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1 Introduction

In RAN1#57 meeting in LA, three types of feedback categories are agreed for coordinated multi-point (CoMP) transmission [1]: 
· Explicit channel state/statistical information feedback

· Channel as observed by the receiver, without assuming any transmission or receiver processing

· Implicit channel state/statistical information feedback

·  Feedback mechanisms that use hypotheses of different transmission and/or reception processing, e.g., CQI/PMI/RI 

· UE transmission of SRS can be used for CSI estimation at eNB exploiting channel reciprocity. 

This contribution attempts to provide more discussion on various aspects of CoMP feedback.
2 Discussion
2.1 Short-Term v.s. Long-Term Cooperation

It is understood that both implicit and explicit feedback are more tailored to short-term channel variation to enable fast joint processing or coordinated beamforming. This would allow the network to exploit the small-scale channel variation to achieve the macro-diversity combining or interference avoidance gains. Similarly, both implicit and explicit feedback schemes are applicable for fast cell selection where cell selection replies on the short-term channel characteristics.
For CoMP cooperation based on long-term (“fixed”) channel characteristics (e.g. AoA/AoD), SRS based CSI estimation exploiting channel reciprocity could be used without incurring additional feedback formats and overhead, although implicit/explicit feedback can still be used to refine the cooperation. 
2.2 Feature Transparency

The Rel.10 MIMO features need to be configured and hence are non-transparent as transmission modes and/or UE reporting modes. While the use of UE-specific RS enables transparency in terms of the actual precoding, it does not imply transparency in transmission/reporting mode. Although having a unified feedback framework for CoMP and non-CoMP may sound attractive, the benefits of a unified design are unclear.
· It should be noted that the PHY algorithms for single-cell and multi-cell transmission are vastly different in nature. Artificially enforcing the same feedback framework may unnecessarily restrict the single-cell transmission, which should be the most common and core network operation even in Rel.10.  
· It should be possible to configure UE to report multiple cells’ channel only when the CoMP performance gain is significant. Overall, the extra feedback overhead must be justified by the performance enhancement.
· Unless CoMP is to be supported as a mandatory feature, the same design framework may impact the design (and likely performance) of non-CoMP-compliant Rel.10 UEs.  It should also be noted that the exact CoMP scheme that may end up being specified is still unclear and the reported gains seem to be under an idealized set of assumptions. 
As a consequence, it is unclear if having the same reporting mechanism for CoMP and non-CoMP transmission in Rel.10 is a good way forward. We therefore suggest that CoMP feedback discussion be focused in the context of CoMP transmission.

2.3 Feedback with dynamic CoMP cooperation
For all DL CoMP feedback category, override is possible (i.e. the cooperating set is a subset of the measurement set) due to the potential transparency of CoMP transmission set.
· Implicit feedback: PMI report associated with the i-th eNB is derived based on the direct channel (Hi) and interference/noise estimation. Note that the interference/noise estimation can be performed on 

· cells reported by the UE, and
· CoMP transmission points,
both of which are already supported in the TR [1].  In the latter case, since the actual CoMP measurement set is equivalent to the CoMP transmission set, the feedback is suited to the true channel/interference seen by the UE and thus the override issue is alleviated.
· Explicit feedback:  Similarly, interference and noise could be measured only on cells outside of the measurement set, while it is also possible to measure the interference (dynamically) over CoMP transmission points to reduce the impact of override.
Revisiting the Rel-8 feedback discussion, it is worth noting that interference estimation is quite complicated. This can be attributed to a number of reasons including the highly unpredictable burstyness of interference, fast fluctuation of transmission power on different RB in interfering cell, channel dependent precoding (flash light effect) and traffic load fluctuation [2].  These may lead to strong subframe-level variations in inter-cell interference and warrant more discussion on the interference measurement.
2.4 Feedback Rate 
Although CoMP is expected to be deployed mainly in local-area set and low-mobility environment, the time domain variation of the channel may still undergo different rate of fluctuation and impact the feedback overhead, robustness against measurement error, and feedback quality due to uplink capacity constraint. Over-the-air/X2 delay and UE speed should be also borne in mind. In case channel feedback cannot fit in a single reporting instance (subframe), multiple reporting instances are needed and may further add to such sensitivity.
[image: image1.emf]0 50 100 150 200 250 300 350 400 450 500

-2

-1

0

1

2

3

time index (subframe)

direct channel H)

ITU urban macro, V = 30kph, L = 1 RB

 

 

R component

I component

0 50 100 150 200 250 300 350 400 450 500

-0.5

0

0.5

1

1.5

2

time index (subframe)

recommended PMI

 

 

PMI variation

   [image: image2.emf]0 50 100 150 200 250 300 350 400 450 500

-2

-1

0

1

2

3

time index (subframe)

direct channel H)

ITU urban micro, V = 3kph, L = 1 RB

 

 

R component

I component

0 50 100 150 200 250 300 350 400 450 500

-0.5

0

0.5

1

1.5

2

time index (subframe)

recommended PMI

 

 

