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1	Introduction
In this document, we discuss our views on topics for a Rel.18 work item on uplink enhancements, including MIMO and coverage aspects. We consider some selected topics of interest, as well as provide some further comments on the potential work identified in the outcome of the [RAN93e-R18Prep-02] UL enhancements email discussion [1].
[bookmark: _Ref178064866]2	Selected topics of interest
In this section, we consider enhancements for DFT-S-OFDM, frequency selective precoding, non-coherent (‘DMRS-less’ PUCCH), mTRP, and inter-cell beam management providing our views on the potential of each. 
2.1 UL MIMO and DFT-S-OFDM Enhancements
The NR uplink has two waveforms that are semi-statically configured: precoded (DFT-S-) and non-precoded (CP-) OFDM. DFT-S-OFDM has a relatively low peak to average power probability, which allows the UE to operate its power amplifier closer to its maximum output power (theoretically ~3 dB closer for QPSK as measured by the cubic metric) than CP-OFDM.  This higher output power can be used to improve coverage, especially for higher modulation orders. It also enables more efficient PA operation, and consequently reduced current drain in the UE.
While DFT-S-OFDM has benefits, it also has drawbacks.  DFT-S-OFDM scheduling is restricted to contiguous PRBs in the frequency domain, and the number of PRBs must be a multiple of 2, 3, and 5 (i.e. , with , , and  non-negative integers).  Furthermore, DFT-S-OFDM produces inter-subcarrier interference in the presence of delay spread which can require equalization and/or degrade performance.  CP-OFDM on the other hand allows non-contiguous resource allocation, any integer number of PRBs in the frequency domain, and generally does not require equalization.
Comparing DFT-S-OFDM and CP-OFDM, we observe that their tradeoffs are a function of dynamic parameters.  The benefit of non-contiguous frequency domain resource allocation or unrestricted numbers of PRBs may be more desirable to efficiently pack UEs in the frequency domain while reaping the benefits of frequency selective scheduling.  Such benefits accrue faster at higher cell loads.  If the UE is in a relatively flat channel and where frequency domain scheduling constraints are not a concern, using DFT-S-OFDM rather than CP-OFDM could allow the UE to operate at a higher MCS state because it will be able to transmit closer to its maximum rated power.  Similarly, if the UE experiences a deep fade or sudden blockage of a UE antenna, being able to transmit at the highest power level can be beneficial and switching to DFT-S-OFDM could improve performance.
Tradeoffs between DFT-S-OFDM and CP-OFDM operation are often a function of dynamic parameters, such as cell load, scheduling / link adaptation, fading, and/or antenna blockage. 
[bookmark: _Toc81862107]Specify faster than RRC switching between DFT-S-OFDM and CP-OFDM.
The constraints of using the DFT-S-OFDM waveform for UL-MIMO in NR are even more restrictive than for non-MIMO, since NR supports only a single layer for DFT-S-OFDM. In LTE, DFT-SOFDM is specified with up to four-layer transmission and it is straightforward to enhance NR to be on par with LTE uplink spectral efficiency for this single carrier waveform case.  
Currently, DFT-S-OFDM is not used in the upper QPSK MCS range due to lack of 2-layer transmission.  In general, the benefit for cell edge / coverage scenarios may not be obvious.  In practice it turns out that rank 2 or higher transmission can be quite common in a cell, and that multilayer transmission can be a mechanism to deliver higher power especially for non-coherent UL MIMO UEs. 
Figure 1Figure 1 below shows a histogram of the UL MIMO rank in a cell when the gNB has 4 or 32 Rx antennas.  Rel-15 non-coherent UL MIMO transmission is used, and FTP model 1 traffic is used. Resource utilization is roughly 40%. The details of the simulation setup and further discussion can be found in R1-2008419. It can be seen that very few UEs transmit only rank 1. In the 4 Rx case, less than 1% of the UEs transmit rank 1, while for 32 gNB Rx antennas, rank 2 is always used. One major reason for the use of high rank is that non-coherent UEs gain 3 dB more power by transmitting two layers.
Therefore, the cubic metric gain of ~ 3dB from DFT-S-OFDM can be reaped over the vast majority of the cell, instead of being constrained toward the center of the cell.
[image: ]
[bookmark: _Ref47688724][bookmark: _Ref47609359]Figure 1. UL MIMO rank histograms for 4 and 32 Rx gNB

