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1. [bookmark: _Toc474161164][bookmark: _Toc494739923]Introduction

Following agreements from RAN1#88 and RAN1#88bis for codebook based transmission for uplink were reached:
Agreements:
· Codebook based transmission for UL is supported at least by following signaling in UL grant:
· SRI+TPMI+TRI, where 
· The TPMI is used to indicate preferred precoder over the SRS ports in the selected SRS resource by the SRI.
· No SRI when a single SRS resource is configured
· The TPMI is used to indicate preferred precoder over the SRS ports in the configured single SRS resource.
· Support indication on selection of multiple SRS resources 
· FFS details
Agreements:
· For codebook based transmission for CP-OFDM based UL, when a UE is configured with UL frequency selective precoding and if subband TPMI signaling is supported, support one of the following alternatives: 
· Alt 1:Subband TPMIs are signaled via DCI to the UE only for allocated PRBs for a given PUSCH transmission
· Alt 2:Subband TPMIs are signaled via DCI to the UE for all PRBs in UL, regardless of the actual RA for a given PUSCH transmission
· Other alternatives are not precluded
· Note: Subband TPMI may correspond to W2 if dual-stage codebook is supported
· FFS whether or not wideband TPMI is always signaled along with subband TPMI


Furthermore, the minimum number, as well as the definition, of X and Y ports from the agreement below used to determine the support of frequency selective precoding for Scheme A and B are still undecided.
Agreements:
· Scheme A: Codebook based UL transmission
· For the previous agreement “Support frequency selective precoding for CP-OFDM when the number of transmission port(s) is equal to or greater than X (FFS: Value of X).”, FFS the value X and the interpretation of transmission port(s)
· Scheme B: Non-codebook based UL transmission
· For the previous agreement “Support frequency selective precoding for CP-OFDM when the number of transmission port(s) is equal to or greater than Y (FFS: Value of Y).”, FFS the value Y and the interpretation of transmission port(s)

In RAN1 #89, additional agreements were reached:

Agreements:
· One of the following UL codebook design principles is down-selected until next meeting.
· Alt1:
· NR supports UL codebook at least for a single panel. 
· Note: This does not preclude the use of components of single panel UL codebook for multi-panel.
· FFS on multi-panel UL codebook
· Whether or not support additional components (e.g., panel co-phase)  
· NR supports a UL codebook optimized for single-panel and support multi-panel via indicating multiple TPMIs
· Focus on single panel based UL codebook design first, then support multi-panel via selecting a panel via SRI or indicating TPMI per SRS resource.
· Alt 2: 
· Focus on designing a common framework UL codebook for single-panel and multi-panel
· Alt 3: 
· Design different UL codebooks for single-panel and multi-panel, respectively.
· Codebook details are FFS 
· Existing LTE codebooks should be considered as baseline.

In RAN1 #90, the following were agreed:

Agreements:
· For DFT-S-OFDM, use rank 1 precoders from table below for 2 Tx with wideband TPMI only
· Note: in the following table “codebook index” should be called “TPMI index”
[image: ]
Agreements:
· For CP-OFDM
· At least TPMI indices 0-3 for rank 1 and TPMI indices 0 and 1 for rank 2 are used
· One of the two following Antenna port selection mechanisms is supported; 
· Decide among the two alternatives in RAN1# 90bis
· Alt 1: TPMI indices 4 and 5 for rank 1, and 2 for rank 2, from the above table are used for CP-OFDM
· Alt 2: SRI indicates selected antenna ports
Agreements:
· For 2 Tx, use single stage DCI with a semi-statically configured size to convey TPMI, SRI, TRI in Rel-15
· Total combined DCI size of TPMI, TRI, and SRI does not vary with PUSCH resource allocation for single stage DCI
· Specify UE capability identifying if UL MIMO capable UE can support coherent transmission across its transmit chains
· FFS: if UE capability identifies if coherent transmission is supported on all of, vs. none of, vs. on a subset, of its transmit chains
· FFS: how UL MIMO precoding design takes into account the above capability

At RAN1 NR Ad Hoc #3, the following agreement was reached:

Agreement:
· For DFT-S-OFDM, support LTE 4Tx rank 1 UL codebook for TPMI 0-15
· Additional codewords for antenna port selection will be also supported
· FFS: Details on the additional codewords for antenna port selection (e.g. number of codewords, scale factors, etc)

[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK259][bookmark: OLE_LINK260][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK40][bookmark: OLE_LINK258][bookmark: OLE_LINK261][bookmark: OLE_LINK262] In this contribution, we provide our views on UL MIMO codebook based transmission focusing on
port combining codebook design with a dual stage codebook structure. We will treat other points in our updated contribution.


