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1. Introduction

Successive codebook refinement (SCR) is a technique to reduce CSI quantization error by adapting the codebook based on the past feedback history [1]. Here the codebook is refined based on the past PMI/CQI history and therefore does not require any additional feedback overhead beyond Rel. 8. It is an attractive solution for PUCCH CSI signalling since the overhead constraint is stringent in PUCCH.  
In RAN1 60BIS, the following framework was agreed for CSI signalling on periodic PUCCH [2] 
· Periodic PUCCH

· Natural extension of CQI/PMI/RI modes from Rel-8/9 within R1-101683 framework

· W_1/W_2 reporting procedure 

· CSI Mode 1: W1 and W2 are signaled in separate subframes

· W2 could be wideband or subband

· CSI Mode 2:  W is determined by a single report confined to a single subframe, e.g.

· one of W1/W2 could be fixed and hence does not need to be signaled 

· W1/W2 is not fixed but still does not necessarily need to be signaled

· But the precoder W is still derived from W1 and W2

· W2 could be wideband (i.e., subband size could be the system bandwidth)

· FFS: RI and CQI reporting details

The SCR scheme is an example for the CSI Mode 2 where W1/W2 is implicitly computed at both the UE and the eNB. The scheme comprises of two steps. First, the UE estimates the covariance matrix using the past PMI feedback. This can be most generally represented by
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 is the codeword to which the PMI at time “t” points to, and CB(t) is the codebook during that feedback instant. A natural way to do this is to approximate the covariance by a first order autoregressive model
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Second, the UE adapts the codebook based on this estimate. The adaptation is represented mathematically as 
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where CB(t) is the codebook during the feedback instant t, CB(0) denotes the base codebook, and “norm”  indicates the normalization of the codeword entries to make them unit norm (for rank 2 it can also include Gram-Schmidt orthogonalization.) It must be noted that the eNB also performs the same steps independent of the UEs.
In this contribution we provide extensive simulation results that reveal the performance benefits from SCR for 4Tx and 8Tx antenna configurations. We also compare its performance with codebook adaptation based on explicit covariance feedback. We determine that SCR performs similar to the ideal codebook adaptation for ideal PMI/CQI feedback. We also model correlated uplink errors for PMI and any explicit feedback of the covariance matrix. Again it is found that SCR can perform as well as codebook adaptation explicit covariance feedback in non ideal feedback conditions. In [3], we show that i.i.d. errors and erasures do not affect performance. In [4], we showed that the scheme is quite robust to sudden change in channel covariance matrix.
2. Feedback schemes and modelling assumptions
2.1. Feedback scheme

We simulate the following feedback/transmission schemes:

1. CB:  The feedback is Rel 8 type. Only one PMI (one component feedback))
2. RCB: Covariance feedback in addition to PMI feedback (two component feedback). The feedback scheme falls under CSI Mode 1 in the wayforward [2]. R-quantization follows [R1-103567]. “RCB unquantized” refers to codebook-adaptation with non-quantized covariance.
3. SCR: Implicit covariance derivation (two component precoder). Only the PMI is feedback. This falls under CSI Mode 2 in [2].
2.2. Feedback Transmission Errors

The modelling of PUCCH errors is described in Appendix B of [14]. Feedback transmission errors are expected to have the following effect:
1. PMI error: The effect of PMI error is more prominent for CB than RCB. This is because due to codebook adaptation, all the codevectors in RCB are nearer to the principal eigenvector. Thus the change in precoder direction due to the PMI error in smaller in RCB. However, for SCR, the PMI error has two effects. In addition to the PMI error which affects the current transmission, it also affects future transmission since the implicit covariance construction is perturbed by the noisy PMI data. It must be noted that the codebook synchronization is lost between the UE and the NB with an error in PMI.
2. R error: Since R is a long term feedback, the effect of this error remains till the next feedback of R. In our simulation, we consider R feedback interval of 100ms. For the case of ideal RCB, a random unitary rotation of the covariance matrix is performed at the NB side. For the quantization based R scheme, a random index is chosen from a codebook of R matrices. In this case as well, the codebook synchronization is lost between the UE and the NB.
3. 4 Tx Evaluation
In Tables 1 and 2, simulation results are provided for MU-MIMO in SCM 4x2 cross polarized and co-polarized, closely-spaced (0.5λ) antenna configurations for both low and high channel spread. We consider both MMSE and MRC receivers.
3.1. Cross Polarized

	4x2 XPOL, 0.5λ
WB PMI/CQI, MRC Receiver
	No PUCCH errors
	5% target PUCCH errors

	
	Low Spread
	High Spread
	Low Spread
	High Spread

	CB
	1.54/0.063
	1.45/0.059
	1.50/0.060
	1.42/0.057

	RCB unquantized
	1.77/0.071
	1.56/0.073
	
	

	RCB 8 bits
	1.72/0.069
	1.58/0.065
	1.63/0.065
	1.50/0.06

	SCR
	1.74/0.072
	1.60/0.065
	1.64/0.067
	1.52/0.062


	4x2 XPOL, 0.5λ
WB PMI/CQI, MMSE Receiver
	No PUCCH errors
	5% target PUCCH errors

