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Introduction
In the plenary RAN#86 meeting, the following objectives on the enhancements on NR-MIMO were laid out regards to multi-TRP deployment [1]:

· Enhancement on the support for multi-TRP deployment, targeting both FR1 and FR2:
· Identify and specify features to improve reliability and robustness for channels other than PDSCH (that is, PDCCH, PUSCH, and PUCCH) using multi-TRP and/or multi-panel, with Rel.16 reliability features as the baseline 
· Identify and specify QCL/TCI-related enhancements to enable inter-cell multi-TRP operations, assuming multi-DCI based multi-PDSCH reception
· Evaluate and, if needed, specify beam-management-related enhancements for simultaneous multi-TRP transmission with multi-panel reception
· Enhancement to support HST-SFN deployment scenario:
a. Identify and specify solution(s) on QCL assumption for DMRS, e.g. multiple QCL assumptions for the same DMRS port(s), targeting DL-only transmission
b. Evaluate and, if the benefit over Rel.16 HST enhancement baseline is demonstrated, specify QCL/QCL-like relation (including applicable type(s) and the associated requirement) between DL and UL signal by reusing the unified TCI framework

This contribution discusses various issues regarding PUSCH and PDCCH reliability enhancements for multi-TRP deployments.
PDCCH reliability enhancements
The following agreements were reached in RAN1#102e with respect to PDCCH reliability enhancements [2].

Agreement

To enable a PDCCH transmission with two TCI states, study pros and cons of the following alternatives:
· Alt 1: One CORESET with two active TCI states
· Alt 2: One SS set associated with two different CORESETs
· Alt 3: Two SS sets associated with corresponding CORESETs
At least the following aspects can be considered: multiplexing schemes (TDM / FDM/ SFN / combined schemes), BD/CCE limits, overbooking, CCE-REG mapping, PDCCH candidate CCEs (i.e. hashing function), CORESET / SS set configurations, and other procedural impacts.

Agreement

For non-SFN based mTRP PDCCH reliability enhancements, study the following options:
· Option 1 (no repetition): One encoding / rate matching for a PDCCH with two TCI states
· Option 2 (repetition): Encoding / rate matching is based on one repetition, and the same coded bits are repeated for the other repetition. Each repetition has the same number of CCEs and coded bits, and corresponds to the same DCI payload.
· Study both intra-slot repetition and inter-slot repetition
· Option 3 (multi-chance): Separate DCIs that schedule the same PDSCH /PUSCH /RS/TB/etc. or result in the same outcome.
· Study both cases of DCIs in the same slot and DCIs in different slots
Note 1: Companies are encouraged to evaluate the different options based on agreed LLS assumptions for possible down-selection in RAN1#103-e.
Note 2: The actual encoding / rate matching chain for PDCCH polar coding (i.e. 38.212 Sections 5.3.1 / 5.4.1 / 7.3.3 / 7.3.4) is not changed in the options above.


Agreement

For Alt 1 (one CORESET with two active TCI states), study the following 
· Alt 1-1: One PDCCH candidate (in a given SS set) is associated with both TCI states of the CORESET.
· Alt 1-2: Two sets of PDCCH candidates (in a given SS set) are associated with the two TCI states of the CORESET, respectively 
· Alt 1-3: Two sets of PDCCH candidates are associated with two corresponding SS sets, where both SS sets are associated with the CORESET and each SS set is associated with only one TCI state of the CORESET 
· Note 1: A set of PDCCH candidates contain a single or multiple PDCCH candidates, and a PDCCH candidate in a set corresponds to a repetition or chance
· Note 2: How one or more PDCCH candidates are counted for monitoring (for BD limit) is FFS 
The note is applicable also to other alternatives

Agreement

For mTRP PDCCH reliability enhancements, study the following multiplexing schemes
· TDM : Two sets of symbols of the transmitted PDCCH / two non-overlapping (in time) transmitted PDCCH repetitions / non-overlapping (in time) multi-chance transmitted PDCCH are associated with different TCI states
· Aspects and specification impacts related to intra-slot vs inter-slot to be discussed
· FDM : Two sets of REG bundles / CCEs of the transmitted PDCCH / two non-overlapping (in frequency) transmitted PDCCH repetitions / non-overlapping (in frequency) multi-chance transmitted PDCCH are associated with different TCI states
· SFN : PDCCH DMRS is associated with two TCI states in all REGs/CCEs of the PDCCH 
· Note: There is dependency between this scheme and AI 2d (HST-SFN )
· Note: Combinations of the schemes are not precluded, and they can be discussed at a later stage.

