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1 Introduction

In 3GPP RAN1 #88bis meeting [1], the following agreements were made for 1-symbol PUCCH design:
· For 1-symbol PUCCH without SR with 1 or 2 bit(s) UCI payload size, RAN1 will select one from the following options.

· Option 1: RS and UCI are multiplexed by FDM manner in the OFDM symbol

· UCI can be sequence

· FFS: low PAPR design is applied

· Option 4: Sequence selection with low PAPR
In 3GPP RAN1 #89 meeting [2], the following agreements were made for 1-symbol PUCCH design:
· All proponents are recommended to have evaluations for 1-symbol NR-PUCCH until the next meeting

· Simulation assumptions for 1-symbol NR-PUCCH with 1 or 2 bit(s) UCI payload

· System bandwidth = 20Mhz

· Subcarrier spacing =  {15Khz, 60Khz}

· TDL-A or TDL-C channel with delay spread = {30nS, 300nS, 1000nS}

· # UE Tx =1, # eNB Rx =2

· # UCI bits = {1,2}

· Number of RB = {1 RB, 2 contiguous RBs, 2 dis-contiguous RBs} 

· Carrier frequency = 4Ghz

· Number of UEs = {1}

· For option 1: evaluate both UCI based on repetition coding and UCI with modulated sequence.  

· Practical channel estimation and ideal noise estimation

· Note: design target for 1-symbol PUCCH with 1 or 2 bits is a separate discussion.
· Design of 1-symbol short-PUCCH for UCI of 1 or 2 bits should consider tradeoff among PAPR, A-to-N, N-to-A, and DTX-to-ACK performances, and UE multiplexing capacity.
In this contribution, FDM scheme and sequence based scheme are discussed and compared from aspects of performance analysis, timing/delay issue, noise/interference estimation issue, multiplexing capability and PAPR/CM. The design details for 1-symbol PUCCH with up to 2 UCI bits are given in the following. The detailed performance evaluation results of 1-symbol PUCCH with up to 2 bits can be referred in another contribution [3].
2 Discussion
FDM scheme (Option1): RS and UCI are multiplexed by FDM manner in the OFDM symbol. For one RB case, the subcarriers with even indices are for RS, and the subcarriers with odd indices are for UCI. A sequence is mapped to 12 subcarriers. The sequence elements in even subcarriers are repeatedly multiplied by “1” as RS. The sequence elements in odd subcarriers are repeatedly multiplied by a QPSK symbol of {+1,-1, +j, -j} to convey UCI. The design of the sequences ensures the low PAPR transmission with BPSK/QPSK modulation and good cross-correlation property of PUCCH among cells. 

Sequence based scheme (Option 4): 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, where variable “c” is a UE-specific initial shift, and c can be 0, 1 or 2. 
2.1 1 Bit Case Analysis

For 1 bit case, two different sequences are used for ACK and NACK respectively for both FDM scheme and sequence based scheme.
In case of sequence based scheme with one RB, assuming cyclic shifts c+0, c+6 are used to represent ACK and NACK, let c=0 for simplicity, the two sequences are (1*S(0), 1*S(1), 1*S(2), 1*S(3),…,1*S(10), 1*S(11)), and  (1*S(0),-1*S(1), 1*S(2), -1*S(3),…,1*S(10),-1*S(11)) respectively, since the sequence with cyclic shift cs is as following:  S(n)*exp (j*2π*cs*n/12), n=0,1,…,11. 
In case of FDM scheme with one RB, assuming BPSK modulation +1, -1 to carry ACK and NACK, the two sequences are (1*X(0), 1*X(1), 1*X(2), 1*X(3),…,1*X(10),1*X(11)), and (1*X(0),-1*X(1), 1*X(2), -1*X(3),…,1*X(10),-1*X(11))  respectively, as illustrated in Figure 1. Using the same root sequence for two schemes i.e. S(n) = X(n), n=0,1,2,…,11, the sequences corresponding to ACK/NACK are same for the two schemes.
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Figure 1 Illustration of 1-symbol PUCCH transmission of one bit
So we can conclude that in case of 1 bit, the above FDM scheme and sequence based scheme have no difference at the transmission side. Any performance evaluation difference between these two schemes above is due to the selection of different reception algorithms.

