3GPP TSG-RAN WG2 Meeting #64


R2-086233
Prague, Czech Republic, 

10th November – 14th November 2008
Agenda item:
6.1.1.5
Source:
Nokia Corporation (email rapporteur)
Title:
Report on the email discussion [63bis_LTE_B10] TDD PRACH resource selection 

Document for: 
Discussion and Decision

1
Introduction

During WG2#63bis the issue of how TDD PRACH resources should be selected was discussed. The existing text describing the procedure in [1] is not correct and should be replaced. The two documents [2], [3] submitted to the meeting for this topic proposed that, at least for R8, the UE should first select the first available subframe that contains a PRACH resource and, if more than one PRACH resource was available in the subframe, then one resource should be selected at random. [2] also described some of the PRACH combinations that are defined for TDD and how the load on the PRACH resources can be affected by the way in which they are selected. This prompted the questioning of whether the proposed way forward was the best and the contribution of an additional procedure [4]. Consequently, it was decided that an email discussion of the problem was required. This document contains an overview of the problem and the results of the email discussion. Two further proposals were received during the e-mail discussion [6] and [7].
2
Discussion
It is clarified that the potential requirement to use a PRACH selection method other than the selecting of the first available subframe applies only to contention based random access. For random access based on dedicated preambles it is assumed that the preferred PRACH selection criteria will be to select the first available PRACH resource subject to the constraints provided by any allocated mask.

The TDD PRACH configurations are large in number. The Annex 1 to this document contains an outline of the configurations that are supported. From the point of view of PRACH selection they can be subdivided into two groups. 
The first group has PRACH resources confined to one subframe per frame (10 ms switching) or one subframe per half frame (5ms switching). For these configurations it is suggested that PRACH selection based on first selecting the next available subframe that contains a PRACH resource and then selecting a PRACH resource within that subframe, if more than one exists, is the correct procedure. This group encompasses all configurations for preamble formats 1 to 4 and configurations for preamble format 0 and UL/DL configurations 2 and 5 and for the remaining UL/DL configurations where there are one or two PRACH in the frame.
The second group contains those PRACH configurations for which there are PRACH resources are grouped within two or three consecutive subframes, either one group within the frame (10ms switching) or two groups within a frame (5ms switching). This applies to UL/DL configurations 0, 1, 3, 4 and 6 and preamble format 0 when there are three or more PRACH resources in a frame. These PRACH combinations are illustrated in Table 2 of the Annex. For this second group, it is anticipated that the arrival pattern of UE PRACH requests may result in an uneven loading of PRACH resources if the UE selects the first available PRACH subframe.
For this second group, as a result of the expected distribution of time at which the UE commences PRACH selection, and as a result of the PRACH resources being available in several subframes within small segments of a frame, there is an expectation that selecting the first available PRACH subframe will bias PRACH load towards particular subframes, e.g. those in subframes 2 and 7, resulting in overload in some PRACH and under utilisation of others, indeed the value of some PRACH combinations might be questioned.

The distribution of PRACH selection start times is difficult to quantify and the effect on different PRACH configurations could be different and so it is difficult to generalise. Triggers for initiating a first RA preamble selection could be expected to occur at random within a frame. If the UE selects the first available PRACH subframe then in the case of UL/DL configuration 4 (10ms switching) which have a DL bias, the probability of selecting subframes 2, 3 can be estimated as 0.9, 0.1 respectively. For configuration 3 the probability of selecting subframes 2, 3, 4 would be 0.8, 0.1, 0.1. For UL/DL configurations 0, 1, 6 which have two UL subframe groups and an UL bias, the situation is less extreme. For example, for configuration 6, the probabilities of selecting subframes 2, 3, 4, 7, 8 can be estimated as 0.4, 0.1, 0.1, 0.3 and 0.1 respectively.
For retransmissions due to failure to detect a preamble response, the distribution of the end of the RA-RNTI window is hard to generalise, however, if it is assumed that the UE commences the selection of the next PRACH resource immediately after the last DL subframe in the window, then it could be concluded that it would in all likelihood select subframe 2 or 7 should they contain a PRACH and if it selects the next available PRACH subframe. Predicting selection start time following contention failure is not attempted.
Based on this PRACH trigger arrival model, it could therefore be concluded that in the case of these PRACH configurations an alternative to selecting the first PRACH subframe, e.g. locating the next PRACH subframe and then selecting at random from the PRACH resources in it and the next two subframes, could balance the load amongst the available PRACH, however, this could increase the delay before the UE can transmit, in the example by up to 2ms.

