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1. Introduction
The two sub-band CQI compression schemes for PUSCH utilize differential CQI with wideband CQI as the reference [1]. In addition, it was agreed on the email reflector that differential CQI should also be used to define the CQI for the second spatial codeword (CW2) in case of wideband CQI. 
Taking into account the agreement of 4-bit CQI table on the 3GPP reflector, this contribution attempts to address some of the remaining issues related to differential CQI definitions:

1. The number of differential bits for sub-band CQI as well as the definition for the eNB-configured and UE-selected schemes
2. The number of differential bits for CW2 and the definition for different spatial multiplexing modes

To decide on the above issues, it is important to keep the number of CQI reporting formats to a minimum. Any increase in the number of formats will result not only in a multiplicative increase in the total number of PUCCH/PUSCH formats, but also in further complication in testing efforts. Hence, a common format which works in various scenarios is preferred whenever possible and plausible. In addition, it is important to keep the number of possible configurations as small as possible. This implies that, whenever possible, only 1 CQI format is defined for each scheme.

Here, we assume that the differential CQI is defined relative to the reference CQI as
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is also possible. In that case, the numbers suggested in this contribution should be interpreted accordingly.
2. Sub-band Differential CQI (PUSCH)
Two PUSCH-based CQI reporting modes were agreed upon in RAN1#50bis [1, 2] for 1-CW transmission:
1. eNB-configured sub-band: 4-bit reference wideband CQI + x-bit sub-band differential CQIs.

2. UE-selected sub-band: 4-bit reference wideband CQI + x-bit best-M average differential CQI

Based on the analysis in [3, 4], 3-bit differential CQI seems sufficient when a 5-bit CQI is assumed. Hence, x=2 should be sufficient as well. As agreed on the email reflector, this implies the following set for differential CQI: 
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While x=2 can be used for both the eNB-configured and UE-selected sub-band schemes, different interpretations can be used for the two schemes. 

1. eNB-configured: x2=0, x3=1, and x4=2 should be used. For x1, x1=−1 (ensure the same spacing) or x1=−2 (increases the dynamic range for the negative value) can be used. Hence, we have two possibilities: 
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2. UE-selected: Note that although the best-M average CQI is typically larger than the reference wideband CQI, this is not always the case especially when the frequency selectivity of the channel is low. At the extreme, wideband CQI is larger than any sub-band CQI in flat fading channel due to the Turbo coding gain. Hence, this requires a further look. Figure 1 depicts the required (AWGN) SNR for the MCS levels given in the agreed 4-bit table. Looking at the typical target BLER of 10%, the difference in the required SNR between the 6-RB sub-band allocation (corresponding to k=2 and M=3) and wideband CQI is at most 0.4dB. This is <25% of the SNR spacing of ~1.8dB of the 4-bit CQI table. Hence, it is safe to remove the negative component from 
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. But if covering for the negative differential CQIs is desired, the set 
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is also acceptable.
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Figure 1. Required SNR at 1% and 10% BLER for 4-RB, 6-RB, and 25-RB allocation

3. Wideband Spatial Differential CQI
As the use of x-bit differential CQI for the second codeword (CW2) relative to the first codeword (CW1) was agreed on the reflector, the remaining details are the choice of x as well as the interpretation. There are 3 spatial multiplexing schemes for the E-UTRA: 1) zero-delay CDD, 2) small-delay CDD, 3) large-delay CDD. The zero- and small-delay CDD share the same CQI requirements while large-delay may not. 
For zero- and small-delay CDD, we compare x=2 (corresponding to {−1, 0, 1, 2}) vs. x=3 (corresponding to {−3, −2, −1, 0, 1, 2, 3, 4}). From the distribution of the spatial differential CQI, the fraction of the captured differential CQI values is used to compare the x=2 vs. x=3. This is plotted as a function of geometry. Essentially, this measures the percentage of the time where the differential CQI for CW2 is truncated to the largest positive or negative values. Both LMMSE and SIC receivers are simulated. Wideband CQI is simulated. The following assumptions are used:

· Channel models: 2x2 TU with TX correlation of 0, 0.25, 0.5, and 0.75 (RX correlation=0.1); 4x2/4x4 SCM-1A (10 ULA), 1B (4 ULA), and 2 (a pair of /2 ULAs).
· Rank adaptation is enabled: Only the statistics corresponding to rank>1 are recorded. This prevents the channel realizations with excessive dynamic range for the delta CQI which would otherwise correspond to rank-1 transmission.
Intuitively, it is expected that the spatial differential CQI is half the length of sub-band differential CQI. This is because the reference CQI that is used for sub-band differential CQI is the wideband CQI (averaged over multiple sub-bands) whereas the reference for spatial differential CQI is the CQI for CW1.
As evident from Figures 2 (for 2x2) and 3 (for 4x2 and 4x4), x=2 is not sufficient to cover the dynamic range of the spatial differential CQI. Hence, x=3 is a good choice.
For large-delay CDD, due to the averaging effect across virtual antennas, the negative differential CQI values are not needed for SIC receiver. This may lead one to suggest a reduction of 1 bit (3 to 2). Furthermore, the CQI for CW1 and CW2 are equal for LMMSE receiver. At the same time, the increase in the number of formats is undesirable. Hence, two alternatives are acceptable for large-delay CDD:
1. x=3: This ensures the same format as that of zero/small delay CDD. It may also be beneficial for SIC receiver since the SIC gain also comes from having a higher MCS for CW2.

2. x=0: This reuses the format for rank-1 or SIMO transmission. While SIC receiver can be used, the SIC gain which comes from the higher MCS for CW2 is reduced. However, the fundamental SIC decoding gain which results in lower BLER on the second codeword remains.
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Figure 2. Fraction of captured differential CQI values for different x: 2x2 with TX correlation of 0, 0.25, 0.5, 0.75
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Figure 3. Fraction of captured differential CQI values for different x: 4x2 and 4x4 in SCM-1A, 1B, and 2
To ensure having only 1 configuration per SM scheme, only one value of x shall be chosen for large-delay CDD. Having >1 configurations per SM scheme will lead to an increase in the number of test cases and hence development complexity. To choose between x=0 and x=3 for large-delay CDD, the following points should be considered:
1. Either alternative does not result in an increase in the number of formats.
2. Either alternative does not restrict the UE from implementing any particular receiver structure (e.g. MMSE, SIC, ML-type).

3. Whether the additional SIC gain from x=3 justifies the extra 3-bit overhead. One possible criterion is to evaluate this in the context of the scenarios where large-delay CDD is most likely applied (e.g. high UE speed, undesired characteristics of inter-cell interference).  
4. Conclusion
In this contribution, the definition for differential CQI was discussed. The following recommendations were made:
1. 2-bit sub-band differential CQI with possibly different interpretations for the eNB-configured and UE-selected sub-band schemes

2. For wideband spatial CQI: 
a. 3-bit spatial differential CQI for zero- and small-delay CDD. 
b. For large-delay CDD, either 0 or 3-bit spatial differential CQI is acceptable (only one, not both). To choose between the two, the expected additional SIC gain from x=3 for large-delay CDD needs to be weighed against the extra 3-bit overhead.
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