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1. Introduction
In DL SU-MIMO there are two modes of operation, SCW and MCW, where the number of spatially-multiplexed codewords is one or two, respectively. It follows that the total amount of CQI reports in the UL might be doubled in the MCW mode relative to the SISO, Tx-diversity, and SCW modes. To reduce the CQI feedback overhead, it has been proposed that the CQI for the 2nd codeword be represented as a difference (or “delta”) from the 1st codeword CQI. This CQI1+deltaCQI format seems to be agreed at this time by most companies for the eNodeB-configured subband feedback, while the report format applicable for the case of UE-selected feedback is still under debate. There seems to be a consensus among companies also on the number of bits for the MCW CQI report, at least for the zero- and small-delay CDD modes: 4 bits for CQI1 and x=3 bits for deltaCQI. The CQI1 quantization has been implicitly assumed to be to the same as that of the SISO 4-bit CQI table.
The 4+x-bit differential schemes are attractive compression methods for the baseline 4+4-bit scheme (4 bits for each CW CQI) if the distributions of the effective SNRs SNR1 and SNR2 of the two CWs are dependent in such a way that their difference varies over a significantly smaller range than their full dynamic range. However, even in the latter case, a differential scheme is clearly wasteful because it allocates bit combinations to describe out-of-range points. So, even in cases of small dynamic range of deltaCQI, there are more efficient ways of representing only the in-range points within the relevant square of (CQI1, CQI2) in the 2D CQI plain.

Another issue to consider given the 4+3 format is whether the quantization of CQI1 should be similar to the SISO case. The CQI report is coupled with a UE estimate whether SCW or MCW operation is preferable given the current channel and interference conditions. It is well known that spatial multiplexing becomes beneficial, in terms of maximizing throughput, only at relatively high SNRs; in other words, rank adaptation will prefer the MCW mode only at high geometries, especially since it is limited to a single common rank over the whole bandwidth allocated to a single UE. Thus, the support of the SNR1 and SNR2 distributions in conditions which favour MCW transmission would be cut from below compared to the SISO or SCW SNR range.

The above two arguments led us to attempt to quantify possible gains over the proposed 4+3 MIMO CQI format. In this contribution we show simulation results for the spectral efficiency (SE) achieved with several variations of the 4+3-bit quantization scheme.
2. Simulation Method
The received Common RS signal is simulated by LLS (cf. Table 1), and the effective SNR per CW is estimated for frequency bands of a given bandwidth for each subframe. Best Rank, PMI, and CQI(s) are computed for each band, based on the predicted SE given a set of MCS levels: the 15 MCSs of the 4-bit CQI table of [1] for the SCW case, and the full 225 levels as well as various reductions thereof for the MCW case. We evaluated the impact of these various quantization schemes of the MCW CQI on the predicted SE, in particular when (ideal) rank adaptation is deployed.
Table 1. Simulation setup 
	System bandwidth
	20 MHz

	Antenna configuration
	2x2

	Tx scheme
	zero-delay CDD-precoding

(LTE’s 2Tx rank1 & rank2 precoding CBs)

	Channel model
	2x2 uncorrelated ETU / EPA, with AWGN

	Mobile speed
	3 Km/h

	Channel & Noise estimation
	Ideal

	Receiver implementation
	LMMSE

	MCS levels
	SCW – as in [1]; MCW – baseline as in [1] for each CW, and various dilution schemes 

	Frequency scheduling
(for CQI+PMI estimation)
	Bands of size: 2, 5, 10, 50 contiguous PRBs 

	Effective SNR estimation method
	Mutual-Information averaging of individual tone per-stream SNRs within the allocated band

	All other OFDM parameters
	Based on the latest 36.211


The results presented below were produced using ideal channel and noise estimation; evaluations were performed also with practical channel and noise estimation, leading to similar conclusions regarding the comparison of the quantization schemes.
3. Results

The CQI distributions of the two CWs, shown in the appendix, illustrate that for the presented scenarios the relevant area of the 2D plain of (SNR1,SNR2) to be quantized has a “kite” shape rather than a rectangle or a strip around the diagonal.
 Therefore, it is expected that neither a differential CQI1+deltaCQI scheme nor a full-range CQI+CQI2 scheme covers the relevant area efficiently.

