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1. Summary
Precoding techniques are proposed to enhance performance in [1-15]. Since feedback overhead is one of the limiting factors for precoding, a low feedback scheme is desirable. In this contribution, a feedback scheme is proposed for unitary precoding with M-1 and M layers (or spatial streams), where M is the number of the transmit antennas. The schemes [1-8] [13] feed back the precoding matrix of M by M-1 for M and M-1 layer cases. This overhead can be reduced by only sending back the complementary, orthogonal column of the M by M-1 precoding matrix. For the M layer case, only one column is fed back, which corresponds to the smallest (or greatest) singular mode of the M by M channel matrix. The scheme reduces the tracking feedback for 4x3 and 4x4 from 9 bits to 4 bits as compared to [1] [4]. Simulation results demonstrate that the SNR degradation due to the feedback reduction is within 0.5 and 0.9 dB for SIC and MMSE receivers respectively. The scheme is desirable for feedback overhead limited scenarios due to the small degradation. 
2. Proposed Precoding Scheme 
The precoding application scenario is depicted next. Node B specifies the feedback period of UE, which consists of N subframes. UE feeds back quantization indexes every period as shown in Fig. 1. For differential feedback, Node B multiplies the fed back precoding matrixes cumulatively to track channel variation between two feedbacks. Namely, the current precoding matrix is
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 is the previous precoding matrix and 
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 is the latest fed back matrix. If the fed back matrix is n by k and k<n, it is expanded to n by n by adding n-k orthogonal, unitary columns, where the added columns are not unique. In the next period, UE observes the channel matrix
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 from L1/L2 control link or dedicated pilot, and computes the differential precoding matrix 
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. It first computes singular value decomposition (SVD) of 
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 that is the latest, observed channel matrix or the predicted channel matrix in middle of the next transmission period as
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where 
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 is n by n. The differential update of precoding matrix is computed as 
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The UE quantizes 
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 and sends quantization indexes to Node B for the next period of transmission. If rank adaptation is applied, only the first k columns of 
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 need to be sent back, which correspond to the strongest k singular modes of 
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For one-shot feedback, i.e. non-differential, (1) and (3) are skipped and the UE quantizes the first k columns of 
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 and feeds back the indexes. 
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Fig. 1.  Illustration of differential feedback and downlink transmit precoding. UE feeds back quantization indexes every N subframes. Node B sends precoded signal 
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, where j and i are transmit subframe index and feedback period index respectively; 
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 is the accumulated precoding matrix reconstructed at Node B; k is the number of data streams.
In codebook-based precoding [1] [4], UE decomposes the n by k matrix into k unit vectors of dimensions n, …, n-k+1 recursively column by column. One unit vector with a decreasing dimension is quantized per iteration. The quantization indexes are fed back to the transmitter and the precoding matrix is reconstructed recursively. The distribution of codeword vectors are uniform for one-shot application and concentrated about [1 0…0]T for differential feedback application.
The feedback overhead of [1] [4] can be reduced when the number of layers or data streams equals the number of the number transmit antennas or that less one. Instead of quantizing and feeding back the first k columns, the UE quantizes and sends back the last n-k columns that are complementary and orthogonal to the first k columns as illustrated in Fig. 2. In general, the UE can send back the quantization index for the subspace spanned by the last n-k columns instead of the subspace of first k columns, which are equivalent. This significantly reduces the overhead of [1] [4] for 3x2, 3x3, 4x3, and 4x4 precoding matrix as shown in Tab. 1 by 40% and more. For n=k, the UE can feed back one precoding vector to benefit adaptive bit loading and spatial crosstalk mitigation. The vector can correspond to the weakest (or strongest) singular mode of the channel matrix. The disadvantage of the proposed, complementary feedback is that it introduces interference across precoded spatial channels while the original [1] [4] doesn’t. The increased interference degrades the performance of linear receivers e.g. zero forcing and MMSE and reduces the gain of adaptive bit loading across spatial enabled by SVD. Simulation results demonstrate that the degradation is within 0.9 and 0.5 dB for linear receiver and SIC receiver respectively, which are small compared to the precoding gain over open loop [15].  
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Fig. 2.  Illustration of the complementary subspace feedback.