2.1 
Summary of contributions to WG2#63bis
At WG2#63bis there were two Tdocs that addressed the topic, [2], [3] and one proposal was made during the meeting [4] but was not discussed. Two more proposals were made during the e-mail discussion [6], [7].
[2] proposed that the UE should select the first available PRACH subframe.
[3] also proposed that the UE should select the first available PRACH subframe at least for R8. However the document also reviewed a number of alternative PRACH selection methods directed at trading PRACH load balance and delay. These included:
1.
The UE selects the first available subframe with a PRACH resource. It then selects between PRACH resources in the subframe with equal probability (system 2 in the Tdoc). It was commented that this minimises UE delay and would be the preferred solution if it were not for the uneven load.

2.
The UE selects the resource randomly within a 10ms window starting from the first subframe where the UE is first ready to transmit a preamble (system 3). This would distribute the load between the PRACH instances but would incur unacceptable delay in the case of 5ms switching. It was rejected in the paper because of this delay cost.
3.
The UE determines the first subframe in which there is a PRACH resource and then selects the PRACH resource randomly from the available PRACH resources in that subframe and later subframes containing PRACH resources in the same half-frame (system 4). It was commented that this avoids postponing the transmission to the following half frame and leads to a reasonable load balancing for UL/DL configurations 3 and 4 where all UL subframes are in the first half frame.  It was also suggested that it may not really work with those configurations where resources are rather evenly distributed.
4.
The UE determines the first subframe where preamble transmission would be possible (not necessarily containing a PRACH resource). It then forms a window of three subframes including the first subframe and two following subframes. If no PRACH resources are available in the window it selects the first available PRACH subframe otherwise it selects randomly from the resources that are in the window (system 5). It is commented that this method could work rather badly in the case of UL/DL configurations 3 and 4 but could work well with configurations 0, 1 and 6.
The paper suggested that unless something simpler was found we could use proposal 3 (system 4) could work well with UL/DL configurations 2, 3, 4 and 5 and proposal 4 (system 5) with configurations 0, 1 and 6.
[4] was provided to the meeting informally and not within a Tdoc. It makes the following proposal:
5.
UE randomly picks according to a uniform distribution among all the PRACH occasions available in the next N subframes which contain PRACH occasion(s). N is indicated system information SIB2, and 2 bits to represent {1, 2, 3, 4}.  Value of 1 minimizes the delay. Larger values spread the load more and increase PRACH efficiency. Same method can be used for TDD an FDD.  When N is set to 1, system 6 is equivalent to selecting in the first available PRACH subframe.
[6] was provided by e-mail during the discussion. It makes the following proposal:

6.
Fixed association approach. Each subframe is associated to a fixed PRACH resource within a 10ms window, which is started just after the biggest PRACH block (i.e. set of PRACH resources in the same or consecutive subframes) or after one of the biggest PRACH block within the longest interval to the next PRACH block. A more detailed explanation and diagram is contained in Annex 2 together with calculations provided in [6].
[7] was provided by e-mail during the discussion. It makes the following proposal:

7.
UE randomly selects a PRACH from the PRACH-set, which includes all the PRACHs on the consecutive (no DL subframe and non PRACH-subframe in between) PRACH subframes from the first available PRACH subframe. A more detailed explanation and diagram is contained in Annex 3.
Some additional simulation results [8] were also provided but are not included here as they form a separate contribution
2.2 
Possible options to consider for R8
It is suggested that a preferred way forward would be to choose a single selection procedure that works acceptably well in all PRACH configurations rather than try to optimise load balancing for each configuration or group of configurations. In particular, because the time distribution of RA preamble selection triggers is not known precisely it could be difficult to be sure of what is optimum. 

