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1. Introduction
In RAN1#61, a WF was agreed on UE feedback [4] but there was no agreement on the choice of a double codebook structure – between W1W2 and W2W1. In addition, another WF on UE feedback signaling was also agreed [6]. In this contribution we compare the two codebook structures – W1W2 and W2W1 in conjunction with the agreed PUCCH and PUSCH signaling as in [5]. The link and system simulation assumptions are aligned with [1]

 REF _Ref265050488 \r \h 
[3].
2. Summary of observations
1. The structure W1W2 can potentially provide better performance in XP scenarios. Further optimization of the codebooks (not limiting to a GoB structure) may provide improved performance in uncalibrated antenna scenarios. PUCCH feedback signaling with W2 fixed can cause significant degradation in performance. 

· The particular W1W2 GoB design [6](Ericsson) proposal is significantly worse than IEEE802.16m D5 specifications [8] for 4Tx ULA configuration and does not enhance MU-MIMO performance.

2. The structure W2W1 [7](Samsung) provides robust performance in uncalibrated antenna scenarios and a significant advantage over W1W2 for the case of 4Tx ULA with MU-MIMO.

3. The choice of structure between W1W2 and W2W1 depends on the prioritization of use cases, specifically prioritization between XP and ULA antenna configurations and between 4Tx and 8Tx port configurations.

4. Irrespective of the choice between W1W2 and W2W1, the applicability of the double codebook structure to ranks higher than 2 need further investigation.

Detailed observations:
In the case of 8 Tx antennas:
Priority 1: XP (0.7 λ)

· W1W2 GoB [6](Ericsson) is better than W2W1 [7](Samsung) by 0.8-3% for calibrated antennas (see Table 4, Table 6 for details)
· Rel-8 type single codebook index feedback is within 4% of W1W2 GoB [6](Ericsson) with the same overhead

Priority 2: ULA (0.7 λ)

· W1W2 GoB [6](Ericsson) provides similar performance (within 1%) as W2W1 [7](Samsung) for calibrated antennas (see Table 4, Table 6 for details)Figure 5
· Rel-8 type single codebook index feedback is better or within 1% of W1W2 GoB [6](Ericsson) with the same overhead
In both cases of ULA and XP
· W1W2 GoB [6](Ericsson) is less robust to antenna calibration error. W2W1 [7](Samsung) is more robust (see Table 5 for details)
· W1W2 GoB [6](Ericsson) performance when W2 is fixed (for PUCCH feedback of 4 bit PMI) is worse than single codebook feedback (for PUCCH feedback of 4 bit PMI) by up to 7% with the same overhead (see Table 4)
In the case of 4 Tx antennas:
Case 1: XP (0.7 λ) [Mandatory]
· W1W2 GoB [6](Ericsson) is better than W2W1 [7](Samsung) by 1-2% for calibrated antennas (see Table 7, Table 8 for details)
· IEEE 802.16m D5 [8] single codebook feedback is within 2% of W1W2 GoB [6](Ericsson) with the same overhead (see Table 7, Table 8 for details)
Case 2: ULA (0.7 λ) [Mandatory]
· W1W2 GoB [6](Ericsson) is worse than W2W1 [7](Samsung) by up to 8% for MU-MIMO with the same overhead (see Table 8 for details)   

· W1W2 GoB [6](Ericsson) is worse than IEEE 802.16m D5 [8] by up to 6.6% for MU-MIMO with the same overhead (see Table 8 for details)
In both cases of ULA and XP

· W1W2 GoB [6](Ericsson) is less robust to antenna calibration error. (see Figure 6, Figure 10, Figure 11, Figure 12 for details)

· W1W2 GoB [6](Ericsson) performance when W2 is fixed (for PUCCH feedback of 4 bit PMI) is worse than LTE Rel-8 performance (for PUCCH feedback of 4 bit PMI) by up to 7% with the same overhead (see Table 7 for details)
3. Simulation overview
The following feedback methods are simulated 

1. Single Index CB 8Tx – A single index feedback is used similar to Release-8 using a codebook of size 16. In the case of PUSCH (sub-band PMI) feedback, two sub-bands are bundled to report a single PMI. Therefore the overhead for PUSCH is 2 bits per sub-band and for PUCCH is 4 bits for wideband. The codebooks used for this method are from [9] for 8Tx ULA, [10] for 8Tx XP.

