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Introduction
The following agreements were made during the last meetings for long PUCCH [1][2][3][4]: 
	Agreements on general formats
Agreements:
· NR supports following long-PUCCH:
· One PUCCH format for UCI with up to 2 bits with high multiplexing capacity
· One PUCCH format for UCI with large payload with no multiplexing capacity
· FFS: One PUCCH format for UCI with moderate payload with some multiplexing capacity
· Note: this could be a variation of one of the former PUCCH formats.


	Agreements on Long PUCCH without multiplexing capacity
Agreements:
· For a PUCCH format for UCI with large payload with no multiplexing capacity within a slot:
· The DMRS and UCI are mapped to different symbols.
· For intra-slot frequency-hopping, one or two DMRS symbol(s) is/are mapped on each frequency-hop of the long-PUCCH.
· Opt.1: one DMRS per frequency-hop
· The location is around the middle of the frequency-hop 
· Opt.2: one or two DMRS per frequency-hop
· FFS: the location of the DMRS symbol(s)
· The DMRS symbol(s) are formed as follows:
· DMRS for a PUCCH is a sequence (e.g. a cyclic shift of a CAZAC or computer generated sequence) in frequency domain.
· Working assumption:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH
Agreements:
· 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
Agreements:
· Simulation assumptions for purpose of identifying the number of DMRS symbols for long PUCCH format without multiplexing capability for more than 2 bits UCI payload
· System bandwidth = 20Mhz
· Subcarrier spacing = {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 20bits, 60bits, 100 bits (only for 14 symbols long PUCCH)
· Number of RB = {1 RB} 
· Carrier frequency = 4Ghz
· Number of UEs = {1}
· UE speed: 3km/h, 120km/h, 500km/h at least for 20 bits 
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation


	Agreements on Long PUCCH with multiplexing capacity

Agreements:
· Long-PUCCH for moderate UCI payload with multiplexing capacity is supported.

Agreements:
· 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.
· Note: The following Simulation assumptions are recommended:
· System bandwidth = 20Mhz
· Subcarrier spacing =  {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 ( Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 4bits, 10bits, 20bits, 40bits
· Number of RB = {1} 
· Carrier frequency = 4Ghz
· Number of UEs = {at least 2}
· UE speed: 3km/h, 120km/h, 500 km/h 
· Reed-Muller for 4 and 10 bits
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation
· Note: Study of the effect of impairments such as power imbalance, time/frequency errors are not precluded.

Conclusion:
· For long PUCCH moderate payload size with multiplexing capability, aim to downselection between Alt 2 and Alt 3 next meeting – companies are encouraged to perform additional evaluations and analysis especially considering power imbalance


	Agreements on frequency hopping

Agreements:
· For a long PUCCH in a slot,
· At most one hop for the long PUCCH is supported.
· FFS: details
Agreements:
· For a long-PUCCH,
· Frequency-hopping is enabled/disabled by RRC signaling.
· FFS: if frequency-hopping is always enabled for a long-PUCCH with larger than a certain duration
Agreements:
· Frequency-hopping for a PUCCH occurs within the active UL BWP for the UE
· FFS message 4 ACK/NACK
· FFS multiple active BWP
· The active BWP refers to BWP associated with the numerology of PUCCH




