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Introduction 

Coordinated multi-point (CoMP) is being considered as a key enabler of high spectral efficiency requirements set forth by LTE-Advanced [1]. A variety of downlink cooperative transmission techniques and their role in various deployment scenarios is summarized in [2]. In many scenarios, a significant fraction of the total capacity gain due to CoMP comes from cooperative transmit interference nulling. Transmit interference nulling requires higher feedback accuracy especially in the scenarios where a strong low-rank interference is present. In general, better feedback accuracy should also be beneficial for non-CoMP techniques such as higher-order SU-MIMO, MU-MIMO etc.  The need for advanced feedback design relative to LTE Rel 8 has been acknowledged in various contributions presented in RAN1, see e.g. [2], [3], [4]. 

As mentioned in [5], high interference nulling gains can be achieved only for UEs with relatively low mobility. A high resolution feedback from medium-high mobility UEs is less valuable since channel variations within the scheduling delay limit nulling gains. The key observation here is that high channel feedback accuracy is needed for UEs with relatively low mobility only. Hence it is natural to think of exploiting channel coherence across time to improve feedback accuracy for a given feedback payload. In [5], a high-level analysis was presented to demonstrate that a single instance of a spatial channel feedback with a limited number of bits would be a limiting factor for transmit interference nulling performance for pedestrian mobility.
The goals of this contribution are:
1.    Compare the performance of the two recently proposed feedback encoding techniques that utilize multiple codebooks to enhance feedback accuracy based on time and/or frequency coherence of the channel.

2.    Compare the performance of the above encoding techniques with a full channel (magnitude and direction) feedback scheme that uses MMSE estimation to reconstruct the channel at other time slots & frequency tones.

 The first encoding technique, proposed in [5], is based on the concept of Multiple Description Coding (MDC). The second technique, proposed in [6], is based on the idea of successive refinements and will be called Multilevel Coding (MLC) in the remainder of this paper. We will encode the channel direction information using these two techniques. This contribution is structured as follows. In Section 2 we briefly describe these two techniques. Sections 3 and 4 contain simulation results over flat fading and frequency selective channels. Section 5 provides a summary and our recommendation.       
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Feedback encoding techniques
As discussed in [5], in the context of CoMP, feeding back a quantized channel state rather than the suggested precoding direction, equivalent of PMI in LTE Rel 8, seems appropriate. A vector (matrix) quantization can be used so that UE feeds back index of a vector (matrix) from a pre-defined codebook that matches the measured channel state. Such a feedback may be in the form of the actual complex channel from multiple transmit antennas of one or more cells to one or multiple receive antennas of the UE. The full spatial feedback consists of reporting the set of complex entries of the channel matrix. This information can be further compressed to the Channel Direction Information (CDI) that, for example, contains one or more dominant principal eigen-components of the channel matrix in the case of MIMO transmission to the UE.
 In [5], interference suppression was used as the metric of feedback accuracy. Assume that the UE feeds back, using a particular feedback encoding technique,  the channel state h in the form of M x 1 vector of unit norm, where M  is the number of transmit antennas at the cell. Let g, a vector of length M, be the channel estimated at the eNodeB. The interference suppression (ISR) obtained by a feedback scheme is defined as [image: image2.png]