	
	Low Spread
	High Spread
	Low Spread
	High Spread

	CB
	2.23/0.084
	2.13/0.078
	2.16/0.08
	2.06/0.075

	RCB unquantized
	2.43/0.092
	2.25/0.082
	
	

	RCB 8 bits
	2.42/0.090
	2.24/0.081
	2.27/0.084
	2.13/0.078

	SCR
	2.40/0.091
	2.24/0.085
	2.28/0.087
	2.14/0.081


Table 1:  Comparison of feedback schemes for 4x2 XPOL MUMIMO with MRC and MMSE receivers
3.2. Co Polarized
	4x2 ULA, 0.5λ
WB PMI/CQI

MRC receiver
	No PUCCH errors
	5% target PUCCH errors

	
	Low Spread
	High Spread
	Low Spread
	High Spread

	CB
	2.38/0.096
	2.01/0.081
	2.25/0.091
	1.92/0.075

	RCB unquantized
	2.58/0.104
	2.14/0.085
	
	

	RCB 8 bits
	2.61/0.103
	2.14/0.085
	2.41/0.094
	2.00/0.080

	SCR
	2.57/0.0101
	2.15/0.086
	2.41/0.098
	2.02/0.082


	4x2 ULA, 0.5λ
WB PMI/CQI, MMSE Receiver
	No PUCCH errors
	5% target PUCCH errors

	
	Low Spread
	High Spread
	Low Spread
	High Spread

	CB
	2.93/0.123
	1.67/0.107
	2.78/0.112
	2.54/0.100

	RCB unquantized
	3.14/0.130
	
	
	

	RCB 8 bits R
	3.14/0.132
	2.78/0.110
	2.90/0.121
	2.60/0.103

	SCR
	3.12/0.133
	2.77/0.112
	2.92/0.123
	2.63/0.107


Table 2:  Comparison of feedback schemes for 4x2 ULA MUMIMO with MRC and MMSE receivers
3.3. Observations:

1. SCR outperforms Rel8-type CB in virtually all configurations both with and without PUCCH errors. The gain over Rel. 8 based codebook in low spread scenario with MRC receiver is given in the table below:
	Scenario
	CB  (Average, Edge)
	SCR  (Average, Edge)

	XPOL  Low Spread
	(100, 100)%
	(113, 126)%

	ULA    Low Spread
	(100, 100)%
	(108, 105) %


3. Without PUCCH errors the performance of SCR is similar to RCB. With errors the performance loss for RCB and SCR are similar although the reasons are quite different. The performance loss in RCB is because of the error in R in which case the transmission is affected during the entire R feedback interval. The performance loss due to PMI error is negligible because the codebook represents a very narrow subspace in RCB.  However, for the case of SCR, the PMI error affects the covariance accumulation property and thus the PMI error affect SCR to a greater extent. It must be noted that the feedback size of R can affect the comparison. For example, RCB achieves higher performance with 5 bits quantization in correlated-antenna scenarios. More details on the tradeoff related to the number of feedback bits for R quantization can be found in [14].
	4Tx  XPOL, MMSE
	R Error 
Probability
	No PUCCH error
(Average, Edge)
	PUCCH Error
(Average, Edge) 

	RCB 8 bits
	5%
	2.42/0.090
	2.27/0.084

	RCB 5 bits
	1%
	2.38/0.090
	2.32/0.087


4. 8 Tx Evaluation
In Tables 3 and 4, simulation results are provided for MU-MIMO in SCM 8x2 cross polarized and co-polarized, closely-spaced antenna configurations for low channel spread. We consider both MMSE and MRC receivers.

4.1. Cross Polarized

	SCM 8x2 XPOL, 0.5λ,  
Low spread, WB PMI/CQI
MMSE Receiver
	CB
Avg/Edge
(bits/s/Hz)
	RCB: 8bits

Avg/Edge

 (bits/s/Hz)
	SCR
Avg/Edge

(bits/s/Hz)

	MRV1X_1, no UL PMI error
	2.97/0.125
	3.08/0.131
	3.08/0.131

	MRV1X_1, 1% UL PMI error
	2.94/0.123
	2.99/0.124
	3.05/0.129

	MRV1X_1, 5% UL PMI error
	2.84/0.118
	2.87/0.120
	2.93/0.124

	Samsung CB, no UL PMI error
	2.92/0.123
	3.16/0.135
	2.99/0.128

	Samsung CB,1% UL PMI error
	2.90/0.122
	3.11/0.134
	2.95/0.126

	Samsung CB, 5% UL PMI error
	2.81/0.118
	2.92/0.124
	2.82/0.119


Table 3:  Performance of feedback schemes for Marvell and Samsung codebooks in 8x2 ULA MUMIMO with MMSE receiver.
4.2. Co Polarized
	SCM 8x2 ULA, 0.5λ,  
Low spread, WB PMI/CQI
MMSE Receiver
	CB
Avg/Edge
(bits/s/Hz)
	RCB: 8bits
Avg/Edge

