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1 Introduction

To maximize the spectral efficiency of the E-UTRA DL, two key technologies have been identified compared to UTRA, namely frequency selective scheduling and MIMO. Therefore, the uplink CQI signalling should be extended to allow for these techniques in the DL without unnecessary increase in signalling overhead.

Some proposals for CQI feedback compression to allow frequency selective scheduling have been presented [1], for example the “Best-M” method. In addition to channel quality feedback, the amount of feedback overhead to support MIMO has been discussed in some previous contributions [4]-[8], but no integrating attempt has been made to reduce the total feedback overhead for CQI signalling including MIMO with precoding and also including support for frequency selective scheduling. This integration and unified approach to feedback reduction is the aim of this contribution.   

Codebook type of precoding for MIMO in E-UTRA DL has been studied and the gains are promising [4]

 REF _Ref137880191 \r \h 
[9]

 REF _Ref137880193 \r \h 
[10]

 REF _Ref129577837 \r \h 
[11]. Our aim is therefore to include MIMO precoding feedback in the CQI report but keep the added overhead at a minimum. In [4] a suggestion to reduce MIMO precoding feedback overhead in a frequency selective channel was made denoted the group-based feedback reduction method. It was suggested to group adjacent localized resource blocks and find a suitable precoding matrix for each group of L resource blocks. However, no simultaneous discussion of reduction of channel quality information was made in [4]. The grouping method aims at feeding back the best precoding matrix index for all resource blocks, which will also include those resource blocks that have poor channel quality. To obtain any frequency selective scheduling gain, it is unlikely that these “weak” resource blocks are among the scheduled for this particular user. Therefore, the feedback of precoding matrix index (PMI) for these “weak” resource blocks is a waste of uplink bandwidth.

In this contribution, we show that it is sufficient to feed back a single PMI valid for those resource blocks which have the best signal quality which is calculated given this PMI. This goes well in line with the “Best-M” approach for feedback reduction of channel quality signalling [1] where the UE reports a label which indicates its M resource blocks with highest signal quality plus a single channel quality indicator for these resource blocks. Here we add a single precoding matrix index to this CQI report, valid for the same resource blocks as the channel quality index. Hence, a comprehensive and consistent feedback scheme is obtained for CQI. 
The results in this contribution are further used to define baseline CQI (including PMI) message content in the uplink for scheduling the downlink transmissions. The message description can be found in an accompanying contribution [12]. 
2 Motivation for MIMO feedback for only selected resource blocks 
We propose to feed back PMI for a selection of the resource blocks instead of aiming at obtaining full knowledge at the transmitter about the best precoding vector for all resource blocks. The reasons are as follows

1. When frequency selective scheduling is used, a user will be scheduled on its best resource blocks and therefore the PMI (and channel quality) for the best resource blocks are of primary interest to the scheduler. 

2. In many common channel scenarios, there exist strong “preferred” directions in the channel (clustered reflections). Therefore, the selected precoding matrices for the best localized resource blocks are not independent, they are rather highly correlated. A snapshot example can be seen in Figure 1 where precoding vector 1 gives the highest SNR for a majority of the subcarriers.
3. The suggested PMI feedback method is consistent with the channel quality feedback method in the “Best-M” approach and these can thus be combined. No extra resource block label needs to be signaled to add the PMI. 
These are motives to study the suggested method. In Section 5, simulation results are given that compare the different methods. 
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Figure 1 An example of the variation of SNR over subcarriers for a 4x2 MIMO system, rank 1 transmission, LMMSE receiver, TU-3 channel with TX correlation 0.5.  At the ends of the frequency bandwidth, the SNR is largest for precoding Vector 1 and in the center of the band, precoding vector 4 is the best. If the resource block bandwidth is 25 subcarriers, the Best-M scheme with M=6 and a single reported PMI would select resource block 1,2,3 and 10, 11, 12 with precoding vector index 1. 
3 Description of Best-M feedback method of channel quality and precoding matrix index
In Best-M, the UE selects a subset 
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containing M resource blocks out of the total set 
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 of K resource blocks. The term “best” is not further specified in [13]. In the Best-M method suggested in [1], the UE decides both the number M and which resource blocks that belong to
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Figure 2 An example showing the definition of set 
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 and subset
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. Each square represents a localized resource block.
Examples of how the reduction of precoding matrix information can be done are given in Figure 3 with (A) being the ideal feedback used for reference, (B) is the grouping method proposed in [4] and (C) is the proposal in this contribution. 
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Figure 3 Three different options to feed back precoding matrix index. (A) Is the ideal feedback where PMI is fed back for every resource block. In (B), resource blocks are grouped which leads to a feedback reduction. In (C), a best-M approach is used where a single PMI is feed back for those selected resource blocks which are reflected in the CQI report. 

