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[bookmark: _Ref124589705][bookmark: _Ref129681862][bookmark: _Ref129681832]Introduction
Observations in our companion contribution [1] show that PUSCH is the coverage bottleneck and potential solutions for PUSCH coverage enhancement have been discussed in the RAN1#102 e-meeting with following agreements [2]
	Agreement:
· Capture the following updated structure in TR 38.830.
6.1		PUSCH coverage enhancements	
6.1.1	Time-domain based solutions
6.1.2 	Frequency-domain based solutions
6.1.3	DM-RS enhancements
6.1.4 	Power-domain based solutions
6.1.5 	Spatial-domain based solutions
6.1.6	Others


In this contribution, we briefly review the limitation reasons of PUSCH coverage, then we provide the evaluation results of aforementioned potential solutions along with analysis on their specification impacts. 

On limitation factors for PUSCH coverage 
As analyzed in [3] that key limitation factors for PUSCH coverage include:
· Inaccurate channel estimation under poor coverage scenarios, which degrade the uplink performance.
· Inaccurate scheduling either due to inaccurate channel measurement where additional redundancy bits than optimally required are transmitted in HARQ (re)transmissions.
· Large overhead of reference signals in uplink transmissions.
· Limited portion of uplink transmission resources in TDD configuration.
· Limited maximum uplink transmission power due to UE capability and regulatory limitations.
· Other factors such as network interference, limited UE antennas, etc. Besides, signals at higher frequency bands will experience a larger pathloss and penetration loss, thus received signals with very low powers would degrade the channel estimation and demodulation performance.
Potential solutions for coverage enhancement of PUSCH
According to above analyzed key factors which put limitations to PUSCH coverage, we provide following potential solutions for PUSCH coverage enhancement.
1.1 Joint channel estimation
In NR, uplink reference signals such as DMRS are configured in each transmission to estimate the fading channel. Generally, more DMRS will contribute to a more accurate channel estimation at the cost of a larger overhead. Hence, how to improve the accuracy of channel estimation without increasing DMRS overhead is interesting for coverage enhancement.
To ensure accurate channel estimation without more overhead, joint utilization of the DMRS among different slots or transmissions is straightforward. As shown in figure 3.1-1, joint channel estimation of multiple consecutive PUSCH slots can be performed at BS in some circumstances. By combing the overall DMRS of multiple slots (or multiple consecutive PUSCH transmissions), more accurate channel estimation can be achieved.
[image: ]
Figure 3.1-1 Joint channel estimation
Based on the parameter settings in table 3.1-1, we present preliminary simulation results of joint channel estimation under 100kbps and 1Mbps target data rates in figure 3.1-1 and 3.1-2, respectively.
Table 3.1-1 Parameter settings for joint channel estimation 
	Parameters
	Values

	Antenna configuration
	1T 64R 

	Channel model
	TDL-C

	UE speed
	3 km/h

	Delay spread
	300ns

	DMRS configuration per slot
	Type I, max-length=1, 1 DMRS symbol per slot

	DMRS multiple with data
	No

	Channel estimation method
	MMSE


[image: ]
Figure 3.1-2 Joint channel estimation with 100kbps target data rate
[image: ]
Figure 3.1-2 Joint channel estimation with 1Mbps target data rate
As we can observe that compared to conventional channel estimation based on single slot, joint channel estimation of 2 slots and 3 slots can obtain approximately 1.4 and 2.1 dB gain at 10% BLER, respectively. Thus, joint channel estimation without increasing the DMRS overhead can be regarded as a promising way in PUSCH coverage enhancement and the applicability or conditions of the joint channel estimation should be supported.
In above evaluation, we assume the DMRS sequence among all joint slots/transmissions are well known by both transmitter and receiver. However, in practical implementation, random phase rotation between different transmissions might occur due to possible state transitions, such as the on and off switching of power amplifier due to dis-consecutive transmissions, the power gear variation of power amplifier due to independent power control of different transmission, etc. Once the unknown random phase rotation between different slots or transmission is included in DMRS, it is hard to remove from the fading channel estimations, which would lead to an inaccurate channel state information and degrade the uplink transmission performance. Thus, to avoid the random phase rotation among different uplink transmissions and enable joint channel estimation at BS, the uplink transmission by UE have to meet following requirement such as consecutive uplink transmissions with an unified power control to ensure the same transmission power, an unified precoding to ensure the same precoding matrix and the same DMRS transmission port for multiple transmissions, etc. 

