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Introductions
In the previous RAN1#103 and #104 e-meeting [1][2], the following agreements about enhancement on HST-SFN deployment and multi-TRP PDCCH were achieved.
	Agreement
When the same DMRS port(s) are associated with two TCI states containing TRS as source reference signal, at least one variant is supported for Rel-17 HST-SFN scenario based on further evaluations
· Variant A: One of the TCI state can be associated with {average delay, delay spread} and another TCI states can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)
· Variant B: One of the TCI state can be associated with {average delay, delay spread} and another TCI state with {Doppler shift, Doppler spread} (i.e., QCL-TypeB)
· Variant C: One of the TCI state can be associated with {delay spread}  and another TCI states can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)
· Variant E: Both TCI states can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)
· FFS: Indication method to apply QCL, e.g., via new QCL-type, or reuse existing QCL-type while UE to ignore certain QCL properties
· Note: Each TCI state in the above variants may be additionally associated with {Spatial Rx parameter} (i.e., QCL-TypeD)
· Note: Companies are encouraged to provide evaluation results for the above variants based on agreed EVM from RAN1#102e meeting
· Note: Above variants are applicable to scheme 1 and/or TRP based pre-compensation as a reference for evaluation.
This agreement is for the purpose of evaluation and does not imply the support or lack of support of scheme 1 and/or TRP based pre-compensation
Agreement
Scheme 1 is supported in Rel-17
· TRS is transmitted in TRP-specific / non-SFN manner
· DM-RS and PDCCH/PDSCH from TRPs are transmitted in SFN manner
· FFS other details
Agreement
For scheme 1 and SFN transmission of PDCCH support Variant E for QCL assumption in TCI state when TRS is used as source RS
Agreement
Two TCI states are supported for scheme 1 in FR2
Agreement
For HST-SFN scenario:
· Support semi-static (RRC based) switching of scheme 1 (PDSCH) with 2a, 2b, 3, 4
· FFS all other details including RRC signaling, possible RAN4 impact (if any), etc.
Agreement
For PDCCH reliability enhancements, support SFN transmission scheme + Alt 1-1.
· FFS: TCI state activation for CORESET, impact on default beam, BFD resource for BFR
Agreement
· Support MAC CE activation of two TCI states for PDCCH
· FFS other details


In this contribution, further analysis of NW-based solution and scheme 1 on HST-SFN deployment are provided. Link-level simulation results with frequency errors are given to show the performance difference between the above potential solutions. Besides, some detailed issues about SFN PDCCH enhancement are discussed, such as default beam and BFR when PDCCH is transmitted in SFN manner.

Discussion
HST-SFN deployment
In the HST scenario, due to frequent handover between the cells, SFN transmission scheme was introduced in LTE. Multiple TRPs with the same Cell ID are connected to one BBU to overcome frequent handover under HST-SFN deployment. However, one of the main problems of HST-SFN deployment is the opposite Doppler shifts from different TRPs. From UE’s perspective, the received signal is a combination of multiple delayed signals with different power and opposite high Doppler shifts in SFN manner as shown in Figure 1, which is quite challenging for UE demodulation. 


HST-SFN deployment 
To deal with opposite Doppler shifts, several potential solutions were proposed in RAN1#102 e-meeting, which basically can be classified as the UE-based solution and NW-based solution.

UE-based solution for HST-SFN
Scheme 1: SFN transmission with distributed TRS
In scheme 1, two TRS resource sets TRS1 and TRS2 are transmitted from TRP1 and TRP2 respectively, while PDSCH/PDCCH are transmitted in SFN manner, as shown in Figure 2. UE can estimate the Doppler shifts by measuring two TRS resource sets, and then apply the results for PDSCH/PDCCH DMRS estimation. 
[image: ]
SFN transmission with distributed TRS
However, the channel of HST-SFN deployment is generally a LOS channel with multiple Doppler shifts, and the Doppler spread is typically not a U-shape spectrum. Therefore, after estimating the multiple Doppler shifts based on distributed TRS, UE should use them to reconstruct the Doppler spectrum, and then conduct time-domain interpolation for DMRS estimation by using the Wiener filter, instead of the U-shape Doppler spectrum assumption. That means a Rel-17 UE should simultaneously support the advanced time-domain interpolation designed for scheme 1 and the legacy U-shape spectrum time-domain interpolation for DMRS estimation, leading to the increasing of implementation complexity of Rel-17 UE. 
Scheme 1 would increase the implementation complexity of Rel-17 UE, due to the additional time-domain interpolation for DMRS estimation.

Scheme 2: SFN transmission with distributed TRS and DMRS
In scheme 2, in addition to two TRS resource sets, two orthogonal PDSCH DMRS ports are also transmitted from TRP1 and TRP2 respectively, while PDSCH is still transmitted in SFN manner, as shown in Figure 3. UE can achieve estimating the channel of each TRP separately with orthogonal PDSCH DMRS ports, and then combine the channel of each TRP to reconstruct a composite channel for PDSCH demodulation.
[image: ]
SFN transmission with distributed TRS and DMRS
However, there are two main drawbacks of scheme 2 as follows.
· Complexity: Separate channel estimation of two TRPs needs a total of twice time-domain filtering to be operated for the LS channel estimation results from two orthogonal DMRS ports. Relatively, scheme 1 only needs once time-domain filtering with two Doppler shifts value estimated by two TRS. Moreover,  the NW-based solution even has no requirement for UE to enhance its DMRS estimation processing. Therefore, from the perspective of UE, the complexity of scheme 2 is higher than other schemes. 
· DMRS overhead: Two orthogonal PDSCH DMRS ports from two CDM groups separately would directly affect the overall throughput of PDSCH transmission in scheme 2. 
Scheme 2 needs higher UE complexity and more DMRS overhead, compared to other proposed schemes for Rel-17 HST-SFN.

