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1. Introduction 
A way forward on feedback framework based on implicit feedback was agreed in RAN1#60 [1] along with some progress in RAN1#60bis [2]. Two way forward proposals were made [3, 4] based on the multi-granular or dual-stage codebook design.

In this contribution, performance evaluation results are provided on a number of 8Tx codebook proposals based on the agreed way forward in [3, 4]. We assume the following antenna element indexing to enumerate the spatial channel coefficients 
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where n and m are the receiver and transmitter antenna indices, respectively. Details of simulated codebooks can be found in a companion contribution [10].
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2. SU-MIMO Evaluation 

Simulation results for rank 1-2, rank 3-4 and rank 5-8 codebooks are presented separately in this section. Both XPD (0.5L, 4L) and ULA (0.5L) eNB antenna configuration are evaluated to compare the codebook performance with different antenna correlation . Simulation assumptions are inline with the agreement ([6]), shown in table 1. We assume the following 8Tx codebook structure in this paper
· W=W1 W2 
· W1 targets wideband/long-term channel properties
· 
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, where X is a 4xNb matrix. This design is termed “Set 2” in [10].
· When all possible X matrices are combined, it is aimed to generate sixteen 4-DFT beams (which represents 4x oversampling in [10])
· W2 targets frequency-selective/short-term time channel properties
· W2 is composed of a combination of column selection and co-phasing operations.
For precoder selection, exhaustive search is used to obtain optimal wideband W1 and subband W2 based on the throughput metric. For all the codebooks, we ensure that the overhead associated with W2 is at most 4 bits (16 hypotheses) per rank. This is motivated by the maximum PMI payload per rank of 4 bits in Rel.8/9 DL SU-MIMO. Also, the composite precoder W is unitary.

The above design will be compared with Samsung codebook which represents W = W2 * W1 (see [11-12]).
2.1
Rank 1-2 codebook

The following four codebooks are evaluated, where throughput results are provided in Fig. 1-3. 

· Nb =1 (4x oversampling with 16 partitions): 

· For each precoder W1 ,X comprises of a single beam, allowing for a total of 16 vectors  in CB_1. 
· The codebook for W2 is taken from codebook CB_2 which is composed of: 4 QPSK co-phasing vectors for rank-1 and 2 QPSK co-phasing matrices for rank-2 [13].

· Nb =4 (4x oversampling with 4 partitions, adjacent non-overlapping beams) [10]
· For each precoder W1 ,X comprises of four adjacent beams in the angular domain. Different W1 codewords consist of non-overlapping beam groups.. 
· W2 is composed of phase combiners and beam selectors. Two alternatives are evaluated. 
· Alt1: CB_2 size-16 (4 selection, 4 QPSK co-phasing) for rank-1 and size-8 (4 selection, 2 QPSK co-phasing) for rank-2

· Alt2: CB_2 size-16 (4 selection, 4 QPSK co-phasing) for rank-1 and size-8 (4 selection, 4 8PSK co-phasing) for rank-2




· Nb =4 (4x oversampling with 8 partitions, adjacent overlapping beams)

· Similar to the previous design, each precoder W1 ,X comprises of four adjacent beams in the angular domain
· For each X, adjacent overlapping beams are used to reduce edge effect in frequency-selective precoding (ensure the same W1 is “optimal” for sub-bands with potentially different W2)

· Eight W1 matrices per rank, with beam indices for X as follows {0,1,2,3}, {2,3,4,5}, {4,5,6,7}, …, {12,13,14,15}, {14,15,0,1} 

· W2 for selection + co-phasing – same as Alt1 in the previous design
· Rank 1: 4 selection hypotheses, 4 QPSK co-phasing hypotheses – size 16

· Rank 2: 4 selection hypotheses, 2 QPSK co-phasing hypotheses – size 8

· Samsung codebook
· Note this codebook has a different codeword structure W = W2 * W1 (see [11-12]).
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Fig. 1: Rank 1-2, w/ ULA 0.5L spacing
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Fig. 2: Rank 1-2, w/ XPD 0.5L spacing
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Fig. 3: Rank 1-2, w/ XPD 4L spacing

Based on the link-level simulation results, we have the following observations

· Overall, Nb = 4 beam group achieves better performance than Nb = 1 by allow for subband-specific refinement of the beamforming direction.
· W = W1 * W2 outperforms the alternative structure W = W2 * W1. 
Proposal: 
· For rank 1-2, adopt the following codebook in LTE Rel-10.
· Nb = 4 adjacent overlapping beams, with W = W1 * W2. 
2.2
Rank 3-4 codebook

In this section, rank 3-4 codebooks are compared in Fig. 4-6. For rank 1-2 codebook, the previously observed trend still hold (i.e. Nb = 4 with adjacent overlapping beams is a robust choice). Hence in the following simulation it is assumed that rank 1-2 uses the Nb = 4 adjacent overlapping codebook.  For rank 3 - 4 codebook, the following proposals are evaluated. 

