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Introduction
This contribution provides further details on the “alternative 8” described in the email discussion [95#26]. In that alternative we suggested placing the MAC and RLC headers at the end of the MAC PDU and to start transmitting precomputed RLC SDUs in the beginning of the time interval while preparing the header information to be placed at the end. The intention is to reduce the time from receiving an UL grant until starting the transmission of the corresponding transport block over the radio interface. 
[bookmark: _Ref178064866]Discussion
Problem Description
The requirements of very short latency in NR require very short processing delays. . RAN1 intends to reduce the delay from the end of the reception of the DCI (UL grant) to the beginning of the transmission of the corresponding UL transport block to 1-2 OFDM symbol durations as depicted in Figure 1. 
[image: ]
[bookmark: _Ref462987709]Figure 1: UL-Grant to UL-Data delay in the order of 1-2 OFDM symbol durations
To fulfil this tight timeline, the transmitter’s UP stack must be able to deliver a sufficiently large number of octets to fill at least the first uplink data symbol. The most time-critical case is one with a large transport block (possibly several 10000 octets). Here the UE must be able to generate at least a first channel code word within the required 1-2 OFDM symbol durations. The data mapped to subsequent OFDM symbols has slightly less stringent delay requirements. The MAC PDU octets to be mapped into the last OFDM symbol may take most time to compute: 11 symbols between the reception of the DCI and the transmission in UL.
[bookmark: _Toc463001950][bookmark: _Toc463002135][bookmark: _Toc463034401][bookmark: _Toc463034609][bookmark: _Toc463037585]While the octets to be carried in the first OFDM symbol of an UL transmission must be computed in no more than 1-2 OFDM symbols, the octets mapped to the last OFDM symbols could be made available to L1 later.

However, due to the design of the LTE L2 User Plane protocol stack and header formats, the transmitter cannot benefit from the “relaxed” delay requirement for the octets in the latter OFDM symbols. In other words, the MAC transmitter cannot produce and deliver the transport block symbol by symbol (or code-block by code-block) before having computed the entire MAC PDU including all headers and control elements (see annex 4.1 for more details). 
[bookmark: _Ref462995755][bookmark: _Toc463001951][bookmark: _Toc463002136][bookmark: _Toc463034402][bookmark: _Toc463034610][bookmark: _Toc463037586]The placement of the header in the beginning of the MAC PDU requires the transmitter to generate the entire PDU before starting the delivery to L1 and over the Uu.

One could assume that the early placement of the header in the beginning of the MAC PDU accelerates the operation of the receiver side. However, the receiver needs to verify the correctness of the CRC before processing the entire MAC PDU. Due to the placement of the CRC at the end of the transport block and due to the need to have the entire transport block before determining the CRC, the receiver can however not benefit from the placement of the header in the beginning. 
[bookmark: _Toc463001952][bookmark: _Toc463002137][bookmark: _Toc463034403][bookmark: _Toc463034611][bookmark: _Toc463037587]The need to verify the CRC prevents the receiver from starting the L2 processing before receiving entire MAC PDU. 

The most time critical receiver side operation is the decoding of the transport block and the verification of the CRC in order to send the HARQ feedback with minimal delay. Fortunately, the receiver does not require the MAC header to start the decoding on physical layer. Hence, it may decode transport block already while receiving it (symbol by symbol). 
[bookmark: _Toc463001953][bookmark: _Toc463002138][bookmark: _Toc463034404][bookmark: _Toc463034612][bookmark: _Toc463037588]The MAC header information is not necessary for performing the (physical layer) decoding of the transport block. Hence, the receiver does not benefit from placing header information early in the transport block. 
Accelerating L2 UP
In the email discussion [95#26] several proposals were made how to accelerate the creation of the MAC PDU by means of pre-processing upon arrival of IP packets from higher layers. In particular it was proposed to generate PDCP PDUs (ciphered, added SN and possibly a length field) and to store those in memory. The intention is to minimize the processing to be performed upon arrival of the grant. However, in all those proposals at least some length fields, segmentation info, logical channel IDs and MAC CEs need to be generated “on-the-fly”. If at least some of those fields remain in the beginning of the MAC PDU, the above-mentioned dilemma of Observation 2 remains: The placement of the header information in the beginning of the MAC PDU requires the transmitter to generate the entire PDU before starting the delivery to L1 and over the Uu.
Another problem with some of the proposals from the email discussion is that more header information appears in between (PDCP) PDUs. If the receiver-side decoding entity stores the transport block directly to the (external) memory, the L2 processor cannot just fetch all headers from a single known place in memory. Since it is undesirable to pass an entire large transport block through the CPU, the CPU would need to perform many subsequent memory accesses to acquire the individual distributed header fields. To avoid this, at least all MAC header information should appear in one common place inside the MAC PDU. 
[bookmark: _Toc463001905][bookmark: _Toc463002142][bookmark: _Toc463034406][bookmark: _Toc463034614][bookmark: _Toc463037590]In order to accelerate the receiver side processing of time critical information, at least the MAC header should not be distributed across the MAC PDU. 