PMI variation


Figure 1: ITU urban macro, V = 30kph, L = 1                              Figure 2: ITU urban micro, V = 30kph, L = 1
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Figure 3: ITU urban macro, V = 30kph, L = 5                              Figure 4: ITU urban micro, V = 30kph, L = 5
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Figure 5: ITU urban macro, V = 30kph, L = 50                              Figure 6: ITU urban micro, V = 30kph, L = 50
In general, CQI reports that are reflections of relatively longer-term channel statistics (e.g., geometry, channel correlation, rank to support spatial multiplexing and beam direction) tends to vary at a lower rate and thus enjoy better robustness against feedback capacity constraint. Enhanced uplink control channel design (PUCCH/PUSCH) are also helpful to reduce the amount of cycles required for reporting the channel of the full CoMP measurement set and provide more protection against channel variation/feedback delay. 
As a simple analysis, Figure 1-6 provides a snapshot of the temporal variation of certain channel property at different UE speeds and reporting granularity. 

· Explicit feedback: direct channel matrix (H) averaged over L RBs are plotted, where L = 1, 5 and 50 between one transmit and receive antenna pair.

· Implicit feedback:  variation of the recommended PMI of a frequency band, where the frequency band includes L RBs, L = 1, 5, 50.

2.5 Feedback Overhead 
Prior study on feedback overhead have been available in the past RAN1 meeting [7][8]. Methods to reduce the feedback overhead should be further studied to ensure a feasible CoMP solution and not to negatively impact the uplink peak and average throughput of the network, especially with a large number of UEs in presence [8].
3 Implicit Feedback

3.1 General Discussion
Implicit feedback is in the form of recommended precoding format (RI/PMI) based on the UE’s measurement. 

· Note that the UE measurement includes both the channel matrix H and the interference/noise (e.g. covariance R). Such information is embedded implicitly in the recommended PMI derived to optimize the DL throughput. Whether PMI is derived on the short-term instantaneous channel or a longer-term averaging is part of the UE hypothesis/implementation and may be signaled to eNB [1], while it is possible for eNB to manage this configuration by RRC signaling.
· Implicit feedback is a reflection of processed channel information. A number of UE implementation specific parameters which are generally agnostic to the eNB, e.g. receiver processing (MMSE, SIC) are usually embedded in the implicit report. This allows eNB to perform link adaptation accordingly to reap the gain of a more advanced MIMO receiver. Such advantage is in general not captured in the explicit feedback. 

· Testing: One reason to have CQI-based feedback in Rel-8 is to allow more tractable testing of UE report. It is therefore important that the CQI is well-defined so that it can be tested (e.g. recommended TB size under a 10% BLER). This should also be a desirable property in feedback design in Rel.10.
· The overhead for implicit feedback remains largely independent with the number of transmit and receive antennas. In general, having the feedback overhead/format agnostic to the UE-implementation is desirable.
· Although the feedback may be codebook-based, the actual transmission can still be non-codebook based. A number of schemes are available in literature which are able derive the non-codebook precoding matrices depending the PMI report [13].
The following implicit feedback schemes are possible for CoMP

· For joint processing, UE reports the recommended RI/PMI for the measurement set assuming coherent or non-coherent combining. Both joint feedback (e.g. coherent combining) or disjoint feedback (non-coherent combining) are possible

· Joint report:  a single RI/PMI for the CoMP measurement set.
· Disjoint report: multiple RI/PMI, each associated to a point in the measurement set.
· For coordinated beamforming, UE reports the recommended RI/PMI for the serving cell, as well as (a set of) PMIs for the non-serving cells in the measurement set. The PMIs for the non-serving cells are optimized along with the serving-cell PMI to reduce the co-channel interference. The feedback format falls naturally into the disjoint category.
3.2  Implicit Feedback

In this section we introduce a very simple extension of Rel-8 implicit feedback mechanism to Rel-10 CoMP operation. Assume three cells in the cooperation set, the received signal at the UE is given as
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for joint processing,  and 
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for coordinated beamforming/scheduling, where Hi and Wi denotes the channel and precoding matrix associated with the i-th transmitting point. With disjoint feedback, UE may report a recommended RI/PMI for each eNB in the measuring set respectively, hence the feedback overhead increases linearly with the size of the measurement set. We define one set of recommended RI/PMI as 
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In the Rel-8 feedback paradigm, only one set of recommended RI/ PMI {W1, W2, W3} is reported by the UE at each feedback instance. The network may follow the recommended RI/PMI when the UE feedback is expected to be accurate, but also has the freedom to override the UE feedback. 

In order to improve the link adaptation and scheduling flexibility, one potential enhancement is to feedback multiple sets of PMI as opposed to feedback the “optimal” set only. For example, the 1st optimal set of RI/PMI 
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 and so forth. The associated CQIs need to be fed back as well. The eNB will have greater flexibility of deciding on the actual downlink precoding format and to perform scheduling based on the multiple available precoding choices. Naturally the improved scheduling and precoding flexibility comes at the cost of higher feedback overhead compared to Rel-8 implicit feedback. However note that Rel-8 feedback is designed with a very low feedback overhead in mind, a moderate increase in the overhead is still acceptable naturally. 