· Nb = 8 “adjacent” non-overlapping beams [10]

· Two W1 matrices with the associated X being composed of adjacent beams: {0,pi/8,…,7pi/8} and {pi,9pi/8, …, 15pi/8}. 
· W2 selection + QPSK co-phasing

· Nb = 8 “comb” non-overlapping beams

· Two W1 matrices with the associated X being composed of “every-other” beams: {0, pi/4, …, 7pi/4} and {pi/8, 5pi/8, …, 15pi/8}
· W2 selection + QPSK co-phasing

· Nb = 4 “comb” non-overlapping beams
· Four W1 matrices with the associated X being composed of “every-four” beams: n*pi/8{0, pi/2, pi, 3*pi/2} , n=0,1,2,3
· W2 selection + QPSK co-phasing

· Nb = 8 adjacent overlapping beams

· W1 Nb =8 adjacent overlapping beams for X
· Four W1 matrices per rank: with beam indices for X as follows: {0,1,2,…,7}, {4,5,6,…,11}, {8,9,10,…,15}, {12,…,15,0,…,3}

· W2 selection + co-phasing:

· Rank 3: 8 selection hypotheses, 2 QPSK co-phasing hypotheses – size 16
· Rank 4: 4 selection hypotheses, 2 QPSK co-phasing hypotheses – size  8
· Nb = 8 adjacent overlapping beams w/ enhanced rank-3
· W1 remains the same as above
· W2 selection + co-phasing:

· Rank 3: 16 selection hypotheses, 1 BPSK co-phasing hypothesis – size 16
· Rank 4: remains the same as above – size 16
[image: image7.emf]0 5 10 15 20 25 30

1

2

3

4

5

6

7

8

9

10

11

geometry (dB)

average user throughput (bps/Hz

8x4, XPD 0.5L, SCM UMa 15

o

 

 

Nb

34

=4 comb

Nb

34

=8 adjacent

Nb

34

=8 comb

Nb

34

=8 adjacent overlapping

Nb

34

=8 adjacent overlapping + enhanced rank-3


Fig. 4: Rank 1-4, w/ XPD 0.5L spacing
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Fig. 5: Rank 1-4, w/ ULA 0.5L spacing
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Fig. 6: Rank 1-4, w/ XPD 4L spacing

Observation: 
· In uncorrelated channels (XPD with 4L or 0.5L spacing), 

· Overall, Nb = 8 “adjacent” beams provides slightly better throughput than the “comb” design. 
· Nb = 8 “adjacent” beams with enhanced rank-3 codebook provides the most robust performance. 

· In highly correlated channels (ULA with 0.5L spacing), 

· Nb = 8 “adjacent” beams provides the most robust performance. The “comb” design does not provide any performance improvement but rather degrades the system throughput. 

· With Nb=8 “adjacent”, an overlapping structure may provide further performance protection although the gain over the non-overlapping design is not significant. 

· Nb = 8 “adjacent” beams with enhanced rank-3 codebook provides the most robust performance. 

Proposal:

· For rank 3-4, adopt the following codebook in LTE Rel-10.
· Nb = 8 “adjacent” overlapping beams.
2.3
Rank 5-8 codebook

The following rank 5-8 codebook is evaluated in this contribution. 

· Rank 5 - 8:

· X is the 4x4 4TxDFT matrix (critically sampled)

· One W1 matrix

· W2=[I I;I –I]*[8xR column selection matrix]

· Rank 5: 4 hypotheses 

· Rank 6: 4 hypotheses 

· Rank 7: 1 hypothesis 

· Rank 8: 1 hypothesis

· [I I;I –I] is introduced to ensure equal usage of both polarization groups for each transmission layer

· Good performance for higher rank transmissions (spatial channel with richer scattering)

· Total number of W1 hypotheses across ranks
· 8+8+4+4+1+1+1+1 = 28
· Number of W2 hypotheses across ranks 5-8

· 4, 4, 1, 1
Alternatively, a fixed rank 5-8 codebook of size 1 is evaluated for comparison where each rank comprises of a single precoder W. That is, and the 1st codeword in the aforementioned codebook CB_2 for each rank is chosen. 
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Fig. 7: Rank 1-8, w/ XPD 4L spacing

Observation: 
· Performance difference between CB_2 of size 1 or greater than 1 is pretty small. This agrees with the understanding that precoding gains are limited for higher ranks MIMO.

