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1. Introduction

In order to obtain frequency domain scheduling gain as well as time-domain scheduling gain in LTE system where transmission bandwidth can be assigned up to 20MHz, more precise channel information should be available at Node B scheduler, which covers the whole transmission bandwidth. Also, the reporting cycle of feedback information should be well-configured for corresponding scheduling purposes. To compensate for the variation of channel conditions in time and frequency domain, large amounts of feedback bits, that is, channel quality indicator (CQI) should be reported to Node B. Of course, these feedback overhead could be efficiently reduced by using various CQI reporting schemes such as current contributions until last RAN1 meeting [2~14]. 
In this document, some more discussion on the DCT based CQI reporting method is given, which is one of CQI reporting techniques contributed in the LTE [2-4] and studied in the other projects [5]. Also, we show the analysis results on the measurement error to give a further insight on these sorts of orthogonal transform based CQI reporting schemes.
2. Best M and DM based CQI reporting scheme

1. Feedback information overhead

To get a rough estimate of the overhead on the CQI feedback information in LTE, we considered a system based on the following configurations, with 2x2 MIMO using PARC, 20 MHz transmission bandwidth (48 Resource Blocks), 0.5 ms CQI feedback interval, 1/3 rate turbo encoding, no-repetitions or puncturing, and with 24 bit CRC attached, the total CQI feedback overhead amount to 2.904 Mbps per user. Although the system parameters above might not represent practical LTE system parameters, we can get a rough estimate on CQI feedback information overhead. 
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Figure 1: CQI feedback information overhead in MIMO LTE system (feedback overhead  = N RBs × M antennas × B CQI bits, in case of no overhead reduction method)
As shown in Figure 1, the total feedback overhead of MIMO LTE system mounts up to N×M×B bits in case that any other overhead reduction/compression scheme is not employed.
2. Best-M [7]
The Best-M method reduces the amount of feedback information by only sending the Top/Best M CQI values and corresponding resource block index information, and an average CQI value of non-Top/Best M resource blocks could be fed back optionally [7] [8].
There are 2 different proposed schemes of Best-M. The first is sending individual Top/Best M CQI values and an average CQI value of the rest of the resource blocks. The second proposed scheme is sending one average CQI value of Top/Best M resource blocks and an average CQI value of the rest of the resource blocks. The first method has an overhead of 5*M+5+log2 (NrbCM) bits per transmission per user, when 5 bit CQI is assumed. ‘log2 (NrbCM)’ is the bitmap information bits, that is, for choosing M resource blocks from total of Nrb resource blocks. The second method has an overhead of 5+5+log2(NrbCM) bits per transmission per user.
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(a) Individual Top M + average CQI (of the rest)         (b) Average Top M + average CQI (of the rest)

Figure 2: Comparison of Ideal Channel Quality Information values and values reconstructed by Best-M
This CQI scheme is quite simple, and requires very small overhead. However, Node-B might not be able to allocate optimal resource blocks, due to Node B scheduling operation based on the restricted feedback information
Figure 2 shows an example of ideal channel quality information (in blue), the average channel quality information per resource block (in black), and channel quality information reconstructed if Best-M scheme had been used (in red). As shown in the figure Best-M might accurately report up to M resource blocks, but fails to report other resource blocks where the channel quality is good (no fading) or channel quality is very bad such as deep fades.
3. Differential

The differential scheme may be applied to any of the CQI schemes. It reduces information overhead by only sending the difference between previous CQI values and the current CQI value in time domain or between neighboring CQI bands in frequency domain. Usually quite a large amount of feedback information could be reduced by using differential modulation. However, if feedback information is somehow corrupted, it creates a chain of errors that increases CQI estimation error fatally. This problem can be overcome by periodically sending full CQI value information so that the Node-B can correct erroneous information. But, it might cause the reduced feedback information to re-increase.
3. DCT based CQI reporting scheme
1. Overall description

Discrete Cosine Transform is used in many commercial available compression algorithms, such as JPEG. Compression techniques used with DCT are usually compression with loss. If the input signal is highly correlated then the DCT output signal will contain many zeros or close to zero values. Since zeros are redundant information the output signal can be compressed. It could be further compressed by rounding down output signal components which are close to zero. Since DCT basically transforms signal from time or frequency domain to frequency or time domain respectively, the DCT outputs of channel quality information in the frequency domain would have similarities with the channel impulse response of the system. Since the total duration of impulse channel response depends on the delay spread of the channel, the compression level on DCT outputs depends on the maximum delay spread of the channel.
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Figure 3: DCT-based CQI transmission related overall system functional blocks