Agreement

For Alt 1-2/1-3/2/3, study the following
· Case 1: Two (or more) PDCCH candidates are explicitly linked together (UE knows the linking before decoding) 
· FFS: How the explicit linkage is derived/determined by the UE
· Case 2: Two (or more) PDCCH candidates are not explicitly linked together (UE does not know the linking before decoding) 
· FFS: How the UE knows the linkage after decoding 

In this section, simulation results and proposals related to PDCCH reliability enhancements are discussed.

Comparison of link level performances and observations
In this subsection, link level simulation results for enhancements on the PDCCH reliability are shown and discussed. The following schemes are compared:
· Single TRP transmission with AL = L,
· Multi-TRP transmission employing SFN (single PDCCH candidate with two TCI states), each transmission with AL = L, 
· Multi-TRP transmission employing multiple PDCCH candidates, each transmission with AL = L. The following decoding methods were considered for this scheme:
· Selection decoding: The PDCCH candidates are decoded one after the other until a valid DCI is obtained. For selection decoding, DCI repetition or multi-chance DCI is applicable.
· Soft-combining: The soft outputs are combined from two PDCCH candidates and fed to the decoder. For the soft-combining decoding, only DCI repetition is applicable.
· Hybrid decoding: This decoding scheme is a combination of soft-combining and selection decoding. A first PDCCH candidate is attempted for decoding. If a valid DCI is not obtained, the soft output from two PDCCH candidates is combined and attempted for decoding. For the hybrid decoding scheme, only DCI repetition is applicable.
The simulation assumptions are given in the appendix. Fig. 1 and Fig. 2 present the results for FR1 transmissions when the pathloss difference between the two transmissions is 0 dB (left figure) and 3 dB (right figure).
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	Figure 1: Link-level simulation results for S-TRP and M-TRP transmissions at FR1 employing SFN and PDCCH repetition with selective decoding, soft-combining, and hybrid decoding, AL=8.
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Figure 2: Link-level simulation results for S-TRP and M-TRP transmissions at FR1 employing SFN and PDCCH repetition with selective decoding, soft-combining, and hybrid decoding, AL=4.

As observed from the figures, for multi-TRP-based transmissions, the gain over single-TRP transmission increases when the pathloss difference between the two TRP decreases. Moreover, soft-combining outperforms selective decoding. The performance gap between the two decoding techniques increases with decreasing pathloss difference between the two TRPs. It is also be observed that hybrid decoding slightly performs better than soft-combining. The results also show that SFN performs best among the considered schemes for AL = 8 and the performance worsens at lower AL. In the simulated channel model, the large scale parameters between the channels of the two TRPs and UE are the same and the channel gains are often constructively combined in the case of SFN which results in an increase of the Rx power at the receiver. However, such a behavior may not happen in reality. When the two TRPs are placed sufficiently apart from each other with different scattering environments the channels are destructively superimposed as well. Hence, the performance of SFN for AL = 8, or in general, may be interpreted with caution.

Observation 1: The following observations are made from the PDCCH reliability enhancement simulation results for FR1:
· PDCCH repetition and SFN-based PDCCH transmission from two TRPs improves PDCCH reliability.
· In the case of PDCCH repetition or multi-chance PDCCH from two TRPs, the hierarchy in terms of performance is as follows: hybrid decoding > soft-combining > selection decoding.
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Figure 3: Link-level simulation results for S-TRP and M-TRP transmissions at FR2 employing PDCCH repetition with selective decoding, soft-combining, and hybrid decoding, for AL=8 (left) and AL = 4 (right).

