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1 Introduction

The PUCCH format used to convey more than 4 HARQ-ACK bits will be based on DFT-S-OFDM and will be referred to as PUCCH Format 3. This contribution considers multiplexing capacity aspects and the HARQ-ACK BLER as a function of the number of DFT-S-OFDM symbols allocated to HARQ-ACK signal transmission and RS transmission.

2 PUCCH Format 3 
As PUCCH Format 3 is based on using DFT-S-OFDM for the HARQ-ACK signal transmission, multiplexing transmissions from different UEs in the same PRB is achieved by using Orthogonal Covering Codes (OCC) across the DFT-S-OFDM symbols for HARQ-ACK signal transmission and by using different Cyclic Shifts (CS) for the RS transmission (although OCC may also be applied to the RS transmission, in case of 2 or more RS per slot, but this is only for improved orthogonality and not for increasing multiplexing capacity). 
Assuming at least 6 CS available for orthogonal RS multiplexing, the multiplexing capacity per PRB is determined by the length of the OCC applied to the HARQ-ACK signal transmission. At least for low/medium UE speeds, maximum multiplexing capacity results by disabling slot-based Frequency Hopping (FH). However, although disabling FH is meaningful for relatively high BLER targets such as the ones applicable to CSI [1], FH is typically highly beneficial for achieving low BLER targets such as the ones applicable to HARQ-ACK. Therefore, the nominal multiplexing capacity is determined by the number of DFT-S-OFDM symbols used for HARQ-ACK signal transmission per slot. 

Puncturing of PUCCH formats 1a/1b to support SRS transmissions does not reduce the multiplexing capacity per PRB as this is determined by the number of CS and the OCC length applied to the RS transmission which is not punctured. However, depending on the structure used for PUCCH Format 3, the multiplexing capacity may be reduced depending on whether or not SRS transmissions exist in the same sub-frame. An example for normal CP is shown in Figure 1 where puncturing of the last symbol in the second slot reduces the multiplexing capacity from 5 to 4 (for a 50% overhead increase compared to PUCCH Format 2). Having a variable multiplexing capacity practically necessitates that the smaller one is applied. It is noted that simultaneous SRS and PUCCH transmission from all UEs is assumed generally not possible.

[image: image26.bmp]
Figure 1: Example of a PUCCH Format 3 Structure.

The above reduction in the PUCCH Format 3 multiplexing capacity can be simply avoided by placing the second RS in the last symbol per slot as shown in Figure 2. However, the effect on the BLER by having only 1 RS per slot is rather noticeable and it is subsequently evaluated both analytically and through simulations. Therefore, although the PUCCH Format 3 structure in Figure 2 preserves the multiplexing capacity of 5 UEs per PRB regardless of the existence of SRS transmissions (which, primarily due to UL SU-MIMO support, are expected to be more numerous in Rel-10), it is associated with some performance degradation when the second RS in the second slot is punctured.   


[image: image2]
Figure 2: Example of a PUCCH Format 3 Structure with RS at the last Symbol in each Slot.

An analytical approximation to the effective SINR, 
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, for PUCCH Format 3 (and in general, for any transmission with data signals and RS) is given as 
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It can be easily observed that, assuming the same power for HARQ-ACK and RS transmissions, 
[image: image5.wmf]eff

SINR

 is maximized when 
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 which implies the same number of PUCCH Format 3 symbols for the transmission of HARQ-ACK signals and RS. To maintain a simple structure with the larger multiplexing capacity, 
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 is practically maximized for 4 symbols allocated to HARQ-ACK signal transmission and 3 symbols allocated to RS transmission (the same as for PUCCH format 1a/1b). Note that the above is mostly applicable without HARQ and for low coding rates as is the case for PUCCH transmissions with low payloads using DFT-S-OFDM (i.e., it is not generally applicable for the PUSCH using HARQ or for high coding rates where the increased coding diversity by having more resources for data outweighs the reduction in 
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Figure 3 presents a PUCCH Format 3 structure with 3 symbols per slot allocated to RS transmission. The multiplexing capacity per PRB is 4 (same as the one in Figure 1 when the last sub-frame symbol is punctured). Moreover, the structure in Figure 3 allows for simple support of high speed UEs (splitting of the length-5 OCC to a length-3 OCC and a length-2 OCC would be required for the structures in Figure 1 and Figure 2).

