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Introduction
In the last RAN1#88bis meeting, the following was agreed regarding long duration PUCCH in NR [1]:
· For long duration NR-PUCCH in a given slot, FFS the detailed NR PUCCH formats. Companies are encouraged to provide the corresponding details. 
· Some examples as a starting point:
· For small UCI payload with 1 or 2 bit(s), LTE PUCCH 1a/1b especially in light of # of symbols available for NR-PUCCH
· FFS: Time domain OCC is applied over allocated multiple symbols.
· For large UCI payload with X bits, LTE PUCCH format 4, or PUSCH
· FFS on applicability of (virtual) frequency domain OCC
· FFS for the value of X
· FFS for medium UCI payload with less than X bits
· Scalability of NR-PUCCH for different number of symbols available for NR-PUCCH
· The set of the number of symbols for long duration NR-PUCCH in a slot includes {4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14}
· FFS whether or not it depends on the slot type, # of symbols per slot, etc.
In this contribution, we discuss and propose structure of 1~2 bits HARQ-ACK PUCCH in long duration with TDM DMRS. The design aims for a unified structure which can flexibly be applied to all cases of long PUCCH lengths. Evaluation results are provided to compare the HARQ-ACK detection performance between the proposed design and a puncturing approach similar to that of LTE PUCCH formats 1a/1b. 
	
	
	
	
	
	
	
	