Performance evaluation
To evaluate the performance of two UE-based solutions scheme 1 and scheme 2 for PDSCH transmission, some link-level simulation results are shown in Figure 4. In scheme 2, two DMRS ports in different CDM groups are configured with one layer PDSCH transmission, and one transmission block is mapped on 10PRB with PRG2 precoding cycling. Assuming that UE moves from TRP1 to TRP2, a CDL-based extended channel is used in the simulation. Besides, the closest position from each TRP is set as the SNR reference point, and SNR is only defined by UE receiving power from the closest TRP. CSI-RS is transmitted from two TRPs in SFN manner only for the derivation of CQI. The other simulation assumptions are given in Annex A corresponding to the agreements in RAN1#102 e-meeting. To show the variety of DL demodulation performance when UE is moving, UE located at different points on the track has been evaluated.
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a) SNR=8dB
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b) SNR=20dB


Evaluation on the performance of two UE-based solutions
From the simulation results, it is observed that two UE-based solutions provide considerable performance enhancement compared to the traditional PDSCH transmission with SFN TRS. Moreover, due to more DMRS overhead, the PDSCH throughput of scheme 2 with distributed DMRS is lower than scheme 1. 
Scheme 1 outperforms scheme 2, due to lower DMRS overhead.
Additionally, it is worth noting that the throughput at the UE position near the TRP is decreased. This is because the beam can’t cover the area directly below the TRP, which leads to a phenomenon called dark under light, in terms of the TRP boresight and directional antenna model assumptions agreed in RAN1#102 e-meeting. However, in practical network deployment, apart from the beam covering the far away area, another beam may also be generated to cover the area beneath the TRP. Furthermore, deploying an additional TRP by a certain layout to cover the area below the TRP is also an effective solution to eliminate the dark under light phenomenon.
The TRP boresight and directional antenna model assumptions agreed in RAN1#102 e-meeting would cause dark under light phenomenon.

NW-based solution for HST-SFN
Frequency offset pre-compensation procedure
To resolve the challenge of multiple Doppler shifts under the HST-SFN deployment, frequency offset pre-compensation has been studied as a potential solution in TR 38.878. However, CRS is used to estimate the Doppler shifts in LTE. In NR, TRS is configured UE-specifically for fine time and frequency tracking to aid the demodulation of PDSCH since there is no CRS-like reference signal. Therefore, there are some differences in details in frequency offset pre-compensation based on TRS. The frequency offset pre-compensation process based on distributed TRS is given as follows.
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An example of frequency offset pre-compensation processing flow
More description of frequency offset pre-compensation corresponding to Figure 5 is provided below:
· TRS1 and TRS2 are transmitted from TRP1 and TRP2 separately at carrier frequency fc
· UE receives TRS1 and TRS2 at carrier frequency fc, then estimates two Doppler shifts Δf1 and Δf2
· UE adjusts its downlink receive carrier frequency from fc to  fc  +Δf1 based on TRS1
· UE adjusts its uplink carrier frequency to  fc  +Δf  by a certain rule and transmits UL RS, e.g. SRS
· TRP1 and TRP2 both receive the UL RS and estimate Doppler shifts, then BS calculates the frequency offset pre-compensation value of TRP2 as Δf1 -Δf2
· Optionally, TRP1 transmits TRS3 at carrier frequency fc without frequency pre-compensation, while TRP2 transmits TRS3 at carrier frequency fc  +Δfpre2 
· TRP1 transmits PDSCH/PDCCH at carrier frequency fc without frequency pre-compensation, while TRP2 transmits PDSCH/PDCCH at carrier frequency fc  +Δfpre2
· UE receives PDSCH/PDCCH at carrier frequency fc  +Δf1. Ideally, there is no Doppler shift from UE’s perspective.
According to the above procedure, it’s worth noting that before transmitting PDSCH/PDCCH, another frequency pre-compensated TRS resource set might not be necessary as the QCL source for PDSCH/PDCCH  in SFN manner. The main drawback to transmit the frequency pre-compensated TRS resource set is the total TRS overhead increases significantly. Moreover, the frequency pre-compensation value is generally UE-specific, which implies each UE needs a specific frequency pre-compensated TRS resource set. From this perspective, the TRS overhead would further increase significantly with an increasing number of UEs on the train.
The extra frequency pre-compensated TRS is unnecessary before PDSCH/PDCCH transmission.