Observation 1: in case of 1 bit, assuming two shifts {c, c+6} for sequence based scheme, and assuming +1, -1 BPSK modulation for FDM scheme, FDM and sequence based transmission scheme are same if assuming the same root sequence. 
2.2 Two Bit Case Analysis
FDM scheme is as following, the sequences modulated in 12 subcarriers are  
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Where Q is the modulation symbol to convey information, 
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Sequence based scheme is as following:
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 is a sequence with low PAPR. With the above cyclic shifts, the sequence based scheme has the following property
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For n=0, the 3 elements of t(0), t(4), and t(8) can be regarded as reference signal since b(0), b(4) and b(8) are constant “1” regardless of which value of 
[image: image13.wmf]s

c

to use, where
[image: image14.wmf]}

9

,

6

,

3

,

0

{

Î

s

c

. Hence in case of 2 bits, sequence based transmission can be regarded as a special FDM scheme with RS overhead 1/4 of 12 subcarriers. For different
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Observation 2: Sequence based scheme with 
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 is a special FDM scheme with 1/4 RS overhead.
· Performance Analysis
Sequence based scheme uses 4 shifts to transmit 2 bits, which are c+0, c+3, c+6, c+9, “c” can be 0, 1 or 2 to distinguish different UEs. FDM based scheme has 6 shifts to distinguish different UEs which are 0, 1, 2, 3, 4, 5. Both FDM scheme and sequence based scheme use cyclic shifts to obtain orthogonal sequences for different UEs. However, more resources of shifts are used for sequence based scheme for a single UE, and fewer resources of shifts are for distinguishing different UEs than FDM scheme. Therefore for a single UE case in one RB, sequence based scheme may have better performance than FDM scheme although in realistic system multiple UE multiplexed in a RB should be considered. 

Based on the evaluation results in [3], we have the following:
· One UE Performance

· Sequence based scheme has less than 1dB gain compared to FDM based scheme for a single UE case
· Sequence based scheme has worse performance in some extreme cases such as 60 KHz SCS and 1000ns delay for a single UE case
On another side, more shifts are for distinguishing different UEs in FDM scheme than sequence based scheme. When supporting the same number of UEs within one RB, FDM scheme can have larger distance of shifts for orthogonal sequences between two UEs than sequence based scheme, for example, 0, 2, 4 can be used to distinguish 3 UEs in FDM scheme compared to 0, 1, 2 to distinguish 3 UEs in sequence based scheme. Therefore for multiple UE case with one RB, FDM scheme may have better performance, particularly in some scenario with larger SCS where delay spread and/or timing error is relative large or inter-UE interference of intra cell is an issue. 
Based on evaluation results in [3], we have the following
· Multiple UE performance

· In case of 3 UEs, sequence based scheme has worse performance than FDM scheme in scenarios such as 30 KHz SCS with 300ns delay, 60 KHz SCS with 150ns delay.
· Noise/interference estimation issue

In case of multiple UEs, DTX detection at a slot needs the variance estimation of noise/interference reflecting the inter-UE intra-cell interference at the slot. FDM scheme has 6 elements for RS at the slot. But sequence based scheme has only 3 elements for reference signal at the slot as discussed before, and the 3 elements sequences are orthogonal among different UEs in the same RB. While for FDM scheme utilizing the orthogonal property of sequences of length 3 in appendix and RS of length 6, the variance estimation of noise/interference reflecting inter-UE interference of intra-cell at the slot can be done by conventional mean and variance algorithm. Sequence based scheme cannot perform the similar variance estimation of the noise/interference reflecting the inter-UE interference of intra-cell at the slot due to less RS resources. 
Based on our simulation results in [3], the rate of DTX to ACK and rate of ACK missing for sequence based scheme are the bottlenecks for 3 UE case, hence sequence based scheme requires more accurate variance estimation of noise/interference than FDM scheme. 

