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1
Introduction

In RAN1#61, a way forward [1] was agreed on UE feedback and the associated double codebook structure. Several proposals have been contributed in previous meetings [3]

 REF _Ref264359332 \r \h 
[4]

 REF _Ref264365931 \r \h 
[5]

 REF _Ref264315705 \r \h 
[6], to cite a few. In a companion contribution [8] we present our views with respect to the double codebooks design principles. In this contribution we assess the link- and system-level performance of the proposed codebook while presenting performance comparisons with other designs. 

2
Proposed codebook structure
It has been widely acknowledged that the feedback should support both SU-MIMO and MU-MIMO operation under one feedback mode. Prioritized scenarios for 8-Tx include dual-polarized arrays with 4 dual-polarized elements with λ/2 spacing, and uniform linear arrays with 8 co-polarized elements with λ/2 spacing. The third included scenario is dual-polarized array with 4λ spacing, representing a highly spatially uncorrelated scenario.

The proposed codebook provides good support both for low and high azimuth spread scenarios for given kind of antenna setups, while also having good spatial resolution. The beams, presented by the DFT vectors, present long-term properties of the channel and thus fit best to W1. To capture the azimuth spread of the channel as well as possible, each codeword W1 includes multiple DFT vectors instead of just one, which allows for frequency selective precoding and refinement by W2 at subband level. In order to support the dual-polarized setup properly, also inter-pole co-phasing terms are included in W2. The main properties of the codebook can be summarized as: 

· The recommended precoder W for a subband to be build as [8]
W=W1 W2 where
· W1(C1 and W2(C2
· W1 targets wideband/long-term channel properties
· W2 targets frequency-selective/short-term time channel properties

· Each W1 codeword comprises Nb DFT vectors which may correspond to adjacent beams in angular domain.
· Each W2 codeword comprises column (beam) selection and co-phasing term(s) codewords.
In the latter part of the contribution we evaluate link and system level performance of the proposed schemes [8] along with other schemes depicted in [2]

 REF _Ref264359329 \r \h 
[3]

 REF _Ref264315705 \r \h 
[6]. 
The main differences between the evaluated schemes stem from the number of beams (Nb) each W1 codeword comprises of, while W2 is constructed accordingly. The following options have been evaluated for rank 1 and 2 (see [8] for the design principles and definition of Nb).
· Nb=1, Ericsson proposal in [1]. In this case each precoder W1 comprises of a single beam, allowing for a total of 16 beams in the overall codebook for W1 which requires 4 bit indication. The codebook for W2 is composed of 2 bit phase combiners.

· Nb=4, Nokia, Nokia Siemens Networks proposal in [8] (also refered as NNSN design in figure legends). This is a unified design for both cross/co-polarized scenarios. In this case, for rank 1-2 the codebook for W1 comprises of four non-overlapping beam groups, each consisting of four beams. Such W1 design needs 2 bits while the codebook for W2 is composed of 2 bit phase combiners and 2 bit beam selectors.

· Nb=4/ Nb=8, Nokia, Nokia Siemens Networks alternative proposal (also refered as NNSN separate design in legends). In this scenario we have used independently (I) designed codebooks, optimized for cross/co-polarized antennas. This was done in order to see the potential gain if the codebooks would be optimized for the scenarios separately.  In this case an additional bit (signalled by higher layers) would be needed for codebook selection. For cross-polarized antennas, the codebook for W1 comprises of 16 beams in total with Nb=4.  For co-polarized antennas it comprises of 32 beams overall with Nb=8. The codebook for W2 needs 4 bits for cross-polarized case (2 bit phase combiners and 2 bit beam selectors) while 3 bits are needed for co-polarized antennas (8 beam selectors.)
· Nb=4, Samsung proposal in [6].  This codebook is constructed in a reverse way from the methods presented in this paper. However, as the original form can be equivalently rewritten as W=W1 W2, this leads to an analogous design with each precoder W1 handling four beams out of a total of 32 beams in the corresponding codebook. In this evaluation, the codebook used for W2 performs beam selection with 2 bits.
· Nb=8, TI proposal in [2]. In this case the codebook for W1 comprises of two groups of beams, each codeword corresponding to a group of eight adjacent beams: this requires 1 bit indication. The codebook for W2 is composed of 2 bit beam selectors and 2 bit phase combiners for cross-polarized case, and 4 bit beam selectors for co-polarized case.