If we compare the required feedback for these three methods and assume a best-M method is used for signaling channel quality information, we get the results in Table 1. By aligning the PMI reports with the channel quality index reports using the best-M labeling method (e.g. [1]) , the feedback is significantly reduced and for method C, only 3 additional bits is required to support precoded MIMO compared to open loop MIMO. In Section 5, the performance of method A, B and C are compared.  
Table 1 Comparison of the required feedback to signal channel quality index and PMI for dual stream, dual codeword MIMO with the different methods in Figure 3. Here C is the number of bits in PMI message, K is the number of resource blocks, M is the number of  reported resource blocks (in Best-M methods) and L is the number of resource blocks per group in PMI grouping methods. The channel quality index in method B and C is reported with best-M labeling and with a 5 bit channel quality index. The example in the right columns are with the assumptions C=3, K=24, M=6, L=2
	Method
	Number of bits for channel quality (2 streams)
	Number of bits for PMI
	Number of bits for label to indicate best-M resource blocks 
	Total
	Total required feedback


	Of which additional feedback is for precoding

	A (reference)
	
[image: image9.wmf]K

×

×

2

5


	
[image: image10.wmf]K

C

×


	0
	
[image: image11.wmf](

)

K

C

×

+

10


	312 bit
	72 bit

	B
	
[image: image12.wmf]2

5

×


	
[image: image13.wmf]L

K

C

×


	
[image: image14.wmf]ú

ú

ù

ê

ê

é

÷

÷

ø

ö

ç

ç

è

æ

M

K

2

log


	
[image: image15.wmf]10

log

2

+

×

+

ú

ú

ù

ê

ê

é

÷

÷

ø

ö

ç

ç

è

æ

L

K

C

M

K


	64 bit
	36 bit

	C
	
[image: image16.wmf]2

5

×


	
[image: image17.wmf]C


	
[image: image18.wmf]ú

ú

ù

ê

ê

é

÷

÷

ø

ö

ç

ç

è

æ

M

K

2

log


	
[image: image19.wmf]10

log

2

+

+

ú

ú

ù

ê

ê

é

÷

÷

ø

ö

ç

ç

è

æ

C

M

K


	31 bit
	3 bit


For the channel quality signaling, it is assumed that a single, primary channel quality reflects the average (using e.g. EESM) channel quality in the resource blocks in
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. It shall be noted that it has also been suggested to feed back a secondary channel quality measure for the complementary set of resource blocks 
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 where 
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. The secondary channel quality can be used to calculate MCS for distributed resource blocks or in the case when a UE is scheduled resource blocks outside the set 
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. It can be signaled as a difference relative to the primary channel quality measure so it needs fewer bits than the primary channel quality measure.  
4 Simulation assumptions 
A 4x2 single user (SU)-MIMO system with maximum 2 code words and rank adaptation were simulated over a 5 MHz bandwidth channel. The detailed simulation assumptions are given in Appendix II. To assess the potential feedback reduction gain, non-idealities as feedback delay and feedback errors were not considered. The reference case where ideal feedback was assumed were simulated plus three examples using the best-M CQI reporting method and different precoding matrix index feedback methods. 

