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Introduction
The NR Coverage Enhancements work item defines the following objectives related to BS demodulation and conformance tests [1]:
	Specify the following performance requirements [RAN4]
· Base station demodulation performance requirements
· Base station conformance testing 



The WI description includes the following features with a potential impact on BS demodulation:
	· Specification of PUSCH enhancements [RAN1, RAN4]
· Specify the following mechanisms for enhancements on PUSCH repetition type A [RAN1]
· Increasing the maximum number of repetitions up to a number to be determined during the course of the work.
· The number of repetitions counted on the basis of available UL slots.
· Specify mechanism(s) to support TB processing over multi-slot PUSCH [RAN1]
· TBS determined based on multiple slots and transmitted over multiple slots. 
· Specify mechanism(s) to enable joint channel estimation [RAN1, RAN4]
· Mechanism(s) to enable joint channel estimation over multiple PUSCH transmissions, based on the conditions to keep power consistency and phase continuity to be investigated and specified if necessary, by RAN4 [RAN1, RAN4]
· Potential optimization of DMRS location/granularity in time domain is not precluded
· Inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation [RAN1]
· Specification of PUCCH enhancements [RAN1, RAN4]
· Specify signaling mechanism to support dynamic PUCCH repetition factor indication [RAN1]
· Specify mechanism to support DMRS bundling across PUCCH repetitions [RAN1, RAN4]
· When applicable, based on similar mechanism(s) for enabling joint channel estimation for PUSCH
· Specify mechanism(s) to support Type A PUSCH repetitions for Msg3 [RAN1]


 
In this paper we provide our view on the BS demodulation requirements, and how the rel-17 NR coverage enhancements work item may influence the requirements based on the existing PUSCH and PUCCH performance requirements. 

[bookmark: _Ref31793955][bookmark: _Ref90240643]NR Coverage enhancements performance
In this section, we evaluate the potential changes in demodulation performance for Rel-17 introduced by the NR_cov_enh work item, as well as probable deployment scenarios. The corresponding TR [2] details the target scenarios and services as follows: 
	-	Urban (outdoor gNB serving indoor UEs) scenario, and rural scenario (including extreme long distance rural scenario) for FR1
-	Indoor scenario (indoor gNB serving indoor UEs), and urban/suburban scenario (including outdoor gNB serving outdoor UEs and outdoor gNB serving indoor UEs) for FR2.
-	VoIP and eMBB service for FR1.
-	eMBB service as first priority and VoIP as second priority for FR2.
-	LPWA services and scenarios are not included.
-	Identify baseline coverage performance for both DL and UL for the above scenarios and services based on link-level simulation
-	UL channels (including PUSCH and PUCCH) are prioritized for FR1.
-	Both DL and UL channels for FR2.
-	Identify the performance target for coverage enhancement, and study the potential solutions for coverage enhancements for the above scenarios and services
-	The target channels include at least PUSCH/PUCCH 
-	Study enhanced solutions, e.g., time domain/frequency domain/DM-RS enhancement (including DM-RS-less transmissions)
-	Study the additional enhanced solutions for FR2 if any
-	Evaluate the performance of the potential solutions based on link level simulation.



In our reading of the SI, the main scenario to be looked at is reliable TPUT eMBB traffic at the cell edge.
This study setup and scenarios, resulted in RAN1 defining the following 5 features in the NR Coverage Enhancements WI:
· Enhancements on PUSCH repetition type A.
· Transport Block processing over multi-slot PUSCH.
· Joint channel estimation (JCE) for PUSCH.
· PUCCH enhancements.
· Type A PUSCH repetition for Msg3.
We will look at these features and their impact to RAN4 demodulation performance in details in the following sections.