2. IEEE 802.16m (only for 4Tx) – A single index feedback is used similar to Release-8 using a codebook of size 64. In the case of PUSCH (sub-band PMI) feedback, three sub-bands are bundled to report a single PMI. Therefore the overhead for PUSCH is 2 bits per sub-band and for PUCCH is 6 bits for wideband. The codebook used for this method is from [8] for 4Tx.

3. Samsung W2W1 – from [7]. W1 from 4 bit codebook, W2 from 2 bit codebook. In the case of PUSCH feedback 12 sub-bands are used. Therefore the overhead for PUSCH is 2.33 bits per sub-band and for PUCCH is 6 bits for wideband.  
4. Ericsson W1W2 – from [6]. W1 from 4 bit GoB codebook, W2 from 2 bit codebook. In the case of PUSCH feedback 12 sub-bands are used. Therefore the overhead for PUSCH is 2.33 bits per sub-band and for PUCCH is 6 bits for wideband. Another possible case with W2 fixed is also simulated resulting in PUCCH feedback overhead of 4 bits for wideband.
Table 1: Overheads for different feedback methods

	Feedback Method
	Overhead due to PMI

	
	PUSCH
	PUCCH

	Single Index CB 8Tx
	2 b per sub-band
	4 bits

	IEEE 802.16m
	2 bits per sub-band
	6 bits

	Samsung W2W1
	2.33 b per sub-band
	6 bits

	Ericsson W1W2
	2.33 b per sub-band
	6 bits

	Ericsson W1W2 (W2 fixed)
	Not applicable
	4 bits


4. Simulation results:
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System Simulation Results

6Table 4: 8x2 SU-MIMO Calibrated Antennas (system)
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6Table 6: 8Tx MU-MIMO Calibrated Antennas (system)


7Table 7: 4Tx SU-MIMO Calibrated Antennas (system)


7Table 8: 4Tx MU-MIMO Calibrated Antennas (system)




Link simulation Results

5Figure 1: 8Tx XP Rank1 w and w/o calibration


5Figure 2: 8Tx ULA Rank1 w and w/o calibration


5Figure 3: 4Tx XP Rank1 Calibrated


5Figure 4: 8Tx XP Rank2 w and w/o calibration


5Figure 5: 8Tx ULA Rank2 w and w/o calibration


5Figure 6: 4Tx XP Rank1 Uncalibrated


6Figure 7: 4Tx XP Rank2 Calibrated


6Figure 8: 4Tx ULA Rank1 Calibrated


6Figure 9: 4Tx ULA Rank2 Calibrated


6Figure 10: 4Tx XP Rank2 Uncalibrated


6Figure 11: 4Tx ULA Rank1 Uncalibrated


6Figure 12:4Tx ULA Rank2 Uncalibrated




The simulation assumptions for both link and system are aligned with [1]

 REF _Ref265050488 \r \h 
[3] and additional details are mentioned in the following –
Table 2: Link Simulation Parameters

