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1 Introduction

In 3GPP RAN1 RAN1#90 meeting, the following agreements were made for 1-symbol PUCCH with up to 2 bits:
· For 1-symbol short-PUCCH for UCI of up to 2 bits,

· The sequence length of 12 REs with consecutive mapping within a PRB is at least supported.

· Further study 24 or 48 REs.

· Further study for multiplexing b/w sequence-based short-PUCCH and other sequences using CDM or FDM (DMRS for PUSCH/PUCCH, SRS, long-PUCCH).

· Including comb-structure

· For the sequence length of 12 REs,

· The supported number of base sequences is 30
· The number of cyclic shifts available for one base sequence is 12
· For collision avoidance between short PUCCH and SRS, from a UE perspective, NR supports at least the following two options on a given carrier

· Collision is defined whenever SRS and PUCCH are transmitted in the same symbol, regardless of whether there are overlapped REs or not

· Option 1-1: symbol level TDM

· (Working assumption) Option 2: Prioritize SRS or short PUCCH transmission, i.e., drop SRS or short PUCCH in case of collision

· FFS whether to have one prioritization rule, or configurable prioritization

· Examples of prioritization rules

· Example 1

· Always prioritize PUCCH over SRS

· Example 2

· If PUCCH contains ACK/NACK, prioritize PUCCH

· Otherwise prioritize SRS

· FFS the case of FDM SRS and short PUCCH

In this contribution, the sequence design, the cyclic shift selection for mapping from HARQ-ACK/SR to sequences, and the multiplexing of PUCCH and SRS are discussed.
2 Discussion
2.1 Sequence design
In RAN1 NR Ad-Hoc#2 meeting, sequence selection scheme (Option 4) has been agreed for short PUCCH with up to 2 bits as working assumption. One main reason to select Option 4 as solution for short PUCCH with up to 2 bits is that Option 4 can keep the low PAPR/CM property of short PUCCH, which can enhance coverage of short PUCCH. So, low PAPR/CM is important metric for the sequence design of short PUCCH. PAPR of LTE’s 12-length Computer Generated Sequences (CGSs) are not good enough as shown in Table 7 and 8 in Appendix C, so they should be not used for NR short PUCCH. In our opinion, sequence design for short PUCCH and long PUCCH both aim for low PAPR/CM, a common design can be considered to reduce the standardization effort. 
Low cross-correlation among sequence groups is crucial in cellular system to have low interference from other cells. Short PUCCH up to 2 bits may not be used very often in the scenario with severe interference from other cells, but short PUCCH has less spreading gain than long PUCCH up to 2 bits, therefore low cross-correlation for short PUCCH is also a key required property to conquer the inter-cell interference. Our proposal for new CGSs (Table 5 and 6 in Appendix B) have been designed jointly for providing low PAPR/CM and cross-correlation. The proposed CGSs have both lower PAPR (<3.0 dB for 12-length and <2.8dB for 24-length) and lower cross-correlation (<0.6875 for 12-length and <0.5 for 24-length) than the LTE CGS sequences, as in Appendix C, D and E. 

Proposal 1: For short PUCCH with up to 2 bits, a new set of CGSs is introduced to provide both low PAPR/CM and cross-correlations.

· Note: There are 30 base sequences of length L and up to L time-domain cyclic shifts of each base sequence. 

Some companies proposed sequences with low PAPR, however, enough groups of sequences provided with low cross-correlation similar to LTE CGS sequences should also be a factor to consider. Sequences constrained with Pi/2-BPSK modulation are proposed in [2] instead of the QPSK modulation in LTE specification, which was claimed to have extremely low PAPR due to the modulation constraint, and a small number of sequences were provided. Considering the agreement “the supported number of groups is 30”, more groups of sequences are needed. 
In [3], CGSs are proposed with less than 2.55 dB PAPR, and the cross-correlation is claimed to be similar to the cross-correlation of LTE CGS sequences. However, considering the maximal cross-correlation of two sequences with time shifts of a small granularity (which reflects the realistic correlations of two time-domain signals), utilizing method 1 in [5] as below to compute the cross-correlations, where NFFT=32*12 for 12-length sequence,
xcorr_coeffs = NFFT * IFFT (seq1 .* conj(seq2), NFFT) / length(seq1),
we found that the maximal cross-correlation is much worse and can be up to 0.88 (i.e., much higher than 0.6875 as our sequence proposal offers), as shown in Appendix D Figure 7. Cross-correlation of CGSs of Length-12. Hence, sequences with PAPR larger than 2.55dB should be considered additionally.
Longer sequences typically provide lower cross-correlation. For example, for a length-24 sequence the maximum cross-correlation value can be computed to 0.5, which may have 10*log10 (0.68752/0.52)=2.76 dB SNR gain compared to the length-12 sequences. Therefore new CGSs of length 24 have been given in Appendix B which has PAPR less than 2.8 dB (cf. with LTE’s 4.30 dB given in Table 8 of Appendix C) and low cross-correlation (<0.5). The new CGSs have the both better PAPR/CM and better cross-correlation property than LTE CGS sequences, as in Appendix D Figure 8. Cross-correlation CDF of LTE CGS sequences and New CGS sequences of length 12, and in Appendix E Figure 11. Cross-correlation CDF of LTE CGS sequences and New CGS sequences of length 24.