Indication of the Doppler shifts
In the procedure of frequency offset pre-compensation, the key point is how does NW know the Doppler shifts that are used to process frequency pre-compensation? There are two potential methods to let NW get the Doppler shifts as follows.
· Option 1: Implicit indication of the Doppler shifts using uplink signals 
· Option 2: Explicit reporting of the Doppler shifts using CSI framework
In Option 1, NW would estimate the uplink frequency offset based on the uplink signals, such as SRS. As described in Figure 5, UE transmits an SRS signal to TRP1 and TRP2 at the uplink carrier frequency fc  + Δf, where Δf is the frequency adjusting value for uplink. Then TRP1 estimates the uplink frequency offset Δf + Δf1 and TRP2 estimates the uplink frequency offset Δf + Δf2. NW calculates the frequency pre-compensation value Δf1 - Δf2 for TRP2 by subtracting Δf + Δf2 from Δf + Δf1. It can be observed that the final frequency pre-compensation value Δf1 - Δf2 is independent of Δf. That means as long as satisfying the uplink frequency shifts estimate requirement, no matter what the exact value of Δf is, frequency offset pre-compensation can still work. Therefore, the uplink carrier frequency can be adjusted based on UE implementation, regardless of the downlink frequency shift estimation by TRS. To avoid adjusting the oscillator frequently, after UE modulates the downlink carrier frequency based on TRS, it can transmit uplink signals at the same downlink carrier frequency by UE implementation. In this way, the frequency adjusting value Δf for uplink can be equal to Δf1, which achieves the same purpose as indicating the QCL-like association between uplink signals and TRS.
The frequency pre-compensation value can be derived based on implementation, regardless of the uplink carrier frequency of UE.  
In Option 2, UE would report the Doppler shifts estimated by TRSs using the CSI framework. However, it would lead to extra CSI feedback overhead. Especially, when the number of Doppler shifts to be reported is equal to the number of serving TRPs. Due to the small power of received TRS signals from TRPs which are far from the UE, a part of the estimated Doppler shifts corresponding to faraway TRPs is not accurate. If those inaccurate Doppler shifts are reported by the CSI framework, it would cause a certain degree of waste of feedback resources. According to the above reason, Option 2 seems inappropriate for the frequency offset pre-compensation scheme.
Support implementation-based frequency offset pre-compensation by uplink signals, without defining the QCL-like association between uplink signals and TRS.

New QCL assumption for PDSCH/PDCCH DMRS
While distributed TRS resource sets are transmitted from each TRP respectively, PDSCH and PDCCH are transmitted in SFN manner. Thus, it is natural that the same DMRS port(s) could QCLed with multiple TRS resource sets simultaneously. 
In RAN1#103 e-meeting, several QCL assumptions were proposed for the frequency offset pre-compensation scheme. They can mainly be divided into two types of realization as follows.
· Type1: Define a new QCL-Type
· Variant A: One of the TCI states can be associated with {average delay, delay spread} and another TCI state can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)
· Variant B: One of the TCI states can be associated with {average delay, delay spread} and another TCI state with {Doppler shift, Doppler spread} (i.e., QCL-TypeB)
· Variant C: One of the TCI states can be associated with {delay spread} and another TCI state can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)

· Type 2: Reuse existing QCL-type but ignore certain QCL properties
· Variant E: Both TCI states can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)
For type 1, it is easy to observe that the main difference between Variant A and Variant C is whether another TCI state should be associated with average delay property. In the existing specification, the average delay is mainly measured by SSB and TRS and then used for downlink timing. For HST-SFN deployment with two distributed TRSs, there are two feasible ways to measure the average delay.
· 1st and 2nd TRS estimate the average delay separately
In this case, the UE would measure an average delay on each TRS for related TRP’s time-domain channel. However, from the perspective of adjusting downlink timing, UE referring to the average delay measured on one of two TRSs is enough, i.e. the TRS which is referred to adjust the downlink frequency shift simultaneously. If both TCI states related to two TRSs are associated with average delay as provided in Variant A, UE would be confused about which average delay value should be used to adjust the downlink timing.
· 1st and 2nd TRS estimate the average delay together
In this case, the UE can estimate one common average delay on the composit channel of  1st and 2nd TRS. However, due to the different path delays from two TRPs, the calculated average delay based on Variant A using the composit channel would be larger than Variant C as shown in Figure 6, which would affect the accuracy of downlink timing. 


Comparison of the average delay estimation between Variant A and Variant C
Therefore, both TCI states associated with average delay would cause ambiguity and imprecision of downlink timing. On the contrary, when only one TCI state is associated with average delay, it would be clear for UE to adjust downlink timing correctly. For instance, in the previous procedure description of frequency offset pre-compensation, the downlink carrier frequency is assumed to be adjusted based on TRS1 as fc  +Δf1, where Δf1 is the Doppler shift estimate result corresponding to the transmission between TRP1 and UE, because TRS1 has stronger receiving power and can provide more precise Doppler shift estimation than TRS2. At the same time, the downlink timing adjustment can also refer to TRS1 with its average delay.
Both TCI states associated with average delay would cause ambiguity and imprecision of downlink timing. 
[bookmark: _Hlk61436734]For type 2, reusing existing QCL-type but ignoring certain QCL properties is an equivalent method to achieve the QCL relationship between DMRS and TRS in frequency offset pre-compensation. Assume that both TCI states associated with QCL-TypeA, i.e.,{average delay, delay spread, Doppler shift, Doppler spread} are indicated to UE. The UE should ignore some of the QCL properties of a certain TCI state and only refer to delay spread. In this case, the same QCL relationship as Variant C is achieved. However, before ignoring the QCL properties of a certain TCI state, UE should know which TCI state is the anchor to provide the complete QCL-TypeA reference or which TCI state is used to provide only delay spread. Thus, an implicit or explicit indication should be designed to make sure UE can know it. 
Ignoring {average delay, Doppler shift, Doppler spread} properties of QCL-TypeA can achieve the same effect as Variant C, but an implicit or explicit indication should be designed to inform UE which TCI state to provide only {delay spread} reference. 
Support Variant C as the QCL assumption for the frequency offset pre-compensation scheme in Rel-17.

