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1. Introduction

We describe feedback schemes for downlink MIMO pre-coding. MIMO pre-coding can be performed using a codebook-based approach such as using DFT matrices [1] [2] or unitary matrices [3]. We consider a feedback scheme using dual feedback processing. In the proposed feedback and precoding scheme DFT matrices that are similar to [1] [2] are used at initialization and reset. Between resets binary differential feedback is used to track the channel and fine tune the DFT-based precoding matrix. Group feedback that considers one feedback per resource block group (RBG) is also considered to reduce feedback overhead. Since binary differential feedback uses only bit per RBG, the feedback overhead is significantly reduced. 

2. System description 
2.1. Dual feedback scheme

Figure 1 is a conceptual block diagram which depicts a dual feedback scheme for DL MIMO precoding. A dual feedback scheme for DL MIMO precoding is proposed. The dual feedback system consists of two feedback processes, namely initialization/reset and tracking. The dual feedback scheme uses any standard precoding scheme such as DFT precoding matrix for initialization and resets, and uses binary differential feedback for tracking channel between resets. Only one single bit per RBG is fed back per feedback instance during tracking. Reset processing can be performed either periodically or aperiodically. Tracking is used to continuously update the precoding matrix obtained at each reset and at initialization. 
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Figure 1. Illustration of dual feedback scheme for DL MIMO precoding

Binary differential feedback can be reset every M TTIs, for a certain period of time, or aperiodically. This avoids error accumulation, or propagation, due to binary differential feedback processing. Figure 2 depicts possible timing for a dual feedback scheme using resets, and tracking feedback between resets. DFT matrix based precoding/feedback is used at initialization and resets, and binary differential feedback is used for fine tuning and uptaing the DFT precoding matrix.  
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Figure 2. Illustration of dual feedback scheme timing 

At each reset every M TTIs non-differential feedback is used in which information for the full pre-coding matrix is fed back. Binary differential feedback is used for the TTIs between  resets in which only information for the delta pre-coding matrix is fed back. 

Binary differential feedback requires only a single feedback bit while non-differential feedback requires many more feedback bits, usually ranging from 3 to 6 bits depending on codebook size and rank. Binary differential feedback combined with non-differential feedback/precoding method can significantly reduce the feedback overhead and/or improve the performance for DL MIMO pre-coding.

In general binary differential feedback may be suitable for low speed channels, and non-differential feedback may be suitable for high speed channels. Combined differential/non-differential feedback may be considered for feedback to reduce the overhead reduction and improve performance. 
2.2. Non-differential feedback at initialization and resets
We use existing precoding/feedback schemes for initialization and resets. The existing precoding/feedback schemes include DFT precoding matrices with random or linear phase shifts [1] [2] and unitary matrices [3]. For every N feedback instances the index to the selected precoding matrix or precoding matrix index (PMI) is fed back to transmitter or NodeB from receiver or UE. 

A 4 x 4 DFT matrix is expressed by

                               
[image: image3.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

-

-

-

-

-

=

j

j

j

j

F

x

1

1

1

1

1

1

1

1

1

1

1

1

4

4

                                                                     (1) 

A set of precoding matrices can be generated using different phase shifts similar to [1] [2] by 
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where m=1,2,…,N-1, n=0,1,2,…,N-1 and l=0,1,2,…,L-1. To generate a set of eight 4 x 4 matrices, L=8 and N=4 are used. A set of precoding matrices (4 x 4) is constructed as:
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Similarly a set of 2 x 2 DFT matrices can be generated and constructed.

2.3. Binary differential feedback at tracking
Binary differential feedback is used for tracking. It is used to update the precoding matrix that is fed back at initialization and resets. Suppose at feedback instance n, n+N, n+2N,… the pre-coding matrices corresponding to the fed back PMIs are represented by T[n], T[n+N], T[n+2N],…. respectively. Binary differential feedback is used between T[n] and T[n+N] and between T[n+N] and T[n+2N], etc.. The precoding matrix T[n] is updated by a single binary bit b[n+1] that is fed back from receiver at feedback instance n+1. 