	Parameters
	Values

	Channel Model
	10MHz SCM Urban Macro high spread, 3kmph

	CQI Model
	CQI/PMI/Rank computation according to Rel-8

Feedback delay every 5ms

	Receiver
	MMSE


Table 3: System Simulation Parameters

	Parameters
	Values

	Scheduler
	PF, FSS, MU-MIMO limited to 2 UEs, rank-1 each

Exhaustive search is used to maximize sum throughput

	Channel Model
	10MHz SCM Urban Macro high spread, 3kmph

	UE antenna orientation 
	Fixed

	CQI Model
	CQI/PMI/Rank computation according to Rel-8

Feedback is every 5ms

	Receiver
	MMSE-IRC
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Figure 1: 8Tx XP Rank1 w and w/o calibration
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Figure 2: 8Tx ULA Rank1 w and w/o calibration
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Figure 3: 4Tx XP Rank1 Calibrated
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Figure 4: 8Tx XP Rank2 w and w/o calibration 
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Figure 5: 8Tx ULA Rank2 w and w/o calibration
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Figure 6: 4Tx XP Rank1 Uncalibrated
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Figure 7: 4Tx XP Rank2 Calibrated
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Figure 8: 4Tx ULA Rank1 Calibrated
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Figure 9: 4Tx ULA Rank2 Calibrated
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Figure 10: 4Tx XP Rank2 Uncalibrated
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Figure 11: 4Tx ULA Rank1 Uncalibrated
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Figure 12:4Tx ULA Rank2 Uncalibrated
Table 4: 8x2 SU-MIMO Calibrated Antennas (system)
	
	ULA 0.7λ at eNB and UE
	XPOL 0.7λ at eNB and UE

	
	Gain in cell avg. SE over baseline
	Gain in cell edge SE over baseline
	Gain in cell avg. SE over baseline
	Gain in cell edge SE over baseline

	
	PUSCH feedback (Sub-band PMI and sub-band CQI) 

	Single Index CB 8Tx
2b per sub-band
	0 (baseline)
	0 (baseline)
	0 (baseline)
	0(baseline)

	Samsung W2W1
2.33b per sub-band
	-0.12%
	-2.07%
	0.89%
	2.03%

	 Ericsson W1W2
2.33b per sub-band
	-0.33%
	0.86%
	1.74%
	2.67%

	
	PUCCH feedback (Wideband PMI and wideband CQI)

	Single Index CB 8Tx

4b
	-10.33%
	-15.05%
	-12.80%
	-16.45%

	 Samsung-W2W1
6b
	-11.05%
	-16.83%
	-12.31%
	-17.05%

	 Ericsson-W1W2
6b
	-11.14%
	-13.99%
	-11.42%
	-15.64%

	 Ericsson- W1W2 (W2 fixed) 4b
	-16.64%
	-27.70%
	-13.05%
	-18.36%

	
	


Table 5: 8x2 SU-MIMO Uncalibrated Antennas (system)
	 
	ULA 0.7λ at eNB and UE
	XPOL 0.7λ at eNB and UE

	
	Cell avg. SE over baseline
	Cell edge SE over baseline
	Cell avg. SE over baseline
	Cell edge SE over baseline

	
	PUSCH feedback (Sub-band PMI and sub-band CQI)

	Single Index CB 8Tx

2b per sub-band
	0 (baseline)
	0 (baseline)
	0 (baseline)
	0 (baseline)

	Samsung W2W1

2.33b per sub-band
	2.18%
	2.89%
	1.01%
	0.14%

	Ericsson W1W2

2.33b per sub-band
	1.41%
	6.84%
	-0.17%
	3.0%

	
	PUCCH feedback (Wideband PMI and wideband CQI)

	Single Index CB 8Tx

4b
	-11.12%
	TBD
	-12.54%
	TBD

	Samsung-W2W1

6b
	-8.73%
	-8.13%
	-11.22%
	-19.10%

	Ericsson-W1W2

6b
	-9.20%
	-6.37%
	-12.15%
	-17.53%

	Ericsson- W1W2 (W2 fixed) 4b
	-16.34%
	-19.68%
	-14.61%
	-25.03%

	
	


Table 6: 8Tx MU-MIMO Calibrated Antennas (system)
	
	ULA 0.7λ at eNB and UE
	XPOL 0.7λ at eNB and UE

	
	Gain in Cell avg. SE over baseline
	Gain in Cell edge SE over baseline
	Gain in Cell avg. SE over baseline
	Gain in Cell edge SE over baseline

	
	PUSCH feedback (Sub-band PMI and sub-band CQI)