· Timing error/delay issue
When considering multiplexing of multiple UEs with different shifts, the timing error issue should be considered. Note that the granularity of timing advance adjustment in LTE is 16Ts, Ts=1/30720 ms, the granularity is about 521ns. Inaccurate timing advance adjustment may have more severe impact on sequence based scheme since the time-shift distance between two UEs is only 1, while for FDM scheme the time-shift distance is 2. 
In CP-OFDM or CP-DFT-S-OFDM system, thanks to the CP, the uplink timing error due to timing advance or multipath delay is not a big issue if synchronized within CP length. However using small cyclic-shift to obtain orthogonal sequences for different UEs may incur more strict timing error/delay constraint, A delay/time error of 1/2 cyclic-shift duration may incur severe interference between two UEs. Since the duration of 1 cyclic-shift approximately equals to the normal CP length, the delay/timing error should be within 1/2 normal CP length instead of within 1 CP length as conventional OFDM system.
· Multiplexing Capability
UE multiplexing capacity of short PUCCH is very crucial for small payload size transmission for overhead reduction. Based on above analysis, sequence based scheme has issues to support up to 3 UEs for 2 bits transmission in some scenarios with larger SCS, while FDM scheme can support and have better performance. 
· Low PAPR/CM
Both FDM scheme and sequence based scheme can have low PAPR/CM. Note that the CG sequences in LTE has low CM values if used in sequence based scheme, but unfortunately some CG sequences have high PAPR up to 4.7dB, but CG sequences in FDM schemes have always about 3dB PAPR as shown in appendix. Considering the nonlinear issue of PA, both CM and PAPR should be considered.  

Based on the discussion above, we have the following proposal:
Proposal 1: For 1-symbol PUCCH with 1 or 2 bit(s), FDM scheme with low PAPR should be supported.
3 Design details
3.1 Structure for 1-symbol PUCCH with up to 2 UCI bits
Based on the analysis of short duration PUCCH in previous section, the design of short duration PUCCH must consider low PAPR/CM as an important performance metric. Similar to scheme in [4], using the odd part of 12-length CG sequence to carry UCI information, and the even part is used to carry RS, which is depicted as Figure 2. The modulation symbol is +1, -1 for BPSK,  and +1, -1, +j, -j for QPSK.
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Figure 2. Carrying UCI on the odd part of a sequence
The analysis of orthogonal property between UEs using the same base sequence and different cyclic shift is approved in the appendix.
3.2 Sequences
In addition, after carrying different modulation symbols, the set of CG sequences must comply with the following rules:

1. The transmission signal must keep the low PAPR/CM property (The CM/PAPR value of a sequence means the maximum CM value of the oversampled sequences of the sequence with small enough oversampling granularity e.g. 1/32);

2. Any cyclic shifted versions of a given sequence must be of low cross-correlation with any cyclic shifted versions of other sequences (The cross-correlation value of two sequences means the maximum correlation value of any two combination out of all cyclic shifted versions, the cyclic shift value is in small enough granularity, e.g.1/32);

3. Keep multiplexing capability (3 UEs per RB). 
Based on these rules, we have tested 12-length sequences in LTE R8. The Table 2 of the appendix shows the CM/PAPR value of every sequence carrying modulation symbols, and the Table 3 of the appendix shows the PAPR value of every sequence without modulation symbols. From the results, we can find that maximum CM value is 3.78208 dB and near 77% CM values is more than 2dB, the maximum PAPR value of carrying modulation symbols is 5.9160 dB, and the maximum PAPR value of without modulation symbols is 4.7712 dB. The results show that the LTE sequences do not match the design principle of short PUCCH in FDM scheme. So some new sequences need to be found for NR short duration PUCCH. 
When the modulation symbols belongs to the set of (+1, -1, +j, -j), 24 new computer generated sequences have been given in the Table 1 of Appendix. As shown in the Table 1, we can find the maximum CM value of all new 24 sequences are less than 1.1dB, the maximum PAPR value carrying modulation symbols is less than 3.0706 dB. In addition, the CDF curve of cross-correlation for 24 new 12-length sequences compared with LTE’s is shown in Figure 3. We can find that 90% of cross-correlation values are below 0.6885. Table 4 of the appendix shows some values of cross-correlation of sequences in LTE, and the maximal cross-correlation value of the 24 new sequences is less than the maximal cross-correlation value of sequences in LTE.  
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Figure 3.  The CDF curve of cross-correlation for 24 new 12-sequences VS LTE

