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1. Introduction

In the last RAN1 Seoul & Riga meeting, the frequency offset (FO) of RACH preamble was discussed and the large false alarm rate was recognized as problematic aspect under some extreme UE situations. Although the CAZAC property is very promising on good detection probability at Node-B and transmission efficiency at UE side, the cyclic shift of CAZAC is vulnerable to frequency offset if the sequence is modulated in frequency domain. This contribution proposes ways to avoid or mitigate the performance degradation due to frequency offset when using the cyclic shift version of CAZAC sequences. 
2. Frequency Offset Effect with CAZAC Sequence
Frequency offsets affects on the detection performance and false alarm rate when the baseline preamble sequence is CAZAC with circular shifts [1]. This effect can be seen easily by looking at the inter-subcarrier interference (ISI) with CAZAC sequence. Assume that the CAZAC sequence is directly loaded on the usable subcarriers for RACH. Then, each subcarrier conveys one chip of the CAZAC sequence.
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Figure 1. Sequence loading on subcarriers
If there exists frequency offset at the receiver (Node-B) due to Doppler spread or residual frequency offset, we can see that the frequency sampling position is not aligned with subcarrier position to result in mixed signal with neighbor subcarriers, as shown in Figure 1 and following equation. 
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where 
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is the received frequency response at kth subcarrier position with frequency offset 
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 is a CAZAC sequence loaded on subcarriers at UE side, 
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is a pulse shaping filter at frequency domain, and 
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is subcarrier spacing. Since the transmission filter on RACH is not agreed yet, assume 
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 is a sinc function, 
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is subcarrier spacing in Hz) and the response of 
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 (i.e., considering only the first neighbor interference). Then, the response at a subcarrier can be written as
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If 
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. As we can see from Eq. (2), if 
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) or three components at a subcarrier position. At the detection stage, the detector applies the conjugate of sequence 
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where the Zadoff-Chu is 


[image: image20.wmf]÷

ø

ö

ç

è

æ

+

=

N

k

k

jM

N

M

k

c

)

1

(

exp

)

,

;

(

p

                                                                         (4)
where N is sequence length and M is root index. From Eq. (3), we can see that there will be three channel responses at target position (in this case, Position=t), left shifted position (=t-M), and right shifted position (=t+M). Therefore, the frequency offset spreads the channel response over wide range depending on the used sequence index (=M). In addition, this dependency of channel response spread on the sequence index gives us a chance to mitigate the frequency offset, when the circular shift is designed with CAZAC sequence.
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Figure 2. Channel response after IDFT of 
[image: image22.wmf])

(

)

,

(

*

k

c

f

k

r

off

 (equivalent to periodic correlation result)

3. Circular Shift Design of CAZAC Sequence to Mitigate Frequency Offset

Given CAZAC sequence index, we know where the channel response will occur if frequency offset exists. Therefore, the circular shift should be designed such that the alias channel response is not overlapped with the other circular shift positions. Assuming the dominant interference comes from the neighboring subcarriers only, there can be two alias channel response as shown in Figure 2. Circular shift design considering this multiple response due to frequency offset can be categorized into three classes. 
1) Just additional margin to the conventional circular shift design.

2) Interleaved circular shift positions are combined into one shift opportunity.

3) Adopt the conventional circular shift, but the available shift is selected.

These three approaches can be used to circular shift design as a whole regardless of sequence index. However, if we do not consider the sequence dependent alias (the alias response at t-M and t+M in Figure 2 depends on sequence index M), the usable circular shift sequence can reduce drastically. In the following, we illustrate how to apply these three rules to circular shift design according to the sequence index.
3.1. Approach 1) Additional margin to circular shift

If the CAZAC index is very small, then the channel response spread due to frequency offset is also very small and overlap with the original channel response. Figure 3 shows this situation.
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Figure 3. Alias responses are overlapped within circular shift unit 
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Note that T0+2M length should be one circular shift unit
Since the overlapped responses can not be discriminated each other, we can see that the circular shift amount should be adjusted to account this overlapping. If the circular shift amount required for conventional design is 
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), then we need additional margin to mitigate the frequency offset effect (overlapped and aliased channel response). Note that the additional margin required for CAZAC index M is just 2M. Therefore, the circular shift unit to be used can be defined as following:
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where 
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 for CAZAC index M. Since the circular shift amount should be increased as Eq. (5), the total number of available circular shifted sequence per root sequence reduces to 
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Therefore, the number of possible shift with frequency offset reduces to, at most, one third of circular shifts without frequency offset.