For FR2 transmissions, a blockage probability of 10% was considered for each TRP with a blockage power of 10 dB. Fig. 3 presents results for S-TRP and M-TRP transmissions employing selective decoding, soft-combining, and hybrid decoding with AL=8 and AL=4. As shown in the results, an error floor is observed for S-TRP transmissions at BLER = 0.1 due to the TRP blockage. Also, the error floor is observed for the multi-TRP transmissions methods, however, at BLER = 0.01 or close to BLER = 0.01 under the same blockage circumstances. Furthermore, selective decoding is slightly better than soft-combining and hybrid decoding at medium SNRs (the difference is more pronounced for AL = 8), but falls behind both schemes at high SNR.
Observation 2: The following observations can be made from the PDCCH reliability enhancement simulations for FR2
· Blockage results in error floors for all methods. Multi-TRP schemes can reduce the error floor over the single-TRP scheme.
· Soft-combining and hybrid decoding perform better than selective decoding at low and high SNRs.
Proposals for PDCCH reliability enhancements
From the above observations, it can be concluded that PDCCH repetition or multi-chance PDCCH are suitable schemes that improve PDCCH reliability. In general, soft-combining or hybrid decoding perform better than selective decoding, To perform soft-combining or hybrid decoding, the knowledge of the linkage between the PDCCH candidates is necessary. Even if selective decoding is employed, the linkage between the PDCCH candidates may be required to know if the UE may neglect the 2nd PDCCH candidate if the decoding of the first one provides a valid DCI. Therefore, the linkage between the PDCCH candidates has to be provided to the UE to aid the decoding process.

Without the knowledge of the linkage before the decoding process, the UE attempts to decode every PDCCH candidate which are linked. If more than one PDCCH candidate leads to a valid DCI, the UE may have to reject a DCI based on some fixed conditions or metrics. By such a method, the decoding of every PDCCH candidate would be attempted, even after successful decoding of a DCI from linked PDCCH candidates (which the UE does not know). This would be a waste of UE’ resources. Hence, prior knowledge of the linkage between the PDCCH candidates is required at the UE. 

Proposal 1: For Alt 1-2/1-3/2/3, two (or more) PDCCH candidates are explicitly linked together (UE knows the linking before decoding).

The decoding method determines the number of BD attempts counted towards the UE’s BD limit. If soft-combining is employed, for linked PDCCH candidates, only one BD attempt is counted. If hybrid decoding or selection decoding is employed, up to two BD attempts would be required. The maximum possible value that may be counted, in that case, towards the BD limit is 2.

Proposal 2: The decoding method employed and the corresponding number BD attempts for a pair of linked PDCCH candidates to be calculated towards the BD limit is as follows:
· Soft-combining: 1
· Hybrid decoding or selection decoding: 2

As mentioned earlier, at least for non-SFN scenarios, PDCCH repetition or multi-chance PDCCH can be considered for reliability enhancement. Therefore, the following alternatives may be considered: Alt 1-2, Alt 1-3, Alt-2, Alt-3.

The specification effort required for each alternative is provided in the table below.

	Alternative
	Specification effort required for the following tasks

	Alt 1-2: Two sets of PDCCH candidates (in a given SS set) are associated with two TCI states of the CORESET.
	· the linkage of TCI states to PDCCH candidates, and 
· the linkage between PDCCH candidates for the decoding. 

	Alt 1-3: Two sets of PDCCH candidates are associated with two corresponding SS sets, where both SS sets are associated with the CORESET, and each SS set is associated with only one TCI state of the CORESET.
	· the linkage of SS sets with TCI states
· the linkage of two PDCCH candidates, one each from each SS set.

	Alt 2: One SS set is associated with two different CORESETs.
	· CCE to REG mapping of an SS set to two CORESETs

	Alt 3: Two SS sets are associated with corresponding CORESETs.
	· The linkage between PDCCH candidates in the two SS sets.



From the above table, it is evident that Alt-2 and Alt-3 require lower specification effort. Alt-2 may be performed by just the repetition of the CCEs of the SS set in two different CORESETs. Alt-3 would require the association of two different SS sets, and thereby the PDCCH candidates in the two SS sets that are linked and may carry the same DCI.