Figure 3 shows example functional blocks of the DCT based CQI reporting scheme, where it first calculates SINR for resource block, transforms the SINR values by using DCT, and then compresses DCT output coefficients (this including quantization processing). The output coefficients are fed backed to the Node-B where it performs the inversed DCT, de-compression and de-quantization processing to get the original SINR values of the resource blocks. This is somewhat compliant with proposed method by IST-WINNER project [2]. There could be many variants in reporting feedback information based on DCT processing, we will give three basic examples of them to give further information on DCT based techniques. They are described in following sections.
2. Lowest M
The Lowest M scheme basically transmits the lowest indexed M coefficients of the DCT output. The rest of the DCT output coefficients are thrown away. The number of information overhead using Lowest M scheme would be D + 5*(M-1) (assuming 5 bit representation of the DCT output coefficients), where D is the number of bits representing DC component of the DCT output. The DC component of the DCT output coefficient was separately considered, because the DC component tends to have different dynamic ranges than other DCT output coefficients. The Lowest M compression technique will work well at channels conditions with small delay spreads

Figure 4 shows an example of channel quality information reconstructed when DCT Lowest M is used. The upper indexed coefficients of the DCT output are thrown away, then the output is basically like filtering through a low pass filter.  The channel quality information reconstructed by DCT Lowest M method may not give exact reports at times but it does give an approximation of channel information over the entire bandwidth with very low overhead.
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Figure 4: Comparison of CQI values in ideal case and DCT Lowest M method
3. Significant-M

Significant M compression technique sends the most significant M coefficients of DCT output coefficients (e.g. M DCT output coefficients with most power or with the highest absolute value). Since arbitrarily positioned DCT output coefficients are selected to be sent, the information on which coefficients are selected also must be fed back as bitmap information, which increases the CQI overhead by log2 (Nrb-1CM-1) compared to DCT Lowest M. The reason why the overhead is increased by log2 (Nrb-1CM-1) and not by log2 (NrbCM) is because the DC component of the DCT output coefficients is the most important information in DCT compression and should be fed back in all cases.
Figure 5 shows an example of channel quality information reconstructed when DCT significant M is used. Since DCT significant M method essentially selects the signal components (coefficients) with most power, the reconstructed channel quality information can trace the variation of channel coefficients in ideal case better than the DCT Lowest M method. But this comes at a price of having additional bitmap information.
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Figure 5: Comparison of CQI values in ideal case and DCT Significant M method

4. Hybrid N-M

Hybrid N-M scheme is a hybrid of Lowest N and Significant M. The compression scheme first selects the lowest N indexed coefficients among the DCT outputs, and then selects the most significant M coefficients. Hybrid N-M scheme is proposed because the channel quality information might contain high frequency signal components created by noise or some other factors that might be redundant to the Node-B. So Hybrid N-M in first step discards all coefficients after Nth index to make sure the most significant M coefficients are selected within the first N coefficients in the next step.
Figure 6 shows an example of channel quality information reconstructed when DCT Hybrid N-M is used. The Hybrid N-M method shows performance close to DCT Significant M but at a reduced overhead. This is because the number of bitmap information is reduced by only selecting M values out of N, instead of M values out of Nrb.
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Figure 6: Comparison of CQI values in ideal case and DCT Hybrid M method

5. Summary
In DCT-based method, 
· Node-B can recover the channel quality information for the entire bandwidth of the UE. If the Node-B can recover the entire channel quality information for the entire bandwidth of the UE, then the scheduler at the Node-B might be able to schedule users more optimally thus increasing system throughput.
· The optimal M value of the DCT-based schemes will be channel delay spread dependent. Hence, the DCT-based method could have channel quality measurement units smaller than the resource block with no virtually added overhead
· The channel quality information does not necessarily have to be measured in units of resource blocks. It depends on kind of resolution of channel quality information to be reported
· DCT compression scheme can either send the actual SINR value for each reference signal or send a MCS set value for the each resource blocks. The advantages of Node-B having actual SINR values rather than optimal MSC set values for each resource blocks is for FSS.
· Channel conditions where the delay spread of the channel is very large, and with fixed M value of the DCT-based method. It could lead to poor reconstruction of the channel quality information at the Node-B. To overcome this problem DCT-based method may require increased amount of feedback information.
· The introduction of DCT increases the computational complexity at the UE and Node-B. Although the complexity can be greatly reduced if the DCT input is in the order of power of 2’s.
4. Error analysis