The following options have been evaluated for ranks 1-4:

· Nokia, Nokia Siemens Networks proposal in [8] (also refered as NNSN with single codebook design in legends). In this case, ranks 1 and 2 are operating on NNSN design having Nb=4 unified design in [8], while for ranks 3 and 4 we have W1 as identity and W2  based on a DFT codebook. Two version of 3 and 4 bits W2  has been investigated [8].

· Nokia, Nokia Siemens Networks alternative proposal (also refered as NNSN separate design in legends). In this scenario we have used independently (I) designed codebooks, optimized for cross/co-polarized antennas. An additional bit (signalled by higher layers) is needed for codebook selection. For cross-polarized antennas, the codebook for W1 comprises of 16 beams while for co-polarized antennas it comprises of 32 beams overall. The codebook for W2 needs 4 bits for cross-polarized case (2 bit phase combiners and 2 bit beam selectors) while 4 bits are needed for co-polarized antennas. Note that for higher ranks the design for cross-polarized antenna setup is the alternative design in [8] with Nb=8.
· Nb=8, TI proposal in [2]. In this case the codebook for W1 comprises of two groups of beams, each codeword corresponding to a group of eight adjacent beams: this requires 1 bit indication. The codebook for W2 is composed of 2 bit beam selectors and 2 bit phase combiners for cross-polarized case, and 4 bit beam selectors for co-polarized case.

3
Link performance evaluation
In this section, we evaluate link-level performance of the proposed schemes in [8] against other companies’ solutions [2]

 REF _Ref264359329 \r \h 
[3]

 REF _Ref264315705 \r \h 
[6]. 
3.1
SU-MIMO, rank 1-2
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Figure 1: Link-level performance comparison for SU-MIMO with 8-Tx cross-polarized antennas.
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Figure 2: Link-level performance comparison for SU-MIMO with 8-Tx ULA.
Observations on SU-MIMO performance:
· In cross-polarized scenarios all schemes achieve similar performance. As the channel azimuth spread increases we observe a slight gain when having the possibility for subband level refinement of the wideband direction with Nb>1 (e.g. Nb=4 or 8 with NSNN and TI designs, respectively).
· In co-polarized scenarios, having Nb>1 and thus higher number of beams offered by each codeword W1 and the possibility for subband level selection and co-phasing by W2 achieves the best performance (the case Nb=8 – TI). One remarkable fact is that Nb>1 allows better exploiting rank-2 opportunities in ULA configurations compared to Nb=1. 
3.2
SU-MIMO, rank 1-4
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Figure 3: Link-level performance comparison for SU-MIMO with half-lambda (left) and four lamda (right) spacing antennas
Observations on up to rank 4 SU-MIMO performance:
· For the ½λ spacing scenarios (more correlated scenarios), NNSN+single DFT CB performs similarly as TI design with less overhead, where 4bit or 3bit DFT CB have similar performance. The alternative NNSN solution [8] performs clearly better than DFT CB in this case. 
· For the 4λ spacing scenarios (less correlated scenarios), NNSN+single DFT CB performs quite well at a cost of the lowest overhead.
· If rank 3-4 design is optimized for ½λ spacing scenarios, then the alternative NNSN solution seems best. On the other hand if the main optimization point is 4λ spacing scenarios, the simplest solution is a single DFT codebook. We are open for either solution.
3.3
MU-MIMO, rank 1/UE, max 2 UEs
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Figure 5: Link-level performance comparison for MU-MIMO with 8-Tx cross-polarized antennas.
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Figure 6: Link-level performance comparison for MU-MIMO with 8-Tx ULA.
Observations on MU-MIMO performance:

· In cross-polarized scenario, the 16 beam solution with Nb=1 for W1 codebook achieves similar performance compared to the case when using 4 beam groups with four beams inside each group (Nb=4). Other designs (e.g. TI and Samsung) experience a drop in performance mainly because of subsampling (i.e. lack of sufficient number of beams in the TI codebook for W1) or use of co-phasing terms for rank-1 optimized for ULA designs in cross-polarized configuration (Samsung).
· In co-polarized scenario, a number of beams further increased to 32 in the codebook for W1 proves to be beneficial, while as in the case of single-user MIMO, specific co-polarized design provides better performance. We also see that designs with Nb=1 see their performance limited in ULA because of the inability to refine the chosen wideband direction at subband level.
4
System performance evaluation

We also conducted a system level performance evaluation of the previously considered schemes. 
4.1
SU-MIMO

Table 2: System level performance comparison for 8-Tx cross-polarized antenna setup. 
	
