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1 Introduction
In this contribution, we discuss which scheme to adopt to support UE multiplexing for long PUCCH for medium payload size (PUCCH format 3), and determination of frequency hopping boundary and DMRS structure for long PUCCHs for more than 2 UCI bits (PUCCH formats 3 and 4). In order to decide on frequency-hop lengths to have two DMRS symbols per hop, we perform link level simulations and propose the DMRS structure based on the evaluation results. This contribution is a revised version of R1-1716314 submitted to RAN1 NR#3.
	
	
	
	
	
	
	
	
	
	


2 UE multiplexing for PUCCH format 3
In RAN1#90 meeting, support of UE multiplexing for long PUCCH for medium payload size (PUCCH format 3) was agreed. Candidate multiplexing methods to be selected are as captured below [1]:

· For the format of long PUCCH supporting multiplexing of users, target to select one from:

· Alt.1: User multiplexing is realized by time-domain OCC.

· Alt.2: User multiplexing is realized by pre-DFT-OCC.

· Alt.3: User multiplexing is realized by FDM within the PRB.

· Alt.4: User multiplexing is realized by pure TDM in the slot.

· Note: Other alternatives are not precluded.
Further, the following conclusion was drawn in the last RAN1 NR#3 meeting regarding down-selection between the aforementioned candidates of multiplexing methods [2]:

Conclusion:

· For long PUCCH moderate payload size with multiplexing capability, aim to down selection between Alt 2 and Alt 3 next meeting – companies are encouraged to perform additional evaluations and analysis especially considering power imbalance.
Both Alt. 2 (pre-DFT-OCC) and Alt. 3 (FDM) allow for the multiplexed UEs to distribute the UCI symbols on the entire time duration allocated for the long PUCCH transmission, and thus enable to fully utilize the transmit power budget for large PUCCH coverage. Alt. 2 can be based on LTE PUCCH format 5 and then the LTE implementations, which must have been optimized and verified through LTE deployments, can be reused for NR. Alt. 3 multiplexes the long PUCCHs from different UEs on different subcarriers and thus can potentially provide more protection in frequency selective channels. The benefit can become conspicuous when the received power difference between the long PUCCHs multiplexed on the same PRB is significant.

However, as addressed in [9], Alt. 2 employing the OCCs of the LTE PUCCH format 5, [++++++++++++] and [++++++((((((], is equivalent to Alt. 3 with multiplexing the PUCCHs on odd or even subcarriers in comb structure. This is because mapping the transmitted signal on either even or odd subcarriers results in the block-wise repetition of the signal in time domain. The block duration is half of the useful DFT-s-OFDM symbol duration, and [++] or [+(] OCC is applied onto the two blocks depending on whether the transmitted signal is mapped on even or odd subcarriers in frequency domain. The OCC pattern should work well unless under severely high mobility scenarios, in which case long PUCCH without multiplexing capacity (format 4) can be used instead. 
Proposal 1 (multiplexing for PUCCH format 3)
· Alt. 3 (FDM on even/odd subcarriers) and Alt. 2 with pre-DFT-OCC [++++++++++++] and [+++++ ------] are equivalent and either one can be adopted.
3 Frequency hopping 
In RAN1 NR AH#2 [5], at most one frequency hop for long PUCCHs was agreed. Frequency hopping at the middle of the PUCCH transmission allows that the PUCCH power and the amount of UCI/DMRS resources are equally split between the transmissions, and thus can maximize effects of the frequency hopping. Besides, aligning the frequency hopping boundaries between long PUCCH formats for 1~2 UCI bits and more than 2 UCI bits makes easier to multiplex long PUCCHs of different formats in frequency domain. As shown in Figure 1 below, the first and second frequency-hops can have ceil(L/2) and L-ceil(L/2) symbols for length-L PUCCH transmission. As an alternative, having floor(L/2) and L-floor(L/2) symbols so that the second hop has one more symbol in case of odd length-L is workable as well.
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Figure 1. Intra-slot frequency hopping and DMRS.
Proposal 2 (Frequency hopping boundary)
· Frequency hopping boundary is located around the middle of the PUCCH transmission. 

· The number of symbols for the 1st and 2nd frequency-hop segments are ceil(L/2) and L-ceil(L/2), respectively, for PUCCH length L.
4 DMRS simulation
In the RAN1#90 meeting, the following agreements were made regarding the number of DMRS symbols with and/or without frequency hopping for long duration PUCCH with more than 2 UCI bits, as captured below [1]:

Agreement:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· If frequency-hopping is enabled,
· For each frequency-hop with less than X symbols, there is one DMRS symbol.