Grassmannian line packing can be used to define the beamforming space [8]. The Grassmann geodesic is the curve of the shortest length between two points in Grassmann manifold space [5]. Geodesic flow is a signal flow along the geodesic or the curve of the shortest length in Grassmann manifold 
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where Q(0) and Q(t) are the points in Grassmann manifold space at time 0 and t respectively. X is a skew-symmetric matrix and is restricted to be of the form 

                                     
[image: image15.wmf]ú

û

ù

ê

ë

é

-

=

0

0

Z

Z

X

H

                                                                             (4)

The matrix Y is expressed by
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Using equations (3), (4) and (5), one can define the precoding matrix and its update as 
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 where 
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and has dimension Nt by Nt, with Nt denoting the number of transmit antennas. 
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 is a unitary matrix of dimension Nt by Nt and E[n] is the orthogonal complement of T[n]. Matrix Y has dimension Nt by Ns, with Ns denoting the number of transmitted data streams. Matrix G[n] is a random matrix and has dimension Nt-Ns by Ns. G[n] is used to approximate matrix Z in equation (4) and is generated with independent and identical complex Gaussian distribution with zero mean and variance 
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The feedback bit is generated using the measurement of effective channel as
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The measure 
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where H[n+1] is the channel matrix and 
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Various metrics can be considered including Frobenius norm of the effective channel  or mean square error (MSE). If Frobenius norm of the effective channel is used, the metric function can be expressed as 
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When MSE is used, the metric function can be expressed as
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Other metrics such as channel capacity can also be used.

The transmitter and receiver update the precoding matrix using equation (6). In order to obtain the same update for the precoding matrix, the matrix G[n] should be known to both transmitter and receiver. This can be done by synchronously generating G[n] by pseudo random number generators at the transmitter and the receiver for the time when communication between transmitter and receiver starts.

The feedback rate, or feedback interval, depends on the rate of channel variation or vehicle speed. The optimum feedback rate or interval can be determined by simulations. A fixed feedback rate or interval can be used to compromise between different vehicle speeds or channel variations. A feedback rate or interval can also be configured or reconfigured to meet certain performance requirements or if the information about vehicle speed or Doppler shift is available. The step size of precoding matrix update can also be determined or optimized according to different rates of channel variation.

An efficient computation of T[n+1] given T[n] and G[n] is described as follows. The concept of CS decomposition and the method described in [6], [7] can be applied.

1. Decompose the matrix G[n] using compact singular value decomposition, i.e. compact SVD, as 
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      The matrix 
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      Those variables 
[image: image38.wmf]i

q

, 
[image: image39.wmf]s

N

i

,..,

2

,

1

=

 are the principal angles between the subspaces T[n] and T[n+1]. If the feedback bit b[n+1] is -1, decompose –G[n] instead.
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3. Construct diagonal matrices C and S such that 
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      and 
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4. Finally compute the matrix T[n+1] by
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Other binary feedback methods can also be used.

3. Simulations Results

3.1. Dual feedback scheme

In this section, we provide preliminary simulation results for the proposed dual feedback scheme using binary differential feedback and compare it with existing feedback and precoding schemes. We simulated a DL MIMO with a 4x2 antenna configuration with one and two streams, and a 4x1 antenna configuration. The simulation parameters are summarized in Table 1. 
Table 1 Simulation Parameters
	Parameter
	Assumption

	Carrier frequency
	2.0 GHz

	Sampling frequency
	7.68 MHz

	Transmission bandwidth
	5 MHz

	TTI length
	1 ms

	Number of OFDM data symbols per TTI
	12

	Number of occupied subcarriers
	300

	FFT block size
	512

	Number of used subcarriers for data
	132  (11 RBs)

	Cyclic Prefix (CP) length
	5.078 us (39 samples)

	Channel model
	SCME-C

	Antenna configurations 
	4 x 1, 4 x 2 (MIMO)

	Fading correlation between transmit/receive antennas
	as defined in SCME-C

	Moving speed
	3 km/hr, 30 km/hr

	Data modulation
	QPSK and 16QAM 

	Channel coding 
	Turbo code with soft-decision decoding 

	Coding rate
	1/3

	Equalizer 
	LMMSE

	Group feedback
	One feedback per 48 subcarriers (4 RBs)

	Feedback error
	None (Assumed ideal)

	Feedback delay
	2 TTIs

	Feedback interval
	1, 3, 6 and 18 TTIs

	Channel Estimation
	Ideal channel estimation


In order to compare the performance for the same feedback overhead the following feedback patterns are used:

Scenario 1: 4x2 with 2 streams (6 bits)
Combined DFT/Binary D B B B B D B B B B D B B B B D ...