Performance evaluation
To analyze the performance of the frequency offset pre-compensation scheme, some link-level simulation results are presented. Assuming that UE moves from TRP1 to TRP2, a CDL-based extended channel is used in the simulation. Besides, the SRS resource with the pattern of two consecutive columns is used for uplink Doppler shifts estimation. To show the variety of DL demodulation performance, UE located at different points on the track has been evaluated. The evaluation results with and without CFO between TRPs and latency error between frequency estimation and application of frequency offset pre-compensation are given as follows separately.
· Evaluation without CFO and latency error
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a) SNR=8dB
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b) SNR=20dB


Evaluation on the performance of frequency offset pre-compensation without CFO and latency error
From the results shown in Figure 7, it’s obvious that frequency offset pre-compensation with distributed TRS is useful to enhance the DL demodulation performance for HST-SFN deployment. Furthermore, the frequency offset pre-compensation scheme can provide more performance improvement, compared to two UE-based solutions. Especially, with the increase of SNR, the performance of frequency offset pre-compensation outperforms two UE-based solutions distinctly.
· Evaluation with CFO and latency error
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a) Dopper shifts of two TRPs
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b) Latency error with the RS period up to 10ms


Latency error between frequency estimation and application of frequency offset pre-compensation
To present the effect of frequency error on the frequency offset pre-compensation and scheme 1, the latency up to 10ms is considered in the evaluation to show the frequency deviation between the frequency estimation value and application value of frequency offset pre-compensation on PDSCH, as TRS and SRS are transmitted with a typical period of 10ms in the practical HST deployment. The latency error is given in Figure 8, as the high-speed train is moving at 500km/h. Moreover, assume that CFO between two TRPs is a random uniform value between [-0.1ppm, 0.1ppm], i.e. [-350Hz, 350Hz] when the carrier frequency is 3.5GHz. 
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a) AMC enabled
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b) MSC17


Evaluation on the performance of frequency offset pre-compensation and scheme 1 with CFO and latency error
In this case, the performance of the frequency offset pre-compensation and scheme 1 with CFO and latency error are given in Figure 9. The above simulation results show the performance in the cases of enabling AMC and fixing MCS17. It can be observed that the performance of frequency offset pre-compensation still outperforms scheme 1 with the CFO and latency error in both cases. Especially in the high SNR region with AMC, frequency offset pre-compensation has a comparable gain to scheme 1.
Frequency offset pre-compensation outperforms scheme 1 for HST-SFN deployment, even with frequency error.
[bookmark: _Ref53673205]Support frequency offset pre-compensation for Rel-17 HST-SFN.

Indication for SFN PDSCH
In the Rel-16 MTRP operation, several MTRP transmission schemes are specified with a single DCI indication, including SDM, FDM, and TDM manner. The specific indication is designed for them to distinguish from each other. Table 1 is a summary of indications for these different MTRP transmission schemes.
Indications of Rel-16 MTRP transmission schemes
	Transmission schemes
	CDM groups
	TCI state
	repetitionNumber-r16
	RepetitionScheme-r16

	Scheme 1a (SDM)
	2
	2
	DCI field 'Time domain resource assignment' not indicating an entry which contains repetitionNumber-r16 in PDSCH-TimeDomainResourceAllocation-r16
	\

	Scheme 2a (FDM)
	1
	2
	\
	'fdmSchemeA'  

	Scheme 2b (FDM)
	1
	2
	\
	'fdmSchemeB'

	Scheme 3 (Intra-slot TDM)
	1
	2
	\
	'tdmSchemeA'

	Scheme 4 (Inter-slot TDM)
	1
	2
	DCI field "Time domain resource assignment' indicating an entry which contains repetitionNumber-r16 in PDSCH-TimeDomainResourceAllocation-r16
	\



From the perspective of cell handover, SFN transmission is suitable for the high-speed train moving fast under the TRPs and it can improve the robustness of downlink transmission. However, for some UEs that require more data transmission, scheme 1a in SDM manner might be more suitable for improving PDSCH throughput. Therefore, the dynamic switching between SFN transmission and scheme 1a should be considered. 
Besides, when UE is moving near the TRP, the PDSCH transmission scheme can be dynamically switched from SFN to DPS to save the transmission energy and reduce the frequency selective fading. Moreover, broadcast messages would generally be transmitted from STRP to ensure UEs which work in the DPS scheme can also receive the broadcast messages. Therefore, UE which is working in the SFN transmission scheme should have the capability to dynamically switch from SFN transmission scheme to STRP transmission scheme.
Support dynamic switching of SFN scheme with STRP scheme and scheme 1a.
To distinguish the SFN transmission scheme from these Rel-16 MTRP schemes, it is necessary to design a specific indication for SFN transmission of PDSCH, since the UE behavior would be quite different in these MTRP schemes. Therefore, some potential solutions for the indication of SFN transmission of PDSCH can be considered as follows.
· Option 1: Specify a new RRC parameter such as ‘sfnScheme’
· Option 2: Specify a new RRC parameter such as ‘sfnScheme’ and restrict the number of CDM groups equal to one
· Option 3: No new RRC parameter, just restrict the number of CDM groups equal to one
In case of only specifying a new RRC parameter without restricting the number of CDM groups equal to one, it would be confusing between the SFN transmission scheme and scheme 1a, when both schemes are indicated with two CDM groups. Thus, restricting the number of CDM groups equal to one for SFN transmission scheme is a good approach. Besides, consider the LOS channel, it’s hard to transmit more than two layers of PDSCH, so one CDM group for PDSCH DMRS is enough. Furthermore, it can be observed that using the combination of one CDM group and two TCI states as the indication for the SFN transmission scheme can also distinguish the SFN transmission scheme from these Rel-16 MTRP schemes in Table 1. That means a new specific RRC parameter for the SFN transmission scheme is redundant.
For UEs not configured with 'fdmSchemeA', 'fdmSchemeB' and 'tdmSchemeA', support to indicate SFN transmission scheme by restricting the number of CDM groups equal to one without introducing a new RRC parameter.