, and represents an upper bound (in dB) on the interference nulling gain that is achievable by beamforming in a direction orthogonal to the estimated channel g. We now give a brief overview of the two feedback encoding techniques.
Feedback encoding using multiple descriptions coding (MDC) uses different codebooks with the same statistical properties at different time instances and/or frequency sub-bands to improve feedback accuracy. A detailed exposition appears in [5]. To illustrate this concept, let us assume a static (time-invariant) channel. In LTE Rel 8, constant (time invariant) codebooks are used hence the UE would feed exactly the same precoding index to the network at every time instance assuming accurate channel estimation at the receiver. Hence multiple consecutive feedback reports do not provide additional information and channel estimation at the network is defined by quantization accuracy (payload size) of a single feedback instance. Now assume that a time varying codebook is used. In the latter case, every instance of channel feedback refers to an entry from a different codebook hence yielding a different precoding matrix. Hence the network gets different ‘looks’ at the channel state. Based on the network assessment of UE mobility, the network can suitably combine these reports to improve the accuracy of channel state compared to a single report. Various specific ways of combining multiple reports may be considered depending on the type of channel state feedback. Typical examples are full channel feedback and channel direction (CDI). In the former case, optimal combining may be achieved through linear (MMSE) filtering of channel state feedback corresponding to different instances with the proper choice of filter parameters consistent with UE mobility. In the case of CDI feedback, the optimal solution is not straightforward but some heuristics can be used.
In [6], an alternative technique based on the idea of successive refinements, which we call Multilevel Coding (MLC), of using multiple codebooks to improve feedback accuracy is proposed. This method uses several codebooks, the number depending on the desired maximum number of refinement steps and proceeds as follows. At the initial step of the quantisation process a codebook of dimension M is used, where M is the number of transmit antennas at the eNodeB. At each successive refinement step, the codebook dimensionality is reduced by one, as we encode the quantisation error vector produced by the previous step. This is possible because the quantisation error vector lies in the vector space orthogonal to the quantisation vector. This space has one dimension less than the space the quantisation vector belongs to. One advantage of this construction is that each of the codebooks can be optimised for its own dimension and the codebooks are independent of each other. Moreover, as the dimension diminishes, the codebook size can also be reduced whilst keeping the same average distortion. In fact, for a given target quantisation distortion, any refinement step requires less bits for the encoding operation than the previous step as the quantisation is carried out in a space of one less dimension. A refinement report is sent if the base report obtained by quantizing the channel is identical to the previous base report sent. Further details of the scheme appear in [6]. If the rate of change of the channel is so high that it is not possible to refine the CSI from one reporting instance to the next, the technique naturally falls back to the Rel-8 approach.The serving eNodeB uses a decision rule to reconstruct the channel based on the received sequence of base and refinement reports.
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Performance comparison of MDC and MLC
In this section, we describe simulation results comparing performance gains of the multiple description coding approach with that of the multi-level coding approach. We consider four transmit antennas, i.e., M=4, at the cell site and one receive antenna at the UE.  We assume an interval of 8ms between consecutive feedback reports and an additional scheduling delay of 0 or 8ms between the most recent report and the actual precoded DL transmission. We further assume Jakes mobility with the UE velocity of 1, 3, 5 or 10km/h and carrier frequency 1.9GHz. 

To generate the MDC codebooks for a payload size NB =6, we choose T “best” codebooks with 26 codewords from a set of 103 randomly generated codebooks so that the outage correlation is maximized with the outage probability (=10-3, as explained in [5]. In this section, we consider CDI feedback and hence each M x 1 entry of the codebook is normalized to a unit norm. We compare performance of feedback combining over 2 consecutive feedback reports (T=2) versus the baseline when the most recent report only is used (T=1). At the serving eNodeB, channel reconstruction algorithm depends on a parameter called the ‘tuned speed’. This is because whenever multiple reports are combined at the cell site, MMSE combining is used with filter coefficients calculated according to the autocorrelation function of the un-normalized channel process assuming uniform Doppler spectrum with a spread of [-FD, FD]. The tuned speed is important as the magnitude FD is set assuming UE speed equal to the value of the tuned speed.
For the MLC approach, out of a payload size of NB for each report, one bit is used to indicate whether the report is a base report or a refinement report. We assume that the base and refinement reports use codebooks of the same size. Hence (NB – 1) bit codebooks are used for quantization. We consider a maximum of one refinement step. For M transmit antennas, the base and refinement reports use M and M-1 dimensional codebooks respectively. Thus a refinement report is always followed by a base report. For a payload size of 6 bits with M=4, the base report uses a 4 dimensional 5 bit complex codebook with unit norm entries. As in the MDC case, this codebook is optimized to maximize the outage correlation with (=10-3, as explained in [5]. The codebook for the refinement report is a 3 dimensional 5 bit complex Gaussian codebook. The refinement codebook is not unit norm as we need to quantize both the magnitude and the direction of the quantization error of the base report. The variance of the entries of the codebook is optimized empirically. We saw that the optimal variance was not sensitive to the UE speed. At serving eNodeB, we use an algorithm that depends on the ‘tuned speed’ to reconstruct the channel from the received sequence of base and refinement reports. If the channel varies slowly, a more accurate channel estimate can be obtained by using an older refinement report rather than the most recent base report. The tuned speed is the eNodeB assumption of the UE speed.
Table 1 compares the interference suppression (ISR) in dB achieved over a flat fading channel with a 4 bit payload, and 8ms scheduling delay and 8ms feedback interval. We run simulations for different UE speeds and tuned speeds. We compare performance with respect to a baseline where multiple codebooks are not used. For example, when the true speed is 1 km/h and the tuned speed is 3 km/h, the baseline scheme achieves a median ISR of 4.683 dB and an ISR of 3.187 dB at the ten percentile. MLC has a gain of 1.070 dB over the baseline at the median, and a gain of 0.415 dB at the ten percentile. The gain of the MDC at the corresponding percentile is larger (1.922 dB and 1.386 dB resp.) Using either MDC or MLC, a substantial gain is achieved due to combining the two consecutive reports for low UE speeds. 
The schemes are robust, i.e., no loss in performance with respect to the baseline, provided the true UE velocity does not exceed the assumed UE velocity at the MMSE predictor and a very limited loss when UE mobility is underestimated substantially. The tuned speeds of interest are 3 km/h or 5 km/h. Tuning to 10 km/h is of no use as we cannot harvest any gain of using multiple codebooks. For a small payload size, MDC tuned to 3 or 5 km/h consistently outperforms MLC. This is because 1 out of 4 bits of the payload is used up to indicate the type of report. Table 2 is for the 6 bit payload. Here, when the UE speed is very low, e.g., 1 km/h, MLC shows a slight performance improvement over MDC. For UE speeds for 3 or 5 km/h, this improvement vanishes and MDC is slightly better.
	True speed
(km/h) 
	Baseline
	Tuned speed 3 km/h 
	Tuned speed 5 km/h 
	Tuned speed 10 km/h 