Observation 1: By joint channel estimation across consecutive PUSCH transmissions, a large coverage gain can be achieved as compared to conventional single slot channel estimation, i.e., 1.4 dB and 2.1 dB SNR gains are obtained at 10% BLER for 2 and 3 slots joint channel estimation, respectively.
Proposal 1: Joint channel estimation across consecutive PUSCH transmissions is recommended for PUSCH coverage enhancement.
Proposal 2: Potential spec impacts to enable joint channel estimation are identical transmission power, precoding and DMRS port, etc., among consecutive PUSCH transmissions.

1.2 Finer granularity transmission
[bookmark: OLE_LINK2]As analyzed in [3], for each transport block, there is a minimum number of coded bits that has to be received at BS for the correct decoding of current TB given a certain channel fading. If BS fails to decode current TB at 1st transmission, in current specification, HARQ retransmission will be performed and combining detection of multiple retransmissions will be used. Usually, more bits than expected (the minimum required number of received bits at BS to decode current TB in theory) would be transmitted in HARQ (re)transmissions in reality, which can be called as additional resource waste, because practical scheduling cannot match current fading channel state perfectly. Measurement and scheduling deviations either due to inaccurate channel estimation or limited quantized MCS levels, etc., causes resource waste and degrade system performance. To reduce the resource waste, transmission which is more tailored to achieve a minimal number of bits is desirable and will improve coverage. 
According to the parameter settings in table 3.2-1, we provide a transmission mechanism with finer scheduling granularities in time domain and simulation results are shown in Figure 3.2-1.
Table 3.2-1 Parameter settings for finer granularity transmission
	Parameters
	Values

	Antenna configuration
	1T 2R 

	Channel model
	TDL-C

	UE speed
	3 km/h

	Delay spread
	300ns

	DMRS configuration per slot
	Type I, max-length=1



[image: ]
Figure 3.2-1 Required SNR gain by finer granularity transmission
Notes on the legends: 
· The legend of 12OS means 12 symbols within one slot is scheduled in each transmission with. TBS=1256 bits, which is regarded as the baseline. 
· [bookmark: OLE_LINK9]The legend of 6OS means 2 transmissions within one slot with a scheduling granularity of 6 symbols for each transmission. 
· The legend of 4OS means 3 transmissions within one slot with a scheduling granularity of 4 symbols for each transmission
· The legend of 3OS means 4 transmissions within one slot with a scheduling granularity of 3 symbols for each transmission
· The legend of 2OS means 6 transmissions within one slot with a scheduling granularity of 2 symbols for each transmission
· The TBS is kept the same in each transmission for above different scheduling granularities, which means no matter how many symbols is scheduled in each transmission, the TBS keep the same, thus the actual code rate for a smaller scheduling granularity would be higher than that of a larger scheduling granularity with the same TBS.
In simulation, MCS 0 with a low code rate is used for the baseline (12OS scheduling granularity in each transmission) to ensure the best baseline performance under coverage enhancement scenarios. A large number of retransmissions is allowed under the limitation of 50 ms delay. As inaccurate scheduling would cause extra bits transmitted than required, which would degrade the coverage performance. To approach the minimum required number of bits with smaller resource waste, (re)transmissions with a finer granularity in HARQ is used to approach the requirement (the minimum number of required bits received at BS) by smaller steps, such as 6OS, 4OS, 3OS and 2OS scheduling granularities, with a sacrifice of more times of retransmission and larger transmission delays. For example, a PUSCH scheduling with 12OS are divided into 2 PUSCH scheduling with 6OS for each scheduling. There would be chance that the TB can be decoded correctly after 1 transmission of 6OS, thus the left 1 scheduling of 6OS transmission can be avoided and the corresponding resource can be used to transmit a new TB. Usually, a higher throughput can be expected by finer granularity transmission. 
As observed from figure 3.2-1, by finer granularity transmission with 6OS in each scheduling, 0.6 dB SNR gain can be obtained compared to the baseline performance at 1Mbps target data rate. However, smaller SNR gains are obtained for other finer scheduling granularities, such as 0.35, 0.15 and -0.1dB for 4OS, 3OS and 2OS scheduling granularities, respectively. The reason for the gain decrease of finer transmission granularity with 4OS, 3OS and 2OS might result from the large DMRS overhead, because at least 1 DMRS symbol should be configured for each scheduling, regardless of the scheduling granularity, thus the DMRS overhead could be as high as 50% for 2OS scheduling, which degrades the potential gain of finer granularity transmission. 
[bookmark: OLE_LINK8]Observation 2: By finer scheduling granularity of (re)transmission, a better coverage performance could be obtained while the large DMRS overhead in each finer granularity (re)transmission would degrade the coverage performance.
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Figure 3.2-2 Required SNR gain by finer granularity transmission with shared DMRS
To reduce the large DMRS overhead in multiple (re)transmissions with finer granularity, we assume that multiple transmissions within one slot can share the same DMRS of the 1st transmission while none DMRS can be configured for other (re)transmissions, which is denoted as DMRS sharing among multiple transmissions. As shown in figure 3.2-2, a larger SNR gain can be obtained by a finer granularity transmission with DMRS sharing among multiple transmissions, such as 1.4 dB gain for 2OS scheduling as compared to the baseline of 12OS scheduling at 1Mbps target data rate.  

