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1. Introduction

During the RAN#84 plenary meeting, it was agreed that further investigation is required on HST scenarios in FR1 feasible for both UE and BS demodulation at very high speed. In the report for NR HST scope [1][2], the following open issues are stated for BS/UE demodulation performance requirements:

In this contribution, we present our views, on PUSCH issues based on the above assumptions and other assumptions made here within this contribution.
In particular, the following issues are considered:
· The needed reference signal pattern for frequency error estimation

· The needed reference signal pattern for channel estimation

· The impact of sub-carrier spacing on overall performance

· Which MCS can be supported at high speed

· The potential need to study ICI cancellation

The above issues need to be considered in order to derive simulation assumptions for the HST. The issues are presented separately, but there is some inter-relation between them and thus final conclusions on the set of assumptions should be based on the joint conclusions for each issue.
2. Discussion
Consideration for frequency offset estimation

Under mobility scenarios, signals transmitted are Doppler shifted/frequency offset relative to UE velocity perceived at receiving base stations. In OFDM system, frequency offset could cause signals to loss orthogonality between subcarriers and hence performance degradation. The issue is especially severe in HST scenarios. To avoid performance degradations, it is utterly important for the receivers to be able to provide reliable frequency offset estimation (FOE) and tracking and use this estimated information to correct the received signals. Such estimations can be done by using DM-RS or/and PT-RS reference signals in UL in NR. The FOE range has a dependency on the reference signals’ inter-symbol distances.
In NR, there are many DM-RS symbols available within one slot and with the introduction of PT-RS, the sampling frequencies for frequency offset estimations achievable on PUSCH are significantly higher compared to that in LTE. With these being available in NR, larger frequency offset ranges could be estimated in NR.

Fundamentally, the maximum frequency offset that could be estimated unambiguously without any advanced method can be calculated with equation 1:

fmax_offset = 1/ (2 × Δt)1,



()
With DM-RS based frequency estimation, it would require at least (1+1+1) DM-RS symbols to achieve proper FOE for UEs moving at 500 km/h when the subcarrier spacing of 30 kHz is used. However, with 15 kHz SCS deployments, the achievable maximum frequency offset estimation is merely 1750 Hz with (1+1+1) DM-RS symbols and simple FOE methods. This achievable maximum FOE is smaller than then expected maximum frequency offset at 500 km/h in band n1 and would cause FOE to wrap around and result in FOE ambiguity. Today, there exists many advanced techniques that could be used to resolve the FOE ambiguity issue. However, this would introduce software implementation complexity and cost. One way to avoid the implementation complexity is simply to allow one more additional DM-RS symbol at a cost of increased overhead, as shown in Table 1. Or alternatively, FOE using PT-RS could be considered.
Table 1. Example of maximum Doppler shift that can be measured at BS with DM-RS symbols only (and where no advanced techniques applied to resolve ambiguity) for the operating band n1, n7 and n77.
	SCS
	Max foffset_est

	
	PUSCH mapping type A
	PUSCH mapping type B

	
	dmrs-AdditionalPosition
	dmrs-AdditionalPosition

	
	1
	2
	3
	1
	2
	3

	15 kHz
	875
	1750
	2333
	700
	1400
	2333

	30 kHz
	1750
	3500
	4667
	1400
	2800
	4667


With the time density LPT-RS configurable to {1, 2, or 4} for PT-RS [3], assuming non-fading static channel and applying Equation (1), with PT-RS based FOE there would be no issues of estimating frequency offsets above ~3350 Hz or ~1944 Hz with simple FOE methods (and thus no implementation complexity) for UEs moving at 500 km/h in band n77 or band n1, as indicated in Table 2. Nevertheless, with the possibility of using PT-RS, it would still require enough DM-RS symbols for reliable channel estimation. 
Table 2. Maximum Doppler shift at BS for the operating band n1, n7 and n77.

	fc
	Maximum Doppler shift ([Hz])

	
	UE velocity = 300 km/h
	UE velocity = 350 km/h
	UE velocity = 500 km/h

	2.1 GHz (@ band n1)
	1167 + Δfmismatch
	1361 + Δfmismatch
	1944 + Δfmismatch

	2.7 GHz (@ band n7)
	1500 + Δfmismatch
	1750 + Δfmismatch
	2500 + Δfmismatch

	3.6 GHz (@ band n77)
	2000 + Δfmismatch
	2333 + Δfmismatch
	3333 + Δfmismatch


Observation 1: With DM-RS based FOE, at least (1+1+1) DM-RS symbols are necessary to achieve reliable estimations for UE velocity up to 500 km/h in both 15 kHz and 30 kHz SCS deployments, with and without advanced algorithms respectively.