Enhancements on PUSCH repetition type A
This feature aims at improving the reliability of PUSCH transmission, and thus enhancing the PUSCH coverage by increasing the total number of repetitions based on available UL slots [1]:
RAN1 agreed to the following changes with respect to Rel-16: 
· Increase the number of repetitions up to 32. 
Note that Rel-16 supports a maximum number of PUSCH repetitions equal to 16.
· Count the number of repetitions on the basis of available UL slots. 
A slot is determined as unavailable, if at least one of the symbols indicated by TDRA for a PUSCH in the slot overlaps with the symbol not intended for UL transmissions. Note that the count of repetitions on Rel-16 was based on contiguous slots, independent on the UL/DL pattern used, which reduces the effective repetition factors significantly. 
Figure 1 highlights the difference between PUSCH repetition in Rel-16 and Rel-17. When the indicated number of repetitions equals 16 (maximum value specified in Rel-16), Rel-16 PUSCH repetition type A offers only 7 actual/effective repetitions whereas this number would be exactly 16 in the Rel-17 counterpart. 
[image: ]
[bookmark: _Ref61381816]Figure 1. Illustration of Rel-16 and Rel-17 number of repetitions and latency for PUSCH repetition type A [3].
The increase from n16 to n32 does not necessitate a big change in receiver implementation, e.g., a simple implementation might just aggregate more LLRs (it is more likely to receive same LLRs multiple times since the same RV versions of TB will be repeated up to  8 times for 32 repetition). This will impact the BS demodulation performance in a very predictable way that is independent of implementation. The same is true for implementations using coherent combining instead of LLR combining. Hence, we do not need to include new BS demodulation requirements for this feature.
From the above description we make the following observation and proposal:
[bookmark: _Ref90039924]The increase from n16 to n32 impacts the BS demodulation performance in a very predictable way that is independent of implementation. New repetition factors can be included in the JCE feature.
[bookmark: _Ref90040094]RAN4 to not specify new BS demodulation requirements only for the increased number of Type A repetitions.

TB processing over multi-slot PUSCH 
In Release 17, Transport Block over Multi-Slot (TBoMS) allows to map a single transport block on PUSCH resources across multiple (full, but not necessarily consecutive) slots as shown in Figure 2. This feature was agreed very late in RAN1 and was only confirmed to be included in NR_cov_enh in RAN#94.
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[bookmark: _Ref92664665][bookmark: _Ref92664651]Figure 2: Example of TBoMS over 2 slots

Based on our current understanding, RAN1 agrees to keep the same number PRBs across the allocated slots. The number of slots is configured by a new RRC parameter numberOfSlotsTBoMS-r17 (N) and is up to 8 slots. RAN1 agreed to allow TBoMS to be used with repetitions up to 16 repetitions. In the case of repetitions, RV cycling is used [4]:
	Agreement:
For the repetition of a single TBoMS transmission, redundancy versions (RVs) are cycled across the TBoMS repetitions. The legacy Rel-15/16 RV sequences and RV index indication are reused.



When TBoMS is enabled, the effective coding rate per slot might be decreased, which impacts demodulation performance. This results on larger link budget and better decoding performance. Given that the performance requirement of PUSCH is determined by a minimum required throughput for a given SNR. Either way this feature will likely have impact on demodulation performance. 
[bookmark: _Ref90040108]By mapping a single TB across multiple slots, TBoMS feature decreases the effective coding rate and potentially requires demodulator implementation changes due to different buffer utilization, when decoding one TB.
[bookmark: _Ref90040120]RAN4 to specify new BS demodulation requirements for TBoMS feature. 