For many of the PRACH configurations, PRACH resources exist in only one subframe per frame or one subframe per half frame. It is proposed that for these the best PRACH selection method would be to select the first available subframe containing PRACH resources and, if there is more than one resource in the frame, select one at random. For the case of 5ms switching where there are PRACH resources in each subframe it is suggested that there is no need to attempt to balance the load between the two half frames. The reason for proposing this is that (a) It could result in an additional 5ms delay for half of preamble selections which is probably unacceptable; (b) The arrival pattern for preamble selection, a far as can be predicted, appears likely to be equal between the half frames; (c) PRACH configurations place similar numbers of resources in each half frame.
For those PRACH configurations that have PRACH resources within two or three consecutive subframes, if the preamble selection arrival rate is as predicted then selecting the first subframe containing PRACH resources appears to risk significant imbalance in PRACH loading but minimises delay.

One solution would be to require that the UE selects the PRACH resource randomly between those available in that subframe and the next two subframes (not necessarily subframes containing PRACH) i.e. equivalent to option 3 in section 2.1. This will not result in perfect load balancing but it is significantly improved on simply selecting the first PRACH frame (e.g. for the configuration 3 example where resources are in subframes 2, 3 and 4, the probabilities 0.8, 0.1, 0.1 are mapped to 0.27, 0.31 and 0.42 respectively). It also results in a maximum delay increase of 2ms applicable to one third of attempts. 
For UL/DL configurations (5ms switching) which contain resources in two half frames, this selection procedure means that there is no balancing between the two half frames. It is suggested that this may not be important because of (a) The arrival pattern for preamble selection may be evenly distributed between the two half frames; (b) The PRACH resources in each half frame are reasonably similar and (c) The additional delay incurred by UEs mapped to a second half frame, at least 3ms, could be viewed unacptable.
A second solution would be to follow the option 5 in section 2.2. This differs from option 3 by permitting random selection across up to four subframes that contain PRACH, rather than consecutive subframes, and by allowing the number of PRACH subframes over which random selection is made to be configurable via SIB2. By specifying PRACH subframes rather than subframes and permitting up to four, there is the potential for load balancing between the resources in two half frames.
The two proposals added during the discussion are included because they have supporting companies. These are 4 and 5 in the list. Option 5 is similar to option 2 differing in that the randomisation is restricted to the length of a consecutive set of PRACH subframes rather than three subframes.

Consequently, it is proposed that RAN2 should consider the following options for TDD contention PRACH resource selection for R8:

1. The UE selects the first available subframe containing PRACH resources. If the subframe contains more than one PRACH resource then a resource is selected at random.

2. The UE selects the first available subframe containing PRACH resources. It then selects a PRACH resource at random from those available in the subframe and the following two subframes.

3. UE randomly picks according to a uniform distribution among all the PRACH occasions available in the next N subframes which contain PRACH occasion(s). N is indicated system information SIB2, and 2 bits to represent {1, 2, 3, 4}. 
4. Fixed association approach. Each subframe is associated to a fixed PRACH resource within a 10ms window, which is started just after the biggest PRACH block (i.e. set of PRACH resources in the same or consecutive subframes) or after one of the biggest PRACH block within the longest interval to the next PRACH block

5. UE randomly selects a PRACH from the PRACH-set, which includes all the PRACHs on the consecutive (no DL subframe and non PRACH-subframe in between) PRACH subframes from the first available PRACH subframe. 