Moving headers to the end
As mentioned in the previous sub-section, it may be unavoidable to pre-process PDCP SDUs upon arrival from higher layers and to store PDCP PDUs in memory. In particular when operating at high L1- and application layer data rates (the most time critical case) the UE will typically have large amounts of such pre-processed data in memory. As explained based on Figure 1, it would be desirable if the MAC transmitter could (upon reception of a grant) deliver instantaneously a large amount of data to L1 so that L1 can generate the first channel code block and start its delivery over Uu in the first OFDM symbol. The pre-computed PDCP PDUs would be a good candidate for such a fast delivery. 
However, to fully exploit the benefits of pre-computation, the transmitter should not be required to prepend the pre-computed data with any control information. In particular, one should avoid insertion of control information that depends on the structure of the latter part of the MAC PDU. 
[bookmark: _Toc463001954][bookmark: _Toc463002143][bookmark: _Toc463034407][bookmark: _Toc463034615][bookmark: _Toc463037591]To fully exploit the benefits of pre-computation, the transmitter should not be required to prepend the pre-computed data with any control information that is determined during or after finalization of the MAC PDU. 

Since the receiver needs the control (header) information for parsing the MAC PDU and since it is undesirable to spread it across the MAC PDU, the preferable choice is to place all dynamically created information at the end of the MAC PDU. 
[bookmark: _Ref463000418][bookmark: _Toc463001955][bookmark: _Toc463002144][bookmark: _Toc463034408][bookmark: _Toc463034616][bookmark: _Toc463037592]All dynamically generated control information (MAC & RLC headers and MAC control elements) should be placed at the end of the MAC PDU

If we assume for the time being that the placement of PDCP, RLC and MAC functions (ciphering, concatenation, multiplexing, ARQ, …) remains unchanged, a UE could pre-generate PDCP PDUs and store those in memory. Upon reception of an uplink grant the MAC layer needs to determine the highest priority logical data channel with data and instruct the RLC layer to deliver an RLC PDU. Unlike LTE, the RLC protocol returns (e.g. by instructing the memory controller) a sequence of RLC SDU octets instantaneously. While doing this, it must (as in LTE) keep track of the number of transmitted SDUs to ensure that there is sufficient space in the transport block for conveying the length indicators. In particular for large transport blocks (which are most time critical), the UE may however safely trigger the memory controller to transmit a large data block filling at least a first code-block. In parallel it may compute the required header information. Subsequently, the MAC layer may ask the other RLC entities to delivery data (RLC SDUs) to L1. In the meantime, the header information of all RLC and MAC headers may be generated and kept in the CPU. This control information is then delivered to L1 towards the end of the TTI and it will hence end up in the last channel code block.
The L2 receiver needs to know how to decode the MAC PDU. As in LTE, it needs to be able to find the first MAC sub-header and use the contained information to parse through the remaining sub-headers. To enable this, the MAC header should start in the last octet of the MAC PDU and then propagate towards the beginning of the MAC PDU. The MAC receiver may hence apply the same logic for decoding the MAC sub-headers in the same way as in LTE with the only difference that the order of the octets is reversed. 
Figure 2 depicts the resulting header structure if several (possibly pre-computed) PDCP PDUs are concatenated into a single RLC/MAC PDU. For reference, it also depicts where the (same headers) would have been placed according to the LTE L2 protocol descriptions. 
[image: ]
[bookmark: _Ref463000596]Figure 2 RLC and MAC headers information moved to end of MAC frame
Following the principle of Proposal 3, all dynamically generated control information (MAC & RLC headers and MAC control elements) should be placed at the end of the MAC PDU. That means, not only the RLC header for the first embedded RLC PDU but preferably all RLC headers should appear towards the end of the MAC PDU in order to maximize the time that the UE may spend on creating those. Annex 4.2 depicts how MAC Control Elements, RLC headers and Padding should be placed in order to achieve this goal. 
[bookmark: _Toc463001907][bookmark: _Toc463001957][bookmark: _Toc463002140][bookmark: _Toc463034405][bookmark: _Toc463034613][bookmark: _Toc463037589]Placing all dynamically generated control MAC&RLC information at the end of the MAC PDU enables the transmitter to deliver transport block bits early without harming the receiver decoding/processing delay.
[bookmark: _Toc463002145][bookmark: _Toc463001909][bookmark: _Toc463002147]
Conclusion
In section 2 we made the following observations:
Observation 1	While the octets to be carried in the first OFDM symbol of an UL transmission must be computed in no more than 1-2 OFDM symbols, the octets mapped to the last OFDM symbols could be made available to L1 later.
Observation 2	The placement of the header in the beginning of the MAC PDU requires the transmitter to generate the entire PDU before starting the delivery to L1 and over the Uu.
Observation 3	The need to verify the CRC prevents the receiver from starting the L2 processing before receiving entire MAC PDU.
Observation 4	The MAC header information is not necessary for performing the (physical layer) decoding of the transport block. Hence, the receiver does not benefit from placing header information early in the transport block.
Observation 5	Placing all dynamically generated control MAC&RLC information at the end of the MAC PDU enables the transmitter to deliver transport block bits early without harming the receiver decoding/processing delay.