Figure 1 illustrates the SE loss with the baseline 4+3 and 4+2 differential schemes, compared to the 4+4 reference scheme. All are computed for a forced rank 2 choice. Also shown for completeness is the SE in the case of a forced rank 1. This figure shows that the SNR range where MCW dominates over SCW transmission is roughly above G = 10 dB, and that in that range the loss of the 4+3 baseline is around 5%, or 0.8 dB compared to 4+4, and a similar loss is observed for 4+2 compared to 4+3.
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Figure 1
Figure 2 shows the corresponding losses for the rank-optimized case (i.e., the best rank is chosen). Here the differential quantization losses are about half of those in the forced rank 2 case.

[image: image2.png]Spectral EFf [b/siHz]

10

Predicted SE (Ml avg), wio and w/ rank adaptation ([2x2] EPA3, SPRE-band, Ideal ChN)

T T T T T

—2— Rank! Tx, 4-bit CQl set: 15 levels

—&— Rank2 Tx, full 15¢15 2-CQl set

—— Rank-adapted Tx with full 1515 2-CQl set

—B— Rank-adapted Tx, 442 diffencoded CQl set, size 55 (15%4-4)
—+— Rank-adapted Tx, 443 diffencoded CQI set, size 104 £15°5-16)

i i i i i i i

1" 13 15 17 19 2 ] ]
Georretry [dB]




Figure 2
Figures 3a/b show the relative SE loss of the baseline 4+3 scheme and two 4+3 variations compared to the 4+4 reference, for EPA3 and ETU3 channels. The quantization schemes of the two variations are shown in the appendix. Variation 2 demonstrates ~80% reduction in the SE loss relative to the baseline.
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Figure 3a
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Figure 3b
Figure 4 shows the relative SE loss of the baseline 4+2 scheme,  a 4+2 variation, and a brute force 3+3 (separate CQI1 and CQI2 quantizations, covering only the higher half of the SNR range), compared to baseline 4+3, for EPA3 channel. The quantization scheme of the 4+2 variation is shown in the appendix. It is seen to be superior to the brute-force 3+3, and demonstrates ~50% reduction in the relative 4+2 loss and only ~50% increase of the already very small relative SE loss of the 4+3 baseline.
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Figure 4
The above results are all obtained for a narrow band allocation. Figure 5 shows that the SE gains of variation 2 over 4+3 baseline are sustained at least up to 10 PRB allocations, and drop to ~0.2% at 50 PRBs.
Other 4+3 and 4+2 variations have also been simulated, with performance ranging between the ones we chose to show in the plots.
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Figure 5
4. Conclusions

A “baseline” differential scheme of 4+3 for the MIMO CQI report seems to reach a concensus, at least for the zero and short-delay CDD. In this contribution we show that gains of the order of 1% to 2% in SE (equivalent to ~0.2-0.4 dB) can be achieved by several very simple variations on the 4+3 baseline format, compared to the baseline. The gains increase as the frequency band allocation becomes narrower.
Several variations of the 4+2 format achieve almost no loss compared to the baseline 4+3 format.

Based on these results, we recommend adopting either variation 2 of the 4+3 format, or the 4+2 variation for the MIMO CQI report, rather than the baseline. 
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6. Appendix

The CQI distributions of the two CWs are shown in figures A1 and A2 for the channels EPA3 and ETU3, correspondingly.
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Figure A1
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Figure A2

Figures A3, A4 and A5 show the (CQI1,CQI2) points that are covered by the 3 variation schemes: 4=3 variation 1, 4+3 variation 2, 4+2 variation.
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Figure A3: variation 1 on the 4+3 baseline

Variation 2 is shown in figure A4. The mapping of the 7 bits (CQI1, deltaCQI) values unto the valid (CQI1,CQI2) points can be defined as the following ammendment to the 4+3 definition:

Given CQI1 (range 1:15) and deltaCQI (range -3:4), compute CQ2 = CQI1+deltaCQI.

Treat the 2 possible cases of resulting illegal values of CQI2 as follows:

· if CQI2 > 15, subtract 8 from it 

· if CQI2 < 1  add 15 to it and also add 7 to CQI1. 
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Figure A4: variation 2 on the 4+3 baseline
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Figure A5: variation on the 4+2 baseline






� The explanation of this phenomenon is that when the channel does not vary much over the allocated time-frequency region, then the precoding optimization over the unitary codebook tends to select – for an LMMSE receiver – the PMI that maximizes the difference between the (effective) SNRs of the two spatial streams. If the rank2 codebook size were infinite, that maximized difference would have been the condition number of the 2x2 channel matrix, which can often be found in the range of 5-15 dB. When the allocation band increases beyond the coherence BW of the channel, the (single) PMI cannot be optimal anymore for all the bins in the band, the precoding gain is diminished, and the two effective SNRs essentially coincide. 
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