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1 Introduction

The following agreements were made in the last two RAN1 meetings #88bis and #89 regarding the design of NR 1-symbol short PUCCH with 1~2 bit(s) UCI payload [1, 2]
· 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

· FFS following cases:

· If SR only

· If with SR + other UCI;
· This does not imply the necessity of special SR design 

· FFS whether the design may or may not depend on the frequency range

· 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, we present the link level evaluation and comparison of Option 1 and Option 4 based structures for NR 1-symbol short PUCCH design carrying 1~2 bits HARQ-ACK feedback.
2 Design of 1-symbol NR PUCCH carrying small payload
We consider short UL control channel that spans over one symbol within a slot and carries small payload size, e.g. 1 or 2-bit HARQ-ACK feedback. This corresponds to LTE PUCCH 1a/1b format. As discussed in [3], two different design approaches can be considered to carry 1 or 2-bit HARQ feedback, viz. DM-RS based structure where RS and UCI are multiplexed in FDM manner (Option 1) and sequence selection based structure (Option 4). Each of these design approaches are briefly illustrated in the following subsections. 
2.1 DM-RS based structure
For this structure, DM-RS is embedded in UL control channel during UCI transmission so that gNB can coherently demodulate HARQ-ACK at the receiver [3]. For DM-RS insertion, FDM based multiplexing of RS and UCI in each OFDM symbol can be adopted for NR PUCCH with short duration, as agreed in RAN1 [1]. In addition, orthogonal sequences can be considered as candidate spreading code for BPSK (1-bit HARQ-ACK) or QPSK (2-bit HARQ-ACK) modulated symbols so as to multiplex multiple UEs using the same frequency resources. As per the agreed simulation assumptions [2], we consider DM-RS based structure from a single UE perspective, where DM-RS and UCI symbols are multiplexed in FDM manner. Length-12 computer generated sequence similar to LTE deployment is used for both DM-RS and spreading sequence for UCI symbols. UL control channel spans over one OFDM symbol (the last symbol of each slot) and two contiguous PRBs are assigned for carrying 1 or 2 bit UCI information, where 12 REs are allocated for data symbols and another 12 REs for DM-RS (i.e. ½ DM-RS overhead). Data symbols and DM-RS are interleaved as shown in Fig. 1 [3]. 
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Figure 1. FDM based interleaving of DM-RS and data for 1-symbol short UL control channel (Option 1)
2.2 Sequence selection based structure
In lieu of DM-RS based structure (Option 1), sequence selection based structure (Option 4) can be deployed, where DM-RS overhead can be eliminated completely since channel estimation is not required for non-coherent detection used in sequence selection based structure. In this scheme, independent resources in the code domain can be assigned to carry HARQ-ACK feedback [3], where independent resources correspond to different cyclic shifted versions of the same base sequence (Zadoff-Chu or computer generated sequences can be potential candidates for base sequence) which are orthogonal in frequency (i.e. zero cross-correlation). In this sequence selection based option, gNB performs simple energy detection to differentiate ACK/NACK and thus leads to reduced receiver complexity. More importantly, unlike DM-RS based structure, sequence selection based structure has no DM-RS overhead and is not affected by channel estimation impairment. Fig. 2 illustrates CDM based resource allocations for sequence selection based structure. For the simulation, we implement sequence selection based structure, where a length-12 computer generated sequence is used as the base sequence and different cyclic shifted versions (shifts 0, 6 for 1-bit information and 0, 3, 6, 9 for 2-bit information) are used to transmit bits {0, 1} for 1-bit HARQ feedback and {00, 01, 11, 10} for 2-bit HARQ feedback respectively. 
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 Figure 2. Sequence selection based structure for 1-symbol short UL control channel (Option 4)
3 Link level evaluation and comparison between two designs
In order to compare the 1-symbol NR PUCCH designs based on DM-RS based and sequence selection based structures, we study the detection performance of these two schemes in terms of DTX-to-ACK, ACK-to-NACK/DTX (or, missed ACK) and NACK-to-ACK error rates (BER). The simulation parameters are enlisted in Table 1 in the Appendix. Two different fading channel models are studied, viz. TDL-A and TDL-C. For each channel model, three different delay spreads are considered, e.g. small (30 ns), medium (300 ns) and large (1000 ns). For brevity, small and large delay spread results are included in this section and the medium delay spread plots are placed in the Appendix. As per the agreed simulation assumptions in RAN1 [2], the subcarrier spacings (SCS) considered for evaluation are 15 and 60 KHzs. Since the results of TDL-C channel models are very similar to that of TDL-A, only the TDL-A plots are included in this section and additional TDL-C plots can be found in the Appendix. 
For DM-RS based structure, DM-RS and UCI symbols are interleaved in FDM manner as shown in Fig. 1 that spans over 1 symbol period and 2 contiguous PRBs (i.e. 24 REs). For sequence selection based structure, only 1 PRB (i.e. 12 REs) is allotted for UL control signal transmission, as shown in Fig. 2. Due to ½ DM-RS overhead in DM-RS based structure, there’s a 3dB penalty in SNR per subcarrier that is taken into consideration while comparing detection performance between DM-RS and sequence selection based structures.
3.1 Small delay spread (30 ns)

