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1 Introduction

Several agreements were made in the RAN1 meetings #86bis and #87 regarding the design of NR UL control channel with short duration [1, 2]. 
· At least two ways of transmissions are supported for NR UL control channel [1, sec. 8.1.7.1]
· UL control channel can be transmitted in short duration 

· around the last transmitted UL symbol(s) of a slot

· FFS: How to define and treat the potential gap at the end of the slot

· FFS: in the other positions, e.g., the first UL symbol(s) of a slot

· TDMed and/or FDMed with UL data channel within a slot

· For UL control channel in short duration, [1, sec. 8.1.7]
· 1 symbol duration of a slot is supported.

· FFS: a few symbol duration of a slot is supported.  

· In frequency-domain, a PRB (or multiple PRBs) is the minimum resource unit size for UL control channel.
· UE-specific RS is used for PUCCH transmission
· A combination of semi-static configuration and (at least for some types of UCI information) dynamic signaling is used to determine the PUCCH resource both for the ‘long and short PUCCH formats’ [2, sec. 7.1.4.2]
· Support FDM of ‘short UCI’ and data, both within a UE and between UEs at least for the case where the PRBs for short UCI and data are non-overlapping 
· FFS: PUSCH in the short UL duration can be scheduled independently

· In order to support TDM of short PUCCH from different UEs in the same slot, a mechanism to tell the UE in which symbol(s) in a slot to transmit the short PUCCH on is supported at least above 6 GHz (exact mechanism FFS)

In this contribution, we present the link level evaluation and comparison of sequence based versus DM-RS based structures for NR PUCCH design with short duration, from a single UE perspective [3, proposal 1].
2 Detection schemes for short UL control channel 
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/NACK feedback. This corresponds to LTE PUCCH 1a/1b format. As proposed in [3], two different design approaches can be considered to carry 1 or 2-bit HARQ feedback, viz. DM-RS based and sequence based structures. 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/NACK at the receiver [3]. For DM-RS insertion, either TDM or FDM based multiplexing of RS and UCI symbols can be adopted for NR PUCCH with short duration [4]. In addition, orthogonal sequences can be considered as candidate spreading code for BPSK (1-bit ACK/NACK) or QPSK (2-bit ACK/NACK) modulated symbols so as to multiplex multiple UEs using the same frequency resources. For the simulation, 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 [5]. 
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Figure 1. FDM based interleaving of DM-RS and data for UL control channel with 1 symbol duration
2.2 Sequence based structure
In lieu of DM-RS based structure, sequence based structure can be deployed, where DM-RS overhead can be eliminated completely since channel estimation is not required for non-coherent detection used in sequence based structure. In this scheme, independent resources in the frequency and/or code domain can be assigned for HARQ ACK/NACK feedback [3]. For 1-bit information, two independent resources are allocated for information bits ‘1’ and ‘0’ respectively, whereas for 2-bit information, four independent resources are required for information bits 00, 01, 11 and 10 respectively (gray code). FDM based structures use different PRBs as resources, whereas for CDM based structures, independent resources correspond to different cyclic shifted versions of the same base sequence (Zadoff-Chu or computer generated sequences can be potential candidate for base sequence) which are orthogonal in frequency (i.e. zero cross-correlation). In this sequence based option, gNB performs simple energy detection to differentiate ACK/NACK and thus leads to reduced receiver complexity. More importantly, unlike DM-RS structure, sequence-based structure has no DM-RS overhead and is not affected by channel estimation impairment. Fig. 2 illustrates FDM and CDM based resource allocations for sequence based structure. For the simulation, we implement CDM 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 feedback and {00, 01, 11, 10} for 2-bit feedback respectively. 
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 Figure 2. Sequence based structure with FDM and CDM for UL control channel with 1 symbol duration
3 Link level evaluation and comparison between two designs
In order to compare the NR PUCCH designs based on DM-RS based and sequence based structures, we study the detection performance of these two schemes in terms of BER (i.e. miss detection rate) of ACK/NACK. The simulation parameters are enlisted in the following table:

	Parameters
	Configurations

	Carrier Frequency
	2 GHz

	System Bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	1 Rx

	UE antenna configuration
	1 Tx

	Channel model
	TDL-A and TDL-C: Delay spread 10 ns and 100 ns
UE velocity: 3km/h

	Payload size
	1, 2 bits

	Channel estimation
	perfect and real

	Total number of sub-frames
	105

	CP type
	normal


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 channel estimation, both perfect and real (for example, MMSE) channel estimates are taken into consideration. For sequence based structure, CDM scheme is evaluated where, as shown in Fig. 2, only 1 PRB (i.e. 12 REs) is allotted for UL control signal transmission. 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 based structures. Fig. 3 shows the BER or miss detection rate of ACK as a function of SNR per subcarrier in case of 1 bit HARQ ACK/NACK feedback (similar to LTE PUCCH format 1a) transmitted over two different fading channels (TDL-A and TDL-C) with smaller (10 ns) and larger (100 ns) delay spreads. Each plot consists of three curves: two for DM-RS based structure with “perfect” and “MMSE” channel estimates respectively and one for sequence based structure. From the four plots in Fig. 3 we can observe the following:
· For both channels TDL-A and TDL-C with smaller delay spreads (10 ns), DM-RS based structure without channel estimation error (i.e. perfect channel estimate) outperforms sequence based detection performance by ~3 dB. It is noteworthy that the relative merit of DM-RS based structure with perfect channel estimate over sequence based structure is similar to that of BPSK over M-ary non-coherent orthogonal modulation with M =2. For the latter, analytical formulation for BER over Rayleigh fading channel exists and resembles the trends observed for DM-RS and sequence based detection performance over fading channels in Fig. 3.

· With real channel estimate, the performance of DM-RS based structure degrades. In particular, for MMSE channel estimate, where the channel estimation error degrades the detection performance by nearly 3dB, DM-RS based structure becomes comparable in detection performance to sequence based structure (within the thickness of the plotted lines). Improved channel estimation algorithm may reduce the performance gap between these two structures.
· For larger delay spread, DM-RS based structure with perfect channel estimate still outperforms sequence based structure’s performance by ~ 3dB. But here, even DM-RS based structure with MMSE channel estimate tends to perform marginally better than sequence based structure at high SNR. For TDL-A, DM-RS based structure with MMSE channel estimate outperforms sequence based structure at SNR > 10 dB, whereas for TDL-C, this crossover threshold is ~ 12 dB.
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Figure 3. Link level simulation results for short UL control channel carrying 1-bit HARQ ACK/NACK

To summarize, DM-RS based structure with or without channel estimation error performs at par or better than sequence based structure for 1-bit HARQ ACK/NACK feedback. Moreover, in worse channel scenarios (e.g. larger delay spread), DM-RS based structure outperforms sequence based structure at high SNR.

Fig. 4 shows similar four sets of plots for 2-bit ACK/NACK feedback transmission, similar to LTE PUCCH 1b.  In each plot, three curves show the detection performance of DM-RS based structure with perfect and MMSE channel estimates along with sequence based structure. The following observations can be made from Fig. 4:
· For both channels TDL-A and TDL-C with smaller delay spreads (10 ns), DM-RS based structure without channel estimation error (i.e. perfect channel estimate) outperforms sequence based structure by ~1 dB, i.e. the gap between DM-RS based and sequence based detection performance is reduced for 2-bit HARQ transmission. This intuitively makes sense since sequence based structure is similar to M-ary non-coherent orthogonal modulation, of which the BER performance improves with increasing modulation order M (here, M is increased from 2 to 4). 

· With real channel estimate, the performance of DM-RS based structure degrades. In particular, for MMSE channel estimate, DM-RS based structure becomes worse than sequence based structure in detection performance by ~ 2 dB, i.e. sequence based structure outperforms DM-RS based structure with MMSE channel estimate for 2-bit HARQ feedback.
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Figure 4. Link level simulation results for short UL control channel carrying 2-bit HARQ ACK/NACK
· For larger delay spread, DM-RS based structure with perfect channel estimate outperforms sequence based structure by ~ 2dB at high SNR, i.e. the relative merit of DM-RS based structure (with perfect channel estimate) over sequence based structure scales when the channel fading gets worse (i.e. with larger delay spread). 
To summarize, DM-RS based structure without channel estimation error outperforms sequence based structure for 2-bit HARQ ACK/NACK transmission, whereas channel estimation error may curb the performance of DM-RS based structure, eventually degrading the BER worse than sequence based structure, as seen for the case of MMSE channel estimate. Moreover, in worse channel scenarios (e.g. larger delay spread), the relative merit of DM-RS based structure (without channel estimation error) over sequence based structure scales with increasing SNR.
4 Conclusions
In this contribution, we have presented link level evaluation and comparison between DM-RS and sequence based structures for UL control channel with short duration for NR. Based on the aforementioned evaluation results, we summarize our views on DM-RS and sequence based structures as follows:
Observations:

· For short UL control channel carrying 1-bit payload

· DM-RS based structure with perfect channel estimation offers better performance than sequence based structure.

· With real channel estimation (MMSE), these two structures may deliver similar link level performance.
· For larger delay spread, DM-RS based structure (with or without channel estimation error) always outperforms sequence based structure.
· For short UL control channel carrying 2-bit payload

· DM-RS based structure with perfect channel estimation offers ~1 dB better performance than sequence based structure. 
· With real channel estimation (MMSE), DM-RS based structure may fall short of sequence based structure in detection performance by ~2 dB. This gap, however, may reduce with better channel estimate.

· For larger delay spread, the relative merit of DM-RS based structure (without channel estimation error) over sequence based structure scales with SNR.
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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