DFT Precoding       D     D     D     D     D     D ...

Scenario 2: 4x2 with 1 stream or 4x1 with 1 stream (5 bits)
Combined DFT/Binary D B B B B B D B B B B B D ...

DFT Precoding       D     D     D     D     D ...

Scenario 1 is for 4x2 with 2 streams (rank 2). Capital D represents DFT matrix feedback and capital B represents binary feedback. In the simulations 6 bits are used for DFT matrix feedback and 1 bit is used for binary feedback. DFT matrix and combined DFT/binary feedback have the same feedback overhead.

Scenario 2 is for 4x1 and 4x2 with 1 stream (rank 1). 5 bits are used for DFT matrix feedback and 1 bit is used for binary feedback. Again DFT matrix and combined DFT/binary feedback have the same feedback overhead.

Figures 3-5 shows performance for 3 km/h for both scenarios 1 and 2. Two values for the variance of the complex Gaussian distribution are shown for binary feedback. The results are not too  sensitive to the variance at 10% BLER.

Figure 3 shows performance for 4x1 antenna configuration with one data stream. Compared with DFT matrix precoding and feedback, 1 – 1.5 dB performance gains are observed for using binary differential feedback to update DFT precoding matrix.
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Figure 3. Performance comparison between DFT precoding and DFT/binary precoding for a 4x1 antenna configuration.

Figure 4 shows performance for 4x2 antenna configuration with one stream. As compared with DFT precoding, 1 – 1.8 dB performance gains are observed.
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Figure 4. Performance comparison between DFT precoding and DFT/binary precoding for 4x2 MIMO with one data stream.
Figure 5 shows performance for 4x2 antenna configuration with two streams. As compared with DFT precoding, 0.7 – 1.5 dB performance gains are observed.
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Figure 5. Performance comparison between DFT precoding and DFT/binary precoding for 4x2 MIMO with two data streams.

Figures 6-8 shows performance for 30km/h for both scenarios 1 and 2. Figure 6 shows performance for 4x1 antenna configuration with one data stream. Compared with DFT matrix precoding and feedback, 1 – 1.5 dB performance gains are observed for using binary differential feedback to update DFT precoding matrix.
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Figure 6. Performance comparison between DFT precoding and DFT/binary precoding for a 4x1 antenna configuration.

Figure 7 shows performance for 4x1 antenna configuration with one stream. Compared with DFT matrix precoding and feedback, 2.2 dB performance gains are observed for using binary differential feedback to update DFT precoding matrix.
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Figure 7. Performance comparison between DFT precoding and DFT/binary precoding for a 4x2 antenna configuration with one data stream.

Figure 8 shows performance for 4x2 antenna configuration with two streams. Compared with DFT matrix precoding and feedback, 0.7 – 1.1 dB performance gains are observed for using binary differential feedback to update DFT precoding matrix.
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Figure 8. Performance comparison between DFT precoding and DFT/binary precoding for a 4x2 antenna configuration with two streams.

Table 2 summarizes the performance comparisons and improvement for DFT precoding using binary differential feedback to refine DFT precoding with respect to DFT only precoding for 3 km/h. Table 3 shows the similar performance comparisons and improvement for DFT precoding using binary differential feedback to refine DFT precoding for 30 km/h.