	
	ISR (dB)
	MLC
	MDC 
	MLC 
	MDC 
	MLC 
	MDC 

	
	
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline

	1 
	50% 
	4.683
	1.070
	1.922
	1.070
	1.755
	0.021
	0.166

	
	10% 
	3.187
	0.415
	1.386
	0.415
	1.303
	-0.535
	0.136

	3 
	50% 
	4.539
	0.546
	1.388
	0.546
	1.300
	-0.051
	0.103

	
	10% 
	2.87
	-0.089
	0.743
	-0.089
	0.751
	-0.404
	0.103

	5 
	50% 
	4.245
	-0.050
	0.607
	-0.050
	0.650
	-0.170
	0.038

	
	10% 
	2.346
	-0.429
	0.113
	-0.429
	0.236
	-0.240
	0.058

	10 
	Med 
	3.112
	-0.514
	-0.539
	-0.514
	-0.358
	-0.100
	-0.039

	
	10% 
	1.062
	-0.506
	-0.369
	-0.506
	-0.256
	-0.010
	0.016


Table 1: Flat fading, 4bit payload 8ms scheduling delay, 8 ms feedback interval
	True speed
(km/h) 
	Baseline
	Tuned speed 3 km/h 
	Tuned speed 5 km/h 
	Tuned speed 10 km/h 

	
	ISR (dB)
	MLC
	MDC 
	MLC 
	MDC 
	MLC 
	MDC 

	
	