[bookmark: _Toc81862108]Specify multi-layer PUSCH for DFT-S-OFDM.
Another UL MIMO enhancement is targeting UL MU-MIMO. It is observed in our preliminary analysis that configuring double-symbol DMRS creates too large DMRS overhead (4 out of 14 symbols in the slot is DMRS) and actually reduces the throughput compared to a single DMRS symbol. 
This is the case even though non-orthogonal DMRS is used (a single symbol Type 1 DMRS has only four orthogonal DMRS ports) to maintain the same number of received MU-MIMO layers in gNB, i.e. to maintain the large number of DMRS ports needed for UL MU-MIMO. It will thus benefit UL performance in the MU-MIMO case to specify an increase the number of orthogonal DMRS ports in a single DMRS symbol. 
It is also noted that MU-MIMO with a large number of co-scheduled users is mainly considered in deployments with low delay spread, hence, to increase the number of orthogonal ports using cyclic shifts or sparser comb seems to be possible. Aspects of non-backward compatibility needs to be considered in the work. 
[bookmark: _Toc81862109]Specify DMRS capacity enhancements for Type 1 DMRS to at least double the number of orthogonal DMRS ports in one OFDM symbol.
2.2 Frequency selective precoding and control channel overhead
Frequency selective precoding was discussed in Rel-15 in an initial way but was not sufficiently mature to include in the first release of NR.  One of the primary issues that quickly arose was that the overhead for frequency selective precoding can be quite large.  Another issue is that frequency selective precoding by its nature can degrade the PUSCH PAPR, which means that other techniques that may have been precluded in LTE due to degraded PAPR, such as non-constant modulus precoding, can be considered as alternatives to frequency selective precoding.  Such techniques can be wideband, potentially using less TPMI overhead than frequency selective precoding.  Therefore, in the following, we discuss some example designs to address the overhead vs. gain tradeoffs of these different types of codebook designs.  These example designs are certainly not the only possible ones, and newer approaches with setups more relevant to commercial NR operation can be considered.  However, some important trends can be observed, and conclusions drawn that are still relevant.
The number of bits needed for frequency selective TPMI tends to be proportionate to the number of subbands.  In the following, we present link level simulation results comparing the gains of subband TPMI-based transmission to that using wideband transmission. The performance of the Rel-8 two port codebook and an example codebook with non-constant modulus elements are shown.  Rank 1 precoding is used, since this is where the greatest precoding gains tend to be, and so can evaluate the maximum merit of subband TPMI.  A CDL-A channel with 300ns delay spread was used, with a 20 MHz carrier at 3.5 GHz.  We use MCS 1 from the CQI table (rate 0.074 QPSK) as an example. Additional simulation details are in [2].  As link level simulations are used, system level considerations such as inter-UE interference are not captured in our performance comparison. Ideal channel estimation is used.  Consequently, the results can be considered as upper bounds on the gains of frequency selective precoding when used with realistic codebook structures. 
The results are shown in Figure 2 below.  We observe about 1.9 and 2.3 dB gain at 10% BLER for the Rel-8 and non-constant modulation codebooks respectively, when a single wideband precoder is used.  When subband precoding is used, the gains rise to 2.4 and 2.9 dB, respectively, for the Rel-8 and non-constant modulus codebooks.  Therefore, the gain from non-constant modulation is relatively constant at 0.5-0.6 dB regardless of whether wideband or subband precoding is used.  Furthermore, even with extremely heavy subband precoding using 13 subbands in 20 MHz and 26 bits TPMI, we find that subband precoding with constant modulus precoding performs within 0.1 dB of wideband constant modulus precoding requiring 4 bits.  We also note that this is consistent with prior results using idealized SNR comparisons in system level models of both a single panel array at 2 GHz [3] and a multi-panel array at 28 GHz [4], where the gains from frequency selective constant modulus precoding were essentially the same as those from wideband non-constant modulus precoding.
[image: ]
[bookmark: _Ref490074457]Figure 2: Subband vs. Wideband Precoding for Rel-8 and Non-Constant Modulus Codebooks
Additional results for 4 port operation and with 8 PRBs per subband are shown in Figure 3 below.  The remaining simulation conditions are the same as for Figure 2.  We observe more than 4 dB gain for both the Rel-8 and non-constant modulus codebooks, and about 0.4 dB gain from non-constant operation.  Therefore, the use of non-constant modulus operation is helpful when 4 ports are used, as well as for 2 port.
[image: ]
[bookmark: _Ref490076308]Figure 3: Rel-8 vs. Non-Constant Modulus Codebook with 4 Ports
[bookmark: _Toc490080433][bookmark: _Toc490081559][bookmark: _Toc490080434][bookmark: _Toc490081560][bookmark: _Toc490080435][bookmark: _Toc490081561][bookmark: _Toc490080436][bookmark: _Toc490081562][bookmark: _Toc490080437][bookmark: _Toc490081563][bookmark: _Toc490080438][bookmark: _Toc490081564][bookmark: _Toc490080439][bookmark: _Toc490081565][bookmark: _Toc490080440][bookmark: _Toc490081566][bookmark: _Toc490080441][bookmark: _Toc490081567][bookmark: _Toc485287595][bookmark: _Toc485287747][bookmark: _Toc485288046][bookmark: _Toc485290989][bookmark: _Toc485291224][bookmark: _Toc485291253][bookmark: _Toc485287596][bookmark: _Toc485287748][bookmark: _Toc485288047][bookmark: _Toc485290990][bookmark: _Toc485291225][bookmark: _Toc485291254][bookmark: _Toc485287597][bookmark: _Toc485287749][bookmark: _Toc485288048][bookmark: _Toc485290991][bookmark: _Toc485291226][bookmark: _Toc485291255][bookmark: _Toc485287598][bookmark: _Toc485287750][bookmark: _Toc485288049][bookmark: _Toc485290992][bookmark: _Toc485291227][bookmark: _Toc485291256][bookmark: _Toc490252213]
· Gains from subband TPMI with practical numbers of bits in realistic channels may be modest.   Link level simulations in 20 MHz at 3.5 GHz show that a wideband 4 bit codebook can provide nearly identical performance to subband reporting with 26 bits.  The same observations have been made for ideal codebooks at 2 GHz [3] as well as multi-panel operation at 28 GHz [4].
Given the modest gains expected from frequency selective precoding and its potentially high overhead, we propose the following
[bookmark: _Toc81862110]Frequency selective precoding is studied assuming precoding overhead can be carried within Rel-15 PDCCH
[bookmark: _Toc490080453][bookmark: _Toc490081578]2.2 DMRS-less transmission in a new PUCCH format
Channel estimation can significantly impact performance especially for small payload physical channels such as CSI on PUCCH. Therefore, schemes that can be more robust to imperfect channel estimation may be of interest, including those without DMRS [5]. These schemes may use channel coding that can function with non-coherent reception in order to improve the robustness to channel estimation. They may be further motivated by observations that some symbol sequences of the Reed-Muller code are different only by a single complex phase rotation. The structure of the Reed-Muller code may also affect NACK to ACK error rates when UCI carries HARQ-ACK, which may also generate interest in new UCI coding for PUCCH.
Reception for such coding may require advanced receivers, such as those that hypothesize all combinations of the information bits and then comparing the received signal against each combination.  These receivers can use the entire received signal to form a hypothesis, whereas conventional reception first forms a channel estimate using only the DMRS prior to decoding. Therefore, the ability of hypothesis-based reception to use more of the received signal can improve performance over conventional reception at low SNRs limited by channel estimation. However, advanced receivers can be used on existing channel codes such as the Reed Muller code used on the PUCCH. Therefore, it is important to quantify the gains of advanced reception independently of the gains from new channel coding. 
For PUCCH HARQ ACK/NACK bits the receiver may need to consider DTX detection and error detection. For UCI bits ≤11 there are no CRC bits; instead, an error detection check is done. The error detection check compares a threshold with the decision metric of the codeword to decide if it is a valid codeword or ACK bit. The threshold is selected based on the requirement. In addition to the 1% BLER performance metric agreed in RAN1#101-e, the following performance metrics from a working assumption agreed in RAN1#103-e are considered:    
· For UCI with HARQ-ACK payload (with or without CSI/SR payload), the performance metric for HARQ-ACK is 1% DTX to ACK error rate, 1% ACK miss detection (including ACK to NACK and ACK to DTX) error rate, and 0.1% NACK to ACK error rate. 
· For UCI with HARQ-ACK and CSI/SR payload, the performance metric for CSI/SR is 1% false alarm rate, 1% BLER [or 10% BLER], 5% undetectable error rate for <=11 bits, and 2% undetectable error rate for >11 bits 

