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Due to UE capability and restrictions, such as UL transmit power is more limited than DL transmit power, UL coverage is more challenging than DL coverage. Link budget MPL results in [1] show that PUCCH coverage is insufficient under some scenarios even with frequency hopping enabled, such as urban (NLoS O2I) and rural (NLoS O2I) scenarios at TDD modes. Discussions on potential solutions for PUCCH coverage enhancement have been summarized in [2] with following agreement 
	Agreements:
 Contingent on all of the outcome of sub-agenda 8.8.1 regarding PUCCH enhancements, prioritize the study of the following schemes for PUCCH coverage enhancement,
· DMRS-less PUCCH
· FFS: design detail for DMRS-less PUCCH, e.g., sequence based PUCCH transmission, v.s. reuse Rel-15 scheme to transmit UCI without DMRS 
· Rel-16 PUSCH-repetition-Type-B like PUCCH repetition at least for UCI <=11 bits. 
· (Explicit or implicit) Dynamic PUCCH repetition factor indication
· …
Agreements: Contingent on all of the outcome of sub-agenda 8.8.1 regarding PUCCH enhancements, the following schemes for PUCCH coverage enhancement can be further studied
· Freq hopping enhancement for PUCCH
· Power control enhancement for PUCCH (including power boost for pi/2 BPSK)
· …


In this contribution, we present our views on potential solutions for PUCCH coverage enhancement and analyze possible impacts on RAN1 specifications.
Discussion on potential solutions for PUCCH coverage enhancement
In current NR system, PUCCH format 0-4 are supported with different UCI payloads and symbol length. In particular, PUCCH format 0 and 2 can occupy at most 2 OS (OFDM Symbol) while other PUCCH formats can be allocated with 4-14 OS. Since PUCCH formats with more OS provide better link budget, such formats must be considered in coverage enhancement scenario, to achieve better uplink performance. Typically, PUCCH format 1 with small payload size (e.g. 1~2 bits) and PUCCH format 3 with large payload size (e.g. 11, 22 or more bits) can be selected to ensure good uplink coverage performance. However, link budget results based on LLS in [1] show that coverage of PUCCH with format 1 (e.g. 2 bits payload) and format 3 (e.g. 11 and 22 bits payload) are limited under several scenarios. Key limitations to current PUCCH coverage are listed as follows:
· Pilot overhead and UL channel estimation: DMRS is inserted in all PUCCH formats (except for PUCCH format 0) to enable channel estimation which must be accurate enough to ensure sufficient demodulation performance. 
· Maximum UE transmission power: due to UE capability, UL transmission power is limited, e.g.  for power class 3 UE, a maximum 23dBm is allowed in  UL transmission. Besides, the available UL transmission power may also be limited by the maximum power exposure for body health regulations.
· Number of UE Tx number: the mainstream UE implementation supports only one transmission antenna. This may degrade the uplink transmission coverage compared to DL which typically benefit conventional MIMO transmission diversity with large antenna array. 
· High pathloss and penetration loss at higher frequency band: signals at higher frequency bands will experience larger pathloss and penetration loss. 
Potential solutions for PUCCH coverage enhancement addressing the above limitations are discussed below.

1.1 DMRS-less PUCCH transmission
Background and motivation
It is shown in [1] that the coverage of PUCCH format 3 with 11 bits UCI is limited in several scenarios, including Urban TDD(NLoS O2I, 4GHz, ISD=500m), Rural TDD(NLoS O2I, 4GHz, ISD=1732m) and Rural TDD(NLoS O2O, 4GHz, ISD=1732m). This indicates that the coverage of multiplexed HARQ-ACK report and CSI feedback for these scenarios are not sufficient, and as a consequence limits the downlink transmission performance. So, it is desirable to improve PUCCH coverage for these scenarios. 
In [2], due to good performance of DMRS-less transmission in low SNR region, it was agreed to study the sequence-based DMRS-less PUCCH transmission for PUCCH coverage enhancement. In particular, it was required to introduce the detailed design of a sequence-based DMRS-less PUCCH transmission and compare it with reusing Rel-15 scheme to transmit UCI without DMRS. 
System model
The DMRS-less PUCCH transmission system is illustrated in Figure 1. 
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Figure 1. Sequence based DMRS-less PUCCH transmission system
In this model, the payload size is  bits and the resource is  RB and  DFT-s-OFDM symbols. UE selects a sequence  with length  from a sequence set , and generates a length- sequence  by repetition , where . Transform precoding is applied to every  entries in , which are then  mapped to the REs  in a frequency-first manner. The number of sequences in  is . At the gNB, the received symbols are de-mapped and inverse transform precoded to form the received sequence  with length . Then. the gNB detects the  bits uplink control information based on .
Sequence design for DMRS-less PUCCH transmission
As introduced in our contribution [3], the sequence design for DMRS-less PUCCH should consider three design principles:  i) small maximum cross-correlation ii) low PAPR iii) enabling low complexity detection. In order to meet these principles, we propose to construct sequences in  which are constructed by modulating second-order Reed-Muller codes to sequences of PSK symbols. It should be noticed that a large sequence length  usually results in better detection performance but higher detection complexity, so the performance/detection-complexity tradeoff should be considered when selecting the sequence length. We provide a detailed design for  which we think provides a good balance between performance and complexity. 
With , a sequence in  is expressed as

