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A new WI was agreed at RAN #66 plenary meeting to support LTE carrier aggregation beyond 5 carriers [1]. In [2]-[3] design options for a new PUCCH format supporting up to 32 DL component carriers were discussed accompanied by initial link-level simulation results. In this contribution, we present additional link-level simulation results based on the agreed assumptions in the Appendix. 
New PUCCH format design
Design options
To support carrier aggregation with up to 32 CCs, UCI payload size will be significantly increased and current PUCCH format 3 which supports up to 22 bits is not sufficient. It is important to remember in the design of HARQ feedback that DL CA is a feature not only to reach peak data rates on paper, but mainly to increase the data rate of the UE in the whole cell coverage area. Therefore, it is imperative to determine what SNR the HARQ feedback should support so that a target is set on what coverage area DL CA can be operated within. This is to enable that a sufficient number of UEs can operate DL CA. 
Depending on the supported SNR, mainly two options of new PUCCH format design are under discussion. 
Option 1: Multiple PUCCH format 3
One straightforward way could be to use more resources, i.e., to carry more HARQ-ACK bits on PUCCH by using multiple PUCCH format 3. For example, a UE can use PUCCH format 3 on multiple PRBs and/or with multiple OCCs. A disadvantage of using multiple PRBs or OCCs in this way is the increased Cubic Metric that increases with the number of PRB/OCC resources [2]. One alternative to reduce the Cubic Metric with multiple PRBs is to implement a single DFT-precoder and hence restrict the allocation to contiguous PRBs. However, [3] and additional link-level results show that such solution has higher required SNR than a PUSCH-like design wherefore only the latter option is pursued further. 
Option 2: PUSCH-like design
This design option uses a PUSCH-like structure for the considered range of PUCCH payloads, i.e., 
22 - 128 bits. With this option, one or more PRB is allocated per UE. The encoding and resource mapping essentially reuses the PUSCH design. Both 1 and 2 DMRSs per slot can be considered. 
For both option 1 and option 2, adding a CRC can be considered.  In [3] it was found that 8-bits CRC provides an improvement up to 1 dB for high payload (and no loss at low payload), and that it facilitates the eNB implementation where the CRC can be checked to ensure that the DTX detection fulfils the requirement. 
[bookmark: _Ref416164921]Performance evaluation
In this section, link-level simulation results are provided for the PUSCH-like design option with 1 or 2 DMRS/slot and 1-6 number of allocated PRBs per UE. An 8-bits CRC is assumed in all simulations. In case the CRC detects an erroneously decoded block of ACK/NACK bits, all decoded bits are treated as NACK(s). Hence by means of the CRC, the probability of a NACK-to-ACK error is significantly reduced. It should be noted that the CRC bits are additional overhead on top of the targeted information payload of 22 - 128 bits. A Rel-8 tail-biting convolutional code (TBCC) and rate matching is applied in all cases. 