Proposal 2:  Introduce the new set of length-12 and length-24 QPSK CGSs according to Table 5 and Table 6, respectively, in Appendix B. 

2.2 Cyclic shift selection
2.2.1 Multiplexing of multiple PUCCHs

There are totally 12 shifts within a RB for sequences of length-12, so theoretically 6 PUCCHs of 1 bit or 3 PUCCHs of 2 bits can be multiplexed in a RB. However, due to different delay spread and timing error in different scenario, the maximal multiplexing capability may not always be practical. The number of PUCCH channels within a RB may be configured to have the trade-off between performance and overhead. In the extreme case, only 4 shifts can be configured within a RB which means only 2 PUCCHs of 1 bit can be multiplexed together within a RB and only a single PUCCH of 2 bits within a RB. In case of two bits PUCCH, if SR is needed to transmitted together with HARQ-ACK, additional 4 sequences should be allocated in another RB. Hence, based on configuration of number of channel within a RB, CDM/FDM multiplexing between PUCCH can be supported. It should be noted that UE multiplexing is at the discretion of the gNB and is transparent to the UEs.
Some companies had concerns about the interference due to small distance of cyclic shifts, therefore they proposed to only use FDM for multiplexing of different UE and even multiplexing of HARQ-ACK and SR. This would completely remove the overhead-saving benefit of multiplexing of small payload size PUCCH. On the other hand, even though CDM multiplexing within a RB is configured, it does not mean that all PUCCHs configured within a RB are always transmitted simultaneously since it depends on the scheduling of PDCCH. With a small number of simultaneously scheduled UEs, the interference due to CDM may not be an issue. 
Proposal 3: CDM of PUCCH within a RB or FDM of PUCCH among RBs can be supported by configuration. 

2.2.2 Cyclic shift selection within a RB
Sequence selection scheme can be understood as M cyclic shifted versions of a low PAPR sequence in a RB is used to represent M messages. UE may have time-domain cyclic shifts {c, c+3, c+6, c+9} for two bits or cyclic shifts {c, c+6} for 1 bit. For the scheme, variable “c” is a UE specific CS offset and different UEs will be allocated with different values of “c” to multiplex UEs in one RB; {0,3,6,9} are HARQ-ACK status specific CS, which encode different information (ACK or NACK) of one UE, such that the CS is given by:


[image: image1.wmf]CS

specific

Status

offset

CS

specific

UE

CS

_

_

_

_

_

+

=


An example of the correspondence between HARQ-ACK status specific shift and ACK/NACK information can be found in Table 1.

Table 1. Example of cyclic shift for different UEs in one RB for 1-bit PUCCH.
	One root sequence with different CS
	HARQ-ACK status specific CS 

	
	ACK
	NACK

	
	0
	6

	UE specific CS offset
	UE 1
	0
	0
	6

	
	UE 2
	1
	1
	7

	
	UE 3
	2
	2
	8

	
	UE 4
	3
	3
	9

	
	UE 5
	4
	4
	10

	
	UE 6
	5
	5
	11


The probability of correct detection of the data channel is typically around 90%, which means that the probability of “ACK sequence” transmission is 90%. The unbalanced distribution of ACK and NACK has been also observed in [6]. If a UE misses DL assignment and does not transmit any sequence (DTX), gNB may misunderstand other transmitted “ACK sequence” as the UE’s “ACK sequence”, and the “DTX to ACK” performance will be degraded. For the example of Table 1, gNB schedules UE 2, UE 3 and UE 4 to receive PDSCH and require them transmitting HARQ-ACK response at same slot. UE 2 and UE 4 both receive their PDSCHs successfully, then they will transmit CS 1 and CS 3 for ACK respectively. UE 3 misses the DL assignment, then it will not transmit any sequence (DTX). When gNB detects the acknowledgment of UE 3, the transmitted “CS 1” and “CS 3” may be erroneously detected as “CS 2”, implying a “DTX-to-ACK” error for UE 3.
To alleviate the degradation of DTX detection performance, we propose to randomize the correspondence between ACK/NACK information and status specific CS offset. This will reduce the occurrence of intra-cell UEs simultaneously transmitting sequences with consecutive cyclic shifts. An example can be found in Table 2, where for different slots, the correspondences are different. This can be implemented by the randomized correspondence between ACK/NACK information and HARQ-ACK status specific CS on each UE independently, for example, mapping from the HARQ-ACK status to HARQ-ACK bit(s) in a UE-specific way.
Table 2. Example of randomized correspondence between ACK/NACK and HARQ-ACK status specific CS.
	