2. [bookmark: _Toc494739924]Discussion on port combining UL codebook design
The concept of chordal distance has been used in previous discusisons on LTE codebook design. Before going to the codebook description, let us first establish a few definitions:

· Two codewords are “chordal-distance equivalent” if their chordal distance is 0.

· Codebook 1 is said to “cover” Codebook 2, if for any codeword in codebook 2, there is a chord-distance equivalent codeword in Codebook 1.

· Two codebooks are “chordal-distance equivalent” if for any codeword in either codebook, there is a chord-distance equivalent codeword in another codebook (in another word they cover each other).

From the discussion provided in [1,2], it is desirable to have a a codebook which supports both ULA and non-ULA antenna configurations. Specifically, the NR uplink codebook should cover all the codewords from LTE Rel-10 UL 4Tx codebook and NR Rel-15 DL 4Tx codebook.



2.1. [bookmark: _Toc494739925]Discussion on UL codebook design – Rank 1


[image: ]
Figure 1 Proposed Rank 1 codebook







We propose the NR Rank 1 precoder is defined with , and , , , we define


	


	
Let 

	
and 

	

                            and 
A rank 1 precoder is given by


	









where , , . Note that the allowed beam selections  or , and  takes a value from 1, j, -1, -j.  is a  vector with 1 at element  and zeros elsewhere.

Note there are 4Tx port combining 16 rank 1 precoders ((the first 16 precoders in Rel-10 4Tx UL codebook are for port combining) from Rel-10 4Tx UL codebook , and 32 rank 1 precoders from Rel-15 NR DL 4Tx codebook with . Collecting those vectors together, and we obtain 40 unique precoders (8 precoders are common in both codebooks).

Note the allowed range for each parameter can be restricted with CSR (Codebook Subset Restriction).
To support the same 4Tx port combining rank 1 precoders from Rel-10 UL 4Tx codebook , we can take the following CSR:  



    • First we can take beam group restriction:  (i.e. ), which can lead to one bit saving for signaling on . 
    • Also the allowed cophasing values can depend on the beam selection pairs:






for , for beam selection  or , cophasing values from  are allowed, and for beam selection , cophasing values from  are allowed.








For , for beam selection  or , cophasing values from  are allowed, and for beam selection , cophasing values from  are allowed. For . By doing this, one bit saving can be achieved for signaling on . 

[bookmark: _GoBack]To support the same rank 1 precoders as from Rel-15 DL 4Tx codebook, we can take the following CSR:  




    • Beam selection  is limited to  (i.e.  and  are not allowed). 
A table of the precoders for the proposed codebook can be found in the Appendix.
We have:
Proposal 1: adopt the proposed rank 1 codebook for NR 4Tx uplink.


2.2. [bookmark: _Toc494739926][bookmark: GrindEQpgref59d13ded16]Discussion on UL codebook design – Rank 2
At a base station, as the antenna form factor is less an issue than that at a UE, typically ULA (Uniform Linear Array) is assumed for antennas/antenna elements for one polarization, and a 2D array of cross-pol antenna pairs is often assumed as in FD-MIMO.

[image: ]
Figure 3(a) Uniform Linear Array response
   [image: ]
Figure 3(b) Non-Uniform Linear Array response
 







One illustration is provided in Figure 2(a), where a signal emitting from a signal source impinges a uniform linear array. The signal model is formulated for receive as often used in array signal processing, the signal model for transmit can be formulated similarly. And the phase differences among receivers , , is determined by the projections  of antenna positions to the wave propagation direction. And the array response vector is determined by the phase profile , ,  and  :


	.



In the case of ULA, as  have a uniform difference, i.e. , where  is the antenna spacing, the phase difference is also uniform, and DFT beams can be used to match the phase differences, so high-gain coherent transmission/reception can be achieved.








