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1 Introduction

In the RAN1#82 meeting, the following agreements were reached on the new PUCCH format for CA with  up to 32 serving cells [1]. 

Agreements:
· New PUCCH format(s) for HARQ-ACK feedback should be introduced in Rel-13 CA
· Specify at least one new PUCCH format:
· PUSCH-like PUCCH structure (without CDM for data/control symbols)
· Working assumption: One DMRS per slot
· FFS: Two DMRS per slot (normal CP)
· Frequency hopping between slots
· FFS: Whether /when FH is applicable
· With at least one PRB per slot
· FFS: Coded bits-to-RE mapping 
· FFS: A new PUCCH format including CDM
· FFS:PUSCH-like or PUCCH format 3(PF3) based structure
· FFS
· Multi-PRB PF3 using a single DFT-precoder
· Other format is not excluded
· Spreading factor 
· Spreading within or between SC-FDMA symbols
· Number of DMRS symbols
In this contribution, further analysis of the support for a new PUCCH format including CDM is provided. The remaining points for the new PUCCH format based on PUSCH-like structure are discussed in the companion contribution [2].
2 Motivations for supporting a new PUCCH format including CDM

As stated in the WID [3], the specified solutions shall efficiently support any number of component carriers up to 32, and this goal may require defining more than one PUCCH format, considering the corresponding overhead and larger range of UCI payload size. For example, in order to transmit 32 HARQ-ACK bits (assuming a UE is configured with 8 TDD cells each with UL/DL configuration #2), the occupied resource for the PUSCH based format is one PRB per slot. However, the equivalent occupied resource for new PUCCH format based on PF3 with two PRBs is 2/5 PRB (here assume that 5 PUCCHs are multiplexed in these PRBs). It is obvious that overhead of PUSCH based format is higher than that of new PUCCH format based on PF3 for moderate payload sizes. In addition, considering the fallback operation and the agreed dynamic HARQ-ACK codebook size, a UE configured with a large number of cells could use a fallback new PUCCH format is the current codebook size is moderate, e.g., 32 or 64 [4][5]. It was pointed out that the performance of the PUCCH format with CDM would be impacted by more interference compared to that of the PUCCH format without CDM. However, PF3 with CDM was introduced in Rel-10 to support the case of number of HARQ-ACK bits larger than 4. Note that a new PUCCH format based on multi-PRB PF3 is straightforward extension based on the legacy PF3 [2], and the per-RB performance of a multi-PRB PF3 would be similar as the legacy PF3, once the UE is not power limited and therefore the power can be increased linearly with the number of RBs per slot. As evaluated in [6], most of UEs are not power limited both for Macro and Pico scenarios. 
Observation 1: PUSCH based PUCCH format without CDM is not overhead efficient to support moderate payload sizes. 

It can be expected that the number of UEs that are scheduled simultaneously with 32 DL CCs would be very small. On the contrary, as the data rate requirement increases, UEs configured or scheduled with a moderate number of DL CCs may be expected to not be small. In addition, as the network has more and more carriers, a larger number of UEs than before could be supported per eNB. Therefore, there could be many legacy UEs in one cell configured with PF3. Moreover, resource utilization efficiency for PUCCH is very important, especially for TDD which has fewer UL resources compared to FDD. For moderate payload sizes, e.g., from 23 to 64 bits, a new PUCCH format with multiplexing capability, also being capable of multiplexing with PF3, could be introduced. This requirement disqualifies a new PUCCH format being based on PUCCH format 3 with reduced spreading factor of the orthogonal cover codes (OCCs), since that constitutes a new structure without multiplexing capability with PUCCH format 3. It would also require yet another set of disjointly configured PUCCH resources. Therefore, in order to support moderate payload sizes, e.g., 23 to 64 bits, introduction of a new format based on PUCCH format 3 should be considered. 

Observation 2: The CA configuration with moderate payload sizes (e.g., 23 to 64) could be the typical case in the near future, which requires a new PUCCH format supporting CDM and multiplexing with PF3. 
To meet the above requirement of introducing a new PUCCH format with UE multiplexing capacity, multi-PRB PF3 based on single DFT operation is a promising solution. Firstly, the multi-PRB PF3 keeps the single carrier property by performing single DFT for data symbols of the PUCCH. Secondly, it supports flexible multiplexing with the legacy PF3 and with different such new formats with different number of PRBs. One drawback is that the single carrier property is lost when separate DMRS sequences for different PRBs are used to keep the orthogonality with the legacy PF3. However, for PAPR comparisons among different options for DMRS design of multi-PRB PF3 in section 3, the option of separate sequences with inter-PRB cyclic shifting can achieve low PAPR performance. 