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline

	1 
	50% 
	6.592
	2.553
	2.277
	2.553
	1.925
	0.832
	-0.537

	
	10% 
	4.915
	1.381
	1.730 
	1.381
	1.530 
	-0.446
	-0.488

	3 
	50% 
	6.267
	1.176
	1.410 
	1.176
	1.314
	0.358
	-0.439

	
	10% 
	4.332
	0.065
	0.724
	0.065
	0.76
	-0.339
	-0.312

	5 
	50% 
	5.691
	0.201
	0.392
	0.201
	0.513
	0.184
	-0.266

	
	10% 
	3.438
	-0.586
	-0.147
	-0.586
	0.063
	-0.175
	-0.110 

	10 
	50% 
	3.878
	-0.344
	-0.930 
	-0.344
	-0.586
	0.054
	0.064

	
	10% 
	1.477
	-0.612
	-0.577
	-0.612
	-0.412
	0.032
	0.096


Table 2: Flat fading, 6 bit payload, 8 ms scheduling delay, 8 ms feedback interval
Table 3 compares performance over the Ped-B channel profile. Here we considered two different payload formats with the same effective payload. In Payload Format A, we use a 3 bit payload per report but send one feedback report every 2 resource blocks (RBs). In Payload Format B, we use a 6 bit payload but send a report every 4 resource blocks. Payload Format B is clearly better for both MDC and MLC. Furthermore, frequency selectivity of the channel decreases the interference suppression (ISR) gains as compared to the flat fading channel. However the trend remains the same:
·    When the payload size of a report is small i.e., for Scheme A with 3 bits, MDC consistently outperforms MLC.
·    When payload is size of a report is 6 bits, MLC is slightly better when UE speed is 1 km/h.  For UE speeds of 3 or 5 km/h, MDC is slightly better.
	True speed
(km/h)
	Tuned
	3
	5

	
	Baseline
(ISR in dB)
	MLC
(gain in dB over baseline)
	MDC
(gain in dB over baseline)
	MLC
(gain in dB over baseline)
	MDC
(gain in dB over baseline)

	
	A
	B
	A
	B
	A
	B
	A
	B
	A
	B

	1 
	50% 
	3.394
	4.852
	0.293
	1.134
	1.205
	1.063
	0.293
	1.134
	1.134
	0.920

	
	10% 
	1.671
	2.120
	0.003
	0.372
	0.665
	0.418
	0.003
	0.372
	0.630
	0.373

	3 
	50% 
	3.296
	4.675
	0.026
	0.454
	0.962
	0.728
	0.026
	0.454
	0.925
	0.681

	
	10% 
	1.561
	1.942
	-0.222
	0.066
	0.361
	0.234
	-0.222
	0.066
	0.363
	0.256

	5 
	50% 
	3.087
	4.304
	-0.197
	0.040
	0.553
	0.186
	-0.197
	0.040
	0.570
	0.267

	
	10% 
	1.311
	1.628
	-0.360
	-0.154
	0.076
	-0.019
	-0.360
	-0.154
	0.145
	0.052

	10 
	50% 
	2.415
	3.072
	-0.478
	-0.309
	-0.261
	-0.614
	-0.478
	-0.309
	-0.154
	-0.384

	
	10% 
	0.643
	0.850
	-0.274
	-0.289
	-0.170
	-0.274
	-0.274
	-0.289
	-0.114
	-0.168


Table 7: PedB, 8 ms scheduling delay, 8 ms feedback interval. Payload format A: 3bit payload over 2 RB; Payload format B: 6 bit payload over 4 RBs
In Table 4, we compare 8 bit payload sent every 4 RBs to 4 bit payload sent every 2 RBs. The comparison between MDC and MLC shows the same trend as was seen in Table 3. Furthermore, an 8 bit payload every 4 RBs is preferable to 4 bit reports every 2 RBs. 

	True speed
(km/h) 
	Tuned
	3
	5

	
	Baseline
(ISR in dB) 
	MLC
(gain in dB over baseline) 
	MDC
(gain in dB over baseline)
	MLC
(gain in dB over baseline)
	MDC
(gain in dB over baseline)

	
	A 
	B 
	A 
	B 
	A 
	B 
	A 
	B 
	A 
	B 

	1 
	50% 
	4.154
	5.859
	0.785
	1.195
	1.455
	0.887
	0.785
	0.275
	1.333
	0.720

	
	10% 
	2.179
	2.593
	0.280
	0.354
	0.829
	0.333
	0.280
	0.026
	0.770
	0.234

	3 
	50% 
	4.037
	5.558
	0.395
	0.447
	1.052
	0.483
	0.395
	0.167
	0.998
	0.427

	
	10% 
	1.971
	2.351
	0.033
	0.032
	0.513
	0.095
	0.033
	0.006
	0.518
	0.125

	5 
	50% 
	3.751
	5.077
	0.006
	-0.040
	0.479
	-0.094
	0.006
	0.089
	0.514
	0.040

	
	10% 
	1.694
	1.929
	-0.337
	-0.115
	0.090
	-0.116
	-0.337
	0.049
	0.152
	-0.011

	10 
	50% 
	2.797
	3.500
	-0.413
	-0.246
	-0.441
	-0.857
	-0.413
	-0.029
	-0.294
	-0.497

