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1 Introduction

To maximize the spectral efficiency of E-UTRA, two key technologies have been identified compared to UTRA, namely frequency selective scheduling and MIMO. In addition, codebook based precoded MIMO [1]-[5], can increase the spectral efficiency in the order of 20-30% [5]. The drawback of precoded MIMO is the increased signalling overhead, especially for precoding in dispersive channels and means to minimize the extra signalling is the topic of this contribution. It is shown that the feedback can be designed so that only 2 to 4 additional control bits
 are needed to support codebook precoding compared to “open loop” MIMO, even in dispersive channels. Furthermore, system level simulation results with multiple UE per sector are presented to update the single UE per sector results in a previous contribution [6].
2 Precoding in frequency selective channels

To enable frequency selective scheduling and precoded MIMO, the uplink control signalling shall contain information about the channel quality for MCS selection plus the preferred precoding matrix index (PMI). Due to time dispersion, i.e. the frequency selectivity of the channel, this information must ideally be provided per resource block, which will increase the feedback overhead considerably if compared to UTRA. 

The bandwidth of a localized resource block (RB) is suggested to be narrow to allow low payload traffic; this means that the RB bandwidth will eventually be smaller than the coherence bandwidth of the channel. However, adjacent RBs can be grouped into resource block groups (RBG) whose bandwidth defines the granularity of the feedback signalling. The RBG bandwidth should be comparable to the smallest occurring channel coherence bandwidth in typical channels. Therefore, the feedback could then in principle consist of CQI and PMI per RBG as was studied in [1]. 
Although grouping reduce the feedback somewhat, it is still unnecessary large and further overhead reduction is possible by combining grouping with the “Best-M” feedback method, see [8],[8]. The underlying idea of the Best-M method is that frequency selective scheduling gain is obtained by scheduling a user on its best RBs and thereby, to exploit this gain, only information about the locations and qualities of a users best RBs are of interest to the Node B scheduler. Secondly, since it has been decided in RAN WG1 that a common MCS shall be used in all the RBs scheduled to a particular user, only a single CQI namely the EESM-averaged CQI of these Best-M RBGs is of interest for the Node B. So by moving the EESM-averaging from the Node B to the UE as in the Best-M method, a single averaged CQI is reported instead of one CQI per RBG, leading to a considerable feedback reduction. 
It may happen that a UE is not scheduled on exactly the M RBGs for which it has calculated and reported the average CQI. Therefore, a secondary CQI may be signalled, which contains the average CQI for the RBGs which are not among the Best-M. The Node B scheduler can then combine the primary and secondary CQI to calculate the MCS for the scheduled RBs. Naturally, there will be a slight error in the CQI when the UE is not assigned exactly the M RBGs for which it reports CQI, however, all CQI and PMI feedback reduction schemes involve a trade-off between CQI accuracy per RB and the feedback overhead. Simulations will show if the introduced CQI error still give acceptable performance.  
2.1 Extension of Best-M method to MIMO precoding index signalling

The Best-M method is easily extended to precoding matrix index (PMI) signalling as was shown in [6]. To minimize the signalling overhead, it is suggested that the MIMO feedback consist of a single PMI optimized for all M RBGs in the feedback report. The performance loss due to this restriction, which significantly reduces the feedback overhead, was investigated in [6] for a single UE per sector. It was found that if the UE is scheduled on the same M RBs for which it has reported the single CQI (per stream) and single PMI, the performance loss is very small, around 2% in average user throughput.  

To investigate the performance in a sector with more realistic traffic, where a UE may not always be scheduled on the M RBs in its Best-M report, a series of system level simulation results are presented in Section 4, where a reference case and the Best-M method are compared.
2.2 Feedback overhead example

An example of the content and overhead of the feedback signalling is given in Table 1 for the reference case using resource block grouping and in Table 2 for the Best-M method. A comparison shows that by using the Best-M method for both CQI and precoding matrix signalling it is possible to reduce the feedback overhead to 1/3 compared to using only resource block grouping.

Table 1 Feedback overhead example for 2 streams, 8 element precoding codebook, 5 MHz bandwidth and 750 kHz RBG bandwidth in the reference case with feedback of individual CQI and PMI per RBG.
	
	Bits per RBG 

and Stream
	Number
of bits (6 RBG, 2 streams)

	1 CQI per RBG and stream
	5 bits
	60 bits

	1 PMI per RBG
	3 bits
	18 bits

	Total Feedback
	-
	78 bits


Table 2 Feedback overhead example for 2 streams, 8 element precoding codebook, 5 MHz bandwidth and 750 kHz RBG bandwidth using the Best-M method.
	