Proposal 3: Consider one of the following transmission schemes for PDCCH reliability enhancement
· Alt 2: One SS set associated with two different CORESETs
· Alt 3: Two SS sets associated with corresponding CORESETs
With any of the two above alternatives, the signalling of the association of the SS set with two CORESETs, or the association of two SS sets may be performed with the following in consideration: dynamic switching between single and multi-TRP transmissions. Therefore, a dynamic modification of the associations is required to facilitate switching between single- and multi-TRP transmissions.
Proposal 4: Use MAC-CE for the signalling of the association of the SS set with one or more CORESETs for Alt-2 or the association between two SS sets for Alt-3.
The multiplexing method is the next point of discussion for the proposed alternatives. With TDM and FDM being the alternatives available, the choice of the multiplexing method can be made depending on multiple factors. A discussion of the two schemes is presented in the table below.
	Multiplexing method
	Comments

	FDM
	· UE’s capability to receive multiple beams across different frequencies may be a limiting factor
· All copies of the DCI will be received in the same slot.

	TDM
	· UE’s capability to switch beams intra-slot or inter-slot is the limiting factor
· The DCI may be received in different slots in the case of inter-slot TDM. Latency of PDCCH reception needs to be considered here.



There is no strong preference over the multiplexing scheme to be implemented. However, if a single scheme is to be chosen, FDM is preferred to TDM. 
Proposal 5: FDM is preferred to TDM for PDCCH repetition or multi-chance PDCCH.
PUSCH reliability enhancements
The following agreements were reached in RAN#1-102e with respect to PUSCH reliability enhancements [2].
Agreement
For M-TRP PUSCH reliability enhancement, support single DCI based PUSCH transmission/repetition scheme(s). 
· Further study multi-DCI based PUSCH transmission/repetition scheme(s) to identify potential gains and required enhancements. 
· Note: This agreement does not reflect any prioritization of single DCI based PUSCH transmission/repetition over multi-DCI based PUSCH transmission/repetition. Ran1 can further discuss that in the next meeting.  

Agreement 
For single DCI based M-TRP PUSCH reliability enhancement, support TDMed PUSCH repetition scheme(s) based on Rel-16 PUSCH repetition Type A and Type B.
· Further study PUSCH transmission without repetition as a potential candidate M-TRP PUSCH scheme
[bookmark: _GoBack]
Agreement
To support single DCI based M-TRP PUSCH repetition scheme(s), up to two beams are supported. RAN1 shall further study the details considering,
1. Codebook based and non-codebook based PUSCH  
1. Enhancements on SRI/TPMI/power control parameters/any other 
Note1: Companies are encouraged to provide additional details on how above enhancements are applied to different PUSCH repetitions (e.g. mapping between PUSCH repetitions and beams)
Note2: Studying enhancements/aspects related to TA is not precluded.

Agreement
On the mapping between PUSCH repetitions and beams in single DCI based multi-TRP PUSCH repetition Type A and Type B, further study the following, 
· For both PUSCH repetition Type A and B, how the beams are mapped to different PUSCH repetitions (or slots/frequency hops),
· Alt.1: cyclical mapping pattern (the first and second beam are applied to the first and second PUSCH repetition, respectively, and the same beam mapping pattern continues to the remaining PUSCH repetitions). 
· Alt.2: sequential mapping pattern (the first beam is applied to the first and second PUSCH repetitions, and the second beam is applied to the third and fourth PUSCH repetitions, and the same beam mapping pattern continues to the remaining PUSCH repetitions). 
· Alt.3: Half-Half pattern (the first beam is applied to the first half of PUSCH repetitions, and the second beam is applied to the second half of PUSCH repetitions) 
· Alt.4: Other variants (e.g. configurable mapping patterns)
· Note1: For PUSCH repetition type B, the variants considering slot level beam mapping with the same mapping principals (replacing repetition with slot) in Alt.1/2/3 are also included. 
· Note2: For PUSCH repetition type A and B with frequency hopping, the variants considering frequency hop level beam mapping with the same mapping principals (replacing repetition with frequency hop) in Alt.1/2/3 can also be studied further. Final selection of such schemes also depends on the number of beams allowed per PUSCH repetition. 
· For PUSCH repetition Type B, which repetition type that the beams shall consider for the mapping,
· Alt.1: beams are mapped to the nominal repetitions
· Alt.2: beams are mapped to the actual repetitions
· Alt.3: beams are mapped to different slots (not in the granularity of actual/nominal repetition)
· Alt.4: Other variants
· Consider additional requirements on switching gap(s) between two PUSCH repetitions towards different TRPs considering beam switching latency aspects.
· Note: use of the above solutions to multi-DCI based PUSCH repetition and TDMed PUSCH transmission without repetition (when there are agreed to support) is not precluded.

