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At RAN1 #95, a number of agreements were reached:
Agreement: 

For each layer, the following alternatives for quantizing each of the coefficients in  are to be studied for down selection in RAN1#96: 
· Alt1A. Rel.15 3-bit amplitude; Rel.15 QPSK and 8PSK co-phasing 
· Alt1B. Rel.15 3-bit amplitude; Rel.15 QPSK, Rel.15 8PSK, and new 16PSK co-phasing 
· Alt2A. Rel.15 3-bit wideband amplitude for each beam, 2/3-bit differential amplitude for FD coefficients; Rel.15 QPSK and 8PSK co-phasing 
· Alt2B. Rel.15 3-bit wideband amplitude for each beam, 2/3-bit differential amplitude for FD coefficients; Rel.15 QPSK, Rel.15 8PSK, and new 16PSK co-phasing
· Alt2C. Rel.15 3-bit wideband amplitude + Rel.15 QPSK and 8PSK wideband co-phasing for each beam, 2/3-bit differential amplitude and co-phasing for FD coefficients;
· Alt3. A-bit amplitude for each of 2L beams, B-bit amplitude for each of M FD components, 1-bit differential amplitude and 8PSK co-phasing for each of the 2LM FD coefficients
· Alt4. For each beam, 
· B0-bit amplitude and C0-bit phase for coefficients for the P0 strongest coefficients, 
· B1-bit amplitude and C1-bit phase for coefficients for the P1 2nd strongest coefficients, …
· …
· BQ-1-bit amplitude and CQ-1-bit phase for coefficients for the PQ-1 Qth strongest coefficients
· Alternatively, amplitude/phase can be replaced with real/imaginary
· Alt5. Special case of Alt4: Q=2, B0=C0=3; B1=C1=2 on amplitude/phase


In this contribution, we provide our views on quantization design in Rel-16.
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In order to explore candidate quantization schemes for Rel-16, we have collected many unquantized channel coefficients from linear combination precoders. With the aim of finding the optimal quantization scheme in mind, we have trained a vector quantization algorithm with the collected data with the mean square error of quantization as the optimization metric. First, in Figure 7a, the constellations with Rel-15 Type II are shown. In Figure 7b, we show the quantizer out of the vector quantization algorithm with 64 constellations.

[image: ]

Figure 1 Quantization constellations used in Rel-15 Type II
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Figure 2 Quantizer trained with un-quantized coefficients from 