However, at the UE side, an irregular antenna placement may arise in shown in Figure 2(b). In general, the differences between neighboring projections , can be non-uniform, it may be difficult to use any DFT beam to approximate  directly. Yet the phase profile may be better approximated by re-arranging ,,, . For example, for a particular antenna placement, it may be possible to approximate  well with a DFT beam while  is not well approximated by any DFT beam. In another word, a permutation of the antenna ports in this case can be helpful.

Starting with a dual stage codebook 


	





where  is a generic index (e.g. ), and  is a generic index (e.g. )  as in TS 38.214 (V.0.1.2 September 2017), then an enlarged codebook can be constructed through 

	



where , and  is a permutation matrix. Note that the enlarged codebook has  times as many codewords as the first codebook.
We call the procedure to generate a second codebook from a first codebook “port permutation”.

If the targeted irregular antenna placements are known, it is possible to identify the the required port permutations. As there can be many different antenna placements at UEs, in stead of identifying port permutations for specific antenna placements, we can use one criterion to identify the shuffling parameters:

The larger codebook resulted from port permutation should cover as many entries as possible from Rel-8 DL codebook design and Rel-15 NR DL codebook design and the MUB extension from Rel-10 UL codebook. 

The consideration on the MUB extension from Rel-10 UL codebook was provided in [1,2]. We also target to use port permutations as few as possible to cover the codewords of reference codebooks (e.g. Rel-8, Rel-10, Rel-15 codebooks) as the number of port permutations directly contributes to the signaling overhead in the UL DCI.

[image: ]
Figure 4 Rank2 codebook design


With port permutations, the design space consists of two parts:
· The choice of the first codebook;
· The choice of port permutations.
Two constructions are provided below:

	
	The first codebook
	Port permutations
	Number of codewords

	Construction A
	NR Rel-15 DL 4Tx codebook
	(1234),(1243),(1324),(1423)
	128

	Construction B
	Variation of the NR Rel-15 DL 4Tx codebook
	(1234),(1324)
	64



    • Constructin A




 Start with NR Rel-15 4Tx DL codebook with , port permutations ,, are used to obtain an enlarged codebook with 128 codewords. The constructed codebook covers all codewords from Rel-15 4Tx DL codebook, Rel-8 4Tx codebook, and Rel-10 UL 4Tx codebook. Detailed descriptions are provided in Construction A.

    •Construction B The first codebook is based on beam vector combination design, and the enlarged codebook is based on the use of permutation matrices, and in total 64 codewords are present in the enlarged codebook. Detailed descriptions are provided in Constructions B and Appendix.

It can be verified that Rel-8 DL 4Tx Rank 2 codebook, the Rank 2 MUB extension from Rel-10 UL 4Tx Rank 1 codebook, and the Rel-15 DL NR 4Tx Rank 2 codebook are completely covered by the designed codebooks.


2.2.1. [bookmark: _Toc494739927][bookmark: GrindEQpgref59d13ded17]Rank 2 – construction A

With the NR DL 4Tx codebook with , we can apply the following permutation matrices:


	

denoted as permutation ,


	

denoted by permutation ,


	

denoted by permutation ,


	

denoted by permutation .
Let 

	


	


	

,


	,


We use  to generate 128 rank 2 codewords, p=1,2,3,4.



2.2.2. [bookmark: _Toc494739928]Rank 2 – construction B




Let , and , .
 we use


	

 to generate 64 codewords.


,  are given by


	


	

The definition of  is the same as in NR DL 4Tx codebook:
Let 

	


	


	

.


We provide two alternatives for :
Alt. 1


	
Alt. 2


	
or


	







Note that it is un-necessary to include both  and  for  as they generate chordal-distance equivalent codewords and either one is enough; also it is un-necessary to include both  and  for  as they generate chordal-distance equivalent codewords. 


2.2.3. [bookmark: _Toc494739929]Specification impact analysis

Previously some companies have proposed to use the aggregation of SRS resources along with PMI(s) to indicate the wideband or subband precoders for uplink transmission. For example, SRS resources 1, 2, 3 and 4 are aggregated to be use together with a 4Tx codebook. It seems that a single implicit mapping from those SRS resources to codebook antenna ports is assumed. From the discussion above, assuming a single order for SRS resources won’t be enough to provide good support to diverse antenna placement scenarios.