Observation 3: PUSCH transmissions with finer scheduling granularity and DMRS sharing among multiple PUSCH (re)transmissions can achieve an obvious SNR gain compared to the baseline (a scheduling granularity of 12OS) at 1Mbps target data rate, such as 1.4dB gain can be obtained by the finer scheduling granularity of 2OS.
Proposal 3: Shared DMRS among multiple consecutive PUSCH transmissions with finer scheduling granularity is recommended for PUSCH coverage enhancement, such as non-DMRS configured PUSCH should be supported to reduce DMRS overhead.

1.3 Enhancement of repetition cancellation in TDD
To enhance uplink coverage, PUSCH repetition can be performed and signals of multiple repetitions received at BS can be combined to obtain a higher SNR, i.e. maximum 16 repetitions for PUSCH is supported by current standardization documents. Once N nominal repetitions are configured, UE transmit PUSCH at valid uplink resources within the duration of subsequent N slots and N*L symbols for repetition type A and type B, respectively, where L denotes the number of symbols for each PUSCH transmission. However, for repetition in TDD mode, only a small portion of valid uplink resource are configured in typical TDD mode configurations, such as 4:1, 7:3 and 8:2 of DL: UL slots, where PUSCH repetitions on invalid resources such as DL slots would be cancelled and the actual PUSCH repetition number would be much fewer than the configured nominal number N, which would degrade the uplink coverage seriously. As shown in Figure 3.3-1, where PUSCH repetition type A is assumed and DDDSUDDSUU TDD mode is configured. As we can see, although 8 and 16 nominal repetitions are configured, there are 3 and 6 actual repetitions, respectively. Furthermore, table 3.3-1 presents the averaged actual repetition number under different combinations of nominal repetitions and typical TDD configurations.
[image: ]
Figure 3.3-1 Example of slot cancellation of PUSCH repetition in TDD mode
Table 3.3-1 Number of actual repetition under different TDD modes
	Averaged actual repetition number
	Typical TDD slot configurations

	
	DDDSU (4:1)
	DDDSUDDSUU(7:3)
	DDDDDDDDUU(8:2)

	8 nominal repetition
	8*1/(4+1)= 1.6
	8*3/(7+3)= 2.4
	8*2/(8+2)= 1.6

	16 nominal repetition
	16*1/(4+1)= 3.2
	16*3/(7+3)= 4.8
	16*2/(8+2)= 3.2


As we can see, even 16 nominal repetitions are configured, the averaged actual repetition number in TDD mode would be reduced to no more than 4.8 due to slot cancellation of invalid downlink slots, where far fewer actual repetitions are performed than expected and the uplink performance would be degraded seriously.
By following the same parameter settings in above PUSCH coverage evaluation in table 3.3-2, we present the evaluation results of PUSCH performance in TDD mode with different numbers of actual repetitions in figure 3.3-2 and 3.3-3 to validate the performance improvement by actual repetitions.
Table 3.3-2 Parameter settings of PUSCH actual repetition in TDD mode
	Scenario
	Urban (4GHz, TDD 7:3 DL:UL)
	Rural (4GHz, TDD 7:3 DL:UL)

