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1 Introduction
In the RAN1#47bis Sorrento meeting, the proposal to use restricted sets of RACH preambles for random access in high mobility environments without changing the existing working assumption on RACH structure was agreed upon. However, we believe that the understanding to the issue is far from complete. We also noticed that the proposals in [1] and [2] were not tested using any practical fading channel models at high speed. Only results in the AWGN channel were given. In this contribution, we present our analysis of the issue on the RACH in high mobility environments. We introduce the principle with which the restricted sets of RACH preambles can be constructed. We test our solutions and provide simulation results on the detection of RACH preambles in both AWGN and TU 6-path channels at high speeds. 
2 RACH Detection for High Mobility UEs
For simpler analysis and for later simulations, the RACH transmission and receiving/detection scheme shown in Figure 1 is used in this contribution. 
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Figure 1 The RACH preamble transmission and receiving/detection block diagram
In E-UTRA, the RACH preamble is constructed from Zadoff-Chu sequences (and their cyclic shifted versions.) A Zadoff-Chu (ZC) sequence with root index v is defined as follows:
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where N is the length of the ZC sequence, and is typically a prime number. The ZC sequences provide excellent circular auto and cross correlation properties in normal conditions. However, when the UE is traveling at high speeds, the RACH detection performance is significantly degraded, especially the false alarm rates become unacceptable. A number of companies, e.g. in [3] and [4], have analyzed the cause of the performance degradation and attributed it to the frequency offsets due to high Doppler effects for UEs in high mobility environments. In particular, it is concluded that when frequency offsets occur due to high mobility, the high false alarm rates are caused by the secondary lobes, or the aliases of the main lobe of the auto-correlation. These analyses lead to some efforts in finding restricted sets of RACH preambles for use by the high mobility UEs. 
A. The modeling of the frequency offset
Let the received RACH preamble without frequency offset be denoted as 
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then the received RACH preamble with frequency offset is given by
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In (2), 




[image: image7.wmf]s

f

f

D

×

=

D

p

w

2

,

where 
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is the frequency offset in Hz, 
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 is the sampling rate of the RACH preamble. Note that in case of critical sampling, 
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 is the bandwidth of the RACH preamble. With the above definitions, the auto-correlation of 
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at its zero-th leg can be obtained by setting 
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B. The equivalence of the frequency offset and the timing error

The frequency offset effect can also be represented by the timing error. Their equivalence can be established as follows. Assume 
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is the number of circularly shifted samples resulting from a certain amount of frequency offset, the auto-correlation of 
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 with the transmitted sequence at its zero-th leg can then be obtained by setting 
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Notice that the double parenthesis 
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in the above equation represents the modular operation with respect to N. In obtaining the above equation, we have omitted some constant phase rotation terms that will not affect the peak value of the auto-correlation for the purpose of the RACH detection. Let 
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be denoted as the root index related sample shifts, 
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 as the re-sampling ratio corresponding to the timing error. By noting that 
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and comparing (3) and (4), we have 
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This conforms to the definition that 
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 is the re-sampling ratio corresponding to the timing error.  From equation (4), we see that the main lobe of the auto-correlation peaks appears at 
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Therefore, we have
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where m is the smallest integer that makes 
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an integer.  These properties of the ZC sequence are illustrated in Figure 2 and Figure 3 using the ZC sequence of length 
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 In Figure 2, the root index is 300, and in Figure 3, the root index is 150. The smallest m makes the equation (8) hold is 59.  In both Figure 2 and Figure 3, the red line is the ZC sequence auto-correlation without frequency offset or timing error. The distances between the main and the side lobes are 165 and 330, respectively. 
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Figure 2 Illustration of the ZC sequence properties in case of frequency offset / timing error for root index 300
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Figure 3 Illustration of the ZC sequence properties in case of frequency offset/timing error for root index 150

3 Formation of Restricted RACH Preamble Sets

In this section, we use an example to illustrate how to form restricted sets of RACH preambles based on the ZC sequence auto-correlation properties in case of frequency offset/timing error demonstrated in the previous section to mitigate the issue of RACH detection performance degradation for UEs travelling at high speeds. 
	ZC sequence (RACH preamble) length, N
	839

	Number of zero-correlation-zones (ZCZ’s), 
[image: image35.wmf]ZCZ
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	9

	ZCZ spacing, 
[image: image36.wmf]ZCZ

S

 (cyclic shift amount)
	93

	ZC sequence root index, v
	150

	Size of the restricted cyclic shift set
	3


Table 1 Parameters of the RACH preamble
Figure 4 shows the main and side lobe locations of the ZC sequence whose parameters are given in Table 1. In the figure, the solid lines are the main lobes, and the dashed lines are side lobe pairs. There are two numbers associated with each line, one indicating its sample location, and the other in parenthesis indicating the number of cyclic shifts, which ranges from 0 to 8 to form 9 zero-correlation-zones (ZCZ’s). From Figure 4, we see that any of three consecutively shifted preambles from the 9 RACH preambles may form a restricted preamble set. For example, the cyclic shifts {2,3,4}, or {1,2,3}, or {6,7,8} form a restricted preamble set, respectively. Within each restricted set, the cyclic shifted ZC sequences, from which the RACH preamble is constructed, are compatible in the sense that their side lobes will not fall into their ZCZ’s in case that frequency offset or timing error occurs. 
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Figure 4 Main and side lobe locations of the ZC sequence auto-correlation

We provide the following algorithm for the formation of the restricted set of preambles:

1) Determine the gap size,
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, between the main and the first pair of side lobes (highest side lobes) according to the equation (8). Define 
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as the spacing of the ZCZ, and 
[image: image40.wmf]ZCZ

N

 the number of ZCZ’s.
2) Determine the correlation peak locations: 
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3) Calculate the uncertainty zone of the 
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-th cyclic shift (increment) of the sequence: 
[image: image45.wmf]].