	
	10% 
	0.830
	1.008
	-0.369
	-0.253
	-0.257
	-0.362
	-0.369
	-0.012
	-0.180
	-0.222


Table 8: Ped-B, 8 ms scheduling delay, 8 ms feedback interval. Payload format A: 4bit payload over 2 RB; Payload format B: 8 bit payload over 4 RBs
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Performance comparison of MDC and full channel feedback with MMSE interpolation

Both the MLC and MDC approaches encode the channel direction. For reference, we now compare MDC against a baseline scheme that feeds back the full channel (i.e. both the complex amplitude and the direction) and reconstructs the channel at different time and frequency tones using MMSE estimation. We will call this technique – ‘Interpolation of Channel’ or IoC. To estimate the channel in time we will assume that the channel has flat Doppler power spectrum with Doppler spread that depends on the tuned speed. We assume a tuned speed of 3km/h. To estimate the channel in frequency, we will assume the channel has flat multipath intensity profile with delay spread (DS) of 0.5, 1.0 or 2us. We compare performance on the Ped-A and Ped-B channel model and assume that full channel is fed back once every 4RBs in frequency and once every 8ms in time. We will also consider the analogue of IoC which we call Interpolation of Channel Direction (IoCD) where only the channel direction is fed back and MMSE estimation is used to estimate the channel at different time and frequency slots. We estimate the channel in time and frequency using the past T time samples and the closest F frequency samples, where the pair (T, F) takes values (1,1), (2,1) and (2,3). Unlike MDC, where the principal component of the channel across 4 RBs is fed back, in IoC and IoCD, the full channel or the channel direction at the centre of frequency band of width 4 RB is fed back. Note that, in the presence of MDC, feedback encoding codebooks are varied across sub-bands and time instances.
Tables 5 and 6 show that on Ped-A, a channel that is almost flat in frequency, using three frequency taps, i.e., F=3 gives us a significant gain. Tables 7 and 8 show that MDC beats IoC and IoCD on both the Ped-A and Ped-B channel. Thus we conclude that feeding back the full channel or only the channel direction and then using MMSE estimation to reconstruct the channel is not as attractive as the MDC approach. On frequency selective channels like Ped-B, if the channel is fed back every 4 RBs, then the number of frequency taps used for MDC can be restricted to 1, i.e., (T, F)= (2, 1),  without significant loss in performance.
	Scheme
	Base-line
	Time1, Freq1
	Time1, Freq3
	Time2, Freq1
	Time2, Freq3

	DS
	
	ISR
(dB)
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline

	
	
	
	IoC
	IoCD
	MDC
	IoC
	IoCD
	MDC
	IoC
	IoCD
	MDC
	IoC
	IoCD

	0.5μs
	50%
	6.581
	-2.681
	-0.002
	3.217
	-1.347
	1.878
	2.453
	-0.719
	2.372
	5.182
	0.817
	3.922

	
	10%
	4.951
	-2.896
	-0.005
	2.577
	-2.081
	1.041
	1.831
	-1.387
	1.779
	4.251
	-0.253
	2.942

	1μs
	50%
	6.581
	-2.681
	-0.002
	1.533
	-3.355
	-0.257
	2.453
	-0.719
	2.372
	3.457
	-1.482
	2.029


	
	10%
	4.951
	-2.896
	-0.005
	1.347
	-3.696
	-0.601
	1.831
	-1.387
	1.780
	2.723
	-2.249
	1.175

	2μs
	50%
	6.581
	-2.681
	-0.002
	1.219
	-2.914
	-0.636
	2.453
	-0.719
	2.372
	3.231
	-1.216
	1.498

	
	10%
	4.951
	-2.896
	-0.005
	1.088
	-3.370
	-1.533
	1.831
	-1.387
	1.780
	2.528
	-2.216
	0.090


Table 5: Ped-A, 6-bit payload 0ms scheduling delay, 8ms feedback interval. IoC and IoCD stand for interpolation of channel and interpolation of channel direction respectively
	Scheme
	Base-line
	Time1, Freq1
	Time1, Freq3
	Time2, Freq1
	Time2, Freq3