The undetectable error rate is defined as the # instances that a UCI payload is declared as correct when the UCI payload is in error / Total # instances that UCI payloads are in error, where a UCI payload is declared as correct if it passes the error detection check. The false alarm rate is the probability that DTX is detected as a correct payload. 
Figure 4 and Figure 5 compare a ‘DMRS-less’ design using channel coding based on a Gold code with Rel-15/16 PUCCH format 3. Both a hypothesis based advanced non-coherent (correlator based) ML receiver and a conventional receiver are used for the Rel-15/16 PUCCH format 3, where 2 DMRS are used with the advanced receiver due to its reduced dependency on DMRS, while 4 DMRS is used for best performance with conventional reception. The leftmost plots in the figures show the results for ACK/NACK performance, while the rightmost show BLER results with different thresholds no, DTX and DTX plus undetectable error detection. For the thresholds the DTX and false alarm rate is less than 1%. The setup of the link level simulation is provided in Table 1 of [5]. In Figure 4 the payload is 3 UCI bits all of which are HARQ ACK/NACK bits and in Figure 5 the payload is 11 UCI bits, 4 of which are HARQ ACK/NACK bits and with no CSI split. Observing the NACK to ACK error curves, it can be seen that the Gold code outperforms Rel-15/16 PUCCH by roughly 1 dB. However, ACK miss error performance is essentially the same for the Gold codes and Rel-15/16 PUCCH. Since the required SNRs to meet the Ack miss error targets are higher than the required SNRs for the NACK to ACK error targets, the Ack miss error performance sets the required SNR and the Gold code has essentially the same performance as the Rel-15/16 channel code with the advanced receiver.
The SNR requirements are summarized in Table 2. Comparing the required SNR for 1% BLER to those where DTX detection is used, it can be seen that the tighter requirements from DTX detection increase the required SNR by 0.7-2.6dB, which will impact the link budget. The advanced receivers are around 1-2 dB better than the conventional receiver, where the gain differences change slightly depending on the requirement and payload size. 
[image: ][image: ]
[bookmark: _Ref81582289]Figure 4: Performance of advanced receiver for PUCCH,3 UCI bits, all HARQ ACK/NACK bits
[image: ][image: ]
[bookmark: _Ref81582326]Figure 5: Performance of advanced receiver for PUCCH,11 UCI bits, 4 HARQ ACK/NACK bits
 Table 2: Required SNR advanced and conventional PUCCH Receiver
	
