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1 Introduction
Zadoff-Chu sequences are supposed to be used for uplink ACK channelizations. This contribution introduces LB-wise cyclic shift hopping scheme to UL ACK channels for inter-cell interference randomization. It is shown that LB-wise cyclic shift hopping provides less mean and variance of inter-cell interference. It is also noticeable that LB-wise cyclic shift hoping applied to the uplink RS also promises the gain observed in the uplink ACK channels
2 Properties of Zadoff-Chu Sequences
Zadoff-Chu sequences are used for signal generation of uplink (UL) ACK channels. A Zadoff-Chu sequence is given by
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where the sequence length N is an odd integer and the parameter u is an integer relatively prime to N. 
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denotes the sequence generated from 
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 with cyclic shift value 
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 and it has following correlation properties:
· Definition of correlation:
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· Auto-correlation:
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· Cross-correlation:
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According to the auto-correlation property of Zadoff-Chu sequences, one can generate multiple mutually orthogonal sequences by applying different cyclic shifts to a Zadoff-Chu sequence. Relying on this property, multiple UE’s UL channels can be multiplexed on a resource unit with perfect orthogonality by assigning different cyclic shift values to different UE’s. Cross-correlation between different Zadoff-Chu sequences has a constant magnitude regardless of cyclic shift values. Let the parameter u of 
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be a cell-specific one, and then inter-cell interference can be maintained stable based on the cross-correlation property of Zadoff-Chu sequences. Note that the phase of cross-correlation, 
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3 UL ACK channel - Current working assumption

[image: image13.emf]w

0

ZC(u,t) w

1

ZC(u,t) w

2

ZC(u,t) w

3

ZC(u,t)

IFFT IFFT IFFT IFFT

ZC(u,t)