	HARQ-ACK status specific CS offset

	
	ACK
	NACK

	Slot   n
	0
	6

	Slot n+1
	6
	0

	Slot n+2
	0
	6


To show the performance gain of randomized correspondence, link level simulations have been performed. From Figure 1, we can find that randomized correspondence will supply about 0.8 dB gain because consistent strong interference due to unbalanced HARQ-ACK distribution is avoided. 
Based on the previous analysis and simulation results, we can have the following proposal:
Proposal 4: For short PUCCH with up to 2 bits, for a UE, the association between HARQ-ACK information states and the cyclic shifts of the PUCCH sequences should vary among different slots in a UE-specific way. 
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Figure 1. ACK/NACK detection performance as function of SNR. 
2.3 Multiplexing with scheduling request
In LTE, when PUCCH format 1a/1b multiplexing with scheduling request (SR) is used, UE will transmit SR by channel selection. First, gNB reserves same amount of PUCCH resources for SR as PUCCH resources for ACK/NACK. Then, if UE transmits positive SR, UE will transmit ACK/NACK on SR resource; if UE transmits negative SR, UE will transmit ACK/NACK on ACK/NACK resource.
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Figure 2. Short PUCCH with up to 2 bits multiplexing with SR reusing the LTE solution.
As shown in Figure 2, in NR, if short PUCCH with up to 2 bits multiplexing with SR reuses the LTE solution, to one UE, 4 (for 2 bits) or 2 (for 1 bit) PUCCH resources should be reserved for SR resource. Since the gNB cannot predict the UE behavior of SR transmission, the reserved SR resources have to be semi-statically configured and cannot be shared with PUSCH, no matter those UEs are transmitting ACK/NACK or not. When the number of scheduled UEs (transmitting ACK/NACK) is small, such large reserved SR resource is a waste.
[image: image4.emf] 

CS 0

CS 0

CS 3

CS 6

CS 9

{N,N,+}

{A,N,+}

{N,A,+}

{A,A,+}

{A,A,-}

{A,N,-}

{N,A,-}

{N,N,-}

SR on 

RB X

A/N on 

RB Y

CS 1

CS 4

CS 7

{DTX,+}


Figure 3. The reserved SR resource is less than ACK/NACK resource.
To avoid the waste of over-reserved SR resource, we consider that the amount of semi-static reserved SR resources should be less than the amount of dynamically allocated ACK/NACK/SR resources by PDCCH. As shown in Figure 3, for short PUCCH with 2 bits ACK/NACK multiplexing with SR, 1 PUCCH resource is reserved for SR and 7 PUCCH resources are configured for ACK/NACK/SR by PDCCH (Alternatively, one more PUCCH resource can be configured for {N,N,+}, and totally 8 PUCCH resources are dynamically allocated). Because the gNB is aware of the occupied ACK/NACK/SR resource corresponding to the scheduled PDCCH, the unused dynamic ACK/NACK/SR resource can be shared. If the number of scheduled UEs (transmitting ACK/NACK) is small, more dynamic ACK/NACK/SR resources can be released for PUSCH channel or other PUCCH channels.
Proposal 5: When short PUCCH with up to 2 bits is multiplexed with scheduling request, one semi-static allocated scheduling request resource is reserved.
The mapping from HARQ-ACK bits to cyclic shifts for a single UE can be based on the maximal distance criteria to ensure best performance. With M cyclic shifts,
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In case of N=12, M=2, the 2 cyclic shifts are n0+0, n0+6, 
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; and in case of N=12, M=4, the 4 cyclic shifts are n0+0, n0+3, n0+6, n0+9, 
[image: image9.wmf]}

2

,

1

,

0

{

0

Î

n

. Note that 
[image: image10.wmf]0

n

is a CS offset assigned to a PUCCH of a UE by PDCCH. When SR is transmitted together with HARQ-ACK, there are two values of 
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 assigned to the UE, e.g. 0 and 1 in case of M=4, or 0 and 3 in case of M=2, and then there are 8 cyclic shifts 0, 3, 6, 9, 1, 4, 7, 10 for the case M=4, and 4 cyclic shifts 0, 6, 3, 9 for the case M=2. 