3
Summary of the discussion
The number of companies contributing to the e-mail discussion was quite small (Qualcomm, Huawei, CATT, Motorola, Nokia), however this resulted in two new proposals and three sets of evaluation results. At the end of the discussion period it could be concluded that no clear convergence towards a preferred way forward had occurred, however, the exercise has allowed companies to investigate the problem and provided useful evaluation data. 
Regarding option 3, Qualcomm suggested that this was similar to option 2 the difference being that the length of the window is configurable and the window is based on PRACH subframes rather than subframes. Having the window siz configurable allows a trade off between delay and PRACH overhead. The rapporteur commented that having the window based on PRACH subframes would mean that in some instances there will be averaging across two subframe groups e.g. for UL/DL=1 there will be random selection across subframes 3 and 7under option 3 but not option 2. This means that option 3 would provide better load balancing at the expense of delay for some UEs. In some configurations e.g. UL/DL=2 or 5 or UL/DL=0 config 9 and 10 there could be large increases.
Regarding option 4, when this was submitted to the discussion, the rapporteur commented that the fixed relationship between subframe and PRACH resource could result in good load balancing when the event arrivals are uniformly distributed within a frame, but if there is a bias towards particular subframes this bias would be reflected in PRACH load. Huawei replied that first attempts should be uniformly distributed and backoff could be used to distribute RA re-attempts so that arrivals can be viewed as nearly uniform. Qualcomm commented that utilising backoff for compensating for non-uniform arrival would introduce additional delay because the minimum back-off parameter value is 10ms.
Regarding option 5, when this was submitted to the discussion, the rapporteur commented that it seemed to be similar to option 2 and differs in behaviour only in those cases where there is a non-PRACH subframe between two PRACH subframes i.e. UL/DL=0 configs 13 and 17, UL/DL=3 config 7 and UL/DL=6 configs 10 and 14. For those cases where there is a difference option 2 should provide more load distribution in cases (UL/DL=3 and UL/DL=6) and for uniform arrivals, less load distribution in cases (UL/DL=0) and more delay for some UEs.
The evaluation results in the Annexes provide more detailed comparisons between the different proposals.

Regarding the question of whether it is preferable to try and solve the problem of the difficult TDD PRACH combinations in R8, Qualcomm have indicated that they would prefer to do this. Nokia would also prefer this but could accept option 1 if agreement is not possible.

Regarding whether particular solutions are supported, the following is understood to be the status at the end of the discussion period.
Option 1. 
None
Option 2.
Motorola, Nokia
Option 3.
Qualcomm

Option 4.
Huawei

Option 5.
CATT
4
Proposal for a way forward
The existing method of selecting TDD PRACH resources captured in [1] is not correct and therefore has to be changed. There appears to be two ways forward, either option 1 is adopted for R8 with the possibility that the difficult TDD PRACH configurations are looked at again in R9, or it is preferred to address the problem in R8 and one of the candidate solutions 2 to 5 is agreed.
It is proposed that reaching a conclusion during WG2#64 may still be possible using off line and in meeting discussion and this should be attempted. 
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Annex 1 - Background

For TDD, the distribution of PRACH resources within a frame is quite complex with a large number of combinations being possible if all UL/DL configurations and all numbers of PRACH resources are taken into account.

	Uplink-downlink 

configuration
	Downlink-to-Uplink 

Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D


Table 1.

 There are seven UL/DL configurations, described in table 4.2.2 of [5]. Configurations 0, 1, 2 and 6 have 5ms switching point separation and contain two groups of UL resources per frame, configurations 3, 4 and 5 have 10ms switching point separation and contain a single group of UL resources in the first part of the frame. In the case of 5ms switching, whenever there is more than two PRACH per frame, there are PRACH resources in each of the half frames.

For each UL/DL configuration there are a large number of PRACH configurations supported by the standard [5]. In addition to it being possible to configure one PRACH per 20ms or between 1 and 6 PRACH per 10ms, there are also five preamble formats available although not all potential combinations are supported. The combinations that are supported are indicated via tables 5.7.1.3 and 5.7.1.4 of [5].
Viewing the configurations listed in table 5.7.1.4 from a position of how PRACH resources should be selected some simplification is possible because in many cases PRACH resources are confined to one subframe per frame or one subframe per half frame. The following are noted:

i)
PRACH indices 48 to 56 relate to preamble format 4. For this format the transmission includes UpPTS and so all PRACH resources occupy the single subframe following UpPTS (S), consequently for 10ms switching (UL/DL = 3, 4, 5) there are 1 to 6 frequencies assigned for PRACH in subframe 2, and for 5ms switching (UL/DL = 0,1,2,6) there are between 1 and 3 frequencies in subframes 2 and 7. It is noted that for 5ms switching, if there is an even number of PRACH in the frame, the number of resources in subframes 2 and 7 are the same, and if there is an odd number of PRACH in the frame, the number in subframe 2 is one more than that the number in subframe 7. 
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ii)
PRACH resource indices 40 to 47 relate to preamble format 3 and apply only to UL/DL = 0, 3, 6 i.e. to those configurations where there are blocks of three consecutive UL subframes.  For each permitted PRACH combination there are PRACH resources in at most one subframe per half frame. In the case of UL/DL = 3, 6 permitted combinations are from one to four frequencies in subframe 2 e.g. as A above but with f4 and f5 not available. For UL/DL = 0 the permitted combinations are from one to two frequencies in subframes 2 and 7 e.g similar to B above with f2 excluded.