The best-M method was modified to include joint PMI selection, according to the following description: Given that M resource blocks should be selected, the following metric is maximized 
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(1)
to select the set of  resource blocks 
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, the precoding matrix index 
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 and the number of streams 
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. It is assumed that
[image: image28.wmf]S

N

 streams are used in all scheduled resource blocks to a UE.
In (1), the following expression was used for f  :
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and 
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is the effective exponential SIR mapping [1] for stream s assuming a LMMSE receiver
. When 
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 have been determined, they are reported to the scheduler in Node B together with the primary channel quality for each stream
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and the secondary channel quality for each stream
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(4)

In the simulations, no quantization of channel quality reports was used.  
These different feedback methods were compared corresponding to method A, B and C in Figure 3:
1. (A) Reference case. One channel quality per stream and one PMI were fed back for each resource block together with a single value to indicate the rank (i.e. number of streams
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N

). A 3-bit unitary codebook was used so 36 bits are needed for PMI feedback.
2. (B) Antenna selection. Resource blocks were grouped two by two. The number of streams 
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N

 was determined, valid for all groups and for each group, 
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 antennas were selected according to equation (1),(2). Primary and secondary channel qualities per stream were reported according to (3),(4). Due to grouping, 18 bits are needed for antenna selection feedback.
3. (B) Codebook precoding with grouping of PMI. Same as in 2. But instead of antenna selection, a 3-bit unitary codebook was used and selection of 
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 were made using (1),(2). 18 bits of PMI feedback is needed.
4. (C) Codebook precoding with a single PMI. Selection of 
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 were made according to equation (1-2), hence the best PMI and rank (i.e. number of streams 
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) for the selected best-M resource blocks were reported. Primary and secondary channel qualities per stream were reported according to (3),(4). For calculation of (4), 
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 was used. A 3-bit unitary codebook was used so 3 bits of PMI feedback is needed.
5 Simulation results

The best-M method relies on that the number M of resource blocks reported by the UE is in close correspondence with the number of actual scheduled resource blocks in the transmission. Also, to obtain the frequency selectivity scheduling gain, it is important the UE is scheduled on or among its best-M resource blocks. However, due to competition with other users these criterions may not always be fulfilled. A scheduler may need to schedule a UE on resource blocks outside the best-M (in which case the secondary channel quality index becomes useful). To investigate the robustness of the best-M scheme, we set the number of scheduled resource blocks fixed and varied the number of resource blocks M in the feedback.  Hence, it is expected that when M greatly differs from the number of scheduled resource blocks that the performance degrades. 
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Figure 4 Average and cell edge user throughput as a function of M in Best-M CQI reporting method. The number of scheduled resource blocks is 8 in all results in this figure.
Figure 4 shows the average and the average cell edge (5%) user throughput as a function of M for 8 scheduled resource blocks (out of 12). The proposed feedback method (Method 4) has at most 10% throughput reduction compared to method 3 although it requires only 3 bits for PMI feedback compared to 18 bits for method 3. We also see that the gain compared to antenna selection is substantial, which motivates the use of codebook precoding. When the number M and the reported resource blocks in the feedback report coincides with the actual number and location of the scheduled resource blocks, the performance degradation compared to the reference case, method 1, is very small.  
This is even more visible in Figure 5 and where 3 resource blocks (out of 12) are used in the transmission. When the number of reported resource blocks M=3, the performance degradation compared to ideal channel quality and PMI feedback is small and when there is a mismatch, the performance degrades. 
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Figure 5 Average and cell edge user throughput as a function of M in Best-M CQI reporting method. The number of scheduled resource blocks is 3 in all results in these figures. When the M and location of reported resource blocks in best-M coincides with the number of scheduled resource blocks, the throughput is maximized. 
5.1 Precoding for full rank SU-MIMO transmission?
It is of interest to see if there are any substantial gains of using SU-MIMO precoding when the number of transmitted streams equals the number of transmit antennas, so called “full rank” SU-MIMO transmission. If not, no MIMO precoding and thus no PMI feedback is needed if full rank is selected in the rank adaptation. 

A series of simulations were made to compare the throughput performance of rank 2 transmission (2 streams) when using a codebook of 2x2 unitary matrices compared to when using the fixed 2x2 identity matrix. The best-3 resource blocks were reported with ideal channel quality and ideal PMI per resource block and stream, and the same resource blocks were then scheduled. The purpose is to investigate if unitary codebook precoding gives any benefits at all when the rank adaptation selects full rank transmission. When rank 1 transmission was selected, the same codebook was used in the two compared schemes and in this case the precoding gives significant gains.