In this contribution, we discuss our view on the design of long PUCCH for medium and large payload sizes.
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On UCI symbols
Modulation of UCI encoded bits
In our view the long PUCCH format for large payload should be designed similarly to the LTE PUCCH Format 4. This approach accommodates transmission of large payloads with enough flexibility with respect to variable duration of PUCCH. 
It was also discussed in the previous meeting possibility of using pi/2 BPSK instead of QPSK for modulation of the encoded UCI bits [5]. Using pi/2 BPSK effectively doubles the coding rate due to one to one mapping of coded bits to coded symbols but it is claimed to reduce the PAPR. 
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[bookmark: _Ref492946474]Figure 1: BLER vs SNR for long PUCCH with 14 symbols and frequency hopping with 2 DM-RS symbols per hop and a single user at 3km/h. The results compare pi/2 BPSK and QPSK for modulation for different number of UCI bits and TDL-C channel model with various delay spread (i.e. 300ns on left and 1000ns on the right) with sub-carrier spacing of 15 kHz.
We have evaluated the performance of long PUCCH with 14 symbols for different payload sizes and channel conditions assuming QPSK and pi/2 BPSK modulated based on the simulation assumptions selected from Appendix. The results are shown in Figure 1 for 20 to 80 bits UCI. It is important to note that the long PUCCH with 14 symbols is designed to accommodate transmission of 100s of UCI bits. From the simulation results it is clearly obvious that there is only no or minor gain for small payloads by using pi/2 BPSK instead of QPSK. While as the number of UCI bits increases, the performance of the long PUCCH with pi/2 BPSK is severely degrades due to the considerable loss in the coding gain for the moderate. The loss is expected to be larger for large payloads. Therefore, it seems that QPSK is a proper choice for the design of long PUCCH. More investigations are needed to identify the conditions that the introduction of pi/2 PBSK brings some benefit and whether it should be considered or not.
Based on the above discussion we propose to confirm the working assumption and agree to the following proposal:
Proposal 1:
· For a long PUCCH format for UCI with large payload with no multiplexing capacity within a slot, confirm the WA:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH.


Scrambling of UCI encoded bits
From our point of view, as we discussed in our companion contribution [6], LTE PN sequence generator can be reused for NR and the same initialization should be used for NR PUCCH and PUSCH, similar to those used for PUSCH as proposed in [7][8]. Therefore, we propose the following 
Proposal 2:
· For long PUCCH for UCI of more than 2 bits, the LTE PN sequence generator is used for scrambling of the encoded bits:
· For scrambling of encoded bits in PUCCH, use the same initializing as for PUSCH based on DFT-S-OFDM.

On frequency hopping boundary
With respect to the frequency hopping as we discussed in our companion contribution [9] in case of frequency hopping, only one hop is supported for a long PUCCH based on the agreement. However, the location of the hop is not yet agreed. A long PUCCH can be consists of 4 to 14 symbols which implies that a long PUCCH can be consists of even or odd number of symbols. To maximize the benefit from frequency hopping irrespective of channel conditions it is reasonable to have a symmetric length on hops as much as possible. This implies that in case of frequency hopping for a long PUCCH with even number of symbols, the hopping should occur in the middle of the PUCCH while for a long PUCCH with odd number of symbols, one hop would be one symbol longer than the other hop. There is not much difference whether the first hop is longer or the second one. However, it is argued that in case that a long PUCCH should occasionally be punctured at the end for a triggered transmission like SRS, it would be beneficial to have the second hop one symbol longer. Based on the above discussion we propose the following:
Proposal 3:
· For a long PUCCH with more than 2 bits UCI and a duration of N consecutive symbols within a slot:
· If an intra-slot frequency hopping is enabled, the number of symbols in the first and second hops are floor(N/2) and ceil(N/2), respectively.
On DMRS symbols
In the previous meetings two options related to the number of DMRS per frequency hop were considered, namely as one DMRS symbol per hop or one or two DMRS symbols per hop. In order to figure out which option to support, simulations assumptions were agreed for further investigations which are summarized in Appendix section 5.1. Extensive simulations are performed and the results for convenience are captured in the Appendix section 5.2. When frequency hopping is enabled, the cases shown in Figure 2 are compared while Figure 3 illustrates the cases that are studies when frequency hopping is disabled.
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[bookmark: _Ref492954123]Figure 2: Illustration or 1 or 2 DMRS per hop for long PUCCH with durations of 10, 12 and 14 symbols when frequency hopping is enabled.
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[bookmark: _Ref492954131]Figure 3: Illustration or 1 or 2 DMRS for long PUCCH with durations of 5 and 7 symbols when frequency hopping is enabled.
Based on the detailed simulation results, we observe that the proper number of the DMRS symbols depends on the scenario including the channel conditions, UE speed and number of payloads. The results indicate that due to the longer duration of hop, there is an advantage to improve the channel estimation by increasing the number of DMRS symbols when the coding gain can still be maintained as it is the case for small payloads. When the number of payload increases the loss in coding gain due to increasing the number of DMRS symbols becomes more dominant which results in overall link performance degradation in spite of improved channel estimation. 
We make the following general observations:
Observations:
· For small payloads, it is beneficial with additional DMRS.
· For high speeds, it is beneficial with additional DMRS.
· The need for an additional DMRS symbol is scenario dependent.
Based on the evaluations, clear advantage of utilizing 2 DMRS symbols is evident and increases the robustness of the transmission for challenging environments. Hence, a proper design would be for the network to decide whether the long PUCCH transmission should have an additional DMRS or not. However, in the last meeting, the option of configurability of the DMRS was heavily discussed and was not perceived favorable by the majority of UE vendors and claimed to create implementation complexity. It was further argued that based on the current agreement the configurability option is in fact precluded. Therefore, although we had already proposed a configurable additional DMRS when needed in our previous contribution we propose additional DMRS for fixed PUCCH hop lengths.
Therefore, we propose the following:
Proposal 4:
· 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=6 symbols, there is one DMRS symbol.
· The position of the DMRS is in the (almost) middle of the hop.
· For each frequency-hop with equal to or more than X=6 symbols, two DMRS symbols are included. 
· The position of the two DMRSs are evenly distributed across the hop.
· If frequency-hopping is disabled,
· One DMRS symbol is included in the long PUCCH of less than 6 symbols. Otherwise, two DMRS symbols are included.
· The position of the DMRS is in the (almost) middle of the long PUCCH.
· The position of the two DMRSs are evenly distributed across the long PUCCH.

