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1. Introduction
The choice of the number of HARQ processes has been narrowed down in RAN1#50 to two choices: 7 or 8 [1].  It has also been decided that the UE processing time is 3 ms minus the propagation round trip delay.  The only open question is whether the eNode B’s processing time should be chosen as 2 ms or 3 ms.  In this contribution, the eNode B’s processing delay is analyzed.  Based on our timing analysis, it is our belief that 2 ms processing delay is sufficient for a reasonable implementation.  Therefore, we propose to adopt 7 HARQ processes in order to shorten the total round trip HARQ delay.  
For informative purpose, the number of HARQ processes and the implications to Node B and UE processing time budgets for UMB are provided in the appendix for comparison.
Before the eNode B processing timing analysis is provided, Figure 1 shows the timing diagram corresponding to 7 HARQ processes.
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Figure 1 – DL and UL HARQ Timing

2. eNode B Processing Time Analysis for UL HARQ
In order to complete the UL HARQ protocol, the major processing steps in eNode B are listed in the following table.  
	Processing Steps
	Description

	P1
	RS Based Processing:  

This is the processing based on reference signals such as channel estimation.

	P2
	OFDM Symbol Based Processing:

This is all the processing based at the OFDM symbol level such as spatial processing and equalization, IDFT processing, LLR calculation.

	P3
	Subframe Based Processing:
This is the processing based on subframe level such as de-interleaving, rate-dematching, hybrid combining, and Turbo decoding.  The most time consuming part is Turbo decoding.  

	P4
	UL MAC Scheduling Processing

	P5
	DL Control Channel Processing


Table 1 –Major Processing Steps in eNode B for UL HARQ
Among the above 5 major steps, P3 and P4 are the most time consuming ones.  However, neither of the steps can take more than 1 ms given the subframe duration is only 1 ms .  It also should be noted that the above 5 major steps don’t have to be processed all in serial since some of steps can have overlaps.  
Obviously the exact processing time for each step depends heavily on implementation.  In addition, it also depends on the specific resource allocations in that Subframe such as whether one or few UEs are allocated with a lot of PRBs or many UEs each is allocated with a small number of PRBs, respectively.  In the following, we provide two case studies for rule-of-thumb-timing-analysis.  In the first case, we assume there are many UEs transmitting at the same time but each is allocated with a small number of PRBs, while in the second case we assume all the PRBs are given to a single UE.  Those two cases represent the two extremes while in reality it usually stands somewhere in between.   Our analysis shows 2 ms processing time at eNode B is sufficient for both extremes and we believe it should also be sufficient for all other cases.  
UL HARQ Timing Analysis -- Case 1

In this case many UEs are transmitting at the same time but each is allocated with a small number of PRBs.  The processing time estimation for each major step is shown in Figure 2.
As it is shown in Figure 2, part of the RS Based Processing, P1, can start as early as the first reference symbol is received.   The rest of P1 can start when the second reference symbol is received.  It is reasonable to assume the OFDM Symbol Based Processing, P2, can start roughly near the end of the 1 ms PUSCH Subframe.  At that time, P1 does not have to be finished.  The only assumption is P1 has already generated all the inputs that are needed for P2 to process the 1st OFDM symbol of the first UE.  P1 can continue in parallel with P2 as long as P1 keep up the speed with P2.  
The processing in P3 can start as soon as the P2 has finished the first UE’s data.  Since we assume in this case each UE is only assigned with a small number of RBs, P3 should be able to start very shortly after the beginning of P2.  The latency between P3 and P2 is in the order of a few micro-seconds for a single UE with a small number of PBs and is negligible in this case (shown as <0.01 ms in the figure).
We then assume P3 lasts for 1 ms, which is the upper limit.  The processing in P4 can start when P3 finishes.  We assume P4 is allocated with up to 0.95 ms, which is already 95% of theoretical maximal duration.  This still leaves 0.05 ms for PDCCH processing in the downlink, which should be sufficient as PDCCH channels all have very low data rates.
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Figure 2 –UL HARQ Timing Analysis Case 1

UL HARQ Timing Analysis -- Case 2
In this case a single UE is allocated with all the PRBs.  The processing time estimation for each major step is shown in Figure 3.

The major difference between Case 1 and Case 2 is that the processing in P3 cannot start until P2 is finished given there is only 1 UE.   However, the total time required for P2 in case 2 is less than what is required in case 1, due to the processing efficiency for large chunks of data.  For example, most IDFT engines are more efficient for one large size IDFT operation than for many small size IDFT operations due to much less overhead in switching context.  More detailed analysis shows it is reasonable to allocate 0.15 ms for P2 processing.

P3 and P4 can be also allocated with slightly less time than in Case 1 due to similar reasons.  For example, Turbo decoder is more efficient when processing fewer large blocks of data than more small blocks of data due the reduced overhead.  Similar, the scheduling processing in P4 can also be slightly simplified as there are less UEs transmitting PUSCH.  Nevertheless, P3 and P4 are still allocated with 0.9 ms each, which is 90% of the theoretical maximal duration.  This still leaves 0.05 ms for PDSCH processing.

As a result, our analysis shows 2 ms is sufficient for both extremes.  It is expected to be sufficient for all the other cases.  
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Figure 3 –UL HARQ Timing Analysis Case 2
3. eNode B Processing Time Analysis for DL HARQ

In order to close the DL HARQ protocol, the eNode B needs to first decode PUCCH channels, then perform DL MAC Scheduling, followed by PDSCH encoding and modulation.  It should be even easier to finish all those steps in 2 ms than to finish all the processing steps required for UL HARQ due to the following reasons:

· PUCCH receiver processing is much simpler than PUSCH receiver processing as there is no IDFT processing and no Turbo decoding.

· PDSCH Turbo encoding for 1 ms Subframe should be much easier than PUSCH Turbo decoding for 1 ms Subframe.

· DL MAC scheduling can be allocated with no more than 1 ms time, which is similar to what is allocated to UL MAC scheduling.

Therefore, DL HARQ is really not the concern.  We should focus on the UL HARQ timing discussion to decide the number of HARQ processes. 
4. Conclusion
Based on our eNode B processing time analysis, we believe 2 ms processing time is sufficient for eNode B for both UL and DL HARQ protocol.  Therefore, we propose the number of HARQ processes in LTE is chosen to be 7.
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Appendix – UMB Information
The UMB information can be found in [2].  The UMB frame duration is ~0.91 ms.  Unlike LTE, UMB does not require the same number of HARQ process between UL and DL.  In addition, it supports multiple modes in both UL and DL.   Some of the modes support extended transmission, where each packet data transmission lasts for 3 consecutive frames.  The following table summarizes the major DL and UL HARQ modes in UMB and also the implications on UE and Node B processing time.

	UL/DL HARQ Modes in UMB
	UE Processing Time
	Node B Processing Time

	DL 8 HARQ Processes
	4 frames – delay
	2 frames

	DL 6 HARQ Processes
	2 frames – delay
	2 frames

	DL 8 HARQ Processes with extended transmission
	2 frames – delay
	2 frames

	UL 8 HARQ Processes
	2 frames – delay
	4 frames

	UL 8 HARQ Processing with extended transmission
	2 frames – delay
	2 frames


Table 2 –Number of HARQ Processes in UMB

It can be observed that the Node B’s processing time for DL HARQ is always 2 frames, and the Node B’s processing time for UL HARQ is either 4 frames when there is no extended transmission or 2 frames when there is extended transmission.  Nevertheless, 2 frames processing time at Node B is required for both UL and DL except one of the modes. 
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