where
·  is a matrix of size 5,  a   binary matrix from Delsarte-Goethals (DG) set, and  is the -th bit in UCI. The pre-defined  binary basis matrices  are given in appendix I.
·  is a vector obtained from the index  by , where  and .
· , where  are the -th bit in UCI.
If the number of UCI bit is smaller than 11, the bits  , , ect. are set to zero. 
Sequence correlation performance
The sequence cross-correlations between all possible transmitted sequences  are given in Table 1, and the maximum is no more than 0.57. As expected, the maximum sequence cross-correlation increases with UCI payload size, so smaller UCI payload will be less prone to error.
Table 1. Maximum cross-correlation of proposed sequence sets ()
	UCI payload size (bits)
	1~4
	5
	6
	7~9
	10
	11

	Max cross-correlation
	0
	0.14
	0.25
	0.28
	0.50
	0.57


PAPR performance
One of the advantages of the design (2) is that it produces DFT-s-ODFM modulated sequences with very low PAPR. The complementary cumulative distribution function (CCDF) of PAPR is illustrated in Figure 2, which shows that there are 4.5dB and 2.4dB gain on the maximum PAPR compared to NR PUCCH format 3 with QPSK and Pi/2 BPSK, respectively. Therefore, using sequence in (2) will enable to use a much smaller power back-off for transmission, this would directly translate in a link budget improvement. 
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Figure 2. Comparison of PAPR CCDF 
Low complexity detection
Another advantage of the proposed design based on sequences (2) combined with repetitions is that it enables low-complexity detection at the receiver.
Ideally, the best detection performance can be achieved by maximum likelihood (ML) detection as 
                                                 (3)
where  is the received PUCCH on the -th Rx antenna, and  is the number of Rx antennas. However, with a large sequence length , a large sequence set , and/or large number Rx antennas , the ML detection complexity may become too high. Nevertheless, the detection complexity at the receiver can be drastically reduced, and to the level of coherent detection, by the following steps:
Step 1: Combination of signals within each .
After repetition combination, gNB can obtain length-48 combined sequence  for each Rx antenna. Based on the sequence structure (2), we can further combine every slice of 3-element within each signal   according to the possible values of  . gNb can detect  by comparing the total power of combined signals. After detection of , gNb obtains the length-16 combined signals on each Rx antenna as .
Step 2: Combination of Rx signals
Combining directly the signals received from the different Rx antennas before sequence correlation can effectively reduce the complexity. We propose to use the dominant eigenvector of  as the combined Rx signal, which can be approximated by low-complexity algorithms. 
Step 3: Sequence detection by CHIRRUP algorithm
The combined length-16 received signal obtained in Step 1 and 2 can then be decoded by the CHIRRUP algorithm [4] to detect . The advantage of CHIRRUP algorithm is that the detection complexity is of order ,  i.e. it is independent of the number of candidate sequences and only depends of the sequence length ,  and thus very low.