ACK/NAK

w

0

w

1

w

2

w

3

UL RS UL RS UL RS

LB

slot

orthogonal cover


Figure 1: Current working assumption on UL ACK and RS channels
Figure 1 shows the current working assumption on the transmission block of UL ACK channel and reference signal (RS). Since the position of the RS long block (LB) is not determined yet, it is only for illustrative purpose. ACK/NAK signals and the UL RS for ACK/NACK demodulation are multiplexed on the code channels constructed by both a Zadoff-Chu sequence and an orthogonal cover. For ACK channels, a Zadoff-Chu sequence with a particular cyclic shift 
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, is placed on frequency domain sub-carriers while an orthogonal cover 
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 is applied on time domain LB’s.
As illustrated in Figure 1, ACK channels and RS occupy 4 LB’s and 3 LB’s, respectively. Hence, 4 orthogonal covers can be used for ACK channels while 3 orthogonal covers are available for RS, i.e.
· One RS is defined by one of 6 shifted Zadoff-Chu sequences and by one of 3 orthogonal covers, and up to 18 RS’s are established.
· One ACK channel is defined by one of 6 shifted Zadoff-Chu sequences and by one of 4 orthogonal covers, and up to 24 ACK channels are established.
Even though 24 ACK channels are available, 18 ACK channels are only useful in case 3 orthogonal covers are used for channelization due to one-to-one correspondence between ACK channel and RS. 
Figure 2 illustrates the receiver structure for the UL ACK channel presented in Figure 1. The eNB receiver is supposed to recover the ACK/NAK signal using the Zadoff-Chu sequence 
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 and orthogonal cover 
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. Let us assume that the desired signal experiences flat channel response 
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, then the desired signal term of the received signal is expressed as
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where 
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 denotes the ACK/NAK signal.
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Figure 2: UL ACK channel receiver
Intra-cell interference is categorized into two groups: One is the interference from the UE using the same cyclic shift value (
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) but different covers (
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), and the other is the interference from the UE using the same cover (
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) but different cyclic shift value (
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). The former and the latter are all perfectly eliminated as
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Let us move onto inter-cell interference analysis. Inter-cell interference depends on whether the same cover is used or not. The interference from the UE using different covers is perfectly removed due to the orthogonal property of covers. This can be proved by the following equation:
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Interference from the UE using the same covers is not removed since the Zadoff-Chu sequences do not provide orthogonality in case of 
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. This interference is given by
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Interference behavior is summarized as follows when the current working assumption is applied to the UL ACK channel:
· If the channel is time invariant within a slot and flat over ACK channel resource elements, there is no intra-cell interference in ACK channels.
· Inter-cell interference is coherently summed over the long blocks where an ACK signal spans if the interference comes from the UE using the same cover. 
· Inter-cell interference is perfectly removed if it comes from the UE using different covers and the channel of the interfering UE is time invariant within a slot and flat over ACK channel resource elements.
4 UL ACK Channel – Proposed modification: Cyclic Shift Hopping
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Figure 3: Proposed structure of UL ACK and RS channels using cyclic shift hopping
Figure 3 shows the proposed structure of UL ACK and RS channels. Modification from the current working assumption is that the cyclic shifts of Zadoff-Chu sequences vary depending on the LB indexes. This scheme will be referred to as Cyclic Shift Hopping (CSH) or LB-wise CSH. The pattern of cyclic shift hopping is cell-specific such that 
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. Motivation of introducing LB-wise cyclic shift hopping to the ACK channel is to achieve inter-cell interference randomization. Even in case LB-wise cyclic shift hopping is applied to UL ACK channels, the desired signal term of the received signal and intra-cell interference will still be expressed as (5) and (6), repectively. However, inter-cell interference will have different behaviour from the ones observed in the current working assumption. Inter-cell interference from the UE using different covers is not perfectly removed as given in (9) since interference experienced in each LB will have distinct phases and this phenomenon hurts the orthogonal property of covers. 
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(9)
Inter-cell interference from the UE using the same cover is derived as
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Note that while inter-cell interference from the UE using the same cover is coherently summed over the long blocks in the scheme of current working assumption, it is not coherently summed with LB-wise CSH since inter-cell interference randomization is achieved. In sum, introducing LB-wise CSH to UL ACK channels 
· Effectively reduces inter-cell interference from the UE using the same cover but 
· Leaves residual inter-cell interference from the UE using different covers due to damaged orthogonality
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Figure 4: An example of UE distribution
5 Interference statistics comparison
As addressed in the previous section, introducing LB-wise CSH has pro and con compared to not introducing CSH. Pro is inter-cell interference reduction due to inter-cell interference randomization and con is residual interference from the UE using different covers due to damaged orthogonality of covers. In this section, inter-cell interference statistics will be analyzed and compared between with CSH and without CSH.
Figure 4 shows an example of UE distribution for interference statistics analysis. UE0 is the desired UE and UE1~UE3 are interfering UE. Note that maximum 3 different UE’s can share the ACK channels which are defined by a particular cyclic shift pattern and distinguished by orthogonal covers because the maximum number of useful covers is limited by the maximum number of orthogonal covers for RS as mentioned in section 1. All the UE’s are assumed to experience block fading for simplicity and this assumption is favorable to the current working assumption. In this example, the UE generating intra-cell interference is not considered since there is no intra-cell interference regardless of LB-wise CSH as pointed out in the previous sections. UE1 is the interfering UE using the same cover as UE0’s. UE2 and UE3 are the UE’s using different covers. Inter-cell interference without CSH is given by
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where 
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 denote the power assigned to ACK/NAK signal. On the other hand, inter-cell interference with LB-wise CSH is derived as
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Assuming independently and identically distributed channel responses, we can see that the mean of inter-cell interference without CSH is larger than that with LB-wise CSH since ACK channel occupies 8 LB’s within a subframe (
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). Moreover, inter-cell interference variance without CSH is also larger than that with LB-wise CSH. Therefore, we can conclude that LB-wise CSH provides less mean and variance of inter-cell interference.
For example, let 
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 be Rayleigh fading as
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where 
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 denotes the path loss and 
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, i.e. UE1~UE3 experience an identical path loss 
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, then the mean and variance of inter-cell interference without CSH are given by
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On the other hand, under the same assumption, the mean and variance of inter-cell interference with CSH are derived as
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As proved in the above equations, CSH definitely reduces the mean and variance of inter-cell interference.
6 Cyclic shift hopping pattern

In order to utilize the LB-wise CSH addressed above, we propose to define the shift values of Zadoff-Chu sequences as
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where c, k, and m are the cell index, the UE index of the cell, and the LB index, respectively. 
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 denoting the shift value of the m-th LB for the k-th UE in cell c is given by the sum of per-UE reference shift 
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. A UE is assigned UL ACK channel by setting 
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 and the LB-wise cyclic shift values of the UE are calculated based on the given 
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. Proposed LB-wise CSH for interference randomization is performed by defining 
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7 Conclusion
In this document, we compare the interference statistics depending on whether cyclic shift hopping for UL ACK channels is used. Cyclic shift hopping is the scheme of defining LB-wise cyclic shift values such that 
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. Even though LB-wise cyclic shift hopping causes inter-cell interference from the UE using different covers due to the damaged orthogonal property of time domain covers, it successfully reduces the mean and variance of overall inter-cell interference thanks to interference randomization. Based on this observation, we propose to apply LB-wise cyclic shift hopping to UL ACK channels. LB-wise cyclic shift hopping applied to the UL RS for PUCCH also promises the gain observed in the UL ACK channels. Hence, it is recommended to introduce LB-wise cyclic shift hopping to UL RS. 
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