We note a few points from comparing the generated quantizer and Rel-15 quantizer:
· Through preliminary evaluation with the generated quantizer,  it seems that  it is important to have many quantization constellations near the original point. This can be understood as large quantization errors with small (un-quantized) coefficients can add up. On the other hand, a sparse constellations at large amplitude levels can also contribute to large quantization errors. Hence how to place constellations judiciously to achieve a good tradeoff between reducing quantization errors for small coefficients and large coefficients warrants further study. Also the generated quantizer does not lead to an easy separation of amlitude quantization and phase quantization – which is expected as vector quantization over I/Q jointly may be more efficcient than independent amplitude and phase quantizations. Inspecting the Rel-15 quantization scheme, the quantization constellations of which are shown in Figure 1, as all the constellations lie on radial lines, it is noted that the Voronoi regions for constellations can be rather large. To fix that problem, we propose to consider constellation rotations as shown in Figure 4, which can be compared with Figure 3 where constellation rotation is not applied. Using constellation rotation is also motivated by limiting the design space by limiting constellations from those with 16PSK, 8PSK and 4PSK.
· And we also identify other aspects in quantizer design:
· The amplitude levels in the quantizer. The larger the number of amplitude levels is, the smaller the quantization error is when the coefficient is near the original point. However, with a given constellation size for a quantizer, that also means the number of constellations at each amplitude, especially at larger amplitude levels, have to be limited. 
· The number of phase angles/constellations at each amplitude level. Note There is no fundamental reason to use the same number of constellations at all  amplitude levels: if the distance between two constellations at the same amplitude level is much smaller than the distance between one constellation at a amplitude level and another constellation at adjacent amplitude level, the quantization error for coefficeints located between two amplitude levels still suffer from large quantization errors. Hence a tapering of the modulation order with the amlitude levels seems helpful in achieving the tradeoff. One example was provided in [1]
· The power step between amplitude levels. In Rel-15 and NR and also in Rel-14 LTE, the power step is 3 dB. Depending on the constellation size of a quantizer, the number of amplitude levels can be rather large, e.g. with 4 bits for amplitude, there are 16 amplitude levels. Still using 3 dB as the power step is sub-optimal: the power difference between the strongest amplitude level and the weakest one is -45 dB, which is far large to be of practical use (e.g. noise due to Tx/Rx EVM can be a more significant source in degrading SINR than any quantization error from a coefficient near the origin point. Hence in this case, other power steps, such as 1.5 dB, can be used.
· Through preliminary simulation evaluations, we have observed that including the quantization constellation at (0,0) can be important especially when the constellation size of a quantizer is small (e.g. 64 constellatons).
· Assuming separate quantizers are used for weak and strong coefficients as proposed in Alt. 4, which is described below, two quantizers instead one are needed. Assume 4 bits are used for amplitude and 4 bits are used for phase, the number of bits per coefficient is 8; which suggests high resolution quantization should be used selectively and parsimoniously.  
· In summary, we propose to study the following aspects for the quantizer design in Rel-16:
· Number of amplitude levels and the power step between adjacent amplitude levels
· The number of constellations at an amplitude level (e.g. 6 levels with 8PSK and 4 levels with 4PSK)
· Constellation rotations
· High resolution quantization for strong coefficients and normal resolution quantization for other coefficients
· Whether to include (0,0) in a quantizer
  [image: ]
Figure 3 An example for modulation tapering, 7 amplitude levels and 8PSK for 4 amplitude levels and 4PSK for 3 amplitude levels
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Figure 4 An example with modulation tapering and constellations rotations at alternate amplitude levels.
We have 
Proposal 1: study the following aspects of quantizer design:
· Number of amplitude levels and the power step between adjacent amplitude levels
· The number of constellations at an amplitude level (e.g. 6 levels with 8PSK and 4 levels with 4PSK)
· Constellation rotations
· High resolution quantization for strong coefficients and normal resolution quantization for other coefficients
· Whether to include (0,0) in a quantizer
[bookmark: _Toc1137765]Review on quantization proposals
In this section, we review some quantization proposals from the Taipei meeting.
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Alt. 1 can be described as follows:
1) The amplitude and phase of the strongest coefficient of  are used to normalize all the coefficients of and not reported. We denote this coefficient as . 
a. The indication of  ’s position consists of two parts: the indication of the spatial beam where it is present, which requires  bits to be reported, the FD component where it is present can be deduced from the position of the coefficient with normalized amplitude at ”1” and phase at .
b. Depending on UE implementation,  can always be at the first FD component. 
c. After the normalization procedure,  in the normalized  .
2)  coefficients are selected from  , the selection can be polarization common or polarization independent/spatial layer common or spatial layer independent;
3) Phase and amplitude of the strongest among the  selected  coefficients, i.e., , are used to normalize the amplitude and phase of each selected  coefficient. The position of  requires  bits to be reported (i.e. selection one coefficient from which is a  matrix). Amplitude and phase of  is not reported;
4) The amplitude of the selected   coefficients, with  (i.e.,  coefficients), is quantized with A bits;
5) The normalized phase of the selected coefficients, with  (i.e.,  coefficients), is quantized with  bits.

As it may happen that   coefficients, with  have quantized amplitude larger than 0, for overhead calculation purpose, we assume  coefficients are selected (i.e.  ).
The total overhead of Alt. 1 is given by 


[bookmark: _Toc1137768]Considered configurations for Alt. 1
The following configurations have been proposed for Alt. 1:
· A = 4
· the alphabet for quantizing the amplitude of each selected coefficient other than the strongest is
·  (-3dB step size)
· C = {3, 4}
· For , the alphabet is given by an 8-PSK constellation
· For , the alphabet is given by a 16-PSK constellation
Note that  is supposed to be higher layer configurable. 