iii)
PRACH resource indices 20 to 39 relate to preamble formats 1 and 2. They are permitted with UL/DL = 0, 1, 3, 4, 6 i.e. they do not apply to UL/DL = 2, 5 which contain at most one UL subframe per half frame. The combinations permitted by these indices are similar to those described above with only one subframe used for PRACH in each half frame that contains UpPTS i.e. for UL/DL = 0,1,6 both subframe 2 and 7 can contain PRACH resources and for UL/DL = 3,4 only subframe 2 can contain PRACH resources. The combinations permitted are the same as those described in (i)

iv)
For UL/DL = 2, 5 there is at most one UL subframe per half frame and therefore the remaining permitted PRACH combinations, 0 to 19, for these configurations, which relate to preamble format 0, also conform to the formats indicated in A (UL/DL = 5) and B (UL/DL = 2) above.

v) For UL/DL = 0, 1, 3, 4, 6 and particular low values of resource indices, there is at most one PRACH resource per half subframe i.e. 0 -8 for Ul/DL = 0, 6; 0-6 for UL/DL = 1; 0-5 for UL/DL = 3 and 0-4 for UL/DL =4.

For all of the above cases, PRACH resources are available in only one subframe per frame or one subframe in each half frame (5ms switching).  For these cases it may be sufficient from the point of view of balance between delay and the distribution of PRACH loading if the UE selects the first available subframe that contains PRACH resources and then selects between PRACH resources that are available in the subframe. If resources are available in both half frames, then to attempt to even the load between both half frames e.g. by randomising between the two half frames would result in some UEs incurring an additional 5ms delay which it is suggested would be unacceptable.

The remainder of the PRACH combinations have more complex distributions, with more than one subframe containing PRACH resources in each frame (10ms switching) or half frame (5ms switching). These relate to preamble format 0 and UL/DL configurations 0, 1, 3, 4 and 6. They are summarised in Table 2. It is these combinations for which special procedures for evening out PRACH loading should be considered. 

Table 2 includes in the last column three performance figures (capacity, maximum and mean delay) for the five options listed in Section 2.2 in option number order.  The figures assume uniform initiation of preamble transmission which could be valid for the first preamble. The capacity measure is obtained directly from the load distributions 
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shows how much lower total load is tolerated when the distribution deviates from the uniform but we still want to maintain the same mean collision probability as with uniform distribution. The equation is based on the approximation that the preamble collision probability is proportional to the load and is therefore valid only at small loads.  The maximum and mean delays are counted from the subframe, where UE is ready to transmit the preamble, to the subframe, where the transmission actually takes place. 
	UL/DL= 0

	Config
	No 
	SF=2
	SF=3
	SF=4
	
	SF=7
	SF=8
	SF=9
	capacity, maximum delay, and mean delay
for options 1, 2, 3 (with N=2), 4, and 5 

	 9
	3
	
	f0
	f0
	
	
	
	f0
	0.79,  4,  1.60
0.88,  4,  1.80
0.94,  8,  3.05
0.98,  4,  2.20

0.88,  4,  1.80

	10
	3
	f0
	
	
	
	f0
	f0
	
	0.79,  4,  1.60
0.97,  5,  1.85
0.94,  8,  3.05
0.98,  4,  1.80

0.97,  5,  1.85

	12
	4
	
	f0
	f0
	
	
	f0
	f0
	0.74,  3,  1.20
0.96,  4,  1.60
1.00,  4,  2.00
0.96,  3,  1.40

0.96,  4,  1.60

	13
	4
	f0
	
	f0
	
	f0
	
	f0
	0.96,  2,  0.80
0.86,  4,  1.40
1.00,  4,  2.00
0.96,  2,  0.80
0.96,  2,  0.80