When SR is transmitted together with HARQ-ACK, SR status can be conveyed by the value of n0, while k is determined only by HARQ-ACK status, for example, n0 =0 for positive SR and n0=1 for negative SR. For the case M=4, the distance of cyclic shifts for different values of n0 of the same k can be 1. Therefore the status of SR may be misunderstood by gNB with high probability due to the short distance of code points. To avoid the performance unbalance between SR and HARQ-ACK, SR status can be conveyed by k. The situation of always having short distance of code points to distinguish status of SR can be avoided by using different value of k for different SR status. The cyclic shift allocation achieving this is contained in Table 3-1 and 3-2. 
Table 3-1. Mapping from HARQ-ACK/SR to CS for two bits.
	Two bits case

	
	Cyclic Shifts 

	
	HARQ-ACK bits: b0b1=00
	HARQ-ACK bits: b0b1=10
	HARQ-ACK bits: b0b1=01
	HARQ-ACK bits: b0b1=11

	Positive SR
	n0+0
	n0+3
	n0’+0
	n0’+3

	Negative SR
	n0+6
	n0+9
	n0’+6
	n0’+9

	Note: n0 and n0’ are two CS offsets allocated for a UE, 
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Table 3-2. Mapping from HARQ-ACK/SR to CS for one bit.
	One bit case

	
	Cyclic Shifts

	
	HARQ-ACK bits: b0=0
	HARQ-ACK bits: b0=1

	Positive SR
	n0+0
	n0’+0

	Negative SR
	n0+6
	n0’+6

	Note: n0 and n0’ are two CS offsets allocated for a UE, 
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Hence, the following proposal is given.
Proposal 6: HARQ-ACK and SR are encoded by the cyclic shifts according to the following:
· For 1 bit HARQ-ACK and SR
	
	Cyclic Shifts

	
	HARQ-ACK bits: b0=0
	HARQ-ACK bits: b0=1

	Positive SR
	n0+0
	n0’+0

	Negative SR
	n0+6
	n0’+6

	Note: n0 and n0’ are two CS offsets allocated for a UE, 
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· For 2 bits HARQ-ACK and SR

	
	Cyclic Shifts 

	
	HARQ-ACK bits: b0b1=00
	HARQ-ACK bits: b0b1=10
	HARQ-ACK bits: b0b1=01
	HARQ-ACK bits: b0b1=11

	Positive SR
	n0+0
	n0+3
	n0’+0
	n0’+3

	Negative SR
	n0+6
	n0+9
	n0’+6
	n0’+9

	Note: n0 and n0’ are two CS offsets allocated for a UE, 
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2.4 Multiplexing with other channels

2.4.1 Multiplexing with SRS
In NR, the multiplexing of short PUCCH and SRS has been discussed [1]. Based on the agreement in [1], symbol level TDM between SRS and short PUCCH is agreed, and FDM or CDM between SRS and PUCCH for UCI up to 2 bits is for further discussion.
Figure 4(a) shows the FDM method between short PUCCH and SRS. SRS and short PUCCH occupy different PRB(s) on the same symbol. Since SRS may occupy multiple symbols in one slot, FDM between SRS and short PUCCH can result in more symbols for PUSCH without puncture or rate-matching.

Figure 4(b) shows the CDM method between short PUCCH and SRS. NR SRS sequence has been agreed to at least adopt LTE SRS sequence, and truncated ZC, block-wise concatenation ZC or LTE SRS with addition roots are FFS. When SRS adopts LTE SRS sequences, a short PUCCH can be transmitted using other sequences which are not used by SRS in the same PRBs. Since each SRS occupies multiples of 4 PRBs [4], the bandwidth of short PUCCH should also be at least 4 PRBs.
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Figure 4.  SRS multiplexed with short PUCCH using FDM or CDM
Proposal 7: Both FDM and CDM between SRS and short PUCCH for UCI of up to 2 bits should be supported.
2.4.2 Multiplexing with DMRS of uplink signals

In NR, short PUCCH with more than 2 bits contains Res for DMRS. Since each PRB contains 4 REs for DMRS, consecutive 3 PRBs provide 12 REs.  On those 12 REs, one DMRS sequence is used by the UE transmitting short PUCCH for UCI more than 2 bits, and other sequences could be applied by UEs to convey short PUCCH for UCI up to 2 bits. Details of the scheduling method should be further studied.