Another candidate new PUCCH format with CDM is reduced OCC based format. This format can be reduced OCC either in the time domain or in the frequency domain, namely OCC spreading across SC-FDMA symbols or within each SC-FDMA symbol. Obviously, this option cannot be multiplexed with the legacy PF3. Furthermore, multiplexing cannot be done between the new formats with different OCC lengths. This means that totally orthogonal RBs per slot need to be configured which is not overhead efficient for PUCCH. 
A simple PUCCH overhead analysis is given for the comparison between the new formats with multi-PRB PF3 and the reduced OCC based on the simulation result for the CDF of the number of carriers scheduled per cell, as shown in Figure 1 [8]. Figure 1 shows that for a UE configured with 32 carriers, the ratio of number of carriers scheduled less than 5, from 5 to 11 and larger than 11 is [0.8, 0.1, 0.1], respectively, assuming TDD UL/DL configuration #2. These three cases could correspond to PF3, two-PRB/three-OCC PF3 and PUSCH-like format, respectively. Then we could try to assume that the ratio of UEs scheduled per subframe by using these three PUCCH formats is almost [0.8, 0.1, 0.1]. Based on this ratio, we could approximately get the required number of PUCCH channels per subframe for each PUCCH format as shown in Table 1. Then, we calculate the number of total PUCCH RBs per slot including all these three formats considering multiplexing of different PUCCH formats, as the number of scheduled UEs per subframe increases, which is shown in Figure 2. Since multi-PRB PF3 can be multiplexed with PF3, but new format based on reduced OCC cannot be multiplexed with other formats, multi-PRB PF3 can achieve low PUCCH overhead. 
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Figure 1 CDF of the number of carriers scheduled in the small cell with 32 configured carriers

Table 1. Required number of PUCCH channels/RBs per subframe 

	#UEs
	#PUCCH channels for each PUCCH format
	#PUCCH RBs

(2-RB scheme)
	#PUCCH RBs

(3-OCC scheme)

	
	PF3
	PF3 with 2-RB or 3-OCC
	PUSCH
	Legacy and 2-RB PF3
	PUSCH
	Total
	Legacy PF3
	3-OCC PF3
	PUSCH
	Total

	1
	1
	0
	0
	1
	0
	1
	1
	0
	0
	1

	2
	2
	0
	0
	1
	0
	1
	1
	0
	0
	1

	3
	3
	0
	0
	1
	0
	1
	1
	0
	0
	1

	4
	4
	0
	0
	1
	0
	1
	1
	0
	0
	1

	5
	4
	1
	0
	2
	0
	2
	1
	1
	0
	2

	6
	5
	1
	0
	2
	0
	2
	1
	1
	0
	2

	7
	6
	1
	0
	2
	0
	2
	2
	1
	0
	3

	8
	7
	1
	0
	2
	0
	2
	2
	1
	0
	3

	9
	8
	1
	0
	2
	0
	2
	2
	1
	0
	3

	10
	8
	1
	1
	2
	1
	3
	2
	1
	1
	4

	11
	9
	1
	1
	3
	1
	4
	2
	1
	1
	4

	12
	10
	1
	1
	3
	1
	4
	2
	1
	1
	4

	13
	11
	1
	1
	3
	1
	4
	3
	1
	1
	5

	14
	12
	1
	1
	3
	1
	4
	3
	1
	1
	5

	15
	12
	2
	1
	4
	1
	5
	3
	1
	1
	5

	16
	13
	2
	1
	4
	1
	5
	3
	1
	1
	5

	17
	14
	2
	1
	4
	1
	5
	3
	1
	1
	5

	18
	15
	2
	1
	4
	1
	5
	3
	1
	1
	5

	19
	16
	2
	1
	4
	1
	5
	4
	1
	1
	6

	20
	16
	2
	2
	4
	2
	6
	4
	1
	2
	7


[image: image2.png]Number of PUCCH RBs per slot

—e— 3-0CC PF3

—8—2RBPF3

2 4 6 8 10 12 14 16
Number of UEs scheduled per subframe

18

20,





Figure 2. Required number of PUCCH RBs per slot

Proposal 1: Introduce a new multi-PRB PUCCH format based on PUCCH format 3. 
3 PAPR evaluation
The multi-PRB PF3 applies a single DFT for the data symbols with multiple PRBs. However, PAPR performance would be impacted by different options for DMRS design of multi-PRB PF3.We evaluate three options for the DMRS design of multi-PRB PF3. 
Option 1: Same DMRS sequence and same cyclic shift for each PRB. 

Option 2: Same DMRS sequence and different cyclic shift for each PRB. 
Option 3: A single DMRS sequence of length K*12, where K is the number of PRBs in one slot. 