Based on the above discussion for 1-symbol PUCCH with up to 2 UCI bits, we have the following proposal:   
Proposal 2: To keep low PAPR/CM property and low cross-correlation after carrying different modulation symbols, some new 12-length sequences should be studied.
Based on the simulation results in [3], PUCCH with 2 contiguous RB for up to 2 bits has no performance gain compared to the case with one RB. Furthermore, the number of cyclic-shift based orthogonal sequences is limited by the delay spread/timing error, and using more resources to have long sequences doesn’t help to increase the multiplexing capability. There is no benefit to support 2 contiguous RS for 1-symbol PUCCH transmission. Therefore one RB should be supported for PUCCH with up to 2 bits. However, PUCCH with non-contiguous RB has frequency diversity gain about 2 dB. The PAPR of PUCCH with two non-contiguous RB may be increased and the final frequency diversity gain may be reduced. The IMD issue due to non-contiguous RBs should also be considered which may limit the transmission power of the UE. Therefore there may be benefits to support frequency diversity with two non-contiguous RBs, and the low PAPR should also be considered. 

Proposal 3: One RB should be supported for PUCCH with up to 2 bits. Two non-contiguous RBs for frequency diversity with optimized PAPR need more study.
4 Conclusion
Based on above discussions, the following observations and proposals are given: 
Observation 1: in case of 1 bit, assuming two shifts {c, c+6} for sequence based scheme, and assuming +1, -1 BPSK modulation for FDM scheme, FDM and sequence based transmission scheme are same assuming the same root sequence. 

Observation 2: Sequence based scheme with 
[image: image24.wmf]}

9

,

6

,

3

,

0

{

Î

s

c

 is a special FDM scheme with 1/4 RS overhead.

Proposal 1: For 1-symbol PUCCH with 1 or 2 bit(s), FDM scheme with low PAPR should be supported.
Proposal 2: To keep low PAPR/CM property and low cross-correlation after carrying different modulation symbols, some new 12-length sequences should be studied.
Proposal 3: One RB should be supported for PUCCH with up to 2 bits. Two non-contiguous RBs for frequency diversity with optimized PAPR need more study.
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Appendix
1. Analysis of orthogonal property of FDM scheme
Assumption:  UE1 uses the value of cyclic shift
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, the expressions of elements in odd subcarriers are
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 of the cross-correlation of UE1 and UE2 for elements in odd subcarriers is 
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Note that
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In a similar way, the orthogonality is approved between UEs using the same base sequence and different cyclic shifts in even subcarriers. So when the UEs use the same base sequence and different cyclic shift, and UCI and DMRS are FDM, the orthogonality is maintained for different UEs. The total number of available cyclic shift is 6 for the 12-length sequences without considering the multipath interference. As an example, 0, 2, or 4 can be used to distinguish different UEs to have the shift distance 2, and then if 
[image: image40.wmf])

6

(mod

2

2

1

=

-

s

s


The sequence
[image: image41.wmf]}

4

,

2

,

0

),

(

{

1

=

k

k

seq

s

is orthogonal to the sequence
[image: image42.wmf]}

4

,

2

,

0

),

(

{

2

=

k

k

seq

s

.

The sequence
[image: image43.wmf]}

5

,

3

,

1

),

(

{

1

=

k

k

seq

s

is orthogonal to the sequence
[image: image44.wmf]}

5

,

3

,

1

),

(

{

2

=

k

k

seq

s

.