· X is not smaller than 4.

· For each frequency-hop with equal to or more than X symbols, there are two DMRS symbols.

· For each frequency-hop, at least one DMRS symbol is included.

· FFS: number of DMRS symbols if frequency-hopping is disabled.

· Targeting one value for X.

· FFS: The value of X

· FFS: DMRS structures.
As to the DMRS placement for a given frequency-hop, in case of one DMRS on a frequency-hop, having the DMRS symbol around the middle of each frequency hop can provide reliable performance in most of the deployment scenarios as adopted for LTE PUSCH. By locating DMRS at symbol of index ceil(K/2) for length K of a frequency-hop, DMRS is placed at the exact center or one earlier symbol at the middle in cases of odd and even lengths K respectively. When a frequency-hop is comprised of two symbols, if supported, this formulation results in DMRS being placed at the start of the frequency hop. 
As per the RAN1 agreements captured above [1], there will be at least one DMRS symbol in each frequency-hop and further, there can be 2 DMRS symbols in one frequency-hop, if the number of symbols in that frequency-hop is greater than a threshold value, say X, where X is not smaller than 4. In other words, at least up to length-6 PUCCH, there will always be 1 DMRS in each frequency-hop. It is noteworthy to emphasize here that, depending on length-L of PUCCH, the number of symbols in each frequency-hop may or may not be the same. In particular, for odd L, two frequency-hop segments will have different number of symbols and when, L = 2X -1, the 1st hop may require 2 DMRS symbols, while for the 2nd hop, 1 DMRS symbol will suffice. For example, if X = 6, then for L = 11, the 1st hop with ceil(L/2) or 6 symbols will have 2 DMRS, while the 2nd hop with L-ceil(L/2) or 5 symbols will have 1 DMRS. Therefore, it is more convenient to define the threshold X with respect to the number of symbols in each frequency-hop (K) rather than the total number of symbols in PUCCH (i.e. L). The value of X may depend on several factors, e.g. channel model, delay spread, subcarrier spacing, UE mobility, UCI payload etc. 
In order to determine X and the impact of aforementioned parameters on the value of X, we have performed link level simulations to study the performance of length-L long PUCCH carrying more than 2 UCI bits in terms of BLER. We have chosen the candidate values of L as even integers within the range 8 ≤ L ≤14 without loss of generality, so that the number of symbols K in each hopped segment is the same and K ≥ 4. More specifically, the candidate lengths considered for simulation are L = 8, 10, 12, and 14. The simulation parameters are listed in Table 1 in the Appendix. For TDL-C channel model, two different delay spreads are considered, e.g. medium (300 ns) and large (1000ns). For brevity, medium delay spread (300 ns) plots are included in this section and large delay spread (1000 ns) plots are placed in the Appendix. As per the agreed simulation assumptions in RAN1 [1], the values of subcarrier spacing (SCS) used for evaluation are 15 and 30 KHzs. For channel coding, TBCC with 8 CRC bits is used. For each candidate length-L, with L/2 symbols in each hop (since L is even), both the structures with 1 DMRS and 2 DMRS symbol(s) in each hop are evaluated and compared. 
In each plot, there are sets of blue and red curves. The blue curves correspond to the BLER of a frequency-hop with 1 DMRS, whereas the red curves that of 2 DMRS. The legends in the plot indicate the positions of UCI (U) and DMRS (R) in a given hop. Subfigures (a) and (b) in each figure represent BLER plots with UCI payload size of 20 and 60 bits respectively for SCS = 15 KHz, whereas subfigures (c) and (d) represent the similar UCI payload sizes for SCS =  30 KHz. Moreover, three UE velocities are evaluated for UCI payload = 20 bits and two UE velocities for UCI payload = 60 bits, as per the simulation assumptions in RAN1 [1]. Therefore, subfigures (a) and (c) in each figure show three sets of blue and red curves, whereas subfigures (b) and (d) show two sets of blue and red curves. Only for the case of length-14 PUCCH, UCI payload size of 100 bits is additionally simulated as per the suggested simulation assumptions in RAN 1 [1].
4.1 Length-8 PUCCH (4 symbols per hop)
Fig. 2 shows BLER performance for length-8 PUCCH, with 4 symbols in each hop. For 1 DMRS in each hop, the UCI-RS TDM structure is U-R-U-U where R and U represent DMRS and UCI symbols respectively, whereas for 2 DMRS, the structure is R-U-R-U. For smaller UCI payload, viz. 20 bits, 1 DMRS offers ~1 dB SNR gain compared to 2 DMRS under low UE mobility scenario (3km/h), for both 15 KHz and 30 KHz SCS, as can be depicted from Figs. 2a and 2c. With increase in UE speed to 120km/h, 1 DMRS offers ~1 dB SNR gain when SNR is low (<7 dB) for 15 KHz SCS and within the studied SNR range, 2 DMRS appears to marginally outperform 1 DMRS near the tail of the plotted SNR range, owing to its better channel estimation capability under high UE mobility scenario. The leverage, however, ceases to exist when the SCS is increased to 30 KHz and the channels within a PRB becomes more frequency-selective, as depicted from Fig. 2c, where 1 DMRS outperforms 2 DMRS by 1~1.5 dB throughout the plotted SNR range under high UR mobility scenario (120 km/h) as well. However, when the UE mobility is very high (500km/h), 1 DMRS is no more sufficient for getting necessary accuracy in channel estimation and 2 DMRS is essential in that case irrespective of operating SNR or SCS. 
With increase in UCI payload size from 20 bits to 60 bits, 1 DMRS structure has significantly better performance than 2 DMRS, since more UCI symbols carrying large payload size offers better BLER performance owing to higher coding gain. Under low UE mobility (3km/h), 1 DMRS outperforms 2 DMRS by ~ 3dB and for high UE mobility (120 km/h), that by ~2.5 dB, the gap being similar for both 15 KHz and 60 KHz SCS, as can be depicted from Figs. 2b and 2d respectively. 