1. Overhead comparison
If the CQI values are assumed to be represented by 5 bits, then the informational overhead required for each CQI scheme per feedback transmission is as follows. It should be noted that the number of bits in the overhead comparison table are arbitrary chosen. The number of bits required for each CQI scheme when the system performance is the same is for FSS. Table 1 is shown just to get a “hint of insight” on information overhead required for different bandwidths LTE supports.
Table 1: Basic numerology in Best-M and DCT-based CQI schemes.
	Schemes
	Signaling Bits

	
	General Expression
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* If single link, 5ms CQI transmission interval, 1/3 Turbo Encoding, 24bit CRC is assumed than required uplink bandwidth is 148.8kbps.
2.  Analysis on measurement error

[image: image13]
Figure 7 : An example illustration of Measurement error distribution
The definition of ‘measurement error’ used in the analyses is the difference between ideal channel frequency coefficients and the reconstructed channel frequency coefficients when CQI scheme is used. The histogram of measurement error was divided into several graphs according to where the level of channel frequency coefficient [power in dB scale] belongs to. Figure 7 shows an example illustration of measurement error distribution. It shows an example division of the channel quality information into 4 separate histograms. The reason why we have divided the histograms is to see the impact on the overall throughput when the resource blocks with bad channel quality is chosen by the scheduler and vice-versa. Table 2 shows the simulation parameters that were used in the link level system analysis. 
Table 2: Parameters for the error distribution measurement simulation.
	Spatial Channel Model Used
	SCME

	Channel Model Scenario
	Urban Micro

	Mobile Speed
	3Km/hr

	Number of Paths
	6

	Average SNR
	0 dB

	Simulation run time
	3000 non-continuous TTIs

	System Bandwidth
	20 MHz

	Number of Resource Blocks : Nrb
	48

	Number of bits representing CQI
	5 bits

	M for Best M and DCT
	5

	D value for DCT
	8

	Number of CQI feedback bits*
	51 (Best M) / 46 (DCT Significant M)


*Due to the very design of the CQI schemes, not every CQI scheme can be matched exactly into 50 bits.
Figures 8, 9 and 10 show measurement error distribution for Individual Best-M and average of rest, and DCT Significant M at channel quality ranges 6dB to -30dB. The figures on the left side shows measurement error distribution for Best-M and the figures on the right side shows measurement error distribution for DCT significant M. The parameters used for this comparison were as follows. ‘Best M – Individual Top M + Average of Rest’ results are shown in the left side in the figure 8, 9 and 10. ‘DCT Significant M’ results Right Side in the figure 8, 9 and 10.
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Figure 8: Measurement error distribution for Individual Best-M and DCT Significant M 
for ranges 6 dB to -6dB
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Figure 9: Measurement error distribution for Individual Best-M and DCT Significant M 
for ranges -6 dB to -18dB
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Figure 10: Measurement error distribution for Individual Best-M and DCT Significant M 
for ranges -18 dB to -30dB

From the simulation results we can see that DCT Significant M shows performance (in error distribution sense) close to Best-M at very high and low SNR ranges. And show better (since smaller variance of error distribution means more accurate estimation) performance (in error distribution sense) in high to mid SNR ranges. In addition, it is noted that DCT based method carry the channel information of the other CQI bands, which cannot be covered by Best M method.
5. Conclusions

Based on the other DCT based CQI reporting schemes, we discussed three variants of DCT-based schemes with novel procedures such as selection rule of the channel coefficients after DCT processing, and compared with basic CQI reporting method such as Best M method. DCT-based method can reduce/compress large amounts of feedback information significantly and at the same time convey all channel quality information covering all CQI bands over whole bandwidth. But, due to the lossy compression (depending on amount of feedback information), the quality of reconstructed channel information could be slightly worse. But, this is a common problem of all CQI reporting schemes such as Best-M, DM, bitmap and etc.
According to the analysis results, the Best M method gives accurate channel quality information on only some of the UE bandwidth; whereas DCT-based method gives channel information on the entire UE bandwidth. Therefore, when it comes to the difference between Best M and DCT-based method only within the some of the reported CQI bands, the Best M method would show better throughput than the DCT-based method. But the DCT-based method can convey the information additionally about all CQI bands as well as the best M CQI bands. The optimal usage of whole band CQI information depends entirely on the implementation of Node B scheduler. It will be FFS or implementation issues. 
The one of merits from having full bandwidth information might have less restriction on the scheduling algorithm, and may help increase sector throughput. Hence, DCT based CQI reporting method could be considered as one of the promising CQI reporting schemes.
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