The sequence
[image: image45.wmf]}

10

,

8

,

6

),

(

{

1

=

k

k

seq

s

is orthogonal to the sequence
[image: image46.wmf]}

10

,

8

,

6

),

(

{

2

=

k

k

seq

s

.

The sequence
[image: image47.wmf]}

11

,

9

,

7

),

(

{

1

=

k

k

seq

s

is orthogonal to the sequence
[image: image48.wmf]}

11

,

9

,

7

),

(

{

2

=

k

k

seq

s

. 

The orthogonal property can be utilized for estimation of noise/interference variance reflecting the inter-UE interference of inter-cell. ■
Table 1. New available 12-length CG sequences with QPSK modulation
	Sequence index
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	CM (dB)
	PAPR (dB)

	0
	x(n) = 3, 3,-3,-1, 3,-1, 3,-1,-3, 3, 3, 3
	0.85694
	  3.0102

	1
	x(n) = 1,-1, 1,-3,-3,-1, 1, 3, 1, 1,-3, 3
	0.85694
	   3.0101

	2
	x(n) = -3,-1, 1, 1, 1,-1,-3, 3, 1,-3, 1, 3
	0.85694
	   3.0102

	3
	x(n) = -3,-1, 3,-1,-3, 3,-3, 3, 3, 3,-3,-1
	0.85694
	   3.0101

	4
	x(n) =  3, 1, 3, 1,-1,-3, 3,-3,-3,-1, 3,-3
	 1.06897
	   3.0096

	5
	x(n) =  3, 1,-1,-3,-1,-3, 3,-3, 1, 3, 3,-3
	  1.06897
	   3.0029

	6
	x(n) = 1, 3,-1, 1, 1, 3, 1,-1,-3, 3,-3, 3
	  1.06897
	   3.0096

	7
	x(n) = -1, 1, 1, 3,-1, 1,-1,-3,-1,-3, 3, 1
	  1.06897
	   3.0029

	8
	x(n) = 1,-3,-3,-1,-3,-3,-1, 3,-3, 3,-1,-1
	 0.83684
	   3.0089

	9
	x(n) = -1,-3,-1, 3, 3,-3,-3, 3,-1,-1,-3,-1
	  0.83684
	   3.0089

	10
	x(n) = 3, 1, 3, 3,-1, 1,-1,-3,-3, 1,-1, 1
	  0.83684
	   3.0066

	11
	x(n) = 3, 3,-3,-1, 3,-1, 1, 1, 1,-1,-3, 1
	  0.83684
	   3.0103

	12
	x(n) = -3, 3, 1, 3,-3, 3,-3,-1, 1,-1,-3,-1
	  0.83684
	   3.0706

	13
	x(n) = -3, 1, 3, 3, 1, 3,-1,-3, 1, 1,-1, 3
	  0.83684
	   2.9898

	14
	x(n) = -1,-3, 3,-3,-3, 3,-1, 1,-1,-3,-1, 1
	  1.06897
	   2.9871

	15
	x(n) =1, 3, 1,-1 -3,-1,-1,-3,-3,-1, 1,-1
	  1.06897
	   3.0048

	16
	x(n) =1,-1,-1,-3,-3,-3, 1,-3,-3,-1,-1, 1
	  0.83684
	   2.9749

	17
	x(n) = -1, 1,-1,-3,-1, 1, 1,-1, 3,-3,-1,-3
	  1.06897
	   2.9871

	18
	x(n) = 3,-1,-3,-3, 1,-1, 3,-3, 3, 3,-3, 1
	  0.83684
	   2.9898

	19
	x(n) = -1, 1,-1,-3, 1, 3,-1,-3,-1, 1, 3, 1
	  1.06897
	   3.0048

	20
	x(n) = 3,-3, 1, 3, 1, 1, 1,-3, 3, 1,-3, 3
	  0.83684
	   3.0103

	21
	x(n) = 3, 3,-1,-1 -1, 1, 1,-1,-1, 3,-1, 3
	  0.83684
	   2.9994

	22
	x(n) = 1, 3, 1, 3,-1,-1, 1,-3, 1,-1,-3, 3
	  0.83684
	   3.0102

	23
	x(n) =1,-3, 3, 3, 3, 1,-3,-1, 1, 1, 3,-1
	  0.83684
	   3.0088


Table 2．CM & PAPR value based on LTE 12-length sequence with QPSK modulation
	Sequence Group: u
	CM value
	PAPR value
	Sequence Group: u
	CM value
	PAPR value
	Sequence Group: u
	CM value
	PAPR value