PUSCH-like design
The obtained operating SNR for fulfilling the performance metric (listed in the Appendix) for the considered PUSCH-like design is shown in Figure 1 to Figure 4 for frequency-flat/frequency-selective (EPA/ETU) channel conditions with low UE speed (3 km/h). 
In Figure 1 and Figure 2 the operating SNR has been adjusted to obtain equal transmit power independent of the transmission bandwidth (i.e., regardless of the number of used PRBs) while in Figure 3 and Figure 4 the transmit power is allowed to increase proportionally to the transmission bandwidth, i.e., by 10log10(nr of PRB) [dB]. It should be noted that the adjusted SNR is not “SNR” in the normal sense. Thus, Figure 1 and Figure 2 provide insights whether bandwidth expansion with equal transmit power is advantageous. Figure 3 and Figure 4 compare the link-level performance as a function of true SNR to provide insights whether bandwidth expansion with equal transmit PSD is advantageous.  
Generally, the obtained performance is affected by the code rate, transmit PSD, and amount of frequency diversity that can be harvest. The latter is typically more profound on the frequency-selective channel (ETU) when the code rate is sufficiently low. However, with equal transmit power, a larger bandwidth on ETU may cause larger impact from channel estimation errors. 
It can be observed from Figure 1 and Figure 2 that the gain of increasing the transmission bandwidth (assuming equal transmit power) starts to saturate at 2 PRB for moderate to high payload, especially for ETU. Due to the circular buffer rate matching scheme, a code rate smaller than 1/3 leads to repetition of coded symbols, which can be viewed as increasing the operating SNR. For 2 DMRS/slot and 8 CRC bits the code rate equals 1/3 at 72 information bits. This explains why the gain from increasing the bandwidth is only significant at payloads higher than this, and why it saturates at 2 PRBs when comparing the signals with equal total transmit power. When assuming fixed transmit PSD level, it can be observed from Figure 3 and Figure 4 that the considered worst case of 128 ACK/NACK bits in a strong interference-limited scenario with a SINR of  -3 dB requires at least 6 PRBs with 1 DMRS/slot on EPA and more than 6 PRBs on ETU. In this case, at least 7.8 dB higher transmit power would be required relative the 1 PRB case (fixed PSD). It should be noted that the interference is here approximated by AWGN.
It can furthermore be observed that there is a negative gain in increasing the transmission bandwidth for low payload with 1 DMRS/slot on ETU channel conditions, when assuming equal transmit power. Using 2 DMRS/slot for low payload provides better performance on both EPA and ETU compared to using 1 DMRS/slot. For moderate to high payload, 1 DMRS/slot obtains up to (about) 1 dB improvement compared to 2 DMRS/slot for some cases on EPA, but somewhat lower, or none, performance benefit on ETU.   
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[bookmark: _Ref426717233]Figure 1: Adjusted operating SNR, equal transmit power, EPA 3 km/h, 8-bits CRC.
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[bookmark: _Ref426717263]Figure 2: Adjusted operating SNR, equal transmit power, ETU 3 km/h, 8-bits CRC.
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[bookmark: _Ref426717281]Figure 3: Operating SNR, equal transmit PSD, EPA 3 km/h, 8-bits CRC.
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[bookmark: _Ref426717237]Figure 4: Operating SNR, equal transmit PSD, ETU 3 km/h, 8-bits CRC.


The simulation results in this section can be summarized as follows.
Observations:  
· 1 DMRS/slot provides lower code rate, but reduced channel estimation performance compared to 2 DMRS/slot.
· 1 DMRS/slot gives up to 1 dB better performance at high payload. At low to moderate payload, 2 DMRS/slot is a better choice.
· 2 DMRS/slot enables (more easily) estimating frequency offsets despite frequency-hopping on slot boundary.
· A significant performance gain can be achieved by using more than 1 PRB for large payload. 

· The performance gain from bandwidth expansion starts to saturate at 2 PRBs, assuming equal power.

High Speed UEs
Figure 5 to Figure 8 show the adjusted/non-adjusted operating SNR for fulfilling the performance metric (listed in the Appendix) for the considered PUSCH-like design with UE speed 350 km/h for EPA and ETU channel conditions. It should be noted that no explicit estimation and compensation for the high Doppler frequency is considered, only averaging the channel estimates in case of 2 DMRS/slot. As before, 8-bits CRC and rel.8 TBCC with rate matching are applied in all cases. 
Compared to low UE speed (3 km/h), the performance loss at 350 km/h is in the order of 1 to 3 dB, with larger losses at high payload and less number of PRBs. It can be observed that the payload sizes for which 1 or 2 DMRS/slot are superior remain roughly the same as with low UE speed. However, for the cases with 2 DMRS/slot, the performance could potentially be further improved by using more advanced channel estimation methods.  For 120 km/h (not shown), the link-performance results are in the order of 0.2-0.5 dB worse compared to 3 km/h. 