To give an example, assume PUSCH report with wideband PMI and frequency-selective CQI with sub-band size of 5RB in 10MHz bandwidth. The feedback overhead with the best N sets of RI/CQI/PMI report is given the following table.

· RI:  a single rank is reported to all eNBs in the measurement set. Alternatively one may feed back different RIs to different eNBs, however this would incur marginal overhead increase.
· PMI: If only the optimal set PMI is reported (as in Rel-8), N = 1 PMI is reported for each eNB in the measurement set. This amounts to a feedback overhead of 4bits per eNB (assuming size-16 codebook in each rank). As an alternative, one may also report N sets of PMIs to allow more flexible precoding and scheduling decision. This leads to a PMI overhead of 4N per eNB per feedback.
· CQI: Similarly, reporting the best N set of recommended CQIs yields an overhead of (4+2*10) * 2*N = 48N (assuming two CQI reports per sub-band to allow spatial multiplexing)

	
	RI
	PMI
	CQI
	Total Overhead

	
	Max 3-bits
	4N bits
	48N bits
	52N + 3  

	N = 1
	Max 3-bits
	4 bits
	48 bits
	55 bits  

	N = 2
	Max 3-bits
	8 bits
	96 bits
	107 bits

	…….
	…….
	…….
	…….
	…….

	N = 16
	Max 3-bits
	4N bits
	48N bits
	835 bits


The feedback overhead when reporting 16 sets of recommended PMIs amount to 835 bits per eNB. It should be also possible to adaptively configure the set of PMI report (e.g. N=4 with an overhead of 211 bits) to reach an appropriate tradeoff between feedback overhead and performance.
For MU-MIMO, it is also possible to report multiple sets of recommended RI/PMIs where each set of report O = (W1, W2, CQI) includes the recommended precoder W1 for the desired UE, the recommended interfering precoder W2 for a co-scheduler UE, along with the CQI value. Reporting multiple PMI configurations allows eNB to have more refined knowledge for link adaptation when different precoding matrix combinations available.
4 Explicit Feedback

For explicit feedback without UE processing, UE directly measures the instantaneous channel matrix (H) and interference matrices (R). 

· Explicit feedback is able to provide the best channel information at the eNB, given the accurate estimation of channel/interference and reliable channel feedback. At the same time, this comes at the cost of high-data rate feedback which consumes the available UL capacity which is intended for data transmission.
· Compared to channel state information, statistical information provides long-term characteristics to the eNB, and hence can be reported less frequently. It may be used by eNB to establish the SU/MU JP or CB schemes, and to allow better UE paring in the MU-MIMO mode. The feedback overhead is in general significantly less than the direct channel information, and is more robust to channel variation. At the same time, it is possible to estimate such long-term statistics via reciprocity (see, e.g. [7]). Hence, such scheme can be implemented as a standard-transparent scheme.
5 Summary and Conclusions

This contribution provides further discussion and analysis on various aspects of the UE feedback for CoMP. Both implicit and explicit methods have their pros/cons in terms of the flexibility in CoMP support, feedback overhead, and sensitivity to channel/interference variation. Some possible implementations for implicit feedback are given. If RAN1 is required to select one and only one mode, some further discussion may be needed to understand the importance of each factor, which is also dependent on the details of the final CoMP solution. Since the perceived type of DL CoMP algorithm is unclear at the moment, both paradigms should be included in the study item phase, for the ITU submission.   

REFERENCES
[1] TR 36.814, 
Further advancements for E-UTRA physical layer aspects

[2] R1-080887,  CQI measurement methodology,  Ericsson

[3] R1-091835,  Consideration on UE feedback in support of DL CoMP, Texas Instruments
[4] R1-091799,  Downlink CoMP system evaluation and feedback analysis for each category, Huawei
[5] R1-091988, 
Further considerations on global precoding,  CATT

[6] R1-091869,  CoMP Operational Mode Feedback Discussions, Samsung

[7] R1-092024,  CSI feedback, Ericsson

[8] R1-091353,  On CSI feedback signaling in LTE-Advanced uplink, Nokia Siemens Network, Nokia

[9] R1-091745,  Discussion on combined/non-combined CQI reporting, Panasonic

[10] R1-092055,  Feedback considerations for DL MIMO and CoMP, Qualcomm Europe

[11] R1-091782,  Estimation of extended PMI feedback signaling required for user intra-cell and inter-cell coordination, Alcatel-Lucent
[12] R1-092111,  Feedback information for downlink coordinated scheduling/beamforming, LG Electronics
[13] W. Lee, I. Sohn, B.O. Lee and K.B. Lee, “Enhanced unitary beamforming with limited feedback multiuser MIMO systems,” IEEE Communications Letters, Oct. 2008.



































































































_1306838812.unknown

_1306924980.unknown

_1306924995.unknown

_1306924918.unknown

_1306612399.unknown