3.2. Approach 2) Multiple circular shifts into one opportunity

As the sequence index increases so that 
[image: image30.wmf]0

2

T

M

³

, we can see that there can be multiple region of size 
[image: image31.wmf]0

T

 or a little longer size. Figure 4 shows the alias channel response when 
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. Since the space between successive channel response is larger than (or equal to) 
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With this circular shift unit as new definition, we can use two circular shift opportunity within 3M span. Note that interleaved three regions are used for one opportunity, where the Tx preamble should be targeted for the center one.
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Figure 4. Alias channel responses separated by longer than 
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Figure 5 shows the case with 
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. In this case, we can create P circular shift opportunities within 3M range. Note that each opportunity is interleaved each other and composed of three regions (length = M/P).
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Figure 5. Alias channel responses separated by longer than 
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Let us name the 3M span as cyclic shift group. Then, over a root sequence, multiple cyclic shift groups can be defined as shown in Figure 6. Within each cyclic shift group, corresponding structure as like in Figure 5 are defined.
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Figure 6. Cyclic shift groups in the root sequence span. Each cyclic shift group is composed as like in Figure 5.
These argument can be applicable if 
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3.3. Approach 3) Available shift selection with conventional circular shift size

If CAZAC index becomes larger, then the cyclic shift group is always equal to one. Within the group, we note that the +M shifted region can overlap with –M shifted region. For example, consider Figure 7. In this figure, 3M > N holds and the right shifted M length region overlap with left shifted M length region. Therefore, we should take different approach. We first define the candidate circular shift regions (region length = 
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) within M length (candidate corresponds to the small box in Figure 7). Then we can simply usable circular shifts by binding three candidate regions, which are separated by M and –M from the candidate regions. While binding candidate regions, one should ensure that any candidate region should not be allocated more than once.
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Figure 7. Circular shift region definition with length 
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.  Every color with exactly three occurrences is a opportunity, which can be used to mitigate frequency offset effect.  CAZAC ID range: 
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There exists a rule on the usable index as following:
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where [x, y] means inclusive integer range from x to y, and  X(M), Q(M), R(M) are defined as
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The number of available shifted sequence is 
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If M=N/2, then the two alias response exactly overlap each other. It means that there exist only two channel responses and the number of available shifted sequences is N/2.

3.4. The other indices of CAZAC sequence

The subsection 3.1, 3.2 and 3.3 described about the circular shift definition rule to mitigate the frequency offset effects over the CAZAC index from 1 to N/2. The same rules can be applied to the rest of the root CAZAC sequences, since the channel alias response are symmetric around N/2. It means that the channel alias response of index M spans the same locations where the channel responses of index N-M occupy. For the relationship between the above stated approaches and the sequence index is shown in Figure 8.
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Figure 8. Sequence index and circular shift approach relationship

4. Numerical Examples of Index Dependent Circular Shift
Following Figure 9 and 10 show the detection probability of preamble and false alarm rate for the equal spaced circular shift (conventional approach) and the proposed circular shift (CAZAC index dependent circular shift). In summary, we note that the detection probability is improved for high frequency offset and the false alarm rate almost does not change according to the frequency offset. 
Table 1. Simulation parameters for Figure 8 and 9.

	CAZAC Length
	863
	ZCZ Count per root sequence
	16

	Preamble Length
	0.8ms
	ZCZ space (T0)
	53

	False alarm probability per sample
	0.001
	RACH Bandwidth
	1.08MHz

	Channel
	AWGN
	Used CAZAC index
	106
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Figure 9. Miss detection probability, Solid line – equal spaced circular shift, Dash-dot line – proposed index dependent circular shift; For high frequency offset, Pd is improved
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Figure 10. False alarm rate, Solid line – equal spaced circular shift, Dash-dot line – proposed index dependent circular shift; False alarm rate of Dash-dot line is normalized for fair comparison with Solid line

Another thing we have to check is the number of available circular shift opportunities. For the long preamble structure, the number of available circular shift will be one to avoid ambiguity due to FO, while all the circular shifts are available for short preamble structure.  Figure 11 shows some examples on the number of available circular shifts based on sequence index and minimum shift size T0.
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Figure 11. Number of available circular shift count (left) for index dependent method and comparison of total sequence count of “No Circular Shift(use of root sequence only, FO insensitive)”, “Normal Circular Shift (FO sensitive)”, “Index Dependent Circular Shift (FO insensitive)”, and “Short Preamble: 2x0.4ms” cases; The proposed method gives approximately 1/3 of normal circular shift case.
5. Summary
According to above description, we can see that three rules are used for the index dependent circular shift definitions. Assuming the dominant interference comes from the neighboring two subcarriers, each rule is used for some range of CAZAC index as following:
1) Additional margin method: 
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2) Multiple circular shifts as one opportunity: 
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3) Index selection method: 
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Although the inter-subcarrier interference(ISI) is not restricted by the just two neighboring subcarriers, the major degradation can be mitigated with the proposed circular shift method.
6. Conclusion

In this contribution, the effect of frequency offset is used to design circular shift of CAZAC sequence. The proposed methods to mitigate the frequency offset depend on the CAZAC index used for shift sequence generation. Based on the proposed designs, we can mitigate the frequency offset effect and possibly does not need to consider the additional preamble structure for frequency offset mitigation. 
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