[bookmark: _Toc1137769][bookmark: _Toc1137770]2 Alt. 2-M
Alt. 2-M can be described as follows:
1) The amplitude and phase of the strongest coefficient of  are used to normalize all the coefficients of and not reported. We denote this coefficient as . 
a. The indication of  ’s position consists of two parts: the indication of the spatial beam where it is present, which requires  bits to be reported, the FD component where it is present can be deduced from the position of the coefficient with normalized amplitude at ”1” and phase at .
b. Depending on UE implementation,  can always be at the first FD component. 
c. After the normalization procedure,  in the normalized  .
2)  coefficients are selected from  , the selection can be polarization common or polarization independent/spatial layer common or spatial layer independent;
3) On row  of the normalized matrix  is represented as the product of  the amplitude of the strongest selected coefficient of the row and the row normalized by ; 
4) The amplitude of each  is quantized using  bits;
5) The amplitude of the selected  coefficients, with ,  is quantized using  bits, 
6) The phase of the selected  coefficients, with  , is quantized using  bits.

As it may happen on all  rows of  , at least one coefficient is selected, we assume that for overhead calculation purpose.

The overhead of Alt. 2-M is itemized as:
1)  bits to report information on the amplitude of each ;
2)  bits to report the index of the spatial beam where   is present;
3)  bits to report information on the amplitude of each  ;
4)  bits to report information on the phase of each  .

Then the total is given by
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The following configurations have been proposed for Alt. 2-M:
· 
· For , the alphabet is {,0} (-1.5dB step size)
· For , the alphabet is  (-1.5dB step size)
· }
· For , the alphabet is  (-3dB step size)
· For , the alphabet is  (-3dB step size)
· C = {3, 4}
· For , the alphabet is given by an 8-PSK constellation
· For , the alphabet is given by a 16-PSK constellation

 and  are  higher layer configurable. In particular,  can be configurable from (4, 2), (4, 3), (3, 2). 

3 [bookmark: _Toc1137772][bookmark: _Toc1137773][bookmark: _Toc1137774]Alt. 4
Alt. 4 can be described below:
1) The amplitude and phase of the strongest coefficient of  are used to normalize all the coefficients of and not reported. We denote this coefficient as . 
a. The indication of  ’s position consists of two parts: the indication of the spatial beam where it is present, which requires  bits to be reported, the FD component where it is present can be deduced from the position of the coefficient with normalized amplitude at ”1” and phase at .
b. Depending on UE implementation,  can always be at the first FD component. 
c. After the normalization procedure,  in the normalized  .
2)  coefficients are selected from  , the selection can be polarization common or polarization independent/spatial layer common or spatial layer independent;
3) On row  for a selected coefficient on  the first FD component, i.e., with , 
a. its amplitude is quantized with A bits; 
b. its phase is quantized with  bits.
4) On row   for each selected coefficient, with  
a. its amplitude is quantized with B bits;
b. its phase is quantized with   bits.

As it may happen on all  rows of  , the coefficient on the first FD component is selected, we assume that for overhead calculation purpose. 
Note however, it is also possible not all the coefficients on the first FD components are selected, that can create issues in UCI design. Hence we propose the “earliest” coefficient on or after the first FD component is quantized with A bits for amplitude and  bits for phase, more discussions are provided below.