	14
	4
	f0
	f0
	
	
	f0
	f0
	
	0.74,  3,  1.20

0.96,  4,  1.60

1.00,  4,  2.00
0.96,  3,  1.40

0.96,  4,  1.60

	15
	5
	f0
	f0
	f0
	
	
	f0
	f0
	0.71,  3,  0.90
0.89,  4,  1.45
0.93,  4,  1.65
1.00,  3,  1.70

0.89,  4,  1.45

	16
	5
	
	f0
	f0
	
	f0
	f0
	f0
	0.71,  3,  0.90

0.89,  4,  1.45

0.93,  4,  1.65
1.00,  3,  1.70

0.89,  4,  1.45

	17
	5
	f0
	f0
	f0
	
	f0
	
	f0
	0.83,  2,  0.70
0.83,  4,  1.35

0.93,  4,  1.65
1.00,  3,  1.50

0.89,  4,  1.05

	18
	6
	f0
	f0
	f0
	
	f0
	f0
	f0
	0.76,  2,  0.60
0.88,  4,  1.30

0.93,  3,  1.30

0.93,  2,  0.80

0.88,  4,  1.30

	UL/DL=1

	Config
	No 
	SF=2
	SF=3
	SF=4
	
	SF=7
	SF=8
	SF=9
	capacity, maximum delay, and mean delay
for options 1, 2, 3 (with N=2), 4, and 5 

	9
	3
	f0
	f0
	DL
	
	
	f0
	DL
	0.79,  4,  1.60

0.88,  4,  1.80

0.94,  8,  3.05
0.98,  4,  2.20

0.88,  4,  1.80

	10
	3
	
	f0
	DL
	
	f0
	f0
	DL
	0.79,  4,  1.60

0.88,  4,  1.80

0.94,  8,  3.05
0.98,  4,  2.20

0.88,  4,  1.80

	11
	3
	f0
	f0
	DL
	
	f0
	
	DL
	0.79,  4,  1.60

0.97,  5,  1.85

0.94,  8,  3.05
0.98,  4,  2.20

0.97,  5,  1.85

	12
	4
	f0
	f0
	DL
	
	f0
	f0
	DL
	0.74,  3,  1.20

0.96,  4,  1.60

1.00,  4,  2.00
0.96,  3,  1.40

0.96,  4,  1.60

	15
	5
	f0
	f0, f1
	DL
	
	f0
	f0
	DL
	0.60,  3,  1.20
0.93,  4,  1.67
0.97,  4,  2.00
1.00,  4,  2.10

0.93,  4,  1.67

	16
	5
	f0
	f0
	DL
	
	f0, f1
	f0
	DL
	0.77,  3,  1.20 
0.91,  4,  1.53
0.97,  4,  2.00
1.00,  4,  1.90

0.91,  4,  1.53

	17
	5
	f0
	f0
	DL
	
	f0
	f0, f1
	DL
	0.60,  3,  1.20

0.93,  4,  1.67

0.97,  4,  2.00
1.00,  4,  2.10

0.93,  4,  1.67

	18
	6
	f0
	f0, f1
	DL
	
	f0
	f0, f1
	DL
	0.51,  3,  1.20
0.98,  4,  1.73

1.00,  4,  2.00
0.93,  3,  1.60
0.98,  4,  1.73

	19
	6
	f0, f1
	f0
	DL
	
	f0, f1
	f0
	DL
	0.93,  3,  1.20
0.93,  4,  1.47

1.00,  4,  2.00

0.93,  3,  1.20

0.93,  4,  1.47

	UL/DL=3

	Config
	No 
	SF=2
	SF=3
	SF=4
	
	SF=7
	SF=8
	SF=9
	capacity, maximum delay, and mean delay
for options 1, 2, 3 (with N=2), 4, and 5 