Table 2. Summary of Performance Gains with Binary Differential Feedback – 3 km/h

	BLER
	4 x 1


	4 x 2, one stream

(rank 1)
	4 x 2, two streams

(rank 2)

	10%
	1 dB
	1 dB
	0.7 dB

	1%
	1.5 dB
	1.8 dB
	1.5 dB


Table 3. Summary of Performance Gains with Binary Differential Feedback – 30 km/h
	BLER
	4 x 1


	4 x 2, one stream

(rank 1)
	4 x 2, two streams

(rank 2)

	10%
	1.7 dB
	2.1 dB
	1.1 dB

	1%
	N/A
	2.2 dB
	N/A


4. Feedback Overhead Summary

Here we evaluate the feedback overhead for this proposed dual feedback scheme. We assume a binary differential feedback reset every 5 TTI’s for the 6-bit codebook, and a reset every 6 TTI’s for 5-bit codebook. Also we evaluate the worst case feedback which can occur every TTI. A slower feedback rate can be obtained by linearly scaling down the numerology for the fast feedback every TTI. Table 4 shows the summary of the feedback overhead in kbps for 5MHz. The feedback overhead for other bandwidths can be obtained by linear extrapolation of the numbers in Table 4.

Table 4. Feedback overhead for binary differential precoding and feedback

	Codebook size
	Feedback bit rates

	
	300 subcar.

(1 RBG)
	156 subcar.

(2 RBGs)
	72 subcar.

(5 RBGs)
	12 subcar.

(25 RBs)

	32 (5 bit)
	2.8 kbit/s
	5.6  kbit/s
	14  kbit/s
	70  kbit/s

	64 (6 bit)
	1.8 kbit/s
	3.7  kbit/s
	9.2  kbit/s
	45.8  kbit/s


A feedback overhead evaluation was also done by Alcatel-Lucent using regular DFT precoding in [4]. Table 5 is a summary of feedback overhead reported in [4].

Table 5. Feedback overhead for regular DFT precoding
	Codebook size
	Feedback bit rates

	
	300 subcar.
	156 subcar.
	72 subcar.
	12 subcar.

	32 (5 bit)
	5 kbit/s
	10  kbit/s
	25  kbit/s
	125  kbit/s

	64 (6 bit)
	6 kbit/s
	12  kbit/s
	30  kbit/s
	150  kbit/s


Comparing tables 4 and 5, we conclude that the feedback overhead can be reduced significantly by using binary differential feedback and precoding. For a codebook size of 32 the feedback overhead is reduced by 44% for all frequency granularities. For a codebook size of 64 the feedback overhead is reduced by 70% for all frequency granularities. The reduction of feedback overhead with respect to regular DFT precoding is summarized in Table 6.

Table 6. Reduction of feedback overhead using binary differential precoding and feedback

	Codebook size
	Feedback bit rates

	
	300 subcar.

(1 RBG)
	156 subcar.

(2 RBGs)
	72 subcar.

(5 RBGs)
	12 subcar.

(25 RBs)

	32 (5 bit)
	44%
	44%
	44%
	44%

	64 (6 bit)
	70%
	70%
	70%
	70%


5. Conclusions

In this document a MIMO pre-coding feedback scheme based on dual feedback is described. In the proposed feedback and precoding scheme a DFT matrix is used at initialization and reset. Between resets binary differential feedback is used to track the channel and fine tune the DFT-based precoding matrix. The proposed precoding and feedback scheme requires significantly less feedback overhead than the schemes only using non-differential precoding and feedback while the performance is maintained. Alternatively, performance can be improved while maintaining the same overhead as conventional non-differential precoding feedback schemes. Simulations show that the performance gains range from 0.7 to 2.2 dB depending on the MIMO configurations. 

The proposed feedback scheme may be considered as an improvement to existing precoding/feedback schemes. It is suggested that the proposed feedback/precoding scheme using binary differential feedback to refine and improve the existing precoding matrices be considered as a way of reducing feedback overhead and/or improving performance.

------------------------------------------- Start of Text Proposal for 36.211 ----------------------------------
5.3.4  Precoding

MIMO precoding shall use a dual feedback scheme where a fixed precoding matrix is used for initialization and at periodic resets, and binary differential feedback is used for refining the precoding matrix between resets. 
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