	DS
	
	ISR
(dB)
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline

	
	
	
	IoC
	IoCD
	MDC
	IoC
	IoCD
	MDC
	IoC
	IoCD
	MDC
	IoC
	IoCD

	0.5μs
	50%
	10.485
	-3.514
	-0.001
	2.715
	-1.879
	1.743
	2.703
	-0.954
	2.310
	4.429
	0.660
	3.471

	
	10%
	8.612
	-3.679
	-0.004
	2.315
	-2.648
	1.250
	2.107
	-1.648
	1.885
	3.653
	-0.467
	2.763

	1μs
	50%
	10.485
	-3.514
	-0.001
	0.894
	-4.368
	-0.421
	2.703
	-0.954
	2.311
	3.175
	-1.798
	1.627

	
	10%
	8.612
	-3.679
	-0.004
	0.862
	-4.810
	-0.868
	2.108
	-1.648
	1.886
	2.536
	-2.720
	0.714

	2μs
	50%
	10.485
	-3.514
	-0.001
	0.689
	-4.059
	-0.869
	2.703
	-0.954
	2.313
	3.049
	-1.732
	1.244

	
	10%
	8.612
	-3.679
	-0.004
	0.678
	-4.795
	-2.345
	2.107
	-1.648
	1.887
	2.434
	-3.138
	-0.710



Table 6: Ped-A, 10-bit payload 0ms scheduling delay, 8ms feedback interval. IoC and IoCD stand for interpolation of channel and interpolation of channel direction respectively
	Scheme
	Base-line
	Time1, Freq1
	Time1, Freq3
	Time2, Freq1
	Time2, Freq3

	DS
	
	ISR
(dB)
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline

	
	
	
	IoC
	IoCD
	MDC
	IoC
	IoCD
	MDC
	IoC
	IoCD
	MDC
	IoC
	IoCD

	1μs
	50%
	4.849
	-2.006
	-0.440
	0.429
	-2.957
	-1.088
	1.163
	-0.937
	0.408
	1.371
	-2.146
	-0.423

	
	10%
	2.123
	-1.303
	-0.780
	0.076
	-1.789
	-1.303
	0.499
	-0.956
	-0.507
	0.542
	-1.667
	-1.152

	2μs
	50%
	4.849
	-2.006
	-0.440
	0.377
	-1.927
	-0.519
	1.163
	-0.937
	0.408
	1.330
	-0.807
	0.349

	
	10%
	2.123
	-1.303
	-0.780
	0.075
	-1.259
	-0.857
	0.498
	-0.956
	-0.507
	0.534
	-0.786
	-0.551


	3μs
	50%
	4.849
	-2.006
	-0.440
	0.356
	-2.033
	-0.822
	1.163
	-0.937
	0.408
	1.312
	-0.941
	0.073

	
	10%
	2.123
	-1.303
	-0.780
	0.071
	-1.449
	-1.224
	0.498
	-0.956
	-0.507
	0.530
	-1.130
	-0.937


Table 7: Ped-B, 6-bit payload 0ms scheduling delay, 8ms feedback interval. IoC and IoCD stand for interpolation of channel and interpolation of channel direction respectively
	Scheme
	Base-line
	Time1, Freq1
	Time1, Freq3
	Time2, Freq1
	Time2, Freq3

	DS
	
	ISR
(dB)
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline
	gain(dB) over baseline

	
	
	
	IoC
	IoCD
	MDC
	IoC
	IoCD
	MDC
	IoC
	IoCD
	MDC
	IoC
	IoCD

	1μs
	50%
	6.669
	-2.166
	-0.903
	0.121
	-3.679
	-2.102
	0.702
	-1.327
	-0.544
	0.767
	-2.969
	-1.747

	
	10%
	2.869
	-1.520
	-1.103
	0.075
	-2.378
	-1.900
	0.250
	-1.274
	-1.003
	0.294
	-2.250
	-1.815

	2μs
	50%
	6.669
	-2.166
	-0.903
	0.098
	-2.017
	-1.049
	0.703
	-1.327
	-0.544
	0.771
	-1.045
	-0.584

	
	10%
	2.869
	-1.520
	-1.103
	0.064
	-1.283
	-1.101
	0.250
	-1.274
	-1.003
	0.291
	-0.799
	-0.868