In NR, DMRS of PUSCH are mapped to RE element using a comb structure, and cyclic shifted sequences are used for different ports. The sequence of short PUCCH for UCI up to 2bits can be mapped on the comb structure, i.e. every other RE of those PRB(s). Since PUSCH may occupy multiple PRBs, sequences of short PUCCH may need to support more than 12 REs for such multiplexing. The details require further study.
Proposal 8: Multiplexing short PUCCH for UCI of up to 2 bits with DMRS of PUSCH/short PUCCH for UCI more than 2 bits in CDM way should be further studied.
2.4.3 Multiplexing with long PUCCH

In NR, long PUCCH for UCI up to 2 bits uses sequences on each symbol. For one PRB, 12 sequences can be adopted for transmission, and time-domain OCC can be applied to boost the capacity. To multiplex short PUCCH with long PUCCH, some of those 12 sequences could be allocated to short PUCCH when scheduling. However, if two/four sequences, regarding to 1 or 2 bits ACK/NACK, are allocated to short PUCCH, such sequences are not available for other UEs’ long PUCCH. By using 2 times OCC boosting, two sequence could support 4 UEs’ ACK/NACK feedback in long PUCCH, but those two sequences could only support 1 UE’s 1-bit ACK/NACK feedback in short PUCCH. Hence, such multiplexing may not be supported. 
Proposal 9: For short PUCCH for UCI of up to 2 bits, multiplexing with long PUCCH in CDM way should not be supported.
3 Conclusion
Based on above discussions, the following proposals are given: 
Proposal 1: For short PUCCH with up to 2 bits, a new set of CGSs is introduced to provide both low PAPR/CM and cross-correlations.

· Note: There are 30 base sequences of length L and up to L time-domain cyclic shifts of each base sequence.

Proposal 2:  Introduce the new set of length-12 and length-24 QPSK CGSs according to Table 5 and Table 6, respectively, in Appendix B. 

Proposal 3: CDM of PUCCH within a RB or FDM of PUCCH among RBs can be supported by configuration. 

Proposal 4: For short PUCCH with up to 2 bits, for a UE, the association between HARQ-ACK information states and the cyclic shifts of the PUCCH sequences should vary among different slots in a UE-specific way. 

Proposal 5: When short PUCCH with up to 2 bits is multiplexed with scheduling request, one semi-static allocated scheduling request resource is reserved.

Proposal 6: HARQ-ACK and SR are encoded by the cyclic shifts according to the following:

· For 1 bit HARQ-ACK and SR
	
	Cyclic Shifts

	
	HARQ-ACK bits: b0=0
	HARQ-ACK bits: b0=1

	Positive SR
	n0+0
	n0’+0

	Negative SR
	n0+6
	n0’+6

	Note: n0 and n0’ are two CS offset allocated for a UE, 
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· For 2 bits HARQ-ACK and SR

	
	Cyclic Shifts 

	
	HARQ-ACK bits: b0b1=00
	HARQ-ACK bits: b0b1=10
	HARQ-ACK bits: b0b1=01
	HARQ-ACK bits: b0b1=11

	Positive SR
	n0+0
	n0+3
	n0’+0
	n0’+3

	Negative SR
	n0+6
	n0+9
	n0’+6
	n0’+9

	Note: n0 and n0’ are two CS offset allocated for a UE, 
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Proposal 7: Both FDM and CDM between SRS and short PUCCH for UCI of up to 2 bits should be supported.
Proposal 8: Multiplexing short PUCCH for UCI of up to 2 bits with DMRS of PUSCH/short PUCCH for UCI more than 2 bits in CDM way should be further studied.
Proposal 9: For short PUCCH for UCI of up to 2 bits, multiplexing with long PUCCH in CDM way should not be supported.
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Appendix A
Table 4. Simulation parameters
	BW
	20 MHz

	SCS
	15 kHz

	UE speed
	3 km/h

	Channel model
	TDL_C

{300 ns}

	Numbers of UEs
	3

	Number of RB
	1 RB

	Payload size
	2 bits

	Tx * Rx
	1*2

	Performance metric
	NACK-to-ACK error probability ≤ 0.1%

ACK-miss detection probability ≤ 1%

DTX-to-ACK probability = 1%

	ACK/NACK Probability
	ACK 90%, NACK 10%


Appendix B
Table 5. Proposed new CGSs of length-12 and CM & PAPR  
	Sequence index
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	CM (dB)
	PAPR (dB)