The following observations can be made from the above analysis:
· For X = 4, i.e. 4 symbols in a frequency-hop, TDM of 1 DMRS with UCI symbols outperforms that of 2 DMRS within the studied SNR range for all the studied simulation scenarios but one (i.e. very high UE mobility).
· Under extremely high UE mobility (500 km/h), it is intuitive that 1 DMRS will not suffice in providing reliable channel estimation and it seems necessary to resort to 2 DMRS symbols. However, such high UE mobility scenario represents a limited use case (or corner case) example and is not likely to appear frequently in practical deployment scenarios. 
Hence, for most practical use cases, 1 DMRS structure would be preferable for X = 4.
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Figure 2. BLER for length-8 PUCCH with delay spread = 300 ns, UCI payload = {20, 60} and SCS = {15, 30} KHzs

4.2 Length-10 PUCCH (5 symbols per hop)

Fig. 3 shows BLER performance for length-10 PUCCH, with 5 symbols in each hop. For 1 DMRS in each hop, the UCI-RS TDM structure is U-U-R-U-U, whereas for 2 DMRS, the structure is U-R-U-R-U. With increase in number of symbols per hop, the performance gap between 1 and 2 DMRS structures reduces. For smaller UCI payload, viz. 20 bits, 1 DMRS offers in an average ~0.5 dB SNR gain compared to 2 DMRS under low UE mobility scenario (3km/h), for both 15 KHz and 30 KHz SCS, as can be depicted from Figs. 3a and 3c. With increase in UE speed to 120km/h, however, the relative performance of 1 DMRS and 2 DMRS structures change depending on SCS, unlike the previous 4-symbol per hop case. For lower SCS, viz. 15 KHz, 2 DMRS performs comparable to 1 DMRS for SNR < 4 dB and for SNR> 4dB, 2 DMRS begins to outperform 1 DMRS, the gap between the two BLER curves being scaled with increasing SNR. For extremely high UE mobility (500km/h), 1 DMRS does not work anymore, as was the case for 4-symbol case and 2 DMRS becomes essential irrespective of SCS. 

With increase in UCI payload size from 20 bits to 60 bits, 1 DMRS structure offers better performance than 2 DMRS for X = 5 as well, but the performance gap between 1 DMRS and 2 DMRS structures reduces considerably compared to 4-symbol per-hop case studied earlier, as can be seen in Figs. 3b and 3d. Under low UE mobility (3km/h), 1 DMRS outperforms 2 DMRS by ~1.5dB (which was ~3 dB for X = 4) and for high UE mobility (120 km/h), that by ~1.0 dB, the gap being similar for both 15 KHz and 60 KHz SCS in the low SNR range. For higher SNR (>7 dB), 2 DMRS tends to marginally outperform 1 DMRS for SCS = 15 KHz, as can be depicted from Fig. 3b. 