Structure of long PUCCH for 1~2 bits HARQ-ACK
PUCCH carrying 1~2 bits HARQ-ACK can achieve best performance with about 50% DMRS overhead as extensively studied in LTE and also presented in our companion contribution [2]. In LTE, PUCCH supports only two lengths, viz. 13 and 14 symbols. The 13-symbol case occurs when SRS is configured in the corresponding sub-frame and accordingly the last symbol in the sub-frame is punctured, decreasing the length of OCC sequence for HARQ-ACK symbols from 4 to 3. 
The puncturing approach may not work well with the NR long PUCCH design since the long PUCCH in NR should support a wide range of PUCCH lengths from 4 symbols up to 14 symbols as per the agreement in RAN1#88bis [1]. It seems beneficial and necessary to employ a simple and unified design that eases the implementations and operations at both the transmitter and receiver sides. 
In this regard, we consider to use the following two building blocks to compose long PUCCH with lengths varying among 4~14 symbols. The long PUCCH design takes LTE PUCCH formats 1a/1b as baseline and employs length-12 CAZAC sequence at each DFT-s-OFDM symbol, as presented in our companion contribution [3]. Long PUCCHs from different UEs can be multiplexed on the same PRB using different cyclic shifts of a base length-12 CAZAC sequence.
Building blocks
Figure 1 illustrates the two building blocks of lengths 2 and 3 respectively used for constructing long PUCCH of various lengths. Each of these two building blocks contain at least one DMRS symbol and ensures that the long PUCCH constructed by the combination of these building blocks retains ~ 50% DMRS overhead for any length-n (4 ≤ n ≤ 14).
· Two symbols: 1 DMRS + 1 UCI
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Figure 1. Illustration of basic building blocks of lengths 2 and 3 for long PUCCH
For the building block with 3 symbols, we looked into another structure with 1 DMRS and 2 UCI symbols as well, but it showed worse BER performance compared to the structure shown above. The 3-symbol building block can enable a well-structured design for long PUCCHs with odd lengths. The DMRS symbols at the beginning and end of the building block can provide robust performance under mid-to-high mobility scenarios and relatively low SNRs.
Long PUCCH structures of different lengths composed with the above two building blocks are illustrated below (without assuming intra-frequency hopping): 
Composition of long PUCCHs (extension)
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Figure 2.  Long PUCCH structures of various lengths (extension method and without intra-frequency hopping) 
The basic principle of designing length-n (4 ≤ n ≤ 14) long PUCCH with ~50% DMRS overhead using various combinations of length-2 and length-3 building blocks is as follows:
· If n is even, n/2 building blocks of length-2 are used 
· If n is odd, (n-1)/2 building blocks are used, of which 1 is of length-3 and the rest (n-3)/2 are each of length-2
Note that, any other combination of length-2 and/or length-3 building blocks results in more than 50% DMRS overhead, e.g. use of length-3 building block(s) for even n or use of more than one length-3 building blocks for odd n.
In cases when intra-frequency hopping is applied, a long PUCCH format of the length that corresponds to the transmission duration of a frequency hopped segment can be used. For example, for a long PUCCH transmission with 11 symbols in total and 5 and 6 symbols respectively in the two frequency hopped segments, length-5 and length-6 structures which are presented in Figure 2 can be applied to the respective frequency hopping transmission segments, as illustrated in Figure 3. For a segment shorter than 4 symbols, the length-2 and length-3 building blocks can be used.
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Figure 3. Example of length -11 long PUCCH with intra-frequency hopping at frequencies f1 and f2
Similarly, for length-14 structure, while the one shown in Figure 2 has the maximum commonality with the other long PUCCHs of even lengths (i.e. contains only n/2 number of length-2 building blocks), the one shown in Figure 4 allows to retain the same length-7 structure in two segments, so that in case of intra-frequency hopping with two segments, each comprises of the same length-7 structure.
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Figure 4. Example of length-14 long PUCCH with intra-frequency hopping
Composition of long PUCCHs (puncturing)
As mentioned earlier, LTE PUCCH formats 1a/1b use a puncturing approach to insert the DMRS symbols (bundled together) in the middle of the PUCCH slot, while UCI symbols are placed near the start and end of the slot. Using a similar approach, NR long PUCCH with different lengths can be designed as well. For example, design of long PUCCH influenced by LTE puncturing approach with lengths 5, 6 and 7 and ~50% DMRS overhead are illustrated in Figure 5:
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Figure 5. Long PUCCH structures of various lengths using puncturing method (without intra-frequency hopping)
In the following section, we present the evaluation results for these two different design approaches, viz. extension and puncturing methods for various lengths of long PUCCH. 
Evaluation of long PUCCH structures
To compare the proposed extension method in the previous section with the conventional puncturing method similar to LTE for designing long PUCCH with various lengths, we study the merit of these two approaches in terms of BER performance. We have included simulation results for three candidate lengths, e.g. 5, 6 and 7 and without intra-frequency hopping in this contribution. The cases with intra-frequency hopping can also be evaluated afterward when some details of intra-frequency hopping for long PUCCH are decided in RAN1. The simulation parameters used for this evaluation are enlisted in Table 1 in the Appendix.
In each of the two different design approaches considered here to carry 1 or 2-bit HARQ-ACK feedback, DMRS and UCI symbols are interleaved in TDM manner as shown in Figures 2 and 5 that spans over n OFDM symbol periods in time for length-n long PUCCH and occupies one PRB (i.e. 12 REs) in frequency. Length-12 computer generated sequence similar to LTE deployment is used both for DMRS and spreading sequence for BPSK (1-bit HARQ-ACK) or QPSK (2-bit HARQ-ACK) modulated UCI symbols. For channel estimation, MMSE based channel estimate is used. In the simulation, we consider long PUCCH designs using both the approaches from a single UE perspective. Two different mobility scenarios are considered for comparing the two design approaches, viz. low mobility (UE speed = 3 km/h) and high mobility (UE speed = 120 km/h). 
1-bit HARQ-ACK feedback
Figures 6a and 6b plot the BER performance as a function of SNR for long PUCCHs of three different lengths. Results for extension and puncturing approaches are provided for 1-bit HARQ-ACK feedback under low and high mobility scenarios.  The following observations can be made from 12 sets of curves in Figure 6:
· BER performance improves with increase in the length of long PUCCH, chiefly due to power gain since higher transmission power is used for longer lengths of long PUCCH. For example, with UE speed = 3km/h, the performance difference between length-5 and length-6 long PUCCHs is ~1 dB whereas that between lengths 6 and 7 is ~ 0.5-1.0 dB for the SNR range of -10 to -4 dB, as can be depicted from Figure 6a. While the relative difference between length-5 and length-6 PUCCHs remain nearly the same with increase in UE speed from 3km/h to 120 km/h, increase in length from 6 to 7 improves the performance by~1.0-1.5 dB for high mobility scenario which is ~0.5 dB higher than the low mobility scenario, as can be seen from Figure 6b. Moreover, the performance difference between various lengths of PUCCH is similar for both extension and puncturing methods in low mobility scenario, whereas the difference tends to be marginally higher for extension method compared to puncturing method in high mobility scenario. 