Observation 2: With PT-RS based FOE, estimations of high Doppler shifts are possible without any advanced algorithms.
Comparison of DM-RS based and PT-RS based FOE

In Figure 1 REF _Ref15371576 \h 
, we showed the performance is comparable with the two FOE methods but with slightly degradation with PT-RS based FOE. Sparse PT-RS samples in the frequency domain could be one of the reasons contributes to the degradation. It should be noted that the comparison is based on 30 kHz SCS only, where no advanced techniques are required to resolve frequency offset ambiguity with DM-RS based FOE.
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Figure 1. PT-RS based frequency offset estimation:

Observation 3: Without the consideration for ICI cancellation, comparable performance could be achieved with different reference signals (i.e. DM-RS and PT-RS) used for FOE for the 30kHz SCS.

Intercarrier interference could become sever at higher Doppler especially at higher MCS:

Proposal 1: Before finally deciding on the reference signal structure (DM-RS or PT-RS), the usefulness of ICI cancellation should be studied further.
Consideration for reliable channel estimation
In [3], one of the open issues is to introduce multipath fading with Doppler spread above 600 Hz for PUSCH to capture the minimum demodulation requirements for LTE HST when a UE moves through a tunnel. 
Theoretically, the maximum Doppler spread would be associated to UE’s velocity and the operating band. It is unclear how the threshold of 600 Hz Doppler spread was determined in LTE HST discussion. For comparison reasons, Doppler spread = 600 Hz and Doppler spread = 2000 Hz at lowest expected maximum speed (i.e. 300 km/h) for HST scenario were used in the simulations to illustrate the number of DM-RS symbols required. 
There has not been consensus amongst companies whether fading is a feasible condition during HST scenarios. Nevertheless, in the past RAN4 meetings, it has been shown that there has been performance issue with only 1 DM-RS symbol even under small fading conditions.

Observation 4: With only 1 DM-RS symbol adequate performance could not be achieved even under small fading conditions. 

To guarantee acceptable performance, at least (1+1) DM-RS symbols should be considered.

From the simulation results (as shown in Figure 2), it showed that already at Doppler spread = 2000 Hz, (1+1) DM-RS symbols are not adequate for high speed conditions if fading is to be considered realistically.
Observation 5: PUSCH with (1+1) DM-RS symbols, acceptable performance could be achieved under moderate fading conditions. Proper analysis should be done if fading conditions are to be introduced for HST requirements.

Summarized from the FOE discussion and the requirements of reliable channel estimation above-mentioned, we propose:
Proposal 2: 
· For DM-RS based FOE, consider (1+1+1) DM-RS symbols for [fd; SCS] = [1944 Hz; 15 kHz] and [fd; SCS] = [3333 Hz; 30 kHz]

· For PT-RS based FOE (with default LPT-RS and KPT-RS for CP-OFDM and NRB0=0, NRB1=8, NRB2=NRB3=32, and NRB4=108 for DFT-S-OFDM [4]), consider (1+1) DM-RS symbols for the legacy HST scenarios with [fd; SCS] = [1944 Hz; 15 kHz] and [fd; SCS] = [3333 Hz; 30 kHz]
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Figure 2. PUSCH performance with (1+1) DM-RS symbols in a fading condition with different Doppler spreads.

Consideration for subcarrier spacings
At higher operating band, it would typically require larger subcarrier spacing to avoid intercarrier interference. In Figure 3 below we illustrate the effects of configuring high band operation (i.e. band n77) with different subcarrier spacings (i.e. SCS = 15 kHz and SCS and 30 kHz). As shown, the performance degraded significantly at the maximum frequency shift fd = 2000 Hz (corresponds to 300 km/h) with SCS = 15 kHz and fc = 3.6 GHz.
Furthermore, in HST scenarios, the performance should be band agonistic (as shown in Figure 4). The main impact on the performance is the Doppler shift providing the same SCS is used for different carrier frequencies and the frequency estimation algorithm is fast enough to track the fast delta in frequency offset during handovers.

Proposal 3: For band n77, the Doppler setting for the 30kHz requirement should enable 500km/h operation. However, the Doppler setting for 15kHz should not be dimensioned to support 500km/h for band n77.
Proposal 4: The performance requirements should be based on meeting specified throughput criterion at specified doppler offsets, so that they are band agnostic.
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Figure 3. PUSCH performance with DM-RS based frequency offset estimation at various HST speed in band n77 (fc = 3.6 GHz) with SCS = 15 kHz and SCS = 30 kHz and band n1 (fc = 2.1 GHz) with SCS = 15 kHz.
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Figure 4. PUSCH performance with SCS = 15 kHz, fd = 1333 Hz but different fc (i.e. fc = 2.1 GHz and fc = 3.6 GHz).
Consideration for MCS
The figure below presented our evaluations for PUSCH performance with different MCSs and SCSs. The evaluation was based on HST scenario 3. The results illustrate that at high MCS (i.e. MCS22 in the graph) satisfactory performance could not be achieved when 15 kHz SCS is deployed and UE is travelling at 500 km/h.
Observation 6: MCS <=20 is required to guarantee requirement feasibility.
Observation 7: As shown in Figure 5, the performance at MCS22 degraded significantly at high Doppler which could be contributed by ICI. Further analysis and considerations (including reference signals, such as PT-RS) are required for higher MCSs at high speed.