[image: image9]
Figure 3: Example of a PUCCH Format 3 Structure with RS at the last Symbol in each Slot.

The BLER of the structures in Figure 1, Figure 2, and Figure 3 is subsequently evaluated by simulations, including the cases where the last sub-frame symbol, for HARQ-ACK signal or RS, is punctured. 
2.1 Performance
Figure 4 and Figure 5 provide the BLER for the baseline PUCCH Format 3 (no puncturing) and the BLER with puncturing 1 HARQ-ACK symbol or 1 RS symbol for 4 and 10 HARQ-ACK bits, respectively, with 2 RS and 3 RS per slot (normal CP). In case of 3 RS per slot, the last HARQ-ACK and RS positions in Figure 3 are interchanged in case of HARQ-ACK puncturing. The ETU channel at 3 Kmph is considered. The simulation assumptions are provided in the Appendix together with additional results for the EPA channel at 3 Kmph and the ETU channel at 120 Kmph. 
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Figure 4: HARQ-ACK BLER with/out 1 HARQ-ACK/RS Puncturing with 2 RS/Slot (left) and 3 RS/Slot (right).
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Figure 5: HARQ-ACK BLER with/out 1 HARQ-ACK/RS Puncturing with 2 RS/Slot (left) and 3 RS/Slot (right).

Based on the results in Figure 4 and Figure 5, the following observations apply (and they also hold based on the additional results in the Appendix and they are applicable for all payloads up to 10-12 bits):

a) Regardless of puncturing, 3 RS/Slot outperforms 2 RS/Slot by ~0.6-1.0 dB at low UE speeds and by ~0.8-1.2 dB at high UE speeds.  
b) For 2 RS/Slot and puncturing of the last DFT-S-OFDM symbol in the second slot, puncturing a HARQ-ACK signal outperforms puncturing a RS by 0.4-0.5 dB (and by 0.6-0.8 dB at high UE speeds). Compared to PUCCH format 2, the BLER gains of DFT-S-OFDM are either reduced (higher payloads) or become negative (lower payloads) while the multiplexing capacity is smaller by 1. 
c) For 3 RS/Slot and puncturing of the last DFT-S-OFDM symbol in the second slot, there is no significant BLER difference between puncturing a HARQ-ACK signal and puncturing a RS. Compared to PUCCH format 2, the BLER gains of DFT-S-OFDM are maintained (or increased) while the multiplexing capacity is smaller by 2.

Based on the above analysis and results, the following are proposed for PUCCH Format 3 with normal CP:

a) The structure in Figure 2, if a multiplexing capacity of 5 instead of 4 UEs/PRB is preferable to a BLER gain of ~0.8-1.2 dB and a simple structure at high UE speeds. 
b) The structure in Figure 3, if a BLER gain of ~0.8-1.2 dB and a simple structure at high UE speeds are preferable to a multiplexing capacity of 5 instead of 4 UEs/PRB. 
2.2 Extended CP
For extended CP, Figures 1-2/3 can be respectively modified as shown in Figures 6-7. For extended CP it is desirable to maintain the same number of HARQ-ACK signals per Slot as for normal CP, particularly for supporting large HARQ-ACK payloads, and for avoiding further decreasing the multiplexing capacity with DFT-S-OFDM. Permutations of the structures in Figure 6 or Figure 7 can be also considered but the question remains whether to puncture a HARQ-ACK signal or a RS in the last DFT-S-OFDM symbol of the second slot. Moreover, as in Rel-8, maintaining the same structure without redesigning the OCC for high UE speeds is desirable for facilitating UE multiplexing.   


[image: image14]
Figure 6: Extended CP: Example of a PUCCH Format 3 Structure.