3. MU-MIMO Evaluation 

In this section, performance of 8x2 DL MU-MIMO with codebook based feedback is evaluated. A closely-spaced antenna configuration with half wavelength spacing is considered (XPD and ULA). A semi-static MU-MIMO pairing is assumed where two UEs are randomly and uniformly dropped in a cell with minimum 30 degree separation in LOS angles. Note similar UE dropping methodologies have been widely assumed in prior DL MU-MIMO link-level simulations (see e.g. [7,8]), under the common understanding that MU-MIMO relies on spatial separation to support user multiplexing. 
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Fig. 8: 8x2 MU-MIMO, w/ XPD 0.5L spacing 

Fig. 9: 8x2 MU-MIMO, w/ ULA 0.5L spacing

Observations: From the simulation results in Fig. 8-9
· XPD with 0.5L

· Nb = 4 outperforms Nb = 1 and Samsung codebook. The latter two have very close performance.

· For Nb = 4, the overlapping design slightly outperforms the non-overlapping design.

· ULA with 0.5L

· Nb = 1 and Samsung codebook again perform very similarly, and are sub-optimal compared to Nb = 4 codebook.

· For Nb = 4, no additional performance gain is observed with the overlapping design against the non-overlapping design. 

Conclusion: 

· For rank 1-2, Nb = 4 adjacent overlapping beam codebook show competitive performance in both SU and MU-MIMO transmission. 
4. System Simulation Results

4.1. SU-MIMO

System evaluation results for 8x2 SU-MIMO are provided in this section, with 10 UEs per cell and full-buffer traffic. For all the codebooks, we ensure that the overhead associated with each W2  report is at most 4 bits (16 hypotheses) per rank. This is motivated by the maximum PMI payload per rank of 4 bits in Rel.8/9 DL SU-MIMO. Also, the composite precoder W is unitary.

Table 1: 8x2 SU-MIMO System Simulation Results
	
	
	Nb=1
	Nb=4 adjacent non-overlapping
	Nb=4 adjacent overlapping
	Samsung CB [11]

	8° cross-polarized
	Average SE
	2.3
	2.33
	2.34
	2.29

	
	5% SE
	0.075
	0.072
	0.072
	0.070

	8° co-polarized
	Average SE
	2.85
	2.87
	2.90
	2.84

	
	5% SE
	0.096
	0.093
	0.096
	0.090


Observe that all the four codebook designs perform approximately the same in this simulation setup with Nb=4 slightly outperforming the rests. This setup represents a small angular spread of 8° coupled with the small antenna array separation which represents a highly correlated spatial channel setup. We expect that Nb=4 exhibits more gain for channels with lower spatial correlation, e.g. higher angular spread of 15° and/or larger separation of 4L which is more typical for SU-MIMO application. This is because the spatial channel tends to be more selective in such scenarios. Therefore, Nb=4 – which offers more flexibility in sub-band precoding – is expected to offer additional performance gain. Similar trend is observed in the link-level results. The system-level results for such scenarios are still ongoing. 
4.2. MU-MIMO

Performance of 8x2 DL MU-MIMO is provided in this section, with dynamic SU/MU switching based on proportional fairness scheduling, 10 users per cell with full-buffer traffic. A maximum of two UEs are paired in case of MU-MIMO transmission is being scheduled. Details of beamforming and rate adaptation can be found in a previous contribution [9]. Multi-PMI report is assumed in this contribution, where when the UE recommended rank RI > 1, a rank-1 PMI/CQI is supplemented to the CSI report to facilitate dynamic SU/MU switching (rank-1 per UE SU-MIMO, rank-1 per UE MU-MIMO, rank-2 per UE SU-MIMO) with better scheduler flexibility. 
Table 2: 8x2 MU-MIMO System Simulation Results
	
	
	Nb=1
	Nb=4 adjacent non-overlapping
	Nb=4 adjacent overlapping
	Samsung CB [11]