	Number

of bits (6 RBG, 2 streams)

	1 Label which points to 1-6 RBG
	6 bits

	1 Primary CQI per Stream
	10 bits

	1 Secondary CQI
	5 bits

	1 PMI
	3 bits

	Total Feedback
	24 bits


3 Recap of the Best-M method
In the Best-M method, the UE selects a subset 
[image: image1.wmf]w

containing M resource block groups out of the total set 
[image: image2.wmf]W

 of K resource block groups, see Figure 1. In the method suggested in [7], the UE decides both the number M and which resource block groups that belong to the subset
[image: image3.wmf]w

. A variable number M in the feedback report allow the UE to adapt to changing throughput requirements and competition strength towards other UEs for the RB allocations.
For instance, if many UEs request data at the same time, the number of scheduled RBs per UE decreases and the UE can adapt to this situation by decreasing the number M in the report, and vice versa.

Note that if each RBG contains several RBs, the likelihood of a scheduling collision is reduced since more than one UE can report the same preferred RBG without inducing a DL scheduling conflict. An adaptive M implies an increased overhead in the feedback with at most 1 bit, as was shown in [7]. 

[image: image4]
Figure 1 An example showing the definition of set 
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 and subset
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. Each square represents a localized group of resource blocks.
Given that M RBGs should be selected, the following metric is maximized by the UE
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to jointly select the set of  RBGs 
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, the single PMI 
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 and the rank
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, where 
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 is the number of streams. It is thus assumed that all scheduled resource blocks to a UE use the same number of streams (i.e. rank) and the same precoding matrix. This reduce both the uplink and downlink control signaling. In (1), the metric 
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 can be defined in various ways, using for example the EESM as:





[image: image13.wmf](

)

(

)

(

)

å

=

P

+

=

P

S

N

s

s

S

EESM

N

f

1

2

,

1

log

,

,

w

w




(2)

and 
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is the effective exponential SIR mapping [6] for stream s over the M RBGs assuming a LMMSE receiver
. When the optimal
[image: image15.wmf]w

,

,

P

S

N

 has been found, they are reported over the feedback channel to the scheduler in Node B. The primary CQI’s for the streams are defined as
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and the secondary CQI’s is reported only for the “best” stream:
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where the complementary set of resource blocks 
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 is defined so that 
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4 Simulation assumptions and results
A SU-MIMO system level simulation was performed with a 2x2 MIMO channel in a 5 MHz bandwidth (12 Resource Blocks). No grouping of RBs was used in this simulation study.  The detailed assumptions are given in Appendix I.

Three different feedback methods were compared:
1. Codebook precoding with ideal feedback (reference case). One CQI per stream and one PMI were fed back for each resource block together with a single value for the rank (i.e. all scheduled resource blocks have same rank). 
2. Codebook precoding using Best-M, with fixed M=3. Selection of  
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 and reporting of CQI were made according to equation (1-4), hence a single PMI and rank for the selected best-3 resource blocks were reported. 
3. Codebook precoding using Best-M, with adaptive M. Selection of  
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 and reporting of CQI  were made according to equation (1-4), hence a single PMI and rank for the selected best-M resource blocks were reported. The value of M was adaptively per TTI by simply using the average number of scheduled RBs for this UE in the previous scheduled TTIs.
In Figure 2, the average user throughput is shown for different system loads. With 3 active UEs per sector, the Best-M method shows a loss in 7% of the average user and average cell throughput when the number of RBs in the CQI report is fixed to M=3. If adaptive M is used, the loss is reduced to 5% with respect to ideal feedback. 
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Figure 2 System Level Simulation results in SCM Urban channel. The Best-M with adaptive M method gives about 5% loss in average cell throughput compared to the ideal feedback. 
In Figure 3, the corresponding fairness curve is shown for the load of 3 UE/sector. 
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Figure 3 Fairness curves for the three simulated methods.
5 Conclusion
Based on the results in this contribution, we make the conclusion that by the extension of the Best-M method to also include precoding matrix index, and by using a single precoding matrix for all scheduled resource blocks to a UE, the user and cell throughput degrades by only 5-7% even though the UE may not be scheduled on its Best-M RB’s due to scheduling competition with other users. At the same time, the feedback overhead is reduced to a fraction (in the given example 1/3) of the overhead in previously proposed feedback schemes which use grouping of resource blocks and feeding back the preferred precoding matrix and CQI per resource block group.
These conclusions will be used in defining the E-UTRA CQI (E-CQI) feedback message content, which is described in an accompanying contribution [9]. 
Appendix I
Simulation Parameters

The simulation parameters are listed in Table 3.
Table 3  Simulation parameters

	Cellular Layout
	Hexagonal grid, 19 sites, 3 sectors per site

	Inter-site distance
	500 m

	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
	1,3 or 6

	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
	2 transmit antennas, 2 receive antennas 

	Codebook size
	8 

	Rank adaptation
	Fast, i.e. per subframe

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

	Receiver 
	LMMSE with SIC

	Maximum number of  code words
	2

	HARQ
	3 retransmissions

	CQI,PMI delay
	0 s

	CQI, PMI error
	0 %

	MCS
	No quantization of MCS levels (continuous)

	Scheduler
	Proportional Fair
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� Depending on the size RAN1 selects of the MIMO precoding codebook.


� 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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