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Discussion
1
Summary

This contribution addresses a question raised in RAN1 59bis about the performance of a hybrid approach compared to an all digital approach to CSI feedback under similar constraints.  The analysis compares an-all digital PMI approach with several codebook sizes to a hybrid approach.  The same number of resources are used in all cases.  The same transmit energy is used in each hybrid to digital comparison.  The transmit energy in each comparison is determined by the energy required to receive the all-digital feedback. 

2
Background
In [1] we presented a hybrid digital analog feedback scheme whereby a PMI report is augmented with an un-quantized feedback of the delta between the codebook matrix indicated by the fed back PMI and the UE preferred precoding matrix. 
As expected, it was shown that improved feedback granularity can provide substantially higher downlink throughput especially in those applications that require interference nulling such as MU-MIMO and CoMP. 

A companion contribution [5] describes in more detail several options for deciding when to send the un-quantized feedback. It is envisioned that the eNB may decide based on several parameters such as scenario (SU/MU-MIMO, CoMP), UE geometry, UL traffic and other factors whether to instruct the UE to feed back the un-quantized delta and in what manner. 
In order to gain better insight into the performance gain when the un-quantized feedback is sent, we compare in this contribution the hybrid approach to an alternative digital approach whereby the resource elements used to carry the un-quantized delta in the hybrid approach are instead used to carry more PMI bits representing larger size codebooks. Several different codebook sizes are used for the comparison.  

3  
Analysis
The idea of feeding back un-quantized channel information was discussed in [2] as a way to approach the performance of a TDD system using sounding reference symbols. A comparison of purely un-quantized feedback vs. digital feedback using variable size random vector codebooks (RVQ) for MU-MIMO is given in [3].  

Here we follow the approach in [4] analyzing the outage interference nulling gain by replacing the RVQ used in the analysis therein with the approach in [1].  In essence, beyond a baseline codebook that is common to both schemes, our approach uses the extra energy and resources needed to transmit a larger size PMI for feeding back an un-quantized element-wise difference as described in [1].
Similarly to [4], our simulations assume i.i.d flat fading channel, RVQ for the digital feedback and 4-antenna eNB. 
We further assume that four channel resources (RE) are used to carry the additional bits for a PMI representing a larger codebook or the un-quantized delta assuming same total energy and resources for both approaches. 
The number of resources needed to carry the un-quantized delta is actually smaller as described in a companion contribution [5] but this enhancement is not used in our simulations. We further assume that the digital link operates at 3dB away from capacity.
The results are summarized in the table below whereby a common baseline 4bit RVQ was assumed. Shown are the 50% outage interference nulling gains using RVQ and the method in [1] for different spectral efficiencies (SE) of the uplink channel.
	
	SE=1bit/RE
	SE=2bits/RE
	SE=3bits/RE

	
	Number of Additional Bits

	
	4bit
	8bit
	12bit

	Pure Digital (RVQ) [4]
	8.6
	12.5
	16.6

	Hybrid Digital Analog [1] 
	9.4
	13.8
	17.3


Table1: Interference Nulling Suppression [dB]
A small performance advantage is seen for the approach in [1] but its main advantages are fivefold:

1. Provides theoretically unbounded feedback accuracy without the need to define and manage new or multiple size codebooks beyond the baseline Rel-8 up to 4Tx antennas.
2. Provides a simple and flexible uplink overhead and downlink throughput tradeoff
3. The eNB can easily take advantage of successive feedback report to improve the decoding accuracy
4. The approach can work seamlessly either with existing rel-8 PMI reporting or with potentially improved Rel-10 codebooks.
5. The approach conforms to LTE self-contained feedback agreement.
4
Impact of Feedback Accuracy on Throughput in MU-MIMO
We have also simulated the two approaches described in section 3 in a MU-MIMO setting using the same channels and feedback assumptions as in section 3. Further details of the simulation can be found in the Appendix.
Shown is the percent throughput achieved relative to perfect rank-1 feedback with various sizes of RVQ codebooks and a comparable hybrid scheme.
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While the hybrid approach performs slightly better, the main take away from the results is twofold:

1. The hybrid approach is a simple and practical way to increase the feedback accuracy without the need for multiple codebooks with varying granularity and with theoretically unbounded feedback accuracy. In fact, simulation time of 16bit RVQ was too long hence comparative plots are not shown. In reality, careful design of large size codebooks will be required for any practical implementation.