Detailed discussion about SFN PDCCH
Considering the scenario of HST adopting SFN based transmission, SFN based PDCCH transmission was agreed firstly in the RAN1 #103 e-meeting, and the QCL parameters used for the PDCCH are associated with a monitored occasion of a search space with one CORESET indicated by two TCI states. When the active TCI states of CORESET increases to two, several issues need further discussion, including the different combination case of SFN and non-SFN PDCCH/PDSCH, the default beam of PDSCH, PUCCH, SRS and CSI-RS, and BFD RS for BFR procedure. 
[bookmark: _Hlk61866947]The combination of transmission schemes for PDCCH and PDSCH
Considering the multifarious cases in the HST deployment, the combination of transmission schemes for PDCCH and PDSCH would be quite flexible, especially for transmission in STRP and SFN manner. Table 2 shows four different combinations of PDCCH and PDSCH transmission in STRP or SFN manner.
The combination of transmission schemes for PDCCH and PDSCH
	PDCCH
	PDSCH
	Issue

	STRP
	STRP
	/

	STRP
	SFN
	· Whether UE has the capability to dynamically switch the receiving process between STRP transmission for PDCCH and SFN transmission for PDSCH
· If not, the default beam should be considered, e.g. when UE scheduled by DCI 1_0 without TCI

	SFN
	STRP
	· Whether UE has the capability to dynamically switch the receiving process between SFN transmission for PDSCH and STRP transmission for PDCCH
· [bookmark: _Hlk68122284]Default beam enhancement should be considered, e.g. when UE scheduled by DCI 1_0 without TCI

	SFN
	SFN
	· How to indicate the transmission scheme for PDCCH
· Whether PDCCH is pre-compensated together with PDSCH



If PDCCH is transmitted in STRP manner while PDSCH is transmitted in SFN manner, whether UE has the capability to dynamically switch the receiving process between STRP transmission for PDCCH and SFN transmission for PDSCH should be discussed. If UE doesn’t have the capability, then the default beam of SFN PDSCH scheduled by DCI 1_0 without TCI indication would be contradictory. In other words, if UE doesn’t have the capability to dynamically switch its receiving process between STRP transmission for PDCCH and SFN transmission for PDSCH, UE can’t be scheduled with SFN PDSCH transmission based on DCI 1_0 transmitted from STRP.
If UE doesn’t have the capability to dynamically switch its receiving process between STRP transmission for PDCCH and SFN transmission for PDSCH, the SFN PDSCH transmission can’t be scheduled by the DCI 1_0 transmitted from STRP.
If PDCCH is transmitted in SFN manner while PDSCH is transmitted in STRP manner, whether UE has the capability to dynamically switch the receiving process between SFN transmission for PDCCH and STRP transmission for PDSCH should also be discussed. Moreover, no matter UE has the capability of dynamic switching, default beam enhancement should be considered in the case, e.g. when PDSCH is scheduled by DCI 1_0 without TCI indication.  A detailed discussion can be found in the following section.
If PDCCH and PDSCH are both transmitted in SFN manner, there are two issues to be considered. The first one is how to indicate the transmission scheme for PDCCH. One potential solution is to design a specific RRC parameter for SFN PDCCH. Another feasible way is to use the MAC CE with two TCI states as the indication for SFN PDCCH. As MAC CE with two TCI states for PDCCH is a unique feature of SFN PDCCH, it’s natural to consider it as the indication for SFN PDCCH.
Support using the MAC CE with two TCI states as the indication for SFN PDCCH rather than a specific RRC parameter.
The second issue is whether PDCCH is pre-compensated together with PDSCH. If PDCCH is transmitted by scheme 1, but PDSCH is transmitted by the frequency offset pre-compensation scheme, UE should maintain two receiving processes simultaneously or support dynamic switching between scheme 1 and frequency offset pre-compensation, which would increase UE’s complexity.
If frequency offset pre-compensation is enabled, both SFN PDCCH and SFN PDSCH should be pre-compensated.
SS-specific TCI state activation for CORESET
In 38.321, the TCI state indication for UE-specific PDCCH MAC CE is identified by a MAC which has a fixed size of 16bits with three fields of serving cell ID, CORESET ID and TCI state ID as shown in figure 10.a. In Rel-16, the enhanced TCI states activation/deactivation for UE-specific MAC CE is supported, in which one TCI codepoint can include one or two TCI states to support PDSCH reception in MTRP. Similarly, the enhanced TCI states for CORESET can reuse this similar design shown in figure 10.b. 



a)  Conventional TCI State indication for CORESET         b) Enhanced TCI State indication for CORESET
TCI State Indication for UE-specific PDCCH MAC CE
Besides, when the UE is configured multi-serving cells for carrier aggregation and the indicated serving cell is configured as part of a simultaneousTCI-UpdateList1-r16, this MAC CE applies to all of the serving cells in the set simultaneousTCI-UpdateList, and SFN based PDCCHs take effect simultaneously in multi-CAs with only one MAC CE message.
A UE can be configured with up to 3 CORESETs and 10 search space sets on each of up to four BWP on a serving cell, and a search space set is associated with only one CORESET. In Rel-16, if one CORESET is associated with multiple search spaces, the QCL parameters of all of the PDCCH resources carried in these search spaces are indicated by the TCI state of this CORESET. Therefore, when two TCI states for a CORESET are configured in Rel-17, whether all of the search spaces of this CORESET are associated with both two TCI states should be discussed. Since different DCI formats can be configured in different search spaces, for some DCI formats in the common search space set is not appropriate with SFN based scheme (e.g. format 2-X) or has been configured with other schemes (e.g. TDM based repetition), some search spaces can be associated with one of the TCI states or both by an indication shown in Figure 11. Even if the CORESET is configured with two TCI states, search space 2 and search space 3 are also transmitted from a single TRP. gNB can adjust dynamically and flexibly one PDCCH transmission in the case of S-TRP or M-TRP.