	
	PF3, 3bits 3HARQ A/N,
Corr. Rx
	Gold seq., 3bits 3HARQ A/N
	PF3, 3bits 3HARQ A/N, Conv. Rx.
	PF3, 11bits 4 HARQ A/N No CSI split, Corr. Rx
	Gold seq., 11bits 4 HARQ A/N No CSI split
	PF3, 11bits 4 HARQ A/N No CSI split, Conv. Rx.

	1%BLER
	
	-8.5dB
	-8.6dB
	-6.8dB
	-5.2dB
	-5.2dB
	-3.1dB

	HARQ ACK req.
	
	-6.4dB
	-6.4dB
	-5.1dB
	-4.3dB
	-4.3dB
	-2.4dB

	1%BLER &DTX req.
	
	-6.0dB
	-6.0dB
	-4.7dB
	-4.1dB
	-4.1dB
	-2.6dB

	1%BLER & DTX+Undetect.Error 
	
	-6.0dB
	-6.0dB
	-4.6dB
	-4.1dB
	-4.1dB
	-1.5dB


      
While advanced receivers can improve performance, they are naturally more complex. Therefore, it could be further studied if enhancements to PUCCH transmission schemes can facilitate less complex advanced receivers. Some investigation of the complexity of advanced receivers for sequence based UCI encoding is available in [6]. However, further investigation is needed to address issues such as how the use of an advanced receiver for Rel-15/16 PUCCH compares to one used for sequence based reception, what the benefits are for more general purpose architectures computing architectures as opposed to special purpose ones based on fast Hadamard transforms, etc. Furthermore, when considering receiver complexity, it should be remembered that PUCCH is not likely to consume much UL resource by its nature as a control channel. Therefore, complexity optimizations will have proportionately less benefit to the overall gNB receiver design. 