	0
	x(n) = -3, -3, -3, -3,  1,  1, -3, -3,  1, -3,  1, -3 
	0.0089190 
	  2.1494 

	1
	x(n) = 1, -3,  1, -3,  1,  1, -3, -3,  1,  1,  1,  1 
	0.0089190 
	  2.1494 

	2
	x(n) = -3,  3,  3,  1, -1, -3,  1, -3, -1,  1,  1,  3 
	0.4185969 
	  2.3486 

	3
	x(n) = -3,  1,  3, -1,  3,  1, -1, -1, -1, -1,  1,  1 
	0.4185969 
	  2.3486 

	4
	x(n) = 3,  1,  3,  1,  3,  1,  3, -3, -1, -3,  3,  1 
	0.3292650 
	  2.4069 

	5
	x(n) = -3,  3,  1,  3,  1, -1,  1,  3,  1,  3, -3,  3 
	0.3292650 
	  2.4069 

	6
	x(n) = 1,  3,  1, -1,  1, -1, -3, -1,  1, -1,  1,  3 
	0.3292650 
	  2.4069 

	7
	x(n) = 3, -1,  3, -1, -1, -1, -1,  3,  3, -1, -1,  3 
	0.3292650 
	  2.4069 

	8
	x(n) = -3, -1, -3,  3,  3,  3,  3, -1, -3,  3, -3, -1 
	0.7756492 
	  2.4753 

	9
	x(n) = 1,  3,  1, -1,  3, -1,  3,  3,  1, -1,  1,  3 
	0.7756492 
	  2.4753 

	10
	x(n) = 1, -1,  1, -1, -1,  1,  3,  3, -1, -1, -3,  1 
	0.3950540 
	  2.5435 

	11
	x(n) = 1,  3,  1,  3,  3,  1, -1, -1,  3,  3, -3,  1 
	0.3950540 
	  2.5435 

	12
	x(n) = -3,  1,  3,  1,  3, -3, -3, -3,  3, -1, -3,  3 
	0.6759310 
	  2.6023 

	13
	x(n) = -1, -3,  3, -1, -3, -3, -3, -1,  1, -1,  1, -3 
	0.6759310 
	  2.6023 

	14
	x(n) = -1,  3, -1, -1, -1,  3, -1,  3,  3, -1, -1, -1 
	1.0032380 
	  2.6207 

	15
	x(n) = 1, -3,  1,  1, -3, -3, -3, -3,  1, -3, -3, -3 
	1.0032380 
	  2.6207 

	16
	x(n) = -1,  1,  3, -3,  1, -1,  1, -1, -1, -3,  1, -1 
	0.5725079 
	  2.6284 

	17
	x(n) = 1,  3,  3, -3,  1,  3,  1,  3,  3,  1, -1, -3 
	0.5725079 
	  2.6284 

	18
	x(n) = 3, -3,  3, -3,  3, -1,  1,  3, -3,  3,  1, -1 
	0.4302942 
	  2.7036 

	19
	x(n) = 1, -1, -3,  3, -3, -1,  1, -3,  3, -3,  3, -3 
	0.4302942 
	  2.7036 

	20
	x(n) = 3, -1, -3,  3, -3, -1,  3,  3,  3, -3, -1, -3 
	0.5725079 
	  2.7594 

	21
	x(n) = 1,  3,  1, -1,  3, -1, -1, -3,  3, -3, -1, -1 
	0.5725079 
	  2.7594 

	22
	x(n) = -1, -3,  3, -3,  1, -3, -3, -3, -1,  1,  3,  1 
	0.8165902 
	  2.9174 

	23
	x(n) = -1, -1, -1,  3, -3, -1, -3,  3, -1,  3, -1, -1 
	0.8165902 
	  2.9174 

	24
	x(n) = 3,  3, -1, -3,  3,  1,  3,  1, -3,  1, -3, -1 
	1.1149830 
	  2.9209 

	25
	x(n) = 1, -3,  3,  1, -1, -1,  3,  3,  3,  3,  1,  3 
	1.1149830 
	  2.9209 

	26
	x(n) = -3, -1, -3,  3, -1,  1, -1,  3, -3, -1, -3, -3 
	1.0503447 
	  2.9631 

	27
	x(n) = 1,  3, -1, -1,  1, -1,  1,  1, -3,  3,  3,  1 
	0.8569378 
	  2.9846 

	28
	x(n) = 3, -1, -1, -1, -3, -1, -3,  1,  1, -3,  3, -3 
	0.8569378 
	  2.9909 

	29
	x(n) = 3,  3, -1,  1, -1,  1, -3, -3,  1, -1, -3, -1 
	0.8569378 
	   2.9909 


Table 6. Proposed new CGSs of length-24 and CM & PAPR  
	Sequence index
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	CM (dB)
	PAPR (dB)

	0
	-1 -3 3 1 1 -3 1 -3 -3 1 -3 -1 -1 3 -3 3 3 3 -3 1 3 3 -3 -3
	   0.32927 
	2.3980 

	1
	 1 3 -3 -1 3 -1 -3 1 -3 -1 1 1 3 3 -1 -3 3 1 -1 -1 -3 -3 -3 -3
	   0.24010 
	2.4191 