TCI State(s) Indication for different search space               
Support configuration/activation of one or two TCI States for different search spaces in a CORESET for PDCCH SFN transmission.

Default beam for different channels
· Default beam for PDSCH
UE receives PDSCH with default beam before successfully decoding the DCI payload, when at least one configured TCI state for the serving cell of the scheduled PDSCH contains the 'QCL-TypeD'. In 38.214, the default beam for PDSCH in some cases usually has a relationship with the QCL configuration of the lowest CORESET ID. Therefore, new cases about the scheduling relationship between SFN based PDCCH and corresponding PDSCH should be discussed. There are four possible options as follows:
1) Option1: SFN based PDCCH scheduling PDSCH from STRP in Rel-15
2) Option2: SFN based PDCCH scheduling PDSCH from MTRP in Rel-16 (including scheme 1a,2a,2b,3,4), and UE is capable of simultaneous reception of two beams
3) Option3: SFN based PDCCH scheduling PDSCH from M-TRP in Rel-16 (including scheme 3,4), but UE is not capable of simultaneous reception of two beams
4) Option4: SFN based PDCCH scheduling SFN based PDSCH from M-TRP, and UE is capable of simultaneous reception of two beams
Regarding option 2, UE can receive two different beams simultaneously, meanwhile, at least one TCI codepoint indicates two TCI states. The default beam of these PDSCH transmissions are quasi co-located with the RS(s) with respect to the QCL parameter(s) associated with the TCI states corresponding to the lowest codepoint among the TCI codepoints containing two different TCI states, regardless of the number of TCI states of the lowest CORESET ID.
Regarding option 4, there are many common features between SFN based PDSCH and PDSCH transmission schemes 1a, 2a and 2b, so the behavior of the default beam for option 4 can be the same as option 2.
Regarding option 1 and option 3, the default beam of PDSCH should refer to the lowest CORESET ID in the latest slot, in which one or more CORESETs within the active BWP of the serving cell are monitored by the UE. The case that the lowest CORESET ID configured with one TCI state has been supported in the existing specification. However, if the lowest CORESET ID is configured with two TCI states, how to determine the default beam of this PDSCH transmission from S-TRP may include the following alternatives.
· Alt1: gNB ensures the lowest CORESET ID in the latest slot only configured one TCI state by implementation
· Alt2: Modify the definition of the lowest CORESET ID in the latest slot, e.g. the lowest CORESET ID among the CORESETs associated with one TCI state in the latest slot.
· Alt3: QCL assumption associated with one of TCI states, e.g. always selects the first or the second TCI state
· Alt4: QCL assumption associated with both of two TCI states
The pros and cons of these alternatives are listed below.
The pros and cons of different solutions of default beam for PDSCH
	
	Pros
	Cons

	Alt1
	No change in the current spec 
	There may be a certain restriction on RRC configuration. For example, gNB should ensure the lowest CORESET ID in every PDCCH monitoring occasion is always associated with one TCI state.

	Alt2
	Small spec impact
	There may be a certain restriction on RRC configuration, e.g. gNB should ensure at least one CORESET associated with one TCI state in every PDCCH monitoring occasion.

	Alt3
	Small spec impact
	Association with  one TCI state should be defined.

	Alt4
	Small spec impact
	It will increase the complexity of UE in case of option 1 and cannot support option 3.



