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1. Introduction and background
For FDD the total number of DL HARQ processes required for continuous DL transmission to a UE is eight, while for TDD this number varies with the chosen DL/UL configuration. The required number of DL HARQ processes was agreed in [1], and is listed in Table 1.  
	UL/Dl Configurations
	Number of DL HARQ processes 

	TDD 0: 1DL+DwPTS : 3UL
	4

	TDD 1: 2DL+DwPTS : 2UL
	7

	TDD 2: 3DL+DwPTS : 1UL
	10

	TDD 3: 6DL+DwPTS : 3UL
	9

	TDD 4: 7DL+DwPTS : 2UL
	12

	TDD 5: 8DL+DwPTS : 1UL
	15

	TDD 6: 3DL+2DwPT : 5UL
	6


Table 1: Number of DL HARQ processes for different TDD UL/DL configurations.

For FDD operation, parameters of various UE categories are given in [2, Section 4.1]. Properties pertaining to DL transmission are summarized in Table 2.

	UE Category
	Maximum number of DL-SCH transport block bits received within a TTI
	Maximum number of bits of a DL-SCH transport block received within a TTI
	Total number of soft channel bits
	Maximum number of supported layers for spatial multiplexing in DL

	Category 1
	[10040]
	[10040]
	[242,880]
	1

	Category 2
	[50000]
	[50000]
	[1,206,624]
	2

	Category 3
	[100000]
	[75056]
	[1,206,624]
	2

	Category 4
	[150112]
	[75056]
	[1,811,232]
	2

	Category 5
	[300064]
	[150032]
	[3,620,256]
	4


Table 2: Specification of DL properties of UEs according to 3GPP TS 36.306 V8.1.0.
Since for some TDD allocations the number of DL HARQ processes are larger than 8, the soft bit memory per DL HARQ process in TDD will be less than in FDD, given that the total soft bit buffer size is the same. In particular, it was decided at the RAN1#52 meeting to (tentatively) support LBRM in TDD for all UE categories, to support DL transmission for all TDD allocations.  Table 3 shows the soft memory area available for each DL HARQ process, relative to the maximal size of a transport block.

	
	SISO operation
	MIMO operation

	UE category
	FDD
	TDD 2
	TDD 3
	TDD 4
	TDD 5
	FDD
	TDD 2
	TDD 3
	TDD 4
	TDD 5

	1
	3.02
	2.42
	2.69
	2.02
	1.61
	
	
	
	
	