Fig. 3 shows BER performance of DTX-to-ACK, missed ACK and NACK-to-ACK for both 1 and 2 bit(s) HARQ-ACK feedback transmitted over TDL-A channel with small delay spread (30 ns), using subcarrier spacings 15 KHz (Figs. 3a and 3b) and 60 KHz (Figs. 3c and 3d) respectively. Each of the four plots in Fig. 3 contains 6 curves, 3 of which corresponds to Option 1 (blue lines) and the other 3 that to Option 4 (red lines). The following observations can be made from Fig. 3:
· In case of 1-bit HARQ-ACK, performance of DM-RS based (Option 1) and sequence selection based (Option 4) structures are almost at par (within the thickness of the plotted lines) in terms of DTX-to-ACK, missed ACK and NACK-to-ACK error rates, as can be seen from Figs. 3a and 3c respectively. The relative performance of these two structures remains literally the same with increase in subcarrier spacing from 15 KHz to 60 KHz.
· For 2-bit HARQ-ACK feedback, Option 4 has marginally better ACK->NACK/DTX error rate than Option 1, whereas Option 1 outperforms Option 4 in terms of DTX-to-ACK error rate by similar margin, as can be seen from Figs. 3b and 3d respectively. But unlike 1-bit feedback, the false alarm (or NACK-to-ACK error) rate gets significantly worse for Option 1, with the UCI sequence being modulated by QPSK for 2-bit case. In other words, it can be conjectured that for the same DTX threshold (i.e. same DTX-to-ACK rate), the probability of noisy signal passing the DTX threshold and detected as a genuine HARQ-feedback signal is more for the QPSK modulated signal than BPSK modulated sequence, which worsens the NACK-to-ACK error rate for Option 1 in the 2-bit case. Option 4 outperforms Option 1 by ~ 6 dB in achieving false alarm rate of 10-4, while satisfying the criteria for other performance metrics, i.e. DTX-to-ACK < 10-2 and missed ACK < 10-2. Similar trends are observed in Figs. 3b and 3d. Hence, Option 4 would be more favourable over Option 1 for TDL-A channel under small delay spread.
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Figure 3. BER evaluations for Options 1 and 4 with TDL-A channel model and small delay spread (30 ns)
3.2 Large delay spread (1000 ns)

Fig. 4 shows similar four sets of plots for TDL-A channel model with larger delay spread (1000 ns). With increase in delay spread, frequency diversity plays a crucial role in the performance of the two structures and the relative merit between the two options changes significantly with subcarrier spacing, unlike the small delay spread scenario depicted in Fig. 3 and discussed in the previous subsection. In particular, the following inferences can be drawn from the four subplots of Fig. 4:
· For 15 KHz subcarrier spacing, while Option 4 marginally outperforms Option 1 in error rate of missed ACK, Option 1 offers better false alarm rate than Option 4, as can be seen in Fig. 4a. Taking into consideration the performance metric criteria enlisted in Table 1 (i.e. DTX-to-ACK < 10-2, missed ACK < 10-2, NACK-to-ACK < 10-3), Options 1 and 4 are equally favourable for 1-symbol short PUCCH design with 15 KHz subcarrier spacing. With increase in subcarrier spacing to 60 KHz, the gap between missed ACK and NACK-to-ACK error rate curves widens in between Options 1 and 4 based structures. In the region of Fig. 4c with DTX-to-ACK < 10-2, it can be seen that Option 4 offers nearly 4 dB gain in SNR to achieve missed ACK error rate <10-2  compared to Option 1. But on the other hand, Option 1 offers better NACK-to-ACK error rate than Option 4, e.g. nearly 7 dB gain in SNR for achieving NACK-to-ACK error rate < 2*10-4. Since false alarm rate is an important aspect of control channel design, Option 1 would be more beneficial than Option 4 under the high delay spread scenario with 60 KHz SCS.
· For the 2-bit case, Option 4 has leverage over Option 1 in terms of both missed ACK and NACK-to-ACK error rates for 15 KHz subcarrier spacing, as can be depicted from Fig. 4b. In the SNR range with DTX-to-ACK < 10-2, Option 4 requires ~ 0.7-1.0 dB less SNR than Option 1 to achieve missed ACK error rate < 10-2. In terms of false alarm rate, Option 4 outperforms Option 1 by ~ 5-6 dB to achieve NACK-to-ACK error rate < 10-3. However, with an increase in subcarrier spacing from 15 to 60 KHz, the TDL-A channel under large delay spread becomes highly frequency-selective and the orthogonality property of sequences used in Option 4 breaks down, resulting in drastic degradation in the false alarm rate. As can be seen in Fig. 4d, the NACK-to-ACK error rate in fact doesn’t satisfy the performance metric criteria of being <10-3 anywhere in the SNR range of 0-16 dB. Without DM-RS, there is no way to recover the received signal that undergoes significant distortion due to high frequency-selectivity of the channel. Comparing the scenarios in Figs. 4b and 4d, Option 1 would be a safer choice for unified 1-symbol PUCCH design under large delay spread scenario for both 15 and 60 KHz subcarrier spacings respectively.
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Figure 4. BER evaluations for Options 1 and 4 with TDL-A channel model and large delay spread (1000 ns)
4 Conclusions
In this contribution, we have presented link level evaluation and comparison between DM-RS based (Option 1) and sequence selection based (Option 4) structures for UL control channel design with short duration for NR. Based on the aforementioned evaluation results, we summarize our views on Options 1 and 4 as follows:
Observations:

· For short UL control channel carrying 1-bit payload

· DM-RS based structure performs at par with sequence selection based structure when delay spread is small.
· With larger delay spread, DM-RS based structure offers lower false alarm (NACK-to-ACK) rate, whereas Option 4 offers better missed ACK error rate. 
· For larger subcarrier spacing, DM-RS based structure has marginal leverage over sequence selection based structure under large delay spread, when both NACK-to-ACK and missed ACK performances are considered.
· For short UL control channel carrying 2-bit payload

· DM-RS based structure performs worse than sequence selection based structure in terms of false alarm rate under small delay spread, irrespective of subcarrier spacing. 
· With increase in delay spread, sequence selection based structure maintains its leverage over DM-RS based structure for 15 KHz subcarrier spacing. In addition, sequence selection based structure offers lower missed ACK error rate than DM-RS based structure as well at higher delay spread.

· For larger subcarrier spacing, however, sequence selection based structure performs drastically worse than DM-RS based structure in terms of false alarm rate under large delay spread scenario. In fact, within the SNR range of 0~16 dB, sequence selection based structure with 60 KHz subcarrier spacing and 1000 ns delay spread (TDL-A channel) never achieves the desired false alarm rate of less than 10-3 because the sequence orthogonality breaks down under high frequency selectivity due to not having DM-RS. DM-RS based structure is the only option in this scenario.
To summarize, both Options 1 and 4 have pros and cons depending on the channel condition. While Option 4 has leverages over Option 1 for 2-bit UCI payload under low frequency selective scenarios, it cannot meet the performance metric criteria, in particular NACK-to-ACK error rate for large delay spread scenario with 60 KHz subcarrier spacing due to sequence orthogonality breakdown without DM-RS. 
Proposal:

· For UL control channel with short duration and 1~2 bit payload, DM-RS based structure should be preferred over sequence based structure for NR.
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5 Appendix

	Parameters
	Configurations

	Carrier Frequency
	4 GHz

	System Bandwidth
	20 MHz

	Subcarrier spacing
	15 KHz and 60 KHz

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Channel model
	TDL-A and TDL-C; delay spreads: 30ns, 300ns and 1000ns
UE velocity: 3km/h

	Payload size
	1, 2 bit(s)

	Channel estimation
	Practical (MMSE)

	Noise estimation 
	Ideal

	Number of PRBs
	2 contiguous PRBs for Option 1, 1 PRB for Option 4

	Number of UEs
	1

	Performance metric
	DTX-to-ACK < 10-2 

ACK-to-NACK(or DTX) < 10-2 

NACK-to-ACK < 10-3


Table 1. Values of simulation parameters
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Figure 5. BER evaluations for Options 1 and 4 with TDL-A channel model and medium delay spread (300 ns)
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Figure 6. BER evaluations for Options 1 and 4 with TDL-C channel model and small delay spread (30 ns)
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Figure 7. BER evaluations for Options 1 and 4 with TDL-C channel model and medium delay spread (300 ns)
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Figure 8. BER evaluations for Options 1 and 4 with TDL-C channel model and large delay spread (1000 ns)
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