The approach for the determination of default beams for option 1 and 3 should be further  discussed with the alternatives listed above.
· Default beam for A-CSI RS triggering and NZP CSI RS
In Rel-16, for each A-CSI-RS resource in a CSI-RS resource set associated with each CSI triggering state, the UE is indicated with the QCL parameters through higher layer signaling of qcl-info which contains a list of TCI states for the A-CSI-RS resources associated with the CSI triggering state. However, in case that the scheduling offset between the last symbol of the PDCCH carrying the triggering DCI and the first symbol of the A-CSI-RS resources configured without higher layer parameter trs-Info is smaller than the beam-switching threshold which is indicated in reporting of UE capability, the UE applies the QCL assumption used for the CORESET associated with a monitored search space with the lowest CORESET ID in the latest slot, where one or more CORESETs within the active BWP of the serving cell are monitored, and the CORESETs belong to the same CORESET pool index if configured. Therefore, the default beam assumption of A-CSI RS can also refer to the lowest CORESET ID in the latest slot, which is the same as the default beam for PDSCH discussed above. For simplifying the spec impact, it is better to share the same design of the default beam for both A-CSI RS and PDSCH.
The same mechanism of default beam assumption for A-CSI RS and PDSCH can be used.
Spec 38.214 defines the following: “For a CSI-RS resource associated with a NZP-CSI-RS-ResourceSet with the higher layer parameter repetition set to 'on', the UE shall not expect to be configured with CSI-RS over the symbols during which the UE is also configured to monitor the CORESET, while for other NZP-CSI-RS-ResourceSet configurations, if the UE is configured with a CSI-RS resource and a search space set associated with a CORESET in the same OFDM symbol(s), the UE may assume that the CSI-RS and a PDCCH DM-RS transmitted in all the search space sets associated with CORESET are quasi co-located with 'typeD', if 'typeD' is applicable. This also applies to the case when CSI-RS and the CORESET are in different intra-band component carriers, if 'typeD' is applicable. Furthermore, the UE shall not expect to be configured with the CSI-RS in PRBs that overlap those of the CORESET in the OFDM symbols occupied by the search space set(s).”
Therefore, for a CSI-RS resource associated with a NZP-CSI-RS-ResourceSet with the higher layer parameter repetition set to 'off' and overlapping with a search space set associated with a CORESET in time, UE would assume the default beam for the CSI-RS refers to QCL assumption for the CORESET related to the PDCCH. However, if the CORESET is indicated with two TCI states, two alternatives should be considered to determine the default beam of the CSI-RS.
· Alt1: gNB ensures the CORESET ID only be configured one TCI states by implementation
· Alt2: QCL assumption associated with one of TCI states, e.g. always selects the first or the second TCI state
Alt1 may introduce some scheduling restrictions for CSI-RS but without any spec impact, while Alt2 is also a simple scheme to resolve the issue without restricting the scheduling flexibility of gNB.
The default beam of CSI-RS in case of overlapping with CORESET in time domain should be further discussed.
· Default beam for SRS and PUSCH
Default beam of the uplink channel and reference signal including PUSCH and SRS is defined in Rel-16,  which depends on the QCL of the lowest CORESET ID in the active DL BWP in the CC. The same analysis as the above makes sense here, and the same approach can be applied to the default beam of downlink and uplink channels and signals.
Reuse the same rule for determination of the default beam of uplink channels and reference signals in case one beam is applied as the default beam.

BFD resource for BFR
Beam failure detection is the first step of the beam failure recovery mechanism, in which UE monitors a set of  periodic CSI-RS resources to assess whether the beam failure trigger condition has been met or not. The CSI-RS can be explicitly configured by RRC signaling or implicitly associated by using the same QCL assumption with CORESETs. In current spec, at most three CORESETs are configured for one active BWP and one of them is reserved as special CORESET-BFR, so UE only support up to a set of two CSI-RS resources for BFD. 
If the CSI-RS resources for BFD are implicitly indicated and one of CORESETs is configured with two TCI states while the other CORESET is configured with one TCI state, UE may monitor three CSI-RS resources totally, which exceed the number of UE monitoring capability. Furthermore, UE assesses the beam failure trigger condition according to SINR estimation based on CSI-RS against the SINR threshold of target PDCCH BLER. In the case of PDCCH SFN transmission, whether the SINR is estimated based on each CRI-RS separately or based on two CSI-RS resources together should be discussed. Two options can be considered as follows.  
· Alt1: The DL RS in the two TCI states are directly used as the BFD RS.
· Regardless of how many TCI states are configured for the CORESET, BFD is performed in each CSI-RS resource, and beam failure is declared when the signal quality of all CSI-RS resources is lower than the threshold. 
· Alt2: UE calculates one SINR in SFN assumption based on two independent CSI-RS resources whose TCI states are associated with the two TCI states of the CORESET independently  
· UE can combine the channel estimation results based on two CSI-RS resources in SFN mode and then estimate the SINR to identify the performance of PDCCH. Regarding the explicit configuration for set  when SFN based PDCCH is configured, UE should extract two corresponding CSI-RS resources to combine the channel estimation and derive the SINR. 
Since Alt2 considers the combined gain of PDCCH, it will significantly reduce the probability of triggering the BFR procedure unnecessarily. However, if Alt2 is supported, once BFD is reported by UE, then how to find new candidate beams or one group of beams for SFN based PDCCH should be further studied. In Rel-17, BFR for MTRP is being discussed in AI 8.1.2.3 with many common issues. Therefore, one unified scheme to address BFR in MTRP operation is preferred. Apart from SFN based PDCCH, other PDCCH enhancement, e.g. TDM based PDCCH should also be taken into account in BFR procedure enhancement.
Take Alt2 into account with high priority for BFD enhancement.

Further enhancement on HST-SFN 
From the perspective of UE, the SFN channel is composed of multiple TRPs’ channels with respective received path power and delay. When UE is located at the middle point of two TRPs, the signals transmitted from two TRPs have the same path power and delay, but different arrival phases. Therefore, two TRP’s SFN signals might cancel out with each other at the middle point of two TRPs as shown in Figure 12, result in the low SNR of received signals. That would cause the degradation of UE demodulation performance. To solve the above problem, a small delay CDD can be introduced in a certain TRP. For instance, CDD with the length of CP/16 can be added before signals transmitted from the second TRP. After that, the relative delay of two LOS paths in the received SFN signal would be nearly CP/16, which can effectively avoid SFN signals canceling out with each out.
	[image: ]
a) Channel of TRP1
	[image: ]
b) Channel of TRP2
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c) Composed SFN channel at the UE side


TRP’s channel canceling out with each other when UE is located at 350m
Besides, when UE is at other locations where the power of signals from two TRPs is similar, but the path delay difference is relatively large, the frequency-domain SFN channel would experience deep and more frequent fading as shown in Figure 13. That would also cause the performance degradation of SFN transmission. In this case, small delay CDD can also be used to reduce the path delay difference between two TRPs’ SFN signal, which can inhibit the deep and frequent fading of the composited SFN channel at the UE side. 
	[image: ]
a) Channel of TRP1
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b) Channel of TRP2
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c) Composed SFN channel at the UE side


The deep and frequent fading of the composed SFN channel when UE is located at 250m
SFN signals from two TRPs might cancel out with each other at the middle point of two TRPs.
Lager delay between the SFN signals from two TRPs would cause deep and more frequent fading of the SFN channel, leading to performance degradation of SFN transmission.

