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1. Introduction 

For the configurations and location mapping of TDD PRACH, the following agreements have been reached in RAN1#51bis meeting.
· Allocate PRACH slots first in time

· Allocate multiple PRACH slots in frequency only if time multiplexing is not sufficient
· Jointly encode PRACH configurations with preamble formats with the same total number of bits as FDD, i.e. 6 bits
Because the available time and frequency resource for PRACH in TDD operation is related to DL/UL allocations, the specific location of PRACHs can not be configured and signaled as straightforward as FDD. Therefore the configuration can be defined as the combination of <preamble format, density value or/and version index> and the location used in a certain cell can be calculated through a certain mapping algorithm.

In this paper, we firstly discuss the density and the number of version and then provide the configuration set for TDD PRACH. Unlike FDD, the location of TDD PRACH depends on DL/UL allocations and can not be specified straightly through PRACH configuration, so a time-frequency location mapping method is needed and is proposed in section 3 of this paper.
2. Configurations
For FDD PRACH, there are four types of preamble format, i.e. preamble format 0~3 [1] and six kinds of densities are supported in the configuration set, i.e. 0.5, 1, 2, 3, 5, 10 PRACH/10ms. But generally not every preamble format can apply all of these densities due to no frequency multiplexing. For example, for format 1, 2 only the first five and for format 3 only the first four densities will be used. Meanwhile there are several versions for each density. The PRACHs in different versions for the same density start at different UL sub-frames, so the processing load of eNodeB can be reduced by means of allocating different versions of the density to different cells belong to the eNodeB.
For TDD PRACH, there are five types of preamble format, i.e. preamble format 0~4 [1]. If the number of configurations doesn’t exceed 64 (6 bits), it is expected that for format 0~3 the same density range as FDD PRACH should be supported and the density of format 4 may be identical to format 0 as both of them is used for small coverage. In addition, to balance the load of the two half frames when the two half frames can hold identical number of PRACHs without frequency multiplexing for some cases, densities of 4, 6 PRACHs/10ms are also suggested for TDD. So the densities for TDD PRACH are proposed as follow:
· 0.5, 1, 2, 3, 4, 5, 6, 10 PRACH/10ms for format 0,4
· 0.5, 1, 2, 3, 4, 5, 6 PRACH/10ms for format 1,2
· 0.5, 1, 2, 3, 4 PRACH/10ms for format 3
With respect to the version, the situation is slightly different between long PRACH (format 0~3) and short PRACH (format 4), so we discuss the PRACH configurations for long PRACH and short PRACH respectively.
For long PRACH

Because of the longer ZC sequence and the synchronized TDD network, the interference suffered by PRACHs transmitted in certain time and frequency resource in one cell would be lower if neighboring cells transmit PRACHs rather than traffic channels in the same time and frequency resource [2]. Since different versions defines the PRACHs with different time and/or frequency locations but same density among neighboring cells, the number of version should be as small as possible if the processing load of the eNodeB can be efficiently distributed and this can also reduce the total number of the PRACH configurations. 
One of the typical cell configuration consists of 3 sectors, therefore a general thought is to provide three versions for each <preamble format, density> pair as FDD PRACH does. But for some <preamble format, density> pairs, less versions would be enough as explained above. Here we take pair <1, 2> as an example. It can be seen in Fig 1  REF _Ref193458064 \h 
 that for the case of 1DL:3UL, the number of PRACHs processed by one eNodeB at the same time is three regardless R = 1, 2, 3, so R = 1 would be ok. (R denotes the number of versions per <preamble format, density> pair and r0/r1/r2 denotes each version.)
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Fig 1 eNodeB Processing Load for R = 1, 2, 3

For analysis of the number of versions of each <preamble format, density> pair, we suggest that
· For density 4, 6, consider only the cases that the number of PRACH held in the two half frames per radio frame in time domain are identical.
· For density 3, 5, consider only the cases that the number of PRACH held in the two half frames per radio frame in time domain are not identical.
· For other densities, all kinds of DL/UL should be considered.
According to above rules, we can conclude that 
· For format 0, density of 6 PRACH/10ms needs 2 versions and others needs 3 versions

· For format 1, 2, 3, density of 0.5 PRACH/10ms needs 3 versions, density of 1 PRACH/10ms need 2 versions and other densities only needs 1 version.