From that, there are two alternatives to provide specification support for the codebook through port permutations:
 
    • if SRS resources with a single port for each SRS resource are used for an uplink codebook, and the order of SRS resources mapped to the codebook ports can be indicated to a UE, then it is enough to use the first codebook only for PMI definition. For example, the gNB can indicate SRS resources 1, 2, 3 and 4 are used for a signalled PMI, and in one case the gNB signals that SRS resources 1,2,3, 4 are mapped to ports 1, 2, 3 and 4 (e.g. through the signaling of a list of SRIs or index to that list: (1,2,3,4)). In another case, the gNB signals that SRS resources 1,3, 2, 4 are mapped to ports 1, 2, 3 and 4 (e.g. through the signaling of a list of SRIs or index to that list: (1,3,2,4)). 

    • if SRS resources with a single port for each SRS resource are used for an uplink codebook, and the order of SRS resources mapped to the codebook ports is fixed, then indication of the permutation of the SRS resources is necessary for PMI definition. For example, the gNB can indicate SRS resources 1, 2, 3 and 4 are used for the signalled PMI. In one design option, the gNB signals the permutation of SRS resources (e.g. (1,2,3,4) or (1,3,2,4) to the UE), and the PMI is for the first codebook. In another design option, the permutation is integrated in the PMI definition, and the PMI is for the second codebook. 

    • In the case a single SRS resource with multiple ports is used for an uplink codebook, indication of the permutation of SRS ports is necessary for PMI definition. For example, the gNB can indicate a SRS resource with ports 1, 2, 3 and 4 for a signalled PMI. and in one design option, the gNB signals the permutation of SRS ports (e.g. (1,2,3,4) or (1,3,2,4) to the UE), and the PMI is for the first codebook. In another design option, the permutation of SRS ports is integrated in the PMI definition, and the PMI is for the second codebook. 


Considering with Construction B, the number of codewords is quite limited (only 64), Construction B seems to a reasonable choice.

We have
Proposal 2: Construction B is adopted for NR uplink 4Tx Rank 2 codebook.
 
3. [bookmark: _Toc494739930]Conclusion

In this contribution, we discuss UL codebook based MIMO transmission. We have 

Proposal 1: adopt the proposed rank 1 codebook for NR 4Tx uplink.
[bookmark: _Ref465946353][bookmark: _Ref433921106]Proposal 2: Construction B is adopted for NR uplink 4Tx Rank 2 codebook.



[bookmark: _Toc474154177][bookmark: _Toc494739931]References
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Appendix Tables of Precoders in the proposed codebook
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Table of Rank 1 precoders in the
proposed codebook