	[image: ]
a) SNR=0dB
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b) SNR=4dB


Performance comparison of SFN w/s CDD and w/o CDD
Figure 14 shows the simulation results of SFN with small delay CDD and without small delay CDD using frequency offset pre-compensation. Type I codebook with PRG2 is applied to PDSCH which is mapped on 50 PRBs. According to the results, it is obvious that when UE is located at 350m, the performance of SFN without CDD is degraded by the cancellation of SFN signals. After introducing a fixed CDD with the length of CP/16, it can be found that the performance at 350m is improved significantly. However, a fixed CDD cannot improve the performance at every location and even would cause degradation at certain locations. Therefore, if the network can adjust the small delay CDD value dynamically based on UE’s location, the performance at other locations can also be improved. As shown in Figure 14, SFN with dynamic CDD to keep the received path delay difference of SFN signals at every location as CP/16 can generally improve the performance of UE demodulation. Furthermore, it can be observed that DPS outperforms SFN if the received path delay difference cannot be properly adjusted.
Small delay CDD can improve the UE demodulation performance but is sensitive to delay offset added between the two TRPs.
Small delay CDD with a properly adjusted delay offset between TRPs can be considered to further enhance the performance of HST-SFN.

Conclusions
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]In summary, the following observations and proposals are made for Rel-17 HST-SFN enhancement.
1. Scheme 1 would increase the implementation complexity of Rel-17 UE, due to the additional time-domain interpolation for DMRS estimation.
Scheme 2 needs higher UE complexity and more DMRS overhead, compared to other proposed schemes for Rel-17 HST-SFN.
Scheme 1 outperforms scheme 2, due to lower DMRS overhead.
The TRP boresight and directional antenna model assumptions agreed in RAN1#102 e-meeting would cause dark under light phenomenon.
The frequency pre-compensation value can be derived based on implementation, regardless of the uplink carrier frequency of UE.  
Both TCI states associated with average delay would cause ambiguity and imprecision of downlink timing.  
Ignoring {average delay, Doppler shift, Doppler spread} properties of QCL-TypeA can achieve the same effect as Variant C, but an implicit or explicit indication should be designed to inform UE which TCI state to provide only {delay spread} reference.  
Frequency offset pre-compensation outperforms scheme 1 for HST-SFN deployment, even with frequency error.
If UE doesn’t have the capability to dynamically switch its receiving process between STRP transmission for PDCCH and SFN transmission for PDSCH, the SFN PDSCH transmission can’t be scheduled by the DCI 1_0 transmitted from STRP.
SFN signals from two TRPs might cancel out with each other at the middle point of two TRPs.
Lager delay between the SFN signals from two TRPs would cause deep and more frequent fading of the SFN channel, leading to performance degradation of SFN transmission.
Small delay CDD can improve the UE demodulation performance but is sensitive to delay offset added between the two TRPs.

1. The extra frequency pre-compensated TRS is unnecessary before PDSCH/PDCCH transmission.
Support implementation-based frequency offset pre-compensation by uplink signals, without defining the QCL-like association between uplink signals and TRS.
Support Variant C as the QCL assumption for the frequency offset pre-compensation scheme in Rel-17.
Support frequency offset pre-compensation for Rel-17 HST-SFN.
Support dynamic switching of SFN scheme with STRP scheme and scheme 1a.
For UEs not configured with 'fdmSchemeA', 'fdmSchemeB' and 'tdmSchemeA', support to indicate SFN transmission scheme by restricting the number of CDM groups equal to one without introducing a new RRC parameter.
Support using the MAC CE with two TCI states as the indication for SFN PDCCH rather than a specific RRC parameter.
If frequency offset pre-compensation is enabled, both SFN PDCCH and SFN PDSCH should be pre-compensated.
Support configuration/activation of one or two TCI States for different search spaces in a CORESET for PDCCH SFN transmission.
The approach for the determination of default beams for option 1 and 3 should be further  discussed with the alternatives listed above.
The same mechanism of default beam assumption for A-CSI RS and PDSCH can be used.
The default beam of CSI-RS in case of overlapping with CORESET in time domain should be further discussed.
Reuse the same rule for determination of the default beam of uplink channels and reference signals in case one beam is applied as the default beam.
Take Alt2 into account with high priority for BFD enhancement.
Small delay CDD with a properly adjusted delay offset between TRPs can be considered to further enhance the performance of HST-SFN.
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Annex A Simulation assumptions
Link-level simulation assumptions
	Parameter
	Value

	Duplexing
	TDD

	Carrier frequency
	3.5GHz

	Subcarrier spacing 
	30kHz

	Propagation condition
	CDL-based extension

	TRP deployment
	Ds=700m, Dmin=150m, TRP height=35m, UE height=1.5m

	gNB antenna port configuration
	2 ports

	UE antenna port configuration
	2 ports

	Digital precoding method
	Precoding cycling / Type I codebook, PRG=2

	TRS periodicity
	10ms, 2 slot TRS

	DMRS type
	Type 1

	Number of DMRS symbols
	1+1+1

	PDSCH mapping
	Type A, Starting symbol 2, Duration 12

	Bandwidth
	10RB / 50RB

	MCS
	MCS adaptation / MCS17

	Rank
	1

	UE speed
	500km/h
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