Finally, since the structure of the UCI symbols is based on the DFT-S-OFDM, the DMRS can have similar structure as the DMRS based on CAZAC sequences, similar to DMRS symbols for long PUCCH for up to 2 bits or sequences in short PUCCH for up to 2 bits.
Proposal 5:
· The DMRS sequences for long PUCCH more than 2 bits have the same structure as the sequences of short or long PUCCH for up to 2 bits.
 
On User multiplexing
It was agreed in the previous meetings to support multi-user multiplexing for long PUCCH for moderate payloads. Furthermore, 4 alternatives were considered for further investigations. 
· Alternative 1 is based on LTE PUCCH format 3.
· Alternative 2 and 3 are based on intra-symbol FDM and CDM of long PUCCH as described in Appendix section 5.3.
· Alternative 4 is the based on the TDM of long PUCCH.
It was further concluded in the previous meeting to consider only Alt. 2 and Alt. 3 and aim to select one of them. We compare the performance of alternatives 2 and 3 for 2 UES with different assumptions on power imbalance (i.e. 0 ,-3 ,+3dB). We have assumed 14-symbol long PUCCH with frequency hopping and 2 DMRS per hop. The simulation assumptions provided in Table 1 In the Appendix. Figure 4 show the BLER performance for different payload sizes and power imbalance between two UEs for long PUCCH based on Alt. 2 (labeled as FDD) and Alt. 3 (labeled as OCC). Similar results assuming 1 DMRS per hop is provided in Appendix, section 5.4. We have also performed simulations to study the performance when 4 users are multiplexed based on Alt2 or Alt 3. The corresponding results are shown in Figure 5.
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[bookmark: _Ref494733813]Figure 4: BLER vs SNR for long PUCCH based on FDM (Alt 2) and CDM (Alt 3) for UE multiplexing for TDL-C channel model at 3 km/h. The performance is shown for PUCCH of 14 symbols with FH and 2 DMRS per hop. The left and right plots correspond to 300ns and 1000ns delay spreads, respectively. The upper and lower plots correspond to (20, 60, 100) and (40, 80) UCI bits, respectively.
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[bookmark: _Ref494736359]Figure 5: BLER vs SNR for long PUCCH based on FDM (Alt 2) and CDM (Alt 3) for 4 users UE on TDL-C channel model at 3 km/h. The performance is shown for PUCCH of 14 symbols with FH, 2 DMRS per hop and small payloads, i.e. (10, 12, 20) UCI bits. The left and right plots correspond to 100ns and 300ns delay spreads, respectively.
Firstly, we observe that Alt. 2 has a clear advantage over Alt. 3. At large payloads, OCC based approach is substantially outperformed by FDM based approach. Secondly, we observe that by increasing the number of UEs to 4 UEs, the OCC based scheme becomes very sensitive to channel delay spread and ant moderate and high SNR the performance appears to become very interference limited. On the other hand, FDD based scheme shows a good robustness even with larger number of UEs. Hence performance vise, Alt 2 is the preferred approach. Based on the extensive performance evaluation results, we prefer FDD based approach and propose the following: 
Proposal 6:
· Multi-user multiplexing is supported for long PUCCH for UCI more than 2 bits when PUCCH is confined within a PRB.
· Intra-symbol FDM is applied for the symbols carrying UCI.
· Cyclic shifted ZC sequence is applied for the symbols carrying DMRS.
On PUCCH resource assignment
In our view for the purpose of PRB allocation, the same approach proposed for the short PUCCH for more than 2 UCI bits should be adopted here following the same principles that were discussed [6]. 
NR specifies different UCI encoders depending on the UCI payload. Reed-Muller codes are used up to 11 UCI bits while Polar codes are used for larger UCI sizes. The encoders have different error protection capabilities. Moreover, a long PUCCH resource for carrying more than 2 UCI bits, can include different types of UCI bits such as ACK/NACK, CSI or SR with different error requirements. Furthermore, depending on the PUCCH transmission time, the number and content of UCI bits can vary among different transmissions depending on the scheduled PDSCH for example. Hence, in order to simplify the signalling while ensuring a proper code rate to meet the performance requirements, one clean solution would be to include a starting PRB in the PRB configuration for a short PUCCH resource allocation. The UE hence based on a pre-defined rule can determine whether additional PRBs are needed or not for the short PUCCH transmission and if yes, how many. The rule for example can be to determine the number of PRB based on the UCI size. In this manner, the various PRB sizes based on the rule are all aligned in the starting position. 
Proposal 7:
· A resource allocation for the long PUCCH for UCI of more than 2 bits, includes a starting PRB position. 
· The UE selects an additional number of PRB – if needed – based on a pre-defined rule. 
· FFS on the details of the rule.