[bookmark: _Ref89566032]Joint channel estimation for PUSCH
This feature consists in jointly processing DMRS symbols in multiple slots by the receiver (BS demod). This new feature aims at improving the channel estimation quality for the demodulation of PUSCH at the receiver by using jointly the DM-RS symbols among the PUSCHs that satisfy the requirements in power consistency and phase continuity. 
If phase continuity cannot be maintained in the case of UL transmissions of other signals/channels in the repetition gap, then DM-RS symbols transmitted before and after the transmission of such other signals/channels cannot be part of the same bundle from UE perspective [5]. RAN4 RF has already agreed some requirements on phase and power consistency, deciding a maximum gap between UL transmission of 13 OFDM symbols [5]. 
Figure 3 illustrates an example of JCE feature.
[image: ]
[bookmark: _Ref89307890][bookmark: _Ref89307882]Figure 3: Joint channel estimation for PUSCH [8]
For joint channel estimation, a time-domain window (TDW) is introduced, during which UE is expected to maintain power consistency and phase continuity among PUSCH transmissions subject to power consistency and phase continuity requirements. 
The definition of TDW introduces two concepts:
· Configured time-domain window (cTDW): configured by the gNB. 
The window length L of the configured TDW(s) is explicitly configured with a single value per BWP and done separately for PUSCH and PUCCH using PUSCH-TimeDomainWindowLength and PUCCH-TimeDomainWindowLength, respectively.
· Actual time-domain window (aTDW): determined by the UE. 
UE is expected to maintain its power consistency and phase continuity during aTDW. The start of the first aTDW is the first PUSCH transmission within the cTDW and it ends when:
· The actual TDW reaches the end of the last PUSCH transmission within the configured TDW
· An event that violates power consistency and phase continuity occurs, for example when the actual TDW reaches the maximum duration, or when it changes a frequency hop. 
· FFS a number of further events [10].
Figure 4 shows an example of cTDW and aTDW for counting based on available slots. In this case, the start of the first configured TDW is the first available slot for the first PUSCH transmission. 
[image: ]
[bookmark: _Ref89953986]Figure 4: Example of configured/actual TDWs for counting based on available slots for DDSUU pattern

RAN1 agreed to enable the JCE with frequency hopping. This subject was discussed in PUCCH enhancements so will be elaborated in Section 2.4. In summary, JCE is only applicable in the same frequency hop.
[bookmark: _Hlk89338356]This JCE feature has clear impact on the BS receiver implementation, as the BB processing needs to decide which PUSCH slots/symbols are concerned by the JCE and can be coherently (or otherwise) combined. The quality of this combining influences the channel estimation greatly in both the positive and negative sense. Which in turn has a great impact on the demodulation performance of the PUSCH symbols. Furthermore, a new channel estimator needs to be implemented at receiver to process DM-RS across multiple repetitions.
Hence RAN4 BS demodulations should include PUSCH requirements for this feature, where DM-RS is shared across slot boundaries. One beneficial scenario of this feature is the use of single front-loaded DM-RS slots with large TDRA, e.g., 14 slot PUSCH TDRA, type B, with addPos=0 or 1.
[bookmark: _Ref90040135]JCE for PUSCH feature has clear impact on the BS receiver implementation and the demodulation performance, as disregarding the phase and power continuity leads to sub-optimal demodulation performance.
[bookmark: _Ref90044841]RAN4 BS demodulations to include requirements for joint channel estimation for PUSCH.

[bookmark: _Ref90500646]PUCCH enhancements
Release 17 introduces following enhancements for PUCCH repetitions: 
· Dynamic indication of repetition factor
· Joint channel estimation referred to as DMRS bundling between repetitions.
The DM-RS bundling feature, like JCE over PUSCH defined in section 2.3, aims at jointly estimate DM-RS over multiple PUCCHs. This feature follows PUSCH agreements, when applicable, in determining the cTDW and aTDW, as shown in the following agreement [7]: 
	Agreement
For PUCCH DMRS bundling, when applicable, reuse the procedure developed for PUSCH DMRS bundling to determine configured TDW(s) and actual TDW(s).



Here also, we can bundle all PUCCH DM-RS included in the actual Time Window defined in section 2.3. Furthermore, the condition of 13 symbols on phase continuity and power consistency rules for UE should be respected [5]. Note that DM-RS bundling for PUCCH is applicable to all PUCCH formats carrying DMRS [7]. In Rel-17, the Release 16 PUCCH repetition factors 2, 4, 8 are reused, i.e., no new repetition factors are specified. 
PUCCH DMRS bundling, as well as PUSCH Joint channel estimation can operate in case of frequency hopping enabled. Frequency hopping interval is then determined before cTDW and then aTDW, as captured in the agreed option 1 below: 
	For the interaction between inter-slot frequency hopping and DMRS bundling for PUCCH/PUSCH repetitions, a UE performs the “hopping intervals determination”, “configured TDW determination”, and “actual TDW determination” in a sequential ordering, based on the following option 1.
· Option 1: “hopping intervals determination” -> “configured TDW determination” -> “actual TDW determination”
· DMRS bundling shall be restarted at the beginning of each frequency hop
· DMRS bunding is per actual TDW
· FFS: Frequency hopping pattern is determined by physical slot indices.
· FFS: different FH pattern determination for PUCCH and PUSCH
· FFS: details of FH pattern design
· Support separate RRC configuration(s) for hopping interval and configured TDW length. 
· if hopping interval is not configured, the default hopping interval is the same as the configured TDW length
· FFS: if both hopping interval and TDW length are not configured
· Note: hopping interval is only determined by the configuration of hopping interval if hopping interval is configured 