Finally to increase the flexibility of version allocation, it is suggested that a PRACH configuration for long PRACH consists of <preamble format, density and version index>. This can further reduce long PRACH IoT for the cases of fewer versions needed.
For short PRACH
Because the ZC sequence is relatively short, the interference would be more severe if there are more PRACHs are located at the same time and frequency resource among the neighboring cells. And since there is no traffic channels transmitted in UpPTS, it is straightforward that short PRACHs among neighboring cells had better be located in different time or frequency resource as more as possible, i.e. as more versions as possible. In addition, considering fewer limitation to sounding RS in UpPTS, we propose that 3 versions at most are applied for each density of short PRACH to make great efforts that the locations of the PRACHs in time or frequency domain are different among the serving cell and the surrounding cells as shown in Fig 2.
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Fig 2 Different Time or Frequency resource for PRACHs belonging to Different Cells
So the number of the version can be calculated according to 
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where 
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is the number of short RACHs accommodated by the total bandwidth, 
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denotes the number of switching point in radio frame, which is identical to the number of UpPTS and 
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is density of short RACH. And then the configuration for short PRACH can only consist of <preamble format and density> since the version index 
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 can be calculated according to cell ID, i.e. 
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Based on above analysis for long PRACH and short PRACH, all configurations for TDD PRACH are listed in Table 1, which are indicated by total 6 bits.
Table 1 TDD PRACH Configuration Set
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0 0 0.5 0 32 1 6 0

1 0 0.5 1 33 2 0.5 0

2 0 0.5 2 34 2 0.5 1

3 0 1 0 35 2 0.5 2

4 0 1 1 36 2 1 0

5 0 1 2 37 2 1 1

6 0 2 0 38 2 2 0

7 0 2 1 39 2 3 0

8 0 2 2 40 2 4 0

9 0 3 0 41 2 5 0

10 0 3 1 42 2 6 0

11 0 3 2 43 3 0.5 0

12 0 4 0 44 3 0.5 1

13 0 4 1 45 3 0.5 2

14 0 4 2 46 3 1 0

15 0 5 0 47 3 1 1

16 0 5 1 48 3 2 0

17 0 5 2 49 3 3 0

18 0 6 0 50 3 4 0

19 0 6 1 51 4 0.5 \

20 0 10 0 52 4 1 \

21 0 10 1 53 4 2 \

22 0 10 2 54 4 3 \

23 1 0.5 0 55 4 4 \

24 1 0.5 1 56 4 5 \

25 1 0.5 2 57 4 6 \

26 1 1 0 58 4 10 \

27 1 1 1 59

28 1 2 0 60

29 1 3 0 61

30 1 4 0 62

31 1 5 0 63


3. Time and Frequency Location Mapping
3.1. Analysis
According to the decision in RAN1#51bis, PRACH should be mapped first in time domain and then in frequency domain if time multiplexing is not sufficient. Here we comply with this decision to derive the mapping method and before that numbering all the available PRACHs for the versions of one certain density is required to formulate the mapping process conveniently and systematically. So the mapping process can be illustrated as the following steps.
Step 1: Numbering all the available PRACHs
The number of all available PRACH depends on the density D and the maximum number of the versions. As analyzed in section 2, for long PRACH, preamble format, density D and version index can be signaled through PRACH configuration, and then the maximum number of versions can be deduced according to PRACH configuration set, i.e. Table 1. For short PRACH, only preamble format and density D will be signaled through PRACH configuration. The maximum number of version and the version index can be calculated by formula (1) and (2) respectively.
The numbering process is based on formula (3)
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where 
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 is PRACH index after numbering. Here we firstly increasing version index 
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 and then density index 
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 in order to 
· uniformly distribute PRACHs belonging to one cell firstly in time domain to avoid unnecessary accessing delay, and
· make PRACHs belonging to one cell adjacent to each other in frequency to avoid the RBs for PUSCH being segmented.
Step 2: Time location mapping
The specific time location of a PRACH is determined by three levels, i.e. radio frame mapping, half frame mapping and sub-frame mapping. Radio frame mapping and half frame mapping tell us which radio frame (even, odd, or every) and which half frame (1st or 2nd) a certain PRACH is located in respectively. In each half frame, the start position of this PRACH is determined by sub-frame mapping process. And to make the sub-frame mapping independent of the radio of DL/UL, a relative location in consecutive UL sub-frames is desired. In the following we will discuss the mapping methods of these three levels in detail.
(1) radio frame mapping
When D > 0.5 PRACH/10ms, it is obvious that each radio frame should hold all available PRACHs. When D = 0.5 PRACH/10ms, all the PRACHs should be equally allocated between two radio frames. To distribute the PRACHs belonging to one eNodeB more uniformly between radio frames, especially for short PRACH maybe owning more versions than long PRACH, it is suggested the PRACHs are mapped to even radio frame if their indexes 
[image: image15.wmf]RA