Based on the discussion in section 2 we propose the following:
[bookmark: _GoBack]Proposal 1	In order to accelerate the receiver side processing of time critical information, at least the MAC header should not be distributed across the MAC PDU.
Proposal 2	To fully exploit the benefits of pre-computation, the transmitter should not be required to prepend the pre-computed data with any control information that is determined during or after finalization of the MAC PDU.
Proposal 3	All dynamically generated control information (MAC & RLC headers and MAC control elements) should be placed at the end of the MAC PDU
[bookmark: _In-sequence_SDU_delivery]
Annex 
[bookmark: _Ref462994600]Background – LTE L2 Stack
When designing the LTE UP protocol stack, RAN2 focused on protocol overhead and low residual loss rates. In the email discussion [95#26] several companies expressed that the placement of headers and/or protocol functions in LTE results in too long processing latency which will make it difficult to achieve the anticipated grant-to-data latency of 1-2 OFDM symbol durations.  
It has been argued that concatenation and segmentation contribute most to the processing delay of an LTE transmitter. If the transport block is (much) larger than the RLC SDUs available for transmission, creating an RLC PDU becomes an iterative process since the size of the header grows with every concatenated RLC SDUs due to the added Length Indicator. This iterative process takes a non-negligible amount of time. 
The segmentation primarily sets the FI field in the RLC header which indicates to the receiver whether the first (last) octet in the RLC PDU’s payload is the first (last) byte of an RLC SDU. Even though the segmentation function is not particularly processing heavy, the transmitter may determine the latter of the FI bits only after finalizing the concatenation, i.e., after building the RLC PDU. 
In order to perform ARQ and in-sequence delivery, RLC also adds a sequence number to each RLC PDU. This transmitter-side function should not cause any noticeable delay.
MAC multiplexes RLC PDUs from different logical channels as well as MAC control elements. This is a similarly iterative process as the concatenation in RLC taking a similar amount of processing time. 
In LTE, the beginning of the Transport Block (TB) contains the MAC header and the first RLC header. Due to the nature of the above-mentioned segmentation and concatenation functionality, the transmitter cannot construct and transmit the TB before having determined which (segments of which) RLC SDUs to include and which MAC control elements to append.
[image: ]
Figure 3 LTE headers position in a MAC frame after concatenation in RLC and multiplexing
[bookmark: _Ref463000949]MAC CEs, Padding and multiplexing
MAC Control Elements and Padding are needed to be added in some frames. They can be easily incorporated following the same principles. The subheaders for MAC CE and padding are indicated in the same way as in LTE (reserved LCIDs ) and these headers would also be in the end of the PDU.
Regarding padding, the actual padding bits would be placed after the data, like it is in LTE. But since the headers are now in the end the padding would end up in the middle of the transport block.
Regarding MAC CEs, since the control elements information might need to be calculated after the data SDUs are processed (e.g. for buffer status or power headroom) it is better if the transmitter can include them towards the end of the transport block since that allows the longest possible processing time of them. This would maintain the desired properties mentioned previously where the varying parts of the frame are confined to the end of it and to enable the processing of the beginning of the transport block by the PHY immediately after knowing the TB-size (of even before the actual size is known). This implies that the MAC CE and padding is placed in between the RLC Header information and the RLC SDUs and therefore the RLC PDU header would be separated from the payload in the MAC frame. This would allow additional time for parallel processing in the transmitter side and simplify the receiver parsing implementation.

[image: ]
Figure 4 Placing of MAC CE and padding in a frame with headers information at the end

In cases where the RLC payload is too small to even span over one OFDM symbol and the TB size is too big, the transmitter can easily produce the required padding meanwhile finalizing the calculation of the variable parts of the frame which is send to PHY at the end.

[image: ]
Figure 5 Example of encoding of a frame with header information at the end including large padding

In similar way, if there is space left to multiplex more than one logical channel in the same transport block, the variable part of the frame is preferred to be maintained at the end. In such case, one possibility is that the RLC SDUs of the next logical channel could be placed directly after the RLC SDUs of the first logical channel, and RLC PDU headers information in front of the previous logical channel RLC header information (see Figure 5). 
[image: ]
Figure 6 Example of MAC PDU with header information at the end including MAC Multiplexing, MAC CE and padding 
The parsing of such frame, would allow to separate the header information from the payload easily in the receiver side. After the CRC check, the receiver could obtain the last bits of the frame and process it until the end of the MAC headers. The receiver therefore don’t need to bring the whole transport block in to the CPU for processing since only the last part of the transport block is needed for the decoding of the transport block.
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