As can be seen in Table 2 below, there is no benefit of using (unitary) precoding in the case of full rank transmission to a single user. One can also see by studying the sum of the mean square error (MSE) after LMMSE decoding that a unitary precoding does not affect the sum-MSE, see Appendix I. Hence, an arbitrary unitary precoding matrix will do and thus we suggest to always using the identity matrix for precoding in this special case. 
Table 2Throughput comparison with and without precoding for full rank transmission
	Channel
	Using 2x1 and 2x2 codebooks (3 bits)
	Using 2x1 codebook (3 bits) and 2x2 identity matrix.

	SCM Urban 15°
	1.85 Mb/s
	1.85 Mb/s

	TU-3, iid channels
	1.84 Mb/s
	1.84 Mb/s

	TU-3, iid channels, 6 dB intercell interference isolation
	2.93 Mb/s
	2.93 Mb/s


6 Conclusion
Based on the results in this contribution, we make the following conclusions 

· By reporting a single precoding matrix and then using the single precoding matrix for all scheduled resource blocks the average user and cell edge throughput performance is degraded at most 10% compared to reporting channel quality and precoding matrix selection per resource block, provided that the user is scheduled on approximately the same resource blocks (in position and number) the CQI feedback report reflects.

· The MIMO control signaling should therefore consist of a single precoding matrix for all scheduled resource blocks; thereby the signaling overhead for supporting precoded MIMO becomes very small.
· There is no performance benefit of using unitary precoding when the number of streams to a single user equals the number of transmit antennas, so called full rank transmission, e.g. 2x2 with 2 streams. Therefore, there is no need to signal precoding matrix index for SU-MIMO when full rank is selected by the rank adaptation.
· Note that for MU-MIMO this conclusion does not hold since from the UE perspective, only a single stream is received in this case and then precoding is still useful.

We thus propose that the Best-M method is adopted in the uplink CQI signaling for E-UTRA DL with a baseline feedback message containing an efficient Best-M label [1], a single CQI per stream, a single PMI together plus a rank adaptation indicator. If the rank is full in the SU-MIMO case, no precoding is used. These conclusions will be used in defining in more detail the CQI feedback message content, which is described in our accompanying contribution [12]. 
Appendix I
In this appendix, it is shown that unitary precoding can not improve the summed MSE in the case where the number of streams equals the number of transmit antennas, 
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where 
[image: image47.wmf]F

 is the 
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 is the power of the transmitted symbols, 
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 channel matrix and 
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 receiver interference to noise covariance matrix.  Now, use well known properties of the trace of the inverse of a Hermitian matrix and rewrite (A-1) as
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When 
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 is unitary, i.e. 
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, which inserted in (A-2) gives that
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which is independent of 
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. In other words, if the precoding matrix is unitary, any precoding matrix will do, for instance the trivial
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Appendix II

Simulation Parameters

The simulation parameters are listed in Table 2.
Table 2  Simulation parameters

	Transmission BW
	5MHz

	Carried frequency
	2GHz

	Sub-frame duration 
	0.5 ms

	Sub-carrier spacing
	15kHz

	Sampling frequency 
	7.68 MHz

	FFT size
	512

	Number of occupied sub-carriers
	301 (DC sub-carrier is null.)

	Number of OFDM symbols per TTI
	7

	Number of OFDM symbols per TTI for traffic data
	5, the other two symbols are reserved for possible use of pilot and common control channel.

	Channel Estimation
	Ideal Estimation

	Number of users / sector
	1

	Channel coding/decoding
	Turbo code /

Max-Log-MAP decoding with 8 iterations

	Modulation
	BPSK, QPSK, 16QAM, 64QAM 

	Channel environments
	SCM Urban 15°

	Intercell interference
	Spatially and temporally white

	Antenna configuration
	4 transmit antennas, 2 receive antenna (LMMSE)

	BW of resource block
	375kHz (25 sub-carriers)

	Receiver 
	LMMSE with SIC

	Maximum number of  code words
	2

	HARQ
	3 retransmissions

	CQI error 
	0 %

	CQI delay
	0
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(C) Best-M PMI  (single value) + Best-M primary and secondary channel quality index � REF _Ref137873963 \r \h ��[1]�











(A) Ideal channel quality index + ideal PMI feedback





(B) Group based PMI feedback � REF _Ref137879898 \r \h ��[4]� + Best-M primary and secondary channel quality index � REF _Ref137873963 \r \h ��[1]�
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� The EESM is modified accordingly to keep the total output power constant irrespectively of the number of streams � EMBED Equation.3  ���.
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