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Introduction
In Release 15, differential L1-RSRP reporting is based on two tables: a 7-bit table for the largest measured value of RSRP and a 4-bit table for the rest. The related context is shown as below:
TS 38.214 after RAN1#93
if the higher layer parameter groupBasedBeamReporting is configured as ‘enabled', the UE shall use differential L1-RSRP based reporting, where the largest measured value of L1-RSRP is quantized to a 7-bit value in the range [-140, -44] dBm with 1dB step size, and the differential L1-RSRP is quantized to a 4-bit value. The differential L1-RSRP value is computed with 2 dB step size with a reference to the largest measured L1-RSRP value which is part of the same L1-RSRP reporting instance.
However, details for these tables are missing. In this contribution, we provide MTI’s views on their enhancement. 
Histogram analysis on L1-RSRP measurement
However, it is far from good to use uniform quantization with 1dB step size mentioned above.
For the 7-bit table, assume the measured RSRP values are uniform distributed, the largest measured value will not be uniform distributed. More likely, it tends to be some large measured values. In other words, using uniform quantization is a waste of bits on less likely values. 
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Figure 1. A histogram on the largest RSRP values for two measured RSRP values.
Fig. 1 shows how the largest RSRP values distribute as a triangle shape: with a lower observed frequency on the small measured RSRP values and with a higher observed frequency on the large measured RSRP values.
For the 4-bit table, it is far from good as well. We found that since the largest measured RSRP value is not uniformly distributed in the range, the differential L1-RSRP is not uniform distribution as well. In other words, using uniform quantization specified in release 15 is a waste of bits, especially when a differential gap between RSRP values is large.
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Figure 2. A histogram on the differential RSRP values for two measured RSRP values.
Fig. 2 shows how the differential measured RSRP values distribute in the range of 0 to -96 dBm. Following the same system setup, we make a histogram on the differential values between the largest RSRP value and the other RSRP value. As shown in figure, the differential values have non-uniform distribution, like the histogram of the largest RSRP values, as a triangle shape.
[bookmark: _Ref523847413]It is far from optimum to use uniform quantization in release 15 for the largest measured value of L1-RSRP and the differential L1-RSRP values, according to our histogram results.
Non-uniform quantization tables
7-bit differential RSRP table
Based on the observation, we proposed a 7-bit RSRP table based on non-uniform quantization with Lloyd algorithm. This scheme iteratively finds the optimum intervals via minimizing the quantization errors. 
We present our proposed table in a compact form given below.
	table_7b = [ -137.379, -135.741, -134.324, -133.003, -131.731, -130.494, -129.301, -128.150, -127.014, -125.876, -124.751, -123.664, -122.619, -121.605, -120.599, -119.595, -118.592, -117.601, -116.609, -115.600, -114.597, -113.608, -112.638, -111.675, -110.709, -109.746, -108.790, -107.844, -106.892, -105.929, -104.965, -103.998, -103.031, -102.072, -101.123, -100.176, -99.232, -98.300, -97.374, -96.448, -95.519, -94.578, -93.626, -92.679,  -91.729, -90.768, -89.809, -88.858, -87.913, -86.974, -86.042, -85.120, -84.206, -83.292, -82.378, -81.468, -80.555, -79.643, -78.737, -77.836, -76.935, -76.029, -75.113, -74.194, -73.282, -72.377, -71.471, -70.560, -69.651, -68.749, -67.855, -66.972, -66.093, -65.211, -64.324, -63.440, -62.563, -61.688, -60.810, -59.921, -59.024, -58.126, -57.228, -56.324, -55.422, -54.528, -53.627, -52.720, -51.813, -50.917, -50.036, -49.165, -48.294, -47.425, -46.560, -45.703, -44.849 ]


The first interval corresponds to x  table_7b(1), and subsequent intervals are table_7b(i-1) < x  table_7b(i). The whole table can be presented as follows.
Table 1. the non-uniform quantization table with 7 bits
	Bits
	RSRP ranges

	0000000
	RSRP dBm

	0000001
	

	
	

	1100000
	

	1100001
	

	1100011
	Reserved

	
	