	2
	3.02
	2.41
	2.68
	2.01
	1.61
	3.02
	2.41
	2.68
	2.01
	1.61

	3
	2.01
	1.61
	1.79
	1.34
	1.07
	1.51
	1.21
	1.34
	1.01
	0.80

	4
	3.02
	2.41
	2.68
	2.01
	1.61
	1.51
	1.21
	1.34
	1.01
	0.80

	5
	3.02
	2.41
	2.68
	2.01
	1.61
	1.51
	1.21
	1.34
	1.01
	0.80


Table 3: Soft bit memory area available per HARQ process, relative to the maximum size of a transport block (SISO operation) or maximal number of bits received per TTI (MIMO operation) and assuming a HARQ process number according to Table 1. For example, for UE category 3 and TDD 4 the figures are 1,206,624/(12*75056) for SISO and 1,206,624/(12*100000) for MIMO.
One conclusion we can draw from this table is that the peak DL data rate is not affected by the increased number of HARQ processes for TDD, except for the most DL-heavy allocation 5 and UE categories 3—5 in MIMO operation. Here we find a 20% loss in peak data rate, caused by the fact that the maximal number of DL bits allowed by the UE category specification cannot be sent because of limitations in soft bit buffer size. 
However, what is equally obvious is that the minimum code rate will be limited in TDD mode. For FDD, the minimum code rate is 2/3 over all categories, and smaller for SISO operation and categories 1—3. For this reason it was proposed in [3] to let the eNodeB assume that the total soft bit memory area available per DL HARQ process (or DL TB) equals a fraction 1/M of the total soft bit buffer size, where M equals the number of DL HARQ processes according to Table 1 if this number is no larger than a bound Mlimit, and M is set equal to Mlimit otherwise. Moreover, the specific value Mlimit=9 was also proposed, This proposal implies statistical multiplexing of the soft bit buffer for the three most DL-heavy TDD allocations, which all require more than 9 DL HARQ processes to avoid HARQ starvation. The purpose of the present contribution is to further analyse this way of handling the larger number of DL HARQ processes in TDD. 
2. Analysis and simulation of HARQ blocking probabilities
We will say that a DL HARQ process is active if it currently uses a part of the soft bit buffer. A HARQ process will thus be active from when it receives a new TB (first transmission), until this TB has been correctly decoded or the maximal number of retransmissions has been reached. A HARQ process that is not active is said to be passive; such a process does hence not use any soft bit memory. If each active HARQ process is allowed to use soft bits to the extent that all HARQ process cannot be active simultaneously (as with the scheme described above), it could happen that when a certain DL HARQ process is to receive the first transmission of a new transport block, there is no space available in the soft bit buffer. We refer to this event as HARQ blocking. The UE must then take appropriate action.
A basic requirement for the scheme to work is thus that the probability of HARQ blocking is low. In [3] an analysis is presented that suggests that even with a retransmission probability as high as 0.3, the HARQ blocking probability is less than 1% (SISO) or 0.01% (MIMO) for Mlimit=9. The details of the analysis were not reported, but by examining the numbers it appears that they are based the binomial distribution. Thus, with N denoting the number of DL HARQ processes, the reported probabilities are P(Bin(N,p) > x) for N=12 or 15 and p=0.3 (here P stands for probability). This analysis calls for some comments.
(a) The binomial distribution arises from the assumption that transmissions of TBs in different subframes are correctly or incorrectly decoded statistically independently of each other. Over slow-fading channels this assumption is questionable, even if fast link adaptation using CQI reports and scheduling on different subcarriers to some extent can offset such channel variations. In addition, if the probability that a first transmission fails is 0.3, the probability that the TB fails again after retransmission will be smaller. Thus the parameter p would correspond to an average over first transmissions and retransmissions, which again violates the independence assumption underlying the binomial distribution. Slow channel variations can cause series of incorrectly received TBs during fading dips, which in turn will increase the number of active HARQ processes relative to independence conditions.
(b) Even if p were fixed over all transmissions and independence did hold, the binomial probabilities reported in  [3] are not the relevant ones. The relevant probability is rather the conditional probability that given that one particular HARQ process is about to receive a new TB, among the remaining N-1 HARQ processes there are more than x active ones. In a binomial context the probabilities we seek are thus P(Bin(N-1,p) > x).

(c) The basic timing relation for ACK/NAK transmission on the UL is that after receiving data on PDSCH, the UE shall respond with an ACK or NAK at the earliest 4 subframes later [4, Section 10.3]. This means that there is up to 3 ms UE processing time in between. Assume that, because of decoding and other processing time in the UE, after any DL transmission the corresponding HARQ process cannot become passive until 3 subframes later, even if the TB was correctly received. To account for such decoding delays, assume that there are K UL subframes within a radio frame, and let dk be the number of DL subframes among the two subframes preceding UL subframe k. Thus dk is either 0, 1 or 2. For UL subframe k, the conditional probability that the number of active HARQ processes exceeds x, equals P(Bin(N-1- dk, p)+ dk > x) = P(Bin(N-1- dk, p) > x- dk). Here the + dk and -dk account for the preceding DL subframes that have not been decoded at UL subframe k. The overall conditional probability that the number of active HARQ processes exceeds x is then computed as the average over these binomial probabilities over all K UL subframes.
Probabilities as in (c) are plotted in Figure 1 for TDD allocations 8DL:2UL (12 HARQ processes, K=2, d1=2 and d2=1) and 9DL:1UL (15 DL HARQ processes, K=1, d1=2). With Mlimit=9 we should look at the probabilities for x=8 and x=16 in the SISO and MIMO cases respectively (note that the actual total number of HARQ processes is twice the nominal number for MIMO). These probabilities are larger than those reported in [3]; about  4% and 2% for SISO and MIMO respectively with 15 HARQ processes and about 0.3% and 0.04% with 12 HARQ processes.
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Figure 1: Soft bit buffer occupancy tail probabilities for SISO and MIMO operation; the probability of incorrect reception of a TB was 0.3, and independence across receptions was assumed.
A further aspect of the analysis, not accounted for above, is that of ACK/NAK bundling. Indeed, for TDD allocations with more DL subframes than UL subframes, ACK/NAK bundling will be used. Individual feedback of DL TBs (multiple ACK/NAK) is also discussed although not yet agreed, but for the most DL-extreme allocation, i.e. 9:1 with 15 DL HARQ processes, one may assume that bundling will be necessary. For the allocations 8DL:2UL and 9DL:1UL, up to 4 and 9 TBs respectively will be bundled in each UL subframe [5]. The impact of ACK/NAK bundling on HARQ blocking is favorable, as described next.
(d) When ACK/NAK bundling is used the transmission operating point, i.e. the probability of a failed transmission, typically applies to the bundled ACK/NAKs rather than single TBs. Thus, if a (bundled) NAK fraction p is desired, the scheduler must adjust code rate and modulation scheme (i.e. do link adaptation) such that the TB error rate (BLER) is roughly p/B where B is the number of DL TBs that are bundled. With B=4 for example (8DL:2UL allocation), the scheduler must achieve a BLER of for instance 0.3/4 = 0.075 or 0.1/4 = 0.025, which will drastically reduce the HARQ blocking probability as compared to Figure 1.