	3μs
	50%
	6.669
	-2.166
	-0.903
	0.096
	-2.066
	-1.342
	0.703
	-1.327
	-0.544
	0.770
	-0.991
	-0.907

	
	10%
	2.869
	-1.520
	-1.103
	0.061
	-1.704
	-1.601
	0.250
	-1.274
	-1.003
	0.286
	-1.353
	-1.461


Table 8: Ped-B, 10-bit payload 0ms scheduling delay, 8ms feedback interval. IoC and IoCD stand for interpolation of channel and interpolation of channel direction respectively
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Conclusions
In the contribution, we compared two different feedback encoding techniques over flat fading and frequency selective channels for different codebook sizes. Both techniques show substantial performance gains for low UE mobility. For a payload size of 4 bits MDC clearly outperforms MLC. For a payload size of 6 bit or higher, MLC has a slight advantage over MDC for UE speed of 1 km/h. For higher UE speeds, MDC is slightly better.  We also showed that MDC outperformed the baseline scheme which feeds back the full channel (or the channel direction) and estimates the channel at different time and frequency slots using an MMSE filter. Let us summarize from [5] the key advantages of MDC based on time-varying codebook design.

1.    Time varying codebook does not depend on UE mobility and channel variation statistics.
2.    No additional complexity at the UE is incurred due to a (time) varying codebook compared to a fixed one. Indeed, UE computes precoding feedback for a given codebook based on the best match of channel estimate across all entries of the codebook hence multiple codebooks should not make difference relative to a single codebook design Memory requirements will not be large if the sequence is short as indicated above. Also fairly good codebooks can be generated in a pseudo-random fashion (based on a pre-determined low-complexity algorithm seeded by a number) in which case there would be no additional memory requirements.  
3.    Combining multiple reports is optional at the network. As explained before in the case of a fast varying channel, the network can use the most recent report only from the UE thereby achieving the same feedback accuracy as the standard fixed codebook design.  A simple eNodeB implementation could use the most recent report regardless of UE mobility thereby achieving feedback accuracy comparable to LTE Rel 8. A smarter implementation combines multiple reports based on UE mobility estimated at the network. Hence this approach enables combining of multiple reports while meeting the self-contained feedback principle of LTE. 
4.    Every instance of the feedback has the same format and reliability requirements yielding a homogeneous signalling (PHY/MAC) design. It may be possible to reuse the existing UE feedback format defined in LTE Rel-8 based on PUCCH. The codebook structure does not depend on UE mobility and hence there is no need for additional periodic signalling between the UE and the network to synch-up on feedback format and parameters. 
5.    Sensitivity of MDC encoding scheme to feedback erasures is independent of the report index and yields no degradation compared to the legacy LTE Rel-8 reporting.
Points 2, 3 and 5 mentioned above are also advantages of the MDC approach over MLC. Indeed, MLC implementation is more complex at the UE and represents a greater departure from the legacy feedback encoding scheme. Finally, MLC is prone to erasures of base reports and therefore will likely show performance degradation relative to the legacy scheme, namely when a base report that is followed by a refinement report happens to be erased. It is worthwhile noting that the proposed modification of the LTE Rel-8 feedback design, while discussed in the CoMP context, also yields improved performance for intra-cell closed loop precoding transmissions, namely SU-MIMO and MU-MIMO.  
Finally, we show that MDC approach achieves better performance than either full channel feedback or channel direction feedback without MDC encoding in the case of per sub-band reporting on frequency selective channels. Although the full channel feecback allows for an arguably more accurate MMSE channel interpolation across subbands, feedback payload is used to quantize not only the relevant spatial direction but also the “nuisance” complex amplitude information. In fact, channel direction feedback with subsequent MMSE interpolation alone outperforms the full channel feedback. Subsequent application of MDC encoding and MMSE combining at the receiver provides further performance gains.     

Based on the above analysis, we recommend RAN1 to consider feedback encoding using MDC as the proposed enhancement of the existing LTE Rel-8 feedback mechanism in LTE Advanced. Specifically, time and frequency varying codebooks should be used for feedback encoding at the UE to enable improved feedback accuracy via appropriate combining of various time and/or frequency reports at eNodeB.  
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