	PRB, MCS
	30RB, MCS3, TBS=2280
	4RB, MCS1, TBS=184

	Antenna configuration
	1T 4R 
	1T 4R 

	Channel model
	TDL-C
	TDL-C

	UE speed
	3 km/h
	3 km/h

	Delay spread
	300ns
	300ns

	Wave form
	DFT-S-OFDM
	DFT-S-OFDM

	DMRS configuration 
	Type I, max-length=1, 1 front-loaded DMRS
	Type I, max-length=1, 1 front-loaded DMRS

	Metric
	10% BLER
	10% BLER
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Figure 3.3-2 Performance of PUSCH actual repetitions under urban scenario
[image: ]
Figure 3.3-3 Performance of PUSCH actual repetitions under rural scenario
As we can see, both in urban and rural scenarios, approximately 2 dB gain of required SNR can be obtained by doubling the number of actual repetitions in 7:3 DL: UL TDD mode at 10% BLER, which obviously validates the necessity of ensuring a certain number of actual repetitions TDD to enhance PUSCH coverage. There are two possible methods to increase the number of actual repetitions in TDD:
· Supporting a larger number of nominal repetitions in TDD mode, such as 24, 32 or more repetitions than current maximum 16 repetitions to enable a larger combining gain of multiple PUSCH repetitions at BS in poor coverage scenarios. 
· Once the number of actual repetition is much fewer than the expected nominal number, a new mechanism can be activated that UE can further transmit PUSCH on valid UL slots after the duration of nominal configured resources until an expected number of actual PUSCH repetition is achieved. Besides, flexible slots with a certain portion of uplink symbols can also can used for PUSCH repetition type A, aiming to fully utilize the uplink resources to enhance PUSCH coverage. 
Observation 4: Enhancement of repetition cancellation in TDD (7:3 DL: UL) with doubled actual repetitions can obtain approximately >2dB SNR gain for both urban and rural scenarios.
Proposal 4: Enhancement of repetition cancellation in TDD to ensure more actual repetitions is recommended for PUSCH coverage enhancement.
1.4 FDD higher power transmission
Due to the large pathloss and penetration loss, transmission power is a key factor on uplink coverage. In RAN4 document [4], 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, which limits the performance of uplink transmission. 
Current NR specification supports repetition for PUSCH coverage enhancement. Ideally, with N repetitions, a maximum  dB SNR gain can be achieved by combining detection. However, the noise 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 3.4-1, 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.
[image: ]
Figure 3.4-1. 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.
To evaluate the performance of FDD higher UE power transmission, we present a simplified simulation of a TDD-like pattern where the first 4 slots have twice the power of the baseline simulation, and the next 4 slots have zero power. This simple example gives approximately 1dB SNR gain at 10% BLER. 
[image: ]
Figure 3.4-2 Simulation results of instant higher power transmission
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 with capability of higher transmission power. However, there are frequency bands where both FDD and TDD are supported, 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 simulation observations in RAN 1 would provide insights into the beneficial gain of FDD higher power transmission, which can also validate the significance for its promote in RAN4.

Observation 5: A large SNR gain is obtained by FDD higher power transmission as compared to original repetitions, e.g. 1 dB SNR gain at 10% BLER.

In light of the above analysis, we have the following proposal:
[bookmark: _GoBack]Proposal 5: FDD higher power UE transmission is recommended for PUSCH coverage enhancement.