	1111111
	Reserved


In Fig. 3, we compare input-output diagrams between the uniform and the non-uniform quantization schemes. As shown in figure, the uniform quantization uses equal step size for all input RSRP values, however, for the non-uniform quantization scheme, it tends to use larger step sizes for the smaller input RSRP values.
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Figure 3. Comparison on input-output diagrams between the uniform and the non-uniform quantization.
The performance gain is evaluated in terms of mean square error (MSE) between the input RSRP values and the quantized codepoints. As shown in table, the proposed non-uniform quantization can reduce up to 14 % of MSE.
Table 2. the performance comparison for 7-bit RSRP tables
	Quantization schemes
	MSE
	Performance Gain 

	Release 15
	0.083334
	baseline

	Non-uniform quantization
	0.070934
	14.88 %


4-bit differential RSRP table
The proposed 4-bit differential RSRP table is generated by Lloyd algorithm. The resulted table in a compact form is given below.
	table_4b = [ -76.7745; -67.0960; -59.2972; -52.4398; -46.2403; -40.5345; -35.1733; -30.1235; -25.2923; -20.6900; -16.2706; -11.9909; -7.8758; -3.8705]


Table 3. the differential RSRP table based on non-uniform quantization with 4 bits
	Bits
	RSRP Range

	0000
	Differential RSRP   dBm

	0001
	dBm  Differential RSRP  -67.0960 dBm

	
	

	
	 dBm  Differential RSRP   dBm

	1110
	  dBm  Differential RSRP 

	1111
	Reserved


In Fig. 4, we depict input-output diagrams for the uniform quantization table with a step size of 2 given in Rel. 15 and for the non-uniform quantization table. As shown in figure, one obvious issue in Rel. 15 is that there is only one quantization value for the differential RSRP values in the rang of  dBm to  dBm. This results in bunch of quantization errors. 
[image: ]
Figure 4. The input-output diagrams for the differential uniform and non-uniform quantization.
The performance gain is evaluated in MSE between the input RSRP values and the quantized codepoints. As shown in table, the proposed non-uniform quantization can reduce up to 99 % of MSE. The main benefit comes from reducing MSE in the range of  dBm to  dBm. 
Table 4. the performance comparison for 4-bit differential RSRP tables
	Quantization schemes
	MSE
	Performance Gain 

	Uniform quantization
	363.11927
	baseline

	Non-uniform quantization
	3.06006
	99.157%


[bookmark: _Ref523847438][bookmark: _Ref523902689][bookmark: _Ref525290279]Support to add the non-uniform quantization tables for L1-RSRP measurement and reporting in Rel-16, meanwhile to keep the uniform quantization tables of Rel-15 for coexistence. 
To perform coexistence between the non-uniform quantization in Rel-16 and the uniform quantization in Rel-15, future UE shall support multiple quantization tables. In other words, in Rel-16 advanced UE can be configured with the non-uniform quantization tables to enhance L1-RSRP reporting, meanwhile normal UE can still use the uniform quantization tables to maintain its functionality.  
Extension to 4 RSRP values with reserved codepoints 
Differential beam reporting for 4 RSRP values is not supported in Rel.15, however this shall be considered in Rel. 16. 
In Fig. 5, we illustrate an environment setup and a resulted histogram on the largest RSRP values. As a result, the histogram shows an exponential increasing curve from the small to the large RSRP values. Since more observations distributes as the larger RSRP values, this scenario has more opportunity to improve quantization results by using a non-uniform quantization table. 
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Figure 5. Histogram on the largest RSRP values with four measured RSRP values.
Following the same procedure as the 2-RSRP-value case, we generate a non-uniform quantization table as follows:
	table_a21 = [ -133.153, -130.383, -128.023, -125.836, -123.898, -122.088, -120.365, -118.834, -117.459, -116.157, -114.857, -113.553, -112.294, -111.090, -109.928, -108.799, -107.663, -106.538, -105.430, -104.327, -103.242, -102.165, -101.088, -100.040, -99.017, -97.986, -96.966, -95.952, -94.926, -93.910, -92.925, -91.962, -91.008, -90.074, -89.155, -88.255, -87.376, -86.505, -85.649, -84.802, -83.963, -83.132, -82.303, -81.481, -80.673, -79.873, -79.083, -78.296, -77.509, -76.719, -75.927, -75.132, -74.337, -73.549, -72.768, -71.995, -71.231, -70.477, -69.728, -68.981, -68.234, -67.497, -66.773, -66.052, -65.339, -64.642, -63.950, -63.260, -62.571, -61.878, -61.185, -60.501, -59.821, -59.144, -58.469, -57.797, -57.132, -56.467, -55.805, -55.151, -54.499, -53.853, -53.212, -52.572, -51.933, -51.294, -50.654, -50.014, -49.381, -48.758, -48.143, -47.535, -46.934, -46.335, -45.742, -45.157, -44.576 ]