Additionally, this agreement guarantees that DM-RS bundling always restarts after FH according to RAN4 feedback (all bundled transmissions within a single time domain DMRS bundling window are required to have the same frequency hop index [11].
Additionally, a new PUCCH-Window-Restart parameter has been introduced to enable the DM-RS bundling restart after a phase/power continuity violating event (same events as in section 2.3).
Figure 5 gives an example of aTDW in the case of inter-slot frequency hopping enabled counting on available slots with UE is scheduled to transmit with 7 PUSCH repetitions, hopping interval =2, and cTDW = 4. As it is figuratively represented, the aTDW restarts necessarily after a new frequency hop. In this example, we assume that FH is counting based on available slots. Note that in legacy the FH was based on even/odd frames. Which is no longer the case here. How the hopping pattern applies to available slots, or physical slots, has not yet been specified and is still under discussion in RAN1.

[image: ]
[bookmark: _Ref92099562]Figure 5: Inter-slot frequency hopping with PUCCH DMRS Bundling. (Assumption: FH pattern based on available slots, H1 == hop 1).
This feature has clear impact on the BS receiver implementation, as a new channel estimator needs to be implemented at receiver to process DM-RS across multiple repetitions. Which in turn has a great impact on the demodulation performance of the PUCCH symbols.
Hence RAN4 BS demodulation should include PUCCH requirements for this feature.
[bookmark: _Ref90044857]DM-RS bundling feature has clear impact on the BS receiver implementation and the demodulation performance, as disrespecting the phase and power continuity can have large negative implications.
[bookmark: _Ref90044871]RAN4 BS demodulation to include requirements for DM-RS bundling over PUCCH.

Type A PUSCH repetition for msg3
Type A PUSCH repetition for msg3 introduces two changes to PUSCH Msg3: 
· Introduce repetition factor of PUSCH Msg3 up to 8 repetitions. 
· UE indication of coverage enhanced UEs by selecting a particular group preamble to indicate to gNB that he is a coverage-enhanced UE
The fixed RV sequence {0, 2, 3, 1} is used for repetition of Msg3 initial and re-transmission. The legacy rules of RV cycling are reused (from ‘Table 6.1.2.1-2 [9]). Note that the RV of the first repetition is determined in the same way as legacy, whereas the RV id of the first repetition of Msg3 PUSCH re-transmission is dynamically indicated via DCI 0_0 with CRC scrambled by TC-RNTI as in legacy. 
Figure 6 shows an example of Msg3 PUSCH repetitions cycles according the fixed RV sequence [0 2 3 1]. 
[image: ]
Figure 6: Example of 4 Msg3 repetitions in 4-step RACH procedure.

Furthermore, Release 17 supports inter-slot frequency hopping for repetition of Msg3 initial and re-transmission. In this case, the frequency hopping flag information field in UL RAR grant or DCI format 0_0 with CRC scrambled by TC-RNTI is reused to enable/disable inter-slot frequency hopping. Note that intra-slot frequency hopping exists in legacy.
The introduction implementation of PUSCH Msg3 repetition could simply reuse Rrel-16 demodulation implementation of PUSCH up to 16 repetitions cycled over RV sequence. However, inter-slot frequency hopping is now possible in msg3 re-transmission. RAN4 shall specify new BS demodulation requirements for the PUSCH Msg3 repetition number with FH enabled.
[bookmark: _Ref90044888]The implementation of PUSCH Msg3 repetition could simply reuse Rel-16 demodulation implementation of PUSCH up to 16 repetitions cycled over RV sequence.
[bookmark: _Ref90044897][bookmark: _Ref92415761]RAN4 not to specify new BS demodulation requirements for the introduced PUSCH Msg3 repetitions.