We furthermore assume that the duration and the starting time of the long PUCCH is obtained by configuration which in turn determines the hopping boundary within a slot if frequency hopping is enabled by RRC configurations. Also, additional parameters are included to enable multi-user multiplexing.
Based on the above discussion we propose the following:
Proposal 8:
· For long-PUCCH with more than 2 UCI bits, the UE is configured with the following parameters in the corresponding PUCCH resource:
· The duration of PUCCH (denoted by “N”)
· The cyclic shift of the DMRS (denoted by “Δ”)
· The starting PRB index within the slot (denoted by “p0”)
· The starting symbol within the slot (denoted by “t0”)
· The intra symbol sub-carrier mapping of UCI symbols given by repetition factor (denoted by “rf”)
· Note: rf = (1, 2, 3, 4, 6) enables multiplexing 1, 2, 3, 4, 6 users 
On simultaneous transmission of different UCI types
For the purpose of simultaneous transmission of different UCI types, the same approach proposed for the short PUCCH for more than 2 UCI bits should be adopted here [6] which is described below for convenience. 
If the UE is intended to use this PUCCH format for simultaneous transmission of HARQ-ACK bits and SR, the HARQ-ACK bits should be appended with one or more bits to represent SR configurations. If we assume as proposed in [6] that 1) only one positive SR can be transmitted at a given time irrespective of the number of configured SRs, the number of bits can potentially be reduced to represents the SR configuration number. On the other hand, if we assume that 2) multiple positive SRs can be transmitted simultaneously, a bit map approach can be used. 
When CSI feedback is transmitted on long PUCCH, CSI Part 1 and CSI Part 2 are separately encoded where Part 1 includes RI and needs higher protection. For the simultaneous transmission of CSI feedback and HARQ-ACK bits (with or without SR) using this PUCCH format, one can consider two approaches for encoding the UCI bits, namely as 1) joint encoding of all the CSI Part 1 and HARQ-ACK bits or 2) separately encoding of the CSI feedbacks (Part 1 and Part 2) and HARQ-ACK bits (with or without SR). From our point of view, the second approach is more reliable in the sense that it does not to compensate the robustness needed for HARQ.ACK bits as well as RI. It is also is a simple extension of the CSI feedback procedure on the long PUCCH. 
Therefore, based on the above discussion we propose the following:
Proposal 9:
· Simultaneous transmission of HARQ-ACK bits and SR with the long PUCCH for more than 2 bits is supported.
· FFS whether to support simultaneous transmission of multiple positive SRs with HARQ-ACK bits or single positive SR with HARQ-ACK bits
· Simultaneous transmission of HARQ-ACK bits and CSI feedback with/without SR with the long PUCCH for more than 2 bits is supported.
· HARQ-ACK bits, CSI Part 1 and CSI Part 2 are all separately encoded.
Conclusion
In this contribution based on the analysis and performance evaluation we proposed the followings for the remaining design aspects of a long PUCCH signal carrying more than 2 UCI bits.
Proposal 1:
· For a long PUCCH format for UCI with large payload with no multiplexing capacity within a slot, confirm the WA:
· The symbols carrying UCI are formed as follows:
· The UCI bits are encoded and scrambled, QPSK modulated and DFT pre-coded and mapped to the REs for the symbols carrying UCI of the long PUCCH.
Proposal 2:
· For long PUCCH for UCI of more than 2 bits, the LTE PN sequence generator is used for scrambling of the encoded bits.
· For scrambling of encoded bits in PUCCH, use the same initializing as for PUSCH based on DFT-S-OFDM.