	8-Tx cross-polarized antennas 

	
	8° angular spread
	15° angular spread

	
	Average cell spectral efficiency
[bps/Hz] 
	5% cell edge spectral eficiency
[bps/Hz]
	Average cell spectral efficiency
 [bps/Hz]
	5% cell edge spectral eficiency
 [bps/Hz]

	Nb=1, Ericsson [1]
	2.55
	0.095
	2.26
	0.083

	Nb=4, NNSN unified design [8]
	2.56
	0.094
	2.28
	0.086

	Nb=4, NNSN separate design [8]
	2.55
	0.095
	2.29
	0.086

	Nb=4, Samsung [6]
	2.58
	0.096
	2.30
	0.084

	Nb=8, TI [2]
	2.54
	0.095
	2.27
	0.083


Table 3: System level performance comparison for 8-Tx co-polarized antenna setup.
	
	8-Tx co-polarized antennas 

	
	8° angular spread
	15° angular spread

	
	Average cell spectral efficiency
 [bps/Hz] 
	5% cell edge spectral eficiency
 [bps/Hz]
	Average cell spectral efficiency
 [bps/Hz]
	5% cell edge spectral eficiency
 [bps/Hz]

	Nb=1, Ericsson [1]
	2.42
	0.104
	2.15
	0.092

	Nb=4, NNSN unified design [8]
	2.45
	0.105
	2.19
	0.093

	Nb=4, NNSN separate design [8]
	2.46
	0.105
	2.20
	0.097

	Nb=4, Samsung [6]
	2.46
	0.107
	2.19
	0.096

	Nb=8, TI [2]
	2.45
	0.106
	2.20
	0.092


4.2
MU-MIMO

Table 4: System level performance comparison for 8-Tx cross-polarized antenna setup. 
	
	8-Tx cross-polarized antennas 

	
	8° angular spread
	15° angular spread

	
	Average cell spectral efficiency
[bps/Hz] 
	5% cell edge spectral eficiency
[bps/Hz]
	Average cell spectral efficiency
 [bps/Hz]
	5% cell edge spectral eficiency
 [bps/Hz]

	Nb=1, Ericsson [1]
	2.90
	0.115
	2.52
	0.099

	Nb=4, NNSN unified design [8]
	2.93
	0.112
	2.54
	0.098

	Nb=4, NNSN separate design [8]
	2.93
	0.122
	2.54
	0.098

	Nb=4, Samsung [6]
	2.87
	0.116
	2.50
	0.098

	Nb=8, TI [2]
	2.86
	0.115
	2.49
	0.097


Table 5: System level performance comparison for 8-Tx co-polarized antenna setup.
	
	8-Tx co-polarized antennas 

	
	8° angular spread
	15° angular spread

	
	Average cell spectral efficiency
 [bps/Hz] 
	5% cell edge spectral eficiency
 [bps/Hz]
	Average cell spectral efficiency
 [bps/Hz]
	5% cell edge spectral eficiency
 [bps/Hz]

	Nb=1, Ericsson [1]
	3.04
	0.131
	2.61
	0.106

	Nb=4, NNSN unified design [8]
	3.06
	0.132
	2.63
	0.110

	Nb=4, NNSN separate design [8]
	3.12
	0.133
	2.67
	0.109

	Nb=4, Samsung [6]
	3.12
	0.134
	2.67
	0.109

	Nb=8, TI [2]
	3.07
	0.132
	2.63
	0.107


5
Conclusions

In this contribution we have discussed double codebook performance aspects. 
Following observations can be made:

· Single user performance for rank 1-2 in cross-polarized antenna setup is similar for all schemes in both link and system investigations. In scenarios with increased azimuth spread of the channel, slightly better average throughput is obtained when having the posibility for subband-based beam selection.

· In co-polarized antenna setup, the high number of beams allows better beam selection at subband level. This is enhanced even more for rank 2 operation.