The following observations can be made from the above analysis:

· For X = 5, i.e. 5 symbols in a frequency-hop, TDM of 1 DMRS with UCI symbols outperforms that of 2 DMRS within the studied SNR range for low UE mobility (3km/h), irrespective of UCI payload or SCS studied here.
· For high UE mobility (120km/h), 1 DMRS always outperforms 2 DMRS for SCS = 30 KHz, whereas for SCS = 15 KHz, similar trend can be observed for lower SNR range. With increase in SNR, 2 DMRS structure tends to marginally outperform 1 DMRS structure for 15 KHz SCS.

· For the corner case of extremely high UE mobility (500km/h), 1 DMRS fails to offer desirable BLER performance and 2 DMRS becomes a necessity. 

Following the above analysis, 1 DMRS per hop comes out to be the preferred choice for X = 5 for the practical use cases.
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Figure 3. BLER for length-10 PUCCH with delay spread = 300 ns, UCI payload = {20, 60} and SCS = {15, 30} KHzs
4.3 Length-12 PUCCH (6 symbols per hop)

Fig. 4 shows BLER performance for length-12 PUCCH, with 6 symbols in each hop. For 1 DMRS in each hop, the UCI-RS TDM structure is U-U-R-U-U-U, whereas for 2 DMRS, the structure is U-R-U-U-R-U. With further increase in number of symbols per hop, the relative performance of 1 and 2 DMRS structures comes to a switching point, i.e. unlike the previous cases of 4-symbols and 5-symbols per hop where 1 DMRS structure mostly outperformed 2 DMRS, now with 6-symbols per hop the trend reverses, with 2 DMRS offering comparable or better performance than 1 DMRS under all scenarios. 

Under small UE speed (3km/h), the performance of 1 DMRS and 2 DMRS are comparable in terms of BLER irrespective of UCI payload or SCS, as can be depicted from subfigures 4a, 4b, 4c and 4d. With increase in UE speed to 120 km/h, the performance of these two structures remain similar (i.e. comparable BLER) for SCS = 60 kHz irrespective of UCI payload as can be seen from Figs. 4c and 4d in low SNR range, whereas 2 DMRS tends to outperform 1 DMRS at higher end of the studied SNR range. In case of 15 KHz SCS, however, 2 DMRS always outperforms 1 DMRS under high UE mobility (120 km/h) irrespective of operating SNR or UCI payload, as can be observed in Figs. 4a and 4b. Also, for the extremely high mobility scenario (500 km/h), 2 DMRS becomes a necessity to achieve desired BLER performance of <10-2.
The following observations can be made from the above analysis:

· For X = 6, i.e. 6 symbols in a frequency-hop, TDM of 1 DMRS with UCI symbols offers similar BLER as that of 2 DMRS within the studied SNR range for low UE mobility (3km/h), irrespective of UCI payload or SCS or operating SNR studied here.

· For high UE mobility (120km/h), 2 DMRS structure either performs at par with or outperforms 1 DMRS.

· For the corner case of extremely high UE mobility (500km/h), 1 DMRS fails to offer desirable BLER performance and 2 DMRS becomes a necessity. 

Following the above analysis, 2 DMRS per hop comes out to be the preferred choice for X = 6.
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Figure 4. BLER for length-12 PUCCH with delay spread = 300 ns, UCI payload = {20, 60} and SCS = {15, 30} KHzs

4.4 Length-14 PUCCH (7 symbols per hop)

Fig. 5 shows BLER performance for length-14 PUCCH, with 7 symbols in each hop. For 1 DMRS in each hop, the UCI-RS TDM structure is U-U-U-R-U-U-U, whereas for 2 DMRS, the structure is U-R-U-U-U-R-U. With further increase in number of symbols per hop, it is intuitive that 2 DMRS structure will offer larger performance benefit over 1 DMRS symbol. In this case, for payload size up to 60 bits, 2 DMRS in a given hop always outperforms 1 DMRS for high UE mobility (≥ 120 km/h) and offers similar performance for low UE mobility (3 km/h), irrespective of SCS or operating SNR. If the UCI payload size is increased to 100 bits, then from Figs. 5e and 5f, we observe that, while for low UE mobility (3km/h) 1 DMRS slightly outperforms 2 DMRS, an error floor appears for 1 DMRS with higher UE mobility (120 km/h) and SCS = 15 KHz and 2 DMRS outperforms 1 DMRS. On the other hand, for SCS = 30 KHz, 2 DMRS performs nearly at par with 1 DMRS and marginally outperforms towards the tail of simulated SNR range under the similar higher UE mobility (120 km/h) scenario. 
Following the above observation, 2 DMRS per hop is preferred for X ≥ 6.
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Figure 5. BLER for length-14 PUCCH with delay spread = 300 ns, payload = {20, 60, 100} and SCS = {15, 30} KHzs
Proposal 3 (DMRS)
· For a given frequency-hop with less than 6 symbols, 