Codeword Index 1 2 3 4 5 6 7 8



Parameters



 k
i
j
n




 0



1
1
1




 0



1
1
2




 0



1
1
3




 0



1
1
4




 0



1
2
1




 0



1
2
2




 0



1
2
3




 0



1
2
4




Codeword



 0o



0o



0o



0o




 0o



0o



90o



90o




 0o



0o



180o



180o




 0o



0o



270o



270o




 0o



0o



0o



180o




 0o



0o



90o



270o




 0o



0o



180o



0o




 0o



0o



270o



90o




Rel-10 UL 4Tx × × × ×
Rel-8 DL 4Tx × × × ×
Rel-15 DL 4Tx × × × ×



Codeword Index 9 10 11 12 13 14 15 16



Parameters



 k
i
j
n




 0



2
1
1




 0



2
1
2




 0



2
1
3




 0



2
1
4




 0



2
2
1




 0



2
2
2




 0



2
2
3




 0



2
2
4




Codeword



 0o



180o



0o



0o




 0o



180o



90o



90o




 0o



180o



180o



180o




 0o



180o



270o



270o




 0o



180o



0o



180o




 0o



180o



90o



270o




 0o



180o



180o



0o




 0o



180o



270o



90o




Rel-10 UL 4Tx × × × ×
Rel-8 DL 4Tx × × × ×
Rel-15 DL 4Tx × × × ×



Codeword Index 17 18 19 20 21 22 23 24



Parameters



 k
i
j
n




 1



1
1
1




 1



1
1
2




 1



1
1
3




 1



1
1
4




 1



1
2
1




 1



1
2
2




 1



1
2
3




 1



1
2
4




Codeword



 0o



45o



0o



45o




 0o



45o



90o



135o




 0o



45o



180o



225o




 0o



45o



270o



315o




 0o



45o



0o



225o




 0o



45o



90o



315o




 0o



45o



180o



45o




 0o



45o



270o



135o




Rel-10 UL 4Tx



Rel-8 DL 4Tx ×
Rel-15 DL 4Tx × × × ×



Codeword Index 25 26 27 28 29 30 31 32



Parameters



 k
i
j
n




 1



2
1
1




 1



2
1
2




 1



2
1
3




 1



2
1
4




 1



2
2
1




 1



2
2
2




 1



2
2
3




 1



2
2
4




Codeword



 0o



225o



0o



45o




 0o



225o



90o



135o




 0o



225o



180o



225o




 0o



225o



270o



315o




 0o



225o



0o



225o




 0o



225o



90o



315o




 0o



225o



180o



45o




 0o



225o



270o



135o




Rel-10 UL 4Tx



Rel-8 DL 4Tx ×
Rel-15 DL 4Tx × × × ×











Codeword Index 33 34 35 36 37 38 39 40



Parameters



 k
i
j
n




 2



1
1
1




 2



1
1
2




 2



1
1
3




 2



1
1
4




 2



1
2
1




 2



1
2
2




 2



1
2
3




 2



1
2
4




Codeword



 0o



90o



0o



90o




 0o



90o



90o



180o




 0o



90o



180o



270o




 0o



90o



270o



0o




 0o



90o



0o



270o




 0o



90o



90o



0o




 0o



90o



180o



90o




 0o



90o



270o



180o




Rel-10 UL 4Tx × × × ×
Rel-8 DL 4Tx × ×
Rel-15 DL 4Tx × × × ×



Codeword Index 41 42 43 44 45 46 47 48



Parameters



 k
i
j
n




 2



2
1
1




 2



2
1
2




 2



2
1
3




 2



2
1
4




 2



2
2
1




 2



2
2
2




 2



2
2
3




 2



2
2
4




Codeword



 0o



270o



0o



90o




 0o



270o



90o



180o




 0o



270o



180o



270o




 0o



270o



270o



0o




 0o



270o



0o



270o




 0o



270o



90o



0o




 0o



270o



180o



90o




 0o



270o



270o



180o




Rel-10 UL 4Tx × × × ×
Rel-8 DL 4Tx × ×
Rel-15 DL 4Tx × × × ×



Codeword Index 49 50 51 52 53 54 55 56



Parameters



 k
i
j
n




 3



1
1
1




 3



1
1
2




 3



1
1
3




 3



1
1
4




 3



1
2
1




 3



1
2
2




 3



1
2
3




 3



1
2
4




Codeword



 0o



135o



0o



135o




 0o



135o



90o



225o




 0o



135o



180o



315o




 0o



135o



270o



45o




 0o



135o



0o



315o




 0o



135o



90o



45o




 0o



135o



180o



135o




 0o



135o



270o



225o




Rel-10 UL 4Tx



Rel-8 DL 4Tx ×
Rel-15 DL 4Tx × × × ×



Codeword Index 57 58 59 60 61 62 63 64



Parameters



 k
i
j
n




 3



2
1
1




 3



2
1
2




 3



2
1
3




 3



2
1
4




 3



2
2
1




 3



2
2
2




 3



2
2
3




 3



2
2
4




Codeword



 0o



315o



0o



135o




 0o



315o



90o



225o




 0o



315o



180o



315o




 0o



315o



270o



45o




 0o



315o



0o



315o




 0o



315o



90o



45o




 0o



315o



180o



135o




 0o



315o



270o



225o




Rel-10 UL 4Tx



Rel-8 DL 4Tx ×
Rel-15 DL 4Tx × × × ×











Table of rank 2 precoders in the pro-
posed codebook, with Construction
B and Alt. 2.