In this section, PUSCH reliability enhancements are discussed. Single-DCI-based M-TRP PUSCH repetition has been agreed for Rel. 17. The next level of details are to be determined for various PUSCH transmission schemes and PUSCH types.
For codebook and non-codebook-based M-TRP PUSCH, the indication of the following parameters need a discussion:
· SRI
· TPMI
· Power control parameters
In the case of codebook-based TDMed M-TRP PUSCH, two different PUSCH transmissions to two different TRPs may be performed in one of the following ways: 
· Each PUSCH uses the same set of antenna ports, i.e., the ports of the same SRS resource are used for the two transmissions, and the TPMI for the two transmissions is different.
· Each PUSCH uses different sets of antenna ports, i.e., the ports of different SRS resources are used for each of the two transmissions, and the TPMI for the two transmissions is also different.
Proposal 6: In single-DCI codebook-based M-TRP PUSCH, the DCI indicates multiple TPMI values and one or more SRS resources. 
For the indication of more than one SRS resource in the case of codebook-based PUSCH, the SRI indication used for non-codebook-based PUSCH transmissions may be reused.
Proposal 7: Reuse the SRI indication of non-codebook-based PUSCH for codebook-based PUSCH for M-TRP when indicating multiple SRS resources.
As mentioned above, the SRI indicates multiple SRS resources for non-codebook-based PUSCH. Each SRS resource comprises a single port in this case. To indicate different sets of ports for non-codebook-based PUSCH to the different TRPs, two different groups of SRS resources need to be indicated, i.e., two SRIs each indicating one or more SRS resources. The indication may thus be complicated. Therefore, for non-codebook-based PUSCH, the SRS resource set may be defined with SRS resources that comprise multiple SRS ports. Therefore, for multi-TRP transmissions, up to 2 SRS resources may be indicated, where the mapping between the SRS resource(s) and the PUSCH transmissions is as described above in the case of codebook-based PUSCH. 
Proposal 8: Define SRS resource set for non-codebook-based PUSCH for M-TRP.
· FFS: Reusing the codebook SRS resource set for non-codebook in the case of multi-TRP transmissions.
Similarly, for both codebook- and non-codebook-based PUSCH, separate TPC commands for the PUSCH transmissions to the two TRPs need to be indicated via the DCI. Therefore, a mapping of the TPC command field of the DCI to up to 2 TPC command values shall be specified.
Proposal 9: Indicate up to 2 TPC commands via the DCI for multi-TRP PUSCH.
The possible beam mapping to the PUSCH repetitions listed from RAN1#102-e comprise the beam mapping methods specified in Rel. 16 for TDMed multi-TRP PDSCH. The sequential and cyclic mapping may be considered as the baseline mapping methods for multi-TRP PUSCH as well. The half-half mapping can additionally be considered.
Proposal 10: The sequential and cyclic mapping may be considered as the baseline mapping methods for multi-TRP PUSCH.
· FFS: Inclusion of half-half mapping
Conclusion
Observation 1: The following observations are made from the PDCCH reliability enhancement simulation results for FR1:
· PDCCH repetition and SFN-based PDCCH transmission from two TRPs improves PDCCH reliability.
· In the case of PDCCH repetition or multi-chance PDCCH from two TRPs, the hierarchy in terms of performance is as follows: hybrid decoding > soft-combining > selection decoding.

Observation 2: The following observations can be made from the PDCCH reliability enhancement simulations for FR2
· Blockage results in error floors for all methods. Multi-TRP schemes can reduce the error floor over the single-TRP scheme.
· Soft-combining and hybrid decoding perform better than selective decoding at low and high SNRs.

Proposal 1: For Alt 1-2/1-3/2/3, two (or more) PDCCH candidates are explicitly linked together (UE knows the linking before decoding).