Observations: 
· Minor performance loss with UE speed up to 120 km/h, but 1-3 dB loss at 350 km/h.
· The advantage with > 1 PRB increases with UE speed in most cases.
· The performance gain from bandwidth expansion starts to saturate at 4 PRBs at UE speed 350 km/h, assuming equal power.
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[bookmark: _Ref427234685]Figure 5: Adjusted operating SNR, equal transmit power, EPA 350 km/h, 8-bits CRC.
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[bookmark: _Ref427162351][bookmark: _Ref424649396]Figure 6: Adjusted operating SNR, equal transmit power, ETU 350 km/h, 8-bits CRC.
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Figure 7: Operating SNR, equal transmit PSD, EPA 350km/h, 8-bits CRC.
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[bookmark: _Ref424649418][bookmark: _Ref424649400]Figure 8: Operating SNR, equal transmit PSD, ETU 350km/h, 8-bits CRC.
Based on above simulations and observations in this contribution, it can be concluded that one new PUCCH format based on PUSCH-like design can be used to support HARQ-ACK payload size up to 128 bits with reliable performance. Regarding the number of DMRSs, it seems 2 DMRS/slot can perform well in the majority of considered scenarios. One DMRS/slot only performs better if the code rate is very high which can be alleviated by increasing the number of PRBs. In addition, it can be beneficial to support different bandwidths with the new format depending on the payload size.
Proposal:
· Introduce one new PUCCH format based on a PUSCH-like design, using 2 DMRS/slot.
· The maximum number of bits supported by the new PUCCH format is 128.
· Support different bandwidths with the new PUCCH format depending on payload size.
Conclusion
In this contribution we discussed the PUCCH format design for CA enhancements to support up to 32 component carriers and provided link-level simulation results. The above discussions and observations can be summarized as follows.
Observations:
· 1 DMRS/slot provides lower code rate, but reduced channel estimation performance compared to 2 DMRS/slot.
· 1 DMRS/slot gives up to 1 dB better performance at high payload. At low to moderate payload, 2 DMRS/slot is a better choice.
· 2 DMRS/slot enables (more easily) estimating frequency offsets despite frequency-hopping on slot boundary.
· A significant performance gain can be achieved by using more than 1 PRB for large payload. 
· The performance gain from bandwidth expansion starts to saturate at 2 PRBs, assuming equal power.
· Minor performance loss with UE speed up to 120 km/h, but 1-3 dB loss at 350 km/h.
· The advantage with > 1 PRB increases with UE speed in most cases.
· The performance gain from bandwidth expansion starts to saturate at 4 PRBs at UE speed 350 km/h, assuming equal power.

Proposals:
· Introduce one new PUCCH format based on a PUSCH-like design, using 2 DMRS/slot.
· The maximum number of bits supported by the new PUCCH format is 128.
· Support different bandwidths with the new PUCCH format depending on payload size.
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Appendix: Simulation assumptions


	Table I. Link-level simulation assumptions.
	Parameter
	Setting

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Channel model
	EPA or ETU

	UE speed
	3 km/h, 350 km/h

	Antenna setup
	1Tx, 2Rx, uncorrelated

	Channel coding
	Rel. 8 TBCC and rate matching

	DMRS Structure
	1 or 2 DMRS per slot

	Channel estimation 
	Practical, non-ideal

	Number of PRBs for PUCCH
	1 – 6

	Transmit power
	Normalized 

	PUCCH frequency hopping
	At slot boundary

	CRC length 
	0 or 8  bits

	Payload size
	22, 32, 42, 52, 62, 64, 72, 82, 92, 102, 11, 122, and 128 bits

	CP type
	Normal CP

	Signal bandwidth per PRB 
	180 kHz 

	Modulation
	QPSK

	Number of UEs
	1

	Receiver noise 
	AWGN

	Noise estimation
	Ideal

	Performance Metric 
	ACK missed detection probability (1 %), NACK-to-ACK error probability (0.1%);  DTX-to-ACK probability 1%
With CRC, in case CRC check fail eNodeB considers all bits as “NACK”
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