Link-level simulation results
The comparison of BLER performance between proposed sequence-based DMRS-less PUCCH transmission and NR PUCCH format 3 is illustrated in Figure 3 to 5.
According to the coverage limited scenarios in [1], we compared the performance for TDD scenarios with 3km/h and 120km/h moving speed and 11 bit UCI in Figure 3. The PUCCH resource is 1 RB and 14 DFT-s-OFDM symbols. The number of antennas at UE and gNb are assumed to be 1 and 4, respectively. Furthermore, the impact of a large power back-off needed at the power amplifier is taking into account in the link budget from CM evaluation as it was agreed and described in [5]. The following metric 1 is used in the simulation
Metric 1: 1% BLER
We can observe from Figure 3(a) that the proposed solution with ML detection in (3) outperforms NR PUCCH format 3 transmission with sequence-based ML detection (take QPSK symbols and DMRS as one sequence) in (3) for 2.4dB (0.7dB sequence gain and 1.7dB power backoff reduction) at  for both 3km/h and 120km/h. By using a low complexity detection in Figure 3(b), the proposed solution can achieve 3dB (1.3dB sequence gain and 1.7dB power backoff reduction) SNR gain over NR PUCCH format 3 with coherent detection (the coherent detection including 2D-Wiener filter based channel estimation, MMSE equalization and UCI detection can be achieved with lower complexity than sequence-based ML detection, and there is no low complexity sequence-based detection for NR PUCCH format 3).
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(a) Sequence-based ML detection                                     (b) Low-complexity detection
Figure 3. Comparison of BLER performance with PUCCH format 3 for metric 1
[bookmark: _GoBack]For PUCCH format 3 with DTX detection, we compared the performance for 3km/h moving speed and 11 bits UCI, where all of these 11 bits are A/N bits. Other simulation assumptions are the same as in Figure 3. We use the simulation metric 2 as follow
Metric 2: 1% BLER, 1% DTX→ACK probability, 1% ACK miss-detection rate (ACK →DTX and ACK →NACK), 0.1% NACK →ACK probability
The simulation results using the metric 2 are illustrated in Figure 4. Figure 4(a) shows that, by using sequence-based ML detection, the proposed DMRS-less transmission can achieve 2.8dB (1.1dB sequence gain and 1.7dB power back-off reduction) SNR gain compared to NR PUCCH format 3. If low complexity detection is utilized, it is shown in Figure 4(b) that DMRS-less transmission can achieve 4.1dB (2.4dB sequence gain and 1.7dB power back-off reduction) SNR gain compared to NR PUCCH format 3.
Compared to Figure 3 using metric 1, 0.1% NACK →ACK probability becomes bottleneck in Figure 4 and determines the required SNR of PUCCH. The DMRS-less transmission can significantly reduce NACK →ACK probability, and therefore a lager SNR gain over PUCCH format 3 can be achieved compared to Figure 3.
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(a) Sequence-based ML detection                               (b) Low-complexity detection
Figure 4. Comparison of BLER performance with PUCCH format 3 for metric 2
For PUCCH format 3 with both DTX detection and error detection, we compared the performance for 3km/h moving speed and 11 bits UCI, where 4 bits are A/N bits and 7 bits are CSI/SR bits. Other simulation assumptions are the same as in Figure 3. We use the simulation metric 3 as follow
Metric 3: 
· All bits: 1% BLER
· A/N bits: 1% DTX->ACK probability, 1% ACK miss-detection rate (ACK →DTX and ACK →NACK), 0.1% NACK->ACK probability
· CSI/SR bits: 1% false alarm rate, 1% BLER, 5% undetectable error rate
The receiver assumes detection error happen if   is larger than a threshold, where  is the correlation between received signal and detected most likely transmitted signal, and  is the correlation between received signal and detected second most likely transmitted signal.
The simulation results using the metric 3 are illustrated in Figure 5. Figure 5(a) shows that, by using sequence-based ML detection, the proposed DMRS-less transmission can achieve 2dB (0.3dB sequence gain and 1.7dB power back-off reduction) SNR gain compared to NR PUCCH format 3. If low complexity detection is utilized, it is shown in Figure 5(b) that DMRS-less transmission can achieve 3dB (1.3dB sequence gain and 1.7dB power back-off reduction) SNR gain compared to NR PUCCH format 3.
By using metric 3, some correct detections may be considered as errors due to error detection at the receiver compared to metric 2, which may further lead to higher BLER. Thus, in Figure 5, 0.1% BLER is the bottleneck for all cases except for PUCCH format 3 with coherent detection (0.1% NACK →ACK probability is the bottleneck for it). 

[image: ]  [image: ]
(a) Sequence-based ML detection                               (b) Low-complexity detection
Figure 5. Comparison of BLER performance with PUCCH format 3 for metric 3
The comparisons of ACK missed detection probability and NACK to ACK probability between proposed sequence-based DMRS-less PUCCH transmission and NR PUCCH format 1 are illustrated in Figure 6. The UCI payload size is 2 bits, UE moving speed is 3km/h, and the PUCCH resource is the same as in Figure 3. Sequence-based ML detection is used for both solutions. We can observe that for the given performance requirements (1% ACK missed detection probability and 0.1% NACK to ACK probability), the proposed PUCCH signal design outperforms NR PUCCH format 1 transmission with about 3.2dB. 
 [image: ]
Figure 6. Comparison of ACK missed detection probability and NACK→ACK probability with PUCCH format 1
Standard impact
The standard impact of the proposed sequence-based DMRS-less PUCCH transmission is to introduce a new PUCCH format, e.g., PUCCH format 5, for coverage limited case. A new type of sequence generation needs to be defined for this PUCCH format, and transform precoding is also needed to achieve a low PAPR. The resource mapping method can be the same as PUCCH format 3. 