A comparison could be made to a multi-resource PF3 which is consists of multiple PUCCH format 3 transmissions, which applies one DFT per resource for the data symbols, for example, in case of 2-PRB for multi-resource PF3, one DFT is performed for one PRB. For multi-resource PF3, we provide the simulation results for the cases of simultaneously transmitting on 2 or 3 orthogonal cover codes (OCCs) in one PRB, or transmitting on 1 OCC in 2 or 3 PRBs per slot. Both cases adopt different DMRS cyclic shifts for different OCC channels. The detailed simulation assumptions are listed in Table A1 in the Appendix A1. The simulation results are summarized in Table 2. 
Table 2. 99.9% PAPR [dB] performance comparison for multi-PRB PF3 and multi-resource PF3.
	PF3
	2 PF3
	 multi-PRB PF3 (2RB)

	4.7035
	2-OCC in one PRB
	2-PRB(Shifted DMRS)
	Option 1
	Option 2
	Option 3

	
	6.2911
	5.8805
	5.9489
	5.1448
	5.0673

	
	3 PF3
	multi-PRB PF3 (3RB)

	
	3-OCC in one PRB
	3-PRB(Shifted DMRS)
	Option 1
	Option 2
	Option 3

	
	6.6979
	6.4105
	7.6287
	5.3920
	5.2069


For the comparison between the schemes of multi-resource PF3 with multi-OCC in one PRB and multi-resource PF3 with multi-OCC in multiple PRBs, the PAPR of multi-resource PF3 with multi-OCC in one PRB is a little bit higher (0.3-0.4 dB) than that of multi-resource PF3 with multi-OCC in multiple PRBs. For option 1 of multi-PRB PF3, we can see that rather high PAPR is observed considering the repeated DMRS among different PRBs. However, option 2 of multi-PRB PF3 achieves about 1.2 dB lower PAPR than that of multi-resource PF3 (with multi-OCC). Option 3 achieves the lowest PAPR since a single DMRS sequence is generated for the multi-PRB DMRS, but the gain compared to option 2 is not significant. If we use the metric of 99.99% PAPR, the gain of option 2 could be even larger than multi-resource PF3. Also note that the trend of the above comparisons could be similar if we use the metric of Cubic Metric (CM) [7]. 
Observation from simulation results

· Option 1(DMRS repetition) suffers the worst PAPR performance. 
· Option 2 (different cyclic shift for DMRS on each PRB) achieves about 1.2 dB lower PAPR than that of multi-resource PF3 (with multi-OCC). 
· Option 3 (a single long DMRS sequence) achieves the best PAPR performance, but the gain is not significant compared to Option 2. 

Based on the above simulation results, Option 2 and Option 3 show the best PAPR performance. Option 2 can provide the DMRS orthogonality with the legacy PF3 and other multi-PRB PF3 transmissions with different number of PRB, which allows for multiplexing with legacy PF3 on one PRB and other multi-PRB PF3 transmissions with different number of PRB. Option 3 cannot keep the DMRS orthogonality with the legacy PF3 and other multi-PRB PF3 transmissions with different number of PRB. Therefore, Option 3 cannot be used for the case where multiplexing with legacy PF3 are required. However, it achieves the lowest PAPR, and can be used for the case where multiplexing with legacy PF3 are not required. 
Proposal 2: Option 2 (DMRS in different PRBs with different cyclic shifts) should be supported for multi-PRB PF3. 
4 Frequency domain cyclic shift design 

For legacy PF3, after OCC spreading but before the DFT operation, frequency domain cyclic shifting of the modulation symbols is performed per SC-FDMA symbol to achieve the interference randomization. The frequency domain cyclic shifting values are cell specific and SC-FDMA symbol specific. To maintain the orthogonality for multi-PRB PF3 with the legacy PF3 and among multi-PRB PF3 transmissions with different number of PRB, cell specific frequency domain cyclic modulation symbol shifting for multi-PRB PF3 should be considered. Based on the proof in Appendix A2, we can see that K-PRB PF3 can be kept orthogonal to PF3 by using a frequency domain cyclic shift which K times that of the legacy cell specific and SC-FDMA symbol specific frequency domain cyclic shift. 
Proposal 3: The frequency domain cyclic shift for K-PRB PF3 should be K times that of the legacy cell specific and SC-FDMA symbol specific frequency domain cyclic shift. 

5 Conclusion

A new CDM-based PUCCH format should be specified in order to allow resource efficient multiplexing of UEs with moderate payloads (e.g., up to 64 bits). In particular, such a format should be able to reuse existing PUCCH format 3 resources and allow orthogonal multiplexing with legacy UEs as well as new UEs. In this contribution, we showed that a multi-PRB PUCCH format 3 fulfils these requirements.. Therefore, the following proposals are provided: 

Proposal 1: Iintroduce a new multi-PRB PUCCH format based on PUCCH format 3. 
Proposal 2: Option 2 (DMRS in different PRBs with different cyclic shifts) should be supported for multi-PRB PF3. 