A second effect of bundling is that when a bundled NAK is sent, meaning that at least one TB in the bundle failed, the eNodeB will not know which or even how many TBs that failed. If only one or two TBs within a bundle will fail, while the remaining TBs will be correctly decoded, then the HARQ processes corresponding to these correctly decoded TBs are then passive, and the UE can ignore the subsequent retransmissions of these TBs. As a result, the eNodeB will not know that these HARQ processes are passive, and it cannot send new TBs to  them again as quickly as if ACK/NAK per TB were available. The net effect is that less HARQ processes will be active and the HARQ blocking probability will decrease.
The first effect is, in the binomial model, simple to incorporate by just adjusting p. For SISO operation the HARQ blocking probabilities for Mlimit=9 and bundle NAK rate 30% become about 9*10-8 and 6*10-7 for the 9:1 and 8:2 allocations respectively.  The second effect is more difficult to analyze (although it could be done with rather simple Markov model), but as noted above it will make these already very small numbers even smaller.
Summing up, the impact of ACK/NAK bundling is two-fold: the scheduler may decrease the BLER and less HARQ processes will be active than if each TB received ACK/NAK individually. Both parts have a positive, i.e. decreasing, effect on the HARQ blocking probability. We also notice that these effects will be the largest for the most DL-heavy allocations, in which the largest bundles are used. These are also the allocations with the largest number of DL HARQ processes, so bundling may help the most when it is most needed.
3. Discussion and conclusion
Above we have analyzed the effect of potentially over-booking the soft bit buffer in terms of probability of HARQ blocking (buffer overflow). We also notice that

(i) The eNodeB can choose to eliminate the possibility of HARQ blocking altogether by addressing only at most Mlimit different DL HARQ processes, thus voluntarily also limiting the DL peak rate.

(ii) Even if the eNodeB addresses the number of DL HARQ processes as specified by Table 1, it can control the probability of HARQ blocking by setting the operating point of DL transmission, i.e. the retransmission probability, by choosing code rate and/or modulation scheme suitably.

(iii) As discussed above, the use of ACK/NAK bundling may lead to a significant decrease the probability of HARQ blocking, in particular for the most DL-heavy UL:DL asymmetries that require the largest numbers of DL HARQ processes.

Based on the above we propose 
· to dimension the number of soft bits available to each HARQ process (or transport block) as specified by Eq. (1) in [3] with Mlimit=9 to handle the cases where more than 8 HARQ processes are needed.
References

[1] 3GPP R1-081124 , “Way forward for TDD HARQ process”, Huawei, CMCC, Nokia, Nokia Siemens Networks, Ericsson, CATT, RITT.
[2] 3GPP TS 36.306 V8.1.0
[3] 3GPP R1-081475, “Soft buffer allocation”. Nokia, Nokia Siemens Networks.
[4] 3GPP TS 36.213 V.8.2.0.
[5] 3GPP R1-081582, “36.213 CR0009 (Rel-8, F) UL ACK/NACK timing for TDD”.




































































































































































































