,

))

1

[((

i

N

ZCZ

i

P

S

P

+

-


4) Determine the two ambiguity intervals based on results obtained in steps 1) and 2):  
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5) Let any 
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 be the first member of the restricted set to be formed.
6) Repeat this step 
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. For a given 
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, obtain the corresponding ambiguity intervals: 

      
[image: image52.wmf]]

))

((

,

))

1

[((

N

v

j

N

v

ZCZ

j

G

P

G

S

P

-

-

+

-

 and 
[image: image53.wmf]].

))

((

,

))

1

[((

N

v

j

N

v

ZCZ

j

G

P

G

S

P

+

+

+

-


  If any of the two ambiguity intervals for the 
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-th cyclic shift does not overlap with any uncertainty   zone(s) of those shifts that are already in the restricted set, the 
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-th cyclic shift is added to the restricted set to become a new member.

7) One restricted set is formed after steps 1) to 6).

8) Other restricted sets may be formed in the same fashion by setting 
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 to different values in step 5).
It should be noticed that if the gap size,
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 is less than the spacing of the ZCZ,
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some additional processing is required. This includes:
(1) An advanced or special RACH detection algorithm is needed which takes into the account the prior knowledge that both main and side lobes of the circular auto-correlation will appear in the zero-correlation-zone (its own uncertainty zone).

(2) The spacing of the ZCZ must be enlarged, and the number of the ZCZ’s is thus reduced. Note that the worse case occurs when 
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. In this case, the number the ZCZ’s is reduced by one half. The adjustment of 
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is illustrated in Figure 5. Please note that though
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is enlarged, the size of the uncertainty zones remains unchanged, i.e. the intervals where the RACH detector would search for peaks are not affected because their size is determined by the cell size. 
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Figure 5 Special case handling in forming the restricted sets of preambles
4 Performance Evaluation Using the Restricted Sets of RACH Preambles

We have introduced the principle with which the restricted sets of RACH preambles are to be constructed in the previous section. In this section, we provide numerical examples to demonstrate the RACH detection performance using the restricted sets of RACH preambles for UEs in high mobility environments. The simulations were conducted using both the AWGN channel and the TU, 6-path channel models, providing numerical validation of the formation principle for the restricted sets of RACH preambles.
Table 2 lists all relevant simulation parameters. The parameters of the ZC sequence are the same as those given previously in Table 1. In our simulations, the probabilities of the false alarms using the restricted sets of RACH preambles formed from ZC sequences with cyclic shifts of {2,3,4} were compared with that using the non-restricted set of RACH preambles. For the restricted case, each RACH transmission randomly chooses a ZC sequence from the restricted set to form the RACH preamble. In case of no restriction, the RACH preamble is constructed from the ZC sequence with a randomly chosen cyclic shift ranging from 1 to 8.
Shown in Figure 6 are the probabilities of false alarm in the AWGN channel with frequency offsets, and the probabilities of false alarm in the fading TU channels are shown in Figure 7.
	RACH slot length
	1.0 ms (1 TTI)

	Carrier frequency
	1.9 GHz

	Preamble sampling rate 
	1.08 MHz

	CP length (=guard period (GP) + delay spread (DS))
	114 us

	Guard period (=max RTD)
	109 us

	ZC  sequence length 
	777 us (839 samples)

	Used ZC sequence index
	150

	Zero correlation zone (ZCZ) spacing
	93

	Channel model
	AWGN with frequency offset,  6-path TU: 160 km/h, 250 km/h and 350 km/h

	# of detectors (# of ZC sequences x # of cyclic shifts per ZC) for the non-restricted cyclic shift case
	8

	# of detectors (# of ZC sequences x # of cyclic shifts per ZC) for the restricted cyclic shift case
	3

	# of transmitted preambles
	1


Table 2 Simulation parameters
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Figure 6 Probabilities of false alarm in AWGN channel with frequency offsets
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Figure 7 Probabilities of false alarm in the fading TU channels
In Figure 8 and Figure 9 , we showed the probabilities of missed detection in the AWGN channels and the TU channels, respectively. In these two figures, the x-axis is the ratio of the transmitted RACH preamble power over the receiver noise power spectrum density. From these figures we see that the RACH detection probabilities are about the same with or without cyclic shift restriction. 
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Figure 8 Probabilities of Missed Detection in AWGN Channels
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Figure 9 Probabilities of Missed Detection in TU Channels

5 Conclusion
In this contribution, we introduced the principle to form the restricted sets of RACH preambles for UEs in high mobility environments. We also provided an algorithm in which the restricted sets of preambles may be formed. Simulation results in both AWGN channel with frequency offsets and the fading TU channels provided the validation of the principle. 
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