· One DMRS symbol is placed around the middle of the hopped segment.  
· With the first symbol as indexed 1, DMRS is located at symbol of index ceil(K/2) for length K of a frequency-hop.
· For a given frequency-hop with equal to or more than 6 symbols,

· Two DMRS symbols are placed at the locations with 2nd and (K-1)th indices respectively for length-K of a frequency hop, with the first symbol as indexed 1.
5 Conclusion 

This contribution has discussed support of UE multiplexing, frequency hopping and DMRS structure for the long PUCCHs. Based on the performance evaluations, the following observations can be made:
Observations:
For a given frequency-hop with X number of symbols, whether to use 1 DMRS or 2DMRS symbol(s) depends on X 
· For X < 6, 1 DMRS offers better performance than 2 DMRS, especially for lower SCS (15 KHz) and low UE mobility (3 km/h). 

· 2 DMRS marginally outperforms 1 DMRS under certain scenarios, for example with high UE mobility (120 km/h), low SCS (15 KHz) and smaller UCI payload (20 bits). 

· For extremely high UE mobility (500 km/h), 2 DMRS becomes a necessity, but such high mobility represents limited practical use cases.

· For X ≥ 6, 2 DMRS in a given hop offers equivalent or better performance compared to 1 DMRS for all simulated scenarios. 

· Relative merit of 2 DMRS in a hop scales with X. For example, for X=7, the performance gap between 2 DMRS and 1 DMRS in a given hop is wider compared to X = 6.
Proposals:

Proposal 1 (multiplexing for PUCCH format 3)
· Alt. 3 (FDM on even/odd subcarriers) and Alt. 2 with pre-DFT-OCC [++++++++++++] and [+++++ ------] are equivalent and either one can be adopted.
Proposal 2 (Frequency hopping boundary)
· Frequency hopping boundary is located around the middle of the PUCCH transmission. 

· The number of symbols for the 1st and 2nd frequency-hop segments are ceil(L/2) and L-ceil(L/2), respectively, for PUCCH length L.

Proposal 3 (DMRS)
· For a given frequency-hop with less than 6 symbols, 

· One DMRS symbol is placed around the middle of the hopped segment.  

· With the first symbol as indexed 1, DMRS is located at symbol of index ceil(K/2) for length K of a frequency-hop.

· For a given frequency-hop with equal to or more than 6 symbols,

· Two DMRS symbols are placed at the locations with 2nd and (K-1)th indices respectively for length-K of a frequency hop, with the first symbol as indexed 1.
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7 Appendix
	Parameters
	Configurations

	Carrier Frequency
	4 GHz

	System Bandwidth
	20 MHz

	Subcarrier spacing
	15 KHz and 30 KHz

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Channel model
	TDL-C; delay spread: 300ns and 1000ns

UE velocity: 3km/h, 120km/h and 500km/h (only for 20 bits)

	Channel coding
	TBCC with 8 CRC bits

	Payload size (without CRC)
	20, 60 and 100 (only for length-14 PUCCH) bits

	Length of PUCCH (L)
	8, 10, 12, 14

	Number of PRBs
	1

	Number of UEs
	1


Table 1. Values of simulation parameters

7.1 BLER plots with large delay spread (1000 ns) in TDL-C channel
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Figure 6. BLER for length-8 PUCCH with delay spread = 1000 ns, UCI payload = {20, 60} and SCS = {15, 30} KHzs
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Figure 7. BLER for length-10 PUCCH with delay spread = 1000 ns, UCI payload = {20, 60} and SCS = {15, 30} KHzs
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Figure 8. BLER for length-12 PUCCH with delay spread = 1000 ns, UCI payload = {20, 60} and SCS = {15, 30} KHzs
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Figure 9. BLER for length-14 PUCCH with delay spread = 1000 ns, payload = {20, 60, 100} and SCS = {15, 30} KHzs   
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