ind

N

are even and those with odd index are mapped to odd radio frame. For example, for short RACH if the number of versions is 3 and there is one DL-to-UL switching point, the PRACHs belonging to one eNodeB would be one or two since r = 0, 2 for one eNodeB and 1 for another eNodeB as shown in Fig 3
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Fig 3 Radio Frame Mapping for Short PRACH Example
According to above analysis, a formula is given to summarize radio frame mapping method, i.e.
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where 
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 represent that the PRACH is mapped to every, even and odd radio frame respectively. 
(2) half frame mapping
If there is one DL-to-UL switching point in one radio frame, all PRACHs allocated to this radio frame should be mapped to the first half frame naturally. If there are two DL-to-UL switching points in one radio frame, it is proposed the PRACHs allocated to this radio frame are mapped to the first and the second half frame one by one according to ascending order of index
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 , i.e. if one PRACH is at the 1st half frame, then the next one is at the 2nd half frame. This will ensure that the PRACHs owned by one cell are distributed uniformly between half frames and the number of PRACHs assigned to each half frame is identical. The mapping result would be fine in most cases, but when the number of UL sub-frame is not identical between the two half frames such as 3DL: 5UL, above method is not reasonable for preamble format 0 since the number of the UL sub-frames which can be held in two half-frame is not identical. To resolve this problem we can perform the following operation
· Reordering the PRACHs allocated in this radio frame increasingly based on the index
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when D > 0.5 PRACH/10ms and 
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when D = 0.5 PRACH/10ms. So this operation equals to
[image: image25.wmf]ú

û

ú

ê

ë

ê

+

=

¢

1

a

ind

RA

ind

RA

N

N

, where
[image: image26.wmf](

)

2

mod

2

D

=

a

.
· Let
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is the number of DL-to-UL switching point. 
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 is the number of PRACH which can be held by half frame 
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 denote the first and the second half frame respectively. 
Furthermore 
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is the number of UL sub-frame in half frame 
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 and 
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is the number of UL sub-frame that occupied by current preamble format. For preamble format 4 we can let
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Then the half frame mapping can be executed through the following formula
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means the PRACH is mapped to the first and the second half frame respectively.
(3) UL sub-frame mapping

For all the PRACHs allocated to a half frame, we propose to map them from the last to the first available UL sub-frame repeatedly. This can reduce the interference from downlink signal of neighboring cells when the number of total available PRACH is small. This mapping formula can be expressed as
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where 
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is a relative location in the UL sub-frames in a certain half frame, for example 
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represent the first UL sub-frame in half frame.
Step 3: Frequency location mapping

For long RACH

We tend to guarantee that PRACHs for different cell have the same frequency location to reduce interference. The PRACHs with version r, which are allocated to a certain time location specified by 
[image: image44.wmf](

)

2

1

0

,

,

RA

RA

RA

t

t

t

can be mapped to frequency index
[image: image45.wmf](

)

2

1

0

,

,

RA

RA

RA

r

LRA

t

t

t

f

 according to ascending order of PRACH index
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where 
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is the number of PRACHs with version r, which are mapped to a certain time location specified by 
[image: image49.wmf](

)

2

1

0

,

,

RA

RA

RA

t

t

t

. Then the absolute location of the first RB allocated to a certain PRACH can be calculated through formula (5) or (6)
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where
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 indicates the first available RB for PRACH in the low side of the system bandwidth which may be 0 for 1.4MHz system bandwidth. For formula (5), the absolute frequency location of the PRACHs with the same version index would be from low to high frequency side. For formula (6), PRACHs for the even 
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 would be mapped from low to high frequency side and the rest would be mapped from high to low frequency side. Since additional frequency diversity gain can be achieved when retransmission occurs, we prefer formula (6).
For short PRACH

We try to guarantee that PRACHs for neighboring cells have different frequency location to reduce interference. Here we simply map them according to their index
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 from low frequency to high frequency side. And this can be formulated as
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where 
[image: image56.wmf]SRA
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is the index of frequency PRACH slot. And the frequency location can be calculated through formula (7) or (8) corresponding to two mapping rules, i.e. successive mapping from low to high frequency side and distributed mapping of dispatch PRACHs into both edges of system bandwidth.
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Where 
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 can be zero since no PUCCH exists in UpPTS. Relative to formula(7), formula (8) can provide additional frequency diversity gain for retransmission but may generate one more frequency segment than formula (7) since FDM is used for the PRACHs mapped to a certain UpPTS but belonging to different cells and more segments mean less flexibility for SRS allocation. However, since short PRACH and SRS are not necessarily put into UpPTS simultaneously, which can be seen as implementation issues, and they should be optimized individually, so we slightly prefer formula (8).
3.2. Mapping Algorithm and Examples
According to the analysis in section 3.1, the mapping algorithm can be summarized as the following 
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where
· Result of radio frame mapping is denoted by 
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 represent that the PRACH is mapped to every, even and odd radio frame respectively.
· Result of half frame mapping is denoted by 
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 represent the PRACH means is mapped to the first and the second half frame respectively
· Result of sub-frame mapping is denoted by 
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 and relative location in UL sub-frame of a half frame is applied, for example 
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represent the first UL sub-frame of a certain half frame.
· Result of frequency mapping is expressed by frequency location index 
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 for long PRACH and 
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 for short PRACH. The absolute frequency location is expressed by equation (6)  and (8) for long PRACH and short PRACH respectively, where the first available RB for PRACH is controlled by
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 is version index and 
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is density index which can also be called as the RA opportunity index in a certain cell
· R is the number of version for a certain <preamble format, density> pair. For preamble format 0~3 it can be derived through Table 1 and for preamble format 4 it should be calculated according to bandwidth, number of DL-to-UL switching point and PRACH density D and its maximum value is 3
· 
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 is density for a certain preamble format and is signaled through PRACH configuration signal based on Table 1
· 
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is the number of UL sub-frame occupied by a certain preamble format. For preamble format 4 it equals to 1
· 
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is the number of UL sub-frame in half frame 
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 denote the first and the second half frame respectively. For preamble format 4 it equals to 1
· 
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represents the number of PRACH which can be held by half frame 
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without frequency multiplexing.
The benefits of above mapping algorithm include