2. The feedback accuracy required to achieve high percentage of the achievable capacity is fairly high even at moderate SNR. It will be advantageous, especially in HetNets scenarios, for LTE to have a mechanism to provide future proof very accurate channel state information. 
While it may seem initially that improved MU-MIMO throughput requires much higher uplink overhead, that does not seem to be the case.

We use the same MU-MIMO simulation with different number of UEs feeding back PMI from RVQ of different sizes to compare the dependence of MU-MIMO throughput on the total feedback overhead.

The following cases were simulated:

1.   10 UEs feed back 4bit PMI for a total feedback overhead of 40bits. Greedy UE pairings assumed.

2.   4 UEs feed back 10bit PMI for a total feedback overhead of 40bits. Greedy UE pairings assumed.
3.   4 UEs feed back 10bit PMI for a total feedback overhead of 40bits. Exhaustive UE pairings (across all possible combinations) assumed.

4.   2 UEs feed back 10bit PMI for a total feedback overhead of 20bits. Exhaustive UE pairings (across all possible combinations) assumed.

5.   4 UEs feed back 7bit PMI for a total feedback overhead of 28bits. Exhaustive UE pairings (across all possible combinations) assumed.

In greedy UE pairing, the best UE is first selected, then paired with the one that will produce the best sum throughput and so forth. In exhaustive UE pairing, exhaustive search is performed across all possible pairings, which is only practical for small number of UEs. 
The following table shows the MU-MIMO sum throughput gain/loss relative to case one
	
	DL SNR [dB]

	
	5
	10
	15
	20

	Case 2
	6.5%
	16.7%
	18.9%
	12.3%

	Case 3
	9.9%
	21%
	23.3%
	16.9%

	Case 4
	-8.3%
	-1.7%
	-0.2%
	-0.6%

	Case 5
	1.5%
	6.1%
	7%
	4%


It is clearly seen that accurate feedback is more important than multiuser diversity and high throughput gains can be achieved with the same total uplink overhead but with increased feedback accuracy. Alternatively more moderate gains are possible with reduced total feedback overhead.
It is also seen that the optimum point depends on the DL SNR. The higher the DL SNR is the more important accurate feed back is. 

It is also noted that a side benefit of having only few UEs feed back accurate CSI is the ability to do exhaustive search to further improve performance.
5 
Conclusions and Recommendations

We show that, for any given geometry, there is little difference in performance for the same UL SNR even when the digital CB size is adapted to the UL SNR. However, the differences that are seen in the comparisons show that the hybrid approach is somewhat better in performance. The benefit of our proposal over implementation of varying sizes of codebooks is that it is more seamlessly integrated and with lower complexity and overhead.
Furthermore, this method enables LTE to provide excellent CSI feedback accuracy for current and future applications while being backwards compatible to Rel-8 and maintaning LTE’s self contained principle.

Further performance improvement is naturally achieved if the eNB combines two or more successive feedback reports.  

We recommend that RAN1 consider candidate solutions for improved PMI feedback based on hyprid feedback.
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Appendix – MU-MIMO Simulation Assumptions
As in [1], the simulation calculates the achievable MU-MIMO sum throughput. We assume rank-1 feedback and regularized ZF at the eNB with one stream per UE.  

	Parameter
	Value



	Channel
	i.i.d. flat fading

	Antenna Configuration 
	4 antennas

	Number of co-scheduled UEs
	The algorithm tries to maximize the sum-throughput with up to 4 UEs with same SNR. Typically 2-3 UEs were co-scheduled

	User pairing
	Greedy unless specifically mentioned Exhaustive

	UE receive combining
	MRC (interfering signals assumed unknown)

	Link adaptation
	Ideal post MU scheduling CQI known at eNB

	Channel Estimation
	Ideal

	Rate metric 
	Mutual information with 2dB bias to account for imperfections

	UL PMI feedback 
	Error free

	UL E feedback
	We model the eNB post antenna combining (using MRC ) channel as AWGN 
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