· Higher than rank 2 performance in single user is highly dependent on the desired optimization point. One can optimize the codebooks for half or four lamda spacing where adjacent large beam groups or DFT based design can provide reasonable performance, respectively.
· Multi user performance in cross-polarized antenna setup is best when considering one or four beams per group. In co-polarized scenarios, as in the case of single user, higher number of beams proves beneficial, leading to the conclusion that increased performance can be obtained if specific cross-/co-polarized designs are employed. 

Proposals [8]:
· Adopt the block diagonal structure for W1 and way of forming the precoder as W=W1 W2.
· For ranks 1 and 2, use four beam groups each comprised of four DFT vectors which correspond to adjacent beams in angular domain.

· Discuss the optimized scenario for ranks 3 and 4:
· If λ/2 –spaced arrays, use four beam groups each comprised of eight DFT vectors which correspond to adjacent beams in angular domain.
· If 4λ-spaced arrays, set W1 to identity matrix and W2 as a DFT codebook.
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Appendix A – Link-level simulation assumptions

	Parameters
	Values

	Channel model
	SCM Urban Macro

	BS antenna configuration
	XP: 4 cross-polarized antennas (8 elements), half or four wavelength spacing
ULA: 8 co-polarized antennas, half wavelength spacing

	UE antenna configuration
	XP: 1/2 cross-polarized antennas (2/4 elements)
ULA: 2/4 co-polarized antennas, half wavelength spacing

	Number of UEs
	1, 2

	UE pairing
	30° separation for adjacent users, inter-user spatial correlation less than 0.4.

	UE velocity
	3km/h

	Number of layers per UE
	up to 2

	System bandwidth
	10M

	Allocated PRBs
	6

	Number of PDCCH symbols per TTI
	2

	DRS
	CDM, 12REs per TTI

	Rank adaptation
	Yes

	Link adaptation
	Yes

	Precoding granularity
	6 PRB

	CSI/CQI feedback scheme
	Ericsson (R1-103333), TI (R1-102823), Samsung (R1-103377) and NNSN designs.

	Feedback delay
	6ms

	Feedback periodicity
	10ms

	Feedback granularity
	W1 – Long-term: 50PRB, W2 – Short-term: 6PRB.

	Channel estimation
	Realistic for CRS/CSI-RS based channel estimation;
Realistic for DMRS based channel estimation.

	Receiver scheme
	MMSE

	Channel code
	Turbo code (8 iterations)

	Number of HARQ re-transmissions
	3 (total 4)


Appendix B – System simulation assumptions

Table 6. System simulation assumptions.

	Parameter
	Value

	General
	Parameters and assumptions not explicitly stated here according to 3GPP specifications

	Duplex method
	FDD

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site, center cell simulated

	Users per sector
	10

	Traffic model
	Full buffer

	Receiver tupe
	LMMSE with IRC

	Channel model
	SCM urban macro high/low spread for 3GPP case 1, 3km/h

	Interference type
	Random rank, random PMI transmission from interfering cells

	BS Antenna configuration
	1) 8 Tx cross-poles 0.5 λ spacing [0o, 90 o]
2) 8 Tx co-poles 0.5 λ spacing [45 o]

	UE antenna configuration
	1) 2 Rx cross-poles 0.5 λ spacing [-45 o, 45 o]

	Downlink transmission schemes
	1) 8x2 MU-MIMO ZFBF with 1 layer per UE

2) 8x2 SU-MIMO with rank adaptation



	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain. 

	Downlink link adaptation
	Feedback granularity:
W1: 50 PRB
W2: 6 PRB
CQI 6 PRB
PMI: 6 PRB

CQI/PMI feedback period: 10ms
CQI/PMI feedback delay: 6ms



	Allocation
	localized

	Downlink HARQ
	Maximum 3 re-transmissions,

	
	Chase combining, non-adaptive, asynchronous.

	
	no error on ACK/NACK

	
	6 ms delay between re-transmissions

	Control Channel overhead, Acknowledgements etc.
	LTE: L=3 symbols for DL CCHs

Average RS overhead [TR 36.211]
UE specific RS enabled
1.0 RE per port
2 CRS antenna ports

	BS antenna downtilt
	Case 1 3GPP 3D: 15 deg