1.5 More flexible frequency hopping
To utilize the diversity in frequency domain, inter-slot and intra-slot frequency hopping among repetitions are supported by current NR standardization documents. Taking the inter-slot frequency hopping as an example, figure 3.5-1 shows that two candidate positions in frequency domain are allocated for repetitions with frequency hopping and one frequency offset is configured between two consecutive repetitions. 
[image: ]
Figure 3.5-1 Example of current frequency hopping with 2 frequency domain positions
For coverage scenario, usually the data packet is small and few RBs are scheduled, which only occupies a small portion of valid bandwidth. Thus, more frequency hopping positions than 2 could be configured to further utilizing the frequency domain diversity, which would contribute to a better PUSCH coverage. For example, by following the parameter settings in table 3.5-1, we present the evaluation results of enabling 4 frequency hopping positions for both 4 repetitions and 8 repetitions in Fig.3.5-2 and 3.5-3, respectively. 
Table 3.5-1 Parameter settings of PUSCH frequency hopping
	Scenario
	FDD @2GHz,

	PRB, MCS
	4RB, MCS0, TBS=144

	Bandwidth
	20 MHz with 100 PRBs

	Frequency hopping (FH) pattern
	Start PRB positions of 2 FH: {1, 51}
Start PRB position of 4FH: {1, 51, 26, 76}

	Antenna configuration
	1T 2R 

	Channel model
	TDL-C

	UE speed
	3 km/h

	Delay spread
	300ns

	Wave form
	DFT-S-OFDM

	DMRS configuration 
	Type I, max-length=1, 1 front-loaded DMRS

	Metric
	10% BLER



[image: ]
Figure 3.5-2 Performance of 4 PUSCH repetition with frequency hopping 
[image: ]
Figure 3.5-3 Performance of 8 PUSCH repetition with frequency hopping 

As we can observe that an obvious gain >1dB can be obtained by enabling 4 frequency hopping positions as compared to the performance of current 2 frequency hopping positions. Thus, a flexible frequency hopping such as more frequency hopping positions among repetitions can be promising solution for coverage enhancement.

Observation 6: By increasing the frequency hopping positions from 2 positions to 4 positions, a >1dB SNR gain can be obtained at 10% BLER for both 4 repetitions with frequency hopping and 8 repetitions with frequency hopping.

In light of the above analysis, we have the following proposal:
Proposal 6: More frequency hopping positions among multiple repetitions is recommended for PUSCH coverage enhancement.

Conclusions 
In this contribution, we provide overviews on possible aforementioned solutions for coverage enhancement and evaluation results of potential gains. Based on the discussion, we have the following observations and proposals:
Observation 1: By joint channel estimation across consecutive PUSCH transmissions, a large coverage gain can be achieved as compared to conventional single slot channel estimation, i.e., 1.4 dB and 2.1 dB SNR gains are obtained at 10% BLER for 2 and 3 slots joint channel estimation, respectively.
Observation 2: By finer scheduling granularity of (re)transmission, a better coverage performance could be obtained while the large DMRS overhead in each finer granularity (re)transmission would degrade the coverage performance.
Observation 3: PUSCH transmissions with finer scheduling granularity and DMRS sharing among multiple PUSCH (re)transmissions can achieve an obvious SNR gain compared to the baseline (a scheduling granularity of 12OS) at 1Mbps target data rate, such as 1.4dB gain can be obtained by the finer scheduling granularity of 2OS.
Observation 4: Enhancement of repetition cancellation in TDD (7:3 DL: UL) with doubled actual repetitions can obtain approximately >2dB SNR gain for both urban and rural scenarios.
Observation 5: A large SNR gain is obtained by FDD higher power transmission as compared to original repetitions, e.g. 1 dB SNR gain at 10% BLER.
Observation 6: By increasing the frequency hopping positions from 2 positions to 4 positions, a >1dB SNR gain can be obtained at 10% BLER for both 4 repetitions with frequency hopping and 8 repetitions with frequency hopping.

Proposal 1: Joint channel estimation across consecutive PUSCH transmissions is recommended for PUSCH coverage enhancement.
Proposal 2: Potential spec impacts to enable joint channel estimation are identical transmission power, precoding and DMRS port, etc., among consecutive PUSCH transmissions.
Proposal 3: Shared DMRS among multiple consecutive PUSCH transmissions with finer scheduling granularity is recommended for PUSCH coverage enhancement, such as non-DMRS configured PUSCH should be supported to reduce DMRS overhead.
Proposal 4: Enhancement of repetition cancellation in TDD to ensure more actual repetitions is recommended for PUSCH coverage enhancement.
Proposal 5: FDD higher power UE transmission is recommended for PUSCH coverage enhancement.
Proposal 6: More frequency hopping positions among multiple repetitions is recommended for PUSCH coverage enhancement.
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