· Reception performance can be significantly improved by using advanced rather than conventional receivers on Rel-15/16 PUCCH
· Gains on the order of 1-2 dB are possible depending on factors such as payload size, BLER target, and channel conditions.
· Considering tighter requirement may change the magnitude of the gains slightly.
· The performance benefit of channel coding different from Rel-15/16 for PUCCH is not clear.
· Gold code based designs can have better Nack to Ack performance by roughly 1 dB, but since Ack miss error rates tend to set required SNR, these gains do not increase net performance.
· The better performance of ‘DMRS-less’ schemes and/or advanced receivers is likely to come with the cost of higher complexity, and therefore their complexity should be jointly studied with their performance gain. These complexity studies are incomplete in Rel-17.
[bookmark: _Toc81862111]New PUCCH formats (including those that do not contain DMRS, or encode UCI in a different way than Rel-15/16/17) are not specified in Rel-18.
2.3 UL enhancements for mTRP and inter-cell beam management
In NR Rel-17, mTRP enhancements for PUCCH and PUSCH were specified. Also, inter-cell mTRP was specified, as was inter-cell beam management. Both for inter-cell mTRP and inter-cell beam management, it becomes likely that the distance between the TRPs become larger: the assumption that all signals are received within the cyclic prefix becomes invalid, resulting in a performance loss. Improving the capability to receive signals that are received outside the CP would improve performance and can be considered when defining RAN4 requirements for these more general scenarios. 
The same is true for the UL transmissions: it becomes less likely that the same TA can be used for transmission to all TRPs without performance degradation. In current specifications, one TA is used for one serving cell, and all the mTRP configurations are handled inside one serving cell configuration.
To improve UL performance in mTRP deployments in general, and in inter-cell mTRP deployments in particular, the handling of TA should be improved so that different TAs can be used for the UL transmissions towards different TRPs. Also, beam management operation may benefit from improved handling of TA, if the switching of beams leads to a change in propagation delay. Hence, we propose:
[bookmark: _Toc81862112]Improve the handling of TA mTRP operation and inter-cell beam management. 
[bookmark: _Toc47621446][bookmark: _Toc47621523][bookmark: _Toc47621562]3 Comments on [RAN93e-R18Prep-02] UL enhancements email discussion outcome
The preparatory email discussion for RAN#93 on UL enhancements [1] made substantial high level progress on what could be in a work item.  It is therefore a good starting point for further discussion.  However, given the short time we had for discussion and the rapid back-and-forth, not all high level details converged.  We quickly address a couple of these open high level issues in the following, as well as some initial comments at a more detailed level.
Prior to discussing the objectives themselves, we would like to comment on the possibility of merging the >4 Tx and frequency selective precoding work areas.  Merging >4 Tx UL operation with UL frequency selective precoding would result in quite a large study.  4 Tx operation will require new codebook designs, one for each of the new ranks supported, which should take into account UE PAPR, and different UE antenna configurations. Enhancements to non-codebook based operation are also possible.   DMRS and SRS will require new designs for the >4 TX case.  The frequency selective precoding investigation is also a non-trivial exercise, since (as we have seen in Rel-15) the amount of overhead tends to be quite large, which (unless it is precluded in the study) could result in the need for new control channel designs.  Codebooks may also need customization for the frequency selective precoding work to control overhead.  Non-codebook based operation may also need to be considered for FS precoding.  Therefore, we do not think the bullets for >4 Tx and frequency selective precoding should be merged.
Both the >4 Tx and frequency selective precoding studies will take substantial effort.
[bookmark: _Toc81862113]Do not merge the >4 Tx and frequency selective precoding studies, i.e. Alt. 1 from the [RAN93e-R18Prep-02] discussion summary should be selected