[image: image15]
Figure 7: Extended CP: Example of a PUCCH Format 3 Structure with RS at the last Symbol in each Slot.
Figure 8 provides the BLER for the ETU channel at 3 Kmph for the baseline PUCCH Format 3 (no puncturing) and the BLER with puncturing 1 HARQ-ACK symbol or 1 RS symbol for 4 and 10 HARQ-ACK bits, respectively.
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Figure 8: HARQ-ACK BLER with/out 1 HARQ-ACK/RS Puncturing for 4 Bits (left) and 10 Bits (right).

Compared to the normal CP case, the loss from puncturing a RS compared to puncturing a HARQ-ACK signal is reduced by about 0.2 dB to about 0.2-0.3 dB as puncturing a HARQ-ACK signal is more significant in case of extended CP due to their smaller number per slot. Therefore, even though in terms of performance it is still preferable to puncture a HARQ-ACK signal instead of a RS, the difference becomes smaller. Conversely, in terms of multiplexing capacity, the gains from puncturing a RS instead of a HARQ-ACK are increased (4 UEs instead of 3 UEs) and high UE speeds can be supported in a simple manner. Therefore, for extended CP, the structure in Figure 7 is preferable for PUCCH Format 3 and it achieves the same multiplexing capacity as the structure in Figure 3 (3 RS/slot) for normal CP.

Proposal: The structure is Figure 7 is used for PUCCH Format 3 with extended CP. 
3 Conclusions

This contribution considered the PUCCH format structure for DFT-S-OFDM based HARQ-ACK signal transmission.
For normal CP, either the structure in Figure 2 or the structure in Figure 3 is proposed. 
The tradeoff is a gain in multiplexing capacity at low UE speeds (1 UE/PRB – Figure 2) versus a gain in BLER (0.8-1.2 dB – Figure 3) and a simple structure to support high UE speeds.  
For extended CP, the structure in Figure 7 is proposed. 

Commonality between normal CP and extended CP is achieved by using the structure in Figure 3 for normal CP.
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APPENDIX
Table A.1 provides the simulation assumptions for the BLER results in Figures 4, 5, 8 and Figures A1, A2, A3.

Table A.1: Simulation Assumptions

	Parameter
	Value

	Carrier Frequency
	2.0 GHz

	System BW
	10 MHz

	Channel Model
	ETU and EPA at 3Kmph

	Antenna Setup
	1x2 – uncorrelated

	Signal BW
	180 KHz (1 RB)

	Number of UEs
	1

	Channel Estimation
	Actual (RS averaging per slot)


Figures A.1 and A.2 provide the BLER for the EPA channel at 3 Kmph for the baseline PUCCH Format 3 (no puncturing) and the BLER with puncturing 1 HARQ-ACK symbol or 1 RS symbol for 4 and 10 HARQ-ACK bits, respectively, with 2 RS and 3 RS per slot (normal CP). 
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Figure A.1: BLER with/out 1 HARQ-ACK/RS Puncturing - 2 RS/Slot (left) and 3 RS/Slot (right) - 4 bits, EPA3.
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Figure A.2: BLER with/out 1 HARQ-ACK/RS Puncturing - 2 RS/Slot (left) and 3 RS/Slot (right) - 10 bits, EPA3.

Figures A.3 and A.3 provide the BLER for the ETU channel at 3 Kmph for the baseline PUCCH Format 3 (no puncturing) and the BLER with puncturing 1 HARQ-ACK symbol or 1 RS symbol for 4 and 10 HARQ-ACK bits, respectively, with 2 RS and 3 RS per slot (normal CP). 
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Figure A.3: BLER with/out 1 HARQ-ACK/RS Puncturing - 2 RS/Slot (left) and 3 RS/Slot (right) - 4 bits, ETU120.
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Figure A.4: BLER with/out 1 HARQ-ACK/RS Puncturing - 2 RS/Slot (left) and 3 RS/Slot (right) - 10 bits, ETU120.
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