 (bits/s/Hz)
	SCR
Avg/Edge

(bits/s/Hz)

	MotoCB, no UL PMI error
	3.44/0.163
	3.67/0.173
	3.62/0.172

	MotoCB, 1% UL PMI error
	3.40/0.160
	3.60/0.172
	3.57/0.171

	MotoCB, 5% UL PMI error
	3.25/0.153
	3.33/0.156
	3.41/0.162

	Samsung CB, no UL PMI error
	3.36/0.154
	3.65/0.171
	3.41/0.157

	Samsung CB,1% UL PMI error
	3.33/0.152
	3.58/0.169
	3.35/0.154

	Samsung CB,5% UL PMI error
	3.20/0.144
	3.31/0.154
	3.17/0.145


Table 4:  Performance of feedback schemes for Motorola and Samsung codebooks in 8x2 ULA MUMIMO with MMSE receiver.
4.3. Observations:
1. SCR and RCB provide similar performance for the ideal case. The gain over CB is significant with both SCR and RCB.
2. For the case of PUCCH feedback errors, SCR outperforms RCB in cross-polarized case with Marvell codebook and in co-polarized case with Motorola codebook.
3. With Samsung codebook, SCR sufferers considerable performance degradation. We conjecture that it is due to the structural property in the codebook that affects the convergence of the covariance matrix. This effect may be removed by employing codebook dependent optimization for R accumulation in SCR.
5. Standardization Impact

The standardization impact of SCR on the feedback modes is quite limited. The Mode 1-1 (wideband CQI and single PMI) in Rel. 8 [TS36.213] can be reused. The formula for computing the covariance matrix, given below, needs to be specified:
 At the eNB, the covariance is computed as
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At the UE side, 
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where
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In the absence of PMI errors, 
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 should be also specified, where multiple values may correspond to different scenarios. We find that the value of 
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 provides good performance for all the simulated scenarios.
6. Conclusions
Successive codebook refinement where the codebook is adapted based on the past feedback history is proposed as a feedback enhancement solution for improving CSI accuracy of PUCCH signalling. As the refinement process is based on the PMI/CQI history, there is no need for additional feedback overhead beyond Rel. 8 making it very attractive for PUCCH, where overhead is a bottleneck.
We conducted extensive system simulations of these schemes with and without feedback transmission errors and we find that SCR provides significant performance advantages over Rel.8 based single component feedback. For the case of 4Tx, it outperforms adaptive codebooks based on covariance feedback in all configurations. This is an interesting result considering the fact that SCR does not require any additional feedback for the long-term/wideband component. Similar observation is made for the case of 8 Tx where SCR outperforms adaptive codebooks with Marvell codebook in co-polarized configuration and with Motorola ULA codebook in co-polarized condition. We therefore recommend RAN1 to evaluate SCR as a candidate for feedback enhancement for CSI signalling in PUCCH. The standardization impact is minimal. Only the method to calculate the covariance matrix at the UE and NB needs to be specified.
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8. Appendix: Simulation Assumptions
	Parameter
	Assumption

	Antenna Configuration
	4 Tx and 8 Tx eNB 0. 5 lambda, ULA and XPOL
2-Rx UE 0.5 lambda, ULA and XPOL

	Channel Model
	3GPP case1,  3D , SCM-UMa with low angle spread

	Traffic Model
	Full Buffer

	Duplex method 
	FDD 10MHz

	Cellular Layout 
	Hexagonal grid, 19 cell sites, 3 sectors per site with wraparound

	Number of users 
	10 (on average)

	UE Feedback
	PMI/CQI 

	Feedback Granularity
	1 CQI/PMI report for 5 PRBs,  wideband covariance report for R-CB (codebook adaptation based on explicit R)

	Feedback Impairments
	Reporting period: 5 ms for PMI/CQI.   
                        1000ms for R-CB 
Delay: 5 ms

	8TX Codebook
	4Tx 4-bit Householder codebook
8 Tx: ULA: MotoCB [11]  XPOL MRVL CB [12]

Samsung Codebook [13] for both ULA and XPOL.

	Scheduler Type
	Proportional fair

	MU-MIMO Precoder
	Zeroforcing

	MU-MIMO UE Pairing
	Chordal distance of 1.8 

	Rank-adaptation
	1-layer beamforming per UE, 2 UEs in MU-MIMO

	HARQ Scheme
	Chase Combining 

	Maximum number of retransmissions
	3

	OLLA
	On with Target BLER=20% and warm-up time=1s

	Inter-cell interference modelling
	4 strongest interfering cells are explicitly modelled.

	Receiver Configuration
	Ideal MMSE  (Perfect intercell and intracell interference knowledge)
MRC (No intercell and intracell interference knowledge)

	Overhead
	30.3 % (Agreed overhead assumption for performance evaluation for ITU submission (LTEA MIMO/CoMP, L=3 control symbols))

	SCR parameter 
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	0.98
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