	2
	 1 -1 -1 -1 3 3 3 -3 -3 1 -3 1 -3 -3 1 -3 -3 1 -3 -3 -3 1 -3 -3
	   0.38766 
	2.4710 

	3
	 3 -3 3 3 3 3 3 -3 -1 1 -3 -3 3 1 3 -1 -3 1 -1 3 1 1 -3 -3
	   0.70781 
	2.4722 

	4
	 -1 -3 3 -1 3 1 3 -1 1 -3 -1 -3 -1 1 3 -3 -1 -3 3 3 3 -3 -3 -3
	   0.49234 
	2.4759 

	5
	 -3 3 1 3 -1 1 -3 1 -3 1 -1 -3 -1 -3 -3 -3 -3 -1 -1 -1 1 1 -3 -3
	   0.63827 
	2.4844 

	6
	 3 -1 3 -1 1 -3 1 1 -3 -3 3 -3 -1 -1 -1 -1 -1 -3 -3 -1 1 1 -3 -3
	   0.66790 
	2.4860 

	7
	 1 -1 1 -3 3 1 3 -1 -3 3 -1 -3 3 1 -3 -1 -1 -1 -3 -1 3 -3 -3 -3
	   0.59185 
	2.5157 

	8
	 -1 3 1 -3 1 -1 -3 1 1 -1 -3 -1 1 -3 -1 1 1 1 3 -3 -1 -3 -3 -3
	   0.61243 
	2.5377 

	9
	 3 -1 1 -1 3 -3 1 1 3 -1 -3 3 1 -3 3 -1 -1 -1 -1 1 -3 -3 -3 -3
	   0.41566 
	2.5432 

	10
	 1 -3 3 -1 -3 -1 3 3 1 -1 1 1 3 -3 -1 -3 -3 -3 -1 3 -3 -1 -3 -3
	   0.21971 
	2.5755 

	11
	 -3 -1 1 -3 -3 1 1 -3 3 -1 -1 -3 1 3 1 -1 -3 -1 -3 1 -3 -3 -3 -3
	   0.45209 
	2.5794 

	12
	 -3 1 -3 1 -3 -3 1 -3 1 -3 -3 -3 -3 -3 1 -3 -3 1 1 -3 1 1 -3 -3
	   0.78337 
	2.5856 

	13
	 3 -3 -3 -1 3 3 -3 -1 3 1 1 1 3 -1 3 -3 -1 3 -1 3 1 -1 -3 -3
	   0.46365 
	2.5969 

	14
	 1 1 -1 -3 -1 1 1 -3 1 -1 1 -3 3 -3 -3 3 -1 -3 1 3 -3 1 -3 -3
	   0.42006 
	2.6471 

	15
	 -3 1 -1 -3 1 -3 1 -1 -1 3 1 1 -1 1 -1 -3 -1 1 -1 -1 1 3 -3 -3
	   0.64504 
	2.6542 

	16
	 -1 -3 -3 1 -1 -1 -3 1 3 -1 -3 -1 -1 -3 1 1 3 1 -3 -1 -1 3 -3 -3
	   0.58910 
	2.6631 

	17
	 3 -3 3 -1 -3 1 3 1 -1 -1 -3 -1 3 -3 3 -1 -1 3 3 -3 -3 3 -3 -3
	   0.58772 
	2.6742 

	18
	 -1 3 -3 -3 -1 3 -1 -1 1 3 1 3 -1 -1 -3 1 3 1 -1 -3 1 -1 -3 -3
	   0.23697 
	2.6788 

	19
	 -3 -3 1 -1 1 -3 3 1 -3 1 -3 -1 -3 -3 3 1 -3 -1 1 -3 -3 -1 -3 -3
	   0.46941 
	2.6859 

	20
	 -3 1 1 -3 -1 -3 3 -3 -3 -1 3 -1 1 3 1 3 3 3 -1 3 1 1 -3 -3
	   0.68527 
	2.7032 

	21
	 3 -3 -1 1 3 -1 -1 -3 -1 3 -1 -3 -1 -3 3 -1 3 1 1 -3 3 -3 -3 -3
	   0.51649 
	2.7325 

	22
	 -1 3 -1 -1 3 3 -1 -1 -1 3 -1 -3 1 3 1 1 -3 -3 -3 -1 -3 -1 -3 -3
	   0.48805 
	2.7533 

	23
	 3 -1 3 1 -1 3 -1 1 -1 1 3 1 3 3 -3 -1 3 -3 -3 1 1 -1 -3 -3
	   0.69457 
	2.7548 