This can be presented in a chart format as follows.
Table 5. the non-uniform quantization table
	Bits
	RSRP ranges

	0000000
	RSRP dBm

	0000001
	

	0000010
	

	
	

	1100000
	

	1100001
	

	1100011
	Reserved

	
	

	1111111
	Reserved


In Fig. 6, input-output diagrams between the uniform and the non-uniform quantization schemes are depicted. As shown in figure, the non-uniform quantization scheme tends to use larger step sizes for the smaller input RSRP values, compared to the uniform quantization scheme does. This saves some bits without a waste on these small values with less observed frequency.
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Figure 6. Comparison on input-output diagrams between the uniform and the non-uniform quantization.
The performance gain is given below. As shown in table, the proposed non-uniform quantization table can reduce up to 47 % of MSE, compared to using the uniform quantization table.
Table 6. the performance comparison for 7-bit RSRP tables
	Quantization schemes
	MSE
	Performance Gain 

	Uniform quantization
	0.083316
	baseline

	Non-uniform quantization
	0.043999
	47. 190 %


[bookmark: _Ref524703770][bookmark: _Ref525292667]The non-uniform quantization has 47% performance gain to the uniform quantization for the 7-bit table with 4 RSRP values, and has 14% performance gain for the case with 2 RSRP values.
Based on this observation, we then propose
[bookmark: _Ref525292904]Support the non-uniform quantization tables for L1-RSRP measurement and reporting, if the feature of using differential reporting for more than 2 RSRP values is supported in Rel-16.
Conclusion
In this contribution, we have the following observations
Observation 1	It is far from optimum to use uniform quantization for the largest measured value of L1-RSRP and the differential L1-RSRP, according to our histogram results.
Observation 2	The non-uniform quantization has 47% performance gain to the uniform quantization for the 7-bit table with 4 RSRP values, and has 14% performance gain for the case with 2 RSRP values.
Based on these observations, we then propose
Proposal 1	Support to add the non-uniform quantization tables for L1-RSRP measurement and reporting in Rel-16, meanwhile to keep the uniform quantization tables of Rel-15 for coexistence.  
Proposal 2	Support the non-uniform quantization tables for L1-RSRP measurement and reporting, if the feature of using differential reporting for more than 2 RSRP values is supported in Rel-16.
Appendix 
MATLAB codes
[bookmark: _Hlk523847451]The non-uniform quantization table with 7 bits
The following codes can be run in MATLAB and Octave 4.0. 
	% load package
pkg load communications; % in case you don't have MATLAB

% parameters
n_max = 1e6; % total number of trails
n_rsrp = 2;  % number of RSRP values per trail

% initial  
RSRP_values = [];
RSRP_y_values = [];

% generate RSRP in a matrix form
x = rand(n_rsrp,n_max)*96-140; % uniformly generate n_max RSRP in [-44:-140]
[max_val, max_idx] = max(x);   % find max
RSRP_values = reshape(x,[],1); % reshape into a vector
RSRP_max = max_val;

% Lloyd algorithm for finding the quantization table
[RSRP_table, RSRP_codes, RSRP_dist] = lloyds(RSRP_max, 98);

% more details can be found in the following link
% https://octave.sourceforge.io/communications/function/lloyds.html

% uniform table
uni_table = [-140:-44];
uni_codes = [-140.5:-43.5]; 

% uniform quantization rules
% if RSRP <= -140, code = -140.5
% if -140 < RSRP <= -139, code = -139.5
% if -44 < RSRP, code = -43.5
 
% quantization
% non-uniform 
[p_qidx_d, p_q_d, Distortion_NonUniform] = quantiz(RSRP_max, RSRP_table,RSRP_codes);
% uniform
[b_qidx_d, b_q_d, Distortion_Uniform] = quantiz(RSRP_max, uni_table,uni_codes);    

% for input-output diagram 
plot_x = [-140:0.0001:-44];
[p_qidx, p_q, p_d] = quantiz(plot_x, RSRP_table,RSRP_codes);  % non-uniform
[b_qidx, b_q, b_d] = quantiz(plot_x, uni_table,uni_codes);    % uniform