Proposal 3:
· For a long PUCCH with more than 2 bits UCI and a duration of N consecutive symbols within a slot:
· If an intra-slot frequency hopping is enabled, the number of symbols in the first and second hops are floor(N/2) and ceil(N/2), respectively.

Proposal 4:
· 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=6 symbols, there is one DMRS symbol.
· The position of the DMRS is in the (almost) middle of the hop.
· For each frequency-hop with equal to or more than X=6 symbols, two DMRS symbols are included. 
· The position of the two DMRSs are evenly distributed across the hop.
· If frequency-hopping is disabled,
· One DMRS symbol is included in the long PUCCH of less than 6 symbols. Otherwise, two DMRS symbols are included.
· The position of the DMRS is in the (almost) middle of the long PUCCH.
· The position of the two DMRSs are evenly distributed across the long PUCCH.
Proposal 5:
· The DMRS sequences for long PUCCH more than 2 bits have the same structure as the sequences of short or long PUCCH for up to 2 bits.

Proposal 6:
· Multi-user multiplexing is supported for long PUCCH for UCI more than 2 bits when PUCCH is confined within a PRB.
· Intra-symbol FDM is applied for the symbols carrying UCI.
· Cyclic shifted ZC sequence is applied for the symbols carrying DMRS.
Proposal 7:
· A resource allocation for the long PUCCH for UCI of more than 2 bits, includes a starting PRB position. 
· The UE selects an additional number of PRB – if needed – based on a pre-defined rule. 
· FFS on the details of the rule.

Proposal 8:
· For long-PUCCH with more than 2 UCI bits, the UE is configured with the following parameters in the corresponding PUCCH resource:
· The duration of PUCCH (denoted by “N”)
· The cyclic shift of the DMRS (denoted by “Δ”)
· The starting PRB index within the slot (denoted by “p0”)
· The starting symbol within the slot (denoted by “t0”)
· The intra symbol sub-carrier mapping of UCI symbols given by repetition factor (denoted by “rf”)
· Note: rf = (1, 2, 3, 4, 6) enables multiplexing 1, 2, 3, 4, 6 users 
Proposal 9:
· Simultaneous transmission of HARQ-ACK bits and SR with the long PUCCH for more than  2 bits is supported.
· FFS whether to support simultaneous transmission of multiple positive SRs with HARQ-ACK bits or single positive SR with HARQ-ACK bits
· Simultaneous transmission of HARQ-ACK bits and CSI feedback with/without SR with the long PUCCH for more than 2 bits is supported.
· HARQ-ACK bits, CSI Part 1 and CSI Part 2 are all separately encoded.
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	Parameter
	Value

	Size of UEs
	1 or 2 or 4

	Number of ACK/NACK bits
	20, 40, 60, 80, 100

	Size of PUCCH
	10, 12 and 14 symbols with frequency hopping
5 and 7 without frequency hopping

	Channel coding
	RM encoder for UCI up to 11 bits
TBCC encoder for larger UCI with 8 CRC