· At low UE speed (3km/h), both the extension and puncturing methods perform at par within the thickness of the plots, as can be seen from Figure 6a. With increase in UE speed, however, the BER performances of the two methods diverge significantly. At UE speed of 120 km/h, extension method outperforms puncturing method for all the three lengths of PUCCH investigated here, the difference being higher for larger length. For example, extension method may outperform puncturing method by up to ~0.5 dB for length-5, whereas for length-7 the difference can be up to ~1dB for the given SNR range of -10 dB to -4 dB. The trend of the curves in Figure 6b predicts greater performance gain for extension method at higher SNR. Intuitively this makes sense, since in high mobility scenario, the channel across OFDM symbols vary more rapidly and a comb-like interleaving of DMRS and UCI in TDM manner would offer more robust channel estimation and hence better BER performance compared to the puncturing method. For LTE like PUCCH structure with puncturing approach, all the DMRS symbols are bundled at the middle of the slot and the channel estimates for UCI symbols are extrapolations of DMRS channel estimates, which might not be accurate under the fast fading scenario, as is the case with high UE speed. Moreover, desirable DMRS overhead is not maintained in some cases of long PUCCH lengths when puncturing approach is used, e.g. length-4.
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(a)                                                                                          (b)

Figure 6. Link level simulation results for long PUCCH carrying 1-bit HARQ-ACK feedback
2-bit HARQ-ACK feedback
Figures 7a and 7b plot the BER performance as a function of SNR for long PUCCHs of three different lengths designed using both extension and puncturing approaches carrying 2-bit HARQ-ACK feedback under low and high mobility scenarios.  The following observations can be made from 12 sets of curves in Figure 7:
· Similar to the 1-bit HARQ-ACK feedback case, BER performance improves with increase in the length of long PUCCH with 2-bit HARQ-ACK feedback as well, the improvement being chiefly due to higher transmission power for longer length PUCCH as explained earlier. For example, with UE speed = 3km/h, the performance difference between length-5 and length-6 long PUCCHs is ~1 dB whereas that between lengths 6 and 7 is ~ 0.5-0.8 dB for the SNR range of -10 to -4 dB, as can be depicted from Figure 7a. This is very similar to the 1-bit HARQ feedback case as depicted in Figure 6a before. While the relative difference between length-5 and length-6 PUCCHs remain nearly the same with an increase in UE speed from 3km/h to 120 km/h, increase in length from 6 to 7 improves the performance by~1.0-1.5 dB for high mobility scenario which is ~0.5 dB higher than the low mobility scenario, as can be seen from Figure 7b. Again, this trend is very similar to 1-bit HARQ feedback case as well, as portrayed in Figure 6b.  

· At low UE speed (3km/h), both the extension and puncturing methods perform at par within the thickness of the plots, as can be seen in Figure 7a. With increase in UE speed, however, the BER performances of the two methods diverge significantly. At UE speed of 120 km/h, extension method outperforms puncturing method for all the three lengths of PUCCH investigated herein. But unlike the 1-bit HARQ-ACK feedback case, where the difference between the BER of two methods are higher for larger length, here somewhat the trend is different. For example, extension method may outperform puncturing method by up to ~0.5 dB for length-5 in 1-bit case, whereas for the 2-bit case, these two methods yield almost the same BER performance even at high UE speed for length-5. Also, the extension method outperforms puncturing method most significantly for length-6 (by ~1dB), whereas with increase in PUCCH length from 6 to 7 the relative merit of extension method curbs to ~0.3-0.5 dB, as can be seen in Figure 7b. However, extension method outperforms puncturing method for lengths 5~7 with 2-bit HARQ-ACK feedback as well under high mobility scenario.
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Figure 7. Link level simulation results for long PUCCH carrying 2-bit HARQ-ACK feedback
Conclusions 
In this contribution, we have presented link level evaluation and comparison between the two candidate NR long PUCCH design approaches for carrying 1~2 UCI bits. Based on the aforementioned evaluation results, we summarize our views on long PUCCH design with TDM DMRS to carry 1~2 UCI bits as follows:

Observations
· For long PUCCH design under low mobility scenario (~3km/h)
· Long PUCCH design using extension and puncturing approaches perform at par.
· For long PUCCH design under mid-to-high mobility scenario (~120 km/h)
· Long PUCCH design with extension method outperforms puncturing approach.
· Relative merit of extension approach over puncturing depends on both PUCCH length and the UCI payload size.

Proposal
· Long PUCCH for 1~2 bits HARQ-ACK is constructed by concatenating a few building blocks.
· Each building block consists of two or three symbols and has at least one DMRS symbol. 
· In case of intra-frequency hopping, each transmission segment is made of one or combination of the building blocks.
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Appendix

	Parameter
	Configuration

	Carrier frequency
	2 GHz

	System bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz

	No. of subcarriers per PRB
	12

	Lengths of long PUCCH (n)
	5,6,7

	BS antenna configuration
	2 Rx

	UE antenna configuration
	1 Tx

	Channel model
	TDL-C: delay spread 100 ns 
UE velocity: 3km/h and120 km/h

	Payload size
	1, 2 bits

	Channel estimation
	MMSE

	Modulation
	DFT-s-OFDM

	CP type
	Normal

	DMRS overhead
	~ 50%



Table 1. Values of simulation parameters
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