% result display
Distortion_Uniform
Distortion_NonUniform
MSE_gain = (Distortion_Uniform - Distortion_NonUniform)/Distortion_Uniform
% plot
Figure;hist(RSRP_values, n_beam);
title('RSRP values');ylabel('observed frequencies');xlabel('RSRP values (dBm)');

figure;hist(RSRP_max, n_beam);
title('Largest RSRP values');ylabel('observed frequencies');xlabel('RSRP values (dBm)');

figure;plot(plot_x,p_q,'-b','LineWidth',2); 
title('input-out chart for non-uniform quantization');ylabel('input');xlabel('output');

figure;plot(plot_x,b_q,'-b','LineWidth',2); 
title('input-output chart for uniform quantization');ylabel('input');xlabel('output');


The non-uniform quantization table with 4 bits
The following codes can be run in MATLAB and Octave 4.0. 
	% load package
pkg load communications; % in case you don't have MATLAB, this could run on Octave

% parameters
n_max = 1e5;
n_rsrp = 2;

% in a matrix form
x = rand(n_rsrp,n_max)*96-140; 
RSRP_values = reshape(x,[],1);
% for the largest
[max_val, max_idx] = max(x);
RSRP_max = max_val;
% for the rest
[min_val, min_idx] = min(x);
diff_RSRP = min_val - max_val; 

% Lloyd algorithm for finding the quantization table
[RSRP_table, RSRP_codes, RSRP_dist] = lloyds(diff_RSRP, 15);
% https://octave.sourceforge.io/communications/function/lloyds.html

% uniform table
step_size_list = [2:1:8];
for idx_ss = 1:length(step_size_list)
  step_size = step_size_list(idx_ss);
  uni_table(idx_ss,:) = [-14*step_size:step_size:0];
  uni_codes(idx_ss,:) = [-14*step_size-step_size/2:step_size:step_size/2]; 
end

% quantization
% for distortion 
[p_qidx_d, p_q_d, Distortion_NonUniform] = quantiz(diff_RSRP, RSRP_table,RSRP_codes);  
for idx_ss =  1:length(step_size_list)
  [b_qidx_d(idx_ss,:), b_q_d(idx_ss,:), Distortion_Uniform(idx_ss)] = quantiz(diff_RSRP, uni_table(idx_ss,:),uni_codes(idx_ss,:)); 
end

% for plot
plot_x = [-100:0.01:0.1];
[p_qidx, p_q, p_d] = quantiz(plot_x, RSRP_table,RSRP_codes);  % non-uniform
[b_qidx, b_q, b_d] = quantiz(plot_x, uni_table(idx_ss,:),uni_codes(idx_ss,:)); % uniform   

% result display
Bsline = Distortion_Uniform(1);
MSE_gain =  (Bsline - Distortion_NonUniform)/Bsline;
disp(['Baseline MSE, ','Non-uniform MSE, ', 'MSE Gain ']);
disp(['----------------------------------------------']);
disp([Bsline,Distortion_NonUniform,MSE_gain]);
disp('');
disp(['Baseline MSE, ','Uniform MSE, ', 'MSE Gain, ','Step Size ']);
disp(['--------------------------------------------------------']);
for idx_ss = 1:length(step_size_list);
  MSE_gain =  (Bsline - Distortion_Uniform(idx_ss))/Bsline;
  disp([Bsline,Distortion_Uniform(idx_ss),MSE_gain,step_size_list(idx_ss)]);
end;

% plot
Figure; hist(diff_RSRP, n_beam);
title('Differenial RSRP values');ylabel('observed frequencies');xlabel('RSRP values (dBm)');
figure; hist(RSRP_values, n_beam);
title('RSRP values');
ylabel('observed frequencies');
xlabel('RSRP values (dBm)');

figure; hist(RSRP_max, n_beam);
title('Largest RSRP values');
ylabel('observed frequencies');
xlabel('RSRP values (dBm)');

figure; plot(plot_x,p_q,'-b','LineWidth',2); % non-uniform
title('input-out chart for non-uniform quantization');
ylabel('input');
xlabel('output');

figure; plot(plot_x,b_q,'-b','LineWidth',2); % uniform
title('input-output chart for uniform quantization');
ylabel('input');
xlabel('output');
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