· efficiently distribute all the available PRACHs in time domain because the best time diversity is applied  in any time mapping level, i.e. radio frame, half frame and sub-frame mapping
· in time domain, the PRACHs belonging to one cell are mapped to the UL sub-frames in a RA period as uniformly as possible to reduce excess RA delay

· in frequency domain, the PRACHs belonging to one cell and mapped to same side of the bandwidth are adjacent to each other to avoid segmenting RBs for PUSCH allowing for the flexibility of resource allocation
· for long PRACH, the PRACHs for different cells overlap each other in frequency domain, this will decrease the IoT of long PRACH
· for short PRACH, the time or frequency location of the PRACHs for different cells are different, this will decrease the IoT of short PRACH.
· less interference from downlink signal of neighboring cells when the number of UL sub-frames occupied by PRACHs is small relative to the number of the total UL sub-frames in a half sub-frame.
· In frequency domain, the PRACHs belonging to one cell are mapped to two sides of the system bandwidth evenly to achieve frequency diversity gain for retransmission.
Now we further explain some of the benefits through three concrete examples.
Example 1
Let (r, d) denote the PRACH with version r and RA opportunity index d (or density index). In the case of R=3, D=5, the PRACH index 
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correspond to (0, 0), (0, 1), (0, 2), (0, 3), (0, 4), (1, 0), (1, 1), (1, 2), (1, 3), (1, 4), (2, 0), (2, 1), (2, 2), (2, 3), (2, 4) respectively. When DL: UL equals to 1:3, the mapping result according to the formula of this section is shown in Fig 4. If the PRACHs with r = 0, 1, 2 are allocated to cell 0, 1, 2 belonging to a certain eNodeB, we can see the PRACHs for one cell will be distributed uniformly in UL sub-frames. This will reduce the unnecessary RA delay.
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Fig 4 Mapping Result of Example 1
Example 2
In the case of R=3, D=3, the PRACH index 
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correspond to (0, 0), (0, 1), (0, 2), (1, 0), (1, 1), (1, 2) , (2, 0), (2, 1), (2, 2) respectively. When DL: UL equals to 3:1, the mapping result according to the formula of this section is shown in Fig 5. If the PRACHs with r = 0, 1, 2 are allocated to cell 0, 1, 2 belonging to a certain eNodeB, we can see PRACHs will be distributed in time domain uniformly and those who can not be distributed in time domain will be mapped to two sides of the bandwidth to achieve frequency diversity gain. The PRACHs belonging to one cell and being mapped to one side of the bandwidth will be adjacent to each other in an effort to avoid the RBs for PUSCH being segmented. Notice that the PRACHs corresponding to <(0, 0), (1, 1), (2, 0)> are located at the same frequency location, so do PRACHs <(0, 2), (2, 2)>, <(0,1), (1, 0), (2, 1)> and <(1, 2)>.
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Fig 5 Mapping Result of Example 2
Example 3
Assuming 5MHz system bandwidth and 2 DL-to-UL switching points, if D = 2, then the number of versions would be
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, this means the PRACHs for 3 cells are located at different time or frequency location as shown in Fig 6 where 
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 correspond to (0, 0), (0, 1), (1, 0), (1, 1), (2, 0), (2, 1). This results in less IoT for short PRACHs.
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Fig 6 Mapping Result of Example 3
4. Conclusion
In this contribution, we discussed the densities and the number of the versions for TDD PRACH firstly and then a configuration set for TDD PRACH is proposed. Moreover in section 3, we provide a resource mapping algorithm for TDD PRACH which can be systematically summarized as illustrated in section 3.2. Finally we further show the benefits of this mapping algorithm through three examples. We propose that the TDD PRACH configuration set in Table 1 and the mapping formulas in section 3.2 are adopted in LTE specification TS 36.211.
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