	8° cross-polarized
	Average SE
	3.36
	3.38
	3.37
	3.30

	
	5% SE
	0.168
	0.174
	0.175
	0.176

	8° co-polarized
	Average SE
	4.05
	4.19
	4.21
	3.98

	
	5% SE
	0.228
	0.231
	0.228
	0.220


We observe similar trend to what we see in the link-level results. While all the four designs perform reasonably well, we notice that Nb=4 tends to outperform the other designs (Nb=1 and Samsung CB). As mentioned above, the cases simulated here represent highly correlated spatial channels. Although it can be argued that MU-MIMO is suitable for such scenarios, it is also possible to deploy MU-MIMO in setups with, e.g. higher angular spread and/or larger antenna separation where the selectivity increases. In such cases, the performance advantage of Nb=4 is expected to become more apparent due to the flexibility in sub-band precoding (in particular beam refinement/selection). The system-level results for such scenarios are still ongoing.  
5. Conclusions

Extensive evaluation results for rank 1-2, rank 3-4 and rank 5-8 codebook are provided for SU/MU-MIMO according to the agreed simulation assumptions. Based on the simulation results, it is proposed to adopt the following 8Tx codebook for LTE Rel-10 DL MIMO. 

· Adopt W = W1 * W2 codebook structure with block diagonal W1.

· W1 structure:

· Rank 1-2: W1 Nb = 4 “adjacent” w/ overlapping beams 
· Rank 3-4: W1 Nb = 8 “adjacent” w/ overlapping beams.

· Rank 5-8: A single block-diagonal W1 with 4x4 critically sampled DFT matrix

· W2 comprising a single hypothesis for each of the ranks 5 to 8 is sufficient
· The associated W2 structure is given in Section 2.1, 2.2, and 2.3.
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Table 3: Link-level Simulation Assumption for SU-MIMO

	Parameter
	Assumption

	UE dropping
	1 UE randomly dropped in a cell

	Bandwidth
	10 MHz

	Antennas Configurations
	eNB: 8TX  XPD (0.5L or 4L) and ULA (0.5L)

UE: XP with cross-polarized antennas (2/4 elements) or ULA with 2/4 co-polarized antennas, 0.5L spacing.

	UE Speed
	3 kph

	Channel model
	3GPP Case1 with SCME system-level channel model, urban macro high spread

	CSI periodicity
	5 ms

	PMI granularity for W2
	5RB

	PMI granularity for W1
	wideband

	Rank adaptation
	Enabled

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	HARQ
	Chase combining, maximum 3 retransmissions

	Scheduling delay
	4 ms

	UE receiver
	Linear MMSE


Table 4: Link-level Simulation Assumption for MU-MIMO

	Parameter
	Assumption

	Antennas Configurations
	eNB: 8TX  XPD and ULA (0.5L)

UE:   2RX with 0.5L, same polarization with eNB (XPD or ULA)

	Channel Model
	3GPP SCM urban macro with high-spread 

	CSI report
	Rank-1 CQI/PMI 

	CSI periodicity
	5 ms

	PMI granularity for W2
	5RB

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	Post-BF CQI prediction
	Rank-1 CQI scaled according to the rank-1 PMI report and regularization factor. More details available in [9].

	Beamforming
	Zero-forcing BF, w/ regularization factor based on DL geometry.

	Scheduling delay
	4 ms

	UE receiver
	Linear MMSE with IRC

	Number of UEs
	2

	Number of layer per UE
	1


Table 5: System simulation assumption

	Parameter
	Assumption

	System bandwidth
	10MHz

	Antennas Configurations
	eNB: 8TX  XPD and ULA (0.5L)

UE:   2RX with 0.5L, same polarization with eNB (XPD or ULA)

	eNB antenna downtilt
	15°

	Channel Model
	3GPP SCM urban macro with low-spread (8°)

	CSI report
	Rank-1 CQI/PMI 

	CSI periodicity
	5 ms

	PMI granularity for W1
	wideband

	PMI granularity for W2
	5RB

	CQI granularity
	5RB

	Link adaptation
	10% BLER for 1st transmission, with outer-loop MCS control

	Beamforming
	Zero-forcing BF, w/ regularization factor based on DL geometry.

	Post-BF CQI prediction
	Rank-1 CQI scaled according to the rank-1 PMI report and regularization factor. 

	Scheduling delay
	4 ms

	UE receiver
	Linear MMSE 

	Number of UEs
	2

	Number of layer per UE
	1

	SU/MU switching
	Dynamic
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