Proposal 3: The frequency domain cyclic shift for K-PRB PF3 should be K times that of the legacy cell specific and SC-FDMA symbol specific frequency domain cyclic shift. 

References
[1] RAN1 Chairman’s Notes, 3GPP TSG RAN WG1 Meeting #82.
[2] Huawei, HiSilicon, R1-155090, “Detailed design for PUSCH-like PUCCH structure”, Malmo, Sweden, October 5 – 9, 2015. 

[3] Nokia Corporation, NTT DoCoMo Inc., Nokia Networks, RP-150277, “Revised WID: LTE Carrier Aggregation Enhancement Beyond 5 Carriers”. 

[4] Huawei, HiSilicon, R1-155092, “Detailed solution for dynamic HARQ-ACK codebook determination”, Malmo, Sweden, October 5 – 9, 2015. 

[5] Huawei, HiSilicon, R1-155093, “Dynamic adaptation of PUCCH formats for HARQ-ACK feedback”, Malmo, Sweden, October 5 – 9, 2015.

[6] Huawei, HiSilicon, R1-153231, “Considerations on HARQ-ACK bundling for CA beyond 5 carriers”, Fukuoka, Japan, May 25 – 29, 2015. 
[7] Huawei, HiSilicon, R1-150390, “On CA enhancements supporting up to 32 component carriers”, Athens, Greece, February 9 – 13, 2015.

[8] Huawei, HiSilicon, R1-153771, “HARQ-ACK Codebook determination for carrier aggregation enhancement beyond 5 carriers”, Beijing, China, August 24 – 28, 2015. 

Appendix

A1 Simulation assumption

Table A1. Simulation assumption

	Parameter
	Setting

	Carrier frequency
	2 GHz

	Carrier bandwidth
	10 MHz

	Antenna setup
	1Tx2Rx, antenna correlation = 0.5; 

	Channel coding
	TBCC

	Modulation
	QPSK

	DMRS structure
	Multi-PRB PF3: Repetition for each RB and different cyclic shifts for different RBs
Multi-resource PF3: different cyclic shifts for different code channels

	Number of PRBs/OCCs
	Multi-PRB PF3: 2, 3
Multi-OCC(in one PRB) PF3: 2, 3

	Transmit power
	per-UE power

	Frequency hopping
	Yes

	Performance metric
	99.9% PAPR


A2 Proof of orthogonality for frequency domain cyclic shift of modulation symbols
Consider the case with two UEs (UE1 and UE2), where UE1 transmits over N subcarriers (e.g., N=12 for PF3) and UE2 transmits over K*N subcarriers (e.g., K-PRB PF3), where K is a positive integer. Suppose that the UEs are frequency division multiplexed such that the N subcarriers of UE1 overlap with N of the subcarriers of UE2. These transmissions will remain orthogonal (i.e., UE1 will not be interfered by UE2 on its N subcarriers and UE2 will not be interfered by UE1 on its K*N subcarriers) according to the following steps:
0) Assume L1=L2=2 for the OCC length for simplicity without loss of generality, i.e., 2 SC-FDMA symbols. UE1 and UE2 adopt OCC codes of 
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1) After channel coding and rate matching, the time domain modulation symbols of UE1 and UE2 are 
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2) After spreading: 
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3) After cyclic shifting: 
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. 
4) Then, performing DFT operation, transferring to frequency domain: 
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where Xi(k) is the k-th Fourier coefficient for user i. 
5) Omitting the transmitter IFFT, the channel and the receiver FFT operations. 
6) After FFT at the receive side, the frequency domain signals of the UE1 and UE2 are superimposed. Consider the case where UE1 and UE2 are multiplexed on the first N subcarriers. 
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7-1) For UE1 demodulation, IDFT is performed, transferring to time domain. From step 4, it follows that the factor K is removed, and therefore the first N modulation symbols of UE2 undergo the same shifting as UE1. 
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8-1) Inverse cyclic shifting for UE1: 
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9-1) De-spreading for UE1, and recover the initial signal of UE1: 
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7-2) For UE2 demodulation, IDFT is performed, transferring to time domain. We can see that the signal from UE2 after IDFT is superimposed with the oversampled UE1 signal. Note that K-1 oversampled symbols exist between each two initial symbols from UE1, { 
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8-2) Inverse cyclic shifting for UE2. We can see that the two columns of modulation symbols from UE1 are the same. 
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9-2) De-spreading for UE2, and recover the initial signal of UE2: 
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