	Single Index CB 8Tx

2b per sub-band
	0 (baseline)
	0 (baseline)
	0 (baseline)
	0 (baseline)

	Samsung W2W1

2.33b per sub-band
	-0.73%
	TBD
	1.11%
	1.41%

	Ericsson W1W2

2.33b per sub-band
	1.03%
	TBD
	4.2%
	6.90%

	
	PUCCH feedback (Wideband PMI and wideband CQI)

	Single Index CB 8Tx

4b
	TBD
	TBD
	TBD
	TBD

	Samsung-W2W1

6b
	-15.05%
	-19.02%
	-12.51%
	-17.75%

	Ericsson-W1W2

6b
	-14.77%
	-14.69%
	-11.51%
	-16.45%

	Ericsson- W1W2 (W2 fixed) 4b
	-21.91%
	-29.21%
	-13.3%
	-18.45%

	
	


Table 7: 4Tx SU-MIMO Calibrated Antennas (system)
	
	ULA 0.7λ at eNB and UE
	XPOL 0.7λ at eNB and UE

	
	Gain in Cell avg. SE over baseline
	Gain in Cell edge SE over baseline
	Gain in Cell avg. SE over baseline
	Gain in Cell edge SE over baseline

	
	PUSCH feedback (Sub-band PMI and sub-band CQI)

	IEEE 802.16m

2b per sub-band
	0 (baseline)
	0 (baseline)
	0 (baseline)
	0 (baseline)

	Samsung W2W1

2.33b per sub-band
	-0.77%
	-0.05%
	0.26%
	-1.23%

	Ericsson W1W2

2.33b per sub-band
	-1.21%
	-3.94%
	1.31%
	0.18%

	
	PUCCH feedback (Wideband PMI and wideband CQI)

	IEEE 802.16m

6b
	-11.26%
	-13.95%
	-12.86%
	-21.6%

	Samsung-W2W1

6b
	-12.05%
	-13.66%
	-12.87%
	-20.06%

	Ericsson-W1W2

6b
	-12.68%
	-16.45%
	-12.33%
	-21.13%

	Ericsson- W1W2 (W2 fixed) 4b
	-19.49%
	-33.51%
	-14.66%
	-27.52%

	LTE Rel-8

4b
	-13.17%
	-15.68%
	-13.97%
	-22.07%

	
	


Table 8: 4Tx MU-MIMO Calibrated Antennas (system)
	
	ULA 0.7λ at eNB and UE
	XPOL 0.7λ at eNB and UE

	
	Gain in Cell avg. SE over baseline
	Gain in Cell edge SE over baseline
	Gain in Cell avg. SE over baseline
	Gain in Cell edge SE over baseline

	
	PUSCH feedback (Sub-band PMI and sub-band CQI)

	IEEE 802.16m

2b per sub-band
	0 (baseline)
	0 (baseline)
	0 (baseline)
	0 (baseline)

	Samsung W2W1

2.33b per sub-band
	1.34%
	0.58%
	0.47%
	-0.27%

	Ericsson W1W2

2.33b per sub-band
	-6.16%
	-6.2%
	2.75%
	3.55%

	
	PUCCH feedback (Wideband PMI and wideband CQI)

	IEEE 802.16m

6b
	-15.72%
	-13.85%
	-11.99%
	-18.00%

	Samsung-W2W1

6b
	-14.81%
	-11.16%
	-10.71%
	-15.95%

	Ericsson-W1W2

6b
	-17.80%
	-13.65%
	-10.13%
	-15.56%

	Ericsson- W1W2 (W2 fixed) 4b
	-24.86%
	-31.06%
	-12.38%
	-20.95%

	LTE Rel-8

4b
	-18.71%
	-16.64%
	-13.34%
	-18.39%
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� The antenna spacing is intentionally set to 0.7 λ instead of 0.5 λ to test some of the codebooks designed specifically for 0.5 λ. In practice an exact spacing of 0.5 λ cannot be guaranteed.
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