Proposed test setup and configuration 
In this section we will propose configuration and link-level simulation assumptions for FR1 and FR2 for the coverage enhancement demodulation requirements. We base our proposal on the prior TR [2] and the observations/proposals from the prior sections.
KPI for PUSCH and PUCCH
As stated earlier, the main scenario of the studied feature is reliable eMBB traffic at the cell edge. Therefore, the most meaningful KPI to be required/tested for coverage enhanced PUSCH is SNR at 70% TPUT. 
However, for PUCCH the most meaningful KPI to be analyzed is block error probability for formats 2/3/4 as they are carrying DMRS. DM-RS bundling is not applicable to format 0, and BLER is not applicable to format 1.
Therefore, the following is proposed:
[bookmark: _Ref92415780]Use as evaluation metric the SNR at which the PUSCH achieves 70% of throughput.
[bookmark: _Ref92415808]Use as evaluation metric for PUCCH format 2/3/4 requirements UCI block error probability, and NACK to ACK detection probability for format 1.

Proposed configuration PUSCH with JCE and TBoMS
In this section, as an example, we provide a tentative set of parameters that can be used in PUSCH conducted performance requirements for JCE.
The performance requirement of PUSCH is determined by a minimum required throughput for a given SNR.
Table 1 summarizes the used parameters for PUSCH in case of JCE.
[bookmark: _Ref91984159]
[bookmark: _Ref92411570]Table 1: Test parameters for testing PUSCH with JCE
	Parameter
	Value

	Transform precoding
	Disabled 

	Default TDD UL-DL pattern (Note 1)
	30 kHz SCS: 7D1S2U, S=6D:4G:4U

	HARQ
	Maximum number of HARQ transmissions
	4

	
	RV sequence
	0,2,3,1

	DM-RS
	DM-RS configuration type
	1

	
	DM-RS duration
	single-symbol DM-RS

	
	Additional DM-RS position
	pos1

	
	Number of DM-RS CDM group(s) without data
	2

	
	Ratio of PUSCH EPRE to DM-RS EPRE
	-3 dB

	
	DM-RS port
	0

	
	DM-RS sequence generation
	NID0=0, nSCID =0

	Time domain resource assignment
	PUSCH mapping type
	A, B

	
	Start symbol
	0 

	
	Allocation length
	14 

	
	Rel-17 PUSCH aggregation factor (RAN1 name TBD)
	n8 

	
	AvailableSlotCounting (RAN1 name TBD)
	enabled

	Frequency domain resource assignment
	RB assignment
	Full applicable test bandwidth

	
	Frequency hopping
	Enabled

	Code block group based PUSCH transmission
	Disabled

	PUSCH-TimeDomainWindowLength 
(in slots) (RAN1 name TBD)
	4



[bookmark: _Ref92656674]Test parameters for testing PUSCH with TBoMS are not expected to change from legacy PUSCH, but the FRC definition will need to be discussed.
[bookmark: _Ref92656991]RAN4 to adopt NR coverage enhancements performance test parameters for PUSCH with JCE as in Table 1 and discuss FRC definitions for PUSCH with TBoMS.
RAN4 to adopt NR coverage enhancements performance test parameters for PUSCH with JCE as in Table 1 and discuss FRC definitions for PUSCH with TBoMS.