Observation 1: Sequence-based DMRS-less PUCCH transmission can achieve low PAPR and smaller required SNR compared to NR PUCCH format 1 and 3 with the same level of complexity.
Observation 2: For PUCCH with 11 bits UCI payload, compared to receiver with 1% BLER metric,
· receiver with DTX detection for A/N-only transmission requires higher SNR due to the requirement of 0.1% NACK →ACK probability, and this receiver results in higher SNR gain of DMRS-less PUCCH transmission over NR PUCCH format 3.
· receiver with both DTX detection and error detection for A/N + CSI/SR requires higher SNR due to the requirement of 0.1% NACK →ACK probability and incorrect error detection when there is no error, and this receiver results in a similar SNR gain of DMRS-less PUCCH transmission over NR PUCCH format 3.

Proposal 1: Support sequence based DMRS-less PUCCH transmission with UCI11 bits.  
1.2 FDD higher power transmission
Due to the large pathloss and penetration loss, transmission power is a key factor on uplink coverage. In RAN4 document [6], the average uplink transmission power is limited due to UE capability and consideration of radiation harm to human body where regulators put limitations to average radiation power within a period of measurement time, which is called as SAR. To meet above requirement, currently, 3 power classes are defined, namely 31 dBm (only for n14 carriers), 26 dBm (only for n41, n74, n78, n79) and 23 dBm. In UL transmission with limited power, such as 23 dBm in FDD mode, UL coverage is much more limited than DL transmission as BS has a much larger output power, typically of 46 dBm. 
UL repetition is supported by current NR system (e.g. 2, 4 and 8 times repetition for PUCCH) to enable a higher SNR by signal combining at BS, which improves demodulation performance and UL coverage. Ideally, with N repetitions, a maximum  dB SNR gain can be achieved by combining detection. However, the noise is also amplified by combining different received signals among multiple slots, which affects the channel estimation accuracy and limits the SNR gain from combining detection. The most effective way to increase the SNR is directly using a higher instant output power at some specific slots while zero power is allocated to other slots of the FDD duration, thus maintaining the same total transmission power of all slots in the FDD duration and satisfying the SAR requirement. As such, the SNR in the higher-power slot scales directly and proportionally with the power increase without combining loss, e.g., the channel estimation in the higher-power slot with higher PSD with be more accurate and less noise are received since some zero-power slots are configured.
An example is shown in figure 7, we reallocate the power of 8 times repetition to 4 slots with 2 times larger power while the left 4 slots will not be used with zero power, thus the total and average power within 8 slots period stays the same. The pattern of slots with instant higher output power may be flexibly configured.
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Figure 7. Theory of instant higher power transmission
Furthermore, SAR which measure the radiation harm to human body is closely related to the distance from devices to human bodies. For device which has sensors to measure its distance to human bodies, such as cellphones, SAR limitation can be relaxed when the device is far from the human bodies, thus enabling a higher power transmission and enhance the uplink coverage.
There are views that FDD high UE power transmission should be firstly studied in RAN4 to analyze the feasibility, such as its impact on UE RF. However, there are frequency bands where both FDD and TDD are supporte, such as n7 (FDD mode) and n41 (TDD mode) with overlapped frequency bands. For UEs operating on frequency bands where both TDD and FDD are supported, if high power transmission in TDD mode is enabled in current NR spec, then high power transmission can be implemented in FDD without changing the UE RF. Besides, our preliminary investigation in RAN1 would provide insights into its potential gain and spec impacts, which can also validate the significance for its promote in RAN4.

In light of the above analysis, the following proposal is given:
Proposal 2: Support FDD higher power transmission for PUCCH coverage enhancement.

Conclusions 
In this contribution, we analyze the factors on PUCCH coverage and provide potential solutions with the following proposals:
Observation 1: Sequence-based DMRS-less PUCCH transmission can achieve low PAPR and smaller required SNR compared to NR PUCCH format 1 and 3 with the same level of complexity.
Observation 2: For PUCCH with 11 bits UCI payload, compared to receiver with 1% BLER metric,
· receiver with DTX detection for A/N-only transmission requires higher SNR due to the requirement of 0.1% NACK →ACK probability, and this receiver results in higher SNR gain of DMRS-less PUCCH transmission over NR PUCCH format 3.
· receiver with both DTX detection and error detection for A/N + CSI/SR requires higher SNR due to the requirement of 0.1% NACK →ACK probability and incorrect error detection when there is no error, and this receiver results in a similar SNR gain of DMRS-less PUCCH transmission over NR PUCCH format 3.

Proposal 1: Support sequence based DMRS-less PUCCH transmission with UCI11 bits.  
Proposal 2: Support FDD higher power transmission for PUCCH coverage enhancement.
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Appendix I: The symmetric binary basis 4×4 matrices 
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