	24
	 3 1 -3 3 -3 1 -3 -1 3 -1 1 3 3 1 1 3 -3 -1 1 1 -1 -3 -3 -3
	   0.67860 
	2.7661 

	25
	 -1 1 3 -1 3 -1 -3 -1 1 -3 -3 -3 -3 1 -1 -3 3 3 1 3 3 -1 -3 -3
	   0.62198 
	2.7747 

	26
	 3 -3 -1 -3 1 3 1 -1 -3 1 -1 1 -1 -3 -3 3 -3 3 3 -3 -1 3 -3 -3
	   0.49519 
	2.7764 

	27
	 1 3 1 3 -1 1 1 -1 1 -3 3 -1 -3 3 -1 -1 3 -3 -3 1 1 -1 -3 -3
	   0.86943 
	2.7781 

	28
	 1 1 3 -3 -1 -1 -3 3 1 1 1 -1 1 1 -1 1 -1 3 -1 3 -3 1 -3 -3
	   0.42591 
	2.7910 

	29
	 -3 -3 -1 -1 -3 -1 1 -3 1 -3 -3 3 3 -1 -3 3 3 -3 1 -1 1 -1 -3 -3
	   0.44920 
	2.7920 


Appendix C
Table 7. PAPR/CM of LTE CGS of length-12
	Group index
	CM(dB)
	PAPR(dB)

	0
	1.05967
	2.9226

	1
	0.40685
	2.6400

	2
	0.59460
	2.9289

	3
	0.91638
	3.7707

	4
	0.45354
	2.8364

	5
	0.32927
	2.5194

	6
	1.09667
	4.0910

	7
	0.77565
	2.6639

	8
	0.23071
	2.4070

	9
	0.24322
	2.3347

	10
	0.91638
	3.9120

	11
	0.85694
	3.2779

	12
	0.32927
	2.4065

	13
	0.96978
	3.3628

	14
	0.93105
	3.4675

	15
	0.65985
	3.1202

	16
	1.04567
	4.0151

	17
	1.02689
	3.8901

	18
	0.71835
	3.2851

	19
	0.90656
	3.9526

	20
	0.81659
	2.8778

	21
	0.84691
	3.8223

	22
	0.72886
	2.9804

	23
	0.40685
	2.6400

	24
	0.54464
	3.4525

	25
	0.44194
	2.8762

	26
	0.51649
	2.5499

	27
	1.07360
	3.9029

	28
	0.71309
	3.8974

	29
	0.76014
	3.3989


Table 8. PAPR/CM of LTE CGS of length-24
	Group index
	CM(dB)
	PAPR(dB)

	0
	0.81278
	3.4088

	1
	1.01627
	3.7273

	2
	1.12068
	3.5504

	3
	0.99134
	3.5747

	4
	0.97818
	3.6863

	5
	1.03042
	3.5919

	6
	0.82040
	3.9650

	7
	1.08746
	3.8684

	8
	0.88062
	4.2962

	9
	0.46077
	3.2399

	10
	1.03160
	4.1349

	11
	0.39801
	2.9308

	12
	0.52919
	3.3087

	13
	1.04450
	4.0994

	14
	0.94442
	3.7059

	15
	0.62198
	3.7320

	16
	0.82167
	4.0424

	17
	0.78337
	4.0889

	18
	0.39062
	3.0390

	19
	0.49519
	3.4151

	20
	0.90533
	3.9811

	21
	1.09896
	4.2336

	22
	1.13544
	4.1542

	23
	0.83684
	3.5316

	24
	0.30037
	2.8697

	25
	0.33380
	2.6239

	26
	0.78466
	3.2999

	27
	0.74715
	3.8447

	28
	0.87192
	3.8657

	29
	0.63963
	3.7505
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       Figure 5. PAPR CDF figure of LTE CGS of 12-length and 24-length
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Figure 6. Cross-correlation CDF figure of LTE CGS of 12-length and 24-length
Appendix D
The following is the PAPR and cross-correlation comparison for length-12 sequences.  
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Figure 7. Cross-correlation of CGSs of Length-12
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Figure 8. Cross-correlation CDF of LTE CGS sequences and New CGS sequences of length 12
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Figure 9. PAPR CDF of LTE CGS sequences and New CGS sequences of length 12
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Figure 10. CM CDF of LTE CGS sequences and New CGS sequences of length 12

Appendix E

The following is the cross-correlation and PAPR comparison for length-24 sequences.  
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Figure 11. Cross-correlation CDF of LTE CGS sequences and New CGS sequences of length 24
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Figure 12. PAPR CDF of LTE CGS sequences and New CGS sequences of length 24
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Figure 13. CM CDF of LTE CGS sequences and New CGS sequences of length 24
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