MCS close to 20 are close to the boundary at which performance breaks down and there is some risk of results differing at such an MCS between companies, depending on details of algorithm implementations. Thus, we propose that in the absence of ICI mitigation algorithms, a more moderate core rate should be used for the requirement. As discussed above, the usefulness and impact of ICI mitigation should be studied further.
Proposal 5: Consider the moderate code rate from the existing FRC (i.e. MCS16) for the legacy/bi-directional HST scenarios. 
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Figure 5. DM-RS based frequency offset estimation: PUSCH performance with different MCS at HST speed of 500 km/h in 1-tap HST scenario 3.

Consideration for dmrs-typeA-position (l0)
Figure 6 shows that there is no significant difference in demodulation performance when no advanced technique is required:

Proposal 6: Set l0 = 2 to align to the non-HST scenarios.
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Figure 6. PUSCH performance comparison at different dmrs-type-A-positions.

3. Conclusion
In this contribution, we presented our views on the issues for the high speed train requirements. Our observations and proposals are summarized below:

Observation 1: With DM-RS based FOE, at least (1+1+1) DM-RS symbols are necessary to achieve reliable estimations for UE velocity up to 500 km/h in both 15 kHz and 30 kHz SCS deployments, with and without advanced algorithms respectively.

Observation 2: With PT-RS based FOE, estimations of high Doppler shifts are possible without any advanced algorithms.

Observation 3: Without the consideration for ICI cancellation, comparable performance could be achieved with different reference signals (i.e. DM-RS and PT-RS) used for FOE for the 30kHz SCS.
Observation 4: With only 1 DM-RS symbol adequate performance could not be achieved even under small fading conditions. 

Observation 5: PUSCH with (1+1) DM-RS symbols, acceptable performance could be achieved under moderate fading conditions. Proper analysis should be done if fading conditions are to be introduced for HST requirements.
Proposal 1: Before finally deciding on the reference signal structure, the usefulness of ICI cancellation should be studied further. 
Proposal 2: 
· For DM-RS based FOE, consider (1+1+1) DM-RS symbols for [fd; SCS] = [1944 Hz; 15 kHz] and [fd; SCS] = [3333 Hz; 30 kHz]
· For PT-RS based FOE (with default LPT-RS and KPT-RS for CP-OFDM and NRB0=0, NRB1=8, NRB2=NRB3=32, and NRB4=108 for DFT-S-OFDM [4]), consider (1+1) DM-RS symbols for the legacy HST scenarios with [fd; SCS] = [1944 Hz; 15 kHz] and [fd; SCS] = [3333 Hz; 30 kHz]
Proposal 3: For band n77, the Doppler setting for the 30kHz requirement should enable 500km/h operation. However, the Doppler setting for 15kHz should not be dimensioned to support 500km/h for band n77.

Proposal 4: The performance requirements should be based on meeting specified throughput criterion at specified doppler offsets, so that they are band agnostic.
Observation 6: MCS <= 20 is required to guarantee the requirement feasibility.

Observation 7: As shown in Figure 4, the performance at MCS22 degraded significantly at high Doppler which could be contributed by ICI. Further analysis and considerations (including reference signals, such as PT-RS) are required for higher MCSs at high speed.

Proposal 5: Consider the moderate code rate from the existing FRC (i.e. MCS16) for the legacy/bi-directional HST scenarios.

Observation 8: Without the consideration for ICI cancellation, comparable performance could be achieved with different reference signals (i.e. DM-RS and PT-RS) used for FOE.
Proposal 6: Set l0 = 2 to align to the non-HST scenarios.
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Target speed (FR1)


Option 1: up to 500km/h. the exact target speed (either band agnostic or band specific) will be decided in WI based on the maximum Doppler decision


Option 2: up to 350 km/h, the exact target speed (either band agnostic or band specific) will be decided in WI based on the maximum Doppler decision


Maximum carrier frequency (FR1)


Option 1: up to 3.6GHz for Doppler calculation and channel modeling purpose


Option 2: further discuss in WI


Option 2.1: Maximum Doppler shift shall be determined not only on operating frequency and velocity but also on NR physical design limitations for all UL/DL channels.


Channel model:


HST-SFN scenarios


Single tap channel model is for BS/UE requirements


Other deployment scenarios are not precluded
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