Proposal 2: The decoding method employed and the corresponding number BD attempts for a pair of linked PDCCH candidates to be calculated towards the BD limit is as follows:
· Soft-combining: 1
· Hybrid decoding or selection decoding: 2

Proposal 3: At least for non-SFN scenarios, consider one of the following transmission schemes for PDCCH reliability enhancement
· Alt 2: One SS set associated with two different CORESETs
· Alt 3: Two SS sets associated with corresponding CORESETs
Proposal 4: Use MAC-CE for the signalling of the association of the SS set with one or more CORESETs for Alt-2 or the association between two SS sets for Alt-3.
Proposal 5: FDM is preferred to TDM for PDCCH repetition or multi-chance PDCCH.
Proposal 6: In single-DCI codebook-based M-TRP PUSCH, the DCI may be able to indicate multiple TPMI values and one or more SRS resources. 
Proposal 7: Reuse the SRI indication in the case of non-codebook-based PUSCH for codebook-based PUSCH for M-TRP.
Proposal 8: Define SRS resource set with multiple TRPs for non-codebook-based PUSCH.
· FFS: Reusing the codebook SRS resource set for non-codebook in the case of multi-TRP transmissions.
Proposal 9: Indicate up to 2 TPC commands via the DCI for multi-TRP PUSCH.
Proposal 10: The sequential and cyclic mapping may be considered as the baseline mapping methods for multi-TRP PUSCH.
· FFS: Inclusion of half-half mapping
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Appendix
Simulation assumptions for the link-level evaluations
	Parameters
	Values

	# of symbols
	2 symbols

	DCI payload
	40+24(CRC)=64

	CCE-to-REG mapping
	Interleaved

	REG bundling size
	6

	Multiplexing scheme
	FDM

	Channel estimation
	Realistic

	Equalizer
	MMSE

	Blockage model
	10% blockage probability for each TRP with 10 dB blockage power offset



image6.png
Block Error Rate

30 GHz, 4x4, TDL-C, PL ... = 0 dB, Blockage = 10 dB

107"
102
—6— AL4 x 1TRP H \!
S| B — AL4 x 2TRP - sel. decoding
10 [ |- & — AL4 x 2TRP - soft-combining L
— #& — AL4 x 2TRP - hybrid decoding “ﬂ
o
20 15 -10 5 0

SNR [dB]





image1.png
Block Error Rate

100

107"

102

107

4 GHz, 4x4, TDL-C,PL_.. =0 dB
Diff

—O— AL8 x 1TRP
— B — AL8 x2TRP - SFN

--=-{>=-- AL8 x 2TRP - sel. decoding
aw=s{e=: AL8 x 2TRP - soft-combining
=----- AL8 x 2TRP - hybrid decoding

-15
SNR [dB]

-10




image2.png
Block Error Rate

100

102

4 GHz, 4x4, TDL-C, PL_.. =3 dB
Diff

—O— AL8 x 1TRP

— B — AL8 x2TRP - SFN

L --=-{>=-- AL8 x 2TRP - sel. decoding
aw=s{e=: AL8 x 2TRP - soft-combining

=----- AL8 x 2TRP - hybrid decoding

-15

-10
SNR [dB]




image3.png
Block Error Rate

100

4 GHz, 4x4, TDL-C,PL_._. =0dB
Diff

—6— AL4 x 1TRP

— 8 — AL4 x2TRP - SFN

10°F i
--=-{>=-- AL4 x 2TRP - sel. decoding
=w=s{e= AL4 x 2TRP - soft-combining

=+---- AL4 x 2TRP - hybrid decoding

20 -18 -16

14 -12 -10 -8
SNR [dB]




image4.png
Block Error Rate

100

<

o
o

4 GHz, 4x4, TDL-C, PL

=3dB

—6— AL4 x 1TRP

— B — AL4 x2TRP - SFN

|| -=fp-- AL4 x 2TRP - sel. decoding
=w=s{e= AL4 x 2TRP - soft-combining
=+---- AL4 x 2TRP - hybrid decoding

48 16

14

A2 A0
SNR [dB]

-8





image5.png
Block Error Rate

30 GHz, 4x4, TDL-C, PL .. = 0 dB, Blockage = 10 dB

100 : : :
107"
3]
w2l )N
(-]
\
—6—ALBx 1TRP 'y
— B — AL8 x 2TRP - sel. decoding ‘\ \
103E]” B — AL8 x 2TRP - soft-combining \
— #& — AL8 x 2TRP - hybrid decoding 4]
20 -15 -10 5 0

SNR [dB]