	6
	2
	
	f0
	f0
	
	DL
	DL
	DL
	0.61,  8,  3.60
0.99,  9,  4.05

1.00,  9,  4.50

1.00,  8,  3.60

0.99,  9,  4.05

	7
	2
	f0
	
	f0
	
	DL
	DL
	DL
	0.74,  7,  2.90
0.96,  9,  3.70
1.00,  9,  4.50
1.00,  7,  3.50

0.74,  7,  2.90

	8
	2
	f0
	f0
	
	
	DL
	DL
	DL
	0.61,  8,  3.60

0.99,  9,  4.05

1.00,  9,  4.50
1.00,  8,  3.60

0.99,  9,  4.05

	9
	3
	f0
	f0
	f0
	
	DL
	DL
	DL
	0.51,  7,  2.80
0.97,  9,  3.65
0.80,  8,  3.65
0.98,  7,  3.40

0.97,  9,  3.65

	12
	4
	f0
	f0
	f0, f1
	
	DL
	DL
	DL
	0.38,  7,  2.80
0.98,  9,  3.87

0.65,  8,  3.53

0.96,  7,  3.70
0.98,  9,  3.87

	13
	4
	f0
	f0, f1
	f0
	
	DL
	DL
	DL
	0.38,  7,  2.80
0.96,  9,  3.63

0.87,  8,  3.77

0.96,  7,  3.40

0.96,  9,  3.63

	14
	4
	f0, f1
	f0
	f0
	
	DL
	DL
	DL
	0.74,  7,  2.80
0.94,  9,  3.45

0.87,  8,  3.65

0.96,  7,  3.20

0.94,  9,  3.45

	15
	5
	f0
	f0, f1
	f0, f1
	
	DL
	DL
	DL
	0.31,  7,  2.80
0.98,  9,  3.81

0.75,  8,  3.65

1.00,  7,  3.70

0.98,  9,  3.81

	16
	5
	f0, f1
	f0
	f0, f1
	
	DL
	DL
	DL
	0.60,  7,  2.80
0.97,  9,  3.67

0.75,  8,  3.53

1.00,  7,  3.50

0.97,  9,  3.67

	17
	5
	f0, f1
	f0, f1
	f0
	
	DL
	DL
	DL
	0.60,  7,  2.80
0.94,  9,  3.47
0.90,  8,  3.77
1.00,  7,  3.30

0.94,  9,  3.47

	18
	6
	f0, f1
	f0, f1
	f0, f1
	
	DL
	DL
	DL
	0.51,  7,  2.80
0.97,  9,  3.65

0.80,  8,  3.65

0.93,  7,  3.40

0.97,  9,  3.65

	UL/DL=4

	Config
	No 
	SF=2
	SF=3
	SF=4
	
	SF=7
	SF=8
	SF=9
	capacity, maximum delay, and mean delay
for options 1, 2, 3 (with N=2), 4, and 5 

	6
	2
	f0
	f0
	DL
	
	DL
	DL
	DL
	0.61,  8,  3.60

0.99,  9,  4.05

1.00,  9,  4.50
1.00,  8,  4.00
0.99,  9,  4.05

	9
	3
	f0
	f0, f1
	DL
	
	DL
	DL
	DL
	0.41,  8,  3.60
1.00,  9,  4.20

1.00,  9,  4.50

0.98,  8,  4.10

1.00,  9,  4.20

	10
	3
	f0, f1
	f0
	DL
	
	DL
	DL
	DL
	0.80,  8,  3.60
0.98,  9,  3.90

1.00,  9,  4.50

0.98,  8,  3.80

0.98,  9,  3.90

	12
	4
	f0, f1
	f0, f1
	DL
	
	DL
	DL
	DL
	0.61,  8,  3.60
0.99,  9,  4.05

1.00,  9,  4.50
0.96,  8,  4.00

0.99,  9,  4.05

	15
	5
	f0, f1
	f0, f1, f2
	DL
	
	DL
	DL
	DL
	0.49,  8,  3.60
0.99,  9,  4.14

1.00,  9,  4.50

1.00,  8,  4.10

0.99,  9,  4.14

	16
	5
	f0, f1, f2
	f0, f1
	DL
	
	DL
	DL
	DL
	0.73,  8,  3.60
0.99,  9,  3.96

1.00,  9,  4.50

1.00,  8,  3.90

0.99,  9,  3.96

	18
	6
	f0, f1, f2
	f0, f1, f2
	DL
	
	DL
	DL
	DL
	0.61,  8,  3.60
0.99,  9,  4.05

1.00,  9,  4.50

0.93,  8,  4.00

0.99,  9,  4.05

	UL/DL=6

	Config
	No 
	SF=2
	SF=3
	SF=4
	
	SF=7
	SF=8
	SF=9
	capacity, maximum delay, and mean delay
for options 1, 2, 3 (with N=2), 4, and 5