The total overhead of Alt. 4 is given by:
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The following configurations have been proposed for Alt. 4:
· A=4: the alphabet for quantizing the amplitude of each coefficient of the first FD component (but the strongest) is:
·  (-1.5dB step size)
·  =4: The alphabet for quantizing the phase of each coefficient of the first FD component (but the strongest) is given by a 16-PSK constellation.
· B = 3: The alphabet for quantizing the amplitude of each selected coefficient not belonging to the first FD component is:
·  (-3dB step size)
· The alphabet for quantizing the phase of each selected coefficient not belonging to the first FD component is determined by the value of , which is defined as  = {3, 4}. Accordingly:
· For , the alphabet is given by an 8-PSK constellation
· For , the alphabet is given by a 16-PSK constellation
Note that  is supposed to be higher layer configurable



Concluding remarks
In this section, we survey a number of quantization schemes proposed in previous meetings. Due to limited time, we are not able to cover all proposed schemes. 
With the insight we have gained from examining the empirically derived quantizer in Section 2, it is reasonable to consider some features such as constellation rotations with the considered alternatives. We will provide evaluation results once they become available. 
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Here we clarify a few finer points concerning quantization schemes relevant to the UCI design.
First for Alt. 4, we note the size of Part II may be different with the same . We consider consider two cases:
· Case 1:  on all  rows of  , the coefficient on the first FD component is selected in the .-subset.
· Case 2: one some rows of , the coefficient on the first FD component is NOT selected in the .-subset.
With the same same , as more quantization bits are used for case 1 than for case 2, the size of Part II would be different for those two cases. To enable gNB to receive the UCI (especially Part II) correctly, then it becomes necessary to indicate the number of coefficients quantized at high precision. Note also with Alt. 4, if some coefficients are selected on a row (e.g. on row 2 as shown in Figure 5), but no coefficient is selected on the strongest FD component, then no coefficient benefits from the high precision quantization. We propose to fix this issue by considering an addition to Alt. 4 as shown in Figure 6. With that, the “earliest” selected coefficient w.r.t. the strongest FD component is always quantized with high precision. 
[image: ]
Figure 5 Example for Alt. 4
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Figure 6 Alt 4 with high precision quantization on each selected row

Similarly for Alt. 2, we note the size of Part II may be different with the same . The number of coefficients with high precision also depends on the number of rows with at least one selected coefficient, as shown in Figure 7.
[image: ]
Figure 7 Example for Alt. 2

We have:
Proposal 2: If at least one coefficient in a row   is selected in coefficient subset selection, then one coefficient on that row is quantized with high precision. 
We propose to consider the following UCI design: 
Part 1:
· RI: rank indication
· 4-bit wideband CQI for the codeword
·  the number of selected coefficients through a  bitmap with polarization common size- subset selection (or a  bitmap with polarization independent size- subset selection) in Part II;
· A length  bitmap with  selected FD bases or alternately a  bit-combinatorial index indicating selecting  FD bases out of  FD bases;
· If a UE can select fewer than  FD bases (say  FD bases), then the combinatorial index with   bits indicating selecting no more than  FD bases out of  FD bases;
· For each spatial layer if spatial layer independent FD basis subset selection is used; for all spatial layers if spatial layer common FD basis subset selection is used:
·  which is the number of spatial beams with at least one selected coefficient;
·     for polarization-common size- subset selection or
·  for polarization independent size- subset selection;

Part II:
· A      bit index to indicate  
· A bit combinatorial index which chooses  out of  spatial beams
· Separately for each spatial layer or commonly for all spatial layers:
· a  bitmap with polarization common size- subset selection or a  bitmap with polarization independent size- subset selection;
·  subband CQIs, each subband CQI is 4 bits
· In the case subband padding is used, then  subband CQIs.
Conclusions
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Proposal 1: study the following aspects of quantizer design:
· Number of amplitude levels and the power step between adjacent amplitude levels
· The number of constellations at an amplitude level (e.g. 6 levels with 8PSK and 4 levels with 4PSK)
· Constellation rotations
· High resolution quantization for strong coefficients and normal resolution quantization for other coefficients
· Whether to include (0,0) in a quantizer

[bookmark: _Toc1128618][bookmark: _Toc1128685][bookmark: _Toc1128749]Proposal 2: If at least one coefficient in a row   is selected in coefficient subset selection, then one coefficient on that row is quantized with high precision. 
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