Codeword Index 1 2 3 4



Parameters



 p
k
i2,1
i2,2




 1



0
0
0




 1



0
0
1




 1



0
1
0




 1



0
1
1




Codeword



 0o 0o



0o 0o



0o 180o



0o 180o




 0o 0o



0o 180o



0o 180o



0o 0o




 0o 0o



0o 0o



0o 180o



180o 0o




 0o 0o



0o 180o



0o 180o



180o 180o




Rel-8 DL 4Tx × × ×
Rel-15 DL 4Tx × × ×
Rel-10 UL 4Tx × × × ×



Codeword Index 5 6 7 8



Parameters



 p
k
i2,1
i2,2




 1



1
0
0




 1



1
0
1




 1



1
1
0




 1



1
1
1




Codeword



 0o 0o



45o 45o



0o 180o



45o 225o




 0o 0o



45o 225o



0o 180o



45o 45o




 0o 0o



45o 45o



0o 180o



225o 45o




 0o 0o



45o 225o



0o 180o



225o 225o




Rel-8 DL 4Tx



Rel-15 DL 4Tx × × ×
Rel-10 UL 4Tx



Codeword Index 9 10 11 12



Parameters



 p
k
i2,1
i2,2




 1



2
0
0




 1



2
0
1




 1



2
1
0




 1



2
1
1




Codeword



 0o 0o



90o 90o



0o 180o



90o 270o




 0o 0o



90o 270o



0o 180o



90o 90o




 0o 0o



90o 90o



0o 180o



270o 90o




 0o 0o



90o 270o



0o 180o



270o 270o




Rel-8 DL 4Tx × ×
Rel-15 DL 4Tx × × ×
Rel-10 UL 4Tx × × × ×



Codeword Index 13 14 15 16



Parameters



 p
k
i2,1
i2,2




 1



3
0
0




 1



3
0
1




 1



3
1
0




 1



3
1
1




Codeword



 0o 0o



135o 135o



0o 180o



135o 315o




 0o 0o



135o 315o



0o 180o



135o 135o




 0o 0o



135o 135o



0o 180o



315o 135o




 0o 0o



135o 315o



0o 180o



315o 315o




Rel-8 DL 4Tx



Rel-15 DL 4Tx × × ×
Rel-10 UL 4Tx











Codeword Index 17 18 19 20



Parameters



 p
k
i2,1
i2,2




 1



4
0
0




 1



4
0
1




 1



4
1
0




 1



4
1
1




Codeword



 0o 0o



180o 180o



0o 180o



180o 0o




 0o 0o



180o 0o



0o 180o



180o 180o




 0o 0o



180o 180o



0o 180o



0o 180o




 0o 0o



180o 0o



0o 180o



0o 0o




Rel-8 DL 4Tx × ×
Rel-15 DL 4Tx × × ×
Rel-10 UL 4Tx × × × ×



Codeword Index 21 22 23 24



Parameters



 p
k
i2,1
i2,2




 1



5
0
0




 1



5
0
1




 1



5
1
0




 1



5
1
1




Codeword



 0o 0o



225o 225o



0o 180o



225o 45o




 0o 0o



225o 45o



0o 180o



225o 225o




 0o 0o



225o 225o



0o 180o



45o 225o




 0o 0o



225o 45o



0o 180o



45o 45o




Rel-8 DL 4Tx ×
Rel-15 DL 4Tx × × ×
Rel-10 UL 4Tx



Codeword Index 25 26 27 28



Parameters



 p
k
i2,1
i2,2




 1



6
0
0




 1



6
0
1




 1



6
1
0




 1



6
1
1




Codeword



 0o 0o



270o 270o



0o 180o



270o 90o




 0o 0o



270o 90o



0o 180o



270o 270o




 0o 0o



270o 270o



0o 180o



90o 270o




 0o 0o



270o 90o



0o 180o



90o 90o




Rel-8 DL 4Tx ×
Rel-15 DL 4Tx × × ×
Rel-10 UL 4Tx × × × ×



Codeword Index 29 30 31 32



Parameters



 p
k
i2,1
i2,2




 1



7
0
0




 1



7
0
1




 1



7
1
0




 1



7
1
1




Codeword



 0o 0o



315o 315o



0o 180o
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Rel-8 DL 4Tx × ×
Rel-15 DL 4Tx × ×
Rel-10 UL 4Tx × × × ×



Codeword Index 53 54 55 56
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