	0
	2.96598
	5.4262
	10
	3.16086
	  5.5135
	20
	3.41983
	  5.1383

	1
	2.06795
	4.6678
	11
	3.43573
	   5.5533
	21
	1.80650
	   4.3406

	2
	2.85096
	4.9448
	12
	2.97067
	   4.7712
	22
	3.21505
	   4.9422

	3
	2.04517
	4.8145
	13
	1.74531
	   3.8230
	23
	2.06795
	   4.6678

	4
	2.89224
	4.9332
	14
	0.93105
	   3.4677
	24
	2.23158
	   4.5872

	5
	3.04466
	5.2288
	15
	3.61615
	   5.5097
	25
	1.75983
	   4.6146

	6
	1.58426
	4.1464
	16
	2.17602
	   4.0151
	26
	1.16025
	   3.6850

	7
	2.63220
	4.6546
	17
	1.81716
	   4.5313
	27
	2.71305
	   5.2329

	8
	2.62159
	 5.0408
	18
	2.33947
	   4.7195
	28
	1.63773
	   4.4441

	9
	2.28904
	 4.2597
	19
	3.78208
	   5.9160
	29
	2.46590
	   4.8500


Table 3.  PAPR value based on LTE 12-length sequence without modulation symbols
	Sequence Group: u
	CM
	PAPR
	Sequence Group: u
	CM
	PAPR
	Sequence Group: u
	CM
	PAPR

	0
	1.05967
	2.0091
	10
	0.91638
	2.5527
	20
	0.81659
	4.7712

	1
	0.40685
	2.0091
	11
	0.85694
	2.0091
	21
	0.84691
	2.0091

	2
	0.59460
	2.5527
	12
	0.32927
	3.1742
	22
	0.72886
	1.5261

	3
	0.91638
	3.8997
	13
	0.96978
	1.0914
	23
	0.40685
	4.7712

	4
	0.45354
	4.7712
	14
	0.93105
	2.5527
	24
	0.54464
	3.1742

	5
	0.32927
	3.8997
	15
	0.65985
	3.8997
	25
	0.44194
	2.0091

	6
	1.09667
	1.5261
	16
	1.04567
	3.1742
	26
	0.51649
	2.0091

	7
	0.77565
	3.1742
	17
	1.02689
	1.5261
	27
	1.07360
	2.0091

	8
	0.23071
	4.7712
	18
	0.71835
	2.5527
	28
	0.71309
	1.5261

	9
	0.24322
	3.8997
	19
	0.90656
	3.1742
	29
	0.76014
	2.0091


Table 4.  The value of cross-correlation in LTE
	Sequence Group: u
	Cross-correlation
	Sequence Group: u
	Cross-correlation
	Sequence Group: u
	Cross-correlation
	Sequence Group: u
	Cross-correlation

	(10,17)
	0.73100
	(8,29)
	 0.73297
	(8,28)
	0.73615
	(3,7)
	0.73616

	(13,15)
	0.73831
	(15,28)
	 0.74050
	(8,14)
	0.74956
	(3,17)
	0.75314

	(1,22)
	0.75342
	(17,26)
	 0.75462
	(2,13)
	0.75575
	(14,21)
	0.75789

	(9,23)
	0.76875
	(22,28)
	 0.77099
	(21,25)
	0.78572
	(9,24)
	0.79057

	(24,27)
	0.79348
	(3,23)
	 0.79467
	(10,18)
	0.80769
	(14,20)
	0.83928
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