We then have the following comments on the proposed items from Alt 1 of the [RAN93e-R18Prep-02] summary:
· Study and if necessary, specify >4 Tx UL operation, e.g., for CPE/FWA/vehicle/Industrial devices [leading WG: RAN1]
· Need to clearly identify and select a small number of use case / scenarios
· Model antennas in a reasonable way & use channel models reflective of scenario
· Suggest for now to square bracket the example devices and narrow down later, i.e. “[CPE/FWA/vehicle/Industrial]”
· Specify enhanced multi-panel uplink operation and/or enhanced multi-TRP uplink operation, potentially including fast UL panel selection, separate UL timings/power controls for different panel/TRP and/or simultaneous multi-panel UL transmission [leading WG: RAN1]
· ‘Fast UL panel selection’ is unclear – Rel-17 already provides fast panel selection
· Multiple TAs is highly relevant for mTRP operation – and also potentially for multi-beam
· Simultaneous UL multi-panel transmission and mTRP are connected – the gains seen for simultaneous UL multi-panel transmission in sTRP scenarios are very limited
· Both reliability and throughput enhancement can be considered for simultaneous multi-panel UL transmission to multiple TRPs 
· Simultaneous multi-panel UL transmission to multiple TRPs with separate timing advance should focus first on multi-DCI based multiple TRP operation 
· Clarify type(s) of devices and frequency range(s)
· Study and if necessary, specify frequency-selective precoding, mainly targeting devices with >=4 Tx [leading WG: RAN1]
· Model antennas in a reasonable way, including directional antennas at FR1 (at least midband)
· Antenna correlation affects performance of FS precoding
· Redesign of control channels to accommodate large FS precoding payloads not likely to be justified by FS precoding gains
· WID should say that Frequency selective precoding is studied assuming precoding overhead can be carried within Rel-15 PDCCH
· Specify further coverage enhancements including PRACH enhancement for FR2 e.g., PRACH repetition with same or different beams [leading WG: RAN1]
· OK to specify PRACH repetition using same beam for short PRACH formats at FR2
· Need for beam sweeping is unclear
· Study and if necessary, specify power domain enhancements e.g., dynamic power aggregation [leading WG: RAN4 or RAN1]
· OK with MPR reduction, however techniques should be studied in RAN4
· Do not want to imply limitations now; prefer to remove ‘dynamic power aggregation’ at this stage
· Potentially specify other UL enhancements e.g., enhancement for multi-carrier UL operation, enhancements for DFTS-OFDM, enhancement for UL CW mapping [leading WG: RAN1]
· We prefer Fast DFT-S-OFDM CP-OFDM switching and rank 2+ DFT-S-OFDM for this objective
· These are low hanging fruit, providing better PA efficiency and/or greater coverage with low spec impact and modest complexity.
· The definition of ‘Multi-carrier operation’ is not clear, and we are not convinced of its gain
· If it is UL Tx switching of 2 Tx to more than 2 carriers, that should be spelled out. 
· Given DL interruption and switching gaps, we are not yet convinced of the gain
· Multi-carrier operation does not seem to fit well with the other candidate work in UL enhancements.  
· Multi-carrier work is focused on control signaling and can have tight relation to RAN2, while MIMO and most of the coverage enhancement techniques are focused on operation within one carrier.
4	Conclusion
In this document, we gave our views on topics for a Rel.18 work item on uplink enhancements, including MIMO and coverage aspects.  We considered some selected topics of interest, as well as provided some further comments on the potential work identified in the outcome of the [RAN93e-R18Prep-02] UL enhancements email discussion [1].  Based on the observations made, we propose the following for the Rel-18 uplink enhancement related work:
Proposal 1	Specify faster than RRC switching between DFT-S-OFDM and CP-OFDM.
Proposal 2	Specify multi-layer PUSCH for DFT-S-OFDM.
Proposal 3	Specify DMRS capacity enhancements for Type 1 DMRS to at least double the number of orthogonal DMRS ports in one OFDM symbol.
Proposal 4	Frequency selective precoding is studied assuming precoding overhead can be carried within Rel-15 PDCCH
Proposal 5	New PUCCH formats (including those that do not contain DMRS, or encode UCI in a different way than Rel-15/16/17) are not specified in Rel-18.
Proposal 6	Improve the handling of TA mTRP operation and inter-cell beam management.
Proposal 7	Do not merge the >4 Tx and frequency selective precoding studies, i.e. Alt. 1 from the [RAN93e-R18Prep-02] discussion summary should be selected
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