Proposed configuration PUCCH with DM-RS bundling
In this section, as an example, we provide a tentative set of parameters that can be used in PUCCH conducted performance requirements for PUCCH DMRS Bundling.
The performance requirement of PUCCH is determined by UCI block error probability (BLER) defined as the probability of incorrectly decoding the UCI information when the UCI information is sent.
For convenience, we summarize all our proposals for different PUCCH formats in the following table (content based on current Rel-16 PUCCH requirements), with changes from Rel-16 highlighted in bold:

[bookmark: _Ref91985284]Table 2: Test parameters for PUCCH formats 1/2/3/4 for PUCCH DMRS bundling
	Parameter
	Format 1
	Format 2
	Format 3
	Format 4

	Number of information bits
	2
	
	
	

	Modulation order
	
	QSPK

	First PRB prior to frequency hopping
	0

	Intra-slot frequency hopping
	Disabled
	N/A 
	Disabled

	First PRB after frequency hopping
	The largest PRB index –  (Number of PRBs – 1)

	Number of PRBs
	1
	4
	3 
	1

	Number of symbols 
	14
	1
	4 
	14

	The number of UCI information bits
	
	4
	16
	22

	First symbol
	
	13
	0
	

	DM-RS sequence generation
	
	NID0=0
	
	

	Group and sequence hopping
	neither
	-
	neither

	First symbol
	
	
	0

	Length of the orthogonal cover code
	
	
	n2

	Index of the orthogonal cover code
	
	
	n0

	PUCCH-nrofSlots-r17 (RAN1 name TBD, Rel-17 dynamic PUCCH repetition factor indication)
	4

	PUCCH-TimeDomainWindowLength 
(in slots) (RAN1 name TBD)
	4



Note: Intra-slot frequency hopping was disabled to allow for DM-RS bundling.

[bookmark: _Ref92415837]RAN4 to adopt NR coverage enhancements performance test parameter for PUCCH as in Table 2.

[bookmark: _Hlk31794208]Conclusion
In this contribution, we have provided an overview of NR coverage enhancements features and scenarios with a potential impact on the receiver demodulation performance. 
We have made the following proposals and observations:
Enhancements on PUSCH repetition type A
Observation 1:The increase from n16 to n32 impacts the BS demodulation performance in a very predictable way that is independent of implementation.
Proposal 1:RAN4 to not specify new BS demodulation requirements only for the increased number of Type A repetitions.

TB processing over multi-slot PUSCH
Observation 2:By mapping a single TB across multiple slots, TBoMS feature decreases the effective coding rate
Proposal 2:RAN4 to specify new BS demodulation requirements for TBoMS feature. 

Joint channel estimation for PUSCH
Observation 3:JCE for PUSCH feature has clear impact on the BS receiver implementation and the demodulation performance, as disregarding the phase and power continuity leads to sub-optimal demodulation performance.
Proposal 3:RAN4 BS demodulations to include requirements for joint channel estimation for PUSCH.

PUCCH enhancements
Observation 4:DM-RS bundling feature has clear impact on the BS receiver implementation and the demodulation performance, as disrespecting the phase and power continuity can have large negative implications.
Proposal 4:RAN4 BS demodulation to include requirements for DM-RS bundling over PUCCH.

Type A PUSCH repetition for msg3
Observation 5:The implementation of PUSCH Msg3 repetition could simply reuse Rel-16 demodulation implementation of PUSCH up to 16 repetitions cycled over RV sequence.
Proposal 5:RAN4 not to specify new BS demodulation requirements for the introduced PUSCH Msg3 repetitions.

KPI for PUSCH and PUCCH
Proposal 6:Use as evaluation metric the SNR at which the PUSCH achieves 70% of throughput.
Proposal 7:Use as evaluation metric for PUCCH format 2/3/4 requirements UCI block error probability, and NACK to ACK detection probability for format 1. 

Proposed configuration PUSCH with JCE and TBoMS
Observation 6:Test parameters for testing PUSCH with TBoMS are not expected to change from legacy PUSCH, but the FRC definition will need to be discussed. 
Proposal 8:RAN4 to adopt NR coverage enhancements performance test parameters for PUSCH with JCE as in Table 1 and discuss FRC definitions for PUSCH with TBoMS.

Proposed configuration PUCCH with DM-RS bundling
Proposal 9:RAN4 to adopt NR coverage enhancements performance test parameter for PUCCH as in Table 2.
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