	Modulation
	QPSK if not stated otherwise

	Channel model
	TDL-C 300 ns, TDL-C 1000 ns

	User speed
	3 km/h, 120 km/h, 500 km/h

	Operating Bandwidth
	20 MHz

	Number of PRBs
	1

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz, 30 kHz

	BS antenna configuration
	2 RX, uncorrelated

	UE antenna configuration
	1 TX

	Disturbance
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal



[bookmark: _Ref492953536]Extensive simulation results for number of DMRS symbols
Long PUCCH with 10, 12, 14 symbols with FH, low speeds, SC= 15kHz
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Long PUCCH with 10, 12, 14 symbols with FH, low speeds, SC= 30kHz
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Long PUCCH with 10, 12, 14 symbols with FH, high speeds, SC=15kHz
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Long PUCCH with 10, 12, 14 symbols with FH, high speeds, SC=30kHz
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Long PUCCH with 5 and 7 symbols w/out FH, low speeds, SC=15kHz, 20 bits
[image: ]

Long PUCCH with 5 and 7 symbols w/out FH, high speeds, SC=15kHz, 20 bits
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Long PUCCH with 5 and 7 symbols w/out FH, low speeds, SC=30 kHz, 20 bits
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Long PUCCH with 5 and 7 symbols w/out FH, high speeds, SC=30 kHz, 20 bits
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[bookmark: _Ref494734480]Description of Alt. 2 and Alt. 3 for the long PUCCH with user multiplexing
Similar to LTE PUCCH Format 4 and 5, to unify bandwidth flexibility and multiplexing capability in a clean way, we consider FDM or intra-symbol CDM on the agreed long PUCCH format for large payloads for the purpose of user multiplexing as the starting point.
· Alt. 2: FDM based user multiplexing: Different PUCCH sharing the same PRB(s) only use a fraction of the PRB subcarriers in a comb fashion. Different PUCCH allocated to the same PRB(s) are assigned different combs. This refers to Alt. 2 in the agreement.
· Alt. 3: CDM based user multiplexing: Different PUCCH sharing the same PRB(s) using all the subcarriers by means intra-symbol pre-DFT spreading. Different PUCCH allocated to the same PRB(s) are assigned to different spreading codes. This refers to Alt. 3 in the agreement.
Figure 6 illustrates the structure of the proposed long PUCCH format for large payload sizes. In this example, the long PUCCH occupies 14 symbols including two symbols for DMRS with frequency hopping. For this setup, considering one PRB and two users, the total number of QPSK symbols being 12x12=144 are divided between two users each transmitting 72 QPSK symbols per PRB or equivalently 36 QPSK symbols per hop or 6 QPSK symbols per DFTS-OFDM symbol. 
Depending on using FDM or CDM approach for user multiplexing, each DFTS-OFDM data symbols is generated as illustrated in Figure 7. As shown for the FDM based approach, the 6 QPSK symbols are DFT6 spread and mapped to the combs or subcarriers assigned to the UE which is then mapped to time-domain signal after the IFFT operation. Alternatively, for the CDM based approach, the set of 6 QPSK symbols are spread using the orthogonal code assigned to the UE prior to the DFT12 operation. 
Figure 8 is another illustration to demonstrate the pre-DFT mapping of the QPSK encoded UCI symbols depending on the number of UEs. As shown this format support multiplexing of 6 UEs simultaneously for both FDM and CDM approach. 
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[bookmark: _Ref494734875]Figure 6: Illustration of the Long PUCCH format for more than 2 UCI bits.          
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[bookmark: _Ref494734893]Figure 7: Illustration of generation of DFTS-OFDM symbols for both FDM based and CDM based 
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[bookmark: _Ref494734901]Figure 8: Pre-DFT mapping of UCI encoded QPSK symbols per UE. Number of QPSK symbols per UE are 6, 4, 3, and 2 corresponding to the case when 2, 3, 4 and 6 UEs are multiplexed. 
[bookmark: _Ref494736147]Additional simulation results for UE multiplexing with 1 DMRs per hop
Results for 2 UEs and 20, 60, 100 UCI bits
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Results for 2 UEs and 40 and 80 UCI bits
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