	9
	3
	
	f0
	f0
	
	
	f0
	DL
	0.79,  4,  1.60
0.97,  5,  1.85

0.94,  8,  3.05

0.98,  4,  1.80
0.97,  5,  1.85

	10
	3
	f0
	
	f0
	
	f0
	
	DL
	0.88,  4,  1.40
0.94,  6,  1.90
0.97,  7,  2.95
0.98,  4,  1.60
0.88,  4,  1.40

	11
	3
	
	f0
	
	
	f0
	f0
	DL
	0.79,  4,  1.60
0.88,  4,  1.80

0.94,  8,  3.05

0.98,  4,  2.20
0.88,  4,  1.80

	12
	4
	
	f0
	f0
	
	f0
	f0
	DL
	0.69,  4,  1.30
0.93,  5,  1.70

0.96,  5,  2.10

0.96,  4,  1.90
0.93,  5,  1.70

	13
	4
	f0
	f0
	f0
	
	
	f0
	DL
	0.74,  3,  1.20
0.86,  5,  1.65

0.85,  7,  2.45

0.96,  4,  2.00
0.86,  5,  1.65

	14
	4
	f0
	
	f0
	
	f0
	f0
	DL
	0.83,  3,  1.00
0.88,  5,  1.55

0.98,  5,  2.05

0.96,  3,  1.60
0.88,  3,  1.15

	15
	5
	f0
	f0
	f0
	
	f0
	f0
	DL
	0.71,  3,  0.90
0.92,  5,  1.50

0.93,  4,  1.65

1.00,  3,  1.30
0.92,  5,  1.50

	18
	6
	f0
	f0
	f0, f1
	
	f0
	f0
	DL
	0.61,  3,  0.90
0.93,  5,  1.62

0.84,  4,  1.62

0.93,  3,  1.50
0.93,  5,  1.62

	19
	6
	f0
	f0
	f0
	
	f0
	f0, f1
	DL
	0.61,  3,  0.90
0.89,  5,  1.55

0.90,  4,  1.63
0.93,  3,  1.70
0.89,  5,  1.55


Table 2.
It is noted that in most cases multiple frequencies within a subframe occur infrequently in the case of 5ms switching but are more common in the case of 10ms switching due to the reduced number of uplink subframes and the decision to provide up to six PRACH instances in all UL/DL configurations.

Annex 2 – Fixed association

For certain PRACH configuration, the UE determines "PRACH selection window" which is a 10ms window and repeated cyclically. When the UE decides to launch a contention-based RA attempt, it determines the associated PRACH resource according to the position of the current subframe. For a subframe with index x (x=0,1,..,9) in a "PRACH selection window", the associated PRACH resource in the "PRACH selection window" shall be the one with index floor(x*n/10). 
The beginning of the "PRACH selection window" is determined as below:
-          if there exist only one PRACH block with biggest size in a frame, then the beginning of the window is the next subframe to the end of this block;
-          else: the beginning of the window is the next subframe to one of the biggest PRACH block with longest interval to next PRACH block.
Where, PRACH block is a gather of a lot of PRACH resources which are in the same subframe or in consecutive subframes. The size of a PRACH block is the number of PRACH resources in it.
Figure 1 illustrates an example: there are n=3 PRACH resources in a radio frame; the 10ms “PRACH selection window” is started at the subframe just after the biggest PRACH block which includes PRACH resource #1 and #2. 
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Below comparisons are based on 4 TDD PRACH configurations used in [3], and the delay granularity is 0.01ms. Let’s shortly describe the calculation of average and maximum delay with an example: if there is only one PRACH resource during 10ms, we assume the maximum delay is 9ms, the average delay is (9+8+…+2+1+0)/10 = 4.5ms. More TDD PRACH configurations are shown in table 3 in Annex for the convenience to check.
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Annex 3 

UE randomly selects a PRACH from the PRACH-set, which include all the PRACHs on the consecutive (no DL subframe and non PRACH-subframe in between) PRACH-subframes from the first available PRACH-subframe. Here, PRACH-subframe means the UL subframe including PRACH resource.

The PRACH-set is explained in Fig. 2.
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Fig. 1: Example (26, 6) of TDD PRACH selection with fixed association approach 
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