly as the number of antennas increases, and that joint scheduling (i.e. MAC-layer cooperative technique) brings comparable gains to PHY layer signal combining, with less complexity. 
A common inherent feature of all the split options considered above is that FEC decoding (which is a computationally intensive operation) is centralized, where decoding time can be reduced by exploiting parallel processing in the cloud; the LDPC codes, which were recently adopted for NR user plane traffic, allow a high degree of parallelism. Centralization of FEC decoding is also beneficial because the high variations in decoding time can be compensated by parallel processing. 

Observation 1 Additional realizations of split Option 7, beyond those outlined in TR 38.801 V1.0.0, are possible, each being advantageous for a particular scenario.

The flexibility in functional splits is necessary in order to cater for the variety of user scenarios and network topologies in real network deployments. For instance, fiber-rich operators can afford high-capacity fronthaul and lower splits, which, in turn enable cooperative processing, as well as adaptiveness to traffic load variations. Conversely, the higher the (intra-PHY) split is in the stack, the lower the throughput on the fronthaul, but the radio resource management and joint processing possibilities are lower. Fronthaul throughput reduction is beneficial for operators lacking high performance fiber infrastructure, and higher intra-PHY splits are particularly suitable for macro-cell scenarios where cooperative processing does not bring substantial gains. 
On top of the above it should be considered that it is very likely for an operator to have a transport network that is not upgraded to fiber-like quality all at once. A heterogeneous transport within an operator’s network would imply that the operator may need different intra PHY splits via different RAN implementations.
The fact that several different and plausible ways to implement Option 7 exist implies that standardisation of one particular option and a single version fronthaul interface would not only be difficult, but would also unnecessarily impede innovation i.e. the efforts to reduce fronthaul bandwidth without losing much of the joint processing gain. On the contrary, standardization of a large number of options would lead to market segmentation. 
Observation 2 Split option flexibility is necessary in order to cater for relevant network scenarios, while standardization of a single low-layer split and the corresponding fronthaul interface would not only be a difficult task, but would also impede innovation and force an operator to fulfil the scenario conditions for which the standardized split option is suitable for. On the other hand, standardization of a large number of split options would lead to market segmentation.
In addition to the considerations above, several general arguments that would complicate standardization of an interface for lower-layer splits should be taken into account:
· Dynamic split reconfiguration: the need for split reconfiguration comes from the fact that traffic load may vary significantly over time (e.g. daytime-nighttime at office environments), where the possibility to alter the split point is essential for achieving load balancing in low traffic loads and high spectral efficiency by cooperative processing in high traffic. Standardizing a particular split is prohibitive towards this feature.
· Information exchanged over the fronthaul: in addition to the large differences in required throughput across different split options, the control information content flowing over the fronthaul will vary across different splits, due to the fact that, in intra-PHY splits, many algorithms are shared between the CU and DU (e.g. multi-user MIMO beamforming). In addition, the interface design would also have to consider the features such as handling of multiple generations of equipment, PM and licensing and sub-ms negotiations between units, to name a few. A more detailed discussion on the information exchanged over the interface can be found in contribution R3-170171 [3].
· UL/DL asymmetry: any given fronthaul interface should allow for different cut-off points in transmitter and receiver chain of gNB, due to the inherent benefits of asymmetric UL/DL, such as throughput reduction and more efficient performance.

· Ordering and merging of function blocks: any given fronthaul interface should allow for reshuffling the order and/or merging of function blocks with respect to the order given in Figure 1, in case the reordering would provide enhanced performance or lower cost (such is the case with analog beamforming). Finally, certain blocks from Figure 1 might be absent in certain scenarios (e.g. the beamforming block in sub 6-GHz deployments), making it difficult to determine a generalized module block decomposition of the gNB transmitter/receiver chain.
· Future-proofness: the design of the algorithms that communicate over the interface will certainly evolve over time.
Observation 3 Standardization of any particular fronthaul interface would have to consider additional aspects, such as the temporal aspect of split flexibility, information exchanged over the interface, UL/DL asymmetry, presence and ordering of function blocks, as well as the evolution of algorithms that communicate over the interface.

3
Conclusion
This contribution shows that there exist several meaningful ways of splitting the PHY layer, which contradicts the idea of standardizing one particular split. Each of the possible split realisations cater for a different deployment scenario and performance/cost requirement. Meanwhile, the contribution R3-170171 [3] takes a holistic approach by analysing the implications of standardizing Options 5, 6 and 7 and the corresponding information content flowing through the fronthaul interface. The overall conclusion is that more than a few meaningful low-layer split options exist and that standardization of one particular low-layer split (Options 5, 6 and 7 and sub-variants therein) would not only require a complex fronthaul interface to be designed, but would also unnecessarily impede innovation and flexibility by limiting the number of implementation workarounds for different scenarios constraints and requirements.
Observation 1
Additional realizations of split Option 7, beyond those outlined in TR 38.801 V1.0.0, are possible, each being advantageous for a particular scenario.
Observation 2
Split option flexibility is necessary in order to cater for relevant network scenarios, while standardization of a single low-layer split and the corresponding fronthaul interface would not only be a difficult task, but would also impede innovation and force an operator to fulfil the scenario conditions for which the standardized split option is suitable for. On the other hand, standardization of a large number of split options would lead to market segmentation.
Observation 3
Standardization of any particular fronthaul interface would have to consider additional aspects, such as the temporal aspect of split flexibility, information exchanged over the interface, UL/DL asymmetry, presence and ordering of function blocks, as well as the evolution of algorithms that communicate over the interface.


Proposal 1
RAN3 should agree to contribution R3-170171 [3].
Proposal 2
Based on the arguments presented, RAN3 should agree not to standardize an interface for low-layer splits (Options 5,6 and 7) in Release 15. RAN3 may decide to adopt an existing or future standard (e.g. eCPRI) as the de facto specification, if this permits the innovation and flexibility valued in this paper. 


4
References
[1] 3GPP TR 38.801 v1.0.0, “Study on New Radio Access Technology; Radio Access Architecture and Interfaces”. 

[2] A. Davydov, "Evaluation of Joint Transmission CoMP in C-RAN based LTE-A HetNets with Large Coordination Areas", 2013 IEEE GLOBECOM Workshops, pp. 801-806.

[3] 3GPP TSG RAN WG3 Meeting #Ad-hoc, R3-170171, “Issues in standardization of lower layer splits 5, 6, 7”, Spokane, Washington, USA, 17th-19th Jan 2017.
Option 6





Option 8





D





C





B





A





Resource demapping





Channel decoding





Demod. & equalization





Digital beamforming





CP removal & FFT





Antenna, RF & ADC








PAGE  
6