Table 1 Feedback overhead comparison between the proposed and [1].

	Feedback matrix dimension
	3x2 and 3x3
	4x3 and 4x4

	
	Differential
	One shot
	Differential
	One shot

	Feedback overhead in [1] [4] per matrix (bit)
	5
	9
	9
	15

	Reduced overhead per matrix (bit)
	3
	5
	4
	6

	Overhead reduction
	40%
	44%
	56%
	60%


3. Performance Results 
Two antenna configurations, 4x4 and 4x3, are simulated with codebook-based unitary precoding. The proposed, complementary feedback is compared with the one in [1] [4]. Since rank adaptation is applied, the number of layers or spatial streams can be one, two, three, and four. The proposed, reduced feedback is only applied for three and four layers. Fig. 3, 4, and 5 demonstrate that the degradation due to the feedback overhead is within 0.9 and 0.5 dB for linear MMSE and SIC receivers respectively. The transmission scheme for the SIC receive is PARC without layer permutation and with full MCS set available for each layer. Since MMSE receiver can’t mitigate increased inference as efficiently as SIC receiver, the MMSE degradation is greater than SIC’s.
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Fig. 3.  Throughput vs. SNR plots for 4x4 antenna configuration. The x-axis and y-axis are SNR per QAM symbol in dB and throughput per subcarrier in bits respectively. SCW and MCW stand for single codeword with MMSE receiver and multiple codeword PARC with SIC receiver respectively. The black line with pentagram is the proposed with SCW while the black line with square is the proposed with MCW. The pink line with plus sign is the scheme in [1] with MCW while the blue line with diamond is the scheme in [1] with SCW. 
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Fig. 4.  Throughput vs. SNR plots for 4x3 antenna configuration with multi-codeword PARC and SIC receiver.  Red, blue, and black lines are for the proposed, complementary feedback scheme, the previous in [1], and the ideal SVD feedback. 
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Fig. 5.  Throughput vs. SNR plots for 4x3 antenna configuration with single codeword and MMSE receiver.  Red, blue, and black lines are for the proposed, complementary feedback scheme, the previous in [1], and the ideal SVD feedback. 

4. Conclusions
A feedback scheme is proposed for precoding with more than two layers. It reduces feedback overhead by 40% and more as compared to [1]. Performance degradation due to the reduction is within 0.9 and 0.5 dB for LMMSE and SIC receivers respectively. We suggest that the scheme is considered for adoption in LTE. 
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6. Appendix
Tables A.1 and A.2 show some of the key link-level and channel modelling assumptions.  

Table A.1– OFDMA simulation parameters
	Issues
	Details

	DL Modulation
	QPSK, 16-QAM, 64-QAM

	Coding for data channel and Mother code rate
	Turbo, 1/3(7/8 (8 code rates)

	Non-ideal receiver functions
	Ideal channel estimation 

	Subframe duration
	0.5ms

	Transmission BW
	10MHz

	Usable subcarriers
	600

	CP Length 
	Short

	Number of OFDM symbols per subframe
	5 (data) + 2 (pilot) 

	RB size
	75 subcarriers, 1 sub-frame

	Block size
	FEC block fills up one or three RB blocks.

	HARQ
	Bit level Chase combining. The maximum retransmission number is 3.  Transmission is synchronous transmission with a period of 6 subframes. 

	Link/rank adaptation
	Maximize link throughput by selecting MCS combination and rank number. 

	CQI feedback
	5 bits per data stream or layer


Table A.2 – Channel model assumptions
	Parameter
	Assumption

	Carrier Frequency / Bandwidth
	2 GHz

	Channel model
	Typical Urban (TU) with 6 taps and spatial extension

	Spatial channel model
	Tx/Rx correlation matrices

	Tx correlation 
	0.25 according to the latest SCME model

	Rx correlation
	0

	UE speed
	3km/h

	Target PER
	1%

	Beamform Feedback delay (between channel estimation and beam-forming application)
	10 TTI = 5 ms

	CQI delay 
	10 TTI (3km/hr)

	Feedback period
	5 ms (3 km/hr)


K-space, beamforming space





(n-k)-space, complementary space
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